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SUMMARY. Phenolic compounds are ubiquitous in
plant-based foods. High dietary intake of fruits, vege-
tables and cereals are related to a decreased rate in chro-
nic diseases. Phenolic compounds are thought to be
responsible, at least in part, for those health effects. No-
netheless, the bioaccessibility of phenolic compounds
is not often considered in these studies; thus, a precise
mechanism of action of phenolic compounds is not
known. In this review, we aim to present a comprehen-
sive knowledge of the potential health promotion ef-
fects of polyphenols and the importance of considering
the factors that affect their bioavailability on research
projects.
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INTRODUCTION

In recent years, there has been an increased
awareness of the effect of food on health, thus lea-
ding to a rise in the consumption of fruit, vegeta-
bles, and cereal-based food. Many studies have
approached the bioactive properties of bioactive
compounds such as phenolic compounds. None-
theless, bioactive claims are made without taking
into consideration the further modifications to
which phenolic compounds are subjected once in-
gested. This study is a comprehensive review of
the health claims and bioavailability of phenolic
compounds.

PHENOLIC COMPOUNDS

IN CEREALS, FRUITS, AND

VEGETABLES

Phenolic compounds constitute a substantial
and an important group of phenylpropanoids pro-
duced by plants as secondary metabolites. Plants
synthesize them to function as a chemicaldefense
against predators and to participate in reproduction
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as well as in plant-plant interference (1). Phenolic com-
pounds have an aromatic ring and several hydroxyl groups
attached to it. Phenolic compounds can be classified into
different groups. They are grouped as a function of the num-
ber of phenolic rings that they contain and the radicals that
bind these rings to another one (2).

Recently, phenolic compounds have received conside-
rable attention because their dietary intake is relatedtolo-
werincidenceof chronic degenerative diseases, such as
cancer, diabetes, Alzheimer’s disease and cardiovascular
diseases. Cereals, fruits, and vegetables are rich sources of
phenolic compounds. In fact, the health benefits of their
dietary intake have been related, at least in part, to their phe-
nolic compounds content.

Effect of Consumption of Phenolics

on Human Health

Epidemiological studies have related dietary intake of
phenolic-rich food with lower incidence in the appearance
of several chronic diseases (3, 4). In this section of the re-
view, we will discuss the epidemiological evidence that
supports phenolics health benefits.
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Phenolics in Cereals and Their

Relationship With Health

Phenolic compounds are among the health-promo-
ting phytochemicals present in cereals. Phenolic com-
pounds are receiving much attention because of their
antioxidant properties. Phenolic acids and flavonoids
are the most common types of phenolic compounds
found in whole grains. In cereals, phenolic compounds
can be present in the free or bounded form; bound phe-
nolics are mostly attached to arabinosyl chains of cell
wall arabinoxylans (5, 6). Most of these bound pheno-
lic compounds are located in the aleurone layer, but can
also found in seed and embryos (7-10).

Irakli, Samanidou (11) reported that phenolic acids
such as coumaric, ferulic, gallic, hydroxybenzoic, va-
nillic, syringic, and sinapic acid are found in both, free
and bounded form in durum wheat, bread wheat, bar-
ley, oat, rye, rice, corn, and triticale. In cereals, the free
phenolic acids constitute a small portion of the total
phenolic content while bound phenolic acids are the
most predominant. In this case, it was proven that the
total of bound phenolic acids constitutes from 88 %
(rye) to 99.5 % (corn) of the total phenolic acids. Re-
gardless phenolic acids being the most predominant in
cereals, flavonoids are also present in grains. 20 ge-
notypes of small grains cereals, including bread wheat,
durum wheat, rye, hull-less barley, and hull-less oat
were analyzed for total phenolic and flavonoid content.
The highest content of these phytochemicals was found
in hull-less barley, followed by hull-less oat, rye,
durum wheat, and bread wheat. Nevertheless, mono-
meric phenolic compounds like catechin and epicate-
chin were only detected in hull-less barley genotypes
(12). So it is concluded that the phenolic composition
depends greatly on the type and variety of cereal.

It has been suggested that phenolic compounds play
a significant role in the prevention of many chronic di-
seases due to their antioxidant, anti-inflammatory and
anti-carcinogenic properties (7). In this sense, Hole,
Grimmer (13) analyzed the anti-inflammatory action
of ferulic, caffeic, p-coumaric and sinapic acids found
in extracts of free and bound phenolic acids from oat,
barley, and wheat flour by studying the modulation of
NF-«B activity.NF-«B is a transcription factor involved
in the regulation of pro-inflammatory genes that plays
a critical role in the control of innate immunity proces-
ses and whose increased activation has been detected
in several human cancers (14). The results of this study

indicated that modulation of NF-kB activity exposed
to cereal extracts containing phenolic acids is the result
of phenolic acids synergic action. Moreover, a combi-
nation of ferulic, caffeic, p-coumaric and sinapic acid
in low concentrations had a significant synergistic ef-
fect on NF-kB activity; while higher concentrations
had better effect suppressing NF-«kB activity (13).An
important thing to remark is that in this study, the con-
centrations of extracts from cereal grains are similar to
those found in the human diet, so their results increase
the knowledge about the health-promoting effect of
phenolic acids from cereal consumption.

Whole cereal grains are an excellent source of phe-
nolic acids, and its consumption is associated with
lower incidence of chronic diseases. Giacco, Costabile
(15) reported that a diet based on whole-grain cereal
products reduces postprandial insulin, and plasma
triglyceride concentrations in individuals with metabo-
lic syndrome, in 29 and 43 % respectively. The effects
of whole-grain cereals on postprandial insulin and
plasma triglyceride concentrations might explain the
relationship between consumption of cereals and a re-
duced risk of type 2 diabetes and cardiovascular dise-
ases. Nevertheless, the responsible compounds of these
effects were not reported.

Phenolics in Fruits and Their Relationship

With Health

Apples are one of the most popular fruits whose he-
alth benefits are attributed to phenolic compounds. The
four polyphenol groups predominant in apples are fla-
van-3-ols, phenolic acids, dihydrochalcones and flavo-
nols(16). Some phenolics such as chlorogenic acid,
phloretin, epicatechin, quercetin and procyanidin B2
have been identified as major antioxidants in apples
(17). In this sense, some in vitro properties of apple
polyphenols have been elucidated, among these: enhan-
cement of glutathione S-transferases, reduced formation
of H202, protection against oxidative-induced DNA
damage, inhibition of intestinal glucose absorption
(which could help against metabolic syndrome) (18-20).

Mango fruits contain several bioactive compounds,
such as vitamins, carotenoids, terpenoids and phenolic
compounds. Phenolic acids like gallic, protocatechuic,
chlorogenic and vanillic acids are predominant in
mango pulp (21). On this subject, Noratto, Bertoldi
(22) reported the presence of hydrolysable tannins and
mangiferin in mango pulp of different varieties. Addi-
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tionally, mango peel is a rich source of these bioactive
compounds. Furthermore, gallic, protocatechuic, syrin-
gic and ferulic acids were phenolic acids identified in
the bound phenolic fraction of mango peel dietary fiber.
Among the bound flavonoids identified, kaempferol
and quercetin were predominant, but traces of rutin-
were also present (23). Amongst the in vitro health pro-
perties of mango polyphenols, it has been suggested
that they can inhibit adipogenesis (24), also, anti-cancer
properties of mango extracts have been proven, this
anti-cancer bioactivity was mainly attributed to poly-
phenolics compounds in mango (22, 25, 26); also, in
vivo studies have shown anti-cancer and antioxidant
capacity of mango (27).

Citrus fruits are rich in various nutrients, such as vi-
tamins A and C, folic acid and dietary fiber. Further-
more, these fruits are a source of bioactive compounds,
being cinnamic acid derivatives, coumarins, and flavo-
noids the major groups of phenolic compounds (28).
Citrus fruit has considerable amounts of flavonoids
like, flavones, flavonols, and anthocyanins; however
the main flavonoids are flavanones, which the most fre-
quently found are hesperidin, naringin, nariturin and
eriocitrin (29, 30). Other phenolics often found in citrus
are p-coumaric, ferulic, caffeic and sinapic acids (30).
The daily consumption of grapefruit and orange juice
has shown to decrease diastolic blood pressure (31, 32)

It is always important to remember that phenolic
composition and concentration are dependent on the
variety and ripeness stage of the fruit, as of the part of
the fruit that is being analyzed.

There is epidemiological and experimental evidence
that consumption of fruits has a positive effect on he-
alth; this effect has been, in part, attributed to their con-
tent of phenolic compounds (33-36). In this regard,
McCann, Gill (37) investigated the ability of a phenolic
extract of apple waste (material left after juice extrac-
tion) to affect a range of colon cancer biomarkers, na-
mely: DNA damage, colonocyte barrier function, cell
cycle progression and invasion in vitro using HT29,
HT115 and CaCo-2 cell lines as models. Flavan-3-ols,
phloretin glycosides, quercetin glycosides, cyanidin
glycoside and hydroxycinnamic acids were among the
phenolic compounds present in apple phenolic extracts.
Phenolic compounds from apples proved to help to de-
crease DNA damage in HT29 cells significantly, to en-
hance the colonic barrier function of CaCo-2 cells and
to reduce the invasive potential of HT115 cells. These

authors concluded that apple consumption may serve
to protect against colon cancer by protecting gut cells
against DNA damage and abnormal extracellular be-
havior. Additionally, some studies relate apple con-
sumption to lower plasma cholesterol and reduction of
risk of cardiovascular disease (38).

Studies on yuzu (Citrus junosSiebold ex Tanaka)
show that peel and pomace exerted anti-obesity effects
in zebrafish with diet-induced obesity. Yuzu peel sup-
pressed the rise in plasma triacylglycerol and liver lipid
accumulation (39). Yuzu peel and pomace are rich in
flavonoids, such as hesperidin, naringin, and eriocitrin-
that are recognized to have the ability to lower total
blood cholesterol (40). In this sense, a recent study by
Wu, Jiang (41), high-fat-diet-induced obese mice were
fed from 50-200 mg/kg of blueberry anthocyanins,
found that supplementation at high dose of anthocya-
nins decreased serum glucose, attenuated epididymal
adipocytes, improved lipid profiles and down-regulated
expression levels of inflammation-related genes TNFa,
IL-6 PPARY and FAS; their results suggest that anthoc-
yanins could help to reduce obesity.

Phenolics in Vegetables and their

relationship with health

Phenolic acids and isocoumarins were the predomi-
nant phenolics in carrots (42, 43). Among the most
common phenolic compounds found in vegetables are
flavonoids, phenolic acids and isocoumarins. For
example, most of the compounds detected in black ca-
rrot roots and black carrot juice are composed of p-cou-
maric, caffeic and ferulic acids; 5-caffeoylquinic acid
was the predominant phenolic acid. Besides, some phe-
nolic glycosides like dihydroxybenzoic acid hexoside
and quercetin-3-O-galactoside were detected (43). Ala-
salvar, Grigor (44) examined the phenolic content of
carrots of four different colours: orange, purple, yellow
and white. The four colored carrots contained mainly
hydroxycinnamic acid derivatives, namely 3'-caffeoyl-
quinic acid, 5'-caffeoylquinic acid, 3'-p-coumaroylqui-
nic acid, 3'-feruloyquinic acid, 3',4'-dicaffeoylquinic
acid, 5'-feruloyquinic acid, 5'-p-coumaroylquinic acid,
4'-feruloylquinic acid, 3',5'-dicaffeoylquinic acid, 3',4'-
diferuloylquinic acid and 3',5'-diferuloylquinic acid.
Anthocyanin content, a type of flavonoids, has also
been reported in carrots. The anthocyanins found in
purple carrots roots are cyanidin-3-xylosyl (glucosyl)-
galactoside, cyanidin-3-xylosylagalactoside, cyanidin-
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3-xylosyl-(sinapoylglucosyl)-galactoside, cyanidin-3-
xylosyl (feruloylglucosyl)-galactoside, cyanidin-3-
xylosyl (coumaroylglucosyl)-galactoside, pelargoni-
din-3-xylosyl (feruloylglucosyl)-galactoside and peo-
nidin-3-xylosyl (feruloylglucosyl)-galactoside(45).

In this sense another vegetable that has been widely
studied are tomatoes, which are a key component in the
Mediterranean diet and its dietary intake is associated
with lower risk of chronic degenerative diseases, such
as cancer and cardiovascular diseases (46). Vallverdi-
Queralt, Regueiro (47) conducted an extensive study
to identify the number of phenolic compounds extrac-
ted from tomato samples. They identified a total of 38
phenolic compounds, among which gallic acid, proto-
catechuic acid, caffeic acid derivatives, ferulic acid de-
rivatives, kaempferol, rutin, naringenin, phloridzin, and
quercetin were present.

Lettuce might be relevant as a dietary source of phe-
nolic compounds. Several phenolicswere identified in
five varieties of lettuce (iceberg, romaine, continental,
red oak leaf and lollorosso). The phenolic compounds
identified were 5-O-caffeoylquinic acid, caffeoylmalic
acid, dicaffeoyltartaric acid, and 3,5-dicaffeoylquinic
acid, flavonoid-malonyl glycosides (quercetin-3-ma-
lonylglucoside-7-glucuronide, quercetin-3-malonylglu-
coside-7-glucoside, quercetin-3-malonylglucoside) and
flavonoid glycosides (quercetin-3-glucuronide, quer-
cetin-3-glucoside, quercetin-3-rutinoside, luteolin-7-
glucuronide, and luteolin-7-glucoside, luteolin-7-
rutinoside) groups.Caffeic acid derivatives were the
main phenolic compounds in green varieties; while fla-
vonols were present in red varieties in higher quanti-
ties; besides, anthocyanins were present only in
red-leafed varieties (48).

Onions, spinach and pepper fruits are a rich source
of flavonoids (5). A blended mix of juice and pulp of
carrot, parsley, beet, kale, broccoli, cabbage, tomato,
and spinach, as well as sugar beet fiber, garlic powder,
oat bran fiber, and rice bran was analyzed in order to
identify the phenolic composition of this vegetable
mix. Among the variety of phenolic compounds found,
flavonols were the most abundant. A total of 28 com-
pounds were identified which belong to the dihydro-
chalcones, flavone, flavonols, hydroxycinnamic acids,
lignans and glucosinolategroups(49).

Reactive oxygen species (ROS) is a collective term
that describes O2-derived free radicals, such as supe-
roxide anion (O2¢-), hydroxyl (HO¢), peroxyl (RO2¢),

and alkoxy (RO¢) radicals; O2-derived nonradical spe-
cies such as hydrogen peroxide (H202) are also inclu-
ded. Reactive species of oxygen (ROS) are relevant
mediators and influential factors in the development of
colorectal cancer (50). Phenolic compounds with an-
tioxidant potential are shown to play an important role
in modulating the ROS level in the intestinal contents.
Olejnik, Kowalska (45) studied the effect of digested
purple carrot extract, rich in anthocyanins, on ROS ge-
neration and oxidative DNA damage in colon cells. Di-
gested purple carrot extract exhibited intracellular
ROS-inhibitory capacity, with 1 mg/mL showing the
ROS clearance of 18.4 %. Digested purple carrot ex-
tract showed a 20.7 % reduction in oxidative DNA da-
mage in colon mucosa. These findings indicate that
purple carrot extract is capable of colonic cells protec-
tion against the adverse effects of oxidative stress. For
this reason,phenolics contained in purple carrot extract
may have a protective capacity of colonic cells (45).

Treatment of rats with CCl4 plus lettuce extract
ameliorated the toxic effects of CCl4. This plant con-
tains flavonoids that scavenge the oxidative damage to
different cells and organs. These results demonstrate
that ethanol lettuce extract treatment increases the an-
tioxidants defense mechanism against CCl4-induced
toxicity and provides evidence that it may have a the-
rapeutic role in free radical mediated diseases(51).

Nevertheless, sole dietary consumption of plant-
based foods allows us to utilize fully the phenolic
compounds present in those foods. There are a lot of
factors that affect the bioactivity of phenolic com-
pounds present in plant foods. This subject will be
further discussed.

DIETARY PHENOLIC COMPOUNDS

Phenolic compounds are derived from the secon-
dary metabolism of plants. Phenolics are chemical
compounds that have at least one aromatic ring to
which one or more hydroxyl groups are bonded to aro-
matic or aliphatic structures (52). There is a wide va-
riety of phenolic compounds. Nonetheless, this study
will focus only in 2 groups:

1) Flavonoids, composed of two aromatic rings linked
through an oxygen heterocycle and depending on
the degree of hydrogenation (Figure 1) and the re-
placement of the heterocycle they can be sub-clas-
sified as flavonols, flavones, isoflavones,
anthocyanins, proanthocyanidins, flavanones,
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etc.Flavonoids are mostly found in the form of

glycoside, the main sugars to which they are linked

are glucose, rhamnose, galactose and xylose.

2) Non-flavonoids, like benzoic and cinnamic com-
pounds, which are commonly called phenolic acids,
these contain an aromatic ring that can be attached
to different functional groups or esterified to orga-
nic acids (Figure 2). Some other phenolic com-
pounds are stilbenes, tannins, lignins, and lignans.
Properties, like color, flavour and astringency are
caused by the presence of such compounds.

In recent years, phenolic compounds have been of
increasing interest to science and industry for their be-
neficial health effects, especially because of its antio-
xidants properties. Halliwell and Gutteridge (53)
defined an antioxidant as “any substance that, when
present at low concentrations compared with that of an
oxidizable substrate, significantly delays or inhibits
oxidation of that substrate”. An antioxidant should also
have the ability that after scavenging the radical, to
form a new radical that is stable enough intramolecular
hydrogen bonding on further oxidation (54). Free ra-
dicals, in turn, are molecules with an unpaired electron
and seek electrons from other molecules to gain stabi-
lity. Molecules as proteins, lipids or DNA, are known
to function as a target for these free radicals, which may
lead to a deteriorative process called oxidation (2, 55).

Antioxidant activity of phenolic compounds is at-
tributed to their capacity to act as reducing agents to
free radicals. Some common phenolic compounds
found in nature are flavonoles, flavones, isoflavones,
anthocyanins, flavonones, chatequines and proanthoc-
yanidins(2, 35, 55). Additionally, the potential phenolic
compounds have also been attributed, at least partially,
to its anti-inflammatory properties (56).

The main factor on antioxidant activity of phenolic
compounds is its number and position of hydroxyl
groups. Flavonoids possess more hydroxyl groups thus
present higher antioxidant activity.

Moreover, the solubility and stearic effects of each
molecule may be affected by the structure the mole-
cule; for example, the presence of glycosylated deriva-
tives of other adducts, can increase or decrease the
antioxidant activity of phenolic compounds. Flavonoid
compounds are commonly present in plants as glyco-
sides, but can be released by the action of enzymes to
its corresponding aglycone. The antioxidant activity of
phenolic acids is also based on the binding of these

compounds to organic acids and sugars. The mecha-
nisms by which these compounds act may vary depen-
ding on the concentration and types of compounds
present in foods (52).

FACTORS AFFECTING THE
BIOAVAILABILITY OF DIETARY
PHENOLIC COMPOUNDS

A balanced diet provides many different phenolic
compounds. Thus their bioavailability may vary, besi-
des the diet changes in every country and every season.
To consider phenolic compounds nutraceutical poten-
tial it is important to know how much of a phenolic is
present in specific food or dietary supplement; also, it
is necessary to know how much of it is bioavailable.

Bioavailability is defined as that fraction of an in-
gested nutrient or compound that reaches the systemic
circulation and the specific sites where it can exert its
biological action.Bioavailability depends on proper ab-
sorption, the release of a dosage form and presystemic
elimination. Therefore, bioavailability also depends on
the route of administration and dosage form used, but
can vary from one individual to another, especially
when factors that alter the absorption (57).

Bioavailability is related to other two concepts:
bioaccessibility and bioactivity. In this sense, bioacces-
sibility is described as the amount of any food consti-
tuent that is released from the food matrix, detectable
in the gut, and that may be able to pass through the in-
testinal barrier (21). This is crucial because only the
compounds that released from the matrix or absorbed
in the small intestine are potentially bioavailable and
bioactive (Figure 3) (58).

Furthermore, recently it was proposed that once a
compound is absorbed it is inevitably bioactive, because
of this was suggested that the concept of bioavailability
includes bioactivity (59). Nonetheless, it is important to
note that the fact that a compound being bioavailable
does not always imply its bioactive (Figure 1).

Phenolic bioavailability varies over a wide range
from 0.3% estimated for anthocyanins to 43% in the
case of isoflavones(55). In this sense, bioavailability is
influenced by phenolic structure, food processing and
matrix, host, among others; besides all these factors can
interact with each other and influence phenolic com-
pounds bioavailability (Table 1).

Factors Related to

Phenolic Chemical Structure



92

Figure 1. Graphic representation
of flavonoids common structure
(40)

-Solubility

The degree of solubility is
given by the chemical structure of
a molecule. It has been observed
in both in vivo and in vitro studies,
using phenolic compounds with
different solubility, that there is va-
riation in susceptibility to diges-
tion, fermentation, and absorption
from the gastrointestinal tract (52).
These lead to suggest a classifica-
tion of phenolic compounds that
distinguishes between extractable
and nonextractable phenols. Ex-
tractable polyphenols have low-in-
termediate molecular mass, and
they can be extracted using diffe-
rent solvents such as water, metha-
nol, aqueous acetone, etc. Aamong
the major extractable polyphenols,
we can find some hydrolysable
tannins and proanthocyanidins. In
the other hand, nonextractable
polyphenols are high molecular
weight compounds that are mostly
bound to dietary fiber or protein
that remains insoluble in the usual
solvent and requires an extra step
of hydrolysis during extraction to
make them soluble and bioavaila-
ble (60).Also, it has been observed
that the specific absorption of va-
rious extractable phenolics, de-
pends on their extractability with
different solvents (61).

-Glycosylation

Phenolic compounds exist as
free aglycones and glycoside
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TABLE 1. Factors that can affect dietary phenolic compounds bioavailability

Chemical

Chemical structure solubility bond with sugars

f;zgisto structure (glycosides), methyl groups, etc. stereoconfiguration. (52,55, 60)
phenolics Interaction with Bonds with proteins (i.e., albumin) or with (23,76, 81, 82, 103)
other compounds polyphenols with similar mechanism of absorption. T T T
. Thermal treatments liophylization cooking and
feal(;gilsto Food processing methods of culinary preparation storage. (3,83, 84)
. . Food matrix presence of effectors
Food Food interaction of absorption (positive or negative) (i.e., fat, fiber). (74, 75)
. . Differences between countries and seasons quantity
Factors Dietary intake and frequency of exposure, single or multiple dose. (33,87, 88)
related to Intestinal factors (i.e., enzyme activity intestinal
Host Absortion and transit time colonic microflora). (20, 88-92, 95)
metabolism Systemic factors (i.e., gender and age disorders and/ ’ ’
or pathologies genetics physiological condition)
Distribution and Exclusivity in some foods (i.e., soy isoflavones, (98, 100)
Others Food Content flavanones in citrus, etc.).Ubiquity (i.e., quercetin). ’
External factors Environmental factors (i.e., different stress (102)

conditions, degree of ripeness).

forms, the last ones can be as O-glycosides or as C-
glycosides, with a number of sugars, glucose is the most
commonly encountered, followed by galactose, rham-
nose, xylose and arabinose, while mannose, fructose,
glucuronic and galacturonic acids are unusual (62).

Aglycones and polyphenols bound to glucose, ga-
lactose or xylose are absorbed in the small intestine
after deglycosylation by B-glucosidase and lactase
phlorizin hydrolase (4), these enzymes releasing the
aglycone into the intestinal lumen for absorption by a
diffusion mechanism. Phenolic compounds bound to
rhamnose must reach the colon to be hydrolysed by
bacterial ramnosidasesbefore its absorption (55).

Flavonoids bound to sugars as B-glycosides are con-
sidered non-absorbable, only aglyconescan pass
through the gut wall. The major sites of flavonoid me-
tabolism are the liver and the colonic flora. In the liver
occurs O-methylation, sulphation, and glucuronidation
of hydroxyl groups improving flavonoid absorption;
moreover, flavonoid glycosides are hydrolysed only by
colon microorganisms, after this they can be absorbed
(63).

Most of in vivo studies show gastric absorption of
aglycones as quercetin and daidzein while glycosides
are poorly absorbed (55). However, Hollman and Katan
(64) observed that quercetin glycosides from onions
were absorbed far well than the pure aglycone. Isofla-
vonesaglycones are absorbed in the stomach while their

glycosides are absorbed in the intestine (4)

Within the glycosylated polyphenols, anthocyanins
appear to be an exception, since the predominant
forms in blood are their intact glycosides. Some au-
thors have suggested the existence of a particular me-
chanism of anthocyanins absorption at the gastric
level, which could involve transport via gastric bili-
translocase (2, 55, 65).

-Acetylation and Methylation

The acylated flavonoids such as epicatechin and
epicatechingallateare absorbed without prior hydrolysis
or deconjugation(4, 66). Studies have shown that ap-
proximately 50% of the amount of (—)-epicatechin that
reaches the intestinal cells is absorbed, and a percen-
tage of metabolites (especially sulfate conjugates) eli-
minated by efflux into the intestinal lumen, and there
exists a relatively modest elimination of (—)-epicatechin
by bile; it also has been observed a potential absorption
of (—)-epicatechin and elimination by efflux in another
segment of the gut lumen (67).

The O-methylation of flavonoids is a natural xeno-
biotic transformation by the O-methyl transferases,
they are high selective enzymatic systems in plants, mi-
crobes, and mammalians (68). Methylation of phenolic
compounds significantly increases their ability to be
transported across biological membranes, making them
more stable to metabolic changes also increase biolo-
gical efficacy, particularly its antitumor activity. In this
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sense, O-methylated flavonoids exhibited a superior
anticancer activity than the corresponding hydroxyla-
ted derivatives, being more resistant to the hepatic me-
tabolism and showing a higher intestinal absorption
(69). Moreover, methylated flavonoids showed effects
on transport proteins that play a central role in the de-
fense of organism against toxic compounds (multidrug
resistance proteins) (70). It has been suggested that in-
creasing the degree of methylation and decreasing the
number of free hydroxyl groups that are available for
conjugation with glucuronic acid and sulfate groups,
stability and ability to transport across biological mem-
branes is increased (71).

-Polymerization

Bioavailability and metabolism of monomeric phe-
nols have been extensively studied, but little is known
about the bioavailability of polymeric phenolics such
as tannins, and the results are still controversial. Tannins
bioactivity mostly depends on their grade of polymeri-
sation and solubility. For example, highly polymerized
tannins exhibit low bioaccessibility in the small intes-
tine and low fermentability by colonic microflora(72).

Factors Related to Food

-Food Matrix

The biological properties and bioavailability of
some phenolicsdepends largely on their release from
the food matrix and their subsequent interaction with
target tissues. Today, the food matrix is considered as
the factor most decisive in the bioavailability and ab-
sorption of dietary polyphenols (73).

Most cereal phenolics have covalent interactions
with glycosides from the cell wall, forming ester lin-
kages which are not hydrolysed by Phase I and II bio-
transformation enzymes, this limiting their release into
the colon to be metabolized by intestinal microbiota
(74, 75).Such interactions depend on the specific po-
rosity and surface properties of the cell wall that can
measure between 4 and 10 mm diameter which restricts
the penetration of molecules with high molecular
weight polyphenols (>10 kDa) (76). These bound phe-
nolics are denominated conjugated.

Free and some conjugated phenolic acids are
thought to be readily available for absorption in the
human small and large intestines; however, those co-
valently bound to indigestible polysaccharides can only
be absorbed after being released from cell structures
by digestive enzymes or microorganisms in intestinal

lumen.The bound phenolic acids have very low bioa-
vailability because the bran matrix severely hinders
their access to the necessary enzymes (such as ferulate
esterases, xylanases) that contribute to their release in
the human gastrointestinal tract(55, 77).

Also, during the mastication of plant foods, the cells
are disrupted, and polyphenols are released from the
cell; this can cause phytochemicals interact with com-
ponents of dietary fiber as cellulose, hemicellulose, and
pectin, which affects bioavailability, increasing or de-
creasing (78-80).

Furthermore, some phenolic acids such as chloro-
genic and caffeicacids, can form interactions with pro-
teins, however, these interactions proved to be slightly
disrupted during an in vitro digestion process and does
not affect its bioavailability and absorption (81, 82).

-Food Processing

Food processing can either increase or decrease the
phenolic content,it depends on the process. For exam-
ple, milling processes have shown to increase the sol-
vent-extractable phenolic content, because this
processes increase the specific surface area of the par-
ticle and thus increase the accessibility of phenolic com-
pounds to extraction solvents (77). Thermal processing
techniques such as steaming, autoclaving, drying, roas-
ting, and microwave heating are widely used in cereal
processing for improving sensorial characteristics, sta-
bility and safety of the products, also, some of these
techniques have shown the potential to increase the ex-
tractability of phenolic compounds in the materials, es-
pecially autoclaving (increase =~ 50%) (83).

On the other hand, some processes tend to decrease
the extractable phenolic content. For example, extru-
sion cooking causes decomposition of heat-labile phe-
nolic compounds (3).

The storage is included as a food process that can
or cannot cause-effect, increase or decrease the pheno-
lic content. Broccoli and lettuce were stored at modi-
fied atmospheres (argon, helium and nitrogen
atmosphere containing 2% oxygen) during9days, the
authors observed that the content of total phenolics was
reduced in relation to the control sample (stored in air)
(84). Oppositely, frozen red raspberries were stored at
4 °C for 3 days, and then at 18 °C for 24 h, after this,
the authors observed that anthocyanin levels were unaf-
fected while elligitannins increased (85).

Factors Related to Host
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-Dietary Intake

Phenolics dietary intake it is affected by the food
availability, every country and seasons offer a different
wide range of possibilities; besides, the quantity and
frequency of exposure to particular compounds is de-
terminant. Additionally, the diet of each host is diverse,
because of this every host responds in a different way
to phenolics. There are reports demonstrating that sub-
jects with low circulating levels of antioxidants respond
promptly to a rich phenolic diet. However, once plasma
levels reach a certain concentration, there is no signi-
ficant increase (86). This could be a defense mecha-
nism of the human body homeostasis, avoiding
accumulation in tissues where antioxidants might be
potentially dangerous (87).

-Absorption and Metabolism

Renouf et al. (88) performed a dose—response study
with ten healthy subjects, measuring plasma bioavai-
lability of coffee phenolics and their metabolites; they
observed significantinterindividual variability in
plasma appearance, and this variability was greater for
the most abundant metabolites. Multiple factors could
explain this variability, from genetic background to gut
microbial composition. However, they affirm that to
identify the cause(s) of this variability of the metabolic
fate of coffee metabolites remains very difficult.

Mechanism of Absorption of Phenolic Acids

Nowadays, the precise mechanism of absorp-
tion of phenolic compounds is being studied. In this
study, the mechanism in which ferulic acid is absorbed
will be explained as a model of all phenolic acids.

A study by Konishi and Shimizu (89), on the tran-
sepithelial transport of ferulic acid, using Caco-2 cell
monolayers, reported that ferulic acid transport was de-
pendent on pH, in the apical-basolateral direction, and
that the permeation rate of ferulic acid was concentra-
tion-dependent; they also reported that ferulic acid uses
various substrates for monocarboxylic acid transporters
(MCTs); and it is suggested that other phenolic acids
could be recognized and transported by MCT by intes-
tinal absorption. In contrast, a study published by Po-
quet, Clifford (90) used co-cultured Caco-2 and
mucus-producing HT29-MTX cells to study ferulic acid
uptake, they found that ferulic acid was permeated by
passive diffusion suggesting a transcellular transport.
On the other hand, phenolic acids could have different
transport mechanisms since they possess different che-
mical structures and properties. This is the case of ros-

marinic acid, a study by Konishi and Kobayashi (91),
reported that rosmarinic acid could be absorbed via pa-
racellular, and that it could be further metabolized and
degraded into m-coumaric and hydroxylatedphenylpro-
pionic acids by gut microflora, and then absorbed and
distributed by the MCT. In a similar way, the transport
mode of p-coumaric acid and gallic acid, under a Caco-
2 cell monolayer was studied. The authors reported that
while the transepithelial transport of p-coumaric acid is
via the MCT, the permeation of gallic acid appears to
be via paracellular(92).

Additionally, once absorbed some phenolic acids
may undergo through phase II metabolism. As it is the
case of caffeic and dihydrocafteic acids, both possess
the catechol group, this makes it a target for sulfation
at the 3-OH group by human liver S9, intestinal S9 and
SULT1A1; the latter has been suggested as the most
active enzyme in the sulfation of caffeic and dihydro-
caffeic acids. Furthermore, glucuronidation can also
occur in caffeic acid, UGT1A1 and UGT1A9 are the
active enzymes reported in this process. While
UGT1AL1 catalyses the formation of caffeic acid-4-O-
glucuronide, UGT1A9 conjugated the 3-OH and 4-OH
groups of caffeic acid (93).

Moreover, in vivo studies

As it can be observed, the absorption of phenolic
acids is not well known nor its mechanisms. The infor-
mation on this subject is yet quite limited, and more
studies are needed to understand the exact mechanisms
of the most important phenolic acids in regard of their
beneficial health effect.

Mechanism of Absorption of Flavonoids

In 2015, Actis-Goretta, Dew (94) reported a
study on the absorption of hesperetin-7-O-rutinoside
(hesperidin) using in vivo models (humans); they re-
port that hesperidin was hydrolysed by brush border
enzymes without involvement of pancreatic, stomach,
or other enzymes, additionally no hesperidin metabo-
lites were detected in blood, only amount traces were
excreted in urine. In this sense, epicatechin is suggested
to be absorbed in the jejunum and that its conjugation
is a major determinant of the metabolic fate of epica-
techin in the body (67). A study using Caco-2 cell mo-
nolayers found that quercetin and naringeninare poorly
absorbed by Caco-2 cells; quercetin was absorbed by
passive diffusion and a pH-dependent mechanism me-
diated by the organic anion transporting protein B, and
that intestinal permeability was higher for naringenin
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than for quercetin. It is also mentionedthat,naringenin
transport is somewhat ATP-dependent (95). Moreover,
genistein absorption was studied by Liu and Hu (96)
using Caco-2 cell monolayers and rats; in Caco-2 cells
they reported that aglycones of genistein are 5 times
more permeable than their corresponding glycosides;
besides in rats, aglycones of genistein underwent phase
II transformations of glucuronidation and sulfation.

The wide variety of flavonoids, their different mo-
lecular size, chemical structure, and chemical proper-
ties can vary the way in which they are absorbed,
transported, metabolized and excreted. For this reason,
it is highly important that the mechanisms of absorp-
tion are studied for each phenolic compound of interest,
without assuming any general behaviour on their ab-
sorption and further metabolism.

Other Factors

-Distribution and Food Content.

Plant polyphenol composition is highly variable
both qualitatively and quantitatively; while some phe-
nolics are ubiquitous, as quercetin, others are restricted
to specific families or species (i.e. isoflavones in legu-
mes, flavanones in citrus). Some phenolics as anthoc-
yanins are very common,they can be found in all parts
of the plant, although they are accumulated mostly in
flowers and fruits, but are also present in leaves, stems
and storage organs. In general, the level of anthocya-
nins in fruits is much higher than in vegetables, among
fruits the richest in anthocyanins are various berries and
black currants (97).

It has been observed that genetic factors, environ-
mental conditions, and growth or maturation stages are
determinant influences in phenolic content, causing
large variations even within single species (52).

For example, in grapes and apples, anthocyanins are
found only in the red varieties (because of the color)
and accumulate toward the end of ripening. Pinot noir
grapes contain only anthocyanin 3-glucosides, whereas
other grape cultivars also contain acylatedanthocya-
nins(98). Most of the phenolics in apples are hydroxy-
cinnamic acids, flavanols and dihydrochalcones, these
compounds are very common in most of the fruits, but
dihydrochalcones like phloridzin and phloretin are uni-
que to apples and apple trees (17, 38, 99).

In the case of tannins, hydrolysable tannins are cha-
racterized by a restricted taxonomic distribution and
are mainly associated with dicotyledonous plants; it has

also been observed that most of the plants that can
synthesize hydrolysable tannins are unable to synthe-
size condensed and vice versa (100).

-External Factors

There several factors related to polyphenolics pro-
duction in plants, among this there are external factors
as environmental conditions, UV light exposure, insect
and pathogens attack. Plants responses to light UV ra-
diation include increased content of phenolic com-
pounds, such as of hydrolysable tannins, flavonol, and
anthocyanin compounds. Flavonols have been impli-
catedin providing photoprotection against UV irradia-
tion through a screening function. Furthermore, the
total phenol content increased proportionately with the
dose of UV radiation (101). These increase in phenolic
content is bigger especially with UV-C light, exposure
of C. nivalis cells to UV-A light (365nm) for 5 days re-
sulted in a 5-12% increase in total phenolics, whereas
exposure to UV-C light (254 nm) led to a 12-24% in-
crease in phenolics after 7 days of exposure (102).

Among all phenolic compounds, tannins have been
major associated to insect attack. It has been observed
that insect damage and wounding can have strong sti-
mulatory effects on tannin production in some plants,
suggesting that tannin synthesis contributes to induced-
defense by deterrence and/or toxicity (100, 103).

CONCLUSIONS

Epidemiological studies relate a decreased rate of
chronic diseases in individuals with higher intake of
phenolic-rich foods. Nevertheless, little is known about
the biological activities of phenolic compounds that
have gone through the digestion process and its relation
to the factors affecting its bioaccessibility. In this regard,
it has been argued that the phenolic compounds once
ingested, are oxidized during digestion and lose their
biological properties. On the other hand, epidemiologi-
cal evidence suggests that consumption of polyphenol-
rich foods reduces the incidence of chronic diseases.

There have been efforts to study phenolic’s meta-
bolism; nonetheless, the main limiting factor in this
kind of research is the lack of chromatographic stan-
dards of each metabolite produced. Obtaining these
standards may be difficult considering the wide spec-
trum of phenolic compounds that exist in nature and
the high number of metabolites that are produced du-
ring digestion and metabolism.

Finally, it is recommended as highly critical that
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each factor that affects polyphenols bioavailability must
be considered to be properly used in the pharmacologi-
cal industry. In this sense, it is important to obtain the
pharmacokinetic of phenolic compounds, their interac-
tion with other drugs, interaction with other food cons-
tituents and their effective doses. Additionally, to create
further dietary recommendations, it is relevant to un-
derstand phenolic compounds relationship with food
matrix and how it affects their bioaccessibility.
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