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CELLULAR BASIS OF NEOVASCUI.ARIZATION

Blood vessels are formed by two separate, yet
synergistic, processes, vasculogenesis and angio-
genesis. During embryonal development, vasculo-
genesis is responsible for fue original mesenchy-
mal differentiation of hemangioblasts to create
large capacity vessels such as the aorta and the
posterior cardinal veins.4 As a compensatory
response to physiologic stress, vasculogenesis is
also responsible for the transformation of preex-
isting arterioles into small muscular arteries. This
latter process, termed recaPitulated .:,

from true

IN 1966 FoLKMAN ET AL 1,2 observed that tumor cells

could not grow beyond 2 to 3 mm without neoVa&-
cularization of the tumor. This group postulated
that paracrine release of mitogenic peptides was
capable of stimulating new capillary networks.3
Multiple laboratories have nor only corroborated
fue importance of new blood vessel formation but
have also identified locally synthesized proteins that
mar conspire to promote neovascularization. As
such, much enthusiasm currently exists to under-
stand fue mechanisms involved with new blood ves-
gel formation and to link these mechanisms to
accessible clinical therapy. The purposes of this
review are (1) to delineate mechanisms of new
blood vessel formation, (2) to explore fue role of
new blood vessel formation in surgical disease, and
(3) to examine fue influence of clinical manipula-
tion of neovascularization in treating both malig-
nant and nonmalignant surgical disease.

is a ,: process involving fue
tion of the extracellular matrix and subsequent
vascular endothelial ceIl proliferation, migration,
and adherence joto new luminal formation.
Angiogenesis is less efficient in delivering bulk
blood flow than vasculogenesis. Co~yersely, angio-
genesis is a mechanism of regionally collateraliz-
ing ischemic tissues. Understanding fue mecha-
nisms of angiogenesis wiIl aIlow for targeted
therapy to manipulate this dynamic p!ocess in
both neoplastic and ath~rosclerotic disease. '".
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ANATOMY OF ANGIOGENFSIS
Neovascularization is induced by physiologic

stimuli including hypoxia, ischemia, mechanical
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FIg 1. Cellular events of angiogenesis. Endogenous angiogenicstimuli interact with the vascular endothe-
lium, resulting in vasodilation and the secretion of proteolytic enzymes from the microvasculature (A).
This cell-mediated dissolution of the endothelial basement membrane is an important initial step in
angiogenesis. As the formation ofneomicrovasculature continues,the surrounding extracellular matrix
is broken clown (B). Concurrently, the vascular endotl1elial cell undergoes mitosis and proliferates. As
the surrounding basement membrane and extracellular matrix are dismantled, the endothelial cells
undergo chemotaxis toward the angiogenic stimulus (C). Migratory endothelial cells reform tubular
structures with a patent lurnen, buttressed by newly constructed basement membrane (D). Ultimately, an
elaborate network of microvasculature is established (E). Termination of vascular morphogenesis is
marked by the influx of pericytes that envelop the newly established microvasculature (F).
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sion of membrane adhesion molecules, termed
integrins. Expressed on several cell types, integrins
are transmembrarie glycoproteins that mediate
interactions between cells and the extracellular
matrix. Integrins are classified according to the
combination of noncovalently linked alpha-beta
heterodimers. The 131 subfamily Jinks fue cell with
fue extracellular matrix dictating tissue organiza-
tion, position, difIerentiation, inflammation, and
growth.lO The 132 subfamily shares a common 13-
chain (CD18), is restricted to leukocytes, and is
central to firm leukocyte-endothelial adhesion.
The leukocyte 132 integrins (Cm1 and CD18) have
been fue target of several adult respiratory distress
prevention protocols.The 133 subfamily consists of
fue platelet glycoproteinIlb/llla complex and fue
vitronectin receptor. Both fue 131 and 133 families
recognize their ligands through a tripeptide recog-

stretch, and inflammation.5 The vascular endothe-
lium secretes proteolytic enzymes, provoking disso-
lution of fue vascular basement membrane (Fig 1,
A). Plasminogen activator is the most extensively
characterized proteolytic enzyme of endothelial
origino Urokinase plasminogeJ:l activator (uPA) is
secreted as a proenzyme that binds to its receptor
on the endothelial cell membrane liPA receptor
(uPAR). Subsequently, fue liPA-uPAR complex con-
verts plasminogen to plasmin.6 Plasmin directly
degrades matrix proteins including fibrin,
fibronectin, and laminin.7 Plasmin algo activates
other proteolytic enzymes, including metallopro-
teases and elastase (Fig 1, B}.8,9

With fue degradation of fue surrounding base-
ment membrane, endothelial cells from adjacent
established vessels begin to proliferate and migrate
(Fig 1, G). Cellular migration relies on the expres-
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Anl!iol!enic inhibition

Angiostatin
Endostatin
Platelet factor-4
Prolactin
Thrombospondin
Placental Proliferin-related peptide
Metalloproteinase Inhibitors
Interleukin-12

Aneioeenic stimuli

Vascular Endothelial Growth Factor (VEGF)
Fibroblast Growth Factor (FGF-¡3)
Transforming Growth Factor- (TGF-¡3)
Tumor Necrosis Factor-a(TNFa)
Angiogenin
Interleukin-S
Proliferin
Prostaglandins (pGE .PGE)
Placental Growth Factor
Granulocyte Colony Stimulating Factor
Platelet-derived Growth Factor
Platelet-derived Endothelial Cell Growth Factor
Hepatocyte Growth factor

IANGIOGENESIS I

Fig 2. Positive and negative endogenous regulators of angiogenesis.



~~~~:;;;';;.~~~-=

~

~;;::~~~

246 Zimmerman, Selzman, and Harken
Surgery

MaTch 1999

facilitating endothelial migration (Fig 1, G) and
luminal formation (Fig 1, D).21.25

ANGIOGENESIS AND SURGICAL DISEASE
Although neovascularization is often interpret-

ed by angiographers as indicating a neoplastic
process, stimulation of fue angiogenic cascade to
enhance vascular supply mar be used therapeuti-
cally in ischemic diseases. As molecular insight into
angiogenesis evolves, surgeons are uniquely posi-
tioned to access tissue, permitting us to tip the
angiogenic scale in favor of either inhibition or
promotion of new blood vessel formation.

Wound healing. The phases of normal wound
healing can be divided into 3 phases including
inflammation, fibroplasia, and maturation.
Provoked by liberated angiogenic factors, vessel-
d.ense granulation tissue is central to fue process
of tissue repair. The formation of new blood ves-
seIs provides a route for oxygen and nutrient
delivery, as well as a conduit for components of
the inflammatory response. Experimental evi-
dence indicates that bFGF is instrumental in
wound healing.26 Nissen et al27 have documented
peak levels of bFGF in surgical incisions. These
elevated bFGF levels directly corre late with an
increase in endothelial cell proliferative activity.
Neutralization of bFGF results in a decrease in
endothelial chemotaxis in vitro and angiogenic
activity in vivo. Davidson and Broadley28 recog-
nized the constructive influence of recombinant
human bFGF on healing wounds. Treatment of
genetically diabetic mice with recombinant bFGF
not only increased fibroblast and capillary density
in the wound but al so accelerated wound clo-
sure.29 Despite encouraging experimental results
to date, clinical application of recombinant
human bFGF has fallen short of expectations. In a
randomized double-blind placebo-controlled
study, direct application of bFGF to nonhealing
ulcers of diabetic patients did not accelerate
wound healing.30

Peptic ulcer disease. Chronic duodenal ulcers
contain inflammatory cells, necrotic debris, and
granulation tissue. Endogenous bFGF has been
detected in high concentrations in human gastric
and duodenal mucosa. By administering an oral
form of acid-stable bFGF, ulcer bed angiogenesis
was significantly increased and ulcer healing was
accelerated.-'} Folkman et al32 demonstrated that
aluminum sucrose octasulfate (sucralfate), a com-
monly used antiulcer agent, maintains a high bind-
ing affinity for bFGF.By binding endogenous bFGF
and protecting it from acidic degradation, sucral-
fate mar increase locallevels of bFGF in fue ulcer

bed, indirectly stimulating angiogenesis and thus
promoting ulcer healing.

Cardiovascular disease. The observation that
intraplaque microvessels are associated with
atheromatous lesions dates back to 1876.33
Promoting collateral circulation by stimulating
angiogenesis is an appealing therapeutic strategy
íor peripheral vascular occlusive disease. Delivery
oí both bFGF and VEGF has enhanced angiogene-
sis in the ischemic hindlimb oí a rabbit.34
Furthermore, combined administration oí VEGF
and bFGF has demonstrated a synergistic effect in
vivo.35 Bauters et al36 have demonstrated both
anatomic and physiologic evidence oí collateral
vessel íormation via systemic administration oí
recombinant human VEGF in fue rabbit ischemic
hindlimb. Gene transíer techniques, using DNA
encoding fue VEGF gene, have induced collateral
vessels and increased blood flow in fue lower
extremity oí a 71-year-old patient..37 Such promis-
ing reports have led to phase I clinical trials oí per-
cutaneous catheter-based delivery oí the gene
encoding VEGF into patients with chronic critical
leg ischemia.38 A single arterial bolus oí recombi-
nant human VEGF resulted in angiographic,
hemodynamic, and physiologic evidence oí aug-
mented collateral arterialization.

The induction oí collateral blood flow and tissue
salvage are also applicable to coronary artery disease.
In 1992, Yanagisawa-Miwa et al39 reported improved
cardiac systolic function, decreased infarct size, and
increased capillary density in infarcted tissue after in
vivo intracoronary injection oí bFGF in dogs.
Systemic administration oí bFGF provoked
enhanced collateral coronary blood flow in dogs
after experimental coronary occlusion.40 Conversely,
Shou et al administered bFGF to animals with mature
collateral vessels after coronary occlusion model and
did not induce collateralization at 6 months. Thus
ischemia mar be required to synergize with growth
íactors to induce angiogenesis. These encouraging
preclinical studies offer fue íoundation íor current
clinical trials in patients with coronary disease. Direct
injection oí recombinant human .bFGF into the
human heart, at fue time oí elective coronary artery
bypass grafting, has induced newly íormed capillary
networks.41 This neovascularization originates at fue
proximal artery and extends into fue myocardium,
bypassing areas oí dista! stenosis. CurrentIy, however,
fue physiologic effects oí such neocollateralization
remain to be established.

Cancer. The importance oí tumor neovascular-
ization is illustrated by both histologic and angio-
graphic inspection of surgical specimens. Weidner
et a142,43 demonstrated a positive correlation
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androgen-indepen-dent prostate carcinoma and advanced squamous
cell cancer of fue cervix.54.55 Granulocytopenia,
muscle weakness, and dose-limiting central nervous
system effects have been identifiable toxicities.

An alternate antineoplastic strategy is to aug-
ment delivery of natural antiangiogenic com-
pounds. Angiostatin, a 38-kd internal fragment of
...

: administration of angio-
statin has arrested further growth of Lewis lung

carcinoma.57 Endostatin, a 20-kd peptide that is
identical to a C-terminal fragment of coIlagen
XVII, has recently been isolated from murine
hemangioendotheliomas.58 Systemic administra-
tion of endostatin inhibited primary tumor growth
of the Lewis lung carcinoma by blocking tumor-
associated angiogenesis. The isolation of these
peptides suggests that endogenous inhibitors of
angiogenesis, when delivered exogenously in sup-
raphysiologic doses, mar augment the host's nat-
ural antitumor response.

between blood vessel density and fue presence of
either regional or distant metastatic disease in
prostate and breast carcinoma. Malignant cells mar
induce angiogenesis by overexpression of angio-
genic molecules or, conve~ely, by down-regulation
of normally expressed inhibitors. Basic FGF over-
expression has been localized to neoplastic tissue
and in the cerebrospinal fluid, serum, and urine of
patients with a wide variety of tumors.44 Similarly,
VEGF overexpression has been demonstrated in a
large number of human tumors and is algo posi-
tively correlated with regionallymph nade and dis-
tant metastasis.45.46 VEGF is primarily localized to
ischemic portions of the tumor, near are as of
necrosis.47 Interestingly, VEGF mRNA expression
was observed in tumor cells selectively. In contrast,
the adjacent vascular endothelium lacked expres-
sion of VEGF mRNA, while overexpressing mRNA
for the VEGF receptors flt-l and KDR 46 These
<;>bservations suggest that tumor cells preferentially
secrete angiogenic factors that engage nearby
endothelial cells apparently primed for growth fac-
tor stimulation. Finally, bFGF appears to stimulate
VEGF synthesis in tumor cells, thus creating angio-
genic synergy.48

Functional blockade of angiogenic peptides rep-
resents an attractive antineoplastic strategy.
Therapy is directed at severallevels: neutralization
of fue angiogenic stimulus, inhibition of endothe-
lial cell acnvation (proliferation, migration, vascu-
lar morphogenesis), or inhibition of basement
membrane tumover or synthesis (Fig 1).49 Indeed,
delivery of neutralizing antibodies to VEGF sup-
pressed primary tumor growth, neovascularization,
and the number and size of metastatic foci of
human tumor celllines injected into Dude mice.16

"--- accessible immunomodulators

,

not only inhibit tumor cell proliferation but algo

down-regulate secretion of angiogenic mediators.
interferon-a and interferon-!3 decrease bFGF

in several tumors including carcinoma
fue kidney, bladder, colon, and breast.5l
Ten antiangiogenesis agentsare currently in clin-

icaI triaIs. Most agents act at fue level of fue vascular
endotheliaI ceIl response to angiogenic growth fac-
torso Pentosan, a direct irihibitor of vascular
endotheliaI ceIl proliferation, was the first agent
examined clinicaIly. Although demonstrating exper-
imental use, phase 1 triaIs of Pentosan have been

plagued by multiple toxicities without measurable
clinical efficacy.52 TNP-470, an anaIog of fue toxic
fumagillin, has also shown laboratory promise. It
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