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dynamics and regulate endothelial barrier functions and 
neutrophil recruitment. We also discuss treatment strategies 
using pharmaceutical enzyme inhibitors to target excessive 
vascular permeability and leukocyte recruitment in septic 
patients.
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Introduction

Sepsis is a generalized inflammatory syndrome of the host 
in response to various infectious stimuli [1]. The most 
severe form, the septic shock, is accompanied by severe 
hypotension, impaired microvascular perfusion and organ 
damage [2]. This may finally lead to multiple organ failure 
[3]. Surprisingly, sepsis is still not fully recognized as an 
individual disease entity despite high morbidity and mor-
tality rates in affected patients causing high socio-economic 
burdens for health care systems worldwide. The incidence 
of sepsis is reported to be in the range of 200–1000 sepsis 
patients per 100,000 inhabitants and year [4, 5]. The death 
toll from sepsis is assumed to be around 200,000 fatalities 
per year in the US alone [6].

Vascular inflammation during sepsis development is 
characterized by activation of immune cells and their 
recruitment to sites of inflammation where they are needed 
to combat exogenous pathogens [7]. However, this process 
also carries the risk of tissue damage if leukocyte recruit-
ment is not controlled properly [3]. Furthermore, increased 
vascular endothelial permeability during inflammation 
leads to excessive fluid loss from the intravascular space 
which may cause vascular hypotension. Tissue edema 

Abstract Sepsis is a leading cause of death worldwide. 
Increased vascular permeability is a major hallmark of sep-
sis. Dynamic alterations in actin fiber formation play an 
important role in the regulation of endothelial barrier func-
tions and thus vascular permeability. Endothelial integrity 
requires a delicate balance between the formation of cor-
tical actin filaments that maintain endothelial cell contact 
stability and the formation of actin stress fibers that gen-
erate pulling forces, and thus compromise endothelial 
cell contact stability. Current research has revealed multi-
ple molecular pathways that regulate actin dynamics and 
endothelial barrier dysfunction during sepsis. These include 
intracellular signaling proteins of the small GTPases family 
(e.g., Rap1, RhoA and Rac1) as well as the molecules that 
are directly acting on the actomyosin cytoskeleton such as 
myosin light chain kinase and Rho kinases. Another hall-
mark of sepsis is an excessive recruitment of neutrophils 
that also involves changes in the actin cytoskeleton in both 
endothelial cells and neutrophils. This review focuses on 
the available evidence about molecules that control actin 
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formation can then severely compromise organ functions, 
thus causing, for example, the development of acute res-
piratory distress syndrome (ARDS) of the lung. While 
the term ARDS is used to describe the disease in human 
patients, the term acute lung injury (ALI) is used in the 
murine system to describe a condition of respiratory dis-
tress due to excessive pulmonary inflammation, leukocyte 
recruitment and edema formation.

Increased vascular permeability during sepsis is also 
associated with edema formation in other organs, e.g., kid-
ney, liver and brain. For example, septic patients have an 
increased risk of acute kidney injury due to hypotension 
and hypovolemia that develop in response to increased vas-
cular permeability [8]. The effusion of edema fluid into the 
kidney tissue can then directly impair organ function [9].

Under physiological conditions, vascular endothelial 
permeability is tightly regulated by the molecular inter-
play of intercellular junction molecules that span the gap 
between neighboring endothelial cells (EC). These junction 
molecules cooperate in maintaining endothelial integrity to 
limit endothelial permeability and to allow for just minimal 
leakage of plasma fluid into the interstitial compartment. 
The stability of EC contacts formed by tight junctions (TJ) 
and adherens junctions (AJ) depends on their connection 
to the actin cytoskeleton. Disturbed actin dynamics may 
shift the balance from stabilizing cortical actin to destabi-
lizing contractile stress fibers, thus causing endothelial bar-
rier dysfunction and increased vascular permeability [10]. 
Aberrant actin dynamics may also contribute to excessive 
immune cell recruitment into the sites of inflamed tissue 
areas [11].

Clinically, the treatment of sepsis and septic shock now-
adays merely consists of supportive measures, e.g., admin-
istration of antibiotics, use of vasopressors and fluid resus-
citation to stabilize hemodynamics, and organ replacement 
therapy (mechanical ventilation, dialysis). To date, no ther-
apy exists that specifically targets the overshooting immune 
response including uncontrolled vascular permeability and 
neutrophil recruitment.

In this review, we summarize current knowledge on 
signaling pathways contributing to aberrant actin dynamics 
during sepsis leading to junction destabilization, vascular 
hyperpermeability and immune cell recruitment. We will 
highlight studies using pharmacological inhibitors of actin-
modifying enzymes to ameliorate endothelial barrier dys-
function and discuss their usefulness in systemic inflamma-
tory conditions such as sepsis.

Actin dynamics and endothelial barrier integrity

EC contacts are stabilized by the connection of transmem-
brane proteins of TJ such as claudins and occludins, and AJ 

such as vascular endothelial (VE)-cadherin to cortical actin 
fibers. This connection occurs via adaptor molecules such 
as members of the zonula occludens (ZO) family in the 
case of TJ and members of the catenin family in the case of 
AJ. The interaction of VE-Cadherin with the cortical actin 
cytoskeleton is further supported by other molecules, such 
as vinculin, epithelial protein lost in neoplasm (EPLIN) and 
afadin. For a detailed description of these interactions the 
interested reader is referred to another recent review [10]. 
Formation and stabilization of both junctions and corti-
cal actin is controlled by small GTPases of the Rho family 
such as Rac1 and RhoA [12]. Other molecules such as vas-
odilator-stimulated phosphoprotein (VASP) are also known 
to control cortical actin formation and to enhance barrier 
stability [13].

On the other hand, pro-inflammatory agents such as 
thrombin or tumor necrosis factor-α (TNF-α) induce actin 
remodeling in a way that favors the formation of contrac-
tile stress fibers [14]. This process is induced by RhoA-
mediated activation of Rho kinases (ROCK) and myosin 
light chain kinase (MLCK), and concomitant inhibition of 
myosin light chain phosphatase (MLCP) leading to hyper-
phosphorylation of MLC and actomyosin contractility 
[15]. Stress fibers connect to junctions and generate pull-
ing forces within neighboring cells leading to cell contact 
destabilization and internalization of AJ and TJ molecules 
[16]. The shift from stabilizing endothelial cortical actin to 
contractile stress fibers during inflammation also supports 
leukocyte transendothelial migration [11, 17].

Kinases modulating actin dynamics are of clear clinical 
relevance as targets for the development of treatment strate-
gies for disorders characterized by hyperpermeability and 
excessive leukocyte recruitment such as sepsis. Pharmaco-
logical inhibitors of ROCK1 and MLCK have been applied 
with various outcomes in EC, animal models of sepsis and 
clinical trials as discussed below.

The role of actin dynamics and actomyosin 
contractility in endothelial barrier destabilization 
during sepsis

Hyperpermeability is a hallmark of different inflamma-
tory diseases such as ARDS [18] and sepsis [19, 20] and 
increased actomyosin contractility drives endothelial bar-
rier dysfunction and vascular leakage. As discussed above, 
contractility is regulated in large parts by the RhoA/ROCK 
and MLCK signaling pathways that increase MLC2 phos-
phorylation at threonine-18 and serine-19 leading to disas-
sembly of inter-endothelial contacts (Fig. 1). Therefore, the 
actomyosin contractility machinery has become the focus 
of many studies investigating sepsis.
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The role of RhoA and ROCK in endothelial 
hyperpermeability during sepsis

There is strong evidence for the involvement of ROCK in 
the regulation of vascular hyperpermeability after cecal 
ligation and puncture (CLP)-induced sepsis and lipopol-
ysaccharide (LPS)-induced pulmonary inflammation 
because the increase in wet-to-dry ratio of septic lungs 
was reversed when rats were pre-treated with the specific 
ROCK inhibitor Y-27632 prior to CLP surgery [21, 22]. 
Additionally, lung histopathological scores from these ani-
mals were lower in the CLP group treated with Y-27632 
when compared to non-treated CLP animals. Although the 
authors did not show direct evidence of actin cytoskeleton 
modulation in their experiments (e.g., phalloidin stainings, 
G/F-actin ratio, MLC2 phosphorylation), they observed 
overexpression of ROCK1 but not ROCK2 in the CLP 
group, and ROCK1 overexpression in EC has recently been 
shown to be sufficient to induce actomyosin contractility 
[23]. Similar results for ROCK1 were obtained in C57BL/6 
mice in which ALI was induced by intravenous injection of 
LPS [22]. These results suggest that ROCK activation is a 
critical mechanism driving lung tissue damage and hyper-
permeability during sepsis and ALI.

Thrombin is a serine-protease involved in coagulation 
and endothelial barrier hyperpermeability during inflam-
mation by inducing RhoA activation [24], actin cytoskel-
eton remodeling and endothelial junction disassembly [25]. 
Thrombin production is increased during sepsis, thus fur-
ther triggering vascular hyperpermeability [26]. Given the 
importance of ROCK as target of RhoA, these data suggest 

the existence of a feedback loop that triggers the inflam-
matory process during sepsis. Clearly, the RhoA/ROCK 
pathway is critical for early events driving sepsis progres-
sion leading to endothelial barrier dysfunction and organ 
damage. Thus, these molecules are potential therapeutic 
targets as discussed in more detail below. Of note, the com-
pound Y-27632 inhibits both ROCK isoforms, ROCK1 and 
ROCK2 [27]. With the recent discovery of a new ROCK2-
specific inhibitor termed SLx-2119 [28], it will now be 
possible to investigate isoform-specific effects on sepsis 
development.

The role of LIM‑kinase‑1 (LIMK) in endothelial 
hyperpermeability during sepsis

Another effector protein involved in cell contractility down-
stream of RhoA and ROCK is LIM-Kinase 1 (LIMK) 
which also participates in sepsis-induced barrier dysfunc-
tion in mouse lungs [29]. LPS-induced pulmonary inflam-
mation in LIMK1-deficient animals resulted in less edema 
formation and mortality compared to wild type (WT) con-
trol mice. Depletion of LIMK1 in human umbilical vein EC 
(HUVEC) also resulted in improved transendothelial elec-
trical resistance (TER) [30]. On the other hand, overexpres-
sion of LIMK1 in HUVEC led to more intercellular gap 
formation due to LIMK1-dependent phosphorylation of the 
actin depolymerizing factor cofilin [30]. These data dem-
onstrate the importance of LIMK1-dependent actin dynam-
ics for endothelial barrier functions during inflammation 
in vivo and in vitro.

Fig. 1  Signaling pathways 
regulating endothelial barrier 
functions during sepsis. Several 
different effectors can activate 
receptor-mediated activation of 
small GTPases that induce actin 
remodeling. Myosin gets phos-
phorylated via RhoA/ROCK 
and MLCK, and interacts with 
actin filaments to form contrac-
tile actomyosin stress fibers. On 
the other hand, several ABP, 
such as cortactin, filamin A/B, 
cofilin and VASP, are getting 
phosphorylated and translocated 
to control inflammatory actin 
dynamics. Several substances 
have been identified that inhibit 
these pathways and counteract 
endothelial hyperpermeability 
during sepsis (bottom)
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The role of MLCK in endothelial hyperpermeability 
during sepsis

MLCK is another kinase capable of phosphorylating MLC2 
to induce intracellular contractility and endothelial perme-
ability [31]. To analyze whether MLCK has a role in LPS-
induced endotoxemia, mice with a genetic deletion of the 
long isoform  (MLCK210) were generated and subjected to 
i.p. injection of LPS. The effects on permeability observed 
in  MLCK210-deficient animals were less pronounced than 
those observed in WT mice, suggesting that  MLCK210 
plays an important role during the onset of sepsis [32]. WT 
mice treated with a MLCK inhibitor generated in the same 
study [11-(3-chloro-6-imino-6H-pyridazin-1-yl)-undeca-
noic acid (6-phenyl-pyridazin-3-yl)-amide] showed simi-
lar protective effects 24 h after LPS injection as observed 
in  MLCK210-deficient mice. By contrast, another study 
showed that endothelial-specific deletion of both the long 
 (MLCK210) and the short  (MLCK130) isoforms in C57BL/6 
mice did not protect from LPS-induced sepsis [33]. When 
administered with a lethal dose of LPS, these mice had sim-
ilar mortality rates and comparable inflammation-induced 
tissue injury in the lungs and kidneys when compared to 
LPS-injected WT mice. Permeability to Evans Blue in 
lungs and phosphorylation of MLC after intratracheal LPS 
instillation in these MLCK-deficient mice was comparable 
to WT mice [33]. Additionally, phosphorylation of MLC 
in EC freshly isolated from the aorta of these animals was 
also not affected by MLCK deletion when compared to WT 
controls [33]. The authors discussed that the discrepancies 
between the two mouse models may be a consequence of 
differential MLCK isoform expression. According to their 
study, the endothelium in vivo does not express  MLCK210 
so that the protection against LPS in  MLCK210-deficient 
mice could be attributed to other cell types such as epithe-
lial cells and smooth muscle cells. Thus, further studies 
are required to better define the role of MLCK isoforms in 
LPS-induced endothelial hyperpermeability. Unfortunately, 
the available evidence on the role of MLCK in human 
patients is very scarce. In a candidate gene approach, sin-
gle polymorphisms and haplotypes of MLCK were associ-
ated with ARDS and concurrent endothelial barrier defects 
in patients [34, 35]. Further clinical studies are needed to 
clarify whether the data obtained from animal studies can 
be confirmed in humans.

The role of MLCP in endothelial hyperpermeability 
during sepsis

While MLCK increases MLC phosphorylation, MLCP 
de-phosphorylates MLC and reduces actomyosin contrac-
tility and endothelial permeability [36]. Very recently, 
MLCP was found to be involved in late CLP-induced 

sepsis in C57BL/6 mice after 5  days of surgery which, 
according to the authors, mimics late stages of human 
sepsis [36]. The authors found that ROCK-dependent 
inhibitory MLCP phosphorylation (Thr855) was reduced 
in isolated caudal arteries from CLP mice leading to more 
active MLCP, less contractility and less vascular permea-
bility in late sepsis. Overactivation of MLCP 5 days after 
CLP also resulted in less vascular contraction after treat-
ment of femoral arteries with the thromboxane  A2 recep-
tor agonist U46619 or the protein kinase C (PKC) activa-
tor phorbol-dibutyrate (PDBu) to induce vasoconstriction 
[37]. Recently, MLCK and MLCP expression levels were 
analyzed in artery biopsies (renal and aorta) from post-
mortem patients in an age range of 63–78 years that suf-
fered from severe sepsis [38]. MLCP expression in dif-
ferent arterial lysates (renal, dorsalis pedis, aorta and 
carotid) from all patients was increased, whereas MLCK 
expression was decreased. However, phosphorylation 
levels to determine their activation status were not ana-
lyzed. Of note, myosin heavy and light chain expression 
was unaffected in lysates of arterial and vascular smooth 
muscle cells.

A close relationship between RhoA/ROCK, MCLK and 
MCLP signaling pathways that result in MLC phospho-
rylation/dephosphorylation has also been demonstrated 
in human cell culture models in vitro. For example, MLC 
phosphorylation was MLCK- and ROCK2-dependent in 
human lung microvascular EC and controlled endothe-
lial barrier function [39]. In HUVEC, Rho-GTPases and 
MLCK contributed to MLC phosphorylation followed 
by cell contraction [40]. In this study, LPS stimulation of 
HUVEC also led to decreased MLCP activity via increased 
intracellular cAMP levels, thus contributing to increased 
MLC phosphorylation.

These data imply that both MLCK and MLCP may be 
useful as targets in the treatment of sepsis. However, more 
efforts are needed to truly understand at which point in sep-
sis progression manipulation of these molecules will result 
in a better outcome.

Actin‑binding proteins (ABP) regulating actin 
dynamics and endothelial barrier functions 
during septic conditions

Vascular permeability is in large part controlled by 
dynamic actin remodeling in EC [10]. Actin remodeling is 
directly influenced by kinases activating myosin motors and 
by ABP that modulate actin and myosin functions. Prop-
erties and functions of ABP have been reviewed recently 
[10]. Here, we focus on ABP that play a known role in actin 
dynamics and endothelial barrier functions during sepsis.
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Caveolin‑1 (Cav‑1)

Cav-1 is an ABP known to connect lipid rafts to the 
cytoskeleton and to regulate transcellular migration of lym-
phocytes [41]. Mice deficient for Cav-1 (Cav-1 KO) show 
less endothelial barrier dysfunction, lung edema formation 
and lower mortality rates during LPS-induced sepsis com-
pared to WT mice [42, 43]. This protective effect in Cav-1 
KO mice was associated with increased endothelial nitric 
oxide synthase (eNOS)-dependent NO production in the 
lungs. By contrast, studies using single bacterial infections 
of Cav-1 KO mice with either Klebsiella pneumoniae [44] 
or Pseudomonas aeruginosa [45], or multi-bacterial sepsis 
models such as CLP [46] revealed that Cav-1 deficiency 
was associated with increased pro-inflammatory cytokine 
production and higher mortality rates. Specifically, K. 
pneumoniae infection of Cav-1 KO mice showed that pro-
inflammatory cytokine production was controlled by signal 
transducer and activator of transcription-5 (STAT5) and the 
glycogen synthase kinase-3β (GSK3β)/β-catenin/Akt sign-
aling pathway in the lung [44]. P. aeruginosa infection of 
Cav-1 KO mice showed increased phosphorylation of janus 
kinase-2 (JAK2) levels and STAT3 activation with conse-
quent nuclear factorkappa-light-chain-enhancer of activated 
B cells (NF-κB) nuclear translocation and increased pro-
inflammatory cytokine production in the lung [45]. The 
observed differences between the LPS and the bacterial 
infection models cannot be clearly reconciled at this point 
but a possible explanation could be that bacterial infections 
represent a more complex scenario where many signaling 
pathways are implicated compared to LPS injection where 
only toll-like receptor (TLR)4 gets activated. This idea is 
supported by previous work where mutated TLR4, defi-
ciency in LPS-binding protein (LBP, which is essential for 
LPS-TLR4 recognition) or induced sensitivity to LPS did 
not modify the outcome of lethal sepsis in mice [47, 48].

Cav-1 is phosphorylated at Tyr14 in response to LPS 
stimulation in a process dependent on endothelial CD14, 
an anchored glycoprotein essential for TLR4-dependent 
responses. This phosphorylation induces NF-ĸB signaling 
and pro-inflammatory cytokine production [49]. Upon LPS 
stimulation, TLR4 exposes a death domain on the intra-
cellular portion of its Toll/interkeukin-1-receptor (TIR) 
to immediately recruit myeloid differentiation primary-
response protein 88 (MyD88), and subsequently kinases 
such as IL-1-receptor-associated kinase 4 (IRAK4); a series 
of events that is fundamental for LPS-mediated responses 
[50].

Cav-1 also binds eNOS to prevent reactive oxygen spe-
cies (ROS) formation [51]. Additionally, Cav-1 deletion 
leaves eNOS activated resulting in nitration of IRAK4, 
and subsequent TLR4 inhibition leads to impaired pro-
inflammatory cytokine production. In HUVEC, Cav-1 

is downregulated when challenged with serum of septic 
patients [52]. By contrast, LPS stimulation of liver EC 
induces Cav-1 expression and mitigates endothelial ROS 
production in vitro [53]. On the other hand, Cav-1 expres-
sion does not change in human dermal microvascular EC 
(HDMEC) in response to LPS indicating that caveolin-
mediated effects on endothelial barrier integrity strongly 
depend on the challenged vascular bed [54].

Zonula Occludens‑1 (ZO‑1)

The adaptor molecule ZO-1 connects TJ transmembrane 
proteins to the actin cytoskeleton and is essential for 
endothelial barrier stability. TLR4 stimulation in brain EC 
monolayers induces vascular permeability due to relocation 
of β-catenin from the membrane to the cytosol; and EC co-
cultured with astrocytes showed ZO-1 relocation from the 
membrane to perinuclear spaces [55].

Moesin

Moesin is an ABP involved in paracellular gap forma-
tion but also in wound healing by inducing cell migra-
tion in HUVEC [56]. Proteomic analysis of HUVEC after 
stimulation with LPS for 24  h revealed that moesin was 
secreted into supernatants [56]. Notably, moesin levels also 
increased in a time-dependent fashion in sera of mice with 
lethal sepsis and in humans with severe sepsis. Moesin 
levels in sera of septic patients correlated with the sever-
ity and outcome of sepsis [57]. Not only bacterial products 
such as LPS caused severe inflammatory responses but also 
damage-associated molecular patterns (DAMPs) which 
were released by injured tissues and recognized by TLR to 
promote acute inflammation [50]. Among DAMPs, high-
mobility group box  1 (HMGB1) is a nuclear protein that 
was also secreted into extracellular spaces during sepsis 
where it could activate TLR2 and TLR4 to induce inflam-
mation, actin cytoskeleton rearrangement and endothelial 
hyperpermeability. This response was dependent on moesin 
phosphorylation at Thr558 [57]. Since extracellular moesin 
was not phosphorylated, it was suggested that dephos-
phorylation was needed for its secretion [57]. HMGB1 
is considered a late-onset mediator of sepsis as it is not 
immediately released by stressed cells into the peripheral 
circulation [58].

Vasodilator‑stimulated phosphoprotein (VASP)

VASP is an ABP that has a central role in actin cytoskeleton 
dynamics as it participates in filament elongation, stabiliza-
tion, branching inhibition and profilin/G-actin recruitment 
[11]. VASP together with filamin1 protected endothelial 
barrier functions as their inhibition during LPS stimulation 
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of human lung microvascular EC augmented barrier dys-
function as manifested by reduced transendothelial electri-
cal reesistance (TER) and diminished ZO-1 localization at 
cell contacts [59].

Cortactin

Cortactin is expressed in EC and plays a fundamental role 
in inflammation. Cortactin deficiency led to increased vas-
cular permeability due to reduced endothelial Rap1 activ-
ity [60]. Recently, we discovered that cortactin deficiency 
augmented ROCK1 levels, phosphorylation of MLC and 
actomyosin contractility, and diminished adrenomedullin 
(ADM) secretion leading to enhanced endothelial perme-
ability [23]. Downregulation of cortactin also attenuated 
sphingosine 1-phosphate (S1P)-induced endothelial barrier 
stability [61]. Consequences of cortactin deficiency for the 
progression of sepsis are currently being investigated in our 
laboratories.

Heat shock proteins (HSP)

HSP are highly conserved proteins that can be induced by 
a variety of stimuli. The most studied stress-inducible HSP 
are HSP90, HSP70 and HSP27 and they become upregu-
lated upon noxious challenges to protect against apoptosis 
[62]. HSP27 and HSP90 were downregulated in HUVEC 
upon LPS exposure [63]. In experimental LPS-induced 
endotoxemia, overexpression of HSP27 confered protec-
tion against myocardial dysfunction, a risk factor in septic 
patients, leading to higher survival rates [64]. HSP27 phos-
phorylation levels significantly increased in lungs of rats 
after LPS-induced sepsis in a p38 mitogen-activated pro-
tein kinase (MAPK) activity-dependent fashion [65]. This 
was accompanied by diminished interaction of β-actin with 
HSP27.

Filamin A/B

Filamins are conserved, multi-domain actin cross-linking 
proteins that connect extracellular matrix (ECM) compo-
nents to the actin cytoskeleton [66]. One of the most abun-
dant ECM proteins is hyaluronan that binds to its receptor 
CD44. In LPS-induced pulmonary inflammation filamin 
expression was downregulated leading to vascular leakage 
[67]. High molecular weight hyaluronan (HMW-HA) pro-
tected the pulmonary endothelial barrier upon binding to 
its cognate receptor in a mechanism that involved annexin 
A2 and S100-A10-dependent filamin A/B recruitment to 
caveolin-enriched domains [67]. The authors also showed 
that silencing of both filamins prevented the protective 
effect of HMW-HA. In line with this, both filamin A and 
cofilin-1 were downregulated in human coronary artery 

EC as a result of Wnt5a stimulation. Wnt5a is produced by 
TLR-stimulated macrophages and high levels of this mol-
ecules were found in serum of patients with severe sepsis 
[68]. Wnt5a targeted ROCK to activate LIMK2 that in turn 
phosphorylated cofilin-1 leading to actin fiber bundling and 
stress fiber formation [68]. Inhibiting ROCK in LPS-stim-
ulated liver EC prevented cofilin-1 phosphorylation [69]. 
These data again demonstrate the importance of different 
ABP for controlling endothelial actomyosin contractility 
and barrier integrity during septic conditions.

Gelsolin

Gelsolin is another ABP that is involved in cytoskeletal 
rearrangements due to its capping and actin-monomer 
sequestering abilities [10]. Its deficiency led to severe actin 
stress fiber formation and endothelial barrier dysfunction 
[70]. Gelsolin is also known for its LPS-neutralizing capa-
bilities [71]. It is also secreted into the blood and decreased 
levels correlated with disease severity and higher mortality 
in sepsis [72], and other critical conditions such as acute 
liver failure and myocardial infarction [73].

Actin dynamics and neutrophil recruitment 
during sepsis

In addition to endothelial hyperpermeability, excessive 
neutrophil recruitment is another hallmark of endotoxemia 
and sepsis. Neutrophil interactions with EC that precede 
extravasation during inflammation strongly depend on actin 
remodeling in both cell types [11]. Neutrophils can exploit 
endothelial adhesion molecules such as endothelial cell-
selective adhesion molecule (ESAM) or junctional adhe-
sion molecule-A (JAM-A) to facilitate their paracellular 
passage across endothelial monolayers and they can take 
advantage of endothelial barriers weakened by increased 
actomyosin contractility [74, 75]. However, neutrophil 
extravasation is a very complex process in which endothe-
lial barrier dysfunction is not always accompanied by 
increased neutrophil extravasation [76]. We showed that 
cortactin-deficient mice have increased vascular perme-
ability and weakened intercellular junctions but showed 
reduced neutrophil extravasation during inflammation [60]. 
These data clearly show that permeability and neutrophil 
extravasation are distinct processes that need to be studied 
independently. Several studies have been published recently 
using inhibitors of actomyosin contractility and ABP acti-
vation to target actin dynamics and reduce neutrophil accu-
mulation in affected tissues during sepsis. For example, 
neutrophil counts were reduced in bronchoalveolar lavage 
fluids (BALF) of mice with CLP-induced sepsis that were 
co-treated with the ROCK inhibitor Y-27632 compared to 
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non-treated septic mice [21, 22]. Additionally, administra-
tion of Y-27632 prior to CLP-induced sepsis in C57BL/6 
mice reduced thrombin production and myeloperoxidase 
(MPO) activity indicating diminished leukocyte recruit-
ment into the lung [26]. Another study demonstrated that 
inhibition of ROCK by Y-27632 in C57BL/6 mice with 
CLP-induced sepsis led to reduced neutrophil recruitment, 
MPO activity and tissue damage in the lungs as a conse-
quence of reduced MAC-1 expression on the surface of 
peripheral blood neutrophils and reduced production of the 
chemokines CXCL1 and CXCL2 [77] (Fig. 2).

Other neutrophil kinases that affect actomyosin con-
tractility are also involved in the regulation of neutrophil 
transendothelial migration. For example, LIMK1-deficient 
neutrophils showed impaired chemotaxis to C5a and inter-
leukin-8 (IL-8) gradients, presumably due to defects in 
actin polymerization [30], demonstrating the importance 
of LIMK1-dependent actin dynamics for neutrophil trans-
migration during inflammation. Neutrophils isolated from 
bone marrow and peripheral blood of MLCK-deficient 
mice infiltrated inflamed lungs to a lesser extent com-
pared to WT neutrophils, and this was accompanied by 
reduced lung wet-to-dry ratios [78]. MLCK-deficient neu-
trophils could not efficiently adhere to and transmigrate 
across EC in  vitro. Interestingly, MLCK-deficient lungs 
and neutrophils still showed increased MLC phospho-
rylation at serine-19 after LPS treatment, suggesting that 
other kinases, likely ROCK, can compensate for the loss 
of MLCK to maintain high MLC phosphorylation levels 
in response to LPS. Thus, it seems that pathways other 
than MLC phosphorylation mediate the protective effect 

in MLCK-deficient mice. Indeed, the authors showed that 
loss of MLCK in neutrophils was accompanied by less acti-
vation of β2-integrins in neutrophils as a consequence of 
less Src and Pyk2 activity. Furthermore, F-actin formation 
was disturbed in MLCK-deficient neutrophils in a Pyk2-
dependent manner [78]. These data suggest that MLCK 
contributes to Src and Pyk2 activity and Pyk2-dependent 
actin polymerization leading to β2-integrin activation and 
excessive neutrophil recruitment during sepsis. Thus, it is 
reasonable to speculate that reduced neutrophil infiltration 
is responsible for at least some of the observed protective 
effects during septic conditions in MLCK-deficient mice.

In addition to increased endothelial barrier stability, 
lungs of Cav-1 KO mice showed lower intercellular adhe-
sion molecule (ICAM)-1 levels, and consequently, dimin-
ished neutrophil adhesion and recruitment during LPS-
induced sepsis [42, 43]. This was due to reduced NF-ĸB 
activity leading to reduced transcription of iNOS and 
ICAM-1. Administration of the NO synthase inhibitor 
nitro-L-arginine during LPS challenge increased NF-ĸB 
activity and restored neutrophil adhesion to EC in Cav-1 
KO mice.

Taken together, aberrant actin dynamics in neutrophils 
clearly affect the disease outcome in murine models of 
sepsis.

Effects of pharmaceutical actin manipulation 
on the progression of endotoxemia and sepsis

In recent years, reinforcement of endothelial barrier stabil-
ity to prevent excessive permeability and neutrophil influx 
during acute inflammatory responses has gained attention 
since these processes significantly contribute to organ fail-
ure during sepsis (Table 1). Several molecules that enhance 
barrier stability during acute inflammatory conditions have 
emerged as targets; however, no such therapeutic agent for 
treating sepsis is currently being used in the clinic [79]. 
In this chapter, we will summarize emerging treatment 
options directed at preventing actomyosin contractility to 
reduce vascular barrier dysfunction and neutrophil recruit-
ment during experimental sepsis.

The inhibitor of ROCK1 and ROCK2, Y27632, ame-
liorated LPS-induced lethal sepsis in mice by preventing 
TNFα-induced vascular leakage, neutrophil extravasa-
tion and lung tissue damage [22]. LPS-induced reduction 
of endothelin-1and endothelial NO production, increase 
in ROCK2 expression and phosphorylation of moesin was 
attenuated by Y27632 [69]. Additionally, ROCK inhibition 
reduced peroxynitrite and ROS production, fragmentation 
of ROCK and caspase 3 cleavage in septic lungs [21]. The 
ROCK2 inhibitor fasudil prevented cofilin and dynamin-
related protein-1 phosphorylation leading to endothelial 

Fig. 2  Actin-dependent mechanisms controlling the interactions of 
neutrophils with endothelial cells under septic conditions. In neutro-
phils, ROCK gets activated in response to CXCL12 to control actin 
dynamics that regulate integrin mobility and clustering, and expres-
sion of Mac1. In endothelial cells, ROCK-mediated NF-ĸB nuclear 
translocation induces expression of ICAM-1 to facilitate neutrophil 
adhesion. ROCK-mediated actin contractility contributes to endothe-
lial junction destabilization and neutrophil transendothelial migration
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barrier stabilization [90]. Fasudil increased eNOS and 
decreased iNOS during endotoxemia in rats leading to 
reduced vascular inflammation [91]. It also ameliorated 
LPS-induced acute lung injury in mice by inhibiting the 
RhoA/ROCK pathway [87]. Therefore, fasudil has been 
suggested as a promising therapeutic agent in sepsis [86].

Heparin is best known for its anticoagulant properties, 
but it also inhibits RhoA and ROCK and can ameliorate 
LPS-induced vascular permeability in the lung [82, 92].

Treatment of EC with adenylate cyclase enhancers 
such as forskolin or the phosphodiesterase inhibitor IBMX 
increased levels of cAMP leading to improved endothe-
lial barrier stability. The protein kinase A (PKA)-specific 
cAMP-analog  N6-Benzoyl-cAMP and the exchange protein 
directly activated by cAMP (EPAC)-specific cAMP analog 
8-(4-chlorophenylthio)-20-O-methyl-cAMP ameliorated 
LPS-induced vascular permeability in an additive fashion 
[59]. Moreover, a non-hydrolysable ATP analog stabilized 
the endothelial barrier in the lung during LPS-induced pul-
monary inflammation in mice. Although the precise pro-
tective mechanisms are still unknown, the same authors 
showed that ATP enhances endothelial barrier stabilization 
via Rac1 and cortactin [85, 93].

Adrenomedullin (ADM) is an endogenous vasorelax-
ant peptide hormone [89, 94] that is capable of enhanc-
ing endothelial barrier function via regulation of the actin 
cystoskeleton [88, 95]. ADM acts through elevation of 
intracellular cAMP levels [96] leading to the activation of 

EPAC and the small GTPase Rap1 [97], enhanced cortical 
actin formation, strong VE-cadherin-mediated intercellular 
adhesion, and reduced actomyosin contractility [98]. We 
have recently reported that ADM was capable of counter-
acting increased vascular permeability induced by ROCK-
dependent phosphorylation of MLC demonstrating that 
ADM can directly modulate actin dynamics to improve 
vascular barrier functions [23]. ADM was increased in 
plasma from patients suffering from systemic inflammatory 
response syndrome (SIRS) when compared to healthy con-
trol patients [99]. The authors found a correlation between 
plasma levels of ADM and disease severity so that ADM 
was postulated as a marker for sepsis progression. Continu-
ous ADM blood infusion was beneficial in female C57BL/6 
mice with Streptococcus pneumoniae-induced pneumonia 
that were subjected to mechanical ventilation 24  h post-
infection to induce strong lung injury [100]. In this study, 
ADM-treated animals showed less lung permeability and 
pneumococcal pneumonia, and they were protected from 
tissue injury in liver and ileum.

On the other hand, there is evidence of detrimental 
effects caused by ADM during sepsis. Blocking ADM 
functions with the antagonist ADM (aa 22–52) or anti-
adrenomedullin serum resulted in improved survival of rats 
treated with LPS. Cardiomyocytes isolated from these ani-
mals showed improved contractility after ADM inhibition 
which, in late sepsis phases, could improve blood pressure, 
tissue perfusion and oxygen delivery [101].

Table 1  Pharmacological compounds targeting ABP with the potential to promote endothelial barrier stability during sepsis

ABP Compounds Mechanism of action References

VASP Forskolin/IBMX Augments intracellular cAMP and VASP phosphoryla-
tion

[59]

Filamin A/B Caveolin-1 HMW-HA Binding to CD44 to induce their redistribution to cell–
cell contacts

[67]

Cortactin R-Methoxy-FTY720
(R)/(S)-Fluoro-FTY720
β-Glucuronide-FTY720

Recruits cortactin to cell contacts to stabilize intercel-
lular adhesion

[80]

ZO-1 ATT Downregulation of Rac1/PAK and p38 phosphorylation, 
stabilization of cell contacts

[81]

VASP/Cofilin Y27632 ROCK2 inhibition [69]
Heparin RhoA-ROCK inhibition [82]
Radicicol/17-AGG Inhibition of HSP90 [83, 84]

ZO-1/Occludin Non-hydrolysed ATP Unknown [85]
Cofilin Fasudil ROCK inhibition [86]
Myosin II Y-27632

Fasudil
ROCK1/ROCK2 inhibition, less MLC phosphorylation 

and contractility
[21]
[87]

ADM RhoA/ROCK inhibition. Rap1 activation
Reduction of ROCK-induced contractility and vascular 

permeability

[88, 89]
[23]

[11-(3-Chloro-6-imino-6H-pyridazin-1-yl)-
undecanoic acid (6-phenyl-pyridazin-3-yl)-
amide]

Inhibition of MLCK and contractility [32]
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In summary, ADM is a promising therapeutic but more 
research is needed to better understand the mechanisms 
underlying the protective effects during early sepsis and the 
rather detrimental effects during late sepsis.

Abl-family kinases participate in the regulation of actin 
cytoskeleton dynamics by phosphorylation of MLCK, 
cortactin, vinculin and β-catenin. Imatinib was originally 
designed to inhibit the breakpoint cluster region-Abl fusion 
protein that causes chronic myeloid leukemia, but later it 
has been shown to inhibit vascular permeability induced by 
thrombin, histamine, VEGF, LPS and oxidative stress; thus 
making it also an interesting candidate for sepsis treatment 
[102]. However, the precise mechanisms for these effects 
remain elusive.

HSP90 is a chaperone protein involved in protein folding 
maturation and stabilization of kinases and transcription 
factors [83]. LPS-induced vascular leakage involved p120-
catenin and β-catenin phosphorylation by  pp60Src kinase 
[83]. This kinase is a target of HSP90, but it also phospho-
rylated HSP90 and induced its chaperone functions. HSP90 
inhibitors such as radicicol and 17-allyamino demethoxy-
geldanamycin (17-AGG) bound to nucleotide-binding sites 
of HSP90 with high affinity leading to degradation of its 
targets, lower pro-inflammatory cytokine production, 
reduction of vascular permeability and better survival rates 
in mice that received intraperitoneal LPS injection and 
parallel administration of these HSP90 inhibitors [83, 84, 
103].

Reduction of endothelial hyperpermeability during the 
course of sepsis is fundamental for the control of the dis-
ease. S1P was effective in the control of lung inflammation 
and vascular permeability [61]. FTY720 is a derivative of 
myriocin, a natural analog of S1P with immunosuppres-
sive properties. Derivatives of FTY720 such as R-meth-
oxy-FTY720, (R)/(S)-fluoro-FTY720 and β-glucuronide-
FTY720 could enhance barrier stability of lung EC in vitro 
via cortactin translocation to the plasma membrane [80]. 
Thus, these S1P-derivatives could be promising therapeutic 
options.

Conclusions

The excessive increase in vascular permeability remains 
a major challenge in the treatment of sepsis as it causes 
severe intravascular hypovolemia and hypotonia that 
require extensive volume resuscitation and use of pharma-
cological vasopressors. Both the use of volume resuscita-
tion and vasopressors may cause undesired complications 
and their application is associated with increased organ dys-
function and mortality. Thus, the identification of pharma-
cological inhibitors limiting the underlying clinical reason, 
i.e., endothelial barrier dysfunction, would be a milestone 

in the treatment of sepsis. Many of the aforementioned 
pharmacological agents have shown promising potential by 
reducing vascular permeability and improving the outcome 
of sepsis in rodents. Unfortunately, very little therapeutic 
approaches that were beneficial in rodents could improve 
disease outcome in clinical trials with human patients. The 
reasons for this phenomenon are manifold and include the 
fact that there are profound differences between rodents as 
model organisms and humans. Thus, it is of great impor-
tance to verify whether the molecular players and pathways 
involved in the regulation of endothelial barrier integrity 
and vascular permeability in rodents are also of importance 
in humans as this is a prerequisite for the transfer of treat-
ment options into the human system.

Other important aspects are the specificity and safety of 
pharmacological inhibitors. Although they did not show 
any adverse effects in rodents during short term experi-
ments, this does not necessarily exclude the possibility 
of undesired side effects on the long haul, or unspecific 
interactions with other regulatory pathways. Thus, basic 
research aiming at a better understanding of the patho-
physiological pathways controlling actomyosin contractil-
ity, endothelial barrier dysfunction and increased vascular 
permeability in the human system is a necessity for the 
successful implementation of novel therapeutic strate-
gies. Nevertheless, the modification of actin cytoskeleton 
dynamics in EC is a valuable approach in the development 
of treatment options for the detrimental disease sepsis. This 
is especially important taking into account that all avail-
able treatment options for sepsis are supportive measures 
that do not tackle the underlying molecular pathogenesis 
but merely aim at reducing the deleterious consequences of 
sepsis.
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