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REVIEW
Intracellular signalling involved in modulating human
endothelial barrier function*

Victor W. M. van Hinsbergh' and Geerten P. van Nieuw Amerongen?’

'Department of Physiology, Institute for Cardiovascular Research, VU University Medical Centre, Amsterdam, the Netherlands
2Gaubius Laboratory TNO-PG, Leiden, the Netherlands

Abstract

The endothelium dynamically regulates the extravasation of hormones, macromolecules and other solutes. In patho-
logical conditions, endothelial hyperpermeability can be induced by vasoactive agents, which induce tiny leakage
sites between the cells, and by cytokines, in particular vascular endothelial growth factor, which increase the
exchange of plasma proteins by vesicles and intracellular pores. It is generally believed that the interaction of actin
and non-muscle myosin in the periphery of the endothelial cell, and the destabilization of endothelial junctions,
are required for endothelial hyperpermeability induced by vasoactive agents. Transient short-term hyperperme-
ability induced by histamine involves Ca**/calmodulin-dependent activation of the myosin light chain (MLC) kinase.
Prolonged elevated permeability induced by thrombin in addition involves activation of the small GTPase RhoA
and Rho kinase, which inhibits dephosphorylation of MLC. It also involves the action of other protein kinases.
Several mechanisms can increase endothelial barrier function, depending on the tissue affected and the cause
of hyperpermeability. They include blockage of specific receptors, and elevation of cyclic AMP by agents such as
B,-adrenergic agents. Depending on the vascular bed, nitric oxide and cyclic GMP can counteract or aggravate
endothelial hyperpermeability. Finally, inhibitors of RhoA activation and Rho kinase represent a potentially
valuable group of agents with endothelial hyperpermeability-reducing properties.

Key words endothelial barrier function; intracellular signalling.

closed barrier for macromolecules. Exchange of these

Introduction . . .
macromolecules in a healthy continuous endothelium

Circulating blood provides oxygen, nutrients and
hormones to the tissues and removes carbon dioxide
and waste products. The exchange of these factors is
regulated by the endothelium, which forms the interface
between blood and tissues. The endothelium controls
the extravasation of solutes, macromolecules and
white blood cells, and maintains a continued flow of
blood by preventing loss of blood constituents and
volume. With the exception of a few tissues, in which
the endothelium has pores, the endothelium forms a
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is thought to occur largely by receptors or transporters
or via vesicular shuttling (Predescu & Palade, 1993; see
also J. A. Firth’s contribution in this issue of the Journal
of Anatomy). However, in many pathological condi-
tions, associated in particular with inflammation and
angiogenesis, the endothelium becomes locally hyper-
permeable for macromolecules during a short or pro-
longed period of time by the formation of small gaps
between or through the cells. The accompanying leak-
age provides enhanced delivery of plasma proteins,
including complement factors, immunoglobulins and
coagulation factors, to the interstitium. These proteins
are involved in counteracting infectious agents or
assisting tissue repair and angiogenesis, e.g. by provid-
ing a fibrin/vitronectin-matrix.

Endothelial hyperpermeability can be encountered
in various forms: transient leakage of post-capillary
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Fig. 1 Endothelial permeability is requlated by MLC phosphorylation and reorganization of the actin cytoskeleton and by
tethering forces in the intercellular junctions of endothelial cells. Actin non-muscle-myosin interaction is regulated by myosin
light chain (MLC) phosphorylation, which is controlled by Ca?*/calmodulin-dependent activation of MLC kinase (MLCK) and
regulation of the MLC phosphatase activity. Both tight junctions (containing occludin, claudins, ZO-1, ZO-2 and ZO-3) and
adherens junctions (V,E-cadherin connected via - and -catenins and plakoglobin connected to the actin cytoskeleton)
contribute to junctional stability. (Adapted from van Hinsbergh, 1997.)

venules upon exposure to vasoactive agents (Michel &
Curry, 1999); prolonged leakage by vasoactive agents,
such as thrombin (Malik & Horgan, 1987); prolonged
leakage accompanied by leucocyte extravasation
(Rampart & Williams, 1986; Shanley et al. 1995; Malik &
Lo, 1996) or injury (Cuénoud et al. 1987); leakage of the
endothelium at sites of angiogenesis (Joris et al. 1990;
Dvorak et al. 1995; Hashizume et al. 2000); and focal
leakage in conduit vessels because of single defective
junctions or cell division (Chuang et al. 1990; Huang &
Chien, 1992). When a healthy post-capillary venule is
exposed to a vasoactive agent, small pericellular gaps
are transiently formed. It is generally thought that an
increase in contractile forces at the cell margins and a
reduction of the tethering forces between adjacent
endothelial cells cause these gaps (Fig. 1). The minute
gaps formed between the endothelial cells allow the
extravasation of macromolecules. Similarly, during the
extravasation of leucocytes small gaps may occur either
by the extravasation of the leucocyte itself or by the
local delivery of vasoactive agents by the activated

white blood cell. Alternatively, it has been suggested
that vasoactive agents may form intracellular gaps that
connect the luminal and basolateral side of the cell.
Upon serial sectioning of stimulated frog microvessels,
Michel & Neal (1999; see also Neal & Michel, 1996)
observed the occurrence of transcellular gaps close to
the cellular junctions. Intracellular gap formation has
also been encountered in microvascular endothelial
cells that had been exposed to the angiogenic growth
factor VEGF (Robert & Palade, 1995; Esser et al. 1998;
Dvorak et al. 1999). VEGF-induced gaps, together with
defective endothelial junctions, contribute to the
leakiness of tumour vessels (Feng et al. 1999; Hashizume
et al. 2000). It is likely that the formation of such tran-
scellular gaps requires reorganization of the cellular
cytoskeleton and membrane fusion.

In this survey we shall mainly focus on the role of
actin-myosin interaction in the regulation of enhanced
endothelial permeability and on mechanisms that can
counteract increased endothelial permeability. Other
contributions in this issue will deal with cellular
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junctions (Alexander & Elrod, 2002) and VEGF-induced
vascular leakage (Bates et al. 1999, 2002)

Transient response to a vasoactive agent:
histamine

Vasoactive agents, such as histamine and substance
P, induce a rapid (<20s) and transient (5-10 min)
increase in permeability. This can be visualized by intra-
vital microscopy of the extravasation of fluorescently
labelled macromolecules, and occurs only in the post-
capillary venules. By measuring the extravasation of
Monstral blue-albumin complex, silver staining of
endothelial junctions and subsequent electron micros-
copy, McDonald and colleagues showed that these
agents induce the formation of tiny gaps (about
1.5 um) between the cells (Hirata et al. 1995; Baluk
et al. 1997). The gaps are divided into multiple pores by
cellular protrusions that connect the two adjacent cells.

This process can be mimicked in cultured endothelial
cells. When endothelial cells are cultured on a porous
filter, the exchange of macromolecules and the
transendothelial electrical resistance can be deter-
mined. Such monolayers display many physiological
properties of the endothelial barrier including the
presence of tight junctions between the cells; a physio-
logically electrical resistance; repulsion of negatively
charged molecules; selective passage of molecules
depending on their Stokes radius; endothelial polarity;
and a response of the cells to vasoactive agents (Langeler
& van Hinsbergh, 1988; Langeler et al. 1989).

When such monolayers are stimulated by histamine
in the absence of serum, the transendothelial electrical

resistance rapidly drops and returns to normal values
in 5 min (Fig. 2). The response is completely blocked
by an H1-antagonist. The histamine-induced increase in
permeability depends on an increase in cytoplasmic
calcium ions, and is completely blocked by the calcium
chelator BAPTA. The increase in cytoplasmic Ca®
concentration causes a Ca?/calmodulin-dependent
activation of the myosin light chain kinase (MLCK), an
enzyme that phosphorylates myosin light chains
(MLGs), small regulatory proteins that activate the
myosin molecule and promote actin-myosin interac-
tion. Indeed, the calmodulin inhibitor trifluoperazine
(TFP) and the MLCK inhibitor ML-7 each completely
prevent the histamine-induced change in transendo-
thelial electrical resistance (van Nieuw Amerongen
et al. 1998). Parallel to the drop in electrical resistance,
a transient increase in the phosphorylation status
of the myosin light chains (MLCs) is observed, which
further strengthens the idea that histamine affects
endothelial permeability by stimulating actin non-
muscle-myosin interaction in the periphery of the cell
(Fig. 2). Whether the accompanying local contraction is
the only force that causes the minute gaps or whether
the tethering forces of junctional proteins are also
affected by histamine within the 5-min period of hyper-
permeability is still under investigation. Histamine-
induced phosphorylation of V,E-cadherin (Winter
et al. 1999) and occludin has been reported (Hirase
et al. 2001). However, the latter process required the
involvement of RhoA and Rho kinase, and probably
reflects a type of prolonged endothelial permeability
(see below). Indeed, when the effect of histamine was
evaluated in the presence of serum, a prolonged
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Fig. 2 Histamine increases endothelial permeability and decreases the transendothelial electrical resistance (TEER). The decrease
in TEER is inhibited by the Ca** chelator BAPTA, the calmodulin inhibitor trifluoperazine (TFP), and the MLCK inhibitor ML-7 (van
Nieuw Amerongen et al. 1998). The right panel gives a schematic representation of the mechanism by which histamine increases
MLC phosphorylation and actin-non-muscle-myosin interaction. An additional effect of histamine on junctional stability remains

possible.
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increase in endothelial permeability was seen (van
Nieuw Amerongen et al. 1998), which much resembles
the increase in permeability induced by thrombin.

Prolonged endothelial permeability induced
by thrombin

Thrombin and histamine induce an identical rise in the
cytoplasmic Ca** concentration of endothelial cells
in vitro (Shasby et al. 1997). However, thrombin induces a
prolonged increase of endothelial permeability lasting
for 1-1.5 h, while histamine only induces a transient
increase for 5 min. This suggests that additional mech-
anisms are involved in the prolonged decrease in
endothelial barrier function. Prolonged endothelial
hyperpermeability is a serious and life-threatening
clinical complication, and better understanding of the
underlying mechanisms may help to develop new
treatment strategies. It should be noted that thrombin
was used in the in vitro experiments as a model
compound to induce prolonged barrier dysfunction.
Thrombin can induce endothelial hyperpermeability in
lungs and brain in vivo (Johnson et al. 1983; Malik &
Horgan, 1987; Minnear et al. 1987). Furthermore, it has
been reported that administration of a high dose of
antithrombin 11l can reduce endotoxin-induced lung
hyperpermeability in animals (Dickneite & Kroez,
2001). However, the in vitro observations on the mech-
anism of thrombin-induced hyperpermeability in vitro
and the in vivo observations on thrombin-induced
vascular leakage have not yet been linked.

The thrombin-induced hyperpermeability was
accompanied by a 30-min increase in MLC phosphoryla-
tion, the formation of F-actin stress fibres and an iso-
metric tension in the cell, while MLC phosphorylation
by histamine was transient within 5 min and did not
induce an isometric tension (Garcia & Schaphorst, 1995;
Garcia etal. 1995; Goeckeler & Wysolmerski, 1995;
Moy et al. 1996). Cytochalasin D and an MLCK inhibitor
inhibited the effect of thrombin, which indicates that
actin and MLC phosphorylation play a role in the
thrombin-induced isometric contraction and pro-
longed endothelial permeability. Chelation of the
cytoplasmic Ca** ions in cultured endothelial cells by
BAPTA reduced the thrombin-induced endothelial
permeability only by 50%, in contrast to the complete
effect of this chelator on histamine-induced permeability
(Draijer et al. 1995a; Garcia etal. 1995; van Nieuw
Amerongen et al. 1998). Thus, other mechanisms than
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the Ca”?*/calmodulin-dependent activation of MLC
kinase must contribute to the sustained MLC phos-
phorylation and prolonged endothelial permeability
(Fig. 3). In bovine endothelial cells protein kinase C has
been reported to enhance endothelial permeability by
increasing MLC phosphorylation or by acting on actin
fibres by phosphorylation of caldesmon (Lynch et al.
1990; Stasek et al. 1992; Vuong et al. 1998). However, in
human endothelial cells we and other investigators
could not demonstrate a role for protein kinase C
either in MLC phosphorylation or in increased perme-
ability (Yamada et al. 1990; Garcia et al. 1995; Yamada
& Yokota, 1996; van Nieuw Amerongen et al. 1998).

In a search for additional kinases that affected the
phosphorylation of the MLC our attention was drawn
to Rho kinase, a multifunctional kinase that is activated
by RhoA. Although initial studies by Amano et al.
(1996) suggested that Rho kinase may act as MLC
kinase, subsequent studies showed that Rho kinase
primarily increases the phosphorylation of MLC by an
inhibitory phosphorylation of the regulatory subunit of
the MLC phosphatase (PP1M) (Kimura et al. 1996; Essler
et al. 1998; Kawano et al. 1999). Inhibition of either
RhoA or Rho kinase reduced thrombin-induced perme-
ability by 50% and this inhibitory effect was additive
to that of Ca?* chelation (Essler et al. 1998; van Nieuw
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Fig. 3 Schematic representation of the effects of thrombin on
the endothelial actin cytoskeleton that contribute to
endothelial permeability. The Ca**/calmodulin-dependent
activation of MLCK acts together with the RhoA/Rho kinase-
dependent inhibition of MLC phosphatase (Ca?* sensitization).
Thrombin can also activate MAP kinase and protein kinase C
(PKCQ), thereby influencing actin polymerization, and on
protein tyrosine kinase (PTK) activity, which may affect
junctional integrity.
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Table 1 Processes in the vascular system in which Rho GTPases
are involved

Cell contraction
SMC contraction — blood pressure, vasospasm
EC retraction - vascular leakage
Platelets — activation/aggregation

Cell motility
Healing of an endothelial monolayer
Angiogenesis
SMC - atherosclerosis, restenosis
Cell adhesion
Platelet adhesion
Leukocyte transmigration — inflammation
Cell shape
Myocyte - cardiac hypertrophy
EC - atherosclerosis, restenosis (shear stress)

Details are given by van Nieuw Amerongen & van Hinsbergh, 2001.

Amerongen et al. 1998, 2000a; Carbajal & Schaeffer,
1999; Carbajal et al. 2000; Garcia et al. 1999). Further-
thrombin-induced permeability was
reduced by the tyrosine kinase inhibitors genistein

more, partly
and herbimycin A. It is likely that phosphorylation of
tethering proteins in the junctional complexes, such
as V,E-cadherin and occludin, affects the stability and
restoration of cell-to-cell contacts (Rabiet et al. 1996;
Andriopoulou et al. 1999; Cohen et al. 1999; Corada
et al. 1999; Ukropec et al. 2000; Hirase et al. 2001).

Calcium sensitization by RhoA and Rho kinase

Rho GTPases are a family of small GTPases with pro-
found actions on the actin cytoskeleton of cells. With
respect to the functioning of the vascular system they
are involved in the regulation of cell shape, cell con-
traction, cell motility and cell adhesion (Table 1). The
three most prominent family members of the Rho
GTPases are RhoA, Rac and cdc42. Activation of RhoA
induces the formation of f-actin stress fibres in the cell,
while Rac and cdc42 affect the actin cytoskeleton by
inducing membrane ruffles and microspikes, respect-
ively (Hall, 1998). While Rac and cdc42 can affect MLCK
activity to a limited extent via activation of protein PAK
(Chew et al. 1998; Goeckeler et al. 2000), RhoA has a
prominent stimulatory effect on actin-myosin interac-
tion by its ability to stabilize the phosphorylated state
of MLC (Amano et al. 1996; Kimura et al. 1996; Kawano
et al. 1999; Katoh et al. 2001). This occurs by activation
of Rho kinase that in its turn inhibits the phosphatase
PP1M that hydrolyses phosphorylated MLC (Fig. 4). In
addition, Rho kinase inhibits the actin-severing action
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Fig. 4 Schematic picture of the effects of Ca®*/calmodulin-
dependent MLCK activity and RhoA/Rho kinase on actin-
non-muscle-myosin interaction in endothelial cells. It should
be noted that Rho kinase may also have additional effects on
the anchoring of the actin cytoskeleton to proteins in the
plasma membrane.

of cofilin and thus stabilizes f-actin fibres (Sumi et al.
1999; Toshima et al. 2001). Furthermore, Rho kinase
can also be involved in anchoring the actin cytoskeleton
to proteins in the plasma membrane and thus may
potentially act on the interaction between junctional
proteins and the actin cytoskeleton (Fukata et al. 1999;
Takaishi et al. 2000).

Thrombin can activate RhoA via G,;,; and a so-called
guanine nucleotide exchange factor (GEF) (Seasholtz
et al. 1999). The GEF exchanges RhoA-bound GDP for
GTP, by which RhoA becomes active (Fig. 5). By this
activation RhoA is translocated to the membrane,
where it binds by its lipophilic geranyl-geranyl-anchor.
RhoA can be activated by a number of vasoactive
agents, including lysophosphatidic acid, thrombin and
endothelin. Different GEFs are involved in the activa-
tion of RhoA, some of which are regulated by protein
phosphorylation (Mehta et al. 2001). The membrane-
bound RhoA is dissociated from the membrane by the
action of a guanine dissociation inhibitor (GDI) or after
the action of a GTPase-activating protein (GAP). The
guanine dissociation inhibitors (GDIs) are regulatory
proteins that bind to the carboxyl terminus of RhoA.
GDlIs inhibit the activity of RhoA by retarding the dis-
sociation of GDP and detaching active RhoA from the
plasma membrane.

Thrombin directly activates RhoA in human endo-
thelial cells and induces translocation of RhoA to
the plasma membrane (van Nieuw Amerongen et al.
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Fig. 5 Schematicrepresentation of the activation of the RhoA.
The GTP binding form of RhoA is translocated to the
membrane where it is active. Guanine exchange factors (GEFs)
activate RhoA, while GTPase-activating proteins (GAPs) bring
RhoA back to its inactive form. The guanine dissociation
factors (GDlIs) dissociate active RhoA from the membrane,
facilitate its inactivation, and inhibit its activation by binding
to the carboxyl-terminal part of RhoA.
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2000c¢). Under the same conditions the related GTPase
Rac was not activated. Specific inhibition of RhoA by
C3 transferase from Clostridium botulinum reduced the
thrombin-induced increase in endothelial MLC phos-
phorylation and permeability (Essler et al. 1998; van
Nieuw Amerongen et al. 1998; Carbajal et al. 1999),
but did not affect the transient histamine-dependent
increase in permeability (van Nieuw Amerongen et al.
1998). The effect of RhoA appears to be mediated via
Rho kinase, because the specific Rho kinase inhibitor
Y27632 similarly reduced thrombin-induced endothelial
permeability. The effects of Y27632 and the Ca** chelator
BAPTA on endothelial permeability were additive, sug-
gesting two separate pathways that act on MLC phos-
phorylation and endothelial permeability (van Nieuw
Amerongen et al. 2000a). Indeed, the Ca*/calmodulin-
and MLCK-dependent MLC phosphorylation is sensit-
ized by the RhoA- and Rho kinase-dependent pathway
that reduces dephosphorylation of MLC (Fig. 3).

To see whether activation of RhoA per se was suffi-
cient to induce increased permeability, we used LPA
that in our experimental conditions activated RhoA
but did not affect the cytoplasmic Ca®* concentration
(Schulze etal. 1997; van Nieuw Amerongen et al.
2000c). Indeed, LPA increased endothelial permeability
by a Rho kinase-dependent mechanism. However, even
without an increase in cytoplasmic Ca®* concentration a
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low degree of MLCK activity occurred in the cells as
the effect was inhibitable by the MLCK inhibitor KT
5926 (van Nieuw Amerongen et al. 2000c¢). Furthermore,
it should be noted that other investigators reported
a decrease in endothelial permeability under their
experimental conditions (English et al. 1999; Garcia
et al. 2001; Minnear et al. 2001). This suggests that the
physiological interactions of LPA with the endothelium
in vivo may be complex.

Improving the endothelial barrier function

Understanding the mechanisms of how endothelial
permeability proceeds only becomes clinically mean-
ingful if it contributes to an understanding of how to
prevent vascular leakage and how to improve the
endothelial barrier function in disease states, in which
vascular leakage is already present. As shown above,
actin-myosin interaction and loss of junctional integ-
rity are pivotal processes in endothelial permeability.
Therefore, attempts to stabilize the endothelial barrier
function have mainly focused on these mechanisms
(Table 2). Early studies by Rippe & Grega (1978) showed
that B-adrenergic stimuli were able to reduce a general
histamine-induced leakage in animals (reviewed in
Grega et al. 1988). This appeared related to their ability
to enhance the endothelial cyclic AMP concentration.
Indeed, several agents that counteract contraction
in smooth muscle cells (Somlyo & Somlyo, 2000) can
also reduce endothelial permeability. This holds true
for agents that increase the cyclic AMP or cyclic GMP
concentration and for RhoA- or Rho kinase-inhibiting
agents. However, considerable regional variation exists
between the responsiveness of various vascular beds,
and the response of the endothelium can be sensitive
to desensitization. In the following paragraphs we
shall discuss various targets for improving endothelial
barrier function.

Table 2 Mechanisms reducing endothelial permeability

e Receptor blockade (H1 antagonists)

e Cyclic AMP elevation

e Cyclic GMP/NO (lung, large vessels)

e PKC inhibition (bovine, porcine EC)

¢ Rho and Rho kinase inhibition

¢ Inhibition of leucocyte adhesion and activation (anti-LFA-1,
anti-ICAM-1)

¢ Inhibition of VEGF induced leakage (anti-VEGF antibodies, VEGF
receptor tyrosine kinase inhibitor SU5416, Angiopoietin) (tumour
vascular bed)
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Receptor blockade

Direct interference of the interaction of vasoactive
agents or permeability-enhancing factors with the
endothelium by receptor blockade is a first approach to
preventing vascular leakage. The efficacy of antago-
nists against the H1-type histamine receptor is well
known, but only effective when histamine plays a
pivotal role in leakage. Similarly, it can be anticipated
that antagonists of the two VEGF receptors may be
helpful for reducing VEGF-induced leakage. At present
VEGF receptor-blocking antibodies or agents that
specifically inhibit the tyrosine kinase activity of VEGF
receptor-2, such as SU5416, may be effective. The
recent data showing that angiopoietin-1 can prevent
VEGF-induced leakage are challenging. Finally,
reducing receptors and ligands involved in leucocyte-
endothelium interaction can be effective. In animal
studies, simultaneous blocking of LFA1 and ICAM-1
has been shown to reduce TNFo- and inflammation-
induced pulmonary hyperpermeability (Lo et al. 1992;
Shanley et al. 1995; Malik & Lo, 1996; Horgan et al. 1991).

Cyclic AMP

Cyclic AMP (cAMP) is one of the signalling molecules
that in general improves endothelial barrier function.
Elevation of endothelial cyclic AMP appeared effective
in reducing the permeability of endothelial cells in vitro
(Stelzner et al. 1989; Langeler & van Hinsbergh, 1991;
Moy et al. 1993), in reducing histamine-induced
general oedema in experimental animals (Rippe &
Grega, 1978) and in preventing the formation of
small intercellular gaps induced by substance P (Baluk
& McDonald, 1994). The effect is fast and occurs both
in endothelial cells under basal conditions and after
exposure to vasoactive agents. Elevation of cAMP has
many effects on endothelial cells. With respect to its
effect on barrier function, cAMP stabilizes endothelial
junctions, inhibits MLC kinase, reduces actin—-non-
muscle interaction and the formation of stress fibres,
and prevents agonist-induced endothelial gap
formation (He & Curry, 1993; Moy et al. 1993, 1998;
Siflinger-Birnboim et al. 1993; Adamson et al. 1998). Its
efficacy is independent on whether cAMP is elevated
by activation of adenylate cyclase or by the inhibition
of cAMP-degrading phosphodiesterases (Stelzner
et al. 1989; Langeler & van Hinsbergh, 1991; Suttorp
etal. 1993), which broadens possible therapeutic
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approaches. 3,-adrenergic agents and serotonin increase
cAMP levels in endothelial cells and were shown to
improve endothelial barrier function in vitro and in
animals. Indeed, catecholamines are used to reduce
brain oedema over a period of several hours. On the
other hand, therapeutic use of ,-adrenergic agonists
in capillary leakage syndrome is still limited, even in
combination with a phosphodiesterase inhibitor,
because desensitization of endothelial cells for these
agents occurs, which shortens the time these com-
pounds are effective in reducing vascular leakage
(Doorenbos et al. 1988; Droder et al. 1992). A second
point of attention should be that certain blood vessels
do not respond with a reduction of permeability, but
on the contrary with an increase (Warren et al. 1993).
In particular, the permeability increasing effect of cyclic
AMP in cultured heart microvascular endothelial cells
(Hempel et al. 1996) should be further evaluated for its
consequences in the situation in vivo.

Cyclic GMP and nitric oxide (NO)

Another signalling molecule that was shown to coun-
teract contraction in smooth muscle cells and which
may reduce endothelial permeability, in particular in
the lung, is cyclic GMP. In contrast to cyclic AMP, cyclic
GMP does not affect basal endothelial barrier function,
but reduces thrombin- or hydrogen-peroxide-induced
enhanced endothelial permeability in vitro (Baron et al.
1989; Westendorp et al. 1994; Draijer et al. 1995a;
Suttorp et al. 1996; Holschermann et al. 1997). The effects
of cyclic GMP on in vivo barrier properties, however, are
controversial. Cyclic GMP may promote or impair the
endothelial barrier function depending on the vascular
bed involved and the local condition of the endothelium
(Zimmerman et al. 1990; Lofton et al. 1991; Meyer &
Huxley, 1992; Yuan et al. 1993). While it may increase
endothelial permeability in peripheral vessels, it may
have beneficial effects in the lung and in large arteries.

Cyclic GMP is generated by a Ca?*/nitric oxide (NO)-
dependent pathway or by ¢cGMP-increasing agonists
(Murad, 1994, 1998; Hobbs & Ignarro, 1996). Several
mechanisms have been identified by which cGMP could
improve endothelial barrier function in vitro. The first is
a feedback mechanism by activating cGMP-dependent
protein kinase | (Draijer et al. 1995a, 1995b). In the
endothelial cells of large arteries and veins, but not
in those of the umbilical veins and kidney glomeruli
where cGMP-dependent protein kinase is absent,



activation of cGMP-dependent kinase | reduces the
agonist-induced rise in [Ca*]; responsible for the
increase in permeability. A second mechanism by which
C¢GMP can act is inhibition of a cAMP-degrading phos-
phodiesterase and subsequent elevation of cyclic AMP.
This mechanism accounts for the reduction in endo-
thelial permeability by cGMP in endothelial cells of the
umbilical vein (Draijer et al. 1995a). Inhalation of nitric
oxide has attracted attention as an agent that may
counteract pulmonary oedema. It may affect oedema
both by vascular relaxation and by effects on endo-
thelial barrier function. Although the effects of NO
on pulmonary oedema have been reported in animal
studies (Bloomfield et al. 1997; Garat et al. 1997;
McElroy et al. 1997), no standard therapeutic application
of NO/cGMP-elevating agents with regard to the
improvement of endothelial barrier function in man is
currently available.

RhoA and cholesterol-lowering statins

The finding that RhoA contributes to prolonged
endothelial permeability provides a new potential
target for pharmacological intervention in vascular
leakage syndromes. The fact that RhoA activation is
also involved in leucocyte extravasation further adds to
this potential, because leucocyte extravasation and the
accompanying activation often contributes to vascular
leakage. RhoA has a geranylated lipid anchor required
for binding to the membrane, to which it translocates
during its activation. Simvastatin and other 3-hydroxy-
3-methyl-glutaryl co-enzyme A reductase inhibitors
prevent the formation of this lipid anchor as they
inhibit isoprenylation of proteins in general. The
thrombin-induced translocation of RhoA to the
membrane of cultured endothelial cells is inhibited
by the pre-incubation of the cells with simvastatin (van
Nieuw Amerongen et al. 2000b). This is paralleled by a
reduction in the permeability induced by thrombin.
Several reports indicate that statins have a beneficial
effect on endothelial barrier dysfunction. At a regular
dose, simvastatin reduced the activation and P-selectin-
mediated extravasation of leucocytes in the microcircu-
lation (Pruefer etal. 1999). Also in hyperlipidaemic
mice the extravasation of leucocytes was attenuated by
simvastatin (Scalia et al. 2001). Furthermore, treatment
of 16-month-old Watenabe heritable hyperlipidaemic
rabbits for 1 month with 15mgkg™” simvastatin
reduced vascular leakage in both the thoracic and the

556 Human endothelial barrier function, V. W. M. van Hinsbergh and G. P. van Nieuw Amerongen

abdominal part of the aorta, as revealed by the Evans
blue dye exclusion test. In these animals the decreased
permeability was not accompanied by a reduction of oil
red O-positive atherosclerotic lesions. Finally, Dell’'Omo
et al. (2000) reported that simvastatin reduced micro-
vascular permeability in hypercholesterolaemic man.
Whether these latter findings completely depend on
an effect on the endothelium or whether other factors,
such as reduced influx of monocytes or other leuco-
cytes, also contribute is not yet known. A direct effect
of statins on leucocyte adhesion via inhibition of LFA1
has been suggested (Weitz-Schmidt et al. 2001). This
may reduce leucocyte extravasation and the accompany-
ing leakage. On the other hand a role of RhoA and
Rho kinase as a target for therapeutic intervention of
vascular leakage becomes a real option after the find-
ing by Chiba et al. (2001) that the Rho kinase inhibitor
Y27632 reduces vascular leakage in the rabbit lung.
While the statins may not act rapidly enough in acute
vascular leakage syndromes because of a delayed accu-
mulation in the cell, Rho kinase inhibitors, such as
Y27632 (Uehata et al. 1997; Ishizaki et al. 2000) and
fasudil-derived compounds (Shimokawa et al. 1999),
may provide a new approach and should be further
evaluated for their potential to counteract specific
forms of vascular leakage in vivo.

Perspective

In this survey we have focused on the role of intra-
cellular signalling in the regulation of endothelial
hyperpermeability, in particular related to MLC phos-
phorylation and actin non-muscle-myosin interaction.
The data on histamine-induced hyperpermeability
reflect closely those observed induced by a single
vasoactive agent in a healthy microvessel as observed
by investigators of the microcirculation in vivo (Curry,
1992; He & Curry, 1993; Michel & Curry, 1999). However,
such models do not explain the prolonged leakage as
is often seen in intensive care patients. Apparently
additional factors are involved that are not yet
adequately recognized. We believe that further insight
in the regulatory mechanisms that contribute to
endothelial permeability helps to understand how this
prolonged leakage is generated and how it can be
treated. Elucidation of how and in which precise
conditions the activation of RhoA and Rho kinase, the
regulation of endothelial junctional proteins and the
contribution of angiogenesis-related factors affect
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endothelial permeability will be a challenge for the
coming years and provide a perspective on focused
treatment.
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