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Nitric oxide (NO) is a key factor 
in inflammation as it regulates 

microvascular permeability, leukocyte 
adhesion and wound healing. This arti-
cle addresses mainly spatial and tem-
poral requirements of NO regulatory 
mechanisms, with special emphasis on 
S-nitrosation. Endothelial nitric oxide 
synthase (eNOS)-derived NO induces 
S-nitrosation of p120 and β-catenin, 
particularly in response to platelet-
activating factor (PAF), and through 
traffic and interactions at the adherens 
junction promotes endothelial hyperper-
meability. S-nitrosation is a determinant 
in vascular processes such as vasodilation 
and leukocyte-endothelium interactions. 
Interestingly, NO decreases leukocytes 
adhesion to endothelium, but the mecha-
nisms are unknown. Advances in NO 
molecular biology and regulation may 
serve as a basis for the development of 
new therapeutic strategies in the treat-
ment of diseases characterized by inflam-
mation such as ischemia-reperfusion 
injury, stroke, cancer and atherosclerosis.

NO-Mediated Regulatory  
Mechanisms of Microvascular 

Permeability

Regulation of vascular permeability to 
macromolecules occurs in vivo primarily 
at postcapillary venules through activa-
tion of endothelial nitric oxide synthase 
(eNOS) and production of NO.1 The 
main target of the regulation is the struc-
tural and functional configuration of 
the endothelial adherent junctions. The 
main protein identified at the endothelial 
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adherent junctions is VE-cadherin, 
which forms a complex with the cytosolic 
proteins α-catenin, β-catenin, plakoglo-
bin and p120-catenin (p120).1-3 Adherens 
junctions constitute a paracellular trans-
port pathway which is stimulated by pro-
inflammatory agents [such as histamine, 
bradykinin and platelet-activating fac-
tor (PAF)]. Pro-inflammatory agonists 
stimulate a cascade of processes that 
phosphorylate junctional proteins, dis-
sociate the junctional complex, cause 
internalization of junctional proteins 
and increase paracellular permeability.4,5 
These conformational changes probably 
operate in synchrony with centripetal 
forces generated by the cytoskeleton, par-
ticularly via actin and are likely associ-
ated with diminished adhesiveness of 
integrins to focal adhesions.6 It is worth 
noting that ultrastructural evidence 
shows that PAF-stimulated hyperperme-
ability is independent of actin-associated 
contractile events.7 The observation that 
pro-inflammatory agents such as PAF, 
histamine, bradykinin and thrombin 
stimulate production of eNOS-derived 
NO supports the concept that NO sig-
naling regulates endothelial/microvascu-
lar permeability.

eNOS and S-nitrosation

Nitric oxide is an important regulator of 
vascular homeostasis. We demonstrated 
that eNOS-derived NO is essential for the 
onset of agonist-induced hyperpermeabil-
ity using eNOS knockout mice and eNOS 
depleted coronary postcapillary venu-
lar endothelial cells.8,9 In both models, 
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S-nitrosation has been recently 
implicated in the regulation of micro-
vascular/endothelial permeability.34,35 
Administration of vascular endothelial 
growth factor (VEGF) for 15 min caused 
S-nitrosation of β-catenin and changes in 
permeability.34 Cysteine 619 was identified 
as the responsible amino acid undergoing 
S-nitrosation. Because Cys 619 is located 
at the interaction site of β-catenin with 
VE-cadherin its S-nitrosation causes dis-
sociation of the complex and an increase 
in microvascular permeability.34 We, 
using PAF and TNF as proinflammatory 
agonists,35 advanced knowledge dem-
onstrating that S-nitrosation occurs at 
times that are consistent with the onset 
of hyperpermeability (1–5 min). We also 
identified p120-catenin as a target of 
S-nitrosation35 and we specifically iden-
tified, by mass spectroscopy, Cys 579 as 
the main S-nitrosated- residue. Cys 579 
is also located in the interaction site with 
VE-cadherin. These data point out that 
S-nitrosation regulates protein-protein 
interactions and promotes the dissocia-
tion of the adherens junction complex. 
As far as we are currently aware, no other 
proteins from the adherens junction com-
plex has been identified as a target for 
S-nitrosation. In this framework, we have 
documented a role for NO—perhaps by 
S-nitrosation—in the internalization of 
VE-cadherin in response to PAF. Our 
experiments demonstrate that inhibition 
of eNOS (using L-NMA as eNOS inhibi-
tor) blocks VE-cadherin internalization in 
response to PAF (Fig. 1).

We propose a new model to explain 
how NO induces increase in permeabil-
ity (Fig. 2). In the model, PAF-induced 
NO causes S-nitrosylation of β-catenin 
and p120 and destabilizes the adherens 
junction complex. The dissociation of 
the junctional complex, in turn, leads to 
hyperpermeability. Our results demon-
strating that S-nitrosylation of β-catenin 
and p120 lead to changes in the local-
ization and interaction between these 
proteins at the adherens junction are the 
first data linking NO signaling directly to 
adherens junction in response to PAF.

The on-off regulation of S-nitrosation 
is a subject of discussion and merits direct 
research efforts. The onset of S-nitrosation 
is usually attributed to the redox sate of 

function of proteins and requires prox-
imity between eNOS and the target pro-
teins for appropriate NO delivery.17,18 
S-nitrosation consists in the coupling of 
an NO moiety to a reactive cysteine thiol 
to form an S-nitrosothiol.19,20 S-nitrosation 
can affect the interactions between pro-
teins, protein phosphorylation and intra-
cellular transport processes.21,22 It is likely 
that phosphorylation and S-nitrosation 
are complementary signaling mecha-
nisms. We discuss, in the next section, 
evidence demonstrating that S-nitrosation 
is a mechanism that contributes to regula-
tion of endothelial permeability.

Adherens Junction Complex,  
NO and Microvascular Permeability

The adherens junction complex links 
the actin cytoskeleton with the plasma 
membrane. It is formed by VE-cadherin, 
β-catenin, p120-catenin and γ-catenin 
(also named plakoglobin). VE-cadherin 
is necessary for the organization of vas-
cular structures and for maintaining 
the integrity of the vascular endothelial 
wall.23 The significance of VE-cadherin 
in vivo is underscored by the report that 
VE-cadherin-knockout mice exhibit 
greatly impaired endothelial barrier func-
tion.24 VE-cadherin is a single-pass trans-
membrane protein, with the N-terminal 
in the extracellular domain and the 
carboxy terminal in the intracellular 
domain. The N-terminal is the site of 
homotypic adhesion, whereas the carboxy 
terminal regulates cell growth25 and asso-
ciates with several cytoplasmic proteins, 
including β-catenin, p120-catenin and 
γ-catenin. The catenin complex stabilizes 
VE-cadherin at the junctions by prevent-
ing its clathrin-mediated endocytosis.26-28 
In particular, β-catenin links the cadherin 
complex to α-catenin, which in turn binds 
to the actin cytoskeleton. This linkage 
appears to be important for maintaining 
homotypic binding between VE-cadherin 
molecules of adjacent endothelial cells. 
VEGF and histamine-stimulated endothe-
lial hyperpermeability has been associated 
with elevated tyrosine phosphorylation 
of VE-cadherin, β-catenin and p120-
catenin4,5,29,30 and changes in the orga-
nization of VE-cadherin at intercellular 
junctions.4,31-33

basal permeability was normal while the 
response to PAF, a pro-inflammatory 
agent, was nearly abolished. Endothelial 
NOS localizes primarily to caveolae in the 
plasma membrane where its interactions 
with caveolin-1 (cav1) keep eNOS activity 
at basal levels.10 Upon agonist stimulation, 
eNOS is activated by phosphorylation, 
released from the inhibitory interac-
tion with caveolin-1 and internalized.10-13 
Because of potency and broad spectrum 
of the cellular actions of NO and its brief 
half-life, the mechanisms that regulate 
NO synthesis, with respect to time and 
space, are crucial in determining the bio-
logical functions of NO. We proposed and 
established that location of eNOS in the 
cytosol was a requirement for the onset 
of increased permeability.9,12 Definitive 
proof was obtained using eNOS mutants 
that target and locate eNOS to the cytosol 
(eNOSG2A) or to the plasma membrane 
(eNOSCAAX).14

Further research is still required to 
elucidate the fundamental need for trans-
location of eNOS to specific locations. 
Translocation would appear to be unnec-
essary for a gas with high diffusion coeffi-
cient. We and others have argued that NO 
production must occur near the intended 
specific functional target because of the 
abundance of NO scavengers in the intra-
cellular environment. Other arguments 
include retardation of NO transport in 
lipid milieu. The overall issue of NO 
transport has been the subject of consid-
eration through mathematical analysis.15 
However, no definitive proof for the bio-
logical basis of this credible argument can 
be found in the literature.

The classic dogma in NO signaling 
established that all the actions of NO are 
mediated via soluble guanylate cyclase 
(sGC) and protein kinase G (PKG). This 
NO-driven signaling for changes in per-
meability are likely complementary to the 
classical contraction-associated mecha-
nisms involving RhoA and Rho associ-
ated kinase (ROCK), which act also on 
junctional proteins.16 These contraction-
associated mechanisms depend largely on 
phosphorylation of specific proteins as the 
biochemical regulatory steps.

Recently, S-nitrosation has emerged 
as an important NO-dependent post-
translational modification that alters the 
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an NO donor used in the treatment of 
angina.38 Similarly, S-nitrosation of sGC, 
due to nitrosative stress caused by chronic 
administration of angiotensin II, is an 
important factor in the development of 
hypertension.39 The latter study identi-
fied Cys 516 as the site of S-nitrosation 

attractive hypothesis, fundamentally 
based on S-nitrosation of sGC, has been 
advanced with appropriate experimental 
in vitro and in vivo support by Beuve 
et al. Basically, they demonstrated that 
S-nitrosation of sCG impairs the response 
of the microvasculature to nitroglycerin, 

the cells, but there is no specific informa-
tion on the levels of oxidation-reduction 
that enhance S-nitrosation. The off sig-
nal (denitrosation) is due to the activity 
of the thioredoxin/thioredoxin reductase 
enzymes.18,36 The biochemical foundation 
for the specificity of the S-nitrosation/de-
nitrosation regulatory mechanisms is an 
attractive field for further investigation.

The relationships between phosphory-
lation and S-nitrosation of junctional 
proteins in the onset of hyperpermeabil-
ity remain to be elucidated. The available 
data show that inhibition of S-nitrosation 
of β-catenin does not affect the phos-
phorylation of β-catenin on Tyr 654, a 
site that is involved in the dissociation 
from VE-cadherin.34 These observations 
suggest that S-nitrosation and phos-
phorylation are signaling processes that 
may regulate microvascular permeability 
in an independent way at the junctional 
proteins.

S-nitrosation  
and Vascular Function

Changes in microvascular permeability 
are events associated with different tissue 
and/or cellular functions. In fact, many 
substances that induce vasodilation cause 
an associated increase in vascular permea-
bility [i.e., histamine, bradykinin and vas-
cular endothelial growth factor (VEGF)]. 
For this reason, we will consider here 
changes in vascular function induced by 
S-nitrosation.

Since the first experiments that led to 
the discovery of NO as vascular regula-
tor, its function has been associated with 
vasodilation.37 The classical biochemical 
pathway consists of activation of eNOS 
and production of NO, followed by 
stimulation of soluble guanylyl cyclase 
(sGC) and production of cyclic GMP. 
In accordance with this classical view, 
vascular dysfunction in several diseases 
reflected by failure to produce competent 
vasodilation, particularly in diabetes mel-
litus, hypertension and angina, has been 
interpreted as the result of deficiency in 
NO bioavailability. Interestingly, admin-
istration of NO donors fails to restore 
adequate function; thus, raising ques-
tions as to whether NO availability per 
se is the responsible factor. Recently, an 

Figure 1. Inhibition of enoS inhibits PaF-induced Ve-cadherin internalization. eahy926 cells 
were pretreated with 300 uM L-nMa (enoS inhibitor) for 1 h before being stimulated with 10-7 M 
PaF. (A) Western blot for Ve-cadherin. L-nMa inhibits the internalization of Ve-cadherin induced 
by PaF. (B) Bar graph showing the quantification of the western blots for Ve-cadherin. *p < 0.05 
compared with control; n = 3.

Figure 2. Schematic model showing the spatial regulation of endothelial permeability to mac-
romolecules by enoS-derived no. The adherens junction complex at the endothelial plasma 
membrane establishes a normal barrier that restricts the diffusion of macromolecules from the 
luminal to the interstitial side of the endothelium. In the presence of agonist (PaF) that activates 
enoS, the enzyme translocates to the cytosol, where by releasing no it S-nitrosates β-catenin and 
p120-catenin. S-nitrosation of the junctional proteins disturbs the interactions between them, 
destabilizes the adherens junction complex and leads to increased permeability. Dark pink circles 
represent macromolecules.
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of eNOS (and potentially other NOS) 
activity by S-nitrosation of the enzyme.36 
While the evidence in eNOS knockout 
mouse shows that eNOS-derived NO is 
fundamental for the onset of hyperper-
meability,8,43 the relative significance of 
eNOS and iNOS as pro-inflammatory 
or anti-inflammatory enzymes and their 
involvement via S-nitrosation vs. cGMP 
pathways in different regulatory phases of 
the inflammatory response, including the 
release of vWF and WP bodies may be re-
investigated in specific eNOS and iNOS 
knockout mice.

In conclusion, S-nitrosation is a 
current focus of intense investigation 
as an emergent regulatory mechanism 
of vascular function. It is important 
to establish, particularly in the field of 
microvascular permeability, the precise 
biochemical pathways as well as the 
location of the source of the effective NO.
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the target cysteine (21, 91 and 264) 
in N-ethylmaleimide-sensitive factor 
(NSF).41

Indirect evidence shows that S100A8 
(calgranulin A, a calcium-binding pro-
tein), which is abundant in neutrophils 
and endothelial cells, may have anti-
inflammatory properties. Administration 
of S-nitrosated S100A8 by local super-
fusion prevents degranulation of mast 
cells and reduces leukocyte adhesion and 
extravasation in the mesenteric microcir-
culation.42 How S-nitrosation of S100A8 
may occur in vivo is unknown.

Because the evidence linking NO 
and release of vWF and WP bodies was 
obtained after inhibiting NOS for 16 h, 
and that S-nitrosation of S100A8 was 
achieved after prolonged stimulation, it is 
possible to speculate that the NO release 
was the result of activation of the induc-
ible iNOS, rather than eNOS. The pre-
cise mechanisms by which S-nitrosation 
enhances or reduces function are begin-
ning to be addressed. Nitric oxide may 
serve as a negative feedback regulator 

responsible for sGC desensitization to 
NO.39

S-nitrosation may also play a role in 
the regulation of leukocyte-endothelium 
interactions in inflammation. Indirect evi-
dence for the contribution of S-nitrosation 
is the demonstration that S-nitrosated tis-
sue plasminogen activator, most likely by 
inhibition of leukocyte adhesion to endo-
thelium, reduces the tissue damage asso-
ciated with ischemia-reperfusion in cat 
hearts.40

Leukocyte-endothelium interactions 
are important determinants of the 
inflammatory reactions associated with 
ischemia-reperfusion injury. Nitric oxide 
is considered an anti-inflammatory agent 
by many investigators due to its ability 
to decrease leukocyte adhesion to endo-
thelium. A potential anti-inflammatory 
endothelial mechanism is the inhibition 
of Weibel-Palade body (WPB) exocyto-
sis and release of von Willebrandt factor 
(vWF). These effects were demonstrated 
by inhibiting NOS with L-NAME for 
16 h and subsequent identification of 
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