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ABSTRACT

Reactive oxygen species (ROS) play a crucial role in vascular angiogenesis. Both in vifro and in vivo studies in-
dicate that angiogenic response in vascular tissue is triggered by ROS signaling in a highly coordinated man-
ner. It appears that massive amounts of ROS produced during ischemia and reperfusion in the vascular tissue,
especially in heart, cause significant injury to the cardiomyocyte and endothelial cells. However, during the
reperfusion, the same ROS potentiates a repair process and triggers a signal transduction cascade leading to
angiogenesis. Although several other factors are likely to be involved for such angiogenic response, ROS cer-
tainly plays a crucial role as evident from its direct role as mediator of angiogenesis and inhibition of angio-
genesis with free radical scavengers and/or antioxidants. Angiogenesis is regulated by redox-sensing tran-
scription factors such as nuclear factor-«B, and oxidants such as hydrogen peroxide and free radicals, such as
nitric oxide may function as second messengers in this highly coordinated process. Furthermore, expression
of many angiogenic genes including those for vascular endothelial growth factor, fibroblast growth factor,
platelet-derived growth factor, and receptors such as Flt-1, Flk-1, Ang-1, and Ang-2 are likely to be regulated
by redox signaling. It is tempting to speculate that the angiogenic response is under the autocrine and/or
paracrine control of one or more cytokines, which in turn is redox-regulated. Through angiogenesis, ROS ap-
pear to pave the way of repairing the vascular tissues that have been damaged during ischemia and reperfu-
sion. Antioxid. Redox Signal. 4: 805-815.

INTRODUCTION

IN ORDER TO DEVELOP better and more effective therapeutic
strategies using the powerful concept of inducing new ves-
sel growth by employing vascular growth factors, it is essen-
tial to further our understanding of the molecular mecha-
nisms and chain of events underlying the fascinating process
of angiogenesis. Among the various triggers of angiogenesis,
tissue hypoxia has been identified as being a particularly im-
portant stimulus for the induction of new vessel growth (28,
60). Tissue hypoxia exerts such a proangiogenic action
through various angiogenic factors, the most notable being
vascular endothelial growth factor (VEGF), which has been
associated chiefly with initiating the process of angiogenesis
through the recruitment and proliferation of endothelial cells.
Various mechanisms have been shown to be responsible in the
regulation of VEGF expression. Oxygen tension appears to

play a significant role, both in vitro and in vivo. VEGF
mRNA expression is rapidly induced by exposure to low Po,
in a variety of cultured cells, such as retinal pigmented ep-
ithelial cells (69), myoblast (71), cardiomyocyte (6), and
tumor cells (71). Furthermore, occlusion of the left anterior
descending coronary artery results in VEGF protein expres-
sion (66), suggesting that VEGF is a mediator of the revascu-
larization (spontaneous) that occurs in low oxygen condition.
There exist similarities between the mechanisms leading to
hypoxic regulation of VEGF and erythropoietin (EPO).
Cobalt chloride was found to induce both VEGF and EPO
mRNA expression. Hypoxic induction of both the genes was
inhibited by carbon monoxide, suggesting the involvement of
a heme protein in the process of sensing oxygen levels (22).
EPO increases the oxygen-carrying capacity of the blood by
stimulating red cell formation, whereas VEGF-induced an-
giogenesis allows the delivery of oxygen to ischemic tissues.
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Flt-1 (VEGFR-1) and Flk-1/KDR (VEGFR-2) are the endo-
thelial specific tyrosine kinase receptors of VEGF through which
its effects are primarily mediated (14, 48). These two VEGF re-
ceptors have been found to have two different signal transduction
properties (83). Two other angiogenic factors, the angiopoietins 1
and 2 (Ang-1 and Ang-2), have been found to regulate the matu-
ration of new blood vessels from the proliferated endothelial cells
(85). Tie-1 and Tie-2 comprise another family of endothelial spe-
cific receptor tyrosine kinases, Ang-1 and Ang-2 being the spe-
cific ligands for Tie-2.

The fact that VEGE, Flt-1, and Flk-1 expressionis up-regulated
in response to hypoxia in vitro and in vivo (5, 37, 38, 49) and to
ischemia in vivo (23, 42, 81) is well established, although there
are conflicting reports with regard to Flk-1 in vitro, suggesting
the involvement of adenosine acting as a paracrine mediator
through the A2 receptor (9, 77). The observed in vivo effects of
ischemia on the above factors may logically be attributed primar-
ily to its hypoxic component. The existence of a discrete factor
with proangiogenic activity was first reported three decades ago
(17). Since then, many angiogenic growth factors have been iden-
tified and their importance demonstrated in various experimental
models of angiogenesis,but a detailed understanding of the inter-
play among inducing stimuli, growth factors, and their respective
molecular targets remains to be elucidated. This review will focus
on some important molecular components and events responsible
for angiogenicresponses in various organs.

ROLE OF REACTIVE OXYGEN
SPECIES (ROS)

Oxygen homeostasis is of critical importance for maintaining
the viability of all tissues. Lack of sufficient tissue oxygenation
is predominantly caused by impaired blood flow. Attempts to re-
store normal oxygen levels after episodes of hypoxiaor ischemia
result in the generation of various types of free radicals, such as
superoxide anion (O, ), hydrogen peroxide (H,0,) and hy-
droxyl radical (OH), collectively known as ROS. Although lack
of adequate oxygen (e.g., hypoxia) is an initiator of various dis-
eases, it also can trigger a unique “repair’” mechanism, and acts
as an important inducer of angiogenesis.

ROS play a very importantrole in signaling pathways stim-
ulated by growth factors in vascular cells. Recent reports sug-
gest that ROS, such as superoxide anions, play an important
role in mediating signals initiated by growth factors and in-
flammatory cytokines (12). In this regard, we have previously
shown that hypoxic preconditioning (hypoxiafeoxygenation)
mediates the activation of nuclear factor-kB (NFkB) in rat
myocardium and human coronary arteriolar endothelial cells
(25, 92). Our study provides evidence that hypoxic precondi-
tioning accelerates tubular morphogenesis along with the ac-
tivation of ROS-inducible nuclear transcription factor, NFkB,
phosphatidylinosiol 3-kinase (PI3-kinase), and broad-spectrum
antiapoptotic protein survivin in the human coronary endo-
thelial cells (HCAEC). The formation of tubular morphogen-
esis was inhibited by using PI3-kinase and NFkB antagonist,
LY294002 and SN50, respectively (Fig. 1). Recently, it was
demonstrated in a mouse model that NFkB activation is
obligatory for retinal angiogenesis: the administration of
pyrrolidine dithiocarbamate (PDTC), a NF«kB inhibitor, sup-
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pressed retinal neovascularization (90). Hypoxiais character-
ized by inadequate oxygen delivery to the myocardium with a
resulting imbalance between oxygen demand and energy sup-
ply. Studies regarding the effects of hypoxia on blood pres-
sure, and autonomic cardiovascular responses such as carotid
baroreflex control, have shown that hypoxic exposure signifi-
cantly influences these parameters (24, 50, 65). A strong re-
semblance exists between the patterns of acute stress response
induced by hypoxiafeoxygenation, ischemia/reperfusion, or
any means of generating ROS (Fig. 2). Whereas prolonged
ischemia and hypoxia (which cause irreversible cell injury)
cause suppression of mRNA and protein synthesis, short du-
rations of ischemia (ischemic preconditioning) or hypoxia
(hypoxic preconditioning) can stimulate, rather than inhibit,
mRNA and protein synthesis.

First described by Neely and Grotyohann in 1984 (52), hy-
poxic preconditioning,like ischemic preconditioning,can atten-
uate stunning caused by repeated coronary artery occlusions
(4), and enhance postischemic recovery of myocardial function
(39). Hypoxiahas been found to be the strongestinducer both in
vitro and in vivo, of VEGF. ROS often utilize H,0O, as a second
messenger to activate transcription factors. NFkB (67), activa-
tor protein-1 (AP-1) (39), T-cell, and serum response factor (2)
are all involved in ROS signaling mediated by H,0, (47). The
H,0,-induced angiogenesis was completely blocked in human
microvascular endothelial cells by the coadministration of
NFkB antisense oligonucleotide (55). Expression of AP-1 (c-
fos and c-jun) was found to increase significantly in response to
H,0,, where c-jun was partly involved in H,O,-mediated angio-
genesis in human microvascular endothelial cells. H,0, can
also stimulate interleukin-8 (IL-8) productionin cultured endo-
thelial cells to a level that can induce angiogenesis (55). The ad-
ministration of IL-8 antibody completely impairs the angio-
genic process in the same system.

Several in vitro studies directly established the role of ni-
tric oxide (NO) in angiogenesis (70, 93). Treatment of HepG2
cells with NO donor SNAP was found to increase VEGF
mRNA expression. Guanylate cyclase is likely to be impor-
tant for NO-mediated VEGF activation (94). There is also
considerable evidence that NO down-regulates the expression
of VEGF gene (11, 80). In spite of several negative observa-
tions, activation of angiogenesis in mammalian (human)
monocytes is believed to be NO-dependent (74). Indeed, sev-
eral studies have documented that NO-generating compounds
stimulate angiogenesis in human glastoma and hepatoma
cells (40). A positive correlation was found between NO syn-
thase, cyclic GMP levels, and tumor angiogenesis in head and
neck cancer (19). However, the role of NO in angiogenesis is
still controversial.

INVOLVEMENT OF TRANSCRIPTION
FACTORS IN THE PROCESS
OF ANGIOGENESIS

Role of hypoxia-inducible factor-1 (HIF-1)

HIF-1 is a major mediator of hypoxic signaling. A signif-
icant amount of data has highlighted transcription factor
HIF-1a as a central hypoxia signaling molecule (91). Genes
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FIG. 1. Development of tube-like struc-
tures by HCAEC. Cells were plated onto
matrigel when they were confluent. (A) Base-
line control, normoxic. (B) Cells exposed to
4 h of hypoxia followed by 12 h of reoxygena-
tion. (C) Cells exposed to 6 h of hypoxia fol-
lowed by 12 h of reoxygenation. (D) Cells ex-
posed to 8 h of hypoxia followed by 12 h of
hypoxia. (E) Cells pretreated with SNS50,
NFkB inhibitor, followed by 8 h of hypoxia
and 12 h of reoxygenation. (F) Cells pretreated
with LY294002, P13-kinase inhibitor, followed
by 8 h of hypoxia and 12 h of reoxygenation.
Note the inhibition of tube formation by SN50
and LY294002. The tube formation is very
prominent when the cells were exposed to 6-8 h
of hypoxia followed by 12 h of reoxygenation.
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that are transcriptionally activated by HIF-1 in hypoxic cells
encode proteins that increase O, delivery or allow metabolic
adaptation to limited O, availability. Deletion of the gene
(homozygous) that encodes the HIF-1 results in embryonic
lethality with profound abnormalities in angiogenesis and
cardiovascular development (31, 63). HIF-1 is a heterodimer
consisting of the constitutively expressed ARNT (the aryl
hydrocarbon receptor nuclear transporter; HIF-1() protein
and the hypoxia-inducible HIF-1a protein. The molecular
mechanism by which a cell senses decreased oxygen levels
and transmits the signal to HIF-1a is not known. There are
two theories behind this mechanism: (a) heme protein is the
oxygen sensor and reactive oxygen intermediates are propa-
gators of the signal (10,26, 27); and (b) oxygen sensing does
not involve a heme protein, but instead HIF-1a itself binds
iron and thereafter this complex is capable of sensing oxygen
concentrations via this bound iron (75). HIF-1 responsive
genes include VEGE, EPO, Flt-1, lactate dehydrogenase,
heme oxygenase, inducible NO synthase, aldolase, and en-
dothelin-1.

In HIF-1a—/~ cells, VEGF mRNA expression was not in-
duced in response to hypoxia, whereas an induction was ob-
served in response to glucose deprivation, suggesting that

HIF-1 mediated increased VEGF expression specifically in
response to hypoxia (31). VEGF is not expressed under nor-
moxic conditions, but on exposure to hypoxia, VEGF mRNA
levels are found to increase dramatically within a few hours.
This increase in transcription was mediated by a 28-bp ele-
ment in the 5’ region of the gene that contains the HIF-1
binding site (43). The HIF-1 site of the VEGF gene acts as an
enhancer by stimulating expression of a reporter gene under
hypoxia.

Aortic smooth muscle cells from old rabbits manifest im-
paired hypoxia-induced VEGF expression due to a reduction
in HIF-1 DNA binding protein (61). HIF-1a gene therapy has
the potential advantage of inducing the expressionnot only of
VEGE, but also of other hypoxia-induced angiogenic or sur-
vival factors (e.g., Ang-2, insulin growth factor-2) and their
receptors on endothelial cells such as Flt-1. In a recent study,
HIF-1a gene therapy was found to be as effective as VEGF in
stimulating therapeutic angiogenesis in a rabbit hindlimb
ischemia model (82). Moreover, other studies have docu-
mented the essential role of HIF-1 in hypoxia-induced,
VEGF-mediated angiogenesis and suggested that HIF-1 me-
diates hypoxia-induced preconditioning in the brain, heart,
and other organs.
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(a) Possible signaling pathway during hypoxiafeoxy-
genation in angiogenesis. (b) Possible signaling mechanism
during oxidative stress in angiogenesis.

FIG. 2.

Role of NFkB

The activated form of NFkB is a heterodimer, which
consists of two proteins, a p65 subunit and a p50 subunit. In
normal cells, NFkB is maintained in the cytoplasm by
protein—protein interaction with inhibitor IkB. Recently, it
was demonstrated in a mouse model that NFkB activation is
obligatory for retinal angiogenesis, and it was also docu-
mented that the administration of PDTC suppressed retinal
neovascularization (90). In another study, it was docu-
mented that hypoxiafeoxygenation, and not hypoxia alone,
can cause formation of ROS and the activation of the NFkB,
both of which were inhibited by ROS scavengers, and was
accompanied by inhibition of tube formation in angiogene-
sis (41). Therefore, in the clinical setting of hypoxia/
reoxygenation and during ischemic preconditioning, the ac-
tivation of ROS-dependent intracellular signaling may ac-
celerate the rate of neovascularization also in vivo. Hypoxia
has been shown to induce NFkB activation and increased
IL-8, as well as VEGF gene expression, in glial cells in
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vitro. Furthermore, PDTC, a very specific inhibitor of
NFkB, prevented the induction of IL-8 gene expression, but
had no effect on the VEGF gene in the in vitro study. This
finding suggested that IL-8 gene induced by hypoxia and
mediated by NFkB may contribute to the pathogenesis of in-
traocular neovascularization (89).

Hypoxia /reoxygenationinduced myocardial angiogenesis
as measured by CD-31 labeling was inhibited by the intraperi-
toneal injection of PDTC prior to hypoxia (25). It is already
documented that hypoxia/freoxygenation, but not hypoxia
alone, caused the production of ROS and thereby activated
NFkB (41). Consistent with these previous reports, DNA bind-
ing activity of NFkB remained almost at the baseline level
when rats were subjected to hypoxia only. In contrast, when the
rats were subjected to hypoxia followed by reoxygenation, a
significant amount of DNA binding activity was observed in
the myocardium (25). This indicates that the angiogenesis is
accompanied by, and also requires the formation of, ROS. This
study also provides evidence for direct involvement of ROS
and ROS-mediated signaling via NFkB in vivo in myocardial
angiogenesis. In another recent study, we have documented
that hypoxic preconditioning accelerates tubular morphogene-
sis along with the activation of ROS-inducible nuclear tran-
scription factor, NFkB, PI3-kinase, and broad-spectrum anti-
apoptotic protein survivin in the HCAEC. The formation of
tubular morphogenesis was inhibited by using PI3-kinase and
NFkB antagonist, LY294002 and SNS50, respectively (92).
LY294002 and SNS50 also inhibited the activation of survivin
by hypoxic preconditioning along with increased apoptosis in
HCAEC (Fig. 3). These data demonstrate a crucial role of PI3-
kinase/Akt/NFkB/survivin signaling in tubular morphogenesis
of HCAEC triggered by hypoxic preconditioning.

Role of AP-1

The AP-1 binding complex consists of either Jun—Fos het-
erodimers or Jun—Jun homodimers (73). Several studies have
shown that AP-1 and NFkB are differentially activated by
oxygen tension. Several potential binding sites for the tran-
scription factors AP-1, AP-2, and SP-1 are localized in the
VEGEF gene promoter (78). Tumor necrosis factor-o. (TNFa)
or basic fibroblast growth factor (bFGF) appears to stimulate
expression of the VEGF gene through SP-1 on its promoter
(71). Among eight human glioma cell lines, cellular mRNA
levels of transcription factors SP-1 and AP-1 were found to be
closely correlated with those of VEGF (64).

ROLE OF ANGIOGENIC
GROWTH FACTORS

Fibroblast Growth Factors (FGFs)

FGFs are members of a family of polypeptides synthe-
sized by a variety of cell types during the process of embry-
onic development and in adult tissues. These growth factors
have been detected in normal and malignant cells and show a
biological profile that includes mitogenic and angiogenic ac-
tivity. FGF and FGF receptors play significant roles in many
biological systems. The FGF receptors are a family of trans-
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FIG. 3. Western blot analysis for survivin expression.
Lane A, control baseline. Lane B, cells exposed to 4 h of hy-
poxia followed by 24 h of reoxygenation. Lane C, 6 h of
hypoxia followed by 24 h of reoxygenation. Lane D, 8 h of hy-
poxia followed by 24 h of reoxygenation. Lane E, cells pre-
treated with SN50 followed by 8 h of hypoxia and 24 h of re-
oxygenation. Lane F, cells pretreated with LY294002 followed
by 8 h of hypoxia and 24 h of reoxygenation.

membrane tyrosine kinase involved in signaling via interac-
tions with the family of FGFs. The first agent to be used in an
attempt to stimulate myocardial neovascularization was FGF-
1 (6). In animal models, FGF has been shown to stimulate an-
giogenesis, granulation, tissue formation, epithelial growth,
and wound tonsil strength (32).

Recently, several animal studies indicate that both bFGF and
acidic FGF enhance the regeneration of peripheral nerve (1).

VEGF system

Hypoxia has been found to be the one of the strongest in-
ducers of VEGF, both in vitro and in vivo (49). VEGF, a
protein coded by a 7-exon gene localized on chromosome 6,
serves as a major angiogen in normal cardiac development
(16). A modern experimental strategy for treating myocardial
ischemiais to induce neovascularization of the heart by use of
“angiogens,” mediators that induce the formation of blood
vessels, or angiogenesis (62).

The process of angiogenesis is regulated by the signals ob-
tained from the transmembrane receptor tyrosine kinases
(RTKs) and non-RTKs (Src family) of endothelial cells. Flk-1
and Flt-1 are two such RTKSs, which together with their ligand
VEGEF have been shown to control blood vessel development
during embryogenesis (18). This receptor/ligand system has
been shown to augment neovascularization (30). VEGF is not
only an endothelial cell-specific angiogenic factor but also a
critical regulator of angiogenesis that stimulates prolifera-
tion, migration, and proteolytic activity of endothelial cells
(46). Yet the signaling pathways that modulate the mitogenic
effects of VEGF in vascular endothelial cells are still ill de-
fined (52). A recent study demonstrated that VEGF was local-
ized and expressed in the embryonic/fetal heart and that its
level remained high during the early postnatal period when
capillary proliferation is high (79). Flt-1 (VEGFR-1) and Flk-
1/KDR (VEGFR-2) are endothelial specific tyrosine kinase
receptors of VEGF through which its effects are primarily
mediated (14). It is well established that VEGF, Flk-1, and
Flt-1 expressions are up-regulated in response to hypoxia in
vitro and in vivo (42) and to ischemia in vivo (77). Some stud-
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ies with regard to Flk-1 in vitro suggest the involvement of
adenosine acting as a paracrine mediator through the A, re-
ceptor (29). The biological functions of VEGF, triggered by
external stimuli, are initiated through the activation of intra-
cellular signal transduction cascades involving specific ki-
nases. It is reported that a rapid increase in VEGF expression
under hypoxic challenge is due to the presence of HIF-
sensitive elements located in the VEGF promoter, which up-
regulated the transcription factor of VEGF (59). Furthermore,
endothelial cells detect external angiogenic stimuli via onco-
genes (87). Very recently we have demonstrated that hypoxic
preconditioning (HMI) mediated a decrease in the percentage
of endothelial cell apoptosis in an infarcted rat model. A de-
crease in the level of apoptosis may be due to the survival sig-
nal obtained from the increase in VEGF level in the HMI
group (33% after 1 week and 64% after 3 weeks of hypoxic
preconditioning) (Fig. 4) when compared with the nonpre-
conditioned CMI group of animals (66).

Ang-Tie system

The Tie receptors, Tie-1 and Tie-2, are among many RTKs
expressed on endothelial cells (87). These unique RTKs have
received great attention for their possible involvement in angio-
genic response (51). The multiple gene family motifs that com-
prise the Tie RTKs have led to the notion that Tie-1 and Tie-2
may play a role in hematopoietic cell differentiation and/or in
blood endothelial cell interaction (57). Recently, the ligands of
the Tie-2 receptor have been identified as Ang-1 and Ang-2,
also known as angiopoietins.The name angiopoietinreflects the
role of this protein in angiogenesis (76) and its potential role in
hematopoiesis. Ang-1 is the major physiologicalligand for Tie-
2, which is responsible for recruiting and sustaining perien-
dothelial supportcells (13). Ang-2 has been found to be respon-
sible in disrupting vessel formation in the developing embryo
by antagonizing the effects of Ang-1 and Tie-2. Therefore, Ang-
2 represents a natural Ang-1/Tie-2 inhibitor. Several reports
have already established the involvement of Ang-1 in the matu-
ration and stabilization of developing neovasculature (76),
whereas Ang-2 may cause destabilization required for addi-
tional sprout formation (44). Tie-1 and Tie-2 are homologous to
each other, but unlike the VEGF receptors, they contain matrix
association motifs in their extracellular domains. Both are ex-
pressed very early in development (15). Tie-2 is expressed in
the blood islands and in intraembryonic angioblasts, where it
appears earlier than von Willebrand factor.

REGULATION OF ANGIOGENIC FACTORS
BY KINASES: PROTEIN KINASE,
MITOGEN ACTIVATED PROTEIN

KINASE (MAPK)

MAPK activation is found in cells exposed to mitogens,
including bFGF (88). In an another study, it was shown that
the reduced activation of MAPK by antisense expression
blocks the proliferative action of bFGF in fibroblasts (54).
Recently, it was reported that VEGF stimulated phosphoryla-
tion of MAPK in rat liver sinusoidal endothelial cells (68).
Another study demonstrated the ability of VEGF to up-
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FIG. 4. Representative western blots showing the effects of
systemic hypoxia and LAD occlusion on the expression of
VEGF in rat myocardium in vivo after 2, 4, 7, and 21 days.
VEGF proteins were expressed as 40 kDa. Similar results were
obtained in six independentexperiments performed in triplicate.
Densitometric scanning of blots was used to determine levels of
proteins relative to baseline control (sham). *p < 0.01 compared
with baseline. Baseline, control sham; CMI, normoxia + LAD
occlusion; HMI, hypoxiafreoxygenation+ LAD occlusion.

regulate Ang-2 through its Flk-1 receptor via the protein ki-
nase C (PKC) and MAPK pathway (45). There are several
members of the PKC protein family. However, PKC-a and -3
are not observed in adult myocytes, but PKC-¢, -3, -( are
present in detectable amounts (58). Recently, it was docu-
mented that ischemic preconditioning induced translocation
of the PKC-¢ isoform to the nucleus and enhanced expression
of VEGF mRNA in the infarcted cardiac myocytes, thereby
inducing capillary angiogenesis. Chelerythrine, an inhibitor
of PKC, inhibited all the effects of ischemic preconditioning,
supporting the close association between PKC activation,
VEGF mRNA up-regulation, and enhanced angiogenesis
(34). It is quite likely that the nuclear translocation of PKC-¢
plays a significant role in the induction of VEGF mRNA in
the preconditioned rat heart.

ROLE OF CELLADHESION
MOLECULES/CYTOKINES
AND INTEGRINS

Cell adhesion molecules are surface proteins involved in in-
tercellular communication among a wide variety of different
cell types. Several families of adhesion molecule receptors
have been identified, and they include integrins, cadherins, se-
lectins, membrane-associated proteoglycans, and the im-
munoglobulins. Expression of several endothelial cell integrins
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in association with components of extracellular matrix are im-
portant for the attachment, alignment, and subsequent migra-
tion of endothelial cells during angiogenesis (33). Endothelial
cells utilize the 131 and 231 integrins to bind to collagens],
IV and laminin. Using the rabbit cornea and the chick chorioal-
lantoic membrane, it was documented that angiogenesis in-
duced by FGF or by TNFa is dependent on av33. However,
angiogenesis initiated by vascular endothelial cell growth,
transforming growth factor-a (TGFa), or phorbol ester is de-
pendent on avp5. Cadherins are a family of adhesive mole-
cules, present at adherens junctions, which mediate cell-cell
contacts. Vascular endothelial cells express two different cad-
herins: N-cadherin and VE-cadherin. VE-cadherin plays a fun-
damental role in fibrin-induced or collagen- induced capillary
tube formation and is localized at areas of intracellularcontact.

Cytokines play a pivotal role in many biological processes,
including immune response, recruitment of inflammatory
cells, cytotoxicity, antiviral activity, wound repair, angiogene-
sis, and apoptosis. Neovascularization is a complex process
that involves a sequence of events. The entire sequence of
events is mediated by various types of cells, including macro-
phages, lymphocytes, mast cells, platelets, and polymorphonu-
clear leukocytes (35). Moreover, VEGF, bFGEF, insulin-like
growth factors, TGF-f3 and other cytokines such as IL-1, IL-8,
and TNFa are thought to be involved in various stages of an-
giogenesis. IL-1 and IL-8 activate vascular endothelial cells,
whereas IL-1 is known to induce corneal collagenase and met-
alloproteinaseexpression (21, 84). This eventually plays an im-
portant role in extracellular matrix degradation, allowing the
formation of new vessesls (35). IL-1 was found to be a potent
inducer of corneal angiogenesis (8). Others have shown that
IL-8 can also induce neovascularization in the cornea (36). IL-
8 was found to contribute to the angiogenic activity of
non-small lung cancer cells (7). Recombinant IL-8 mediates
endothelial cell chemotactic and proliferative activity in vitro
and angiogenic activity in vivo (36). IL-8 possesses similar an-
giogenic activity to TNFa, bFGF, angiogenin, angiotropin, and
VEGF (36). Adenocarcinoma (A549) and Calu 1 (squamous
cell carcinoma) constitutively produce IL-8 in vitro, and in vivo
produce IL-8 in a time-dependent manner that directly corre-
lates with the rate of tumor growth (3). The IL-8 transgenic
mice demonstrated a defect in neutrophil recruitment to the
peritoneal cavity after intraperitoneal injection of either exoge-
nous IL-8 or thioglycollate (72). The release of IL-1 cytokine
after injury was found to induce redox-regulated transcription
factors AP-1 and NFkB, which eventually promote expression
of genes involvedin cell survival, proliferation,and angiogene-
sis. IL-1ae was found to be expressed autonomously by head
and neck squamous cell carcinomas (86). IL-1 also induced co-
expression of IL-8 through the activation of NFkB and AP-1
and increased cell survival and the growth of head and neck
squamous cell carcinomas (86).

ROLE OF ANGIOGENIC COMPONENTS TO
ENHANCE CELL SURVIVAL

A recent report suggested VEGF induced expression of
Bcl-2, which eventually functions to enhance the survival of
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endothelial cells in the toxic, oxygen-deficient environment
(53). This report points out that enhanced level of VEGF may
have some role in the inhibition of endothelial cell apoptosis.
Another very recent investigation demonstrated that VEGF, a
potent promoter of angiogenesis, up-regulates the expression
of the intracellular adhesion molecule-1 (ICAM-1) through a
novel pathway that includes PI3-kinase and AKT resulting in
the migration of brain microvascular endothelial cells. It was
found that in vitro VEGF treatment phosphorylates AKT in a
PI3-kinase-dependent manner (20). The PI3-kinase/AKT
pathway appears to be a general mediator of cytokine-
induced survival and antiapoptotic signals. Recently,
proapoptotic factor, BAD, was reported to be phosphorylated
by activated AKT on a serine residue causing BAD to dissoci-
ate from BCL-X, . No in vivo study has been done so far to in-
vestigate the involvement of the PI3-kinase/AKT pathway
and endothelial cell survival. Another recent study reported
inhibition of endothelial cell apoptosis by Ang-1 via the
Akt/survivin pathway, which contributed Ang-1-mediated
stabilization of vascular structures during angiogenesis (56).
It is also reported that activation of the MAPK pathway to-
gether with inhibition of stress-activated protein kinase/c-Jun
N-terminal kinase (SAPK/JNK) activity by VEGF appears to
be a key event in determining whether an endothelial cell is
going to survive or undergo programmed cell death. In a very
recent study (25), we have documented the effects of hypoxic
preconditioning on myocardial angiogenesis, including blood
flow and cardiac performance in the myocardial infarction
model. The results documented that hypoxic preconditioning
improved myocardial performance and angiogenesis at the
level of capillary and arteriolar density after 1 week of left
anterior descending coronary artery (LAD) occlusion; the ef-
fect lasted even after 3 weeks (Figs. 5 and 6). Such angio-
genic effects of preconditioning were found to be due to its
ability to augment VEGF protein expression, which presum-
ably played a crucial role in reducing endothelial cell apopto-
sis, a proven determinant for congestive heart failure. Thus,
apoptosis may represent a major aspect of the regulatory ac-
tivity of VEGF on the vascular endothelium for angiogenesis.

SUMMARY AND CONCLUSION

Angiogenesis seems to be induced when the metabolic re-
quirements of the tissue exceed the perfusion capability of ex-
isting vessels. It is clear from the above discussion that angio-
genesis is a sequence of events and appears to be a tightly
regulated process. Both in vitro and in vivo studies indicate that
angiogenic response in vascular tissues is triggered by ROS
signaling in a highly coordinated manner. ROS, such as super-
oxide anions, play an important role in mediating signals initi-
ated by growth factors and inflammatory cytokines. NO affects
angiogenesis both directly and indirectly. Redox-sensing tran-
scription factors, such as NFkB, AP-1, and HIF-1, play a piv-
otal role in modulating angiogenesis. Vascular-derived growth
factors, VEGFs, bFGFE TNFs, TNF, and cytokines are general
stimulators of angiogenesis, activating many endothelial cell
types, and they are quite capable of acting either alone or in
concert with other growth factors to ensure various stages of
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FIG. 5. Left ventricular endocardial capillary density. Tis-
sue sections were processed for CD31 staining. Eight nonover-
lapping random fields were selected from endocardial regions
of the left ventricle from each heart (magnification X400, n =
6). Images were captured and stored in digital tiff file format
for image analysis. *p < 0.01, compared with sham operation;
p < 0.01, compared with CMI; $p < 0.05, compared with CS.
CML normoxia + LAD occlusion; HMI, hypoxiafeoxygena-
tion + LAD occlusion; CS, normoxia + sham surgery; HS, hy-
poxia/reoxygenation + sham surgery. Rats were randomly as-
signed to the CS and HS served as the sham-operated controls
for the CMI and HMI groups and groups, respectively.

angiogenesis. Inhibition of endothelial cell apoptosisis also an
obligatory prerequisite of angiogenesis. Manipulation of this
pathway may increase endothelial cell viability in compensa-
tory angiogenesis or facilitate endothelial cell apoptosis and
promote vascular regression during tumor angiogenesis.
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FIG. 6. Left ventricular endocardial arteriolar density.
Left ventricular tissue sections were labeled using monoclonal
anti-smooth muscle actin, and eight nonoverlapping random
fields were selected from endocardial regions of the left ven-
tricle. *p < 0.01, compared with sham operation; fp < 0.01,
compared with CMI. CMI, normoxia + LAD occlusion; HMI,
hypoxia/reoxygenation + LAD occlusion; CS, normoxia +
sham surgery; HS, hypoxia/reoxygenation + sham surgery.
Rats were randomly assigned to the CS and HS groups and
served as the sham-operated controls for the CMI and HMI
groups, respectively.
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