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Abstract: The formation of new blood vessels, a process globally referred to as angiogenesis, occurs in a number of pathological conditions,
such as cancer and chronic inflammation. Recent findings indicate that cyclooxygenase-2 (COX-2), the inducible form of the cyclooxygenase
(COX) isoenzymes, acts as a potent inducer of angiogenesis. Non-steroidal anti-inflammatory drugs (NSAIDs) are classical inhibitors of COX
enzymes, which are widely prescribed for the treatment of inflammation, pain and fever. Selective COX-2 inhibitors (COXIBs) have been
subsequently developed with the purpose to improve the safety profile of this class of therapeutics. More recently, substantial preclinical
evidence demonstrated that NSAIDS and COXIBs have anti-angiogenic properties. This newly recognized activity opens the possibility of
using these drugs for the treatment of angiogenesis-dependent diseases. In this article we review the most recent advances in understanding the
mechanisms by which NSAIDs and COXIBs suppress angiogenesis, and we discuss their potential clinical use as anti-angiogenic drugs.
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INTRODUCTION

Over the past decade, significant advances have been made in
understanding the molecular and cellular events that regulate and mediate
angiogenesis [1-3]. The great interest in vascular biology and angiogenesis
research is mainly driven by the potential for therapeutic interventions in
angiogenesis-dependent diseases such as cancer and chronic inflammation
[4, 5]. Non-steroidal anti-inflammatory drugs (NSAIDs) and selective
COX-2 inhibitors (COXIBs) are widely prescribed drugs for the treatment
of pain and inflammation. They inhibit the catalytic activity of the
cyclooxygenase (COX) isoenzymes and thereby block the production of
prostaglandins (PGs) and thromboxanes (TXs), the two main classes of
lipid-derived pro-inflammatory molecules. Increasing evidence suggests
that NSAIDs and COXIBs might also prove efficient as anti-angiogenic
drugs [6]. Recent clinical and experimental studies have demonstrated that
COX-2, the inducible isoform of COX, plays a major role in promoting
angiogenesis. NSAIDs and COXIBs are currently viewed as potential anti-
angiogenic agents for the prevention and treatment of benign as well as
malignant conditions dependent on angiogenesis.

Despite the hype in the COX-2 field and the hope that NSAIDs and
COXIBs may be used as safe and well tolerated anti-angiogenic drugs,
many basic questions remain and new ones have emerged. In the first part
of this article, we briefly review the cellular and molecular mechanisms of
blood vessel formation, the biological function of COX-2, its
pharmacological inhibition and the recent advances in understanding the
role of COX-2 in angiogenesis. In the second part, we review and discuss
the rationale for the clinical use of NSAIDs and COXIBs as therapeutic
agents for the prevention and treatment of cancer and other chronic
inflammatory disorders. We also discuss future directions of research,
including strategies to monitor their putative anti-angiogenic activity in
patients.

CELLULAR AND MOLECULAR MECHANISMS OF BLOOD
VESSEL FORMATION

During embryonic development, vascular progenitor cells (i.e. the
hemangioblasts) give rise to committed progenitors (the angioblasts),
which then differentiate into endothelial cells to form a primitive vascular
plexus trough a process called vasculogenesis. The primitive plexus is then
remodeled into a mature vascular system through sprouting, trimming,
intussusception and hierarchical branching by a process globally referred
to as angiogenesis [7]. Vascular maturation also involves the recruitment
of perivascular cells, the pericytes, which provide factors for endothelial
cell survival and confer physical stability to the vessel wall [8]. In the adult
organism, vessels are largely maintained in a quiescent state by the effects
of endogenous anti-angiogenic factors (e.g. thrombospondins,
extracellular matrix-derived fragments). During postnatal angiogenesis
this condition is reversed, and endothelial cells proliferate, migrate and
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form new capillaries in response to angiogenic factors. In contrast to
physiological angiogenesis, pathological blood vessels do not undergo full
maturation. For instance, tumoral vessels frequently display incomplete
endothelial cell lining and are often in direct contact with tumor cells [9].
They also show disorganized recruitment of pericytes [10] and remain
highly permeable and unstable. Finally, they fail to generate a
hierarchically branched vascular network [11].

Many extracellular and cell surface molecules mediating and
modulating angiogenesis have been identified and characterized [12-14].
They include: 1) Growth factors and growth factor receptors, such as
Vascular Endothelial Growth Factors (VEGFs) and VEGF-Receptors; 2)
Adhesion molecules of the integrin and cadherin families; 3) Extracellular
matrix proteins, such as fibronectin, collagens and laminins; 4) Remodeling
molecules and receptors (e.g. Angiopoietins/Ties, Ephrins/Ephs); 5) Matrix
metalloproteinases (MMPs) and their inhibitors (TIMPs and PAIs).

BIOLOGICAL ROLE OF CYCLOOXYGENASE

COX, also known as prostaglandin H synthase, is a rate-limiting
enzyme that catalyses the cyclooxygenase and peroxidase reactions in the
conversion of arachidonic acid to PGH2. Specific isomerases are then
required to convert PGH2 into a serie of biologically active prostanoids,
PGE2, PGF2, PGD2, PGI2, and Thromboxane (TX) A2 [15]. There are
two homologous cyclooxygenase isoenzymes encoded by two distinct
genes: COX-1 and COX-2 [15]. These two COX isoforms differ in many
respects. COX-1 is constitutively expressed in most tissues and plays an
important role in homeostasis. In particular, it is implicated in maintaining
the protective lining of the stomach mucosa, regulating the renal blood
flow and mediating platelet aggregation at sites of vascular injury [16]. By
contrast, COX-2 is absent from most normal tissues, except for some
specific regions in the brain, in the kidney and in the uterus. COX-2
expression is rapidly induced by inflammatory cytokines, such as Tumor
Necrosis Factor (TNF), and Interleukin (IL) -1 or -6, in leukocytes, in
particular monocytes/macrophages, as well as in stromal, epithelial and
endothelial cells. Numerous oncogenic mutations in many genes, including
c-src, Ras, APC, p53 and STK11/Lkb1, also stimulate COX-2 transcription.
Increased amounts of COX-2 are found commonly in both precancerous
or cancerous tissues [17, 18]. Furthermore, COX-2 has been shown to be
induced in response to chemotherapy and radiotherapy [19, 20]. This
increase in COX-2 expression results in enhanced synthesis of PGs in
neoplasic and inflamed tissues [16, 21-23]. COX-2 expression has been
documented in most human cancers [24, 25]. Tumor cells, but also
activated stromal fibroblasts, tumor infiltrating inflammatory cells and
angiogenic endothelial cells can express COX-2 [26].

Although COX-1 was not associated with tumor progression and
angiogenesis [16], and was shown in many experimental models not to
promote tumor growth [27], it is worth noting that constitutive COX-1
expression and overexpression was recently reported in many cancers.
COX-1 was found overexpressed in ovarian cancers [28, 29] in
association with enhanced production of angiogenic factors [30].
Expression of COX-1 was documented in testicular cancers [31], in the
stroma of human familial adenomatous polyposis polyps [32], in non-small
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Table 1. List of Publications Describing the Anti-Angiogenic Effects of NSAIDs and COXIBs. The Reports on the Anti-Angiogenic Effects In vitro and In vivo in
Animal Models, are Listed Here. This List is Not Exhaustive

In vivo effects In vitro effects

NSAIDs Tumor / inflammation /
tissue angiogenesis

Cornea / retinal
angiogenesis

Matrigel / sponge implant
angiogenesis

Proliferation, migration,
apoptosis

Aspirin Tsujii [58]

Yoshida [147]

Yoshida [147] Salcedo [86]

Pearce [148]

Shtivelband [149]

Fierro [150]

Indomethacin Majima [50]

Sawaoka [151]

Chang [55]

Li [152]

Rozic [153]

Ghosh [154]

Milas [155]

Yamada [156] Rozic [153]

Amano [157]

Majima [51]

Dormond [52, 83]

Majima [50]

Jones [62]

Pearce [148]

Pai [158]

Ibuprofen Skopinska-Rozewska [139]

Farrell [159]

Jones [62]

Szabo [160]

Diclofenac Seed [161, 162]

Freemantle [163]

Shen[164]

Seed [162]

Piroxicam Mohammed [165, 166] Seed [161]

Salcedo [86]

COXIBs

NS398 Liu [167, 168]

Li [152]

Rozic [153]

Ghosh [154]

Yoshida [147]

Yamada [156] Dormond [52]

Majima [50]

Amano [157]

Sengupta [169]

Majima [51]

Yoshida [147]

Dormond [52, 83]

Salcedo [86]

Celecoxib Chang [55] Masferrer [26]

Leahy [77]

Rofecoxib Guo [170] Wilkinson-Berka [171]

Nimesulide Emanueli [172] Majima [50]

Amano [157]

Tamarat [173]

cell lung carcinomas [33], osteoid osteomas [34] and in chemically-
induced rat mammary tumors [35]. These recent results warrant a re-
evaluation of the role of COX-1 in cancer progression.

Recently, an acetaminophen-sensitive COX isoform produced from
the COX-1 gene by alternative exon usage, was reported and termed
COX-3 [36]. Its putative role in cancer and other diseases has not been
investigated yet.

CYCLOOXYGENASE INHIBITION BY NSAIDs AND COXIBs

Two classes of COX inhibitors are currently available for use in
humans: pan-COX inhibitors, globally referred to as NSAIDs, and
selective COX-2 inhibitors, or COXIBs. [37, 38]. NSAIDs inhibit both
COX-1 and COX-2 but generally bind more effectively to the COX-2
active site. COXIBs have very little effects on COX-1, and thereby
preferentially suppress PGs and TXs production at inflammatory sites. The
therapeutic benefits of NSAIDs are due to the suppression of COX-2
activity in injured or inflamed tissues. On the other hand, all the NSAIDs-
related complications such as gastrointestinal ulceration, platelet
dysfunction and renal failure are mostly due to COX-1 inhibition in non-
inflamed, healthy tissue. Approximately 1% of chronic NSAIDs users will
develop serious and potentially lethal gastrointestinal complications during
treatment. Patients that suffer from arthritis or other chronic inflammatory
diseases are particularly at risk [39, 40].

COXIBs have been subsequently developed with the purpose to
improve the safety profile of this class of therapeutics. Thus, COX-2

inhibitors were expected to retain the beneficial effects of classical
NSAIDs, in particular the anti-inflammatory and analgesic activities,
without the deleterious effects on gastrointestinal mucosa, renal plasma
flow and platelet aggregation. However, while it is now demonstrated that
prolonged COXIBs usage is associated with a significant reduction of
gastrointestinal complications compared to NSAIDs [41-43], it appears
that most of the undesired effects on kidney function are retained [43].
This observation is consistent with the recently reported constitutive
expression of COX-2 in the renal medulla [44], and in the macula densa
[45]. Since, in addition to the kidney, low level of COX-2 expression was
observed in additional tissues and organs, such as the brain and the uterus
[22, 46], it is conceivable that long-term administration of COXIBs may be
associated with potential side effects in these organs.

Unanticipated severe thrombotic cardiovascular complications were
observed in a rofecoxib-based study in patients with arthritis and
musculoskeletal pain (the VIGOR, Vioxx Gastrointestinal Outcomes
Research, Study, 8076 patients). The meta-analysis of this study, revealed
that patients without coronary artery disease had a 2.38 greater risk of
developing a thrombotic cardiovascular event (myocardial infarction,
unstable angina, cardiac thrombus, cardiac arrest, sudden death, ischemic
stroke, and transient ischemic attacks) under rofecoxib treatment
compared to patients treated with NSAIDs [47]. In a similar study based
on celecoxib (CLASS, Celecoxib Long-term Arthritis Safety, Study, 8059
patients), however, there was no significant difference in cardiovascular
event (myocardial infarction, stroke, and death) rates between celecoxib
and NSAIDs-treated patients. The reasons for this increased risk in the



NSAIDs as Anti-Angiogenic Drugs Current Drug Targets - Inflammation & Allergy, 2005, Vol. 4, No. 1    33

Fig. (1). Proposed integrative model for the role of COX-2 in angiogenesis. COX-2-derived prostaglandins and thromboxanes are released in the microenvironment of
tumoral or inflamed tissues. Prostaglandins and thromboxanes promote angiogenesis by binding to E-prostane surface receptors (EP) on endothelial cells and stimulating
signaling pathways that promote cell proliferation, migration and inhibition of apoptosis. See text for detailed description of pathways and NSAIDs/COXIBs effects.

Abbreviations: cAMP, cyclic adenosine monophosphate; COX, cyclooxygenase; EP, E-prostane receptor; MAPK, mitogen activated protein kinase; PG, prostaglandin;
PKA, protein kinase A; TX, thromboxane; VEGF, vascular endothelial growth factor, VEGF-R2, VEGF-receptor-2;

VIGOR study are not fully clear and may be complex (including drug-
specific effects) [48]. These data call for caution about the risk of
cardiovascular events with COX-2 inhibitors. Therefore, long-term
preventive treatments with COXIBs should not be performed outside well-
designed clinical trials as long as clear benefits in relevant endpoints have
not been demonstrated.

ROLE OF CYCLOOXYGENASE-2 IN ANGIOGENESIS

There is growing experimental evidence indicating that COX-2 and
PGs promote angiogenesis, including tumor angiogenesis, and that NSAIDs
and COXIBs inhibit this process [13, 49]. NSAIDs and COXIBs
suppressed FGF-2-induced angiogenesis in a rat model of corneal and
sponge implant angiogenesis as well as in the Matrigel plug model [26, 50-
52]. Transgenic overexpression of COX-2 in basal epidermal cells
enhanced tumor progression upon exposure to mutagenic agents [53],
while overexpression of COX-2 in murine mammary cells caused breast
tumor formation following multiple pregnancies [54]. In both models,
tumor progression was associated with enhanced angiogenesis, while
NSAIDs and COXIBs suppressed angiogenesis and tumor formation.
Moreover, using the same model of transgenic mice over-expressing
COX-2 in mammary glands, Chang et al. demonstrated a correlation
between known angiogenic regulatory genes (VEGF, Ang2, Flt-1, Tie2)
and COX-2 over-expression [55]. The reports in which anti-angiogenic
activity of NSAIDs and COXIBs have been originally described are listed
in Table 1.

The cellular and molecular mechanisms by which COX-2 promotes
angiogenesis are being progressively uncovered. COX-2 stimulates
angiogenesis through at least three main mechanisms: by inducing
endothelial cell proliferation, by enhancing their survival and resistance to
apoptosis, and by stimulating cell adhesion, spreading and migration (See
Fig. (1)). In the following section we summarize the experimental
evidences for the contribution of COX-2 in promoting angiogenesis.

COX-2 in Cellular Proliferation

Among the various growth factors implicated in blood vessels
formation, Vascular Endothelial Growth Factor (VEGF) emerged as the
most specific and the important one [3, 14, 56]. VEGF promotes
endothelial cell proliferation, migration, and survival and causes a rapid
increase in vascular permeability, all features associated with
angiogenesis [57]. For example, VEGF is produced during cancer
progression in response to tumor hypoxia and following activation of

oncogenes (e.g. Ras) or inhibition of tumor suppressor genes (e.g. p53, von
Hippel Lindau protein). Recently, numerous reports have demonstrated
that COX-2 activity and PGs production are important regulators of VEGF
expression and biological function. Tsujii et al. have originally shown that
COX-2 expression in colon cancer cells induced enhanced synthesis of
VEGF in endothelial cells through an autocrine mechanism, and this effect
was inhibited by NS-398, a COX-2 specific inhibitor [58]. This observation
was confirmed in a large number of different tumor types (see Table 1).
Mice lacking the COX-2 gene have deficient VEGF production while
treatment of wild-type fibroblasts with a COX-2 inhibitor suppressed
VEGF production [59]. Consistent with the idea that COX-2 regulates
VEGF expression, exogenous administration of PGs increased VEGF
production in many different cells [60, 61]. Moreover, Jones et al.
demonstrated that the inhibition of COX-2 prevented the VEGF-R2
mediated activation of the mitogen activated protein kinase (MAPK)
pathway, thereby inhibiting proliferation in endothelial cells [62].
Interestingly, it has been recently shown that VEGF itself can upregulate
COX-2 expression in human endothelial cells [63]. This finding suggests a
possible positive feedback mechanism between COX-2 and VEGF,
reminiscent of a positive feed-back loop previously reported between
COX-2/PGE2 and EGF-R signaling. EGF stimulates COX-2 expression and
PGE2 production via EGF-R and ERK-p38 signaling [64]. In turn, PGE2
causes EGF receptor transphosphorylation and enhances ERK activation
and cell proliferation [65].

Based on these data, one can propose a general mechanism for the
regulation of endothelial cell proliferation by COX-2 (See Fig. (1)). When
COX-2 is induced within a tumoral or an inflamed tissue, increased
PGs/TXs are generated and bind to cell surface receptors belonging to the
family of seven-transmembrane G protein-coupled rhodopsin-type
receptors, designed as EP1, EP2, EP3, EP4. Upon stimulation with
PGs/TXs, these receptors induce changes in the level of second
messengers (cAMP, free Ca++) [66]. As a result, elevated levels of
cAMP, a known downstream event of the EP2 and EP4 receptors
activation, induce VEGF production. VEGF is then released within the
tissue and acts through an autocrine/paracrine manner on endothelial cells
through the VEGF-R2 (and VEGF-R1) mediated MAPK activation [1, 67].

COX-2 in Prevention of Apoptosis

There is significant evidence demonstrating that COX-2 expression
suppresses apoptosis in many cell types and that COXIBs enhance it [68-
70]. Most of the evidence for an anti-apoptotic effect of COX-2 comes
from studies performed on cancer cell lines. For example, Mc Ginty et al.
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demonstrated that induction of COX-2 expression in PC-12
pheochromocytoma cells prevented apoptosis induced by nerve growth
factor withdrawal [71]. COX-2 was shown to protect cells against
apoptosis through direct intracellular as well as autocrine or paracrine
mechanisms [72]. Two molecular pathways involved in the anti-apoptotic
effects of COX-2 have been described: the Bcl-2 and the nitric oxide
(NO) pathways [72]. Sheng et al. demonstrated that COX-2 expression in
colon cancer cells correlated with an increase in the expression of Bcl-2,
the prototypic anti-apoptotic member of the Bcl family of proteins,
decreased cytochrome-c release from mitochondria, and decreased
caspase-9 activation, whereas treatment with COXIBs caused a decrease
in Bcl-2 expression and increased apoptosis [73]. Using a differential
expression array in the PC-12 cells, Chang et al. showed that COX-2
activity stimulated the expression of the dynein light chain and was
followed by inhibition of neuronal nitric oxide synthase activity, thereby
preventing apoptosis [74]. Furthermore, they showed that the nitric oxide
(NO) pathway was downstream of PGE2, as addition of exogenous PGE2
reproduced the effect. In addition to the above mechanisms, a recent study
reported that treatment of human prostate cancer cells with the COX-2-
specific inhibitor celecoxib induced apoptosis by blocking activation of
protein kinase B (PKB/Akt), a critical regulator of cell survival [75],
independently of the effects on Bcl-2 [76]. At this point, while it appears
clear that COX-2 inhibitors can induce endothelial cell apoptosis in vivo
[77], the exact mechanisms involved remain mostly to be elucidated. In
addition, it is possible that these mechanisms are cell specific. For instance,
in contrast to PC-12 cells, NO is a potent survival factor for endothelial
cells [78], and COXIBs-mediated inhibition of the PKB pathway may
induce endothelial cell death by suppressing NOS-3 activity, a direct target
of PKB [75], and by decreasing NO production [79].

COX-2 in Cell Motility and Adhesion

Vascular integrin adhesion molecules are important regulators of
physiological as well as pathological angiogenesis. Integrins are cell
surface heterodimeric receptors which bind to extracellular matrix
proteins to provide the physical interaction necessary for cell adhesion,
migration and positioning [80]. By interacting with the extracellular matrix,
they also trigger signaling events, which, in concert with growth factor
receptor-mediated signals, provide essential cues for cell survival,
proliferation and differentiation [13, 81]. Among the known integrins,
αVβ3 has emerged as one of the most critically involved in regulating
tumor angiogenesis [81, 82].

Recently, COX-2 has been shown to play a role in endothelial cell
migration and angiogenesis by regulating the function of the integrin αVβ3
[52]. The inhibition of COX-2 activity in endothelial cells by NSAIDs and
COXIBs suppressed αVβ3-dependent endothelial cell spreading and
migration in vitro and FGF-2-induced angiogenesis in vivo [52]. This
positive effect of COX-2 on the αVβ3 -spreading and migration was
mediated by the activation of Cdc42 and Rac, two proteins belonging to the
Rho family of GTPases that regulate cytoskeletal organization and cell
migration. The NSAIDs and COXIBs effects were reversed by the
administration of exogenous PGE2. Furthermore, besides stimulating cell
spreading, PGE2 also accelerated α Vβ3-mediated endothelial cell
adhesion. The endothelial cells used in these experiments (i.e. HUVEC)
expressed the PGE2 receptors EP2 and EP4 and selective EP2 and EP4
receptor agonists (i.e. butaprost and PGE1 alcohol, respectively),
accelerated HUVEC adhesion and spreading with similar kinetics as
observed for PGE2. αVβ3-mediated adhesion (and PGE2 stimulation)
induced a transient rise in cAMP levels, and activation of protein kinase A
(PKA). A cell permeable cAMP analogue 8-brcAMP accelerated
adhesion, promoted Rac activation and cell spreading in the presence of
COX-2 inhibitors, while a pharmacological inhibitor of PKA completely
blocked αVβ3-mediated adhesion. A constitutive active Rac mutant
(L61Rac) rescued αVβ3-dependent spreading in the presence of NS398,
but did not accelerate adhesion, and a dominant negative Rac mutant
(N17Rac) suppressed spreading without affecting adhesion. In contrast,
α5β1-mediated HUVEC adhesion, Rac activation and cell spreading were
not affected by COX-2 inhibition [83].

Based on these results, a model was proposed to explain the effects of
COX-2 on cell adhesion, spreading and migration (Fig. (1)). COX-2-
derived PGE2 binds to the EP2 and EP4 prostane receptors at the surface
of the endothelial cells and thereby trigger the activation of adenylate
cyclase. The cAMP burst that follows adenylate cyclase activation,
accelerates αVβ3-mediated endothelial cell adhesion through a cAMP-
PKA pathway and promotes αVβ3-dependent spreading via cAMP-PKA-
dependent activation of Rac. Consistent with the notion that Rac has an

important function in angiogenesis, it was demonstrated that endothelial
cell chemotaxis induced by VEGF required Rac activation [84], and that
inhibition of its effector p21-activated kinase (PAK)-1 suppressed
endothelial tube formation in vitro and angiogenesis in vivo [85].

Recently it has been reported that PGE2 mediates the angiogenic
effects of FGF-2 and VEGF in human microvascular endothelial cells by
inducing the up-regulation of the chemokine receptor CXCR4 [86].
Inhibition of COX-2 in FGF-2 or VEGF-stimulated endothelial cells
resulted in a decrease in CXCR4 expression. Since chemokines and
chemokine-receptors stimulate integrin-mediated migration, this
observation corroborates the role of COX-2 and PGE2 in stimulating
endothelial cell migration [86].

Finally, it is noteworthy that another COX-2 metabolite, TXA2, was
shown to be involved in endothelial cell migration and angiogenesis,
although its role remains controversial. Daniel et al. demonstrated that a
selective COX-2 antagonist inhibited TXA2 expression, endothelial cell
migration, and FGF-induced corneal angiogenesis. Moreover, endothelial
cell migration and corneal vascularization were similarly inhibited by a
TXA2 receptor antagonist [87]. These effects were reversed by a TXA2
agonist, regardless of the presence of a COX-2 inhibitor. In another study,
however, TXA2 was shown to inhibit endothelial cell migration and
vascular tube formation [88]. The reason for these opposing effects of
TXA2 on angiogenesis remains unclear at this point.

USE OF NSAIDS AND COXIBS AS ANTI-ANGIOGENIC DRUGS

The fact that COX-2 acts as a potent inducer of angiogenesis, suggests
the possible use of COX-2 inhibitors as anti-angiogenic agents. The
epidemiological and clinical data showing the benefits of NSAIDs and
COXIBs for the prevention and treatment of angiogenesis-related
pathologies support this hypothesis. Most of the results obtained so far on
this specific matter stemmed from cancer research. For this reason, we
will mainly focus the following discussion on the rationale for the use of
NSAIDs and COXIBs as anti-angiogenic agents in the treatment of
tumoral conditions, and briefly mention their potential implication in the
management of chronic inflammatory diseases.

Use of COX-2 inhibitors in Cancer Prevention and Treatment

Initial empirical evidence that NSAIDs have anti-cancer effects
originated from epidemiological studies [89, 90]. These studies
demonstrated that regular (i.e. 5 to 7 times per week) and prolonged (> 2
years) intake of Aspirin and other NSAIDs decreased the relative risk of
developing colorectal cancer by approximately 50%. While the evidence
for protection against cancers, in particular of the gastrointestinal tract
(i.e. colorectal, stomach, and esophageal cancer) is quite convincing, data
on possible protective effects against other cancers, in particular breast,
prostate, lung, and skin are less conclusive. In 1993, a pioneering
randomized, double-blind, placebo-controlled study performed on patients
with Familial Adenomatous Polyposis (FAP) demonstrated that chronic
administration of the NSAID sulindac caused a significant regression in
the number and size of colonic and rectal adenomas [91]. The first direct
demonstration that specific targeted inhibition of COX-2 may prevent
development of colorectal cancer came later on from a study also
performed in patients with FAP. Treatment with the COX-2 specific
inhibitor celecoxib during a 6 months period, resulted in a significant
reduction of the number and size of polyps in these patients [92, 93].
Based on those data, the logical extension of these studies was to assess
whether COXIBs may protect against cancer development in patients with
other premalignant lesions associated with COX-2 overexpression, such as
bronchial metaplasia, Barrett esophagus, oral leukoplakia or dysplastic
nevi. Several large randomized trials addressing these questions in high-
risk populations are currently ongoing. In order to improve our
understanding on the mechanisms associated with a positive or negative
outcome, it will be important to associate these trials with biological,
biochemical and molecular endpoints. In particular, drug effects on the
tumor should be specifically monitored (see below). It is important to
stress, that even if these trials give a positive result, long-term preventive
treatments with COXIBs bear the risk of potential serious side effects and
should therefore be clearly restricted to high-risk patients. It is noteworthy
that, while COX-2 has well established pro-angiogenic effects, it is not
possible to assess at this time how much of the protective activity of COX-
2 inhibitors against human cancer is due to suppression of tumor-
associated angiogenesis.

The observation that NSAIDs and COXIBs are effective as cancer-
preventive agents, suggested the possibility that these drugs could also be
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used for the treatment of established tumors. Indeed, COX-2 is over-
expressed in most cancers [17, 94] and anti-cancer treatments can induce
de novo expression or overexpression of COX-2 in cancer cell lines [23].
In preclinical experiments, inhibition of tumor growth was observed upon
treatment with COXIBs alone (Reviewed in [95]). It will be unlikely,
however, that similar dramatic effects will occur in humans. The potential
therapeutic efficacy of COXIBs should therefore be primarily tested in
combination with chemotherapy or radiotherapy. The fact that some
chemotherapeutic agents (microtubule interfering drugs) and radiotherapy
have been shown to induce COX-2 expression strengthens this approach
and suggests that COXIBs might be used to prevent potential COX-2-
related pro-tumoral side-effects [19, 20]. In contrast, the administration of
COXIBs alone should be limited to studies addressing very specific
questions (e.g. identification of surrogate markers and target genes in
response to COX-2 inhibitions). Pre-clinical studies have shown that anti-
angiogenic drugs given at different stages of tumor progression (i.e. pre-
malignant lesions, rapidly expanding small tumors or large end-stage
cancers) produce distinct efficacy profiles. Optimal response was seen in
rapidly growing small tumors [96]. Should this also apply to COXIBs, then
efficacy depends largely on the tumor stage. For this reason, it may be
important that clinical trials are not restricted to advanced stage cancer
only. Some of the ongoing clinical trials with COXIBs have been recently
discussed [23, 97-99].

Use of COX-2 Inhibitors in Chronic Inflammatory Conditions

Apart from the fact that COXIBs might play a role in cancer
prevention and treatment in the future, there are some data indicating that
their anti-angiogenic properties could also represent an additional benefit
in the treatment of chronic inflammatory disorders, such as in rheumatoid
arthritis (RA). RA is a chronic systemic inflammatory disease of unknown
origin that principally attacks the joints, producing a non-suppurative
synovitis. Morphologically, RA is characterized by an inflammatory lesion
in the synovial membrane that can progress to form a proliferative tissue,
the pannus, that disrupt the joint and the adjacent bone. Increased vascular
density owing to vasodilatation and angiogenesis is a hallmark of this
condition [100, 101], and has been shown to play a key role in the
development and progression of the disease. Indeed, studies performed on
animal models of RA demonstrated that inhibition of angiogenesis, using
α Vβ3 integrin antagonists or endostatin gene transfer, produced a
decrease in inflammation and disease progression [102-104]. While
neovascularisation in RA may be driven by the increased requirement of
oxygen and nutrients from the proliferative synovial pannus, it is likely that
the sustain production of angiogenic factors secondary to the inflammatory
events in the synovium mainly drives the process. Since COX-2 is up-
regulated in the RA synovium [105], one may assume that locally
produced prostanoids may actively contribute to promote new vessels
formation in the tissue. In support of this hypothesis, Woods et al.
demonstrated that COX-2 expression in RA synovial fibroblasts and in
microvascular endothelial cells promoted angiogenic activity in diseased
synovium and that treatment of these cells with the selective COX-2
inhibitor rofecoxib inhibited this process [106]. Therefore, these results
raise the question whether some of the beneficial effects of NSAIDs and
COXIBs on RA may involve inhibition of angiogenesis. However, these
drugs do not prevent pannus formation and have no curative effects on RA
progression. This suggests that NSAIDs or COXIBs may not be sufficient
on their own to inhibit angiogenesis in the synovium, or that inhibition of
angiogenesis alone does not result in inhibition of disease progression.
Whether anti-angiogenic agents, alone or in association with NSAIDs or
COXIBs, may provide an efficient or additional control of
neovascularization in RA and stop disease progression is an open question
that deserves further investigation.

It has been recently shown that NSAIDs or COXIBs, similarly to
specific anti-angiogenesis therapy (i.e. VEGF-R2 antagonist or vasostatin),
had no significant impact on the healing of incisional wounds, dermal
angiogenesis or recovery of tensile strength [107, 108]. These
observations raise the possibility that stromal tissue-remodeling events may
be less dependent on angiogenesis than cancer progression, and thereby
are not, or significantly less affected by anti-angiogenic drugs.

MONITORING THE ANTI-ANGIOGENIC EFFECTS OF COXIBS IN
PATIENTS

One main challenge in the field of angiogenesis, is to specifically
monitor angiogenesis and the anti-angiogenic effects of a drug in vivo.
This problem also exists for monitoring the anti-angiogenic activity of
NSAIDs and COXIBs. To date, there are no bona fide validated molecular

or cellular markers to monitor angiogenesis or the drug-mediated inhibition
of the process. Ideally, such surrogate markers should be specific for the
drug and allow to measure the anti-angiogenic effects of COXIBs,
independently of their anti-inflammatory effects. To this regard, it should
be clarified that measuring PGE2 levels in patients under COXIB therapy
is not a direct way to monitor its anti-angiogenic effect. For example, in a
recently published celecoxib phase II trial, patients with non-small cell
lung cancer were treated preoperatively with chemotherapy and
celecoxib. The increased PGE2 levels found within tumor tissue were
normalized after treatment with celecoxib (400 mg BID) [109]. This
observation indicates that the COXIB dose used was sufficient to inhibit
COX-2 activity at the target site and is therefore reassuring and gratifying,
but it does not demonstrate any potential anti-angiogenic effects.

Many efforts are currently under way in many laboratories, including
ours, to identify and validate surrogate markers of angiogenesis. The
heterogeneity of the process of angiogenesis itself (many different
molecules and mechanisms involved in vessel formation), the different
degree of contribution of angiogenesis to individual pathologies, and the
changes of angiogenesis-dependence during disease progression, indicate
that the determination of several different parameters, rather than a single
one, will be necessary to effectively assess angiogenesis in patients. We
would like here to briefly review the different available approaches and
tools that might prove useful in the future to identify such markers. For a
more comprehensive review and discussion on this topic, we refer the
reader to recently published articles [95, 110, 111].

Imaging-Based Techniques

They are commonly used for diagnostic purposes, as a baseline before
therapy and to monitor response to treatment. Thanks to tremendous
improvement in instruments, enhancing agents and data processing, it is
now possible to monitor regional blood flow, regional blood volume, mean
transit time, permeability and pO2 [112, 113]. Since these methods have a
sufficient spatial and temporal resolution, they are ideal candidates for
monitoring tissue perfusion and drug efficacy in clinical trials.

Contrast-enhanced dynamic Magnet Resonance Imaging (CED-MRI)
and computer tomography (CED-CT) are already used to these purposes.
CED-MRI was used to correlate immunohistological data and clinical
outcome. In the vast majority of the cases, a good correlation with
immunohistological assessment of tumor angiogenesis was observed [114].
In some situations CED-MRI analysis was a better predictor of disease
outcome than histological evaluation of angiogenesis [115] or of
circulating VEGF levels [116]. CED-CT is routinely used to measure
cerebral blood flow, blood volume, mean transit time and vascular
permeability in patients after ischemic brain lesions [117]. In a recent
paper it was reported that tissue VEGF, microvascular density (MVD) and
lymph node involvement in patients with lung adenocarcinoma correlated
well with perfusion data obtained by CED-CT [118].

Nuclear medicine techniques, such as position emission tomography
(PET) and Single Photon Emission Computer Tomography (SPECT) can
also be used to study tissue blood flow, blood volume and vascular
permeability. Different nuclides with different chemico-physical
properties are available to monitor blood flow (e.g. 15O-labelled water) or
blood volume (e.g. 94mTc-labelled erythrocytes) [119]. Furthermore, 18F-
deoxyglucose (FDG) is a validated tracer to monitor cellular metabolism in
tumors and is a very sensitive technique to detect metabolic changes in
response to therapy.

Ultrasound-based techniques have been used to investigate tumor
angiogenesis in animals [120] and patients [121]. The improvements in the
sensitivity and resolution of ultrasonography equipment, the coupling with
Doppler technology (i.e. ‘Power Doppler’) and the introduction of
intravenous contrast agents and harmonic imaging analysis, made it
possible to efficiently visualize vessels and monitor blood flow in many
organs and tissues, including tumors [122, 123]. Power Doppler
ultrasonography was used to monitor tumor perfusion in diverse primary
solid cancers. For example, the determined vascular index correlated well
with MVD in early breast cancer [121] or with MVD, lymph-node and
distant metastasis in rectal carcinoma [124].

In conclusion, imaging-based techniques represent the most advanced
and promising strategy to the non-invasive measurement and quantification
of tumor angiogenesis.

Cellular Markers

Circulating vascular endothelial cells of putative vessel wall origin can
be detected in peripheral blood of healthy individuals [125]. In humans,



36    Current Drug Targets - Inflammation & Allergy, 2005, Vol. 4, No. 1 Rüegg et al.

increased frequency of circulating endothelial cells (CEC) were reported
in patients with cardiovascular disorders (e.g. acute coronary syndromes
and chronic venous insufficiency) [126, 127] as well as in breast cancer
and lymphoma patients [128]. Recently, bone marrow-derived circulating
endothelial cell progenitors (ECP) were detected in the peripheral blood of
tumor-bearing mice and were shown to actively contribute to tumor
angiogenesis and to tumor progression in the same animals [129, 130]. To
date, however, it is not clear whether the same mobilization occurs in
human cancer. If this was the case, ECP may represent a unique
‘diagnostic window’ to monitor the angiogenic status of a patient before
and during anti-angiogenic therapy.

Biochemical and Molecular Markers

Serum or plasma levels of many vascular growth factors (e.g. VEGF,
FGF-2 or HGF) were shown to have prognostic value and to correlate with
disease progression in many tumors (reviewed in [95]). Except for
measurement of urine FGF-2 to monitor the treatment of infantile
hemangiomas with IFNα [131], circulating vascular growth factors turned
out to be useless as markers of drug activity or efficacy in solid tumors
[132].

Circulating cell surface vascular molecules released by proliferating
endothelial cells, such as cell adhesion molecules, growth factor receptors
or fragments of matrix/perivascular proteins, may be valuable indicators
of active angiogenesis [133]. The circulating levels of several molecules
have already been investigated, and preliminary results indicate that some
of them may be potential candidate as surrogate markers of angiogenesis.
For example, elevated levels of soluble VEGF-R1/Flt-1 (sFlt-1) were
detected in the serum of colorectal and breast cancer patients [134].
Increasing levels of soluble VCAM-1 (sVCAM-1) were found in serum of
women with progressing advanced breast cancer compared to women
with stable disease [135].

FUTURE PERSPECTIVES

The research developments and achievements in the understanding of the
role of COX-2 and prostaglandins in promoting angiogenesis and the
detailed characterization of molecular effects of NSAIDs and COXIBs on
cellular signaling pathways suggest some possible future developments.

Inhibition of PGE2

Using human head and neck xenograft tumors expressing COX-2 and
producing high levels of PGE2, Zweifel et al. recently showed that
specific inhibition of PGE2 activity by a neutralizing antibody mimicked
the anti-tumor activity observed after celecoxib treatment [27]. This result
demonstrates that inhibition of PGE2 by neutralizing antibodies could be an
alternative way to suppress COX-2 mediated angiogenic and tumor-
promoting activity.

Inhibition of PG Receptors

It was recently reported that EP-3-deficient mice have deficient tumor
angiogenesis and reduced tumor growth compared to wild type mice,
whereas an EP-3 receptor agonist enhanced angiogenesis in a sponge
model [136]. This defect was associated with impaired production of
VEGF by host cells. EP-2-deficient mice also had decreased angiogenesis,
while mice deficient for other PGs receptors had normal angiogenic
activities [136]. These results open the possibility of interfering with EP
receptor function to counteract the angiogenic and PGs-dependent effects
of COX-2. Since there are eight different PGs receptors (four PGE2
receptors) [137], it may be possible to selectively target EP expressed on
angiogenic endothelial cells as alternative to COXIBs, thereby
circumventing the potential side effects associated with the inhibition of
COX-2 dependent PGs synthesis in healthy tissues.

Non-COX-2 COXIB targets

While it is clear that COX-2 promotes angiogenesis and tumor
progression, and that inhibition of COX-2 suppresses them, there is
growing evidence suggesting that some of the NSAID/COXIB effects are
COX-2 independent. For example, NSAIDs suppressed proliferation and
soft agar colony formation of Ha-Ras- and/or SV40-COX-deficient
transformed cells [138]. Exisulind, a sulindac metabolite lacking COX-
blocking activity, inhibited tumor growth in mice [139]. Several
mechanisms have been proposed to explain these COX-independent
effects, such as inhibition of expression of the anti-apoptotic protein Bcl-
XL, [140], suppressed activation of I-κB kinase β and Nuclear Factor-κB
[141], downregulation of Protein Kinase C-β1 expression and activity

[142], decreased expression of cyclin A, cyclin B1 and cdk-1, increased
expression of p21WAF1 and p27KIP1 [143] and inhibition of PKB
activation [76]. Ibuprofen mediated COX-2-independent reduction of
hypoxia-inducible factors HIF-1alpha and HIF-2alpha in prostate cancer
cells [144].

It should be emphasized that the doses of COXIBs used to achieve
these COX-2 independent effects, however, were significantly higher (50-
100 µM) than the doses that can be safely reached in humans or
experimental animal models (5-10 µM). Molecular modeling of these
compounds revealed that the structural requirements for these pro-
apoptotic effects were different from those for COX-2 inhibition. These
findings suggest the possibility of synthesizing new apoptosis-inducing
compounds based on existing COX-2 inhibitors [145, 146].

CONCLUSIVE REMARKS

There is convincing evidence indicating that COX-2 plays an
important role in promoting angiogenesis in benign, premalignant and
malignant conditions. Inhibition of COX-2 represents an attractive
approach for the prevention and treatment of angiogenesis-dependent
diseases. Preclinical experiments have shown that the anti-tumor activity
of NSAIDs and COXIBs is due, at least in part, to the suppression of tumor
angiogenesis. Clinical trials for the evaluation of their potential therapeutic
effects in human cancer are under way. Many questions, however, remain
open and new ones have emerged. For instance it will be important to
associate ongoing interventional trials with techniques allowing evaluation
of the anti-angiogenic effects of these drugs, or to identify surrogate
molecular markers to monitor the anti-vascular activity of COXIBs in
patients. Recent advances in the field have also opened the road to new
avenues of research, such as the development of EP receptor antagonists
allowing selective targeting of angiogenic vessels, or the design of
COXIBs-derived drugs that inhibit novel, non-COX-2 targets. Thus, after
many years of successful preclinical and clinical research on NSAIDs and
COXIBs and their widespread use as anti-inflammatory drugs in daily
practice, time has come to go back to the laboratory again to further
characterize the anti-angiogenic properties of this exciting class of drugs.
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ABBREVIATIONS

cAMP = Cyclic adenosine monophosphate
COX = Cyclooxygenase
EP = E-Prostane receptor
MAPK = Mitogen activated protein kinase
PG = Prostaglandin
PKA = Protein kinase A
TX = Thromboxane
VEGF = Vascular endothelial growth factor
VEGF-R2 = VEGF-receptor-2
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