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Abstract

Accumulating evidence demonstrates that polyphenols in natural products are beneficial against human lethal diseases such as cancer a
metastasis. The underlying mechanisms of anti-cancer effects are complex. Recent studies show that several polyphenols, includinc
epigallocatechin-3-gallate (EGCG) in green tea and resveratrol in red wine, inhibit angiogenesis when administrated orally. These
polyphenols have direct effects on suppression of angiogenesis in several standard animal angiogenesis models. Because angiogenesis
involved in many diseases such as cancer, diabetic retinopathy and chronic inflammations, the discovery of these polyphenols as
angiogenesis inhibitors has shed light on the health beneficial mechanisms of natural products, which are rich in these molecules. At the
molecular level, recent studies have provided important information on how these molecules inhibit endothelial cell growth. Perhaps the
greatest therapeutic advantage of these small natural molecules over large protein compounds is that they can be administrated orally withot
causing severe side effects. It is anticipated that more polyphenols in natural products will be discovered as angiogenesis inhibitors and tha
these natural polyphenols could serve as leading structures in the discovery of more potent, synthetic angiogenesis inhibitors. © 2002
Elsevier Science Inc. All rights reserved.
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1. Introduction risks of developing lethal diseases such as cancer and heart
diseases, and they can be obtained without prescriptions.
Although the entire genome of humans have become Polyphenols, especially flavonoids, that are rich in fruits,
public (30,000-40,000 genes), which will with no doubt soybeans, vegetables, herbs, roots and leaves, act as active
provide a landmark information for development of thera- components in prevention of cancer, heart diseases and
peutic and preventive methods against genetic and non-diabetes [5]. For example, fresh green tea contains large
genetic diseases, one should not neglect the power of naturahmounts of catechin polyphenols, while resveratrol and
compounds in the treatment of human diseases [1,2]. In fact,quercetin are rich in grapes, red wine and other food prod-
more than 60% of the world’s population relies almost ucts [6—9]. These compounds have been extensively studied
entirely on plants for medication [3]. Of the 520 new drugs for their effects in suppression of tumor growth and preven-
approved between 1983 and 1994, 39% were natural prod-tion of heart diseases in animal models. For example, a
ucts, of which 60—80% were antibiotics and anti-cancer Medline search on green tea results in nearly 1,000 research
drugs from natural products [4]. Of the 20 best-selling articles. Although many of these studies are limited to
non-protein drugs in 1999, 9 were derived or developed asepidemiological and anti-oxidative aspects of green tea and
the result of leads generated by natural products. Among catechins in cancer prevention, some recent studies are
these natural products, “functional food” has become in- aimed to elucidate the possible molecular mechanisms of
creasingly appreciated both by medical professionals and byhow these compounds act on various systems in the body.
the general public, due to its health benefits. The reason for  Angiogenesis, the process of new blood vessel growth, is
this is simply because these “daily” consumed natural prod- involved in physiological and pathological processes such
ucts have shown beneficial effects correlated with lower as embryonic development, wound healing, reproductive
cycles, tumor growth and metastasis, diabetic retinopathy
and chronic inflammations. Thus, suppression of abnormal
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cade, a number of potent endogenous angiogenesis inhibi-
tors have been identified that produce dramatic effects in
suppression of tumor growth and metastasisin animal mod-
els [10-12]. Encouraged by these animal studies, severa
protein angiogenesis inhibitors have been brought to clinical
trials in the treatment of human cancers. Although their
effects in human trials remain to be seen, protein therapy
has several disadvantages. These include the requirement
for high dosages, difficulties of manufacturing active mol-
ecules, high costs, risk of transmission of microorganism
toxins in recombinant proteins, and the need for frequent,
long-term injections. Thus, it seems impractical to apply
protein angiogenesis inhibitors to a large number of pa-
tients. In contrast, angiogenesis inhibitors as small mole-
cules derived from natural products have great advantages
over protein inhibitors. As natural diet ingredients, they are
proven non-toxic at physiological doses, can be easily man-
ufactured or obtained, can be given oraly and confer low
cost. Therefore, it is of great importance to understand the
underlying molecular mechanisms of these natural angio-
genesis inhibitors in order to improve their antiangiogenic
efficacies. In addition, the active components of these nat-
ural products could serve as structural bases for screening
for more potent synthetic analogs.

2. Therole of angiogenesis in tumor growth and
metastasis

More than 30 years ago, Dr. Judah Folkman hypothe-
sized that tumor growth and metastasis are dependent on the
degree of neovascularization [13]. Although this principle
has been proven by many elegant experiments, it is till
worthwhile to mention the most simple and convincing
evidence. When a piece of tumor tissue wasimplanted in the
rabbit cornea, the tumor implant changed its growth rate
from linear to exponential when newly formed blood ves-
sels reached to the tumor tissue [14]. Recently, a similar
corneal tumor implantation technique in smaller animals,
such as mice, has been established. At the prevascular stage,
a tiny tumor tissue consisting of several millions of cells
remains in its dormant stage for about 10 days without
growth. Survival of these cells in an avascular tumor is
dependent on free diffusion of nutrients, O, and growth
factors. The tumor implant is unable to grow beyond vol-
umes of 2-3 mm*> However, these living tumor cells can
still produce potent angiogenic factors, such as vascular
endothelial growth factor/vascular permeability factor
(VEGF/VPF) and fibroblast growth factor-2 (FGF-2), which
switch on an angiogenic phenotype of the tumor implant.
Once newly formed blood vessels reach the tumor implant,
the growth of the tumor is exponentia. In fact, the tiny
tumor implant grows beyond the size of the entire eye organ
within a couple of days. In contrast, mechanical disruptions
of tumor-induced vessels in the cornea can completely ar-
rest tumor growth. This simple experiment not only pro-

vides compelling evidence that tumor growth is dependent
on angiogenesis, but also demonstrates that intervention of
tumor angiogenesis can become a powerful approach for
cancer therapy. Using the same experimental set-up, single
or mixtures of angiogenic factors such as VEGF and FGF-2,
together with slow release polymers, have been implanted in
avascular corneas. Like tumors, these pure angiogenic fac-
tors can induce rapid and robust angiogenic responses [15].
Today, many academic and industrial scientists are using
this and other similar systems to screen for angiogenic
compounds. It appears that tumor angiogenesis is not only
critical for primary tumor growth but also for tumor metas-
tasis. For example, overexpression of VEGF, an endothelial
cell specific growth factor, in a murine fibrosarcoma re-
sulted in metastases of all tumor-bearing mice [16]. The
underlying mechanisms of a switch of angiogenic pheno-
type in tumors are complex and often require up-regulation
of angiogenic factors and simultaneous down regulation of
angiogenesis inhibitors.

3. Angiogenesis inhibitors in clinical trials

Encouraged by animal studies, many angiogenesis inhib-
itors are currently in various phases of human cancer trials.
For example, a simple search in the Internet results in more
than 40 protein or chemical compounds that are in clinical
trials for the treatment of human cancers (Table 1). Most of
these trials are registered by the National Cancer Ingtitute,
but sponsored by different pharmaceutical companies [17].
Preclinical studies show that most of these angiogenesis
inhibitors effectively block tumor growth without causing
toxicity. As shown in Table 1, these therapeutic molecules
inhibit neovascularization at various steps of blood vessel
formation. For example, several matrix metalloproteinase
inhibitors block the degradation of the endothelial basement
membrane, thus preventing capillary sprout formation. De-
velopment of antagonistic reagents by blocking angiogenic
ligand/receptor-mediated signaling pathways has become
one of the most attractive approaches in antiangiogenic
therapy. These strategies are mainly aimed at inhibition of
VEGF, one of the specific key angiogenic factors secreted
by most tumors. However, these single angiogenic factor
antagonists may encounter major problems in development
of drug resistance, as tumor cells most likely may switch
their angiogenic stimulators. As cancer masses consist of
heterogeneous populations of tumor cells, the anti-VEGF
reagents might stress tumor cells to select for colonies
producing other angiogenic factors such as FGF-2. Thus,
VEGF antagonists may not be effective in the treatment of
all cancers. In contrast, general angiogenesis inhibitors that
block common pathways of tumor angiogenesis can bypass
drug resistance and be therapeutically effective against all
cancer types. Angiostatin and endostatin are two such spe-
cific endothelial cell angiogenesis inhibitors, which have
entered clinical trials. According to animal studies, rela-
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Table 1

Angiogenesis inhibitors in clinical trials

Drug Phase Sponsor

Protease Inhibitors

Captopril 111 Bristol-Myers S.

CGS 27023A 1 Novartis

Col-3 (metastat) 111 CollaGenex & NCI
BMS-275291 /111 Bristol-Myers S.
Neovastat (A-941) 1 Aeterna Lab.

Growth Factor Antagonists

SU-6668 | Pharmacia Corp./Sugen
IMC-1C11 | ImClone

CEP-7055 | Sanofi-Synth & Cephalon
PI-88 I Progen Industries
Mobist I Amgen/Imclone

Iressa (ZD 1839) 111 Astra Zeneca

PTK787 (ZK22584) 1 Novartis

Anti-VEGF Ab. (Avastin) 1/ NCI, Genentech
SU-5416 1/ Pharmacia Corp./Sugen
Angiozyme (Ribozyme) 1N Ribozyme Pharm.
Avicine 1/ AVI Biopharma
IM862 /111 Cytran

SU101 /11 Pharmacia Corp, SUGEN
octreotide acetate (Sandostatin) 11 Novartis

Suramin (Metaret) FDA Warner-Lambert & NCI

Direct Endothelial Inhibitors

Angiostatin | EntreMed

2-ME | EntreMed

Combretastatin (CA4P) 111 Oxigene

TNP-470 11 TAP Pharm.

Endostatin I EntreMed

Penicillamine I NCI, available
Squalamine (MSI| 1256 F) 1/ Genera & Magainin Pharm.
Thalidomide 1/ NCI Celgene & EntreMed
Farnesyl Transferase Inhibitor

-L-778,123 | NCI, Merck

-SCH66336 | Schering-Plough Corp.
Cytokines

IL-12 11 Genetics

Interferon-alll Available

Anti-Integrin Agents

Vitaxin (medi-552, LM 609) I Medimmune Inc./Ixsys

MD 121974 1 Merck

Others

CAl (Carboxyamido-triazol€) /11 NCI

Celecoxib 11 Pharmacia
ImmTher I Endorex
Flavopiridol I Aventis & NCI

tively large dosages (20—100 mg/kg) of these angiogenesis
inhibitors have to be delivered in order to reach maximal
effects. When these amounts are translated into human tri-
as, it seems unattractive to deliver huge amounts of bio-
logically active recombinant proteins for long-term treat-
ments of large number of cancer patients. In addition to high
dosages, frequent injections of these angiogenesisinhibitors
are aso required. Therefore, discovery of small molecules
in natural products as angiogenesis inhibitors is an impor-

tant approach in improving or even replacing the current
antiangiogenic therapy in the treatment of cancer and other
diseases.

4. Mechanisms of antiangiogenic polyphenols
4.1. Antiangiogenic polyphenols

Consumption of plant-based diets could be beneficial in
decreasing the risks of onset and progression of angiogen-
esis-related diseases, including cancer, diabetic retinopathy
and rheumatoid arthritis. The known active components in
natural food products are mainly attributed to the existence
of beneficial polyphenols, which are abundant in tea, coffee,
fruits (grape, apple, peach), vegetables (tomato, celery, po-
tato), beans (soy), grains and seeds. There are close to 5000
different polyphenols described so far. They are divided into
subgroups such as isoflavones, flavonoids and lignans. Re-
cently, several polyphenols extracted from various plants
have been found to be potent inhibitors of angiogenesis
(Table 2). Further, many polyphenols have been found to
inhibit experimental tumor growth in animals. These studies
suggest that polyphenols could be an important group of
therapeutic natural compounds in the treatment of angio-
genesis dependent disorders.

Flavonoids, rich in soybeans, tea, fruits and leafy vege-
tables, are the most abundant polyphenolsin our daily diets.
The average intake of flavonoids by a humanisin the range
of 25-50 mg/day, including flavonols quercetin, myricetin
and kaempferol, and the flavones luteolin and apigenin
[18—20]. In regard to chemopreventive activity in cancers, it
appears that severa flavonoids have dua effects, as they
suppress the growth of both tumor cells and endothelial
cells. For example, luteolin, genistein, apigenin, quercetin
and fisetin inhibit cultured tumor and endothelial cells at
similar concentrations [21,22]. Many polyphenols act as
natural estrogenic agonists, which compete with endoge-
nous estrogen for the binding of type Il estrogen binding
sites, resulting in decreased activation of estrogenic signal-
ing pathways. These compounds include isoflavones, fla-
vonoids and lignans, such as kaempferol, quercetin, apige-
nin, genistein and resveratrol [23]. This weak estrogenic
activity has been correlated with their anti-proliferative ca-
pacity in tumor cells [24,25].

A few polyphenols seem to selectively inhibit endothe-
lial cell growth at lower concentrations as compared with
tumor cells. Epigallocatechin-3-gallate (EGCG) and res-
veratrol are such examples[26,27]. It has been reported that
flavones 3,4-dihydroxyflavone, resveratrol and luteolin are
among the most potent anti-endothelial polyphenolsin sup-
pression of cell proliferation with IC5, of 1.4-2 uM [22,
26]. Some other polyphenols preferentially inhibit endothe-
lia cell migration at low concentrations [22]. However,
these anti-endothelial growth effects cannot be directly
translated into the in vivo antiangiogenesis effects in ani-
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Table 2
Antiangiogenic polyphenols
Compound Source Anti-Endothelial Effects Antiangiogenesis Ref
|soflavones
Daidzein soybeans prolif. n.d [79,82]
Genistein soybeans prolif., migr. cornea, tumor [21,76,79,81-83]
Resveratrol grapes, peanuts prolif., migr., tube form. CAM, cornea, tumor [26,58,63,66,71]
Flavnoids
Flavonoles
3-Hydroxyflavone vegetables prolif., migr. n.d [22]
Fisetin fruits, vegetables prolif., migr. CAM, cornea [22,74,96]
Quercetin grapes, peanuts prolif., migr., tube form. n.d [22,68,71]
Myricetin cranberry, black currant prolif. n.d [22,97,98]
Silibinin milk thistle prolif. n.d [30,109]
Flavones
Flavone vegetables, herbs prolif. n.d [22]
3,4-Dihydroxyflavone vegetables prolif., migr. n.d [22]
Apigenin celery roots prolif., migr., tube form. tumor lymph vessel [22,87,93]
Luteolin vegetables, fruit prolif., migr. cornea [22,74,75]
Baicalein Scutellariae radix PROLIF. n.d [102]
Flavopiridol semisynthetic prolif. Matrigel plug [110,111]
Flavanones
Eriodictyol citrus fruits, beans prolif. n.d [22]
Hesperetin citrus fruits prolif. n.d [22]
Catechins
EC tea prolif. n.d [37]
ECG tea prolif. n.d [37]
EGC tea prolif. n.d [37]
EGCG tea prolif., tube form. CAM, cornea [27,36-38]

mals or humans, because absorption, tissue distribution,
half-life of compounds and metabolic degradation must
be taken into consideration. For example, EGCG in green
tea is an effective inhibitor in suppression of distal an-
giogenesis in animals, although relatively high concen-
trations are required for endothelial cell inhibition in
vitro [27]. At the molecular level, these polyphenol in-
hibitors suppress growth factor-triggered activation of
receptors (EGCG), protein kinase C (luteolin, resveratrol,
guercetin), tyrosine kinases (genistein), phosphoinositide
3-kinase (luteolin, quercetin) and epidermal growth fac-
tor receptor S6 kinase (genistein, kaempferol) [28,29].
They also block the function of cell cycle regulators such
as cyclin dependent kinase (cdk) and thus keep tumor and
endothelial cells at quiescent stages [22]. Other common
inhibitory mechanisms of flavonoids include inhibition of
mitogen-activated protein (MAP) kinases and upregula-
tion of cell cycle repressors such as p21. Their inhibitory
activities can also be extended to anti-inflammatory ef-
fects and inhibition of proteases such as matrix metallo-
proteinases (MMPs), which are coupled to antiangiogen-
esis [30]. Even the antioxidative effect has recently been
linked to antiangiogenesis. For example, reduction of the
oxidative stress by polyphenols leads to blockage of
reactive oxygen species (ROS) formation and alterations
in the cell redox equilibrium, resulting in activation of

transcription factors such as AP-1, p53 and NF«B, which
regulate the expression levels of one of the key angio-
genic factors, VEGF [31]. Thus, the antiangiogenic
mechanisms of polyphenols are complex.

4.2. Green tea catechins

Tea, especially green tea and its polyphenols have been
found to inhibit experimental tumorigenesis and tumor
growth in animals. For instance, tea extracts inhibit most
common cancers originating from skin, lung, esophagus,
stomach, liver, duodenum, pancreas, colon, bladder, pros-
tate and mammary gland [32]. The active anti-cancer com-
pounds of tea are reported to be catechins, one of the main
congtituents in green tea. A typical tea beverage prepared
with green tea contains 2.5-3.5 mg/ml tea solids, of which
30—-42% are catechin compounds [33]. The most abundant
tea catechin compound is EGCG. In humans drinking green
tea according to Chinese traditions, serum levels of EGCG
are in the range of 0.1-0.3 uM [31]. Catechins are aso
found in most fresh fruits, some legumes and in chocolate.
In green tea-drinking populations, the lower incidence of
esophageal and breast cancers has been attributed to fla-
vonoids in tea, although epidemiological investigations on
correlations of green tea consumptions and low risks of
cancer incidences remain controversia [34]. EGCG is con-
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sidered chemopreventive and has antitumor cell prolifera-
tive, invasive and metastasis effects, as well as anti-inflam-
matory characteristics [31,35,36]. Although the potential
antitumor effects of green tea and its catechins had been
investigated for a long time, little was known about their
mechanisms. Several studies suggest that the antioxidative
effect of catechins is involved in its antitumor activity.
Other studies imply that tea catechins prevent carcinogen-
induced tumorigenesis and tumor invasion [9,37]. One of
the targets of EGCG has been shown to be the tissue
plasminogen activator (t-PA), which is one of the critical
proteases utilized by tumors to invade healthy tissues for
metastasis [36]. However, these studies have not provided
direct in vivo evidence of tumor suppression by catechins
through these pathways.

Tumor growth and metastasis are dependent on the de-
gree of neovascularization. A large body of evidence pro-
duced by various laboratories has shown that suppression of
angiogenesis effectively block tumor growth and metasta-
sis. Most angiogenesis inhibitors are isolated as protein
molecules. As angiogenesis is critical for tumor growth, it
was hypothesized that green tea and EGCG might also
inhibit angiogenesis. Our laboratory was the first group to
test this hypothesis. We have found that EGCG directly
inhibits capillary endothelial cell proliferation at low con-
centrations, at which tumor cells were completely insensi-
tive. In vivo, EGCG inhibits blood vessel formation and
sprouting in developing chick embryos. Furthermore, mice
drinking fresh green tea preparations showed significant
inhibition of corneal neovascularization. This study demon-
strates that green tea polyphenols are oral angiogenesis
inhibitors. It is perhaps the first oral, natural angiogenesis
inhibitor described. This study not only provides a mecha-
nistic insight of how tea catechins inhibit tumor growth, but
a so points out that catechins as polyphenolsis an important
group of angiogenesis inhibitors [27].

Stimulated by thisinitial discovery, several other groups
have confirmed that EGCG and other tea catechins inhibit
endothelial growth and differentiation, and angiogenesis in
vivo [38—40]. At the molecular level, antiangiogenic mech-
anismsinclude inhibition of MMP-2 and MMP-9, aswell as
urokinase plasminogen activator (u-PA) at higher concen-
trations (ICs, mM range), down-regulation of VEGF pro-
duction in tumor cells, and repression of AP-1, NF«B and
STAT-1 transcription factor pathways [41-43]. The targets
of EGCG on blood vessels seem not only limited to endo-
thelial cells. Recently, it is reported that EGCG inhibits
epidermal growth factor receptor (EGFR) and platelet de-
rived growth factor receptor (PDGFR)-3 phosphorylations
in vascular smooth muscle cells (VSMC), and inactivates
phosphoinositide 3-kinase (PI3 kinase) and MAP kinase
p42/pd44 pathway [31]. Thus, EGCG and perhaps other
catechins may have broad and complex impact on the sup-
pression of blood vessel growth.

4.3. Resveratrol and quercetin

The “French paradox” has been described as low mor-
tality rates of arteriosclerosis, heart disease and perhaps
certain cancer forms, despite high fat caloric intake by the
French population. This cardio-protective effect has been
attributed to moderate intake of alcohol and antioxidant
components in wine [44—47]. It appears that red wine, but
not white wine, is the most beneficial beverage against
cardiovascular diseases. More recently, red wine has been
reported to reduce endothelin-1 production in endothelial
cells and thus lead to vasodilation and lower blood pressure
[48]. Polyphenols seem to be the active ingredients in wine,
and red wine contains on average 10 mM polyphenals,
including flavonoids, isoflavones and tannins [49]. Among
the most abundant ones, resveratrol and quercetin have
attracted much attention and have been extensively studied
both in vitro and in vivo. Resveratrol is a compound found
in grapes and its related products and a so in some nuts. The
concentrations of resveratrol in red wine range from 8-25
uM, depending on the types of grapes used and their culture
conditions [50,51]. Resveratrol is enriched in the seeds and
skin of the grapes, and has relatively poor solubility in
water. However, resveratrol is soluble in low percentages of
alcohol and is thus effectively absorbed by the body from
wine [52,53]. It has been found to protect against ischemic
reperfusion injury, cardiovascular diseases such as throm-
bosis and arteriosclerosis, and more recently also against
cancer [54-56].

The heart protective effects of resveratrol are at least in
part related to the anti-inflammatory and antioxidant activ-
ities, including reduction of LDL oxidation, platelet aggre-
gation and inhibition of cyclooxygenase (COX) enzymes
[49,57]. For example, one of the possible mechanisms could
be inhibition of phosphorylation of 1B via blockage of
induction of IkB kinases (IKK) by resveratrol in human
monocytes, leading to inactivation of NF«xB [58]. Thus
resveratrol indirectly inhibits the activation of genes, such
as proinflammatory cytokines regulated by NF«B. Further,
resveratrol has been shown to induce vasodilation by up-
regulation of nitric oxide synthase (NOS) in VSMC [59].
Resveratrol induces endothelial NOS (eNOS) and quercetin
stimulates NOS in VSMC [49,60,61]. Further, wine poly-
phenols, such as catechin, epicatechin, quercetin, and res-
veratrol increase the levels of surface-localized fibrinolytic
activity, such as t-PA and u-PA, in endothelial cells [62].
These effects of red wine polyphenols may provide a po-
tential mechanism for the prevention of cardiovascular dis-
€aSES.

Resveratrol have been shown to affect tumorigenesis and
tumor growth [63]. It inhibits both norma and malignant
cell proliferation in vitro at relatively high concentrations
(20—-100 uM). These cell types include fibroblasts, mouse
epithelial cells and breast, colon and prostate carcinoma
cells, and inhibitory mechanisms of resveratrol involve cell
cycle G,/S-phase arrest [64,65]. In animal studies, subcuta-
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neous Lewis lung carcinomas and their lung metastases
were inhibited by systemic administration of resveratrol
[66]. The antitumor effect seems to correlate with reduction
of tumor neovascularization. The antitumor mechanisms of
resveratrol are complex and involve inhibition of MAP
kinase phosphorylations, 12-O-tetradecanoyl phorbol-13-ac-
etate (TPA)-induced AP-1 activation, c-Src, and COX-2
activity [67,68]. At high concentrations, resveratrol induces
apoptosis in endothelial and tumor cells by stimulation of
release of mitochondrial cyt-c, which subsequently activates
the caspase 3-mediated apoptotic pathway [69,70]. Further
more, resveratrol has been shown to induce accumulation of
p53 in endothelial cells [61]. Thus, resveratrol-induced cel-
lular apoptosis may involve both p53- and caspase-mediated
pathways. Quercetin has been reported to suppress the in
vitro proliferation of colorectal, breast, gastric, ovarian and
lymphoid tumor cells [71]. It induces apoptosisin leukemic
tumor cells by reduction of heat-shock protein (HSP70)
production, which leads to stress response-induced cell
death [72].

Quercetin also affects mitotic cell cycles in tumor cells,
gene expressions, immune responses, free radical formation
and angiogenesis [73]. In vivo, it is an oral antitumor agent
in mouse tumor models [73].

Recently, resveratrol has been reported to be an angio-
genesis inhibitor that is sufficiently potent to suppress
FGF-2- and VEGF-induced neovascularization in vivo [26].
It directly inhibits capillary endothelial cell proliferation,
migration and tube formation in vitro [26,74]. Quercetin
exhibits similar inhibitory effects albeit at somewhat higher
concentrations[74]. It appears that the MAP kinase pathway
is at least one of the targets of resveratrol in endothelial
cels, as it effectively inhibits phosphorylations of MAP
kinases [26]. It has been found that resveratrol inhibits the
binding of VEGF to human umbilical vein endothelia cells
[66]. Resveratrol upregulates p21"VAF in endothelial cells,
which down-regulates cyclin D1, -D2 and -E as well as cdk
-2, -4 and -6, leading to cell cycle arrest at the G,-phase
[61]. In developing chick embryos, resveratrol inhibits neo-
vascularization in the chorioallantoic membrane (CAM) ina
dose dependent manner. In a mouse tumor model, ora
administration of resveratrol inhibits tumor growth and the
antitumor effect is well correlated with reduction of vascu-
lar density [26]. Thus, antiangiogenesis is a part of the
mechanism of tumor suppression by resveratrol. However,
the antiangiogenic feature of resveratrol is not only limited
to pathological angiogenesis, such as tumor neovasculariza-
tion, but also affects physiological angiogenesis. For exam-
ple, the dosages used in suppression of tumor growth in
mice effectively delayed wound repair in normal mice [26].
Thus, resveratrol cannot distinguish physiological angio-
genesis from pathological blood vessel growth. Unlike sin-
gle angiogenic factor antagonists, the therapeutic value of
this molecule is that it blocks a common angiogenic path-
way triggered by several angiogenic factors. Another ad-
vantage is that this small molecule can be given oraly.

4.4. Genistein and daidzein

The intake of soybeans has been epidemiologically
correlated with the lower incidence of breast, prostate
and colon cancers in China and Japan as compared with
Western European and American populations. For in-
stance, the intake of soy proteins by Chinese and Japa-
nese populations is considerably higher (30-35 g/day)
than by Western populations (5-10 g/day) [75,76]. Soy-
beans contain many polyphenol compounds, of which the
most abundant ones, genistein (1-3 mg/g soy protein) and
daidzein have been investigated most thoroughly [77].
Oriental populations consume 20—80 mg genistein/day,
whereas in the USA intake is only 1-3 mg/day [75]. The
concentration of genistein in the urine of humans eating
a plant-based diet is 30-fold higher as compared with
those consuming a traditional Western diet [78]. Soy
proteins have been reported in animal studies to inhibit
the growth of murine bladder carcinoma by mechanisms
of inhibiting cell proliferation, induction of tumor cell
apoptosis, and inhibition of angiogenesis [75,79].
Genistein was discovered as an inhibitor of tyrosine ki-
nase EGFR phosphorylation [80]. Several in vitro and in
vivo studies describe the chemopreventive effects of this
isoflavone. Genistein and daidzein inhibits tumor cell
proliferation in vitro [81]. In comparison to genistein,
daidzein has weaker inhibitory effect [82]. In prostate
cancer cells, genistein was shown to induce G,/M cell
cycle arrest by increasing p21 and inhibiting cyclin B
expression [83]. However, various tumor cell lines show
different sensitivities to genistein treatment [76]. Most
tumor cells only responded to concentrations above 10
M, which surmounts the presumed upper limit for se-
rum concentrations of genistein even in humans on a high
soy diet. In contrast, the anti-endothelial proliferative
effects was seen with an ICg, of 3.7-18 uM, suggesting
that genistein at physiological concentrations (<18 uM)
would be more likely to affect angiogenesis rather than
tumor cells [84].

Genistein, quercetin, apigenin, and fisetin inhibit endo-
thelia cell proliferation in vitro [21,22,85]. Genistein has
also been found to inhibit endothelial cell migration and
tube formation. In vivo, genistein inhibits corneal neovas-
cularization induced by FGF-2 in rabbits [86]. In support of
this finding, genistein suppresses tumor growth in vivo. Its
antitumor effect is correlated with increased apoptosis, re-
duction in tumor cell proliferation, and decreased vessel
density [79]. Genistein is currently in clinical trials as an
angiogenesis inhibitor for the treatment of breast and pros-
tate cancer [ 76,87,88]. Among the many described effects of
genistein, the antiangiogenic mechanisms involve down-
regulation of MMP-9 and VEGF, as well as upregulation of
tissue inhibitor of metalloproteinases (TIMP)-1, which lead
to reduction of tumor cell invasion and blood vessel growth
[31,89].
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4.5. Apigenin and luteolin

The flavone apigenin is commonly found in leafy vege-
tables, fruits and tea leaves[7]. It is one of the most widely
occurring plant flavonoids found in natural products. For
example, the concentration of apigenin in celery roots is
about 75 mg/kg [90]. Apigenin inhibits the proliferation of
breast cancer cells and is a chemopreventive agent in mouse
tumor models [91-94]. In keratinocytes, apigenin induces G,
cell-cycle arrest by inhibition of cdk2 kinase activity, hy-
pophophorylation of Rb and by induction of the cdk inhib-
itor p21"VAF1 [95]. It also inhibits lymphatic vessel growth
in chemically induced intestinal rat adenocarcinomas [96].
In vitro, apigenin inhibits endothelial cell proliferation, mi-
gration and tube formation [22,90]. Antiangiogenic mecha-
nisms have been suggested to involve inhibition of hyal-
uronidase, resulting in decreased production of cleaved
hyaluronic acids, which may stimulate angiogenesis. A di-
rect antiangiogenic mechanism of apigenin is inhibition of
endothelia cell proliferation by inducing hyperphosphory-
lation of Rb, leading to G,/M cell cycle arrest [90]. In
addition, apigenin inhibits migration of endothelial cellsand
capillary formation in vitro, independently of its inhibition
of hyaluronidase activity. In contrast, in VSMC apigenin
stimulates cdk?2 activity by repression of p21 and p27 ex-
pression, resulting in a stimulation of proliferation in these
cells [90].

Luteolin is found in many vegetables and fruits, such as
olives, apples and citrus fruits. Together with apigenin,
luteolin is considered as one of the most potent anti-tumor
proliferative flavonoids. In human tumor cells, luteolin in-
hibits both EGFR tyrosine autophosphorylation and phos-
phorylation of its downstream MAP kinases, and decreases
c-myc protein levels, leading to apoptosis [97]. Apigenin
and luteolin upregulates p21 expression in tumor cells,
leading to cell cycle G,/M arrest [83]. Luteolin have been
shown to inhibit endothelial cell proliferation and migration
[22,78]. Furthermore, luteolin and quercetin potently inhib-
ited the secretion of tumor cell MMP-2 and MMP-9 [98]. In
vivo, it inhibits FGF-2 induced corneal neovascularization
in rabbits [77]. In this experiment, the flavonoid fisetin was
the most potent inhibitor, followed by genistein and luteo-
lin.

4.6. Other flavonoids

4.6.1. Fisetin

Fisetin is widely distributed in fruits and vegetables. It
weakly inhibits endothelial cell proliferation and migration
although the mechanisms are still unclear [22]. However,
this flavonoid seems to be a potent angiogenesis inhibitor in
vivo. In the CAM assay, fisetin was shown to induce avas-
cular zone formation at the dose of 100 ng/egg [99]. Further,
fisetin was shown to potently inhibit rabbit corneal neovas-
cularizationl [77].

4.6.2. Myricetin

Myricetin is found in vegetables, fruits and berries, such
asin black currants and cranberry juice. It inhibits endothe-
lia cell proliferation in vitro, with mechanism suggested to
involve in inhibition of IKKs [100,101].

4.6.3. Baicalein

Baicalein, purified from Scutellaria baicalensis
Georgi (Huangqi), isidentified as the active ingredient in
oriental herbal medicine, Qing-Fei-Tang. It has tradition-
ally been used for treatment of chronic respiratory dis-
eases with long-lasting cough, and have recently been
investigated for its anti-asthmatic effects [102]. Its anti-
tumor mechanisms include inhibition of cdk-4 and cdk-6,
leading to growth arrest at cell cycle Go/G; [103]. At
higher concentrations it induced apoptosis in tumor cells
by upregulation of Fas ligand. Baicalein was reported to
inhibit 15-lipooxygenase in endothelial cells at low con-
centrations [104]. It has also been found to inhibit NOS
and to block endothelial proliferation by induction of
growth arrest [105,106].

4.6.4. Slibinin

Silibinin is the main active component of silymarin (380
mg silibinin/g silymarin), a flavonoid extract from the milk
thistle (Slybum marianum) [107]. After consumption of
140 mg silymarin the plasma concentration of silibinin in
humans was reported to range from 40-180 ng/ml, with a
half-life of several hours [107]. The plant has been widely
used for its antihepatotoxicity effects. Silymarin exhibits
antiproliferative effects in prostate, breast and cervical tu-
mor cell lines, as well as cancer preventive efficacy in
mouse skin tumorigenesis models [108—111]. Some of si-
lymarin's anticancer effects could be due to its antiangio-
genic properties including preventing VEGF and MMP-2
secretion in breast and prostate tumor cells, and induction of
endothelial apoptosis [31,112].

5. Future per spectives

Polyphenols isolated from natural products have become
an important group of small molecules in prevention and
treatment of diseases. It is believed that this group of health
beneficial moleculeswill be further expanded as novel com-
pounds will be discovered and tested in experimental sys-
tems. Many natural polyphenols have inhibitory effects on
tumor growth in vivo. Although their activities are non-
specific for tumor cells, and the underlying mechanisms are
complex, these natural compounds have severa great ad-
vantages over other anticancer therapeutic agents. 1) Our
daily diet isrich in many of these polyphenols, and they can
be easily obtained in grocery stores without prescriptions. 2)
These polyphenol-enriched natural products are usualy
available at low costs. 3) Ingestion of these natural products
does not require FDA approvals. 4) Polyphenolic small
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Fig. 1. Chemical structures of antiangiogenic polyphenals.

molecules can usualy be sufficiently absorbed after oral
ingestion. 5) They rarely have any side effects, as many
have been used as food products for centuries. 6) The
half-life of many polyphenolsin the body isrelatively long.
7) They are ideal therapeutic agents for long-term preven-
tion and treatment of diseases such as angiogenesis depen-
dent diseases. For example, antiangiogenesis compounds
may have to be delivered for the rest of life of a cancer
patient. As oral angiogenesis antagonists, we would like to
emphasize that these compounds are non-specific angiogen-
esis inhibitors. They generaly inhibit the growth of a wide
spectrum of cell types. However, endothelial cells seem to
be more sensitive to these polyphenols than other cell types,
because relatively low concentrations of these polyphenols
can result in endothelia cell inhibition. Thus, selective
inhibition of angiogenesis can be achieved by using low
dosages.

The other important anticancer feature of these polyphe-
nolsisthat they have abroad spectrum of effects on various
tumors derived from different tissues. This broad effect may
be partially due to their antiangiogenic activity as all tumor
growth is angiogenesis dependent. It appears that these
polyphenoals target common angiogenic pathways triggered
by various angiogenic factors. For example, resveratrol
blocks both FGF-2- and VEGF-induced angiogenesis. This
broad effect has significant therapeutic implications in the
treatment of cancer. It is known that tumor cells are fre-
quently mutated and they switch their proangiogenic factors

during tumor progression [113]. Thus, antiangiogenic
agents targeting single angiogenic factor, including VEGF
antagonists, may encounter drug resistance in cancer treat-
ment. In contrast, intervention of common angiogenic path-
ways by polyphenols and other antiangiogenesis com-
pounds should have great advantage over the mono-factorial
angiogenesis antagonists.

Although many characterized polyphenols have antian-
giogenic features, they are generally not potent angiogene-
sis inhibitors. Thus, oncologists and patients should not
consider these compounds as “miracle” anti-cancer drugs,
especialy within short-term consumption. However, based
on the chemical structures of these natural antiangiogenic
polyphenals (Fig. 1), it most likely seems possible to iden-
tify more potent and specific angiogenesis inhibitors from
their synthetic analogs. For example, flavopiridol is a syn-
thetic flavone derivative with potent anti-endothelial, anti-
angiogenic and antitumor effects [114,115]. Currently, fla-
vopiridol is in phase Il clinical trials for the treatment of
various cancer forms in humans [116]. We speculate that
both natural and synthetic polyphenolic compounds will
become important therapeutic agents in cancer and other
angiogenesis dependent diseases. These compounds, either
alone or in combinations with other current therapeutic
strategies, will produce beneficial effects against most com-
mon human diseases including cancer and cardiovascular
diseases.
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