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Abstract

Phenolic compounds constitute a large and diverse group of secondary metabolites derived from phenylalanine
and tyrosine and are widely distributed throughout the plant kingdom. They could be divided into different class-
es such as simple phenol, phenyl acetic acid, hydroxybenzoic acid, hydroxycinnamic acid, and other phenylpro-
panoids as well as condensed tannins (proanthocyanidins) and hydrolysable tannins, among others, depending
on their basic carbon skeleton structure. Phenolic compounds in plant-based foods have been suggested to have
a number of beneficial health effects including prevention of cancer, cardiovascular disease, diabetes, immune
disorders, neurogenerative disease and others. These properties are largely attributable to the antioxidant activ-
ity of the phenolic compounds as well as other mechanisms of action. Therefore, nutraceuticals of plant origin
may evolve to be considered a vital aspect of dietary-disease preventive food components. Agri-food industries
generate substantial quantities of phenolic rich by-products, which could serve as an attractive and commercially
viable source of nutraceuticals. This contribution mainly summarizes the occurrence of phenolic compounds and
some other bioactives in various Agri-food by-products, their bioavailability and health benefits.
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1. Introduction of terpenoids, phenolic compounds, and alkaloids as well as other
nitrogen containing plant constituents (Harborn, 1999). Apart from

Plants produce a great variety of organic compounds that comprise this classification, the main bioactive phytochemicals in foods in-

both major types of chemicals such as carbohydrate, protein, lipid
and nucleic acids as well as non-nutritive phytochemicals. Though
phytochemicals, by the strictest definition, are chemicals that are
produced by the plants, currently the term is being only used for
non-nutritive (not considered as essential nutrients), biologically
active, chemically derived compounds found in plants (Alasalvar
and Shahidi, 2009). Many of the phytochemicals have the capac-
ity to alter enzymatic and chemical reactions, and therefore may
impact human health both positively and negatively (Thompson,
1993).

Most phytochemicals can be classified into three major groups

clude polyphenols, terpenoids, glucosinolates and other sulphur-
containing compounds (Espin et al., 2007; Tomas-Barberan et al.,
2004). Phenolic compounds constitute a very large group of phy-
tochemicals that are widely distributed in higher plants (Macheix
et al., 1990). The general break down of non-nutritive plant-base
natural products is shown in Figure 1.

Phenolics are secondary metabolites synthesized by plants both
during normal development (Harborne, 1982; Pridham, 1960; Sha-
hidi and Naczk, 2004, Shahidi and Peng, 2018) and in response
to stress conditions such as infection by pathogens and parasites,
wounding, air pollution, exposure to extreme temperatures and UV
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Figure 1. General breakdown of non-nutritive plant-base natural products.

radiation (Beckman, 2000; Nicholson and Hammerschmidt, 1992;
Zobel 1997; Shahidi and Yeo, 2016). They are commonly found in
both edible and non-edible plant parts and may act as phytoalex-
ins, antifeedants, attractants for pollinators, contributors to plant
pigmentation, antioxidants and protective agents against UV light.
In addition, phenolics may contribute to the bitterness, astringency,
color, flavor, odour, and oxidative stability of food (Shahidi and
Naczk, 2004).

Phenolic compounds exhibit a wide range of physiological
properties, such as anti-allergenic, anti-artherogenic, anti-inflam-
matory, anti-microbial, antioxidant, anti-thrombotic, cardiopro-
tective and vasodilatory effects (Benavente-Garcia et al., 1997;
Manach et al., 2005; Middleton et al., 2000; Puupponen-Pimié et
al., 2001; Samman et al., 1998, Shahidi and Peng, 2018). There-
fore, consumption of plant-based foods is instrumental in health
promotion and disease risk reduction. Furthermore, consumers are
increasingly aware of diet related health problems, therefore de-
manding natural ingredients, which are expected to be safe and
health promoting (Schieber et al., 2001b).

The agri-food industry produces large volumes of wastes, both
solids and liquid, resulting from the production, preparation and
consumption of food. In addition to food wastes, food industry
uses a large amount of water and proportion of water used may
leave as part of the products (blanching water, olive mill waste-
water, etc.). In many cases, by-products from agri-food indus-
try are being increasingly recognized as a good and inexpensive
source for obtaining bioactive compounds including high-phenolic
products (Peng et al., 2018; Shahidi, 2009; Schieber et al., 2001b;
Tomas-Barberan et al., 2004). Thus, a number of studies to exam-
ine the occurrence of phenolic compounds in various by-products/
residuals of agri-food industry and their antioxidant activity have
increased considerably in recent years and the major/selected by-
products of processing industry have been summarized and re-
viewed as a source of antioxidant (Balasundram et al., 2006; Dimi-
trios, 2006; Moure et al., 2001; Schieber et al., 2001b; Shahidi,

2008; Peng et al., 2018).

This contribution aims to provide an overview of the findings
related to the phenolic profiles of various by-products, their bioa-
vailability and health benefits. Other nutraceuticals in by-products
particularly referred to carotenoids and betalains also have been
reviewed in this work, but to a lesser extent.

2. Dietary phenolics and nutraceuticals: overview

Phenolics are a group of organic compounds with one or more
hydroxyl groups on the aromatic ring(s). They range from simple
phenols, which are relatively rare (either absent or comprise only
a small proportion) in their natural distribution (Cowan, 1999) to
complex compounds known as polyphenols (Bravo 1998). These
diversified groups of phytochemicals are derived from phenylala-
nine and tyrosine (Harborne, 1982; Morello et al., 2002; Shahidi,
2000; Shahidi and Naczk, 2004; Shahidi and Yeo, 2018; Shahidi
and Peng, 2018). Most naturally occurring phenolic compounds
are present as conjugates with mono- and polysaccharides, linked
to one or more of the phenolic groups and may also occur as func-
tional derivatives such as methyl and other esters (Harborne, 1989;
Harborne et al., 1999; Shahidi and Naczk, 1995). Flavonoids, phe-
nolic acids, and tannins are the most important dietary phenolics
(King and Young, 1999).

2.1. Flavonoids

The largest group of polyphenols is the flavonoids, which account
for 60% of the total dietary phenolic compounds (Harborne and
Williams, 2000; Nichenametla et al., 2006; Shahidi and Naczk,
2004) and there are an estimated 4,000 known flavonoids (Wrol-
stad, 2005). Flavonoids are C 5 compounds all of which have the
structure C6-C3-C6 (Harborne and Simmonds, 1964). They gener-
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Figure 2. Major classes of flavonoids and its some individual compounds.

ally consist of two aromatic rings, each containing at least one hy-
droxyl, which are connected through a three-carbon “bridge” and
become part of a six-member heterocyclic ring.

The flavonoids are further divided into subclasses based on the
connection of an aromatic ring to the heterocyclic ring, as well
as the oxidation state and functional groups of the heterocyclic
ring. Within each subclass, individual compounds are character-
ized by specific hydroxylation and conjugation patterns (Merken
and Beecher, 2000). Figures 2 and 3 show the major classes of
flavonoids and their generic structures, respectively. Among the
major classes of flavonoids, flavones and flavonols are the most
widely occurring and structurally diverse compounds (Harborne
etal., 1999).

Flavonoids occasionally occur in plants as aglycones although
they most commonly present as glycoside derivatives. Each hy-
droxyl group and certain carbon atoms in their structure can be
substituted with one or more of a range of different simple car-
bohydrates which, in turn, may be acylated with a variety of phe-
nolic or aliphatic acids (Harborne and Williams, 2000; Williams
and Grayer, 2004). Flavonoids are most commonly known for their
antioxidant activity. However, it is now known that the health ben-
efits they provide against cancer and heart disease are the result of
other mechanisms (Marais et al., 2006; Shahidi and Yeo, 2018).

Apart from various vegetables and fruits, flavonoids are found in
seeds, nuts, grains, spices, and different medicinal plants as well in
beverages, such as wine, tea and beer (Shahidi and Naczk, 1995;
Yeo and Shahidi, 2017).

2.2. Phenolic acids

Phenolic acids, in the form of substituted derivatives of hydroxy-
benzoic and hydroxycinnamic acids, are the predominant pheno-
lics in food from plant sources, manly grains, legumes and oil-
seeds. These derivatives differ in the pattern of their hydroxylation
and methoxylation on the aromatic ring(s).

Hydroxybenzoic acids (Figure 4) such as gallic acid, p-hy-
droxybenzoic acid and vanillic acid are present in nearly all plants
(Robbins, 2003; Shahidi and Naczk, 1995), but foods from plant
sources are generally low in hydroxybenzoic acids (Ssonko and
Xia, 2005). They are mainly found in the bound state in food and
are components of complex structures like hydrolysable tannins
and lignin. Aldehydes such as vanillin and p-hydroxybenzalde-
hyde are common flavor compounds derived from the reduction
of hydroxybenzoic acids (Shahidi and Naczk, 1995; Shahidi and
Yeo, 2016). Dimeric derivative of gallic acid is called ellagic acid
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Figure 3. Generic structures of major classes of flavonoids.

(Figure 5), which mainly exists in higher plants, including fruits
and nuts, combined with its precursor, hexahydroxydiphenic acid
or bound in the form of ellagitannins (Amakura et al., 2000). Ex-
tracts from red raspberry leaves or seeds, pomegranates are said
to contain high levels of ellagic acid (Espin et al., 2007). Gallic
acid and ellagic acid (found as hydrolysable tannin) were found as
major phenolic compounds in pomegranate peels (Ambigaipalan
etal., 2016).

The hydroxycinnamic acids (caffeic, ferulic, sinapic, p-coumar-
ic and chlorogenic acid) (Figure 6) are the most widely occurring
phenylpropanoids and are precursors to their cyclic derivatives, the
coumarins. They are rarely encountered in the free state in nature
and are predominantly found as hydroxyacid esters with quinic,
shikimic or tartaric acid (Herrmann, 1989), with larger phenolic
compounds such as flavonoids or with structural components of
the plant such as cellulose, lignin and protein (Clifford, 1999;
Kroon and Williamson, 1999; Scalbert and Williamson, 2000).
Caffeic acid and, to a lesser extent, ferulic acid are the most promi-
nent phenolic acids occurring in foods of plant origin such as cere-
als, coffee, fruits and vegetables (Andreasen et al., 2000; Robbins,
2003; Scalbert and Williamson, 2000). Chlorogenic acids (Figure
7) are a family of esters formed between certain trans-cinnamic
acids (caffeic acid) and (—)-quinic acid (Clifford, 1999, 2000; Clif-
ford et al., 2003; IUPAC, 1976). Coffee beans are one of the richest

dietary sources of chlorogenic acids (Clifford, 1999).
2.3. Tannins

Tannins can range from dimers through large polymers and are
found in a wide variety of foods, e.g., apples, berries, chocolate,
red wines, pomogranate and nuts (Shahidi and Naczk, 2004; de
Camargo et al., 2014a; Ambigaipalan et al., 2016). They are po-
lymerized into large molecules, either by the plants themselves
or as a result of food processing. Important subclasses of tannins
in food include condensed tannins or proanthocyanidins, derived
tannins and hydrolysable tannins (Clifford, 2001). Derived tannins
(theaflavin and thearubigin) are formed during food handling and
processing, and found primarily in black and oolong teas and may
be important in the health related properties of these foods (Hakim
et al., 2003; Kris-Etherton, and Keen, 2002; Riemersma et al.,
2001) (Figure 8).

Hydrolysable tannins are esters of gallic or ellagic acid (gal-
lotannins and ellagitannins) while the proanthocyanidins are
polymers of polyhydroxyflavan-3-ol monomers, linked through
carbon-carbon and ether linkages (Porter, 1989). Although hydro-
lysable tannins are widespread in some plant foods, e.g., grapes and
wines, and contribute important organoleptic qualities, they have
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Figure 4. Structures of common benzoic acid derivatives.

received little attention in terms of their impact on human health
(Beecher, 2003). Catechin and epicatechin are the two important
proanthocyanidin monomers in human foods of plant origin (Gu
et al., 2003). These can combine to create esters such as catechin/
epicatechin gallate. Fifteen subclasses of proanthocyanidins have
been identified (Porter, 1993). However, only three appear to be
prominent in human foods of plant origin, procyanidins ([epi]cat-
echin polymers), prodelephinidins ([epi]gallocatechin polymers)
and propelargonidins ([epi]afselechin) polymers or their mixtures
(Gu et al., 2003). Tannins can bond with sugars and dietary pro-
teins as well as with enzymes to create glycosides and polyphe-
nolic proteins (Naczk et al., 1996; Naurato, et al., 1999). Due to
this complex, the digestibility of protein is reduced either by direct
precipitation or by inhibition of enzyme activity (Ferguson, 2001).

2.4. Lignans

The lignans comprise a class of natural plant products, which are

(0]

OH

HO

OH

HO

(0]

Figure 5. Structure of ellagic acid (dimeric derivative of gallic acid).

Figure 6. Structures of common cinnamic acid derivatives.

derived from cinnamic acid derivatives by coupling of two C-C;
molecules (Moss, 2000) (Figure 9). Two most extensively stud-
ied dietary lignans are secoisolariciresinol and matairesinol (Fig-
ure 10). These plant lignans are converted to mammalian lignans
by fermentation in the large intestine where matairesinol is con-
verted to enterolactone and secoisolariciresinol to enterodiol, and
the latter is, to some degree, oxidized to enterolactone (Setchell
and Adlercreutz 1988). Plant lignans have been analysed in fruits,
vegetables, cereal products, tea and coffee (Liggins et al., 2000;
Mazur, 1998, Mazur et al., 1998; Nesbitt and Thompson, 1997,
Nurmi, et al., 2003; Rodriguez-Garcia et al., 2019). The most
abundant lignans in sesame seeds (Sesamum indicum Linn, Peda-
liaceae), sesamin and sesamolin, are reported to lack any appreci-
able in vitro antioxidative activity. Rather, the high antioxidative
properties of sesame seed appear to be related to lignans, such as
sesamol (Budowski 1950), sesamolinol, pinoresinol, (Fukuda et
al., 1985, 1986) and sesaminol (Kang et al., 1998a; Kang, et al.,
1998b). These compounds also have inhibitory effects on mem-
brane lipid peroxidation, the microsome peroxidation induced by
ADP-Fe3*/NADPH (Kang et al., 1998b) and the oxidation of LDL
induced by copper ions (Kang et al., 1999) or 2,2'-azobis (2,4-di-
methylvaleronitrile) (AMVN) (Kang et al., 1998b) and show syn-

OH
OH

HO OH

OH

OH

Figure 7. Structure of chlorogenic acid.
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ergistic effects in elevating the levels of vitamin E in rat liver and
plasma (Kamal-Eldin et al., 1995; Yamashita et al., 1995). Stud-
ies have indicated that products made from wholemeal rye flour,
which contains plant lignans, may have protective effects on the
development of some hormone-dependent cancers (Adlercreutz et
al., 1995).

2.5. Stilbenoids

Stilbenes possess a C6-C2-C6 basic carbon skeleton containing
1,2-diphenylethylene as a functional group. Resveratrol (3,5,4'-tri-
hydroxystilbene) (Figure 11) is a member of the stilbene family
produced in some fruits occurring in both free and glycoside forms
(Nichenametla et al., 2006). These hydroxystilbenes are of particu-
lar interest in grapes and red wine (Dercks and Creasy, 1989; Ce-
lotti et al., 1996) in which it is considered to impart health benefits
such as antioxidant, anti-inflammatory, cardiovascular health and
cancer chemopreventive activities (Jang et al., 1997; Donnelly et
al., 2004; Oh and Shahidi, 2017; Oh and Shahidi 2018).

2.6. Hydroxytyrosol

Tyrosol is well reported in wine and virgin olive oil (Cornwell and
Ma, 2008; Fragopoulou et al., 2007; Zhou et al., 2017; Sun et al.,
2018). Olive mill wastewater is a rich source for hydroxytyrosol
and tyrosol (Feki et al., 2006; Obied et al., 2005) (Figure 12).

A B

Figure 9. Parent structure of lignan [coupling (B) of two C6-C3 molecule

(A)].

Although plant-derived polyphenolic compounds have several
beneficial effects, they have some negative attributes include off-
flavour and taste, discolouration, carcinogenic activity and anti-
nutritional activity (Ssonka and Xia, 2005). Phenolic compounds
in Agri-food by-products are given in Table 1.

3. By-products of fruits

Fruits belong to food products appreciated by dieteticians and nu-
tritionists. Majority of fruits are rich source of vitamin C, carot-
enoids and polyphenolic compounds. By-products of fruits gener-
ally show a higher antioxidant activity than vegetable by-products
(Wijngaard et al., 2009).

3.1. Apple

Apples are widely consumed fruit worldwide, and they are one of
the best sources of antioxidant and phenolic compounds, includ-
ing quercetin, catechin, phlorizdin and chlorogenic acid (Boyer,
and Liu, 2004; Eberhardt et al., 2000). Apart from among different
varieties of apples, contents of phenolic compounds vary greatly
between the flesh and the peel of the apple and predominantly lo-
calized in the peels (54%) (Escarpa and Gonzalez, 1998; Schieber
et al., 2003a; Vrhosek et al., 2004; Eberhardt et al., 2000; Wolfe et
al., 2003).

Apple peel is known to contain several quercetin and phloretin
glycosides along with catechins, procyanidins, phloridzin, caffeic
acid, chlorogenic acid, cyanidin glycosides (cyanidin-3-glucoside
or kuromanin) (Andrade et al., 1998; Burda et al., 1990; Escarpa
and Gonzalez, 1998; Golding et al., 2001; van der Sluis et al.,
2001; Suarez-Valles et al., 1994; Whale and Zora, 2007; Wijngaard
et al., 2009; Sekhon-Loodu et al., 2013). Lommen et al. (2000)
individually identified and confirmed the presence of quercetin-O-
glycosides namely, quercetin-3-a-1-thamnosyl-(1-6)-f-d-glucoside
(rutin), quercetin-3-$-d-galactoside (hyperin), quercetin-3-$-d-
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glucoside (isoquercitrin), quercetin-3-f-d-xyloside (reynoutrin),
quercetin-3-o-l-arabinofuranoside (avicularin), and quercetin-3-
a-l-thamnoside (quercitrin) and phloretin O-glycosides namely,
phloretin-2-f-d-glucoside (phloridzin) and the 2-f-d-xylosyl-(1-
6)-f-d-glucoside in an extract of apple peel using directly coupled
HPLC-NMR-MS. Authors found that concentrations of these in-
dividual compounds were between 0.2 and 5 mg/g of apple peel.
According to Wolfe and Liu (2003), total phenolic concentrations
of apple peel were 33 mg/g dry weight. It has been shown that pro-
cessing methods influence the antioxidant properties of fraction-
ated apple peel polyphenols (Sekhon-loodu et al., 2013).

Apple seeds are recognized as a rich source of valuable com-
pounds (Awad et al., 2000; Fromm et al., 2013; Jham, 1996; Lu
and Foo, 1998; Schieber et al., 2003a). They are yielding more
than 2 g of polyphenolics per kg in total (Schieber et al., 2003a).
Lu and Foo (1998) identified two major bioactive compounds
(Figure 13), namely amygdalin and phloridzin, the latter making
up to 75% of the total polyphenols and some minor components
namely, chlorogenic acid, p-coumarylquinic acid, 3-hydroxyphlo-
ridzin, phloretin-2'-xyloglucoside and six quercetin glycosides
(arabinoside, galactoside, glucoside, rhamnoside, rutinoside and
xyloside) while flavonoids and procyanidins were not detected. In
another study, Schieber et al. (2003a) found phloridzin, making
up 90% of total phenolics, along with appreciable amount of chlo-
rogenic acid, phloretin xyloglucoside, epicatechin procyanidin B2
and a number of quercetin glycosides. While quercetin glycosides

OH

HO \

OH

Figure 11. Structure of trans-resveratrol (trans-3,5,4-trihydroxystilbene).

were not detected by Awad et al. (2000), they found low levels of
cyanidin-3-galactoside.

Apple pomace, a by-product of apple juice industry, has been
shown to be a good source of polyphenols, minerals and dietary
fibre (Boyer and Liu, 2004; Cetkovié et al., 2008; Figuerola et
al., 2005; Foo and Lu, 1999; Lommen et al., 2000; Lu and Foo,
1997, 1998; Reis et al., 2012; Schieber et al., 2001a; Sudha et al.,
2007; Wijngaard et al., 2009). It mainly consists of peels and cores,
which are central part of an apple, contain seeds. When an apple
is consumed, often the core is not eaten as it is woodier. Seeds
constitute approximately 2—-3% of the total weight of apple pom-
ace (Carson et al., 1994). Lyophilised apple pomace was found to
contain to about 118 mg/g of phenolics (Schieber et al., 2003a).

Predominant polyphenolic compounds in commercial apple
pomace are phloridzin and chlorogenic acid, followed by querce-
tin glycosides (quercetin 3-galactoside, quercetin 3-rhamnoside,
quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-rutino-
side, and quercetin 3-arabinoside) (Cetkovi¢ et al., 2008; Schie-
ber et al., 2003a; Schieber et al., 2001a) (Figure 14). In addi-
tion, authors were able to identify epicatechin, procyanidin B2,
catechin, p-coumaroylquinic acid, p-coumaric acid, ferulic acid,
phloretin xyloglucoside, quercetin, and phloretin. While chloro-
genic acid was not detected by Lu and Foo (1997), they found
that quercetin-glycoside (quercetin-3-galactoside) and dihydro-
chalcone (phloridzin) being the most abundant compounds and
dihydrochalcone-glycoside (phloretin-2-xyloglucoside) being
the least abundant.

Since some phenolic constituents have been demonstrated to
exhibit strong antioxidant activity in vitro (Lu and Foo, 2000),
commercial exploitation of apple pomace for the recovery of these
compounds seems promising. In addition, Alongi et al. (2019) sub-
stituted 10-20% of wheat flour with apple pomace, which con-
tained dietary fiber and phenolic compounds, when they made

OH

HO

Figure 12. Structure of hydroxytyrosol.

Journal of Food Bioactives | www.isnff-jfb.com 63



Phenolic Compounds in agri-food by-products

Shahidi et al.

Table 1. Phenolic compounds in agri-food by-products

By-products

Major phenolic compounds

Total Phenolic content?®

Reference

Apple peel

Apple seed

Apple pomace

Berry pomace

Grape skin

Grape seed

Grape stem

Grape pomace

Citrus by products (peel)

Mango peel

Mango seed

Pomegranate peel

Banana peel

Banana bracts

Longan seeds

Almond hull

Almond green shell cover

Almond skin

Hazelnut skin
Hazelnut shell
Hazelnut green leafy cover
Hazelnut leaf

Cashew nut shell liquid

Quercetin glycosides, phloretin
glycosides, catechins, procyanidins,
phloridzin, caffeic acid, chlorogenic
acid, cyanidin glycosides

Amygdalin, phloridzin

Phloridzin, chlorogenic acid,
quercetin glycosides
Cyanidin-3-0-glucoside,
quercetin-3-0-glucoside, gallic
acid, protocatechuic acid

Catechin, epicatechin, epicatechin
gallate, epigallocatechin

Catechin, epicatechin, epicatechin-3-0O-
gallate, dimeric procyanidins B2 and B3

trans-Resveratrol, e-viniferin

Anthocyanins, catechins,
flavonol glycosides, phenolic
acids, trans-resveratrol
Hesperidin, narirutin, naringin
eriocitrin and their glycosides,
hydroxycinnamic acid

Flavonol-O-glycosides,
xanthone-C-glycosides

Gallic acid, ellagic acid, gallates

Punicalagin, punicalin, ellagic
acid, gallagic acid, quercetin,
kaemferol, myricetin

Dopamine, flavonone
glycoside, naringin, rutin

Anthocyanin

Gallic acid, ellagic acid

Catechin, procatechuic acid,
chlorogenic acid, cryptochlorogenic
acid, prenylated benzoic acid

Caffeic acid, p-coumaric acid,
ferulic acid, sinapic acid

Flavan-3-ols, flavonol
glycosides, dihydroflavonols,
flavonones, phenolic acid

Phenolic acids

Anacardic acids, cardols, cardanols

33.42 mg/g (GAE)

2.17 mg/g
4.22-8.67 (CGE)

21.7-47.4 mg/g (GAE)

325.37-811.95 mg/g (GAE)

367.1-494.2 mg/g (GAE)

107.12-376.71 mg/g (GAE)

24 mg/g (GAE)

55-110 mg/g (GAE)

117 mg/g (GAE)

364 mg/g (GAE)

11 mg/g (GAE)

35.9-166.7 mg/g (GAE)

18.5-62.7 mg/g (GAE),
71 mg/g (CE)

88 mg/g (CE)

577.7 mg/g (CE)
214.1 mg/g (CE)
127.3 mg/g (CE)
134.7 mg/g (CE)
353.6 mg/g

Wijngaard et al. (2009),
Wolfe and Liu (2003)

Schieber et al. (2003a),
Lu and Foo (1998)

Schieber et al. (2003a),
Cetkovic et al. (2008)

Zhou et al. (2009)

Souquet et al. (1996)
Anastasiadi et al. (2009)

Anastasiadi et al. (2009),
Pissa et al. (2006)

Anastasiadi et al. (2009),
Yi et al. (2009)

Manthey and Grohmann
(2001), Peterson et al.
(2006), Sultana et al. (2008)

Ajila et al. (2007),
Schieber et al. (2003b)

Puravankara et al. (2000),
Soong and Barlow (2004)

Sultana et al. (2008)

Kanazawa and Sakakibara
(2000), Sultana et al. (2008)

Pazmino-Duran et al. (2001)

Soong and Barlow
(2005, 2006)

Sang et al. (2002a),
Sfahlan et al. (2009)

Sfahlan et al. (2009),
Wijeratne et al. (2006),
Siriwardhana and
Shahidi (2002)

Siriwardhana and
Shahidi (2002)

Shahidi et al. (2007)
Shahidi et al. (2007)
Shahidi et al. (2007)
Shahidi et al. (2007)
Trevisan et al. (2006)
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Table 1. Phenolic compounds in agri-food by-products - (continued)

By-products

Major phenolic compounds

Total Phenolic content?®

Reference

Cashew fibre
Cashew skin

Pistachio hull

Walnut skin (pellicle)

Red onion dry peel

Tomato skin

Potato peel

Red Beet pomace

Carrot peel

Pumpkin peels

Pumpkin seed hull

Pumpkin oil cake

Artichoke by-products

Peanut skin

Peanut hull

Bean seed coat

Corn bran
Corn tassel
Corn cob
Wheat bran

Rice bran
Rice hull

Oat hull

Buckwheat hull

Alkyl phenols
Epicatechin, catechin

Gallic acid

Juglone, syringic acid, ellagic acid,
hydrolysable tannins, condensed tannins

Quercetin, quercetin glycoside

Quercetin, kaempferol, rutin,
phenolic acids, naringenin

Chlorogenic acid, gallic acid,
protocatechuic acid, caffeic acid

I-Tryptophan, p-coumaric
acid, ferulic acid

Chlorogenic acid, caffeic acid

Vanillic acid, p-coumaric
acid, sinapic acid

p-Hydroxybenzoic acid, protocatechuic
acid, vanillic acid, trans-p-coumaric
acid, ferulic acid, trans-sinapic acids,
syringic acid, p-hydroxybenzaldehyde

p-Hydroxybenzoic acid, protocatechuic
acid, vanillic acid, trans-p-Coumaric
acid, ferulic acid, trans-sinapic acids,
caffeic acid, p-hydroxybenzaldehyde

Caffeoylquinic acid derivatives, luteolin
and apigenin glycosides, cynaroside

Caffeic acid, chlorogenic acid, ferulic
acid and coumaric acid, catechins,
procyanidins, resveratrol

Luteolin

Condensed tannins, anthocyanins,
quercetin, kaempferol glycosides

Ferulic acid p-coumeric acid and vannilin

Ferulic, syringic, p-hydroxybenzoic,
vanillic, coumaric, caffeic,
salicylic, trans-cinnamic acids

Phytic acid, vannillic acid, syringic
acid, ferulic acid, iosvitexin

Ferulic, p-coumaric, p-hydroxybenzoic,
vanillic, o-coumaric, sinapic,
4-hydroxyphenylacetic, salicylic

acids, vanillin, catechol

Quercetin, rutin, hyperin, vitexin,
isovitexin, protocatechuic acid,
3,4-dihydroxybenzaldehyde,
proanthocyanidins

6.1 mg/g
243 mg/g
32.8-34.7 mg/g (TAE)

230-490 mg/g (GAE)

384.7 mg/g (GAE)
0.29 mg/g (GAE)

2.9-4.2 mg/g
87-151 mg/g (GAE)

13.8 mg/g (GAE),
9.79 mg/g (GAE)

90-125 mg/g,
144.1-158.6 mg/g

7.3-41.8 mg/g
6.7-270 mg/g (CE)

50 mg/g (GAE)
0.74-1.57 mg/g (GAE)
12-42 mg/g (GAE)

4 mg/g (GAE)

4 mg/g (GAE)
2 mg/g (GAE)

0.56 mg/g

39 mg/g

Trevisan et al. (2006).
Kamath and Rajini (2007)

Goli et al. (2005),
Vahabzadeh et al. (2004)

Colaric et al. (2005),
Labuckas et al. (2008)

Singh et al. (2009)
Toor and Savage (2005)

Singh and Rajini (2008)

Peschel et al. (2006)

Chantaro et al. (2008), Zhang
and Hamauzu (2004)

Schmidtlein and
Herrmann (1975)

Pericin et al. (2009)

Pericin et al. (2009)

Liorach et al. (2002),
Zhu et al. (2004)

Nepote et al. (2002),
Yu et al. (2005)

Duh et al. (1992)

Madhujith and
Shahidi (2005a)

Ou and Kwok (2004)
Mohsen and Ammar (2009)
Sultana et al. (2007)

Kim et al. (2006), Ou
and Kwok (2004),
Sultana et al. (2008)

Sultana et al. (2008)
Sultana et al. (2008)

Xing and White (1997)

Watanabe et al. (1997)
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Table 1. Phenolic compounds in agri-food by-products - (continued)

By-products Major phenolic compounds

Total Phenolic content? Reference

Canola Hull Phenolic acids, condensed tannin

Olive leaves Oleuropein, hydroxytyrosol,
luteolin-7-glucoside, apigenin-

7-glucoside, verbascoside

Olive mill waste water
dimethyloleuropein, verbascoside,
catechol, hydroxycinnamic acids,
4-hydroxybenzoic acid

Sunflower seed shell Chlorogenicacid, o-cinnamic
acid, protocatechuic acid, caffeic

acid, ferulic acid, syringic acid

Sesame seed coat Sesamin, sesamolin

Soybean cake Daidzein, genistein and
glycitein and their glucosides,

acetylglucoside, malonylglucoside

Flax shive p-Coumaric acid, ferulic acid, p-

hydroxybenzaldehyde, vanillic acid,
syringic acid, vanillin, acetovanillone

Cocoa leaves Epicatechin, epigallocatechin
gallate, epigallocatechin, gallic

acid, epicatechin gallate

Hydroxytyrosol, tyrosol, oleuropein,

94.3-296 mg/g (SE) Amarowicz et al. (2000a),

Naczk et al. (2005)

Benavente-Garcia et al. (2000)

Bianco et al. (2003), Casa
et al. (2003), Feki et al.
(2006), Lesage-Meesen
et al. (2001), Ramos-
Cormenzana et al. (1996)

Leonardis et al. (2005),
Weisz et al. (2009),

0.4-0.86 mg/g

146.6-29.7 mg/g (CE) Chang et al. (2002),

Shahidi et al. (2006)
Kao et al. (2008)

Buranov and Mazza (2009)

284 mg/g Osman et al. (2004)

Abbbreviations: GAE: gallic acid equivalents; CE: catechin equivalents; TAE: tannic acid equivalents; SE: sinapic acid equivalents; CGE: chlorogenic acid equivalents. 2Expressed as

dry weight.

short dough biscuits and evaluated their effect on glycemic index.
They found that the apple pomace-added biscuit reduced glycemic
index 7-14% and suggested that apple pomace could be used as a
functional bakery ingredient.

3.2. Berry

Berry pomace (pressed skins, pulp residue, seeds and stems) is the
press residue remaining when fruits are processed for juice, wine
or other products. The phenolic composition of by-products main-
ly depends on processing techniques such as duration of skin con-
tact, crushing, pressing and others (Su and Silva, 2006). Berries
such as highbush, lowbush and rabbiteye blue berry have polyphe-
nolic components mainly in the skin. Wide variety of polyphenolic
compounds, such as anthocyanin, flavonol and polyphenolic acids
(gallic and protocatechuic acid) have been reported in bay berry
pomace and the total phenolic content ranged from 21.7 to 47.4 mg
(gallic acid equivalents) per gram dry matter (Zhou et al., 2009).

According to Ayoub et al. (2016), gallic acid and its derivatives
were one of the major phenolic acid groups in the seed meals of
blackberry, black raspberry, and blueberry. Quercetin and its de-
rivatives were the most dominant flavonoids in blackberry and
black raspberry seed meals. On the other hand, procyanidin dimer
B was the most abundant flavonoids in the seed meal of blue berry.
Among seed meals, blackberry seed meal showed larger amount of
phenolics than the other seed meals.

Anthocyanins are especially abundant in some berries, includ-
ing bilberries and black currants among others (Kédhkonen et al.,
2003). According to the study of Zhou et al. (2009), the most abun-

dant anthocyanin was cyanidin-3-O-glucoside (3,073-6,219.2 mg/
kg dry matter) and the main flavonol was quercetin-3-O-glucoside
(296-908 mg/kg dry matter) in bay berry pomace. In addition,
they identified quercetin, myricetin, myricetin deoxyhexoside,
quercetin deoxyhexoside, p-hydroxybenzoic acid, vannilic caffeic,
p-coumaric, and ferulic acids. Their study showed that total phe-
nolic acids (180-324 mg/kg dry weight) were much lower than the
anthocyanins and total flavonols.

The total phenolic content or total anthocyanins of bay berry
pomace exhibits significant positive relationship with antioxidant
activity (Zhou et al., 2009). A study of Su and Silva (2006) on rab-
biteye blueberry showed that pomace from wine and juice retained
important phenolic concentrations and antioxidant activities com-
pare to vinegar pomace. They found that total phenolic content of
pomace of these different products ranged from 21 to 29 mg/100 g
(gallic acid equivalents).

3.3. Citrus fruits

Citrus fruits are acidic fruits, which act as a fabulous source of
vitamin C and a wide range of essential nutrients required by the
body. Citrus fruit list is a real long one encompassing innumerable
types of citrus fruits like lemon, orange, mandarine, grapefruit,
lime, tangelo, pummelo, kumquat, clementine, leech, tangerine,
minneola, tangelo, citrons, lavendergem, oroblanco, shaddock, and
uglifruit among others. Citrus industry (juice and essential oil) pro-
duces large quantities of by-products such as peels and seed resi-
dues and peels represent between 50 and 65% of the total weight of
the fruits (Bocco et al., 1998). In general, by-products of the citrus
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Figure 13. Major bioactive compounds in Apple seed. Source: Adapted from Lu and Foo, (1998).

fruits contain different polyphenol composition in comparison to
apple (Wijngaard et al., 2009).

The citrus peels are an abundant source of natural flavonoids,
and contain higher amount of phenolics compared to the edible
portions (Braddock, 1995; Manthey and Grohmann, 1996, 2001;
Rouseff et al., 1987; Feng and Wang, 2018). Gorinstein et al.
(2001) reported that the contents of total phenolics in peels of lem-
ons, oranges, and grapefruit were 15% higher than those in the
peeled fruits. Similarly, the levels of hydroxycinnamic acid were
much higher in the peel than in the juice (Manthey and Grohm-
ann, 2001). Therefore, citrus by-products release from processing
plants represent rich source of phenolic compounds.

The main flavonoids found in citrus species are hesperidin, nar-
irutin, naringin and eriocitrin (Peterson et al., 2006; Mouly et al.,
1994) (Figure 15). Peel and other solid residues of lemon waste
mainly contained hesperidin and eriocitrin, while the latter was
predominant in liquid residues (Coll et al., 1998). Neoeriocitrin,
naringin and neohesperidin are the main flavanones in the peels of
sour orange (C. aurantium), lemon (C. limon) and bergamote (C.
bergamia Fantastico) (Bocco et al., 1998; Mandalari et al., 2000).
Diosmetin derivatives are the major flavones in navel orange, ber-
gamot and lemon peels (Lin and Harnly, 2007; Mandalari et al.,
2006; Miyake et al., 1997). Hesperidin is the most abundant fla-
vonoid in valencia, navel, temple and ambersweet orange peels
(Manthey and Grohmann, 1996) and naringin is the most abundant
flavonoid in grapefruit peel (Wu et al., 2007). The yields of cin-
namic acids, including caffeic, p-coumaric, ferulic, sinapic acid
were generally higher than those of benzoic acids such as proto-
catechuic, p-hydroxybenzoic, vanillic acid and among all phenolic
acids, the yield of ferulic acid was highest in citrus peel extract
(Ma et al., 2009; Xu et al., 2008).

The total phenolic contents of citrus peels have been affected
by the method of peel preparation and extraction, the operating

temperature and the type of citrus peel used in the extraction (Li
et al., 2006a, 2006b; Senevirathne et al., 2009; Ma et al., 2009;
Xu et al., 2007; Jeong et al., 2004; Oufedjikh et al., 2000). Stud-
ies revealed that heat treatment elevates the antioxidant activity of
citrus peels, but the high temperatures of heat treatment destroy the
flavanone glycosides (Ho and Lin, 2008; Jeong et al., 2004; Xu et
al., 2007). For this reason, Xu et al. (2007) suggested that a heating
temperature of less than 100 °C enhances the antioxidant activity
of citrus peels, without a loss of anti-inflammatory flavanoid glu-
cosides, which is optimal for the preparation of chen pi (the dried
fruit peels of Citrus reticulate). Ho and Lin (2008) analysed the
heat treating conditions for enhancing the anti-inflammatory activ-
ity of citrus peel and reported that optimal heat treatment (100 °C
for 2 h) boosted the release of some anti-inflammatory compounds,
especially, polymethoxy flavones, from an unextractable form to
an extractable form and thus elevated the antioxidant and anti-
inflammatory activities of methanol extracts of citrus fruit peels.
Senevirathne et al. (2009) suggested that the high speed drying
method (120 °C, 90 min, 0.6 MPa) is an effective and efficient
method to transform citrus by-products into dried form and could
be used in food and pharmaceutical industry as a natural antioxi-
dant agent. According to their study, high speed drying method
extract showed high amount of polymethoxylated flavones (hep-
tamethoxyflavone and nobiletin) and flavanone (hesperidin and
naritutin). Rodsamrana and Sothornvit (2019) compared ultrasonic
and microwave-assisted extraction of phenolic compounds from
lime peel waste, using the optiamum condition of each extraction
by response surface methodology. They found that the phenolics
from ultrasonic-assisted extraction showed a better antioxidant ac-
tivity than that of microwave-assisted extraction. Nowadays, more
attention is focused on finding an industrially applicable, efficient
extraction method by keeping the stability of phenolic compounds
during the treatment.
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Figure 14. Structure of quercetin-3-glycoside and phloretin identified in apple pomace. Source: Adapted from Lommen et al., (2000).

Citrus seeds and peels were found to possess high antioxidant
activity (Bocco et al., 1998). Both in vitro and in vivo studies have
demonstrated health protecting effects of certain citrus flavonoids
(Kuo, 1996; Manthey et al., 2001; Tanaka et al., 1997). Among
these flavonoids, the anti-inflammatory activity of citrus peel ex-
tract highly correlated with the content of nobiletin and tangeretin
(Ho and Lin, 2008).

3.4. Grapes

Apart from oranges, grapes (Vitis sp., Vitaceae) are the world’s
largest fruit crop with a global production of around 69 million
tonnes in 2006 (FAOSTAT, 2007). The seeds constitute a consid-
erable proportion of the pomace, amounting to 38-52% on a dry
matter basis (Maier et al., 2009). Apart from grape pomace (skin
and seed), stem and leaves are also derived as the by-product of
grape-based industries.

Grape pomace and stems contain considerable amount of di-
verse polyphenols such as flavonoids, phenolic acids and stilbenes
(Anastasiadi et al., 2009). In grape berries, phenolic compounds
are present mainly in skins and seeds. Flavonols are the most abun-
dant phenolic compounds in grape skins, while grape seeds are
rich in flavan-3-ols (Anastasiadi et al., 2009; Cheynier and Rigaud,
1986; Fuleki and Silva, 1997; Maier et al., 2009; Rodriguez Mon-
tealegre et al., 2006; Souquet et al., 2000). In particular, stems, a
scarcely studied class of grape by-product are characterized as rich
in the bioactive stilbenes trans-resveratrol and e-viniferin (a trans-
resveratrol dimer) (Anastasiadi et al., 2009; Piissa et al., 2000).
Resveratrol and oxidation products of resveratrol have been re-
ported in grape leaves (Borie et al., 2004; Langcake et al., 1979;
Langcake and Pryce, 1977a, 1977b; Pezet et al., 2003).

Catechin, epicatechin, epicatechin gallate and epigallocatechin
are the major constitutive units of grape skin tannins (Souquet
et al., 1996). Although grape skins and seeds contain wide vari-
ety of condensed tannins (monomeric, oligomeric, and polymeric
proanthocyanidins), grape seeds appear to contain only procyani-

Quercetin-3-glycosides

Quercetin 3-galactoside
Quercetin 3-rhamnoside
Quercetin 3-glucoside
Quercetin 3-xyloside
Quercetin 3-rutinoside

Quercetin 3-arabinoside

dins (Prieur et al., 1994) whereas the skin contains both procyani-
dins and prodelphinidins (Souquet et al., 1996). The polyphenolic
compounds in grape seeds are essentially all flavonoids and the
content of polyphenols may range from 5 to 8% by weight (Shi
et al., 2003). The presence of flavan-3-ol monomers, dimers and
trimers has been extensively reported in grape seeds, but they are
especially rich in monomeric flavan-3-ols (+)-catechin, (—)-epi-
catechin and epicatechin-3-O-gallate, and dimeric procyanidins
B, and B, (Anastasiadi et al., 2009; Santos-Buelga et al., 1995)
(Figure 16). However, the distribution of flavan-3-ols is not uni-
form among different grape varieties (Santos-Buelga et al., 1995).
It has been shown that grape seeds contain greater concentration
of phenolic compounds than in the skin (Rockenbach et al. 2011).
Since, procyanidins act as strong antioxidants and exert health-
promoting effects (Fuleki and Silva, 1997; Jayaprakasha et al.,
2001; Kallithraka et al., 1995; Saito et al., 1998), supplementary
quantities of grape seeds are added to grape extract to increase the
catechin and procyanidins contents of wines (Kovac et al., 1995).

Since grape and red wine phenolics have been demonstrated to
inhibit the oxidation of human low density lipoproteins (Frankel et
al., 1995; Teissedre et al., 1996), a large number of investigations
on the recovery of phenolic compounds from grape pomace have
been initiated. From a nutritional point of view, these phenolics are
highly valuable since they are absorbed to a large extent (Martin-
Carron et al., 1997).

Anthocyanins, catechins, flavonol glycosides, phenolic acids
and alcohols and stilbenes are the principal phenolic constituents
of grape pomace (Anastasiadi et al., 2009; Mazza, 1995; Mazza
and Miniati, 1993; Souquet et al., 1996). The total phenol con-
tents of grape/wine pomace vary in the range of 250 to 590 mg
(gallic acid equivalents) per 100 g fresh weight (Alonso et al.,
2002; Murthy et al., 2002; Lafka et al., 2007; Yi et al., 2009) and
anthocyanins (131-302 mg/g fresh weight) accounted for about
half of the total phenolics in red grapes wine pomace (Yi et al.,
2009). This relatively high content of phenolic compounds sug-
gested that the reuse of this wine by-product is of great impor-
tance. In chardonnay grape pomace, 17 polyphenolic constituents
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Figure 15. Structures of flavanone aglycones and glycosides identified in citrus peel. Source: Adapted from Harborne et al., (1999).

have been reported by Lu and Foo (1999). In their earlier studies,
two unusual dimeric flavanols (biflavonols) have been identified
in chardonnay pomace (Foo et al., 1998). Kammerer et al. (2004)
characterized the phenolic compounds of different press residues
originating from red and white wine making by HPLC-MS. In this
study, up to 13 anthocyanins, 11 hydroxybenzoic and hydroxycin-
namic acids, and 13 catechins and flavonols as well as 2 stilbenes
were identified and quantified in the skins and seeds by HPLC-
DAD. They observed large variability in all individual phenolic
compounds related on cultivar and vintage. Further, grape skins
proved to be rich sources of anthocyanins, hydroxycinnamic acids,
flavanols, and flavonol glycosides, whereas flavanols were mainly
present in the seeds. However, besides the lack of anthocyanins
in white grape pomace, no principal differences between red and
white grape varieties have been reported. A similar observation has
been made by Rodriguez Montealegre et al. (2006), who reported
that skins of white grape varieties presented a very similar quali-
tative and quantitative composition to that of red grape varieties
in terms of non-anthocyanic polyphenols and the only qualitative
difference was observed in the skins of white grape varieties that
lacked the myricetin glycosides present in the skins of red grape
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varieties. Anastasiadi et al. (2009) quantified the main polyphe-
nols of grape berries, seed, stem and vinification by-products of
red and white varieties of Greek island grapes and found that
seed extracts contained high concentrations of flavan-3-ols and
their derivatives, whereas pomace and stem extracts consisted of
significant amounts of flavonoids, stilbenes, and phenolic acids.
de Camargo et al. (2014a) studied phenolic compounds present
in grape juice and winemaking by-products and compared their
free, esterified, and insoluble-bound forms. They reported that the
insoluble-bound phenolics comprised the highest amount in both
juice and winemaking by-products. Meanwhile winemaking prod-
uct had a higher content of esterified phenolics than the free form,
the opposite trend was found for grape juice by-products. Later,
de Camargo et al. (2016) used enzymes to improve the extraction
of insoluble-bound phenolics from winemaking by-products and
reported that both Pronase and Viscozyme could increase soluble
phenolic contents and decrease the amount of insoluble-bound
phenolics. Meanwhile, Oliveira et al. (2017) found that phenolics
of winemaking by-products could reduce both VLDL-cholesterol
and triacylglycerol levels better than that of red wine in Winstar
rats.
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Figure 16. Structures of flavan-3-ol monomer and dimer in grape seed. Source: Adapted from Nawaz et al., (2006).

Extraction of crushed grape pomace with a mixture of ethyl
acetate and water yielded phenolic compounds displaying antioxi-
dant activities comparable to BHT in the Rancimat test (Bonilla et
al., 1999). However, drying of pomace at high temperatures may
cause a significant reduction of extractable polyphenols and may
also affect antioxidant activity and free radical scavenging capac-
ity (Larrauri et al., 1997a, 1997b, 1998). Meyer et al. (1998) have
showed that enzymatic treatment of grape pomace enhanced re-
lease of phenolic compounds. However, the effects of this treat-
ment on individual phenolics were not investigated. Super heated
solvents for the extraction of phenolics from grape pomace have
been investigated by Palma and Taylor (1999). Furthermore, stud-
ies (Ayed et al., 1999) showed that gamma irradiation extended the
shelf life of grape pomace and improved anthocyanin yields.

Resveratrol (3,5,4-trihydroxystilbene) (Langcake and Pryce,
1976 and 1977a) is a phytoalexin synthesized by grapevine leaf
tissue following fungal infection and UV light irradiation. These
authors have also identified oxidation products of resveratrol as
&-, a-, -, and y-viniferin, respectively, as a dimer, trimer, tetramer,
and a more highly polymerized oligomer (Langcake, and Pryce,
1977b). Pterostilbene (3,5-dimethoxy-4'-hydroxystilbene) was
also isolated from Vitis vinifera leaves infected by Plasmopara
viticola (downy mildew) (Langcake et al., 1979). This compound
was later identified in healthy grapevine berries as a constitutive
stilbene (Pezet and Pont 1988).

Piissa et al. (2006) analysed the stem of frost-hardy grapevines
and identified the major constituents, frans-resveratrol and its de-
rivatives including oligomers and glucosides and minor compo-
nents, stilbenoid piceatannol as well as a number of nonstilbenoid
polyphenols, mostly flavan-3-ols and phenolic acids glucosides.
They noticed that total polyphenol content of the grapevine stems
depended on the variety, whereby the stems of cultivar. Resvera-
trol dimer e-viniferin is considered to be a biogenetically important
precursor of the other dimers like ampelopsins B, D, and F and also
tetramers like hopeaphenol and isohopeaphenol, vitisins A, B, and
C, and viniferol A (Takaya et al., 2002). Despite this, the overall
polyphenolic composition of grapevine lignified stems remains
largely unknown.

A study of Maier et al. (2009) confirmed the press residues of
grape seed oil production still to be a rich source of polyphenolics

with strong antioxidant activity. In this study they measured the in-
dividual phenolic compounds of grape seeds and residue of grape
oil of seven cultivars by HPLC and found that phenolic profile
of the seeds and residues was dominated by flavonoids, whereas
phenolic acids were detected in lower amounts. They were able
to identify nine flavonoids in the seeds and press residues. Among
nine flavan-3-ols catechin, epicatechin, epicatechin gallate and the
dimeric procyanidins B1 and B2 were the predominant components
in all cultivars and quercetin, quercetin 3-O-glucoside, quercetin
3-0-galactoside and quercetin 3-O-glucuronide were also detected
in some of the cultivars and they observed large variability in com-
position of phenolic acids. While phenolic acid profile of the press
residues was more complex than that of the intact seeds. Phenolic
acid profile showed that gallic acid was the predominant phenolic
compound and other compounds namely coutaric acid, caftaric
acid, fertaric acid, caffeic, p-coumaric and ferulic acids, were not
detected in all cultivars and latter three were not detected in seeds.

3.5. Mango

Mango (Mangifera indica L. Anacardiacea) is one of the most im-
portant tropical fruits in the world and currently ranked 5Sth in total
world production among the major fruit crops (FAO, 2004). As
mango is a seasonal fruit, about 20% of fruits are processed for
products such as puree, nectar, leather, pickles, canned slices and
chutney and these products experience worldwide popularity and
have also gained increased importance in the US and European
markets (Loelillet, 1994; Tyug et al., 2010). Major by-products of
mango processing are peels and stones, amounting to 35-60% of
the total fruit weight (Larrauri et al., 1996). Mango peel is consti-
tutes about 15-20% of total weight of mango fruit. There are about
3 x 105 ton of dry mango seed kernels available annually in India
after consumption or industrial processing of mango fruits (Nar-
asimha Char and Azeemoddin, 1989).

The by-product of mango peel in fruit processing are a promis-
ing source of phenolic compounds (Larrauri et al., 1996, Schieber
et al., 2003b). Schieber, et al. (2003b) extracted flavonol O-glyco-
sides (quercetin O-glycosides, kaempferol O-glycoside) and xan-
thone C-glycosides from mango peels among the fourteen com-
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Figure 17. Structures of the xanthone C-glycosides mangiferin and isomangiferin. Source: Adapted from Schieber et al., (2003b).

pounds analyzed (Figures 17 and 18). The content of total phenols
was higher in the peel than the pulp at any stage of mango fruit
development (Lakshminarayana et al., 1979; Ueda et al., 2000).

Ajila et al. (2007) investigated the potential of peels of both
raw and ripe mango of Indian varieties such as badami (alphonso)
and raspuri and found that polyphenol contents in acetone extracts
of raw and ripe varied from 55 to 110 mg/g dry peel (gallic acid
equivalents) and in both varieties the total polyphenol content was
found to be significantly higher in raw peels compared to that of
ripe peels. According to Larrauri et al. (1996) the total polyphenol
content in aqueous methanol extract of ripe peel of hayden variety
was 70 mg/g. Polyphenol content in irwin mango variety showed
higher value in ripe peel compared to raw peel (Ueda et al., 2000).

The total polyphenol content in grape pomace extracts was re-
ported to range from 68.8 to 98.3 mg (gallic acid equivalents) per
gram dry peel (Gulcan et al., 2004), which is comparable to poly-
phenol content in mango peels, where as in apple pomace it was
reported to be 33.42 mg (gallic acid equivalents) per gram dry peel
(Wolfe et al., 2003) much lower than mango peels.

The major phenolic constituents of mango seed kernel are gal-
lic and ellagic acids as well as gallates (Puravankara et al., 2000).
Gallotannins and condensed tannin-related polyphenols are also
reported in mango kernels (Arogba, 2000). Soong and Barlow
(2004) investigated the total phenolic contents of pulp and seed of
mango, and other fruits. They found that the seeds showed a much
higher phenolic content than the edible portions. Figure 19 shows
the total phenolic content of some tropical fruit seeds.

Several studies have been made on the antioxidant activity of
the mango seed kernel. Puravankara et al. (2000) reported that
the phenolic compounds and phospholipids were the principles
of antioxidant activity in mango seed kernel. In another study,
Soong et al. (2004) indicated that mango seed kernel has potent
antioxidant activity with relatively high phenolic contents. Schie-
ber et al., (2003b) and Nunez-Selles (2005) also referred that the
antioxidant effect of the mango seed kernel and bark was due to
the high content of polyphenols, sesquiterpenoids, phytosterols,
and microelements like selenium, copper and zinc. In addition,
ethanolic extracts of mango seed kernels displayed a broad anti-
microbial spectrum and were more effective against gram-positive
than against gram-negative bacteria. Their active component was

shown to be a polyphenolic-type structure; however, its exact na-
ture still remains to be elucidated (Kabuki et al., 2000). Guandalini
et al. (2019) investigated the effect of ultrasound on extraction of
phenolic compounds from mango peel. They found that the ultra-
sound-assisted extraction was not effective.

3.6. Pomegranate

Pomegranate (Punica granatum L.) is one of the oldest edible
fruits widely grown in many tropical and subtropical countries
(Cam et al., 2009) and is an important source of bioactive com-
pounds (Li et al., 2006¢). The edible portion of pomegranate fruit,
called arils, originates from the pith and is well protected by car-
pellary membrane. Pith and carpellary membrane constitute 13%
of pomegranate fruit composition. Pomegranate fruits are widely
consumed fresh and in processed forms as juice, jams and wine
peels/husk, pith and carpellary membrane and seeds are the major
by-products, derived from pomegranate industry. Figure 20 shows
the schematic illustration of pomegranate fruit parts.

Pomegranate seed residue mainly consists of flavol-3-ols, phe-
nolic acids, flavonoid glycosides, and hydrolysable tannin (He
et al., 2011). When compared to apple, banana and citrus peel,
pomegranate peel exhibits highest phenolic content (Sultana et al.,
2008). Kulkarni et al. (2004) reported that total phenolics levels
increase at early stage of growth both in peel and arils of fruit, but
thereafter generally decrease during maturation and reach to 3.7
and 50 mg per gram of dry weight in arils and peel, respectively, at
harvest. Pomegranate peel is the rich source of polyphenolic com-
pounds, including mainly hydrolyzable tannins (ellagitannins),
such as oligomers and punicalagin with a lesser amounts of puni-
calin, ellagic acid, gallagic acid and anthocyanidins (delphinidin,
cyanidin, pelargonidin) and their glycosides (Aviram et al., 2008;
Fischer et al., 2011; Igbal et al., 2008; Li et al., 2006¢; Chidambara
Murthy et al., 2002; Singh et al., 2002; Ben et al., 1996). Next to
peel, punicalagin is mainly found in pith and carpellary membrane
of pomegranate (Kulkarni et al., 2004). Figure 21 shows the struc-
tures of ellagic acid derivatives. Pomegranate leaf tannins contain-
ing abundant ellagitannins, mainly ellagic acid (Lan et al., 2009).
Ben et al. (1996) showed that the amount of proanthocyanidins
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Figure 18. General structure of flavonol glycosides detected in mango peels. Source: Adapted from Schieber et al., (2003b).

represents 30% of the quantity of total polyphenols in pomegran-
ate peel. Furthermore, they examined the influence of lighting pat-
terns in the biosynthesis of phenolics, especially related to antho-
cyanidins and proanthocyanidins and found that greater exposure
to sunlight increased the content of anthocyanidins in pomegranate
peels and had no more effect on proanthocyanidins. In the same
study, they observed the significant increase in proanthocyanidin
in pomegranate peel in irrigated land compare to non-irrigated
land. Sultana et al. (2008) showed that total phenolic and flavonoid
content of pomegranate peel were 364 mg/g dry weight (gallic acid
equivalents) and 48.9 mg/g dry weight (catechin equivalents) re-
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spectively. In the same study they examined the flavonol composi-
tion of pomegranate peel and found that total flavonol, myricetin,
quercetin and kaempferol content were 2.6, 2.5, 0.024 and 0.102
mg/g dry matter respectively. Pomegranate peel demonstrates
higher the phenolic content and higher the antioxidant activity as
compared to seed (Singh et al., 2002; Guo et al., 2003) and pulp (Li
et al., 2006¢; Guo et al., 2003). Apart from the antioxidant activ-
ity, pomegranate peel shows antimutagenic potency (Ghasemian et
al., 2006; Negi et al., 2003). Recently, Ambigaipalan et al. (2016)
examined pomegranate peels more closely. They devided the peels
into three parts, namely outer skin, mesocarp, and divider mem-

Mango Tamarind Longan Avocado Jak fruit

Figure 19. Total phenolic contents of seed of mango, tamarind, longan, avocado and jackfruit. Source: Adapted from Soong and Barlow, (2004).
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Figure 20. Schematic illustration of pomegranate fruit parts and their terminology.

brane and evaluated the phenolic contents and their antioxidant
activities. Gallic acid and kaempferol 3-O-glucoside were the most
abundant phenolic acid and flavonoid, respectively. The outer skin
contained the highest amount of phenolic compounds followed by
divider and mesocarp. In a subsequent study, Ambigaipalan et al.
(2017) reported the phenolic compounds of pomegranate seed and
compared them with that of the extracted juice. They found that
the seed of pomegranate had more phenolic compounds than the
extracted juice.

3.7. Banana

Banana (Musa paradisiaca L., Musaceae) represents one of the
most important fruit crops, with a global annual production of
more than 50 million tonnes and worldwide production of cook-
ing bananas (plantains) amounts to nearly 30 million tons per
year (Schieber et al., 2001b). Peels and bracts are the important
by-products of banana fruit. Peels constitute up to 30% of the
ripe fruit. Dopamine (Figure 22) is the only major phenolic con-
stituent in banana peel and it is reported to occur in high con-
centration (700 pg/g fresh weight) in banana peel compared to
pulp (8 ng/g fresh weight) (Wacker et al., 1958). Vu et al. (2019)
found optimal condition to extract phenolic compounds from ba-
nana peel using microwave. The conditions employed were pH 1
of water, 2:100 g/mL (sample to solvent ratio), 6 min irradiation,
and 960 W.

Kanazawa and Sakakibara (2000) showed that dopamine levels
ranged from 80—560 mg per 100 g in peel and 2.5-10 mg in pulp,
even in ripened bananas ready to eat. Their study revealed that
dopamine had a faster radical-scavenging rate than catechin and
was similar to gallocatechin gallate. In addition, they reported the
presence of other phenolic constituents in peels include flavanone
glycoside naringin and flavonol glycoside rutin. Phenolic constitu-
ent of banana peel varies at different ripening stages (classifica-
tion defines eight stages by colour score: all green, light green,
half-green, half-yellow, green chip, full yellow, star, and duftel)
(Kanazawa and Sakakibara, 2000).

Anthocyanin pigments in banana bracts could be utilized as
natural food colourants. Most bananas have red, purple or violet
bracts although a few are cyanic—green or yellow. The variation in
bract colour is correlated with the composition of the anthocyanins
present, which is distinctive of species and subspecies (Simmonds,
1962). Bracts proved to be a good and abundant source of antho-
cyanins of attractive appearance, as well as being a useful tool in
anthocyanin identification since all six most common anthocyani-

dins (delphinidin, cyanidin, pelargonidin, peonidin, petunidin and
malvidin) are present (Pazmino-Duran et al., 2001) (Figure 23).

3.8. Longan

Gallic and ellagic acids are the major phenolic constituents in lon-
gan seeds (Soong and Barlow, 2006). Rangkadilok et al. (2007) ex-
amined the antioxidant activities of longan seed and pulp extracts
by using the scavenging activity of 2,2-diphenyl-1-picrylhydrazyl
(DPPH). Their results showed that the polyphenols in longan seed
extracts, such as corilagin, gallic acid, and ellagic acid, exhibited
the same scavenging effect as DPPH and superoxide radicals in
Japanese green tea extracts. Sun et al. (2007) identified two rep-
resentative polyphenolic compounds, 4-O-methylgallic acid and
(—)-epicatechin, by NMR and ESI-MS analyses in longan peri-
carp. In this study, when comparing reducing power and DPPH
hydroxyl radical and superoxide radical-scavenging activities, it
could be found that 4-O-methylgallic acid and (—)-epicatechin
possessed antioxidant properties and that 4-O-methylgallic acid
exhibited stronger antioxidant capability than (—)-epicatechin. Bai
et al. (2019) extracted phenolic compounds from longan pericarp
and identified protocatechuic acid, isoscopoletin, quercetin, ellagic
acid, corilagin, and proanthocyanidins C1.

4. By-products of vegetables
4.1. Onions

Onion (Allium cepa L.), one of the oldest vegetable known to
humankind, is found in a large number of recipes and nowadays
available in fresh, frozen, canned, pickled, powdered, chopped,
and dehydrated form. The major by-products resulting from indus-
trial peeling of onion bulbs are brown skin, the outer two fleshy
leaves and the top and bottom bulbs. Onions serve as a major di-
etary source of flavonoids, particularly rich in quercetin glycosides
(Hertog et al., 1992; Waldron, 2001). The major flavonoids of
mature onion bulbs are quercetin 3,4-O-diglucoside and querce-
tin 4-O-monoglucoside, accounting for more than 85% of the total
flavonoids (Price and Rhodes, 1997). Since quercetin from onions
is rapidly absorbed and slowly eliminated, it could contribute sig-
nificantly to antioxidant defense (Hollman et al., 1997).

The major by-product of onion is dry peel (outer layer), which
contain large amounts of quercetin, quercetin glycoside (Figure
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Figure 21. Major phenolic compounds identified in pomegranate peel. Source: Adapted from Seeram et al., (2005).

24) and their oxidative product, which are effective antioxidants
against the lethal effect of oxidative stress (Giilsen et al., 2007;
Prakash et al., 2007).

In addition to these quercetin compounds, dry onion peels rep-
resents kaempferol, ferulic, gallic and protocatechuic acids (Singh
et al., 2009). The study of Velioglu et al. (1998) showed that total
phenolic content of red onion scale was 105.5 g/kg dry matter.

Singh et al. (2009) investigated the different solvent extracts/
fractions (dichloromethane extract and diethyl ether, ethyl acetate,
and n-butanol fractions of ethanolic extract) of red onion dry peel
and found that ethyl acetate fraction showed high total content of
phenolics (385 mg gallic acid equivalents/g) and flavonoids (165
mg quercetin equivalents/g). Further, ethyl acetate fraction of onion

dry peel demonstrated high antioxidant activity, free radical scav-
enging activity and reducing power compared to other fractions.
In another study, the outer layer of red onion showed the highest
antioxidants and antioxidant activities than the purple, white, and
green varieties of onion, as determined by in vitro antioxidant and
free radical scavenging activities (Prakash et al., 2007). In a recent
study, Campone et al. (2018) optimized the extraction of phenolic
compounds from brown onion. They compared ultrasound-assist-
ed extraction and supercritical carbon dioxide/cosolvent extraction
and found that phenolics from the latter method showed better an-
tioxidant activity. Therefore, they suggested using the supercritical
carbon dioxide/cosolvent extraction, which is considered as green
method, in industrial scale in order to maximize extraction effi-
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ciency of phenolic compounds.
4.2. Tomato

Tomato is a versatile vegetable that is consumed fresh as well as
in the form of processed products. While most tomatoes produced
worldwide are used in the production of tomato paste, an ingredi-
ent in different processed tomato products such as ketchup, sauces,
and soups, a significant number of tomatoes are consumed fresh
(Toor and Savage, 2005). However, some consumers remove the
skin and seeds of tomatoes before eating them raw, while some
fresh tomatoes are cooked with or without the skin and seeds. Ap-
proximately one-third of the total weight of tomatoes in the form
of skin and seeds is discarded during processing of tomatoes into
products like paste, salsa, and sauces (Toor and Savage, 2005).
Since tomato is a reservoir of diverse antioxidant molecules, it
can provide a significant proportion of the total antioxidants in the
diet. These bioactive molecules are largely in the form of carotenes
(lycopene) and phenolic compounds (flavonoids and phenolic ac-

OR,
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Compound R R,
Quercetin H H
Quercetin-4-O-glucoside H Glu
Quercetin-3,4-O-glucoside Glu Glu

Figure 24. A molecular structure of quercetin and glucosides.

ids) (Beacher, 1998; George et al., 2004; Martinez-Valverde et al.,
2002; Toor and Savage, 2005).

Tomato skin contains high levels of phenolic compound com-
pared to pulp and seed (Benakmoum et al., 2008; George et al.,
2004; Toor and Savage, 2005). Majority of the flavonols in toma-
toes are present in the skin (83%) (Stewart et al., 2000).

However, phenolic content vary according to fruit variety, size,
country of origin (Stewart et al., 2000) agronomical and seasonal
factors (Martinez-Valverde et al., 2002). George et al. (2004) in-

Anthocyanidin R1 R2 Colour
Cyanidin OH H Red

Peonidin OCH; H Bluish-purple
Pelargonidin H H Orange-red
Malvidin OCH; OCH; Purple
Delphinidin OH OH Purple
Petunidin OCHj; OH Purple

Figure 23. Basic structure of anthocyanidins and most common anthocyanidins of banana bracts. Source: Adapted from Pazmino-Duran et al., (2001).
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Figure 25. Chlorogenic acid isomers in potato peel. Source: Adapted from Friedman, (1997).

vestigated the different field grown tomato genotypes and found
that total phenolic content of peel and pulp ranged from 1040
and 9-27 mg (catechin equivalents) per 100 gram fresh matter re-
spectively. A similar observation has been made by Toor and Sav-
age (2005) who reported that skin and seeds of tomato contrib-
uted 53% to the total phenolics and 52% to the total flavonoids in
their analysis on three different varieties. In this study, they found
that the hydrophilic phenolics in the skin of three cultivars ranged
from 26.9 to 30.3 mg (gallic acid equivalents)/100 g and lipophilic
phenolics contributed 14-17% of the total phenolic content. Fur-
thermore, their study proved that seed fraction of tomatoes as an
important reservoir of phenolics.

Flavonoid is found, primarily as conjugates, quercetin and
kaempferol and the main conjugate has been reported as rutin
(quercetin 3-rhamnosylglucoside) (Crozier et al., 1997a; Crozier et
al., 1997b; Stewart et al., 2000; Woldedecke and Herrmann, 1974).
In addition, naringenin and hydroxycinnamic acids, such as caffeic,
chlorogenic, ferulic and p-coumaric acids have been identified in
tomato peel and purée. Martinez-Valverde et al. (2002) measured
the content of major flavonoid aglycones, and hydroxycinnamic
acids in commercial varieties of tomato grown in Spain and found

that most abundant hydroxycinnamic acid was chlorogenic acid,
with values ranging from 14 to 32 mg/kg fresh weight, followed
by caffeic acid, while p-coumaric and ferulic acids showed similar
concentrations lower than 5 mg/kg. In the same study they showed
that quercetin, the most abundant flavonoid, was found in concen-
trations ranging between 7.19 and 43.59 mg/kg fresh weight, while
naringenin levels were lower than 12.55 mg per kg. However, in
other works the compounds reported to be predominant on the to-
mato peel and purée were rutin, quercetin and chalconaringenin
(Arabbi et al., 2004; Beecher, 1998; Benakmoum et al., 2008;). A
study of Stewart et al. (2000) showed that the flavonol contents of
tomato fruits independent with their anthocyanin contents. Palomo
et al. (2019) recently identified coumaric acid, floridzin, floretin,
procyanidin B2, luteolin-7-O-glucoside, kaempferol, and querce-
tin from tomato pomace extract.

Antioxidant potency of tomato fractions have been reported
in numerous work (Martinez-Valverde et al., 2002; George et al.,
2004; Toor and Savage, 2005; Benakmoum et al., 2008; Beecher,
1998; Arabbi et al., 2004). Shixian et al. (2005) mentioned that
polyphenols contribute to the synergistic effects observed in ly-
copene.
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4.3. Potato

Potato is one of the main vegetables consumed in European and
American diets and the production of starch from potatoes produc-
es huge quantities of residual by-products (Pihlanto et al., 2008).
Phenolic compounds are distributed mostly between the cortex and
skin (peel) tissues of the potato. About 50% of the phenolic com-
pounds are located in the potato peel and adjoining tissues, while
the remainder decrease in concentration from the outside toward
the center of potato tubers (Friedman, 1997).

Peels are the major by-products of potato processing. It contains
many phenolic compounds, such as chlorogenic, gallic, protocate-
chuic and caffeic acids some in free form and others that are bound
(Albishi et al., 2013a; Al-Weshahy et al., 2013; Kumar et al., 1991;
Lyon and Barker, 1984; Malmberg and Theander, 1985; Onyeneho
and Hettiarachchy, 1993; Ramamurthy et al., 1992; Rodriguez de
Sotillo et al., 1994a; Singh and Rajini, 2008). The different extracts
of potato peel displayed phenolic contents ranging from 2.9 to 4.2
mg/g potato peel powder (Singh and Rajini 2008). Lisinska and
Leszczynski (1987) reported that the largest portion of phenolic
acids was chlorogenic acid, a derivative of caffeic acid and quinic
acid (Figure 25). In freeze-dried aqueous extract, chlorogenic, caf-
feic, gallic, and protocatechuic acids, present as 50.3, 41.7, 7.8,
and 0.21%, respectively, of the total phenolics (Rodriguez de So-
tillo et al., 1994b). Phenolic contents in boiled potato peel were
significantly higher than that from boiled whole potato (Mattila
and Hellstrom, 2007; de Ancos et al., 2015).

In another study, Rodriguez de Sotillo et al. (1994a) found that
the water reflux method gave the greatest amounts of chlorogenic,
gallic, and protocatechuic acid compared to methanolic extract,
but gave the lowest amount of caffeic acid. The study of Singh and
Rajini (2008) showed higher the amount of caffeic acid and lower
amount of chlorogenic acid in ethanolic extract. According to their
study the relative composition of the four phenolic acids; caffeic,
gallic, protocatechuic, and chlorogenic, were 38.6, 26.5, 18.8, 16%
respectively. Therefore, application of high temperature (100 °C)
may degrade the caffeic acid into other compounds.

The antioxidant activity of freeze-dried water extracts of potato
peels was comparable to that of butylated hydroxyanisole (Rodri-
guez de Sotillo et al., 1994b). The extracts displayed species-de-
pendent antibacterial but no mutagenic activity, and concentrations
of the glycoalkaloids solanine and chaconine were below toxic
threshold levels if peel extracts were added at 200 ppm to a food
(Rodriguez de Sotillo et al., 1998). However, methods for the com-
plete separation of steroidal alkaloids from phenolic compounds
prior to their use in foodstuff would be desirable to avoid any risk
for human health (Rodriguez-Saona et al., 1998, 1999).

4.4. Red beet

The pomace from the beetroot juice industry accounting for 15—
30% of the raw material (Otto and Sulc, 2001) is disposed as feed
or manure. Whereas the coloured fraction consisted of betacyanins
and betaxanthins, the phenolic portion of the peel showed /-trypto-
phan, p-coumaric and ferulic acids, as well as cyclodopa glucoside
derivatives (Kujala et al., 2001). Betalains and anthocyanins are
mutually exclusive in their natural occurrence, but other flavonoids
(e.g., flavonols and flavones) are often produced in betalain-bear-
ing plants (Stafford, 1994). The total phenolics distribution in red
beet (Beta vulgaris), root appears to be quite similar to that report-
ed for the potato. Kujala et al. (2001) showed that total phenolics
decreased in the order peel (50%), crown (37%), and flesh (13%).

The total phenolic content of beetroot pomace from juice produc-
tion ranged from 87 to 151 mg gallic acid equivalents per gram
dry extract (Peschel et al., 2006). The phenolic compounds found
in beet leaves and seeds were syringic acid, caffeic acid, coumaric
acid, ferulic acid, vanillic acid, protocatechuic acid, p-hydroxy-
benzoic acid, chlorogenic acid, kaempferol, and apigenin (Pyo et
al., 2004; Ninfali and Angelino 2013; de Ancos et al., 2015).

4.5. Carrot

Carrot (Daucus carota L.) can be eaten in a variety of ways such
as raw carrots, broths, soups, and stews. Grated carrots are used in
carrot cakes, as well as carrot puddings. Baby carrots or mini-car-
rots (after peeling) are a popular ready-to-eat snack food available
in many supermarkets. Carrot juice is also widely marketed, espe-
cially as a health drink, either stand-alone or blended with fruits
and other vegetables. During all these processes large amount
of by-products, such as peels and pomace are derived. Peel ac-
counted for only about 11% of the carrot fresh weight. They con-
tain high contents of beneficial substances, especially bioactive
compounds with antioxidant activities (Chantaro et al., (2008);
Zhang and Hamauzu, 2004). Carrot peels have been reported to
be a rich source of phenolic compounds (Chantaro et al., (2008);
Kédhkonen et al., 1999; Zhang and Hamauzu, 2004). Zhang and
Hamauzu (2004) reported that phenolic composition in different
tissues in carrots is similar, but the content of individual phenolic
compounds in different tissues decreased in the following order:
peel > phloem > xylem. Although carrot peel accounted for only
11.0% of the amount of the carrot fresh weight, it could provide
54.1% of the amount of the phenolics in 100 g fresh weight of
carrots.

Chlorogenic acid is the predominant phenolic acid present in
carrots along with other hydroxycinnamic acids and its derivatives
such as caffeic acid, 3-caffeoylquinic acid, 4-p-coumaroylquinic
acid, 3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid (Zhang
and Hamauzu, 2004). The isocoumarins 6-hydroxymellein and
6-methoxymellein have been identified by Harding and Heale
(1980). The presence of phenolic compounds in carrot peels under
different processing conditions were investigated by Chantaro et
al. (2008) and found that the total phenolic content in carrot peels
was approximately 1,380 mg (gallic acid equivalents)/100 g dry
weight. In another study, Zhang and Hamauzu (2004) showed that
total phenolic content in fresh carrot peels was 979 mg (gallic acid
equivalents)/100 g dry weight and phenolic content of different
tissues of carrot correlated well with antioxidant and radical scav-
enging ability. Further, its radical scavenging ability was superior
to pure chlorogenic acid, vitamin C, and f-carotene. Kamiloglu
et al. (2016) identified several anthocyanidins such as cyanidin-
3-xylosyl-glucosyl-galactoside, cyanidin-3-xylosyl-galactoside,
cyanidin-3-xylosyl-sinapoyl-glucosyl-galactoside, cyanidin-3-xy-
losyl-feruloyl-glucosyl-galactoside, and cyanidin-3-xylosyl-cou-
maroyl-glucosyl-galactoside in peels of black carrot. Moreover,
phenolic extracts from their peels displayed a high antioxidant
potential in total phenolic content, total monomeric anthocyanin
content, and total antioxidant capacity. Therefore, the higher level
of phenolic compounds in peel could be considered as a promising
source of nutraceuticals and other value-added processing indus-
tries.

4.6. Pumpkin

Pumpkin is a gourd-like squash of the genus Cucurbita and the
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family Cucurbitaceae. Pumpkin seeds, also known as pepitas, are
small, flat, green, edible seeds. Most pumpkin seeds are covered
by a white husk, and some pumpkin varieties have hull-less seed.
Pumpkin is mainly cultivated as a vegetable crop for human con-
sumption and their seeds are a popular snack and a good source of
oil. Peels, hull and oil cake meal are the by-products of pumpkin
processing industry. In peels, small amounts of vanillic acid, p-
coumaric acid, and sinapic acid were reported (Schmidtlein and
Herrmann 1975). Peric¢in, et al. (2009) studied the distribution of
phenolic acids by high performance liquid chromatography and
reported that p-hydroxybenzoic acid was the dominant phenolic
compound with 52.0% in oil cake meal and 51.8% in hulls based
on total phenolic acid content (89 mg/kg and 158 mg/kg in dry
weight of oil cake meal and hulls, respectively). In this study they
isolated and identified protocatechuic, p-hydroxybenzoic, vanillic,
trans-p-coumaric, ferulic, trans-sinapic acids caffeic, syringic and
p-hydroxybenzaldehyde in hulls and oil cake but caffeic acid in
hulls and syringic acid in oil cake were not detected. Furthermore,
most of these phenolic acids were present in bound (esterified and
insoluble) form; 51.8% in oil cake and 51.9% in hulls. Saavedra
et al. (2015) studied antioxidant potential of pumpkin byproduct
(shell); it showed 2.0-10.6 mg gallic acid equivalents/g dried
weight in total phenolic content.

4.7. Artichoke

Artichoke (Cynara scolymus L.) is an ancient herbaceous plant,
originating from the Mediterranean area, which today is widely
cultivated all over the world. Its flower head is eaten as a vegetable
and prepared for different value-added products such as salad, jam,
concentrate, and canned beverages. Artichoke extract has been
widely used as a medicine in many countries for a long time (Zhu
et al.,, 2004). Artichoke-based industry yield residue from both
fresh handling, which mainly include solid waste such as bracts,
receptacles and stems and industrial canning process, which main-
ly comprise blanched water and solid wastes.

Caffeic acid and its derivatives are the main phenolic com-
pounds in artichoke head (Lattanzio et al., 1994). Other pheno-
lics, such as flavonoids, apigenin, and luteolin (both glucosides
and rutinosides) (Lattanzio and van Sumere, 1987) as well as dif-
ferent cyanidincaffeoylglucoside derivatives (Aubert and Foury,
1981) have been identified. Llorach et al. (2002) analyzed the
total phenolic content of blanching water and methanolic and
water extract of solid by-products of raw and blanched artichoke
and found that methanolic extract yielded more phenolics than
water extract. According to their study, total phenolic content of
raw and blanched were 15.4 and 24.3 g/100 g of dry extract (ex-
pressed as caffeic acid derivatives) respectively. While blanch-
ing, water yielded 11.3 g of phenolics per 100 ml of blanching
water.

Artichoke leaf extract, which is also an important by-product,
exhibits antioxidant, anti HIV, liver protective, bile expelling, and
lipid lowering properties (Gebhardt, 1997 and 1998; Liorach et
al., 2002; McDougall, et al., 1998). Zhu et al. (2004) investigat-
ed the antimicrobial constituents from artichoke leaf extract and
they isolated and identified eight phenolic compounds, of which
four caffeoylquinic acid derivatives, chlorogenic acid, cynarin,
3,5-di-O-caffeoylquinic acid, cynarin, and 4,5-di-O-caffeoylquinic
acid, and the four flavonoids, luteolin-7-rutinoside, cynaroside,
apigenin-7-rutinoside and apigenin-7-O-f-D-glucopyranoside,
respectively. Detailed investigation of Sanchez-Rabaneda et al.
(2003) on phenolic substances in the artichoke by-product set out
the presence of 45 phenolic compounds. Ruiz-Cano et al. (2014)

reported a high antioxidant potential of artichoke byproduct from
industrial canning processing; namely, total phenolic content (153—
729 pmol gallic acid equivalents/g dried material), total flavonoid
content (6.9-19.2 pmol quercetin equivalents/g dried material),
and antioxidant activity (85-234 pmol ascorbic acid equivalents/g
dried material).

4.8. Brassica crops

Cauliflower, cabbage, and broccoli are the main Brassica crops.
Significant amount of antioxidants such as ascorbic acid, phenolic
compounds and tocopherols has been reported in brassica crops
(Kim et al., 2004; Singh et al., 2006; Wennberg et al., 2004). Dur-
ing the processing of these vegetables about 40% of outer leaves
and core of cabbages are discarded and treated as wastes (Nilna-
kara et al., 2009) and may only be used for fertilizer or animal feed.
Regarding the by-product proportion, leaves constitute about 50%
of the total; the rest is mainly stem (Llorach et al., 2003).

Wijngaard et al. (2009) measured the total phenolic content of
freeze dried vegetable by-products (methanolic extract) by Folin
Ciocalteu Reagent (FCR). They found that total phenolic con-
tent of white cabbage cut-offs, cauliflower cut-offs, and broccoli
stems were 341, 402 and 494 mg (gallic acid equivalents) per 100
g dry weight respectively. According to the study of Nilnakara
et al. (2009) the total phenolic content of fresh and blanched (2
min/boil water) white cabbage by-product were 571 and 349 mg
(gallic acid equivalents)/100 g of dry matter. Blanching caused
about 39% loss of total phenolic content. Similar observation has
been made by Ismail et al. (2004) who reported 20% loss of total
phenolic content in cabbage (Brassica oleracae) after 1 min of
blanching in boiling water. Total phenolic content drop after dry-
ing and at higher drying temperatures loss is higher (Nilnakara
et al., 2009).

Cauliflower by-products (Brassica oleracea L. var. botrytis)
mainly consist of leaves and, in fewer amounts, stems (Tomas-
Barberan et al., 2004). Llorach et al. (2003) analysed the phenolic
profile of cauliflower by-products by HPLC in water and ethanolic
extracts and revealed the presence of both flavonoids and hydroxy-
cinnamic acids (caffeic acid and sinapic acid). Different combina-
tions of flavonols such as kaemferol and quercetin with sinapic
acid and glucose were reported as the main phenolic compounds
in both ethanol and water extracts. These major compounds have
been identified as kaempferol-3-O-sophoroside-7-O-glucoside and
its sinapoyl derivative kaempferol-3-O-(sinapoylsophoroside)-
7-O-glucoside. In addition, neochlorogenic acid, quercetin-
3-0-sophoroside-7-O-glucoside,  kaempferol-3-O-sophoroside,
1,2-disinapoylgentiobiose, and 1,2,2-trisinapoylgentiobiose have
been detected. The edible part of cauliflower is rather poor in
phenolic compounds, consist only hydroxycinnamic acid such as
caffeic, sinapic, and ferulic acids but the overall concentration of
these compounds (0.18 g/kg fresh weight) was 2-fold higher than
that found in the cauliflower by-products (0.094 g/kg fresh weight)
(Llorach et al., 2003). However, the flavonoids concentration in
cauliflower by-products was much higher than that found in the
edible parts where only trace amounts were detected (Llorach et
al., 2003). Furthermore, the study of Llorach et al. (2003) revealed
that the cauliflower by-products presented 3-fold higher flavonols
content than other Brassica species and the extracts from cauli-
flower by-products had a good scavenging activity against both
DPPH and ABTS radicals. Drabinska et al. (2018) investigated
the antioxidant capacity of phenolics in broccoli by-products, and
their phenolic extracts and reported total phenolic content of 9.5
mg gallic acid equivalents (GAE)/g of dried material and ABTS
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radical cation activity of 99.8 pmol trolox equivalents (TE)/g of
dried material.

4.9. Lettuce and chicory

Lettuce and escarole, belonging to the Asteraceae family, are the
most popular vegetables in salads which are consumed in increas-
ing amounts due to their perception as being “healthier” foods
(Dupont et al., 2000). Lettuce has two methods of commercializa-
tion, one as whole lettuce heads and the other as fresh-cut product.
Nowadays, there has been a great development of the fresh-cut
vegetable industry, fresh-cut lettuce being one of the most impor-
tant products. The packinghouses dealing with vegetables produce
large amounts of wastes and residues (leaves, stems, etc.). Some-
times these by-products can reach 50% of the harvested material as
in lettuce production (Llorach et al., 2004).

Llorach et al. (2004) investigated the by-products (mainly
external leaves) from lettuce (Lactuca sativa L.) varieties (Ro-
maine, Iceberg and Baby) and one of chicory (Cichorium endivia
L.) variety “escarole” to evaluate their polyphenolic content as
well as their antioxidant capacity. In this study they found that
phenolic profile of lettuce by-products is composed by hydroxy-
cinnamic acids (both caffeoylquinic and caffeoyltartaric acid
derivatives) and flavonoids (both flavones and flavonols). The
main hydroxycinnamic acid derivative identified was dicaffeoyl-
tartaric acid (chicoric acid) followed by chlorogenic acid (5-O-
caffeoylquinic acid). In addition different 45 isomers of isochloro-
genic acid (3,5-O-dicaffeoylquinic acid) were identified. In case
of flavonoids, flavone Luteolin-7-O-glucuronide was identified,
and regarding the quercetin derivatives quercetin-3-O-glucoside,
quercetin 3-O-glucuronide and quercetin 3-O-(6-O-malonyl)-
glucoside have been identified. Regarding chicory by-products
the HPLC analyses of raw extracts showed a kaempferol 3-O-
glucoside as the main flavonol and this compound has already
been reported in chicory. Lettuce by-products have shown a in-
teresting antioxidant capacity both free radical scavenging activ-
ity and capacity to reduce Fe(IIl) to Fe(II) (Llorach et al., 2004).
Compared to other vegetables, the phenolic content of lettuce is
relatively low, however due to the high consumption of lettuce,
it should be considered as major phenolic source (de Ancos et
al., 2015).

4.10. Asparagus

Asparagus is a plant food highly appreciated by consumer due its
organoleptic, nutritional and functional properties, and it is one
of'the thirty most consumed vegetables in the world (Ulrich et al.,
2001). Prior to the commercialisation of both fresh and processed
asparagus, the spears are cut to a determined length, and some-
times they are also peeled. It has been reported that asparagus
contains flavonoids (mainly rutin) and other phenolic compounds
that possess strong antioxidant properties (Makris and Rossiter,
2001; Vinson et al., 1998). In addition to these phytochemicals,
asparagus by-products represent a good source of compounds,
such as hydroxycinnamic acids derivatives (Rodriguez et al.,
2004). Asparagus by-products also serve as a good source of di-
etary fiber as they are linked to phenolic compounds and form
insoluble-bound phenolics. Jaramillo-Carmona et al. (2019) used
hydrothermal treatment to release oligosaccharides and phenolic
compounds from asparagus by-products and found that the anti-
oxidant activity was increased in a temperature-dependent man-
ner.

5. By-products of tree nuts

Tree nuts and their by-products such as skin or testa, hard shell,
green leafy cover, hull and leaf are rich sources of phytochemicals
that posses multifunctional properties such as antioxidant and free
radical scavenging activity (Alasalvar and Shahidi 2009; Chang et
al., 2016).

5.1. Almond

Almond, scientifically known as Prunus dulcis belongs to the
Rosaceae family. It is the number one tree nut produced on a
global basis (Alasalvar and Shahidi, 2009). Skin (seed coating),
brown hull and green shell cover (mesocarp) are the by-products
derived from the industrial processing of almond. The production
of almond hulls, which are mainly used in livestock feed, is esti-
mated to exceed 6 million tonnes annually (Takeoka et al., 2000)
and this amount reached 4.262 billion pounds (Annual Report of
Almond Board of Califonials Almond Almanac, 2017). Almond
hulls and shells possess powerful free radical scavenging capaci-
ties (Frison-Norrie and Sporns, 2002a; Moosavi et al., 2015) and
these activities could be due to the presence of triterpenoids, flavo-
noids and phenolic acids, or even polysaccharides (Sfahlan et al.,
2009; Dammak et al., 2018).

Phenolic compounds such as catechin, protocatechuic acid,
chlorogenic acid (5-O-caffeoylquinic acid), cryptochlorogenic acid
(4-O-caffeoylquinic acid), neochlorogenic acid (3-O-caftfeoylquin-
ic acid) and a prenylated benzoic acid derivative (2-prenyl-4-
O-f-D-glucopyranosyloxy-4-hydroxybenzoic acid) have been
identified in almond hulls (Sang et al., 2002a) (Figure 26). Green
shell cover also serves as a better source of phenolic acids such as
caffeic acid, p-coumaric, ferulic and sinapic acid (approximately
0.1% of the extract) compared with whole seed and brown skin ex-
tracts. It was found that caffeic acid was the predominant phenolic
acid and mostly present in the bound form, but was only in trace
amounts in the free form in almond shell. The total amounts of the
free phenolic acids in brown skin and green shell cover extracts
were 16.28 and 13.99 pg/g extract and the total esterified phenolic
acids in the whole seed, brown skin, and green shell cover extracts
were 40.34, 279.55, and 967.10 mg/g extract, respectively (Wijer-
atne et al., 2006). The comparative study of phenolic contents in
different genotype of almond hulls and shells showed that the total
phenolic content in hulls was higher than that of the shells (Sfahlan
et al., 2009). Almond skin contains flavonoid and phenolic acids
include protocatechuic, vanillic, p-hydroxybenzoic acid, ferulic
and sinapic acid (Milbury et al., 2006; Monagas et al., 2007; Sang
et al., 2002b; Wijeratne et al., 2006) (Figures 27 and 28).

Brieskon and Betz (1998) first identified the flavanol monomers
(+)-catechin and (—)-epicatechin as well as dimmers constituted by
these units (procyanidins B1, B3, B4) but not by trihydroxylated
ones (i.e. gallocatechin and epigallocatechin). Lazarus et al. (1999)
confirmed the presence of B-type procyanidins, at the same time
eliminating the presence of A-type procyanidins in almond skins.
Later, Amarowicz et al. (2005) reported the presence of procyani-
dins B2 and B3 as well as delphinidin and cyanidin after n-butanol-
HCI hydrolysis. In case of flavonols, the 3-O-glucosides, galacto-
sides, and rutinosides of quercetin, kaempferol, and isorhamnetin,
as well as their corresponding aglycones, have been identified in
almond skins (Frison-Norrie and Sporns, 2002a, 2002b; Milbury
et al., 2006; Sang et al., 2002b; Wijeratne et al., 2006;). Milbury et
al. (2006) reported the presence of morin and dihydrokaempferol
in almond skin. In addition, flavanones naringenin-7-O-glucoside,
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Figure 26. Phenolic compounds in almond hulls. Source: Adapted from Sang et al., (2002a).

eriodictyol-7-O-glucoside, and eriodictyol-7-O-galactoside and
their corresponding aglycones have been identified in almond skin
(Milbury et al., 2006; Sang et al., 2002b). Monagas et al. (2007)
identified thirty three compounds corresponding to flavanols, fla-
vonols, dihydroflavonols, and flavanones, and other non-flavonoid
compounds in almond skin by HPLC-DAD/ESI-MS technique
and reported that flavanols and flavonol glycosides were the most
abundant phenolic compounds in almond skins, representing up to
38-57% and 14-35% of the total quantified phenolics, respective-
ly. In relation to flavonol glycosides, rutinosides and in particular
isorhamnetin-3-O-rutinoside (narcissin) were the most abundant
forms. Valdés et al (2015) identified a variety of phenolics such as
catechin, quercetin-3-O-rutinoside, kaempferol, and their deriva-
tives in almond skin byproducts.

Kornsteiner et al. (2006) found the distribution of almond phe-
nolics to be predominantly within the “seed skin” (80%). A similar
observation has been made by Milbury et al. (2006) who reported
that about 60% of almond phenolics were present in the skin and
eight of the 19 flavonoids and three phenolic acids determined were
found exclusively in the skin, on average, 94% of individual flavo-
noids originated from the skin in their study on California almond
skins and kernels among the principal almond varieties. Their study
revealed that the differences in total phenolics between almond va-
rieties were primarily due to differences in the content of skin.

Antioxidant potential of almond by-products have been report-
ed in several studies (Sfahlan et al., 2009; Siriwardhana and Shahi-
di, 2002; Subhashinee et al., 2006; Wijeratne et al., 2006). Brown
skin and green shell cover extract possess more potent antioxidant
capacity and free radical scavenging activity than that of the whole
seed extract (Siriwardhana and Shahidi, 2002). Frison-Norrie and
Sporns (2002) also reported that the hulls and shells of almond
possess powerful free radical scavenging capacities. Garrido et al.
(2007) studied the phenolic contents in the extraction of three by-
products (skin, shell, and hull) of almonds using different solvent/
mixtures. They found that the extracting solution methanol/HCI
(1,000:1, v/v) was the most effective for the almond skin and shell
for antioxidant extraction and the acetone/water (50:50, v/v) mix-
ture exhibited the highest content of polyphenols and proantho-
cyanidins. In this study they reported that the antioxidant capacity
of these by products especially the skin and shell is similar to that
of grape by-products, which are currently used in the development
of antioxidant products. A similar observation has been made by
Stfahlan et al. (2009) who reported that methanolic extract of hull

and shell showed a strong antioxidant activity. These studies indi-
cate that antioxidant activity of hull and shell would be helpful in
preventing or slowing the progress of various oxidative stress-re-
lated diseases. Similarly, Meshkini (2016) reported the protective
effect on oxidative damage and membrane protein degradation that
are caused in human erythrocytes by hydrogen peroxide.

5.2. Hazelnut

Hazelnut (Corylus avellana L.), which belongs to the family Betu-
laceae, is one of the most popular tree nuts on a worldwide basis
and ranks fifth in tree nut production after almond, walnut, cashew,
and pistachio in 2017 (Statistical Yearbook of INDFC, 2017). Fig-
ure 29 shows the hazelnut fruit and its by-products. The hazel-
nut green leafy covers, occasionally together with hazelnut tree
leaves, are mechanically removed from hazelnut hard shells soon
after harvesting. The hazelnut hard shell, containing a kernel, is the
nut of commerce. After the hazelnut hard shell has been cracked,
the hazelnut kernel may be consumed raw (with skin) or preferably
roasted (without skin). In brief, hazelnut skin, hazelnut hard shell,
and hazelnut green leafy cover as well as hazelnut tree leaf are
by-products of roasting, cracking, shelling/hulling, and harvesting
processes, respectively.

Shahidi et al. (2007) evaluated the antioxidant efficacies of
ethanolic extracts of hazelnut kernel and its by-products and found
that the phenolic contents (milligrams of catechin equivalents (CE)
per gram) of hazelnut kernel, hazelnut skin, hazelnut hard shell,
hazelnut green leafy cover, and hazelnut tree leaf were 13.7, 577.7,
214.1,127.3, and 134.7 respectively. In this study, they tentatively
identified a total of five phenolic acids one of which was a hydrox-
ylated derivative of benzoic acid (gallic acid) and four of which
were cinnamic acid derivatives (caffeic acid, p-coumaric acid,
ferulic acid, and sinapic acid). In addition, there were several un-
known compounds in both free and esterified phenolic acids. The
same number, but different concentrations, of phenolic acids were
also identified in previous study on hazelnut kernel and hazelnut
green leafy cover (Alasalvar et al., 2006). The order of total phe-
nolic acid concentration in hazelnut kernel and its by-products is
as follows: hazelnut hard shell > hazelnut green leafy cover > ha-
zelnut tree leaf > hazelnut skin > hazelnut kernel. In another study,
Amaral et al. (2005) identified and quantified four phenolic acids,
namely, 3-caffeoylquinic acid, 5-caffeoylquinic acid, caffeoyltar-
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taric acid, and p-coumaroyltartaric acid, in hazelnut leaves from
10 different cultivars grown in Portugal. Recently, 29 phenolics
were tentatively identified by HPLC-MS/MS including various
derivatives of hydroxylbenzoic acid, hydroxylcinnamic acid as
well as other flavanones, flavones, flavanols, and proanthocyanin
oligomers (Yuan et al., 2018). The antioxidant capacity of hazel-
nut by-products shows superiority to hazelnut kernel (Alasalvar
et al., 2006; Shahidi et al., 2007). Arcan and Yemenicioglu (2009)
showed that the removal of seed coat reduced almost 36% of the
total antioxidant activity of hazelnuts. Esatbeyoglu et al. (2014)
isolated and identified dimeric procyanidins B1-B8 from roasted

hazelnut skins.
5.3. Cashew

Cashew (4nacardium occidentale) is a tropical tree and one of the
most economically important genera in the Anacardiaceae family.
Cashew nut shell liquid, cashew nut skin are the important by-
products of cashew nut processing industry. Cashew contains a
large quantity of phenolic compounds in a viscous and highly vesi-
cant liquid surrounds the edible kernel known as cashew nut shell
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liquid (CNSL) (Kubo et al., 1993a; Setianto et al., 2008; Trevisan
et al., 2000). The potential annual availability of this material,
which accounts for about 32% of the shell, is enormous (Trevisan
et al., 2006).

Trevisan et al. (2006) analyzed the content of anacardic acids,
cardanols and cardols in cashew apple, nut (raw and roasted) and
cashew nut shell liquid (CNSL) and found that higher amounts
(353.6 g/kg) of the major alkyl phenols, anacardic acids were in
CNSL followed by cashew fibre (6.1 g/kg) while the lowest (0.65
g/kg) amounts were in roasted cashew nut. Earlier, Tyman et al.
(1984) detected 2-methyl cardol on the analysis of natural CNSL
by high performance liquid chromatography (HPLC). Kubo et al.

(1993a) reported that the anacardic acids, cardols, and cardanols
are the principal phenolic components in cashew nut shell liquid
(Figure 30). Approximately 50 mol% anacardic acids, 29 mol%
cardols, and 21 mol% cardanols including mono-, di-, and tri-
ene constituents are present in cashew nut shell liquid (Setianto
et al., 2008). In previous study of Trevisan et al. (2006) showed
that cardanols were 30% and cardols were 20% while Shobha et
al. (1994) reported that approximately 70% of CNSL were anac-
ardic acids and 25% cardols. Cardanol of CNSL, extracted from
cashew nut shells, can be used to produce 3-vinylphenol, which is
an important intermediate for synthesizing different drugs such as
norfenefrine, rac-phenylephrine, etilefrine, and fenoprofene (Shi
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Figure 29. Hazelnut kernel and hazelnut by-products (Shahidi et al., 2007).

et al., 2019). Trevisan et al. (2006) reported that hexane extracts
(10 mg/ml) of CNSL displayed significant antioxidant capacity
followed by the hexane extract of cashew fibre and apple and anti-
oxidant capacity correlated significantly with the concentration of
alkyl phenols, in particularly the concentration of anacardic acids
in the extracts. Anacardic acids show pharmacological (Laurens et
al., 1997; Toyomizu et al., 1999) antioxidant (Kubo et al., 20006),
antibacterial (Hamad and Mubofu, 2015), anti-inflammatory (Yas-
utake et al., 2013), and antitumor activities (Kubo et al., 1993b;
Gény et al., 2016).

Cashew nut skin, an important by-product of cashew process-
ing industry, is a natural source of phenolic compounds. Epicat-
echin is the major phenolic compound present in the cashew nut
skin (Kamath and Rajini, 2007). Earlier studies have shown that
cashew nut testa is a good source of hydrolysable tannins (Pillai
et al., 1963). More than 40% of the total polyphenol in the testa
is reported to be constituted by (+) catechin and (—) epicatechin
(Mathew and Parpia, 1970). Kamath and Rajini (2007) found that
the yield of ethanolic extract of the skin powder was quite high
(0.45 g/g powder) with a total phenolic content of 243 mg/g ex-
tract. It is indicated that the cashew nut skin/testa contains high
amount of phenolics. In the same study, they reported that the
ethanolic extract of cashew nut skin has significant antioxidant
activity in various antioxidant assay systems. Maia et al. (2015)
reported that phenolics such as anacardic acid, cardol, cardanol,
2-methylcardol in cashew nut shell liquid (CNSL), a byproduct
in the processing of cashew nuts, inhibits the oxidation of lipids.
The presence of the potent bioactive phenolic compounds in the
skins of cashew nut could be of interest to both food and pharma-
ceutical industries, where it could be employed as an economi-
cal source of natural antioxidants. Cashew fibre, cashew leaf and
bark also got considerable attention due to their role in biological
activities.

5.4. Pistachio

The pistachio nut is one of the principal tree nuts of the Middle
Eastern region and is a significant agricultural export of some of
the countries in this area (Vahabzadeh et al., 2004). The pistachio
fruit itself consists of a single seed (kernel), encased by a thin
soft and edible seed coat (testa), enclosed by a hard inedible shell
(endocarp), which is further surrounded by the fleshy hull (meso-

carp and epicarp), which is also an inedible. Pistachios are unique
among tree nuts in that their endocarp (shell) splits naturally prior
to maturity. This allows pistachios to be marketed largely in-shell
for fresh consumption. Flavonoids and resveratrol have been main-
ly reported in pistachio nuts and the skin. Major phenolic constitu-
ent of pistachio hull has been reported as gallic acid: the amount
was estimated to be 79 and 82% for the Damghan and Kerman
varieties, respectively (Vahabzadeh et al., 2004). Vahabzadeh et
al. (2004) extracted the phenolic compounds from two different
varieties (Kerman and Damghan) of pistachio hulls using different
aqueous solutions of methanol and ethanol and found that aqueous
ethanol solution gave the highest yield of phenolic extract. Further,
it exhibited strong antioxidant activity, comparable with that of the
synthetic antioxidant BHA (i.e., 98 vs. 99%). A Similar observa-
tion has been made on the stability of soybean oil by Goli et al.
(2005) who reported that pistachio hull extract was effective in
retarding oil deterioration at 60 °C, with activity increasing with
concentration in the range 0.02—-0.06% and at a concentration of
0.06%, pistachio hull extract was similar in activity to BHA and
BHT added at 0.02%. In addition, they found that the amount of
phenolic compound in the water extracts (in either solvent or ultra-
sound-assisted solvent extraction method) was highest when com-
pared to other extraction methods. Arcan and Yemenicioglu (2009)
found that removal of seed coat of pistachio nut caused 55% re-
duction in the total antioxidant activity. Farahpour et al. (2015)
studied the effect of Pistacia atlantica hull extract on antioxidant
and biological activities of pistachios. They reported that the hull
extract showed significantly higher antioxidant activity compared
to ascorbic acid. Moreover, the hull extract reduced wound healing
time which was then suggested to be used in wound healing oint-
ment. Garavand et al. (2015) used ultrasound and microwave to
evaluate their effect on the extraction of phenolic compounds from
pistachio hulls. They found that ultrasound-assisted extraction in-
creased phenolic compounds (vanillic acid, p-coumaric acid, nar-
ingenin, and catechin) as determined by using HPLC-MS. In addi-
tion, microwave-assisted extraction increased phenolic contents in
a power-dependent manner.

5.5. Walnut

The walnut tree (Juglans regia L.) is cultivated commercially
throughout southern Europe, northern Africa, eastern Asia, the

Journal of Food Bioactives | www.isnff-jfb.com 83



Phenolic Compounds in agri-food by-products

Shahidi et al.

1. R = C;s,, 6-pentadecyl salicylic acid

2. R =Cys,;, 6-[8(Z)-pentadecenyl] salicylic acid
3. R =Cysy, 6-[8(2), 11(Z)-pentadecadienyl] salicylic acid
4.R =Cys3, 6-[8(2), 11(Z), 14 pentadecatrienyl] salicylic acid

1. R =Cys,, 5-pentadecyl recorcinol

2.R =Cys,, 5-[8(Z)-pentadecenyl] recorcinol

3. R =Cysy, 5-[8(2), 11(Z)-pentadecadienyl] recorcinol
4.R =Cys3, 5-[8(2), 11(2), 14 pentadecatrienyl] recorcinol

COOH Anacardic Acids
HO R
HO R Cardols
OH
HO R Cardanols
1.
2
3.
4,

R = C;s,, 3-pentadecyl phenol
.R=Cys., 3-[8(Z)-pentadecenyl] phenol
R =Cys,, 3-[8(2), 11(Z)-pentadecadienyl] phenol
R =Cys.3, 3-[8(2), 11(Z), 14 pentadecatrienyl] phenol

Figure 30. Chemical structures of some of the phenolic compounds contained in CNSL. Source: Adapted from Kubo et al., (1993a).

USA and South America. An edible seed, the kernel forms 42—60%
of the weight of the mature nut, depending mainly on the variety
(Labuckas et al., 2008). The slightly astringent flavour of walnut
fruit has been associated with the presence of phenolic compounds
(Colaric et al., 2005). In walnut, inside the fruit shell a special pro-
tective tan-brown skin known as the pellicle, which is only 5% of
the fruit weight, surrounds the kernel. Although the pellicle con-
tributes only 5% to the fruit weight, its total phenolic is at least
93-97% higher than that of whole kernels (Labuckas et al., 2008).
According to Arcan, and Yemenicioglu (2009) the removal of the
seed coat reduced the total phenolic content and antioxidant activ-
ity of fresh walnuts by almost 75% and 90% respectively. Fukuda
(2009) measured the presence of seven major polyphenols (casu-
arinin, casuarictin, pedunculagin, rugosin, tellimagrandin 1, telli-
magrandin 11, ellagic acid) in American, Chinese, and Japanese
variety of five commercial walnuts by HPLC and interestingly
noted that no polyphenols were detected in walnuts from which
the pellicle was removed.

Most phenolic compounds commonly identified in walnut are
phenolic acids, hydrolysable tannins and condensed tannins (Co-
laric et al., 2005; Fukuda, 2009; Labuckas et al., 2008;) (Figure
31). Thirty-two polyphenolic compounds include hydrolysable
tannin monomers (25) and dimmers (4), ellagic acid derivatives
(2) and catechin have been reported in walnut (Fukuda, 2009).
Fukuda et al. (2004) analyzed the quantity of polyphenols, mainly
hydrolysable tannins (ellagitannins) in walnut polyphenol rich
extract and found that main polyphenol was pedunculagin (16%
per walnut polyphenol fraction weight). Colaric et al. (2005) ana-
lyzed the ripe fruits of 10 walnut cultivars and identified phenolic
acids (chlorogenic, caffeic, p-coumaric, ferulic, sinapic, ellagic
and syringic acid) and syringaldehyde and juglone. They found
that syringic acid was the most abundant phenolic of the ana-

lyzed walnut kernel and seed coat (average of all cultivars was
33.83 mg/100 g in kernel and 1003.24 mg/100 g in seed coat)
followed by juglone (11.75 and 317.90 mg/100 g in kernel and
seed coat, respectively). In seed coat as well as in kernel the low-
est contents of ferulic acid and sinapic acid were found among
the identified phenolics. According to the study of Colaric et al.
(2005), the concentrations of abundant phenolic compounds, ju-
glone, syringic and ellagic acid, in walnut seed coat (pellicle) are
over 20-fold higher than the concentrations of these compounds
in the seed. Slatnar et al. (2015) identified catechin, ferulic acid,
caffeic acid, and neochlorogenic acid as well as 13 gallic acid
oligomers, 4 procyanidin B2 isomers, 18 ellagic acid derivatives,
and 3 quercetin glycosides present in common walnuts. More re-
cently, 16 phenolics within black walnut kernels including gallic
acid, catechin, 1,3,6-trigalloylglucose, hydroxybenzoic acid, van-
illic acid, syringic acid, caffeic acid, rutin, quercetin glucoside,
epicatechin gallate, ellagic acid, naringin, coumaric aicd, ferulic
acid, and cinnamic acid were accurately quantified through using
LC-QqQ-MS/MS (Vu et al., 2018).

Labuckas et al. (2008) examined the phenolic content and anti-
oxidant activity of the kernel and seed coat (hull) of three walnut
varieties with two different solvent systems and showed the supe-
riority of seed coat extract. In another study, Samaranayake et al.
(2008) investigated the phenolic contents and their antioxidative
capacities (using different in vitro model systems) of different frac-
tions (contents of whole nut, skin and kernel) of English walnut
(Juglans regia L.) and reported that phenolic compounds extracted
(95% ethanol) from walnut skin contained the highest amount of
total phenolics and exhibited the highest antioxidative capacity as
evaluated by the trolox equivalents antioxidant capacity assay.

Phenolic compounds from walnut fruits have a positive influ-
ence on human health such as a decrease of coronary heart dis-
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Figure 31. Structure of major polyphenols identified in walnut. Source: Adapted from Alasalvar and Shahidi, (2009).

eases, prevention of several kinds of cancer, and anti-inflammatory
and antimutagenic activities (Anderson et al., 2001; Fukuda et al.,
2003; Gunduc and El, 2003; Horton et al., 1999; Lavedrine et al.,
1999; Zambon et al., 2000). In spite of these beneficial effects,
walnut phenolics may adversely influence the protein solubility
(Sze-Tao and Sathe, 2000).

6. By-products of legumes
6.1. Peanut

Peanuts (4Arachis hypogaea L.) belong to the leguminosae family
and often referred to as groundnuts. The edible parts of peanuts
consist of the kernel and protective skin. The kernels are used to
make peanut butter, roasted snack peanuts, peanut confections, and
peanut oil while the peanut skin, which has a pink-red colour and
astringent taste, is typically removed before peanut consumption
or inclusion in confectionary and snack products (Yu et al., 2005).
Peanut skin is rich in phenolics and potentially other health pro-
moting compounds (Huang et al., 2003; Lou et al., 1999; Nepote et
al., 2002; Yen et al., 2005; Yu et al., 2005).

Biologically active components and nutraceuticals in peanuts
and related products have been the subject of a review by Isanga
and Zhang (2007). Peanut skin contain three classes of phenolics,
including phenolic acids (caffeic acid, cinnamic acid, protocate-
chuic acid, resorcylic acid, salicylic acid, chlorogenic acid, ferulic
acid and coumaric acid), flavonoids (catechins and procyanidins),
equol, morelloflavone, sciatopitysin, and methylcatechin), naph-
thoquinione (plmnbagin), coumestrol (psoralidin), coumarin (da-
plmoretin, dicoumoxyl), and stilbene (resveratrol) (Yu et al., 2005;
Toomer, 2018). Earlier, Lou et al. (1999) reported the presence of
6 A-type procyanidins in peanut skin. Yu et al. (2005) found that 1
g dry peanut skin contains 90-125 mg total phenolics depending
on the effects of skin removal methods (direct peeling, blanching,
and roasting). In another study, total phenolics in methanolic and
ethanolic extracts from defatted peanut skins were 158.6 and 144.1

mg/g, respectively (Nepote et al., 2002).

The major flavonoid compound of peanut hull is luteolin (Daigle
etal., 1988; Duh et al., 1992; Yen and Duh, 1995) (Figure 32). Duh
etal. (1992) reported that the total phenolic content of peanut hulls
were 41.8, 19.9 and 7.3 mg/g peanut hulls in methanol, ethanol
and acetone extraction respectively. Yen and Duh (1995) examined
the concentration of phenolic compounds in the peanut hulls of
four different cultivars using methanol as extraction solvent and
found that the luteolin content ranged from 0.95 to 3.16 mg/g of
hulls and the total phenolic content was 4.2 to 10.2 mg/g of hulls.
These results indicate that peanut skins could be a higher source
of phenolic compounds and natural antioxidant components than
peanut hulls. The study of Daigle et al. (1988) and Yen et al. (1993)
showed that the total phenolic content increased with maturity of
peanut hulls.

The compounds found in peanut skin are considered potent
antioxidants, particularly, flavonoids resveratrol, and tannins (Yu
et al., 2005; Oldoni et al., 2016). In peanut hulls, the presence of
luteolin (Duh et al., 1992) and high total phenolic content were
associated with a higher the antioxidant activity (Yen et al., 1993).
The comparative study of total antioxidant activities of peanut skin
extracts and green tea infusions demonstrated that peanut skin ex-
tracts had chemically higher antioxidant potential than green tea
infusions (Yu et al., 2005). Huang et al. (2003) isolated and identi-
fied ethyl protocatechuate (EP), from peanut skin and showed that
EP contributed to the antioxidant activity. Keefe and Wang (2006)
reported that the phenolic compounds extracted from peanut skins
could significantly reduce the oxidation of meat products and ex-
tend their storage stability. In an interesting study, de Camargo et
al. (2014b) added peanut skin to cookies and evaluated their com-
position, antioxidant capacities and sensory quality. They found
that the insoluble fiber content and the total phenolic contents were
increased by up to 52 and 30%, respectively. All antioxidant activ-
ity tests showed significant increases by increasing the addition
level of the skin. More importantly, the cookies prepared were
well accepted by sixty volunteers, thus suggesting that peanut skin
might potentially be used as a cookie ingredient which could also
improve the health status of consumers.
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Figure 32. Structure of major flavonoid in peanut hull.

6.2. Beans

Beans are a good source of starch, dietary fiber, protein, and min-
erals and they also serve as a rich source of bioactive constituents
(Geil and Anderson, 1994). Beans have gained increasing atten-
tion as a functional food item because like other legume seeds,
the common bean seed contains a number of bioactive compounds
such as enzyme inhibitors, lectins, phytates, oligosaccharides, and
phenolic substances that may play metabolic roles in humans or
animals that frequently consume this food (Diaz-Batalla et al.,
2006). In legume seeds, phenolics are mainly located in the seed
coats, but also in cotyledons in bound forms as part of cell walls
(Duenas et al., 2006; Madhujith and Shahidi 2005b). Mostly in
processing/utilization, dehulling is a pre-requisite for bean, hence
the seed coat is a by-product.

Seed coat phenolics like condensed tannins, anthocyanins, and
other flavonoids such as quercetin and kaempferol glycosides are
reported in bean seed coats (Aparicio-Fernandez et al., 2005; Diaz-
Batalla et al., 2006; Espinosa-Alonso et al., 2006; Ranilla et al.,
2007; Romani et al., 2004). Beninger and Hosfield (1998) reported
that the pigments responsible for seed coat colour in beans are
flavonoids. Moreover, the wide variety of seed coat patterns and
colour in common beans (P, vulgaris L.) is controlled by a group
of well-defined genes that appear to regulate the flavonol and an-
thocyanin biosynthetic pathways (McClean et al., 2002). Espino-
sa-Alonso et al. (2006) showed that total phenol and condensed
tannin contents in P. vulgaris tended to increase according to clear-
ness of seeds, and conversely, Barampama and Simard (1993) re-
ported that beans with light coloured coats have lower tannin con-
tents than beans with dark pigmented coats such as black beans.

The study of Madhujith and Shahidi (2005b) and Madhujith
et al. (2004) showed that beans with coloured seed coat rendered
strong antioxidative activity and antiradical capacity. They found
that among red, brown, and black beans, red and brown beans ex-
hibited the highest potential in scavenging free radicals. In this
study, Madhujith and Shahidi (2005b) analysed the four bean va-
rieties (Phaseolus vulgaris L.) (white kidney, red pinto, swedish
brown, and black kidney) and their hull fractions (80% acetone)
and found that total phenolic content of bean hulls and whole seed
extracts ranged from 6.7 to 270 and 4.9 to 93.6 mg/g extract as
catechin equivalents, respectively.

In another study, Ranilla et al. (2007) analysed the phenolic
profile and antioxidant capacity of Brazilian and Peruvian bean
cultivars and found that the seed coat colour pattern and the type
of cultivar showed an important influence on the variability of phe-
nolic profiles and levels, respectively. Their work exhibited that
certain groups of seed coat colours such as brown and red groups

tended to have higher levels of total phenolics and condensed tan-
nins than the black group, and in contrast, less coloured coats such
as white and yellow types did not exhibit considerable contents
of these compounds. Further, they reported that phenolic com-
pounds like condensed tannins were strongly correlated with the
antioxidant capacity in seed coats. In this study, the total phenolic
contents varied from 0.46 to 86 mg catechin equivalents/g seed
coat and condensed tannins ranged from 11.5 to 449 mg (catechin
equivalents)/g seed coat. In the same study, they reported the pres-
ence of high quantity of total anthocyanins, ranging from 265 to
558 mg/100 g (expressed as cyanidin) in black bean seed coat.
Salinas-Moreno et al. (2005) found a range from 1,010 to 1,810
mg/100 g total anthocyanins in black bean seed coat of Mexi-
can cultivars and Takeoka et al. (1997) reported that the content
of 2,370 mg/100 g of seed coat from a cultivar developed in an
experimental station in the U.S.A. Astadi et al. (2009) identified
the individual anthocyanidins such as delphinidin, cyanidin, and
pelargonidin by HPLC coupled with diode array detector in black
soybean coat and reported that the content of phenolic and antho-
cyanins ranged from 6.46 to 8.15 g (gallic acid equivalents)/100 g
fresh weight and 1.36 to 1.45 g/100 g fresh weight, respectively.
Similarly, the black soybean, especially its seed coat with abundant
anthocyanins was reported to have the highest antioxidant activ-
ity among different soybeans, i.e. green, yellow, and red-brown
soybean, owing to its higher total phenolic content in both free and
bound form (Furuta et al., 2003; Peng et al., 2018). Meanwhile,
around 60 free phenolics and 53 bound phenolics were identified
along with the accurate quantification of 28 free/bound phenolics
in seed coat and cotyledons of black soybean by using LC-MS/MS
(Peng et al., 2018).

In addition to these works, many authors have observed high
antioxidant activity in the seed coat of black gram, lentils, faba
beans and peas, due to the essential fact that large amounts of
phenolic compounds are located in this part of the seed (Amaro-
wicz et al., 2000¢; Cardador-Martinez et al., 2002; Girish et al.,
2012; Nilsson et al., 2004; Shahidi et al., 2001; Takahata et al.,
2001; Troszynska and Ciska, 2002; Zhang et al., 2018). An attempt
was made to utilize chickpea and soybean husks as baking addi-
tives; increased antioxidant activity was found in DPPH radical
and ABTS radical cation scavenging assays (Niflo-Medina et al.,
2019). Thus, the seed coat of legumes could be used as a valuable
source of nutraceuticals.

7. By-products of cereals

Phenolic acids commonly found in many cereal grains and higher
concentrations of these compounds are found in the outer layers of
the kernel (Kim et al., 2006; Liyana-Pathirana and Shahidi, 2007).
Hydroxycinnamate esters, particularly ferulate play an important
role in strengthening the cell wall structure by cross-linking cell
wall polysaccharides (Ishii, 1997; Ralph et al., 2004).

7.1. Corn

Corn is the most important cereal produced in the world (Zea mays
L.) after wheat and rice. Many phenolics had been determined in
different parts of maize plant, however, their concentration was
found to be higher in corn flour (White and Xing, 1997). There are
mainly two groups of phenolic acids in cereal bran: benzoic and
cinnamic acid derivatives. Ferulic acid and other hydroxycinnamic
acids (caffeic and p-coumaric acid derivatives) have been found to
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have good antioxidant activities (Kim et al., 2006). Hydroxycin-
namic acids (ferulic and p-coumeric) and vanillin have been re-
ported in corn bran (Barberousse et al., 2008: Bonnin et al., 2002:
Buranov and Mazza 2009). Ferulic acid content is more signifi-
cant in wheat and corn bran amount of 5 and 50 g/kg, respectively,
which is also the precursor of vanillin (Ou and Kwok, 2004). In
another study, Bunzel et al. (2005) identified four new phenolic
dimers and trimers that contain ferulic acid moieties in corn bran.

Corn tassel, a by-product of corn is the source of phenolic
compounds (Mohsen and Ammar, 2009). Mohsen and Ammar
(2009) extracted the phenolic compounds using different solvent
and reported that ethanol yielded highest extraction followed by
methanol and water, where the total phenols were 0.1575, 0.1125
and 0.0737%, respectively. Corncob is one of the most plentiful
and important agriculture by-product accounts for up to 50% of
the total corn seed production (Sultana et al., 2007). Sultana et
al. (2007) reported that methanolic extract of corn cob had higher
phenolic content and best antioxidant activity and the content of
total phenolics extracted by different solvent ranged from 1.2 to
4.2 g (gallic acid equivalents)/100 g dry matter. The amount of
total phenolics (4.2%) in corncob is greater than rice bran (0.36%)
(Igbal et al., 2006), and wheat bran (0.10%) (Zhou and Yu, 2004).
In a recent study, Vazquez-Olivo et al., (2019) compared total phe-
nolic contents (TPC) of grain, husk, leaf, cob, root, and stem; husk
showed the highest TPC whereas grain exhibited the lowest TPC
among all tested samples. However, according to antioxidant ac-
tivity tests, cob and stem showed better antioxidant activity than
other corn by-products.

7.2. Rice

Rice is the principal cereal in Asia, some countries in Africa, and
Latin America and the staple food of nearly half of the world’s
population. During rice processing rice bran is produced as a
by-product of rice milling. The rice bran comprises many health
beneficial components such as sterols, higher alcohols, gamma-
oryzanol, tocopherols, tocotrienols and phenolic compounds
(Aguilar-Garcia et al., 2007; Nicolosi et al., 1994).

Chotimarkorn et al. (2008) investigated the antioxidant compo-
nents of rice bran from five varieties of long grain rice, cultivated
in Thailand and found that total phenolic contents were ranged
from 2.2 to 3.2 mg (gallic acid equivalents) per gram rice bran
and the total flavonoid were content ranged from 0.03 to 0.1 mg
(catechin equivalents) per gram rice bran. According to the study
of Aguilar-Garcia et al. (2007), total phenolic content of rice bran
was ranged between 6.04 and 6.84 umol gallic acid equivalents
per gram.

Rice hull contain mainly phenolic acids such as phytic acid,
vannillic acid, syringic acid and ferulic acid (Osawa et al., 1985;
Ramarathnam et al., 1989; Wu et al., 1994; Asamarai et al., 1996).
Ramarathnam et al. (1989) reported the presence of iosvitexin (C-
glycosyl flavonoid) (Figure 33), which was found to be absent in
the hulls of short-life rice seeds.

A study on wild rice hull antioxidants, Lee et al. (2003) identi-
fied p-coumaric acid, 3-vinyl-1-oxybenzene, p-hydroxybenzalde-
hyde, vanillin, p-hydroxybenzoic acid, and 4,7-dihydroxyvanillic
acid by GC-Ms analysis in FIR-irradiated rice hull methanolic ex-
tract. In this study they found that after 30 min of FIR treatment
total phenol contents of rice hull extracts increased from 0.12 to
0.19 mM. A study on Sultana et al. (2008) showed the total phe-
nolic content of rice hull (2 g/kg) was half the amount of rice bran.
Wanyo et al. (2014) investigated the antioxidant activity of rice
bran, rice husk, and ground rice husk treated by hot air, far-infra-

red radiation, and cellulose. They found that far-infrared radiation
treatment showed better antioxidant activity than other treatments.
Grounding of rice husk could also improve their antioxidant activ-

1ty.
7.3. Wheat

Wheat bran, an important by-product of the cereal industry, is rich
in potentially health-promoting phenolic compounds (Bauer et
al., 2012; Wang et al., 2008; Laddomada et al., 2015). The major-
ity of phenolic acid in wheat bran are esterified and bound to cell
wall components (Beta et al., 2005; Liyana-Pathirana and Shahidi,
2006; Laddomada et al., 2015). In wheat bran, ferulic acid is pre-
dominate phenolic acid accounted for more than 40% of the total
phenolic acids on a per weight basis, along with significant levels
of syringic, p-hydroxybenzoic, vanillic, and coumaric acids (Graf,
1992, Kim et al., 2006; Onyencho and Hettiarachchy, 1992; Zhou
et al., 2004a, 2004b, 2005; Zhou and Yu, 2004; Pasqualone et al.,
2015). In addition, Kim et al. (2006) detected caffeic, salicylic and
trans-cinnamic acids. The majority of the phenolic acids in a wheat
bran existed in a bound form can be released by hydrolyzing the
bran under alkaline or acidic conditions (Kim et al., 2006).

Liyana-Pathirana and Shahidi (2007) reported the presence of
higher phenolic content in wheat bran compare to other fractions
and found that total phenolic content of wheat bran was 2.3-3.4
mg ferulic acid equivalents/g defatted material. Similar observa-
tion has been reported in ultrasound-assisted extraction by Wang
et al. (2008) who found that under the optimum condition (64%
ethanol; extraction temperature, 60 °C; and extraction time, 25
min) total phenolic content of wheat bran was 3.12 mg (gallic acid
equivalents)/g.

Verma et al. (2008) measured the free, bound, and total phe-
nolic content in the bran of 51 wheat cultivars. They found that
free phenolic (extracted with 80% (v/v) aqueous ethanol) content
ranged from 854.1 £ 265.1 to 1,754.9 = 240.3 pg/g of bran gallic
acid equivalents (GAE) and bound phenols ranged from 2,304.9 +
483.0t0 5,386.1 £927.5 pg/g of bran (GAE), contributing 66—-82%
of the total wheat bran phenolic content. According to their study,
total phenolic content ranged from 3,406.4 +32.3 t0 6,702.7 + 19.6
ng/g of bran (GAE), with the average being 5,197.2 + 804.9 nug/g
of bran (GAE). Pasqualone et al. (2015) investigated the effect of
addition of aqueous extract of wheat bran, which was prepared by
ultrasound-assisted extraction, to pasta on the antioxidant activity
of the product. They found the extract contained ferulic acid and
p-coumaric acid and the resultant pasta benefited from increased
antioxidant activity.

7.4. Buckwheat

Watanabe et al. (1997) identified the presence of flavonoids such
as quercetin, rutin, hyperin, vitexin and isovitexin and other phe-
nolic compounds namely, protocatechuic acid, 3,4-dihydroxy-
benzaldehyde and proanthocyanidins in buck wheat hull. Among
these, protocatechuic acid is the predominant (13.4 mg/100 g of
dried hulls) phenolic compound (Watanabe et al., 1997). Figure 34
shows the structures of isolated compounds from buckwheat hull.
Another study (He$ et al., 2012) extracted phenolic compounds
using acetone, water, and methanol and compared unhulled buck-
wheat grain (UBG), hulled buckwheat grain (HBG), buckwheat
hull (BH), final bran (FB) and bran after grinding (GB). Methanol
extract showed the highest total phenolic content. Among samples,
buchwheat hull showed the highest total phenolic content when
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Figure 33. Isovitexin (C-glycosyl flavonoid) in rice hull. Source: Adapted from Ramarathnam et al., (1989).

extracted by both acetone and methanol, whereas water extracted
hulled buckwheat grain had the highest total phenolic content. In
addition, phenolic compounds from buchwheat hull are known
to have antioxidant and cytoprotective capacities and buchwheat
bran showed antioxidant and antiproliferative activities (Kabir et
al., 2015; Li et al., 2016).

7.5. Oat

Oats are a main source of calorie and protein and their production
is extensive and high (Hung, 2016). The total phenolic content of
oat is 6.53 = 0.19 umol of gallic acid equivalent/g of gran (Hung,
2016). On the other hand, phenolic and hydroxyphenolic antioxi-
dant compounds with acids, alcohols sugars or glycerides attached
have been reported in oat hulls (Duve and White, 1991). In another
study, Xing and White (1997) identified ten monophenolics such
as ferulic, p-coumaric, p-hydroxybenzoic, vanillic, o-coumaric,
sinapic, 4-hydroxyphenylacetic and salicylic acids, and vanillin
and catechol in oat hull (Figure 35). They found that the ferulic
acid was the predominant and the total phenolics were 560 mg/
kg oat hull. Another study (Zdundczyk et al., 2006) reported that
total phenolic compounds of husked oat, naked oat, and oat bran
with hulls were 1.38 + 0.06, 1.17 + 0.03, and 1.55 + 0.03 mg/g,
respectively.

8. By-products of oil seeds
8.1. Canola/rapeseed

Canola and rapeseed contain 14 to 18% hulls. The hulls may con-
tain up to 20% oil, 19.1% crude proteins (N x 6.25), 4.4% miner-
als, and 48% dietary fibre and other constituents include simple
sugars and oligosaccharides, polyphenolics, phytates, and residual
polar lipids (Naczk et al., 2005). Phenolic acid such as sinapic acid
and their derivatives, as well as soluble and insoluble tannins, are
the predominant phenolic compounds found in canola and rape-
seed (Amarowicz et al., 2000b).

Canola hulls have been reported to contain 6% of phenolic
compounds (Naczk and Shahidi, 1998). These compounds mainly
include phenolic acids (Krygier et al., 1982; Amarowicz et al.,
2000a) and soluble and insoluble condensed tannins (Amarowicz
et al., 2000b; Naczk et al., 1994, 2000; Naczk and Shahidi, 1998).

The presence of condensed tannins in rapeseed hulls was first re-
ported by Bate-Smith and Ribereau-Gayon (1959). This finding
was verified by Durkee (1971), who identified cyanidin, pelargoni-
din and later Leung et al. (1979) reported that condensed tannins of
rapeseed hulls contained leucocyanidin as their basic units.

Mitaru et al. (1982) found that rapeseed hulls contain 0.02—
0.22% condensed tannins. Rapeseed hulls contain no more than
0.1% condensed tannin extractable by solvent systems commonly
used for isolation of polyphenols (Leung et al. (1979). The con-
tent of tannins in rapeseed/canola hulls ranged from 0.014 to 2.3
g tannin per 100 g hulls (Amarowicz et al., 2000b; Naczk et al.,
1994; Shahidi and Naczk, 1995). Tannin contents within a particu-
lar canola cultivar varied by a factor of 9 to 15 and tannin extracts
from canola hulls contained approximately 20% proanthocyani-
dins (Naczk et al., 1994; and Shahidi and Naczk, 1995). Study of
Amarowicz et al. (2000c) and Naczk et al. (2005) showed that to-
tal phenolic content of canola hull ranged from 94.3 to 296 mg/g
(sinapic acid equivalents). Both cultivar differences and environ-
mental growing conditions may influence the content of condensed
tannins and total phenolics in canola hulls.

Amarowicz et al., (2000a) investigated the antioxidative ac-
tivities of non-tannin fractions of phenolic compounds in acetone
(70%, v/v) extract isolated from canola hulls. They isolated five
major fractions according to UV absorption and on the basis of
thin layer chromatograms, only the presence of free ferulic acid
and sinapine were confirmed in the non-tannin fractions of phe-
nolic compounds. However, all fractions of canola hull non-tannin
phenolics exhibited strong antioxidant activities in a f-carotene—
linoleate model system. Further work is required to isolate and
identify the active components of canola hull phenolics. Interest-
ingly, Terpinc et al. (2012) observed that a negative correlation be-
tween total phenolic content and the antioxidant efficiencies of the
extracts obtained from oil cakes and they proposed that phenolic
compounds are not the only contributors to the antioxidant activi-
ties of the oil cakes. Teh et al. (2015) reported that both microwave
and pulsed electric field assisted extraction could be used for phe-
nolic compound extraction from canola seed cake.

8.2. Olive

The by-products of the olive industry such as olive mill waste wa-
ter (OMWW) and olive leaves have attracted considerable interest
as a source of phenolic compounds (Balasundram et al., 2006). The
olive leaf is a well-known source of biophenols that is marketed
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Figure 34. Structure of flavonol, C-glycosyl flavone isolated from buckwheat hulls. Source: Adapted from Watanabe et al., (1997).

under multiple trade names as a nutraceutical. Benavente-Garcia et
al. (2000) found that oleuropein was the major phenolic compound
in olive leaves, followed by hydroxytyrosol, luteolin-7-glucoside,
apigenin-7-glucoside, and verbascoside.

Phenyl acids, phenyl alcohols (3,4-dihydroxyphenyl ethanol
and p-hydroxyphenyl ethanol), flavonoids (flavonol glycosides,
luteolin-7-glucoside, and rutin, and the anthocyanins, cyanidin,
and delphinidin glycosides), and secoiridoids (oleuropein, de-
methyloleuropein) (Figure 36) are the most important classes of
phenolic compounds reported in olive fruit (Macheix et al., 1990).
The identified phenolic compounds in OMWW and their concen-
trations vary from one study to another. According to Feki et al.
(2006), this could be related to the olive variety, climatic condi-
tions, the period of harvest, and/or to the olive oil extraction sys-
tem. Visioli and Galli (2003) reported that phenolic content of the
OMWW fluctuated between 1.0 and 1.8% depending on varietal
factors and processing effects.

Hydroxytyrosol, tyrosol, oleuropein, and a variety of hydroxy-
cinnamic acids have been reported as the major phenolic constitu-
ents in OMWW (Feki et al., 2006; Obied et al., 2005). Casa et al.
(2003) identified catechol, 4-hydroxybenzoic acid, 4-methylcat-

OH

OH

OH
4-Hydroxyphenylacetic acid

Salicylic acid

OH

echol, 3-hydroxyphenylpropionic acid, 3,4,5-trimethoxybenzoic
acid and trans-cinnamic acid, as major compounds. Bianco et al.
(2003) identified 20 phenolic compounds in OMWW using HPLC-
MS/MS and they were able to quantify 16 of these compounds.
These phenolic compounds may be either naturally occurring in
the fruits or formed during processing, where they partition be-
tween oil and waste phases.

Servili et al. (1999) compared the phenolic profiles of ol-
ive fruit (cv. Frantoio) and the corresponding oil, pomace, and
OMWW. The HPLC profiles of the fruit showed similarity to that
of the pomace where secoiridoid glycosides such as oleuropein
and demethyloleuropein were present in high concentration. In
contrast, secoiridoid derivatives, namely, hydroxytyrosol and ole-
uropeindial, were dominant in OMWW. Feki et al. (2006) studied
the changes in polyphenol fraction, particularly hydroxytyrosol
of OMWW in fresh and stored samples and found that signifi-
cant accumulation of hydroxytyrosol in stored OMWW and the
concentrations of the other phenolic compounds were markedly
decreased. This evolution can be attributed to some hydrolysis
reactions of oligomeric polyphenols (hydroxytyrosol deriva-
tives), which are composed of hydroxytyrosol units, attached to
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Figure 35. Some monophenolic compounds identified in oat hull.
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other compounds via ester or/and glucosidic linkages (Feki et
al., 2006). Yakhlef et al. (2018) compared the phenolic profile of
virgin olive oil, pomace, and OMWW of three different cultivars
(Blanquette, Rouguette and Sigoise). They found OMWW of all
caltivas showing the highest total phenolic contents and this ex-
hibited very strong antimicrobial activity. However, the olive oil
comprises only 2% of the total phenolic content of the olive fruits,
with the remaining 98% being lost in olive mill waste (OMW)
(Rodis et al., 2002). Therefore, olive mill wastes are the major
potential source of phenolic compounds.

8.3. Sunflower oil

While the vibrant, strong sunflower (Helianthus annuus L.) is a
recognized worldwide for its beauty, it is also an important source
of food. Sunflower oil is a valued and healthy vegetable oil and
sunflower seeds are enjoyed as a healthy, tasty snack and nutri-
tious ingredient to many foods. Based on production (13.0 and15.9
million metric tons in 2009 and 2014, 10% of the total global
vegetable oil consumption in 2009) sunflower oil is ranked fourth
next to palm, soy and rapeseed oil (FAO-STAT-2010 and 2014).
Sunflower seeds, both confectionery and oilseed may be sold as
in-shell seeds or dehulled kernels. The seeds can also be sprouted
and eaten in salads. The majority of the oilseed varieties of sun-
flower seed are crushed after the hull is removed. Confectionery
sunflower seeds fall into three categories: in shell, kernel, and
birdseed. Larger sunflower seeds (in shell) are roasted, salted, and
packaged for human consumption and are classified as either large
or jumbo. Dehulling is commonly performed by cracking the hull
with one’s teeth and spitting it out while keeping the kernel in the
mouth. Medium-sized seeds (kernel) are de-hulled and packaged
for human consumption as well. These are primarily used for the
bakery industry. Smaller seeds, known as “striped bird food,” are
sold in birdseed markets. Shells and residue originating from an oil
extraction process are the major by-products of sunflower indus-
try. Chlorogenic acid (5-O-caffeoylquinic acid) is the predominant
phenolic acid reported in sunflower seed, meal and shell (Aramen-
dia et al., 2000; Dreher and Holm, 1983; Leonardis et al., 2005;
Pedrosa et al., 2000; Weisz et al., 2009).

With regard to the phenolic composition, Leonardis et al. (2005)
isolated seven different compounds from sunflower seed shell by
HPLC analysis. Among those, six were phenolic acids (chlorogen-
icacid, o-cinnamic acid, protocatechuic acid, caffeic acid, ferulic

acid, and syringic acid) and one was not identified. In addition,
their study deduced that the effectiveness of the sunflower anti-
oxidant product was essentially similar to that of the caffeic acid
standard, but 15-20% lower than that of propyl gallate.

In another study, Weisz et al. (2009) extracted and characterized
eleven phenolic compounds such as 3-O-caffeoylquinic acid, 5-O-
caffeoylquinic acid (chlorogenic acid), 4-O-caffeoylquinic acid,
caffeic acid, caffeoylquinic acid, 5-O-p-coumaroylquinic acid,
5-O-feruloylquinic acid ferulic acid, 3,4-di-O-caffeoylquinic acid,
3,5-di-O-caffeoylquinic acid, and 4,5-di-O-caffeoylquinic acid
from European origin non-oil seed and oil seed sunflower kernel
and shell. According to their study, total phenolic content of shells
ranged from 40.8 mg/100 g to 86.0 mg/100 g dry matter and sun-
flower kernels were up to 100 times higher than those determined
in the shells. Although quantitative amounts markedly differed,
phenolic subclasses in both shell and kernel were similar. In addi-
tion, they found that total phenolic content of press residue origi-
nating from oil extraction was 3% (2,940 mg/100 g dry matter) in
weight basis. This indicates oil press residue is an rich source of
phenolic compounds and has the potential to be utilized in indus-
trial level as per the rate of current production of sunflower seed.

8.4. Sesame

Sesame (Sesamum indicum L.) is cultivated in several countries
such as India, Sudan, China and Burma, which are considered as
the major producers (60% of its total world production) (Abou-
Gharbia et al., 2000). The conventional process for preparing
sesame oil involves cleaning, optional dehulling, roasting, grind-
ing, cooking, and preparing (Fukuda and Namiki, 1988). After
dehulling, the sesame coat is commonly disposed of or used as
animal feed. However, Abou-Gharbia et al. (1997) reported that
the sesame oil from seeds with coat was more stable than those
extracted from dehulled seeds. This observation may indicate that
antioxidative components may exist in sesame coat. Therefore, use
of sesame coat, after dehulling, as a source of natural antioxidants,
may provide a means for utilization. Sesame cake is another by-
product of the oil industry is currently used as cattle feed. Suja et
al. (2005) analysed the lignans (Sesamin, sesamolin and sesamol)
in sesame cake qualitatively and quantitatively and reported the
potency of antioxidant.

Lignans such as sesamin, sesamolin have been reported in ses-
ame coat (Chang et al., 2002) while sesamol has not been detected
in the same study. Shahidi et al. (2006) have shown that sesame
coats possess high polyphenolic content, especially black sesame
coats compare to sesame seeds. In this study the total phenolic
content in black sesame and white sesame coat were 146.6 mg and
29.7 mg catechin equivalents per gram crude extract respectively.
In another study, the total phenolics of sesame coat, derived as a
by-product in dehulling and roasting process shown 598 and 260
mg per 100 gram dry matter, respectively (Elleuch et al., 2007).

A recent study (Gorgii¢ et al., 2019) compared phenolic con-
tents from sesame bran by using enzyme and ultrasound. They
found that Alcalase was more suitable than viscozyme L. In addi-
tion, they also reported that 43 °C, 98 min, pH 9.8, 1.248 AU/100
g (enzyme concentration), and 836 W (ultrasound power) were the
optimum condition.

8.5. Soybean cake

Soybean cake is an important by-product produced during soybean
oil processing, and has been shown to be a rich source of isofla-
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vone (Kao et al., 2008). Isoflavones in soybean and soybean prod-
ucts, present in four chemical forms: aglycone (daidzein, genistein
and glycitein) (Figure 37), glucoside (daidzin, genistin and gly-
citin), acetylglucoside (acetyldaidzin, acetylgenistin and acetylg-
lycitin), and malonylglucoside (malonyldaidzin, malonylgenistin
and malonylglycitin) (Kao et al., 2008) (Figure 38).

Yang et al. (2019) recently studied the effect of fermentation of
soybean meal on antioxidant activity. They reported that chloro-
genic acid, vanillic acid, syringic acid, and p-coumaric acid were
identified after steaming and fermentation, whereas these were not
found in untreated soybean meal. Moreover, the phenolic contents
were significantly increased upon fermentation.

8.6. Flax shive

Flax, Linum usitatissimum, is abundant in North America and is
grown mainly for the production of seed used as a source of lin-
seed oil. The stalk, which can be processed into fibre and lignin-
rich residue, is referred to as flax shive (Sharma, 1989). Generally,
lignin contains considerable amounts of phenolic acids, which play
a major role in the linkage of polysaccharides with lignin by ester
and ether bonds (Saulnier et al., 1995). Furthermore, flax shives
are known to be rich in guaiacyl units (75%) (Buranov and Mazza
2008; Day et al., 2005) that are the precursors of vanillin. Linseed
meal has been reported to contain hydroxycinnamic acid deriva-
tives, p-coumaric acid glucoside and ferulic acid glucoside (John-
sson et al., 2002) and the flavonoids herbacetin diglucoside and
kaempferol diglucoside (Qiu et al., 1999).

Phenolic constituents of flax shives are mainly consist of p-
coumaric acid and ferulic acid (Buranov and Mazza, 2009). In ad-
dition, p-hydroxybenzaldehyde, vanillic acid, syringic acid, vanil-
lin and acetovanillone have been identified in flax shive (Kim and
Mazza, 2006; Buranov and Mazza, 2009). Ferulic acid is cross-
linked with lignin and polysaccharides via ester and ether bonds,
forming lignin/phenolics-carbohydrate complexes, which could be
released with, dilute (0.1-4 M) NaOH solution at 50-70 °C (Fry,
1982; Sun et al., 2002; Barberousse et al., 2008) or enzymatically
by feruloyl esterases (Bonnin et al., 2002; Mathew and Abraham,
2004). Figure 39 shows the cleavage of lignin/phenolics-carbohy-
drate complexes in flax shives with alkali.

A detailed analysis of Buranov and Mazza, (2009) on flax shive,
corn bran, and wheat bran showed that flax shives contained more
p-coumaric acid (61 mg/100 g) than ferulic acid (25 mg/100 g)
and ferulic acid in flax shive (25 mg/100 g) was much lower than
wheat (391 mg/100 g) and corn (2,510 mg/100 g) bran, but the
vanillin content of flax shives (48 mg/100 g) was comparable to
corn bran (55 mg/100 g) and higher than wheat bran (11 mg/100
g). However, their result showed that overall content of hydroxy-
cynnamic acids (ferulic and p-coumaric acids) in flax shives was
lower (86 mg/100 g) than in wheat (402 mg/100 g) and corn bran
(2,860 mg/100 g).

9. By-products of beverages
9.1. Cocoa

The cocoa tree belongs to the genus Theobroma (meaning “the
food of the Gods”) in the family sterculiaceae. Cocoa powder, co-
coa nib and cocoa shell, cocoa leaves, which are normally wasted
during frequent pruning, are the by-products derived from cocoa
industry. Azizah et al. (1999) suggested that flavonoid compounds

might be responsible for the antioxidative activities in cocoa pow-
der, cocoa nib and cocoa shell based on their study on antioxidant
property of cocoa by products using different solvents.

The presence of catechin-polyphenols such as epicatechin (EC),
epigallocatechin gallate (EGCG), epigallocatechin (EGC), gallic
acid (GA), and epicatechin gallate (ECG) has been reported in co-
coa leaves (Osman et al., 2004). The comparative study of cocoa
shoots, cocoa young leaves and tea leaves conducted by Osman et
al. (2004) revealed that the phenolic content is significantly higher
in cocoa leaves (28.4%), than in cocoa shoots (19.0%) and tea leaves
(17.3%). Further, the concentrations of epicatechin in cocoa shoots
(59.3 mg/g) and in cocoa leaves (28.2 mg/g) were significantly high-
er that those found in green tea (6.5 mg/g) and the performance of
cocoa shoots was very similar to the antioxidant activity of BHA.
Based on this observation they suggested that the higher concentra-
tion of total polyphenols in cocoa leaves (28.4%) could be due to the
presence of other phenolics since the fresh cocoa leaves are reddish
brown in color, indicating the presence of cyanidins. Hernandez-
Hernandez et al. (2019) tested thermal treatment (50-200 °C) to ex-
tract more phenolic compounds from cocoa bean husk. They found
that temperatures of 150 °C and higher significantly increased total
phenolic contents recoverable from cocoa bean husk.

9.2. Tea [Camellia sinensis]

Both green and black teas are manufactured from young shoots,
mainly the first 24 leaves and a bud. Old tea leaves (OTL), which
are not used in tea manufacture, and black tea wastes (BTW) are
considered as agricultural by products. Green tea leaves (GTL)
(Camellia sinensis L.) contain 10-30% (dry leaf weight) of poly-
phenols, including catechins, flavonols, flavanones, phenolic ac-
ids, glycosides and the aglycones of plant pigments (Pan et al.,
2003). Tea polyphenols are natural antioxidants (Tanizawa et al.,
1984) and considered to be responsible for the anticarcinogenic
and antimutagenic properties of tea, as well as protective action
against cardiovascular diseases (Shahidi and Wanasundara, 1992;
Tijburg et al., 1997; Wiseman et al., 1997).

Zandi and Gordon (1999) showed that the extracts from old tea
leaves (OTL) have potential as natural antioxidants. The extraction
yield and antioxidant activity of old tea leaves and black tea waste
(BTW) extracts were reported by using various extraction methods
with compared to green tea leaves (Farhoosh et al., 2007). In this
study they found that BTW extracts had antioxidant activities com-
parable with or even better than those of OTL extracts while extrac-
tion yield decrease with increasing age of tea leaves. Tea extracts are
powerful antioxidants, mainly owing to the presence of (+)-catechin,
(—)-epicatechin, (—)-epigallocatechin, (—)-epigallocatechin gallate
(Figure 40) and (—)-epicatechin gallate (Salah et al., 1995). Cat-
echins are known to be non-volatile taste compounds of green tea
(Nwuha et al., 1999) and present at 8—15% of dry leaf weight (Goto
et al., 1996). These compounds are effective free radical-scavengers
(Salah et al., 1995) and also effective by metal chelation (Shahidi
and Wanasundara 1992). Green tea and black tea wastes display
antimicrobial and antioxidant activities due to their high content of
tannin and catechin (Faustino et al., 2019; Farhoosh et al., 2007).

10. Other bioactive compounds in by-products
10.1. Carotenoids

Carotenoids are red, yellow, and orange pigments that are widely
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Figure 37. Structure of soy isoflavones identified in soybean cake.

distributed in nature. More than seven hundred naturally occurring
carotenoids have been identified; of which as many as fifty may be
absorbed and metabolized by the human body (Goodwin, 1994).
However, only 14 carotenoids have been identified in human se-
rum, with lycopene being the abundant (Krinsky, 1994). Carrots
and tomatoes are the major dietary source of carotenoids.

Chemically, carotenoids can be divided into two major classes.
The first class contains highly unsaturated hydrocarbon carot-
enoids such as lycopene, a-carotene, -carotene, y-carotene, and (-
carotene, which have no oxygen and are usually orange and red in
colour. Because they are highly unsaturated, they are particularly
susceptible to oxidation. The second class contains the xantho-
phylls (lutein, zeaxanthin), which are oxygenated derivatives and
have one or more oxygenated group substituents at particular sites
on the terminal rings (Krinsky, 1994; Shi and Le Maguer, 2000;
Young and Lowe, 2001).

Lycopene is an acyclic open-chain polyene with 13 double
bonds and a molecular formula of C,jHy,. There are 11 conjugated
double bonds arranged in a linear array, making it longer than any
other carotenoid. Lycopene is more soluble in chloroform, ben-
zene, and other organic solvents than in water. In aqueous sys-
tems, lycopene tends to aggregate and to precipitate as crystals.
This behavior is suspected to lower lycopene bioavailability in
humans (Zumbrunn et al. 1985). Lycopene is the red colored pig-
ment abundantly found in red colored fruits and vegetables such
as tomato, papaya, pink grapefruit, pink guava and watermelon
(Choudhary et al., 2009; Kong et al., 2010). In ripe tomato fruits,
lycopene exists as elongated, needlelike crystals. Lycopene is re-
garded as one of the most efficient singlet oxygen quencher and
peroxyl radical scavenger of all the carotenoids and may repre-
sent an important defense mechanism in the human body. Singlet
oxygen and free radicals can cause biological damage to important
macromolecules and membrane constituents, and the presence of
natural antioxidants may help to control these degradative reac-
tions. Lycopene reacts synergistically with many other natural an-
tioxidants to enhance their overall antioxidant activity (Kong et
al., 2010). Lycopene is currently being added to products in the

form of nutraceuticals, such as a concentrate in multivitamins or
functional food products. Studies on the synergistic properties of
lycopene are important and can be benefit for functional food and
nutraceutical manufacturers and consumers.

10.1.1. By-products of carrot

Carrot (Daucus carota) is a good source of natural antioxidants,
especially carotenoids (provitamin A and a- and S-carotenes) phe-
nolic compounds (Chantaro et al., 2008; Zhang and Hamauzu,
2004). The p-carotene content in fresh carrot peels are similar
to that reported in carrot flesh (Negi and Roy, 2001). Carrot by-
product (peel) possesses many bioactive compounds including /-
carotene (1.57 mg/g DW), lutein (0.17 mg/g DW) and lycopene
(0.78 mg/g DW), which contribute to their potent antioxidant ca-
pacity (Lau et al., 2018).Juice yield is reported to be 60-70%, and
up to 80% of carotene may be lost with the pomace (Sims et al.,
1993). According to Stoll et al. (2001), total carotene content of
pomace may be up to 2 g/kg dry matter, depending on processing
conditions. Beta-carotene contents in carrot peels under different
process conditions was examined by Chantaro et al. (2008) and
they observed during blanching, a decrease in f-carotene content
occurred as a result of thermal degradation and a significant loss
of f-carotene was also observed after drying. Further, they noticed
that the higher loss of f-carotene content was observed undergo-
ing lower drying temperatures. Therefore, more focus is needed to
optimizing the extraction process of f-carotene.

10.1.2. By-products of tomato

Tomato (Lycopersicon esculentum) contains large amounts carote-
noids (around 90-180 mg per kg fresh weight), mainly in the form
of lycopene (80-90% of total carotenoids), which accumulates
during the final stages of fruit ripening and provides the intense
red fruit colour, and f-carotene, which accounts for around 2-3%
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Figure 38. Structure of soy isoflavone glucosides.

of total carotenoids (Dumas et al., 2003; Riggi and Avola, 2008;
Shi and LeMaguer, 2000).

The major by-product generated during tomato processing are
tomato pomace, consists of the dried and crushed skins and seeds of
the fruit (Avelino et al., 1997). The seeds contribute approximately
10% of the fruit and 60% of the total waste in weight basis and
large quantity of carotenoids is also lost as waste in tomato process-
ing (Baysal et al., 2000). Tomato processing waste (skin and seeds)
contains high amounts of bioactive compounds such as f-carotene
(32.6 mg/kg), ascorbic acids (111.89 mg/kg), and lycopene (174
mg/kg) (Nour et al., 2015). Baysal et al. (2000) studied the super-
critical CO, extraction of lycopene and f-carotene from by-product
of tomato paste and found that recovery was up to 50% when etha-
nol was added. Another study showed that enzymatic treatment of
tomato marc enhanced lycopene extractability (Bohm et al., 2000).

Lycopene is the principal carotenoid causing the characteristic
red hue of tomatoes. Most of the lycopene is associated with the
water-insoluble fraction and the skin (Sharma and Maguer, 1996).
Tomato skin contains high levels of lycopene compared to the pulp
and seeds (George et al., 2004; Toor and Savage 2005; Wandawi et
al., 1985). Therefore, skin extracts are especially rich in lycopene.
George et al. (2004) studied the antioxidant components in 12 field
grown tomato genotypes and reported that, on average, the tomato
skin had 2.5 times higher lycopene levels than the pulp. According
their findings, the extent of variation was 4.8 to 14.1 mg/100 g in
peels and 2.0 to 6.9 mg/100 g in pulp on fresh weight basis. A simi-
lar observation has been made in previous study by Al-Wandawi

et al. (1985) who reported a three times higher lycopene content in
the peel fraction.

10.2. Betalains

Beetroot is the major dietary source of betalains. Like anthocya-
nins, betalains play important roles both in plant physiology, visual
attraction for pollinators and seed dispersers. They are usually dis-
solved in the vacuolar sap as bi-anions (Wyler, 1969). Structur-
ally, the betaxanthins are condensation products of betalamic acid
and various amino compounds, whereas the betacyanins are char-
acterized by a cyclo-dopa structure with additional substitutions
through varying glycosylation and acylation patterns at C-5 or C-6.
Their most common representative is betanidin 5-O-f-glucoside
(betanin) from red beet (Beta vulgaris ssp.) (Stintzing and Carle,
2004). Therefore, the presence of aromatic amino compound moi-
cties both in betacyanins and betaxanthins exhibit the antioxidant
properties by stabilizing free radicals in plant tissues. Dearth of
literature available on in vivo and in vitro studies of antioxidant
and antiradical potency of betalains.

10.2.1. By-products of beetroot

The pomace from the beetroot juice industry accounting for 15—
30% of the raw material (Otto and Sulc, 2001) is disposed as feed
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Figure 39. Cleavage of lignin/phenolics-carbohydrate complexes in flax shives with alkali. Source: Adapted from Buranov and Mazza, (2008).

or manure. Peel, carried the main portion of betalains with up to
54%, being lower in crown (32%) and flesh (14%) (Kujala et al.,
2000). Whereas the coloured fraction consisted of betalains (beta-
cyanins and betaxanthins) such as betanin, prebetanin, isobetanin,
neobetanin, vulgaxanthin I, vulgaxanthin I, and indicaxanthin, the
phenolic portion of the peel showed /-tryptophan, p-coumaric and
ferulic acids, as well as cyclodopa glucoside derivatives (Kujala
et al., 2001). Vuli¢ et al. (2014) found three bioactive compounds,
namely betanin, isobetanin, and vulgaxanthin I in beetroot pomace
extract and some phenolics, including catechin, rutin, and caffeic
acid.

Betalains and anthocyanins are mutually exclusive in their natu-
ral occurrence, but other flavonoids are often produced in betalain-
bearing plants (Stafford, 1994). The total phenolics distribution in
red beetroot (Beta vulgaris) root appears to be quite similar to that
reported for the potato. Kujala et al. (2001) showed that total phe-
nolics decreased in the order peel (50%), crown (37%), and flesh
(13%). Therefore, the exploitation of peel and pomace for pheno-
lics and betalains is a real need. Temperature- and pH-dependent
in vitro antiradical activities have been reported for betanin and
betanidin carrying phenolic hydroxyl groups (Escribano et al.,
1998; Pedreno and Escribano, 2001), thus being more efficient
than the betaxanthins vulgaxanthin I and II (Escribano et al., 1998).
However, betaxanthins that bear phenolic structures in their amino
acid moiety, e.g. portulacaxanthin II, miraxanthin III, miraxanthin
V and dopaxanthin (Stintzing et al., 2001) may act in a similar way.

Little is known about the in vivo absorption of betalains. Betacya-
nins were demonstrated to be strong antioxidants in various model
systems, and their positive charge may increase their affinity to
biological membranes, which are the preferred targets of oxidation
(Kanner et al., 2001). Literature data imply a low rate of betalain
absorption, and a critical concentration for the bioactivity of these
compounds in human plasma has yet to be established.

11. Bioavailability of phenolic compounds

Bioavailability refers to the proportion of an active moiety, which
enters systemic circulation unchanged, thereby accessing the site
of action, after a particular route of administration (Ververidis et
al., 2007). Potential health effects (sec 12) of many phenolic com-
pounds have been extensively investigated using in vitro methods
and some have been supported by in vivo studies (Williamson and
Manach, 2005; Shahidi and Ambigaipalan, 2015). Although the
health effects of phenolics depend on their respective intake, there
is a need to assess whether in vitro effects could be obtained in
vivo, because of the bioaccessibility and bioavailability of pheno-
lics largely differs reflected by the actual human pharmacokinetic
studies of phenolics (Manach et al., 2005a). Bioavailability of
these compounds varies considerably according to their structural
diversity and is also affected by various external factors such as
the food matrix and the health condition of the host. In addition to
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structural diversity (physicochemical properties) of the molecule,
enzymate and microbial-mediated biotransformation, the limited
expression of phenolic transporters and rapid detoxification pro-
cess also limit the bioavailability of dietary phenols (Lambert and
Yang, 2003; Manach et al., 2004; Scalbert et al., 2002; Shahidi
and Peng, 2018). Therefore, most abundant dietary phenolics do
not necessarily reflect a highest concentration of active metabolites
functioning in target tissues, the phenolic structures with the high-
est in vitro bioactivity also may not accurately reflect an actual in
vivo bioactive property. The bioavailability involved with diges-
tion, absorption, metabolism, distribution, transporting, excretion,
and colonic fermentation have to be considered.

Most of the polyphenols, however, are present in food in the
form of esters, glycosides, or polymers which is difficult to pass
through enterocytes depending on no matter paracellular trans-
port or intracellular transport (passive transport, active transport,
and facilitated transport), thus must be hydrolyzed by intestinal
enzymes (lactase-phlorizin hydrolase and cinnamoyl esterases) or
catabolized by the colonic microbiota before absorption (Shahidi
and Peng, 2018). Many of the studies have investigated the ki-
netics and extent of polyphenol absorption by measuring plasma
concentrations and/or urinary excretion among adults after the
ingestion of a single dose of polyphenol, provided as pure com-
pound, plant extract, or whole food/beverage. Detailed reviews on
the bioavailability of polyphenols in humans have been published
(Crozier et al., 2009; Karakaya, 2004; Manach et al., 2005a; Yang
et al., 2008;). This review will focus on intestinal absorption and
metabolism of selected dietary phenols in humans, from different
dietary sources.

11.1. Flavonoids

According to the rule-of-five prediction model, compounds with
relative molecular mass of >500 Da and prone to form hydrogen
bond interactions are generally unable to cross biological mem-
branes by passive diffusion (Lipinski et al., 2001), and thus most
of dietary flavonoids with low lipophilicity have less chance to be
passively absorbed at the gastrointestinal (GI) level. Flavonoids

and their metabolites may be absorbed in the large intestine but
will be subjected to the anaerobic degradation including peripheral
and central aromatic catabolism of the colonic microflora, which
decomposes the heterocyclic ring of backbones, as well as other
ester/ether bonds with the conjugating moieties (Shahidi and Peng,
2018). Apart from colonic catabolism, the conjugation reactions
occurring in human cells such as enterocytes, hepatocytes, and
neurocytes are very efficient and rapid so that the predominated
forms of flavonoids in plasma and urine were found as various
conjugates (Shahidi and Peng, 2018). Thus it is difficult to detect
flavonoid aglycones in plasma, because they occur mostly at below
the detection limit of the analytical methods used (Hollman, 2004).
However, most studies have showed that bioavailability of flavo-
noid is often <1% of the administered dose (Manach et al., 2005a).

11.1.1. Flavonols

Flavonols, especially quercetin, are widely distributed in plant
foods. In general, studies have demonstrated that bioavailability
of quercetin glucosides from onions is superior to other sources
of quercetin glycoside. According to Hollman et al. (1997), bio-
availability of various quercetin glycosides from apples and of
pure quercetin rutinoside is only 30% of that from onions. When
compared to other major dietary sources, namely wine and black
tea, the plasma concentration of quercetin after wine consumption
is lower than that after ingesting onions and not different from that
of black tea, while urinary excretion of quercetin after wine in-
take did not differ from that of onions, but was higher than that
after drinking black tea (de Vries et al., 2001). In addition, the
same study showed that the sum of the three flavonols, quercetin,
kaempferol and isorhamnetin, was lowest in both plasma and urine
after red wine consumption. Based on this finding, the authors re-
ported that the bioavailability of flavonols from red wine was not
better than that from onions or black tea in the diet because one
glass (125 mL) of red wine provides the lower amounts of avail-
able flavonols than one portion of onions (15 g) or one glass of tea
(125 mL). The fact that certain flavonol glycosides are absorbed
more rapidly than others suggests the importance of the attached
sugar moiety on their rate of absorption (Hollman et al., 1999).
Further, the same authors suggested that quercetin glucoside is ab-
sorbed by active/facilitated transportation to the small intestine by
several transporters including 3 glucose transporters (GLUT 1/2/4)
and sodium-dependent glucose transporter (SGLT 1) summarized
by latter studies (Shahidi and Peng, 2018), whereas quercetin ruti-
noside is absorbed from the colon after deglycosylation. Olthof et
al. (2000) investigated whether the position of the glucose moiety
affected quercetin bioavailability in humans and suggested that the
quercetin glucosides were rapidly absorbed irrespective of the po-
sition of the glucose moiety. Major conjugates of quercetin after
onion supplementation were the 3'-sulfate, the 3'-methoxy-3-glu-
curonide, and the 3-glucuronide (Day et al., 2001).

11.1.2. Flavonone

The bioavailability of flavanone conjugates and their aglycones af-
ter the intake of orange juice, grapefruit juice or pure compounds
in humans has been reported by a number of studies (Ameer et al.,
1996; Erlund et al., 2001; Fuhr and Kummert, 1995; Gardana et al.,
2007, Ishii et al., 2000; Kanaze et al., 2007; Lee and Reidenberg,
1998; Manach et al., 2003; Nielsen et al., 2006). In most analyses,
researchers collected plasma and urine after ingestion and cleaved
putative hesperetin and naringenin glucuronide conjugates by

Journal of Food Bioactives | www.isnff-jfb.com 95



Phenolic Compounds in agri-food by-products

Shahidi et al.

treatment with glucuronidase before analysis of the released agly-
cones. It was shown that absorption of flavanones occurs in the
colon due to their binding to a rutinose or neohesperidose moiety
in food sources. Mullen et al. (2008) used HPLC-MS to analyse
flavanone bioavailability in humans after the intake of orange juice
and reported that there was a substantial metabolism of orange
juice flavanone in the gastrointestinal tract, most notably the large
intestine, where colonic bacteria play a major role. The specific
colonic biotransformation pattern of flavonones and known relat-
ed bacterial species were specifically described by other reviews
(Mosele et al., 2015; Sanchez-Patan et al., 2012; Shahidi and Peng,
2018). When compared to other flavonoids, bioavailability of fla-
vanone seems to be equivalent to that of flavonols and flavanols
and the elimination of flavanones in urine is not as rapid as that
of catechins, but slightly faster than that of quercetin (Manach et
al., 2003).

11.1.3. Flavan-3-ols

As outlined earlier, tea, chocolate, apples, pears, grapes, and red
wines are rich sources of flavan-3-ols. Bioavailability of flavan-
3-ols (proanthocyanidins and tea catechins) is very poor due to
their limited absorption and rapid elimination (Manach et al.,
2005a). Absorption of catechins is believed to occur through the
small intestine because bacterial degradation within the colon is
hypothesized to break down the flavonoids into smaller phenolic
acids including hydroxyphenyl acetic acid, hydroxyphenylpropi-
onic acid, phenylpropionic acid, and hydroxyphenylvaleric acid
(Déprez et al., 2000; Rechner et al., 2004). Catechins are metabo-
lized and circulated as sulfated, methylated, or glucuronidated de-
rivatives, as well as various phenolic catabolites absorbed in the
colon (Lee et al., 2002; Meng et al., 2002; Piskula and Terao, 1998;
Sun et al., 2017; Shahidi and Peng, 2018).

11.1.4. Isoflavones

Isoflavones exhibit the highest bioavailability of all subclasses of
dietary flavonoids with urinary excretion of metabolites typically
at 20-50% of their intake level (Donovan et al., 2006; Hollman,
2004; Manach et al., 2005a). Their high bioavailiability is mainly
attributed to the relatively moderate lipophlicity of most of isofla-
vone aglycones which is in accord with Lipinski’s rule of five that
the molecules with octanol-water partition coefficient log P rang-
ing from 2-5% have better bioavailability (Lipinski et al., 2001).
Isoflavones such as daidzein, genistein, O-desmethylangolensin
and equol are the main flavonoids and their metabolites in an or-
dinary Japanese diet and are found mainly in the conjugated form
in the plasma samples of Japanese men (Karakaya, 2004), but the
absorption of isoflavones differs between Japanese and Americans
because intestinal microflora, dietary habits, and ethnic back-
ground all have an effect (Zubik and Meydani, 2003). However,
there is still controversy about the bioavailability of aglycones
vs glucosides. The intestinal absorption of most isoflavones is
thought to require the release of aglycones from glucoside conju-
gates (Manach et al., 2004). Zheng et al. (2004) demostrated that
isoflavone aglycones were absorbed more rapidly than glucosides
as reflected in plasma 3 h after feeding and did not differ after 24 h.
Based on this observation they suggested that the glucoside moiety
prevented absorption of the isoflavone, and therefore absorption of
isoflavones from their glucosidic form, depended, at least in part,
on lower gut microbes which cleave the glucose moiety. Thus, the
intestinal absorption of glucosides is thought to be delayed (Izumi

et al., 2000; Zheng et al., 2004). However, Richelle et al. (2002)
and Zubik et al. (2003) reported that the absorbability of isofla-
vones does not differ when ingested as either corresponding agly-
cones or glucosides.

In a study by Riifer et al. (2008), seven male volunteers were
given either pure daidzein or pure daidzein-7-O-glucoside, both
at a dose of 3.9 umol/kg body weight. They demonstrated that the
plasma Cmax, at ca. 8-9 h, was three to six times longer after con-
sumption of the glucoside, which is dominant in soy compared
with the aglycone, the main component in fermented soy products.
The bioavailability reported in this study contrasts markedly with
the results of Izumi et al. (2000) and Kano et al. (2006). Izumi
et al. (2000) investigated the tablets containing a crude prepara-
tion of soy saponins and either daidzein and genistein aglycone
or their mixed glycosides, which were given to eight volunteers
weighing 51-87 kg at doses of 0.11 (30 mg aglycone and 50 mg
glycosides) and 1.7 (450 mg aglycone and 760 mg glycosides)
mmol. They found that at the higher dose, the isoflavone aglycone
mixture produced plasma Cmax concentrations up to five times
higher than diadzein and genistein glycosides. The Tmax in this
study was ca. 4 h, which is much shorter than the 89 h reported
by Riifer et al. (2008). Crozier et al. (2009) suggested that saponins
might play a role in these differences. According to the study of
Kano et al. (2000) in humans, isoflavone aglycones are absorbed
faster and in greater amounts than glucosides when ingested in the
form of a beverage like soymilk. On the other hand, the colonic
catabolism and in vivo metabolism of isoflavonoids greatly alter
their absorption and distribution. Along with the deglycosidation
in colon, more biotransformations may happen. For example, eq-
uol, one of the colonic catabolites of isoflavone aglycones, pos-
sesses a much higher lipophilicity and less hydrogen donor abil-
ity which may result in its better absorption (Setchel et al., 2002).
Besides equol, various simple phenolic acids derived by cleavage
of heterocyclic ring of isoflavones also affect the actual form of
isoflavones occurring in the plasma rather than only the original
isoflavones and their conjugates which has been discussed in other
publications (Braune and Blaut, 2016; Gaya et al., 2016; Shahidi
and Peng, 2018).

11.1.5. Anthocyanins

Studies have shown that mainly cyanidin-based anthocyanins
conjugated with glucose are absorbed like some other phenolics
frequently found in the diet such as catechin and quercetin glyco-
sides (McGhie et al., 2003). However, there are several important
differences in the absorption and the bioavailability of anthocya-
nins when compared with other flavonoids (McGhie and Walton,
2007). At dietary relevant doses, it seems that essentially all of the
absorbed catechin or quercetin was present as metabolites, that is,
conjugates of glucuronic acid or sulfate or methyl group (Donovan
et al., 1999; Sesink et al., 2001). In contrast, anthocyanins were
also absorbed and excreted largely unmetabolized in both rats and
humans. Therefore, they do not appear to undergo extensive me-
tabolism of the parent glycosides to glucurono, sulpho or, methyl-
derivatives (Cao et al., 2000; Cooney et al., 2004; Felgines et al.,
2002; Ichiyanagi et al., 2005; Matsumoto et al., 2001; McGhie et
al., 2003; Milbury et al., 2002; Miyazawa et al.,1999; Murkovic et
al., 2001; Tsuda et al., 1999; Wu et al., 2002). This complex array
of information about anthocyanin bioavailability in humans and
animals revealed that the determinants of absorption and excretion
are influenced by the nature of the sugar moiety and the structure
of the anthocyanidin aglycone (Prior and Wu, 2006; Wu et al.,
2005). Anthocyanins exist in the cationic form, but their stability is
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dependent on pH. With the pH change from acid to alkaline during
the digestion and colonic fermentation, the backbone of anthocya-
nins would change from flavylium to be pseudobase or chalcone
(Aura et al., 2005, Hidalgo et al., 2012). Therefore, pH conditions
may contribute to the difference of absorption, transportation and
metabolism between anthocyanins and other phenolics.

11.2. Tannins

Serrano et al. (2009) have reported the bioavailability of tannins in
a detailed review. Very few studies on bioavailability of polymeric
tannins in humans have been reported and the results are contro-
versial. However, theoretically, polymeric tannins could not pen-
etrate the enterocytes and be absorbed without any decomposition
process. Most studies in humans have been conducted after the
intake of pomegranate juice. It has been reported that ellagitannins
release ellagic acid upon in vivo hydrolysis (Daniel et al., 1991),
and pure ellagic acid has poor bioavailability compared with ella-
gitannins (Lei et al., 2003). Seeram et al. (2006) demonstrated that
consuming 180 mL of pomegranate juice concentrate was associ-
ated with maximum plasma concentration (0.06 umol/L) of ellagic
acid after 1 h; ellagic acid metabolites, total urolithin A of 0.14
umol/L and total urolithin B of 0.01 at 6 h. Cerda et al. (2004)
reported that neither punicalagin nor ellagic acid were detected in
plasma or urine following daily intake of 1 L of pomegranate juice
containing 4.37 g punicalagins over 5 days. They detected micro-
bial ellagitannin-derived metabolites, urolithins in fasting plasma
and urine. Urolithins, arise from biotransformation by the intes-
tinal microflora on ellagic acid, which is derived by degradation
of ellagitannin by human microbiota via hydrolysis (Cerda et al.,
2005a). After consumption of other ellagitannin-containing food-
stuffs’ namely strawberries, raspberries, walnuts, and oak-aged
wine metabolite excretion (urolithin B) ranged from 2.8 to 16.6%
of the ingested ellagitannins.

The study of Cerda et al. (2005b) showed that metabolite ex-
cretion after the consumption of common strawberries, raspber-
ries, walnuts, and oak-aged wine ranged from 2.8 to 16.6% of the
injested ellagitannins. These findings suggest that ellagitannin
metabolism in humans depends on the colonic microflora of each
individual.

11.3. Phenolic acids

Zhao and Moghadasian (2009) have reviewed the in vivo and in vit-
ro investigation on hydroxycinnamates. Caffeic acid, ferulic acid
and as well as the two groups of chlorogenic acids (caffeoylquinic
acids and dicaffeoylquinic acids) were mainly reported in bioa-
vailable studies. Relatively, few bioavailability data have been re-
ported on hydroxybenzoic acids due to their limited distribution in
foods (Shahidi and Naczk, 2003; Fernandez de Simon et al., 1992;
Tomas-Barberan and Clifford, 2000). Most studies have been on
the absorption and metabolism of gallic acid and have shown that
they are well absorbed (Lafay and Gil-Izquierdo, 2008). The com-
pound 4-O-methylgallic acid has been identified as a primary me-
tabolite of gallic acid in human plasma and urine (Mohsen et al.,
2002; Shahrzad and Bitsch, 1998).

As discussed in section 2.2, the major representative of hydrox-
ycinnamic acids in food is caffeic acid. It occurs largely conjugated
with quinic acid, as in chlorogenic acid. In experiments with vol-
unteers who had undergone colonic ablation, chlorogenic acid ab-
sorption was also three times lower than that of caffeic acid (Olthof
et al., 2001). A similar observation has been reported by Lafay et

al. (2006) in a rat model. Chlorogenic acid has been identified by
several authors in urine after the ingestion of coffee or pure chlo-
rogenic acid, suggesting its direct absorption in the gut (Cremin
et al., 2001; Gonthier et al., 2003; Ito, et al., 2005; Olthof et al.,
2001, 2003). However, in many studies, chlorogenic acid was not
detected in the plasma or bile (Azuma et al., 2000; Booth et al.,
1957; Bourne and Rice-Evans, 1998; Choudhury et al., 1999; La-
fay et al., 2006; Nardini et al., 2002). Furthermore, Farah et al.
(2008) confirmed that caffeoylquinic acids and dicaffeoylquinic
acids, which are major chlorogenic acid compounds in coffee, are
absorbed in the human body, being differentially absorbed and/
or metabolized throughout the whole gastrointestinal tract. Their
study also evidenced that urine is not a major excretion pathway
of intact chlorogenic acids and their metabolites and identified
sinapic, gallic, p-hydroxybenzoic, and dihydrocaffeic acids as ma-
jor urinary metabolites of chlorogenic acid in humans. In addition,
their study showed that the main chlorogenic acids present in the
green coffee matrix were highly bioavailable in humans.

Ferulic acid, quantified as urinary excretion, shows low to high
bioavailability (0.4-98%) depending on the food source (Anson
et al., 2009; Bourne et al., 2000; Heleno et al., 2015; Karakaya,
2004; Manach, et al., 2005a). For instance, in wheat grain, most of
ferulic acid is bound to arabinoxylans and other indigestible poly-
saccharides restricting its release in the small intestine (Anson et
al., 2009). Kern et al. (2003) have also shown that only a small pro-
portion (<3%) of ferulic acid and sinapic acid have been recovered
in the urine in relation to the total amount of ingested commercial
high-bran breakfast cereal. The bioavailability of ferulic acid was
somewhat higher from other food matrices such as tomato (11—
25%; Bourne and Rice-Evans, 1998), rye bread, (<28%; Harder
et al., 2004), or beer (19-98%; Bourne et al., 2000). Therefore,
appropriate processing techniques should be identified to increase
free ferulic acid in the cereal matrix in order to improve its bio-
availability. However, the exact mechanism for the absorption of
hydroxycinnamic acids is not clear. Konishi et al. (2003, 2004)
showed that hydroxycinnamic acids might be transported across
the intestinal epithelial cells by monocarboxylic acid transporters.
Studies of Poquet et al. (2008), Adam et al. (2002) and Zhao et
al. (2004) and (2008) suggest that a passive diffusion mechanism
may be involved in the absorption of hydroxycinnamic acids. The
metabolism of hydroxycinnamic acids may occur in the liver, in-
testinal mucosa, kidney, and/or by intestinal microflora (Chesson
et al., 1999; Zhao and Moghadasian 2008). During metabolism,
hydroxycinnamic acids may undergo a number of enzymatic reac-
tions including dehydroxylation, demethylation, dehydrogenation,
hydrogenation, O-methylation, sulphation, glucuronization, GSH
conjugation, and/or glycination (Zhao and Moghadasian 2009). As
for colonic fermentation, the o/f-oxidation usually breaks the C-C
covalent bonds of the side chain of hydroxycinnamic acids, lead-
ing to the shortening of the side chains with the formation of a
carboxyl group. Meanwhile, dehydroxylation and decarboxylation
also degrade hydroxycinnamic acids into simpler phenols, which
may contribute a higher absorption of catabolites of hydroxycin-
namic acids in the colon (Knockaert et al., 2012; Ludwig et al.,
2013). Conjugation of phenolic acids, the colonic metabolites of
flavonoids, also seems to occur less efficiently, with conjugation
percentages ranging from 13 to 100%, depending on the type of
phenolic acid involved (Olthof et al., 2003).

11.4. Tyrosol/hydroxytyrosol

Olive oil and its production wastes are the major sources of ole-
uropein, hydroxytyrosol and tyrosol. Several human studies have
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shown that olive oil phenols are bioavailable (Caruso et al., 2001;
Miro-Casas et al., 2001, 2003a, 2003b; Visioli et al., 2000, 2003;
Vissers et al., 2002). In a human ileostomy study, it was shown that
up to 66% of the ingested olive oil phenols were absorbed in the
small intestine (Vissers et al., 2002).

Urinary recoveries as high as 80% of the ingested amounts
of hydroxytyrosol have been reported in humans (Miro-Casas et
al., 2003a, 2003b), with considerably lower excretions of tyrosol
(20—25% of the initial doses) (Miro-Casas et al., 2001). Over 90%
of the urinary metabolites were conjugates (Caruso et al., 2001;
Miro-Casas et al., 2001, 2003a, 2003b; Visioli et al., 2000; Vissers
et al., 2002), mainly glucuronidated metabolites, yet free phenols
and methyl conjugates, with or without glucuronidation, were also
excreted in the human urine. Along with the phase II metabolism,
the phase I also influences the bioavailability of tyrosol. Actually,
tyrosol can be transformed to hydroxytyrosol depending on the
hydroxylation of CYP-450, which is proven to be CYP2A6/CY-
P2D6. In addition, enthanolin the wine could significantly increase
the bioavailability of tyrosol (Rodriguez-Morat6 et al., 2016a).
More information about different analytical approaches that have
been developed to measure the plasma and urinary levels of both
hydroxytyrosol and tyrosol and the details of their absorption, dis-
tribution, metabolism and excretion processes have been provided
by Rodriguez-Morat6 et al. (2016b).

11.5. Stilbene (trans-resveratrol)

Oral absorption of trans-resveratrol is high but its bioavailability
is very low because it is rapidly and extensively biotransformed
by first-pass metabolism (Walle et al., 2004; Wenzel and Somoza
2005). Meng et al. (2004) reported that free and conjugated res-
veratrol were detectable in human plasma after a high-dose admin-
istration of the pure compound (0.5-1 mg/kg) to fasting subjects.
However, it was not detectable in human plasma after its ingestion
from grape juice (0.6—1.8 mg of total resveratrol). These results
suggested the lower bioavailability of resveratrol glycosides in
grape juice in comparison with its pure aglycone and/or possible
influence of the matrix sugar content on resveratrol bioavailability.
Walle et al. (2004) demonstrated that the absorption of a dietary
relevant 25 mg oral dose of resveratrol was at least 70% and that
in vivo the molecule was metabolized not only through sulphate
and glucuronic acid conjugation of the phenolic groups but also
through hydrogenation of the aliphatic double bond, probably due
to the intestinal microflora. Vitaglione et al. (2005) showed that
trans-resveratrol in humans can be actually absorbed after moder-
ate wine consumption (300 or 600 ml). In this study, 25 subjects
were involved and it was clearly demonstrated that resveratrol ab-
sorption after wine consumption is highly variable. Further, the
same study revealed that frans-resveratrol was found in the serum
of roughly half of the subjects participating in the experiments, in
the free or in the glucuronidated form and in very different concen-
trations. In the colon, the double bond of C2 structure between two
aromatic rings of stilbene would be hydrogenated. Meanwhile, hy-
droxylation, dehydroxylation, and various conjugation would also
modify stilbene aglycone into different products. Therefore, much
more derivatives of stilbene were found in actual human pharma-
cokinetic study (Rotches-Ribalta et al., 2012a).

12. Health benefits of phenolic compounds

As discussed earlier, the by-products of the agri-food industries

constitute an interesting source of phenolic compounds. Potential
health benefits of many phytochemicals have been demonstrated
by in vitro and in vivo studies and excellent reviews and works
on this topic have been presented and published (Biedrzycka and
Amarowicz, 2008; Boris, 1996; Bravo, 1998; Chandrasekara and
Shahidi, 2011; Dillard and German, 2000; Halliwell 1996; Hei-
necke 1997; Hertog et al., 1993a,b; Huang et al., 1992; Isanga and
Zhang, 2007; Lakhanpal and Rai, 2007; Lampe, 1999; Nichena-
metla et al., 2006; Oomah and Mazza, 1999; Shahidi and Chan-
derasekara, 2013; Shahidi, 1997, 2000 and 2007; Shahidi and Ho
2007, Stintzing and Carle, 2004; Weichselbaum et al., 2010; Yang,
et al., 2008). Furthermore, Fraga et al. (2010) reported the possi-
ble mechanisms involved in rendering the health benefits of poly-
phenols. However, this contribution mainly reviews the studies on
health benefits related to the phenolic constituents extracted from
by-products of agri-food industry.

The health benefits of phenolics are primarily in several areas,
including cancer, atherosclerosis and other cardiovascular dis-
ease, the aging process and immune response-enhancing effect,
diabetes, mental health, spasmodic conditions, ulcers, and among
others (Dillard and German, 2000; Shahidi 2007). Oxidation of
low-density lipoprotein (LDL) is a key event leading to the forma-
tion of atherosclerotic plaques (de Vries et al., 1998). It is gener-
ally reactive oxygen species (ROS) as well as enzymes, such as
lipoxygenase and myeloperoxidase, are involved in the oxidation
of LDL (Heinecke, 1997; Morton et al., 2000). Some studies have
shown support for the role of dietary phenolics against cardiovas-
cular disease due to their antioxidant effects (Hertog et al., 1993a;
Nardini et al., 1995; Renaud and Lorgeril, 1992). Flavonoids have
also been reported to exert positive effects on the cardiovascular
system through modulation of the nitric oxide synthase system
(Fitzpatrick et al., 1998; Park et al., 2000; Visioli et al., 1998).
However, not all epidemiological studies have found a protective
effect of dietary phenolic compounds against heart disease (Rimm
et al., 1996; Hertog et al., 1997).

Phenolic compounds in nuts and their by-products, mainly ellag-
ic acid, resveratrol, and flavonoids provide protection against harm-
ful free radicals and are known to reduce the risk of coronary heart
disease and atherosclerosis. Cashew nut shell phenolics are used in
traditional medicine as anti-inflammatory, antidiarrheal, anti-asth-
matic and depurative agents. Previous studies have confirmed their
biological properties, including antibacterial, anti-inflammatory,
antiproliferative, antioxidant and enzymatic inhibitory activities
(de Sousa Leite et al., 2016; de Souza et al., 2018). Chen et al.
(2005) reported on the extracted almond skin flavonoids and dem-
onstrated their antioxidant capacity in vitro. These flavonoids were
found to be bioavailable and acted synergistically with vitamins C
and E to protect low-density lipoprotein (LDL) cholesterol against
oxidation in hamsters and humans. Walnut skin phenolics also have
been shown to inhibit oxidation of low-density lipoprotein (LDL)
cholesterol, a key step in atherogenesis (Anderson et al., 2001).

Phenolic compounds in red wine and wine by-products, particu-
larly the anthocyanins, hydroxycinnamic acids, proanthocyanidins
other flavonoids and stilbenes, are hypothesized to be the benefi-
cial components responsible for inhibiting the oxidation of low-
density lipoprotein (LDL) and thus, providing protection against
atherosclerosis (Frankel et al., 1993; Tebib et al., 1994; Yamakoshi
etal., 1999).

Resveratrol has been reported to exhibit antioxidant (Soares et
al., 2003; Oh and Shahidi, 2017; Oh and Shahidi, 2018), cardio-
protective (Chen and Pace-Asciak, 1996; Wang et al., 2002) and
anti-inflammatory properties (Subbaramaiah, et al., 1998; Martin
et al., 2004). Other studies have shown that resveratrol can inhibit
cellular events associated with carcinogenesis—cancer chemo-
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preventive activity including tumour initiation, promotion and
progression (Jian et al., 1999). In vivo studies have indicated that
resveratrol has anticancer effects against intestinal (Ziegler et al.,
2004), colon (Tessitore, et al., 2000) and skin cancer (Nichena-
metla et al., 2006). In contrast, other studies reported no antican-
cer effect and even carcinogenic properties at high dosage levels
of resveratrol (Bove et al., 2002; Sato et al., 2003). Furthermore,
Scalbert and Williamson (2000) noted that the very low concentra-
tion of resveratrol in red wine (0.3 to 2.0 mg/L) (Frankel et al.,
1995) makes the attribution of protective effects to this compound
unlikely. In addition to that, it acts as modulator of lipoprotein me-
tabolism (Goldberg et al., 1995; Soleas et al., 1997), inhibitor of
platelet aggregation (Bertelli et al., 1995; Pace-Asciak et al., 1995)
and vaso-relaxing agent (Chen, and Pace-Asciak, 1996; Jager and
Nguyen-Duong, 1999).

Proanthocyanidin-rich extracts from grape seeds display anti-
cataract activity in rats (Yamakoshi et al., 2002). Since oxidative
stress is responsible for cataract formation (Taylor et al., 1995)
the inhibition of cataract progression was suggested to be due
to the antioxidant activity of the grape seed proanthocyanidins
(Yamakoshi et al., 2002). In other studies, grape seed extracts were
found to possess antiulcer properties in rats (Saito et al., 1998).
It was suggested that the antiulcer property was due to the radi-
cal scavenging activity of the grape seed proanthocyanidins and
their ability to bind proteins. Studies in animal models show that
procyanidins from grape seeds inhibit chemically induced lipid
peroxidation, DNA fragmentation, and subsequent apoptosis in
a dose-dependent manner (Bagchi et al., 1998). Rats fed with a
diet enhanced with procyanidins had higher plasma antioxidant
activity and their hearts were less susceptible to ischemia/perfu-
sion damage induced by iron and copper ions (Facino et al., 1999).
Quinones et al. (2013) reported that ingestion of procyanidins had
an antihypertensive effect in spontaneously hypertensive male rats
with a significant decrease in systolic and diastolic blood pressure.
The antihypertensive effect of procyanidins for spontaneously hy-
pertensive rats was dose-dependent up to 375 mg/kg (maximum
decrease 6 h post-administration), although the procyanidins-fed
group did not show any effect on blood pressure of Wistar-Kyoto
rats (Quifiones et al., 2013). Besides, procyanidins could reduce
not only animal weight and plasma lipid but also inflammation
tumor necrosis factor-a (TNF-a) and C-reactive protein (CRP)
(Terra et al., 2011; Caimari et al., 2013). More recently, Shi et al.
(2019) fed high-fat diet to one hundred male C57BL/6 mice with/
without proanthocyanidins extracts for 180 days. It was found
that the proanthocyanidins extracts could significantly decrease
the weight gain, serum levels of triacylglycerols, total cholesterol,
and LDL cholesterol in the high-fat diet group but increased their
HDL cholesterol level. The differential effect of grape seed extract
and its active constituent procyanidin B2 3,3"-di-O-gallate against
prostate cancer stem cells was also investigated by Tyagi (2019).

Human studies also show that diet rich in procyanidins de-
crease/inhibit lipid peroxidation of LDL cholesterol and increase
free radical scavenging capacity (Natella et al., 2002; Fuhrman et
al., 1995). Procyanidins were reported to selectively inhibit pro-
tein kinase C (Takahashi et al., 2000) and intensively promote hair
growth by enhancing proliferation of mouse hair epithelial cells in
vitro and activating hair follicle growth in vivo (Takahashi et al.,
1999). Procyanidins were also found to slow the proliferation and
decrease apoptosis of pancreas S-cells induced by hydrogen perox-
ide and promote proliferation of normal pancreas fS-cells (Zhong,
2003).

Berries peel and pomace are the good source of anthocyanins.
The anthocyanins extracted from bilberry (Vaccinium myrtillus)
juice have been reported to protect the vascular system in vivo by

increasing the permeability of capillary blood vessels (Azar et al.,
1987). Anthocyanins have been shown to have stimulatory effect
on the secretion of tumour necrosis factor-a in macrophages in
vitro (Wang and Mazza, 2002) which are responsible for cytostatic
and cytotoxic activities on malignant cells (Camussi et al., 1991).
Inhibitory effects of apple polyphenols and related compounds on
cariogenicity of streptococci suggest their possible application in
dentifrices (Yanagida et al., 2000).

Dried citrus fruit (Citrus reticulata) peels are widely used as
remedies to alleviate coughs and reduce phlegm in the respiratory
tract in Chinese medicine (Ho and Lin, 2008; Ou, 1999).Citrus fla-
vonoids attract considerable attention, for their significant biologi-
cal activities, including anti-inflammatory, anticancer, and antia-
therogenic activities (Tripoli et al., 2007). The anti-inflammatory
activity of citrus peel extract highly correlated with the content of
nobiletin and tangeretin (Ho and Lin, 2008). A study demonstrated
that onion and potato peels also can serve as a natural source of
anti-inflammatory substances (Albishi et al., 2013b).

Tea phenolic compounds have been reported to exhibit a very
broad spectrum of medicinal activities. Zandi and Gordon (1999)
showed that the extracts from old tea leaves (OTL) have potential
as natural antioxidants. Farhoosh, et al. (2007) proved that black tea
waste extracts had antioxidant activities comparable with or even
better than those of old tea leave extracts. It has been demonstrated
that flavonoids compounds in tea have very strong antioxidant and
free radical scavenging activities, and are much more effective than
vitamins C and E at protecting cells from free radical damage (Vin-
son et al., 1995; Wiseman et al., 1997). Green tea phenolic compo-
nents inhibit intestinal uptake of glucose through rabbit intestinal
epithelial cells and thus may contribute to the reduction of blood
glucose levels (Kobayashi et al., 2000). Epigallocatechingallate,
a phenolic component of green tea, has been found to reduce the
incidence of chemically induced tumours in the oesophagus, liver,
lungs, skin and stomach of experimental animals (Huang et al.,
1992; Shahidi and Naczk, 2004). Epigallocatechingallate was also
reported to possess effective antioxidant properties and can provide
protection in vitro against both peroxyl radical and hydroxyl radi-
cal-induced oxidation of DNA (Hu and Kitts, 2001). This radical
scavenging activity suggests that phenolic compounds may provide
protection against carcinogens. Yen and Chen (1994) showed that
aqueous extracts of black, green, oolong and pouchong tea inhibit
>90% of the mutagenicity of a selected number of chemicals to-
ward S. typhimurium TA98 and TA100. Numerous papers have
reported effects on coronary heart disease (Au Kono et al., 1996;
Hertog et al., 1993a; Tijburg et al., 1997) and inhibition of carcino-
genesis (Dreostic et al., 1997; Jankun et al., 1997; Majima et al.,
1998; Naasani et al., 1998; Stoner and Mukhtar, 1995; Wang et al.,
1991; Wiseman et al., 1997; Yang, 1997) in experimental animals
by tea or tea catechins. These inhibitions were observed at all three
levels of cancer progression, namely initiation, promotion, and
transformation (Mitscher et al., 1997). This raises the possibility
that tea drinking may reduce the incidence of both cancer and heart
disease in humans. Residents of Shizuoka, Japan, where green tea
is produced and consumed, were shown to have lower mortality
rates from stomach, lung and liver cancers than comparable popu-
lations in non-green tea consuming area (Oguni et al., 1992). In
addition they prevent teeth from decaying by inhibiting the biologi-
cal activities of the cariogenic streptococci, Streptococcus mutans
and Streptococcus sobrinus (Cao, 1995; Ishigami, 1991; Sakanaka,
1991, 1995). Various in vitro studies have reported that flavonols
inhibit many pathogenic microorganisms including Vibrio cholerae
(Boris, 1996), Streptococcus mutans (Sakanaka et al., 1992) and
Shigella (Vijaya et al., 1995).

Mammalian lignans are recognized as phytoestrogens due to
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their estrogen moderating activity (Ososki and Kennelly, 2003).
There is evidence that lignans from flaxseed can reduce mammary
tumor size and number in rats (Thompson et al., 1996a, 1996b).
Hibasami et al. (1996) reported that catechin-rich persimmon ex-
tract induced programmed cell death (apoptosis) in human lym-
phoid leukemia cells. Citrus flavonoids, in particular, flavanones
have been shown to display anticarcinogenic and antiallergenic
(Noguchi et al., 1999) activity in vitro. Wang et al. (2005) reported
that lingonberries contained potent free radical scavenging activi-
ties for DPPH, peroxyl, hydroxyl and superoxide radicals. Extracts
of the lingonberries also applied to cell cultures induced cancer
cell apoptosis and suppressed cell damage from UV radiation. The
authors suggested that the antioxidant compounds in lingonberry
may make them possible candidates for a role in cancer chemopre-
vention and treatment.

Caffeic acid is known to selectively block the biosynthesis of
leukotrienes, components involved in immunoregulation diseases,
asthma and allergic reactions (Koshihara et al., 1984). Other stud-
ies have suggested that caffeic acid and some of its esters possess
antitumour activity against colon carcinogenesis (Rao et al., 1993;
Olthof et al., 2001). Caffeic acid derivatives have also been shown
to be potent and selective inhibitors of human immunodeficiency
virus type 1 (HIV-1) integrase which catalyzes the integration of
the viral DNA into the host cell. Caffeic and ferulic acid deriva-
tives have also been suggested to be potential protective agents
against photooxidative skin damage (Saija et al., 1999).

Quercetin provides many health promoting benefits, including
improvement of cardiovascular health, eye diseases, allergic dis-
orders, arthritis, reducing risk for cancers and many more chronic
health problems (Lakhanpal and Rai, 2007). Kerry and Abbey (1997)
showed that quercetin can inhibit LDL oxidation in vitro. This action
protects against atherosclerosis. Quercetin has been reported to be a
potent inhibitor of human immunodeficiency virus (HIV)-1 protease
(Xu et al., 2000). This compound has also been shown to decrease
the infectivity of herpes simplex virus type I, poliovirus type I and
parainfluenza virus in vitro (Kaul et al., 1985). Phenolic extracts
from by-products (peel) of onion and potato has been reported to
exhibit a potent in inhibition of LDL cholesterol oxidation, DNA
scission and cyclooxygenase-2 expression (Albishi et al., 2013b).

Numerous studies on the antioxidant activity have shown that
pomegranate juice contains high levels of antioxidants—higher
than most other fruit juices and beverages (Gil et al., 2000; Seeram
etal., 2008). The major contribution to the total antioxidant capacity
of pomegranate juice is attributed to punicalagin originating from
the peels (Gil et al., 2000; Tzulker et al., 2007). Clinical research
studies suggest that pomegranate juice changes the blood param-
eters such as LDL, HDL, and cholesterol (Aviram and Dornfeld,
2001; Aviram et al., 2000, 2004; Kaplan et al., 2001), slow the rate
of prostate cancer (Pantuck et al., 2006), and may be helpful against
heart disease (Sumner et al., 2005), alzheimer’s disease (Singh et
al., 2008), cancer (Khan et al., 2007; Malik and Mukhtar, 2006;
Seeram et al., 2007) improvement of sperm quality (Tirk et al.,
2008) and erectile dysfunction in male patients (Forest et al., 2007).

Pomegranate leaf tannins containing abundant ellagitannins,
mainly ellagic acid (Lan et al. (2009), which had a potent white
fat depot-lowering action in obese mice induced by a high-fat diet,
and also decreased the cellular levels of triglycerides (TG) by a
single orally administered lipid emulsion (Lei et al., 2007). Meng
et al. (2005) observed that ellagic acid has a noticeable activity of
modulating lipid metabolite of high-lipid rat and inhibiting HMG-
2CoA reductase in vitro.

The protective role of a cashew tree leaf extract against
streptozotocin-induced diabetes in both mice and rat is reported
(Kamtchouing et al., 1998; Swanston-Flatt et al., 1989). The as-

tringent cashew tree bark is rich in tannins and popularly used for
healing wounds. It’s also indicated for combating hypertension,
in the treatment of gastric disturbances, and for anti-inflammatory
and bactericidal treatment (Alasalvar and Shahidi, 2009).

The mango peel extract shows protective effect on hydrogen
peroxide induced hemolysis, lipid peroxidation, degradation of
membrane proteins and its morphological changes. (Ajila and
Prasada Rao, 2007). Aqueous stem bark extract from selected spe-
cies of mango, which was used in pharmaceutical formulations
and used as a food supplement in Cuba under the brand name of
Vimang, has been reported to display a potent in vitro and in vivo
antioxidant activity and anti-inflammatory activity, and also used
to prevent age-associated oxidative stress (Garrido et al., 2004;
Pardo-Andreu et al., 2006; Martinez et al., 2000; Rodriguez et al.,
2006; Sanchez et al., 2000).

Hydroxytyrosol in olive mill waste water (OMWW) is con-
sidered as natural antioxidants with considerable commercial and
economic interest. It has high added value, due to its antioxidant
and potentially beneficial (to human health) properties. Results
of in vitro research demonstrate that hydroxytyrosol inhibits hu-
man LDL oxidation, scavenges free radicals, inhibits platelet ag-
gregation, the production of nitric oxide and prostaglandin E2 for
RAW264.7 mouse macrophages and the production of leucotriene
for human neutrophils, and confers cell protection (Plastina et al.,
2019). It also acts against both gram (+) and gram (—) bacteria. In
addition, phenolic substances are the major contributors to OM-
WW?’s antimicrobial properties (Granados-Principal et al., 2010).

13. Future considerations

The commercial development of natural antioxidants such as poly-
phenols from by-products of food industry for health promoting
purposes is of major interest. Before final recommendations are
made it is necessary to further confirm the lack of toxicity from
extracts of such by-products and to investigate further bioavail-
ability and dosage. In addition to these considerations, more atten-
tion is needed in the following areas to add value the by-products
as nutraceuticals.

Role of individual phenolic compounds;

Optimum processing conditions for by-products and their eco-
nomic parameters;

Extraction parameters for high and non-toxic recoveries of phe-
nolics;

Mode of action of different phenolic compounds in specific
body organs;

The synergistic action of variety of phenolic antioxidants;

Bioavailability and bioefficacy studies in human.

Further, the bioactive components in ethnic foods and their by-
products have not been studied extensively. Therefore, more work
on these areas would be helpful for the better understanding of
diversified role of phenolic compounds.

14. Conclusions

Agro-industrial by-products serve as valuable sources of phenolic
compounds such as phenolic acids, flavonoids, tannins, lignans,
stilbenes, coumarins, and other nutraceuticals including carot-
enoids and betalains. Substantial evidence suggests that phenolic
compounds and other nutraceuticals in by-products may provide
one or more health beneficial effects. Phenolic compounds of vary-
ing structures possibly act as antioxidants, free radical scavengers,
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anticarcinogens, cadiopreventatives, antimicrobials, antivirals and
may play a significant role in maintaining the health of humans.
Therefore, importance of nutraceuticals and other natural health
products has been well recognized in connection with health pro-
motion and disease risk reduction. Growth in the use of nutraceu-
ticals from by-products is expected to continue.
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