
Summary. There is much evidence that rheumatoid
arthritis is closely linked to angiogenesis. Important
angiogenic mediators have been demonstrated in
synovium and tenosynovium of rheumatoid joints.
VEGF (Vascular Endothelial Growth Factor), expressed
in response to soluble mediators such as cytokines and
growth factors and its receptors are the best
characterized system in the angiogenesis regulation of
rheumatoid joints. Moreover, other angiogenic mediators
such as platelet-derived growth factor (PDGF),
fibroblast growth factor-2 (FGF-2), epidermal growth
factor (EGF), insulin-like growth factor (IGF),
hepatocyte growth factor (HGF), transforming growth
factor beta (TGF-ß), tumor necrosis factor alpha (TNF-
α), interleukin-1 (IL-1), IL-6, IL-8, IL-13, IL-15, IL-18,
angiogenin, platelet activating factor (PAF),
angiopoietin, soluble adhesion molecules, endothelial
mediator (endoglin) play an important role in
angiogenesis in rheumatoid arthritis. On the other hand,
endostatin, thrombospondin-1 and -2 are angiogenic
inhibitors in rheumatoid arthritis. The persistence of
inflammation in rheumatoid joints is a consequence of
an imbalance between these inducers and inhibitors of
angiogenesis.
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General

Rheumatoid arthritis (RA) is a chronic systemic
disease characterised by inflammatory erosive synovitis.
The synovium becomes inflamed and increases greatly
in mass due to hyperplasia of its lining cells. The volume
of synovial fluid increases and results in joint swelling
and pain. Blood-derived cells, including T cells, B cells,
macrophages and plasma cells, infiltrate the sublining of
the synovium. A particularly characteristic feature of RA

is invasion by the synovium at the cartilage and bone
interface. Early changes in the synovium are marked by
neovascularisation, inflammatory cell infiltration and
concomitant lining cell hyperplasia. They produce an
invasive and destructive front or pannus of inflammatory
vascular tissue that covers and erodes articular cartilage,
subchondral bone and periarticular soft tissues, and
eventually leads to the typical joint destruction and
deformities of chronic RA (Kimball and Gross, 1991;
Fitzgerald and Bresnihan, 1995; Koch, 1998; Szekanecz
et al., 1998). 

Experimental arthritis studies, however, suggest that
bone and cartilage destruction may be more closely
linked to angiogenesis than the pannus (Firestein, 1999:
Storgard et al., 1999). It is now generally accepted that
angiogenesis is central to maintaining and promoting
RA. There are abundant blood vessels in RA synovium
and synovial expansion itself necessitates a
compensatory increase in blood vessel number and
density. The arthritic synovium, in fact, is a very hypoxic
environment and hence a potent signal for angiogenesis
regulated by a set of inducers and inhibitors. The
endothelial cells (EC) lining the blood vessels are an
active target for the action of cytokines and mitogens,
permeability factors, and matrix-degrading enzymes.

Angiogenesis

Angiogenesis is a well-programmed cascade of
events. Angiogenic factors activate EC and they produce
proteolytic enzymes including matrix metalloproteinases
and plasminogen activators. This results in the
degradation of the basement membrane and the
perivascular extracellular matrix. EC proliferate and
migrate into the perivascular area to form primary
sprouts whose lumenation leads to the formation of
capillary loops and then the synthesis of new basement
membrane and capillary formation. EC released from the
primary sprouts and loops give rise to secondary and
further generations. The new blood vessels supply
nutrients and oxygen to the augmented inflammatory
cell mass and promote the entry of leukocytes. This
serves to perpetuate synovitis.
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Vascular endothelial growth factor (VEGF)

Many endothelial growth factors have been
demonstrated in the RA synovium and tenosynovium.
An important mediator of angiogenesis is endothelial-
selective VEGF (Koch, 2000), which also induces
vascular permeability. VEGF is important in the
development of RA joint destruction as shown by the
significant correlation between serum VEGF at
presentation and the magnitude of radiological
deterioration within the first year as calculated from the
corresponding hand and foot radiographs (Ballara et al.,
2001; Taylor, 2002). These results suggest that early
high serum VEGF levels are associated with the later
increase in joint damage. VEGF expression is
upregulated in macrophages and fibroblasts in the
synovium of RA patients, and VEGF has also been
described in their serum, synovial tissue and fluids (Fava
et al., 1994; Koch et al., 1994; Jackson et al., 1997;
Harada et al., 1998; Kikuchi et al., 1998; Bottomley et
al., 1999). Neutrophils secrete VEGF and levels of
neutrophil-associated VEGF in rheumatoid synovial
fluids correlate well with free VEGF in joint effusions
and with disease activity (Taichman et al., 1997; Kasama
et al., 2000). In vitro, human peripheral blood
mononuclear cells release VEGF in response to
cytokines occurring in rheumatoid joints, including
tumor necrosis factor alpha (TNF-α) (Bottomley et al.,
1999). Release of VEGF from platelets has also been
reported (Nagashima et al., 2000). VEGF levels are
markedly higher in the serum and synovial fluids of RA
patients than in osteoarthritis patients and normal
controls (Koch et al., 1994; Nagashima et al., 1995;
Harada et al., 1998; Paleolog et al., 1998; Lee et al.,
2001). Serum VEGF concentrations in rheumatoid
patients correlate with levels of C-reactive protein
(Paleolog et al., 1998). Expression of VEGF mRNA by
lining cells in RA has been reported, and
immunohistochemical investigation of biopsies has
revealed expression of VEGF by the lining itself and by
EC lining small blood vessels in the pannus (Fava et al.,
1994; Koch et al., 1994; Pufe et al., 2001). Moreover,
microvascular EC in the vicinity of VEGF-positive cells
express mRNA for VEGF receptors (Fava et al., 1994;
Ikeda et al., 2000).

Several isoforms of VEGF are generated by
alternative splicing of VEGF mRNA. The gene for
human VEGF is organized into eight exons, and the
resultant mRNA undergoes alternative splicing events to
generate five transcripts encoding VEGF proteins
containing 121, 145, 165, 189, and 206 amino acids.
These isoforms display different heparin-binding
properties that determine whether the different
glycoproteins are secreted or remain cell-associated.
VEGF165 and VEGF121 are secreted efficiently from
producing cells, whereas VEGF189 and VEGF206
remain bound to the cell surface and extracellular
matrix, presumably due to the presence of a highly
cationic 24-amino acid sequence encoded by exon 6.
Covalent dimerization of VEGF is essential for its

biological activity. Closely related members of the
VEGF family include VEGF-B, VEGF-C, and placental
growth factor (PlGF). VEGF-induced effects are
mediated through receptor tyrosine kinases with seven
extracellular immunoglobulin-like domains expressed
predominantly, though not exclusively, on EC. VEGF (in
particular VEGF165), PlGF, and VEGF-B are the
primary ligands for Flt-1 (VEGFR-1), whose exact
function is unclear. VEGFR-1 undergoes weak tyrosine
autophosphorylation, but is thought unlikely to transmit
a signal, whereas it may act as a decoy receptor and
prevent VEGF binding to other receptors. The mitogenic
effects of VEGF are mediated through an alternative
VEGF receptor, the Flk-1/KDR (VEGFR-2). This also
binds VEGF-C, though with a reduced affinity compared
to VEGF (Ferrara, 2001). Activation through VEGFR-2
leads to the tyrosine phosphorylation of multiple
components in EC, including p125 focal adhesion
kinase, which could be important in the cytoskeletal
changes preceding EC migration, and the Src homology
domain, which contains molecules such as
phospholipase C. Additional receptors act as co-
receptors. For example, neuropilin-1 acts as a co-
receptor for VEGFR-2 and enhances VEGF165 binding
and biological activity. VEGFR-1 protein is expressed
on microvessels in close proximity to VEGF protein and
there is a close correlation between VEGF165
expression and that of VEGFR-2 and neuropilin (Ikeda
et al., 2000). VEGF-C and VEGF-D have also been
described. In contrast with VEGF, VEGF-C is inducible
by interleukin-1 (IL-1)/TNF-α, but not by hypoxia.
VEGF-C is chemotactic for monocytes and mediates
angiogenesis and lymphangiogenesis. It is the ligand for
VEGFR-3 and is strongly expressed in rheumatoid
synovial lining, pericytes and vascular smooth muscle
(Paavonen et al., 2002). VEGF-D binds VEGFR-2 and
VEGFR-3 on lymphatic EC and is angiogenic. VEGF-D
expression is not abundant in rheumatoid synovial tissue
(Paavonen et al., 2002). VEGFR-2 and VEGFR-3 are
expressed in rheumatoid synovium on blood vessels.
VEGFR-3 is regarded as a relatively specific marker for
lymphatic vessels in adult tissue. The significance of its
expression by rheumatoid synovial EC, however, is
unclear. 

RT-PCR analysis shows that VEGF121 is expressed
constitutively in rheumatoid synovial tissues, whereas
VEGF165 is expressed in less than half the tissues
examined (Ikeda et al., 2000; Pufe et al., 2001).
Microvascular density is significantly higher in
rheumatoid synovial tissues expressing VEGF165 (Ikeda
et al., 2000). The proportion of CD31-expressing
microvessels that are activated, as assessed by a
monoclonal antibody recognising the VEGF/VEGFR
complex, is significantly greater in RA than in
osteoarthritis or normal synovial tissue (Giatromanolaki
et al., 2001).

The role of hypoxia

Hypoxia in the rheumatoid joint suggests that
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angiogenesis in the pannus may be driven by hypoxia-
induced expression of VEGF. Expression of hypoxia-
inducible factor-1 alpha (HIF-1α) by macrophages in
rheumatoid synovium, predominantly close to the
intimal layer but also in the subintimal area, has been
described (Hollander et al., 2001). 

To investigate the relation between tissue oxygen
levels and synovial VEGF production in inflammatory
arthritis in humans, patients were examined during knee
arthroscopy. Synovial PO2 levels were significantly
lower in patients with active RA than in patients without
RA, and release of VEGF from synovial cells prepared
from tissue biopsies was likewise greater for RA
patients. It would appear, therefore, that reduced intra-
articular PO2 is a stimulus for local VEGF production
(Taylor et al., 2000).

Several molecular mechanisms are thought to be
involved in hypoxia-induced up-regulation of VEGF
expression, including transcriptional control, through
transcription factors such as HIF-1, and post-
transcriptional stabilization of VEGF mRNA (Levy et
al., 1998). Furthermore, hypoxic culture conditions
greatly augment the rate of VEGF secretion from
cultured synovial fibroblasts stimulated by IL-1 and
transforming growth factor beta (TGF-ß) (Berse et al.,
1999).

The cloning and molecular characterization of HIF-1
constitutes a significant advance in understanding cell
adaptation to hypoxia (Wang et al., 1995). HIFs are
heterodimeric transcription factors that regulate several
adaptive responses to low oxygen tension. HIF-1
comprises two subunits, HIF-1α (120 kD) and HIF-1ß
(91-94 kD), which contain a basic helix-loop-helix
domain that permits recognition and binding to the HIF-
1 DNA binding site within regulatory sequences of
hypoxia-inducible genes. Intracellular HIF-1α
concentrations are oxygen-independent, whereas HIF-1α
is undetectable in aerobic conditions because of rapid
ubiquitination followed by proteosomal degradation
mediated by the von Hippel-Lindau tumor suppressor
factor (Maxwell et al., 1999). This interaction requires
the oxygen-dependent hydroxylation of three amino acid
residues. Under normoxic conditions, the two subunits
have a very short half-life, due to hydroxylation of
conserved proline residues by prolyl 4-hydroxylase
enzymes, which use oxygen as a cosubstrate. This allows
binding of the von Hippel-Lindau E3 ubiquitin ligase
complex, which targets HIF-1α for proteasomal
destruction. Additional oxygen-dependent hydroxylation
of asparaginyl residues within HIF-1α regulates
recruitment of transcriptional coactivators. The critical
dependence of prolyl and asparaginyl hydroxylation on
oxygen means that under hypoxic conditions HIF-1α
accumulates in the nucleus, where it binds to
constitutively expressed HIF-1α, recruits coactivators
and recognizes hypoxia-responsive elements (HRE) in
the promoters of target genes. This critical hydroxylation
event becomes rate-limiting in hypoxic conditions, so
that HIF-1α is no longer degraded (Distler et al., 2004).
At oxygen concentrations below 6%, cellular HIF-1α

levels rise exponentially to a maximum at approximately
0.5% corresponding to PO2 values of 10 to 15 mmHg.
HIF-1α is then free to bind its constitutively expressed
partner HIF-1ß and thus completes the HIF-1 complex
that translocates to the nucleus, where it binds HRE in
the promoters of certain genes and up-regulates a gene
program associated with angiogenesis, glycolysis and
adaptation to pH (Kallio et al., 1998; Wiesemer et al.,
1998).

VEGF mRNA levels are dramatically increased
within a few hours when cell cultures are exposed to
hypoxia and return to background when a normal
oxygen supply is resumed. A HIF-1 binding site is
crucial for the hypoxic induction of VEGF gene
expression. However, sequences upstream from the HRE
are required for full sensitivity to hypoxia induction, an
effect apparently due to binding of other transcription
factors. Additionally, within the 3'-untranslated region of
VEGF mRNA, denylate-uridylate-rich RNA elements
form a hypoxia-inducible RNA-protein complex that
stabilizes VEGF mRNA. Tissue hypoxia in the
rheumatoid joint results in increased VEGF mRNA
stability and enhances VEGF gene transcription through
the binding of HIF-1 or HIF-2 (Richard et al., 1999).
Both factors are degraded within minutes of exposure to
an oxygen tension >3-5%, but are stabilised under
hypoxic conditions (<3% oxygen), then translocated to
the nucleus, where they bind to HRE on hypoxia-
inducible genes to up-regulate their expression (Mason
et al., 2001). 

The hypoxic environment in the rheumatoid joint,
compounded by the high metabolic demands of synovial
inflammation, may promote transcriptional changes
permissive to perpetuation of synovitis. HIF-1 and HIF-2
are over-expressed in the synovial lining and stromal
cells of patients with RA arthritis comprared to synovial
tissues from individuals without arthritis (Paleolog,
2002; Giatromonolaki et al., 2003). Furthermore,
exposure of synovial tissue explants to hypoxia
markedly enhances nuclear expression (Hitchon and
Elbabalawy, 2004). 

In this way, the hypoxic environment in the
rheumatoid joint promotes transcriptional changes
permissive for perpetuation of synovitis. In vitro
experiments suggest that stabilization of HIF-1α is also
mediated by several growth factors and cytokines
important in RA pathogenesis, including IL-1ß.
Furthermore, addition of IL-1ß or TNF-α to synovial
fibroblast cultures up-regulates HIF-1α mRNA
(Thornton et al., 2000). In vitro, hypoxia greatly
augments VEGF secretion from synovial fibroblasts
after stimulation by IL-1 and TGF-ß (Berse et al., 
1999). 

Direct measurements confirm that the rheumatoid
joint is a hypoxic environment (Taylor et al., 2000).
Synovial fluid samples from RA patients are hypoxic
and acidotic, with low glucose and high lactate
concentrations indicative of local anaerobic metabolism
(Falchuk et al., 1970; Lund-Olesen, 1970). Synovial
fluid PO2 in rheumatoid knee joints was reported to be
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as low as 27 mmHg compared with 43 mmHg in
osteoarthritis and 63 mmHg in traumatic effusions in
otherwise healthy control. Subsequent studies supported
these findings and even recorded PO2 values below 13
mmHg when silver microelectrodes were used in mice
with established collagen-induced arthritis (an
experimental RA model), and similar levels were
detected in patients with inflammatory arthritis (Taylor
et al., 2000; Etherington et al., 2002). Contributory
factors include the high metabolic demands of inflamed
synovial tissue and the rapid rate of synovial
proliferation, such that cells become more distant from
the closest blood vessels and compound hypoxia
(Stevens et al., 1991). 

Other factors boosting intra-articular pressure to as
high as 300 mmHg include movement and accumulation
of synovial fluid in the joints involved. This further
impairs the vasculature and exacerbates hypoxia in an
already ischemic environment. On completion of
movement, intra-articular pressure normalizes and small
vessels refill. A high proportion of vessels in rheumatoid
synovia express neovascular markers, however, and lack
the accessory cells associated with mature vasculature
that in health permit autoregulation of blood flow in
response to tissue demand. In the joints of mice with
collagen-induced arthritis, tissue oxygenation is
dysregulated in response to movement in comparison
with healthy nonarthritic mice (Etherington et al., 2002).
Similarly, dysfunctional vasculature in the rheumatoid
joint fails to maintain adequate tissue oxygen
homeostasis, and the joint may be susceptible to
hypoxic-reperfusion injury, thus favoring a redox
environment in which cell systems generate reactive
oxygen species by nicotinamide-adenine dinucleotide
phosphate-mechanisms (Rowley et al., 1984; Blake et
al., 1997; Simonini et al., 2001). If present in high
concentrations, reactive oxygen species can lead to
tissue damage.

Many growth factors and cytokines regulate VEGF
expression. Fibroblast expression of VEGF is up-
regulated by IL-1 and TNF-α. In rheumatoid patients
treated with anti-TNF-α, vascular deactivation occurs
and serum VEGF levels fall in step with clinical
improvement. Bone morphogenetic proteins (BMPs),
which induce formation of cartilage and bone, and seem
to down-regulate IL-1, induced VEGF production.
Recent studies have indicated that VEGF partly
stimulates angiogenesis via cyclooxygenase-2 (COX-2)
induction (Hernandez et al., 2001). VEGF up-regulated
decay accelerating factor (DAF) expression on EC,
which is cytoprotective against activated complement
and may regulate endothelial proliferation and
angiogenesis (Mason et al., 2001). Other investigators
characterized a subpopulation of circulating human
CD34+ cells expressing the VEGFR-2. These cells seem
to be functional endothelial precursors involved in
angiogenesis (Peichev et al., 2000). Significant serum
VEGF reduction in response to treatment of RA suggests
that an imbalance between inducers and inhibitors of
angiogenesis contributes to persistence of joint

inflammation. Concentrations of endostatin, an
angiogenesis inhibitor, in fact, are not elevated in serum
or synovial fluid samples from patients with high serum
VEGF concentrations, and serum endostatin levels rise
after a single infusion of the anti-TNF-α agent
infliximab (Walsh, 1999; Nagashima et al., 2000;
Kucharz et al., 2003). 

Diminished vascular permeability accompanying
rapid suppression of VEGF levels may well contribute to
the early reduction of joint swelling after anti-TNF-α
therapy (Paleolog et al., 1998). Furthermore, TNF-α
blockade is followed by reduced synovial angiogenesis
and vascular regression in RA after infliximab (Taylor et
al., 1998; Canete et al., 2004; Goedkoop et al., 2004).

Other drugs used to treat RA may also modulate
VEGF production. Cyclosporin treatment of rheumatoid
synovial fibroblasts exposed to TGF-ß results in
decreased production of VEGF (Cho et al., 2002).
Experimentally, modulation of a VEGF receptor through
a VEGFR-1 Fc molecule suppressed rheumatoid
synovial endothelial proliferation (Sekimoto et al.,
2002). Another naturally occurring inhibitor of
angiogenesis is soluble sFlt-1, an alternatively spliced
form of Flt-1 (Kendall et al., 1996). Serum sFlt-1 is
increased in patients with both early and chronic RA
compared with control individuals and its levels
positively correlate with VEGF concentrations in RA
patients (Ballara et al., 2001). Elevated sFlt-1 in RA sera
presumably reflects an attempt to achieve homeostasis
that fails to inhibit VEGF activity. Anti-Flt-1 or sFlt-1
reduced synovial angiogenesis and arthritis (Miotla et
al., 2000; Luttun et al., 2002).

Importance of CD40-CD40L interactions

CD40-CD40L interactions in rheumatoid synovitis
have been regarded as important because CD40 is
expressed on synovial fibroblasts. This interaction
increases the expression of adhesion molecules such as
ICAM-1, VCAM-1, and E-selectin, which can recruit
circulating leukocytes to the antigenic challenge site.
Furthermore, activation of T cells via antigenic receptors
enhances CD40L expression as well as interferon alpha
(IFN-α) production, which further augments the
inflammation. T cells expressing CD40L stimulate
synovial fibroblasts and monocytes to generate a series
of proinflammatory cytokines and increase the
expression of matrix metalloproteinase (MMP) (Chul-
Soo et al., 2000). CD40L on activated T cells is
responsible for the induction of VEGF from fibroblast-
like synovial cells. 

At the synovitis site, activated T cells are recruited
adjacent to the resident synoviocytes by the stimulatory
effect of a set of cytokines or chemokines. Formation of
the CD40L-CD40 bridge may thus allow infiltrating T
cells to induce the proliferation of synovial fibroblasts
and up-regulate VEGF, which could further augment the
recruitment of inflammatory cells into the synovium by
promoting neovascularization. In this context, CD40L
could be responsible for establishing a critical
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amplification loop, which leads to the persistence of
synovitis. Anti-CD40L monoclonal antibody (mAb)
treatment is reported to suppress the development of
collagen-induced arthritis (Durie et al., 1993) by
blocking joint inflammation, infiltration of inflammatory
cells into synovial tissue and erosion of cartilage and
bone. Prevention of collagen-induced arthritis by this
mAb may also be mediated by the suppression of
circulating Abs to collagen and decreased production of
inflammatory mediators such as nitric oxide and MMP
by macrophages or synovial cells (Stout et al., 1996). 

Since IL-1 and TNF-α are also involved in the
modulation of VEGF in vivo and in vitro (Chul-Soo et
al., 2000), an increase of VEGF by CD40 ligation might
be expected to be indirectly imposed by cytokines (IL-1,
TNF-α) released following CD40 ligation. It also seems
likely that prostaglandin E2 (PGE2) and TGF-ß potent
inducers of VEGF, are not involved in the production of
VEGF by CD40 ligation because indomethacin or anti-
TGF-ß antibodies did not block the ability of CD40L to
induce VEGF production. Together, these observations
suggest that CD40L induces VEGF, independently of
fibroblast-derived endogenous inducers of VEGF.
Notably, the combined effect of CD40L+ L cells (mouse
fibroblastic L cells transfected with the human CD40L)
with these cytokines was additive and not synergistic. It
may be that two kinds of stimuli, CD40L and cytokines,
promote VEGF production via distinct pathways. This
possibility is also supported by the observation that
VEGF production by CD40 ligation was not mediated by
IL-1, TNF-α, and TGF-ß (Chul-Soo et al., 2000).

CD40L trimer induces clustering of the receptors to
initiate signal transduction. Exactly how signal
transduction via CD40 occurs is unknown, but multiple
pathways may be involved. CD40 ligation results in the
activation of transcription factors including NF-κB, NF-
AT, and AP-1. However, the relative importance of these
factors as CD40 effectors is still unclear. VEGF mRNA
expression was increased by CD40 ligation, indicating
that up-regulated VEGF production by CD40 ligation is
attributable to transcriptional activation of the VEGF
gene. In addition, dexamethasone completely abrogated
up-regulation of VEGF mediated by CD40L. The exact
way in which glucocorticoids act is not clear. They may
somehow block the function of NF-κB, perhaps by
direct physical association of the glucocorticoid receptor
with the transcription factor. Furthermore,
dexamethasone stimulates the transcription of IkBα, an
inhibitor of NF-κB. CD40 ligation may stimulate NF-κB
expression in fibroblast-like synovial cells, and NF-κB
inhibition by dexamethasone may abrogate VEGF
production. However, since glucocorticoid receptors
may also interfere with AP-1 and NF-AT, a decrease in
the level of VEGF caused by dexamethasone cannot be
solely attributed to NF-κB inhibition (Chul-Soo et al.,
2000). 

Other growth factors

Other growth factors, such as platelet-derived

growth factor (PDGF), FGF-2, epidermal growth factor
(EGF), insulin-like growth factor (IGFI), hepatocyte
growth factor (HGF) and TGF-ß may also promote
capillary formation.

The synovium of RA patients and joints from rats
with adjuvant-induced arthritis contain increased
amounts of FGF-2 (Yamashita et al., 2002). Moreover, a
Sendai virus containing the FGF-2 gene aggravated
adjuvant-induced arthritis, but had no effect on normal
joints. Hence, it seems that FGF-2 worsens the
progression of experimental arthritis, rather than being
important when it starts (Koch, 2003).

FGF-2, VEGF and HGF are bound to heparin or
heparan sulphate in the interstitial matrix. During
angiogenesis, these mediators are released from the
matrix by endothelial-derived plasmin and heparanase
(Grant et al., 1993; Paleolog and Fava, 1998; Szekanecz
et al., 1998; Walsh, 1999; Brenchley, 2000). Heparanase
promotes angiogenesis through cleavage of extracellular
matrix-heparan sulfate and mobilisation of growth
factors resident in the extracellular matrix. It has been
identified in human peripheral blood mononuclear cells
and in T lymphocytes, B cells, neutrophils, and mast
cells. Fibroblasts and EC can be induced to express
heparanase (Brenchley, 2001).

The extracellular matrix has an important
physiological role as a storage depot for a range of
heparin binding growth factors. They are protected from
proteolysis and prevented from diffusing between tissue
compartments, but can be rapidly mobilised to supply
relevant cells. In vitro addition of FGF-2 to EC shows
that 70% or more binds to the extracellular matrix, with
only 7% binding to the cell surface receptor (Brenchley.
2001). Interestingly, the extracellular matrix-bound
FGF-2 subsequently released is significantly more active
as a mitogen than equivalent native growth factor, and
the kinetics of growth factor release modulates target
cell function. Heparan sulphate proteoglycans (HSPGs)
on EC, such as syndecan and ryudecan, bind and present
growth factor to receptors on the same cell. In the
absence of heparanase, FGF-2 does not bind its receptor
and is not active (Brenchley, 2001).

Human synovium and cultured synovial cells
express perlecan, a specialised HSPG originally
identified in basement membranes. Approximately 25%
of the proteoglycan produced by synovial cells contain
heparan sulphate chains. Similarly, rheumatoid synovial
endothelium and isolated EC express significant levels
of HSPG.

The heparan sulphate chain is endowed with a
number of structural features that allow it to bind
extracellular matrix proteins, growth factors, and serine
proteases. The ability to bind these ligands is conferred
by particular structural features of the chain, including
the organization of N- and O-sulphate residues into
domains of high and low charge density, the flexibility
of the chain provided by the iduronic residues, and
tissue-specific sulphation patterns. 

There is evidence that protein ligands bind to
specific oligosaccharide sequences. FGF-2 binds to a
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five-disaccharide sequence of N-sulphated glucosamine-
iduronic acid 2-O-sulphate, with an affinity comparable
with intact heparan sulphate (Clark et al., 1992). VEGF,
however, binds to sequences of at least 18-saccharide
residues, with maximum affinity for VEGF reported
with sequences of 22- or more residues. The range of
potent mediators that bind to heparan sulphate include
FGF-2, VEGF, PlGF, HGF, PDGF, TGF-ß, the
proinflammatory cytokines TNF-α and IL-1α, IL-2, IL-
4, IL-8 and IL-12. The high synovial levels of a wide
range of these heparan sulphate binding
cytokines/growth factors in RA patients may thus reflect
growth factor overproduction leading to saturation of
heparanase sites in the extracellular matrix, or
underproduction of heparanase with poor extracellular
matrix growth factor retention. Alternatively, excessive
mobilisation of heparanase-growth factor complexes
may be the result of aberrant heparanase expression
(Brenchley, 2001). 

Other angiogenic molecules

Of the pro-inflammatory cytokines active in RA, IL-
18, TNF-α, IL-1, IL-6, IL-8, IL-13, IL-15 are involved
in angiogenesis. IL-18 is important in the induction of
rheumatoid synovial angiogenesis (Park et al., 2001). It
is a potent inducer of endothelial chemotaxis in vitro and
angiogenesis in vivo in the Matrigel plug assay and
sponge angiogenesis assay in rodents. Immunodepletion
of IL-18 from rheumatoid synovial fluids resulted in
reduced endothelial migration in vitro, suggesting that
IL-18 is important in RA-mediated angiogenesis. IL-18
appears to act on endothelium through an αvß3 mediated
mechanism (Koch, 2003).

Other angiogenic molecules produced by synovial
cells, including angiogenin, platelet activating factor
(PAF) and substance P may play a role in RA-associated
angiogenesis (Bodalay et al., 2002). Prolactin and
prolactin-like polypeptides have been detected in
rheumatoid synovial tissues and prolactin has an
important role in T cell activation, cell communication
and synovial angiogenesis (Takahara et al., 2004). 

The mechanism of action of some angiogenic factors

EC invasion, migration, and proliferation are partly
regulated by the integrin family of cell adhesion
molecules. αvß3 is minimally expressed on normal
blood vessels, but highly expressed on rheumatoid
synovial blood vessels. FGF-2, TNF-α, and IL-18 may
act through αvß3 integrins (Brooks et al., 1994; Koch,
2003), whereas VEGF or TGF-ß appear to act through
an αvß5 integrin mechanism using protein kinase C.
This may prove to be not the main mode of action of
VEGF in RA, since αvß5 integrin is expressed in normal
and osteoarthritic synovial tissue, but not in rheumatoid
synovial tissue (Koch, 2003). Nonetheless, the
mechanisms through which some of these cytokines
promote angiogenesis are rapidly becoming identified. 

A proaptotic αvß3 antagonist, composed of an

arginine-glycine-aspartic acid (RGD) peptide linked to a
heptapeptide dimer, is therapeutic in mice with collagen-
induced arthritis and is selective with their arthritic
synovium compared with normal synovium and control
organ endothelium (Koch, 2003). 

Chemokines as angiogenic mediators

Chemokines are other important mediators of
angiogenesis. Angiogenic chemokines facilitate
inflammatory cell recruitment into the synovium by
stimulating leukocyte chemotaxis and increasing the
number of newly formed vessels.

The distinction between the CXC, CC, and CX3C
chemokine families is based on the presence or absence
of an amino acid, X, between a pair of cysteine residues
near the amino terminus. CXC chemokines containing
the ELR motif (glutamyl-leucyl-arginyl sequence) are
angiogenic, along with the CC chemokines MCP-1,
vMIP-I and vMIP-II (Volin et al., 2001), whereas those
lacking the motif are angiostatic. The CXC chemokine
stem cell derived factor-1 (SDF-1), however, induces
endothelial chemotaxis in vitro and dermal angiogenesis
in mice (Bodolay et al., 2002) despite its lack of the
motif (Koch, 2000) and may be the first ELR-less
angiogenic CXC chemokine.

Several CXC chemokines are involved in RA
angiogenesis (Bodolay et al., 2002). They bind to EC via
specific endothelial chemokine receptors, such as
CXCR2. Those lacking the ELR motif, such as PF4, IP-
10 and MIG, are potent angiostatic factors. In the
rheumatoid synovium, chemokine-expressing cells are
found near EC. The role of CC chemokines in RA
angiogenesis has not been fully determined. 

Fractalkine is the only characterized CX3C
chemokine. It is expressed on cytokine-activated
endothelia and enhances angiogenesis both in vitro and
in vivo. When fractalkine is immunodepleted from
rheumatoid synovial fluids, its ability to chemoattract
EC is decreased (Bodolay et al., 2002). 

The expression of several adhesion molecules is up-
regulated in rheumatoid synovial tissue. The interactions
between cytokines, chemokines and adhesion molecules
may have additive stimulatory effects on angiogenesis
(Bodolay et al., 2002).

The angiopoietin-Tie system

The angiopoietin ligand and Tie receptor families are
also important regulators of blood vessel growth,
maturation, and function (Takahara et al., 2004). Tie-1
and Tie-2 were originally identified as EC-specific
tyrosine kinase receptors. Their dysfunction results in
defective capillary network formation. Tie-1 is still an
orphan receptor. Tie-2, on the other hand, is a specific
receptor for angiopoietins (Ang) 1, 2, 3 and 4. In
keeping with this function, genetic analysis has
underscored the essential roles of Ang-1 and Ang-2 in
the developing vessel: Ang-1 is agonistic, whereas Ang-
2 acts as both a Tie-2 antagonist and an agonist (Tanaka

562

Angiogenesis in rheumatoid arthritis



et al., 1999). 
In rheumatoid synovium, Tie-1 and Tie-2 are

expressed in the synovial lining and stromal cells in
addition to blood vessels (Takahara et al., 2004). Tie-2
expression is almost restricted to a fibroblastic
phenotype compared with the ubiquitous expression of
Tie-1. Ang-1 and -2 are coexpressed with Tie-2 in many
cellular components of rheumatoid synovia. They are
also detected in vimentin-positive fibroblastic synovial
lining and sublining cells. Their expression in synovial
tissue and cultured synovial fibroblasts from RA patients
has been examined by quantitative RT-PCR and
immunohistochemistry (Takahara et al., 2004). Both
ligands are exclusively coexpressed with Tie-2,
indicating that Tie-2 mediates Ang-1 and -2 signaling by
an autocrine/paracrine mechanism in the rheumatoid
synovium. Furthermore, although actively proliferating
lesions express abundant Ang-1, -2, and Tie-2, the level
of expression does not necessarily reflect the extent of
disease activity. 

Although the biological significance of Ang-1 and -2
coexpression in rheumatoid synovium remains unclear,
Ang/Tie-2 signaling is important for the up-regulated
angiogenesis and subsequent synovial proliferation.
High expression of Ang/Tie-2 may well be induced by
local tissue hypoxia and/or high-level expression of
TNF-α, both of which induce its expression in cultured
EC and synoviocytes. However, it is also possible that
up-regulated Ang/Tie-2 itself may play a central role in
the tumor-like expansion of rheumatoid synovitis, as
demonstrated in tumor-derived EC (Takahara et al.,
2004).

Since angiopoietin-positive synovial lining cells
display a fibroblastic phenotype and are also highly
positive for proliferating cell nuclear antigen (PCNA),
the Ang/Tie-2 system may be active in cultured
fibroblastic synoviocytes. 

The chemotactic properties of Ang-1 and -2 are
considered important for close spatial and polarized
interaction between EC and supporting cells. Fibrous
synoviocytes display chemotactic migration in response
to various inflammatory cytokines, including IL-1 and
TNF-α. Ang-1 and -2 induce the chemotaxis of cultured
synoviocytes. This seems specific for rheumatoid
synovium, because skin fibroblasts do not respond,
probably due to a lack of Tie-2 expression
(Witzenbichler et al., 1998). The in vivo significance of
the chemotactic reaction seen in cultured synoviocytes
has not been established. The Ang/Tie-2 expression
pattern observed, however, together with the chemotaxis
property of cultured rheumatoid synoviocytes, suggests
that Ang/Tie-2 signaling may serve two purposes in the
rheumatoid synovium. First, angiopoietin expression in
synovial lining and sublining cells may be important in
recruiting EC to the avascular lining layer for the
initiation and acceleration of capillary sprouting. In this
case, cooperative activation with other angiogenic
factors, would be required for effective vascular
development. Moreover, the system may participate in
the local inflammatory reaction by regulating leukocyte

infiltration into synovial tissue (Takahara et al., 2004).

Soluble adhesion molecules as angiogenic
mediators

EC shed and secrete soluble adhesion molecules in
response to cytokine stimulation. The function of these
molecules is unclear. CD146 (Muc18), a new endothelial
antigen potentially involved in endothelial-leukocyte
adhesion, is expressed in RA (Koch, 2003). These
molecules may exert an anti-inflammatory function role
by binding leukocytes so as to prevent them from
adhering to endothelium and entering inflamed tissues,
but may also be proinflammatory in some cases. The
cellular adhesion molecules sE-selectin and soluble
vascular cell adhesion molecule-1 (sVCAM-1) are
angiogenic. Activated cells in the synovial milieu carry
both molecules and shed them into the synovial fluid,
where they interact with vascular EC via sialyl Lex, in
the case of sE-selectin, and VLA-4, in the case of
sVCAM-1, to mediate angiogenesis.

Endoglin as an angiogenic mediator

Endoglin, an endothelial glycoprotein, which
contains an RGD motif and acts as an adhesion
molecule, is a receptor for TGF-ß. Mice lacking the
endoglin gene die from defective vascular development.
Endoglin is upregulated in rheumatoid synovial EC
(Koch, 2000).

Angiogenesis inhibitors

Endostatin, a fragment of collagen type XVIII,
decreases mouse joint mRNA levels of a number of
angiogenic factors, including VEGF and FGF-2 (Koch,
2000).

Thrombospondin-1 and -2 (TSP-1, TSP-2) are
endogenous angiogenesis inhibitors. TSP-1 may act as
an adhesive glycoprotein that mediates cellular
interactions, or may counteract the effects of the
angiogenic factors or proteinases produced by cells
within diseased synovial tissues. TSP-1-expressing
fibroblast-like synoviocytes have a direct role in the
activation and clonal expansion of inflammatory T cells. 

Overexpression of TSP-2 protein in a human RA
model suppressed angiogenesis, but also disrupted
immune stimulation and inflammation. These data
suggest that TSP-2 is produced by resident synovial cells
as a physiological regulator of local vascularization and
has a protective role by preventing tissue inflammation
(Park et al., 2004). Physiological production of TSP-2 by
synovial fibroblasts may be the mechanism through
which the synovial microenvironment protects itself
from excessive blood vessel formation, and may also be
a defence mechanism against tissue inflammation. 

Fumagillin is a fungal contaminant that was shown
to be angiostatic when it inhibited endothelial growth on
a culture dish. Its derivatives AGM-1470 or TNP-470
inhibit both angiogenesis and arthritis in rodents
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(Nagashima et al., 2002; Koch, 2003).
Three angiogenesis-modulating agents (thalidomide,

taxol and 2-methoxyestradiol) have recently been
investigated in rodent arthritis models. Thalidomide
suppressed rat collagen-induced arthritis, though
inhibition of TNF-α or VEGF. Taxol, a chemo-
therapeutic agent, inhibited both collagen-induced
arthritis and synovial angiogenesis in rats. 2-
methoxyestradiol decreased collagen-induced arthritis in
mice (Koch, 2003).

COX-2 inhibitors have recently been released for the
treatment of RA. Since they inhibit angiogenesis in
tumors, they may be able to reduce it in RA (Koch,
2003). 

Sulfasalazine, commonly used to treat a variety of
diseases including RA, reduces endothelial proliferation
as well as chemotaxis (Koch, 2003).

Acknowledgements. Supported by Associazione Italiana per la Ricerca
sul Cancro AIRC, Milan,, Fondazione Ital iana per la Lotta al
Neuroblastoma, Genoa, The members of the CARSO Consortium
(University of Bari, Lega Italiana per La Lotta Contro i Tumori and
Regione Puglia), Ministero della Salute (Ricerca Finalizzata FSN 2002),
Rome, Italy.

References

Ballara S.C., Taylor P.C., Reusch P., Marmé D., Feldmann M., Maini
R.N. and Paleolog E.M. (2001). Raised serum vascular endothelial
growth factor levels are associated with destructive change in
inflammatory arthritis. Arthritis Rheum. 44, 2055-2064.

Berse B., Hunt J.A., Diegel R.J., Morganelli P., Yeo K., Brown F. and
Fava R.A. (1999). Hypoxia augments cytokine (transforming growth
factor-beta (TGF-beta) and IL-1-induced vascular endothelial growth
factor secretion by human synovial fibroblasts. Clin. Exp. Immunol.
115, 176-182.

Blake D.R., Stevens C.R., Sahinoglu T., Ellis G., Gaffney K., Edmonds
S., Benboubetra M., Harrison R., Jawed S., Kanczler J., Millar T.M.,
Winyard P.G. and Zhang Z. (1997). Xanthine oxidase: four roles for
enzyme in rheumatoid pathology. Biochem. Soc. Trans. 25, 812-
815.

Bodolay E., Koch A.E., Kim J., Szegedi G. and Szekanecz Z. (2002).
Angiogenesis and chemokines in rheumatoid arthritis and other
systemic inflammatory rheumatic diseases. J. Cell. Mol. Med. 6,
357-376.

Bottomley M.J., Webb N.J., Watson C.J., Holt P.J., Freemont A.J. and
Brenchley P.E. (1999). Peripheral blood mononuclear cells from
patients with rheumatoid arthritis spontaneously secrete vascular
endothelial growth factor (VEGF): specific up-regulation by tumour
necrosis factor-alpha (TNF-alpha) in synovial fluid. Clin. Exp.
Immunol. 117, 171-176.

Brenchley P.E. (2000). Angiogenesis in inflammatory joint disease: a
target for therapeutic intervention. Clin. Exp. Immunol. 121, 426.

Brenchley P.E. (2001). Antagonising angiogenesis in rheumatoid
arthritis. Ann. Rheum. Dis. 60 (Suppl 3), iii71-iii74.

Brooks P.C., Clark R.A. and Cheresh D.A. (1994). Requirement of
vascular integrin alpha v beta 3 for angiogenesis. Science 264, 569-
71.

Canete J.D., Pablos J.L., Sanmarti R., Mallofre C., Marsal S., Maymo J.,

Gratacos J., Mezquita J., Mezquita C. and Cid M.C. (2004).
Antiangiogenic effects of anti-tumor necrosis factor alpha therapy
with infliximab in psoriatic arthritis. Arthritis Rheum. 50, 1636-1641.

Cho M.L., Cho C.S., Min S.Y., Kim S.H., Lee S.S., Kim W.U., Min D.J.,
Min J.K., Youn J., Hwang S.Y., Park S.H. and Kim H.Y. (2002).
Cyclosporine inhibition of vascular endothelial growth factor
production in rheumatoid synovial fibroblasts. Arthritis Rheum. 46,
1202–1209.

Chul-Soo C., Mi-La C., So-Youn M., Wan-Uk K., Do-June M., Shin-Seok
L., Sung-Hwan P., Jongseon C. and Ho-Youn K. (2000). CD40
engagement on synovial fibroblast up-regulates production of
vascular endothelial growth factor. J. Immunol. 164, 5055-5061.

Clark B.R., Gallagher J.T. and Dexter T.M. (1992). Cell adhesion in the
stromal regulation of haemopoiesis. Baillieres Clin. Haematol. 5,
619-652.

Distler J.H., Wenger R.H., Gassmann M., Kurowska M., Hirth A., Gay S.
and Distler O. (2004). Physiologic responses to hypoxia and
implications for hypoxia-inducible factors in the pathogenesis of
rheumatoid arthritis. Arthritis Rheum. 50, 10-23.

Durie F.H., Fava R.A., Foy T.M., Aruffo A., Ledbetter J.A. and Noelle
R.J. (1993). Prevention of collagen-induced arthritis with an antibody
to gp39, the ligand for CD40. Science 261, 1328.

Etherington P.J.E., Winlove C.P., Taylor P.C., Paleolog E. and Miotla
J.M. (2002). VEGF release is associated with reduced po2 and
hypoxia in inflammatory arthritis. Clin. Exp. Rheumatol. 20, 799-805.

Falchuk H., Goetzl J. and Kulka P. (1970). Respiratory gases of synovial
fluids. Am. J. Med. 49, 223-231.

Fava R.A., Olsen N.J., Spencer-Green G., Yeo K.T., Berse B., Jackman
R.W., Senger D.R., Dvorak H.F. and Brown L.F. (1994). Vascular
permeabil i ty factor/endothelial growth factor (VPF/VEGF):
accumulation and expression in human synovial fluids and
rheumatoid synovial tissue. J. Exp. Med. 180, 341-346.

Ferrara N. (2001). Role of vascular endothelial growth factor in
regulation of physiological angiogenesis. Am. J. Physiol. Cell.
Physiol. 280, C1358-1366.

Firestein G.S. (1999). Starving the synovium: angiogenesis and
inflammation in rheumatoid arthritis. J. Clin. Invest. 103, 3-4.

Fitzgerald O. and Bresnihan B. (1995). Synovial membrane cellularity
and vascularity. Ann. Rheum. Dis. 54, 511-515.

Gerlag D.M., Borges E., Tak P.P., Ellerby H.M., Bredesen D.E.,
Pasqualini R.. Ruoslahti E. and Firestein G.S. (2001). Suppression
of murine collagen-induced arthritis by targeted apoptosis of
synovial neovasculature. Arthritis Res. 3, 357-361.

Giatromanolaki A., Sivridis E., Athanassou N., Zois E., Thorpe P.E.,
Brekken R.A., Gatter K.C., Harris A.L., Koukourakis I.M. and
Koukourakis M.I. (2001). The angiogenic pathway "vascular
endothelial growth factor/flk-1(KDR)-receptor" in rheumatoid arthritis
and osteoarthritis. J. Pathol. 194, 101-108.

Giatromanolaki A., Sivridis E., Maltezos E., Athanassou N., Papazoglou
D., Gatter K.C., Harris A.L. and Koukourakis M. (2003). Upregulated
hypoxia inducible factor-1alpha and -2alpha pathway in rheumatoid
arthritis and osteoarthritis. Arthritis Res. Ther. 5, R193-R201.

Goedkoop A.Y., Kraan M.C., Maarten C., Kraan M.C., Picavet D.I., de
Rie M.A., Teunissen M., Bos J.D. and Tak P.P. (2004). Deactivation
of endothelium and reduction in angiogenesis in psoriatic skin and
synovium by low dose infliximab therapy in combination with stable
methotrexate therapy: a prospective single-centre study. Arthritis
Res. Ther. 6, R326-R334.

Grant D.S., Kleinman H.K., Goldberg I.D., Bhargava M.M., Nickoloff
B.J., Kinsella J.L., Polverini P.J. and Rosen E.M. (1993). Scatter

564

Angiogenesis in rheumatoid arthritis



factor induces blood vessel formation in vivo. Proc. Natl. Acad. Sci,
USA 90, 1937.

Harada M., Mitsuyama K., Yoshida H., Sakisaka S., Taniguchi E.,
Kawaguchi T., Ariyoshi M., Saiki T., Sakamoto M., Nagata K., Sata
M., Matsuo K. and Tanikawa K. (1998). Vascular endothelial growth
factor in patients with rheumatoid arthritis. Scand. J. Rheumatol. 27,
377-380.

Hernandez G.L., Volpert O.V., Iniguez M.A., Lorenzo E., Martinez S.,
Grau R., Fresno M. and Redondo J.M. (2001). Selective inhibition of
vascular endothelial growth factor-mediated angiogenesis by
cyclosporin A: roles of the nuclear factor of activated T cells and
cyclooxygenase 2. J. Exp. Med. 193, 607.

Hitchon C.A. and El-Gabalawy H.S. (2004). Oxidation in rheumatoid
arthritis. Arthritis Res. Ther. 6, 265-278.

Hollander A.P., Corke K.P., Freemont A.J. and Lewis C.E. (2001).
Expression of hypoxia-inducible factor 1 alpha by macrophages in
the rheumatoid synovium: implications for targeting of therapeutic
genes to the inflamed joint. Arthritis Rheum. 44, 1540-1544.

Ikeda M., Hosoda Y., Hirose S., Okada Y. and Ikeda E. (2000).
Expression of vascular endothelial growth factor isoforms and their
receptors Flt-1, KDR, and neuropilin-1 in synovial tissues of
rheumatoid arthritis. J. Pathol. 191, 426-433.

Jackson J.R., Minton J.A., Ho M.L., Wei N. and Winkler J.D. (1997).
Expression of vascular endothelial growth factor in synovial
fibroblasts is induced by hypoxia and interleukin 1beta. J.
Rheumatol. 24, 1253-1259.

Kallio P.J., Okamoto K., O'Brien S., Carrero P., Makino Y., Tanaka H.
and Poellinger L. (1998). Signal transduction in hypoxic cells:
inducible nuclear translocation and recruitment of the CBP/p300
coactivator by the hypoxia-inducible factor-1alpha. EMBO J. 17,
6573-6586.

Kasama T., Kobayashi K., Yajima N., Shiozawa F., Yoda Y., Takeuchi
H.T., Mori Y., Negishi M., Ide H. and Adachi M. (2000). Expression
of vascular endothelial growth factor by synovial fluid neutrophils in
rheumatoid arthritis (RA). Clin. Exp. Immunol. 121, 533-538.

Kendall R.L., Wang G. and Thomas K.A. (1996). Identification of a
natural soluble form of the vascular endothelial growth factor
receptor, FLT-1, and its heterodimerization with KDR. Biochem.
Biophys. Res. Commun. 226, 324-328.

Kikuchi K., Kubo M., Kadono T., Yazawa N., Ihn H. and Tamaki K.
(1998). Serum concentrations of vascular endothelial growth factor
in collagen diseases. Br. J. Dermatol. 139, 1049-1051.

Kimball E.S. and Gross J.L. (1991). Angiogenesis in pannus formation.
Agents Actions 34, 329-331. 

Koch A.E. (1998). Review: angiogenesis: implications for rheumatoid
arthritis. Arthritis Rheum. 41, 951-962.

Koch A.E. (2000). The role of angiogenesis in rheumatoid arthritis:
recent developments. Ann. Rheum. Dis. 59 (Suppl 1), i65-i71.

Koch A.E. (2003). Angiogenesis as a target in rheumatoid arthritis. Ann.
Rheum. Dis. 62 (suppl. 2), ii60-ii67.

Koch A.E., Harlow L.A., Haines G.K., Amento E.P., Unemori E.N., Wong
W.L., Pope R.M. and Ferrara N. (1994). Vascular endothelial growth
factor. A cytokine modulating endothelial function in rheumatoid
arthritis. J. Immunol. 152, 4149-4156.

Koch A.E., Kunkel S.L. and Strieter R.M. (1996). Chemokines in
arthritis. In: Chemokines in disease. RG Landes Company, Koch
A.E. and Strieter R.M., (eds.), Austin. pp 103-116.

Kucharz E.J., Gozdzik J., Kopec M., Kotulska A., Lewicki M., Pieczyrak
R., Widuchowska M., Zakliczynska H., Szarzynska-Ruda M. and
Zycinska-Debska E. (2003). A single infusion of infliximab increases

the serum endostatin level in patients with rheumatoid arthritis. Clin.
Exp. Rheumatol. 21, 273-274.

Lee S.S., Joo Y.S., Kim W.U., Min D.J., Min J.K., Park S.H., Cho C.S.
and Kim H.Y. (2001). Vascular endothelial growth factor levels in the
serum and synovial fluid of patients with rheumatoid arthritis. Clin.
Exp. Rheumatol. 19, 321-324.

Levy N.S., Chung S., Furneaux H. and Levy A.P. (1998). Hypoxic
stabilization of vascular endothelial growth factor mRNA by the
RNA-binding protein HuR. J. Biol. Chem. 273, 6417-6423.

Lund-Olesen K. (1970). Oxygen tension in synovial fluids. Arthritis
Rheum. 13, 769-776.

Luttun A., Tjwa M., Moons L., Wu Y., Angelillo-Scherrer A., Liao F.,
Nagy J.A., Hooper A., Priller J., De Klerck B., Compernolle V., Daci
E., Bohlen P., Dewerchin M., Herbert J.M., Fava R., Matthys P.,
Carmeliet G., Collen D., Dvorak H.F., Hicklin D.J. and Carmeliet P.
(2002). Revascularization of ischemic tissues by PlGF treatment,
and inhibition of tumor angiogenesis, arthritis and atherosclerosis by
anti-Flt1. Nat. Med. 8, 831-40.

Mason J.C., Lidington E.A., Yarwood H., Lublin D.M. and Haskard D.O.
(2001). Induction of endothelial cell decay-accelerating factor by
vascular endothelial growth factor: a mechanism for cytoprotection
against complement-mediated injury during inflammatory
angiogenesis. Arthritis Rheum. 44, 138.

Maxwell P.H., Wiesener M.S., Chang G.W., Clifford S.C., Vaux E.C.,
Cockman M.E., Wykoff C.C., Pugh C.W., Maher E.R. and Ratcliffe
P.J. (1999). The tumour suppressor protein VHL targets hypoxia-
inducible factors for oxygen-dependent proteolysis. Nature 399, 271-
275.

Miotla J., Maciewicz R., Kendrew J., Feldmann M. and Paleolog E.
(2000). Treatment with soluble VEGF receptor reduces disease
severity in murine collagen-induced arthritis. Lab. Invest. 80, 1195-
1205.

Nagashima M., Yoshino S., Ishiwata T. and Asano G. (1995). Role of
vascular endothelial growth factor in angiogenesis of rheumatoid
arthritis. J. Rheumatol. 22, 1624-1630.

Nagashima M., Wauke K., Hirano D., Ishigami S., Aono H., Takai M.,
Sasano M. and Yoshino S. (2000). Effects of combinations of anti-
rheumatic drugs on the production of vascular endothelial growth
factor and basic fibroblast growth factor in cultured synoviocytes and
patients with rheumatoid arthritis. Rheumatology (Oxford) 39, 1255-
1262.

Nagashima M., Tanaka H., Takahashi H., Tachihara A., Tanaka K.,
Ishiwata T., Asano G. and Yoshino S. (2002). Study of the
mechanism involved in angiogenesis and synovial cell proliferation
in human synovial tissues of patients with rheumatoid arthritis using
SCID mice. Lab. Invest. 82, 981-988.

Paavonen K., Mandelin J., Partanen T., Jussila L., Li T.F., Ristimaki A.,
Alitalo K. and Konttinen Y.T. (2002). Vascular endothelial growth
factors C and D and their VEGFR-2 and 3 receptors in blood and
lymphatic vessels in healthy and arthritic synovium. J. Rheumatol.
29, 39-45.

Paleolog E.M. and Fava R.A. (1998). Angiogenesis in rheumatoid
arthritis: implications for future therapeutic strategies. Springer
Semin. Immunopathol. 20, 73.

Paleolog E.M., Young S., Stark A.C., McCloskey R.V., Feldmann M. and
Maini R.N. (1998). Modulation of angiogenic vascular endothelial
growth factor (VEGF) by TNFα and IL-1 in rheumatoid arthritis.
Arthritis Rheum. 41, 1258-1265.

Paleolog E.M. (2002). Angiogenesis in rheumatoid arthritis. Arthritis
Res. 4 (Suppl 3), S81-S90.

565

Angiogenesis in rheumatoid arthritis



Park C.C., Morel J.C., Amin M.A., Connors M.A., Harlow L.A. and Koch
A.E. (2001). Evidence of IL-18 as a novel angiogenic mediator. J.
Immunol. 167, 1644-53.

Park Y.W., Mo Kang Y., Butterfield J., Detmar M., Goronzy J.J. and
Weyand C.M. (2004). Thrombospondin 2 functions as an
endogenous regulator of angiogenesis and inflammation in
rheumatoid arthritis. Am. J. Pathol. 165, 2087-2098.

Peacock D.J., Banquerigo M.L. and Brahn E. (1995). A novel
angiogenesis inhibitor suppresses rat adjuvant arthritis. Cell.
Immunol. 160, 178-84.

Peichev M., Naiyer A.J., Pereira D., Zhu Z., Lane W.J., Williams M., Oz
M.C., Hicklin D.J., Witte L., Moore M.A. and Rafii S. (2000).
Expression of VEGFR-2 and AC133 by circulating human CD34(+)
cells identifies a population of functional endothelial precursors.
Blood 95, 952.

Pufe T., Petersen W., Tillmann B. and Mentlein R. (2001). Splice
variants VEGF121 and VEGF165 of the angiogenic peptide vascular
endothelial cell growth factor are expressed in the synovial tissue of
patients with rheumatoid arthritis. J. Rheumatol. 28, 1482-1485.

Richard D.E., Berra E. and Pouyssegur J. (1999). Angiogenesis: how a
tumor adapts to hypoxia. Biochem. Biophys. Res. Commun. 266,
718-722.

Rowley D., Gutteridge J.M.C., Blake D., Farr M. and Halliwell B. (1984).
Lipid peroxidation rheumatoid arthritis: thiobarbituric acid-reactive
material and catalytic iron salts in synovial fluid from rheumatoid
patients. Clin. Sci. 66, 691-695.

Salcedo R., Wasserman K., Young H.A., Grimm M.C., Howard O.M.,
Anver M.R., Kleinman H.K., Murphy W.J. and Oppenheim J.J.
(1999). Vascular endothelial growth factor and basic fibroblast
growth factor induce expression of CXCR4 on human endothelial
cells: In vivo neovascularization induced by stromal-derived factor-
1alpha. Am. J. Pathol. 154, 1125.

Sekimoto T., Hamada K., Oike Y., Matsuoka T., Matsumoto M., Chosa
E., Suda T., Tajima N. and Yamamura K. (2002). Effect of direct
angiogenesis inhibition in rheumatoid arthritis using a soluble
vascular endothelial growth factor receptor 1 chimeric protein. J.
Rheumatol. 29, 240-245.

Simonini G., Cerinic M.M., Cimaz R., Anichini M., Cesaretti S., Zoppi M.,
Generini S. and Falcini F. (2001). Evidence for immune activation
against oxidised lipoproteins in inactive phases of juvenile chronic
arthritis. J. Rheumatol. 28, 198-203.

Stevens C.R., Blake D.R., Merry P., Revell P.A. and Levick J.R. (1991).
A comparative study by morphometry of the microvasculature in
normal and rheumatoid synovium. Arthritis Rheum. 34, 1508-1513.

Storgard C.M., Stupack D.G., Jonczyk A., Goodman S.L., Fox R.I. and
Cheresh D.A. (1999). Decreased angiogenesis and arthritic disease
in rabbits treated with alphavbeta3 antagonist. J. Clin. Invest. 103,
47-54.

Stout R.D., Suttles J., Xu J., Grewal I.S. and Flavell R.A. (1996).
Impaired T cell-mediated macrophage activation in CD40 ligand-
deficient mice. J. Immunol. 156, 8.

Szekanecz Z., Szegedi G. and Koch A.E. (1998). Angiogenesis in
rheumatoid arthritis: pathogenic and clinical significance. J. Invest.
Med. 46, 27-41.

Szekanecz Z., Strieter R.M., Kunkel S.L. and Koch A.E. (1998).
Chemokines in rheumatoid arthritis. Springer Semin. Immunopathol.
20, 115.

Taichman N., Young S., Cruchley A., Taylor P. and Paleolog E. (1997).
Human neutrophils secrete vascular endothelial growth factor. J.
Leukoc. Biol. 62, 397-400.

Takahara K., Iioka T., Furukawa K., Uchida T., Nakashima M.,
Tsukazaki T. and Scindo H. (2004). Autocrine/paracrine role of the
angiopoietin-1 and -2/Tie2 system in cell proliferation and
chemotaxis of cultured fibroblastic synoviocytes in rheumatoid
arthritis. Human Pathol. Online 35, 150-158.

Tanaka S., Mori M., Sakamoto Y., Makuuchi M., Sugimachi K. and
Wands J.R. (1999). Biologic significance of angiopoietin-2
expression in human hepatocellular carcinoma. J. Clin. Invest. 103,
341-345.

Taylor P.C. (2002). VEGF and imaging of vessels in rheumatoid
arthritis. Arthritis Res. 4 (Suppl 3), S99-S107.

Taylor P.C., Patel S., Paleolog E., McCloskey R., Feldmann M. and
Maini R.N. (1998). Reduced synovial vascularity following
TNF[alpha] blockade in rheumatoid arthritis. Arthritis Rheum. 41,
s295.

Taylor P.C., Miotla J.M., Etherington P., Winlove P., Young Y., Paleolog
E. and Maini R.N. (2000). VEGF release is associated with hypoxia
in inflammatory arthritis. Arthritis Rheum. 43 (Suppl 9), S296.

Thornton R.D., Lane P., Borghaei R.C., Pease E.A., Caro J. and
Mochan E. (2000). Interleukin 1 induces hypoxia-inducible factor 1 in
human gingival and synovial fibroblasts. Biochem. J. 350, 307-312.

Volin M.V., Woods J.M., Amin A., Connors M.A., Harlow L.A. and Koch
A.E. (2001). Fractalkine: A Novel Angiogenic Chemokine in
Rheumatoid Arthritis. Am. J. Pathol. 159, 1521-1530.

Walsh D.A. (1999). Angiogenesis and arthritis. Rheumatology. 38, 103-
112.

Wang G.L., Jiang B.H., Rue E.A. and Semenza G.L. (1995). Hypoxia-
inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer
regulated by cellular O2 tension. Proc. Natl. Acad. Sci. USA 92,
5510-5514.

Wiesener M.S., Turley H., Allen W.E., Willam C., Eckardt K.U., Talks
K.L., Wood S.M., Gatter K.C., Harris A.L., Pugh C.W. Ratcliffe P.J.
and Maxwell P.H. (1998). Induction of endothelial PAS domain
protein-1 by hypoxia: characterization and comparison with hypoxia-
inducible factor-1 alpha. Blood 92, 2260-2268.

Witzenbichler B., Maisonpierre P.C., Jones P., Yancopoulos G.D. and
Isner J.M. (1998). Chemotactic properties of angiopoietin-1 and -2,
ligands for the endothelial-specific receptor tyrosine kinase Tie2. J.
Biol. Chem. 273, 18514-18521.

Woods J.M., Tokuhira M., Berry J.C., Katshke K.J. Jr., Kurata H.,
Damergis J.A. Jr., Arai K. and Koch A.E. (1999). Interleukin-4
adenoviral gene therapy reduces production of inflammatory
cytokines and prostaglandin E2 by rheumatoid arthritis synovium ex
vivo. J. Invest. Med. 47, 285-92.

Woods J.M., Katschke K.J. Jr., Volin M.V., Ruth J.H., Woodruff D.C.,
Amin M.A., Connors M.A., Kurata H., Arai K.-I., Kenneth Haines G.,
Kumar P. and Koch A.E. (2001). IL-4 adenoviral gene therapy
reduces inflammation, proinflammatory cytokines, vascularization,
and bone destruction in rat adjuvant-induced arthritis. J. Immunol.
166, 1214-22.

Yamashita A., Yonemitsu Y., Okano S., Nakagawa K., Nakashima Y.,
Irisa T., Iwamoto Y., Nagai Y., Hasegawa M. and Sueishi K. (2002).
Fibroblast growth factor-2 determines severity of joint disease in
adjuvant-induced arthritis in rats. J. Immunol. 168, 450-457.

Yellin M.J., Winikoff S., Fortune S.M., Baum D., Crow M.K., Lederman
S. and Chess L. (1994). Ligation of CD40 on fibroblasts induces
CD54(ICAM-1) and CD106(VCAM-1) upregulation, IL-6 production
and proliferation. J. Leukoc. Biol. 58, 209.

Accepted December 1, 2005

566

Angiogenesis in rheumatoid arthritis


