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Abstract

Sepsis and septic shock are major healthcare
problems, affecting millions of people around
the world each year, with an increasing
incidence. In the last decades, clinical and
basic research have significantly improved the
understanding of the complex pathophysiology
of sepsis. This led to the new sepsis definition
(“Sepsis-3”) which abandoned the view that
sepsis is predominately defined by the various
immunological responses. Rather, sepsis is
now defined as life-threatening organ
dysfunction caused by a dysregulated host
response to infection. This view with a focus
on the establishment of organ failure warrants
the intensified research for therapeutic
attempts to prevent and treat organ failure in
sepsis. In this context, it is increasingly
recognized that microvascular endothelial
barrier dysfunction followed by loss of
microcirculatory flow are key events leading
to organ failure that should be therapeutically
targeted. This review summarizes the current
clinical view of the novel sepsis definition and
connects it to basic research aspects of
endothelial barrier regulation and loss of
microcirculatory flow and thus organ
protection.
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Introduction

Sepsis is a clinical syndrome that is
characterized by numerous infection-
triggered reactions of the whole body
leading to a severe state of critical illness
with a high mortality rate. Although the true
incidence of sepsis is unknown, even
conservative estimations indicate that sepsis
is the leading cause of mortality and critical
illness worldwide (1)(2). Therefore, severe
sepsis and septic shock are major healthcare
problems, affecting millions of people
around the world each year with an
increasing incidence (3).

During the last years significant
progress has been made in the understanding
of the complex immunological and
pathophysiological processes underlying
septic inflammation (4). However, most of
the studies that aimed to translate basic
research into clinical trials in order to
influence immunological reactions in sepsis
failed (4)(5). Given that sepsis mortality
remained high there was a need for a novel
and more differentiated view on sepsis
pathophysiology. That has been considered
recently by the third international consensus
conference for Sepsis and Septic Shock
(“Sepsis-3”). In brief, the definitions of this
conference pointed out that in addition to
infection, the dynamics in developing organ

failure are critical for the definition or
diagnosis of sepsis. It is increasingly
recognized that the breakdown of
microvascular endothelial barrier function
followed by loss of microcirculatory flow
are key events leading to organ failure.
However, despite its importance, no
clinically applicable approaches are yet
available to address this basic problem of
sepsis and critical illness. This review aims
to summarize the novel sepsis definitions
and discuss them in the context of
endothelial barrier dysfunction and loss of
microcirculatory flow.

1) Current clinical view of sepsis
1.1. Sepsis definitions before 2016

Sepsis was already known in antiquity
which is reflected by the fact that the term
“sepsis” derived from the Greek word for
“rotting”. The view on sepsis was further
refined when it became obvious that
infection is the cause for establishing a
disease or syndrome called sepsis. However,
it took time until 1992 when a consensus
conference established for the first time clear
definitions of sepsis and septic shock (6).
These definitions were based on the view
that sepsis resulted from a host’s systemic
inflammatory response syndrome (SIRS) to
infection (Table 1).

Table 1 (modified according to (3))

SIRS (Systemic Inflammatory Response Syndrome)

Two or more of:

Temperature >38°C or <36°C
Heart rate >90/min
Respiratory rate >20/min or PaCO, <32mmHg (4.3kPa)

White blood cell count >12000/mm? or <4000/mm? or >10% immature bands

Sepsis was diagnosed, if an infection
occurs and two of four SIRS criteria
(temperature >38°C or <36°C, heart rate
>90/min, respiratory rate >20/min or PaCO,
<32mmHg or white blood cell count
>12.000/mm® or <4.000/mm® or >10%
immature cells) could be determined. Severe
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sepsis was defined, when in addition to the
SIRS criteria, organ dysfunction became
evident. The progress from severe sepsis to
septic shock was defined as “sepsis-induced
hypotension persisting despite adequate fluid
resuscitation”.
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These definitions were revised in 2001
(7). The list of diagnostic criteria was
extended but the definitions of sepsis, severe
sepsis and septic shock remained mostly
unchanged.

Due to the large number of new
findings on the pathophysiology,
management and epidemiology of sepsis
during the last years and due to the problem
that the SIRS criteria are very sensitive and

not very specific, a task force consisting of
19 specialists of critical care medicine,
infectious disease, surgery and pulmonology
was founded in January 2014 by “The
European Society of Intensive Care
Medicine” and “The Society of Critical Care
Medicine”. This resulted in new consensus
definitions of Sepsis called “Sepsis-3” that
were published in 2016 (3). The key points
of “Sepsis-3” are shown in Table 2.

Table 2: Key concepts of sepsis (modified according to (3))

Key concepts of sepsis

recognition mandates urgent attenuation

Sepsis is the primary cause of death from infection, especially if not recognized and treated promptly. Its

organ dysfunction

Sepsis is a syndrome shaped by pathogen factors and host factors (e.g. sex, race, and other genetic
determinants, age, comorbidities, environment) with characteristics that evolve over time. What
differentiates sepsis from infection is an aberrant or dysregulated host response and the presence of

infection

Sepsis-induced organ dysfunction may be occult: therefore, its presence should be considered in any
patient presenting with infection. Conversely, unrecognized infection may be the cause of new-onset
organ dysfunction. Any unexplained organ dysfunction should thus raise the possibility of underlying

comorbidities, medication, and interventions

The clinical and biological phenotype of sepsis can be modified by preexisting acute illness, long-standing

response

Specific infections may result in local organ dysfunction without generating a dysregulated systemic host

1.2. Current sepsis definition (Sepsis-3)

Sepsis 1s now defined as “life-
threatening organ dysfunction caused by a

dysregulated host response to infection”
(Table 3) (8).

Table 3: New terms and definitions (modified according to (3))

New Terms and Definitions

Sepsis is defined as life-threatening organ dysfunction caused by dysregulated host response to infection

infection

Organ dysfunction can be identified as an acute change in total SOFA score =2 points consequent to the

injures its own tissue and organs

In lay terms, sepsis is a life-threatening condition that arises when the body’s response to an infection

Patients with suspected infection who are likely to have prolonged ICU stay or to die in the hospital can be
promptly identified at the bedside with gSOFA (quick SOFA)

Septic shock is a subset of sepsis in which underlying circulatory and cellular/metabolic abnormalities are
profound enough to substantially increase mortality

Patients with septic shock can be identified with a clinical construct of sepsis with persisting hypotension
requiring vasopressors to maintain MAP 265mmHg and having a serum lactate level 22mmol/l (18mg/dl)
despite adequate volume resuscitation. With these criteria, hospital mortality is in excess of 40%

The new definition emphasizes the
development of organ dysfunction, and
indicates that the underlying patho-
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mechanism is more complex than assumed.
The initial understanding of sepsis as
infection with at least 2 of 4 SIRS criteria

Page | 3



Medical Research Archives, Vol. 5, Issue 6, June 2017
Sepsis and endothelial barrier

focused solely on the excess of
inflammation. As mentioned above, it turned
out that these SIRS criteria are very sensitive
but not specific. Improved understanding of
sepsis pathobiology pointed out, that sepsis
is a multifaceted host response to a pathogen
that may be significantly amplified by
endogenous factors (9)(10). Therefore, the
most important change in the third
international consensus definitions for sepsis
and septic shock (Sepsis-3) is that the SIRS
criteria are no longer crucial for the
diagnosis of sepsis since SIRS criteria are
present in many hospitalized patients,
including those who never develop infection
and never evolve adverse outcomes (poor
discriminant validity) (11). Furthermore,
several patients with infection and new
organ failure do not achieve two of four
SIRS criteria and develop any adverse
effects with significant morbidity and
mortality (poor concurrent validity) (12).

Important for the prognosis and
diagnosis of sepsis is the severity of
damages that cause organ dysfunction. This
is reflected by the SOFA-score (“Sequential
(Sepsis-Related) Organ Failure Assessment

Score”) where organ dysfunction is
determined by six parameters: breathing,
coagulation, liver function, cardiovascular
function, central nervous system (Glasgow
Coma-Scale), and renal function. The task
force recommends using a change in
baseline of the SOFA score of two points or
more to represent organ dysfunction. The
combination of a change in SOFA score with
a known or suspected infection leads to the
diagnosis of sepsis. The baseline SOFA
score should be zero. Patients with a SOFA
score of two or more had an overall
mortality risk of approximately 10% (8). A
SOFA score of two or greater identified a 2-
to 2.5-fold increase risk of dying compared
with patients with a SOFA score less than
two (8).

For an easier bedside assessment, the
quick SOFA (“qSOFA”) score was
established that should help to identify easily
patients with suspected infections who are
likely to have poor outcomes. The qSOFA
criteria are altered mentation, systolic blood
pressure <100mmHg, and respiratory rate
>22/min (Table 4).

Table 4: Quick SOFA Criteria (modified according to (3))

qSOFA (Quick SOFA) Criteria

Altered mentation

Systolic blood pressure <100mmHg

Respiratory rate =22/min

Finally, septic shock is now defined as
a subset of sepsis in which underlying
circulatory and cellular  metabolism
abnormalities are profound enough to
substantially increase mortality” (8). Patients
with septic shock can be identified clinically
by the requirement of vasopressor therapy to
maintain mean arterial pressure above 65
mmHg and serum lactate levels above 2
mmol/l despite adequate fluid management.
The inclusion of lactate again emphasizes

13
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the cellular dysfunction which is primarily
represented as an insufficient oxygen supply.

2) Sepsis, organ failure and links to
basic research

2.1. Sepsis and general aspects
leading to organ dysfunction

According to the above summarized
Sepsis-3 definitions, it can be concluded that
although sepsis has various manifestations,
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there is one major hallmark being pivotal for
the diagnosis and prognosis: development of
organ dysfunction. Therefore, it is evident
that therapeutic strategies and research on
pathophysiological alterations should further
focus on mechanisms that induce organ
failure.

In general, organ dysfunction is caused
by low oxygen content within the cells.
Oxygen content depends on ventilation,
cardiovascular ~ function and  intact
microcirculation. Microcirculatory dysfunc-
tion is one major cause for organ
dysfunction and an independent prognosis
factor (13). Under normal conditions, there
is a dense network of capillaries. However,
sepsis is associated with a decrease in
capillary density in association with an
increase in heterogeneity of perfusion (13).
The decreased capillary density results in an
increased diffusion distance for oxygen (14).
Microvascular alterations can lead to cellular
injury and impaired tissue oxygenation (15)
resulting in metabolic dysbalance, organ
dysfunction and death. The key event to
induce loss of microcirculatory flow is the
breakdown of endothelial barrier integrity
which causes extravasation of fluid and
changes of rheology. Due to the consecutive
severe tissue edema, diffusion distance for
oxygen is increased and, vice versa,
postcapillary venules get mechanically
compressed by the edema which further
impairs microcirculatory flow. In
conclusion, endothelial barrier leakage and
microcirculatory  dysfunction can  be
considered as a major cause for organ
dysfunction and death in septic patients
(16)(17)(18)(19). So far, there is still no
therapy to improve endothelial barrier
dysfunction in sepsis although novel
approaches are urgently needed. In the
following, several aspects on cell biological
and translational attempts will be discussed
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and how to address this problem in the
clinical setting.

2.2. Organization and regulation of
endothelial barrier: What happens in
inflammation?

Septic inflammation is caused by
microbial pathogens leading to a variety of
cytokine responses accompanied  with
endothelial activation and dysfunction.
Endothelial dysfunction is characterized by
barrier disruption with increased
extravasation of fluid followed by organ
dysfunction, metabolic dysbalance and death
(15)(16)(20)(21).

Under normal  conditions, the
endothelial barrier consists of cell-cell
junctions and various noncellular
components (e.g. the glycocalyx and
extracellular matrix). The intercellular cleft
is sealed by tight junctions (TJ) and adherens
junctions (AJ) that are both also functionally
coupled to cell-matrix contacts. TJs are
required for the sealing of the intercellular
cleft and are mainly composed of occludin
and claudins such as claudin 5 which is the
only claudin expressed in peripheral
endothelium (22). The cytoplasmic domain
of TJ proteins is associated with zonula
occludens protein-1 (ZO-1) which links TJs
to o-catenin, spectrin and the actin
cytoskeleton. Importantly, the mechanical
strength and stability of the endothelial
barrier is provided by AJs (23). The
predominant role in this context plays the
endothelium-specific adhesion molecule
vascular-endothelial (VE-) cadherin. VE-
cadherin undergoes homophilic binding by
transinteraction of its extracellular domain in
a Ca”*-dependent manner. The cytoplasmatic
domain of VE-cadherin has binding sites for
p120 catenin as well as for B- and y-Catenin
which tether the cadherin-catenin-complex
to the actin cytoskeleton via a-Catenin or
other proteins (Figure 1).
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Figure 1: Endothelial barrier under normal conditions.

The endothelial barrier consists of endothelial cells that line all blood vessels. The intercellular cleft
between endothelial cells is sealed by tight junctions (TJ) and adherens junctions (AJ). TJs are required for
the sealing of the intercellular cleft while AJs that predominately consist of VE-cadherin provide the
mechanical strength of the endothelial barrier. Both, TJ and AJ are connected to the cortical actin

cytoskeleton via adaptor proteins.

The association of TJs and AJs with
the actin cytoskeleton explains why
intracellular signaling that affects actin
dynamics is critically involved in the
regulation of the endothelial barrier (24).
Since the mechanical stability of the
endothelial barrier is the prerequisite for its
integrity, it is important to look at alterations
of VE-cadherin-mediated adhesion/integrity
in the context of inflammation. It can be
assumed that the stabilization of VE-
cadherin-mediated adhesion/integrity is one
of the key targets to therapeutically stabilize
endothelial barrier function. Therefore, in
the following we focus on the outstanding
role of VE-cadherin in the regulation of the
endothelial barrier function in inflammation
(25).
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2.2.1 Binding partners/phosphoryla-
tion of VE-cadherin

The intracellular juxtamembrane and
carboxyl-terminal domains of VE-cadherin
interact directly with B-catenin proteins,
p120-catenin, and plakoglobin. Plakoglobin
and B-catenin can bind a-catenin, which
regulates the actin cytoskeleton (25)(26)(27)
and thereby modulate cell shape and motility
(28). The cadherin-catenin complex is
certainly required for full cellular control of
endothelial permeability and junctional
stabilization, although the precise molecular
mechanism is still not known (25)(29).
Additionally, the  VE-cadherin-catenin
complex plays an important role in the
transduction of mechanical forces that shape
endothelial cells exposed to blood pressure
and shear stress. VE-cadherin is able to form
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a mechanosensor complex through binding
to the junctional protein PECAM and
VEGFR2 (30)(31). Src and other
intracellular signals are activated through
this complex and ensure the vascular
homeostasis to maintain the correct
endothelial attachment to the matrix and
regulate blood flow.

Some preclinical trials with Src
inhibitors in mice abolished the Vascular
endothelial growth factor (VEGF)-induced
increase in vascular permeability (32).
However, since Src modulates several
important cell functions (e.g. proliferation,
survival, motility, and invasion), usage in
clinical trials is not feasible because of its

angt (M vEGF B

{ {

VEGFR

L/

Vav2

intravasal Tie2

é’—‘

side-effects. Early clinical trials exist using
an anti-VEGF receptor 2 antibody, which
was shown to block VEGF-2-mediated
breakdown of the endothelial barrier
(33)(34). A pilot study to test the anti-VEGF
antibody Bevacizumab in patients with
septic shock was announced in 2010
(clinicaltrials.gov identifier
NTCT01063010). The VEGF-antibody
blocks VEGF-2 mediated breakdown of VE-
cadherin in endothelial cells. The trial was
withdrawn in 2015 due to unknown reasons.

Phosphorylation of VE-cadherin plays
also an important role in regulation of
endothelial permeability (Figure 2).

sit 9

Robo4

!

ADAM10

sVE-Cadherin

\PAK\

ll!.-arrestinl «7

(Faresen
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Figure 2: Phosphorylation, internalization and cleavage of VE-cadherin.

A signaling cascade (induced by VEGF)

involving Scr

kinase Vav2, and Racl leads to

phosphorylation/internalization of VE-cadherin. VE-cadherin is phosphorylated either directly via Scr or
indirectly via downstream signaling via Vav2. Phosphorylation of VE-cadherin leads to recruitment of 8-
arrestin and internalization of VE-cadherin through clathrin-coated vesicles.
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Internalization of VE-cadherin is inhibited via Slit/Robo4 pathway (by increased association of p120-
catenin) or via Angl/Tie2 pathway (by sequestering Src and blocking its phosphorylation in response to

VEGF).

ADAM10 cleaves VE-cadherin into two fragments and sVE-cadherin fragments block VE-cadherin

binding and adhesion.

Tyrosine phosphorylation regulates the
integrity of adherens junction protein VE-
cadherin (25). The binding of p120-catenin
to VE-cadherin masks a dileucine motif that
normally acts as a signal for clathrin-
mediated endocytosis of VE-cadherin. This
prevents the translocation of VE-cadherin
from the cell surface, where it is required to
maintain normal cell-cell adhesion (26)(27).
In this context, it is important to note which
site is phosphorylated, since for example
serine phosphorylation of VE-cadherin leads
to recruitment of B-arrestin2 and its
internalization  through  clathrin-coated
vesicles (33) (Figure 2). This phosphory-
lation can be induced by several agents (e.g.
by VEGF) which initiate a signaling cascade
involving Src kinase, Vav2, and Rac.
Additionally, the extent of phosphorylation
of VE-cadherin might also be increased by
inhibition of adherens junctions-associated
phosphatases. In this context, the vascular
endothelial protein tyrosine phosphatase
(VE-PTP) appears to play a key role: The
dissociation of VE-PTP from VE-cadherin is
triggered by endotoxin VEGF, and the
binding of leukocytes to endothelial cells in
vitro and in vivo, suggesting that this process
is of major importance for the destabilization
of endothelial cell contacts under
inflammatory conditions (35)(36).

2.2.2 Internalization and cleavage

Internalization of VE-cadherin is not
only induced by phosphorylation, but also by
Slit2N/Robo4 signaling. Slit is a family of
secreted extracellular matrix proteins which
can bind to the Robo4-receptor. Slit2N is a
recombinant Slit fragment which stabilizes
VE-cadherin at junctions by increasing
p120-catenin binding and signaling through
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Robo4  which inhibits VEGF-induced
microvascular leakage by blocking Src
activation (37)(16).

Furthermore, our group demonstrated
that  inflammation-induced  endothelial
barrier disruption results in an increase of
soluble  VE-cadherin  fragments (SVE-
cadherin) released from endothelial cells
(=cleavage of VE-cadherin) (38) (Figure 2).
We and others identified ADAM10 (a
disintegrin and metalloproteinase) being
responsible for cleavage of VE-cadherin into
two fragments, and showed that the release
of the extracellular domains of VE-cadherin
blocks VE-cadherin binding and adhesion
(38)(39). Clinical data demonstrate that
increased levels of sVE-cadherin in the
blood of septic patients are associated with a
negative outcome of these patients (40). As a
clinical relevance of these findings, sVE-
cadherin may be used as a prognosis marker
for sepsis or onset of microvascular barrier
breakdown, respectively. However, this
remains to be investigated in more detail.

2.2.3 Cytoskeletal dynamics play a
critical role for VE-cadherin-dependent
endothelial barrier stability

Apart from phosphorylation and
internalization, actin dynamics are crucial
for the regulation of  endothelial
permeability. Actin filaments are critical
components of the cytoskeleton and can be
found in several distinct structures. The
cortical actin is a girdle of actin bundles
which spans the entire circumference of
endothelial cells and is thought to be
associated with adherens and tight junctions
via various adapter proteins (11). VE-
cadherin is linked to the actin cytoskeleton
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via associated catenins (41). Especially the
cortical actin is dynamically regulated by
small GTPases of the Rho family from
which Racl, Cdc42 and RhoA are the best
characterized family members.

When the endothelial barrier is
stabilized, cortactin is abundant at the cell
border in  aRacl-dependent  manner
(42)(43)(44)(45). Cortactin is an
ubiquitously expressed tyrosine kinase target
and has been implicated in cortical actin
assembly  and  reorganization  (46).
Attenuated responses to barrier-protective
stimuli were observed after cortactin
knockdown,  showing its  functional
relevance for endothelial permeability
(47)(48)(49). Racl is thought to stabilize the
cortical actin via LIM kinase (50). Another
player to mention in this context is IQGAP1
(Ras  GTPase-activating-like protein).
IQGAP1, also known as pl195, is an
ubiquitously expressed protein that in
humans is encoded by the IQGAPL gene.
IQGAP1 is a scaffold protein involved in
regulating various cellular processes ranging
from organization of the actin cytoskeleton,
transcription, and cellular adhesion to
regulating the cell cycle. In endothelial cells,
it has been proposed that Racl and Cdc42
regulate cadherin-mediated cell adhesion by
sequestering  IQGAP1 (51). Similary,
regulation of VE-cadherin-mediated
adhesion by activation of Rapl which is a
small GTPase of the Ras superfamily can in
part be explained by IQGAP1 binding (52).
IQAPI1 inhibits o-catenin binding to B-
catenin resulting in impaired F-actin linkage
to VE-cadherin.

2.2.4 Racl represents a central key
player in the requlation of vascular
permeability by various signaling events

As already mentioned above, different
members of the Rho GTPase family (RhoA,
Racl, and Cdc42) (53)(54)(55) are key
players in the regulation of vascular
permeability. It was demonstrated that VE-
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cadherin clustering increases the
concentration of Tiaml (a guanine
nucleotide exchange factor (GEF) for Racl),
and PAK (p2l-activated kinase). PAK
enhances Racl activity (25). Additionally,
pl20-catenin  binding to VE-cadherin
activates Vav2 (another specific GEF for
Racl). Finally, Racl activates different
downstream targets, such as PAK and
p190Rho-GTPase activating protein
(p190Rh0GAP), which in turn inhibits RhoA
(56). Therefore, it can be assumed that Racl
plays a key role for the maintenance of
endothelial barrier function (55). In this
context it is important to note that virtually
all signaling pathways compromised in
inflammation converge on alterations of
Racl activity which leads to an increased
microvascular permeability in vitro and in
vivo (57).

According to this, therapeutic targeting
of Racl would be the most promising
approach to overcome endothelial barrier
breakdown in septic inflammation. However,
this is limited by the fact that direct Racl
activators are absent to date. Therefore, it
appears attractive to look on mediators or
targets that indirectly influence Racl in
order to stabilize the endothelial barrier.

In this context, several recent reports
on the role of abl family tyrosine kinases in
the regulation of Racl and endothelial
permeability are interesting. The
pharmacological inhibitor Imatinib is a small
molecule which blocks the ATP-ase activity
of the kinases c-Abl, Abl-related gene
(Arg/Abl2), platelet-derived growth factor
receptor (PDGFR), c-Kit, and discoid
domain receptor-1 (58). Some clinical trials
showed an association of Imatinib treatment
with resolution of edema (59)(60)(61).
Preclinical trials demonstrated that Imatinib
reduces edema via preservation of
endothelial barrier integrity (62) (63).
Inhibition of Abl kinase activity causes an
activation of Racl and Rapl and thereby a
stabilization of endothelial barrier, as
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mentioned before. Although Imatinib seems
to be a good possibility for treatment of
edema, it is associated with several side
effects (like cardiac failure  (64),
subcutaneous edema  after  long-term

treatment (65)).

.i|“EP1
PAR1

Barrier stabilization

'EPCR

l \1 Tiam1
EPAC/ {
PKA RAP1 Cortical actin

@t

Another mediator that regulates Racl
activity is Sphingosin-1-Phosphate (S1P)
which is secreted by thrombocytes and
erythrocytes and acts via specific receptors
(S1P receptor 1 to S1P receptor 5) (Figure
3).
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Figure 3: Racl and its role in the regulation of microvascular permeability

Barrier stabilization: aPC binds to its receptor which leads to activation of S1P1 receptor, PI3K/Tiam
activation and finally to activation of Racl. Additionally, S1P signaling results in VE-cadherin

recruitment to the endothelial cell borders.

Barrier destabilization: Thrombin leads to activation of S1P3 receptor and via RhoA signaling to barrier

disruption.

The cAMP signaling pathway also modulates Racl activity. Increased cAMP levels lead to PKA- and

EPAC/Rapl-dependent activation of Racl.

S1P is produced through the
phosphorylation ~ of  sphingosine by
sphingosine kinases and enhances cortical
actin formation in endothelial cells and
thereby increases barrier integrity via several
downstream targets (Racl, cortactin, FAK,
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paxillin, actinin 1 and 4 (66)(67)(68)(69)
(22). In addition to its effects on actin, S1P
signaling causes VE-cadherin recruitment to
the endothelial cell junction resulting in
increased integrity of the endothelial
monolayer and decreased protein leakage
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(70).  Furthermore, S1P protects the
endothelial  glycocalyx by inhibiting
syndecan-1 shedding (68). Although the
protective effects of S1P are mediated
through the S1P1 receptor, thrombin-
mediated leak triggers the S1P3 receptor,
leading to barrier disruption, in part through
activation of RhoA [73][74] (Figure 3). The
divergent effects of S1P may be an effect of
dose or of location. Some preclinical trials
showed a barrier protective effect of APC
(activated protein C). APC leads to an
increased S1P production via EPCR and
PARL1 activation (73)(74). A clinical trial
showed that the S1P carrier protein ApoM is
reduced in septic patients (75)(76). Recently,
Winkler and coworkers found a significant
loss of S1P levels in close correlation to the
disease severity of septic patients which
indicates a causal relationship between
decreased S1P levels and loss of
microvascular barrier function in sepsis (77).
Therefore, S1P is an important regulator of
endothelial barrier function and further
research is needed to clarify its mechanism
of action and potential clinical utility.

An additional promising way to
indirectly modulate Racl activity in
inflammation is targeting the CcAMP
signaling pathway. Several studies showed
that increased endothelial cAMP levels
reduce both, permeability under resting
conditions and increased permeability in
response to inflammatory mediators (78).
The ambivalent properties of cCAMP are
dependent on its generation in specific
cellular compartments. In endothelial cells,
CAMP is  mainly  synthesized Dby
adenylatcyclase 6. The adenylatcyclase 6 is
activated by several receptors (adenosine 2-,
prostaglandine El-receptor or B2 adrenergic
receptor) and is localized at the
plasmamembrane. CAMP is hydrolyzed by
phosphodiesterase 3 or 4, while
phosphodiesterase 4 is the most abundant in
human endothelium (79)(80). Our own
studies and work by other researchers
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demonstrated that increased cCAMP levels
lead to PKA- and EPAC-dependent
activation of Racl and thereby exert barrier
protective effects (Figure 3). Importantly, in
vivo studies showed that systemic
application of the phosphodiesterase-4-
inhibitor rolipram increased endothelial
CAMP in microvessels and attenuated
capillary leakage and breakdown of
microcirculatory flow in  LPS-induced
systemic inflammation in rats and in a model
of polymicrobial sepsis (81)(82).

Finally, the Angiopoetin-1/-2/Tie2
pathway plays another dominant role in
endothelial barrier maintenance.
Angiopoetin-1 activates the endothelium-
specific receptor Tie-2 which causes an
activation of the phosphatidylinositol 3
kinase (P13-kinase), and (through several
effector molecules, like IQGAP1) finally
activates Racl (83). Under resting
conditions, endothelial barrier stabilization is
Angl/Tie-2-dependent (84) and under
inflammatory conditions Angl blocks LPS-
induced endothelial barrier breakdown (83).

Angiopoetin-2 (Ang2) is considered as
the antagonist of Angiopoetin-1(Angl).
Ang2 is secreted by endothelial cells and
stored (together with von Willebrand factor)
in the so called “Weibel-Palade”-bodies.
Ang2 is released after inflammatory stimuli.
Ang2 prevents the Angl induced
autophosphorylation of the Tie-2 receptor
and thereby leads to endothelial disruption
(85). Patients with severe systemic
inflammation or sepsis show reduced levels
of Angl but increased levels of Ang2.
Therefore, Ang2 was shown to be an
independent prognostic marker for the
severity of sepsis (84)(86).

Conclusion

The new sepsis guidelines point out
that the manifestation of organ failure is a
fundamental criterion for sepsis diagnosis
and prognosis. The cause for septic organ
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dysfunction is loss of oxygen supply. This is in the future therapy of sepsis and further
predominately initiated by the leakage of research on the underlying mechanisms and
microvascular vessels which in turn is the therapeutic attempts to interrupt this vicious
most important factor to induce loss of circle are warranted to make the long
microcirculatory flow. Therefore, targeting awaited breakthrough in sepsis therapy.

microvascular leakage will be a major goal
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