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Abstract

Polyphenolic antioxidants from dietary sources are frequently a topic of interest due to widespread scientific
agreement that they may help lower the incidence of certain cancers, cardiovascular and neurodegenerative
diseases, and DNA damage and even may have antiaging properties. On the other hand, questions still remain
as to whether some antioxidants could be potentially harmful to health, because an increase in glycation-
mediated protein damage (carbonyl stress) has been reported in some cases. Nevertheless, the quest for healthy
aging has led to the extensive use of phytochemically derived antioxidants to disrupt age-associated deterio-
ration in physiological function and to prevent many age-related diseases. Although a diet rich in the poly-
phenolic forms of antioxidants does seem to offer hope in delaying the onset of age-related disorders, it is still too
early to define their exact clinical benefit for treating age-related disease. This review critically examines poly-
phenolic antioxidants, such as flavonoids, curcumene, and resveratrol in health, disease, and aging with the
hope that a better understanding of the many mechanisms involved with these diverse compounds may lead to

better health and novel treatment approaches for age-related diseases.

Introduction

REE RADICALS IN THE FORM OF REACTIVE OXygen species

(ROS) or reactive nitrogen species (RNS) are implicated
in the oxidative damage of proteins, nucleic acids, and lipids.
This seems to be a paradoxical part of aerobic metabolism,"
because mitochondrial respiration can be a potent source for
these reactive species under certain conditions. Aerobic res-
piration, the mitochondrial electron transport system,” and
enzymatic processes involving xanthene oxidase and nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase
can exert oxidative stress at relatively high concentrations.
This can result in the disruption of many critical processes in
living cells because these same systems are thought to have
many downstream effects, including mediating inflamma-
tion and signal transduction of mitogen-activated protein
kinase (MAPK) pathways.?

Oxidative stress is the basis for the free radical theory of
aging, first proposed by Denham Harman® and widely be-
lieved to be the root cause of age-related protein damage and
tissue deterioration in the body. Antioxidants react with ROS
and RNS and thus alleviate cellular damage by terminating
the otherwise harmful free radical chain reactions. In that
regard, several mechanisms that include exogenous nutrients

and endogenous antioxidant systems have evolved to protect
from inevitable intracellular or extracellular oxidative stress.*
The most widely known antioxidant nutrients are derived
from phytochemicals (plant-derived chemicals), which in-
clude polyphenols in the form of flavonoids. The flavonoids
are broadly classified into anthocyanidins (e.g., cyaidin,
delphinidin, malvidin), flavanols (e.g., catechin, epicatechin),
flavonols (e.g., quercetin, fisetin), and flavones (e.g., luteolin)
(Fig. 1). Some of the nonphenolic antioxidants include ca-
rotenoids (e.g., f-carotene, lycopene), vitamin C (ascorbic
acid), and vitamin E (tocopherols). These antioxidants have
excellent free-radical quenching properties (Fig. 2).°

When the vast antioxidant literature is explored, mixed
results are reported concerning the benefits of antioxidant
supplementation for treating age-related diseases. A diet rich
in antioxidants seems to offer hope in delaying the onset of
many age-related disorders, such as atherosclerosis or can-
cer. However, large clinical trials that used only select anti-
oxidants have not shown evidence for the benefit of
antioxidants as therapeutic agents.® Conversely, clinical trials
involving relatively smaller groups of patients have shown
beneficial effects for select antioxidants, such as N-acetylcysteine,
or when some antioxidants are used in combination with
several antioxidant species.® Therefore, it is necessary to
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FIG. 1. Structures of representative flavonoids and rutin, a naturally occurring glycoside of quercetin.

enroll ideal patients and use appropriate duration when
undertaking this kind of clinical trial before we can make fair
assessment for the therapeutic role of these antioxidants. The
reported clinical data, however, are in agreement with the
central premise that age-related progression of many dis-
eases may be related to general cytokine stress (inflamma-
tion) and oxidative stress (the production of ROS and RNS),

which can result in subsequent molecular damage and
eventual cell death.

Antioxidant Nature of Flavonoids

Phenolic compounds are widely distributed in plant-based
foods and have widely diverse structures, largely via hy-
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FIG. 2. Structures of some representative nonpolyphenolic antioxidants: f-carotene, vitamin E (tocopherols), and vitamin C

(L-ascorbic acid).
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droxylated aromatic rings. Flavonoids typically exist as their
corresponding glycosides in plants, and, depending on
structure and the oxidation state of the central pyran ring,
are further subclassified. For example, rutin exists in plant
sources as the quercetin-3-O-rhamnosyl glucoside. A variety
of flavonoids, including flavonols (quercetin), flavanols
(epicatechins and catechins), flavones (luteolin), flavanones,
isoflavones (soy), and anthocyanidins (cyanidin), have been
characterized in plant-based foods (Fig. 1).

In this review, we will focus on those polyphenolic com-
pounds that are thermally stable, bioavailable, and are
known to modulate health, disease, and aging. It is impor-
tant to stress that many antioxidant compounds, in particular
vitamins C, E, and some polyphenols, are known to possess
antioxidant as well as prooxidant properties under certain
conditions. The molecular mechanisms proposed for anti-
oxidants are based largely on in vitro studies. In solution,
many of these compounds are redox-reversible (Fig. 3)
which may explain their antioxidant as well as prooxidant
properties, depending on the relative concentrations of the
ROS/RNS. Nevertheless, some polyphenols possess this
same lability in redox state in vivo,” which may explain why
they possess some disease-fighting activity as well as pro-
tective properties, or conversely participate in glycation re-
actions. In that regard, the therapeutic use of antioxidants
such as these can be considered “double-edged swords,” i.e.,
they have both reduction/oxidation potential and activity.

However, it should be pointed out that not all phyto-
chemicals or vitamins have the same mechanisms of action.
For example, polyphenolic antioxidants and vitamins also can
affect various molecular targets directly, such as activating
receptors, which can be independent of their antioxidant ac-
tivities. Furthermore, they can affect signal transduction
pathways and have multiple downstream events, including,
but not limited to, the modulation of cellular prooxidant/
antioxidant balance.*” Some polyphenolic compounds not
only scavenge ROS but also have transition metal ion (e.g.,
Fe?", Cu™) chelating properties, which substantially contrib-
ute to attenuation of oxidative stress.'’ Recently, it was sug-
gested that vitamin C and E supplementation, i.e., nondietary
antioxidant dosing, might preclude the health-promoting ef-
fects of exercise." Data of this nature should be interpreted
with caution for pragmatic reasons as well as those already
elucidated. Moreover, while exercise can induce oxidative
stress, it also ameliorates insulin resistance and boosts en-
dogenous antioxidant defense capacity. Furthermore, there
are many endogenous defenses to oxidative stress in vivo, and
human plasma contains many proteins with intrinsic antiox-
idant properties, including proteins that are sulfur rich, such

633

as glutathione peroxidase or transition metal-binding proteins
and superoxide dismutase.'*"?

Although the human body has a complex endogenous
antioxidant defense system that scavenges free radicals, cells
may not function properly, die, or undergo apoptosis due to
free radical-induced irreparable DNA damage, -cellular
membrane alterations, and damage. Many endogenous pro-
teins and dietary nutrients can be cytoprotective, but it must
be stressed that free radical damage is inevitable. Damage
accumulates with advancing age, not only during many dis-
ease processes but in healthy individuals as well. Clearly,
deficiencies in antioxidant vitamins, paucity of adequate an-
tioxidant defense, and environmental stressors, such as ion-
izing radiation, all can lead to many disease states."®

Polyphenols and the “French Paradox”

Polyphenols, such as those recently found in aged red
wine,** have particular importance for diabetes, cancer, ag-
ing, and neurodegenerative diseases because of their effect
on certain enzymes that posttranslationally modify the
acetylation pattern of histone proteins.'>'® France and Italy
are two major wine-producing European countries said to
demonstrate a paradoxical finding largely related to the diet
in these countries. These same people are basically able to
consume fat-rich and low-density lipid-saturated foods in
greater quantities than most other groups, while at the same
time remaining relatively unaffected in their cardiovascular
health."” The French diet, in particular, is particularly lipid
rich, and the French consume many fatty foods, yet cardio-
vascular pathologies are not prevalent. They frequently
consume wine and have low morbidity and mortality
through cardiovascular disease. This peculiarity has been
commonly referred to as the “French Paradox.”

One explanation for the French Paradox can be found by
considering the characteristic Mediterranean diet as a
whole, which is generally rich in fruits, fresh high-fiber
vegetables, and vitamins.'®1° Of particular interest is the
fact that red wine contains polyphenols (Fig. 1). The poly-
phenolic nature of any flavonoid compound is mainly re-
sponsible for its specific antioxidant properties, which is
one of the main factors believed to be involved in protecting
these people from heart attacks.® Flavonoids serve as
electron donors to the appropriate free radical-derived
oxidants based on their redox potentials. The reduction
potentials of flavonoid radicals are lower than those of alkyl
peroxyl radicals, and thus the flavonoids are effective chain-
breaking antioxidants in oxidation processes mediated by
peroxyl radicals.”!
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FIG. 3. Redox forms of catechin in the presence of reactive oxygen species/reative nitrogen species (ROS/RNS).
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FIG. 4. Structure of resveratrol.

Two main types of polyphenols exist in red wine, namely
regular flavanols® and anthocyanidins® (Fig. 1). Antho-
cyanidines, the oxidized forms of flavanols have good metal
chelation ability due through their vicinally located hydroxyl
groups. Stilbene derivatives (e.g., trans-resveratrol, Fig. 4)
also are found in red wine at up to 100 uM (Fig. 3). Resver-
atrol may have properties other than that as antioxidant.**
Currently, it is the focus of intense research both for the
cardiovascular system and the brain, but holds promise for
aging as well. Although it is not the most abundant phenol in
wine, trans-resveratrol has been recognized as the main
agent responsible for the French Paradox.?®> However,
polyphenols are not the only protective compounds in a
vegetable-rich diet or in wine because other putative cardi-
oprotective factors may involve folate as contributors to
the French paradox, because folate affects homocysteine
levels. 2%

Red wine chemicals have many interesting properties,
including activity on endothelial cells and the vascular sys-
tem.?8 For example, red wine has been shown to inhibit en-
dothelin-1 (ET-1) synthesis, which is a highly potent peptide
and vasoconstrictor.”” High expression of ET-1 is known to
contribute to the development of cerebrovascular disease
and is associated with atherosclerosis. Vascular changes,
including distribution changes in phosphotyrosine,” have
been found in bovine aortic endothelial cells when ET-1 is
overexpressed, which may indicate a role for red wine
components in the multiple signal transduction pathways.
The protective effects of flavonoids on the cardiovascular
system and their anticancer, antiviral, and antiallergenic
properties also are notable areas of interest.>" 2

Of importance in the red wine debate is its ethanol con-
tent, which also can participate in the free radical reactions of
biological systems by producing alkoxy and hydroxyl free
radicals as the initial products. Therefore, ethanol may en-
hance cellular oxidative stress through the production of
superoxide and hydrogen peroxide and may have deleteri-
ous effects under some conditions. Conversely, moderate
ethanol consumption may be beneficial, because it has been
shown to decrease inflammation and inflammatory markers
in situ in adipocyte tissue explants and can attenuate whole-
body inflammation and lower soluble tumor necrosis factor
receptors in vivo.*® Moreover, tumor necrosis factors (TNF)
play a role in inflammation and cancer evasion, which may
offer new uses for red wine components (polyphenols) as
anticancer and antiinflammatory molecules. As suggested,
other protective mechanism are observed with the French
Paradox, and moderate red wine consumption, e.g., moderate
alcohol consumption, can lower inflammatory mediators such
as soluble TNF-1 and -1l receptors and other cytokines.*
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Multiple antioxidant pathways have been observed for
flavonoids. In particular, the flavonoids trap ROS and inhibit
enzymes involved in the production of oxidative stress.
Flavonoids also can regenerate other antioxidants, such as a,
B, and y-tocopherols (vitamin E).*> The ROS-trapping
mechanism and vitamin E regeneration can be explained
through the oxidation of flavonoids to short-lived radicals,
which degrade into relatively nontoxic products.

The French Paradox and Lipid Metabolism

Polyphenols, in particular, the catechins, are effective
chain reaction-breaking antioxidants and scavengers of free
radicals, thus inhibiting lipid peroxidation and oxidation of
low-density lipoproteins (LDLs). LDLs are rich in poly-
unsaturatred fatty acids (PUFAs) and are the major choles-
terol-carrying lipoproteins in plasma. Higher levels of LDL,
PUFASs, and cholesterol can cause atherosclerotic lesions. The
first step in the LDL oxidation process involves the oxidation
of PUFAs, which are then degraded to aldehydes. Monocytes
feed the process forward as they become resident macro-
phages and contribute to ROS in the microenvironment,
where they attempt to remove the deposits through immune
clearance that involves activation of several Phox enzymes
and an oxidative burst. As the oxidized deposits are in-
gested, macrophages are subsequently transformed into
foam cells, which along with oxidized LDL and apolipo-
protein, are observed as components of fatty steaks in ves-
sels. Oxidative stress by platelet aggregation and LDL
oxidation can be inhibited by resveratrol in wine.*® It has
been found that the effect of resveratrol in ameliorating the
oxidative damage induced by tert-butylhydroperoxide is
more than that of vitamin C or vitamin E, the ubiquitous
antioxidants.?”

Another possible explanation for the French Paradox and
the effect of polyphenols may be explained by vitisin A and
vitisin B, which showed a remarkable inhibitory activity
against 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-
CoA) reductase.®® HMG-CoA reductase is an NADPH-de-
pendent enzyme and the rate-limiting step of the metabolic
pathway that produces cholesterol and other isoprenoids,
namely, the mevalonate pathway, and is a key target of the
widely available statin cholesterol-lowering drugs. This may
explain in part some aspect of the French Paradox as well.

Resveratrol in Caloric Restriction

The mechanism of action for resveratrol has not been
elucidated fully. However, it has been reported to affect
oxidative stress, longevity, chromatin organization, genetic
expression, release of proinflammatory mediators, inhibition
of inflammatory enzymes such as inducible nitric oxide
synthase (iNOS) and cyclo-oxygenase-2 and inhibit nuclear
factor kB (NF-kB) signaling.”® One mechanism underlying
some of these effects stems from reports that it slows aging in
simple eukaryotes. Caloric restriction (CR) has similar ac-
tions, because it mitigates diseases of aging in mammals*
and extends life span in a diverse variety of lower species,
such as Drosophila melanogaster, Saccharomyces cerevisiae, and
Caenorhabditis elegans. CR is a widely demonstrated mecha-
nism for the extension of healthy life span, including in mice
and primates.*! Further evidence for a shared mechanism is
demonstrated in resveratrol-fed elderly mice, which show a
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marked reduction in signs of aging, including reduced al-
buminuria, decreased inflammation and apoptosis in the
vascular endothelium, increased aortic elasticity, greater
motor coordination, reduced cataract formation, and pre-
served bone mineral density as compared to mice fed an ad
libitum diet.*?

Clearly metabolism plays a role in resveratrol’s action,
which, like CR, may be inextricably linked with its role in
aging. Indeed, recent data suggest this may be the case and
argue for resveratrol’s consideration in treating diseases that
exhibit impaired metabolism, such as types 1, 2, and 3 dia-
betes.*® Conserved genes that encode several classes of nic-
otinamide adenine dinucleotide (NAD)-dependent histone
deacetylases (HDACs), also known as the sirtuins for si-
lencing information regulatory proteins, mediate some of CR
effects in lower species. One thing resveratrol reportedly
does is cause substrate-specific activation of the sirtuins in
yeast, Drosophila (Sir2), and humans (hSirt1).** The silent
information regulator 2 (SIR2) gene is a life-span regulator, a
property partly proposed to account for resveratrol’s anti-
aging effects. Perhaps related to sirtuin activity is resvera-
trol’s reputation as a putative CR mimetic, because limiting
calories can result in the activation of SIR2, which has a role
in regulating the physiological changes through CR. Thus,
modulating the activity of SIR2 might provide potential CR
mimetics and aid in fighting age-associated disease.

However, deacetylation activity is equivocal because
Kaeberlein and colleagues have reported mixed findings
in vitro; this group found that resveratrol enhanced binding
and deacetylation of peptide substrates containing a non-
physiological fluorescent moiety. However, it had no effect
on binding and deacetylation of acetylated peptides lacking
the fluorophore and in three different yeast strain back-
grounds, as measured by rDNA recombination, telomeric
transcriptional silencing, and life span.44 In light of these
findings, the mechanism accounting for the putative lon-
gevity effects of resveratrol should be reexamined. Never-
theless, despite skepticism concerning its bioavailability, a
growing body of in vivo evidence indicates that resveratrol
has protective effects in rodent models of stress and dis-
ease.*” This same observation occurs in response to CR for
the brain and elsewhere.*

Polyphenols in Neuroprotection

CR and antioxidants such as resveratrol protect cells from
various cytotoxic insults and show useful effects in mouse
models of aging as well as in models of Alzheimer disease
(AD) and in limited clinical trials with human AD (vide su-
pra). It has been demonstrated that polyphenols can affect
spatial memory, which is enhanced by physical activity. The
relationship between neurodegeneration and heart disease,
the so-called heart/brain connection, has been explored for
some time.*” The French Paradox involves the cardiovascu-
lature, which can be extrapolated to apply to the brain and
cerebrovasculature as well. Main coronary occlusion depletes
the blood supply to the myocardium and subsequently re-
duces cardiac function, which ultimately leads to heart fail-
ure. However, arterial occlusion can induce collateral artery
development and reestablish and maintain blood flow to
tissues such as the myocardium, which can protect against
ischemic damage and cell death, as demonstrated in a rat
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myocardial infarction model. Resveratrol has been identified
as a potential agent for the induction of new vessel growth.*®
The same authors found that resveratrol pretreatment in-
creased antiapoptotic and proangiogenic factors, signifi-
cantly upregulated protein expression for vascular endothelial
growth factor (VEGF) and its tyrosine kinase receptor Flk-1/3,
as well as increased both inducible and endothelial forms of
NOS. Srivastava and colleagues noted increased capillary
density and improved left ventricular function with resvera-
trol 3 weeks post myocardial infarct, and FOXO transcription
factors and VEGF neutralizing antibody also enhanced the
antiangiogenic effects of resveratrol.*’

Among age-associated pathologies, neuroprotection from
green tea has been observed for Parkinson disease, AD,
and ischemic damage.®® One mechanism important for
the protective effects for (—)-epicatechin gallate (ECG), and
(—)-epigallocatechin 3-O-gallate (EGCG) in neurodegenera-
tive diseases is their iron-chelating properties.”® Dysregu-
lated iron metabolism may be a central pathological feature
of Parkinson disease. It is the galloyl-containing catechins,
identified in a high-throughput screening, that are putative
inhibitors of scrapie-associated prion protein formation.’!
Furthermore, many studies centered on consumption of
polyphenols from green tea, such as epicatechin and EGCG,
increased memory function and the expression of genes as-
sociated with learning, synaptic plasticity, and angiogenesis
in the hippocampus. At the same time, green tea polyphenols
lowered gene expression related to learning deficits and
neurodegeneration.

Cytoprotective effects of catechin-rich flavanols and re-
sveratrol include modulation of glutamatergic receptors, ion
channels, and neuronal energy homeostasis. These com-
pounds also appear to affect the cerebrovascular complica-
tions known to play a role in aging, vascular dementia, and
AD, all of which have a particularly strong vascular com-
ponent to the pathobiology of the disease®™ and appear to
afford vascular protection® in a manner similar to that of
ischemic preconditioning. The authors demonstrated that
resveratrol pretreatment confers neuroprotection against le-
thal ischemic insults in the brain and other organ systems via
SIRT1 activation.”* The common factor in all these diseases is
their age-related nature. In that regard, age-related cognitive
decline was reversed in mice whose diets were supple-
mented with blueberries, spinach, or strawberries.”® Taken
together the data suggest an active lifestyle, combined with a
polyphenol-rich diet, may prevent aging-related cognitive
disorders®® and neurodegenerative disease.””

Resveratrol has been shown to reduce neuronal cell death
induced by oxidized lipoproteins.”® Oxidized lipoproteins
were found to activate NF-kB binding activity and apoptosis
in PC12 cells.®® Conversely, resveratrol treatment lowered
the expression of gene products that mediate inflammation
(NF-kB),” lipid synthesis, and cell death in mice fed a high-
calorie diet.” One question remains as to whether these
compounds will prevent the damage of the sodium-potas-
sium pump (Na'/K") adenosine triphosphatase (ATPase)
that arises out of heavy metal toxicity, specifically the dam-
age derived from aluminum and mercury.®** In that regard,
it has been demonstrated in neuroblastoma SH-SY5Y cells
that resveratrol may be neuroprotective by acting on the cell
cycle,®® and it is likely that resveratrol may have similar role
for vulnerable neurons in AD as well.
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Curcumin (Curcumene)

Curcumene (diferuoyl methane), the major component of
Curcuma longa, is a free-radical sequestrating agent, and it
has multiple mechanisms of action. It has been studied for its
ability to modulate cancer, neurodegeneration, diabetes, and
inflammation. The radical scavenging activity of curcumene
is often compared to butylated hydroxyanisole (BHA), bu-
tylated hydroxytoluene (BHT), a-tocopherol, and trolox,
which are prototypical reference antioxidants and radical
scavengers. The antioxidant activity of curcumin (Fig. 5) has
been determined through several antioxidant radical scav-
enging assays, namely, 2,2-diphenyl-1-picryhydrazyl (DPPH),
2,2'-azinobis [3-ethylbenzothiazoline-6-sulfonic acid (ABTS),
and N,N-dimethyl-p-phenylenediamine (DMPD).** When
curcumin was compared to other antioxidants in a lipid per-
oxidation assay of linoleic acid, curcumin inhibited the lipid
peroxidation by 97.3% as compared to standard antioxidants:
95.4% for BHA, 99.7% for BHT, 84.6% for a-tocopherol, and
95.6% for trolox.®* In the aforementioned study, curcumin was
an effective superoxide anion and hydrogen peroxide scav-
enger. In addition, it had chelating properties to Fe(Ill) and
Fe(II) ions. From the DPPH assay and superoxide trapping
assay tests, all catechol-oximes show higher antioxidant
properties comparable to the standards. The best radical
scavengers were monohydroxylated oximes.

Curcumene and resveratrol exert their effects partly by
inhibiting activation of NF-kB and downstream signaling.®®
Gonzales and colleagues measured cytokine gene expression
for tumor necrosis factor-o (TNF-«), interleukin-14 (IL-1p, IL-
6, and COX-2 with or without TNF-o stimulation in 3T3-L1-
derived adipocytes and measured cytokine protein and
prostaglandin E2 (PGE2) expression. The NF-«kB signaling
pathway was inhibited by both resveratrol and curcumin
and resulted in a reduction of TNF-«, IL-18, IL-6, and COX-2
gene expression and reduced secreted IL-6 and prostaglan-
din E2 (PGE2). Conversely, TNF-a treatment was found to
increase IL-6, IL-1f, and COX-2 gene expression and activate
NF-«B signaling in differentiated adipocytes through ex-
pected degradation of I-kB and NF-«B nuclear translocation.
Furthermore, the mechanism of COX-1 inactivation by red
wine meta-hydroquinones® adds a complexity to the ques-
tion of what redox form and structure these compounds take
when delivering their apparent activity. Taken together,
these data suggest that curcumene, resveratrol, or other fla-
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vonols may reduce or inhibit chronic inflammatory stress
and concomitant cytokine expression®” from adipose tissue
(most likely from visceral fat). Curcumene and resveratrol
both may improve cardiovascular function and insulin sen-
sitivity and, if so, this may offer new clues into mechanisms
of the French Paradox.

Catechins

Catechin-derived flavonoids are abundant in human diets.
Green tea is a growing dietary source of antioxidants, which
contains numerous polyphenols, such as (—)-epicatechin
(EC1), (+)-catechin, epigallocatechin (EGC), ECG, and EGCG
(Figs. 1 and 6).

Flavanols occur as monomeric, oligomeric, or polymeric
forms known as proanthocyanidines. Procyanidine is a
subunit of proanthocyanidines, which are present in cereals,
vegetables and fruits, and wines. The monomeric unit of
proanthocyanidines contains mainly epicatechins and/or
catechins (Fig. 6). These units are linked mainly through C4-
C8 or C4-C6 bonds (B-type).®® However, other conjugates,
such as cysteinyl-flavan-3-ol conjugates from grape procya-
nidins have been found that could have improved antioxi-
dant properties.”” Another antioxidant activity involves the
dihydroxylation of rings within catechins and quercetin.”'
Catechins containing a gallate ester moiety at the 3-position
(ECG and EGCG) have the highest activity as antioxidants
and are the most effective inhibitors of lipid peroxidation.
Phenolic hydroxyl groups explain the mechanism of action
for catechin antioxidant activity on the B-ring of un-
galloylated catechins (EC and EGC) and on the B- and
D-rings of the galloylated forms (ECG and EGCG).”® Epi-
gallocatechin gallate was found to bind to CD4 and interferes
with gp120 binding,”" which may offer an explanation for
EGCG'’s possible role in the treatment of human immuno-
deficiency virus/acquired immunodeficiency syndrome
(HIV/AIDS).

Catechins, also known as tannins, are secondary plant
metabolites that were originally recognized because they
interacted strongly with collagen both in vivo and in situ.
They are used in the process that bears its name (tanning),
which converts animal skin to leather. Tannins were subse-
quently defined as high-molecular-weight polyphenol poly-
mers that precipitate protein from solution. Of key
importance is the bioavailability of these compounds in vivo,
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FIG. 5. Structures of curcumenes. (A) Curcumene [(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione].
(B) Demethoxycurcumene-[(1E,6E)-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)-1,6-heptadiene-3,5-dione]. (C) De-
methoxycurcumene-[(1E,6E)-1,7-bis(4-hydroxyphenyl)-1,6-heptadiene-3,5-dione].
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FIG. 6. Structure of polymeric procyanidine, (—)-epicatechin gallate (ECG), and (—)-epigallocatechin 3-O-gallate (EGCG).

which depends on the degree of polymerization and will be
discussed later. Oligomeric forms of these compounds were
found to be more bioavailable and demonstrated high anti-
oxidant activity when compared to their monomeric or
polymeric forms with the order of radical scavenging effec-
tiveness as follows: ECG >EGCG > EGC > EC > catechin.

Depolymerizations of proanthocyanidines are generally
done by thiolysis, which involves cleavage of interflavonoid
linkages and nucleophilic attack by thiol groups at the C4
position. Depolymerization using other nucleophiles such as
L-cysteine and phloroglucinol also has been reported™”>
(Fig. 7).
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FIG. 7. Thiolysis of procyanidins to give monomeric flavonoids and their derivatives.


http://www.liebertonline.com/action/showImage?doi=10.1089/rej.2010.1043&iName=master.img-005.jpg&w=312&h=293
http://www.liebertonline.com/action/showImage?doi=10.1089/rej.2010.1043&iName=master.img-006.jpg&w=408&h=227

638

These catechines are responsible for a variety of physio-
logical activities, such as antioxidant, antimicrobial,”® anti-
viral,”* and antiangiogenic activities,”® and selectively
modify estrogen receptors (ERs), which is why they were
explored in gynecological cancers, including metastatic
breast cancer, with promising results.”® The authors of the
study explored the combination of resveratrol, quercetin, and
catechin in cancer, which significantly reduced cell prolifer-
ation and blocked cell cycle progression in vitro and in nude
mice with breast cancer xenografts.”® Of interest in this
study, peak inhibition was observed at 5mg/kg body
weight, which is a considerable amount of compound when
proposed for use in humans. Several epidemiological studies
as well as studies also have shown that green tea has che-
mopreventive properties against various other cancers,®
such as those of the skin”’, lung,”® and prostate.”

Other laboratory studies suggest that flavonoids are anti-
mutagenic and anticarcinogenic. The antioxidant and anti-
cancer properties of green tea were explored in a population-
based case—control study, where an inverse association
among tobacco smokers between lung cancer and the con-
sumption of epicatechin, catechin, quercetin, and kaempferol
was found; this study concluded that teas might protect
smokers from lung cancer.®’ Furthermore, a randomized and
controlled study demonstrated a positive effect that in-
creased tea consumption (4 cups per day) had on oxidative
DNA damage among smokers.®! Although these large pop-
ulation studies are needed to establish any clinical relevance
for polyphenols in preventing or treating disease, some au-
thors do appreciate the value of mixtures of compounds in
studies, which seemed to offer more benefit over using one
single polyphenolic antioxidant.

Other health benefits attributed to green tea and its cate-
chins include antiaging®® and antiinflammatory activities®;
free radical chain breaking molecules® have the ability to
lower cholesterol® and can prevent the development of
atherosclerotic plaques.® It also has been shown to have
antihypertensive activity,87 antidiabetic properties in vivo
and in models of insulin resistance,®® as well as use as an
approach to weight loss.®* Green tea epigallocatechin 3-
gallate accumulates in mitochondria and displays a selective
antiapoptotic effect against inducers of mitochondrial oxi-
dative stress in neurons.”

In studies involving diabetes and related mitochondrial
dysfunction, Rutter and co-workers showed that a com-
mercial green tea extract suppressed the age-related in-
creases in collagen crosslinking and fluorescent products in
C57BL/6 mice.”! However, when diabetic or euglycemic rats
were treated with fresh-brewed Japanese green tea leaf ex-
tract, total crosslinking worsened and increased glycoxida-
tion in tendon, aorta, and plasma was either worsened or
had no significant improvement with green tea. The high
content of tannins in the tea is possibly the best explanation
for this finding. However, erythrocyte glutathione and
plasma hydroperoxides were improved by green tea
(p <0.001), as was retinal superoxide production, lens crys-
tallin fluorescence at 370/440nm (p < 0.05), and the forma-
tion of acellular retinal capillaries or retinal pericyte ghosts.”
In the mitochondria, renal NADH-linked adenosine di-
phosphate (ADP)-dependent and dinitrophenol-dependent
respiration and complex III activity were improved by green
tea, which also suppressed the methylglyoxal hydro-
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imidazolone mitochondrial protein modification. Because
green tea improved several diabetes-related cellular dysfunc-
tions, but worsened matrix glycoxidation in selected tissues, it
appeared as though the reaction shifted from oxidative stress
to carbonyl stress, at least in the extracellular compartment.
Supposedly, many of the tannins were removed from the
commercial green tea extract, which could offer a partial ex-
planation for these apparently dichotomous results.

Other trans-resveratrol oligostilbenoids and viniferins
(Fig. 8), present in the human diet may be of importance as
cancer chemopreventive agents, and epidemiological studies
suggest that they could prevent malignant tumor develop-
ment due to cytostatic and cytotoxic effects on tumor cells
and cell lines. In that regard, trans-resveratrol analogs were
tested for inhibitory effects on cell cycle progression prolif-
eration and apoptosis of human colon tumor cells™ and
lymphoid and myeloid cell lines.”*

The antitumor activities of resveratrol dimer, epsilon-
viniferin, and acetylated forms (resveratrol triacetate, epsi-
lon-viniferin penta-acetate) and of vineatrol (a grape extract)
were compared on human colon adenocarcinoma and other
cell lines with mixed results. Resveratrol triacetate and vi-
neatrol were as efficient as trans-resveratrol at inducing the
cell cycle accumulation of human colon cancer cells in early S
phase, which associated with nuclear cyclin A redistribution
and formation of cyclin A/cyclin-dependent kinase 2 com-
plex.”® The same authors demonstrated resveratrol and its
triacetate form inhibited cell proliferation and caused cell
cycle arrest, whereas e-viniferin and e-viniferin-pentaacetate
only slightly reduced cell proliferation, favoring S phase
accumulation. However, others failed to demonstrate apo-
ptosis or cytotoxic activity of viniferin, trans-amurensin-B or
trans-e-viniferin on three cancer cell lines in vitro.”>?® These
trans-resveratrol analogs retained the cytostatic and cytotoxic
activities of the parent molecule and were considered as
chemo-sensitizers for 5-fluorouracil (5-FU)-mediated prolif-
eration inhibition in human-derived colon cancer cells.

Proliferation assays performed on myeloid and lymphoid
cell lines show an antiproliferative and proapoptotic effect of
resveratrol with two of its naturally occurring oligomers,
e-viniferin (a dimer) and miyabenol C (a trimer).”* e-Viniferin
and, more importantly, miyabenol C are potent antitumor
agents, when used in combination with resveratrol, on all
cell types tested. They modify cell cycle distribution; i.e.,
cells treated with resveratrol accumulated in S phase,
whereas those treated with e-viniferin and miyabenol C

e-Viniferin (frans-isomers)

a-Viniferin

FIG. 8. Structures of naturally occurring oligomers of
resveratrol (trans-3,4,5-trihydoxystilbene), e-viniferin, and
o-viniferin.
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accumulated in G,/M and Gy/G;y, respectively.94 All of
these compounds induced apoptosis in U266 cells via
mechanisms entirely dependent on upstream caspase acti-
vation (8 and/or 2), depending on the compound. The
activation was independent of Fas/Fas ligand interac-
tion, without acting directly on the mitochondrial mem-
brane.

In myocytes, trans-3,54-trihydroxystilbene has been
shown to have various cardioprotective effects.” Vitisin A
facilitated mitochondria swelling, depolarization, and cyto-
chrome c release in a dose-dependent manner. There is an
adage that says what is good for the heart is good for the
brain, and polyphenols are not an exception. Keeping with
the notion of cerebrovascular component to AD, the resver-
atrol dimer (+)-vitisinol E demonstrated inhibitory activity
in vitro on BACE-1 (f-site APP-cleaving enzyme 1), in a
dose-dependent manner.”®

Bioavailability and Potentially Harmful Effects
of Polyphenolic Antioxidants

The polyphenolic food components must be bioavailable
to exert any biological effects. The medicinal potential of
polyphenols, such as curcumin, can be severely affected by
limited systemic and target tissue bioavailability and rapid
metabolism. Data regarding polyphenol absorption and
metabolism on the absorption and tissue distribution of
polyphenols are derived mainly from animal studies.”® "
We can extrapolate animal findings to humans, but differ-
ences between the genomes and epigenetic phenomena po-
tentially complicate these models. In that regard, rodents
methylate phenols more extensively than humans. Never-
theless, it is apparent that most classes of polyphenols are
sufficiently absorbed to exert biological effects.'"'%> Fur-
thermore, repeat dosing, which may reflect long-term con-
sumption of polyphenols, is shown to increase bioavailability.'”
Models offering different drug delivery systems, such as li-
posomes, phospholipid complexes, and nanoparticles, may
address bioavailability. Some of the difluorocurcumin ana-
logs that allow longer circulation times and preferential
accumulation are now in clinical trials for prevention of tu-
mor progression and/or treatments of malignancies.'**

However, many polyphenolic compounds such as the
proanthocyanidins, tannins, and lignins exist in the poly-
meric or oligomeric forms or become polymerized into larger
molecules or concatenations. A caloric restriction mimetic
effect of resveratrol combined with tannins, such as those
found in red wine, simply may be based on an ability to limit
intestinal absorption of foods. A daily intake of tannin from
foods, including fruits, beverages, and some grains, which
contain condensed and hydrolyzable tannins, is estimated as
roughly 1 gram. Tannins are known to bind to proteins in
soluble or precipitable complexes, which can reduce nutri-
tion in livestock feed.'®® A diet heavily enriched with tannins
and tannic acid leads to impaired nutrition in domestic ani-
mals.'% In that regard, a tannin-rich diet also is known to
block absorption of several nutrients. We may apply this
data to humans who consume high quantities of tannins,
because there are several mechanisms that may explain im-
paired nutrition with plant polyphenol ingestion.

Salivary proline-rich proteins (PRPs), particularly the basic
PRPs, form insoluble complexes with condensed tannins and
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are suggested to act as a type of bioflocculant by forming
complexes with them.'"”” The protein-binding action of these
complexes would affect polyphenol reactivity as well as
prevent interaction with other biological compounds or in-
testinal absorption'® and influence its biological fate and the
localization critical for function.'” Tannin complexes can
form in the gastrointestinal (GI) tract and are stable when
prepared in vitro at GI pH as well as in the presence of
proteases (pepsin, trypsin, chymotrypsin, carboxypeptidase
A and B, and elastase) and the bile acids.

Another important mechanism involving protein and ox-
idized polyphenols includes the chemical or enzymatic pro-
cesses, as well as the nonenzymatic browning reactions of
plant polyphenols and their effects on amino acid and pro-
tein bioavailability. The interaction of quinones and amino
acids has been described by Bittner''! and is usually com-
partmentally separated in living systems. However, junc-
tions where quinones react and influence the function of
proteins can occur before or during food processing or in vivo
with potentially damaging consequences.

Effects of Polyphenolic Antioxidants on Iron
Bioavailability

Compounds that inhibit iron availability are linked to
anticancer benefits and may be one explanation for the effect
observed with consumptions of polyphenols. A study by
Boato and colleagues confirmed this finding; they explored
uptake of iron in combination with fortified cereals or fruit
juices in a gastric digestion protocol.''? Orange juice and
white grape juice significantly increase iron bioavailability,
whereas red grape juice, prune juice, and cranberry juice''?
have profound inhibitory effects on iron bioavailability."? It
is well-known that ascorbic acid promotes iron bioavail-
ability, whereas the polyphenolic compounds seem to bind
and prevent absorption of soluble iron. The iron uptake in-
hibitory effects were attributed to high levels of polyphenolic
compounds, which show their iron-complexing proper-
ties."’® The extracellular thiol/disulfide redox state affects
proliferation rate in a human colon carcinoma (Caco2) cell
line,'** and polyphenols are believed to contribute to thiol
reduction directly and through chelation.

The iron-binding properties of quercetin, and other select
polyphenolic compounds (chrysin, 3-hydroxyflavone, 3',4'-
dihydroxy flavone, rutin, and flavone) were investigated by
Guo and colleagues.'™® These authors confirmed strong iron-
binding properties for the compounds containing the "iron-
binding motifs" in their structures. Surprisingly, quercetin,
an oxygen-based ligand, binds Fe(Il) even stronger than the
well-known strong nitrogen-based Fe(II)-chelator ferrozine
at pH 7.2. The strong iron-binding properties of polyphenols
argue that they may be effective in modulating cellular iron
homeostasis under physiological conditions. Dysregulation
of iron homeostasis is thought to play a role in AD and other
neurodegeneration. However, there is conjecture about the
uptake and transport of these large aromatic molecules into
brain tissues.'’> Nevertheless, quercetin can completely
suppress Fenton chemistry both at micromolar levels and in
the presence of major cellular iron chelators like adenosine
triphosphate (ATP) or citrate. However, the radical scav-
enging activity of quercetin provided only partial protection
against Fenton chemistry-mediated damage, whereas Fe(II)
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chelation by quercetin was found to completely inhibit
Fenton chemistry,''® indicating that the chelation may be key
to its antioxidant activit%y.111 Regardless, these results dem-
onstrate that quercetin and other phenolic compounds can
effectively modulate iron biochemistry under physiologically
relevant conditions, providing possible insight into the
mechanisms of action for bioactive polyphenols.

In summary, significant work has been done in regard to
the use of polyphenolic compounds to treat age-related dis-
eases, although some controversy exists as to some of their
beneficial and harmful effects. Specifically, we need to ex-
plore the exact mechanism through which these compounds
exert their protective or deleterious effects to maximize their
efficacy and safety when treating disease. One aspect of these
antioxidant compounds, which has not been well studied, is
that these products involve reactive quinines or quinoid
compounds as well as dimers and complex oligomers. More
work is needed in this area to explore the effect of these
reactive intermediates on proteins, lipids, and their implica-
tion in health and disease. More important roles for these
compounds may involve changing paradigms, because they
hold promise for preventing many diseases, including some
deleterious effects from aging.

References

1. Davies KJ. Oxidative stress: The paradox of aerobic life.
Biochem. Soc Symp 1995; 61: 1-31.

2. Shin MH, Moon Y], Seo JE, Lee Y, Kim KH, Chung JH.
Reactive oxygen species produced by NADPH oxidase,
xanthine oxidase, and mitochondrial electron transport
system mediate heat shock-induced MMP-1 and MMP-9
expression. Erge Radical Rigl Med 2008;44:635-645.

3. Harman D. Aging: A theory based on free radical and ra-
diation chemistry. [ Gerontol 1956;11:298-300.

4. Kahl R. Oxidative Stress: Oxidants and Antioxidants,
Academic Press, London, 1991.

5. Chen ], Shi ], MacNaughton L et al. The scavenging ca-
pacity of combinations of lycopene, beta -carotene, vitamin
E, and vitamin C on the free radical 2,2-diphenyl-1-pi-
crylhydrazyl (DPPH). [ Eood Biochem 2009;33:232-245.

6. Steinhubl SR. Why have antioxidants failed in clinical tri-
als? Am 1 Cardiol 2008;101:14D-19D.

7. de la Lastra CA, Villegas I. Resveratrol as an antioxidant
and pro-oxidant agent: mechanisms and clinical implica-
tions. Bigchem Sac Transact 2007;35:1156-1160.

8. Romier B, Schneider Y], Larondelle Y, During A. Dietary
polyphenols can modulate the intestinal inflammatory re-
sponse. Nutr Rev 2009;67:363-378.

9. D’Archivio M, Santangelo C, Scazzocchio B, Vari R, Filesi
C, Masella R, Giovannini C. Modulatory effects of poly-
phenols on apoptosis induction: Relevance for cancer pre-
vention. Int | Mol Sci 2008;9:213-228.

10. Kumamoto M, Sonda T, Nagayama K, Tabata M. Effects of
pH and metal ions on antioxidative activities of catechins.
BiasciBiaischaalRiacham 2001,65:126-132.

11. Ristow M, Zarse K, Oberbach A, Kloting N, Birringer M,
Kiehntopf M, Stumvoll M, Kahn CR, Bluher M. Antioxidants
prevent health-promoting effects of physical exercise in hu-
mans. ReaeNatlAcadSclLIS4 2009;106:8665-8670.

12. Rauca C, Wiswedel I, Zerbe R, Keilhoff G, Krug M. The role
of superoxide dismutase and alpha-tocopherol in the de-
velopment of seizures and kindling induced by pentyl-

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

OBRENOVICH ET AL.

enetetrazol influence of the radical scavenger alpha-phenyl-
N-tert-butyl nitrone. Brain Res 2004;1009:203-212.
Nomura K, Imai H, Koumura T, Arai M, Makagawa Y.
Mitochondrial phospholipid hydroperoxide glutathione
peroxidase suppresses apoptosis mediated by a mitochon-
drial death pathway. [ Biol Chem 1999;274:29294-29302.
Brouillard R, George F, Fougerousse A. Polyphenols pro-
duced during red wine ageing. BioFactors 1997;6:403—410.
Rahman I, Biswas SK, Kirkham PA. Regulation of inflam-
mation and redox signaling by dietary polyphenols. Bio-
chem Pharmacol 2006;72:1439-1452.

Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu
S, Wood JG, Zipkin RE, Chung P, Kisielewski A, Zhang LL,
Scherer B, Sinclair DA. Small molecule activators of sirtuins
extend Saccharomyces cerevisiae lifespan. Nature 2003;425:
191-196.

Renaud S; Gueguen R. The French paradox and wine
drinking. Nauakbis-Eound Szmg 1998; 216:208-217; dis-
cussion 217-222, 152-208.

Labinskyy N, Csiszar A, Veress G, Stef G, Pacher P, Oroszi
G, Wu ], Ungvari Z. Vascular dysfunction in aging: po-
tential effects of Resveratrol, an anti-inflammatory phy-
toestrogen. Curr Med Chem 2006;13:989-996.

de Lorgeril M, Salen P, Paillard F, Laporte F, Boucher F, de
Leiris J. Mediterranean diet and the French paradox: Two
distinct biogeographic concepts for one consolidated sci-
entific theory on the role of nutrition in coronary heart

disease. Cardiovasc Res 2002;54:503-515.

Nojiri H, Inaba Y. Antioxidants and cardiovascular dis-
ease: Still a topic of interest. EnsirontlealthbreiNed
2004;9:200-213.

Jovanovic SV, Steenken S, Hara Y, et.al. Reduction po-
tentials of flavonoid and model phenoxyl radicals. Which
ring in flavonoids is responsible for antioxidant activity?
J Chem Soc, Perkin Transact 2 Phys Organ Chem 1996;
2497-2504.

Di Majo D, La Guardia M, Giammanco S et al. The anti-
oxidant capacity of red wine in relationship with its poly-
phenolic constituents. Food Chem 2008;111:45-49.
Hernandez T, Estrella I, Duenas M et al. Influence of wood
origin in the polyphenolic composition of a Spanish red
wine aging in bottle, after storage in barrels of Spanish,
French and American oak wood. EurlFaad-RaesTlochngl
2007;224:695-705.

Mukherjee S, Lekli I, Gurusamy N, Bertelli AA, Das DK.
Expression of the longevity proteins by both red and white
wines and their cardioprotective components, resveratrol,
tyrosol, and hydroxytyrosol. Eree Radic Bigl Med 2009;46:
573-578.

Virgili M, Contestabile, A. Partial neuroprotection of in
vivo excitotoxic brain damage by chronic administration of
the red wine antioxidant agent, trans-resveratrol in rats.

Neurosci Lett 2000;281:123-126.
Parodi PW. The French paradox unmasked: The role of

folate. Med Hypotheses 1997;49:313-318.

Matthews NS, Peck KE, Mealey KL, Taylor TS, Ray AC.
Pharmacokinetics and cardiopulmonary effects of guaife-
nesin in donkeys. [\gtPharmacal Ther 1997;20:442-446.
Simonson MS, Wang, Y, Herman W. H. Ca®* channels
mediate protein tyrosine kinase activation by endothelin-1.
Am | Physiol 1996;270:F790-F797.

Corder R, Douthwaite JA, Lees DM, Khan NQ, Viseu Dos
Santos AC, Wood EG, Carrier M]. Endothelin-1 synthesis
reduced by red wine. Nature 2001;414:863-864.




POLYPHENOLS IN AGE-RELATED DISEASES

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Amin A, Buratovich M. The anti-cancer charm of flavo-
noids: a cup-of-tea will do! Recent Patents on Anti-cancer
Drug Discovery 2007;2:109-117.

Wang HK, Bastow KF, Cosentino LM, Lee KH. Antitumor
agents. 166. Synthesis and biological evaluation of 5,6,7,8-
substituted-2-phenylthiochromen-4-ones. [_Med _Chem
1996;39:1975-1980.

Singh V, Saxena RC, Singh AK. A flavonoid out of Te-
phrosia purpurea extract and its antimicrobial effect.
Biomed Pharmacol ] 2008;1:465-468.

Wandler A, Bruun JM, Nielsen MP, Richelsen B. Ethanol
exerts anti-inflammatory effects in human adipose tissue
in vitro. Mol Cell Endacringl 2008;296:26-31.

Pai JK, Hankinson SE, Thadhani R, Rifai N, Pischon T,
Rimm EB. Moderate alcohol consumption and lower levels
of inflammatory markers in US men and women. Athero-
sclerosis 2006;186:113-120.

Zhu QY, Huang Y, Chen ZY. Interaction between flavo-
noids and alpha -tocopherol in human low density lipo-
protein. LNutr Biochem 2000;11:14-21.

Frankel EN, Waterhouse AL, Kinsella JE. Inhibition of hu-
man LDL oxidation by resveratrol. Lancet 1993;341:1103—
1104.

Chanvitayapongs S, Draczynska-Lusiak B, Sun AY. Ame-
lioration of oxidative stress by antioxidants and resveratrol
in PC12 cells. Neuroreport 1997,8:1499-1502.

Koo M, Kim SH, Lee N, Yoo MY, Ryu SY, Kwon DY, Kim
YS. 3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase
inhibitory effect of Vitis vinifera. Fitoterapia 2008;79:204-206.
Pirola L, Frojdo S. Resveratrol: One molecule, many targets.
IUBMB Life 2008;60:323-332.

Chen D, Guarente L. SIR2: A potential target for calorie
restriction mimetics. JTrends Mol Med 2007;13:64-71.

Sen T, Moulik S, Dutta A, Choudhury PR, Banerji A, Das S,
Roy M, Catterjee A. Multifunctional effect of epigalloca-
techin-3-gallate (EGCG) in downregulation of gelatinase-A
(MMP-2) in human breast cancer cell line MCF-7. Life Sci
2009;84:194-204.

Pearson K]J, Baur JA, Lewis KN, Peshkin L, Price NL, La-
binsky N, Swindell WR, Kamara D, Minor RK, Perez E,
Jamieson HA, Zhang Y, Dunn SR, Sharma K, Pleshko N,
Woollett LA, Csiszar A, Ikeno Y, Le Couteur D, Elliott PJ,
Becker KG, Navas P, Ingram DK, Wolf NS, Ungvari Z,
Sinclair DA, de Cabo R. Resveratrol delays age-related
deterioration and mimics transcriptional aspects of dietary
restriction without extending life span. Cell Metab
2008;8:157-168.

Frojdo S, Cozzone D, Vidal H, Pirola L. Resveratrol is a class
IA  phosphoinositide 3-kinase inhibitor. Biochem ]
2007;406:511-518.

Kaeberlein M, McDonagh T, Heltweg B, Hixon J, Westman
EA, Caldwell SD, Napper A, Curtis R, DiStefano PS, Fields
S, Bedalov A, Kennedy BK. Substrate-specific activation of
sirtuins by resveratrol. ] Biol Chem 2005;280:17038-17045.
Baur JA, Sinclair DA. Therapeutic potential of resvera-
trol: The in vivo evidence. NailSiemltidgelliscol
2006;5:493-506.

Hyun DH, Emerson SS, Jo DG, Mattson MP, de Cabo R.
Calorie restriction up-regulates the plasma membrane re-
dox system in brain cells and suppresses oxidative stress
during aging. RraeNatlAcad ScilISA 2006;103:19908-19912.
Obrenovich ME, Smith MA, Siedlak SL, Chen SG, de la Torre
JC, Perry G, Aliev G. Overexpression of GRK2 in Alzheimer
disease and in a chronic hypoperfusion rat model is an early

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

641

marker of brain mitochondrial lesions. Neurotox Res 2006;
10:43-56.
Fukuda S, Kaga S, Zhan L, Bagchi D, Das DK, Bertelli A,
Maulik N. Resveratrol ameliorates myocardial damage by
inducing vascular endothelial growth factor-angiogenesis
and tyrosine kinase receptor Flk-1. Call Bigchem Bignhyg
2006;44:43-49.
Srivastava RK, Unterman TG, Shankar S. FOXO transcrip-
tion factors and VEGF neutralizing antibody enhance an-
tiangiogenic effects of resveratrol. Mol Cell Bigchem 2010;
337:201-212.
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. [ Neurochem 2004;88:1555-1569.
Kocisko DA, Baron GS, Rubenstein R, Chen ], Kulzon S,
Caughey B. New inhibitors of scrapie-associated prion
protein formation in a library of 2000 drugs and natural
products. | Virol 2003;77:10288-10294.
Aliev G, Seyidova D, Lamb BT, Obrenovich ME, Siedlak
SL, Vinters HV, Friedland RP, LaManna JC, Smith MA,
Perry G. Mitochondria and vascular lesions as a central
target for the development of Alzheimer’s disease and
Alzheimer disease-like pathology in transgenic mice.
Neurol Res 2003;25:665-674.
Schroeter H, Heiss, C, Balzer ], Kleinbongard P, Keen CL,
Hollenberg NK, Sies H, Swik-Uribe C, Schmitz HH, Kelm
M. (—)-Epicatechin mediates beneficial effects of flavanol-
rich cocoa on vascular function in humans. Rroc Natl Acad
Sci USA 2006;103:1024-1029.
Raval AP, Lin HW, Dave KR, Defazio RA, Della Morte D,
Kim EJ, Perez-Pinzon MA. Resveratrol and ischemic pre-
conditioning in the brain. Cyrr Med Chem 2008;15:1545-1551.
Joseph JA, Shukitt-Hale B, Denisova NA, Bielinski D,
Martin A, McEwen JJ, Bickford PC. Reversals of age-related
decline in neuronal signal transduction, cognitive, and
motor behavioral deficits with blueberry, spinach, or
strawberry dietary supplementation. | Neurosci 1999;19:
8114-8121.
Haque AM, Hashimoto M, Katakura M, Tanabe Y, Hara Y,
Shido O. Long-term administration of green tea catechins
improves spatial cognition learning ability in rats. ] Nutr
2006;136:1043-1047.
van Praag H, Lucero MJ, Yeo GW, Stecker K, Heivand N,
Zhao C, Yip E, Afanador M, Schroeter H, Hammerstone J,
Gage FH. Plant-derived flavanol (-)epicatechin enhances
angiogenesis and retention of spatial memory in mice.
Neurosci 2007;27:5869-5878.
Draczynska-Lusiak B, Chen YM, Sun AY. Oxidized lipo-
proteins activate NF-kappaB binding activity and apopto-
sis in PC12 cells. Neuroreport 1998;9:527-532.
Singh UP, Singh N, Singh B, Hofseth L], Price RL, Nagarkatti
M, Nagarkatti PS. Resveratrol (trans-3, 5, 4’-trihydrox-
ystilbene) induces SIRT1 and down-regulates NF-{kappa}B
activation to abrogate DSS-induced colitis. L Pharmacol Exp
Ther 2010;332:829-839.
Bau JA, Pearson K]J, Price NL, Jamieson HA, Lerin C, Kalra
A, Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, Pistell
PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang M, Ra-
maswamy S, Fishbein KW, Spencer RG, Lakatta EG, Le
Couteur D, Shaw R], Navas P, Pulgserver P, Ingram DK, de
Cabo R, Sinclair DA. Resveratrol improves health and
survival of mice on a high-calorie diet. Nature 2006;444:
337-342.



642

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Domingo JL. Aluminum and other metals in Alzheimer’s
disease: A review of potential therapy with chelating
agents. LAlzheimers Dig 2006;10:331-341.

Clarkson TW. Metal toxicity in the central nervous system.
Eavicon Healib Derspect 1987;75:59-64.

Rigolio R, Miloso M, Nicolini G, Villa D, Scuteri A, Simone
M, Tredici G. Resveratrol interference with the cell cycle
protects human neuroblastoma SH-SY5Y cell from pacli-
taxel-induced apoptosis. Neurochem Inf 2005;46:205-211.
Ak T, Gulcin I. Antioxidant and radical scavenging prop-
erties of curcumin. Chem Bigl Interget 2008;174:27-37.
Gonzales AM, Orlando RA. Curcumin and resveratrol in-
hibit nuclear factor-kappaB-mediated cytokine expression
in adipocytes. NutrMetab (Iond) 2008;5:17.

Szewczuk LM, Forti L, Stivala LA, Penning TM. Resvera-
trol is a peroxidase-mediated inactivator of COX-1 but not
COX-2: A mechanistic approach to the design of COX-1
selective agents. [ Biol Chem 2004;279:22727-22737.

Mao TK, van de Water J, Keen CL, Schmitz HH, Gershwin
ME. Modulation of TNF-alpha secretion in peripheral
blood mononuclear cells by cocoa flavanols and procyani-
dins. Dev Immunol 2002;9:135-141.

Monagas M, Quintanilla-Lopez JE, Gomez-Cordoves C,
Bartolome B, Lebron-Aguilar R. MALDI-TOF MS analysis
of plant proanthocyanidins. [bhamnRigmedAnal 2009;
51:358-372.

Torres JL, Lozano C, Julia L, Sanchez-Baeza FJ, Anglada
JM, Centelles JJ, Cascante M. Cysteinyl-flavan-3-ol conjugates
from grape procyanidins. Antioxidant and antiproliferative
properties. Bigorg Med Chem 2002;10:2497-2509.

Salah N, Miller NJ, Paganga G, Tijbrug L, Bolwell GP, Rich-
Evans C. Polyphenolic flavanols as scavengers of aqueous
phase radicals and as chain-breaking antioxidants. Arch
Biochem Biophys 1995;322:339-346.

Kawai K, Tsuno NH, Kitayama J, Okaji Y, Yazawa K,
Asakage M, Hori N, Watanabe T, Takahashi K, Nagawa H.
Epigallocatechin gallate, the main component of tea poly-
phenol, binds to CD4 and interferes with gp120 binding.
LAlereaClinloamungl 2003;112:951-957.

Fujii H, Nakagawa T, Nishioka H, Sato E, Hirose A, Ueno
Y, Sun B, Yokozawa T, Nonaka G. Preparation, characterization,
and antioxidative effects of oligomeric proanthocyanidin-
L-cysteine complexes. LAgric Fagd Chem 2007;55:1525-1531.
Stapleton PD, Shah S, Anderson JC, Hara Y, Hamilton-
Muller JM, Taylor PW. Modulation of beta-lactam resis-
tance in Staphylococcus aureus by catechins and gallates.

Ll Antimiciob Agenis 2004;23:462-467.
Nance CL, Shearer WT. Is green tea good for HIV-1 infec-

tion? LAllereseClin Tamungl 2003;112:851-853.

Pfeffer U, Ferrari N, Morini M, Benelli R, Noonan DM,
Albini A. Antiangiogenic activity of chemopreventive
drugs. [t I Biol Markers 2003;18:70-74.

Schlachterman A, Valle F, Wall KM, Azios NG, Castillo L,
Morell L, Washington AV, Cubano LA, Dharmawardhane
SF. Combined resveratrol, quercetin, and catechin treat-
ment reduces breast tumor growth in a nude mouse model.
Transl Oncol 2008;1:19-27.

Katiyar SK, Ahmad N, Mukhtar H. Green tea and skin.
Arch Dermato] 2000;136:989-994.

Yang YT, Weng CJ, Ho CT, Yen GC. Resveratrol analog-
3,5,4'-trimethoxy-trans-stilbene inhibits invasion of human
lung adenocarcinoma cells by suppressing the MAPK
pathway and decreasing matrix metalloproteinase-2 ex-

pression. Mol Nute Fogd Reg 2009;53:407—416.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

OBRENOVICH ET AL.

Yuan H, Gong A, Young CY. Involvement of transcription
factor Spl in quercetin-mediated inhibitory effect on the
androgen receptor in human prostate cancer cells. Carci-
nogenesis 2005;26:793-801.

Cui Y, Morgenstern H, Greenland S, Tashkin DP, Mao ]JT,
Cai L, Cozen W, Mack TM, Lu QY, Zhang SF. Dietary
flavonoid intake and lung cancer-a population-based case-
control study. Cancer 2008;112:2241-2248.

Hakim IA, Harris RB, Brown S, Chow HH, Wiseman S,
Agarwal S, Talbot W. Effect of increased tea consumption
on oxidative DNA damage among smokers: A randomized
controlled study. ] Nutr 2003;133:33035-3309S.

Esposito E, Rotilio D, Di Matteo V, Di Giulio C, Cacchio M,
Algeri S. A review of specific dietary antioxidants and the
effects on biochemical mechanisms related to neurodegen-
erative processes. Neurobigl Aging 2002;23:719-735.

Dona M, Dell’Aica I, Calabrese F, Benelli R, Morni M, Al-
bini A, Barbisa S. Neutrophil restraint by green tea: In-
hibition of inflammation, associated angiogenesis, and
pulmonary fibrosis. [ Immunol 2003;170:4335-4341.
Rice-Evans C. Plant polyphenols: free radical scavengers or
chain-breaking antioxidants? Bigchem Soc Symp 1995;61:
103-116.

Yang TT, Koo MW. Chinese green tea lowers cholesterol
level through an increase in fecal lipid excretion. Life Sci
2000;66:411-423.

Chyu KY, Babbidge SM, Zhao X, Dandillaya R, Rietveld
AG, Yano ], Dimayuga P, Cercek B, Shah PK. Differential
effects of green tea-derived catechin on developing versus
established atherosclerosis in apolipoprotein E-null mice.
Circulation 2004;109:2448-2453.

Yang YC, Lu FH, Wu JS, Wu CH, Chang CJ. The protective
effect of habitual tea consumption on hypertension. Arch
Intern Med 2004;164:1534-1540.

Wu LY, Juan CC, Ho LT, Hsu YP, Hwang LS. Effect of
green tea supplementation on insulin sensitivity in Spra-
gue-Dawley rats. LAgric Food Chem 2004;52:643-648.
Tian WX, Li LC, Wu XD, Chen CC. Weight reduction by
Chinese medicinal herbs may be related to inhibition of
fatty acid synthase. Life Sci 2004;74:2389-2399.

Schroeder EK, Kelsey NA, Doyle J, Breed E, Bouchard R],
Loucks FA, Harbison RA, Linseman DA. Green tea epi-
gallocatechin 3-gallate accumulates in mitochondria and
displays a selective antiapoptotic effect against inducers of
mitochondrial oxidative stress in neurons. Antioxid Redox
Signal 2009;11:469—-480.

Rutter K, Sell DR, Fraser N, Obrenovich M, Zito M, Starke-
Reed P, Monnier VM. et.al. Green tea extract suppresses the
age-related increase in collagen crosslinking and fluores-
cent products in C57BL/6 mice. [pil o Nute Rog
2003;73:453-460.

Mustata GT, Rosca M, Biemel KM, Reihl O, Smith MA,
Viswanathan A, Strauch C, Du Y, Tang ], Kern TS, Lederer
MO, Brownlee M, Weiss MF, Monnier VM. Paradoxical
effects of green tea (Camellia sinensis) and antioxidant vi-
tamins in diabetic rats: improved retinopathy and renal
mitochondrial defects but deterioration of collagen matrix
glycoxidation and cross-linking. Diabetes 2005;54:517-526.
Marel AK, Lizard G, Izard ]JC, Latruffe N, Delmas D. In-
hibitory effects of trans-resveratrol analogs molecules on
the proliferation and the cell cycle progression of human
colon tumoral cells. Mgl Nutr Faod Reg 2008;52:538-548.
Barjot C, Tournaire M, Castagnino C, Vigor C, Vercauteren
J, Rossi JF. Evaluation of antitumor effects of two vine stalk




POLYPHENOLS IN AGE-RELATED DISEASES

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

oligomers of resveratrol on a panel of lymphoid and my-
eloid cell lines: comparison with resveratrol. Life Sci
2007;81:1565-1574.

Ha do T, Chen QC, Hung TM, Youn UJ, Ngoc TM,
Thuong PT, Kim HJ, Seong YH, Min BS, Cae K. Stilbenes
and oligostilbenes from leaf and stem of Vitis amurensis
and their cytotoxic activity. Arch Pharm Res 2009;32:
177-183.

Colin D, Gimazane A, Lizard G, Izard JC, Salry E, Latruffe
N, Delmas D. Effects of resveratrol analogs on cell cycle
progression, cell cycle associated proteins and 5fluoro-
uracil sensitivity in human derived colon cancer cells. Int |
Cancer 2009;124:2780-2788.

Seya K, Kanemaru K, Sugimoto C, Suzuki M, Takeo T,
Motomura S, Kitahara H, Niwa M, Oshima Y, Furukawa K.
Opposite effects of two resveratrol (trans-3,54'-trihydrox-
ystilbene) tetramers, vitisin A and hopeaphenol, on apo-
ptosis of myocytes isolated from adult rat heart. |
Bharmacal Exp Ther 2009;328:90-98.

Choi YH, Yoo MY, Choi CW, Cha MR, Yon GH, Kwon DY,
Kim YS, Park WK, Ryu SY. A new specific BACE-1 inhib-
itor from the stembark extract of Vitis vinifera. Planta Med
2009;75:537-540.

de Boer VC, Dihal AA, van der Woude H, Arts IC, Wolf-
fram S, Alink GM, Rietjens IM, Keijer, J, Hollman PC. Tis-
sue distribution of quercetin in rats and pigs. | Nutr
2005;135:1718-1725.

Seeram NP, Aronson WJ, Zhang Y, Henning SM, Moro A,
Lee RP, Sartippour M, Harris DM, Rettig M, Suchard MA,
Pantuck AJ, Belldegrun A, Heber D. Pomegranate ellagi-
tannin-derived metabolites inhibit prostate cancer growth
and localize to the mouse prostate gland. [ _Agric Food
Chem 2007;55:7732-7737.

Scalbert A, Williamson G. Dietary intake and bioavailabil-
ity of polyphenols. | Nutr 2000,130:20735-2085S.

Manach C, Williamson G, Morand C, Scalbert A, Remesy
C. Bioavailability and bioefficacy of polyphenols in hu-
mans. I. Review of 97 bioavailability studies. Am ] Clin
Nutr 2005;81:2305—242S.

Ferruzzi MG, Lobo J K, Janle EM, Cooper B, Simon HE, Wu
QL, Welch C, Ho L, Weaver C, Pasinetti GM. Bioavail-
ability of gallic acid and catechins from grape seed poly-
phenol extract is improved by repeated dosing in rats:
implications for treatment in Alzheimer’s disease. ] Alz-
heimers Dis 2009;18:113-124.

Padhye S, Chavan D, Pandey S, Deshpande ], Swamy KV,
Sarkar FH. Perspectives on chemopreventive and thera-
peutic potential of curcumin analogs in medicinal chemis-
try. MiniRev Med Chem 2010;10:372-387.

Pierpoint WS. Flavonoids in human food and animal
feedstuffs: aAmounts and consequences, Current Issues in
Flavonoid Research volume. National University of Singa-
pore:, Singapore, 1990,

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

643

Waghorn C, McNabb WC. Consequences of plant phenolic
compounds for productivity and health of ruminants. Proc
Nutr Soc 2003;62:383-392.

Lu Y, Bennick A. Interaction of tannin with human salivary
proline-rich proteins. Arch Oral Biol 1998;43:717-728.
Chung KT, Lu Z, Chou MW. Mechanism of inhibition of
tannic acid and related compounds on the growth of in-

testinal bacteria. fgod Chem Taxicol 1998;36:1053-1060.

Riedl KM, Hagerman AE. Tannin-protein complexes as
radical scavengers and radical sinks. [LAgric Fogd Chem
2001;49:4917-4923.

Yan Q, Bennick A. Identification of histatins as tannin-bind-
ing proteins in human saliva. Biochem | 1995;311( Pt 1):341-
347.

Bittner S. When quinones meet amino acids: chemical,
physical and biological consequences. Amino Acids
2006;30:205-224.

Boato F, Wortley GM, Liu RH, Glahn RP. Red grape juice
inhibits iron availability: application of an in vitro digestion/
caco-2 cell model. LAgric Eoad Chemn 2002;50:6935-6938.
Guo M, Perez C, Wei Y, Rapoza E, Su G, Bou-Abdallah F,
Chasteen ND. Iron-binding properties of plant phenolics
and cranberry’s bio-effects. Dalton Trans 2007;43:4951-
4961.

Jonas CR, Ziegler TR, Gu LH, Jones DP. Extracellular thiol/
disulfide redox state affects proliferation rate in a human
colon carcinoma (Caco2) cell line. Erge.Radic BRigl NMed
2002;33:1499-1506.

Abd El Mohsen, MM, Kuhnle G, Rechner AR, Schroeter H,
Rose S, Jenner P, Rice-Evans CA. Uptake and metabolism
of epicatechin and its access to the brain after oral inges-

tion. Exee Radic Bigl Med 2002;33:1693-1702.

Address correspondence to:
Mark E. Obrenovich

Institute of Pathology

Case Western Reserve University
2103 Cornel Road

Cleveland, OH 44106

Email: meo5@cwru.edu

V. Prakash Reddy

Department of Chemistry

Missouri University of Science and Technology
Rolla, MO 65409

E-mail: preddy@mst.edu

Received: March 5, 2010
Accepted: May 7, 2010






Thisarticle has been cited by:

1. Dgjan Go#evac, Vele TeSevi#, Vlatka Vajs, Slobodan Milosavljevi#, Miroslava Stankovi#. 2011. Blackberry Seed Extracts
and Isolated Polyphenolic Compounds Showing Protective Effect on Human Lymphocytes DNA. Journal of Food Science
no-no. [CrossRef]


http://dx.doi.org/10.1111/j.1750-3841.2011.02305.x



