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ABSTRACT

Tannins are widespread throughout the plant kingdmeourring as hydrolysable and condensed
tannins and at different levels in several aninealding sources. Recent years have seen an in@easin
interest in the use of tannin-rich plants and p&adtacts in ruminant diets for improving the qtyatf
their edible products. Some results show thatdinaegy is effective in improving the fatty aciefile
of meat and milk, increasing the level of healtindfecial fatty acids as well as enhancing the othiga
stability of the products. However, the use of tanich feed in animal diets requires great cares t
its possible detrimental effects on animal perfarogaand induction of metabolic disorders. Although
promising, the results of studies on the effectsaohins on animal performance and quality of their
products are still controversial, probably depegdin type and chemical structure of tannins, amount
ingested, composition of diet, and species of ahimahis chapter, the current knowledge regardirey
effect of dietary tannins on animal performance #ma quality of their products (meat and milk),
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particularly on the fatty acid profile, oxidativéability, and organoleptic properties, is review@étie
tannin chemistry diversity and its occurrence iminant diets, as well as its beneficial and adverse
effects on ruminants, will be briefly reviewed, aaspects related to oral cavity physiology, saliva
production/composition, and postingestive effedtsalso be discussed.

1.INTRODUCTION

Sheep, cattle and goat are domestic ruminantsgaoffigiant economic interest in the Mediterranean
region, where the extensive livestock producticsteys are often based on the consumption of taietin-
feed, such as shrub and tree foliage, or eveniagrstrial by-products, which provide energy anttieats
during periods of pasture scarcity. In additiorthieir potential as nutritive ingredients, thesenfdahave
attracted increasing interest due to their tanwmintent, which may have an important effect on ahima
performance and also on the quality of their prasiuc

Tannins are considered to have both adverse amditiaheffects, depending on chemical structuré an
concentration in diets, composition of basal diet] other factors intrinsically related to the aamsnsuch
as animal species and physiological stage (Makka.e2007; Waghorn, 2008; Piluzza et al., 2014).
Adverse effects include reduction of feed intakgesitibility of fibre and nitrogen, and animal parhance
(Min et al., 2003; Makkar et al., 2007; WaghornPp2 Conversely, tannins may prevent bloat, enhance
protein utilization during digestion, act to contiaternal parasites, and induce improvements owgn
performance, wool growth, and milk production (Mihal., 2003; Waghorn, 2008; Piluzza et al., 2014).
Moreover, tannins are also known to have antioxXidativity, and some studies show that dietary itan
may improve the animal antioxidant status (Gladihal., 2007; Lopez-Andrés et al., 2013).

Recent years have seen an increasing interestairispand plant extracts rich in tannins, for use in
nutritional strategies for improving some aspeéthe quality of products from ruminants, particlydatty
acids (FA) composition and oxidative stability. Sostudies have shown that utilization of plantplant
extracts rich in tannins in ruminant diets conduoem increase in the levels of health-benefieiin meat
and milk and improves the oxidative stability ofaheHowever, the possible adverse effects of tanoin
animal performance and organoleptic propertiesroflpcts constitute a major restriction on the peatt
application of this nutritional strategy.

With a focus on ruminant species, the main objeatifithis chapter is to review the current knowkedg
regarding the effect of dietary tannins on aninafgrmance and on the quality of their productsghaad
milk), particularly on the FA profile, oxidativeatiility, and organoleptic properties. Moreover, diversity
of tannin chemistry and its occurrence in rumirdiets, as well as its beneficial and adverse effestthese
animal species, will be briefly reviewed. Aspeattated to oral cavity physiology and saliva prodet
composition will be discussed, due to the knowrediénces among ruminant species and their possible
relation to different acceptance/avoidance anddalee to these compounds. A number of aspectedeiat
postingestive effects will also be discussed.

2. TANNINS IN FEED RESOURCES
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Tannins are phenolic secondary compounds of ptaatsare found in approximately 80% of woody
perennial dicotyledons and 15% of annual and heidnz perennial dicotyledon species, and are prasent
feeds, foods, and drinks (Mueller-Harvey, 1999)eyrare present in almost every part of a plantedse
fruit, leaves, wood, bark and root, where theingipal function is to provide protection againstrobial
pathogens, insect, pests, and herbivores (Dixah,&005). The level of tannins found in most plEssues,
such as fruit and leaves, is normally in the raofig25% of the fresh weight, but in pathologicahddions
a rapid accumulation of tannins may occur (Has@00,7; War et al., 2012). The induction of tannipliant
tissues is also stimulated by abiotic stresses asithv-light (Mellway and Constabel, 2009), hydsitess,
temperature, ozone, and nutrient availability (T 2006).

Tannins are a heterogeneous group of polymeric gdltenompounds that possess 12-16 phenolic
groups and 5-7 aromatic rings per 1000 units dtired molecular mass (Lamy et al., 2011b). They are
usually are classified into two groups based oir tieemical structures: hydrolysable (HT) and corsssl
tannins (CT). Hydrolysable tannins are constitdtech a carbohydrate core (often glucose) esterifiét
gallic acid (gallotannins) or ellagic acid (ellagihins). Condensed tannins are oligomers or pokyroer
flavanol units (flavan-3-ols) commonly linked byrban-carbon bonds in the 4/6 or 4/8 position (Hager
and Butler, 1991; Le Bourvellec and Renarda, 20M2¢se compounds are also known as proanthocyanidin
because in acid conditions they can be oxidatidelyraded, yielding anthocyanidin pigments. Undéd mi
or anaerobic conditions the polymer is stable (Hage et al., 1992). The structure of the CT varies
depending on the nature of the constitutive unitamber and positions of the hydroxyl groups,
stereochemistry), the type and position of linkhgeveen successive monomeric units, and the defree
polymerization (Dixon et al., 2005). Different maneric units of flavanol, such as (+) cathechin, (-)
epicathechin, (+) gallocathechin and (-) epigalibeahin, lead to different classes of polymershsas
procyanidin (polymers of cathechin and epicathéchitd prodelphinidins (polymers of gallocathechid a
epigallocathechin). In temperate forages the nundabdfavanol units may range in chain length from
dimmers to over 20 flavanol units, and each polyoar be composed of several flavan-3-ol structures
(Waghorn, 2008).

Hydrolysable tannins are more soluble in water, hade a lower molecular weight and higher
susceptibility to enzymatic and non-enzymatic hjyis than CT. Hydrolysable tannins are found anly
dicotyledonous plants, while CT are found both mgiasperms and gymnosperms (Scalbert et al., 1989;
Silanikove et al., 2001). However, according Wagh@O008), both HT and CT can be found in the same
plant.

Condensed tannins are the most common type ofrtamforage legumes, shrubs and the leaves of trees
(Min et al., 2003). Many of these plants are widelilable and suitable for ruminant nutrition (Yéast
al., 2008). Their utilization in ruminant nutritidras therefore increasingly seen them being exglais
alternative feeding resources with which to replaae of the cereal concentrate in animal dietgtjqdarly
in small ruminants, not only to reduce the productiosts associated with livestock feeding but atspart
of nutritional strategies to improve the qualitytioéir edible products (Vasta and Luciano, 2011).

Some of these feed resources assume high impoitatioe Mediterranean region, where the seasonal
feed deficits, particularly during the drought peki may require expensive feed supplementationleThb
presents the tannin levels of some feed resouricedyavailable in Mediterranean.

Table 1. Tannin levels of feed resources widely
available in the Mediterranean region
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. Tannin levels
Species Plant part (g/kg DM) Reference
Arbutus unedo Foliage 232 Ammar et al. (2005)
N Silanikove et al.
Ceratonia siliqua (carobLeaves 50 (1996)
Cistus ladanifel. Leaves and so f!32.1-16? Guerreiro et al. (2015
stems
Cistus monspeliensis L.|Foliage 16.1 Unpublished _data fro
our laboratories
Leaves 28-74
Bruno-Soares et al.
Flower buds | 9-2%5 (2011)
Cistus salvifoliug.. Fruits 12
Leaves and SOf& Unpublished data fro
33 i
stems our laboratories
Hedysarum coronarium Fresh plant 1738 Priolo et al. (2005)
L. (sulla)
Olea Europaea L. var. Foliage 0286 Unpublished _data fro
europaea our laboratories
Olea Egropaea L. var. Foliage 0631 Unpublished .data fro
sylvestris our laboratories
Foliage 383 Ammar et al. (2005)
. Silanikove et al.
Pistacia lentiscus.. Foliage 205 (1996)
Foliage 126 Unpublished _data fro
our laboratories
Quercus ilex Foliage 106 Unpublished data fro
Fruit 47 our laboratories
. . Silanikove et al.
Quercus calliprinos Foliage 9% (1996)
Quercus coccifera. Foliage 9.25 Unpublished .data fro
our laboratories

Table 1. (Continued)

. Tannin levels

Species Plant part (g/kg DM) Reference

Quercus robur L. Foliage 6.48 Unpublished .data from
our laboratories

Quercus suber Foliage 15%1 Ammar et al. (2005)

Rhamus alatemus L. |Foliage 2.78 Unpublished _data from
our laboratories

Smilax aspra Foliage 8.15 Unpublished .data from
our laboratories
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!Quantified by butanol-HCI assay using purified quebtacondensed tannins as stand4pdiantified by butanol-HCI
assay using purifie@istus ladanifelL. condensed tannins as stand&@uantified by vanillin assay using catechin
as standard*Quantified by butanol-HCI assay using purifi€tus salvifoliud.. condensed tannins as standard;
SQuantified by butanol-HCI assay and expressed a®dégaaidin equivalentQuantified by butanol-HCI assay
using purifiedPistacia lentiscus. condensed tannins as standa@Uantified by butanol-HCI assay using purified
Quercus ilexcondensed tannins as standard.

3.ADVERSE AND BENEFICIAL EFFECTS OF TANNINS

For a long time, tannins were considered as amifivetand/or toxic compounds when present in feeds
due to their decreasing the intake, digestion dsbmtion of proteins, polysaccharides and mineaats
impacting negatively on animal performance, andibse they can cause ulcers, irritation and desdiama
of the intestinal mucosa, lesions in the liver &ittheys, and, in extreme conditions, even deathr#uand
Singh, 1984; Kumar and Vaithiyanathan, 1990; R48@5; Mueller-Harvey, 2006). The severe damage
caused by tannins in ruminants (renal and hepatiohs and death) are normally associated with the
ingestion of HT, which are enzymatically depolyrsed in the rumen by cleaving the ester linkagesdst
glucose and phenolic sub-units, yielding gallidaeihich is metabolized to pyrogallol and resorgindniich
are absorbed and responsible for cellular damagier(8t al., 1987; Murdiati et al., 1992). In catttheep,
and llamas, several cases of acute intoxicatiaiaelto intake of large amounts of HT from leaviesak
(Quercus spp.and yellow-wood Terminalia oblongatawere diagnosed (Garg et al., 1992; Chamorro et
al., 2013) (Filippich et al., 1991). CT, by contrage not degraded, and absorbed into the blaatstrand
are therefore not likely to damage organs (McSweearteal., 1988; Terrill et al., 1994; Makkar, 2003)
According Makkar (2003) the organ damage causeZilbgnly occurs under situations of intestinal daejag
where tannins can pass into the blood. The adeéfsets associated with the presence of CT in drdiets
are usually antinutritional due to their decreashmgyintake and digestibility of proteins and cdmjmirates,
and inhibiting digestive enzymes and animal pertoroes (Silanikove et al., 1996a; Barry and McNabb,
1999; Yisehak et al., 2014).

Tannins have the ability to complex with numeroypets of molecules, including proteins,
polysaccharides, and minerals (McSweeney et al1;28in and Hart, 2003; Le Bourvellec and Renarda,
2012). The phenolic hydroxyl groups of tannins leathe formation of complexes primarily with privig,
and to a lesser extent with polysaccharides, nueleids, and metal ions (Makkar, 2003). Tanningditgb
to form complexes with proteins is the most impatrtaspect of their nutritional and toxicologicaleets
(Hagerman and Butler, 1981).

The complexes formed (tannins/proteins) can bersédMe or irreversible depending on the type of
linkage established, i.e. covalent non-covalentdsonif the linkages are non-covalent (hydrogen,
hydrophobic and van der Waals forces) the complexegeversible. If the connections are covaldw, t
complexes formed are usually irreversible (Hagerm889). The type of interactions between protaims
tannins is influenced by the relative concentrat@nboth tannins and protein, by tannins’ structure
(molecular weight, conformation, flexibility of tams, and water solubility) and protein structusezé,
conformation [secondary or tertiary structure], amdino acid composition), and by the nature of the
medium in which the interactions take place (sdly@mperature, pH, ionic strength) (Le Bourvekea
Renarda, 2012).
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Tannins with high molecular weight, high flexiblitnd conformational mobility, and lower water
affinity have greater ability to precipitate oreémact with proteins (Hagerman, 1989). In CT, comple
formation with protein is closely related to theiolecular weight and to the prodelphinidin/procytmi
ratio in the molecule. Higher prodelphinidin/pronidin ratio improves the capacity of CT to bind twit
protein (Aerts et al., 1999). The size and strgctfrthe protein are other factors that determirggein
binding capacity with tannins. Larger proteins vathopen and flexible structure, high proline cohtend
other hydrophobic amino acids have higher affigifier tannin than small proteins with compact glabu
structures (Hagerman and Butler, 1981; AsquithBuniter, 1986; Hagerman, 1989).

The solution conditions, such as pH, also playraportant role in the formation of tannin/protein
complexes. The optimum pH for the formation of fafprotein complexes is near the isoelectric pH of
protein, where the electrostatic repulsions thav@nt aggregation of protein are minimized (Hagerma
1989). This dependence of tannin-protein complexe$H is of particular interest in animal nutrition
because the nutritional behaviour of CT is defiakhg the digestive tract where pH changes occur.

So, tannins, by forming indigestible complexes,rdase the rumen turnover rate and digestibility of
nutrients, which has a major impact on reducingl fieéake (Makkar, 2003). Moreover, the low intake o
feeds rich in tannins is attributed to a low pdidity due to the sensation of astringency thahias confer
on feed by binding with salivary proteins, whicli fa exercise their lubricant role in the moutlvigg an
unpleasant feeling of dryness and harshness (Laesgetand Noble, 2005). While the interaction olvaay
proteins with tannins can lead to the aversive &#ors of astringency, such interaction can alsaltes a
positive defence mechanism against the potentgathe effects of tannin consumption (more details
this topic in section 4).

However, depending on factors such as tannin clteretcucture and concentration in the diet, the
composition of basal diet, and on other factorsirisically related to the animals, such as speaias
physiological stage, the effect of dietary tannimguminants might be either detrimental or benafic
(Makkar et al., 2007; Waghorn, 2008; Piluzza et 2014). Condensed tannins have received special
attention because, when present in diets at lomdderate concentrations, depending on the soureg, t
may play an important role in increasing the niginial value of feed, the quality of the productsaiied,
and the health and wellbeing of animals. One ohtlest important effects of CT ingestion by rumirsaist
associated with their ability to improve the digesstutilization of feed proteins. The potential ©T to
increase the digestive utilization of dietary piote associated with their ability to bind proteiander the
rumen pH conditions (pH 5.5 to 7.0), preventingrtie&cessive microbial degradation. The tannin-girot
complexes are dissociated in the acidic pH of tesmsum (pH 2.5 to 3.5) and in alkaline conditiofithe
distal small intestine (pH <7.5), releasing protindigestion and absorption (Jones and Mangan7;19
Mueller-Harvey, 2006).In vitro and in vivo studies have confirmed the reduction of the eiffect
degradability of protein induced by the presenc€Din the diet, mainly due to a marked reductiomitial
solubilisation and a reduction of the fractionateraf degradation, increasing the flux of undegbdela
dietary protein into the post ruminal compartmewithout detrimentally affecting the post-ruminal
digestion (Min et al., 2003; Theodoridou et al.1@0Dentinho et al., 2014).

The reduction in rumen protein degradation leads lmwver level of N-NH production in the rumen.
As a result, the urinary N is reduced and the faMcslightly increases, owing to the undegradeadhitan
protein complexes formed along the digestive ftfisieteller-Harvey, 2006). At the environmental letkaks
shift from urinary to faecal N is very importangdause urinary N is predominantly urea, which pscig
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converted to ammonia and nitrous oxide@) which has implications for environmental pabut, while
the feacal N is retained in the soil and will betsie content of organic matter (Hristov et aD13).

In addition, tannins are considered a promisingugrof compounds for decreasing enteric methane
(CHa) emissions from ruminants. Methane productionuimen represents not just an ecological problem,
but also an economic one. As is well known, methamepotent greenhouse gas, and methane prodyced b
ruminants accounts for 28% of total anthropogen@&hane (Beauchemin et al., 2008). Moreover, CH
produced during ruminal fermentation representsa of 5-8% of gross energy intake (Lopez and Néwbo
2007). The decrease of Gproduction by tannins is achieved by their diefétct on growth and/or activity
of methanogens and/or hydrogen-producing microbetheair indirect effect through reduction in fibre
digestion (Tavendale et al., 2005; Goel and MakR@#f,2; Jayanegara et al., 2012). Results from a-met
analysis ofin vivo experiments by Jayanegara et al. (2012) showethtively close relationship between
dietary tannin concentration (HT and CT) ands@kbduction per unit of digestible organic matfemeta-
analysis conducted to compare the effects of CAG#hdrasses, as well as warm and cold climate legum
on CH, production of ruminants, concluded that Optoduction was lower for animals fed high tannin
legumes compared with animals fed low tannin legg(dechiméde et al., 2011).

Bloat is a digestive disorder that occurs in rumtsgyrazing on highly digestible forage legumeg.(e.
alfalfa or clove). Digestion of legumes high inudade protein can cause the formation of stable ftfzah
limits the release of fermentation gas by eruatatithe gas builds up, and the rumen becomes distieord
stretched. It has been demonstrated that legunmégicmg CT, such dsotus corniculatusCoronilla varia,
Onobrychis vicciifoliaor Astragalus cicel.., either as sole feeds or in mixtures with bifmstning forages,
prevents bloat in ruminants (Mueller-Harvey, 20B6chfort et al., 2008; Wang et al., 2012).

The importance of tannins in animal diets is alssoaiated with their effects in respect of reducing
intestinal parasites. Control of ruminant gastestihal parasites has usually been achieved bydbeof
anthelmintic drugs. However, this procedure is baog more difficult due to increased parasite tasise
to common anthelmintics (Pomroy et al., 2002; M &art, 2003) and due to the adverse impact that
chemical treatments in animal production have am ¢hvironment, animal health, and food safety.
Alternative parasitic control strategies have bsdied, and the use of tannin-rich feeds has baerof
the proposed alternatives (Niezen et al., 1995\Batral., 2001; Min and Hart, 2003). Feeding stadiave
shown a direct effect of tannins on nematodes by thhibition of eggs and infective larvae anduetibn
of larvae mobility (Butter et al., 2000; Molan dt, 2000), and an indirect effect by increasingtgiro
availability, which strengthens the immune systéms increasing the resistance to infections (Mid a
Hart, 2003).

More recently, research into the impact of dietemnins in ruminants has been focused on lipid
metabolism, and a beneficial effect of the inclasid tannin-rich plants and plant extracts in d@tsFA
profile of ruminant edible products has been regbfimore details in section 5.1.). Phenolic compisun
such as tannins are known to have antioxidant ptiepe and positive impacts on antioxidant statfis o
animals due to the presence of tannins in thenbet observed im vivo studies conducted with sheep and
cattle (Gladine et al., 2007b; Luciano et al., 2Q4pez-Andrés et al., 2013; Dey and De, 2014).ddwer,
some feeding studies have also shown that dietanjiris may improve the oxidative stability of meating
storage (more details in section 5.2).
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3.1. Effect of Tannins on Ruminants’ Performance

Most of the effects of CT on animal performanceiaterlinked with feeding value. Feeding value is
described as nutritive value (NV) x intake (Waghana Clark, 2004). Although not directly an indioat
of attainable animal performance, the concept cefléhe quality of forages (Martens and Barnes8198
comprehending the potential nutritive value (type amount of digestible nutrients and the efficient
their use), extent of occurrence of anti-nutrifigetors, and potential voluntary dry matter intéledated to
chemical and physical characteristics of feedstafid influenced by combination with other feedsva#i
as by animal-specific factors).

In this context, and as a rule, high concentratafrST will reduce the total amount ingested duhto
decrease of overall palatability and of dry matietentially available for digestion. However, a donation
of field trials, digestive physiology and chemistgsearch over the last 20 years has demonstrkgad c
benefits for lamb growth, wool production, feriland tolerance of intestinal parasites (for a camnensive
review see Waghorn, 2008; Patra and Saxena, 2@lizaRet al., 2014). The apparent incongruity colog
explained by the circumstances of the trials tbhapsrt those findings.

Despite the wide diversity of experimental designd results, a number of factors that can affext th
impact of dietary tannins on animal performanceshzeen identified. The physiological status ofahinal
seems to be one of the factors that determine @égponse of ruminants to diets containing CT, since
physiological condition affects the animal’'s nuttismeeds (Waghorn, 2008). Numerous trials have been
conducted with lambs (e.g., Niezen et al., 1998niRez-Restrepo et al., 2005) or with lactating eaed
cows (Wang et al., 1996; Woodward et al., 2004)mals with higher protein requirements, capable of
responding to an increase of dietary protein amd tmproving performance in response to a surplus
amino acids (Barry and Manley, 1984). Under suchueoistances, the productive response to forages
containing CT mainly have a positive benefit, withreases potentially ranging from 8-38% for dgifym,
or 10-21% for milk production (Waghorn, 2008) comgghto controls. In respect of milk production,ajer
availability of amino acids, particularly the esaihamino acids methionine, lysine, and brancheairc
amino acid, may promote milk protein and also Isetgynthesis (via neoglucogenesis), contributing to
increases in overall production (Wang et al., 1996)

On the other hand, the amount consumed, and atsowarall diet quality, will also affect animal
performance. An intake of below 50 g CT/kg DM mayntibute to greater availability of amino acids
absorption (Min et al., 2003). With regard to djetlity, intake of CT from browse, in combinatioftiwa
medium-poor quality diet, is detrimental to perfame (Waghorn, 2008). In animals fed fibrous diets,
energy is likely to be the first limiting factorrf@erformance. This type of diet conduces to loeldyiof
volatile fatty acids, and addition of CT to thetdieay contribute to depressing fibre digestibilitye to
inhibition of fibre-degrading bacteria, and therefany increase in amino acid absorption will dbate to
the energy balance, and not to protein synthesagf\wrn, 2008). However, even among high feedingeval
forages containing CT, a direct effect on animafgenance is observed. For example, Waghorn (2008)
states that in sainfoirOphobrychi3, sulla Hedysarum coronariuinand lotus majorL(otus pedunculatys
the CT do not appear to have a beneficial effecpraaluctivity, while the CT in birdsfoot trefoilL¢tus
corniculatug have a favourable impact on ruminant production.

In conclusion, the use of low-to-moderate CT ingl@lows for increases in the efficiency of protei
digestion and may improve animal health and pradncinder grazing, depending upon the concentration
and chemical structure of these compounds (revidwellin et al., 2003; Frutos et al., 2004; Ramirez-
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Restrepo and Barry, 2005). Additionally, and from ecological point of view, this may enable the
development of more sustainable grazing systems @tlal., 2003; Ramirez-Restrepo and Barry, 2005).

4. TANNINS AND FEEDING BEHAVIOUR IN RUMINANTS

Grazing animals eat a wide variety of plants, itdroprefer some and avoid others. Animals selet t
plants they eat based on the flavour, defined agpérceptual combination of three anatomicallyimtst
chemical senses: taste, smell, and chemosensitagiom (Beauchamp and Mennella, 2009). Food flavou
is determined by its physical and chemical charaties, and during ingestion, flavour cues aregnated
with the postingestive effects of nutrients andriexinfluencing its palatability (Provenza, 198&ayland
and Shewmaker 1999; Atwood et al., 2001). Sevdualiess indicate an important role of saliva in the
perception of taste and texture sensations (Engeflesd., 2007), whereby the saliva composition can
modulate food perception and, simultaneously, bdutated by the type of diet (Dawes, 1970; Mese and
Matsuo, 2007). On the other hand, salivary protbiange been identified as one of the animal’'s defenc
mechanisms against tannins (a detailed list ofistuid reviewed in Shimada, 2006).

4.1. Saliva Composition and Tannin Intake

As stated above, the low intake of feeds rich imi@as is attributed to a low palatability becautéhe
sensation of astringency that tannins confer od ligebinding with salivary proteins (Lesschaeve idoble,
2005). Two mechanisms have been proposed to explaiastringency: 1) The interaction of tanninshwit
glycoproteins causes a rupture of the lubricataiyary pellicle, which covers all of the oral satcés in the
oral cavity, causing friction; 2) such rupture bétsalivary pellicle leads to exposure of the amatosa,
allowing tannin-protein aggregates to interactatlyewith the oral tissues, possibly via recept@sbobins
and Carpenter, 2013). It is also possible that ftee tannins themselves interact directly with the
mucosal/receptors after disruption of the salivagfligge by tannin-protein aggregates (Gibbins and
Carpenter, 2013). This salivary pellicle contairgng proteins, especially mucins, salivary proteirith
high molecular weight, highly glycosylated (Tabakaé, 1982; Morzel et al., 2104), and some authors
suggest that its composition can be altered byadigiolyphenols (Davies et al., 2014).

Tannin-binding salivary proteins (TBSPs) are prmeivhich present a particularly high affinity for
tannins, allowing the complexes formed to be stalblthe different pH conditions of the gastrointest
tract. Such stability allows the passage of tantlinsugh the digestive system, in a bound formyeméng
them from being degraded and absorbed (HT) ordntig with other food or endogenous molecules. The
salivary proteins usually reported as TBSPs aréepr® belonging to two different families: prolineh
proteins (PRPs) and histatins. Whereas PRPs haveithentified in different animal species [e.g.tdPaa
et al. (2005) and Fanali et al. (2008)], salivastdtins have only been reported in humans (de&Beseira
et al., 2013). Shimada (2006) studied the presehd®SP in several species of animal, concludirgg th
their levels can be related to the amount of tasnonstitutive of each species’ regular diet. Baneple,
in rodent species (e.g., rats and mice), PRPsaireomstitutively present in saliva, but feedingrtiz-rich
diets for 3-4 days is sufficient to induce a dramatcrease in the secretion of these salivary titiests
(Carlson, 1988).
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In ruminants, it has been suggested that TBSPgrasent in concentrate selectors or browsers (which
thrive on tannin-rich diets), such as deer, abserdgrazers, such as sheep and cattle, and prasent i
intermediate amounts in mixed feeders (Austin et89; Shimada, 2006). Nevertheless, there is no
consensus as to the presence or absence of sginagins with affinity for tannins in ruminant spes.

The question remains particularly controversialdomestic species such as sheep and goats. Changes
salivary protein profiles after the ingestion a@ (from quebracho extract) enriched diet were okeskin

both sheep and goats, although the salivary pmteimse levels changed differed between the species
(Lamy et al., 2011a). The presence of a relativejh percentage of the amino acids proline (6.5%),
glutamine (16.5%) and glycine (6.1%) in goat parataliva, together with the observation that these
animals’ salivary secretion was altered in the gmee of a tannin-rich diet compared to one withdow
levels of tannins, suggested the presence of TBSBeat saliva (Silanikove et al., 1996b). In aidadif
Alonso-Diaz et al. (2010) suggested the presencEB&Ps in goats. These authors observed that these
animals were able to ingest considerable levelslarit secondary metabolites without suffering niegat
effects, and attributed this capacity to salivardbwer, they observed that goat saliva has thecitgga
precipitate tannins extracted from tropical plafonso-Diaz et al., 2012). Changes in saliva s&ure
(increase in the production of parotid saliva isp@nse to ingestion of quebracho tannin) were sigdas
increasing the ability of Alpine goats to deal widnnin consumption (Salem et al., 2013). Distal an
Provenza (1991) concluded that goats do not seTE8Ps, since they did not find salivary PRPs ia th
species. Corroborating this conclusion, other s&idusing proteomic approaches, found none of these
salivary proteins in Mediterranean goat saliva (kanal., 2008; Lamy et al., 2009). Hanovice-Zi@twl.
(2010) did not find salivary proteins with affinifgr tannic acid or quebracho tannins in Mediteggm
goats, either constitutively or after three montigosure to tannin-enriched diets.

There is a similar lack of consensus as to theepgabsence of tannin binding proteins in shele@asa
As with goats, PRPs have not been observed inigdtamy et al., 2008; Lamy et al., 2009) or mixsadiva
(Austin et al., 1989). However, the ingestion @R (quebracho extract) enriched diet was obsexveelsult
in changes in salivary protein profiles (Lamy et 2D11a). Nevertheless, the potential of suclerddfitly
expressed salivary proteins in the binding of tasnvas not explored in the study cited here. Saiea.
(2013), although not testing the tannin bindingatdty of saliva, did not observe changes in parstidep
saliva composition, in terms of electrolytes, afsdort- or medium- term quebracho or tannic acid
consumption, and other authors have also suggdsiegheep saliva may not be particularly important
neutralizing tannins (Ammar et al., 2013). Howewther studies have observed that salivary profeims
sheep are capable of precipitating certain typdarofins (Vargas-Magafia et al., 2013).

The differing results obtained from the differenidies of saliva-tannins interaction in ruminaré@ps
may be attributable to the diversity of differgyges of tannins, as has been previously mentiokldtbugh
not in ruminants, it has been demonstrated thatdheary response to different types of tanning differ
according to tannin structure: salivary changeswigferent when mice consumed a diet enrichedTiroC
HT (da Costa et al., 2008; Lamy et al., 2010).regéngly, Vargas-Magafa et al. (2013) also repldntgher
affinity of sheep saliva to one type of tannin aigher affinity of goat saliva to another type. €akogether,
these results suggest the importance of considérengnimal species and type of tannins when ilgagsig
the role of salivary proteins in tannin ingestionriminants. Moreover, knowledge about the intéoact
between saliva and tannins may be of particulavesice for the development of nutritional programs.
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4.2. Tannins and Postingestive Effects

Ruminants have certain unique characteristicsringef digestion and metabolism of nutrients. They
consume an enormous amount of high fibre and leavggndiets, which require ruminal fermentation.sThi
results in some particularities in feed intake tatjon. For example, unlike non-ruminants, bloodcgise
concentration in ruminants does not directly inseeaith feeding (Nagamine et al., 2003). Seveicbfa
have been found to affect ruminant feed intakedi8tubased on each factor isolated have resultdutan
main “feedback” theories: 1) “physical” theory, whisuggested that intake is depressed when therigme
filled (Allen, 1996); 2) “chemostatic” theory, farhich the concentrations of nutrients and enenmgglding
volatile fatty acids) are involved in controllingtake (Anil et al., 1993; lllius and Jessop, 19%6)d 3)
“oxygen efficiency” theory, which stated that rurims eat the amount of forage that gives the optimu
yield of net energy per unit of oxygen consumedi€ksars and Tolkamp, 1996). Additionally, ruminatia
blood osmolality have also been observed to inflteeiood intake (Carter and Grovum, 1990). However,
these factors seem to act in concert, rather than isolated manner, and their integration has bagalied
(Forbes, 1996; Fisher, 2002).

Diet selection has been considered within a framlkewb feeding behaviour that views both selection
and intake as outcomes of the animal’s interné stad knowledge of the feeding environment (Kyakdaz
et al., 1999). Preference is demonstrated by tireadrin relative consumption of one plant over &eot
when given a free choice (Frost and Ruyle, 1998)mals learn to avoid plants or plant parts throtwgh
interrelated systems: affective and cognitive. Hffective system integrates the taste of feed with
postingestive feedback. This system modulates tieke of feed items depending on whether the
postingestive feedback is aversive or positive. §thength of aversion to toxic sources is knowddpend
on the strength of postingestive physiological @fdgdu Toit et al., 1991). Simultaneously, theritige
system integrates the odour and sight of food itsthaste. Animals use these senses to differerdiaiong
feeds, and to select or avoid the ones for whicttipgestive feedback is either positive or aversive
respectively (Provenza et al., 1992). In a recgview, Ginane et al. (2015) provide a conceptwahfwork
that emphasizes the critical involvement and irtenections of these two major regulatory systems of
feeding behaviour: the reward and the homeostgsiems.

Gustation and olfaction are reported to be thecfpal senses in distinguishing food sensory proggrt
and are crucial for the detection and consumptigmatatable foods, as well as for detection andatéjn
of bitter tasting substances (Mayland et al., 199@yland and Shewmaker 1999; Ginane et al., 2011).
Tannins are not only associated with a sense oingshcy; Soares et al. (2013) show that several
polyphenolic compounds classified as tannins aftivarious human bitter taste receptors. Outsidethl
tissues, major receptors to bitter are also fourttié gastrointestinal tract and other extra gostdissues
(Wu et al., 2002; Rozengurt, 2006; Behrens and Mmfe2011; Colombo et al., 2012; Cheled-Shoval et
al., 2014), suggesting that a taste-sensing mesfmamiay also exist apart from the oral cavity, gugsi
participating in postingestive regulation.

A better understanding of the mechanisms assoamdthdensory cues and their effects on appetite an
ingestive behaviour could be an interesting waynémipulate feedstuffs to alter feed preferencesdyding
with the incorporation of tannins.
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5. TANNINS AND THEIR EFFECTS ON
CHARACTERISTICS OF RUMINANT EDIBLE PRODUCTS

5.1. Effect of Dietary Tannins on Meat and
Milk Fatty Acid Profile

Ruminant fat is characterized by high levels ofisgted fatty acids (SFA), low levels of polyunsated
fatty acids (PUFA), and a variable contentriansFA — properties that are regarded as being neg#tiv
human health. Such FA profile is mainly due toithense metabolism that dietary lipids suffer ia thmen,
where they are rapidly hydrolysed and the unsatdriaA released (mostly C18 PUFA) are biohydrogehate
with production of the high levels of SFA (mostl8:Q) as well as a variable amount of several isamer
C18 FA, including octatrienoic, octadecenoic andawmnoenoic acids, as result of the incomplete
biohydrogenation of the unsaturated C18 FA (Harfaot Hazelwood, 1997; Bessa et al.,, 2007). A
considerable amount of research has therefore aaniedproving the FA composition of ruminant edible
products, to reduce its SFA contents and incraag®lFA levels, particularly in-3 PUFA and conjugated
linoleic acid isomers (CLA).

The beneficial effects of both groups of FA haverbthe subject of numerous studies (see Palmquist,
2009; Dilzer and Park, 2012).

Conjugated linoleic acid isomers are produced duriminal biohydrogenation, and some can also be
produced endogenously in tissues from ttems monoenes, which are also produced during ruminal
biohydrogenation (Shingfield and Wallace, 2014)kimg the edible products of ruminants naturallyric
CLA. Rumenic acid (18:2is-9,trans-11, RA) is the major CLA isomer found in rumindait(Parodi, 2003),
and is formed by ruminal biohydrogenation of linolacid (18:2n-6, LA) (Harfoot and Hazelwood, 1997)
and mainly by endogenous conversion of vaccenit @@&:1trans11, VA) by the action of stearoyl-CoA
desaturase (SCD) in tissues (Griinari et al., 200Be VA is an intermediate product of the ruminal
biohydrogenation of both LA anginoleic acid (18:31-3, LNA) (Harfoot and Hazelwood, 1997). So, the
enrichment of RA in ruminant fats can be achievgéhbreasing the rumen outflow of RA and VA and by
increase of the endogenous conversation of VA tdoRghe SCD (Bessa et al., 2015).

The possibility of improving the nutritional valud ruminant fat via manipulation of the ruminal
biohydrogenation through modulation of dietary fasthas been recognised. Several dietary factpesta
of modulating the ruminal biohydrogenation haverbatentified, such as the amount and type of lipid
supplement or basal diet, but in recent years nafithe search for ruminal biohydrogenation modukato
has been dedicated to secondary compounds of plams as tannins. The resultsirofvitro andin vivo
studies indicate that both tannin types — CT and-HiFe able to influence the ruminal biohydrogemati
However, the results of studies of tannin effectsraminal biohydrogenation are controversial. Same
vitro studies have reported the accumulation of the Wé\d@ecrease of the stearic acid (18:0, SA) in ramin
fluid and in rumen solid associated bacteria aifteubations with tannin sources, either CT or HT,
suggesting the inhibition of the last step of thminal biohydrogenation (Durmic et al., 2008; KrdaeArd
et al., 2009; Vasta et al., 2009a; Buccioni et2011). In accordance with vitro results,in vivo studies
conducted with lambs also observed the increaséAirproduction and decrease of the SA in digesta
(ruminal fluid and abomasal digesta) from lambs &kets supplemented with quebract®chinopsis
lorentzii) tannin extract (Vasta et al., 2009b; Vasta e2@l10b) andCistus ladanife(rockrose, a shrub rich
in CT, distributed widely over the marginal fieldEMediterranean countries) (Jerénimo et al., 20Tg
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same trend was also observed in ruminal fluid frgmat kids supplemented with aqueous extract of a
tanniferous plant Ferminalia chebulgdRana et al., 2012). However, otliewitro results on the influence
of sources of CT and HT on ruminal biohydrogenatioggest the induction of the general inhibitionhef
biohydrogenation rather than the specific negadiiect on the last step, observing the reducticthefLA
and LNA biohydrogenation but not the effect onldst step of biohydrogenation (Khiaosa-Ard et2009;
Minieri et al., 2014; Carrefio et al., 2015).

In addition to these findings on the impact of digttannins on ruminal biohydrogenation, the eftect
FA composition of meat and milk of inclusion of eeal plant extracts and plants rich in tanninsiiminant
diets has been extensively scrutinized (Tablesd23a@ior meat and milk, respectively).

5.1.1. Meat

In the first studies on the effect of dietary tarenon the FA profile of meat, the tannin-containdigts
were compared to control diets without tanninstartlets with the same levels of tannins and supeiged
with polyethylene glycol (PEG), a binding agenttttieactivates the effects of tannins. Priolo e{2005)
reported that lambs fed fresh sulle@lysarum coronariunl?7.8 g of CT per kg DM) with or without PEG
had higher levels of RA, LNA and MUFA, and lowevéds of LA and SFA in intramuscular fat, than those
fed a concentrate diet; only a slight reductiortiea LNA was observed in meat from lambs fed sulla
supplemented with PEG when compared with meat feonbs that received sulla without PEG. So, the
differences in FA profile found in the intramusauiat of lambs fed concentrate or sulla seem tovddérom
the well-known effect of concentrate and green ageligrass on the FA profile of ruminant ediblg¥&atsta
et al., 2008) and not from the dietary tannins. @osely, Vasta et al. (2007) showed the reductfoR/A
and VA in intramuscular fat by inclusion of carobip (Cerotonia siliqué in lamb diets (45% carob pulp,
which results in diets with 27 g of CT per kg DMynapared to control diet. However, the PEG
supplementation of the lamb diets containing cavalp increased the levels of RA and VA in meat,
suggesting the effect of the carob CT on ruminahidrogenation. Change in the FA profile of
intramuscular fat was also observed in lambs fetsdiith increasing levels of carob (24 and 35%eed;
3.4 and 4.5 g total tannins/kg DM, respectivelyja@ador et al., 2015). Inclusion of carob-pulpamb
diets resulted in lower amounts of SA and total Sle#ver n-6/n-3 ratio, and higher levels of tot&lFA,
RA, LA and LNA in meat compared to control treatihé@ravador et al., 2015), thus leading to the
production of meat with a FA profile that is coresield more beneficial to health.



Table 2. Effect of tanniferous diets on fatty acigrofile of meat from ruminants

. ._|Tannin Levels [Duration of
Tannin source Speme?g /kg DM) treatment Effects Reference
sulla (with or without PEG} RA, LNA .
fgrlgan(:rie;dn);sarum Ovine |[17.8 63 days and MUFA and| LA and SFA Zggg)et al.
PEG | LNA compared to sulla
. | RA, VA and SA §
Carob pulp Ovine | 2720 45 days PEG RA and VA compared to carob Vasta et al. (200
. Carob| SA, total SFA ana-6/n-3 ratio  |Gravador et al.
Carob pulp Ovine 3.4-4.3 56.days | ndt total PUFA, RA, LA and LNA (2015)
. 1 VA and RA | SA in concentrate diet
%ii?;iczgz r:(r;lnrl ;ixtract Ovine |40.4-40.% 60 days | PUFA and LA in herbage diet é%s(;gbe)t al
P | SFA in concentrate and herbage diets
Quebracho tannin extract . . . . Borgna et al.
(Aspidosperma quebracjio Ovine 12 days Minor effect on fatty acid profile (2014)
Jerénimo et al.
Grape seed extract Ovine| 13.3-¥4.4 |42 days Minor effect on fatty acid profile (2012); Jerénimo
et al. (2010)
. . Jerénimo et al.
Rockrose Cistus ladanifey |Ovine |20.7-21.9 42 days 1 VAand RAIn Igmbs feed dlet§ (2012); Jerénimo
supplemented with vegetable oils
et al. (2010)
. . . 20% CL1 totaltransMUFA Francisco et al.
RockrosgCistus ladanifey  {Ovine |2.7-14.1 42 days Without effect on VA (2015)
Redberry junipeJuniperus | _ . i Whitney et al.
pinchoti) Ovine 86 days 1T RA and|SA (2011)




Table 2. (Continued)

. . |Tannin LevelgDuration of
Tannin source Species (g/kg DM)  |reatment Effects Reference
Redberry junipeJuniperus| . . ) . ) Whitney and
pinchotiy Ovine 96 days 1 18:1trans10 and total 18:frans Smith (2015)
Sainfoin Onobrychis . | SFA andt PUFA n-3 LC-PUFA and |Girard et al.
viciifolia) Ovine 104 103-145 days |5 - p SEA (2015)
Birdsfoot trefoil Lotus . - i | SFA andt PUFA, LNA, LA, n-3 LC- |Girard et al.
corniculatusL.) Ovine |21 103-145 days |5 ) ea and PUFA/SFA (2015)
Birdsfoot trefoil Lotus . . Turner et al.
comiculatusL.) Caprine | - 180-187 days|| LA and 18:1trans-10 (2015)
Terminalia chebula Caprine | - 90 days 1 RA and MUFA and, SA and SFA Rana et al. (201R)
Acacia Karroo Bovine |74 60 days 1 VA, LNA andn-3 LC-PUFA ('\ggpl"i’)e etal.
High-tannin sorghum Bovine - 102-123 days Withdiga in meat fatty acid profile I(_;(;g:g; etal.

LA — linoleic acid, 18:n-6; LNA — linoleic acid, 18:31-3; MUFA — sum of monounsaturated fatty acins3 LC-PUFA — sum oh-3
long chain polyunsaturated fatty acids; PEG — pbljlene glycol; PUFA — sum of polyunsaturated faityds; RA — rumenic acid,
18:2cis-9, trans-11; SA — stearic acid, 18:0; SFA — sum of satuléaty acids; VA — vaccenic acid, 18rans-11;diet with tannins
supplied during 12 days followed by the consumptibraifalfa pellets during two week&Quantified by butanol-HCI assay and
expressed as leucocyanidiQuantified by the method of Makkar et al. (1993) axpressed as tannic acid equivalet@siantified
by butanol-HCI assay using purified grape seed ensed tannins as standatQuantified by butanol-HCI assay using purified
Cistus ladanifelL. condensed tannins as stand&@lantified by butanol-HCI assay using purifiedobrychis viciifoliacondensed
tannins as standartQuantified by butanol-HCI assay using puriflestus corniculatus.. condensed tannins as stand&@asantified
by butanol-HCI assay usirigesmodium intortunsondensed tannins as standard.



Table 3. Effect of tanniferous diets on fatty acigrofile of milk from ruminants

Tannin Levels

Tannin source Animalgn diet t[:s;?rt:;?lf f Effects Reference
(9/kg DM)

1 short-chain FA, LNA and
Sulla(erdysarum Ewes i 3 weeks atherogenicity index anfi18:1cis-9 Addis et al. (2005)
coronarium = RA to annual ryegrass and < than

burr medic and daisy forb.
Sulla(Hedysarum | RA, 18:1cis-9 and total MUFA Cab|dd.u etal.
coronarium) Ewes - i LA, LNA and total PUFA (2005);

TLA Piredda et al. (2002
Sulla(Hedysarum 1 RA and VA and| LA and LNA by [Cabiddu et al.
coronarium Ewes 266 “ & & supplementation with PEG (2009)
Quebracho%chinopsis
lorentzii) and c.hestnu.t Ewes 10 4 weeks Mmgr effect on milk fatty acid Toral et al. (2011)
(Castanea satieannin profile
extracts
Queprachg tanmns”extractEWes 18 4 weeks Mlngr effect on milk fatty acid Toral et al. (2013)
(Schinopsis lorentii profile
Quebracho tannins extractEWes 04 4 weeks 1 LA, RA and VA Buccioni et al.
(Schinopsis lorent2ii | total SFA and SA (2015)
Chestnut tannins extract Ewes 46 4 weeks 1 LA, VA and SA Buccioni et al.
(Castanea sativa | total SFA and RA (2015)




Table 3. (Continued)

Tannin Levels Duration of

Tannin source Animals |in diet Effects Reference
treatment
(9/kg DM)
. . 28-d period . g .

Quebracho tannins extractCOWS 150 g/dia (4 x 4 Latin Without effect in milk fatty acidBenchaar and
(Schinopsis balansae 0.45% DMI square) profile Chouinard (2009)
Quebracho tannins extragt 21-d period Dschaak et al
(Schinopsis Cows 22.% (4 x 4 Latin |1 LNA and total 18:%rans (2011) '
spp.) square)
Blrdgfoot trefoil (Lotus Cows i 14 days 1 RA, LA and LNA and| VA Turner et al. (2005)
corniculatug and SA

FA — fatty acids; LA — linoleic acid, 18126; LNA - linoleic acid, 18:31-3; MUFA — sum of monounsaturated fatty acitkg LC-PUFA
— sum ofn-3 long chain polyunsaturated fatty acids; PEG lygibytene glycol; PUFA — sum of polyunsaturateityfacids; RA —
rumenic acid, 18:2is-9, trans11; SA — stearic acid, 18:0; SFA — sum of satutdsgty acids; VA — vaccenic acid, 18rans11;
lQuantified by butanol-HCl assay and expressedumteyanidin?Value calculated using the commercial indicationsut amount
of condensed or hydrolysable tannins in extracts.
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Vasta et al. (2009b) demonstrated that inclusioguatbracho%chinopsis
lorentzi) tannin extract either to barley-based concenti@@4 g total
tannins/kg DM) or to fresh vetch herbage-based6(40total tannins/kg DM)
diet affects the FA profile of intramuscular fabrin lambs, but that the effect
was dependent on the basal diet. In concentrat®, de addition of quebracho
tannins to diets led to an increase of the VA, BAd total 18:kransamounts
in intramuscular fat, while SA decreased. Lambs itbeeived the herbage diet
supplemented with quebracho tannins showed higlvetd of total PUFA and
LA in meat that those fed herbage without tanniditézh. In both diets, tannin
supplementation reduced the SFA content in meast@vet al., 2009b). Such
results indicate that tannins may affect differalhtithe FA profile of ruminant
edible products depending on the basal diet. StugiangCistus ladaniferlso
identified a distinct effect on the FA profile ofeatt when the composition of
the basal diet varied. Inclusion of leaves and sins ofCistus ladaniferin
lamb diet (250 g/kg DM) composed of dehydrated flneesupplemented with
6% of vegetable oil blend (diets with 21 g CT/kg DPidsulted in an increase of
the VA, RA and depression of SA in intramusculdr(fronimo et al., 2010).
However, in lambs that received diets without appglementation, th€istus
ladanifer had no major effects on meat FA profile (Jer6nietcal., 2010).
Recently, Francisco et al. (2015) evaluated thecefbf the inclusion of
increasing levels d€istus ladanifer(5, 10 and 20%, resulting in diets with 2.7,
6.9 and 15.6 g/CT kg DM, respectively) in a basat df forage:concentrate
(1:1), with or without supplementation with a veage oil blend (4 and 8% of
vegetable oil blend in diet) on lamb meat FA pmfihcreasing levels @istus
ladaniferoil in diet promoted the increase of the total MUffans but not of
the VA, in contrast to results obtained whéistus ladaniferwas added to
dehydrated lucerne-based diet (Jeronimo et alQ)201

The effect of a number of other plant extracts pladts rich in CT on FA
profile of ruminant meat, such asniperus pinchoti{redberry juniper)Acacia
Karroo and Terminalia chebulawas also evaluated. The replacement of
cottonseed hulls with dry redberry juniper leavés 50 and 100% of
replacement) in the lamb diets increased the cdratem of RA and decreased
the SA levels in meat (Whitney et al., 2011). Omdkher hand, the replacement
of oat hay with ground redberry juniper in driedtiiated grains-based diets (O,
33, 66 and 100% of replacement) increased lingadyconcentrations of 18:1
trans-10 and total 18:1ransisomers. The LA, total MUFA and total PUFA
showed a quadratic response, with higher level®taf MUFA in treatments
with 33 and 66% of replacement and higher levelsAfand total PUFA in
diets without redberry juniper and with 100% of legment (Whitney and
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Smith, 2015). Mapiye et al. (2011) showed that emh steers fed a natural
pasture supplemented witkcacia karrooleaf-meal (1500 g/day, 74 g CT/kg
DM) had higher concentration of the VA and LNA, amidthe twon-3 long
chain PUFA (20:8-3 and 22:5-3), than beef from steers fed a control diet. The
supplementation of the diet of goat kids with agiseextract ofTerminalia
chebula(0.59 and 1.79% of DMI) also induced changes & FA profile of
meat, but the effect depended on the supplementavels (Rana et al., 2012).
Dietary supplementation with the highest level3 efminalia chebulaesulted
in meat with lower levels of SA and SFA than in toatrol. Inclusion of both
levels ofTerminalia chebulan diet increased the total MUFA, total CLA and
RA in meat, with highest levels of total CLA and RA meat from kids
supplemented with highest levelsT#rminalia chebula

Lambs fed silages of plants rich in Cbirdsfoot trefoil Lotus corniculatus
L.) and sainfoin ©@nobrychis viciifolig (21 and 104 g CT/kg DM, respectively)
also showed meat FA composition distinct from lafigasalfalfa or red clover
silages, with lower levels of SFA and higher conteh PUFA and higher
PUFA/SFA ratio observed in lambs that received €h-silages than in those
fed with other silages (Girard et al., 2015). Towédr SFA and higher PUFA
contents in meat from lambs fed CT-rich silages ma@ly due to decrease of
the 16:0 and SA, and increase of the LA, LNA an8 long chain PUFA,
respectively. However, such FA changes were marequmced with sainfoin,
which contains 5 times more CT than birdsfoot ttefdonversely, meat from
goat kids finished on birdsfoot trefoil pastures tawver levels of LA and 18:1
trans10 than in those fed red clover; equal levels BASPUFA,n-6 PUFA
andn-3 PUFA were observed in meat from lambs fed badsfrefoil and red
clover (Turner et al., 2015).

On the other hand, some of the dietary sourceslae&ted only induced a
minor effect on meat FA profile. The effect of geapeed extract on lamb
intramuscular FA profile was also investigated bydsimo et al. (2010), who
reported that inclusion of 2.5% of grape seed ekifdiets with 13.3-14.4 g
CT/kg DM) in dehydrated lucerne-based diet suppleett or not with
vegetable oil had no major effect on the meat Fafile: UsingAspidosperma
guebrachaannin extract, Brogna et al. (2014) observeints that intake of
dried beet pulp supplemented with 80 g/kg DM ofhtarextract over the course
of 12 days, followed by the consumption of alfgitlets for two weeks, has a
negligible effect on the meat FA profile, resultiogly in the increase of the
concentration of C14:t&is9 comparatively to control treatment.

Finishing steers with high-tannin sorghum also mlid induce changes in
the FA composition of beef (Larrain et al., 2007).
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5.1.2. Milk

Sulla has been one of the most explored tannircesun terms of its impact
on the FA profile of meat and milk from ruminansldis et al. (2005) observed
that, in the winter and spring periods, milk froolla-fed ewes showed higher
levels of short-chain FA and LNA and higher athemigity index, but lower
content of 18:kis9 when compared to milk from ewes fed other Methigean
forages — annual ryegrasiso{ium rigidum Gaudip, burr medic edicago
polymorphal.) and daisy forb @hrysanthemum coronarium.). Regarding
CLA concentrations of milk, in both experimentalripds, sulla resulted in
similar milk concentration in RA to annual ryegrasst lower than burr medic
and daisy forb. Cheeses (1- and 60-d-old) manufdtwith milk from sulla-
fed ewes showed similar FA profile to milk (Addis &., 2005). In another
study, where the effect of increasing grazing tonesulla in two phenological
stages (growth vs reproductive) was evaluatedpth btages were observed a
decrease of 18:tis9 and total MUFA and increase of LA, LNA, and total
PUFA in sheep milk when the grazing time on sullaréased from 0 h (24h on
ryegrass pasture) to 24h (Oh on ryegrass pasRiredfa et al., 2002; Cabiddu
et al., 2005). In contrast to the results obtaimg@ddis et al. (2005), the CLA
content of milk decreased with increasing sheepiggaime on sulla, but such
reduction depended on the phenological stage qflh, with a slight decrease
observed in the growth stage (-9.1%), while inréy@roductive stage the CLA
content in milk from sulla-fed ewes decreased p4&bmpared to milk from
ewes fed on ryegrass pasture (Piredda et al., Z082iddu et al., 2005). The
FA profile of milk from ewes grazing on sulla (26g6CT/kg DM, an average
of three sampling diets) supplemented or not wiEGPwas evaluated by
Cabiddu et al. (2009), who reported the increadeAdfand VA and reduction
of LA and LNA in milk as a result of sulla supplemation with PEG. On the
other hand, PEG supplementation of dairy cows fedsfoot trefoil (Lotus
corniculatug induced increases of RA, LA and LNA and reductiérvA and
SA in milk (Turner et al., 2005).

Benchaar and Chouinard (2009) observed no effadiedoupplementation
with quebracho $chinopsis balansadannins extract (150 g/day, 0.45% dry
matter intake) on the milk FA composition of daigws. Dschaak et al. (2011)
also reported that supplementation both of lowgerand high-forage diets
with quebracho hinopsisspp.) tannins extract (30 g of extract/kg DM,
resulting in diets with 22.5 g CT/kg DM) had limdteffect on milk FA profile
of dairy cows, observing only that the diets witiegracho led to increase of
the total 18:1trans and LNA in milk comparatively to diets without tan
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addition. Moreover, it was reported that additidrth® mixture of quebracho
(Schinopsis lorentiiand chestnut tannin extracts (10 g tannins/kg @)
gquebracho tannins extract (20 g of extract/kg Ddsutting in diets with 18 g
CT/kg DM) to ewes’ diets supplemented with sunflow# had a minor effect
on FA composition of milk (Toral et al., 2011; Tbe al., 2013). Conversely,
Buccioni et al. (2015) reported a significant chamythe FA profile of ewes’
milk by inclusion of quebrachoS¢hinopsis lorentiior chestnut Castanea
sativg tannins extracts (52.8 g extracts/kg DM, resgltin diets with 24 g
CT/kg DM and 40 g HT/kg DM, respectively) in diegspplemented with
soybean oil. Both tannins sources resulted in arease of the LA and VA and
reduction of the total SFA, but the quebracho whk do induce more
pronounced changes in this FA than chestnut estram the other hand, the
milk content in RA and SA was affected differertiaby the two tannins
sources: quebracho led to RA increase (+24.2%)S#deduction (-11.5%),
while chestnut resulted in lower levels of RA (%)Pand higher levels of SA
(+8.7%) than a control diet without the incorparatiof tannins. The authors
suggest that the distinct effects of the two défeartannins sources on milk FA
probably stem from the different ability of CT ahiT to interfere with the
microbial metabolism of the rumen (Buccioni et 2015). Moreover, the result
they obtained also suggested that these tanniceaiffect differentially the
endogenous syntheses of FA, with a positive effequebracho tannins on the
activity of SCD resulting in higher levels of oleicid (18:1cis-9, OA) in milk
from quebracho treatment than from control, propahle to the increased
endogenous conversion of SA to OA, while milk fraows fed chestnut
showed lower OA content and higher levels of SAthalk from cows fed a
control diet (Buccioni et al., 2015). Such suggestis consistent with the
increase of the SCD protein expression and actiritgmb muscle induced by
guebracho and@erminalia chebulaextracts, respectively (Vasta et al., 2009c;
Rana et al., 2012). The effect of tannins on FApasition of meat and milk of
ruminants therefore seems to result from its effiegt only on ruminal
biohydrogenation, but also on endogenous syntteddeA, and further studies
are needed in order to attain a deeper understaoflimese mechanisms.

The studies of tannins’ effect on the FA profilewfinant edible products
show a wide diversity in tannins dietary sourcesl &vels of inclusion,
supplementation time, diet composition and animhysplogical stages,
resulting in controversial results. Tannins areer@eneous compounds,
variable in structure and size, and it is expedted their metabolism and
activity are dependent on tannin type, which hédpsxplain the controversial
results as regards their ability to modulate the geéfile of ruminant edible
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product. Moreover, the results suggest that ttecetff tannins on the FA profile
in milk and meat is dependent on the compositiothefdiet and the dose of
tannins included therein. Higher levels of tanrimshe diet seem to be more
effective in modulating the FA composition of ruram fat; however, the

utilization of such high levels may have detriméngdfects on animal

performance.

5.2. Effect of Dietary Tannins on Meat Oxidative Sability

Oxidative reactions have a negative effect on thaity and acceptability
of meat and meat products, because they lead tetredopment of off-flavours
and colour deterioration as a result of the lipid anyoglobin oxidation
respectively (Wood and Enser, 1997). Moreovernthtative value and sensory
properties of meat may be impaired by oxidatioproteins (Lund et al., 2011).
Synthetic antioxidants are widely used in animdtitian, but in recent years,
in response to consumer concerns about food safetjoxicity associated with
synthetic antioxidants, an interest in natural aqtiants has developed. The
results of inclusion of CT-rich plants and plantragts in animal diets show
that this is an effective nutritional strategy taprove the oxidative stability of
meat.

Inclusion of guebrachaoSgchinopsis lorentgiitannins (40.4 g/kg DM) in
lamb diet delays the myoglobin oxidation and img®the colour stability of
meat stored in high-oxygen modified atmosphere ianderobic conditions
(Luciano et al., 2009; Luciano et al., 2011). Dassfiie beneficial effect on meat
colour, the dietary supplementation with quebraeimmin extract did not result
in improvement of the lipid stability in lamb meaaluated by measuring the
2-thiobarbituric acid reactive substances (TBARB)ic{ano et al., 2009).
However, higher overall antioxidant status was olet inlongissimus dorsi
muscle from lambs fed the tannin-supplementedttast in those from lambs
that received a control diet, which may have cbaoted to improving the meat
colour stability (Luciano et al., 2011). In accanda with earlier results
obtained by Luciano et al. (2009), other authono¢Ba et al., 2014) likewise
did not observe any influence of the incorporatioih quebracho extract
(Aspidosperma quebrachoin lamb diets on meat lipid oxidation. The
supplementation of goat diets with increasing levafl pine bark (0, 15 and
30%) similarly had no effect on the lipid stabilitfthe meat (Leick et al., 2012).

Conversely, using a methodology that entailed tiokigtion of oxidation
followed by the measurement of oxidized lipids t@mleate the meat lipid
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stability, Jerénimo et al. (2012) showed that ipooation of grape seed extract
or Cistus ladaniferin lamb diets enhances meat resistance against lipi
oxidation, including in PUFA-enriched meat, whishttius more susceptible to
lipid oxidation (Wood and Enser, 1997). The impnoeat of the lipid stability
of lamb meat by dietargistus ladaniferwas confirmed by Francisco et al.
(2015), measuring the lipid oxidation by TBARS wvaith oxidative induction in
meat. In this study, in the oil supplemented andupplemented diets,
increasing levels ofCistus ladanifer (50, 100 and 200 g/kg DM) were
incorporated, resulting in significant reductiontbé lipid oxidation between
meats from lambs that received 50 and 200 g/kg OMCistus ladanifer
Moreover, the highest levels Gistus ladanifein diets (100 and 200 g/kg DM)
reduced the meat colour changes during 7 days figeeated storage
(Francisco et al., 2015). However, Jer6nimo gR4l12) reported that inclusion
of 250 g/kg DM ofCistus ladaniferin lamb diets had no effect on colour
variation of meat after 7 days of storage. Recef@havador et al. (2015) found
that the inclusion of 24 and 35% of carob pulp ietsl (3.4 and 4.5 g total
tannins/kg DM) for lambs had no effect on lipid gmdtein oxidation and the
colour stability of meat. However, the carob puipliusion in diets resulted in
an increase of the PUFA concentration in meat, lwhiccreases the
susceptibility of the meat to oxidation (Wood amuseér, 1997). It is therefore
suggested that the oxidative stability verifie@®ldFA-enriched meat may result
from the antioxidant activity of bioactive compowgresent in the carob pulp
(Gravador et al., 2015).

However, the mechanisms by which dietary source€Dfare able to
improve the meat's oxidative stability remain umeleThe direct antioxidant
activity of a dietary compound would imply its abstion along the
gastrointestinal tract and deposition in the tiss{\(asta and Luciano, 2011).
However, the polymeric nature and high moleculaigiteof CTs should in
principle limit their absorption — and it is unligethat oligomers larger than
trimers could be absorbed in the small intestinar{dth et al., 2004). Some of
the dietary tannins sources that induced improvésriarthe oxidative stability
of meat, such a€istus ladaniferand carob pulp, contain other bioactive
compounds besides CT (Barrajon-Catalan et al., ;2040m and Azlan, 2012;
Barros et al., 2013) which may also contributehis effect. However, grape
seed and quebracho extracts are composed almosisierty of CT.
Degradation of CT into compounds with low degreepofymerization or
monomers would allow their absorption; however, tiezurrence of CT
degradation in the gastrointestinal tract of rumisaand its absorption still
remain unclear. Gladine et al. (2007b) reportegtiesence of epicatechins and
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unknown phenolic compounds in the plasma of shestpréceived grape extract
(seed and peel) directly in the rumen. Considethrgg minor proportion of
monomeric compounds in grape extract, the resufigested that a high level
of epicatechins in the plasma resulted from thedxoadation of polymeric CT
by rumen microorganisms. In fadfy vivo studies using 14C-labelled CT
showed a substantial disappearance of CT from ramigastrointestinal tract
(Terrill et al., 1994; Perez-Maldonado and Nortb®96), although little 14C-
CT was absorbed from the small intestine (Terrillak, 1994). However,
Makkar et al. (1995) demonstrated that rumen migraoisms do not degrade
CT. Conversely, results from studies in rats anchdms showed that their
intestinal microflora is able to induce structuradifications in CT (Déprez et
al., 2000; Abia and Fry, 2001).

On the other hand, recent results suggest thairttiexidant effect induced
in sheep by dietary CT is not related to their gbigon (LOpez-Andrés et al.,
2013). Local activity in the gastrointestinal trdws been proposed as an
indirect antioxidant mechanism for the phenolic poomds which are poorly
absorbed in the digestive tract, potentially resglin improvements of the
animal’s antioxidant status (Halliwell et al., 2Q0Bloreover, it is hypothesized
that the improvement of the meat’s oxidative stgbihduced by dietary CT
may result from its interaction with other compotsent the antioxidant system
(Jerénimo et al.,, 2012). Inclusion of rosemary ajepe extract or pure
compounds such as catechins and epicatechinsdretatincreased the vitamin
E content in plasma and liver (Frank, 2005; Gladihal., 2007a). Moreover,
previous studies showed that the inclusion of plexiracts —Gymnema
montanum grape and marigold — in diets increases the igct)f antioxidant
enzymes in rat tissues (Ananthan et al., 2004; iGdaét al., 2007a). The
increase of the gene expression of antioxidantraagys observed in sheep that
received grape skin extract (Sgorlon et al., 2006).

5.3. Effect of Dietary Tannins on Meat OrganoleptidProperties

Some authors have reported that utilization of itziferous plant species,
such as carolfcacia cyanophyllar sulla, in lamb diets produces lighter meat
[higher L* (meat lightness)] compared to diets without tansdurces or with
the same tanniniferous diet but supplemented wifs FPPriolo et al., 1998;
Priolo et al., 2000; Priolo et al., 2002a; Priolak, 2005).

Dietary supplementation with PEG seems to limitithpact of tannins on
meat colour (Priolo et al., 2000; Priolo et al.028; Priolo et al., 2002b; Priolo



Tannins in Ruminant Nutrition 25

et al., 2005). Conversely, at day 0 of storagentkat colour from lambs that
received diets supplemented wi@istus ladanifer(Jeronimo et al., 2012;
Francisco et al., 2015) quebracho extract (Luciano et al., 2009) did nffedi
from the meat from lambs fed diets without tanrdnrses. Moreover, in goats
the meat colour was also unaffected by inclusiopiioé bark in diets (Leick et
al., 2012; Min et al., 2012).

The inclusion of 200 g of carob pulp/kg (diets 1§.@T/kg DM of diet) in
lamb diets does not seem to affect the sensoalgties of the meat, since the
trained panellists were unable to distinguish betwihe meat of lambs fed diets
with carob pulp from that of lambs fed control digPriolo et al., 1998).
However, the inclusion of higher levels of carobbppin diets (560 g/kg, 25 g
CT/kg DM of diet) affected the flavour and overadiceptability of lamb meat,
producing less acceptable meat, judged by the kstaagb be “bland” or with
“foreign flavours”, in comparison to meat from lasnted control diet or carob
diet supplemented with PEG (Priolo et al., 200@d&tion of the sheep meat
odour was induced in lamb meat by inclusion of ldf%Guebracho%chinopsis
lorentzii) extract either in herbage or in concentrate-bdsetd (40 g CT/kg DM
of diet) (Priolo et al., 2009). Moreover, the syppl 33 g/d of grape seed extract
as a liquid supplement to lambs fed white clovepenennial ryegrass reduced
the intensity of overall and sweet odour in theaimtuscular fat (Schreurs et al.,
2007). In both forage diets, the sheepy, camplaecdl and barnyard flavours
were also less intense in meat samples from lampglemented with grape
seed extract (Schreurs et al., 2007). The replaceofecottonseed hulls with
dry redberry juniper leaves (0, 50 and 100% ofae@inent) in lamb diets
induced a linear increase of the off-flavour in m@&hitney et al., 2011).
Conversely, in dried distillers grain with solublessed diets the replacement
of oat hay by ground redberry juniper (0, 33, 6@ 480% of replacement) did
not affect off-flavour in the lamb chop, but incsed the juiciness, tenderness
and flavour intensity (Whitney and Smith, 2015)idkeet al. (2012) reported
that inclusion of 10 and 30% of pine bark in go@tsiincreased the texture,
flavour and overall acceptability of loin chop.

Jerénimo et al. (2012) also reported that a consyraeel did not detect
any effect of the grape seed extract aPidtus ladanifer(250 g/kg DM)
inclusion in diets on the sensory properties ofdameat, although both CT
sources have been found to affect the volatileileraff meat (Vasta et al.,
2010a). Conversely, recent results regarding tteetdf inclusion of increasing
levels ofCistus ladaniferin diets on flavour and off-flavour intensity iarhb
meat were inconclusive, but suggest tBstus ladanifeinclusion in diets may
be associated with an increase in both paramédteaacisco et al., 2015).
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CONCLUSION

Although the results of studies into the effectinéluding tannins in
ruminant diets on animal performance and FA prpfiledative stability and
organoleptic properties of meat and milk are stilt consistent, many have
shown that this nutritional strategy is a promistogl for improving the FA
profile of ruminant fat and oxidative stability tfeir products. The effect of
dietary tannin sources on the FA profile of rumirroducts has been evaluated
both in meat and in milk, however, regarding itpact on oxidative stability
and organoleptic properties, to the best of oumkedge, existing studies have
focused mainly on the meat. Therefore, studiesiik amd dairy products are
needed.

From the studies reviewed here it is possible weole a wide variety of
tannins sources and inclusion levels, both in tmext of supplementation and
diet composition, which contribute to the substntiiversity in the results
found. However, it seems clear that the tanninceffare dependent on several
factors, such as tannin source and levels, and asitigm of the diet. So, to
establish nutritional strategies based on the fisanmins to improve product
quality without compromising animal health and perfance, further research
needs to be conducted to assess for each tanniresbe optimal conditions of
application, such as supplementation level and cwitipn of basal diet.
Moreover, the underlying mechanisms of tanninsfitgtio manipulate the FA
profile and improve the oxidative stability of prards should also be target of
further studies.
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