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Barrier stabilizing mediators in regulation of microvas-
cular endothelial permeability

HUANG Qiao-bing*

【Abstract】Increase of microvascular permeability
is one of the most important pathological events in the
pathogenesis of trauma and burn injury. Massive leakage
of fluid from vascular space leads to lose of blood plasma
and decrease of effective circulatory blood volume, result-
ing in formation of severe tissue edema, hypotension or
even shock, especially in severe burn injury. Fluid resusci-
tation has been the only valid approach to sustain patient’s
blood volume for a long time, due to the lack of overall and
profound understanding of the mechanisms of vascular
hyperpermeability response. There is an emerging concept
in recent years that some so-called barrier stabilizing media-
tors play a positive role in preventing the increase of vascu-

lar permeability. These mediators may be released in re-
sponse to proinflammatory mediators and serve to restore
endothelial barrier function. Some of these stabilizing me-
diators are important even in quiescent state because they
preserve basal vascular permeability at low levels. This re-
view introduces some of these mediators and reveals their
underlying signaling mechanisms during endothelial bar-
rier enhancing process.
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Endothelial barrier disruption and microvascular
hyperpermeability contribute to the pathogenesis
of various acute and chronic inflammatory

diseases. The release and circulation of permeability-
increasing cytokines and other mediators, such as
thrombin, bradykinin, histamine, radical oxygen
species, vascular endothelial growth factor (VEGF),
tumor necrosis factor-α(TNF-α) and lipopolysaccha-
ride (LPS), etc, increase vascular permeability prima-
rily by formation of intercellular gaps between endothe-
lial cells (ECs) of postcapillary venules.1 Normally, ECs

are tightly connected through various proteins that regu-
late the organization of intercellular junctional complex,
such as adherens and tight junctions, then bind to
cytoskeletal proteins or cytoplasmic interaction part-
ners that allow the transfer of intracellular signals and
govern the barrier function of ECs under normal or in-
flammatory conditions. With the stimulation of intrinsic
and extrinsic proinflammatory mediators, inter-endo-
thelial junctions are open to allow paracellular fluid
passage.2 These agonists-induced hyperpermeability
is usually reversible.3 The process of recovery of endo-
thelial barrier function could emerge with the reannealing
of previously open inter-endothelial junctions and the
strengthening of adhesion of ECs to extracellular matrix,
which result from the re-equilibrium of competing con-
tractile and adhesive forces generated by the
cytoskeletal proteins and the adhesive molecules. There
is also an emerging concept in recent years that some
so-called stabilizing mediators play a positive role in
enhancing inter-endothelial junctional connections and
preventing the increase of vascular permeability.1,4 These
endogenous mediators include classical anti-edema re-
agents such as glucocorticoid, cyclic adenosine mono-
phosphate (cAMP), adenosine triphosphate, and re-
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cently found mediators such as intermedin (IMD)/
adrenomedullin2 (AM2), AM, sphingosine 1-phosphate
(S1P), activated protein C (APC) as well as angiopoietin-
1/tyrosine kinase with immunoglobulin-like and EGF-
like domains 2 (Tie2) system (Ang-1/Tie2). These me-
diators may be generated and released in response to
pro-inflammatory mediators and serve to restore endo-
thelial barrier function. Some exogenous reagents, such
as statins, are also found to have the function of endo-
thelial permeability stabilization. This review introduces
some of these mediators and reveals their underlying
signaling mechanisms during endothelial barrier en-
hancing process.

Barrier stabilizing mediators
Glucocorticoids    Glucocorticoids are well-known

anti-edema drugs in clinics, although their utilization is
limited due to the adverse effect of increasing the risk
of secondary infection. Glucocorticoids have been re-
ported to reinforce the barrier via the signal transduction
pathway originating from the endothelial intracellular glu-
cocorticoid receptor, which acts as a responsive ele-
ment controlling the expression of steroid responsive
target genes and their corresponding proteins. Recent
publications revealed that dexamethasone prevented
TNF-α-induced cell permeability through glucocorti-
coid receptor trans-activation and nuclear factor-kappaB
trans-repression in cell culture and rat retinas.5 Dex-
amethasone and hydrocortisone also act to increase
the endothelial expression of mRNA and protein level of
tight junction molecules such as zona occludens-1,
claudin-5 and occludin, in cultured cells, diabetic ani-
mals and multiple sclerosis patients.5-7 Dexamethasone
coordinately up-regulates Ang-1 expression and down-
regulates VEGF expression in brain astrocytes and
pericytes, leading to promotion of the integrity of ECs
and the stabilization of blood-brain barrier.8 It was also
approved that dexamethasone suppressed VEGF and
intercellular adhesion molecule-1 expression in diabetic
rats which correlated with its effect on retinal vascular
permeability and leukocyte accumulation.9

Glucocorticoids are well-mentioned in many clini-
cal practice guidelines, due to the effect of steroid on
stabilizing endothelial barrier function. Glucocorticoids
are recommended for the treatment of various inflam-
matory diseases, such as sepsis shock, acute lung
injury, asthma, arthritis, macular edema, etc.10-12 Du-
ring the battle with severe acute respiratory syndrome

(SARS) in 2003, the proper use of corticosteroid in con-
firmed critical SARS resulted in lower mortality and
shorter hospitalization stay.10 But the applications of
corticosteroids are restricted clinically due to the ad-
verse effects. Surviving Sepsis Campaign guidelines
recommend that intravenous hydrocortisone should be
given only to adult patients with septic shock after their
blood pressure is confirmed to be poorly responsive to
fluid resuscitation and vasopressor therapy.13

Ang-1/Tie2 system  The Ang/Tie2 system includes
Ang-1, Ang-2 and Tie2 receptor, and regulates perme-
ability in part by modulation of the small GTPase RhoA-
mediated pathways that activate myosin-actin filament
(F-actin) interaction.  Ang-1/Tie2 and Ang-2/Tie2 almost
play an opposite role in regulating the formation of stress
fiber, the tethering forces between adjacent cells gen-
erated by junctional transmembrane proteins, in par-
ticular VE-cadherin/catenin complexes. Ang-1/Tie2 is
one of best described endogenous cell signaling sys-
tems that help to maintain vascular integrity and
maturation.14,15 Ang-1, as an agonist for ECs, is a ligand
for the endothelium-specific receptor tyrosine kinase
Tie2. This ligand/receptor system shares many
proangiogenic properties of VEGF on ECs. However, in
contrast to VEGF, Ang-1 protects blood vessels from
increased plasma leakage, which contributes to their
stabilization. In mobile and confluent ECs, Ang-1-bound
Tie2 is translocated to cell-cell contacts where it as-
sembles a unique homotypic in trans-complex with Tie2
from the opposite cell that includes the vascular endo-
thelial phosphotyrosine phosphatase (VE-PTP). This
Tie2-VE-PTP complex preferentially activates Akt serine
kinase, which phosphorylates endothelial nitric oxide
synthase (eNOS).16 While eNOS-derived nitric oxide
(NO) is central to increased permeability in response
to VEGF.17,18 Inhibition of NO production by Ang-1, via
phosphorylation of eNOS on 497 residue threonine by
protein kinase C zeta, is responsible, at least in part,
for inhibition of  VEGF-stimulated endothelial
permeability.19 Report20 also showed that Ang-1, through
its receptor Tie2, activated one small G-protein, Rho,
then mDia which sequestered Src, resulting in the inhi-
bition of Src and stabilization of VE-cadherin in inter-
endothelial adherens junction. Ang-1-induced Tie2 re-
ceptor phosphorylation is signaled via PI3-kinase and
Rac1 to activate p190 RhoGTPase-activating protein,
an enzyme that brings RhoA back to its inactive GDP-
bound form. This resulted in reduced F-actin stress fi-
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ber formation and endothelial permeability.21,22 McCarter
et al23 reported that the Ang-1/Tie2 system exerted
strong protective effects in a rat and transgenic mice
models with LPS-induced acute lung injury. Other origi-
nal experiments and studies on patients have showed
that Tie-2-mediated Ang-1 attenuates the responsive-
ness of the endothelium to inflammation, hyperpermea-
bility, apoptosis and vasoreactive stimuli.24,25

Clinically, it has been showed that level of Ang-1 is
reduced in septic or non-septic critically ill patients.
Circulating levels of Ang-2, Ang-1 and the Ang-2 to Ang-
1 ratio have been used to predict the development of
acute respiratory distress syndrome, sepsis, and other
critically ill patients.26 Numerous evidences showed that
in animal models, Ang-1 over-expression or adminis-
tration of exogenous Ang-1 inhibited EC activation, re-
duced vascular leakage, prevented the LPS-induced de-
crease in blood pressure and cardiac output, attenu-
ated the LPS-induced increase in lung water, and sub-
sequently improved the survival rate.23,27 It is yet to be
explored the effectiveness of application of Ang-1/Tie2
system in patients, but Ang-1/Tie2 surely is a potential
therapeutic target.

AM and IMD/AM2    As a widely expressed peptide,
AM is secreted from ECs, vascular smooth muscle
cells, cardiac myocytes, as well as human leukocytes,
etc. AM mediates its activities by binding to a complex
receptor composed of the calcitonin receptor like-re-
ceptor (CRLR) associated with receptor activity-modi-
fying proteins-2 and -3 (RAMP-2 and RAMP-3). The
deletion of functional AM gene or its receptor gene, and
the lack of G protein-coupling receptor modulator pro-
tein RAMP-2 result in formation of extreme generalized
edema and the disruption of vascular integrity, suggest-
ing the strong barrier stabilizing function of AM.28-30 It
has been demonstrated that AM increases trans-en-
dothelial electrical resistance of ECs and improved en-
dothelial barrier function through the activation of cAMP
signal pathway and the up-regulation of tight junction
protein claudin-5.31-33 The inhibition of AM-activated
cAMP/PKA pathway by cyclosporin A impairs brain en-
dothelial barrier function.34 The administration of AM
attenuates extravasation of albumin and plasma fluid in
rat with septic shock and reduces 6-h mortality.35 IMD,
a recently identified peptide targeting CRLR, is also
called AM2, but it has a much stronger effect on stabi-
lizing endothelial barrier than AM. Also by activating

cAMP/PKA via CRLR/RAMP2 complex, IMD (AM2)
reduced thrombin-, hydrogen peroxide- and hypoxia-
induced endothelial hyperpermeability under basal
conditions.36,37 The newest report38 shows that IMD has
differential effects on macromolecule permeability of
ECs in different vascular beds. It increases permeabi-
lity of rat coronary microvascular ECs and reduces per-
meability of human umbilical vein endothelial cells
(HUVECs) and rat aortic ECs.

With the potential of enhancing the endothelial bar-
rier function and down-regulating the expression of
proinflammatory cytokines, AM and IMD are considered
as a novel treatment target to attenuate acute lung in-
jury and sepsis.39,40 It has been showed that the appli-
cation of AM mitigated edema-characterized lung in-
jury and the loss of plasma fluid in rat models with sep-
tic shock.35,40 It still needs an intensive endeavor before
AM and IMD could be translated from bench to bed.

S1P   Produced by phosphorylation of sphingosine,
S1P is an abundant lipid mediator in plasma and regu-
lates numerous physiological functions of vascular and
immune cells.41 S1P is present in blood at nanomolar
to micromolar concentration and is delivered by high
density lipoprotein-associated apolipoprotein M to its
receptors.42 A variety of cell types from different spe-
cies have different S1P receptor (S1PR) expression
profiles.43 S1PR1, R3 and a little S1PR2 are the main
receptors expressed in ECs.44 It is proposed that the
balances in expression and activation of S1PR1, R2
and R3 in ECs help to maintain the physiological
functions, especially the barrier function of ECs.45 An
appropriate or physiological level of S1P causes the
activation of S1PR1, resulting in the strengthening of
the barrier integrity of ECs by inducing Rac signaling
pathway, while the lack of S1P is harmful in endothelial
barrier function.46 The administration of S1P in animal
models with burn or acute lung injury attenuates the
vascular hyperpermeability, resulting from the enhance-
ment of endothelial junctional integrity and the forma-
tion of a stronger cortical actin ring.47,48 The depression
of S1P synthesis enzyme, sphingosine kinase, with
inhibitor N, N-dimethylsphingosine causes obvious
disorganization of junctional structure in cultured HUVECs.48

The suppression of S1P lyase responsible for the deg-
radation of S1P protects LPS-induced murine acute lung
injury.49 There is also an evidence showing that intra-
cellular S1P induces barrier enhancement via similar
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cellular signaling pathway(s) independent of S1P
receptors.50

Although S1P experimentally demonstrates a strong
effect on endothelial barrier protection, its usage in clinic
is limited by the fact that excessive S1P will induce the
activation of S1PR2/R3, leading to the disruption of in-
ter-endothelial junctions by evoking the RhoA-ROCK
pathway.48,51 Thus, the final barrier regulation efficacy
of S1P depends on the balances in expression and
activation of different S1P receptors in ECs. The activa-
tion and strengthening of S1P/S1PR1 pathway are be-
neficial in preventing vascular leakage.

APC   APC is a natural anticoagulant that plays an
important role in coagulation homeostasis by inactivat-
ing the procoagulant factor Va and VIIIa. Besides, it
has cytoprotective functions such as anti-inflammatory,
anti-apoptotic effects and endothelial barrier protection.52

APC dynamically augments the EC cortical actin ring
and decreases formation of transcellular stress fibers,
associating with decreased paracellular gaps and im-
proved monolayer integrity that corresponds to EC bar-
rier protection. Inactive protein C binds to a specific
receptor on the surfaces of ECs, called endothelial pro-
tein C receptor, which leads to activation of PI3-kinase/
Akt and trans-activation of the S1P1 receptor.53 As
mentioned before, the activation of S1P1 receptor me-
diates vascular endothelial barrier enhancement.54 It is
also demonstrated that APC activated Tie2 via a mecha-
nism requiring, in sequential order, endothelial protein
C receptor, protease-activated receptor-1, and EGF
receptor, which selectively enhances the PI3K/Akt sig-
naling to strengthen the junctional complexes and re-
duce vascular permeability.55

A recombinant form of human APC (rhAPC or
drotrecogin alfa activated, known commercially as
‘Xigris’) was once approved in 2001 by the US Federal
Drug Administration56 for treatment of severe sepsis
associated with a high risk of mortality because it was
demonstrated that rhAPC reduced 28-day mortality in
severe septic patients in the large recombinant human
activated Protein C Worldwide Evaluation in Severe
Sepsis (PROWESS) trial. But this rhAPC was with-
drawn by European Medicines Agencies on October
25th, 2011, due to lack of efficacy for the treatment of
sepsis in a reassessing PROWESS SHOCK trial since
2008.57,58 This reminds the basic researchers and clini-

cal physicians that the barrier enhancing effect is quite
clear for APC and its adverse influence on fibrolysis
may raise the risk of bleeding and hamper its clinical
application.

Statins    Statins are hydroxy-3-methyl-glutaryl-CoA
reductase inhibitors that lower serum cholesterol. It has
been noticed that statins exhibit myriad clinical benefits,
including enhancement of vascular integrity.59,60 By in-
creasing tight junction protein claudin-5 and decreas-
ing intercellular adhesion molecule-1 expressions,
simvastatin prevented damage to cerebral endothelial
tight junctions and neutrophil infiltration into the
parenchyma, and exerted its anti-edematous effects of
reduced neurologic deficits, cerebral edema as well as
blood-brain barrier permeability 6 h after traumatic brain
injury.61,62 It is demonstrated that lovastatin attenuated
RhoA activation, then induced myosin light chain (MLC)
dephosphorylation under basal conditions and opposed
increase in phosphorylation of MLC and myosin phos-
phatase targeting protein-1 in response to thrombin.60

While the glycocalyx has key contribution to endothe-
lial barrier function by charge-selective exclusion of
plasma proteins,1 Meuwese et al63 reported that short-
term statin therapy partially restored the endothelial
glycocalyx which was reduced in patients with heterozy-
gous familial hypercholesterolemia.

Statins are widely used prescription drugs, and the
barrier enhancing effect is a desired accompanying be-
nefit to the patients and physicians, while vascular lea-
kage is an early pathological event during the develop-
ment of related diseases such as arteriosclerosis, car-
diac disease and hypertension, etc.

Except for the above-mentioned barrier stabilizing
factors, lots of other mediators has barrier enhancing
function, including prostaglandins (PG)E2 and PGI2, the
essential metabolic homeostasis regulating hormone
insulin,64 and the actin-binding vasodilator-stimulated
phosphoprotein,65 etc. And there will be more and more
substances to be found with stabilization function of
endothelial permeability in the future.

Major signal pathways in enhancement of endot-
helial barrier function

Most of the above-mentioned barrier-stabilizing me-
diators rely on cyclic nucleotide second messengers
cAMP and Rac1 pathways to realize their vascular pro-
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tection function. In the process of enhancing endothe-
lial barrier function, cAMP is a critical signal molecule
utilized by various barrier-stabilizing mediators.66,67 Vari-
ous barrier-stabilizing mediators directly increase con-
centration of cAMP, resulting in enhancement of en-
dothelial barrier function. Inhibition of phosphodiesterase 4
can increase endothelial cAMP, stabilize the endothe-
lial barrier, and attenuate increased acute inflamma-
tory in vascular permeability. On the other hand, se-
veral barrier-disruptive components, such as TNF-α,
appear to increase permeability by reducing the forma-
tion of cAMP.68,69 LPS-mediated barrier breakdown was
also related to the decrease of intracellular cAMP and
Rac1 activities.70 Activation of adenylate cyclase and
the subsequent increase of cAMP are the common
consequences of AM receptor activation in a variety of
cells. Cyclosporin A impaired brain endothelial barrier
function by inhibition of AM-activated cAMP/PKA
pathway.34 The IMD (AM-2)-induced attenuation of en-
dothelial hyperpermeability is mediated by activating
cAMP/PKA via CRLR/RAMP2 complex as well.36,37 Me-
diators such as PGE2 and PGI2 stabilize endothelial
barrier function partly by increasing cAMP level and
activating Rac1.71 Some guanosine triphosphatase
(GTPase) exchange factors, called as exchange pro-
tein activated by cAMP (Epac), could be directly acti-
vated by cAMP. It is also revealed that cAMP/Epac1
induces the activation of Ras-related protein1 to tighten
cell-cell contacts by arrangement of F-actin in endo-
thelial junctional area.72 There is a report73 demonstrat-
ing that cAMP signals are strictly compartmentalized,
whereas cAMP emanating from transmembrane ACs
activates barrier-enhancing targets, such as filamin, and
cAMP emanating from soluble ACs activates barrier-
disrupting targets, such as tau.

GTPases of Rho family regulate cell adhesion and
cytoskeletal reorganization, which are also important
regulators of the endothelial barrier function. While
RhoA, via its effector Rho kinase (ROCK), is thought to
predominantly destabilize endothelial barrier properties
by promoting MLC-dependent contraction of stress fi-
bres and reducing VE-cadherin-mediated adhesion.
Rac1, as another small G-protein in the Rho family,
plays an important role in regulation of actin cytoskeletal
organization and is well known to be required for main-
tenance of endothelial barrier functions.74 The activa-
tion of Rac1 drives cortactin translocation to the cell
membrane where it colocalizes with myosin light chain

kinase, a regulator of MLC phosphorylation and
cytoskeletal rearrangement. Mammoto et al75 elucidated
a signaling pathway by which Ang-1 activated Rho fam-
ily GTPases to organize the cytoskeleton into a junc-
tion-fortifying arrangement, which consequently de-
creased the permeability of the endothelium and pro-
tected against vascular leakage in vivo. Even the in-
creased cAMP requires Rac1 to mediate its effects on
endothelial function. Rac1, a downstream signal of
cAMP, strengthens the inter-endothelial adherens
junction.76 Interestingly, exogenous reagent simvastatin
induces the cortical arrangement of F-actin and the
improvement of barrier function, also by inhibiting the
geranylgeranylation, a covalent modification enabling
translocation of the small GTPases Rho and Rac to
the cell membrane.77 Figure 1 gives a simplified sche-
matic image of major signal pathways in endothelial
barrier regulation, in which the enhancement pathway
is emphasized.

Other signals have also been revealed to partici-
pate in signal transduction of regulating the vascular
barrier function with some controversial effects. Protein
Kinase Czeta was found to play a role in thrombin-in-
duced increased vascular permeability,78 but have con-
tribution to Ang-1-dependent inhibition of VEGF-induced
endothelial permeability in vitro.19

When we are listing all those barrier stabilizing me-
diators or signals, we have to bear this notion in mind
that so-called barrier enhancing mediators might have
differential effects on vascular endothelial permeability,
depending on the activated receptors and signaling
pathways, the cellular compartment of signal and the

Figure 1. The simplified schematic outline of the major signal
pathways in endothelial barrier regulation.
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location of vascular beds.

Conclusion
Increased vascular leakage remains a critical event

in the development of inf lammatory diseases.
Sometimes, it is a serious, even life-threatening clini-
cal challenge in the setting of severe burn injury, acute
lung injury and respiratory distress syndrome. Novel
treatments are needed. Although the specific extent to
which  their endothelial barrier-protective properties has
yet to be further defined, pharmacologic approaches
including the use of those barrier enhancing mediators,
such as AM, S1P, APC, or statins, etc, may represent
novel therapeutic strategies. The possibility of reinforc-
ing those barrier enhancing pathways also provides
another train of thought to attenuate the increase of
vascular permeability.
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