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ARTICLE INFO ABSTRACT

Keywords: Tannins comprise a large group of polyphenols that can differ widely in chemical composition and molecular
Tannins weight. The use of tannins dates back to antiquity, but it is only in recent years that their potential use as
Natural compounds nutraceuticals associated with the human diet is beginning to be exploited. Although the biological effects of
Chemistry . . . . .
these phytocomplexes have been studied for many years, there are still several open questions regarding their
Plant foods . . . . ;
Biotransformation chemistry and biotransformation. The vastness of the molecules that make up the class of tannins has made their

characterisation, as well as their nomenclature and classification, a daunting task.

This review has been written with the aim of bringing order to the chemistry of tannins by including aspects
that are sometimes still overlooked or should be updated with new research in order to understand the potential
of these phytocomplexes as active ingredients or technological components for nutraceutical products. Future
trends in tannin research should address many questions that are still open, such as determining the exact
biosynthetic pathways of all classes of tannins, the actual biological effects determined by the interaction of
tannins with other molecules, their metabolization, and the best extraction methods, but with a view to market
requirements.

Extraction techniques

1. Introduction These molecules are concentrated in almost every part of the plant, from

the roots to fruit. It is accepted that the biological role of tannins in the

It is not certain what the origin of the term tannins is. Its original
sense was “to convert skins to leather” and it is normally attributed to
the French word ‘tanin’ (1802). However, it could have more ancient
origins, going back to the Celtic source indicating an oak tree. From that,
the term was acquired by the Medieval Latin tannare “tan, dye a tawny
colour” (c. 900), from tannum “crushed oak bark,” used in tanning
leather (Harper, 2020). Whatever the etymology of the term, the
meaning of the word tannins has always been associated with the use of
these substances since ancient times.

Tannins can be found in nature in numerous different families of the
higher plants all over the world, such as in chestnut, quebracho and oak
wood, sumac or plant galls. Depending on their origin, they can rise to a
molar mass of up to 20,000 D, thus their chemistry could differ widely.

* Corresponding authors.

plant is associated to growth regulation, as well as the preservation
against external perturbations, such as infection, insects, or animal
herbivory. Tannins can exhibit many different appearances, as light
yellow or white amorphous powders or as shiny, nearly colourless, loose
masses, with a characteristic smell and astringent taste (Molino et al.,
2019).

It is considered that the oldest application of these vegetal com-
pounds was the stabilization of animal skin protein against putrefaction,
thanks to their property of precipitating proteins. Thanks to the
expansion of their use, tannins have also started to be experimented with
and applied in different fields, from medicinal application to food in-
dustry. In particular Asian (Chinese and Japanese) natural medicine
used actives from tannin-containing plant extracts to treat different
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disorders (i.e. diarrhoea and inflammation) and pathologies (Baba et al.,
2021; Li et al., 2021; Ren et al., 2021).

In time the nomenclature of tannins underwent multiple in-
terpretations, misunderstandings, and changes, due to the progress in
the field. After the oversimplified description of Seguin (1796), in the
20th century Bate-Smith and Swain and then Griffith tried to give a
definition, including also some of the tannin properties. However, each
of these presented some restrictions, leaving out tannin groups with high
(above 3000 D) or low (below 1000 D) molar mass, respectively (Das
et al., 2020).

To formulate a definition that would take into account all the tan-
nins, their structural characteristics and their properties is a priori not an
easy mission. Finally, in 2001, Khanbabaee & van Ree formulated an
updated definition based on the molecular structures of the currently
known tannins, and their origin and role in plant life (Khanbabaee & van
Ree, 2001):

“Tannins are polyphenolic secondary metabolites of higher plants, and
are either galloyl esters and their derivatives, in which galloyl moieties or their
derivatives are attached to a variety of polyol-, catechin- and triterpenoid
cores (gallotannins, ellagitannins and complex tannins), or they are oligo-
meric and polymeric proanthocyanidins that can possess different inter-
flavanyl coupling and substitution patterns (condensed tannins).”.

According to our research, there is no more up-to-date official defi-
nition in the scientific literature. Despite this, the scientific community
has shown great interest in this category of polyphenols by carrying out
research to understand how to universally and adequately describe and
group such a wide class of compounds. During the ninth edition of the
tannin conference held in Madison (USA) in 2018, several exponents
expressed the need to arrive at a consensus, which as yet has not been
defined.

In 2011, Salminen’s research group has proposed to adopt a broader
approach to describing tannins by relying on chemical ecology. They
claim that tannins should be defined in light of the plant-herbivore in-
teractions, including determination of the oxidative capacity, the pro-
tein precipitation capacity and the tannin moieties responsible for these
two types of activities. According to the authors, molecules cannot be
studied only from a chemical point of view, because their functionality is
strongly influenced by different conditions (such as concentration) and
interactions with the environment (such as animal species that may
ingest them, pH in which they can be implemented, etc.) (Salminen &
Karonen, 2011).

Last, but not least, it is of utmost importance to understand the
chemistry of tannins to exploit their potential as nutraceuticals. For
example, companies like Silvateam or Tanin d.d. Sevnica produce
different tannin extracts that are widely used for wine, beer and spirits
production; depending on tannins chemistry, they enhance wine flavor
and stability during vinification (Sevnica, 2023a; Silvateam, 2023a),
improve beer physical and organoleptic stability due to their antioxidant
capacity and interaction with proteins (Silvateam, 2023b) and add
special oak flavor and oldness (Sevnica, 2023b). By the way, tannins are
also used in animal nutrition to improve milk and meat production, as
well as gut function and overall animal health in cows, cattle, calves,
goats, sheep and pigs (Sevnica, 2023c, Silvateam, 2023c). Even tannins
can be used for food safety and preservation due to their antimicrobial
and antioxidant capacity (Sevnica, 2023d). In fact, part of these uses are
under development to produce nutraceuticals by improving human well-
being though and increase on antioxidant capacity and short chain fatty
acids production, microbiota balancing and intestinal permeability
improvement (Silvateam, 2023d). It should be emphasized that the
identification of the structure-activity relationship of tannins will
contribute to a more fruitful and widespread use of them as nutraceut-
icals, as this would allow to choose the most effective compounds.

2. Classification

Due to the challenge of giving a comprehensive definition of tannins
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based on their biochemistry, it is not so obvious to reach a universal
consensus on classification. Indeed, based on the definition given in the
previous paragraph, tannins can vary greatly in their affinity for pro-
teins, and some tannin compounds may exhibit very low activities. On
the other hand, some types of non-tannin polyphenols, in appropriate
concentrations, are able to partially bind and precipitate proteins (Sal-
minen & Karonen, 2011).

Given this, an unambiguous definition and classification of tannins
could be that based on their chemical properties or structural charac-
teristics. As regard the chemical properties, Serrano and co-workers
(2009) proposed to classify them into extractable and non-extractable
tannins (Serrano et al., 2009). The former group includes tannins that
can be readily extracted with aqueous-organic solvents, so they would
include relatively low-molecular-weight tannins, which could be ana-
lysed by spectrophotometric and chromatographic techniques. Non-
extractable tannins would cover all the high-molecular-weight tannins
or tannins complexed with proteins or cell-wall polysaccharides, which
are not easily extractable with the above-mentioned extraction method.
These insoluble compounds would therefore need acid and basic hy-
drolysis, which allow quantification of monomers.

Another basic classification of tannins was proposed by Okuda & Ito
(2011), who reported the grouping of tannins and other polyphenols
related to tannins as Type A polyphenols, which include those with
constant chemical structure, and Type B, characterized by a variable
composition (Okuda & Ito, 2011).

However, the most common way to classify tannins is the analytical
subdivision based on their structural characteristics. A simplistic
grouping adopted by several authors divides tannins into two large
categories: hydrolysable tannins and condensed tannins. Treatment of
many tannins with hot water or tannases enables hydrolysation into
monomeric products, and leads to classifying them as ‘hydrolysable
tannins’, which comprise two further sub-groups: the gallotannins and
the ellagitannins. The remaining non-hydrolysable oligomeric and
polymeric proanthocyanidins have been classified as ‘condensed tan-
nins’. Khanbabaee & van Ree (2001) proposed a new sorting including
also partially hydrolysable tannins, so far called ‘unclassified tannins’,
which contain characteristic structural elements of both ellagitannins
and condensed tannins (Khanbabaee & van Ree, 2001). Therefore, the
authors divided tannins into four major groups: gallotannins, ellagi-
tannins, complex tannins, and condensed tannins. A major shortcoming
of this nomenclature is the fact that many authors have focused on
considering only the tannins produced by terrestrial plants. However, in
20009, Serrano et al. proposed to add also the category of phlorotannins,
which are mainly produced by marine organisms, such as brown algae
(Serrano et al., 2009) (Fig. 1).

2.1. Gallotannins

Gallotannins are scarcely found in nature and are the most basic
hydrolysable tannins, consisting of gallic acid derivatives which contain
six or more galloyl groups (Fig. 2). Moreover, they are further charac-
terized by the presence of one or more digalloyl groups (Gross, 1999).
Even though there is a wide variety of polyol residues, most of the
gallotannins isolated from plants contain a polyol residue derived from a
saccharide, in particular d-glucose. The hydroxyl functions (-OH) of the
polyol residues may be entirely or partially replaced by galloyl units. In
the latter, the ~OH groups can be substituted or not by other residues
(Kiss & Piwowarski, 2016).

Even though the described compounds are key intermediates in the
biosynthesis of nearly all hydrolysable plant polyphenols, it is quite
infrequent to find gallotannins in nature compared to ellagitannins.
However, gallotannins, especially hexa to decagalloyl glucoses, are
exploited extensively at industrial level as commercially available tannic
acid, and principally used for protein precipitation (Salminen & Kar-
onen, 2011).
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Fig. 1. Tannin classification.

2.2. Ellagitannins

Ellagitannins, widespread in many plant families, are the largest
group of known tannins including more than 1000 natural compounds.
Ellagitannins are constituted from gallotannins by at least two galloyl
units which are C-C linked to each other, leading to the axially chiral
monomer hexahydroxydiphenoyl (HHDP), and they do not contain
glycosidically linked catechin units (Fig. 2). The chirality is given by the
large substituents located in the ortho positions of the biaryl axis and the
restricted rotation around this axis, resulting in isomerism. In many
cases this chirality is triggered by the esterification in the ortho positions
of the two carboxyl groups with a polyol (commonly D-glucopyranose)
(Khanbabaee & van Ree, 2001; Kiss & Piwowarski, 2016).

The multiple possibilities in which HHDP units can be linked to sugar
moieties and the potential to produce oligomeric derivatives determine
the presence of a very large variability in the structures of different
ellagitannins. For this reason, some authors have proposed to further
divide ellagitannins into different subgroups, given the different chem-
ical structures: HHPD esters, dehydro-HHDP esters and their modifica-
tions, nonahydroxy-triphenoyl esters, flavanoellagitannins, and
oligomers with both varying degree of oligomerization and types of
bonds between the monomers (Salminen & Karonen, 2011).

A common feature frequently used to describe all of these com-
pounds is the release of ellagic acid as a result of hydrolysis of the HHDP
group and the consequent lactonization of the parent acid. However, it
should be specified here that some of the chemical structures of ellagi-
tannins exhibit a modification of HHDP groups, due to oxidation pro-
cesses in the biosynthetic pathway. In this case, the above molecules are
unable to produce ellagic acid when hydrolysed and would be recog-
nised as ellagitannins only by their biosynthetic origin.

2.3. Condensed tannins

Condensed tannins are the most common group of naturally occur-
ring tannins and represent almost 90% of the worldwide production.
These tannins are generally found in nature complexed with proteins,
depending on their chemical structure and consequently on their affin-
ity. To be called condensed tannins, these compounds must be formed by
the repetition of 3 to 8 units (or building blocks) and the precursors must

be a flavan-3-ol (catechin) or a flavan-3,4-diol (leucoanthocyanidin)
(Fig. 2). Each flavonoid is composed of two phenolic rings (A and B)
having different reactivities and two possible configurations comprising
or not a hydroxyl group in positions 5 and 5'. The different configura-
tions set up four different possibilities of basic building blocks to form
condensed tannins (Sallam et al., 2021).

Monomeric catechins and leucoanthocyanidins do not possess tan-
ning properties, but they have then the interesting capacity of being
converted into oligomers and polymers that do have tanning capacities,
by the action of acids or enzymes. The type of connection between the
various flavanoid units depends on the nature of the rings. All oligomeric
and polymeric proanthocyanidins are formed by the linkage of the C-4 of
one monomer with the C-8 or C-6 of the next building block. In partic-
ular, C4-C6 bonds are typically found in profisetidins and pro-
robinetidins, while C4-C8 are found in procyanidins and
prodelphinidins (Meikleham et al., 1994).

Monomers can polymerise from a degree of two up to over fifty. In
particular, catechin oligomers and polymers with a degree of polymer-
ization from two to ten are also called flavolans. Beside the size, also the
coupling pattern of the catechin units in condensed tannins can vary
considerably (Arbenz & Avérous, 2015; Sieniawska & Baj, 2017).

2.4. Complex tannins

Complex tannins contain both condensed and hydrolysable tannins.
In their structure a catechin unit is bound glycosidically to a gallotannin
or an ellagitannin unit (Fig. 2). The ones most commonly found are
flavano-ellagitannins,  procyanidin-ellagitannin, and  flavono-
ellagitannins. An example from this substance class is acutissimin A,
containing a flavogallonyl unit (nonahydroxytriphenoyl unit) bound
glucosidically to C-1, and linked via three further hydrolysable ester
bridges to the d-glucose derived polyol (Khanbabaee & van Ree, 2001).

2.5. Phlorotannins

Phlorotannins are recognised as the simplest tannin group from a
structural point of view. These molecules mainly produced by brown
seaweeds, such as Ecklonia stolonifera, Ecklonia cava, and Ecklonia bicy-
clis, or macroalgae (Phaeophyceae) occur as hydrolytic compounds in
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nature with a relatively low molecular weight ranging from 126 Da-650
kDa. Chemically, phlorotannins exhibit phloroglucinol (1,3,5-benzene-
triol) monomer units, which constitute polymers mainly by combining
through C-C and/or C-O-C bonds. There could be further structural
variations including additional OH-groups in the molecules or addi-
tional bonds between the monomers (Meng et al., 2021; Salminen &
Karonen, 2011).

Thus, based on the number and type of bonds (aryl-aryl or diaryl-
ether) between monomers, these tannins could be divided into six sub-
groups: phlorethols, fucols, fuhalols, fucophlorethols, isofuhalols, and
eckols (Kumar et al., 2022). This specific chemical organization
distinctly distinguishes phlorotannins not only from other type of tan-
nins but also from other phenolic compounds.

3. Tannins in nature

Tannins are highly hydroxylated secondary compounds, synthesized
through plant secondary metabolism. As mentioned earlier, tannins
produced by terrestrial plants can be accumulated in any part of the
plant, and especially in the growing zones of trees. At cellular level,
tannins can be found in the sap vacuole of some parenchymatic cells (i.e.
pith and cortical parenchyma) or in more specialized cells such as idi-
oblasts. For example, once the condensed tannins are synthesised, they
are stored in a chlorophyll organelle, which is called the tannosome.
This ensures that these compounds do not interact with the plant’s
proteins or its metabolism. Their metabolic action only begins after the
cell dies and then disintegrates (Brillouet et al., 2013). Tannins can also
be found as smaller molecules, in plant organs with intense physiolog-
ical activity (Montes-Avila et al., 2017).

In general, plants which have a strong capacity to synthesise
proanthocyanidins do not metabolise substantial quantities of hydro-
lysable tannins, and vice-versa. As regards complex tannins, they are
widely present as monomers in Fagaceae, Combretaceae and Myrtaceae,
as well as in some species of Melastomataceae and Theaceae (Haslam,
2007).

The analogous marine tannins are mainly found within the physodes
in brown algae. Physodes are cell vacuoles that constitute the main
cytoplasmic components in adult cells lining the mucosal channels of the
cortex. When phlorotannins are released by physodes, they can establish
bonds with the structural polysaccharide alginic acid, and thus
contribute to the structuring of the brown algae cell wall (Imbs &
Zvyagintseva, 2018).

The content of phlorotannins may vary in different parts of the alga,
but in the Fucaceae the vegetative parts are particularly rich compared
to the reproductive ones (Catarino et al., 2017).

The function of tannins has been related to plant-environmental in-
teractions. Being secondary metabolites, tannins have been commonly
identified as protection agents against oxidative stress and external in-
sults, such as infections, solar radiation and dryness. Moreover, they are
able to prevent plant-herbivore interactions thanks to their acid taste
and the property of precipitating proteins. Some particular pathological
conditions increase tannin production by the plant. A clarifying example
are plant galls produced as a result of insect attack. Similarly, it has been
reported that the production of phlorotannin is increased by certain
environmental factors such as salinity and incidence of solar radiation.

The tannin content may vary depending on the plant species, the
specific part of the plant and external factors (i.e. harvest time, time of
the year, intensity of illumination). It has been estimated that the level of
terrestrial plant tannins normally found in most plant tissues is in the
range 2-5% of the fresh weight (Furlan et al., 2011). However, the
content could increase up to 25% of dry weight (Cuong et al., 2020). The
same ratio was reported also for the content of phlorotannins in dry
seaweed, with maximum values in brown algae from temperate and
northern latitudes, in summer (Imbs & Zvyagintseva, 2018; Maheswari
& Babu, 2022).

Given the great antioxidant potential of hydrolysable tannins, and
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their almost ubiquitous presence in plants, it has been proposed to use
them as chemotaxonomic markers, especially for Angiosperm orders and
families. In fact, Okuda et al. (2000) re-designed the Cronquist system of
plant classification, organizing the families and genera based on the
progressive oxidative structural transformation of hydrolysable tannins
(Fig. 3).

Gallotannins are the starting point of the biogenetic sequence that
goes through 4 steps: (I) galloyl group in gallotannin — (II) HHDP group
in ellagitannin — (III) dehydrohexahydroxydiphenoyl (DHHDP) group
in dehydroellagitannin — (IV) transformed DHHDP groups in trans-
formed dehydroellagitannin.

From this classification it could be deduced that tannins are present
in all plants, except for the subclass of the Asteriidae, comprising mainly
herbaceous plants. This has been then confirmed by the new proposal of
angiosperm systematics, the Angiosperm Phylogeny Group, based on
DNA sequencing techniques (Chase et al., 2016).

4. Biosynthesis of tannins

The biosynthetic pathways of all tannins rely on products that come
from the Calvin cycle, a fundamental process that occurs in chloroplasts
and allows carbon dioxide to be fixed into glyceraldehyde-3-phosphate,
and then further modified and accumulated as carbohydrates (eg, su-
crose and starch). Calvin cycle products can enter either the glycolytic or
the oxidative pentose phosphate pathways, which return precursor
molecules for tannin synthesis via the acetate/malonate and shikimate
pathways. Hydrolysable tannins rely exclusively on the shikimate
pathway, phlorotannins only on the acetate/malonate pathway, while
for the biosynthesis of condensed tannins both pathways are essential
(Fig. 4).

The shikimate pathway is found mostly in the plant world but also in
fungi and bacteria, giving as final products phenylalanine and other
building blocks that are essential for the synthesis of metabolites, such as
the precursors of terrestrial plant tannins (i.e. p-coumaric acid and gallic
acid). This route is located in plastids and starts with phosphoenolpyr-
uvate (a metabolite from the glycolytic pathway) and erythrose-4-
phosphate (resulting from the pentose-phosphate pathway) (Fig. 4).
Given the importance of this route, numerous regulatory pathways have
developed at different levels, from transcriptional to enzymatic.

The precursor of flavonoids is obtained after the action of three
different enzymes: PAL (phenylalanine ammonia liase), C4H (cinnamic
acid 4-hydroxylase), and C4L (4-coumaric acid: CoA ligase), which
convert phenylalanine to p-coumaryl-CoA. In plants, PAL has several
isogenes, which are activated in distinct ways to produce metabolites of
different type, such as tannins or lignin (Vogt, 2010).

4.1. Biosynthesis of hydrolysable tannins

The esterification of gallic acid with glucose starts the synthesis of
hydrolysable tannins and the first intermediate is p-glucogallin (1-O-
galloyl-p-D-glucose) (Fig. 5). This reaction has been demonstrated with
different techniques of molecular biology and by in vitro assays, using
Escherichia coli (Mittasch et al., 2014). Subsequently, B-glucogallin,
without any additional cofactor, acts as donor and acceptor of galloyl
groups to produce further substituted glucose. The substitution of
glucose hydroxyls by galloyl groups follows the sequence: p-glucogallin
— 1,6-digalloylglucose — 1,2,6-trigalloylglucose — 1,2,3,6-tetra-
galloylglucose — 1,2,3,4,6-pentagalloylglucose (PGG). PGG is the basic
compound needed to synthetise both gallotannins and ellagitannins
(Montes-Avila et al., 2017).

Biosynthesis of gallotannins derives from the galloylation of PGG,
and forms structures characterised by the presence of moieties of two
galloyl groups joined by an ester bond. p-glucogallin is fundamental in
the control of the galloyltransferases, responsible of the catalysis of the
depsidic bond (Mora et al., 2022).

Conversely, the generation of ellagitannins depends on intra- and
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intermolecular oxidation processes of PGG, mediated by a laccase-type
polyphenol oxidase. The oxidation of PGG to tellimagrandiin II and
then to its dimer cornusiin E, leads to the formation of the HHDP biaryl
unit, which identifies the ellagitannins. The HHDP moiety released from
the hydrolysis of ellagitannins has a spontaneous tendency to form
ellagic acid, through lactonization (Montes-Avila et al., 2017; Mora
et al., 2022).

4.2. Biosynthesis of condensed tannins

In the early stages of formation of proanthocyanidins, they share the
same biosynthesis pathways with other flavonoids, which are generated
by chalcone synthase (CHS), starting from p-coumaryl-CoA (Mora et al.,
2022). p-coumaryl-CoA condensed with three molecules of malonyl-CoA
generates a chalcone. The enzyme chalcone isomerase (CHI) converts
the chalcone to (2S)-naringenin, recognised as precursor of different
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types of flavonoids (i.e. flavonoids, isoflavonoids and flavanones). In
order to generate proanthocyanidins, flavanone-3-hydroxylase (F3H)
must act on naringenin to produce dihydrokaempferol. Depending on
whether dihydrokaempferol is hydroxylated in the B-ring by flavonoid-
3-hydroxylase or by flavonoid-3-5-hydroxylase, it can generate dihy-
droquercetin or dihydromyricetin, respectively. The enzymes
dihydroflavonol-4-reductase (DFR) and anthocyanidin synthase (ANS)
transform the flavonoid precursors to anthocyanidins and proantho-
cyanidins (Montes-Avila et al., 2017; Mora et al., 2022). Specific

enzymes for proanthocyanidins biosynthesis are the anthocyanidin
reductase (ANR), which transforms the anthocyanidins to epi-flavan-3-
ols (epicatechin, epiafzelechin and epigallocatechin); and the leucoan-
thocyanidin reductase (LAR), which transforms leucoanthocyanidins to
flavan-3-ols (catechin, afzelechin and gallocatechin). Epi-flavan-3-ols
and flavan-3-ols are direct monomeric precursors of proanthocyani-
dins (Fig. 6).

So far it has not been possible to clarify the route of polymerization of
flavan-3-ols. Generally, it is well accepted that the production of



S. Molino et al.

1

C

HO. O R,
-

Food Research International 173 (2023) 113329

HO. 7 ‘ o o
X 7 I i~Co HOMS/COA
p-Coumaroyl Coa + Malonyl Coa
CHS
Chalcone
syntase

OH O

. OH Naringenin chalcone

HO. O
\(E:Lg

CHI

Chalcone
isomerase

l

Naringenin

l F3H

o o (Ri=0H, R,=H) (Ri=Ry=H) (Ry=0H, R,=0H)
Dihydroxyflavonol
DFR DFR DFR
Dihydroxyflavonol-
&(w 4-reductase
RO e _Leucocyanidin _eucopelargonidin _Leucodelphinidin
OH OH ) (R1=OH, R2=H) (R1=R2= H) (R1=0H, R2=OH)
Leucoanthocyanidin
ANS ANS ANS
Anthocyanidin
o syntase
I o Cyanidin Pelargonidin Delphinidin
Anthocyanidin (R1: OH, RZZH) (R1:R2: H) (R1: OH, Rzz OH)
N ANR ANR Anthocyanidin
CEOH reductase
\OH‘ “oH Epicatechin Epiafzelechin Epigallocatechin
Epi-flavan-3-ol|  (Ri=0H, Re=H) (Ri=Ry=H) (Ri=0H, R,=0H)
LAR LAR LAR
Leucoanthocyanidin
&OH reductase
\§O\"” Catechin ) Afzelechin Gallocatechin
Flavan-3-ol (R1=OH, R2=H) (R1=R2= H) (R1=OH, R2=OH)
! Transport

Proanthocyanidin A1l dimer

F3H, F3'H, F3'5'H
Flavonoid hydroxylases

Dihydroquercetin F3" Dihydrokaempferol F¥°" Dihydromyricetin

i Polymerization

Oxidation
v

H
o

Nae
CLRx
HO"
Y

Proanthocyanidin B1dimer

oH
/‘uu
N

Fig. 6. Pathways of condensed tannin generation (Arbenz & Avérous, 2015).

monomers takes place in the cytosol and then they are gathered together
with glycosylated flavan-3-ols in vesicles (tannosomes) and, through

as temperature, light and development stage of the plant, among others
(Montes-Avila et al., 2017).

specific transporters, into vacuoles where they are polymerized, in an

isolated compartment. Another very common transformation of mono-

4.3. Biosynthesis of phlorotannins

mers but still not fully understood is galloylation. Biosynthesis of

proanthocyanidins is also regulated by numerous external factors such

There is still little information regarding the biosynthetic pathways
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of the phlorotannins, in particular about several of the intermediate
steps. It is thought that phloroglucinol monomers are biosynthesized via
the acetate/malonate pathway, around the nucleus in the Golgi appa-
ratus. The process starts with the initial conversion of two acetyl-CoA
molecules to malonyl-CoA, in presence of carbon dioxide. Type III pol-
yketide synthase leads then to cyclization and tautomerisation of
malonyl-CoA, generating phloroglucinol (Emeline et al., 2021).

5. Extraction techniques

Tannins are widely present in nature and are a constituent part of our
diet. However, to produce nutraceutical products rich in these phyto-
complexes, it is necessary to extract them from the plant parts that are
richest in them.

There are no universal standard extraction conditions for tannins
and, in general, the procedures are optimized in accordance with the
specific sample. There are many factors that could determine the gen-
eration of artifacts, so the choice of the right extraction process is crucial
to avoid it. As cited before, tannins could form reversible complexes
with other natural macromolecules (i.e. polysaccharides and proteins)
during the normal physiological plant development or due to the
extraction process. Other alterations that may arise during tannin
extraction are related to the light-sensitivity of proanthocyanidins or the
hydrolysis susceptibility of hydrolysable tannins. In view of this, the
choice of the correct time and temperature of extraction, solvent po-
larities or sample/solvent ratio becomes crucial and determines the final
composition and yield of the extracts (Das et al., 2020).

At the industrial level, there are various extraction methods, by
solid-liquid extraction, that involve a more or less extensive use of
solvents, but it must be borne in mind that only a few of these are
permitted for use in foodstuffs (i.e. water or ethanol). This is why the
extraction of tannins for food purposes (hence also for nutraceuticals)
mainly involves the use of traditional methods such as maceration or
decoction, with extensive use of water as a solvent.

Maceration is the most basic technique of extraction, consisting of
placing suitably prepared plant material in a closed vessel together with
the corresponding amount of solvent. Extraction takes place at first by
osmosis and subsequently also by diffusion. Even though this technique
has always been considered a popular choice thanks to its ease of
application and low price, it presents the limitations of long times and
relatively low yield.

Decoction further requires the use of high temperature (100 °C),
which helps in pulling out tannins from the material together with the
affinity of the solvent. Decoction is particularly effective for extracting
condensed tannins. Similar to maceration, this method is easy and cheap
to apply, and it is suitable for all production scales (Cuong et al., 2020).

The above-mentioned techniques, however, have serious issues in
terms of the environment friendliness and sustainability, such as a very
large waste of water, so greener techniques are being explored, which on
the one hand reduce waste and on the other hand possibly increase the
extraction yield (de Hoyos-Martinez et al., 2019).

The pressurized water extraction is a method used to reduce the
handling time and the solvent consumption, by using high temperatures
exceeding the boiling point and pressures above atmospheric pressure.
The supercritical fluid extraction, instead, requires the use of fluids at
their critical point of temperature and pressure, thus sharing features
between liquids and gases.

Undoubtedly, among the methods that are being studied with most
interest are microwave-assisted extraction (MAE) and ultrasound-
assisted extraction (UAE). MAE combines traditional solvents with
rapid microwave heating. The improvement of the extraction process is
related to the rapid heating with the direct interaction of electromag-
netic radiation of the solvent (which increases solubility), the material
(which increases its porosity, thus its ability to be penetrated) or both.
MAE resulted to be very effective for both tannins obtained from
terrestrial plants and phlorotannins, reducing timing and increasing the
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purity of the final product (Nisca et al., 2022; Zhang et al., 2018). The
same is observed for UAE, which, alternatively, exploits the formation of
microbubbles at frequencies over 20 kHz, resulting in mechanical vi-
brations that break up plant matrix tissues and facilitate solvent pene-
tration, with a higher final yield (Dong et al., 2021; Ummat et al., 2020).

Higher extraction yields and amounts of tannins recovered make
both MAE and UAE the best future perspectives for tannin extraction and
some authors also showed a possible synergistic effect byusing both
methods simultaneously (de Hoyos-Martinez et al., 2019).

In recent years, more innovative extraction techniques are being
introduced, relying on biotechnology to increase both the bioavailability
and bioactivity of complex compounds, such as tannins. Spontaneous or
forced fermentations with selected microorganisms have been intro-
duced for greater control over a specific end product (Patrignani et al.,
2020). This type of techniques derives from the widespread production
of fermented foodstuffs, for which lactic acid bacteria were originally
applied (Patrignani et al., 2020). Many of the studies conducted to date
have focused on the reproduction of deglycosylation, deesterification,
decarboxylation and demethylation reactions of phenolic compounds
occurring in food (Septembre-Malaterre et al., 2018). However, just few
in vivo studies have provided relevant information on the bioavailability
and metabolism of polyphenols following fermentation, and most
concern isoflavones (Hsiao et al., 2020; Piao & Eun, 2020).

As regards tannins, it could be interesting to apply this type of
technique to obtain so-called ’postbiotic metabolites’, which, in addition
to having a higher bioavailability than the parent compounds, have very
interesting biological effects at a systemic level (Gonzalez-Sarrias et al.,
2017).

Possible postbiotic metabolites include the urolithins studied in
depth by the group of Tomas-Barberan (Garcia-Villalba et al., 2020,
2022). Also of interest is exploiting the stimulation of short-chain fatty
acid (SCFA) production by probiotic bacteria and other types of gut
microbes, demonstrated in previous studies both in vitro and in vivo
(Molino et al., 2018, 2021; Molino et al., 2022a). In fact, it is now rec-
ognised that tannins, similarly to complex carbohydrates, are able to
interact with the human microbiota, producing a prebiotic effect
(Gibson et al., 2017).

6. Tannin bioactivity is related to their chemistry

Tannins have been studied during years due to their beneficial
properties  including  anti-inflammatory,  antidiabetic,  anti-
hypercholesterolemic, and anticancer activity (Maugeri et al., 2022;
Meng et al., 2021; Pizzi, 2019).

However, all these biological activities can be largely attributed to
the chemical structure of tannins, which in turn determines their
physical and chemical properties. The molecular weight also seems to
play a role in their biological properties. For instance, some authors
reported that for phlorotannins an increase in degree of polymerization
results in a reduction in antioxidant activity, showing the strongest
antioxidant activity with a degree of polymerization between 4 and 12,
probably due to masking effects through the formation of hydrogen
bonds (Hermund et al., 2018).

Tannins share with the other polyphenols a great content in hydroxyl
groups (-OH), which confer to them a primarily antioxidant action.
Moreover, the particularly distinguishing feature of tannins, their ability
to complex with macromolecules (such as proteins and polysaccharides)
and with divalent metals, endows them with complex biological activity.
In fact, all these different types of molecules that can be bound represent
possible molecular and cellular targets, such as membrane proteins,
enzymes and pro-inflammatory signalling cascades.

6.1. Chemical structure and antioxidant activity

Tannins are good antioxidants thanks to the benzene ring skeleton
and the phenolic hydroxyl group that can easily harbour the singlet



S. Molino et al.

electron to stabilize free radical intermediates. Therefore, this direct
antioxidant action consists of ensuring a balance by quick reduc-
tion—oxidation reactions between the pro-oxidant molecules and tannins
themselves.

Tannins can exert their function primarily at cellular but also phys-
iological levels, presenting themselves as promising agents for pre-
venting or treating several pathophysiological conditions. An example is
reported by several studies conducted on proanthocyanidin B2, which
characterizes grape seed extract and, thanks to its antioxidant activity,
determines important effects on cardiac well-being and inflammatory
states (Gil-Cardoso et al., 2017; Tousson et al., 2018). In addition, the
antioxidant effect could also determine cascading effects that may pre-
vent the growth of cancer cells, both in the case of tannins produced by
terrestrial plants and those produced by brown algae (Barbe et al., 2019;
Shrestha et al., 2021).

This marked activity has received attention not only for applications
to maintain human well-being, but also for a technological purpose to
preserve products, preventing their degradation. In fact, an approach for
preserving food products with natural substances to eliminate all
chemically derived compounds is gaining momentum. Thus, in 2003
Beninger & Hosfield compared the antioxidant potential of tannins with
that of a well-known chemical antioxidant, BHT (butylated hydrox-
ytoluene). Among others, delphinidin and petunidin-3- glucoside
showed an antioxidant activity comparable to 50% of the BHT (Beninger
& Hosfield, 2003). A more recent study confirmed the same capacity for
phlorotannins (Liu et al., 2017).

Apart from direct antioxidant capacity, much of the antioxidant ac-
tivity of tannins is due to an indirect action. Indeed, these interesting
bioactive molecules could act also as preventive antioxidants (co-anti-
oxidant agents, inhibitors of oxidation catalysts) to maintain the right
antioxidant/prooxidant balance. In the latter case, antioxidant action is
carried out due to the tannin ability to complex with other molecules (i.
e. metals or proteins), a topic that will be discussed in the following
sections. Finally, hormetic processes, in which tannins can provide pro-
oxidants capable of upregulating the expression of enzymes of fatty acid
detoxification pathways, could exert an additional protective action
(Franco et al., 2019).

6.2. Interaction with molecules

The popularity of the long tradition of tannin use in the tanning of
hides, thus the precipitation of their proteins, has made this aspect a key
element in their definition.

The field of nutrition and food sciences has mostly studied the in-
teractions of tannins with proteins or metals, mainly due to their anti-
nutritional potential (Chung et al., 1998). However, similarly to other
polyphenols, these compounds can interact with many other types of
molecules and, through scientific research, this ability could be exploi-
ted and find application in many fields such as the nutraceutical or even
food technology industries, among others.

6.2.1. Tannin-Protein interactions

Tannins have a peculiar affinity for binding proteins, but the in-
teractions are influenced by several factors. Protein binding can be co-
valent (as a result of the transition of the tannin molecule into a phenolic
radical form or a quinone) or non-covalent (e.g. hydrogen and/or hy-
drophobic bonds). In the first case, the tannins should undergo oxidation
to become quinones and semiquinones, which show high affinity for
forming covalent bonds with protein subunits (amino acids) capable of
donating electrons (e.g. lysine and cysteine) (Adrar et al., 2019).
Recently, some authors reported that UVA-oxidized phlorotannins could
find an application to improve myofibrillar protein gel quality (Wang
etal., 2021). However, covalent bonds between tannins and proteins are
still a matter of debate, while the function of non-covalent bonds is well
recognised.

The principal driving forces implicated in non-covalent bonds are
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hydrophobic interactions and hydrogen bonds, mainly hydrophobic
weak interactions, which occur mostly at surface level (de Freitas &
Nuno, 2012). The association between tannins and proteins occurs in a
specific and selective way and has been summarized in three steps: (I)
The generation of the first tannin-protein complexes is ensured by
hydrogen bonds and hydrophobic interactions (i.e. van der Waals
forces). The bonds can be generated at several sites in the protein,
leading to condensation and subsequent generation of a spherical
structure. (II) Protein-tannin complexes associate into larger structures
with cross-links. (III) The combination of the large aggregates generates
colloid-sized particles, possibly resulting in precipitation of the protein-
tannin complexes (Molino et al., 2019).

The interaction of tannin with proteins is one of the main mecha-
nisms of biological activity of tannins. It is known that this interaction is
determined by both the structure of tannins and the structure of the
protein. In the case of proteins, their size, charge, side chains, and
conformation play a role, so that tannins interact worse with globular
proteins. On the other hand, the tannins’ molecular weight and degree of
galloylation can influence their affinity for proteins, probably because
tannin size determines the number of interaction sites. Nevertheless, it
has to be taken into account that a large tannin structure can cause steric
hindrance and impede access to binding sites, limiting solubility (Baxter
et al., 1997). This aspect was recently investigated in more detail by
Engstrom and co-workers (2022), who investigated the protein precip-
itation capacity of 20 different hydrolysable tannins, based on their
structural and precipitate characteristics. The results showed that for
some hydrolysable tannins total binding to proteins is never achieved,
due to a certain solubilisation tendency of the tannins themselves, but
also to a different affinity for proteins. This therefore confirms that
tannin-protein interactions are highly specific depending on the pre-
cipitation capacity of the proteins and the stoichiometry of the precip-
itation reaction (Engstrom et al., 2022).

It is also important to underline that the flexibility of the tannin
molecule plays an important role in the interaction with proteins, which
explains the important biological activity of hydrolysable tannins
against different bacterial toxins. For example, Olchowik-Grabarek et al.
(2020) found that hydrolyxable tannins with galloyl group were more
active against the hemolityc toxin of Staphilococcus aureus than those
with valoneoyl group, due to the lower flexibility of such molecules.
Shimamura et al. (2016) who found that those polyphenols with 1 or 2
hexahydroxydiphenoyl groups and/or a galloyl group were more active
against the staphylococcal enterotoxin A (SEA) described similar results.
Cin line with this, Maatsola et al. (2020) described that monomeric
hydrolysable tannins containing three to four flexible galloyl groups
have the highest inhibitory activity against Streptococcus pneumonie
haemolysin, followed by oligomers. In fact, in the case of oligomers,
macrocyclic and C-glycosidic structures were weaker in their inhibition
than the glucopyranose-based oligomers. Finally, in the case of
condensed tannins, Lorenz et al. (2014) found that although the type of
condensed tannin affect protein solubility, their decree of polimerization
or proportion of cis-trans flavanol subunits could not explain precipi-
tation capacities.

Protein-tannin interaction can also be limited by the interference of
other molecules, such as polysaccharides (i.e., arabic gum, pectin, gel-
lan, polygalacturonic acid, and xanthan), which could compete with
proteins for binding tannins. This issue is not yet totally understood
because it has been shown that the presence of polysaccharides, in
particular in mannoproteins, can inhibit the evolution of tannin aggre-
gate particle size but not their generation (Riou et al., 2002). Riou et al.
(2002) proposed that the underlying mechanism is related to the gen-
eration of a ternary soluble complex among protein, tannin, and poly-
saccharide. However other authors hypothesized that tannins could be
encapsulated by polysaccharides, thus limiting their aggregation with
proteins (Riou et al., 2002).

In the food field, tannin-protein interactions have mostly been
investigated for oenology, due to the fundamental role of tannins in
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imparting key sensory characteristics to wine (such as astringency,
roughness, dryness and bitterness) (S. Wang et al., 2023). In view of this,
a large part of the studies on the interaction of these macromolecules has
focused also on the mechanisms that occur with the first contact of
tannins with proline-rich salivary proteins (PRP), in the mouth (Molino
et al., 2019). However, innovative applications for this type of interac-
tion have also begun to be found in recent years, such as in the case of
emulsions in which covalent protein-tannin interactions are more
desirable due to the greater stability that irreversible bonds can confer
(Pham et al., 2019).

Binding with different types of proteins has many possible applica-
tions in nutraceutics and several beneficial properties of tannins are
related to this. Maugeri et al. (2022) report a series of interactions of
tannins with various protein molecules, such as the inhibition of pro-
oxidant enzymes such as NADPH oxidase of the NOX family, which is
considered the major source of oxidative stress.

Interestingly, many of the mechanisms that lead to antioxidant ac-
tivity are also closely linked to an anti-inflammatory effect and thus
tannins can also be considered effective anti-inflammatory agents.
Several authors have reported the ability of tannins to inhibit phos-
pholipase A2 and the activities of Keapl and NF-«B, proteins involved in
the regulation of the inflammatory cascade (Adrar et al., 2019; Meng
et al., 2021; Zhang et al., 2018).

Binding of enzymes and their subsequent inhibition also has
important effects on the prevention of diseases. For example, several
authors have reported neuroprotective effects by phlorotannins through
the inhibition of enzymes of different kinds (such as glycogen synthase,
kinase BACE1 and cholinesterases) and by binding neuronal receptors
(Seong et al., 2019; Wang et al., 2018).

The impact on diabetes of tannin inhibition of enzymes involved in
starch breakdown has also been studied. The hydrogen bonds and Van
der Waals forces are key players in the interactions between tannin
extracts (from both terrestrial plants and seaweeds) and a-amylase and
a-glucosidase (Les et al., 2018; Meng et al., 2021; Sun et al., 2018).

Tannin antibacterial and antiviral effects are also related to tannin-
protein interaction. In the first case, tannins showed bacteriostatic and
bactericidal activity by inactivating the enzymes involved in bacterial
cell wall synthesis, inhibiting ATPase enzymes in the cell membrane
involved in bacterial growth, and inactivating several virulence factors
(G. Dong et al., 2018; Farha et al., 2020; Olchowik-Grabarek et al.,
2022).

Tannins derived from terrestrial plants resulted in a significant anti-
viral activity by inhibiting the expression of surface proteins, viz,
hemagglutinin and neuraminidase (Adrar et al., 2019; Vilhelmova-Ilieva
et al., 2020). Similar activities were shown by phlorotannins and, in
particular, E. cava extract inhibited chymotrypsin-like cysteine pro-
teinase, essential for viral replication (Park et al., 2013; Shrestha et al.,
2021).

6.2.2. Tannin-Polysaccharide interactions

This type of interaction is well known and exploited, particularly in
the beverage sector. Tannin-polysaccharide associations are sponta-
neous, quick and direct binding events and occur during the processing
of vegetables and fruits. The complexation occurs in a very similar
manner to that with proteins described above. Like for other poly-
phenols, non-covalent interactions, such as hydrogen bonds and hy-
drophobic effects are the key players in these interaction mechanisms.
Additionally, charged groups of anthocyanins can also interact with
those of polysaccharides trough electrostatic interactions (Fernandes
et al., 2020; Koh et al., 2020). The associations with different macro-
molecules can be distinguished by different kinetics and colloidal con-
sequences. lonic strength and a lower temperature can boost the
interactions between tannins and polysaccharides, and high degree of
polymerization corresponds to higher affinities (de Freitas & Nuno,
2012).

These types of interaction find a large application in oenology to
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control astringency and clarification, thus improving the quality of wine
in terms of roundness and sweetness (Graves & Sommer, 2021; Zhai
et al., 2023).

Pear and apple have also been used as models given the large
application of proanthocyanidins for clarification of fruit juices (Li et al.,
2018).

Although the study of the anti-diabetic effect of tannins has focused
in recent years on the ability of tannins to interact with proteins, thus
with enzymes, some authors have previously also proposed a possible
effect due to interaction directly with polysaccharides from the diet.
Indeed, the regulation of the glycaemic state in diabetes could also
depend on the reduction of the availability of glucose in the gastroin-
testinal tract, with a consequent delay in polysaccharide digestion
(Serrano et al., 2009).

Tannin-polysaccharide combinations have also been studied for the
production of nutraceutical products from a technological point of view.
Indeed, there are many compounds that require protection in order to be
administered and to arrive intact at the site of action. The microen-
capsulation technique is often used for this purpose and some authors
proposed to use amidated pectin as a microencapsulation matrix. In
particular, a study found that the interaction of tannins with pectin
could enhance the structural properties of the beads themselves,
achieving improved morphologies, smaller bead sizes and reduced
extent of swelling (Molino et al., 2022b).

6.2.3. Tannin-Lipid interactions

Lipids are essential molecules involved in numerous biological pro-
cesses, including energy storage, structural integrity, and cellular
signaling. Understanding the interaction between tannins and lipids is
crucial for comprehending their potential health benefits and implica-
tions in nutrition and medicine. In fact, the main interaction of tannins
and cells are related with the physical interctions in the lipidic bylayer
though hydrophobic interactions, electrostatic interactions, hydrogen
bonding, and Van der Waals forces (Karonen, 2022). One common mode
of interaction is the hydrophobic interaction between the hydrophobic
regions of tannins and lipids (Furlan et al., 2015). Tannins, particularly
those with a high degree of hydrophobicity, can insert themselves into
lipid bilayers, leading to alterations in membrane properties (Virtanen
et al., 2022). Another important mechanism of interaction is hydrogen
bonding between tannins and lipids. Hydrogen bonding occurs between
the hydroxyl groups of tannins and the polar head groups of lipids,
leading to the formation of intermolecular bonds amd affecting mem-
brane fluidity and stability (Virtanen et al., 2021). In fact, a recent model
of the interaction of hydrolizable tannins and cell membrane lipids
(Borisova et al., 2019) states that the molecules of hydrolyzable tannin
bind electrostatically to the outer groups of the membrane protein
responsible for the Ca?*-dependent chloride current and blocks it; in
addition, some tannin molecules also penetrate into the hydrophobic
region of the membrane, and when a particular concentration is
reached, they form ion-conducting structures selective toward Cl~. All
these interactions can have implications for various cellular processes,
including membrane signaling, transport, and stability (Sekowski et al.,
2016).

Moreover, tannins present the ability of inhibiting lipid peroxida-
tion, which is a pathogenic signature of stressful conditions in cellular
pro-oxidant states (Fraga-Corral et al., 2021). In this sense, proantho-
cyanidins help to restore the oxidative balance of the body by scav-
enging hydroxyl, superoxide and peroxyl radicals and through the
inhibition of the lipoxygenases (Smeriglio et al., 2017). In addition, lipid
oxidation is a major concern in the food industry, leading to rancidity
and loss of nutritional value. In this sense, tannins can also mitigate lipid
oxidation by inhibiting the formation of reactive oxygen species and
chelating metal ions that catalyze oxidation reactions (Zeng et al.,
2019). This antioxidative action of tannins helps preserve the quality
and stability of lipid-rich foods.

Tannins have been shown to influence lipid metabolism in several
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ways. For example, tannins reduce lipid absorption in the gut through
the formation of tannin-lipid complexes (Furlan et al., 2015), altering
the physical properties of the lipids and potentially affecting their
bioavailability and functionality. For example, the hypotriglyceridaemic
effect of proanthocyanidins is related with the impairment of lipid
availability (reduced absorption) in enterocytes, with an increased
faecal excretion of cholesterol (Tebib et al., 1994). Additionally, tannins
can modulate lipid metabolism by altering gene expression and enzy-
matic activity involved in lipogenesis, lipolysis, and cholesterol syn-
thesis (Fang et al., 2022). These effects highlight the potential of tannins
as therapeutic agents in managing metabolic disorders.

6.2.4. Interaction of tannins with organic non-protein N compounds

The interest in studying the complexation between tannins and
organic N compounds other than proteins arose following the discovery
of tannic acid’s ability to bind and precipitate choline, an amine and the
precursor of the neurotransmitter acetylcholine (Kalina & Pease, 1977).
Adameczyk et al. (2011) showed that tannins can react with a wide set of
organic N compounds, including arginine, nitrogen bases, polyamines,
chitin, and chitosan. Such reactions called for a change in the way of
thinking about tannins: they can react with non-protein organic N
compounds similarly to their reaction with proteins (Adamczyk et al.,
2011).

As for tannin-protein interactions, reactions are influenced by the
chemical structure of the molecules, and by the concentration and pH of
the solution; and a greater ability to form multiple hydrogen bonds
corresponds to a higher ease of forming complexes with tannins. For
some compounds (i.e. polyamines, proteinaceous amino acids and ni-
trogen bases) a higher molecular mass and the presence of more amine
groups determined a stronger reactivity towards tannins. For example,
this is the case of arginine, the amino acid with the highest number of
amine groups and almost the highest molecular mass (174 Da); and for
spermine, the polyamine with the highest molecular mass (202 Da) and
number of amine groups (Croteau et al., 2000), the two nitrogen bases
with no amine groups present the lowest reactivity.

6.2.5. Tannin-Metal ion interactions

Tannins are excellent chelators of metals, such as Fe(III), Al(III) and
Cu(Il), chelation being the main type of binding related to exchanges
between phenolic hydroxyl groups and metal ions (Zeng et al., 2019).

The complexation with iron is the one that has been most studied of
all. Each ferric ion can bind several tannin molecules simultaneously,
being able to bind to at least three o-dihydroxyphenyl groups, and the
generated lattice creates a precipitate. Once again, the chemical struc-
ture of the tannins has an influence with the interaction with the mol-
ecules. For example, a higher number of galloyl groups results in a
higher iron-binding capacity by gallotannins. However, if these are
characterised by a higher degree of galloylation, the interaction is
hampered by steric hindrance and chelation efficiency is reduced
(Engels et al., 2011).

Complexation of such metal ions by tannins has been largely studied
in the past for its possible antinutrient consequences. This assumption
has been related to the formation of stable tannin-Fe(IlI) complexes in
the gut, which potentially inhibit the absorption of non-haem dietary
iron through the gut barrier, after the intake of polyphenol-rich bever-
ages such as wine or tea together with Fe(III) (Cook et al., 1995; Hurrell
et al., 1999). Thus, some authors have reported that the reduction of the
iron absorption could depend on the simultaneous ingestion of other
foodstuffs such as complex composite meals (Cook et al., 1995), tea
polyphenols (Disler et al., 1975), and ascorbic acid (Siegenberg et al.,
1991).

However, the great concern about the antinutritional potential of
tannins with regard to metal intake is being revised. Indeed, the
extensive examination of interventional and epidemiological studies by
Delimont et al. (2017) highlighted that most of the studies conducted in
the past were obscured by several factors, such as lack of control of
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concurrent antinutritional or iron-enhancing factors in diets, tannin-iron
interaction in the food matrix as well as assessment of iron deficiency,
rather than adequate iron stores. The authors concluded that long-term
tannin consumption may impact iron status in a different manner, with
the development of mechanisms of adaptation to tannins that could
reduce the antinutritional effects over time. Indeed, this effect has
emerged in general epidemiologic studies and long-term trials in which
tannin consumption does not affect the iron status of individuals
(Delimont et al., 2017).

Little is known about the influence of tannins and other polyphenols
on the gut absorption of metal ions other than Fe(IIl), but this influence
may also be relevant.

As far as aluminium is concerned, chelation by tannins is considered
to be beneficial. There is an apparent link between metal dyshomeo-
stasis and neurodegenerative diseases. In particular, the presence of Al
(III) in drinking water has been often associated with an increase in
Alzheimer disease risk (Molino et al., 2016; Santos-Buelga & Scalbert,
2000). This apparent correlation sparked the idea that metal chelation
could be used therapeutically. Several publications reported that the
intake of proanthocyanidins present in wine or tea were associated with
a reduction of the risk of senile dementia (Cook et al., 1995; Hurrell
et al., 1999). Similarly, in animal models of neurodegeneration various
iron chelators showed neuroprotective effects (Mandel et al., 2011).

The influence of tea on Cu(Il) absorption has been studied in rats
(Greger & Lyle, 1988). Tea consumption caused an increase in copper
absorption, in the plasma level of ceruloplasmin and in the copper
retention in tissues, particularly in the liver. Finally, the low affinity of
zinc for polyphenols at acidic and neutral pH is consistent with the lack
of a significant effect of tea, wine and beer on its bioavailability in
humans (Santos-Buelga & Scalbert, 2000).

In recent years, some authors have pointed out that tannins, in
particular condensed tannins, could be used as potential modulators of
metal absorption, to avoid exceeding healthy limits (Zhang et al., 2022).
In the works of Zeng and collaborators, the effectiveness of precipitation
of different metal ions by condensed tannins was compared and it
decreased with the order of Fe2+> Cu2+> Zn2+ (Zeng et al., 2019a;
Zeng et al., 2019b). Then, Zhang et al. (2022) further pointed out that
trivalent metal ions exhibit higher affinities for condensed tannins than
divalent ones (Zhang et al., 2022). Similar results were obtained from
gallotannins, which could combine with metal ions but also further
interact with protein to form tannin-metal-protein ternary complexes
(Zhang et al., 2021).

7. Metabolic fate of tannins in humans.

In order to exploit the potential of tannins as nutraceuticals, it is also
essential to understand their metabolic fate, which will ultimately in-
fluence their biological activities in the human body. Nowadays, the
complete metabolic fate and bioavailability of tannins, or their metab-
olites, are not yet fully understood. Unlike monomeric phenols, which
have been extensively studied in both animals and humans, polymeric
tannins are a difficult matter of study due to their complexity and
variability in chemical structure. Most consumed tannins can reach the
colon almost intact, where the high molecular weight structures cannot
be readily absorbed and must be further metabolised by the gut micro-
biota. While several studies have been conducted on the metabolism of
ellagitannins and condensed tannins, phlorotannins are still unexplored.
Only one study has been detected and provides no clear conclusions on
the biotransformation of this class of tannins produced by brown algae
(Corona et al., 2016).

7.1. Metabolism of hydrolysable tannins
Due to the low occurrence of gallotannins in food and their low

intake, the metabolism of these compounds has been poorly investi-
gated. After intake by healthy volunteers of gallotannin-rich fruits
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several metabolites were identified in urine, such as methyl gallic acid,
gallic acid sulphate, gallic acid glucuronide, galloylquinic acid, catechol
sulphate, catechol glucuronide, pyrogallol sulphate, deoxypyrogallol
sulphate, methyl pyrogallol sulphate and pyrogallol glucuronide (Barnes
et al., 2016; Mosele, Macia, & Motilva, 2016).

Gallotannins are degraded through enzymatic activity during
digestion and partly through metabolisation by the gut microbiota.
Comprehensive information on the metabolic pathways of gallotannins
is not available, so Mosele et al. (2016) attempted to investigate the
degradation steps of these phytocomplexes through human digestion
and fermentation in vitro (Mosele, Macia, Romero, et al., 2016). Already
under low-acid conditions, which simulate the gastrointestinal tract,
hydrolysis causes a slight degradation of the original gallotannins
depending on the level of gallic acid esterification.

After enzymatic digestion, higher molecular weight tannins from
dodeca- to octa- O-galloyl glucoses are transformed to lower weight
hepta- to tetra-O-galloyl glucoses with the additional production of free
gallic acid, digallic acid and galloyl- shikimic acid. Finally, the action of
the gut microbiota leads to gallic acid, protocatechuic acid and p-
hydroxybenzoic acid production. Moreover, gallic acid can be further
degraded to a simple catechol (Mosele, Macia, Romero, et al., 2016).
Although little data is available in the literature, the information
available so far suggests that mostly low molecular weight metabolites
may be responsible for the biological activity of this class of tannins
(Luca et al., 2020).

On the other hand, the metabolic fate of ellagitannins has been
extensively documented. This class of tannins has never been detected in
human plasma after intake of ellagitannin-rich foods (Garcia-Munoz &
Vaillant, 2014; Tao et al., 2019). Among the causes that have been
identified for this bioavailability impediment are the large size of the
molecules and the possible interaction with proteins in saliva or in food
(Mena et al., 2015). Ellagitannin degradation starts in the upper
gastrointestinal tract and depends on several factors such as their
chemical structure, their susceptibility to hydrolysis in the stomach and
duodenum, as well as their potential interaction with the food matrix
(Garcia-Munoz & Vaillant, 2014).

As most ellagitannins are sensitive to acidic and basic hydrolysis,
they release the lactone ellagic acid in the stomach or small intestine,
respectively. This molecule presents a low bioavailability probably due
to several factors, i.e. its scarce water solubility, and its capacity to
establish irreversible bindings with proteins, or to form poorly soluble
complexes with calcium and magnesium ions. The small amounts of
ellagic acid absorbed in the intestinal tract are found in plasma in con-
jugated form with methyl, sulfate, glucuronyl groups (Sallam et al.,
2021).

At the same time, a subset of ellagitannins is resistant to enzymatic
digestion, reaching almost intact the large intestine where they can
potentially exert their biological activity and can be partially converted
into ellagic acid by enzymes from the microbiota.

Ellagic acid can be further metabolised by the gut microbiota into
urolithins (Uro, dibenzopyran-6-one metabolites) through reduction of
one of the two lactone groups followed by decarboxylation and
sequential dehydroxylation involving a subsequent reduction to tetra-
hydroxy (urolithin D), trihydroxy (urolithin C), dihydroxy (urolithin A
and isourolithin A), and monohydroxy dibenzopyranones (urolithin B)
(Aguilar-Zarate et al., 2017; Milala et al., 2017; X. Zhang et al., 2018). At
present, just a few human bacterial strains, i.e. Bifidobacterium pseudo-
catenulatum, Gordonibacter urolithinfaciens and Gordonibacter pamelaeae,
have been identified as responsible for the production of these metab-
olites (Beltran et al., 2018; Garcia-Villalba et al., 2022; Gaya et al.,
2018). Based on the gut microbiota composition of each individual and
thus the ability to produce urolithins, a classification into metabotypes
(A, B and 0) was created. Even though the classification appeared to be
consistent across multiple intervention studies, the factors determining
the distribution of urolithin metabotypes are not yet clear (Garcia-
Conesa et al., 2018).
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As regards the metabolization of the other moieties of ellagitannins,
not much is known (Piwowarski et al., 2016).

7.2. Metabolism of condensed tannins

Non-microbiota mediated metabolization of proanthocyanidins can
be separated into two parts: the gastric and intestinal part. Some olig-
omeric and polymeric proanthocyanidins may already be subject to
degradation into oligomers, monomers, and some further metabolites in
the acidic gastric environment. Nevertheless, a definitive consensus on
this has not yet been reached (Tao et al., 2019). The presence of food
macronutrients may also affect the degradation of condensed tannins.
For instance, formation of emulsions in the presence of fat could exert a
protective effect for proanthocyanidins against degradation (Giltekin-
Ozgiven et al., 2016). In the presence of carbohydrates, the absorption
rate of molecules such as catechin and epicatechin may be increased
while that of epigallocatechin, epigallocatechin gallate and other olig-
omers may be reduced. The causes could be ascribed to a specific effect
of carbohydrates on gastrointestinal physiology or an unidentified
carbohydrate-flavanol transporter (Luca et al., 2020).

In the intestine, condensed tannins are absorbed in different parts
based on their structure and molecular weight. Proanthocyanidin
monomers can be readily absorbed in the proximal intestinal tract, while
oligomer and polymer absorption rates decrease with increasing number
of hydroxyl groups and molecular size (Pereira-Caro et al., 2018; Wu
et al., 2017). The intestinal epithelium does not have specific receptors
for condensed tannins, but tit plays a significant role in their modifica-
tion by inducing methylation and glucuronidation and increasing their
bioavailability (Zumdick et al., 2012). Once absorbed, proanthocyani-
dins and their metabolites can reach different organs and tissues through
the circulatory system. Particularly in the liver, proanthocyanidins can
be further modified by phase II enzymes (Luca et al., 2020).

Most condensed tannins (~85-90%) reach the large intestine, to be
fermented by microbiota and transformed into metabolites and further
derivatives, such as phenolic acids and valerolactones (de Moraes Barros
et al., 2016; Mena et al., 2017).

An example of microbial metabolization of dimeric proanthocyani-
dins (dimer B1) was proposed by Tao et al. (2019). This metabolization
involves a series of successive reactions with a cleavage of the inter-
flavanic bond or C-ring, followed by oxidation of the A-ring, dihydrox-
ylation and beta-oxidation. Finally, the monomers can be split into two
molecules through a hydrolysis reaction. This may result in epi-
gallocatechin (or epicatechin) and gallic acid. Other dimer trans-
formations have been proposed by several authors, who also suggested
other types of transformations such as the breaking of the interflavanic
bond after cleavage of the C ring in the lower units or, alternatively, the
oxidation of the A ring in the lower unit after cleavage of the C ring in
the upper unit (Borges et al., 2018).

For condensed tannins with a degree of polymerisation higher than
3, information is scarce, but it appears that the gut microbiota plays a
key role. Indeed, several studies found that after consumption of
condensed tannins the presence of flavanols in the bloodstream due to
possible acid hydrolysis in the stomach was minimal, while metabolites
were measured in urine, indicating the importance of the catalytic ac-
tivity of the microbiota. However, the pathways of oligomeric and
polymeric proanthocyanidins still need to be elucidated (Wiese et al.,
2015).

Regarding the bacteria involved in the degradation of condensed
tannins, several taxa involved have been identified; they may also work
in combination, acting simultaneously or sequentially. Eubacterium
oxidoreducens, belonging to the Firmicutes, seems to be involved in the
metabolism of oligomers and polymers, triggering the cleavage of the A-
ring (Stoupi et al., 2010).

Other taxa found to be involved in primary degradation of condensed
tannins are species belonging to Eubacterium (i.e. cellulosolvens and
ramulus), Bacteroides (i.e. uniformis, distasonis and ovatus), and also
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Enterococcus casseliflavus and Lachnospiraceae CG191 (Braune & Blaut,
2016). Subsequently, the hydrolysis products undergo ring-cleavage and
decarboxylation, giving rise to metabolites such as hydrox-
yphenylpropionic acid and hydroxyphenylacetic acids (Braune et al.,
2016; Braune & Blaut, 2016).

Flavonifractor plautii was instead identified as being responsible for
the production of small metabolites such as 1-(3', 4-dihydroxyphenyl)-
3-(2",4",6 -trihydroxyphenyl)propan-2-ol to 8-(3',4-dihydroxyphenyl)-
y-valerolactone and &-(3',4-dihydroxyphenyl)-y-valeric acid (Mena
et al.,, 2019). The probiotic bacteria Streptococcus thermophilus and
Lactobacillus casei-01 have been associated with the production of
various types of phenolic acids, such as 3,4-hydroxyphenylacetic acid, 4-
hydroxyphenylpropionic acid, m-coumaric acid and p-coumaric acid,
through the metabolization of proanthocyanidins (S. Li et al., 2013).

Microbial metabolism of condensed tannins can also be influenced
by the presence of other food components, such as ®-3 polyunsaturated
fatty acids (PUFAs), which have been shown to facilitate the microbial
fermentation of proanthocyanidins (Molinar-Toribio et al., 2017).

8. Conclusions and future perspectives

According to available evidence, tannins, secondary metabolites
produced by plants, exert numerous beneficial effects on human health
and are gaining considerable scientific interest thanks to their promising
potential in commercial applications as nutraceuticals.

However, despite much research on these promising compounds
there are still several open questions. First of all, classification, which
has not yet been fully established. Many authors today still do not take
into account the category of phlorotannins, which are produced by
brown algae instead of terrestrial plants. It is precisely these tannins that
have been studied in recent years, revealing a great deal of potential for
health benefits in humans, but there are still many remaining questions.
Indeed, if the pathways of biosynthesis of terrestrial tannins are mostly
clear, those of phlorotannins have not yet been fully elucidated.

The methods for extracting tannins from different sources are
manifold and especially in recent years there has been an outbreak of
increasingly refined techniques (i.e. MAE and UAE), mostly aimed at
greater efficiency, environmental friendliness and standardisation.
However, there are still many challenges for the exploitation of these
technologies, which for the time being are mainly designed at laboratory
level. In the near future, efforts should be made to achieve a scale-up at
industrial scale, abandoning more obsolete currently used methods.
Simultaneously, the composition of the new extracts obtained would
have to be elucidated in order to understand how it could be exploited
for multiple nutraceutical purposes.

At the same time, new biotechnologies could lead to the production
of by-products with a much higher bioavailability than common ex-
tracts. However, for these technologies to be exploited to the fullest
extent, the entire metabolization process of tannins, which is still not
fully understood, would have to be clarified.

An open issue is that most of these new advances in tannin extraction
could not match the requirements of the different food safety regula-
tions. Nowadays, food legislation does not grow in step with technology,
sometimes leading to the development and production of increasingly
refined or concentrated products, which, however, cannot be marketed.
An example of this is Europe, where Regulation (EC) No 258/97 of the
European Parliament and of the Council of 27 January 1997 concerning
novel foods and novel food ingredients states that extracts not obtained
by a classical extraction method are considered Novel Food. A future
perspective that should not be underestimated is to work towards
developing legislation in tandem with science.

The biological properties of tannins are strictly related to their
chemical structure, especially their numerous phenolic ring structures
together with the hydroxyl groups and the ability to bind other com-
pounds. Given the variety of plants from which they can be produced,
tannins can exhibit important structural diversity, but they all share
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certain characteristics of composition and activity. Depending on the
chemical conformation and the degree of polymerization there may be
greater ease of bonding or, conversely, generation of steric hindrance.
Thus, fully understanding the chemical properties and structure of
tannins is crucial for the exploitation of their potential biological ac-
tivity mechanism.

The importance of tannins’ affinity for proteins is reflected in the
wide range of applications they can find, ranging from modulating the
sensory aspect of food to the possibility of interacting with bacteria and
viruses. Similarly, the bond with other macromolecules has just as many
outlets both in food technology and for potential biological effects in the
human body. In this respect, it must be pointed out that many studies
concerning the interactions of tannins with other molecules often date
back several years, so outdated methods of investigation and limited
knowledge may have led to inconclusive or sometimes ambiguous
conclusions. For example, in the past, the tannin-metal interactions have
always been associated only with a detrimental biological effect,
whereas more recent studies have shown that these bonds are not always
deleterious and above all can be exploited for nutraceutical purposes. On
the other hand, the bonds with organic N compounds other than proteins
have been studied to a limited extent, so the possible effects on human
health have yet to be explored. Continuing to investigate the binding
interactions between tannins and potential food sources is essential for
subsequent dietary guidance on tannin intake or supplementation.

Finally, it cannot be overlooked that tannins as such do not have a
high bioavailability, so, in order to make the best use of these phyto-
complexes in the nutraceutical field, it is imperative to consider their
metabolism, which is still not entirely clear, as well as the possible
biological effects of the metabolites themselves. A goal for research over
the next few years is therefore to bridge the gap between the biotrans-
formation of tannins and the resulting potential mechanism of action,
making it possible to identify localized molecular signatures that lead to
the different biological effects.

In this sense, computational chemistry could represent an interesting
tool for conducting studies of pharmacokinetics, toxicological profile,
biological activity and their underlying mechanisms of action. More-
over, it could also provide great support in understanding how tannins
might be metabolised by our organism (including the gut microbiota),
particularly regarding phlorotannins on which evidence is still scarce
(Meng et al., 2021).
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