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Introduction 

Circulatory shock, named “shock” in this thesis, refers to an acute, life-threatening 

medical condition associated with patients treated in intensive care units (ICU). Shock is 

the clinical form of circulatory failure of adequate oxygen delivery for aerobic cellular 

respiration that results in cellular dysfunction and tissue injury, and organ failure (1). 

According to the underlying causes, shock can be characterized in four classical subtypes, 

i.e., hypovolemic shock, cardiogenic shock, obstructive shock, and distributive shock. 

The first three shock subtypes are associated with a low fluid flow state and inadequate 

tissue oxygen and nutrient supply. Distributive shock is characterized by abnormal 

blood vessel responses to vasoconstriction and vasodilation (2). Patients can have a 

combination of more than one subtype of shock at any given time or occur consecutively 

(2). Hemorrhage and sepsis are two major causes of circulatory shock, hemorrhage 

accounting for 16% of cases and sepsis for 62% of cases (3).  

Shock is a frequently diagnosed condition and present in more than 30% of patients in 

ICUs (2). Advances in clinical care have led to a decrease in early deaths of shock 

patients. However the survivors of shock often develop the failure of multiple organs at 

the same time, the so called multiple organ dysfunction syndrome (MODS) (4). Shock 

associated MODS is nowadays still the most common cause of death in critically ill 

patients in ICUs (4). The precise pathogenesis of MODS is not completely understood: it 

is commonly accepted that systemic inflammatory responses contribute to the 

development of organ dysfunction (5), and that endothelial cells actively engage in this 

pathophysiological response by coordinating the host response and the progression of 

multiple organ failure (6). Investigating the mechanisms underlying endothelial 

activation in shock is important as the endothelium might be a valuable potential target 

for the treatment of shock and shock associated organ dysfunction (7).  

In the following parts of this thesis introduction, I will focus on hemorrhagic and septic 

shock-associated endothelial pro-inflammatory activation, and the presently known 

molecular mechanisms leading to these endothelial responses, as well as potential 

therapeutic interventions in hemorrhagic shock and sepsis. 
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Hemorrhagic shock 

Hemorrhagic shock (HS) is defined as decreased tissue blood perfusion due to a 

significant reduction of effective circulating blood volume. Roughly half of trauma deaths 

are attributed to hemorrhage (8). Hemorrhage results in the inability of the heart to 

supply enough blood to the tissues and organs. Initial compensatory mechanisms start 

to give priority to provide blood to vital organs such as the brain and the heart in order 

to maintain perfusion pressure (9). However, the capacity of compensatory mechanisms 

is limited. Further deprivation of delivery of oxygenated blood to organs during ongoing 

HS can lead to cellular injury, and may end with MODS and/or death (10). Treatment 

strategies for HS are to stop the bleeding as soon as possible and to rapidly conduct a 

fluid resuscitation protocol to restore circulating blood volume and tissue perfusion. 

This will allow recovery of the oxygen supply and termination of tissue ischemia and 

hypoxia (11). However, after the initial survival of HS and resuscitation (HS/R) episode, 

the risk of developing multiple organ failure is still high (12). Every year, in the United 

States, more than 60,000 people die due to hemorrhage, and an estimated 1.9 million 

deaths worldwide (13). Trauma is one of the leading causes of death worldwide, with 

around 40% of trauma mortality resulting from hemorrhage and HS. 33 to 56% of these 

deaths occur during the prehospital period (14). 

Resuscitation after HS is conceived as a global ischemia/reperfusion injury insult. The 

resulting tissue ischemia and systemic inflammatory response can be fatal to the patient 

(15). In HS/R, a strong inflammatory response prevails in vital organs, via the activation 

and the transmigration of leukocytes into these organs. The kidney is one of the 

vulnerable and most frequently damaged organs after HS/R (16), with Acute Kidney 

Injury (AKI), a sudden loss of kidney function within a very short time, frequently 

occurring. In rats it was shown that HS decreased the microvascular pO2 in the kidney at 

a much earlier time point than in other organs (17) and that fluid resuscitation could not 

fully restore renal microvascular oxygenation (18). 

In recent years, many experimental animal studies have been performed to explore the 

pathophysiology of multiple organ failure during or after HS/R and to investigate 

potential treatment strategies. The most commonly used animal models of HS are 

fixed-pressure hemorrhage, fixed-volume hemorrhage, and uncontrolled hemorrhage 

(9). In our research, we use a fixed-pressure hemorrhagic shock model in mice to study 
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systemic inflammatory responses in HS/R and the influence of drug intervention. In this 

standardized model, animals are bled until the mean arterial pressure (MAP) reaches a 

pre-established level of 30 mmHg for 90 minutes. This low MAP level is maintained by 

additional blood withdrawal or by blood restitution if necessary during the hemorrhagic 

shock period (9). 

 

Sepsis 

Sepsis is defined as the host’s dysregulated systemic response to an infection that 

injures its own organs and tissues, leading to severe life-threatening organ dysfunction 

(19, 20). Septic shock is a subtype of sepsis complicated by persistent hypotension and 

abnormal circulatory and cellular metabolism, which are severe enough to enhance the 

risk of death (20). Sepsis is the leading cause of mortality in in-hospital patients 

worldwide and in-hospital mortality is around 25–33% (21). An estimated 31.5 million 

sepsis patients and 19.4 million severe sepsis patients are treated in hospitals 

worldwide each year (21). Sepsis and sepsis related symptoms are a huge global health 

problem and represent a major economic burden in the world (22). 

During the development of sepsis, an infection triggers a host reaction manifested as an 

exaggerated pro-inflammatory response (called systemic inflammatory response 

syndrome, SIRS) and an anti-inflammatory response (immunosuppression) (23). The 

aim of the host response is to clear invading infection and protect tissues and organs. 

However, the exaggerated pro-inflammatory reaction can lead to cell death and tissue 

damage, while the immunosuppressive response leaves the host more susceptible to 

secondary infections (24). Lipopolysaccharide (LPS), also known as endotoxin, is the 

main component in the outer cell wall of Gram-negative bacteria and functions as a key 

mediator of sepsis (25, 26). These excessive, and often prolonged immune responses 

induce microvascular thrombosis, microcirculatory alteration, increased endothelial 

permeability, and leukocyte recruitment, which will give rise to tissue damage, MODS, 

and finally to death (5). Many organs can be affected in sepsis, and the kidney is one of 

the failing organs (24).  

A proper animal model mimicking most of the aspects of human sepsis is a prerequisite 

for studying the development of sepsis and exploring effective therapeutic targets. 
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Currently, three categories of sepsis models are extensively used: the cecal ligation and 

puncture (CLP) model, bacterial infection models, and the LPS-induced endotoxemia 

model (27). In the CLP model, sepsis is induced by disruption of the endogenous 

protective gut barrier in animals, while bacterial infection models consist of exogenous 

infusion of live bacteria as a viable pathogen (28). Endotoxemia models are induced by 

intravenous or intraperitoneal injection with an exogenous bacterial toxin such as LPS. 

This latter model is widely used due to the reproducibility in sepsis associated-systemic 

inflammatory response development and other physiological reactions (27, 28). In 

addition, intravenous injection of LPS into healthy volunteers can be employed as 

human sepsis model to mimic and study some of the pathophysiological and clinical 

processes of sepsis in humans (29). In our studies, we employed systemic i.p. 

administration of LPS as endotoxemia mouse model. 

 

The vasculature and the vascular endothelium 

The vasculature belongs to the blood circulatory system that transports blood 

throughout the whole body. Arteries, arterioles, capillaries, venules, and veins are the 

five major structural components of the blood vessels. All blood is carried in these 

vessels, each of them possessing specific structures and functions in maintaining organ 

and whole body homeostasis (30).  

The vascular endothelium lines the luminal surface of all blood vessels in the whole 

circulatory system that delivers blood to all organs and tissues of the body, from the 

largest arteries and veins to the smallest capillaries (31). The endothelium is highly 

active and functions as a barrier between the vessel lumen and the underlying tissue. 

Additionally, the endothelium is a major player in the regulation of thrombosis and 

thrombolysis, involving the interaction of leukocytes with inflamed tissues, and 

controlling vasomotor tone (32). The endothelium can also modulate the function of the 

vessel wall via actively engaging in dynamics of blood flow and inflammation responses 

(33). The smallest blood vessels called capillaries, are particularly involved in 

disease-related pathophysiological processes such as angiogenesis that for example 

accompanies wound healing and tissue repair, and vascular leakage and leukocyte 

recruitment in inflammation and conditions of shock (34). 
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Endothelial cells in shock 

Endothelial cells (ECs) form a barrier between the circulating blood and the rest of the 

vessel wall, and the underlying tissue. Due to their anatomical position, endothelial cells 

are the first cells exposed to circulating inflammatory stimuli, invading pathogens, their 

metabolites, and microbial toxins. Endothelial cells will become pro-inflammatory 

activated when exposed to hemorrhagic shock or sepsis associated stimuli, such as LPS, 

TNF-α and other pro-inflammatory cytokines (35). The glycocalyx barrier is located on 

the luminal surface of ECs and has protective functions in the vasculature. During sepsis, 

activated endothelial cells shed the glycocalyx, shift from hemostasis to a prothrombotic 

and antifibrinolytic state, facilitate enhanced leukocyte adhesion, and show increased 

permeability (36).  

Because of their crucial roles in triggering of and retaining the host response to invading 

pathogens, ECs are increasingly recognized as a contributor to sepsis associated 

mortality, with loss of endothelial barrier integrity and exaggerated endothelial 

activation being a hallmark of the processes occurring (37). Bacterial LPS directly 

triggers inflammatory activation in ECs during shock via the induction of the secretion of 

the pro-inflammatory cytokines (IL-6), chemokines (including IL-8 and MCP-1), and 

enhanced expression of adhesion molecules (P-selectin, E-selectin, VCAM-1 and ICAM-1) 

(6). These activated vascular endothelial cells initiate a multistep adhesion cascade, in 

which circulating leukocytes recognize and interact with the endothelium via sequential 

steps that encompass capture, rolling, and firm adhesion, and finally extravasation 

through the vessel wall into the inflamed tissues (38). Leukocyte capture and rolling are 

regulated by the endothelially expressed selectins (P-selectin and E-selectin) (39). 

Following rolling, leukocyte integrins including very late antigen 4 (VLA-4) and 

lymphocyte function-associated antigen-1 (LFA-1) become activated and bind to 

adhesion molecules VCAM-1 and ICAM-1 expressed on the surface of activated 

endothelial cells, respectively (40). This interaction induces firm adhesion of the 

leukocytes to the vascular endothelium, and facilitates leukocytes crawling on the 

surface of endothelium and transmigration through the endothelial layer into the 

underlying tissue (38).  
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This increased endothelial mediated leukocyte trafficking into the inflamed tissue can 

lead to impaired organ function during the pathogenesis of sepsis (6). When the 

endothelium is excessively activated and unable to restore the homeostatic state, the 

ECs are considered to have become dysfunctional (41). Understanding the molecular 

mechanisms of excessive endothelial pro-inflammatory activation and dysfunction 

during the initiation and progression of shock will enable us to identify new therapeutic 

targets for therapeutic intervention of shock and sepsis related endothelial functional 

derailment. 

 

Heterogeneity of vascular endothelium  

The endothelial lining of blood vessels shows a remarkable heterogeneity at the level of 

morphology, molecular components, and functional output (42). At the structural level, 

endothelial cells are elongated and oriented along the direction of the blood flow in 

straight vascular beds in arteries, while ECs show a rounded shape in venules and are 

irregularly shaped in capillaries. Morphologically endothelium is divided into 

continuous endothelium, fenestrated endothelium, and discontinuous endothelium, 

which relates to its functions (43). For example, the blood-brain barrier in brain 

microvasculature is composed of continuous endothelium, assuring a strict control of 

permeability. Discontinuous endothelium lines the sinusoidal vessels in the liver where 

highly fenestrated sinusoidal ECs act as scavengers and clear soluble waste 

(macro)molecules from the circulation (44, 45). Endothelial cells in the arterioles 

primarily control vascular tone, while postcapillary vein ECs are mainly involved in 

regulating leukocyte-endothelial interactions, these processes may also happen in other 

vascular beds such as capillaries and veins (44, 45). 

Microvascular endothelial heterogeneity is also observed in different microvascular 

compartments within one organ (31, 45). In the kidneys, blood flows into the 

glomerulus via the afferent arteriole and is filtered in the glomerular capillaries. The 

endothelium in renal arterioles is primarily associated with controlling glomerular 

blood flow and filtration rate, while the glomerular endothelial cells function as a 

semi-permeable filtration barrier for filtering water and small molecules into the 

(pre)urine. Efferent arterioles control glomerular outflow and feed into peritubular 
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capillaries, which supply the renal tubules and interstitial cells with oxygen and 

nutrients (46). Leukocyte trafficking and permeability changes in response to 

inflammation mainly take place in postcapillary venules (45).  

Endothelial heterogeneity in expression of adhesion molecules in different quiescent 

microvascular segments has been known for some time, while the heterogenic 

responses of endothelial cells to inflammatory stimuli are only recently being revealed 

(30). In our previous hemorrhagic shock studies, an upregulation of VCAM-1 protein 

was observed in renal extraglomerular endothelial segments, while its expression in 

glomerular endothelium was limited (7). The microvascular segment-restricted VCAM-1 

protein expression during inflammatory insults is likely explained by heterogenic 

post-transcriptional control in endothelial cells in glomeruli. While VCAM-1 was 

transcriptionally induced in both arteriolar and glomerular endothelial cells exposed to 

acute inflammatory stimuli, its translation to protein was significantly reduced in 

glomeruli. This coincided with high miR-126 levels in glomerular segments that acts as a 

negative regulator of VCAM-1 protein expression (47). Understanding the molecular 

control of heterogeneity in endothelial phenotype and endothelial responsiveness in 

different renal microvascular segments is an important first step in understanding the 

pathogenesis of HS and sepsis induced AKI. This knowledge may provide crucial insights 

for future microvascular bed-specific treatment strategies for patients. 

 

Molecular controls of shock and therapeutic intervention options 

Microbes express certain molecular motifs termed pathogen-associated molecular 

patterns (PAMPs), such as LPS, lipopeptides, and peptidoglycans. As key constituents of 

the host's immune system, pathogen recognition receptors (PRRs) recognize these 

dangerous PAMPs As well as endogenous damage-associated molecular patterns 

(DAMPs), such as HMGB-1, heat shock protein, and DNA, triggering innate and adaptive 

immune responses (48). During HS, the initial ischemic insult can lead to systemic 

inflammatory responses and the release of DAMPs (49). The pathogen recognition 

receptor families include the subfamilies Toll-like receptors (TLRs), retinoic 

acid-inducible gene I (RIG-I)-like receptors (RLRs), and Nod-like receptors (NLRs). All 
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three PRR subfamilies are involved in recognizing invading pathogens and initiating 

pro-inflammatory responses (50).   

The role of TLR4 and RIG-I in LPS-mediated inflammation activation in the development 

of sepsis has been studied by our group (51) and other research groups (52, 53). The 

exposure of ECs to LPS leads to endothelial activation via TLR4 and RIG-I (Figure 1). LPS 

first interacts with LPS-binding protein (LBP), which catalyzes the formation of the 

LPS-CD14 complex (54). The uptake of LPS into cells can be facilitated via scavenger 

receptors or TLR4 receptors. In the TLR4 signaling pathway, the LPS-CD14 complex 

binds to the LPS receptor TLR4-myeloid differentiation protein (MD2) complex and 

activates TLR4 signaling through several adaptor proteins (55). The endothelial TLR4 

signaling activates mitogen activated protein kinase (MAPK) signaling and IκB kinase 

(IKK), which in turn regulate the activation of transcription factors activator protein 

(AP)-1, and NF-κB, respectively (56, 57). Furthermore, the TLR4 pathway regulates 

phosphatidylinositol 3-kinase (PI3K)/AKT activation, which can modulate NF-kB 

activation. Recent data from our group showed that RIG-I functions independent of 

TLR4 to mediate LPS induced endothelial activation. In this situation, intracellular LPS 

likely binds to RIG-I, which recruits its adaptor protein MAVS and activates NF-κB 

signaling (51). NF-κB activation functions as a major contributor to the upregulation of 

adhesion molecules and the release of pro-inflammatory cytokines and chemokines, and 

thus leukocyte recruitment (58, 59).  

NF-κB activation in endothelial cells induces the expression of pro-inflammatory 

cytokines, which can lead to further activation of NF-κB pathway, thereby amplifying the 

inflammatory responses (50). This positive feedback loop may cause more serious harm 

than the initial insult. This activation of endothelial NF-κB pathway likely contributes in 

a major way to the impairment of vascular function during endotoxemia and the 

occurrence of septic shock (60). Thus, the IKK/NF-κB pathway is considered an 

important therapeutic target for treatment of shock associated microvascular 

inflammation and MODS (61). Treatment with an IKK inhibitor during the resuscitation 

phase after a period of shock inhibited shock induced NF-κB activation. A previous study 

showed that blockade of NF-κB activation during resuscitation reduced HS induced lung, 

liver and kidney damage in rats (62). Furthermore, IKK inhibition inhibited nuclear 

translocation of NF-κB p65 which was associated with multiple organ dysfunction 
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during sepsis in mice (63). BAY11-7082 is an anti-inflammatory drug that selectively 

and nonreversibly inhibits IκB and therewith reduces nuclear translocation of NF-κB 

p65. In endothelial cells, BAY11-7082 inhibits activated IKK induced phosphorylation of 

the IκBα protein, thereby inhibiting the activation and nuclear translocation of NF-κB. 

This resulted in the decreased transcription and translation of pro-inflammatory 

molecules (64). Thus, in our study the endothelial NF-κB signaling pathway was chosen 

as a potential treatment target to counteract HS induced endothelial pro-inflammatory 

activation in mice. 

 

 

 

Figure 1. Schematic overview of signaling pathways in endothelial cells that are known to 

be activated by LPS.  

LPS interacts with LBP to form LPS-LBP complex, which can be taken up into endothelial cells 

via scavenger receptors or TLR4 receptors. In the latter case, the LPS complex binds to CD14 and 
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then colocalizes with TLR4-MD2 complex and activates TLR4 signaling. This signaling depends 

on the recruitment and activation of downstream adaptor proteins (not shown in figures). In the 

LPS induced TLR4 signaling pathway, downstream IKK, MAPKs, and PI3K/AKT are activated. 

IKK activation leads to the phosphorylation and degradation of IκBα protein, allowing NF-κB to 

translocate into the nucleus to act as transcription factor. The activation of MAPK pathways in 

turn activates p38 MAPK, ERK, and JNK pathways, causing the activation of AP-1 transcription 

factor. Furthermore, PI3K/AKT can modulate NF-κB activation. In addition to these known 

pathways, our group more recently discovered that intracellular LPS-LBP complex also activates 

RIG-I, which then recruits and activates its adaptor MAVS. RIG-I-MAVS signaling specifically 

regulates downstream NF-κB activation. Together the TLR4 and RIG-I pathways control 

expression of endothelial adhesion molecules, pro-inflammatory cytokines, chemokines, and 

other endothelial related molecules implicated in the pathogenesis of sepsis. 

Abbreviations: LBP, LPS binding protein; MD2: myeloid differentiation protein 2; MyD88, 

myeloid differentiation primary response protein 88; IKK, IκB kinase; PI3K, phosphoinositide 

3-kinase; MAPK, mitogen-activated protein kinase; MAP3K, MAP kinase kinase kinase; JNK, c-Jun 

N-terminal kinase; ERK, extracellular signal-regulated kinase; AP-1, activator protein 1; RIG-I, 

retinoic acid-inducible gene I; MAVS, mitochondrial anti-viral signaling protein; E-selectin, CD62 

antigen-like family member E (CD62E); VCAM-1, vascular cell adhesion molecule 1; ICAM-1, 

intercellular adhesion molecule 1; IL-6/8, Interleukin 6/8; MCP-1, Monocyte chemoattractant 

protein 1. 
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Besides LPS-induced NF-κB activation via TLR4 and RIG-I, LPS can also directly induce 

IRF-1 expression (65). Interferon regulatory factor 1 (IRF-1) is a transcription factor and 

firstly recognized as a transcriptional regulator of the interferon system (66). It has been 

reported that IRF-1 is involved in the host innate and adaptive immune system and 

plays essential roles in the response to viral infections and the control of expression of 

pro-inflammatory molecules (67-69). IRF-1 shows low constitutive expression levels in 

almost all cell types and can be induced by types I and II interferon, pro-inflammatory 

cytokines TNFα, IL-1β, and IL-6, as well as a viral infection (70). IRF-1 knockout mice 

were significantly protected against LPS mediated induction of pro-inflammatory 

cytokines, thereby being protected from a lethal dose of LPS injection compared to 

control mice (71). However, the role of IRF-1 and the underlying molecular mechanisms 

of IRF-1 controlling endothelial cell activation in LPS mediated endothelial inflammatory 

responses in sepsis remain unclear. 

 

 

Aim of the thesis 

As outlined in the preceding sections, patients suffering from shock and sepsis often 

develop multiple organ dysfunction syndrome (MODS), which is the leading cause of 

death in critically ill patients. Although numerous studies on the pathophysiology of 

shock have been reported, no effective drug intervention has been found so far to stop 

or mitigate the development of MODS. Previous studies showed that hemorrhagic 

shock/resuscitation (HS/R) and sepsis induce endothelial pro-inflammatory responses 

in an organ and vascular bed specific manner (7, 72). This thesis therefore aims to 

investigate the molecular mechanisms of endothelial activation during the pathogenesis 

of shock and explore recently identified potential molecular targets for the treatment or 

prevention of MODS.  

I addressed the following research issues. The first dealt with the effects of two types of 

drugs (an NF-κB inhibitor and an inhibitor of histone deacetylase, see below) on 

microvascular endothelial inflammatory responses in mouse kidney, lung and liver 

during HS/R. I further investigated the responses of three renal microvascular segments 
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to HS/R and the effects of drug intervention with NF-κB inhibitor on these 

microvascular responses. Furthermore, to unravel one of the underlying 

pathophysiological molecular mechanisms, I explored the role of endothelial IRF-1 in the 

regulation of LPS-induced inflammatory activation of endothelial cells and the nature 

and kinetics of LPS-induced kinase signaling in endothelial cells in vitro. 

As described above in the introduction, NF-κB signaling plays an essential role in the 

onset of inflammation and the induction of pro-inflammatory molecules during 

hemorrhagic shock (HS) and resuscitation. In addition, previous studies found that HS/R 

leads to an imbalance in histone acetyltransferase (HAT) and histone deacetylase (HDAC) 

activity, thereby affecting the posttranslational modification status of cells. HDAC 

inhibitors lead to enhanced acetylation of proteins and restore this balance (73) and 

have anti-inflammatory effects which in an HS rat model resulted in markedly improved 

survival following lethal hemorrhage (74, 75). To investigate microvascular endothelial 

behavior during HS and subsequent resuscitation and effects of NF-κB and HDAC 

inhibition, we applied a fixed-pressure hemorrhage and resuscitation mouse model in 

chapter 2. We treated mice with the IκB inhibitor BAY11-7082 and the HDAC inhibitor 

valproic acid (VPA) during resuscitation phase and studied microvascular EC 

inflammatory responses. In addition, we investigated the effects of the two drugs on 

TNFα-mediated endothelial pro-inflammatory activation in vitro. 

Based on the knowledge generated in chapter 2 and our notion that endothelial cells in 

the different renal microvascular segments show remarkable basic functional 

heterogenic properties, we hypothesized that these different microvascular segments 

will respond differently to HS/R induced inflammatory stimuli and drug inhibition. 

Therefore, in chapter 3 of this thesis, we examined the responses of three 

microvascular segments in the kidney, i.e., arterioles, glomeruli, and postcapillary 

venules, to HS/R. In addition, we investigated the effects of intervention with 

BAY11-7082 during resuscitation on the endothelial pro-inflammatory responses in 

these microvascular beds. We applied laser microdissection of the microvascular 

segments of the kidney before gene expression analysis to enable zooming in on the 

different segments. 

As explained above, activation of endothelial cells plays a pivotal role in the 

pathogenesis of sepsis. Therefore, we combined in vivo and in vitro studies to further 
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examine the signaling pathways in endothelial inflammatory activation in the context of 

sepsis. As explained above, RIG-I is a receptor that regulates LPS-mediated endothelial 

activation independent of TLR4 signaling. It has been shown that IRF-1 regulates RIG-I 

basal transcription and dsRNA-mediated RIG-I upregulation in different cell types (76). 

In addition, the role of IRF-1 in regulating the expression of pro-inflammatory molecules 

in endothelial cells and animals has been reported (71, 77). In chapter 4, we 

investigated whether IRF-1 has a role in the regulation of LPS-mediated inflammatory 

activation in endothelial cells, and studied the associated signaling pathways using 

endothelial cells in vitro.  

An increasing number of protein kinases have been shown to engage in the regulation of 

LPS-mediated endothelial inflammatory activation in endothelial cells (78). Also, in vivo 

studies found that multiple kinase pathways play a critical role in regulating 

LPS-induced EC activation and acute inflammatory responses (79, 80). In chapter 5 of 

this thesis, we explored in vitro the nature and kinetics of activation of series of protein 

kinases in endothelial cells induced by LPS using kinase array technology.  

Finally, in Chapter 6, the outcomes of the experimental research presented in this thesis 

are summarized and discussed, and implications of the data generated and the 

knowledge gained for future study put in perspective. 
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Abstract 

Objective: To investigate the consequences of histone deacetylase inhibition by HDAC 

inhibitor valproic acid (VPA) respectively of IkappaB kinase/NF-kappaB (IKK/NF-κB) 

signaling blockade by IKK inhibitor BAY11-7082 on (microvascular) endothelial cell 

behavior in vitro as well as in mice subjected to hemorrhagic shock (HS)/resuscitation in 

vivo.  

Setting: Research laboratory at university teaching hospital. 

Subject: Endothelial cells and C57BL/6 male mice. 

Design: Endothelial cells were incubated with tumor necrosis factor alpha (TNFα) in the 

absence or presence of VPA or BAY11-7082 in vitro. Mice were subjected to HS by blood 

withdrawn until the mean arterial pressure of 30mmHg and maintained at this pressure 

for 90min. At 90min, subgroups of mice were resuscitated with 4% human albumin in 

the absence or presence of vehicle, VPA (300μg/g body weight) or BAY11-7082 (400μg 

per mouse). Mice were sacrificed 1h and 4h after resuscitation. 

Measurements and Main Results: VPA and BAY11-7082 selectively diminished 

TNFα-induced endothelial pro-inflammatory activation in vitro. In vivo, both systemic 

and local inflammatory responses were significantly induced by HS/resuscitation. The 

decreased histone acetylation in kidney after HS/resuscitation was restored by VPA 

treatment. In glomerular endothelial cells, the nuclear translocation of NF-κB, which was 

induced by HS/resuscitation, was eliminated by BAY11-7082 treatment while enhanced 

in the presence of VPA. Both VPA and BAY11-7082 significantly attenuated the 

HS/resuscitation-induced protein expression of endothelial cell adhesion molecules 

E-selectin and vascular cell adhesion molecule-1 in the microvasculature of kidney and 

liver, although mRNA expression levels of these molecules analyzed in whole organ 

lysates of kidney, lungs, and liver were not extensively affected. The reduced protein 

expression of adhesion molecules was paralleled by diminished the 

adhesion/transmigration of polymorphonuclear leukocytes in kidney and liver after 

HS/resuscitation. 
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Conclusion: Suppression of HDAC activity and blockade of IKK/NF-κB signaling during 

resuscitation ameliorate microvascular endothelial pro-inflammatory responses in 

organs in mice after HS. 

Key words 

Hemorrhagic shock; inflammation; microvasculature; endothelial cells; histone 

(de)acetylation; NF-κB activation 
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Introduction 

Hemorrhagic shock (HS), a life-threatening organ hypoperfusion caused by rapid and 

substantial blood loss , is a medical emergency frequently encountered by 

anesthesiologists and intensivists (1). Severe HS is associated with multiple organ 

dysfunction syndromes (MODS) and death in trauma, surgical, and medical patients. 

Fluid resuscitation to restore tissue perfusion is the first therapeutic intervention in HS 

(2), although it remains controversial because of the increased blood loss and mortality 

due to aggressive restoration of the intravascular volume and increased blood pressure 

(3, 4). Nowadays, treatment of HS combines early control of bleeding, correction of 

coagulopathy, maintenance of critical tissue perfusion, and management of the systemic 

inflammatory response syndrome (SIRS) (1). No drugs interfering with the 

inflammatory responses have so far proven clinical benefit. Therefore, the search for 

effective drugs that are able to counteract systemic inflammatory response-related 

MODS in HS/resuscitation continues.  

Multiple mechanisms are involved in the pathogenesis of MODS after HS, including the 

production of pro-inflammatory cytokines and the disturbance of the (micro)circulation 

(5, 6). Microvascular endothelial cells actively engage in the development of MODS, 

orchestrating their interaction with leukocytes via induced expression of, among others, 

the adhesion molecules E-selectin, VCAM-1, and ICAM-1 on their membrane (7). This 

endothelial cell-leukocyte interaction is crucial for the recruitment and transmigration 

of leukocytes into underlying tissues, leading to organ injury via the release of proteases 

and oxygen-derived radicals (8). Furthermore, microvascular endothelial cells regulate 

vascular leakage and the development of tissue edema which also contribute to the 

development of MODS after HS. We previously showed that HS results in an early and 

organ specific pro-inflammatory activation of microvascular endothelial cells 

independent of tissue hypoxia (5, 9). 

A better understanding of the molecular effects of drug intervention on specific cell 

types within the complex organism is important for the development of therapeutic 

strategies (10). In the present study, we therefore focused on the microvascular 

endothelial inflammatory responses in HS/resuscitation to drug interventions aimed at 

two mechanisms, i.e., histone (de)acetylation and IKK/NF-κB signaling.  
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Histone (de)acetylation is a posttranslational protein modification that regulates the 

structure and function of chromatin, and thereby modulates the expression of genes 

(11). Histone acetylation is controlled by the enzymes histone acetyl transferase (HAT) 

and histone deacetylase (HDAC). HS/resuscitation disrupts cellular acetylation 

homeostasis through increasing HDAC activity, leading to histone hypoacetylation and 

the alteration of gene expression (12). Modulation of protein acetylation in hemorrhagic 

and septic shock is reviewed elsewhere (13). Valproic acid, an HDAC inhibitor, increases 

survival in HS models (14-16). Furthermore, the addition of HDAC inhibitors to 

resuscitation fluid reversed shock induced changes in histone acetylation status (12). 

However, the precise effects of HDAC inhibition on pro-inflammatory responses of 

microvascular endothelial cells in different organs during HS and resuscitation are not 

known. 

Besides by posttranslational modification, endothelial inflammatory activation is 

regulated by IKK/NF-κB intracellular signaling (17, 18). NF-κB is a transcription factor 

that controls the expression of several pro-inflammatory mediators and plays a pivotal 

role in the onset of inflammation. NF-κB is normally complexed with its inhibitory 

protein IκB in the cytoplasm. Upon activation, IκB is rapidly phosphorylated by IKK 

leading to the dissociation from NF-κB, which is followed by the degradation of IκB and 

subsequent nuclear translocation of NF-κB and transcription of target genes (19). NF-κB 

signaling is strongly activated during HS and resuscitation (20, 21), which makes it a 

potential therapeutic target for suppressing inflammation and tissue damage.  

Based on the knowledge available at present as summarized in Figure 1A, we 

hypothesized that the pro-inflammatory activation of microvascular endothelial cells in 

organs will be counteracted by pharmacological intervention of histone (de)acetylation 

and IKK/NF-κB signaling in the resuscitation phase following HS. We first examined the 

effects of HDAC inhibitor valproic acid and IKK inhibitor BAY11-7082 on TNFα-induced 

endothelial activation in vitro. Thereafter, using a mouse model of pressure-controlled 

HS, we investigated the consequences of HDAC activity inhibition by HDAC inhibitor 

valproic acid respectively blockade of IKK/NF-κB signaling by IKK inhibitor 

BAY11-7082 on microvascular endothelial cell behavior in kidney, lungs, and liver 

during HS/resuscitation (22, 23).  
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Materials and Methods 

Animals   

Eight- to twelve-week-old C57BL/6 male mice (20-30g) were obtained from Harlan 

(Horst, the Netherlands). Mice were maintained on mouse chow and tap water ad 

libitum in a temperature-controlled chamber at 24°C with a 12-hour light/dark cycle. All 

procedures performed were approved by the local committee for care and use of 

laboratory animals and were performed according to strict governmental and 

international guidelines on animal experimentation. 

Mouse Hemorrhagic shock (HS) /Resuscitation Injury Model   

The HS/resuscitation injury model has been previously described (5). In brief, after 

induction of anesthesia, animals were placed on a temperature-controlled surgical pad 

(37-38°C). HS was achieved by blood withdrawal from the left femoral artery using a 

roller pump (Ismatec, Geldermalsen, the Netherlands) until a reduction of the MAP to 

30mmHg was reached. Blood was collected in a heparinized 1mL syringe. Additional 

blood withdrawal or restitution of small volumes of blood was performed to maintain 

MAP at 30mmHg during the shock period. After 90 min of shock, a subset of mice was 

resuscitated with 4% human albumin in saline (Sanquin, Amsterdam, the Netherlands) 

using two times the volume of withdrawn blood. Mice were allowed to wake up for 1 

hour or 4 hours after volume resuscitation was achieved. During sacrifice, animals were 

anesthetized with isoflurane, subsequently blood was drawn via cardiac puncture and 

thereafter, the kidneys, lungs, and liver were harvested, snap-frozen in liquid nitrogen, 

and stored at -80°C until analysis. Each group in this study consisted of 8 animals. The 

experimental setup is illustrated schematically in Figure 1B. 

Pharmacological interventions during resuscitation   

4% human albumin in saline (AL) was used as resuscitation fluid. Control mice were left 

untreated and received isoflurane anesthesia only during termination. HDAC inhibitor 

VPA (300μg/g body weight, which was selected based on previous publications (14, 

24-27) and which is higher than the doses used in humans for treatment of epilepsy, yet 

in the same range as the daily dose used for treatment of cancer (28, 29)) and IKK 

inhibitor BAY11-7082 (400μg per mouse) (30) were used as experimental drugs. VPA  
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Figure 1. Schematic representation of molecular responses in endothelial cells involved in 

the pathogenesis of hemorrhagic shock and the setup of the hemorrhagic 

shock/resuscitation mouse model.  

(A) Local blood flow is disturbed upon the induction of hemorrhagic shock. As a consequence, 

the disturbance of flow sensed by endothelial cells leads to the loss of KLF2 through 

mechanotransduction. Concomitantly, endothelial cells are exposed to pro-inflammatory 

cytokines (e.g., TNFα) present in the circulation. This can cause activation of NF-κB signaling, 

leading to the transcription of the adhesion molecules E-selectin, VCAM-1, ICAM-1, and the 

pro-inflammatory cytokines IL-1β, MCP1, IL-6 and IL-8. In addition, upon pro-inflammatory 
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activation, Ang2 is released from Weibel Palade Bodies. After its release, Ang2 binds to its 

receptor Tie2 on the endothelial cell membrane, thereby reducing Tie2 phosphorylation, which 

leads to vascular instability. The hemorrhagic shock insult can furthermore disrupt the 

homeostasis of histone acetylation via an increase in histone deacetylase activity.  

In this study, we examined the in vitro and in vivo effects of HDAC inhibitor valproic acid and 

IKK inhibitor BAY11-7082 (red boxes) to assess their effects on organ specific microvascular 

endothelial inflammation during hemorrhagic shock/resuscitation.  

Abbreviations: TNFα, tumor necrosis factor alpha; IL-1β, Interleukin-1 beta; MCP1, monocyte 

chemotactic protein 1; IL-6 Interleukin 6; IL-8, Interleukin 8; CD31, cluster of differentiation 31 

(also known as Platelet endothelial cell adhesion molecule-1); VE-cad, vascular 

endothelial-cadherin. KLF2, Kruppel-like factor-2; VCAM-1, vascular cell adhesion molecule-1; 

ICAM-1, intercellular adhesion molecule-1; NF-κB, nuclear factor-kappa B; Ang2, Angiopoietin-2; 

Tie2, receptor tyrosine kinase; HDAC, histone deacetylase; HAT, histone acetyl transferase.  

(B) After the induction of anesthesia, blood withdrawal was started to induce hemorrhagic 

shock. After 90min of shock, mice were either sacrificed (†) or resuscitated with 4% human 

albumin (AL) as resuscitation fluid, where appropriate containing vehicle (Dimethyl sulfoxide, 

DMSO), valproic acid (VPA), or BAY11-7082, after which mice were allowed to wake up for 1h or 

4h before termination. Control mice were terminated (†) at the start of the experiment. 

 

 

 

was dissolved in sterile saline (50mg/ml) and BAY11-7082 was reconstituted in 

dimethyl sulfoxide (DMSO, 40mg/ml). Shortly before resuscitation, both drugs were 

further diluted in resuscitation fluid to achieve the final doses. DMSO in 4% AL at a final 

concentration equivalent to the concentration in the BAY11-7082-contained solution 

was prepared as DMSO vehicle control. This same final concentration of DMSO was 

created in VPA-contained resuscitation fluid. 

After 90min of HS, a subset of mice was randomly allocated into the following groups: 

90min HS (HS without fluid resuscitation), AL (HS resuscitated with 4% human 

albumin), vehicle (HS resuscitated with 4% AL containing vehicle DMSO), VPA (HS 

resuscitated with 4% AL containing VPA), BAY (HS resuscitated with 4% AL containing 

BAY11-7082). Mice were sacrificed 1 hour and 4 hours after resuscitation.  
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Cell culture   

Human umbilical vein endothelial cells (HUVEC) were obtained from Lonza (Breda, The 

Netherlands). Cells were cultured in EBM-2 medium supplemented with EGM-2 MV 

SingleQuot Kit Supplements & Growth Factors (Cat. No. CC-3202, Lonza, the 

Netherlands). Culture plates (Costar, Corning, New York) were incubated with EGM-2MV 

medium for 30min, thereafter cells were seeded and grown until confluent before the 

experiments. In all experiments, cells between passages 5 to 7 were used. All cell 

cultures were maintained by the Endothelial Cell Facility of the UMCG. 

Gene expression analysis by real time RT-PCR 

Total RNA was isolated from HUVEC respectively tissue cryosections of mouse kidney, 

lungs, and liver using the RNeasy Mini plus Kit (Qiagen, Westburg, Leusden, The 

Netherlands) according to the manufacturer’s instructions. Integrity of RNA was 

determined by gel electrophoresis, while RNA concentration (OD260) and purity 

(OD260/OD280) were measured by NanoDrop® ND-1000 UV-Vis spectrophotometer 

(NanoDrop Technologies, Rockland, DE, USA). cDNA synthesis and real-time PCR were 

performed as described previously (9, 31). The Assay-on-Demand primers purchased 

from Applied Biosystems (Nieuwerkerk aan den IJssel, The Netherlands) for quantitative 

PCR included the housekeeping gene GAPDH (Glyceraldehyde-3-phosphate 

dehydrogenase, assay ID Mm99999915_g1), CD31 (Platelet endothelial cell adhesion 

molecule, PECAM-1, assay ID Mm00476702_m1), VE-Cad (VE-Cadherin, assay ID 

Mm00486938_m1), KLF2 (Kruppel-like factor-2, assay ID Mm00500486_g1), Tie2 

(receptor tyrosine kinase, assay ID Mm00443242_m1), Ang2 (Angiopoietin-2, assay ID 

Mm00545822_m1), E-selectin (assay ID Mm00441278_m1), VCAM-1 (vascular cell 

adhesion molecule-1, assay ID Mm00449197_m1),  ICAM-1 (intracellular adhesion 

molecule-1, assay ID Mm00516023_m1), MCP-1 (monocyte chemotactic protein-1, assay 

ID Mm00441242_m1), IL-6 (Interleukin-6, assay ID Mm00446190_m1), IL-8 

(Interleukin-8, assay ID Mm00433859_m1), TNF-α (tumor necrosis factor α, assay ID 

Mm00443258_m1), IL-1β (Interleukin-1β, assay ID Mm00434228_m1), NGAL 

(Neutrophil gelatinase-associated lipocalin, assay ID Mm01324470_m1), and MPO 

(myeloperoxidase, assay ID Mm00447886_m1). Quantitative PCR was performed in a 

ViiATM 7 real-time PCR System (Applied Biosystems, Nieuwerkerk aan den IJssel, The 

Netherlands). Gene expression levels were normalized to the expression of the 
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housekeeping gene GAPDH. The mRNA levels relative to GAPDH were calculated by 2- CT 

values and averaged per group. The fold change of gene expression levels relative to the 

control groups was calculated by 2- CT. 

Cytokine quantification by Enzyme-linked immunosorbent assay (ELISA)    

The concentrations of TNFα, IL-6, and NGAL in plasma were measured by ELISA (TNFα 

and IL-6: Biolegend, CA, USA; NGAL: R&D Systems, Minneapolis, Minnesota, USA).  

Immunofluorescence staining of NF-κB subunit p65 localization in HUVEC  

HUVEC were cultured on sterile glass coverslips (Menzel-Gläser, Braunschweig, 

Germany) in 6-well plates. Cells were pretreated with valproic acid (5mM, sodium salt, 

VPA; Sigma-Aldrich, St. Louis, MO, USA) or BAY11-7082 (10μM, 

(E)-3-[(4-methylphenylsulfonyl]-2-propenenitrile; Enzo life Sciences, Lausen, 

Switzerland) for 30min before being challenged with TNFα (10ng/ml, Boehringer 

Ingelheim, Germany) for indicated time periods. Cells were next fixed with 1% 

formaldehyde in PBS for 20min. Subsequently, cells were permeabilized by 5min 

incubation with 0.25% Triton X-100 in PBS, then blocked with PBS/3% bovine serum 

albumin (BSA, Sigma-Aldrich) for 30min at room temperature and incubated with rabbit 

anti-p65 antibody (cat. no. D14E12, Cell Signaling Technology, Inc., Leiden, The 

Netherlands) diluted 1:200 in PBS/0.5% BSA/0.05% Tween 20 (Sigma-Aldrich). Next, 

coverslips were washed with PBS and incubated for 1h with Alexa Fluor®555-conjugated 

donkey anti-rabbit secondary antibody (cat.no. A-31572, Molecular Probe, Leiden, The 

Netherlands) diluted 1:100 in PBS/0.5% BSA/0.05% Tween 20. Thereafter, coverslips 

were washed with PBS and mounted using Aqua Poly/Mount medium (Polysciences, 

Warrington, PA, USA) containing DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride; 

Molecular Probe), air dried for 24h, and stored in the dark at 4°C. Fluorescence images 

were taken with a Leica DM/RXA fluorescence microscope using Quantimet HR600 

image analysis software (Leica, Wetzlar, Germany).  

Protein Expression Analysis by Western Blot 

Western blot analysis was performed with mouse kidney tissues to determine the 

protein expression levels of IκBα and acetylated histone H3. Protein extracts (75μg 

protein/lane) were separated by sodium dodecyl sulphate-poly-acrylamide gel 
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electrophoresis (SDS-PAGE) on 10% (IκBα) and 12% (acetylated H3) polyacrylamide 

gels and transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Utrecht, the 

Netherlands). After 1h blocking with 5% skimmed milk (Campina, Friesland, The 

Netherlands), membranes were incubated with primary antibodies overnight at 4 . The 

primary antibodies used in this study were: IκBα (cat. no. #06-494, Millipore, Temecula, 

CA, USA) diluted 1: 500 in 5% skimmed milk, acetylated H3 (cat. no. #06-599, Millipore) 

diluted 1: 2,000 in 5% skimmed milk, and actin (cat no. #MAB1501, Millipore) diluted 1: 

200,000 in 5% BSA. The primary antibodies were detected by horseradish 

peroxidase-coupled secondary antibodies (diluted 1: 5,000 in 5% skimmed milk, 

Southern Biotech, Birmingham, Alabama, USA) at room temperature for 1 hour, and 

visualized by horseradish peroxidase substrate (Millipore), and examined by Geldoc 

(Bio-Rad). Blots were analyzed using Image Lab software (Bio-Rad). 

Western blot analysis of acetylated H3 was also performed with HUVEC protein lysates 

with 30μg protein/lane loading. The primary antibody for acetylated H3 was diluted 1: 

5,000. Detection was performed as described above. 

Immunofluorescence double staining for NF-κB subunit p65 and CD31 in mouse 

kidney 

Immunofluorescence staining was performed on 5μm thick cryosections of mouse 

kidney. Tissue cryosections were fixed in acetone for 10min. Endogenous biotin was 

blocked by a Biotin Blocking System (DAKO, Glostrup, Denmark). p65 was detected with 

rabbit anti-p65 antibody (1: 200, cat. no. D14E12, Cell Signaling), and then incubated 

with goat anti-rabbit biotin secondary antibody (IgG (H+L)-BIOT, Southern Biotech) in 

the presence of 2% normal mouse serum (Sanquin), followed by the incubation with 

Alexa Fluor®555-conjugated streptavidin (1:100, Molecular Probes). To detect CD31, 

sections were incubated with rat anti-mouse CD31 primary antibody (1: 200, cat. no. 

#550274, BD Pharmingen, San Diego, CA, USA), followed by Alexa Fluor®488-conjugated 

goat anti rat secondary antibody (1: 100, Molecular Probes) plus 2% normal mouse 

serum. All incubation steps were carried out in the presence of 5% fetal calf serum (FCS, 

Sigma-Aldrich). After proper washing, sections were then incubated with 0.1% Sudan 

Black B (Sigma-Aldrich) in 70% ethanol for 30min. Sections were mounted and 

examined as described above.  
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Immunohistochemical detection of endothelial cell adhesion molecules and 

leukocyte infiltration in mouse kidney and liver 

 The expression and localization of adhesion molecules E-selectin, VCAM-1, and ICAM-1, 

as well as CD45+ polymorphonuclear leukocytes in kidney and liver were determined by 

immunohistochemistry. Frozen organs were cryostat-cut at 5μm, mounted onto glasses, 

and fixed in acetone for 10min. Endogenous peroxidase was blocked by 10min 

incubation with Peroxidase Block (EnVision + System-HRP (AEC), DAKO, Carpentaria, 

CA, USA). For specific protein detection, sections were incubated for 60min at room 

temperature with primary rat anti mouse antibodies (10μg/ml) recognizing E-selectin 

(MES-1, 10μg/ml, kindly provided by Derek Brown, Ph.D., UCB Celltech, Brussels, 

Belgium), VCAM-1 (1: 50, clone M/K-1.9, ATCC, Manassas VA, USA), ICAM-1 (1: 100, 

Southern Biotech), and CD45 (1: 100, cat. no. #550539, BD Pharmingen) diluted in 

PBS/5% FCS. This was followed by 30min incubation with unconjugated rabbit anti-rat 

IgG antibody (mouse adsorbed, Vector Laboratories, Burlingame, CA, USA) diluted 1: 

300 in PBS/5% FCS supplemented with 2% normal mouse serum at room temperature. 

Sections were further incubated for 30min at room temperature with anti-rabbit labeled 

polymer HRP antibody from the EnVision kit. Between incubations with different 

antibodies, sections were washed extensively with PBS. Peroxidase activity was detected 

with 3-amino-9-ethylcarbazole (AEC) from the EnVision kit and sections were 

counterstained with Mayer’s hematoxylin (Merck, Darmstadt, Germany).  

Statistical analysis    

Statistical significance of differences was studied by means of the Student’s T-test or a 

one way analysis of variance (ANOVA) followed by Bonferoni correction for selected 

pairs. All statistical analyses were performed using GraphPad Prism 5 software 

(GraphPad Prism Software Inc., San Diego, CA, USA). Differences were considered to be 

significant when P<0.05. 

 

Results 

Hemorrhagic shock/resuscitation induce systemic and local inflammatory 

responses and organ damage in kidneys, lungs, and liver  
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First, the inflammatory activation and organ damage arising during HS and subsequent 

resuscitation were studied. The plasma levels of pro-inflammatory cytokines TNFα and 

IL-6 were both significantly increased after 90min of HS (77 fold respectively 45 fold). 

1h after resuscitation, the TNFα level was decreased while IL-6 remained high (Figure 

2A, B). 4h after resuscitation, both TNFα and IL-6 were back to control levels. This 

systemic pro-inflammatory activation was paralleled by an increase in mRNA levels of 

the pro-inflammatory cytokines MCP1, TNFα, IL-1β, IL-6, and IL-8, as well as of the 

endothelial adhesion molecules E-selectin, VCAM-1, and ICAM-1 in kidney, lungs, and 

liver both after 90min of HS and at 1h post-resuscitation (Figure 2D, E, and F). The 

expression of MPO in lungs was significantly induced after 90min HS, and was next 

diminished after resuscitation.  
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Figure 2. Hemorrhagic shock (HS) and resuscitation (R) lead to systemic and local 

inflammatory responses and organ damage in kidney, lungs and liver.  

Systemic concentrations of TNFα (A), IL-6 (B), and NGAL (C) protein in plasma of control mice, 

and mice subjected to 90min HS respectively 90min HS followed by resuscitation (1h and 4h 

after R). mRNA expression of endothelial pro-inflammatory molecules (cell adhesion molecules 

and cytokines), vascular integrity related molecules (Tie2, CD31, VE-cadherin, Ang2), and organ 

damage related markers NGAL in kidney (D), Myeloperoxidase (MPO) in lungs (E), and liver (F) 

were determined by real time RT-PCR using GAPDH as housekeeping gene. All data are 

presented as mean ± SD of each group (n = 8 animals per group). *, P<0.05 compared to healthy 

control; #, P<0.05, 1h after R vs. 90min HS; &, 4h after R vs. 90min HS. 

 

 

Furthermore, in response to HS/resuscitation, Tie2 expression in kidney, lungs, and 

liver was strongly reduced in a time-dependent manner, while the expression of Ang2, 

the ligand of Tie2, was induced by resuscitation in kidney and liver but decreased in 

lungs. CD31 expression was downregulated in kidney after 90min of HS and decreased 

both in kidney and lungs 4h after resuscitation. Resuscitation significantly increased 

VE-cadherin expression in kidney. In addition, KLF2 was significantly downregulated in 

both kidneys and lungs, which was gradually restored after resuscitation. NGAL, a 

biomarker of kidney injury, was slightly increased by HS, and this increase was 

markedly enhanced after resuscitation (25 fold at 1h and 59 fold at 4h). The level of 

circulating NGAL in blood corroborated its gene expression profile (Figure 2C). These 

observations indicate that both systemic inflammation and local endothelial 

inflammatory responses as well as kidney organ damage occurred during 

HS/resuscitation.  

In vitro effects of valproic acid and BAY11-7082 on TNFα-induced 

pro-inflammatory activation of endothelial cells  

To study the effects of inhibiting HDAC activity or blocking IKK/NF-κB signaling on 

endothelial pro-inflammatory activation in vitro, we first treated HUVEC with HDAC 

inhibitor VPA respectively IKK inhibitor BAY11-7082 for 30min before challenging the 

cells with TNFα. VPA selectively inhibited the expression of endothelial adhesion 

molecule VCAM-1 and pro-inflammatory cytokines MCP1 and IL-6 induced by TNFα 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 42PDF page: 42PDF page: 42PDF page: 42

Chapter 2 

42 
 

(Figure 3A-E). BAY11-7082 significantly reduced the upregulation of endothelial 

adhesion molecules E-selectin, VCAM-1, and ICAM-1 as well as of the pro-inflammatory 

cytokine MCP1 (Figure 3A-E). In contrast, NF-κB inhibition led to a significant 

upregulation of the pro-inflammatory cytokine IL-6  (Figure 3E).  
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Figure 3. Pharmacological effects of valproic acid and BAY11-7082 on tumor necrosis 

factor alpha-induced pro-inflammatory activation of endothelial cells in vitro.  

After 30min pretreatment with VPA (5mM) or BAY11-7082 (10μM), human umbilical vein 

endothelial cells (HUVEC) were subjected to TNFα (10ng/ml) stimulation for 4h. Expression of 

endothelial adhesion molecules E-selectin (A), VCAM-1 (B), and ICAM-1 (C) as well as 

pro-inflammatory cytokines MCP1 (D) and IL-6 (E) was determined by real time RT-PCR using 

GAPDH as housekeeping gene. Values represent mRNA level relative to GAPDH. Data are shown 

as mean ± SD of three independent experiments. *, P<0.05, vehicle + TNFα vs. vehicle; &, P<0.05, 

VPA + TNFα vs. vehicle + TNFα; #, P<0.05, BAY+TNFα vs. vehicle + TNFα. (F) Representative 

image of western blot for acetylation of histone H3. Whole cell lysate of HUVEC challenged by 

TNFα (10ng/ml) for 0.5h, 1h, and 4h in the absence or presence of VPA pretreatment was 

assessed by western blot for the acetylation of histone H3. Actin was taken as loading control. (G) 

HUVEC were treated with vehicle, VPA (5mM), or BAY11-7082 (10μM) for 30min, and then 

stimulated with TNFα (10ng/ml) for 20min before fixation for immunofluorescence staining for 

NF-κB p65 (red) and the nucleus (DAPI blue). Arrows show cells that were magnified. Original 

magnification was 400x. 

 

 

Acetylation of histone H3 in endothelial cells subjected to TNFα was decreased 

compared to unstimulated control in a time-dependent manner, and this decrease was 

effectively inhibited by VPA pretreatment (Figure 3F). TNFα stimulation-related nuclear 

translocation of NF-κB subunit p65 was effectively eliminated by BAY11-7082 

pretreatment. It is of note that VPA pre-incubation led to increased p65 nuclear 

accumulation (Figure 3G). These data demonstrated that both VPA and BAY11-7082 

ameliorated endothelial inflammatory responses in vitro, albeit to a different extent. 

Effects of valproic acid and BAY11-7082 treatment on histone acetylation status 

and activation of IKK/NF-κB signaling after hemorrhagic shock/resuscitation. 

Acute kidney injury is often the first complication of HS/resuscitation and it is an 

important factor associated with mortality in critically ill patients (32). Therefore, here 

we focused on the molecular changes occurring in the kidney during HS/resuscitation.  

To determine the effects of HDAC inhibitor VPA on histone acetylation patterns during 

HS/resuscitation, the acetylation level of histone H3 in kidney was assessed by western 
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blot. Mice subjected to 90min HS and resuscitation showed a decrease in acetylation of 

histone H3 compared to control mice, while the addition of VPA in resuscitation fluid 

markedly restored histone acetylation (Figure 4A).  

Similarly, the effects of BAY11-7082 on NF-κB signaling were examined. HS and 

resuscitation lowered the expression of IkBα in kidney compared to healthy control. IKK 

inhibitor BAY11-7082 inhibited the degradation of IkBα both at 1h and 4h after 

resuscitation (Figure 4B). In glomerular endothelial cells, the blockade of the NF-κB 

signaling cascade by BAY11-7082 was confirmed by the markedly reduced nuclear 

translocation of p65 as revealed by CD31/p65 double staining (Figure 4C). In addition, 

VPA administration caused an increase of p65 nuclear translocation in the glomeruli of 

the kidney compared to vehicle control, which corroborates the in vitro observation in 

HUVEC (Figure 3G).  

These results indicate that treating the mice with VPA and BAY11-7082 during the 

resuscitation phase pharmacologically affected the increase of histone acetylation 

respectively attenuated NF-κB nuclear translocation in glomerular endothelial cells. 

Systemic and local effects of valproic acid and BAY11-7082 treatment in mice 

subjected to hemorrhagic shock/resuscitation 

The next step was to determine which molecular consequences were associated with 

these inhibitory effects of the drugs. The administration of VPA during resuscitation to 

HS mice increased the circulating level of TNFα but did not affect IL-6, while 

BAY11-7082 significantly downregulated the plasma level of both TNFα and IL-6 

compared to vehicle control (Figure 5A and B). The systemic level of NGAL was not 

affected by either VPA or BAY11-7082 (Figure 5C). At whole organ mRNA level, VPA and 

BAY11-7082 treatment did not show extensive effects on endothelial activation in either 

kidney, lungs or liver although a reduction was seen in the expression of some 

pro-inflammatory molecules, i.c., of E-selectin, ICAM-1, TNFα, and IL-8 in kidney, and of 

ICAM-1, MCP1 and IL-8 in liver by BAY11-7082, as well as the reduction of MCP1 and 

IL-6 in lungs and liver by VPA treatment (Figure 5D, E and F). 
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Figure 4. Effects of valproic acid and BAY11-7082 treatment on histone acetylation status 

and activation of IkappaB kinase/NF-kappaB signaling during hemorrhagic 

shock/resuscitation.  

Representative images of western blot for the expression of acetylated histone H3 respectively 

IκBα. Western blot analysis of (A) the acetylation of histone H3 and (B) IκBα in the kidney of 

control (CT) mice, and mice subjected to 90min hemorrhagic shock (90min HS) followed by 

resuscitation in the absence or presence of vehicle, VPA, or BAY11-7082. Actin was used as 

loading control. (C) Immunofluorescence staining for cell nucleus (DAPI blue), endothelial 

marker CD31 (green), and NF-κB subunit p65 (red) in glomerulus of control kidney and kidney 

of mice subjected to hemorrhagic shock and resuscitation in the presence of vehicle, VPA, 

respectively BAY11-7082. Original magnification 400x. 

 

 

 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 46PDF page: 46PDF page: 46PDF page: 46

Chapter 2 

46 
 

 

 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 47PDF page: 47PDF page: 47PDF page: 47

Drug interventions in hemorrhagic shock 

47 
 

 

Figure 5. Systemic and local effects of valproic acid and BAY11-7082 treatment in mice 

subjected to hemorrhagic shock/resuscitation.  

Concentrations of pro-inflammatory cytokines TNFα (A) and IL-6 (B) as well as kidney damage 

biomarker NGAL (C) in plasma after hemorrhagic shock/ resuscitation and the effects of 

pharmacological intervention thereon were quantified by ELISA.  

Expression of endothelial adhesion molecules and pro-inflammatory cytokines (D), vascular 

integrity related molecules (Tie2, CD31, VE-cadherin, Ang2), flow responsive molecule (KLF2) 

(E), and organ damage related markers (NGAL and MPO) (F) in kidney (Ki), lungs (Lu), and liver 

(Li), was determined by real time RT-PCR using GAPDH as housekeeping gene. Data are 

expressed as mean ± SD of 8 mice per group. *, P<0.05, VPA vs. vehicle; #, P<0.05, BAY11-7082 

vs. vehicle. 
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To reveal possible microvascular differences in endothelial pro-inflammatory activation 

and in response to drug interventions during HS/resuscitation, we examined the protein 

levels of endothelial cell adhesion molecules in kidney and liver using 

immunohistochemistry. In kidney, E-selectin was not present in healthy controls, while 

VCAM-1 showed basal expression in arteriole, peritubular capillaries, and post-capillary 

venules. Constitutive ICAM-1 expression was observed in all vascular beds in healthy 

kidney (Figure 6A, F, K). Upon 90min HS, E-selectin was induced in glomerular 

capillaries and VCAM-1 in arterioles, peritubular capillaries, and post-capillary venules. 

The induction of ICAM-1 was observed in all renal vascular beds (Figure 6B, G, L). The 

upregulation of these adhesion molecules was aggravated 1h after resuscitation, with 

VCAM-1 having also been induced in the glomerulus compared to its absence after 

90min HS  (Figure 6C, H, M). The presence of VPA and BAY11-7082 during 

resuscitation diminished the high upregulation of E-selectin and VCAM-1 protein, while 

effects on ICAM-1 could not be discerned (Figure 6D and E, I and J, N and O).  

 

 

Figure 6. Effects of valproic acid and BAY11-7082 treatment on renal microvascular bed 

specific localization of endothelial cell adhesion molecules induced by hemorrhagic 

shock/resuscitation. Immunohistochemical staining of adhesion molecules E-selectin (A-E), 

VCAM-1 (F-J), and ICAM-1 (K-O) in kidney from control mice, mice subjected to 90min HS only, 
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and mice subjected to HS followed by resuscitation with 4% human albumin containing vehicle 

(DMSO), VPA or BAY11-7082. E-selectin, VCAM-1, and ICAM-1 stain red. Specific microvascular 

beds are indicated by arrows. A = arteriole; G = glomerulus; Pt = peritubular capillary; V = venule. 

Original magnification: 200x. 

 

 

In the liver of control mice, E-selectin was not expressed while the basal expression of 

VCAM-1 and ICAM-1 mainly occurred in central veins and sinusoidal endothelial cells 

(Figure 7A, F, K). The expression of all three adhesion molecules was significantly 

upregulated after HS, which was even further increased at 1h after resuscitation 

compared to HS insult only (Figure 7B and C, G and H, L and M). VPA and BAY11-7082 

treatment prevented the upregulation of E-selectin and VCAM-1 in the vasculature of the 

liver, while no effects on ICAM-1 were observed (Figure 7D and E, I and J, N and O).  

These data indicate that HDAC inhibition and NF-κB blockade exert anti-inflammatory 

effects by suppressing the expression of endothelial adhesion molecule proteins in the 

microvasculature of kidney and liver. 
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Figure 7. Effects of valproic acid and BAY11-7082 treatment on liver microvascular bed 

localization of endothelial cell adhesion molecules induced by hemorrhagic 

shock/resuscitation. Immunohistochemical staining of adhesion molecule E-selectin (A-E), 

VCAM-1 (F-J) and ICAM-1 (K-O) of liver from control mice, mice subjected to 90min HS only, and 

mice subjected to HS followed by resuscitation with 4% human albumin containing vehicle 

(DMSO), VPA or BAY11-7082. E-selectin, VCAM-1, respectively ICAM-1 stain red. Specific 

vascular beds are indicated by arrows. CV = central vein, S = sinusoid. Original magnification: 

200x. 

 

 

The effect of VPA and BAY11-7082 treatment on polymorphonuclear leukocyte 

adhesion/influx in kidney and liver  

The expression of adhesion molecules facilitates the recruitment and transmigration of 

polymorphonuclear leukocytes from blood into underlying tissues, which results in 

tissue damage under conditions of HS (33). Upon HS and subsequent resuscitation, the 

number of adhering and invading CD45+ leukocytes in kidney and liver was increased. 

VPA and BAY11-7082 treatment during resuscitation reduced this number of adhering 

and invading leukocytes in both organs compared to vehicle control (Figure 8A-J). This 

finding led us to conclude that the molecular inhibitions of histone deacetylation and 

NF-κB activation during resuscitation after HS is an effective strategy to interfere with 

detrimental influx of leukocytes into the organs.  
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Figure 8. Effects of valproic acid and BAY11-7082 administration on leukocyte 

recruitment in kidney and liver during hemorrhagic shock/resuscitation. 

Immunohistochemical staining of CD45 positive leukocytes in kidney (A-E) and liver (F-J). 

Staining was performed on organ sections of control mice, and mice subjected to 90min HS only 

respectively mice subjected to HS followed by resuscitation with 4% human albumin in the 

presence of vehicle (DMSO), VPA or BAY11-7082. CD45+ leukocytes stain red. Original 

magnification: 200x. 

 

 

Discussion 

Hemorrhagic shock (HS) is associated with a high morbidity and mortality (1). Upon HS, 

several endogenous compensatory mechanisms are stimulated to mitigate organ 

dysfunction. Insufficiency of these mechanisms combined with the 

reperfusion-associated damage can lead to microvascular endothelial inflammatory 

activation and leukocyte recruitment into tissues, which may manifest as tissue damage. 

Various molecular mechanisms have been proposed to be involved in HS-associated 

MODS, and amongst others the roles of histone (de)acetylation and NF-κB activation 

were highlighted (15, 34). The current work aimed to examine the pharmacological 

effects of interfering with HDAC activity respectively IKK/NF-κB signaling activation on 

HS/resuscitation-associated microvascular endothelial inflammatory activation and 

leukocyte recruitment into tissues. In a mouse model of HS/resuscitation, we 

demonstrated that the administration of either the HDAC inhibitor VPA or the IKK 

inhibitor BAY11-7082 in the resuscitation fluid inhibited the pro-inflammatory 

activation of the microvasculature in kidney, lungs, and liver. The 

HS/resuscitation-related induction of protein expression of endothelial cell adhesion 

molecules E-selectin and VCAM-1, as well as the consequent influx of 

polymorphonuclear leukocytes in kidney and liver were significantly reduced by 

treatment with either drug. In addition, BAY11-7082 reduced the systemic level of 

cytokines TNFα and IL-6. Taken together, our data show that either inhibition of HDAC 
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activity or of NF-κB signaling during the resuscitation phase of HS/resuscitation has 

anti-inflammatory effects on endothelial cells in organs. 

HS/resuscitation modulates the acetylation of histone and non-histone proteins, which 

affects cell signaling pathways and gene transcription (13). The current study showed 

that the level of histone acetylation in kidney was reduced upon HS/resuscitation, which 

was restored by the administration of the HDAC inhibitor VPA during resuscitation. This 

observation is consistent with studies which showed that VPA administration effectively 

modulated the balance between the activity of HATs and HDACs in cardiac tissue in a rat 

model of HS, and induced global hyperacetylation of several histone proteins in the liver 

(12, 16). Besides the effects on histone proteins, HDAC inhibitors may affect other 

mechanisms via acetylating non-histone proteins. For example, HDAC inhibition has 

been shown to exert protective effects on organ injury via the upregulation of 

pro-survival molecule Bcl-2 through acetylation-associated nuclear translocation of 

β-catenin (14). Furthermore, multiple studies have demonstrated the beneficial effects 

of HDAC inhibition on the outcome of sepsis-associated multiple organ injury, such as 

enhanced recovery of acute kidney injury, inhibition of septic cell apoptosis,  and 

protection against pulmonary inflammation (27, 35, 36). A downside of HDAC inhibition 

is the potential harmful consequences to the host due to the here observed enhancement 

of nuclear accumulation of NF-κB in endothelial cells by VPA. It is tempting to speculate 

that a combination of HDAC inhibition and IKK/NF-κB signaling blockade would be a 

potent anti-inflammatory therapeutic approach for HS patients as the latter could 

counteract VPA-induced NF-κB nuclear accumulation in endothelial cells while not 

affecting VPA’s other anti-inflammatory effects. To investigate the possibilities of this 

combination in an animal model, extensive dose optimization of drug combinations and 

the effects on survival, organ function, and microvascular endothelial behavior and the 

molecular causes thereof should be undertaken, which was beyond the scope of our 

studies. It is of note that in these studies the translation of the VPA dosing has to be 

taken into account, as in humans treated for advanced cancer, the maximum tolerated 

dose of VPA was 30mg/kg (37), while in our current mouse study the dose of VPA was 

300mg/kg based on previous animal studies (27, 28). 

Surprisingly, in our model the administration of VPA during resuscitation resulted in 

upregulation of TNFα while it did not significantly affect the level of IL-6 (Figure 5, A and 
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B). Similar observations have been reported before, showing that VPA treatment did not 

have effects on inflammatory features in mice with cecal ligation and puncture 

(CLP)-induced sepsis, and even upregulated the expression of TNFα in lungs (36).The 

exact reason for this is not clear to us. There are a few explanations possible. First, in our 

study, the mice were resuscitated with two times the volume of blood loss, which may 

excessively dilute the systemic levels of VPA. VPA at different concentrations might have 

different effects, which can result in the variation in effects of VPA on different cytokines. 

Second, the expression of TNFα and IL-6 have different kinetics in HS, indicating that the 

production of IL-6 may be partially independent of those mechanisms in hemorrhage 

that are involved in the release of TNFα (38). Furthermore, VPA, used as an HDAC 

inhibitor, has broad effects via different molecular mechanisms. Thus, it may affect the 

production of TNFα and IL-6 through different mechanisms, contributing to the 

observed differences between the two cytokines. In addition, cytokines are secreted by 

several different cell types, and the effects of HDAC inhibition on inflammatory genes 

may vary between different cell types and challenges, or even between different 

mediators in the same cells (39, 40). 

Activation of IKK/NF-κB signaling is a hallmark of inflammation and organ injury, and 

various strategies have been aimed towards blocking this pathway at different 

molecular and cellular levels. In the present study, in the kidney of mice subjected to 

HS/resuscitation, we observed degradation of IκB and the consequent nuclear 

translocation of NF-κB subunit p65 in glomerular endothelial cells (Figure 3G), both of 

which were abolished by administration of IKK inhibitor BAY11-7082 during 

resuscitation. Our results corroborate the study by Coldewey et al. who demonstrated in 

experimental sepsis that delayed inhibition of IKK by the selective inhibitor IKK 16 

effectively suppressed inflammation (41). In addition, Yang et al. revealed that inhibition 

of NF-κB DNA-binding activity using double-stranded oligodeoxynucleotides reduced 

tissue damage and cytokine expression in the liver following a rat polytrauma model of 

combined closed femur fracture, laparotomy and lipopolysaccharide injection (34). 

However, the IKK/NF-κB pathway has a critical role in innate and adaptive immune 

responses, and systemic blockade of IKK/NF-κB signaling is associated with severe side 

effects such as immunosuppression and cell apoptosis (42). Strategies have been 

developed to circumvent these severe side effects by selectively inhibiting NF-κB in 

endothelial cells only. This approach is protective to the host in models of sepsis and 
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arthritis, and likely reduces the risk of side effects compared to the general blockade of 

NF-κB in all cells in the body (43, 44). Our group has recently shown that using 

endothelial-targeted immunoliposomes as the carrier, selective pharmacological 

inhibition of NF-κB in inflamed microvascular endothelial cells can be achieved to 

interfere with disease-associated endothelial activation (45). 

In the present study, the nuclear accumulation of NF-κB after both TNFα activation in 

vitro and HS/resuscitation in vivo was enhanced by treatment with VPA. HDAC 

inhibitors modulate NF-κB-mediated gene transcription via the acetylation of both 

histone proteins and NF-κB itself (46). Although not completely understood, acetylation 

of NF-κB works in concert with the acetylation of histones to regulate DNA binding 

affinity, transcriptional activation, and the duration of action (47). The reported anti- 

respectively pro-inflammatory effects of HDAC inhibition are not fully understood, as 

the drugs are studied in various cell types and HDAC inhibitors employed lack HDAC 

subtype selectivity (48-50). Moreover, HDAC3 acts as a positive regulator of 

IL-1-induced gene expression in HEK293 (Human Embryonic Kidney 293) cells by 

removing inhibitory acetyl groups from NF-κB subunit p65, which suggests an inhibitory 

effect of selective HDAC3 inhibition on NF-κB signaling (51). In our study, NF-κB subunit 

p65 accumulation in the nucleus was increased by VPA treatment (Figure 3G). However, 

whether this led to increased DNA binding activity of p65 in the nucleus of endothelial 

cells, or was dependent on the effect of certain HDAC subtypes was not part of the 

research question addressed here and hence not studied.  

Our present study has several strengths and weaknesses. A strong point is the 

combination of studying in vitro and in vivo pharmacological effects of VPA and 

BAY11-7082 on endothelial pro-inflammatory behavior. The in vitro study enabled us to 

determine the effects of drugs on endothelial cells, which was confirmed by the in vivo 

study in which we examined the molecular consequences of drug intervention in the 

mouse model of HS/resuscitation in the complex context of the whole organism. A first 

limitation is that the differences between in vitro and in vivo drug effects, as well as the 

discrepancies between protein and mRNA expression of endothelial adhesion molecules 

in organs in response to drug interventions, are still not completely understood. At the 

mRNA level, both VPA and BAY11-7082 significantly reduced TNFα-induced 

upregulation of endothelial adhesion molecules and pro-inflammatory cytokines in vitro. 
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When studied in the organs in the mouse HS model, neither drug showed strong effects 

on the mRNA levels of endothelial activation in kidney, lungs or liver (Figure 5D-F). At 

the same time, however, the protein levels of endothelial adhesion molecules in the 

specific microvascular beds in the kidney and liver were extensively reduced (Figure 6). 

These discrepancies are possibly due to the fact that the behavior of endothelial cells 

within the organism are controlled by their microenvironment, including mechanical 

forces and interactions with leukocytes and other cell types, which cannot be easily 

mimicked in vitro. Furthermore, the link between the changes in mRNA level and protein 

level in vivo is not as clear as it is in vitro, due to the complexity of the organism. In 

addition, endothelial behavior is dependent on different microvascular beds in different 

organs as reflected by, e.g., the different basal mRNA expression of genes in different 

organs (Supplementary table 1), as well as the glomerulus-restricted upregulation of 

E-selectin protein in the kidney after HS (Figure 6B and C). The microvascular bed 

specific behavior of endothelial cells is concealed when mRNA expression profiles are 

studied in whole organs and can be unmasked using laser microdissection of 

microvascular beds from organs prior to mRNA analysis (10, 45). Another issue is that it 

is difficult to directly translate our data from mice to HS patients. Translation is 

hindered because patients are faced with multiple comorbid diseases which are not 

mimicked in the healthy young male mice in our study. Moreover, the surgical rescue 

procedures and intensive care measures were not simulated in our animal model. In 

addition, while shock patients are resuscitated with fluid regimens including crystalloids, 

human colloids, and blood products, 4% human albumin in 0.9% NaCl was used as the 

fluid regimen for resuscitation in our study. We chose this colloid regimen in order to 

compare the results with our previous studies in which a 6% hydroxyethyl starch (HES) 

130/0.4 was used as a colloidal resuscitation fluid (5, 9). Care should be taken when 

extrapolating data from one study to the other, as endothelial microvascular behavior 

might be different when using different resuscitation fluids. For example, the response 

of cremaster microvasculature in rats resuscitated with crystalloid and colloid infusion 

fluids after HS differs (52), and the choice of resuscitation fluids influences neutrophil 

activation and soluble plasma levels of endothelial adhesion molecules in trauma 

patients (53). 
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Our observations however give rise to some options for translation, and the analyses of 

soluble cell adhesion molecules and organ biopsies of patients who died during HS can 

be instrumental to validate the observations described here in patients (54, 55).  

In summary, the current work demonstrated that in vivo inhibition of HDAC activity as 

well as IKK/NF-κB signaling activation during resuscitation resulted in an attenuation of 

endothelial inflammatory response induced by HS/resuscitation. The protective effects 

of these interventions as therapeutic strategies for the treatment of HS-associated 

systemic inflammation needs further study, encompassing validation in larger animal 

models and examination of specimens from HS patients.  
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Supplementary Data  

Table 1. Basal expression of genes investigated in this study in kidney, lungs, and liver of 

healthy mouse

mRNA expression levels of genes in healthy control mice was analyzed in kidney, lungs and liver 

using real time RT-PCR. GAPDH was taken as housekeeping gene. Data are expressed as the 

mean of relative mRNA level vs. GAPDH (minimum-maximum) from 8 mice per group. 
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Abstract 

Hemorrhagic shock (HS) is associated with low blood pressure due to excessive loss of 

circulating blood and causes both macrocirculatory and microcirculatory dysfunction. 

Fluid resuscitation after HS is used in the clinic to restore tissue perfusion. The 

persistent microcirculatory damage caused by HS and/or resuscitation can result in 

multiple organ damage, with the kidney being one of the involved organs. The kidney 

microvasculature consists of different segments that possess a remarkable 

heterogeneity in functional properties. The aim of this study was to investigate the 

inflammatory responses of these different renal microvascular segments, i.e., arterioles, 

glomeruli, and postcapillary venules, to HS and resuscitation (HS/R) in mice and to 

explore the effects of intervention with an NF-κB inhibitor on these responses. We found 

that HS/R disturbed the balance of the Angiopoietin-Tie2 ligand-receptor system, 

especially in the glomeruli. Furthermore, endothelial adhesion molecules, 

pro-inflammatory cytokines, and chemokines were markedly upregulated by HS/R, with 

the strongest responses occurring in the glomerular and postcapillary venous segments. 

Blockade of NF-κB signaling during the resuscitation period only slightly inhibited HS/R 

induced inflammatory activation, possibly because NF-κB p65 nuclear translocation 

already occurred during the HS period. In summary, although all three renal 

microvascular segments were activated upon HS/R, responses of endothelial cells in 

glomeruli and postcapillary venules to HS/R, as well as to NF-κB inhibition were 

stronger than those in arterioles. NF-κB inhibition during the resuscitation phase does 

not effectively counteract NF-κB p65 nuclear translocation initiating inflammatory gene 

transcription. 

Key words 

Hemorrhagic shock/resuscitation, renal microvasculature, microvascular segments, 

endothelium, inflammatory response, NF-κB inhibition 
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Introduction 

Hemorrhagic shock (HS) is a pathophysiological condition that is caused by excessive 

loss of blood and a dramatic drop in blood pressure. HS is characterized by reduced 

tissue blood perfusion that is accompanied by inadequate delivery of oxygen and 

nutrients that are necessary for cellular function. Fluid resuscitation after HS to restore 

tissue perfusion is an important intervention method in the clinic (1). Despite treatment 

advances, HS patients, and survivors of hemorrhagic shock and resuscitation (HS/R) 

often develop multiple organ dysfunction syndrome (MODS) (2). Among the failing 

organs, the kidney is one of the most vulnerable, and acute kidney injury (AKI) is 

strongly associated with morbidity and mortality in critically injured patients (3). We 

propose that early intervention to halt AKI development during the resuscitation period 

will protect the kidney from extensive damage. 

Vascular endothelium lines the inner walls of the entire vascular system and displays a 

remarkable heterogeneity in functional properties, in health and disease (4). This 

microvascular heterogeneity does not only exist in the different microvascular beds in 

different organs, but also in different microvascular segments within one organ (5). 

Endothelial cells (ECs) in different renal microvascular compartments demonstrate 

unique structural and functional properties to support kidney function and homeostasis 

(6). 

The existence of heterogeneity in endothelial responsiveness to inflammatory stimuli is 

nowadays well accepted (7). In one of our previous studies on systemic inflammation in 

mice induced by HS and resuscitation, we showed that E-selectin protein became highly 

expressed in glomeruli, whereas it was much less expressed in the other renal 

microvascular segments. In contrast, VCAM-1 protein was highly expressed in 

extraglomerular segments and scarcely present in glomerular endothelium (8). This 

molecular heterogeneity in responsiveness of renal microvascular segments to 

inflammatory stress likely finds its origin in variation in transcriptional and 

posttranscriptional control between endothelial cells in different microvascular 

segments (9). Studying renal microvascular compartment phenotypes plays an 

important role in understanding the molecular basis for basic phenotypic heterogeneity, 

as well as for the heterogeneity in pathophysiological responses during kidney injury.  
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Nuclear factor-kappa B (NF-κB) is a transcription factor that is actively involved in the 

regulation of the expression of endothelial inflammatory response genes and plays a 

pivotal role in the onset of an inflammatory response (10, 11). Increasing evidence at 

organ level shows that inhibition of NF-κB activation prior to, or during resuscitation 

can reduce kidney, liver, and lung injury and dysfunction induced by HS (12-14). In 

addition, we previously found that blockade of NF-κB signaling ameliorates 

microvascular pro-inflammatory responses in the kidney of HS/R mice (15). 

Here we hypothesized that the responses of the endothelium of different renal 

microvascular segments, and the effects of therapeutic intervention on these segments, 

vary in responses to HS/R. To investigate this hypothesis, we isolated renal 

microvascular beds by laser microdissection, i.c., arterioles, glomeruli, and postcapillary 

venules, and subjected them to gene expression analysis. Laser microdissection (LMD) 

separates the microvascular compartments from tissue sections without affecting RNA 

integrity (16). We explored the gene expression levels of vascular stability related 

molecules, endothelial pro-inflammatory molecules, and intracellular signaling 

molecules in response to HS/R in the three microvascular segments in mouse kidney. 

We furthermore examined the consequences of drug intervention with NF-κB inhibitor 

BAY11-7082 during resuscitation on the inflammatory response of the renal 

microvascular endothelium. Immunohistochemical staining was performed to validate 

the findings for the adhesion molecules at protein level while NF-κB nuclear 

translocation during the HS and resuscitation phases, and the effect on this translocation 

by BAY11-7082 treatment was analyzed by immunofluorescence staining of tissue 

sections. 

 

Materials and methods 

Mice and Hemorrhagic shock (HS) /Resuscitation Model 

Male C57Bl6 mice (8-12 weeks old) from Harlan (Horst, The Netherlands) were housed 

in temperature-controlled chambers (24°C) with a 12h light/dark cycle in a specific 

pathogen-free facility, and received chow and water ad libitum. All experiments were 

performed in compliance with the regulations of the animal ethics committee of the 
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University of Groningen. The experimental setup used in this study was described 

elsewhere (15). 

Briefly, after anesthetizing with isoflurane (inspiratory, 1.4%), N2O (66%), and O2 (33%) 

(8), hemorrhagic shock (HS) was achieved by blood withdrawal from the left femoral 

artery, until the mean arterial pressure (MAP) was reached to 30mmHg. After 90 

minutes of HS, mice were resuscitated with 4% human albumin in saline (AL; Sanquin, 

Amsterdam, the Netherlands) using two times the volume of withdrawn blood. I kappa B 

kinase (IKK) inhibitor BAY11-7082 (Enzo life Sciences, Lausen, Switzerland) was 

dissolved in dimethyl sulfoxide (DMSO) to obtain a 40 mg/ml stock concentration. For 

resuscitation, 10μl of this stock solution resp. DMSO as vehicle was added per mouse to 

4% human albumin. The volume of resuscitation fluid needed per mouse was 

determined during execution of the experiment and ranged between 1 and 2 mls. The 

final DMSO concentration hence ranged between 1% and 0.5% (v/v) in the resuscitation 

fluid. After volume resuscitation with BAY11-7082 at 400μg per mouse respectively 

vehicle, mice were allowed to recover for 1 hour and were subsequently sacrificed. 

Figure 1A illustrates the study experimental setup. 

Groups included control mice (left untreated and terminated at the start of the 

experiment), HS mice (sacrificed at the end of the 90min hemorrhagic shock period 

without fluid resuscitation), HS/R mice (HS resuscitated with 4% AL containing vehicle 

DMSO), and HS/R/BAY mice (HS resuscitated with 4% AL containing BAY11-7082). 

Mice in the HS/R and HS/R/BAY groups were sacrificed 1 hour after resuscitation. 

During termination, mice were anesthetized with isoflurane, blood was drawn via 

cardiac puncture, and the organs were harvested, snap-frozen in liquid nitrogen, and 

stored at -80°C until analysis. Each group consisted of eight mice (15), of which five mice 

were randomly chosen for further laser microdissection prior to mRNA analysis and 

eight mice for immunohistochemical assessment. As in previous studies on 

HS/resuscitation the highest pro-inflammatory activation was observed at 1 hour after 

resuscitation (8, 15), we chose this time point to analyze in the current study.  

Laser microdissection of the renal microvascular segments 

Nine-μm thick cryosections from snap frozen mouse kidneys (n=5/group) were fixed, 

stained, and after washing and air drying, sections were used for laser microdissection 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 66PDF page: 66PDF page: 66PDF page: 66

Chapter 3 

66 
 

(LMD, Leica LMD7000, Leica Microsystems, Germany) to collect arteriolar vascular 

segments (minimum area 5 x 105 μm2), glomeruli (minimum area 1 x 106 μm2), and 

venules (minimum area 1 x 106 μm2). Laser microdissected samples were collected in 

0.5 ml AdhesiveCap tubes (ZEISS, Göttingen, Germany) and stored at -80°C for further 

analysis. Leftover cryosections from LMD was collected in 350μl RLT buffer (Qiagen) as 

post-LMD samples and stored at -80°C until further analysis.  

Gene expression analysis by reverse transcription-quantitative PCR (RT-qPCR) 

Total RNA from whole kidney sections was isolated using the RNeasy Mini plus Kit 

(Qiagen) and total RNA from LMD materials was isolated with RNeasy® Micro Plus Kit 

(Qiagen) according to the manufacturer’s instructions. The integrity of RNA from whole 

kidney sections and post-LMD samples was determined by gel electrophoresis. 

Concentration and purity of RNA from whole kidney section isolates was assessed by a 

NanoDrop® ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Rockland, 

USA). For cDNA synthesis, total RNA was reversed transcribed using Superscript III 

Reverse Transcriptase (Invitrogen, Breda, The Netherlands) as described previously 

(17). 

Gene expression analysis was performed using Taqman custom-designed, low-density 

array cards (Applied Biosystems, Nieuwerkerk aan den IJssel, The Netherlands). The 

low-density array cards contained assays for 24 genes that were chosen based on their 

roles in vascular permeability/ integrity, inflammation, and basic endothelial cell 

behavior. GAPDH was chosen as housekeeping gene and 18S rRNA was a mandatory 

control provided by the manufacturer. 

PCR amplification of the low-density array cards was performed in a ViiA 7 real-time 

PCR System (Applied Biosystems) according to the manufacturer’s protocol. mRNA 

values were obtained by the comparative threshold cycle (CT) values method. For each 

sample, CT values of duplicate reactions were averaged. The error, which is equal to the 

average of the two duplicate CT values minus the smallest value of the two, was used to 

evaluate the variation in technical replicates, as a means to determine the accuracy of 

measurement of the CT value. A sample with a CT error above 0.5 was considered an 

unacceptable technical replicate. Both unacceptable samples and undetermined samples 

(no CT value was obtained in RT-qPCR reaction) were eliminated from further data 
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analysis. In case all samples in a group yielded unacceptable/undetermined values, we 

annotated them as N.D. (not detectable). In all other instances, each accurate replicate is 

reported. 

Gene expression was normalized to the expression of the housekeeping gene GAPDH, 

resulting in the ∆CT value. The pan-endothelial marker VE-cadherin was used as 

reference gene to correct for the content of endothelium in LMD samples in case of 

analyzing endothelial-restricted genes. The mRNA levels relative to GAPDH, or 

VE-cadherin, were calculated by 2-∆CT. 

Immunohistochemical detection of endothelial cell adhesion molecules in mouse 

kidney  

The expression and localization of E-selectin, VCAM-1, and ICAM-1 proteins in mouse 

kidney was determined by immunohistochemistry (IHC). Five-μm acetone fixed kidney 

cryosections from snap-frozen mouse kidneys were incubated with Peroxidase Block 

(EnVision + System-HRP (AEC), DAKO, Carpentaria, CA, USA) for 10min to block 

endogenous peroxidase. For specific protein detection, sections were incubated with 

primary rat anti-mouse antibodies against E-selectin (MES-1; hybridoma supernatant, 

1:10, kindly provided by Dr Derek Brown, UCB Celltech, Belgium), VCAM-1 (1:10, clone 

M/K-1.9, ATCC, Manassas VA, USA), ICAM-1 (5μg/ml, Southern Biotech, Birmingham, 

USA), and CD31 (1: 100, cat. no. #550274, BD Pharmingen, San Diego, CA, USA, for 

endothelial all detection, data not shown) all diluted in 5% fetal calf serum (FCS, 

Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 hour at room temperature (RT). After 

washing, sections were incubated with rabbit anti-rat IgG antibody (mouse adsorbed, 

Vector Laboratories, Burlingame, CA, USA) diluted 1: 300 in 5% FCS/2% normal mouse 

serum (Sanquin, Amsterdam, The Netherlands) in PBS for 45min at RT. After washing, 

sections were incubated with anti-rabbit labeled polymer HRP antibody from the 

EnVision kit for 30min at RT. To visualize peroxidase activity 3-amino-9-ethylcarbazole 

(AEC) from the EnVision kit was used and sections were subsequently counterstained 

with Mayer’s hematoxylin (Merck, Darmstadt, Germany).  

Semi-quantitative analysis of immunohistochemical staining of renal microvascular 

segments 
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Slides were scanned using the NanoZoomer 2.0-HT (Hamamatsu, K.K., Japan) to acquire 

whole slide digital images. Images were viewed and analyzed using ImageScope analysis 

software (version 12.2; Aperio Technologies, Inc.). The positive pixel count algorithm 

(version 9.1) of the ImageScope analysis software was applied to quantify the IHC 

staining. Briefly, regions of interest (ROI) were drawn around the perimeter of kidney 

sections using the free-hand pen tool, excluding damaged areas and the renal medulla. 

The percentage of positive (stained) pixels was calculated relative to the number of total 

(positive and negative) pixels in a ROI. To quantify staining in selected microvascular 

segments, ROI were drawn around the respective segments and the percentage of 

positive pixels was determined as described above. The quantitation was done for 

E-selectin, VCAM-1, and ICAM-1 in whole kidney sections, arterioles, glomeruli, and 

venules (8 mice/group). 

Immunofluorescence double staining for NF-κB p65 and CD31 in mouse kidneys 

Immunofluorescence double staining was performed on 5-μm cryosections from 

snap-frozen mouse kidneys. After acetone fixation, sections were incubated with 

primary rabbit anti-p65 antibody (1:200, #D14E12, Cell Signaling Technology, Leiden, 

The Netherlands) and rat anti-CD31 antibody (1:200, #550274, BD Pharmingen, San 

Diego, CA, USA) in PBS containing 5% FCS for 1 hour at RT. After washing, sections were 

incubated with Alexa Fluor®555-conjugated donkey anti-rabbit secondary antibody 

(A-31572, Thermo Fisher, Waltham, MA, USA) in order to detect p65, and goat anti rat 

Alexa Fluor®488 secondary antibody to detect CD31 (A-11006, Thermo Fisher) in PBS 

with 5% FCS plus 2% normal mouse serum (Sanquin) for 45min at RT. After washing, 

sections were incubated with 0.1% Sudan Black B (Sigma-Aldrich) in 70% ethanol for 

30min at RT. Thereafter, sections were washed three times and mounted in 

Aqua/Polymount medium containing DAPI (Polysciences, Warrington, PA, USA). 

Fluorescence images were taken using a Leica DM4000B fluorescence microscope (Leica 

Microsystems Ltd., Germany) with Leica LAS V4.5 image software. All images were taken 

with equal exposure times. 

Statistical Analysis 

Statistical significance of differences was analyzed by a two-tailed unpaired Student's 

t-test, assuming equal variances to compare two replicate means. To compare multiple 
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replicate means a one way analysis of variance (ANOVA) followed by Bonferroni 

post-hoc analysis was used. All statistical analyses were performed using GraphPad 

Prism Software v.7.03 (GraphPad Prism Software Inc., San Diego, CA, USA). Differences 

were considered to be significant when p < 0.05. 

 

Results 

Endothelial enrichment in microvascular endothelial segments laser 

microdissected from mouse kidney 

To investigate microvascular heterogeneity in healthy (control) mouse kidney and to 

reveal the responses of different renal microvascular segments to HS/resuscitation 

(HS/R) and therapeutic intervention, we laser microdissected arterioles, glomeruli, and 

venules, prior to gene expression analysis (Figure 1B). Enrichment of mRNA of the 

pan-endothelial gene VE-cadherin (Figure 1B) was observed in all segments. Dissected 

arterioles and glomeruli showed around 20-fold enrichment of VE-cadherin mRNA 

compared to whole kidney sections from the same mouse. The enrichment of 

VE-cadherin in venules was approximately 4-fold compared to whole kidney sections 

(Figure 1B). In addition, VE-cadherin enrichment in vascular segments was similar in 

samples obtained from control mice, HS mice, and HS/R mice (Figure 1B). 

Expression levels of vascular stability related molecules in renal microvascular 

segments in control conditions, and effects of HS respectively HS/R 

To study the effects of the hemorrhagic shock period and of HS combined with 

subsequent resuscitation on renal microvascular responses, mRNA levels of 

inflammatory genes were determined by RT-qPCR in laser microdissected 

microvascular segments. For vascular stability related genes, a heterogenic basal 

expression pattern was observed in microvascular segments of control kidneys (Figure 

2, Supplementary Figure S1A). While Tie2 was expressed in all segments to a similar 

extent, its ligands Ang-1 and Ang-2 were mainly detectable in the postcapillary venules 

respectively glomeruli. VEGF and its receptor VEGFR2 showed highest expression in 

glomeruli and a two to three fold lower expression in arterioles and postcapillary 

venules (Figure 2, Supplementary Figure S1A). In renal arterioles of control kidneys, 
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VEGF mRNA was hardly detectable, while VEGFR2 was more than 5-fold lower than in 

postcapillary venules and 20-fold lower than in glomeruli. One hour after resuscitation, 

Tie2 mRNA levels were significantly reduced in arterioles and glomeruli compared to 

control mice, while Ang-2 was enhanced in glomeruli (an effect not visible when 

analyzing whole kidney sections, see Supplementary Figure S2). Downregulation of 

VEGFR2 expression was prominently observed in glomeruli after 90min of HS, which  
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Figure 1. Schematic representation of the experimental setup employed in this study. 

(A) Mouse model for hemorrhagic shock and resuscitation. Hemorrhage was achieved by 

blood withdrawal, as described in “Materials and Methods”. Mice were terminated (†) at the start 

of the experiment (control), at the end of the 90min period of hemorrhagic shock (HS), or at 1h 

after resuscitation in the presence of vehicle or NF-κB inhibitor BAY11-7082 (HS/R respectively 

HS/R/BAY) (15). 

(B) Laser microdissection of the three renal microvascular segments to study segment 

specific responses, and endothelial enrichment of VE-cadherin in these segments. (top) 

Annotation of the three renal microvascular compartments used in this study as identified by 

immunohistochemical (IHC) staining of the pan-endothelial cell marker VE-cadherin. (bottom) 

Photomicrographs of hematoxylin-stained mouse kidney showing arteriole, glomerulus and 

venule before and after laser microdissection (LMD). The thin colored lines indicate structures to 

be microdissected. VE-cadherin mRNA enrichment in the segments was determined by RT-qPCR 

using GAPDH as housekeeping gene as described in ‘Materials and Methods’. Values represent 

enrichment in VE-cadherin mRNA levels in the vascular segments as compared to its mRNA 

levels in whole kidney sections from the same mouse. Individual values and means are shown for 

each group.  A=Arteriole, G=Glomerulus, and V=Venule. Original magnification: 200x. 

 

 

Figure 2. Expression levels of vascular stability related molecules in renal microvascular 

compartments in control conditions, and in HS and HS/R. 

Arterioles, glomeruli, and venules were obtained by laser microdissection from snap frozen 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 72PDF page: 72PDF page: 72PDF page: 72

Chapter 3 

72 
 

mouse kidneys of control group, HS group, and HS/R group. Expression levels of Tie2, Ang-1, 

Ang-2, VEGF, and VEGFR2 mRNA were determined by RT-qPCR relative to the reference gene 

VE-cadherin in these microvascular segments. Individual values and mean ± SD are shown for 

each group. *, p<0.05, **, p<0.01, ***, p<0.001. Groups with less than 3 samples were excluded 

from the statistical analysis. 

 

 

even further decreased during the resuscitation phase, while its ligand VEGF was not 

affected in a major way in any of the segments (Figure 2). Summarizing, the expression 

levels of vascular stability related molecules Ang-1, Ang-2, VEGF, and VEGFR2 differed 

between arterioles, glomeruli and venules in control kidney, while Tie2 was 

constitutively expressed to the same extent in all microvessels. In conditions of HS and 

resuscitation, all microvascular beds showed reduced Tie2 expression, while glomerular 

endothelial cells most pronouncedly upregulated Ang-2 and downregulated VEGFR2 

expression.  

Renal microvascular segments restricted expression of endothelial 

pro-inflammatory molecules and their regulation during HS and HS/R 

We previously reported that HS/R led to microvascular inflammatory activation in the 

kidneys (15). To further investigate whether the activation is similarly or differentially 

regulated in the different renal microvascular beds, mRNA expression of endothelial 

adhesion molecules and pro-inflammatory cytokines was analyzed in the three 

microvascular segments. In healthy mice, expression of P-selectin and E-selectin was 

virtually absent in all three microvascular beds. VCAM-1 and ICAM-1 on the other hand, 

could be measured in all microvascular beds with the highest mRNA expression levels in 

the venules and the lowest in glomeruli. Endomucin, recently identified to have an 

anti-leukocyte adhesion function (18), was detectable in glomeruli and venules, yet 

absent in arterioles (Figure 3A, Supplementary Figure S1A). Furthermore, in control 

conditions the pro-inflammatory cytokines IL-1β, IL-6, the chemokine GRO1, a murine 

IL-8 homologue, and MCP-1 were either undetectable or expressed to a minor extent in 

the three microvascular compartments (Figure 3B, Supplementary Figure S1A). HS alone 

and HS/R significantly induced P-selectin and E-selectin mRNA levels in glomeruli and 

venules (Figure 3A). Moreover, VCAM-1 and ICAM-1 expression already became strongly 
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upregulated in glomeruli and venules within the HS period, and further increased during 

resuscitation. Endomucin was most distinctly reduced in glomeruli after HS/R (Figure 

3A). During HS, expression of pro-inflammatory cytokines IL-1β, IL-6, and chemokines 

GRO1, and MCP-1 increased in the three microvascular compartments (Figure 3B). The 

resuscitation procedure significantly enhanced IL-1β expression compared to control 

mice in glomeruli and furthered GRO1 and MCP-1 expression in glomeruli and venules 

(Figure 3B).  
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Figure 3. Renal microvascular segments restricted expression of endothelial 

pro-inflammatory molecules and their regulation during HS and HS/R. 

Arterioles, glomeruli, and venules were isolated by laser microdissection from snap frozen 

tissues of control mice, HS mice, and HS/R mice. Gene expression levels of (A) adhesion 

molecules P-selectin, E-selectin, VCAM-1, ICAM-1, and Endomucin, and (B) pro-inflammatory 

cytokine IL-1β, IL-6, and chemokines GRO1, MCP-1 were analyzed by RT-qPCR in in these 

microvascular segments. VE-cadherin was used as the reference gene for adhesion molecules 

and GAPDH was used as the reference gene for pro-inflammatory cytokines and chemokines. 

Individual values and mean ± SD are shown for each group. N.D., not detectable, *, p<0.05, **, 

p<0.01, ***, p<0.001. Groups with less than 3 samples were excluded from the statistical analysis. 

 

 

Overall, these data show that in control mouse kidney the endothelial adhesion 

molecules P-selectin and E-selectin, pro-inflammatory cytokines, and chemokines are 

hardly expressed/absent in arterioles, glomeruli and venules, while adhesion molecules 

VCAM-1 and ICAM-1 are heterogenically expressed in all three microvascular beds. 

Endothelial cells in different microvascular segments responded in a segment specific 

fashion to HS and HS/R, with glomeruli and postcapillary venules being the responding 

segments that most prominently upregulated the adhesion molecules, IL-1β, IL-6, GRO1, 

and MCP-1, while down regulating Endomucin.  

Expression of intracellular signaling molecules KLF2, RIG-I, and IRF-1 in renal 

microvascular compartments in healthy kidney and effects of HS and HS/R 

Loss of shear stress rapidly affects shear stress sensor KLF2, which also influences the 

expression of adhesion molecules E-selectin, VCAM-1 and ICAM-1, and chemokine IL-8 

in HUVECs (19). In the presence of TNF-α stimulation, KLF2 can regulate IRF-1 

expression in cultured human aortic endothelial cells (20). Our previous study showed 

that RIG-I functions as a critical regulator of endothelial activation in response to TNF-α 

and LPS stimulation (21). We recently found that IRF-1 specifically regulates 

LPS-mediated VCAM-1 expression in a RIG-I controlled manner (17). In the present 

study we therefore determined the response of KLF2, RIG-I and IRF-1 to HS and HS/R. In 

control conditions, KLF2 mRNA was >7 fold higher expressed in arteriolar and 

glomerular microvascular segments than in venules. RIG-I expression was 
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approximately 3 fold lower in postcapillary venules than in glomeruli, while also 

expression of IRF-1, one of RIG-I’s downstream signaling components, was lowest in 

postcapillary venules (Figure 4, Supplementary Figure S1A). HS significantly 

downregulated KLF2 expression, mainly in venules. RIG-I expression did not 

significantly change during HS and postresuscitation, whereas, one hour after 

resuscitation IRF-1 expression was markedly upregulated in the glomeruli and venules 

compared to control conditions (Figure 4). 

 

 

 

Figure 4. Expression of intracellular signaling molecules KLF2, RIG-I, and IRF-1 in renal 

microvascular compartments in healthy kidney and effects of HS and HS/R. 

Gene expression levels of KLF2, RIG-I, and IRF-1 were assessed by RT-qPCR in arterioles, 

glomeruli, and venules obtained by laser microdissection from snap frozen tissues of control 

mice, HS mice, and HS/R mice, using GAPDH as the reference gene. Individual values and mean ± 

SD are shown for each group. N.D., not detectable, *, p<0.05, **, p<0.01. Groups with less than 3 

samples were excluded from the statistical analysis. 
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Effects of NF-κB inhibitor BAY11-7082 treatment during resuscitation on HS/R 

induced endothelial pro-inflammatory activation in renal microvascular segments 

Next, we investigated the effects of therapeutic intervention at the level of NF-κB 

signaling on endothelial cell activation in the separate renal microvascular beds. Similar 

to observations in whole kidney analyses (Supplementary Figure S3), BAY11-7082 

treatment administered during resuscitation did not have obvious effects on the 

response to HS/R of any renal segment regarding vascular stability related molecules, 

except for the strong inhibition of VEGFR2 expression in postcapillary venules. In 

venules, approximately 30% of the HS/R associated expression of VEGFR2 remained 

(Figure 5A). With regard to endothelial adhesion molecules and pro-inflammatory 

cytokines, the NF-κB inhibitor affected different molecules to various extents, though the 

number of affected molecules and the extent of effects were limited. The blockade of 

NF-κB signaling markedly suppressed HS/R associated E-selectin induction in venules, 

and ICAM-1 induction in glomeruli and venules. In contrast, P-selectin and IL-6 were 

upregulated in the glomerular segments upon BAY11-7082 treatment (Figure 5B). 

NF-κB inhibition furthermore significantly increased KLF2 expression mainly in 

arterioles, while it inhibited HS/R induced IRF-1 expression in all three segments 

(Figure 5C). These results demonstrate that BAY11-7082 treatment limited endothelial 

pro-inflammatory activation, though to a minor extent and with different effects in 

different renal microvascular segments. 

Protein expression of endothelial cell adhesion molecules in renal microvascular 

compartments during HS, resuscitation, and NF-κB inhibition 

To validate the mRNA data regarding the endothelial responses to HS, HS/R, and 

BAY11-7082 treatment at protein level, we immunohistochemically (IHC) stained mouse 

kidneys and semi-quantitatively assessed the staining. We focused on the same three 

microvascular segments as studied using laser microdissection/RT-qPCR. E-selectin 

protein was absent from all three microvascular segments in healthy control kidneys 

(IHC staining not shown). Resuscitation upregulated E-selectin expression most 

prominently in glomeruli and venules. In arterioles also a similar increase was observed, 

but the extent of upregulation was lower and statistically not significant. BAY11-7082 
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treatment did not have a distinct effect on E-selectin induction in the microvascular beds 

(Figure 6). In control conditions, VCAM-1 protein was expressed mainly in arterioles and  

 

Figure 5. Effects of the NF-κB inhibitor BAY11-7082 on HS/R induced endothelial 

pro-inflammatory activation in renal microvascular compartments during resuscitation. 

mRNA expression of vascular stability related molecules (A), endothelial adhesion molecules and 

pro-inflammatory cytokines (B), and intracellular signaling molecules (C) was analyzed by 

RT-qPCR in the three renal microvascular segments of mice resuscitated with vehicle 

respectively treated with BAY11-7082 during resuscitation. VE-cadherin or GAPDH was used as 
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reference gene. Values represent the fold change of the HS/R/BAY group relative to the HS/R 

group. Individual values and mean ± SD are shown for each group. N.D., not detectable, *, p<0.05, 

**, p<0.01. Groups with less than 3 samples were excluded from the statistical analysis. 

 

 

venules, but not in glomeruli (Supplementary Figure S1B). One hour after resuscitation, 

VCAM-1 protein was visible in the glomerular segments, an increase that was inhibited 

by BAY11-7082 treatment during resuscitation (Figure 6). ICAM-1 protein was 

expressed to a similar level in all vascular segments in healthy kidneys, with no 

expression changes after HS and HS plus resuscitation (Supplementary Figure S1B). 

Furthermore, BAY11-7082 treatment did not have an effect on ICAM-1 protein 

expression in the microvascular segments (Figure 6).  

 

 

Figure 6. Quantification of protein expression of endothelial cell adhesion molecule in 

renal microvascular compartments during HS, HS/R, and NF-κB inhibition.  



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 79PDF page: 79PDF page: 79PDF page: 79

Heterogenic renal microvascular responses to HS/R 

79 
 

Morphometric data obtained from immunohistochemical (IHC) staining of proteins E-selectin, 

VCAM-1, and ICAM-1 in kidney sections of mice subjected to HS followed by resuscitation in the 

absence or present of BAY11-7082. The endothelial microvascular compartments of the kidney 

that were analyzed for semi-quantitation are shown as Figure 1B. * p<0.05, ** p<0.01, ***, 

p<0.001. 

 

Kinetics of NF-κB nuclear translocation in the glomeruli in mouse kidney to 

explain the limited effects of NF-κB inhibitor treatment during resuscitation 

To investigate NF-κB activation kinetics and to what extent the NF-κB inhibitor affected 

the NF-κB signaling during HS/R, we stained mouse kidney sections using 

immunofluorescence (IF) double staining for NF-κB subunit p65 and endothelial marker 

CD31. In glomerular endothelial cells, as shown in Figure 7, HS already resulted in 

significant p65 nuclear translocation, which did not further increase during the 

resuscitation phase. Blockade of the NF-κB pathway by BAY11-7082 reduced p65 

nuclear translocation, but did not fully inhibit this process during resuscitation (Figure 

7). These data thus indicate that already during the HS period NF-κB signaling was 

activated, and that BAY11-7082 treatment during the resuscitation phase could partly 

counteract this pro-inflammatory pathway. 
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Figure 7. Effects of the NF-κB inhibitor BAY11-7082 on HS/R induced NF-κB nuclear 

translocation in glomeruli during resuscitation in mouse kidney. 

(A) Immunofluorescence staining for the NF-κB subunit p65 (red), the endothelial marker CD31 

(green), and nuclei (DAPI nuclear staining, blue) in the glomeruli of control mice, HS mice, HS/R 

mice, and HS/R mice treated with BAY11-7082 during resuscitation. All images were taken with 

equal exposure times. Original magnification 400x. Figures show representative images of each 

group.  

(B) Percentages of p65 positive nuclei were calculated: at least 10 glomeruli per mouse were 

analyzed and percentages were averaged. Individual average values and mean ± SD are shown 

for each group (n=5). **, p<0.01.  
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Discussion 

Hemorrhagic shock causes both macrocirculatory and microcirculatory dysfunction. The 

persistence of microcirculatory impairment can result in multiple organ failure, and one 

of the prime target organs is the kidney (22). In the present study we explored the 

responses of arterioles, glomeruli, and postcapillary venules to 90 min hemorrhagic 

shock (HS) and subsequent resuscitation (HS/R), and the effect of therapeutic 

intervention with NF-κB inhibitor BAY11-708 during the resuscitation period on these 

responses. We found differential expression of the vascular integrity related molecules, 

with Tie2 and VEGFR2 being markedly decreased in glomeruli in response to HS and 

resuscitation, while the Ang-2 expression was significantly increased in this 

microvascular segment. Furthermore, HS/R strongly upregulated endothelial adhesion 

molecules, pro-inflammatory cytokines, and chemokines. Also, the intracellular signaling 

molecule IRF-1, which is involved in RIG-I controlled endothelial inflammatory 

responses (17, 21), was significantly upregulated. These responses mainly occurred in 

glomeruli and postcapillary venules. Nuclear translocation of NF-κB, reflecting cell 

activation via this signaling pathway, already occurred during the HS period, which is 

likely the main reason why pharmacological blockade of this pathway during the 

resuscitation period with BAY11-708 had a minor effect on HS/R induced microvascular 

endothelial cell activation. Taken together, our findings demonstrate that endothelial 

cells especially in glomeruli and postcapillary venules engage in the pro-inflammatory 

response during HS/R and respond to NF-κB inhibition, though the extent differed 

between these segments. The arteriolar segments were less responsive to HS/R, which 

is not surprising since their main function is to regulate vascular resistance and blood 

flow. 

HS and resuscitation strongly upregulated E-selectin mRNA levels in glomeruli, which 

was paralleled by noticeably enhanced glomerular E-selectin protein expression. 

Furthermore VCAM-1 and ICAM-1 mRNA levels were significantly upregulated after 

resuscitation in glomeruli and venules. However, semi-quantitative analyses based on 

immunohistochemical detection did not confirm the induction of these two proteins. 

Possibly, this is due to high constitutive protein expression levels in healthy conditions 

in these segments that do not allow identification of further enhancement of expression. 

Since in glomeruli VCAM-1 protein showed lower expression levels in healthy conditions, 
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resuscitation induced upregulation of this protein was visible and paralleled VCAM-1 

mRNA induction in this microvascular bed. Moreover, the inhibitory effects of 

BAY11-7082 treatment on E-selectin mRNA expression could not be confirmed at the 

protein level. Possibly, the time interval needed for mRNA to be translated into protein 

was too short. Analyzing protein expression at later time points after resuscitation may 

possibly provide more evidence to confirm the mRNA expression of adhesion molecules. 

Endomucin (EMCN) was mainly expressed in glomeruli and venules in healthy mouse 

kidney, which is in line with a previous report (23). A recent study in HUVEC showed 

that pro-inflammatory cytokine TNF-α down-regulated EMCN mRNA and protein 

expression, concurrent with an increase in E-selectin, VCAM-1, and ICAM-1 expression. 

This study furthermore showed that EMCN prevented leukocyte contact with adhesion 

molecules, and that overexpression of EMCN reduced TNF-α induced inflammatory cell 

infiltration in mouse ciliary bodies (24). In our current study, HS followed by 

resuscitation markedly down-regulated EMCN expression in glomeruli. This 

down-regulation of EMCN may facilitate leukocyte-endothelial cell interaction and 

accelerate HS/R induced pro-inflammatory status within the glomeruli. IHC staining for 

CD45 positive leukocytes showed that the number of adherent CD45 positive leukocytes 

was significantly increased after 90 min HS in glomeruli. However we did not observe a 

further increase in numbers of CD45 positive cells after resuscitation (data not shown). 

Perhaps some of these leukocytes had transmigrated into the underlying tissue, or 

adherent leukocytes reentered the blood when the blood flow recovered during 

resuscitation. It will be interesting to analyze the protein levels of EMCN after HS/R in 

future studies, and also to determine whether EMCN is shed from the endothelial cell 

membrane in inflammation conditions. 

The Angiopoietin (Ang)-Tie2 system does not only play a critical role in regulating 

vascular integrity but it is also actively involved in inflammatory responses (25). Ang-1 

was shown to reduce plasma leakage in inflammation and to suppress endothelial 

inflammation (26, 27). In contrast, Ang-2 binding to Tie2 sensitizes endothelial cells to 

TNF-α to facilitate endothelial activation (28), and promotes vascular leakage (29). In 

our study, a distinct decrease in Tie2 mRNA level in arterioles and glomeruli, and in 

Ang-1 expression in whole kidney sections (detection in segments of Ang-1 was not 

feasible) due to HS/R was observed. This together with a strong increase in Ang-2 mRNA 
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level in glomeruli suggests that the balance within the Ang-Tie2 ligand-receptor system 

was disturbed after resuscitation. Sison et al. reported that VEGF-VEGFR2 signaling has 

a key regulatory role in maintenance of endothelial cell integrity in the glomerular 

microvasculature (30). In our study, also VEGFR2 mRNA expression was markedly 

decreased in glomeruli in response to HS/R, which may be associated with the loss of 

glomerular filtration barrier function. Whether loss of endothelial integrity and plasma 

leakage occurs in the microvascular segments of the kidney, e.g., by assessing 

proteinuria and urine Ang-2 protein levels, is worth investigating in future HS/R 

experiments. 

In the current study, we found in healthy mouse kidneys that KLF2 mRNA levels in 

arterioles and glomeruli were much higher than in venules. KLF2 is regulated in 

endothelial cells by shear stress (31). Since the normal values of shear stress at the 

blood vessel walls range between 10 and 70 dynes/cm2 for arteries and between 1 and 6 

dynes/cm2 for veins (32), it is not surprising that renal postcapillary venules had the 

lowest expression of KLF2. Ninety minutes of HS downregulated KLF2 expression most 

prominently in the venular segments, a corroborating previous work from our lab 

showing that loss of shear stress rapidly inhibited the expression of KLF2 (19). HS and 

resuscitation can be considered as a systemic ischemia and reperfusion injury insult 

with major disturbances in blood flow related shear stress changes. In addition, HS/R 

markedly induces pro-inflammatory cytokine TNF-α and IL-1β expression in mouse 

kidney (15), which can also inhibit KLF2 expression in endothelial cells (33). A previous 

article showed that TNF-α-mediated reduction in KLF2 expression was controlled via 

NF-κB and histone deacetylase pathways (34). Such a control mechanism could explain 

the increase in KLF2 expression in arterioles resulting from pharmacological NF-κB 

inhibition as observed in our study. Why this would only be happening in arterioles and 

not other microvascular segments remains unclear at present. 

In our study, the mice in the four groups were terminated at different time points to 

investigate heterogenic responses of the microvascular segments in the kidney in 

response to HS only and in response to HS plus resuscitation in the absence respectively 

presence of an NF-κB inhibitor. We cannot rule out that differences in gene expression 

between HS and HS/R groups are partly caused by the difference in time of sacrifice 
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(90min (HS) respectively 90min plus resuscitation time 60min (HS/R)), yet this 

experimental design allowed answering our research questions. 

Immunofluorescence staining for NF-κB subunit p65 showed that in the glomeruli p65 

nuclear translocation already occurred during HS conditions. This indicates that the 

NF-κB pathway was already activated during the HS period, which can explain why the 

blockade of NF-κB signaling during the resuscitation period only had a minor effect on 

pro-inflammatory activation of the renal microvasculature. From a clinical point of view, 

drug intervention aimed at inhibiting this pathway after a period of 90 minutes of HS 

will come too late. To be able to suppress the strong inflammatory response, drug 

intervention should be carried out at an earlier time point. In the surgical ward, severe 

bleeding can lead to hemorrhagic shock, e.g. during large surgery. In contrast to HS 

induced by trauma, surgery patients could be treated with NF-κB inhibitors before or 

during surgery to prevent HS induced endothelial inflammatory activation. Future 

studies should explore whether pretreatment with NF-κB inhibitors before HS or during 

surgery limits HS-mediated organ failure. 

In the present study, a potential negative effect of NF-κB inhibitor treatment was 

revealed. Resuscitation with BAY11-7082 strongly inhibited VEGFR2 mRNA expression 

in venules. This can be explained by the fact that the VEGFR2 promoter contains an 

NF-κB-binding site, which is essential in mediating the expression of VEGFR2 (35). A 

similar observation was reported by Dong et al. who showed in HUVECs that 

dihydroartemisinin reduced VEGFR2 expression via inhibition of the NF-κB pathway 

(36).  

In our study, we laser microdissected vascular compartments of the kidney. The 

advantage of using LMD is that it can precisely isolate specific microvascular segments 

from renal tissue sections without affecting RNA integrity. Isolated segments retain their 

molecular status dictated by their in vivo microenvironment, thereby avoiding 

transcriptional changes as observed when culturing endothelial cells (37). As such, 

important new information on in vivo microvascular behavior can be revealed without 

the need for transgenic mouse models. The limitation is that LMD is a time consuming 

technique. Furthermore, for genes expressed to a low extent, the μm2 microvascular 

materials dissected did not always provide sufficient RNA for low density array analysis. 

In this study, 19 different mRNA species were analyzed in 80 samples obtained from 
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whole kidney sections and microvascular segment samples, with 238 out of 1405 PCR 

reactions resulting in non-detectable signals that had to be excluded from the data 

analysis.  

In summary, our findings show first of all that vascular stability related molecules and 

endothelial adhesion molecules are heterogeneously expressed in arterioles, glomeruli 

and postcapillary venules in healthy mouse kidney. Furthermore, we provide evidence 

that endothelial cells in arterioles, glomeruli, and postcapillary venules become strongly 

activated by HS and resuscitation. The responses differed between microvascular 

segments, with strongest inflammatory responses mainly occurring in glomeruli and 

venules. In addition, NF-κB inhibitor BAY11-7082 treatment during the resuscitation 

phase ameliorated endothelial inflammatory responses to a minor extent, likely due to 

the fact that the NF-κB pathway already becomes activated early on in the HS phase. The 

here chosen study strategy may help to discover microvasculature specific 

pathophysiological mechanisms of HS/R induced renal dysfunction in the complex 

microenvironment in the kidney. The results can assist in choosing inhibitory drugs 

specifically aimed at an activation pathway in one particular segment once this pathway 

has been elucidated. Our research strategy furthermore assists in improving our 

pharmacological understanding of drug intervention outcomes aimed at particular renal 

microvascular segments. Although this has not been investigated in the current study, 

application to new studies in mouse models and clinical samples may in the future 

provide valuable new insights that are crucial for design of clinical intervention 

strategies to prohibit renal dysfunction from happening. 
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Supplementary Figure S1: 

 

Supplementary Figure S1. Expression of vascular stability molecules, endothelial 

pro-inflammatory molecules, and intracellular signaling molecules in different renal 

microvascular segments of healthy mice. 
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(A) Gene expression levels of the molecules studied were determined by RT-qPCR in the three 

renal microvascular segments laser microdissected from kidneys from control mice. 

VE-cadherin or GAPDH was used as reference gene for endothelial restricted respectively 

non-endothelial restricted genes. Individual values and mean ± SD are shown for each group. 

N.D., not detectable, *, p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001. Groups with less than 3 

samples were excluded from the statistical analysis, see Materials and Methods. (B) Protein 

expression of E-selectin, VCAM-1, and ICAM-1 was semi-quantified from immunohistochemically 

(IHC) stained kidney sections of control mice as described in Materials and Methods. * p<0.05, ** 

p<0.01, ****, p<0.0001. 

 

  



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 88PDF page: 88PDF page: 88PDF page: 88

Chapter 3 

88 
 

Supplementary Figure S2: 

 

Supplementary Figure S2. Hemorrhagic shock and resuscitation (HS/R) leads to changes 

in expression of vascular stability and endothelial pro-inflammatory genes as assessed in 

whole mouse kidney sections.  
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Gene expression levels of vascular stability related molecules (A), endothelial pro-inflammatory 

molecules (B), and intracellular signaling molecules (C) were determined by RT-qPCR in the 

kidneys of control mice (control), and mice subjected to 90min HS (HS) or HS followed by 

resuscitation (HS/R). GAPDH was used as the reference gene. Individual values and mean ± SD 

are shown for each group. N.D., *, p<0.05, **, p<0.01, ***, p<0.001. 

 

Supplementary Figure S3: 

 

Supplementary Figure S3. Effects of NF-κB inhibitor BAY11-7082 treatment after 

hemorrhagic shock in whole mouse kidney during resuscitation.  

Expression of vascular stability related molecules (A), endothelial adhesion molecules and 

pro-inflammatory cytokines and chemokines (B), and intracellular signaling molecules (C) were 

analyzed by RT-qPCR in kidneys of mice exposed to hemorrhagic shock and resuscitation (HS/R) 

in the absence or presence of BAY11-7082 during resuscitation. Values represent fold change 

observed in HS/R/BAY group compared to HS/R group. Individual values and mean ± SD are 

shown for each group. *, p<0.05. 
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Abstract  

Sepsis is a severe systemic inflammatory response to infection. Endothelial activation 

and dysfunction play a critical role in the pathophysiology of sepsis and represent an 

important therapeutic target to reduce sepsis mortality. Interferon regulatory factor 1 

(IRF-1) was recently identified as a downstream target of TNF-α-mediated signal 

transduction in endothelial cells. The aim of this study was to explore the importance of 

IRF-1 as a regulator of LPS-induced endothelial pro-inflammatory activation. We found 

that renal IRF-1 was upregulated by LPS in vivo as well as in LPS-stimulated endothelial 

cells in vitro. We furthermore identified intracellular RIG-I as a regulator of 

LPS-mediated IRF-1 induction. IRF-1 depletion specifically resulted in diminished 

induction of VCAM-1 in response to LPS, but not of E-selectin or ICAM-1, which was 

independent of NF-κB signaling. When both IRF-1 and the RIG-I adapter protein MAVS 

were absent, VCAM-1 induction was not additionally inhibited, suggesting that MAVS 

and IRF-1 reside in the same signaling pathway. Surprisingly, E-selectin and IL-6 

induction was no longer inhibited by MAVS knockdown when IRF-1 was also absent, 

revealing a redundant endothelial activation pathway. In summary, we here report an 

IRF-1 mediated pro-inflammatory signaling pathway that specifically regulates 

LPS-mediated VCAM-1 expression, independent of NF-κB.  

 

Key words 

Interferon Regulatory Factor-1 (IRF-1), Sepsis, LPS, endothelial cells, inflammation, 

NFκB signaling. 

 

  



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 95PDF page: 95PDF page: 95PDF page: 95

Endothelial IRF-1 regulates LPS-induced VCAM-1 induction 
 

95 
 

Introduction 

Sepsis is a severe, life-threatening condition that arises when the host’s systemic 

inflammatory response to an infection impairs its own tissues, resulting in organ 

dysfunction (1-3). In the United States, more than 750,000 patients are diagnosed with 

severe sepsis each year, and more than 250,000 sepsis deaths make sepsis the major 

cause of mortality in critically ill patients (4, 5). Sepsis-induced Acute kidney injury (AKI) 

is a common problem in critically ill patients. Although our understanding of the exact 

pathophysiology of sepsis-induced AKI is incomplete, the endothelium is increasingly 

recognized as an active contributor to the morbidity and mortality associated with 

sepsis, due to exaggerated endothelial activation and vascular leakage (6). Activated 

endothelial cells promote the transmigration of leukocytes from the blood into 

underlying tissues through endothelial cell-leukocyte interactions, a process that can be 

detrimental to organ function (7, 8). Understanding the mechanisms underlying 

endothelial activation will enable us to identify new therapeutic targets to influence 

vascular behavior in sepsis and to reduce sepsis mortality. 

Lipopolysaccharide (LPS) is the main structural component of the gram-negative 

bacterial cell wall and a critical component in the pathogenesis of sepsis, since it leads to 

activation of endothelial cells (8, 9). The longstanding paradigm suggests that LPS 

initiates downstream signaling by binding to toll-like receptor (TLR)-4 together with the 

adapter protein MD2. Intracellular downstream signaling leads to activation of IκB 

kinase (IKK), which in turn causes rapid phosphorylation and degradation of IκB 

proteins, resulting in the activation of NF-κB (10). NF-κB controls the transcription of 

many pro-inflammatory genes, including endothelial adhesion molecules, cytokines and 

chemokines (11, 12). Recent work from our laboratory identified RIG-I as an additional 

regulator of endothelial pro-inflammatory activation that functions in parallel with TLR4 

(13).  

Interferon regulatory factor-1 (IRF-1) is a member of the interferon (IFN) regulatory 

transcription factor family and was originally described as a transcription factor that can 

activate type I IFN genes (14). IRF-1 is expressed at low levels in quiescent cells and its 

expression is increased by various stimuli, such as type I and type II IFN, LPS, 

interleukin-1 (IL-1), IL-6, TNFα, and viral infection (15, 16). IRF-1 is either a 
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transcriptional activator or a repressor of target genes that play key roles in 

anti-infection immune responses, the regulation of oncogenes, cell proliferation, 

pro-inflammatory gene expression and the development of the immune system (16, 17). 

Moreover, IRF-1 gene induction in the renal tubules by reactive oxygen species was 

shown to be an early event that exacerbated injury and promoted inflammation in 

murine ischemia/reperfusion injury (18). Full body IRF-1 knockout mice were protected 

from lethal endotoxemia by an inhibitory effect on LPS-mediated pro-inflammatory 

cytokine production (19).  

In endothelial cells, IRF-1 was recently shown to regulate TNF-α-mediated signaling, 

which specifically regulated the expression of the adhesion molecule VCAM-1 (20, 21). 

Recently we also showed that RIG-I can control VCAM-1 expression in response to LPS 

challenge. In this study we investigated whether endothelial IRF-1 plays a role in the 

regulation of LPS-mediated endothelial pro-inflammatory activation, and explored 

molecular mechanisms of the regulatory pathways involved.   

 

 

Materials and methods 

Mice 

Male C57Bl6 mice (Harlan,Horst, The Netherlands) were housed in a specific 

pathogen-free facility, maintained on chow and water ad libitum, and housed in 

temperature-controlled chambers (24oC) with a 12 hours light/dark cycle. The mice 

were challenged via intraperitoneal (i.p) injection of LPS (0.5mg/kg or 1mg/kg, E. coli, 

serotype O26:B6 (15,000 EU/g, Sigma-Aldrich, St. Louis, MO, USA). Mice were sacrificed 

4, 8, and 24 hours after LPS administration. Control mice were administered the same 

volume of in 0.9% NaCl i.p. Prior to sacrifice, mice were anaesthetized with 

O2/isoflurane and blood was collected in EDTA tubes. Organs were harvested, 

snap-frozen in liquid nitrogen and stored at -80 oC until analysis. All procedures were 

performed according to Dutch laws and international guidelines on animal 

experimentation, and were approved by the animal ethics committee of the University of 

Groningen. 
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Endothelial cell culture and stimulation   

Human umbilical vein endothelial cells (HUVEC) were obtained from Lonza (Breda, The 

Netherlands) and cultured in culture plates (Costar, Corning, New York, USA) in EBM-2 

medium supplemented with EGM-2 MV SingleQuot Kit Supplements & Growth Factors 

(Cat. No. CC-3202, Lonza, the Netherlands). Endothelial cell cultures were used at 

passage 5-6 in all experiments. Immortalized HL-60 leukocytes, kindly provided by G. 

Fey (University of Erlangen, Germany), were maintained in RPMI 1640 medium 

supplemented with 10% fetal bovine serum. Primary peritubular endothelial cells from 

kidney cortex were isolated from C57Bl6 mice using anti-CD31 Ab-conjugated beads, 

and cultured as described previously (22). For siRNA interference, endothelial cells 

were plated at a density of 20,000 cells/cm2. For all other experiments HUVEC were 

grown to confluence before the start of the experiment. Cells were stimulated for 4 

hours with LPS dissolved in 0.9% NaCl to a final concentration of 1μg/ml, unless 

indicated otherwise. All cells were cultured at the UMCG Endothelial Cell Facility. 

siRNA-mediated gene silencing  

FlexiTube small interfering RNA sequences for human IRF-1, RIG-I, and MAVS were 

purchased from Qiagen (Leusden, The Netherlands). Three sequences per target were 

tested for their knockdown efficiency and the siRNA sequence creating the highest 

knockdown was used for all subsequent experiments. AllStars negative control siRNA 

(Qiagen) was used in all knockdown experiments. Transient transfections were 

performed using Lipofectamine 2000 Reagent (Life Technologies, Carlsbad, CA, USA), 

according to the manufacturer's instructions. Forty-eight hours after transfection the 

cells were incubated with LPS for the times indicated, and subsequently analyzed by 

RT-qPCR and western blot to confirm downregulation of the target genes and our genes 

of interest Transfection with scrambled siRNA did not result in major activation of the 

endothelial cells under basal conditions (Supplementary Figure S1). 

Laser microdissection of the renal microvasculature 

Nine-μm cryosections from mouse kidney were cut for laser microdissection (LMD), as 

previously described, to collect arteriolar, glomerular and venous vascular segments 

(23). Laser microdissected samples were collected in 0.5 ml AdhesiveCap tubes and 

stored at -80 °C until further analysis. 
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Gene expression analysis by reverse transcription-quantitative PCR (RT-qPCR) 

Total RNA from kidneys and HUVEC was isolated using the RNeasy Mini plus Kit (Qiagen) 

and total RNA from LMD material was isolated using RNeasy® Micro Plus Kit (Qiagen), 

according to the manufacturer’s protocols. The integrity of RNA from kidney and HUVEC 

was determined by gel electrophoresis. RNA purity (OD260/OD280) and concentration 

(OD260) were assessed by a NanoDrop® ND-1000 UV-Vis spectrophotometer 

(NanoDrop Technologies, Rockland, USA). RNA (max of 2500ng), 100 units SuperScript 

III RNase reverse transcriptase (Invitrogen, Breda, The Netherlands), 40 units of RNase 

OUT inhibitor (Invitrogen), and 250ng random hexamers (Promega, Leiden, The 

Netherlands) were used for the synthesis of cDNA in a final volume of 20 μl. The 

Assay-on-Demand primers (Applied Biosystems, Nieuwerkerk aan den IJssel, The 

Netherlands) for quantitative PCR were specific for housekeeping gene GAPDH (assay ID 

Hs99999905_m1), IRF-1 (assay ID Hs00971960_m1), Ddx58 (RIG-I) (assay ID 

Hs00204833_m1), MAVS (assay ID Hs00920075_m1), E-selectin (assay ID 

Hs00174057_m1), ICAM-1 (assay ID Hs00164932_m1), VCAM-1 (assay ID 

Hs00365486_m1), IL-6 (assay ID Hs00174131_m1), and IL-8 (assay ID 

Hs00174103_m1). qPCR was performed in a ViiA 7 real-time PCR System (Applied 

Biosystems, Nieuwerkerk aan den IJssel, The Netherlands). Samples were run in 

duplicate, and the obtained threshold cycle values (CT) were averaged. Gene expression 

was normalized to the expression of the reference gene GAPDH, resulting in the ∆CT 

value. The mRNA level relative to GAPDH was calculated by 2- CT. 

Western blot analysis  

After being cultured under the indicated conditions, cells were washed twice with 

ice-cold PBS and lysed in RIPA lysis buffer (100mM NaCl, 50mM Tris pH 8.0, 0.1% SDS 

(w/v), 0.5% (v/v) Na deoxycholate, 1% (v/v) IGEPAL) containing protease inhibitor 

cocktail and phosphatase inhibitors (Roche, Almere, The Netherlands). The DC Protein 

assay (Bio-Rad Laboratories, Hercules, CA, USA) was used to determine protein 

concentration, with bovine serum albumin (BSA) solution as the standard. Protein 

samples (20μg protein/lane) were separated by SDS-PAGE on polyacrylamide gels and 

then transferred to nitrocellulose membranes (Bio-Rad Laboratories, Utrecht, the 

Netherlands). Blots were blocked in blocking buffer consisting of 5% (w/v) not-fat milk 

(Campina, Friesland, The Netherlands) in Tris-Buffered Saline (TBS) with 0.1% (v/v) 
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Tween 20 for 1 hour. The blots were subsequently incubated with primary antibodies 

overnight at 4 oC. The primary antibodies used were rabbit anti-IRF-1 (#8478, Cell 

Signaling Technology, Leiden, The Netherlands), rabbit anti-IκBα (06-494, Upstate 

Biotechnologies, CA, USA), mouse anti-RIG-I (clone Alme-1, Enzo Life Science, 

Raamsdonksveer, The Netherlands), rabbit anti-MAVS (A300-782A, Bethyl Laboratories, 

Inc., Montgomery, TX 77356 USA), rabbit anti-E-selectin (sc-14011), rabbit anti-VCAM-1 

(sc-8304, Santa Cruz, Heidelberg, Germany), rabbit anti-ICAM-1 (sc-8439) and mouse 

anti-Actin (clone C4) (MAB1501, Merck Millipore, Darmstadt, Germany). After washing 

with TBS / 0.1% (v/v) Tween 20 for 15 min, blots were incubated for 1 hour at room 

temperature with horseradish peroxidase-conjugated goat anti-mouse or goat 

anti-rabbit secondary antibodies (Southern Biotech, Birmingham, Alabama, USA) diluted 

in blocking buffer. After washing, detection was performed using Luminata Forte 

Western horseradish peroxidase substrate (Merck-Millipore). Images were taken using a 

Geldoc XR system (Bio-Rad, Veenendaal, The Netherlands). Western blot bands were 

quantified by densitometry and the background was subtracted using Image Lab 

software version 5.2.1 (Bio-Rad). After the initial proteins of interest were detected, the 

blots were rinsed in TBS / 0.1% (v/v) Tween 20, and then incubated with PLUS Western 

Blot stripping buffer (#46430, Thermo Scientific, Rockford, USA) at RT for 30 min. The 

blots were subsequently washed with TBS / 0.1% (v/v) Tween 20 for 10 min. 

Subsequently, blots were blocked and incubated with the second set of primary and 

secondary antibodies, as described above. 

IRF-1 and NF-κB p65 nuclear translocation  

HUVEC were cultured on sterile glass coverslips (Menzel-Gläser, Braunschweig, 

Germany) and transfected with either scrambled, IRF-1, RIG-I or MAVS siRNA. 

Forty-eight hours after transfection, cells were stimulated with LPS in 0,9% NaCl 

(1μg/ml) for either 40 minutes or 4 hours. Cells were washed in cold PBS and fixed for 

20 min with 1% (v/v) formaldehyde in PBS on ice, followed by 0.25% (v/v) Triton X-100 

in PBS for 5 min at room temperature (RT). After washing, cells were blocked with 3% 

(w/v) BSA in PBS for 30 min at RT and then incubated with either rabbit anti-IRF-1 

antibody (#8478) or rabbit anti-p65 antibody (#D14E12, both from Cell Signaling 

Technology) diluted in washing buffer (PBS containing 0.5% (w/v) BSA and 0.05% (v/v) 

Tween 20) for 1 hour at RT. After washing, cells were incubated with Alexa 
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Fluor®555-conjugated donkey anti-rabbit secondary antibody (A-31572, Life 

Technologies, The Netherlands) for 45min at RT. The cells were again washed and 

mounted in Aqua/Polymount medium containing DAPI (1.5μg/ml) (Polysciences, 

Warrington, PA, USA). Fluorescence images were taken with a Leica DM/RXA 

fluorescence microscope equipped with a Leica DFC450C digital camera (Wetzlar, 

Germany) and Leica LAS V4.2 Image Overlay Software or using a Leica DM4000B 

fluorescence microscope equipped with a Leica DFC345FX digital camera (Leica 

Microsystems Ltd., Germany) and Leica LAS V4.5 image software. All images were taken 

with equal exposure times. 

Localization of IRF-1 in vivo 

Five-micrometer cryosections from snap-frozen mouse kidneys were fixed in acetone 

for 10 min. To detect IRF-1 and CD31, sections were incubated for 1 hour with primary 

rabbit anti-IRF-1 antibody (sc-640, Santa Cruz) or rabbit anti-IRF-1 antibody (#8478, 

Cell Signaling Technology), and rat anti-CD31 antibody (#550274, BD Pharmingen, San 

Diego, CA, USA) in PBS containing 5% (v/v) fetal calf serum (FCS). After washing, 

sections were incubated with donkey anti-rabbit antibody conjugated with Alexa 

Fluor®555-conjugated (A-31572), or goat anti-rat antibody conjugated with Alexa 

Fluor®488 (A-11006, both from Life Technologies) in 5% (v/v) FCS / 2%(v/v) normal 

mouse serum (Sanquin, Amsterdam, The Netherlands) in PBS for 45 min. After washing, 

sections were incubated with 70% ethanol containing 0.1% (w/v) Sudan Black B 

(Sigma-Aldrich) for 30min. Sections were mounted in Aqua/Polymount medium 

containing DAPI (1.5μg/ml) (Polysciences, Warrington, PA, USA). Staining isotype 

controls included rat IgG2a (CN220020, Antigenix America Inc, Huntington Station, NY, 

USA) and rabbit IgG-UNLB (0111-01, Southern Biotech, Birmingham, AL, USA). 

Non-specific secondary binding controls were performed as well. All control stainings 

were found to be devoid of staining (data not shown). Images were taken using a Leica 

DM 2000 fluorescence microscope (Leica Microsystems) equipped with a Nuance FX 

multi-spectral camera (Perkin Elmer, Groningen, The Netherlands). Image cubes were 

recorded using appropriate filters. Peak emission for Alexa Fluor 488 (CD31) was at 

550nm and for Alexa Fluor 555 (IRF-1) was at 610nm. Image cubes were unmixed using 

Nuance software (version 3.0.1). Briefly, image unmixing allows subtraction of 
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auto-fluorescence from and rendition of pure spectra in fluorescence photomicrographs, 

and thus crisp rendition of staining signal. 

Endothelial-leukocyte adhesion assay 

HUVEC monolayers were transfected with either IRF-1 or scrambled siRNA. 

Fourty-eight hours after transfection cells were treated with LPS (final conc. 1μg/ml) for 

4 hours. HL-60 leukocytes or THP-1 monocytic cells were labeled with Hoechst 33342 

(Life technologies) for 10min, washed and resuspended in RPMI/1% (v/v) FBS 

(Sigma-Aldrich). Viability of the labeled HL60 and THP-1 cells was assessed by 

examining the FACS forward/side scatter plots, and always >90%. The labeled HL60 or 

THP-1 cells were added to the HUVEC monolayers and incubated for 1 hour. After 

extensive washing, the supernatant containing non-adherent HL60 or THP-1 cells was 

removed and the endothelial cells plus adherent leukocytes or monocytes were 

trypsinized and resuspended in RPMI/1% (v/v) FBS. The number of adhering cells was 

determined by flow cytometry using a MACSQuant Analyser (Miltenyi Biotech, Leiden, 

The Netherlands) according to the manufacturer’s instructions. 

Quantification of cytokines IL-6 and IL-8 by ELISA 

IL-6 and IL-8 concentrations were determined in the supernatants of HUVEC using 

either IL-6 and IL-8 Duo-Sets (R&D Systems,Oxon, U.K.), or IL-6 and IL-8 MAXTM ELISA 

kits (Biolegend, San Diego, CA, USA), according to the manufacturer’s protocol. 

Statistical Analysis 

Statistical analysis of results was performed by a two-tailed unpaired Student's t-test, 

assuming equal variances to compare two replicate means, or by One-Way ANOVA 

followed by Bonferroni post-hoc correction to compare multiple replicate means. All 

statistical analyses were performed using GraphPad Prism Software v.7 (GraphPad 

Prism Software Inc., San Diego, CA, USA). Differences were considered significant when p 

< 0.05. 
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Results 

IRF-1 is upregulated in the renal microvasculature of LPS-treated mice  

To determine whether IRF-1 was regulated by LPS in vivo, we initially investigated 

whether IRF-1 was expressed in the kidneys of healthy and LPS-treated mice. We found 

low expression of IRF-1 in healthy mouse kidney, whereas LPS administration resulted 

in a rapid increase of IRF-1 mRNA and  protein levels in whole kidney tissue lysates  

(Figure 1A, B). Analysis of renal microvascular segments revealed that IRF-1 mRNA 

upregulation occurred in all three microvascular compartments of the mouse kidney in 

response to LPS (Figure.  1C). IRF-1 nuclear localization was found in glomerular cells, 

in arteriolar endothelial cells, and to a lesser extent in venules of LPS-treated mice 

(Figure 1D). The extent of endothelial nuclear IRF-1 localization, especially in glomeruli 

and arterioles, was more pronounced in mice that were treated with LPS and sacrificed 

at 4 hours after administration than in mice sacrificed at 8 hours after LPS 

administration (Supplementary Figure S1D, Supplementary Figure S2A). Additionally, 

IRF-1 nuclear localization was also found in some, but not all, tubular epithelial cells in 

LPS-treated mice (Supplementary Figure S2B), supporting earlier observations (18). We 

also found a temporal increase in IRF-1 mRNA levels in primary endothelial cells 

isolated from mouse kidney cortex and in vitro exposed to of LPS (Figure 1E). From 

these data, we conclude that IRF-1 is constitutively expressed in different renal 

microvascular compartments and tubular epithelial cells and that its expression is 

upregulated by LPS in all renal microvascular compartments. 
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Figure 1. IRF-1 is upregulated in the renal microvasculature of LPS-treated mice  

(A) Renal mRNA expression of IRF-1 in control and LPS challenged (0.5mg/kg i.p.) mice for the 

time points indicated. Bars represent the mean ± SD of 5 mice per group. (B) Representative 

immunoblot of IRF-1 protein levels that were determined in whole kidney extracts of control 

(vehicle treated) mice and mice challenged with LPS (1mg/kg, i.p.) and sacrificed after 4hr 
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respectively 8hr. Actin was used as a reference for protein loading. (C) mRNA expression levels of 

IRF-1 in renal microvascular compartments that were laser microdissected from kidneys of 

vehicle-treated (-) mice respectively mice sacrificed 4h after LPS administration (+). Bars 

represent the mean ± SD of 3 mice per group. (D) Immunofluorescence staining of endothelial 

marker CD31 (green), IRF-1 (red), and DAPI nuclear staining (blue) in the kidney of control mice 

(vehicle treated) and mice challenged with LPS (1mg/kg, i.p.) and sacrificed 4h later. All images 

were taken with equal exposure times. Original magnification 400x. (E) IRF-1 mRNA expression 

in primary mouse renal cortex endothelial cells stimulated with LPS (1μg/ml) or vehicle (control) 

for the indicated time periods. Bars represent the mean ± SD of 4 samples and is representative 

of two independent experiments. All mRNA expression levels were determined by RT-qPCR 

using GAPDH as housekeeping gene. Bars represent the mean ± SD. *, p< 0.05,  ***, p< 0.001. 

 

 

LPS induces IRF-1 upregulation and nuclear translocation in human endothelial 

cells 

Next, we investigated IRF-1 expression and nuclear localization in human umbilical vein 

endothelial cells (HUVEC). Similar to our observation in mouse kidney endothelial cells, 

we observed increased IRF-I mRNA and protein levels in HUVEC exposed to LPS (Figure 

2A, B, C). Examining the kinetics of IRF-1 nuclear translocation after LPS stimulation in 

HUVEC revealed that at 1 hour after LPS administration IRF-1 protein became visible in 

the cytoplasm and at 2h had started to translocate from the cytoplasm to the nucleus. 

Translocation reached a maximum at 4 hours after LPS administration and then 

diminished at 8 hours (Figure 2D, E).  
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Figure 2. LPS induces IRF-1 upregulation and nuclear translocation in human endothelial 

cells.  

(A) Kinetics of IRF-1 mRNA expression in HUVEC upon treatment with vehicle (control) or LPS 

for the indicated time periods as determined by RT-qPCR using GAPDH as housekeeping gene. 

Data are shown as mean ± SD of four samples from one experiment and is representative of three 

independent experiments. *, p< 0.05, ***, p< 0.001. (B) Whole cell lysates of HUVEC treated with 

vehicle (-) or LPS (1μg/ml) for the indicated time periods were subjected to immunoblot analysis. 

Actin was used as a reference for protein loading. The immunoblots shown are representative of 

blots from three independent experiments. (C) Densitometric analysis of IRF-1 protein bands as 

described in the ‘Materials and Methods’ section. Bars represent the mean ± SD of 3 independent 

experiments. *, p< 0.05, **, p< 0.01. (D) Immunofluorescence images (left) show staining of 

IRF-1 (red) and DAPI nuclear staining (blue) in HUVEC treated with vehicle or LPS at different 

time points. Data show representative images of three independent experiments. (E) The 

percentage of cells with IRF-1 localized in the nucleus was quantified, at least 350 cells from 

each sample were analyzed. All images were taken with equal exposure times, original 

magnification 400x. Bars represent the mean ± SD of three independent experiments. ****, p< 

0.0001. 
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IRF-1 regulates LPS-mediated VCAM-1 expression 

We proceeded to investigate whether there was a role for IRF-1 as a regulator of 

LPS-induced expression of endothelial adhesion molecules. siRNA-based IRF-1 

knockdown in HUVEC did not affect LPS-induced upregulation of the endothelial 

adhesion molecules E-selectin and ICAM-1, nor the induction of the inflammatory 

cytokines IL-6 and IL-8 (Figure 3A, B, and C). In contrast, the upregulation of VCAM-1 

was significantly reduced, although not completely inhibited, in the absence of IRF-1 

(Figure 3A, B, and C). The functional consequences of IRF-1 knockdown were studied by 

determining adhesion of HL60 leukocytic cells and THP-1 monocytic cells to activated 

HUVEC after LPS treatment. Despite reduced VCAM-1 expression in IRF-1 deficient cells, 

we found no effect on the number of HL60 or THP-1 cells adhering to LPS-stimulated 

HUVEC when compared to control cells (Figure 3D). These results therefore suggest a 

role for IRF-1 as a regulator of VCAM-1 induction in response to LPS treatment, without 

a concurrent effect on leukocyte adhesion to the endothelium under the conditions 

studied. 

RIG-I regulates VCAM-1 expression in part by controlling LPS-mediated induction 

of IRF-1  

Retinoic acid inducible gene-I (RIG-I) acts as an intracellular double stranded RNA 

(dsRNA) receptor together with its adaptor protein mitochondrial antiviral signaling 

(MAVS). IRF-1 was shown to regulate basal transcription, as well as dsRNA-mediated 

upregulation of RIG-I (24). Recent data from our laboratory showed that in endothelial 

cells, RIG-I is an intracellular receptor that regulates LPS-induced endothelial activation 

(13). Based on these findings we hypothesized that IRF-1 is an upstream regulator of 

RIG-I-mediated endothelial responses to LPS. Surprisingly, we found that the mRNA and 

protein levels of RIG-I were not affected in HUVEC lacking IRF-1 (Figure 4A, B, and C). In 

contrast, RIG-I knockdown partially inhibited LPS-mediated IRF-1 gene and protein 

expression (Figure 4A, B, and C). In addition, RIG-I knockdown inhibited LPS-mediated 

upregulation of VCAM-1 and E-selectin (Figure 4B, C), confirming previous findings (13), 

whereas IRF-1 knockdown only inhibited LPS-mediated VCAM-1 induction (Figure 3B, 

4B). From these findings it can be concluded that IRF-1 does not regulate LPS-driven 
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RIG-I expression. In contrast, RIG-I is an upstream regulator of LPS-driven IRF-1 

expression that specifically regulates VCAM-1 induction.  
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Figure 3. IRF-1 regulates LPS-mediated VCAM-1 expression.  

(A) Gene expression levels of IRF-1, E-selectin, VCAM-1, ICAM-1, IL-6, and IL-8 were determined 

by RT-qPCR in HUVEC transfected with scrambled (siScr) or IRF-1 (siIRF-1) specific siRNA and 

subsequently treated with vehicle (control) or LPS for 4 hours. GAPDH was used as the 

housekeeping gene. Bars represent mean ± SD of four samples from one experiment and is 

representative of three independent experiments. ***, p<0.001. (B) Whole cell lysates from siScr 

and siIRF-1 transfected HUVEC exposed to vehicle (-) or LPS for 4 hours were subjected to 

immunoblot analysis for IRF-1, VCAM-1, E-selectin and ICAM-1 protein expression using actin as 

a reference for protein loading. The immunoblots shown are representative of blots from three 

independent experiments. (C) Densitometric analysis of protein bands as described in the 

‘Materials and Methods’ section. Bars represent the mean ± SD of 3 independent experiments. 

****, p< 0.0001. (D) The percentage of HL60 (left) and THP-1 (right) cells that adhered to 

confluent monolayers of siScr and siIRF-1 transfected HUVEC treated with vehicle (control) or 

LPS for 4 hours. Bars represent mean ± SD of three samples from one experiment and is 

representative of three independent experiments. 
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Figure 4. RIG-I regulates VCAM-1 expression in part by controlling LPS-mediated 

induction of IRF-1.  

(A) RIG-I and IRF-1 mRNA levels were assessed by RT-qPCR in HUVEC transfected with siScr, 

siIRF-1, or siRIG-I and subsequently treated with vehicle (control) or LPS for 4 hours, using 

GAPDH as a housekeeping gene. Bars represent mean ± SD of four samples from one experiment 

and is representative of three independent experiments. ***, p<0.001. (B) RIG-I, IRF-1, VCAM-1, 

and E-selectin protein expression in whole cell lysates from siScr, siIRF-1 and siRIG-I transfected 

HUVEC after vehicle (control) or LPS treatment for 4 hours was assayed by western blot. Actin 

was used as a reference for protein loading. The western blots are representative of three 

independent experiments. (C) Densitometric analysis of IRF-1, VCAM-1, and E-selectin protein 

bands as described in the ‘Materials and Methods’ section. Bars represent the mean + SD of 3 

independent experiments. *, p< 0.05, ***, p< 0.001. 
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LPS-mediated nuclear translocation of IRF-1 is dependent on RIG-I 

We next investigated whether nuclear translocation of IRF-1 was dependent on RIG-I 

using RIG-I knockdown in HUVEC. Consistent with our previous results, IRF-1 

translocated to the nucleus within 4 hours of LPS activation in siScr treated cells. RIG-I 

knockdown effectively inhibited IRF-1 translocation upon LPS stimulation (Figure 5A, B), 

further corroborating that RIG-I functions as an upstream regulator of LPS-induced 

IRF-1 expression and nuclear localization.  

 

 

 

Figure 5. LPS-mediated nuclear translocation of IRF-1 is dependent on RIG-I.  

(A) Representative immunofluorescence images showing IRF-1 (red) and DAPI nuclear staining 

(blue) in HUVEC transfected with either siScr, siIRF-1, or siRIG-I and subjected to vehicle (-), 20 

minutes or 4 hours LPS. All images were taken with equal exposure times. Original magnification 

was 400x. (B) The percentage of nuclear IRF-1 was quantified by analyzing at least 250 cells 

from each sample. Bars represent mean ± SD and data are representative of three independent 

experiments. ***, p< 0.001.  
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LPS-mediated endothelial activation is regulated by a yet unknown mechanism in 

the absence of both IRF-1 and MAVS  

Recent findings from our laboratory showed that the RIG-I adaptor protein MAVS also 

regulates LPS-induced endothelial activation via the NF-κB signaling pathway (13). 

Knockdown of MAVS partially inhibited VCAM-1 expression (Figure 6A, B), confirming 

our previous findings (13). To investigate whether IRF-1 and MAVS are part of the same 

pathway or rather represent different LPS-controlled signaling pathways in endothelial 

cells, we knocked down IRF-1, MAVS, or IRF-1 and MAVS simultaneously, prior to LPS 

exposure. In IRF-1-deficient HUVEC, only LPS-mediated VCAM-1 induction was inhibited 

(Figure 6A). In contrast, in the absence of MAVS, the upregulation of the endothelial 

adhesion molecules E-selectin, VCAM-1, and the inflammatory cytokine IL-6, were all 

significantly inhibited (Figure 6A). Finally, in double knockdown cells, VCAM-1 

expression was inhibited to a similar level as in IRF-1 or MAVS-deficient conditions 

(Figure 6A). Since VCAM-1 induction in endothelial cells lacking both IRF-1 and MAVS 

was not additionally inhibited, IRF-1 and MAVS probably reside in the same signaling 

pathway. Unexpectedly, we found that E-selectin and IL-6 induction in IRF-1 and MAVS 

double knockdown cells was no longer inhibited when compared to MAVS-only deficient 

cells. Assessment of protein levels by western blot for E-selectin, VCAM-1, and by ELISA 

for cytokines IL-6 and IL-8 revealed similar results (Figure 6B, C). Using RT-qPCR we 

showed that TLR4 mRNA levels were 1.5 fold increased in the absence of either IRF-1 or 

MAVS, as well as in double IRF-1 and MAVS knockdown HUVEC, compared to control 

HUVEC (data not shown). From these findings we conclude that LPS-mediated 

endothelial activation is regulated by an as yet unknown mechanism in the absence of 

IRF-1 and MAVS.  
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Figure 6. In the absence of both IRF-1 and MAVS LPS-mediated endothelial activation is 

regulated by an unknown mechanism.  

(A) Gene expression levels of IRF-1, MAVS, E-selectin, VCAM-1 and IL-6 were assessed by 

RT-qPCR in HUVEC transfected with siScr, siMAVS, siIRF-1, or both siMAVS and siIRF-1, and 

treated with vehicle (control) or LPS for 4 hours, using GAPDH as housekeeping gene. Bars 

represent mean ± SD of four samples from one experiment, data are representative of three 

independent experiments. **, p< 0.01, ***, p<0.001. (B) E-selectin, MAVS, VCAM-1, and IRF-1 

protein expression in HUVEC transfected with siScr, siMAVS, siIRF-1, or double knockdown of 
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siMAVS and siIRF-1, after 4hr vehicle treatment (-) or LPS stimulation as assessed by 

immunoblotting of whole cell extracts. Actin was used as a reference for protein loading. The 

immunoblots depicted are representative of three independent experiments. *, p< 0.05, **, p< 

0.01. (C) IL-6 and IL-8 cytokine concentrations in the culture medium from siScr, siMAVS, siIRF-1, 

or siMAVS and siIRF-1 transfected HUVEC exposed to vehicle (control) or LPS for 4 hours were 

determined by ELISA. Bars represent mean ± SD of four samples from one experiment and is 

representative of three independent experiments. *, p< 0.05, ***, p<0.001. 

 

 

IRF-1 relays LPS-mediated pro-inflammatory signaling independent of NF-κB  

Several studies have shown that NF-κB activation plays a key role in the pathogenesis of 

sepsis (11). In addition, NF-κB it is a critical regulator of endothelial inflammatory 

responses, including VCAM-1 regulation (25). To address whether a possible connection 

exists between IRF-1 and NF-κB signaling in the regulation of VCAM-1, we examined 

whether NF-κB signaling was dependent on IRF-1. In LPS-treated siScrambled HUVEC 

IκBα levels were decreased, and the NF-κB p65 subunit translocated to the nucleus 

(Figure 7A, B, C, and D). IRF-1 depletion did not affect LPS-induced IκBα degradation or 

NF-κB p65 nuclear translocation (Figure 7A, B, C, and D). These observations indicate 

that IRF-1 regulates LPS-mediated VCAM-1 expression independent of NF-κB 

involvement. As previously reported, IκBα degradation and NF-κB p65 nuclear 

translocation were inhibited in MAVS-deficient endothelial cells ((13) and Figure 7A, B, 

C, and D). In contrast to MAVS single knockdown, we here show that in MAVS and IRF-1 

double knockdown HUVEC treated with LPS, IκBα was degraded, which was paralleled 

by NF-κB p65 nuclear translocation (Figure 7A, B). These results reveal that in the 

absence of both MAVS and IRF-1, an NF-κB-driven pathway mediates endothelial 

activation, and that the protective effect of MAVS deficiency on IκBα degradation and 

NF-κB translocation to the nucleus is lost in the absence of IRF-1.  
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Figure 7. IRF-1 relays LPS-mediated pro-inflammatory signaling independent of NF-κB.  

(A) Immunoblot analysis of MAVS, IRF-1, and IκBα protein levels in whole cell lysates from 

HUVEC transfected with different siRNAs and treated with vehicle (-) or LPS for 30min. Actin 

was used as a reference for protein loading. Representative immunoblots of three independent 

experiments are shown. (B) Densitometric analysis of protein bands as described in the 

‘Materials and Methods’ section. Bars represent the mean + SD of 3 independent experiments. (C) 
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HUVEC transfected with siScr, siIRF-1, siMAVS, or siMAVS and siIRF-1, and then treated with 

vehicle (-) or LPS for 40min were subjected to immunostaining for p65 (Rel A) protein (left). All 

images were taken with equal exposure times, original magnification 400x. (D) The percentage 

of nuclear NFκB p65 localization was quantified by analyzing at least 350 cells from each sample. 

Bars represent mean ± SD, data are representative of three independent experiments. *, p< 0.05, 

***, p< 0.001. 

 

Discussion 

Sepsis is a life-threatening condition caused by a dysregulated host response to infection 

and a leading cause of mortality in critically ill patients worldwide (3). The pathogenesis 

of sepsis is complicated and controlled by many different biological factors and 

regulatory mechanisms, of which the majority is still unknown. Microvascular 

endothelial changes leading to disturbances in blood flow, vascular leakage and 

exaggerated endothelial activation are known to promote organ failure in sepsis (1). As a 

consequence of this lack of understanding, targeted molecular interventions in sepsis 

have been unsuccessful. To find new potential microvascular targets in sepsis, the 

current study aimed to explore the role of IRF-1 in LPS-induced endothelial 

pro-inflammatory activation. Our findings reveal that IRF-1 is responsible for 

LPS-mediated VCAM-1 induction, but does not play a role in the regulation of E-selectin 

and ICAM-1, and the pro-inflammatory cytokines IL-6 and IL-8. Moreover, IRF-1 

regulates VCAM-1 induction by a mechanism independent of NF-κB. We previously 

found RIG-I to be an upstream regulator of IRF-1 transcriptional responses to LPS. Taken 

together, our data reveal that upon LPS stimulation, a presently undefined 

RIG-I-mediated, IRF-1-based, NFκB independent, pro-inflammatory pathway is activated, 

that specifically controls VCAM-1 expression.  

In this study, we identified a role for IRF-1 as a regulator of VCAM-1 induction by LPS. A 

role for endothelial IRF-1 as a regulator of TNF-α-mediated VCAM-1 induction in 

endothelial cells was reported before (20, 21). Our data reveal that IRF-1 is expressed in 

mouse renal endothelial and tubular epithelial cells, and that LPS can induce renal IRF-1 

expression in vivo. LPS-mediated IRF-1 induction occurred in all microvascular 

compartments. Wang et al reported similar findings in TNF-α-treated mice, where IRF-1 
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was found localized in the endothelium of the renal microvasculature and the aorta (21). 

The up- and downstream signaling pathways clearly differ between LPS and 

TNF-α-activated endothelial cells. In primary mouse endothelial cells, TNFR2 activation 

by TNF-α was shown to induce IFN-β signaling, thereby promoting monocyte 

recruitment through the induction of IRF-1 (20). In HUVEC, we found low expression 

levels of IFN-β and no significant increase in expression when stimulated with LPS (data 

not shown). Hence, LPS-mediated induction of IRF-1 is not a result of autocrine IFN-β 

expression.  

Previous work from our laboratory identified RIG-I and TLR4 as two independent 

receptors required for the regulation of endothelial activation in response to LPS (13). 

We hypothesized that IRF-1 would act as an upstream regulator of RIG-I-mediated 

endothelial responses to LPS, based on the observation reported previously that IRF-1 

regulated basal RIG-I expression and the dsRNA-mediated induction of RIG-I in human 

immortalized epithelial cells (24). Additionally, IRF-1 was required to mediate the 

induction of RIG-I by 25-hydroxycholesterol in HUVEC (26), and the ataxia-telangiectasia 

mutated (ATM)-IRF-1 signaling pathway regulated RIG-I mediated endothelial activation 

associated with endothelial senescence (27). However, our current data imply that in the 

case of LPS stimulation, RIG-I is an upstream regulator of IRF-1-mediated inflammatory 

responses. The regulation of endothelial RIG-I-IRF-1 signaling thus seems to depend on 

the nature of the activating stimuli and the concurrent signaling pathways activated.   

VCAM-1 induction by LPS was partly inhibited in IRF-1 deficient cells, while the 

expression of E-selectin, ICAM-1, IL-6 and IL-8 remained unaffected. Previous studies 

found that NF-κB is a main, but not solely responsible driver of endothelial activation. 

Other transcription factors are required to assemble with NF-κB to generate the 

transcriptional activating complexes needed for the induction of the expression of 

endothelial adhesion molecules (28). LPS was found to induce endothelial activation by 

the activity of several molecules such as NF-κB, activator protein 1 (AP-1), specificity 

protein 1 (SP-1), IRF-1, and GATA-2. However, unlike the VCAM-1 promoter which has 

functional binding sites for all of these transcription factors, no functional binding sites 

for IRF-1 were found in the E-selectin and ICAM-1 promoters (28-30). This may explain 

why we only observed an inhibitory effect of IRF-1 depletion on VCAM-1 induction upon 

exposure of HUVEC to LPS. Moreover, the fact that IRF-1 knockdown did not completely 
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inhibit LPS-mediated VCAM-1 expression may be due to additional unknown VCAM-1 

regulating pathways that are activated by LPS. 

Our results establish a role for IRF-1 as a regulator of VCAM-1 induction by LPS, which 

we show to be independent of NF-κB. Similar findings were observed by Dagia et al who 

found that TNF-α activation of endothelial cells results in IRF-1-mediated VCAM-1 

expression through binding of IRF-1 to the VCAM-1 promotor (30). Similarly, DeVerse et 

al showed that in cultured endothelial cells fluid shear stress signaling, synergistic with 

postprandial Triglyceride-rich lipoproteins, transcriptionally augments 

cytokine-induced VCAM-1 expression in an IRF-1-dependent manner (31). In addition, 

Warfel et al. reported that anthrax lethal toxin (LT) enhanced nuclear expression of 

endothelial IRF-1 and induced VCAM-1 expression. LT-mediated enhancement of 

TNF-α-induced VCAM-1 expression was found to be transcriptionally driven by the 

cooperation of both increased NF-κB and STAT1 activation, promoting IRF-1 expression, 

which then mediates VCAM-1 induction (32). Likewise, cytokine driven NF-κB binding to 

the binding motif of the VCAM-1 promoter was shown to enhance the binding of IRF-1 to 

its cognate site (28). Hence, our data and that of others suggest that depending on the 

activating stimuli, IRF-1 in combination with NF-κB mediates TNF-α-mediated induction 

of VCAM-1. 

In addition to these findings, leukocytic or monocytic cell adhesion to the LPS-activated 

endothelium was not disrupted by IRF-1 deficiency, despite diminished VCAM-1 

induction. This suggests that the residual VCAM-1 was still sufficient to allow leukocyte 

adhesion, and/or that other IRF-1-VCAM-1 independent factors, such as the non-affected 

E-selectin and cytokine expression, may be required for the regulation of leukocyte 

adhesion to the endothelium. Indeed, adhesion of HL-60 cells to the endothelium was 

found to be primarily driven by E-selectin upon TNF-α stimulation (33). Both this latter 

study and our study were performed under static conditions. Previous studies found 

monocyte adhesion to TNF-α-treated endothelium to be regulated by IRF-1-mediated 

VCAM-1 induction under flow conditions (20, 30, 31). In patients with septic shock, 

increased endothelial permeability and vasodilation result in a dramatic drop in blood 

flow rate in certain microvascular compartments such as the capillaries (6, 7, 9). Our 

findings under static conditions may suggest that inhibiting endothelial IRF-1 in patients 

with near-static blood flow may not result in an inhibitory effect on leukocyte adhesion 
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to the activated endothelium, despite reduced VCAM-1 expression levels. Nevertheless, 

future studies investigating whether IRF-1 also mediates leukocyte adhesion to 

LPS-activated endothelium under high and low flow conditions will provide important 

additional insights into these functional consequence matters of IRF-1 

blockade/absence. 

We hypothesized that MAVS and IRF-1 may be separate signaling pathways induced by 

LPS to regulate endothelial activation. Surprisingly, double knockdown of both IRF-1 and 

MAVS did not result in additional inhibition of VCAM-1 induction, suggesting that MAVS 

and IRF-1 reside in the same signaling pathway. In immune cells, peroxisomal MAVS was 

shown to activate IRF-1, leading to rapid expression of antiviral genes triggering an 

immediate, IFN-independent antiviral response (34). In endothelial cells, a similar 

pathway mediating IFN-independent endothelial activation by LPS likely exists. We also 

found that upregulation of E-selectin and IL-6 was not affected by both MAVS and IRF-1 

deficiency, suggesting that in the absence of both of these factors an as yet undefined 

NF-κB-driven pathway takes over to mediate induction of E-selectin and IL-6. 

Preliminary data on alternative signaling pathways becoming more or less activated in 

the absence of IRF-1 and MAVS identified altered MAPK and PI3K/AKT signaling (data 

not shown), which will be investigated in more detail in future studies using quantitative 

kinome profiling technology. These findings are important when considering IRF-1, 

MAVS or other mediators of endothelial activation as targets for therapeutic intervention 

in sepsis, since multiple redundant pathways are, amongst others, a cause of failed 

clinical trials directed at inhibiting a single factor or a selected part of the inflammatory 

pathway (35). 

In summary, we have identified an IRF-1 signaling pathway in endothelial cells which is 

activated by LPS and specifically regulates VCAM-1 induction by a mechanism that is 

independent of NF-κB. Moreover, we identified RIG-I to be an upstream regulator of 

IRF-1 mediated endothelial responses to LPS.  
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Supplementary Figure S1: 

 

Supplementary Figure S1. Transfection with Scrambled siRNA does not majorly activate 
endothelial cells.  

(A) mRNA levels of IRF-1, E-selectin, VCAM-1, ICAM-1, IL-6 and IL-8 was determined by 
RT-qPCR in HUVEC and HUVEC not transfected (control) or transfected with scrambled (siScr) 
siRNA and subsequently treated with vehicle (control) or LPS for 4 hours. GAPDH was used as 
the housekeeping gene. Bars represent mean ± SD of three samples from one representative 
experiment. (B) VCAM-1, E-selectin, ICAM-1 and IRF-1 protein expression in control HUVEC and 
HUVEC transfected with siScr, after 4hr vehicle treatment (-) or LPS stimulation as assessed by 
immunoblotting of whole cell extracts. Actin was used as a reference for protein loading. (C) 
E-selectin, VCAM-1 and ICAM-1 protein expression was determined by flow cytometry using 
anti-human E-selectin-PE, anti-human VCAM-1-APC, and anti-human ICAM-1-FITC (all from 
Biolegend) in control and siScr HUVEC in the absence or presence of 4h stimulation with LPS 
prior to analysis. The MFI was determined using a MACSQuant Flow Cytometer. (D) IL-6 and 
IL-8 cytokine concentrations in the culture medium from Control and siScr HUVEC exposed to 
vehicle (control) or LPS for 4 hours were determined by ELISA. Bars represent mean ± SD of 3 
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samples from one experiment and data are representative of two independent experiments. *, 
p< 0.05, **, p< 0.01, ***, p< 0.001. 

 

Supplementary Figure S2: 

 

Supplementary Figure 2: Localisation of IRF-1 in the endotoxemia kidney. 
Immunofluorescence staining of IRF-1 (red), CD31 (green) and DAPI nuclear staining (blue) in 
the kidney of control (vehicle treated) and mice challenged with LPS (1mg/kg i.p.) and sacrificed 
at (A) 8 hours and (B) 4 respectively 8 hours. All images were taken with equal exposure times. 
Original magnification 400x.   
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Abstract 

Sepsis is a host’s uncontrolled systemic response to an infection that results in tissue 

and organ damage. Due to the critical role of endothelial activation in sepsis mediated 

inflammatory responses and organ dysfunction, endothelial cells are nowadays 

recognized as an essential therapeutic target for treatment of sepsis. Protein kinases 

have been shown to engage in the pro-inflammatory responses in endothelial cells 

exposed to LPS. The aim of the current study was to investigate the nature and kinetics 

of activation of the protein tyrosine kinase signaling network in endothelial cells treated 

with LPS using kinase array technology. We demonstrated that a series of peptide 

substrates were phosphorylated by kinases in lysates from LPS treated endothelial cells, 

the phosphorylation profiles of the peptides being dependent on LPS exposure time. 

Based on the peptide phosphorylation profiles, several tyrosine kinases were identified 

as potentially activated in endothelial cells exposed to LPS. Three of the activated 

protein kinases, i.c., FAK1, ALK, and Axl, were chosen to further verify “on chip” and 

evaluate in pharmacological inhibition studies in HUVEC. We found that all three 

inhibitors, FAK inhibitor 14, Ceritinib, and BMS-777607, prominently reduced the 

induction of expression of adhesion molecules and pro-inflammatory cytokines in 

response to LPS stimulation. Summarizing, we show that a series of tyrosine protein 

kinases are activated in HUVEC treated with LPS, and that activation of kinases FAK1, 

ALK, and Axl are potential new targets for pharmacological inhibition to counteract LPS 

induced endothelial pro-inflammatory activation. 
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Introduction 

Sepsis is characterized by deleterious, non-resolving systemic inflammatory response 

triggered by bacterial infections, which impairs the host’s own tissues and leads to 

various degrees of organ damage (1). Clinically, sepsis is defined as a disease continuum 

from sepsis to severe sepsis, and septic shock following the increase in mortality (2). 

Based on data from the last decade, it is estimated that globally 31.5 million sepsis 

patients and 19.4 million severe sepsis patients present, of which around 5.3 million die 

from sepsis each year (3). In addition, sepsis patients who survive the sepsis trauma still 

have a high risk of death in the next few months or years (4). Understanding the 

pathophysiology of sepsis and sepsis associated organ dysfunction will help us to 

identify potential intervention strategies to reduce sepsis-related mortality.  

The vascular endothelium, as a barrier between the circulating blood and the tissues, is 

actively involved in regulating coagulation, controlling vasomotor tone, and modulating 

vascular permeability (5). The endothelium is also highly active in sensing and 

responding to the alterations in blood flow and local microenvironment induced stress, 

thereby modulating the function of the vessel wall (6). Activated endothelial cells (ECs) 

especially in the microvasculature are known to contribute to sepsis induced organ 

dysfunction, because of exaggerated endothelial inflammatory activation and loss of 

endothelial barrier integrity (7). Based on the critical role of endothelium in the 

pathophysiology of organ failure, we propose that it is an important therapeutic target.  

Lipopolysaccharide (LPS) is the primary component in the outer membrane of 

Gram-negative bacteria and one of the key mediators in the development of sepsis that 

gives rise to activation of endothelial cells (8). It activates protein kinase signaling 

pathways that are involved in the regulation of endothelial inflammatory responses. 

Three mitogen-activated protein kinase (MAPK) subfamilies, including ERK1/2, p38, and 

JNK, have been shown to contribute to LPS triggered endothelial inflammatory 

activation in HUVEC. Inhibition of ERK1/2 and p38 activation functionally reduced 

LPS-induced adhesion molecule expression in the activated endothelial cells (9). 

Furthermore, PI3K/Akt signaling was shown to attenuate LPS-mediated acute 

inflammatory responses in endotoxemia and sepsis in mice (10). In contrast, activation 

of adenosine monophosphate-activated protein kinase (AMPK) reduced circulating 
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cytokines and endothelial activation, thereby preventing sepsis associated renal damage 

(11). Thus, protein kinases and related signaling pathways play an important role in the 

disturbed endothelial responses in the pathogenesis of sepsis.  

In this study, we aim to investigate the nature and kinetics of tyrosine protein kinase 

activation in endothelial cells due to LPS stimulation. To do this, we used PamGene's 

microarray technology for kinase activity profiling to discover protein kinases that are 

involved in LPS induced endothelial activation. Potentially activated kinases identified 

based on the peptide phosphorylation profiles obtained were tested on chip and in in 

vitro cell culture inhibition studies (off chip) to validate our initial findings. In the 

discussion paragraph suggestions for further experiments are provided. 

 

Materials and methods 

Reagents 

Focal adhesion kinase 1 (FAK1) inhibitor FAK inhibitor 14 (1,2,4,5-Benzenetetraamine 

tetrahydrochloride, Catalog No. 305065) was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). ALK receptor tyrosine kinase (ALK) inhibitor Ceritinib (LDK378, 

2,4-Pyrimidinediamine, 

5-chloro-N4-[2-[(1-methylethyl)sulfonyl]phenyl]-N2-[5-methyl-2-(1-methylethoxy)-4-(

4-piperidinyl)phenyl], Catalog No. S7083) and AXL receptor tyrosine kinase (AXL) 

inhibitor BMS-777607 

(N-(4-(2-amino-3-chloropyridin-4-yloxy)-3-fluorophenyl)-4-ethoxy-1-(4-fluorophenyl)-

2-oxo-1,2-dihydropyridine-3-carboxamide, Catalog No. S1561) were purchased from 

Selleck Chemicals (Houston, Texas, USA). FAK inhibitor 14 was dissolved in water, while 

Ceritinib and BMS-777607 were dissolved in DMSO to obtain a 10 mM inhibitor stock. 

The stock was diluted in dimethyl sulfoxide (DMSO) or culture medium before use. 

Endothelial cell culture and treatment with inhibitors 

Human umbilical vein endothelial cells (HUVEC) were purchased from Lonza (Breda, 

The Netherlands) and grown on cell culture plates (Costar, Corning, New York, USA) by 

the Endothelial Cell Facility of UMCG. Endothelial cells were cultured in EBM-2 medium 

supplemented with EGM-2 MV SingleQuot Kit Supplements & Growth Factors (Lonza, 
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The Netherlands) and maintained in a humidified incubator at 37 °C and containing 5% 

CO2. For all experiments, passage 5 or 6 HUVEC were grown to confluency before 

treatment. Endothelial cells were stimulated with LPS at 1μg/ml (E.coli, serotype 

O26:B6, Sigma-Aldrich) for different time periods. 

HUVEC were pre-incubated with FAK inhibitor FAK inhibitor 14 (FAK14), ALK inhibitor 

Ceritinib, and Axl inhibitor BMS-777607 at 10μM for 30min, with DMSO 1% (v/v) as the 

vehicle control, and then treated with LPS for 2hrs.  Next, cells were harvested for gene 

expression analysis. To determine the concentration dependent effects of the FAK 

inhibitor, HUVEC were pretreated with FAK14 at 0, 1, 2, 4, 7, and 10 μM for for 30min, 

and then challenged with LPS for 2h. Cells were subsequently harvested for gene 

expression analysis. 

Lysate preparation for kinase arrays 

After treatment, cell lysates were prepared for the kinase arrays. The medium was 

removed and the cells washed twice with ice cold phosphate buffered saline (PBS). After 

washing, 130 μL of ice cold mammalian protein extraction reagent (M-Per; Thermo 

Scientific, Rockford, IL, USA) supplemented with Halt Phosphatase Inhibitor Cocktail and 

Halt Protease inhibitor Cocktail (both diluted 1:100, Thermo Scientific) was added per 1 

x 105 cells (per well of 6-well-plate). Cells were scraped from the bottom of the dishes 

and incubated on ice for 15min. The lysates were then centrifuged at maximum speed 

for 15min at 4 °C. After centrifugation, the supernatants were transferred to Eppendorf 

tubes and stored immediately at - 80 °C. Protein concentrations were determined using 

the Coomassie Plus (Bradford) Assay Kit (Pierce Chemical, Dallas, Texas, USA). We 

repeated this experiment with three separate endothelial cell isolates to obtain three 

biological replicates.  

RNA isolation and gene expression assessed by reverse transcription-quantitative 

PCR (RT-qPCR) 

For gene expression analysis, endothelial cells were lysed using RLT buffer with 1% 

β-Mercaptoethanol, and total RNA isolated using the RNeasy Mini plus Kit (Qiagen) 

according to the manufacturer’s instructions. The purity and concentration of RNA was 

determined using a NanoDrop® ND-1000 UV-Vis spectrophotometer (NanoDrop 

Technologies, Rockland, USA). All samples showed high RNA purity. cDNA was 
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synthesized and qPCR performed using  Assay-on-Demand primers as described 

previously (12). The Assay-on-Demand primers for qPCR included housekeeping gene 

GAPDH (assay ID Hs99999905_m1), CD31 (Platelet endothelial cell adhesion molecule, 

PECAM-1, assay ID Hs00169777_m1), E-selectin (assay ID Hs00174057_m1), ICAM-1 

(assay ID Hs00164932_m1), VCAM-1 (assay ID Hs00365486_m1), IL-6 (assay ID 

Hs00174131_m1), and IL-8 (assay ID Hs00174103_m1). qPCR was performed for each 

sample and the obtained threshold cycle values (CT) were averaged from duplicate runs 

for each sample. Gene expression was normalized to the expression of housekeeping 

gene GAPDH, resulting in the ∆CT value. The average mRNA levels relative to GAPDH 

were calculated by 2-∆CT. 

Tyrosine kinase activity profiling 

Tyrosine kinase activity profiling of endothelial cell lysates was performed using the 

Protein Tyrosine Kinase (PTK) PamChip 4 array on the fully automated PamStation 12 

(PamGene International, ‘s-Hertogenbosch, The Netherlands) using Evolve12 Software 

as previously described (13). An overview of PamGene array technology and the 

PamStation is shown in figure 1. Briefly, the PamChip 4 array was first blocked with 2% 

Bovine Serum Albumin (BSA) from the kit commercially obtained from PamGene. 

Meanwhile, five microgram of protein sample was diluted to 0.5 μg/μL in M-Per buffer 

with protease and phosphatase inhibitors to obtain a 10 μL sample. Thirty microliter of 

basic mix was subsequently prepared using the kinase reaction buffers from the PTK 

reagent kit (PamGene) according to the standard protocol. The composition of the 

reagent kit was 10 × protein kinase (PK) buffer, 400 mM ATP, 10 × BSA solution, 

Dithiotreitol (DTT), 10 × PTK additive and FITC-labeled antibody PY20. The 10 μL 

samples were added to 30 μL of basic mix just before application to the arrays to obtain 

a 40 μL assay mix, which was used for the kinase activity assay per array of the PamChip 

4 arrays. After blocking, the assay mix (40 μL) was subsequently loaded onto the 

PamChip arrays. During the run, the assay mix was pumped up and down through the 

pores within the array, enabling repeated peptide phosphorylation. The substrate 

phosphorylation was monitored and images taken using a CCD camera. At the end of the 

incubation, the arrays were washed and images taken at different exposure times (50, 

100, and 200 ms). 
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For on-chip drug inhibition experiments, FAK inhibitor 14 (FAK14) (at 166, 500, and 

1500 nM), Ceritinib (at 16, 50, and 150 nM), and BMS-777607 (at 83, 250, and 750 nM), 

as well as DMSO (vehicle control) were spiked into the assay mix. After adding the 

inhibitors, ATP was added and the mix was pipetted onto the PamChip 4 arrays. The 

concentration of DMSO was 2% (v/v) in inhibitor samples, DMSO was added at 2% (v/v) 

to all of the control samples, and the final concentration of ATP was 100 μM. All other 

sample and reagent concentrations and experimental procedures were the same as 

described above. 

In order to reduce the variation between chips and runs, PamChip 4 arrays from the 

same production batch were used in our study. The same 30min LPS treated samples 

were assayed in more than one run to assess the variations between experimental runs. 

Due to the large variation in analytical replicates between the combination of different 

experimental runs and biological replicates, two samples (20min and 120min LPS 

exposure) were excluded from further statistical analysis and upstream kinase analysis. 

Data analysis and statistics  

The analysis of the kinase array data was conducted using Bionavigator software 

(version 6.3, PamGene). The software evaluates the CCD camera image qualities and 

calculates the signal intensity of each spot, by subtracting the local background around 

each spot. The signal intensity after subtraction of local background was 

log2-transformed via specific algorithms in the software and named log signal and used 

for further analysis. A spot with poor signal or poor kinetic reaction was detected in the 

step of PTK kinetic QC (see Figure 2) and was removed before analysis. Heatmaps of log 

signal were shown in different colors according to signal intensity (basal kinase activity 

profiles) or log change from control (inhibition profiles). For analysis of the drug 

inhibition assays, the log-fold change (LFC) was calculated for each peptide and obtained 

from log2-transformed ratio of the signal intensities between inhibitor treated and 

control samples. The peptide intensity differences between different conditions were 

analyzed using one-way analysis of variance (ANOVA) comparison, with cut off (p-value 

< 0.05) is used. The corresponding proposed upstream protein kinases responsible for 

activated peptides on the PTK arrays were identified using the software PTK Upstream 

Kinase Analysis 86402 (PamGene). These kinases were mapped onto a kinase 

phylogenetic tree using the KinMap Web-based tool (http://kinhub.org/kinmap/).   



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 132PDF page: 132PDF page: 132PDF page: 132

Chapter 5 

132 
 

For gene expression analysis, one-way ANOVA followed by Bonferroni post-hoc analysis 

was used to compare multiple conditions. Statistical analyses were performed using 

GraphPad Prism Software v.7.03 (GraphPad Prism Software Inc., San Diego, CA, USA). A 

p-value < 0.05 was considered to be significant. 

 

Results 

PamGene kinase activity profiling data acquisition technology and experimental 

setup 

The first part of this study was performed using PamGene microarray technology, which 

consists of PamChip arrays, a workstation (PamStation), and BioNavigator for data 

analysis and interpretation. The PTK PamChip 4 arrays were developed based on the 

tyrosine-containing peptide sequences that represent phosphorylation sites of the 

tyrosine kinome. This PamChip 4 array contains 196 different peptides immobilized to a 

porous membrane which allows flow-through of the sample and reaction mixture. Each 

peptide consists of a 15-amino acid sequence and corresponds to a known or putative 

phosphorylation site that acts as a tyrosine kinase substrate (Figure 1A). When the 

sample and reaction mixture are pumped through the array material, the kinases have 

the opportunity to recognize and phosphorylate their substrates, and a kinase reaction 

occurs in the aluminum oxide pores. Each round of pumping leads to further peptide 

phosphorylation, and via a fluorescently labeled anti-phospho-tyrosine antibody, a CCD 

camera in the PamStation 12 will detect the reaction and take images in a real time 

manner during the assay (14) (Figure 1A). 

To study the endothelial kinase activity profile after LPS treatment, we treated human 

umbilical vein endothelial cells (HUVEC) with LPS for 0, 5, 10, 15, 20, 30, and 45min, and 

1h, 2h, and 4h. Cell lysates were harvested using M-Per special buffer following the 

standard protocol from PamGene. Three different HUVEC isolates were used to obtain 

data from three biological replicates (Figure 1B). Protein loading is important for 

kinomic analysis. Based on our pilot studies and knowledge from PamGene, 5 μg protein 

per assay was chosen as the optimal amount to perform the kinase study. The cell 

lysates were run on the PamStation 12 using the experimental setup and layout of the 
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array for the kinase run shown in Figure 1C. When the images from the PamStation 12 

were sharp and of good quality (Figure 1C), they were used for further kinase activity 

analysis. 

 

Figure 1. Overview of PamGene kinase activity profiling technology and experimental 

setup 
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(A) Schematic description of PamGene microarray technology. Samples are added to the 

PamChip 4 arrays, one sample per array, and processed in the fully automated workstation 

PamStation 12. One array contains 196 spots; each spot has a highly porous ceramic membrane 

with one peptide substrate that is immobilised to the porous material. After applying the sample 

mix to the arrays, the phosphorylation of peptides start, and the sample mix is repeatedly 

pumped up and down through the pores to enable maximal peptide phosphorylation. The 

detection of tyrosine kinase activity (right) is based on the fluorescently labeled antibodies and a 

camera that takes images of each array. See more details in Materials and Methods. 

(B) Experimental design to study the complex of kinase activity patterns in LPS treated HUVEC. 

HUVEC were treated with LPS for 0, 5, 10, 15, 20, 30, 45min, 1h, 2h or 4h. Cell lysates were 

harvested and then run on the PamChip 4 protein tyrosine kinase (PTK) arrays according to the 

protocol from PamGene. 

(C) The pictures show the array setup and raw images captured on the PamStation 12 from one 

representative experiment. The left picture is the sample layout performed on the PamStation 

12 and shows the 10 samples from one experiment and two other samples with different colors 

that are from different experiments as positive controls. The right picture shows images from 

the PamStation 12 assay, the white dots indicate the signal intensity of the reaction of one 

particular peptide. 

 

Data analysis using BioNavigator workflow 

The images of the raw signal intensities obtained from the PamStation 12 were analyzed 

using the BioNavigator workflow (Figure 2). This software first evaluates and quantifies 

the images. During the PamStation run, the workstation measures the fluorescent signal 

every 5 cycles for 60 cycles in the pre-wash step to check the real-time kinetics. Thus, 

the signal is expected to increase when the cycle number increases. When the signal is 

not increased, the particular peptide is regarded as a bad peptide and excluded from 

further analysis by BioNavigator in the step of PTK kinetic QC (Figure 2). The data 

analysis workflow can produce visual heatmaps of signal intensity for different peptides 

from different experimental conditions, and generate maps of peptides significantly 

phosphorylated after LPS treatment using statistical analysis. In addition, upstream 

kinases can be predicted from phosphorylated peptide signatures using the Upstream 

Kinase Analysis app in this BioNavigator workflow. 
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Figure 2. Data analysis using BioNavigator workflows 

The flow chart shows how the images of raw data from the PamStation 12 generate final results 

and figures of the results via sequential steps. The data analysis workflow consists of evaluation 

and quantification of raw images, sample annotations, quality control and exclusion of bad 

reactions, statistical analysis between different conditions, data transformation and 

visualization, as well as upstream kinase prediction. All of these functions are performed using 

the BioNavigator software. See Materials and Methods for more details. *, figure 3B and 3C are 

generated from this step; #, figure 3A is generated from this step; &, figure 4 is generated from 

this step. Abbreviations: CV, coefficient of variation; QC: Quality Controls; PTK: protein tyrosine 

kinase. 
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Phosphorylation profiles of peptides after treatment of HUVEC with LPS  

The kinase phosphorylation profiles of all 10 cell lysates of one of the three biological 

replicate experiments were visualized in a heatmap (Figure 3A). The heatmap shows the 

log transformed signal intensity of 155 peptides that passed initial screening. The 

peptides were sorted by signal intensities, from high phosphorylation signal intensity 

(red) to low signal intensity (dark blue). From the heatmap we can conclude that similar 

peptides across the samples showed different signal intensities of phosphorylation. 

After treatment of HUVEC with LPS for 5, 15, 30, 45, 60, 120, and 240min, the overall 

signal intensities were obviously higher than those of the control sample, while the 

signals of peptides in the 20min LPS treated sample was similar to those in control 

sample. 

The intra-experimental technical variability was examined in a pilot experiment using 3 

chips with 12 arrays in one experimental run, which showed high technical 

reproducibility (data not shown). The reproducibility of biological replicates of different 

experimental conditions was also calculated using the coefficient of variation (CV) value. 

CV is the ratio of the standard deviation to the mean signal intensity. Due to high CV 

values (>30%), 20min and 120min LPS treated samples were excluded from further 

analysis. The statistical analysis of the peptide phosphorylation patterns of LPS 

treatment samples compared to the control sample was performed using ANOVA Post 

hoc test on the 3 biological replicates and the obtained data were visualized in the ratio 

heatmap (Figure 3B) and a volcano plot view (Figure 3C). From the heatmap, it can be 

seen that most peptides are significantly phosphorylated upon LPS activation of HUVEC 

and the activation profiles are different between samples with different LPS incubation 

periods (Figure 3B). The volcano plot revealed that a lot of peptides had a significant 

increase in phosphorylation as a consequence of LPS stimulation. More phosphorylated 

peptides were observed in endothelial cells treated with LPS for 15, 45, and 240min 

than in those treated with LPS for 10 and 60min (Figure 3C). This kinase-mediated 

phosphorylation of peptides indicated that LPS exposure induced kinase activation in 

endothelial cells with different kinetics of activation. 
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Figure 3. The phosphorylation profiles of peptides after treatment of HUVEC with LPS for 

different time periods 

(A) Heatmap of signal intensities of phosphorylated peptides in the experiment of HUVEC 

treated with LPS for 0, 5, 10, 15, 20, 30, 45min, 1h, 2hrs or 4hrs. The rows represent peptides 

sorted from high phosphorylation signal intensity (red) to low signal intensity (dark blue). One 

data set of the protein tyrosine kinase (PTK) PamChip 4 is shown here and is representative of 3 

independent biological replicate experiments. 

(B) The map of the log-ratio of the signal intensity in LPS treatment samples compared to the 

control sample. Peptides are sorted from highly significant effect (p < 0.05, -log10 (p-value) >1.3, 
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red color) by LPS treatment relative to control, to no significant difference (black). The peptides 

here are grouped in the same clusters (1,2, and 3) as shown on the y-axis. Abbreviations: MT v C, 

Multiple Treatments versus Control. 

(C) Volcano plots showing the results of LPS-treated samples versus the control samples. 

Peptides show a significant increase in phosphorylation upon LPS treatment relative to control 

when p < 0.05 or –log10 (p-value) >1.3. Log FC>0 means the intensity of a signal is higher 

compared to control. Red color means –log10 (p-value) >1.3 (significant increase), gray means 

equal to 1.3, and black less than 1.3. Abbreviations: MT v C, Multiple Treatments versus Control; 

FC: Fold change. 

 

Identification of upstream kinase that are likely activated upon LPS activation of 

endothelial cells 

The upstream kinases that are responsible for phosphorylating peptides on the PTK 

arrays can be identified using PTM databases such as HPRD, PhosphoSitePlus and 

PhosphoNET. PhosphoNET with in-silico predictions contains a large number of 

predicted kinases that are unknown from literature (15). Based on these databases, the 

putative upstream kinases for the phosphorylated peptides were obtained and mapped 

to the kinome phylogenetic tree (Figure 4). The values of the normalized kinase statistic 

above 0 indicate activation. The phylogenetic tree displays the upstream protein kinases 

that were activated after LPS treatment. We found a large number of tyrosine kinases 

that were activated upon LPS incubation, yet the specificity of these kinases was 

different. Some subfamilies of tyrosine kinases were obviously activated, while some 

subfamilies were not affected by LPS exposure. Based on the upstream kinase analysis, a 

ranking of activated kinases between different time points compared to the control was 

obtained (data not shown) and three interested kinases from the top 25 ranking kinases 

were chosen for further inhibition studies. These three kinases are Focal adhesion 

kinase 1 (FAK1), ALK receptor tyrosine kinase (ALK), and AXL receptor tyrosine kinase 

(AXL), also indicated in the phylogenetic tree in Figure 4.  

 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 140PDF page: 140PDF page: 140PDF page: 140

Chapter 5 

140 
 

 

Figure 4. Identification of upstream kinase that are possibly activated upon LPS activation 

of endothelial cells   

The map shows an upstream kinase analysis examples created by comparing the peptide 

phosphorylation patterns of LPS treated endothelial cells to those of non-treated cells (3 

biological replicates per condition). Results are mapped to a kinome phylogenetic tree using the 

KinMap Web Service, only the tyrosine kinase (TK) branch is shown. The size of the circles 

correlates with the specificity score of the corresponding kinases, colors indicate the normalized 

significant score: a red color means these kinases have a high signal compared to control 

condition (stimulation). The kinases selected for further pharmacological inhibition experiments 

are illustrated with arrows. The specificity score refers to the specificity of the Normalized 

Kinase Statistic (NKS) in terms of the set of peptides used for the corresponding kinase: NKS 

means the overall change of the peptide set that represents a kinase. The higher the score the 

less likely it is that the observed NKS is obtained from a random set of peptides.  
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On chip inhibition profiles of the three selected inhibitors on peptide 

phosphorylation status of LPS treated HUVEC samples 

To verify the activation of these three kinases, on-chip inhibitor spiking was done prior 

to running the arrays on PamStation 12. Thirty minutes LPS treated endothelial cell 

lysates were spiked with FAK1 inhibitor FAK14, ALK inhibitor Ceritinib, and Axl 

inhibitor BMS-777607, at three different concentrations, DMSO was added as vehicle 

control. These lysates were subsequently run on three PamChip 4 arrays. The visualized 

heatmaps for the fold change in phosphorylated signal intensities between inhibitor 

treated samples and DMSO treated samples are shown in Figure 5A. FAK14 did not have 

obvious inhibition effects for most activated peptides at the three concentrations used. A 

clear concentration-dependent inhibitory effect of inhibitors Ceritinib and BMS-777607 

was revealed in these heatmaps. 150 nM Ceritinib and 250 nM BMS-777607 markedly 

inhibited more than half of the global kinase signaling, while 750 nM BMS-777607 

inhibited the phosphorylation of the majority of peptides (Figure 5A).  

The peptide phosphorylation inhibition data of 500 nM FAK14, 150 nM Ceritinib and 

250 nM BMS-777607 were further subjected to upstream kinase analysis. The putative 

protein kinases were top-ranked by the software and shown in the kinase score plots 

(Figure 5B, C and D). From the three plots we found that the FAK inhibitor 14 at this 

concentration did not show a suppressive effect on FAK kinase, while Ceritinib and 

BMS-777607 indeed inhibited the activation of their target kinases. Besides inhibiting 

their own targets, also inhibited the activation of other kinases (Figure 5B, C and D). The 

kinase effect profiles of the three inhibitors were also visualized using a kinome 

phylogenetic tree assessment (Figure S1). 
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Figure 5: On chip peptide phosphorylation inhibition profiles of three selected inhibitors  

(A) Heatmap of on chip inhibition using the three chosen inhibitors illustrating the changes of 

phosphorylated peptide intensity by treatment of cell lysates versus DMSO treated cell lysates. 

FAK inhibitor 14 (FAK14) (at 166, 500, and 1500 nM), Ceritinib (at 16, 50, and 150 nM), and 

BMS-777607 (at 83, 250, and 750 nM), as well as DMSO (vehicle control, same final 2% (v/v) 

was used for the inhibitors) was spiked-in with the lysates of LPS treated endothelial cells, and 

then run on PamChip 4 PTK arrays. Rows are sorted from strong inhibition ratio (blue) to low 
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inhibition ratio (red). The peptides are not in the same order in the heatmap for each inhibitor 

treatment.  

(B, C, D) These plots illustrate the upstream kinases ranked by the final score (median score) of 

each kinase obtained from the upstream kinase analysis of the on-chip inhibition experiment. In 

this experiment, the differences between cell lysates treated with 500 nM FAK inhibitor 14 (B), 

150 nM Ceritinib (C) or 250 nM BMS-777607 (D) versus DMSO were analyzed. The normalized 

kinase statistic is shown in the X-axis, and values <0 indicate inhibition compared to DMSO 

control. The color of the points represents the specificity score from the kinase analysis. The size 

of the points indicates the peptide set size used for analysis. Boxes show our three selected 

target kinases. Normalized Kinase Statistic (NKS) means the overall change of the peptide set 

that represent a kinase. Specificity score means the specificity of NKS in terms of the set of 

peptides used for the corresponding kinase: the higher the score the less likely it is that the 

observed NKS is obtained from a random set of peptides. 

 

Effects of the three inhibitors on pro-inflammatory gene expression in LPS 

challenged HUVEC 

In addition to the on chip inhibition studies, we determined the molecular consequences 

of the three inhibitors on endothelial activation by analyzing the expression of 

pro-inflammatory molecules in endothelial cells. We pre-incubated HUVEC with FAK14, 

Ceritinib, and BMS-777607 at 10 μM for 30min, and then treated the cells with LPS for 

2h. CD31 expression was unaffected by all three inhibitors (Figure 6A), while they 

significantly inhibited LPS induced E-selectin, VCAM-1, ICAM-1, IL-6 and IL-8 expression. 

After incubation with FAK14, the expression of endothelial adhesion molecules 

E-selectin, VCAM-1, ICAM-1 remained at basal levels. After Ceritinib incubation, the 

induction of E-selectin and VCAM-1 was reduced to 10% compared to LPS stimulated 

cells, the induction of ICAM-1, IL-6 and IL-8 reached around one third, while after 

BMS-777607 treatment, the induction of the pro-inflammatory molecules remained 

around 40-75% of those of LPS exposed cells (Figure 6A). These data indicate that all 

three inhibitors have anti-inflammatory effects on LPS challenged endothelial cells. 

To investigate whether the FAK inhibitor had an effect on endothelial activation in a 

concentration-dependent manner, HUVEC were incubated with FAK14 at different 

concentrations for 30min, and then treated with LPS for 2h. The results revealed that 
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FAK14 exhibited inhibitory effects on the induction of pro-inflammatory molecules in a 

concentration-dependent manner, while it did not have any effects on CD31 expression 

(Figure 6B). 
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Figure 6. Effects of the three inhibitors on pro-inflammatory gene expression in LPS 

challenged HUVEC 

(A) HUVEC were pre-incubated with FAK inhibitor FAK14, ALK inhibitor Ceritinib, and Axl 

inhibitor BMS-777607 at 10μM for 30min, with DMSO as the vehicle control. Cells were 

subsequently treated with LPS for 2hrs and then harvested for gene expression analysis. Gene 

expression levels of CD31, E-selectin, VCAM-1, ICAM-1, IL-6 and IL-8 were assessed by RT-qPCR, 

using GAPDH as the house keeping gene. Bars represent the mean ± SD of 3 samples from one 

experiment and data are representative of 2 independent experiments. * p<0.05, *** p < 0.001, 

**** p < 0.0001. 

(B) HUVEC were pre-incubated with FAK14 at indicated concentrations for 30min, and then 

treated with LPS for 2hrs. Gene expression levels of CD31, E-selectin, VCAM-1, ICAM-1, IL-6 and 

IL-8 were assessed by RT-qPCR, using GAPDH as the house keeping gene. Dots represent the 

mean ± SD of 3 samples from one experiment and data are representative of 2 independent 

experiments. * p<0.05. 
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Discussion 

Sepsis is caused by uncontrolled host response to a systemic infection that leads to 

organ failure and results in a life-threatening clinical syndrome (2). To study organ 

failure in sepsis in animal and human sepsis models, LPS is ip or iv administered. LPS is 

the main structural component of the outer membrane of gram negative bacteria and a 

critical mediator in the pathogenesis of  gram negative sepsis, among others because of 

endothelial pro-inflammatory activation. The microvascular endothelium is actively 

engaged in regulating inflammatory responses in sepsis and has critical roles in the 

pathogenesis of sepsis associated organ dysfunction (7). Thus, studying the molecular 

control of LPS mediated endothelial activation will help us to find potential new 

molecular targets and design new anti-inflammatory strategies to diminish organ failure 

in sepsis. In the present study, we investigated the nature and kinetics of activation of 

protein kinases in LPS treated endothelial cells using kinase array technology. We 

observed that many peptides in the protein kinase arrays were significantly 

phosphorylated by lysates obtained from endothelial cells exposed to LPS and that 

different LPS incubation periods led to different peptide phosphorylation profiles. 

Fifteen, 45, and 240min LPS stimulation resulted in more phosphorylated peptides than 

10 and 60min LPS exposure. Three upstream protein kinases were identified as being 

activated in endothelial cells upon LPS challenge, which we could partly validate by on 

chip drug based inhibition studies. These showed that ALK inhibitor Ceritinib, and Axl 

inhibitor BMS-777607 had clear inhibition effects on the activation of their target 

kinases ALK and Axl. In addition, we demonstrated that all three inhibitors, i.c., FAK 

inhibitor 14 (FAK14), and Ceritinib, and BMS-777607 significantly inhibited LPS induced 

expression of pro-inflammatory molecules E-selectin, VCAM-1, ICAM-1, IL-6, and IL-8. 

Taken together, our findings reveal that upon LPS stimulation, a complex series of 

tyrosine protein kinases is activated in endothelial cells, and that the inhibition of 

activation of FAK1, ALK, and Axl exhibit important anti-inflammatory effects by blocking 

LPS mediated signaling of endothelial cells.  

In this study, we concluded that LPS stimulation of endothelial cells induced broad 

kinase activation based on peptide phosphorylation profiles obtained by tyrosine kinase 

chip arrays. Different periods of LPS treatment resulted in different kinase activation 

profiles. The changes in kinetics of the peptide phosphorylation are noteworthy, as some 
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peptides were activated within 5min after the start of LPS stimulation, while less 

peptides were activated at 10min after start, and after 15min, there were again more 

phosphorylated peptides than after 5min (Figure 2B). Possibly, peptide activation at 

5min is due to TLR4 receptor signaling following LPS binding to LPS-binding protein 

(LBP) to form LPS-LBP complex, which will recruit the receptor of 

TIR-domain-containing adaptors (16). During this process, receptor tyrosine kinases are 

activated, as represented by peptide phosphorylation at an early time point (5min). The 

LPS-LBP complex possibly also binds to other trans-membrane kinase receptors and 

induce their activation at an early time. On the other hand, LPS-LBP complex can become 

internalized by scavenger receptors or TLR4 receptors, as a consequence of which 

myeloid differentiation primary-response protein 88 (MyD88) signaling and other 

signaling pathways will be activated, which then might trigger the activation of 

additional downstream kinase signaling cascades (17). This process may explain why 

somewhat later in time more phosphorylated peptides are observed in the array. 

Activation of the kinases is a rapid process that changes within minutes and as is their 

dephosphorylation by phosphatases while the signal is passed onto downstream 

molecules. That different kinases are activated at different time points was shown in a 

previous study in HUVEC, in which 15min LPS stimulation led to the activation of p38, 

ERK1/2, and JNK. The peak level of ERK1/2 activation occurred at 30min, and those of 

p38 and JNK at 60min after LPS treatment (9). Furthermore, we observed that more 

kinase activity was present in 240min LPS treated endothelial cells. The long exposure 

to LPS possibly induced the release of pro-inflammatory cytokines by the cells, such as 

IL-6 and IL-32, which in turn stimulate kinase activation by their own receptor initiated 

signaling (18, 19). 

In the current study, we demonstrated that FAK1 inhibitor FAK inhibitor 14, ALK 

inhibitor Ceritinib, and Axl inhibitor BMS-777607 have prominent inhibition effects on 

the induction of adhesion molecules (E-selectin, VCAM-1, ICAM-1) and 

pro-inflammatory cytokines (IL-6 and IL-8) expression in LPS treated endothelial cells. 

This corroborates a previous study, showing that FAK1 can trigger inflammatory 

responses in pulmonary microvascular endothelial cells (20). Another study reported 

that in endotoxemic Wistar rats, LPS injection induced FAK1 activation in myocardial 

tissue that then got involved in cardiac remodeling and cardiac function damage in heart 

(21). In addition, bacterial stimuli via toll-like receptors (TLRs), TNFα, and IL-6 can 
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induce FAK1 phosphorylation in murine macrophages or human fibroblast-like 

synoviocytes (22). ALK was shown to interact with epidermal growth factor receptor to 

induce the activation of downstream NF-κB and interferon regulatory factor 3 (IRF3) 

pathways, thereby inducing inflammatory responses in monocytes and microphages 

(23). In addition, Axl receptor tyrosine kinase is involved in a series of cellular processes, 

including cell survival, proliferation, migration, inflammation, and angiogenesis via 

regulating downstream signaling of PI3K/Akt, MAPK/ERK (24, 25). A recent study 

showed that the activation of Axl limited neuroinflammation by inhibiting the 

TLR/TRAF/NF-κB pathway after middle cerebral artery occlusion in rats (26). The 

majority of the above publications investigated the role of these three kinases in 

inflammation pathways in different cell types and in animals. Whether the molecular 

pathways in these latter studies were also active in endothelial cell signaling in the 

models used, is not known. 

To strengthen the findings of the current study, we need to perform additional 

experiments. First, cell culture kinase assay experiments are in progress, in which we 

treat cells with the inhibitors at three concentrations, then stimulate them with LPS for 

30min, and subsequently run the cell lysates on the arrays. The aim of these 

experiments is to investigate the effects of the inhibitors on the activation of the 

identified kinases in cell culture, allowing us to compare the data of on chip and off chip 

(in vitro cell culture) inhibitor assays to study similarities and differences. Second, we 

need to conduct cell viability analysis as high concentrations of these drugs affected the 

morphology of cells, and concentration–effect studies for Ceritinib and BMS-777607 to 

determine their pharmacological potential for further studies. Third, experiments with 

inhibitors will have to be performed to validate their effects at the protein level, i.c., 

expression of adhesion molecules by flow cytometry and ELISA for the secretion of 

pro-inflammatory cytokines.  The gene and protein expression levels will further 

strengthen our view on the potential role of three inhibitors for pharmacological use to 

prevent endothelial inflammatory activation. Similar kinase network studies to 

investigate the role of TNF-α on endothelial kinase activation will be performed using 

protein tyrosine kinase arrays, as TNF-α is significantly upregulated in patients with 

sepsis and in septic animals (27). Lastly, LPS and TNF-α mediated kinase activation will 

be determined using serine/threonine kinase arrays to reveal the identity and kinetics 
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of kinase activation downstream of the protein tyrosine kinases during endothelial 

inflammatory responses. 

In the on chip inhibition studies, we did not observe inhibition effects of FAK inhibitor 

14 at the three concentrations used (Figure 5), while in in vitro cell culture experiments, 

we saw a concentration dependent inhibition of LPS mediated induction of 

pro-inflammatory molecules (Figure 6). Possibly this is due to the fact that the 

concentrations used in chip were too low to inhibit the phosphorylation of peptides. In 

the on chip inhibition assay, we also found that one inhibitor can inhibit more than one 

protein kinase, not only the target one. For example, Axl inhibitor BMS-777607 did not 

only inhibit Axl activation, but also inhibited the activation of FAK1 and ALK (Figure 5D). 

No link between Axl and FAK1 has been found yet. Since the kinase signaling network is 

quite complex, maybe the kinases downstream of Axl influence the activation of kinase 

FAK1. A recently published article showed that AXL activation and 

epithelial-mesenchymal transition was important in overcoming ALK-positive non-small 

cell lung cancer (28). This study implies that there is a (direct or indirect) relationship 

between Axl and ALK in cancer, a connection that may also exist in endothelial cells.  

Here we describe the analysis of kinase activity profiles of endothelial cells using kinome 

array technology for LPS mediated activation studies to identify and validate targets that 

may have functions in endothelial activation. One advantage of the PamChip 4 protein 

tyrosine kinase arrays is their robustness and the required amount of protein is small, 

only around 5 μg proteins. This is different from other proteomics technologies, for 

which much larger amounts of protein is needed (several milligrams) (29). Another 

advantage is that the inside of the arrays consists of porous membrane structures, which 

provide a large surface area for peptide phosphorylation compared to flat arrays, and 

the continuous flow of assay mixture allows the measurement of the peptide activation 

profiles in a more sensitive and accurate way (30). The major limitation of this kinomic 

technology is the limited kinase specificity, as most of the protein kinases can 

phosphorylate more than one peptide substrate. The peptides in the arrays can be 

phosphorylated by different tyrosine kinases in the cell lysates, thus we do not know 

how each kinase exactly contributed to the phosphorylation signal of a particular 

peptide. However, using specific inhibitors the hypothesis regarding active kinases can 
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be tested in on chip inhibition analysis and eventually in endothelial cells in culture. 

Other putative activated kinases will be investigated in future studies. 

In summary, we demonstrated that LPS challenge of endothelial cells activates multiple 

kinases that are actively involved in pro-inflammatory gene expression control in 

HUVEC. Three candidate kinases FAK1, ALK, and AXL could significantly inhibit these 

endothelial inflammatory responses. In our future work, additional experiments will 

have to be performed to explore in more detail the molecular and pharmacological 

importance of these activated protein kinases and their functional effects in endothelial 

cell activation induced by LPS and in the pathogenesis of sepsis. 
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Supplementary Figure S1: On chip peptide phosphorylation inhibition by the three 

selected inhibitors  

The maps illustrate the upstream kinase analysis that comparies cell lysates treated with 500 

nM FAK inhibitor FAK14 (A), ALK inhibitor 150 nM Ceritinib (B), or Axl inhibitor 250 nM 

BMS-777607 (C) to cell lysates treated with DMSO (Control). Results are mapped to a kinome 

phylogenetic tree using the KinMap Web Service, only the TK branch is shown. The size of the 

circles correlates with the specificity score of the corresponding kinases, colors indicate the 

normalized significant score (green means more specific of inhibition). Blue arrows show kinase 

FAK1, ALK and Axl, among them ALK and Axl were inhibited after treatment with their 

corresponding inhibitors. 
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Summary 

Patients suffering from hemorrhagic shock and septic shock often develop multiple 

organ failure (MOF), which is a cause of high morbidity and mortality in critically ill 

patients treated in the ICU. Among the damaged organs, the kidney is particularly 

vulnerable and when kidney function fails in shock patients mortality is increased. The 

precise reason for organ dysfunction is not known. Many processes and especially 

systemic inflammatory responses are involved in the development of multiple organ 

failure (1). A thorough and deeper understanding of the pathogenesis of shock 

associated MOF will enable us to uncover new targets for effective pharmacological 

strategies to reduce shock related mortality.  

As described in Chapter 1, endothelial cells (ECs) actively engage in a variety of 

physiological activities, including controlling vasomotor tone, coagulation hemostasis, 

leukocyte trafficking, and regulating vascular permeability. Exposure to 

pro-inflammatory stimuli leads to activation of ECs. Activated ECs initiate a multistep 

cascade by recruiting circulating leukocytes into the inflamed tissue via the production 

of endothelial adhesion molecules and pro-inflammatory cytokines. Due to the critical 

role of endothelium in the pathophysiology of organ failure (2), we propose that it is an 

important target for the treatment of shock.  

The molecular components, morphology and function of endothelium in the vasculature 

are heterogenous. This heterogeneity results in specific responses of microvascular 

segments to the shock insult. The research described in this thesis aimed to further 

unravel the molecular mechanisms of endothelial pro-inflammatory activation during 

the development of shock and explore potential therapeutic targets for future treatment 

of shock induced organ failure, with focus on acute kidney injury (AKI). We investigated 

the effects of different pharmacological interventions on microvascular endothelial 

inflammatory responses in mice during hemorrhagic shock and resuscitation (HS/R). In 

addition, we explored the molecular mechanisms involved in LPS-induced inflammatory 

activation in endothelial cells, which will help us to understand the endothelial behavior 

in sepsis. 
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As briefly introduced in Chapter 1, one of the most common posttranslational 

modifications in cells is nuclear histone acetylation regulated by histone 

acetyltransferase (HAT) and histone deacetylase (HDAC). HS/R can disturb the cellular 

homeostasis of histone acetylation via increasing the activity of HDAC, thereby 

influencing gene expression. In addition, endothelial pro-inflammatory activation is, 

among others, regulated by NF-κB signaling during the process of HS/R. In Chapter 2, 

we investigated microvascular endothelial behavior in mice subjected to HS/R and the 

effect of drug interventions with HDAC inhibitor valproic acid (VPA) and NF-κB 

signaling inhibitor BAY11-7082, respectively, on endothelial pro-inflammatory 

activation in these HS/R mice and in HUVEC (in vitro). We found that both VPA and 

BAY11-7082 inhibited pro-inflammatory activation of endothelial cells in vitro. In the 

HS/R mouse model, mice were subjected to fixed-pressure hemorrhage by blood 

withdrawal to a mean arterial pressure of 30mmHg. After 90min of HS, subgroups of 

mice were resuscitated with fluid infusion in the absence or presence of VPA or 

BAY11-7082. Mice were then sacrificed at 1 hour or 4 hours after resuscitation. HS/R 

significantly enhanced the levels of the pro-inflammatory cytokines TNFα and IL-6 in 

plasma and markedly upregulated the mRNA expression of multiple endothelial 

adhesion molecules and pro-inflammatory cytokines in kidneys, lungs, and liver. HS/R 

also resulted in higher levels of circulating NGAL and increased NGAL mRNA level in 

kidneys as a marker of acute kidney injury (AKI). HS/R thus induced systemic and local 

inflammatory responses in different organs in mice. In addition, AKI occurred during 

this process. HS/R mice showed a decrease in histone acetylation in kidneys compared 

to healthy control mice, while HDAC inhibition remarkably restored this decreased 

histone acetylation level. Although gene expression of some cytokines and adhesion 

molecules was reduced in multiple organs, HDAC inhibition and blockade of NF-κB 

during resuscitation did not extensively inhibit HS/R inflicted inflammatory activation 

of the endothelium in kidneys, lungs and liver. Immunohistochemical staining showed 

that VPA and BAY11-7082 treatment diminished the expression of E-selectin and 

VCAM-1 protein in the microvascular endothelium in kidneys and liver and suppressed 

leukocyte adhesion and influx in these two organs after resuscitation. We thus 

concluded that HDAC inhibition and NF-κB blockade during resuscitation alleviated 

HS/R induced microvascular endothelial inflammatory activation in mice. These findings 

cannot be directly translated to HS patients, as for this translation more studies need to 
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be performed in large animal models, as large animals possess physiological responses, 

which are more similar to those in humans. Furthermore, we should investigate whether 

HDACs and NF-κB signaling are altered in HS patients. Until we have generated this in 

depth knowledge, drug interventions with HDAC inhibitor valproic acid (VPA) and 

NF-κB signaling inhibitor BAY11-7082 cannot be trialed in patients as therapeutic 

targets for the treatment of HS-associated organ failure.  

Based on our findings described in chapter 2, we concluded that in our mouse model of 

HS/R the kidney is severely affected by HS/R. We hypothesized that the different 

microvascular segments in the kidney would respond differently to HS/R mediated 

activation and drug intervention considering that functional heterogeneity of ECs 

resides in the renal microvasculature. Thus, in Chapter 3, we explored how different 

microvascular segments in the kidney, i.c., arterioles, glomeruli, and postcapillary 

venules, responded to HS/R and what the consequences of NF-κB inhibition with 

BAY11-7082 on these responses were. To do this, we laser microdissected the 

microvascular segments from mouse HS/R kidney cryosections prior to gene expression 

analysis. A first finding was that in control mice vascular stability related molecules 

Ang-1, Ang-2, VEGF, and VEGFR2, as well as adhesion molecules VCAM-1 and ICAM-1 

were differentially expressed in arterioles, glomeruli and venules. At the same time, the 

expression of the endothelial adhesion molecules P-selectin, E-selectin, and the 

pro-inflammatory cytokines were hardly detectable or even absent in these 

microvessels. In response to HS and resuscitation, the expression of Tie2 and VEGFR2 

was significantly decreased in glomeruli, while Ang-2 mRNA was markedly enhanced in 

this microvascular bed. HS and HS/R also strongly upregulated pro-inflammatory 

molecules including adhesion molecules, IL-1β, IL-6, GRO1, and MCP-1, and the 

intracellular signaling molecule IRF-1. For these molecules the most prominent change 

occurred in glomeruli and postcapillary venules. Blockade of NF-κB partly ameliorated 

HS/R induced endothelial pro-inflammatory responses and affected the different 

microvascular segments in the kidney to various extents. We also demonstrated that 

during the HS period significant nuclear translocation of NF-κB p65 had already 

occurred. This may explain why blockade of this pathway by BAY11-7082 during 

resuscitation only partially counteracted the microvascular inflammatory activation. 
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Summarizing, although HS/R induced endothelial activation in all three microvascular 

segments in the kidney, glomerular and venular ECs were more responsive to HS/R and 

drug intervention than ECs in arterioles.   

LPS is one of the mediators in the pathogenesis of gram negative sepsis. LPS-induced 

endothelial activation manifests as endothelial inflammatory responses and loss of 

endothelial barrier integrity, both processes contribute to sepsis associated organ 

failure. Our group previously described RNA helicase enzyme RIG-I as an important 

regulator of LPS-mediated endothelial inflammatory activation that is distinct from the 

classical Toll like receptor 4 (TLR4) pattern recognition receptor pathway. In addition, 

Interferon regulatory factor 1 (IRF-1), a member of the interferon (IFN) transcription 

factor family, was shown to control the expression of endothelial pro-inflammatory 

molecules in vitro and in vivo (3, 4). In Chapter 4, we examined whether IRF-1 has a 

function in controlling endothelial cell responses to LPS stimulation, and investigated 

the signaling pathway involved. We found that in mouse kidney, IRF-1 is expressed in 

healthy conditions in arterioles, glomeruli, and venules, and that it is upregulated in all 

three microvessels in mice upon LPS exposure. A similar upregulation and nuclear 

translocation induced by LPS was found in vitro in HUVEC. In vitro, IRF-1 knockdown 

significantly inhibited LPS-mediated VCAM-1 upregulation. In contrast, IRF-1 deficiency 

did not influence the induction of E-selectin and ICAM-1, nor IL-6 and IL-8, in response 

to LPS. Furthermore, RIG-I knockdown diminished LPS-induced IRF-1 expression and 

nuclear translocation in HUVEC. In both RIG-I adapter mitochondrial antiviral signaling 

protein (MAVS) and IRF-1-deficient HUVEC LPS induced endothelial activation was 

mediated by a, so far unknown, mechanism. Our findings furthermore revealed that 

IRF-1 regulated VCAM-1 induction downstream of LPS activation is independent of 

NF-κB signaling. Taken together, IRF-1 signaling is another pro-inflammatory pathway 

in endothelium that responds to LPS activation, and that specifically activates VCAM-1 

expression. RIG-I is an upstream regulator of IRF-1-mediated endothelial inflammatory 

responses, and IRF-1 acts independent of NF-κB.  
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Protein kinases contribute to LPS-induced inflammatory responses in endothelial cells 

and in endotoxemic mice (5, 6). There is a large number of kinases and substrates, and 

their activation as part of intracellular signaling pathways is complex. To better 

understand kinase activation patterns and signaling pathways involved in endothelial 

cells exposed to LPS, in Chapter 5, we investigated the nature and kinetics of activation 

of protein tyrosine kinases in HUVEC. Using kinase array technology we identified 

kinases that engage in these initial endothelial pro-inflammatory responses. Three of 

them, Focal adhesion kinase 1 (FAK1), ALK receptor tyrosine kinase (ALK), and AXL 

receptor tyrosine kinase (AXL), were chosen for further pharmacological inhibition 

studies. These experiments showed that all three inhibitors could inhibit LPS mediated 

endothelial inflammatory activation in HUVEC. Future research will focus on further 

validating these kinases and inhibitory drugs in vitro and in vivo for their ability to 

diminish MOF in HS/R and sepsis. 

Conclusions 

In this thesis I aimed to explore the responses of the vasculature in different organs 

during shock conditions and to drug treatment. First, HS/R and the influences of 

therapeutic intervention on different organs in mice were investigated. Then, in the 

kidney I zoomed in on the different microvascular structures, i.c., arterioles, glomeruli 

and venules, to study basic endothelial behavior, effects of HS/R and specific drug 

treatment on the microvasculature that were masked when analyzing whole organs. 

Next, we performed in vitro studies to unravel the molecular signaling pathways of 

endothelial activation in response to inflammatory activators LPS. We demonstrated in 

mouse kidney that endothelium in glomeruli and venules displayed the most 

pronounced inflammatory responses to HS/R and NF-κB inhibition compared to 

arteriolar endothelium. NF-κB its usefulness as a target for treatment of microvascular 

endothelial activation in HS/R may be limited as this molecular pathway already 

becomes activated in the HS phase. Furthermore, we observed in endothelial cells in 

culture (HUVEC) that intracellular RIG-I is a regulator of IRF-1 mediated endothelial 

inflammatory responses to LPS stimulation, and that IRF-1 mainly controls VCAM-1 

expression and possibly plays a role in the pathophysiology of sepsis. RIG-I and/or IRF-1 
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as well as several other here revealed kinase pathways could be useful new targets for 

therapeutic strategies to influence endothelial behavior and to reduce sepsis-associated 

organ dysfunction in the future. In the next section of this chapter, I will put some of 

these outcomes in perspective with regard to opportunities and limitations, and how 

future studies may assist in furthering this research to identify and evaluate therapeutic 

targets for treatment of critically ill patients. 

Future perspectives 

Endothelial cell studies in vitro should ideally be performed under flow 

conditions 

Endothelial cell (EC) cultures have been widely used for the study of vascular 

endothelial behavior, especially in research about endothelial responsiveness to 

inflammation (7). In healthy conditions, ECs lining the luminal side of blood vessels are 

exposed and adapted to blood flow produced shear stress, while most in vitro 

endothelial studies and my in vitro experiments in this thesis were performed under 

static conditions. The nature and magnitude of shear stress generated by hemodynamic 

forces contribute to modulating the structure and function of vascular endothelium, 

thereby regulating endothelial behavior (8). ECs translate the mechanical forces into 

biochemical signals via mechanotransducers, which activate intracellular signaling that 

leads to the expression of a series of genes that play an important role in endothelial 

physiology and pathophysiology (9, 10). This may explain why the expression of some 

genes drift when culturing ECs under static condition compared to expression in an in 

vivo microenvironment (11). Previous studies in our group showed that exposure to 

laminar shear stress can significantly upregulate the expression of KLF2 and Tie2, which 

showed low level expression when ECs were cultured in static dishes (12). Hence, 

creating a more natural environment for endothelial cells in culture is needed to 

optimize our in vitro studies to better predict what happens in the whole organism. In 

recent years, performing EC studies under shear stress conditions has added new 

insights in vascular endothelial functions (13-15).  
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In chapter 4 of this thesis, we found an IRF-1-mediated endothelial pro-inflammatory 

pathway that mainly controls LPS-induced VCAM-1 expression. IRF-1 deficiency 

diminished VCAM-1 upregulation in response to LPS, which did not result in functional 

consequences on in vitro leukocyte adhesion to the endothelium. This in vitro study was 

performed under static conditions. Increased endothelial permeability and vasodilation 

may reduce blood flow rate in some microvascular segments of sepsis patients (2). In 

order to achieve more accurate translation from in vitro study to the critically-ill sepsis 

patient, expanding our current studies done under static conditions to low, mid, and 

high shear stress conditions is necessary. Hence, future studies exploring functional 

effects of RIG-I and/or IRF-1 absence on LPS-induced leukocyte adhesion to 

endothelium under different flow conditions may give us knowledge of RIG-I-IRF-1 

signaling in endothelial activation which better reflects the in vivo situations. 

Shear stress was shown to regulate the activities of kinases and influence the 

phosphorylation of some signaling proteins, including the mitogen-activated protein 

kinases ERK and JNK, and the proteins in focal adhesion sites, i.c., c-Src and focal 

adhesion kinase (FAK) (10, 16). In chapter 5, we identified several candidate kinases 

that were involved in LPS-mediated endothelial pro-inflammatory responses, and one of 

them is FAK, which regulated the expression of pro-inflammatory molecules in LPS 

treated ECs. A previous study has shown that FAK plays a critical role in shear stress 

mediated signaling pathways, including the inflammatory signaling under shear stress 

(17). Therefore, it will be interesting to further investigate the role of FAK in endothelial 

inflammatory activation under normal and disturbed flow conditions. Furthermore, 

future in vitro investigations on LPS induced kinase activities and signaling pathways 

should be expanded to conditions under shear stress to gain a better understanding of 

endothelial behavior and to mimic more in vivo-like conditions. 

The reason why I did not use a flow system for my studies is that the procedure for the 

flow system is labor intense and complex, and for kinase array analysis it was not easy 

to lyse cells from ibidi slides using the special kinase buffer. Thus, we first performed 

our studies under static conditions to investigate some basic molecular mechanisms. In 

recent years, the ever-improving flow system technology has allowed many researchers 

to perform experiments under flow, albeit, with some technical problems. However, I am 

convinced that these technical problems will be overcome in the near future. 
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Optimization of in vivo studies  

Many animal studies have been applied to explore the pathophysiological process in the 

development of shock and to investigate potential therapeutic strategies for the 

critically ill. Numerous medical therapies have shown effective treatment consequences 

in preclinical animal models of shock and sepsis but have failed to be effective in human 

clinical trials (18). Possibly, this is because animals are relatively young and without 

comorbidity, and the responses of animals to shock are different due to species 

differences (19). Animal models that are a good representative of the patient's condition 

are extremely useful as they can speed up the therapeutic translation. The critical point 

of a valuable animal model is its ability to recapitulate the complexity of human diseases 

and the patient's treatment in the hospital (20, 21). Due to the complexity of sepsis that 

it is often accompanied by other comorbidities such as other initial injuries and previous 

existing diseases, no animal sepsis model is perfect. Therefore, complex animal models 

with pre-existing disease or injuries and then subjected to sepsis may be more suitable 

for understanding the pathogenesis of sepsis in humans and designing intervention 

strategies. Older people are more likely to suffer from sepsis, and people more than 65 

years old have a 13-fold higher chance of developing sepsis (22). Aged mice, 18 months 

or more and subjected to sepsis conditions can be a better pre-clinical model for elderly 

patients with sepsis. In addition, the standard therapy procedures, including fluid 

resuscitation and antibiotics, for patients in the ICU need to be applied in in vivo studies 

to better mimic the clinical situation. 

In this thesis, a hemorrhagic shock (HS) model in mice was applied to explore systemic 

inflammatory responses in HS/resuscitation (HS/R) and the effects of drug intervention. 

Using this model, we obtained valuable results to understand the molecular basis of 

HS/R induced microvascular endothelial inflammatory responses. One important 

observation was that the NF-κB signaling pathway already became activated during the 

HS phase, and that treatment with NF-κB inhibitor BAY11-7082 during resuscitation to 

block this pathway cannot fully inhibit p65 nuclear translocation. Hence, BAY11-7082 

treatment only partially diminished endothelial activation. More studies are needed to 

investigate whether pre-inhibition of NF-κB before HS occurs or during large surgery 

can effectively inhibit HS-associated inflammation and organ damage. Future studies can 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 166PDF page: 166PDF page: 166PDF page: 166

Chapter 6 

166 

be performed in the HS/R mouse model to optimize the drug intervention time frame. 

This should include treatment with BAY11-7082 at the start of HS phase. Such studies 

will provide us with a better understanding of the therapeutic options of NF-κB 

inhibition for HS-induced endothelial inflammation. 

In our in vitro studies I demonstrated that intercellular RIG-I is a regulator of 

IRF-1-mediated endothelial pro-inflammatory responses to LPS. Future studies 

investigating the role of RIG-I-IRF-1 signaling in mediating LPS-stimulated endothelial 

activation should be conducted in vivo, to provide further insights into the functional 

consequences of this pathway in the pathogenesis of sepsis and sepsis related organ 

dysfunction. For this, developing inducible homozygous RIG-I-/- and IRF-1-/- knockout 

mice is necessary. Currently an endothelial specific, inducible Tie2-/- mouse has been 

created in our research group, which is based on the Cre-lox system (23) (Zwiers et.al., 

unpublished). The expression of Cre recombinase in this model is driven by an 

endothelial specific promoter and can be activated by tamoxifen injection at any time 

after birth (24). Endothelial specific inducible RIG-I-/- and IRF-1-/- knockout mice can be 

developed using this method, and then these mice can be subjected to sepsis. As 

described in Chapter 1, several sepsis models are available for this: the LPS-induced 

endotoxemia model, the cecal ligation and puncture (CLP) model, and bacterial infection 

models. For example, in LPS-induced endotoxemia in transgenic mice, we can explore 

the role of RIG-I-IRF-1 signaling in the pathogenesis of sepsis and investigate whether 

RIG-I and IRF-1 represent new helpful intervention targets for treatment of 

sepsis-related organ dysfunction. 

Investigating kinase signaling complexity for shock treatment 

As described in Chapter 1 and based on the knowledge obtained from this thesis, 

microvascular endothelial inflammatory responses occur during both HS/R and 

endotoxemia. Since ECs are actively involved in the pathophysiology of shock, they are 

crucial therapeutic targets for the treatment of shock. HS and subsequent resuscitation 

can activate endothelial inflammation and coagulation pathways, increase oxidative 

stress and apoptosis, and lead to mitochondrial dysfunction, tissue hypoxia, and finally 

to organ failure or death (25, 26). Even though no clinically effective drugs have been 
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proven to interfere with the inflammatory response, endothelial inflammatory pathways 

are intervention targets under study for the treatment of HS/R-induced organ injury. In 

our study, treatment with BAY11-7082 during resuscitation to block the NF-κB 

inflammatory pathway displayed anti-inflammatory effects in mice. Thus, BAY11-7082 

could be a useful drug to block shock associated microvascular activation. Before 

treating patients with drugs targeting the NF-κB pathway, more pre-clinical studies need 

to be conducted to get full knowledge about its effectiveness and toxic side effects.  

In addition to the NF-κB pathway, recently, two publications have shown that in rats 

protein kinases (Bruton's tyrosine kinase, JNK, and p38MAPK) were activated during HS 

and that inhibition of the activation of these kinases attenuated HS/R associated organ 

failure (27, 28). In addition, adenosine monophosphate-activated protein kinase 

engaged in regulating sepsis induced inflammatory responses and organ injury in mice 

(29). Using kinase array technology I found that in HUVEC, LPS induced the activation of 

a large number of protein kinases. Subsequent experiments revealed that inhibitors of 

FAK, Axl, and ALK could inhibit LPS induced endothelial inflammatory activation. For 

future studies, I suggest to use PamGene’s multiplex Kinomics platform as a tool to 

identify novel signaling pathways and biomarkers for further translation toward clinical 

studies and effective drug development. Using this technology, we can obtain a profile of 

the multiple kinases that are active in shock mice. Differences in kinase activities 

between control and shock mice are revealed by studying which peptides on PamChip 

arrays are showing increased phosphorylation and which kinase signaling pathways are 

activated. Once the relevant protein kinases and pathways have been identified, kinase 

inhibitors can be directly spiked into the animal samples on chip to verify the kinase 

activities. Furthermore, we can use the same technique to analyze organ biopsies of 

shock patients to understand the biological changes occurring during shock and to look 

for potential therapeutic targets. Endothelium can be obtained from biopsies using laser 

microdissection, and endothelial kinase profiles can be measured in those dissected 

endothelial cells. Direct on chip drug spiking in these human samples can possibly help 

to predict clinical responses of specific drugs. 

In summary, shock associated organ failure either induced by hemorrhage or sepsis is 

still a major cause of death in critically-ill patients. In my thesis, I described a number of 

outstanding questions in this field of research. Through the execution of my studies I 
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proposed the answers to these questions related to endothelial engagement and 

pharmacological responses. I provided some suggestions for future in vitro and in vivo 

translational studies to better understand the molecular mechanisms underlying 

endothelial pro-inflammatory responses to shock and the effects of drug intervention. 

Optimized in vitro and in vivo animal models and multiplex kinomics technology may 

help to develop better therapeutic options for shock patients. 
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Nederlandse samenvatting

Ernstig groot en acuut bloedverlies en bloedvergiftiging (sepsis) leiden tot een 

zogenaamde ‘shock’ situatie en zijn belangrijke oorzaken van het acuut falen van 

organen (multi-orgaanfalen), bij  patiënten op de intensive care. Dit orgaanfalen draagt 

bij aan de hoge sterftekans van deze patiënten. Eén van de organen die acuut kan falen 

bij patiënten in shock is de nier. Dit wordt acuut nierfalen, in het Engels Acute Kidney 

Injury (AKI), genoemd. Op dit moment kunnen artsen op de intensive care de patiënten 

die acuut nierfalen hebben slechts ondersteunen, waaronder het verrichten van 

hemodialyse met dialyse apparaten. Er zijn geen geneesmiddelen beschikbaar om AKI te 

voorkomen of te behandelen omdat we onvoldoende de oorzaken van AKI begrijpen.  

Eén van de oorzaken van AKI is het veranderde gedrag van endotheelcellen die de 

binnenbekleding van bloedvaten vormen. Deze cellen voorkomen in een gezonde 

situatie dat bloedvaten lekken en regelen bij een ontsteking dat cellen van ons 

afweersysteem op de juiste plek in het lichaam terechtkomen om de ontstekingsprikkel 

op te ruimen. Daarnaast hebben endotheelcellen een belangrijke rol in de lokale 

bloedstolling. Al deze processen zijn ernstig gestoord bij patiënten met 

multi-orgaanfalen en ook bij patiënten met acuut nierfalen. Het onderzoek beschreven 

in dit proefschrift is gericht op het beter begrijpen van het gedrag van deze 

endotheelcellen in modellen van acuut nierfalen en bloedvatcelbiologie. Met de 

opgedane kennis hopen we uiteindelijk gerichte geneesmiddel-behandelingsmethoden 

te ontwikkelen om acuut nierfalen bij patiënten op de intensive care te voorkomen. 

Allereerst hebben we bestudeerd hoe de bloedvaten reageren op shock prikkels. In 

endotheelcelkweken in het laboratorium hebben we shock nagebootst en effecten van 

twee geneesmiddelen onderzocht die de activatie van de cellen kunnen remmen. 

Daarnaast hebben we muizen met verbloedingsshock behandeld met deze 

geneesmiddelen. We konden laten zien dat de geneesmiddelen in de celkweken en de 

muizen de activatie van de bloedvatenendotheelcellen konden remmen, maar ook dat de 

kleine bloedvaten in de nier,  longen, en lever verschillend reageren op zowel de 

ziekteprikkel als op de behandeling met de twee geneesmiddelen.  
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Om verder te focussen op de nier en endotheelcelgedrag in nierfalen in shock, hebben 

we verschillende bloedvatsegmenten uit weefselbiopten van de muizennieren gehaald 

door gebruik te maken van een microscoop uitgerust met een precisie-laser. Daarna 

hebben we in deze verschillende bloedvatsegmenten bestudeerd wat de gevolgen waren 

van shock en wat de behandeling met een van de twee geneesmiddelen voor effecten 

had. Dit deel van de studie maakte duidelijk dat elk bloedvatsegment een bloedvat-eigen 

gedrag vertoont en dat het gebruikte geneesmiddel bloedvatsegment specifieke effecten 

had. Wat tevens duidelijk werd is dat behandeling met een geneesmiddel vroeg na het 

ontstaan van shock moet starten, omdat moleculaire veranderingen in de 

nierbloedvaten snel na het begin van de shock plaatsvinden.  

Vervolgens hebben we onderzocht hoe bloedvergiftiging gerelateerde (septische) shock 

bloedvatendotheelcellen verandert en waarom dat gebeurt. Als we het moleculaire 

mechanismen van deze veranderingen begrijpen kunnen we wellicht met 

geneesmiddelen die op deze veranderingen aangrijpen proberen het falen van de nieren 

te voorkomen. In dit deel van ons onderzoek vonden we in endotheelcellen in 

muizennnieren en in celkweken in het laboratorium dat Interferon Regulatory Factor 1 

(IRF-1) wordt opgereguleerd onder invloed van lipopolysaccharide (LPS), een 

celwandproduct van bacteriën die geassocieerd is met het ontstaan van 

bloedvergiftiging gerelateerde shock.  IRF-1 is een molecuul dat betrokken is bij 

signaalverwerking in cellen, en in de endotheelcellen in het laboratorium leidt de LPS 

gemedieerde opregulatie van IRF-1 tot ontstekingsactivatie van die endotheelcellen. De 

route langs welke IRF-1 zijn werk doet in de cellen is anders dan de eerder door anderen 

blootgelegde ontstekingsactivatie-routes. Mogelijk helpt een gecombineerde blokkade 

van IRF-1 en die andere routes om de endotheelcellen gedurende het ontstaan van 

sepsis tot rust te laten komen. Dit moet verder worden onderzocht.   

In het laatste onderzoekshoofdstuk van dit proefschrift hebben we wat verder 

uitgezoomd en gekeken of er patronen te ontdekken zijn in de hierboven al even 

genoemde signaalverwerkingsmoleculen in endotheelcellen. Veel van deze moleculen 

behoren tot de familie van kinases, enzymen die door middel van fosforylering van hun 

eiwitsubstraten (vaak ook weer kinase enzymen) signalen doorgeven van de 

celmembraan naar de celkern. Kinase remmers vormen een belangrijke klasse van 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 174PDF page: 174PDF page: 174PDF page: 174

Appendices 

174 

geneesmiddelen die mogelijk bij kortdurende toepassing het onstaan van nierfalen in 

shock patienten kunnen voorkomen. Wij wilden weten welke 

signaalverwerkingsveranderingen zouden optreden in endotheelcellen die worden 

blootgesteld aan het bacteriële LPS en ons niet beperken tot één moleculair systeem 

zoals IRF-1, maar het geheel aan kinaseactiviteit bestuderen. Dit onderzoek is nog niet 

afgerond, maar het feit dat er in endotheelcellen veel kinase-veranderingen zichtbaar 

worden als de cellen worden blootgesteld aan LPS maakt ons nieuwsgierig. Of deze 

veranderingen ook in muizen en patiënten zullen optreden en of het bijsturen van die 

veranderingen zal leiden tot verbetering van orgaanfunctie in modellen van acuut 

nierfalen en in sepsis patiënten zal de toekomst ons leren. 

Samenvattend zijn in dit proefschrift onderzoeken beschreven naar mechanismen van 

acuut nierfalen zoals dat voorkomt bij patiënten met ernstig groot acuut bloedverlies en 

bloedvergiftiging (sepsis). We hebben ontdekt dat de kleinste bloedvaten in de nier 

verschillend reageren op de ziekte en verschillend reageren op geneesmiddelen. We 

hebben nieuwe moleculen in bloedvatendotheelcellen bestudeerd die mogelijk in de 

toekomst kunnen dienen als doelwit voor geneesmiddel-behandeling. Ons inzicht in de 

complexiteit van acuut nierfalen en het gedrag van bloedvaten is daarmee toegenomen. 

Of ons uiteindelijke doel, het vinden van geneesmiddelen om patiënten te beschermen 

tegen het krijgen van acuut nierfalen, daarmee dichterbij is gekomen zal 

vervolgonderzoek in verschillende modellen en in patienten moeten uitwijzen
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