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Summary There are many scientific reports on determination of the content and biological activity of compounds
found in food. However, these analyses are not sufficient to determine their effect on the human body.
During digestion of food ingredients, many changes can modify their structure and this may affect their
absorption and bioactivity. Many phenolic aglycones are hydrophilic and can be absorbed through bio-
logical membranes by diffusion. However, most polyphenols occur in the glycosidic form, which undoubt-
edly affects their absorption in the intestine. Oligopeptides are also absorbable via secondary active
transport but based on the hydrogen ion gradient or with transporter PepT1. The bioavailability of phy-
tochemicals is determined by their molecular weight or chemical structure and the food matrix. Accord-
ingly, the aim of this work was to present the novel scientific reports related to the influence the many

factors on digestibility, bioaccessibility and activity of selected bioactive compounds of plant origin.
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Introduction

Nowadays food of plant origin plays a very important
role in the human diet as a valuable source of many
bioactive components: phenolic compounds, vitamins
or bioactive peptides (Figure 1). These phytochemicals
may be beneficial to human health and protect against
the negative influence of many pathogenic agents (Del
Rio et al., 2013; de Castro & Sato, 2015; Diaz-de-
Cerio et al., 2016; Maestri et al., 2016; Marhuenda
et al., 2016). Determination of the bioactivity and con-
tent of nutritive compounds is not sufficient for predic-
tion of potential in vivo effects associated with
intensive metabolism that takes place during absorp-
tion. Therefore, there is a need to establish the best
approach for assessment of the bioavailability and bio-
logical effectiveness of entire pool of active phytocom-
ponents.

The bioefficacy of active compounds depends on
several factors: food matrix, digestibility, bioaccessibil-
ity, solubility, transporters, molecular structures and
metabolising enzymes. Investigation of the bioavail-
ability of food constituents is challenging due to the
different mechanisms of their absorption and often a
complex nature of bioactive compounds.

According to Carbonell-Capella et al. (2014), the term
‘bioavailability of compounds’ includes gastrointestinal
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digestion (liberation), absorption, tissue distribution,
metabolism and excretion, and is determined in vivo in
animals or humans (LADME). In turn, bioaccessibility
is generally determined by an in vitro digestion
procedure that includes several stages: liberation from
the food matrix, conversion during digestion conditions
and absorption by the cells of the intestinal
epithelium (Figure 2). Bioactivity is defined as a specific
effect obtained after exposure to a substance and may
be assessed in vivo, ex vivo or in vitro. It includes
tissue uptake and the respective physiological
(antioxidant, anti-inflammatory, anti-allergic, antibacte-
rial or anticancer) response (Carbonell-Capella et al.,
2014).

This review focuses on the digestibility, bioaccessi-
bility and valuable properties of many bioactive com-
pounds of plant origin.

Metabolism of polyphenols

Phenolics are the main group of secondary plant
metabolites present in food and beverages. It is a
heterogeneous class of phytochemicals, for which the
main basis of classification is the presence of at least
one aromatic ring in the structure with one or more
hydroxyl groups attached (Del Rio et al.,, 2013).
Phenolics vary in their chemical structure and proper-
ties, ranging from simple molecules (such as phenolic
acids) to highly polymerised molecules, for example
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Figure 1 Profile of bioactive compounds from plant-derived food.

proanthocyanidins (Landete, 2012). Based on their
chemical structure, they are divided into two main
groups: flavonoids and nonflavonoids. The non-
flavonoids include phenolic acids, that is phenols with
only one aromatic ring (C6), and stilbenes with a basic
skeleton formed by two aromatic rings joined by a
methylene bridge (C6-C3-C6). On the other hand,
flavonoids are a large group of compounds with a
flavane nucleus consisting of two benzene rings linked
by an oxygen-containing pyran ring (C6-C3-C6)
(D’Archivio et al., 2010).

Phenolic compounds are essential for the quality of
plant-derived food products due to their involvement
in oxidative stability and organoleptic properties.
These phytochemicals possess many biological activi-
ties and a documented positive impact on
human health. There are data about the antioxidant,
anti-allergic, anti-atherosclerotic, anti-inflammatory,
antibacterial and antithrombotic properties of phenolic
compounds (Del Rio ef al., 2013; Chen et al., 2015;
Diaz-de-Cerio et al., 2016; Marhuenda et al., 2016).
Most of these studies were conducted as in vitro exper-
iments. However, the physiological activity of polyphe-
nols does not depend directly on their prevalence in
the human diet. Indeed, these compounds are poorly
absorbed from the colon or metabolised and are
rapidly excreted from the body. Metabolites formed
from phenolic compounds in the gastrointestinal tract
may differ in their biological activity from the initial
materials after transfer of the blood to the target
organs (Crozier et al., 2010; Marin et al., 2015). There
are differences in the activity of antioxidants, including
phenolic compounds, in individual cell organelles,
compared to their activity in the whole cell. The cell
membrane is a barrier that affects the bioavailability
of intracellular antioxidants, which may decrease their
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Figure 2 Scheme of steps in bioavailability process of bioactive
compounds food matrix.

genotoxic or genoprotective effect (Del Rio et al.,
2013). Their relatively low absorption from the gas-
trointestinal tract limits the biological effect of
polyphenol compounds on the organism. It has been
shown that the intestinal absorption of polyphenols
and their metabolites circulating in the plasma is deter-
mined by their chemical structure (D’Archivio et al.,
2010). The bioavailability of each class of polyphenols
is determined mainly by molecular weight,
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Figure 3 Scheme of gastrointestinal fate of polyphenols.

glycosylation and esterification. Many phenolic agly-
cones are hydrophilic in nature and can be absorbed
through biological membranes by diffusion (Figure 3).
However, most polyphenols contained in fruits and
vegetables occur in the glycosidic form, which
undoubtedly affects their absorption in the intestine.

Phenolic acids

Phenolic acids (C6-C3) are widespread dietary non-
flavonoid compounds. There are two groups:

© 2016 Institute of Food Science and Technology
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hydroxybenzoic acid derivatives and hydroxycinnamic
acid derivatives. Phenolic acids from the hydroxyben-
zoic family generally occur in low concentrations in
food. Only in red fruits, onion, potatoes or black rad-
ish, the content of gallic, ellagic, protocatechuic and 4-
hydroxybenzoic acids is relatively higher. Bioavailabil-
ity studies demonstrate that gallic acid is very well
absorbed. It has been proved to be absorbed in the
stomach, small intestine or both. After consumption of
gallic acid in the pure form or in a food source, it
occurs in plasma and urine primarily in the 4-O
methylated and O-glucuronidated forms (Lafay & Gil-
Izquierdo, 2008). Also Quirds-Sauceda er al. (2014)
reported that gallic and protocatechuic acids were
identified in all the digestion phases in an in vitro
experiment.

Hydroxycinnamic acids, such as caffeic acid, ferulic
acid, sinapic acid or p-coumaric acid, are rarely found
in the free form in food. Mostly, they are esterified
with quinic and tartaric acids or carbohydrate deriva-
tives (D’Archivio et al., 2010). When ingested in the
free form, hydroxycinnamates were rapidly absorbed
from the stomach or the small intestine and next con-
jugated by the intestinal and/or hepatic detoxification
enzyme (Lafay & Gil-Izquierdo, 2008). In esterified
forms, hydroxycinnamic acids are digested in the colon
(Olthof et al., 2016). During comparison of the diges-
tion of aleurone-enriched bread and whole-grain
bread, Dall’Asta et al. (2016) found that caffeic and
sinapic acids appeared as the most bioaccessible phe-
nolic acids both in the aleurone-rich and whole-grain
bread, while total ferulic acid and p-coumaric acid
were less bioaccessible.

Stilbenes

The importance of stilbenes as food ingredients is low.
The most famous representative of this group is resver-
atrol (3,5,4'-trihydroxystilbene), which occurs particu-
larly in grapes, peanuts, berries, pistachios and red
wine (Zamora-Ros et al., 2008). Trans- and cis-isomers
of resveratrol have been found in plants, but trans-
resveratrol is more stable in nature. Cis-isomerisation
occurs when resveratrol is exposed to light. At the
intestinal level, resveratrol is absorbed by passive diffu-
sion or formation of complexes with membrane trans-
porters, such as integrins. Resveratrol in the
bloodstream was found in three different forms: free
or as glucuronide or sulphate derivatives. This is the
effect of modification of the compound by enterocytes
or hepatocytes or both (Burkon & Somoza, 2008).

Flavonoids

Flavonoids are a large group of polyphenols classified
according to the oxygenation state of the heterocycle.
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Due to structural differences, flavonoid compounds
have been divided into six subclasses: flavonols, fla-
vanones, flavan-3-ols, isoflavones, flavones and antho-
cyanins. Other groups of flavonoids, which have a
relatively small share in the diet, comprise dihy-
droflavones, flavan-3,4-diols and coumarin (Jaganath
& Crozier, 2010). To date, more than six thousand dif-
ferent flavonoids have been identified and new com-
pounds from this group are still being discovered.
Most flavonoids, except catechins, occur naturally in
plants in conjunction with B-glycoside sugars (Ferreyra
et al., 2012).

The first step in the flavonoid metabolism is the
hydrolysis of the glycosidic bond, which may take
place in the lumen of the intestine or in enterocytes
directly before absorption; the type of the substituted
sugar moiety is an important factor. Polyphenols con-
taining glucose, arabinose and xylose can be substrates
of human endogenous cytosolic B-glucosidase. In con-
trast, the hydrolysis of the rhamnose glycoside bond
can catalyse only rhamnosidase produced by the
intestinal microflora (Ferreyra et al., 2012). The effi-
ciency of absorption is reduced when bacterial micro-
flora is involved in the metabolism of polyphenols; in
this case, aglycones are reduced to simple aromatic
acids. Some authors have proved that the metabolites
of phenolic compounds formed via the activity of
microflora are more active than their precursors (Ara-
ujo et al., 2013; Ozdal et al., 2016). Many enzymes,
either endogenous or produced by the microflora from
the human digestive tract, are involved in the metabo-
lism of polyphenols. These include the aforementioned
cytosolic B-glucosidase (EC 3.2.1.21), present in many
tissues but predominantly in the liver, and lactase (EC
3.2.1.108), occurring only in the intestine, which may
be responsible for the hydrolysis of many polyphenol
glycosides, in particular quercetin-3-O-glucoside. Dur-
ing absorption, the phenolic compounds are subject to
conjugation in the liver and enterocytes. These pro-
cesses involve catechol methyltransferase (EC 2.1.1.6)
catalysing polyphenol methylation, UDP-glucuroni-
dase (EC 2.4.1.17) responsible for conjugation with
glucuronide conjugates and phenol sulfotransferase
(EC 2.8.2.1) transforming aglycones in sulphate deriva-
tives. Polyphenolic compounds metabolised in the
organism are excreted in the urine or bile (Cao et al.,
2015). There are significant differences in the bioavail-
ability, the process of metabolisation and the form of
the presence of individual polyphenols in the plasma.
For example, the absence of a free hydroxy group at
position 5, 7 or 4 protects the compounds from degra-
dation (Ferreyra et al., 2012). An important role is
also played by the origin of polyphenolic compounds,
that is the source of food, as the compounds may
occur in different forms. Isoflavones and gallic acid,
followed by catechin, quercetin glycosides and
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flavanones, are best absorbed in the human digestive
tract. The weakest absorption was reported for proan-
thocyanidins, tea epicatechin gallate and anthocyanins
(Fang, 2014). Literature data suggest that antho-
cyanins are less efficiently absorbed from the gastroin-
testinal tract than other flavonoids. However, recent
studies confirm that anthocyanins can be absorbed in
the glycosidic form, not only after hydrolysis by
intestinal microflora, as assumed previously (Ozdal
et al., 2016). It is also suggested that Na "-dependent
glucose transporters and possibly bilitranslocase (TC
2.A.65.1.1), that is a membrane transporter of organic
anions present in gastric mucosal cells, may be
involved in the anthocyanin glycosides transport
through the gut wall. The presence of mono-, di- and
triglycosides of cyanidin, peonidin and delphinidin
both in the blood and in the urine may confirm this
hypothesis (Zou et al., 2014). Metabolism of antho-
cyanins leads mainly to the formation of glucuronide
and methylated derivatives and, to a lesser extent,
UDP-glucuronic transferase, UDP-glucose dehydroge-
nase, or catechol methyltransferase sulphonated under
the influence of enzymes present in the small intestine,
liver and kidney. Various concentrations of antho-
cyanins and their metabolites in urine determined in
different studies suggested that the absorption of
anthocyanins depends on the chemical structure of
the compound, the type and number of substituted
sugar moieties, and the acylation type (Gonzdlez-Bar-
rio et al., 2010; Fang, 2014). Bioavailability results of
anthocyanins may be discarded for two main reasons:
some essential metabolites may be omitted from the
analysis (or degraded during storage of the samples
intended for analysis) or methods have not been well
adapted to the analysis of anthocyanin metabolites.
Many researchers indicate that the anthocyanin con-
tents exhibited statistically significant decreases after
simulated digestion. This effect does not necessarily
indicate a reduction in the amount of the compounds.
Structural transformation of anthocyanins, especially
under the varied pH conditions of the digestion
model, would render them undetectable by the total
monomeric and HPLC-based methods employed for
the analysis. This conclusion can be confirmed by the
analysis of total phenolic contents (Jayawardena
et al., 2015). It is well known that various chemical
forms of anthocyanins remain in chemical equilib-
rium, depending on the pH. In most studies, the total
anthocyanin content assays involve UV/Vis detection
based on the total conversion of all chemical forms of
anthocyanins in an acidic cation flavylium colour. It
is possible, however, that some forms occurring in an
inert environment will not be converted to this
embodiment, due to the binding or chemical reactions
with other components of the urine or plasma (Fang,
2014).

© 2016 Institute of Food Science and Technology



Methods for determination of bioavailability of
anthocyanins include experiments performed in a labo-
ratory (in vitro) or humans (in vivo). In the last decade,
in vitro studies concerning anthocyanins absorption
were carried out on Caco-2 cells (Kamiloglu et al.,
2015). Studies investigating anthocyanin absorption by
Caco-2 cells reported very low transport of these com-
pounds. Anthocyanin absorption may be influenced by
the aglycone structure (e.g. delphinidin showed lower
transport efficacy than malvidin and peonidin), the
type of sugar moiety (glucose-based anthocyanins had
higher bioavailability than galactose-based antho-
cyanins), polymeric structure (polymeric anthocyanins
show lower absorption than the monomeric com-
pounds) and the presence of other food components
(Gonzalez-Barrio et al., 2010; Fang, 2014). On the
other hand, the in vivo studies of Czank et al. (2013),
in which isotopically labelled cyanidin-3-O-glucoside
containing three '*C atoms on the A ring and two '*C
atoms on the B ring was used, indicate that antho-
cyanins are more bioavailable than previously
observed, and their metabolites are present in blood
for <48 h after ingestion (relative bioavailability of
12.38 4+ 1.38%). The differences between the individ-
ual participants of this study are probably a result of a
high variation in gastric and intestinal transit times,
the amount and composition of microflora, and the
ability to excrete metabolites.

The latest studies suggest that anthocyanins could
be absorbed through the gastric wall, which is con-
firmed by detection thereof in the parent forms in
plasma (Fernandes et al., 2014). A probable mecha-
nism of anthocyanin absorption is based on binding
this molecule to an unidentified protein in the stomach
tissue (nonspecific binding or perhaps specific binding
to some protein transporter), so thus it could not be
quantified as free anthocyanin by HPLC (Fernandes
et al., 2014). The anthocyanin fraction that is not
absorbed in the stomach reaches the small intestine,
where it is converted to carbinol pseudobase. Proba-
bly, anthocyanin glycosides are absorbed in the small
intestine via the specific glucose transporter GLUT2
(Yoshikawa et al., 2011). Kalt et al. (2016) proved that
anthocyanin metabolites, mainly aglycones, especially
aglycone glucuronides, were present in human urine
even 5 days after consumption, which suggests that
anthocyanin absorption is greater than previously sug-
gested.

Ellagitannins

Ellagitannins are bioactive polyphenols abundant in
some fruits and nuts, such as pomegranates, black
raspberries, raspberries, strawberries, walnuts and
almonds. Due to their large sizes, these compounds
are not adsorbed via intestines. Ellagitannins are stable
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in the acidic environment of the stomach, but they are
degraded in the small intestine to ellagic acid (EA),
which is poorly bioavailable. In the large intestine, it
may be transformed by colonic microflora to uro-
lithins. Urolithins are much more bioavailable than
ellagic acid, but their quantity depends of the number
and type of human gut bacteria (Espin et al., 2013).
Tomds-Barberdn et al. (2014) identified three pheno-
types of urolithin producers: phenotype 0 (nonuro-
lithin producers), phenotype A (produces only
urolithin A) and phenotype B (produces urolithin A,
isourolithin A and urolithin B). In their in vivo study,
Gonzadlez-Sarrias et al. (2015) found individual vari-
ability in the amount of EA absorbed and the pharma-
cokinetic profile. Volunteers showed peaks of
absorption over 5-24 h. These authors also proved
that high intake of free ellagic acid did not enhance
ellagic acid bioavailability when it was consumed with
a pomegranate extract. Garcia-Villalba ez al. (2016)
identified several urolithin aglycones present in faecal
samples and some glucuronide and sulphate conjugates
in plasma and urine.

Proanthocyanidins

Proanthocyanidins, also known as condensed tannins,
are derivatives of flavonoids, mainly flavon-3-ols, fla-
van-3,4-diols or both. The most popular are the dimers
of (+) catechin and (—) epicatechin. These polymers do
not contain sugar moieties. Condensed tannins are
widespread in fruits and vegetables, that is grapes,
wine, blackberries, cranberries, plums and cherries.
They are present mainly in fruit skin and are responsi-
ble for the characteristic taste of fruits (Landete,
2012). High molecular weight proanthocyanidins are
almost nonresorbable in the digestive tract, which con-
firms their minimal concentration in the urine (Stoupi
et al., 2010). Only a few per cent of condensed tannins
are bioaccessible in the small intestine, and the rest is
transformed by colonic microbiota in the large intes-
tine into phenylpropionic, phenylacetic, hippuric and
benzoic acids with different hydroxylation patterns
(Del Rio et al., 2010; Stoupi et al., 2010).

Consumption of plant foods is associated with a
simultaneous intake of substantial levels of polyphe-
nols, all of which may be present at various concentra-
tions. Thus, the interaction between the compounds in
the intestines can affect the bioavailability of the final
products (Bohn, 2016).

Food matrix (interaction between phenolic compounds
and other food components)

One of the factors that affect the bioavailability of
phenolic compounds described in vitro models is the
food matrix, which can determine the interactions with
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other molecules from food (Rodriguez-Roque et al.,
2015). Interactions of polyphenols with proteins, car-
bohydrates, and lipids are extensively described in the
literature (Swieca et al., 2013; Rodriguez-Roque et al.,
2015; Velderrain-Rodriguez et al., 2016). Studies of the
relationship between polyphenols and proteins in foods
have indicated that proteins can bind to polyphenols,
and thus, the protein—polyphenol interaction could
affect the bioavailability of phenolic compounds. Such
an effect was observed in studies concerning in vitro
bioaccessibility of phenolic compounds (Table 1) from
fruit juices with addition of protein from milk or soya
milk (Rodriguez-Roque et al., 2014b, 2015). Similarly,
investigations performed by Swieca et al. (2013)
demonstrated a decrease in the bioaccessibility of phe-
nolic compounds and masking of the antioxidant
potential of bread enriched with flavonoid-rich onion
skin, which resulted from protein—flavonoids interac-
tions. There are also numerous in vitro studies con-
cerning the interaction of polyphenols with
carbohydrates, especially with dietary fibres. Polyphe-
nols can combine with cell wall components from food
by hydrogen and covalent bonds, which determine the
bioavailability of phenolic compounds (Jakobek,
2015). Some studies indicated that formation of a
polyphenol-dietary fibre complex decreased the bioac-
cessibility of phenolic compounds (Bouayed et al.,
2011); in contrast, in the research conducted by
Velderrain-Rodriguez et al. (2016), dietary fibre in
mango, papaya and pineapple was not a limiting fac-
tor in the bioaccessibility of its phenolic compounds
during in vitro digestion. Therefore, as suggested by
Jakobek (2015), the bioavailability of polyphenols in
carbohydrate-rich food probably depends on the
release of these compounds from complexes, which
was determined by various factors, for example the
structure of phenolics, complexity of interaction

Table 1 Influence of food matrix on the digestibility, bioavailability

between polyphenols and carbohydrate, and the activ-
ity of enzymes. Recently, many studies (Palafox-Carlos
et al., 2011; Saura-Calixto, 2011) have indicated possi-
ble positive effects of the occurrence of the polyphe-
nol-carbohydrate complex, which could transport
dietary phenolics through the gastrointestinal tract;
next, they can be released in the large intestine and
their bioaccessibility in the colon can be enhanced.
Additionally, the results obtained by Sui et al. (2016)
indicated that anthocyanins fortification of bread may
slowing down starch digestion and can decrease gly-
caemic index of carbohydrate-rich product. Subse-
quently, the study conducted by Ortega er al. (2009)
indicates that the fat content in food (such as cocoa
samples) increases the bioavailability of some pheno-
lics, especially procyanidins, during duodenal digestion
(Table 1). These researchers hypothesise that this effect
is probably related to the ability of the fat fraction to
interact with certain polyphenolic compounds follow-
ing better micellisation of the digested phenols. Simi-
larly, in the study performed by Guo et al. (2013),
dietary fat increased quercetin bioavailability probably
by enhancing its micellisation in the small intestine
(Table 1).

Additionally, in their studies of the impact of the
food matrix on the stability of red cabbage antho-
cyanins under in vitro digestion, Podsedek et al. (2014)
suggested that other vegetable components protect
labile anthocyanins from degradation under simulated
digestion.

Besides macromolecules, phenolic compounds may
also interact with iron or zinc ions during the in vitro
digestion. This fact plays a significant role because
fruit beverages are often commercially supplemented
with some minerals to improve their nutritional or
pro-health value. As indicated in the research con-
ducted by Cilla et al. (2009), iron addition to fruit

or bioaccessibility of polyphenols

Source of polyphenols and other molecules

Effects References

Total phenolic acids and total flavonols from fruit juice (orange, kiwi,
pineapple and mango) with milk and soya milk proteins

Ferulic acid, sinapic acid, quercetin, hesperidin and rutin from blend of
fruit juice (orange, kiwi and pineapple) with soya milk proteins

TPC, TFC and PAC from blended fruit juice (from orange, kiwi,
pineapple and mango) with milk proteins

Quercetin and rutin from black and green tea with milk proteins

Polyphenols from Artemisia dranculus L. with soy protein

Polyphenols from cocoa liquor (more fat content) and cocoa powder
(less fat content)

Quercetin from fat-free, low-fat or high-fat muffins

Phenolic compounds from mango, papaya and pineapple and dietary
fibre from fruit

Rodriguez-Roque

et al. (2015)
Rodriguez-Roque

et al. (2014b)
Rodriguez-Roque

et al. (2014a)
Nizamova et al. (2011)
Ribnicky et al. (2014)

Decrease the bioaccessibility of phenolic
substances

Decrease the bioaccessibility of tested
phenolic compounds

Decrease the bioaccessibility of phenolic
substances

Decrease the bioavailability of phenolics

Increase the bioavailability and
bioaccessibility of polyphenols

Higher fat content enhanced the
digestibility of polyphenols

Dietary fat improves quercetin bioavailability

Dietary fibre does not have effect on
bioaccessibility of phenolic compounds

Ortega et al. (2009)

Guo et al. (2013)
Velderrain-Rodriguez
et al. (2016)
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beverages caused a major loss of polyphenols in the
gastrointestinal digestion in vitro, compared to non-
supplemented beverages. On the other hand, other
studies (Cilla et al., 2010) concerning fruit beverages
with zinc addition with/without iron presence indicated
that, after digestion, the zinc-fortified fruit beverages
were characterised by lower total soluble extractable
phenolic content than beverages without the addition,
probably due to chelate formation. However, after
digestion, a lower percentage decrease in the phenolic
content was observed in the zinc-supplemented bever-
ages in comparison with the control.

Many biological activities of phenolic compounds,
especially antioxidant, immunological, anti-inflamma-
tory, antiproliferative and hypoglycaemic effects, are
well documented (Chen ef al., 2015; Diaz-de-Cerio
et al., 2016; Marhuenda et al., 2016). The stability of
phenolic compounds as well as the binding or release
thereof from various combinations due to in vitro
digestion may influence the biological activity of these
compounds measured after digestion.

Most studies available in the literature relate to the
antioxidant activity of the phenolic compounds of
food subjected to in vitro digestion.

Generally, phenolic compounds from digested food
present various complementary modes of antioxidant
action. The antioxidant activities measured by the
ABTS (2,20-azino-bis-3-ethylbenzthiazoline-6-sulpho-
nic acid) and ORAC (oxygen radical absorbance
capacity) methods in fruit extracts (from araticum and
jackfruit) after in vitro digestion were significantly
(P <0.05) higher, but the activity of the papaya
extract did not show a significant difference (P > 0.05)
between digested and undigested extracts (Pavan
et al., 2014). Similarly, based on DPPH (1,1-diphenyl-
2-picrylhydrazyl) and ORAC results of phenolic
extracts from gooseberry after in vitro digestion, it
was found that the antioxidant activity was higher
than that of nondigested extracts (Chiang et al.,
2013). The authors hypothesised that the increase in
antioxidant activity could also be related to pH and
enzymatic interactions that occur during in vitro diges-
tion due to gradual release of polyphenols during the
digestive process. However, in the study conducted by
Marhuenda et al. (2016), phenolic compounds from
different berries after in vitro digestion were charac-
terised by lower antioxidant activity, which was also
confirmed by ORAC assays, than these extracts before
digestion. It is important to note that the process of
in vitro digestion in this case included dialysis, but in
the previous study, it ended at treatment with intesti-
nal enzymes. Additionally, antioxidant activity after
in vitro digestion is dependent on the food matrix and
the class of phenolic compounds. Similarly, the
antioxidant activity (DPPH and superoxide radical
scavenging assays) of phenolic compounds from wild
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blueberry decreased after intestinal digestion (Correa-
Betanzo et al., 2014).

In their investigations of the impact of digestion on
antioxidant activity of culinary spices such as cinna-
mon, cloves and nutmeg, Baker et al. (2013) observed
that digestion altered the antioxidant activity (mea-
sured with the ABTS method) of these spices although
the changes were not clear. Namely, cooking and
digesting of cinnamon and cloves resulted in a
decrease in the antioxidant activity of the analysed
samples, but there was an opposite effect in the case of
nutmeg (Baker er al., 2013). Black tea polyphenols
after gastrointestinal digestion led to an increase the
ABTS cation radical scavenging capacity (Wu et al.,
2015).

Recently, it has become evident that polyphenols
may also decrease oxidative stress through indirect
antioxidant action such as an anti-inflammatory effect.
Thus, the influence of digestion in vitro on this activity
of the phenolic compounds fraction has also been
studied. In some studies, inhibition of pro-inflamma-
tory enzymes such as lipoxygenase (LOX), cyclooxyge-
nase or xanthine oxidase has been reported. In the
study performed by Gawlik-Dziki et al. (2013), pheno-
lics from Chenopodium quinoa leaves exhibiting the
lipoxygenase inhibiting activity were characterised by
high bioavailability. Furthermore, in the studies of the
anti-inflammatory activity of phenols contained in
extracts of bread enriched with broccoli sprouts, simu-
lated gastrointestinal digestion increased the capability
of LOX inhibition as well as xanthine oxidase inhibi-
tion, but absorption in vitro resulted in a significant
reduction in these activities (Gawlik-Dziki et al.,
2014). Additionally, Baker et al. (2013) studied the
impact of cooking and digestion in vitro on the anti-
inflammatory activity (specifically the inhibition of
cyclooxygenase 2 (COX-2) and the amount of prosta-
glandin synthesised) of some spices. The capability of
COX-2 inhibition was significantly higher in cooked
and digested in vitro samples in comparison with
uncooked and in only cooked cinnamon and nutmeg
samples, but not in the case of cloves. Thus, in most
cases, digestion in vitro released compounds having
anti-inflammatory activity, but it may differ depending
on the food matrices.

Besides the antioxidant and anti-inflammatory activ-
ity of phenolic compounds, the anticancer properties
of these compounds have also been reported. Wild
blueberry polyphenols in crude extracts and after
stomach digestion exhibited significantly higher inhibi-
tion of proliferation of human colon cancer cells
(HT-29) than these after simulated intestinal digestion
(Correa-Betanzo et al., 2014). Similarly, in the study
performed by Gawlik-Dziki et al. (2014), the effects of
extracts from bread enriched with broccoli sprouts on
proliferation and motility of human stomach cancer
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cells were reduced by gastrointestinal digestion and
absorption.

Bioactive peptides

Bioactive peptides, especially derived from plant pro-
teins, exhibit a variety of activities which have benefits
to human health, such as anti-inflammatory, antihy-
pertensive, antihypercholesterolaemic, antithrombotic,
anticancer, antimicrobial, antioxidative effects, or
enhanced absorption of trace minerals (Garcia et al.,
2013; Guo et al., 2014; de Castro & Sato, 2015; Maes-
tri et al., 2016) (Table 2). Furthermore, proteins are a
rich source of peptides that may turn out to be a good
system for delivery and increased bioavailability of
various bioactive compounds (Lin ez al., 2016). Bioac-
tive peptides can be released from proteins during
in vivo and in vitro digestion, as well as different food
technology processes especially fermentation, or germi-
nation (Lopez-Barrios et al., 2016). The bioactive
properties of many peptides have been defined and
their mechanism of action described. Some of them
influence the gastrointestinal system, others require
absorption and transport into specific sites where they
will be active. However, the way in which bioactive
peptides are absorbed, distributed and metabolised is
currently not well elucidated yet (Foltz et al., 2010).

Various peptides released from the plant proteins
have been described to show beneficial effect on
health. The bioactive properties of these peptides are
related to their molecular size, amino acid composition
and hydrophobicity (Udenigwe & Aluko, 2012; Zou
et al., 2016).

In the study conducted by Sabbione ez al. (2016), an
amaranth protein isolate was obtained and subjected
to simulated gastrointestinal digestion to evaluate its
potential antithrombotic activity. The peptide fraction
obtained from the amaranth protein hydrolysate
exhibited higher antithrombotic activity (ICsy = 0.07
+ 0.0l mg mL™") (ICs, — a sample concentration
providing 50% inhibition) than protein hydro-
lysate (ICsp = 0.23 4+ 0.02 mg mL™"). Additionally, the
absorption of the peptide fraction was analysed with
an in vitro assay of peptide transport through
intestinal epithelium. The authors observed that some
peptides were able to cross the Caco2-TC7 cell
monolayer (Sabbione ef al., 2016). Antiplatelet
peptides released by simulated gastrointestinal diges-
tion of oat (ICsy = 0.282 mg mL 1), barley (ICso =
0.290 mg mL~") and buckwheat (ICsy = 0.328 mg
mL ") flours have been reported by Yu ez al. (2016).

Antioxidative peptides are widely found in a number
of plant foods and are often generated by the digestion
process. The effect of heat treatment of chickpea seeds
on the antioxidant and fibroblast growth-stimulating
activity of peptide fractions released during in vitro
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gastrointestinal digestion and absorption was investi-
gated by Kara§ er al. (2015). Chen et al. (2013)
obtained two novel ACE inhibitory tripeptides (VNP,
VWP) from an abundant rice protein hydrolysate and
showed their stability against pepsin and chymotrypsin.

A novel octapeptide (PVNNPQIH) with angiotensin
I-converting enzyme (ACE) inhibitory activity
(ICs9 = 206.7 £ 3.9 1 um) was identified by Rui et al.
(2013). The hydrolysate was produced by sequential
alcalase and papain digestion of small red bean protein
obtained by in vitro simulation under gastrointestinal
conditions (Rui ef al., 2013). Similarly, in the study
carried out by Jakubczyk & Baraniak (2014), pea glob-
ulins were digested in vitro under gastrointestinal con-
ditions and potentially bioaccessible ACE inhibitory
peptides were reported (GGSGNY, DLKLP,
GSSDNR, MRDLK and HNTPSR). The study by
Tapal et al. (2016) describes the ex vivo digestibility of
globulin isolate prepared from oil palm kernel. The
hydrolysate, obtained by in vitro human gastroin-
testinal enzyme digestibility of the globulin isolate,
exhibited potent ACE inhibitory activity (ICsy =
50 pg mL™") and anticancer activity against human
colon epithelial cancer HT-29 cells and hepatocarci-
noma HepG2 cells (Tapal et al., 2016). Another
important group of peptides are anti-inflammatory
peptides, as the inflammatory process is fundamental
to a number of diseases, for example cancers or car-
diovascular disease (Chakrabarti et al., 2014). Dia
et al. (2014) investigated eight different soya products,
which were hydrolysed with pepsin and pancreatin and
determinated for their anti-inflammatory properties.
The potential of soya protein hydrolysates to inhibit
inflammation using lipopolysaccharide-induced macro-
phages was evaluated in an in vitro model. Bioactive
peptides generated during the hydrolysis process
(RQRK and VIK) inhibited the expression of
pro-inflammatory enzymes (nitric oxide synthase,
cyclooxygenase-2). Hydrolysates from different soy-
milk products inhibited the production of nitric oxide,
interleukin-1pB, and tumour necrosis factor-o. (Dia
et al., 2014). The in vitro bioavailability of peptides
obtained by enzymatic proteolysis of quinoa was
assessed using Caco-2 colon monolayer cells that
showed antihypertensive activity. Moreover, these
peptides were able to activate the peroxisome prolifer-
ator-activated receptor anti-inflammatory transcription
factor (Ravisankar et al., 2015).

A number of bioactive peptides and hydrolysates
obtained from plant proteins have also been investi-
gated by in vivo studies (Chakrabarti et al., 2014).
Pyro-glutamyl leucine (bioactive peptide obtained from
wheat gluten hydrolysate) was shown to protect
against D-galactosamine-induced hepatitis in rats (Sato
et al., 2013). Proteins obtained from potato tubers
were hydrolysed by autolysis, and rapeseed meal
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Table 2 Bioactive peptides derived from food products of plant origin and their bioactive effects

Sequence information

Protein source Experimental method/Preparation Bioactive effect when available References
Amaranth (Amaranthus L.) Simulated gastrointestinal digestion Antithrombotic activity Peptide fraction Sabbione
of protein (ICs0 = 0.07 et al. (2016)
+0.01 mg mL™")

Barley (Hordeum vulgare Li)

buckwheat (Fagopyrum
esculentum Moench), oat
(Avena sativa L.)
Chickpea (Cicer arietinum)

Quinoa (Chenopodium Quinoa)

Palm kernel (Elaeis guineensis)

Pea (Pisum sativum)

Potato (Solanum tuberosum L.)

rapeseed (Brassica napus)
Rice (Oryza sativa L.)

Simulated gastrointestinal digestion
of protein

Simulated gastrointestinal digestion
and absorption

Enzymatic proteolysis, in vitro
bioavailability

In vitro human gastro-intestinal
enzyme digestibility

Simulated gastrointestinal
digestion of globulin and absorption

In vivo in Goldblatt rat model of
hypertension
Protein hydrolysate with alcalase,

Antithrombotic activity

Hydrolysates
(ICso = 0.290 mg mL™"),
(ICs0 = 0.328 mg mL™"),
(ICso = 0.282 mg mL™")

Yu et al. (2016)

Antioxidant and Peptide fractions Karas et al.
fibroblast growth- (2015)
stimulating activity

ACE inhibitory activity, Peptide fractions Ravisankar
anti-inflammatory et al. (2015)

ACE inhibitory activity RADVFNPR, Tapal et al.
and anticancer activity KLPLVERIP (2016)

ACE inhibitory activity

(ICso = 50 pg mL™")
GGSGNY,MRDLK,
DLKLP, GSSDNR, and
HNTPSR

(ICso = 0.073 mg mL™ ")

Jakubczyk &
Baraniak (2014)

trypsin

Small red bean (Phaseolus
vulgaris)

Sequential digestion of alcalase,
papain and by in vitro gastrointestinal
simulation

Soya (Glycine max)

in vitro

Wheat (Triticum spp.)
gluten and fractionation In vivo Cell/
organism tested in Rat hepatitis

Hydrolysate with pepsin and pancreatin

Aspergillus oryzae protease hydrolysis of

ACE inhibitory activity Peptide fractions Makinen
et al. (2016)
ACE inhibitory activity VNP, VWP in vitro, Chen
in vivo et al. (2013)
(SH rats 5 mg kg™ ")
ACE inhibitory activity PVNNPQIH Rui et al. (2013)

(ICs = 206.7 + 3.91 M)

Immunomodulatory: RQRK and VIK Dia et al. (2014)
decrease in the
production of cytokines
and inflammatory
mediators

Anti-inflammatory,
improved hepatic

enzyme profile

Pyro-glutamyl leucine Sato et al. (2013)

proteins were digested with Alcalase. The digestions
were followed by ultrafiltration and solid-phase extrac-
tion to concentrate the ACE inhibitory peptides. The
effects of potato and rapeseed peptides on blood pres-
sure were determined in vivo in Goldblatt rat model of
hypertension. Cited study shows that proteins obtained
from potato and rapeseed can be used in inhibiting the
development of hypertension in vivo (Méakinen et al.,
2016). The most common methods in investigation of
the digestibility and bioaccessibility of active peptides
are based on simulated gastrointestinal digestion and
absorption (Table 2).

Digestibility, absorption and bioavailability of bioactive
peptides

Bioactive peptides may be generated in the body in a
free state or they may be supplied with food or

© 2016 Institute of Food Science and Technology

generated in the gastrointestinal tract by the digestion
of proteins. The first step of protein hydrolysis to
peptide fragments in the gastrointestinal tract is
digestion in the stomach by pepsin [EC 3.4.23.1], then
by trypsin [EC 3.4.21.4] and chymotrypsin [EC
3.4.21.1], which are pancreatic endopeptidases acting
in the small intestine, and by exopeptidases such as
carboxypeptidase A [EC 3.4.17.1], B [EC 3.4.17.2]
and aminopeptidase (Segura-Campos et al., 2011).
Smaller fragments of proteins are further digested to
free amino acids by proteases and aminopeptidases
located on the cells of small intestine epithelium
(luminal membrane exactly). In the final stage, amino
acids from the carboxyl and amino ends are removed.
Therefore, at least 20 various peptidases are disposed
on the luminal membrane of the epithelial cells.
These enzymes have specific effect on peptide bonds
and release free amino acids that can penetrate
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epithelial cells via secondary active sodium trans-
porters; therefore, there are 20 types of amino acid
transporters. Moreover, peptides composed of two or
three amino acids are also absorbable via secondary
active transport but based on the hydrogen ion gradi-
ent or with transporter PepT1. In epithelial cells, the
amino acids from these peptides are split off and can
get into bloodstream by diffusion across basolateral
membranes. Peptides and free amino acids are trans-
ported through the blood to a location or organs
where they can exert an effect on body function. The
proteins and peptides are hydrolysed mainly in the
upper part of the gastrointestinal tract, the small
intestine; however, very small proteins involved in
endocytosis and exocytosis can cross the epithelium
cells undamaged to the intestinal fluid. According to
the study, the level of absorption of these compounds
is much higher in children than in adults, while
infants can absorb antibodies and some immunity
compounds from mother’s milk (Widmaier et al.,
2013).

Moreover, the activity of these compounds depends
on their amino acid composition, bioavailability,
interactions with other food compounds carried in
the bloodstream, resistance to the activity of enzymes
and target organs. It is also essential for the physio-
logical activity of native peptides in the interaction
with a stable structure and target receptors. Peptides
can exhibit local activity or be able to cross the
epithelium of the small intestine and, transported by
bloodstream, have a strong effect on the site of
action. On the other hand, the influence of several
different physiological parameters, for example blood
pressure, insulin and glucose homoeostasis, plasma
cholesterol concentrations and immune function can
modulate certain peptide functions (Moller et al.,
2008). Small intestine epithelial cells are the main site
of absorption of nutritional and bioactive compounds
such as peptides. Moreover, after oral administration,
peptides can encounter chemical, biochemical and
physical barriers by these cells, which may reduce the
influence on their physiological functions. The main
chemical barrier for bioactive peptides is the low pH
environment of the stomach, which is both necessary
for the digestion of proteins and, on the other hand,
for the successful absorption of amino acids. The
same enzymes that hydrolyse proteins can carry out
hydrolytic digestion of peptides due to their similarity
in the chemical structure and functional groups
(Adessi & Soto, 2002). Some bioactive peptides are
able to resist the action of proteases, which is related
to their characteristic structure. For example, peptide
including proline or hydroxyproline and dipeptides or
oligopeptides with proline at the C-terminus are not
hydrolysed by digestive enzymes (e.g. antihypertensive
lactotripeptides Ile-Pro-Pro and Val-Pro-Pro (Boelsma
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& Kloek, 2009), KWLPVPQ (Maeno et al., 1996)
and LHLPLP (Van Platernik et al., 2006)). The pres-
ence of peptidases is a biochemical barrier, but the
impermeable gastrointestinal epithelium (Catnach
et al., 1994) as well as parameters of the unstirred
water/mucous layer, the epithelial membrane of ente-
rocytes (transcellular route), and the tight junctions
between the apical ends of epithelial cells (paracellu-
lar route) (Yin et al., 2014) represent physical barri-
ers. Peptides can be transported actively or passively
depending on their amino acid composition and func-
tion. The transepithelial transport of peptides (com-
posed of more than four amino acids) was
investigated using human intestinal Caco-2 cell mono-
layers. The results suggested that the main role in the
flux across the epithelial cell layer was played by
digestion by cellular peptidases. On the other hand,
an intracellular mechanism such as adsorptive tran-
scytosis was suggested as the main factor in the
transport of bradykinin and its derivatives, but the
paracellular pathway was reported to be involved in
transport of the GGYR tetrapeptide (Shimizu et al.,
1997). According to the study, antihypertensive
peptides such as IF, AF, IPP, and VPP or opioid
peptides remain structurally stable during infiltration
via the epithelial monolayer and the transport effi-
ciency is dependent on the load, molecular weight
and hydrophobic peptides (Sienkiewicz-Sztapka et al.,
2009). In order to improve the bioavailability and
bioaccessibility of bioactive peptides, studies are car-
ried out on the use of suitable carriers that can pro-
tect the peptides against low pH in the stomach and,
after dissolution in the gut, allow absorption thereof.
Such treatments as chemical modification of peptides
(e.g. by glycosylation) and the use of an emulsion or
a microencapsulation process can decrease the activ-
ity of digestive enzymes, thereby increasing absorp-
tion of biopeptides in blood (Renukuntla et al.,
2013).

Vitamins

Vitamins are essential organic compounds, necessary
for the proper course of cells and tissues life functions,
present in very small quantities in natural foods and
not synthesised or synthesised in the body in small
amounts, which is insufficient to meet the organism
demand. They are involved in the metabolism of fats,
proteins, and carbohydrates and synthesis of numerous
compounds necessary for the proper functioning of the
body. Lack of vitamin or deficiency inhibits the mile-
age of numerous processes and interferes with the
functioning of the body (Combs, 2012).

Vitamins can be divided into water-soluble, such as
vitamin C, thiamine, riboflavin, niacin, vitamin Bg,
folate, vitamin B;,, biotin, pantothenate, and fat-
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soluble such as vitamins A, D, E and K. Vitamins
have antioxidant capacity, which is expressed in differ-
ent ways, for example scavenging different free radicals
and inhibiting lipid peroxidation (Gliszczynska-Swigto,
2006).

Extensive research suggested that water-soluble vita-
mins and vitamin E had antioxidant capacity (Joshi
et al., 2001; Terentis et al., 2002; Jung & Kim, 2003;
Gliszczynska-Swigto, 2006). Both, fat-soluble and
water-soluble vitamins because of their antioxidant
ability are used by human organism to reduce the risk
of many diseases, for example cardiovascular or neuro-
logical diseases, neuropsychiatric disorders and even
cancer (Verhaar et al., 2002; Alpert & Fava, 2003).

Vitamin C (hexuronic lactone l-ascorbic acid) occurs
in three different redox states: totally reduced (ascor-
bate — ASC), partially oxidised (semidehydroascorbate
— SDA) and totally oxidised (dehydro-l-ascorbic acid —
DHA), and all of them are biologically active. ASC is
especially effective in quenching hydroxyl radicals.
ASC also protects many compounds in tissues that are
highly liable to oxidation, for example folate or choles-
terol (Menéndez-Carreno et al., 2008).

B vitamins are included in the list of nutraceuticals
because of their potential positive effect on the human
organism (Hugenholtz & Smid, 2002). Thiamine (thi-
amine, vitamin B;) is important for brain function and
cardiovascular function (Misumida et al., 2014; Orti-
goza-Escobar et al., 2014). Furthermore, insufficient
thiamine availability to tissues is related with increased
blood pressure (Zhang et al., 2014). Riboflavin (vita-
min B,) is a precursor of FMN and FAD, which help
antioxidant protection, vitamin metabolism (folate,
niacin, vitamins A, C, Bg and Bj,) and a lot of other
purposes (Ramanujam et al., 2011). Nicotinamide (vi-
tamin B;/vitamin PP) and nicotinic acid are two main
water-soluble forms of niacin. Niacin is a precursor of
NAD " and NADP ™" and is essential for normal func-
tion of human organism. This vitamin is used for the
treatment of hyperlipidaemia (in daily doses approxi-
mately several grams) — the use of niacin results in a
reduction in low-density lipoprotein (LDL) cholesterol
and an increase in high-density lipoprotein (HDL)
cholesterol concentrations (Kamanna & Kashyap,
2000). Vitamins B¢ in foods include several compounds
that can be metabolically transformed into biologically
active pyridoxal-5'-phosphate. Vitamin By takes part
in numerous important reactions, for example haeme,
neurotransmitter, and amino acid synthesis and vita-
min metabolism or metabolic regulation (Choi et al.,
2001). Vitamin B, is a cofactor for enzymes that have
an important influence on the metabolism of numerous
compounds such as amino acids, fatty acids, phospho-
lipids and hormones (Bennett, 2001). Biotin (vitamin
H/vitamin B;) takes part in lipid metabolism, amino
acid disintegration and some nuclear functions
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(Rodriguez-Meléndez et al., 2001). Pantothenate (vita-
min Bs) is important for brain function, growth and
regeneration, whereas deficiencies in folate (vitamin
By) may be risk factors for many disorders, for exam-
ple cardiovascular and haematological diseases, neuro-
logical and neuropsychiatric disorders, and cancer
(Zhang et al., 1999; Verhaar et al., 2002).

Fat-soluble vitamins are bioactive as well, and they
are essential in many reactions. Vitamin A is very
important for vision, immune function and regulation
of cell growth. Vitamin A metabolites are relevant ele-
ments of the light-detecting complex in the photore-
ceptor cells of the eye (Saari et al., 2001). Vitamin D
is essential for enhancement of the intestinal absorp-
tion of calcium and retention of this compound in the
body. Furthermore, this vitamin has an effect on the
growth of bone and connective tissues and in some
cases may even protect against cancer (Norman, 2006;
Ricciardi et al., 2015). Vitamin E, as mentioned above,
is an antioxidant and as it is a fat-soluble vitamin, it
may quench oxygen free radicals in lipid-rich compart-
ments (Wortmann et al., 2013). Vitamin K has several
functions, for example, it activates proteins needed for
blood coagulation, prevents calcification of arteries
and other soft tissues, and supports mineralisation of
bone (Vermeer & Theuwissen, 2011).

However, the possible health benefits of vitamins are
frequently not fully realised because of their low or
changeable bioavailability. The weak bioavailability of
vitamins may be caused by several factors, for example
low absorption, conversion into an inactive form or
low bioaccessibility. Whereas the bioaccessibility of
vitamins depends on their chemical structure, source,
presence of elements acting synergistically or antago-
nistically, and the efficiency of the mechanisms of
intestinal absorption (McClements & Xiao, 2014; Zou
et al., 2015). The solubility of vitamins notably affects
its mechanisms of bioavailability. For example,
absorption of fat-soluble vitamins from the small intes-
tine is strongly joined to fat absorption (During et al.,
2005). Vitamins are absorbed to a varied level, there-
fore oral consumption does not ensure a beneficial
influence on the human organism.

Conclusion

Plants are a valuable source of bioactive compounds,
such as polyphenols, vitamins, and peptides derived
from proteins, exhibiting many important properties.
It can be concluded that bioavailability is a multistage
process. Therefore, many factors (not only the content
of bioactive phytochemicals, but also their molecular
structure and interactions between food matrix com-
pounds) influence on the bioavailability of the afore-
mentioned bioactive compounds of plant origin.
Between food compounds, during digestion in
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gastrointestinal tract, occurs both synergistic and
antagonistic interaction what affect on their bioavail-
ability and bioactivity. For today’s dieticians and con-
sumers, very important is health effect of entire pool
of phytochemicals included in food, not only individ-
ual components. Although there are many research
reports on the bioavailability and biological effective-
ness of bioactive food components, elucidation of their
interactions, metabolism and mechanism of action still
needs extensive research.
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