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a b s t r a c t

Polyphenols and consequently many flavonoids have several beneficial actions on human
health. However, the actual molecular interactions of polyphenols with biological
systems remain mostly speculative. This review addresses the potential mechanisms of
action that have been so far identified, as well as the feasibility that they could occur
in vivo. Those mechanisms include: i) non specific actions, based on chemical features
common to most polyphenols, e.g. the presence of a phenol group to scavenge free
radicals; and ii) specific mechanisms; based on particular structural and conformational
characteristics of select polyphenols and the biological target, e.g. proteins, or defined
membrane domains. A better knowledge about the nature and biological consequences
of polyphenol interactions with cell components will certainly contribute to develop
nutritional and pharmacological strategies oriented to prevent the onset and/or the
consequences of human disease.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

A large number of studies has identified cellular targets that could be involved in the health promoting actions of dietary
plant polyphenols. However the actual molecular interactions of polyphenols with those cellular targets remain mostly spec-
ulative. This paper summarizes the most important mechanisms proposed for the actions of polyphenols in animal settings.
Although the particular focus will be on the effects of polyphenols on cardiovascular disease (CVD), the same potential mech-
anisms could occur in other animal tissues and systems. It is important to mention that this paper was mostly written based
on the positive aspects of fruits and vegetables, and hence that polyphenol interactions with animal tissues provide bene-
ficial effects. However, negative effects of polyphenols cannot be totally disregarded. In this regard, caution should be taken
when the supplementation of polyphenols is beyond an upper limit that could be set as a generous intake of fruits and
vegetables, e.g. 10 servings a day.

2. Polyphenols and cardiovascular disease

Epidemiological evidence demonstrates that diets rich in fruits and vegetables promote health and attenuate, or delay,
the onset of CVD (Hertog et al., 1993; Appel et al., 1997; Liu et al., 2000; Joshipura et al., 2001; Hung et al., 2004; Buijsse
et al., 2006; Lichtenstein et al., 2006; Iqbal et al., 2008; Mursu et al., 2008; Holt et al., 2009). The beneficial effects of fruits
and vegetables have been largely ascribed to polyphenols, since the ingestion of foods rich in polyphenols is associated in
humans and experimental animals with diminutions in: i) dyslipidemia and atherosclerosis; ii) endothelial dysfunction
and hypertension; iii) platelet activation and thrombosis; iv) the inflammatory process associated with the induction and
perpetuation of CVD. This evidence has been revised by different authors (Dohadwala and Vita, 2009; Bertelli and Das,
2009; Corti et al., 2009; Desch et al., 2010; Galleano et al., 2009). A definitive understanding of the mechanisms behind
the health effects of polyphenols will allow to identify the fruits and vegetables, and the chemical compounds, responsible
for those effects, and finally define the best health promoting diets.

3. Chemical aspects of dietary polyphenols

Plants produce polyphenols as secondary metabolites involved in diverse processes, such as growth, lignification, pig-
mentation, pollination, and resistance against pathogens, predators, and environmental stresses (Duthie et al., 2003). Chem-
ically, polyphenols are compounds having one or more hydroxyl groups attached to a benzene ring. Edible plants provide to
the human diet with more than 8000 different polyphenols that can be categorized as flavonoids and non-flavonoid
compounds.

Flavonoids have a common C6–C3–C6 structure consisting of two aromatic rings (A and B) linked through a three carbon
chain, usually organized as an oxygenated heterocycle (ring C) (Fig. 1). Flavonoids can be divided into several subfamilies
according to the degree of oxidation of the oxygenated heterocycle, being flavanols, flavanones, flavones, flavonols (essen-
tially, flavan-3-ols), isoflavones, and anthocyanidins, the most relevant for human diets (Scalbert and Williamson, 2000).
Starting from a basic chemical structure, plant biosynthetic pathways introduce different hydroxyl group patterns, methyl
groups, and sugars (Jaganatah and Crozier, 2010). In certain cases, oligomerization and polymerization of the flavonoid units
occur. Oligomers and polymers of flavonoids are called tannins and are classified in two groups, condensed tannins and
hydrolyzable tannins. Condensed tannins (also known as proanthocyanidins or procyanidins) are oligomers of flavanols,
and their chemical structures are defined not only by the kind of monomer, but also according to the kind of link among
monomers. There are several oligomerization patterns and some plants present characteristic manners of oligomerization,
e.g. in cocoa the monomeric units are linked through 4?8 carbon–carbon bonds forming mostly B-type dimers (Jaganatah
and Crozier, 2010). Hydrolyzable tannins are polymers readily hydrolyzed by acids into their components: a central core
constituted by a polyol (a sugar, generally D-glucose, or a flavonoid, as catechin) and a phenolic carboxylic acid esterifying
partially or totally that core molecule. These tannins are classified according to the phenolic carboxylic acids present that
could be gallic acid (gallotannins) or ellagic acid (ellagitannins) (Jaganathan and Mandal, 2009).

Among the non-flavonoid polyphenols, stilbenes have gained attention due to their proposed biological actions in ani-
mals. Stilbenes have a common C6–C2–C6 structure, consisting in two aromatic rings linked through a two carbon bridge
with a double bond. The parent compound of this family is resveratrol (Fig. 1) that occurs i) in trans and cis configurations;
ii) as free forms (aglycones) and as glucosides; and iii) as monomers, oligomers and polymers (viniferins). As it can be in-
ferred from the above brief description of the chemical structures of plant polyphenols, although the phenol group is the
base of their classification, its relevance for chemical reactions in animals is as important as that of other chemical groups
that are part of the polyphenol molecule.
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4. Mechanisms involved in the health benefits of polyphenols

Several mechanisms have been proposed to explain the biological actions of plant polyphenols in animals. We will ana-
lyze the available data, classifying the biological mechanisms in two groups: i) general or nonspecific mechanisms, essen-
tially related to the presence of phenolic groups, and ii) specific mechanisms, dependent on the particular chemical and
structural characteristics of the active polyphenol.

4.1. Nonspecific mechanisms

4.1.1. Polyphenols as antioxidants: free radical scavenging and metal sequestration
Thermodynamics. A major event in the oxidation of biological systems is lipid oxidation, which is a free radical chain reac-

tion (reactions 1–6).

LH! L� ðreaction 1Þ
L� þ O2 ! LOO� ðreaction 2Þ
LOO� þ LH! LOOHþ L� ðreaction 3Þ
L� þ L� ! non radical products ðreaction 4Þ
LOO� þ LOO� ! non radical products ðreaction 5Þ
L� þ LOO� ! non radical products ðreaction 6Þ

‘‘Breaking” these reactions, by inhibiting or retarding lipid oxidation (interfering with initiation (reaction 1), or with prop-
agation (reactions 2 and 3)), that is scavenging free radicals, may be considered as one of the most important antioxidant
strategy. Generally, free radical scavengers are chain-breaking antioxidants (AH) able to react with free radicals
(LOO� + AH ? LOOH + A�). Phenols, and in consequence polyphenols, are highly efficient in breaking free radical chain reac-
tions. Two chemical features shared by the majority of polyphenols are responsible for the efficiency of the antioxidant reac-
tion (LOO� + POH ? LOOH + PO�): i) the phenolic OH groups that are able to reduce free radicals through a one-electron
donation; and ii) the aromatic structures that allow the stabilization by resonance of the resultant aroxyl radicals (PO�) (Bors
et al., 1990).
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Fig. 1. Chemical structure of selected polyphenols.
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The standard reduction potentials (E�) represent the tendency of the oxidized form of a molecule or atom (the free radical
in this case) to be reduced by receiving one electron. The E� calculated for biological conditions (E�0) for each of the com-
pounds involved in a free radical breaking reaction can be used for predicting the feasibility that such antioxidant reaction
can occur (Table 1). Comparing the E�0 of two compounds, the one with the highest E�0 will receive the electron from the one
with the lowest E�0. Biologically relevant free radicals, such as LOO�, have high E�0 values E

�0
LOO�=LOOH, while the E�0 for polyphe-

nols ranges within 330 to 840 mV (Fraga et al., 2010) (Table 1). These relatively low E�0 values are the forces driving the
electron donation by polyphenols. Considering that ascorbic acid and a-tocopherol have similar E�0 values, polyphenols will
be able to act as free radical chain breakers with activities comparable with that of those two well-known antioxidants
(Table 1). However kinetic aspects should also be considered and this will be discussed below.

The stability of the formed PO� will determine the potency of the parent polyphenol in the breaking of the chain reaction.
A relatively non reactive PO� will inhibit or decrease the rate of lipid oxidation, meanwhile a highly reactive PO� would prop-
agate rather than interrupt the reaction chain. Based on this rationale, it has been established some structural requirements
in the flavonoid molecule to obtain a stable PO� that can be assimilated to the requirements for chain breaking antioxidant
(Fig. 2).

In biological systems redox active metals (e.g. iron and copper) catalyze free radical-producing reactions that are slow in
their absence. Thus, sequestration of iron and/or copper to prevent metal-catalyzed free radical formation is another anti-
oxidant strategy (Guo et al., 1996; Brown et al., 1998; Morel et al., 1998). Catechol moieties and combinations of hydroxyl
and carbonyl groups present in polyphenols are centers of high affinity for metal ions; however, large differences have been
observed in the metal-chelating capacity of different polyphenols (Thompson et al., 1976; van Acker et al., 1996; Arora et al.,
1998; Perron and Brumaghim, 2009). Iron and flavonoids are the most studied transition metal and polyphenol family,
respectively. From those studies, there is a consensus on the presence of ‘‘iron chelation sites” or ‘‘iron binding motifs” in
an important number of flavonoids (Fig. 2): flavonoid-metal binding occurs preferentially at the 3-hydroxyl-4-carbonyl
group, followed by 4-carbonyl-5-hydroxyl group, and the 30-40 hydroxyl (if present) (Guo et al., 1996; Ren et al., 2008).
Recently, the 6–7 hydroxyl groups have been indicated as the iron chelation site for baicalein (Perez et al., 2009).

Table 1
Thermodynamic and kinetic aspects of polyphenols, a-tocopherol, and ascorbate as free radical scavengers.

Antioxidant reactionsa �E�0(AH/A�)
b Rate law k [AH]c Relative rated

(mV) (lM�1 s�1) (lM) (s�1)

LOO� + Asc ? LOOH + Asc� 282e vASC = kASC [LOO�] [Asc] 1.0e 50e 50
LOO� + TP ? LOOH + TP� 500e vTP = kTP [LOO�] [TP] 1.0e 28e 28
LOO� + EC ? LOOH + EC� 570e vEC = kEC [LOO�] [EC] 7.3e 0.3e 2.0
LOO� + QC ? LOOH + QC� 330e vQC = kQC [LOO�] [QC] 15.0g 0.1i 1.5
LOO� + RV ? LOOH + RV� 650f vRV = kRV [LOO�] [RV] 0.03h 0.4j 0.01

a Reaction of antioxidants (AH) with peroxyl radicals (LOO�). Asc = ascorbic acid; TP = a-tocopherol; EC = (�)�epicatechin; QC = quercetin; and
RV = resveratrol.

b Reduction potentials are defined for A�? AH; the minus sign makes E�0 consistent with the proposed antioxidant reactions (AH ? A�).
c Estimated plasma concentration of antioxidant compounds.
d Relative rate is defined as rate divided by [LOO�].
e Fraga et al., 2010.
f Piljac et al., 2004.
g Erben-Russ et al.,1987.
h Rhayem et al., 2008.
i Conquer et al., 1998.
j Ortuño et al., 2010.
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It is important to consider that chelation of transition metals not always will result in an antioxidant action. As the redox
properties of a metal change by chelation, it will be the E�0 of each polyphenol-metal complex the determinant of the sub-
sequent behavior (Fraga et al., 2010). In the intracellular milieu, Fe2+ is complexed with a variety of compounds, e. g. phos-
phates, citrate, etc., with different abilities to promote radical formation (Rush et al., 1990; Yamazaki and Piette, 1990). To
operate as an antioxidant, the polyphenol-metal complex has to be less efficient in promote radical formation than the phys-
iological metal-complexes. Finally it is important to indicate that polyphenol-metal complexes have also shown other anti-
oxidant actions, such as mimicking the effects of superoxide dismutase as it was reported for the quercetin–Fe2+ complex (de
Souza and De Giovani, 2004).

Kinetics. A major limitation for the ‘antioxidant action’ of polyphenols associated to free radical chain reactions breaking
and metals sequestration, is the relatively low polyphenol bioavailability observed even after the consumption of foods rich
in these compounds (Fraga 2007). The highest concentrations that can be reached in humans after a realistic polyphenol con-
sumption are in the nanomolar range, showing a peak at 2–4 h post-ingestion, and being rapidly removed from plasma (Rein
et al., 2000; Holt et al., 2002; Schroeter et al., 2006). This low bioavailability leads to a kinetically unfavorable condition with
respect to other compounds with similar free radical scavenger capabilities, which are present in blood or tissues in signif-
icantly higher concentrations (28 and 50 lM for a-tocopherol and ascorbate, respectively). For example, in Table 1, it can be
observed that ascorbate and quercetin have similar E�0 values, but their rate constant (k) and plasma concentration define a
rate of reaction (antioxidant effect) that is more than 30-times higher for ascorbate. Thus, a potential action of polyphenols
as free radical scavengers is unlikely to be physiologically relevant in most organs, except for those exposed to a high
polyphenol concentration such as the gastrointestinal tract and perhaps, the blood (Fraga, 2007; Galleano et al., 2010b).

From a similar analysis, it can be inferred that the concentration of polyphenols in human and animal tissues would not
be enough to displace physiological metal chelators. This situation would limit the role of polyphenols in transition metal
sequestration to those conditions characterized by excessive amounts of redox active metals, and/or to compartments with
high polyphenol concentration, e.g. the gastrointestinal tract.

4.1.2. Interactions of polyphenols with membranes
The interactions with membrane lipids and proteins could mediate certain biological effects of polyphenols, as it is sug-

gested by consistent observations showing that many of these compounds generate a cell response despite the fact that they
are not internalized (Erlejman et al., 2006; Erlejman et al., 2008; Verstraeten et al., 2008). The presence of both hydrophobic
and hydrophilic domains in most polyphenol molecules, allow them to localize at different levels in the membrane: i) at the
surface of the bilayer adsorbed on the polar head of lipids; and/or ii) inserting into the bilayer and interacting with the
hydrophobic chains of lipids (Hendrich et al., 2002; Yoshioka et al., 2006; Sirk et al., 2009). Experiments in liposomes with
different polar groups and a series of flavonoids, suggest the formation of hydrogen-bonds between the hydroxyl groups of
the flavonoid and the phospholipid polar headgroups favoring the interaction with the membrane (Verstraeten et al., 2003;
Oteiza et al., 2005).

A set of structural characteristics determine the adsorption or penetration of the polyphenol into the lipid bilayer. The
interaction with lipid headgroups positively correlates with the number of polyphenol hydroxyl groups, and inversely with
the hydrophobicity of the molecules (Ollila et al., 2002). However, large amounts of hydroxyl moieties in small flavonoids
can prevent their membrane adsorption by causing a large increase in their hydrophylicity (Ratty et al., 1988). The tridimen-
sional structure of flavonoids will also determine the extent of their interaction with lipid bilayers. For instance, the planar
structure adopted by the flavanols morin and quercetin makes these compounds more avid for membranes than flavones, as
naringenin, eriodictyol, and hesperetin, which adopt a tilted configuration (van Dijk et al., 2000). In addition, methylation of
hydroxyl groups of flavonoids could prevent their interaction with membranes, as observed for epigallocatechingallate
(EGCG). Mono and dimethylation of hydroxyl groups present in ring B and in the gallate group markedly decreased EGCG
affinity for lipid bilayers, which was completely abolished by the simultaneous methylation at 4’ and 4’’ positions. These
findings suggest that those hydroxyl groups are central for the cell surface binding activity of EGCG (Yano et al., 2007).

Then, polyphenols could affect cell function by modifying plasma membrane structure and physical characteristics such
as fluidity and electrical properties. These effects can be observed both, when polyphenols are adsorbed on the membrane or
when they are inserted into the bilayer. These modifications can result in functional changes of several membrane-associ-
ated events including the activity of membrane-associated enzymes, ligand-receptor interactions, ion and/or metabolite
fluxes, and the modulation of signal transduction. Taking in consideration the antioxidant effects, when adsorbed on the
membrane surface, polyphenols could provide a physical barrier for hydrosoluble radicals (Verstraeten et al., 2003). Inserted
into the lipid bilayer, polyphenols would be in close proximity to scavenge L�, LOO�, and other lipid soluble radicals
(Verstraeten et al., 2003; Verstraeten et al., 2005). Thus, flavonoids can protect membranes and membrane components from
oxidation by providing an antioxidant protection through mechanisms not completely related to free radical scavenging or
metal chelating actions.

Although the interactions of flavonoids with membranes can be considered as a nonspecific mechanism of action, recent
evidence suggests a selectivity of certain polyphenols for specialized areas of the membrane, namely the lipid rafts (Fujimura
et al., 2004a,b; Adachi et al., 2007; Xia et al., 2007; Maldonado-Celis et al., 2009; Annaba et al., 2010). Lipid rafts are known to
have a particular lipid composition being enriched in cholesterol and sphingolipids, and containing proteins involved in
membrane signaling and trafficking (Lingwood and Simons, 2010). For example, the flavanol EGCG interacts with lipid rafts
affecting the activity of the 67 kDa laminin receptor and of the epidermal growth factor receptors. As a consequence, EGCG
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affects the downstream activation of signals involved in the allergic response (Fujimura et al., 2007) and in cell proliferation
(Shimizu et al., 2010). Thus, polyphenols interactions with lipid raft proteins and/or lipids constitute a major potential site in
the regulation of cellular events by these compounds.

4.2. Specific mechanisms

The interaction with proteins has emerged as a relevant mechanism to explain several of polyphenol biological effects. For
the nonspecific type of mechanisms, the chemical features shared by most of the polyphenols, i.e. the phenol group, are key
to their biological actions. On the other hand, a select chemical structure of a particular polyphenol becomes relevant for a
specific mechanism of action. Polyphenols interactions with proteins are examples of such specific actions, and will result in
biological effects depending on the function of the protein involved, including the modification of enzymatic activities,
receptors-ligand binding, and transcription factors binding to their specific sites in DNA, among others.

It is worth mentioning that under certain circumstances the interaction between polyphenols and proteins can also be
considered as nonspecific. Polyphenols interact with proline-rich proteins in a process that starts with a primary hydropho-
bic association between proline residues and aromatic phenolic rings, followed by the formation of small size aggregates,
and ending with protein precipitation (Poncet-Legrand et al., 2007). This mechanism is responsible, for example, for the
astringent sensation felt in the oral cavity during red wine drinking, due to the precipitation of the salivary proline-rich pro-
teins (Baxter et al., 1997).

4.2.1. Interaction of polyphenols with enzymes
Different polyphenols are efficient inhibitors of the activity of a broad number of enzymes. Analyzing the data reviewed

by Middleton et al. (2000) it is possible to infer that an important proportion of the enzymes included as targets of polyphe-
nols are enzymes with: i) purines (e.g. ATP) as substrates (kinases, ATPases, cyclic nucleotide phosphodiesterase, adenylate
cyclase, reverse transcriptase, xanthine oxidase, RNA and DNA polymerases, ribonuclease, human DNA ligase); and ii)
enzymes with NADPH as a cofactor (aldose reductase, malate dehydrogenase, lactic dehydrogenase, nitric oxide synthase,
glutathione reductase, 11-b-hydroxysteroid dehydrogenase). It can be hypothesized that certain polyphenols act inhibiting
ATP-dependent enzymes, through a competitive binding to the enzyme ATP-binding site. This competition seems to rely on
the presence of two hydroxyl substitutions in 5,7 position in the flavonoid A ring, and a 2,3 unsaturation together with a
4-keto group in the C ring (Lotito and Frei, 2006). Given the similarity between ATP and NADPH structures, NADPH-
dependent enzymes would be also affected by polyphenols.

A specific interaction between a protein and a particular flavonoid has been proposed for the enzyme NADPH-oxidase
(NOX) and the flavan-3-ol (�)�epicatechin (EC). NOX inhibition by the O-methylated metabolite of EC results in a decrease
in superoxide anion production. Interestingly, this metabolite has structural similarities with apocynin, considered a typical
NOX inhibitor (Fig. 3) (Steffen et al., 2007a,b). This mechanism of action is important for the regulation of vascular function
and, consequently, of blood pressure because of the limitation imposed by superoxide anion on nitric oxide availability
(Galleano et al., 2010a; Steffen et al., 2007b).

4.2.2. Interactions of polyphenols with transcription factors
Among polyphenols, select flavanols (such as EC, (+)�catechin, and certain procyanidins) can modulate the expression of

numerous NF-jB-regulated genes involved in inflammation and carcinogenesis (Park et al., 2000; Mackenzie et al., 2004;
Mackenzie and Oteiza, 2006; Erlejman et al., 2008; Mackenzie et al., 2008). EC and dimeric procyanidins B2 inhibited
NF-jB activation at multiple levels in the NF-jB pathway in Jurkat T (Mackenzie et al., 2004) and in Hodgkin’s lymphoma
(Mackenzie et al., 2008) cells. Functional evidence supported by a putative molecular model suggests that B2 could interact
with NF-jB proteins and prevent the binding of NF-jB to the DNA jB sites (Mackenzie et al., 2009). Supporting that inter-
action, in vitro experiments showed that B1 and B2 dimers inhibit NF-jB-DNA binding both in isolated nuclear fractions and
in purified p50 and Rel A proteins (constituents of NF-jB) (Mackenzie et al., 2009). Under similar experimental conditions,
dimeric procyanidins A1 and A2 did not affect the binding of NF-jB to DNA, indicating a selective effect of B1 and B2
(Mackenzie et al., 2009). The relevance of phenolic conformation is stress by the finding that rotationally constrained

apocynin 3’-O -methyl-(-)-epicatechin

O
OH

CH3

CH3

O OHO

OH
OH
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OH
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Fig. 3. Structural features of apocynin and 3’-O-methyl-(�)�epicatechin as NADPH oxidase (NOX) inhibitors. Highlighted areas indicate the structural
similarities between 3’-O-methyl-(�)�epicatechin and apocynin associated to the inhibition of NOX activity. Summarized from Steffen et al. (2007a,b).
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variants of caffeic acid phenethyl ester have less ability to inhibit NF-jB-DNA binding than the parent molecule (Natarajan
et al., 1996). To better define the stereo-chemical possibilities for the interaction between dimeric procyanidins and NF-jB
proteins these interactions were analyzed by molecular modeling (Fig. 4). The minimum energy conformers for B1 and B2
showed a folded structure where ring B’ stacks onto ring A orienting the hydroxyl groups toward the same edge of the
molecule. However, the above was not observed for A1 and A2 dimers, where rings B and A cannot stack due to the extra
covalent bridge present between the two monomers. This extra covalent bridge (2b?O7 ether bond) generates a more rigid
molecule that impairs the formation of a stacked molecule. Stacked rings B and A of dimers B1 and B2 lie very close to the
positions occupied by the two guanine rings in the NF-jB DNA consensus sequence. Also, the polar atoms of B1 and B2 are
favorably placed to give rise to a similar hydrogen bonding pattern to that observed in the complex. The differences between
the spatial disposition of A and B dimers series can determine the differential inhibitory effects of these dimeric procyanidins
on NF-jB activation to its consensus sequence. This is just one example on how specific polyphenol–protein interactions, can
be driven not only by the chemical composition, but also by the structural and conformational characteristics of polyphenols.

4.2.3. Interaction of polyphenols with receptors
Animal estrogens are steroidal compounds which physiological responses are mediated by their interaction with two

estrogen receptors (ERs): ERa and ERb. Isoflavones possess estrogenic activity in animals at concentrations lower than
0.1 lM based on the direct interactions between isoflavones and ERs (Kuiper et al., 1998). The similarity of estrogens and

(I)

(II)

Fig. 4. Interaction of (�)�epicatechin dimers with NF-jB. I) Chemical structure of dimeric procyanidin B2. Highlighted hydroxyl groups are central to the
interaction of B2 with NF-jB proteins RelA and p50. II) Potential hydrogen bonding interactions (indicated as dashed lines) between p50 arginine residues
of RelA and p50 and the different dimers. The global minimum energy conformer of A1, A2, B1 or B2 is represented as a line, and interactions were
arbitrarily forced for all dimers to those established by hydroxyl groups in ring B’.
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Fig. 5. Structural features of 17b-estradiol and genistein as ligands of estrogen receptors. The highlighted areas define the part of the molecules and the
numbers of the most important positions to define an effective binding to estrogen receptors.
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isoflavones structures (Fig. 5) provides these polyphenols the ability to act as estrogen agonists or antagonists (Messina,
2010).

From structure–activity relationships five molecular characteristics were postulated as essential for ER binding and these
characteristics fit well with isoflavone structures (Fang et al., 2001): i) the presence of the phenolic ring, mimicking the
17b-estradiol 3-OH (for genistein it has been suggested that ring B corresponds to 17b-estradiol ring A, and hence 4’-OH
would correspond with 17b-estradiol 3-OH (Pike et al., 1999); ii) a second OH group resembling both, 17b-estradiol
17-OH, and an optimal distance between 2 two OH (11.0 Å) similar to 3-OH and 17-OH in 17b-estradiol (Vaya and Tamir,
2004); iii) precise steric hydrophobic centers mimicking steric 7a- and 11b-substituents; iv) a certain degree of hydropho-
bicity, given by the benzenic rings; and v) a ring structure, usually aromatic, which provides the rigidity and the hydrophobic
flat structure. These features generate a large zone adequate to interact with the receptor as schematized in Fig. 5.

Genistein, for example, has a binding affinity for ERb similar to 17b-estradiol while its binding affinity for ERa is 20-fold
lower (Kuiper et al., 1998). Elimination of one or two hydroxyls groups from genistein, rendering daidzein or formononetin,
respectively, causes a significant loss in their binding affinity (Kuiper et al., 1998). Not only isoflavones can interact with the
ERs, but also other flavonoids such as the anthocyanin delphinidin could bind to the ERa (Chalopin et al., 2010). A docking
study predicted that the manner that delphinidin binds at the ligand binding domain on ERa is similar to that observed in
the X-ray structure of the ERa-17b-estradiol complex. Finally, it is important to stress that resveratrol and related stilbenes
present some of the mentioned characteristics and also interact efficiently with ERs (Lappano et al., 2009).

4.3. Other mechanisms

Polyphenols have been proposed to participate in many other biological processes through mechanisms that cannot be
included in the preceding classifications. A few examples will subsequently provide evidence on the complexity of the
subject.

Gastrointestinal lipid digestion and absorption requires the enzymatic hydrolysis of triglycerides, thus, the inhibition of
pancreatic lipase is a possible strategy to prevent hyperlipidemia by decreasing lipid absorption. Polyphenols have been
reported to decrease pancreatic lipase activity (Kawaguchi et al., 1997; Sbarra et al., 2005); however the direct interaction
with the pancreatic lipase active site is not the only mechanism of inhibition. Triglycerides must emulsify into fat droplets to
generate a suitable substrate for pancreatic lipase activity (Armand, 2007). The size of the droplet will define enzyme activity
being the smaller droplets (larger surface) the ones that allow a higher catalytic activity. Flavanols present in tea, particularly
EGCG, change the properties of lipid emulsions by increasing the droplet size and reducing the surface area. Then the overall
effect of EGCG is an inhibition of enzyme activity. It has been proposed that the hydroxyl groups of EGCG interact with the
hydrophilic head group of the phosphatidylcholines oriented to the exterior of fat droplets through hydrogen bonding
(Shishikura et al., 2006). Such interactions can lead to the formation of cross links between droplets resulting in an increase
of fat droplet size, and to a decreased capacity of pancreatic lipase to hydrolyze triglycerides (Babu and Liu, 2008).

Other example is the postprandial increased levels of hydroperoxides and aldehydes (malondialdehyde) in plasma follow-
ing consumption of certain foods. The presence of oxidized compounds in foods might trigger further oxidant production,
resulting in higher levels of hydroperoxide and malondialdehyde in the stomach that can pass to the intestine and be
absorbed. The absorption of those toxic compounds is significantly decreased if dietary polyphenols are present in the meal
(Gorelik et al., 2008). It has been proposed that the occurrence of more than one mechanism can explain the polyphenol
effect: i) the antioxidant (reducing) action of polyphenols in the stomach, kinetically favored by a high polyphenol concen-
tration (�50 lM) (Kwon et al., 2007); ii) the formation of polyphenol–aldehyde complexes (Lo et al., 2006; Totlani and Pet-
erson, 2006) preventing the absorption in the gut; and iii) the decrease of MDA release from protein-bound MDA in the gut
due to the inhibition by polyphenols of proteolytic enzymes (Kandra et al., 2004; McDougall and Stewart, 2005).

Finally, as a third example we can consider the formation of nitric oxide in the stomach. It has been demonstrated that
nitric oxide can be generated from nitrite through a non enzymatic pathway in an acidic/reducing environment as it happens
in the stomach (Weitzberg and Lundberg, 1998). Experiments in simulated gastric juice (pH 2.0) show that the interaction of
dietary polyphenols with nitrites produces nitric oxide (Rocha et al., 2009). In healthy volunteers, the consumption of
polyphenol- and nitrite-rich foods mediates an increase of nitric oxide in the stomach (Rocha et al., 2009). The physiological
relevance of this process should be related to the diffusion of the locally produced nitric oxide through the stomach inducing
smooth muscle relaxation (Rocha et al., 2010).

5. Conclusions

Dietary polyphenols provide a wide spectrum of biological actions potentially beneficial for cardiovascular health.
These biological actions, involve different mechanisms. Nonspecific mechanisms require high polyphenol concentrations
to be operative in most tissues, being thus restricted to the gastrointestinal tract and, eventually, to the vascular milieu.
On the contrary, a myriad of effects can be mediated by more specific mechanisms based on the interaction between select
polyphenols and particular proteins. Taking into account the markedly lower polyphenol concentration required to exert an
action through those specific actions, they appear as highly plausible to explain polyphenol actions in vivo, including
antioxidant actions. Furthermore, interactions of polyphenols with membranes, largely considered as nonspecific, open a
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possibility for specific polyphenol actions based on the interaction with particular zones of the lipid bilayers. A better knowl-
edge on the nature and biological consequences of polyphenol interactions with cell components will certainly contribute to
develop nutritional and pharmacological strategies oriented to prevent the onset and/or the consequences of human disease.
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