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   Introduction 

 Our intent in this textbook is to facilitate development of agents with clinical potential 
for modulating new blood vessel formation. We provide overviews of strategies in 
pro- and anti-angiogenesis, discuss certain classical and a number of recently 
emphasized targets in angiogenesis—such as several integrins—and we review the 
actions of classes of agents only recently appreciated to stimulate or inhibit angio-
genesis. Discussed here is the impact of novel nanotechnology-based formulations 
of blood vessel-targeted drugs on the actions of these agents. We also review the 
assets and certain limitations of assays for angiogenesis and cover the challenging 
subject of biomarkers of new blood vessel formation. Finally, we speculate about 
new directions in which modulation of angiogenesis may proceed. We did not 
intend to provide an extensive overview of history and discovery in physiological 
and pathologic angiogenesis, but rather we present the current strategies in the mod-
ulation of angiogenesis in health and diseases. 

 The feasibility of clinically important modulation of angiogenesis is a legacy of 
Dr. Judah Folkman’s [1]. The concept moved through the three requisite phases of 
a newly appreciated truth that Schopenhauer described, namely, dismissal, then 
strenuous opposition and, fi nally, the declaration that the new truth was self-evident 
from the start. The motivation to identify steps in angiogenesis that could be manip-
ulated was initially driven in Folkman and others by the desire to interrupt the vas-
cularization of cancers. Potential anti-angiogenesis agents have emerged in concert 
with vascular growth factor discovery and the uncovering of steps in the molecular 
bases of growth factor action. A model case is that of vascular endothelial growth 
factor (VEGF), where antibodies or a trap have targeted VEGF, itself, and other 
agents have been directed at the VEGF receptor or at the kinases associated with the 
receptor. Vascular growth factors in addition to VEGF are of course now known to 
exist. Thus, it is not surprising that clinical effectiveness is variable from one type 
of cancer to another of a single anti-angiogenesis agent that targets a single apparent 
point of vulnerability in the mechanism of action of a single vascular growth factor. 

 The concept of combining several anti-angiogenesis agents that target individual 
vascular growth factors—VEGF, basic fi broblast growth factor (bFGF) and epidermal 
growth factor (EGF)—in one therapeutic modality is attractive and, so far, impractical. 
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That is, the individual agents are expensive to produce and the intellectual property 
is the province of different companies. An interesting strategy we discuss in several 
chapters in this text is looking at several endogenous human hormones that only 
recently have been seen to have angiogenesis-relevant actions that affect more than 
one vascular growth factor. The prototypical hormone in this context is an anti-
angiogenic iodothyronine analogue of thyroid hormone that acts via the cell surface 
receptor integrin  a v b 3. 

 Historically, the initial wave of therapeutic interest in anti-angiogenesis has been 
understandably followed by the search for pro-angiogenesis agents to be adminis-
tered in settings of ischemia, preferably via local applications to avoid systemic 
spillover that might lead to increased risk of excessive vascular activation in patients 
at risk of cancer. The targets of course may be the same as those of anti-angiogenesis 
strategies where such targets in blood vessel cells have bidirectional capabilities. 
Several chapters in this textbook explore interesting and more recently appreciated 
pro-angiogenesis targets, including those subject to modulation by non-neuronal 
nicotinic acetylcholine receptors and certain receptors subject to modulation by 
arachidonic acid-derived lipids. The various pro-angiogenesis and anti-angiogenesis 
strategies described in this book and beyond might benefi t greatly from novel nano-
formulation approaches. 

 The co-editors are very grateful to a substantial group of collaborators who 
contributed as co-authors and discussants to the realization of the textbook. 
The editorial contributions of Dr. Kelly Keating to each chapter were thoughtful 
and essential. We also appreciate the assistance of Ilse Hensen and Ganesan Divya 
at Springer in the completion of this project. 

 Shaker A. Mousa, PhD, MBA, FACC, FACB 
 Paul J. Davis, MD 

 Reference

1.  Folkman J (2007) Angiogenesis: an organizing principle for drug discovery? Nat Rev Drug 
Discov 6(4):273–286  

Introduction



1S.A. Mousa and P.J. Davis (eds.), Angiogenesis Modulations in Health and Disease: 
Practical Applications of Pro- and Anti-angiogenesis Targets, 
DOI 10.1007/978-94-007-6467-5_1, © Springer Science+Business Media Dordrecht 2013

    Abstract     A number of satisfactory methods exist for experimentally estimating the 
pro- or anti-angiogenic activity of growth factors and pharmaceuticals. We review 
here a selected group of widely used  in vivo  and  in vitro  assays for angiogenesis. 
The  in vivo  assays of angiogenesis include the chick chorioallantoic membrane, the 
zebrafi sh, tumor xenografts in the mouse and the Matrigel® plug.  In vitro  assays 
included here are aortic ring, sprouting and tube formation assays. No method can 
entirely satisfactorily reproduce human angiogenesis, and thus a risk exists of 
securely defi ning pro- or anti-angiogenesis in these models and of subsequent fail-
ure to establish clinical effectiveness. On the other hand, most of these assays are 
readily reproducible, respond to standard pro-angiogenesis factors such as growth 
factors and angiogenesis inhibitors, and have acceptable cost.  

      In vivo  and  in vitro  assays of angiogenesis are essential to development of pharmaceuti-
cals that are pro- or anti-angiogenic and to studies of naturally occurring factors that 
modulate neovascularization (Table  1.1 ). The ideal assay is reproducible, quantitative, 
inexpensive, rapid and highly relevant to angiogenesis in human subjects. ‘Relevance’ 
means that the process of new vessel formation in the model responds to addition of 
human vascular growth factors and involves structural proteins, e.g., integrins, of the 
endothelial cell plasma membrane that are comparable to those found in human cells. 
Assays that can accommodate tumor cells and permit such cells to modulate blood 

    Chapter 1   
 Angiogenesis Assays: An Appraisal 
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vessel formation that is intrinsic to the assay are attractive to investigators who study 
cancer-associated angiogenesis. For example, the chick chorioallantoic membrane 
(CAM) is immunotolerant of tumor cells from other species during the early phase of 
embryogenesis upon which the CAM assay of angiogenesis in avian vessels is based.

   An issue to be considered at the outset of assays of blood vessel formation is 
whether the studies are to be of (developmental) vasculogenesis, or of new blood 
vessel development that is unrelated to development and involves differentiation of 
endothelial cells from angioblasts prior to vessel sprouting (angiogenesis). As will 
be noted in the  in vivo  methods discussed below, the CAM assay examines  angio-
genesis  away from the developing chick embryo that is present in the model, 
whereas the zebrafi sh embryo assay emphasizes  vasculogenesis  but includes readily 
identifi able vessels that represent angiogenesis. 

 A number of reviews of angiogenesis assays [ 1 – 5 ] and their history [ 6 ] are avail-
able. We discuss below the features of a selected group of assays that are widely 
used and that we believe can be reproduced in most laboratories. All bear the risk of 
failure to accurately predict the clinical response of angiogenesis-relevant pharma-
ceuticals because of the phylogenetic leap from animal models to human subjects. 

     In Vivo  Assays 

    Chick Chorioallantoic Membrane 

 The CAM assay was introduced by Folkman and co-workers in 1974 [ 7 ] and is the 
most commonly used  in vivo  measurement of angiogenesis [ 8 – 10 ]. A principal 
method in use is the cutting of a re-sealable window in the shell of the egg containing 
a developing embryo, insertion of test substance(s) on fi lter discs and/or xenograft 
through the window and monitoring the progress of new blood vessel formation for 
3 days or longer. The chorioallantoic membrane is oxygen tension-sensitive and thus 
the shell window is sealed between manipulations. Angiogenesis is scored—number 
of vessels, branch points—by examining microscope visualization of the membrane 
about the site of the test substance fi lter disc or xenograft, or both, and by application 
of a software template to images of the membrane (see Fig.  1.1 ; [ 11 ]). The latter may 

   Table 1.1    Angiogenesis models   

 I.  In vitro  models  II.  In vivo  models 

 Cultured EC on different substratum:  Matrigel in mice 
  Matrigel  Chick chorioallantoic membrane (CAM) assay 
  Collagen/fi bronectin  Rabbit cornea 
  Laminin 
  Fibrin or gelatin 

 Hypoxia/ischemia-induced retinal/iris NV in rats, 
mice, primate 

 Laser-induced choroidal NV 
 Sprouting from aortic rings  Human skin/human tumor transplanted on SCID mice 

 Tumor metastatic models in mice 

S.A. Mousa and P.J. Davis



3

be automated. A variant of the CAM involves explanting the embryo and CAM 
without the shell to a Petri dish and carrying out the quantitation of angiogenesis.

   The CAM method is reproducible, inexpensive and well-suited to large-scale 
screening of test drugs, antibodies or growth factors. Membrane samples may be 
harvested for biochemical analysis, e.g., signal transducing enzyme activities, vas-
cular growth factor assay, and for histopathology. The assay is dependent upon the 
presence of integrin αvβ3 in the plasma membrane of the rapidly dividing avian 
endothelial cell and has facilitated the identifi cation of small molecule receptor 
sites, including that for thyroid hormone [ 12 – 15 ]. The activities of mammalian 
vascular growth factors, such as vascular endothelial growth factor (VEGF), basic 
fi broblast growth factor (bFGF or FGF2), are readily demonstrated in the CAM 
(see Fig.  1.2 ). The embryo in each CAM assay sample is subject to invasion from 
tumor xenografts and gives an insight into tumor aggressiveness in the presence and 
absence of test materials placed on the fi lter discs. Evaluation of angiogenesis inhib-
itors can be assessed using the CAM model (see Fig.  1.3 ).

    Basal angiogenesis is generous in the CAM; pro-angiogenic test materials with 
low-potency effects on neovascularization may be diffi cult to evaluate in this 
system. The model yields information about the rate of onset of effects of test sub-
stances, but their decay pharmacokinetics are inferred only after removing the fi lter 
discs containing the test substances from the CAM and monitoring vessel formation 
or regression. Although the CAM is relatively immunotolerant, there are occasional 
infl ammatory responses encountered about xenografts. The ability of the membrane 
to express infl ammation, however, can be exploited when a model of the infl amma-
tory response is desired.  

  Fig. 1.1    Stepwise protocol for growth factor–induced angiogenesis in the chick chorioallantoic 
membrane (CAM) model       
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  Fig. 1.2    Representative images of effects of inducers of angiogenesis in the CAM model. T4, 
T4-agarose and GC-1 are the thyroid hormone-based pro-angiogenic compounds [ 12 – 14 ]       

  Fig. 1.3    Representative images for examining the potential mechanisms of pro-angiogenesis 
mediators in the CAM model. The MAPK inhibitor (MAPK i) in these studies was PD98059 [ 15 ]       
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    Zebrafi sh 

 The zebrafi sh is a freshwater fi sh of the tropics whose embryos are relatively easy 
to cultivate in the laboratory. Hundreds of embryos may be generated by a mating. 
They develop outside the mother and are yolk sac-dependent. The embryos are opti-
cally clear and thus organ development and blood vessel formation are easily moni-
tored by microscope [ 16 ]. A variety of optical techniques have been used in the past 
to visualize vessels, including confocal microscopy/angiography. Transgenic 
zebrafi sh are now readily available that express green fl uorescent protein (GFP) 
variants that facilitate vessel visualization. Another transgenic model offers red 
blood cells that are labeled with a second fl uorescent dye that enables blood fl ow to 
be quantitated as blood vessel formation is monitored by GFP. 

 The zebrafi sh model is one focused on embryo development and thus it may be 
important to distinguish between vasculogenesis and angiogenesis in studies of pharma-
cologic agents or growth factors. This distinction can be made anatomically, e.g., the 
intersegment blood vessels are thought to refl ect angiogenesis in which endothelial cells 
develop from primordial vessel cells prior to sprouting, whereas the dorsal aorta is a 
component of embryonic vasculogenesis in which this differentiation does not occur. 
A very useful asset of this model is that it is suitable for specifi c gene knockdowns with 
siRNAs to relatively quickly assess function of genes of particular interest. 

 It is not yet clear how homologous fi sh circulation and fi sh angiogenesis are to 
human tumor-associated blood vessel formation. Another concern is the route of 
administration required for testing of specifi c pharmaceuticals or biological prod-
ucts. Proteins, for example, must be administered into the yolk sac. In contrast, 
small lipophilic compounds added to the fi shtank water will be absorbed by the 
embryos.  

    Subcutaneous and Orthotopic Xenografts 

 The desirability of having orthotopic tumor implants (xenografts) where the local 
microenvironment is more homologous to that in human subjects is obvious from 
the standpoint of tumor biology [ 5 ]. Although still imperfect, subcutaneous tumor 
implants are a technically convenient option for screening numbers of compounds 
in dose escalation. The yield of vascular tissue about the tumors is high for histo-
logic and biochemical analysis, simplifi ed quantitation of vascularity (for example, 
by tumor hemoglobin content) is feasible, and the technical requirements of ortho-
topy are avoided. Many of the xenografts can be established in 2 weeks, followed 
by a comparable period of treatment. Subcutaneous tumor volumes may be noninva-
sively estimated daily, and subsets of animals can be sacrifi ced at intervals during 
treatment to obtain required histologic and biochemical information. The time 
period for each set of assays is not excessive relative to the amount of information 
that is acquired about numbers of compound(s) or combinations to be tested and 

1 Angiogenesis Assays: An Appraisal of Current Techniques
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dose estimation (see Fig.  1.3 ). Thus, from the standpoint of angiogenesis (vs. tumor 
cell biology), subcutaneous implants remain a useful screening option in evalua-
tion of anti-angiogenesis agents. 

 Tumor measurements length (L), width (W) and height (H) can be obtained 
when palpable tumors are present, usually within 7 days after tumor inoculation 
depending on the cancer cell type. Tumor-associated angiogenesis can be deter-
mined with immunostaining using CD31 or other markers of endothelial cells or by 
the spectrophotometric method for hemoglobin using Drabkin’s Reagent. 

 Compared to subcutaneous implantations, orthotopic human tumor implants in 
the nude mouse much more closely mimic the local environmental conditions of the 
primary tumor in the human subject. The behavior of tumors and associated vascu-
lature is the result of the interaction of intrinsic qualities of the cancer cells and local 
host factors [ 17 ]. The interstitial pressure achieved in orthotopically implanted 
tumors may be quite different from that achieved when implanted elsewhere, and a 
variety of blood vessel properties are unique to the orthotopic site. These properties 
include microvascular density, permeability of vessels and vessel cell gene expression 
[ 18 ]. Depending upon the human tumor tissue type, such transcriptional differences 
among implantation sites have involved tumor genes for  FGF2  ( bFGF ),  VEGF  and 
VEGF receptors and, importantly, genes for multidrug resistance proteins and 
infl ammation-relevant proteins (see review by M. Loi [ 5 ]). 

 The small size of the nude mouse permits repeated non-radioisotopic fl uores-
cence IVIS imaging of orthotopic cancer implant volumes (see Fig.  1.4 ; [ 19 ]) that is 
more accurate than noninvasive tumor volume measurements of subcutaneous 
tumors. The IVIS scans also allow distinctions between viable cells and dead cells 
that contribute to tumor volume and can measure other properties of the cells in the 
scanned lesion.

       Matrigel® Plug Assay 

 Both  in vitro  and  in vivo  methods have been described that utilize Matrigel® or 
collagen or fi brin as a matrix in which differentiation of endothelial cells may be 
monitored in response to vascular growth factors, to other pro-angiogenic factors 
and to anti-angiogenic agents. Differentiation is vessel sprouting or microtubule 
formation, depending upon material selected to form the matrix. In Matrigel® it is 
tubule formation that results. Alternatively, Matrigel® plugs to which a vascular 
growth factor has been added will cause host blood vessel-based angiogenesis in the 
plug, and this process can be quantitated. Matrigel® is composed of mouse sarcoma 
extracellular matrix proteins and basement membrane proteins. It is a solid gel at 
37 °C and liquid at 4 °C. Matrigel® contains murine vascular growth factors har-
vested with extracellular matrix from the original mouse sarcoma. A preparation of 
Matrigel® is available from which some of the mouse pro-angiogenic substances 
have been removed. 

S.A. Mousa and P.J. Davis
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 An  in vivo  protocol we have used [ 11 ,  20 ] induces host vascularization of plugs 
over 7–14 days. One or more subcutaneous injections per mouse are done of stan-
dard volumes of Matrigel®, e.g., 100 μL, containing a vascular growth factor such 
as FGF2. The anti-angiogenesis compound is administered systemically. A rapidly 
measured index of drug action on blood vessel formation is hemoglobin content of 
standard volumes of harvested aliquots of plugs, but semi-quantitative histologic 
estimates of angiogenesis may also be applied. This approach requires knowledge 
of the pharmacokinetics of the test substance(s). The duration of the assay is com-
parable to that of xenograft models.   

     In Vitro  Assays 

    Aortic Ring Assay 

 The standard mouse aortic ring assay requires harvest of the thoracic aorta, excision 
of the adventitia and serial cutting of rings 1 mm in length that are implanted in col-
lagen gels [ 21 ,  22 ]. Culture in serum-free medium for 7 days results in new vessel 

  Fig. 1.4    Representative IVIS images taken 1 week after orthotopic implantation of prostate cancer 
cells (PC3-Luc) in male nude mice. Loss of cell viability is tracked by bioluminescent color change 
(red (actively dividing cells) to blue)       
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outgrowth that can be evaluated by microscopy and immunohistochemical staining 
and compared with that in rings exposed to the agent(s) of interest. The mouse 
aortic ring assay offers the substantial advantage of studying transgenic animals in 
which factors that contribute to angiogenesis are present, although the rat aorta has 
also been used and has a larger ring yield. 

 This is a somewhat diffi cult assay technically. Factors such as incomplete adven-
titia excision can infl uence the vessel outgrowth, as may strain and age of the mouse 
source of tissue (see review by A.M. Goodwin [ 1 ]).  

    Sprouting Assay 

 A variety of  in vitro  methods have been developed that take advantage of vessel 
sprouting that can be induced by vascular growth factors in cultures of endothelial 
cells. Sprouting can be encouraged in confl uent monolayers of endothelial cells on 
fi brin gels or the cells can be grown to confl uence on microbeads that are then 
suspended in fi brin gels and exposed to test substances. Sprouting is quantitated 
microscopically. In the case of the microbead assay, sprouting from a bead may be 
defi ned in terms of vessel length or numbers of vessels/bead. 

 A system we have exploited involves human dermal microvascular endothelial 
cells (HDMECs) grown to confl uence in several days on Cytodex-3 beads that are 
gelatin-coated, exposed to normal human serum and placed in fi brin that undergoes 
polymerization [ 23 ]. The system is ready for addition of pro- or anti-angiogenic 
agents within 48 h. In this model we have demonstrated the anti-angiogenic activity—
inhibition of actions of FGF2 and VEGF—of a thyroid hormone derivative, tet-
raiodothyroacetic acid (tetrac) [ 11 ], whose receptor site is on integrin αvβ3 on the 
surface of rapidly dividing endothelial cells [ 12 ].  

    Tube Formation Assay 

 Angiogenesis depends upon vessel tube formation from endothelial cells [ 24 ,  25 ]. 
Tube formation can be modeled by incubating plate-cultured endothelial cells with 
extracellular matrix components, such as those found in Matrigel®. Cells used in 
this system are human umbilical vein endothelial cells (HUVECs) or HDMECs 
plated on Matrigel®. Quantitation of angiogenic or anti-angiogenic activities is by 
analysis of photographs of plate wells for length and area of capillary-like structures 
(CLS)/unit area (Fig.  1.5 ). Assay duration is short, as little as 1 day.

   The murine vascular growth factors in Matrigel® can complicate interpretation 
of results obtained in this model. It is essential that the integrity of the CLS be 
assured by the presence of lumens in the vessels, since an endothelial cell may 
extend bridges or cords to other cells. Fibroblasts and other cells may form net-
works on Matrigel® [ 26 ], and thus the cultured endothelial cells must be free of 
contamination with fi broblasts or cancer cells.  

S.A. Mousa and P.J. Davis
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    Co-culture of Human Cancer Cells with Human Microvascular 
Endothelial Cells 

 A two-chamber co-culture model for studying endothelial cell sprouting and 
capillary formation has been utilized to study human lung carcinoma [ 27 ,  28 ] or 
murine breast carcinoma-induced angiogenesis [ 29 ,  30 ]. In this model, quantifi -
able capillaries form by sprouting from a confl uent EC monolayer after co-culture 
with cancer cells is initiated. This co-culture system has been adapted for the 
study of capillary formation in an  in vitro  human mammary carcinoma model. A 
schematic diagram and description of the co-culture model is shown in Fig.  1.6 . 
   Each well contains a Transwell insert (T), with a polycarbonate membrane (M), 
10 μm thick with 0.8 μm pores. Insert (T) delineates upper chamber (U) and lower 
chamber (L) with the levels of media equal in both chambers. Figure  1.6b  repre-
sents a magnifi cation of the separation of the chambers; the top arrow points to 
HDMECs seeded in the upper chamber on reduced growth factor (RGF)-Matrigel- 
coated surface to simulate basement membrane that underlies the endothelium 
 in vivo , and the bottom arrow points to tumor cells (MCF-7, MDA-MB) seeded on 
type I collagen. Individual cell populations can be manipulated separately up until 
the time of co-culture. Test reagents can be placed in upper, lower or both com-
partments. Capillary formation is evaluated by staining of HDMECs using 
EC-specifi c CD31/PECAM antibody followed by quantifi cation of digital images 
as previously described [ 27 ].   

  Fig. 1.5    Representative images of tube formation using three dimensional tube formation assay       
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    Conclusions 

 An idealized angiogenesis assay would be a skin window in a subhuman primate 
by which angiogenesis-relevant agents may be directly applied and effects 
monitored microscopically following systemic administration. Such an assay 
would be quantitative, e.g., subject to monitoring of the number of angiogenic 
buds/unit area via a computer-imposed template. They would permit local sampling 
of concentrations of host factors, and biopsy must be feasible to allow histologic 
analysis, including serial sampling/biopsy. This idealized assay of course does not 
currently exist and would be valid for studies of wound-healing-related angiogen-
esis, but not for neovascularization associated with various tumors, where ortho-
topic models are best. 

 We have reviewed here a complement of widely-used assays. Each has validated 
utility and has provided information useful to the evaluation and development of 
specifi c pro- or anti-angiogenic pharmaceuticals or to the activities of naturally 
occurring factors that modulate new blood vessel formation. Each assay has 
defects, as we point out. Strategically, several assays will be used in the evaluation 
of compounds. One should be a cost-effective screening method that permits initial 
estimations of dosing, comparison of congeners, comparison with activities of 
naturally occurring angiogenic substances and combinations of agents. A second 
method should be used for confi rmation of pro- or anti-angiogenic activity and, 
if its mechanisms are suffi ciently understood, for initial studies of the molecular basis 
of action. Intact animal models may then be used for validation of effectiveness 

  Fig. 1.6    A schematic diagram and description of the co-culture model. ( a ) Each well contains a 
Transwell insert (T), with a polycarbonate membrane (M). Insert (T) delineates upper chamber (U) 
from lower chamber (L) with the levels of media equal in both chambers. ( b ) Represents magnifi ca-
tion of the separations between both chambers.  Top arrow  points to endothelial cells seeded in the 
upper chamber on reduced growth factor (RGF)-Matrigel-coated surface and  bottom arrow  points 
to cancer cells seeded on type I collagen       
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in ischemia- reperfusion injury, wound-healing and disruption of vascular support 
for cancers. Effectiveness in certain of these will require quantitative and qualita-
tive histopathology, vascular radiology and high resolution  in vivo  imaging 
systems [ 31 ]. An example of quantitative histopathology is the number of small 
vessels and capillaries. The  in vivo  imaging systems include fl uorescent dyes and 
micro-computerized tomography. 

 It may also be useful to quantitate the motility response of endothelial cell or 
fi broblasts to the angiogenic agents under evaluation. The standard technique is use 
of the Boyden chamber apparatus, in which cells migrate through a porous mem-
brane from an upper to a lower chamber where the latter contains a biochemical cue, 
such as vitronectin [ 32 ]. 

 From the standpoint of more fully elucidating the mechanisms by which 
angiogenesis- relevant pharmaceuticals work, it is desirable to have models in which 
specifi c components of the angiogenesis process, e.g., signal transducing kinases or 
other enzymes, are reduced (knocked-down) in target blood vessel cells by small 
interfering RNAs (siRNAs). The siRNA approach may be used in several angiogen-
esis assay systems and the  in vitro  endothelial cell-fi broblast organotypic co-culture 
system is an attractive model for this modifi cation [ 29 ].     
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    Abstract     Angiogenesis, the formation of new capillaries from pre-existing vascular 
network, plays an important role in physiological processes such as embryonic 
development, wound-healing, and pathological processes such as cancer, ocular 
neovascularization, and certain infl ammatory-associated disorders. Even though 
pro- angio genesis has been shown to be safe and well-tolerated in clinical trials, 
effi cacy of the treatment has not been satisfactory. Systemic use of pro-angiogenesis 
factors might accelerate pathological states by inducing microvessel growth in, for 
example, tumors and atherosclerotic lesions. Hence, stimulation of angiogenesis is 
preferred to be used locally at the desired site or tissues.  

     The key signaling system that regulates proliferation and migration of endothelial 
cells forming the basis of any vessel are vascular endothelium growth factors 
(VEGF) and their receptors. A number of other signaling systems are also involved 
in regulation of the main steps of vessel formation. The signaling system Dll4/
Notch regulates selection of endothelial cells for beginning of angiogenesis expansion. 
An important step in vessel stabilization and maturation is vascular wall formation, 
which might be stimulated by certain glycosaminoglycan [ 1 ]. Signaling system 
PDGFB/PDGFR beta as well as angiopoietins Ang-1, Ang-2, and their receptor 
Tie2 besides other pathways are involved in recruiting pericytes and smooth muscle 
cells. See Table  2.1  for pro-angiogenesis factors and mediators.

   The goal of therapeutic angiogenesis is to improve perfusion and restore tissue 
function, leading to a broad range of interventions that generate new blood vessel 
growth to promote neovascularization for wound-healing, diabetic ulcers, periph-
eral arterial disease, and tissue repair including critical limb ischemia and ischemic 
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heart disease. Although experimental studies on the stimulation of arteriogenesis 
have been promising, not a single drug has been proved to be applicable in clinical 
practice, either because of lack of effi cacy or because of undesired side effects. 

 Thyroid hormone agonists and analogues demonstrated potent pro-angiogenesis 
effi cacy, with the potential utility in therapeutic angiogenesis [ 2 – 5 ] as reviewed in 
subsequent chapters. Other hormones play a role in angiogenesis modulation as 
reviewed in a subsequent chapter. 

 The neurotransmitter/receptor system such as nicotine (nicotinic receptor) and 
catecholamine has been shown to modulate various aspects of angiogenesis 
processes as reviewed in the subsequent chapters. It has also been found that tumor 
tissues can not only synthesize and release a wide range of neurotransmitters, 
but can also produce different biological effects via respective receptors. 
Neurotransmitters can produce either stimulatory or inhibitory effects in normal 
and tumor tissues. These effects are dependent on the types of tissues and the kinds 
of neurotransmitter as well as the subtypes of corresponding receptors involved. 
These fi ndings clearly extend the conventional role of neurotransmitters in the nervous 
system to the actions in oncogenesis and other angiogenesis-associated disorders. 
In this regard, intervention or stimulation of these neuronal pathways in different 
cancer diseases would have signifi cant clinical implications in angiogenesis-
associated processes [ 6 ,  7 ]. 

  Table 2.1    Pro-angiogenesis 
factors/mediators  

 Pro-angiogenesis factors 

 Vascular endothelial growth factor 
(VEGF) 

 Fibroblast growth factor (FGF) 
 Hepatocyte growth factor (HGF) 
 Platelet derived growth factor (PDGF) 
 Epidermal growth factor (EGF) 
 Placental growth factor (PlGF) 
 Cytokines (TNF-α, IL-8,…) 
 Chemokines 
 Matrix metalloproteinases (MMPs) 
 Complement activators 
 Hypoxia inducible factor-1α (HIF-1α) 
 Angiopoietin 
 Angiogenin 
 Tissue factor/Factor VIIa 
 Thrombin 
 Protease activated receptor (PAR) 
 Certain glycosaminoglycan fragments 
 Thyroid agonists (L-T3, L-T4,…) 
 Nicotinic receptor agonists 
 Oxidative stress (H 

2
 O 

2
 , Lipid 

hydroperoxide) 
 Certain lipid-derived (LPA, S1P,…) 
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 Certain arachidonic acid-derived lipid mediators have positive regulation of 
angiogenesis while others have negative modulation of angiogenesis, and the bal-
ance between these mediators might be shifted in pathological conditions associ-
ated with accelerated angiogenesis and vice versa. Lysophosphatidic acid (LPA) 
and sphingosine 1-phosphate (S1P) are naturally arising bioactive lipids. The roles 
of LPA and S1P in angiogenesis, tumor growth, and metastasis have recently 
emerged. Platelets, beside other cells, are an important source of LPA and S1P. LPA 
and S1P interact with a large series of G-protein-coupled receptors, which may 
account for the wide variety of cell types reacting to LPA and S1P. These lipid- 
derived pro- or anti-angiogenesis mediators along with their receptors represent 
novel pharmacological targets in the modulation of angiogenesis. 

 Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear hor-
mone receptors that regulate lipid and glucose metabolism. PPAR-α agonists such 
as fenofi brate and PPAR-γ agonists such as the thiozolidinediones have been used 
to treat dyslipidemia and insulin resistance in diabetes. Over the past few years the 
role of PPARs in the regulation of angiogenesis has been discovered [ 8 ,  9 ]. 

    Therapeutic Angiogenesis Targets 

 Growth factor-based therapies include the only FDA-approved recombinant protein 
drug rhPDGF (becaplermin, REGRANEX® 0.01 % gel) indicated for diabetic 
neuropathic lower extremity ulcers. Growth factors delivered through autologous 
isolates of patient platelets include AutoloGel®, and SmartPReP®. Currently, there 
are no FDA-approved pro-angiogenesis drugs for the treatment of ischemic cardio-
vascular disease.  

    Tissue Engineering and Cell-based Therapies 

 Stimulation of neovascularization is critical for the success of tissue engineering. 
Scaffold and extracellular matrix surfaces are expected to play a major role in 
the promotion of neovascularization and the support of tissues to be engineered. 
Tissue engineered products approved by the FDA include the bilayered skin 
substitute Grafstkin (Apligraf®) and the fi broblast dermal skin substitute 
Dermagraft®. These products contain living or cryopreserved cells on a matrix 
capable of secreting and releasing multiple pro-angiogenesis growth factors into 
the wound bed. Additionally, CD34+ endothelial progenitor cells (EPC) derived 
from bone marrow or from peripheral blood have been found to enhance angio-
genesis in ischemic tissues [ 10 ,  11 ], increase transcutaneous oxygen, and increase 
collateral vessels. Additionally, trophic factors secreted by EPC might have an 
impact on therapeutic angiogenesis [ 12 ].     

2 Survey of Pro-angiogenesis Strategies
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    Abstract     Arachidonic acid-derived lipids such as 15 deoxy-PGJ2 or 15 epi-lipoxin 
A4 have been shown to be potent anti-angiogenesis agents regardless of the angio-
genesis stimulus. Other arachidonic acid-derived mediators differentially stimulate 
angiogenesis and the balance among the different arachidonic acid metabolites 
along their interactions might play an important role in angiogenesis hemostasis in 
various angiogenesis-associated disorders.  
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        Introduction 

 Cardiovascular disease (CVD) has been established as the leading cause of death of 
adults in the United States [ 1 ], and is now the leading cause of death globally [ 2 ]. 
Although classic risk factors for CVD are well characterized and tools for assessing 
and altering risk are readily available [ 1 ,  3 ], sudden cardiac death remains the cause 
of approximately 63 % of cardiac mortality [ 4 ]. Atherosclerosis is the primary etiol-
ogy of sudden cardiac death, and it has been estimated that 69 % of women who 
suffer sudden cardiac death had no prior history of heart disease [ 5 ]. The burden 
from this disease is so great that deaths from all cancers combined would need to be 
summed in order to exceed that from sudden cardiac death [ 6 ]. Although atheroscle-
rotic plaques are the primary instigator of myocardial ischemia, it is the vulnerable 
and unstable plaque that is the cause of the majority of myocardial infarctions and 
cardiac death [ 7 ]. 

 Following CVD, cancer is the second leading cause of death in the United States 
[ 8 ,  9 ]. Despite substantial progress in the therapeutic options available for treating 
cancer, including therapeutics for some of the most common solid neoplasms 
(breast, colon, and lung) [ 10 ], mortality from cancer remains a major public health 
challenge. 

 The present investigation examined the interactions among various AA-derived 
or containing lipid products in the modulation of angiogenesis that might have an 
impact in CVD and cancer. We studied the effects of several AA-derived lipid medi-
ators in comparison to known pro-angiogenesis factors on angiogenesis in an effort 
to elucidate how shifts in lipid metabolism and the interaction of various lipid 
metabolites with each other, perhaps due to innate differences among individuals 
and/or medication use, can alter the hemostatic and angiogenic balance and poten-
tially regulate the risk for cardiovascular events, neoplasia, and the pathophysiology 
of other diseases.  

    Angiogenesis 

 Angiogenesis is the process whereby new capillary networks are formed from pre-
existing blood vessels by the sprouting and/or splitting of capillaries [ 11 ]. This pro-
cess involves the orchestrated proliferation, migration, adhesion, differentiation, 
and assembly of vascular endothelial cells and their surrounding vascular smooth 
muscle cells. Angiogenesis is an integral component of physiological processes, 
including wound-healing and myocardial angiogenesis after ischemic injury. It is 
precisely controlled by the balance of pro-angiogenic factors such as VEGF, bFGF, 
and platelet-derived growth factor, and anti-angiogenic factors. Disruption of the 
normal, regulated process of angiogenesis can result in pathological conditions such 
as solid tumor growth, atherosclerosis, hypertension, rheumatoid arthritis, and dia-
betic retinopathy. 

R.C. Block et al.
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 Angiogenesis is a complex process involved in the pathophysiology of 
 cardiovascular diseases and cancer. Although the role of angiogenesis in the process 
of atherosclerosis is controversial, the discovery of an association between intimal 
neovascularization and atherosclerosis dates to the year 1876, when it was noted by 
Koester [ 12 ]. The development of vasa vasorum through angiogenesis has been 
associated with plaque instability and rupture, as microvessel formation has a 
predilection for the shoulder regions of atherosclerotic plaques [ 12 – 14 ]. Therapeutic 
modulators of angiogenesis that would induce the growth of new blood vessels and 
thus potentially reduce ischemic burden in the heart and limbs were greatly antici-
pated [ 15 ], however, despite promising results in preclinical models, data from 
clinical trials have been inconclusive, and evidence suggests that angiogenic factors 
actually promote atherosclerosis and potentially destabilize coronary plaques [ 16 , 
 17 ]. The role of angiogenesis in solid cancer growth is less controversial and efforts 
to develop anti-angiogenic therapeutics have been more successful.  

    Arachidonic Acid 

 Arachidonic acid (AA) is an omega-6 long-chain, polyunsaturated fatty acid that 
in humans is primarily derived from diet. It has been shown to play a crucial role 
in the maintenance of homeostasis [ 18 ,  19 ]. AA is the source of thromboxane, a 
highly robust platelet function activator [ 20 ], as well as a number of classic pro- 
infl ammatory prostaglandins and leukotrienes produced via metabolism by the 
cyclo-oxygenase and lipoxygenase pathways [ 21 ]. AA is also the source of other, 
more recently discovered lipid mediators, including epoxyeicosatrienoic acids 
(EETs), which are produced by the liver via the cytochrome P450 enzyme pathway 
and have anti-infl ammatory and anti-atherosclerotic activity [ 22 ,  23 ]. At the same 
time, there is evidence that EETs have a detrimental role through the stimulation 
of myocardial fi brosis [ 24 ]. Lysophosphatidylcholine (LPC) and lysophosphatidic 
acid (LPA) are produced via the actions of phospholipases and other enzymes 
[ 25 ]. Derived from AA are the families of lipoxins, some of which are triggered 
by aspirin, and 15 deoxy-prostaglandin D2, the ligand for peroxisome proliferator- 
activated receptor (PPAR)-γ. These lipid mediators have been shown to exert 
potent anti- infl ammatory effects [ 26 ].  

    Effects of AA-derived Metabolites/Lipid Mediators 
on Angiogenesis 

 We investigated the differential effects of AA-derived metabolites/lipid mediators 
on angiogenesis using a well-validated  in vivo  CAM model system. The data 
revealed that LPA, LPC, and the EETs are pro-angiogenic, while 15 deoxy-PGJ2 

3 Angiogenesis Modulation by Arachidonic Acid- derived Lipids…
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and 15 epi-lipoxin A4 inhibit angiogenesis-mediated by AA-derived and non-AA 
derived pro-angiogenesis factors. In addition, these results suggest that interactive 
effects among different lipid mediators may differentially regulate angiogenesis. 
All of the lipid mediators (LPA, EETs, 15 deoxy-PGJ2, and 15 epi-lipoxin A4) that 
we examined are derived from AA, a fatty acid that is reliably present in human 
blood due to diet [ 27 ,  28 ], but is also produced via varying metabolic pathways, 
including the de-saturation and elongation of the 18-carbon omega-6, linoleic acid. 
Although the effects of these endogenous lipid mediators on hemostasis and angio-
genesis have been previously documented, the focus has traditionally been on the 
actions of individual compounds. However, the translation of such data to effects in 
humans is complicated by many factors that infl uence metabolism, including genet-
ics, medications, and lifestyle. The individual effects of any cell signaling or modu-
latory molecule will be infl uenced by other, sometimes antagonistic, molecules that 
compete for the same metabolic pathways or binding sites. Thus, the effects driven 
by any molecule in isolation may not refl ect the situation  in vivo . That is, the 
observed effects of a single molecule alone may be signifi cantly altered  in vivo  due 
to interactive or negative effects from other molecules or factors. The mediators 
examined in the current study have specifi c mechanisms of action that infl uence 
underlying pathways that intersect with atherosclerotic and angiogenic processes 
[ 29 – 32 ]. As such, these mediators and their mechanisms of action can impinge on 
drugs that are commonly used in the treatment and prevention of cardiovascular 
diseases. These drugs include aspirin, the thiazolidinediones, and drugs that impact 
the cytochrome P450 systems. The current data indicate that AA-derived lipid 
mediators and their associated metabolic pathways can interact in as-yet undefi ned 
ways to potentially regulate angiogenesis. These fi ndings provide useful informa-
tion for a better understanding of the regulatory checks and balances that govern 
human health and disease.  

    Epoxyeicosatrienoic Acids (EETs) 

 EETs are generated from AA by cytochrome P450 (CYP) epoxygenases, the expres-
sion of which is regulated by hemodynamic and pharmacological stimuli, as well as 
by hypoxia [ 33 ]. The activity of many EETs is initiated by binding of EET to a 
membrane receptor, resulting in activation of ion channels and intracellular signal 
transduction pathways [ 34 ]. However, EETs can also be taken up by cells and incor-
porated into phospholipids, whereby they can bind to cytosolic proteins and nuclear 
receptors, which suggests that some of the activities of EETs are mediated by direct 
interactions with intracellular effector systems. CYP enzymes are highly expressed 
in the liver and kidney, but have also been detected at lower levels in the brain, heart 
and vasculature. To date, the importance of EETs in vascular homeostasis has 
been diffi cult to demonstrate and therefore is likely largely underestimated because 
of the labile nature of EET-forming enzymes in cell culture. Each of the 4 EETs 
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tested in this study (5, 6-, 8, 9-, 11, 12-, and 14, 15-EETs), have been shown to have 
pro-angiogenic properties, where they promote endothelial cell migration and the 
formation of capillary-like structures [ 29 ,  35 ]. The neovascularization effects of 5, 
6- and 8, 9-EET are induced by the inhibition of EET enzymatic hydration. VEGF 
stimulates angiogenesis by increasing CYP2C promoter activity in endothelial 
cells, which results in increased intracellular levels of EETs [ 36 ]. VEGF-induced 
endothelial cell tube formation has been shown to be inhibited by the EET antagonist 
14, 15-epoxyeicosa-5(Z)-enoicacid (14, 15-EEZE), and VEGF-induced endothelial 
cell sprouting can be attenuated by CYP2C antisense nucleotides. These data, pub-
lished by others, suggest that CYP2C-derived EETs act as second messengers, and 
that preventing increases in CYP activity dampens the angiogenic response to 
VEGF. Overexpression of CYP2C9 has been shown to stimulate endothelial tube 
formation, and CYP2C9-induced generation of 11, 12-EET has been shown to 
increase COX-2 expression via a cAMP-dependent pathway [ 37 ].  

    Lysophospholipids LPA and S1P 

 The bioactive lysophospholipids LPA and S1P are membrane-derived lipid media-
tors produced from phospholipid precursors of membranes and secreted by platelets 
[ 38 – 40 ], macrophages [ 38 ,  41 ], and some cancer cells [ 38 ,  42 ] . The major sources 
of LPA and S1P are activated platelets, injured cells, and cells stimulated by growth 
factors, which suggests a potential role for these molecules in infl ammation, 
wound-healing, and tumor formation [ 38 ]. LPA can also be generated by various 
metabolic pathways including synthesis from LPC by hydrolysis of the choline 
moiety [ 43 ]. Plasma LPC is thought to be derived from phosphatidylcholine in lipo-
proteins and membrane micro-vesicles by acyltransferases and phospholipases [ 44 ]. 
LPA is a simple molecule, of a glycerol backbone with a single acyl group at posi-
tions sn1 or sn2 and a phosphate group at position 3 that nonetheless displays robust 
cell signaling properties in such processes as cell proliferation, migration, and sur-
vival, as well as platelet aggregation, tumor cell invasion and angiogenesis [ 30 ,  45 , 
 46 ]. LPA and S1P also regulate the migration, proliferation, and survival of endo-
thelial cells [ 38 ,  47 ]. LPA and S1P exert their effects via multiple G protein-coupled 
receptors of the endothelial differentiation gene (Edg) family [ 48 ,  49 ], thereby 
mediating a broad spectrum of intracellular events, including increases in inositol 
phosphates and intracellular calcium [ 50 ], down-regulation of adenylyl cyclase 
[ 51 ], and activation of protein kinase C and many other signaling pathways [ 38 ,  52 , 
 53 ]. The acyl chains in LPC and LPA molecules vary from saturated to highly unsat-
urated and from 16 to 22 carbons. Evidence indicates that different LPC and LPA 
acyl species can have different effects on target cells, possibly refl ecting subtle 
differences in acyl-specifi city of lysophospholipid receptors [ 54 ]. For example, 
unsaturated LPA species (16:1 LPA, 18:1, the unsaturated LPA found in highest 
concentration in human serum, and 18:2 LPA) induce de-differentiation and 
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remodeling in vascular smooth muscle cells, but saturated species do not [ 54 ,  55 ]. 
However, as far as we are aware, our study is the fi rst to identify that the arachidonic 
acid species of LPA, and LPC, are angiogenesis activators.  

    15 Epi-Lipoxin A4 

 Fifteen epi-lipoxin A4 is an aspirin-triggered, 15 R  enantiomeric counterpart of 
lipoxin A4 and a product of AA metabolism [ 56 ]. It is an endogenous mediator gen-
erated during multi-cellular interactions and displays potent immunomodulatory 
properties [ 26 ]. In human umbilical vein endothelial cells (HUVAC) culture, the 15 
epi-lipoxin A4 analogue 15 epi-16 (parafl ouro)-(phenoxy-lipoxin A(4) (ATL- 1)) has 
been shown to inhibit angiogenesis through down-regulation and/or reduction of 
VEGF-stimulated proliferation/chemotaxis, metalloproteinase-9 activity and expres-
sion, stress fi ber formation, and formation of the actin cytoskeleton [ 57 ]. ATL-1 also 
inhibits endothelial cell adhesion to fi bronectin and extracellular matrix/collagen 
cross-linking through its interaction with the G-protein-linked lipoxin A4 receptor 
[ 31 ]. These data suggest that aspirin-triggered production of 15 epi-lipoxin A4 may 
modulate angiogenesis by inhibiting endothelial cell migration, through down-
regulation of actin polymerization and inhibition of focal contacts. In an  in vivo  
model of infl ammatory angiogenesis, ATL-1 down-regulates angiogenesis by 
approximately 50 %. In addition, both aspirin-triggered 15 epi-lipoxin A4 and its 
native enantiomere lipoxin A4 display potent anti-infl ammatory activities  in vivo  that 
are receptor-, cell-type-, and tissue-specifi c [ 57 ]. Aspirin-triggered 15 epi- lipoxin A4 
and lipoxin A4 robustly inhibit key events in acute infl ammation, including neutro-
phil chemotaxis and transmigration across epithelial and endothelial cells, and down-
regulate neutrophil diapedesis from post-capillary venules. Of more direct importance 
to the process of angiogenesis, 15 epi-lipoxin A4 and lipoxin A4 analogues inhibit 
cytokine release [ 58 ], and can modulate the local cytokine- chemokine axis [ 59 ]. 
Lipoxin A4 analogues do this by acting at the transcriptional level [ 60 ] and inhibiting 
VEGF-stimulated production of IL-6, tumor necrosis factor (TNF)-α, interferon 
(IFN)-α, interleukin (IL)-8, and inter-cellular adhesion molecule (ICAM)-1 expres-
sion [ 61 ]. However, although the aspirin-triggered 15 epi-lipoxin A4 has been shown 
to reduce polymorphonuclear cell infi ltration and injury to mouse vasculature [ 62 ], 
we are not aware of any other publications documenting that this endogenously 
synthesized AA metabolite is an angiogenesis downregulator.  

    15 Deoxy-PGJ2 

 In agreement with our fi ndings for the anti-angiogenesis activity of 15 deoxy-
PGJ2, it was shown earlier that activation of PPAR-γ, but not PPAR-α or -β, by the 
specifi c ligand 15 deoxy-PGJ2 suppresses human umbilical vein endothelial cells’ 
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differentiation [ 63 ]. PPAR-γ activation also inhibits the proliferative response of 
HUVEC to exogenous growth factors in  in vitro  models and has  in vivo  down- 
regulating effects on angiogenesis in a rat cornea model [ 32 ]. Other studies showed 
that treatment of HUVEC with 15 deoxy-PGJ2 reduced mRNA levels of vascular 
endothelial cell growth factor receptors 1 (FLT1) and 2 (FLK/KDR) and urokinase 
plasminogen activator and increased plasminogen activator inhibitor-1 (PAI-1) 
mRNA, which might be responsible for its anti-angiogenesis activity [ 64 ]. Similarly, 
lipoxin A4 pretreatment of endothelial cells was shown to be associated with 
decrease of VEGF-stimulated VEGF receptor 2 (KDR/FLK-1) phosphorylation and 
downstream signaling events including activation of phospholipase C-gamma, 
ERK1/2, and Akt [ 64 ]. 

 In contrast to single mechanism based anti-angiogenesis products such as anti- 
VEGF, the AA-derived angiogenesis inhibitors 15 epi-lipoxin A4 or 15 deoxy-PGJ2 
demonstrated a broad spectrum anti-angiogenesis effi cacy against various pro- 
angiogenesis stimulus including AA-derived or containing lipid products or known 
growth factors such as bFGF or VEGF. These data suggest angiogenesis modulating 
effects of AA-derived products may well be accessible drug targets for anti- 
angiogenesis as well as pro-angiogenesis therapies.  

    Conclusions 

 In summary, the data generated using an  in vivo  angiogenesis model demonstrate 
that interplay exists between potent lipid mediators derived from the long-chain, 
polyunsaturated, omega-6 arachidonic acid. Since these mediators are derived from 
metabolic pathways that intersect with the effects of medications, genetics, and 
other heterogeneous factors involved in human health and disease, these data sug-
gest the need for research focused on shifting the metabolic milieu toward one that 
is most advantageous.     
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    Abstract     Thyroid hormone and analogues have demonstrated potent pro-angiogenic 
activity in various  in vitro  and  in vivo  model systems. These pro-angiogenic 
effects of thyroid hormone are initiated nongenomically at a receptor on integrin 
αvβ3 on receptor blood vessel endothelial cells, but may culminate in genomic 
responses. This receptor on the cell surface may direct gene transcription and regu-
late activity of plasma membrane vascular growth factor receptors. Promotion of 
hormonal angiogenic activity can be blocked by tetrac and nanoparticulate tetrac 
that inhibit binding of T 

4
  and T 

3
  to αvβ3, and also block activities of endogenous 

vascular growth factors. Endogenous or prescribed thyroid hormone appears to 
support tumor-relevant angiogenesis. It may also support pathologic skin neovas-
cularization. In the absence of malignancy, however, the angiogenic activity of the 
hormone has exhibited experimental utility in wound-healing and tissue ischemia. 
Clinical applications of the hormone may be optimized by a nanoparticulate to 
which the hormone is covalently bound. Nanoparticulate thyroid hormone does not 
gain access to the intracellular space and acts exclusively at the hormone receptor 
on integrin αvβ3. Restriction of the hormone to the extracellular space avoids 
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unwanted hormonal effects on cellular respiration, on protein synthesis and on 
protein turnover and specifi c organ effects, such as cardiac tachyarrhythmias. 
Needed are more extensive preclinical data on the actions of thyroid hormone, T 

4
  

and T 
3
  on, respectively, wound-healing and  revascularization of limb or cardiac 

ischemic tissues.  

        History of Thyroid Hormone-induced Angiogenesis 

 Actions of thyroid hormone (L-thyroxine, T 
4
  and 3, 5, 3′-triiodo-L-thyronine, T 

3
 ) on 

blood vessels have been described clinically for many decades. The hormone may 
widen pulse pressure by reducing vascular resistance and increasing myocardial 
contractility. Cutaneous vasodilatation is a component of hyperthyroidism. Acute 
administration of the hormone to human subjects can affect peripheral vascular 
resistance in minutes [ 1 ]. That the hormone is pro-angiogenic was convincingly fi rst 
shown by W.M. Chilian and co-workers (1985) [ 2 ] who were examining thyroid 
hormone- induced myocardial hypertrophy in the rat. The investigators found capillary 
mass/mm 2  increased in the L-thyroxine (T 

4
 )-treated animals and, in a subsequent 

study, showed that T 
4
  caused an increase in capillary numerical density before hyper-

trophy was manifest [ 3 ]. Several members of the same group have also reported that 
a thyroid hormone analogue, diiodothyropropionic acid (DITPA), induces increases 
in terminal arteriole number and arteriole length density, but without increases in 
cardiac mass [ 4 ]. Structures of T 

4
 , DITPA and T 

3
  are shown in Fig.  4.1 .

   Studies carried out in the past decade in the chick chorioallantoic membrane 
(CAM) model system confi rmed that T 

4
  and T 

3
  were pro-angiogenic [ 5 ,  6 ], as did 

additional experiments with human dermal microvascular endothelial cells 
(HDMECs) in the three-dimensional angiogenic Matrigel® assay [ 7 ]. These obser-
vations initiated a series of studies of additional iodothyronine analogues for their 
activity in the CAM assay and studies of the molecular basis for this nongenomic 
action of members of the thyroid hormone family. The studies included identifi ca-
tion of the previously unrecognized cell surface receptor for thyroid hormone on a 
polyfunctional structural plasma membrane protein, integrin αvβ3. Antagonists of 
agonist thyroid hormone family members at the integrin have also been described. 
These studies are reviewed below.  

    Thyroid Hormone Receptor Site on Integrin αvβ3 

 The classical or genomic mechanism of thyroid hormone action requires cell 
nucleus uptake of T 

3
  and binding of the iodothyronine by one of several hormone-

specifi c nuclear transcription factors. These factors—nuclear thyroid hormone 
receptors (TRs), TRβ1 and TRα1—bind to thyroid hormone response elements 
(TREs) of hormone-responsive genes to initiate transcription [ 8 ]. TR-directed 
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transcription is modulated by co-activators, such as p300, or co-repressors, such as 
NCoR or SMRT [ 8 ]. Expression of 100 or more genes is regulated by this genomic 
mechanism that depends upon the T 

3
 -TR complex. It is important to emphasize that 

tissue and blood levels of T 
3
  are relatively stable, and thus the contribution of the 

hormone to gene expression is not an off-on or cyclical phenomenon, but rather as 
a setpoint regulator. In this mechanism, circulating T 

4
  is a pro-hormone, yielding T 

3
  

via tissue deiodinase activity [ 8 ]. 
  In vitro  studies in the 1980s supported the existence of a second and nongenomic 

mechanism of thyroid hormone action. Effects of the hormone that necessarily were 
independent of TR were those reported on ion transporters in isolated membranes, 
e.g., on Ca 2+ -ATPase (calcium pump) [ 9 ,  10 ] activity in human red blood cell mem-
branes or in animal cardiac sarcoplasmic reticulum [ 11 ]. Subsequently, effects of T 

3
  

on Na/H exchange [ 12 ] and on Na, K-ATPase (sodium pump) activity [ 13 ] were 
reported that also did not depend upon gene transcription. Other effects of the hor-
mone were described that occurred so rapidly—minutes to an hour—after exposure 
of the test biologic preparation to thyroid hormone  in vitro  that the processes of 
gene transcription and protein synthesis could not be implicated. Among such iodo-
thyronine effects were actions on glucose transport [ 14 ], intracellular shuttling of 
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proteins [ 15 ], actin polymerization and the inward rectifying myocardial potassium 
channel [ 16 ,  17 ]. Actin polymerization was shown to be unresponsive to T 

3
 , but 

promoted by T 
4
  [ 18 ,  19 ]. Thus, in nongenomic mechanisms of thyroid hormone 

action, T 
4
  can function as a hormone rather than as a pro-hormone [ 8 ]. 

 The discovery of a receptor for thyroid hormone analogues on the cell surface 
that could be linked to some of the processes listed above occurred in 2005 [ 20 ]. 
Recognition and defi nition of the site was the result of the re-investigation of the 
pro-angiogenic activity of thyroid hormone [ 5 ] in biologic assay systems that 
depended upon the presence of integrin αvβ3. Integrins are structural proteins of the 
plasma membrane. Computer-based crystallographic modeling of αvβ3 allowed the 
localization of the receptor to a site in the extracellular domain of the integrin and 
to which both the αv and β3 monomers contributed [ 21 ,  22 ]. Prior to the recognition 
on αvβ3 of the small molecule receptor for iodothyronines, the integrin was seen 
exclusively to have large molecule, i.e., protein, ligands from extracellular matrix 
[ 23 ]. Examples of such proteins are vitronectin, fi bronectin and von Willebrand fac-
tor. While there are more than 20 integrins, we have found radiolabeled thyroid 
hormone-binding to occur to only one cell membrane protein, the αvβ3 integrin (J.J. 
Bergh, P.J. Davis: unpublished observations). 

 The receptor site we identifi ed was specifi c for, and had high affi nities for, thy-
roid hormone analogues [ 8 ,  24 ]. The site was also able to distinguish among T 

4
 , T 

3
  

and the deaminated T 
4
  analogue, tetraiodothyroacetic acid (tetrac) (Fig.  4.1 ); that is, 

certain of the cellular consequences of the binding of such analogues were distinct. 
Blocking of binding of T 

4
  and T 

3
  to the receptor site inhibited the pro-angiogenic 

activity of these forms of thyroid hormone. The site was subsequently shown to be 
capable of, and differentially so, of activating mitogen-activated protein kinase 
(MAPK; extracellular regulated kinase 1/2, ERK1/2) or phosphatidylinositol 
3-kinase (PI3K) to achieve discrete downstream intracellular or tissue conse-
quences, such as angiogenesis, tumor cell proliferation, transcription of specifi c 
genes and traffi cking of intracellular proteins [ 24 ]. 

 The hormone-binding site on the integrin has two binding domains, one (S1) that 
recognizes T 

3
  exclusively and a second (S2) that binds both T 

4
  and T 

3
 . The existence 

of the two domains has been confi rmed by hormone analogue-binding kinetics [ 25 ] 
and crystallographic modeling [ 22 ]. The receptor site engages in crosstalk with vas-
cular growth factor receptors that are juxtaposed with the integrin and is also capable 
of stimulating the phosphorylation of estrogen receptor-α (ERα) and inducing prolif-
eration of ERα-dependent breast cancer and lung cancer cells. We now know that the 
cell surface receptor on αvβ3 also modulates expression of differentially regulated 
genes important to cancer cell biology [ 26 ]. Such fi ndings—those related to nuclear 
ERα and to expression of specifi c genes—blur the distinction between genomic and 
nongenomic actions of thyroid hormone. That is, actions of T 

4
  and T 

3
  and other hor-

mone analogues can be initiated nongenomically at the cell surface and conclude 
with nucleoprotein phosphorylation and gene expression, some of which involves 
activation of nuclear receptor proteins for estrogen and for thyroid hormone. 

 When it gains access to the cell interior, agonist thyroid hormone T 
3
  has effects 

on cell respiration, protein synthesis and degradation, and on expression of a 
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large number of genes. In specialized tissues such as the myocardium, clinically 
 administered T 

3
  may induce cardiac arrhythmias. For angiogenic purposes, thy-

roid hormone has been reformulated as a nanoparticle that acts exclusively at the 
αvβ3 receptor for the hormone. We have covalently attached agonist thyroid 
hormone by its distal ring hydroxyl to biodegradable poly(lactic-co-glycolic acid) 
(PLGA). The resulting molecule is too large to gain access to the cell interior. 
Potency of the hormone at the plasma membrane receptor is preserved or even 
enhanced in the nanoparticle. 

 We have described other small molecule receptor sites on integrin αvβ3, for 
example, a site that binds resveratrol [ 27 ] and one for dihydrotestosterone [ 28 ]. 
These sites qualify as receptors because of ligand specifi city and well-defi ned down-
stream consequences of the binding of their ligands. These small molecule receptors 
for thyroid hormone, for the stilbene (resveratrol), and for androgen, apparently are 
not linked to one another. That is, there is not mutual competition among the specifi c 
ligands for the group of small molecule receptors. The receptors nonetheless are 
geographically close to the Arg-Gly-Asp (RGD) recognition site on the integrin that 
is important to extracellular matrix protein-binding by αvβ3 [ 21 ], and RGD peptides 
can sometimes affect the small molecule receptors. RGD peptides differentially 
block activities of the S1 and S2 domains of the thyroid hormone receptor [ 25 ]. 

 The pro-angiogenic activity of thyroid hormone analogues that has been well- 
described [ 29 ,  30 ] is a function of the plasma membrane receptor and confi rms the 
generous expression of integrin αvβ3 on rapidly dividing blood vessel cells [ 31 ]. 
Interestingly, T 

4
  is pro- angiogenic without prior conversion to T 

3
 . The integrin also can 

serve as a radiographic target that enables the localization of exuberant blood vessel 
formation that is supporting tumors [ 32 ,  33 ] and thus identifi cation of small cancers. 

 Additional details of the molecular basis for angiogenesis promoted by thyroid 
hormone are provided below in Section “ Molecular Basis for Thyroid Hormone-
Induced Angiogenesis ”. 

 Aside from blood vessel cells, on what other cells is the integrin—and thus the 
thyroid hormone receptor—expressed in increased amounts? Integrin αvβ3 is 
expressed generously on tumor cells and on osteoclasts. The integrin is found on 
nonmalignant cells in addition to osteoclasts and is functional, e.g., on platelets 
[ 34 ]. Its presence on osteoclasts would suggest a molecular basis for bone resorp-
tion that is seen in the setting of excess circulating thyroid hormone in the intact 
organism. T 

4
  induces osteoporosis in the rabbit and this effect of the hormone was 

shown to be blocked by RGD peptide administration [ 35 ] long before the receptor 
for T 

4
  and T 

3
  on αvβ3 was described. The expression of integrin αvβ3 on cancer 

cells has several implications that are discussed in Section “ Tumor-relevant 
Angiogenesis and Thyroid Hormone Formulations; Thyroid Hormone and Tumor 
Cell Proliferation ”. 

 The integrin receptor for thyroid hormone is a potential vehicle in patients with-
out cancer for management of disease processes that require neovascularization. 
These processes include narrowing of blood vessels in the extremities and in the 
coronary arteries. In a rabbit model of hind limb ischemia, infusion of T 

4
  was found 

by angiographic monitoring to stimulate new blood vessel buds and, on histologic 
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examination, to increase the number of blood vessels/muscle fi ber [ 36 ] (see Section 
“ Vascular Disease in Limbs and Heart: Applications of Thyroid Hormone ” below). 
Coating of stents with releasable thyroid hormone may be considered experimentally 
in coronary and limb arteries. 

 Topical application of T 
3
  has been shown experimentally to expedite wound- 

healing (see Section “ Wound-healing and Thyroid Hormone ” below). 
 In summary, the defi nition of the cell surface receptor for thyroid hormone in the 

extracellular domain of integrin αvβ3 offers new opportunities for regulation of 
angiogenesis. The molecular basis for the pro-angiogenic action of the hormone is 
largely understood and the mechanisms are reviewed in the next section (“ Molecular 
Basis for Thyroid Hormone-induced Angiogenesis ”). Angiogenic thyroid hormone 
may be reformulated as a nanoparticle that acts exclusively at the integrin receptor 
for the hormone and does not gain entry into cells.  

      Molecular Basis for Thyroid Hormone-induced Angiogenesis 

 Agonist forms of thyroid hormone, such as T 
4
  and diiodothyropropionic acid 

(DITPA), have been shown to increase  bFGF  expression [ 4 ,  5 ], as well as  VEGF  [ 4 ] 
in cells and tissues. T 

4
  also stimulates the release in target cells of bFGF that acts in 

an autocrine fashion in the chick chorioallantoic membrane (CAM) model of angio-
genesis to induce neovascularization. We also know that the thyroid hormone recep-
tor site on αvβ3 is capable of modulating angiogenic activities of exogenous VEGF 
and bFGF added to the CAM [ 37 ], as well as of platelet-derived growth factor 
(PDGF) and epidermal growth factor (EGF) (S.A. Mousa: unpublished). We have 
proposed that such effects are evidence for the existence of crosstalk between the 
integrin and adjacent receptors for VEGF (VEGFR) and other growth factors. 
Indeed, the crosstalk may be between the extracellular domains of the growth factor 
receptor and αvβ3 in the case of PDGF [ 38 ] or the intracellular, sub-plasma mem-
brane biochemical transactions between the intracellular domains of the two pro-
teins in the case of VEGF [ 39 ]. Pharmacologic inhibition of MAPK disrupts 
modulation by the integrin of thyroid hormone analogue-modulated interactions of 
vascular growth factors with their specifi c receptors that are adjacent to αvβ3. 

 What are the essential structural features of the thyroid hormone analogues that are 
pro-angiogenic at αvβ3? In the CAM assay, T 

4
  and T 

3
  are angiogenic, as are DITPA 

[ 40 ] and a novel hormone analogue, GC-1 (sobetirome) [ 41 ], that contains no halo-
gens. In GC-1, inner ring iodines are replaced by methyl groups, and the outer ring 
includes an isopropyl substitution for the 5′ iodine; the alanine side chain is replaced 
with an oxyacetic chain, and the inter-ring ether linkage is replaced by a methylene 
bridge (Fig.  4.1 ). In the T 

4
  analogue, tetraiodothyroacetic acid (tetrac) (Fig.  4.1 ), the 

alanine side chain is replaced by acetic acid; in triiodothyroacetic acid (triac), derived 
from T 

3
 , the side chain is also acetic acid. Tetrac and triac are anti- angiogenic by sev-

eral mechanisms that are reviewed in Chap.   10    , including inhibition of binding of 
agonist thyroid hormone analogues to the αvβ3 thyroid hormone receptor site. 
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 The structural features of thyroid hormone that are required for angiogenic activity 
are summarized in Table  4.1 . It should be noted that the outer ring hydroxyl is shared 
by most of the hormone analogues depicted in Fig.  4.1 , but the hydroxyl is not required 
for angiogenic activity. This has been shown when nanoparticulate formulations of T 

4
  

were generated and were active in the CAM. The covalent bonding of T 
4
  to the 

nanoparticle was via an ether linkage at the hydroxyl site. The structure of the side 
chain on the inner ring is critical. In naturally occurring thyroid hormone analogues, 
the side chain is alanine, but in GC-1 the side chain is an acetate ether bonded to the 
ring. If the side chain length is shortened to only the acetic acid residue, analogue 
molecules are obtained which, as noted above,  inhibit  T 

4
 - and T 

3
 -binding to αvβ3.

   The relatively short list of shared features identifi ed in Table  4.1  indicate that 
opportunities exist for design of additional iodothyronine-like molecules with 
angiogenic activity.  

    Nanoparticulate Thyroid Hormone Analogues 

 The initial proof that the pro-angiogenic activity of T 
4
  was initiated at the cell 

surface depended upon use of the hormone covalently bound to a large polysac-
charide moiety (agarose) that prevented cellular uptake of T 

4
  [ 5 ]. Subsequently, 

S.A. Mousa and co-workers covalently linked thyroid hormone analogues to 
poly(lactic-co-glycolic acid) (PLGA), a biodegradable polymer [ 42 ,  43 ]. PLGA 
has been used clinically to change the pharmacokinetics of drugs noncovalently 
imbedded in the polymer and progressively released by the circulating or local-
ized polymer. The approximately 200 nm thyroid hormone analogue-PLGA mol-
ecule does not gain access to the intracellular space [ 43 ,  44 ], but is biologically 
active at the hormone receptor on integrin αvβ3. The assembly of the PLGA-
hormone formulation is via a linker that is ether-bonded to the outer ring hydroxyl 
and amide-bonded to the PLGA, with the bond imbedded in the polymer and not 
readily accessible to circulating peptidases. 

 The advantages of the nanoparticulate formulation are several. First, and as noted 
above, the activity of the hormone ligand is restricted to the outer surface of the plasma 
membrane and, functionally, to integrin αvβ3. There are no intracellular effects of 
the formulation(s). Second, the polymer may bear a payload of a second molecule 
unrelated to thyroid hormone that can be delivered to αvβ3-expressing cells. Third, 
the polymer may lengthen the biological half-life of the hormone analogue to that 
of the time required for the degradation of the polymer to glycolic acid and lactic acid. 

   Table 4.1    Common structural features of thyroid hormone analogues that are angiogenic in the chick 
chorioallantoic membrane (CAM) assay  

 2 Aromatic (benzene) rings 
 Bridge between the rings, e.g., ether bond or methylene bridge 
 3-Carbon side chain with terminal carboxyl (see narrative) 
 Iodine-sized mass substituent at 3 and 5 (inner ring) positions 
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Finally, the polymer may change the presentation of the bound hormone analogue to 
the receptor site in a favorable manner. We have found, for example, that tetrac cova-
lently bound to PLGA is more potent than unmodifi ed tetrac and has discrete, addi-
tional biological effects, for example, on gene transcription [ 26 ].  

     Tumor-relevant Angiogenesis and Thyroid Hormone 
Formulations: Thyroid Hormone and Tumor Cell Proliferation 

 The pro-angiogenic activity of thyroid hormone has been demonstrated in a num-
ber of models and this activity presumptively supports tumor-related angiogenesis 
in the intact host. One experimental approach to the evaluation of the signifi cance 
of this hormonal effect has to been to use tetrac in the setting of human cancer 
xenografts in the nude mouse. Tetrac and its nanoparticulate formulation are anti- 
angiogenic by blocking the actions of T 

4
  and T 

3  
  at the hormone receptor on integrin 

αvβ3 and, as pointed out above, by inhibiting the actions of several vascular 
growth factors released by tumor cells. In xenograft studies, we have found that 
tetrac formulations cause a more than 50 % decrease in cancer-supporting vascu-
lar volume within 3 days of initiation of treatment [ 44 – 47 ]. This anti-angiogenic 
activity of tetrac formulations may emerge as desirable in the clinical setting of 
cancer. Single target anti-angiogenic agents, e.g., the monoclonal antibody to 
VEGF (bevacizumab [Avastin®]), have shown clinical usefulness in combination 
with traditional agents in management of certain solid tumors [ 48 ,  49 ]. Tyrosine 
kinase inhibitors (TKIs) are anti-cancer agents that may also have anti-angiogenic 
properties [ 50 ]. An advantage of tetrac formulations over agents such as bevaci-
zumab is that the tetrac and nanoparticulate tetrac affect the actions of multiple 
vascular growth factors. 

 In addition to supporting neovascularization about tumors, T 
4  
  at physiologic con-

centrations is a proliferative factor for a variety of tumor cells  in vitro  [ 51 – 53 ]. T 
3
  

may affect tumor cell biology only when present in supraphysiologic concentrations 
[ 51 ]. Induction of hypothyroidism pharmacologically improves survival in patients 
with advanced glioblastoma [ 54 ], and human breast cancer has less aggressive 
behavior when it occurs in the setting of spontaneous hypothyroidism [ 55 ]. The 
usefulness of TKI drugs in patients with kidney cancer (renal cell carcinoma) 
appears to be limited to those subjects who develop hypothyroidism as a complica-
tion of TKI management [ 56 – 58 ]. Hyperthyroidism may increase the risk of esoph-
ageal cancer [ 59 ], and the risk of breast cancer appears to be increased in women 
with higher serum thyroid hormone (FT 

4
 ) levels [ 60 ]. These recent observations 

suggest that the integrin αvβ3 receptor can mediate actions of circulating thyroid 
hormone on tumor behavior. Thus, we recommend that clinical treatment of sponta-
neous hypothyroidism in the presence of cancer should be carefully designed to 
limit symptoms of hypothyroidism, rather than to reduction of the serum thyrotro-
pin (TSH) concentration to a specifi c level in the reference range. In addition to its 
effects on cancer cells, this approach further serves to limit the pro-angiogenic con-
tribution of endogenous thyroid hormone to the nurture of established cancers.  
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      Vascular Disease in Limbs and Heart: Applications 
of Thyroid Hormone 

 Conceptually, clinical management of pathological narrowing of blood vessels due 
to atherosclerosis should involve several steps. First, where feasible, sites of critical 
narrowing should be relieved. Second, local and regional angiogenesis should be 
fostered as a therapeutic and preventive measure. The angiogenesis should be 
detectable in regional muscle mass. 

 El-Eter and co-workers [ 36 ] have studied thyroid hormone-directed angiogene-
sis in an animal model of leg ischemia. Perfusion of the affected limb in the rabbit 
with T 

4
  resulted in vascular sprouting or buds, detected by limb angiography. 

Further, muscle histology in the T 
4
 -exposed limb showed signifi cantly increased 

numbers of capillaries/muscle fi ber. 
 Tomanek et al .  [ 61 ,  62 ] have studied experimental left ventricular infarction in 

rats treated with DITPA. Angiogenesis quantitated as capillary-arteriolar length 
density was found to be increased in DITPA-exposed animals in the border regions 
of myocardial infarcts, particularly, large infarctions. These pro-angiogenic changes 
limited infarct expansion and undesirable post-infarction ventricular remodeling 
that may lead to heart failure. 

 In a non-ischemic hypothyroid rat heart model, administration of T 
3
  has recently 

been shown to promote small arteriole muscularization and to effectively return 
myocardial arteriolar density to normal [ 63 ]. Effects are maximal within 72 h. 

 Thus, in experimental animal models, local administration of thyroid hormone 
(T 

4
 , DITPA, T 

3
 ) can produce anatomically desirable angiogenesis in ischemic ves-

sels in limbs and in the heart. The pro-aggregatory effect of T 
4
  on platelets [ 34 ], 

however, is undesirable in the ischemic, low blood fl ow setting.  

       Wound-healing and Thyroid Hormone 

 The contribution of thyroid hormone to wound-healing has been studied for more than 
15 years. The reports available, however, have not systematically examined the neo-
vascularization that supports healing. For example, Natori et al. in 1999 [ 64 ] described 
the healing in hypothyroid rats of sutured abdominal incisions. Healing was delayed 
in the hypothyroid animals, compared with controls. Decreased type IV collagen and 
hydroxyproline were found at the wound sites in hypothyroid rats during the prolif-
erative phase of healing and were thought to contribute to healing delay. 

 Safer, Crawford and Holick in 2005 [ 65 ] applied T 
3
  topically to skin wounds of 

the backs of mice and reported signifi cantly (P <0.001 vs. controls) greater wound 
closure in the hormone-treated animals. Closure was measured directly over time as 
the diameter of circular wounds. This improvement was attributed at least in part to 
increased local accumulation of keratin 6 in keratinocytes. The same authors had 
previously described a  keratin  gene response (K6a, K16, K17) in keratinocytes 
exposed  in vitro  to T 

3
  [ 66 ]. The authors proposed that topical T 

3
  may come to be 
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viewed as an alternative measure in hypothyroid surgical patients for whom insuf-
fi cient time exists preoperatively to repair the hypothyroid state. Safer and col-
leagues also suggested that topical T 

3
  be examined as an inexpensive measure to 

expedite healing in euthyroid subjects. 
 Subsequently, Tha Nassif et al. [ 67 ] studied a model of colonic anastomosis- healing 

in hypothyroid and control rats. In the hypothyroid animals, impaired healing was doc-
umented by decreased collagen density, increased local accumulation of immature 
(type III) collagen and decreased accumulation of mature (type 1) collagen. A func-
tional, quantifi able consequence of this was a reduced value in the hypothyroid group 
for the bursting strength test. Slowed wound-healing and decreased local accumulation 
of collagen has also been described in tracheal wounds in hypothyroid animals [ 68 ]. 

 The healing process after leg muscle ischemia-reperfusion injury displays a more 
complex response in hypothyroid animals, compared to rats with intact thyroid func-
tion. Ozawa and co-workers [ 69 ] compared muscle repair in the setting of (1) 4 h of 
ischemia, then reperfusion, and (2) surgical transection of soleus muscle in hypothy-
roid and control animals. In the ischemia-reperfusion model, there was muscle necro-
sis in the euthyroid rats and only modest muscle damage in the hypothyroid animals 
at the time the animals were sacrifi ced. In transected muscle, hypothyroidism impaired 
debris removal and slowed myotubule formation, so that it is presumed the normal 
process of repair in muscle damaged by ischemia was delayed in hypothyroidism. 

 We can conclude from this body of experimental evidence that direct application 
to wounds of thyroid hormone as T 

3
  expedites healing. A variety of studies in intact 

animals also suggest that normal, stable circulating levels of thyroid hormone sup-
port an organized process of healing in complex wounds, for example, those of the 
bowel or airway. The contributions of the hormone to the wound-healing process 
appear to involve fi broblasts—the source of collagen—and, in the skin, keratino-
cytes. One presumes that thyroid hormone-induced angiogenesis, discussed else-
where in this chapter, locally supports the healing process, but quantitative 
information on this topic is needed.  

    Is There a Contribution of Thyroid Hormone 
to Brain Angiogenesis in the Embryo? 

 Little is known about the possible contributions of thyroid hormone to angiogenesis 
in the embryo or fetus. Brain blood vessel formation during brain development is a 
principal concern. Angiogenesis has been studied from birth to postnatal day 90 
(P90) in rats rendered hypothyroid by propylthiouracil (PTU) started at birth [ 70 ]. 
Decreased angiogenesis (reduced complexity and density of microvessels) was 
present in brain by P21, but withdrawal of PTU at that time resulted in complete 
recovery of vascularization by P90. 

 In a similar study, Schlenker et al. [ 71 ] studied blood vessel density (BVD) in 
adult rat brains as a function of thyroid state. By 6 weeks post-thyroidectomy, rats 
had decreased forebrain BVD compared to euthyroid control animals. Rats treated 
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from the time of thyroidectomy with T 
4
  or DITPA exhibited no BVD diminution. 

These studies securely document the pro-angiogenic impact of thyroid hormone 
analogues on brain blood vessels. Issues to be addressed experimentally in this area 
of research include specifi c examination of the contribution of thyroid hormone 
to angiogenesis during brain development  in utero  and, in the mature organism, 
whether thyroid hormone can limit neuronal injury in the setting of ischemia.  

    Hyper- and Hypothyroidism and Angiogenesis 

 Little systematically collected information is available regarding possible effects of 
the clinical states of hyperthyroidism and hypothyroidism on angiogenesis. Changes 
in wound-healing that may be observed in hypothyroidism have been discussed in 
Section “ Wound-healing and Thyroid Hormone ”, and the loss of capillary density 
and arteriolar smooth muscle mass in the heart in experimental hypothyroidism 
were described in Section “ Vascular Disease in Limbs and Heart: Applications of 
Thyroid Hormone ”. T 

4
  has been shown to increase rat ovarian follicle angiogenesis 

[ 72 ]. While increased intrathyroidal angiogenesis has been documented in Graves’ 
hyperthyroidism [ 73 ,  74 ] and autoimmune thyroiditis [ 74 ] (Graves’ > thyroiditis), it 
is not possible in these studies to dissociate possible effects of thyroid hormone 
from those of pituitary thyrotropin (TSH) in thyroiditis and of human thyroid- 
stimulating immunoglobulin in the setting of Graves’ disease.  

    Is Diabetic Retinopathy Supported by Thyroid Hormone? 

 Diabetic retinopathy has not been studied when spontaneous hypo- or hyperthyroid-
ism have supervened clinically in diabetic patients. Three recent reports have 
reported an association between subclinical hypothyroidism—asymptomatic 
patients with elevated serum thyrotropin (TSH) levels and normal circulating free 
T 

4
  and total T 

3
 —and worsening proliferative retinopathy [ 75 – 77 ]. This is an inter-

esting fi nding and is not consistent with the pro-angiogenic activity credibly ascribed 
to T 

4
 , T 

3
  and other agonist thyroid hormone analogues. It is also not clear in these 

reports whether the patients were receiving supplemental T 
4
  as treatment to reduce 

TSH. On the other hand, TSH has been shown to stimulate VEGF production in 
thyroid cancer [ 78 ] and to induce angiogenesis and VEGF accumulation in the 
human normal thyroidal xenograft [ 79 ]. However, it is not known whether TSH can 
stimulate angiogenesis in nonthyroidal tissues. 

 We point out that tetrac, an antagonist of thyroid hormone action at the thyroid 
hormone receptor on αvβ3, inhibits the action of thyroid hormone on angiogenesis 
(see Chap.   10    ) and has been shown to inhibit experimental proliferative retinopathy 
in the mouse [ 80 ]. This suggests that endogenous thyroid hormone may play a 
pathogenetic role in such retinopathy, but, independent of the presence or absence of 
thyroid hormone, tetrac also blocks the actions of VEGF and bFGF (see Chap.   10    ). 
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Thus, systematic analysis of diabetic populations in which hypothyroidism or 
hyperthyroidism has occurred is required to clarify any relationship that may occur 
between clinical thyroid dysfunction and retinopathy.  

    Neovascularization and Infl ammation: 
Role of Thyroid Hormone? 

 The infl ammatory process depends upon local accumulation of white blood cells, 
cytokines and neovascularization. In the case of certain skin infl ammation states, 
such as acne rosacea, an inciting infl uence may not be defi ned. The downstream 
mechanisms involved, however, usually involve local release of traditional vascular 
growth factors, such as VEGF. Smith et al. [ 81 ] have described the expression of 
VEGF receptors (VEGFR-1, VEGFR-2) in skin involved with rosacea. The sources 
of the VEGF, itself, may be infi ltrating infl ammatory cells, for example, granulo-
cytes [ 82 ] or cells of the skin layers (fi broblasts [ 83 ]). Neutrophils also express 
basic fi broblast growth factor (bFGF) [ 84 ], another pro-angiogenic agent, and this 
may be relevant to rosacea or to psoriasis [ 85 ]. 

 Elsewhere in this chapter, we have cited evidence that thyroid hormone can 
potentiate the angiogenic activities of VEGF and bFGF [ 7 ] or may stimulate local 
expression and release of bFGF [ 5 ]. Such actions involve nongenomic mechanisms 
that we now know begin at the cell surface receptor for thyroid hormone on integrin 
αvβ3 [ 20 ] and involve crosstalk with receptors on the plasma membrane for specifi c 
vascular growth factors. These observations suggest that circulating, usually stable, 
levels of thyroid hormone support the erythema of acne rosacea and other skin con-
ditions marked by exuberant angiogenesis. We also know, as pointed out above, that 
the pro-angiogenic activity of platelet-derived growth factor (PDGF) is potentiated 
by iodothyronines (S.A. Mousa: unpublished). Actions of epidermal growth factor 
(EGF) may be enhanced by thyroid hormone [ 86 ], and this factor also stimulates 
angiogenesis [ 87 ]. These issues aside, there is no information in the literature on the 
effects of spontaneous hypothyroidism or hyperthyroidism on the activity of acne 
rosacea. 

 The expense and requirement for systemic administration of monoclonal VEGF 
antibody (Avastin®) or EGF antibody (Erbitux®, cetuximab) render impractical the 
use of such agents in skin infl ammatory states. Tetraiodothyroacetic acid (tetrac) 
inhibits activities of T 

4
  and T 

3  
  at their receptor on integrin αvβ3 and has been shown 

to inhibit activities of the principal vascular growth factors [ 7 ]. It can be adminis-
tered topically and thus may be a candidate drug for management of VEGF- and bFGF-
dependent disorders of the skin. Tetrac and its nanoparticulate formulation are 
discussed in Chap.   10    . 

 Medically important arteriovenous malformations (AVMs) may also express 
VEGF locally [ 88 ], notably in brain AVMs [ 89 ]. As in the case of the skin, it is pos-
sible that stable circulating levels of thyroid hormone may support or enhance the 
local activity of VEGF in the disease process. No information currently exists in the 
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literature to link clinical thyroid gland disorders—hyper- and hypothyroidism—to 
the course of disease in AVMs.  

    Non-thyroidal Illness Syndrome and Angiogenesis 

 The non-thyroidal illness (NTI) syndrome or ‘euthyroid sick syndrome’ compli-
cates clinically important acute and chronic disease states. A signifi cant minority of 
hospital inpatients exhibit low circulating levels of T 

3
  in response to their non- 

thyroidal diseases and that refl ects, in multiple organs, the downregulated deiodin-
ation of blood and tissue T 

4
  to generate T 

3
  [ 90 ]. Circulating total and free T 

4
  may be 

normal, or the free T 
4
  may be transiently elevated. A review of the tissue deiodinase 

pathophysiology involved and the conjectural utility of the syndrome—for exam-
ple, possible slowing of protein turnover in the face of physical stress—is beyond 
the scope of this chapter. However, the existence and high incidence of the NTI 
syndrome raises the issue of whether angiogenesis is adversely affected by the low 
systemic levels of T 

3
  in the NTI setting. Slowed wound-healing (Section “ Wound- 

healing and Thyroid Hormone ”) or undesirable myocardial remodeling after infarc-
tion [ 91 ] might be consequences of low tissue T 

3
  levels. To date, these possibilities 

have not been examined experimentally.  

    Conclusions 

 Examined  in vitro  or  in vivo , thyroid hormone has substantial pro-angiogenic activity. 
Thyroid hormone family members with such activity are T 

4
 , T 

3
 , DITPA and GC-1. 

The nongenomic molecular basis for this action of the hormone has been elucidated 
and begins with hormone-binding by a plasma membrane receptor for hormone ana-
logues on integrin αvβ3 and requires activation of MAPK (ERK1/2) and, downstream 
of the receptor and kinase, vascular growth factor production. Promotion of hormonal 
angiogenic activity can be blocked by tetrac and nanoparticulate tetrac, agents that 
inhibit binding of T 

4
  and T 

3
  to αvβ3. Tetrac is the deaminated derivative of T 

4
 . Triac, 

the deaminated metabolic product of T 
3
 , also blocks the nongenomic actions of T 

3
  and 

T 
4
  that are initiated at the cell surface. 
 Endogenous or prescribed thyroid hormone appears to support tumor-relevant 

angiogenesis. It may also support pathologic skin neovascularization. In the absence 
of malignancy, however, the angiogenic activity of the hormone has exhibited 
experimental utility in wound-healing and tissue ischemia. Clinical applications of 
the hormone may be optimized by a nanoparticulate to which the hormone is cova-
lently bound. Nanoparticulate thyroid hormone does not gain access to the intracel-
lular space and acts exclusively at the hormone receptor on integrin αvβ3. Restriction 
of the hormone to the extracellular space avoids unwanted hormonal effects on 
cellular respiration, on protein synthesis and on protein turnover and specifi c organ 
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effects, such as cardiac tachyarrhythmias. Needed are more extensive preclinical 
data on the actions of thyroid hormone, T 

4
  and T 

3
  on, respectively, wound-healing 

and revascularization of limb or cardiac ischemic tissues.     
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    Abstract     Levels of normal or pathologic angiogenic activity are usually considered 
to be products of contributions from principal vascular growth factors and their 
specifi c receptors, of anatomic locations in specifi c organs or, particularly in cancer, 
of tissue oxygen tension and of pharmaceutical modulation. In this chapter, we 
examine the contributions of endocrine hormones—small molecules (steroids) and 
peptides—to regulation of angiogenesis. Most of the hormones considered appear to 
have actions on blood vessels only in specifi c tissues, but the angiogenic properties 
of these substances have not been systematically studied in tissues other than those 
that are classical targets. Estrogens and androgens have angiogenic actions, some of 
which are obtained exclusively in cells obtained, respectively, from female and male 
sources. Estrogen and progesterone contribute to uterine angiogenesis in the men-
strual cycle. Glucocorticoids that lack classical glucocorticoid activities have been 
designed pharmaceutically to be angiostatic drugs. Among the peptide hormones, 
prolactin is angiogenic in certain tissues, but the hormone is proteolytically cleaved 
to yield angiostatic peptides. ACTH of course affects angiogenesis in the adrenal 
cortex, but the ACTH receptor may be expressed in other tissues, e.g., the placenta, 
which then may be the focus of ACTH-dependent angiogenesis. TSH is pro-angio-
genic in the thyroid gland and supports tumor-related carcinoma of the thyroid, but 
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the TSH receptor may be expressed in other tissues and, in such settings, circulating 
levels of TSH may be supporting new blood vessel formation. In a separate chapter 
we have described the angiogenic spectrum of thyroid hormone and its analogues.  

     The effects of thyroid hormone and thyroid hormone analogues on angiogenesis are 
reviewed in this textbook in Chap.   4    . These actions are initiated at a cell surface 
receptor on integrin αvβ3, and much of the downstream mechanism underlying the 
effects on blood vessels has been elucidated [ 1 ]. In this chapter, we examine other 
small molecule hormones—the steroids—for actions on neovascularization and 
also look at effects of peptide hormones on angiogenesis. 

    Steroid Hormones 

    Estrogen 

 Via a nongenomic mechanism, estrogen has a variety of effects on endothelial cells 
and angiogenesis [ 2 ]. X-ray crystallographic modeling of integrin αvβ3 suggests the 
presence of an estrogen-binding site [ 3 ] that would be a candidate initiation site for 
pro-angiogenic action of estrogen. 

 Estradiol has activity as an inducer in women of proliferation of human endothe-
lial progenitor cells (EPCs) harvested from peripheral blood [ 4 ]. This action may be 
genomic, i.e., dependent upon a nuclear estrogen receptor protein, specifi cally, 
ERα. Interestingly, the effect depends upon the menstrual cycle phase of the donor, 
being absent in the luteal phase.  

    Progesterone 

 Progesterone, like estrogen, is angiogenic and is capable of stimulating human 
peripheral blood EPC proliferation [ 4 ]. Its effects on neovascularizatrion in the 
uterus during the implantation phase of pregnancy have been shown to involve 
expression of a specifi c angiopoietin-like gene ( angiopoietin-like 4, Angptl4 ) [ 5 ].  

    Androgen 

 The contribution of testosterone to post-myocardial infarction revascularization in 
the heart has been described [ 6 ], as have other pro-angiogenic actions of this ste-
roid. The molecular mechanism may be assumed to involve the nuclear receptor for 
testosterone (androgen receptor, AR). 

 Testosterone and dihydrotestosterone also promote vascular tube formation in 
the Matrigel® assay [ 7 ]. The pro-angiogenic activity of androgens is demonstrable 
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in male-source endothelial cells, but not in female-source cells [ 8 ]. Others have also 
shown the sexual dimorphism of androgen effects on endothelial cells [ 9 ]. 
Overexpression of nuclear androgen receptor (AR) in female endothelial cells 
confers testosterone sensitivity in angiogenic assays [ 8 ]. Thus, these endothelial 
cell actions of testosterone are genomic in mechanism. 

 Nongenomic mechanisms may also be involved in androgen-directed angiogen-
esis. A plasma membrane receptor site for testosterone has been reported that is 
involved in tumor cell proliferation and that may be a candidate initiation site for 
other nongenomic blood vessel actions of the hormone [ 10 ]. Further, the increase in 
expression of vasostimulatory  hypoxia-inducible factor 1α (HIF-1α)  in response to 
testosterone [ 6 ] we know can be induced nongenomically—that is, independently of 
nuclear hormone receptors—by hormones other than androgens [ 11 ].  

    Adrenal Corticoids 

 High-dose glucocorticoids are angiostatic and may potentiate anti-angiogenic prop-
erties of other agents. Dexamethasone, for example, enhanced the angiostatic activ-
ity of cisplatin in Ehrlich ascites carcinoma in mice [ 12 ]. Corticosterone inhibits 
angiogenesis in muscle [ 13 ] and in specifi c regions of rat brain [ 14 ]. More than a 
decade ago, McNatt et al. [ 15 ] compared the anti-angiogenic effects of 19 cortico-
steroids in the CAM assay, and the structures of some of the proprietary agents 
studied have led to interests in design of angiostatic glucocorticoids that have no 
traditional glucocorticoid effects and are designated ‘cortisenes.’ Most of these 
drugs—such as anecortave acetate [ 16 ] and derivatives [ 17 ]—are intended for use 
against intraocular vascular disease, such as age-related macular degeneration. It is 
not yet clear whether such agents may be practical in a systemic context, such as 
tumor- related angiogenesis.   

    Peptide Hormones 

    Prolactin (PRL) 

 PRL induces tube formation by endothelial cells in the Matrigel® assay [ 18 ] and is 
pro-angiogenic in the CAM assay. There is little or no action on endothelial cell 
proliferation, but migration of these cells is stimulated. The PRL receptor is identifi -
able immunohistochemically in the microvasculature of human breast cancer [ 18 ]. 

 The proteolysis of prolactin yields a set of peptides, the vasoinhibins, that are 
anti-angiogenic [ 19 ] and arrest tumor growth. Thus, local regulation of proteases 
involved in the cleavage of PRL is a potential target for angiogenesis regulation in, 
for example, breast cancer. In addition to its angiostatic activity, the 16 kDa N-terminal 
fragment of human PRL (16K hPRL) is a lymphangiostatic agent that reduces 
abundance of lymphatics in primary tumor and in sentinel lymph nodes [ 20 ]  
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    Adrenocorticotrophic Hormone (ACTH) 

 The action of ACTH on adrenal cortical cells and on steroidogenesis is compli-
mented by actions of the hormone on angiogenesis in the adrenal cortex [ 21 ]. The 
mechanism of this action involves increased mRNA abundance of multiple VEGF 
isoforms [ 21 ] and, at least in the fetal adrenal cortex, of angiopoietin 2 (Ang-2) [ 22 ], 
a factor that destabilizes blood vessel structure, rendering it more responsive to 
angiogenic stimuli such as VEGF. The possibility that ACTH may support angio-
genesis in organs other than the adrenal cortex has not been examined, although the 
receptor has been described in other tissues, such as the placenta [ 23 ].  

    Luteinizing Hormone (LH) 

 LH is pro-angiogenic in the uterus during early pregnancy. The mechanism in 
stromal cells exposed to LH is VEGF-dependent [ 24 ]. 

 Elevated circulating gonadotropin levels are a risk factor for ovarian cancer 
development. The action of LH on angiogenesis that supports ovarian cancer growth 
has been found to depend upon up-regulation of VEGF production and of a receptor 
for VEGF [ 25 ]. The biochemical mechanism of this adjustment has been found to 
involve the phosphatidylinositol 3-kinase (PI3K) signal transduction pathway and 
to be subject to inhibition by the biguanide, metformin [ 25 ].  

    Follicle-stimulating Hormone (FSH) 

 During ovarian follicle development, FSH is pro-angiogenic in granulosa cells. The 
mechanism of this effect has been partially elucidated and involves increased local 
expression of VEGF and platelet-derived growth factor subunit B (PDGF-B) [ 26 ]. 
Transforming growth factor β1 (TGF-β1) facilitates differentiation of granulosa 
cells induced by FSH, and TGF-β1, itself, up-regulates local secretion of VEGF and 
PDGF-B [ 26 ].  

    Thyrotropin (TSH) 

 TSH stimulates normal thyroid gland and thyroid tumor growth. The growth 
requires angiogenesis, and TSH has been shown to increase VEGF production at the 
level of transcription in thyroid cancer cells [ 27 ]. The mechanism is protein kinase 
C (PKC)-dependent. At the same time and paradoxically, TSH may increase 
endostatin production by certain thyroid tumor cell lines, but not in others [ 28 ], 
regardless of the expression of the TSH receptor by these cells. 
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 The TSH receptor (TSHR) may be ectopically expressed in nonthyroidal tissues, 
e.g., adrenal cells [ 29 ] and in osteosarcoma cells [ 30 ], raising the possibility that 
circulating TSH may be an angiogenic factor in certain nonthyroidal tissues. Thus, 
in the setting of primary hypothyroidism when endogenous, pro-angiogenic 
L-thyroxine (T 

4
 ) and 3, 5, 3′-triiodo-L-thyronine (T 

3
 ) [ 1 ,  31 ] are decreased, the 

elevated serum TSH that is present might support blood vessel formation in the rare 
circumstance of ectopic TSHR production.  

    Insulin 

 Insulin promotes angiogenesis, at least in part via local VEGF production [ 32 ] and 
stimulation of endothelial cell proliferation. Disordering of the PI3K and mitogen- 
activated protein kinase (MAPK) signal transduction pathways occurs in insulin 
resistance [ 33 ]. This may explain the impaired angiogenesis that is a part of this 
clinical state since these pathways contribute to endothelial cell proliferation 
induced by insulin.  

    Melatonin 

 Melatonin can interfere with estrogen action on breast cancer cells and is also anti- 
angiogenic in tumors. Melatonin inhibits VEGF production in human breast cancer 
MCF-7 cells and blocks proliferation of human umbilical vein endothelial cells co- 
cultured with MCF-7 cells [ 34 ]. It is not yet clear in what other tumoral or nonma-
lignant cells that melatonin may affect transcription of the  VEGF  gene.   

    Conclusions 

 A spectrum of endocrine hormones—both small molecules and peptide hormones—
is described here to have distinctive experimental effects on new blood vessel 
formation. How important such effects may be clinically has yet in most cases 
to be clearly characterized. Where a clinical impact may be defi ned, it will 
depend upon the secretion pattern of the hormone, pathologic elevations or 
losses of the hormones, the normal or tumoral tissue targets of the hormones and 
the presence of other factors in blood or tissue that are relevant to angiogenesis. 
Another perspective from which to look at the substantial number of endocrine 
hormones with pro- or anti-angiogenic properties is that of an algebraic sum of 
the activities of these factors affecting basal levels of blood vessel formation. 
Some of the hormones reviewed are or may be models for pharmaceutical 
development.     
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    Abstract     Angiogenesis is a critical physiological process for cell survival and 
development. Endothelial cells, necessary for the course of angiogenesis, express 
several non-neuronal nicotinic acetylcholine receptors (AChRs). The most impor-
tant functional non-neuronal AChRs are homomeric α7 AChRs and several hetero-
meric AChRs formed by a combination of α3, α5, β2, and β4 subunits, including 
α3β4-containing AChRs. In endothelial cells, α7 AChR stimulation indirectly trig-
gers the activation of the integrin αvβ 3  receptor and an intracellular MAP kinase 
(ERK) pathway that mediates angiogenesis. Non-selective cholinergic agonists 
such as nicotine have been shown to induce angiogenesis, enhancing tumor progres-
sion. Moreover, α7 AChR selective antagonists such as α-bungarotoxin and methyl-
lycaconitine as well as the nonspecifi c antagonist mecamylamine have been shown 
to inhibit endothelial cell proliferation and ultimately blood vessel formation. 
Exploitation of such pharmacologic properties can lead to the discovery of new 
specifi c cholinergic antagonists as anti-cancer therapies. Conversely, the pro- 
angiogenic effect elicited by specifi c agonists can be used to treat diseases that 
respond to revascularization such as diabetic ischemia and foot ulcer, as well as to 
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accelerate wound-healing. In this chapter we discuss the pharmacological 
evidence supporting the importance of non-neuronal AChRs in angiogenesis. 
We also explore potential intracellular mechanisms by which α7 AChR activation 
mediates this vital cellular process.  

  Abbreviations 

   α-BTx    α-bungarotoxin   
  ACh    acetylcholine   
  AChR    nicotinic acetylcholine receptor   
  Akt    protein kinase B   
  BDNF    brain-derived neurotrophic factor   
  bFGF (FGF2)    basic fi broblast growth factor   
  CAM    chorioallantoic membrane   
  COX-2    cyclooxygenase-2   
  DHβE    dihydro-β-erythroidine   
  DMPP    dimethylphenylpiperazinium   
  EC    endothelial cell   
  EGFR    epidermal growth factor receptor   
  ERK    extracellular signal-regulated kinase   
  FGF    fi broblast growth factor   
  FLT1    FMS-related tyrosine kinase-1   
  HIF-1    hypoxia-inducible factor-1   
  IKK    IκBα kinase   
  IL    interleukin   
  MAPK    mitogen-activated protein kinase   
  MEKK-1    MAPK/ERK kinase kinase-1   
  MMP    matrix metalloproteinase   
  NF-κB    nuclear factor-κB   
  NO    nitric oxide   
  NSCLC    non-small cell lung carcinoma   
  PDGF    platelet-derived growth factor   
  PDGFR    platelet-derived growth factor receptor   
  PI3K    phosphatidylinositol 3′-kinase   
  Rb    retinoblastoma protein   
  Src    Src kinase   
  TGF-α    transforming growth factor-α   
  TGF-β    transforming growth factor-β   
  TNF-α    tumor necrosis factor-α   
  VEGF    vascular endothelial growth factor   
  VEGFR    vascular endothelial growth factor receptor   
  XIAP    X-linked inhibitor of apoptosis   
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          Introduction 

 Angiogenesis and vasculogenesis are distinct physiological processes that govern 
the formation of new blood vessels through a host of growth factors, integrins, 
angiopoietins, adhesion and gap junctional proteins, transcription factors, and 
many other components [ 1 ]. During development, vasculogenesis is responsible 
for the differentiation and growth of blood vessels from embryonic hemangio-
blasts into vascular endothelial cells (ECs). As such, ECs, directed by the process 
of angiogenesis followed by a process of tubulogenesis for the generation of 
blood-carrying vessels, undergo further differentiation of sprouting or extension 
along a growth factor gradient [ 2 ]. Figure  6.1  shows the most important steps in 
the process of angiogenesis including: (1) EC activation mediated by hypoxia 

  Fig. 6.1    Angiogenesis mechanism in endothelial cells (ECs). In response to an angiogenic stimu-
lus (e.g., tumor, injury, hypoxia, nicotine, and growth factors), vascular ECs become activated, 
producing and releasing degradative enzymes, and other molecules. Endothelial cells proliferate 
and migrate toward the angiogenic stimulus. In addition, the basement membrane (BM) is degraded 
by matrix metalloproteinases (MMPs). The establishment of stable tube structures vasculature 
(i.e., tubulogenesis) is dependent upon the receptor tyrosine kinase Tie-2-dependent recruitment of 
stromal cells (e.g., pericytes and smooth muscle cells) by the mature ECs, as well as integrin- 
mediated cell adhesion to infl uence growth regulation       
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and/or cytokine release, (2) degradation of the basement membrane (BM) by 
matrix metalloproteinases (MMPs), and (3) vascular endothelial growth factor 
(VEGF)- and integrin-dependent EC migration and proliferation/differentiation. 
Tubulogenesis involves the maturation of the neovasculature under the infl uence 
of angiopoietins and their receptor tyrosine kinase Tie-1 and Tie-2 (Fig.  6.1 ) [ 3 ]. 
Under pathological conditions, endothelial angiogenesis can contribute to neo-
plastic and non-neoplastic transformations including cancer, atherosclerosis, 
rheumatoid arthritis, and diabetic retinopathy [ 4 ]. The trigger for pathophysio-
logical angiogenesis is considered to be EC proliferation/dysfunction, by VEGF 
up-regulation, and possibly through release of stored acetylcholine (ACh) [ 5 ]. 
Considered an autocrine factor in the vascular system, ACh, acting at endothelial 
nicotinic acetylcholine receptors (AChRs), can modulate vascularization and 
remodeling [ 6 ]. The fact that the acetylcholinesterase inhibitor neostigmine, 
which increases the endogenous concentration of ACh, accelerates EC migration 
supports this idea [ 7 ].

   The most important AChR subtypes involved in the above-mentioned processes 
are the homomeric α7 AChR and several heteromeric AChRs formed by combinations 
of α3, α5, β2, and β4 subunits [ 6 ], including α3β4-containing AChRs [ 8 ]. This chapter 
will examine the pharmacological evidence for the involvement of non-neuronal 
AChRs in angiogenesis and how this knowledge may contribute to the development 
of therapies for angiogenesis-dependent diseases. We will also explore potential 
mechanisms by which agonists of these receptors, particularly the α7 AChR, 
mediate endothelial angiogenesis.  

    AChRs in Angiogenesis 

 AChRs are members of the Cys-loop superfamily of ligand-gated ion channels 
mediating rapid synaptic transmission in neurons (reviewed in [ 9 – 11 ]), but may 
have different functions in non-neuronal, non-excitable cells. Different AChR sub-
types are made up of distinct combinations of α and non-α subunits (heteromeric 
receptors) or of just one type of α subunit (homomeric receptors). In the mamma-
lian system, there exist ten α subunits (α1-α10), four β subunits (β1-β4), one δ, and 
one ε or γ subunit. In this regard, different subunit combinations form specifi c 
receptors with distinct physiological and pharmacological properties. AChRs are 
pentameric glycoproteins, where each subunit has four membrane spanning seg-
ments (M1-M4), and the M2 segments form the wall of the ion channel (reviewed 
in [ 9 – 11 ]). Receptor activation typically causes a net infl ux of cations (i.e., Ca 2+ , 
Na + , K + ), resulting in membrane depolarization. However, the Ca 2+  permeability 
elicited by α7 AChR activation is higher compared with other AChR types [ 10 ], 
supporting the idea that α7 AChRs may trigger Ca 2+ -mediated intracellular 
pathways. 

 Several AChR subunits have been detected in different non-neuronal cells. 
Table  6.1  lists the expression of various AChR subunits in different human cells 
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including ECs, epithelial cells, keratinocytes, thymocytes, lymphocytes, microglia, 
and astrocytes. AChR subunits are also expressed in additional non-neuronal cells 
(e.g., adipocytes, pancreatic β-cells, etc.) from other species, and probably in 
humans. Endothelial cells, key players in angiogenesis, express subunits α3, α4, α7, 
β2, and β4 [ 6 ]. Although α7 is the most abundant and the most relevant to the angio-
genic process, α3β4-containing AChRs might be also important in ECs from other 
tissues [ 8 ,  12 ,  22 ].

   Stemming from seminal work by Amparo Villablanca, who provided  in vitro  
evidence of nicotine-induced EC proliferation [ 49 ], John Cooke and colleagues 
identifi ed a cholinergic angiogenic pathway [ 50 ] mediated by the α7 AChR [ 6 ]. In 
an elegant study they demonstrated that nicotine, a non-selective agonist, induced 
EC tube formation [ 6 ] and migration [ 51 ]. Endothelial cell tube formation was also 
obtained using more selective α7 AChR agonists including choline [ 15 ] and dime-
thoxybenzylidene anabaseine [ 6 ], supporting the importance of α7 AChRs in this 
process. Furthermore, mecamylamine, a nonspecifi c noncompetitive antagonist [ 6 , 
 51 ], as well as selective α7 AChR antagonists such as α-bungarotoxin (α-BTx) [ 6 , 
 15 ] and methyllycaconitine [ 52 ], signifi cantly reduced the effects elicited by nico-
tine on ECs from different tissues. Interestingly, antagonists selective for other 
AChR subtypes such as α-conotoxin MII for α3β2- and α3β3-containing AChRs, 
α-lobeline for α4β2-containing AChRs, d-tubocurarine for α3β4- and α4β4- 
containing AChRs, and dihydro-β-erythroidine (DHβE) for α3β2- and α4β2- containing 

     Table 6.1    Nicotinic receptor subunits expressed in non-neuronal tissues in humans   

 Cell type  Nicotinic subunits  Reference 

 Vascular endothelial cells  α3, α5, α7, β2-β4  [ 6 ,  12 – 14 ] 
 Umbilical vein endothelial cells (HUVECs)  α3-α5, α7, α10, β2-β4  [ 6 ,  15 ] 
 Bronchial epithelial cells  α1, α3-α7, α9, α10, β1, β2, β4, δ, ε  [ 8 ,  13 ,  16 – 22 ] 
 Airway epithelial cells  α2, α4, α7, α9, α10, β2, β4  [ 8 ,  17 ,  19 ,  23 ] 
 Airway fi broblasts  α1, α5-α7, α9, β1-β3, δ, ε  [ 16 ] 
 Keratinocytes (oral and skin)  α3, α5, α7, α9, α10, β1, β2, β4  [ 20 ,  24 – 26 ] 
 Oral epithelium  α3, α5, α7, α9, β2, β4  [ 11 ,  27 ,  28 ] 
 Esophageal epithelium  α3, α5, α7, β2  [ 26 ] 
 Brain endothelial cells  α3, α5, α7, β2, β3  [ 11 ,  29 – 31 ] 
 Astrocytes  α2-α5, α7, β2, β3  [ 11 ,  29 ] 
 O2A progenitors  α3-α5, α7, β2  [ 11 ,  29 ] 
 Glia processes and stroma  α3, α4, β2, β4  [ 11 ,  29 ] 
 Urothelium  α2-α7, α9, α10  [ 32 ] 
 Lymphocytes  α2-α5, α7, α9, α10, β2, β4  [ 33 – 39 ] 
 Monocytes  α2, α5-α7, β2  [ 40 ] 
 Macrophages  α1, α7, α10  [ 41 ] 
 Eosinophils  α2, α4, α7  [ 42 ] 
 Bone marrow cells  α4, α7, β2  [ 43 ] 
 Thymocytes  α1, α3, α5, α7, β4  [ 44 – 46 ] 
 Synoviocytes  α7  [ 47 ] 
 Placenta  α2–α5, α7, α9, α10  [ 48 ] 
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AChRs, showed no signifi cant inhibition of capillary network formation [ 6 ]. 
Nevertheless, the inhibition elicited by DHβE on bronchial and airway ECs [ 8 ] and 
on vascular ECs [ 12 ] supports the existence of α3β4-containing AChRs. 

 Further fi ndings suggest a strong connection between growth factor-mediated 
angiogenic pathways and the cholinergic angiogenic pathway [ 7 ]. For instance, 
using migration assays coupled with micro-array technology, it was recently demon-
strated that the EC migration induced by basic fi broblast growth factor (bFGF, FGF2) 
and VEGF is inhibited by blocking the AChR with α-BTx [ 51 ]. In the stimulating 
of angiogenesis, secreted bFGF directly binds to αvβ3, the integrin receptor that 
stimulates EC adhesion, to induce spreading and adhesion during angiogenesis 
(Fig.  6.1 ). Moreover, bFGF signaling is apparently potentiated when its tyrosine 
kinase receptor FGFR-1 associates with αvβ3 [ 53 ]. Indeed, nicotine-induced 
angiogenesis  in vivo  was shown to depend upon bFGF, αvβ3, and MAP kinase 
extracellular signal- regulated kinase 1/2 (ERK1/2) [ 54 ]. Figure  6.2  illustrates com-
parable pro- angiogenic effi cacy between bFGF, VEGF, and nicotine, using the 
chick chorioallantoic membrane (CAM) model. Taking advantage of the fact that 
αvβ3 is involved in the process of angiogenesis, a humanized monoclonal antibody 
against αvβ3 (i.e., Vitaxin®) underwent initial drug trials as an angiogenesis inhibitor 
for malignant tumors, but has yet to show any clinical benefi t (reviewed in [ 55 ]).

   VEGF and bFGF are both included in a group of at least 20 known angiogenic fac-
tors, but VEGF, one of the most potent factors, is a key target in therapeutic approaches 
to pathological angiogenesis. However, the molecular mechanisms of angiogenesis, 
and arguably, the cholinergic angiogenic pathway, are governed by VEGF-dependent 

  Fig. 6.2    Stimulation of angiogenesis by FGF2, VEGF, and nicotine, using the chick chorioallantoic 
membrane (CAM) model. The increased neovascularization produced by nicotine is comparable to 
that of VEGF and FGF2 (bFGF) [ 54 ]       
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and -independent signaling. Angiogenesis is important for a number of normal 
processes, including wound-healing and reproduction. Angiogenesis inhibitors gener-
ally have mild side effects, but underlying conditions, such as heart disease or hyper-
tension may be exacerbated in the presence of angiogenesis inhibition therapy. These 
inhibitors fall into two general categories: those that act indirectly to either clear 
circulating angiogenic growth factors or prevent growth factor signaling and those that 
act directly on the endothelium and ECs [ 56 ]. Nicotine, a non-selective cholinergic 
agonist, has been shown to induce angiogenesis, and mecamylamine, a nonspecifi c 
cholinergic antagonist, has been shown to inhibit EC proliferation and ultimately 
blood vessel formation; as a result, there has been much interest in defi ning the 
molecular mechanisms of these actions, with the ultimate purpose of developing 
direct-acting angiogenesis promoters and inhibitors. In this regard, the vascular EC 
ChRs, which expresses a number of AChRs, is an attractive therapeutic target.  

    AChRs and Tumor Angiogenesis 

 Typically tumors use simple diffusion (up to 1–2 mm) to obtain oxygen and 
nutrients, but further growth requires communication with vascular ECs and the 
formation of new blood vessels. Hence, malignancy is dependent upon an “angio-
genic switch”, a consequence of an imbalance of pro- and anti-angiogenic factors 
infl uenced by hypoxia, low pH, hypoglycemia, and infl ammatory cytokines [ 57 , 
 58 ]. Tumor cells secrete a host of angiogenic factors, which can no longer be bal-
anced by endogenous angiogenic inhibitors. In an apparently coordinated fashion, 
ECs migrate toward such an angiogenic stimulus, at which point they proliferate 
and initiate vessel formation (Fig.  6.1 ). However, tumor ECs, which exist in a 
hypoxic micro environment, proliferate 20–2,000 times faster than normal ECs [ 3 ]. 
With these processes in mind, several angiogenesis inhibitors were developed as 
cancer therapeutic agents, with a few having obtained FDA approval. A number of 
laboratories have focused efforts on the molecular mechanism of nicotine-induced 
tumor cell proliferation and angiogenesis, and have identifi ed differential expres-
sion of AChRs in cancer cells [ 59 ,  60 ]. In particular, α7 AChR is the primary recep-
tor type that mediates the proliferative effect of nicotine in the tumor cell. 
Nevertheless, α3β4-containing AChRs might also be important in this process [ 8 ]. 
The non- selective AChR agonist nicotine, the main active component in cigarettes, 
enhances the proliferation of tumor cells, including small cell and non-small cell 
lung carcinoma (NSCLC), and also pancreatic, colon, and bladder cancer cells 
[ 61 – 64 ]. Similarly, in the CAM tumor implant model, nicotine accelerated the 
growth of breast, lung, and colon cancer cells, and also induced neovascularization 
in a dose- dependent fashion [ 54 ]. Indeed, nicotine has been shown to increase levels 
of different growth factors including VEGF, brain-derived neurotrophic factor 
(BDNF), epidermal growth factor (EGF), hepatocyte growth factor (HGF), platelet-
derived growth factor (PDGF), and transforming growth factor-α (TGF-α) and β 
(TGF-β), as well as their respective receptors [ 18 ], which infl uence both tumor and 
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normal ECs. Heeschen and colleagues used a mouse lung tumor model to show that 
a signifi cant decrease in tumor size resulted after treatment with the nonspecifi c 
AChR antagonist mecamylamine [ 6 ]. Moreover, this decrease in tumor burden cor-
responded to lower capillary density and decreased systemic VEGF levels. 

 The mechanism of nicotine-induced tumor cell proliferation and associated 
angiogenesis is an active area of research. However, tumor and normal cells may 
exploit different mechanisms to transduce signals from activated AChRs. On the 
other hand, there may be crosstalk between signal transduction pathways [ 65 ]. 
For example, Heeschen and co-workers, using an  in vitro  angiogenesis assay, 
were able to show that inhibition of MAP kinase (ERK), p38 MAPK, and phos-
phoinositide 3′-kinase (PI3K), completely prevented α7 AChR-induced EC tube 
network formation [ 6 ]. Interestingly, the reduction in tube formation was slightly 
greater with the inhibition of PI3K than that with the inhibition of other kinases. 
A key mediator in cell survival, PI3K, in response to external signals, governs 
changes in a broad range of cellular functions. Proteins phosphorylated by its 
downstream effector molecule Akt (also known as protein kinase B) promote cell 
survival through a variety of substrates including caspases, transcription factors, 
and enzymes (Fig.  6.3 ). Indeed, the PI3K/Akt pathway is considered an impor-
tant target in cancer chemotherapy [ 66 ]. Nevertheless, in normal bronchial and 

  Fig. 6.3    Cell survival pathways. The PI3K/Akt pathway is a prototypic cell survival pathway 
found in normal and tumor cells. Once activated, Akt can signal through a diverse array of sub-
strates. Akt-mediated phosphorylation (P) inactivates pro-apoptotic caspase 9, and the Bcl2 family 
member Bad, whereas it activates, through IκBα kinase (IKK) phosphorylation, the pro-survival 
transcription factors FOXO3 (forkhead box O3) and NF-κB. Akt also activates endothelial nitric 
oxide synthase (eNOS) for the production of nitric oxide (NO) and subsequent cell migration       
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airway ECs, specifi c α7 antagonists–including α-BTx, methyllycaconitine and 
the nonspecifi c AChR antagonist, mecamylamine–did not attenuate nicotine-
induced Akt phosphorylation. This suggested the existence of other intracellular 
pathways in these normal cells [ 8 ]. One critical aspect of the PI3K/Akt pathway 
is that the phosphorylation of IκBα kinase (IKK) by Akt leads to the activation 
of nuclear factor-κB (NF-κB) (Fig.  6.3 ), which is primarily involved in the tran-
scription of genes to block apoptosis and hence contribute to cell survival. NF-κB 
along with hypoxia-inducible factor-1α (HIF-1α), and coordinated by the hypoxic 
micro environment, are considered master regulators of tumor-associated angio-
genesis [ 67 ]. NF-κB activation can also lead to inhibition of tumor angiogenesis, 
but the mechanism has yet to be determined [ 68 ]. Nicotine itself can stimulate 
HIF-1α protein accumulation and VEGF expression in human NSCLC, contrib-
uting to increased tumor angiogenesis and invasion by activating various down-
stream AChR-mediated signaling pathways, including Ca 2+ /calmodulin, protein 
kinase C (PKC), PI3K/Akt MAPK/ERK1/2, mTor (mammalian target of rapamy-
cin), and Src kinase (Src) [ 69 ]. Src, a proto-oncogenic tyrosine kinase similar to 
the Rous sarcoma virus, has been gaining relevance to nicotine-mediated tumor 
angiogenesis. Src promotes the expression of VEGF in tumor cells as well as 
maintains vascular barrier function in ECs. Furthermore, Src-dependent hypoxia-
mediated VEGF expression in human tumor cells is regulated by a transcrip-
tional complex of HIF-1α, STAT3 (signal transducer and activator of transcription 
3), CREB binding protein (CBP)/p300, and by Ref1/APE (redox-factor 1/apu-
rinic: apyrimidinic endonuclease) [ 70 ].

   With respect to tumor cell proliferation in human NSCLC, nicotine, through the 
PI3K/Akt survival pathway, up-regulates proteins such as survivin and X-linked 
inhibitor of apoptosis (XIAP), blocking chemotherapeutic drug-induced apoptosis 
[ 71 ]. In addition to these anti-apoptotic gene products, nicotine may also mediate 
multi-site phosphorylation of the Bcl2 (B-cell lymphoma 2) family members Bad 
and Bax in a mechanism involving the activation of ERK1/2, PI3K/Akt, and protein 
kinase A [ 72 ,  73 ]. Intriguingly, there is a negative association between Bcl2 and 
microvessel counts in patients with NSCLC that suggests a regulatory role of Bcl2 
on VEGF expression [ 74 ]. Moreover, activation of α7 AChRs in lung mesothelioma 
cells results in Ca 2+  infl ux and subsequent activation of MAPK/ERK kinase kinase-1 
(MEKK-1), ERK1/2, and p90RSK (p90 ribosomal S6 kinase), a downstream target 
of phosphorylated ERK1/2 and possible component of VEGF-mediated gene tran-
scription [ 75 ,  76 ]. 

 The mechanism of AChR-mediated cellular proliferation was given greater 
clarifi cation when Dasgupta and colleagues, using siRNA and immunoblotting 
techniques, nicely showed that nicotine-mediated activation of α7 AChRs triggered 
NSCLC proliferation by promoting cell cycle entry [ 17 ]. Such activation led to the 
recruitment to the receptor of the scaffolding protein β-arrestin, facilitating the 
activation of Src and subsequently leading to binding of Raf-1 kinase (i.e., a Ser/
Thr- specifi c kinase) to and inactivation of the retinoblastoma protein (Rb) [ 17 ]. The 
inactivation of Rb is seen in a number of cancers, and through association with 
cyclins D and E, leads to the activation of E2F-regulated proliferative promoters and 
subsequent entry into cell S-phase [ 77 ]. 
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 Given the intense research and promising data on the signaling pathways, the 
development of specifi c, potent AChR ligands will facilitate the design of new 
angiogenesis inhibitors for cancer therapy.  

    AChRs and Ischemic Revascularization 

 Cellular repair after ischemic injury–such as stroke, myocardial infarction, diabetic 
retinopathy, and age-related macular degeneration (AMD)–relies on the regenera-
tion of damaged and depleted vasculature to improve blood fl ow and subsequent 
distribution of oxygen and nutrients, and the removal of waste metabolites. During 
ischemic- dependent angiogenesis, there is an up-regulation of endothelial nitric 
oxide synthase (eNOS) and subsequent generation of nitric oxide (NO), a known 
regulator of EC migration [ 78 ] (Fig.  6.3 ). Nicotine can stimulate NO activity, which 
is apparently dependent on interactions between NO and either NADPH or oxygen 
radicals [ 79 ]. In addition, in the murine model of hind-limb ischemia, in which 
the superfi cial and deep femoral arteries are unilaterally ligated, Heeschen and 
colleagues administered mecamylamine over a 3 week period [ 6 ]. Although no 
change was seen in capillary density in the control hind limb, there was a signifi cant 
reduction in the angiogenic response in the ischemic hind limb. They were also able 
to confi rm that the α7 AChR subtype was up-regulated in the ischemic tissue and 
co- localized with ECs. Similarly, after coronary artery ligation to experimentally 
induce myocardial infarction in the rat, it was demonstrated that the α7 AChR sub-
type was up-regulated in the damaged region and was associated with signifi cant 
increases in capillary density [ 15 ]. Furthermore, after 3 weeks of post-ligation 
mecamylamine treatment, capillary density was decreased in the infarct region. In a 
complementary study in support of these fi ndings, using laser Doppler perfusion 
imaging, nicotine was shown to improve blood fl ow by nearly 75 % following endo-
thelial progenitor cell transplants in an animal model of ischemic disease [ 80 ]. 
Although the molecular mechanism of AChR-mediated angiogenesis was not the 
focus of either of these studies, it was suggested that VEGF induction in ECs may 
be a contributing factor, but it is distinct from the cholinergic angiogenesis pathway 
[ 6 ,  80 ]. As ischemia invariably results in tissue hypoxia, the induction of VEGF is, 
in part, regulated by HIF-1α and NO [ 81 ]. 

 Ocular blood fl ow is regulated by NO derived in part from the endothelium, and 
thus hypoperfusion of the eye can result in ischemic events and blindness. Pathological 
angiogenesis in the retina is characterized by the overgrowth of leaky, disorganized and 
non-functional blood vessels [ 82 ]. For example, in AMD there is proliferation of 
abnormal new vessels from the choroid vascular network that lies beneath the retinal 
pigment epithelium; this is referred to as choroidal neovascularization. After receiving 
nicotine in their water for 4 weeks, mice showed greater and more severe choroidal 
neovascularization than control animals, with the effect blocked by hexamethonium, a 
nonspecifi c AChR antagonist [ 83 ]. Similarly, but more intriguing, mecamylamine was 
able to block choroidal neovascularization  in vivo  with or without orally administered 
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nicotine, suggesting that an endogenous activation of AChR in the promotion of this 
abnormal vessel outgrowth exists in animals not treated with nicotine [ 84 ]. In both 
studies it is strongly suggested that VEGF-dependent processes were involved in the 
AChR signaling, and that VEGF may stimulate retinal neovascularization. AChR 
antagonism with mecamylamine suppressed VEGF-induced tube formation by retinal 
and choroidal ECs [ 84 ], whereas nicotine reversed VEGF-induced suppression of 
MMP-2 activity in choroidal vascular smooth muscle cells [ 83 ]. Despite encouraging 
outcomes, the current therapy for AMD is based on chronic intravitreal administration 
of VEGF inhibitors, an obvious treatment burden. Thus, investigations into alternative, 
safer therapy with AChR antagonists may prove benefi cial. In this regard, mecamyla-
mine (Inversine®) has been used as an orally antihypertensive agent for decades [ 85 ] 
and might be a plausible therapy.  

    AChRs and Infl ammatory Angiogenesis 

 Agonists acting at α7 AChRs may prove benefi cial in the treatment of epilepsy as 
anticonvulsants [ 86 ], but may also have some use in therapeutic angiogenesis. After 
seizures, there is breakdown of the blood brain barrier, a network of tight junctions 
between brain capillary ECs, as well as aberrant angiogenesis, and infl ammation 
[ 87 ,  88 ]. Overall, infl ammatory angiogenesis, in which blood vessels enter a lesion 
caused by infi ltrating immune cells, is the hallmark of a number of pathological 
conditions including atherosclerosis, diabetes, psoriasis, asthma, rheumatoid arthri-
tis, and neurodegenerative diseases, as well as immune cell-associated tumor growth 
(reviewed in [ 3 ]). A pathway has been described in which α7 AChR activation of 
macrophages [ 41 ,  89 ,  90 ] can signifi cantly inhibit the release of pro-infl ammatory 
cytokines such as tumor necrosis factor-α (TNF-α), and interleukin-1, -6, and -8 
(IL-1, -6, and -8, respectively) [ 91 ]. This mechanism, termed the ‘cholinergic anti- 
infl ammatory pathway’, may also involve mononuclear lymphocytes and dendritic 
cells [ 90 ], microglia [ 92 ], eosinophils [ 42 ], and mast cells [ 93 ]. 

 The respiratory and cardiovascular system, and possibly the central nervous sys-
tem, are infl uenced by this ‘cholinergic anti-infl ammatory pathway’ as well, which 
presents major implications for immunotherapeutic approaches. For example, 
asthma, a classic case of airway infl ammation, is characterized by massive infi ltra-
tion of eosinophils, mast cells, and macrophages, as well as by the presence of 
hyper-vascularization [ 94 ]. Angiogenesis and infl ammation are co-dependent pro-
cesses, in the sense that infl ammatory mediators promote directly and/or indirectly 
angiogenesis, and in that angiogenesis contributes to infl ammatory pathology [ 95 ]. 
For example, eosinophils, by releasing pro-angiogenic mediators such as VEGF, 
promote EC proliferation, potentially inducing the neovascularization seen in 
asthma. Interestingly, human blood eosinophils express α3, α4, and α7 AChR sub-
units (Table  6.1 ), and their migration (a key event in the pathogenesis of asthma) can 
be inhibited by 1, 1-dimethyl-4-phenyl-piperazinium (DMPP), a non-selective 
AChR agonist [ 42 ]. The exact mechanism of the anti-infl ammatory effect mediated 
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by DMPP in eosinophils is not completely clear, but involves the reduction of 
platelet- activating factor (PAF)-induced LTC4 production, eotaxin, and 5-oxo-
6,8,11,14-eicosatetranoic acid-induced eosinophil migration [ 42 ]. 

 In alveolar macrophages, DMPP, which activates α4- and α7-containing AChRs, 
inhibits TNF-α (a pro-infl ammatory/pro-angiogenic cytokine) production through 
activation of PI3K and PLC [ 96 ]. Although both cells are of hematopoietic origin, 
macrophages and eosinophils respond differently to ACh, which is anti- infl ammatory 
for the former and both pro- and anti-infl ammatory for the latter [ 97 ]. Indeed, it has 
been recently demonstrated that PI3K activity is essential for hematopoetic progenitor 
survival and that high activity of its signaling partner Akt promotes monocyte/macro-
phage development, while reduced Akt activity induces eosinophil differentiation 
[ 98 ]. Thus, it is plausible that the anti-infl ammatory effect of DMPP in eosinophils is 
also produced through the PI3K pathway. 

 TNF-α is also a known potent activator of NF-κB.  In vitro  data suggest that the 
decreased activation of NF-κB, by relieving negative regulation, can reduce EC tube 
formation [ 99 ]. Furthermore, TNF-α  in vitro  induces a “tip-cell” phenotype in vascular 
ECs, thus priming them for angiogenic sprouting in an NF-κB-dependent fashion 
[ 100 ]. Hence, an inhibition of angiogenesis could potentially lessen chronic infl am-
mation by attenuating the recruitment of immune cells. Depending on the con-
centration and duration, TNF-α can induce EC dysfunction by decreasing NO and 
increasing endothelial permeability [ 101 ], contributing to the progression of athero-
sclerosis. In atherosclerotic cardiovascular disease, in which the accumulation of 
macrophages is a fundamental event, there is a connection between pathological 
angiogenesis and the growth of atherosclerotic plaques [ 102 ]. However, scant infor-
mation on the link between α7 AChR activation and macrophage accumulation/EC 
migration in the atheroma exists [ 7 ]. Nevertheless, in a rabbit model of balloon-
injured aortas, intramuscularly administered nicotine signifi cantly increased the 
expression of VEGF, promoting intramyocardial angiogenesis [ 103 ]. Also, in the 
Apolipoprotein E-defi cient mouse model of atherosclerosis, nicotine was shown to 
increase the size of atherosclerotic lesions, in association with an increase in plaque 
vascularization [ 50 ]. This effect was reversed by the selective cyclooxygenase- 2 
(COX-2) inhibitor rofecoxib. COX-2 is present on nascent ECs, and its selective 
inhibition can be anti-angiogenic through the prevention of new adhesion formation 
[ 104 ]. However, nicotine can inhibit the production of pro-infl ammatory cytokines 
from monocytes/macrophages through a mechanism that includes α7 AChR- dependent 
up-regulation of COX-2 [ 105 ]. Hence, this is a protective mechanism suitable for 
therapeutic exploitation. 

 Interestingly, nicotine-induced neuroprotection may be mediated by an interaction 
between α7 AChRs and TNF-α [ 106 ]. It seems reasonable to expect a similar interac-
tion between non-neuronal α7 AChRs and TNF-α. For example, nicotine has been 
shown to inhibit the release of TNF-α from microglia, the phagocytic immune cells 
from the brain [ 85 ,  107 ]. Activated microglia are implicated in the pathogenesis of a 
number of neurodegenerative diseases including Alzheimer’s disease [ 108 ], multiple 
sclerosis, amyotrophic lateral sclerosis, and Parkinson’s disease. However, there is 
evidence suggesting that activated microglia may also serve a protective role [ 109 ]. 
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Microglia, which share a common myeloid lineage with macrophages, do release and 
respond to the angiogenic factors VEGF, bFGF, and PDGF, but linkage between these 
cells and neuroinfl ammatory angiogenesis is sparse. However, it has been suggested 
that microglia, like macrophages, contribute to blood vessel formation by secreting 
MMPs for the degradation of the vascular basement membrane [ 110 ], and are required 
for the maintenance of immature blood vessels and the growth of new ones [ 111 ]. 
Although considered “non-excitable”, these immune cells do express the same 
voltage-gated potassium channel, i.e., Kir1.3 [ 112 ], as in human ECs (important 
for VEGF-induced proliferation) [ 113 ]; this contributes to an electrical behavior in 
microglia that may reveal an even greater role in the cholinergic anti-infl ammatory/
angiogenesis pathway.  

    AChR and Wound-healing Angiogenesis 

 Angiogenesis and increased vascular permeability are important features of the 
wound-healing process. As with angiogenesis, wound-healing is a tightly controlled 
multifactorial process that involves re-epithelialization, macrophage accumulation, 
fi broblast infi ltration, matrix formation, and revascularization [ 114 ]. Controversy 
exists over whether nicotine promotes or delays wound-healing, however, the con-
centration or dose may be the determinant of the nature of the effect. Epithelial cells 
lining the skin and oral mucosa, and the lung, express α3, α4, α5, α7, α9, α10, β1, 
β2, and β4 subunits [ 8 ,  115 ,  116 ] (Table  6.1 ). The therapeutic potential in modulating 
these subunits can be seen with both neoplastic and non-neoplastic diseases such as 
airway epithelial injury, diabetic ulcers, bone fractures, and gastrointestinal bleeding. 
For example, the use of an excision wound technique revealed that low-dose nicotine 
increased the rate of wound closure and produce greater vascularity at the wound site 
in diabetic [ 117 ] and non-diabetic mice [ 118 ]. Wound closure is a re-epithelialization 
that requires the migration and interaction of keratinocytes and fi broblasts, as well as 
the release of adhesion molecules and growth factors [ 119 ]. Recently, in a well-
designed study, an early key regulator of this step has been identifi ed  in vivo  and 
 in vitro  as the α9 AChR by up-regulating the expression of adhesion molecules 
[ 24 ,  120 ]. The effects were not observed in α9 knockout animals and were reversed 
when siRNA against the α9 subtype was employed in keratinocyte cultures. 

 Bone, like skin, is a highly vascularized tissue and is thus dependent upon a close 
association between angiogenesis and osteogenesis. The expression profi le of 
AChRs on bone ECs, or vascular ECs in bone, is currently unknown. In a rabbit 
model of bone healing and regeneration, chronic exposure to nicotine increased the 
density of microvessels in the vascular endothelium surrounding the wound site 
[ 121 ]. Again, although not investigated, it was suggested in this study that VEGF is 
mediating the nicotine angiogenic response. In light of recent data suggesting that 
in response to norepinephrine (an endogenous vasoconstrictor) nicotine can alter 
bone function by enhancing constriction of blood vessels that supply the tibia [ 122 ], 
additional investigations into nicotine-mediated bone vascularization are needed.  
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    Conclusions 

 There is substantial interest in non-neuronal AChRs for their roles in angiogenesis, 
and as potential drug targets for neoplastic and vascularization-related disease 
states. Current anti-angiogenic drug therapies under study or in clinical trials have 
met with variable success. Angiogenesis inhibitors can act indirectly by clearing 
circulating angiogenic growth factors or by suppressing their signaling pathways 
and directly by acting on the endothelium and ECs, to affect regulatory pathways 
[ 123 ]. Drugs that target ECs such as endostatin, 2-methoxyestradiol, thrombospondin, 
and IFN-α, can become ineffective due to acquired resistance. Tumor-associated 
ECs can have cytogenetic abnormalities, as well as express multidrug resistance 
P-glycoproteins, mediated by high levels of VEGF and other EC survival factors, 
resulting in an up-regulation of anti-apoptotic signals and transcription factors such 
as HIF-1α [ 124 – 126 ]. Specifi c VEGF inhibitors such as bevacizumab can exhibit 
a wide array of adverse effects in humans when used as anti-cancer treatments, 
including the risk of thrombosis. 

 In this chapter, we have discussed the experimental evidence indicating that nicotine, 
a non-selective AChR agonist, produces a clear pro-angiogenic stimulus in a number of 
 in vitro  and  in vivo  models. However, this compound is not suitable for therapeutic 
use due to potential adverse effects. In addition, non-selective antagonists such as 
mecamylamine are undoubtedly anti-angiogenic in nature. For example, based on 
promising rodent data showing that lower-dose mecamylamine (50 mg/kg/day infusion 
or 1 % topical administration) blocks choroidal neovascularization [ 84 ], phase II clinical 
trials using ophthalmic solutions of mecamylamine (ATG003) (CoMenits, South San 
Francisco, CA, USA) have been completed for the treatment of AMD. 

 The α7 AChR subtype has been successfully linked to the angiogenic process as 
it relates to tumor vascularity, infl ammation, ischemia, and wound repair, and is 
becoming an attractive target for more selective and potent agonists and antagonists 
for angiogenic therapeutics. For example, JN403, a potent, partial agonist of the α7 
AChR, has promising properties for the treatment of several neurological problems, 
without adverse consequences [ 86 ]. In this regard, preliminary results from our 
laboratory ascribe a pro-angiogenic activity elicited to JN403, with potential use in 
wound-healing. In addition, clinical trials using benzylidene-anabaseine analogues 
have demonstrated benefi cial activity for the treatment of schizophrenia and 
Alzheimer’s disease, with virtually no side effects [ 127 ]. Thus, these and other new 
untested compounds [ 13 ] could also be examined for angiogenic therapy. The devel-
opment of such drugs could be benefi cial for angiogenesis-associated diseases.     
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    Abstract     Angiogenesis, or new blood vessel formation, is necessary for the growth 
and progression of malignant tumors. Among the endogenous regulators of angio-
genesis, catecholamines have recently drawn attention owing to the discovery that 
they have opposing roles in regulating tumor angiogenesis. Dopamine (DA), norepi-
nephrine (NE), and epinephrine (E) are the members of the catecholamine family. 
DA suppresses tumor angiogenesis and hence inhibits tumor growth, whereas NE 
and E increase tumor growth by promoting angiogenesis in tumor tissues. Therefore, 
on the whole, catecholamines function as an angiogenic switch. These neurotrans-
mitters act upon their target cells via specifi c receptors, exerting pro- or anti-angio-
genic effects, and thus are excellent targets for the regulation of tumor angiogenesis 
by dopaminergic or adrenergic receptor agonists or antagonists.  

     Neovascularization occurs by two distinct mechanisms: angiogenesis, in which new 
blood vessels sprout from the pre-existing blood vessels, and vasculogenesis, in 
which new blood vessels are derived from the circulating bone marrow-derived 
endothelial progenitor cells (EPCs) [ 1 – 5 ]. This process of new blood vessel forma-
tion is essential not only in normal physiological situations (e.g., the menstrual 
cycle, implantation, embryogenesis, and wound-healing), but also in the growth and 
metastasis of malignant tumors [ 1 – 5 ]. 

 In the normal physiological milieu, angiogenesis is tightly regulated by intri-
cately balanced endogenous pro- and anti-angiogenic molecules [ 6 – 8 ]. However, in 
malignancy, this fi ne tuning of the balance between pro- and anti-angiogenic 
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molecules is disabled by either the overexpression of pro-angiogenic molecules or 
the down-regulation of anti-angiogenic molecules, resulting in the activation of the 
angiogenic switch [ 6 – 8 ]. The overexpression of pro-angiogenic growth factors, 
such as vascular permeability factor/vascular endothelial growth factor (VPF/
VEGF), fi broblast growth factor (FGF), interleukin-8 (IL-8), placenta growth factor 
(PlGF), transforming growth factor β (TGF-β), and platelet derived growth factor 
(PDGF) tilt the tumor microenvironment in favor of angiogenesis and allow the 
transition of an avascular dormant tumor into a growing vascular tumor mass [ 1 – 3 ]. 
Because targeting growth factor-induced angiogenesis has shown clinical promise, 
designing therapies to target tumor neovessels is of interest owing to the decreased 
toxicity of the approach, the minimal drug resistance, and the ability to increase the 
effi cacies of anti-cancer drugs and radiation therapy [ 1 – 10 ]. 

 Catecholamines are a group of neurotransmitters that includes dopamine (DA), 
norepinephrine (NE), and epinephrine (E) [ 11 ]. In addition to their conventional 
roles in the brain, these molecules also have important functions in the periphery 
[ 11 ]. Recent discoveries of a regulatory role for different catecholamines in tumor 
angiogenesis are of current interest from a clinical viewpoint for the development of 
anti-angiogenic drugs to treat cancer patients [ 12 – 14 ]. These newly identifi ed roles 
for catecholamines also enable us to understand the biology of catecholamines in 
peripheral systems [ 13 ]. The available information regarding the roles of catechol-
amines in the regulation of tumor angiogenesis is discussed in this chapter. 

    NE and E are Endogenous Promoters of Tumor Angiogenesis 

 NE and E act on their target cells through α (α 
1
  and α 

2
 ) and β (β 

1
  and β 

2
 ) adrenoceptors 

[ 11 ]. Evidence indicates that exposure to chronic stress promotes tumor growth [ 12 , 
 15 ] through the stress mediators NE and E [ 16 ,  17 ], and the up-regulation of tumor 
angiogenesis is suggested to be the underlying mechanism [ 13 ,  18 ]. In a model of 
orthotopically xenografted human ovarian tumors in nude mice, a tumor growth-pro-
moting effect was observed in animals following exposure to chronic stress or treat-
ment with the β-adrenergic agonist isoproterenol, and this effect was abrogated by the 
β-adrenergic antagonist propranolol [ 19 ]. Interestingly, this increase in tumor growth 
was associated with the up-regulation of VEGF in tumor tissues, which led to the 
induction of tumor angiogenesis [ 19 ]. However, inhibition of the VEGF pathway sup-
pressed the tumor growth stimulatory effect of the β-adrenergic agonist [ 19 ].  In vitro  
studies also demonstrated the NE-mediated secretion of VEGF by ovarian carcinoma 
cells [ 20 ]. In addition, there are reports that indicate that NE, by acting on the adreno-
ceptors present in the tumor-associated macrophages (TAM), induces angiogenesis 
by stimulating the production of matrix metalloproteinase 9 (MMP-9) [ 21 ]. 

 In addition to the NE-mediated increase in the expression of the pro-angiogenic 
cytokine VEGF, studies have also indicated that in different tumor cells bearing 
the β-adrenoceptor (such as melanoma, ovarian, and nasopharyngeal cancer cells), 
NE induces a signifi cant increase in the synthesis and release of other pro-angiogenic 
factors, including IL-6, IL-8, MMP-2, and MMP-9 [ 21 – 24 ]. Interestingly, nicotine 
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has been shown to increase xenografted human colon tumor growth in nude mice. 
This increased tumor growth is associated with elevated plasma E levels and tumor 
angiogenesis. However, blocking the β-adrenoceptors with specifi c antagonists sig-
nifi cantly abrogated the nicotine-induced tumor growth through the down- regulation 
of tumor angiogenesis [ 25 ]. In addition, NE has also been shown to stimulate VEGF 
mRNA synthesis in endothelial cells through the cAMP-PKA pathway and to pro-
mote proliferation of these cells by activating ERK [ 26 ].  

    Molecular Mechanisms of NE- and E-induced Tumor Angiogenesis 

 By acting through β 
2
 -adrenoceptors, NE has been shown to promote angiogenesis in 

the orthotopically grown ovarian cancers HEY-8 and SKOV3ipI [ 19 ]. The underly-
ing molecular mechanisms of this phenomenon were determined to be increased 
VEGF synthesis and the overexpression of matrix metalloproteinases, such as 
MMP-2 and MMP-9 [ 19 ]. Further investigations demonstrated that this VEGF- 
induced overexpression of matrix metalloproteinases is mediated through the cAMP-
PKA signaling pathway following stimulation of β 

2
 -adrenoceptors by NE, indicating 

a novel signaling pathway, such as NE-β 
2
 -adrenoceptors-cAMP-PKA- VEGF [ 19 ]. 

NE treatment has also shown similar results in the human nasopharyngeal cell line 
HONE 1 [ 23 ]. In several human multiple myeloma cell lines (NCI-H-929, MM-M1, 
and FLAM-76) NE treatment has also shown similar results by acting through β 

1
  and 

β 
2
  adrenoceptors present in these cells [ 27 ]. However, a recent study has demon-

strated that  in vitro  treatment of human prostate (PC3), breast (MDA-MB-231), and 
liver (HCC SK-Hep1) cancer cells with NE or isoproterenol stimulated the expres-
sion of HIF-1α and synthesis of VEGF in a dose- dependent manner [ 28 ]. This 
increased VEGF synthesis was decreased when the tumor cells were transfected with 
HIF-1α siRNA [ 28 ]. This observation was further strengthened when HIF-1α was 
up- or down-regulated in these tumor cells following pretreatment with the adenylate 
cyclase activator forskolin or the protein kinase A (PKA) inhibitor H-89, respec-
tively [ 28 ]. Finally, pretreatment of tumor cells with a β-adrenergic blocker pro-
pranolol completely abolished the expression of VEGF and HIF-1α protein amount 
in these cells [ 28 ]. Therefore, in brief, NE induces VEGF expression in cancer cells 
through NE-β-adrenoceptor-PKA-HIF-1α-VEGF signaling pathway (Fig.  7.1 ).

   This catecholamine neurotransmitter also stimulates the synthesis and release of 
another pro-angiogenic factor, IL-6, in the human ovarian tumor cell lines 
SKOV3ip1, HEY-A8 and EG  in vitro  [ 24 ]. By acting through β-adrenoceptors in 
these tumor cells, NE signifi cantly increased both IL-6 mRNA synthesis and pro-
moter activity [ 24 ]. Additional results have demonstrated an abrogation of this 
NE-mediated effect on IL-6 synthesis following treatment with β-adrenoceptor 
antagonists, confi rming the NE-mediated regulation of IL-6 gene transcription 
through the activation of β-adrenoceptors [ 24 ]. NE-mediated β-adrenoceptor acti-
vation was also shown to increase Src kinase phosphorylation, which subsequently 
increased IL-6 mRNA synthesis through the up-regulation of the IL-6 promoter 
activity [ 24 ]. This suggestion of a NE-β-adrenoceptor-Src kinase-IL-6 pathway for 
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increased tumor angiogenesis was further strengthened by immunohistochemical 
analysis of human ovarian cancer tissues, in which a signifi cant correlation between 
the overexpression of Src kinase and the degree of tumor neovascularization was 
observed [ 24 ]. Src activation was also instrumental in increasing the synthesis of 
other pro-angiogenic molecules, such as VEGF and IL-8 [ 24 ]. However, another 
alternate signaling pathway was recently identifi ed in which NE and E stimulated 
MMPs in human ovarian tumor cell lines independent of the β1, β2-adrenoceptors-
PKA pathway. This pathway involves STAT-3, a transcription factor known to initi-
ate several signaling pathways in cancer cells [ 29 ].  

    DA as an Endogenous Inhibitor of Tumor Angiogenesis 

 In addition to acting as a precursor molecule in the biosynthetic pathway of NE and E, 
DA also acts as an important neurotransmitter in both the brain and the peripheral 
organs [ 30 ]. In the brain, DA regulates several major functions, including cognition, 
motor activities, and the reward effect in the form of pleasure [ 30 ,  31 ]. In peripheral 
systems, DA regulates cardiac and renal functions. In addition, recent evidence has 
indicated that DA infl uences other diverse functions, such as blood pressure, insulin 

  Fig. 7.1     NE stimulates 
VEGF synthesis in the 
tumor cells.  NE by activating 
β-adrenergic receptors 
activates cAMP-PKA axis 
and stimulates VEGF 
synthesis by up-regulating the 
transcription factor Hypoxia 
Inducible Factor-1α (HIF-1α) 
in tumor cells       
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synthesis in beta cells of the pancreas, and the functions of immune effector cells 
[ 32 – 34 ]. Recently, another role of this neurotransmitter in the peripheral system has 
been demonstrated: DA functions as an endogenous inhibitor of angiogenesis by acting 
through its D 

2
  class of receptors present in the endothelial cells and EPCs [ 35 – 41 ]. 

 A signifi cant increase in B-16 melanoma growth has been found in D 
2
  DA 

receptor (−/−) mice [ 37 ]. Another study has revealed signifi cantly decreased growth 
of mammary carcinoma in hyperdopaminergic Wistar rats (APO-SUS), and 
increased growth of the same tumors was observed in hypodopaminergic rats (APO-
UNSUS) [ 36 ]. This increased or decreased tumor growth in hypo- or hyperdopami-
neregic rats is closely associated with increased or decreased angiogenesis in tumors 
[ 36 ]. Furthermore, in human gastric cancer patients, a signifi cant reduction of DA 
in malignant stomach tissues compared to the surrounding normal tissues has been 
observed, and exogenous administration of DA or a D 

2
  DA receptor agonist signifi -

cantly inhibited stomach tumor growth [ 38 ]. The mechanism of this phenomenon 
has been attributed to the inhibition of angiogenesis in the tumor tissues [ 38 ].  

    Molecular Mechanisms of DA-induced Inhibition 
of Tumor Angiogenesis 

 VEGF is the predominant cytokine that regulates angiogenesis by mediating pro-
liferation, migration, and tube formation in endothelial cells from pre-existing ves-
sels [ 3 ,  10 ]. VEGF also plays a pivotal role in the migration and subsequent 
mobilization of EPCs from the bone marrow into the neovessels of tumors by act-
ing through VEGFR-2 receptors present on these cells [ 41 ].  In vivo  studies have 
demonstrated that DA treatment signifi cantly inhibits tumor angiogenesis [ 35 – 41 ]. 
Tumor endothelial cells isolated from human breast (MCF-7) and colon (HT29) 
tumor-bearing mice displayed suppression of VEGFR-2 phosphorylation with sub-
sequent inhibition of its downstream signaling cascades (e.g., MAPK and focal 
adhesion kinase (FAK)), which regulate the proliferation and migration of endothe-
lial cells; this regulation is essential for tumor neovessel formation (Fig.  7.2 ) [ 40 ]. 
Recent studies also reveal important contributions of bone marrow-derived EPCs 
in tumor angiogenesis [ 4 ,  5 ,  42 ]. Indeed, additional reports indicate that in the bone 
marrow niche, DA is synthesized in stromal cells [ 43 ] and is depleted in tumor-
bearing mice [ 41 ], thus indicating a role of DA in the regulation of the mobilization 
of these precursor cells from bone marrow into circulation [ 41 ]. Importantly, the 
administration of exogenous DA, which inhibited tumor angiogenesis, also inhib-
ited the mobilization of these cells from bone marrow [ 41 ]. This inhibitory effect 
of DA is abrogated when the animals are treated with a D 

2
  DA receptor antagonist 

[ 41 ]. The inhibitory effect on the mobilization of EPCs from the bone marrow and 
hence on tumor angiogenesis is due to the D 

2
  DA receptor-mediated down-regula-

tion of MMP-9 synthesis by these bone marrow progenitor cells through the inhibi-
tion of the ERK1/ERK2 pathway (Fig.  7.3 ) [ 41 ]. These observations were further 
supported in D 

2
  DA receptor (−/−) mice: increased numbers of circulating EPCs 



82 S. Basu and P.S. Dasgupta

were evident in tumor- bearing mice compared to wild type controls, and the D 
2
  DA 

receptor antagonist treatment failed to elicit any effect in the animals [ 41 ].
    These studies have clearly demonstrated that DA acts as an endogenous inhibitor 

of angiogenesis, and hence of tumor growth, by targeting the VEGF-induced prolif-
eration and migration of endothelial cells and EPCs through several newly uncov-
ered mechanisms [ 35 – 41 ].  

    Discussion 

 Together, current fi ndings show that catecholamine neurotransmitters act as regula-
tors of tumor angiogenesis and, hence, regulate the growth of malignant tumors [ 13 ]. 
The available evidence suggests that DA acts through its D 

2
  class of receptors to 

inhibit tumor angiogenesis by targeting the proliferation and migration of tumor 
endothelial cells as well as the mobilization of EPCs [ 35 – 41 ]. In contrast, NE and E 
act through β-adrenoceptors to stimulate angiogenesis by stimulating the synthesis of 
pro-angiogenic cytokines (e.g., VEGF, IL-8, and IL-6) and MMPs (e.g., MMP-2 and 
MMP-9) in tumor cells through different signaling pathways [ 13 ]. Briefl y, in the D 

2
  

DA receptor-mediated down-regulation of angiogenesis, the target cells are endothe-
lial cells and EPCs, whereas in the NE-mediated up-regulation of tumor angiogenesis, 
the target cells are principally tumor cells [ 13 ]. Therefore, based on these opposing 

  Fig. 7.2     Dopamine inhibits tumor endothelial cell proliferation and migration.  Dopamine by 
activating its D 

2
  receptors inhibits VEGFR-2 phosphorylation and downstream signaling mole-

cules like mitogen-activated protein kinase (MAPK) and Focal adhesion kinase (FAK)       
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  Fig. 7.3     Dopamine inhibits mobilization of bone marrow-derived endothelial progenitor 
cells for tumor neovessel formation . Activation of D 

2
  dopamine receptors in endothelial progenitor 

cells (EPCs), dopamine inhibits migration of these cells from bone marrow to the circulation and 
subsequently to neovessels of the tumors by inhibiting synthesis of matrix metalloproteinase-9 
(MMP-9) in these progenitor cells       

  Fig. 7.4     Model of an 
angiogenic switch in tumor: 
Diagram of catecholamine-
mediated operation of an 
angiogenic switch in tumor 
microenvironment.  
Dopamine inhibits 
angiogenesis, whereas 
norepinephrine and 
epinephrine up-regulate 
angiogenesis in tumor tissues       

effects of stimulation and inhibition of tumor angiogenesis by the catecholamine 
neurotransmitters (DA, NE, and E), it is suggested that catecholamines function as an 
angiogenic switch in the tumor microenvironment (Fig.  7.4 ). The expression profi le 
of D 

2
  DA receptors or β-adrenoceptors in any organ may be altered in response to the 

onset of malignancy in that organ. These alterations may tilt the microenvironment 
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of the tumor in favor of angiogenesis, thereby transforming an avascular, dormant 
tumor mass into a vascular, rapidly growing tumor. Epidemiological evidence has 
also indicated that the use of NE antagonists reduces the risk of cancer incidence 
[ 44 ]. Therefore, it will be prudent to undertake further detailed investigations to dis-
sect the specifi c roles of catecholamines in relation to their function as an angiogenic 
switch in tumor growth. These studies will enable clinicians to develop DA or NE/E 
receptor agonists or antagonists as anti-angiogenic drugs.
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    Abstract     Controlled and stipulated induction of angiogenesis, commonly known 
as therapeutic angiogenesis, can be used as a treatment strategy for many ischemic 
diseases and tissue regenerations. The current and conventional method of thera-
peutic angiogensis, which takes advantage of this natural phenomenon by inducing 
neovascularization in a specifi c body organ or site, has many disadvantages includ-
ing side effects and higher dose requirements. The emergence of nanotechnology, 
particularly its use as a multifunctional and surface-tunable nanocarrier with site 
specifi city and the ability to incorporate and protect active materials from  in vivo 
 environmental assault, has the potential for a sea change in the therapeutic angio-
genesis area of research. This chapter gives a brief description of some of the 
nanotechnology- based therapeutic angiogenesis strategies used in recent years. 
Though most of the strategies, which involve delivering growth factors and thera-
peutic genetic materials, are in a preclinical state, there are great potential clinical 
implications for the near future.  

        Introduction 

 Angiogenesis is an indispensable physiological process of the formation and propa-
gation of new blood vessels from pre-existing vasculatures, and it is the building 
block of adult fundamental development [ 1 ]. Lack of angiogenesis or insuffi cient 
angiogenesis is one of the major causes behind many ischemic diseases [ 2 ]. Controlled 
and stipulated induction of angiogenesis, popularly known as therapeutic angiogenesis, 
takes advantage of this natural phenomenon by inducing neovascularization in a 
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specifi c body organ or site and can be used as a treatment strategy for many 
ischemic diseases and tissue regenerations [ 2 – 5 ]. Despite the tremendous effort in 
recent years via various therapies to treat these diseases, ischemic diseases remain 
one of the major causes of death worldwide. Currently, therapeutic angiogenesis 
mainly uses various growth factors like vascular endothelial growth factor (VEGF) 
for revascularization [ 6 ,  7 ]. However, in clinical trials it was reported that a low dose 
of VEGF is highly ineffective, and the therapeutic benefi t of VEGF can only be 
obtained at high doses [ 8 ]. 

 There are other limited approaches to promote angiogenesis that include geneti-
cally enhanced stem cells and siRNA/DNA [ 3 ,  9 – 11 ]. However, the development of 
delivery vehicles that can effectively deliver either pro-angionesis factors like 
VEGF or genetic material is still a major challenge. Nanotechnology, which uses a 
submicron particulate carrier system, might be the answer to the problems that 
scientists are facing in therapeutic angiogenesis. Rapid emergence of nanotechnol-
ogy in the biomedical fi eld in recent years has signifi cantly impacted treatment and 
diagnosis of various diseases. Several nanotechnology-based drugs came on the 
market within a short span of time [ 12 ,  13 ]. The rapid emergence of nanoparticulate 
carrier systems in the drug delivery fi eld, including therapeutic angiogenesis, is 
attributed to factors such as multifunctional and surface-tunable properties of the 
nanoparticles, site-specifi c delivery, incorporation and protection of active materials 
from in  vivo  environmental assault, controlled release, and increased bioavailability 
of incorporated active material [ 14 – 17 ]. 

 This chapter gives a brief description of some of the nanotechnology-based 
therapeutic angiogenesis strategies used in recent years. Though most strategies 
involving delivery of growth factors and therapeutic genetic materials are in a 
preclinical state, there is great potential clinical implication for this nanotech-
nology in the near future. 

   Nanoparticles-mediated Delivery of VEGF 

 VEGF is one of the most commonly used pro-angiogenesis agents and has been 
widely used in both clinical and preclinical studies [ 18 ]. However, the poor clinical 
outcome of this agent (and need of high dose for required effects) have compelled 
the research community either to look for new alternatives or to reformulate this 
agent to enhance the effi cacy. It has been postulated that the poor clinical outcome 
of VEGF might be due to its short half-life, lack of specifi city, and the higher dose 
requirement. Nanotechnology has proven to be the ideal technology that has the 
potential not only to increase the half-life of the drug, but also to protect the drug 
from enzymatic degradation as well as provide a slow, sustained release. 

 In a study by Golub et al., VEGF was encapsulated in PLGA (NPs) by double 
emulsion solvent evaporation methods [ 8 ]. These injectable, nanoparticulated formula-
tions with an average particle size of about 400 nm were able to release VEGF over 
4 days in a sustained way. The nanoformulation was tested in a mouse fermoral 
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artery ischemia model (129/Sv mice) and compared with free VEGF. It was observed 
that the mice treated with VEGF-NPs showed a signifi cant increase in total vessel 
volume and vessel connectivity when compared with free VEGF and saline [ 8 ]. The 
vascular formation was mainly measured by microCT angiography, and this method 
was further validated with traditional methods like immunohistochemistry. In 
terms of vessel density or spacing and anisotropy (spatial orientation of vessels), 
there were no statistically signifi cant differences found between the VEGF-NPs and 
VEGF. Though these nanoformulations showed potential in delivering VEGF effec-
tively, the nanofabrication methods, low loading capacity, and use of a toxic organic 
solvent are still major hurdles that need to be addressed in the near future in order to 
move forward with this formulation [ 8 ]. 

 In an interesting study by Kim et al. [ 19 ], a unique approach was used to 
target and deliver VEGF in a murine model of hind limb ischemia (a common 
model of peripheral artery diseases (PAD)), by taking advantage of effects of a 
phenomenon known as EPR (enhanced permeability and retention). EPR takes 
advantage of leaky vascularizations due to excessive secretion of angiogenic 
growth factor. Pegylated silica nanoparticles (SiNPs) were used to deliver VEGF 
to enhance the angiogenic process in the murine model. It was hypothesized that 
pegylated NPs carrying VEGF can take advantage of the EPR effect to enhance 
its accumulation in the ischemic tissue site, where suffi cient presence of growth 
factor is a prerequisite to enhance angiogenesis to support ischemic tissue recov-
ery. The concept of targeted delivery was proved by injecting dye-labeled (cy5.5) 
pegylated SiNPs (PEG-Cy-SiNPs) and nonpegylated NPs in the hind limb isch-
emia model. Higher levels of PEG-Cy-SiNPs were found in ischemic tissues 
compared to normal tissue. It also showed that NPs labeled with a dye for fl uo-
rescent imaging can be used as an imaging probe to track their site-specifi c 
accumulation in ischemic tissues. On the other hand, nonpegylated NPs were 
rapidly cleared by the reticulo-endothelial system (RES), including liver and 
spleen. In the same study they demonstrated enhanced accumulations of gold 
nanoparticles conjugated to VEGF in ischemic muscle tissues with a 2-fold 
increase of nano VEGF compared to nonconjugated VEGF [ 19 ]. This study 
demonstrates the potential of nanotechnology-mediated targeted delivery and 
imaging, which can be used for therapeutic angiogenesis.  

   Nanocarriers and Myocardial Ischemia 

 Myocardial ischemia (MI) is one of the most common causes of many heart diseases 
that can ultimately lead to more severe consequences like a heart attack [ 20 ]. 
Conventional MI therapy includes highly invasive treatments like heart surgery, 
transplantation, and the use of various implantable devices. Numerous medications 
are used to treat MI, however, dose limitation, poor half-life period, and accessibility 
of the drug to the ischemic myocardium are a few of the major obstacles in the treat-
ment of MI. Therefore it is imperative to look for nonconventional systems like a 
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nanocarrier system that has the potential to effectively treat such diseases. In a study 
by Binsalamah et al. [ 20 ], the potential of chitosan- alginate NPs to treat MI in a rat 
model was demonstrated. They synthesized NPs incorporating placental growth 
factor (PlGF), a reported angiogenesis stimulator, and assessed the effi cacy of the 
NPs in an acute MI model in rats after intramyocardial injection. A signifi cant 
increase in left ventricular function and vascular density were reported 8 weeks 
after coronary ligation by nanoparticulate PlGF, and thus this was a clear indication 
of improved effi cacy of nanoformulated PlGF. Though intramyocardial injection is 
also considered to be a highly invasive technique compared to oral and systemic 
delivery routes, the authors suggested that modifi cation or reformulation of the 
nanoformulation for a less invasive systemic delivery will bring about a potential 
treatment revolution in the near future [ 20 ].  

   Engineered Nanocarriers 

 Engineered nanocarrier systems are also an attractive mode of delivering various 
pro-angiogenic proteins in a sustained way to the pathological site by maintaining 
the integrity of the protein and the pro-angiogenic activity of the incorporated materials. 
In a study by Roy et al. [ 15 ], a nanoformulation made up of PLGA NPs encapsulating 
a nonglycosylated active fragment of hepatocyte growth factor/scatter factor, 1K1 
(reported to be a potent angiogenic agent), was synthesized. It was found that 
these NPs were able to release 1K1 in a sustained way, which can temporally 
enable downstream signaling through mitogen-activated kinase pathways (MAPK). 
This in  vitro  and in  vivo  demonstration of NPs mediated technology altering MAPK 
signaling pathways via controlled release of growth factor for an enhanced angio-
genic result has opened a new door to inducing neovascularization under impaired 
ischemic conditions. 

 Another cutting-edge approach that has the potential for a paradigm shift in thera-
peutic angiogenesis is the combination of genetically engineered stem cells and 
nanotechnology to promote angiogenesis. Though in recent years there have been 
several reports using stem cells to promote angiogenesis, the clinical applications 
remain limited due to insuffi cient expression of angiogenic factors, logistics, and 
economics. The use of NPs made of biodegradable polymers and encoded genetic 
material to engineer stem cells to effi ciently express angiogenic factors is another 
potential alternative and has tremendous potential in treating many of the ischemic 
diseases (including MI and cerebral ischemia). In a study by Yang et al. [ 21 ], poly 
β-amino ester-based NPs incorporating  hVEGF  gene were synthesized and delivered 
effectively to human mesenchymal stem cells (hMSC) and human embryonic stem 
cell-derived cells (hESdCs). When tested in this genetically engineered stem cell 
mouse ischemic hind limb model, 2- to 4-fold higher vessel densities were reported 
compared to the lipofectamine transfected cells. Enhanced angiogenesis and limp 
salvage was observed after the intramuscular injection of hMSC transfected  VEGF  
after 4 weeks of injections. Thus, the combination of nanotechnology and stem cell 
engineering might be able to be used to effectively treat ischemic diseases.  
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   Future Perspective 

 Nanotechnology has made a sea change in every aspect of human life, from stain-free 
fabrics to cosmetics, rocket science, and medicine. Applications of nanotechnology 
have contributed to the progress in cancer research and diagnosis and are compel-
ling the medical research community to think ‘out of the box’. There have been 
some efforts to use nanotechnology as a delivery vehicle for the development of 
highly effective modalities to treat and stimulate revascularization of ischemic 
tissue in a preclinical setting. Though the preliminary results are promising, more 
systematic research is needed from the medical community to make this cutting-
edge technology become a clinical reality.      
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    Abstract     The fi eld of angiogenesis modulation is at a major crossroad. Tremendous 
advances in basic science in this fi eld are providing excellent support to the concept 
that is in contrast to a lack of strong clinical support at this point. With regard to the 
big gap between experimental data and clinical data, the best model of human 
malignancy is human malignancy, and the best models of human diabetic retinopa-
thy (DR) and age-related macular degeneration (AMD) are in human DR and 
AMD patients. Clinical outcome should include benefi t/risk ratio, hard end points 
(mortality and quality of life as opposed to increased microvascular density with 
pro- angiogenesis agents or tumor size reduction with anti-angiogenesis agents), and 
cost effectiveness.  

     Preclinical    models should be used to provide guidance, placebo effect, comparative 
data, and mechanistic understanding as opposed to being used for expected clinical 
effi cacy. We also have to understand existing strategy and how angiogenesis modu-
lation can add further value in improving the effi cacy and safety of new targets. The 
redundancy and multiplicity by which blood vessels are remodeled might account 
for the acquired resistance observed with single mechanism-based anti- angiogenesis 
strategies. Hence, improving the effi cacy would require an anti-angiogenesis target 
that works at key upstream or common downstream signaling switches that regulate 
angiogenesis at multiple levels. 

 The anti-VEGF agent bevacizumab was approved as anti-angiogenesis therapy 
in 2004 for the treatment of colon cancer and other tumor types. Since then, an array 
of anti-angiogenesis agents have been developed and approved for the treatment of 
cancer in conjunction with chemotherapy or as monotherapy in age-related macular 
degeneration (AMD). Single mechanism-based anti-angiogenesis therapies for 
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cancer are facing a number of hurdles in terms of the level of effi cacy, suggesting a 
need for more effective, broad spectrum anti-angiogenesis agents that work at key 
upstream pathways. Hence, achieving effi cient anti-angiogenesis response will 
require approaches to simultaneously or sequentially targeting multiple aspects of 
the tumor microenvironment. 

    Background 

 In normal physiological angiogenesis, new blood vessels are formed at a slow rate 
during normal tissue growth, repair, and fetus development during pregnancy. In 
pathological angiogenesis, tumors cannot grow or metastasize without the genera-
tion of new blood vessels from existing ones that allow for the supply of oxygen and 
nutrients [ 1 ]. 

 The key cells for new blood vessel formation are the endothelial cells along with 
the support of other cells such as pericyte and smooth muscle cells. For new blood 
vessel formation, existing vascular endothelial cells get activated and secrete matrix 
degrading enzymes that degrade the extracellular matrix (ECM) to allow for its 
migration and invasion, which allows the assembly of those endothelial cells to then 
assemble a new network of tube-like structures, forming new blood vessels with 
lumen for blood perfusion [ 1 – 3 ]. The balance between pro- and anti-angiogenesis 
factors allows for the hemostasis and the regulation of new blood vessel growth [ 1 ,  2 ]. 
See Table  9.1  for a list of anti-angiogenesis mediators.

    Table 9.1    Anti-angiogenesis 
factors/mediators  

 Anti-angiogenesis factors/mediators 

 Angiostatin (Plasminogen fragment) 
 Endostatin (Collagen XVIII fragment) 
 Plasminogen Activator Inhibitor (PAI-1) 
 Vasostatin 
 Prolactin 
 Thrombospondin-1 
 Platelet factor 4 
 Interferon-γ (IF-γ) 
 Kininogen domain 5 
 Glycosaminoglycan (heparins) 
 Anti-VEGF 
 Thyroid antagonists (tetrac, triac) 
 Nicotinic receptor antagonists 
 Cathepsin inhibitors 
 Histone deacylase inhibitors 
 αv integrin antagonists 
 β1 integrin antagonists 
 Anti-tissue factor/Anti-factor VIIa (TFPI) 
 Antioxidants 
 TIMP 
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   There are a number of pro-angiogenesis factors that are known to activate 
endothelial cell tube formation and new blood vessel generation (Table  9.1 ) [ 4 ]. 
Similarly, there are a number of endogenous mediators that inhibit endothelial cell 
functions that lead to new blood vessel formation (Table  9.1 ) [ 1 ,  2 ,  5 ,  6 ]. The inci-
dence of tumor metastasis is associated with accelerated pathological angiogenesis 
and poor clinical outcome (Fig.  9.1 ) [ 1 ,  3 ].

   Continued preclinical and clinical investigations identifi ed major drawbacks 
(resistance to the treatment and increased thrombotic events) to the FDA-approved, 
fi rst anti-angiogenesis anti-VEGF agent, namely bevacizumab, for treatment of 
metastatic colorectal cancer [ 7 – 11 ]. Several other anti-angiogenesis agents are 
either approved or in different stages of clinical trials (Table  9.2 ). In addition, lack 
of thoroughly validated predictive biomarkers has been one of the major hurdles to 
stratify cancer patients and to monitor tumor progression and response to the therapy. 
Investigations in clinic and preclinical settings have provided some insight for these 
challenges. There are mechanisms by which dynamic changes occur in the tumor 
microenvironment in response to anti-angiogenesis therapy, leading to drug resis-
tance. These mechanisms include direct selection of clonal cell populations with the 
capacity to rapidly up-regulate alternative pro-angiogenesis pathways, increased 
invasive capacity, and intrinsic resistance to hypoxia.

  Fig. 9.1    Angiogenesis in tumor growth and metastasis: impact of tumor microenvironment       
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   Table 9.2    Angiogenesis inhibitors approved and under clinical development   

 Drug  Status  Target/mechanism  Indication 

 Bevacizumab (Avastin®)  FDA- approved a      Anti-VEGF mAb  Breast, colorectal, 
bladder, and other 
cancer 

 Ranibizumab (Lucentis®)  FDA- approved   Anti-VEGF (VEGR-2)  AMD 
 Phase III  HCC, Melanoma, 

NSCLC, RCC 
 Pegaptanib (Macugen®)  FDA- approved   VEGF inhibitor  AMD 
 Bortezomib (Velcade®)  FDA- approved   Reversible inhibitor of 

the 26S proteasome 
 Multiple myeloma 

 Thalidomide 
(Thalomid®) 

 FDA- approved   Suppression of TNF-α 
production and 
down-regulation of 
adhesion molecules 

 Multiple myeloma 

 Lenalidomide 
(Revlimid®) 

 FDA- approved   Analogue of thalido-
mide – complex 
actions 

 Myelodysplastic 
syndromes and 
multiple myeloma 

 Erlotinib (Tarceva®)  FDA- approved   EGFR inhibitor  NSCLC, pancreatic 
cancers 

 Sorafenib (Nexavar®)  FDA- approved   VEGFR and PDGFR 
inhibitor 

 HCC and RCC 

 Sunitinib (Sutent®)  FDA- approved   VEGFR and PDGFR 
inhibitor 
–Multikinase 

 RCC and GI cancer 

 Afl ibercept (Eylea®)  FDA-approved  VEGF trap  AMD 
 Phase III  Colorectal cancer 

 MEDI 522 (Vitaxin®)  Phase II  Anti-αvβ3 mAb  Metastatic cancer 
 Cilengitide  Phase II/III  Cyclic peptide, inhibit 

αvβ3/β5 
 GBM 

 Mecamylamine (ATG003)  Phase II  Non specifi c AChR 
noncompetitive 
antagonist 

 AMD and diabetic 
macular edema 

 SU6668  Phase I  Inhibit VEGFR, 
PDGFR, and FGFRs 

 Advanced solid tumors 

 Vandetanib (Zactima®)  Phase I  VEGFR and PDGFR 
inhibitor 

 NSCLC, thyroid 
cancers 

  To date the FDA has approved the use of several agents as angiogenesis inhibitors in the treatment 
of neoplastic and non-neoplastic diseases, whereas other drugs are still under clinical trials. Data 
were taken from   www.cancer.gov    ,   www.fda.gov    ,   www.clinicaltrials.gov     
 Several other biologic agents and small molecules not listed are in different stages of clinical 
development 
  mAb  monoclonal antibody,  AMD  age-related macular degeneration,  HCC  hepatic cell carcinoma, 
 RCC  renal cell carcinoma,  GI  gastrointestinal,  NSCLC  non-small cell lung cancer,  GBM  
glioblastoma 
  a Avastin has been withdrawn in the US but is available in the EU and Japan for breast cancer  
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       Strategies 

 There are two key strategies for the inhibition of angiogenesis:

    1.    Interfere with pro-angiogenesis factor(s) using either an antibody that binds with 
high affi nity to that factor or a receptor antagonist that blocks its action at the 
receptor level.   

   2.    Inhibit at different levels the process of endothelial tube formation and assembly 
of blood vessels (migration, proliferation, ECM degradation, and invasion).     

 The most advanced anti-angiogenesis targets might not be optimal, and it might 
require combinations with cytotoxic agent(s) such as is the case in cancer manage-
ment. The αv integrin antagonist cyclic peptide cilengitide targets αv integrin in both 
cancer cells and vascular endothelium [ 12 ] and is currently in phase III clinical trial 
for glioblastoma patients [ 13 ]. Additionally, cilengitide is in phase II non- metastatic 
castration resistant prostate cancer trials [ 14 ].  

    Angiogenesis and Angiogenesis Inhibitors: A New Potential 
Anti-cancer Therapeutic Strategy 

 The angiogenesis process is a complex multi-step cascade under the control of posi-
tive and negative regulators along with other factors in the microenvironment [ 1 ,  3 ].  

    Biotechnology-driven Strategies 

    Kininostatin 

 Domain5 (D5) of high molecular weight kininogen has been shown to inhibit endo-
thelial cell migration toward vitronectin, endothelial cell proliferation and angio-
genesis in the chicken chorioallantoic membrane assay. Structure-function studies 
demonstrate that D5 contains a peptide that only inhibits migration and another 
peptide that inhibits only proliferation. Data on a related inhibitory monoclonal 
antibody confi rmed the role of kininiogen in angiogenesis modulation [ 15 ].  

    The α3 Chain of Type IV Collagen Inhibits Tumor Growth 

 Studies from our laboratory have shown that type IV collagen (COL IV) and specifi -
cally a peptide comprising residues 185–203 of the non-collagenous domain (NCI) of 
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the α3 (IV) chain has several biological activities including: inhibition of neutrophil 
activation, promotion of tumor cell adhesion and chemotaxis, and inhibition of tumor 
cell proliferation [ 16 ].  

    Anti-VEGF 

 VEGF is an endothelial cell-specifi c mitogen and an angiogenic inducer. VEGF is 
essential for developmental angiogenesis and is also required for female reproduc-
tive functions and bone formation. Substantial evidence also implicates VEGF in 
tumors and intraocular neovascular syndromes. Currently, a humanized anti-VEGF 
monoclonal antibody (rhuMab VEGF) is in clinical trials as a treatment for various 
solid tumors. Phase II studies in patients with colorectal and lung cancer, where 
anti-VEGF was used in conjunction with standard chemotherapy, have shown evi-
dence of clinical effi cacy [ 17 ,  18 ]. Additionally, various anti-VEGF strategies dem-
onstrated successful outcome in various ocular neovascularization disorders [ 19 , 
 20 ]. In addition to antagonizing VEGF, there are also small molecules that inhibit 
receptor tyrosine kinases (RTKs). Many RTK inhibitors have been described that 
exhibit different specifi city profi les.  

    Role of Matrix Metalloproteinase in Cancer 

 Matrix Metalloproteinase (MMPs) are zinc dependent endopeptidases that degrade 
extracellular matrix proteins (collagens, laminin, and fi bronectin) during the pro-
cess of cancer invasion and metastasis. Contrary to expectations, MMPs are pro-
duced primarily by reactive stromal and infl ammatory cells surrounding tumors 
rather than cancer cells. Potent, orally available, hydroxamic acid-derived inhibi-
tors of MMPs were in clinical trials for the treatment of lung, prostate, pancreatic, 
gastric, and breast cancer but safety profi les along with limited effi cacy halted this 
class [ 21 ,  22 ].  

    2-Methoxyestradiol 

 2-Methoxyestradiol (2ME) is now being recognized as a potent, orally active anti- 
angiogenesis and antitumor agent that has minimal if any toxicity. Despite being an 
endogenous estradiol metabolite, 2ME does not show any estrogenic activity in  vitro  
and in  vivo  at doses at which estradiol and other metabolites are clearly estrogenic. 
2ME is presently in a phase II trial for metastatic cancer alone and in combination 
with sunitinib [ 23 ].  
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    Small Molecule Integrin Antagonists 

 The role of various integrins in angiogenesis-mediated disorders was demonstrated 
[ 24 ]. In addition to the well-described role of αvß3 and αvß5 integrins [ 25 ], a role 
for α5ß1 integrin in the modulation of angiogenesis was defi ned [ 26 ]. The role of 
α5ß1 integrin in angiogenesis was established through the use of monoclonal anti-
body, cyclic peptide, and non-peptide α5ß1 integrin antagonists [ 26 ].  

    Nutraceutical-derived Polyphenol Angiogenesis Inhibitors 

 There are several evidences for the potential benefi cial effect of phytochemicals on 
cancer-related pathways, particularly with regard to anti-angiogenesis. Plant pheno-
lics are the most important category of phytochemicals, including fl avonoids. 
Prominent phytochemicals affecting different pathways of angiogenesis are green 
tea polyphenols (epigallocatechin gallate, EGCG), soy bean isofl avones (genistein), 
and several other polyphenols derived from natural sources [ 27 – 29 ].   

    Anti-angiogenesis Therapy in Multiple Myeloma 

 Thalidomide that was withdrawn in Europe earlier because of its teratogenicity in 
pregnant mothers when used as a sedative, demonstrated potent inhibition of angio-
genesis [ 30 ]. Thalidomide and analogues were demonstrated to be effective in 
relapsed/refractory multiple myeloma with mild systemic toxicity. Encouraging 
synergistic outcome was demonstrated in studies of thalidomide when combined with 
dexamethasone or conventional chemotherapy [ 30 ]. Other studies are examining the 
potential of thalidomide analogues, inhibitors of VEGF isoforms, VEGF receptors, 
and endostatin [ 30 ,  31 ]. However, those angiogenesis inhibitors such as thalidomide 
and the anti-VEGF (SU015) demonstrated increased incidence of thrombosis when 
used in combination with chemotherapeutic agents [ 32 ,  33 ]. Bortezomib during 
induction and maintenance improves complete response and achieves superior pro-
gression-free survival and overall survival [ 34 ]. 

 The Spanish Myeloma Group conducted a trial to compare bortezomib/thalido-
mide/dexamethasone (VTD) versus thalidomide/dexamethasone (TD) versus vin-
cristine, BCNU, melphalan, cyclophosphamide, prednisone/vincristine, BCNU, 
doxorubicin, dexamethasone/bortezomib (VBMCP/VBAD/B) in patients aged 
65 years or younger with multiple myeloma. The primary endpoint was complete 
response rate post-induction and post-autologous stem cell transplantation (ASCT). 
Results showed that VTD is a highly effective induction regimen prior to ASCT [ 35 ].  
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    Anticoagulants and Angiogenesis 

 Many cancer patients reportedly have a hyper-coaguable state, with recurrent 
thrombosis due to the impact of cancer cells and chemotherapy on the coagulation 
cascade [ 15 ]. Analysis of biomarkers of the coagulation cascade and of vessel wall 
activation was performed and showed signifi cant increases in thrombin generation 
and endothelial cell perturbation in a treatment cycle-dependent manner when com-
bining angiogenesis inhibitors and chemotherapeutic agents [ 32 ,  33 ]. The incidence 
of thromboembolic events, possibly related to the particular regimen tested in this 
study (SU015 and chemotherapeutic agents), discourages further investigation of 
this regimen [ 33 ]. This investigation along with the increased incidences of deep 
vein thrombosis (DVT) in multiple myeloma patients receiving thalidomide and 
chemotherapeutic agents [ 32 ] suggest the potential advantages of using an antico-
agulant such as heparin or low molecular weight heparin (LMWH). Additionally, 
studies have demonstrated that unfractionated heparin (UFH) or LMWH interfere 
with various processes involved in tumor growth and metastasis. Clinical trials have 
indicated a clinically relevant effect of LMWH, as compared to UFH, on the survival 
of cancer patients with DVT. Mechanism and effi cacy of the LMWH and its in  vivo  
releasable TFPI on the regulation of angiogenesis and tumor growth was docu-
mented [ 36 ,  37 ]. Heparin, steroids, and heparin/steroid combinations have been 
used in a variety of in  vitro  models and in  vivo  in animal models as effective inhibi-
tors of angiogenesis [ 38 ,  39 ]. Additionally, platelet-tumor cell interactions could 
play a signifi cant role in tumor metastasis [ 39 ]. 

 In the fi eld of dermatology, a number of FDA-approved agents have anti- 
angiogenesis properties:

    (a)    Alitretinoin (Panretin® 0.1 % gel, Ligand) is a topical retinoid (vitamin A) indi-
cated for the treatment of AIDS-related Kaposi’s sarcoma.   

   (b)    Imiquimod (Aldara® 5 % cream, Zyclara 3.75 % cream, Graceway) is a Toll- 
Like Receptor 7 agonist that might exert anti-angiogenesis activity through 
down-regulation of FGF-2 and MMP-9, and induction of endothelial apoptosis. 
Imiquimod is indicated for both benign neoplasms (genital warts) and for 
malignant skin cancers (actinic keratosis and basal cell carcinoma).   

   (c)    Polyphenon E (Veregen® 15 % ointment, Bradley/MediGene) is a defi ned com-
position of polyphenolic EGCG extracted from green tea leaves, which inhibit 
angiogenesis. Polyphenon E topical ointment is indicated for genital warts.      

    Critical Issues 

 The potential development of resistance would exist specially in the case of single 
mechanism-based anti-angiogenesis strategies because of the redundancy in the 
pro- angiogenesis pathways [ 40 ]. Hence, the need for a safe and broad spectrum 
anti- angiogenesis agent still exists versus the combination of multiple single 
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mechanism-based anti-angiogenesis agents. An anti-angiogenesis agent is not 
meant to be a monotherapy but rather meant to be combined with chemotherapeutic 
agent(s) at the same time or in different sequences for optimal effi cacy.  

    Anti-angiogenesis Agents and Thrombosis 

 Anti-angiogenesis agents might mediate endothelial cell dysfunction, which could 
be associated with increased incidence of thrombosis [ 31 – 33 ,  41 ].  

    Diagnostic Imaging of Angiogenesis 

 Angiogenesis is a novel fi eld that promises to provide new venues for blood fl ow 
in patients with severe ischemic heart disease and severe peripheral vascular dis-
ease, and it promises to control malignancies by controlling blood supply. 
However, it became clear early on that a novel fi eld necessitates novel outcome 
measures that follow its benefi cial effects. There is a growing need for non invasive 
methods to serially assess the status of the coronary, peripheral, and tumor vas-
culature. These might include magnetic resonance imaging and monitoring of 
angiogenesis, nuclear perfusion imaging of angiogenesis, and other modalities. 
Biomarkers might refl ect the prognosis of the diseases as well as the effectiveness 
of the treatment [ 42 ].  

    Micro RNA and Angiogenesis Modulation 

 Recent reports have shown that the expression pattern of micro RNA (miRNA) 
levels is a common feature in many human diseases including those involving 
the vasculature such as cardiovascular disease, ocular disease, and cancer [ 43 ]. 
This has opened a novel strategy for targeted pro- or anti-angiogenesis therapies 
since a single miRNA can potentially regulate endothelial functions by targeting 
multiple transcription pathways. The miRNA strategy can be utilized to either 
promote angiogenesis by targeting negative regulators in angiogenesis signaling 
pathways or inhibit angiogenesis by targeting positive regulators. Nanotechnology 
and targeted delivery of miRNA or anti-miRNA could be delivered to tumor 
endothelium using targeted nanoparticles [ 44 ]. Lessons learned from antisense 
technologies and RNA interference approaches will no doubt be relevant in 
advancement of miRNA therapeutics in addition to the use of nano targeted 
delivery of mRNA or anti-mRNA. However, a potential limitation of miRNA-
based therapy is the possible off-target effects that might lead to serious adverse 
effects [ 45 ,  46 ].     
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    Abstract     Tetraiodothyroacetic acid (tetrac) is a naturally occurring derivative of 
thyroid hormone, T 

4
 . In the absence or presence of L-T4 or L-T3, tetrac has been 

found to disrupt a number of functions or events that are important to cancer cells via 
the known thyroid hormone-tetrac receptor on the plasma membrane integrin αvβ3. 
These functions include regulation of cell division, local stimulation of angiogenesis, 
chemo-resistance and resistance to radiation. It is desirable to reformulate tetrac as a 
nanoparticle whose activity is exclusively at the cell surface integrin. Nanotetrac has 
been designed to limit tetrac to the extracellular space on the basis of the size of the 
nanoparticle and to provide optimized exposure of the biphenyl structure and acetic 
acid side chain of its inner ring to the receptor site on αvβ3. Tetrac and its novel 
nanoparticulate formulation have anti-angiogenesis activity that transcends the 
inhibition of thyroid hormone-binding at the integrin. Restriction of nanotetrac to 
the extracellular space has been verifi ed, and nanotetrac has been shown to be up 
to 10-fold more potent than unmodifi ed tetrac at its integrin target. Nanotetrac 
formulations have potential applications as inhibitors of tumor-related angiogenesis 
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and of angiogenesis that is unrelated to malignancy, including clinically signifi cant 
disorders ranging from skin diseases to vascular proliferation in the retina and neovas-
cularization associated with infl ammatory states.  

        Biochemical History of Tetrac 

    Tetraiodothyroacetic acid (tetrac) is a naturally occurring derivative of thyroid 
hormone (L-thyroxine, T 

4
 ). It accounts for less than 1 % of circulating thyroid hor-

mone. Inside human cells, tetrac is a low-grade thyromimetic, that is, it has low-
potency actions that resemble those of 3, 5, 3′-triiodo-L-thyronine (T 

3
 ), the most 

active form of thyroid hormone [ 1 ]. For 30 or more years, tetrac has been known to 
be taken up by pituitary cells that secrete thyrotropin (TSH) and to inhibit endoge-
nous human TSH release by the pituitary gland [ 2 ]. This action has been considered 
potentially useful in the clinic in the setting of TSH-dependent thyroid cancer. 

 Tetrac was also found to compete with T 
4
  for thyroid hormone-binding sites on 

human serum pre-albumin (transthyretin, TTR) [ 3 ], but not for sites on human 
thyroxine- binding globulin (TBG), the principal transport protein for iodothyronines 
in human serum. These observations caused us in the 1980s to test tetrac for its 
ability to block the nongenomic actions of thyroid hormone that we demonstrated to 
exist in human mature red blood cell (RBC) membranes [ 4 ,  5 ] and intracellular 
membranes, such as those of the sarcoplasmic reticulum [ 6 ]. These actions included 
Ca 2+  transport by calmodulin-responsive Ca 2+ -ATPase [ 7 ]. Such effects were ‘non-
genomic’ because they were independent of the nuclear thyroid hormone receptor 
(TR) and gene transcription [ 8 ]. Tetrac indeed inhibited such actions of T 

4
  and T 

3
  

and thus became a probe for certain actions of thyroid hormone that were initiated 
at the plasma membrane, although the cell surface receptor site for the hormone was 
not identifi ed until 2005 [ 9 ]. 

 Studies focused on the plasma membrane receptor for thyroid hormone on inte-
grin αvβ3 revealed that this receptor mediated the pro-angiogenic action of T 

4
  and 

T 
3
 , and that tetrac was anti-angiogenic in terms of its ability to block this action [ 10 ]. 

As will be discussed below, tetrac and a novel nanoparticulate formulation of the 
agent have anti-angiogenic activity that transcends the inhibition of thyroid 
hormone- binding at the integrin. Tetrac formulations also have anti-proliferative 
activity against tumor cells and have been shown to have chemosensitizing and 
radiosensitizing effects in cancer cells [ 10 ,  11 ].  

    Integrin αvβ3 Contains a Thyroid Hormone-Tetrac Receptor 

 J.J. Bergh et al. in 2005 [ 9 ] described the existence of a thyroid hormone-tetrac 
receptor on plasma membrane integrin αvβ3. This heterodimeric integrin is gener-
ously expressed on rapidly dividing blood vessel cells and by cancer cells, enabling 
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scanning technology focused on the integrin to detect tumors [ 12 ]. The fi t of 
unmodifi ed tetrac into the hormone-binding groove in the extracellular domain [ 11 , 
 13 ] of the integrin permits the agent to block the binding of T 

4
  and T 

3
  and inhibit 

actions of these agonist forms of thyroid hormone on cancer cell proliferation and 
cancer-related angiogenesis as discussed in Chap.   4    . The integrin is found on virtu-
ally all cancer cells and reads the presence of specifi c extracellular matrix proteins 
that are relevant to tumor cell migration and tumor mass formation. 

 In the absence or presence of T 
4
  and T 

3
 , however, tetrac has been found to dis-

rupt via αvβ3 a number of other functions or events that are important to cancer 
cells. These functions include regulation of cell division, local stimulation of 
angiogenesis, chemoresistance and resistance to radiation [ 10 ,  14 ]. It was sur-
prising to fi nd that, acting at the cell surface, tetrac coherently interfered with 
expression of differentially regulated genes whose products included the cyclins 
and  thrombospondin 1  [ 15 ]. The  thrombospondin 1  gene is usually silent in tumor 
cells because it suppresses angiogenesis. Tetrac also blocked the actions of vascu-
lar endothelial growth factor (VEGF) and basic fi broblast growth factor (bFGF) 
[ 16 ], released by cancer cells to promote angiogenesis in an autocrine manner. 
The mechanism of tetrac involved here is thought to involve disorganization of 
crosstalk between the integrin and nearby receptors for VEGF [ 17 ] and bFGF [ 10 , 
 18 ] and inhibition of local release of bFGF [ 18 ]. The hormone analogue was 
found to cause retention by cancer cells of traditional chemotherapeutic agents to 
which the cells previously showed resistance [ 19 ]. These agents included doxoru-
bicin, etoposide, and cisplatin. Tetrac was also shown to inhibit the ability of 
cancer cells to repair double- strand DNA breaks that radiation induces [ 20 ,  21 ], 
thus radiosensitizing these cells. Finally, expression of genes for cytokines 
involved in infl ammation and relevant to infl ammation-associated cancer was 
shown to be blocked by tetrac [ 15 ]. 

 The foregoing describes the anti-cancer and anti-angiogenic features of tetrac 
manifested at integrin αvβ3. However, unmodifi ed tetrac is taken up by cells and 
has, within the cell, low-potency thyromimetic activity [ 1 ,  2 ]. This can include 
proliferative—rather than anti-proliferative—behavior (H.Y. Lin: unpublished). 
While the algebraic sum of these anti-proliferative and proliferative effects favors 
anti- cancer activity, it is desirable to reformulate tetrac as a nanoparticle whose 
activity is exclusively at the integrin (Section “ Nanoparticulate Tetrac (Nanotetrac) ”, 
below).  

     Nanoparticulate Tetrac (Nanotetrac) 

 S.A. Mousa and co-workers have constructed an approximately 250 nm poly(lactic-
co-glycolic acid) (PLGA) formulation in which a limited number of tetrac moieties 
are covalently bound to and protrude from a PLGA nanoparticle [ 22 ,  23 ] (Fig.  10.1 ). 
Binding of tetrac to the PLGA is via an ether bond at the hydroxyl on the outer ring 
of tetrac (position 4) to a linker that is amide-bonded to the PLGA. Nanotetrac was 
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designed to limit tetrac to the extracellular space on the basis of the size of the 
nanoparticle and to provide optimized exposure of the biphenyl structure and acetic 
acid side chain of the inner ring to the receptor site on αvβ3. Restriction of the mol-
ecule to the extracellular space has been verifi ed [ 24 ].

   Interestingly, the reformulation of tetrac as a nanoparticle has conferred two 
other qualities on the molecule. First, nanotetrac is up to 10-fold more potent 
than unmodifi ed tetrac. The basis for this may refl ect interaction(s) of the poly-
mer (PLGA) chain, away from the tetrac moieties, with the ‘legs’ of the extracellular 
domain of αvβ3, favoring ‘on’ kinetics. Another possibility is that the nanopar-
ticulate tetrac ligand induces a long-lived change in the conformation of the αvβ3 
that persists after ligand dissociation and modulates activity of the integrin [ 25 ]. 
Second, and acting at the integrin receptor, nanotetrac induces a pattern of cancer 
survival gene expression that is somewhat different from that of unmodifi ed 
tetrac [ 15 ]. There is 80–85 % congruence of gene expression caused by nanotetrac 
and tetrac. Examples of the disparities are down-regulation by nanotetrac in cancer 
cells of expression of the  epidermal growth factor receptor (EGFR)  gene, 
down- regulation of the majority of the members of the  Ras- oncogene family, and 
up-regulation of the apoptosis inhibitor  MCL1  ( myeloid cell leukemia sequence 1 ); 
these genes are unaffected by tetrac. 

 The difference in potency of tetrac and nanotetrac is readily seen in the com-
parison of effi cacy of the compounds in human cancer xenografts in the nude 
mouse. Within 3 days of initiation of treatment, the two formulations cause a 
greater than 50 % decrease in the vascular supply of the xenografts, but this 
anti-angiogenic effect can be obtained with a dose of nanotetrac that is 10-fold less 
than that of tetrac.  

  Fig. 10.1    Chemical structures of unmodifi ed tetraiodothyroacetic acid (tetrac) ( a ) and nanopar-
ticulate tetrac (nanotetrac) ( b ). An ether bond involving the outer ring hydroxyl group joins tetrac 
to a linker molecule which, in turn, is attached by an imbedded amide bond to the nanoparticle. 
Multiple tetrac moieties are bonded to the surface of the PLGA, enabling access of tetrac to its 
receptor groove in the extracellular domain of integrin αvβ3       
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    Triiodothyroacetic Acid (Triac) 

 Triac (3, 3′, 5-triiodothyroacetic acid), the deaminated derivative of T 
3
 , can reproduce 

the inhibition of actions of T 
4
  and T 

3
  at the αvβ3 thyroid hormone-tetrac receptor 

(H.Y. Lin: unpublished), but has not as yet been reformulated as a nanoparticle. 
These actions include inhibition of the pro-angiogenic activity of thyroid hormone 
studied in the chick chorioallantoic membrane (CAM) model. Inside the cell, triac 
is thyromimetic. It is thermogenic [ 26 ], has been shown in human subjects to have 
agonist thyroid hormone effects on liver and bone that are augmented compared to 
T 

4
  [ 27 ], and has been postulated to be a primordial form of thyroid hormone [ 28 ]. 
 The unmodifi ed compound is mentioned here for several reasons. Triac may be 

purchased over-the-counter in several European countries as a dietary supplement 
(tiratricol). The availability of this iodothyronine raises the possibility that anti- 
angiogenic side effects may be encountered in users of the agent. Such effects have 
not been reported, but it is unlikely that they have been anticipated, e.g., in the setting 
of wound-healing.  

    Potential Applications of Tetrac and Nanotetrac in Angiogenesis 

    Tetrac and Anti-angiogenesis in the Setting of Cancer 

 The clinical desirability of establishing control of angiogenesis in and about tumors is 
obvious and the feasibility of such control became apparent with the work of Judah 
Folkman and colleagues [ 29 ,  30 ]. In the context of cancers, local angiogenesis that sup-
ports tumor biology may be the result of more than a single vascular growth factor. These 
growth factors include VEGF, bFGF and other proteins [ 31 ]. Erythropoietin (EPO) 
may also be included among factors that enhance tumor-relevant angiogenesis [ 32 ]. 

 In contrast to several of the anti-angiogenic agents used clinically (see below) that 
are designed to inhibit actions of single, specifi c vascular growth factors, tetrac and 
nanotetrac have been shown, in the absence or presence of agonist thyroid hormone 
(T 

4
  or T 

3
 ), to antagonize actions of multiple growth factors. These include VEGF, 

bFGF [ 17 ,  33 ], PDGF (S.A. Mousa: unpublished), EGF (S.A. Mousa: unpublished) 
and EPO [ 34 ]. This plural effect explains, at least in part, the rapid decrease in vas-
cularity so far encountered in human tumor xenografts in mice exposed to systemic 
tetrac and nanotetrac [ 35 – 38 ] and the resultant decrease in volume of xenografts. 

 There are multiple mechanisms by which thyroid hormone analogues inhibit 
(nanotetrac or tetrac) or enhance (T 

4
  and T 

3
 ) the activities of various vascular growth 

factors. First, vascular growth factor gene expression in tumor cells or endothelial 
cells may be enhanced by thyroid hormone [ 18 ]. Second, iodothyronines may 
increase release of the growth factor(s) by the secreting cell, e.g., bFGF [ 18 ]. Third, 
crosstalk between the integrin and adjacent vascular growth receptors is well- 
described. The crosstalk may involve signal transducing biochemistry within or 
immediately below the plasma membrane. For example, inhibition by tetrac of 
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mitogen-activated protein kinase (MAPK) activity alters activity of bFGF and other 
factors. Hormonal effects may in other cases depend upon interactions of the extra-
cellular domains of the receptor(s) and the integrin [ 39 ] that could involve, in the 
case of VEGFR, the inhibition by tetrac formulations of dimerization of the growth 
factor receptor or obscuring of one or more of its immunoglobulin (Ig)-like domains 
[ 39 ]. Fourth, tetrac decreases abundance of  angiopoietin-2 (Ang-2 ) mRNA in endo-
thelial cells, but does not affect accumulation of  Ang-1  mRNA [ 17 ]. Ang-2 protein 
production in tumor vasculature anticipates or synergizes with vascular growth fac-
tor action to support tumor angiogenesis [ 40 ], whereas the Ang-1-Tie 2 system is a 
blood vessel-stabilizing pathway. This differential effect of tetrac with regard to 
angiogenesis is consistent with discrete, selective actions of tetrac or nanotetrac in 
cancer cells on elaboration of certain interleukins (see below) or of endogenous 
inhibitors or enhancers of apoptosis [ 15 ]. Fifth, tetrac can induce the expression of 
 thrombospondin 1 , an endogenous suppressor of angiogenesis that is almost invari-
ably unexpressed in cancer cells [ 22 ]. Finally, T 

4
  and T 

3
  and tetrac may positively, 

in the case of the former, and negatively, in the case of tetrac, affect endothelial cell 
motility (S.A. Mousa: unpublished) that is important to neovascularization. 

 Currently available clinically are pharmaceuticals that affect single vascular growth 
factors. Bevacizumab (Avastin®) and ranibizumab (Lucentis®) are monoclonal anti-
bodies to VEGF, developed as anti-angiogenic agents. Administered parenterally—
intravenously, or, in the case of eye disease, intra-ocularly—these humanized 
antibodies are unquestionably effective in clinical disease settings in which VEGF or 
VEGF-A are contributory pathophysiologic factors. There are several subtypes of 
VEGF; VEGF-A [ 41 ], for example, is a form frequently released locally by tumor cells 
and which induces a porous vasculature. It is clear that the application of bevacizumab 
to the cancers for which it is approved is primarily adjunctive [ 42 ,  43 ] and is not 
curative. It has not so far been practical to produce for clinical use multi- monoclonal 
antibody preparations that are directed at more than a single vascular growth factor. 

 Bevacizumab is applied with U.S. Food and Drug Administration (FDA) approval 
to management of several forms of cancer and used without FDA approval in set-
tings of unwanted angiogenesis in the absence of cancer, e.g., diabetic retinopathy 
[ 44 ]. Ranibizumab is an anti-angiogenic drug marketed for management of a form 
of retinal macular degeneration that may lead to loss of vision [ 45 ]. Bevacizumab 
and ranibizumab are discussed in more detail in Chaps.   12     and   13    .   

    Application of Tetrac/Nanotetrac to Clinical Conditions 
of Excessive Angiogenesis Not Associated with Malignancy 

    Skin Disorders 

 Skin redness (erythema) in specifi c settings such as acne rosacea [ 46 ] or psoriasis 
[ 47 ] may be VEGF-dependent. Systemic anti-VEGF treatment for cancer has been 
reported to induce remission of cutaneous manifestations of psoriasis coincident 
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with the cancer [ 47 ]. Conventional treatments for both of these conditions are 
inconsistently effective and systemic bevacizumab (anti-VEGF) treatment is too 
expensive to consider in most patients with skin disease. 

 Topical application of tetrac in a vehicle that permits penetration of the agent to 
involved blood vessels in the dermis and limits systemic absorption of the hormone 
analogue has been proposed in management of rosacea and awaits clinical trial.  

    Retinopathy 

 Tetrac and nanotetrac have been tested for effi cacy in the newborn mouse oxygen- 
induced retinopathy (OIR) model [ 34 ]. It was an effective intravitreal or intraperito-
neal preventive intervention. Similar results in this model have been obtained by 
S.A. Mousa et al. (unpublished). Yoshida and co-workers also found that the effects 
of VEGF and erythropoietin (EPO) on retinal endothelial cells  in vitro  were blocked 
by tetrac and nanotetrac [ 34 ]. As noted earlier, EPO is another factor supporting 
angiogenesis whose activity is minimized by tetrac. 

 VEGF antibody administered by the intravitreal route has been examined for its 
effectiveness in the clinical setting of diabetic retinopathy [ 44 ,  48 ]. The substantial 
experience is largely favorable. The increased intravitreous and circulating levels of 
VEGF seen in proliferative retinopathy are both decreased by bevacizumab [ 49 ]. 
The agent may, however, increase the risk of retinal fi brosis [ 50 ].  

    Infl ammation 

 Analysis of the gene signature of tetrac treatment in relatively chemoresistant human 
breast cancer cells [ 15 ] has revealed an important set of actions on infl ammation-
related genes [ 51 ]. For example, fi ve of six differentially regulated interleukin 
genes—including  IL-6  and  IL-1α —are down-regulated by the compound and a sup-
pressor of cytokine signaling ( SOCS4 ) gene is up-regulated. Expression of interferon 
response pathway genes and chemokine genes is decreased. Such effects may be 
relevant to infl ammation-associated cancers, as well as to other infl ammatory states. 
The selectivity of the tetrac/nanotetrac effect on gene expression is shown in the case 
of  IL-11 , whose gene product is a proliferative factor for hematopoietic stem cells 
and whose expression is enhanced, rather than decreased, by nanotetrac and tetrac.   

    Additional Actions of Tetrac and Nanotetrac 

 Independently of their actions of angiogenesis, tetrac and nanotetrac inhibit prolif-
eration of a variety of cancer cell lines  in vitro , as noted above, and chemosensitize 
[ 19 ] and radiosensitize [ 20 ,  21 ] tumor cells. The mechanism of chemosensitization 
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by tetrac is incompletely understood, but may involve acidifi cation of the cancer cell 
by inhibition of the Na + /H +  exchanger [ 52 ]. Consequent increase in extracellular pH 
(pHe) or decrease in intracellular pH may be associated with decreased activity of 
the cancer cell P-glycoprotein (P-gp) or other multidrug resistance (MDR) pumps 
that export chemotherapeutic agents [ 53 ]. Tetrac may also interfere with stimulation 
of the cancer cell kinases relevant to MDR pump activation [ 54 ]. 

 As noted earlier, the mechanism of radiosensitization of cancer cells involves 
inhibition of repair of double-strand DNA breaks induced by radiation [ 20 ]. Under 
normal conditions, this repair process is highly effi cient in tumor cells.  

    Conclusions 

 Acting at the thyroid hormone-tetrac receptor on the plasma membrane, tetrac and 
nanotetrac have potentially important anti-angiogenic effects. The receptor is located 
on integrin αvβ3, a highly plastic protein that is capable of transducing interactions of 
its extracellular domain with extracellular matrix proteins and small molecules, like 
thyroid hormone, into important intracellular events. Tetrac and its nanoparticulate 
formulation disrupt the communication between the integrin and nearby receptors for 
VEGF, bFGF, and other polypeptide factors important to neovascularization. That is, 
these thyroid hormone derivatives affect the activity of a number of pro-angiogenic 
proteins, in addition to blocking the angiogenic activity of agonist thyroid hormones, 
T 

4
  and T 

3
 . Tetrac and nanotetrac also stimulate expression of the endogenous angio-

genic suppressor gene,  thrombospondin 1 . The actions of tetrac and nanotetrac are 
generally coherent, that is, the effects that they have on expression of multiple genes, 
on crosstalk between integrin αvβ3 and receptors such as VEGFR and bFGFR, and on 
vascular growth factor release by tumor cells fi t an anti-angiogenic pattern. That the 
agents distinguish between endothelial cell Ang-1 and Ang-2 also supports coherence 
of the anti-angiogenic pharmacology of tetrac and nanotetrac. 

 These agents have potential applications as inhibitors of tumor-related angiogen-
esis and of angiogenesis that is not associated with malignancy, but contributes 
to clinically signifi cant skin disorders, to vascular proliferation of the retina, and 
neovascularization associated with infl ammatory states.     
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    Abstract     Integrins and associated extracellular matrix protein ligands participate 
in angiogenesis, thrombosis, apoptosis, cell migration and proliferation. Disorders 
of such processes lead to acute and chronic disease states such as ocular diseases, 
cancer metastasis, unstable angina, myocardial infarction, stroke, osteoporosis, a 
wide range of infl ammatory diseases, vascular remodeling and neurodegenerative 
disorders. Progress has been substantial in the development of antagonists for 
αvβ3, αvβ5, and αvβ1 integrins to modulate angiogenesis and blood vessel-related 
disorders. Several reports illustrate existence of crosstalk between integrins and 
various hormonal systems. The expression of αv integrin on distinct cell types 
contributes to cancer growth, and αv integrin antagonists have the potential to disrupt 
multiple aspects of cancer and blood vessel disease progression. The rationale 
for the development of various therapeutic and diagnostic candidate anti-integrin 
agents is reviewed here, as are nanoparticle delivery systems directed at specifi c 
sites on integrins.  

    Chapter 11   
 Integrin Antagonists and Angiogenesis 
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        Integrins 

 Integrins are a widely expressed family of cell adhesion receptor proteins by which 
cells attach to extracellular matrices, or to adjacent cells. Integrins are heterodi-
meric proteins composed of alpha (α) and beta (β) monomers (Table  11.1 ). Most 
cells express several integrins. The interaction of plasma membrane integrins with 
the cytoskeleton inside the cell and through their extracellular domains with extra-
cellular matrix appears to require the presence of both subunits. The binding of 
integrins to their ligands is a cation-dependent event. Integrins appear to recognize 
specifi c amino acid sequences in their ligands. The most well-studied is the Arg-
Gly-Asp (RGD) sequence found within a number of matrix proteins, including 
fi brinogen, vitronectin, fi bronectin, thrombospondin, osteopontin, von Willebrand 
factor (vWF) and others [ 1 – 3 ]. However, integrins may bind to ligands via a non-
RGD binding domain, such as the α4β1 integrin receptors that bind and recognize 
the LDV sequence within the CS-1 (connecting segment) region of fi bronectin. 
There are at least 8 known α subunits and 14 β subunits [ 4 – 7 ]. Although the asso-
ciation of the different α and β subunits could in theory result in more than 100 
integrins, the actual diversity is much more restricted.

      Integrins and Signaling 

 Integrin adhesion receptors contain an extracellular face that engages adhesive 
ligands and a cytoplasmic face that engages intracellular proteins. The interactions 
between the cell adhesion molecules and extracellular matrix proteins are critical 
for cell adhesion and for anchorage-dependent signaling reactions in normal and 

     Table 11.1    αv Integrins: ligands and cellular and tissue distribution   

 αv Integrins  Ligands  Cellular and tissue distribution 

 αvβ1  Ln, Fn, Opn  Smooth muscle cells 
 Fibroblasts, osteoclasts 
 Tumor cells 

 αvβ3  Opn, Fg, Vn, Tn, TSP, Fn, 
PECM, MMP-2 

 Endothelial cells 
 Smooth muscle cells 
 Osteoclasts, platelets, fi broblasts 
 Tumor cells, epithelial cells, leukocytes 

 αvβ5  Opn, Fg, Vn, Fn, TSP  Endothelial cells 
 Smooth muscle cells 
 Osteoclasts, platelets, fi broblasts 
 Tumor cells, epithelial cells, leukocytes 

 αvβ6  Fn, Fg, Vn, Tn  Epithelial cells, carcinoma cells 
 αvβ8  Vn  Melanoma, kidney, brain, ovary, uterus, placenta 

  Abbreviations:  Fg  fi brinogen,  Fn  fi bronectin,  Tn  tenascin,  TSP  thrombospondin,  Vn  vitronectin, 
 Opn  osteopontin,  Ln  laminin  
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pathological states [ 8 – 13 ]. For example, platelet activation induces a conforma-
tional change in integrin αIIb/β3, thereby converting it into a high affi nity fi brinogen 
receptor. Fibrinogen binding then triggers an activation cascade of protein tyrosine 
kinases and phosphatases and recruitment of numerous other signaling molecules into 
F-actin-rich cytoskeleton assemblies in proximity to the cytoplasmic tails of αIIb 
and β3 [ 14 ]. These dynamics appear to infl uence platelet function by co-coordinating 
signals emanating from integrins and G-protein linked receptors [ 14 ]. 

 Studies of integrin mutations confi rm that the cytoplasmic tails of αIIb/β3 
are involved in integrin signaling, apparently through direct interactions with 
cytoskeleton and signaling molecules [ 15 ]. Blockade of fi brinogen binding to the 
extracellular face of αIIb/β3 has been shown to be an effective way to prevent 
platelet-rich arterial thrombi after coronary angioplasty in myocardial infarction 
and unstable angina pectoris patients [ 16 – 18 ]. Once proteins that interact with the 
cytoplasmic tails of αIIb/β3 are fully identifi ed, it may also be possible to develop 
selective inhibitors of integrin adhesion or signaling whose locus of action is inside 
the cell [ 19 ]. This type of intracellular approach in modulating integrin function will 
perhaps be more diffi cult than achieving direct blockade of the integrins’ extracel-
lular binding because of the lack of cellular specifi city for the integrin cytoskeleton 
coupled intracellular site(s).   

    Surface Membrane Integrin as a Potential Drug Discovery Target 

 A number of physiological processes, including cell activation, migration, prolifera-
tion, differentiation and many other processes, require direct contact between cells 
and extracellular matrix. Cell-cell and cell-matrix interactions are mediated through 
several different families of cell adhesion molecules (CAM), including the selec-
tins, the integrins, the cadherins and the immunoglobulins. The commercial and 
therapeutic potential of cell adhesion molecules is on the rise [ 20 ,  21 ]. 

 Newly discovered CAMs, along with the discovery of new roles for integrins, 
selectins and immunoglobulins in certain disease states, provide great opportunities 
to develop novel therapeutic and diagnostic modalities.  

    β1 Integrins 

    α2β1 Integrin 

 The α2β1 integrin-mediated binding to collagen I fi brils, but not that of α1β1, is 
involved in the regulation of angiogenesis-mediated processes as demonstrated with 
a small molecular weight α2β1 inhibitor    [ 22 ]. Earlier studies showed that another 
α2β1 integrin blocker inhibited tumor angiogenesis and tumor growth [ 23 ].  
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    α3β1 Integrin 

 The integrin α3β1 plays important roles in development, angiogenesis, and the 
pathogenesis of cancer, suggesting potential therapeutic uses for antagonists of 
this receptor. Recently, an α3β1 integrin-binding site was mapped to residues 
190–201 (FQGVLQNVRFVF) of the N-terminal domain of the secreted pro-
tein thrombo spondin- 1 (TSP-1) [ 24 ]. The NVR motif is a required element of 
full-length TSP-1 for specifi c molecular recognition by the α3β1 integrin and 
biological activity.  

    α5β1 Integrin 

    α5β1 Integrin in Angiogenesis 

 Expression of the extracellular matrix protein fi bronectin in provisional vascular 
matrices precedes permanent collagen expression and provides signals to vascular 
cells and fi broblasts during blood clotting and wound-healing, atherosclerosis 
and hypertension [ 25 ]. Fibronectin expression is also up-regulated in blood 
vessels in granulation tissues during wound-healing [ 26 ]. In fact, one isoform of 
fi bronectin, the ED-B splice variant, is preferentially expressed on blood vessels 
in fetal and tumor tissues, but not on normal quiescent adult blood vessels [ 27 ]. 
These observations suggest a possible role for this isoform of fi bronectin in 
angiogenesis. Animals lacking fi bronectin were shown to die early in develop-
ment from various defects, including missing notochord and somites as well as 
an improperly formed vasculature [ 28 ]. The functional role for fi bronectin in 
vasculogenesis or in angiogenesis has never been directly established. However, 
Klein et al. concluded that engagement of the α5β1 integrin activates an NF-κB-
dependent program of gene expression that coordinately regulates angiogenesis 
and infl ammation [ 29 ]. 

 Evidence was recently provided that both fi bronectin and its receptor integrin 
α5β1 directly regulate angiogenesis [ 30 ,  31 ] and that interaction of fi bronectin and 
α5β1 is central to the contribution of the two molecules to angiogenesis. In addition, 
integrin α5β1 participates in the same pathways of angiogenesis as integrin αvβ3, and  
these pathways are distinct from those involving integrin αvβ5 [ 30 ,  31 ]. Thus, antag-
onists for α5β1 integrin might be useful tools for the inhibition of angiogenesis asso-
ciated with human tumor growth and neovascular- related ocular and infl ammatory 
diseases [ 30 ,  31 ]. 

 Integrin α5β1 plays an important role in developmental angiogenesis, but its role 
in various types of pathologic neovascularization has not been completely defi ned. 
Up-regulation of α5β1 in choroidal neovascularization has been demonstrated [ 32 ]. 
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Implantation of an osmotic pump delivering approximately 1.8 or 12 mg/kg/day of 
3-(2-{1-alkyl-5-[(pyridin-2-ylamino)-methyl]-pyrrolidin-3-yloxy}-acetyl amino)
-2-(alkyl amino)-propionic acid (JSM6427), a selective α5β1 antagonist, caused 
signifi cant suppression of choroidal neovascularization; the area of neovasculariza-
tion was reduced by 33–40 %. Data from this investigation suggest that α5β1 plays 
a role in the development and maintenance of choroidal neovascularization and pro-
vides a target for therapeutic intervention [ 32 ]. Table  11.1  provides examples of 
α5β1 ligands. Potent anti-α5β1 monoclonal antibody and small molecule antago-
nists [ 33 ,  34 ] have been designed (Table  11.2 ).

   Table 11.2    Examples of α5β1 integrin antagonists      

 Structures  Activities  References 
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(continued)
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         β3 Integrins 

    Integrin αvβ3 

 Integrins form cytoplasmic complexes with Src family kinases, cytoskeletal proteins, 
growth factor receptors, MAPK, Ras, the nuclear factor of kappa light polypeptide 
gene enhancer in B cells (NF-κB), PIP3K, and protein kinase C [ 37 ]. Although the 
relationship between integrins and the extracellular matrix is complex and not com-
pletely understood, growing evidence points to a role of αvβ3 integrin receptors in 
growth regulation and anti-apoptosis of tumor cells. The role of integrins in angiogen-
esis is also supported by the fact that integrins are active in angiogenic endothelium 
and dormant on quiescent endothelial cells, and that blockade of αvβ3 receptors 
decreases angiogenesis, causes tumors to regress, and triggers endothelial apoptosis. 
The αv family of integrins associates with various β subunits and interacts with diverse 
extracellular matrix proteins that have different functional implications (Table  11.1 ). 

    Integrin αvβ3 and Matrix Proteins in Vascular Remodeling 

 Vascular remodeling processes play key roles in the pathological mechanisms of 
atherosclerosis and restenosis. In response to vascular injury, such as by percutaneous 
transluminal coronary angioplasty (PTCA), matrix proteins like osteopontin and 
vitronectin are locally and rapidly up-regulated [ 38 ]. Osteopontin stimulates smooth 
muscle cell migration  via  its action on integrin αvβ3, and thereby contributes to 
neointima formation and restenosis [ 38 ]. Thus, specifi c matrix proteins acting  via  
selected integrins, and especially αvβ3, may be important targets for selective antag-
onists aimed at blocking the pathological processes of restenosis [ 38 ,  39 ]. Examples 
of αvβ3 antagonists [ 40 – 54 ] are given in Table  11.3 .

 Structures  Activities  References 
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 IC 
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  (nM) = 0.06 b   [ 36 ] 

   a The binding IC50 on integrin was determined by an α5β1-vitronectin ELISA assay 
  b α5β1-integrin mediated cell adhesion to fi bronectin in the presence of Model-B like ligands  

Table 11.2 (continued)
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   Table 11.3    Examples of αvβ3 integrin antagonists   

 Structures  Activities  References 
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Table 11.3 (continued)

 Structures  Activities  References 
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   A selective integrin αvβ3 inhibitor, cRGDfV, improves outcomes in the middle 
cerebral artery occlusion model by preserving the blood–brain barrier, which mech-
anistically may occur in a VEGF- and VEGF receptor-mediated manner [ 67 ]. 
A series of pyrazole and isoxazole analogues as antagonists of the αvβ3 receptor 
showed low to sub-nanomolar potency against αvβ3, as well as good selectivity 
against αIIbβ3. Several compounds showed good pharmacokinetic properties in 
rats, in addition to anti-angiogenic activity in a mouse corneal micropocket model 
[ 68 ].  

    Integrin αvβ3 Antagonists Promote Tumor Regression by Inducing Apoptosis 
of Angiogenic Blood Vessels 

 A single intravascular injection of a cyclic peptide or monoclonal antibody antago-
nist of integrin αvβ3 disrupts ongoing angiogenesis on the chick choriallantoic 
membrane [ 69 ]. This leads to the rapid regression of histologically distinct human 
tumors transplanted onto this membrane. In fact, αvβ3 antagonists also prevent the 
spontaneous pulmonary metastasis of human melanoma cells [ 35 ,  36 ,  70 – 74 ]. All 
human tumors examined in this model are αvβ3 negative, which suggests that these 
antagonists have no direct effect on the tumor cells. Induction of angiogenesis by a 

 Structures  Activities  References 
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   a  The binding IC 
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  on integrin was determined by a scintillation-proximity assay (SPAV) 
  b  The binding IC 

50
  on integrin was determined by a solid phase receptor binding assays (SPRA) 

  c  The binding IC 
50

  on integrin was determined by an αvβ3-vitronectin ELISA assay 
  d  The IC 

50
  values denote the concentration of compounds necessary to inhibit initial cell attachment 

to extracellular coated substrates to 50 % of control  
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tumor or cytokine promotes entry of vascular cells into the cell cycle and expression 
of integrin αvβ3. After angiogenesis is initiated, antagonists of this integrin induce 
apoptosis of angiogenic vascular cells, leaving pre-existing quiescent blood vessels 
unaffected [ 71 ]. These studies are supported by  in vitro  results. Specifi cally, cul-
tured human endothelial cells are protected from apoptosis when they are allowed 
to attach to immobilized anti-αvβ3 monoclonal antibody LM-609 [ 71 ]. The adhe-
sion event appears to decrease expression of p53 and Bax while increasing that of 
Bc1-2. Ligation of αvβ3 is required for the survival and maturation of newly form-
ing blood vessels, an event essential for the proliferation and metastatic properties 
of human tumor [ 75 – 77 ]. Integrin αvβ3 is preferentially expressed on blood vessels 
undergoing angiogenesis. Antibody or peptide antagonists of this integrin block 
angiogenesis in response to human tumors or purifi ed cytokines in several preclini-
cal models. These inhibitors of αvβ3 promote selective apoptosis of newly sprouting 
vessels, preventing their maturation. These fi ndings indicate that antibody or 
peptide antagonists of integrin αvβ3 may have therapeutic value in the treatment of 
diseases associated with angiogenesis [ 78 ].  

    Use of αvβ3 for Targeted Delivery 

 In order to selectively block NF-κB-dependent signal transduction in angiogenic 
endothelial cells, an αvβ3 integrin-specifi c adenovirus encoding dominant negative 
IκB (dnIκB) as a therapeutic gene was constructed [ 79 ]. RGD- targeted adenovirus 
delivered the dnIκB via αvβ3 to become functionally expressed, leading to complete 
abolition of TNF-α-induced up-regulation of E-selectin, ICAM-1, VCAM-1, IL-6, 
IL-8, VEGF-A and Tie-2 [ 79 ]. The approach of targeted delivery of dnIκB into 
endothelial cells might be employed for diseases such as rheumatoid arthritis and 
infl ammatory bowel disease where activation of NF-κB activity should be locally 
restored to basal levels in the endothelium. 

 Integrin αvβ3 has been implicated in multiple aspects of tumor progression and 
metastasis. Many tumors have high expression of αvβ3 that correlates with tumor 
progression. Therefore, αvβ3 receptor is an excellent target for drug design and 
delivery. A number of high affi nity small-molecule αvβ3 antagonists conjugated to 
chemotherapy for selective delivery to αvβ3 positive metastatic cancer cells are 
reported [ 54 ,  80 – 82 ].  

    Combination of αvβ3 Antagonists and Chemotherapy/Radiotherapy 

 Combination of anti-integrin αvβ3 therapy and other therapeutic approaches (such 
as chemotherapy, radiotherapy and gene therapy) has also been applied to cancer 
treatment. Mounting evidence suggests that there is potentially a synergistic effect 
of combined therapeutic approaches. Integrin αvβ3 is expressed at low levels on 
epithelial cells and mature endothelial cells, but it is overexpressed on the activated 
endothelial cells of tumor neovasculature and some tumor cells. The increased 
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expression of integrin αvβ3 during tumor growth, invasion, and metastasis presents 
an interesting molecular target for both early detection and treatment of rapidly 
growing solid tumors. In the past decade, many radiolabeled linear and cyclic RGD 
peptide antagonists have been evaluated as integrin αvβ3 targeted radiotracers. 
Signifi cant progress has been made on their use for imaging tumors of different 
origin by single photon emission computed tomography (SPECT) or positron emis-
sion tomography (PET) in several tumor-bearing animal models. [ 18 F]Galacto-RGD 
is under clinical investigation as the fi rst integrin αvβ3 targeted radiotracer for 
noninvasive visualization of the activated integrin αvβ3 in cancer patients. 
Radiolabeled multimeric cyclic RGD peptides (dimers and tetramers) are useful as 
radiotracers to image tumor integrin αvβ3 expression by SPECT and PET, and some 
fundamental aspects for the development of integrin αvβ3 targeted radiotracers [ 83 ]. 
These include the choice of radionuclide and bifunctional chelators, selection of 
targeting biomolecules, and factors infl uencing integrin αvβ3 binding affi nity and 
tumor uptake, as well as different approaches for modifi cation of radiotracer 
pharmacokinetics. 

 Integrins αvβ3 and αvβ5 are important in tumor growth and angiogenesis and 
have been recently explored as targets for cancer therapy (Table  11.4 ). Radiotherapy 
also inhibits tumor growth and affects vasculature [ 87 ]. Authors explored the com-
bination of integrin antagonist cilengitide (EMD 121974) and ionizing radiation. 
Radiation induces expression of αvβ3 integrin in endothelial and non-small-cell 
lung cancer models, and integrin antagonist cilengitide is a radiosensitizer in 
proportion to the levels of target integrin expression [ 87 ].

   Anti-αv integrin monoclonal antibody (17E6) and the small molecule αvβ3/αvβ 
5 integrin inhibitor (EMD121974) suppressed invasion and metastasis induced by 
CYR61 and attenuated metastasis of tumors growing within a pre-irradiated fi eld 
[ 88 ]. αv integrin inhibition can thus be identifi ed as a potential therapeutic approach for 
preventing metastasis in patients at risk for post-radiation recurrences.  

    Antagonists of Integrins αvβ3 and αvβ5 Inhibit Angiogenesis 

 The enhanced expression of αvβ3 during angiogenesis suggests that it plays a 
critical role in the angiogenic process. Recent experimental evidence supports this 
notion. Specifi cally, antagonists of integrin αvβ3 potently inhibit angiogenesis in a 
number of animal models. When angiogenesis is induced in the chick chorioallan-
toic membrane with purifi ed cytokines, αvβ3 expression is stimulated by 4-fold 
within 72 h [ 70 ]. Topical application of LM-609, a monoclonal antibody antagonist 
of αvβ3, inhibits angiogenesis, but other anti-integrin antibodies do not inhibit 
angiogenesis [ 70 ]. Application of LM-609 or cyclic RGD peptide antagonists–but 
not of the other anti-integrin antibodies or control peptides–to tumors grown on the 
surface of CAMs reduces the growth of blood vessels into the tumor tissue. LM-609 
has no effect on pre-existing vessels [ 70 ]. These fi ndings suggest that αvβ3 plays a 
role in a late event of blood vessel formation that is common to embryonic 
neovascularization and angiogenesis. Antagonists of integrin αvβ3 inhibit the 
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growth of new blood vessels into tumors cultured on the chick chorioallantoic membrane 
without affecting adjacent blood vessels; they also induce tumor regression. Up to 
5-fold differences in tumor sizes are observed between treated and control tumors. 
A single intravascular injection of LM-609 halts the growth of tumors and induces 
the regression of tumors as determined by tumor weight [ 35 ,  36 ,  70 – 72 ]. Similarly, 
an injection of a cyclic RGD peptide antagonist of αvβ3, but not of an inactive control 
peptide, induces tumor regression. Histological examination of the anti-αvβ3 and 
control treated tumor reveals that few, if any, viable tumor cells remain in the 
anti-αvβ3 treated tumors. In fact, these treated tumors contained no viable blood 
vessels [ 72 ]. 

 Antagonists of integrin αvβ3 also inhibit tumor growth in human skin. In exciting 
studies of the effect of these antagonists on human angiogenesis, Brooks and colleagues 

    Table 11.4    Examples of dual αvβ3 and αvβ5 integrin antagonists   
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implanted human breast carcinoma cells in human skin grafted on SCID mice [ 71 ]. 
Tumor growth was either completely suppressed or was signifi cantly inhibited by 
LM-609 antibody directed at αvβ3 when compared to mice treated with an anti-
body control. Angiogenesis was signifi cantly inhibited (by at least 75 %) in the 
LM-609 treated animals. Antagonists of integrin αvβ3 also inhibit angiogenesis in 
various ocular models. Integrin αvβ3 peptide antagonists also inhibit murine retinal 
neovascularization in an oxygen-induced model of ischaemic retinopathy [ 78 ]. 

 SB-267268, a non-peptidic antagonist of the αvβ3 and αvβ5 integrins, attenuates 
angiogenesis in a murine model of retinopathy of prematurity (ROP) and alters the 
expression of VEGF and its second receptor [ 55 ]. Non-peptide inhibitors of αvβ3 
and αvβ5 integrins are effective in ROP and may be a suitable anti-angiogenic therapy 
for other ischemic retinal pathologies. 

 The expression of these receptors in cytokine-stimulated blood vessels also 
suggests they may play roles in vascular proliferation and migration events associated 
with restenosis after angioplasty [ 38 ,  39 ].  

    Integrin αvβ3 Antagonists  Versus  Anti-αvβ3 and αvβ5 

 Since the recognition of at least two αv integrin pathways for cytokine-mediated 
angiogenesis [ 70 ,  72 ], mixed αvβ3 and αvβ5 antagonists might be proven to be 
more effective in certain indications as compared to a specifi c anti-αvβ3. These dual 
antagonists are illustrated in Table  11.4  [ 33 ,  56 – 59 ]. A small library of cyclic RGD 
penta-peptide mimics, including benzyl-substituted azabicycloalkane amino acids, 
was synthesized. Arosio et al. have reported one compound with affi nity for both the 
αvβ3 and the αvβ5 integrins [ 56 ].  

   Role of αvβ3 in Osteoporosis 

 Several studies have shown that αvβ3 integrin is involved in the bone remodeling 
process [ 60 ,  89 ]. Osteoclasts express αvβ3 integrin generously, and the integrin 
binds to a variety of extracellular matrix proteins including vitronectin, osteopontin, 
and bone sialoprotein. Arg-Gly-Asp (RGD)-containing peptides, RGD-mimetic, 
and blocking antibodies to αvβ3 integrin were shown to inhibit bone resorption 
 in vitro  and  in vivo , suggesting that this integrin may play an important role in regu-
lating osteoclast function. Coleman et al. identifi ed two potent and selective non-peptide 
antagonists of the αvβ3 receptor [ 40 ]. On the basis of the effi cacy shown in an 
 in vivo  model of bone turnover following once-daily oral administration, these two 
compounds were selected for clinical development for the treatment of osteoporosis. A 
number of RGD-containing proteins, including osteopontin, bone sialoprotein, 
vitronectin and fi brinogen are known to bind to αvβ3 and regulate bone remodeling. 
On the other hand, antibodies to αvβ3, RGD-peptides and small molecule αvβ3 
antagonists have been shown to be effi cacious in models of bone resorption, providing 
strong evidence that inhibitors of this integrin would be useful agents for the 
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treatment of osteoporosis. RGD analogues have been shown to inhibit the attachment 
of osteoclasts to bone matrix and to reduce bone resorptive activity  in vitro . The cell 
surface integrin, αvβ3, appears to play a role in this process. Peptidomimetic antag-
onists of αvβ3, based on the RGD recognition sequence, have been synthesized and 
evaluated in several assay systems. These compounds inhibited the binding of vitronectin 
to isolated αvβ3, inhibited αvβ3-dependent cell adhesion to vitronectin, and reduced 
the hyper calcaemic response to parathyroid hormone in parathyroidectomized rats. 
RGD analogues may represent a new approach to modulating osteoclast-mediated 
bone resorption and may prove to be useful in the treatment of osteoporosis [ 61 ,  90 ].   

    αvβ3 Ligands 

   Issues in the Development of αvβ3 Antagonists as Therapeutics 

 A number of lead αvβ3 antagonists are under preclinical investigation [ 62 – 66 ]. 
However, a number of important issues are slowing development of these antagonists. 
Pharmacokinetic issues include achieving orally active compounds with high 
oral bioavailability and half-life. Pharmaco dynamic issues include measuring 
 ex vivo  effi cacy in order to predict the optimal dose required for clinical benefi t. 
Another problem is attaining an optimal  effi cacy/safety ratio (high therapeutic index) 
so that pathological angiogenesis is opposed with minimal impact on physio-
logical angiogenesis processes. A possible solution to the latter problem may be 
targeted delivery to tumor vasculature, as suggested recently [ 91 ]. 

 The binding of lead compounds and drugs to human serum albumin (HSA) is a 
ubiquitous problem in drug discovery because it modulates the availability of the 
leads and drugs to their intended target and limits biological effi cacy. In spite of 
nanomolar binding affi nity of identifi ed lead compounds to human αvβ3 and αvβ5 
integrins, high HSA binding (>97 %) emerged as a limiting feature for these leads. 
Structure-activity HSA binding data of organic acids reported in the literature has 
demonstrated that the incorporation of polar groups into a given molecule can 
dramatically decrease the affi nity for HSA. Among the compounds synthesized, 
3-[5- [2-(5,6,7,8- tetrahydro [1,8]naphthyridin-2-yl) ethoxy]indo l-1-yl] -3-[5- 
(N,N-dimethylaminomethyl)-3-pyridyl]propionic acid was found to be the most 
promising derivative within this novel series. It has a sub-nanomolar affi nity for 
both αvβ3 and αvβ5 and has exhibited low HSA protein binding [ 92 ].  

   Diagnostics 

 Imaging metastatic cancer using technetium-99m-labeled RGD-containing syn-
thetic peptide has been described. Detection of tumor angiogenesis  in vivo  by 
αvβ3-targeted magnetic resonance imaging (MRI) has also been demonstrated 
[ 93 – 95 ]. 
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 The αvβ3 integrin is expressed in sprouting endothelial cells in growing tumors, 
whereas it is absent in quiescent blood vessels. In addition, various tumor cell types 
express this integrin. Due to the selective expression of αvβ3 integrin in tumors, 
radiolabeled RGD peptides and peptidomimetics are attractive candidates for tumor 
targeting. A peptidomimetic compound and the cyclic RGD peptide have been 
shown to have high affinity for αvβ3 integrin, and these compounds have good 
experimental (xenografted) tumor-targeting characteristics [ 96 ]. 

 A series of radiolabeled cyclic RGD peptide ligands for cell adhesion molecule 
integrin αvβ3-targeted tumor angiogenesis targeting are being developed [ 83 ]. This 
effort continues by applying a positron emitter  64 Cu-labeled PEGylated dimeric 
RGD peptide radiotracer  64 Cu-DOTA-PEG-E[c(RGDyK)]2 for lung cancer imaging 
[ 97 ]. The PEGylated RGD peptide showed integrin αvβ3 avidity, but the PEGylation 
reduced the receptor binding affi nity of this ligand compared to the unmodifi ed 
RGD dimer. The radiotracer revealed rapid blood clearance and a predominantly 
renal clearance route. The minimum nonspecifi c activity accumulation in normal 
lung tissue and heart rendered high-quality orthotopic lung cancer tumor images, 
enabling clear demarcation of both the primary tumor at the upper lung lobe as well 
as metastases in the mediastinum, contralateral lung, and diaphragm. As a compari-
son, fl uoro-deoxyglucose (FDG) scans on the same mice were only able to identify 
the primary tumor, with the metastatic lesions masked by intense cardiac uptake and 
high lung background.  64 Cu-DOTA-PEG-E[c(RGDyK)]2 is an excellent position 
emission tomography (PET) tracer for integrin-positive tumor imaging [ 97 ]. Further 
studies to improve the receptor binding affi nity of the tracer and thereby to increase 
the magnitude of tumor uptake without comprising the favorable  in vivo  kinetics are 
currently in progress.    

    Integrin–Hormone Crosstalk 

    Integrin Receptor-mediated Actions of Thyroid Hormone 

 Evidence that thyroid hormone can act primarily outside the cell nucleus has come 
from studies of mitochondrial responses to T 

3
  or T 

2
  [ 98 ,  99 ], from rapid onset effects 

of the hormone at the cell membrane and from actions on cytoplasmic proteins 
[ 100 – 104 ]. The recent description of a plasma membrane receptor for thyroid hor-
mone on integrin αvβ3 [ 105 – 107 ] has provided some insight into effects of the 
hormone on membrane ion pumps, such as the Na + /H +  antiporter [ 102 ,  108 ], and has 
led to the description of interfaces between the membrane thyroid hormone receptor 
and nuclear events that underlie important cellular or tissue processes, such as 
angiogenesis and proliferation of certain tumor cells [ 109 – 112 ]. 

 The possible clinical utility of cellular events that are mediated by the membrane 
receptor for thyroid hormone may reside in inhibition of such effect(s) in the contexts 
of neovascularization or tumor cell growth. Indeed, we have shown that blocking 
the membrane receptor for iodothyronines with tetraiodothyroacetic acid (tetrac), 
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a thyroid hormone analogue that has no agonist activity at the receptor, can arrest 
growth of a variety of human cancer cells  in vitro  and in xenografts [ 112,  113 ]. In 
recent studies, we examined the possibility of (tetrac) binding to the integrin recep-
tor that may modulate vascular growth factor-induced angiogenesis in the absence 
of thyroid hormone. We concluded that tetrac acts via the integrin thyroid hormone 
receptor site to inhibit crosstalk between plasma-membrane vascular growth factor 
receptors and integrin αvβ3 [ 114 ]. Tetrac is a useful probe to screen for participation 
of the integrin receptor in actions of thyroid hormone. 

 Integrin αvβ3 binds thyroid hormone near the RGD recognition site of the 
protein, but these two sites are anatomically and functionally distinct [ 113 ]. The 
RGD site modulates protein-protein interactions linking the integrin to extracellular 
matrix proteins such as vitronectin, fi bronectin and laminin [ 106 ]. The intact integrin 
is structurally very plastic [ 115 ]. Its conformational changes in response to ligand-
binding may underlie its ability to transduce cell surface signals into discrete 
intracellular messages, as well as the ability to expose new surfaces for interactions. 
The integrin also generates crosstalk with other cell surface receptors. The thyroid 
hormone signal at the integrin is transduced into mitogen- activated protein kinase 
(MAPK) activity via phospholipase C and PKC [ 84 ]. MAPK (ERK1/2) activation is 
associated with increased Na + /H +  antiporter activity locally at the plasma membrane 
in response to thyroid hormone, and we speculate that hormone effects on other ion 
pumps at the cell surface relate to MAPK or PKC activation [ 108,   113 ]. Also initi-
ated at the cell surface integrin receptor for thyroid hormone is the complex process 
of angiogenesis, monitored in either a standard chick blood vessel assay or with 
human endothelial cells in a sprouting assay [ 109 ]. This hormone- dependent pro-
cess requires MAPK activation and elaboration of basic fi broblast growth factor 
(bFGF; FGF2) that are downstream mediators of thyroid hormone’s effect on angio-
genesis [ 109 ]. Tetrac blocks this pro-angiogenic action of T 

4
  and T 

3
 , as does RGD 

peptide and small molecules that mimic RGD peptide. It is possible that desirable 
neovascularization can be promoted with local application of thyroid hormone ana-
logues, e.g., in wound-healing, or that undesirable angiogenesis, such as that which 
supports tumor growth, can be antagonized with tetrac. 

 Thyroid hormone can also stimulate the proliferation  in vitro  of certain tumor 
cell lines [ 106 ,  112 ,  113 ]. Murine glioma cells [ 112 ] and human glioblastoma cells 
[ 116 ] have been shown to proliferate in response to physiological concentrations of 
T 

4
  by a mechanism initiated at the integrin receptor and that is MAPK-dependent. 

In what may be a clinical corollary, a prospective study of patients with far-advanced 
glioblastoma multiform in which mild hypothyroidism was induced by propylthio-
uracil showed an important survival benefi t over euthyroid control patients [ 85 ]. We 
reported in 2004 that human breast cancer MCF-7 cells proliferated in response to 
T 

4
  by a mechanism that was inhibited by tetrac [ 117 ]. A recent retrospective clinical 

analysis by Cristofanilli et al. [ 86 ] showed that hypothyroid women who developed 
breast cancer did so later in life than matched euthyroid controls and had less 
aggressive, smaller lesions at the time of diagnosis than controls. Thus, the trophic 
action of thyroid hormone on  in vitro  models of both brain tumor and breast cancer 
appears to have clinical support.   
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    Conclusions 

 The endothelial and smooth muscle cell αv integrin represents a potential strategy 
for targeted delivery in pathological angiogenesis and other vascular-mediated 
disorders. Additionally, the α5β1 integrin has been implicated in the modulation of 
angiogenesis, in a similar fashion to the αvβ3 integrin. Stimulated endothelial cells 
depend on αvβ3 function for survival during a critical period of the angiogenesis 
process, as inhibition of αvβ3/ligand interaction by antibody or peptide antagonists 
induces vascular cell apoptosis and inhibits angiogenesis. These observations open 
the door for further analysis of the regulation of cellular function and cell signaling 
by integrins, as well as for new therapeutic strategies to treat angiogenesis-associated 
disease. 

 These strategies have led to the development of antagonists to integrin αvβ3 and 
integrin αvβ5 that promote unscheduled programmed cell death of newly sprouting 
blood vessels. These antagonists cause regression of pre-established human tumors 
growing in laboratory animals and may thus lead to an effective therapeutic approach 
for solid tumors in humans. These antagonists include: (a) peptide inhibitors of 
individual integrins as well as peptides that inhibit integrins, (b) non-peptide, organic 
inhibitors, and (c) chimeric or humanized antibody inhibitors of integrin αvβ3. The 
fi rst antagonist, a humanized form of the antibody LM-609 (Vitaxin), has already 
entered phase II clinical trials, and the fi rst of the cyclic peptide antagonists is in 
initial clinical developments.     
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    Abstract     On November 18th 2011, the FDA announced the anticipated removal of 
Avastin’s (bevacizumab) indication for metastatic breast cancer based on the lack of 
evidence supporting its use for the improvement of overall survival. Avastin, much 
like other anti-angiogenic therapies, has been shown to slow but not prevent metas-
tasis when given in combination with chemotherapy. An anti-angiogenic therapy 
that targets multiple pro-angiogenic factors is the focus of much research. In this 
chapter we present the anti-angiogenesis therapies available, obstacles to the pre-
vention of tumor neovascularization, and fi nally delve into new therapies showing 
results that may change the future of oncology.  

        Introduction 

    In 2008, the estimated United States cancer prevalence count was 11,957,599 people 
[ 1 ]. In 2012, about 577,190 Americans are expected to die of cancer [ 2 ]. While can-
cer cases are still on the rise, mortality rates are gradually declining thanks to treat-
ment advancements. Cancer is caused by both intrinsic and extrinsic factors. Intrinsic 
factors can be described as genetic mutations, hormones, and immune conditions. 
Extrinsic factors are smoking, infections and exposure to chemicals and radiation 
[ 2 ]. When the immune system is compromised, mutations (either inherited or caused 
by damage) can lead to tumor formation and to the start of a malignant process. 

 Angiogenesis is an innate process of the body that results in the development of 
new blood vessels, and is usually initiated in response to an increased demand for 
oxygen and nutrients by the cells of the body. The process is managed through 
 pro- angiogenic and anti-angiogenic factors (Table  12.1 ).

    Chapter 12   
 Anti-angiogenesis Therapy as an Adjunct 
to Chemotherapy in Oncology 

                Shaker     A.     Mousa     and     Laila     H.     Anwar    

        S. A .   Mousa (*) •       L.  H.   Anwar    
     The Pharmaceutical Research Institute   at Albany College of Pharmacy 
and Health Sciences, Rensselaer ,         NY ,  USA   
 e-mail: shaker.mousa@acphs.edu  



144

   A tumor begins as a healthy cell that becomes malignant and multiplies. Tumors 
that are less than 1 mm in diameter attain their nourishment through the process of 
diffusion [ 3 ]. Once a tumor has reached a suffi cient size (>2 mm diameter) it will 
require more than just diffusion for its supply and will need to create new capillary 
beds to assist in the process of development. Much like normal cells of the body, 
tumor cells use pro-angiogenic factors to increase oxygen and nutrient supplies 
through the formation of new vasculature branching from previous vessels in and 
around the tumor. 

 Angiogenesis is thought to be a major contributor to tumor growth and metasta-
sis. Numerous anti-angiogenic therapies have been produced for use in combination 
with cytotoxic chemotherapy. Even though theory suggests that anti-angiogenic 
therapy should improve the outcomes of cancer patients, results of recent trials 
(AVADO [ 4 ], RiBBON-1 [ 5 ]) show that anti-angiogenic therapies may not improve 
overall survival. Therefore, in order to ensure proper inhibition of tumor metastasis 
there is a need to understand the mechanism of angiogenesis. 

 In this chapter, the need for and utility of anti-angiogenic treatment in cancer as 
an adjunct to chemotherapy will be assessed based on the physiology and develop-
ment of tumor cells through angiogenesis.  

    Biomarkers in Angiogenesis 

 Biomarkers are molecules or genes that are monitored to track certain changes that 
occur in the body. Biomarkers are used to diagnose and track many diseases of the 
body, including cancer. Anti-angiogenic therapies must target a suffi cient quantity 
of these biomarkers in order to adequately end the progress of angiogenesis. The 
need for certain anti-angiogenic therapies must also be reconsidered based on 
economic signifi cance and cost versus benefi t analyses for treatment in combination 
with chemotherapy versus chemotherapy alone. A brief discussion of relevant bio-
markers follows. 

   Table 12.1    Pro-angiogenic factors and anti-angiogenic factors that regulate angiogenesis   

 Pro-angiogenic factors  Anti-angiogenic factors 

 Vascular Endothelial Growth Factor (VEGF)  Angiostatin 
 Fibroblast Growth Factor (FGF)  Endostatin 
 Platelet Derived Growth Factor (PDGF)  Vasostatin 
 Epidermal Growth Factor (EGF)  Prolactin 
 Placental Growth Factor (PlGF)  Angiopoietin-2 
 Hypoxia inducible factor-1α (HIF-1α)  Interferon-α (IF- α) 
 Angiogenin  Interferon-γ (IF-γ) 
 Interleukin-8 (IL-8)  Interleukin-12 (IL-12) 
 Angiopoietin-1  Fibronectin 

 Platelet factor-4 

S.A. Mousa and L.H. Anwar



145

    Hypoxia Inducible Factor-1α 

 Angiogenesis is initiated by a decline in oxygen supply surrounding the newly 
formed tumor, also known as hypoxia. Hypoxia occurs due to metabolic demand 
(increased demand for O 

2
 ) produced by multiplying cells within the tumor. Hypoxia 

leads to the release of hypoxia inducible factor-1α (HIF-1α). The activity of HIF-1α 
promotes the progression of angiogenesis and metastases through the release of 
growth factors such as vascular endothelial growth factor (VEGF), EGF (epidermal 
growth factor), and IGF-2 (insulin-like growth factor-2) as depicted in Fig.  12.1 . 
Increased levels of HIF-1α and VEGF have been linked with increased mortality in 
cancer [ 6 – 8 ].

       Vascular Endothelial Growth Factor 

 VEGF, also known as vascular permeability factor, is responsible for the activation 
of the VEGF receptor located on the surface of vascular endothelial cells. The 
VEGF family consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D, and PlGF (pla-
cental growth factor). There are three types of VEGF tyrosine kinase receptors on 
the surface of endothelial cells: VEGF receptor-1 (VEGFR-1), VEGF receptor-2 
(VEGFR-2), and VEGF receptor-3 (VEGFR-3). Once the VEGF ligand binds to its 
receptor, a series of signals is set off to initiate angiogenesis, endothelial cell migra-
tion, and permeability. The VEGF-A factor binds to both VEGFR-1 and -2; VEGF-B 
and PlGF factors bind to VEGFR-1 only. Once VEGF binds to its receptor, the 

Tumor

Hypoxia

HIF 1-a

VEGF
&
other
factors*

Tumor growth and
neovascularization

 Tumor

  Fig. 12.1    Depiction of a tumor surrounded by a region of hypoxia. As a result of this condition, 
HIF-1α (hypoxia inducible factor-1α) is released and supports the release of pro-angiogenic factors 
such as VEGF (vascular endothelial growth factor) that initiate and promote the growth of new 
blood vessels. These blood vessels provide the tumor with oxygen and nutrients. *Other factors 
include EGF (epidermal growth factor), and IGF-2 (insulin-like growth factor-2)       
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activated VEGF receptor will stimulate the AKT/mTOR signaling pathway through 
phosphoinositide 3-kinase (PI3K), leading to additional phosphorylation down-
stream and to the formation of mTOR complexes [ 9 ,  10 ].  

    Matrix Metalloproteinases 

 Matrix metalloproteinases (MMPs) are a group of enzymes that degrade the extra-
cellular environment to assist in the process of new vessel formation, by allowing 
for endothelial cell migration to and around the tissue surrounding the tumor [ 11 ].   

    Current Anti-angiogenic Therapies 

 Angiogenesis is currently targeted with biologic and small molecule agents. The 
FDA has approved several agents such as bevacizumab (trade name Avastin®) and 
sorafenib (trade name Nexavar®), which have shown promising results when used in 
combination with chemotherapy. These therapies are only approved as adjuncts to 
chemotherapy and should never be used alone to treat cancer. Due to the large varia-
tion in biomarkers involved in the angiogenesis process, many anti-angiogenic thera-
pies vary by the types of factor(s) that they target. The major targets of current 
therapy are VEGF and growth factor receptors. Other biomarkers such as HIF-1α 
and MMPs are major contributors to the angiogenic process but are yet to be included 
as targets in current therapy. A brief discussion of relevant therapies follows. 

    Bevacizumab Status in Oncology 

 In the E2100 trial published in 2007, paclitaxel versus paclitaxel plus bevacizumab 
for the treatment of metastatic breast cancer showed a signifi cant increase in 
progression-free survival in the paclitaxel plus bevacizumab group (11.8 months) 
versus the paclitaxel group (5.9 months) [ 12 ]. The accelerated FDA approval for 
bevacizumab in metastatic breast cancer came in 2008 based on the results of the 
E2100 trial. The FDA requested that further trials be conducted to show that the addition 
of bevacizumab to chemotherapy provided an improvement in overall survival [ 13 ]. 
The AVADO three-arm trial published in 2010 compared two doses of bevacizumab 
plus docetaxel versus placebo plus docetaxel for the fi rst line treatment of HER-2 
negative metastatic breast cancer. Results of the trial showed a signifi cant increase in 
progression-free survival for the higher dose bevacizumab-containing group, but the 
overall survival analysis revealed little difference between the three groups [ 4 ]. The 
RiBBON trials published in 2011 also showed a lack of change in overall survival 
with the addition of bevacizumab to standard chemotherapy [ 5 ]. Based on the results 
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of the AVADO and RiBBON trials, the FDA insisted that the indication for metastatic 
breast cancer be revoked. On November 18, 2011 the FDA commissioner removed 
bevacizumab’s indication for metastatic breast cancer since it was shown not to be 
cost-effective when combined with chemotherapy [ 14 ].  

    Monoclonal Antibodies / Recombinant Proteins 

 Bevacizumab is a humanized recombinant monoclonal IgG1 antibody and prevents 
the binding of VEGF to the VEGF receptors FLT1 and KDR on the surface of endo-
thelial cells. Bevacizumab inhibits the biological activity of VEGF, which therefore 
inhibits angiogenesis [ 15 ]. Currently, bevacizumab is FDA-approved for fi rst-line 
treatment of metastatic non-small cell lung cancer in combination with carboplatin 
and paclitaxel; fi rst and second line treatment of metastatic colorectal cancer in 
combination with intravenous 5-fl uorouracil-based chemotherapy; metastatic renal 
cell carcinoma in combination with interferon alfa; and as a single agent in the treat-
ment of adult glioblastoma with progressive disease in post-chemotherapy patients. 

 VEGF-trap (afl ibercept) is a recombinant fusion protein that binds VEGF-A and 
PlGF [ 16 ], inhibiting their binding to and activation of VEGF receptors. Afl ibercept 
is currently FDA-approved for the treatment of patients with neovascular age- 
related macular degeneration [ 17 ]. In terms of its use in cancer, afl ibercept has 
shown intermediate results and even poor results in the treatment of non-small cell 
lung cancer and pancreatic cancer. Lack of an FDA approval for cancer does not 
limit its potential use as an anti-angiogenic treatment for tumors. Afl ibercept versus 
placebo has shown promising improvement in overall survival during an ongoing 
trial in combination with irinotecan and 5-FU in the treatment of patients with meta-
static colorectal cancer after failure of an oxaliplatin-based regimen (VELOUR) 
[ 18 ] and has only shown positive results for its adjunct use in metastatic colon can-
cer in phase III trials. 

AMG 386 is an original peptide-Fc fusion protein that prevents the binding of 
angiopoietin-1 and angiopoietin-2 with Tie2 receptors [ 19 ]. This agent is showing 
potential in its use in combination with chemotherapy for the treatment of ovarian 
cancer. AMG 386 is undergoing a phase III clinical trial named ‘Trinova-3: A study 
of AMG 386 or AMG 386 placebo in combination with paclitaxel and carboplatin to 
treat ovarian cancer’ [ 20 ]. Long-term results are yet to be determined with this agent. 

 Ramucirumab is a 100 % humanized monoclonal antibody that prevents the 
binding of VEGF to VEGFR-2. This agent has shown antitumor and anti- angiogenic 
results during phase I and II trials conducted to treat renal cell carcinoma, hepato-
cellular carcinoma, non-small cell lung cancer, and melanoma [ 21 ]. It is currently 
undergoing phase III trials. This agent differs from bevacizumab because bevaci-
zumab only blocks the binding of VEGF-A, whereas ramucirumab blocks the bind-
ing of all VEGF types to its receptor. Ramucirumab is also very specifi c with a high 
affi nity for the VEGF receptor epitope, unlike other tyrosine kinase inhibitors that 
bind to non-tumor areas, leading to a higher risk of toxicity [ 21 ,  22 ]. 
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 DI17E6 is a monoclonal antibody to human αv integrins. It effectively reduced 
angiogenesis in prostate cancer by preventing cell adhesion and migration. DI17E6 
was used to target the integrin receptor expressed on the surface of tumor cells for 
the delivery of chemotherapy. In the Wagner et al. study, DI17E6 was bonded with 
a doxorubicin nanoparticle. When compared with conventional drug delivery, the 
DI17E6-linked cytotoxic nanoparticle showed an increased level of activity [ 23 ]. 

 There are numerous monoclonal antibodies still in early phase II trials, two of 
which, MetMAb and Pegdinetanib, have shown effi cacy in preventing angiogenesis 
in non-small cell lung cancer and glioblastomas, respectively.  

    Tyrosine Kinase Inhibitors 

 Sunitinib (trade name Sutent®), a multi-receptor tyrosine kinase inhibitor, is a small 
molecule that binds to and stops the activation of receptors PDGFRα, PDGFRβ, 
VEGFR-1, VEGFR-2, VEGFR-3, Kit, FLT3, CSF-1R, and RET. The FDA has 
approved sunitinib’s use in the treatment of gastrointestinal stromal tumors, renal 
cell carcinoma, and in advanced pancreatic neuroendocrine tumors. Unlike biologic 
agents that require intravenous administration, sunitinib is taken orally in a capsule 
form [ 24 ,  25 ]. 

 Sorafenib is a multi-receptor tyrosine kinase inhibitor that is FDA-indicated for 
the treatment of unresectable hepatocellular carcinoma [ 26 ] and advanced renal cell 
carcinoma. This agent acts intracellularly on receptors CRAF, BRAF, and mutant 
BRAF, and extracellularly on receptors Kit, FLT3, RET, VEGFR-1, VEGFR-2, 
VEGFR-3, and PDGFRβ [ 27 ]. In the Escudier et al. study comparing sorafenib to 
placebo in post-treated patients with renal cell carcinoma, overall survival was not 
found to be statistically signifi cant, but there was an overall benefi t noted with its 
administration [ 28 ]. 

 Vandetanib (trade name Caprelsa®) is a tyrosine kinase inhibitor that binds to 
the EGF receptors, VEGF receptors, RET, protein tyrosine kinase 6, Tie2, EPH 
receptor kinases, and Src tyrosine kinases. The overall result of vandetanib binding 
is a decrease in endothelial cell migration, proliferation, survival, and neovascular-
ization. Vandetanib is currently FDA-indicated for the treatment of symptomatic or 
progressive medullary thyroid cancer in patients with unresectable, locally advanced 
or metastatic disease [ 29 ]. In a phase II, open label study of 30 patients with diag-
nosed medullary thyroid cancer, treatment with 300 mg vandetanib demonstrated a 
confi rmed partial antitumor response in 20 % of patients and stabilized disease for 
53 % of patients at ≥24 weeks [ 30 ]. 

 Pazopanib (trade name Votriant®) is a multi-tyrosine kinase inhibitor of receptors 
VEGFR-1, VEGFR-2, VEGFR-3, PDGFRα, PDGFRβ, FGFR1, FGFR3, Kit, IL-2, 
and c-FMS [ 31 ]. Pazopanib is FDA-indicated for the treatment of renal cell carci-
noma based on the results of a phase III trial testing pazopanib versus placebo treat-
ment in adult patients with measurable, locally advanced, and/or metastatic renal 
cell carcinoma. Patients were randomized in a 2:1 ratio to receive 800 mg of 
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pazopanib once daily or placebo and were treated until disease progression, death, 
toxicity, or withdrawal. Of the 435 patients enrolled, 290 patients were assigned to 
take pazopanib and 145 patients were assigned to take placebo. Progression-free 
survival was signifi cantly prolonged in the overall study population treated with 
pazopanib versus placebo by 9.2 months and 4.2 months, respectively [ 32 ,  33 ]. 

 Some newer small molecule anti-angiogenic therapies that are showing positive 
results in clinical trials but are not yet approved are tivozanib (a VEGF receptor 
inhibitor), axitinib (a multikinase inhibitor), motesanib (a multikinase inhibitor), 
intedanib (a VEGFR-2/PDGFR/FGFR inhibitor), and brivanib (a VEGFR-2/FGFR1 
inhibitor).   

    Obstacles to Current Anti-angiogenic Therapy 

 The current anti-angiogenic therapies show slight effectiveness in halting angiogen-
esis but do not stop it completely. Even with the FDA-approved agents such as beva-
cizumab, sorafenib, and sunitinib, angiogenesis continues to lead to the metastasis 
and mortality associated with cancer. 

 The current understanding is that angiogenesis is initiated and carried out by the 
activation of several biomarkers. It has been shown that VEGF inhibition alone is 
not enough to stop the process of neovascularization. There are multi-receptor tyro-
sine kinases such as sunitinib and pazopanib that target more than one receptor in 
the angiogenesis process but are also failing to prevent the metastatic process. In 
addition, tyrosine kinase inhibitors are known to cause several undesirable side 
effects due to the lack of specifi city in binding sites. A need for an agent that targets 
multiple biomarkers and receptors in the angiogenic process with a high specifi city 
for tumor binding sites is needed and is a current focus of research. 

    Vascular Abnormalities 

 VEGF is known to reduce the interstitial pressure surrounding the tumor by reduc-
ing the fl uid surrounding leaky vessels, and it also reduces ascites fl uids. It has also 
been suggested that VEGF levels are higher in malignant pleural effusions sur-
rounding tumors in comparison to nonmalignant pleural effusions [ 34 ]. When the 
amount of fl uid surrounding the tumor is normalized, the oxygen and blood fl ow to 
the tumor will improve and thus will improve chemotherapy delivery to the tumor. 
The level of VEGF surrounding endothelial cells will also be reduced [ 35 ]. 

 Razoxane and dexrazoxane are other agents that have shown anti-angiogenic 
properties. They are thought to reduce leaky vessels within the tumors and to reduce 
interstitial pressure surrounding the tumor site. In a study conducted to determine 
the anti-angiogenic effects of dexrazoxane, it was determined that the agent causes 
an up-regulation of THBS-1, an endogenous inhibitor of neovascularization [ 36 ].  
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    Interstitial Pressure 

 As a tumor progresses, interstitial fl uid pressure surrounding the tumor increases 
due to the increased permeability of vessels and the lack of lymphatic drainage. This 
increase in interstitial pressure is associated with hypoxia and harbors pro- 
angiogenic factors at the outer rim of the tumor. Based on the results of the 
Phipps and Kohandel mathematical model, interstitial fl uid pressure gradients 
hypothetically affect the inhibition and stimulation of angiogenesis: “Angiogenic 
behaviors were suppressed when closer to the core of the tumor and maximal angio-
genic stimulation was detected towards the [outer] rim of the tumor” [ 37 ].  

    Angiogenesis and Thrombosis 

 Platelet activation and fi brin formation are mechanisms by which tumor cells pro-
mote angiogenesis and metastasis. Coagulation proteases consisting of platelet and 
fi brin form on the surface of tumor cells. This process promotes tumor cell conjunc-
tion into a small thrombus that can lodge into the vasculature [ 38 ]. A fi brin matrix is 
eventually formed surrounding the tumor. It has been noted that heparin is effective 
in inhibiting the proliferation of endothelial cells and hindering angiogenesis via 
structural changes to fi brin networks surrounding tumors [ 39 ]. Low molecular 
weight heparin (LMWH) is superior to unfractionated heparin (UFH): in a study 
comparing the two anticoagulants it was found that UFH enhanced the fi brin matrix 
and had a pro-angiogenic outcome whereas LMWH had an anti-angiogenic effect 
on the tumor [ 39 ]. It is also benefi cial to add “thrombosis prophylaxis” to anti- 
angiogenic therapy because of an increased risk of thromboembolism and clot for-
mation with the administration of these agents [ 40 ].   

    Novel Therapies 

 Angiogenesis has been treated with agents that inhibit one or a few of the many 
ways that tumors initiate angiogenesis and progressively become metastatic. The 
recent revocation of bevacizumab’s indication for metastatic breast cancer by the 
FDA is an example of failure with such a narrow treatment goal. The need for thera-
pies that target multiple receptors and biomarkers is a trend that has been producing 
a number of new agents that are showing promising results in clinical trials. 

 Tetrac, a derivate of thyroid hormone, and tetrac formulated as nanoparticles 
(nanotetrac), have both shown anti-proliferative and anti-angiogenic action against 
cancer cells in clinical trials. T4 (thyroxine) and T3 (triiodothyronine) hormones 
bind to thyroid hormone receptors located on integrin αvβ3 membrane surface pro-
teins, which leads to pro-angiogenic effects [ 41 ]. Tetrac and nanotetrac were tested 
 in vitro  and in xenografts for the treatment of lung cancer. It was observed that tetrac 
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and nanotetrac successfully inhibited the binding of T4 and T3 to the receptor 
located on the tumor cell’s surface and prevented hormone activity on the tumor 
cell. Nanotetrac proved to be superior to unmodifi ed tetrac because it showed 
greater effects on malignant cell gene expression and was more potent [ 42 ]. Further 
studies with tetrac and nanotetrac are needed to determine the long-term effects 
and success of tetrac treatment. 

 Thalidomide, an anti-infl ammatory, anti-angiogenic and immune-modulating 
agent, has been used to treat conditions such as cutaneous manifestations of ery-
thema nodosum leprosum and in combination with dexamethasone to treat newly 
diagnosed multiple myeloma. This agent reduces the levels of tumor necrosis factor- 
alpha, increases the number of natural killer cells and IL-2, and decreases the pro-
liferation of endothelial cells [ 43 ]. Thalidomide reduces angiogenesis by altering 
the tumor’s microenvironment via decreasing the secretion of pro-angiogenic fac-
tors such as VEGF and IL-6. Thalidomide has been tested to treat both blood and 
solid tumors. The success found in thalidomide treatment of multiple myeloma has 
not been matched by trials testing thalidomide’s use in hepatocellular and colorectal 
cancer solid tumors [ 44 ,  45 ]. 

 Lenalidomide (trade name Revlamid ®), an immune-modulating drug, acts much 
like thalidomide and is indicated for the treatment of patients with refractory mul-
tiple myeloma when used in combination with dexamethasone and for the treatment 
of myelodysplastic syndromes [ 46 ]. In a study comparing lenalidomide and dexa-
methasone versus placebo and dexamethasone for the treatment of relapsed multi-
ple myeloma, complete or partial responses were observed in 61 % of the 
lenalidomide group (108 out of 177 patients) and 19.9 % of the dexamethasone-
only group (35 out of 176 patients) [ 47 ]. This study proved that the administration 
of lenalidomide in combination with dexamethasone is statistically superior to the 
administration of dexamethasone alone for multiple myeloma treatment. 

 The idea of linking chemotherapy agents to anti-VEGF receptor antibodies has 
also been employed and tested, with promising outcomes. In a study by Wicki et al. 
an anti-VEGFR-2 antibody was linked with doxorubicin to inhibit tumor growth 
directly. It was found that the doxorubicin-linked VEGFR antibody provided better 
selectivity and suppression of the tumor vasculature than doxorubicin or VEGFR 
antibody alone [ 48 ]. The practice of using a highly expressed receptor on the sur-
face of tumor cells to deliver chemotherapy allows for greater binding specifi city 
and decreases the effects of chemotherapy-related adverse effects.  

    Conclusions 

 There is a current need for further understanding of biomarkers, initiators of neovas-
cularization, and sustainers of tumor-related angiogenesis. When the process of 
tumor angiogenesis is understood, a therapy can be targeted and tailored to the tumor 
cell, making the results of treatment more effi cient and benefi cial. This does not 
imply that current therapies such as monoclonal antibodies and tyrosine kinase 
inhibitors will become futile. These therapies can be given in combination to provide 
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a multi-targeted approach to therapy. They can also be used to deliver chemotherapy 
directly to tumor cells. Tumor barriers such as exudated fl uid and fi brin matrices 
must be removed or permeated in order for anti-angiogenics and chemotherapy to 
reach the tumor cells. The use of non-cytotoxic agents such as low molecular weight 
heparin for the reduction of fi brin clots and vascular normalizing agents such as 
razoxane and dexrazoxane to reduce interstitial fl uid pressure provide a synergistic 
effect when administered with anti-angiogenic treatment and chemotherapy. 

 The future of oncology may be shifting towards a multi-treatment approach 
involving both cytotoxic and non-cytotoxic therapies. Chemotherapy may even-
tually be administered more effi ciently through the use of nanotechnology and 
targeted antibodies. The modifi cation of standard chemotherapy administration 
will not only reduce the risk of systemic effects but also provide better survival 
outcomes for the cancer patient.     
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    Abstract     Pathological angiogenesis in the eye including exudative age-related 
macular degeneration (AMD), proliferative diabetic retinopathy, diabetic macular 
edema, neovascular glaucoma, and corneal neovascularization (trachoma) underlies 
the major causes of blindness in both developed and developing nations. Additionally, 
increased rates of angiogenesis are associated with several other disease states 
including cancer, psoriasis, rheumatoid arthritis and other vascular- associated dis-
orders. Vascular endothelial growth factor (VEGF) and its receptors play an impor-
tant role in the modulation of angiogenesis and have been implicated in the pathology 
of a number of conditions, including AMD, diabetic retinopathy, and cancer. AMD 
is a progressive disease of the macula and the third major cause of blindness world-
wide. If not treated appropriately, AMD might progress to the second eye. Until 
recently, the treatment options for AMD were limited, with photodynamic therapy 
the mainstay treatment, which is effective at slowing disease progression but 
rarely results in improved vision. There are currently three approved anti-angio-
genesis biologic therapies for ophthalmic diseases: an anti-VEGF aptamer (pegap-
tanib, Macugen®), a Fab fragment of a monoclonal antibody directed against 
VEGF-A (ranibizumab, Lucentis®), and VEGF trap (afl ibercept, Eylea®). Several 
therapies have been and are now being developed for neovascular AMD, with the 
goal of inhibiting VEGF. At present, established therapies have met with great suc-
cess in reducing the vision loss associated with neovascular AMD, whereas those 
still investigational in nature offer the potential for further advances. In AMD 
patients these therapies slow the rate of vision loss and in some cases increase visual 
acuity. Although these therapies are a milestone in the treatment of these disease 
states, several concerns need to be addressed before their impact can be fully 
understood.  
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        Introduction 

 Angiogenesis is a term used to describe the formation of new blood vessels from the 
pre-existing vasculature. This process is critical for several normal physiological 
functions including the development of embryos, wound-healing, the female repro-
ductive cycle and collateral vascular generation in the myocardium. However, aber-
rant angiogenesis has been implicated in the progression of several disease states 
including cancer, macular degeneration, diabetic retinopathy, rheumatoid arthritis 
and psoriasis. 

 Under normal physiological conditions, the process of angiogenesis is well con-
trolled, and a perfect balance of endogenous pro-angiogenesis growth factors (posi-
tive regulator) and suppressors (negative regulator) exists. When angiogenic growth 
factors outnumber angiogenesis inhibitors, the balance shifts in favor of accelerated 
angiogenesis; this has been termed the “angiogenic switch” [ 1 ]. Rigorous research 
in the fi eld of angiogenesis has led to the identifi cation of many regulators involved 
in angiogenesis. Angiogenesis is driven by the production of pro-angiogenic growth 
factors including vascular endothelial growth factor (VEGF), basic fi broblast 
growth factor (bFGF), interleukin 8 (IL-8), placental like growth factor (PlGF), 
transforming growth factor β (TGF-β), angiopoietin, platelet-derived endothelial 
growth factor (PDEGF), pleiotrophin, and several others [ 2 ]. In addition, angiogen-
esis can be caused by a defi ciency in endogenous angiogenesis inhibitors including 
angiostatin, canstatin, endostatin, various glycosaminoglycan, interferon α, β, χ 
(INF α, β, χ), thrombospondin and others [ 3 ]. 

 Although angiogenesis is not understood in its entirety, the roles of many of 
its regulators and the fundamental steps that result in angiogenesis have been 
well documented. Initially, vascular endothelial cells (ECs) are activated by pro- 
angiogenesis growth  factors, which cause ECs to release proteases that degrade the 
basement membrane, allowing ECs to escape from the original vessel walls, proliferate, 
and extend toward the source of the angiogenic stimulus using integrin and extracellular 
matrix  proteins to cause cell adhesion [ 1 ,  3 ].  

    Pathological Angiogenesis 

 Cancer research has shown that due to a lack of oxygen and other essential nutri-
ents, tumor growth is limited to 1–2 mm, and in order to grow beyond this size 
tumor cells must promote angiogenesis by secreting various pro-angiogenesis 
factors [ 3 ,  4 ]. Tumor angiogenesis not only allows tumor growth, but also increases 
the rate of metastasis. Vessels formed by uncontrolled and unregulated angiogenesis 
supporting the tumor are drastically different from those of the normal vasculature 
and are characterized by unstructured blood vessels, hypoxia, and increased intersti-
tial pressure. These irregularities may hinder the ability of chemotherapeutic agents 
to achieve the desired effective levels within tumor. 
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 Age-related macular degeneration (AMD) is a disease with complex pathology, 
which could be presented in either the dry (geographic atrophy) or the wet (choroidal 
neovascularization) form, and in some cases the dry form leads to the wet form. The 
dry form represents the majority of the AMD cases as opposed to the wet form. 
However, the wet form leads to progressive vision loss associated with major social 
and economic impact for the patient [ 5 ]. The role of VEGF in the accelerated 
angiogenesis process in choroidal angiogenesis has been documented, leading the 
assumption for the use of various anti-VEGF strategies [ 6 ]. The main purpose of 
this chapter is to summarize VEGF’s physiological role (especially within the eye), 
the role in the development of AMD, and to understand and foresee both the benefi ts 
and potential side effects of the anti-VEGF-based therapy. 

 While the wet form of AMD can be managed using anti-angiogenesis strategies 
such as anti-VEGF [ 6 ], the dry form of advanced AMD results from atrophy of the 
retinal pigment epithelial layer and has no treatment option at this stage. 

 Research also shows that angiogenesis accompanies the progression of chronic 
infl ammation. It has been demonstrated that VEGF is overexpressed in a number of 
pro-infl ammatory conditions including psoriasis and rheumatoid arthritis [ 7 ,  8 ]. 
Thus, VEGF is an attractive target for the treatment of these diseases keeping in 
mind the redundancy in the pro-angiogenesis pathway and the potential for acquired 
resistance.  

    Anti-angiogenesis Therapies 

 A wide range of therapies designed to inhibit pathological angiogenesis have been 
developed and many more are underway. Angiogenesis inhibitors have typically 
been divided into two categories, either a direct strategy targeting ECs or an indirect 
strategy targeting pro-angiogenesis growth factors or their receptors. Direct targeting 
of ECs versus the case of a single pro-angiogenesis factor such as VEGF was 
thought to be a better target for therapy because it is relatively more genetically 
stable than cancer cells. It is postulated that this stability reduces the likelihood of 
rapid mutation and acquired drug resistance [ 9 ]. Recent studies suggest, however, 
that genetic anomalies are present in tumor ECs and may be able to confer drug 
resistance [ 10 ]. Interestingly, it has also been suggested that traditional therapies, 
such as radiation therapy, may actually work in part by targeting the genomically 
stable ECs because these ECs are still proliferating at a higher than normal rate [ 11 ]. 

 Indirect inhibition of angiogenesis can be further divided into two categories, 
either amplifying the effects of angiogenesis inhibitors and the activation of their 
pathways or by inhibiting the activation of pro-angiogenesis pathways. Currently, 
these therapies have employed a multitude of targets including many angiogenic regu-
lators and their receptors. One example is a therapy designed to target TGF. A clini-
cal trial investigating the use of the transforming growth factor (TGF)-β antisense 
vaccine belagenpumatucel-L (Lucanix®) in patients with non-small cell lung cancer 
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(NSCLC) demonstrated favorable outcome as compared to historical control, with 
no observed adverse event [ 12 ,  13 ]. Another therapy being explored targets TGF and 
employs the use of a soluble TGF-ß receptor (sTGF-ßR) that specifi cally inhibits 
TGF-ß1 and TGF-ß3 [ 14 ].  

    VEGF 

 VEGF is a member of a family of dimeric glycoproteins that belong to the platelet-
derived growth factor (PDGF) family of growth factors. While VEGF, also known 
as VEGF-A, is the most comprehensively studied member of the family, others 
include VEGF-B, VEGF-C, VEGF-D, and PlGF [ 15 ,  16 ]. VEGF-A has several 
isoforms (VEGF 

121
 , VEGF 

121
 b, VEGF 

145
 , VEGF 

165
 , VEGF 

189
 , VEGF 

206
 ) resulting 

from alternative splicing of which VEGF 
145

  is most the most abundant isoform [ 17 ]. 
All VEGF ligands bind to tyrosine kinase receptors, causing the receptors to dimer-
ize and phosphorylate [ 18 ]. Upon binding to its receptor, VEGF initiates a cascade 
of signaling events that begins with auto-phosphorylation of both receptor kinases, 
followed by activation of numerous downstream proteins including phospholipase 
Cλ, PI3K, GAP, Ras, MAPK and others [ 19 ]. VEGF receptor-2 (VEGFR-2) has a 
higher affi nity for VEGF, and one of its biological activities includes the potentia-
tion of angiogenesis [ 19 ]. The function of VEGFR-1 is less well defi ned, but seems 
to include recruitment of monocyte [ 19 ]. In contrast, VEGF-C and VEGF-D bind to 
a different receptor,VEGFR-3, which mediates lymphangiogenesis [ 16 ]. The bio-
logical activities of VEGF have also been well documented, and because of its 
vascular permeability characteristic, it was also named as a vascular permeability 
factor [ 20 ] It has also been shown to promote the growth, migration, and prolifera-
tion of ECs [ 20 ,  21 ]. In addition it induces vasodilatation and enhances EC survival 
[ 20 ,  21 ]. These biological activities occur in few physiological processes outside 
wound-healing and ovulation, making VEGF an attractive target for therapy.  

    VEGF Role in AMD 

 VEGF expression and its regulation were studied in retinal pigment epithelial (RPE) 
cells [ 6 ,  22 ]. To understand VEGF expression, a recombinant adenovirus vector 
expressing rat VEGF 

164
  was constructed and injected into the sub-retinal space. RPE 

cells increased their expression of VEGF messenger RNA (mRNA), and blood ves-
sels became leaky 10 days post-injection. By 80 days post-injection, new blood 
vessels had originated from the choriocapillaris, which ultimately led to the forma-
tion of choroidal neovascular membranes and the death of photoreceptor cells. This 
study demonstrated that overexpression of VEGF in the RPE cells can induce vas-
cular leakage, new choroidal blood vessel growth, the development of choroidal 
neovascularization (CNV), and neural retina degeneration [ 6 ]. This is the same 
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process by which AMD has been shown to cause vision loss, suggestive that 
VEGF overexpression plays a key role in AMD. 

 In a retrospective study comparing the safety and effi cacy of two anti-VEGF 
agents, bevacizumab and ranibizumab, in the treatment of patients with neovascular 
AMD, a comparable safety and effi cacy in terms of gains in visual acuity and reduc-
tion in macular thickness was documented [ 23 ,  24 ]. It is likely that a randomized 
controlled trial, if it can be done, will show that bevacizumab is equivalent to ranibi-
zumab in terms of effi cacy and safety [ 24 ].  

    VEGF Inhibition 

 Currently, there are several approved therapeutic agents (and many more being stud-
ied) that employ several unique mechanisms of action to inhibit the VEGF pathway. 
One approach involves the use of monoclonal antibodies to target either VEGF itself 
or its receptors. Also, VEGF soluble receptors with high affi nity for VEGF have been 
designed to prevent VEGF from binding to VEGF receptors on ECs. Furthermore, 
various small molecule tyrosine kinase inhibitors have been developed to inhibit 
VEGF tyrosine kinase receptors. Two unique classes of drugs are  targeting the mRNA 
used to code for VEGF. One class is designed to target post-transcriptional modifi ca-
tion of mRNA and actually prevent the protein translation of VEGF [ 25 ].  

    VEGF Inhibition in the Treatment of AMD 

 Pegaptanib (Macugen®), an aptamar that binds VEGF 
165

  is approved by the FDA for 
the treatment of wet AMD. Its effi cacy and safety analysis were reported in two 
randomized, sham-controlled clinical trials. These two combined trials are known 
as the VEGF Inhibition Study in Ocular Neovascularization (VISION), which 
enrolled 1,186 patients. The patients received either an intraocular injection pegap-
tanib or a similar sham injection every 6 weeks. Visual acuity (VA) was measured 
using Snellen eye charts in which patients are asked to identify specifi c-sized letters 
or lines at a set distance. Results from the VISION trials indicate that pegaptanib is 
effective at reducing vision loss compared to sham injection in patients with several 
types of AMD [ 26 ,  27 ]. 

 Pegaptanib was shown to be a cost-effective treatment for wet AMD in elderly 
patients as compared to the standard of care in the UK, and as compared to photo-
dynamic therapy (PDT) (verteporfi n), and as compared to the standard of care in 
Canada [ 28 ,  29 ]. 

 Ranibizumab (Lucentis®) was approved for the treatment of wet AMD. 
Ranibizumab was studied in a 2-year, phase III, double-blind, randomized, sham- 
controlled study. Patients received either ranibizumab low dose (n = 238), ranibi-
zumab high dose (n = 240), or a sham injection given intravitreally monthly for 

13 Anti-VEGF Strategies in Ocular Angiogenesis- mediated Disorders…



162

2 years in one eye. The primary outcome of VA was assessed by measuring the 
number of patients who lost fewer than 15 letters from baseline. The mean VA 
improved by about seven letters in the ranibizumab group compared with a decline 
of 10 letters in the sham-injection group (p < 0.001). At the study conclusion, 26.1 
and 33.3 % of patients in the low and high dose ranibizumab group, respectively, 
had a VA gain of 15 letters or more, compared with 3.8 % of patients in the sham-
injection group (p < 0.001) [ 30 ,  31 ]. 

 No trials have been conducted comparing ranibizumab to pegaptanib. However, 
overall data shows that ranibizumab actually produces an increase in VA from 
baseline. 

 Verteporfi n PDT was also indicated for wet AMD, and previous to VEGF inhib-
iting therapy was the treatment of choice in wet AMD. A study compared ranibi-
zumab to verteporfi n PDT in a 2-year, multicenter, double-blind, randomized trial 
where patients received either low or high doses of ranibizumab or verteporfi n PDT 
[ 32 ]. Patients receiving ranibizumab had signifi cantly better VA as indicated by more 
patients losing fewer than 15 letters on Snellen charts, and patients in the ranibi-
zumab group gained 15 or more letters in VA (35.7 % low dose and 40.3 % high 
dose) compared to the verteporfi n group (5.6 %, p < 0.001). Severe loss of VA, indi-
cated by a decline of 30 letters or more, occurred among 13.3 % of patients receiving 
verteporfi n compared with none among patients receiving ranibizumab [ 32 ]. 

 Ongoing clinical trials are currently investigating other therapies for AMD that 
target VEGF. A soluble VEGF receptor, VEGF trap, was studied in phase II and III 
trials as an intravitreal injection. Also, trials examining the systemic and intraocular 
administration of bevacizumab, a VEGF monoclonal antibody, to treat AMD 
showed that the maximum tolerated intravenous dose of VEGF trap in this study 
population was 1.0 mg/kg. This dose resulted in elimination of about 60 % of excess 
retinal thickness after either single or multiple administrations [ 33 ]. 

 Bevasiranib, the fi rst small interfering RNA agent developed for the treatment of 
neovascular AMD, has demonstrated clinical promise. Bevasiranib targets the pro-
duction of VEGF protein. It does not affect existing VEGF protein, suggesting that 
it may offer a synergistic effect when given in combination with anti-VEGF treat-
ments, such as ranibizumab. The safety of bevasiranib has been supported by pre-
clinical and clinical research [ 34 ].  

    Comparison Among Different Pharmacotherapies 

 The effects of different treatments on serious pigment epithelium detachment in 
AMD were investigated. Results were signifi cantly better in patients treated with 
bevacizumab and ranibizumab than in those treated with pegaptanib or with a com-
bination of PDT and intravitreal triamcinolone acetonide. Even with treatment, tears 
of the RPE or partial fl attening of the pigment epithelium detachment always indi-
cated a worse prognosis in eyes with exudative AMD than in eyes with CNV [ 35 ]. 
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 Patients with AMD of any lesion type benefi t from treatment with either pegaptanib 
or ranibizumab with regards to VA when compared with sham injection and/or PDT. 
When comparing pegaptanib and ranibizumab, the evidence was less clear due to 
the lack of a designed head-to-head comparison [ 36 ].  

    Afl ibercept 

 A pivotal phase III VEGF trap-eye trial in patients with wet AMD showed that 
afl ibercept was non-inferior to ranibizumab in preventing vision loss with compa-
rable vision gains, safety, and perhaps at lower cost than ranibizumab [ 37 ]. 
Afl ibercept gained FDA drug approval after two randomized, double-blind phase III 
trials were conducted: VIEW 1 and VIEW 2 (VEGF trap-eye: Investigation of 
Effi cacy and Safety in Wet Age-related Macular Degeneration [ 37 ,  38 ]). These 
studies were conducted to measure the safety and effi cacy of afl ibercept compared 
to ranizumab, the standard of care for wet AMD [ 39 ]. VIEW 1 was the fi rst study 
conducted, and VIEW 2 followed after strong evidence from VIEW 1 that afl iber-
cept was comparable to the standard of care. Both studies had the same endpoints, 
treatment group population, and primary outcome measures. The only difference 
was that VIEW 1 was conducted in North America, whereas VIEW 2 was con-
ducted internationally. Both trials had a set outcome goal at 52 weeks of treatment, 
and the primary outcome was identifi ed as the percentage of patients who main-
tained vision at week 52. Maintaining vision was defi ned as patients who lost less 
than 15 letters based on the best-corrected visual acuity (BCVA) scale compared to 
baseline measurements [ 38 ]. The safety analysis in both VIEW trials displayed a 
well-tolerated drug in afl ibercept [ 40 ]. When compared to ranibizumab, the safety 
profi le was of approximately equivalent measurements [ 39 – 41 ]. The most common 
serious side effects presented were loss in VA, retinal hemorrhage, and endophtal-
mitis. These studies provided a foundation for afl ibercept approval in the treatment 
of wet AMD.  

    Combined Therapies in AMD 

 The effect of combined PDT and intravitreal injection of bevacizumab in occult 
CNV with recent disease progression and in CNV due to AMD was investigated 
[ 42 ].       It was concluded that PDT combined with injection of intravitreal bevacizumab 
was well-tolerated and is effective along with stabilization of VA in 96 % of patients. 
Further studies are necessary to show the long-term effect of the PDT and anti-VEGF 
combination therapy [ 42 ].   Combination bevacizumab and low dose PDT signifi -
cantly reduced the number of bevacizumab treatments required over 6 months. 
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However, this study was powered to examine number of treatments, but not visual 
acuities, and further studies are required to explore visual outcomes [ 42, 43 ].    

 Overall, PDT has been widely replaced by anti-angiogenesis agents (anti-VEGF) 
for the fi rst-line therapy for exudative AMD. There is a strong basis for predicting 
that a combination of PDT and anti-VEGF drugs may address the relative disadvan-
tages of each by improving the response rates and reducing the frequency with 
which intravitreal injections of anti-VEGF are required. Anti-VEGF drugs may 
augment the activity of PDT by inhibiting its counterproductive up-regulation of 
VEGF. Clinical studies of this combination are being advanced in both AMD and in 
the treatment of certain malignancies. 

 In a retrospective case series database study (registry), 1,196 patients with CNV 
due to AMD received one or more combination treatments of bevacizumab (1.25 mg) 
within 14 days of verteporfi n. The use of verteporfi n with bevacizumab resulted in 
vision benefi t for most patients [ 44 ].    The effi cacy and safety of triple therapy con-
sisting of single-session PDT, intravitreal bevacizumab and intravitreal triamcino-
lone for treatment of neovascular AMD was evaluated in patients with subfoveal 
CNV secondary to AMD [ 45 ]. The study concluded that short-term results of 
 single-session triple therapy suggested that it might be a useful treatment option for 
neovascular AMD based on its low re-treatment rates, sustainable CNV eradication 
result, and visual gain achievement. However, the risk and benefi ts of using 
 intravitreal triamcinolone in addition to combined PDT and intravitreal bevaci-
zumab warrant further evaluation [ 45 ].     

    Tyrosine Kinase Inhibitors 

 Currently in phase III clinical trials, VEGF trap is a receptor decoy that targets 
VEGF with higher affi nity [ 32 ] than ranibizumab and other currently available anti- 
VEGF agents. Another promising therapeutic strategy is the blockade of VEGF 
effects by inhibition of the tyrosine kinase cascade downstream from the VEGF 
receptor; such therapies currently in development include vatalanib, TG100801, 
pazopanib, AG013958, and AL39324. Small interfering RNA technology-based 
therapies have been designed to down-regulate the production of VEGF (beva-
siranib) or VEGF receptors (AGN211745) by degradation of specifi c mRNA. 
Other potential therapies include pigment epithelium-derived factor-based thera-
pies, nicotinic acetylcholine receptor antagonists, integrin antagonists, and 
sirolimus. 

 An oral, multi-targeted receptor tyrosine kinase inhibitor, SU11248, that inhibits 
VEGFR-2, PDGF receptor, and Fms-like tyrosine kinase 3 (FLT3) demonstrated sup-
pression of leakage in an experimental mouse model of CNV caused by AMD [ 46 ]. 

 Additionally, inhibition of these tyrosine kinase receptors prevents tumor 
growth, pathologic angiogenesis, and metastatic progression of cancer [ 47 ]. 
Sunitinib is currently the only FDA- indicated drug for gastrointestinal stromal 
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tumors. Compared with placebo, sunitinib improved time to tumor progression 
(TTP) and progression-free survival (PFS) time in patients with gastrointestinal 
stromal tumor who had previously not responded to imatinib [ 48 ,  49 ]. 

 Another tyrosine kinase inhibitor, sorafenib (Nexavar®, BAY 43–9006) [ 50 ], 
also inhibits tumor angiogenesis by blocking the activation of several tyrosine 
kinase receptors involved in neovascularization and tumor progression, including 
VEGFR-2, VEGFR-3, PDGFR-β, FLT3, c-Kit and p38-alpha. In addition, sorafenib 
inhibits the activity of Raf-1 and B-Raf, which are involved in the regulation of 
endothelial apoptosis [ 51 ,  52 ]. Sorafenib is FDA-approved and has been studied in 
phase III trials for advanced renal cell carcinoma [ 51 ]. In phase III trials, oral 
sorafenib prolonged PFS compared with placebo in patients with advanced clear-
cell renal cell carcinoma in whom fi rst-line therapy had failed. Also, partial 
responses were signifi cantly higher in the sorafenib group compared to placebo. 
Treatment was associated with increased adverse events including diarrhea, rash, 
fatigue, hand-foot skin reactions, hypertension, and cardiac ischemia. In addition, 
sorafenib signifi cantly increased PFS in patients with advanced renal cell carcinoma 
in a phase II, placebo-controlled trial [ 52 ]. 

 AEE788 is potent, combined inhibitor of both endothelial growth factor (EGF) 
receptor and VEGF receptor tyrosine kinase family members.  In vitro , EGF recep-
tor and VEGF receptor phosphorylation was effi ciently inhibited, and AEE788 
demonstrated anti-proliferative activity against a range of EGF receptor and ErbB2 
overexpression cell lines and inhibited the proliferation of EGF- and VEGF-
stimulated human umbilical vein ECs [ 53 ].  In vivo , AEE788 decreased tumor 
growth in a number of cancer cell lines that overexpress EGFR and/or ErbB2. Oral 
administration of AEE788 to tumor-bearing mice resulted in high and persistent 
compound levels in tumor tissue. In addition, AEE788 also inhibited VEGF-induced 
angiogenesis in a murine implant model [ 53 ]. Consequently, AEE788 is currently 
being studied in phase I clinical trials. 

 Axitinib (AG013736) is an oral selective inhibitor of VEGF receptors 1, 2, and 3. 
In a phase II clinical trial, axitinib was studied in patients diagnosed with metastatic 
renal cell cancer who had failed on previous cytokine-based treatment. The primary 
endpoint was objective response (based on RECIST criteria), and secondary endpoints 
were duration of response, TTP, overall survival, safety, pharmacokinetics, and patient-
reported health-related quality of life. Results showed 2 out of 52 complete and 21 out 
of 52 partial responses, with an objective response rate of 44.2 %, and median response 
duration was 23.0 months [ 54 ]. Treatment-related adverse events included diarrhea, 
hypertension, fatigue, nausea, and hoarseness. Data suggest that axitinib might have 
clinical benefi t in patients with cytokine-refractory metastatic renal cell cancer [ 54 ]. 

 Cediranib (AZD2171) is a highly potent ATP-competitive inhibitor of recombi-
nant KDR tyrosine kinase.  In vitro  experiments using human umbilical vein ECs 
showed AZD2171’s ability to inhibit VEGF-stimulated proliferation and KDR 
phosphorylation and inhibit vessel sprouting in fi broblast and EC models [ 55 ]. 
Additionally, AZD2171 inhibited tumor growth in a mouse xenograft model of 
colon, lung, prostate, breast, and ovarian cancer [ 56 ]. 
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 Zactima (ZD6474) is an orally bioavailable inhibitor of VEGFR-2 tyrosine kinase 
with additional activity against the EGF receptor tyrosine kinase. In preclinical 
studies, ZD6474 blocked  in vivo  phosphorylation of VEGF and EGF tyrosine kinase 
receptors and prevented the growth of human cancer cell lines in nude mice xeno-
graft [ 57 ]. However, disappointing results from a phase II trial in patients with 
previously treated metastatic breast cancer were recently made available [ 58 ]. 

 Vatalanib (PTK787/ZK 222584) is an orally bioavailable angiogenesis inhibitor 
targeting all known VEGF receptor tyrosine kinases, including VEGFR-1, VEGFR- 
2, VEGFR-3, the PDGF receptor tyrosine kinase, and the c-Kit protein tyrosine 
kinase [ 59 ]. 

 Pazopanib (GW786034) is a tyrosine kinase inhibitor that inhibits VEGFR-1, -2, 
-3, PDGF receptors, and c-Kit. A phase I study demonstrated activity in various 
types of advanced solid tumors [ 60 ]. In a phase II trial, pazopanib resulted in stable 
disease or partial response in 42 % (25/60) of patients at 12 weeks [ 61 ]. Adverse 
events included hypertension, fatigue, diarrhea, nausea, and proteinuria. Surprisingly, 
no cases of hand and foot syndrome were reported, and only one case of bleeding 
occurred. Results appear encouraging, and phase II/III trials are underway in CNV 
and cancer. 

 AV-951 (KRN951) is an orally bioavailable tyrosine kinase inhibitor that is spe-
cifi c for VEGF receptors 1, 2 and 3. AV-951 potently inhibited VEGF-induced 
VEGFR-2 phosphorylation in ECs but not VEGF-independent activation of mitogen-
activated protein kinases and proliferation of ECs [ 62 ]. Following oral administra-
tion to rats, AV-951 decreased the microvessel density within tumor xenograft and 
decreased VEGFR-2 phosphorylation within tumor endothelium. It also inhibited 
tumor growth in a wide variety of human tumor xenografts, including lung, breast, 
colon, ovarian, pancreas, and prostate cancer [ 62 ]. In a phase I clinical trial consisting 
of 40 patients with advanced solid tumors, AV-951 showed promising results. 
Notably, of the 9 patients with refractory renal cell carcinoma, all achieved either a 
partial response or stable disease with one patient exhibiting a response lasting more 
than 30 months [ 63 ]. However, a phase II trial in renal cell carcinoma was disap-
pointing, leading to discontinuation of AV-951 [ 64 ]. 

 AMG 706 is an orally bioavailable inhibitor of the VEGFR-1, VEGFR-2, 
VEGFR-3, PDGF receptor, and Kit receptors in preclinical models. AMG 706 inhib-
ited human endothelial cell proliferation induced by VEGF, but not by bFGF  in vitro  
[ 65 ]. In addition, it inhibited vascular permeability induced by VEGF in mice, and 
its oral administration inhibited VEGF-induced angiogenesis in the rat corneal 
model and induced regression of established A431 xenografts [ 66 ]. In a phase I trial 
enrolling 71 patients, the most frequent adverse events were fatigue, diarrhea, nau-
sea, and hypertension [ 66 ]. Thirty four patients (61 %) had stable disease (at least 
through 1 month). In this phase I study of patients with advanced refractory solid 
tumors, AMG 706 was well-tolerated and there is evidence of antitumor activity 
[ 67 ]. Additional studies of AMG 706 as monotherapy and in combination with 
various agents are ongoing.  
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    Issues with VEGF Inhibitors 

 Although VEGF inhibitors represent the culmination of decades of research in the 
treatment of several disease states, numerous issues still need to be addressed before 
their true benefi t can be known. Measuring the effi cacy of VEGF inhibitors is dif-
fi cult. Although tumor regression has occurred in some cases, angiogenesis inhibi-
tors are not typically cytotoxic; rather they will most likely result in growth stasis. 
Some of the current criteria we use to defi ne whether a therapy is effi cacious may 
need to be modifi ed. Tumor mass is likely to be a poor indicator of effective therapy 
with angiogenesis inhibitors. 

 Monoclonal antibodies have historically been considered the “magic bullet.” 
Consequently, utilizing monoclonal antibodies has become a cornerstone in cytokine-
targeting therapies. However, cases have been reported where endogenous antibo-
dies actually target these monoclonal antibodies, rendering them inactive [ 68 ,  69 ]. 
Therefore, as with any monoclonal antibody, it is likely that these types of reactions 
will occur with anti-VEGF antibodies. Additionally, pharmacoeconomic analysis 
for cost-effectiveness is still not well-developed enough to justify these expensive 
therapies. 

 In addition, blocking VEGF, or its receptors, may block or potentiate the effects of 
other ligands. It is likely that these receptors are not specifi c for VEGF. It is diffi cult 
to determine what the long-term effects of blocking VEGF and its receptors may be. 
In clinical trials, frequent adverse events of most VEGF inhibitors include a dramatic 
increase in the rate of thromboembolic events [ 70 ]. Cancer has been shown to increase 
the risk of these events alone, without anti-VEGF therapy, and thus it seems that con-
current anticoagulation therapy would be benefi cial for many patients. However, other 
data reveal that bleeding is a common adverse event with these therapies as well. 
Hopefully, future research can enlighten practitioners as to which patient populations 
are at risk for an adverse event, and therapy can be tailored accordingly.  

    Beyond VEGF-targeted Therapies 

 VEGF inhibitors are a milestone in drug development; in spite of this, the issues 
discussed above make it unlikely that they will be useful in all patients. VEGF 
inhibitors do appear to be valuable in many types of cancer, nevertheless, not in all 
types. Alone or in combination with chemotherapy, VEGF inhibitors in trials have 
had mixed results. For this reason, it would be helpful to have diagnostic testing 
available to determine which patients would benefi t from therapy. Perhaps certain 
patient populations will be identifi ed that would benefi t most by targeting a specifi c 
angiogenic growth factor or a specifi c drug class targeting that growth factor. 
Moreover, it seems necessary to identify potential antagonism/synergy between 
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certain agents, thus allowing us to predict the most effi cacious combinations and 
enabling practitioners to overcome redundancies that are built into the angiogenesis 
process. Other novel therapies with different targets may potentially have fewer 
adverse events and benefi t certain populations that cannot receive anti-VEGF therapy.  

    Conclusions 

 AMD treatment before the year 2000 was limited to focal laser photocoagulation in 
an effort to limit the spread of CNV, although it is a destructive procedure and pro-
duces a permanent scar. It turned out to be only really viable for treating extra- 
foveal CNV, and even then it was not entirely effective. In the year 2000, PDT with 
verteporfi n represented the fi rst treatment proven to reduce the risk of vision loss in 
sub-foveal CNV. However, its effi cacy was limited to classic or small CNV, and 
even though it is a relatively nondestructive form of therapy, it failed to improve 
vision in patients with AMD in clinical trials. 

 VEGF was shown to play an important role in promoting angiogenesis and vas-
cular leakage, CNV infi ltration, and fl uid accumulation in neovascular AMD. 
Therefore, inhibiting VEGF held the promise of more effectively controlling neo-
vascular AMD. Extensive pre-clinical and clinical research led to the FDA approval 
of pegaptanib in 2004 and ranibizumab in 2006. Off-label usage of bevacizumab has 
also become fairly standard. The VA gains recorded with ranibizumab proved par-
ticularly exciting, and ranibizumab has become the gold standard for AMD therapy. 
However, as with many new therapies, there are unresolved issues including safety, 
cost, and dosing frequency. Further preclinical and clinical investigations are in 
progress in the inhibition of VEGF-mediated effects at various levels and beyond 
VEGF.     

   References 

     1.    Mousa SA (2000) Mechanisms of angiogenesis in vascular disorders: potential therapeutic 
targets. In: Mousa SA (ed) Angiogenesis inhibitors & stimulators: potential therapeutic impli-
cations. Landes Bioscience (Autsin, TX), pp 1–12, Chapter 1  

    2.    Relf M, LeJeune S, Scott P et al (1997) Expression of the angiogenic factors vascular endothe-
lial growth factor, acidic and basic fi broblast growth factor, tumor growth factor-β-1, platelet- 
derived endothelial cell growth factor, placenta growth factor, and pleiotrophin in human 
primary breast cancer and its relation to angiogenesis. Cancer Res 57:963–969  

      3.    Ferrara N, Alitalo K (1999) Clinical applications of angiogenic growth factors and their inhibi-
tors. Nat Med 5:1359–1364  

    4.    Mousa SA, Mousa AS (2004) Angiogenesis inhibitors: current & future directions. Curr 
Pharm Des 10(1):1–9  

    5.    De Jong PT (2006) Age-related macular degeneration. N Engl J Med 355(14):1474–1485  
       6.    Spilsbury K, Garrett KL, Shen WY, Constable IJ, Rakoczy PE (2000) Overexpression of vas-

cular endothelial growth factor (VEGF) in the retinal pigment epithelium leads to the develop-
ment of choroidal neovascularization. Am J Pathol 157(1):135–144  

S.A. Mousa



169

    7.    Fink AM, Cauza E, Hassfeld W, Dunky A, Bayer PM, Jurecka W, Steiner A (2007) Vascular 
endothelial growth factor in patients with psoriatic arthritis. Clin Exp Rheumatol 
25(2):305–308  

    8.    Murakami M, Iwai S, Hiratsuka S, Yamauchi M, Nakamura K, Iwakura Y, Shibuya M (2006) 
Signaling of vascular endothelial growth factor receptor-1 tyrosine kinase promotes rheuma-
toid arthritis through activation of monocytes/macrophages. Blood 108(6):1849–1856  

    9.    Kerbel R, Folkman J (2002) Clinical translation of angiogenesis inhibitors. Nat Rev Cancer 
2:727–739  

    10.    Marx J (2002) Cancer research: obstacle for promising cancer therapy. Science 295:1444  
    11.    Casanovas O, Hicklin D, Bergers G, Hanahan D (2005) Drug resistance by evasion of antian-

giogenic targeting of VEGF signaling in late-stage pancreatic islet tumors. Cancer Cell 
4(8):299–309  

    12.    Nemunaitis J, Dillman RO, Schwarzenberger PO et al (2006) Phase II study of belagenpuma-
tucel- L, a transforming growth factor beta-2 antisense gene-modifi ed allogeneic tumor cell 
vaccine in non–small-cell lung cancer. J Clin Oncol 24(29):4721–4730  

    13.    Kelly RJ, Giaccone G (2011) Lung cancer vaccines. Cancer J 17(5):302–308  
    14.    Suzuki E, Kapoor V, Cheung H, Ling LE, DeLong PA, Kaiser LR, Albelda SM (2004) Soluble 

type II transforming growth factor-ß receptor inhibits established murine malignant mesothelioma 
tumor growth by augmenting host antitumor immunity. Clin Cancer Res 10(17):5907–5918  

    15.    Brown LF, Detmar M, Claffey K, Nagy JA, Feng D, Dvorak AM, Dvorak HF (1997) Vascular 
permeability factor/vascular endothelial growth factor: a multifunctional angiogenic cytokine. 
EXS 79:233–269  

     16.    Joukov V, Kaipainen A, Jeltsch M et al (1997) Vascular endothelial growth factors VEGF-B 
and VEGF-C. J Cell Physiol 173(2):211–215  

    17.    Tischer E, Mitchell R, Hartman T, Silva M, Gospodarowicz D, Fiddes JC, Abraham JA (1991) 
The human gene for vascular endothelial growth factor: multiple protein forms are encoded 
through alternative exon splicing. J Biol Chem 266(18):11947–11954  

    18.    Ferrara N (1999) Molecular and biological properties of vascular endothelial growth factor. 
J Mol Med 77(7):527–543  

      19.    Dvorak HF, Nagy JA, Feng D et al (1999) Vascular permeability factor/vascular endothelial 
growth factor and the signifi cance of microvascular hyperpermeability in angiogenesis. Curr 
Top Microbiol Immunol 237:97–132  

      20.    Senger DR, Van De Water L, Brown LF et al (1993) Vascular permeability factor (VPF, VEGF) 
in tumor biology. Cancer Metastasis Rev 12(3–4):303–324  

     21.    Pettersson A, Nagy JA, Brown LF et al (2000) Heterogeneity of the angiogenic response 
induced in different normal adult tissues by vascular permeability factor/vascular endothelial 
growth factor. Lab Invest 80(1):99–115  

    22.    Ford KM, D’Amore PA (2012) Molecular regulation of vascular endothelial growth factor 
expression in the retinal pigment epithelium. Mol Vis 18:519–527  

    23.    Landa G, Amde W, Doshi V, Ali A, McGevna L, Gentile RC, Muldoon TO, Walsh JB, Rosen 
RB (2009) Comparative study of intravitreal bevacizumab (avastin) versus ranibizumab 
(lucentis) in the treatment of neovascular age-related macular degeneration. Ophthalmologica 
223(6):370–375  

     24.    Schouten JS, La Heij EC, Webers CA, Lundqvist IJ, Hendrikse F (2009) A systematic review 
on the effect of bevacizumab in exudative age-related macular degeneration. Graefes Arch 
Clin Exp Ophthalmol 247(1):1–11  

    25.    Hirawat S, Elfring GL, Northcutt VJ, Paquette N (2007) Phase 1 studies assessing the safety, 
PK, and VEGF-modulating effects of PTC299, a novel VEGF. J Clin Oncol 25(18S):3562  

    26.    Gragoudas ES, Adamis AP, Cunningham ET Jr, Feinsod M, Guyer DR (2004) VEGF inhibi-
tion study in ocular neovascularization clinical trial group. Pegaptanib for neovascular age- 
related macular degeneration. N Engl J Med 351(27):2805–2816  

    27.    Chakravarthy U, Adamis AP, VEGF Inhibition Study in Ocular Neovascularization 
(V.I.S.I.O.N.) Clinical Trial Group et al (2006) Year 2 effi cacy results of pegaptanib for 
neovascular age-related macular degeneration. Ophthalmology 113(9):1508–1525  

13 Anti-VEGF Strategies in Ocular Angiogenesis- mediated Disorders…



170

    28.    Wolowacz SE, Roskell N, Kelly S, Maciver FM, Brand CS (2007) Cost effectiveness of 
pegaptanib for the treatment of age-related macular degeneration in the UK. Pharmaco-
economics 25(10):863–879  

    29.    Earnshaw SR, Moride Y, Rochon S (2007) Cost-effectiveness of pegaptanib compared to pho-
todynamic therapy with verteporfi n and to standard care in the treatment of subfoveal wet 
age-related macular degeneration in Canada. Clin Ther 29(9):2096–2106  

    30.    Rosenfeld PJ, Brown DM, Heier JS et al (2006) Ranibizumab for neovascular age-related 
macular degeneration. N Engl J Med 355(14):1419–1431  

    31.    Heier JS, Antoszyk AN, Pavan P et al (2006) Ranibizumab for treatment of neovascular age- 
related macular degeneration – a phase I/II multicenter, controlled, multidose study. 
Ophthalmology 113(N4):633–642  

      32.    Brown DM, Kaiser PK, Michels M et al (2006) Ranibizumab versus verteporfi n for neovascu-
lar age-related macular degeneration. N Engl J Med 355(14):1432–1444  

    33.    Nguyen QD, Shah SM, Hafi z G, Quinlan E, Sung J, Chu K, Cedarbaum JM, Campochiaro PA, 
CLEAR-AMD 1 Study Group (2006) A phase I trial of an IV-administered vascular endothe-
lial growth factor trap for treatment in patients with choroidal neovascularization due to age- 
related macular degeneration. Ophthalmology 113(9):1522.e1–1522.e14  

    34.    Singerman L (2009) Combination therapy using the small interfering RNA bevasiranib. Retina 
29(6 Suppl):S49–S50  

    35.    Lommatzsch A, Heimes B, Gutfl eisch M, Spital G, Zeimer M, Pauleikhoff D (2009) Serious 
pigment epithelial detachment in age-related macular degeneration: comparison of different 
treatments. Eye 23(12):2163–2168  

    36.    Maier MM, Feucht N, Fiore B, Winkler von Mohrenfels C, Kook P, Fegert C, Lohmann C 
(2009) Photodynamic therapy with verteporfi n combined with intravitreal injection 
of ranibizumab for occult and classic CNV in AMD. Klin Monatsbl Augenheilkd 
226(6):496–502  

     37.   Vascular Endothelial Growth Factor (VEGF) (2012) Trap-eye: investigation of effi cacy and 
safety in wet Age-Related Macular Degeneration (AMD) (VIEW 2).   http://clinicaltrials.gov/
show/NCT00637377    . Accessed 13 Mar 2013  

     38.   Vascular Endothelial Growth Factor (2012) VEGF trap-eye: investigation of effi cacy and 
safety in wet Age-Related Macular Degeneration (AMD) (VIEW1).   http://clinicaltrials.gov/
show/NCT00509795    . Accessed 13 Mar 2013  

     39.       Nguyen QD et al (2012) Evaluation of very high- and very low-dose intravitreal afl ibercept in 
patients with neovascular age-related macular degeneration. J Ocul Pharmacol Ther 
28:581–588  

    40.    Frampton JE (2012) Afl ibercept for intravitreal injection: in neovascular age-related macular 
degeneration. Drugs Aging 29(10):839–846  

    41.      Xu D, Kaiser PK (2013) Intravitreal afl ibercept for neovascular age-related macular degenera-
tion. Immunotherapy 5(2):121–130  

     42.       Potter MJ, Claudio CC, Szabo SM (2010) A randomised trial of bevacizumab and reduced 
light dose photodynamic therapy in age-related macular degeneration: the VIA study. Br J 
Ophthalmol 94:174–179  

    43.    Busch T (2009) Approaches toward combining photodynamic therapy with pharmaceuticals 
that alter vascular microenvironment. Retina 29(6 Suppl):S36–S38  

    44.    Kaiser PK, Registry of Visudyne AMD Therapy Writing Committee, Boyer DS, Garcia R, Hao Y, 
Hughes MS, Jabbour NM, Kaiser PK, Mieler W, Slakter JS, Samuel M, Tolentino MJ, Roth D, 
Sheidow T, Strong HA (2009) Verteporfi n photodynamic therapy combined with  intravitreal 
bevacizumab for neovascular age-related macular degeneration. Ophthalmology 116(4):
747–755  

    45.    Yip PP, Woo CF, Tang HH, Ho CK (2009) Triple therapy for neovascular age-related macular 
degeneration using single-session photodynamic therapy combined with intravitreal bevaci-
zumab and triamcinolone. Br J Ophthalmol 93(6):754–758  

     46.    Takahashi H, Obata R, Tamaki Y (2006) A novel vascular endothelial growth factor receptor 2 
inhibitor, SU11248, suppresses choroidal neovascularization in vivo. J Ocul Pharmacol Ther 
22(4):213–218  

S.A. Mousa

http://clinicaltrials.gov/show/NCT00637377
http://clinicaltrials.gov/show/NCT00637377
http://clinicaltrials.gov/show/NCT00509795
http://clinicaltrials.gov/show/NCT00509795


171

    47.    Faivre S, Delbaldo C, Vera K et al (2006) Safety, pharmacokinetic, and antitumor activity of 
SU11248, a novel oral multitarget tyrosine kinase inhibitor, in patients with cancer. J Clin 
Oncol 24(1):25–35  

    48.    Demetri GD, VanOosterom AT, Garrett CR et al (2006) Effi cacy and safety of sunitinib in 
patients with advanced gastrointestinal stromal tumor after failure of imatinib: a randomised 
controlled trial. Lancet 368:1329–1338  

    49.    Strumberg D, Richly H, Hilger RA et al (2005) Phase I clinical and pharmacokinetic study of 
the novel Raf kinase and vascular endothelial growth factor receptor inhibitor BAY 43–9006 
in patients with advanced refractory solid tumors. J Clin Oncol 23(5):965–972  

    50.    Awada A, Hendlisz A, Gil T et al (2005) Phase I safety and pharmacokinetics of BAY 43–9006 
administered for 21 days on/7 days off in patients with advanced, refractory solid tumors. Br J 
Cancer 92(10):1855–1861  

     51.    Escudier B, Eisen T, Stadler WM et al (2007) Sorafenib in advanced clear-cell renal-cell car-
cinoma. N Engl J Med 356(2):125–134  

     52.    Ratain MJ, Eisen T, Stadler WM et al (2005) Final fi ndings from a phase II, placebo- controlled, 
randomized discontinuation trial (RDT) of sorafenib (BAY 43–9006) in patients with advanced 
renal cell carcinoma (RCC) (4544). J Clin Oncol 23(16 suppl):388s  

     53.    Traxler P, Allegrini PR, Brandt R et al (2004) AEE788: a dual family epidermal growth factor 
receptor/ErbB2 and vascular endothelial growth factor receptor tyrosine kinase inhibitor with 
antitumor and antiangiogenic activity. Cancer Res 64:4931–4941  

     54.    Rixe O, Bukowski RM, Michaelson MD et al (2007) Axitinib treatment in patients with 
cytokine- refractory metastatic renal-cell cancer: a phase II study. Lancet Oncol 8(11):975–984  

    55.    Wedge SR, Kendrew J, Hennequin LF, Valentine PJ (2005) AZD2171: a highly potent, orally 
bioavailable, vascular endothelial growth factor receptor-2 tyrosine kinase inhibitor for the 
treatment of cancer. Cancer Res 65(10):4389–4395  

    56.    Drevs J, Siegert P, Medinger M et al (2007) Phase I clinical study of AZD2171, an oral vascu-
lar endothelial growth factor signaling inhibitor, in patients with advanced solid tumors. J Clin 
Oncol 25(21):3045–3054  

    57.    Ciardiello F, Caputo R, Damiano V et al (2003) Antitumor effects of ZD6474, a small molecule 
vascular endothelial growth factor receptor tyrosine kinase inhibitor, with additional activity 
against epidermal growth factor receptor tyrosine kinase. Clin Cancer Res 9:1546–1556  

    58.    Miller KD, Trigo J, Wheeler C et al (2005) A multicenter phase II trial of ZD6474, a vascular 
endothelial growth factor receptor-2 and epidermal growth factor receptor tyrosine kinase 
inhibitor, in patients with previously treated metastatic breast cancer. Clin Cancer Res 
11(9):3369–3376  

    59.    Thomas AL, Trarbach T, Bartel C et al (2007) A phase IB, open-label dose-escalating study of 
the oral angiogenesis inhibitor PTK787/ZK 222584 (PTK/ZK), in combination with FOLFOX4 
chemotherapy in patients with advanced colorectal cancer. Ann Oncol 18(4):782–788  

    60.    Hutson TE, Davis ID, Machiels JP et al (2007) Pazopanib (GW786034) is active in metastatic 
renal cell carcinoma (RCC): interim results of a phase II randomized discontinuation trial 
(RDT). J Clin Oncol 25(18S):5031  

    61.    Suttle AB, Hurwitz H, Dowlati A et al (2004) Pharmacokinetics (PK) and tolerability of 
GW786034, a VEGFR tyrosine kinase inhibitor, after daily oral administration to patients with 
solid tumors. J Clin Oncol 22:3054  

     62.    Nakamura K, Taguchi E, Miura T et al (2006) KRN951, a highly potent inhibitor of vascular 
endothelial growth factor receptor tyrosine kinases, has antitumor activities and affects func-
tional vascular properties. Cancer Res 66(18):9134–9142  

    63.   Eskens FA, Planting A, Van Doorn L et al (2006) An open-label phase I dose escalation study 
of KRN951, a tyrosine kinase inhibitor of vascular endothelial growth factor receptor 2 and 1 
in a 4 week on, 2 week off schedule in patients with advanced solid tumors. J Clin Oncol 
[supplement ASCO Annual Meeting] 24(18S):2034  

    64.    Nosov DA, Esteves B, Lipatov ON, Lyulko AA, Anischenko AA, Chacko RT, Doval DC, 
Strahs A, Slichenmyer WJ, Bhargava P (2012) Antitumor activity and safety of tivozanib (AV- 
951) in a phase II randomized discontinuation trial in patients with renal cell carcinoma. J Clin 
Oncol 30(14):1678–1685  

13 Anti-VEGF Strategies in Ocular Angiogenesis- mediated Disorders…



172

    65.    Rosen LS, Kurzrock R, Mulay M et al (2007) Safety, pharmacokinetics, and effi cacy of AMG 
706, an oral multikinase inhibitor, in patients with advanced solid tumors. J Clin Oncol 
25(17):2369–2376  

     66.    Polverino A, Coxon A, Starnes C et al (2006) AMG 706, an oral, multikinase inhibitor that 
selectively targets vascular endothelial growth factor, platelet-derived growth factor, and kit 
receptors, potently inhibits angiogenesis and induces regression in tumor xenografts. Cancer 
Res 66(17):8715–8721  

    67.    Rosen R, Kurzrock E, Jackson L et al (2005) Safety and pharmacokinetics of AMG 706 in 
patients with advanced solid tumors. J Clin Oncol 23(16S):3013  

    68.    Carter P (2001) Improving the effi cacy of antibody-based cancer therapies. Nat Rev Cancer 
1:118–129  

    69.    Vedula SS, Krzystolik MG (2008) Antiangiogenic therapy with anti-vascular endothelial 
growth factor modalities for neovascular age-related macular degeneration. Cochrane Database 
Syst Rev Apr 16(2):CD005139  

    70.    Costagliola C, Agnifi li L, Arcidiacono B, Duse S, Fasanella V, Mastropasqua R, Verolino M, 
Semeraro F (2012) Systemic thromboembolic adverse events in patients treated with intravitreal 
anti-VEGF drugs for neovascular age-related macular degeneration. Expert Opin Biol Ther 
12(10):1299–1313    

S.A. Mousa



173S.A. Mousa and P.J. Davis (eds.), Angiogenesis Modulations in Health and Disease: 
Practical Applications of Pro- and Anti-angiogenesis Targets, 
DOI 10.1007/978-94-007-6467-5_14, © Springer Science+Business Media Dordrecht 2013

    Abstract     Despite few breakthroughs in cancer treatment over the past several years, 
cancer remains one of the leading causes of death worldwide. Most of the recent 
modalities in cancer research heavily depend on invasive procedures (i.e. random 
biopsies, surgery) and crude, non specifi c techniques such as irradiation and the use 
of chemotherapeutic agents. Therefore, it is essential to look for an alternative 
technique that can effectively target tumor angiogenesis and that has potential clinical 
relevance. Targeting the tumor angiogenesis to treat cancer is an intense area of 
research that the medical community has been engaging in for several decades, based 
on the well-established fact that a tumor cannot grow beyond 1–2 mm in size without 
angiogenesis. A nanomedicine approach of targeting various angiogenic factors to 
impair tumor angiogenesis might be an alternative to conventional therapy. In this 
chapter we discuss the use of nanotechnology to carry different anti-angiogenic 
agents and therapeutic genes to target tumor vasculature for tumor regression.  

     Cancer is a disease that affects millions of Americans and touches almost every 
American family. Despite tremendous efforts by researchers, cancer remains one of 
the topmost causes of death in the United States and globally. According to the 
World Health Organization, cancer accounted for upwards of 7.6 million deaths in 
2008 worldwide and is the second leading global killer, accounting for 13 % of all 
deaths [ 1 ]. Deaths from cancer in the world are projected to continue rising, with an 
estimated 13.1 million people dying in 2030 [ 1 ,  2 ]. According to the American 
Cancer Society, an estimated 1,638,910 new cancer cases are expected to be diagnosed 
and around 577,190 people will die from cancer in the US in 2012 (which is more 
than 1,500 per day) [ 2 ]. Although there have been a few advances in cancer treat-
ment over the past several decades, current diagnostic and therapeutic approaches 
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rely predominantly on invasive procedures (i.e. random biopsies, surgery) and 
crude, non specifi c techniques such as irradiation and chemotherapeutic agents. Thus, 
cancer continues to be almost uniformly fatal, and current therapeutic modalities 
have yet to signifi cantly improve the dismal prognosis of this disease. Therefore, 
it is essential to look for an alternative technology like nanotechnology, which has 
potential to address many of the challenges in cancer treatment. Over the past few 
years, evidence from the scientifi c and medical research has demonstrated that 
nanotechnology and nanomedicine have tremendous potential to profoundly impact 
numerous aspects of cancer diagnosis and treatment. 

 Angiogenesis, the physiological process of the development and propagation of 
new blood vessels, is one of most crucial processes that is needed for the survival 
and mass development in tumors. It is well-established that a tumor cannot grow 
beyond 1–2 mm in size without angiogenesis. The main advantages of targeting 
angiogenesis to treat cancer include better drug accessibility to the tumor vasculariza-
tion rather than to the solid tumor mass, less probability of being drug-resistant, 
higher effi cacy, wider applicability to various cancer types, and fewer cytotoxic 
effects to normal cells. Up-regulation of various growth factors like vascular endo-
thelial growth factor (VEGF), angioproteins, and integrins are considered to be the 
major cause of triggering and nurturing the tumor angiogenesis. Though there have 
been many therapeutic strategies aiming to stop the progress of the tumor vasculari-
zation, most of them are preclinical studies, and few of them are a clinical reality. 
Therefore, it is essential to look for an alternative, ultramodern technique that can 
effectively target tumor angiogenesis and that has a potential clinical relevance. 
A nanomedicine approach of targeting various angiogenic factors might be an alter-
native to conventional therapy to impair tumor angiogenesis. 

 There are many integrins that play a vital role in tumor initiation, propagation, 
and metastasis. αvβ3 and αvβ5 were the fi rst integrins that were targeted to inhibit 
tumor angeogenesis, and since then researchers have been targeting a wide array of 
integrins including α1β1, α2β1, αvβ3, and α5β1 using different techniques to sup-
press tumor angiogenesis. In early studies it was reported that an αvβ3-targeted 
nanoparticles- based imaging probe can readily accumulate in tumor vasculariza-
tion, giving them the capacity to be imaged [ 3 ,  4 ]. In an early study by Arap et al., 
doxorubicin bound to an αv integrin-binding arg-gly-asp (RGD) motif to increase 
effi cacy of the drug was tested in breast cancer xenografts in nude mice [ 5 ]. Since 
then numerous strategies including several nanoparticle-mediated αvβ3-targeting 
nanoparticles containing different therapeutic agents have been tested. Murphy and 
co-workers synthesized αvβ3-targeting nanoparticles with a capacity of delivering 
doxorubicin to the tumor vascularizations [ 6 ]. These nanoparticles with RGD and 
containing distearoylphosphatidylcholine (DSPC), cholesterol dioleoylphos-
phatidylethanolamine (DOPE), and distearoylphosphatidylethanolamine (DSPE)-
mPEG2000 were able to incorporate doxorubicin successfully. They controlled 
metastasis of pancreatic and renal cell carcinoma in an orthotopic model. The RGD-
guided nanopar ticles carrying doxorubicin to the tumor vascularization were able to 
increase the dose response of the drug up to 15-fold when compared to free 
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doxorubicin [ 6 ]. Thus, it can be anticipated that the targeted delivery of a cytotoxic 
drug like doxrobucin not only has the potential to decrease adverse side effects by 
decreasing the dose limit but also at the same time has the capability to restrict 
tumor metastasis with a decreased dose of drug. 

 Zhang et al. synthesized RGD-modifi ed PEGylated polyamidoamine (PAMAM) 
dendrimer conjugated with doxorubicin and evaluated it in an orthotopic murine 
model of C6 glioma [ 7 ]. They found that when administered intravenously, nano-
particle conjugates had a signifi cantly prolonged half-life as well as exhibited a 
higher accumulation in brain tumor compared to normal brain tissue. They used two 
different kinds of conjugation techniques to conjugate the dendrimer named as 
RGD-PPSD and RGD-PPCD where RGD-PPCD shows a 2-fold lower accumula-
tion in the tumor than RGD-PPSD. However, it was found that the animals treated 
with RGD-PPCD conjugated to doxorubicin had a much higher survival rate than 
RGD-PPCD. Apart from these studies, there are continuous efforts by others in 
nanoparticles-mediated therapy/imaging research for tumor angiogenesis either to 
treat or image various cancers in different animal models by targeting tumor 
neovsacularization. A list of selected studies is in Table  14.1 .

   Recent studies from our laboratory have shown that tetraiodothyroacetic acid 
(tetrac), a deaminated thyroid hormone analogue, is capable of preventing the binding 
of T4 to αvβ3 at the cell membrane and exerted profound inhibitory effects on 
cellular proliferation and angiogenesis [ 18 – 21 ]. We have demonstrated the feasibility 
of using tetrac as an anti-cancer drug  in vivo  and  in vitro  [ 18 – 21 ] .  Our laboratory 
has designed and synthesized a novel nanoformulation made up of PLGA nanopar-
ticles with tetrac covalently linked to their surfaces. These nanoparticles target tetrac 
to the plasma membrane via interaction with the integrin αvβ3 receptor, providing 
us with a useful tool and therapeutic means to investigate the anti-angiogenic and 
anti- proliferative actions of tetrac initiated at the plasma membrane integrin receptor. 
Tetrac immobilized by covalent bonding on the surface of the nanoparticles might 
serve as a ligand for the recognition of the integrin αvβ3 expressed on cancer cells, 
or its neovascularization site could antagonize plasma membrane receptor-mediated 
tumor proliferation and angiogenesis processes.  

 The major advantage of tetrac- nanoparticle formulations is that a nanoparticulate 
carrier system may restrict entry of tetrac to the cell nucleus, and thus the unwanted 
genomic effect of this molecule can be avoided. In a series of publications we 
have shown either equivalent or superior anti-cancer effi cacy of tetrac-conjugated 
nanoparticles in different  in vivo  tumor models including renal cell carcinoma [ 22 ], 
medullary cell carcinoma [ 23 ], follicular cell carcinoma [ 24 ], and non-small lung 
cancer cell [ 25 ]. In a recent study we also showed that this nanoformulation is highly 
effective for reversing the development of drug resistance in a doxorubicin-resistant 
breast cancer tumor model [ 26 ]. We strongly believe that it is crucial to study novel, 
alternative nanoparticles- based technology to treat chemoresistant breast cancer. 
The development of resistance to chemotherapy represents an adaptive biological 
response by tumor cells that leads to treatment failure and patient relapse. Unless this 
problem is solved, cancer will be able to develop resistance to virtually any drug. 
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 The concept of tumor regression and growth inhibition by delivering an appro-
priate therapeutic gene is another area of intense research. A nanoparticles- mediated 
gene therapy system has an advantage compared to its counterpart viral vector 
because of its less cumbersome synthesis method, less immunogenicity, and rela-
tively safer history [ 27 ,  28 ]. In a study by Hood et al. [ 29 ], the possibility of targeted 
gene delivery to the angiogenic tumor vasculature in a mouse model was shown. 
The nanoparticles synthesized were lipid-based nanoparticles obtained by a 
combination of self assembly and polymerization, and they were not only capable 
of carrying a mutant gene Rag gene ( ATPμ-Raf-1 ), but also capable of incorporating 
an αvβ3 targeting moiety like the LM-609 antibody. It was observed that this 
nanoparticle formulation was capable of successfully delivering  ATPμ-Raf-1  to the 
tumor vasculature and which in return was capable of interfering with the signaling 
cascades of two important angiogenic growth factors, bFGF and VEGF [ 29 ]. In 
another study by Kim et al. [ 30 ], a PEGylated polyethyleneimine nanocarrier system 
comprising PEI-g-PEG-RGD and incorporating a therapeutic gene encoding sFLT1 
was designed and synthesized. This nanocomplex containing sFLT1 (a potent VEGF 
antagonist) effi ciently inhibits the proliferation of endothelial cells by obstructing 
the binding of VEGF to the FLT1 receptor. In recent years there have been more 
examples of nanoparticles-mediated therapeutic gene delivery [ 31 ,  32 ] and small 
interfering RNA (siRNA)/short hairpin RNA (shRNA) delivery to target tumor 
vasculature [ 33 – 38 ]. These genetic materials in return inhibit tumor angiogenesis 
either by inducing therapeutic genes or silencing unwanted genes responsible for 
tumor angiogensis.  

 In summary, nanoparticles-mediated treatment of cancer by targeting tumor vas-
culatures is one of the most attractive approaches to cancer treatment because of its 
wide applicability to various cancers, easy drug access to the vasculature, and lower 
drug-resistance probability compared to conventional cancer therapies. The advan-
tage of the nanoparticles system is that it has not only the capacity to carry a 
therapeutic payload, but it is also capable of carrying different imaging probes for 
site-specifi c delivery. Thus, the versatility of the multifaceted nanocarrier system 
allows researchers to use an additional imaging approach to visualize and under-
stand the mechanism of action of the drug/nanoparticles in real time. This may 
allow the precise and targeted delivery to various tumor sites including tumor vas-
culatures. In recent years, rapid approval of many of the nanoparticles-mediated 
therapies and anti-angiogenic agents by the US Food and Drug Administration has 
raised hopes for this technology to bring about a paradigm change in cancer treatment 
in the clinic.    
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    Abstract     Over the last decade, anti-angiogenic therapy for cancer has become 
increasingly used as a standard therapeutic approach for many cancer types. It has 
also become a standard of care for certain eye diseases. Yet, despite the use of molecu-
larly targeted drugs with well-defi ned targets, there are currently no validated biological 
markers (or biomarkers) for appropriately selecting patients for anti-angiogenic 
therapy. Nor are there biomarkers identifying escape pathways that should be tar-
geted after tumors develop resistance to a given anti-angiogenic drug. A number of 
potential systemic, circulating, tissue and imaging biomarkers have emerged from 
recently completed phase I/II/III studies of anti-angiogenic agents. Some of these 
are measured at baseline while others are measured during treatment – and all are 
mechanistically based. Some of these biomarkers may be pharmacodynamic, for 
example the increase in circulating VEGF and placental growth factor (PlGF). 
Others have potential for predicting clinical benefi t or identifying the escape path-
ways, for example stromal-derived factor 1 alpha (SDF1α), interleukin 6 (IL-6) or 
angiopoietin 2 (Ang-2). Biomarkers of anti-angiogenesis may be disease and/or 
agent specifi c, and all of them need to be validated prospectively. In this chapter, 
I discuss the current challenges in establishing biomarkers of anti-angiogenic treatment. 
I also defi ne the molecular and cellular biomarkers measured in blood circulation 
and tumor tissues, discuss their advantages and disadvantages, and comment on the 
future opportunities for validating biomarkers of anti-angiogenic therapy.  

    Chapter 15   
 Biomarkers of Response and Resistance 
to Anti- angiogenic Treatment 
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       Targeting New Blood Vessel Formation in Malignant Solid 
Tumors: Progress and Challenges 

 Tumors acquire blood vessels by co-option of neighboring vessels, from sprouting 
or intussusceptive microvascular growth, and by vasculogenesis from endothelial 
precursor cells [ 1 ]. In most solid tumors the newly formed vessels are plagued by 
structural and functional abnormalities owing to the sustained and excessive exposure 
to angiogenic factors produced by the growing tumor [ 2 ]. However abnormal, these 
new vessels allow tumor expansion at early stages of carcinogenesis and progression 
from  in situ  lesions to locally invasive, and eventually to metastatic tumors. Over the 
past four decades, a large body of preclinical evidence confi rmed experimentally 
the hypothesis that tumor progression can be arrested by anti-angiogenesis [ 3 ,  4 ]. 
In the clinical setting, the United States Food and Drug Administration has approved 
over the last decade seven other anti-angiogenic agents for cancer treatment and three 
anti-angiogenic agents for wet age-related macula degeneration therapy (Table  15.1 ). 
A large number of other anti-angiogenic agents are in late phases of clinical devel-
opment (randomized phase III clinical trials).

   All the approved anti-angiogenic drugs target VEGF signaling. Some are blocking 
the ligand, VEGF; e.g., bevacizumab, afl ibercept (Zaltrap®/Eylea®, Sanofi - Aventis, 
Paris, France and Regeneron Pharmaceuticals, Tarrytown, NY, USA), ranibizumab 

    Table 15.1    Anti-angiogenic drugs approved by the United States Food and Drug Administration 
(2004–2013)   

 Anti-VEGF drug  Approved indication 

 Bevacizumab  Metastatic colorectal cancer (with chemotherapy) 
 Metastatic non-squamous non-small cell lung cancer (with chemotherapy) 
 Metastatic breast cancer (with chemotherapy) 
 Recurrent glioblastoma (monotherapy) 
 Metastatic renal cell carcinoma (with IFNα) 

 Sunitinib  Metastatic renal cell carcinoma (monotherapy) 
 Gastrointestinal stromal tumors (monotherapy) 
 Pancreatic neuroendocrine tumors (monotherapy) 

 Sorafenib  Metastatic renal cell carcinoma 
 Unresectable hepatocellular carcinoma 
 Advanced medullary thyroid cancer 

 Pazopanib  Metastatic renal cell carcinoma 
 Advanced soft tissue sarcoma 

 Vandetanib  Advanced medullary thyroid cancer 
 Axitinib  Advanced renal cell carcinoma 
 Regoranfenib  Metastatic colorectal cancer 
 Afl ibercept  Metastatic colorectal cancer (with chemotherapy) 

  Wet age-related macula degeneration  
 Pegaptanib   Wet age-related macula degeneration  
 Ranibizumab   Wet age-related macula degeneration  

  Reproduced with permission from ref. [ 5 ]  
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(Lucentis®, Genentech, South San Francisco, CA, USA), and pegaptanib (Macugen®, 
OSI Pharmaceuticals, Long Island, NY, USA). Others are inhibiting the activity of 
the VEGF tyrosine kinase receptors (VEGFR-1, VEGFR-2), e.g., sorafenib (Nexavar®, 
Bayer Healthcare Pharmaceuticals, Leverkusen, Germany and Onyx Pharmaceu-
ticals, South San Francisco, CA, USA), sunitinib (Sutent®) and axitinib (Inlyta®, 
Pfi zer Inc., New York, NY, USA), pazopanib (Votrient®, GlaxoSmithKline, Brentford, 
Middlesex, UK), and vandetanib (Zactima®, AstraZeneca Pharmaceuticals, Alderley 
Park, Cheshire, UK). Anti-VEGF therapy has become a standard of care for met-
astatic colorectal cancer (in fi rst, second, and third line of treatment), advanced 
non-small cell lung cancer, renal cell carcinoma, hepatocellular carcinomas, glioblas-
toma, gastrointestinal stromal tumor (GIST), pancreatic neuroendocrine tumor, and 
medullary thyroid cancer [ 6 – 18 ] (Table  15.1 ). Given these developments, anti-
angiogenic therapy represents one of the most exciting areas in cancer research and 
clinical oncology [ 19 – 28 ]. These agents have changed the practice of oncology but 
stimulated important questions: How do these therapies work in patients? Is their 
mechanism of action in patients the same as originally envisioned for anti-
angiogenic agents? Is it the same as demonstrated in animal models? Could the 
overall survival benefi t be increased beyond a few months? Could we successfully 
use these agents in the adjuvant setting following surgical resection? Why do some 
patients develop severe toxicities from anti-angiogenic therapy? Why is the benefi t 
from anti-angiogenic therapies seen only in some patients? How do we select these 
patients or the most appropriate therapy? Why do tumors stop responding to anti-
angiogenic therapy? What new pathways should be targeted to optimize the response 
and prolong the duration of response and survival without increasing toxic effects? 
How do we tailor these new therapies to individual patients? How do we schedule 
them with contemporary and future therapeutics? The answers to these fundamental 
questions are not fully known for the approved anti-angiogenic drugs and will be 
critical in choosing the appropriate agent(s) and to determine their optimal dose and 
schedule. Only validation of pharmacodynamic, prognostic, predictive, and surro-
gate biomarkers (see Box  15.1  for defi nitions) can help address these questions.    

     Angiogenic Pathways in Solid Cancers 

 Over four decades of research on angiogenesis have unraveled many of the under-
pinnings of tumor angiogenesis in general and the VEGF pathway in particular [ 1 ,  3 , 
 4 ,  33 ,  34 ]. VEGF is a key pro-angiogenic molecule in developmental neovascular-
ization as well as in physiological and pathological angiogenesis [ 34 – 37 ]. VEGF 
exerts its effect by binding two tyrosine kinase (TK) receptors VEGFR-1 (FLT1) 
and VEGFR-2 (KDR) as well as the non-TK receptors neuropilin 1 (NRP-1) and 
NRP-2 [ 1 ]. Of these, VEGF interaction with VEGFR-2 is thought to convey most 
of the critical pro-angiogenic signals [ 23 ]. However, VEGF interaction with 
VEGFR-1 and NRP-1 in cancer cells or in non-endothelial stromal cells (e.g., in 
myeloid cells such as macrophages or Gr-1+ myeloid cells) may be critical for the 
growth of tumors that depend on this pathway for survival and, through indirect 
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   Box 15. 1 Defi ning Biomarkers 

 According to current US Food and Drug Administration draft guidance, a 
biological marker, or biomarker, is defi ned as a characteristic that is objec-
tively measured and evaluated as an indicator of normal biologic processes, 
pathogenic processes, or biological responses to a therapeutic intervention 
[ 29 ]. Such characteristics may include genetic differences, either inherited by 
the individual in the germline or residing in the tumor, or both; changes in 
RNA, protein, or metabolite levels as a consequence of the disease or of the 
therapeutic process; changes in physiologic or systemic parameters, such as 
blood pressure; or anatomical parameters, such as tumor growth, stasis, or 
shrinkage [ 29 ]. 

 When considering biomarker research, it is important to be aware of the 
different types of biomarkers that can be identifi ed and the limitations posed 
by certain types of studies. Biomarkers that can be used before treatment 
include  prognostic  markers, which predict patient outcome regardless of 
treatment, and  predictive  markers, which provide information about the effect 
of a specifi c therapeutic intervention, usually compared to another. The major-
ity of clinical studies of anti-angiogenic agents to date have identifi ed mainly 
potential prognostic rather than predictive biomarkers because the studies 
were either too small to show a statistical difference between treatment arms 
with respect to the biomarker, or because they were early stage trials that 
included only one treatment arm [ 30 ]. This situation is changing as many 
larger trials of anti-angiogenic cancer therapies are now incorporating pre- 
planned biomarker analyses.  Pharmacodynamic  biomarkers are used during 
treatment to monitor its course, and/or to detect resistance or drug toxicity. 
Ideally, both predictive and pharmacodynamic biomarkers should refl ect 
modulation of an identifi ed biological target of the therapy in question. While 
this requirement is more straightforward for agents that target oncogenic 
pathways in cancer cells, it may be diffi cult to attain for biomarkers of anti- 
angiogenic agents, since their exact mechanisms of action are not yet well 
defi ned [ 31 ]. 

 In addition to their functional characteristics, biomarkers should be robust, 
reliable, reproducible, feasible for use in a clinical setting, and carefully validated 
as to specifi city and sensitivity. The US Food and Drug Administration is 
currently taking an active role in setting standards for biomarker development, 
and pharmacogenomic biomarkers have been incorporated into drug labels 
for multiple oncologic therapies, both targeted and untargeted. Such guidance 
will prove increasingly important as cancer treatment becomes more person-
alized and as new therapies are developed that are designed to hit ever- more 
specifi c targets in tumorigenic, angiogenic, and genetic pathways. 

  Reproduced with permission from Duda, Angiogenesis Foundation 
e- Publication 2011  [ 32 ]. 
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mechanisms, to angiogenesis in tumors [ 1 ]. During development and in physiological 
conditions, the effects of VEGF are fi nely tuned and counterbalanced by anti-
angiogenic molecules such as the soluble form of VEGFR-1 (sVEGFR-1/sFLT1) 
or thrombospondins (TSP-1 and -2), which ensures stabilization and maturation 
of the vasculature [ 38 ]. In tumors, oncogene or hypoxia-driven VEGF overexpres-
sion leads to dysregulated angiogenesis and an abnormal vasculature [ 1 ]. Here, the 
balance is tipped toward pro-angiogenesis. In genetic models in mice, over-
expression of VEGFR-1 and sVEGFR-1 led to a “normalization” of the tumor 
vasculature [ 39 ]. Conversely, overexpression of sVEGFR-1 may lead to hyperten-
sion (e.g., preeclampsia) or defects in developmental angiogenesis [ 40 – 42 ]. 
Beyond VEGF, other VEGF family members can bind the VEGFRs and participate 
in angiogenesis: PlGF, VEGF-B, VEGF-C and VEGF-D. The role of VEGFR-1 
and its more selective ligand placental growth factor (PlGF) is currently unclear, 
but may be particularly important in certain malignancies [ 1 ]. Similarly, VEGF-C 
and VEGF-D might play a role during new blood vessel formation [ 43 ]. First, they 
can bind to VEGFR-2 and second, their cognate receptor VEGFR-3 is expressed 
on “tip” cells (specialized endothelial cells responsible for vessel sprouting) [ 1 , 
 43 ]. In addition, other angiogenesis modulators (positive or negative) may affect 
the angiogenic balance, e.g., the pro-angiogenic molecules basic fi broblast growth 
factor (bFGF or FGF-2), angiopoietin 1 (Ang-1), Ang-2 and endoglin or the 
endogenous angiogenesis inhibitors TSP-1 and TSP-2 [ 1 ]. These angiogenic 
molecules are produced by the cancer cells and by the stromal cells alike. The 
latter include activated tumor-activated fi broblasts and bone marrow- derived 
cells recruited by the tumor – most notably tumor infi ltrating macrophages, 
neutrophils, and myeloid-derived suppressor cells [ 44 – 46 ]. 

 Could we exploit all this knowledge for biomarker discovery? The answer is 
likely yes, provided that biomarker studies will be biology-driven and prospectively 
validated [ 29 – 32 ,  47 ]. The systemic and imaging biomarkers may also play a crucial 
role in discovery of biomarkers for anti-angiogenic therapy, and are discussed 
in detail elsewhere [ 31 ,  48 ,  49 ]. Here, I will discuss in the following sections the 
candidate biomarkers belonging to the VEGF family and to other angiogenic 
pathways, and the cellular biomarkers.  

    Molecular and Cellular Biomarker Candidates 
for Anti- angiogenic Therapy 

 Tissue-based biomarkers are ideal because they refl ect the changes occurring in a 
tumor during treatment, but obtaining biopsies is diffi cult owing to the invasive 
nature of the procedure. Circulating molecular and cellular biomarkers found 
in blood are a minimally invasive alternative that can be used repeatedly over 
the course of treatment with an anti-angiogenic agent. Whereas changes in blood 
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circulation may refl ect the systemic effects of anti-VEGF therapy, the impact of 
these changes on tumor response or escape remains unclear and will need to be 
established in mechanistic studies in preclinical models [ 32 ]. 

    VEGF Family Members as Circulating Biomarkers 

 VEGF expression is usually elevated both in the tumors as well as in the cancer 
patients’ circulation and is often an indicator of poor prognosis. All the anti- 
angiogenic drugs that have received or are pending approval from the US Food 
and Drug Administration target VEGF signaling – either by blocking the ligand 
(bevacizumab, afl ibercept) or by inhibiting the tyrosine kinase receptors (sorafenib, 
sunitinib, vandetanib, pazopanib, axitinib and regorafenib). Thus, the natural choice 
for a biomarker has been VEGF itself. However, to date the results have been highly 
inconsistent [ 31 ]. High VEGF levels are almost invariably associated with poor 
outcomes in correlative studies [ 50 ], which is indicative of its prognostic biomarker 
value. In some cancers (e.g., breast cancers or HCC) the levels of circulating VEGF 
in plasma are correlated with outcome of anti-VEGF therapy [ 31 ,  50 ,  51 ]. However, 
in other cancers neither the intra-tumoral nor the circulating VEGF is associated 
with outcome of bevacizumab treatment [ 52 ,  53 ]. For example, a recent meta analysis 
across four randomized phase III trials of bevacizumab with chemotherapy or 
immunotherapy in metastatic colorectal cancer, advanced non-small cell lung 
cancer, and advanced renal cell carcinoma showed that higher baseline levels of 
circulating VEGF were associated with shortened progression-free survival and 
overall survival regardless of bevacizumab treatment [ 54 ]. This indicates that 
circulating VEGF levels may be prognostic but not predictive biomarkers for 
bevacizumab- containing regimens. Moreover, the authors did not fi nd a good cor-
relation between blood circulating VEGF concentration and intra-tumor expression 
of VEGF [ 54 ]. On the other hand, more recent studies have measured shorter 
isoforms of VEGF (e.g., VEGF 

121
 ), which do not bind to the extracellular matrix 

components (i.e., heparin), and have found intriguing correlations with outcome 
[ 55 ]. However, other studies failed to detect a signifi cant correlation for short 
isoforms of VEGF [ 56 ]. Thus, the clinical signifi cance of circulating or tissue VEGF 
levels remains to be clarifi ed, as most of the efforts to use VEGF itself as a predictive 
biomarker have thus far been disappointing. Current ongoing efforts to measure 
distinct VEGF isoforms or VEGF fragments may yield additional insight and resur-
rect interest in research on VEGF as predictive biomarker.  

    Other VEGF Family Members 

 In addition to VEGF-A (or VEGF), the VEGF family includes VEGF-B, VEGF-C, 
VEGF-D, and PlGF. These VEGF family members may play a role in tumor 
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angiogenesis [ 1 ]. Currently available anti-angiogenic drugs affect these factors in a 
differential manner (i.e., they are not affected by bevacizumab but are blocked by 
afl ibercept or tyrosine kinase inhibitors) [ 1 ]. Of interest, some of these factors have 
been shown to be up-regulated in response to anti-VEGF therapy both in patients 
and in preclinical models [ 31 ]. The most consistent change has been the increase in 
circulating levels of plasma PlGF, which has been reported essentially for all anti- 
VEGF drugs and experimental agents, irrespective of their mechanism of VEGF 
inhibition [ 31 ,  57 ]. This has led to the hypotheses that (1) PlGF change may have 
pharmacodynamic biomarker value and (2) that PlGF increase may mediate resis-
tance to anti-VEGF agents that do not block this molecule (e.g., bevacizumab). 
Both of these hypotheses need to be further validated prospectively. Of interest, the 
increase in PlGF may be due to systemic effects, as tumor-derived PlGF may actu-
ally be decreased after bevacizumab treatment [ 58 ]. Similarly, VEGF-C and 
VEGF-D have been proposed as escape biomarkers for bevacizumab in metastatic 
colorectal cancer patients in other exploratory studies [ 59 ].  

    Soluble VEGF Receptors 

 As discussed above, there are three VEGF tyrosine kinase receptors in the plasma 
membrane, known as VEGFR-1 (FLT1), VEGFR-2 (KDR), and VEGFR-3 (FLT4). 
In addition to the plasma membrane receptors, soluble receptors are present in 
blood circulation – as a result of alternative splicing or possibly due to plasma mem-
brane receptor shedding [ 31 ]. Of these soluble receptors, sVEGFR-1 has clear bio-
logical activity. This has led our group to conduct extensive studies of circulating 
sVEGFR-1, an endogenous blocker of VEGF and PlGF and a factor linked with 
“vascular normalization”, as biomarker or response to anti-VEGF agents [ 60 ]. Our 
hypothesis has been that circulating plasma sVEGFR-1 is a “negative” biomarker 
that could be used to predict response to anti-VEGF therapies in cancer. Specifi cally, 
we proposed that cancer patients with pre-existing high levels of circulating 
sVEGFR-1 (i.e., in whom VEGF pathway is endogenously suppressed) are resistant 
to bevacizumab and other anti-VEGF treatments. Indeed, we have shown in explor-
atory studies that patients with higher plasma levels of sVEGFR-1 have a poor 
outcome after treatment with bevacizumab, sunitinib, vandetanib, and cediranib 
[ 60 – 66 ]. Collectively, these results suggest that anti-VEGF therapy may not have a 
benefi cial effect in patients with high sVEGFR-1 levels. In further support of this, 
we also found that patients with higher sVEGFR-1 levels in circulation experienced 
fewer side effects from anti-VEGF treatments [ 60 ,  65 ,  66 ]. Finally, polymorphisms 
in the  FLT1  gene that are associated with higher VEGFR-1 expression have also 
been associated with poor outcome of bevacizumab-containing regimens in phase 
III studies (see below) [ 67 ]. If confi rmed in larger studies, plasma sVEGFR-1 may 
potentially allow stratifi cation of cancer patients to regimens that include anti- 
VEGF therapy. 
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 Soluble VEGFR-2, which is an abundant protein in human plasma, has also been 
extensively studied. Multiple studies have shown that anti-VEGFR tyrosine kinase 
inhibitors but not bevacizumab induce a signifi cant decrease in plasma sVEGFR-2 
levels [summarized in Ref. [ 31 ]]. The same result has been reported for circulating 
sVEGFR-3 (i.e., a decrease in plasma sVEGFR-3 after treatment with tyrosine 
kinase inhibitors that block VEGFR-3). The presence of this signature has been 
associated with improved outcomes in some studies, but its value as a predictive or 
pharmacodynamic biomarker is currently unknown [ 30 – 32 ].  

    Other Soluble Plasma Biomarker Candidates 

    Solule Basement Membrane Components 

 Collagen IV is one of the main constituents of vascular basement membranes. 
In glioblastomas, there is an excessive deposition of basement membranes, which 
more than doubles the thickness of tumor blood vessels compared to normal brain 
blood vessels [ 68 ,  69 ]. Vascular normalization after anti-VEGF therapy results in 
normalization of the vascular basement membrane – i.e., a reduction in thickness – as 
seen in mice and in patients [ 68 – 70 ]. Thus, we tested the hypothesis that proteolytic 
degradation of these membranes could release soluble collagen IV in blood circula-
tion, and that this biomarker could be used as a measure of therapeutic effi cacy. 
Indeed, we found that recurrent glioblastoma patients who had an increase in plasma 
collagen IV levels after anti-VEGF therapy had an increase in progression- free 
survival [ 71 ]. If validated, either alone or in combination with imaging biomarkers 
of vascular normalization, the change in soluble collagen IV may potentially allow 
an early assessment of drug activity and stratifi cation of glioblastoma patients to 
anti-VEGF therapies [ 71 ].  

    Infl ammatory Factors 

 In addition to VEGF family members, many biomarker studies have focused on 
infl ammatory cytokines and chemokines because they may exert pro-angiogenic 
effects either directly or indirectly (via modulation of bone marrow-derived cell 
recruitment in circulation and infi ltration in tumors) (Box  15.2 ). 

 A comprehensive study was conducted in patients with advanced non-small cell 
lung cancer who were treated with vandetanib plus chemotherapy, vandetanib alone, 
or chemotherapy alone. Interestingly, the patterns of changes in soluble biomarkers 
in each of the three study arms were distinct [ 72 ]. Specifi cally, an increased risk of 
disease progression was associated with increases in a different marker in each arm: 
increased plasma VEGF levels for vandetanib monotherapy versus increases in 
plasma Interleukin (IL)-8 concentration for combination therapy. IL-8 may act as 
a VEGF-independent pro-angiogenic pathway [ 73 ] and has been associated with 
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   Box 15.2 Infl ammatory Molecules and Their Potential Role in Liver Cancer 
Angiogenesis 

    Chronic infl ammation is a potential precursor and promoter of carcinogenesis 
in many cancers [ 45 ,  78 – 80 ]. In many cancers, nuclear factor kappa B (NF- kB) 
is involved in tumor initiation and progression mediated via STAT3 activation 
[ 81 – 83 ]. Infl ammatory cytokines induced by NF-kB pathway activation might 
affect angiogenesis directly via endothelial cells, or indirectly by cancer cells 
or recruitment and/or activation of infl ammatory cells [ 84 – 91 ]. Interleukin 
(IL)-1α has a critical role by recruitment of infl ammatory cells [ 92 ,  93 ]. 
Tumor necrosis factor (TNF)-α can also promote tumor progression by different 
pathways: direct effect on tumor cells, induction of CXCR4 and stimulation 
of epithelial – mesenchymal transition [ 94 ]. TNF-α promotes cell survival 
and angiogenesis or induces endothelial cell apoptosis, and vascular disruption 
and increased permeability. IL-6 is also induced by activation of NF-kB and 
other transcription factors (C/EPBb and AP-1), and modulates infl ammation 
via IL-6R and gp130. Vascular smooth muscle cells, T lymphocytes and 
macrophages secrete IL-6 to stimulate immune responses and promote infl am-
mation. IL-6 may also have anti-infl ammatory effects by inhibition of TNF-α 
and IL-1, and activation of IL-1Ra and IL-10. The proliferative and survival 
effects of IL-6 are mediated by STAT3 [ 79 ]. Moreover, IL-8 may have a 
role in cancer cell invasion [ 73 ,  95 ]. IL-8 can promote tumorigenesis and 
angiogenesis through CXCR1 and CXCR2, and the Duffy antigen receptor 
for cytokines, which has no defi ned intracellular signaling capabilities [ 96 ]. 
Overexpression of VEGF induces the expression of the CXCR4 ligand –
 stromal cell derived factor 1 alpha (SDF1α) or CXCL12, and SDF1α and 
CXCR4 may drive cell migration and angiogenesis by VEGF-independent 
mechanisms [ 97 ,  98 ]. Stem Cell Factor (also known as SCF or Kit-ligand) is 
a cytokine that binds to the c-Kit receptor (CD117), primarily expressed by 
early hematopoietic precursors. While c-Kit expression is rarely detectable in 
the cancer cells, both SCF and c-Kit could be expressed during carcinogenesis, 
for example in cholangiocarcinomas [ 99 ]. 

 Abbreviations: AP-1, activator protein 1; C/EPB, CAAT/enhancer binding- 
protein; CXCR, C-X-C-chemokine receptor; STAT, signal transducers and 
activators of transcription. 

  Adapted with permission from Zhu AX, Duda DG, Sahani DV, Jain RK. 
HCC and angiogenesis: possible targets and future directions. Nature Reviews 
Clinical Oncology 2011  [ 50 ]. 

poor prognosis in hepatocellular carcinoma patients treated with sunitinib [ 61 ]. 
Other notable candidates for biomarkers of tumor evasion from anti-VEGF therapy 
are the stromal-cell-derived factor 1 alpha (SDF1α, also referred to as CXCL12) 
and IL-6. We have found associations between increased plasma SDF1α after 
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treatment and poor outcome in studies of anti-VEGF agents in recurrent glioblas-
toma (cediranib), sarcoma (sorafenib), and breast cancer (bevacizumab) patients 
[ 62 ,  65 ,  74 – 76 ]. Moreover, increased plasma SDF1α and plasma IL-6 have been 
associated with poor outcomes in locally advanced rectal cancer after treatment 
with bevacizumab and chemoradiation and in advanced hepatocellular carcinoma 
patients after treatment with sunitinib [ 61 ,  77 ]. These potential resistance biomark-
ers may drive the design of trials of anti-VEGF agents.    

     Other Circulating Factors or Soluble Receptors 

 Finally, recent studies have reported signifi cant changes or associations with 
outcome for other circulating factors and/or their soluble receptors. Some of the 
fi ndings have been more consistent, for example the transient decrease in plasma 
Ang-2 after anti-VEGF therapy [ 62 ,  63 ,  65 ]. Others appeared to be more agent/
disease specifi c, for example changes and correlations between circulating bFGF, 
platelet derived growth factor (PDGF)-BB, soluble (s)Tie2, soluble inter-cellular 
adhesion molecule 1 (sICAM-1), and matrix metalloproteinase (MMP)-2, MMP-9, 
and MMP-10 [ 59 ,  61 – 63 ,  65 ,  72 ,  100 ]. All of these biomarkers will require addi-
tional study and prospective validation.    

    Tissue-based Biomarkers 

 Whenever available – for example when serial biopsies can be performed or when 
tissues are obtained at surgery or autopsy – tumor specimens have been invaluable 
for conducting correlative studies and gaining mechanistic insights into the effects 
of anti-VEGF therapies. These studies have been quite limited because of the inva-
sive and costly nature of these procedures and the diffi culty in standardizing immu-
nohistochemical procedures. 

 As mentioned previously, intra-tumoral levels of VEGF have not been so far 
shown to predict survival outcome of anti-VEGF therapy [ 53 ,  54 ], although correla-
tions with response rates have been reported [ 101 ,  102 ]. Given the disappointing 
data reported so far, and considering the limitations of tissue VEGF evaluation, this 
biomarker does not appear promising. 

 However, these intriguing results raised critical questions. If neither circulating 
nor tissue VEGF correlate with outcome of anti-VEGF agents, then what is the 
mechanism of action that leads to a benefi t after treatment with these drugs? While 
multiple groups are actively exploring various mechanisms involving the vascula-
ture, stroma, immune system, or cancer cells themselves, several emerging data are 
standing out. Tumor microvascular density has been often evaluated both as a 
predictive biomarker and as a pharmacodynamic marker of anti-angiogenic therapy 
with anti-VEGF agents. Indeed, two studies found a decrease in vascular density 
after bevacizumab treatment in rectal and breast cancer [ 65 ,  77 ,  103 ]. But other 
studies did not fi nd a signifi cant change [ 104 ]. This effect was associated with 
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increased apoptotic rate in cancer cells, but interestingly, did not change the 
proliferation rate of cancer cells [ 103 ,  104 ]. One explanation for this paradoxical 
fi nding is that the remaining vasculature after anti-VEGF therapy is more “normal” 
structurally and functionally [ 2 ,  105 – 107 ]. The association between microvascular 
density and survival remains unclear, with most studies reporting a lack of 
correlation [ 53 ] 

 In a study of serial biopsies from rectal cancers, our group has reported that 
while bevacizumab did not change VEGF or VEGFR expression in the cancer cells, 
this anti-VEGF treatment decreased PlGF and increased SDF1α and its receptor 
(CXCR4) expression in the rectal cancer cells [ 58 ]. Of interest, increased plasma 
SDF1α levels during treatment in these patients correlated with distant disease 
progression pointing toward SDF1α/CXCR4 axis as a potential escape mechanism 
from anti-VEGF therapy [ 58 ,  74 ]. 

 While enticing, these hypotheses on the mechanism of action of anti-VEGF 
agents remain to be further confi rmed in patients, as our understanding of the 
dynamics of VEGFR regulation and the interactions between receptor subtypes 
in tumor tissue is not well enough advanced to allow the use of these levels as 
biomarkers of therapeutic effi cacy. 

 Finally, genetic studies of tumor samples have also generated mixed results. 
While establishing the mutational status in various cancers has made a crucial 
impact on the development and use of anti-cancer agents, e.g.,  KRAS  mutation for 
cetuximab treatment in metastatic colorectal cancer and  BRAF  mutation for vemu-
rafenib treatment in melanoma, it has failed so far to impact the development or the 
use of anti-VEGF drugs. For example,  P53 ,  KRAS , or  BRAF  mutations in metastatic 
colorectal cancer did not associate with bevacizumab-chemotherapy treatment out-
come in metastatic colo rectal cancer [ 108 ]. Many studies have focused on single 
nucleotide polymorphisms (SNPs) in VEGF family genes as well as other genes 
[ 109 – 112 ]. Some reports found signifi cant correlations between certain VEGF and 
VEGFR-2 genes with survival or risk of developing hypertension after bevacizumab 
treatment in metastatic breast and colorectal cancer [ 111 ,  113 ]. However, these 
fi ndings have not been yet reproduced by other studies. More recently, SNPs in 
 FLT1  were shown to associate survival after treatment with bevacizumab-based 
regimens in two phase III studies in advanced pancreatic adenocarcinoma and meta-
static renal cell carcinoma [ 67 ]. These SNPs were associated with higher VEGFR-1 
expression [ 67 ]. These  FLT1  SNPs correlated with a poor outcome, which is in line 
with the fi nding that high circulating sVEGFR-1 is associated with poor outcome 
after anti-VEGF therapy (see above) [ 60 – 66 ]. Also, a consistent fi nding appears 
to be the association between SNPs in  CXCR2  and  IL8  genes and outcome after 
anti- VEGF therapies [ 109 ,  110 ,  112 ,  114 ]. Once again, this suggests an important 
role that infl ammatory cytokines and their receptors may play in the outcome of 
anti- VEGF therapy. These data strongly suggest that SNP evaluation could be used 
in the future to predict outcome of anti-VEGF therapy. Moreover, the evaluations of 
gene polymorphisms have the great advantage of being more feasible as they are 
minimally invasive, less expensive, and do not necessarily require tumor tissue. 
However, only more extensive investigation and validation of the current lead 
candidates could potentially provide a biomarker for anti-VEGF therapy.  
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    Challenges, Conclusions and Future Perspective 

 One major challenge for the interpretation of molecular biomarker studies in 
general is that a vast amount of data was generated in single arm studies, i.e., in 
which all patients received the same therapy. This makes the distinction between 
prognostic and predictive biomarkers impossible. Another challenge is that while 
bevacizumab and afl ibercept are specifi c inhibitors of VEGF pathways, all the anti-
angiogenic tyrosine kinase inhibitors are promiscuous, inhibiting multiple, non-
angiogenic tyrosine kinases as well as angiogenic ones [ 115 ,  116 ]. Therefore, it can 
be diffi cult to know whether a given biochemical or physiological effect is the result 
of anti-angiogenic activity or due to effects on other oncogenic targets (e.g., c-Kit 
inhibition by sunitinib in gastrointestinal stromal tumors or EGFR and RET inhibi-
tion by vandetanib in advanced medullary thyroid cancer). Even for bevacizumab/
afl ibercept studies, the interpretation is confounded by the fact that most studies 
included concurrent chemotherapeutic drugs, making it diffi cult to tease out the 
effects of each type of therapy. 

 In summary, identifying and validating predictive biomarkers of response and 
gaining the ability to stratify cancer patients to currently approved anti-angiogenic 
drugs remains a major priority in oncology. A number of potential biomarkers 
have emerged from correlative clinical studies and warrant further study in large, 
randomized trials. Some such trials are now underway and their results will be 
critical for advancement of this fi eld, not only for biomarker discovery but also 
for further elucidation of the specifi c mechanisms of action of these important 
new therapies.     
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    Abstract     Angiogenesis regulation is a function of pro-angiogenesis and anti-
angiogenesis factors and processes. These include growth factors, cell surface 
receptors for these factors on blood vessel cells, modulatory crosstalk between 
growth factor receptors and other cell surface proteins such as integrin αvβ3, and 
transduction of growth factor signals into a modifi ed angiogenesis process. In this 
chapter we consider areas of blood vessel growth control in which we can 
expect new information in the near future.  

     Regulation of angiogenesis is a function of pro-angiogenesis and anti-angiogenesis 
growth factors, cell surface receptors for these factors on blood vessel cells, modu-
latory crosstalk between growth factor receptors and other cell surface proteins such 
as integrin αvβ3, and transduction of growth factor signals into a modifi ed angio-
genesis process. These factors and processes have been emphasized in preceding 
chapters. Our knowledge of the molecular basis of angiogenesis remains incom-
plete, and we will briefl y consider here areas of control of blood vessel growth in 
which we can expect new information in the foreseeable future. 
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   Novel Vascular Growth Factors, Receptors, and Angiogenesis 
Signal Transduction 

 Additional protein growth factors or isoforms of growth factors that modulate 
angiogenesis are likely to exist. A prototype here is the VEGF family that now 
includes isoforms VEGF-A through VEGF-E and placental growth factor 
(PlGF) [ 1 ]. Previously unrecognized factors or isoforms may be sought in vascular 
malformations or organ remodeling after induction of ischemic damage. Further, 
well- studied naturally occurring products previously unrecognized to have 
pro-angiogenesis activity may indeed have such activity. Recent examples are 
melatonin [ 2 ] and lipocalin 2 (Lcn2; NGAL) [ 3 ] that affect VEGF production and 
the contribution of testosterone to post-myocardial infarction revascularization in 
the heart [ 4 ]. Erythropoietin is pro-angiogenic [ 5 ]. 

 What are the receptor sites for these factors now understood to have pro- 
angiogenesis actions? In the case of melatonin, are the binding sites involved in 
angiogenesis the G protein-coupled receptors (MT1, MT2) linked to classical mela-
tonin activities, or are they novel sites such as we describe below on an integrin? 

 The existence of crosstalk between integrin αvβ3 and adjacent VEGF and bFGF 
receptors has been widely appreciated. It has been assumed that such communica-
tion at the cell surface or in or immediately beneath the plasma membrane is a 
function of binding of extracellular matrix proteins by the integrin or communica-
tion from within the cell (inside-out messaging). We have emphasized that αvβ3 has 
specifi c, high-affi nity receptors for small molecules, for example, for thyroid 
hormone [ 6 ]. The thyroid hormone receptor on the integrin affects the interactions 
of VEGF and bFGF with their respective cell surface receptors. Depending upon the 
nature of the thyroid hormone analogue bound to the receptor, the latter may gener-
ate pro- or anti-angiogenesis signals. αvβ3 also bears receptors for testosterone and 
for resveratrol. Is the testosterone receptor on the integrin the site of initiation of 
revascularization in the heart described above? Resveratrol is an anti-angiogenesis 
stilbene, decreasing VEGF production in the setting of human peritoneal meso-
thelial cell-dependent angiogenesis [ 7 ], whereas several other stilbenes are pro- 
angiogenesis. Is this the initiation site for actions of resveratrol analogues on blood 
vessel formation? Via a nongenomic mechanism, estrogen has a variety of effects on 
endothelial cells and angiogenesis [ 8 ]. X-ray crystallographic modeling of integrin 
αvβ3 suggests the presence of an estrogen-binding domain [ 9 ] that would be a 
candidate initiation site for pro- angiogenesis action of estrogen. 

 The transduction of signals from traditional pro- and anti-angiogenesis factors 
expressed at their receptors has been well-studied. Signal transduction has also 
been defi ned in the examples of certain small molecules that, via integrin αvβ3, 
modulate angiogenesis and has exhibited novel features. The thyroid hormone 
receptor on αvβ3 has two binding domains, one of which activates mitogen-
activated protein kinase (MAPK; extracellular-regulated kinase 1/2) and the other, 
phosphatidylinositol 3-kinase (PI3K) (see Chap.   4    ). The domains distinguish 
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among thyroid hormone analogues to induce either pro- or anti-angiogenesis. 
Downstream, these pathways have discrete effects on specifi c gene transcription, 
for example, on  thrombospondin 1  gene expression [ 10 ], introducing an additional 
and novel mechanism by which thyroid hormone can affect neovascularization. 
The activation of PI3K by thyroid hormone—3, 5, 3′-triiodo-L-thyronine, T 

3
 , but 

not L-thyroxine, T 
4
 —at its αvβ3 receptor leads to transcription of the  hypoxia-

inducible factor-1α  ( HIF-1α ) gene [ 11 ] that is relevant to angiogenesis (see below). 
We would propose that this signal transduction model may be relevant to other 
small molecule receptor sites on the integrin that relate to angiogenesis. The αvβ3-
MAPK signal transduction pathway is also utilized by non-neuronal nicotinic 
acetylcholine receptors (AChRs), specifi cally, α7 AChRs, to stimulate angiogenesis 
(see Chap.   6    ). Little is known about possible interactions of thyroid hormone and 
AChRs, but an insight into the complexity of the regulation of angiogenesis is that 
nicotine, acting via an AChR, increases the generation of T 

3
  in brain via deiodination 

of T 
4
  (deiodinase 2, D2) [ 12 ]. Thus, pro-angiogenesis activity of nicotine may 

involve thyroid hormone. 
 Hypoxia is a stimulus to angiogenesis and the mechanism is HIF-1α-dependent. 

Factors identifi ed in the future to stimulate expression of the  HIF-1α  gene of course 
may be pro-angiogenesis. Melatonin, lipocalin 2 and testosterone are already known 
to induce neovascularization, as noted above; these factors are also recognized to 
cause tissue accumulation of HIF-1α in the settings of malignancy or nonmalignant 
tissue remodeling. A complex nongenomic intracellular signal transduction path-
way links estradiol to induction of  HIF-1α  gene expression, and presumably to 
angiogenesis, in breast cancer cells [ 13 ] 

 The infl ammatory state is associated with new blood vessel formation and is also 
likely to be a source in the future of newly identifi ed pro-angiogenesis factors. 
Infl ammatory cytokines such as interleukin-8 (IL-8) in the context of cancer [ 14 ] 
and IL-18 in rheumatoid arthritis [ 15 ] are pro-angiogenesis. Certain chemokine 
ligands induce intra-tumoral angiogenesis, e.g., CCL3 and its specifi c receptor, 
CCR5 [ 16 ]. 

 The foregoing discussion identifi es only a few areas of blood vessel biology 
in which novel pro-angiogenesis factors may be sought. What is clear is that 
there already is known a plethora of such factors. The potency of each is variable in 
the settings in which they have been described and apparent importance of new 
angiogenesis factors may certainly depend upon the experimental or clinical 
contexts in which they have been described. Of course, net angiogenesis in a given 
tissue or model setting is the algebraic sum of pro- and anti-angiogenesis substances 
present. Factors such as interstitial pressure in the intact tumor may modify the 
expression of the algebraic sum, and thus assay models, e.g., subcutaneous vs. 
orthotopic xenografts, provide important supplemental information about actions 
of newly identifi ed individual angiogenesis factors and combinations of factors. 
Pharmacologic reduction of the permeability of vessels serving tumors reduces 
interstitial pressure and has been shown to improve tumor delivery of low molecular 
weight anti-cancer agents and of smaller nanoparticles (12 nm) [ 17 ].  
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    Micro RNA and Angiogenesis Modulation 

 Recent reports suggested that micro RNA (miRNA) strategy can be utilized to either 
promote angiogenesis by targeting negative regulators in angiogenesis signaling 
pathways or inhibit angiogenesis by targeting positive regulators. Nanotechnology 
and targeted delivery of miRNA or anti-miRNA could be delivered to tumor endo-
thelium using targeted nanoparticles [ 18 ]. Lessons learned from antisense technolo-
gies and RNA interference approaches will no doubt be relevant in advancement of 
miRNA therapeutics in addition to the use of nano-targeted delivery of mRNA or 
anti-mRNA. However, a potential limitation of miRNA-based therapy is the possi-
ble off-target effects that might lead to serious adverse effects [ 19 ,  20 ].     

  Acknowledgement   The authors appreciate the generous investment of Richard C. Liebich in 
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