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Abstract: Angiogenesis is the process of generating new capillary blood vessels. Uncontrolled endothelial cell
proliferation is observed in tumor neovascularization and in angioproliferative diseases. Tumors cannot growth as a mass
above few mm3 unless a new blood supply is induced. It derives that the control of the neovascularization process may
affect tumor growth and may represent a novel approach to tumor therapy.

Angiogenesis is controlled by a balance between proangiogenic and antiangiogenic factors. The angiogenic switch
represents the net result of the activity of angiogenic stimulators and inhibitors, suggesting that counteracting even a
single major angiogenic factor could shift the balance towards inhibition.

Heparan sulfate proteoglycans are involved in the modulation of the neovascularization that takes place in different
physiological and pathological conditions. This modulation occurs through the interaction with angiogenic growth factors
or with negative regulators of angiogenesis. Thus, the study of the biochemical bases of this interaction may help to
design glycosaminoglycan analogs endowed with angiostatic properties.

The purpose of this review is to provide an overview of the structure/function of heparan sulfate proteoglycans in
endothelial cells and to summarize the angiostatic properties of synthetic heparin-like compounds, chemically modified
heparins, and biotechnological heparins.
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INTRODUCTION

Glycosaminoglycans (GAGs) are negatively charged
polysaccharides composed of repeating disaccharide units.
GAGs are normally found as proteoglycans (PGs) composed
of one or more polysaccharide chains attached to a core
protein. PGs are present in almost all the cell types where
they can be found in soluble forms, in the extracellular
matrix (ECM), associated with the plasma membrane, or
segregated into intracellular granules [1].

In the last years the studies about GAGs and PGs have
increased dramatically leading to the comprehension of their
biosynthesis and structure, together with the demonstration
of the involvement of GAGs and PGs in various
physiological processes. The biological functions of GAGs
and PGs are highly diversified, ranging from relatively
simple mechanical support functions to more intricate effects
on various cellular processes such as cell adhesion,
proliferation and differentiation. These effects are due to the
ability of PGs to act as “receptors” for adhesion molecules
and free molecules such as growth factors, cytokines, and a
variety of enzymes including proteases and coagulation
enzymes.
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A particular class of PGs, namely the heparan sulfate
PGs (HSPGs), have been demonstrated to be involved in the
modulation of the neovascularization that takes place in
different physiological and pathological conditions [2]. This
modulation occurs through the interaction of HSPGs with
angiogenic growth factors or with negative regulators of
angiogenesis (Table 1), suggesting that the study of the
biochemical bases of protein/HSPG interaction may help to
design synthetic GAG analogs endowed with angiostatic
properties.

The purpose of this review is to provide an overview of
the structure/function of HSPGs in endothelial cells and to
summarize the angiostatic properties of heparin-derivatives.

HEPARAN SULFATE PROTEOGLYCANS

Cell Association of HSPGs

Typical concentrations of HSPGs on the cell surface are
in the range of 105-106 molecules/cell as measured in various
cell culture systems.

HSPGs can link to the plasma membrane through a
hydrophobic transmembrane domain of their core protein or
through a glycosyl-phosphatidylinositol (GPI) anchor
covalently bound to the core protein. Also, HSPGs can
interact with the cell by non-covalent linkage to different
cell-surface macromolecules [3]. Interestingly, interaction of
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free sulfated GAGs or soluble HSPGs with the cell surface
can lead to intracellular signaling and modulation of gene
expression [4, 5].

Table. 1. Heparin-Binding Proangiogenic and Antiangiogenic
Proteins

Fibroblast growth factors (FGFs)

Vascular endothelial growth factor (VEGF)

Placenta growth factor (PlGF)

Heparin-binding EGF-like growth factor

Hepatocyte growth factor (HGF)

Angiogenin

Transforming growth factor-β (TGF-β)

Interferon-γ (IFN-γ)

Platelet-derived growth factor (PDGF)

Pleiotrophin

Midkine

Platelet factor-4 (PF-4)

Interleukin-8 (IL-8)

Macrophage inflammatory protein-1 (MIP-1)

Interferon-γ-inducible protein-10 (IP-10)

HIV-Tat transactivating factor

Thrombospondin

Endostatin

Transmembrane HSPGs are glypicans, cerebroglycan,
betaglycan, CD44, and the members of the syndecan family:
syndecan 1, fibroglycan (syndecan 2), N-syndecan (syndecan
3) and ryudocan (syndecan 4). Glypicans and cerebroglycan
are typical GPI-anchored HSPGs. Syndecans and betaglycan
are typical transmembrane HSPGs characterized by a core
protein composed of an extracellular domain, a single
membrane-spanning domain and a short cytoplasmic domain
that can interact with the cytoskeleton. Extracellular domain
contains the consensus sequences for glycosylation and a
conserved putative proteolytic cleavage site. Four tyrosine
residues are highly conserved in the C-terminus of all the
members of the syndecan family and one of them fits a
consensus sequence for tyrosine phosphorylation [6].
Tyrosine phosphorylation of the intracellular domain of
syndecan-1 by cytoplasmic tyrosine kinases has been
described in intact cells [7], thus supporting the hypothesis
of HSPG involvement in signal transduction. Indeed, recent
observations have defined a syndecan-regulated receptor
signaling [8] and a cross-talk between syndecan 4 and
fibroblast growth factor (FGF) signaling [9].

Perlecan is a typical peripheral membrane HSPG that
interacts with the cell surface through its core protein [10].
The cell-adhesion motif Arg-Gly-Asp within the core protein
of perlecan binds integrins β1 or β3 present on endothelial

cell surface [11]. However, HSPGs may associate with the
cell surface and/or ECM also through their GAG-chain, as
demonstrated by the observation that half of the total content
of HSPGs in endothelial cells can be released after
incubation with soluble heparin [12].

HSPGs exist also in soluble form following their
mobilization from the cell surface. Transmembrane HSPGs
are released after proteolytic digestion of their core protein
[13]. HSPGs bound to the cell surface via their GAG-chain
can be mobilized by free GAGs by a simple law of mass
action [12] or by enzymatic digestion of their poly-
saccharidic backbone [14]. GPI-anchored HSPGs can be
released by action of endogenous phospholipase [15].

Finally, it is important to recall that cell-associated
HSPGs can be internalized via endocytosis and metabolized
in the lysosomal compartment [1]. In some cell types
oligosaccharides originated during intracellular degradation
appear to be delivered specifically to the nucleus [16, 17].

HS Chain Synthesis

The biosynthesis of HS chains in PGs is a process that
leads to the production of molecules characterized by great
structural heterogeneity with respect to the size of the
polysaccharide chain, the ratio of iduronic (IdoA) to
glucuronic acid (GlcA) units, and the amount and
distribution of sulfate groups along the carbohydrate
backbone. The biosynthesis of heparin/HS can be
conveniently separated into three steps: i) addition of the
linkage region to the core protein; ii) chain elongation; iii)
chain modifications (see [1, 18] for a detailed description of
the process). All the polymer modifications are incomplete in
vivo. In other words, not all the sugar residues that are
potential substrates for the various enzymes are transformed
into their relative products. Since 2-O- and 6-O-sulfation
occur only after C5 epimerization that, in turn, needs the
preceding N-deacetylation/N-sulfation reaction, the
distribution of 2-O- and 6-O-sulfate groups is restricted to N-
sulfated regions. This partial modification process is the
biosynthetic basis for the structural heterogeneity of
heparin/HS. The regulation of the chain modification process
leads to cell- or organ-specific HS structures that may allow
a fine modulation of the biological functions of HSPGs.

As stated above, the final structure of heparin/HS
depends upon the incompleteness of the reactions that occur
during the biosynthetic process. The modification process is
more complete in heparin whose structure is largely
accounted for by regular trisulfated disaccharide sequences
made up of alternating, α-1,4-linked residues of 2-O-sulfated
L-IdoA (IdoA2) and N,6-disulfated D-glucosamine
(GlcNS6S). These regular sequences are occasionally
interrupted by nonsulfated uronic acids (either GlcA or
IdoA) and by undersulfated hexosamines (GlcNS, GlcNAc,
GlcNAc6S). 3-O-sulfated glucosamines (GlcNS3S or
GlcNS3S6S) are minor but important constituents of heparin,
since they are part of a pentasaccharidic sequence of the
binding site for antithrombin, which is essential for the
expression of significant anticoagulant activity [19]. In
contrast, the modifications that occur during the biosynthesis
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of HS are less extensive, leading to HS molecules
characterized by lower IdoA content and a lower overall
degree of O-sulfation and resulting in high heterogeneity of
distribution of the sulfate groups along the chain. Eventually,
disaccharides containing GlcNAc or GlcNS

 
may form

clusters ranging from 2 to 20 adjacent GlcNAc-containing
disaccharides and from 2 to 10 adjacent GlcNS-containing
disaccharides. However, about 20-30% of the chain contains
alternate GlcNAc- and GlcNS-disaccharides units [20].

Endothelium and HSPGs

HSPGs are necessary for the structural and functional
integrity of the endothelium. HSPGs present at the basal site
of blood vessels act as matrix receptors by interacting with a
variety of basement membrane proteins. Moreover, basal
HSPGs are responsible for the charge selectivity of filtration
in endothelium [21] and inhibit smooth muscle cell
proliferation and migration [22]. HSPGs are also present at
the luminal surface of the endothelium [23] where they are
involved in the binding and internalization of lipoprotein
lipase [24]. Moreover, luminal HSPGs play a major role in
determining the anticoagulative properties of the vessel
surface by binding to proteases of the intrinsic coagulation
cascade, thrombin, and protease inhibitors, including
antithrombin III [25]. Finally, endothelial cell-surface
HSPGs act as co-receptors for a wide spectrum of angiogenic
growth factors and inhibitors [2].

Both macrovascular and microvascular endothelial cells
synthesize HSPGs. Different HSPGs have been identified in
endothelial cells in culture where they account for the
majority of extracellular sulfated GAGs. Endothelial HSPGs
may be found at intracellular level, associated with plasma
membrane and ECM, or in a soluble form. Syndecan 1 is the
most represented HSPG in microvascular endothelial cells
[26]. It is mainly stored inside the cell, a small portion being
present at the basal surface [27]. Syndecan 4 is also
expressed on the surface of endothelial cells [28] while
perlecan is abundant in endothelial ECM [29]. Finally, a
variety of poorly characterized soluble HSPGs with
molecular weight spanning from 28 to 800 kD have been
isolated from cultured media of endothelial cells [29, 30].
The observation that the levels of HSPGs in endothelial cells
derived from the microvasculature, where the angiogenic
process takes place, are 10-15 times higher than those found
in macrovascular endothelial cells [31] is in keeping with the
role played by endothelial HSPGs in the modulation of
angiogenesis. Indeed, depletion of HSPGs from endothelial
cell surface inhibits neovascularization [32]. Conversely,
recent observations have shown that cell surface expression
and secretion of heparanase promote tumor growth and
vascularization [33].

The HSPG-dependent regulation of angiogenesis is due,
at least in part, to their capacity to bind to and modulate the
activity of angiogenic growth factors (see below), and
contrasting effects can be obtained depending on the types of
HSPGs and/or on the experimental conditions adopted. For
instance, purified perlecan enhances angiogenesis induced by
FGF2 while other purified HSPGs are ineffective [29].
Glypican augments the binding of FGF1 and FGF2 to human

tyrosine kinase FGF receptor-1 (FGFR-1) in a cell free-
system and replaces heparin in supporting FGF2-induced
cellular proliferation of HS-negative cells expressing FGFR-
1 [34].

Overexpression of syndecan 1 on the surface of NIH 3T3
cells inhibits FGF2-induced cell proliferation [35]. In
contrast, syndecan 1 stimulates FGF2-mediated cell growth
when immobilized to matrix [36]. However, soluble
syndecan, glypican, and fibroglycan block the restoration of
FGFR binding induced by heparin/HS in cell mutants
deficient in cell surface HSPGs [37]. Also, soluble heparin/
HS inhibit the binding of FGF2 to FGFRs and HSPGs
present on the surface of endothelial cells [38]. These data
suggest that negative effects on angiogenesis may be exerted
by the binding of angiogenic growth factors to soluble
HSPGs or GAGs rather than to cell-associated HSPGs.

Besides their capacity to modulate receptor binding,
HSPGs may modulate angiogenesis also by protecting
angiogenic growth factors from heat [39] and proteolytic
degradation [38] and by affecting their radius of diffusion
[40]. Finally, HSPGs present in the ECM may act as a
reservoir for angiogenic growth factors that will reach higher
local concentrations and will sustain the long-term
stimulation of endothelial cells [14, 41].

Given the above considerations, the expression of
endothelial HSPGs during the angiogenic process must be
tightly enforced. This kind of control may take place at
different levels: i) quantitative and qualitative differential
expression of the various HSPG species; ii) modulation of
the composition of GAG chains; iii) digestion of cell-
associated GAGs by degrading enzymes; iv) induction of
HSPG mobilization from cell surface. It is interesting to note
that angiogenic growth factors and cytokines can effectively
operate some of the above described controls. For instance,
FGF2 and transforming growth factor-β1 (TGF-β1) increase
the expression of HSPGs, in particular of syndecan 1, in 3T3
fibroblasts [42, 43]. Moreover, HS complexed with FGF2 is
protected from degradation by chinese hamster ovary cell
heparanase [44]. A similar action may take place also in
endothelial cells. On the other hand, the levels of endothelial
HSPGs decrease significantly in growing microvessels of the
rabbit eye [45, 46] and of chick chorioallantoic membrane
[47]. Accordingly, total HSPG content decreases in sprouting
endothelial cells in vitro [48]. Concomitantly, a relative
increase in soluble, low molecular weight HSPGs occurs in
endothelial cells during migration and sprouting, reflecting
an enhanced HSPG turnover [30, 48]. Accordingly, FGF2
increases the amount of soluble, FGF2-binding HSPG
species in the conditioned medium of cultured endothelial
cells as the consequence of an increased proteolytic plasmin-
dependent activity [13]. Other authors have reported a
decrease of HSPG content in migrating endothelial cells
concomitant with an increase of chondroitin sulfate and
dermatan sulfate PGs [30]. Accumulation of chondroitin
sulfate can be obtained also by stimulation of endothelial
cells by different interleukins (ILs) [49]. Finally, it has been
demonstrated that FGF2 modulates the expression and
processing of biglycan in migrating endothelial cells [50].
These observations point to the existence of an accurate,
mutual control between growth factors and HSPGs in
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endothelium that may be of particular relevance during the
angiogenic process.

INTERACTION OF ANGIOGENIC GROWTH FAC-
TORS WITH HSPGS

An Overview

The biological functions of HSPGs relay on their
capacity to bind different molecules including extracellular
matrix proteins, enzymes, and protease inhibitors [1, 51]. Of
major interest for the aim of this review is the capacity of
HSPGs to bind several growth factors, cytokines, and
chemokines involved in the angiogenesis process, thus
affecting their biological activity.

HSPGs modulate the biological activity of heparin-
binding growth factors and cytokines through different
mechanisms. i) The optional binding of the growth factor to
soluble, ECM-associated or cell-surface HSPGs results in a
fine control of the bioavailability of the protein. This is the
case for TGF-β that binds betaglycan [52], a cell-associated
PG, and decorin [53], which is present in the ECM, and for
FGF2 that binds basement membrane perlecan as well as
cell-membrane syndecans [28, 34]. ii) The association with
HSPGs stabilizes the growth factor and protects it from
proteolytic degradation [38, 54]. iii) HSPGs modulate the
access of growth factors to specific signaling receptors by
different mechanisms (see below). iv) HSPGs can control the
intracellular fate of the growth factor [55]. Finally, the
possibility exists that: v) transmembrane HSPGs themselves
may transduce an intracellular signal [8]; vi) HSPGs may
activate an intracellular transduction signal by interacting
directly with growth factor receptors [56, 57].

Whatever the mechanism(s) of regulation of growth
factor activity by HSPGs, it is interesting to note that the
binding of the same growth factor to different HSPGs may
have different biological consequences. This is the case for
syndecan [58], betaglycan [59], and perlecan [29], all able to
bind FGF2 but with different effects. Indeed, syndecan
inhibits the mitogenic activity of FGF2 [35] whereas
perlecan promotes FGF2-induced cell proliferation and
angiogenesis [29].

Conversely, modifications of HSPG composition can
regulate the sensitivity of the cell to different growth factors.
This may be of particular relevance when the spatial and
temporal control of the activity of different growth factors
must be tightly enforced. This possibility is exemplified by
the shift in cell-surface HSPG properties from a FGF2-
binding to an FGF1-binding phenotype in murine neuronal
cells during embryonic development [60].

The modality by which the various HSPGs “discrimi-
nate” among the several heparin-binding growth factors is
based on their different core proteins, the high heterogeneity
of GAG-chain composition, and on the possibility that both
the protein moiety and GAG-chains may interact with
different growth factors. For instance, betaglycan can exist
as a “nude” core protein and the presence and composition of
the GAG-chains of this HSPG can be regulated in response

to FGF2 [10]. FGF2 itself binds the GAG-chain of
betaglycan while the core protein can interact with TGF-β
[59]. Also, the number and fine structure of HS chains in
syndecan 1 vary in different tissues and in relation to cell
differentiation [6]. Similarly, HS chains of perlecan purified
from different sources vary in their capacity to interact with
FGF2 and FGFRs [61]. Finally, different sulfated groups and
distinct oligosaccharide sequences of the GAG-chain are
responsible for the binding to different growth factors [62].

In conclusion, HSPGs are characterized by a structural
variability that appears to be highly regulated and that offers
virtually unlimited possibilities for selective interactions
with different growth factors, cytokines, and chemokines.

HSPGs Mediate the Binding of Angiogenic Growth
Factors to Tyrosine-Kinase Receptors

Growth factors induce an angiogenic response in target
endothelial cells by binding to cognate cell-surface tyrosine
kinase (TK) receptors [63]. The interaction of heparin-
binding growth factors to TK receptors is modulated by
HSPGs. For instance, the interaction of FGF2 or of the
heparin-binding vascular endothelial growth factor-165
(VEGF165) isoform to TK receptors is strongly reduced in
cells made HSPG-deficient by treatment with heparinase or
chlorate [64, 65]. However, controversial results exist about
the absolute requirement for HSPGs in FGF2/receptor
interaction. Yayon et al. [66] reported that HS-deficient
CHO cells transfected with FGFR-1 do not bind FGF2
unless heparin or HS are added to the cell culture medium.
Accordingly, stable expression of perlecan antisense cDNA
in mouse fibroblasts and human melanoma cells causes a
dramatic reduction of the capacity of transfected cells to
interact and to proliferate in response to FGF2. FGF2-
binding capacity and responsiveness can be recovered by
addition of soluble heparin to the cell culture [67]. In
contrast, Roghani et al. [68] have shown that FGFRs
expressed in CHO cell mutants or myeloid cells retain the
capacity to bind FGF2 also in the absence of heparin. In
these experimental conditions, heparin induces a three-fold
increase in the affinity of the growth factor for its receptor.

Controversial results were obtained also in cell-free
systems. Ornitz et al. [69] showed that heparin represents an
absolute requirement for cell-free binding of FGF2 to a
soluble form of the extracellular portion of FGFR-1, whereas
Roghani et al. [68] reported that heparin is not necessary for
the binding of FGF2 to soluble FGFR. In agreement with
these latter results, the formation of the FGF2/FGFR
complex in solution occurs also in the absence of heparin
and it is enhanced by the GAG [70]. Similar results were
obtained for the interaction of VEGF165 with soluble
KDR/flk-1 receptor [71].

Interestingly, HSPGs are required also for receptor
interaction of VEGF121, a VEGF isoform lacking heparin
binding ability [72]. This latter observation, as well as the
capacity of heparin to induce FGF2/FGFR interaction in HS-
deficient cells, can be interpreted on the basis of the capacity
of GAGs to form ternary complexes by interacting with both
ligand and receptor proteins [70, 73, 74]. Indeed, a heparin-
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binding domain has been identified in the NH2-terminus of
IgG-like domain II of FGFR-1 [75]. Analysis of the crystal
structure of heparin/FGF/FGFR complexes has confirmed
this hypothesis [76, 77]. The puzzling observation that
heparin itself can activate FGFR in the absence of the growth
factor [57] further increases the complexity of the ternary
interaction among GAGs, growth factors, and TK receptors.

From the above considerations it derives that: 1) heparin-
related molecules can be used to modulate the biological
activity of heparin-binding angiogenic growth factors and
cognate TK receptors; 2) the structural requirements of
heparin necessary to bind the growth factor and the TK
receptor or to affect their mutual interaction may be
different; 3) heparin-related molecules with different
structures able to differently affect the biological activities of
angiogenic growth factors can be designed.

The identification of the structural requirements of
heparin responsible for its interaction with FGF2 and FGFR
have been investigated by several laboratories with different
experimental models. The results indicate that size [78, 79]
and degree of sulfation [37, 74, 80] are critical for the
capacity of heparin to induce FGF2/FGFR interaction.
Heparin requires both 2-O-sulfate and 6-O-sulfate groups, as
well as N-sulfate groups, to promote the binding of FGF2 to
soluble FGFR-1 [81]. Thus, the binding of heparin/HS to
FGF2, which does not require 6-O-sulfate groups, is not
sufficient to induce FGF2 interaction with FGFR.
Accordingly, unmodified heparin, but not 6-O-desulfated
heparin, protects FGFR-1 from trypsin digestion [81]. These
data support the hypothesis that HSPGs modulate the
binding of FGF2 to FGFR through the formation of a ternary
complex in which the GAG chain interacts with FGF2 via 2-
O-sulfate and N-sulfate groups while 6-O-sulfate groups are
required for its interaction with FGFR [74]. The analysis of
the crystal structure of FGFR-2 ectodomain bound to FGF1
and heparin decasaccharide is in keeping with this
hypothesis [77].

A common theme among growth factors interacting with
TK receptors is the involvement of ligand-induced receptor
dimerization in receptor activation [82]. Recently, several
crystallography studies of FGF/FGFR complexes regarding
FGF1 and FGF2 bound to FGFR-1 or FGFR-2 have revealed
assemblages of two ligand molecules bound to two receptor
molecules [83-85]. However, crystal structures of
HS/FGF/FGFR ternary complexes revealed markedly
different geometrics [76, 77]. A single molecule of
heparin/HS may bind several molecules of FGF2 [86],
suggesting that GAGs induce oligomerization of angiogenic
growth factors. Indeed, heparin induces dimerization of
FGF2 in a cell free system [86]. It has been demonstrated
that the dimerization and activation of FGFR catalyzed by
heparin-dependent oligomerization of FGF1 is required to
induce a mitogenic response [87]. Heparin has been
hypothesized to play a similar role also for FGF2 [88] and
hepatocyte growth factor (HGF) [89]. Recent observations
have demonstrated that FGF2 molecules self-associate
through specific interactions in a sequential fashion, leading
to the formation of bioactive FGF2 dimers, and that heparin
can serve as a platform to stabilize the intermolecular FGF2
interactions, thus favoring receptor dimerization [90].

HEPARIN-LIKE COMPOUNDS AND HEPARIN
DERIVATIVES AS ANGIOGENESIS INHIBITORS

The capacity of various angiogenic factors to bind
heparin/HS indicates that molecules able to interfere with
this interaction may act as angiogenesis inhibitors. The
ability of low molecular weight heparin fragments adminis-
tered systemically to reduce the angiogenic activity of FGF2
and VEGF support this hypothesis [91-93]. Several heparin-
like anionic molecules and heparin derivatives have been
developed as possible candidate drugs. Here, the antiangio-
genic activity of polysulfated/polysulfonated compounds,
chemically modified heparins, and biotechnological heparins
will be described.

Polysulfated/Polysulfonated Compounds as Angiogenesis
Inhibitors

Suramin

Suramin is a polysulfonated naphthylurea (Fig. (1))
originally developed for the treatment of trypanosomiasis
and onchocerciasis. More recently, suramin has been
employed in patients unresponsive to conventional
chemotherapy and anti-tumor activity has been reported in
the treatment of adrenocortical carcinoma and prostate
carcinoma [94]. However, a limitation on the clinical use of
suramin is represented by the serious toxic side-effects
consequent to the administration of the high doses of the
molecule required to achieve anti-tumor activity. For
instance, in vivo administration of suramin, that shows a
plasma half-life equal to 30-50 days [95], dramatically
increases tissue GAGs, leading to mucopolysaccharidosis-
like pathologic conditions [96], and elevates the
concentration of circulating HS and dermatan sulfate, thus
inducing coagulopathy [94].

Fig. (1). Chemical structure of suramin and pentosan polysulfate.
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As an angiogenesis inhibitor, suramin has been
demonstrated to inhibit the activity exerted by FGFs and
VEGF on cultured endothelial cells by preventing their
interaction with cell-surface HSPGs and TK receptors and to
block their angiogenic activity in different animal models
[97]. This is due, at least in part, to the capacity of suramin
to bind to the heparin-binding region of the growth factor via
one or more of its sulfonate groups [98, 99]. Indeed, suramin
is ineffective against angiogenesis elicited by non-heparin
binding growth factors [97]. Accordingly, suramin is able to
mimic heparin/HS for the capacity to protect FGF2 from
trypsin digestion. Interestingly, the same capacity is
observed for the related polysulfonated compound trypan
blue [86]. In order to improve the therapeutic ratio of this
class of compounds, various polysulfonated naphthylureas
structurally related to suramin have been investigated for the
capacity to inhibit the activity exerted by FGF2 on cultured
endothelial cells and in a rat sponge angiogenesis assay [100,
101]. Also, a series of sulfonated distamycin A derivatives
structurally related to suramin have been developed [98].
The results demonstrate that the number of sulfonate groups
and modifications of the backbone of the molecule
significantly affect the activity of these compounds. In
particular, an extended multiple ring structure with at least
two aromatic groups intervening between the two terminal
naphthyl rings confers to suramin derivatives a reduced
toxicity without affecting, or even improving, their FGF2
antagonist capacity.

Pentosan Polysulfate

Pentosan polysulfate is a polymer of xylose hydrogen
sulfate and contains two sulfate groups per carbohydrate
monomer (Fig. (1)). It binds FGFs as well as other heparin-
binding growth factors [102, 103] and it has been shown to
interact also with the heparin-binding site of FGFR-1 [104].
It inhibits the growth of SW13 adrenocortical cells
transfected with FGF4 [105] and of gastric cancer cell lines
overexpressing the angiogenic factor midkine [106]. Also, it
suppresses the tumorigenicity of MCF-7 breast carcinoma
cells transfected with FGF1 or FGF4 [107]. Even though the
contribution of a possible angiostatic effect of pentosan
polysulfate was not investigated in these studies, indepen-
dent observations have shown that cultured endothelium is
sensitive to inhibition by pentosan polysulfate. Interestingly,
microvascular endothelium appears to be more sensitive to
inhibition by pentosan polysulfate and suramin derivatives
than large-vessel endothelium [100]. Also, some observa-
tions have suggested that pentosan polysulfate may be more
effective in inhibiting FGF4-dependent than FGF2-
dependent cell proliferation. If confirmed, these findings
support previous observations about different structural
requirements in FGF4-heparin interaction when compared to
FGF2-heparin interaction [74]. Pentosan polysulfate has
been found to inhibit the growth of Kaposi's sarcoma-derived
spindle cells in vitro [108] and the activity of extracellular
HIV-Tat protein [109]. As observed for suramin, pentosan
polysulfate is also a potent anti-HIV agent in vitro [110].
These observations suggested that pentosan polysulfate
might be worth exploring as a potential agent for the
treatment of Kaposi's sarcoma. A trial in patients with HIV-
related Kaposi’s sarcoma has shown that the maximally
tolerated dose of pentosan polysulfate given by continuous

venous infusion is 3 mg/kg per day. No patient had an
objective clinical anti-tumor response to either systemic or
intralesional pentosan polysulfate administration; however,
three patients had stable Kaposi's sarcoma for 3-27 weeks.
Dose-limiting toxic effects were characterized by anticoagu-
lation and thrombocytopenia and were reversible [111, 112].

Sulfonic Acid Polymers

The sulfonic acid polymers PAMPS [poly(2-acrylamido-
2-methyl-1-propanesulfonic acid)], PAS [poly(anethole-
sulfonic acid)], and PSS [poly(4-styrenesulfonic acid)] are
more potent inhibitors of neovascularization than suramin
and pentosan polysulfate in the chick embryo chorioallantoic
membrane (CAM) assay [113]. Also, these sulfonic acid
polymers exert an anti-angiogenic effect in the in vitro rat
aorta-ring assay and inhibit FGF2-induced human umbilical
vein endothelial cell proliferation. Interestingly, a significant
correlation was found between the angiostatic activity of
these compounds in the CAM assay in vivo and their
capacity to inhibit the FGF2-induced mitogenic response in
vitro, thus suggesting that FGF2 is a target for sulfonic acid
polymers [113]. Accordingly, PAMPS, PAS, and PSS inhibit
FGF2 binding to HSPGs and FGFRs in endothelial cells.
They also abrogate the formation of the HSPG/FGF2/FGFR
ternary complex, as evidenced by their capacity to prevent
FGF2-mediated cell-cell attachment of FGFR-1-overex-
pressing, HSPG-deficient CHO cells to wild-type HSPG-
bearing cells (Fig. (2)) [114]. Direct interaction of the
polysulfonates with FGF2 was demonstrated by their ability
to protect the growth factor from proteolytic cleavage.
Accordingly, molecular modeling, based on the crystal
structure of the interaction of FGF2 with a heparin hexamer,
showed the feasibility of docking PAMPS into the heparin-
binding domain of FGF2 (Fig. (3A)). In agreement with their
FGF2-binding capacity, PSS, PAS, and PAMPS inhibited
FGF2-induced cell proliferation in endothelial cells of
different origin. The anti-proliferative activity of these
compounds was associated with the abrogation of FGF2-
induced tyrosine phosphorylation of FGFR-1. Moreover, the
polysulfonates PSS and PAS inhibited FGF2-induced
activation of mitogen-activated protein kinase-1/2 (ERK1/2),
involved in FGF2 signal transduction [114]. In vivo, sulfonic
acid polymers inhibit the angiogenic response triggered by a
FGF2 implant in the avascular rabbir cornea (Table 2) and
the growth of rat hemangiosarcoma xenografts in nude mice
(Fig. (3B,C)).

Tab. 2. Inhibitory Effect of PAMPS and PAS on FGF2-
Mediated Angiogenesis in the Rabbit Cornea

Implant Area of neovascularizationa p value

FGF2 (650 ng) 16.2 ± 3.3 mm2 --

FGF2 + PAMPS (100 µg) 8.7 ± 3.8 mm2 < 0.05

FGF2 + PAS (100 µg) 10.8 ± 2.3 mm2 < 0.05

a The area of corneal neovascularization was determined 8 days after implantation by
measuring the vessel length (L) from the limbus and the number of clock hours (C) of
limbus involved. A formula was used to determine the area of a circular band segment:
C/12 x 3.1416 [r2-(r-L)2], where r = 6 mm, the measured radius of the rabbit cornea.
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Miscellanea

Besides the molecules described above, various
polyanionic compounds have been described as potential
angiostatic drugs. A non-comprehensive list includes:
chemically sulfated malto-oligosaccharides [115]; sulfated

chitin derivatives [116]; β-cyclodextrin tetradecasulfate in
combination with angiostatic steroids [117]; heparin-steroid
conjugates [118]; the nonsulfated polyanionic compounds
triphenylmethane derivative aurintricarboxylic acid [119]
and poly-4-hydroxyphenoxy acetic acid (RG-13577) [120].

Fig. (2). Polysulfated/polysulfonated compounds inhibit the formation of the HSPG/FGF2/FGFR ternary complex. A) Schematic
representation of the experimental model. FGF2 mediates the interaction of FGFR1-bearing cells with HSPGs of the cell monolayer (left).
No interaction occurs in the absence of FGFR1 (center) or of HSPGs (right). B) Various polysulfated/polysulfonated compounds prevent
FGF2-mediated cell-cell interaction with different potency.

Fig. (3). Antitumor activity of PAMPS. A) Computer modeling of PAMPS/FGF2 interaction. Molecular surfaces of PAMPS (dark gray) and
FGF2 (light gray) were generated by the WebLab Viewer software. B) Nude mice were injected s.c. with rat hemangiosarcoma cells. Then,
vehicle, suramin, or PAMPS were administered from day 7 via intratumor injection at 30 mg/kg body wt/day. C) Animals were sacrificed 25
days after cell injection and photographed.
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Chemically Modified Heparins as Angiogenesis Inhibitors

As stated above, low molecular weight heparin fragments
reduce the angiogenic activity of FGF2 and VEGF [91-93],
indicating that size modifications can confer angiostatic
properties to the GAG chain. Also, selective 6-O-desulfation,
but not 2-O-desulfation, confers angiostatic capacity to full
length heparin [121]. In the latter case, the angiostatic
activity of 6-O-desulfated heparin appears to be due, at least
in part, to the capacity of the GAG chain to interact with
FGF2 but not to FGFR, thus preventing the formation of the
bioactive HSPG/FGF2/FGFR ternary complex [121].

The structure and minimal size of heparin (and HS)
chains able to bind to FGFs (especially to FGF2) has been
extensively investigated using both natural fragments [122-
124] and synthetic oligosaccharides [125, 126]. Whereas
oligosaccharides as small as tetrasaccharide bind to FGF2
[127, 128], oligosaccharide chains longer than octa-decasac-
charides are necessary for mitogenic activity [121, 127, 129].
Also some undersulfated heparin oligosaccharides (missing,
i.e., 6-O-sulfate groups on aminosugar residues) are able to
bind to FGF2 [122-124].

The X-ray structures of tetrasaccharide and hexasaccha-
ride/FGF2 complexes indicate that the minimum FGF2-
binding heparin structure consists of a N-sulfate group (NS)
and a 2-O-sulfate group (2S) on contiguous GlcN and IdoA
residues, respectively [130]. Molecular models clearly show
NS/2S pairs on both sides of a heparin helix, irrespective of
the conformation of the IdoA2S residues [131]. As shown by
molecular modeling [129, 132] and X-ray diffraction studies
[76, 83, 84], relatively long arrays of NS/2S pairs are
necessary for binding more than one FGF2 molecule and
formation of signal-transducing heparin/FGF/FGFR com-
plexes.

Attempts have been made to investigate the possibility to
modify the structure of the heparin chain to confer it the
ability to bind FGF2 with a 1:1 molar ratio, thus hampering
FGF2 dimerization and formation of FGF2/FGFR
complexes. To this purpose, sulfation gaps along the regular
heparin sequences were generated by selectively removing
2S groups to reach a ratio of about 1:1 between sulfated and
nonsulfated uronic acid residues. Then, in order to disrupt
the original helical chain conformation, the C(2)-C(3) bonds
of all nonsulfated uronic acid residues were split, generating
flexible joints along the heparin chains while minimizing
cleavage of glycosidic bonds [133]. The novel heparin
derivative (Fig. (4)) retained the FGF2-binding ability of the
parent heparin. However, it was a poor inducer of FGF2
dimerization, inhibited better than heparin the FGF2-induced
growth of endothelial cells, and was antiangiogenic in the
CAM assay. Since the splitting reaction also occured at the
level of the essential glucuronic acid residue of the active
site for antithrombin, the heparin derivative was no longer
anticoagulant [133].

Biotechnological Heparins as Angiogenesis Inhibitors

The capsular K5 polysaccharide from Escherichia coli
has the same structure [ → 4)-β-D-GlcA-(1 → 4)-α-D-
GlcNAc-1(1 → ]n as the heparin precursor N-acetyl
heparosan [134]. Previous studies had shown the possibility
to generate K5 derivatives by chemical sulfation in N- and/or
O-positions [135]. Also, enzymatic conversion of D-GlcA to
L-IdoA residues in K5 can be performed, thus generating
heparin/HS-like sequences by in vitro chemical/enzymatic
modifications of the bacterial polysaccharide [136].

Recently, the FGF2 antagonist and anti-angiogenic
activity of novel sulfated derivatives of the Escherichia coli

Fig. (4). Prevalent sequences in regular regions of heparin (A) and in chemically-modified 50% 2-O-desulfated and glycol-split heparin (B).
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K5 polysaccharide has been reported [137]. K5
polysaccharide was chemically sulfated in N-position, in O-
position after N-deacetylation, or in both. O-sulfated and
N,O-sulfated K5 derivatives with low and high degree of
sulfation competed with immobilized heparin for the binding
to 125I-FGF2 with different potency. Accordingly, they
abrogated the formation of the HSPG/FGF2/FGFR ternary
complex, as evidenced by their capacity to prevent FGF2-
mediated cell-cell attachment of FGFR1-overexpressing
HSPG-deficient CHO cells to wild-type CHO cells. They
also inhibited 125I-FGF2 binding to HSPGs and FGFRs in
FGFR1-overexpressing, HSPG-bearing CHO cells and in
endothelial cells. Also, K5 derivatives inhibited with
different potency FGF2-mediated cell proliferation in
endothelial cells of different origin. In all these assays, the
N-sulfated K5 derivative and unmodified K5 were poorly
effective. Among all the derivatives tested, only highly O-
sulfated and N,O-sulfated K5 derivatives prevented the
sprouting of FGF2-transfected endothelial cells in 3D fibrin
gel and “spontaneous angiogenesis in vitro” on Matrigel. In
vivo, the highly N,O-sulfated K5 derivative exerted a potent
anti-angiogenic activity when tested in the chick embryo
CAM assay.

These data indicate that both the degree of sulfation and
charge distribution modulate the biological activity of
sulfated K5 derivatives. Indeed, highly O-sulfated and N,O-
sulfated K5 derivatives (with a SO3

-/COO- equal
approximately to 3.8 for both compounds) were equally
effective on endothelial cells in most of the in vitro assays
whereas their low sulfated counterparts were poorly
effective. The highly O-sulfated K5 derivative consists of the
virtually homogeneous repeat of GlcA2S3S-GlcNAc3S6S
disaccharide units whereas 70% of the highly N,O-sulfated
K5 derivative sequence is represented by GlcA2S3S-
GlcNS6S disaccharide units (Fig. (5)). This suggests that the
degree of sulfation of K5 derivatives, rather than their charge
distribution, may be a major determinant for their FGF2-
antagonist activity. Also, N-sulfation represents an absolute
requirement for the angiostatic activity of K5 derivatives that
must be sulfated also in O position(s). Moreover, the data
indicate that the almost complete N-sulfation and 6-O-
sulfation of the Glc residues is not sufficient to confer an
angiostatic capacity to K5. Thus, sulfation in 2-O- and/or 3-
O-position in GlcA residues and/or in 3-O-position in Glc
residues are also required. In agreement with these
observations, previous findings had shown a limited capacity
of non-sulfated K5 to affect angiogenesis in the CAM assay
when compared to HS-derived oligosaccharides [138].

Even though the identification of the minimal sulfation
patter required for a full angiostatic activity in K5 derivatives
will require further investigation, the data demonstrate the
possibility to generate FGF2 antagonists endowed with anti-
angiogenic activity by specific chemical sulfation of
bacterial K5 polysaccharide. In particular, the highly N,O-
sulfated K5 derivative was effective in vitro and in vivo on
endothelial cells of murine, bovine, avian, and human origin.
Also, the highly N,O-sulfated K5 derivative is endowed with
a low anti-coagulant activity when compared to heparin
[137]. This compound may provide the basis for the design
of novel biotechnological heparins with angiostatic
properties and possible therapeutic implications.

CONCLUDING REMARKS

The consequences of the interaction of angiogenic
growth factors with heparin/HS in endothelium can result
either in the inhibition or in the enhancement of their
biological activity. Generally speaking, the binding of the
growth factor to cell-associated HSPGs causes its storage in
the ECM with consequent increase in local concentration,
prolonged half-life, and decrease in the radius of diffusion.
This will favor growth factor oligomerization, TK receptor
interaction and signaling. Conversely, the binding of the
growth factor to soluble HSPGs may antagonize all or part of
these effects, resulting in a potential angiostatic action.
Exceptions can be represented by heparin/HS-derived
oligosaccharides whose size and sequence allow a ternary
interaction among soluble GAG, growth factor, and TK
receptor. Thus, the biological activity of angiogenic growth
factors on endothelial cells is controlled by a complex
interplay among free and cell-associated heparin/HS. In this
scenario, natural and synthetic heparin-related angiostatic
compounds play their pharmacological action.

These considerations point to the importance of the
accurate definition of the molecular bases of protein-
heparin/HS interaction for the design of molecules endowed
with angiogenic agonist or antagonist activity. Specific
oligosaccharide sequences appear to be involved in the
interaction with different growth factors and their receptors
[62, 139]. For instance, the minimal FGF2-binding sequence
in HS has been identified as a pentasaccharide which
contains the disaccharide units IdoA2S-GlcNS or IdoA2S-
GlcNS6S [122] whereas high affinity FGF1/HS interaction
occurs via a -IdoA2S-GlcNS6S-IdoA2S- motif [124].

Fig. (5). Chemical structure of the E.coli K5 polysaccharide and of
the prevalent sequence (approx. 70%) of the antiangiogenic highly
N,O-sulfated K5 derivative.
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Accordingly, binding studies involving chemically modified
heparins or HS preparations have shown that 2-O-sulfate and
N-sulfate groups are important for FGF2 interaction.
However, FGF1 and FGF4 differ distinctly from each other
and from FGF2 in their interaction with selectively O-
desulfated heparins, 6-O-sulfate groups being required in
addition to 2-O-sulfate groups for GAG interaction [74,
140]. HIV-Tat protein [141], the longer spliced variant of
platelet-derived growth factor A [142], and FGF8 [143]
require 2-O-sulfate, 6-O-sulfate and N-sulfate groups for
optimal interaction with heparin. HGF interacts mainly with
6-O-sulfate groups of GlcNS residues while N-sulfates and
IdoA2S units play a limited role [144]. In contrast, N-sulfate
groups are critically important for the interaction of the GAG
with midkine [145]. Finally, heparin/HS subpopulations with
chemokine-binding selectivity exist [146] with IL-8
interacting preferentially with the 6-O-sulfate and 2-O-
sulfate groups of heparin [147].

The data indicate that distinct structural requirements are
necessary for the interaction of heparin/HS with different
growth factors. Even though these specific binding
sequences may be hidden in heparin due to its high degree of
sulfation, the high heterogeneity in HS structure allows a
more refined tailoring of selective binding regions that may
influence the biological activity and bioavailability of
heparin/HS-binding growth factors. Thus, the specific
tailoring of molecules with selective action towards defined
heparin-binding growth factors can be envisaged. To this
respect, the synthetic angiostatic compounds described above
are quite “non-selective”, being able to affect the activity of
a variety of growth factors. The lack of selectivity may be
responsible, at least in part, for the side effects of these
compounds, including their anticoagulant activity. In
contrast, controlled chemical and/or enzymatic modifications
of bacterial K5 polysaccharide [136, 137] may allow the
synthesis of non-anticoagulant biotechnological heparins
endowed with increased specificity.

New methods are emerging for the modeling of
carbohydrate interaction with protein combining site [148],
heparin/HS sequencing [149], and the generation of biosyn-
thetic oligosaccharides libraries [150]. These techniques will
help to optimize the characterization of the chemical struc-
ture of saccharide species and to guide chemical/enzymatic
engineering toward pharmacological analogues with wider
therapeutic window and increased specificity of action.
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ABBREVIATIONS

CAM = Chorioallantoic membrane

GAG = Glycosaminoglycan

ECM = Extracellular matrix

FGF = Fibroblast growth factor

FGFR = Tyrosine kinase FGF receptor

GlcA = Glucuronic acid

GlcNS6S = N,6-disulfated D-glucosamine

GPI = Glycosyl-phosphatidylinositol

HGF = Hepatocyte growth factor

HS = Heparan sulfate

HSPG = Heparan sulfate proteoglycan

IdoA = Iduronic acid

IdoA2 = 2-O-sulfated L-IdoA

IL = Interleukin

NS = N-sulfate group

PAMPS = Poly(2-acrylamido-2-methyl-1-propanesulfonic
acid)

PAS = Poly(anetholesulfonic acid)

PG = Proteoglycan

PSS = Poly(4-styrenesulfonic acid)

2S = 2-O-sulfate group

TGF = Transforming growth factor

TK = Tyrosine kinase

VEGF = Vascular endothelial growth factor
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