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1. ABSTRACT

Stroke, or brain attack, is the third leading cause
of death and the leading cause of adult disability
worldwide. There is a great demand for intervention
therapy. Unfortunately, although more than 700 drugs that
target neuroprotection showed beneficial effects in
preclinical animal studies, none of them proved efficacious
in treating stroke patients. There is recent interest in
understanding mechanism for post-ischemic angiogenesis
in the penumbra area, and correlation of the extent of
angiogenesis with survival in stroke patients. It is
postulated that besides replenishing oxygen and nutrients to
ischemic tissue, angiogenesis may play a crucial role in
neural protection and tissue recovery. Consequently,
therapeutic agents to promote angiogenesis and formation
of new vessels after stroke can offer promising approach.
Several large population epidemiological and clinical
studies have revealed a reciprocal relationship between
intake of phytochemicals and incidence of stroke.
However, the detailed cellular and molecular mechanisms
leading to these beneficial effects remain to be elucidated.
In this article, we review the current knowledge on
phytochemicals and post-ischemic angiogenesis, and
discuss the possibility of a combinatorial treatment,
including neuroprotection, angiogenesis, neurogenesis, and
phytochemicals regimen for stroke.
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2. INTRODUCTION

Stroke (occlusion of cerebrovessels) is a clinical
syndrome including focal infarction or hemorrhage in the
brain. According to the National Institutes of Health, stroke
is the third leading cause of death and the leading cause of
adult disability in the United States. It is estimated that
around 6.4 million people in the USA suffer strokes daily;
of those, 2.5 million are males and 3.9 million are females.
In the USA, approximately 795,000 patients suffer strokes
every year (including 610,000 new and 185,000 recurrent
cases), and about 20% of them die. Around 15 million
people worldwide survive minor strokes each year (1).
Unfortunately, besides the tissue-type plasminogen
activator (tPA), no other treatment is available to limit
brain damage. Because of the seriousness of the disorder
and its prevalence, there is great need for intervention.

Recently, large population epidemiological and
clinical studies have shown an inverse correlation between
incidences for cardiovascular diseases (CVD) and the
intake of vegetables, fruits, and tea as well as herbs (2 ~ 6).
This beneficial effect on human health has been attributed
largely to the bioactive ingredients in these botanicals (also
known as phytochemicals). However, the exact
mechanisms underlying the beneficial effects are largely
unknown. Phytochemicals are nonnutritive bioactive plant
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Table 1. Key steps in the evolution of angiogenesis

A. Initiation phase:

(2)  Activated endothelia cell releases proteases to degrade ECM.

(1)  Angiogenic factors release from inflammatory cells, and endothelial cells activation.

B.  Propagation phase:
(3)  Branch points formation in the vessel wall.

(4)  Endothelial cells recruiting and migrating into the extracellular space.
(5)  Endothelial cells proliferation, differentiation and tubule-lumen structure formation.

C.  Maturation phase:

(7)  Fusion with parental vessel and blood flow initiation.

(6)  Re-synthesis of basement membrane and incorporation of pericytes.

substances including phenolic compounds, terpenes,
betalains, and organosulfides (7). Since CVD are diseases
of the heart and blood vessels, which also include stroke, it
is important to understand the extent of dietary
phytochemicals that may prevent and influence the out
come of these abnormalities.

3. STROKE

Stroke, or brain attack, is defined when the blood
supply to some part of the brain is suddenly halted. This
condition was attributed to the limitation of blood flow to
the brain, as first described by Giovanni Battista Morgagni,
the Father of Modern Anatomic Pathology, in 1761. Stroke
can be due to ischemia (lack of blood flow) caused by
blockage (thrombosis, arterial embolism or systemic
hypoperfusion), or a hemorrhage (leakage of blood), which
leads to rapid neural cell death and loss of brain functions.
Symptoms in stroke include: (1) sudden numbness or
weakness in the face, arm, or leg; (2) trouble with seeing,
speaking, or walking; and (3) dizziness or severe headache
with no known cause (NINDS). Epidemiological and
clinical studies revealed several risk factors for stroke (8).
Some are non-modifiable factors, such as age, sex, race,
and family history, while others are modifiable factors,
such as hypertension, diabetes, smoking, obesity, and atrial
fibrillation. Although stroke ranked as the number three
killer disease around the world, luckily, up to 80% of all
strokes are preventable, and better control of the modifiable
risk factors is likely responsible for the decline of the stroke
death rate. Nearly one quarter of strokes occur in people
under the age of 65, and in some cases even involving the
teenage population. Intriguingly, the age threshold for
stroke incidence is decreasing. There is evidence that risk
factor profiles for stroke and mechanisms of ischemic
injury differ between young and elderly patients (9).
Therefore, there is a growing interest in studying the
mechanisms that underlie stroke in young population.

The hypothetical cellular and molecular
mechanism underlying stroke-induced cerebral infarct and
neural cell death include: (1) energy failure; (2) acidosis;
(3) glutamate excitotoxicity; (4) calcium overload; (5) ROS
oxidative stress; and (6) others, such as inflammation,
apoptosis, etc (9, 10 ~ 13). Currently, three major
approaches have been used in treating acute stroke:
neuroprotection; thrombolysis; and surgical clot removal.
For the past few decades, despite promising results of
neuroprotectants in preclinical stroke animal research,
translation of experimental data into clinical therapy has
been disappointing (14). One possible reason is the
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heterogeneity of the disease in human population, which
differs from studies using young animal models. It is
conceivable that genetic variance between experimental
animals and human plays an important role. For example,
differences in scale, gray/white matter and neuron/glia
ratios, circle of Willis/arterial/venous anatomy, heart beat
and metabolic rates. Furthermore, one can limit all
variables to the issue being tested in rodents; however, one
cannot control or even recognize all possible variables in
human conditions. Finally, certain quality-related sources
of bias, such as: defects in statistical analysis, lack of
blinding and randomization, lack of quality-control, and
negative publication bias all limited a smooth translation of
preclinical data into clinical settings (14, 15). Presently, the
tissue-type plasminogen activator (tPA; alteplase; clot-
dissolving drug) is the only FDA-approved thrombolysis
treatment for acute ischemic stroke. However, due to the
risk of intracranial hemorrhage and a narrow 3 h
therapeutic window, only 3 to 5% of those who suffer a
stroke could reach the hospital in time to be considered for
this treatment.

4. ANGIOGENESIS

The development of vascular supply is a
fundamental requirement for organ development and
differentiation during embryogenesis as well as for healing
wounds and reproductive functions in adults (16).
Neovascularization is accomplished via the concerted
efforts of two major cellular processes. The first is
vasculogenesis, a de novo synthesis of endothelial cells
from either angioblasts or hemangioblasts. The second is
angiogenesis, which is the growth or derivation of vascular
structures from preexisting vessels (17). Three forms of
angiogenesis have been characterized: (1) remodeling of
vessels into smaller ones (intussusceptive vascular growth);
(2) endothelialization of a vessel growing both in length
and width (arteriogenesis); and (3) sprouting angiogenesis
which is the most common process in vascular remodeling.
Angiogenesis involves multiple interactions among
inflammatory cells, endothelial cells, surrounding pericytes,
extracellular matrix (ECM), proteases and angiogenic
cytokines/growth factors (18, 19). The key phases of
angiogenesis are listed in Table 1.

Angiogenesis is a complex in vivo system
involving developmental organ formation and adult
physiological response, such as, menstruation, pregnancy,
hair cycling, wound healing, bone fracture repair, and
ischemia induced collateral formation. On the other hand,
excessive angiogenesis is associated with several
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pathological conditions, such as hemangioma, tumor
growth, loss of central vision by choroidal
neovascularization (diabetic vasculopathy), rheumatoid
arthritis, and atherosclerosis (plague neovascularization).
Thus, angiogenesis needs to be tightly regulated and the
detailed cellular and molecular mechanisms of
angiogenesis need to be elucidated. In general, angiogenic
activity is controlled by a delicate balance between
angiogenic (positive) and angiostatic (negative) factors of
blood vessel growth and is suppressed under normal
physiological conditions.

4.1. Angiogenic factors

In 1948, Isaac Michaelson postulated that neo-
vascularization was due to the release of a diffusible factor
from the ischemic retina (20). Since this time, attempts to
isolate this Michaelson x-factor have led to the discovery of
a myriad of “angiogenic factors”. Folkman et al. (1971)
reported the isolation of the first angiogenic diffusible
factor, which was subsequently called the ‘‘tumor
angiogenesis factor’” (TAF) (21). Nevertheless, this was a
mixture of carbohydrate, RNA, and protein. It was not until
1984 that the first purified angiogenic factor, also known as
the fibroblast growth factor (FGF), was identified (22).
Since then, a huge number of angiogenic inducers such as:
vascular endothelial growth factor (VEGF), angiopoietins,
platelet-derived growth factor (PDGF), angiogenin,
angiotropin, transforming growth factors (TGF), tumor
necrosis factor (TNF), placental growth factor (PIGF),
integrins, ephrins, endoglin, cadherins, matrix
metalloproteinase (MMP), plasminogen activator (PA),
hepatocyte growth factor (HGF), epidermal growth factor
(EGF), granulocyte-colony stimulating factor (G-CSF),
interleukins, connective tissue growth factor (CTGF), stromal
cell-derived factor-1 (SDF-1), hypoxia-inducible factor (HIF),
cyclooxygenases-2 (COX-2), prostaglandin E, (PGE,), nitric
oxide (NO), and chemokines were subsequently identified (16,
23 ~30).

Along with angiogenic factors, many angiostatic
(anti-angiogenic) factors were also identified, e.g., angiostatin,
endostatin, thrombospondin-1 (TSP-1), angiopoietin 2,
pigment epithelium-derived factor (PEDF), interferon, kringle
S, tissue inhibitors of metalloproteinase inhibitors (TIMPs),
plasminogen activator inhibitor (PAI), platelet factor-4 (PF4),
prolactin 16kD fragment, thrombocyte factor 4 (TF4),
interleukin-12, transforming growth factor-beta (TGF-b),
retinoic acid (RA), somatostatin, 2-methoxyestradiol,
interferon-alpha (IFN-alpha), IFN-gamma, IL-4, IL-12, IL-13
and leukemia inhibitory factor (LIF), tumstatin, brain-specific
angiogenesis inhibitor 1 (BAIl), neuropilin 1, soluble
VEGFR-1, and osteopontin (OPN). Although a large number
of angiogenic and angiostatic factors have been recognized to
play arole in development, cancer and cardiovascular diseases,
only a few of them have been studied in the ischemic brain.
Thus, the specific roles of these endogenous mediators in post-
ischemic angiogenesis remain to be established (31, 32).

4.2. Angiogenesis after ischemic stroke

Among the different types of strokes, 87% are
ischemic, 10% are intracerebral hemorrhage, and 3% are
subarachnoid hemorrhage (1). Hemorrhagic stroke usually
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affects a larger area of the brain, is more severe, and carries
a higher risk for death. This type of stroke is much less
studied. In this review, we will focus primarily on the
relationship between angiogenesis and ischemic stroke.

Acute ischemic stroke is the consequence of
severe reduction of blood supply to the affected brain
region. The resulting low tissue oxygen tension after
ischemia often leads to compensatory neovascularization in
order to meet the metabolic demand (33, 34). The extent of
angiogenesis has been correlated to survival in stroke
patients (35). Several putative angiogenic factors, including
VEGF, bFGF, and angiopoietin, are up-regulated after
cerebral ischemia (36 ~ 45). Interestingly, VEGF, bFGF
and angiopoietin each showed a characteristic
temporospatial profiles, suggesting different roles for these
angiogenic factors during vessel remodeling (41, 42). The
expression of these angiogenic genes is associated with an
increase in vascular density (39, 41, 42) and CBF (42, 46).
Despite the induction of angiogenic factors, several
angiostatic factors are also up-regulated upon ischemic
insult (42, 47). The mechanism underlying this post-
ischemic induction of vascular remodeling genes is very
complicated and poorly understood (43, 48, 49).

After ischemia, all three forms of angiogenesis
are noted in the ischemic cerebral cortex at various times
(40). Although hyper-perfusion has been documented in
early post-ischemic time in animal stroke model, there is no
consensus as to the beneficial or detrimental effects on the
size of the eventual infarct (50). Various reperfusion-
induced processes such as free radical formation (51),
vasogenic edema and breakdown of the blood brain barrier
(BBB) (52), enhancement of inflammatory processes (53),
and secondary hemodynamic disturbances (54) may
contribute to the reperfusion injury (55). However, a study
by Manoonkitiwongsa et a/ (2001) suggests that ischemia-
induced microvessels are formed to facilitate macrophage
infiltration and removal of necrotic brain tissues (56). This
is in-lined with the observation that regression of
angiogenesis after ischemia is accompanied by tissue
liquefaction (41). Whether enhancing and/or prolonging
angiogenic sprouting can affect the ischemic outcome
remains to be studied.

4.3. Therapeutic angiogenesis in ischemic stroke
Therapeutic angiogenesis is a clinical term
referring to the enhancement of vessels growing within the
ischemic tissue. Currently, there are three major ways to
promote angiogenesis, namely, protein, gene, and cell
therapies (57). The promising results of direct injection or
gene transfer of angiogenic factors to reduce myocardial
infarction and limb ischemic injury have attracted
considerable attention of clinicians and scientists to test the
phenomenon in stroke research. However, although similar
approaches have been applied to treat ischemic stroke, the
outcome has not been as great as in CVD. This is probably
due to: (1) the unique structure of the blood-brain barrier
(BBB) in the CNS-brain; (2) brain edema due to an
increase in vascular permeability and intracranial pressure;
(3) the time window mismatch between angiogenesis and
neural cell death; (4) the decrease in ability for
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Figure 1. Increasing the resolution of cerebral vascular image with the rapid advancement in MRI technology. T2W: T2-
weighted image was used to evaluate cerebral infarct; DSC: dynamic susceptibility contrast was used to study relative cerebral
blood volume (CBV); FAIR: flow-sensitive alternating inversion recovery was used to evaluate relative cerebral blood flow
(CBF); AR2: Transverse relaxation rate change in spin-echo was used to study blood volume in small vessels; AR2-mMRA:
AR2-based, flow-independent microscopic magnetic resonance angiography was used to monitor cerebral vessels. Last, the

laminin immunostaining for cerebral vessels. Bar = lmm.

regeneration/angiogenesis with increasing age as well as
other complications in elderly patients; and (5) concerns
about the adverse effects of angiogenic factors such as
hypotension and off-target tumorigenesis (58 ~ 62).
Therefore, a better understanding of the cellular and
molecular signaling of these angiogenic factors is needed
before a successful therapeutic application and
implementation into clinical settings. Also, there is a great
demand for the development of non-invasive tools that
could longitudinally monitor and quantify angiogenesis in
vivo. The ability to accurately monitor and quantify
angiogenesis would also allow drug efficacy to be
evaluated at the early stage of treatment, as well as
identifying patients that do not response to treatment.

4.4. Imaging post-ischemic angiogenesis by MRI

Several non-invasive imaging modalities have
been employed to monitor in vivo vascular remodeling in
diseased conditions. These include using magnetic
resonance imaging (MRI), x-ray computed tomography
(CT), single-photon emission computed tomography
(SPECT), positron emission tomography (PET), ultrasound,
and optical imaging (63, 64). Among them, MRI is the
most prevailing one for monitoring vascular remodeling.
The advantages of using MRI include non-invasive
ionizing radiation, excellent delineation of anatomic
structures that produce sectional images of equivalent
resolution in any projections and multiple planes, providing
full 3D data with similar spatio-temporal resolution,
acquisition of various physiological parameters such as
blood flow, blood volume, and diffusion of water, and
advancing in contrast agents, all of which are well-tolerated
by patients.
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We have previously reported post-ischemic
angiogenesis in a rat MCA occlusion model (41, 65).
Surprisingly, this post-ischemic angiogenesis was rather
short-lived and was completely terminated within a few
weeks. Using diffusion- (DWI), perfusion- and T2-
weighted MRI (T2WI), a delayed induction peak of both
cerebral blood flow (CBF) and volume (CBV) could be
observed in the ipsilateral cortex after transient focal brain
ischemia in vivo. This increase is in accord with the
induction of angiogenic factors and the progression of post-
ischemic vascular remodeling (42, 46). Nevertheless, the
spatiotemporal changes in vascular permeability, vascular
density, and vessel size remain to be studied. Recently,
with an advancement in contrast-enhanced MRI, we were
able to discriminate signals from large vessels against small
vessels-capillaries (66, 67; Figure 1). We further show that
the increase in post-ischemic CBV can be divided into the
early and late phases. The early phase of increased CBV is
likely due to the improvement of collateral circulation
(large vessels), and the late phase is attributed to the surge
of angiogenesis (capillaries) (66). Furthermore, there was a
prolonged increase in vascular permeability (probably due
to BBB leakage) in the outer cortical layers where
increased CBF and CBV were noted (66). However,
whether this increase in vascular permeability is due to
leakage of the newly formed capillaries or the existing
vessels deserves further investigation.

4.5. Angiogenesis, Neuroprotection and Neurogenesis
Despite that the extent of angiogenesis has been
correlated with survival in stroke patients, this post-
ischemic angiogenesis is short-lived and may completely
terminate within a few weeks after ischemia. This
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Figure 2. Representative phytochemicals and nutrients found in teas, grapes, and garlic. Tens to hundreds of different
phytochemicals can be found in one plant. The classification of phytochemicals was adopted from Wikipedia (7).

observation is in-line with functional improvement in
most stroke survivors occur during the initial months
after the ischemic incidence (68). The molecular
mechanism  underlying this transient functional
improvement is poorly understood. The BBB is a unique
feature in the brain in which cerebral microvascular
endothelial cells, astrocytes, pericytes, neurons, and the
extracellular matrix constitute a “neurovascular unit”
that is essential for the health and function of the CNS
(69). Recent studies showed that many angiogenic
factors also have neurotrophic effects. For example,
bFGF not only is an angiogenic factor, but it may also
be a neurotrophic factor for neuronal populations in
CNS. The major source for bFGF is astrocytes, neurons,
and endothelial cells (39). Intracisternal bFGF enhances
functional recovery after ischemia by promoting the
expression of the neuronal sprouting marker-GAP-43 (70).
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VEGF also has been noted in cortical neurons, pial cells,
and glial cells (42), and it has been shown that VEGF
can protect neuronal cells against ischemic insults (71).
Astrocytes have been shown to regulate cerebral blood
flow  through dynamic signaling within the
neurovascular unit (72).

Neural stem cells (NSCs) are multipotent cells
and arise from specific germinative zones in the central
nervous system (CNS). These cells proliferate in
response to growth factors like basic fibroblast growth
factor (bFGF). It has been well-documented that stroke
is associated with neurogenesis in the subependymal
lining of the ventricles of lateral ventricle (SVZ). As the
newborn neural progenitor cells migrate to areas of
ischemic boundary, they mature and release angiogenic
and neurotrophic factors and contribute
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Table 2. Representative hormetic diets that modulate angiogenesis and their effectors

Foods and Phytochemicals Pro-angiogenic Anti-angiogenic
drinks
Grapes, red wine Resveratrol VEGF"), MMP2, MMP9, NO, PGC1, eNOS VEGF®, MMP2, MMP9, NO
Quercentin VEGF®), HIF1 VEGFY, eNOS, MMP2, MMP9
Teas Quercentin VEGF®), HIF1 VEGF®, eNOS, MMP2, MMP9
Catechin VEGF®, MMP2
Epicatechin(EC) eNOS MMP2
EGCG PI3K/AKT pathway, eNOS, NO, MMP9 VEGF?, MMPZ’ MMP9, bFGF, PDGFR, HIF1,
VE-cadherin
Chocolate Cocoa NO, inducing cerebral vascular blood flow ErB2(EGFR), MMP2
Ginkgo biloba extract VEGF" VEGF®, PDGF, TGFb2
Ginseng Ginsenoside-Rg|1 HIF1, VEGEF®, eNOS, NO, E-cadherin, FGFR-1
Ginsenoside-Rb1 PEDF
Ginsenoside-Rb2 VEGF!”
Ginsenoside-Re endothelial cell proliferation, migration
Ginsenoside-Rg3 VFGF"D, MMP2, MMP9, bFGF, heparin
Danshen Salviamolic acid B MMP2 VFGF!?, HIF1
Danggui extract VEGF"Y VEGF'Y
Rhodiola rosea extract VEGE", HIF1, Flt-1, KDR, Tie-2 ID1, ID3
Astragali radix Astragaloside Z0-1, MMP2 MMP2, MMP9
Calycosin VEGFE"® VEGFR1, VEGFR2

Numbers in parentheses are representative reference specific for VEGF, and their PMID are listed below: V16198371,
15629234, 916611395, 919704917, 20804812, 14519939, 18562575, 17574044, ©20346928, 17569617, 17451194,
119466634, ®10744206, 17008323, 1917502003, P18772102, (P18622062, 12567275, 915015388, 17497682,
(1919228635, 19307054, 119326475, 19435557, 1915998873

to the functional recovery after stroke (73, 74).
Intriguingly, the migration neuroblasts are closely
associated with cerebral vessels, as activated cerebral
endothelial cells secrete the stromal-derived factor lalpha
(SDF-1alpha) to attract neuroblasts and guide them to the
lesion site (74).

Based on these studies, there is strong evidence
that angiogenesis, neuroprotection, and neurogenesis are
tightly coupled. It is likely that ischemia induced
angiogenic factors, such as bFGF and VEGF, are crucial
for neuroprotection and neurogenesis. Further studies are
worthwhile to delinecate the relationship between
angiogenesis and functional recovery.

5. PHYTOCHEMICALS (OR PHYTONUTRIENTS)

Natural products are chemical compounds or
substances found in living organisms such as terrestrial
plants, marine organisms, or microorganisms, and many
have distinctive pharmacological effects. Based on their
biological and geographical diversity, many natural
products isolated from different sources contain novel and
structurally unique chemical components. Natural health
products are manufactured and sold for medical or health-
related uses, such as for maintaining or promoting health,
preventing or treating diseases. These products include
vitamins and minerals, herbal remedies, homeopathic
medicines, traditional medicines, probiotics, as well as
amino acids and essential fatty acids (from Wikipedia).

Phytochemicals are nonnutritive bioactive
plant substances (apart from vitamins, minerals and
macronutrients) that have beneficial effects on human
health, but are not yet established as essential nutrients.
Phytochemicals contribute to the flavor, color, texture, and
smell of plants; they are not only highly enriched in
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colorful vegetables and fruits, but also in tea, chocolate,
and nuts. There are thousands of phytochemicals which can
be classified into subgroups according to their structures (7;
Wikipedia; Figure 2). Most of them are not well-described
and their modes of action are not well-established. In
general, phytochemicals’s beneficial effects are attributed
to their antioxidant, antiviral, and antibacterial properties,
and their ability to boost the immune system, improve
hormonal action, and protect cell viability (5, 75, 76;
Wikipedia).

5.1. Phytochemicals, neuroprotection and stroke

Large population epidemiological and clinical
studies have shown an inverse correlation between
incidence of cardiovascular disease and the intake of
vegetables and fruits; in particular, plants that contain high
levels of flavonoids and sulfur compounds (2 ~ 6).
Recently, a meta-analysis of studies on tea consumption
and stroke in humans also concluded that daily
consumption of either green or black tea could prevent the
onset of ischemic stroke (77). These studies further show
that green tea extract can protect neurons against ischemic
brain insult in vitro and in vivo (78 ~ 84). In a number of
studies with animal models, treatment with grape extract
have also shown neuroprotective effects and reduction of
ischemic infarct (85 ~ 92). The underlying mechanisms of
these beneficial effects has been attributed to the
antioxidative, antithrombogenic, anti-inflammatory, lipid-
lowering, and vasculoprotective properties of the most vital
ingredient - polyphenols (5, 76). However, it is worth
noting that a number of well-controlled studies did not
show a strong relationship between single flavonoid
component consumption and cardiovascular outcomes or
stroke (4, 93, 94). It has been shown that apocynin (i.p.
injection) is rapid transported to plasma, liver and brain
(95), PPAR-gamma siRNA or recombinant protein (i.c.v.
infusion) is able to reduce or increase, respectively, its
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Figure 3. The potential signal transduction processes associated with phytochemicals-mediated beneficial effects on

angiogenesis.

protein level in cerebral cortex (96), and blood-borne 14C-
bFGF is accumulated in CAl pyramidal neurons (97).
Furthermore, there are areas in the brain without a blood
brain barrier (BBB), such as: pituitary gland, median
eminence, area postrema, preoptic recess, paraphysis,
pineal gland, and endothelium of the choroid plexus. Last
but not the least, since BBB breakdown is one of the key
early signs for stroke, so the bioavailability of
phytochemicals in the brain tissue should not be a major
concern. It is possible that besides phytochemicals, other
components in plants (vitamins, minerals, and
macronutrients) act in parallel or sequentially for the
apparent reduction in CVD and stroke (Figure 2).

5.2. Phytochemicals and post-ischemic angiogenesis

It is well documented from clinical and
epidemiological studies that natural products can serve not
only as chemopreventive, but also as chemotherapeutic
agents (98, 99, 100). This beneficial effect has been
attributed largely to their anti-angiogenic properties. Many
natural health products, phytochemicals in particular, have
been shown to possess anti-angiogenic activity (101, 102).
However, how these anti-angiogenic phytochemicals
prevent CVD and stroke remains paradoxical, since the
extent of angiogenesis has been correlated to the outcome
and survival in stroke patients (35). Intriguingly, some
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noxious phytochemicals which are present to prevent
insects and pests from invading the plants, can induce a
preconditioning-like neuroprotective effect at relatively low
doses (99). In fact, recent studies have revealed a biphasic
effect of phytochemicals on neuroprotection (99). For
example, low doses of red wine polyphenolic compounds
are pro-angiogenic while high doses are anti-angiogenic in
the rat peripheral ischemic model (103). Similar pro-
angiogenic and anti-angiogenic at low and high doses of
resveratrol, respectively, have also been reported in swine
myocardial ischemia (104) and in human vascular
endothelial cells (105). Tea polyphenols also share similar
biphasic anti- and pro-angiogenic effects (106, 107). This
U-shape-liked dose response, which is named hormesis, has
been noted with numerous pharmacologically active
compounds, including corticosteroids and receptor agonists,
although the mechanisms underlying this biphasic actions
remain largely unknown (108, 109, 110). Several examples
of the hormetic role of dietary phytochemicals and
antioxidants in neurodegenerative diseases have been
reported (111, 112). Some of the hormetic dietary
phytochemicals that are linked to the progression of
angiogenesis as well as their potential downstream
effectors are highlighted in Table 2. It is conceivable that
information  of  different dosage thresholds of
phytochemicals is needed for treating different diseases like
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cancer and CVD. The potential signal transduction
processes  associated with  phytochemicals-mediated
beneficial effects on angiogenesis are summarized in

6. PERSPECTIVE

It is hypothesized that one out of six people
worldwide will have a stroke during their lifetime, and
brain damage and dysfunction after stroke is very complex.
The need for prophylaxis and treatment is great.
Unfortunately, more than 700 neuroprotective drugs, which
are found to be effective in animal models, have not been
proven efficacious in treating stroke patients. It is
conceivable that it is not sufficient to target only
neuroprotection, but a combinatorial intervention is needed
for battling this disease. Considerations of therapeutic
angiogenesis and neurogenesis seem to be a good strategy
for combination therapy; although we still have a long way
to go before reaching this goal. As quoted from Louis
Pasteur (1822 - 1895): “When meditating over a disease, I
never think of finding a remedy for it, but instead a means
of preventing it.” Large population epidemiological and
clinical studies have revealed an inverse correlation
between CVD/stroke incidence and vegetables/fruits
consumption. The American Heart Association also
recommends eating a balanced diet containing a wide
variety of fruits, vegetables, and whole-grain products in
stead of nutritional supplements to prevent having
CVD/stroke. Therefore, young people should consider diets
rich in phytochemicals as well as exercise for a healthy life.
Finally, I would like to end with a famous remark by
Hippocrates (460 - 359 BC): "Let your food be your
medicine and your medicine be your food."

7. ACKNOWLEDGEMENT

This work was supported by grants from National
Science Council and Academia Sinica in Taiwan. Authors
declare no conflict of interest.

8. REFERENCES

1. Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M,
Dai S, De Simone G, Ferguson TB, Ford E, Furie K,
Gillespie C, Go A, Greenlund K, Haase N, Hailpern S, Ho
PM, Howard V, Kissela B, Kittner S, Lackland D, Lisabeth
L, Marelli A, McDermott MM, Meigs J, Mozaffarian D,
Mussolino M, Nichol G, Roger VL, Rosamond W, Sacco
R, Sorlie P, Roger VL, Thom T, Wasserthiel-Smoller S,
Wong ND, Wylie-Rosett J; American Heart Association
Statistics Committee and Stroke Statistics Subcommittee:
Heart disease and stroke statistics—2010 update: a report
from the American Heart Association. Circulation 121,
e46-¢215 (2010)

2. Branca F, Lorenzetti S: Health effects of phytoestrogens.
Forum Nutr 57, 100-111 (2005)

3. Ignarro LJ, Balestrieri ML, Napoli C: Nutrition, physical
activity, and cardiovascular disease: an update. Cardiovasc
Res 73, 326-340 (2007)

606

4. Dohadwala MM, Vita JA: Grapes and cardiovascular
disease. J Nutr 139, 1788S-1793S (2009)

5. Panickar KS, Anderson RA: Role of dietary polyphenols
in attenuating brain edema and cell swelling in cerebral
ischemia. Recent Pat CNS Drug Discov 5, 99-108 (2010)

6. Shukla SK, Gupta S, Ojha SK, Sharma SB:
Cardiovascular friendly natural products: a promising
approach in the management of CVD. Nat Prod Res 24,
873-898 (2010)

7. King A, Young G: Characteristics and occurrence of
phenolic phytochemicals. J Am Diet Assoc. 99, 213-218
(1999)

8. Romero JR: Prevention of ischemic stroke: overview of
traditional risk factors. Curr Drug Targets 8, 794-801
(2007)

9. Chen RL, Balami JS, Esiri MM, Chen LK, Buchan AM:
Ischemic stroke in the elderly: an overview of evidence.
Nat Rev Neurol 6, 256-265 (2010)

10. Dirnagl U, Iadecola C, Moskowitz MA: Pathobiology
of ischaemic stroke: an integrated view. Trends Neurosci
22,391-397 (1999)

11. Mehta SL, Manhas N, Raghubir R: Molecular targets in
cerebral ischemia for developing novel therapeutics. Brain
Res Rev 54, 34-66 (2007)

12. Brouns R, De Deyn PP: The complexity of
neurobiological processes in acute ischemic stroke. Clin
Neurol Neurosurg 111, 483-495 (2009)

13. Chavez JC, Hurko O, Barone FC, Feuerstein GZ:
Pharmacologic interventions for stroke: looking beyond the
thrombolysis time window into the penumbra with
biomarkers, not a stopwatch. Stroke 40, 558-563 (2009)

14. Dyken ML: What lessons have we learned in the past
40 years? Stroke 41, 1073-1075 (2010)

15. Dirnagl U: Bench to bedside: the quest for quality in
experimental stroke research. J Cereb Blood Flow Metab.
26:1465-1478 (2006)

16. Folkman J: Angiogenesis in cancer, vascular,
rheumatoid and other disease. Nat Med 1, 27-31 (1995)

17. Risau W, Flamme I: Vasculogenesis. Annu Rev Cell
Dev Biol 11,73-91 (1995)

18. Carmeliet P: Mechanisms of angiogenesis and
arteriogenesis. Nat Med 6, 389-395 (2000)

19. Carmeliet P: Angiogenesis in health and disease. Nat
Med 9, 653-660 (2003)

20. Michaelson IC: The mode of development of the
vascular system of the retina, with some observations on its



Stroke, angiogenesis and phytochemicals

significance for certain retinal diseases. Trans Ophthalmol
Soc UK 68, 137-180 (1948)

21. Folkman J, Merler E, Abernathy C, Williams G:
Isolation of a tumor factor responsible for angiogenesis. J
Exp Med 133, 275-288 (1971)

22. Shing Y, Folkman J, Sullivan R, Butterfield C, Murray
J, Klagsbrun M: Heparin affinity: purification of a tumor-
derived capillary endothelial cell growth factor. Science
223, 1296-1299 (1984)

23. Pepper MS: Positive and negative regulation of

28. Ribatti D, Vacca A, Presta M: The discovery of angiogenic
factors: a historical review. Gen Pharmacol 35, 227-231
(2000)

29. Greenberg DA, Jin K: Growth factors and stroke. NeuroRx
3, 458-465 (2006)

30. Szekanecz Z, Koch AE: Angiogenesis and its targeting in
rheumatoid arthritis. Vascul Pharmacol 51, 1-7 (2009)

31. Huang Z, Bao SD: Roles of main pro- and anti-angiogenic
factors in tumor angiogenesis. World J Gastroenterol. 10, 463-
470 (2004)

32. Bouis D, Kusumanto Y, Meijer C, Mulder NH, Hospers
GA: A review on pro- and anti-angiogenic factors as targets of
clinical intervention. Pharmacol Res 53, 89-103 (2006)

33. Plate KH: Mechanism of angiogenesis in the brain. J
Neuropathol Exp Neurol 58, 313-320 (1999)

34. Beck H, Plate KH: Angiogenesis after cerebral ischemia.
Acta Neuropathol 117, 481-496 (2009)

35. Krupinski J, Kaluza J, Kumar P, Kumar S, Path FRC,
Wang JM: Role of angiogenesis in patients with cerebral
ischemic stroke. Stroke 25, 1794-1798 (1994)

angiogenesis: from cell biology to the clinic. Vasc Med 1,
259-266 (1996)

24. Rosenberg GA, Navratil M, Barone F, Feuerstein G:
Proteolytic cascade enzymes increase in focal cerebral
ischemia in rat. J Cereb Blood Flow Metab 16, 360-366
(1996)

25. O'Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G,
Lane WS, Flynn E, Birkhead JR, Olsen BR, Folkman J:
Endostatin: an endogenous inhibitor of angiogenesis and
tumor growth. Cell 88, 277-285 (1997)

26. Risau W: Mechanisms of angiogenesis. Nature 386,
671-674 (1997)

27. Folkman J, Klagsbrun M: Angiogenic factors. Science
235, 442-447 (1987)

36. Kovacs Z, Ikezaki K, Samoto K, Inamura T, Fukui M:
VEGF and flt: expression time kinetics in rat brain infarct.
Stroke 27, 1865-1873 (1996)

607

37. Speliotes EK, Caday CG, Do T, Weise J, Kowall NW,
Finklestein SP: Increased expression of bFGF following
focal cerebral infarction on the rat. Mol Brain Res 39, 31-
42 (1996)

38. Hayashi T, Abe K, Suzuki H, Itoyama Y: Rapid
induction of vascular endothelial growth factor gene
expression after transient middle cerebral artery occlusion
in rats. Stroke 28, 2039-2044 (1997)

39. Lin TN, Te J, Lee M, Sun GY, Hsu CY: Induction of
basic fibroblast growth factor (bFGF) expression following
focal cerebral ischemia. Mol Brain Res 49, 255-265 (1997)

40. Cobbs CS, Chen J, Greenberg DA, Graham SH:
Vascular endothelial growth factor expression in transient
focal cerebral ischemia in the rat. Neurosci Lett 249, 79-82
(1998)

41. Lin TN, Wang CK, Cheung WM & Hsu CY. Induction
of angiopoietin and tie receptor mRNA expression
following cerebral ischemia-reperfusion. J Cereb Blood
Flow Metab 20, 387-395 (2000)

42. Lin TN, Nian GM, Chen SF, Cheung WM, Chang C,
Lin WC, Hsu CY: Induction of Tie-1 and Tie-2 receptor
protein expression after cerebral ischemia-reperfusion. J
Cereb Blood Flow Metab 21, 690-701 (2001)

43. ChaoJY, Wei L, Yin K, Lin TN, Hsu CY: Angiogenesis
after experimental cerebral ischemia-reperfusion. In:
Krieglstein J, Klumpp S, editors. Pharmacology of Cerebral
Ischemia. Stuttgart: Medpharm Scientific Publishers, 131-140
(2002)

44. Zhang ZG, Zhang L, Tsang W, Soltanian-Zadeh H, Morris
D, Zhang R, Goussev A, Powers C, Yeich T, Chopp M:
Correlation of VEGF and angiopoietin expression with
disruption of blood-brain barrier and angiogenesis after focal
cerebral ischemia. J Cereb Blood Flow Metab 22, 379-392
(2002)

45. Zhang Z, Chopp M: Vascular endothelial growth factor
and angiopoietins in focal cerebral ischemia. Trends
Cardiovasc Med 12, 62-66 (2002)

46. Lin TN, Sun SW, Cheung WM, Li F, Chang C: Dynamic
changes in cerebral blood flow and angiogenesis after transient
focal cerebral ischemia in rats. Evaluation with serial magnetic
resonance imaging. Stroke 33, 2985-2991 (2002)

47. Lin TN, Kim GM, Chen JJ, Cheung WM, He YY, Hsu
CY: Differential regulation of thrombospondin-1 and
thrombospondin-2 after focal cerebral ischemia/reperfusion.
Stroke 34, 177-186 (2003)

48. Slevin M, Kumar P, Gaftney J, Kumar S, Krupinski J. Clin
Sci (Lond). Can angiogenesis be exploited to improve stroke
outcome? Mechanisms and therapeutic potential 111, 171-183
(2006)

49. Arai K, Jin G, Navaratna D, Lo EH: Brain angiogenesis
in  developmental and  pathological  processes:



Stroke, angiogenesis and phytochemicals

neurovascular injury and angiogenic recovery after stroke.
FEBS J. Sep 276 ,4644-4652 (2009)

50. Marchal G, Young AR, Baron JC: Early postischemic
hyperperfusion: pathophysiologic insights from positron
emission tomography. J Cereb Blood Flow Metab 19, 467-
482 (1999)

51. Chan, P. H: Role of oxidants in ischemic brain damage.
Stroke 27, 1124-9. (1996)

52. Yang, G. Y. and A. L. Betz: Reperfusion-induced
injury to the blood-brain barrier after middle cerebral artery
occlusion in rats. Stroke 25, 1658-1665 (1994)

53. Jiang N, Chopp M, Chahwala S: Neutrophil inhibitory
factor is neuroprotective after focal ischemia in rats. Ann
Neurol 38, 935-942 (1995)

54. Karibe H, Zarow GJ, Graham SH, Weinstein PR: Mild
intraischemic ~ hypothermia  reduces  postischemic
hyperperfusion, delayed postischemic hypoperfusion,
blood-brain barrier disruption, brain edema, and neuronal
damage volume after temporary focal cerebral ischemia in
rats. J Cereb Blood Flow Metab 14, 620-627 (1994)

55. Aronowski J, Strong R, Grotta JC: Reperfusion
injury: demonstration of brain damage produced by
reperfusion after transient focal ischemia in rats. J
Cereb Blood Flow Metab 17, 1048-1056 (1997)

56. Manoonkitiwongsa PS, Jackson-Friedman C,
McMillan PJ, Schultz RL, Lyden PD: Angiogenesis
after stroke is correlated with increased numbers of
macrophages: the clean-up hypothesis. J Cereb Blood
Flow Metab 21,1223-1231 (2001)

57. Al Sabti H: Therapeutic angiogenesis in
cardiovascular disease. J Cardiothorac Surg 2, 49
(2007)

58. Ferrara N, Kerbel RS. Angiogenesis as a therapeutic
target. Nature 438, 967-974 (2005)

59. Simons M: Angiogenesis: where do we stand now?
Circulation 111, 1556-1566 (2005)

60. Wei L, Keogh CL, Whitaker VR, Theus MH, Yu SP:
Angiogenesis and stem cell transplantation as potential
treatments of cerebral ischemic stroke. Pathophysiology
12, 47-62 (2005)

61. Hayashi T, Deguchi K, Nagotani S, Zhang H, Sehara
Y, Tsuchiya A, Abe K: Cerebral ischemia and
angiogenesis. Curr Neurovasc Res 3, 119-129 (2006)

62. Navaratna D, Guo S, Arai K, Lo EH: Mechanisms
and targets for angiogenic therapy after stroke. Cell Adh
Migr 3, 216-223 (2009)

63. Miller JC, Pien HH, Sahani D, Sorensen AG, Thrall JH:
Imaging angiogenesis: applications and potential for drug
development. J Natl Cancer Inst. 97, 172-187 (2005)

608

64. Charnley N, Donaldson S, Price P:
angiogenesis. Methods Mol Biol 467, 25-51 (2009)

Imaging

65. Lin TN, He YY, Wu G, Khan M, Hsu CY: Effect of
brain edema on infarct volume in a focal cerebral ischemia
model in rat. Stroke 24, 117-121 (1993)

66. Lin CY, Chang C, Cheung WM, Lin MH, Chen JJ, Hsu
CY, Chen JH, Lin TN: Dynamic changes in vascular
permeability, cerebral blood volume, vascular density, and
size after transient focal cerebral ischemia in rats:
evaluation with contrast-enhanced magnetic resonance
imaging. J Cereb Blood Flow Metab 28, 1491-1501 (2008)

67. Lin CY, Lin MH, Cheung WM, Lin TN, Chen JH,
Chang C: In vivo cerebromicrovasculatural visualization
using 3D DeltaR2-based microscopy of magnetic resonance
angiography (3DDeltaR2-mMRA). Neuroimage 45, 824-
831 (2009)

68. Johansson BB, Grabowski M: Functional recovery after
brain infarction: plasticity and neural transplantation. Brain
Pathol 4, 85-95 (1994)

69. Curin Y, Ritz MF, Andriantsitohaina R: Cellular
mechanisms of the protective effect of polyphenols on the
neurovascular unit in strokes. Cardiovasc Hematol Agents
Med Chem 4, 277-288 (2006)

70. Kawamata T, Dietrich WD, Schallert T, Gotts JE,
Cocke RR, Benowitz LI, Finklestein SP: Intracisternal
basic fibroblast growth factor enhances functional recovery
and up-regulates the expression of a molecular marker of
neuronal sprouting following focal cerebral infarction. Proc
Natl Acad Sci U S A. 94, 8179-8184 (1997)

71. Jin KL, Mao XO, Greenberg DA: Vascular endothelial
growth factor rescues HN33 neural cells from death
induced by serum withdrawal. J Mol Neurosci 14, 197-203
(2000)

72. Zhang RL, Zhang ZG, Chopp M: Ischemic stroke and
neurogenesis in the subventricular zone.
Neuropharmacology 55, 345-352 (2008)852

73. Koehler RC, Roman RJ, Harder DR: Astrocytes and the
regulation of cerebral blood flow. Trends Neurosci 32, 160-
169 (2009)

74. Greenberg DA: Neurogenesis and stroke. CNS Neurol
Disord Drug Targets 6, 321-325 (2007)

75.  Stevenson DE, Hurst RD:  Polyphenolic
phytochemicals--just antioxidants or much more? Cell Mol
Life Sci 64, 2900-2916 (2007)

76. Ghosh D, Scheepens A: Vascular action of
polyphenols. Mol Nutr Food Res 53, 322-331 (2009)

77. Arab L, Liu W, Elashoff D: Green and black tea
consumption and risk of stroke: a meta-analysis. Stroke 40,
1786-1792 (2009)



Stroke, angiogenesis and phytochemicals

78. Zhang S, Liu Y, Zhao Z, Xue Y: Effects of green tea
polyphenols on caveolin-1 of microvessel fragments in rats
with cerebral ischemia. Neurol Res 32, 963-970 (2010)

79. Park JW, Jang YH, Kim JM, Lee H, Park WK, Lim
MB, Chu YK, Lo EH, Lee SR: Green tea polyphenol (-)-
epigallocatechin gallate reduces neuronal cell damage and
up-regulation of MMP-9 activity in hippocampal CA1 and
CA2 areas following transient global cerebral ischemia. J
Neurosci Res 87, 567-575 (2009)

80. Chen CM, Lin JK, Liu SH, Lin-Shiau SY: Novel
regimen through combination of memantine and tea
polyphenol for neuroprotection against brain excitotoxicity.
J Neurosci Res 86, 2696-2704 (2008)

81. Sutherland BA, Rahman RM, Appleton I: Mechanisms
of action of green tea catechins, with a focus on ischemia-
induced neurodegeneration. J Nutr Biochem 17, 291-306
(2006)

82. Mandel S, Weinreb O, Amit T, Youdim MB: Cell
signaling pathways in the neuroprotective actions of the
green tea polyphenol (-)-epigallocatechin-3-gallate:
implications for neurodegenerative diseases. J Neurochem
88, 1555-1569 (2004)

83. Shah ZA, Li RC, Ahmad AS, Kensler TW, Yamamoto
M, Biswal S, Dore S: The flavanol (-)-epicatechin prevents
stroke damage through the Nrf2/HO1 pathway. J Cereb
Blood Flow Metab, 1-11 (2010)

84. Lee S, Suh S, Kim S: Protective effects of the green tea
polyphenol (-)-epigallocatechin gallate against
hippocampal neuronal damage after transient global ischemia
in gerbils. Neurosci Lett 287, 191-194 (2000)

85. Wang Q, Xu J, Rottinghaus GE, Simonyi A, Lubahn D,
Sun GY, Sun AY: Resveratrol protects against global cerebral
ischemic injury in gerbils. Brain Res 958, 439-447 (2002)

86. Inoue H, Jiang XF, Katayama T, Osada S, Umesono K,
Namura S: Brain protection by resveratrol and fenofibrate
against stroke requires peroxisome proliferator-activated
receptor alpha in mice. Neurosci Lett 352,203-206 (2003)

87. Dore S: Unique properties of polyphenol stilbenes in the
brain: more than direct antioxidant actions; gene/protein
regulatory activity. Neurosignals 14, 61-70 (2005)

88. West T, Atzeva M, Holtzman DM: Pomegranate
polyphenols and resveratrol protect the neonatal brain against
hypoxic-ischemic injury. Dev Neurosci 29, 363-372 (2007)

89. Ritz MF, Curin Y, Mendelowitsch A, Andriantsitohaina R:
Acute treatment with red wine polyphenols protects from
ischemia-induced excitotoxicity, energy failure and oxidative
stress in rats. Brain Res 1239, 226-234 (2008)

90. Wang Q, Sun AY, Simonyi A, Miller DK, Smith RE,
Luchtefeld RG, Korthuis RJ, Sun GY: Oral administration
of grape polyphenol extract ameliorates cerebral

609

ischemia/reperfusion-induced neuronal damage and
behavioral deficits in gerbils: comparison of pre- and post-
ischemic administration. J Nutr Biochem 20, 369-377
(2009)

91. Sakata Y, Zhuang H, Kwansa H, Koehler RC, Dore S:
Resveratrol protects against experimental stroke: putative
neuroprotective role of heme oxygenase 1. Exp Neurol 224,
325-329 (2010)

92. Sun AY, Wang Q, Simonyi A, Sun GY: Resveratrol as
a therapeutic agent for neurodegenerative diseases. Mol
Neurobiol 41, 375-383 (2010)

93. Panickar KS, Polansky MM, Anderson RA: Green tea
polyphenols attenuate glial swelling and mitochondrial
dysfunction following oxygen-glucose deprivation in
cultures. Nutr Neurosci 12, 105-113 (2009)

94. Arab L, Liebeskind DS: Tea, flavonoids and stroke in
man and mouse. Arch Biochem Biophys 501, 31-36 (2010)

95. Wang Q, Smith RE, Luchtefeld R, Sun AY, Simonyi A,
Luo R, Sun GY: Bioavailability of apocynin through its
conversion to glycoconjugate but not to diapocynin.
Phytomedicine. 15:496-503 (2008)

96. Wu JS, Cheung WM, Tsai YS, Chen YT, Fong WH,
Tsai HD, Chen YC, Liou JY, Shyue SK, Chen JJ, Chen
YE, Maeda N, Wu KK, Lin TN: Ligand-activated PPAR-y
protects against ischemic cerebral infarction and neuronal
apoptosis by 14-3-3¢ upregulation. Circulation 119:1124-
1134 (2009)

97. Cuevas P, Carceller F, Munoz-Willery 1, Gimenez-
Gallego G: Intravenous fibroblast growth factor penetrates
the blood-brain barrier and protects hippocampal neurons
against ischemia-reperfusion injury. Surg Neurol. 49:77-83
(1998)

98. Surh YJ: Cancer chemoprevention with dietary
phytochemicals. Nat Rev Cancer 3, 768-780 (2003)

99. Son TG, Camandola S, Mattson MP: Hormetic dietary
phytochemicals. Neuromolecular Med 10, 236-246 (2008)

100. Gullett NP, Ruhul Amin AR, Bayraktar S, Pezzuto
M, Shin DM, Khuri FR, Aggarwal BB, Surh YJ, Kucuk O:
Cancer prevention with natural compounds. Semin Oncol
37, 258-281 (2010)

101. Oak MH, El Bedoui J, Schini-Kerth VB:
Antiangiogenic properties of natural polyphenols from red
wine and green tea. J Nutr Biochem 16, 1-8 (2005)

102. Sagar SM, Yance D, Wong RK: Natural health
products that inhibit angiogenesis: a potential source for
investigational new agents to treat cancer-Part 1. Curr
Oncol 13, 14-26 (2006)

103. Baron-Menguy C, Bocquet A, Guihot AL, Chappard
D, Amiot MJ, Andriantsitohaina R, Loufrani L, Henrion D:



Stroke, angiogenesis and phytochemicals

Effects of red wine polyphenols on postischemic
neovascularization model in rats: low doses are
proangiogenic, high doses anti-angiogenic. FASEB J. 21,
3511-3521 (2007)

104. Robich MP, Chu LM, Chaudray M, Nezafat R, Han Y,
Clements RT, Laham RJ, Manning WJ, Coady MA, Sellke
FW: Anti-angiogenic effect of high-dose resveratrol in a
swine model of metabolic syndrome. Surgery 148, 453-462
(2010)

105. Nicholson SK, Tucker GA, Brameld JM: Effects of
dietary polyphenols on gene expression in human vascular
endothelial cells. Proc Nutr Soc 67, 42-47 (2008)

106. Beltz LA, Bayer DK, Moss AL, Simet IM:
Mechanisms of cancer prevention by green and black tea
polyphenols. Anticancer Agents Med Chem 6, 389-406
(2006)

107. Lambert JD, Hong J, Yang GY, Liao J, Yang CS:
Inhibition of carcinogenesis by polyphenols: evidence from
laboratory investigations. Am J Clin Nutr 81, 284S-291S
(2005)

108. Calabrese EJ, Baldwin LA: U-shaped dose-responses
in biology, toxicology, and public health. Annu Rev Public
Health 22, 15-33 (2001)

109. Joels M: Corticosteroid effects in the brain: U-shape
it. Trends Pharmacol Sci 27, 244-250 (2006)

110. Calabrese EJ: Neuroscience and hormesis: overview
and general findings. Crit Rev Toxicol 38, 249-252 (2008)

111. Calabrese V, Cornelius C, Trovato A, Cavallaro M,
Mancuso C, Di Rienzo L, Condorelli D, De Lorenzo A,
Calabrese EJ: The hormetic role of dietary antioxidants in
free radical-related diseases. Curr Pharm Des 16, 877-883
(2010)

Key Words: Vascular Remodelling, Cerebral Ischemia,
Polyphenols, Tea Extract, Grape Extract, Review

Send correspondence to: Teng-nan Lin, Rm 404, Institute
of Biomedical Sciences, Academia Sinica, Taipei 11529,
Taiwan, ROC, Tel: 886-2-2652-3936, Fax: 886-2-2785-
8847, E-mail: bmltn@ibms.sinica.edu.tw

610



