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Abstract: Flavonoids are phenolic compounds widely distributed in the human diet. Their
intake has been associated with a decreased risk of different diseases such as cancer, immune
dysfunction or coronary heart disease. However, the knowledge about the mechanisms behind
their in vivo activity is limited and still under discussion. For years, their bioactivity was asso-
ciated with the direct antioxidant and radical scavenging properties of phenolic compounds,
but nowadays this assumption is unlikely to explain their putative health effects, or at least to
be the only explanation for them. New hypotheses about possible mechanisms have been pos-
tulated, including the influence of the interaction of polyphenols and gut microbiota and also
the possibility that flavonoids or their metabolites could modify gene expression or act as po-
tential modulators of intracellular signaling cascades. This paper reviews all these topics,
from the classical view as antioxidants in the context of the Oxidative Stress theory to the
most recent tendencies related with the modulation of redox signaling pathways, modification
of gene expression or interactions with the intestinal microbiota. The use of C. elegans as a
model organism for the study of the molecular mechanisms involved in biological activity of
flavonoids is also discussed.
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1. INTRODUCTION

Flavonoids constitute one of the largest groups of
plant secondary metabolites. They are phenolic com-
pounds, synthesized through the shikimate/phenyl-
propanoid and acetate/malonate pathways, which pos-
sess a C6-C3-C6 skeleton, where two aromatic rings (A
and B in Fig. 1a) are linked through a three-carbon
chain that usually forms a closed pyran ring (ring C),
configuring a phenylchromane arrangement. In a few
cases, the C3 bridge does not conform a heterocyclic
ring but occurs in an open form (chalcone form, Fig.
1b).

The Flavonoids can be divided into various classes
based on the oxidation level of the ring C, being
flavones, flavonols, flavan-3-ols, anthocyanins,
flavanones, dihydroflavonols and isoflavones the most
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Fig. (1). Basic structure of flavonoids: phenylchromane (a)
and chalcone (b) forms.

important ones. The complete structures of more than
8000 naturally-occurring flavonoids have been
described [1], although the number of reported
compounds is continually increasing. They are wide-
spread in higher plants and widely distributed in the
human diet through cereals, pulses, fruits, vegetables
and their derived products such as wine, tea or choco-
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late, in which they contribute to sensory, technological
and health properties [2]. The intake of these phyto-
chemicals largely varies depending on the country, sea-
son and dietary habits, especially related to the con-
sumption of fruits and vegetables. A mean daily fla-
vonoid intake of around one gram was firstly estimated
by Kiithnau in 1976 [3] although further estimations
situate it below this amount, ranging between 140 mg
per day in Brazilian population [4] to 350-450 mg/d in
the US or different European countries [5-6].

Certain plants containing flavonoids have been used
for thousands of years in traditional medicine, so the
potential beneficial effects of these phytochemicals
were known long before flavonoids were isolated as the
effective compounds. In the earlier 1930°s Japanese
researches [7-8] described the therapeutic action of the
flavones, but they received no general recognition until
the Hungarian biochemist Albert Szent-Gyorgyi (Nobel
Prize in Physiology and Medicine in 1937) and co-
workers postulated in 1936 the role of two preparations
from lemon peel, “citrin” and “eriodictin” in the
treatment of abnormal capillary permeability and
fragility [9]. The substances responsible for that
activity were identified as flavonoids (flavones or
flavonols) and tentatively classed as ‘vitamin P’ (for
permeability). Nevertheless, their essential nature was
never demonstrated, so that in 1950 the term vitamin P
was finally dropped [10]. The interest for these
compounds renewed in the 1990’s with the observation
of inverse epidemiological associations between the
dietary intake of flavonoids and a reduced incidence
and mortality from cardiovascular disease (CVD) [11-
12]. Currently, numerous epidemiological, clinical and
animal studies reveal that flavonoids may exert
protective effects not only against cardiovascular
disease but also on various disease conditions,
including type II diabetes, cancer or neurodegenerative
disorders such as Parkinson’s [13]. Quite recently,
several preclinical trials have pointed to the efficacy of
some flavonoids to act as acetylcholinesterase
inhibitors, suggesting the potential of these compounds
for the symptomatic treatment of Alzheimer’s disease
[14].

Although the bioactivity of flavonoids has been
widely substantiated, the knowledge about the
mechanisms behind their in vivo activity is limited and
still under discussion. The best described property of
almost every group of flavonoids is their capacity to act
as radical scavenging/antioxidant agents [15], however
this activity has been usually established by in vitro
methods, without considering the low bioavailability
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and extensive conjugation that occur when the
flavonoids are ingested. In fact, the low in vivo levels
of flavonoids that have been determined for most
flavonoids and their metabolites suggest that other
mechanisms of action different from a direct
antioxidant activity should exist.

This review discusses about the potential working
mechanism of flavonoids, from the classical view as
antioxidants in the context of the Oxidative Stress
theory to the most recent tendencies related with the
modulation of redox signaling pathways, modification
of gene expression or interactions with the intestinal
microbiota.

2. FLAVONOIDS AS ANTIOXIDANTS

For years, most of the beneficial health effects of
flavonoids were attributed to their antioxidant and
chelating abilities. An antioxidant can be defined as
“any substance that delays, prevents or removes oxida-
tive damage to a target molecule” [16]. During normal
metabolism, reactive oxygen and nitrogen species
(RONS), such as hydroxyl (OH’), superoxide (O"),
nitric oxide (NO°), nitrogen dioxide (NO,’), peroxyl
(ROO’) and lipid peroxyl (LOO") radicals are con-
stantly formed and believed to contribute to cellular
aging. Since Harman proposed in 1950 [17] that organ-
isms age because they accumulate oxidative damage
which comes from reactive oxygen species, and Sies
formulated in 1985 the “Oxidative Stress theory”, ac-
cording to which the origin of major degenerative dis-
eases could be explained by an imbalance in the dy-
namic equilibrium between pro-oxidants and antioxi-
dants [18], it was assumed that antioxidants, and
among them flavonoids, might help counteract this
oxidative damage, thus contributing to the prevention
of the age-related diseases.

The antioxidant capacity of flavonoids has been as-
sociated to their ability to act as effective scavengers of
most types of oxidizing species, such as RONS,
through mechanisms that involve the transfer of an H
atom (HAT) or of a single electron (SET) to the radical
stabilizing it, as well as to their metal chelating activ-
ity, as largely shown in in vitro studies [19]. Further-
more, in vivo, they could also act by indirect mecha-
nisms like the activation of natural antioxidant defenses
or the inhibition of oxidases [20].

2.1. Direct scavenging of ROS

Flavonoids are able to scavenge free radicals di-
rectly by hydrogen atom donation, a capacity that de-
pends upon the total number of hydroxyl groups, the
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substitution pattern and the arrangement of functional
groups about the nuclear structure [21]. The presence
of a catechol group in the B-ring is the most significant
determinant for scavenging of RONS, owing to its abil-
ity to donate hydrogen, giving rise to a relatively stable
flavonoid-derived radical (aroxyl radical) [22]. Further
structural criteria for optimal scavenging activity are
the presence of a 2,3-double bond conjugated with a 4-
oxo function in the C-ring and a 3- (and 5-) hydroxy
group (Fig. 2), as they provide extensive electron delo-
calisation over the three-ring system and confer higher
stability to the produced radical [15, 23]. According to
these criteria, quercetin and myricetin-derived fla-
vonols have been indicated as the most effective radical
scavengers in aqueous phase [24]. Some authors, how-
ever, have questioned the stability of the formed fla-
vonoid aroxyl radicals, and have described their con-
version into more reactive secondary radicals, such as
quinones or semiquinones, that may give rise to pro-
oxidant or potentially cytotoxic effects [25]. For in-
stance, it has been shown that quercetin forms an o-
semiquinone radical that can be disproportionated to
produce o-quinones, as well as to react with O, to form
superoxide [26].

catechol group (3’- and
4’-hydroxyl groups)

o
. <

2-3 double bond in conjugation
with a 4-keto function

presence of 3- and
5-hydroxyl groups

Fig. (2). Structural requirements associated with antioxidant
activity of flavonoids as chain breaking antioxidants.

Polymerization of flavonoids, as it occurs in con-
densed tannins, further increases the antioxidant capac-
ity due to the higher number of hydroxyl groups,
whereas substitution of the hydroxyls (e.g. glycosyla-
tion or methylation) generally decreases the antioxidant
potential compared to the parent molecules [15, 27].

2.2. Metal Chelating Activity

The ability of flavonoids to prevent the toxicity of
redox active metal ions, such as iron, cobalt, manga-
nese or copper has been less considered than their
scavenging capacity. These cations are believed to
catalyze the production of oxidant species leading to
oxidation at different cellular levels (lipids, DNA or
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proteins). Fe(Il) catalyzes, in the presence of hydrogen
peroxide, the formation of hydroxyl radical OH" by the
Fenton reaction, whereas the reaction of Cu(ll) with
H,0, leads to the formation of both OH" and superox-
ide (0,") radicals [28]. Several flavonoids can form
stable metal complexes through their multiple OH
groups and the carbonyl moiety, whenever present, re-
moving a causal factor for the development of free
radicals [29]. Chelating complexes with divalent
cations may be formed between the 3-OH or 5-OH and
4-oxo0 group, or between the 6- and 7-OH in A ring or
3’- and 4’-OH in B ring (Fig. 3) [30-31]; this process
does not necessarily render the flavonoid inactive, as
the complex retains ROS scavenging activity [32].
Both quercetin and rutin (i.e., quercetin 3-O-rutinoside)
possess iron-chelating and iron-stabilizing properties
due to their potential binding sites (a-hydroxy-
carbonyl, B-hydroxy-carbonyl or ring-B catechol), sug-
gesting little difference between aglycones and gly-
cosides in the ability to complex metals [33]. The
catechol moiety in the B ring has been shown to be the
major contributory site for Cu®"-chelate formation [34].
Several examples on the chelating activity of different
flavonoids can be found in the papers by Cherrak et al.
[28] and Leopoldini et al. [29].

MeZ+

HO. _ O
\Mei+ Me?
Fig. (3). Structural requirements associated with antioxidant

activity of flavonoids as metal chelators.

2.3. Ability to Regulate Enzymes Activities

Other possible mechanisms by which flavonoids can
act is through the activation of endogenous defenses or
the inhibition of enzymes responsible for superoxide
production, such as oxidases.

The potential of different flavonoids to activate en-
dogenous antioxidant enzymes, such as glutathione
peroxidase (GPx), catalase (CAT) or superoxide dis-
mutase (SOD) has been described by different authors
[35-37]. SOD converts superoxide to H,O,, and CAT
or peroxidases (e.g., glutathione peroxidase or perox-
iredoxins) subsequently convert H,O, to water; peroxi-
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dase activity can be further restored through reduction
by either thioredoxin (TRX) or glutaredoxin.

Flavonoids can also induce phase II detoxifying en-
zymes (e.g. NAD(P)H-quinone oxidoreductase, glu-
tathione S-transferase, and UDP-glucuronosyl trans-
ferase), which are the major enzymatic line of defense
against electrophilic toxicants and oxidative stress [20].
It is known that most phase II genes generally contain
cis-acting regulatory elements called the antioxidant
response element (ARE) or electrophile-responsive
element (EpRE) [38]. The induction of these elements
may have origin in the putative toxicity of polyphenols.
As commented before, in cellular media, flavonoids
and other polyphenols can form potentially toxic qui-
nones that are, themselves, substrates of antioxidant
enzymes. That way the flavonoids could be able to ac-
tivate these enzymes for their own detoxication and,
thus, induce a general boosting of body defenses
against toxic xenobiotics [39-40]. Flavonoids with a
higher intrinsic potential to generate oxidative stress
and redox cycling would be the most potent inducers of
EpRE-mediated gene expression. Flavonoids contain-
ing a free hydroxyl group at position 3 in the ring C,
such as quercetin and myricetin, have been indicated to
be among the most effective inducers [41]. In the case
of tea polyphenols, the presence of a 3-gallate group
appears to be an important structural factor for the in-
duction of ARE reporter genes, being epigallocatechin
gallate (EGCG) the most active one [38].

Flavonoids are not only able to activate enzymatic
defences but they can also regulate the oxidative status
of the cell by inhibiting oxidative enzymes responsible
for superoxide production, such as xanthine oxidase
and protein K [42]. Flavonoids have been also shown
to inhibit cyclooxygenase, lipoxygenase, microsomal
succinoxidase and NADPH oxidase. NADPH oxidase
is a membrane-associated system catalyzing the pro-
duction of O, in activated neutrophils. The inhibition
of protein kinase C was suggested to be a mechanism
of inhibition of NADPH by flavonoid molecules pos-
sessing a planar benzopyrone ring system with free hy-
droxyl substituents at the 3', 4’ and 7-positions, such as
quercetin, fisetin or luteolin [43].

The interference of flavonoids with nitric oxide-
synthase (NOS) activity is another potential mechanism
to decrease oxidative damage in the cell. NO, produced
by the oxidation of L-arginine catalyzed by NO syn-
thases, interacts with free radicals, especially O,", pro-
ducing peroxynitrites. Although it is not clearly under-
stood yet how flavonoids inhibit induction of NOS and
NO production, they would possess ability to directly
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scavenge molecules of both NO and peroxynitrite once
produced. Furthermore, the scavenging ability of fla-
vonoids may hinder the reaction of free radicals with
NO, thus resulting in less damage [44]. The most sig-
nificant determinant for their activity against peroxyni-
trite is again the presence of a 3°,4’-catechol arrange-
ment, followed by an unsubstituted 3-hydroxyl group
[45].

2.4. Interaction of Flavonoids with Other Antioxi-
dants

a-Tocopherol (aT) is one of the major lipid-soluble
antioxidants in blood, tissues, cell membranes and hu-
man low-density lipoprotein (LDL) and it is thought to
have an important function in the prevention of degen-
erative diseases. This compound can scavenge reactive
species, originating the corresponding o-T  radical.
Several studies support the notion of a regeneration of
o-T from its o-tocopheroxyl radical at water-lipid in-
terfaces by dietary flavonoids [46]. In particular, the
potential of both flavonols and catechins to delay the
oxidation of LDL has been pointed out [47].

The recycling of the aroxyl radicals has also been
proposed to explain the interactions between flavonoids
and other antioxidants, such as ascorbate. Flavonoids
that possess a catechol group in the B-ring and a double
bond at position 2-3 in the C-ring, such as quercetin,
would have a higher redox potential (E;= 0,33 V) than
ascorbate (E; = 0,28 V), thus being capable of oxidiz-
ing it to the ascorbyl radical [31], which may be further
enzymatically reduced or disproportionate to the non-
radical form [48].

Despite the abundant literature about the antioxidant
capacity of flavonoids, it is necessary to consider that
the compounds of this family are, in general, little
bioavailable and largely biotransformed in the organ-
ism, so that their levels as such in body fluids, tissues
and cells are usually very low and well below those of
other physiological antioxidants, like urate, a-
tocopherol, ascorbate or glutathione [49].

Interestingly, significant increases in the serum lev-
els of uric acid, the major contributor to plasma total
antioxidant capacity, after consumption of flavonoid-
rich foods, such as strawberries, spinach or red wine,
have been reported [50], although the mechanisms why
this effect is produced are not clear. What seems clear
is that the notion of these compounds acting as ‘sys-
temic’ antioxidants and as conventional hydrogen do-
nators is unlikely to be the sole explanation for their
putative health effects [1].
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Nowadays, other hypotheses, such as the possibility
that flavonoids could act as potential modulators of
intracellular signaling cascades vital to cellular func-
tion independent of their classical antioxidant capacity,
are considered more accurate to explain the in vivo ac-
tivity of flavonoids [51].

3. BIOAVAILABILITY OF FLAVONOIDS

Bioavailability can be defined as “the rate and ex-
tent to which an active ingredient or active moiety is
absorbed from a matrix and becomes available at the
site of action”. Based on this, the rate of absorption and
the availability at the site of action look like the most
importance parameters for a flavonoid to be effective
within biological systems. The bioavailability of fla-
vonoids is generally low and can vary dramatically
among different flavonoid classes, as well as for indi-
vidual compounds in a particular class [52]. It has been
estimated that less than 5-10% of the consumed fla-
vonoids may be absorbed in the small intestine to be
further conjugated in the intestinal wall, the liver and
peripheral tissues, so that they will be found in plasma
in the form of conjugated metabolites (glucuronides,
sulfates and methylated derivatives) [53]. Thus, the
compounds able to reach the metabolical targets are
chemically and, in many instances, functionally distinct
from the consumed forms, and such features underlie
their bioactivity [54].

In general, the absorption of flavonoids in the diges-
tive tract starts in the ileum (Fig. 4). Except for flavan-
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3-ols (i.e., catechins and proanthocyanidins), these
compounds mostly exist in plants and foods as gly-
cosides, which cannot be generally absorbed in their
native form. Some glycosides, however, can be hydro-
lyzed by the enzyme lactase phloridzin hydrolase
(LPH) in the intestinal epithelium to release the agly-
cone, which can enter the enterocyte by passive diffu-
sion because of its increased lipophilicity [55]. There is
still controversy about the possibility of an active
transport of some particular glycosides into epithelial
cells by the active sodium-dependent glucose trans-
porter SGLT1 and the subsequent hydrolysis in the cell
by a cytosolic B-glucosidase (CBG) [55-56]. It has also
been described that hydrolysis of some flavonoid gly-
cosides might already occur in the oral cavity, as both
saliva and oral microbiota show B-glucosidase activity
[57]. Compounds with large molecular weight, like
polymeric proanthocyanidins, would not be absorbed,
while oligomeric proanthocyanidins (dimers, trimers)
could be absorbed in the small intestine without previ-
ous degradation to lower molecular weight compounds
[58]. In vitro digestion assays have also suggested that
some flavonoids (e.g., procyanidin B1 or anthocyanins)
might be also absorbed in a small percentage under the
acidic conditions of the stomach [59].

Once absorbed, the flavonoids interact with phase II
enzymes, catechol-o-methyltransferase (COMT), UDP-
glucuronosyltransferase (UGT) and sulfotransferase,
already in the enterocytes and further in the liver and
peripheral tissues, to produce conjugated metabolites
that will be found circulating in plasma. Except for par-
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Fig. (4). Scheme of flavonoid metabolism.
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ticular flavonoids, like some catechins or certain
isoflavones, aglycones are not found as such in the
blood [60-61]. It has been suggested that whilst methy-
lation and glucuronidation are produced in both intesti-
nal cells and liver, sulfation would mainly take place in
the liver [62]. This metabolic conversion is known to
be a major factor affecting flavonoid bioavailability.
After conversions in the liver, enterohepatic transport
in the bile would also occur and some metabolites are
recycled back to the small intestine. Additionally, the
conjugated metabolites, especially glucuronide deriva-
tives, can be pumped out into the gut lumen to partici-
pate in enteric, and local recycling by efflux transport-
ers such as multidrug resistance-associated proteins
(MRPs) and breast cancer resistance protein (BCRP),
decreasing in this way even more the bioavailability of
polyphenols and limiting their exposure to target or-
gans [63]. A simplified scheme of human metabolism
of flavonoids is presented in Fig. (4).

Due to this extensive metabolic process, the final
concentration of flavonoid metabolites that can be
found in human plasma are in the nanomolar to low
micromolar range, and at least ten times lesser amount
of aglycones [53]. As above indicated, even at the
highest levels reported, the plasmatic concentrations of
flavonoids and their conjugated metabolites are far be-
low those of other physiological antioxidants [49],
therefore a direct antioxidant effect might be only ex-
pected in tissues directly exposed to polyphenols, like
the gastrointestinal tract. On the other hand, the process
of conjugation involves a decrease in the antioxidant
potential of the flavonoids, due to the substitution of
the active hydroxyl groups [64].

Some authors have, however, suggested that flavon-
oids may overcome the challenges posed by their poor
bioavailability and decreased activity of their conju-
gated metabolites, through their accumulation in some
body compartments, in view of their capacity to estab-
lish H-bonds and hydrophobic interactions with
biomembranes [48]. Furthermore, in some tissues [65]
or under some physiological situations, such as in-
flammation [66], deconjugation of the glucuronidated
and sulfated forms of flavonoids can occur, so that
aglycones and/or their methylated derivatives may be
released in some target sites, contributing to the in vivo
effects of dietary flavonoids [67-69].

Whatever the effects of the compounds absorbed in
the small intestine, the large majority of the flavonoids
from the oral intake go to the large intestine, where
they interact with the gut microflora. Currently these
interactions are a major item of interest to explain a
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relevant part of the potential healthy effects that fla-
vonoids and polyphenols in general may have in the
human organism.

4. INTERACTIONS WITH GUT MICROBIOTA

Most of the consumed flavonoids, those that are not
absorbed in the small intestine or are recycled after me-
tabolism, are reaching the large intestine where they
interact with and may be metabolized by the colonic
microflora. Bacterial enzymes may catalyze a wide va-
riety of reactions that occur under anaerobic conditions
and are based mainly on processes of reduction and/or
hydrolysis, such as dehydroxylation, demethylation,
decarboxylation, reduction of double bonds, hydrolysis
of glucuronides, sulfates and glycosides, or ring cleav-
age [20]. In most flavonoid groups, this latter would
take place in the heterocyclic C-ring, but cleavage of
the aromatic ring A may also occur in flavan-3-ols. The
enzymatic cleavage of C-C bonds in flavonoids appears
to be characteristic of gut microbiota [70].

It is well stablished that some gut bacteria, espe-
cially some Clostridium species, can catabolize fla-
vonols. Deglycosylation could take place as a first step
of the metabolism, as observed in in vitro digestion
assays of quercetin glycosides in the presence of rat
microflora [71]. After deglycosylation, a breakdown of
the C-ring may occur (breaking the bond between the
1- and 2- or 2- and 3-positions) followed by dehy-
droxylation, leading to the formation of simpler com-
pounds, such as phenolic acids and aldehydes [71]. It
has been shown that human intestinal bacteria, such as
Eubacterium ramulus and Flavonifractor plautii (for-
merly Clostridium orbiscindens), are also able to pro-
duce the reduction of the double bond in the 2,3- posi-
tion of the C-ring in quercetin, resulting in the forma-
tion of the dihydroflavonol taxifolin, which is further
isomerized to the auronol alphitonin by a unique C-ring
contraction, and suffer C-ring oxidative cleavage to
produce 3,4-dihydroxyphenylacetic acid and phloro-
glucinol, the latter undergoing further degradation to
butyrate and acetate [72]. 3,4-Dihydroxyphenylacetic
acid would be degraded into 3,4-dihydroxybenzoic acid
(protocatechuic acid, usually the main metabolite in the
fermentation media) and subsequently into hydroxy-
benzoic acid [71]. Other products from the colonic deg-
radation of flavonols that have been described are 3-
(3,4-dihydroxyphenyl) propionic acid and 3-(3-
hydroxyphenyl) propionic acid resulting from the A
ring [73]. The formation of homovanillic acid, found in
urine and other body fluids, has been explained by O-
methylation of 3,4-dihydroxyphenylacetic acid in the
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liver after microbial metabolism of quercetin [74]. In-
deed, methylation and other conjugation reactions
would further take place in the liver after microbial
metabolism, as such derivatives have not been ob-
served in the in vitro faecal or caecal incubations [75].

Bacterial metabolism of anthocyanins also involves
the cleavage of glycosidic linkages and breakdown of
the anthocyanidin heterocycle to release B-ring- and A-
ring-derived products. Protocatechuic acid has been
described as a major metabolite corresponding to the
B-ring fragment in the case of cyanidin-derived antho-
cyanins, while the A-ring generates 2,4,6-
trihydroxybenzaldehyde that could further be converted
to phloroglucinol [76-77]. A wide range of metabolites
was detected in serum and urine by Czank et al. (2013)
[78] after cyanidin-3-glucoside intake by human volun-
teers, including phenolic, hippuric, phenylacetic, and
phenylpropenoic acids, some of them conjugated with
glucuronic acid and sulfate.

Catechins and oligomeric proanthocyanidins un-
dergo the opening of the C-ring followed by different
reactions, like lactonization, decarboxylation, dehy-
droxylation or oxidation. Phenyl-y-valerolactones and
phenylvaleric acids have been described as exclusive
microbial metabolites of flavan-3-ols. Phenylvaleric
acids would be subsequently biotransformed by succes-
sive loss of carbon atoms to give rise to different phen-
ylacetic, phenylpropionic and hydroxybenzoic acids,
and in minor extension to hippuric, vanillic and ho-
movanillic acids by further conjugation [79-80].

Other flavonoids families, such as flavanones, are
found to be less degraded by the colonic microbiota.
Similar to other flavonoids, flavanone glycosides suffer
first a deglycosylation to render the aglycone, which
through C-ring cleavage gives rise to 3-(3,4-
dihydroxyphenyl)propionic acid and sometimes
phloroglucinol [81].

Multiple examples of the catabolism of flavonoids
and schematic representations of the different processes
can be found in the reviews by Del Rio (2013) [13]
Stevens (2016) [70] and Selma (2009) [72].

It is important to remark that there is a great interin-
dividual variation both in the amount and the profile of
phenolic metabolites produced after flavonoids intake
[82]. These differences could be attributed, at least in
part, to the existence in the human gut microbiome of
the so-called “enterotypes”, which are defined as a
network of co-abundant microbial populations domi-
nated by the prominent presence of one of these three
genera: Ruminococcus, Bacteroides and Prevotella
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[83], but also due to differences in minority microbial
groups related to phenolic metabolism phenotypes
(“metabotypes”). The term gut metabotype refers to a
metabolic phenotype with specific gut microbiome-
derived metabolites that characterize the metabolism of
the parent compound. In this regard, a gut metabotype
is defined not only by the resulting metabolites but also
by the associated gut microbiota both in terms of com-
position and activity [84].

After the catabolism process, many of the produced
catabolites could be efficiently absorbed in the colon,
appear in the blood and be transformed by human cell
enzymes into phase Il conjugates, including methyleth-
ers, glucuronides and sulfates, to be ultimately excreted
in the urine. Since microbial catabolites and their con-
jugate derivatives may be present at many sites of the
body in higher concentration than the parent com-
pounds, it has been proposed that at least a part of the
biological activities ascribed to flavonoids could be due
to their colonic catabolites [78, 80].

On the other hand, it is accepted that phenolic com-
pounds and their metabolites may impact on gut micro-
biota inducing prebiotic-like effects on bacteria [85]. It
has been postulated that dietary polyphenols could ex-
ert, at less in part, their health effects through changes
in the composition of the gut microbiota. Some in vitro
and in vivo studies (humans, pigs, sheep) have sug-
gested that flavonoids or their catabolites might, for
example, increase the proportion of bifidobacteria and
eubacteria without inhibiting lactic acid bacteria, sup-
press bacteroides and pathogenic Clostridium perfrin-
gens and Clostridium difficile, or lower the colonic pH
value [86-87].

5. CAENORHABDITIS ELEGANS AS A MODEL
TO STUDY FLAVONOIDS BIOACTIVITY

Nowadays, there is an accepted view that if flavon-
oids have any preventive or curative activity through
their ingestion, it must involve not only their antioxi-
dant potential, but also the modulation of different sig-
naling pathways, such as phosphoinositide 3-kinase,
Akt/protein kinase B, mitogen-activated protein kinase,
tyrosine kinases, and protein kinase C, that are crucial
in the pathogenesis of several diseases [51, 88]. In ad-
dition, flavonoids could also modulate various genes
expression through activation of diverse transcription
factors. Due to their flexibility, model organisms like
zebrafish, Drosophila melanogaster or the nematode
Caenorhabditis elegans are increasingly used to per-
form studies related with genes or cellular pathways.
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Caenorhabditis elegans is a well characterized in
vivo model organism whose genome has been fully se-
quenced and many of its gene functions characterized
by generating mutant strains. It has been widely used
because of its easy culture and handling under labora-
tory conditions, being maintained from 12 to 25 °C on
agar with Escherichia coli as feed. Besides, approxi-
mately 60-80% of C. elegans genes have human
orthologues, and the presence of tissue and organ sys-
tems raises the possibility to consider the metabolism
of compounds. Its relatively short lifespan (15-22 days
at 25 °C) makes it useful in longevity studies [89-91].
Furthermore, facilities such as information about genes
function are available in the wormbase page
(http://www.wormbase.org).

This nematode has been used for studying the influ-
ence of different flavonoids on the process of ageing
(lifespan and oxidative stress).

Some authors have found that catechins are able to
extend life duration in wild-type N2 C. elegans [92-
94], while others did not observe lifespan extension for
these flavonoids, although they found it for their meth-
ylated metabolites [95]. On the other hand, feeding of
the worms with apple polyphenols mainly containing
procyanidins, consisting of (epi)catechin units, was
reported to increase mean lifespan in wild-type N2
strain and fem-I mutants [96]

Significant increases in worm lifespan were also ob-
served for flavonols, like quercetin [97]. In these com-
pounds, the hydroxylation pattern of ring B seems to
play a crucial role, the greater the number of hydroxyl
groups, the greater the effect: myricetin > quercetin >
kaempferol (reviewed by [98]). Lifespan effects are
also influenced by aglycone glycosylation and methyla-
tion. Greater increase in mean and maximum life dura-
tion was produced for isorhamnetin = 3-O-
methylquercetin) than for quercetin in worms fed at the
same compound doses (200 uM); however, similar life
extension was found for tamarixetin (4-O-
methylquercetin) and quercetin [97]. The treatment
with quercetin-3-O-glucoside increased C. elegans life
at low concentrations (10-25 uM), whereas exposure to
greater doses (50-200 uM), at which quercetin showed
life extending effects, caused lifespan reduction, sug-
gesting a hormetic response [99]. The type of sugar
residue also seems to be important for the biological
effects of flavonols; thus, homo-disaccharides (glu-
cose-glucose) were indicated to increase longevity in
wild type worms, while hetero-disaccharides (glucose-
rhamnose) could no prolong lifespan [100]. This differ-
ential behavior could be explained by differences in
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compound bioavailability, with some glycosides being
more efficiently taken up by the nematode than quer-
cetin, to be further deglycosylated, so that higher
amounts of the aglycone were accumulated in the
worm organism, than following exposure to quercetin
itself [99]. These findings suggested that deglycosyla-
tion was a key step in the lifespan effects of flavonols
and that the aglycone would be the actual responsible
for the observed biological activity, as also observed in
other ex vivo and animal models [101].

Numerous studies have also been conducted in C.
elegans in order to evaluate the influence of flavonoids
on the oxidative stress and the putative mechanisms
behind such effects. Flavonoids have the potential to
modulate intracellular oxidative stress directly by scav-
enging free radicals, reducing reactive oxygen species
(ROS) basal level and modulating the activity of anti-
oxidant enzymes such as SOD-3, CAT and glutathione-
S-transferase (GST) [102-103]. These protective effects
were also observed in C. elegans submitted to either
thermal or oxidative stress and treated with flavonols
such as quercetin, myricetin or kaempferol [97, 102],
or catechins [95, 104-105], demonstrating the capacity
of flavonoids to improve the survival rates of worms
under stress conditions.

Studies using different mutant strains have shown
that the mechanisms underlying the lifespan and anti-
oxidant effects might differ depending on the flavonoid
[106]. Using mutant nematode strains lacking the func-
tion of key genes involved in the insulin/IGF-1 signal-
ing pathway, has been a way to study the potential of
flavonoids to mediate stress tolerance and extend
lifespan [98]. The insulin/insulin like growth factor
(IGF-1) signaling pathway is an evolutionary con-
served mechanism that influences longevity and me-
tabolism throughout different species. The daf-2 gene
encodes for a receptor tyrosine kinase and is the only
member of the insulin receptor family in C. elegans.
The initiation of the cascade depends on the phos-
phorylation of DAF-2 (Fig. 5). The inhibition of the
DAF-2 pathway avoids phosphorylation and leads to
nuclear localization and activation of the transcription
factors (DAF-16/FoxO, HSF-1, SKN-1/Nrf2), which
changes the expression of various genes responsible for
endogenous stress-response, development, metabolism
and longevity [91].

Interestingly, none of the flavonoids or extract
tested prolonged further the lifespan in the long-live
mutant strain daf-2 [92, 107]. The results obtained in
relation to other genes of the same pathway differ de-
pending on the flavonoid. Quercetin did not prolong
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Fig. (5). Abbreviated scheme of the insulin/IGF-1 signaling pathway.

the lifespan of the mutant strain age-/ (the orthologue
of the phosphoinositide 3-kinase (PI3K) in mammals
and a central component insulin-like signaling pathway
in C. elegans) [107], while catechin increased lifespan
in the same mutant [92]. By contrast, catechin, but not
quercetin, failed to increase lifespan in the akt-2 mutant
[92, 107]; akt-2 gene encodes for a homologue of the
serine/threonine kinase Akt/PKB, AKT-2, and its inac-
tivation causes animals to arrest constitutively at the
dauer stage, while having an increased lifespan.

DAF-16 is the C. elegans transcription factor homo-
logue to the forkhead box O (FoxO) in the insulin/IGF-
1-mediated signaling (IIS) pathway. This factor was
found to be essential for lifespan regulation in the ac-
tion of kaempferol and myricetin, but not for quercetin
or catechin [92, 107-108]. DAF-16 has also been re-
lated to the increased resistance of C. elegans against
H,0,-induced stress provided by cocoa polyphenols
[109], as well as in the decrease in ROS levels in nema-
todes exposed to myricetin [95]. However, the lower-
ing effect of quercetin and kaempferol on mitochon-
drial ROS level was observed to be independent of
DAF-16 [102].

The mev-1 gene encodes for the C. elegans
orthologue of the succinate dehydrogenase cytochrome
b560 subunit, and mev-I mutations result in abnormal
energy metabolism and increased sensitivity to oxida-
tive stress and pathogen infection. It has been shown
that epigallocatechin-3,0-gallate [94] and myricetin
[102] were able to prolong lifespan in mev-/ mutants,
whereas catechin [92], quercetin, kaempferol and nar-
ingenin did not [102, 107].

Studies in different mutant strains revealed that sek-
1 and wunc-43 genes, related to MAP kinase and
calmodulin-dependent protein kinase pathways, could
be key players in quercetin mediated longevity in C.
elegans. [107, 110]. SEK-1 is required for the resis-
tance to oxidative stress by assisting the translocation
of cytoplasmic DAF-16 into the nucleus.

In C. elegans, members of the HSP-16 protein fam-
ily are known to be involved in thermotolerance and
are suggested as predictors for longevity [111]. Differ-
ent flavonoids have been shown to be able to modulate
HSP-16.2 expression induced either thermally or
chemically by treatment with the stressor juglone [105,
112-113].
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Several authors have also demonstrated that flavon-
oids possess the ability to increase the expression of
skn-1 and to induce the SKN-1 translocation into the
nucleus [92, 113]. This transcription factor is the C.
elegans homologue of the nuclear factor erythroid-2-
related factor 2 (Nrf2) that regulates the gene expres-
sion of phase II detoxifying enzymes and antioxidant
proteins, such as SOD, GST or NAD(P)H:quinone oxi-
doreductase (NQO-1). Under physiological conditions
in mammals, Nrf2 is bound to Keapl, which retains
Nrf2 in the cytoplasm. Oxidative stress induces disso-
ciation of the Nrf2-Keapl complex and subsequent
translocation of Nrf2 into the nucleus, where it binds to
antioxidant response elements (ARE) in the promoter
region of genes encoding phase II enzymes and anti-
oxidant proteins leading to a changed expression pro-
file [114]. However, this mechanism seems not to be
common for all the flavonoids, for instance, the gene
expression of skn-I appears not to be involved in
myricetin, catechin or procyanidins mediated longevity
in C. elegans [92, 108].

CONCLUDING REMARKS

Notable advances have been made over the last two
decades in the knowledge of flavonoids bioavailability
and metabolism; however, little is still known about the
actual and more active metabolites responsible for their
biological effects and the molecular mechanisms fi-
nally involved in their activity. It is now accepted that
the classical assumption of flavonoids as antioxidants
is unlikely to explain their putative health effects, or at
least to be the only explanation for them. The interac-
tion with gut microbiota and the possibility that flavon-
oids or their metabolites could act as potential modula-
tors of intracellular signaling cascades vital to cellular
functions are hypotheses that are now gaining place.
The studies available in these respects are, however,
partial and inconclusive, and point to that not all fla-
vonoids act through the same action mechanisms and
on the same molecular targets, but different metabolites
and genes may be involved in their biological effects.
Further progresses should be expected in the coming
years favored by the use of the novel omics approaches
(especially transcriptomics and metabolomics) and
model organisms like C. elegans, and the increased
knowledge on human microbiome and its influence on
flavonoids/polyphenols metabolism and activity.
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