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Preface

Tannins are one of the polyphenols group found in plants and are mainly studied
because of their structural properties and bioactive behavior. Every year new
findings concerning their properties and functions are made, and today concerns
are mainly focused on how they can be used efficiently in the wood, food, textile,
health, and pharmaceutical industries. Thus, the aim of this book is to present
the most updated information on the structural properties of tannins, their food
sources and variations, biological properties, and health, among other important
issues. In addition, the most recent methods used for their isolation, quantifica-
tions, and industrial applications will also be covered.

Alfredo Aires (PhD)

CITAB—Centre for the Research and Technology of Agro-Environmental and
Biological Sciences,

University of Tras-os-Montes and Alto Douro,

Agronomy Department,

Vila Real, Portugal
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Chapter1

Hardwood Tannin: Sources,
Utilizations, and Prospects

Atanu Kumar Das, Md. Nagrul Islam, Md. Omar Faruk,
Md. Ashaduzzaman, Rudi Dungani, Enih Rosamabh,
Sri Hartati and Alfi Rumidatul

Abstract

Tannins are found in widely distributed species of plants, and it protects plant
from predators and pests. There are three major groups of tannins, that is, hydro-
lyzable, complex, and proanthocyanidins. Tannins are being used as a significant
element for the tanning of animal hides in the leather production industry from the
beginning of tannin industry. Then, these have been used for mineral absorption
and protein precipitation purposes since the 1960s. Tannins are used for iron gall
ink production and wood-based industry as adhesive and anticorrosive, recovering
uranium from seawater and removing mercury and methylmercury from solution.
In addition, tannins are considered as bioactive compound in nutrition science,
and their possible effects on health are to be identified. This chapter outlines the
structural and biological properties of hardwood tannins to indicate the positive
utilization of them. It also describes the contemporary information on tannins.

Keywords: tannin, structural properties, biological properties, utilization

1. Tannin and its classification

Plants are protected from herbivores and diseases due to the accumulation of a
wide range of “secondary” compounds, together with alkaloids, terpenes, and phe-
nolics. Phenolic metabolism helps to produce a wide variety of compounds ranging
from the familiar anthocyanidins (flower pigments) to lignin (complex phenolics
of the plant cell wall). Generally, the chemical and biological criteria of phenolic
compounds are called as tannins which are different from other plant secondary
phenolics. The word “tannin” originates from the ancient Celtic word for oak [1].

Seguin has introduced the term “tannin” to explain the ability to convert hide
or skin into leather by organic material extracted from certain plant tissues in 1796
[1]. Tannin is a chemical component obtained from plant, and it has been used for
the benefit of human being from the beginning of its development. To get the idea
about its complete nature, a lot of research work is needed till today, and that is
why it is considered the “dark continents” of science. Tannin has the ability to make
proteins and other polymers like pectin [2].

Tannins are the main polyphenolic secondary metabolites distributed widely in
the range of 5-10% of dry plant material in vascular plants. They are found mainly
in the bark, stems, seeds, roots, buds, and leaves [3]. Tannins are either galloyl

3 IntechOpen
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Tannins
v L]
Condensed Tannins Hydrolyzable Tannins
!
¥
(Gallotannins Ellagitanains

Figure 1.
Classification of tannins.

esters, or they are oligomeric and polymeric proanthocyanidins. They protect trees
from fungi, pathogens, insects, and herbivorous animals [4].

Tannins in softwood and hardwood are different as softwood and hardwood
dust particles can be separated based on their tannin content [5].

The term “tannin” is difficult to define concisely as it is found in plant chemistry.
Generally, tannin contains precise physical and chemical components, which help
to convert hide or skin of animal into impermeable non-rotting leather. Broadly, the
definition of tannin covers a whole mass of components which give overall phenolic
reactions [2].

Bate-Smith has defined tannins in this way: “tannins are water soluble phenolic
compounds with molecular weight of 500 and 3000, capable of precipitating gela-
tin, alkaloids and other proteins and provide the typical phenolic reactions” [1, 6].
Tannins having a high molecular weight of 20,000 have shown complex with some
specific polysaccharides [1, 6]. Scientists have also used the term “polyphenol” in
place of “tannin” to emphasize the diversity of phenol groups which characterize
these compounds [7, 8].

Natural tannins are generally categorized as either condensed or hydrolyzable
tannins (Figure 1). Hydrolyzable tannins are subdivided into gallotannins and
ellagitannins [4].

Condensed tannins have a wide range of molecular weight from 500 to over
20,000 [9]. Condensed tannins are composed of flavolans or polymers of flavan-
3-ols (catechins) and/or flavan 3:4-diols (leucoanthocyanidins) [10]. Phlobaphene,
a water insoluble product, is possible to be produced by polymerization of con-
densed tannins. Condensed tannins have the ability to react with aldehydes to
generate polymeric materials [9]. The hydrolyzable tannins contain glucose or
other polyhydric alcohols esterified with gallic acid (gallotannins) or hexahydroxy-
diphenic acid (ellagitannins) [11]. Acid hydrolysis of hydrolyzable tannins helps
to get gallic acid, ellagic acid, or other similar species [7]. The most important
condensed tanning materials are wattle or “mimosa,” quebracho, mangrove, and
hemlock, whereas the hydrolyzable tanning materials are chestnut wood (Castanea
sativa and C. dentata) and dry myrobalan fruits (Terminalia chebula) [10].

2. Hardwood tannin
2.1 Condensed tannin

Condensed tannins are polymeric flavonoids, and most of them are based on the
flavan-3-ols (Figure 2) (—)-epicatechin and (+)-catechin [1].

The best categorized condensed tannins are linked by C8 of the terminal unit

and C4 of the extender. The four common modes of coupling are called B-1, B-2,

1
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OH

epicatechin catechin

Figure 2.
Flavan-3-ols [1].

B-1 B-2
epicatechin-(43->8)-catechin epicatechin<{4->8)-epicatechin

B-3 B4
catechin-(4a->8)-catechin catechin-(4u->8)-epicatechin
Figure 3.

Common modes of coupling of condensed tannins [1].
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B-3, and B-4 (Figure 3). Besides these dimers, related dimers which are linked by
C6 of the terminal unit and C4 of the extender have been separated [1].

Proanthocyanidin is becoming more popular to describe flavonoid-based poly-
phenolics instead of condensed tannins. Anthocyanidin pigments are derived from
proanthocyanidins by oxidative cleavage in hot alcohols (Figure 4) [1].

Unmodified terminal units are produced by the acid butanol reaction, and the
extender units produce the colored anthocyanidins. Procyanidins are produced
by catechin- and epicatechin-based polymers. Delphinidin is the yield of gallocat-
echin- and epigallocatechin-based polymers, whereas pelargonidin is the product of
the rare mono-substituted flavan-3-ol-based polymers.

There is an available branch in 5-deoxy-flavan-3-ol polymer-condensed tan-
nins due to having the reactivity of the 5-deoxy A ring, and these are an important
group of condensed tannins. In the case of quebracho and acacia tannin prepara-
tions, profisetinidins and prorobinetinidins are observed as the major tannins.
Acid butanol reaction helps to produce the 5-deoxy anthocyanidins fisetinidin and
robinetinidin (Figure 5) [1].

Tannins are broadly available in all over the plant kingdom, while the
condensed tannins are distributed in the Archichlamydeae division of the

(.
>

oOH

oH

OH

procyanidin
e 2 cyanidin + catechin
epicateching 4fi=—>8 catechin {extendar) end group
R R

OH
P -
-
+*

HO
@ R "
+
R" R"
R" = OH R = 0OH
R =R"'=H, pelargonidin R = R"' = H, apigeninidin
R=H, R"=0H, cyanidin R=H, R"= OH, luteoclinidin
R = R' = OH, delphinidin
R’I! = H
R = R"'=H, guibourtinidin
R =H, R' = OH, fisetinidin
R = R’ = OH, robinetinidin
Figure 4.

Proanthocyanidin and its derivative [1].
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OH

OH

robinetinidol-{4a->8)-catechin-{6u->4a)-robinetinidol

HO

O
HO |
O
OH
profisetinidin

Figures.
Extracted tannins by acid butanol reaction [1].

Family Genus

Casuarinaceae Casuarina

Salicaceae Salix

Betulaceae Betula

Fagaceae Castanea, Lithocarpus, Quercus

Lauraceae Persea

Rosaceae Prunus

Leguminosae Acacia, Cassia, Robinia

Meliaceae Carapa, Xylocarpus

Euphorbiaceae Excoecaria

Anacardiaceae Astronium, Rhus, Schinopsis

Bombacaceae Camptostemon

Sterculiaceae Heritiera

Dipterocarpaceae Hopea

Lythraceae Pemphis

Sonneratiaceae Sonneratia

Rhizophoraceae Bruguiera, Carallia, Ceriops, Candelaria, Rhizophora

Combretaceae Laguncularia

Myrtaceae Eucalyptus, Tristania

Verbenaceae Avicennia

Table 1.
Condensed tannins in hardwood.
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Dicotyledonae. Scientists examined condensed tannins by paper chromatography
in their previous studies [12-16]. In Australia, the attractive source of condensed
tannins are extracts from barks of Bruguiera and Rhizophora species (mangrove
species) and Eucalyptus astringens (brown mallet) and the heartwood and bark of
E. wandoo and E. accedens (wandoos). Table 1 shows the distribution of con-
densed tannins in hardwood.

2.1.1 Utilization of condensed tannin
2.1.1.1 Tanning industry

In general, condensed tannin material is the major component of commercial
tanning chemical, which is used for tanning leather in tannery. The major contribu-
tors for the world’s supply of condensed tannin are extract of mangrove and wattle
and quebracho used in heavy leather manufacture. Condensed tannin materials are
selected based on their tanning quality for heavy leather production. Condensed
tannins have high resistance power to detanning [17]. Quebracho and wattle tannins
are more resistant to concentrated urea solution than to hydrolyzable tannins [18].

Though tannin materials are dissimilar based on pH, salt content, and natural con-
ditions of acid content, it can be controlled maintaining proper conditions [19, 20]. pH
in tan liquors is relatively high due to the absence of phenolic in tan liquors. Mangrove
extracts contain sodium chloride, whereas sulfited quebracho extracts possess sodium
sulfate, and the salt content contributes to the salt material in tannin materials [21].

2.1.1.2 Preservative for fishing net

Preservation of fishing nets by various condensed tannin materials is popular
in Indo-Pacific countries. It is used to prevent cellulose degradation by bacterial
and fungal cellulases. Fishing nets are submerged in hot tannin solution, and
this method is repeated for several times. Tannin-impregnated nets are further
treated with either hot ammoniacal copper sulfate or dichromate solution for some
cases [22, 23]. Condensed tannin materials are extracted from Burma cutch from
Acacia catechu heartwood, Malayan (mangrove) cutch from Carapa obovata and
Ceriops candolleana barks, and Borneo (mangrove) cutch from Ceriops candolleana,
Rhizophora candelaria, and R. mucronata barks [21].

2.1.1.3 Preparation of plastics and adhesives

Condensed tannins are phenolic raw materials which react with formaldehyde;
these can be used for the production of synthetic resins [21]. Nico [24] studied the
suitability of quebracho-formaldehyde resins for adhesives and plastics. Molding
powders are produced by pressing mixtures of accurate quebracho and wattle
tannins, paraformaldehyde, and plasticizer [21]. Though these moldings have short
flow period, these follow all the characteristics of phenol-formaldehyde moldings as
per the specifications of British standards [25]. These molding powders show very
stable and waterproof properties, and the mixture is catalyzed with either acid or
alkali at temperature 250°F [25].

Various condensed tannins as plywood and particle board adhesives have been stud-
ied by many researchers [26-30]. Adhesives prepared from bark of Tsuga heterophylla,
Acacia mollissima, and Callitris calcarata have less strength and higher water resistance
properties than those obtained from commercial adhesives [31, 32]. Strong and water-
resistant adhesives for plywood are prepared by mixing of paraformaldehyde, filler, and
sulfited tannin solutions obtained from Eucalyptus crebra, Pinus radiata, wattle extract,
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and quebracho extract [25, 33]. Adhesives prepared from Australian mangrove tannin
extracts in addition with a small proportion of commercial phenol-formaldehyde,
resorcinol-formaldehyde, or phenol- and resorcinol-formaldehyde comply with
Australian and British standard for synthetic adhesives for plywood [21, 34].

2.1.1.4 Oil and ceramic industry

The main problem is to maintain the flow and suspension characteristics of
bentonite oil well muds in the United States [21]. In oil well drilling, quebracho
tannins are used widely to control the viscosity of the mud; annual consumption of
quebracho extract is 30,000-40,000 tons for this purpose [35]. In the United States,
it is accounted for about 40% of the total tannin consumption in 1950 [36, 37].

Scientist has reviewed the incorporation of condensed tannins into the ceramic
industry. Quebracho extract enables the use of higher solid mixer in the casting of
clay slip by lowering the viscosity of the clay-water mixes. Condensed tannins save
the plaster molds from deterioration by increasing the tensile strength of clay casts
and eliminating the silica from the mixture, with consequent saving in the deterio-
ration of plaster molds. The suspending power of the slip is enhanced by quebracho
tannins in the casting of bone China [21].

2.1.1.5 Anticorrosive of metals

Tannins protect the iron materials from sulfate-reducing bacteria by exerting
a bacteriostatic action [38]. Mangrove tannin is economically viable to protect the
underground iron pipes and tubes [35].

Tannate films of tannin extract is formed on iron and steel surfaces to protect
it from atmospheric corrosion [25]. Actually a protective film is formed during the
submersion of aluminum in tannin solutions, and it can be used for the preserva-
tion of nonferrous metal [39].

2.2 Hydrolyzable tannin

Hydrolyzable tannins are esters of a sugar with one or more polyphenolic carbox-
ylic acids; sugar is mainly glucose, but polysaccharides or branched-chain sugars are
available for some cases. The hydrolyzable tannins are generally classified based on the
hydrolyzed product, and these are either gallotannins, are simple polygalloyl esters
of glucose. Pentagalloyl glucose, has five identical ester linkages that involve aliphatic
hydroxyl groups of the core sugar (Figure 6). Alkalies, acids, or enzymes like tannase
and takadiastase hydrolyze the ester linkages in hydrolyzed tannins [40].

OH
OH

| -
o] E— OH
OH HO

gallic acid

Figure 6.
Precursors of gallotannins [1].
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Ellagitannins [1].

Gallotannins, the simplest hydrolyzable tannins, are simple polygalloyl esters
of glucose. The ideal gallotannin is comprised esters of p-1,2,3,4,6-pentagalloyl-O-
D-glucopyranose (pentagalloylglucose) (Figure 6). Pentagalloylglucose (PGG) has
five identical ester linkages having aliphatic hydroxyl groups of the core sugar [21].
PGG has many isomers having the same molecular weights (940 g/mol)
(Figure 7). Although the molecular weights are same, chemical properties and
biochemical properties are different from each other due to having different struc-
tures. Therefore, their properties like susceptibility to hydrolysis, chromatographic
behavior, and ability to precipitate protein are varied for different isomers [21].
Gallotannins are converted to the related ellagitannins by the oxidative coupling of
galloyl groups (Figure 8). The simple ellagitannins are esters of hexahydroxydiphenic
acid (HHDP). In aqueous solution, HHDP impulsively lactonizes to ellagic acid [21].
HHDP is formed by intramolecular carbon-carbon coupling C-4/C-6 (e.g., euge-
niin) and C-2/C-3 (e.g., casuarictin, also has C-4/C-6) having polygalloyl glucoses

10
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Figure 9.
Hexahydroxydiphenic acid (HHDP) [1].

in the more stable “C; conformation (Figure 9). On the other hand, intramolecular
coupling occurs at C-3/C-6 (e.g., corilagin), C-2/C-4 (e.g., geraniin, also has C-3/C-
6), or C-1/C-6 (e.g., davidiin) with polygalloyl glucose the less stable 'C, conforma-
tion for a few plants (Figure 9). In addition, geraniin is characterized by partial
oxidation of the C-2/C-4 HHDP to dehydro-HHDP [21].

Some commercial hydrolyzable tannins presented in Table 2 develop the present
knowledge on the chemistry of the hydrolyzable tannins. Hydrolyzable tannins
are available in the leaves and sapwood of a tree [40, 41]. Ellagitannins (or ellagic
acid) are found in the leaves of species of the orders Fagales, Myrtiflorae, Rosales,

11
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Tannin Source
Chinese tannin (tannic acid) Galls on leaves of Rhus semialata (Anacardiaceae)
Sumac tannin Leaves of Rhus coriaria (Anacardiaceae)
Myrobalans Fruit of Terminalia chebula (Combretaceae)
Turkish tannin Galls on wood of Quercus infectoria (Fagaceae)
Valonea extract Acorn cups of Quercus valonea or Q. macrolepis (Fagaceae)
Oak extract Wood of various Quercus species (Fagaceae)
Chestnut extract Wood of Castanea sativa and C. dentata (Fagaceae)
Tara extract Pods of Caesalpinia spinosa (Leguminosae)
Divi-divi Pods of Caesalpinia coriaria (Leguminosae)
Algarobilla extract Pods of Caesalpinia brevifolia (Leguminosae)
Table 2.

Name of commercial hydrolyzable tannins and sources.

Family Genus

Casuarinaceae Casuarina

Juglandaceae Pterocarya

Betulaceae Alnus, Carpinus

Fagaceae Castanea, Nothofagus, Quercus
Loranthaceae Nuytsia

Nymphaeaceae Nuphar

Cercidiphyllaceae Cercidiphyllum

Droseraceae Drosera

Saxifragaceae Francoa, Ribes

Hamamelidaceae Liquidambar

Rosaceae Rosoideae (Geum, Fragaria, Potentilla, Rosa, Rubus) only
Leguminosae Pterocarpus (Caesalpinia in lit.)
Geraniaceae Geranium

Tremandraceae Tetratheca

Euphorbiaceae Acalypha, Euphorbia, Ricinus
Empetraceae Empetrum

Coriariaceae Coriaria

Cyrillaceae Cyrilla

Corynocarpaceae Corynocarpus

Aceraceae Acer monspessulanum (A. ginnala inlit.)
Melianthaceae (Anacardiaceae in lit.) Greyia, Melianthus

Vitaceae Vitis

Elaeocarpaceae Avistotelia

Theaceae Camellia, Cleyara, Gordonia, Thea
Frankeniaceae Frankenia

Tamaricaceae Tamarix

Bixaceae Bixa

Stachyuraceae Stachyurus

Elaeagnaceae Elaeagnus, Hippophae

12
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Family Genus
Lythraceae Lagerstroemia, Lythrum
Punicaceae Punica
Rhizophoraceae Cassipourea (Rhizophora in lit.)
Combretaceae Combretum (Terminalia in lit.)
Myrtaceae Agonis, Angophora, Callistemon, Eucalyptus, Eugenia,
Melaleuca, Metrosideros, Myrtus, Psidium
Melastomataceae Bertolonia, Heterocentron, Medinilla, Tibouchina
Onagraceae Dircaea, Fuchsia, Jussieua, Lopezia, Oenothera
Haloragaceae Gunnera, Haloragis, Myriophyllum
Ericaceae Avbutus (Arctostaphylos, Vaccinium, in lit.)
Diapensiaceae Galax
Campanulaceae Centropogon only
Compositae Tagetes only
Amaryllidaceae Hypoxis
Table 3.

Name of family and genus containing ellagitannins or ellagic acid.

Sapindales, and Geraniales [42]. Gallotannins and ellagitannins have been detected
in the tissues of many hundreds of species of dicotyledons [40]. Source of ellagitan-
nins or ellagic acid is presented in Table 3.

2.2.1 Utilization of hydrolyzable tannin
2.2.1.1 Tanning industry

For leather manufacturing process, the conversion of animal hide or skin into
leather is considered as the main art of tanning in leather industries. To provide
leather, tannin cross-links with the collagen chains located in the hide during tan-
ning process. Hydrolyzable tannins obtained from plant extract are widely used for
tanning in leather industries [2].

2.2.1.2 Medication

Biological activities of hydrolyzable tannins confirm the beneficial effect on
the health of human being, and these are used as antimutagenic, anticancer, and
antioxidant. Furthermore, hydrolyzable tannins help to diminish serum cholesterol
and triglycerides and suppress lipogenesis by insulin [43, 44].

2.2.1.3 Other applications

Tannic acid is used in dye industry and water treatment process for purifying
water. It is also used for manufacturing ink, plastic resins, adhesives, surface coat-
ings, gallic acid, etc. [2].
2.2.2 Prospectus of the utilization of tannins

There are several uses of tannins for the welfare of human being, and continuous

research is being carried out for increasing the diversity of utilization of tannins.
The potential uses of tannins are in the following.
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2.2.2.1 Tanning industry

Tannins were the major tanning material for converting animal hide/skin into
leather. At present, inorganic salts especially chrome salts are used to produce
70-85% leather. Replacing toxic chrome salts with less toxic and environmentally
friendly tanning materials is possible by polymerization of tannins with other
synthetic materials [11].

2.2.2.2 Wood composite industry

Tannins as wood adhesives have been confirmed by a number of patents.
Synthetic adhesives are hazardous to environment. Therefore, tannins can be used
as alternative source of adhesive in wood composite industry. Cost-effectiveness
and high level of consistency should be considered for the replacement of existing
harmful adhesives with tannins [11].

2.2.2.3 Water and waste water treatment plant

Tannins have a positive potentiality to be used as water treatment chemicals. For
municipal water treatment, floccotan, a commercial product, has been used to eradicate
suspended colloidal matter like clay and organic matter. Chelating ability of tannin is
important to remove metallic ions, that s, Cr, Ni, Zn, or Cd, from waste water [11].

Acacia mearnsii cryogel obtained from the extraction of A. mearnsii tannin with
formaldehyde in alkaline medium is used as absorbent of heavy metal (Figure 10).
Extraction of A. mearnsii tannin by epichlorohydrin in N,N-dimethylformamide
medium, followed by grafting with diethylenetriamine and triethylamine, yields a cat-
ionic adsorbent. This cationic absorbent is also used for heavy metals (Figure 11) [45].

A. mearnsii cryogel is also applicable for the removal of dyes. The dyes absorp-
tion capacity by A. mearnsii cryogel is presented in Figure 12. It is noted that
cationic dyes have higher adsorption efficiency than anionic dyes, like tartrazine
and alizarin violet. On the other hand, cationic adsorbent has a high efficacy for
many anionic dyes, even for a cationic dye such as methylene blue (Figure 13) [45].

Figures 14 and 15 show the various pesticides and pharmaceutical absorption
capacity of cationic tannin adsorbent. Cationic compounds, like 2,4-D, clofibric
acid, MCPA, acetylsalicylic acid, diclofenac, ketoprofen, naproxen, etc., are
absorbed effectively, whereas cationic products, such as atrazine, amoxicillin,
trimethoprim, are adsorbed ineffectively [45].
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Figure 10.
Comparison of the adsorption capacity of heavy metals on Acacia mearnsii cryogel [45].
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Figure 14.
Comparison of the adsorption capacity of pesticides on cationic tannin adsorbent [45].
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Figure 15.
Comparison of the adsorption capacity of pharmaceuticals on cationic tannin adsorbent [45].

2.2.2.4 Metal protective agents

Tannins have been used as a corrosion inhibitor for carbon steel and copper
in oil and gas facilities with treated Rhizopora mucronata tannin. Sulfonated tan-
nins can be used to remove scale-forming cooling water pipes and boilers. In the
protective coating industry, tannins have been used for protecting metal surfaces
as a primer/undercoat/topcoat. In Chile, pine tannin has been used as a commercial
anticorrosive product. Black wattle extract has been used as a polyurethane-type
coating for wood [11].

2.2.2.5 Building construction purpose

Tannins are used as a viscosity modifier of mud for the production of residential
and architectural bricks [11].
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2.2.2.6 Eco-friendly preservatives

Generally, condensed tannins preserve lignocellulosic materials naturally.
Therefore, condensed tannins can be used as potential wood preservatives and
biocides [46].
2.2.2.7 Medical science

Tannins have antiviral, anticancer, antibacterial, anti-inflammatory, and
antioxidant properties, and these are the driving forces to be a potential source of

medicinal products. A large amount of research is being undertaken currently to
develop medicine from tannin [11].
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Abstract

Food sources of ellagitannins (ETs) are numerous, and dietary intake of these
compounds is estimated up to 12 mg/day in some countries, even though ETs have
been considered in the past as not bioavailable like other tannins and were mostly
neglected by nutritionists. Nonetheless, new insights show that ETs are bioconver-
ted by microbiota in the gut into metabolites called urolithins, which are bioavail-
able and can reach relatively high physiological concentration in the body up to 7
days after ingestion. According to the initial structure of ETs in the food source, the
extent of bioconversion into urolithins may differ but all urolithins are susceptible
to exert potential health benefits. Nonetheless, due to the intervention of micro-
biota, the production and excretion of urolithins are highly variable according to
individuals, which have led to the classification of consumers into metabotype.
According to metabotype, the potential health benefits of ellagitannins may differ
among consumers. In in vitro, cellular and animal studies, numerous health ben-
efits of ellagitannins and urolithins are reported mainly for the chemoprevention of
hormone-dependent cancer and cardiovascular disease. Nonetheless, ellagitannins
deserve closer attention from the scientific community to unravel more biological
properties of this particular compound.

Keywords: ellagitannins, urolithins, microbiota, metabotype, chemoprevention

1. Introduction

Ellagitannins are food compounds that were quite neglected by nutrionists until
last decade. As part of tannins, they had no good reputation and they were consid-
ered as antinutritional compounds. But new scientific insights have changed these
perspectives, and ellagitannins now attract the attention of food scientists, nutri-
tionists and consumers since the number of published papers on these compounds
has considerably increased during the last decade. Ellagitannin is a hydrolyzable
polymer contrary to the rest of the family of tannins and can be hydrolyzed to more
simple monomers that can be eventually metabolized and that can become bio-
available with subsequent exposition of the body to these metabolites. For sure, if
ellagitannins are widely present in nature, only few food sources are reported with
relatively high content of this compound, and consequently exposition of consum-
ers to food ellagitannins is relatively low, especially in the Western diet. But given
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the health potential of ETs, ET-rich food now belongs to the select group of func-
tional foods, and their consumption should be considerably enhanced in the future.
Actually, given the main food source of ellagitannins such as berries and nuts, we
can easily assume that the exposure to this compound and their metabolites was
considerably higher in the hunter-gatherer diet than in modern time. Without
presuming that an increase in ET intake would reduce significantly the impact of
certain chronic diseases due to modern lifestyle, it is reasonable to argue that ETs
have been part of our evolutionary history and they could potentially perform
health care functions. New scientific insights presented in this chapter on the

in vivo metabolisms of ellagitannins and the potential biological activities of gener-
ated metabolites tend to support this hypothesis. This review presents the main
food source of ellagitannins, their general chemical structure, and how technologies
and storage could eventually affect ellagitannin composition in processed foods.
Then, we will review the metabolomic fate and the bioavailability of ellagitannins
in humans, which is strongly related to the performance of intestinal microbiota,
and finally, we will present a summary of the main biological activities, attributed
to ETs and their derived metabolites.

2. Food occurrence of ellagitannins

Ellagitannins (ETs) are with gallotannins part of the hydrolyzable tannins and
constitute the largest group among more than 500 hydrolyzable tannins characterized
until now [1]. To date, more than 1000 natural ellagitannins have been identified in
nature [2] but most of them are not preponderant in foods. The main ETs identified in
foods (specially in fruits, nuts, and seeds) are punicalagin, sanguiin H6, lambertianin
C, pedunculagin, vescalagin, castalagin, casuarictin and potentillin (seeds) [3].

Examples of concentration and ellagitannins identified in some foods are pre-
sented in Table 1. The occurrence of ETs in foods is restricted to a few fruits, such
as berries of the genus Rubus (cloudberry, raspberry, blackberry, blueberry, and
cranberry) and the genus Fragaria (strawberry), pomegranate, nuts (walnuts and
almonds), seeds, and oak-aged wines [1, 6-8]. Recently, other ET food sources of

Food source Ellagitannins Contentequ. EA
(mg/100 g)
Blackberries (Rubus spp..) Sanguiin H6, lambertianin D [7] 150-270 [3]
Strawberries (Fragaria ananassa) Casuarictin, pedunculagin, sanguiin H6 [7, 8] 71-83 [3]
Cloudberries (Rubus chamaemorus) Sanguiin H6, lambertianin C [7] 312 [3]
Raspberries (Rubus idaeus) Sanguiin H6, sanguiin H10, lambertianin C [7, 9] 326 [10]
Pomegranate (Punica granatum) Punicalagin [7] 58-177 [3]
Guava (Psidium friedrichsthalianum) Pedunculagin, castalin, and vescalin [5] 63 [5]
Jabuticaba (Myrciaria jaboticaba) Sanguiin H6-H10, lambertianin C [4] 900 [11]
Muscadine grapes (Vitis rotundifolia) Sanguiin H5 [7] 3-91[7]
Purple Grumixama cherry (Eugenia Pedunculagin, strictinin, castalagin, vescalagin 16 [12]
brasiliensis) [12]
Chestnuts (Castanea sativa) Castalagin [7] 149 [13]
Pecans (Carya illinoinensis) Pedunculagin [7] 316 [13]
Walnuts (Juglans regia) Pedunculagin, casuarictin [14] 864 [13]
Table 1.

Main food source of ellagitannins.

22



Food Ellagitannins: Structure, Metabolomic Fate, and Biological Properties
DOI: http://dx.doi.org/10.5772/intechopen.86420

local importance have been identified such as jabuticaba [4], guava, [5] and gru-
mixama cherries [12]. It is interesting to note that according to a Brazilian research
team, Jabuticaba berries from a particular variety cultivated in south Brazil have the
highest registered ET content in fruits. Berries have almost three times more equiva-
lent EA content than walnuts and pecans and at least 15 times more than other fruits
and nuts [6]. In the berries from the genus Rubus and genus Fragaria, total equ. EA
content represents the most important compounds with 50-88% of total phenolic.
Also, ET content can be considerably affected by variety, ripeness, fruit parts,
geographic origin, climate, season, cultural practices, and mineral nutrition [6].

ET daily intake is generally low and has been estimated around 5 mg/day for
Western diets with major contributors being the red berries mainly strawberries,
followed by raspberries and blackberries. Given the significant seasonality of the
production of these fruits, the exposure to ellagitannins is very uneven during the
year. In the Scandinavian countries, where the consumption of berries increases
considerably in summer, daily intake can reach up to 12 mg/day [6, 9] with cloud-
berry, raspberry, rose hip, strawberry, and sea buckthorn being the main contribu-
tors with content from 1 to 330 mg/100 g (fresh weight basis).

3. Chemical structure of ellagitannins

ETs are esters of hexahydroxydiphenic acid (HHDP) and a polyol, usually glu-
cose or quinic acid [3, 15, 16], that when they are hydrolyzed spontaneously suffer
lactonization to form ellagic acid [10, 17] (Figure1).

Chemical structure diversity among ETs is huge and is due to the possible varia-
tions in position, frequency, and stereochemistry of the HHDP units, galloylation
extent, and/or anomeric stereochemistry of sugar moieties [17]. Thus, due to
seemingly endless structural variations among ellagitannin, elucidating their native
structure is often a challenge [17]. According to their chemical structure, ETs can
readily undergo different chemical reactions such as transformation, isomerization
and oligomerization, which finally determine overall physico-chemical properties,
hydrolytic susceptibility, and finally biological activity in vivo [7].

The important structural diversity of ET structure is due to the different pos-
sible extent of galloylation and formation of aromatic C-glycosides, the number
of intramolecular C-C coupling of galloyl groups and hydrolytic cleavage of
galloyl-derived aromatic rings, the level of dehydrogenation, and oligomerization
via oxidative C=0 [2, 17]. According to the number of HHDP groups linked to
sugar moiety, ETs can be classified into monomeric, oligomeric, and polymeric
ellagitannins [18].

Figure 1.
Basic structures of ellagitannins: (A) HHDP acid (R radical); (B) galloyl unit (G radical); (C) ellagic acid.
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Figure 2.
Most common ellagitannins present in food: (D) sanguiin Hs; (E) casuarictin; (F) potentillin; (G) pedunculagin;
(H) lambertianin C; (I) punicalagin; (J) vescalagin R1: OH, R2:H o Castalagin R1:H, R2:OH.

ETs are generally hydrolyzable in acidic or basic solutions. Even though ETs are
quite resistant to acid hydrolysis, neutral or slightly alkaline pH (from 7.0 to 7.3)
are the best conditions for ET hydrolysis to occur [19]. During hydrolysis, the ester
bounds in the polymer are cleaved and HHDP is released followed by a spontane-
ous lactonization of free HHDP unit into free ellagic acid or derivatives [20]. This
reaction is mainly used for the detection and quantification of ellagitannins, as ET
content in food samples is often expressed as ellagic acid equivalents (Figure 2).
Acidic and basic hydrolysis of ETs can also occur during food processing, storage,
and passage through the stomach and duodenum [10, 16, 21]. Although most ETs
are hydrolyzable, further C==C coupling of polyphenolic residue with the polyol
unit, such as in the case of vescalagin, can prevent hydrolysis [22]. In addition, ETs
can undergo polymerization reactions during maturation of fruits or thermo-phys-
ical treatments, which can make them insoluble and eventually attached covalently
to cell wall fragments [21]. Nonetheless, most often acidic or basic hydrolysis will
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allow generating ellagic acid (EA) from ET even in mild conditions. As a conse-
quence, EA, the dimeric derivative of gallic acid, is often spontaneously present in
its free form in plants, next to ET [23].

3.1 Structural changes of ETs and EA during process and storage

Different studies have pointed out that there are important changes in ETs’
composition during processing and storage with marked subsequent consequences
on the bioavailability and bioactivity of these compounds [24, 25].

Mazur et al. [26] noticed a decrease of 7% of lambertianin C in red raspberry
jam after 6 months of storage at 20°C in dark; meanwhile, ellagic acid derivatives
and total phenolics increased by 47%. The reason was the spontaneous hydrolysis of
ellagitannins to ellagic acid that may occur during storage. Authors showed also that
according to the genotype of raspberry, losses of ET were more or less important.
On the other hand, one ellagitannins, the sanguiin H6, remains remarkably stable
during storage in this case [26]. Nonetheless, in another study, stored pasteurized
blackberry juice showed after 6 months at 25°C a 46% loss in sanguiin H6/lamber-
tianin A, 42% loss in lambertianin C, and 72% loss in lambertianin D. Like previ-
ously, the total amount of EA measured after hydrolysis registered only minimal
changes, which evidenced the spontaneous depolymerization of ETs into EA
during storage. At 5°C, half-life (t;,;) of sanguiin H6 and lambertianin C was almost
comparable (around 80 days), but when stored at 45°C, t;/; was four times higher
for sanguiin than for lambertianin [25]. Sanguiin H6 is a dimer and lambertianin C
a trimer, which could explain the higher stability of this compound during stor-
age at relatively high temperature. At freezing temperature, no changes at all were
observed over a 6-month period [24]. We can conclude that stability of ellagitannins
during storage of processed foods depends on their chemical structure as well as the
composition of the food matrix.

Between different processing alternatives evaluated by Hager et al. [24], can-
ning, pureeing, and freezing had little effect on blackberry (cv. Apache) ellagitan-
nins, but the removal of seeds in the press-cake generates a loss of up to 70%,
and if juice is microfiltered, 12% more loss can be registered. In that case, some
ellagitannins appear to be associated with cell fragments and with the mucilage that
surrounds the seeds. In the case of Costa Rican guava, pressing appears to increase
the content of some ETs. After pressing, an increase in pedunculagin isomer 1
of 25% was observed, while castalagin isomers presented a significant decrease
(40%). Authors suggest that castalagin decrease may be linked to degradation and
not to isomerization of the compounds, since no increase in vescalagin content was
observed [5]. Milling appeared to enhance the content of pedunculagin isomer 1
and castalagin isomers by 34 and 31%, respectively. Actually, another study on the
effects of mechanical and enzymatic pretreatments on the extraction of ellagitan-
nins from blackberries showed that enzymatic treatment (pectinase and cellulase)
combined with continuous pressing enhanced significantly ET content in the juice
(from 437 to 982 mg ellagic acid equivalents/100 g (dry basis)) [27].

Critical steps on ET content during classical industrial processing of blackberry-
based beverage in glass bottles were evaluated. Hot-filling that is characterized
by long-term exposure of the beverage to high temperature was the operation
that most degraded ellagitannins with losses of 80% in lambertianin C and 50%
in sanguiin H6 in the final product. Again, sanguiin H6 showed a higher thermal
stability than lambertianin. It was also observed that the intensity of thermal treat-
ment during process affects stability of ETs during storage [25]. But, when dealing
with equivalent total EA content after hydrolysis, no changes were observed. On the
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other hand, in another food source, the ripe Costa Rican guava (Psidium friedrich-
sthalianum Nied), different pasteurization treatments (71.1°C for 4 s and 60°C for
8.2 min) were found to not affect ETS’ final content. In this case, the composition in
geraniin, vescalagin, and pedunculagin isomers remained basically constant during
the process [5]. The analysis of these results shows that thermal stability at high
temperature is also affected by the chemical structure of ET.

In other processing operations such as osmotic dehydration in 50-65°Bx sucrose
solutions (30°C), in the case of blackberry, 80% of ellagitannins were retained after
1 h, while losses reached up to 45% after 3 h. The concentrations of the two main
ellagitannins, lambertianin C and sanguiin H6, revealed similar patterns of varia-
tion. On the contrary, due to a much lower molecular weight, the loss of free ellagic
acid reached up to 50% after 1 h of osmotic dehydration [23].

4. Metabolomic fate and bioavailability of ETs and EA

Many studies have proven that ETs are not bioavailable as such, and they have never
been detected in human plasma after normal consumption of ET-rich foods [28, 29].
Ellagitannins are probably not bioavailable because of their size (above 634 Da for one
of the simplest ellagitannins, the sanguiin H4 (C,;H»0ss), up to 3740 Da for lamber-
tianin D (C164H1060104)). Their relatively high polarity and the presence of a C=C
linkage could also explain this situation. During ingestion, ETs can also bind some
proteins in saliva and cause astringency, and in this case, they may not be metabolized
further [30]. Also, some ellagitannins are resistant to acid and basic hydrolysis in
the GI tract and they can reach almost intact the large intestine [31]. However, for
most ETs sensitive to acidic and basic hydrolysis in the stomach and the duodenum,
respectively, they release free ellagic acid, which is at its turn poorly bioavailable. In
the human digestive system, the bioavailability of EA derivatives depends on the part
of gastrointestinal tract in which these compounds are released [7]. In stomach or
small intestine, only low level of absorption could occur, and if EA can be detected in
plasma and urine between 1 and 5 h after ingestion of dietary ETs, generally as methyl
and dimethyl ethers or glucuronic acid conjugates, all these EA derivatives are always
found at very low concentrations [29, 32, 33]. Low bioavailability of EA is probably
due to low water solubility, and to its ability to bind irreversibly to cellular DNA and
proteins, or to form poorly soluble complexes with calcium and magnesium ions
which affects transcellular absorption [3, 33, 34].

The extent of the degradation of ETs in the upper GI tract depends on their
chemical structure, the food matrix, and their susceptibility to acid/base hydrolysis
in the stomach and duodenum [29]. Therefore, some ETs can reach the intestine
where they can exert potential biological activity and eventually some can be
partially converted into EA by enzymes from microbiota [35].

In the lower GI tract, released EAs can be partially metabolized by gut micro-
biota into urolithins (Uro, dibenzopyran-6-one metabolites) through reduction
of one of the two lactone groups followed by decarboxylation and sequential
dehydroxylation involving a step-by-step reduction to tetrahydroxy (urolithin D),
trihydroxy (urolithin C), dihydroxy (urolithin A and isourolithin A), and monohy-
droxy dibenzopyranones (urolithin B) (Figure 3) [21, 35-37].

Urolithins appear to be the main plasma and urinary biomarker after consump-
tion of ET-rich food (Table 2). Specifically, urolithin A and B and their phase II
metabolites are the main metabolites in plasma and urine [10, 13] detected at micro-
molar concentration level. They can also be found at much higher concentration in
some tissues or organs such as prostate gland and colon where they can accumulate
[38, 39]. Persistence of urolithins in the body has been reported for long periods
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Ellagitannins (Ex. Punicalagin
(R=HHDP acid)

urolithin & R1=H; R2=0#, R3=H
urolithin B R1=H; Ri=H, R3=H
wrglithin C R1=0H; R2=0H, R3=H
urolithin O A1=0H; R2=0H, A3=0H

Ellagic acid

Figure 3.
Metabolism of ellagitannins in the GI tract.

after a single intake of ET-rich food. Urolithins in urine have been detected up to
7 days [58] after dietary ET intake, and this long persistence in the body is attrib-
uted to the involvement of microbiota and enterohepatic recirculation [9, 40-42].

Therefore, urolithins have been proposed to be responsible for biological activity
of ETs [38] as they remain in the body at relatively low concentrations but during
a long time with potential homeopathic-like effect. However, the concentration of
urolithins in plasma, urine, and feces varies considerably between individuals
[38, 46, 47]. Actually, the huge inter-individual variability of microbiota composition
affects the production of urolithins, which is mediated by microbiota. During differ-
ent studies, some individuals were labeled “low excreters” of urolithins after ingestion
of ET-rich food, while other individuals were labeled as “high excreters of urolithins
A or B” Therefore, recently, a stratification of individuals according to their uro-
lithin excretion status in urine has been proposed. Three metabotypes were defined:
metabotype A, which includes main excreters of urolithin A; metabotype B with main
excreters of urolithin A and B; and metabotype 0 corresponding to low urolithin
excreters [31]. This classification appeared to be consistent across multiple interven-
tion studies, independent of the ET food source, and health status of participants
[46]. The distribution of urolithin metabotypes in adult population varies probably
according to geography, but in a Western adult population taking into consideration
a large cohort of individuals, UM-A is the most abundant metabotype with 55%
followed by UM-B (34%) and UM-0 (11%) [47]. Nonetheless, a recent study reported
by Cortés-Marin and coworkers [47] showed for the first time in a Caucasian cohort
(5-90 years, n = 839) that age could determine the individual’s capacity to metabolize
EA into urolithins A and B, even though the percentage of the population with low
ability to excrete urolithins (metabotype 0) remains around 10% of the population
whatever the age considered. The percentage of individual with metabotype A was
higher in the case of children (80%) and decreased steadily after adolescence while
metabotype B increased [47]. Authors also reported a significant association between
increased physical activity and prevalence of UM-B especially between 5 and 18 years.
On the other hand, no correlation of a specific metabotype with gender, body mass
index, weight, health status, and diet was observed [47].

Nonetheless, most studies tend to show a strong persistence of metabotype sta-
tus for adults even though recent research showed that individuals with UM-0 sta-
tus have managed to become urolithin excreters of UM-A or UM-B after a long-term
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Source ETs Study design Metabolites Main observations
Red raspberry (300 g) 9 adults: 5 females and In urine, UA Urolithins A and B, present
single dose [9] 4 males (22-44 years aglycone and phase II Chmax in plasma in times
old) sampling: blood metabolites, In plasma: ~ >24 h, and in urine between
(0,0.5,1,1.5,2, 3, 4, UA and UB and 32 and 48 h after intake,
5, 6, 8,24 h), urine (all phase II derivatives showing high persistence in
until 48 h). dimethylellagic the body.
acid-O-gluc.

Pomegranate extract
(1.8 gin 4 capsules)
single dose [43]

10 men and 10 women
(20-22 years old)
sampling: blood (0, 0.5,
1,2,3,4,5 6and 24 h),
urine 0, 24, 48 and 72 h.

In urine and plasma,
UM-0: 2 people;
UM-A: 16 people and
UA were quantified
after 24, 48, and 72 h);
UM-B: 2 people (UA
and UB).

EA bioavailability was
affected by the presence of
ellagitannin, pH, and protein
as well aslow pH. A higher
free EA intake does not
enhance bioavailability of
EA but promotes urolithin
production.

Strawberry extracts
richin: (1) free EA;
(2) monomeric ETs,
and (3) dimeric ETs
(0.1% single intake)
[37]

30 Wistar rats (10 each
treatment), sampling:
feces, urine and blood,
intestinal digesta

(2, 4,7 days after
intake); samples of
digesta, stomach, small
intestine, cecum.

In urine, plasma, and
intestinal digesta: UA,
UB, UA gluc, Nasutin
A gluc, EA dimethyl-
ether-gluc (DMEAG).
Feces: Nasutin A and
UA.

ETs and EA metabolites are
found in gastrointestinal
digesta, blood plasma, and
urine, 2 days after intake. UA
and DMEAG were founded
in rats fed with free EA
extract, Nasutin A and UA
and Nasutin

Black raspberries
(freeze-dried, 10%
w/w, 6 weeks) [44]

12 male mice, sampling:
blood and luminal,

colon, liver, and prostate

Urolithin A (all mouse
plasma, liver, prostate,
colon, and luminal

Highest amount of UA was
found in luminal tissue. UC
was 45-fold more abundant

tissue. tissue), urolithin C in colon with respect to
(all tissues except plasma. UB and UD were
prostate), urolithin B found in very low amounts
and urolithin D (only with respect to UA. Luminal
in luminal tissue). contents presented lower
abundance of Clostridium
with respect to Barnesiella in
mice after intervention.
Pomegranate extract Simulator of the Large intestine: IsoUA Production of urolithin starts
(PE) (1.8 g/day, human intestinal and UB, detected only earlier and faster in UM-B

3 weeks) [45]

microbial ecosystem
TWIN-SHIME®,
coupled to human colon

adenocarcinoma cell line

Caco-2 cells (HTB37),
UM-A and UM-B were
incubated.

in UM-B, UA in UM-A
and UM-B.

than in UM-A. Chronic

PE intake improves

UA production in both
metabotypes, showing
similar profiles after 18 days.
UA production was directly
related with Gordonibacter
abundance.

Table 2.
Some relevant studies on the metabolism of Ellagitannins-rich foods.

exposure (up to 6 months) to a high ET source, a pomegranate-concentrated extract
[48]. Thus, it seems that microbiota ability to catalyze the production of urolithins
could be influenced by long-term exposure to ET-rich food by promoting growth
of the bacteria involved in the urolithin metabolism [40]. Nonetheless, it was not
reported if the change of metabotype remains persistent after the end of the study,
when diet comes back to normal.

Recently, an attempt to find a correlation between urolithin metabotypes and
enterotypes of the human gut microbiome proposed by the Human Microbiome
Project (HMP) [39] has been made by Romo-Vaqueroa and coworkers [49]
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following a cohort of 249 healthy volunteers after walnut or pomegranate extract
ingestion for 3 days. Results showed that urolithin metabotypes and enterotypes
(enterotype 1 (preponderance of Bacteroides), enterotype 2 (preponderance of
Prevotella), or enterotype 3 (preponderance of Ruminococcus)) were not coinci-
dent. Only for enterotype 2, UM-A was slightly higher than UM-B. Nonetheless,

a higher diversity of microorganisms in UM-B individual with respect to UM-A,
and even more with respect to UM-0, was found. Actually, urolithin B produc-
tion requires a more complex enzymatic arsenal than urolithin A. It was observed
that a higher relative importance of microorganisms from the Coriobacteriaceae
family tends to be correlated with a higher preponderance of UM-B with respect
to UM-A and even more with respect to UM-0. Two bacterial strains isolated
from human microbiota, Gordonibacter urolithinfaciens and Gordonibacter pame-
laeae from Eggerthellaceae family, which was previously considered as part of
Coriobacteriaceae family, showed ability in vitro to transform EA into urolithin
C [50]. Recently, a specific strain also isolated from human microbiota was able
to further metabolize EA up to isourolithin-A and was named as a consequence
Ellagibacter isourolithinifaciens [50, 51]. Nonetheless, until now, no other bacterial
strains that could metabolize EA to urolithins B have been reported.

Another factor that can impact the rate of urolithin production in vivo is the
food source and the chemical structure of ingested ETs. For example, more uro-
lithins in prostate from patients who consumed walnuts rather than in patients
who consumed pomegranate juice, even when the latter had a higher ET content,
were found. [14]. Also, it appears that there is a kind of saturation of the metabolic
pathways as the amount of urolithins excreted in vivo remains apparently indepen-
dent of the quantity of ETs ingested. This was observed for different food sources
of ETs consumed in normal quantities such as strawberries, raspberries, walnuts,
and oak-aged red wine [52]. Probably, there exists a consumption threshold below
which urolithin excretion cannot be detected.

At last, the bioavailability of ETs and EA could be affected by food processing. In
a clinical study, 16 healthy volunteers consumed approximately the same quantity of
ET but in different presentation: pomegranate juice (PJ), pomegranate polyphenol
liquid extract (POMxI), and pomegranate polyphenol powder extract (POMxp). As
aresult, there were no statistical differences in the level of EA in plasma between the
three interventions over a 6-h period. Only, POMxp presented a longer lag-time to
reach the peak of maximum concentration compared to P] and POMxl [53]. A similar
study was performed with 20 healthy volunteers comparing pasteurized strawberry
juice (80°C for 5 min) and the equivalent fresh fruits. In this case, processing did
not affect the urinary excretion of urolithins. Although the amount of free EA was
increased 2.5-fold during processing, no effect on the urinary excretion of urolithins
was observed [40]. Actually, further researches are required for a more definitive
assessment on the effect of processing on the production and excretion of urolithins.

5. Main biological activities of ETs and their metabolites

Ellagitannins, ellagic acid, and their metabolites have been reported to exhibit
numerous beneficial effects on human health including anti-inflammatory, anticancer,
antioxidant, prebiotic, and cardioprotective properties [21, 54]. However, in vitro
studies with cells or in vivo studies with animals could give inconsistent or untranslat-
able information about bioactivity of these metabolites in humans. Abundant litera-
ture shows for example the impact of ETs and EA on cells from organs that are not part
of the GI tract and the results are absolutely controversial and inconsistent with actual
knowledge. The potential health effect of ETs and possibly EA can only be exerted
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within the GI tract, as these compounds are poorly bioavailable. On the other hand,
urolithin production is mediated by microbiota and studies on animals can hardly

be extrapolated to humans, except in the case of germ-free animals used in human
microbiota-related researches. Therefore, in this review, even though research studies
are much more scarce, we will report results of biological activities of ETs and EA only
related with the GI tract, and for urolithins, given the importance of microbiota in
their metabolism, we will focus only on the results of clinical trials with humans.

5.1 Effect of ETs and EA in GI tract

In in vitro model of colon cancer, ellagic acid was found to have a significant
antiproliferative effect inducing apoptosis of cancer Caco-2 cells via a mitochon-
drial pathway and without side effects on normal colon cells [55]. In another study
in rats, EA showed anti-inflammatory properties by iNOS, COX-2, TNF-a, and
IL-6 downregulation due to NF-«B repression. Authors conclude that EA may exert
a chemopreventive effect on colon carcinogenesis [56]. Furthermore, ETs and EA
have a high antioxidant activity (even higher than urolithins) and could be highly
efficient to scavenge oxygen free radicals and eventually prevent inflammation and
colon cancer [21]. At last, in nasopharyngeal carcinoma cell lines (NPC-BM1), EA
has showed ability to downregulate Bcl-2 and DNA fragmentation, by increasing
caspase-3 enzymatic activity, which reduces telomerase activity [57].

5.2 Effect of urolithins

Numerous studies have demonstrated the metabolism of EA into urolithins, in
approximately 12-24 h, with persistence of urolithins up to 4-7 days in urine after
dietary intervention [9, 41, 42, 58], and research interest has shifted to the potential
effect of urolithins on health. Actually, urolithins may exert a much more consistent
effect at the systemic level than EA with concentration in body fluids at least one
order of magnitude higher in body fluids. Actually, EA has been reported in plasma
at concentration around some nanomoles per liter, while urolithins have been
reported at concentration level up to 80 pmol/l [58].

5.2.1 Anti-inflammatory effect

Inflammation is a primary defensive response against harmful factors that
involved different mechanisms including the immune system cells [8]. The impact
of urolithins on inflammatory processes has been well established on various
in vivo and in vitro models [59-61]. In in vitro models, urolithin aglycones have
been tested, while in vivo glucuronide conjugates of urolithins are the predominant
metabolites present in plasma, tissues, and urine [62]. Urolithin aglycone is highly
bioactive against inflammation, but some authors suggest that urolithin conjugate
may be even more active. In a study, in which urolithin conjugates (iso-Uro-A-gluc,
Uro-A-gluc, and Uro-B-gluc) were isolated from urine of a volunteer after ingestion
of pomegranate juice (0.5 L/day), walnuts (30 g/day), hazelnuts (30 g/day), and
fresh raspberries (200 g/day) for 5 days, the cleavage of glucuronides by endogenous
p-glucuronidases released by human neutrophils was observed . f-Glucuronidase is
an enzyme that is released from inflammatory cells and the lysosomes of necrotic
cells, and high levels can be found in most solid tumors. Therefore, a wide number
of structurally diverse glucuronide prodrugs have been designed with the aim of
enhancing the selectivity of cancer chemotherapy. The results suggest that the selec-
tive activation of urolithin glucuronides by p-glucuronidase could locally increase
the concentration of bioactive urolithin aglycones. More clinical trials are needed to
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better understand the anti-inflammatory response attributed to urolithin [62] and
the impact on the suppression of the immune responses, especially on inflammation-
associated diseases, like cardiovascular diseases and cancer [63].

5.2.2 Chemoprevention of cancers

Several in vitro and in vivo (animal or human) studies have reported a protective
effect of urolithins on prostate cancer [64-66]. However, recent clinical interventions
have pointed out inconsistent results. A recent review compiles the data of clini-
cal trial studies after consumption of pomegranate juice or extracts and discusses
whether urolithin could inhibit or slow the growth of prostate cancer in patients. The
authors reported a significant increase in urolithin A in prostate but a nonsignificant
reduction in 8-hydroxy-2-deoxyguanosine, a marker of oxidation in cancer tissue,
for neoadjuvant patients subjected to radical prostatectomy after pomegranate intake
(1200 mg polyphenols/day) compared with placebo in a large trial (4 weeks, n = 33)
[67]. Similar results with muscadine grape skin extract have evidenced no benefit on
recurrent prostate cancer patients in spite of urolithin A increase [68]. Nonetheless,
authors [67] have noted in a specific group of patients (named AA genotype), which
has been previously associated with more hostile prostate cancer and more sensitivity
to antioxidants, a significant increase in a prostate-specific antigen doubling times
(PSADT), an antigen that is claimed to slow tumor growth.

After an acute intake of grumixama cherry juice (Brazilian) by healthy women
(n = 10), the antiproliferative activity of urolithins against breast cancer cells
(MDA-MB-231) was evaluated. The extracts of urine exhibited seven urolithins,
mainly urolithin C and urolithin A. Those extracts obtained during 2-4 h after juice
intake presented the highest inhibition of proliferation of MDA-MB 231 breast cancer
cells. This inhibition was attributed to a significant G2/M cell cycle arrest (apoptosis)
occurred in MDA-MB-231 cells, and was demonstrated by the increase in sub-GO0/

G1 populations. Additionally, the authors linked this inhibition to a possible synergy
among anthocyanins and urolithins [12]. Then, the modulation of the positive-
estrogen receptor in breast cancer cells (MCF7) is probably one of the potential
actions of urolithin conjugates. On the other hand, in a study realized with breast
cancer patients (n = 19) who consumed a mixed extract (493.4 mg phenolics/day)
containing pomegranate, orange, lemon, olive, cocoa, grape seed extracts plus resve-
ratrol, theobromine, and caffeine, it was shown that the main metabolites detected in
breast tissues were urolithin-A-3-O-glucuronide. Nonetheless, no antiproliferative or
estrogenic/antiestrogenic activities in MCF-7 breast cancer cells were reported [69].

Ellagitannin gut microbiota-derived metabolites have shown a wide range of
colon anticancer effects both in cellular and animal studies [70-72]. However, the
current clinical evidence that confirms their colorectal cancer (CRC) chemopre-
ventive effect in humans is still very weak. A study evaluated the modification
of microRNAs (miRs) expression, one CRC biomarker, in normal and malignant
colonic tissues from CRC patients after pomegranate extract intake (900 mg/day
before surgery). As a result, pomegranate consumption seems to moderate the
modulation of various specific miRs in colon tissue, but there was no association
between tissue urolithins and the detected miRs changes, which were attributed to
a possibly critical surgery alteration in miRs levels that did not allow to discrimi-
nate between malignant and normal tissues [73]. Another more recent study in
35 patients with colorectal cancer (CRC), daily supplemented with pomegranate
extracts, was conducted to evaluate the expression of various CRC-related genes
in normal and cancerous colon tissues. Before (biopsies) and posterior (surgical
samples) to pomegranate intake (5-35 days). Despite the consumption of pome-
granate extract was significantly associated with a balancing effect in the expression
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of genes regulated by the experimental protocol, these results were not associated
with the individual metabotypes or the levels of urolithins and EA in the colon
tissues. Consequently, the in vitro effects were not reproduced in vivo evidencing
discrepancy between results [70]. In general, we can conclude that there is a lack of
clinical interventions with ET-rich food in humans; besides, these kinds of studies
are essential to corroborate the real effect of urolithins on cancer.

5.2.3 Reducing risks of cardiovascular disease (CVD)

The gut microbiota is frequently presented as a key factor in the evolution of
obesity and cardiovascular disorders (CVD) [74]. One clinical study clustered
urolithin metabotypes (UMs) of 18 healthy overweight/obese subjects with the aim
of correlating metabotype status with CVD biomarkers after pomegranate extract
consumption. In baseline and before UM clustering, the whole group exhibited mild
dyslipidemia, and after clustering, only the serum lipid profile of UM-B individu-
als (n = 15) showed moderate risk values in total cholesterol, intermediate-LDL-
cholesterol, as well as other serum lipids related to CVD risk. After ET intervention,
only blood biomarkers of UM-B subjects were improved after pomegranate extract
intake, reducing their CVD risk. Interestingly, a dose-dependent behavior was
notable only in UM-B patients [48].

Another experiment comparing healthy patients with patients with metabolic
syndrome (MetS), both consuming walnuts, showed that urolithin A only was
inversely correlated with glycaemia in MetS individuals. Additionally, when MetS
patients with UM-A were treated with statin, their lipid profile became similar to
healthy individuals. This was not the case for individuals with UM-B [74].

Another study showed that the increasing relative importance within the
microbiota of bacteria from the Coriobacteriaceae family such as Olsenella,
Senegalimassilia, and Slackia, which characterized UM-B status, was positively cor-
related with blood cholesterol levels and normal BMI [49].

Endothelial dysfunction and inflammation are both usual events that occur in the
development of atherosclerosis. The correlation between the plasma urolithin metabo-
lites and improvement in endothelial function after red raspberry intake was reported.
Endothelial function measured as flow media vasodilation (FMD) presented two peaks,
first at 1-2 h after intake, linked with EA plasma peak concentration, and second peak at
24 h, associated with urolithin-3-glucuronide and urolithin-A-sulfate absorption peaks.
Similar results were reported by other authors in cranberry and blueberry juice interven-
tions [75], but it was shown that effect was the same when consuming 200 or 400 g of
raspberries. Additional distinctive key factors in atherosclerosis development have been
reported, as the capacity of monocytes to adhere to endothelial cells and the uptake and
efflux of cholesterol by macrophages. In vitro, urolithins and EA were able to reduce
adhesion of THP-1 monocytes to human umbilical vein endothelial cells and reduce
secretion of sVCAM-1 and IL-6, a cellular adhesion molecule and a pro-inflammation
cytokine, respectively. Also, urolithin C and EA were associated with decreased accumu-
lation of cholesterol in THP-1-derived macrophages [76]. Attenuation of THP-1 also was
reported in the presence of urolithin A in endothelial cells and also reduced considerably
the expressions of ICAM-1 and MCP-1, an intercellular adhesion molecule and a mono-
cyte chemotactic protein, respectively [77].

6. Concluding remarks

Ellagitannins are present in considerable amounts only in some specific food
sources such as berries and nuts, but some tropical fruits deserve attention. Their
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diverse structure can be modified during food processing resulting in free ET

and EA derivatives, which are poorly bioavailable. After ingestion, most ETs are
spontaneously converted into EA, which is poorly bioavailable and can be used as
substrate by gut microbiota. The main products resulting from the action of gut
microbiota on EA are urolithins. The main biomarkers in blood and urine of ET-rich
food exposure are urolithins A and B. Nonetheless, there is an important interindi-
vidual variability in the excretion of urolithins, and this observation has led to the
classification of the population in three metabotypes: the “low urolithin” excreters
that represent approximately 10% of the population; the “urolithin A” excreters,
the most important group with approximately 55% of individuals; and finally, the
“urolithin A and B excreters” that represent around 35% of the population. The
metabotype status appears to be quite persistent although it can change during

life span and the constant exposure to ET-rich food appears to increase urolithin
production. Microorganisms from the Coriobacteriaceae family were identified as
urolithin producers and the relative importance of this family within the microbiota
was apparently correlated with the metabotype. The stratification of individuals

by their metabotype was essential to overcome inconsistencies during clinical trial,
and it must be taken into account in all future intervention studies. The positive
biological effects of ETs and EA at the level of the GI tract are consistent and
reported by various authors. For urolithins, the panorama is more confused, and
more long-term clinical intervention studies with human are required. Nonetheless,
at the end of this review, the potential health effect of ET-rich foods is definitely
promising and they deserve to be part of a healthy diet as functional foods.
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Chapter 3

Tannins as Antiviral Agents

Neli Vilhelmova-Ilieva, Angel S. Galabov and Milka Mileva

Abstract

Tannins possess a variety of biological effects, not a small part of which is
of medical significance. Tannins, isolated from plants as well as synthetically
obtained, manifest activity against a large spectrum of viruses: enteroviruses
(polio- and coxsackie-), caliciviruses (feline calicivirus, mouse norovirus), rota-
virus, influenza virus A, rhabdo- (vesicular stomatitis virus), paramyxoviruses
(Sendai and Newcastle disease viruses), human immunodeficiency virus, herpes
simplex virus, and adenoviruses. A special importance merits several ellagitannins
manifesting pronounced effects against herpes simplex virus type 1 and 2 and on
some herpes viruses affecting domestic animals, causing diseases of economic
importance. An advantage of ellagitannins as anti-herpesvirus agents is that they
have a non-nucleoside structure. Their targets are virus-specific proteins, so they
retain activity against acyclovir-resistant strains of HSV types 1 and 2. Besides,
these tannins manifest a synergistic effect with acyclovir when combined. Some
initial results on their mechanism of action were carried out. In addition, it was
found that most of the tannins have antioxidant properties in experimental models
in vitro as well as in experimental influenza viral infection in mice.

Keywords: tannins, antiviral effect, antioxidant, herpes simplex virus,
influenza virus

1. Introduction: tannins in medicine

For thousands of years throughout the world, tannins have been used in tra-
ditional medicines for the treatment of various health problems. They are used in
the form of tea, coffee, and various extracts and in the daily intake of tannin-rich
foods. They are also purposefully included as a component of many diets. Tannins
are found in all parts of the plant—roots, stems, leaves, fruits, and seeds—which
contribute to the existence of numerous natural sources of these substances.

Due to tannins’ astringent effects, herbs containing tannins are used to treat
injured and inflamed tissues, including burns, and to stop bleeding and prevent
infection. Herbs contain tannins. They are also used in the treatment of mouth
and throat inflammation, gastritis, enteritis, irritating bowel disorders, and other
conditions [1-3], due to their ability to bind very tightly to proteins by forming
multiple hydrogen bonds between their phenolic groups and the -NH groups of the
peptides. Precipitation or the shrinking of proteins—the so-called tanning effect—
then occurs, forming a protective layer on the surface of tissues.

Tannins have the ability to bind to metal ions in the body to form stable
compounds called tannates. This property may have both positive and negative
significance for human health. On the one hand, tannins can be used as an antidote
for heavy metal poisoning. On the other hand, taking tannins daily, for example,
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in tea or coffee, can cause calcium and iron deficiencies in the body and may cause
osteoporosis and anemia [4].

Tannins are also effective inhibitors of certain enzymes. For example, wood-
fruticosin (woodfordin C) shows anti-topoisomerase II activity; and eugeniflorin
D1 and D2, isolated from Eugenia uniflora L., and oenothein B effectively inhibit
Epstein-Barr virus (EBV) DNA polymerase. Oenothein A and B, isolated from
Epilobium species, appear to be potential inhibitors of the enzymes 5a-reductase
and aromatase, which play important roles in the development of benign pros-
tatic hyperplasia. Researchers have suggested that the enzyme poly (ADP-ribose)
glycohydrolase, an important factor in gene expression, DNA replication, and cell
differentiation, can be inhibited by the oligomeric ellagitannins oenothein B and
nobotanins B, E, and K. In addition, enzyme a-glucosidase (maltase), which may
be important in the development of type-2 diabetes, is inhibited by chebulagic acid
(isolated from Terminalia chebula), tellimagrandin I, and eugeniin (casuarictin) [5].

Research results indicate that the crude extract of Terminalia bellerica fruit (Tb.
Cr), which is rich in tannin content, induced a dose-dependent fall in the arterial
blood pressure of rats. Tb.Cr inhibited the force and rate of atrial contractions,
and this effect was due to a calcium antagonistic mechanism [6]. Tannins also
exhibit antihypertensive activity in the body by inhibiting the effect of angiotensin
I-converting enzyme (ACE) [7]. Hydrolysable tannins with pronounced antihyper-
tensive activity are castalagin and chebulinic acid as well as corilagin isolated from
the leaves of Lumnitzera racemosa [8].

Important for human health is the antitumor activity different tannins show
toward various tumors such as cervical and prostate cancer and malignant cells in
the skin, breast, stomach, lung, esophagus, liver, and so on [9, 10], with several
possible mechanisms of action. Ellagitannins possess the ability to bind to proteins
located on the surface of the cell membrane, thus preventing the proliferation of
metastatic cells. They can induce also apoptosis in tumor cells by inhibiting factors
responsible for the formation of metastases. Another mechanism suggests that dur-
ing DNA replication, ellagitannins bind carcinogens into a complex, so they cannot
cause mutation [11]. There is also evidence that ellagitannins reduce the negative
effects of chemotherapy and radiation in cancer treatment [12].

Tannins also show antimicrobial activity, in both plants and animals. In plants,
the effect is due to the inhibition of microbial enzymes that degrade the plant cell
wall [13]. Inhibition also occurs with other microbial enzymes such as pectinase,
xylanase, peroxidase, laccase, and glycosyl transferase. Two possible mechanisms
of this antimicrobial activity are tannins binding to the proteins of microbial mem-
branes, damaging their structure and function, and tannins binding with essential
metal ions [14]. Due to their antimicrobial activity, tannins can be used in the
production and storage of certain foods to increase the shelf life of products [15].

The immunomodulatory activity of tannins has also been demonstrated, with
different substances showing different mechanisms of action that enhance the
functionality of macrophages [16-18] or stimulate the secretion of cytokines IL-1,
IL-p2, and oTNF [18, 19].

2. Tannins as antiviral antioxidants

The overproduction of free radicals and the subsequent development of
oxidative stress are implicated as pathogenic factors in a number of viral infections.
Oxidative stress is a complex multifaceted biochemical condition, which occurs
when there is an increase in oxidative damage to biomolecules and oxidation
of nonprotein and protein thiols that regulate a cell’s oxidative balance [20].
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The cellular injury due to viral diseases caused by over generation of free radicals
has been linked to over 200 clinical disorders [21].

It has been clearly established that many of viral infections trigger the produc-
tion of reactive oxygen (ROS) and nitrogen (RNS) species. This is particularly true
for infections caused by the blood-borne hepatitis viruses (B, C and D), human
immunodeficiency virus (HIV), influenza virus, herpes simplex virus, Epstein-Barr
virus, respiratory syncytial virus, coxsackievirus B3 (CVB3), and others. For acute
respiratory viral infections, ROS/RNS have been implicated in lung tissue injury
and epithelial barrier dysfunction, which in turn increased susceptibility to second-
ary infections [22].

A variety of DNA viruses are associated with the increased oxidative stress that
promotes DNA damage, high mutagenicity, and initiation and/or progression of
neoplasia [23].

Phenolic compounds such as phenolic acids, flavonoids, tannins, and proantho-
cyanidins are widely distributed in plants and are a protective mechanism against
OS. Several studies, including in vivo (in experimental animals) and epidemiological
investigations, have demonstrated that phenolic compounds in foods possess positive
attributes such as antioxidant potential, which is the basis of antiviral, antimicrobial,
and antimutagenic activities. Compounds present in food that have potential anti-
oxidant activity include vitamins C, E, and K, phenols (phenolic acids, flavonoids,
thymol, carvacrol, and tannins), and carotenoids [24, 25]. Thus, antioxidants, mainly
those originating from natural products, are of great importance for human health.

Antioxidant therapy is becoming an attractive and effective alternative approach
for the treatment of viral diseases. The antioxidant properties of apple polyphenol
extract, which is rich in tannins, are effective against the development of influenza
virus infection in mice—they improve survival rates and also significantly decrease
lipid peroxidation and increase oxygen radical absorbance capacity (ORAC) in
splenocytes [26].

Avian influenza is usually accompanied by virus invasion followed by the occur-
rence of oxidative stress and serious inflammation. The anti-inflammatory and
antioxidant properties of tannin-rich extracts of Chaenomeles speciosa showed that
the multiple effects of the isolates might play a cocktail-like role in the treatment of
avian influenza, and C. speciosa components might be a potent source for antiviral
and anti-inflammatory agents [27].

Pomegranate juice consumption reduces oxidative stress during influenza
infection [28].

Green tea is an important source of polyphenol antioxidants, which are also rich in
tannins. Tea polyphenols possess antiviral properties believed to help protect against
influenza virus. Oxidative stress and inflammation in the oral cavity, due to cigarette
smoking and cigarettes’ deleterious compounds nicotine and acrolein, can be reduced
by green tea polyphenols. Generally, green tea defends healthy cells from malignant
transformation, and locally, it has the ability to induce apoptosis in oral cancer cells [29].

Finally, oxidative stress and the stress-mediated complications of viral infec-
tions successfully respond to antioxidant prevention. However, it should be kept
in mind that antioxidants are not antivirals. Their function is more auxiliary, and
they are particularly beneficial when used in combination therapy with specific
viral inhibitors.

3. Tannins as antivirals

For a small fraction of today’s known viral diseases, there are vaccines that can
be successfully applied. Medicaments that are used are also limited in number, and

43



Tannins - Structural Properties, Biological Properties and Current Knowledge

in most cases, their use is accompanied by the appearance of side effects or the
formation of resistant viral mutants, making therapy ineffective. Therefore, turning
to nature to find effective therapies is a good solution to this problem. As mentioned
earlier, tannins are a component of many plants. They are found in relatively high
concentrations and exhibit significant biological activities. Tannin attack targets
can carry out different stages of viral replication, including the extracellular virions
themselves, their attachment to the cell, their penetration into the cell and the
replication process in the host cell, as well as the assembling of new viral particles,
transport proteins, polysaccharides, and viral enzymes [30, 31]. In almost all of the
abovementioned stages, the tannin activity is due to their ability to bind perma-
nently to the proteins of the capsid or supercapside, either to specific viral enzymes
required for viral replication or to newly synthesized viral proteins involved in the
composition of the new viral particles.

Numerous plant extracts have been studied, in which tannins are the main
component, and they have shown good results against the replication of different
viruses. The resulting effects have been on both coated viruses (influenza viruses A/
H3N2 and A/H5N3, herpes simplex virus type 1 (HSV-1), vesicular stomatitis virus,
Sendai virus and Newcastle disease viruses) [32, 33] and non-enveloped viruses
(poliovirus, coxsackievirus, adenovirus, rotavirus, feline calicivirus, and mouse
norovirus) [34].

The antiretroviral activity of Euphorbia hirta extracts with high tannin content has
indicated a dose-dependent inhibition of reverse transcriptase activity in vitro [35].

Extracts of Hamamelis virginiana L. bark, with differing concentrations of
tannins and individual tannins of defined structures, including pseudotannins,
have been tested for effect against influenza A virus (IAV) and human papilloma-
virus (HPV) type 16 infections. The study demonstrated that the IAV life cycle is
inhibited in the early and, to a minor extent, later steps and that HPV attachment
is tannin-dependently inhibited. Of the investigated substances high molecular
weight tannin inhibited both IAV receptor binding and neuraminidase activity.
However, those with low molecular weight tannin inhibited neuraminidase but not
hemagglutination [36].

Many tannins showing antiviral activity have been isolated and characterized.
The hydrolyzable tannins chebulagic acid and punicalagin were identified as potent
inhibitors of HCV entry [37]. The replication of human, porcine, and duck influ-
enza A virus in vitro was prevented by the hydrolyzable tannin strictinin [38].

Finally, many studies have been conducted on tannins’ effects against the
replication of human immunodeficiency virus (HIV), and the results of the vari-
ous teams indicate that tannins have several targets of action in the HIV replicative
cycle. Ellagitannins isolated from Tuberaria lignosa inhibited HIV’s entry into
MT-2 cells [39]. There is evidence that ellagitannins suppressed HIV replication by
inhibiting reverse transcriptase [40-44]. Other authors have reported on ellagitan-
nins (geraniin and corilagin) that reduced HIV replication by inhibiting the HIV-1
protease and HIV-1 integrase enzymes [43].

4. Ellagitannins as antiherpesvirus agents

Various tannins have been tested for antiherpesviral activity. Ellagitannin
geraniin possesses a virucidal effect against herpesviruses [45], and it inhibits the
adsorption of HSV and HTLV-IIIB [46-49]. The hydrolyzable tannin casuarinin
isolated from Terminalia arjuna Linn prevents the attachment of HSV-2 and its pen-
etration into the cell, and it also disturbs the late stages of infection [1]. Chebulagic
acid and punicalagin—two hydrolysable tannins isolated from Terminalia chebula
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Retz.—inactivate HSV-1 entry and the cell-to-cell spread of the virus by targeting
HSV-1 glycoproteins [50]. Putranjivain A isolated from Euphorbia jolkini inhibits
the entry of the virus and the late stages of HSV-2 replication in vitro [51].

Seven ellagitannins isolated from Phyllanthus myrtifolius and Phyllanthus urinary,
and eugeniflorin D (1) and D (2) isolated from Eugenia uniflora L., are active against
the DNA polymerase of EBV [52, 53]. Eucalyptus grandis extract containing euglobal-
G1 and euglobal-G3 shows antiviral activity against EBV, as do quassinoids (ailantinol
B, ailantinol C, and ailanthone). Eugenol and eugenin isolated from Geum japonicum
or Syzygium avomaticum show inactivating activity on viral DNA polymerase and
thus inhibit acyclovir-resistant TK-deficient HSV-1 virus, wild HSV-2, and EBV [52,
54-56]. The EBV DNA polymerase is also inhibited by ellagitannins contained in
Phyllanthus myrtifolius extracts and Phyllanthus urinaria (Euphorbiaceae), probably
due to the corilagin moiety of these tannins. The tannin samarangenin B contained
in the alcoholic extract of Limonium sinensis significantly suppresses HSV-1 multi-
plication [57]. And cowaniin isolated from Cowania mexicana (Rosaceae) exhibits an
inhibitory effect on the activation of EBV early antigens [58].

Our studies on the antiviral activity of tannins have been mainly related to
substances that belong to the group of nonahydroxyterphenoil-bearing C-glucosidic
ellagitannins. We investigated the activity of three compounds—castalagin,
vescalagin, and grandin isolated from powdered pedunculate oak (i.e., Quercus
robur)—against the replication of two strains of HSV-1 (DA and Victoria) suscep-
tible to acyclovir (ACV), one HSV-1 strain resistant to ACV (R-100), two HSV-2
strains susceptible to ACV (XA and Bja), and one HSV-2 strain resistant to ACV
(PU) (Table1) [59, 60].

Currently existing therapy against HSV infections is based on the administration
of nucleoside analogues, among which ACV has had the broadest application. A
disadvantage of this therapy is the rapid formation of resistant mutants [61].

All three investigated ellagitannins showed remarkable antiviral activity against
all strains of HSV-1, the strongest being castalagin’s action against the DA strain
(SI = 5390.0) followed by vescalagin’s action against that strain (SI = 4546.0), and
these effects were greater than that of ACV. The effects on the replication of HSV-2
strains, although less pronounced than those on HSV-1, were significant. The stron-
gest effects were seen on strain XA, with the following SI values: vescalagin = 378.9,
castalagin = 336.9, and grandinin = 208.8.

The activity of the three ellagitannins was also determined in relation to the
replication of three of the most common and important HSV-1 strains of economic
importance, namely, pseudorabies virus or Suid herpesvirus 1 (SuHV-1), bovine

Compounds SI=CCs¢/ICs
HSV-1 HSV-2
Strains sensitive to Strain resistant Strains sensitive to Strain resistant to
ACV to ACV ACvV ACV
DA Victoria R-100 XA Bja PU

Castalagin 5390.0 4498.0 10475 3369 89.9 974
Vescalagin 4546.0 909.0 900.0 3789 1239 1174
Grandinin 1183.0 88.7 650.0 208.8 71.0 103.1
ACV 1270.5 972.8 253 790.2 810.5 29.0

*The data for strains DA and DX are the original ones; the rest ave from veferences [59, 60].

Table 1. ;
Effect of ellagitannins on HSV replication.
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herpesvirus-1 (BoHV-1), and caprine herpesvirus-1 (CapHV-1). The effect of the
three ellagitannins was strongest against SuHV-1, with the activity of castalagin
(ST = 336.8) and vescalagin (SI = 309) being on the order of ACV, while grandinin
exhibited a moderate effect (SI = 40.8). The activity of the three ellagitannins
against BoHV-1 was comparatively weaker but still significant (castalagin SI = 45,
vescalagin SI = 42.5, grandinin SI = 32.3). Activity against the CapHV-1 strain had
limited values.

Antiviral activity against HSV-1 (Victoria strain) was also determined for nine
ellagitannins, of which six are natural compounds (castalin, vescalin, acutissimin
A, epiacutissimins (EPI) A and B, mongolicain) and three are vescalagin synthetic
derivatives (VgSBuSH, VgSOctSH, VgOMe). Thirteen gallotannin-type compounds
[Gal-01A, Gal-01B, Gal-02A, Gal-02B, Gal-03 M, Gal-04A, Gal-04B, Gal-05 M,
Gal-07, Gal-08, Gal-09, Gal-11 M (tannic acid), Gal-12 (gallic acid)] as well as
Gal-13 and Gal-14 (ellagic acid)] were also tested. Generally, the group of ellagitan-
nins exhibited greater activity, with only castalin and vescalin, from the natural
products, and one of the synthetic derivatives (VgSOctSH) showing no activity.
The remaining four natural components exhibited more pronounced activity than
did the synthetic products, with the strongest effect showing for Epi B and Epi A
(Table 2). Only three of the gallotannins—Gal-04A, Gal-04B, and Gal-11 M—
showed activity against HSV-1 replication (Table 2) [62].

In order to control HSV infections, especially in immunosuppressed patients, it
is necessary to treat them with antiherpetic preparations. However, their systemic
use leads to the selection and/or formation of resistant strains. Given the hetero-
geneity of the viral population, naturally resistant variants are present. Therefore,
the use of new approaches to the treatment of HSV infections [63, 64], namely, by
combination therapy with two or more chemotherapeutics with synergistic action,
is being sought. In these new approaches, synergistic combinations of two and more
preparations are used to attack multiple viral targets simultaneously. This reduces
the possibility of the formation and/or selection of resistant mutants. Even more,
the therapeutic doses are abruptly reduced, eliminating any side effects. Data have
been reported for combinations of antiviral agents showing a synergistic or additive
effect on HSV [65-68].

Each of the three ellagitannins—castalagin, vescalagin, and grandinin—was
administered in combination with ACV, and their effects against the replication

Compound MM (g/mol) CCso (pM) ICso (uM) SI=CCso/ICsq
Epi A 1207 >1000*** 18.0 £+ 0.77*** >55.5
EpiB 1207 >1000*** 16.5 + 0.14*** >60.6
Acutissimin 1207 >640™** 184 +1.2°** >34.78
Mongolicain 1177 >640"** 19.7 £ 0.84* >32.5
VgSBuSH 1039 >640™** 26.0 + 1.76™** >24.6
VgOMe 949 >640™** 29.0 £ 2.89"** >22.0
Gal-04A 1701 >200*** 7.0 £1.2%* >28.5
Gal-04B 1701 >100*** 2.8 + 0.53" >35.7
Gal-11 M(TA) 1701 >100"** 4.0 £ 0.07* >25.0

The table presents data partially contained in Ref. [62]."p > 0.05.
** < 0.05.
***p < 0.001, when comparing the value of each gallotannin against ACV (CCsy = 1296.0 uM; ICso = 1.47 uM) [59].

Table 2.
Effect of tannins on the veplication of HSV-1 in MDBK cell.
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of HSV-1 and HSV-2 strains sensitive and resistant to ACV’s effect were markedly
synergistic [59, 60]. To evaluate the effect of the combinations, we employed the
three-dimensional model system developed by Prichard and Shipman [69] using
the computer program MacSynergy ™ II [70]. The program calculates the volume
of synergy in pM’%, where values between 50 and 100 pM*% indicate moderate
synergy (this interaction may be important in vivo) and values over 100 pM*%
indicate strong synergy (these are more likely to be important in vivo). The
strongest synergistic effect was seen in the combinations administered against
the ACV-resistant HSV-1 strain, and the effect was also pronounced in the ACV-
sensitive HSV-1 strain. The combined effect on the HSV-2 strains was weaker but
also significant: in both the resistant and sensitive strains, the effect was on the
same order of magnitude (Table 3).

The telling synergistic effect of all three ellagitannins shows that they have a dif-
ferent mechanism of action against HSV reproduction compared to that of ACV. The
exact mechanism of antiviral activity of tannins has not been studied in detail.

To elucidate the mechanism of anti-herpes activity of tannins, we used a sub-
stance that showed activity similar to that of acyclovir, namely, castalagin.

When monitoring castalagin’s effect on extracellular virions, we found that it
was markedly time dependent. At the first time interval—15 min—the effect was
negligible, but at 30 min, the effect was already significant, and as time increased, the
virucidal effect intensified. This effect was also influenced by the temperature at which
it occurred, with the effect at 37°C being stronger than that at room temperature [71].

Castalagin’s effect on the attachment of HSV-1 virions to MDBK cells was time
dependent, and it was also dependent on the concentration of castalagin and the
number of infectious viral particles. The inhibitory effect was reported at 30 min
(Alog 1.7), and it increased with the time of impact, reaching a value of Alog 3.2 at
60 min. The most remarkable effect was observed when using castalagin at a maxi-
mum non-toxic concentration of 10 pM and then reducing its effect with a decrease
in its concentration [71].

Using a one-staged viral replicative cycle in a timing-of-addition study, we tested
castalagin’s effect on the production of infectious virions during the replication
cycle of ACV-sensitive HSV-1, Victoria strain. The effect of adding castalagin at
0 hours was most pronounced, and the effect remained significant when adding the
ellagitannin at up to 4 hours. After this period of time, the addition of the substance
had no particular effect, and after 15 hours, a statistically significant effect was
not observed. From these results, it can be concluded that castalagin affects earlier
stages of the viral replicative cycle [71].

These results demonstrate a very high activity of the ellagitannin derivative
castalagin toward human herpes simplex viruses 1 and 2. Its effect is on the order of
the most efficient anti-HSV compound, acyclovir, which is widely used in clinical
practice. In addition, castalagin manifested a marked activity against ACV-resistant

Compound HSV-1 HSV-2

Victoria R-100 Bja PU
Castalagin 222.06 22213 71.62 9778
Vescalagin 205.09 324.44 87.56 7911
Grandinin 106.0 314.53 13278 106.12

"The table is originally constructed with results presented in Refs. [59, 60].

Table 3.
Synergistic effect between ellagitannins and acyclovir (uM*%)

*
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HSV strains, and its combination effects with ACV could be characterized as syner-
gistic. Another advantage of this substance is its non-nucleoside chemical structure.

Castalagin could be considered as a candidate for in vivo testing on experimental
HSV infections in laboratory animals, such as HSV-1-induced skin infection in
mice, encephalitis in newborn mice, eye infection in rabbits, as well as HSV-2 geni-
tal infection in mice. A very important step in the characterization of the anti-HSV
effect of castalagin is the determination of its target in the herpesvirus replication
cycle via molecular genetic analysis.
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Tannins: Extraction from Plants
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Abstract

The chapter presents mainly on different extraction methods of tannin. Some
technical means required for effective extraction are also presented, for example,
collection and treatment of plant and drying and storage of plant. Opportunity and
challenges in application of extraction methods are also exhibited in the chapter.

Keywords: extraction, sea plant, tannin, terrestrial plant

1. Introduction

Tannins are high molecular weight phenolic compounds commonly found in plants
with molecular weights ranging from 500 to over 3000 Da and up to 20,000 Da.
Chemical structure of tannin is very diverse and different. More than 8000 different
tannins have been detected. Tannins have been found in both free and bound forms in
plant cells. Terrestrial plant tannins can be divided into four major groups: gallotannins,
ellagitannins, proanthocyanidins (condensed tannins), and complex tannins. Sea plant
tannins have been described as “phlorotannins,” including oligomers or polymers of
phloroglucinol. Tannin content can range from 0.2 to 25% DW [1], depending on plant
species, harvest time, habitat of plants, and extraction method.

Many various bioactivities of tannins have also demonstrated including antioxi-
dant, antibacterial [2], antifungal [3], antitumor, etc. The number of hydroxyl
radicals and aromatic rings is important parameter determining in bioactivity of
tannins. Ortho-dihydroxyl groups of tannin are important feature for chelate metal
ions. High degree of polymerization and molecular weight play an important role
for antioxidant activity of tannins. Tannins can bind tightly to protein through
hydrogen bonding between the phenolic groups of the tannins and the -NH groups
of peptides. These hydrogen bonds cannot be broken down by digestive enzymes or
the attack of microorganisms [4].

Currently, tannins have been applied into many different fields including med-
icine, food, beverage, manufacture of ink and adhesives, dye and tanning industry,
plastic resins, water purification, and surface coatings. Their applicability depends
on its concentration, as a complexing agent or a precipitating agent [5].

From the above problems, it is necessary to extract and use tannins effectively.
Therefore, this chapter focuses on extraction methods of tannins including macer-
ation, microwave, ultrasound, enzyme, decoction, irradiated radiation, and gamma
and points out some issues related to extraction efficiency of tannins, for example,
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harvesting, handling, and storing materials. Opportunity and challenge of tannin
extraction are also presented in the chapter.

2. Harvest and treatment of sample
2.1 Sea plants

Sea plants including seagrass, seaweeds, and mangroves contain a large amount of
active tannins. The only way of seagrass collection is to dive into the sea. The harvest
of seaweed has two ways: the first way, diving into the sea to collect seaweed; the
second way, using machines for the harvest. Mangroves can only use an equipment
for the harvest. Marine plant harvest should be selected to avoid the destruction of
marine vegetation. Their physiological respiration ability is very strong, and they
contain large amount of salts causing quick decay of sea plants immediately after the
harvest. Hence, sea plants should be washed with salt water, then with fresh water
moving salts. Sea plants are dried until 19% humidity by using freeze drying,
infrared-freeze drying [6], microwave-vacuum drying, assisted microwave-vacuum
drying [7], or hot air after cleaning seaweed, and infrared-freeze drying is usefully
evaluated [8]. Infrared radiation power intensity of 5 ’jﬂ—"‘{ is suitable.

2.2 Terrestrial plants

Terrestrial plants are more diverse than sea plants, so the method of harvesting
depends on the type of plant. The structure of terrestrial plants is more stable than
marine plants, and they also do not contain salts. They still have a biochemical
respiration. Therefore, they should also be dried by the above methods immediately
after harvest. After drying, they also need to be grinded like marine plants for study
and production. Terrestrial plants and marine plants should be stored in small
plastic bags under refrigeration, the thing help longer storage time.

3. Role and position of tannins in plant cells
3.1 Sea plants

Tannins (phlorotannins) in sea plants exist in integral structural of cell walls. They
directly participate in the structure of cells and bind to alginate, protein, laminarin, and
fucoidan. Tannins also play an important role in the formation of the zygote's cell wall
[9]. They have secondary ecological roles such as against UV radiation and grazing
[10]. They possess metal sequestration capacity and algicidal effectiveness [11].

3.2 Terrestrial plants

Tannins have an important role in terrestrial plants, for instance, against micro-
bial pathogens, harmful insects, and mammalian herbivores. They help in plant
growth via binding to protein. They are involved in the cell structure of plants [12].
In all vacuoles and surface wax of plants, chloroplast-derived organelle and the ta
nnosome produce tannins. They often exist in organelles where they are less
affected by the protein precipitation. In Japanese persimmon fruits, the accumula-
tion of tannin occurs in the vacuole of the tannin cells [12, 13], and tannin/tannin-
less vacuoles are found in Mimosa pudica. Tannins are not accumulated in the
vacuoles of sensitive plants [14].
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4, Extraction methods
4.1 Method of maceration

Maceration is one of the techniques used for tannin extraction from medicinal
plants. Maceration is the simplest technique of extraction where the plant powder is
placed in a closed vessel and soaked with the corresponding amount of solvent for a
specified period of time until the tannins are dissolved in the solvent. In the first
stage of the maceration, osmose occurs before diffusion occurs, in later stages,
osmose occurs simultaneously with diffusion. The first stage is usually very short,
and it can be a few seconds or hundredth second. The first-stage time depends on
the type of solvent, the extraction material, and the extraction conditions. The
movement of solvents in osmotic process from outside the cell into the cell and vice
versa complies with van’t Hoff’s law. Dissolving solutes in osmotic process cause
a pressure deficit called osmotic pressure. The osmosis is calculated on the basis of
thermodynamics. Therefore, the osmotic pressure in ideal solutions is
determined by Eq. (1), and the equation includes an osmotic coefficient (¢s) for
non-ideal solutions (Eq. 2). The osmotic coefficient depends on characteristic of
each solute.

m=RTYCs (1)
mobserved = RT'Y ¢sCs (2)

where T is the temperature; R is the universal gas constant; and Cs is the molar
concentration (C = §).

However, the actual pressure depends on the interaction between the solute and
the cell membrane. Therefore, nobserved requires the reflection coefficient, os:

nobserved = RTY ospsCs 3)

The osmose stops only when thermodynamic equilibrium occurs. It minimizes
Gibbs free energy, AG = 0, and temperature and pressure of solvent are fixed.
Gibbs free energy is calculated by following equation:

G=E+pV—TS (4)

where E is the energy; p is the pressure; V is the volume; S is the entropy
(S = kpIn Q) inside the Boltzmann constant (kB); and number of configurations
(In Q).

In osmotic process, osmotic pressure and hydrostatic pressure appear together
playing an important role in fluid flow across the membrane. Characteristic param-
eters such as the permeability, the hydraulic conductivity, and the reflection coef-
ficient reflect passive material transfer across cell membranes. Osmolarity is a
concentration measure including freezing point depression, vapor pressure depres-
sion, and boiling point elevation. The diffusion in process of extraction depends on
Fick’s laws and Maxwell-Stefan diffusion. Therefore, the extraction yield and diffu-
sion of tannin depend on material size, time and temperature of extraction, type of
solvent, stirring, and size of tannin. Usually, the material size is optimal from 30 to
40 mesh [15]; the smaller material size creates difficulty during filtration. The
material size depends on chemical characters of material and extraction method. In
microwave-assisted method, material size larger than 50 meshes is suitable for the
extraction and the filtration [16]. A modern mathematical exhibits Fick's first law
and Fick's second law of diffusion as follow:
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Fick’sfirst law N; = —D;Vc¢; (5)

s oc;
Fick s second law g = D;V%; (6)

where N; is the molar flux of i (mol mTZ); D; is the diffusion coefficient of i (’”TZ);
and ¢; is the concentration of i (’7’;—"31).

Fick’s second law exhibits the chemical species concentration being the depen-
dent variable and diffusion of each chemical species occurring independently.
When modeling diffusion of tannins, all diffusion coefficients are assumed equal
and independent of temperature, pressure, etc. Fick’s second law also exhibits a
relation between the elapsed time and the square of diffuse distance. Fick’s law is
suitable for the solutions of one chemical species. Maxwell-Stefan diffusion
describes good for multi-component diffusion. In Maxwell-Stefan diffusion, the
species mole or mass fractions (xi and oi, respectively) are dependent variable, and
the mass flux of one chemical species is related to the concentration gradients of all
chemical species. Parameterizing the diffusion rate of # components in a solution
needs #(n-1)/2 independent coefficients. Total diffusion is equal to the total of
molecular diffusion and convection term. Convection term, eddy diffusion, and
molar flux due to convection are equal to each other [17, 18]. Convection term is
calculated by the following equation:

Convection term = concentration x mass transfer velocity = CiV @)

where Ci is the concentration of i (%) and V is the volume (m?3).

kmol
. mass flux N; + N; <mol m
Mass transfer velocity = — =1 ms, (8)
concentration Cr e s

Thus, writing total diffusion equation for solution is

Total diffusion = Ni = Ji + CiV 9)
dG; G
Ni = —Dj—— o (N; + Nj) (10)

where Ji is the molecular diffusion flux of i, (l:r‘l‘}f’sl); DAB is the diffusivity or

diffusion coefficient for i in j, (mTZ); and z is the distance of transfer (m).

The diffusion finishes only when mass balance of tannins between inside
and outside the cell occurs. The stirring in the extraction process helps to
increase the diffusion of tannins into the extract. When the mass balance
of tannins occurs, new solvent is replaced to increase the efficiency of
tannin extraction.

The technique is considered as a simply and low-cost way to extract tannins
from medicinal plants. The technique is also a simple and popular choice for
researchers because of non-complicated utensil and equipment. However, the
duration of extraction time is long, the ratio of solvent to material is much, the
extraction efficiency is not high, the volume of extraction tanks and the factory area
are wide, compared to different techniques. The yield of tannin extraction is dif-
ferent when the techniques are different [19]. The yield of tannin extraction
increases when hydrogen bonds between tannins and proteins are broken [20],
or interactions between tannins and proteins during extraction are not
formed [21, 22].
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The yield of tannin extraction depends on many factors, for example, type of
solvent (Snyder’s solvent polarity index, pK,, pKy), plant species, temperature and
time during the extracting process, and pressure in vessel. In the maceration,
temperature of extraction can be hot, cold, or warm due to tannin characters and
sample. In cold extraction, it requires thermolabile compounds. The hot extraction
recommended for high temperature leading to decomposition proteins and cell
structure during heating. When tannin extraction from Galium tunetanum Poiret,
the experiment showed acetone being a better solvent, compared to ethanol (30%)
[19], Na,SOj; solutions, NaOH solution, etc. [23]. When extracting tannins from
Moroccan Acacia mollissima barks, methanol is evaluated being the best solvent at
room temperature, and ethanol exhibits as the best solvent at 60°C [24]. Less tannin
is extracted with aqueous or acidic methanol than with aqueous acetone [25]. For
fresh barks of Acacia mangium, 50% acetone brings high yield of tannin extract [23].
The choice of the solvent types and the extraction temperature depends on the
properties of the tannin in each plants. For extracting tannins from seaweed,
ethanol is a best solvent because of high purified tannins and good activity.
Temperature of extraction, type of solvent, and time of extraction are related to
each other, and the relation exhibits clearly in Table 1.

Condensed tannins from grape pomace were extracted at 10°C for 120 min. The
compound was then cooled, washed, and filtered. Adjusting the pH of the liquid

Solution Condition of extraction Reference
Ethanol 10 g of powdered plants in 100 mL of 30% ethanol at 60°C for [26]
2h.
Acetone 20 g of powdered plants in 200 mL of acetone for 24 h. [27]
50% acetone 5 g of materials in 100 ml at room temperature for 24 h. [23]
Water
50% methanol 5 g of materials in 100 ml at room temperature for 24 h.
Water 5 g of materials in 100 ml at 100°C for 40 min.
Water 5 g of materials in 100 ml for 40 min, in autoclave

2% Nast3

49% Na,SO;

6% Na,SO;

0.04% NaOH solution 5 g of materials in 100 ml at 100°C for 40 min, in water-bath

50% methanol 5 g of materials in 100 ml at 100°C for 4 h, reflux method

50% methanol + Na,SO3
2%

50% acetone

50% acetone + Na,SO3 2%

Water Solvent and mangrove fruit ratio of 5:1 (w/w), 80°C for [28]
60 min.

NaOH 5% Solid-to-liquid ratio of 1:10 (w/v) at 10°C during 120 min [29]

Water 10 g of sample in 200 ml at room temperature for 3 days [30]

Ethanol

50% (v/v) ethanol

Table 1.
The conditions of tannin extraction in some litevatures.
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phase continuously, it reaches 1.5 by using dilute HCI for tannin precipitation.
Finally, precipitated tannins were obtained at 8000 rpm for 15 minutes by
centrifugation. Yield of extraction is higher than treatment of grape pomace by a
solution of hydroxide sodium 5% (w/w) [29]. Maceration is similar to infusion
method by which the materials are soaked in cold or boiling water for a short
time [31].

4.2 Method of decoction

The decoction is similar to maceration method. However, the mixture is contin-
uously heated at 100°C during decoction. Reaction kinetics due to the heat is
stronger than the method of maceration. For extracting condensed tannins, the
decoction is more effective than the maceration. In these methods, condensed
tannin concentration depends on polarity of the extraction solvent. The mixture is
then cooled to room temperature and the filtrate collection. Aqueous is a good
solvent for the extraction of condensed tannins by decoction and maceration [32].
The decoction is very suitable for non-destroyed substances by the heat [31]. In
addition to diffusion pressure and osmosis pressure, tannins are also separated from
the material by the energy supplied from the thermal energy of the solvent and the
affinity of the solvent. The thermal energy of the solvent separates tannins from the
cells through the action on the bonds between tannins and cells. The affinity of the
solvent will compete and pull tannins out of the material.

The method requires easy and cheap equipment; it is suitable for all production
scales. However, the method consumes more energy than the maceration, and it is
not suitable for the extraction of heat sensitive tannins [31].

4.3 Pressurized water extraction

The method is similar to infusion, hydrodistillation, decoction, and maceration.
However, high pressure from 100 to 150 bar is used in the method, the thing is
not found in different methods. Extraction temperature can be range from 60 to
100°C for 30 min static extraction. The solvent of water is commonly used in the
method [33], and the other method includes subcritical water extraction, super-
heated water extraction, pressurized liquid extraction, and accelerated solvent
extraction [34-36]. Pressurized water extraction is divided into static pressurized
water extraction and dynamic pressurized water extraction. The residence time of
tannins in dynamic pressurized water extraction is shorter than in static pressurized
water extraction, and tannins are less degraded in dynamic pressurized water
extraction. Hence, the extraction efficiency and the degradation of tannins depend
on the extraction time [37]. The distribution ratio of tannins into the water plays an
important role in the efficiency of tannin extraction. Dynamic pressurized water
extraction is a higher investment, which is more difficult to use than static pressur-
ized water extraction [38]. The temperature of extraction is often from the atmo-
spheric boiling point of water (100°C/273 K, 0.1 MPa) to the critical point of water
(374°C/647 K, 22.1 MPa) [38].

4.4 Ultrasound method

The method of ultrasound is ultrasonic-assisted maceration method commonly
used for the extraction of tannins from plants, microalgae, and seaweeds, for
instance, condensed tannins, hydrolysable tannins, and valonea tannins. In the
method, ultrasonic power, temperature, and time of ultrasound are the factors
that strongly influence the yield of tannin extraction. Obtained tannins by
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Extraction method The solvents

Acetone 96% ethanol Ethyl acetate Chloroform n-Hexane

Ultrasound 1.618 2.112 0.277 0.222 0.058

Maceration 3.104 4102 0.527 0.482 0.133

Soxhlet 2.213 3.715 0.283 0.261 0.095
Table 2.

Extracted tannin content from brown algae by the solvents and methods of difference.

ultrasonic-assisted maceration method are 17.6% higher than traditional methods [39].
In the method, the efficiency also depends on sound waves [40], which produce the
mechanical vibrations in the solid causing implosion of cavitation bubbles and
formed sheer forces. Thus, cell structure of plant is destroyed, and the yield of tannin
extraction is highly increased. The acoustic waves are often most commonly mea-
sured more than >20 kHz [40, 41]. Ultrasound-assisted extraction is the technology
of low investment and high efficiency for the extraction of tannins [42]. Ultrasound-
assisted extraction method leads to efficient improvement of mass transfer and
tannin extraction yield, reducing consumption of time and solvent, compared to the
conventional method [43]. Ultrasound-assisted extraction method is environmen-
tally friendly method, less risk of chemistry and physics, and less impact on molec-
ular structural properties of tannins in plants [44, 45].

In the last decade, numerous publications on the use of ultrasound in active
tannin extraction have been found. Ultrasonic frequency is commonly used being
40 kHz, ultrasonic time is about 30 min, and ultrasonic temperature can be a room
temperature or warm temperature (55°C) [46, 47]. Analysis results of tannin con-
tent in brown algae commonly growing in Vietnam showed that the yield of tannin
extraction by maceration is better than ultrasound and soxhlet. The thing is in
contrast to tannins in terrestrial plants, and the expression of tannins in seaweed is
more easily destroyed than tannins in terrestrial plants. Ninety-six percent ethanol
is determined being the best solvent for tannin extraction from brown algae
(Table 2), and the thing showing tannins in brown algae has a strong polar.

Some publications showed that ultrasonic frequency of 20 kHz and ultrasonic
power ranging from 30 to 200 W are used for the extraction of tannins [39].

The dissolution rate of tannins from the plant material can be presented by
Eq. (11) [48].

ac, 2

i k(Cs — Cy) (11)
where Ct is the concentration of tannins in the extract at a time t (min), (mg

%); Cs is the saturated concentration of tannins in the extracts, (mg %); and k is

L
the second-order extraction rate constant, (ﬁ)

For determining kinetic parameters, some assumptions are given, t = 0 to t,
Ct = 0 to Ct, the equation is written in the form of Eq. (12).

C? k.t
Gk 2
where k is calculated according to the Arrhenius law
iEﬂ
k 0 €Xp < RT> (13)
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where E,, is the value of the activation energy; R is the gas constant (8.314 ﬁ K);
and T is the temperature of the extraction (K).

Ultrasonic-assisted extraction is also combined with ionic liquid improving
extraction efficiency [49].

4.5 Microwave-assisted extraction

The microwave-assisted extraction is a good choice for the extraction of tannins
using microwave (electromagnetic radiations in the frequency range from 300 MHz
to 300 GHz) energy [50]. The heating mechanism of microwave is very special [51].
Ionic conduction and dipole rotation cause the transformation of the microwave
energy to heat through interacting with polar molecules [50]. The microwave sup-
plies the high temperature (100-150°C) in the extraction process [52]. The yield of
tannin extraction strongly depends on the penetration depth of microwaves into
plants and the power of microwaves. Inside the dielectric constant, the moisture
content and temperature of plants, and the frequency of the electrical field decide
the penetration of microwave depth. The water in plants absorbs microwave energy
to reach the superheated state and cell structure disruption. The thing is to help to
increase the diffusion of tannins into the extract. The solvents such as water,
ethanol, and methanol strongly absorb microwaves energy, and their dielectric
constant is high, compared to toluene or hexane. Toluene and hexane maintain the
surrounding extraction solvent in the cold state because of their dielectric constant.
Water, ethanol, and methanol are advised for the extraction of tannins, because
tannins are very soluble in them [53]. Microwave-assisted maceration is a simple,
time-saving method, less cost of solvent, and energy. The microwave technique
brings the higher efficiency of tannin extraction than ultrasound method [54, 55].
The yield of tannin extraction in microwave method is 1.25 times more than mac-
eration method [24]. The efficiency of tannin extraction is arranged in descending
order according to the following methods: microwave, maceration, and infusion.
Microwave-assisted extraction is less efficiency for non-polar tannins and non-polar
solvents [56].

4.6 Ionic liquid-based microwave-assisted extraction

Ionic liquid-based microwave-assisted extraction is a high efficient combination
method in tannin extraction from plants. Ionic liquid aqueous solution-to-material
ratio of 20:1 is suitable in the method. Currently, there are numerous ionic liquids,
for example, [Emim]Br, [Bmim]Br, [Hmim]Br, [Omim]Br, [Dmim]Br, [Bmim]Cl,
[Bmim]BF4, [Bmim]NO3, and [Bmim]OH, where Emim is 1-ethyl-3-methylimi-
dazolium; Bmim is 1-butyl-3-methylimidazolium; Hmim is 1-hexyl-3-methylimi-
dazolium; Omim is 1-octyl-3-methylimidazolium; and Dmim is 1-decyl-3-
methylimidazolium.

In the method, the materials are soaked in ionic liquid for 3 h before microwave-
assisted extraction. Extraction time of tannins by microwave is about 10 min under
microwave power of 230 W. A 1.25 M sodium chloride and 80% ethanol are used as
the solvent in ionic liquid-based microwave-assisted extraction [57]. This is a
friendly method and low energy consumption but high cost.

4.7 Infrared-assisted extraction

Infrared-assisted extraction is a maceration using an infrared lamp to supply
the heat, and the penetration of infrared into the material is higher than other
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method [58]. In conventional methods, the solvent is heated before heating the
material. In infrared method, the material is directly heated without heating the
solvent [59]. The effectiveness of the infrared method depends on the absorption
characteristics of the extracting solvent, the wavelength of the infrared heater, and
the distance between the lamp and the material. Electromagnetic waves excite
tannins of material in the modes of twisting, stretching, and bending, increasing the
efficiency of tannin extraction [59, 60]. Infrared method exhibits a higher extrac-
tion yield than microwave-assisted extraction and ultrasound extraction [41].
Infrared-assisted extraction is low cost, but extraction efficiency of tannins from
plants is high, and the time of infrared extraction is about 30 min [60].

4.8 Soxhlet extraction

Extraction method and solvent play an important role in the extraction of tan-
nins. Soxhlet extraction is a good method when compared to cold maceration. The
effectiveness of soxhlet extraction is mainly based on the evaporation temperature
and polarity index of the solvent, and some characters of solvents are presented in
Table 3. The suitable temperature of extraction improves the diffusion ratio of
tannins into the solvent and the circulation of the solvent. Fifty percent ethanol
gives the highest extract yield of tannins from herbal plants [30]. Soxhlet extraction
with water content is also evaluated as the best method for gallic and ellagic acid
extractions. Solvent polarity, solvent-to-solid ratio, and contact time significantly
affect the yield of tannin extraction [33]. The solvents such as water or ethanol-
water mixtures are used for the extraction of the active hydrolysable tannins (gallic
acid and ellagic acid). Extract yield of tannins corresponded to 27.1, 26.4, 26.2, 22.5,
14.6, and 11.6 (% g/g sample) when using extraction solvent of ethanol:water
(20%:80%), ethanol:water (30%:70%), water, ethanol:water (50%:50%), methanol,
and ethanol, respectively, in the method [33]. Extract yield of tannins is the lowest
with n-hexane. Synder’s solvent polarity index almost causes high extract yield of
tannins. Synder’s solvent polarity index is calculated according to the following
equation [61]:

I4 Ip
Synder’s solvent polarity index = [ —— P4 | + | — .Pg (14)
Y potarty 100 100

Extraction Synder’s solvent Boiling Extraction Synder’s solvent Boiling

solvent polarity index point (°C) solvent polarity index point (°C)

n-Hexane 0.1 69 70% acetone, 6.5 84
30% water

Dichloro- 34 40 70% ethanol, 8.2 90

methane 30% water

Chloroform 41 61 50% ethanol, 7.9 94
50% water

Acetone 5.4 56 30% ethanol, 71 97
70% water

Ethanol 52 78 20% ethanol, 6.3 98
80% water

Methanol 6.6 65 Water 9.0 100

Table 3.

Synder’s solvent polarity index and boiling point of some solvents.
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where I and I are the polarity index of solvents A and B, respectively; P, and
Pg are the percentage of solvents A and B, respectively.

However, soxhlet method needs long duration and high amount of solvent,
hence the loss efficiency of economic and the environmental problems. When the
evaporation temperature of the solvents is high, thermal destruction of tannins can
happen [53]. Extraction time is about 3 h or 6 h due to the materials [33].

4.9 Supercritical fluid extraction

The supercritical fluid extraction is a modern and environment friendly method,
which maintains the chemical and biological characters of tannins. The supercritical
solvents have an important role in the efficiency of tannin extraction, and Table 4
presents some properties of useful solvents for tannin extraction. The supercritical
solvents are used as extraction solvent in the method including carbon dioxide,
hexane, pentane, butane, nitrous oxide, sulfur hexafluoride, and fluorinated
hydrocarbons. Supercritical carbon dioxide is often the choice because of its low
critical pressure (100 and 450 bar) [62]. However, the selectivity of CO, is not
good. For improving the problems, a co-solvent or modifier is combined with CO,
in tannin extraction [63]. Water and ethanol-water cosolvents exhibit a good result
in the separation of the less polar compounds and the hydrolysable tannins [53].
The diffusion coefficient of the supercritical fluid is higher than a liquid solvent, but
the viscosity and the surface tension of the supercritical fluid are lower than a liquid
solvent. Hence, the diffusion and mass transfer of tannins are better when using the
supercritical fluid. The solvation power of supercritical fluid can be changed via the
change of temperature and/or pressure [53, 56].

From the parameters in Table 4 and previous claims, it is easy to see that the
higher the viscosity of the solvent is, the greater the solubility of tannins is.

4.10 Enzyme-assisted extraction

Enzyme-assisted extraction is one of the environmentally friendly methods
using an enzyme or complex enzymes to improve bioactive extraction yield via the
disruption of the material cell. This method is combined with various methods, but
high temperature is not used for the extraction of tannins because protein is pre-
cipitated under high temperature. Extraction time or time of enzyme treatment is
sufficient and not long because a long time leads to release tannins and the forma-
tion of protein-tannin complexes. Of course, not all tannins precipitate all proteins,
this precipitation is selective. The tannin-protein complexes are only formed when

Solvent The moment of The constant of Cohesive energy Viscosity The tension of
dipole (Debye) the dielectric density (J 'y””_ll) (mPa) surface (C_ai)

mol

n-Hexane 0.00 1.88 200.76 0.30 25.75

Acetone 2.88 20.49 362.07 0.31 33.77

Chloroform 1.04 4.71 332.00 0.54 38.39

Ethanol 1.69 24.85 618.87 1.07 31.62

Methanol 1.70 32.61 808.26 0.54 31.77

Water 1.87 78.36 2095.93 0.89 104.70
Table 4.

Some properties of solvents used for tannin extraction [64].
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proteins and tannins have high molecular weight, an open flexible structure,
hydrophobic proteins of proline richness [65, 66]. The linkages between tannins
and proteins are unstable. The linkages between proteins and tannins are formed
from phenolic groups of tannins and the carbonyl groups of peptides [65]. Four
types of bonds between proteins and tannins are suggested in Table 5 [67].

For enhancing the extraction effectiveness, the treatment of the material cell by
the enzyme complex should be used prior to tannin extraction. Enzymatic
pretreatment achieves a reduction in the extraction time and energy consumption
[68]. Enzymes complexes weaken or break down the linkages between tannins and
cell wall [69-71]. In this way, the partial or overall degradation of material cells
allows leasing tannins from plants [72, 73]. The cell-wall degrading enzymes can be
used for tannin extraction including Celluclast® 1.5 L, Pectinex® Ultra,
Novoferm®, and hemicellulases. The treatment of seaweed by three different
enzymes shows that the efficiency of the cell membrane of seaweed is significantly
different. Viscozyme L enzyme destroys the seaweed cells better than termamyl
enzyme (Figures 1 and 2), and eroding ability of seaweed cell membrane of cellu-
lase enzyme at 60°C is better at 50°C (Figures 3 and 4).

Cellulase enzyme usually exhibits high efficiency in tannin extraction from
seaweed at other temperatures, compared to other enzymes (Figure 5). Enzyme-
assisted extraction permits the extraction of tannins with high stability and high
activity. This is fully feasible because catalyze reactions and regioselectivity of
enzymes can take place in aqueous medium under mild conditions [74]. Disrupting
the structural integrity of the material cells by enzymes is the easy method and
low solvent consumption. However, a clear understanding of the catalytic property,
the material structure, the mode of action, and the enzyme conditions is

Types of Interactions Control factor
bonds
Hydrogen The oxygen of amide groups in the peptide bonds of proteins  Reversible and
bonds and the hydroxyl radicals of the tannins dependent on pH
Hydrophobic ~ The hydrophobic regions of the proteins and the aromatic rings Reversible and
interactions of the tannins dependent of pH
Ionic bonds The cationic sites of the proteins and the phenolate anion
Covalent The oxidation of polyphenols to quinones and their subsequent Irreversible
bonding condensation

Table 5.

Some types of bonds between proteins and tannins.

Figure 1.
A part of algae stem Sargassum olygocystum after being treated at 40°C with 0.3% enzyme Termamyl.
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Figure 2.
A part of algae stem Sargassum olygocystum after being treated at 40°C with 0.3% enzyme Viscogyme L.

Figure 3.
A part of algae leave Sargassum olygocystum after being treated at 50°C with 0.3% engyme cellulase.

Figure 4.
A part of algae leave Sargassum olygocystum after being treated at 60°C with 0.3% engyme cellulase.

necessary [68]. The effectiveness of tannin extraction mainly depends on ionic
strength [75], ions in solution [76], and characters of proteins and tannins. Some
problems on technology need to consider before large production, for example, the
price of enzymes, hydrolyze capacity, and operating conditions of enzymes [68].

4.11 Gamma-assisted extraction

Gamma-assisted extraction is a new method using Co-60 gamma radiation for
tannin extraction. Co-60 gamma radiation increases the effectiveness of the tannins
from Anacardium occidentale [77]. However, this method still needs more study to
apply, and expanding ability in large scale also entails many legal issues. For tannin
extraction, materials can be directly irradiated by gamma radiation, materials are
then soaked in specific solvent, or the mixture of materials and solvents is directly
irradiated by gamma radiation. Radiation dose of 5-25 kGy is concordant with
tannin extraction from brown algae.
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Figure 5.
Extracted tannin content from brown algae in different conditions of enzyme and temperature.

5. Opportunity and challenge of tannin extraction

Tannins commonly exist in the nature, and they are bioactive diversity such as
antioxidant, antifungal, anti-virus, anti-inflammatory, and anti-parasitic. Tannins
are used in numerous fields, for example, feed of ruminants, monogastric animals,
etc. Each method of tannin extraction has difficult and easy points, for example,
high investment, difficult operation, or popular equipment. However, all methods
are based on the dynamic and static maceration. All modern techniques are
supporting and improving traditional extraction methods. At the same time, the
demand using tannins in the market is very huge. Therefore, opportunity of tannin
extraction and commercializing tannins are great.

However, large-scale production of tannins greatly differs in comparison to
small-scale production. The content, structure, and activity of tannins in plants
depend on growth time of plants, habitat place of plants, species, the parts of the
plants, etc. [78]. Hence, stabilizing the content, structure, and activity of tannin is
difficult. Tannin content is decreased in storage time of materials. The results of the
tannin activities are mainly at the laboratory level. At the same time, modern method
of tannin extraction needs high investment, good manpower, and great market.
There are some challenges in tannin extraction and its application into the life.

6. Conclusions

The chapter presents the position and the role of tannins in plant cell structure,
the harvest and treatment of plant materials, the opportunities, and the challenges
of tannin extraction from plants to apply into various fields. Specially, traditional
and modern methods of tannin extraction are also discussed specifically including
the extraction techniques, the advantages and the disadvantages of the method, the
mechanism of the extraction process, the solutions to efficiency improvement of
tannin extraction, some experimental parameters of tannin extraction, some con-
version process in the extraction, mathematical model of transformation, and
kinetics of extraction process.
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The presented extraction methods have the advantages and the disadvantages,
but they can be used effectively in tannin extraction from plants. The methods of
tannin extraction should continue to be improved to bring higher efficiency.
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DW dry weight
GAE  gallic acid equivalent

g gram
kGy kilogray
Min minutes
v volume
w weight
W watt

M mol
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Abstract

Hydrolysable tannins, water-extracted from sweet chestnut (Castanea sativa Mill.)
(CHT) and membrane concentrated, have several effects as antioxidant, antimi-
crobial, and metal complexing agents. Some patents described their use as nitrogen
release modulators and iron complexing agent to fight plant chlorosis and to control
legume seed-borne disease and nitrosamine and mycotoxin during plant and food
processing. Biostimulating activity of raw CHT, placed near seed or transplant seed-
lings, was assessed on early plant growth (starter effect) and found related to earlier
production of a larger plant fine root mass, with greater P early uptake. Increased
resistance to nematodes, with CHT applications on tobacco, was investigated. Recent
process stream fractioning permitted to identify some CHT fractions with antimi-
crobial and antioxidant effects which were tested for their potential in promoting
selected aspects of plant yield, quality, and protection and maintaining and improv-
ing feed and food quality during processing. EU Life+2013 Evergreen found a method
of application of a CHT fraction to protect tobacco and carrot plants in nematode-
infested fields. A protective effect of CHT on some bacterial diseases of olive tree and
kiwi was disclosed. Environmental and soil toxicities were also investigated finding
very low impacts and the possibility to reduce Cu use in agriculture.

Keywords: plant biostimulant, hydroculture, gall nematodes, TSNA, mycotoxins

1. Introduction

Polyphenols, a complex group of phytochemicals derived from phenylalanine,
are characterized by an aromatic ring with a reactive hydroxyl group. They include
phenolic acid derivatives, called hydrolysable tannins (HTs). They present a
carbohydrate molecule (generally 0-glucose), esterified at various levels with gallic
or ellagic acids. These gallotannins and ellagitannins are hydrolyzed by weak acids
or bases and are more prone to oxidation than condensed tannins (CTs) which
are characteristics of oak wood and grapeseed extracts. Most HTs are typical of
Mediterranean plants, but only tannins from water-extracted sweet chestnut
(Castanea sativa Mill.) biomass (CHT) have been industrially exploited in agricul-
ture as a corrective, a fertilizer chemistry modifier, and/or a biostimulant product,
with a protective activity against nematodes and some microbial strains. Another
important agricultural use, as a feed ingredient, is in expansion [1], while some
technological applications in food processing and supplement production are just at
their beginning [2, 3]. Other Mediterranean HTs “competitors” of CHT, i.e., those
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of myrtle (Myrtus communis L.) and pomegranate (Punica granatum L.), have found
so far a much larger use in herbal medicine and supplement production [4].

A previous paper dealt with water-extracted CHT chemistry, in particular
with the different fractions that can be separated by membrane concentration and
reverse osmosis [5]. These fractions can be industrially mixed to maintain a fairly
consistent composition in the final product, with better consistency of the agro-
nomic results.

CHT have several remarkable effects as antioxidant, radical scavenging, anti-
microbial, and metal complexing agents. Typically, tannins are renowned for their
capacity to precipitate proteins, pectins, and cellulose. So they can inhibit many
enzymes [6]. This is considered one of the major causes that reduces urea losses for
volatilization and—in general—modifies nitrogen release in soluble forms.

Due to their fraction of non-tannins, and to the chemical structure of the tan-
nins, they easily form complexes with several polyvalent ions [7]. Those with iron,
manganese, and zinc are retained particularly interesting under the agronomic
standpoint.

However, the single, most interesting effect of CHT on plants is related to their
biostimulant effect on plant early rooting, which determines an increased resilience
to abiotic stress (water and nutrient shortage in the soil) and some biotic stress also,
e.g., soilborne disease and nematodes [8].

2. Effect of CHT in plant fertilization
2.1 Effect of CHT on water and fertilizer acidification

The first characteristic of CHT our research team has investigated, since 1999,
was related to the acidifying effect of these tannins when applied to water and fer-
tilizers. For organic farming, which relies almost exclusively on unacidified phos-
phate rock as a P,0s source, a microgranulated (0.5-0.8 mm g) 5.14.0-15 SO5-28 C
fertilizer, for local application at crop planting (rates: 35-50 kg/ha), was developed,
made of phosphate rock, CHT, sulfur, and blood meal. In comparative tests, this
fertilizer performed equally or better than ammonium phosphate, applied at much
larger rates (150-200 kg/ha). In particular, co-granulation of 5-10% dry CHT with
powdery phosphate rock increased 2.6-6 times the water and neutral ammonium
citrate solubility [9].

For organic farming, CHT were used to acidify water used as a carrier of azadi-
rachtin, a soil-applied natural insecticide-nematicide, which is stable only at acid
water pH. This contributed to achieve more consistent results of azadirachtin vs. an
ordinary treatment with citric acid.

2.2 Effect of CHT on nitrogen, iron, other microelements, and proposed fertilizer
products

First studies on the inhibiting effect of purified tannins, both of sweet chestnut
and Australian Acacia (Acacia mearnsii De Wild.), on ammonium sulfate nitrogen
indicated they are not toxic to microbial growth; however, they reduce nitrification
rate of some 20-30% at concentrations as low as 0.5-1.0% in the first weeks after
application, and this effect remains for 12 weeks. This effect does not indicate a
direct toxicity of tannins to nitrification bacteria [10]. The author of this research
speculates also a reduction in soil-free ammonium nitrogen after ammonium
application with CHT, due to the growth of heterotrophic microorganism on the
carbon-rich substances (sugars, acids, etc.) usually present in commercial CHT.
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Later, different mechanisms were proposed, inhibition of extracellular enzymes,
iron deprivation, etc. [11], and more recently, this effect was explained on the basis
of chemically combining tannins with extracellular enzymes and with an anti-
infective action [12]. Interactions between CHT and chemistry of nitrogen forms
were in part disclosed by a patent, dealing with the reduction of tobacco-specific
nitrosamines by the use of field and/or post-harvest treatments [13].

An interesting point of view on this matter was carried out by the results of a
paper dealing with condensed tannins of poplar species: small tannins (tetramer
and smaller molecules) have a direct biological effect, as they act more often as
substrata and sometimes as toxins, while highly polymerized tannins determine a
reduction of net mineralization through substrate binding, with otherwise lim-
ited effects on overall C cycling or microbial communities directly [14]. Similar
researches should be done also in the case of CHT.

Concerning the anti-urease activity, the so-called tannic acid (gallotannins) was
found to determine a marked inhibition of urease activity (the inhibition constant
was Ki = 0.040). The concentration of 0.1 mM reduces the urease activity of 72.4%.
Apparently, the kinetic parameters (Vy,,x and K;,) depend upon the concentration
of “tannic acid,” therefore suggesting the presence of a noncompetitive, pure inhibi-
tion mechanism. Soluble and insoluble tannin-urease complexes are formed both
the longer the time of their contact and the higher the ratio “tannic acid to urease.”
The mechanism is related to the formation of reversible and nonreversible bonds
with the substrate. Oxidative polymerization of tannins, which becomes evident by
their browning, makes the enzyme progressively less accessible [15].

Low concentrations of CHT (0.8-1%) in a nitrogen-urea solution (18-20% N)
determine a releasing curve which is comparable to that of a granular methylene
urea. Lab tests carried out according to the Stanford and Smith incubation and
leaching methodology, at equal N rate, indicated that a urea solution 20% with 1%
CHT had a potential total nitrogen efficiency of 65-70% vs. 50% of urea (control),
which releases completely in 28 days (Figure1) [16].

Tests on corn and wheat consistently demonstrated that this technology is
permitted to maintain yields with a reduction of the nitrogen rate up to 25%. In the
case of wheat topdressing and topsoil applications on alkaline and subalkaline soils,
reduction in volatilization losses represents the major mechanism of action for the
increased efficiency.

Complexes of condensed tannins of Quercus falcata, Salix sieboldiana, and most
of the Japanese conifers were studied as adsorbents of heavy metal ions, among
which Cr®*, Cd%, but also Cu**, and Fe?* [18]. Later, Larix spp. condensed tannins

]
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Figure 1.
Nitrogen mineralization determined as nitrates in the leachates after incubation in standard conditions
(medium, temperature, moisture) according to Stanford and Smith method as modified by [17].
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with iron, manganese, and zinc were prepared and applied to correct nutrient
deficiency in some crops, e.g., apple orchards.

Iron chlorosis is one of the major problems both for fruit orchards and green-
house crops. The use of mineral iron fertilizers, i.e., ferrous sulfate, has alow
agronomic impact, due to the rapid oxidation to Fe’* in the soil, while only the Fe**
is readily available for plants. This is the reason why synthetic chelates and com-
plexes have received such a deep interest over the last years.

CHT-iron complex fertilizers may represent a “green” alternative to synthetic
chelates. In the formulated fertilizers, 3% w/w of the total iron is as complex, accord-
ing to the Italian Official Test method, which uses a cation-exchange resin [19].
Field tests were carried out mainly on pear, kiwi, and vineyard to treat iron chloro-
sis. On pear cv. Abate, on Ba29 rootstock, three applications in micro irrigation at
100 L/ha (6% Fe from Fe sulfate heptahydrate) gave comparable or better results
than the ordinary treatment of Fe(EDDHA) at 12 kg/ha in three applications. A
longer shelf life (+18 days, compared with the control, at room temperature) and
better refrigerator preservability (—16% incidence of softening at 60 days from
harvest, as compared with the control) were the main quality improvements [20].

The Italian Decree 2010/75 concerning domestic fertilizers, complementary to
the European law 2003/2003, considers the following products with tannins:

* Two water/soil correctives: one liquid plant extract with tannins 13% and one
solid plant extract with tannins, minimum 75%

* A solution, minimum 20% nitrogen, fertilizer, with 0.8% minimum tannins,
pH4-6

* Aniron complex fertilizer with plant extracts with tannins, 6% total Fe, 4.8%
complex Fe

Only later, with the Decree 2018-07-18 related to the production and labeling of
corroborants, to potentiate plant defense, an integral extract of sweet chestnut with
tannins was included in this group, with the only requirements to indicate the tan-
nin percent content, the use of water extraction, and physical means to concentrate
the product.

2.3 CHT as a biostimulant

The raw CHT extract has found application in transplanted crops as a starter
treatment, to boost early plant growth, rooting, and phosphate uptake and enhance
plant resistance to nematodes. Some recent data of 2017-2018 indicated that the use
of tannins in the hydroculture medium, where transplant seedlings were grown,
was positive for early rooting and growing after their field transplanting, and dif-
ferences maintain until harvest.

During early characterization, some mixes higher in gallic acid (HGA) or lower in
gallic acid (LGA) were compared. Both tannin formulations decreased tobacco actual
infestation (root gall index) at 30 DAT, but only the HGA-mix significantly reduced
the J2 population vs. the infested control. In fact, for this parameter, there were no dif-
ferences between the LGA-mix treatment and the infested control. However, tobacco
plants treated with this same LGA-mix produced an epigeal DM vyield not significantly
different from the HGA-mix treated plants. This seems to indicate that products low in
gallic acid, such as the LGA-mix and most commercial CHT extracts, have a predomi-
nant biostimulant activity, while a higher concentration of free gallic acid is associated
with an increased biocidal activity, in agreement with the previous literature [21].
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A recent paper reported a large part of the activity on tannin-nematode carried
out during the European Project Life+2013 Evergreen [22]. For the first time, one
of the CHT fractions was formulated as a microgranulated fertilizer and a fully
dispersible powder for application at low rates in efficient, localized repeated
placements along each transplant row. These experiments confirm that CHT acts
as a biostimulant on plant root systems, enhancing indirectly plant resistance to
nematodes. This mechanism could positively affect CHT efficacy in the medium
long term, because it determines a lower selective pressure on nematode population
than more aggressive a.i. (active ingredients). It should also be noticed that this
sustainable approach was demonstrated to be coupled with a null toxicity profile on
model organisms and microorganisms by researchers of the same project Evergreen.

3. Potential and opportunities of tannins in the control of biotic plant
diseases

The food demand is increasing worldwide for the constant growth of the global
population, with a significant impact on natural resources, such as water, land,
and biodiversity, that are already under pressure. Moreover, climate change is also
further threatening food security, also by negatively affecting incidence, severity,
and distribution of biotic plant diseases of plants. In this global scenario, where agri-
culture is pivotal as a source for both food commodities and income, more efficient,
innovative, and sustainable production and control methods need to be urgently
developed and adopted to prevent crop yield and quality losses. Other important
challenges for future plant disease management are also to be able to preserve the
environment, agroecosystems, and human health, as well as to reduce dependency
from natural resources. In this regard, synthetic agrochemicals have been essential to
determine a noteworthy increase in crop yields and food production during the last
century, but their extensive use for the control of plant diseases resulted in an unde-
niable negative impact on the environment and ascertained risks for human health.
In addition, the increasing demand for organic plant food has also inevitably deter-
mined the request for more environmentally friendly and safer pesticides, possibly
from natural origin, to be used both in pre- and post-harvest disease management.

Safe and effective bioactive compounds useful as alternatives to synthetic
pesticides for a sustainable plant disease control can be obtained by exploiting those
secondary metabolites naturally produced by the plants also to provide protection
against phytopathogens and pests, such as phenolic compounds. Plant phenolics
form a class of chemically heterogeneous compounds, which include tannins, which
occur in monocots, dicots, and ferns. Tannins were firstly classified into hydrolys-
able and condensed tannins; the former is absent in monocots, while their most
recent classification is based on their structural characteristics and includes gal-
lotannins, ellagitannins, complex tannins, and condensed tannins.

Tannins, traditionally used in the leather industries, have been widely investi-
gated also for their beneficial effects on human health, including their antioxidant
bioactivity and antimicrobial properties against some human pathogens. In the past,
tannin-based extracts have been obtained from several medicinal plants, and used
accordingly in traditional ethnomedicine of some countries, such as China, Japan, and
Malaysia. In more recent times, tannins have been also studied to assess their potential
as natural bactericides and fungicides in plant protection and management, to replace
or reduce synthetic pesticides. Furthermore, the availability of green extraction and
purification procedures to obtain raw or purified tannin extracts from agro-industrial
waste makes these bioactive compounds highly attractive, contributing to the sustain-
ability of agricultural practices in the frame of a circular economy [23].
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The quali-quantitative yields obtained in the recovery of bioactive tannins are
strictly related not just to the plant species used, as well as their specific parts or
by-products and wastes, but also to the extraction procedures adopted. Microwave-
and ultrasonic-assisted extraction of tannins are among the most innovative
procedures adopted, to overcome the main limits of the traditional methods, by
reducing extraction temperatures and times, as well as the amount of solvents
used. As a general rule, tannins are not only soluble in water but also in several
alcohols, ethyl acetate, and acetone, with differences in yield attributable to other
factors such as the temperature and the extraction time and the ratio of liquid to
plant solid matrix. These extracts, composed by several phytochemical constitu-
ents, are usually more active than the individually isolated compounds, because of
synergistic effects [24]. In this frame, a clear and homogeneous standardization
would be then desirable both for the extraction procedures adopted and for the in
vitro and in planta tests to assess the antimicrobial effectiveness of tannin extracts
in controlling biotic plant diseases [25]. Accordingly, the antimicrobial and anti-
infectivity activities of standardised tannin extracts were deeply investigated
and demonstrated in the EU LIFE 13 EVERGREEN project, coordinated by Prof.
Stefania Tegli.

At last it is worth to mention that recently, formulations based on Castanea sativa
and Schinopsis loventzii tannins and on Vitis vinifera cane tannins have received a posi-
tive evaluation as “basic substances” for their use in plant protection by EFSA [26].

3.1 Tannins against plant pathogenic fungi

Fungi are important agents of pre- and post-harvest diseases of plants and
of their products, causing heavy economic losses which can increase up to 50%,
in developing countries and under highly severe conditions. Additionally, some
phytopathogenic fungal species are known to produce mycotoxins, both under field
conditions and mainly on harvested crops, causing considerable economic losses
and high health risks for consumers.

To this concern, extracts from leaves of Capsicum annuum accession no. CGN
21526 (10 g plant material/100 ml solvents, to get a vacuum-dried powder at a final
concentration of 50 mg/ml in water) have been proven effective against Alternaria
alternata causing post-harvest infections on tomato [27]. The most abundant
phenolic compound of all these extracts was gallic acid, whose concentration
ranged from 23 to 64% of the total phenols. When added to the culture medium at
the final concentrations of 5, 10, and 25 mg/ml, these extracts inhibited the myce-
lial growth in vitro from about 43 to 82% in comparison to the negative control, in
a dose-dependent manner and with the extract obtained using water as solvent as
the most active. The germination of A. alternata conidia was also inhibited by these
C. annuum extracts, in the range 40-53% in comparison to the untreated control
and with the extracts obtained using ethanol or ethyl acetate as solvents having the
highest bioactivity. Similarly, soft rot caused by A. alternata cherry tomato fruits
was reduced by the treatment (10 and 25 mg/ml) with these C. annuum extracts and
with ethanol and ethyl acetate extracts as the most active.

Similarly, water and alcoholic extracts from pomegranate peel have been proven
effective in controlling post-harvest rot and decay of fruits and crops, caused
by several fungal phytopathogens such as Penicillium species, mycotoxigenic
Aspergillus, Botrytis cinerea, and Colletotrichum gloeosporioides. Their bioactivity is
also conserved when used in bioformulations with edible natural coatings, such as
chitosan and alginate [28-30]. The antifungal properties of pomegranate peel are
attributable to ellagitannins, such as punicalin, punicalagin, and ellagic acid, as
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well as gallotannins [31]. By comparing different extraction solvents, the recovery
of bioactive tannins as well as anthocyanins was higher when using hydroalcoholic
solutions at high concentrations, instead of just hot water. The 80% ethanol/water
extract from pomegranate peel, concentrated by evaporation, was demonstrated
highly effective to reduce the development of Botrytis cinerea rots on table grape and
to control olive anthracnose caused by Colletotrichum spp. [32, 33]. An inhibitory
effect was demonstrated for an ethanol extract of pomegranate peel for A. alternata,
Fusarium oxysporum, Phoma destructiva, Rhizoctonia solani, and Sclerotium rolfsii
[34]. Conflicting results have been obtained with a pomegranate peel water extract,
amended to PDA medium. While at 8.60 and 17.20 mg/ml, the ability to inhibit

A. alternata and Fusarium spp. was confirmed, and the antifungal activity against
Stemphylium botryosum demonstrated for the first time, no decrease of the growth
rates of P, expansum and B. cinerea was induced for this pomegranate peel water
extract, as well as no effect found on P. digitatum [35]. The inhibitory activity was
shown to be correlated with the concentration of total polyphenolics and in par-
ticular with punicalagins. However, according to the extraction procedure adopted,
organic acids and other primary and secondary metabolites were known to be pres-
ent in this water extract [36], which can account for the unexpected and conflicting
results on its antifungal activity.

Tannin extracts from waste biomass of chestnut (Castanea sativa) have been shown
to be highly promising for their potential use as natural fungicides in plant protec-
tion. They are obtained by solvents such as water and ethanol classified as generally
recognized as safe (GRAS) to powdered dried chestnut burs. The inhibitory activity
found on the growth of A. alternata, F. solani, and B. cinerea was dependent from the
extraction procedure adopted as well as from the different sensitivity of the fungal
species examined. However, it was found to be mainly attributable to ellagic acid, with
EC50 values ranging from 13.33 to 112.64 pg/mL [37].

Condensed tannins, such as catechins, have been found in water extracts from
chili (Capsicum frutescens) (8.50 mg/ml) and garlic (Allium sativum) (6.93 mg/

ml) extracts, having strong antifungal activity in vitro against C. gloeosporioides,
Fusarium, and Phomopsis spp. [38].

3.2 Tannins against plant pathogenic bacteria

The control of bacterial diseases of plants is extremely challenging because of
the complex biological cycle of these phytopathogens, spanning from epiphytic
and/or endophytic asymptomatic stages to survival into soil, water, or other wild
host or nonhost plants, although their impact causes serious economic losses
concerning yield and quality of a huge number of crops. Moreover, most of the
management of bacterial diseases of plants still relies on the preventive use of
copper compounds as bactericide, with a wide spectrum of well-known negative
ecotoxicological consequences. In spite of that, studies concerning the search and
the development of botanical extracts alternative to copper treatment against
phytopathogenic bacteria are surprisingly less common than those for fungi and for
bacteria pathogens on humans.

Condensed tannins based on flavan-3-olic units, such as catechins and epicat-
echins, have been shown to be the most abundant polyphenolic metabolites found
in the water extracts of grape seeds and green tea. Grape seed polyphenolic extracts
entirelies consist of several catechins and epicatechins with molecular weights
ranging from 290 to 1170 Da and of free gallic acid, while in green tea extracts
epigallocatechin gallate and epicatechin gallate represent 96% and 4% of the total
tannins, respectively. By using an iz vitro plant model system, both these tannin
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extracts were demonstrated to be able to give a statistical reduction of the hyper-
plastic symptoms produced by the inoculation of Pseudomonas savastanoi pv. nerii
strain Psn23 on cuttings from 2-year-old twigs of Nerium oleander, in comparison to
those untreated. In addition, a significant decrease of bacterial multiplication was
observed on tannin-treated plants, which was comparable to the in planta growth of
the AhrpA nonpathogenic mutant of Psn23 [39].

A strong antibacterial activity against the destructive causal agent of tomato
bacterial wilt Ralstonia solanacearum, both in vitro and in vivo, was found for tan-
nins extracted from Sedum takesimense and Sapium baccatum [40].

The profiling of the phenolic compounds present in young leaves of the two
apple cultivars “Enterprise” and “Idared,” highly resistant and highly susceptible
to fire blight, respectively, was estimated and evaluated both before and after E.
amylovora infection. According to this data, the activity of 13 selected phenolics
was tested in vitro against E. amylovora, at 10, 50, and 100 mM in aqueous solu-
tion. Gallic acid was among the most effective to suppress the bacterial growth.
Moreover, its efficacy was confirmed iz vivo, by significantly limiting the develop-
ment of disease and E. amylovora infection on pear fruitlet slices when applied as
100 mM aqueous solution.

3.3 Tannins and their mechanisms for plant disease control

The biological activity of tannins strongly depends from their highly variable
chemical structure, and tannins basically can act as metal ion chelating and protein
complexing agents and antioxidants, in addition to their well-known antimicrobial
properties. However, in view of their potential application in plant protection, a
deeper knowledge about their mode of action would be desirable.

Experiments carried on bacterial phytopathogen Clavibacter michiganensis
with the ellagitannin HeT extracted from strawberry leaves demonstrated that
its bactericide activity is related to a dose-dependent inhibition of the oxygen
consumption rate and respiration, as a consequence of its interaction with cell
membranes [41]. The absence of any toxicity was assessed for several tannins,
such as epigallocatechin gallate and catechin, up to 1 pM by using as a target
the membrane protein Ca’*-ATPase from the sarcoplasmic reticulum (SR). SR
belongs to the ubiquitous and highly conserved proteins of the so-called P-type
ATPase family, whose members are present in the cellular membrane of any living
organism and involved in numerous transport processes. Conversely, copper
suppresses almost completely Ca’*-ATPase activity at just 0.1 pM concentration
Cu”* ions [39].

An alcoholic extract obtained from the peel of pomegranate, and mainly con-
taining tannins, was found active as resistance inducer. This extract elicits defense
responses when applied to harvested citrus fruits, expressed as an increase in
reactive oxygen species and in the expression of five genes which are pivotal during
the activation of plant post-infectional defense [33].

Tannins have been also shown to possess noticeable inhibition abilities on some
enzymatic activities strictly related to the virulence of phytopathogenic bacteria.
The virulence of the Dickeya chrysanthemi is mainly dependent from its production
and secretion of several cell wall-degrading enzymes, such as pectate lyases and
proteases. Tannic and gallic acid are efficient to give a total inhibition of D. chry-
santhemi pectate lyase at concentrations of 400 and 800 pg/ml, respectively [42].
At last, tannins can also negatively interfere with other bacterial systems which are
essential for their pathogenicity and virulence on plants, such as the Type Three
Secretion System and the Quorum Sensing, respectively [39, 43].
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4. Polyphenol extracts to combat some bacterial diseases on kiwi crop:
effect on soil biochemical functions

4.1 About soil quality

Soil is a natural resource that we must conserve and protect. In this sense, we
must ensure that various soil properties (physical, chemical, biological, microbio-
logical, and biochemical), capable of maintaining the quality, sustainability, and
functionality of soils, respond to the soil protection criteria. Soil properties effected
by the size, activity, and the composition of the microbial biomass included water
holding capacity, infiltration rate, erodibility, aggregate stability, nutrient cycling,
nutrient capacity, and soil organic matter content (soil function). Soil quality
cannot yet be defined in quantitative terms; however, it should be possible even-
tually to define soil quality and sustainability quantitatively by the appropriate
integration of specific quantitative terms, so that the effects of management on soil
quality can be determined. Soil quality is a dynamic character, and many significant
indicators must be sensitive to small changes in key soil properties. However, tools
to detect the impact of changes in soil functionality are needed. Soil enzymes are
extremely important in assessing the status or the conditions of the soil environ-
ment. This is because enzymes’ and microorganisms’ activity and biodiversity are
related with the most important elements for soil sustainability and functionality
(C, N, P, and S). Many extracellular enzymes are absorbed to, complexed with, or
entrapped within soil clays and humics, and they may have a long-term stability.

The demand for biofertilizers is increasing since the last decade owing to its eco-
friendly characteristics and a worldwide trend to reduce the reliance on chemically
derived fertilizers. The Asia-Pacific shared approximately 34% of the total demand
in 2011. European and Latin American countries are the leading consumers of
biofertilizers, owing to stringent regulations imposed to chemical fertilizers which
would eventually be replaced by biofertilizers.

4.2 About biopesticides

In the Evergreen Project, different experiments using polyphenol extracts
as biopesticides were carried out. We show (only as an example) some results
obtained on soils from a kiwi (Actinida chinensis) crop, where some polyphenol
extracts were used as biopesticides. The bacteria (Pseudomonas syringae actinidiae)
were used as pathogen agent, a vascular pathogen, whose most conspicuous
symptom is the red-rusty exudation which covers bark tissues on trunks and
twigs.

The polyphenol extracts used in this experiment were the following:

Form 1 (liquid): chestnut polyphenol 2%, olive polyphenol 1% in water (1:10).

Form 2 (liquid): chestnut polyphenol 1,5%, olive polyphenol 1%, and grape
seeds 0.3% in water (1:10).

In addition, CuSO,4 has been used to compare a possible conventional treat-
ment and another way to combat some pathogen microorganisms (biopesticides as
polyphenol extracts). The total treatments in this assay were (1) control— (without
bacteria), (2) control+ (with bacteria), (3) CuSO,— (CuSO, without bacteria), (4)
CuSOy4+ (CuSO,4 with bacteria), (5) form 1, and (6) form 2.

In this study, some biological and biochemical parameters measured on soil
treated with polyphenol extracts have been shown. The use of biochemical param-
eters (soil enzyme activities) can be important to know the possible effect of
polyphenols on the cycle of the important elements such as C, N, and P.
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Application methods for polyphenols and pathogen:

a. Supply polyphenol (form 1/form 2) or CuSO, (100 c.c.) on soil next to the
roots. Let it be absorbed during a week.

b.Spraying polyphenol or CuSO, solution on aerial part of the plant. Let it be
absorbed (24 h).

c. Bacterial inoculation: remove leaves from each plant, petiole included (100%
wounds done) along the stem, exposing the wound produced. Inoculate
helping with a micropipette 10 pl of bacterial solution on the wound directly.
Protect the wound with a film at least during 24 h, and then remove it.

d.Watering polyphenol treatments (100 c.c.) 7 and 15 days later from the bacte-
rial inoculation with the corresponding liquid polyphenol (form 1 or form 2).

Results were the following.
4.2.1 Total organic carbon and total N

One of the most interesting parameters for soil quality is the organic carbon
content, indicative of the organic matter content of the soil. The organic C induces
fundamentally the productivity and fertility of the soil. Its presence in the soil is of
great interest from two points of view: environmental (fixation of C in the soil) and
agronomical (soil fertility).

In our experiment (Table 1), no significant differences were observed for
organic C between the control soil and the soils treated with polyphenols. We know
that polyphenols are organic products, and they should be implied in mineralization
and humification processes; they could alter soil organic C. However, the addition
of polyphenols to the soil did not alter organic C content in the soils studied. This
confirms that the doses used for polyphenols in this study are not high enough to
affect this type of parameter.

Nitrogen enhances plant growth, improves the quality of crops, and increases
seed and fruit production. Nitrogen in the soil is usually supplied by decomposition
of organic material, commercial fertilizers, and nitrogen-fixing bacteria. The desir-
able amount varies between crops; however, too much nitrogen can have adverse
effects especially on the environment.

The differences found in soil total N in our experiment (Table 1) can be attrib-
utable to the variability of soil and our technical analyses; for this reason, it can be

N total (g/100 g) Ctotal (g/100 g) Corg (g/100 g)
Control— 0.210a 8153a 3516a
Control+ 0.606 b 9.716 ab 5153a
CuSO,4— 0.526 b 10.363 b 5116 a
CuSO4+ 0.533b 10.313b 4113a
Form1 0.533b 11.066 b 4.546 a
Form 2 0.556 b 10.600 b 5673a

The same letter for each parameter indicates no significant differences between treatment (Tuckeys method, p < 0.05).

Table 1.
Total N, total C, and total organic carbon, measured in kiwi soils at the end of the experiment.
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indicated that the variations observed in this parameter cannot probably be due to
polyphenols’ addition.

4.2.2 Enzymatic activities

Enzyme activities related to the cycle of elements (carbon, nitrogen, phospho-
rus, or sulfur) are of paramount importance in soil quality. Among these enzymes
we propose the study of phosphatases, ureases, proteases, and different enzymes
related to C cycle such as f-glucosidases. Indicators of the microbial population
activity (dehydrogenase activity) will give an accurate notion of the impact of the
addition of these products on microbial activity. For a general assessment of the
functional and structural changes in microbial community, we have carried out
several measurements based on soil enzymes.

Most enzymes found in the soil, in particular the hydrolases, are extracellular and
have a great environmental interest. In addition, these extracellular enzymes may
be free and exposed to rapid denaturation or immobilized together with mineral or
organic colloids. Generally, those immobilized enzymes in mineral and/or organic
colloid change in their status, nature, and properties (such as kinetics, stability
and mobility of enzymes) and are less prone to proteolytic denaturalization, since
they are physically and chemically associated with other surrounding chemical
compounds.

4.2.3 Phosphatase

The agronomic and biotechnological importance of phosphatase is that it
activates the transformation of organic P into inorganic forms of P available to
plants. We have determined alkaline phosphatase since we have worked with basic
soils (Table 2). Phosphatases are inhibited by inorganic P, the final product of
their enzymatic reaction. This is due to a feedback inhibition, so phosphatases are
synthesized only when available P is deficient.

In our study, no statistical differences between treatments were appreciated
in this enzyme activity. This indicates that the addition to the soils of polyphenol
products does not change the phosphorous cycle in the soil. Some differences in this
enzyme activity were noted throughout the experimental period, greater phospha-
tase activity being detected at the start than at the end of the experiment. This fact
could be due to P mobilization from organic to inorganic forms, in order to make
it available to plants. The P cycle, studied by phosphomonoesterase activity, seems
not to be affected by the polyphenol addition to the soil since little differences were
observed as regards phosphatase activity between the soils treated with polyphenols

Phosphatase activity (nmol PNF h™" g~ soil) TO Tf

Control— 6.779b 4.028 a
Control+ 7118 b 5197a
CuSO4— 6.072ab 5373a
CuSO,+ 6.206 ab 5.560 a
Form1 6.391ab 5.886a
Form 2 5349a 5324a

The same letter for each parameter indicates no significant differences between treatments (Tuckey’s method, p < 0.05).

Table 2.
Evolution of soil alkaline phosphatase activity in kiwi soils (initial, To, and final Tf).
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and the control. Anyway, a slight increase in phosphatase activity was observed
when polyphenols were introduced into the soil.

A negative effect on soil phosphatase was observed when CuSO, is used as pesti-
cide. It indicates that this conventional treatment can affect to P cycle in the soil.

4.2.4 p-Glucosidase

p-Glucosidase is a hydrolase which intervenes in the C cycle, acting especially in
the hydrolysis of the f-glucoside bonds of long carbohydrate chains. The hydrolysis
of these substrates plays an important role in the attainment of energy from the soil
by microorganisms.

C cycle linked to f-glucosidase activity was not affected by the utilization of
polyphenols, as shown in Table 3. The activity of this enzyme did not change with
time in a significant way, similar activity values being observed at the start and
end of the experimental period. Both polyphenols directly (form A and B and also
the Cu salt introduction in soil) and their impact on the soil biota do not affect the
carbon cycle.

Urease activity. Urease catalyzes the hydrolysis of urea or ureic-type substrate to
give carbon dioxide and ammonia as reaction products. This term includes all those
hydrolases capable of acting on the C-N (non-peptide) bonds of linear amides.
They are extracellular enzymes.

At the start of the experiment, some changes in urease activity were observed
in the soils treated with polyphenols with respect to the control (Table 4). This
is indicative that the N cycle is influenced by polyphenols. The soils treated with
CuSO, showed the lowest values of urease activity; it could be due to the heavy
metal incidence (Cu) or to the increase of soil salinity. At the end of the experi-
ment, urease activity values were also lower when CuSO, was used, but the differ-
ences were not statistically significant. For this reason, we can say that the microbial
populations that synthesize urease do not undergo to experiment changes, and
consequently, the N cycle does not show difference between soils.

D-hydrogenase. The biological oxidation of organic compounds occurs by means
of dehydrogenation processes, in which intracellular enzymes called dehydroge-
nases take part. The dehydrogenation activity in soils is determined by different
dehydrogenase systems, which are characterized by their high substrate specificity.
All these systems are an integral part of the microorganisms; indeed, dehydroge-
nase activity has been proposed as an indicator of soil microbiological activity and
biomass.

Dehydrogenase activity is intracellular and detects the set of cells capable of
being activated against various situations; soil samples toward the initial of the

p-glucosidase activity (pmol PNF h™ g ™' soil) TO Tf

Control— 0480a 0.524a
Control + 0.527a 0.531a
CuSO,4— 0.527a 0475a
CuSO4+ 0.563 a 0472a
Form1 0.544a 0620 a
Form 2 0.549a 0.573a

The same letter for each parameter indicates no significant differences between treatments (Tuckey’s method, p < 0.05).

Table 3.
Evolution of soil f-glucosidase activity in kiwi soils (initial, To, and final Tf).
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Urease (pg INTF h™ g ™' s0il) TO Tf

Control— 0.200b 0.931a
Control+ 0.246 c 0.945a
CuSO,4— 0.141a 0.758a
CuSOy4+ 0.180 ab 0.726a
Form1 0.364 d 1.008a
Form 2 0.329d 0.806 a

The same letter for each parameter indicates no significant differences between treatments (Tuckey’s method, p < 0.05).

Table 4.
Evolution of soil urease activity in kiwi soils (initial, To, and final Tf).

D-hydrogenase activity (ng INTFh™' g™* soil) TO Tf

Control— 1619a 5.355b
Control+ 1595a 5.147b
CuSO4— 1.391a 2972a
CuSO4+ 1559a 4719b
Form 1 1174a 5.274b
Form2 1487a 5380 b

The same letter for each parameter indicates no significant differences between treatments (Tuckey’s method, p < 0.05).

Table 5.
Evolution of soil d-hydrogenase activity in kiwi soils (initial, To, and final Tf).

experiment showed no changes for this oxidoreductase enzyme. Only at the end of
the experiment, the soils treated with CuSO4 showed a decrease in the activity of
this enzyme. This different behavior between the start and the end of the experi-
ment could be due to the fact that at the start of the experiment, the Cu salt has

no time to act, and some more time needed to the effect of the salt on the enzyme
activity is noted (Table 5).

The main conclusion obtained from the results is that the use of polyphenols
such as those prepared in the Evergreen project can be regarded as positive, since
it is able to prevent bacterial diseases on crops such as kiwi. Our results indicate
that the polyphenols used can be considered as biopesticides. For example, we can
indicate that in agriculture, Cu is a metal widely used as a pesticide; however, the
accumulation of this metal in soils can become harmful to the quality of that soil.
Therefore, the possibility of having alternatives such as polyphenols, capable of
acting against certain pathogenic microorganisms, has paramount agronomic and
environmental interests. We think that the use of polyphenols should be studied at
the level of management. The application of these compounds (the time of applica-
tion if application should be repeated, if they can be used as preventive treatment,
etc.) should be studied, particularly for soil biological properties.
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Chapter 6

Applications of Tannin Resin
Adhesives in the Wood Industry

Xiaojian Zhou and Guanben Du

Abstract

Tannin is extracted from natural sustainable materials. It is widely used to
prepare tannin resin adhesives owing to its naturally occurring phenolic structure.
This chapter aims to introduce the resources and structures of tannin, existing
reactions that are involved in the synthesis of tannin resin, and the applications
of tannin resin adhesives in the wood industry. Additionally, the advancements in
the research based on the use of tannin resins in manufacturing plywood, par-
ticleboard, wood preservation, decoration paper impregnation, structural glulam,
impregnated fibers, and other wooden products are reviewed. Herein, the main
limitations encountered during the application of tannin resin adhesives and the
future key research points are identified. Finally, the potential applications of tan-
nin resin adhesives in the wood industry have been discussed.

Keywords: tannins, resins, adhesives, wood industry, applications

1. Introduction

The use of adhesives dates back to approximately 3000 years ago. Several types
of adhesives based on specific applications have been developed, particularly for
the manufacturing of wood and paper products, among other products. Therefore,
thousands of adhesive products have been developed. Factors that affect the selec-
tion of the adhesives are cost, assembly process, bonding strength, and durability.

The fabrication of wood-based panel products involves a “preparation and
recombination of wood unit” process wherein wood adhesives play a crucial role.
Adhesives play a vital role in wood processing because their quality has a direct
impact on the performance of the final wood product.

Synthetic and natural resins are the most commonly used adhesives in the wood
industry. Some examples of synthetic resins are urea-formaldehyde resin; phenolic
resin; melamine formaldehyde resin; and copolycondensation resin, which include
phenol-urea-formaldehyde resin (PUF) and melamine-urea-formaldehyde resin
(MUF). Some examples of natural resins are soy protein adhesive, tannin resin,
lignin adhesive, and starch adhesive.

Although synthetic resin has high weathering resistance and mechanical
strength, its raw materials are derived from nonrenewable petrochemical products
that are volatile and expensive. Additionally, these products emit formaldehyde,
which is toxic and carcinogenic.

The awareness of environmental protection and personal health has been
emphasized in recent years. Therefore, natural resins with renewable resources
as the main materials have attracted considerable amount of attention. Research
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and application of the tannin resin have been highly successful in some countries
because its phenolic structure enables its use as adhesives and as a partial or com-
plete substitute for phenols in adhesives. This chapter provides a comprehensive
discussion of the situation of the existing tannin resources, reaction mechanisms
involved in the synthesis of tanning resins, and general application of tannin resins
in the wood industry. This information could provide ideas for the scholars and
broaden the application scope of tannin resins in the wood industry.

The production of tannin for leather manufacturing peaked immediately after
World War IT and has progressively declined. Tannin adhesives were first successfully
commercialized in South Africa in the early 1970s. Subsequently, mimosa tannin
adhesives were used instead of synthetic phenolic adhesives to manufacture particle-
board and plywood for external and marine applications. Tannin resin adhesives have
been used in Australia, Zimbabwe, Chile, Argentina, Brazil, and New Zealand [1].

2. Tannin resources

Tannins are extracted from agroforestry biomaterials, such as wood, bark,
leaves, and fruits, by the water extraction method. Tannins can be categorized as
hydrolyzable tannin or condensed polyflavonoid tannin. The latter is one of the
main objects of wood adhesive research and accounts for 90% of the global tannin
output. The annual industrial output of tannin reaches up to 200,000 tons.

The distribution of tannin resources in the world has regional characteristics.
For example, black wattle tannin is mainly manufactured in Brazil, South Africa,
India, and other countries. Quebracho tannin is mainly manufactured in Argentina.
Chestnut tannin is mainly manufactured in Italy and Slovenia. Pine bark tannin
is mainly manufactured in Chile and Turkey. Oak tannin is mainly manufactured
in Poland. Tannin from grape residues, such as skins and seeds, is mainly manu-
factured in France. In China, tannin is mainly synthesized from larch, poplar, and
acacia bark.

3. Tannin structures

Hydrolyzable tannin comprises different types of unit structures, including
gallic, digallic, and ellagic acids (see Figure 1), as well as sugar esters, which usually
exist in the form of glucose [2, 3].

Condensed tannin comprises monoflavonoids or flavonoid units that have under-
gone various degrees of polymerization. These units are associated with their precur-
sors, such as flavanes-3-ol and flavanes-3,4-diol, among other flavonoids [4, 5]. Each
flavonoid contains two types of phenolic nuclei, which are A- and B-ring, as shown
in Figure 2. The A-ring includes resorcinol and phloroglucinol, whereas the B-ring
includes pyrogallol and catechol, among other rare phenols. The A-rings of different
tannins possess different chemical structures. The A-rings of tannins extracted from
mimosa/wattle, quebracho, Douglas fir, and spruce include resorcinol, whereas those
of pine include phloroglucinol.

The main polyphenolic pattern is represented using flavonoid analogs that are
based on the resorcinol A-ring and pyrogallol B-ring (I type in Figure 3). This unit
structure accounts for 70% of tannin. Unit structure II constitutes 25% of tannin
and comprises a resorcinol A-ring and catechol B-ring (II type in Figure 3). The
remaining 5% is a mixture of phloroglucinol-pyrogallol (III type in Figure 3) and
phloroglucinol-catechol (IV type in Figure 3) flavonoids. These four patterns consti-
tute 65-80% of mimosa bark extract. The remaining components are non-tannins,
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Main units of condensed tannin.

which are simple carbohydrates, hydrocolloid gums, and nitrogen compounds, i.e.,
amino and imino acids. Gums and pectins are the most important components of
tannins and have a significant effect on the viscosity of the extract despite their low
concentration, i.e., 3-6%. These non-tannin substances can attenuate wood failure
and can decrease the water resistance of glued products.

Pine tannin mainly presents two patterns: one is represented by phloroglucinol
A-ring and catechol B-ring structures (V type in Figure 3) and the other is repre-
sented by phloroglucinol A-ring and phenol B-ring structures (VI type in Figure 3).
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Flavonoid units can be bound through their 4,6- and/or 4,8-linkages to form
polyflavonoids. Wattle-extracted tannin comprises 4-5 flavonoid units joined
together through 4,6-linkages. Each unit of wattle-extracted tannin has an average
mass number of 1250. The average mass number of quebracho tannin and pine
is 1784 and approximately 4300, respectively. Pine tannin is phloroglucinolic in
nature and its flavonoid units are joined together through 4,8-interflavonoid link-
ages. Linear polymeric tannins have only 4,6- (V) or 4,8-linkages (VI). However,
4,6- and 4,8-linkages may simultaneously exist in the presence of resorcinolic and
phloroglucinolic A-rings. This phenomenon results in the synthesis of angular
rather than linear polymeric tannins (VII). Matrix-assisted laser desorption/
ionization time-of-flight revealed that mimosa tannin is highly branched owing to
the presence of high proportions of angular units in its structure. On the contrary,
quebracho tannin is almost completely linear. These structural differences contrib-
ute to the considerable differences in the viscosity of tannin water solutions [6].

4. Synthesis of tannin resin adhesives

The low reactivity of hydrolyzable tannins with formaldehyde limits their
application in the wood industry, which can be attributed to their simple phenolic
structures (Figure1).

Tannin extracts usually contain sugars and gums, which are not involved in the
synthesis of resin adhesives. Commercially available tannin extracts from black
wattle and hardwood typically contain 70-80% of natural phenolic polymers,
whereas those obtained from pine contain only 50-60% of natural phenolic poly-
mers. Sugar dilutes the actual solid content, thus affecting the final properties of
resins. Gum considerably affects the strength of the resin and water resistance of
the adhesive. Due to the presence of non-tannin components, unmodified tannin
adhesive is unsuitable for the production of wood products with high requirements.
Therefore, tannin adhesives must be modified.

Normally, the viscosity of tannin resin adhesives is higher than that of synthetic
resins at the same concentration due to (1) the presence of high molecular weight
tannins in the extract and (2) the existence of hydrogen bonding and electrostatic
interactions between tannin and tannin, tannin and gum, and gum and gum.
Effective methods for decreasing the viscosity of tannin extracts in aqueous solu-
tions include the following: (1) acid or alkaline hydrolysis of high molecular weight
carbohydrates, e.g., with acetic anhydride, maleic acid anhydride, or NaOH [7, 8];
(2) addition of small amounts of hydrogen bond breakers (e.g., 3% urea based on
the solid content of the extract); and (3) destruction of heterocyclic ether in tannin
molecules through sulfite or bisulfite treatment.

4.1 Reaction of tannin with aldehyde

Tannin being phenolic in nature undergoes the same alkali- or acid-catalyzed
reaction with formaldehyde experienced by phenols. Alkali-catalyzed reactions are
predominantly used in industrial applications. Nucleophilic centers on the A-ring of
any flavonoid unit tend to be more reactive than those on the B-ring. Thus, the reac-
tion for inducing polymerization between formaldehyde and tannin mainly occurs
on the A-ring through methylene bridge linkages. The A-ring of the condensed tan-
nin molecules contains flavonoid units that possess one highly reactive nucleophilic
center each. The reactivity of the resorcinol A-ring (e.g., wattle) toward formal-
dehyde is comparable with that of resorcinol. On the contrary, the phloroglucinol
A-ring (e.g., pine) behaves as phloroglucinol. Pyrogallol or the catechol B-ring are
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unreactive and may only be activated via anion formation at a relatively high pH

[9, 10]. Hence, the B-ring does not participate in polymerization except at a high pH
(pH = 10). However, the reactivity between the A-ring and formaldehyde influences
pot life because it is too fast to control.

In general, only the A-ring structure participates in crosslinking to build
networks in tannin resin adhesives (Figure 4). However, owing to their size and
shape, tannin molecules become immobile at low levels of condensation with
formaldehyde. Thus, a large distance between the available reactive sites for
further methylene bridge formation results in the incomplete polymerization of
tannin resin adhesives. Incomplete polymerization, in turn, results in the forma-
tion of weak and brittle adhesives. Bridging agents with long molecules, such
as phenolic and amino-plastic resins [10, 11], have been used to overcome this
limitation by bridging the distances that are too large for interflavonoid methylene
to bridge.

Catechol and catecholic B-ring do not react with formaldehyde at a pH value less
than 10. Adding zinc acetate to the reaction mixture induces the B-ring to react with
formaldehyde at low pH values, the optimum pH being in the range of 4.5-5.5, as
shown by the high amount of formaldehyde being consumed. This finding implies
that the further crosslinking of the tannin-formaldehyde network could be achieved
through the participation of the B-ring in the reaction in the presence of zinc
acetate. Strength can be improved through the addition of zinc acetate at economi-
cally acceptable levels (5-10% in resin solids). Nevertheless, improved strength is
not comparable with the strength of fortified tannin resin.

Crosslinking is sometimes performed through the addition of isocyanate. The
highly reactive diphenylmethane diisocyanate (MDI) can be used to assist the
participation of B-ring in the crosslinking reaction [12]. Additionally, the reaction
between polymeric diphenylmethane diisocyanate (pMDI) and carbohydrates or
hydrocolloid gums can help in increasing the bonding strength of wood products.
The reaction rate of wattle and pine tannins with formaldehyde is slowest in the pH
range of 4.0-4.5 and 3.3-3.9, respectively.

"“m T =,

Tannin

Figure 4.
Reaction mechanism of tannin with formaldehyde.
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Formaldehyde is a major aldehyde used for the synthesis, setting, and curing
of tannin resin adhesives. It is normally used as a liquid formalin solution or in the
form of the polymer paraformaldehyde, which is capable of fairly rapid depoly-
merization under alkaline conditions. The formaldehyde reaction with tannin can
be controlled by the addition of alcohols to the system. Under these circumstances,
some of the formaldehydes are stabilized by the formation of hemiacetals, such
as the formation CH,[{OH][OCHj;], if methanol is used. When the adhesive is
cured at an elevated temperature, the alcohol is driven off and formaldehyde is
progressively released from the hemiacetal. These effects minimize formaldehyde
volatilization when the reactants reach curing temperature and extend the pot life
of the adhesive.

Hexamethylenetetramine (hexamine) may also be added to tannin resins owing
to its formaldehyde-releasing action under heat. Although hexamine is unstable
in acidic environments, formaldehyde is liberated under alkaline conditions when
heated. This effect indefinitely extends pot life at the room temperature. However,
in most cases, hexamine does not decompose formaldehyde and ammonia in
the presence of chemical species with highly reactive nucleophilic sites, such as
melamine, resorcinol, and condensed flavonoid tannins. Instead, unstable interme-
diate fragments can be reacted with highly reactive nucleophilic sites, such as tannin
or melamine, among others, to form amino methylene bridges before yielding
formaldehyde. Any species with a strong negative charge under alkaline conditions
can react with the intermediate species formed by the decomposition of hexamine
far more readily than formaldehyde. This characteristic accounts for the capability
of wood adhesive formulations based on hexamine to render bonded panels with
extremely low formaldehyde emission [13].

In the absence of highly reactive species with strong negative charges, hex-
amine decomposition proceeds rapidly and results in formaldehyde formation.
Formaldehyde emissions from wood particleboards bonded with pine and wattle
tannin-based adhesives with paraformaldehyde, hexamine, and tris(hydroxyl)
nitromethane hardeners have been measured using the perforator method. All
particleboards manufactured using wattle tannin systems with three different
hardeners satisfied grade E1 requirements. On the contrary, only particleboards
made with pine tannin and hexamine hardener satisfied grade E1 requirements.
This tendency was attributed to the curing mechanism of the hardener, the reactiv-
ity of the tannin molecule toward formaldehyde, and rapid reactivity of pine tannin
toward formaldehyde [13, 14].

Formaldehyde is substituted with other aldehydes given that the methylene
linkages may be too short to form cross-linkages. Pizzi and Scharfetter have shown
that furfural-aldehyde is an efficient cross-linking agent and an excellent plasticizer
for tannin resin adhesives [15, 16]. The complete replacement of formaldehyde
with other aldehydes is unfeasible owing to their slow reactivity with tannins.

For example, the water resistance of cured tannin-formaldehyde networks was
improved by substituting 10-30% of formaldehyde with other aldehydes with satu-
rated hydrocarbon chains but not by the cosmetic addition of water repellents such
as waxes. Tannin adhesives prepared and/or set and/or cured with other adhesives
only or with mixtures of formaldehyde and high proportions of other aldehydes
yielded cured bonds weaker than those obtained with formaldehyde alone or its
mixtures with furfural.

The metal ion effect on phenol-formaldehyde reactions can be applied to con-
densed tannins of the flavonoid type with some degree of success. The acceleration
effect of the metal ions follows the order of Pb", Zn", Cd", Ni'! > Mn", MgH, Cu',
Co'' > Mn'™, Fel > Bell, AI™ 5> !, Co'™.
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4.2 Acidic and alkaline hydrolysis and autocondensation

Tannin is subjected to two competing reactions when heated in the presence
of strong mineral acids: (1) degradation leading to anthocyanidin and catechin
formation and (2) condensation as a result of the hydrolysis of heterocyclic rings
(p-hydroxybenzyl ether links). The created p-hydroxybenzyl carbonium ions
condense randomly with nucleophilic centers on other tannin units to form phlo-
baphenes. Other modes of condensation such as free radical coupling of B-ring
catechol units cannot be excluded in the presence of atmospheric oxygen [17].

The interflavonoid bonds of condensed tannins with phloroglucinolic A-rings
are susceptible to cleavage under even mild alkaline conditions. This characteristic
could increase the reactivity with aldehydes. Increased reactivity and autoconden-
sation can be introduced through heterocyclic ring opening.

A drastic increase in the reactivity can be attributed to the liberation of the
phloroglucinol species of intermediate products. Model compounds have been used
to demonstrate that alkaline-catalyzed rearrangements increase tannin reactivity.
Nevertheless, some researches have considered model compounds to demonstrate
that tannin structural rearrangements can increase or decrease reactivity toward
aldehydes.

The autocondensation reactions that are characteristic of polyflavonoid tan-
nins have recently been utilized in adhesive preparation processes, i.e., adhesive
hardening in the absence of aldehyde. Autocondensation reactions are based on
the opening of the O1-C2 bond of the flavonoid repeat unit and the subsequent
condensation of the reactive center formed at C2 with free C6 or C8 sites of
a flavonoid unit on another tannin chain under alkaline or acidic conditions
(Figure 5). Although this reaction increases the viscosity considerably, gelling
does not generally take place. Normally, gelling occurs (1) in the presence of a
small amount of dissolved silica (silicic acid or silicates) catalyst or some other
catalysts and (2) on a lignocellulosic surface.

In the case of highly reactive pine tannin, cellulose catalysis is sufficient to
induce hardening and to produce boards with strengths that satisfy the relevant
standard requirements for interior-grade panels. The addition of dissolved silica
or silicate catalyst to low-reactive tannins, such as mimosa and quebracho, is the
best approach to achieve the required panel strength. The amount of silicic acid
or silicates affects gelling. Gelling accelerates as silicate content increases and
stabilizes after reaching a certain value. Although tannin resin adhesive that was
manufactured through autocondensation increases the dry strength of panels,
the strength of the resulting crosslinking is insufficient for exterior-graded
panels [18]. Aldehyde curing agents should be added for the preparation of
exterior-graded panels. Nevertheless, hardening through tannin autocondensa-
tion without any aldehyde addition is also possible. The mechanism of polyfla-
vonoid autocondensation has been examined using carbon-13 nuclear magnetic
resonance and electron-spin resonance spectroscopy, among others [19-21].

Zinc acetate also appears to induce a similar type of autocondensation reac-
tion that is slower than that induced by an aldehyde. The reaction induced by zinc
acetate mainly occurs at high curing temperatures. Consequently, the effect of zinc
acetate is too weak to hinder interflavonoid bond cleavage and pyran ring opening
in procyanidins. Therefore, in the presence of zinc acetate, the autocondensation of
prodelphinidins to prodelphinidins and prodelphinidins to procyanidins will occur,
whereas that of procyanidins to procyanidins will never or will rarely occur [22].

The autocondensation of polyflavonoid tannin is facilitated by the reaction that
occurs on cellulose and lignocellulosic substrates. Cellulose-induced polyflavonoid
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Autocondensation of tannin resin.

autocondensation and Lewis acid-induced polyflavonoid autocondensation have
different mechanisms but involve similar subsequent reactions [23].

4.3 Sulfite reaction

Tannin sulfonation is one of the most useful reactions in flavonoid chemistry
and can be particularly useful for the preparation of tannin resin adhesives. The
drastic differences between the sulfite treatment products of resorcinol A-ring
type tannins (e.g., black wattle tannins) and those of resorcinol A-ring type
tannins (e.g., pine tannins) are mainly attributed to the different stabilities of the
linkage bonds between their units relative to those of heterocyclic ether bonds.
When sodium bisulfite is used to treat black wattle tannins, heterocyclic ether
bonds first open because of the relative stability of the connecting bonds between
units. Then, sulfonate is added to C-2. In this situation, tannin molecules are
negligibly degraded.

104



Applications of Tannin Resin Adhesives in the Wood Industry
DOI: http://dx.doi.org/10.5772/intechopen.86424

The reaction of 5,7-dihydroxy proanthocyanidins with sulfite ions under normal
pH conditions proceeds through the cleavage of the interflavonoid bond with the
formation of flavan-4- or proanthocyanidin-4-sulfonates, as indicated by the
scheme shown in Figure 6.

Figure 6.
Sulfonation of tannins.

Sulfonated products can be obtained from phloroglucinolic tannins without the
opening of the etherocyclic ring because interflavonoid bonds are easily cleaved.
Flavan-2,4-disulfonates are also formed readily.

The involvement of interflavonoid bond cleavage in the sulfonation of phloro-
glucinolic condensed tannins affects the utilization of these tannins because their
molecular weights can be tailored to suit their applications such as wood adhesives.
Additionally, sulfonation affords tannins with reduced viscosity and increased
solubility through the following mechanisms:

1. The elimination of the water-repellent etherocyclic ether group.

2. The introduction of the hydrophilic sulfonate group and another hydroxyl
group.

3. The reduction in polymer rigidity, steric hindrance, and intermolecular hydro-
gen bonding through the opening of the etherocyclic ring.

4.The hydrolysis of hydrocolloid gums and interflavonoid bonds under acidic
conditions.

However, sulfonation may be disadvantageous because sulfonate groups
promote sensitivity to moisture and thus aggravate the deterioration of adhe-
sive. This problem could be solved through desulfonation. The desulfonation
of 2,4,6-trihydroxybenzyl sulfonic acid and sodium epicatechin-(4f)-sulfonate
is a facile reaction under mild alkaline conditions (i.e., pH > 8.0 and ambi-
ent temperature). Hydroxyl benzyl sulfonic acids with resorcinol or phenol
functionalities resist desulfonation at a pH value of 12 and a temperature of
90°C. Therefore, sulfonation not only reduces molecular weight while improving
the viscosity and solubility of tannin resin adhesives but also prevents sulfonic
acid functionalization and affords aldehyde condensation products that are
insoluble in water [24].

5. Applications
Tannin resin adhesives can be cured under high heat (thermosetting) or at room

temperature (coldsetting) [25]. Thermoset tannin resin adhesives are used in the
preparation of plywood, particleboard, wood preservation resin, and impregnated
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resin, among other wood composites. Coldset tannin resin adhesives are used to
manufacture glulam, laminating veneer lumber, and finger joints.

5.1 Application of thermoset tannin resin adhesives in glued wood products
5.1.1 Plywood

Tannin resin adhesives are used to prepare plywood (Figure 7). However, adhe-
sives manufactured with conventional formulations and technology fails to meet
the requirements set for the exterior plywood adhesive. Thus, tannin resin adhe-
sives must be modified by mixing them with other synthetic resins or organic or
inorganic modifiers and by optimizing resin synthesis parameters and hot-pressing
conditions. Additives can effectively solve the problems of tannin resin hydropho-
bicity and formaldehyde release and can improve the physical and mechanical prop-
erties, especially weather resistance, of the final wood products. Plywood products
assembled with modified tannin resin adhesives meet the demand of exterior-grade
plywood, have better properties than plywood assembled using phenolic resin, and
have a certain commercial potential [26-30].

5.1.2 Particleboard

The use of tannin resin adhesives in particleboard production has been accepted
in many countries and is used in the manufacturing of industrial particleboard
in many countries except in Asian countries. For example, mimosa tannin resin
adhesives are used in industrial particleboard manufacture in South Africa and
South America (Figure 8).

Although tannin resin adhesives have been successfully used for the production
of interior and exterior particleboards, the synthesis processes and formulas of
tannin resin are drastically different [31]. Generally, tannin resins polymerized with
formaldehyde have higher weathering resistance than those polymerized with other
nontoxic and nonvolatile aldehydes in accordance with the reactivity of tannin.
Particleboards manufactured using tannin resin adhesives with formaldehyde
contents that have been partially or completely replaced with acetaldehyde have
very low formaldehyde emission or even free from formaldehyde release and have
mechanical properties that meet the requirements of interior-grade application
[32]. At the same time, particleboards prepared with tannin resin synthesized via an
aldehyde-free process can also meet the requirements of interior-grade applications
[33]. An appropriate amount of paraformaldehyde or curing agent must be added
to increase the weathering resistance of particleboards prepared with tannin resin

Figure 7.
Tannin vesin adhesives for plywood manufacturing: (a) profile image; (b) wood failure.
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Figure 8.
Tannin resin adhesives for manufacturing particleboard.

adhesives. Sometimes phenolic resin is also mixed with tannin resin. The properties
of particleboards produced with 60% tannin resin still meet the requirements of
exterior-grade application [34].

Tannin resin adhesives for particleboard production have high requirements
for curing agents. Different types of tannin resin adhesives require different
curing agents. The performances of tannin, i.e., tannin structure and curing agent
selection, and the properties of the particleboard will be affected by hot-pressing
conditions, including pressing temperature, time, and pressure. Selecting an
appropriate curing agent can accelerate tannin resin curing, reduce formaldehyde
emission, and most importantly, can ensure that the performances of the particle-
board meet exterior-grade application requirements [35]. Kim et al. found that the
reactive speeds of tannin resin adhesives for black wattle tannin followed the order
of paraformaldehyde > hexamine > trinitromethane, whereas those for pine tannin
followed the order of hexamine > paraformaldehyde > trinitromethane [36].

Additionally, modified tannin resin can be used to prepare particleboards from
different sources, such as wheat straw [37], rice husk [38], cashew nut shell [39],
and chestnut shell [40]. The elastic moduli, internal bonding strength, and water-
absorbing thickness swelling of the prepared particleboards meet the requirements
of European standards.

5.1.3 Wood preservation

Wood preservation is vital for protecting wooden products. Traditional
approaches for wood preservation include the treatment of wood with various
chemical agents to prevent attack by different organic microorganisms and insects.
Although traditional wood preservatives confer good effects and strong durability,
they inevitably introduce various other problems, such as environmental pollution
and carcinogenic effects. Tannin is a natural fungicide and good preservative that
can be used to prevent fungal and bacterial damage [41]. Most plant pathogens
secrete enzymes that degrade cellulose and lignin. Tannin can effectively inhibit the
activity of these enzymes and prevent the proliferation of pathogens by complexing
with protein [42]. Pizzi and Conradie confirmed that the antifungal activity of wood
treated with flavonoid tannin resins is twice as intense as that of neat wood [43].
Additionally, veneer treated with tannin resin modified with a small amount of boric
acid avoided the fungal attack and exhibited high durability, mechanical strength,
and fire resistance because tannin and boric acid can simultaneously inhibit bacterial
and fungal growth (Figure 9). Meanwhile, the fixation of boric acid in wood with
tannin resin and hexamine prevented loss and exerted a good preservative effect that
met the requirements of the European standard EN 113 [44-46].
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Figure 9.
Tannin resin adhesives for wood preservation.

5.1.4 Wood-impregnated paper

Melamine formaldehyde resin has been widely used in the decorative impreg-
nated paper industry. The addition of small amounts of urea can drastically
cut costs without affecting performance. Melamine resin-impregnated paper is
widely used for the production of laminated wooden floors and panel furniture
overlays [47]. Phenolic resin-impregnated paper has limited applications in the
production of floor and furniture panels owing to its black color, but it is widely
accepted and popular in some particular applications, such as the impregnation
of architectural template veneer paper, owing to its good adhesive property and
high strength [48].

The flavonoid phenol structure and properties of tannin are similar to those
of phenols. Therefore, there are no theoretical constraints for using tannin resin
in paper impregnation. Abdullah et al. [49, 50] synthesized a low-viscosity tannin
resin, which was used to impregnate paper with a glue amount of 172 g/m” and
hot-pressed on wood-based panel substrates. The final overlay paper exhibited
avery smooth surface, high wear resistance, scratch resistance, and water steam
resistance. The performances of the optimized overlay paper were even superior
to those of overlay paper impregnated with MUF resin (Figure 10). Similar to
phenolic resins, overlay paper impregnated with tannin resin has potential use in
template production.

5.1.5 Fiber: veneer composites

Natural fiber composites have been developed to overcome the limitations asso-
ciated with petrochemical resources. They have extensive prospective applications
in the automobile and aerospace industries because their raw materials are derived
from biomass and they possess unique characteristics. Fibers impregnated with

Figure 10.
Overlay paper impregnated with (a) tannin resin; (b) MUF resin.
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a ~ e

Figure 11.

(a) Tannin vesin impregnated fiber; (b) laminated composite with tannin vesin impregnated fiber; (c) wood
composites with veneer and tannin vesin impregnated fiber; (d) tannin resin impregnated fiber overlay on the
particleboard.

tannin resin can be used to synthesize different types of fibers or wood-based fiber
composites (Figure 11). These composites possess high elastic moduli and tensile
strength and good water-absorbing expansibility [51-54].

5.1.6 Other wooden panels
In addition to wooden panels, medium density fiberboard [55], oriented strand
boards [56], wafer boards [57], container boards [58], and other furniture panels
[59] could be prepared with tannin resin adhesives.
5.2 Application of coldset tannin resin adhesives in glued wood products
Adhesives for finger joint lumber and glulam must meet high standard

requirements because of the rigorous application environment of these materi-
als (Figure 12). These adhesives must possess high mechanical strength and

Figure 12.
Coldset tannin resin adhesives for wooden product application: (a) glulam; (b) laminates.
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weather resistance. Acacia tree tannin has been widely used to prepare low-
temperature curing resin adhesives for finger joint and laminated veneer lumbers
[60]. Acacia tannin resin adhesive has a low curing temperature and excellent
bonding performance. Additionally, the cost of acacia tannin is lower than that
of phenol resorcinol formaldehyde resin. The performance and cost of tannin-
resorcinol-formaldehyde resin adhesives must be balanced. The tannin content of
such adhesives could reach up to 95% after optimization. The polymerization of
resorcinol units is replaced by that of a large number of flavonoid tannin natural
phenol units. Resin adhesives with high tannin contents can be cured at room
temperature, can exhibit good performances, and can be used to produce veneer
and finger joint lumbers and glulam [61, 62]. Other nonvolatile or nontoxic
aldehydes, such as glyoxal and glutaraldehyde, are also used to synthesize coldset
tannin resin adhesives to effectively reduce the problem of formaldehyde release.
Although only a small amount of paraformaldehyde is used to cure tannin resin
adhesives, the prepared wooden products demonstrate good mechanical strength
and water resistance [63].

6. Conclusions

Tannin has significant application prospects as a promising natural phenolic
polymer. However, this raw material continues to exhibit limitations, such as
reactivity, high viscosity, short pot life, and poor weather resistance, among others.
Future works must address these problems. Research on tannin resin adhesives
should focus not only on wood panels but also on other advanced wooden compos-
ites. In addition, the industrialization of tannin resin adhesives in the field of wood
manufacturing field is necessary.
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Applications of Tannins in
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Abstract

Tannins are water-soluble natural polyphenols mainly present in plant-based
materials, including food. Tannins play a very significant role as a raw material for
sustainable green industries. Therefore, they are mainly used in diverse types of
industries such as leather, feed, fisheries, beverages, etc. They also find application
as potential medicinal agents, antioxidants, metal chelators; and cater as inhibitors
of harmful pro-oxidative enzymes and of lipid peroxidation process. Recently, sev-
eral important properties like antiseptics, anticarcinogenic, and anti-inflammatory
of tannins have been documented in the human that make them suitable candidates
for pharmaceuticals and nutraceutical industries. Because of current concerns
related to synthetic compounds used in the human health and food industries,
which leave highly adverse effects on the human body and environment, tannins
can offer an alternative to these harmful chemicals in recently emerging industries.

Keywords: tannins, nutraceutical, wood, leather, pharmaceuticals industries
and antibacterial activity

1. Introduction

Biochemically, tannins are sort of secondary metabolites predominantly avail-
able in the plant-based foods and beverages. The name “tannin” is originated from
the industrial process of “leather tanning,” in which animal hides are converted into
leather through downstream processing. It is worthwhile to mention that tannins
were used in this process from historic times. On the basis of their presence, various
parts of plants such as bark, wood, leaves, seeds, roots, and even the plant galls
are the major sources of tannin extractions used for various purposes (Table 1).
Algae is also rich source of tannin-based compounds such as phlorotannins which
comprise of antioxidant, antidiabetic, anti-inflammatory, and antitumor properties
evaluated in the case of human [1, 2]. In addition to health benefits, phlorotan-
nins isolated from brown seaweeds have been used in the cosmetics also [3]. Some
researchers have defined tannins as “Any phenolic compound of sufficiently high
molecular weight containing sufficient hydroxyls and other suitable groups (i.e.,
carboxyls) to form effectively strong complexes with protein and other macromol-
ecules under the particular environmental conditions being studied” [4].

Plant tannins are a large group of natural phenolic compounds which contain
a range of molecular weight between 500 and 3000 Da. Currently, they have
been divided into three main subgroups: (1) hydrolysable tannins, (2) condensed
tannins, and (3) phlorotannins. Hydrolysable tannins are highly soluble in water;
biochemically, they consist of a central core of a carbohydrate (D-glucose) with
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S.no. Name of plant species Plant Major components Medicinal use
parts
1. Krameria triandra L. Root Tannic acid, rhataniatannic Chronic diarrhea,
acid, peculiar acid principle, menorrhagia, urinary
krameric acid, phlobaphene, diseases, bleeding
phloroglucin, and from the bowels,
proanthocyanidins bad throat, and
antibacterial agents
for the eyes, nose, and
gums
2. Potentilla evecta (L.) Roots Pentadigalloylglucose, Inflammations, wound
Rauschal pedunculagin, healings, diarrhea,
epigallocatechin, catechins, inflammation of bowel
and proanthocyanidins bacterial, fungal, and
viral infections
3. Sanguisorba officinalis Root Sanguiin H-6 Dysentery and insect
L. bites
4. Potentilla kleiniana Aerial Agrimoniin and potentillin Diarrhea, cough,
parts lymphadenitis, and
hepatitis
5. Syzygium cumini Bark Corilagin and related Bad throat, asthma,
ellagitannins dysentery, and ulcers
6. Quercus robur L. Bark Grandinin, castalagin, and Diarrhea, itching, and
glucogallin burning
7. Phyllanthus Leaves, Geraniin, phenazine Wound healing
muellerianus (Kuntze) stem, derivative of geraniin,
Exell and Corilagin, and furosin.
bark
8. Geranium thunbergii Leaves Geraniin Intestinal disorders
Siebold exLindl. &
Paxt.
9. Mouriri pusa Gardn. Leaves Catechins and other Gastritis and ulcers
(Melastomataceae) condensed tannins
10. Acacia nilotica (L.) Pod Gallocatechin-gallate, Fever, diabetes, and
Willd. exDelile. methyl gallate, catechin, gum diseases
catechin gallate,
galloylglucose, and
epicatechin
11. Diospyros kaki Thunb. Fruit Proanthocyanidin Antisepticand
oligomers based on cardiovascular
catechin, gallocatechin, diseases
catechin-3-O-gallate, and
gallocatechin-3-O-gallate
12. Quercus infectoria Oliv. Gall Tannic acid Bacterial, fungal, and

viral infection

Note: Table indicates that tannin and its components are present in most of the parts of the plants which offered great

level of medicinal sources or pharmaceutical agents [59].

Table 1.

Plant species containing tannins and their medicinal use.

its hydroxyl groups or polyol esterified with phenolic compounds such as gallic
acid (3,4,5-trihydroxybenzoic acid) or hexahydroxydiphenic acid, which also
known as ellagic acid (ellagitannin). Hydrolysable tannins mainly originated from
Pentagalloylglucose (2-O-digalloyl-1, 3, 4, 6-tetra-O-galoyl-a-D-glucopyranose),
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which is a basic structural unit of hydrolysable tannins. The main source of struc-
tural diversity among the hydrolysable tannins is the presence of diverse types of
oxidative linkages that give rise to oligomeric compounds with molecular weight
between 2000 and 5000 Da [5]. Characteristic examples of hydrolysable tannins are
(1) gallic acid; (2) hexahydroxydiphenic acid; (3) ellagic acid; and (4) pentagalloyl-
glucose, which contain a central glucose molecule as the core attached with multiple
gallic acid units, while ellagitannins are associated to hexahydroxydiphenic acid.
Hydrolysable tannins are mainly present in angiosperm and dicotyledons. Both gal-
lotannins and ellagitannins may synthesize individually or in the form of a mixture
in plants. Gallic acid has been extracted from plant families, for example, Ericaceae,
Geraniaceae, or Fagaceae; whereas, ellagic acid is available in Hamamelidae,
Dilleniidae, and Rosidae species [6].

Naturally occurring condensed tannins are polyphenolic bioflavonoids, are
polymers of polyhydroxy flavan-3-ol units, for example, (+)-catechin and (-)-epi-
catechin-2, (+)-gallocatechin, and flavan-3, 4-diols. They are also known as pro-
anthocyanidins (PA) that ascribed to their hydrolysis to anthocyanidins in heated
ethanol treatment. Due to presence of stereoisomerisms in hydroxylation patterns
at three chiral centers, bond positions, and type of interflavan bond; proanthocy-
anidins are present in variety of active forms, for example, (1) (+)-catechin; (2)
(—)-epicatechin; (3) (+)-gallocatechin; (4) (—)-epigallocatechin; and (5) (-)-epi-
gallocatechin gallate. Among them, (+) catechin and (—) epicatechin are predomi-
nantly present in nature [7]. There are several plant species which offer rich source
of proanthocyanidins (see Table 1). Proanthocyanidins can be obtained from red
wine, green tea, cocoa, and chocolate. However, condensed tannins can further be
classified on the basis of reaction rate like, slow reacting tannins like quebracho and
mimosa and fast reacting tannins like pine and pecan (Carya illinoensis) [5, 7, 8].
Furthermore, some researcher also classified tannins into four different classes
based on their structural properties, namely, (1) gallotannins, (2) ellagitannins, (3)
complex tannins, and (4) condensed tannins.

After the industrial revolution, most of the synthetic chemicals were used in the
diverse types of industries including food, pharma, beverage, leather, and other
industries. But prolonged applications of synthetic chemicals in the area of health
and other industries left a myriad of adverse effects on environment and human
health. Therefore, current focus has been shifted on alternative natural compounds
like tannins that can be exploited in the form of functional food, nutraceutical,
cosmetology, and pharmaceutical industries.

The global tannin market is expanding very rapidly; according to estimation,
1076.3 kilotons tannin was required in 2015 which expected to rise with CAGR of
5.8% from 2016 to 2025. The demand was mainly in the wine, leather, pharmaceu-
ticals, and wood industries. In case of USA, approximately 282.4 kilotons tannins
were produced,; its 62.3% is used in leather industries alone. Europe is another
emerging market for tannins and tannin-based products. It is due to large scale wine
production, which is accounted for 38% revenue generations in Europe. Hence,
global market size for tannin related industries may increase up to $3.3 billion by
2025. The applications of condensed tannins are expected to increase up to 424.8
kilotons by 2025 in comparison of 242.9 kilotons in 2015 [9].

But, there are several unresolved issues linked with applications of tannins such
as antinutrient effect, resistance to enzymatic hydrolysis, and lack of complete
information about their interactions with other biomolecules and mode of actions
in human and animals. The aim of this chapter is to present a brief discussion on the
application of tannins in modern industries and to review their positive and nega-
tive aspects. It also shows that tannins are being used as sustainable raw material
with other green materials in new emerging industries.
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2. Application of tannins in various industry

Currently, hydrocarbon-based raw materials are exploited in different petro-
chemical industries ranging from fuel to cosmetology. It leads to the widespread
deficiency of raw material eventually that creates high inflations, environmental
degradation, and adverse effects on human and animal health. This necessitates
to explore new alternative natural biopolymers such as polylactic acid, chitosan,
lignin, and tannins for replacing with currently used hydrocarbon based polymers.
Tannins can be the best natural raw material for emerging and traditional indus-
tries. This is attributed to tannin’s unique natural properties, chemical structure,
and commercial properties [10]. Tannins provide several advantages like being as
good biomaterial, antimicrobial, antioxidant, pharmaceutical, biopesticide, and
nutraceutical agent. Tannins can be tapped for their applications in food, wood,
leather, pharma, and other industries as possible raw material, as given below.

2.1Food industry

Tannins are the secondary metabolites present in a substantial amount in
plant-based food products. Due to their positive effects on the food as antibacterial
and antioxidants, they are the major constituent of foods. Tannins are used as food
preservatives, packaging materials, and food enhancements which owe to their
protective nature.

2.1.1 Food packaging

Currently, most of the food items available in the market are wrapped in the
packing materials which are plastic, polyethylene, and low-density polyethylene
(LDPE) and linear low-density polyethylene (LLDPE) due to their lightness, inert-
ness, and easy availability. In fact, packaging increases the shelf-life and prevents
physical damage, contamination, and deterioration in view of environmental
contaminants. But these synthetic materials pose great level of environmental and
health hazards. Hence, the concept of natural and active packaging has been intro-
duced and there being continuous efforts to make packing materials from biological
sources like, chitosan, starch, gelatin, tannins, and methylcellulose [11, 12]. In view
of consumer awareness and knowledge, it becomes essential to develop new wrap-
ping material for food items. However, nitrocellulose-based package are already in
use in food industry, but currently the “active packaging” also introduced. Active
packaging is a better option which protects the food material, simultaneously it also
acts as an additive to improve antioxidant properties of foods and absorb unwanted
substances such as heavy-metals or exhausted oils and to protect against oxidation,
UV, and moisture-based degradation.

Recently, a packaging material was prepared by introducing tannins into cel-
lulose nanofibrils in a single step process of mechanical fibrillation. This newly
developed packaging film offers high density, and enhanced surface hydrophobicity
which resulted in almost six times improvement in air-barrier and antioxidants
properties. Simultaneously, nanocellulose-tannin-based films are active packaging
materials which also provide a green, sustainable, nontoxic packaging source for
food and pharmaceutical products [11, 12].

Two perishable food items, Cherry tomatoes (Solanum lycopersicum var. cera-
siforme) and grapes (Vitis vinifera), were effectively preserved from Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus) for 14 days by tannin-based film
that was produced by introducing 15% (w/w) tannin into chitosan, gelatin, and
methylcellulose films. Hence, tannins improve the physiochemical properties of
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biopolymer films, consequently improvement in overall ability to preserve fruits
and vegetables. In addition, it reduced the weight loss and improved the browning
index of fruits during storage. Another oligomeric procyanidins (OPCs)-based
membrane in combination of flaxseed gum (FG) and lauric acid (LA) had more
water vapor permeability (WVP), mechanical properties, and peroxide value
(POV) of packaging film [13]. The film was evaluated for oil, salt, and vegetable
preservation for 75 days. The results indicate that membrane can be used as promis-
ing packaging material.

Generally, chitin is used as packing material, but its poor antibacterial and anti-
oxidant abilities make it unsuitable for food packaging; therefore, tannic acid was
introduced in the chitin film via single step process of interfacial assembly. Tannins
addition to packaging has significantly improved the antibacterial and antioxidant
properties of chitin-based packaging film. Improved quality of chitin-based film is
mainly attributed to hydrogen and hydrophobic bond formation between chitin and
tannins [14].

Protein is a major component of food, and its protection is of utmost signifi-
cance in packed foods. So far, tannin- and carbohydrate-based packaging films were
prepared. But, a soluble dietary fiber (SDF) and tannin-based nanocluster assembly
is prepared by introducing calcium ions that creates a cross-linking nucleus in
membrane. Linkage between nanoassembly and proteins offer additional advan-
tages such as high level of antimicrobial properties and excellent cell biocompat-
ibility which was proved by FT-IR, XRD, and DSC tests [15]. Tannin-based packing
materials thus offer green, sustainable, and ecofriendly alternative that can be used
in the food preservation and biomedical fields.

2.1.2 Food preservation

Microorganism, fungus, yeasts, virus, pollens, and chemicals are the biggest
threat to food’s shelf-life in home as well as in food markets. Biochemically, proan-
thocyanidins and gallic acid are flavonoid monomers by nature and are major food
constituents isolated from pomegranate, strawberry, blackberry, raspberry, wal-
nuts, almonds, and seeds. Various studies have proved that tannins prevent growth
of microorganisms. Tannins are quite effective against the resistant methicillin-
resistant Staphylococcus aureus (MRSA) [16, 17]. Moreover, Punicalagin, an ellagi-
tannin, isolated form pomegranate peel show very strong antibacterial properties
against Staphylococcus aureus and can be used to control S. aureus contamination in
food industry.

Food-based viral infection is another major health problem in human and
animals. Currently, blueberry proanthocyanidins were tested against human
norovirus growth in apple juice (AJ) and milk with 2% fat tannin-rich fraction from
pomegranate rind (TFPR) inhibited the growth of human norovirus [18]. Hence,
hydrolysable tannins are potential antiviral agents that used can be used in the food
preservation to make food items more safe and preserve for prolonged period by
using natural compounds.

Guava is a major tropical fruit which is also considered as a model system to
study climacteric and non-climacteric fruit ripening process. Hence, it provides
enough opportunities to understand post-harvest management of perishable fruits.
In order to improve the shelf-life of fruits, various types of wax films, coating, and
chemical treatments are used for long time. Tannins isolated from various natural
sources act as preservatives due to their antibacterial and antioxidant properties. A
coating material of tannic acid cross-linked with zein protein was used for coating
on the guava fruit. Actually, zein is a prolamin (protein) isolated from aqueous
alcohol-soluble fraction of corn (Zea mays L.) that earlier used to improve the
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shelf-life of guava fruit [19]. The coated guava fruits showed reduced ripening
process and improved shelf-life compared with uncoated fruits. The coated fruits
also showed more positive biochemical parameters associated with better fruit
shelf-life, such as total soluble solids, respiration rate, and chlorophyll contents.
Moreover, ethylene, ROS production, less water loss, and gas exchanges are also
observed, which are attributed to cross-linking between tannic acid and zein [19].
Hence, tannin-based package and coating material may prove more effective and
ecofriendly in food industry.

2.1.3 Functional foods or nutvaceuticals industry

Normal food components mainly provide the energy and essential nutrients for
the growth and development for animals including human, but food also consist
of bioactive molecules or phytochemicals and their inclusion in the appropriate
quantity can act as possible therapeutically active agents also known as nutraceu-
ticals, for example, (poly) phenol-rich tannins [20]. Currently, study of molecular
mechanisms and pathways such as cell proliferation, apoptosis, inflammation,
differentiation, angiogenesis, DNA repair pathway, and carcinogens activation offer
new therapeutic targets. The application of tannins has great potential as a nutra-
ceuticals in order to prevent various diseases such as cancer, cardiovascular, kidney
diseases, and diabetes. Major sources of tannins are fruits, vegetables, bark, wood,
leaves, and seeds such as green tea, apples, cocoa, chocolate, grapes, apricots, and
cherries. Among them, role of tannins present in the tea and coffee to prevent the
cancers have been studied by large number of scientists. The green tea contains
condensed tannin namely epigallocatechin gallate (EGCG) and epicatechin gal-
late (ECG), which have shown anticancerous activity in terms of inflammatory
and antioxidant properties both in vivo and in vitro experimental systems [21].
Actually, EGCG decrease activation of NF-kB and (AP-1) TNF-a pathways simul-
taneously which ultimately reduced the production of IFN-y. It can also enhance
the apoptosis process through suppression of COX-2 enzyme that leads to the
production of PGE2 (prostaglandins) in various types of cell lines of colon cancer
cells, such as SW837, HT-29, and HCA-7 cells. Being a polyphenol, EGCG is a strong
antioxidant that reduces the activity of nitric oxide (NO) and malondialdehyde
(MDA) and conversely increases superoxide dismutase (SOD) activity in case of
colonic mucosa. Hence, EGCG can improve the effect of cancer chemopreventive
potency by preventing the cell proliferation, migration, and invasion of tumor in
cancer patients [20].

In last two decades, a great interest has been emerged in the protective role of
tannins against free radicals and reactive oxygen species produced inside cells,
which caused degenerations and diseases such as cancer, atherosclerosis, and car-
diovascular ailments. Proanthocyanidins have cardiovascular protective effect due
to their antioxidant activity, inhibition of LDL oxidation, ability of vasodilation,
antiplatelet activity, and protection against ischemia-reperfusion injury. Another
tannin-based compound, gallic acid (3,4,5-trihydroxybenzoic acid), a naturally
occurring with low molecular weight, plays very important in the protection of
cardiovascular health through rejuvenating the antioxidant system which include
large number of enzymes such as SOD, CAT, GPx, GRx, and GST which constitutes
a scavenging system against the free radicals [22].

Diabetes mellitus, associated with high level of glucose concentration in the
blood, is harmful for whole tissues in human body. Several investigations have
shown that it can be reduced or managed by adding the appropriate amount of tan-
nins in the nutrition or supplements of patients [23]. Because, tannins improve the
glucose uptakes in body cell and simultaneously reduce the synthesis of adipocytes,
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hence act as the potential therapeutic agents. In a highly significant study, it shows
that epigallocatechin gallate increases the glucose uptake by regulating insulin-sig-
naling pathways, such as PI3K (phosphoinositide 3-kinase) and p38 MAPK (mito-
gen-activated protein kinase) activation and GLUT-4 translocation [24]. Tannins
help reduction of blood glucose levels and offer antioxidants effects [23]. Therefore,
it can be concluded that tannin-based foods are potential agents used as either nutra-
ceutical or supplementary agents in food or medicine. A dimer of proanthocyanidin
acts against the hyperglycemia that was created by sucrose feeding and by inhibiting
the activity of a-glucosidase enzyme. The efficacy of proanthocyanidin has also been
proved by molecular docking and strong inhibitory activity experiments.

It is already mentioned that nutraceuticals or functional foods have the health
promoting effect on the human and animal health. Several epidemiological stud-
ies have clearly established a relationship between (poly) phenol-rich food items
and human health. It has substantially enhanced consumer awareness about the
tannin-rich diet, and their disease prevention capability; therefore, there is high
demand of functional foods. A large number of tannin-based compounds are
isolated and characterized from fruits and vegetables (Table 1). But, despite high
cost incurred on extraction and separation of tannin, it offer only low yield which
is a major cause of concern [25]. Additionally, it does not provide the pure content
which hindered to test the efficacy and absorption of tannin-based foods in human
subject. Grape-seed proanthocyanidins (GSP) were lyophilized to improve their
in vivo absorbability. It was achieved by esterification of the water-soluble GSP and
immobilized lipase. Lipophilicity was tested by 1-octanol/water partition coeffi-
cient as the absorbability parameter. Further, it was observed that GSP derivatives,
3',5'-2-O-lauroyl epigallocatechin, 3'-O-lauroyl catechin, 3’-O-lauroyl epicatechin,
and 3',3",5"-3-0O-lauroyl epicatechin gallate show high level of radical scavenging
activity; hence, it can be used as the strong antioxidant in food to prevent the major
degenerative diseases and aging, which are generally caused by the free radicals
in the tissues [25]. Recently, B-type proanthocyanidins were isolated and purified
from fruits of elephant apple (Dillenia indica Linn.), their structural and bioactive
properties were examined by using NMR, electron spray ionization, and matrix-
assisted laser desorption ionization time of flight mass (MALDI-TOF) spectra. In
this experiment, yield of 0.23% was achieved that is far greater than commercial
grape-seed proanthocyanidins [26]. Hence, the EAPs may be used as promising
functional food agents. In view of above health benefits provided by tannin-based
compounds; they are now available in the dietary supplements. These contain
biological extracts packed with both types of tannins and their consumption may
provide health benefits. Recently, a concoction of ellagitannins, punicalagins,
and polyphenols was commercialized by brand name, that is, Healing America
Ellagitannin capsules and Ellagic Active Tablets.

2.2 Wood industry

Wood is the inseparable part of the furniture and several important industries.
Wood contains organic acids, tannins, and lignocellulosic material which are most
susceptible to biological, chemical, and physical decaying agents. Therefore, wood
requires a large number of synthetic adhesives, glues, antitermite chemicals, and
other coating materials in order to protect it. However, these materials have tremen-
dously benefitted the wood industry, but they adversely affect the environment con-
ditions. Because synthetic phenolics, amino resins, and formaldehyde used in wood
industries are generally carcinogenic in nature. To overcome this problem, scientists
are investigating natural materials of herbal or animal origins, such as tannins, that
can be the best option or alternative material to be used in the wood industries [27].
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In recent years, a lot of attempts have been made to improve the bio-durability
and commercial properties of wood and wood-based furniture by using tannin-
based preservatives. Although both condensed and hydrolysable tannins are used
as adhesive, but mimosa tannin is proved to be the most effective wood glue, which
attributed to good cross-linking, auto-condensation, poly condensations reactions,
and hyper activity. Tannin-based adhesive is proved to be harder than pure syn-
thetic adhesive due to great level of bonding with other aldehydes or different non
aldehyde hardeners (glyoxal, furfuryl alcohol, hexamine, etc.) and lignocellulosic
materials. Several industries in South Africa and America are using the mimosa
and quebracho-based tannins that could reduce the formaldehyde-based emission
from the industries. A similar technology has been used to produce the interior and
exterior grade particle board largely used in the furniture industry [28]. Apart from
this, catechin and gallic acid-based epoxide adhesives and starch-based adhesives
from tannins were also produced. Epoxy adhesives are produced by reactions
between catechin and epichloridrin via alkylation in the presence of unsaturated
halogenated compound that leads to the oxidation. Tannin-based adhesives have
been used for grinding wheels, angle grinder disks, and automotive brake pads
matrices also.

Coating material is extremely useful to prevent wood surface from biotic and
abiotic adversities like, rain, winter, and summer, and insects and microorgan-
isms. Generally, coating material comprises of polyurethane and isocyanates.

The urethane-based coating material is prepared by using the lignin and ligno-
sulfonate/hydroxypropylate. Recently, Pinus tannins and di-isocyanates were
used to prepare more effective coating material by exploiting hydroxypropylation
and hydroxybutylation reactions which enhanced the bonding patterns between
hydroxyl groups provided by tannins (flavonoids) and isocyanates [29]. However,
tannins and isocyanate-based adhesives are good and environmental friendly, but
these should be replaced with more bio-based material like tannins because they
are naturally designed to protect wood against fungal attacks and natural decaying
process of wood.

2.3 Medicine and pharmaceuticals

After the industrial revolution, large numbers of synthetic chemicals were used
as drug molecules to treat numerous diseases but they left several adverse effects on
the human and environment. Therefore, attention has been shifted to identify new
alternative natural compounds that are to be clinically effective and create mini-
mum adverse effects. A large number of natural compounds such as polyphenolic-
based secondary metabolites, for example, tannins, are isolated and characterized
as preventive therapeutic agents, which can be isolated from fruits, vegetables, or
plants or expressed in the microorganism by metabolic engineering. Many studies
have clearly shown that tannins are natural antioxidants linked with the prevention
of degenerative diseases such as atherosclerosis, cardiovascular diseases, neuro-
degenerative diseases, and certain types of cancers by acting as antioxidants and
antibacterial.

2.3.1 Tannins as preventive medicine

Reactive oxygen species such as, hydroxyl radical (HO-), superoxide anion
(Oy7), and peroxyl radical (ROO-) and the non-radicals like, hydrogen peroxide
(H;0,) and hypochlorous acid (HOCI) are produced in biological systems. They
adversely affect cellular protective systems which are responsible for many degen-
erative diseases in human. In order to overcome toxic effects of reactive oxygen
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species (ROS), tannins can be used as ROS scavenging agents. Actually, tannins
have the ability to donate electron to a free radical or ROS and make them more
stable compounds therefore, render less harmful effects on cellular environment
[22, 30, 31]. Tannins also help by supporting antioxidant enzymes involved in the
ROS scavenging activities, simultaneously inactivating the metal ions produced

by free radicals. Many tannin-based products such as gallic acid (GA) (3,4,5-tri-
hydroxybenzoic acid), proanthocyanidins, epigallocatechin gallate (EGCG), and
ellagic acid-4-O-a-D-xylopyranoside have been tested and found highly effective as
antioxidants. Gallic acid, isolated from many plant extracts, shows strong antioxi-
dant properties responsible for the antioxidant and anticancer activities. Moreover,
gallic acid derivatives (GADs) are present in large number of herbal medicines

and formulations used for variety of diseases. Tannin derivatives like mucic acid
gallate, mucic acid lactone gallate, monogalloylglucose, gallic acid, digalloylglucose,
putranjivain A, galloyl-HHDP-glucose, elacocarpusin, and chebulagic acid isolated
from fruits of Phyllanthus emblica exhibit antioxidant activities that are already
proved by the study of animals models. Currently, researchers have shifted their
focus on the role of individual tannin molecules rather than group of compounds in
the biological system for example, gallic acid, and epigallocatechin gallate (EGCG)
from fruits and teas, respectively, are widely studied [22, 32].

2.3.2 Antibacterial properties of tannins

Synthetic antibiotics are being used as antibacterial agents for a long time
in medical and animal sciences. But prolonged application of antibiotics lead to
the development of resistance against the antimicrobial agents among the bacte-
rial species attributed to selective evolutionary processes, a problem being faced
by researcher world over. Nowadays, methicillin-resistant Staphylococcus aureus
(MRSA), and multidrug-resistant pathogenic microorganisms are great health
problems responsible for large number of morbidity and mortality in human
population. Moreover, development of resistance to virtually all currently available
antibiotics make situation more worsen. Therefore, it is of urgent need to discover
new natural antimicrobial agents or antibiotics to cope with the development of
antibiotics resistance [31].

However, many antibiotic resistance mechanisms are prevailed in the resilient
microbial strains, but the mechanisms studied in Staphylococcus aureus RN4220 and
IS-58 strains show that these particular strains have the capability to drain out the
antibiotics from cytoplasm through proteinous membrane pumps. In a highly sig-
nificant study, sub-concentration of pump inhibitors and tannins was used which
significantly inhibited pump functions in both RN4220 and IS-58 strains [33].

Tannins have been used against the ATCC 43300 and MRSA clinical strains as
membrane pump inhibitors and their mode of action was studied by using next-
generation sequencing (NGS) in order to get deep understanding of antibacterial
mechanisms at genome, transcriptome, and protein synthesis level. This inves-
tigation indicates that tannins mainly disrupt protein synthesis mechanisms by
bringing major changes in ribosome pathways, which further caused a change in
the translation processes in MRSA cells eventually leading to reduction in bacterial
growth. Hence, tannins can be used as potential tools against the anti-MRSA agents
in clinical application particularly, in antiseptic body solutions and antibacterial
cream [31]. More recently, three ellagitannin-based tannins and isorugosin-A
extracted in acetone from the fresh leaves of Liquidambar formosana showed high
level of antibacterial activity against methicillin-resistant Staphylococcus aureus
(MRSA) and Pseudomonas aeruginosa that attributed to tannins binding with mem-
brane proteins, by polyphenolic acyl groups [30].
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Tannin and its derivatives show great antibacterial properties which are used
against a large number of bacterial species such as Aeromanas, Bacillus, Clostridium,
Enterobacter, Helicobacter, Klebsiella, Proteus, Pseudomonas, Shigella, Escherichia,
Staphylococcus, or Streptococcus and fungal species like Aspergillus, Coniophora, or
Penicillium. Antibacterial activity of tannins particularly, polymeric proanthocyani-
dins proved highly effective against Escherichia coli and Staphylococcus aureus. It is
attribute to binding of tannins with urinary tract epithelium and intestinal epithe-
lium that prevent binding of disease causing organisms. In view of above findings,
tannic acid is used as an inhibitor and immunomodulatory against multidrug
resistant bacteria (MDR) [28, 33].

The antibacterial properties of tannins are not only studied in animals but in
plants too. Several microorganisms cause the substantial loss in the fruit, vegetable,
and plant species resulting in great economic loss. After the green revolution, huge
amount of pesticides were used to prevent the bacterial and insect attacks in crops
which lead to the environmental pollution and soil contamination. But bio-based
pesticides or natural products can be the best option of chemical-based antibacte-
rial agents. Recently, crude methanol extract of Sapium baccatum was used against
the Ralstonia solanacearum, a causal agent of bacterial wilt of tomato. The extract
mainly contains gallic acid, methyl gallate, corilagin, tercatain, chebulagic acid,
chebulinic acid, and quercetin 3-O-a-L-arabinopyranoside which all show strong
antibacterial activity except one tannin-based product, that is, quercetin 3-O-a-L-
arabinopyranoside. In in vivo studies, the concentration of 2000 and 1000 pg/mL
of crude extract reduced the development of tomato bacterial wilt by 83 and 63%,
respectively [34].

2.3.3 Antifungal properties of tannins

The growth of fungi such as Fusarium semitectum, F. fusiformis, and Alternaria
altternata can be hindered by gallic acid [22, 35]. The ethyl acetate extract and its
sub-fraction from red raspberry (Rubus idaeus) fruit have high level of antifungal
activities against the Candida albicans, C. glabrata, and C. parapsilosis strains of
fungi due to their antimicrobial activities of tannins. These fungal strains form
drug-resistant biofilms inside the oral cavity responsible for dental caries, peri-
odontal disease, and denture stomatitis. However, the activity of extract was dose
dependent, and 25 and 12.5 pg/mL of 80% ripe fruit extract was more effective as
antiadherence or antibacterial agents against the microbial films formations [35].

2.3.4 Immunomodulatory activities of tannins

Immune system plays a very significant role to cope up with infectious agents
like bacteria, virus, fungus, pollens, and parasites. Some experiments show
that tannins modulate human immune system in a highly positive manner, thus
tannins act as immunomodulatory agents in the battle against infectious diseases.
Leishmaniosis, a disease that caused by parasitic protozoan’s complex, comprise
of more than 20 different species of Leishmania genus. Its conventional treat-
ments are highly expensive, and lead to many side effects; moreover, protozoan
resistance to treatments has been reported. Two most important tannins, gal-
lic acid (GA) and ellagic acid (EA), were tested for antileishmania, cytotoxic,
and immunomodulatory activities. Both GA and EA significantly reduced the
infection and infectivity of macrophages infected by L. major. Moreover, both
GA and EA induced high immunomodulatory activity of macrophage cells that
proved by enhanced phagocytic capability, lysosomal volume, nitrite release, and
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intracellular calcium in macrophages. Therefore, tannins can be used as potential
therapeutic agents against the leishmaniosis [36].

2.4 Role of tannins in animal husbandry

Bacterial and fungal infection is also a threat to the poultry, livestock, and
animal husbandry which is responsible for high level of mortality. To overcome
this problem, several antibiotics have been used for decades that proved to be very
effective; consequently, it improves animal and poultry production in the world.
But it is well known that extreme application of antibiotics promotes the antibiotic-
resistant among the microorganisms in cattle [37-39]. Therefore, in-feed antibiotics
and plant-based antibacterial agents, such as phytogenic compounds (e.g., tannin),
have been discovered and promoted, which have great promises in future. In recent
past, great attention has been given to antibacterial activities of tannins and their
effects as dietary source in animal [37]. It has been concluded that tannins with
saponins and essential oils can be used as in-feed antibiotics against bacteria, fungi,
and yeasts. Because, tannins are toxic to bacteria and potentially inhibit growth
of Salmonella, Shigella, Staphylococcus, Pseudomonas, and Helicobacter pylori, but it
would be noteworthy that they show species specific antibacterial activity. Moreover,
tannin-containing forage in cattle diets helps to control animal pasture bloating,
intestinal parasite, and disease causing bacteria in ruins of animals. Tannins can
hinder microbial growth by using several mechanisms including lack of nutrient to
bacterial cell, inactivate vital extracellular enzymes, inhibition of oxidative phos-
phorylation, chelation of metal ions, and complex formation with membrane and
proteins [38]. It has been seen that condensed type of tannins are mainly present in
forage legumes, trees, shrubs, tree leaves, and browse shrubs, but their concentration
vary from species to species that influenced by environmental conditions also [40].
Tannins from mimosa (HT), chestnut (HT), and quebracho (CT) have been used as
in-feed antibiotics in animals [41]. But the major challenge for tannins as antibiotics
is the lack of systematic and comprehensive studies on the various aspects such as
doses, side effects on digestions simultaneously prolong use can develop resistance
against the in-feed antibiotics as in case of normal antibiotics [40]. Moreover, tan-
nins are antinutrient factors for monogastric animals and poultry.

Tannins can also act as the antinutrients in rumens of livestock due to their
binding to vital biomolecules in biological systems. Several adverse effects such as
availability of nutrients, metal ions chelation, binding with proteins and hinder
the growth of beneficial microflora have been observed in the cattle gut. To test the
adverse effect of tannin as diet component on lamb gut microflora and fermentation
was studied. Both types of tannins, that is, hydrolysable and condensed with 4%
extract of chestnut (Castanea sativa, Caesalpinia spinosa), mimosa (Acacia negra),
and gambier (Uncaria gambir) feed to lamb. The results show that tannins meagerly
affect gut microflora including fungi in the lamb gut for 45 days. Simultaneously,
it also shows that high level of tannin inclusion in diet proved as antimicrobial
agent against the harmful methanogens and protozoa without affecting ruminal
fermentation [42].

3. Nanotechnology and tannin
Cancer is a fatal disease and its occurrence in the human population is the major

cause of concern. However, the role of tannins as chemopreservants in the cure of
cancer has been widely discussed by many researchers [42]. The chemoprevention
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“is a means of cancer management by which the occurrence of the disease can be
entirely prevented, slowed, or reversed via administration of one or more naturally
occurring and/or synthetic compounds” [43]. Currently, target-based delivery of
anticancer agents to the site of cancer or tumor is major challenge. In order to target
tumor at nanolevel, cancer nanotechnology has made tremendous progress in last
one decade. It is assumed that, if drug is delivered at nanolevel at site of tumor
with a high level of specificity so that cancer can be better managed. Nanoparticles
of various tannin-based compounds are also prepared but their toxicity to normal
body cells left major side effects. Therefore, encapsulation of many types of tannin
like, epigallocatechin-3-gallate in chitosan-tripolyphosphate nanoparticles was
investigated for target-based delivery to tumor. It is well known that (—)-epigallo-
catechin-3-gallate, (—)-epigallocatechin, (—)-epicatechin-3-gallate and (—)-epicat-
echin act as anticancer and antioxidant agents. The nanoemulsions and liposomes
of tannins have proven highly effective in target-based delivery of anticancer drugs
in case of HepG2 cells [44]. So far, nanoencapsulation method is proved only in

in vitro studies and animal models but it is rarely proved effective in normal and
cancerous cells.

3.1 Antiviral activity of tannin

In current era, viral infection is the major threat to the human and animal
population. Tannins also show antiviral activity in case of several diseases such
as HIV, herpes simplex virus 2 (HSV-2). In case of herpes simplex virus 2 silver
nanoparticles with tannic acid (TA-AgNPs) act as microbicide by preventing
adsorption of viral particle in the body. Additionally, tannins also provide the
better adjutant properties for example, substantial improvement of production of
IFN-gamma+ CD8+ T-cells, activated B cells, and plasma cells. In case of spleen
also, tannins promotes production of higher amount of IFN-gamma+ NK cells and
effector-memory CD8+ T-cells particularly, in case of second challenge against
HSV-2 immune response [45].

Free-living protozoa species of Acanthamoeba genus generally cause significant
infections of keratitis and encephalitis in human. Acanthamoeba keratitis is a
cornea related infection that adversely affected eye vision. It is resistance to current
available therapy. To overcome this problem, both pure silver and gold nanoparticle
and tannic acid-modified of nanoparticles of silver and gold were prepared and
their activities were tested against the clinical strains of Acanthamoeba spp. The
tannic acid-modified nanoparticles proved more effective and less toxic to eye
infection. Moreover, tannic acid-modified silver nanoparticles were well absorbed
by the trophozoites eventually inhibits germination of cyst which is a major stage
of life cycle of amoebae parasite [46]. So that it can be concluded that tannin-based
nanoparticles are more effective than pure silver and gold particle.

4. Leather industry

In leather industry, tannins are generally used to convert animal hide into leather.
Here, the main role of tannins is to protect leather from microorganism and heat
related deterioration [47]. Tanning industry is thought to be the oldest industry
and was started in north western regions of Europe after the Roman conquest
[48]. Tannins bind with the skin proteins and protect it from petrification, which
is owed to the antibacterial property of tannins. This is due to the chemical bonds
established between collagen, the main constitutive protein of skin, for example,
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collagens, and the tannins present in the vegetable materials. It is estimated that
about 15-45% tannins binds with collagens per dry weight. After the industrial revo-
lution, chromium-based tanning was introduced to achieve fast and speedy leather
production. But chromium is a potentially carcinogenic and creates high level of
pollution and soil contamination. Additionally, it limits recovery and reuse of wastes
from leather industries. Water from leather industry creates more pollution, and
increase biological oxygen demand (BOD) and chemical oxygen demand (COD)

in polluted water. In order to overcome this problem, plant-based tannins can be
substitute for chromium in leather processing. It is already mentioned that vegetable
tannins were used in the leather industry since historical times. But now, tannins
from different parts of plants have been utilized in leather productions [49]. Plant
tannins offer many benefits such as high quality and thermal stable leather products.

5. Other industrial applications

In addition to above mentioned applications, tannins are also used in diverse
types of industries, such as paper industry where high pressure mimosa tannin
impregnated alpha cellulose paper is prepared. This impregnated paper offer more
abrasive resistance, adhesion properties, water vapor resistance, and staining
properties [50]. Recently, natural tannin-based foam without any formaldehyde
is prepared that used as acoustic absorbers, metal ion adsorption, panels crash
protection, packaging, etc., but low mechanical strength of tannin foams is major
impediment in its further applications [51].

Beverage industry is well known for tannins applications particularly, in case of
the wine making. Like leather industry, wine making is also very old industry since
historic time. Tannins are used in wine to provide color formations, antioxidants,
aroma, proteins precipitations, and flavor development. The source of tannins in
the wine is grapes skin, seeds, and addition of oak flakes which add market values to
wine [52].

6. Future prospectus

Tannins are phenolic-based secondary metabolites that are present in the
plant kingdom, including algae. Actually, tannins produced in the plant body and
involved in the plant protections and act as antimicrobial, antiparasitic, anthel-
mintic, antiviral, antioxidant, and deferred cattle. Hence, they help plants to
fight various types’ infections. In addition to biological roles, they also play very
important roles in industrial sector, animal feeding, mining, chemical industry,
and tanning industry. But there are several limitations associated with the tan-
nins. The main negative effect of tannins as food is their absorptions and binding
with various types of biomolecules such as proteins, starch, and metal ions in the
digestive system, hence hinders their nutritional availability to human and animals,
for example, proanthocyanidins. Some experiments show that complex of tannins
and proteins are resistant to various types of proteases in animal digestive system
that make proteins unavailable for livestock nutrition. Dietary tannins bind with
the proline-rich proteins and as result two types of soluble and insoluble complexes
formed which is responsible for astringent sensation [53]. The astringency feeling
is perceived by the tongue in the form of diffuse feeling associated with extreme
dryness and roughness in mouth [54]. Some experiments also show that tannins
also decrease activities of intestinal microflora, consequently less absorption of
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organic matter and soluble fiber that attributed to damage the mucosal lining of the
digestive system. Moreover, high dose of tannins like catechin used in supplements
can cause renal failure, hepatitis, fever, hemolytic anemia, thrombocytopenia, and
skin disorders. Due to the structural complexities, tannins are also considered as
potential pollutants in industries, where tannins are used as the major substrate.

Single-meal bioavailability studies have shown major antinutrient activity of
tannins is metal ions chelation that cause severe deficiency of essential minerals in
human. In this series iron deficiency is most prevalent in population particularly in
the developing countries. Recently, single-meal studies in case of hydrolysable and
oligomeric catechin and epicatechin tannins (tea and tannic acid) have conducted.
It shows reduced iron bioavailability in diet particularly in long term, but it needs
more investigation by using appropriate animal model systems in order to study
antinutritional role of tannins [55]. Moreover, tannins not only affect iron avail-
ability, but also iron metabolism; the ferritin, an iron transport protein, is adversely
affected by tannin binding in soybean seed ferritin (SSF) and consequently changes
the tertiary/quaternary structure of the protein.

In view of current scientific investigation, it has now become possible that
tannins can be exploited in a better way because they are major sustainable raw
materials for green chemistry in future. Recently, several tannase or tannin acyl
hydrolase enzymes have isolated, characterized, and classified from microorganism
and fungi, hence toxic effect of tannins is reduced through hydrolysis and oxidation
[56, 57]. Various species of filamentous fungi that produced tannase are used for
bioremediation in leather tannin industries.

Several studies have been conducted to overcome the adverse effect of tannins in
the food item like, fruit and vegetable. In a major breakthrough, lactic acid bacteria
fermentation-like incubation is exploited in Xuan Mugua fruits, as a result up to
70% tannin content reduced with substantially reduced astringency, hence that
method can be used in the food industry [58].

7. Conclusions

Tannins are phenolic-based secondary metabolites that are present in the plant
kingdom, including algae. Actually, tannins produced in the plant body involved in
the plant protections and act as antimicrobial, antiparasitic, anthelmintic, antiviral,
antioxidant, and deferred cattle. Hence, they help plants to fight various types of
infections. In addition to biological roles, they also play very important roles in
industrial sector, animal feeding, mining, chemical industry, and tanning industry.
But there are several limitations associated with the tannins applications. The main
negative effect of tannins as food are their absorptions and binding with various
types of biomolecules such as, proteins, starch, and metal ions in the digestive
system; hence, they hinder their nutritional availability to human and animals.
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