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ABSTRACT

Since the initial report of nitric oxide (NO) activity, enormous progress has been made over the last two
decades in the field of NO research. Whereas most physiological responses triggered by moderate concentra-
tions of NO are mediated by soluble guanylate cyclase activation and the subsequent production of cyclic
GMP as the major signaling messenger, recent studies have provided evidence of alternative signaling path-
ways triggered by high concentrations of NO. These signals operate in part through redox-sensitive regulation
of transcription factors, gene expression, transcription, cellular activation, proliferation, and cell death. Nu-
merous results converge to indicate a role for NO in physiological and pathological angiogenesis. Experimen-
tal data indicate that NO synthase, depending on the isoforms, the timing, and the degree of activation, may
display contradictory effects, expressed during both physiological and pathological angiogenesis. The dual
personality of NO will be reviewed in the context of the angiogenesis process. Antioxid. Redox Signal. 4: 817-823.

INTRODUCTION

IN MAMMALS, THE SYNTHESIS OF NITRIC OXIDE (NO) is cat-
alyzed by nitric oxide synthase (NOS), which exists in
three distinct isoforms (32). Under physiological conditions,
the concentration of NO fluctuates at rather low levels con-
trolled by constitutively expressed endothelial (eNOS) and
neuronal (nNOS) isotypes. Under pathological conditions
(e.g., during inflammation), temporarily high levels of NO
are produced in the body after induction of the expression of
the inducible type of NOS (iNOS). iNOS can be induced by
endotoxin and by inflammatory cytokines such as interleukin 1
or tumor necrosis factor-a in macrophages and many other
cell types (26, 32) and requires a delay of 6-8 h before the
onset of NO production. However, once induced, this enzyme
is active for hours to days and produces NO in 1,000-fold
larger quantities than the constitutive isotypes.

At low concentrations, NO stimulates guanylate cyclase
activity and induces the formation of cyclic GMP (cGMP),
which mediates most of the physiological functions of NO,

such as the control of vascular homeostasis, hormonal con-
trol, the male sexual function, platelet aggregation, and neu-
rotransmission (6, 50, 51). Temporarily high levels of NO
produced by iNOS are responsible for the antibacterial, an-
tiparasital, antiviral, and tumoricidal effects of NO (6, 26,
41). In conditions in which high NO concentrations are pro-
duced, recent studies have provided evidence of alternative
signaling pathways beside the classical NO-cGMP signaling.
When persistent high amounts of NO are produced, NO can
react with oxygen, generating nitrogen oxide intermediates
(RNOI) or with concomitantly produced superoxide anions,
generating toxic compounds such as peroxynitrite and hy-
droxyl radicals. These signals play a key role in the redox-
sensitive regulation of gene expression, transcription, cellular
activation, proliferation, and cell death.

This review will focus on the role of the NO in angiogene-
sis. Depending on its concentration, the duration, and the
context of its synthesis, NO can act as a universal intercellu-
lar messenger that affects important signaling pathways and,
on a more long-term scale, modulates gene expression or can
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cause nitrosative stress by intracellular redox regulation. The
two molecular mechanisms by which NO affects cell signal-
ing will be considered in angiogenesis.

CONSTITUTIVE NOS AND ANGIOGENESIS

Angiogenesis indicates the mechanism of blood vessel
formation in the adult. The steps involved for new vessel
growth are biologically complex and comprise rapid modifi-
cations occurring in minutes, including modification of
cell-cell interaction, changes in permeability, and vasodila-
tion, and structural changes that require longer time (from
hours to days), including degradation and remodeling of ex-
tracellular matrix proteins surrounding preexisting vessels,
migration and proliferation of endothelial cells, apoptosis,
and/or survival of vascular cells. NO derived from the endo-
thelium has been shown to be involved in postdevelopmental
vascular remodeling and angiogenesis, as well as in the for-
mation of limb vasculature during embryogenesis (38).
Works from our laboratory and others have demonstrated that
the constitutive NOS activity is involved in all the steps of the
angiogenesis process.

A very early event in capillaries undergoing angiogenesis
is vasodilation, a process involving constitutive NO produc-
tion. Experimental evidence of a molecular/biochemical link
between vasodilation and angiogenesis comes from the obser-
vation that many vasodilating peptides possess angiogenic
properties (29, 36, 53). We demonstrated that NO can act as a
modulator of angiogenesis per se, mediating endothelial cell
growth and migration in vitro and in vivo. Mediators of differ-
ent chemical natures that activate the NOS pathway, like sub-
stance P and bradykinin, as well as NO donors, promoted en-
dothelial cell proliferation and migration in vivo and in vitro,
whereas inhibitors of NOS suppressed these responses (52,
53). NO inhibits vascular smooth muscle cell proliferation (6,
12) and migration (34) and stimulates endothelial cell mobi-
lization and reorganization (33, 53), phenotypes necessary
for vascular remodeling. Genetic evidence in support of en-
dothelium-derived NO as a major regulator of vascular archi-
tecture stems from the inability of NOS knockout mice to re-
model their carotid arteries in response to a decrease in blood
flow (38).

The secreted endothelial-specific growth factor, vascular
endothelial growth factor (VEGF), is known to initiate and
participate in the complete angiogenesis process in vivo (10).
Vascular permeability, an early step of the angiogenesis pro-
cess, is increased in response to VEGF and is mediated by a
redistribution of adhesion molecules on the endothelial cell
surface. VEGF effects on permeability and vascular tone are
coupled with eNOS activation (21, 47), and we demonstrated
that NO production significantly contributed to the angiogen-
esis activity of VEGF. Postcapillary endothelial cell mobiliza-
tion and growth and in vivo angiogenesis induced by VEGF
were blocked by the NOS inhibitor NG-methyl-L-arginine
(L-NMMA) and by the guanylate cyclase inhibitor LY 83583
(28, 36).

The NOS pathway contributes to the angiogenic switch of
endothelial cells at various steps of the cascade triggered by
VEGE. The activation of the mitogen-activated protein ki-
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nases induced by VEGF is dependent on the activation of
eNOS (36). The cGMP-dependent protein kinase (PKG)
mediating VEGF-induced raf-1 and extracellular signal-
regulated kinase-1/2 (ERK-1/2) activation (14, 36) lies down-
stream from the activation of constitutive NOS.

The NO-cGMP signaling pathway not only mediates the
growth-promoting activity of VEGF, but can also affect the
transcriptional events involved in endothelial cell differentia-
tion and survival. The serine/threonine kinase Akt is an im-
portant regulator of various cellular processes, including me-
tabolism and cell survival (5). Recently, Morales-Ruiz and
collegues demonstrated that the ability of VEGF to stimulate
cell migration and actin rearrangement in microvascular en-
dothelial cells is mediated by the Akt/eNOS pathway (27).
The relevance of the VEGF/Akt/eNOS pathway is further
supported by the observations that inhibition of NOS blocks
VEGF-induced NO production, endothelial cell migration,
formation of endothelial tube-like structures in vitro, and an-
giogenesis in vivo (22, 36, 53, 54). Once assembled in new
vessels, endothelial cells become quiescent and survive for
years. The importance of endothelial survival is demonstrated
by findings that vascularregression in the embryo occurs as a
result of conditions affecting cell survival (3). In this contest,
the contribution of NO in the VEGF-mediated prosurvival/
proangiogenic program of capillary endothelium plays an es-
sential role. Gene manipulation demonstrated that VEGF-
induced angiogenesis is markedly attenuated in eNOS knock-
out mice (31). Despite the high number of components of the
intracellular pathway mediating the prosurvival/proangio-
genic program of VEGF via NO, the molecular mechanisms
responsible for endothelial survival and angiogenesis still
need to be elucidated. We demonstrated that NO contributes
to the angiogenic process by inducing endogenous fibroblast
growth factor-2 (FGF-2) in capillary endothelium. Even
though FGF-2-induced angiogenesis occurs independently of
NO production, NO exert its prosurvival effect through the
up-regulation of FGF-2 production by endothelial cells,
which in turn stimulates proliferation and urokinase-type
plasminogen activator expression (54). Consistently, NO me-
diates endothelial cell-matrix interaction via the expression
of avP3 integrin (23). Thus, during the angiogenic switch,
the production of NO controlled by the constitutive NOS ap-
pears to regulate an autocrine loop in microvascular endothe-
lium, which involves minute/tonic NO production, cGMP
elevation, and endogenous FGF-2 expression ultimately
leading to modulation of cell survival (Fig. 1).

INDUCIBLE NOS AND ANGIOGENESIS

Increased NO levels have been found in numerous inflam-
matory diseases, as well as in human tumors (4, 11, 19, 20,
45). Most of the cellular components of the tumor mass (the
tumor cells themselves, the immune cell infiltrate, and the
stromal cells) have been shown to generate NO in vitro. Al-
though a body of evidence indicates a role for NO in tumor
growth, the end point of NO up-regulation is matter of dis-
pute because increased NO levels have been equally docu-
mented to favor and to impair tumor progression.
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FIG.1. Schematic representationof the described signaling pathway activated by constitutive eNOS in angiogenesis. Fol-
lowing the stimulation of specific receptors for angiogenic factors or vasoactive substances on endothelial cell surface, eNOS is
activated and NO produced. NO can stimulate soluble guanylate cyclase (sGC) in an autocrine manner in endothelial cells or
diffuse outside. Following the stimulation of sGC, cGMP is formed and activates kinase cascades including the PKG and the
mitogen-activated protein kinase MEKK and ERK1/2, leading the membrane-linked signal to the nuclear level. The transcription
of specific genes, as well as the growth factor FGF-2, leads to the cellular events associated with angiogenesis as proliferation,
migration and matrix degradation or cell survival. BK, bradykinin; PLC, phospholipase C; SP, substance P; uPA, urokinase-type

plasminogen activator.

In experimental models, NO facilitates tumor growth and
vascularization. Transfection of the iNOS into a colon adeno-
carcinoma line gave a cell line that promoted tumors that
grew more rapidly and were more vascularized than wild-
type cells (16). The enhancement of tumor growth and angio-
genic potential in vivo resulting from the transfection of
VEGF into a human breast carcinoma cell line was selec-
tively linked to the activation of the NOS pathway (54). Other
observations in agreement with NO being a specific signal
for tumor vascularization show that blocking iNOS activity
retarded the growth of xenografted tumors (17, 35). Con-
versely, an excessive production of NO sustaining tumor
growth was correlated with in vitro invasive ability of tumor
cells and in vivo induced tumor angiogenesis (9, 15). Further-
more, administration of the selective NOS inhibitors
markedly reduced the in vivo growth of the iNOS-transduced
human colonic adenocarcinoma and the iNOS-expressing
EMT6 mammary tumor (46) and blocked the angiogenic ac-
tivity of iNOS-expressing murine endothelioma and of the
VEGF transfectants (29, 54). At the clinical level, we found
increased iNOS activity in human head and neck cancer spec-
imens, which was associated with elevated cGMP levels and
correlated with tumor vascularization. In vivo experiments

demonstrated that transplant of tumor samples and cell line
from squamous cell carcinoma produced angiogenesis in the
rabbit cornea, which was made to regress by treatment with
NOS inhibitors (11).

Several reports have also indicated that an increased pro-
duction of NO can result in a potential antitumor strategy.
Cell lines engineered to produce very high levels of NO have
been shown to cause lysis of bystander tumor cells once in-
jected in proximity of a tumor mass (49). It was shown that
NO and its intermediates released by macrophages reduced
tumor cell survival and induced tumor cell death (48, 49). It
has also been shown that iNOS-overexpressing murine mela-
noma cells have poor growth and survival in vitro and in vivo,
losing their ability for metastasis in vivo. The antitumor func-
tion of NO has been attributed to RNOI. NO can react with
molecular oxygen, transition metals, and superoxide, result-
ing in intermediates that are responsible for cell injury. In the
presence of superoxide anion, NO is converted into peroxy-
nitrite, a highly potent toxic molecule (1) (Fig. 2).

Overall the dual function of NO in tumor progression is not
contradictory. Several interpretations can be proposed: (a) the
source of NO generation (produced by eNOS or iNOS) (6);
(b) the extent of total NO-RNOI produced by the different
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FIG. 2. Modulation of signaling cascade by iNOS activation. High levels of NO produced by the iNOS activity in tumor cells
or in stromal and endothelial cells can affect different intracellular signaling pathways. NO can act on gene transcription via
S-nitrosylation of redox-sensitive transcription factors like AP-1 and NF-kB, leading to the transcription of angiogenic factor by
tumor cells. Moreover, iNOS activity can promote migration and proliferation of endothelial cells by inhibiting PKC9 activity or
the endothelial cell survival by blocking the caspase signaling pathway. Conversely, high levels of NO-RNOI can induce ni-
trosative stress and death in endothelial and tumor cells. The molecular targets are heme moieties and proteins with metal-sulfur
clusters or thiol groups, whereas the organelle targets are the nucleus and the mitochondria. ONOO(—) peroxynitrite.

cells types inside the tumor; (c) the different ratio and/or in-
teraction between the cellular components of the tumor (stro-
mal cells or inflammatory cells) (42); (d) the microenviron-
mental conditions (hypoxia or normoxia) (2); (e) the intrinsic
biological difference of the tumor (i.e., mutant p53 versus
wild type) (25); and finally (f) the extent of cell necrosis po-
tentially responsible for total RNOI release (37). For exam-
ple, reactive oxygen species, as well as NO, have been re-
ported to increase protein kinase C (PKC) activity (18).
Recently, Shizukuda et al. demonstrated that VEGF-induced
endothelial cell migration and proliferation depend on the re-
duction of PKC39, and that this effect requires the activation of
iNOS (44). Alternatively, O’ Donnell and Freeman have shown
that a high level of NO can potentiate inflammatory injury to
vascular cells, enhancing lipid oxidation reactions, and conse-
quently promoting endothelial cell death (34) (Fig. 2).

The role of NO and RNOI has been intensively studied in
relation to apoptotic cell death. Although NO is established as
a potent inducer of apoptosis, in certain cell types contradic-
tory effects have been reported, with NO displaying antiapop-
totic effects in lymphocytes, B cells, hepatocytes, and endo-
thelial cells (8). Cells vary greatly in their sensitivity to NO,

and the response of a cell can be modulated by the simultane-
ous release of oxygen radicals. Among the several mecha-
nisms proposed for the antiapoptotic effects of NO, a direct
inhibition of caspases by reversible S-nitrosylation, and
therefore an interaction between NO and RNOI and the exe-
cutioners of apoptotic signal transduction, has been consis-
tently reported (13, 24). In this context, iNOS expression may
exert a protectve effect and may be one of the rationales for
the clinical use of NO donor drugs or inducers in cerebral
ischemia and stroke, to improve vasodilation through neoves-
sel growth, tissue reperfusion, and reoxygenation (39).

An additional mechanism for the role of NO in tumor biol-
ogy is gene regulation. NO can alter transcription factors that
are sensitive to changes in the cellular oxidation—reduction
(redox) status. Although the molecular mechanisms by which
NO affects gene expression are still poorly understood, two
well defined transcription factors, nuclear factor-kB (NF-kB)
and activator protein-1 (AP-1) were shown to be regulated by
the intracellular redox state (43). Single conserved cysteine
residues within the DNA-binding domains of c-Fos and
c-Jun, the major components of AP-1, seem to be responsible
for redox regulation of AP-1 activity. Our experimental data
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indicate that in a cell line from squamous cell carcinoma,
iNOS activation enhances the binding activity of AP-1 and
promotes the gene expression of VEGEF. In vivo, the iNOS ac-
tivation appears to be responsible for the acquisition of the
angiogenic phenotype of squamous cell carcinoma (Donnini,
unpublished observations).

CONCLUSIONS

Angiogenesis involves the proliferation of endothelial
cells under the control of local peptide growth factor and
physical forces. In microvascular endothelium, NO at moder-
ate concentrations significantly contributes to integrate both
chemical and physical influences and is involved in the
growth-promoting effect of vasodilating peptides and VEGF.
The angiogenic responses triggered by modulation of consti-
tutive NOS in endothelial cells are mediated by the activation
of soluble guanylate cyclase with the subsequent production
of cGMP as the principal intracellular messenger.

Recent studies have provided evidence of alternative sig-
naling pathways triggered by high concentrations of NO that
might lead to apoptosis by altering transcriptional events.

In summary, NO, depending on the nature, the timing, and
the degree of the enzyme activity releasing it, may display
opposite effects on endothelial cells resulting in physiological
and/or pathological angiogenesis. Thus, at the clinical level,
the manipulation of NO levels by the use of pharmacological
strategies, selected to minimize the negative effects and max-
imize the beneficial effects, can be exploited for a variety of
angiogenesis-dependent diseases.
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AP-1, activator protein-1; cGMP, cyclic GMP; eNOS, en-
dothelial nitric oxide synthase; ERK, extracellular signal-
regulated kinase; FGF-2, fibroblast growth factor-2; iNOS,
inducible type of nitric oxide synthase; NF-kB, nuclear fac-
tor-kB; ; NO, nitric oxide; NOS, nitric oxide synthase; PKC,
protein kinase C; PKG, cyclic GMP-dependent protein ki-
nase; RNOI, nitrogen oxide intermediates; VEGF, vascular
endothelial growth factor.
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