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Although therole of hew blood vessel formation in cancer and its development have been well doc-
umented, the strategy to manipulate angiogenesisin order to restore blood flow in the ischemic my-
ocardium, anovel form of therapy currently undergoing clinical trials, hasreceived lessattention. Re-
cent advances in our understanding of the stimuli and of the control mechanismsregulating the de-
velopment of new blood vesselsin coronary heart disease haveled to an improved picture of the com-
pensatory healing processthat accompanies myocar dial ischemia and infarction. However, we haveto
remind that, together with life- and tissue-saving effects, the angiogenetic processmight alter the nat-
ural cour se of the consequences and organ manifestation of arterial diseases asin the atherosclerotic
plaque.

The purpose of thisreview isto provide an overview on the molecular mechanismsinvolved in the
angiogenetic process. Angiogenesis during ontogenesis, neocangiogenesis (adult new vessel formation),
arteriogenesisand therelated regulator swill beanalyzed. M oreover, the role of neoangiogenesisin plaque
development and instability will be discussed. Due to the introductory nature of thisreview and the

large number of studies on neovascularization in ischemic limbsthistopic has been omitted.

(Ital Heart J2001; 2 (2): 81-92)

Warm blooded species critically depend
onthehigh rate of oxygen delivery to al tis-
sues for their metabolic needs. Oxygen up-
take in mammals is 20 to 50 times higher
than in ectotherm animalst. Since oxygen ex-
traction in basal conditions is close to the
maximum in most tissues, oxygen uptake
during variouslife activities mainly depends
on avery efficient and well regulated vas-
cular system. In mammalian hearts, with -
evated aerobic requirements, capillary den-
sity isquite constant and ranges from 2.7 to
5 X 105/cn2, with an intercapillary distance
of 11+18 um and a capillary to musclefiber
ratio very closeto 1:12.

On this basis, two considerations may
arise: @) control of the development of the
vascular system needs very efficient genet-
ic and molecular mechanisms to achieve
such acomplex network, and b) any patho-
logical processlimiting the flow in an artery
may lead to ischemiaand eventually to cell
death in the vascular territory perfused by the
artery itself.

The understanding of the molecular
mechanisms underlying the formation of
the vascular tree started quite recently in
1970s with the pioneering work of Judah
Folkman3 on neoplastic angiogenesis. How-
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ever, the existence of a rich vascular neo-
formation in neoplasia was aready recog-
nized at the beginning of the century4 and the
presence of intercoronary connections,
known as collateral arteries, both in normal
and in diseased hearts, had already been de-
scribed in the 17th century.

To date our knowledge of the mecha
nisms of vascular tree formation has ex-
panded tremendously with the discovery of
several factors and of the mechanisms|ead-
ing to vessel and capillary formation and
stabilization. New vessel formation is not
limited to fetal life but is aleading process
in some physiological and many patholog-
ical conditions, such asovarian cycle, wound
healing, tumor growth, rheumatoid arthritis,
retinal neovascularization, and cardiovas-
cular diseases.

The terms commonly used to define the
processes of vascular development and
growth are listed in table 135-10,

Vessel formation and growth
Vasculogenesis. As suggested by Leonardo

da Vinci, the sprouting of a vessel repre-
sentsthe principal mechanism of blood ves-
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Table|. Terminology for vessel formation and growth.

Vasculogenesis and
early angiogenesis5.6

Development of primitive vascular
system, sprouting and non-sprouting
angiogenesis

Sprouting of new capillaries from pre-
existing vessels

Adult angiogenesis3?

Growth of arteries from preexisting
arterioles (collateral artery growth)

Arteriogenesis
(recapitulated
vasculogenesis)8-10

sel formation during ontogenesis. However, recently
developed techniques that permit alteration of genom-
ic sequences and manipulation of developing embryonic
tissues, have provided an important insight into mole-
cular and genetic elements that regulate vascular de-
velopment. The vascular system is formed before the
heart starts beating rather than sprouting from the heart
as speculated by Leonardo. On the contrary, vessel for-
mation in the adult occurs from preexisting vessels in
response to tissue demand. The de novo organi zation of
endothelia cells into vessels (formation of the early
vascular plexus) in the absence of any preexisting vas-
cular system is referred to as vasculogenesis and only
occursin the early embryo. The continued expansion of
the vascular tree asthe result of endothelial cell sprout-
ing from existing vessels denoted as angiogenesis, oc-
cursin avascular regions of the embryo (both in the yolk
sac and in the embryo) and is repeated many timesin the
mature animal most commonly during wound healing
and tumor metastasis (adult angiogenesis)s’. There-
fore, during ontogenesis the formation of the early vas-
cular plexus can be divided into vasculogenesis (for-
mation of the primary vascular plexus) and sprouting or
non-sprouting angiogenesis (involved in vascul arization
of organs or tissue such as the heart, lung and yolk
sac). How the pattern of the vascular treeis established
or which factors govern the site of sprouting or the
route taken by migrating endothelial cells during an-
giogenic expansion is still unclear.

Genetic programs regulating early vascular development.
The best insight into molecular events required to ini-
tiate and maintain vascular development has come from
adetailed analysis of the mouse embryo in which the
genes for specific growth factors and their receptors
have been inactivated. Such experiments show that ini-
tiation of vascular devel opment required both basic fi-
broblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF)S. The details of these growth
factors and their receptors will be discussed below.
However, it must be pointed out that the decision for a
vessel to become avein or an artery appears to be un-
der the control of yet another growth factor belonging
to the VEGF family. Thisfactor also bindsto the VEGF
receptor 31 which is expressed later in the devel opment
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only on the endothelia cells that will become veins or
lymphatic vessels.

Oncethevascular plexusisformed (vasculogenesis),
expansion of the vascular tree continues by endocardia
and ventricular development and formation of the vas-
cular wall (by sprouting and non-sprouting angiogene-
sis). This processis controlled by two members of the
tie family named tie-1 (tyrosine kinase with im-
munoglobulin and epidermal growth factor homology
domain) and tie-2 or tek (tunicainternaendothelial cell
kinase)12. Two ligands, termed angiopoietin-113 and an-
giopoietin-214 are specific to tie-2 and are synthesized
by cells surrounding the devel oping vessels. Targeting
mutation of the genes for either tie-2 or angiopoietin-1
results in embryos with abnormal hearts and vessels
with poorly formed wallsts. This hasled to the sugges-
tion that angiopoietin-1 actsto stimulate the production
of growth factorsthat, in turn, stimulate the differenti-
ation of surrounding mesenchyme into pericytes or
smooth muscle cells required for vessel wall forma-
tion16, This is consistent with the phenotype of atie-2
in humansthat leads to smooth muscle cell deficiencies
around small vessels and microaneurysmst?. Thus, these
observationsindicate that both tie-1 and tie-2 are required
for continued vascular branching and vessel remodeling
subsequent to the action of VEGF.

Although genetic manipulation has provided im-
portant insight there is much that we do not know about
vascular development. Random genetic mutation in-
troduced into the zebrafish has also generated many
surprising and fascinating cardiovascular anomalies.
Indeed, zebrafish can beinduced to devel op with hearts
that do not contain an endocardium although the re-
mainder of the vascular system appears to be function-
al8. It islikely therefore that a combination of genetic
and developmental biology will identify new genes and
suggest new paradigms thus extending our knowledge
on cardiovascular diseases.

Origin of the vascular endothelium. Molecular events
involved in endothelia cell differentiation to the early
mesoderm remain uncertain; however the early vascu-
lar plexus originates from the mesoderm by the differ-
entiation of angioblasts. Factors belonging to the FGF
family, act on the mesoderm to induce the formation of
a bipotential precursor known as hemoangioblast of a
two-cell type: the angioblast and the hemopoietic cell5.
Recently the angioblast has also been identified in
adultste. Within the embryo the first angioblasts arise
from the lateral mesodermal plate and cardiac cres-
cents; some cells migrate into the forming brain, where-
as others assemble into the endocardium of the early
heart tube. Other angioblasts form a plexus of en-
dothelid cellsat the base of the primitive heart tube that
assemble in the vitelline vessels, allowing blood cells
from the yolk sac to circulate within the body of the em-
bryos.
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True sprouting and non-sprouting angiogenesis. After
the primary vascular plexusisformed (Fig. 1), more en-
dothelial cells are generated which can form new cap-
illaries by sprouting or by splitting from their vessels of
originin a process termed angiogenesis (Fig. 1). There
are at least two different types of angiogenesis. true
sprouting of capillaries from preexisting vessels, and non-
sprouting angiogenesi s or intussusception that has been
revised by Risaus. These processes are highly regulat-
ed and the complex sequence of events has been estab-
lished in other organsts and is assumed to be similar dur-
ing coronary vascular growth. Briefly, proteolytic degra
dation and dissociation of the extracellular matrix ar-
chitectureinitialy occur asaresult of elaboration of pro-
teases by endothelia cells. This processisfollowed by
chemotactic migration and proliferation of endothelial
cells. Subsequently, organization of adjacent endothe-
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Figure 1. The formation of the primitive blood vessels during ontogene-
sis. Vasculogenesis refersto the formation of the early vascular plexus. The
bipotential precursor, the hemoangioblast, and the differentiated vascu-
lar endothelial cell precursor, the angioblast, as well as the growth fac-
tors involved in the process are depicted. Angiogenesis refers to the ex-
pansion, both in the yolk sac and embryo, of the primary vascular plexus.
The expression of additional growth factorsisrequired for maturation and
remodeling during later organogenesis. Ang = angiopoietin; EC = en-
dothelial cells; EGF = endothelial growth factor; PDGF = platelet-de-
rived growth factor; TGF = transforming growth factor; VEGF = vascular
endothelial growth factor; VEGFR = vascular endothelial growth factor
receptor.
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lial cellsleadsto the formation of alumen followed by
pericyte migration, determined by basement membrane
and functional maturation of the endothelium?6,

\eessel maturation. Further maturation of blood vessdls,
which mature or regress along with the tissue or organ
they supply, depends on both intra and extraluminal
factors. Although initially only dependent on the oxy-
gen level, the vascular system islater shaped by forces
generated by the circulation. Shear stress affects en-
dothelial cells, inducing modification of cell-cell as
well as cell-extracellular-matrix junctions and up reg-
ulating growth factors such as platelet-derived growth
factor (PDGF)-BB and transforming growth factor
(TGF)-p20. Simultaneously, the vascular wall matures
and the tie-2/angiopoietin system appears to govern
maturation and stabilization of blood vessels. “ Stabi-
lization” of blood vesselsis a stage when remodeling
ceases, new branches do not develop and luminal size
is constant apart from physiological vasodilation and
vasoconstriction; pericytes and smooth muscle cells
differentiate, endothelial cells stop to proliferate20 and
elastogenesis beginsin elastic arteries.

Angiogenesis. Adult endothelial cells are quiescent,
however they can form new vessels via neoangiogene-
ss(Fig. 2). In pathological conditionsand inwound hedl-
ing, angiogenesisis acomplex process accompanied by,
and possibly requiring, inflammation. Although the se-
guence of events resembles that of embryonic angio-
genesis, additional eventsin established quiescent ves-
selsare probably needed. Schematically angiogenesis can
be divided into the following five discrete steps: 1) re-
lease of angiogenic factors; 2) release of proteolytic
enzymes; 3) endothelial cell migration and capillary
morphogenesis; 4) endothelial cell proliferation; and
5) microvessel differentiation. Hypoxia represents the
major stimulus.

Release of angiogenic factors. A large number of an-
giogenic factors has been characterized and detected in
siteswhere angiogenesis takes place. These angiogenic
factors can act directly by stimulating endothelial cells
and/or indirectly via accessory cells like macrophages
and/or stromal cells. Thus, candidate angiogenic factors
have often been found to have opposite actionsin vivo
to those expected from in vitro studies. Examplesinclude
TGF-p2t and tumor necrosis factor (TNF)-a.22, both of
which inhibit endothelia cell growthinvitro but are stim-
ulatory invivo. Theinvivo pictureisfurther clouded by
the release of many angiogenic factors from the extra-
cellular matrix which might also have another level of
control through binding to soluble growth factor re-
ceptors within the stromazs3.

Release of proteolytic enzymes. The capillary basement
membrane and surrounding extracellular matrix are
then degraded by a variety of proteolytic enzymes, in-
cluding the plasminogen activators?4 and the matrix
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Figure 2. Adult angiogenesis or neoangiogenesis. Sorouting of new cap-
illaries from preexisting vessels. This process is mainly dependent on hy-
poxia and seemsto require molecular eventsinvolved in inflammation. A
scheme of the process and the associated factors are reported. Abbrevi-
ationsasin figure 1.

metalloproteinases?s, secreted by both endothelial and
paracrine cells. The generation of the broad specificity
protease plasmin by urokinase-type plasminogen acti-
vator isfundamental sinceit is ableto degrade most ma-
trix components either directly or by activation of oth-
er latent enzyme systems. However, remodeling of ex-
tracellular matrix is also accomplished through the ac-
tion of metalloproteinase members of amultigene fam-
ily of metal-dependent enzymes. These proteases have
been classified into different categories originally based
on their substrate specificity2s. The regulation of met-
alloproteinase activity occurs at several levelsincluding
gene transcriptional control and proenzyme activation
and inhibition of activated metalloproteinases by en-
dogenous inhibitors. These native metalloproteinase in-
hibitors comprise a family of proteins generaly re-
ferred by the acronym TIMPs (tissueinhibitors of met-
alloproteinases). During proteolysis, angiogenic stimu-
lators and inhibitors are also released from matrix or
paracrine cells which then influence the ability of en-
dothelial cellsto express components of these systems
and to synthesize matrix2s. Thus, matrix remodeling is
a careful balance between signals for synthesis and
degradation.

Endothelial cell migration and capillary mor phogene-
sis. Dissolution of the underlying basement membrane
and extracellular matrix permits endothelial cellsfrom
postcapillary parent venules to migrate and form sprouts.
Endothelial sprouts elongate by intercalation of en-
dothelial cells before fusion of microvilli at the sprout
tips to form a network of interconnecting loops. Little
is known about the control of these processes; howev-
er migration has reported to be modulated by a variety
of cytokines and growth factors including interleukin
(IL)-326, 1L-627, |L-828, thrombopoietin2®, VEGF20,
TNF-028, PDGF3L, hepatocyte growth factor32, FGF-133
and FGF-234, platelet activating factorss, as well as
physical forces36, vasoactive hormones3’, TIMPs38 and
high density lipoproteins®.

Recent studies have demonstrated that the expression
of adhesion molecules belonging to the selectin and in-
tegrin families on endothelial cellsisimportant not on-
ly ininflammation and metastasis but also playsanim-
portant role in capillary morphogenesis®. In vitro se-
lectins are required for normal capillary formation4!
and in vivo up-regulation of these moleculesis present
where neovascularization is most active®2. In particular,
E-selectin, an endothelial membrane glycoprotein, is
known for its ability to promote adhesion of leukocytes
to cytokine-activated endothelial cells*3. However, the
invitro observation that anti-E-selectin or anti-sialylat-
ed fucosylated oligosaccharides (structures to which
E-selectin can bind) inhibits the formation of tube-like
structures, supported its role in angiogenesis®. In ad-
dition to selectins several integrins have been described
to be sdlectively expressed during angiogenesis®. Indeed,
both in vitro and in vivo angiogenesis is severely per-
turbed by the interruption of integrin function4s.

Endothelial cell proliferation and vessel differentia-
tion. During endothelial sprout formation, cell division
occursto supply the el ongating vessdl . Endothelial cells
in normal tissues are quiescent and divide every 7-10
years*. However in pathological conditions autoradi-
ographic studies suggested that endothelial cells can
rapidly proliferatet”. Although the FGF is considered to
be the endothelial mitogen per antonomasia, avast ar-
ray of growth factors and cytokines have been identified
as potent endothelial cell mitogens?6-32,

Thefina stages of vessel formation might also bere-
ferred to as“remodeling” and appear to define a process
through which aforming vessel becomes stable20. Ben-
jamin et a.48 reported that the association of forming ves-
sels with mural cells marks the end of the period of
growth factor dependence and appears to signal vessel
stabilization. In support of thisidea, ultrastructural stud-
ies documented that a basement membrane is deposit-
ed only after endothelial cell-mural cell association has
occurredo.

Arteriogenesis. Atherosclerosis of the heart leadsto a
progressive narrowing of the coronary arteries, result-
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ing in regional myocardial ischemia. Nature has creat-
ed a mechanism able to adapt to regional ischemia.
This consistsin the development of afunctional collat-
eral circulation. Many terms have been used to define
this type of vessel growth, such as collateral develop-
ment, collateral dilation, non-sprouting angiogenesis, re-
capitulated vasculogenesis; however, currently the most
widely accepted is “ arteriogenesis’ 0,

Arteriogenesis refers to the growth of arteriesfrom
preexisting arterioles characterized by fully developed
anatomical hallmarks. Unlike vesselsformed through an-
giogenesis, these arterioles remodel into functional ar-
teries rather than capillary sprouts and their growth
does not depend upon ischemia.

Collateral circulation: an adaptable growth. The ana-
tomical and physiological aspects of collateral circula-
tion have been extensively investigated in the past. The
first demonstration of collateral anastomoses in the
coronary circulation isgenerally ascribed to LowersL, In
hisclassicd Tractatusde Cordein 1669, by using atech-
nique of fluid injection, he described the presence of “the
vessels which carry blood to the heart” and found that
“here and there they communicate by anastomoses. As
aresult, fluid injection into one of them spreads at one
and the same time through both”.

Since then, the existence of a collateral circulation
in the heart has aternated between assertors and con-
testants. However, the universal acceptance of such
connections came from Fulton’s work in 196552, who
demonstrated the existence of collaterals and their func-
tional significancein normal and diseased hearts. Indeed,
the collateral circulation exists and bears a pathophys-
iological meaning not only in the coronary circulation,
but also in other vascular districts such asthe limbs, the
kidneys and the brainss,

To date, the main features of collatera circulation can
be summarized as follows:

* collateral circulation is a well defined aspect of the
coronary artery anatomy and shows awideinterspecies
variability, ranging from the absence of anatomically
demonstrable collateralsin the rabbit and pig, to awell
developed collateral circulation in the guinea pigs;

» man stands in between, since the presence of collat-
erasduring fetd life has been demonstratedss. Moreover,
collateral vessels can be angiographically identified in
adultsin the absence of any recognized abnormality of
the main arteriess®. In the fetal®s and adult># heart the
anastomoses are chiefly localized in the interventricu-
lar septum and in the subendocardia layers; however,
anastomoses are a so present between epicardia arter-
ies. Moreover, the level of collateral flow during is-
chemia depends on the age and pathology of each in-
dividual;

« collateral vessels can be divided into preexisting (as
found in organs with a completely normal circulation)
and transformed (when subjected to growth stimuli)s4.
Little is known about the structure of preexisting col-
lateral arteries, both in the skeletal and cardiac muscle;
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however in the canine heart they range between 20 and
60 wm. Like the arterioles, collaterals consist of en-
dothelium and some layers of smooth muscle®4 and
have been considered as remnants of the complex three-
dimensional branching process of the vascular network
during embryogenesis, that do not reach full develop-
ments,

« one common feature of collateral development isthat
vesselsgrow not only inwidth but aso in length giving
thetypical corkscrew aspect. Indeed, when an epicardial
artery is owly occluded, “the collateral vessels in-
crease by afactor of 20 timestheir interna diameter and
the tissue mass increases by 50-fold8”;

« collateral arteries usually develop far from the is-
chemic area. In the leg the site of artery occlusion and
of the development of collateral circulation may be as
far as 70 cm from the ischemic or necrotic regions?. Sim-
ilarly, in the heart collateral vessels develop in the epi-
cardial regions or away from the ischemic myocardium,
and the growth process still persists when ischemia has
been resolvedss, indicating spatial as well as temporal
dissociation.

Molecular mechanismsinvolved in arteriogenesis. The
correlation between the molecular events underlying
arteriogenesis and anatomical changes wasfirst report-
ed by Schaper? in the early 1970s, who demonstrated an
active DNA synthesis and enhanced proliferation of
cells of growing collaterals such as endothelial and
smooth muscle cells. Although angiogenesis and arte-
riogenesis share some common pathways, they must be
considered as two different processes. Indeed, while
angiogenesis is mainly stimulated by local tissue hy-
poxialischemia, promoting up-regulation of both an-
giogenic factorsand their receptors, arteriogenesis nev-
er occursin ischemic areas’” and is not associated with
hypoxia-induced gene transcription© or with VEGF
secretionss.

A hallmark of the collateral growthistheincreasein
shear stress. Shear stressis one of the two main vectors
in which the force acting on the vessel wall can be re-
solved. Itsdirectionisparalld to thelong axis of theves-
sel and represents the frictional force acting on the en-
dothelial surface. It has been reported that, before and
after femoral artery ligation, shear stressin preexisting
collaterals increases by about 200-fold. This type of
force, directly acting on endothelial cdls, starts a process
very similar to inflammation (Fig. 3). Under the influ-
ence of such amassiveincreasein shear stress, the ma-
jor changein the newly recruited collateral vesselsisen-
dothelial cell activation. This occurs viathe opening of
chloride channelsthat, in turn, leads to modification of
the volume and the swelling of cells and via the ex-
pression of adhesion molecules such as intracellular
adhesion molecule-1. At the same time other signals such
astranscription of gene encoding for monocyte-chemoat-
tractant protein-1 (MCP-1), PDGF, and nitric oxide
synthase, are triggered. Such a gene transcription par-
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Figure 3. Arteriogenesis. The process consistsin the development of a func-
tional collateral circulation. It refers to the growth of arteries from pre-
existing arterioles. They differ from vessels formed through angiogenesis
because, unlike capillary sprouting, arteriolesremodel into functional ves-
sels in response to the increase in shear stress. The main molecular
events are reported. FGF = fibroblast growth factor; GM-CSF = granu-
locyte-macrophage colony stimulating factor; MCP = monocyte-chemoat-
tractant protein; NOS= nitric oxide synthase; SMC = smooth musclecells;
TNF = tumor necrosis factor. Other abbreviations asin figure 1.

tially depends on the binding of a protein to asequence
located in the promoter region denoted as shear stress
responsive elements. In response to MCP-1 surface ex-
pression, monocytes are recruited into the collateral
vessels and become activated as denoted by the rel ease
of severa soluble moleculesincluding TNF-o., bFGF and
granul ocyte-macrophage colony stimulating-factor. In
addition to a survival factor role these cytokines act as
matrix remodeling regulators to create space for ex-
panding vessels and as mitogens for endothelial and
smooth muscle cells. At the end of both the remodeling
phase and the wave of mitosis the vessels gain al the
characteristics of normal arteries except for the content
of matrix proteins between smooth muscle layers®.

The remarkable interest in collateral vessels de-
pends upon their potential ability to become large con-
ductance arterieswhich can potentially rescue blood flow
to ischemic areas. However this adaptive process is
rather slow and unable to fully compensate for the flow
lost because of the occlusion of native coronary arter-
ies. Several effortsare thus still needed to improve their
efficiency in the ischemic myocardium.
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Angiogenic growth factors

Vascular endothelial growth factors. VEGF or vascular
permesbility factor has been characterized either asahe-
parin binding angiogenic growth factor, displaying high
specificity for endothelial cells, or as a protein pro-
moting extravasation®0. Five human VEGF mRNA
species encoding VEGF isoforms of 121, 145, 165,
189, and 206 amino acids are produced by aternative
splicing of theVEGF mRNA (VEGF,51.5) to form ac-
tive disulfide-linked homodimers. The heparin and he-
paran-sulfate binding ability distinguishesthe different
VEGF isoforms. Subsequently, additional growth fac-
tors, belonging to the VEGF family that share com-
mon receptors with VEGF have been identified€o.

The role of vascular endothelial growth factor in vas-
culogenesis and angiogenesis. The role of VEGF as
the principal regulator of vasculogenesis comes from
studies that have used the targeted gene disruption in
mice. Mice lacking even one of the two VEGF alleles
die before birth because of defectsin the devel opment
of the cardiovascular systemsé!, These observationsin-
dicate that cardiovascular system development depends
on aprecise VEGF concentration and that a decreased
amount of VEGF leads to fatal consequences. Similar-
ly, targeted disruption of both alleles of genes encoding
the VEGF receptors (VEGFR16! and VEGFR262) results
in severe abnormalities of blood vessel formation main-
ly associated with defectsin endothelial cell differenti-
ation and migrationé263,

Vascular endothelial growth factor tyrosine kinase re-
ceptors. Two different tyrosine kinase receptors denot-
ed as VEGFR1 and VEGFR2 have been cloned and
characterizeds465. Along with VEGFR3 which is ex-
pressed in lymph vessals%6 and bind VEGF-C and VEGF
D, these receptors form a subfamily distinguished by the
presence of seven immunoglobulin-like domainsin their
extracellular domain and a split tyrosine kinase domain
intheintracellular parté”. The VEGFR1 and VEGFR2 are
predominantly expressed on endothelial cells; however
few additiond types of cells express one or both of these
receptors (Table 11)8869, The VEGFR1 and VEGFR2
are probably activated by al VEGF isoforms but fulfill
somewhat different functions in vivo, as targeted dis-
ruption experiments have reveal eds263,

Neuropilin-1: the VEGF,45-specific receptor. Together
with VEGFR1 and VEGFR2, endothelia cells express
isoform specific receptorsthat can bind to VEGF ¢ but
not to VEGF,,, and that are not related to the VEGFR1
and VEGFR270. These receptors are encoded by neu-
ropilin-1 and 2 genes’..72, Neuropilin-1 wasidentified as
areceptor for several types of the collapsin/semaphorin
family60.72, Semaphorinswere initially characterized as
factorsthat act as repellents of nerve growth cones and
mediate neural cell guidance?.72. Gene disruption stud-
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Table 1. Angiogenic growth factors and related receptors.

Growth factors Cell receptors

Target cells

VEGF-A VEGFR-1 (flt-1)
VEGFR-2 (flk-UKDR)
Neuropilin-1
Neuropilin-2

VEGF-B VEGFR-1 (flt-1)
Neuropilin-1

VEGF-C VEGFR-2 (flk-1/KDR)
VEGFR-3 (flt-4)

VEGF-D VEGFR-2 (flk-UKDR)
VEGFR-3 (flt-4)

PIGF-1 Flt-1

PIGF-2 Neuropilin-1

FGF-1 (acid) FGFR-1, 2, 3,4

FGF-2 (basic) FGFR-1, 2

FGF-4 FGFR-1, 2

FGF-5 Unknown

HGF c-met

PDGF-BB PDGFR-B

EGF EGFR (c-erbB)

TGF-a EGFR (c-erbB)

TNF-a TNFR-1
TNFR-2

PAF PAF-R

TPO c-Mpl

IL-3 IL-3R

IL-6 IL-6R

IL-8 IL-8R (2)

Angiopoietin-1 tie-2

Endothelial cells, monocytes, coagulation system, hemopoietic stem cells

Endothelia cells

Lymphatic endothelia cells, endothelia cells

Endothelia cells, lymphatic endothelia cells

Human placenta, exravillous trophoblast, endothelial cells®8

Smooth muscle cells, endothelia cells, others
Smooth muscle cells, endothelial cells, others
Endothelia cells, megakaryocytes, others
Endothelia cells, CNS, hair follicles

Endothelial cells, epithelial cells, others

Smooth muscle cells, endothelial cells, neutrophils, connective tissue
Endothelial cells, epithelial cells, gastric glands

Endothelial cells, epithelial cells, gastric glands

Neutrophils, endothelial cells, muscle cells,
T-lymphocytes, B-lymphocytes, hepatocytes, adipocytes

Platelets, endothelial cells, smooth muscle cells, granulocytes
Megakaryocytes, platelets, endothelial cells

Hemopoietic cells from different lineages, CNS, endothelia cells,
smooth muscle cell %9

Endothelia cells, T-lymphocytes, B-lymphocytes, hepatocytes
Endothelial cells, lymphocytes, monocytes, neutrophils, basophils

Endothelial cells

CNS = central nervous system; EGF = endothelial growth factor; FGF = fibroblast growth factor; HGF = hepatocyte growth factor; 1L
=interleukin; PAF = platelet activating factor; PDGF = platel et derived growth factor; PIGF = placentagrowth factor; R = receptor; TGF
= transforming growth factor; TNF = tumor necrosis factor; TPO = thrombopoietin; VEGF = vascular endothelial growth factor;

VEGFR = vascular endothelial growth factor receptor.

iesindicate that neuropilin-1 represents an important reg-
ulator of blood vessel development as mouse embryos,
lacking afunctional neuropilin-1 gene, die because their
cardiovascular system fails to develop properly7. This
finding leads to the fascinating conclusion that the
process of axon guidance and devel opment of anetwork
of capillary tubes share, at least, some common mole-
cular mechanisms.

Mechanismsinvolved in hypoxia-mediated vascular en-
dothelial growth factor production. In normal my-
ocardium VEGF mRNA is constitutively expressed4;
however, an increased level of VEGF mRNA tran-
scription has been detected after transient ischemic in-
sult and in similar pathological conditions characterized
by hypoxia. Indeed, hypoxia as well as hypoglycemia
are mgjor stimulators of VEGF expression’4. The mech-
anism that regulates V EGF production by oxygen avail-
ability is similar to another oxygen-sensitive gene: the
erythropoietin gene’s. Hypoxia-induced transcription
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of VEGF mRNA is apparently mediated, at least in
part, by the binding of hypoxia-inducible factor (HIF)-
1 to an HIF-1 binding site located in the VEGF pro-
moter76. In addition to the induction of transcription, hy-
poxia promotes post-transcriptional events such asthe
stabilization of VEGF mRNA. Thisoccurs viaproteins,
such asthe HUR mRNA binding protein that bindsto se-
guences located in the 3" untrandlated region of VEGF
mMRNA77, Moreover, a macrophage-derived peptide,
which was found in the wound fluid’8 as well as along
the border of myocardia infarction, the cathelin-related
proline-and arginine-rich peptide (PR39), has been de-
scribed as a potent post-transcriptional regulator of
VEGF expressions®. However, it turns out that some
mechanisms leading to elevated VEGF production ac-
tually short-circuit the normal hypoxia-depending path-
way. In addition to the ligand, both VEGFR1 and
VEGFR2 can be up regulated under hypoxiaboth at the
transcriptional level in vivodl and onthe proteinlevel in
vitros2,
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Fibroblast growth factors. The FGF family of genes
currently comprises 18 members. They exhibit ahigh de-
gree of cross-species homologys83. They all require cell
surface heparan-sulfate proteoglycansto bind to their ty-
rosine kinase receptors. The two prototypes FGF1 (acid)
(aFGF) and FGF2 (basic) (bFGF) are the best charac-
terizeds3. Many of the FGF genes were identified as
oncogenes, and a forced secretion of FGF1 in vivo, by
gene transfer methods (uptake of the gene by the host
cell), leadsto the creation of prominent cellular hyper-
plasia including exaggerated angiogenesis3. It is well
established that secreted members of the FGF family re-
main bound to the extracellular matrix; therefore simi-
lar to VEGF, they have avery short half-life about 3 min
after intravenousinjections4. Theintravenous adminis-
tration of various growth factorsislimited by hypoten-
sion, duein part to the release of nitric oxide®. It is of
interest, however, that the angiogenic potential of FGF2
appearsto be independent of its effect on nitric oxide re-
leasess. Thisisin contrast with theinhibition of VEGF-
induced angiogenesis by nitric oxide synthase inhibition
inarabbit mode in which cellsfrom aVEGF transfected
breast cancer cell line were implanted in the corneags.
Moreover, despite the angiogenic potential, as en-
dothelia cell mitogens and stimulators of migration,
FGFs aso act as trophic factors in the myocardiumsg?.
FGF1 and FGF2 have been localized in normal cardiac
myocytes?8, suggesting that they can act as autocrine fac-
tors® to regulate normal cellular processes. However, ev-
idence suggests that FGFs play arole during the adap-
tive response to myocardial ischemia®. Finally, FGFs
can aso stimulate endothelial production of various
proteases, including plasminogen activator and colla
genase that can digest extracellular matrix.

The tyrosine kinase fibroblast growth factor receptors.
The FGFs €licit their effects on cells by forming a
ternary complex that includes the ligand, a high-affin-
ity tyrosine receptor and heparan-sulfate proteoglycans.
At present, four alternative spliced tyrosine kinase re-
ceptors (FGFR1, 2, 3 and 4) comprise the FGFR gene
family®l. The overall amino acid sequence identity
among members of the family is between 56 and 71%.
FGFRs all have severa featuresin common including
an extracellular domain consisting of three im-
munoglobulin-like domains, aheparin binding domain,
an acid box domain, a hydrophaobic transmembrane do-
main, and an intracellular tyrosine kinase domain that
is split by an insert sequenced!. In severa vertebrate
species, the spatio-tempord patterns of expression of the
different FGFRs mRNA indicate that these tyrosine ki-
nase receptors may have tissue-specific as well as de-
velopmental stage-specific functionsd?.

Other angiogenic growth factors

Other growth factors, in or near the blood vessel walls
that can induce endothelial cell proliferation include:
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TGF-a, hepatocyte growth factor, platelet activating
factor, the hematopoietic growth factors IL-3, throm-
bopoietin and erythropoietin, IL-8, and, in microvascular
endothelial cells, PDGF. Each of these factors inter-
acts with a specific receptor on the endothelial cell
membrane. However, because of space limitations da-
ta concerning these factors are summarized in table I1.

The atherosclerotic plaque: role of
neovascularization

Atherosclerosisis now viewed as a progressive in-
flammatory disease in which inflammatory cells, acti-
vated smooth muscle cells, lipids and extracellular ma-
trix accumulate on the arterial wall resulting in plaque
growth®2, However, considerable evidence indicates
that vasa vasorum, that constitute a potential reservoir
for post-natal angiogenesis, aso contribute to the growth
and development of neointima thickening.

Therole of vasa vasorum: an old and a novel story.
Theinner part of thewall of large blood vessels normally
does not contain intringc vasculature. As Gelringer®3 sug-
gested a half-century ago vasa are required to extend be-
yond the adventitia into the media when arterial wall
thickness exceeds 0.5 mm. Thus, like malignant tu-
mors, atheromatous lesions, beyond acertain size, con-
tain an increased number of vasa, indicating that intimal
angiogenesis occurs as part of an adaptive change re-
cently addressed as vascular remodeling. Thisideais sup-
ported by early observations of Koester%4 in 1876 and
Winternitz et a.% in 1938 who noted that vasculariza-
tion of the intima was associated with atherosclerosis.
These observationswere later reconsidered when Barg-
er et a.% demonstrated an important network of ad-
ventitial microvessels associated with atherosclerotic
plaques. The potential clinical relevance was then out-
lined by Patterson®” who proposed that coronary throm-
bosiswasthe result of intimal capillary rupture. Despite
these critical observations little is known about the
mechanisms involved in intraplague microvessel for-
mation. However, one current hypothesis of neovascu-
larization in atherosclerosisisthat small vessels devel-
op from adventitial vasavasorum®8. Thisis sustained by
the observations that in normal vessels, the microvas-
cular network of vasa vasorum is confined to the ad-
ventitia and outer media. In vessels with atherosclerot-
icinvolvement, this network becomes more abundant and
extends into the intima of atherosclerotic lesions?-%,
Moreover, it has recently been reported that plague re-
gression is associated with either loss of vasa vasorum
or reduction in blood flow through the vasa to the coro-
nary intimaand media®s.

Proposed mechanismsof intraplaque new vessel for -
mation. Recent developments in the understanding of
the molecular mechanisms involved in angiogenesis



MF Brizz et al - Molecular mechanisms of angiogenesis

sustain the possibility that intraplague vessels may bethe
response of plagueischemia®. Thus, developing primary
or restenotic lesions might be considered as underper-
fused and, asthe modd of tumor progression, dependent
on new vessel formation for continued growth. Indeed,
this is sustained by the work of Moulton et al.? in
which they report a profound reduction in the plague area
by an angiogenesis inhibitor strongly suggesting that
plague progresses a the samerate as vessd devel opment.
However, what the experiments do not show is how
much angiogenesi s contributes to the devel opment of ath-
erosclerosis. Consistent with the model of tumor growth
one current opinion isthat “ angiogenesisis necessary but
not sufficient” for the developing plaque thus repre-
senting a prerequisite for plague growth. However, it
should be considered that atherosclerosisresults from an
excessive inflammatory response of the endothelium and
smooth muscle cells? that, by itself, may directly pro-
mote neovascularization. In such a case intraplaque
neovascularization could simply be considered as an
epiphenomenon. Likewise, bone marrow-derived cir-
culating endothelial cell progenitorst® might contribute
to plaque neovascularization via the release of regula-
tory factors acting on their mobilization and homing.

New intraplaque vessel formation as an inflamma-
tory response. For neovascul arization to occur, alocal
stimulus may start a cascade of endothelial cell behav-
iorsthat resultsin the formation of new vessels57. Since
astimulus is essential for these angiogenic responses,
the presence of angiogenic factorsor cellular components
that serves as a source of angiogenic factorsin athero-
sclerotic plague has been suspected. Indeed, plaque
vessels are often found in areas rich in macrophages, T-
cells and mast cells, cell types that can activate angio-
genesis2, Their close proximity to inflammatory infil-
trates and the expression of adhesion molecules, such as
vascular adhesion molecule-1, intracellular adhesion
molecule-1 and E-selectin on the endothelium of plaque
vessels both suggest that these vessels may recruit in-
flammatory cells into lesions and initiate a positive-
feedback mechanism®2. Moreover, the observation that
fragments of human atherosclerotic plague, composed
mainly of smooth muscle cells, when transplanted into
rabbit corneal micropockets, were able to induce an
angiogenic response, strongly supports the possibility
that, despite inflammatory cells, smooth muscle cellscan
act as a paracrine source of angiogenic growth fac-
torstoo,

Role of angiogenesisin plaqueinstability. Rupture of
coronary plague is the most important mechanism un-
derlying the sudden onset of acute coronary syndromes.
Therisk of plague rupture may depend more on plague
composition than on plague size. Plaquesrich in soft ex-
tracellular lipids and macrophages, capabl e of releasing
Iytic enzymes, are possibly more vulnerable to rup-
turelol, Attention has recently been refocused on the cor-
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relation between intraplaque neoformed vessel and le-
sion severity as well as on the release of vasoactive
agents from intraplague microvessels and coronary
spasm?oL, Indeed, it has been recognized that rupture-re-
lated plaque progression due to luminal thrombosis and
plague hemorrhaging through fragile, newly formed
vessels at the base of advanced plagues are dso important
mechanisms underlying acute coronary syndromes. In
this regard a positive correlation between a high num-
ber of lesional microvessels and platelet-derived en-
dothelial cell growth factor (PD-ECGF) immunoreac-
tivity aswell as between PD-ECGF immunorestivity and
angina score has suggested a positive relationship among
the expression of angiogenic factors, the degree of neo-
vascularization, and lesion severity102, Similarly, the
expression of FGFs, PDGF-AA and BB and their re-
ceptors has been correl ated with lesion activity103-105, On
the contrary studies on VEGF expression in smooth
muscle cells of atheroscleratic coronary arteries have
failed to demonstrate a correlation between VEGF im-
munoreactivity and the extent of vasa vasorum raising
speculation about a possible endothelial cell repair ef-
fect of this growth factor%, Moreover, acorrelation be-
tween neovascul arization and plagque prone to rupture has
als0 been suggested by thefinding that, as activated foam
cells, neoformed vessds arelocated in the vulnerablere-
gion of the plague: the plague shoulder102, |n thisregard,
as above described, neoforming vessels can rel ease ma-
trix degrading enzymes and thus directly contribute to
lesion weskening. Neverthel ess, independently of which
growth factor governsthis processit iswell established
that neovascularization correlates with narrowing of
the diseased vessel segment. Severa hypotheses on the
mechanismsinvolved in this process have been takenin-
to consideration: a) intraplaque microvessels may by
themselves contribute to luminal narrowing since they
are space-occupying or because they can act as paracrine
sources of growth factors able to recruit inflammatory
cells; b) neovessel fragility could entail intramural
bleeding with subsequent scarring; c) organizing neo-
vascularization could follow thrombosis, secondary to
the loss of cross-sectional and luminal vessel area.

Per spectives

Therapeutic modulation of angiogenesis represents
an interesting frontier of cardiovascular medicine. For-
mation of new vessels on theischemic heart or other tis-
sues would be an important clue in the treatment of
disorders for which medical intervention or surgical
therapy turned out to be uneffective. Certainly several
growth factors are capable of inducing significant an-
giogenesis, however, asrecently stated by “an expert pan-
el summary” 107, it is not clear whether one of these
agentsis better than another, or whether a combination
of two or more factors may be preferable to a single
agent. The natural process of angiogenesis is complex
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involving a number of growth factors and depends up-
on the normal level and appropriately timed expres-
sion of them. The nascent endothelial tube requires
VEGF for growth and survival, and endothelia cell-mur-
al cell contact defines the end of VEGF dependence and
the beginning of vessel remodeling and maturation.
Given this complexity, therapies using a single angio-
genic growth factor may produce incompletely func-
tioning or unstable endothelial channels with defective
arteriovenous and pericellular differentiation, charac-
teristic of tumor angiogenesis. A combination of growth
factorswill be then preferablein future therapies directed
to neovascularization of tissues with an adequate in-
vestment of the formed vessels. Thisis also sustained
by the observation that the combination of both VEGF
and bFGF is able to induce differentiation of endothe-
lial progenitor cellsinto endothelial cellst® providing a
useful model for delivery of cellular or gene therapy to
the site of neoangiogenesisto?,

Despite the potential therapeutic effect of these
growth factors, one theoretical concernisthat VEGF and
bFGF may exacerbate plague angiogenesis and thus
may adversely affect progression of coronary artery
disease through plague expansion or rupture. In addition,
these growth factors might stimulate progression of
coronary stenosis by stimulating growth of fibroblast and
medial smooth muscle cells. However, to date, no con-
vincing data are available suggesting that, asin physi-
ological conditions, the effects of released aswell asgiv-
en angiogenic growth factors can be carefully counter-
balanced by the presence of inhibitors. Indeed, although
prior attention concentrated on stimulators of angio-
genesis, it has been recognized that angiogenesisis al-
S0 negatively regulated by angiogenic inhibitors. One
such putative inhibitor, homologous to the B-cell trand o-
cator gene (btg-1), was isolated from the porcine my-
ocardium and was shown to suppress endothelial cells
and smooth muscle cell proliferation and angiogenesistos,
Therefore, it is conceivable to assume that in the near
future the use of such inhibitors, so far limited to neo-
plastic angiogenesis, may provide an additional thera-
peutical strategy for cardiovascular diseases.
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