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Forum Review

Nitric Oxide and Angiogenesis in Cardiovascular Disease

TOYOAKI MUROHARA' and TAKAYUKI ASAHARA?

ABSTRACT

Ischemic heart disease and peripheral artery disease mainly develop as a consequence of atherosclerotic lesion
formation. Angiogenesis, the formation of new blood vessels from the preexisting vascular bed, is of paramount
importance in the maintenance of vascular integrity both in the repair process of damaged tissue (wound heal-
ing) and in the formation of collateral vessels in response to tissue ischemia. Angiogenesis is a complex process
that is orchestrated by a multitude of cytokines/chemokines and growth factors. In its broadest sense, angio-
genesis cannot be viewed as a single process. It is likely that different mediators are involved in different phases
of angiogenesis. Vascular endothelial cells produce nitric oxide (NO), an endothelium-derived labile molecule,
which maintains vascular homeostasis and thereby prevents vascular atherosclerotic changes. In patients with
ischemic heart disease and peripheral artery disease, the release of endothelium-derived NO is decreased,
which plays an important role in the atherosclerotic disease progression. In recent years, endothelium-derived
NO has been shown to modulate angiogenesis in vitro and in vivo. In this review, we summarize recent progress

in the field of the NO-mediated regulation of postnatal angiogenesis. Antioxid. Redox Signal. 4: 825-831.

ROLES OF ENDOTHELIUM-DERIVED
NITRIC OXIDE IN THE MAINTENANCE OF
VASCULAR HOMEOSTASIS

VASCULAR ENDOTHELIAL CELLS produce numerous vasoac-
tive substances that play roles in the regulation of vascu-
lar tone, inflammatory responses, and growth and migration of
vascular smooth muscle cells (VSMCs). Nitric oxide (NO) is
one of the most important nonpeptide endothelium-derived va-
soactive factors (23, 31, 47). Endothelium-derivedNO (EDNO)
was initially identified as a main molecule representing the
endothelium-derived relaxing factors (EDRFs) (38), originally
identified by Furchgott and Zawadzki (15). NO activates solu-
ble guanylate cyclase, resulting in VSMC relaxation and va-
sodilatation (43). Subsequently, in addition to its vasodilatory
capacity, NO has been shown to inhibit platelet aggregation,

leukocyte—endothelium interaction, and VSMC proliferation
and migration (16, 47). NO, thus, has multiple important regu-
latory roles in the maintenance of vascularhomeostasis (Fig. 1).

Synthesis of NO is regulated by a family of isoenzymes,
called NO synthase (NOS) (10), that share in common the
property of converting L-arginine to L-citrulline, yielding free
NO gas (31). Three isoforms of NOS have been identified so
far: neuronal NOS (nNOS), inducible NOS (iNOS), and en-
dothelial NOS (eNOS). Both nNOS and eNOS are constitu-
tively expressed, and their activities are regulated by calcium
and calmodulin, whereas iNOS is expressed in response to
stimulation by inflammatory cytokines (10). Genetic analysis
demonstrated that deletion of the gene encoding for eNOS
has been shown to resultin systemic hypertension and pulmo-
nary vasoconstriction (22, 49), indicating that the physiologi-
cal amount of NO released by eNOS plays fundamental roles
in the maintenance of vascular tone.
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FIG. 1. NO and maintenance of vascular homeostasis.
EDNO inhibits platelet aggregation,leukocyte adherence to en-
dothelium, and VSMC proliferationand migration. NO also in-
hibits lipid peroxidation and foaming of macrophage (MP). Fi-
nally, NO can scavenge superoxide free radical. Disruption of
the illustrated NO functions may lead to atherosclerosis. cGMP,
cyclic GMP; EC, endothelial cell; Rc, receptor; sGC, soluble
guanylate cyclase.
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REGULATION OF POSTNATAL
ANGIOGENESIS BY NO, A NEW PARADIGM
IN VASCULAR BIOLOGY

Biological processes modulated by EDNO might extend to
include angiogenesis, a new blood vessel formation from the
preexisting vascular bed. Ziche et al. (61) demonstrated for
the first time that NO may play a role in angiogenesis. In their
study, angiogenesis mediated by substance P, a well known
endothelium-dependent vasodilator, induced angiogenesis via
an EDNO-dependent pathway.

More recently, vascular endothelial growth factor (VEGF),
a potent endothelial cell-specific mitogen and vascular perme-
ability factor (9), was found to induce angiogenesis via an
EDNO-dependent pathway (32, 39, 61). VEGF has been
shown to induce EDRF/NO-dependent vasorelaxation in iso-
lated canine coronary arteries in vitro (27). Direct measure-
ment of NO released from cultured human endothelial cells as
well as isolated vascular strips confirmed that VEGF stimu-
lates endothelial NO release in vitro (55). VEGF treatment re-
sulted in both an acute (1 h) and chronic (>24 h) stimulation of
NO production (21). Furthermore, VEGF elicited a dose-
dependentincrease in the cellular content of eNOS messenger
RNA and protein that may account for the chronic up-
regulation of NO production by VEGF. VEGF thus up-regu-
lates eNOS enzyme and elicits a biphasic stimulation of endo-
thelial NO production. Consistently, VEGF reduces systemic
blood pressure via an EDNO-dependent mechanism in vivo
(19). Interestingly, the VEGF-mediated increase in vascular
permeability also depends at least in part on EDNO (33).

Currently, the precise mechanism by which VEGF stimu-
lates NO release is unknown. Brock et al. (5) found that VEGF
increases cytosolic Ca2+ in human umbilical vein endothelial
cells (HUVECs), thereby activating calcium/calmodulin-
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dependent enzymes, including eNOS. It is not clear which of
the VEGF receptors (VEGFR-1 or VEGFR-2) mediates the
signal for induction of eNOS protein expression and NO re-
lease in endothelial cells. Placenta growth factor, a ligand that
exclusively binds to fms-like tyrosine kinase 1 (FIt-1) but not
to fetal liver kinase 1 (Flk-1), failed to stimulate NO release in
human coronary microvascular endothelial cells (33). Thus,
Flk-1/kinase insert domain receptor (KDR) likely plays a main
role in VEGF-induced NO release in endothelial cells. Consis-
tently, vascular endothelial growth factor-C (VEGF-C or
VEGF-2), a specific ligand for the endothelial receptor tyro-
sine kinases VEGFR-2 and VEGFR-3, stimulated release of
NO from endothelial cells (57). VEGF-C also increased vas-
cular permeability in the Miles assay, which was attenuated by
pretreatment with the NOS inhibitor L-nitro-L-arginine methyl
ester (L-NAME). Recent studies also confirmed that VEGE-
induced NO release depends on the VEGFR-2 on endothelial
cells (20, 26).

We recently demonstrated that endogenous EDNO is a key
molecule for physiologic angiogenesis that constitutes a natu-
rally occurring, compensatory response to tissue ischemia
(34). The first experiment using a rabbit ischemic hindlimb
model showed that oral administration of L-arginine alone, a
substrate for NOS, is sufficient to augment spontaneous an-
giogenesis in the setting of hindlimb ischemia. Angiography
performed in vivo and histologic examination performed at
necropsy revealed anatomic evidence of enhanced neovascu-
larity by oral L-arginine supplementation. In the second part of
our study, angiogenesis after surgically induced hindlimb
ischemia was markedly impaired in mice lacking the gene for
eNOS (34). Consistently, wound healing and related angiogen-
esis were impaired in eNOS-deficient mice (29). Although
these studies clearly showed that eNOS is an importantregula-
tory molecule for ischemia-induced angiogenesis in the post-
natal period, eNOS-deficient mice are normally born, and they
grow and are fertile (22, 49). Therefore, eNOS deficiency
alone is not critical for vasculogenesis, the de novo synthesis
of blood vessels from hemangioblasts, which is typically ob-
served in the early stages of the embryonic process. Taken to-
gether, eNOS and EDNO seem to be important effector mole-
cules for the regulation of postnatal angiogenesis.

CORONARY RISK FACTORS
AND ANGIOGENESIS

Endothelial dysfunction is associated with atherosclerotic
(coronary) risk factors, including hypercholesterolemia, hy-
pertension, diabetes mellitus, and aging. In the presence of
various risk factors, endothelial dysfunction occurs and re-
lease and/or production of EDNO is impaired (47). It is then
conceivable that EDNO-mediated angiogenesis is impaired
in the presence of risk factors. In fact, ischemia-induced
angiogenesis was attenuated in various animal models of dif-
ferent coronary risk factors. Van Belle et al. (54), for ex-
ample, showed that ischemia-induced angiogenesis was im-
paired in Watanabe heritable hyperlipidemic rabbits. In these
animals, however, treatment with VEGF restored the im-
paired angiogenic responses, indicating that VEGF receptors
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were still intact and functional. As hypercholesterolemia im-
pairs endothelium-dependent vasorelaxation (12), the hyper-
cholesterolemia-related impairment of angiogenesis may be
explained at least in part by reduced EDNO formation. Con-
sistently, the impaired ischemia-induced angiogenesis was
rescued by oral administration of L-arginine, the substrate of
NOS, in hypercholesterolemic rats (8). It was also shown
that ischemia-induced angiogenesis was impaired in a mouse
model of type I diabetes mellitus (45). Similarly, coronary
collateral vessel formation was shown to be impaired in pa-
tients with diabetes mellitus (1). Rivard et al. (45) also
showed that angiogenesis became suppressed with aging,
which may be associated with an age-related impairment of
EDNO release (52). Taken together, reduced EDNO forma-
tion may account at least in part for the impaired angiogene-
sis in the presence of various atherosclerotic (coronary) risk
factors.

EFFECTS OF NO ON ENDOTHELIAL
PROLIFERATION AND/OR MIGRATION

The precise mechanisms by which EDNO regulates angio-
genesis are still unclear. However, studies documented that
EDNO is important for endothelial cell proliferation and/or
migration, the essential early steps requisite for neovascular-
ization. Guo et al. (18) showed that CAS 1609, a froxan class
of NO donor, stimulated proliferation of rat aortic endothelial
cells cultured under low-serum conditions (0.5% calf serum)
in vitro. More recently, Parenti et al. (40) showed that exoge-
nous administration of sodium nitroprusside, an NO donor,
significantly increased mitogen-activated protein kinase ac-
tivity in capillary endothelial cells. This feature of NO may
be linked to direct mitogenic actions of NO and VEGF on en-
dothelial cells (61). However, we recently found that addition
of neither L-NAME nor NOS substrate L-arginine (to up-
regulate endogenous EDNO) influenced bovine aortic endo-
thelial cell proliferation in vitro as assessed by [3H]thymidine
incorporation (35). Thus, the role of EDNO in endothelial pro-
liferation is still unclear. In contrast, L-NAME significantly
inhibited endothelial migration in a modified Boyden cham-
ber system (35). Indeed, several studies have demonstrated
that EDNO is an important promoter of endothelial cell mi-
gration (36). EDNO contributed to endothelial migration by
facilitating endothelial podokinesis (scalar motion), which is
required for directed migration of endothelial cells. Therefore,
EDNO may be necessary for a switch from stationary to mi-
grating and/or locomoting phenotype in endothelial cells.

NO DONOR AND ANGIOGENESIS

Although the endogenous L-arginine/NO pathway is likely
to play a key role as an effector system for postnatal angio-
genesis, there are some conflicting reports regarding NO
donors and angiogenesis. Lau and Ma (28) reported that ex-
ogenously administered NO donors inhibited migration of
cultured endothelial cells. In contrast, inhibition of EDNO by
L-NAME inhibited endothelial migration in culture (35).
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Pipili-Synetos et al. (41) demonstrated that nitrovasodilators,
such as sodium nitroprusside, isosorbide mononitrate, and
isosorbide dinitrate, inhibited angiogenesis both in vitro
(matrigel tube formation assay) and in vivo (chick chorioal-
lantoic membrane and tumor implantation models). From the
results of a study in which eNOS-deficient mice were used, it
became evident that endogenous eNOS activity was critical
for angiogenesis in the setting of tissue ischemia in vivo. How-
ever, in the same experimental model, exogenously adminis-
tered NO donor failed to restore the decreased angiogenesisin
eNOS-knockout mice in vivo (34). A similar phenomenon was
recently observed in a different experimental model. eNOS-
deficient mice developed increased total pulmonary vascular
resistance, and the resulting pulmonary hypertension was not
reversed by inhaled NO (51). These studies suggest that ex-
ogenously administered NO donors may not simply substitute
the function of endogenous and physiological amounts of
EDNO regarding the promotion of angiogenesis.

The precise reason for the discrepancy of the efficacy be-
tween exogenous NO donors and endogenous EDNO in terms
of angiogenesis is currently unknown. There are, however,
several possible explanations. First, it is possible that NO
donors may have different effects on the microvascular versus
macrovascular endothelial cells. Therefore, experimental re-
sults may depend on what type of endothelial cells is used.
Second, concentrations of NO in and around endothelial cells
may be critical for the regulation of angiogenesis. Exoge-
nously administered NO donors may often deliver uncontrol-
lable high concentrations of NO to target tissues, eliciting di-
rect damage and/or antiproliferative action in endothelial
cells (48). Moreover, high enough concentrations of NO
attenuate VEGF production in underlying VSMCs (53),
whereas physiological concentrations of NO produced from
eNOS are considered protective for endothelial cells (i.e., an-
tiapoptosis) (30). A recent study indeed showed that con-
trolled delivery of small doses of NO donors inhibited
endothelial apoptosis in vivo (46). Third, vascular structure
formation requires not only endothelial proliferation and
migration, but also participation of other cell types, such as
pericytes. Pericytes have been reported to derive from
VSMCs. There are studies showing that exogenous adminis-
tration of NO donors can inhibit VSMC proliferation and mi-
gration (16) and induce smooth muscle cell apoptosis (42).
Thus, one possible hypothesis is that exogenous NO donors
may deliver high concentrations of NO to vascular tissue,
which might inhibit VSMC-derived pericyte formation and
migration, and thereby they would inhibit angiogenesis.

SIGNAL TRANSDUCTION PATHWAYS
IN VEGF-INDUCED NO RELEASE
AND ANGIOGENESIS

Binding of VEGF to its receptors, Flk-1 and Flt-1, causes
receptor dimerization and autophosphorylation on tyrosine
residues (9). Although the precise postreceptor signaling
pathways underlying VEGF actions on endothelial cells are
unclear, several signaling molecules that associate with
VEGEF receptors have been identified, such as phosphatidyl-
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FIG. 2. VEGF-induced signal transduction, NO forma-
tion, and angiogenesis. Dimeric VEGF acts through the
dimeric Flk- 1/KDR/VEGFR-2 on the endothelial cell (EC) sur-
face. Subsequently, receptor tyrosine kinase (RTK) is activated,
which results in the activation of both PI3K and PLC/PKC
pathways. DG, diacylglycerol.

inositol 3-kinase (PI3K) and phospholipase C (PLC) (56, 58)
(Fig. 2). PLC activation leads to increased formation of dia-
cylglycerol and inositol 1,4,5-triphosphate, increased intra-
cellular calcium concentration, followed by activation of
protein kinase C (PKC) and calcium/calmodulin-dependent
kinases. Activation of the PI3K leads to generation of phos-
phatidylinositol species, which can activate the PKC and the
serine-threonine kinase Akt (also known as protein kinase B)
(11). Recently, VEGF has been shown to stimulate PI3K and
Akt and thereby promotes endothelial cell survival via the
Flk-1/KDR/VEGFR-2 (13, 17). This is consistent with the ev-
idence that Akt plays a role in promoting the survival of a
wide spectrum of cell types (25). Because apoptosis of endo-
thelial cells counteracts angiogenesis, the suppression of en-
dothelial apoptosis by the PI3K/Akt pathway may result in
angiogenesis. In fact, Wortmannin, a PI3K inhibitor, has been
shown to inhibit angiogenesis in the chick chorioallantoic
membrane, and lipid products of PI3K increase cell migration
through PKC (37).

Interestingly, PI3K inhibitors, LY294002 or Wortmannin,
attenuate the release of NO in response to VEGF in human
endothelial cells, suggesting that PI3K activation mediates, at
least in part, the VEGF-induced release of NO (39). This is
consistent with the evidence that PI3K inhibition blocks in-
sulin- and insulin-like growth factor-1-induced NO produc-
tion in HUVECs (59). Although the mechanism of PI3K-
mediated NO release is unclear, recent studies have
demonstrated that Akt phosphorylates eNOS leading to per-
sistent enzymatic activation to release NO (7, 14). Taken to-
gether, VEGF-induced angiogenesis seems to be supported at
leastin part by PI3K/Akt-dependent eNOS activation and NO
release, because EDNO is angiogenic and has an antiapop-
totic effect on endothelial cells.

ENDOTHELIAL FUNCTION IN
COLLATERAL VESSELS

Endothelium-dependent vasodilatation (EDNO produc-
tion) is generally attenuated in the collateral circulation in is-
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chemic lesions (4) despite increased expression of eNOS
mRNA (3). The collateral vessels have regenerated proliferat-
ing endothelial cells. Although Arnal et al. (2) showed that
eNOS mRNA is expressed more in proliferating endothelial
cells than confluent cells, eNOS protein expression and NO-
producing capacity did not necessarily parallel (24). In fact,
the response of regenerating endothelial cells, such as in a
reendothelialized vessel after balloon injury, to endothelium-
dependent vasodilators is impaired (50). Taken together, these
data indicate that it would be ideal to augment the physiologi-
cal amount of EDNO to induce therapeutic angiogenesis in
ischemic tissues.

AUGMENTATION OF ENDOGENOUS NO
AS APOTENTIAL THERAPEUTIC
ANGIOGENESIS FOR ISCHEMIC DISEASE

NO biosynthesis is attenuated in patients with ischemic
heart disease and peripheral artery occlusive disease. Be-
cause physiological concentrations of NO produced by eNOS
are important for postnatal angiogenesis, enhancement of the
activity of this enzyme may become an effective therapeutic
means for improving angiogenesis in patients with ischemic
diseases. Previous in vivo studies have demonstrated that vas-
cular function improves in response to L-arginine administra-
tion, independent of the presence or absence of L-arginine
deficiency (6). Then it is conceivable that L-arginine adminis-
tration induces therapeutic angiogenesis via augmenting
EDNO. In fact, L-arginine has improved ischemia-induced
angiogenesis in experimental animal models (8, 34). There-
fore, the therapeutic potential of agents augmenting endoge-
nous NO bioactivity (i.e., NOS substrate, L-arginine, eNOS
cofactor such as tetrahydrobiopterin, or eNOS gene transfer)
may be considered in patients with ischemic cardiovascular
diseases (Fig. 3). Parenthetically, recent studies demonstrated
that statin, HMG-CoA reductase inhibitors, also augmented
ischemia-induced angiogenesis in an experimental model,
which was in part mediated through statin-induced activation
of endothelial eNOS.
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FIG. 3. Possible therapeutic strategy for neovasculariza-
tion by augmenting endogenous EDNO. Supplementation of
L-arginine, the substrate for eNOS, stimulates NO formation.
Similarly, eNOS cofactor, tetrahydrobiopterin (BH4), will aug-
ment NO formation. Because reactive oxygen species (ROS)
inactivate NO, free oxygen radical scavengers will augment en-
dogenous NO. EC, endothelial cell.
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EDNO, endothelium-derived nitric oxide; EDRF, endothe-
lium-derived relaxing factor; eNOS, endothelial nitric oxide
synthase; Flk-1, fetal liver kinase 1; Flt-1, fms-like tyrosine
kinase 1; HUVEC, human umbilical vein endothelial cell;
iNOS, inducible nitric oxide synthase; KDR, kinase insert
domain receptor; L-NAME, NC-nitro-L-arginine methyl ester;
nNOS, neuronal nitric oxide synthase; NO, nitric oxide;
NOS, nitric oxide synthase; PI3K, phosphatidylinositol
3-kinase; PKC, protein kinase C; PLC, phospholipase C;
VEGE, vascular endothelial growth factor; VSMC, vascular
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