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Author’s note: This chapter is based on, and an update of our recent review (Muller-Redetzky 
et al. 2014a) with kind permission of the publisher.

Chapter 8
The Lung Endothelial Barrier in Acute 
Inflammation

Holger C. Müller-Redetzky, Jasmin Lienau and Martin Witzenrath

Non-Standard Abbreviations

[Ca2 +]i	 Intracellular calcium concentration
ALI	 Acute lung injury
AM	 Adrenomedullin
Ang	 Angiopoietin
ARDS	 Acute respiratory distress syndrome
COX 	 cyclooxygenase
DAMP	 Danger-associated molecular pattern
eNOS	 Endothelial nitric oxide synthase
HMGB1	 High mobility group box-1
ICAM-1	 Intercellular adhesion molecule 1
IL	 Interleukin
iNOS	 Inducible nitric oxide synthase
LPS	 Lipopolysaccharide
MAPK	 Mitogen-activated protein kinase
MLC	 Myosin light chain
MLCK	 Myosin light chain kinase
NF-κB	 Nuclear factor-kappa B
PAF	 Platelet activating factor
PAMP	 Pathogen-associated molecular pattern
PMN	 Polymorphonuclear leukocyte
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PRR	 Pathogen recognition receptor
RNS	 Reactive nitrogen species
ROS	 Reactive oxygen species
S1P	 Sphingosine-1-phosphate
S1P1−5	 S1P receptor 1–5
S1PL	 S1P lyase
SM	 Sphingomyelin
Sph	 Sphingosine
SphK	 Sphingosine kinase
TLR	 Toll-like receptor
TNFα	 Tumour necrosis factor alpha
TRPC	 Transient receptor potential canonical
TX	 Thromboxane
TXR	 Thromboxane receptor
VE-cadherin	 Vascular endothelial cadherin
VEGF	 Vascular endothelial growth factor
VILI	 Ventilator-induced lung injury

8.1 � Introduction

Blood vessels are lined on their inner surface by a continuous layer of endothelial 
cells, closely connected by interendothelial junctions, thereby forming a semiper-
meable barrier between blood and interstitium. Transcellular transport mechanisms 
and paracellular extravasation of solutes and proteins is actively regulated by 
endothelial cells, thereby controlling tissue fluid homeostasis. Adherent junctions 
consisting of vascular endothelial (VE)-cadherin and catenin maintain the tight 
interendothelial connections (Predescu et al. 2007).

In the lungs, alveolar endo- and epithelial cells and their merged basal laminae 
form a less than 1 µm-thin membrane, which allows rapid and effective gas exchange 
between the alveolar and vascular compartment. Nevertheless, this extremely thin 
structure provides a barrier against inhaled particles and pathogens and importantly 
contributes to pulmonary metabolic and immunologic functions.

Pulmonary endothelial barrier function may be affected by infectious or sterile 
inflammatory stimulation via either the alveolar (e.g. in pneumonia, mechanical 
ventilation) or the vascular lumen (e.g. in bacteremia and sepsis). This may lead 
to increased permeability with protein-rich fluid extravasation, lung edema, and 
finally acute respiratory distress syndrome (ARDS; reviewed in Muller-Redetzky 
et al. 2014a; Fig. 8.1). Depending on severity, ARDS is associated with mortality 
rates ranging from 27 to 45 % (Ranieri et al. 2012).

Pneumonia is the most common infectious disease worldwide, and the third most 
common cause of death (World-Health-Organisation 2013). Further, pneumonia is 
the most frequent cause of sepsis, a systemic inflammatory response to infection 
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Fig. 8.1   a Airspace-derived activation of the endothelium by mediators, bacterial toxins or physi-
cal stress due to mechanical ventilation starts a complex interplay of various inflammatory cas-
cades resulting in vascular permeability. Monocytes ( M) are recruited to the endothelium ( EC) 
and facilitate its further activation by secretion of TNFα, thereby augmenting the recruitment of 
neutrophils ( PMN). Activated platelets stimulate PMN. Endothelium-PMN contact leads to per-
meability ( 1). Upon stimulation PMN undergo netosis, liberating neutrophil extracellular traps 
( NETs) consisting of DNA and histones that cause endothelial toxicity and barrier breakdown 
( 2). Specific soluble mediators also increase permeability ( 3). Neutrophil–platelet complexes acti-
vate blood coagulation. Central effector proteases like thrombin directly mediate vascular per-
meability. Further, thrombin activates complement factor C5 to C5a—a permeability increasing 
anaphylatoxin ( 4). TNF tumour necrosis factor; IL-1β Interleukin-1β; ROS/RNS reactive oxygen 
and nitrogen species. b Intracellular signalling regulates endothelial permeability. Endothelial con-
traction results from actin myosin interaction after MLC phosphorylation, which is regulated by 
myosin light chain kinase ( MLCK) and myosin light chain phosphatase ( MLCP). MLCP is inhib-
ited by RhoA–ROCK signalling while MLCK is activated by c-Src, RhoA and Ca2 +/calmodulin. 
Ca2 + enters the cytosol from endoplasmatic reticulum ( ER) or extracellular space. Downstream 
of platelet activating factor ( PAF) and PAF receptor ( PAFR), phospholipase C ( PLC) hydrolyses 
posphatidyl inositol bisphosphate ( PIP) into inositol 1,4,5-triphosphate ( IP3) and diacylglycerol 
( DAG). IP3 mediates Ca2 + liberation from the ER while DAG opens transient receptor poten-
tial canonical ( TRPC) channels in the cellular membrane. The resulting increase of intracellu-
lar Ca2 + leads to the activation of protein kinase C ( PKC) α, to further RhoA activation and to 
Ca2 +/calmodulin complexes, altogether finally leading to MLCK activation. Actin polymerization 
forms stress fibres associated with endothelial contraction. Various stimuli like IL-1β or mechani-
cal force activate mitogen-activated protein kinase ( MAPK) p38 ( p38), which activates MAPK 
activated protein kinase 2 (MK2), which phosphorylates heat shock protein 25 ( HSP25) leading 
to actin polymerization. Adherence junctions ( AJ) are mandatory for the sealing of intercellular 
contacts. VE-cadherin is anchored in peripheral cortical actin to the cytoskeleton. VE-cadherin 
phosphorylation leads to VE-cadherin internalization and thereby to increased endothelial perme-
ability. RhoA and c-Src phosphorylate VE-cadherin. Rac-1 and 190RhoAGAP ( p190) functionally 
antagonize RhoA activity. p190RhoAGAP is recruited to the AJ by p120-catenin ( p120), which 
itself inhibits VE-cadherin internalization. ROCK inhibits p190RhoAGAP and PKCα inactivates 
p120-catenin, thereby augmenting destabilization of AJ. IQ domain GTPase-activating protein 1 
( IQGAP1) recruits and stabilizes Rac-1, protecting against VE-cadherin internalization. (reprinted 
from Müller-Redetzky et al., Cell Tissue Res (2014) 355:657–673 with kind permission of the 
publisher)
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(Matthay et al. 2012). Both pneumonia and sepsis originate due to an innate immune 
reaction to invading pathogens. Host–pathogen interactions lead to complex inflam-
matory responses including secretion of inflammatory mediators, leukocyte recruit-
ment and activation, as well as activation of complement and coagulation cascades 
that may contribute to pulmonary hyperpermeability and development of ARDS.

Mechanical ventilation is an essential component of the care of patients with 
ARDS, but it may also perpetuate the inflammatory response and further aggravate 
pulmonary endothelial barrier dysfunction (Verbrugge et al. 2007). Currently, there 
are no specific pharmacologic therapies improving endothelial barrier function in 
patients with pneumonia, sepsis and/or ARDS. However, recent experimental stud-
ies unraveled endothelial pathomechanisms, which contribute to the development 
of ARDS, thereby providing the basis for the development of novel therapeutic 
strategies (reviewed in Muller-Redetzky et al. 2014a). This chapter gives an over-
view on recent insights into the mechanisms of pulmonary endothelial barrier dys-
function in acute inflammation.

8.2 � Pulmonary Endothelial Barrier Disruption

Pathogens that enter the alveolar compartment and liberated pathogenic factors 
are detected by pattern recognition receptors (PRRs). The recognition constitutes 
a crucial step of host defence during infection. PRRs include Toll-like receptors 
(TLRs), cytosolic NOD-like receptors (NLRs), RIG-I-like RNA receptors (RLRs), 
and DNA sensors (Opitz et al. 2010). PRRs sense evolutionarily conserved struc-
tures on pathogens called pathogen-associated molecular patterns (PAMPs), and 
specific endogenous molecules released after cell injury called danger-associated 
molecular patterns (DAMPs). In the alveolar compartment, PRRs are expressed 
in macrophages, epithelial and endothelial cells, dendritic cells and in recruited 
immune cells. PRRs play a key role in the inflammatory response to microbial 
infection and sterile tissue injury. PRR activation triggers production of inflamma-
tory cytokines, interferons and chemokines on transcriptional and post-translational 
levels (Opitz et al. 2010), leading to the activation of local cells and recruitment 
of macrophages and neutrophils. At best, these inflammatory cascades will lead 
to pathogen clearance and finally survival. However, ongoing PAMP and DAMP 
release from dying bacteria and injured cells, respectively, may lead to an over-
activation of the immune response. This over-activation results in uncontrolled pro-
duction of cytokines, chemokines and lipid mediators, accumulation and activation 
of leukocytes, inappropriate activation of complement and coagulation cascades 
and eventually, endothelial barrier disruption.

In addition to host-dependent inflammatory mechanisms, pathogens may also 
directly induce endothelial injury resulting in pulmonary hyperpermeability. As one 
of many examples, the pneumococcal exotoxin pneumolysin may induce calcium 
influx as well as secretion of platelet activating factor (PAF) followed by throm-
boxane (TX) release (Witzenrath et  al. 2007; Lucas et  al. 2012). Both increased 
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intracellular calcium concentration ([Ca2 +]i) and TX receptor (TXR) ligation lead 
to activation of myosin light chain kinase (MLCK) via protein kinase C (PKC) 
alpha- and Rho-kinase-dependent signalling (Hippenstiel et  al. 1997; Witzenrath 
et al. 2007; Lucas et al. 2012). Phosphorylation of MLC induces actomyosin con-
tractility leading to disruption of adherens junctions, interendothelial gap formation 
and paracellular permeability (Shen et al. 2010). Furthermore, pneumolysin belongs 
to the cholesterol-dependent cytolysins and is able to kill endothelial cells by form-
ing pores in their cell membranes (Tilley et al. 2005).

8.3 � Role of Neutrophils, Monocytes and Thrombocytes  
in Pulmonary Endothelial Barrier Disruption

Upon acute inflammation, neutrophils are the first cells to be recruited into the 
lungs (Grommes and Soehnlein 2011). In contrast to other vascular beds, in the 
lungs neutrophils transmigrate across the capillary endothelium. Stimulation 
of neutrophils with various inflammatory agents causes cytoskeletal rearrange-
ments, thereby forming peripheral actin rims, leading to neutrophil stiffening and 
trapping in the capillary bed (Yoshida et al. 2006). Although the initial trapping is 
independent from cell surface expression of integrins and selectins, further neutro-
phil recruitment may depend on these cell adhesion molecules in distinct scenarios 
(reviewed in Grommes and Soehnlein 2011). Interestingly, adhesion of neutrophils 
to the endothelium and alveolar recruitment of neutrophils do not necessarily cause 
a significant change in vascular permeability (Martin et al. 1989; Rosengren et al. 
1991). In human umbilical vein endothelial cells (HUVECs) or cremaster vessel 
preparations, it was shown that during the process of neutrophil transmigration the 
endothelium forms “transmigratory cups/endothelial domes” that completely en-
capsulate the emigrating neutrophils, thereby retaining barrier function (Carman 
and Springer 2004; Phillipson et  al. 2008). Furthermore, ring-like structures of 
neutrophil leukocyte integrin lymphocyte function-associated antigen 1 (LFA-1) 
and endothelial intercellular adhesion molecule 1 (ICAM-1) were shown to be 
associated with neutrophil transmigration (Shaw et al. 2004).

However, under pathologic circumstances neutrophils contribute to vascular bar-
rier dysfunction by secretion of soluble mediators causing endothelial contraction, 
neutrophil–endothelial adhesion-mediated mechanisms, generation of reactive oxy-
gen species (ROS) and liberation of neutrophil extracellular traps (NETs).

One important soluble mediator secreted by neutrophils is tumour necrosis factor 
(TNF)α, which is known to induce vascular permeability. TNFα leads to MLCK and 
Rho kinase (ROCK)-dependent actin stress fibre generation in endothelial cells and 
induces p38 mitogen-activated protein kinase (MAPK)-dependent disarrangement 
of the microtubule system and thereby loss of intercellular VE-cadherin. However, 
only blocking microtubule breakdown strongly protected against barrier failure in-
duced by TNFα, whereas inhibiting ROCK or MLCK did not increase transcellular 
resistance (Petrache et al. 2001). Other soluble mediators of neutrophils involved 
in endothelial barrier disruption include: (1) thromboxane A2 (TXA2), which is 
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processed from neutrophil-derived arachidonic acid by endothelial cyclooxygen-
ase-2 (COX2) and binds to the TXR (Kim et al. 2010); (2) leukotriene A4 (LTA4), 
which is metabolized into LTC4 by endothelial LTC4 synthetase and binds to the 
endothelial cysteinyl LT receptor subtype 2 (CysLT2R); and (3) CXC chemokine 
ligands CXCL1, -2, -3 and -8 which bind to CXC chemokine receptor CXCR2 (re-
viewed in DiStasi and Ley 2009).

Endothelial contraction resulting in hyperpermeability is also caused by the inter-
action of neutrophils with the endothelium via LFA-1/macrophage receptor 1 (Mac-
1) and ICAM-1. This neutrophil–endothelial interaction leads to rapid increase of 
endothelial [Ca2 +]i, which mediates actin polymerization and cytoskeletal reorga-
nization as well as phosphorylation of VE-cadherin causing junctional disruption. 
Further, neutrophil–endothelial contact and neutrophil activation by leukotriene B4 
(LTB4) release lead to secretion of heparin-binding protein (HBP) which in turn 
increases endothelial permeability (for detailed review see DiStasi and Ley 2009).

Neutrophil-derived ROS may also induce barrier failure. ROS generation 
upon TNFα stimulation was shown to be mediated by class IA phosphoinositide 3 
(PI3) kinase regulating CD11b/CD18 integrin-dependent neutrophil adhesion and 
NADPH oxidase activation and finally generation of ROS, causing vascular leak-
age (Gao et al. 2007).

Another defence mechanism of neutrophils is the formation of NETs, which 
constitute an extracellular fibrous web of DNA–histone complexes to which 
antimicrobial peptides and proteases like neutrophil elastase (NE) or myeloperoxi-
dase (MPO) are attached in high concentrations (Brinkmann et al. 2004). NETs can 
trap and kill bacteria but on the other hand may also cause harm. NETs and particu-
larly NET-bound histones possess high cellular cytotoxicity, leading to destabili-
zation of endothelial and potentially epithelial barrier function (Saffarzadeh et al. 
2012). In the lungs, this may result in high permeability lung edema. NET formation 
has been observed in lung injury induced by lipopolysaccharide (LPS), transfusion, 
influenza virus or Klebsiella pneumoniae (Papayannopoulos et al. 2010; Narasaraju 
et al. 2011; Caudrillier et al. 2012; Saffarzadeh et al. 2012). The induction of NET 
formation by neutrophils is highly accelerated by binding of activated thrombocytes 
to neutrophils and is involved in organ failure in septic mice (Clark et al. 2007). 
Accordingly, NET formation was ameliorated by antiplatelet therapy in transfusion-
related lung injury (TRALI) (Caudrillier et al. 2012). To date, the significance of 
pulmonary NET formation in acute lung injury (ALI) has not been determined, 
but remains a field of interest as degradation of NETs by DNAse, neutralization 
of histone-mediated cytotoxicity by for example, polysialic acids, or reduction of 
netosis by targeting thrombocytes represent potential therapeutic approaches in hu-
mans. However, further preclinical evidence is needed to assess the significance and 
rationale of therapeutic NET targeting in ARDS.

Platelets directly and indirectly mediate vascular permeability. Upon activation, 
they secrete various factors, including TXA2, which was shown to increase endo-
thelial permeability in vitro and in vivo through upregulation of interleukin (IL)-8 
(Kim et al. 2010). Furthermore, in infection and inflammation they activate neutro-
phils, thereby indirectly contributing to barrier dysfunction (He et al. 2006; Zarbock 
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et al. 2006; Looney et al. 2009). The formation of permeability-mediating platelet–
neutrophil complexes was shown to be associated with TXA2 formation (Zarbock 
et  al. 2006). In contrast, vascular permeability was not increased by neutrophils 
solely attached to the endothelium after activation by TNFα (He et al. 2006). In a 
murine model of TRALI, pulmonary neutrophil sequestration was platelet-depen-
dent, and platelet inhibition or depletion protected animals from development of 
lung injury (Looney et al. 2009). As outlined above, in TRALI activated platelets 
induce the formation of NETs (Caudrillier et al. 2012) that can trap and kill bacteria 
(Brinkmann et al. 2004), but may also contribute to lung endothelial permeability 
(Clark et al. 2007; Caudrillier et al. 2012; Saffarzadeh et al. 2012).

Among the heterogenous population of peripheral blood monocytes, the murine 
Gr-1high/CCR2 +/CX3CR1low monocyte subset is actively recruited to sites of inflam-
mation (Geissmann et  al. 2003). These inflammatory subset monocytes rapidly 
home in the pulmonary microcirculation upon LPS infusion or the onset of high-
stretch mechanical ventilation and prime the lung for the development of pulmonary 
edema towards further stimuli like LPS, zymosan or ventilator-induced lung injury 
(VILI; O’Dea et al. 2009; Wilson et al. 2009). However, the mechanism by which 
marginated monocytes contribute to endothelial barrier dysfunction is not fully un-
derstood. O’Dea et al. demonstrated that lung-marginated monocytes express TNFα 
and directly activate pulmonary endothelial cells via TNF- and contact-dependent 
mechanisms (O’Dea et al. 2005). In addition, blood monocytes were shown to be 
involved in the regulation of neutrophil recruitment in ALI (Dhaliwal et al. 2012).

A lot of research effort is being made to unravel the mechanisms underlying 
leukocyte-mediated barrier disruption. However, therapeutic strategies based on 
depletion or blocking of cell recruitment to attenuate ALI should raise concerns as 
neutrophils and monocytes are central in the pulmonary and systemic innate im-
mune responses, and therapeutic intervention at this level might induce functional 
immunosuppression.

8.4 � Complement and Coagulation Systems and Vascular 
Permeability

The complement system consists of plasma and membrane-bound proteins and 
plays an important role in host defence and inflammation (Mastellos et al. 2003). 
There are three different complement activation pathways, that all converge at the 
central molecule C3 (Markiewski and Lambris 2007). The classical pathway is acti-
vated by antigen–antibody complexes binding to C1q, thereby activating C1s which 
then cleaves C4 and C2 to form the C3 convertase enzyme complex C4bC2a. In the 
lectin pathway, mannose binding lectins (MBL) associated with mannose-binding 
lectin proteases (MBLP) 1 and 2 bind to PAMPs on bacteria, thereby leading to 
the generation of the C3 convertase C4bC2a. The alternative pathway is triggered 
after contact with, for example, bacterial surfaces by spontaneous hydrolysis of C3 
leading to generation of a conformationally altered C3 capable of binding factor B,  
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thereby forming the CbBb complex, the alternative C3 convertase. Both C3 con-
vertases lead to cleavage of C3 to generate C3a and C3b. C3a is an anaphylatoxic 
peptide and C3b contributes to the assembly of the C5 convertase that processes C5 
to the anaphylatoxin C5a and to C5b which is part of the membrane attack complex 
C5b-9. While C5b-9 causes cell lysis, C3a and C5a induce inflammatory responses 
and vascular permeability. In endothelial cells, both anaphylatoxins evoked stress 
fibre generation and thereby cell contraction, although with a different response 
kinetic. C3a stimulation led to a transient increase in stress fibre generation, while 
the response after exposure to C5a was delayed and prolonged (Schraufstatter et al. 
2002). Notably, C3a and C5a activate different signal transduction cascades in 
endothelial cells. While C5a-induced permeability was dependent on activation of 
phosphatidylinositol-3 kinase, Src kinase and epidermal growth factor (EGF) recep-
tor, C3a triggered signal transduction pathways controlled by ROCK (Schraufstatter 
et al. 2002).

In murine models of ALI and systemic inflammatory responses, silencing of C5a 
resulted in reduced permeability in multiple organs including the lungs (Liu et al. 
2010). Interestingly, C3 deficiency in mice was not associated with attenuated im-
mune complex-mediated lung injury and vascular permeability, while blocking of 
C5a was shown to be protective. These findings suggest a different complement 
activation pathway in the absence of C3 with thrombin acting as C5 convertase 
(Huber-Lang et al. 2006). This compensatory adaptive pathway was also demon-
strated to be active in C3 knockout mice suffering from acute tracheal allograft 
rejection that showed aggravated microvascular injury, while C5a inhibition was 
protective (Khan et al. 2013).

Another system organized into proteolytic cascades and involved in tissue injury 
and inflammation is the coagulation system. Intrapulmonary fibrin deposition re-
sulting from abnormal fibrin turnover is a characteristic feature of ALI and some 
components of the coagulation system may correlate with disease severity (Prabha-
karan et al. 2003; Glas et al. 2013). Elevated fibrin turnover is caused by activation 
of the tissue factor VII pathway, increased plasminogen activator inhibitor 1 (PAI-
1) levels and therefore decreased fibrinolytic activity and reduced antithrombin III 
levels (Prabhakaran et al. 2003; Hofstra et al. 2011). Further, decreased activity of 
the anticoagulant protein C contributes to intrapulmonary fibrin deposition. This 
decreased protein C activity is based on reduced protein C production as well as 
shedding of the cell surface protein thrombomodulin which is an important cofactor 
for the activation of protein C (Ware et al. 2003). Pulmonary coagulopathy is ob-
served after severe pulmonary permeability edema with alveolar flooding, but it 
may also promote inflammation and vascular permeability and worsen ALI. The 
serine protease thrombin is the key enzyme in the coagulation cascade converting 
fibrinogen into fibrin. Protease activated receptor (PAR) ligation mediates proin-
flammatory effects of thrombin including release of cytokines and vascular endothe-
lial growth factor (VEGF), which increases vascular permeability (Hippenstiel et al. 
1998). Moreover, thrombin induces activation of endothelial MLCK and thereby 
cell contraction, and acts as C5 convertase generating the anaphylatoxic peptide 
C5a, which induces inflammatory responses and vascular permeability (Cirino et al. 
1996; Huber-Lang et al. 2006; Liu et al. 2010; Glas et al. 2013; Khan et al. 2013).
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8.5 � Role of Toll-like Receptor 4 in the Regulation  
of Pulmonary Vascular Permeability

As outlined above, pattern recognition receptor signalling is involved in the devel-
opment of barrier dysfunction. More specifically, and as an example, TLR4 signal-
ling has been intensively studied regarding its impact on endo–epithelial barrier 
dysfunction. TLR4 is activated by both exogenous (e.g. LPS; Chow et al. 1999) and 
endogenous (e.g. high mobility group box-1 (HMGB1) protein, oxidized phospho-
lipid) pro-inflammatory stimuli (Park et al. 2004; Imai et al. 2008). Several in vitro 
and in vivo studies demonstrated the permeability-enhancing effect of LPS (Mehta 
and Malik 2006). Further, elevated systemic LPS levels were associated with the 
severity of sepsis and related organ failure (Marshall et al. 2004). The critical role 
of TLR4 in regulating vascular permeability was convincingly demonstrated by the 
observation that mice lacking TLR4 were protected against lung injury due to vari-
ous stimuli including LPS, oleic acid, cecal ligation and puncture and gut or lung 
ischemia/reperfusion injury (Imai et al. 2008; Zanotti et al. 2009; Hilberath et al. 
2011; Ben et al. 2012; Tauseef et al. 2012).

TLR4-mediated signalling predominantly activates the nuclear factor-kappa 
B (NF-κB) pathway which induces inflammatory gene transcription (Chow et al. 
1999). LPS binds to the TLR4/MD2 receptor complex and NF-κB activation is 
induced via myeloid differentiation factor 88 (MyD88), interleukin-1 receptor-
associated kinase 1 (IRAK1), IRAK2 and IRAK4 (Medvedev et al. 2002; Kawagoe 
et al. 2008). Furthermore, intracellular diacylglycerol (DAG) levels were increased 
after recognition of LPS by TLR4, leading to direct activation of transient receptor 
potential canonical 6 (TRPC6) channels. The resultant TRPC6-mediated calcium 
influx into endothelial cells activated MLCK and thereby phosphorylation of MLC 
leading to cell contraction. Further, MLCK also promoted LPS-induced NF-κB-
related inflammatory responses that contribute to lung vascular barrier dysfunction 
(Tauseef et al. 2012). Binding of LPS to TLR4 was also shown to activate the Src 
family kinases leading to phosphorylation of zonula adherens proteins and conse-
quently disruption of endothelial barrier integrity (Gong et al. 2008).

Whereas the receptor for advanced glycation end products (RAGE) was sug-
gested to be the main endothelial HMGB1 receptor for induction of endothelial 
permeability (Wolfson et  al. 2011), signalling through TLR4 was also shown to 
play a role in HMGB1-induced inflammatory responses in monocytes which again 
were found to be MyD88-, IRAK1,2,4- and NF-κB-dependent (Park et al. 2004). 
Further, HMGB1 was suggested to contribute to the development of VILI (Ogawa 
et al. 2006).

Oxidized phospholipids as further endogenous stimuli contributed to pulmonary 
edema by inducing TLR4-mediated activation of TRIF (TIR domain-containing 
adapter-inducing interferon-β) and TNF receptor-associated factor 6 (TRAF6) lead-
ing to NF-κB-mediated IL-6 secretion (Imai et al. 2008).

Since TLR4 was shown to play a crucial role in regulating pulmonary endothe-
lial permeability, targeting TLR4-mediated signalling seemed to be a promising 
therapeutic approach. In this context, the synthetic TLR4 antagonist eritoran was 



168 H. C. Müller-Redetzky et al.

developed that inhibits binding of LPS to MD2 and therefore suppresses TLR4/
MD2-mediated signalling. Indeed, eritoran was shown to reduce pulmonary inflam-
mation in different animal models (Mullarkey et  al. 2003) as well as in healthy 
humans exposed to a bolus infusion of LPS (Lynn et al. 2003). In a phase II, place-
bo-controlled trial, patients with severe sepsis and high predicted risk of death that 
were treated with eritoran showed a trend towards lower mortality (Tidswell et al. 
2010). However, in a recent phase III trial of patients with severe sepsis, admin-
istration of eritoran had no significant impact on mortality or relevant secondary 
outcome parameters (Opal et al. 2013), questioning the rationale for the therapeutic 
use of TLR4 antagonists in sepsis and related organ failure including ARDS. Since 
various DAMPs and PAMPs are recognized by many PRRs leading to NF-κB-
mediated transcription of inflammatory genes, targeting downstream effectors in 
the inflammatory cascade may be more reasonable (Opal et al. 2013).

8.6 � The Angiopoietin/Tie2 System

The angiopoietins (Ang-1 to Ang-4) are ligands for the receptor tyrosine kinase 
Tie2 which is abundantly expressed by endothelial cells, but also present in 
polymorphonuclear leukocytes (PMNs) and a subpopulation of monocytes (Wong 
et al. 2000; Lemieux et al. 2005). Ang-1 and Ang-2 are currently the best described 
angiopoietins and well-known regulators of angiogenesis, inflammation and vascu-
lar leakage (reviewed in David et al. 2013; Eklund and Saharinen 2013). Constitu-
tive Ang-1 expression is found in different cell types including pericytes, vascular 
smooth muscle cells, fibroblasts, thrombocytes and megakaryocytes (Eklund and 
Saharinen 2013). Activation of Tie2 by Ang-1 leads to endothelial quiescence and 
stabilization of barrier function. In contrast, Ang-2 is primarily expressed by endo-
thelial cells and stored in Weibel–Palade bodies (Fiedler et al. 2004), from where it 
can be rapidly released upon endothelial activation by inflammatory stimuli includ-
ing TNFα and thrombin (Fiedler et al. 2004; Fiedler et al. 2006). Ang-2 acts as a 
functionally antagonistic ligand at the Tie2 receptor, thereby destabilizing the quies-
cent endothelium and promoting inflammation and vascular permeability (Scharp-
fenecker et al. 2005; Fiedler et al. 2006).

The expression of Ang-2 is transcriptionally upregulated by different factors in-
cluding thrombin, hypoxia and VEGF (Oh et  al. 1999; Huang et  al. 2002). In a 
murine model of endotoxemia induced by LPS injection, functional inhibition of 
the Ang-1/Tie-2 pathway was observed with increased pulmonary expression and 
synthesis of Ang-2 (Mofarrahi et al. 2008). In patients with sepsis, Ang-2 serum 
levels were higher than in healthy volunteers and even more increased in patients 
with sepsis-associated ARDS (Parikh et  al. 2006). Further, plasma Ang-2 levels 
were shown to have prognostic value for mortality in non-infection-related, but not 
in infection-related ALI (Calfee et al. 2012). In two different experimental mod-
els of sepsis, Ang-2 heterozygous mice with reduced Ang-2 levels were protected 
against lung injury suggesting that Ang-2 contributes to the pathogenesis of sepsis 
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besides predicting disease severity (David et al. 2012). This conclusion was fur-
ther supported by a recent study in which Ang-2 inhibition by antibody treatment 
reduced microvascular alterations, hypotension and mortality in a murine model of 
LPS-induced systemic inflammation (Ziegler et al. 2013). In vitro studies showed 
that expression of endothelial adhesion molecules as well as PMN adhesion were 
increased by Ang-2 and inhibited by Ang-1 (Gamble et  al. 2000; Fiedler et  al. 
2006). Ang-2 was also shown to induce recruitment of monocytes expressing Tie2 
to sites of inflammation (Murdoch et al. 2007). Moreover, in experimental models 
of ALI, transgenic Ang-1 overexpression or treatment was associated with reduced 
pulmonary cytokine and adhesion molecule expression, PMN recruitment and en-
dothelial permeability (Witzenbichler et al. 2005; Mammoto et al. 2007; McCarter 
et al. 2007; Xu et al. 2008). The protective anti-inflammatory Ang-1 effect seems to 
involve the direct interaction of Tie2 with the NF-κB inhibitor A20 binding inhibi-
tor (ABIN)-2 (Hughes et al. 2003).

Ang-1 was also shown to directly improve endothelial integrity. Tie2 phosphory-
lation by Ang-1 reduces F-actin stress fibre formation and enhances endothelial 
barrier function via PI3 kinase leading to the activation of Rac1 and inhibition of 
RhoA, both linked by the p190 Rho GTPase-activating protein (p190 RhoGAP; 
Mammoto et al. 2007). The importance of this pathway was further demonstrated 
by the observation that downregulation of pulmonary p190 RhoGAP expression 
abolished the protective anti-permeability effect of Ang-1 (Mammoto et al. 2007). 
In addition, IQ domain GTPase-activating protein 1 (IQGAP1) was suggested to be 
required for Ang-1-mediated Rac1 activation, thereby contributing to the regulation 
of endothelial permeability (David et al. 2011b).

Further molecular mechanisms underlying the barrier-protective effect of  
Ang-1 include (i) impeding the interaction of the inositol triphosphate (IP3) re-
ceptor with TRPC1, thereby inhibiting the VEGF-induced, TRPC1-dependent Ca2 + 
influx and reducing endothelial permeability (Jho et  al. 2005); (ii) counteracting 
VEGF-induced Src activation and signalling thereby preventing phosphorylation 
and internalization of VE-cadherin and disassembly of interendothelial adherens 
junctions (Gavard et al. 2008); and (iii) activating sphingosine kinase 1 (SphK1) 
through the extracellular signal-regulated kinase (ERK) 1/2-dependent pathway 
thereby tightening endothelial cell junctions (Li et al. 2008).

Several studies confirmed the hypothesis that excess Ang-1 would effectively 
protect against vascular leakage in experimental sepsis and ALI (Witzenbichler 
et al. 2005; Mammoto et al. 2007; McCarter et al. 2007; Mei et al. 2007; Huang et al. 
2008; David et al. 2011c). However, the methods of Ang-1 application such as gene 
therapy or cell-based delivery were far from proof of clinical efficacy. Recently, 
a short synthetic peptide (later termed vasculotide) was discovered that activates 
the Tie2 receptor, thereby completely inhibiting binding of both ligands Ang-1 and 
Ang-2 (Tournaire et  al. 2004). Vasculotide was then proven to have therapeutic 
potential by preventing or counteracting vascular barrier disruption and reducing 
mortality in endotoxemia and established abdominal sepsis in mice (David et al. 
2011a; Kumpers et al. 2011).
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8.7 � Sphingosine-1-Phosphate and other Biologically 
Active Sphingolipids

Sphingolipids form one class of membrane lipids, but are more than just structural 
components of biological membranes. Some sphingolipids including sphingomy-
elin (SM), ceramide, sphingosine (Sph) and sphingosine-1-phosphate (S1P) are 
biologically active and have been implicated in the regulation of diverse signalling 
pathways. The multiple roles of the four mentioned and other sphingoid bases in the 
pathophysiology of lung injury have been recently summarized in detail (Natarajan 
et al. 2013; Uhlig and Yang 2013).

Ceramide is synthesized from serine and palmitoyl coenzyme A (CoA) by 
multiple enzymatic reactions or derived from SM by sphingomyelinase (SMase). 
Through the action of ceramidases, ceramide is deacylated to Sph (Canals et  al. 
2011), which in turn may be phosphorylated to S1P by SphK-1 and -2. S1P is either 
dephosphorylated to Sph by S1P phosphatases 1 and 2 (S1PPase) or by lipid phos-
phate phosphatases (LPP), or irreversibly cleaved by S1P lyase (S1PL) to ethanol–
amine phosphate and trans-2-hexadecenal.

The effects of ceramide and S1P are often contradictory. While S1P improves 
barrier integrity, ceramide increases paracellular permeability. Interestingly, the 
Gram-negative endotoxin LPS and the pneumococcal exotoxin pneumolysin in-
duce microvascular leakage by a PAF-dependent mechanism (Witzenrath et  al. 
2007; Uhlig and Yang 2013), with PAF increasing endothelial permeability via acid 
SMase (aSMase)-dependent generation of ceramide (Goggel et al. 2004). Briefly, 
ceramide generated by aSMase leads to recruitment of caveolin-1, endothelial ni-
tric oxide synthase (eNOS) and TRPC6 channels into caveolae. TRPC6 channels 
are usually blocked by nitric oxide (NO), but caveolin-1 inhibits NO synthesis by 
eNOS, leading to TRPC6 activation followed by increase of [Ca2 +]i, MLCK acti-
vation, MLC phosphorylation, endothelial cell contraction and finally increase in 
vascular permeability (Uhlig and Yang 2013).

Various cell types are able to generate S1P including platelets, erythrocytes, 
hematopoietic and vascular endothelial cells (Yatomi et al. 1995; Tani et al. 2005; 
Hanel et al. 2007; Venkataraman et al. 2008). Coordinated activities of the biosyn-
thetic and biodegradative enzymes maintain S1P concentrations in the ranges re-
quired for optimal physiological activities including regulation of cell proliferation, 
migration, differentiation, survival, morphogenesis and barrier function (Le Stunff 
et al. 2004; Natarajan et al. 2013). Camerer et al. suggested that basal plasma S1P 
levels maintain vascular integrity. Mutant mice engineered to selectively lack S1P 
in the plasma displayed increased vascular leak and enhanced susceptibility to PAF 
stimulation, which could be reversed by S1P transfusion (Camerer et al. 2009).

S1P acts as both an intracellular messenger (Le Stunff et al. 2004) and an 
extracellular ligand of five cell surface receptors (S1P1−5) that are differentially 
expressed and coupled to various G proteins (Uhlig and Yang 2013). Vascular 
endothelial  cells primarily express S1P1, S1P2 and S1P3 (Hla et al. 2001). Physi-
ologic plasma S1P concentrations (0.5–1 µM) maintain microvascular integrity via 
ligation of the Gi-coupled S1P1 (Wang and Dudek 2009), and exogenously added 
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S1P to pulmonary endothelial cells increased monolayer integrity rapidly and dose-
dependently through S1P1 (Garcia et al. 2001). Ligation of endothelial S1P1 induces 
activation of Rac GTPase, phosphorylation of MLC and cytoskeletal alterations, 
thereby mediating the barrier-protective effect of S1P (Garcia et al. 2001). In influ-
enza pneumonia, endothelial S1P1 was identified to be critically involved in the reg-
ulation of immune responses. S1P1 receptor activation attenuated cytokine storm, 
suppressed immune cell recruitment and reduced mortality during murine infection 
with a human pathogenic strain of influenza virus (Teijaro et al. 2011) suggesting 
that under these circumstances endothelial cells are controlling the innate immune 
response (Iwasaki and Medzhitov 2011).

In addition to receptor-dependent extracellular S1P signalling, intracellular 
S1P protected endothelial barrier function, and mice deficient of SphK1 are much 
more susceptible to LPS-induced lung injury compared to wildtype (WT) controls 
(Wadgaonkar et al. 2009). Likewise, LPS increased expression of the S1P cleaving 
enzyme S1PL, thereby decreasing S1P levels in lung tissue. Inhibiting S1PL expres-
sion or activity reduced LPS-induced lung injury and inflammation in vitro and in 
vivo (Zhao et al. 2011). Moreover, in different murine and canine in vivo models of 
lung injury, including ischemia/reperfusion, pancreatitis and endotoxin challenge, 
S1P infusion was shown to reduce pulmonary vascular leakage and inflammation 
(McVerry et al. 2004; Peng et al. 2004; Okazaki et al. 2007; Liu et al. 2008). How-
ever, at supraphysiologic concentrations (> 5  µM) S1P induces RhoA-dependent 
barrier disruption through binding to S1P2 and S1P3, which couple to Gi, Gq and 
G12/13 (Siehler and Manning 2002; Wang and Dudek 2009; Sammani et al. 2010). 
Further, S1P stimulates human airway smooth muscle cell contractility (Rosenfeldt 
et al. 2003), triggers murine airway hyperresponsiveness (Roviezzo et al. 2007), and 
induces bradycardia through S1P3 (Forrest et al. 2004). The latter findings implicate 
a rather narrow therapeutic window for S1P, which may limit the therapeutic poten-
tial of S1P and drugs designed to increase S1P production or reduce S1P catabolism.

For this reason, S1P receptor agonists have aroused considerable interest. For ex-
ample, intratracheal or intravenous application of the selective S1P1 agonist SEW-
2871 reduced lung permeability upon endotoxin injection (Sammani et al. 2010). 
Further, in a murine influenza infection model lung permeability and mortality were 
shown to be improved after intratracheal treatment with the S1P receptor 1 and 3–5 
agonist AAL-R (Walsh et al. 2011). More widely used in clinical application is the 
S1P receptor modulator fingolimod (FTY720), a derivative of the fungal metabolite 
myriocin, which shows close structural homology to Sph and has been approved 
as an immunomodulatory drug for the treatment of multiple sclerosis (Brinkmann 
et al. 2010). FTY720 besides being immunosuppressive, exerts endothelial barrier-
protective effects in vitro (Sanchez et al. 2003) and in vivo (Dudek et al. 2007) and 
attenuated lung injury in mice following LPS stimulation (Peng et al. 2004; Natara-
jan et al. 2013). However, similar to S1P, FTY720 does affect endothelial integrity 
dose-dependently. We recently observed that FTY720 at lower concentrations im-
proved barrier integrity in endothelial cell monolayers (0.01–1 µM FTY720) and in 
mechanically ventilated mice (0.1 mg/kg FTY720). However, higher concentrations 
of FTY720 induced apoptosis and barrier disruption in vitro (10–100 µM FTY720) 
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and in mechanically ventilated mice (2 mg/kg FTY720), but not in spontaneously 
breathing mice (Müller et al. 2011). Trying to translate these experimental findings 
into the clinical setting, it cannot be ruled out that in FTY720-treated, ventilated pa-
tients with multiple organ dysfunction syndrome and disturbed hepatic metabolism 
of FTY720, increased FTY720 plasma concentrations might harm lungs that are 
sensitized by mechanical ventilation towards barrier-disruptive effects of the drug.

It is well-known that FTY720 phosphate is the active metabolite mediating the 
barrier-protective effect in vivo; however, the underlying mechanisms are not well 
understood. SphK2 was identified to be the predominant enzyme in generating 
FTY720 phosphate, thereby increasing its affinity to S1P receptors (Billich et al. 
2003; Sanchez et al. 2003). But inhibition of VEGF-induced vascular permeabil-
ity by FTY720 was independent from S1P1 expression (Sanchez et al. 2003), and 
S1P1 internalization and degradation by FTY720 has been suggested (Cyster 2005). 
Further concepts that may explain the barrier-protective effect of FTY720 have 
recently been reviewed (Natarajan et al. 2013). However, similar to S1P, FTY720 
induces bradycardia and dyspnea along with decreases in forced expiratory volume 
in 1 s (FEV1) (Kappos et al. 2006), thereby limiting its therapeutic use as a barrier-
protective agent in critically ill patients.

8.8 � Role of Reactive Oxygen and Nitrogen Species  
in the Pathogenesis of Lung Injury

ROS and reactive nitrogen species (RNS) are critically involved in the regulation 
of cellular function. ROS include superoxide anions, hydroxyl radical, hydro-
gen peroxide, hypochloric acid and other partly reduced derivatives of molecular 
oxygen, while metabolites of the NO metabolism like nitrite or peroxynitirite with 
oxidative power are summarized as RNS. Levels of ROS and RNS are tightly con-
trolled by the protective actions of antioxidants such as superoxide dismutase or 
glutathione. However, an imbalance of both systems due to either excessive ROS/
RNS production or critical reduction of antioxidants leads to oxidative stress which 
contributes to the pathogenesis of lung injury and particularly vascular permeability.

ROS generated during mitochondrial oxidative phosphorylation can modulate 
cellular processes by reacting with redox-reactive cystein residues on proteins, 
thereby altering enzyme activities and controlling cell regulatory pathways (Ray 
et  al. 2012). Upon inflammation, endothelial cells produce ROS/RNS involving 
various enzymatic systems such as NADPH oxidases, xanthine oxidase, COX and 
eNOS. Neutrophils generate even higher amounts of ROS due to NADPH oxydase 
activity, which are partly converted to the potent oxidant HOCl by myeloperoxi-
dase. Under inflammatory conditions, neutrophils also generate RNS by inducible 
NO synthase (iNOS; Boueiz and Hassoun 2009). Increased levels of ROS and RNS 
contribute to the pathogenesis of ALI upon different insults. Perfusion of isolated 
rabbit lungs with H2O2 induces barrier dysfunction resulting in pulmonary edema 
formation (Seeger et  al. 1995; Hippenstiel et  al. 2002). Exposure of endothelial 
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cells to H2O2 led to a rapid and dramatic decrease in cAMP content, and adenyl-
ate cyclase activation inhibited H2O2-induced permeability increase in endothelial 
cells (Suttorp et al. 1993b). Mechanical ventilation was shown to induce enzymatic 
activity of xanthine oxidoreductase (XOR), and inhibiting XOR protected mice 
from development of pulmonary hyperpermeability (Abdulnour et al. 2006). There-
by, the MAPK-dependent pathway is involved in permeability induction in rodents 
subjected to VILI (Abdulnour et al. 2006; Dolinay et al. 2008; Park et al. 2012). The 
underlying mechanisms are pro-inflammatory functions of this pathway as well as 
heat shock protein 25 (HSP25) phosphorylation leading to stress fibre formation 
and endothelial contraction (Abdulnour et al. 2006; Dolinay et al. 2008; Damarla 
et al. 2009). Furthermore, aggravated permeability and lung injury in VILI were 
demonstrated in mice lacking the transcription factor Nrf2 that regulates expression 
of several antioxidant enzymes, and antioxidant supplementation was able to rescue 
from exacerbation of lung injury (Papaiahgari et al. 2007).

NO is a reactive free radical and also a highly diffusible gas that is produced 
in the lungs from L-arginin in endothelial cells by constitutively expressed eNOS 
and in macrophages by iNOS. Activity of eNOS can be enhanced while its expres-
sion generally stays constant. In contrast, expression of iNOS is inducible, while 
its activity is more or less constant. Upon inflammation, different stimuli induce 
NO production and release, such as pore-forming bacterial exotoxins (Suttorp et al. 
1993a). NO has multiple biological activities including control of vascular tone and 
permeability, regulation of mitochondrial respiration and adhesion of platelets and 
leukocytes. NO protects cells against oxidant injury and microbial threats, but it can 
also have detrimental effects, for example activation of inflammatory processes, 
enzyme inhibition and DNA damage. It is suggested that these varying cellular 
responses are highly dependent on the relative NO concentrations (Thomas et al. 
2008).

The molecular mechanisms underlying NO activities are (i) reaction with tran-
sition metals like iron, copper and zinc, (ii) nitrolysation of cystein residues, and 
(iii) reaction with superoxide anion and formation of the oxidant peroxynitrite 
which leads to nitration of proteins involved in the regulation of cellular function 
(Korhonen et al. 2005).

Inhalation of NO is applied as rescue therapy in individual cases of hypoxic 
respiratory failure in adults, children and newborns along with respiratory sup-
port and other therapeutic measures. By inhalation, the potent vasodilator selec-
tively decreases pulmonary arterial pressure without causing systemic vasodilation 
and redistributes pulmonary blood flow towards ventilated lung regions, thereby 
reducing intrapulmonary shunting and improving arterial oxygenation (Raoof et al. 
2010). Nonetheless, although inhaled NO results in a transient improvement of oxy-
genation during the first 24 h of treatment, it does not increase ventilator-free days 
or survival of ARDS patients (Afshari et al. 2011).

Besides being a vasodilator, NO exerts endothelial barrier-regulating effects 
in the lungs; however, contradictory results have been reported. Inhaled NO was 
shown to maintain endothelial integrity in isolated perfused and ventilated murine 
lungs upon oxidative stress or ischemia/reperfusion (Kavanagh et  al. 1994; Poss 
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et al. 1995; Schutte et al. 2001b). Further, inhaled NO decreased pulmonary trans-
vascular albumin flux in patients with ALI (Benzing et al. 1995). How exactly NO 
exerts this barrier-stabilizing effect is largely unknown, but it is suggested that an 
increase in cyclic guanosine monophosphate (cGMP) through activation of guanyl-
ate cyclase (GC) may play a role. In rabbit lung ischemia/reperfusion, NO-induced 
barrier protection was associated with enhanced cGMP production and could be 
further increased by inhibition of the cGMP-specific phosphodiesterase (PDE) 5 
(Schutte et al. 2001b). cGMP-dependent mechanisms mediating barrier protection 
could also be demonstrated in lung endothelial cells upon H2O2 treatment (Seeger 
et  al. 1995; Suttorp et  al. 1996), in endothelial cells and perfused mouse lungs 
stimulated with thrombin (Seybold et al. 2005), and in mice with severe pneumo-
coccal pneumonia (Witzenrath et al. 2009). The barrier-protective effect of NO and 
cGMP can be partly explained by a negative feedback loop that regulates specific 
endothelial TRP channels (Yin et al. 2008), some of which are crucial for [Ca2 +]i 
increase, EC contraction and pulmonary hyperpermeability in response to different 
stimuli (Tiruppathi et al. 2002; Alvarez et al. 2006; Hamanaka et al. 2007; Jian et al. 
2008; Yin et al. 2008; Boueiz and Hassoun 2009; Kuebler et al. 2010).

In contrast to its barrier-protective effect, endogenous NO was also shown to 
contribute to lung injury in isolated rabbit lungs upon hypoxic ischemia/reperfu-
sion (Schutte et  al. 2001a). Further, iNOS expression was upregulated in mice 
subjected to mechanical ventilation, and ventilated iNOS-deficient mice as well as 
mice treated with an iNOS inhibitor showed reduced permeability and lung inflam-
mation compared to control WT mice (Peng et al. 2005). Similarly, development 
of pulmonary hyperpermeability in response to mechanical ventilation in rats was 
prevented by pharmacologic inhibition of NOS (Choi et al. 2003). Murine gain and 
loss of function studies verified a contribution of soluble GC to VILI (Schmidt et al. 
2008). Moreover, inhaled NO increased endothelial permeability in a rat model of 
Pseudomonas aeruginosa pneumonia and this effect was not related to an enhanced 
inflammatory response (Ader et al. 2007). Consequently, the individual effects of 
NO on pulmonary endothelial barrier function might be determined by local NO 
concentrations and the prevalent pathologic circumstances.

8.9 � Adrenomedullin (AM) and Endothelial Barrier 
Function

Adrenomedullin (AM) is a multifunctional, endogenous peptide that was shown 
to have endothelial barrier-stabilizing properties. It is expressed by different cell 
types including endothelial and epithelial cells, vascular smooth muscle cells, 
cardiomyocytes and leukocytes. AM is derived from a larger precursor peptide 
(prepro-AM) by posttranslational processing including amidation by peptidogly-
cine alpha-amidating monooxygenase (PAM; Temmesfeld-Wollbruck et al. 2007b). 
AM is a ligand for the calcitonin receptor like receptor (CRLR), which associates 
with receptor activity modifying proteins (RAMP)-2 and RAMP-3. AM receptor 
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binding in endothelial cells leads to accumulation of the second messenger cAMP 
and activation of different kinases including protein kinase A (PKA), PKC, MAP 
kinases (Hippenstiel et al. 2002; Temmesfeld-Wollbruck et al. 2007b).

The importance of AM for vascular barrier integrity was highlighted by the dem-
onstration that mice deficient for AM, CRLR, PAM or RAMP2 die prematurely of 
hydrops fetalis (Caron and Smithies 2001; Czyzyk et al. 2005; Dackor et al. 2006; 
Ichikawa-Shindo et al. 2008). Further, expression of AM is increased under inflam-
matory conditions like sepsis or ALI (Matheson et al. 2003; Cheung et al. 2004; 
Agorreta et al. 2005) and mice heterozygous for the AM gene exhibit an aggravated 
inflammatory response upon LPS challenge (Dackor and Caron 2007).

In different in vitro, ex vivo and in vivo models, AM reduced pulmonary endo-
thelial hyperpermeability induced by various stimuli such as hydrogen peroxide, 
LPS or Staphylococcus aureus alpha-toxin and protected against VILI in mice with 
and without pneumonia (Hippenstiel et  al. 2002; Itoh et  al. 2007; Temmesfeld-
Wollbruck et  al. 2007a; Müller et  al. 2010; Muller-Redetzky et  al. 2014b). In a 
two-hit model of relatively high clinical relevance, mice were subjected to pneu-
mococcal pneumonia before being mechanically ventilated. Further, treatment with 
exogenous AM protected against gut barrier disruption after Staphylococcus aureus 
alpha-toxin stimulation and in ischemia/reperfusion injury, and improved blood–
brain barrier function (Kis et al. 2003; Brell et al. 2005a; Brell et al. 2005b; Honda 
et al. 2006; Higuchi et al. 2008; Temmesfeld-Wollbruck et al. 2009).

There are at least two central mechanisms by which AM mediates endothelial 
barrier stabilization. The first is based on AM capability to block generation of actin 
stress fibres and actin myosin interaction thereby leading to endothelial cell relax-
ation (Temmesfeld-Wollbruck et  al. 2007b). Briefly, AM was shown to increase 
intracellular cAMP levels in endothelial cells, thereby inhibiting MLC phosphory-
lation and actin myosin interaction and finally cell contraction induced by throm-
bin or hydrogen peroxide in vitro, or caused by mechanical ventilation in vivo 
(Hippenstiel et al. 2002; Brell et al. 2005b; Hocke et al. 2006; Müller et al. 2010; 
Muller-Redetzky et al. 2014b). However, in gut epithelial cells AM was shown to 
exert barrier-stabilizing effects independently of cAMP (Temmesfeld-Wollbruck 
et al. 2009). The second mechanism underlying AM-mediated barrier stabilization 
is through an increase of intercellular adherence. In a rat model of isolated perfused 
ileum, Staphylococcus aureus alpha-toxin-induced loss of the junctional protein 
VE-cadherin was prevented by treatment with AM (Hocke et al. 2006). In vitro, 
AM protected against Staphylococcus aureus alpha-toxin- or thrombin-mediated 
loss of VE-cadherin and occludin, and increased expression of claudin-5 in brain 
microvascular endothelial cells (Hocke et al. 2006; Honda et al. 2006). AM was also 
shown to exert immunomodulatory effects (Gonzalez-Rey et al. 2006), however we 
observed that the AM-mediated improvement of barrier function was not associated 
with a downregulated inflammatory response (Müller et al. 2010; Muller-Redetzky 
et  al. 2014b). Although the obviously cell specific mechanisms underlying AM-
mediated barrier protection are only partly understood, the impressive effects 
observed in complex experimental models regardless of the stimulus and uncoupled 
to immunosuppressive properties suggest a high translational potential for AM.
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8.10 � Stem Cells in Lung Injury

In lung injury, inflammatory signalling cascades are activated and chemoattractant 
factors released, including granulocyte-macrophage stimulating factor (GM-CSF), 
granulocyte colony stimulating factor (G-CSF), and stromal cell-derived factor 1α 
(SDF-1α) and its receptor CXCR4, which results in mobilization of stem cells from 
bone marrow to the injured lung (Maron-Gutierrez et al. 2014). Stem cells are able 
to renew themselves and to differentiate into multiple cell types, which may con-
tribute to regeneration of damaged organs (Cribbs et al. 2010). In lung injury, stem 
cells engraft into tissue and interact with neighbouring cells, thereby directly con-
tributing to epithelial and endothelial repair. However, the levels of engraftment 
seem to be too low to account for all the observed positive effects. Indeed, stem 
cells may additionally alter the immune response in a beneficial manner to diminish 
destructive inflammation while preserving the host’s ability to combat pathogens 
(Cribbs et al. 2010). Alterations of immune responses and improvement of cellular 
functions seem to result in particular from of delivery of paracrine mediators and 
mitochondrion-containing microvesicles by stem cells (Bhattacharya and Matthay 
2013). Allogeneic human mesenchymal stem cells were also shown to restore com-
promised alveolar fluid clearance ex vivo in human lungs rejected for transplanta-
tion due to lung injury and dysfunction after prolonged ischemia (McAuley et al. 
2014).

Endothelial progenitor cells (EPCs) are a subtype of hematopoietic stem cells, 
which exclusively differentiate into endothelial cells and can be derived from 
mononuclear cells from bone marrow, cord blood and circulating blood. Patients 
with ARDS had increased numbers of circulating EPCs, and higher EPC counts 
correlated with improved survival (Burnham et al. 2005). Notably, EPCs engraft-
ed into endothelial tissue of injured, but not of healthy lungs, again implying that 
injured lung tissue produces chemoattractants that mobilize EPCs specifically to 
damaged tissue areas.

However, although EPC recruitment was enhanced in patients with sepsis, pro-
liferation, adhesion and migration of endogenous EPCs were reduced (Luo et al. 
2009; Patschan et al. 2011). Two different experimental strategies were pursued to 
enhance beneficial functions of EPCs. First, autologous transplantation of EPCs 
from healthy donors was performed in rabbit and rat models of ALI, and exog-
enous EPCs reduced lung edema and hyaline membrane formation most likely 
due to reendothelialization of damaged lung vasculature (Lam et  al. 2008; Mao 
et al. 2010). Second, autologous EPC transplantation was recently combined with 
SDF-1α treatment, which enhanced functional properties of EPCs (Fan et al. 2014). 
Exogenous EPCs and SDF-1α synergistically improved survival in mice with poly-
microbial sepsis (Fan et al. 2014).

In summary, stem cells probably have prognostic value and provide a therapeu-
tic perspective in ALI. Currently, bone marrow-derived human mesenchymal stem 
cells are tested as adjuvant therapy for the treatment of ARDS in a clinical phase I 
(NCT01775774), and in a multicenter phase II trial (NCT02097641).
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8.11 � Conclusions and Future Perspectives

ARDS may result from acute inflammatory diseases such as pneumonia or sepsis 
and still carries an unacceptably high mortality rate. In various studies, basic 
pathomechanisms involved in the development of ARDS were unraveled leading to 
improvements in therapy including ventilation and resuscitation strategies. Pulmo-
nary endothelial cells have long been identified as key players in the pathogenesis 
of ARDS and researchers have discovered numerous central mechanisms underly-
ing increased vascular permeability (Muller-Redetzky et al. 2014a). However, most 
therapeutic approaches based on the understanding of pathomechanisms underlying 
pulmonary endothelial barrier dysfunction have been frustrating so far. Nevertheless, 
these drawbacks should not discourage scientists from further research, quite the 
contrary they should be understood as important sources of perception. In this con-
text, it is worth considering some general aspects when moving forward in this field.

First, to reverse a barrier dysfunction of an already injured endothelium may be 
a hardly achievable goal. Notably, the only therapeutic approaches reducing ARDS 
mortality so far, reduction of tidal volume and probably early prone positioning, 
short term use of neuromuscular blockers, and esophageal pressure-guided PEEP 
adjustment (Network ARDS 2000; Talmor et al. 2008; Papazian et al. 2010; Guerin 
et al. 2013), are aiming at prevention of further inflammatory stress by mechanical 
ventilation, thus being rather preventive. To focus on therapeutic approaches that 
slow down the development of pneumonia or sepsis to ARDS seems to be more 
promising than trying to reverse severe tissue inflammation and injury. Therefore, 
clinical and biological predictors of development towards ARDS are required, and 
future therapeutic strategies should be introduced before full-blown ARDS has de-
veloped. However, this notion should not tempt researchers to perform experimen-
tal studies that focus on preventive strategies with the start of the specific treatment 
before onset of the preceding disease (pneumonia or sepsis in this case), because 
they are far from translation into clinics.

Second, the real-life scenario should always be considered. Due to numerous 
simultaneous incidents, ICU patients are often susceptible to the development of 
ARDS. This is in contrast to experimental studies using, for example, LPS-treated 
mice, implicating that many redundant pathways may be differentially involved 
and should probably be targeted therapeutically at once. Furthermore, important 
interindividual differences need to be reflected.

Third, complexity is an aspect that should not be underestimated. The great-
er our understanding of the pathomechanisms contributing to lung injury is, the 
more aware we become of the differential pathomechanistic roles one and the same 
signalling system may have. For example, S1P was shown to differentially affect 
endothelial barrier function, depending on S1P concentration, receptor expression 
and the specific local cellular environment, which adds a further dimension to the 
big picture of mechanisms involved in endothelial barrier disruption. Presumably, 
systems biology combined with mathematical multi-scale models that integrate 
knowledge from experimental studies (in vitro, in vivo and in silico), clinical trials 
and clinical and biological predictors of individual patients will facilitate develop-
ment of successful novel therapies and improvement of ARDS prevention.



178 H. C. Müller-Redetzky et al.

References

Abdulnour RE, Peng X, Finigan JH, Han EJ, Hasan EJ, Birukov KG, et  al. Mechanical stress 
activates xanthine oxidoreductase through MAP kinase-dependent pathways. Am J Physiol 
Lung Cell Mol Physiol. 2006;291(3):L345–53.

Ader F, Berre R L, Lancel S, Faure K, Viget NB, Nowak E, et al. Inhaled nitric oxide increases 
endothelial permeability in Pseudomonas aeruginosa pneumonia. Intensive Care Med. 
2007;33(3):503–10.

Afshari A, Brok J, Moller AM, Wetterslev J. Inhaled nitric oxide for acute respiratory distress 
syndrome and acute lung injury in adults and children: a systematic review with meta-analysis 
and trial sequential analysis. Anesth Analg. 2011;112(6):1411–21.

Agorreta J, Zulueta JJ, Montuenga LM, Garayoa M. Adrenomedullin expression in a rat model 
of acute lung injury induced by hypoxia and LPS. Am J Physiol Lung Cell Mol Physiol. 
2005;288(3):L536–45.

Alvarez DF, King JA, Weber D, Addison E, Liedtke W, Townsley MI. Transient receptor potential 
vanilloid 4-mediated disruption of the alveolar septal barrier: a novel mechanism of acute lung 
injury. Circ Res. 2006;99(9):988–95.

Ben DF, Yu XY, Ji GY, Zheng DY, Lv KY, Ma B, et al. TLR4 mediates lung injury and inflammation 
in intestinal ischemia-reperfusion. J Surg Res. 2012;174(2):326–33.

Benzing A, Brautigam P, Geiger K, Loop T, Beyer U, Moser E. Inhaled nitric oxide reduces 
pulmonary transvascular albumin flux in patients with acute lung injury. Anesthesiology. 
1995;83(6):1153–61.

Bhattacharya J, Matthay MA. Regulation and repair of the alveolar-capillary barrier in acute lung 
injury. Annu Rev Physiol. 2013;75:593–615.

Billich A, Bornancin F, Devay P, Mechtcheriakova D, Urtz N, Baumruker T. Phosphorylation of 
the immunomodulatory drug FTY720 by sphingosine kinases. J Biol Chem. 2003;278(48): 
47408–15.

Boueiz A, Hassoun PM. Regulation of endothelial barrier function by reactive oxygen and nitrogen 
species. Microvasc Res. 2009;77(1):26–34.

Brell B, Hippenstiel S, David I, Pries AR, Habazettl H, Schmeck B, et al. Adrenomedullin treatment 
abolishes ileal mucosal hypoperfusion induced by Staphylococcus aureus alpha-toxin–an 
intravital microscopic study on an isolated rat ileum. Crit Care Med. 2005a;33(12):2810–016.

Brell B, Temmesfeld-Wollbruck B, Altzschner I, Frisch E, Schmeck B, Hocke AC, et  al. 
Adrenomedullin reduces Staphylococcus aureus alpha-toxin-induced rat ileum microcirculatory 
damage. Crit Care Med. 2005b;33(4):819–26.

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et  al. Neutrophil 
extracellular traps kill bacteria. Science. 2004;303(5663):1532–5.

Brinkmann V, Billich A, Baumruker T, Heining P, Schmouder R, Francis G, et  al. Fingolimod 
(FTY720): discovery and development of an oral drug to treat multiple sclerosis. Nat Rev Drug 
Discov. 2010;9(11):883–97.

Burnham EL, Taylor WR, Quyyumi AA, Rojas M, Brigham KL, Moss M. Increased circulating 
endothelial progenitor cells are associated with survival in acute lung injury. Am J Respir Crit 
Care Med. 2005;172(7):854–60.

Calfee CS, Gallagher D, Abbott J, Thompson BT, Matthay MA. Plasma angiopoietin-2 in clinical 
acute lung injury: prognostic and pathogenetic significance. Crit Care Med. 2012;40(6): 
1731–7.

Camerer E, Regard JB, Cornelissen I, Srinivasan Y, Duong DN, Palmer D, et al. Sphingosine-1-
phosphate in the plasma compartment regulates basal and inflammation-induced vascular leak 
in mice. J Clin Invest. 2009;119(7):1871–9.

Canals D, Perry DM, Jenkins RW, Hannun YA. Drug targeting of sphingolipid metabolism: 
sphingomyelinases and ceramidases. Br J Pharmacol. 2011;163(4):694–712.

Carman CV, Springer TA. A transmigratory cup in leukocyte diapedesis both through individual 
vascular endothelial cells and between them. J Cell Biol. 2004;167(2):377–88.



1798  The Lung Endothelial Barrier in Acute Inflammation

Caron KM, Smithies O. Extreme hydrops fetalis and cardiovascular abnormalities in mice lacking 
a functional Adrenomedullin gene. Proc Natl Acad Sci U S A. 2001;98(2):615–9.

Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB, Monestier M, et al. Platelets 
induce neutrophil extracellular traps in transfusion-related acute lung injury. J Clin Invest. 
2012;122(7):2661–71.

Cheung BM, Hwang IS, Li CY, O WS, Tsang KW, Leung RY, et al. Increased adrenomedullin 
expression in lungs in endotoxaemia. J Endocrinol. 2004;181(2):339–45.

Choi WI, Quinn DA, Park KM, Moufarrej RK, Jafari B, Syrkina O, et al. Systemic microvascular 
leak in an in vivo rat model of ventilator-induced lung injury. Am J Respir Crit Care Med. 
2003;167(12):1627–32.

Chow JC, Young DW, Golenbock DT, Christ WJ, Gusovsky F. Toll-like receptor-4 mediates 
lipopolysaccharide-induced signal transduction. J Biol Chem. 1999;274(16):10689–92.

Cirino G, Cicala C, Bucci MR, Sorrentino L, Maraganore JM, Stone SR. Thrombin functions as 
an inflammatory mediator through activation of its receptor. J Exp Med. 1996;183(3):821–7.

Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al. Platelet TLR4 activates 
neutrophil extracellular traps to ensnare bacteria in septic blood. Nat Med. 2007;13(4):463–9.

Cribbs SK, Matthay MA, Martin GS. Stem cells in sepsis and acute lung injury. Crit Care Med. 
2010;38(12):2379–85.

Cyster JG. Chemokines, sphingosine-1-phosphate, and cell migration in secondary lymphoid 
organs. Annu Rev Immunol. 2005;23:127–59.

Czyzyk TA, Ning Y, Hsu MS, Peng B, Mains RE, Eipper BA, et  al. Deletion of peptide 
amidation enzymatic activity leads to edema and embryonic lethality in the mouse. Dev Biol. 
2005;287(2):301–13.

Dackor R, Caron K. Mice heterozygous for adrenomedullin exhibit a more extreme inflammatory 
response to endotoxin-induced septic shock. Peptides. 2007;28(11):2164–70.

Dackor RT, Fritz-Six K, Dunworth WP, Gibbons CL, Smithies O, Caron KM. Hydrops fetalis, 
cardiovascular defects, and embryonic lethality in mice lacking the calcitonin receptor-like 
receptor gene. Mol Cell Biol. 2006;26(7):2511–8.

Damarla M, Hasan E, Boueiz A, Le A, Pae HH, Montouchet C, et al. Mitogen activated protein 
kinase activated protein kinase 2 regulates actin polymerization and vascular leak in ventilator 
associated lung injury. PLoS One. 2009;4(2):e4600.

David S, Ghosh CC, Kumpers P, Shushakova N, van Slyke P, Khankin EV, et  al. Effects of a 
synthetic PEG-ylated Tie-2 agonist peptide on endotoxemic lung injury and mortality. Am J 
Physiol Lung Cell Mol Physiol. 2011a;300(6):L851–62.

David S, Ghosh CC, Mukherjee A, Parikh SM. Angiopoietin-1 requires IQ domain GTPase-
activating protein 1 to activate Rac1 and promote endothelial barrier defense. Arterioscler 
Thromb Vasc Biol. 2011b;31(11):2643–52.

David S, Park JK, Meurs M, Zijlstra JG, Koenecke C, Schrimpf C, et al. Acute administration of 
recombinant Angiopoietin-1 ameliorates multiple-organ dysfunction syndrome and improves 
survival in murine sepsis. Cytokine. 2011c;55(2):251–9.

David S, Mukherjee A, Ghosh CC, Yano M, Khankin EV, Wenger JB, et al. Angiopoietin-2 may 
contribute to multiple organ dysfunction and death in sepsis*. Crit Care Med. 2012;40(11): 
3034–41.

David S, Kumpers P, van Slyke P, Parikh SM. Mending leaky blood vessels: the angiopoietin-Tie2 
pathway in sepsis. J Pharmacol Exp Ther. 2013;345(1):2–6.

Dhaliwal K, Scholefield E, Ferenbach D, Gibbons M, Duffin R, Dorward DA, et al. Monocytes 
control second-phase neutrophil emigration in established lipopolysaccharide-induced murine 
lung injury. Am J Respir Crit Care Med. 2012;186(6):514–24.

DiStasi MR, Ley K. Opening the flood-gates: how neutrophil-endothelial interactions regulate 
permeability. Trends Immunol. 2009;30(11):547–56.

Dolinay T, Wu W, Kaminski N, Ifedigbo E, Kaynar AM, Szilasi M, et al. Mitogen-activated protein 
kinases regulate susceptibility to ventilator-induced lung injury. PLoS One. 2008;3(2):e1601.

Dudek SM, Camp SM, Chiang ET, Singleton PA, Usatyuk PV, Zhao Y, et  al. Pulmonary 
endothelial cell barrier enhancement by FTY720 does not require the S1P1 receptor. Cell 
Signal. 2007;19(8):1754–64.



180 H. C. Müller-Redetzky et al.

Eklund L, Saharinen P. Angiopoietin signaling in the vasculature. Exp Cell Res. 2013;319(9): 
1271–80.

Fan H, Goodwin AJ, Chang E, Zingarelli B, Borg K, Guan S, et al. Endothelial progenitor cells and 
a SDF-1alpha analogue synergistically improve survival in sepsis. Am J Respir Crit Care Med. 
2014. doi:10.1164/rccm.201312-2163OC.

Fiedler U, Scharpfenecker M, Koidl S, Hegen A, Grunow V, Schmidt JM, et al. The Tie-2 ligand 
angiopoietin-2 is stored in and rapidly released upon stimulation from endothelial cell Weibel-
Palade bodies. Blood. 2004;103(11):4150–6.

Fiedler U, Reiss Y, Scharpfenecker M, Grunow V, Koidl S, Thurston G, et  al. Angiopoietin-2 
sensitizes endothelial cells to TNF-alpha and has a crucial role in the induction of inflammation. 
Nat Med. 2006;12(2):235–9.

Forrest M, Sun SY, Hajdu R, Bergstrom J, Card D, Doherty G, et al. Immune cell regulation and 
cardiovascular effects of sphingosine 1-phosphate receptor agonists in rodents are mediated via 
distinct receptor subtypes. J Pharmacol Exp Ther. 2004;309(2):758–68.

Gamble JR, Drew J, Trezise L, Underwood A, Parsons M, Kasminkas L, et al. Angiopoietin-1 is 
an antipermeability and anti-inflammatory agent in vitro and targets cell junctions. Circ Res. 
2000;87(7):603–7.

Gao XP, Zhu X, Fu J, Liu Q, Frey RS, Malik AB. Blockade of class IA phosphoinositide 3-kinase 
in neutrophils prevents NADPH oxidase activation- and adhesion-dependent inflammation. J 
Biol Chem. 2007;282(9):6116–25.

Garcia JG, Liu F, Verin AD, Birukova A, Dechert MA, Gerthoffer WT, et  al. Sphingosine 
1-phosphate promotes endothelial cell barrier integrity by Edg-dependent cytoskeletal 
rearrangement. J Clin Invest. 2001;108(5):689–701.

Gavard J, Patel V, Gutkind JS. Angiopoietin-1 prevents VEGF-induced endothelial permeability 
by sequestering Src through mDia. Dev Cell. 2008;14(1):25–36.

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with distinct 
migratory properties. Immunity. 2003;19(1):71–82.

Glas GJ, Van Der Sluijs KF, Schultz MJ, Hofstra JJ, Van Der Poll T, Levi M. Bronchoalveolar 
hemostasis in lung injury and acute respiratory distress syndrome. J Thromb Haemost. 
2013;11(1):17–25.

Goggel R, Winoto-Morbach S, Vielhaber G, Imai Y, Lindner K, Brade L, et  al. PAF-mediated 
pulmonary edema: a new role for acid sphingomyelinase and ceramide. Nat Med. 2004;10(2): 
155–60.

Gong P, Angelini DJ, Yang S, Xia G, Cross AS, Mann D, et  al. TLR4 signaling is coupled to 
SRC family kinase activation, tyrosine phosphorylation of zonula adherens proteins, and 
opening of the paracellular pathway in human lung microvascular endothelia. J Biol Chem. 
2008;283(19):13437–49.

Gonzalez-Rey E, Chorny A, Varela N, Robledo G, Delgado M. Urocortin and adrenomedullin 
prevent lethal endotoxemia by down-regulating the inflammatory response. Am J Pathol. 
2006;168(6):1921–30.

Grommes J, Soehnlein O. Contribution of neutrophils to acute lung injury. Mol Med. 2011;17(3–
4):293–307.

Guerin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T, et  al. Prone positioning in 
severe acute respiratory distress syndrome. N Engl J Med. 2013;368(23):2159–68.

Hamanaka K, Jian MY, Weber DS, Alvarez DF, Townsley MI, Al-Mehdi AB, et al. TRPV4 initiates 
the acute calcium-dependent permeability increase during ventilator-induced lung injury in 
isolated mouse lungs. Am J Physiol Lung Cell Mol Physiol. 2007;293(4):L923–32.

Hanel P, Andreani P, Graler MH. Erythrocytes store and release sphingosine 1-phosphate in blood. 
FASEB J. 2007;21(4):1202–9.

He P, Zhang H, Zhu L, Jiang Y, Zhou X. Leukocyte-platelet aggregate adhesion and vascular 
permeability in intact microvessels: role of activated endothelial cells. Am J Physiol Heart Circ 
Physiol. 2006;291(2):H591–9.

Higuchi S, Wu R, Zhou M, Marini CP, Ravikumar TS, Wang P. Gut hyperpermiability after 
ischemia and reperfusion: attenuation with adrenomedullin and its binding protein treatment. 
Int J Clin Exp Pathol. 2008;1(5):409–18.



1818  The Lung Endothelial Barrier in Acute Inflammation

Hilberath JN, Carlo T, Pfeffer MA, Croze RH, Hastrup F, Levy BD. Resolution of Toll-like receptor 
4-mediated acute lung injury is linked to eicosanoids and suppressor of cytokine signaling 3. 
FASEB J. 2011;25(6):1827–35.

Hippenstiel S, Tannert-Otto S, Vollrath N, Krull M, Just I, Aktories K, et al. Glucosylation of small 
GTP-binding Rho proteins disrupts endothelial barrier function. Am J Physiol. 1997;272(1 Pt 
1):L38–L43.

Hippenstiel S, Krull M, Ikemann A, Risau W, Clauss M, Suttorp N. VEGF induces hyperpermeability 
by a direct action on endothelial cells. Am J Physiol. 1998;274(5 Pt 1):L678–84.

Hippenstiel S, Witzenrath M, Schmeck B, Hocke A, Krisp M, Krull M, et  al. Adrenomedullin 
reduces endothelial hyperpermeability. Circ Res. 2002;91(7):618–25.

Hla T, Lee MJ, Ancellin N, Paik JH, Kluk MJ. Lysophospholipids–receptor revelations. Science. 
2001;294(5548):1875–8.

Hocke AC, Temmesfeld-Wollbrueck B, Schmeck B, Berger K, Frisch EM, Witzenrath M, et al. 
Perturbation of endothelial junction proteins by Staphylococcus aureus alpha-toxin: inhibition 
of endothelial gap formation by adrenomedullin. Histochem Cell Biol. 2006;126(3):305–16.

Hofstra JJ, Vlaar AP, Knape P, Mackie DP, Determann RM, Choi G, et al. Pulmonary activation of 
coagulation and inhibition of fibrinolysis after burn injuries and inhalation trauma. J Trauma. 
2011;70(6):1389–97.

Honda M, Nakagawa S, Hayashi K, Kitagawa N, Tsutsumi K, Nagata I, et al. Adrenomedullin 
improves the blood-brain barrier function through the expression of claudin-5. Cell Mol 
Neurobiol. 2006;26(2):109–18.

Huang YQ, Li JJ, Hu L, Lee M, Karpatkin S. Thrombin induces increased expression and secretion 
of angiopoietin-2 from human umbilical vein endothelial cells. Blood. 2002;99(5):1646–50.

Huang YQ, Sauthoff H, Herscovici P, Pipiya T, Cheng J, Heitner S, et al. Angiopoietin-1 increases 
survival and reduces the development of lung edema induced by endotoxin administration in a 
murine model of acute lung injury. Crit Care Med. 2008;36(1):262–7.

Huber-Lang M, Sarma JV, Zetoune FS, Rittirsch D, Neff TA, McGuire SR, et al. Generation of 
C5a in the absence of C3: a new complement activation pathway. Nat Med. 2006;12(6):682–7.

Hughes DP, Marron MB, Brindle NP. The antiinflammatory endothelial tyrosine kinase Tie2 
interacts with a novel nuclear factor-kappaB inhibitor ABIN-2. Circ Res. 2003;92(6):630–6.

Ichikawa-Shindo Y, Sakurai T, Kamiyoshi A, Kawate H, Iinuma N, Yoshizawa T, et al. The GPCR 
modulator protein RAMP2 is essential for angiogenesis and vascular integrity. J Clin Invest. 
2008;118(1):29–39.

Imai Y, Kuba K, Neely GG, Yaghubian-Malhami R, Perkmann T, van Loo G, et al. Identification of 
oxidative stress and Toll-like receptor 4 signaling as a key pathway of acute lung injury. Cell. 
2008;133(2):235–49.

Itoh T, Obata H, Murakami S, Hamada K, Kangawa K, Kimura H, et  al. Adrenomedullin 
ameliorates lipopolysaccharide-induced acute lung injury in rats. Am J Physiol Lung Cell Mol 
Physiol. 2007;293(2):L446–52.

Iwasaki A, Medzhitov R. A new shield for a cytokine storm. Cell. 2011;146(6):861–2.
Jho D, Mehta D, Ahmmed G, Gao XP, Tiruppathi C, Broman M, et al. Angiopoietin-1 opposes 

VEGF-induced increase in endothelial permeability by inhibiting TRPC1-dependent Ca2 
influx. Circ Res. 2005;96(12):1282–90.

Jian MY, King JA, Al-Mehdi AB, Liedtke W, Townsley MI. High vascular pressure-induced lung 
injury requires P450 epoxygenase-dependent activation of TRPV4. Am J Respir Cell Mol Biol. 
2008;38(4):386–92.

Kappos L, Antel J, Comi G, Montalban X, O'Connor P, Polman CH, et  al. Oral fingolimod 
(FTY720) for relapsing multiple sclerosis. N Engl J Med. 2006;355(11):1124–40.

Kavanagh BP, Mouchawar A, Goldsmith J, Pearl RG. Effects of inhaled NO and inhibition of 
endogenous NO synthesis in oxidant-induced acute lung injury. J Appl Physiol. 1994;76(3): 
1324–9.

Kawagoe T, Sato S, Matsushita K, Kato H, Matsui K, Kumagai Y, et al. Sequential control of Toll-
like receptor-dependent responses by IRAK1 and IRAK2. Nat Immunol. 2008;9(6):684–91.



182 H. C. Müller-Redetzky et al.

Khan MA, Maasch C, Vater A, Klussmann S, Morser J, Leung LL, et al. Targeting complement 
component 5a promotes vascular integrity and limits airway remodeling. Proc Natl Acad Sci 
U S A. 2013;110(15):6061–6.

Kim SR, Bae SK, Park HJ, Kim MK, Kim K, Park SY, et  al. Thromboxane A(2) increases 
endothelial permeability through upregulation of interleukin-8. Biochem Biophys Res 
Commun. 2010;397(3):413–9.

Kis B, Snipes JA, Deli MA, Abraham CS, Yamashita H, Ueta Y, et al. Chronic adrenomedullin 
treatment improves blood-brain barrier function but has no effects on expression of tight 
junction proteins. Acta Neurochir Suppl. 2003;86:565–8.

Korhonen R, Lahti A, Kankaanranta H, Moilanen E. Nitric oxide production and signaling in 
inflammation. Curr Drug Targets Inflamm Allergy. 2005;4(4):471–9.

Kuebler WM, Yang Y, Samapati R, Uhlig S. Vascular barrier regulation by PAF, ceramide, 
caveolae, and NO—an intricate signaling network with discrepant effects in the pulmonary 
and systemic vasculature. Cell Physiol Biochem. 2010;26(1):29–40.

Kumpers P, Gueler F, David S, Slyke PV, Dumont DJ, Park JK, et al. The synthetic tie2 agonist 
peptide vasculotide protects against vascular leakage and reduces mortality in murine 
abdominal sepsis. Crit Care. 2011;15(5):R261.

Lam CF, Liu YC, Hsu JK, Yeh PA, Su TY, Huang CC, et al. Autologous transplantation of endothelial 
progenitor cells attenuates acute lung injury in rabbits. Anesthesiology. 2008;108(3):392–401.

Lemieux C, Maliba R, Favier J, Theoret JF, Merhi Y, Sirois MG. Angiopoietins can directly 
activate endothelial cells and neutrophils to promote proinflammatory responses. Blood. 
2005;105(4):1523–30.

Li X, Stankovic M, Bonder CS, Hahn CN, Parsons M, Pitson SM, et al. Basal and angiopoietin-
1-mediated endothelial permeability is regulated by sphingosine kinase-1. Blood. 
2008;111(7):3489–97.

Liu HB, Cui NQ, Wang Q, Li DH, Xue XP. Sphingosine-1-phosphate and its analogue FTY720 
diminish acute pulmonary injury in rats with acute necrotizing pancreatitis. Pancreas. 
2008;36(3):e10–5.

Liu ZM, Zhu SM, Qin XJ, Cheng ZD, Liu MY, Zhang HM, et al. Silencing of C5a receptor gene 
with siRNA for protection from Gram-negative bacterial lipopolysaccharide-induced vascular 
permeability. Mol Immunol. 2010;47(6):1325–33.

Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA. Platelet depletion and 
aspirin treatment protect mice in a two-event model of transfusion-related acute lung injury. J 
Clin Invest. 2009;119(11):3450–61.

Lucas R, Yang G, Gorshkov BA, Zemskov EA, Sridhar S, Umapathy NS, et al. Protein kinase 
C-alpha and arginase I mediate pneumolysin-induced pulmonary endothelial hyperpermeability. 
Am J Respir Cell Mol Biol. 2012;47(4):445–53.

Luo TH, Wang Y, Lu ZM, Zhou H, Xue XC, Bi JW, et al. The change and effect of endothelial 
progenitor cells in pig with multiple organ dysfunction syndromes. Critical care. 
2009;13(4):R118.

Lynn M, Rossignol DP, Wheeler JL, Kao RJ, Perdomo CA, Noveck R, et al. Blocking of responses 
to endotoxin by E5564 in healthy volunteers with experimental endotoxemia. J Infect Dis. 
2003;187(4):631–9.

Mammoto T, Parikh SM, Mammoto A, Gallagher D, Chan B, Mostoslavsky G, et  al. 
Angiopoietin-1 requires p190 RhoGAP to protect against vascular leakage in vivo. J Biol 
Chem. 2007;282(33):23910–8.

Mao M, Wang SN, Lv XJ, Wang Y, Xu JC. Intravenous delivery of bone marrow-derived 
endothelial progenitor cells improves survival and attenuates lipopolysaccharide-induced lung 
injury in rats. Shock. 2010;34(2):196–204.

Markiewski MM, Lambris JD. The role of complement in inflammatory diseases from behind the 
scenes into the spotlight. Am J Pathol. 2007;171(3):715–27.

Maron-Gutierrez T, Laffey JG, Pelosi P, Rocco PR. Cell-based therapies for the acute respiratory 
distress syndrome. Curr Opin Crit Care. 2014;20(1):122–31.



1838  The Lung Endothelial Barrier in Acute Inflammation

Marshall JC, Foster D, Vincent JL, Cook DJ, Cohen J, Dellinger RP, et  al. Diagnostic and 
prognostic implications of endotoxemia in critical illness: results of the MEDIC study. J Infect 
Dis. 2004;190(3):527–34.

Martin TR, Pistorese BP, Chi EY, Goodman RB, Matthay MA. Effects of leukotriene B4 in the 
human lung. Recruitment of neutrophils into the alveolar spaces without a change in protein 
permeability. J Clin Invest. 1989;84(5):1609–19.

Mastellos D, Morikis D, Isaacs SN, Holland MC, Strey CW, Lambris JD. Complement: structure, 
functions, evolution, and viral molecular mimicry. Immunol Res. 2003;27(2–3):367–86.

Matheson PJ, Mays MP, Hurt RT, Harris PD, Garrison RN. Adrenomedullin is increased in the 
portal circulation during chronic sepsis in rats. Am J Surg. 2003;186(5):519–25.

Matthay MA, Ware LB, Zimmerman GA. The acute respiratory distress syndrome. J Clin Invest. 
2012;122(8):2731–40.

McAuley DF, Curley GF, Hamid UI, Laffey JG, Abbott J, McKenna DH, et  al. Clinical grade 
allogeneic human mesenchymal stem cells restore alveolar fluid clearance in human lungs 
rejected for transplantation. Am J Physiol Lung Cell Mol Physiol. 2014;306(9):L809–15.

McCarter SD, Mei SH, Lai PF, Zhang QW, Parker CH, Suen RS, et al. Cell-based angiopoietin-1 
gene therapy for acute lung injury. Am J Respir Crit Care Med. 2007;175(10):1014–26.

McVerry BJ, Peng X, Hassoun PM, Sammani S, Simon BA, Garcia JG. Sphingosine 1-phosphate 
reduces vascular leak in murine and canine models of acute lung injury. Am J Respir Crit Care 
Med. 2004;170(9):987–93.

Medvedev AE, Lentschat A, Wahl LM, Golenbock DT, Vogel SN. Dysregulation of LPS-induced 
Toll-like receptor 4-MyD88 complex formation and IL-1 receptor-associated kinase 1 
activation in endotoxin-tolerant cells. J Immunol. 2002;169(9):5209–16.

Mehta D, Malik AB. Signaling mechanisms regulating endothelial permeability. Physiol Rev. 
2006;86(1):279–367.

Mei SH, McCarter SD, Deng Y, Parker CH, Liles WC, Stewart DJ. Prevention of LPS-induced 
acute lung injury in mice by mesenchymal stem cells overexpressing angiopoietin 1. PLoS 
Med. 2007;4(9):e269.

Mofarrahi M, Nouh T, Qureshi S, Guillot L, Mayaki D, Hussain SN. Regulation of angiopoietin 
expression by bacterial lipopolysaccharide. Am J Physiol Lung Cell Mol Physiol. 
2008;294(5):L955–63.

Mullarkey M, Rose JR, Bristol J, Kawata T, Kimura A, Kobayashi S, et al. Inhibition of endotoxin 
response by e5564, a novel Toll-like receptor 4-directed endotoxin antagonist. J Pharmacol 
Exp Ther. 2003;304(3):1093–102.

Müller HC, Witzenrath M, Tschernig T, Gutbier B, Hippenstiel S, Santel A, et al. Adrenomedullin 
attenuates ventilator-induced lung injury in mice. Thorax. 2010;65(12):1077–84.

Müller HC, Hocke AC, Hellwig K, Gutbier B, Peters H, Schonrock SM, et al. The Sphingosine-1 
Phosphate receptor agonist FTY720 dose dependently affected endothelial integrity in vitro and 
aggravated ventilator-induced lung injury in mice. Pulm Pharmacol Ther. 2011;24(4):377–85.

Muller-Redetzky HC, Suttorp N, Witzenrath M. Dynamics of pulmonary endothelial barrier 
function in acute inflammation: mechanisms and therapeutic perspectives. Cell Tissue Res. 
2014a;355(3):657–73.

Muller-Redetzky HC, Will D, Hellwig K, Kummer W, Tschernig T, Pfeil U, et  al. Mechanical 
ventilation drives pneumococcal pneumonia into lung injury and sepsis in mice: protection by 
adrenomedullin. Critical Care. 2014b;18(2):R73.

Murdoch C, Tazzyman S, Webster S, Lewis CE. Expression of Tie-2 by human monocytes and 
their responses to angiopoietin-2. J Immunol. 2007;178(11):7405–11.

Narasaraju T, Yang E, Samy RP, Ng HH, Poh WP, Liew AA, et  al. Excessive neutrophils and 
neutrophil extracellular traps contribute to acute lung injury of influenza pneumonitis. Am J 
Pathol. 2011;179(1):199–210.

Natarajan V, Dudek SM, Jacobson JR, Moreno-Vinasco L, Huang LS, Abassi T, et al. Sphingosine-
1-phosphate, FTY720, and sphingosine-1-phosphate receptors in the pathobiology of acute 
lung injury. Am J Respir Cell Mol Biol. 2013;49(1):6–17.



184 H. C. Müller-Redetzky et al.

Network ARDS. Ventilation with lower tidal volumes as compared with traditional tidal volumes 
for acute lung injury and the acute respiratory distress syndrome. The Acute Respiratory 
Distress Syndrome Network. N Engl J Med. 2000;342(18):1301–8.

O'Dea KP, Young AJ, Yamamoto H, Robotham JL, Brennan FM, Takata M. Lung-marginated 
monocytes modulate pulmonary microvascular injury during early endotoxemia. Am J Respir 
Crit Care Med. 2005;172(9):1119–27.

O'Dea KP, Wilson MR, Dokpesi JO, Wakabayashi K, Tatton L, van Rooijen N, et al. Mobilization 
and margination of bone marrow Gr-1high monocytes during subclinical endotoxemia 
predisposes the lungs toward acute injury. J Immunol. 2009;182(2):1155–66.

Ogawa EN, Ishizaka A, Tasaka S, Koh H, Ueno H, Amaya F, et al. Contribution of high-mobility 
group box-1 to the development of ventilator-induced lung injury. Am J Respir Crit Care Med. 
2006;174(4):400–7.

Oh H, Takagi H, Suzuma K, Otani A, Matsumura M, Honda Y. Hypoxia and vascular endothelial 
growth factor selectively up-regulate angiopoietin-2 in bovine microvascular endothelial cells. 
J Biol Chem. 1999;274(22):15732–9.

Okazaki M, Kreisel F, Richardson SB, Kreisel D, Krupnick AS, Patterson GA, et al. Sphingosine 
1-phosphate inhibits ischemia reperfusion injury following experimental lung transplantation. 
Am J Transplant. 2007;7(4):751–8.

Opal SM, Laterre PF, Francois B, LaRosa SP, Angus DC, Mira JP, et al. Effect of eritoran, an 
antagonist of MD2-TLR4, on mortality in patients with severe sepsis: the ACCESS randomized 
trial. JAMA. 2013;309(11):1154–62.

Opitz B, van Laak V, Eitel J, Suttorp N. Innate immune recognition in infectious and noninfectious 
diseases of the lung. Am J Respir Crit Care Med. 2010;181(12):1294–309.

Papaiahgari S, Yerrapureddy A, Reddy SR, Reddy NM, Dodd OJ, Crow MT, et al. Genetic and 
pharmacologic evidence links oxidative stress to ventilator-induced lung injury in mice. Am J 
Respir Crit Care Med. 2007;176(12):1222–35.

Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elastase and 
myeloperoxidase regulate the formation of neutrophil extracellular traps. J Cell Biol. 
2010;191(3):677–91.

Papazian L, Forel JM, Gacouin A, Penot-Ragon C, Perrin G, Loundou A, et al. Neuromuscular 
blockers in early acute respiratory distress syndrome. N Engl J Med. 2010;363(12):1107–16.

Parikh SM, Mammoto T, Schultz A, Yuan HT, Christiani D, Karumanchi SA, et  al. Excess 
circulating angiopoietin-2 may contribute to pulmonary vascular leak in sepsis in humans. 
PLoS Med. 2006;3(3):e46.

Park JS, Svetkauskaite D, He Q, Kim JY, Strassheim D, Ishizaka A, et al. Involvement of toll-like 
receptors 2 and 4 in cellular activation by high mobility group box 1 protein. J Biol Chem. 
2004;279(9):7370–7.

Park MS, He Q, Edwards MG, Sergew A, Riches DW, Albert RK, et al. Mitogen-activated protein 
kinase phosphatase-1 modulates regional effects of injurious mechanical ventilation in rodent 
lungs. Am J Respir Crit Care Med. 2012;186(1):72–81.

Patschan SA, Patschan D, Temme J, Korsten P, Wessels JT, Koziolek M, et al. Endothelial progenitor 
cells (EPC) in sepsis with acute renal dysfunction (ARD). Critical care. 2011;15(2):R94.

Peng X, Hassoun PM, Sammani S, McVerry BJ, Burne MJ, Rabb H, et al. Protective effects of 
sphingosine 1-phosphate in murine endotoxin-induced inflammatory lung injury. Am J Respir 
Crit Care Med. 2004;169(11):1245–51.

Peng X, Abdulnour RE, Sammani S, Ma SF, Han EJ, Hasan EJ, et al. Inducible nitric oxide synthase 
contributes to ventilator-induced lung injury. Am J Respir Crit Care Med. 2005;172(4):470–9.

Petrache I, Verin AD, Crow MT, Birukova A, Liu F, Garcia JG. Differential effect of MLC kinase 
in TNF-alpha-induced endothelial cell apoptosis and barrier dysfunction. Am J Physiol Lung 
Cell Mol Physiol. 2001;280(6):L1168–78.

Phillipson M, Kaur J, Colarusso P, Ballantyne CM, Kubes P. Endothelial domes encapsulate 
adherent neutrophils and minimize increases in vascular permeability in paracellular and 
transcellular emigration. PLoS One. 2008;3(2):e1649.



1858  The Lung Endothelial Barrier in Acute Inflammation

Poss WB, Timmons OD, Farrukh IS, Hoidal JR, Michael JR. Inhaled nitric oxide prevents the 
increase in pulmonary vascular permeability caused by hydrogen peroxide. J Appl Physiol. 
1995;79(3):886–91.

Prabhakaran P, Ware LB, White KE, Cross MT, Matthay MA, Olman MA. Elevated levels of 
plasminogen activator inhibitor-1 in pulmonary edema fluid are associated with mortality in 
acute lung injury. Am J Physiol Lung Cell Mol Physiol. 2003;285(1):L20–8.

Predescu SA, Predescu DN, Malik AB. Molecular determinants of endothelial transcytosis and their 
role in endothelial permeability. Am J Physiol Lung Cell Mol Physiol. 2007;293(4):L823–42.

Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan E, et  al. Acute 
respiratory distress syndrome: the Berlin Definition. JAMA. 2012;307(23):2526–33.

Raoof S, Goulet K, Esan A, Hess DR, Sessler CN. Severe hypoxemic respiratory failure: part 2–
nonventilatory strategies. Chest. 2010;137(6):1437–48.

Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox regulation in 
cellular signaling. Cell Signal. 2012;24(5):981–90.

Rosenfeldt HM, Amrani Y, Watterson KR, Murthy KS, Panettieri RA Jr, Spiegel S. Sphingosine-
1-phosphate stimulates contraction of human airway smooth muscle cells. FASEB J. 
2003;17(13):1789–99.

Rosengren S, Olofsson AM, von Andrian UH, Lundgren-Akerlund E, Arfors KE. Leukotriene 
B4-induced neutrophil-mediated endothelial leakage in vitro and in vivo. J Appl Physiol. 
1991;71(4):1322–30.

Roviezzo F, Lorenzo A D, Bucci M, Brancaleone V, Vellecco V, De Nardo M, et al. Sphingosine-1-
phosphate/sphingosine kinase pathway is involved in mouse airway hyperresponsiveness. Am 
J Respir Cell Mol Biol. 2007;36(6):757–62.

Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska SP, et al. Neutrophil 
extracellular traps directly induce epithelial and endothelial cell death: a predominant role of 
histones. PLoS One. 2012;7(2):e32366.

Sammani S, Moreno-Vinasco L, Mirzapoiazova T, Singleton PA, Chiang ET, Evenoski CL, et al. 
Differential effects of sphingosine 1-phosphate receptors on airway and vascular barrier 
function in the murine lung. Am J Respir Cell Mol Biol. 2010;43(4):394–402.

Sanchez T, Estrada-Hernandez T, Paik JH, Wu MT, Venkataraman K, Brinkmann V, et  al. 
Phosphorylation and action of the immunomodulator FTY720 inhibits vascular endothelial 
cell growth factor-induced vascular permeability. J Biol Chem. 2003;278(47):47281–90.

Scharpfenecker M, Fiedler U, Reiss Y, Augustin HG. The Tie-2 ligand angiopoietin-2 destabilizes 
quiescent endothelium through an internal autocrine loop mechanism. J Cell Sci. 2005;118(Pt 
4):771–80.

Schmidt EP, Damarla M, Rentsendorj O, Servinsky LE, Zhu B, Moldobaeva A, et  al. Soluble 
guanylyl cyclase contributes to ventilator-induced lung injury in mice. Am J Physiol Lung Cell 
Mol Physiol. 2008;295(6):L1056–65.

Schraufstatter IU, Trieu K, Sikora L, Sriramarao P, DiScipio R. Complement c3a and c5a induce 
different signal transduction cascades in endothelial cells. J Immunol. 2002;169(4):2102–10.

Schutte H, Mayer K, Burger H, Witzenrath M, Gessler T, Seeger W, et al. Endogenous nitric oxide 
synthesis and vascular leakage in ischemic-reperfused rabbit lungs. Am J Respir Crit Care 
Med. 2001a;164(3):412–8.

Schutte H, Witzenrath M, Mayer K, Rosseau S, Seeger W, Grimminger F. Short-term 
“preconditioning” with inhaled nitric oxide protects rabbit lungs against ischemia-reperfusion 
injury. Transplantation. 2001b;72(8):1363–70.

Seeger W, Hansen T, Rossig R, Schmehl T, Schutte H, Kramer HJ, et  al. Hydrogen peroxide-
induced increase in lung endothelial and epithelial permeability–effect of adenylate cyclase 
stimulation and phosphodiesterase inhibition. Microvasc Res. 1995;50(1):1–17.

Seybold J, Thomas D, Witzenrath M, Boral S, Hocke AC, Burger A, et al. Tumor necrosis factor-
alpha-dependent expression of phosphodiesterase 2: role in endothelial hyperpermeability. 
Blood. 2005;105(9):3569–76.



186 H. C. Müller-Redetzky et al.

Shaw SK, Ma S, Kim MB, Rao RM, Hartman CU, Froio RM, et al. Coordinated redistribution of 
leukocyte LFA-1 and endothelial cell ICAM-1 accompany neutrophil transmigration. J Exp 
Med. 2004;200(12):1571–80.

Shen Q, Rigor RR, Pivetti CD, Wu MH, Yuan SY. Myosin light chain kinase in microvascular 
endothelial barrier function. Cardiovasc Res. 2010;87(2):272–80.

Siehler S, Manning DR. Pathways of transduction engaged by sphingosine 1-phosphate through G 
protein-coupled receptors. Biochim Biophys Acta. 2002;1582(1–3):94–9.

Le Stunff H, Milstien S, Spiegel S. Generation and metabolism of bioactive sphingosine-1-
phosphate. J Cell Biochem. 2004;92(5):882–99.

Suttorp N, Fuhrmann M, Tannert-Otto S, Grimminger F, Bhadki S. Pore-forming bacterial 
toxins potently induce release of nitric oxide in porcine endothelial cells. J Exp Med. 
1993a;178(1):337–41.

Suttorp N, Weber U, Welsch T, Schudt C. Role of phosphodiesterases in the regulation of 
endothelial permeability in vitro. J Clin Invest. 1993b;91(4):1421–8.

Suttorp N, Hippenstiel S, Fuhrmann M, Krull M, Podzuweit T. Role of nitric oxide and 
phosphodiesterase isoenzyme II for reduction of endothelial hyperpermeability. Am J Physiol. 
1996;270(3 Pt 1):C778–85.

Talmor D, Sarge T, Malhotra A, O'Donnell CR, Ritz R, Lisbon A, et al. Mechanical ventilation 
guided by esophageal pressure in acute lung injury. N Engl J Med. 2008;359(20):2095–104.

Tani M, Sano T, Ito M, Igarashi Y. Mechanisms of sphingosine and sphingosine 1-phosphate 
generation in human platelets. J Lipid Res. 2005;46(11):2458–67.

Tauseef M, Knezevic N, Chava KR, Smith M, Sukriti S, Gianaris N, et al. TLR4 activation of 
TRPC6-dependent calcium signaling mediates endotoxin-induced lung vascular permeability 
and inflammation. J Exp Med. 2012;209(11):1953–68.

Teijaro JR, Walsh KB, Cahalan S, Fremgen DM, Roberts E, Scott F, et  al. Endothelial cells 
are central orchestrators of cytokine amplification during influenza virus infection. Cell. 
2011;146(6):980–91.

Temmesfeld-Wollbruck B, Brell B, David I, Dorenberg M, Adolphs J, Schmeck B, et  al. 
Adrenomedullin reduces vascular hyperpermeability and improves survival in rat septic shock. 
Intensive Care Med. 2007a;33(4):703–10.

Temmesfeld-Wollbruck B, Hocke AC, Suttorp N, Hippenstiel S. Adrenomedullin and endothelial 
barrier function. Thromb Haemost. 2007b;98(5):944–51.

Temmesfeld-Wollbruck B, Brell B, zu Dohna C, Dorenberg M, Hocke AC, Martens H, et  al. 
Adrenomedullin reduces intestinal epithelial permeability in vivo and in vitro. Am J Physiol 
Gastrointest Liver Physiol. 2009;297(1):G43–G51.

Thomas DD, Ridnour LA, Isenberg JS, Flores-Santana W, Switzer CH, Donzelli S, et  al. The 
chemical biology of nitric oxide: implications in cellular signaling. Free Radic Biol Med. 
2008;45(1):18–31.

Tidswell M, Tillis W, Larosa SP, Lynn M, Wittek AE, Kao R, et  al. Phase 2 trial of eritoran 
tetrasodium (E5564), a toll-like receptor 4 antagonist, in patients with severe sepsis. Crit Care 
Med. 2010;38(1):72–83.

Tilley SJ, Orlova EV, Gilbert RJ, Andrew PW, Saibil HR. Structural basis of pore formation by the 
bacterial toxin pneumolysin. Cell. 2005;121(2):247–56.

Tiruppathi C, Freichel M, Vogel SM, Paria BC, Mehta D, Flockerzi V, et al. Impairment of store-
operated Ca2 + entry in TRPC4(-/-) mice interferes with increase in lung microvascular 
permeability. Circ Res. 2002;91(1):70–6.

Tournaire R, Simon MP, le Noble F, Eichmann A, England P, Pouyssegur J. A short synthetic 
peptide inhibits signal transduction, migration and angiogenesis mediated by Tie2 receptor. 
EMBO Rep. 2004;5(3):262–7.

Uhlig S, Yang Y. Sphingolipids in acute lung injury. Handb Exp Pharmacol. 2013;(216):227–46.
Venkataraman K, Lee YM, Michaud J, Thangada S, Ai Y, Bonkovsky HL, et  al. Vascular 

endothelium as a contributor of plasma sphingosine 1-phosphate. Circ Res. 2008;102(6): 
669–76.



1878  The Lung Endothelial Barrier in Acute Inflammation

Verbrugge SJ, Lachmann B, Kesecioglu J. Lung protective ventilatory strategies in acute lung 
injury and acute respiratory distress syndrome: from experimental findings to clinical 
application. Clin Physiol Funct Imaging. 2007;27(2):67–90.

Wadgaonkar R, Patel V, Grinkina N, Romano C, Liu J, Zhao Y, et  al. Differential regulation 
of sphingosine kinases 1 and 2 in lung injury. Am J Physiol Lung Cell Mol Physiol. 
2009;296(4):L603–13.

Walsh KB, Teijaro JR, Wilker PR, Jatzek A, Fremgen DM, Das SC, et al. Suppression of cytokine 
storm with a sphingosine analog provides protection against pathogenic influenza virus. Proc 
Natl Acad Sci U S A. 2011;108(29):12018–23.

Wang L, Dudek SM. Regulation of vascular permeability by sphingosine 1-phosphate. Microvasc 
Res. 2009;77(1):39–45.

Ware LB, Fang X, Matthay MA. Protein C and thrombomodulin in human acute lung injury. Am J 
Physiol Lung Cell Mol Physiol. 2003;285(3):L514–21.

Wilson MR, O'Dea KP, Zhang D, Shearman AD, van Rooijen N, Takata M. Role of lung-marginated 
monocytes in an in vivo mouse model of ventilator-induced lung injury. Am J Respir Crit Care 
Med. 2009;179(10):914–22.

Witzenbichler B, Westermann D, Knueppel S, Schultheiss HP, Tschope C. Protective role of 
angiopoietin-1 in endotoxic shock. Circulation. 2005;111(1):97–105.

Witzenrath M, Gutbier B, Owen JS, Schmeck B, Mitchell TJ, Mayer K, et al. Role of platelet-
activating factor in pneumolysin-induced acute lung injury. Crit Care Med. 2007;35(7): 
1756–62.

Witzenrath M, Gutbier B, Schmeck B, Tenor H, Seybold J, Kuelzer R, et al. Phosphodiesterase 2 
inhibition diminished acute lung injury in murine pneumococcal pneumonia. Crit Care Med. 
2009;37(2):584–90.

Wolfson RK, Chiang ET, Garcia JG. HMGB1 induces human lung endothelial cell cytoskeletal 
rearrangement and barrier disruption. Microvasc Res. 2011;81(2):189–97.

Wong MP, Chan SY, Fu KH, Leung SY, Cheung N, Yuen ST, et al. The angiopoietins, tie2 and 
vascular endothelial growth factor are differentially expressed in the transformation of normal 
lung to non-small cell lung carcinomas. Lung Cancer. 2000;29(1):11–22.

World-Health-Organisation. (2013) The 10 leading causes of death in the world, 2000 and 2011. 
www.who.int/mediacentre/factsheets/fs310/en. Accessed -16. Aug. 2013.

Xu J, Qu J, Cao L, Sai Y, Chen C, He L, et al. Mesenchymal stem cell-based angiopoietin-1 gene 
therapy for acute lung injury induced by lipopolysaccharide in mice. J Pathol. 2008;214(4): 
472–81.

Yatomi Y, Ruan F, Hakomori S, Igarashi Y. Sphingosine-1-phosphate: a platelet-activating 
sphingolipid released from agonist-stimulated human platelets. Blood. 1995;86(1):193–202.

Yin J, Hoffmann J, Kaestle SM, Neye N, Wang L, Baeurle J, et  al. Negative-feedback loop 
attenuates hydrostatic lung edema via a cGMP-dependent regulation of transient receptor 
potential vanilloid 4. Circ Res. 2008;102(8):966–74.

Yoshida K, Kondo R, Wang Q, Doerschuk CM. Neutrophil cytoskeletal rearrangements 
during capillary sequestration in bacterial pneumonia in rats. Am J Respir Crit Care Med. 
2006;174(6):689–98.

Zanotti G, Casiraghi M, Abano JB, Tatreau JR, Sevala M, Berlin H, et al. Novel critical role of 
Toll-like receptor 4 in lung ischemia-reperfusion injury and edema. Am J Physiol Lung Cell 
Mol Physiol. 2009;297(1):L52–L63.

Zarbock A, Singbartl K, Ley K. Complete reversal of acid-induced acute lung injury by blocking 
of platelet-neutrophil aggregation. J Clin Invest. 2006;116(12):3211–9.

Zhao Y, Gorshkova IA, Berdyshev E, He D, Fu P, Ma W, et al. Protection of LPS-induced murine 
acute lung injury by sphingosine-1-phosphate lyase suppression. Am J Respir Cell Mol Biol. 
2011;45(2):426–35.

Ziegler T, Horstkotte J, Schwab C, Pfetsch V, Weinmann K, Dietzel S, et al. Angiopoietin 2 mediates 
microvascular and hemodynamic alterations in sepsis. J Clin Invest. 2013;123(8):3436–45.

www.who.int/mediacentre/factsheets/fs310/en

	Chapter-8
	The Lung Endothelial Barrier in Acute Inflammation
	8.1 Introduction
	8.2 Pulmonary Endothelial Barrier Disruption
	8.3 Role of Neutrophils, Monocytes and Thrombocytes in Pulmonary Endothelial Barrier Disruption
	8.4 Complement and Coagulation Systems and Vascular Permeability
	8.5 Role of Toll-like Receptor 4 in the Regulation of Pulmonary Vascular Permeability
	8.6 The Angiopoietin/Tie2 System
	8.7 Sphingosine-1-Phosphate and other Biologically Active Sphingolipids
	8.8 Role of Reactive Oxygen and Nitrogen Species in the Pathogenesis of Lung Injury
	8.9 Adrenomedullin (AM) and Endothelial Barrier Function
	8.10 Stem Cells in Lung Injury
	8.11 Conclusions and Future Perspectives
	References





