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Flavonoids are abundant secondary metabolites found in plants and fungi that have 
various roles in these organisms, including pigmentation, cell signalling, plant defence 

and inter-organism communication. Due to their abundance in nature, flavonoids 
are also important components of the human diet, and the last four decades have 

seen an intense study focused on the structure characterization of flavonoids and on 
their roles in mammal metabolism. This book reviews most of the well-established 

activities of flavonoids, and we also present more recent research studies on the area of 
flavonoids, including the chemical aspects of structure characterization of flavonoids, 

the biosynthesis of flavonoids in model plants as well as their role in abiotic stress 
situations and in agriculture, the role of flavonoids in metabolism and health and their 

importance in foods, from consumption to their use as bioactive components.
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Preface

Flavonoids are abundant secondary metabolites found in plants and fungi that have various
roles in these organisms, including pigmentation, cell signalling, plant defence and inter-or‐
ganism communication. Due to their abundance in nature, flavonoids are also important
components of the human diet, and the last four decades have seen an intense study focused
on the structure characterization of flavonoids and on their roles in mammal metabolism.

Initially, flavonoids were identified as being potent antioxidants, capable of inhibiting many
oxidative and nitrosative stress-induced lesions to biomolecules, which are considered to
be at the onset of a number of human pathologies. They are also good chelating agents,
and as they are partly planar, it has been shown that they are able to interfere with
processes that involve DNA.

These antioxidant and chelating activities were present in both aglycones and glycosides but,
most importantly, in the metabolites found in circulation in humans. This research area has
evolved to include, first, the anti- and pro-inflammatory activities of flavonoids and, more
recently, many other aspects of human biology, including modulation of neuronal signalling.

In this book, most of the well-established activities of flavonoids are reviewed, and recent
research studies on the area of flavonoids are presented. Section 1 reviews the chemical as‐
pects of structure characterization of flavonoids, also focusing on isoflavonoids and homoi‐
soflavonoids. Section 2 addresses the biosynthesis of flavonoids in model plants as well as
their role in abiotic stress situations and in agriculture and also presents a biomimetic ap‐
proach to Diels-Alder flavonoid compounds. Section 3 deals with the role of flavonoids in
metabolism and health, from their antioxidant and chelating action to their anticancer and
neuronal modulation activities. Section 4 addresses the importance of flavonoids in foods,
from consumption to their use as bioactive components.

Finally, a special thanks to Pedro Pinheiro for his invaluable contributions to this work.

Gonçalo C. Justino
Centro de Química Estrutural,

Instituto Superior Técnico,
Universidade de Lisboa,

Lisboa, Portugal
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Chapter 1

Flavonoids: Classification, Biosynthesis and Chemical
Ecology

Erica L. Santos, Beatriz Helena L.N. Sales Maia,
Aurea P. Ferriani and Sirlei Dias Teixeira

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67861

Abstract

Flavonoids are natural products widely distributed in the plant kingdom and form one 
of the main classes of secondary metabolites. They display a large range of structures 
and ecological significance (e.g., such as the colored pigments in many flower petals), 
serve as chemotaxonomic marker compounds and have a variety of biological activi-
ties. Therefore, they have been extensively investigated but the interest in them is still 
increasing. The topics that will be discussed in this chapter describe the regulation of fla-
vonoid biosynthesis, the roles of flavonoids in flowers, fruits and roots and mechanisms 
involved in pollination and their specific functions in the plant.

Keywords: flavonoids, biosynthesis, pollination, allelochemicals, chemical ecology

1. Introduction

Flavonoids represent a highly diverse class of polyphenolic secondary metabolites, which 
are abundant in spermatophytes (seed-bearing vascular land plants: gymnosperms (cycades, 
conifers, ginkos and gnetophytes) and angiosperms) [1–3] but have also been reported from 
primitive taxa, such as bryophytes (nonvascular land plants, including liverworts, hornworts 
and mosses) [4, 5], pteridophytes (seedless vascular land plants, i.e., lycophytes, horsetails 
and all ferns) [6, 7] and algae [8, 9]. Overall, about 10,000 flavonoids have been recorded 
which represent the third largest group of natural products following the alkaloids (12,000) 
and terpenoids (30,000) [1, 10].

Flavonoids are essential constituents of the cells of all higher plants [11]. Plants have evolved 
to produce flavonoids to protect themselves against fungal parasites, herbivores, pathogens 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



and ultraviolet (UV) radiation [10]. They resemble in their regulatory properties most of 
the lipid-soluble vitamins but serve, in addition, due to their color, as communicators with 
the environment. Flavonoids are recognized by pollinators, for example, insects, birds and 
animals, which contribute to the dispersion of seeds [11]. They act as symbionts, as allelo-
chemicals, as antimicrobial and antiherbivory factors [10, 12]. Many studies have shown that 
flavonoids exhibit biological and pharmacological activities, including antioxidant, cytotoxic, 
anticancer, antiviral, antibacterial, anti-inflammatory, antiallergic, antithrombotic, cardiopro-
tective, hepatoprotective, neuroprotective, antimalarial, antileishmanial, antitrypanosomal 
and antiamebial properties [13–15].

The topics that will be discussed in this chapter describe the regulation of flavonoid biosyn-
thesis, the roles of flavonoids in flowers, fruits and roots and mechanisms involved in pollina-
tion and their specific functions in the plant.

2. The classification and biosynthesis of flavonoids

Flavonoids can be classified according to biosynthetic origin. Flavonoids are characterized 
by the presence of 15 carbon atoms in their basic skeleton, arranged in the form C6-C3-C6, 
which corresponds to two aromatic rings A and B linked by a unit of three carbon atoms, 
which may or may not give rise to a third ring. The rings are labeled A, B and C [15, 16]. The 
initial step in the biosynthesis of most flavonoids is the condensation of one p-coumaroyl-
CoA molecule (shikimate derived, B ring) with three molecules of malonyl-CoA (polyketid 
origin, A ring) to give chalcone (2′, 4′, 6′, 4-tetrahydroxychalcone). This reaction is carried out 
by the enzyme chalcone synthase (CHS) [14–16]. Chalcone is subsequently isomerized by the 
enzyme chalcone flavanone isomerase (CHI) to flavanone. From these central intermediates, 
the pathway diverges into several side branches, each yielding a different class of flavonoids 
(Figure 1) [14, 16, 17].

Although the central pathway for flavonoid biosynthesis was conserved in plants, depending 
on the species, a group of enzymes, such as isomerases, reductases, hydroxylases, modifies 
the basic flavonoid skeleton, leading to the different flavonoid classes [1, 16], including chal-
cones and flavanones which are intermediary compounds in biosynthesis and final products 
present in various parts of the plant. Anthocyanins, proanthocyanidins, flavones and flavo-
nols are other classes only known as end products of biosynthesis. The other important class 
is the isoflavonoids, which are formed by migration reaction of 2-aryl side chain to 3-position 
mediated by isoflavone synthase [1, 16, 18].

The retrochalcones are unusual flavonoids and have reversed A and B rings. The biosynthesis 
is not yet clearly defined but is likely to be derived from the common C15 intermediate of gen-
eral flavonoid biosynthesis, more specifically from the reduction of dibenzoylmethanes [19–21] 
or by 2-hydroxylation of a flavanone [22, 23]. These compounds are restricted to relatively 
few plant species and have been isolated from some species of the families Leguminosae [24], 
Annonaceae and Basellaceae [25–28].

Flavonoids - From Biosynthesis to Human Health4
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Several species reported the presence of chalcone dimers bound by a cyclobutane (Figure 2) 
[29–35]. The phytochemical study of the roots of Dahlstedtia grandiflora was observed, and for 
the first time, the occurrence of dimerization in retrochalcones was noted [24]. The mecha-
nisms of [2 + 2] cycloaddition involved in the formation of these compounds are suggested 
[30, 35]. In spite of the lack of biosynthetic studies of these natural products, much effort has 
been made in elucidating the biosynthetic pathways of flavonoids from a genetic perspective.

Figure 1.  A diagram of the flavonoid biosynthetic pathway. Key enzymes catalyzing some reactions: PAL, phenylalanine 
amonialyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumaroyl-coenzyme A ligase; CHS, chalcone synthase; CHI, 
chalcone flavanone synthase; F3H, flavanone 3β-hydroxylase; DFR, dihydroflavonol 4-reductase; FLS, flavonol synthase; 
IFS, isoflavonoid synthase; AS, anthocianin synthase and UF3GT, UDP glucose: flavonoid 3-O-glucosyltransferase. 
Adapted from Ref. [17].

Flavonoids: Classification, Biosynthesis and Chemical Ecology
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Flavonoids occur naturally as compounds associated with sugar in conjugated forms (glyco-
sides), without attached sugar as aglycones [1, 36]. They are often hydroxylated in positions 3, 5, 
7, 3′, 4′ and 5′. Some of these hydroxyl groups are frequently methylated, acetylated or sulfated. 
Prenylation usually occurs directly at a carbon atom in the aromatic rings, but O-prenylation has 
also been found [11]. When glycosides are formed, the glycosidic linkage is normally located in 
position 3 or 7, and the carbohydrates are commonly L-rhamnose, D-glucose, glucose rhamnose, 
galactose or arabinose [1, 11]. These changes often alter their solubility, reactivity and stability. 
The majority of flavonoids are present in the form of glycosides under natural conditions [1].

2.1. The chemical structure of flavonoids

The chemical nature of flavonoids varies according to the hydroxylation pattern, conjuga-
tion between the aromatic rings, glycosidic moieties, methoxy groups and other substituents 
[37–39]. Flavonoids contain conjugated double bonds and groups (hydroxyl or other sub-
stituents) that can donate electrons through resonance to stabilize the free radicals, which 
originate in the electronic spectra of flavonoids [40].

Studies on flavonoids by UV spectroscopy have shown that most flavonoids consist of two major 
absorption maxima: band II (240–285 nm) which corresponds to the benzoyl system of the A ring, 
while band I (300–400 nm) represents the cinnamoyl system of the B ring (Figure 3) [36, 41].

Functional groups attached to the flavonoid skeleton may cause a shift in absorption. The 
application of standardized UV (or UV-Vis) spectroscopy has for years been used in analyses 
of flavonoids [11].

Flavonoids have the ability to sequester free radicals, are natural antioxidants derived from 
plants and are commonly found in foods and beverages [40]. The main structural features of 
flavonoids required for antioxidant activity can be determined by three fundamental factors: 
(1) a 3′,4′-dihydroxy (catechol) structure in the B ring favors the electron delocalization (A), 
(2) an unsaturated 2-3 bond in conjugation with a 4-keto group provides electron delocaliza-
tion from the B ring (B) and (3) hydroxyl groups at positions 3 and 5 form intramolecular 
hydrogen bonding to the keto group (C) (Figure 4). These effects lead to the increases of the 
radical scavenging by delocalization of electrons or by donation of hydrogen [42].

Figure 2.  Chalcone dimmers isolated from Combretum albopunctatum [31], Helichrysum zivojinii [29] and Agapanthus 
africanus [30].

Flavonoids - From Biosynthesis to Human Health6
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Flavonoids have different activity mechanisms such as free radical scavenging, inactivation of 
peroxides and other reactive oxygen species, chelation of metals and quenching of secondary 

Figure 3.  Band II absorption (originated from A-ring benzoyl system) and band I (from the B-ring cinnamoyl system). 
Adapted from Ref. [41].

Figure 4.  Structural groups for radical scavenging [42].
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lipid oxidation products [40]. The radical scavenging properties associated with the structure 
of flavonoids defend against oxidative stress and in doing so reduce heart disease, prevent can-
cer and slow down the aging processes in cells responsible for degenerative diseases [40, 42].

3. Ecology chemicals

3.1. Pigments and pollination

Plant compounds that are perceived by humans to have color are generally referred to as 
“pigments.” The three main classes of pigments for coloration in plants are: betalains, carot-
enoids and flavonoids (anthocyanins) [43, 44]. All three classes of pigments act as visible sig-
nals to attract insects, birds and animals for pollination and seed dispersal [11, 43].

The pigments that color most flowers, fruits and seeds are flavonoids, which have the widest 
color range, from pale-yellow to blue [12]. Anthocyanins occur in all plant tissues and provide 
a wide range of colors ranging from orange/red to violet/blue [44]. They are formed by glyco-
sides that may have several sugars in position 3; when there are no glycosides, the pigments 
are called anthocyanidins [12]. In addition to various modifications to their structures, their 
specific color also depends on pH, copigments and metal ions [11, 45].

The basic chromophore of anthocyanins is the flavylium ion [45, 46]. In acidic medium (pH 
below 2.5), anthocyanins show intensely reddish coloration or orange due the presence of 
flavylium cation form. When the pH increases from 2.5 to 4–6, the violet anhydrobase is 
formed first, but it decolorizes rapidly due the predominance of pseudobase carbinol formed 
by hydration (Figure 5) [11, 39, 47].

Since the flower cell sap is usually weakly acidic, in this pH region, most of the anthocyanins 
are in colorless form Ref. [47]. Hydration of the flavylium cation, which causes decoloration, 
may be prevented by formation of a complex between this ion and other substances. This 
phenomenon is called copigmenting [11, 47]. Such complexes are formed by intermolecular, 
intramolecular rearrangements and self-association, with organic molecules such as flavo-
noids, tannins, aromatic acids or metal for chelation [46, 47]. The copigmentation has a sta-
bilizing effect as well as a bathochromic effect on anthocyanins [47]. Various flavonols and 
flavones act as copigments, with anthocyanins leading to an intensification of flower color 
[32, 45, 46]. So far, the main pigments targeted for flower and fruit color modifications are 
anthocyanins that contribute to a variety of colors such as red, pink and blue [44].

Humans recognize the color of a compound by perceiving reflected or transmitted light of 
wavelengths between 380 and 730 nm, while insects recognize light of shorter wavelengths 
[43]. Anthocyanins contribute to the UV patterns that are visible to insects and serve to signal 
flowers and fruits that are attractive to pollinators [45]. The light absorption of anthocyanins 
extends over most of the spectrum. Particularly, anthocyanins have an intense absorption in 
the 450–560 nm region (visible region), attributed to the hydroxyl cinnamoyl system of the B 
ring, while the absorption in the 240–280 nm region (UV region), characteristic of all flavo-
noids, corresponds to the A ring [32, 39].

Flavonoids - From Biosynthesis to Human Health8
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The different colors produced by pigments are visible only to animals with the right photore-
ceptors, and many insects have limited color vision at the red end of the spectrum [40]. Due 
to the structural diversity of anthocyanins, the presence of one determined anthocyanin in the 
flower might affect the type of pollinators visiting the plant. The color preferences are differ-
ent for different pollinators, and blue anthocyanins, for example, appear to attract bees more 
than red ones. Some butterfly and birds species visit red flowers, suggesting that both groups 
of animals are attracted to red anthocyanins [12, 40, 48].

A study of anthocyanins in two species of the genus Schizanthus Ruiz & Pav (Solanaceae) 
showed that the hummingbird-pollinated red flowers of S. grahamii contained a higher pro-
portion of delphinidin 3-O-rutinoside (anthocyanin), whereas the bee-pollinated bluish-pink 
flowers of S. hookeri contained a higher proportion of petanin-derivatives (anthocyanin) [48].

Flavones and flavonols also contribute to flower color hue. Both groups of compounds com-
prise unpigmented or pale yellow flavonoids and are mostly invisible to the human eye [43, 44]. 
Studies on flavonoids by spectroscopy have revealed that most flavones and flavonols exhibit 
two major absorption bands: band I (320–385 nm) represents the B ring absorption, while band 
II (250–285 nm) corresponds to the A ring absorption [39]. As they absorb UV, which insects 
recognize, they give color and patterns to flowers to attract insects [43].

Figure 5.  A change in the structure of an anthocyanin in aqueous solution as a function of pH [47].
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Chalcones and aurones, which provide yellow pigmentation in the flowers of several orna-
mental species, are relatively rare types of flavonoids [49]. The UV spectra of both compounds 
are characterized by an intense band I and diminished band II absorption [50]. The major 
absorption band in chalcones (band I) usually occurs in the range 340–390 nm. Band II is 
usually a minor peak in the 220–270 nm region, while the long wavelength absorption band 
in aurones is usually found in the 370–430 nm region. They produce the strongest yellow 
colors owing to their absorbance at longer wavelengths compared to the other types [50, 51]. 
Chalcones, flavonols, flavones or anthocyanins usually accumulate in sex organs of flowers, 
including the pollen. In contrast to man, some insects, especially bees, can perceive in the 
near ultraviolet (340–380 nm) as well as in the visible region. However, insects are possibly 
attracted to pollen whose color contrasts against petals due to UV reflective or absorptive 
flavonoids [46].

Pollination is an essential step in the reproductive process of the world’s nearly 300,000 species 
of flowering plants because it is usually required for the production of seeds. Pollination can 
result from the action of abiotic forces such as wind and water, but 80% of the Angiosperms 
rely on animals, including bats, flies, butterflies, beetles and other insects [52]. Such diversity 
is acquired through evolutionary processes to ensure successful reproduction [44].

3.2. Allelopathy

The interactions between organisms are fundamental for the determination of plant abun-
dance and distribution pattern in the community, of the productivity of several cultivated 
species and of the degree of interference on weeds [53]. Weeds are one of the most important 
factors that impose limitations on the development of agricultural activity in the world and 
are difficult to eradicate. The success of weeds in different cropping systems is associated, 
in part, with their ability to produce, store and release to the environment chemicals with 
allelopathic properties [54].

Allelopathy can be defined as a process by which compounds from the metabolism of a plant 
are released, preventing the germination, growth and development of other neighboring 
plants [55]. These compounds are involved in plant-plant interactions or allelopathy [56] and 
may influence, for example, in the vegetation of a local, in the succession of plants, in the 
germination of seeds and in the cultures productivity, among others [57]. Among the main 
groups of compounds with allelopathic potential are highlighted the benzoquinones, couma-
rins, flavonoids, terpenoids, glycosides, phenolic acids, alkaloids, rotenoids, catechins and 
tannins [58, 59].

Although flavonoids have many roles in plants, in relation to their role in allelopathy and the 
inhibition of seedling root growth [56], the activity of flavonoids in plant-plant interactions 
can be positive or negative [60]. The negative relations are mainly based on inhibiting germi-
nation and growth of other plants seedlings [56], as depicted in Table 1.

Some flavonoids present a level of phytotoxicity, indicating that allelopathy could be a ben-
eficial function of the flavonoids to the producing plant [65]. Although the relative role of fla-
vonoids in allelopathic interference has been less well-characterized than of some secondary 
metabolites, some examples of their involvement in autotoxicity and allelopathy are reported 
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[56]. In a previous study, see [65], presented flavonoids as are at least partly responsible 
for the strong phytotoxic effects of Stellera chamaejasme L. The potential allelopathic behav-
ior may facilitate this weed to become a good competitor against other plant species in the 
environment.

Allied to the need for understanding the mechanism action of flavonoids, the importance of 
the study of allelopathy gains more and more attention in agriculture because these interac-
tions could be employed for reducing weed growth.

Biopesticides based on flavonoids displaying allelopathic properties against weeds can poten-
tially be an efficient natural defense against them [62]. In the study [63], the inhibiting activity 
against weeds of the species Echinochloa crus-galli, Cyperus difformis and Cyperus iria using the 
5,7,4′-trihydroxy-3′,5′-dimethoxyflavone is shown.

4. Conclusion

Flavonoids are found in most plant tissues, provide a range of colors that attract pollinators, 
and, in fruit, they probably serve to attract frugivores that assist in seed dispersal. All of 
these pigments also function as antioxidants and sunscreens, absorbing wavelengths of ultra-
violet. Their biosynthesis appears to be ubiquitous in plants and evolved early during land 
plant (from primitive green algae) evolution, aiding in plant protection and signaling. The 
precise mechanism by which flavonoids participate in allelopathy is still unknown, but the 
significance of allelopathy has gained more attention in agriculture, for example. Plant-plant 
interactions can influence or determine diversity, productivity and reproduction of a plant 
community beyond reduction or inhibition of weed growth.

Plant organism Flavonoid Function References

Oryza sativa L. Allelopathic inhibitor of 
weeds and pathogens

[61]

- Allelopathic inhibitor of 
seed germination 

[62]

Helianthus annuus Inhibitor of seedling 
growth

[63]

- Allelopathic inhibitor of 
seedling growth

[64]

Table 1. Flavonoids of different classes with allelopathic potential.
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Abstract

Flavonoids, which possess a basic C15 phenyl-benzopyrone skeleton, refer to a series of
compounds in which two benzene rings (ring A and B) are connected to each other
through three carbon atoms. Based on their core structure, flavonoids can be grouped
into different flavonoid classes, such as flavonols, flavones, flavanones, flavanonols,
anthocyanidins, isoflavones and chalcones. Flavonoids are often hydroxylated in posi-
tions 3, 5, 7, 30, 40 and/or 50. Frequently, one or more of these hydroxyl groups are
methylated, acetylated, prenylated or sulfated. In plants, flavonoids are often present
as O- or C-glycosides. The O-glycosides have sugar substituents bound to a hydroxyl
group of the aglycone, usually located at position 3 or 7, whereas the C-glycosides have
sugar groups bound to a carbon of the aglycone, usually 6-C or 8-C. The most common
carbohydrates are rhamnose, glucose, galactose and arabinose. This chapter mainly
introduces the methods of isolation and structure identification of flavonoids.

Keywords: flavonoids, structures and classification, extraction, isolation, structure
identification

1. Introduction

Flavonoids are important natural organic compounds of secondary metabolites that are pro-
duced during the long process of natural selection. They widely exist in the roots, stems,
leaves, flowers and fruits of higher plants and ferns [1], which are of numerous categories
and chemical structures. Because of the special chemical structures, flavonoids possess wide
range of physiological and biochemical effects to the cells of mammal and other kinds of
animals. Firstly, flavonoids possess strong chemical reactivity. For example, some flavonoids
have antioxidant activity via scavenging free radicals in organism [2]. Furthermore, flavonoids
possess various pharmacological activities of inhibiting the activity of enzymes, antitumor,

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



antibiosis, antivirus, anti-inflammatory and so on [3–9]. The potential treatment and preven-
tion effects have been shown in degenerative diseases such as tumors, aging and cardiovascu-
lar diseases [10–15]. Additionally, some compounds of flavonoids possess potential application
prospects as weak hormones at treating menopausal syndrome of women [14–17].

2. Structures and classification

Flavonoids generally refer to the natural products of C6-C3-C6 basic structure. Most of them
are the chromone derivatives with the core structure of 2-phenylchromone and made up of
three rings of A/B/C as shown in Figure 1.

According to connection mode of ring A with B, the connection position of ring B, the oxida-
tion level of C3 substructure and degree of polymerization, various type of flavonoids could be
classified, as shown in Table 1.

The main factors of the structure diversity of flavonoids are as follows:

2.1. Change of ring system, degree of oxidation and number of core structure

Most of the flavonoids possess the core structure of C6-C3-C6; few of them are C6-C1-C6

(xanthone, for example). A few of them, such as homoisoflavones and rotenoids, possess
C6-C4-C6 structure skeleton. In most cases, C3 part is formed to be a hexatomic or pentagon
ring with C6 part. It could also be aliphatic chain, such as chalcone and dihydrochalcone.
Supposing that the double bond of ring C was hydrogenated, dihydro derivative was formed,
such as flavanone and flavononol. Commonly, ring B is connected to C-2; it might be connected
to C-3 or C-4 in a few cases, such as isoflavone and neoflavonoid. Most of the flavonoids have
only one core structure; some of them possess two, however. We called them biflavonoids.

2.2. Various substituents at ring A and B

Generally, hydroxyl, methoxyl, methyl, isopentenyl, methylenedioxyl, benzyl, nitro groups
and so on, could be substituted at ring A and/or B.

Figure 1. Basic structure of flavonoids.
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Structure
type

Basic structure Structure type Basic structure

Flavone Chalcone

Flavonol Dihydrochalcone

Flavanone Anthocyanidin

Flavanonol Flavan

Isoflavone Aurone
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2.3. Glycosidation

Flavonoids are often glycosided to be O-glycosides or C-glycosides. During the glycosidation
of flavonoids, almost every hydroxyl group could be the reaction position. However, the
glycosidation reaction mostly occurred at 7-OH of flavone, flavanone and isoflavone, 3- and/
or 7-OH of flavonol and flavanonol 3- and/or 5-OH of anthocyanidin. The glycosyl group of C-
glycosides is often connected to C-6 and/or C-8.

2.4. Formation of complexes

Complexes of flavonoids could be formedwith other types of compounds, such as phenylpropanoids,
coumarins and alkaloids.

3. Extraction and isolation

3.1. Extraction

Traditional extraction methods of flavonoids often cause the problems of inefficiency, high
energy consumption, more solvent consumption and so on. The new extraction methods and

Structure
type

Basic structure Structure type Basic structure

Isoflavanone Homoisoflavanone

Rotenoid Xanthone

Pterocarpin Neoflavonoid

Table 1. Main structure types of flavonoids.
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technologies occurred in recent years promoted the development of flavonoids. Because of
the numerous types of flavonoids, the single extraction methods generally cannot meet the
requirement. Traditional and modern methods should be applied together according to the
extraction purpose.

3.1.1. Traditional extraction methods

Ethanol and methanol are frequently used to extract flavonoids. The common extraction
methods include dipping, percolation, reflux, continuous reflux and so on. The alcohol of high
concentration (90–95%) is applied to extract free flavonoids, and the alcohol at the concentra-
tion of about 60% is applied to extract flavonoid glycosides. For example, reflux method was
applied to extract total flavonoids from leaves of Ginkgo biloba with 70% ethanol, and the
product yield was significantly higher than the water decoction method [18].

Hot water extraction method is applied to flavonoid glycosides. It possesses the advantages of
low cost, safety, simple equipment and could be applied in industrial production, but much
water-soluble impurities, such as proteins and saccharides might be mixed into the product.

Most of the flavonoids are acidic because of hydroxyl or carboxyl groups, so they could be
extracted with alkaline water or alkaline dilute alcohol. The commonly used solvents include
dilute sodium hydroxide, lime water, 5% sodium hydroxide dilute ethanol solution and so on.
Water-soluble impurities, such as tannins, pectins and mucilages, could be precipitated
because of the formation of calcium salts during the extraction with lime water. It has often
showed good results if 5% sodium hydroxide dilute ethanol solution was used. However, the
product yield might be reduced because some flavonoids obtained after acidification might be
dissolved in dilute ethanol solution. It should be noted that the concentration of alkali should
not be excessive during the extraction, and the acidity of the solvent should not be excessive
during acidification. Additionally, sodium borate should be used if adjacent phenolic hydroxyl
groups are existed in the structures. Extraction of rutin from Flos Sophorae Immaturus is one
example [19].

3.1.2. New extraction technologies

3.1.2.1. Supercritical fluid extraction (SFE)

The goal of selected extraction, isolation or purification might be achieved via controlling
temperature, pressure and regulating the type and consumption of cosolvent during the
supercritical fluid extraction. Cosolvent (e.g. ethanol) is usually added to induce product yield.
For example, the product yield of supercritical CO2 extraction of flavonoids from Licorice has
been raised 2.2 times than the ordinary alcohol extraction [20].

3.1.2.2. Ultrasonic extraction

This method has been used in the quality analysis and small amount extraction of flavonoids.
It’s still seldom used in industrial production, however. For instance, ultrasonic extraction was
used in the extraction of flavone from the bud of Sophora japonica, and the product yield was
higher than reflux extraction method [21]. Ultrasonic extraction is superior to reflux method
from the perspectives of energy saving, time saving and technology.
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3.1.2.3. Microwave-assisted extraction

It has obtained good results in the extraction of flavonoids. However, it is confined to laboratories
so far. It also can be applied combined with other methods to induce product yield. For example,
refluxing extraction was used after treatment with microwave for a short time during the extrac-
tion of flavonoids fromOphiopogon japonicus. The product yield was induced significantly [22].

3.1.2.4. Enzyme method

The impurities, such as starches, pectins and proteins, could be removed after enzymolysis.
Long extraction time is the limitation of this method. However, the mild operational conditions
could overcome the shortcomings that some bioactive components may be decomposed under
high temperature.

3.1.2.5. Macroporous adsorption resin

It has been used in the separation and enrichment of flavonoids. Suitable types should be
chosen according to the nature of target constituents.

3.1.2.6. Ultrafiltration

The molecules of different molecular weight are separated depend on the pressure difference
between both sides of ultrafiltration membrane. Proteins, polypeptide, polymeric pigments
and starches could be removed largely. It possesses advantages of simple operations such as no
need to heat and destroy the molecular structures. It could remove 69.4% pectins and 66%
proteins during the preparation of soybean isoflavones [23].

3.1.2.7. Aqueous two phase extraction (ATPE)

Aqueous two phase system (ATPS) is formedwhen either two polymers and kosmotropic salt, or
two salts (one chaotropic salt and the other a kosmotropic salt) are mixed at appropriate concen-
trations and at a particular temperature. The distribution coefficients are different in specific
ATPS of different substances. The separation objective will be achieved via selective distribution
between the two phases after adding substances into the system. It possesses advantages of time-
saving, simple operation, mild condition, being easy to expand process, large treatment capacity
and so on. The commonly used ATPS are high polymer system (e.g. PEG-Dextran system), high
polymer-inorganic salt system and PEG-sulfate/phosphate system. The distribution characteris-
tics of puerarin in the two-phase aqueous systems of PEG/(NH4)2SO4 and acetone/K2HPO4 have
been studied [24], and the best system has been determined.

3.2. Isolation

3.2.1. General methods

The isolation of flavonoids includes the separation of flavonoids and other kinds of com-
pounds, and the obtaining of monomeric compounds. The choosing of isolation methods is
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made primary according to polarity, acidity, molecular weight difference and special structure.
Chromatography is still the first choice to isolate flavonoids.

3.2.1.1. Silica gel chromatography

Silica gel chromatography is the main method to isolate or identify flavonoids. It is applied to
isolate low or medium polar constituents. Reversed phase silica gel (e.g. reversed phase C18

silica gel) is commonly used to isolate flavonoid glycosides.

3.2.1.2. Polyamide chromatography

Polyamide is a good adsorbent to isolate flavonoids. The adsorption strength hinges on hydro-
gen bonding associated between polyamide and flavonoids, which depends on the number
and positions of hydroxyl groups in the molecules of flavonoids.

3.2.1.3. Polydextran gel chromatography

The most commonly used polydextran gel is sephadex LH-20 during the isolation of flavo-
noids. Adsorption is the main mechanism during the isolation of free flavonoids, and the
adsorption strength is mainly based on the phenolic hydroxyl groups. However, molecular
sieve effect plays the leading roles during the isolation of flavonoid glycosides.

3.2.2. Application of new isolation technologies

3.2.2.1. High-performance liquid chromatography (HPLC)

This technology has been widely used in the isolation and quality analysis of flavonoids and
other kinds of natural products. The determination of chromatographic condition is the key to
achieve separation purpose.

3.2.2.1.1. Choice of stationary phases

Silica gel and amino columns are mostly used during the operation of normal phase chroma-
tography. In the reversed phase, HPLC (RP-HPLC), C18, C8, C2, amino or phenyl columns
could be applied, whereas C18 and C8 columns are mostly used among them.

3.2.2.1.2. Choice of mobile phases

Methanol-water and acetonitrile-water system are commonly applied in RP-HPLC. In order to
improve separation performance, minute quantity of acid (e.g. trifluoroacetic acid) could be
added into mobile phase.

3.2.2.1.3. Detection

All of the flavonoids are able to absorb ultraviolet rays, so generally they could be detected by
UV detectors. It is usually detected at 254–280 nm or 340–360 nm for flavones, flavonols and
the corresponding glycosides, 520–540 nm for anthocyanidins and the corresponding glyco-
sides, 250 nm for chromones.

Isolation and Structure Identification of Flavonoids
http://dx.doi.org/10.5772/67810

23



3.2.2.2. High-speed counter current chromatography (HSCCC)

High-speed counter current chromatography (HSCCC) has been applied successfully to the
isolation of flavonoids. The method is simple and quick to operate, and could get product with
high purity. Furthermore, it is suitable to industrial production. For example, an HSCCC
system has been employed to separate seven flavonoids from a methanolic extract of the leaves
of Oroxylum indicum by a one-step isocratic elution using a chloroform-methanol-water
(9.5:10.5) two-phase system [25].

3.2.2.3. Molecular imprinting technology (MIT)

Molecular imprinting technology (MIT) has been applied in recent years to isolation and active
screening of flavonoids. As the study [26] of Pakade et al., molecularly imprinted polymers
(MIPs) targeting quercetin were prepared from 4-Vinylpyridine and ethylene dimethacrylate
(EDMA) under various solvent systems with the aim to form MIPs with high recognition for
the quercetin molecule in aqueous systems at high temperature. The slopes for the effect of
extraction time revealed that the mass transfer of the analytes was higher at 84�C than at 25�C.
Also, the binding capacity for the most promising MIP and its corresponding NIP was higher
at 84�C. The binding capacity for the MIP was similar to 30 μmol/g at 25�C and 120 μmol/g at
84�C, while for the corresponding NIP, it was similar to 15 and 90 μmol/g, at 25 and 84�C,
respectively.

4. Structure identification of flavonoids

Generally, structure determination of flavonoids can be achieved easily because of the system-
atic research of their structures and the progress of spectroscopic technologies (Nuclear Mag-
netic Resonance spectroscopy, especially). Series of spectroscopic technologies, such as IR, UV,
NMR, and MS, are often used during structure identification of flavonoids. In rare cases, total
synthesis should be applied to verify the elucidated structures.

4.1. Ultraviolet spectrum (UV)

The positions, types and number of substituents in the conjugated systems could be speculated
via means of UV spectrum. Most of the flavonoids in methanol possess two main absorption
bands. Band I is at 300–400 nm, which is caused by electron transition of cinnamoyl group.
Band II is at 240–280 nm, which is caused by electron transition of benzoyl group, as shown
in Figure 2. The structure types and oxygen-bearing substituent types of flavonoids could
be determined by the peak locations, shapes and strengths of band I and II, as shown in
Table 2 [27].

The locations and shapes of Band I and II will be affected by the substituents attached to rings
A and B. Normally, red shift of band I increases accordingly when the number of hydroxyl
groups located at ring B increases. Similarly, red shift of band II increases accordingly when
the number of hydroxyl groups located at ring A increases, but it has trifling impact to band I,
with the exception of 5-OH. The corresponding bands will be violet shifted 5–15 nm if the
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particular hydroxyl is glycosided. Furthermore, the influence of the hydroxyl groups will
almost disappear if they are acetylated.

4.2. Infrared spectrum (IR)

It is used mainly to determine the types of functional groups, substitution modes of aromatic
rings and so on. The all functional groups, such as carbonyl, phenolic hydroxyl, phenyl and
glycosyl, have possessed corresponding IR absorptions. The absorption band of hydroxyl
groups are in the 3200–3650 cm�1 region, carbonyl groups are in 1660–1680 cm�1 region and
the vibrations of benzene rings are at about 1500, 1580 and 1600 cm�1.

4.3. Nuclear magnetic resonance spectrum (NMR)

Nuclear magnetic resonance spectrum (NMR) is the most powerful method to elucidate the
structures of flavonoids. Kinds of solvents, such as CDCl3, DMSO-d6, C5D5N, (CD3)2CO and
CD3OD, could be employed while performing NMR experiments. DMSO-d6 is the optional
solvent among them to perform NMR to flavonoids. Almost all kinds of flavonoids could be

Figure 2. UV spectrum of flavonoids.

Structure type Band II (nm) Band I (nm)

Flavone 250–280 304–350

Flavonol (3-OH is substituted) 250–280 328–357

Flavonol (3-OH is free) 250–280 358–385

Isoflavone 245–270 310–330 (shoulder peak)

Flavanone and flavanonol 270–295 300–330 (shoulder peak)

Chalcone 220–270 (weak peak) 340–390

Aurone 230–270 (weak peak) 370–430

Anthocyanidin 270–280 465–560

Table 2. The spectral characteristics of UV-VIS spectrum of flavonoids.
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well dissolved in DMSO-d6, and the resonance signals of flavonoids are rarely overlapped by
solvent peaks (about δ2.5). Furthermore, NMR signals of phenolic hydroxyl groups could be
displayed clearly with DMSO-d6 as the solvent. The drawback of this solvent is high boiling
point, which leads to difficulty in sample recovery.

4.3.1. 1H-NMR spectrum

It provides information of chemical shifts, coupling constants and proton number. The types of
flavonoids, substituted modes, number and configurations of glycosyls and so on, could be
determined via 1H-NMR spectrum.

4.3.1.1. Protons on ring C

1H-NMR characteristics of protons on ring are shown in Table 3 [28].

4.3.1.2. Protons on ring A

The ordinary substitution modes are 5,7-dioxygenation, 7-oxygenation, 5,6,7-trioxygenation
and 5,7,8-trioxygenation, See Figure 3.

4.3.1.2.1. 5,7-Dihydroxyl substituted

5,7-Dihydroxyl flavonoids are most common. For this type of flavonoids, the signals of H-6
and H-8 are shown at δ5.7–6.9 as doublets, and the signal of H-6 is always at the higher field
than H-8. The signals of both H-6 and H-8 shift to lower field after glycosidation of 7-OH.

Type 2-H 3-H Note

Flavanone δ6.3– 6.8 (s) The signals maybe overlapped by H-6 or H-8.

Flavonol None signal.

Isoflavone δ7.6–7.8 (s) The signal is at rather low field because of influence of
oxygen atom at position 1 and carbonyl at position 4.

Chalcone α-H: δ6.7–7.4 (d, J ¼ 17 Hz)
β-H: δ7.3–7.7 (d, J ¼ 17 Hz)

C-2 and C-3 form a trans double bond.

Flavanone δ5.0–5.5 (dd, J ¼ 11, 5 Hz) δ2.3– 2.8 (2H)
(dd, J¼17, 11 Hz);
(dd, J ¼ 17, 5 Hz)

H-2 is coupled by two protons of position 3.

Flavanonol 4.8–5.0 (d, J ¼ 11 Hz) δ4.1–4.3 (d, J ¼ 11
Hz)

Configurations of both C-2 and C-3 are R.

Flavanone-3-O-
glycoside

δ5.0–5.6 δ4.3–4.6 After glycosidation of 3-OH, resonance signals of both
H-2 and H-3 shift to low field.

Aurone Exocyclic proton:
δ6.5–6.7 (s)

Table 3. Chemical shifts and coupling constants of ring C of common flavonoids.
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4.3.1.2.2. 7-Hydoxyl substituted

Signal of H-5 is shown to be a doublet since vicinal coupling exists between H-5 and H-6.
Additionally, the chemical shift is at rather low field (about δ8.0) because of the shielding effect
of carbonyl at position 4. H-6 is affected by H-5 and H-8, so it has showed a double-doublet (dd,
J¼2.0, 8.0 Hz). H-8 is showed to be a doublet (J¼2.0Hz) because of the vicinal relationship with
H-6. Signals of both, H-6 and H-8 are at δ6.3–7.1. The chemical shifts of protons on ring A are
shown in Table 4 [28].

4.3.1.3. Protons on ring B

ThereareavarietyofsubstitutedmodesofringB,suchasnon-substitution,4’-oxygenation,2’-oxygen-
ation, 3’,4’-dioxygenation, 2’,4’-oxygenation, 3’,4’,5’-trioxygenation and 2’,4’,5’-trioxygenation, as
shown in Figure 4. Generally, signals of protons on ring B are showed at slightly lower field, and the
chemical shifts are usual at δ6.7-8.1. The substitution modes and structural information could be
determinedvia the chemical shifts and coupling constants of ringB.

4.3.1.3.1. None substituent on ring B

For this mode, there are five protons on ring B. Signals of H-2’ and H-6’ are shown at lower
field than H-3’, H-4’ and H-5’ because of the shielding effect of ring C. Furthermore, the peak
shapes of all of the protons are complicated because of the coupling effects of the vicinal- and

Figure 3. Substitution modes of ring A.

Type H-5 H-6 H-8

5,7-Dihydroxyl Flavone, flavonol, isoflavone δ6.0–6.2 d δ6.3–6.5 d

7-O-Glucosides of above compounds δ6.2–6.4 d δ6.5–6.9 d

Flavanone, flavanonol δ5.75–5.95 d δ5.9–6.1 d

7-O-Glucosides of above compounds δ5.9–6.1 d δ6.1–6.4 d

7-Hydroxyl flavonoids Flavone, flavonol, isoflavone δ7.9–8.2 d δ6.7–7.1 d δ6.7–7.0 d

Flavanone, flavanonol δ7.7–7.9 d 5.7–6.0 d δ5.9–6.1 d

5,6,7-Trihydroxyl flavonoids δ6.95 s

5,7,8-Trihydroxyl flavonoids δ6.3 s

Table 4. Chemical shifts of protons on ring A.
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meta-coupling. The signals of H-2’ and H-6’ are usually at δ7.1–7.6 and of H-30, H-40 and H-50

are at δ7.9–8.2.

4.3.1.3.2. 40-Oxygenation

In this circumstance, ring B is a symmetrical substructure. One AA’BB’ coupling system is
formed by four aromatic protons. The spectral characteristics are show in Table 5 [28].

4.3.1.3.3. 30,40-Dioxygenation

In this circumstance, one ABX coupling system is formed by three aromatic protons, and three
groups of signals are displayed as H-20(1H, d, J ≈ 2.0Hz), H-50(1H, d, J ≈ 8.0Hz) and H-60(1H,
dd, J ≈ 2.0, 8.0Hz). The chemical shifts of protons on ring B are shown in Table 6 [28].

Figure 4. Substitution modes of ring B.

Type H-20 , H-60 H-30, H-50

Flavanone δ7.1–7.3

δ6.5–7.1

Flavanonol δ7.2–7.4

Isoflavone δ7.2–7.5

Chalcone δ7.4–7.6

Aurone δ7.6–7.8

Flavone δ7.7–7.9

Flavonol δ7.9–8.1

Table 5. Chemical shifts of protons on ring B of 40-oxygenated flavonoids.
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4.3.1.3.4. 20-Oxygenation

ABCD coupling system is formed by the rest protons of ring B. The peak shapes are rather
complicated. Signals of H-3’ and H-5’ are usually displayed at δ6.8–6.9, H-4’ at about δ7.2 and
H-6’ at δ7.4–7.5.

4.3.1.3.5. 30,40,50-Trioxygenation

If identical substituents are attached to C-3’ and C-5’, which allows the formation of a sym-
metrical substructure of ring B, H-2’ and H-6’ will display to be a singlet at δ6.5–7.5.

4.3.1.3.6. 20,40,50-Trioxygenation

In the cases of this substituent mode, either of the two protons on ring B displays to be a
singlet. Generally, signals of H-6’ in flavones and flavonols are showed at δ7.2–7.5, H-3’ at
δ6.4–6.6. Signals of H-6’ are shown at slight higher field.

4.3.1.3.7. 20,40-Dioxygenation

In the cases of this mode, H-30 will be showed at δ6.00–6.6 (d, J ≈ 2.0 Hz), H-50 at δ 6.6–6.5 (dd, J
≈ 2.0, 8.0 Hz) and H-60 at δ7.0–7.4 (d, J ≈ 8.0 Hz). See Table 7.

4.3.1.4. Common substituents

The proton chemical shifts of common substituents of flavonoids are shown in Table 8 [28].

4.3.2. 13C-NMR spectrum

Strong regularities are also shown in 13C-NMR spectra of flavonoids. The types of flavonoids,
number and connection positions of glycosyls could be elucidated from 13C-NMR spectra.

4.3.2.1. Identification of skeleton structures of flavonoids

The core structures are difficult to be elucidated by resonance signals of aromatic protons.
However, the characteristic signals of carbons in ring C allowed the identification of different
types of flavonoids, see Table 9.

Type Substituent mode H-20 H-50 H-60

Flavone 30,40-OH and 30-OH, 40-OCH3 δ7.2–7.3 δ6.7–7.1 δ7.3–7.5

Flavonol 30,40-OH and 30-OH, 40-OCH3 δ7.5–7.7 δ7.6–7.9

30-OCH3, 40-OH δ7.6–7.8 δ7.4–7.6

30,40-OH, 3-O-glc δ7.2–7.5 δ7.3–7.7

Isoflavone, flavanone, flavanonol 30,40-OH δ6.7–7.1 δ6.7–7.1

Table 6. Chemical shifts of protons on ring B of 30,40-dioxygenated flavonoids.
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4.3.2.2. Determination of substituent modes of flavonoids

The substituent modes of core structures of flavonoids could be determined by the signals of
aromatic carbons. The chemical shifts of carbons in ring A and B, if they are not substituent, are
shown in Table 10 [28].

4.3.2.2.1. Signal characteristics of ring A

Usually, the substituents, such as hydroxyl, methoxyl and isopentenyl groups, are attached at
position 5 or/and 7 of ring A, which leads to the changes of chemical shifts of other carbons in
ring A. It is shown in Table 11 [28].

4.3.2.2.2. Signal characteristics of carbons on ring B

The signal characteristics of carbons on ring B are shown in Table 12 [28].

Substituent mode H-20 H-30 H-40 H-50 H-60

None substituent on ring B δ7.1–7.6 (m) δ7.9–8.2 (m) δ7.9–8.2 (m) δ7.9–8.2 (m) 7.1-7.6 (m)

20-Oxygenated δ6.8–6.9 (m or dd) δ7.2 (m or dd) δ6.8–6.9 (m or dd) 7.4–7.5 (m or dd)

40-Oxygenated δ7.1–8.1 (2H, d,
J≈8.0Hz)

δ6.5–7.1 (2H, d,
J≈8.0Hz)

δ6.5–7.1 (2H, d,
J≈8.0Hz)

7.1–8.1 (2H, d,
J≈8.0Hz)

20,40-Dioxygenation δ6.00–6.6(d,
J≈2.0Hz)

δ6.30–6.50 (1H,
dd, J≈8.0,2.0Hz)

7.0–7.4(d, J≈8.0Hz)

30,40-Dioxygenation δ7.2–7.8(1H, d,
J≈2.0Hz)

δ6.7–7.1(1H, d,
J≈8.0Hz)

6.7–7.9(1H, dd,
J≈2.0, 8.0Hz)

30,40,50-Trioxygenation δ6.5–7.5 (2H, s, H-20,60) as identical oxygen-bearing substituents are connected to position
30,40 and 50.

20,40,50-Trioxygenation δ6.4–6.6(s) δ7.2–7.5(s)

Table 7. Chemical shifts of protons on ring B of various substituent modes [28].

Proton type Chemical shift

Phenolic hydroxyl 5-OH (δ12.0–14.0),7-OH (δ10.8–11.0), 40-OH (δ9.8–10.6), 30-OH (δ9.2–10.4)

Methyl C-6,8 (δ2.0–2.5); rha-CH3 [δ9.2–10.4 (d, J≈6.5Hz)]
CH3CO [glc: δ1.65–2.10 (3H,s); aromatic -CH3:δ2.3–2.5 (3H,s)

Methoxyl δ3.5–4.1 (3H,s)

O-CH2-O δ6.0

Isopentenyl δCH2 (3–3.4); CH (5.2);CH3 (δ1.7–1.8)

Terminal protons of glycosyl δ4.5–5.5

Table 8. Chemical shifts of the protons on common substituents.
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4.3.2.2.3. Signal characteristics of common substituents

The carbon chemical shifts of common substituents are shown in Table 13 [28].

Type C-2 C-3 C-4

Flavone δ160.0–165.5 δ104.0–112.0 δ175.0–184.0

Flavonol (3-OH is free) δ145.0–149.5 δ135.6–139.0 δ172.0–178.0

Flavonol (3-OH is free) δ155.7–157.0 δ133.2–134.3 δ172.0–178.0

Isoflavone δ149.8–156.5 δ120.3–126.0 δ174.5–182.0

Flavanone δ75.0–80.5 δ42.0–44.6 δ189.5–197.2

Flavanonol δ82.7–83.5 δ71.2–73.0 δ188.0–197.0

Chalcone δ136.9–145.4 δ116.8–128.1 δ188.0–194.6

Dihydrochalcone δ39.2–45.5 δ28.5–31.2 δ199.6–205.5

Aurone δ146.1–147.7 δ111.0–113.3 δ180.5–182.7

Flavan-3-ol δ77.5–82.7 δ65.1–68.2 δ27.5–28.6

Flavan-3,4-diols δ80.0–82.5 δ72.5–74.4 δ69.8–72.0

Table 9. Chemical shifts of carbons in ring C of flavonoids [28].

Ring A Chemical shift Ring B Chemical shift

C-5 δ124–126 C-20 ,60 δ126.0–130.0

C-6 δ124–126 C-30 ,50 δ128–129

C-7 δ133–135 C-40 δ128.5–132

C-8 δ116.5–119 C-10 (flavone, flavonol, isoflavone) δ130–133

C-9 δ154–156 C-10 (flavanone, flavonol) δ138–139

C-10 δ121–124

Table 10. Chemical shifts of carbons in ring A and B if they are not substituent.

Substituent mode Type C-5 C-6 C-7 C-8 C-9 C-10

5-Oxygenated ≈δ160 δ109–111 δ135–137 δ107–108 δ157–160 δ111

7-Oxygenated Flavone, flavonol δ126 δ114 δ162–164 δ100–102 δ157 δ114–116

Flavanone, flavanonol δ128 δ109.5–110 δ165–166 δ100 δ162–164 δ114–116

Isoflavone δ127 δ115 δ161–163 δ102–104 δ156–158 δ117–119

5,7-Dioxygenation Flavone, flavonol, isoflavone δ160–162 δ97–100 δ162–165 δ93–95 δ155–158 δ103–109

Flavanone, flavanonol δ162–163 δ93–97 δ165–167 δ93–97 δ161–163 δ100–104

Table 11. Chemical shifts of carbons in ring A of flavonoids.
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4.3.3. Glycosides of flavonoids

In plants, flavonoids are often present as O- or C-glycosides. The O-glycosides have sugar
substituents bound to a hydroxyl group of the aglycone, usually located at position 3 or 7,
whereas the C-glycosides have sugar groups bound to a carbon of the aglycone, usually 6-C or
8-C. The most common carbohydrates are rhamnose, glucose, galactose and arabinose.

Generally, the chemical shifts of terminal protons of glycosyls are at δ4.5–5.5 in 1H-NMR. The
terminal carbons of O-glycosides are at δ95–105 and at δ71–78 for C-glycosides. Furthermore,
the number of glycosyls could be determined by combined analysis of 1H and 13C-NMR
spectra. It is an effective method to determine the connection positions of glycosyls by glyco-
sylation shifts, as shown in Table 14 [28].

The configurations of glycosyls should be determined. The relative configurations of some
glycosyl groups could be determined sometimes by coupling constants of terminal protons in
1H-NMR spectra. The absolute configurations, however, should be determined by chemical
methods and gas chromatography.

Substituent mode Type C-10 C-20 C-30 C-40 C-50 C-60

4’-Oxygenated Flavone, flavonol, isoflavone δ121–123 δ130 δ115 δ157–161 δ115 δ130

Flavanone, flavanonol δ128–130

30-OH,40-OCH3

(or 30,40-dihydroxyl)
Flavone, flavonol, isoflavone δ121–125 δ113–114 δ145–147 δ149–151 δ112–116 δ118–122

30-OCH3,40-OH δ121–125 δ110–111 δ150–152 δ148 δ115–117 δ118–122

30-OH,40-OCH3

(or 30,40-dihydroxyl)
Flavanone, flavanonol δ128–129 δ111–115 δ144–147 δ146–148 δ112–116 δ118–120

30-OCH3,40-OH δ131–132 δ111–115 δ147–149 δ146–147 δ112–116 δ118–120

2’,4’-Dioxygenation Flavonoids δ108–113 δ156–158 δ102–104 δ157–162 δ104–108 δ131–132

30,40,50-
Trioxygenation

δ120–126 δ106–109 δ146–153 δ93–97 δ136–142 δ106–109

Table 12. Chemicals shifts of carbons on ring B of flavonoids.

Substituent Chemical shift

CH3 6-CH3(δ6–10);8-CH3(δ20–30);COCH3(δ17–22)

OCH3 δ55–57

Isopentenyl [-CH2CH¼CHCH3] CH2(δ21–22); CH(δ122–124; CH(δ129–131); CH3(δ17–27)

O-CH2-O δ100–101

Terminal carbon of glycosyls O-glycosides δ95–105

C-glycosides δ71–80

Table 13. Chemical shifts of carbons of common substituents on flavonoids.
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As for the spectral method, the types and configurations could be speculated by the chemical
shifts of glycosyl carbons in 13C-NMR spectra, as shown in Table 15 [28].

4.4. Mass spectral characteristics of flavonoids

ESI-MS and FAB-MS are widely applied in the studies of flavonoids. While the positive ion
mode is employed, quasi-molecular ion peaks such as [MþH]þ, [MþNa]þ, [MþK]þ and
[MþNH4]

þ will be displayed. [2MþH]þ, [2MþNa]þ and so on will also be shown if the sample
is concentrated. The MS fragmentation pathways of flavone and flavanone are shown in
Figures 5 and 6.

4.5. Determination of absolute configuration

The absolute configuration should be determined if chiral atoms are existed in the structures.
The main methods to elucidate absolute configuration include circular dichroism (CD), optical
rotatory dispersion (ORD) and X-ray single crystal diffraction. Circular dichroism and ORD
are mainly introduced here.

Glycosylation
position

2 3 4 5 6 7 8 9 10 10 20 30 40 50 60

7-O-glu þ0.8 �1.4 þ1.1 þ1.7

7-O-rha þ0.8 �2.4 þ1.0 þ1.7

3-O-glu þ9.2 �2.1 þ1.5 þ0.4 þ1.0 �0.8 þ1.1 �0.3 þ0.7 þ1.5

3-O-rha þ10.3 �1.1 þ2.0 þ0.6 þ1.1

5-O-glu �2.8 þ2.2 �6.0 �2.7 þ4.4 �3.0 þ3.2 þ1.4 þ4.3 �1.3 �1.2 �0.4 �0.8 �1.0 �1.2

30-O-glu �0.5 þ0.4 þ1.6 þ1.4 þ0.4 þ3.2

40-O-glu þ0.1 þ1.0 þ3.7 þ0.4 þ2.0 �1.2 þ1.4

Table 14. Glycosylation shifts (average values) of flavonoids in 13C-NMR spectrum.

Type of glycosyl C-10 0 C-20 0 C-30 0 C-40 0 C-50 0 C-60 0

β-D-glu δ104.0 δ74.1 δ76.8 δ70.6 δ76.8 δ61.8

α-D-glu δ100.0 δ72.2 δ74.1 δ70.6 δ72.5 δ61.6

β-D-gal δ104.5 δ71.7 δ73.8 δ69.7 δ76.0 δ62.0

α- D- gal δ100.1 δ69.2 δ70.5 δ70.2 δ71.6 δ62.2

β-D-man δ102.3 δ71.7 δ74.5 δ68.4 δ77.6 δ62.6

α-D-man δ102.2 δ71.4 δ72.1 δ68.3 δ73.9 δ62.5

β-D-rha δ102.4 δ71.8 δ74.1 δ73.4 δ73.4 δ17.9

α-D-rha δ102.1 δ71.2 δ71.5 δ73.3 δ69.5 δ17.9

Table 15. Carbon chemical shifts of common glycosyls.
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4.5.1. Optical rotatory dispersion (ORD)

For the flavonoids possess chiral centers, their optical activities (589.0 nm, Na-D light source)
are correlative with spatial configurations, as shown in Table 16 [27].

4.5.2. Circular dichroism (CD)

It is the most used method to elucidate the absolute configurations of flavonoids via cotton
effect (CE) of CD spectra.

4.5.2.1. Flavanone

Most of the protons of flavanones at position 2 are axial (J ≈ 11.0Hz). The characteristics of CE
are shown in Table 17.

As reported in literature [29], the absolute configurations of the enantiomeric flavanone
pair (2S)-6-formyl-5,7-dihydroxyflavanone (1a) and (2R)-6-formyl-5,7-dihydroxyflavanone
(1b) were assessed via their chiroptical data. The ECD curves of compound (1a) showed
sequential positive and negative cotton effects near 310 and 280 nm for the n!π* and π!π*
electronic transitions, respectively. These cotton effects are reminiscent of flavanones exhibiting

Figure 5. MS fragmentation pathway of flavone.

Flavonoids - From Biosynthesis to Human Health34



4.5.1. Optical rotatory dispersion (ORD)

For the flavonoids possess chiral centers, their optical activities (589.0 nm, Na-D light source)
are correlative with spatial configurations, as shown in Table 16 [27].

4.5.2. Circular dichroism (CD)

It is the most used method to elucidate the absolute configurations of flavonoids via cotton
effect (CE) of CD spectra.

4.5.2.1. Flavanone

Most of the protons of flavanones at position 2 are axial (J ≈ 11.0Hz). The characteristics of CE
are shown in Table 17.

As reported in literature [29], the absolute configurations of the enantiomeric flavanone
pair (2S)-6-formyl-5,7-dihydroxyflavanone (1a) and (2R)-6-formyl-5,7-dihydroxyflavanone
(1b) were assessed via their chiroptical data. The ECD curves of compound (1a) showed
sequential positive and negative cotton effects near 310 and 280 nm for the n!π* and π!π*
electronic transitions, respectively. These cotton effects are reminiscent of flavanones exhibiting

Figure 5. MS fragmentation pathway of flavone.

Flavonoids - From Biosynthesis to Human Health34

Figure 6. MS fragmentation pathway of flavanone.

Type Optical activity Spatial structure

Flavan – 2S

Flavanonol (trans-form) þ 2R,3R

Epicatechin (cis-form) - 2R,3R

Epicatechin (cis-form) þ 2S,3S

Catechin (trans-form) þ 2R,3S

Pterocarpin (cis-form) – 6aR, 11aR

6a-Hydroxyl pterocarpin (cis-form) – 6aS, 11aS

6a-Hydroxyl pterocarpin (trans-form) þ 6aR, 11aR

Table 16. Optical activities of flavonoids.

CE Absolute configuration of C-2

270–290 nm 320–330 nm

� þ S

þ � R

Table 17. Relationship between CE and absolute configurations of flavanones.
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P-helicity of the conformational flexible heterocycle with a C-2 equatorial B ring and, hence,
(2S) absolute configuration. The mirror image related to ECD spectrum of 1b accordingly
confirmed its (2R) absolute configuration. It is shown in Figure 7.

4.5.2.2. Flavanonol

Four possible structures are existed in nature because of the existence of two chiral centers (C-2
and C-3), while 2R, 3R configurations are commonest. The relative configuration could be
determined by coupling constant between H-2 and H-3 and then CD spectrum is employed
to elucidate the absolute configuration, as shown in Table 18 [30].

4.5.2.3. 3-Hydroxyl flavans

Similarly, C-2 and C-3 are also the chiral centers of 3-hydroxyl flavans. The characteristics are
shown in Table 19 [31].

4.5.2.4. 4-Hydroxyl flavans

The relative configuration could be determined by coupling constant of H-2 and H-4 combined
with NOE spectra and then CD spectrum could be employed to elucidate the absolute config-
uration, as shown in Table 20 [32].

Figure 7. ECD spectra for compounds 1a and 1b.

Relative configuration Cotton effect (300–340) Absolute configuration

trans- þ 2R, 3R

� 2S, 3S

cis- þ 2R, 3S

� 2S, 3R

Table 18. Relationship between absolute configurations of flavanonol with CE.
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4.5.2.5. 3,4-Dihydroxyl flavans

More absolute configurations are existed because of three chiral centers, as shown in Table 21
[33].

4.5.2.6. Flavans

The cotton effects of flavans are show in Table 22 [34].

Relative configuration CE Absolute configuration

240 nm 280 nm

Trans- þ � 2R, 3S

� þ 2R, 3R

Cis- � þ 2S, 3R

þ þ 2S, 3S

Table 19. Relationship between absolute configurations of 3-hydroxyl flavans with CE.

Relative configuration CE Absolute configuration

240 nm 280 nm

Trans- � � 2S, 4S

þ þ 2S, 4R

Cis- � � 2S, 4S

þ þ 2R, 4R

Table 20. Relationship between absolute configurations of 4-hydroxyl flavans with CE.

Relative configuration between
C-2 and C-3

Relative configuration between
C-3 and C-4

Cotton effect
(280 nm)

Absolute configuration

Cis- Cis- þ 2S,3S,4S

Trans- þ 2S,3S,4R

Trans- Cis- þ 2S,3R,4R

trans- þ 2S,3R,4S

Cis- Cis- � 2R,3R,4R

Trans- � 2R,3R,4S

Trans- Cis- � 2R,3S,4S

Trans- � 2R,3S,4R

Table 21. Relationship of absolute configurations of 3,4-dihydroxyl flavans with CE.
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4.5.2.7. Isoflavans

The CE characteristics are shown in Table 23.

Cotton effect (280 nm) Absolute configuration

þ 2R

� 2S

Table 22. Cotton effects of flavans.

CE Absolute configuration

260–320 nm 220–260 nm

þ � 3R

� þ 3S

Table 23. Cotton effects of isoflavans.

Figure 8. Synthetic isoflavans (31a/b–36a/b).
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Versteeg et al. [35] synthesized six isoflavans and their enantiomers (31a/b-36a/b), and used
authentic 3S- and 3R-vestitol (30a and 30b) derivatives to establish the absolute configura-
tion at C3 of the synthetic isoflavans (Figure 8). (3S)-Isoflavans with oxygenation at both the
A- and B-rings (34a, 35a and 36a) display positive and negative CEs in the 240 (1La) and 270–
280 nm (1Lb) regions, respectively, and conversely for the 3R-enantiomers (34b, 35b and 36b)
(Figure 9).

Figure 9. CD spectra of isoflavans with oxygenation at both the A and B rings.

Relative configuration of between C-6a and C-11a CE Absolute configuration

260–310 nm 220–250 nm

Trans- þ 6aS, 11aR

� 6aR, 11aS

Cis- þ � 6aR, 11aR

� þ 6aS, 11aS

Table 24. Relationship of absolute configurations of pterocarpins with CE.
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4.5.2.8. Pterocarpins

The spectral characteristics are shown in Table 24 [36].

The relationships between the CE and absolute configurations will change after a hydroxyl
group is attached to position 6a, as shown in Table 25 [37].
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Abstract

Flavonoids are one of the most important classes of secondary metabolites from  natural 
products due to their several applications in medicine, foods, diet industries, and so 
on. Even though a huge number has been reported from natural and synthetic sources, 
scientists are still interested in flavonoids and derivatives. The biggest challenge for
working on secondary metabolites is related to the use of the predicted theoretical 
methodtoisolatetheexpectedcompoundandfinallyanalysethespectroscopicdatato
elucidateandfullycharacterize thestructure.Thischapterwasdesignedtodocument
usefultechniquesforisolationandstructurecharacterizationofflavonoids.Besidesthe
well-known methods that have been used so far, we would also put together updated 
information about novel challenge techniques published in recent articles on isolation 
andcharacterizationofflavonoids.Ourdatawereobtainedmainlyfromacademiclibrary
and from reported data online by using research links such as Google Scholar, Scopus, 
SciFinder,Scirus,PubMed,andsoon.Ourfieldexperienceonphytochemistryofisola-
tionandcharacterizationofflavonoidswasalsousedinthischapter.

Keywords:naturalproducts,flavonoids,techniques,isolation,characterization

1. Introduction

Flavonoids are a large group of C-15 (C6–C3‒C6) secondary metabolites widespread in higher 
plants and are also detected in some lower plants such as algae. An important number 
has been reported from natural and synthetic sources due to their several applications in 
 pharmaceutical and diet industries. Flavonoids occur in natural products specially  blooming 
plantspecies,andcoloursofflowerscouldbeindicativefortheclassofcompounds.Flavonoids
are mostly obtained as yellow pale, white, red, purple, blue, and so on from species of  several 
plant families but are known to be widespread in the Fabaceae family. Flavonoids could 
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be detected in natural products by using some analytical methods such as the Shinoda [1], 
sodium hydroxide [1] and p-dimethylaminocinnamaldehyde tests [2].

2. Classification and basic skeletons of flavonoids

Flavonoids have a diversity of chemical structures constituted of 15 carbon atoms in their 
basic skeletons with a C6–C3–C6 frameworkmadeby twoaromatic rings (AandB) linked
by a three-carbon unit that may or may not form a third ring (C). Generally, carbons are 
referred to by a numbering system, which utilizes ordinary numerals for the A- and C-rings 
and ‘primed’ numerals for the B-ring (1–3), but this is not respected when referring to 
 chalcones (3) [3, 4].TheB-ringcouldbelinkedtoC-ringatpositionC-2,C-3orC-4toform
most classes of this secondarymetabolite known as the flavonoids (flavone, flavonol, fla-
vonone, flavan), isoflavonoids (isoflavone, isofavonone, isoflavonol, isoflavan, rotenoid,
coumestane,pterocarpan,isoflavene)andneoflavonoids(4)(arylcoumarin,neoflavene,etc.),
respectively.Someminorflavonoidsarealsoknownsuchasaurone,chalcone, and dihydro-
chalcone whichisthefirstclassofflavonoidsobtainedbybiosynthesisandthereforethepre-
cursorofotherclasses.Thechemicalstructurediversityofflavonoidsisparticularlyobtained
from glycosylation, methoxylation, prenylation, hydroxylation that usually took place with 
somespecificpositionsinthesedifferentclasses[3, 5–7] (Figure 1).

3. Isolation techniques of flavonoids

3.1. Sample preparation

Flavonoids especially those in plants could be extracted from several parts such as roots, 
barks, leaves, fruits,woodsandflowers.Samplesaremoreoftendriedandgroundbefore
the extractionprocess.This initial treatmentof sampleshelps in facilitating the extraction
yields as well as preserving constituents. In some cases, the extraction is carried out on fresh 
plantmaterials.Thedriedplantmaterialshavebeenreportedinseveralinvestigationstocon-
tainmostflavonoidsthanfreshsamples[8–10].Obviously,thegroundsamplesalwaysgave
higheryieldsofextraction,andthiscouldbejustifiedbythefactthatthesolventhascontact
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with surface constituentswhen thepowderhas smallerparticles. The extractionyields of
flavonoidsfromnaturalproductsarealsoaffectedbysomefactorssuchastemperature,time
and ratio of water in case of aqueous mixing solvents [11].

Severalmethodshavebeenusedforextractingflavonoidsinplantmaterials.Theseinclude
maceration, infusion, decoction, percolation, hot continuous extraction (soxhlet), ultrasound-
assisted extraction and microwave-assisted extraction, using solvents as water, ethanol, 
 methanol, n-butanol, acetone, ethyl acetate, chloroform, and so on. Polar solvents are used 
toobtainflavonoidglycosides,whereasnon-polarsolventsextractedmostlytheiraglycones.
Mostoftheinvestigationsconductedintheextractionofflavonoidsinplantmaterialshave
been done by maceration and infusion [10, 12]. A herbal tea from Viscum album L. was prepared 
usingmacerationand infusion toyield31and43%flavonoid-like substances, respectively
[13].Ethanol,methanol andacetoneareamong thebest solvents for extractingflavonoids
[14, 15]. Acetone was reported to be the best solvent to extract flavonoids from a bitter
melon—Momordica charantia—and Tagetes patula while the ethanol extract from Trigonella 
 foenum- graecum had the highest flavonoidcontents [11, 12, 16].

Decoction process is presented as a simple, cheap and convenient extraction method that may be 
usefulinpoor-equippedlaboratories.AThaimedicinalplantcalledSiameseneemtree(Azadirachta 
indica A. Juss. var. siamensis Valeton)iswellknowntohaveflavonoids(rutinandquercetin)asmain
bioactiveconstituents.Thedecoctionprovidedanextractwiththehighestamountoftotalflavo-
noids(17.54mgRE/gextract)whenusingsixdifferentextractiontechniquessuchasmaceration,
percolation, decoction, soxhlet extraction, ultrasonic extraction and  microwave-assisted extrac-
tionindriedyoungflowers[17]. However, it may also depend on the plant material including the 
partused,numberofconstituentspresentandsomeconditionsmentionedabovethatinfluence
theextractionprocess.ThiswasthecaseforthewholeplantofSenecio anteuphorbium collected 
from Sidi Ifni, Southern Anti-Atlas of Morocco that was extracted using soxhlet  extraction, decoc-
tion and maceration, and the methanolic extract from the soxhlet extraction showed the highest 
totalflavonoidcontent(26.59±0.24mgQE/gEor39.47±1.01mgRE/gE)whiletheaqueousmac-
erationhadthelowest(6.52±0.09mgQE/gEor9.68±0.22mgRE/gE)[18].

The extraction of powered seeds of Ziziphus mauritiana using different methods such as
 maceration, decoction, soxhlet extraction and sonication with 50 and 80% ethanol, and water 
(decoction) as solvents, was reported and the high totalflavonoidcontents was obtained from 
the sonication technique [19].

In the basic mechanism of the extraction techniques, the microwave-assisted extraction 
followsseveralstepswhencomparingtoconventionalextractions.Theseincludethepenetra-
tion of the solvent into the solid matrix, the solubilization and/or breakdown of constituents, 
the transportation of the solute outside of the solid matrix, the migration of the solute from 
the external surface of the solid into the solution, the movement of the extract with respect 
to the solid, and the separation and discharge of the extract and solid [20–22]. Themain
differencebetweenthemicrowave-assistedextractionandconventionalextractionsbeingthe
directionsofheatandmassgradientsduringtheextraction:forthefirstprocess,bothmove
from inside to outside while in the second case, the mass transfer goes from inside to outside 
when heat occurs from outside to inside of the subtract [20–22].
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Following the traditional Indian medicinal preparations, Krishnan and Rajan recently 
reportedasuitableextractionofflavonoidsfromTerminalia bellerica Roxb., by the microwave-
assistedsolid-liquidmethod,an investigationconducted inview to study the influenceof
solvent-to-feed ratio and temperature on kinetics and thermodynamics of aqueous extraction 
[23].Totalflavonoidswithgoodyield(1.13%)obtainedunderoptimumconditions(ultrasonic
power500 W,extractiontime20 min,materialsolventratio1:20,andethanolconcentration
30%) using ultrasound-assisted extraction were reported from the corn silk (Zea mays L.), 
a Chinese medicinal herb, with a recommendation for this plant to be developed as food 
 natural  antioxidant reagents [24]. Ultrasonic extract of flowerfromLythrum salicaria L. was 
reported to possess good scavenging of hydrogen peroxide owing to the higher phenolic and 
flavonoidcontentswhenusingthreemethodsofextractionsuchaspercolation,ultrasonic-
assisted extraction and polyphenol fraction [25].

Allthesetechniquesallowtohaveflavonoidsinthecrudeextractwithgoodyieldbeforethe
applicationofdifferentfractionationandpurificationproceduresfortheirisolation.

3.2. Chromatography as a main tool for isolation of flavonoids

The isolationofflavonoids fromnatural sources is conductedby repeated and successive
 chromatography techniques such as open column chromatography (CC), preparative 
thin-layerchromatography(prep.TLC),centrifugalpreparativethin-layerchromatography
(CPTLC), high-speed counter-current chromatography (HSCCC),medium-pressure liquid
chromatography (MPLC), high-pressure preparative liquid chromatography (prep. HPLC), 
and so on.

In column chromatography method, stationary phases could be normal or reverse phase sil-
icagels,Sephadex(LH-20,G-10,G-25andG-50).Inviewtohaveflavonoids-richfractions,
it is recommended to use some preliminary liquid-liquid extraction methods or polymeric 
resins such as Diaion HP-20, Amberlites (XAD-2, XAD-7) from the crude extract. These
 polymeric resins are very useful when the absorption of extracts is eluted in the open column 
 chromatography with an increasing gradient of methanol in water.

Theopencolumnchromatography(CC)isstillthemostusefulandeasyisolationtechnique
fornaturalproductsisolationandbymeansthatofpurificationofflavonoids.Thechoiceof
the good solvents system for mobile phase is important and should be made from the check-
upTLConthecrudeortheflavonoids-richfraction.Combinationandpolarityof solvents
shouldbeuseddependingontheclassofflavonoidstargeted.Aftertheflashcolumn,some
majorfractionscoulddirectlybesubjectedtoSephadexLH-20orprep.TLCif theydonot
contain complexmixture of flavonoids. During the separation process, constituents from
theflavonoid-richfractionscouldhavecloserretentionfactors(Rf)basedontheirpolarities.
The change in phase of the adsorbent in some cases is useful to have good separation in
eithersmallopenCCpurificationorprep.TLC.Severalinvestigationsreportedtheisolation
of new flavonoids using CC. This included two dihydrochalcones, rare natural resources
 secondary metabolites, from Eriosema glaumerata [26],twopolyhydroxylatedflavoneshaving
 antioxidant activity from E. robustum [3], one isoflavanol fromKotschya strigosa [27], two 
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glucosideisoflavonesfromIris kashmiriana [28], four dimeric chalcone derivatives from Uvaria 
siamensis [29],fiveflavonoids fromMillettia griffithii [6],onepterocarpan, three isoflavones
from the root, stem bark and leaves of Erythrina schliebenii [30],fourflavonoidC-glycosides
with anti-inflammatory properties from the leaves ofPiper aduncum [31]. The number of
recent published articles using CC is indicative for the useful and convenience of this method. 
Nevertheless, the prep. HPLC technique has been widely used for isolating commonly 
polyphenolsandmorespecificallyflavonoids.Thesuitabilityofthismethodforthisclassof
secondary metabolites is associated with its high absorption in UV that is used as detector 
during the isolation.

Theadvantageofthistechniqueisalsoassociatedwithitsanalyticalversionthatcouldhelp
inqualitativecharacterizationofflavonoidsintheanalysingsample.Thediodearraydetector
(DAD) and photodiode array detector (PDA) are commonly used. Further detectors such as 
mass spectrometry (SM) and nuclear magnetic resonance (NMR) could be combined with UV 
formorecharacterizationofeachflavonoiddetected[32–35].

Severalworks on isolation of flavonoids from natural products using prep.HPLC have
been published so far, and some of these compounds, recently reported, are documented 
in Table 1 as well as their sources, column characteristics and mobile phases used (Table 1 
and Figure 2).

Theapplicationofotherchromatography techniques, suchascircular liquidchromatogra-
phy (CLC), centrifugalpreparative thin layerchromatography (CPTLC),highspeedcoun-
ter current chromatography (HSCCC), medium pressure liquid chromatography (MPLC), 
and so on, has also led to the isolation of numerous structures of flavonoids [39, 47–49]. 
Mostflavonoidswereisolatedwithcombinationofthesetechniqueswithprep.HPLC:four
flavonoids (4′,5-dihydroxy-3′,7-dimethoxyflavanone, 5-hydroxy-7,3′,4′-trimethoxyflavanone,
5,4′-dihydroxy-3,7,3′-trimethoxyflavone,and5-hydroxy-3,7,4′-tetramethoxyflvone)wereiso-
lated from Pogostemon cablin (Blanco) Benth. using theHSCCC techniquewith twophase
solvent system made of n-hexane–ethyl acetate–methanol–water (11:5:11:5, v/v/v/v) followed 
byfurtherpurificationonprep.HPLC[39].ThecombinationofHSCCCandsemi-prep.HPLC
wasusedtoisolatethreeflavonoidglycosides(orientin,vitexin,quercetin-3-O-neohesperido-
side) from Trollius ledebouri Reichb. [48].Twonewflavonoids (rac-6-formyl-5,7-dihydroxy-
flavanone and 2′,6′-dihydroxy-4′-methoxy-3′-methylchalcone) were recently reported from
Eugenia rigida usingCPTLC andprep.HPLC [50]. Flavoalkaloids andflavonol glucosides
were reported from Astragalus monspessulanus using the combination of CC, low-pressure 
liquid chromatography (LPLC) and prep. HPLC [51].

Flavonoidscouldalsobeisolatedasenantiomersfromnaturalproducts.Lachnoisoflavones
A (5)andB(6) were isolated from Crotalaria lachnophora using prep. HPLC as two  enantiomer 
isoflavonesaspreliminaryindicatedbytheir[α]D value [0.002 (c0.1,MeOH)][36].Thepresence
of the racemic mixture of 5wassuccessfullyconfirmedbyachiralHPLC-MS2  separation that 
exhibited, on the chromatogram, two signals having the same peak area (Figure 3) [36].This
indicates the advantage of HPLC techniques for the isolation and structure characterization 
offlavonoids.
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Figure 2. SomeflavonoidsrecentlyisolatedbyPrep.HPLCfromnaturalresources.

Figure 3. Chromatogram of chiral separation by LC-MS2 of 5.
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4. Structure characterization of flavonoids

Thestructurecharacterizationofflavonoidsisrelatedtotheelucidationoftheirspectroscopic
spectra obtained by techniques such as nuclear magnetic resonance (NMR), mass spectrom-
etry (MS), spectrophotometric ultra-violet (UV) and infrared (IR). Physical properties of 
theflavonoidsasmeltingpoint(mp),circulardichroism(CD),opticalrotatorypower([α]D) 
arealsousefulforfullcharacterizationoftheisolatedflavonoidspeciallywhenitscontains
stereocenterforCDand[α]D. Some chapters in this book would provide more details about the 
useofspectroscopicanalysistocharacterizeflavonoids.Nevertheless,theNMRspectroscopy
ismainlydividedinto1Dand2Danalyses.The1DNMRanalysisincludestheproton(1H), 
carbon-13 (13C)anddistortionlessenhancementbypolarizationtransferexperiment(DEPT)
that provide information about the signals of protons, carbons and type of carbons (C, CH, 
CH2 or CH3)inthestructureofflavonoidunderelucidation.The1H NMR spectrum is very 
usefulas itprovides thenumber (integrationvalue)and the typeofproton involved.The
chemical shift (δH)valuesareusuallyexhibitedwithin0(referencestandardvalueforTMS)
and 14 ppm in 1HNMRofflavonoidswhilein13C NMR, they (δC) appeared between 0 and 
220ppm.Characteristicprotonandcarbonchemicalshiftvaluesforsomeflavonoidclasses
were summarized [52, 53] (Table 2).

The2DNMRiscomposedmainlywiththeproton-protoncorrelatedspectroscopy(1H 1HCOSY),
the heteronuclear multiple quantum coherence (HMQC)/heteronuclear single quan-tum 
coherence(HSQC),theheteronuclearmultiplebondconnectivity(HMBC),thenuclearover-
hauserspectroscopy(NOESY),therotative-frameoverhauserspectroscopy(ROESY)andthe

Chemical shifts (ppm) 1H

2–3 H-3 (Flavanone), CH3 aromatic

4–6 H-2(Flavanone,dihydroflavonol)

6–8 A-andB-ringprotons

8–8.5 H-2isoflavone

12–14 5-OHwhenC═OatC-4(usuallyobservedinDMSO-d6)

Chemical shifts (ppm) 13C

210–170 C═O

165–155 (no ortho/para oxygenation) Oxygenatedaromaticcarbons

150–130 (with ortho/para oxygenation) Oxygenatedaromaticcarbons

135–125 (para substitution) Non-oxygenated aromatic carbons

125–90(withortho/paraoxygenation) Non-oxygenated aromatic carbons

80–40 Non-oxygenated(C-2,C-3flavanone/flavanol)

28–35 C-4,flavanol

Table 2. Characteristicprotonandcarbonchemicalshiftsforsomeflavonoids.
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totalcorrelatedspectroscopy(TOCSY)experiments.The13Cdataofflavonoidsinseveralcases
could also be assigned from HMQCandHMBCspectra.

Theinfraredspectroscopycomparedtootherspectroscopictechniquesexhibitslittlebutuseful
information in the structure characterizationofflavonoids.Mostof hydroxylated flavones,
isoflavones and chalcones or dihydrochalcones showed maxima large band absorptions
around 3300–3600 cm−1 due to hydroxyl groups. Additionally, intense band absorption 
characteristicforflavonoidcarbonylgroups(C═O)isobservedaround1680cm−1 and is shifted 
 approximately to 1620 cm−1 when the hydroxyl is chelated with a C═O.FromtheIRspectrum
offlavonoids,asharpandintenseabsorptionbandisalsoobservedbetween1600and1500
cm−1 due to aromatic double bonds (aromatic rings).

Ultra-violet(UV)absorptionspectroscopyofflavonoidshastwomaximaabsorptionsaround
300–350and240–285nmcorrespondingtobandsIandIIfromA-andB-rings,respectively.
This technique isusedfor identificationof theflavonoidtypeanditsoxygenationpattern.
UV-shift reagents (AlCl3,NaOMe,NaOAc,NaOAc+H3BO3, AlCl3+HCl)aremostlyusedin
thesamplesolutiontoconfirmthepresenceandthesubstitutionpatternofhydroxylgroups
inflavonoids.Thepresenceofortho-dihydroxylatedgroupscouldbedetectedbythebatho-
chromicshiftofbandIafteradditionofNaOAc/H3BO3 while the addition of AlCl3 led to the 
bathochromiceffectofbandIwhentheflavonoidwithacarbonylatC-4hadhydroxylgroup
atpositionsC-3orC-5.ThebathochromicshiftofbandIIoccursespeciallywhenNaOAcis
addedtoasolutionofflavonoidshavingafreehydroxylgroupatC-7[3, 54, 55]. Characteristic 
UVabsorptionbandsIandIIduetodifferentclassesofflavonoidshavebeenreportedelse-
where (Table 3) [54].

Themassspectrometrytechniqueisveryhelpfulinthestructureelucidationofflavonoids.
It is used in the determination of the molecular weight for establishing the distribution of 
substituentsbetweentheA-andB-ringsandinthedeterminationofthenatureandsiteof
attachmentofthesugar(s)inflavonoidC-andO-glucosides.Themolecularweightofthebasic

Band II (nm) Band I (nm) Flavonoid class

250–280 310–350 Flavone

250–280 330–360 Flavonols(3-OHsubstituted)

250–280 350–385 Flavonols(3-OHfree)

245–275 310–330 shoulder Isoflavone

C. 320 peak Isoflavones
(5-deoxy-6,7-dioxygenated)

275–295 300–330 shoulder Flavononesanddihydroflavonols

230–270 340–390 Chalcones

230–270 380–430 Aurones

270–280 465–560 Anthocyanidins and anthocyanins

Table 3. Ultra-violetabsorptionrangesforflavonoids.
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flavonoidnucleusis222a.m.u.forflavones,isoflavoneandaurone;224a.m.u.forflavanones
and chalcones; 238 a.m.u.forflavonols;and240a.m.u.forthedihydroflavonols.Themolecu-
larweightoftheunknownflavonoidcouldbededucedbyadditionofatomicmassunitsof
allitssubstituents[16a.m.u(-OH),30a.m.u.(-OCH3), and so on] to one of the basic molecular 
weights above.Thelossofsomeion-fragmentsfromthemolecularorpseudo-molecularion
isverycharacteristicinthemassspectraofflavonoids.Peaks obtained during this fragmen-
tation process represent accurately the corresponding   ion-fragments that are expressed as 
mass-to-charge ratio (m/z).Theexactmolecularweightforeachfragmentmaybemeasured
tothenearest0.0001massunitifthemassspectrometerisoperatinginhighresolution.This
information enables calculation of precise molecular formula from the  molecular ion peak 
and ion-fragments [54].Aprerequisiteforsuccessfulmassspectrometryisthattheflavonoid
shouldbesufficientlyvolatileinthehighvacuumwithinthemassspectrometer.Mostagly-
conesaresufficientlyvolatileatprobetemperatureof100–230°C,highertemperaturesbeing
required for the more polar polyhydroxyflavonesandflavonols.Glycosides,anthocyanidins
andbiflavonoids,however,arenotsufficientlyvolatileandshouldthereforebederivatized
to improve their volatility. Some standard methods used for derivatization of compounds are 
permethylation or perdeuteromethylation and trimethylsilylation [54].

Naturalproductsingeneralorflavonoidsinparticularremainanimportantsourcefordrug
discovery. Determination of their absolute configurations is one of the most challenging
tasks in the structure elucidation of chiral flavonoids. It has beenproven that the change
in absolute configurationof secondarymetabolites consequently affected thedifference in
 pharmacological activity of both stereo-compounds. Methods such as chiroptical approaches, 
chemical synthesis, analytical chemistry, chiral derivatization and X-ray crystallography could 
beused todetermine theabsoluteconfigurationofflavonoids.An important investigation
wasreportedonthedeterminationofabsoluteconfigurationofnaturalproductsandsome
flavonoidsusingexperimentalandcalculatedelectroniccirculardichroism(ECD)data[56].

5. Conclusion

The extraction, isolation and characterization of flavonoids from natural products have
been carried out successfully by natural product chemists and phytochemists using relevant 
 techniques and new methods. Some of these techniques and methods have been documented 
inthischapterwithillustrationsowingtosomeflavonoidsrecentlyreported.Itisclearthat
the HPLC and its combination with other available techniques of isolation are being often 
usedtoobtainflavonoidsfromnaturalsourcesespeciallyfromplantspecies.Thecharacter-
izationofflavonoidsremainsbasicallyfocusedontheanalysisoftheirspectroscopic,mass
and UV data and some chemical investigations depending on the nature of the structure 
under  elucidation. Theneedofflavonoidsinagriculture,foodanddrugindustriesstillone
of the worldwide up-to-date research interests. Natural resources and especially medicinal 
plantsarestillavailabletodiscovernovelorefficientantioxidantflavonoidsthatcouldbe
usedasdrugs tofightagainstdegenerativediseasesoneof the issues theglobalhealth is
facing today.

Flavonoids - From Biosynthesis to Human Health54



flavonoidnucleusis222a.m.u.forflavones,isoflavoneandaurone;224a.m.u.forflavanones
and chalcones; 238 a.m.u.forflavonols;and240a.m.u.forthedihydroflavonols.Themolecu-
larweightoftheunknownflavonoidcouldbededucedbyadditionofatomicmassunitsof
allitssubstituents[16a.m.u(-OH),30a.m.u.(-OCH3), and so on] to one of the basic molecular 
weights above.Thelossofsomeion-fragmentsfromthemolecularorpseudo-molecularion
isverycharacteristicinthemassspectraofflavonoids.Peaks obtained during this fragmen-
tation process represent accurately the corresponding   ion-fragments that are expressed as 
mass-to-charge ratio (m/z).Theexactmolecularweightforeachfragmentmaybemeasured
tothenearest0.0001massunitifthemassspectrometerisoperatinginhighresolution.This
information enables calculation of precise molecular formula from the  molecular ion peak 
and ion-fragments [54].Aprerequisiteforsuccessfulmassspectrometryisthattheflavonoid
shouldbesufficientlyvolatileinthehighvacuumwithinthemassspectrometer.Mostagly-
conesaresufficientlyvolatileatprobetemperatureof100–230°C,highertemperaturesbeing
required for the more polar polyhydroxyflavonesandflavonols.Glycosides,anthocyanidins
andbiflavonoids,however,arenotsufficientlyvolatileandshouldthereforebederivatized
to improve their volatility. Some standard methods used for derivatization of compounds are 
permethylation or perdeuteromethylation and trimethylsilylation [54].

Naturalproductsingeneralorflavonoidsinparticularremainanimportantsourcefordrug
discovery. Determination of their absolute configurations is one of the most challenging
tasks in the structure elucidation of chiral flavonoids. It has beenproven that the change
in absolute configurationof secondarymetabolites consequently affected thedifference in
 pharmacological activity of both stereo-compounds. Methods such as chiroptical approaches, 
chemical synthesis, analytical chemistry, chiral derivatization and X-ray crystallography could 
beused todetermine theabsoluteconfigurationofflavonoids.An important investigation
wasreportedonthedeterminationofabsoluteconfigurationofnaturalproductsandsome
flavonoidsusingexperimentalandcalculatedelectroniccirculardichroism(ECD)data[56].

5. Conclusion

The extraction, isolation and characterization of flavonoids from natural products have
been carried out successfully by natural product chemists and phytochemists using relevant 
 techniques and new methods. Some of these techniques and methods have been documented 
inthischapterwithillustrationsowingtosomeflavonoidsrecentlyreported.Itisclearthat
the HPLC and its combination with other available techniques of isolation are being often 
usedtoobtainflavonoidsfromnaturalsourcesespeciallyfromplantspecies.Thecharacter-
izationofflavonoidsremainsbasicallyfocusedontheanalysisoftheirspectroscopic,mass
and UV data and some chemical investigations depending on the nature of the structure 
under  elucidation. Theneedofflavonoidsinagriculture,foodanddrugindustriesstillone
of the worldwide up-to-date research interests. Natural resources and especially medicinal 
plantsarestillavailabletodiscovernovelorefficientantioxidantflavonoidsthatcouldbe
usedasdrugs tofightagainstdegenerativediseasesoneof the issues theglobalhealth is
facing today.

Flavonoids - From Biosynthesis to Human Health54

Author details

Maurice D. Awouafack1,2*,PierreTane1 and Hiroyuki Morita2

*Address all correspondence to: amauduc2@yahoo.com

1 Laboratory of Natural Products Chemistry, Department of Chemistry, Faculty of Science, 
University of Dschang, Dschang, Cameroon

2InstituteofNaturalMedicine,UniversityofToyama,Toyama,Japan

References

[1] BelloIA,NdukweGI,AuduOT,HabilaJD.AbioactiveflavonoidfromPavetta crassipes 
K.Schum.OrganicandMedicinalChemistryLetters.2011;1(1):14.

[2] DelcourJA,VarebekeDJD.Anewcolourimetricassayforflavanoidsinpilsnerbeers.
JournaloftheInstituteofBrewing.1985;91(1):37-40.

[3] AwouafackMD, Tane P, Eloff JN. Two new antioxidant flavones from the twigs of
Eriosema robustum(Fabaceae).PhytochemistryLetters.2013;6(1):62-66.

[4] DeTommasiN,PizzaC,AquinoR,Cumanda J,MahmoodN.Flavonolandchalcone
ester glycosides from Bidens leucantha.JournalofNaturalProducts.1997;60(3):270-273.

[5] TagousopCN,NgnokamD,HarakatD,Voutquenne-NazabadiokoL.Threenewflavonoid
glycosides from the aerial parts of Graptophyllum grandulosum Turril (Acanthaceae).
PhytochemistryLetters.2017;19:172-175.

[6] TangH,PeiHY,WangTJ,ChenK,WuB,YangQN,ZhangQ,YangJH,WangXY,Tang
MH,PengAH,YeHY,ChenLJ.Flavonoidsandbiphenylneolignanswithanti-inflam-
matory activity from the stems of Millettia griffithii.Bioorganic&MedicinalChemistry
Letters.2016;26(18):4417-4422.

[7] Al-Aamri KK, HossainMA. New prenylated flavonoids from the leaves ofDodonea 
viscosanativetothesultanateofOman.PacificScienceReviewA:NaturalScienceand
Engineering. 2016;18(1):53-61.

[8] RabetaMS,LinSP.Effectsofdifferentdryingmethodsontheantioxidantactivitiesof
leaves and berries of Cayratia trifolia. Sains Malaysiana. 2015;44(2):275-280.

[9] VaidyaBN,BrearleyTA,JosheeN.Antioxidantcapacityoffreshanddryleafextractsof
sixteen Scutellariaspecies.JournalofMedicinallyActivePlants.2014;2(3):42-49.

[10] VongsakB,SithisarnP,MangmoolS,ThongpraditchoteS,WongkrajangY,Gritsanapan
W.Maximizing total phenolics, total flavonoids contents and antioxidant activity of
Moringa oleifera leaf extract by the appropriate extraction method. Industrial Crops and 
Products. 2013;44:566-571.

Isolation and Structure Characterization of Flavonoids
http://dx.doi.org/10.5772/67881

55



[11] Tan SP, Parks SE, Stathopoulos CE, Roach PD. Extraction of flavonoids from bitter
melon. Food and Nutrition Sciences. 2014;5(5):458-465.

[12] MunhozVM,LonghiniR,SouzaJRP,ZequiJAC,MelloE,LopesGC,MelloJCP.Extraction
of flavonoids from Tagetes patula: process optimization and screening for biological 
activity. Revista Brasileira De Farmacognosia-Brazilian Journal of Pharmacognosy.
2014;24(5):576-583.

[13] JägerS,BeffertM,HoppeK,NadbereznyD,FrankB,SchefflerA.Preparationofherbal
tea as infusion or by maceration at room temperature using mistletoe tea as an example. 
ScientiaPharmaceutica.2010;79(1):145-156.

[14] Iloki-AssangaSB,Lewis-LujanLM,Lara-EspinozaCL,Gil-SalidoAA,Fernandez-AnguloD,
Rubio-Pino JL, Haines DD. Solvent effects on phytochemical constituent profiles and
antioxidantactivities,usingfourdifferentextractionformulationsforanalysisofBucida 
buceras L. and Phoradendron californicum.BMCResearchNotes.2015;8:396.

[15] Dai J, Mumper RJ. Plant phenolics: extraction, analysis and their antioxidant and anti-
cancer properties. Molecules. 2010;15(10):7313-7352.

[16] Sambandam B, Thiyagarajan D, AyyaswamyA, Raman P. Extraction and isolation
of flavonoid quercetin from the leaves of Trigonella foenum-graecum and their anti-
oxidant activity. International Journal of Pharmacy and Pharmaceutical Sciences. 
2016;8(6):120-124.

[17] ChaisawangwongW, GritsanapanW. Extraction method for high free radical scav-
enging activity of Siamese neem tree flowers. Sonklanakarin Journal of Science and
Technology.2009;31(4):419-423.

[18] Lahlou FA, Hmimid F, Loutfi M, Bourhim N. Antioxidant activity phenolics flavo-
noids and proanthocyanidins content of Senecio anteuphorbium. International Journal of 
BiochemistryResearch&Review.2014;4(6):550-558.

[19] SanA,SithisarnP,GritsanapanW.Appropriateextractionmethodforhighcontentsof
totalphenolics,totalflavonoidsandfreeradicalscavengingpropertiesofZiziphus mau-
ritianaseedextracts.PlantaMedica.2013;79(13):1272.

[20] Veggi PC, Martinez J, Meireles MAA. Fundamentals of microwave extraction. In: Chemat 
F,CravottoG, editors.Microwave-assisted extraction for bioactive compounds: theory
andpractice, foodengineeringseries4.SpringerScience+BusinessMedia, New York; 
2013, pp. 15-52.

[21] ChematF,Abert-VianM,Zill-e-HumaY-J.Microwaveassistedseparations:greenchem-
istryinaction.In:PearlmanJT,editor.Greenchemistryresearchtrends.NovaScience
Publisher, New York;2009,pp.33-62.

[22] AguileraJM.Solid–liquidextraction.In:TziaC,LiadakisG,editors.Extractionoptimi-
zation in food engineering. Marcel Dekker, New York; 2003, pp. 35-55.

Flavonoids - From Biosynthesis to Human Health56



[11] Tan SP, Parks SE, Stathopoulos CE, Roach PD. Extraction of flavonoids from bitter
melon. Food and Nutrition Sciences. 2014;5(5):458-465.

[12] MunhozVM,LonghiniR,SouzaJRP,ZequiJAC,MelloE,LopesGC,MelloJCP.Extraction
of flavonoids from Tagetes patula: process optimization and screening for biological 
activity. Revista Brasileira De Farmacognosia-Brazilian Journal of Pharmacognosy.
2014;24(5):576-583.

[13] JägerS,BeffertM,HoppeK,NadbereznyD,FrankB,SchefflerA.Preparationofherbal
tea as infusion or by maceration at room temperature using mistletoe tea as an example. 
ScientiaPharmaceutica.2010;79(1):145-156.

[14] Iloki-AssangaSB,Lewis-LujanLM,Lara-EspinozaCL,Gil-SalidoAA,Fernandez-AnguloD,
Rubio-Pino JL, Haines DD. Solvent effects on phytochemical constituent profiles and
antioxidantactivities,usingfourdifferentextractionformulationsforanalysisofBucida 
buceras L. and Phoradendron californicum.BMCResearchNotes.2015;8:396.

[15] Dai J, Mumper RJ. Plant phenolics: extraction, analysis and their antioxidant and anti-
cancer properties. Molecules. 2010;15(10):7313-7352.

[16] Sambandam B, Thiyagarajan D, AyyaswamyA, Raman P. Extraction and isolation
of flavonoid quercetin from the leaves of Trigonella foenum-graecum and their anti-
oxidant activity. International Journal of Pharmacy and Pharmaceutical Sciences. 
2016;8(6):120-124.

[17] ChaisawangwongW, GritsanapanW. Extraction method for high free radical scav-
enging activity of Siamese neem tree flowers. Sonklanakarin Journal of Science and
Technology.2009;31(4):419-423.

[18] Lahlou FA, Hmimid F, Loutfi M, Bourhim N. Antioxidant activity phenolics flavo-
noids and proanthocyanidins content of Senecio anteuphorbium. International Journal of 
BiochemistryResearch&Review.2014;4(6):550-558.

[19] SanA,SithisarnP,GritsanapanW.Appropriateextractionmethodforhighcontentsof
totalphenolics,totalflavonoidsandfreeradicalscavengingpropertiesofZiziphus mau-
ritianaseedextracts.PlantaMedica.2013;79(13):1272.

[20] Veggi PC, Martinez J, Meireles MAA. Fundamentals of microwave extraction. In: Chemat 
F,CravottoG, editors.Microwave-assisted extraction for bioactive compounds: theory
andpractice, foodengineeringseries4.SpringerScience+BusinessMedia, New York; 
2013, pp. 15-52.

[21] ChematF,Abert-VianM,Zill-e-HumaY-J.Microwaveassistedseparations:greenchem-
istryinaction.In:PearlmanJT,editor.Greenchemistryresearchtrends.NovaScience
Publisher, New York;2009,pp.33-62.

[22] AguileraJM.Solid–liquidextraction.In:TziaC,LiadakisG,editors.Extractionoptimi-
zation in food engineering. Marcel Dekker, New York; 2003, pp. 35-55.

Flavonoids - From Biosynthesis to Human Health56

[23] Krishnan RY, RajanKS.Microwave assisted extraction of flavonoids fromTerminalia 
 bellerica:studyofkineticsandthermodynamics.SeparationandPurificationTechnology.
2016;157:169-178.

[24] ZhengLL,WenG,YuanMY,GaoF.Ultrasound-assistedextractionoftotalflavonoids
from corn silk and their antioxidant activity. Journal of Chemistry. 2016;2016:1-5.

[25] Jamshidi M, Shabani E, Hashemi Z, Ebrahimzadeh MA. Evaluation of three meth-
ods for the extraction of antioxidants from leaf and aerial parts of Lythrum salicaria L. 
(Lythraceae). International Food Research Journal. 2014;21(2):783-788.

[26] AwouafackMD,KouamSF,HussainH,NgamgaD,TaneP,SchulzB,IvanR.Green,
Karsten Krohn. Antimicrobial prenylated dihydrochalcones from Eriosema glomerata. 
Planta Medica. 2008;74(1):50-54.

[27] AwouafackMD,TchuenguemRT,ItoT,DzoyemJP,TaneP,MoritaH.Anewisoflavanol
from the fruits of Kotschya strigosa(Fabaceae).HelveticaChimicaActa.2016;99(4):321-324.

[28] AlamA, Jaiswal V, Akhtar S, Jayashree BS, Dhar KL. Isolation of isoflavones from
Iris kashmiriana Baker as potential anti proliferative agents targeting NF-kappaB.
Phytochemistry. 2017;136:70-80.

[29] Salae A-W, Chairerk O, Sukkoet P, Chairat T, Prawat U, Tuntiwachwuttikul P,
Chalermglin P, Ruchirawat S. Antiplasmodial dimeric chalcone derivatives from the 
roots of Uvaria siamensis. Phytochemistry. 2017;135:135-143.

[30] NyandoroSS,MunissiJJ,KomboM,MginaCA,PanF,GruhonjicA,FitzpatrickP,LuY,
WangB,RissanenK,ErdélyiM.FlavonoidsfromErythrina schliebenii. Journal of Natural 
Products. 2017;80(2):377-383.

[31] ThaoNP,LuyenBTT,WidowatiW,FauziahN,MaesarohM,HerlinaT,ManzoorZ,AliI,
KohYS,KimYH.Anti-inflammatoryflavonoidC-glycosidesfromPiper aduncum leaves. 
Planta Medica. 2016;82(17):1475-1481.

[32] SimirgiotisMJ.AntioxidantcapacityandHPLC-DAD-MSprofilingofChileanPeumo
(Cryptocarya alba) fruits and comparison with German Peumo (Crataegus monogyna) from 
Southern Chile. Molecules. 2013;18(2):2061-2080.

[33] Lin LZ, Harnly JM. LC-PDA-ESI/MS identification of the phenolic components of
three compositae spices:Chamomile, Tarragon, andMexican Arnica. Natural Product 
Communications.2012;7(6):749-752.

[34] BraunbergerC,ZehlM,ConradJ,FischerS,AdhamiH-R,BeifussU,KrennL.LC–NMR,
NMR,andLC–MSidentificationandLC–DADquantificationofflavonoidsandellagic
acid derivatives in Drosera peltata.JournalofChromatographyB.2013;932:111-116.

[35] LiuEH,Qi LW,Cao J, Li P, LiCY, PengYB.Advances ofmodern chromatographic
and electrophoretic methods in separation and analysis of flavonoids. Molecules.
2008;13(10):2521-2544.

Isolation and Structure Characterization of Flavonoids
http://dx.doi.org/10.5772/67881

57



[36] Awouafack MD, Spiteller P, Lamshoft M, Kusari S, Ivanova B, Tane P, Spiteller M.
Antimicrobialisopropenyl-dihydrofuranoisoflavonesfromCrotalaria lachnophora. Journal 
of Natural Products. 2011;74(2):272-278.

[37] CampanaPRV,ColemanCM,TeixeiraMM,FerreiraD,BragaFC.TNF-alphainhibition
elicitedbymansoinsAandB,heterotrimericflavonoidsisolatedfromMansoa hirsuta. 
Journal of Natural Products. 2014;77(4):824-830.

[38] CampanaPRV,ColemanCM,SousaLP,TeixeiraMM,FerreiraD,BragaFC.Mansoins
C-F,oligomericflavonoidglucosidesisolatedfromMansoa hirsuta fruits with potential 
anti-inflammatoryactivity.JournalofNaturalProducts.2016;79(9):2279-2286.

[39] LiK,ZhangH,XieH,LiangY,WangX, ItoY.Preparative isolationandpurification
offiveflavonoidsfromPogostemon cablinBenthbyhigh-speedcountercurrentchroma-
tography and preparative high-performance liquid chromatography. Journal of Liquid 
Chromatography&RelatedTechnologies.2011;34(15):1617-1629.

[40] DiDonnaL,DeLucaG,MazzottiF,NapoliA,SalernoR,TavernaD,SindonaG.Statin-
like principles of bergamot fruit (Citrus bergamia): isolation of 3-hydroxymethylglutaryl 
flavonoidglycosides.JournalofNaturalProducts.2009;72(7):1352-1354.

[41] Sakaguchi Y, Ozaki Y, Miyajima I, Yamaguchi M, Fukui Y, Iwasa K, Motoki S,
SuzukiT,OkuboH.Major anthocyanins frompurpleasparagus (Asparagus officinalis). 
Phytochemistry.2008;69(8):1763-1766.

[42] MuhammadD, Hubert J, LalunN, Renault JH, BobichonH, NourM, Voutquenne-
NazabadiokoL. IsolationofflavonoidsandtriterpenoidsfromthefruitsofAlphitonia 
neocaledonica and evaluation of their anti-oxidant, anti-tyrosinase and cytotoxic activi-
ties. Phytochemical Analysis. 2015;26(2):137-144.

[43] SyukriD,DarwisD,SantoniA.PreparativeHPLCforthepurificationofmajoranthocy-
anins from Ficus padanaBurmL.ResearchJournalofChemicalSciences.2013;3(12):60-64.

[44] deOliveiraDM,SiqueiraEP,NunesYRF,CotaBB.FlavonoidsfromleavesofMauritia 
flexuosa. Revista Brasileira De Farmacognosia-Brazilian Journal of Pharmacognosy.
2013;23(4):614-620.

[45] Qin XX, Xing YF, Zhou ZQ, Yao YC. Dihydrochalcone compounds isolated from
crabapple leaves showed anticancer effects on human cancer cell lines. Molecules.
2015;20(12):21193-21203.

[46] LinLC,ChiouCT,ChengJJ.5-deoxyflavoneswithcytotoxicactivityfromMimosa diplot-
richa.JournalofNaturalProducts.2011;74(9):2001-2004.

[47] PengJY,YangGJ,FanGR,WuYT.Preparativeisolationandseparationofanoveland
twoknownflavonoidsfromPatrinia villosa Juss by high-speed counter-current chroma-
tography.JournalofChromatographyA.2005;1092(2):235-240.

[48] ZhouX,Peng JY, FanGR,WuYT. Isolation andpurificationofflavonoidglycosides
from Trollius ledebouri using high-speed counter-current chromatography by step-
wise increasing the flow-rate of the mobile phase. Journal of Chromatography A.
2005;1092(2):216-221.

Flavonoids - From Biosynthesis to Human Health58



[36] Awouafack MD, Spiteller P, Lamshoft M, Kusari S, Ivanova B, Tane P, Spiteller M.
Antimicrobialisopropenyl-dihydrofuranoisoflavonesfromCrotalaria lachnophora. Journal 
of Natural Products. 2011;74(2):272-278.

[37] CampanaPRV,ColemanCM,TeixeiraMM,FerreiraD,BragaFC.TNF-alphainhibition
elicitedbymansoinsAandB,heterotrimericflavonoidsisolatedfromMansoa hirsuta. 
Journal of Natural Products. 2014;77(4):824-830.

[38] CampanaPRV,ColemanCM,SousaLP,TeixeiraMM,FerreiraD,BragaFC.Mansoins
C-F,oligomericflavonoidglucosidesisolatedfromMansoa hirsuta fruits with potential 
anti-inflammatoryactivity.JournalofNaturalProducts.2016;79(9):2279-2286.

[39] LiK,ZhangH,XieH,LiangY,WangX, ItoY.Preparative isolationandpurification
offiveflavonoidsfromPogostemon cablinBenthbyhigh-speedcountercurrentchroma-
tography and preparative high-performance liquid chromatography. Journal of Liquid 
Chromatography&RelatedTechnologies.2011;34(15):1617-1629.

[40] DiDonnaL,DeLucaG,MazzottiF,NapoliA,SalernoR,TavernaD,SindonaG.Statin-
like principles of bergamot fruit (Citrus bergamia): isolation of 3-hydroxymethylglutaryl 
flavonoidglycosides.JournalofNaturalProducts.2009;72(7):1352-1354.

[41] Sakaguchi Y, Ozaki Y, Miyajima I, Yamaguchi M, Fukui Y, Iwasa K, Motoki S,
SuzukiT,OkuboH.Major anthocyanins frompurpleasparagus (Asparagus officinalis). 
Phytochemistry.2008;69(8):1763-1766.

[42] MuhammadD, Hubert J, LalunN, Renault JH, BobichonH, NourM, Voutquenne-
NazabadiokoL. IsolationofflavonoidsandtriterpenoidsfromthefruitsofAlphitonia 
neocaledonica and evaluation of their anti-oxidant, anti-tyrosinase and cytotoxic activi-
ties. Phytochemical Analysis. 2015;26(2):137-144.

[43] SyukriD,DarwisD,SantoniA.PreparativeHPLCforthepurificationofmajoranthocy-
anins from Ficus padanaBurmL.ResearchJournalofChemicalSciences.2013;3(12):60-64.

[44] deOliveiraDM,SiqueiraEP,NunesYRF,CotaBB.FlavonoidsfromleavesofMauritia 
flexuosa. Revista Brasileira De Farmacognosia-Brazilian Journal of Pharmacognosy.
2013;23(4):614-620.

[45] Qin XX, Xing YF, Zhou ZQ, Yao YC. Dihydrochalcone compounds isolated from
crabapple leaves showed anticancer effects on human cancer cell lines. Molecules.
2015;20(12):21193-21203.

[46] LinLC,ChiouCT,ChengJJ.5-deoxyflavoneswithcytotoxicactivityfromMimosa diplot-
richa.JournalofNaturalProducts.2011;74(9):2001-2004.

[47] PengJY,YangGJ,FanGR,WuYT.Preparativeisolationandseparationofanoveland
twoknownflavonoidsfromPatrinia villosa Juss by high-speed counter-current chroma-
tography.JournalofChromatographyA.2005;1092(2):235-240.

[48] ZhouX,Peng JY, FanGR,WuYT. Isolation andpurificationofflavonoidglycosides
from Trollius ledebouri using high-speed counter-current chromatography by step-
wise increasing the flow-rate of the mobile phase. Journal of Chromatography A.
2005;1092(2):216-221.

Flavonoids - From Biosynthesis to Human Health58

[49] MarstonA,HostettmannK.Separationandquantificationofflavonoids.In:Andersen
ØM, Markham KR, editors. Flavonoids: chemistry, biochemistry, and applications. CRC 
PressandTaylor&FrancisGroup, New York; 2006, pp. 1-21.

[50] ZakiMA,NanayakkaraNPD,HettaMH,JacobMR,KhanSI,MohammedR,Ibrahim
MA,SamoylenkoV,ColemanC,FronczekFR,FerreiraD,MuhammadI.Bioactivefor-
mylatedflavonoidsfromEugenia rigida: isolation, synthesis, and X-ray crystallography. 
JournalofNaturalProducts.2016;79(9):2341-2349.

[51] KrastevaI,BratkovV,BucarF,KunertO,KollroserM,Kondeva-BurdinaM,Ionkova
I. Flavoalkaloids and flavonoids fromAstragalus monspessulanus. Journal of Natural 
Products. 2015;78(11):2565-2571.

[52] MarkhamKR,MabryTJ.Ultraviolet–visibleandprotonmagneticresonancespectros-
copy of flavonoids. In: Harborne JB,Mabry TJ,Mabry H, editions. The Flavonoids.
ChapmanandHall,London;1975,pp.45-77.

[53] Levy GC, Nelson GL. Carbone-13 nuclear magnetic resonance for organic chemists. 
Wiley,NewYork;1972.

[54] MarkhamKR.Techniquesofflavonoidsidentification.AcademicPress, London;1982,
p. 144.

[55] Fathiazad F, DelazarA,Amiri R, Sarker S. Extraction of flavonoids and quantifica-
tion of rutin from waste tobacco leaves. Iranian Journal of Pharmaceutical Research. 
2010;5(3):222-227.

[56] LiXC,FerreiraD,DingYQ.Determinationofabsoluteconfigurationofnaturalprod-
ucts:theoreticalcalculationofelectroniccirculardichroismasatool.CurrentOrganic
Chemistry.2010;14(16):1678-1697.

Isolation and Structure Characterization of Flavonoids
http://dx.doi.org/10.5772/67881

59





Chapter 4

Isoflavonoids

Ahmed I. Foudah and Maged Saad Abdel-Kader

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68701

Abstract

Isoflavonoids are interesting class of natural products due to their positive effects on 
human health. Isoflavonoids include isoflavones, isoflavanones, isoflavans, rotenoids and 
pterocarpans. Although they are reported from many plant families, most isoflavonoids 
are produced by the subfamily Papilionaceae of the Fabaceae. Various chromatographic 
methods have been applied for the purification of isoflavonoids. Simple Ultra Violet (UV) 
absorption spectra as well as both One and two dimensional NMR (1D-  and 2D-NMR) 
are critical for the identification of isoflavonoids. Each class of isoflavonoids has its 
unique feature in both 1H- and 13C-NMR that enable their proper characterization. High 
Resolution Mass Spectrometry (HRMS) is a substantial tool in such challenge. In vitro 
experiments indicated that isoflavonoids possess antioxidant, antimutagenic, antiprolif-
erative as well as cancer preventive effects. Epidemiological studies provide support for 
some of these effects on human. Members of this class also are reported to have antimi-
crobial activity. In this chapter, isoflavones, isoflavanones, isoflavans, homoisoflavonoids 
and isoflavenes will be discussed in relation to their occurrence, methods of purification, 
spectral characters helpful in structure elucidation as well as their biological importance.

Keywords: isoflavones, isoflavanones, isoflavans, homoisoflavonoids, isoflavenes

1. Introduction

Genstin (1) was the first isolated isoflavone from Genista tinctoria known as Dyer’s Brrom in 
1899 [1]. Later in 1926 [2], the structure was identified. Genstin (1) was isolated from Soybeans 
in 1941 [3]. Although the main source of isoflavonoids is member of the Fabaceae [4], some 
were reported from other families such as Amaranthaceae [5, 6], Rosacease [7] and Poaceae [8]. 
Isoflavonoids were also reported from fungi [9] and Propolis [10]. The dietary  consumption 
of isoflavonoid-rich sources is linked with health advantages toward osteoporosis, post-
menopausal symptoms, cardiovascular diseases and chemo-prevention [11]. People from SE 
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Asia have much lower risk of developing prostate cancer compared to Americans due to high 
consumption of soy rich in isoflavonoids. Upon immigration to the USA and changing the 
dietary components, this difference rapidly disappears [12]. Isoflavonoids are also classified 
as dietary antioxidants [13]. These facts were the driving force behind the use of isoflavonoid-
rich sources as nutraceutical and dietary supplements [14].

Isoflavonoids are a large subclass of the most common plant polyphenols containing 15 car-
bon atoms known as flavonoids [15]. In isoflavonoids (3-phenylchromans), the phenyl ring 
B is attached to heterocyclic ring C at position 3 rather than 2 in flavonoids [16]. Generally, 
flavonoids are biosynthesised via Shikimic acid pathway. Shikimic acid is also a precursor for 
the biosynthesis of phenylpropanoids and aromatic acids. At certain stages, the activity of the 
key enzyme chalcone isomerase (CHI) resulted in the formation of flavanones that converted 
to isoflavonoids under the influence of isoflavone synthase [17]. The biosynthesis of isoflavo-
noids, consequently, is considered as an offshoot from the flavonoids biosynthetic pathway 
[18]. Highest level of isoflavonoids occurs usually in roots, seedlings and seeds [18, 19].

Isoflavonoids are sub-classified into many subclasses based on the oxidation status of ring C 
as well as the formation of a forth ring ‘D’ by coupling between rings B and C. Subclasses free 
from ring D include isoflavones, isoflavanones, isoflavan-4-ol, homoisoflavonoids, isoflavans 
and isoflav-3-ene. Rotenoids, pterocarpans, coumaronochromones and coumaronochromene 
represent the subclasses with additional ring D formation [11].

This chapter will deal with the different aspects of the isoflavonoid subclasses keeping the 
original three-ring skeleton (Figure 1). Occurrence, isolation, key spectroscopic characters 
and biological activities will be covered starting from 2000 to date.

2. Extraction and purification

The most popular method used for extraction of isoflavonoids is maceration with either MeOH 
or EtOH containing various percentages of H2O at room temperature followed by  liquid-liquid 

Figure 1. The skeletons of the isoflavonoids with three-ring structures.
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fractionation using solvents with different polarities [6, 10, 19–32]. Another method of extrac-
tion used MeOH or EtOH under reflux or in soxhlet apparatus [5, 33–36]. Mixture of MeOH 
and CHCl3 or CH2Cl2 (1:1) was also applied for extraction [37–41]. Other research groups 
extracted the plant materials with acetone [42–44], CHCl3 [45, 46], CH2Cl2 [47–50] or diethyl 
ether [51] at room temperature. Successive extraction starting with petroleum ether or hexane, 
CHCl3, EtOAc and MeOH using soxhelt apparatus [52–56] was also reported. The isoflavone 
contents of soybeans were extract using supercritical fluid extraction [57].

The majority of purification and isolation steps utilized silica gel in the form of column, 
Preparative Thin Layer Chromatography (PTLC) or Centrifugal Preparative Thin Layer 
Chromatography (CPTLC) [19, 21, 45]. Combination of silica gel and Sephadex LH-20 was also 
applied for isoflavonoid purification [6, 10, 54, 55]. In addition to silica gel, semi-preparative 
C18 High Performance Liquid Chromatography (HPLC) columns were used for final purifica-
tion of isoflavonoids [23, 30, 31, 38, 48]. The polar n-butanol fraction of Ononis serrata was 
fractionated on C18 silica gel applying the Vacuum Liquid Chromatography (VLC) technique 
followed by normal silica gel column for purification of isoflavonoid glucosides [27]. Two 
isoflavenes were isolated from Lespedeza homoloba after chromatography on porous polymer 
gel Diaion followed by silica gel column. Final purification step was performed on preparative 
C18 HPLC column [36]. Isoflavonoids from Iris germanica were purified by silica gel VLC and 
CC, and final purification was achieved via LiChrolut EN/RP-18 solid phase extraction tubes 
[26]. High-speed counter-current chromatography (HSCCC) was applied for the purification 
of flavan glycoside and isoflavones from Astragalus membranaceus, the seeds of Millettia pachy-
carpa and soy flour [20, 58, 59]. Isolation and identification of isoflavanones, biflavanones and 
bisdihydrocoumarins were achieved using Liquid Chromatography- Mass Spectrometry (LC-
MS), Liquid Chromatography- Solid Phase Extraction- Nuclear Magnetic Resonance (LC-SPE-
NMR) and Electronic Circular Dichroism (ECD). In this method, MS of target compounds was 
measured directly in the LC effluent. For NMR analyses, the peaks were collected from 20 LC 
runs, loaded on SPE cartilages, dried with nitrogen gas and finally eluted with CD3OD [32].

3. Spectroscopic identification

3.1. Infrared (IR) transmission spectra

Both phenolic hydroxyls and carbonyl groups are present in most of the isoflavonoid classes. 
However, the most characteristic feature of isoflavans and isoflavenes is the lack of carbonyl 
function bands. The absorption bands for the C-4 carbonyl in isoflavones and isoflavanones 
present in the range 1606–1694 cm−1 [9, 23–26]. Differentiation between isoflavones and isofla-
vanones from the position of C-4 carbonyl bands in the IR spectra is not achievable.

3.2. Ultra Violet (UV) absorption spectra

In spite of the tremendous advances in 2D-NMR and MS, the UV absorption spectra in 
MeOH and MeOH with shift reagent still can provide useful information for flavonoids 
 identification. In all isoflavonoids except isoflavenes, ring B has no or little conjugation with 
the main  chromophore composed of rings A and C. This fact is expressed as intense band II 
and diminished band I [60].
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For isoflavones, band II shows absorption at λmax 245–275 nm. Shift reagents can be used to 
detect hydroxylation at ring A. NaOAc induces 6–20 nm bathochromic shift as an indica-
tion of free 7-hydroxyl group. The 10–14 nm shift with AlCl3/HCl is diagnostic for free 5-OH 
group. The absence of any shift with NaOMe is an evidence for the absence of free hydroxyls 
in ring A [19, 27, 28, 50, 60].

The UV spectra of about 28 published isoflavanone were reviewed. Band II absorption was 
found in the range 270–295 nm [5, 9, 23, 25, 29, 33, 39, 41, 43, 44, 47–50, 55, 61, 62]. Among 
these publications, only three used shift reagents with five isolated isoflavanones. Analysis of 
the obtained results revealed that AlCl3 induced 17–23 nm bathochromic shift in band II due 
to the complex formed between C-4 carbonyl and C-OH groups. All the entitled compounds 
contain C-7 free hydroxyl groups, and NaOAc produced 34–37 nm bathochromic shift in 
band II [39, 47, 50]. However, more data are required to draw a solid conclusion.

The few available UV data of homoisoflavonoids showed band II absorption in the same 
range reported for isoflavanones [63].

Isoflavans UV spectra show one prominent maxima representing band II between 270 and 295 
nm [21, 37, 38, 45]. The available UV data of isoflavenes indicated the presence of two bands at 
235–245 and 320–337 nm along with a shoulder 287–300 nm [29, 30, 31, 35, 36].

3.3. Circular Dichroism (CD) Spectroscopy

Saturation of the double bond between C-2 and C-3 creates a new asymmetric center in the 
molecules. The orientation at these centers is in most cases determined from the CD spectra.

Isoflavanones show three absorption maxima at 200–240, 260–300 and 320–352 nm. Determination 
of the absolute configuration at C-3 is based on the n→π* carbonyl transition between 320 and 
352 nm. The positive sign at this region is diagnostic for (3R) orientation with ring B having 
equatorial position. The coupling constant between the trans-diaxial H2β and H3 can confirm 
the equatorial orientation of ring B [64]. Optical inactivity of isoflavanones most probably is a 
result of racemization that can occur during extraction and purification [64]. The isolation of 
two racemic mixtures, 3S- and 3R-7-O-glucosyldiphysolones (2, 3) and (3S)- and (3R)-7,4′-di-
O-glucosyldiphysolones (4, 5), from Ormocarpum kirkii was explained as result of isomerization 
in aqueous solution [32]. The same observation was reported in three isolated isoflavanones 
from Platycelphium voënse and Desmodium canum [41, 47]. Due to the positive cotton effect at 337 
nm, the (3R) orientation was assigned to eryzerin B (6). However, eryzerin A (7) was reported 
in the same publication with undetermined absolute stereochemistry [44]. The (3R) orientation 
was also assigned to 2,3-dihydro-7-demethylrobustigenin (8) and saclenone (9) isolated from 
Erythrina sacleuxii based on the positive cotton effect at 320 and 334 nm, respectively [49].

Isoflavans configuration is much more complicated. The heterocyclic ring C is expected to 
have the half-chair form a fact that can be diagnosed from the vicinal coupling constants 
between H-2, H-3 and H-4 protons. Such J values along with the CD curves can then lead 
to determination of the absolute configuration [64]. (3S)-isoflavans with oxygenation at both 
the A and B rings display positive and negative cotton effects at 240 and 270–280 nm regions, 
respectively. The opposite was observed for the (3R)-enantiomers. The 7-deoxy (3S)-isoflavans 
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with mono- and di-oxygenation at ring B displayed negative cotton effects in both the 230–240 
and 270–290 nm regions, and the opposite was observed for the (3R)-enantiomers [64]. The dif-
ficulty in assigning the absolute configuration of isofalvans was reflected by Bedane et al. [37]. 
The authors isolated two new isoflavans, erylivingstone J (10) and erylivingstone K (11). The 
measured CD spectrum showed negative cotton effect near 306 nm and a positive cotton effect 
near 240 nm supporting (S)-configuration. Three known compounds, 2′-methoxyphaseollini-
soflavan (12), 7,4′-dihydroxy-2′,5-dimethoxy isoflavan (13) and 7,4′-dihydroxy-2′-methoxy-3′-
(3-methylbut-2-enyl) isoflavan (14), with (R)-absolute configuration were isolated from the 
same source in this study. Suspicions about the purity of the new compounds and isolation 
of compounds with (R)-absolute configuration led the authors to report the new compounds 
without absolute configuration [37]. The enantiomer (3S) (+) 2′-O-methylphaseollidinisoflavan 
(15) was isolated from Erythrina caffra along with the (3R) (−) erythbidin A (16). The configura-
tion was assigned based on 1H-NMR J values, optical rotation and CD spectra. However, the 
reported CD data did not cover the lower range of the spectrum near 240 nm [45]. The absolute 
configuration of abruquinone L (17) was successfully assigned by combination of 1H-NMR 
analyses of the J values between ring C protons and the CD spectrum which showed a strong 
positive cotton effect at 202 nm and two negative cotton effects at 212 and 233 nm [38]. Due 
to the positive cotton effect at 337 nm, the (3R) orientation was assigned to eryzerin C (18). 
However, eryzerin D (19) was reported with undetermined absolute stereochemistry [44].

In case of isoflavan-4-ol, C-4 becomes a new chiral center and 4 isomers could exist. Out of the 
possible isomers, two are cis- and two are trans-. Hata et al. synthesized and compared the CD 
spectra of four stereoisomers. The 3R, 4S-trans-isoflavan-4-ol stereoisomer showed negative 
cotton effect between 250 and 300 nm and positive cotton effect between 220 and 240 nm. The 
other 3S, 4R-trans-isoflavan-4-ol stereoisomer showed CD spectrum having cotton effect at the 
same ranges but with opposite sign. The 3S, 4S cis-isoflavan-4-ol stereoisomer expressed posi-
tive cotton effect between 245 and 300 nm, while the other enantiomer 3R, 4R-isoflavan-4-ol 
has a negative cotton effect at the same region [65].

3.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

3.4.1. 1H- and 13C-NMR

1H- and 13C-NMR spectra provide key information for the identification of the isoflavonoids 
skeleton. The proton and carbon signals for positions 2–4 in ring C (Table 1) provide a unique 
feature for each class.

The simplest ring C spectrum is that of isoflavones as it shows only one downfield proton sin-
glet for H-2. The oxygenated C-2 chemical shift is also characteristic for isoflavones. The wide 
range for C-4 carbonyl resulted from the effect of C-5 substitutions. The lack of C5 free hydroxyl 
resulted in the upfield shift of the C-4 carbonyl chemical shift to a value less than 175.0 ppm in 
most cases [27, 34]. With the presence of C-5 free hydroxyl and formation of hydrogen bond 
C-4 carbonyl, the carbonyl chemical shift value is usually above 180.0 ppm [19, 24, 28].

Saturation of the double bond between C-2 and C-3 of isoflavones leads to the formation 
of the isoflavanone skeleton. Such array contains a CH2-O and CH-aryl and renders the 
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1H-NMR signals of ring C more complex making an AMX spin system. The three protons 
appear as dd with different J values due to ax-ax, ax-eq and/or eq-eq splitting. In some 
cases, some signals may appear as t or interfere with other signals in the molecule [23, 41, 
55, 61, 62]. Absolute configuration of isoflavanones was determined by a simple 1H-NMR 
experiment in the presence of (R)- and (S)-binol as chiral solvating agent. The presence of 
(R)- or (S)-binol produces variable changes in the chemical shifts of the most downfield 
H-2 proton. Comparing these chemical shift changes enables the assignment of the abso-
lute configuration [66].

No significant difference can be observed when the chemical shifts of positions 2–4 are com-
pared in the 1H-and 13C-NMR spectra of isoflavanones and homoisoflavonoids. The splitting 
pattern of H-3 is expected to be much more complex. However, the additional C-9 in homoi-
soflavonoids provides the key evidence for their identification. The H-9 protons appear in the 
range of δH 2.62–3.13 (dd) as a result of coupling with H-3 proton. The C-9 methylene appears 
at δC 31.9–32.2 ppm [63, 67].

Isoflavans lacks the C-4 carbonyl present in isoflavanones with expected two more proton sig-
nals from ring C to form an ABMXZ spin system. Although the H-4 proton signals are more 
upfield compared to H-2 and H-3, the splitting pattern is more complex than the correspond-
ing isoflavanones. This pattern along with the 13C-NMR chemical shifts of C-2, C-3 and C-4 is 
the diagnostic feature for the isoflavan nucleus [20–22]. Isoflavan-4-ol is characterized by two 
oxygenated methines in both 1H- and 13C-NMR spectra.

Formation of double bond between C-3 and C-4 in isoflavans led to the emerging of the iso-
flav-3-ene class. The ring C 1H-NMR signals of isoflavenes is simplified to two singlet for the 
2H of C-2 and 1H of C-4. In some reports, a long-range coupling with small J value (1–2 Hz) 
was observed between H-2 and H-4 protons [35, 36, 43, 56].

3.4.2. 2D-NMR

1H-NMR and different 13C-NMR experiments like Distortionless Enhancement by Polarization 
Transfer (DEPT 45, DEPT 90 and DEPT 135) in most cases enable the identification of the 

Position 2 Position 3 Position 4
1H 13C 1H 13C 1H 13C

Isoflavones 7.82–8.45 s 150.9–155.0 – 121.5–125.5 – 173.9–181.5

Isoflavanones 4.46–4.76 (dd, ax)
4.34–4.63 (dd, eq)

69.6–72.3 3.93–4.32 (dd) 45.3–51.1 – 193.0–198.8

Homoisoflavonoids 4.06–4.32 (dd) 68.8–69.3 2.65–2.80 (m) 46.8–48.7 – 192.7–198.3

Isoflavans 4.33–3.83 (t, ddd, 
tdd, dt, dd)

69.2–71.2 3.36–3.55 (tdd, 
dd, dddd, m)

30.79–33.6 2.64–2.98 (dd, 
ddd)

26.1–31.9

Isoflavan-4-ol 4.21–3.60 (dd, t) 66.8–66.9 3.52–3.49 
(ddd)

40.5–40.6 5.47–5.49 (d) 79.0–79.6

Isoflavenes 4.83–5.25 (s, d) 67.6–68.8 – 127.5–129.6 6.47–6.74 (s, d) 118.3–121.9

Table 1. Key 1H- and 13C-NMR spectral data for identification of isoflavonoid classes.
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dd, dddd, m)

30.79–33.6 2.64–2.98 (dd, 
ddd)

26.1–31.9

Isoflavan-4-ol 4.21–3.60 (dd, t) 66.8–66.9 3.52–3.49 
(ddd)

40.5–40.6 5.47–5.49 (d) 79.0–79.6

Isoflavenes 4.83–5.25 (s, d) 67.6–68.8 – 127.5–129.6 6.47–6.74 (s, d) 118.3–121.9

Table 1. Key 1H- and 13C-NMR spectral data for identification of isoflavonoid classes.
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main skeleton of the isoflavonoids as well as the substitution pattern. Heteronuclear Single-
Quantum Correlation (HSQC) experiment is applied to correlate protons and carbons through 
one bond. So, assignment of protons and carbons as CH3, CH2 and CH can be confirmed 
undoubtfully. 1H-1H-Correlation Spectroscopy (COSY) or similar experiments are applied to 
identify the spin systems in the compounds. These experiments identified protons separated 
by 3 bonds as well as different arrays present in the aromatic systems. The obtained COSY 
data allow the identification of the adjacent groups in the compounds and substitution pat-
tern in the aromatic systems. Heteronuclear Multiple-Bond Correlation (HMBC) experiment 
acquired at different J values can identify correlation between protons and carbons through 2, 
3 or sometimes 4 bonds especially in the aromatic systems. HMBC data play a key role in the 
determination of substituents location on the main skeleton. For example, the location of the 
furan ring in 4′-O-methylerythrinin C (20) at C-6 was assigned from HMBC correlations [28]. 
The location of the prenyl group at C-8 in erysubin F (21) was also assigned from correlations 
obtained from HMBC experiment [42].

Nuclear Overhauser Effect (NOE) is an effect observed between protons close to each other in 
space regardless to the number of bonds separating them [68]. The NOE effect can be clarified 
via One dimensional Nuclear Overhauser effect (1D-NOESY), Gradient-Enhanced Nuclear 
Overhauser Effect (GOESY) experiments or the now more favorable 2D-NOESY or Rotating 
Frame Nuclear Overhauser Effect (ROESY) experiments. The NOE effect is sometimes crucial 
for correct assignments of substitutions especially in the absence of significant UV data with 
shift reagents that can give information about OH group positions. The NOE effect in some 
situations is more decisive than HMBC due to the few number of correlations that can be 
observed and the fact that correlations are dependent on distance in space rather than direct 
bond correlations.

The positions of ring B substituents in lysisteisoflavanone (22) were assigned utilizing GOESY 
experiment where irradiation of the OCH3 and H-1″ of the prenyl group resulted in enhance-
ment in their neighboring protons [50]. The NOE enhancement experiment was utilized to 
determine the position of OCH3 in olibergin B (23) [24]. Position of OCH3 in platyisoflavanone 
B (24) [41], vestitol (25), lotisoflavan (26) [21], erypoegin D (27) [43] and eryzerin B (6) [44] was 
assigned based on NOESY experiment results. The NOESY experiment was also employed to 
determine the position of glucose in ormosinoside A (28) [25].

NOESY data were also utilized to analyse the relative stereochemistry of the isoflavanol pum-
ilanol (29) ring C protons [46].

3.5. Mass Spectroscopy (MS)

Mass spectroscopy with different techniques and the great advances in instrumentation can 
provide accurately the molecular weight and the exact molecular formula. In addition, some 
common routes of fragmentation can provide additional evidences about the substitution 
pattern on both rings A and B. The mass fragments derived from a retro-Diels Alder (RDA) 
type cleavage give an idea about the substituent’s on ring A and ring B as well (Figure 2). 
These MS fragments were used for the confirmation of ring A and ring B substitution pat-
tern in the structure elucidation. Observation of MS ion fragments at m/z 177 and 153 as a 
result of RDA type cleavage followed by a hydrogen transfer indicated the location of two 
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methoxyls and a hydroxyl group on the B ring of the isoflavone olibergin A (30) [24]. The 
placement of two hydroxyl group at ring A and methylenedioxy and one methoxyl at ring 
B in the structure of (±)5,7-dihydroxy-2′-methoxy-3′,4′-methylenedioxyisoflavanone (31) was 
confirmed by MS fragments [33]. (S)-Platyisoflavanone A (32) mass spectrum showed frag-
ment at m/z 232 indicating two methoxyls and 3-methylbut-2-enyl group at ring B [41]. The 
base peak in the MS spectrum of uncinanone D (33) at m/z 194 [C11H14O3] resulted from retro-
Diels Alder (RDA) cleavage of ring C supported the presence of 3 methoxyl groups at ring B 
[48]. Similarly, the location of three methoxyl groups on ring B and two hydroxyl groups on 
ring A in the structure of the isoflavanone (±)5,7-Dihydroxy-2′,3′,4′-trimethoxy-isoflavanone 
(34) was supported by MS fragmentation [33]. The fragmentation of 5,7-Dihydroxy-2′,4′,5′-
trimethoxyisoflavanone (35) generated mass fragments at m/z 153 corresponding with ring A 
with two hydroxyls and at m/z 194 for ring B with three methoxyls [39]. The location of the 
methyl group in desmodianone A (36), desmodianone B (37), desmodianone D (38), desmo-
dianone E (39) and 6-methyltetrapterol A (40) at C-6 was confirmed from the MS fragment 
at m/z 167 for A-ring [47]. The MS fragments at m/z 346 [508−163+H]+ and 194 indicated the 
presence of a sugar moiety in the A ring and three methoxyl groups in the B ring in the struc-
ture of 5,7-dihydroxy-2′,3′,4′-trimethoxy-isoflavanone 7-O-β-glucopyranoside (41) [33]. With 
a fragment 30 mass units less at m/z 164 in the spectrum of 5,7-Dihydroxy-2′,4′-dimethoxy-
isoflavanone 7-O-β-glucopyranoside (42), only two methoxyls were assigned to ring B and 
sugar was placed on ring A [33].

In addition to providing the M+ at 328 m/z of 2-methoxyjudaicin (43) the fragment at m/z 297 
due to loss of the two methoxyls was very supportive for the structure since the MS spectrum 
of judaicin (44) show only fragment due to loss of one methoxyl group at C-2’. The MS data 
of judaicin 7-O-glucoside (45) and judaicin 7-O-(6″-O-malonylglucoside) (46) showed com-
mon ion at m/z 298 corresponding to the aglycone part after the loss of the glycosyl moieties 
at C-7 [30, 31].

4. Isolated compounds update

The isolated isoflavonoids from natural sources are presented in Tables 2–6, and their struc-
tures are provided in Figures 3–7. Isoflavones, isoflavanones and isoflavans from 2000 to date 
are arranged according to publication date in Tables 2–4, respectively. Due to the limited 
number of isoflavenes, the current survey includes all isolated members available in the lit-
erature (Table 5). Synthetic compounds are not included in this chapter.

Figure 2. Main fragments of retro-diels–alder (RDA) type cleavage.
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Name Source Ref.

2,3-Dehydrokievitone (47) Erythrina sacleuxii [49]

5′-Prenylpratensein (48) Erythrina latissima [39]

Erysubin F (21) Erythrina suberosa [42]

6″-O-Malonylgenistin (49) Glycine max [59]

Irisolone (50) Polygala stenopetala [69]

Isoerysenegalensein E (51), Alpinumisoflavone (52), Wighteone 
(53)

Erythrina lysistemon [50]

2″,6″-O-Diacetyloninin (54) Glycine max [70]

Isoprunetin 7,4′-di-O-β-D-glucopyranoside (55)
Genistein 7,4′-di-O-β-D-glucopyranoside (56)

Genista morisii [54]

Genistein (57) Desmodium uncinatum [62]

Olibergin A (30), Olibergin B (23), Genistein (57), Formononetin 
(58)
Biochanin A (59)

Dalbergia oliveri [24]

Rothindin(60) Ononis serrata [27]

4′-O-Methylerythrinin C (20), 4′-O-Methylalpinumisoflavone (61)
4′-O-Methyl-2″-hydroxydihydroalpinumisoflavone (62)
7-O-Methylbiochanin A (63)

Lotus polyphyllos [28]

Genistin (1), Genistein (57), Daidzein (64), Daidzin (65)
Glycitein (66), Glycitin (67)

Semen sojae praeparatum [71]

7-O-Geranylbiochanin A (68) Tephrosia tinctoria [72]

Olibergin B (23), Biochanin A (59), 8-C-Geranyl-7-O-
methylbiochanin A (69)

Dalbergia paniculata [73]

Biochanin A (59), 6-Hydroxy-7,4′-dimethoxyflavone (70)
6,7,4′-Trimethoxyflavone (71)

Gynerium sagittatum [8]

4′-O-Methylderrone (72) Lotus polyphyllos [19]

4′,5′-Dimethoxy-6,6-dimethylpyranoisoflavone (73) Millettia pachycarpa [58]

Erypoegin D (27), Alpinumisoflavone (52), Wighteone (53)
5,4′-Dihydroxy-7-methoxy-3′-(3-methylbuten-2-yl)isoflavone (74)
5,2′,4′-Trihydroxy-7-methoxy-5′-(3-methylbuten-2-yl)isoflavone 
(75)
5,4′-Dihydroxy-7-methoxy-3′-(3-methyl-2-hydroxybuten-3-yl)
isoflavone (76)
3′-Formyl-5,4′-dihydroxy-7-methoxyisoflavone (77)
5-Hydroxy-3″-hydroxy-2″,2″dimethyldihydropyrano[5″,6″:3′,4′]
isoflavone (78)
3′-Isoprenylgenistein (79), Isolupabigenin (80)

Erythrina poeppigiana [74]

Genistein (57), Formononetin (58), Biochanin A (59), Calycosin (81)
Ononin (82), Sissotrin (83)

Cicer arietinum [75]

Tlatlancuayin (2′,5-dimethoxy-6,7-methylenedioxyisoflavone) (84) Iresine herbstii [5]

2′-Hydroxygenistein (85), 3′-Omethylorobol (86)
7-O-Methyltectorigenin (87), Prunetin (88), Licoagroisoflavone (89)
Cajanin (90), Lachnoisoflavone A (91)

Crotalaria lachnophora [76]

Isoflavonoids
http://dx.doi.org/10.5772/intechopen.68701

69



Name Source Ref.

Pierreione A (92), Pierreione B (93), Pierreione C (94), Pierreione 
D(95)

Antheroporum pierrei [77]

Genistein 5-O-β-glucopyranoside (96), Prunetin 5-O-β-
glucopyranoside (97)

Potentilla astracanica [7]

Erysubin F (21), Erythraddison I (98), Erythraddison II (99)
Echrenone b10 (100)

Erythrina addisoniae [23]

Ormosinosides A (28), Genistein (57), Biochanin A (59), Daidzein 
(64)
Daidzin (65), Sissotrin (83), 7-O-Methylbiochanin A (63)
Isoformononetin (101), 4′,7-Di-O-methyldaidzein (102), Isoprunetin 
(103)
Sophoricoside (104), Isoprunetin-7-O-β-D-glucoside (105)
6″-β-D-Xylose-genistin (106)

Ormosia henryi [25]

Genistein (57),Biochanin A (59), Daidzein (64)
3′-Hydroxydaidzein-7-O-glucopyranoside (107)
Calycosin-7-O-glucopyranoside (108)

Trifolium scabrum [78]

5,6-Dihydroxy-7,8,3′,5′-tetramethoxyisoflavone (109) Iris pseudacorus [79]

Formononetin (58), Ononin (82), Calycosin (81)
Calycosin-7-O-glucopyranoside (108)

Astragalus mongholicus [80]

Formononetin (58) Dalbergia oliveri [53]

Genistein (57), Biochanin A (59), Calycosin-7-O-glucopyranoside 
(108)

Dalbergia odorifera [81]

Neobavaisoflavone (110) Erythrina excels,
Erythrina senegalensis 

[40]

Biochanin A (59) Dothideomycetes fungus
CMU-99

[9]

Neoraudiol (111) Neorautanenia mitis [52]

Genistin (1), Daidzein (64), Daidzin (65), Puerarin (112) Pueraria lobata [34]

Formononetin (58), Ononin (82), 3-(4-(Glucopyranosyloxy)-5-
hydroxy-2-methoxyphenyl)-7-hydroxy-4H-chromen-4-one (113)

Ononis angustissima [82]

7,2′,5′-Trimethoxy-3′,4′-methylenedioxyisoflavone (114)
6,7-Dimethoxy-3′,4′-methylenedioxyisoflavone (115)
5,4′-Dihydroxy-7,2′,5′-trimethoxyisoflavone (116)

Piscidia carthagenensis [83]

Isosideroxylin (117) Leiophyllum buxifolium [84]

Achyranthoside A (118), Achyranthoside B (119) Achyranthes bidentata [6]

Genistein (57), Biochanin A (59), Prunetin (88), Tectorigenin (120) Dalbergia odorifera [85]

8-Hydroxyirilone 5-methyl ether (121), 8-Hydroxyirilone (122)
Irilone 4′-methyl ether (123), Irilone (124), Irisolidone (125)
Irigenin S (126), Irigenin (127), Iridin S (128), Iridin (129)
4′-O-β-d-glucopyranoside (130)

Iris germanica [26]

Table 2. Isolated isoflavones from natural sources since 2000 to date.
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Name Source Ref.

(R)-2,3-Dihydro-7-demethylrobustigenin (8), (R)-saclenone (9) Erythrina sacleuxii [49]

5,7-Dihydroxy-2′,4′,5′-trimethoxyisoflavanone (35) Erythrina latissima [39]

Bolusanthol B (131), Bolusanthol C (132)
5,7,3′-Trihydroxy-4′-methoxy-5′-γ,γ-dimethylallylisoflavanone (133)
5,7,2′-Trihydroxy-4′-methoxy-6,5′-di(γ,γ-dimethylallyl)isoflavanone (134)
5,7,2′,4′-Tetrahydroxy-8,3′-di(γ,γ-dimethylallyl)-isoflavanone (135)

Bolusanthus speciosus [86]

Lysisteisoflavanone (22) Erythrina lysistemon [50]

Seputheisoflavone (136) Ptycholobium contortum [87]

Dihydrodaidzin (137), Dihydrogenistin (138) Glycine max [70]

Erypoegin C (139), Erypoegin D (140) Erythrina poeppigiana [43]

Eryzerin B (6), Eryzerin A (7) Erythrina zeyheri [44]

Erypoegin G (141) Erythrina poeppigiana [61]

Cajanol (142) Crotalaria lachnophora [76]

7,4′-Dihydroxy-2′-methoxy-6-geranylisoflavanone (143)
2′,4′-Dihydroxy-6″-methyl-6″-(4‴-methylpent-3-enyl) pyrano(3″,2″:6,7)-
isoflavanone (144)

Lespedeza bicolor [88]

Desmodianone A (36), Desmodianone B (37), Desmodianone D (38)
Desmodianone E(39), 6-Methyltetrapterol A (40)

Desmodium canum [47]

Uncinanone A (145), Uncinanone B (146), Uncinanone C (147) Desmodium uncinatum [62]

(±)5,7-Dihydroxy-2′-methoxy-3′,4′-methylenedioxyisoflavanone (31)
(±)5,7-Dihydroxy-2′,3′,4′-trimethoxy-isoflavanone (34)
5,7-Dihydroxy-2′,3′,4′-trimethoxy-isoflavanone 7-O-β-glucopyranoside 
(41)
5,7-Dihydroxy-2′-methoxy-3′,4′-methylenedioxyisoflavanone 7-O-β-
glucopyranoside (148)
5,7-Dihydroxy-2′,4′-dimethoxy-isoflavanone 7-O-β-glucopyranoside (42)
5,7,4′-Trihydroxy-2′,3′-dimethoxy-isoflavanone 7-O-β-glucopyranoside 
(149)

Desmodium styracifolium [33]

Uncinanone D (33), Uncinanone E (150) Desmodium uncinatum [48]

Ferreirin (151), Dihydrocajanin (152), Dalbergioidin (153)
Dihydrobiochanin A (154)

Gynerium sagittatum [8]

5,7-Dihydroxy-2′-methoxy-3′,4′-methylenedioxyisoflavanone (31)
Uncinanone A (37), Dalbergioidin (153)
4′,5-Dihydroxy-2′,3′-dimethoxy-7-(5-hydroxyoxychromen-7yl)-
isoflavanone (155), Parvisoflavanone (156), Isoferreirin (157)

Uraria picta [55]

Dalhorridin (158), Dalhorridinin (159) Dalbergia horrida [89]

5,3′-Dihydroxy-4′-methoxy-5′-(3-methyl-1,3-butadienyl)-2″,2″-
dimethylpyrano[5, 6:6,7]isoflavanone (160)
5,3′-Dihydroxy-5′-(3-hydroxy-3-methyl-1-butenyl)-4′-methoxy-2″,2″-
dimethylpyrano[5, 6:6,7]isoflavanone (161)

Erythrina costaricensis [90]

Sophoronol A (162), Sophoronol B (163), Sophoronol C (164)
Sophoronol D (165), Sophoronol E (166), Sophoronol F (167)

Sophora mollis [91]
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Name Source Ref.

3-Hydroxy-kenusanone B (168), Sophoraisoflavanone A (169)
Kenusanone H (170)

Echinosophora koreensis [92]

Desmodianone F (171), Desmodianone G (172) Desmodium canum [93]

5,7,3′-Trihydroxy-4′-methoxy-6,5′-di(γ, γ-dimethylallyl)-isoflavanone 
(173)
5,3′-Dihydroxy-4′-methoxy-5′-γ,γ-dimethylallyl-2″,2″-dimethylpyrano[5, 
6: 6,7]isoflavanone (174)
5,3′-Dihydroxy-2″,2″-dimethylpyrano[5, 6: 6,7]-2′″,2′″-dimethylpyrano[5, 
6: 5,4]isoflavanone (175)

Erythrina costaricensis [94]

Glabraisoflavanone A (176), Glabraisoflavanone B (177) Glycyrrhiza glabra [95]

Isodarparvinol B (178), Dalparvin (179), (3S)-Sativanone (180) Dalbergia parviflora [96]

2′,2,5-Trimethoxy-6,7-methylenedioxyisoflavanone (181) Iresine herbstii [5]

Erythraddison III (182), Erythraddison IV (183) Erythrina addisoniae [23]

Dalbergioidin (153) Lespedeza cyrtobotrya [29]

3(R)-2′-Methoxyl-5,7,4′-trihydroxy-6-(3-methylbut-2-enyl)-isoflavanone 
(184)
3′-Geranyl-3,5,7,2′,4′-pentahydroxyflavonol (185)

Campylotropis hirtella [97]

Triquetrumone E (186), Triquetrumone F (187) Tadehagi triquetrum [98]

Hirtellanine H (188), Hirtellanine I (189), Hirtellanine J (190) Campylotropis hirtella [99]

Ormosinol (191) Ormosia henryi [25]

7-O-Glucosyldiphysolone (2, 3), (3R)-7,4′-Di-O-glucosyldiphysolone (4)
(3S)-7,4′-Di-O-glucosyldiphysolone (5), 4″-hydroxydiphysolone (192)

Ormocarpum kirkii [32]

Platyisoflavanone B (24), Platyisoflavanone A) (32)
Platyisoflavanone C (193), Platyisoflavanone D (113)
Sophoraisoflavanone A (169), Glyasperin F (194)

Platycelphium voënse [41]

(+)-Violanone (195) Dalbergia oliveri [53]

(3S)-2′,4′-Dimethoxy-3,7-dihydroxyisoflavanone (196)
(3S)-2′,4′,5′-Trimethoxy-7-hydroxyisoflavanone (197)
(3R)-4′-Methoxy-2′,3,7-trihydroxyisoflavanone (198)
(3R)-Violanone (199), (3R)-3′-O-methylviolanone (200)
(3R)-Sativanone (201)

Dalbergia odorifera [100]

Dalbergioidin (153)
(3R) 5,7,3′,4′-Tetrahydroxy-2′-methoxyisoflavanone (202)
(3R) 5′,8-Di-(γ,γ-dimethylallyl)-2′,5-dihydroxyl-4′,7-dimethoxyl-
isoflavanone (203)
5,7-Dihydroxy-2′,4′-dimethoxyisoflavanone (204)

Uraria clarkei [101]

Uncinanone E (150)
5,7-dihydroxy-2′-methoxy-3′,4′-methylenedioxy isoavanone (155)
(3R) 7,2′,4′-Trihydroxy-3′-methoxy-5-methoxycarbonylisoflavanone (205)
(3R) 7,2′-Dihydroxy-3′,4′-dimethoxy-5-methoxycarbonylisoflavanone 
(206)

Cassia siamea [102]

Sigmoidin H (207) Erythrina excels,
Erythrina senegalensis 

[40]

6,3′-di(3-hydroxy-3-methylbutyl)-5,7,2′, 4′-tetrahydroxyisoflavanone (208)
3(R)-6,3′-di(3-hydroxy-3-methylbutyl)-2′-methoxyl-5,7,4′-
trihydroxyisoflavanone (209)

Campylotropis hirtella [103]
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Name Source Ref.

3-Hydroxy-kenusanone B (168), Sophoraisoflavanone A (169)
Kenusanone H (170)

Echinosophora koreensis [92]

Desmodianone F (171), Desmodianone G (172) Desmodium canum [93]
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5,3′-Dihydroxy-4′-methoxy-5′-γ,γ-dimethylallyl-2″,2″-dimethylpyrano[5, 
6: 6,7]isoflavanone (174)
5,3′-Dihydroxy-2″,2″-dimethylpyrano[5, 6: 6,7]-2′″,2′″-dimethylpyrano[5, 
6: 5,4]isoflavanone (175)

Erythrina costaricensis [94]

Glabraisoflavanone A (176), Glabraisoflavanone B (177) Glycyrrhiza glabra [95]

Isodarparvinol B (178), Dalparvin (179), (3S)-Sativanone (180) Dalbergia parviflora [96]

2′,2,5-Trimethoxy-6,7-methylenedioxyisoflavanone (181) Iresine herbstii [5]

Erythraddison III (182), Erythraddison IV (183) Erythrina addisoniae [23]

Dalbergioidin (153) Lespedeza cyrtobotrya [29]
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Campylotropis hirtella [97]

Triquetrumone E (186), Triquetrumone F (187) Tadehagi triquetrum [98]
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Name Source Ref.

5,7-Dimethoxy-3-(4-hydroxybenzyl)-4-chromanone (219)
5,6-Dihydroxy-7-methoxy-3-(4-hydroxybenzyl)-4-chromanone (220)
7-O-Methyl-3,9-dihydropunctatin (221)
5,7-Dihydroxy-3-(4-hydroxybenzyl)-4-chromanone (222)

Drimiopsis burkei
Drimiopsis maculata

[63]

Table 4. Isolated homoisoflavonoids from natural sources since 2000 to date.

Name Source Ref.

Uncinanone D (33), Desmodianone E (144), Desmodianone F (171)
Grabraisoflavanone A (176)
(3R)-7-Hydroxy-4′-methoxy-5-methoxycarbonyl-isoflavanone (210)
(3R)-8-Hydroxy-4′-methoxy-7-methoxycarbonyl-isoflavanone (211)
(3R)-7,2′,4′-Trihydroxy-3′-methoxy-5-methoxycarbonyl-isoflavanone 
(205)

Desmodium oxyphyllum [104]

Glycitein (66), Dihydrodaidzein (133), Dihydrogenistein (134)
Dothideoisoflavanone (212), (3S)-3,4′,7-trihydroxyisoflavanone (213)

Dothideomycetes fungus 
CMU-99

[9]

Neotenone (214) Neorautanenia mitis [52]

Eryvarins Y (215), Eryvarins Z (216), Orientanol E (217)
2,3-Dihydroauriculatin (218)

Erythrina variegata [105]

Table 3. Isolated isoflavonones from natural sources since 2000 to date.

Name Source Ref.

Bolusanthol A (223) Bolusanthus speciosus [86]

Neocandenatone (224) Dalbergia congestiflora [22]

(3R)-(−)-7,2′-Dihydroxy-3′,4′-dimethylisoflavan-7-O-β-D-
glucopyranoside (225)

Astragalus membranaceus [20]

Eryzerin C (18), Eryzerin D (19) Erythrina zeyheri [44]

6-Desmethyldesmodian A (226), Desmodian A (227)
Desmodian B (228), 6-Desmethylesmodian B (229)
Desmodian C (230), 3′-Hydroxydesmodian B (231)

Desmodium canum [106]

Pumilanol (29) Tephrosia pumila [46]

Salisoflavan (232) Salsola imbricata [107]

Desmodian A (227), Desmodian D (233) Desmodium canum [93]

3S (+) 2′-O-Methylphaseollidinisoflavan (15)
3R(-)Erythbidin A (16)

Erythrina caffra [45]

Vestitol (25), Neovestitol (234) Brazilian propolis [10]

(3S,4R)-4′-Hydroxy-6,3′-dimethoxyisoflavan-4-ol (235) Taxus yunnanensis [108]

Cordifoliflavanes A (236), Cordifoliflavanes B (237) Codonopsis cordifolioidea [109]

Vestitol (25), Lotisoflavan (26) Lotus lalambensis [21]

Abruquinone A (238), Abruquinone D (239), Abruquinone J (240)
Abruquinone K (241), Abruquinone L (17)

Abrus precatorius [38]
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Name Source Ref.

Erylivingstone J (10), Erylivingstone K (11)
2′-Methoxyphaseollinisoflavan (12)
7, 4′-Dihydroxy-2′,5′-dimethoxy isoflavan (13)
7,4′-Dihydroxy-2′-methoxy-3′-(3-methylbut-2-enyl) isoflavan (14)

Erythrina livingstoniana [37]

Kotstrigoisoflavanol (242) Kotschya strigosa [110]

Table 5. Isolated isoflavans from natural sources since 2000 to date.

Name Source Ref.

Neorauflavene (243) Neorautanenia edulis [51]

Sepiol (244), 2′-O-Methylsepiol (245) Gliricidia speium [111]

Dimethoxytrihydroxyisoflavene (246) Baphia nitida [56]

Haginin A (247), Haginin B (248) Lespedeza cyrtobotrya [35]

7,3′,4′-Triacetoxy-6′-methoxyisoflav-3-ene (249)
7, 2′-Diacetoxy-4′-methoxyisoflav-3-ene (250)

Millettia sp. [112]

2-Methoxyjudaicin (43) Cicer bijugum [30]

Judaicin (44), Judaicin 7-O-glucoside (45)
Judaicin 7-O-(6″-O-malonylglucoside) (46)

Cicer judaicum [31]

Haginin C (251), Haginin D (252) Lespedeza cyrtobotrya [113]

Haginin D (253), Haginin E (Phenoxodiol) (254) Lespedeza homoloba [36]

Erypoegin A (255), Erypoegin B (256) Erythrina poeppigiana [43]

Glabrene (257) Glycyrrhiza glabra [114]

Haginin A (247) Lespedeza cyrtobotrya [29]

Haginin E (Phenoxodiol) (254) Dothideomycetes fungus CMU-99 [9]

Table 6. Isolated isoflavenes from natural sources.
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Figure 3. Isolated isoflavones from natural sources since 2000 to date.
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Figure 4. Isolated isoflavanones from natural sources since 2000 to date.
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5. Biological activities

Isoflavonoids are reported to have a variety of bioprotective effects, including antioxidant, 
antimutagenic, anticarcinogenic and antiproliferative activities. Isoflavonoids may protect the 
body from hormone-related cancers, like breast, endometrial (uterine) and prostatic [115–119]. 
Isoflavonoids have gained a lot of public interest due to the possible correlation between their 
dietary consumption and health beneficial effects toward osteoporosis and post-menopausal 
symptoms [120, 121].

Among the isoflavonoids isolated from dothideomycetes fungus CMU-99, Biochanin A 
(59) showed weak cytotoxic activity against lung cancer cells (NCI-H137) and noncancer-
ous Vero cells. Dothideoisoflavanone (212) exhibited cytotoxic effect against oral human 
carcinoma (KB) but was non-toxic against noncancerous Vero cells [9]. Among the isofla-
vonoids isolated from Erythrina addisoniae, Echrenone b10 (100) was found to be more than 
three times as potent as tamoxifen against MCF7/ADR and MDA-MB-231. Erythraddison 
III (182) was twice as potent as tamoxifen [23]. The isoflavanone Ormosinol (191) signifi-
cantly inhibited adenocarcinomic human alveolar basal epithelial cells (A549) and human 
hepatic cell line (HepG2) [25]. Neobavaisoflavone (110) and Sigmoidin H (207) were selec-
tively active in vitro against the resistant cancer cells 6/9, 4/9, CCRF-CEM, HCT116 (p53+/+), 
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MDA-MB-231-BCRP and U87MG [40]. Platyisoflavanone A (32) showed cytotoxic effect 
against noncancerous Vero cells [41]. 2″,6″-O-diacetyloninin (54) was active against human 
stomach carcinoma (Hs 740.T, Hs 756 T), breast adenocarcinoma (Hs 578 T, Hs 742.T) and 
prostate carcinoma (DU 145, LNCaP-FGC) cell lines [70]. Pierreione A (79) and Pierreione 
B (93) demonstrated selective toxicity to solid tumor cell lines with minimal cytotoxicity 
[77]. Isosideroxylin (117) was selectively active against the against ER− MDA-MB-231 breast 
cancer cell line [84]. (3R) 5′,8-Di-(γ,γ-dimethylallyl)-2′,5-dihydroxyl-4′,7-dimethoxyl-
isoflavanone (203) isolated from Uraria clarkei possessed good activity against the tested 
Hela, K562 and HL60 cell lines [101].

Haginin E (Phenoxodiol) (254) inhibits cell proliferation of a wide range of human can-
cer cell lines including leukemia, breast and prostate carcinomas, and is 5–20 times more 
potent than genistein [122]. Primary ovarian cancer cells resistant to conventional chemo-
therapy undergo apoptosis following Haginin E (Phenoxodiol) (254) treatment. Haginin E 
(Phenoxodiol) (254) is an efficient inducer of cell death in ovarian cancer cells and sensitizes 
the cancer cells to Fas-mediated apoptosis [123]. Haginin E (Phenoxodiol) (254) also exhibits 
significant ability to induce cell death in the prostate cancer cell lines LNCaP, DU145 and 
PC3 that utilize different signaling pathways than those reported in ovarian cancer studies 
[124]. Haginin E (Phenoxodiol) (254) development as an antitumor drug was based to a large 
extent on its low toxicity in normal tissues, but potent topoisomerase-II inhibitory effects in 
rapidly dividing tumor cells. This advantage led to its fast-track FDA approval for Phase II/
III clinical trials [125].

Platyisoflavanone A (32) showed antibacterial activity against Mycobacterium tuberculosis 
(TB) in the microplate alamar blus assay (MABA) [41]. Isoflavonoids isolated from roots 
of Erythrina zeyheri were tested against methicillin-resistant Staphylococcus aureus (MRSA). 
Anti-MRSA potency of the isoflavan Eryzerin C (18) was the highest followed by Eryzerin 
D (19) [44]. 5,7,3′-Trihydroxy-4′-methoxy-6,5′-di(γ, γ-dimethylallyl)-isoflavanone (173) iso-
lated from Erythrina costaricensis was also active on MRSA [94]. The two isoflavans 3S (+) 
2′-O-Methylphaseollidinisoflavan (15) and 3R(-)Erythbidin A (16) isolated from E. caffra as 
well as the two isoflavanones 5,7-Dihydroxy-2′-methoxy-3′,4′-methylenedioxyisoflavanone 
(31) and 4′,5-Dihydroxy-2′,3′-dimethoxy-7-(5-hydroxyoxychromen-7yl)-isoflavanone (155) 
isolated from Uraria picta were active against S. aureus [45, 55]. The isoflavone Neoraudiol 
(111) displayed antimicrobial activity on Bacillus subtilis, Salmonella typhii and Candida albicans 
[52]. Lachnoisoflavone A (91) from Crotalaria lachnophora showed moderate inhibitory activi-
ties against Escherichia coli and Klebsiella pneumonia [76].

Isoflavanones from the Stem of Cassia siamea were evaluated for their anti-tobacco mosaic virus 
(Anti-TMV) activities [102]. (3R) 7,2′,4′-Trihydroxy-3′-methoxy-5-methoxycarbonylisoflavanone 
(205) was the most active among the tested compounds [102]. In addition to anti-TMV, cordifo-
liflavanes A (236) cordifoliflavanes B (237) expressed anti-HIV-1 activities [109].

As a part of plant phenolics, isoflavonoids are expected to have antioxidant activities. Ormosinol 
(191) showed significant antioxidant activity against DPPH radicals [25]. The isoflavene 
Haginin A (247) and the isoflavonones dalbergioidin (153) showed antioxidant properties in 
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both 2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and 1,1-Diphenyl-2-picryl-
hydrazyl (DPPH) assays [29]. Seputheisoflavone (132) from Ptycholobium contortum was active 
in the ABTS assay [87]. Isoflavones from the Astragalus mongholicus were examined for anti-
oxidant potential in DPPH assay. Results indicated that Calycosin (81) and Calycosin-7-O-
glucopyranoside (108) are more active than Formononetin (58) [80].

The in vitro antiprotozoal activity of isoflavan quinines from Abrus precatorius was tested 
against Plasmodium falciparum (K1 strain), Trypanosoma brucei rhodesiense (STIB 900 strain), 
Trypanosoma cruzi (Tulahuen strain C2C4 w/LacZ) and Leishmania donovani (strain MHOM/
ET/67/L82). Abruquinone D (239) and abruquinone K (241) were the most active against 
T. brucei rhodesiense [38]. Pumilanol (29), an isoflavan from Tephrosia pumila, exhibited sig-
nificant antiprotozoal activities against T. brucei rhodesiense, T. cruzi and L. donovani [46]. 
Sophoronol C (164) and Sophoronol E (166) exhibited moderate anitplasmodial activity 
against the CQS D10 strain of P. falciparum [91].

Daidzein (64) and Daidzin (65) possess a vasorelaxant action through opening of K+ channels 
and inhibition of Ca2+ influx in the vascular smooth muscle cells. This cerebral vasodilator 
activity may be beneficial to patients with obstructive cerebrovascular diseases [126].

Other studies reported on the effects of isoflavonoids on specific enzymes are presented in 
Table 7.

Dedication

Professor Dr. Ahmed A. Seif El-Dien, Department of Pharmacognosy, College of Pharmacy, 
Alexandria University, Alexandria 21215, Egypt. (Born in: 9 September 1948–passed away in: 
19 December 2016).

Compound name Activity Significance Ref.

Tlatlancuayin (84)
2′,2,5-Trimethoxy-6,7-
methylenedioxyisoflavanone (181)

a-glucosidase inhibitory Weak [5]

Achyranthoside A (118)
Achyranthoside B (119)

Lipopolysaccharide (LPS)-induced nitric 
oxide (NO) production

Significant 
inhibition

[6]

Erysubin F (21), Erythraddison II (99)
Echrenone b10 (100), Erythraddison III (182)
Erythraddison IV (183)

Protein tyrosine phosphatase 1B (PTP1B) Significant 
inhibition

[23]

Sophoraisoflavanone A (169)
Kenusanone H (170)

Alcohol dehydrogenase (ADH)
Aldehyde dehydrogenase (ALDH)

Significant 
activation

[92]

Glabrene (257) Tyrosinase inhibition Significant 
inhibition

[114]

Table 7. Effect of isoflavonoids on specific enzyme activities.
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Abstract

Homoisoflavonoids are rare compounds distributed within a few families of plants includ‐
ing species from Fabaceae. The genus Caesalpinia, the main focus of this chapter, is a prolific 
source of these unique natural products. Homoisoflavonoids from Caesalpinia spp. are associ‐
ated to ethnopharmacological uses for diverse purposes. In this sense, the following chapter 
sheds light on the occurrence, biosynthesis, isolation, synthesis, and structural analysis of 
these compounds from species of the genus Caesalpinia and their biological potential.

Keywords: Caesalpinia, Homoisoflavonoids, natural products, biological activities

1. Introduction

The genus Caesalpinia comprises more than 500 species around the world, existing essentially 
in tropical and subtropical zones. These species are correlated to ethnopharmacological uses 
due to their biological properties, which include analgesic, adaptogenic, antiangiogenic, 
antiulcer, anthelmintic, antibacterial, insecticidal, antifungal, anti‐inflammatory, antipyretic, 
antioxidant, antiproliferative, antiviral, antimalarial, immunomodulatory, and immunosup‐
pressive activities, as well as glutathione S‐transferase (GST) inhibition, xanthine oxidase 
(XO) inhibition suppression of melanin synthesis, inhibition of viral neuraminidases, and 
other properties which will be further discussed ahead [1–5].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Associated to these biological properties, these plants are chemically composed by different 
classes of metabolites including steroids, organic acids, chromenes, diterpenes, triterpenes, 
polyphenols, tannins, anthraquinones, alkaloids, and flavonoids, which comprise the natural 
product diversity of this genus.

Besides these compounds, species from the genus Caesalpinia interestingly produce unusual 
compounds such as uncommon biflavonoids and a rare subclass of flavonoids, named homoi‐
soflavonoids. The first group is more distributed within plants, while homoisoflavonoids 
are restrict only to some vegetal species including those from Fabaceae and Asparagaceae 
[6]. These compounds are also encountered, although less common, in other families as 
Gentianaceae, Polygonaceae, Portulacaceae, and Orchidaceae. There are two different work 
concerning about homoisoflavonoids, which relate the existence of approximately 240 natu‐
rally occurring compounds [6, 7].

In this sense, it is important to define the general characteristics of flavonoids, once they are 
the core subunits of biflavonoids and cover the rare class of homoisoflavonoids. In general, 
flavonoids are low molecular weight polyphenols, brightly colored due to their absorptions 
of UV light, and the most common structures are associated to antioxidant properties [8–10]. 
Flavonoids, classified as phytoalexins, are produced as a response to microbial infection in 
plants. They have a notorious participation into the scientific scenario due to the beneficial 
association to the humans’ daily basis intake of nutrients as functional foods improving 
human health [8, 10].

The consumption of functional foods, or nutraceuticals, is strongly associated to these com‐
pounds. In addition, the ingestion of flavonoids from functional foods implicates in lowering 
blood triglycerides and homocysteine, decreasing blood pressure, acting against inflammatory, 
platelet antiaggregation processes, and the improvement of endothelial function [11]. These 
compounds are also associated to another range of biological properties lowering the incidence 
of cancer, including prostate, stomach, breast, and lung cancers [12]. In addition, various pro‐
tective effects of flavonoids have demonstrated them as important multi‐target agents [13, 14].

In that regard, the genus Caesalpinia is considered a rich source of common flavonoids. 
However, this genus is also associated to unique biflavonoids constituted by homoisofla‐
vonoids subunits and a considerable amount of representatives from the class of naturally 
occurring homoisoflavonoids. Up to date, there are reports pointing to the existence of about 
240 naturally occurring homoisoflavonoids [6, 7].

An interesting point is that homoisoflavonoids can also be found as dimers. Biflavonoids com‐
pounds are dimers of flavonoids assembled in diverse manners by different species. The number 
of possibilities for these structures (involving all classes of flavonoids) points to more than 20,000 
different molecules. However, not all these have been encountered in nature so far, summing to 
500 representatives [15]. From these, less than 10 are constituted by homoisoflavonoids subunits.

As homoisoflavonoids and their dimers from the genus Caesalpinia are unique compounds, 
this chapter proposes to gather the available data from the literature in a systematic overview 
associating them to biological properties aiming to demonstrate these compounds as notable 
representatives composing the chemical space associated to natural products.
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2. General classification and biosynthesis of flavonoids

The classification of flavonoids consists in two main groups, the 2‐phenylchromans and the 
3‐phenylchromans. Compounds presenting the 2‐phenylchroman core, in which the aromatic 
ring B is connected to C‐2 atom, include flavonols, flavanones, flavan‐3‐ols, flavones, antho‐
cyanins, and proanthocyanidins. On the other hand, compounds with the 3‐phenylchroman 
group, in which the aromatic ring B is connected to C‐3 atom, include isoflavonoids named 
isoflavones, isoflavans, and pterocarpans. Another group, named neoflavonoids, in which the 
benzene ring B is connected to C‐4 atom, is less common. There are cases in which the ring C 
occurs as an isomeric form presenting a five‐membered ring, which is associated to the forma‐
tion of aurones. Another class of phenolic compounds, named chalcones, is not considered 
true flavonoids due to their lack on the aromatic C ring but still considered members of the 
flavonoids family. In the same way, a closely related group compounds, the stilbenes, are 
important due to their biological potential [16]. A brief representation of each class of flavo‐
noids and their sources is demonstrated in Figure 1.

Figure 1. Classification of flavonoids, general structures, examples, and biological sources.
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These structures are important for the recognition and classification of biflavonoids moieties, 
once they could exist as complex structures presenting aurones, isoflavonoids, neoflavonoids, 
chalcones, and other moieties as well as dimers of homoisoflavonoids.

Flavonoids are products from the phenylpropanoid building block cinnamoyl‐CoA, in which 
chain extension is provided by three units of malonyl‐CoA [17]. Cinnamoyl‐CoA is derived 
from the amino acids phenylalanine and tyrosine which are converted by phenylalanine and 
tyrosine ammonia lyases to cinnamic acid and para‐hydroxycinamic acid, respectively [18]. 
The aromatic polyketide formed from the union of cinnamoyl‐CoA and three units of malonyl‐
CoA might form the benzo‐γ‐pyrone nucleus containing aromatic rings A, B, and a heterocy‐
clic ring C, substituted or not. This nucleus is precursor of a great number of flavonoids. In this 
sense, flavonoids are characterized by the classic flavan nucleus presenting a C6‐C3‐C6 skeleton. 
In addition, chalcones might undergo different cyclization with the addition of a single carbon, 
provided by S‐methyl moiety of methionine, which lead to the formation of the homoisofla‐
vonoid nucleus, which can be converted to the other classes of homoisoflavonoids (Figure 2).

Figure 2. Biosynthetic scheme for the formation of a flavonoid nucleus (monomeric structure of biflavonoids) and the 
formation of the existing types of homoisoflavonoid nucleus.
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3. Occurrence of homoisoflavonoids in Caesalpinia spp.

Homoisoflavonoids have a general structure of 16 carbons containing two phenyl rings and one 
heterocyclic ring. Homoisoflavonoids are biosynthesized from cinnamic acid derivatives along 
with malonyl‐CoA subunits. The resulting compound, an aromatic polyketide, is the precursor 
of chalcones. In the following step, the aromatic polyketide undergoes a Claisen and enoliza‐
tion reactions, which lead to the formation of the chalcone backbone. An additional carbon is 
added to the chalcone, provided by S‐methyl moiety from methionine, creating the homoisofla‐
vonoid skeleton containing 16 carbons. Thus, there is the formation of 3′‐hydroxyl‐chalcone as a 
precursor, which is transformed to 3‐benzylchroman‐4‐one. Subsequently, different cyclization 
leads to the formation of other types of homoisoflavonoids (Figure 2).

The existence of these compounds is associated to the genus Caesalpinia involving species 
as C. pulcherrima [19, 20], C. echinata [1, 21, 22], C. bonduc [3], C. sappan [4, 23–28], C. japonica 
[29], and C. milletti [30]. However, the diversity of compounds (in number and structurally) 
is associated to C. sappan, a prolific source of homoisoflavonoids with important ethnophar‐
macological applications. The crude extract of C. sappan, named Sappan lignum, is widely 
studied and used for the treatment of diverse diseases [28].

The classification of homoisoflavonoids comprises five main groups named scillascillin, bra‐
zilin, caesalpin, protosappanin, and sappanins. Homoisoflavonoids from the class scillascil‐
lins exhibit a spiro ring with four members between rings C and D. However, species from 
the genus Caesalpinia do not produce scillascillins. These compounds are encountered only in 
the family Asparagaceae [7].

The most common class of homoisoflavonoids in the genus Caesalpinia is the sappanin‐type. 
This class presents a 3‐benzyl chromanone unit. The diversity of these compounds is associated 
to a wide variation of substituents, such as hydroxyl, methoxyl, formyl, methyl groups, among 
others, which confer to sappanin‐type the position of the most abundant. In this chapter, the 
sappanin‐type homoisoflavonoids corresponded approximately to 70% of the compounds.

In this aspect, the species C. pulcherrima, which is a perennial large shrub,  widely distributed in 
the tropical and subtropical areas of Americas, South India, Taiwan and South‐East Asian coun‐
tries [20, 31]. It is used in the folk medicine due to its medicinal properties for the treatment of 
skin diseases, tumors, and fevers, and association to antibacterial, antidiarrheal, cytotoxic, and 
antiulcer properties [32]. C. pulcherrima produces a large variety of sappanin‐type homoiso‐
flavonoids exhibiting a diverse pattern of substitution such as bonducellin (1),  isobonducellin 
(2), 7‐O‐methylbonducellin (3),  2′‐O‐methylbonducellin (4),  sappanone A (5), (3E)‐3‐(1,3‐
benzodioxol‐5‐ylmethylene)‐2,3‐dihydro‐7‐hydroxy‐4H‐1‐benzopyran‐4‐one (6), (3E)‐3‐
(1,3‐benzodioxol‐5‐ylmethylene)‐2,3‐dihydro‐7‐methoxy‐4H‐1‐benzopyran‐4‐one 
(7), (E)‐3‐(3‐hydroxy‐4‐methoxybenzylidene)‐6,7‐dimethoxychroman‐4‐one (8), (3E)‐2,3‐
dihydro‐7‐hydroxy‐3‐[(3‐hydroxy‐4‐methoxyphenyl)‐methylene]‐4H‐1‐benzopyran‐4‐one 
(9), (3E)‐2,3‐dihydro‐3‐[(3,4‐dimethoxyphenyl)methylene]‐7‐methoxy‐4H‐1‐benzopyran‐4‐
one (10), (E)‐7‐methoxy‐3‐(4‐methoxybenzylidene)chroman‐4‐one (11), (E)‐7‐hydroxy‐3‐(3,4,5‐
trimethoxybenzylidene)chroman‐4‐one (12) [19, 20, 31]. Some of these compounds were 
tested against Gram‐positive microorganisms such as Bacillus subtilis, Bacillus sphaericus, and 
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Staphylococcus aureus exhibiting moderate antimicrobial activity. However, they were inactive or 
weakly active against Gram‐negative microorganisms such as Pseudomonas aeruginosa, Klebsiella 
aerogenes, and Chromobacterium violaceum. Concerning the antifungal activity, these compounds 
presented moderate activity against Aspergillus niger and Candida albicans in comparison with 
standard compounds Clotrimazole (antifungal), Streptomycin (antibacterial), and Penicillin 
G (antibacterial) [19]. Compounds 5 and 6 presented moderate activity against Staphylococcus 
aureus (inhibition zone of 11–15 cm) at 100 μg/mL, while 6 and 10 presented moderate activity 
against Klebsiella aerogenes (inhibition zone of 11–15 cm) at 100 μg/mL. Streptomycin presented 
an inhibition zone of 21–25 cm at 100 μg/mL. Compounds 5, 8, and 9 exhibited moderated 
activity against Aspergillus niger (inhibition zone of 5–10 cm at 150 μg/mL). On the other hand, 
the compounds 4, 8, 7, 9, and 10 were moderately active against Candida albicans at 150 μg/mL 
(inhibition zone of 5–10 cm). To comparison, positive control clotrimazole was active against all 
strains at 100 μg/mL (inhibition zone 21–25 cm) [19].

Rao and collaborators tested the compound 2 against the inflammatory process and described 
that 2 inhibits the production of NO, TNF‐α, and IL‐12. In fact, 2 was the most active com‐
pound in the experiments at the concentration of 40 μM, reducing 92% of the NO production 
(IC50 = 20 μM) in mouse peritoneal macrophages induced by LPS + IFN‐γ. The authors sug‐
gested that the mode of action of 2 probably affects the production of NO by the induction of 
LPS + IFN‐γ in mouse peritoneal macrophages [20].

The species C. echinata, commonly known as Pau‐brasil (brazilwood), is endemic from Brazil 
and played an important historical role in the country [1]. This species has been reported 
to contain a large range of polyphenols including the homoisolflavonoids brazilin (13) and 
brazilin (14). The compound 15 is a natural dye and is also abundant in the species C. sappan 
(from 8 to 22%). The species C. echinata, considered the first source of brazilin, is used for 
diverse purposes such as healing agent, oral analgesic, and tonics. The species C. echinata 
has also demonstrated antitumor effect in vivo against cells strains of Ehrlich Carcinoma and 
Sarcoma 180. In addition, an interesting antiangiogenic effect was noticed [21]. On the other 
hand, compound 14, an oxidation product of brazilin, was considered effective against the 
inflammatory and cytotoxic processes [22]. Compound 14 displayed cytotoxic effects against 
human cancer cell lines, such as HepG2 and Hep3B (liver), MDA‐MB‐231 and MCF‐7 (breast), 
A549 (pulmonary), and CA9‐22 (gingival) [22].

Phytochemical studies on ethanolic extracts of C. bonduc yielded two sappanin‐type homoi‐
soflavonoids identified as caesalpinianone (15) and 6‐O‐methylcaesalpinianone (16), which 
exhibited different levels of GST inhibition and antifungal activities [3]. The IC50 values of 
compounds 15 and 16 were determined as 16.5 and 17.1 μM, respectively for GST inhibition. 
Ethacrynic acid, a standard substrate GST inhibitor, exhibited a IC50 = 17.6 μM, suggesting 
that homoisoflavonoids have significant inhibition of GST activity [3].

The species C. sappan is the most prolific source of homoisoflavonoids with many representa‐
tives involving brazilin‐, caesalpin‐, protosappanin‐ and sappanin‐types. Extracts of C. sappan, 
known as sappan lignum, have been used as emmenagogue, hemostatic, anti‐inflammatory 
and for treatment of thrombosis. There are also relates about its antimicrobial activity against 
Staphylococcus, Diplococcus, Corynebacterium, and Shigella baydii [24].The species C. sappan 
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afforded brazilin‐ and sappanin‐types homoisoflavonoids such as compounds 13, 14, caesalpin P 
(17), 3′‐O‐methylbrazilin (18), brazilide A (19), 3′‐deoxy‐4‐O‐methylsappanol (20),  sappanol (21), 
4‐O‐methylsappanol (22, Figure 3), in which compounds 13, 14, and 20, and were active to the 
suppression of melan in synthesis [4]. Melanin is important to the protection of the skin from 
UV radiation, and its excessive synthesis could lead to melasma and lentigo. Compound 13 
exhibited strong suppression of melanogenesis (EC50 = 3.0 μM) and cell viability around 95%. 
Furthermore, compound 20 also exhibited expressive activity (EC50 = 4.6 μM) with nonsignificant 
toxicity (cell viability around 92%). The other compounds displayed high cytotoxicity against 
HMV‐II cells [4].

Species C. sappan constitute a source of sappanin‐type homoisoflavonoids.  Related compounds 
such as 4‐(7‐hydroxy‐2,2‐dimethyl‐9βH‐1,3,5‐trioxa‐cyclopenta[α]naphthalene‐3‐lymethyl)‐ben‐
zene‐1,2‐diol (23), 7,3′,4′‐trihydroxy‐3‐benzyl‐2H‐chromene (24) exhibited moderate activity as 
inhibitors of viral neuraminidases. Viral neuraminidases are considered essential to viral repli‐
cation cycle and a valid therapeutic target for antiviral drugs. Compound 5 presented the best 
activity against H1N1 (IC50 = 0.7 μM); H3N2 (IC50 = 1.1 μM); and H9N2 (IC50 = 1.0 μM) [23].

Figure 3. Sappanin‐type and brazilin‐type homoisoflavonoids from Caesalpinia spp.
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Other sappanin‐type compounds such as (3R,4S)‐3‐(4′‐hydroxybenzyl)‐3,4‐dihydro‐2″,3″‐
dimethyl‐3H‐[1,3]dioxolo[4,5‐c]chromen‐7‐ol (25), and (3aR,9bS)‐3a‐(4‐hydroxy‐3‐methoxy‐
benzyl)‐2,2‐dimethyl‐4,9b‐dihydro‐3aH‐[1,3]dioxolo[4,5‐c]chromen‐7‐ol (26) are associated 
to the inhibition of NO production [27]; 21 and 22 associated to the inhibition of melanin 
synthesis [4]. Sappanol derivatives were also identified from C. sappan as in the case of 3′‐O‐
methylsappanol (27), 3′‐O‐methylepisappanol (28), and a unique lactone‐based homoisofla‐
vonoid named caesalpiniaphenol B (29) [6]. In addition, the compound caesalpin J (30), one 
of the only seven caesalpin‐type homoisoflavonoids reported in the literature, was isolated 
from C. sappan. Caesalpin J exhibited weak to moderate antimicrobial effects [25].

The species C. japonica is considered another source of biologically active homoisoflavonoids 
in which diverse homoisoflavonoids including 5, 13, 20, 21, 22, protosappanin A‐C (31–33), 
4‐O‐methylepisappanol (34), episappanol (35), and sappanone B (36, Figures 4–6) have been 
isolated and characterized [29].

Figure 4. Sappanin‐, casealpin‐, and protosappanin‐type structures of homoisoflavonoids from Caesalpinia spp.
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Figure 5. Bihomoisoflavonoids from species of the genus Caesalpinia.

Figure 6. Scheme of synthesis of sappanin‐type homoisoflavonoids obtained from C. pulcherrima. Reagent and conditions: 
(i) CH3I, K2CO3, acetone, 2h, reflux, (91%); (ii) substituted benzaldehyde, piperidine, 2h (58–69%). Adapted from Ref. [19].
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Homoisoflavonoids classified as protosappanins are commonly associated to the species C. 
sappan and C. japonica. These compounds are resulting from the connection of C‐4 and C‐4a 
atoms forming an eight‐membered ring. There are only eleven protosappanins reported so far 
[26]. Compounds 31–33 did not show significant cytotoxicity against MCF7, A549, LN229 cell 
lines. In addition, compounds 32 and 33 were also tested against the inflammatory process 
exhibiting weak to moderate activity [27].

4. Biflavonoids containing homoisoflavonoids subunits in Caesalpinia 
spp.

Flavonoids can also exist as dimers, named biflavonoids, which represents flavonoids linked 
by C–C or C–O–C bond in order to form a flavonoid‐flavonoid structure. The connection can 
occur in several modes in the three rings of the flavan nucleus. The ring A could be linked to 
the ring A′, indicated as A‐A. This could also occur between the rings A‐C, B‐B, C‐B, among 
other possibilities that are enlarged by functional groups as OH, MeO, C═O, C═C. The occur‐
rence of common biflavonoids in the genus Caesalpinia is known only to some species, such as 
C. ferrea [33], C. pyramidalis [34], C. pluviosa [35].

Furthermore, certain species from the Caesalpinia, mostly C. sappan, are associated to the pro‐
duction of biflavonoids containing homoisoflavonoids subunits such as protosappanin D (37), 
a biflavonoid which exhibit two subunits of 33, and protosappanin E (38), which display 13 
and 33 as subunits. Compounds 37 and 38 were tested against the inflammatory process asso‐
ciated to the inhibition of iNOS and PGE2 production, as well as the suppression of TNF‐α 
and COX‐2. Washiyama and collaborators suggested that the protosappanin skeleton and the 
functional group at C7 would be important to the activity of 37 and 38 [27]. The investigation of 
sappan lignum as a possible XO inhibitor leads to the isolation of diverse compounds including 
neoprotosappanin (39) and protosappanin E‐2 (40, Figure 5). These two compounds presented 
IC50 of 38.3 and 18.9 μM, respectively, exhibiting a concentration‐dependent behavior. In what 
extent their mode of inhibition, the biflavonoid 39 was considered a noncompetitive XO inhibi‐
tor while 40, a competitive inhibitor [2]. The inhibition of XO is associated to improvements in 
cardiovascular health as well as, the reduction of ROS, and the amelioration of gout cases [36].

The presence of rare caesalpins is correlated to C. sappan. A dimer named neosappanone 
(41) was isolated from this species and evaluated against XO. The IC50 of 41 was determined 
as 29.7 μM and associated to a competitive inhibition of XO. Therefore, these results showed 
that the traditional use of C. sappan for rheumatism and inflammatory diseases could be 
attributed to its phenolic composition, specifically to dimers of homoisoflavonoids [2].

5. Isolation, synthesis, and structural analysis of homoisoflavonoids

Due to the intrinsic interest in homoisoflavonoids and their biological activities, several 
works have been discussing different structural aspects of homoisoflavan nucleus‐bearing 
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organic compounds [6, 7]. The structural uniqueness of these compounds and their potent 
biological activities makes them a target of choice for studies in natural products research 
on the determination of absolute configurations, organic synthesis, isolation, and structural 
determination [7].

The isolation of homoisoflavonoids involves different chromatographic techniques. Homo‐
isoflavonoids are generally separated after treatment of the organic extract (MeOH, CHCl3) 
with several chromatographic phases. The use of column chromatography steps (using silica 
gel and/or Sephadex LH‐20), preparative thin layer chromatography, as well as high per‐
formance liquid chromatography (HPLC) methods (semi‐preparative and preparative) have 
been used to purification [7]. In addition, there are other methods used to the isolation of 
flavonoids, such as counter current chromatography [37] can be adopted for the isolation of 
homoisoflavonoids and flavonoids.

Besides the isolation of naturally occurring homoisoflavonoids from the species C. pulcherrima, 
a synthetic approach of the isolated homoisoflavonoids 1, 3, 4, 5, 6, 7, 9, and 10 employed the 
piperidine catalyzed condensation as key steps in this synthesis of these structures (Figure 6). 
This procedure afforded products reaching around 60% yielding following conditions exhib‐
ited in Figure 3 [19].

The structures of homoisoflavonoids have been unambiguously established by analysis of 
spectroscopic NMR data supported by analysis of UV and MS spectra. These analyses con‐
firm the presence of the 15‐carbon backbone related to classic flavonoids, and the 16‐carbon 
skeleton with two phenyl rings (A and C) and one heterocyclic ring (B) separated by an addi‐
tional carbon, forming the homoisoflavonoids skeleton [24, 29, 31].

Analysis of the 1H and 13C NMR spectra indicates the presence of carbonyl groups at δC 170.7–
220.0 as well as those assigned to carbons/hydrogens of aromatic ring at δC 100.0–170.0/δH 
6.00–8.50 and hydroxyl derivate group as characteristic signs. The homoisoflavonoids, when 
existing as dimers, exhibited their 13C and 1H NMR spectra typically duplicate and super‐
posed when presenting the same subunits.

The extra carbon existing in homoisoflavonoids compared to ordinary  flavonoids  can be ali‐
phatic displaying 13C and 1H NMR signs at δC 30.0–35.0/δH 2.60–3.00; or olefinic at δC  100.0–140.0/δH 
5.30–6.00, respectively. Correlations in the HMBC, HSQC and COSY spectrum resolve all ambi‐
guities to the structure of these compounds.

The compounds 17, 19, 29, 37, 38 are homoisoflavonoids derived from the auto‐oxidation 
of precursors or present differentiated biosynthesis. These compounds present uncommon 
chemical structures with 1H, and 13C NMR spectra relativity complex, in some cases, exhibit‐
ing signs that indicate the presence of lactone and others characteristic group.

Homoisoflavonoids present signals of absorptions in the UV spectrum at λmax 222–230, 270–280, 
and 300–310 nm, depending on the presence of conjugated double bonds on their structures. 
The MS spectrum present [M+H]+ ions between m/z 250–350 to homoisoflavonoids and [M+H]+ 
ions between m/z 500–600 to dimers of homoisofavonoids with some minor compounds with 
m/z > 600 [24, 29, 31].
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The absolute stereochemistry can be established by circular dichroism analysis by compari‐
son to models with known stereochemistry. The compound 28, isolated from C. sappan, had its 
absolute stereochemistry determined by this method compared with data from 3‐deoxysap‐
panol. The result suggested that 28 has the absolute stereochemistry at the C‐3 and C‐4 posi‐
tions to be (3R,4S) [24].

6. Conclusion

The chemical space related to natural products is associated to important scientific findings 
in what to extent the discovery of important new chemical entities. In this sense, the genus 
Caesalpinia is a prolific source of secondary metabolites which also biosynthesize homoisofla‐
vonoids. In addition, only a few species are reported to produce dimers of homoisoflavonoids 
as secondary metabolites. Homoisoflavonoids and its dimers are classified as unusual natural 
products with strict occurrence in nature present the most diverse types of biological activities. 
These compounds are isolated through HPLC methods and identified by different techniques 
as NMR, UV, MS based on the biosynthesis of chalcones with an additional carbon provided 
by S‐methyl from methionine. It is important to highlight that these phenolic compounds are 
part of ethnopharmacological applications by people whose access and use the biodiversity 
for the improvement of health conditions are made for centuries. Furthermore, the investiga‐
tion of this class of phenolic compounds provides chemosystematics data for classification 
and discovery of pharmacologically efficient compounds from species of Caesalpinia spp.
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Abstract

Rutin was enzymatically acylated with hexadecanedioic acid, in tert‐amyl alcohol, by an 
immobilized lipase from Candida antartica “Novozym 435”. The effect of different tech‐
niques of water removal, temperature, concentration of rutin and diacid/rutin molar ratio 
was investigated. The obtained results indicated that drying the media by adding the 
molecular sieves in the outer loop of the reactor was the most efficient method leading 
to water content lower than 200 ppm. The highest performances (conversion yield and 
initial rate) were reached at 90°C, 131 mM of rutin, and 118 mM of acid. Depending on 
the water content and the diacid/rutin molar ratio, only rutin 4‴‐hexadecanedioate or 
both rutin 4‴‐hexadecanedioate and dirutin 4‴, 4‴‐hexadecanedioate were synthesized.

Keywords: biocatalysis, lipase, rutin, hexadecanedioic acid, water activity

1. Introduction

Flavonoids are benzo‐γ‐pyrone derivatives widely distributed in plants kingdom [1–4]. They 
have been shown to possess a wide range of biological activities including antiviral, anti‐allergic, 
anti‐inflammatory, anti‐tumor properties [5, 6]. These properties of flavonoids are mainly due to 
their antioxidant activities based on their ability to act as hydrogen or electron donors [7]. The 
magnitude of this activity depends on their structure. Flavonoids with high biological activities 
are used in food preparations, cosmetics or pharmaceuticals [8–10]. However, their integration 
into several preparations is affected by their poor solubility in very hydrophilic and very hydro‐
phobic solvents [11, 12]. In order to overcome this drawback, different ways of functionalization 
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are described in the literature. One of them is the acylation reaction, with the aim to enhance both 
the solubility in hydrophobic media and the biological activities of flavonoids [13]. This reaction 
can be carried out via enzymatic or chemical route. Enzymatic reactions are preferred to chemical 
ones due to their regio‐selectivity toward polyhydroxylated compounds like rutin [14, 15]. Rutin 
is a flavonol glycoside and one of the most studied flavonoids in the literature. Several papers 
dealt with improvement of the solubility and the biological activities of rutin by enzymatic acyla‐
tion under a wide range of operating conditions. These studies showed that the performance 
(conversion yield, regioselectivity, etc.) of this reaction was affected by several factors (reaction 
media, solubility and nature of the substrates, operating conditions, enzyme concentration, etc.). 
Lue et al. [16] reported that the use of ionic liquids as acylation medium enhances the solubility 
of substrates and gives high conversion yields of rutin. Zheng et al. [17] observed better rutin 
conversion rates when acylation was conducted under ultrasound radiations. This improve‐
ment was attributed by these authors to the enhancement of lipase activity. Water content of the 
medium has a strong effect on acylation reaction. It can affect both the solubility of the substrates 
and the activity of the biocatalyst. In the case of rutin, Ardhaoui et al. [18] reported that the high‐
est rutin conversion yield was reached with water content less than 200 ppm (76%).

The most used enzyme for rutin acylation reactions is lipase B from Candida antarctica. This 
enzyme has shown high performances in terms of conversion yield and enantioselectivity [19].

The chain length or the nature of the acyl donor can also affect the conversion yield of rutin and 
the regioselectivity of the reaction [16, 18, 20, 21]. Conversion yields arise from 48 to 87% with the 
length of carbon chain [18]. Dicarboxylic acids, another class of fatty acids, can be used for the 
acylation of flavonoids. These compounds have two advantages compared to monocarboxylic 
acids. In one hand, they exhibit more flexibility due to their second carboxyl group. In the second 
hand, according to their structure, they have bacteriostatic and bactericidal properties against a 
variety of aerobic and anaerobic bacteria [22]. However, few data are available concerning their 
use as acyl donors with flavonoids. Only Theodosiou et al. [23] and Ardhaoui et al. [18] reported 
the enzymatic modification of flavonoids with diacids without any optimization of operating 
conditions of this reaction. The aim of the present work was to study the enzymatic synthesis of 
rutin hexadecanedioate by Novozym 435 in organic medium. The effect of several factors such as 
drying techniques, temperature, rutin concentration, molar ratio rutin/hexadecanedioic acid, con‐
centration of biocatalyst, and its reuse were investigated. The behavior of initial rate,  productivity, 
conversion rates, and the regioselectivity of the reaction were quantified and discussed.

2. Materials and methods

2.1. Enzyme and chemicals

Immobilized lipase B from Candida antarctica (Novozym 435, 7000 PLU/mg: propyl laurate units 
synthesized per gram of catalyst) was purchased from Novozymes AS, Bagsvaerd, Denmark. 
tert‐amyl alcohol was supplied by Merck (France). Rutin was furnished by Sigma‐Aldrich (France). 
Hexadecanedioic acid (Cathay Biotechnology, China) was used as acyl donor. The molecular 
sieves 4Å, used to dry solvents and reactions media, were provided by Acros organis (France).
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2.2. Rutin ester synthesis

The enzymatic syntheses of rutin hexadecanedioate were carried out in a stirring batch reactor 
(250 ml) from “Pilotes Systèmes” (France) or Wheaton® reactors (USA). Agitation speed was 
varied from 300 to 500 rpm. Rutin (65–196 mM) was dissolved in 250 ml of dried tert‐amyl alco‐
hol at different temperatures (60, 80, and 90°C). The hexadecanedioic acid concentration was 
adjusted to obtain a di‐acid/rutin molar ratio in the range of 0.05–20 in the solution. Esterification 
reactions were started by the addition of Novozym 435 (10, 30, and 50 g/L). The reaction was 
stopped after 50–72 h by removing the biocatalyst. Blank samples, containing all components 
except the enzyme preparation, were carried out in tandem with the enzymatic trials.

Different drying techniques were used: (i) drying with molecular sieves added to the bulk 
medium or (ii) introduced in an external loop. In this last case, solvent and water were evapo‐
rated under vacuum, crossing in a fist part molecular sieves as vapor phase then as liquid 
phase (Figure 1a). Another configuration of external loop consists in the water removal only 
in liquid phase (Figure 1b).

Water content was 800–1000, 400–550, and 200–300 ppm, respectively with molecular sieves 
added to the bulk medium, the use of drying in vapor and liquid phases and drying only 
through liquid phase.

2.3. Analytical procedure

2.3.1. Karl Fisher analysis

The water content of the reaction medium was determined by a coulometric Karl Fisher appa‐
ratus (KF 737II coulometer) Metrohm (France). The reagent was Hydranal‐Coulomat AG‐H 
(Riedel‐de‐Haën, France).

2.3.2. High‐performance liquid chromatography analysis

The substrate and product concentrations were determined by high‐pressure liquid chroma‐
tography in external calibration. Analysis were carried out at 55°C in a system (Alliance 2690 
Waters) composed of a column (Symmetry® C18, 4.6 × 250 mm, 5 µm, Waters, France), a UV 
detector (250 and 350 nm, Waters 2487, France) and a ELSD (Evaporative Light Scattering 
detector, Altech 2000, France). The various compounds were separated using water (0.1% 
acetic acid)/methanol (0.1% acetic acid) solutions: 0 min (70/30), 5 min (0/100), 10 min (0/100), 
12 min (70/30), 15 min (70/30).

2.3.3. Purification and determination of the chemical structure of rutin esters

Rutin esters were purified by liquid–liquid extraction. The residual flavonoid was removed 
at 60°C under agitation during 45 min with a water/heptane solution (2/3, v/v), while, the 
 flavonoid esters were separated from the acyl donor by using acetonitrile (50 mL) at 40°C dur‐
ing 20 min of agitation. The flavonoid esters solution was concentrated by solvent evaporation 
under reduced pressure for injection in a preparative HPLC (Waters, France). A column RP18 
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(30 × 100 mm, 5 µm, Waters XTerra®, France) and a UV detector (350 nm, Waters 2487, France) 
were used for separate and analyze esters. A gradient of water and acetonitrile with 0.1% ace‐
tic acid at a flow rate of 18 mL/min was applied: 0 min (70/30), 10 min (20/80), 12 min (20/80), 
13 min (70/30), 15 min (70/30). The medium was diluted 2.5 times in the starting phase (water 
with 0.1% acetic acid/acetonitrile with 0.1% acetic acid, 70/30) and 850 μl of this solution were 
injected for each batch. Eighteen batches were produced. Rutin hexadecanedioate and dirutin 
hexadecanedioate are obtained with a purity ≥95%. This purification method was adapted 
from Ardhaoui et al. [18].

Figure 1. Drying techniques used to remove water from the reaction media. (a) Drying the media by using molecular 
sieves in the outer loop of the reactor in liquid phase. (b) Drying the media by using molecular sieves in the outer loop 
of the reactor in vapor and liquid phase.
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The chemical structures of the purified dirutin hexadecanedioate and rutin hexadecanedio‐
ate were determined by 1H NMR and 13C NMR in DMSO‐d6 using a Brücker AM 400 at 400 
MHz and at 100 MHz, respectively.

2.4. Determination of conversion rate, initial rate, productivity, and selectivity

2.4.1. Conversion rate

The conversion rate of rutin and acid was calculated from concentrations given by HPLC 
analysis.

  Conversion   (  % )    =   (    [  S ]   i –   [  S ]   f )    * 100/  [  S ]   i  (1)

[S]i: initial substrate concentration (mmol/L)

[S]f: final substrate concentration (mmol/L)

2.4.2. Initial rate of monorutin hexadecanedioate formation

The initial rate was calculated during the first three hours of the synthesis reaction of rutin 
hexadecanedioate by taking the slope of the kinetic linear portion.

2.4.3. Productivity

The productivity is given by the following expression:

  Productivity   (  g/  (  L/h )    )    = Mass of ester formed divided by the working  
volume of the reactor and by the duration of the reaction  (2)

2.4.4. Selectivity

The selectivity is given by the following expression:

  Selectivity   (  % )    =   [  monorutin ]    t *100/  (    [  monorutin ]    t +   [  dirutin ]    t )     (3)

Where, [monorutin] t and [dirutin] t are molar concentrations at t (time) of mono and dirutin 
esters.

3. Results and discussion

3.1. Influence of water removal techniques

The presence of a minimum amount of water is necessary for maintaining the catalytic activity 
of lipase. But, high concentration of water can favor the hydrolysis reaction.

Different water removal techniques were investigated. In the presence of molecular sieves, 
two alternatives have been tested. The molecular sieves were introduced either in the bulk 
medium or in the outer loop of the reactor. The performance of these reactions carried out 
with or without water removal were evaluated and compared.
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The results are reported in Figure 3a–c. The reaction carried out with high water content leads 
to the lowest conversion yield, initial rate, and productivity while, reactions conducted with 
water removal are characterized by high conversion yield, initial rate, and productivity. The 
highest conversion rates of rutin were almost similar for the two configurations of outer loop, 
79 and 68%, respectively. In the presence of high water content, only monorutin formation 
was observed, while at low water content both mono‐ and di‐rutin esters were synthesized. 
HPLC and NMR analyses showed that the synthesized mono and dirutin esters are respec‐
tively rutin 4‴‐hexadecanedioate and dirutin 4‴, 4‴‐hexadecanedioate (Figure 2).

The improved performance of the acylation reaction with a water removal system has already 
been described by several authors [24–26], but its influence on the selectivity of the reaction 
has never been mentioned before. The water removal by the two outer loop configurations 
gave similar results and presents the advantage of avoiding the abrasion of the enzyme.

Due to its implementation facility, the water removal by vapor and liquid phase (Figure 3b) 
was selected as a standard method to investigate the effect of the other factors on this reaction.

3.2. Effect of the temperature on the rutin solubility and esters synthesis

3.2.1. Effect on the solubility

The solubility of substrates is one of the main factors that affect the performance of the acyla‐
tion reaction. This solubility is drastically influenced by the temperature. For this reason, the 
effect of the temperature (60, 80, and 90°C) on the solubility of rutin in tert‐amyl alcohol was 
evaluated in the first step. In all cases, solubility increases with temperature. At the equilibrium 

Figure 2. Synthesis of rutin hexadecanedioate and dirutin hexadecanedioate.
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Figure 3. Effect of drying techniques on the esterification of rutin. Reactions carried out with 131 mM of rutin, 117.9 mM 
of acid, 30 g/L of Novozym 435 at 90°C. (a) Conversion rate of rutin at 50 h. (b) Selectivity of the reaction at 50 h. (c) Initial 
rate of rutin monoester formation and productivity at 50 h.
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(10 h), the concentrations of rutin in the bulk medium are 42.3 ± 2.1 mM, 81.5 ± 4.0 mM, and 
102.2 ± 5.1 mM, respectively for 60, 80, and 90°C. Fatty acids are totally soluble in tert‐amyl 
alcohol at the studied concentrations and temperatures.

3.2.2. Effect on rutin esters synthesis

To investigate the effect of temperature on conversion rate, initial rate, and productivity, three 
set points of temperature (60, 80, and 90°C) were studied. Meanwhile, the other factors were 
kept constant at 65 mM of rutin, 58.5 mM of diacid, and 30 g/L of Novozym 435. NMR analy‐
sis showed that the two formed products are rutin 4‴‐hexadecanedioate and dirutin 4‴, 4‴‐
hexadecanedioate (Figure 2).

Theodosiou et al. [23] reported similar results during their studies of enzymatic acylation of sily‐
bin by different dicarboxilic acids. They observed that at 50°C and after 96 h of incubation, both 
mono‐ and di‐esters of silybin were synthetized but they identified only the monoester by NMR.

The behavior of the kinetics of rutin esters formation and the productivity of the reaction 
are summarized in Figure 4a and b. The highest performances were obtained at 90°C with 
38.4 mM of total esters and a productivity of 0.78 g/L/h at 50 h, while the lowest values were 
found at 60°C with 20.8 mM and 0.38 g/L/h, respectively. Using esculin and palmitic acid as 
substrates, Lue et al. [16] reported similar effect of temperature. The observed results could be 
explained by the increase of rutin solubility, the decrease of the medium viscosity, and thus 
the increase of the mass transfer rate at high temperature. The increase of the temperature 
favors also the water removal and then the shift of the equilibrium to the product formation. 
These results suggested that the temperature has to be maintained as high as possible (≥80°C).

3.3. Effect of rutin concentration

During the acylation reaction of rutin by hexadecanedioate acid, three concentrations of rutin 
were tested (65, 131, and 196 mM) in the presence of hexadecanedioate acid (58.5, 117.9, and 
176.4 mM, respectively), and 30 g/L of Novozym 435, in tert‐amyl‐alcohol at 90°C.

Figure 5 reports the obtained results concerning conversion yields (Figure 5a), selectivity, 
productivity (Figure 5b), and initial rate of rutin acylation (Figure 5c).

It appears that the initial rates of rutin acylation as well as the productivity increase with 
substrate concentrations (from 2.88 to 5.61 mM/h and from 0.78 to 2.56 g/(L/h), respectively), 
while conversion yields of both substrates (70% of rutin and 66% of hexadecanedioic acid) 
and selectivity of the reaction (76%) remain almost unchanged.

At 90°C, whatever the initial concentration, the rutin is totally soluble. Therefore, the behavior 
of the conversion rate and selectivity is rather due to the effect of molar ratio and not due to 
the solubility.

3.4. Effect of diacid/rutin molar ratio

The hydrophobicity of the reaction medium varies depending on the diacid/rutin molar ratio. 
Consequently, the selectivity of the reaction could be affected. This assumption was checked 
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during a preliminary study with a diacid/rutin molar ratio of 0.05, 0.9, and 20. The obtained 
results showed that only rutin monoester was synthesized in the presence of a diacid/rutin 
molar ratio of 20 and both mono‐ and di‐esters are produced with the two other lower ratios. In 
all cases, the rutin diester formation appears only after 5 h of incubation while the acid was com‐
pletely depleted from the medium after 30–40 hours independently to molar ratio values. After 
the depletion of the fatty acid concentration, the monorutin ester became a substrate for the diru‐
tin ester synthesis. At the end of the reaction (50 h), a plateau was reached (Figure 6a–c). These 
results suggested that rutin and diacid are better substrates to the enzyme than monorutin ester.

The effect of the molar ratio was investigated in several works. Similar results were observed 
by Ma et al. [27] during the acylation of isoorientin and isovitexin by Novozym 435.

Figure 4. Effect of temperature on the performance of rutin hexadecanedioate synthesis. Reactions carried out with 65 
mM of rutin, 58.5 mM of acid, and 30 g/L of Novozym 435 at 60, 80, and 90°C. (a) Effect of temperature on the conversion 
rate of rutin and hexadecanedioic acid at 50 h. (b) Effect of temperature on the initial rate (■) and productivity (□) at 50 h.
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Figure 5. Effect of rutin concentration on the performance of rutin acylation. Reactions performed at 65, 131, 196 
mM of rutin with 58.5, 117.9 and 176.4 mM, respectively of acid with 30 g/L of Novozym 435 at 90°C. (a) Rutin and 
hexadecanedioic acid conversion rate at 50 h. (b) Selectivity (□) and productivity at (■) 50 h. (c) Initial rate of rutin 
acylation.
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Figure 6. Kinetics of rutin esterification using different initial rutin concentrations. (a) Kinetics of rutin (131 mM) 
esterification reaction with hexadecanedioic acid (0.05 eq) by Novozym 435 (30 g/L) at 90°C, acid (▲), rutin 
hexadecanedioate (■) dirutin hexadecanedioate (♦). (b) Kinetics of rutin (131 mM) esterification reaction with 
hexadecanedioic acid (0.9 eq) by Novozym 435 (30 g/L) at 90°C, rutin (●) acid, (▲) rutin hexadecanedioate (■), dirutin 
hexadecanedioate (♦). (c) Kinetics of rutin (65 mM) esterification reaction with hexadecanedioic acid (20 eq) by Novozym 
435 (30 g/L) at 90°C, rutin (●), rutin hexadecanedioate (■).
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4. Conclusion

The effects of several factors on the acylation reaction of rutin by hexadecanedioate acid were 
investigated. The reactions conducted at 80 ‐ 90°C showed high performances. The increase 
of rutin concentration from 65 mM to 196 mM led to the formation of mono ester (rutin 4‴‐
hexadecanedioate) and diester (dirutin 4‴, 4‴‐hexadecanedioate). The molar ratio diacid/
rutin (0.05 to 20) affects the selectivity of the reaction. In fact, in presence of excess of rutin 
both monoester and diester were synthesized. However, with diacid excess only the mono‐
ester was obtained. The results showed also that the water content of the media is a crucial 
factor. Drying the media by adding the molecular sieves in the outer loop of the reactor was 
the most efficient technique leading to water content lower than 200 ppm. In these condi‐
tions, the highest performances (conversion yield, initial rate) were reached at 90°C, 131 mM 
of rutin, 118 mM of acid, and 20 g/L of biocatalyst. At the equilibrium (50 hours), conversion 
yields of acid and rutin were respectively 73 and 74%, initial rate of monorutin ester formation 
was 2.20 mM/h and productivity was 1.44 g/(L/h). Depending on the water content and the 
diacid/rutin molar ratio, only mono‐ or both mono‐ and di‐rutin esters were synthesized. For 
water content higher than 800 ppm, only rutin 4‴‐hexadecanedioate was produced. At lower 
water content (<400 ppm), both rutin 4‴‐hexadecanedioate and dirutin 4‴, 4‴‐hexadecanedio‐
ate were observed. Higher values of diacid/rutin molar ratio favor the formation of monorutin 
ester.

Depending on the target application, the level of water content and molar ratio can be used 
to modulate the production of only mono‐ or both mono‐ and di‐ester. The acylation reaction 
took place only on the glycosidic part, which is the main quality to preserve or enhance the 
biologic activity of flavonoids. In a further study, physicochemical and biological activity of 
synthesized esters will be evaluated.
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Flavonoid Synthesis and Their Role in Plants
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Abstract

Flavonols and anthocyanins are plant secondary metabolites with an increasing interest 
due to their beneficial effects on human health. They are present in all plants, participat‐
ing in plant protection against biotic and abiotic stresses. However, only some plant spe‐
cies accumulate them in relevant amounts, as is the case for berries. Among the health 
benefits reported is prevention of metabolic syndrome, s, including prevention of insulin 
resistance associated to type 2 diabetes.  Therefore, there is a big interest to improve 
contents on plant foods to benefit health through the diet, as well as to obtain them for 
functional ingredients for food supplements. In fulfillment of this objective, a deep study 
about their biosynthetic pathway has been carried out in model plants, where the genome 
is available. However, not all species that accumulate them in high amounts have their 
genome sequenced, as is the case for blackberry.  Transcriptomic approaches have been 
undertaken to gain knowledge of its specific biosynthetic pathway and regulatory ele‐
ments, aiming to improve bioactive contents in the edible parts. Furthermore, determin‐
ing the regulatory pathways will help to improve yields and in vitro production. For this 
purpose, a review on elicitors used to trigger this pathway is presented.

Keywords: flavonols, anthocyanins, blackberry, Rubus, Arabidopsis, elicitors, 
transcription factors (MYB)
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1. Introduction

Blackberry fruits are an important source of bioactive compounds, among which are fla‐
vonols, anthocyanins, and catechins. These compounds exhibit beneficial effects on human 
health, which is the main reason they have become so popular nowadays, especially because 
they are easy to include in diets, at least in developed countries where incidence of patholo‐
gies is high. Among these health benefits are their general antioxidant effects, as all these 
compounds can scavenge reactive oxygen species (ROS), anti-inflammatory and antimicro‐
bial effect, glucose metabolism, and leukocyte migration (effects in both inflammation and 
cancer) [1, 2]. Catechins and anthocyanins have also proved their ability to improve endothe‐
lial function, hypertension, coronary heart disease, obesity, insulin resistance, as well as glu‐
cose and lipid metabolism [3, 4]. Hence, including blackberry on human diet is beneficial for 
health, since a high content in flavonoids has been reported, and, in addition to its beneficial 
effects, it lacks adverse or secondary effects. Moreover, these compounds are also responsible 
for major organoleptic, nutritive, and processing characteristics of feed, food, and beverages, 
and impact many agronomical crop traits [5, 6].

In addition to the relevance for human health, flavonols, anthocyanins, and catechins play a 
key role on plant physiology. As secondary metabolites, they play a wide variety of functions, 
mainly helping the plant to adapt to the environment, among which the following have been 
reported, namely (i) UV radiation and oxidative stress protection, (ii) pathogen interactions 
(pathogen resistance), (iii) protection from herbivore, (iv) allelopathy, (v) nodulation (symbi‐
osis), (vi) auxin transport, and (vii) they also attract different organism for pollination because 
of the color of the flower [1, 7, 8].

Despite the agricultural and biological importance of the genus Rubus, knowledge of their 
genetics and genome is very limited. Hence, in order to gain knowledge about the metabo‐
lism of these compounds, different approaches need to be undertaken, including the physi‐
ological, metabolic, and transcriptomic levels. One of the most important factors affecting 
the quality of the fruit is its content in phenolic compounds [6]. The synthesis of these com‐
pounds mainly depends on the phenylpropanoid and its derivative pathways, which starts 
with the phenylalanine, as many others (Figure 1). Furthermore, validation of the mecha‐
nisms controlling this biosynthetic pathway needs to be referred to model plants; among 
which, the most commonly used is Arabidopsis thaliana. However, the use of Arabidopsis is 
limited since it lacks edible fruits, so for studies related to fruits, either strawberry or tomato 
is used as reference.

Rubus sp. is a woody plant that belongs to Rosaceae family, in which other plants such as straw‐
berry (Fragaria vesca L.), raspberry (Rubus idaeus L.), cherry tree (Prunus avium L.), or apple 
(Malus domestica) among others are enclosed; all of them belong to a wide group of plants 
commonly called berries. They are known because of their high accumulation of secondary 
metabolites in the fruit, which behave as functional components, beneficial for human health. 
Those compounds are mainly polyphenols like flavonols, anthocyanins, and catechins, strong 
natural antioxidants [9–11].
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Rubus L. genus is composed of 600–800 species approximately, distributed all around the 
world in very different habitats, and classified into 12 different subgenus that are in turn 
divided into different groups. The most abundant species in Europe is the Rubus spp. subge‐
nus (Eubatus Focke) that is divided in more than 130 species; their natural habitat and distri‐
bution is in the woods (Table 1).

Figure 1. Phenylpropanoid pathway.

Subgenus Number of species

Anoplobatus (Focke) 6

Chamaebatus (Focke) 5

Chamaemorus (Hill) 1

Comaropsis (Rich.) 2

Cylactis (Raf.) 14 (4 series)

Dalibarda (L.) 5

Dalibardastrum (Focke) 4

Idaeobatus (Focke) 117 (9 sections)

Lampobatus (Focke) 10

Malachobatus (Focke) 115 (7 sections)

Orobatus (Focke) 19

Rubus L. (=Eubatus Focke) 132 (6 sections)

Table 1. Rubus subgenus.
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Plants that belong to the subgenus Rubus spp. are typical wild species and are usually hand‐
picked in the season. However, since it became an important plant for agriculture, there has 
been an increasing interest in improving the size of the fruit, the organoleptic properties, fruit 
yield, and get rid of the thorns, since they constitute a nuisance for harvest. To achieve these 
objectives, classic crossbreeding has resulted in development of many commercial varieties 
to favor a given trait that benefits production in each geographical location. Among these 
cultivars are “Ashton Cross” that is vigorous and thorny, “Bedford Giant” that in addition 
to these two traits shows a good yield; “Black satin,” also vigorous but thornless; “thornless 
evergreen” that provides a thornless plant, high yield and high quality fruits; “Fantasia” that 
produces very large fruits and finally in this shortlisted group is “Loch Ness,” that is a thorn‐
less cultivar with very large fruits and semierect canes, which is the cultivar used in this study 
(Table 2) [12].

Rubus spp. Var. Loch Ness is a high yielding thornless tetraploid (4n = 28) blackberry, and one 
of the most widely cultivated varieties. However, despite its high-added economic value and 
as a source of bioactive compounds, its genome has not been sequenced yet. Therefore, other 
strategies need to be used to gain knowledge of the production and health-related benefits.

The aim of this chapter is to review the literature about blackberry and report the state of 
the arts about this plant species. As the genome is not reported, data about the core genes 
in the biosynthetic pathway as well as regulatory genes are referred to as the model plant 
A. thaliana. Also, structure of the bioactives which is responsible for health benefits as well 

Variety Anthocyanins (mg eq 
cyanidin/100g FW)

Flavonols (mg eq 
catechin/100g FW)

Thorny Darrow 99.33 ± 48.32 4.23 ± 0.48

Early Wilson 64.76 ± 23.68 3.21 ± 0.38

Gazda 27.97 ± 13.71 6.52 ± 0.82

Lesniczanka 96.63 ± 32.18 5.36 ± 0.45

Zagroda 143.66 ± 52.59 4.98 ± 0.52

Thornless Black Beaty 179.46 ± 57.84 3.06 ± 0.40

Black Satin 175.52 ± 53.97 1.58 ± 0.31

Chester Thornless 200.34 ± 65.58 3.68 ± 0.46

Hull Thornless 105.39 ± 31.08 0.82 ± 0.35

Loch Ness 220.11 ± 81.07 2.39 ± 0.28

Orkan 142.42 ± 44.01 2.26 ± 0.25

Smoothstern 186.55 ± 58.94 2.32 ± 0.33

Tayberry 177.84 ± 56.20 1.7 ± 0.32

Thornless 147.46 ± 44.02 1.07 ± 0.33

Table 2. Phenolic compound contents of thorny and thornless blackberries (mg/100g FW) [13].
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as their qualitative and quantitative composition in berry fruit and in model plant are pre‐
sented, so a relationship between composition and core and regulatory genes description is 
envisaged and vice versa. Finally, the physiological role of these secondary metabolites for 
plants is also presented, and finally highlights the relevance of this pathway of plant second‐
ary metabolism, as well as its biotechnological potential.

2. Chemical structure

Flavonols, anthocyanins, and catechins are molecules belonging to a wider group of second‐
ary metabolites, the flavonoids. Flavonoids represent a large subgroup of a phenolic class 
of plant specialized metabolites, which are found in almost every plant in the nature. The 
basic flavan skeleton that forms all flavonoids is a 15-carbon phenylpropanoid core (C6-C3-C6 
system), which is arranged into two aromatic rings (A and B) linked by a heterocyclic pyran 
ring (C). They are characterized by the presence of a double bond between C-2 and C-3, and 
the attachment of the B ring to C-2. According to the oxidation status and saturation of the 
heterocyclic ring, flavonoids are categorized into flavonols, flavones, catechins, flavanones, 
anthocyanins, and isoflavonoids [1]. The most abundant compounds present in blackberry 
(also in berries) are flavonols, anthocyanins, and catechins (Figure 2).

Figure 2. Flavonol, anthocyanin, and catechin molecular structures and common substituents.
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Flavonols have a 3-hydroxyflavone (IUPAC name: 3-hydroxy-2-phenylchromen-4-one) as the 
main structure. The diversity of these compounds is derived from the different positions of 
the hydroxyl groups of the phenolic ring that are usually glycosylated and can undergo fur‐
ther modifications like acylations; in this group, the three main families are derived from 
kaempferol (4′OH), quercetin (3′, 4′, 5′OH) and rutin (3′, 4′OH).

Anthocyanins are mainly glycosylated as well, being the aglycon the anthocyanin molecule. 
The chemical structure of this aglycone is the flavylium ion (2-phenyl-benzopirilo) that has 
a benzopyran aromatic ring, and a phenolic ring. There are six different families within this 
group, namely cyanidin, pelargonidin, delphinidin, malvinidin, peonidin, and petunidin. As in 
the case of flavonoids, the greatest source of chemical diversity is the number and position of 
sugars for glycosylation. Acylation is another main biochemical mechanism leading to diverse 
anthocyanin molecules in Arabidopsis [14, 15]. Up to date, several enzymes have been character‐
ized to catalyze these acylation reactions, using either malonyl-CoA or p-coumaroyl-CoA as 
substrates to transfer the malonyl or p‐coumaroyl groups to cyanin structures [16]. Diversity can 
be further increased transferring sinapoyl groups to cyanins to form sinapoylated cyanins [17].

Catechins have two benzene rings (A-, B-) and a dihydropyran heterocyclic ring (C) with a 
hydroxyl group over carbon 3. As a result of this structure, catechins have four diasteroiso‐
mers, two with trans configuration called catechin ((+)-catechin and (−)-catechin), and two 
with cis configuration called epicatechin ((+)-epicatechin and (−)-epicatechin). These catechins 
can further polymerize to form proanthocyanins, in which the diversity of structures relies on 
the number of monomers that polymerize and the type of bonds that stabilize them.

3. Biosynthetic pathway and regulation

Biosynthesis of the flavone backbone is originated from the phenylpropanoid pathway fol‐
lowed by the flavonoid biosynthetic branch (Figure 1). The phenylalanine ammonia-lyase 
(PAL) deaminates the phenylalanine, being converted into trans-cinnamate, after that a 
hydroxyl group is introduced on the phenyl ring by cinnamic acid 4-hydroxylase (C4H), 
being the trans-cinnamate converted into 4-coumarate. The carboxyl group of p-4-coumarate 
is then activated to form 4-coumarate-CoA (by a thioester bond), catalyzed by 4-coumarate-
CoA ligase (4CL). This product, 4-coumarate-CoA, is substrate for different enzymes, so it 
represents a branching point of the pathway to either stilbenes of flavonoids. In this case, 4-
coumarate-CoA is then condensed with three units of malonyl-CoA by the chalcone synthase 
(CHS, first enzyme of the flavonoid pathway), forming the naringenin chalcone (flavonone), 
which is transformed into naringenin by the chalcone synthase (CHI). Naringenin is hydrox‐
ylated by flavonone-3-hydroxylase (F3H) being converted in dihydrokaempferol, which is 
then hydroxylated by flavonoid-3′-hydroxylase (F3′H) and transformed in dihydroquercetin 
or by flavonoid-3′-5′-hydroxylase (F3′5′H) to form dihydromyricetin. Flavonols are synthe‐
sized at this point by the flavonol synthase (FLS), which introduces a double bond between 
C2 and C3 in either of the three above-mentioned molecules forming kaempferol, quercetin, 
or myricetin, respectively. Dihydroquercetin is reduced by dihydroflavonol reductase (DFR) 
to obtain leucocyanidin; similarly, dihydrokaempferol is transformed in  leucopelargonidin 
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and dihydromyricetin in leucodelphinidin. Anthocyanins are synthetized at this point by the 
anthocyanidin synthase (ANS) obtaining cyanidin, pelargonidin, or delphinidin, respectively. 
Catechins include (+)-catechin and (−)-epicatechin; (+)-catechin is obtained when leucocyani‐
din reductase (LAR) reduces leucocyanidin, and (−)-epicatechin is obtained when anthocyani‐
din reductase (ANR) reduces cyanidin [1, 7, 8].

All these aglycons are highly apolar, so they are immediately glycosylated to increase polar‐
ity, in order to be stored in vacuoles or translocated throughout the plant, hence glycosiltrans‐
ferases are very important for glycosylation as well as transport mechanisms. In Arabidopsis, 
three genes, TT12, TT19, and AHA10, have been functionally characterized to be associated 
with the transport of anthocyanins. However, these enzymes show different levels of specific‐
ity for flavonoids [18]. Anthocyanins are stored in the central vacuole of cells, so they need to 
be transported from the cytosol to the vacuole. Two major hypotheses have been proposed to 
solve this transport: either transporter-mediated or vesicle-mediated transport [19–21].

Plants have depicted a system in which all these enzymes are extremely well organized in the 
different compartments within cells, in order to improve efficiency of these natural products’ 
synthesis. Successive enzymes are arranged in imaginary units termed metabolons, anchored 
to the ER membrane, ensuring channeling of the intermediate precursors in the complex with‐
out diffusing to the cytosol, avoiding metabolic interferences [18, 22].

A. thaliana is a good model species for the identification of genes controlling flavonoid metab‐
olism (Table 3) [23], because all pathway core genes of anthocyanins have been molecularly, 
genetically, and biochemically characterized in this plant. On the other hand, it is amenable to 
both molecular and classical genetic analysis [24, 25].

On the other hand, homologues to all core genes in the flavonol-anthocyanin pathway have been 
identified in Rubus sp. Var Loch Ness [26]. Also, most genes corresponding to the MYB transcrip‐
tion factors have also been identified with similar functions. Interestingly, MYB12 [26] that was 
originally identified as a key flavonol-specific transcriptional activator in A. thaliana [27] and in 

Enzyme Regulator

CHS (chalcone synthase) MYB12, MYB11, MYB111

CHI (chalcone isomerase) MYB12, MYB11, MYB111

F3H (flavonol 3 hydroxylase) MYB12, MYB11, MYB111

F3′H (flavonol 3′hydroxylase) MYBL2

FLS (flavonol synthase) MYB12, MYB111, MYB11

DFR (dehydroflavonol reductase) TT2, TT8, TTG1, MYBL2

ANS (anthocyanidin reductase) TT1, TT2, TT8, TTG1, TT16

ANR (anthocyanidin synthase) TT2, TTG1

LAR (leucoanthocyanidin reductase) TT2, TT8, TTG1

Table 3. List of the flavonol-anthocyanin pathway core and regulatory genes in A. thaliana [23].
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other plant species such as tomato [28] has not been found in Rubus [26, 29] suggesting a differ‐
ent control mechanism of the flavonol-anthocyanin pathway in this plant species.

Currently, dihydrokaempferol and dihydroquercetin are the only two dihydroflavo‐
nol molecules identified in Arabidopsis [18]. Flavonoids have been analyzed using liquid 
chromatography-mass spectrometry (LC-MS) and/or nuclear magnetic resonance (NMR). 
Briefly, anthocyanins and glycosylated kaempferol flavonols are mostly found in leaves [17], 
whereas seeds contain epicatechin, PAs, and larger amounts of glycosylated quercetin flavo‐
nols [30, 31]. Interestingly, arabidopsis seeds contain large amounts of PAs similar to those 
present in other crop seeds or fruits (Table 4) [32–34].

Group Compound

Flavonols Quercetin-rhamnoside-hexoside

Quercetin-hexoside-rhamnoside

Quercetin-3-O-rhamnoside

Quercetin‐rhamnoside dimer 1

Quercetin‐rhamnoside dimer 2

Quercetin‐rhamnoside dimer 3

Quercetin‐rhamnoside dimer 4

Quercetin‐di‐rhamnoside

Quercetin-3-O-glucoside

Kaempferol

Kaempferol-rhamnoside

Kaempferol-rhamnoside-hexoside

Kaempferol-3, 7-di-O-rhamnoside

Kaempferol-3-O-glucoside-7-O-rhamnoside

Isorhamnetin-hexoside-rhamnoside

Isorhamnetin-di-rhamnoside

Isorhamnetin-rhamnoside

Anthocyanins Procyanidin dimer

Procyanidin trymer

Procyanidin tetramer

Procyanidin pentamer

Procyanidin hexamer

Procyanidin heptamer

Catechins Epicatechin

Table 4. Compounds identified by LC-MS-MS in seed extracts of wild type A. thaliana [31].
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The metabolic profile of flavonols and anthocyanins in blackberry fruits is formed by the fla‐
vonols kempferol and quercetin and their respective derivatives, while cyanidin derivatives 
are the unique anthocyanidins present. Interestingly, catechins and epicatechins are also pres‐
ent, especially upon fruit ripening [26, 35]. The specific composition for blackberries obtained 
from Rubus spp. Var Loch Ness appears in Table 5.

4. Flavonol, anthocyanin, and catechin functions in plants

Plants are sessile organisms, due to this fact they have developed different methods for pro‐
tection against the stressful conditions of the surrounding, including abiotic and biotic stim‐
uli. The most important mechanism is the production of secondary metabolites, like flavonols, 
anthocyanins, and catechins [36, 37].

There is an increase in the production of these compounds under adverse or stressing condi‐
tions, such as intense UV radiation, heat, drought, and salt stress, presence of heavy metals, 
herbivores, insects, nematodes, etc., because reactive oxygen species (ROS), the natural prod‐
ucts obtained from metabolic reactions, play a relevant role in cell signaling and homeostasis. 
In certain situations, as previously described, ROS levels can undergo a mild increase, trig‐
gering defensive responses as SAR or ISR [38], or suffer a dramatic increase that results in cell 
damage (lipids, DNA, and protein structures) if not controlled.

Living beings have different methods to get rid of these ROS, enzymatic and nonenzymatic; 
but if the amount is too high the organism cannot transform all of them, causing the damages 
described before. Phenylpropanoids and flavonoids, in which flavonols, anthocyanins, and 
catechins are enclosed, are the nonenzymatic antioxidants known to have high antioxidant 
activities, because of their capacity to directly quench ROS, thanks to the hydroxyl group 

Group Compound

Flavonols Rutin

Kaempferol-glucoside

Quercetin‐glucoside

Kaempferol-rutinoside

Quercetin-3-O-glucoside-6”-acetate

Anthocyanins Cyanidin-3-glucoside

Cyanidin-3-arabinoside

Catechins (+)-Catechin

(−)-Epicatechin

Epicatechin isomer

Table 5. Compounds identified in Rubus spp. Var. Loch Ness fruit by LC-MS-IT-ToF [26].
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present in rings A and B; they also interfere over the enzymatic systems composed of cyclo‐
oxygenase (in animals only), lipoxygenase, glutathione S-transferase, and xanthine oxidase, 
which is the other system in charge of ROS removal, together with the SOD-APX and the 
ascorbate-glutathione cycle enzymes that contribute to ROS control [39]. Hence, these com‐
pounds are involved in fine tuning of defensive and adaptive metabolisms, integrating all the 
external information, to optimize plant energetic resources for survival.

Flavonoids are known to be nonessential regulators auxin transport, modulating different 
transporters such as PIN proteins, and the transporter superfamily (ABCB) [40–42] proteins 
involved in their transport along the plant. It has been demonstrated that changes in flavonols 
accumulation lead to changes in auxin transport, therefore changes in auxin distribution [43], 
and the corresponding changes in plant physiology.

4.1. Abiotic stress

Abiotic stress is defined as the negative impact caused by the nonliving factors in the plant. 
Under adverse conditions, like intense UV radiation, heat, drought, and salt stress, presence 
of heavy metals, etc., there is a high increase of the reactive oxygen species (ROS) that lead 
to signal transduction to activate plant defense or to oxidative damage, as described above.

The UV radiation causes a stressful situation for plants [44], which is handled in two ways. 
First of all flavonoids and other pigments present mainly in the outer parts of the plant (epi‐
dermis and mesophyll tissues) absorb and considerably reduce the amount of radiation; the 
second one would consist in decreasing the effect of ROS caused by the radiation by scaveng‐
ing of ROS [7]. Among flavonols, the main compound related to light absorption is kaemp‐
ferol 3-O-glucoside because of its monohydroxy B-ring, and the flavonol with the greatest 
antioxidant properties is quercetin 3-O-glucoside, because of its dihydroxy B-ring. It has been 
shown that upon different UV exposure, synthesis of phenolic compounds is increased [45]. 
This may be the primary mechanism of response, which can be followed by others such as 
accumulation of pigments or lignification processes. Hence, flavonoids and anthocyanins are 
involved in protection against oxidative stress due to high UV radiation.

The impact of drought and salt stress on flavonoid biosynthesis has been studied in A. thaliana 
[46, 47]. An increase of glycosides of quercetin, cyanidin, and kaempferol during drought 
stress has been reported, being kaempferol glycosides the most significantly increased [47]. 
Although the behavior of flavonoids during these types of stresses is still not well docu‐
mented, this evidence their role against salt and drought stress.

These studies carried out in A. thaliana are very convenient to elucidate the mechanism of 
action of these flavonoids and to see the flavonoid profile. However they cannot be directly 
extrapolated to evaluate behavior in fruit production, fruit quality, or fruit endurance, as 
A. thaliana does not have edible fruits. For these purposes, other model plants are used, 
such as tomato or strawberry among the berries.

Concerning fruit quality, there is a great concern in the endurance of the fruit after harvest; it 
is one of the most important traits for commercial value and economic profit. The relationship 
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The UV radiation causes a stressful situation for plants [44], which is handled in two ways. 
First of all flavonoids and other pigments present mainly in the outer parts of the plant (epi‐
dermis and mesophyll tissues) absorb and considerably reduce the amount of radiation; the 
second one would consist in decreasing the effect of ROS caused by the radiation by scaveng‐
ing of ROS [7]. Among flavonols, the main compound related to light absorption is kaemp‐
ferol 3-O-glucoside because of its monohydroxy B-ring, and the flavonol with the greatest 
antioxidant properties is quercetin 3-O-glucoside, because of its dihydroxy B-ring. It has been 
shown that upon different UV exposure, synthesis of phenolic compounds is increased [45]. 
This may be the primary mechanism of response, which can be followed by others such as 
accumulation of pigments or lignification processes. Hence, flavonoids and anthocyanins are 
involved in protection against oxidative stress due to high UV radiation.

The impact of drought and salt stress on flavonoid biosynthesis has been studied in A. thaliana 
[46, 47]. An increase of glycosides of quercetin, cyanidin, and kaempferol during drought 
stress has been reported, being kaempferol glycosides the most significantly increased [47]. 
Although the behavior of flavonoids during these types of stresses is still not well docu‐
mented, this evidence their role against salt and drought stress.

These studies carried out in A. thaliana are very convenient to elucidate the mechanism of 
action of these flavonoids and to see the flavonoid profile. However they cannot be directly 
extrapolated to evaluate behavior in fruit production, fruit quality, or fruit endurance, as 
A. thaliana does not have edible fruits. For these purposes, other model plants are used, 
such as tomato or strawberry among the berries.

Concerning fruit quality, there is a great concern in the endurance of the fruit after harvest; it 
is one of the most important traits for commercial value and economic profit. The relationship 
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between the overripening and the antioxidant properties has been evaluated [48]. A study 
on tomato overexpressing AtMYB12, the transcription factor activating the flavonol anthocy‐
anin pathway, showed a notable increase in flavonoid biosynthesis, as well as its antioxidant 
capacity. The high anthocyanin and high flavonol profiles resulted in a longer, more durable 
shelf life, comparing with control plants, indicating that the endurance is directly correlated 
with this profile. Based on this data, it seems that the overripening time is determined by 
the oxidative damage of the fruit under changing conditions [49]. Therefore, an increase in 
flavonoids and anthocyanins is related to better fruit quality during the postharvest period.

Another stress factor is the levels of heavy metals. As a consequence of industrial develop‐
ment, pollution with heavy metals has dramatically increased. Heavy metals toxicity can 
result from different mechanisms, the first one is the generation of ROS by Fenton reaction 
and autoxidation [7], blocking of essential functional groups in biomolecules, and displace‐
ment of essential metal ions from biomolecules. Cadmium and other metals provoke a deple‐
tion of GSH and inhibit mainly the glutathione reductase (among other enzymes implicated 
in the ROS cycle) [45]; in consequence, the plant has to increase dramatically other antioxi‐
dants such as flavonoids in order to keep a normal the normal homeostasis of the plant cells. 
Flavonoids are known to form specific union with heavy metals, providing a great adapta‐
tion method to heavy metals toxicity autoxidation [7]. Based on these characteristics, some 
applications derived from these studies have been proposed to improve survival of plants in 
hostile environments, for example, increasing flavonoid synthesis to allow plant growth in 
the presence of heavy metals, so soil detoxification can be achieved by phytoremediation [50].

4.2. Biotic stress

Flavonoids are important molecules for plant adaptation under adverse conditions, among 
which defense to biotic stress is included. These molecules have a nonspecific mechanism 
of action; their effect is partly derived from their antioxidant properties, because of the ROS 
generated by plants when they are attacked by some pathogen. Flavonoids are involved in 
the earliest defense mechanism and the programmed cell death, and they have been found in 
necrotic and adjacent cells to pathogen invasion in the hypersensitive response [46, 51].

Their role in defense is not limited to the hypersensitive response, since consistent with 
their ability to chelate metals, they are able to inhibit some pathogen enzymes, mainly those 
involved in digesting the cell wall by chelating metals, blocking, or retarding pathogen inva‐
sion [52]. Different studies have shown that there are different mechanisms of action against 
pathogen infection, inhibition of cellulases, pectinases, and xylanases, chelation of metal ions 
that belongs to cell membranes and enzymes, and more general detoxifying cells of ROS [45].

They can also affect bacterial DNA synthesis, by interacting with DNA gyrases, as the B ring 
of flavonoids can form hydrogen bonds with nucleic acid bases, or by direct interaction with 
the ATP binding site of the gyrase, leading to an inhibition of the synthesis of new DNA. This 
may be their method of protection against virus [45].

Antifungal properties have also been proved for flavonoids; these properties depend on 
their structure, for example dihydroquercetin has proved to be much more active against 
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Fusarium sp. infections than other types of flavonols, and it is believed that is due to the 
hydroxyl groups [53]. In addition to the antifungal effects reported in plant, some have shown 
that certain compounds like phenols, phenolic acids, flavonoids, and isoflavonoids inhibit 
pathogen proliferation in the rizhosphere, preventing root infections.

4.3. Other functions

Flavonoids play a very important role in symbiotic bacteria relations. Bacteria belonging to 
the family Rhizobiaceae include several genera, each of them specific to a legume species. 
Rhizobiaceae are capable of fixing nitrogen for the plant; in exchange they obtain photosyn‐
tates. First, they need to establish the symbiotic relationship and form the nodule; in this pro‐
cess, flavonoids are key since these bacteria are attracted by these flavonoids that are specific 
signals for each rhizobia-legume couple. There are studies of different plants growing in soils 
with low nitrogen concentration that induces the accumulation of flavonoids [54]. Based on 
this fact, knowledge of the specific flavonoids that enhance symbiosis establishment could be 
applied to field production of legumes, in low productivity soils, to enhance nodulation, which 
in turn, will enhance yield in developing areas. This goal could be achieved at a low cost and 
easily implemented in local areas therefore contributing to food security, as marked by the FAO.

Connecting with this improvement in production and also with their natural physiological 
role, flavonoids provide color, taste, and fragrance to the fruit and seeds, and also play an 
important role in pollination, because these characteristics attract insects [45]. Although these 
characteristics may attract some organisms can also deter some others, in the cases of herbi‐
vores and some nematodes, avoiding to be eaten by these living beings.

5. Flavonols’, anthocyanins’, and catechins’ health properties

Flavonoids are known because of their beneficial effect on human health. It has been known 
for long time and mainly attributed to its antioxidant potential. Compounds able to scavenge 
free radicals are in general beneficial for health. As all living beings, humans also produce 
ROS and there is also a system to get rid of these free radicals to prevent damage of the cells 
(DNA, lipids, and proteins). These damages are called oxidative damages which have been 
related to carcinogenesis, neurodegeneration, atherosclerosis, diabetes, and aging; however, 
the precise underlying mechanisms for these health benefits are starting to be unraveled.

Flavonoids have received increasing attention due to their anti-inflammatory, antimicrobial, 
and anticancer activities. Structural-functional relationship analyses identified luteolin as 
one of the most potent inhibitors of xanthine oxidase, a key enzyme in ROS production. 
Reduction of ROS by apigenin prevents endothelial damage during acute inflammation and 
restores mitochondrial function. Most of the anti-inflammatory and antimicrobial activities 
attributed to flavones seem to be centered on their ability to regulate the Toll receptor (TLR)/
NFκB axis. This is a central pathway in the host-pathogen interplay in mammals, respon‐
sible for the expression of inflammatory mediators, including tumor necrosis factor (TNFα), 
interleukin-1 (IL-1β) and cyclooxygenase-2 (COX-2), an enzyme mediating the  conversion 

Flavonoids - From Biosynthesis to Human Health140



Fusarium sp. infections than other types of flavonols, and it is believed that is due to the 
hydroxyl groups [53]. In addition to the antifungal effects reported in plant, some have shown 
that certain compounds like phenols, phenolic acids, flavonoids, and isoflavonoids inhibit 
pathogen proliferation in the rizhosphere, preventing root infections.

4.3. Other functions

Flavonoids play a very important role in symbiotic bacteria relations. Bacteria belonging to 
the family Rhizobiaceae include several genera, each of them specific to a legume species. 
Rhizobiaceae are capable of fixing nitrogen for the plant; in exchange they obtain photosyn‐
tates. First, they need to establish the symbiotic relationship and form the nodule; in this pro‐
cess, flavonoids are key since these bacteria are attracted by these flavonoids that are specific 
signals for each rhizobia-legume couple. There are studies of different plants growing in soils 
with low nitrogen concentration that induces the accumulation of flavonoids [54]. Based on 
this fact, knowledge of the specific flavonoids that enhance symbiosis establishment could be 
applied to field production of legumes, in low productivity soils, to enhance nodulation, which 
in turn, will enhance yield in developing areas. This goal could be achieved at a low cost and 
easily implemented in local areas therefore contributing to food security, as marked by the FAO.

Connecting with this improvement in production and also with their natural physiological 
role, flavonoids provide color, taste, and fragrance to the fruit and seeds, and also play an 
important role in pollination, because these characteristics attract insects [45]. Although these 
characteristics may attract some organisms can also deter some others, in the cases of herbi‐
vores and some nematodes, avoiding to be eaten by these living beings.

5. Flavonols’, anthocyanins’, and catechins’ health properties

Flavonoids are known because of their beneficial effect on human health. It has been known 
for long time and mainly attributed to its antioxidant potential. Compounds able to scavenge 
free radicals are in general beneficial for health. As all living beings, humans also produce 
ROS and there is also a system to get rid of these free radicals to prevent damage of the cells 
(DNA, lipids, and proteins). These damages are called oxidative damages which have been 
related to carcinogenesis, neurodegeneration, atherosclerosis, diabetes, and aging; however, 
the precise underlying mechanisms for these health benefits are starting to be unraveled.

Flavonoids have received increasing attention due to their anti-inflammatory, antimicrobial, 
and anticancer activities. Structural-functional relationship analyses identified luteolin as 
one of the most potent inhibitors of xanthine oxidase, a key enzyme in ROS production. 
Reduction of ROS by apigenin prevents endothelial damage during acute inflammation and 
restores mitochondrial function. Most of the anti-inflammatory and antimicrobial activities 
attributed to flavones seem to be centered on their ability to regulate the Toll receptor (TLR)/
NFκB axis. This is a central pathway in the host-pathogen interplay in mammals, respon‐
sible for the expression of inflammatory mediators, including tumor necrosis factor (TNFα), 
interleukin-1 (IL-1β) and cyclooxygenase-2 (COX-2), an enzyme mediating the  conversion 

Flavonoids - From Biosynthesis to Human Health140

of arachidonic acid to prostaglandins. Notably, great similarities are found between the 
mammalian TLR/NFκB and plant pathogen defense pathways, suggesting that flavones 
may regulate evolutionary conserved targets [55]. It has also been reported that in animal 
models, apigenin reduces the phosphorylation of the NFκB p65 subunit, required for its 
transcriptional activity. Inhibition of p65 phosphorylation reduces the expression of inflam‐
matory cytokines, limiting the cell damage characteristic of acute inflammation [56]. Other 
flavones inhibit COX-2 by halting NFkB nuclear localization [57]. Overall, glycosides show 
less anti-inflammatory activity than aglycones, probably a consequence of their reduced cel‐
lular absorption [58]. Recent studies identified additional mechanisms responsible of the 
anti-inflammatory activity of flavones, including the regulation of noncoding RNAs. Large 
microRNA screenings showed that apigenin reduces microRNA155 (miR155) expression, a 
main inflammatory regulator miR155 binds to 3′-UTR regions of several inflammatory cyto‐
kines, suggesting an additional mechanism by which flavones can restore homeostasis dur‐
ing acute inflammation, independent of their anti-oxidant activity [1].

Consistent with the ability of flavones to regulate inflammation, interventions with the 
Mediterranean diet, which is rich in flavonoids, showed improved cardiac function, reduced 
hypertension and obesity [59, 60]. Flavones also affect leukocyte migration, with very spe‐
cific targets, deeply affecting cancer and inflammation [61, 62]. Flavones ability to reduce 
cell migration has great impact on cancer, suggesting alternative therapeutic approaches to 
reduce metastasis. The anticarcinogenic effect of flavones is given in part by their ability to 
induce DNA damage, and is accompanied by cell cycle arrest at G1 or G2, depending on the 
particular cell type. Interestingly, the ability of apigenin to induce cell death in cancer cells is 
independent of ROS production [63] supporting a beneficial role of flavones independent of 
their anti-oxidant activity.

Identification of the direct targets will highly contribute to understand the molecular mech‐
anism related to flavones and health. The use of PD-Seq (phage display high-throughput 
sequencing), a novel approach for small target identification, identified several targets, sug‐
gesting that dietary compounds, unlike pharmaceuticals, may target several molecules [64]. 
This statement encourages the use of healthy plant-based foods or extracts, rich in polyphe‐
nols but with a complex mixture of compounds that will contribute to prevent the onset of 
disease by reaching many small targets simultaneously. Under this rationale, a study of natu‐
rally healthy fruits or plant materials is seriously encouraged to prevent the onset of disease.

As flavonoids, anthocyanins’ health-promoting effects have been frequently linked to their 
high antioxidant activities. However, there is increasing evidence reporting that some of their 
biological effects may be related to their ability to modulate mammalian cell signaling path‐
ways [65, 66]. Anthocyanins also offer protection against certain age-related degenerative dis‐
eases cancers, cardiovascular disease [9, 55, 67, 68]; anti-inflammatory activity [69], promotion 
of visual acuity [70], and hindering obesity and diabetes [71, 72] have also been reported as 
beneficial effects of these compounds.

In addition to the many target-specific effects of each compound detailed above, effects are more 
complex to evaluate when any of these phenolics are delivered through the diet in a complex 
food matrix. The variability of effects relays in two points: on the one hand, natural variability 
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in composition and on the other hand, variability in absorption at the individual level. It has 
been estimated that only 5–10% of the total polyphenol intake is absorbed in the small intestine. 
Currently, it is estimated that 500–1000 different microbial species inhabit the gastrointestinal 
tract. However, they do not seem to be ubiquitous but reflect the interpersonal differences in the 
gut microbial community [73]. Consequently, apart from the interindividual variation in daily 
intake of polyphenols, interindividual differences in the composition of the gut microbiota may 
lead to differences in bioavailability and bioefficacy of polyphenols and their metabolites [74, 75].

The other factor that will condition effects on health is intimately associated with the sessile 
nature of plants. Plants have to overcome environmental changes by changing their chemical 
composition, synthetizing metabolites that will contribute to a better adaptation to changes in 
abiotic factors of to fight back biotic challenges. Since environmental conditions are variable 
along the year, and flavonols and antocyanins play a role in adaptation to UV stress, it may be 
anticipated that concentration in plant will be higher in spring and summer when light hours 
and intensity are higher. Hence, fruits produced in winter or in summer will presumably 
have different concentrations, as has been demonstrated in blackberries [76]. Moreover, given 
their role in plant defense, their levels may also fluctuate depending on disease prevalence 
along a given season, and therefore, health benefits will be different, since the dose is differ‐
ent. Consequently, any attempt to modulate the amplitude of these fluctuations will result in 
enhanced fruit quality, more reliable in terms of health benefits.

In order to achieve this goal, understanding the metabolic pathway and its regulation is a 
milestone on the way to develop varieties in which the main regulators are overexpressed 
to ensure a high and constant, or low variability, fruit bioactive contents. This goal may be 
achieved through crossbreeding or by the means of metabolic engineering in plants [77] or 
through elicitation of secondary metabolism with external agents such as beneficial bacteria 
or derived molecules [76, 78] or even other chemical molecules such as salicylic acid.

6. Elicitation

An alternative to new varieties is using beneficial bacteria or parts of the same as a tool to trig‐
ger plant metabolism in field production in order to cause a mild-biotic stress in the plant that 
smoothly and constantly triggers secondary metabolism to achieve constant concentrations of 
bioactives in the edible fruits [77, 78]. The ability of many beneficial bacteria to trigger plant 
metabolism in different species has been reported and there is increasing evidence of bacterial 
derived elicitors with the same effect [79]. These bacterial derived molecules are termed as 
MAMPs (microbe-associated molecular patterns) and can be either structural molecules from 
the bacterial cell wall, or derived metabolites that bacteria release to trigger the plant in their 
intimate relationship. Each MAMP or strain has to be evaluated for each plant species, since 
genome-genome specificity has been occasionally reported.

To support the value of this strategy in the study of blackberry metabolism, a transcriptome 
analysis from field grown blackberry fruits was performed to study this plant species; contigs 
were obtained and blasted to the genome of Fragaria, the model plant within the Rosaceae 
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finding 73.5% similarity with Fragaria vesca subspecies vesca [80]. Once the gene information 
was available, field grown blackberry plants were inoculated with a beneficial bacteria strain 
(Pseudomonas fluorescens N21.4) as a biostimulant, aiming to trigger flavonoid biosynthesis as 
part of an induced systemic response (ISR). Fruits were studied in three states along matura‐
tion, carrying on a bioactive characterization and studying core and regulatory gene expres‐
sion. As a result, the concentration of flavonoids increased in the fruit along with maturation 
over the noninoculated controls; hence, core and regulatory genes were characterized and 
their expression was studied demonstrating genes likely involved in controlling the activity 
of pathway branches, associated with enhanced accumulation of anthocyanins, catechins, and 
flavonols in developing fruits of blackberry [81].

These results prove that elicitation is a very interesting tool to achieve better fruit quality in 
terms of higher amounts of bioactives, as flavonoid biosynthesis can be modulated without 
genetic manipulation. Using this method, we can achieve two different goals at the same 
time: first we increase plant defense by a natural way without using any chemicals, which 
are harmful for the environment and humans also, therefore contributing to environmentally 
friendly agricultural practices. The second one would be obtaining a food with reliable ben‐
eficial effects for human health, since delivering the bacteria through the roots will attenuate 
fluctuations in bioactive compounds. This second statement is nowadays one of the world’s 
great concerns, since achieving food security refers to both ends of society: those that are 
hungry should have enough amounts of healthy and nutritious foods, as well as those that 
have a lot of food, but unbalanced and low quality. Therefore, healthy eating is becoming 
really popular as population is trying to have a good diet to prevent development of disease 
rather than healing, so to decrease the intake of different drugs in a long time period. Both this 
two goals can be achieved by the application of these rhizobacterias that will increase these 
secondary metabolites by a natural method. Beyond health-related issues in food production, 
these elicitors and elicitation technology [80] can be used to unravel metabolic pathways and 
their regulation for further application in metabolic engineering and cell cultures.
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Abstract

This review concentrates on two aspects of how total flavonoid content and individual 
flavonoid compounds change with the perception of environmental stress and the subse-
quent changes in those metabolites after post-harvest conditions are of the main points of 
the study. Hereby, along with this study, the flavonoid synthesis or their accumulation 
with their importance in plants and then in humans is briefly described. According to 
the literature cited herein, it seems that a universal mechanism concerned with flavonoid 
accumulation in response to the abiotic stress factors cannot be illustrated. Flavonoid 
accumulation exhibits different reactions to the different stressors. Flavonoid accumula-
tion behavior not only varies depending on the developmental stage, species and even 
cultivars of the same species but also post-harvest processes.

Keywords: total flavonoid, abiotic stress, post-harvest processes

1. Introduction

Phenolic compounds are secondary metabolites derived from pentose phosphate, shikimate 
and phenylpropanoid pathways in plants [1], and a wide range of functions including partici-
pation in the regulation of growth and developmental processes and interactions with biotic 
and abiotic environmental stimuli have been attributed to the those phytochemicals [2]. Of 
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those compounds, flavonoids comprise the large and common group of plant phenolics with 
more than 5000 different described flavonoids in six major subclasses, including flavones, 
flavonols, flavanones, flavanols, anthocyanidins and isoflavones [3].

Carbon skeleton of flavonoids occurs from combining of two phenyl ring and a propane 
chain. Rings of 2-phenyl benzopyran consisting 15 carbons are referred as A, B and C-rings 
[4] (Figure 1). Flavonoids structure’s diversity can be classified according to do both major 
classification and oxidation level [5]. Additionally type, number and binding positions of sub-
stitutions binding to aromatic rings cause flavonoids structure’s diversity [6].

Since plants are open systems and do not exist in a vacuum, they are continuously interacted 
with their biotic and non-biotic surroundings. In order to explore what kind of mechanisms 
underlining the defense against changing environmental conditions and other physiologi-
cal and biochemical processes for the plant are still great concern of the researchers. Like all 
living and non-living things in the universe, with each step upwards in the life span, novel 
properties concerned with quality and quantities of the flavonoid content depending on the 
environmental, ontogenetic, annual and diurnal variations, which are not present at the cur-
rent stage of the plant may emerge but it is worthy to underline that these effects are species 
dependent. The post-harvest practices such as “from wild to domestication,” “from fields 
to shelves” and “from shelves to pharmacy” are also great interest of the consumers for the 
sustainable healthier life conditions. Hence, universal and uniform mechanisms with respect 
to the production, accumulation or secretion of the flavonoid have not been proposed yet 
(Figure 2). Two aspects of flavonoid content and their individual compounds can be dis-
cussed. One is the content which is directly dependent on plant species itself and with its 
responses against abiotic stress conditions. This can be simplified as “plant health.” The later 
one is about the changes, which are related to the human consumption. This second aspect 
can be also simplified as “human health.”

1.1. Abiotic stress challenges regarding with quantity versus quality: two sides of  
the coin

As sessile organisms, plants are often exposed to various environmental stress factors. 
Hence, plants must regulate their growth and development in response to ever-changing 

Figure 1. The basic structure of flavonoids.
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cussed. One is the content which is directly dependent on plant species itself and with its 
responses against abiotic stress conditions. This can be simplified as “plant health.” The later 
one is about the changes, which are related to the human consumption. This second aspect 
can be also simplified as “human health.”

1.1. Abiotic stress challenges regarding with quantity versus quality: two sides of  
the coin

As sessile organisms, plants are often exposed to various environmental stress factors. 
Hence, plants must regulate their growth and development in response to ever-changing 

Figure 1. The basic structure of flavonoids.
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 environmental conditions and their stimuli. Once plants cannot tolerate or overcome the 
unfavorable environmental conditions, plant growth and development are likely adversely 
influenced and subsequently significant loss of crop yields [7, 8]. Along with the stress condi-
tions, plant behavior may change with respect to the secondary metabolite synthesis, produc-
tion, secretion and storage when subjected to the abiotic stress factors [9]. Some secondary 
metabolite synthesis, enzyme activities and soluble substance accumulation were positively 
influenced by abiotic stress conditions. These are considered as consequences of plant adap-
tive strategies concerned with establishment of some changes allowing to the plant to sustain 
its life under ever-changing conditions.

Many results concerned with total flavonoid and their individual compounds in response to 
the different stressors. For total flavonoid content, increases were determined [2, 10–14, 16, 17, 
19, 20] whereas decreases were found [15, 18, 21] under different stress conditions.

Based on the literature review, we cannot deduce and explain the flavonoid accumulation or 
their compound profile using one simple sentence. The stress effect is compound specific. A 
uniform mechanism for compound profile variation cannot be illustrated [22]. Furthermore, 
the flavonoid accumulation is likely dependent stress factors, frequency, duration and timing.

Figure 2. Biotic and abiotic factors affecting flavonoid content and composition in plants.
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1.2. Is it adaptive strategy to sacrifice the primary metabolites through increases in 
secondary metabolite production against stress conditions or high efficiency use of 
secondary metabolite biosynthesis pathway?

As previously mentioned, pentose phosphate, shikimate and phenylpropanoid pathways 
are of the three pathways in plants, which are responsible for biosynthesis of phenolic com-
pounds [1]. Shikimic acid is a key intermediate in the synthesis of both aromatic amino acids 
and phenylpropanoids, and oxidative pentose phosphate pathway is of the precursors for the 
biosynthesis of aromatic amino acids, lignin and flavonoids [23]. Regulation and expression 
of the genes on the pathways have been well elucidated, but the pathway compartmentation 
is not yet known [24]. Some of the synthesis-associated genes and enzymes involved in phe-
nolics biosynthesis were characterized in Arabidopsis (Arabidopsis thaliana), maize (Zea mays) 
and petunia (Petunia hybrid). Also Fragaria spp. has been studied for their genes and enzymes 
([25–30]; cited by [24]). In order to determine which pathway is preferred for biosynthesis 
secondary metabolites under abiotic stress factors, the expression of protein or enzymes asso-
ciated with synthesis of secondary metabolites in the pathways should be determined and 
then compared with the control group-not stressed group. Determination of the long or short 
distance metabolic pathways or high or low energy cost pathways in response to the stress is 
also great concern to understand plant behavior and signaling.

Stressors bring about quantitative and qualitative changes in plant metabolites. Of those, in 
general, biosynthesis of proteins in the plant leaves is suppressed, triggering the changes at 
gene expression levels and subsequently the synthesis of new proteins. For the lipid content 
and composition, the disturbances concerned with fatty acid composition, especially changes 
in fatty acid carbon chains. The variations in the lipid composition influence membrane lip-
ids and transport functions of membranes. Furthermore, accumulation of the compatible sol-
utes is of the responses against drought, high temperature or high salinity, maintaining the 
osmotic adjustment and turgor regulation [31].

Plant secondary metabolites have been considered or often referred to as metabolites which 
are not fundamentals for sustainability of basic plant life processes. However, the crucial and 
wide range roles of secondary metabolites have been understood. The accumulation of phen-
ylpropanoids increased in response to the environmental stress including pathogen attack, 
UV-radiation, high light, nutrient deficiency etc. According to Bryant et al. [32] hypothesis, an 
exchange occurs between carbon and biomass production or formation of defensive secondary 
metabolites, proposing that secondary metabolites are involved in protective processes of plants 
in response to stressors. For example, phenyl amide formation and accumulation of anthocy-
anin and polyamines have been reported as a response to the environmental stresses [33, 34].

1.3. Over accumulation of flavonoid versus reactive oxygen species? Non-enzymatic 
antioxidant system but any relations with the enzymatic antioxidant system (SOD, CAT, 
APX)?

Flavonoids are secondary metabolites synthesized by general phenylpropanoid pathway in 
plants [35]. They have been considered as a secondary (non-enzymatic) reactive oxygen spe-
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cies scavenging system in plants and humans [36]. Flavonoids exhibit direct scavenging of 
reactive oxygen species [36] one of the ways scavenging reactive oxygen species, flavonoids 
can easily donate hydrogen atom. Thus, while reactive oxygen species are inactivated by 
flavonoids, flavonoids return to phenoxyl radical [37]. Flavonoids phenoxyl radical can react 
with other free radicals and then acquiring a stable quinone structure [38]. The other way 
of scavenging reactive oxygen species, flavonoids return to phenoxyl radical by donating 
hydrogen atom at the first step. At the second step, phenoxyl radical scavenge other high 
reactive radical (R●) by radical-radical termination. Flavonoid phenoxyl radical is highly sta-
bile radical due to presence of a resonance structure redistributed the unpaired electron on 
the aromatic core [39] (Figure 3).

1.4. The possible protective defense roles of flavonoids in response to UV light have 
been documented in many studies but what happens if the flavonoid and other pigments 
cannot completely block the sunlight transmission?

UV light from sunlight is primarily required to perform photosynthesis as basic function and 
developmental process such as de-etiolation, phototropism and flowering of the plants [40, 41]. 
But interestingly, the UV light causes damage to DNA, protein and cell membranes of the 
plants, because, as sessile organisms, plants are more exposed to the UV-light. Subsequently, 
normal growth and development of plants are retarded [41]. Short-wavelength UV light is 
grouped into three categories. Of those, UV-A (315–400 nm) directly reaches the earth’s  surface, 
and UV-B (280–315 nm) and UV-C (100–280 nm) are blocked by the ozone layer. However, a 
small quantity of UV-B reaches the earth’s surface because of ozone layer depletion and subse-
quently causes DNA damages [42].

A

B

Figure 3. Scavenging of ROS by flavonoids, reproduced from Pietta [38] (A) and reproduced from Amic [39] (B).
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UV-B has highest energy of UV light that reaches the earth surface [43]. Although the high 
level of UV-B causes damage to biomolecules, low level of UV-B regulates morphology, devel-
opment, phycology and biochemical compositions [44]. While long wavelengths UV light-
induced regulation is provided with photoreceptors including phototropins, neochromes, 
phytochromes, rhodopsins and cryptochromes [45] (Figure 5), UV-B-induced regulation 
is provided with UV RESISTANCE LOCUS 8 (UVR8) receptor protein [46]. UVR8 directly 
absorbs UV-B radiation and induces the transcription of flavonoids biosynthesis genes by 
orchestrating UV protective gene expression responses [47].

Flavonoids are synthesized with phenylpropanoid pathway in plant and the pathway 
includes enzymes such as phenylalanine ammonia lyase (PAL), 4-coumaroyl: CoA ligase 
(4CL), Chalcone Synthase (CHS), Chalcone Isomerase (CHI), Flavone Synthase (FS) and 
Dihydroflavonol-4-Reductase (DFRA) [48]. CHS is key enzymes for flavonoid biosynthesis 
pathway. CHS catalysis condensation reaction of Coumaroyl CoA and Malonyl CoA.

Upregulation of CHS genes transcription in response to the several stressors was reported to 
induce flavonoid biosynthesis [49]. UVR8 protein interacts with the WD40-repeat domain of 
COP1 after perception of UV-B light that is one of the stressors [50]. Consequently, UVR8-
COP1 complex leads to activation of HY5 gene expression [47]. HY5 proteins as a transcrip-
tion factor play an enhancing role for UV-B induced-CHS gene expression during seedling 
development by binding to a conserved G-box sequence [51, 52]. Thus, flavonoids that accu-
mulate in upper epidermis layer specially absorb a large amount of 280–340 nm wavelengths 
[53]. Thus, the flavonoids accumulated in upper epidermis layer protect the internal tissues 
of leaves and stems against UV-B. Since the synthesis of kaempferol is deficient in chalcone 
flavone isomerase mutant tt4 A. thaliana, the plant exhibits high sensitivity to UV light [54]. 
Along with the absorption of UV light with chromophore group of flavonoids, flavonoids 
may undergo a transformation. While flavonoids with aromatic chromophore absorb light 
in the 250 nm region of UV spectra, flavonoids contain carbonyl that are conjugated with the 
aromatic ring chromophore absorb light in the 350 nm region of UV spectra. The transforma-
tion of flavonoids after of UV light absorption in vitro conditions is illustrated in Figure 4 [55].

It is worthy to note that the flavonoids are not unique functional UV-blocker absorbing all 
UV-B irradiation but the other protective roles of flavonoids cannot be ignored in spite of 
deficient in absorption of all UV-B irradiation since UV-B induced increase in the quantity of 
flavonoids has been reported, suggesting that flavonoids may exhibit functions including sig-
nal molecules, antioxidant molecules, defensive compounds, allelochemicals [56] after UV-B 
exposure in plant.

When the UV light cannot be completely blocked via defense system apparatus of the plants, 
UV light reaches to DNA, resulting in formation of cyclobutene pyrimidine dimers (CPDs) 
and 6-4 photoproducts (6-4PPs) on DNA [57, 58]. There are two mechanisms repairing the 
photoproduct that can inhibit transcription and replication and induce mutations [48]: first 
one is photolyases enzyme, and the other one is nucleotide excision repair mechanism [60]. 
CPD Photolyase gene expression is regulated by a wide spectrum of light, including far-red, 
red and blue light [61]. But recent studies reported that photolyase gene expression was regu-
lated by UVR8 receptor protein and the regulation mechanism remains poorly  understood 
[62]. In order to exhibit DNA repair activity, photolyase enzyme needs UV-A light [63] but 
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the light is not required for the activity of dark repair called nucleotide excision repair mecha-
nism. Recently, photolyase and nucleotide excision repair mechanism in A. thaliana were well 
described [60].

1.5. The fate of the flavonoid-enriched crop plants through the food chain: terminal

Any direct and indirect biotic or abiotic stressors or their combinations at certain time or 
simultaneously influence the phytochemistry and subsequently the changes orchestrate the 
plant protection and plants’ biological activities. Herewith, phytochemistry of a plant can be 
regarded as protective roles for plants against stressors and health-promoting properties for 
humans. The quality of the crop plants is a combination attributed to their composition and 

Figure 4. Photochemistry of quercetin pentamethyl ether (A) and photochemistry of flavan-3-ols (B) [55].

Figure 5. UV light perception, signaling and responses in Arabidopsis (scheme adapted from Li et al. [45]).
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contents that shape the commodity value for human consumption. Since humans are, in gen-
eral, considered to be at the top of the food chain, the terminal of the flavonoid-enriched/poor 
crop plants would be the human, resulting the health standards.

Nothing stays the same as its former form and the changes are inevitable for all living and 
non-living things. Therefore, numerous studies—as listed in Table 1 but not limited in this 
chapter—have been performed in order to keep the stability or dynamic changes of flavonoid 
content and its compound. Of those studies, atmosphere conditions are of great interest for 
long-term storage and subsequently essential for keeping biological value of the crop. In the 
study reported on Allium cepa var. calonicum Backer) by [64] (see the detail in Table 1), the high-
est content after storage at conditions with gas composition of 5% CO2 + 5% O2 was achieved. 
Two major compound—quercetin 3,4′-di-O-glucoside and quercetin 4′-O-glucoside (spi-
raeoside)—exhibited an increase [64]. Effect of carbon dioxide-enriched atmosphere on total 

Storage conditions/
cultivars/harvest times

Total flavonoid content Plant species Researchers

Different storage 
temperatures (0, 2, 4, and 6 
+ 2°C) + 5%, 10%, 20%  
or 0.03% CO2

Total flavonoid content Phoenix dactylifera L. [54]

Storage conditions were at 
50, 25, 4, and −20°C

Total flavonoid content Anemopsis californica [59]

Freeze and thermal drying Total flavonoid content Oxycoccus palustris Pers. [60]

Stability testing at different 
temperatures

Flavonoid glycosides Calendula officinalis and 
Betula sp.

[61]

Storage at 27°C for 9 days Total flavonoid content Paluma cultivar [62]

Temperature and storage 
time

quercetin-3-rutinoside, 
quercetin-3-glucoside, 
quercetin-3-d-galactoside

Sorbus aucuparia [63]

Subunit parts of the 
rhizome during the 
thermal drying process 
under treatment 
temperatures ranging from 
40 to 120°C

Mangiferin, iristectorigenin 
A, irigenin, irilone 
dichotomitin

Belamcanda. chinensis (L.) DC. [64]

Cultivars and storage 
conditions

Total flavonoids Pistachia vera L. [65]

Normal atmosphere and 
0% CO2 + 21% O2, (2) 5% 
CO2 + 5% O2, 5% CO2 + 2% 
O2, 2% CO2 + 5% O2, 2% 
CO2 + 2% O2

Quercetin 3,4′-di-O-
glucoside, quercetin 
3-O-glucoside (isoquercetin), 
quercetin 4′-O-glucoside 
(spiraeoside)

Allium cepa var. calonicum 
Backer

[64]

At ambient temperature 
(about 25 ± 2°C) in a 
refrigerator (4 ± 0.2°C)  
and sampling days 0, 2,  
4, 6, 8, 10, 12, 14

Total flavonoid content Juglans sigillata [67]

Table 1. Continue
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Table 1. Continue
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 flavonoid content changes in Phoenix dactylifera L. fruit in response cold storage was tested and 
the fruits stored under low temperature conditions (0°C) or relatively high CO2 concentration 
(20% CO2) was reported not to exhibit any chilling or CO2 injury symptoms. Modified condi-
tions have been reported to extend not only the date storability and then fruit quality but also 
magnify the maintenance of fruit quality in response to the cold temperature storage [65].

Furthermore, the influence of different plant parts, developmental storage and storage dura-
tions (1, 2, 3 and 4 days) [66], different temperature and sampling days  [67], different storage 
days  [68], Light (photosynthetically active radiation (PAR) level and maturity [69] has been 

Storage conditions/
cultivars/harvest times

Total flavonoid content Plant species Researchers

Different cultivars Spiraeoside (quercetin-4′-
O-β-d-glucoside), rutin and 
quercetin

Allium cepa [70]

Different plant parts, 
developmental storage  
and storage durations  
(1, 2, 3 and 4 days)

Total flavonoid content Clinacanthus nutans (Burm. f.) [66]

Storage at 6, 16 and  
25°C for 6 days.

Flavonol Fragaria ananassa Duch. [68]

Different temperatures 25 
± 2°C (room temperature) 
and 10 ± 1°C (refrigerator) 
at different time of 
intervals (1st, 5th and 10th 
day)

Total flavonoid content Brassica rapa L. [71]

Storage for 0–7 months  
at 25 and 37°C

Total flavonoid content Oryza sativa (milled rice) [72]

Light ((photosynthetically 
active radiation (PAR) 
level of 56 ± 0.5 μmol m−2 
s−1 (H); 31 ± 0.2 μmol m−2 
s(L), or in dark (D). and 
maturity (0–5% red, 20% 
red, 50% red, 80% red, 
100% red)

Ellagic acid, quercetin, 
kaempferol and cyanidin 
3-glucoside

Rubus ideaus L. [69]

Storage for 7, 15 and 30 
days at 4, 22 and 35°C

Catechin, epicatechin, 
procyanidins B1-B4 and total 
flavonoids

Cocoa powder [73]

Industrially squeezed, 
pasteurized, concentrated 
and stored under 
refrigeration (4°C) and at 
room temperature (20°C)

Flavanone-7-O-glycosides, 
fully methoxylated flavones

Citrus clementina Hort. ex 
Tan. C. reticulata Blanco × C. 
sinensis Osb., C. sinensis

[74]

Cultivar and storage 
conditions

Total flavonoid content Malus domestica Borkh. [75]

Table 1. Various studies concerned with the post-harvest processes and different cultivars influence on flavonoid content.

Table 1. Continued
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examined to indicate that the there is no constant stability or dynamics of flavonoid content 
and its compounds in quantity and quality.

2. Conclusion

As a conclusion, since plants are open systems and do not exist in a vacuum, they are continu-
ously interacted with their biotic and non-biotic surroundings. Based on the literatures cited 
in the present chapter, a universal mechanism with respect to the accumulation behavior 
of flavonoid cannot be illustrated even the flavonoids commonly exhibit a tendency toward 
increase in response to the unfavorable conditions. Up to our best research, flavonoid accu-
mulation behavior varies depending on the developmental stage, species and even cultivars 
of the same species. It also exhibits different reaction to the different stressors.

Beyond physiological aspect for the plants for their survival mechanism, plants are also 
sources for other living organisms. The quality and then biological efficacy of the flavonoid 
containing crops are great issue for human beings. According to the literature cited herein, 
the fate of the flavonoids containing herbal products including bulbs, leaves, fruits etc is influ-
enced by the storage temperatures, storage time, modified storage conditions, cultivars, dif-
ferent parts and subunit parts of the plant, light and maturity.
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Beyond physiological aspect for the plants for their survival mechanism, plants are also 
sources for other living organisms. The quality and then biological efficacy of the flavonoid 
containing crops are great issue for human beings. According to the literature cited herein, 
the fate of the flavonoids containing herbal products including bulbs, leaves, fruits etc is influ-
enced by the storage temperatures, storage time, modified storage conditions, cultivars, dif-
ferent parts and subunit parts of the plant, light and maturity.

Author details

Hakan Cetinkaya1*, Muhittin Kulak2, Muhammet Karaman3, Halide Sedef Karaman4 and 
Ferudun Kocer5

*Address all correspondence to: hcetinkaya67@gmail.com

1 Department of Horticulture, Faculty of Agriculture, Kilis 7 Aralık University, Kilis, Turkey

2 Department of Biology, Faculty of Arts and Sciences, Kilis 7 Aralık University, Kilis, Turkey

3 Department of Chemistry, Faculty of Arts and Sciences, Kilis 7 Aralık University, Kilis, 
Turkey

4 Department of Chemistry, Faculty of Sciences, Ataturk University, Erzurum, Turkey

5 University-Industry-Public Collaboration, Development-Research and Application Centre, 
Kahramanmaraş Sütçü Imam University, K.Maraş, Turkey

References

[1] Randhir, R., Y.-T. Lin, and K. Shetty, Phenolics, their antioxidant and antimicrobial activ-
ity in dark germinated fenugreek sprouts in response to peptide and phytochemical 
elicitors. Asia Pac J Clin Nutr, 2004. 13: pp. 295-307.

Flavonoids - From Biosynthesis to Human Health160

[2] Hassan, M.A., et al., Effects of salt and water stress on plant growth and on accumulation 
of osmolytes and antioxidant compounds in cherry tomato. Not Bot Horti Agrobo 2015. 
43(1): pp. 1-11.

[3] Ross, J.A. and C.M. Kasum, Dietary flavonoids: bioavailability, metabolic effects, and 
safety. Annu Rev Nutr, 2002. 22: pp. 19-34.

[4] Huvaere, K. and L.H. Skibsted, Flavonoids protecting food and beverages against light. 
J Sci Food Agric, 2015. 95(1): pp. 20-35.

[5] Formica, J.V. and W. Regelson, Review of the biology of Quercetin and related bioflavo-
noids. Food Chem Toxicol, 1995. 33(12): pp. 1061-80.

[6] Cook, N.C. and S. Samman, Flavonoids—chemistry, metabolism, cardioprotective 
effects, and dietary sources. Nutr Biochem, 1996. 7: pp. 66-7.

[7] Hamrouni, I., H.B. Salah, and B. Marzouk, Effects of water-deficit on lipids of safflower 
aerial parts. Phytochemistry, 2001. 58(2): pp. 277-80.

[8] Ozkan, A. and M. Kulak, Effects of water stress on growth, oil yield, fatty acid composi-
tion and mineral content of Sesamum indicum. J Anim Plant Sci, 2013. 23: pp. 1686-90.

[9] Cetinkaya, H., M. Koc, and M. Kulak, Monitoring of mineral and polyphenol content in 
olive leaves under drought conditions: application chemometric techniques. Ind Crops 
Prod, 2016. 88: pp. 78-84.

[10] Yang, Y., et al., Influence of drought on oxidative stress and flavonoid production in cell 
suspension culture of Glycyrrhiza inflata Batal. Z Naturforsch C, 2007. 62(5-6): pp. 410-6.

[11] Halimeh, R., et al., Effect of drought interactions with ascorbate on some biochemical 
parameters and antioxidant enzymes activities in Dracocephalum moldavica L. Middle 
East J Sci Res, 2013. 13(4): pp. 522-531.

[12] Basahi, J.M., I.M. Ismail, and I.A. Hassan, Effects of enhanced UV-B radiation and 
drought stress on photosynthetic performance of lettuce (Lactuca sativa L. Romaine) 
Plants Annu Res Rev Biol, 2014. 4(11): pp. 1739-56.

[13] Márquez-García, B., M.Á. Fernández-Recamales, and F. Córdoba, Effects of cadmium 
on phenolic composition and antioxidant activities of Erica andevalensis. J Bot, 2012. 2012: 
pp. 1-6.

[14] Ahmed, H.R., et al., Soil contamination with heavy metals and its effect on growth, 
yield and physiological responses of vegetable Crop plants (turnip and lettuce). J Stress 
Physiol Biochem 2013. 9(4): pp. 145-62.

[15] Dudjak, J., et al., Effect of cadmium on flavonoid content in young barley (Hordeum sati-
vum L.) plants. Plant Soil Environ, 2005. 50(11): pp. 471-7.

[16] Chutipaijit, S., S. Cha-Um, and K. Sompornpailin, Differential accumulations of proline 
and flavonoids in indica rice varieties against salinity. Pak J Bot, 2009. 41(5): pp. 2497-506.

Flavonoid Accumulation Behavior in Response to the Abiotic Stress: Can a Uniform Mechanism Be Illustrated for All...
http://dx.doi.org/10.5772/68093

161



[17] Abdallah, S.B., et al., Salt stress (NaCl) affects plant growth and branch pathways of 
carotenoid and flavonoid biosyntheses in Solanum nigrum. Acta Physiol Plant, 2016. 
38(72): pp. 1-13.

[18] Rezazadeh, A., et al., Effect of salinity on phenolic composition and antioxidant activity 
of artichoke (Cynara scolymus L.) Res J Med Plants, 2012. 6(3): pp. 245-52.

[19] Spayd, S.E., et al., Separation of sunlight and temperature effects on the composition of 
Vitis vinifera cv. Merlot Berries. Am J Enol Vitic, 2002. 53: pp. 171-82.

[20] Tarara, J.M., et al., Berry temperature and solar radiation alter acylation, proportion, and 
concentration of anthocyanin in Merlot grapes. Am J Enol Vitic., 2008. 59: pp. 235-47.

[21] Yuan, Y., et al., High temperature effects on flavones accumulation and antioxidant sys-
tem in Scutellaria baicalensis Georgi cells. Afr J Biotechnol, 2011. 10(26): pp. 5182-92.

[22] Rajabbeigi, E., et al., Interaction of drought stress and UV-B radiation—impact on bio-
mass production and flavonoid metabolism in lettuce (Lactuca sativa L.). J Appl Bot Food 
Qual, 2013. 86(1): pp. 190-7.

[23] Hopkins, W. G., and N.P.A. Hüner, Introduction to plant physiology (No. Ed. 4). John 
Wiley and Sons, The University of Western Ontario, Hoboken, NJ, USA, 2009.

[24] Ring, L., et al., Metabolic interaction between anthocyanin and lignin biosynthesis is 
associated with peroxidase FaPRX27 in strawberry fruit. Plant Physiol, 2013. 163(1): pp. 
43-60.

[25] Almeida, J.R.M., E. D’Amico, A. Preuss, F. Carbone, C.H. de Vos, B. Deiml, F. Mourgues, 
G. Perrotta, T.C. Fischer, A.G. Bovy, et al., Characterization of major enzymes and genes 
involved in flavonoid and proanthocyanidin biosynthesis during fruit development in 
strawberry (Fragaria × ananassa). Arch Biochem Biophys, 2007. 465: pp. 61-71.

[26] Griesser, M., T. Hoffmann, M.L. Bellido, C. Rosati, B. Fink, R. Kurtzer, A. Aharoni, J. 
Muñoz-Blanco, and W. Schwab, Redirection of flavonoid biosynthesis through the 
down-regulation of an anthocyanidin glucosyltransferase in ripening strawberry fruit. 
Plant Physiol, 2007. 146: pp. 1528-39.

[27] Griesser, M., F. Vitzthum, B. Fink, M.L. Bellido, C. Raasch, J. Munoz-Blanco, and W. 
Schwab, Multi-substrate flavonol O-glucosyltransferases from strawberry (Fragaria × 
ananassa) achene and receptacle. J Exp Bot, 2008. 59: pp. 2611-25.

[28] Lunkenbein, S., M.L. Bellido, A. Aharoni, E.M.J. Salentijn, R. Kaldenhoff, H.A. 
Coiner, J. Muñoz-Blanco, and W. Schwab, Cinnamate metabolism in ripening fruit. 
Characterization of a UDP-glucose:cinnamate glucosyltransferase from strawberry. 
Plant Physiol, 2006. 140: pp. 1047-58.

[29] Lunkenbein, S., H. Coiner, C.H. de Vos, J.G. Schaart, M.J. Boone, F.A. Krens, W. Schwab, 
and E.M. Salentijn, Molecular characterization of a stable antisense chalcone synthase 
phenotype in strawberry (Fragaria × ananassa). J Agric Food Chem, 2006. 54: pp. 2145-53.

Flavonoids - From Biosynthesis to Human Health162



[17] Abdallah, S.B., et al., Salt stress (NaCl) affects plant growth and branch pathways of 
carotenoid and flavonoid biosyntheses in Solanum nigrum. Acta Physiol Plant, 2016. 
38(72): pp. 1-13.

[18] Rezazadeh, A., et al., Effect of salinity on phenolic composition and antioxidant activity 
of artichoke (Cynara scolymus L.) Res J Med Plants, 2012. 6(3): pp. 245-52.

[19] Spayd, S.E., et al., Separation of sunlight and temperature effects on the composition of 
Vitis vinifera cv. Merlot Berries. Am J Enol Vitic, 2002. 53: pp. 171-82.

[20] Tarara, J.M., et al., Berry temperature and solar radiation alter acylation, proportion, and 
concentration of anthocyanin in Merlot grapes. Am J Enol Vitic., 2008. 59: pp. 235-47.

[21] Yuan, Y., et al., High temperature effects on flavones accumulation and antioxidant sys-
tem in Scutellaria baicalensis Georgi cells. Afr J Biotechnol, 2011. 10(26): pp. 5182-92.

[22] Rajabbeigi, E., et al., Interaction of drought stress and UV-B radiation—impact on bio-
mass production and flavonoid metabolism in lettuce (Lactuca sativa L.). J Appl Bot Food 
Qual, 2013. 86(1): pp. 190-7.

[23] Hopkins, W. G., and N.P.A. Hüner, Introduction to plant physiology (No. Ed. 4). John 
Wiley and Sons, The University of Western Ontario, Hoboken, NJ, USA, 2009.

[24] Ring, L., et al., Metabolic interaction between anthocyanin and lignin biosynthesis is 
associated with peroxidase FaPRX27 in strawberry fruit. Plant Physiol, 2013. 163(1): pp. 
43-60.

[25] Almeida, J.R.M., E. D’Amico, A. Preuss, F. Carbone, C.H. de Vos, B. Deiml, F. Mourgues, 
G. Perrotta, T.C. Fischer, A.G. Bovy, et al., Characterization of major enzymes and genes 
involved in flavonoid and proanthocyanidin biosynthesis during fruit development in 
strawberry (Fragaria × ananassa). Arch Biochem Biophys, 2007. 465: pp. 61-71.

[26] Griesser, M., T. Hoffmann, M.L. Bellido, C. Rosati, B. Fink, R. Kurtzer, A. Aharoni, J. 
Muñoz-Blanco, and W. Schwab, Redirection of flavonoid biosynthesis through the 
down-regulation of an anthocyanidin glucosyltransferase in ripening strawberry fruit. 
Plant Physiol, 2007. 146: pp. 1528-39.

[27] Griesser, M., F. Vitzthum, B. Fink, M.L. Bellido, C. Raasch, J. Munoz-Blanco, and W. 
Schwab, Multi-substrate flavonol O-glucosyltransferases from strawberry (Fragaria × 
ananassa) achene and receptacle. J Exp Bot, 2008. 59: pp. 2611-25.

[28] Lunkenbein, S., M.L. Bellido, A. Aharoni, E.M.J. Salentijn, R. Kaldenhoff, H.A. 
Coiner, J. Muñoz-Blanco, and W. Schwab, Cinnamate metabolism in ripening fruit. 
Characterization of a UDP-glucose:cinnamate glucosyltransferase from strawberry. 
Plant Physiol, 2006. 140: pp. 1047-58.

[29] Lunkenbein, S., H. Coiner, C.H. de Vos, J.G. Schaart, M.J. Boone, F.A. Krens, W. Schwab, 
and E.M. Salentijn, Molecular characterization of a stable antisense chalcone synthase 
phenotype in strawberry (Fragaria × ananassa). J Agric Food Chem, 2006. 54: pp. 2145-53.

Flavonoids - From Biosynthesis to Human Health162

[30] Schwab, W., T. Hoffmann, G. Kalinowski, and A. Preuß, Functional genomics in strawberry 
fruit through RNAi-mediated silencing. Genes Genomes Genomics, 2011. 5: pp. 91-101.

[31] Seyed, Y., S. Lisar, R. Motafakkerazad, M.M. Hossain, and I.M.M. Rahman. Water Stress 
in Plants: Causes, Effects and Responses, Water Stress, Prof. Ismail Md. Mofizur Rahman 
(Ed.), InTech: Rijeka, Croatia, 2012, doi: 10.5772/39363. Available from: http://www.inte-
chopen.com/books/water-stress/water-stress-in-plants-causes-effects-and-responses

[32] Bryant, J.P., F.S.I. Chapin, and D.R. Klein, Carbon/nutrient balance of boreal plants in 
relation to vertebrate herbivory. Oikos 1983; 40: pp. 357-68.

[33] Winkel-Shirley, B. Flavonoid biosynthesis, A colorful model for genetics, biochemis-
try, cell biology and biotechnology. Plant Physiol 2001; 26: pp. 485-93; PMID: 11402179; 
doi:10.1104/pp.126.2.485

[34] Akula, R., and G.A. Ravishankar, Influence of abiotic stress signals on secondary metab-
olites in plants. Plant Signal Behav, 2011. 6(11), pp. 1720-31.

[35] Winkel-Shirley, B., Flavonoid biosynthesis. A colorful model for genetics, biochemistry, 
cell biology, and biotechnology. Plant Physiol, 2001. 126(2): pp. 485-93.

[36] Treml, J. and K. Smejkal, Flavonoids as potent scavengers of hydroxyl radicals. Comp 
Rev Food Sci Food Saf, 2016. 15(4): pp. 720-38.

[37] Prochazkova, D., I. Bousova, and N. Wilhelmova, Antioxidant and prooxidant proper-
ties of flavonoids. Fitoterapia, 2011. 82(4): pp. 513-23.

[38] Pietta, P.G., Flavonoids as antioxidants. J Nat Prod, 2000. 63(7): pp. 1035-42.

[39] Amic, D., et al., Structure-radical scavenging activity relationships of flavonoids. Croat 
Chem Acta, 2003. 76(1): pp. 55-61.

[40] Jordan, B.R., Molecular response of plant cells to UV-B stress. Funct Plant Biol, 2002. 
29(8): pp. 909-16.

[41] Jansen, M.A.K., V. Gaba, and B.M. Greenberg, Higher plants and UV-B radiation: 
Balancing damage, repair and acclimation. Trends Plant Sci, 1998. 3(4): pp. 131-5.

[42] Hu, Z.B., T. Cools, and L. De Veylder, Mechanisms used by plants to cope with DNA 
damage. Annu Rev Plant Biol, 2016. 67: pp. 439-62.

[43] Britt, A.B., Repair of DNA damage induced by solar UV. Photosynth Res, 2004. 81(2): 
pp. 105-12.

[44] Frohnmeyer, H. and D. Staiger, Ultraviolet-B radiation-mediated responses in plants. 
Balancing damage and protection. Plant Physiol, 2003. 133(4): pp. 1420-8.

[45] Li, Z., et al., Sensing and responding to excess light. Annu Rev Plant Biol, 2009. 60: pp. 
239-60.

[46] Heijde, M. and R. Ulm, UV-B photoreceptor-mediated signalling in plants. Trends Plant 
Sci, 2012. 17(4): pp. 230-7.

Flavonoid Accumulation Behavior in Response to the Abiotic Stress: Can a Uniform Mechanism Be Illustrated for All...
http://dx.doi.org/10.5772/68093

163



[47] Brown, B.A., et al., A UV-B-specific signaling component orchestrates plant UV protec-
tion. Proc Natl Acad Sci U S A, 2005. 102(50): pp. 18225-30.

[48] Winkel-Shirley, B., Flavonoid biosynthesis. A colorful model for genetics, biochemistry, 
cell biology, and biotechnology. Plant Physiol, 2001. 126(2): pp. 485-93.

[49] Dao, T.T.H., H.J.M. Linthorst, and R. Verpoorte, Chalcone synthase and its functions in 
plant resistance. Phytochem Rev, 2011. 10(3): pp. 397-412.

[50] Favory, J.J., et al., Interaction of COP1 and UVR8 regulates UV-B-induced photomor-
phogenesis and stress acclimation in Arabidopsis. EMBO J, 2009. 28(5): pp. 591-601.

[51] Endt, D.V., J.W. Kijne, and J. Memelink, Transcription factors controlling plant second-
ary metabolism: what regulates the regulators? Phytochemistry, 2002. 61(2): pp. 107-14.

[52] Ang, L.H., et al., Molecular interaction between COP1 and HY5 defines a regulatory 
switch for light control of Arabidopsis development. Mol Cell, 1998. 1(2): pp. 213-22.

[53] Greenberg, B.M., et al., Morphological and physiological responses of Brassica napus to 
ultraviolet-B radiation: photomodification of ribulose-1,5-bisphosphate carboxylase/
oxygenase and potential acclimation processes. J Plant Physiol, 1996. 148(1-2): pp. 78-85.

[54] Li, J.Y., et al., Arabidopsis flavonoid mutants are hypersensitive to Uv-B irradiation. 
Plant Cell, 1993. 5(2): pp. 171-9.

[55] Sisa, M., et al., Photochemistry of flavonoids. Molecules, 2010. 15(8): pp. 5196-245.

[56] Treutter, D., Significance of flavonoids in plant resistance: a review. Environ Chem Lett, 
2006. 4(3): pp. 147-57.

[57] Law, Y.K., et al., Sequence-dependent thymine dimer formation and photoreversal rates 
in double-stranded DNA. Photochem Photobiol Sci, 2013. 12(8): pp. 1431-9.

[58] Song, J., M.G. Kemp, and J.H. Choi, Detection of the excised, damage-containing oligo-
nucleotide products of nucleotide excision repair in human cells. Photochem Photobiol, 
2016 93: pp. 192-198.

[59] Sancar, A., Photolyase and cryptochrome blue-light photoreceptors. Adv Protein Chem, 
2004. 69: pp. 73-100.

[60] Canturk, F., et al., Nucleotide excision repair by dual incisions in plants. FEBS J, 2016. 
283: p. 18.

[61] Li, N., et al., UV-B-induced CPD photolyase gene expression is regulated by UVR8-
dependent and -independent pathways in Arabidopsis. Plant Cell Physiol, 2015. 56(10): 
pp. 2014-23.

[62] Brown, B.A. and G.I. Jenkins, UV-B signaling pathways with different fluence-rate 
response profiles are distinguished in mature Arabidopsis leaf tissue by requirement for 
UVR8, HY5, and HYH. Plant Physiol, 2008. 146(2): pp. 576-88.

[63] Sancar, A., Mechanisms of DNA repair by photolyase and excision nuclease (Nobel 
Lecture). Angew Chem Int Ed, 2016. 55(30): pp. 8502-27.

Flavonoids - From Biosynthesis to Human Health164



[47] Brown, B.A., et al., A UV-B-specific signaling component orchestrates plant UV protec-
tion. Proc Natl Acad Sci U S A, 2005. 102(50): pp. 18225-30.

[48] Winkel-Shirley, B., Flavonoid biosynthesis. A colorful model for genetics, biochemistry, 
cell biology, and biotechnology. Plant Physiol, 2001. 126(2): pp. 485-93.

[49] Dao, T.T.H., H.J.M. Linthorst, and R. Verpoorte, Chalcone synthase and its functions in 
plant resistance. Phytochem Rev, 2011. 10(3): pp. 397-412.

[50] Favory, J.J., et al., Interaction of COP1 and UVR8 regulates UV-B-induced photomor-
phogenesis and stress acclimation in Arabidopsis. EMBO J, 2009. 28(5): pp. 591-601.

[51] Endt, D.V., J.W. Kijne, and J. Memelink, Transcription factors controlling plant second-
ary metabolism: what regulates the regulators? Phytochemistry, 2002. 61(2): pp. 107-14.

[52] Ang, L.H., et al., Molecular interaction between COP1 and HY5 defines a regulatory 
switch for light control of Arabidopsis development. Mol Cell, 1998. 1(2): pp. 213-22.

[53] Greenberg, B.M., et al., Morphological and physiological responses of Brassica napus to 
ultraviolet-B radiation: photomodification of ribulose-1,5-bisphosphate carboxylase/
oxygenase and potential acclimation processes. J Plant Physiol, 1996. 148(1-2): pp. 78-85.

[54] Li, J.Y., et al., Arabidopsis flavonoid mutants are hypersensitive to Uv-B irradiation. 
Plant Cell, 1993. 5(2): pp. 171-9.

[55] Sisa, M., et al., Photochemistry of flavonoids. Molecules, 2010. 15(8): pp. 5196-245.

[56] Treutter, D., Significance of flavonoids in plant resistance: a review. Environ Chem Lett, 
2006. 4(3): pp. 147-57.

[57] Law, Y.K., et al., Sequence-dependent thymine dimer formation and photoreversal rates 
in double-stranded DNA. Photochem Photobiol Sci, 2013. 12(8): pp. 1431-9.

[58] Song, J., M.G. Kemp, and J.H. Choi, Detection of the excised, damage-containing oligo-
nucleotide products of nucleotide excision repair in human cells. Photochem Photobiol, 
2016 93: pp. 192-198.

[59] Sancar, A., Photolyase and cryptochrome blue-light photoreceptors. Adv Protein Chem, 
2004. 69: pp. 73-100.

[60] Canturk, F., et al., Nucleotide excision repair by dual incisions in plants. FEBS J, 2016. 
283: p. 18.

[61] Li, N., et al., UV-B-induced CPD photolyase gene expression is regulated by UVR8-
dependent and -independent pathways in Arabidopsis. Plant Cell Physiol, 2015. 56(10): 
pp. 2014-23.

[62] Brown, B.A. and G.I. Jenkins, UV-B signaling pathways with different fluence-rate 
response profiles are distinguished in mature Arabidopsis leaf tissue by requirement for 
UVR8, HY5, and HYH. Plant Physiol, 2008. 146(2): pp. 576-88.

[63] Sancar, A., Mechanisms of DNA repair by photolyase and excision nuclease (Nobel 
Lecture). Angew Chem Int Ed, 2016. 55(30): pp. 8502-27.

Flavonoids - From Biosynthesis to Human Health164

[64] Pudzianowska, M., M. Gajewski, J.L. Przybył, A. Buraczyńska, O. Gaczkowska, M. 
Matuszczak, and M. Dziechciarska. Influence of storage conditions on flavonoids con-
tent and antioxidant activity of selected shallot (Allium cepa var. ascalonicum Backer) 
hybrid cultivars. Veg Crops Res Bull, 2012. 77: pp. 101-11.

[65] El-Rayes, D.A., Effect of carbon dioxide-enriched atmosphere during cold storage on 
limiting antioxidant losses and maintaining quality of ‘Barhy’ date fruits. J Meteorol 
Environ Arid Land Agric Sci, 2009. 20(1): pp. 3-22.

[66] Raya, K.B., S.H. Ahmad, S.F. Farhana, M. Mohammad, N.E. Tajidin, and A. Parvez, 
Changes in phytochemical contents in different parts of Clinacanthus nutans (Burm. f.) 
lindau due to storage duration. Bragantia, 2005. 74(4), pp. 445-52.

[67] Zhang, W.E., C.L. Wang, B.B. Shi, and X.J. Pan, Effect of storage temperature and time 
on the nutritional quality of walnut male inflorescences. J Food Drug Anal, 2016. http://
dx.doi.org/10.1016/j.jfda.2016.05.010

[68] Cordenunsi, B.R., M.I. Genovese, J.R.O. do Nascimento, N.M.A. Hassimotto, R.J. dos 
Santos, and F.M. Lajolo, Effects of temperature on the chemical composition and antioxi-
dant activity of three strawberry cultivars. Food Chem, 2005. 91(1), pp. 113-21.

[69] Wang, S.Y., C.T. Chen, and C.Y. Wang, The influence of light and maturity on fruit qual-
ity and flavonoid content of red raspberries. Food Chem, 2009. 112(3), pp. 676-84.

[70] Lachman, J., D. Pronek, A. Hejtmánková, J. Dudjak, V. Pivec, and K. Faitová, Total poly-
phenol and main flavonoid antioxidants in different onion (Allium cepa L.) varieties. 
Hortic Sci, 2003. 30(4), pp. 142-7.

[71] Azizuddin, A. Qadeer, and S. Ghafoor, Effects of postharvest storage conditions on 
physico-chemical analysis and antioxidant capacity of Brassica rapa L. Bangladesh J Bot, 
2016. 45(1), pp. 85-92.

[72] Thanajiruschaya, P., W. Doksaku, P. Rattanachaisit, and J. Kongkiattikajorn, Effect of 
storage time and temperature on antioxidant components and properties of milled rice. 
KKU Res J, 2010. 15(9), pp. 843-51.

[73] Mrmošanin, J.M., A.N. Pavlović, J.N. Veljković, S.S. Mitić, S.B. Tošić, and M.N. Mitić, 
Effect of storage temperature and thermal processing on catechins, procyanidins and 
total flavonoids stability in commercially available cocoa powders. Facta Universitatis, 
Series Physics, Chemistry and Technology, 2014. 13(1), pp. 39-49.

[74] Sentandreu, E., J.L. Navarro, and J.M. Sendra, Effect of technological processes and 
storage on flavonoids content and total, cumulative fast–kinetics and cumulative slow-
kinetics antiradical activities of citrus juices. Eur Food Res Technol, 2007. 225(5-6), p. 905.

[75] Matthes, A., and M. Schmitz-Eiberger Polyphenol content and antioxidant capacity of 
apple fruit: effect of cultivar and storage conditions. J Appl Bot Food Qual, 2012. 82(2), 
pp. 152-57.

Flavonoid Accumulation Behavior in Response to the Abiotic Stress: Can a Uniform Mechanism Be Illustrated for All...
http://dx.doi.org/10.5772/68093

165





Chapter 9

Biosynthesis and Biomimetic Synthesis of Flavonoid

Diels-Alder Natural Products

Shah Bakhtiar Nasir, Jia Ti Tee,
Noorsaadah Abd Rahman and Chin Fei Chee

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68781

Abstract

This chapter describes the biosynthesis and biomimetic synthesis of naturally occurring 
flavonoid Diels‐Alder adducts found either from the family Moraceae or Zingiberaceae. 
The main topics addressed are biosynthetic studies by employing Morus alba L. cell 
 cultures through feeding experiments of various exogenous substrates and putative 
 precursors, as well as a various biomimetic approach for the chemical syntheses of 
 flavonoid Diels‐Alder natural products.

Keywords: biomimetic, flavonoid, Diels‐Alder, Cycloaddition, biosynthesis

1. Introduction

The flavonoid Diels‐Alder natural products are mainly found from the families of Moraceae 
and Zingiberaceae. Since the majority of these compounds are discovered from the Moraceae, 
they are often referred as mulberry Diels‐Alder flavonoids or mulberry Diels‐Alder type 
adducts. These secondary metabolites exhibit promising biological activities against 
 hypertension, HIV, tuberculosis, anti‐inflammation and cancers [1–7]. Thus far, more than 
140 of these Diels‐Alder type flavonoids have been discovered from nature (Figure 1). The 
 structural complexity and promising bioactivities of these flavonoid Diels‐Alder natural 
products have stimulated research interest into their biosynthesis and chemical synthesis.

The Diels‐Alder type flavonoids are considered to be formed through an enzymatic Diels‐Alder 
reaction between a dehydroprenyl diene and a chalcone dienophile (Scheme 1) [8]. The diene 
is usually derived from a flavonoid, such as flavone, flavanone, flavonol, flavanonol, or from a 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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monoterpene, such as myrcene and β‐trans‐ocimene. The dienophile of this class of Diels‐Alder 
compounds is exclusively derived from a chalcone derivative. Subsequent oxidation and cycli‐
zation steps of these flavonoid Diels‐Alder adducts can result in more complex structures. The 
Diels‐Alder adducts bearing the cis‐trans stereochemistry on the cyclohexenyl ring would be 
derived through an endo transition state (12), whereas the trans‐trans stereochemistry arises 

Figure 1. Examples of flavonoid Diels‐Alder natural products.

Scheme 1. Stereochemistry on the cyclohexene ring of flavonoid Diels‐Alder natural products.
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from the exo transition state (13) (Scheme 1) [8]. The stereochemistry of these adducts, includ‐
ing the absolute configuration on the cyclohexene ring, has been explicitly confirmed by circu‐
lar dichroism (CD) spectroscopic evidence [9] and X‐ray crystallographic analysis [10, 11]. The 
unique structural features and diverse activities of these adducts have recently aroused much 
interest of synthetic and medicinal chemistry. The main topics addressed in this chapter are 
biosynthesis and biomimetic synthesis of flavonoid Diels‐Alder natural products and about 40 
references are cited. As the flavonoid Diels‐Alder natural products are composed of a diverse 
family of secondary metabolites, other subclasses where the dienophile is not a chalcone (e.g. 
mongolicin B, ‐E, sanggenon B, ‐R, ‐S, dimoracin, mulberrofuran H, meroterpene, pauferrol A 
derivatives, etc) are not covered in this chapter.

2. Biosynthesis of the flavonoid Diels‐Alder natural products

Although the biosynthesis of the flavonoid Diels‐Alder natural products that derived from 
a monoterpene is not well‐studied [12, 35], it is hypothesized that a Diels‐Alder reaction 
between a chalcone dienophile and a monoterpene (β‐trans‐ocimene or myrcene) would lead 
to the direct formation of these adducts (Figure 2).

The biosynthesis of the mulberry Diels‐Alder flavonoids has been intensively studied by 
Professors Taro Nomura and Shinichi Ueda. The biosynthetic studies of these adducts were 
carried out in the callus tissues of Morus alba L [13]. In their pioneering studies, the callus 
tissues induced from the leaves or seedlings were cultivated and subjected to selection over 
a period of 9 years for cell strains with high‐pigment productivity [14]. Extraction of these 
high pigmented cell cultures resulted in isolation of six Diels‐Alder adducts, kuwanons J (1), 
Q (23), R (24), V (25), mulberrofuran E (26), and chalcomoracin (27) along with morachalcone 
A (28), isobavachalcone (29), and moracin C (30) (Figure 3) [15–18].

The structures of metabolites 1, 23−27 suggested that they are either the Diels‐Alder adducts 
from a prenylchalcone and a dehydroprenylchalcone or the Diels‐Alder adducts from a pre‐
nylchalcone and a dehydroprenyl‐2‐arylbenzofuran. Nomura and co‐workers hypothesized 
that kuwanon J (1) was an adduct of morachalcone A (28) and dehydroprenylmorachalcone 
A. Kuwanon Q (23) was an adduct of isobavachalcone (29) and dehydroprenylmorachalcone 

Figure 2. Plausible biosynthesis of flavonoid Diels‐Alder natural products that derived from a monoterpene.
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A. Kuwanon R (24) was an adduct of morachalcone A (28) and dehydroprenylisobavachal‐
cone. Kuwanon V (25) was an adduct of isobavachalcone (29) and dehydroprenylisobavachal‐
cone. Chalcomoracin (27) was an adduct of morachalcone A (28) and dehydroprenylmoracin 
C. Mulberrofuran E (26) was an adduct of isobavachalcone (29) and dehydroprenylmoracin C. 
It is interesting that these Diels‐Alder metabolites and their monomeric precursors (morachal‐
cone A, isobavachalcone and moracin C) were isolated from M. alba cell cultures. In addition, 
the callus tissue can produce 100 times more mulberrofuran E and chalcomoracin than the 
intact plant [15–17]. The biosynthetic studies of these Diels‐Alder adducts were further exam‐
ined through feeding experiments of various exogenous substrates and putative precursors 
to the M. alba cell cultures.

2.1. Feeding experiments with 13C‐labeled acetate to the Morus alba cell cultures

Acetate is an important carbon source for biosynthesis studies in M. alba cell cultures. Feeding 
experiments of [1–13C]‐, [2–13C]‐, or [1, 2–13C2]‐acetates to the M. alba cell cultures resulted in 
the highly 13C‐enriched aromatic carbons of chalcomoracin (27) and kuwanon J (1), indicat‐
ing that both 27 and 1 are derived from two molecules of cinnamoylpolyketide precursors 
(Figure 4) [19]. From the labeling patterns, the chalcone moiety (34) of both chalcomoracin 
(27) and kuwanon J (1) is hypothesized to be derived via deoxygenation at C‐5 of the cinnam‐
oylpolyketide precursor 31, followed by Claisen condensation and aromatization (Figure 5) 
[20]. The 2‐arylbenzofuran moiety (36) of 27 and 1 is hypothesized to be derived by the Aldol 
condensation at C‐3 and C‐8 of the cinnamoylpolyketide precursor 32, followed by decarbox‐
ylation and aromatization (Figure 5) [19].

Figure 3. Metabolites isolated from the Morus alba cell cultures [15–18].
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However, unlike the aromatic carbons, the isoprene units of chalcomoracin were marginally 
labeled (∼0.4% enrichment) [19]. On the basis of 13C–13C spin coupling in the 13C‐NMR spec‐
trum, the labeling of [2–13C] acetate was incorporated into the starter acetate carbons in the 
biosynthesis of the isoprene unit of chalcomoracin (27). On the contrary, the [1–13C] acetate was 
not incorporated in the isoprene unit of chalcomoracin (27) [19]. These findings suggested that 
a tricarboxylic acid (TCA) cycle was involved in the biosynthesis of the isoprenyl unit of chalco‐
moracin [8]. The rational of this hypothesis was derived from the 13C‐labeling experiments. In 
the experiment with [2–13C] acetate, the contiguous 13C labels can be derived from the methyl 
groups of the intact acetate administered by way of at least two passages through the TCA cycle 

Figure 4. 13C‐labeling patterns of Kuwanon J and chalcomoracin from [1‐13C]‐, [2‐13C]‐, or [1, 2‐13C2]acetate [19].

Figure 5. Hypothesized conversion of the chalcone and 2‐arylbenzofuran moieties from cinnamoylpolyketide 
precursor [19].
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[19]. In the experiment with [1–13C] acetate, the 13C label was not found in the isoprenyl unit, pre‐
sumably due to the removal of carbon dioxide during passage through the TCA cycle (Figure 6).

This hypothesis was reinforced by the feeding experiment with [2–13C] acetate in a pulsed man‐
ner (three times, every 12 h) to the M. alba cell cultures [21]. The result from this experiment 
enabled the identification of the satellite peaks based on the 13C–13C spin coupling between 
carbons at C‐25’’ and C23’’, C‐7’’ and C‐1’’, C‐23’’ and C‐24’’ as well as C‐6’’ and C‐1’’ of chal‐
comoracin. The 13C‐enrichment at C‐7’’ and C‐25’’ occurred after the first and third [2–13C] 
acetate administrations but not at the second administration suggested the isomerization 
between the 3,3‐dimethylallyl and 3‐methylbutadienyl groups (Figure 7) [8]. The coupling 
patterns of the central carbons (C‐1’’ and C‐23’’) appeared as doublet signal instead of the 
doublet of doublet signal indicated that these central carbons are independently coupled with 
the adjacent methyl carbons. Nomura et al. hypothesized that the independent 13C‐ labeling 
pattern at the isoprenyl unit might due to the transfer of 13C‐labeling from cis‐methyl to trans‐
methyl through the diene formation (Figure 7) [8, 21]. Taken together, these findings gave 
conclusive evidence on the diene formation from the isoprenyl moiety for the Diels‐Alder 
cycloaddition reaction. Thus, the feeding experiment with 13C‐labeled acetate revealed that 
the Diels‐Alder adducts chalcomoracin and kuwanon J are biosynthesized through the [4 + 2] 
cycloaddition reaction between two cinnamoylpolyketide‐derived molecules [8].

2.2. Feeding experiments with methoxychalcone and prenylated flavone precursors

Based on the fact that methoxychalcone or methoxy‐substituted Diels‐Alder adducts have 
not been found in the M. alba cell cultures, therefore involvement of these precursors in the 
construction of the Diels‐Alder adducts would be an important evidence for the enzymatic 
intermolecular Diels‐Alder reaction in M. alba cell cultures.

Indeed, feeding methoxychalcone 37 to the cell cultures yielded prenylchalcone 38 and 
Diels‐Alder adducts 40−43 (Figure 8) [22]. The formation of the prenylchalcone 38 from 
methoxychalcone 37 in the cell cultures indicated that isoprenylation occurs after the forma‐
tion of chalcone skeleton from cinnamoylpolyketide precursor.

Figure 6. Formation of reorganized [1, 2‐13C2]acetate through the TCA cycle [19].
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The metabolites 40−43 revealed that the methoxychalcone 37 was incorporated into the  Diels‐Alder 
adducts. Interestingly, when the synthetic prenylchalcone 38 was fed to the cell  cultures, the 
same Diels‐Alder metabolites 40−43 were isolated. Similarly, the feeding  experiment of trime‐
thoxychalcone 39 afforded the Diels‐Alder metabolite 44 [22]. Taken together, these results 
suggested that both the requisite diene and dienophile can be derived from the same chal‐
cone precursor. For example, dehydrogenation of the prenyl unit of chalcone 38, followed by 

Figure 7. Two independent 13C‐labeling patterns at the isoprenyl units of chalcomoracin and the transfer of the 13C‐
labeling from cis‐methyl carbon to trans‐methyl carbon through the diene formation [8, 19].

Figure 8. Feeding experiments of methoxychalcone derivatives to the M. alba cell cultures [22].
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intermolecular [4 + 2] cycloaddition reaction with the α, β‐double bond of another chalcone 38 
leads to the formation of the Diels‐Alder adduct 42 (Figure 8).

In addition, all these Diels‐Alder metabolites derived from the methoxychalcone precursors 
were optically active and have the same stereochemistry as that of chalcomoracin (27) and 
kuwanon J (1). The results based on the feeding experiments of methoxychalcone derivatives 
revealed that the [4 + 2] cycloaddition reaction in the M. alba cell cultures is an enzymatic process.

Nomura et al. further attempted the synthesis of Diels‐Alder natural product, artonin I (46) 
by using M. alba cell cultures (Figure 9) [23]. Although it is theoretically possible that arto‐
nin I could be derived from a chalcone dienophile (morachalcone A 28) and a prenylfla‐
vone diene (45), but precursor of 45 (artocarpesin 47) has not been found in M. alba cell 
cultures. Indeed, feeding 47 to the M. alba cell cultures resulted in the isolation of artonin I 
(46) through dehydrogenation of the prenyl group of 47 followed by the enzymatic [4 + 2] 
cycloaddition reaction with an endogenously generated morachalcone A 28. This is the first 
example of a natural product’s structure elucidation through enzymatic synthesis by using 
M. alba cell cultures [8].

3. Biomimetic synthesis of the flavonoid Diels‐Alder natural products

The Diels‐Alder cycloaddition reaction which named after Otto Paul Hermann (1876–1954) 
and Kurt Alder (1902–1958) was discovered during their studies on the reaction of benzoqui‐
none and cyclopentadiene in 1928. Today, this cycloaddition reaction is a well‐known method 
that is widely used to synthesize a six‐membered cyclic compound in a regio‐ and stereocon‐
trolled way. The following section discusses the use of this powerful synthetic methodology 
to prepare flavonoid Diels‐Alder natural products based on the biosynthesis models.

3.1. Thermal conditions

During the early studies of the Diels‐Alder cycloaddition reaction, the reaction was essen‐
tially carried out under thermal conditions owing to the simplicity of the experimental setup 

Figure 9. Biosynthesis of artonin I by administration of artocarpesin to the M. alba cell cultures [23].
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and the efficiency of the thermal process. Today, thermal promoted Diels‐Alder cycloaddition 
reaction remains the first line approach for the construction of a six‐membered cyclic com‐
pound, including that of flavonoid Diels‐Alder natural products [24–30].

In 2010, Rizzacasa and co‐workers reported the synthesis of racemic methyl ether derivatives 
of chalcomoracin, mongolicin F, mulberrofurans C and J via thermal Diels‐Alder reaction 
(180°C in toluene) between chalcone dienophiles (39 and 49) and a dehydroprenyl‐2‐aryl‐
benzofuran diene (48) (Scheme 2). The thermal Diels‐Alder reaction resulted in a mixture of 
endo‐ and exo‐diastereomers in almost equal quantity [24].

Rizzacasa and co‐workers also reported a similar strategy for the synthesis of (±)‐kuwanon 
I and J hexamethyl ethers. They hypothesized that the presence of an ortho‐phenol group in 
the chalcone dienophile was essential for the Diels‐Alder cycloaddition reaction. However, 
attempts to deprotect the methyl ethers of these Diels‐Alder adducts using various demethyl‐
ating agents were unsuccessful [25].

Rahman and co‐workers utilized the thermal‐promoted Diels‐Alder reaction to synthesize 
(±)‐dorsterone, (±)‐kuwanon V and (±)‐morusalbanol A pentamethyl ethers based on the bio‐
synthesis models [27, 29, 30].

3.2. High pressure conditions

Although the thermal‐promoted Diels‐Alder reaction provides a rapid entry to flavonoid 
Diels‐Alder adducts, this method may not be successful due to the instability of the diene 
or dienophile under a high‐temperature condition. This limitation can be overcame using a 
high‐pressure system for the Diels‐Alder reaction.

Scheme 2. Synthesis of (±)‐mulberrofuran J (50), (±)‐mulberrofuran C (51), (±)‐mongolicin F (52), and (±)‐chalcomoracin 
(53) hexamethyl ethers by thermal Diels‐Alder reaction [24].
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In 2013, Mcleod and co‐workers utilized this strategy to synthesize (±)‐panduratin A (4) and 
(±)‐4‐hydroxypanduratin A (58) [31]. Instead of late‐stage Diels‐Alder cycloaddition to synthe‐
size the cyclohexenyl core of 4 and 58, they initiated the biomimetic Diels‐Alder reaction in an 
early stage by using methyl cinnamate (54) and β‐trans‐ocimene (20) (Scheme 3). High‐pressure 
Diels‐Alder reaction between 54 and 20 in dichloromethane at 19 kbar at room temperature 
gave a mixture of (±)‐panduratin I (56) and (±)‐panduratin H (57) in 1:2.9 ratio in 93% yield after 
3 days. Subsequent transformations of panduratin H 57 afforded the natural products (±)‐pan‐
duratin A and (±)‐4‐hydroxypanduratin A in three more further steps.

3.3. Single electron transfer initiated Diels‐Alder reaction

In 1960 when Yates and Eaton first reported the acceleration of the Diels‐Alder reaction by Lewis 
acid catalysts, a variety of Lewis acid catalysts have been developed to accelerate the reaction [32].

Porco and co‐workers developed a Lewis acid catalyst system that composed of multiple com‐
ponents (CoI2/o‐phenanthroline/ZnI2/Bu4NBH4) for the [4 + 2]‐cycloaddition reaction between 
2′‐hydroxychalcone dienophiles and various simple dienes [33]. They hypothesized that the 
mechanism of this catalytic system was a single electron transfer initiated process (Scheme 4).

According to their report, the role of CoI2and Bu4NBH4was hypothesized to be an elec‐
tron donor [33]. As outlined in Scheme 4, coordination of ZnI2 activated the carbonyl of 
2′‐hydroxychalcone 59 to form complex 62. In the presence of electron donors, complex 62 
may undergo metal‐ion‐promoted single electron transfer to generate a chalcone radical 
anion 63. The regioselective addition of 63 to the diene should generate a stabilized, allylic 
radical 64 which may undergo ring‐closing cyclization to produce ketyl intermediate 65. 
Loss of ZnI2 from 65 and subsequent single electron transfer to another complex 62 may 

Scheme 3. Biomimetic synthesis of (±)‐panduratin A and (±)‐4‐hydroxypanduratin A by using high pressure conditions 
[31].
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afford cycloadduct 61, thereby restarting the catalytic cycle [33]. Following this mechanistic 
studies, Porco et al. further established the total synthesis of (±)‐nicolaioidesin C (9) by using 
myrcene as a diene (Scheme 5) [33].

Rahman and co‐workers used the thermal‐promoted as well as single‐electron‐ transfer‐ initiated 
Diels‐Alder reaction to compare the efficiency of the biomimetic synthesis of (±)‐kuwanon V 
(71) and (±)‐doresterone (70) methyl ethers [27]. Thermal Diels‐Alder cycloaddition between 
dienophile 69 and diene 68 in a pressure tube at 160°C for 18 h afforded 70 (exo‐adduct) and 
71 (endo‐adduct) in 55% yield in a 1.5:1 ratio (Scheme 6). A comparable result (48% yield, 1.7:1 
ratio) was obtained by using the single electron transfer initiated Diels‐Alder reaction (ZnI2, 
Bu4NBH4, CoI2, 1, 10‐phenanthroline in 60:10:10:10 mol%).

Recently, Valentina et al. reported the synthesis of (±)‐kuwanol E and the heptamethyl ether 
derivative of (±)‐kuwanol Y by using a combination of thermal conditions and Lewis acid 

Scheme 5. Biomimetic synthesis of (±)‐nicolaioidesin C (9) [33].

Scheme 4. Proposed mechanism for an electron transfer‐initiated Diels‐Alder cycloaddition reaction [33].
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catalyst [34]. The key synthetic step involved a borane tetrahydrofuran mediated biomimetic 
intermolecular Diels‐Alder cycloaddition reaction. It is noteworthy that the endo/exo diastere‐
oselectivity of the reaction was proven to be temperature‐controlled.

3.4. Chiral ligand‐Brønsted acid catalysis

The first asymmetric synthesis of flavonoid Diels‐Alder natural products was reported by 
Palomo and co‐workers in 2010 (Scheme 7). They employed a recoverable chiral auxiliary 
((1 R)‐(+)‐camphor) in the asymmetric synthesis of nicolaioidesin C (9) [35]. First, the bio‐
mimetic Diels‐Alder reaction between myrcene 18 and α′‐hydroxy enone dienophile 72 was 

Scheme 7. Asymmetric biomimetic synthesis of (‐)‐nicolaioidesin C (9) [35].

Scheme 6. Biomimetic synthesis of (±)‐dorsterone and (±)‐kuwanon V pentamethyl ethers [27].
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catalyzed by triflic acid at ‐78°C in dichloromethane to afford an enantiomeric enriched inter‐
mediate 73 in 85% yield. Subsequent transformation of the intermediate 73 in five further 
steps afforded (‐)‐nicolaioidesin C (9).

3.5. Silver nanoparticles catalyzed dehydrogenative Diels‐Alder reaction

In 2010, Porco and co‐workers discovered that silver (0) nanoparticles (AgNp) could effec‐
tively catalyze the Diels‐Alder cycloaddition reaction [36]. The AgNP was prepared from a 
3:1 molar ratio of AgBF4/Bu4NBH4 in CH2Cl2 and then coated with silica gel. The solid prod‐
uct was filtered and then calcinated at 220°C to give AgNP. A proposed catalytic cycle was 
showed in Scheme 8 [36]. It was hypothesized that proton removal and single electron trans‐
fer from the absorbed chalcone 59 to the silver nanoparticles may generate the AgNP‐stabi‐
lized phenoxyl radical intermediate 74 which is in resonance with the radical 75. A proposed 
concerted Diels‐Alder reaction between the radical intermediate 74/75 and diene 60 provides 
76 which generates 55 via back electron transfer (BET) and protonation [36]. A final desorp‐
tion step gave the Diels‐Alder adduct 61. Porco and co‐workers hypothesized that this silver 

Scheme 8. Proposed mechanism for the silver nanoparticles‐catalyzed Diels‐Alder reaction [36].
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nanoparticle (AgNp) may serve as ‘electron shuttle’ catalysts by accepting and returning a 
single electron from and to the substrate [36].

Following the mechanistic studies, Porco et al. utilized AgNP for the biomimetic syntheses 
of (±)‐panduratin A (Scheme 9) [36] and (±)‐sorocenol B (Scheme 10) [37]. Inspired by the 
aforementioned biosynthesis studies, Porco and co‐workers found that the AgNP can also 
be used to promote dehydrogenation of the prenyl group of a flavonoid to form the requisite 
diene for the Diels‐Alder reaction with a 2’‐hydroxychalcone dienophile. Such tandem reac‐
tions were successfully employed for the synthesis of (±)‐brosimone A and (±)‐brosimone B 
(Scheme 11) [38].

3.6. Chiral ligand‐Lewis acid complex mediated Diels‐Alder reaction

In 2014, Lei and Wulff et al. reported the first enantioselective total synthesis of (‐)‐kuwanon I 
(2), (+)‐kuwanon J (1), (‐)‐brosimone A (86) and (‐)‐brosimone B (84) by using chiral ligand‐Lewis 

Scheme 10. Biomimetic synthesis of (±)‐sorocenol B [37].

Scheme 9. Synthesis of (±)‐panduratin A (4) [36].
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acid complex. This complex was prepared by coordination of an axially chiral ligand such as 
VANOL or VAPOL to borane [39].

Scheme 12 shows the mechanism proposed by Lei and co‐workers for the enantioselective 
Diels‐Alder reaction [39]. The mechanism was proposed to proceed through the formation of 
a chiral boron complex 88, followed by formation of a tetracoordinate boron complex 89 with 
2′‐hydroxychalcone dienophile. Subsequently, Diels‐Alder reaction between the chiral com‐
plex 89 and a diene afforded a mixture of endo/exo diastereomers in high enantiomeric excess. 
Lei and co‐workers proposed that the enantioselective Diels‐Alder reaction may be induced 
by the following factors [39, 40].

(a) The coordination bond between boron and dienophile which may lower the energy of 
LUMO.

(b) The mobility of dienophile may be reduced upon complexation.

(c) The π‐π stacking between the chiral ligand and dienophile shielding one face of the chal‐
cone dienophile from attack by the diene.

Following the mechanistic studies, the (S)‐VANOL‐borane complex was efficiently used to 
mediate the synthesis of (‐)‐kuwanon I (2), (+)‐kuwanon J (1), (‐)‐brosimone A (84) and (‐)‐bro‐
simone B (85) [39]. Asymmetric Diels Alder reaction for these molecules was summarized in 
Schemes 13–15.

Based on the reported results, the chiral ligand strongly influences the enantioselectivity of the 
cycloaddition reaction. A 2.5 equivalent of (R)‐VANOL is required for the optimal formation of 

Scheme 11. Biomimetic synthesis of (±)‐brosimone A and (±)‐brosimone B [38].
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Scheme 13. Chiral ligand‐Lewis acid complex mediated enantioselective synthesis of (–)‐kuwanon I (2) and (+)‐kuwanon J (1) 
[39].

Scheme 12. Proposed mechanism for the chiral ligand‐Lewis acid complex mediated enantioselective Diels‐Alder 
reaction [39, 40].
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kuwanon J precursor endo‐95 (97% ee, 1.1:1 endo/exo), whereas similar amount of (S)‐8, 
8’‐dimethyl‐VANOL is required for the optimal formation of kuwanon I precursor exo‐94 (84% ee, 
1.2:1 exo/endo). Finall, deprotection of the acetate group of endo‐95 and exo‐94 furnished the desired 
natural products (‐)‐kuwanon J (1) and (+)‐kuwanon I (2), respectively (Scheme 13) [39].

The synthetic routes for (–)‐brosimone B (84) and (–)‐brosimone A (86) were showed in 
Schemes 14 and 15, respectively. For (–)‐brosimone B (84), cycloaddition reaction between 
dienophile 97 and diene 98 using (S)‐VANOL gave a mixture of diastereomers 99 and 100 in 
71% yield in a 1.2:1 ratio. Remarkably, excellent enantiomeric excess (ee) values for both com‐
pounds were obtained (98% ee for 100, 93% ee for 99). Deprotection of the acetyl groups of 100 
gave (‐)‐brosimone B in 70% yield (Scheme 14) [39, 40].

The diene 98 was also used in the synthesis of brosimone A (86) in a one‐pot inter‐/intramolecu‐
lar Diels‐Alder cycloaddition cascade strategy (Scheme 15). The (S)‐VANOL‐borane complex 
efficiently mediated the cycloaddition reaction to give a mixture of three diastereomers 101−103 
(Scheme 15). Deprotection of the adduct 103 gave (‐)‐brosimone A (86) in 70% yield [39, 40].

In 2016, Porco and co‐workers reported the syntheses of the flavonoid Diels‐Alder natural 
products sanggenon C (108) and sanggenon O (109) by using a combination of silver nanopar‐
ticles (AgNP) and a BINOL‐borate catalyst (Scheme 16) [41].

Scheme 14. Enantioselective synthesis of (–)‐brosimone B [39].

Biosynthesis and Biomimetic Synthesis of Flavonoid Diels-Alder Natural Products
http://dx.doi.org/10.5772/intechopen.68781

183



A catalytic amount of triphenylborate (B(OPh)3) and (R)‐3,3′‐dibromoBINOL was used to 
mediate the asymmetric Diels‐Alder reaction between diene precursor 104 and dienophile 105 
(Scheme 16). In the first step, the diene precursor 104 underwent a retro 6π‐electrocyclisation 
followed by a formal 1,7 hydrogen shift process to afford the requisite diene  functionality. 
Reaction of this diene with dienophile 105 in the present of a catalytic amount of chiral 

Scheme 16. Asymmetric synthesis of sanggenons C (108) and O (109) [41].

Scheme 15. Enantioselective synthesis of (–)‐brosimone A [39].
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BINOL‐borate complex ((S)‐3,3′‐dibromoBINOL/triphenylborate) afforded a mixture of 
cycloadducts, which after deprotection gave sanggenon C (108) and sanggenon O (109) in 2:1 
ratio of 98 and 93% ee, respectively. The use of AgNP gave a racemic mixture of 108 and 109.

In conclusion, this chapter has provided an overview of biosynthesis and biomimetic 
 synthesis of flavonoid Diels‐Alder natural products. Intensive biosynthesis studies led 
by Nomura et al. have provided important information for the enzymatic formation of 
these natural products. In particular, information from the diene formation and the feeding 
experiments have paved the way for an exploration of chemical synthesis of these natu‐
ral products. Finally, with the innovative chemical strategies, enantiomerically pure fla‐
vonoid Diels‐Alder natural products were made possible for further biological activities 
evaluation.
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Abstract

Flavonoids are compounds that are secondary metabolites, but which play an important 
role in the biological activities of plants. They can be responsible for the color of flowers and 
fruits and for the attraction of pollinators. They also participate in plant-microorganism  
symbiosis. These relationships can be used to naturally control weeds and insect pests 
and reduce stress and diseases in order to increase crop yield. To improve the understand-
ing of the different biological systems where flavonoids are involved in their symbiotic 
relationships and in plant physiology, tools such as metabolomics are used, which give 
a broader picture and allow to search for strategies to solve problems specific to the agri-
cultural sector.

Keywords: flavonoids, agriculture, plants, metabolomics

1. Introduction

Flavonoids are secondary metabolites of plants; this group of phenolic compounds includes 
approximately 4500 compounds [1]. They are classified into different subgroups (Figure 1). 
Their nuclear structure includes carbons C6-C3-C6, and the diversity of flavonoids depends 
on the position of the aromatic ring [2].

Flavonoids and flavones are the most common in plants, whereas flavanones, flavanols, dihy-
droflavones, and dihydrochalcones have a limited distribution. Flavonoids are present in 
plant tissues in relatively high concentrations in free forms (aglycones) or conjugated with 
sugar molecules (glycosides) [5].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Flavonoids are polyphenolic compounds found in all vascular and non-vascular plants [6]. 
They are important in the diet of humans because they possess a high nutritional value; 
besides, they are used as effective medicines in the treatments of certain diseases, and there-
fore, they are called nutraceuticals. Nowadays, a diet rich in fruits and vegetables is recom-
mended to contribute to the prevention and treatment of cardiovascular diseases, diabetes, 
cancer, chronic inflammatory disorders, and degenerative diseases [7].

Some examples of nutraceutical flavonoids are the following: isoflavones (genistein, daidzein) 
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and antioxidant action, and they improve immune response, lower cardiovascular risk, and 
menopausal symptoms. Quercetin is contained in onion, citrus fruits, broccoli, red grapes, 
apple, and cherries. Kaempferol is present in broccoli and radishes [8]. Anthocyanins are pres-
ent in red wine and fruits. These flavonoids are important due to their antioxidant, anticancer, 
and antithrombotic properties, as well as their ability to lower blood cholesterol [9].

Their concentration can vary among species: in fruits, vegetables, and medicinal plants, 
ranges from 0 to 6125.6 mg kg−1 have been reported. For example, 1720.5 mg kg−1 has been 
observed in spinach, 3575.4 mg kg−1 in strawberry, and 459.9 mg kg−1 in apple [10].

2. Function of flavonoids in plants

In plants, flavonoids play important roles in many biological processes (Figure 2). They par-
ticipate in seed development and growth [11], fruit growth and ripening [12], pollen tube ger-
mination [13], and hormone transport [6]. Flavonoids respond to biotic and abiotic factors by 
providing antioxidant properties; they prevent damage caused by fungi, viruses, bacteria, and 
herbivores; function as chemical messengers in association with mycorrhizae and bacteria; act 
as chemical attractants to pollinating animals; and have allelopathic functions [14, 15].

Figure 2. Main functions of flavonoids in plants (modified from Refs. [17–19]).
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They also participate in pigment and color differences in flowers, fruits, and seeds [3]. For 
example, flavonols are related with yellow, flavanols with ochre to brown, and anthocyanins 
with red to purple [4]. In the case of corn kernels and petunia flowers, anthocyanins and pro-
anthocyanidins are mainly responsible for the pigments. These accumulate in the vacuole or 
cell wall. In corn, accumulation occurs by vacuolar sequestration of anthocyanins [16].

As part of their defense strategy, plants induce systems of antioxidant activity, reactive oxygen 
species (ROS), enzymatic and non-enzymatic, soluble in water and in lipids, located in differ-
ent cell compartments. The enzymatic ROS system consists of several enzymes such as super-
oxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), monodehydroascorbate 
reductase (MDAR), dehydroascorbate reductase (DHAR), glutathione peroxidase (GPX), and 
glutathione reductase (GR). Non-enzymatic antioxidants include pigments (carotenoids, antho-
cyanidins), vitamins (A, C, E), and flavonoids, among others [19]. The synthesis of the latter 
compounds by the plants is related to environmental biotic and abiotic stress factors. Plants 
subjected to conditions of severe stress accumulate dihydroxy B-ring substituted flavonoids, 
which are effective eliminators of ROS.

Flavonoids activate a network of events, including stress-induced morphogenesis, which pro-
tects plants from unexpected lesions of different origins [15]. Therefore, flavonoids play an impor-
tant role in the protection of biological systems against the harmful effects of oxidative processes 
on macromolecules, they are important to catalyze electron transport and to eliminate reactive 
oxygen, especially in the form of superoxide anions, hydroxyl radicals, lipid peroxides, or hydro-
peroxides. In this way, they block the deleterious activity of these substances on the cells [15, 20].

3. Flavonoids: allelopathy and its applications in agriculture

Allelopathy is defined as the direct or indirect effect of secondary compounds produced by 
a donor plant on a recipient plant. This type of relationship can be beneficial or harmful [21].

Currently, to solve multiple problems in agriculture, allelopathy is being considered as a natu-
ral control of weeds and insect pests and to reduce stress and diseases, in order to increase crop 
yield [22, 23]. Weeds are the species that compete the most with crops, and for their management, 
aqueous extracts are used, such as natural herbicides from sorghum, sunflower, eucalyptus, and 
rice, among others; a greater efficacy is obtained when they are mixed together than alone [24].  
On the other hand, it has been demonstrated that exudates of roots of rice plants reduce 
the attack of fungi of the genus Fusarium in melon. In addition, plants of Brassica napus L.,  
incorporated into the soil, decrease the population of certain nematodes in orchards [23]. 
These examples show the potential of some allelochemicals to generate herbicides, fungicides, 
insecticides, and nematicides.

Knowledge of allelopathy can be valuable to improve crop rotation proposals [22]. Recent 
publications highlight the role of flavonoids in allelopathy, involved in soil interactions, 
since they have been identified in significant concentrations in many bioactive root exudates. 
Simple phenols and flavonoids are released by the decomposition of plant tissues as leachates 
and by the process of microbial degradation and transformation in the soil [22, 24].
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In many legumes, it has been shown that the flavonoids quercetin and kaempferol, free and 
glycosylated, commonly released by germinating seeds and roots, persist for days in the soil 
and possess an important phytoinhibitory activity, stimulating seed germination at low con-
centrations but inhibiting seedling growth at high concentrations. These compounds are also 
present in leaf extracts of walnut trees [25].

The activity of several flavonoids is highly concentration-dependent; some of these compounds 
may be inhibitory or stimulatory, depending on the availability of the concentration in the soil/
water solution in the rhizosphere [21]. Other allelopathic flavonoids are lutonarin, saponarin, 
and isovitexin, as well as catechin and cyanidin, luteolin 7-Ob-glucuronide, neochamaejasmin, 
mesoneochamaejasmin, chamaejasmenin, genkwanol, daphnodorin, and dihydrodaphnodo-
rin, among others [21, 26, 27]. Allelochemicals directly and indirectly affect plants; indirect 
effects include soil alteration, physicochemical properties, changes in microbial populations, 
and differential nutrient availability for plants. The direct action is the physiological and bio-
chemical changes generated during plant growth and development [22, 28]. Scientific studies 
have demonstrated several mechanisms of action of flavonoids when applied exogenously on 
plants. Such as changes in membrane permeability and inhibition of plant nutrient absorption, 
inhibition of cell division, elongation and submicroscopic structure, effects on photosynthe-
sis and respiration of the plant, consequences on different enzymatic functions and activities, 
effects on the synthesis of endogenous hormones and proteins, and the disruption of adenosine 
triphosphate (ATP) formation [28].

4. Metabolomics: flavonoids as a tool in agriculture

It has been described that over 7000 natural products belong to the flavonoid family and 
to analyze them, physicochemical methods as nuclear magnetic resonance (NMR) and mass 
spectrometry have been used [29], but nowadays the most important issue is concerned with 
the identification of free and conjugated forms of these compounds. Metabolite profiling 
is an essential tool to analyze the effects of pathway engineering approaches; in this sense, 
the metabolomics approach used to solve this problem as the liquid-chromatography-mass 
spectrometry has supported the quantitative and qualitative analysis of flavonoids. In addi-
tion, straightforward and efficient methods approach toward rapid flavonoid identification 
by combining simple high-performance liquid chromatography (HPLC) and NMR methods, 
facilitating the analysis of flavones and flavanones [30].

The literature describes a lot of information on metabolomics in areas of medicinal plants, 
chemosystematics, adulteration of plants, and so on, but it is scarce in agriculture [31]. 
Flavonoids are a diverse group in agricultural crops, and there are studies using metabolomic 
tools to analyze the content of flavonoids using different analytical techniques (Table 1).

Red tomato contains flavonoids mainly in the peel; through omic studies, it may be possible to 
modify the pattern of flavonoids in the pulp [42]. Metabolic profiling represents a useful tool 
to characterize varieties with functional markers, such as flavonoids. For example, metabolite 
profiling allowed the characterization of Italian tomato landraces and different fruit types [43]. 
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Another study related with metabolomic profiling is the analysis of flavonoid distribution in 
three Momordica species, where 13 flavonoids were found in a special pattern [44].

The novel approach of genetic metabolomics referred to as metabolite profiling combined 
with quantitative trait locus (QTL) analysis was applied to detect flux control points in flavo-
noids biosynthesis of Populus. It was found that flavonoid profile can be used for QTL analysis 
to reveal loci that control the flux of their biosynthesis [45].

Plant metabolism is disrupted by several types of stress. Flavonoids are involved in the 
response toward abiotic stress [46]; a good model to understand how flavonoids contribute to 
the mitigation of oxidative and drought stress is Arabidopsis thaliana. Another example is the 
metabolomic analysis of tea, where the effects of light intensity and temperature on the metabo-
lites in tea grown in the shade were evaluated; they found that most flavonoids (flavan-3-ols, 
flavonols, and their glucosides) decreased significantly in the shading treatments. Their study 
also showed a greater effect of temperature on galloylation of catechins than light intensity [41].

The growing stage of plants has been studied in connection with flavonoid synthesis, an 
interesting metabolomic study is the analysis of soybean leaves [47], it showed significant 
changes in the content of flavonoids and isoflavonoids, and kaempferol derivatives were used 

Crop Plant organs Analytical technique Compound Reference

Soybean Leaves (RP)-HPLC and 1H NMR Naringenin, rutin, quercetin, kaempferol 
and its glucosides, and total flavonoids

[32]

Red tomato Fruit HPLC/DAD and LC/NMR, 
LC/MS, and LC/MS/MS

Naringenin chalcone and rutin [33]

Red and 
yellow 
raspberry 
cultivars

Fruit UPLC/QqQ-MS/MS Flavan-3-ol, quercetin-3,4-diglucoside, 
quercetin, kaempferol-3-glucuronide, rutin, 
and the conjugates of isorhamnetin

[34]

Avocado Fruit MS/MS
LC-DAD-ESI-TOF MS

Catechin and epicatechin
Rutin, Naringin, kaempferol, apigenin, 
luteolin, isorhamnetin

[35]

Maize Kernels LC-MS/MS Apigenin, luteolin, methyl chrysoeriol, 
malvidin, pentose, rhamnose, selgin, tricin, 
chalcone synthase, chalcone isomerase

[36]

Rice Leaf and 
bran

LC-QTOF-MS Tricin, tricin 7-O-rutinoside, and tricin 
7-O-β-d-glucopyranoside

[37]

Wheat Flag leaf UPLC-QTOF MS/MS Isovitexin, isoorientin, Isoschaftoside, 
quercetin 3-rutinoside-7-glucoside and 
methylisoorientin-2″-O-rhamnoside

[38]

Grape Berries LC-MS Quercetin and derivatives, kaempferol and 
isorhamnetin

[39]

Broad bean Pods UHPLC-ESI-qTOF-MS2 Glycosylated flavonoids [40]

Tea Leaves UPLC-Q-TOF MS Flavan-3-ols, flavonols and their glucosides [41]

Table 1. Metabolomic studies of flavonoids in agricultural crops.
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as markers. The results demonstrated that metabolite production changed depending on the 
growing stage, and they mention that the information can be useful to understand physiological 
characterization and suggest an optimal harvesting time of this crop.

Metabolic analysis has the potential to generate a complete vision of metabolic networks and 
has revealed multiple detection, quantification, and analysis strategies to evaluate numer-
ous metabolites such as flavonoids. This tool attempts to integrate compound and metabolite 
analyses along with other biological data overview of plants, for example, phenotypic, mor-
phological, and genetic data [48].

5. Symbiosis flavonoids-microorganisms

Flavonoids are considered signaling compounds in plant-microorganisms symbiosis; their 
function is signaling in response to pathogens, bacteria, fungi. Their participation is impor-
tant in the nodulation of roots, where they are secreted to the rhizosphere [21], in the case of 
legumes under low nitrogen conditions, and where their interaction is specific with gram-
negative bacteria called rhizobia that are nitrogen fixers [49]. They are also involved in the 
transcription of genes for the biosynthesis of rhizobial signaling molecules called Nod fac-
tors, which are perceived by the plant to allow symbiotic root infection [49]. Therefore, they 
can stimulate or inhibit rhizobial Nod gene expression. Root exudates can be flavonoids that 
participate as signaling compounds in the arbuscular mycorrhizal symbiosis [50]. Root exu-
dation of flavonoids increases or decreases depending on the response to the symbiotic and 
pathogenic interaction of the plant and microbes.

It has been shown that certain flavonoids are stimulants for the germination of ectomycorrhizal 
fungi spores [50]. Depending on the arbuscular mycorrhizal fungi colonizers of the roots and 
the stage of symbiosis development [51].

The flavonoid role in the rhizosphere (Table 2) is important in agriculture because flavonoid 
interaction in the symbiosis with microorganisms can be a tool for nitrogen fixation in soils 

Participation Flavonoid Species Symbiosis type Cite

Stimulant for 
germination of 
spores

Coumestrol, medicarpin, ononin, 
formononetin, daidzein, genistein, 
biochanin A and 4′,7-dihydroxyflavanone, 
4,4′-dihydroxy-2′-methoxychalcone

Medicago sativa L. 
cv. Sitel

Fungus [51]

hesperidin, morin, rutin, quercetin, 
naringenin, genistein, and chrysin

Suillus bovinus Fungus [52]

Chemo attractant 
response from the 
rhizobia

Luteolin and apigenin – Bacterium [53]

Auxin transport 
inhibitors

Kaempferol Medicago 
truncatula

– [54]

Table 2. Role of flavonoids in the rhizosphere.
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poor in macronutrients. It can be a strategy to stimulate beneficial bacteria or inhibit harmful 
bacteria and fungi. It can also be considered in the genetic improvement of plant species.

6. Importance of flavonoids in pest control

Every day, the demand for natural products obtained from plants increases to be used 
as pest control agents. New pesticides are being developed using flavonoids, as they are 
an alternative to synthetic pesticides. They can inhibit enzymatic activity and prevent the 
growth of larvae of different insect species [55]. Some flavonoids interfere in the process 
of moulting and reproduction of several insects, that is, they inhibit the formation of juve-
nile hormone (ecdysone). Flavonoids inhibit transcription of ecdysone receptor-dependent 
genes (EcR) [56].

It has been reported that some types of flavonoids have had an effect on agricultural pests with 
ovicidal effect, oviposition, fecundity, mortality, weight reduction, and emergence of adults 
[57, 58]. Quercetin, rutin, and naringin showed positive effects for the control of nymphs and 
adults of the aphid Eriosoma lanigerum Hausmann. These can be used as an insecticide in the 
integrated management programs of this aphid [59]. Some flavonoids can influence agricul-
tural pests depending on the concentration applied; if they are low, they do not affect them [60];  
therefore, it is necessary to test the minimum concentrations for the flavonoid to have an 
insecticidal effect.

7. Concluding remarks

Throughout this chapter, the importance and interest in the knowledge of flavonoids as a big 
group of natural products, present in different organisms, have been emphasized. They have 
been widely investigated, from their biosynthesis, analytical techniques for their analysis, to 
their biological activity. They are compounds with different responses to biotic and abiotic 
factors, which can influence the agricultural sector as attractants for pollinators, as pigment 
to flowers and fruits, allelochemical functions, symbiosis with beneficial organisms, and as 
pest control.

The importance of flavonoids lies not only in the functions in plants but also in different 
therapeutic and nutraceutical applications. It is a group that is present in a wide variety of 
plant species, in different concentrations. In addition, its beneficial effects on health have been 
demonstrated and one of the most notable examples is its antioxidant activity.

However, the information linked to agriculture is scattered. Therefore, the purpose of this 
chapter is to provide an overview of their applications and show that metabolomics is an 
effective tool for research linked to metabolic processes of flavonoids with various agricul-
tural crops.
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Abstract

Anthocyanins are a family of natural pigments classified into the group of flavonoids, 
considered to be responsible for the color and taste of many fruits and vegetables, i.e. 
berries. Anthocyanins are common components of the human diet. Besides their interest 
as colorant because of their coloring properties, the study of anthocyanin compounds 
stems from their wide applicability in the prevention and even in the treatment of vari-
ous human diseases. However, various aspects of the pharmacological roles of anthocya-
nins remain in the dark, having still several obstacles to the development of robust diets 
or prescribing lines on consumption of anthocyanins. The chemical structure of antho-
cyanins determines in large measure its capacity and efficacy as an antioxidant agent. 
In this study, the following aspects are reviewed: the antioxidant effect of anthocyanin 
pigments; the oxidative stress, the bioavailability after intake and biological aspects of 
anthocyanins, the method for measuring the antioxidant activity of anthocyanins, the 
relationship between structure and activity; and the influence of the anthocyanins in the 
antioxidant activity of wines. Finally an overview of some potential uses in food industry 
is attempted mainly focusing in the anthocyanin encapsulation topic. Attention has been 
paid to the more recent publications in the field.

Keywords: anthocyanins, antioxidant, biological properties, wines, encapsulation

1. Introduction

Fruits and vegetables supply a number of micronutrients, such as minerals, fibres and vita-
mins, as well as a whole series of compounds called phytochemicals, among which are the 
secondary metabolites of a phenolic nature, called polyphenols [1–3]. Phenolic compounds 
have attracted the attention of researchers for decades [4–7]. This was initially due to their 
physiological importance to plants, mainly relating to pigmentation and flavour [8, 9] and, 
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more recently, because of their free radical scavenging capacity, which, among other biologi-
cal effects, increases antioxidant activity and prevents cellular oxidation [10, 11].

The flavonoids (Figure 1) constitute the largest group of phenols and are considered to be 
responsible for the colour and taste of many fruits and vegetables. More than 9000 flavonoid 
structures have been described, with formula, references and biological information [12, 13]. 
These include more than 600 different anthocyanins that are widely distributed among at 
least 27 families, 73 genera and innumerable species. It has been shown that, of the flavonoids 
studied, around 5000 have antioxidant activity [4, 5, 14].

Anthocyanins, the largest group of phenolic pigments, are found in red wine, some cereals, root 
vegetables and red fruits. The red, blue and purple colours (Figure 2) of most fruits, flowers and 
leaves are due to anthocyanins. They are glycosides (water‐soluble molecules) of aglycons called 
anthocyanidins and effective donors of hydrogen. A wide variety of anthocyanins are produced 
by the higher plants via modification of the six common anthocyanin aglycons (cyanidin, delph-
inidin, pelargonidin, malvidin, peonidin and petudinin) present in nature. A summary of previ-
ous history with references to the pioneers in this field of work has been given [5, 14]. Apart from 
their physiological role in plants, anthocyanins are regarded as important components in human 
nutrition [5, 14–16]. It has been stated that the consumption of the anthocyanins is of the order 
of 200 mg/day, a high amount if compares with the intake of other dietary flavonoids [5]. A pos-
sible association between consumption of anthocyanins and quality of the diet is admitted [17], 
although there are currently no recommendations regarding their dietary intake. A glass of red 
wine provides around 115 mg of polyphenols, contributing towards a total intake of phenolic com-
pounds of 1171 mg/person/day [18, 19]. The antioxidant activity of anthocyanins is depending to 
a large extent with their chemical structure: number and position of the hydroxyl groups and the 
conjugated double bonds, as well as on the presence of electron donors in the structural ring [5, 20].

Figure 1. Some selected samples containing anthocyanins.
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Numerous epidemiological studies have confirmed the influence of the consumption of anti-
oxidants contained in fruits, vegetables and grains [21–24]. Some beverages [25, 26], such 
as wine, tea and coffee, have received considerable attention due to their protective effects 
against the oxidative damage related to various chronic diseases, including cancer, reduc-
ing the risk of contracting these diseases by 30–50% [27]. The principal cause of death in the 
Western world is related to chronic diseases such as coronary heart disease or heart attacks. 
Low plasmatic levels of vitamin E and vitamin C have been shown to increase the risk of 
angina pectoris among the population of Scotland [28, 29]. This is attributed, to a great extent, 
to the low consumption of foodstuffs rich in micronutrients, vitamins and antioxidants, com-
bined with the general lifestyle.

In agreement with the French Paradox [30, 31] and other studies [32, 33] undertaken about the 
European population (WHO Project MONICA, MOLI‐SANS, FLORA and ATHEAN EU Projects), 
the components of the Mediterranean diet [34–38], especially vitamins and polyphenols, are the 
factors responsible for the low incidence of coronary heart disease in these populations [39–41]. 
The moderate consumption of red wine [42–46] is another factor closely linked to this low inci-
dence, as the phenolic compounds have a cumulative effect. A diet rich in fruits and vegetables 
increases by itself the antioxidant capacity of the plasma and the level of plasmatic polyphenols 
[45]. These factors are increased when supplemented by the intake of red wine. Consumption 
of wine in moderate amounts has also proved to be beneficial [47] to the skeletal system lower-
ing the risk of loss of mass and fractures. What is clear is that a high consumption of fruits or 
vegetables rich in antioxidants is related to a decrease in cardiovascular diseases and cancer [41].

Anthocyanins have an antioxidant potential twice that other known antioxidants, such as (+)–
catechin and other compounds like vitamin E, synthetic antioxidants such as BHA (butylated 
hydroxyanisole) and BHT (butylated hydroxytoluene), compounds widely used in food tech-
nology [13, 48–51] that have undesirable effects on the enzymes of the human body. The appar-
ent capacity of the strongly polarized anthocyanins to regenerate lipophilic antioxidants like 
vitamin E could be because they have similar properties to vitamin C, such as protecting the 
biomembranes from peroxidation, by effectively trapping the peroxyl radicals.

Figure 2. Type of phytochemicals [5].
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Using the oxygen radical absorbance capacity (ORAC) method, Wang and Goodman [52] 
evaluated the antioxidant capacity of 14 anthocyanins and obtained values more than 3.5 
times greater than those for trolox (a synthetic antioxidant similar to vitamin E). Kuskoski 
et al. [51], using the ABTS method in purified and isolated patterns of anthocyanins, found 
an activity twice that of trolox and also confirmed the influence of the structure or the com-
bination of anthocyanins on the antioxidant capacity.

Sources rich in anthocyanins are very interesting options as functional foods [53–58]. Here, the 
oxidative process, the antioxidant effect and the biological properties of the anthocyanin pig-
ments, described in last years, are reviewed. Furthermore, the most commonly used chemical 
methods to determine the antioxidant capacity of the anthocyanins are outlined. An overview 
of the bioavailability of anthocyanins, the metabolism after their intake and their presence 
and influence in red wine is also given. Finally, an overview of some potential uses in food 
industry is attempted mainly focusing in the anthocyanin encapsulation topic.

The fertility field of flavonoids antioxidants (e.g. anthocyanins) has grown exponentially in 
recent decades in such a way that a number of areas are involved such as nutrition, food 
processing, physiology, biochemistry, pharmacology and analytical chemistry affecting foods 
and health. Emphasis in this contribution is given in most recent reviews and references. 
Some 150 journals are cited from the fields of food science and technology, nutrition, chem-
istry (analytical) and biochemistry, engineering, agriculture, medicine, pharmacy, biology, 
physiology and clinic. Taking into account that thousands of references are available, the 
authors apologize for those they may have overlooked or inadvertently omitted. For older 
references please consult, for example, some reviews [4–7] published on 2012 and the excel-
lent monograph of Andersen and Markhan [59].

2. Oxidative process

The process of oxidation has been studied for many years [60], because of the importance it 
has both for the organisms and the foodstuffs. In live organisms, the oxidative metabolism is 
essential for the survival of the cells. Oxidation is related to the production of energy associ-
ated with the degradation of glucans, lipids and proteins, to the detoxification of many xeno-
biotics and to the immune response through some of the free radicals (FR) generated [61].

Oxygen is associated with the conditions for aerobic life and is the motive force for the main-
tenance of the metabolism and cellular viability, but, at the same time, it is responsible for 
the formation of partially reduced mediators with high reactivity, known as reactive oxygen 
species (ROS). The majority of ROS are FR, that is, active molecular species with a separated 
electron at a higher energy level, which, therefore have paramagnetic properties, providing 
them with high reactivity [20, 62].

The systems of antioxidant protection have to act on the substrates susceptible to oxidation 
in a controlled way to maintain the physiological equilibrium of the organism. The protective 
effect of some enzymes, such as superoxide dismutase (SOD), catalase and glutation per-
oxidase, may start when an excess of FR is produced. If this excess cannot be neutralized, 
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oxidation of the lipidic membrane, the low‐density lipoproteins (LDLs), the protein cellular 
components, DNA and enzymes can occur, thereby destroying them [63, 64].

It is worth emphasizing that arteriosclerosis is currently defined as chronic inflammation of 
the vascular system, triggered by a specific inflammatory agent, the oxidized LDL. The LDLs 
are very small particles made up by lipids, cholesterol and proteins, with the function of 
transporting cholesterol and lipids from the blood to the adipose and muscular tissue and, in 
general, to all cells of the body [65, 66]. However, the LDLs can be oxidized by the FR, affect-
ing, consequently, the molecules of cholesterol and fatty acids that constitute each LDL. The 
oxidized LDLs are involved in the pathogenesis of coronary heart diseases [67, 68].

Environmental, dietary or physiological factors can provoke an imbalance in favour of oxidation, 
causing what is known as oxidative stress [69–71]. Whether the oxidation or the oxidative stress, in 
particular, is either a primary cause or a side effect of many chronic diseases and of the phenom-
enon of ageing itself has been a scientific debate prompted over the last few decades. Therefore, 
many efforts and resources have been devoted to finding out the role oxidants play in hindering 
oxidation, thus resulting in either the prevention or the retardation of the oxidative stress [72].

An excessive production of ROS, particularly hydroxyl radicals, can easily initiate the process of 
oxidation of the LDLs. In turn, they contribute to a greater or lesser degree to the onset of coro-
nary heart diseases, rheumatoid arthritis, inflammatory diseases, cancer, renal diseases, pancre-
atitis, multiple sclerosis, Parkinson's disease, cataracts, diabetes, pulmonary disorders and all 
diseases related to cellular ageing [73]. The intake of dietary antioxidants, that is exogenous anti-
oxidants (Figure 3), is very important [74], and some compounds of this family, that is vitamin 
E, β‐carotene and phenolic compounds, are only synthesized by plants [27, 31, 34, 35]. Therefore, 
it is important to maintain a balance between oxidants and antioxidants. It is worth bearing in 
mind that over a lifetime, as the individual ages, this balance tilts in favour of the oxidants [75].

In foods, oxidation can be one of the main causes of alterations leading to rancidity, deteriora-
tion and loss of nutritional, commercial and organoleptic quality (colour, taste, smell and tex-
ture), besides being a possible health risk to the consumer. For this reason, the food industry, 
by improving the preparation of the products and by using antioxidants, is trying to prevent 
and slow down the process of deterioration, in order to offer the consumer a safer deadline 
for use, which guarantees the quality of the food product [76–80].

However, according to studies carried out in vivo during the last two decades, FR and ROS 
are no longer seen only as [71] destructive factors but also (and perhaps first of all) as mes-
sengers involved in intracellular signalling. So, there has been a substantial change [10] in the 
conception of these processes in both normal and pathological conditions. Ideas about the role 
of FR in the functioning of cells and organisms have been revised, resulting in a new concept 
of redox equilibrium. Oxidative stress is then viewed as [72] a modulation of thiol redox reac-
tions, involved mainly in signalling pathways. On this way, nonradical oxidants (enzymati-
cally generated hydrogen peroxide, other peroxides, quinones, etc.) play a basic role [10] in 
the oxidation of thiols for the sake of signalling, the formation of free radical intermediates 
being not necessary. The common conviction of the beneficial effect that the phenolic plants 
exert on the improvement of health is being revised [64].
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The potential health benefits of natural antioxidants, while interesting, seem to escape our 
basic understanding of biological oxidation processes. Oxidation balances both very benefi-
cial, even crucial, outcomes with decidedly negative impacts. This suggests that moderation 
in the use of some antioxidants may be advisable. Note that a large measure of the biological 
oxidation occurring in the body is essential for extracting energy from food and is highly 
adaptive, depending on health status. Apart from energetics, oxidation supports immuno-
logical integrity. While the bulk of epidemiological evidence supports the nutritional/health 
value of fruits and vegetables [4, 11, 12, 19, 22, 33, 39, 40, 50], the doses of individual compo-
nents they contain, such as specific antioxidants that may contribute to improved health and 
reduced risk of certain diseases, remain uncertain.

3. Bioavailability and metabolism of the anthocyanins

The existing knowledge concerning with the absorption, distribution, metabolism and excre-
tion (ADME) of anthocyanin compounds (including their decomposition within the gas-
trointestinal lumen) has been the subjects of several recent reviews [81–95]. In general, few 

Figure 3. Summary of antioxidant defence system [74].
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comparative studies have been undertaken about their metabolism, physiological availabil-
ity or biotransformation after intake in comparison with the number of studied devoted to 
absorption and distribution. Little information is also available on the effects of food matrix 
on anthocyanin bioavailability, particularly food matrices of the usual diet [92].

In general, anthocyanins are considered to have a remarkably low bioavailability (rela-
tively low as well in comparison with that of other flavonoids), on the basis of the levels 
detected in human blood after ingestion [81]. This fact contrasts with the health‐promot-
ing properties [81, 83, 84, 90] of anthocyanins, suggesting bioavailability and their inter-
action with other components present. Anthocyanins appear to be rapidly absorbed in 
the stomach and small intestine [89] and removed, being in the plasma and urine where 
reach low maximal concentrations [90]. After oral administration, anthocyanins follow a 
particular pattern different from other flavonoids [84]. A 20–25% of intact anthocyanins 
were detected in plasma few minutes after intake [86]. Kinetic studies have shown that 
anthocyanins have a rapid distribution and appearance in blood that is compatible with 
a tricompartmental model. Elimination takes place mainly through bile. Anthocyanins 
could be absorbed from the stomach as well as intestines where they undergo decomposi-
tion catalysed by microbiota. Bacterial action is capable of hydrolysing anthocyanins or 
aglucons into simpler phenolic compounds, which can be absorbed and still maintain free 
phenolic groups, retaining part of the reducing capacity of the original molecule. Active 
transport may play a role in the absorption of anthocyanins from the stomach as well as in 
their transfer within the kidney or liver [84]. The metabolic destination of the anthocyanins 
can differ depending on their aglucon structure, as well as on the tissue where they are 
metabolized (intestine or liver).

However, the persistence of anthocyanin metabolites, phenolic acid breakdown products 
(which could be responsible for the health benefits associated with anthocyanins) suggests 
enterohepatic recycling, leading to prolonged residence time, and supports the notion 
that anthocyanins are far more bioavailability than previously suggested [81, 88, 92]. 
However, the compounds as well as the molecular mechanisms involving all those bio-
logical events [83] still remain under exploited. The ability to cross membranes, pH effect, 
digestive enzymes, microbiota, biliary acids and food matrix are critical factors, which 
may contribute to this apparent paradox [86]. There are many doubts if the effect is due 
to the native compounds or other forms, their mechanism or which factors have crucial 
impact on bioavailability [86]. To clear the access both native and metabolized forms in 
vivo and to distinguish their different biological roles have been a very challenging task. 
Accumulative evidence, which is emerging, suggests multiple roles [92] explaining the 
apparent incongruity (poor absorption). Compared with other flavonoids, much remains 
to be discovered [94, 95] about details and mechanisms of anthocyanin absorption and 
transport. The activity of anthocyanins could be associated with the ability to elicit cell 
adaptive responses involving the transcription factor Brf2 by affecting the “nucleophilic 
one” of the organism [89]. Recent studies on the bioavailability topic are summarized in 
Table 1 [82, 96–108].
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4. Biological activity of the anthocyanins

Establishing the biological activities of phytochemicals, flavonoids and polyphenol is depen-
dent on the complete understanding of their intake, absorption, metabolism and excretion; 
however, to date, this had only realized for a limited few structures [109]. The increasing 
evidence of potential therapeutic effects that present anthocyanin compounds has boosted 
the interest in the knowledge of their biochemistry and biological effects during the last two 
decades [95, 110–112]. Biological properties of anthocyanins depend on their bioavailability. 
The chemical structure of anthocyanins [113] determines their rate and extent of intestinal 
absorption and nature of the metabolites in the plasma. The growing and current interest in 
the study of anthocyanin compounds [114, 115] stems from their wide applicability in the 
prevention and even in the treatment of various human diseases. They could also be used 
in the control of the viruses that cause immunodeficiency, such as the causal agent of AIDS, 
and they have a strong activity against the influence A and B viruses as well as against the 
herpes virus [116]. Though many articles have been devoted to varying biological effects of 
anthoxyanins, only a limited number of studies deal with their antimicrobial activity [117].

Comments References

Pharmacokinetic trial to evaluate the bioavailability of anthocyanins and colonic polyphenol metabolites 
after consumption of aronia berry extract in plasma and urine

[96]

Pharmacokinetic characterization and bioavailability of strawberry anthocyanins relative to meal intake [97]

Bioavailability studies and anticancer properties of malvidin‐based anthocyanins, pyranoanthocyanins 
and nonoxonium derivatives

[98]

Effect of red cabbage fermentation on anthocyanin bioavailability and plasma antioxidant capacity in 
humans

[99]

Bioavailability of red raspberry anthocyanins and ellagitannins: new insights [82]

Bioavailability and uptake of anthocyanins and their metabolites from grape/blueberry juice and 
smoothie in vivo and in vitro

[100]

Tissue bioavailability and intake of tart cherry anthocyanins [101]

Confirmation and identification of tart cherry anthocyanins in several target tissues of healthy rats [102]

Bioactive anthocyanins in ‘Queen Garnet’ plum: maturity and bioavailability [103]

Use of anthocyanins as bioactive colourants in lipstick formulations [104]

Application of the developed flavonoid‐poor menu meals to the study of the bioavailability of bilberry 
anthocyanins as model flavonoids

[105]

Anthocyanin stability, mucus binding, and uptake into epithelial cells in healthy individuals that 
retained red grape or chokeberry juice in the mouth

[106]

Absorption and bioavailability of anthocyanins across the gastrointestinal mucosa [107]

Effects of processing sour cherry fresh fruit to the final juice product on the content of anthocyanins and 
other related polyphenols

[108]

Table 1. Bioavailability of anthocyanins.

Flavonoids - From Biosynthesis to Human Health212



4. Biological activity of the anthocyanins

Establishing the biological activities of phytochemicals, flavonoids and polyphenol is depen-
dent on the complete understanding of their intake, absorption, metabolism and excretion; 
however, to date, this had only realized for a limited few structures [109]. The increasing 
evidence of potential therapeutic effects that present anthocyanin compounds has boosted 
the interest in the knowledge of their biochemistry and biological effects during the last two 
decades [95, 110–112]. Biological properties of anthocyanins depend on their bioavailability. 
The chemical structure of anthocyanins [113] determines their rate and extent of intestinal 
absorption and nature of the metabolites in the plasma. The growing and current interest in 
the study of anthocyanin compounds [114, 115] stems from their wide applicability in the 
prevention and even in the treatment of various human diseases. They could also be used 
in the control of the viruses that cause immunodeficiency, such as the causal agent of AIDS, 
and they have a strong activity against the influence A and B viruses as well as against the 
herpes virus [116]. Though many articles have been devoted to varying biological effects of 
anthoxyanins, only a limited number of studies deal with their antimicrobial activity [117].

Comments References

Pharmacokinetic trial to evaluate the bioavailability of anthocyanins and colonic polyphenol metabolites 
after consumption of aronia berry extract in plasma and urine

[96]

Pharmacokinetic characterization and bioavailability of strawberry anthocyanins relative to meal intake [97]

Bioavailability studies and anticancer properties of malvidin‐based anthocyanins, pyranoanthocyanins 
and nonoxonium derivatives

[98]

Effect of red cabbage fermentation on anthocyanin bioavailability and plasma antioxidant capacity in 
humans

[99]

Bioavailability of red raspberry anthocyanins and ellagitannins: new insights [82]

Bioavailability and uptake of anthocyanins and their metabolites from grape/blueberry juice and 
smoothie in vivo and in vitro

[100]

Tissue bioavailability and intake of tart cherry anthocyanins [101]

Confirmation and identification of tart cherry anthocyanins in several target tissues of healthy rats [102]

Bioactive anthocyanins in ‘Queen Garnet’ plum: maturity and bioavailability [103]

Use of anthocyanins as bioactive colourants in lipstick formulations [104]

Application of the developed flavonoid‐poor menu meals to the study of the bioavailability of bilberry 
anthocyanins as model flavonoids

[105]

Anthocyanin stability, mucus binding, and uptake into epithelial cells in healthy individuals that 
retained red grape or chokeberry juice in the mouth

[106]

Absorption and bioavailability of anthocyanins across the gastrointestinal mucosa [107]

Effects of processing sour cherry fresh fruit to the final juice product on the content of anthocyanins and 
other related polyphenols

[108]

Table 1. Bioavailability of anthocyanins.

Flavonoids - From Biosynthesis to Human Health212

The favourable effects of anthocyanins on improvement of vision in humans (increase in visual 
acuity), one of the first reported, were described in 1966, which prompted their introduction 
into ophthalmology [56, 57]. It continues to be an interesting field of study due to the preva-
lence of myopia in today's society [118]. Although these effects are not completely understood 
[119], it has been confirmed that cyanidin helps regeneration of rhodopsin. Anthocyanins 
have been associated with substances that strengthen the capillaries, reinforce the action of 
vitamin C and favour the accumulation of this vitamin in the liver and in the suprarenal 
glands. Blackcurrant anthocyanins inhibit transient myopia, reduce eye fatigue, improve dark 
adaptation and enhance retinal blood flow with glaucoma [56]. Anthocyanin‐rich bilberry 
extract has a protective effect on visual function during retinal inflammation [116].

Anthocyanins have been shown to be effective in the prevention of arteriosclerosis and car-
diovascular diseases [25, 40, 41, 72]. Commercial extracts of Vaccinium myrtillus (bilberry) 
[120, 121] contain glucosides of delphinidin and cyanidin and, since 1977, have been used 
to inhibit platelet aggregation [122] because of their preventive effect in the initial stage of 
the formation of thrombi, in the treatment of some diseases related to poor microcirculation 
resulting from capillary fragility, and also to prevent the oxidation of the LDLs [123–125].

Moreover, it has been demonstrated that these preparations accelerate the spontaneous pro-
cess of cicatrization and that they have a preventive and curative activity against gastroduode-
nal ulcers induced in rats. These effects are probably due to their influence on the biosynthesis 
of mucopolysaccharides [126], which improves the efficacy of the gastric mucous layer and 
increases the base substance of the connective tissue and of the capillaries.

Another described effect is the inhibition in vitro that certain anthocyanins have on the 
porcine pancreatic elastase [127]. This enzyme attacks fibres and collagen, playing an 
important role in some pathologies, such as arteriosclerosis, emphysema and rheumatoid 
arthritis. Beneficial effects have also been described in experiments with diabetes, with 
a substantial reduction observed in the sugar concentration in urine and plasma of rats 
treated with the anthocyanin pigments of grapes [128]. It is suggested that anthocyanins 
act by reducing the biosynthesis of collagen, lipoproteins and glycoproteins, as well as 
reducing the activity of elastase and adenosine deaminase, which are both known to be 
high in diabetic patients.

Anthocyanins are recognized for their various [67, 129] pharmacological and medicinal prop-
erties. They are antimutagenic, anti‐inflammatory and vasotonic [111, 112, 130, 131]. They 
protect against radiation, are chemoprotective against the toxicity of platinum, are used in 
therapy against cancer and are hepatoprotective against carbon tetrachloride. They also have 
other effects due to several actions of a variety of enzymes and metabolic processes.

There are various patented pharmaceutical preparations [132] containing flavylium salts and 
anthocyanins for the treatment of wounds, gastroduodenal ulcers, inflammation of the mouth 
and throat, vascular diseases and other diseases linked with the lipidic and the glyceric acid 
metabolisms. More recently, they have been used in the treatment of circulatory diseases.

Some studies specify the anticarcinogenic effect of anthocyanins [12, 13, 19, 111, 112, 133–135]. 
They inhibit the growth of carcinogenic cells that provoke colon cancer, induce the apoptosis 
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effect, have the capacity to inhibit in vitro the growth of cells that cause tumours in humans 
and are even able to act as modulators of the macrophages in the immune response [89, 112].

Anthocyanins are effective against cytotoxicity, lipidic peroxidation, and as protectors of 
DNA, by forming co‐pigments of DNA‐anthocyanins. Moreover, anthocyanins have cellular 
antioxidant mechanisms comparable to or greater than other micronutrients, such as vitamin 
E. The capacity of the anthocyanins for stabilizing triple‐helical complexes of DNA [136] by 
forming complexes of anthocyanins‐DNA [137] is well established.

Pharmacokinetics of anthocyanins has recently reviewed [85, 113, 138, 139]. The most recent 
papers published on the subject are summarized in Table 2 [96, 101, 140–151]. Anthocyanins are 
metabolized to a structurally diverse range of metabolites that exhibit dynamic kinetic profiles. 
A multicompartmental (theoretical physiologically based) pharmacokinetic (PBMK) model 
has been proposed [138] in order to describe the anthocyanins fate in vivo. Understanding 
the elimination kinetics of these metabolites is key to the design of future studies [152] con-
cerning with their utility in dietary intervention or as therapeutics for disease risk reduction. 

Comments References

Pharmacokinetic trial to evaluate the bioavailability of anthocyanins and colonic polyphenol metabolites 
after consumption of aronia berry extract in plasma and urine

[96]

Evaluation of the protective effects of protocatechuic acid [140]

Effects of black raspberry extract and protocatechuic acid on DNA adduct formation and mutagenesis in 
rat oral fibroblasts

[141]

Influence of ethanol on the bioavailability and pharmacokinetics of blackberry anthocyanins [142]

Pharmacokinetic trial to evaluate the of nanoencapsulation of a phenol extract from grape pomace on 
human plasma

[143]

Pharmacokinetic characterization of anthocyanins in overweight adults on the basis of meal timing [97]

Determination of cyanidin 3‐glucoside in rat brain, liver and kidneys: a short‐term pharmacokinetic 
study

[144]

Pharmacokinetics, bioavailability and regional brain distribution of polyphenols from apple‐grape seed 
extract mixture and bilberry extract

[145]

Evaluation of changes in metabolic parameters, and in cardiovascular and liver structure and function in 
rat due to administration of either cyanidin 3‐glucoside or Queen Garnet plum juice

[146]

Bioavailability and uptake of anthocyanins and their metabolites from an anthocyanins‐rich grape/
blueberry juice and smoothie in vivo and in vitro

[101]

Effects of anthocyanins and their corresponding anthocyanidins on the expression levels of organic 
anion transporting polypeptides in primary human hepatocytes

[147]

Effect of flavan‐3‐ols and anthocyanins against inflammatory‐related diseases [148]

Anthocyanin pharmacokinetics and dose‐dependent plasma antioxidant pharmacodynamics by intake 
of Montmorency tart cherries in healthy humans

[149]

Pharmacokinetics of the metabolites of cyanidin‐3‐glucoside [150]

Abundance and persistence of metabolites of anthocyanins in human urine [151]

Table 2. Selected papers on pharmacokinetics of anthocyanins in the 2014–2016 period.
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In words of Kay [152], ‘These studies on (flavonoid) metabolism and biological activity of 
metabolites mark a new beginning in phytochemical research and, in this respect, this work is 
in its infancy’. Phenol‐Explorer web database gathers polyphenol metabolites [153] identified 
in human and animal biofluids, from 221 publications.

5. Methods for measuring the antioxidant activity of anthocyanins

Although a plethora of biological actions has been ascribed to flavonoids, their antioxidant 
activity, in particular, has recently attracted much attention. Anthocyanins behave as antioxi-
dants by a variety of ways, including direct trapping of ROS, inhibition of enzymes responsible 
for superoxide anion production, chelation of transition metals involved in processes forming 
radicals and prevention of the peroxidation process by reducing alkoxy and peroxy radicals.

There are a variety of methods for measuring antioxidant activity, either in vitro or in vivo 
(greater complexity involved) or a combination of both. The number of reviews published on 
the matter reflects the transcendence of this hot topic and its richness. Selected reviews found 
in the literature from 2000 up to the present time are summarized in Table 3 [154–204]. The 
most common chemical methods used for measurement in vitro of antioxidant activity of 
polyphenolic compounds (e.g. anthocyanins) are shown in Table 4 [197–241]. Methodological 
contributions are preferably cited in Table 4 instead of specific practical applications. Both 
conceptual and technical problems limiting the use and validity of three commonly used 
[119] assays TEAC/ABTS*+, DPPH and ORAC have been subject of recent revision. Some 
reviews dealing with the DPPH [208, 212, 214], ORAC [223] and CUPRAC [239, 240] assays 
have also been the subject of recent treatments. However, the aspects concerning with the 
assay chemistry, standardization and report of the antioxidants determination have not been 
solved after 25 years of intense study [199].

Antioxidant activity is always measured in an indirect way as a response (of the antioxidants 
present in the sample) to induced oxidation [192, 160, 173]. For foodstuffs, there is a range of 
methods for determining antioxidant activity. These can vary from those that evaluate the 
inhibition of lipidic peroxidation by the antioxidants and quantify the products as peroxides, 
hydroperoxides and products resulting from decomposition measured by the thiobarbituric 
acid reactive substances (TBARS) assay [171], to methods that determine the content of free fatty 
acids, polymer content, viscosity, absorptivity at 232 and 268 nm, colour and physiological mea-
surements in vivo, such as measuring the products from oxidation of the LDLs, or indirect indi-
cators of lipidic oxidation. Alternatively, antioxidant activity can be evaluated by measuring the 
immunological response to antigens (the products of lipidic oxidation). Though solvent effect 
is a vital parameter [203] exerting an influence on the chemical behaviour of antioxidant com-
pounds, the information concerning about its role on the antioxidant capacity is relatively scarce.

There are some drawbacks to assays in vivo. The interpretation of changes in the antioxidant 
activity of the plasma can be complicated because of the possibility of producing adaptability 
in response to an increase in oxidative stress. However, assays in vitro can also have their 
drawbacks, such as the interactions between samples and reagents.
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Content References

Antioxidant activity/capacity measurement: classification, physicochemical principles, mechanisms and 
electron transfer‐based assays

[154]

Antioxidant activity/capacity measurement: hydrogen atom transfer‐based, mixed‐mode and lipid 
peroxidation assays

[155]

Antioxidant activity/capacity measurement: reactive oxygen and nitrogen species scavenging assays, 
oxidative stress biomarkers and chromatographic/chemometric assays

[156]

Recent applications for in vitro antioxidant activity assay [157]

Evaluation of procedures for assessing anti‐ and pro‐oxidants in plant samples [158]

Capacity of antioxidants to scavenge multiple reactive oxidants and to inhibit plasma lipid oxidation 
induced by different biological oxidants

[159]

Analytical methods applied to antioxidant and antioxidant capacity assessment in plant‐derived products [160]

Advantages and limitations of commons testing methods for antioxidants [161]

A comprehensive overview on the biology behind some reactive molecules and the means for their 
detection

[162]

Potentiometric study of antioxidant activity: development and prospects [163]

Methods for determining the efficacy of radical‐trapping antioxidants [164]

Electrochemical methods for total antioxidant capacity [165]

The role of consumption of dietary bioactives on the prevention of adverse health [166]

Synthetic and natural phenolic antioxidants: mode of action, health effects, degradation products and 
toxicology

[167]

Up‐to‐date overview of methods available for measuring antioxidant activity [168]

Use of metallic nanoparticles and quantum dots as novel tools for reliable assessment of antioxidant 
activity in food and biological samples

[169]

Review on in vivo and in vitro methods evaluation of antioxidant activity [170]

IUPAC technical report: methods of measurement and evaluation of natural antioxidant capacity/activity [171]

Evaluating the antioxidant capacity of natural products: a review on chemical and cellular‐based assays [172]

Application of free radical diphenylpicrylhydrazyl to estimate the antioxidant capacity of food samples [173]

Application of both stationary and flow electrochemical methods for analysis of antioxidant properties 
of plant and clinical samples

[174]

Phenol‐based antioxidants and the in vitro methods used for their assessment [175]

Main components in the foodstuffs and beverages: antioxidant methods, chemical and kinetic basis [176]

Estimation of antiradical properties of antioxidants using DPPH assay [177]

Evaluation of antioxidants: scope, limitations and relevance of assays [178]

A comprehensive review of cupric reducing antioxidant capacity methodology [179]

Overview of the importance and mechanism of action of antioxidants, as well as of the methods of 
assessment of the antioxidant capacity

[180]

Methods for evaluating the potency and efficacy of antioxidants [181]

A comprehensive review of chemical methods to evaluate antioxidant ability [182]

Assessment of antioxidant capacity in vitro and in vivo [183]
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The in vivo antioxidant potential of anthocyanins can be measured by reducing the serum 
concentration of the reactive substance to thiobarbituric acid (TBARS assay) or by increas-
ing the resistance to oxidation in the plasma of the lipidic peroxidation caused by 2,2′‐azobis 
(2‐amidinopropane) hydrochloride (AAPH) or by Cu2+.

Most in vitro measurements of the antioxidant activity of anthocyanins involve the following 
factors: calculating the rate and range of the decrease of the substance in assay or the oxygen 
consumption, the formation of products from oxidation and the formation or decline of the 
number of FR. Detection can be carried out by inhibition of fluorescence, chemoluminiscence, 
oxygen consumption or absorbance, the evolution of which is related to the end product.

Content References

Direct measurement of the total antioxidant capacity of foods: the ‘QUENCHER’ approach [184]

Flow injection‐based methods for fast screening of antioxidant capacity [185]

Flow injection‐based systems for determination of scavenging capacity against biologically relevant 
reactive species of oxygen and nitrogen

[186]

Antioxidant assays for plant and food components [187]

Oxygen radical antioxidant capacity and trolox equivalent antioxidant capacity assays comparison to 
estimate the total antioxidant capacity of food products

[188]

How to standardize the multiplicity of methods to evaluate natural antioxidants [189]

The use of total antioxidant capacity, total antioxidant capacity test, as a biomarker of disease in 
biochemistry, medicine, food and nutritional sciences

[190]

Critical review of the most commonly used methods for in vitro determination of antioxidant capacity [191]

Updated methodology to determine antioxidant capacity in plant foods, oils and beverages [192]

Methods to measure the antioxidant defence system [193]

Popular methods commonly used for testing antioxidant activity in vitro: reliability, efficiency, 
accessibility and biological relevance

[194]

Methods for measuring antioxidant activity and assays for measuring overall reducing capacity [195]

Model systems of the evaluation of antioxidants in three types of foods: bulk oil, oil‐in‐water emulsions, 
and muscle foods

[196]

The multifaceted aspects of antioxidants and the basic kinetic models of inhibited autoxidation [197]

Application of various chemical methods to determine antioxidant activity in fruit pulp [198]

Overview of cell culture models for antioxidant research [199]

Standardized methods for the determination of antioxidant capacity and phenolics in foods and dietary 
supplements

[200]

Review of methods to determine chain‐breaking antioxidant activity in food [201]

Methods of measuring antioxidant activity particularly as they relate to lipid oxidation [202]

Methods used to evaluate the free radical scavenging activity in foods and biological systems [203]

Methodologies for evaluation of total antioxidant activities in complex mixtures [204]

Table 3. Published reviews on used methods for measurement of antioxidant activity.
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FR can be generated by various chromogenic compounds, such as azo ABTS (2,2′‐azino‐bis(3‐ethyl-
benzthiazoline)‐6‐sulphonic acid), DMPD (N,N‐dimethyl‐p‐phenylenediamine dihydro‐chloride), 
DPPH (2,2‐diphenyl‐1‐picrylhydrazyl), FRAP (ferric reducing ability of plasma) and DMPO (5,5‐
dimethyl‐1‐pyrroline N‐oxide). Inhibition of oxidation can be measured by the reduction in fluores-
cence by the ORAC method or by the TRAP (total radical‐trapping antioxidant parameter) assay.

Currently, ABTS is one of the methods most frequently used for assays of coloured com-
pounds, like anthocyanins [197], as the radical generated has a maximum absorption at a 
wavelength of 734 nm, reducing the possibilities of interference of antioxidants that absorb 
in the red colour zone. The radical ABTS•+ can be generated by enzymes (peroxidase, myo-
globin) or chemically (manganese dioxide, potassium persulphate or ABAP (2,2′‐azobis‐2‐
amidino‐propane hydrochloride). The radical, once generated, displays new characteristics 
with maximums of absorption at 414, 645, 734 and 815 nm.

Method Detection Measurement/oxidant References

Radical ABTS•+ Reduction of absorbance 
of the radical cation in an 
aqueous medium at 414 nm 
(or 645, 734 or 815 nm)

TEAC value, antioxidant 
activity equivalent to trolox 
(μmol/g)

[197–205]

Radical DMPD•+ Reduction of absorbance to 
505 nm

Expressed in μmol 
equivalent to trolox (TEAC) 
by g of sample

[206, 207]

Radical DPPH•+ Reduction of absorbance to 
517 nm

Expressed in EC50 (quantity 
of antioxidant required to 
reduce to 50% of the initial 
concentration of DPPH) or 
in TEAC

[208–219]

FRAP Increase of the absorbance 
to 593 nm

Expressed in μmol of 
equivalents of reduced 
ferric ion (Fe2+) by g 
of sample or a value 
equivalent to a pattern

[203, 204, 220]

ORAC‐PE Reduction of fluorescence 
(β‐phycoerythrin)

μmol equivalent to trolox 
(TEAC) by g of sample

ORAC‐FL Reduction of fluorescence 
(fluorescein)

μmol equivalent to trolox 
(TEAC) by g of sample

[221–236]

ORAC‐PGR Reducon of fluorescence 
(pyrogallol red)

μmol equivalent to trolox 
(TEAC) by g of sample

CUPRAC Absorbance measurement 
of the Cu(I)‐neocuproine 
chelate

μmol equivalent to trolox 
(TEAC) by g of sample

[199, 237–241]

Abbreviations: ABTS (2,2′‐azino‐bis (3‐ethylbenzothiazolinine‐6‐sulfonic acid); DMPD (N,N‐dimethyl‐p‐phenylenediamine 
dihydrochloride); DPPH (2,2‐diphenyl‐1‐picrylhydrazyl); FRAP (ferric reducing ability of plasma); ORAC‐PE (oxygen 
radical absorbance capacity) with β‐phycoerythrin; ORAC‐FL (oxygen radical absorbance capacity) using fluorescein 
(3′6′‐dihydroxyspiro[isobenzofuran‐1[3H], 9′[9H]‐xanthen]‐3‐one), ORAC‐PGR (oxygen radical absorbance capacity) 
with pyrogallol red (pyrogallol sulphone phthalein); TROLOX (6‐hydroxy‐2,5,7,8‐tetramethilcroman‐2‐carboxylic acid).

Table 4. Commonly used methods for measurement in vitro of antioxidant activity.
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Kuskoski et al. [51] found a maximum absorption of around 754 nm in an alcoholic medium, 
and this wavelength was used to determine the antioxidant activity of fruit extracts of baguaçu 
(Eugenia umbelliflora Berg) that are rich in anthocyanin pigments [242].

If compared with other methods of formation of FR, such as DPPH, DMPD and others, 
the capture reaction time of the radical ABTS•+ is fairly rapid, it can range from 1 to 7 min, 
although according to Re et al. 4 min is sufficient to complete the reaction. Antioxidant data 
based on ABTS assay are dependent on reaction time because the applied standard com-
pounds (trolox) present a scavenging kinetic profile [200] different from that of polyphenol‐
rich foods. Studies have been carried out on the effects of molecular structure (molecular 
weight, number of ─OH groups, redox potential) on kinetics and dynamics of [201] the trolox 
equivalent antioxidant capacity assay with ABTS. Attempt has been made to standardize the 
method [202] by extrapolating to zero sample concentration.

The chromatic properties of the stable radical cation DPPH were first described [171] by Blois in 
1958, who used the radical to measure the antioxidant activity of several natural compounds. 
Only much later did Brand‐Williams et al. develop a technique based on the reduction of the 
absorbance of the radical DPPH• at 517 nm. This technique has also been applied by other 
authors with modifications and measurement of absorbance at 515 nm. Results are expressed 
as IC50 [213], that is, the quantity of antioxidant required to reduce the initial concentration 
of DPPH to 50%, or as the percentage of interacted DPPH % DDPH = [(Absreferencia − Abse
xtracto)/(Absreferencia)] × 100. DPPH assay on food additives and foods and beverages has 
been subject to interlaboratory study [211, 215]. The DMPH reaction has been revisited and 
re‐evaluated [216–218] and simplified in order to characterize samples of wine origin [210].

The influences of reaction time, DPPH concentration inference and kinetics parameters of 
bioactive molecules and plant extracts [209] in the reaction with the DPPH radical have been 
evaluated. A collaborative study on the DDPH assay [215] has been promoted as well as a 
kinetic‐matching approach to express antioxidant capacity in a more standardized way.

The spectrophotometric DMPD method, described by [171, 206, 207] Fogliano et al. in 1999, 
is similar to the ABTS method. In the presence of an adequate oxidant solution, the radical 
cation DMPD•+ generated has the ability to link hydrogen atoms, causing the discolouration 
of the solution, producing a reduction of absorbance measured at 515 nm. DMPD cannot be 
used with hydrophobic antioxidants, as it is only water soluble [171, 206]. DMPD method is 
not considered suitable for assays of coloured compounds, as interference can occur in the 
measurements, because they absorb in the same region of the spectrum.

The ferric reducing ability of plasma (FRAP) assay measure the ability of antioxidant to reduce 
the ferric [Fe3+−(TPTZ)2]3+ complex to the ferrous [Fe2+−(TPTZ)2]2+ complex (blue coloured) in 
acidic medium. It is a simple, reproducible method that can not only be applied to the study of the 
antioxidant activity of plasma, or in foods and beverages, but also to the study of the antioxidant 
efficacy of pure compounds with results that are comparable to those of more complex meth-
odologies. It is widely used to determine the antioxidant activity of anthocyanins in different 
samples. However, the FRAP assay is carried out at a very low pH (3.6), far from the pH found in 
biological fluids. Nevertheless, this method has the advantage of determining the activity of the 
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antioxidant directly in plasma; it does not depend on an enzymatic or a nonenzymatic method for 
generating FR and evaluates the antiradical efficacy of plasma. It also does not need the isolation 
of plasma fragments as is required in LDL.

The assay by fluorescence spectrophotometry known as ORAC was first set up [25, 29, 171] 
by Cao et al. in 1993 and later modified by Cao et al. in 1995. The ORAC method is based 
on measuring the decrease of the fluorescence of the proteins β‐phycoerythrin and R‐phy-
coerythrin (PE). These proteins have a high fluorescence in the presence of peroxyl radicals 
generated by the thermic decomposition of the 2′2′azobis (2‐amidinopropan) dihydrochloride 
(AAPH); the decrease is recorded in the presence of antioxidants. It is considered to be a very 
sensitive method that evaluates the oxidation process from its beginning, although it has the 
drawbacks of being expensive and time‐consuming [194].

However, β‐phycoerythrin [219] is photo‐unstable and it forms complexes with polyphenols 
giving, therefore low values of ORAC‐PE. For this reason, it is substituted [234–236] by fluo-
rescein (ORAC‐FL), which, in contrast, is much more stable, and does not react with polyphe-
nols, making it a much more precise and more economic method. Two alternative solutions 
have been proposed to decrease a systematic error related to AAPH addition in the fluores-
cence‐based ORAC assay [221].

A simple mathematical model for conversion of ORAC values to mass units [229] has been 
proposed. ORAC standardization [227] and validation [230] have been attempted. The use of 
pyrogallol red as a probe [233, 225] for competitive antioxidant assay is a significant improve-
ment. Pyrogallol reacts faster than fluorescein with RCOO* radicals, and its consumption does 
not present induction times, even in the presence of very reactive oxidants, with the exception of 
ascorbic acid. First action ORAC assay has been reported both with fluorescein [226] (dextracts 
from tea, blueberry and grape skins) and pyrogallol red [228] (red wine, fruit juices and iced teas).

A proportional measurement of antioxidant activity is obtained using the ORAC assay, which 
is currently one of the most commonly used methods for measuring the antioxidant activity 
of the anthocyanins [218].

Cupric reducing antioxidant capacity (CUPRAC) test is conceptually similar to the FRAP test, 
but is based on the reduction of Cu2+ ions in the presence of neocuproine (2,9‐dimethyl‐1,10‐
phenatroline) at pH 7, which involves faster kinetics. The ammonium acetate buffer solution 
account for the liberated protons in reaction with polyphenols.

The total radical‐trapping antioxidant parameter (TRAP) method [171] proposed by Wayner 
et al. (1985) is based on the measurement of oxygen consumption during a peroxidation reac-
tion of lipids controlled and induced by the thermic decomposition of some substances, such 
as ABAP or AAPH, which produces a flow of peroxyl radicals at a constant rate that is tem-
perature dependent. These peroxyl radicals initiate a chain of lipoperoxidations. The method 
has some problems, including being sensitive to temperature and to changes in pH. The stor-
age conditions of the samples are also important due to the liability of some antioxidants; 
therefore, their immediate analysis is recommended. When this is not possible, it is advisable 
to rapidly collect plasma for blood samples, to store them at −80°C and to measure them 
within 3 days. The concentration of proteins or uric acid, because of their high antioxidant 
power, should be taken into account when describing the results.

Flavonoids - From Biosynthesis to Human Health220



antioxidant directly in plasma; it does not depend on an enzymatic or a nonenzymatic method for 
generating FR and evaluates the antiradical efficacy of plasma. It also does not need the isolation 
of plasma fragments as is required in LDL.

The assay by fluorescence spectrophotometry known as ORAC was first set up [25, 29, 171] 
by Cao et al. in 1993 and later modified by Cao et al. in 1995. The ORAC method is based 
on measuring the decrease of the fluorescence of the proteins β‐phycoerythrin and R‐phy-
coerythrin (PE). These proteins have a high fluorescence in the presence of peroxyl radicals 
generated by the thermic decomposition of the 2′2′azobis (2‐amidinopropan) dihydrochloride 
(AAPH); the decrease is recorded in the presence of antioxidants. It is considered to be a very 
sensitive method that evaluates the oxidation process from its beginning, although it has the 
drawbacks of being expensive and time‐consuming [194].

However, β‐phycoerythrin [219] is photo‐unstable and it forms complexes with polyphenols 
giving, therefore low values of ORAC‐PE. For this reason, it is substituted [234–236] by fluo-
rescein (ORAC‐FL), which, in contrast, is much more stable, and does not react with polyphe-
nols, making it a much more precise and more economic method. Two alternative solutions 
have been proposed to decrease a systematic error related to AAPH addition in the fluores-
cence‐based ORAC assay [221].

A simple mathematical model for conversion of ORAC values to mass units [229] has been 
proposed. ORAC standardization [227] and validation [230] have been attempted. The use of 
pyrogallol red as a probe [233, 225] for competitive antioxidant assay is a significant improve-
ment. Pyrogallol reacts faster than fluorescein with RCOO* radicals, and its consumption does 
not present induction times, even in the presence of very reactive oxidants, with the exception of 
ascorbic acid. First action ORAC assay has been reported both with fluorescein [226] (dextracts 
from tea, blueberry and grape skins) and pyrogallol red [228] (red wine, fruit juices and iced teas).

A proportional measurement of antioxidant activity is obtained using the ORAC assay, which 
is currently one of the most commonly used methods for measuring the antioxidant activity 
of the anthocyanins [218].

Cupric reducing antioxidant capacity (CUPRAC) test is conceptually similar to the FRAP test, 
but is based on the reduction of Cu2+ ions in the presence of neocuproine (2,9‐dimethyl‐1,10‐
phenatroline) at pH 7, which involves faster kinetics. The ammonium acetate buffer solution 
account for the liberated protons in reaction with polyphenols.

The total radical‐trapping antioxidant parameter (TRAP) method [171] proposed by Wayner 
et al. (1985) is based on the measurement of oxygen consumption during a peroxidation reac-
tion of lipids controlled and induced by the thermic decomposition of some substances, such 
as ABAP or AAPH, which produces a flow of peroxyl radicals at a constant rate that is tem-
perature dependent. These peroxyl radicals initiate a chain of lipoperoxidations. The method 
has some problems, including being sensitive to temperature and to changes in pH. The stor-
age conditions of the samples are also important due to the liability of some antioxidants; 
therefore, their immediate analysis is recommended. When this is not possible, it is advisable 
to rapidly collect plasma for blood samples, to store them at −80°C and to measure them 
within 3 days. The concentration of proteins or uric acid, because of their high antioxidant 
power, should be taken into account when describing the results.

Flavonoids - From Biosynthesis to Human Health220

It is interesting to mention the fact that electrochemical [243–249] and ESR [250] methods are 
increasingly being applied to the determination of antioxidant capacity. The kind of technol-
ogy and free radical generator or oxidant influences the antioxidant capacity measurement. 
A key factor that helps researchers to choose a given method and to understand the results 
obtained is the comparison of different analytical methods. In order to gather comprehensible 
information about the total antioxidant capacity of a food [184], at least two of these tests, and 
preferably all, should be combined, if possible, taking into account both the arguments for and 
against, and its applicability. Table 5 shows selected articles [20, 190, 198, 204, 231, 251–260] 
in which more than one criterion has been applied to real samples with practical purposes. 
Advantages and limitations of the most common chemical methods of determination of the 
antioxidant capacity are compiled in Table 6 [160, 161, 167, 171–173, 176, 184, 231, 261–263].

Samples Methods References

Eight anthocyanidins, seven 
anthocyanins and two synthesized 
4′‐hydroxy flaviliums

DDPH, ABTS, hydroxyl radical 
scavenging activity, FRAP

[20]

Dried fruits and juices from 
chokeberry

FRAP, ABTS [251]

Protucatechuates DPPH, ORAC, CAT [252]

Six deoxyanthocyanidins and 
cyaniding‐3‐glucoside

DPPH, FRAP [253]

Plant foods CUPRAC, ABTS [254]

Anthocyanins from different varieties 
blueberries

Inhibiting activity on lipid 
peroxidation, hydroxyl radical 
scavenging, superoxide anion radical, 
DPPH

[255]

Plan extracts DPPH, ABTS, AAPH [198]

Commercial beverages (wines, beers, 
soft drinks and waters)

TRAP, TEAC, FRAP [256]

Popular antioxidants‐rich US foods ABTS, DPPH [257]

Commercially available vegetable 
juices (23)

FRAP, DPPH, ABTS [258]

Anthocyanidins, anthocyanidin‐3‐
glucosides and portisins

DPPH, FRAP [259]

Plants extracts of industrial interest 
(30)

DDPH, ABTS, FRAP, FRAP, SOD, 
ORAC

[260]

Food products ORAC, TEAC [231]

Selected small fruits ABTS, FRAP, DPPH [204]

Pulps of frozen fruits ABTS, DPPH, DMPD [190]

CAT (conjugate autoxidizable assay); SOD (superoxide dismutase assay).

Table 5. Antioxidant capacity of selected samples evaluated using more than one criterion.
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Mixed hydrogen atom transfer (HAT) and single electron transfer (SET)

ABTS • Inexpensive and easy to use

• Applicability in lipid and aqueous phase

• Stable to pH

• Fast reaction

• Can be automated and adapted for use with 
microplates

• Complex mechanism of reaction

• Extra step to generate free radical

• Free radical not stable for long periods 
of time

• Not standardised

DPPH • Simple and highly sensitive

• Can be automated

• It just needs a UV‐vis spectrophotometer to 
perform

• No sample separation is needed

• High price of ABTS reagent

• Complex mechanism of reaction

• DPPH colour can be lost

• Steric accessibility influences the reaction

• Sensitive to acidic pH

Single electron transfer (SET)

DMPD • Simpler, more productive and less expensive 
and compared ABTS test

• No data of its stoichiometry with anti-
oxidant standard and radical stability are 
available

• DMPD is only soluble in water

FRAP • Simplicity, speed and robustness

• It does not require specialized equipment

• It can be performed using automated, semi‐
automated, or manual methods

• It is nonspecific

• Not all antioxidants reduce Fe3+ at a rate 
fast enough to allows its measurement

• Compounds that absorbs at the wave-
length of the determination may interfere

• Requiring an acidic pH

CUPRAC • Rapid way to study plant extract profiles

• Fast enough to oxidize thiol‐type antioxidants

• Selective

• Stable and accessible reagents

• Applicable to both hydrophilic and lipophilic 
antioxidants It is carried out at nearly physi-
ological pH values

• FRAP and CUPRAC depend on the reac-
tion time

• The antioxidant which reduce metal ions 
may exert pro‐oxidant effect under certain 
conditions

• Low correlation between the capacity 
measured by FRAP or CUPRAC method 
with that for radical scavenging measured 
by competition method such as ORAC

Hydrogen atom transfer (HAT)

ORAC • Uses biologically relevant free radicals

• Simple and standardised

• Integrates both degree and time of antioxidant 
reaction

• Determine the capacity of hydrophilic and 
hydrophobic samples simply

• May be performed in thermostated microplates

• Expensive equipment

• Data variability can be large across 
equipment

• pH sensitive

• Requires long times to quantifies results

Table 6. Advantages and disadvantages of the most commonly chemical methods used for testing the antioxidant 
activity [160, 161, 167, 171–173, 176, 184, 231, 261–263].
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Mechanisms involved in the corresponding chemical reactions are also shown in the table: 
hydrogen atom transfer, HAT, ability of an antioxidant to reduce radicals by hydrogen donation 
for ORAC and TRAP assays; single electron transfer, SET, ability of an antioxidant to transfer 
one electron to reduce any compounds, including metals, carbonyl and radicals for DMPD and 
FRAP assays. HAT and SET mechanisms may occur together as in ABTS and DPPH assays. 
The DPPH method is one of the oldest and most frequently used for determining the antioxi-
dant activity of food extracts and single compounds. In comparison with DPPH assay, the ABTS 
assay estimates more accurately [183, 254] the antioxidant capacity of foods, especially for those 
contain lycophilic, lipophilic and highly pigmented compounds. However, it has been stated 
that methods using HAT reactions will be preferred to those with SET reactions because the 
peroxyl radicals used in the first are the main FR found in lipid oxidation and biological sys-
tems [259]. ORAC is the most commonly used total radical‐trapping antioxidant assay and the 
most widely used essay for evaluating antioxidant [172] both in the industry and in the academic 
institutions. The evaluation of total antioxidant capacity is preferable than the individual anti-
oxidant measurements [74] due to the complexity of food composition and the possibility of 
synergic interactions among the antioxidant compounds.

6. Antioxidant activity of the anthocyanins

The capacity of phenolic compounds to trap FR depends upon their structure, in particular, 
of the hydrogen atoms of the aromatic group that can be transferred to the FR [5, 10, 20, 24, 
63, 113] and of the capacity of the aromatic compound to cope with the uncoupling of elec-
trons as a result of the surrounding displacement of the electrons‐π system. As compared to 
other antioxidants, research on their health effects started more recently. This late interest in 
polyphenols is largely explained by the complexity [264] of their chemical structures. The 
anthocyanin and anthocyanidin health properties are due to their peculiar chemical struc-
ture, as they are very reactive towards ROS because of their electron deficiency [265–269]. The 
antioxidative properties of anthocyanidins have been recently explored; most of the widely 
distributed anthocyanidins and anthocyanins show more scavenging activity than that of the 
well‐known strong antioxidants trolox and catechol [20]. The physicochemical characteristics 
of anthocyanins [83, 90, 91], that is structure and size of the molecules (number and position of 
hydroxyl and methoxyl groups), water solubility and acidity constants, can control their abil-
ity to cross biological barriers. Results of antioxidant activity of foods are commonly expressed 
in TEAC (mmol or μmol/g sample), a capacity equivalent to trolox (a hydrosoluble synthetic 
antioxidant similar to vitamin E). However, some authors suggest [270] that the results should 
be expressed in vitamin C equivalent antioxidant capacity (VCEAC in mg/100 g), given that 
vitamin C is found naturally in some foods, whereas trolox is a synthetic compound.

Quantum chemical computations have recently been performed to study [265] the antioxidative 
properties of anthocyanidins, quantitative structure activity relationships (QSAR) and mecha-
nisms of action involved such as HAT, SET and SPLET (sequential proton loss electron transfer). 
Construction and evaluation of QSAR for predicting anthocyanin activity radical scavenging 
using quantum chemical descriptor have been developed [271] with good prediction efficiency. 
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3D‐QSAR models from 21 anthocyanins based on their ORAC values have been used [272] with 
prediction (eggplant and radish) purposes. 3D‐QASR models have also been developed in a 
series [273] of anthocyanin derivatives of CYP3AH inhibitors (cytochrome P450).

7. Structure of the anthocyanins

The chemical structure of anthocyanins is appropriate for acting as antioxidants, as they can 
donate hydrogen or electrons to the FR or trap them and delocalize them in their aromatic struc-
ture [5, 10, 20, 265–269]. The structural differences among anthocyanins are related [5, 14, 274, 275] 
to the number of hydroxyl or methoxyl groups in the anthocyanidin skeleton, the position and 
the number of bonded sugar residues as well as by the aliphatic or aromatic carboxylates bonded 
to them. The hydroxylation pattern influences [276, 277] physiological properties such as light 
absorption and antioxidative activity, which is the base for many beneficial health effects of flavo-
noids. The hydroxyl groups in positions 3′ and 4′ provide a high stability to the radical formed by 
trapping FR and displacing the electrons in ring B, as well as the free hydroxyl groups in position 
3 of ring C, and in position 5 of ring A, together with the carbonyl group in position 4 (Figure 4).

There are three important structural criteria for evaluating the antiradical effectiveness of a com-
pound: (1) the presence of neighbouring hydroxyl groups, that is, in the position of ring B; (2) dou-
ble bonds at conjugation 4‐oxo of ring C; and (3) hydroxyl groups in positions 3 and 5 of ring A.

The aglucons with identical hydroxylation in rings A and C, and a single OH group in ring B (4′‐
OH), including pelargonidin, malvidin and peonidin (Figure 4), have lower antioxidant activity 
when compared to compounds with groups 3′, 4′ di‐OH substituted (e.g. cyanidin) (Figure 5).

Figure 4. Chemical structure of pelargonidin (top left), malvidin (top right) and peonidin (bottom).
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Apparently, the OH groups in position 3′ and 4′ of ring B (catechol) are determinants of the 
antioxidant activity of saturated flavonoids. However, delphinidin is an exception to this 
principle as it has groups 3′ and 4′ di‐OH substituted (Figure 5) and still has a low antioxidant 
activity. The importance of the hydroxyl groups in position 3′ and 4′ of ring B contributes to 
the high antioxidant capacity also found for flavones [276, 277].

Most flavonoids are found naturally in a glycosylate form, and glycosylation changes the anti-
oxidant activity [5, 278]: for cyanidin, there is an increase; for malvidin, a decrease; and for pel-
argonidin, no significant effect was shown [137]. Different sugars can have distinct effects on 
antioxidant activity. For example, in ORAC assays for cyanidin, glycosylation in position 3 of 
ring C with glucose or rhamnose increases the antioxidant activity, but with galactose, it declines.

The glycosylation (site, type and number of the glycosyl, glycosidic bond type) generally 
enhances [269] the stability, results in the hypsochromic effect and blueing, decreases the bio-
availability and anticancer activity, and decreases, increases, or does not change the antioxidant 
activity of the anthocyanidins or anthocyanins. Note the diverse and complex chemistry of acyl 
groups and that their stabilizing effect exerted may be either independent or synergic. However, 
the acylation decreases the polarity of anthocyanins and creates steric hindrance effects (chang-
ing molecular size and spatial structure) to decrease the sensitivity of the anthocyanins to nucleo-
philic attack [274] and increasing the in vitro and in vivo chemical stability (though it lowers their 
apparent absorption) [113]. Nonacylated monoglycosylated anthocyanins have a greater inhibi-
tory effect on human colorectal adenocarcinoma (HT29) cell proliferation [279]; anthocyanins 
with pelargonidin, triglycoside and/or acylation with cinnamic acid have a lesser effect.

Anthocyanins are more than flavylium cations [280]. In aqueous solutions, equilibrium of at 
least four other species determined by pH (and temperature) exists [281–285]. Above about 

Figure 5. Chemical structures of pelargonidin, cyaniding and delphinidin, their spots on TLC and the colour of plant 
tissues [276].
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pH 2.5, the coloured flavylium cation (only stable at pH ≤ 1, rare in natural environments) 
form typically hydrates (pH 4–5) to form the colourless hemiacetal (carbinol pseudo‐base), 
followed by ring‐opening tautomerization to the light yellow (E)‐chalcone, which can isom-
erize to the (Z)‐chalcone. At pH values of 7–8, blue‐purple quinoidal anions (which fades in 
several minutes) are formed. Figure 6 shows a sample of wine (moderately acid pH 3.5–4.0) 
at different pH values and corresponds to the graphical abstracts of reference [280]. The state 
of ionization of the anthocyanins can be an important factor in relation to their antiradical 
activity. This is corroborated by the fact that the pseudo‐base and the quinoidal base of malvi-
din 3‐glucoside, generated at pH 4.0 and pH 7.0, respectively, have differences in antioxidant 
activity. It is possible play with the colour of anthocyanins [286, 287], for example, complex-
ation with metal ions or with colourless organic molecules (co‐pigments) such as hydroxyl-
ated benzoic or cinnamic acids. Experiments undertaken with synthetic colourants (Ponceau 
4R) have shown that they do not have antioxidant activity, whereas anthocyanin pigments 
confer an antioxidant activity far greater than that of the synthetic colourants available on 
the market. This shows that natural pigments besides providing a good source of colour have 
considerable antioxidant potential. Public concern about synthetic food dyes (suspected to 
cause adverse effect on health) has increased recently. For this reason, consumers and food 
manufacturers (i.e. beverage industry) increasingly demand “cleaner” colourants from natu-
ral sources [13, 48, 49, 54, 57, 79]. Table 7 compares [288] the characteristics of both synthetic 
and natural colourants. Interesting alternatives in food systems to synthetic colourants are 
acylated anthocyanins [289–293]. A huge variety of hues can be achieved as a function of 
anthocyanin structure and pH of food matrix. The increasing interest in foods that help to 
prevent diseases has boosted the market for nutraceutical and/or medicinal food [294]. The 
term functional food appeared in Japan in the 1980s associated with processed food contain-
ing ingredients that affect physiological functions. Identification of health effects provoked 
by anthocyanins will increase their demanding what would open new perspectives [295] for 
their use in the food market.

Figure 6. Red wine at various pH values: graphical abstracts of Ref. [285].
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8. Influence of the anthocyanins in the antioxidant activity of wines

Anthocyanins are the most abundant polyphenolic compounds in red wines. Red wine is 
probably the foodstuff that presents the highest diversity of these polyphenolic pigments in 
their original form and in other derivative structures. Various studies in vitro and in vivo have 
confirmed that wine has antioxidant properties, mainly attributable to its composition rich in 
phenolic compounds [296–298], which vary from 1200 to 2400 mg/L [299–303].

Wines, particularly red wines, inhibit platelet aggregation, increase antioxidant capac-
ity in humans and reduce the susceptibility to lipidic peroxidation in plasma [45, 304–306]. 
Anthocyanins are the pigments responsible for the attractive colour of red wine and are one of 
the main flavonolic compounds with antioxidant activity, which is why red wine has a greater 
antioxidant activity than white wine [307–310]. Its antioxidant capacity can be up to 10 times 
stronger than that of white wine [205].

Nevertheless, alcohol itself has a protective effect as, to some extent, it is a mediator of the 
increase (close to 50%) of the level of high‐density lipoproteins (HDLs) and of the decrease 
(of around 18%) of low‐density lipoproteins (LDLs), such as cholesterol [311, 312]. However, 
various studies have correlated the effect of the consumption of red wine with a reduction in 
coronary heart disease, which is more significant than that for beer or other alcoholic drinks 
[18, 45]. Therefore, this reduction can be attributed to nonalcoholic components present in red 
wine [304, 307].

The nonalcoholic components of wine, mainly phenolic compounds, are considered to be the 
primary factor responsible for this protective effect. There is a significant concentration of fla-
vonoids in red wines (>500 mg/L) and a very low one in white wines (<60 mg/L) [313–315]. In 
a study by Frankel et al. [300], the relative antioxidant activity of 20 Californian wines was 
mainly correlated with the presence of cyanidin and malvidin 3‐glucoside. Similar results were 
obtained by Aguirre et al. [316] and Rivero‐Pérez et al. [317, 318] in Chilean and Spanish red 
wines, respectively. According to Fernández‐Pachón et al. [319], in the ranking of activity, the 
most active is the anthocyanins and flavan‐3‐ol, followed by the phenolic and flavonol acids.

Synthetic antioxidants Natural antioxidants

Inexpensive Expensive

Widely applied Usage of some products restricted

Medium to high antioxidant activity Wide ranging antioxidant activity

Increasing safety concern Perceived as innocuous substances

Usage of some of them banned Increasing usage and expanding applications

Low water solubility Broad range of solubilities

Decreasing interest Increasing interest

Some of them stored in adipose tissue Completely metabolized

Table 7. Advantages and disadvantages of natural and synthetic antioxidants commonly used for food protections [288].
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Ghiselli et al. [320] studied three polyphenolic subfractions of red wine, evaluating the capac-
ity to trap hydroxyl and peroxyl radicals, the inhibition in vitro of the oxidation of LDLs and 
platelet aggregation. The fraction containing the anthocyanins proved to be the most effec-
tive in its capacity to trap ROS and to inhibit the oxidation of LDLs and platelet aggregation. 
Anthocyanins are quantitatively the most abundant phenolic subclass in red wine [321, 322]. 
The other two fractions, containing the phenolic acids and quercitin 3‐glucuronide, and pro-
cyanidins, catechins and quercitin 3‐glucoside, are less active.

Some authors still attribute the antioxidant activity of red wines to all polyphenolic compounds 
[323–325], not discarding the hypothesis that the different classes of polyphenolic compounds 
can be more effective and act in a synergistic way. However, according to Fernández‐Pachón 
et al. [319], no synergistic effects were observed among the isolated fractions of red wines 
(anthocyanins, flavonols and phenolic acids). Galanakis et al. [326] characterized the phenolic 
content and antioxidant capacity of Cypriot wines. The higher concentrations of phenols did 
not always reflect higher antioxidant capacity of wines, probably due to the observed antago-
nistic effect between hydroxycinnamic acid derivatives, flavonols and anthocyanins.

9. Encapsulation of anthocyanins

As it has been mentioned throughout the chapter, anthocyanins are potentially used in 
food and pharmaceutical industries since their practical applications as natural colourants 
[13, 49, 58, 76, 79, 327] as well as their potential health benefits to humans [13, 56, 90, 110, 
114]. Nevertheless, the incorporation of anthocyanins into food and medical products is a 
challenging task due to their low stability and susceptibility to degradation [292] towards 
environmental conditions during processing and storage. In order to prevent these limita-
tions, delivery systems have been developed, and among them, encapsulation [328–334] 
would appear to be an interesting option.

Encapsulation, developed approximately 60 years ago [335], is a rapidly expanding technology 
to entrap one substance (active agent, solid, liquid or gas) within another substance (a matrix 
or a polymeric wall) in the form of micro‐ and nanoparticles to protect the ‘actives’ from envi-
ronmental conditions and their interactions with other components or to control their release 
[331, 332]. In addition, once encapsulated bioactive compounds are easier to transportation 
and handling, masking of undesirable flavour and compartmentalization of two or more reac-
tive species [328, 335].

In general, the three‐stage process during encapsulation is [335] as follows: (i) formation of the wall 
around the material; (ii) ensuring that undesired leakage does not occur; and (iii) ensuring that 
undesired materials are kept out. For that end, different techniques have been studied and applied 
to encapsulate active agents, some of them successfully applied for anthocyanins including spray‐
drying, emulsification, ionotropic gelation or coacervation, and thermal gelation [328, 330].

Among the most important factors to take into account when choosing the microencapsulation 
technique are particle size, physicochemical properties of the core, the process cost and the 
selection of wall materials. According to the literature, encapsulation by spray‐drying is the 
most economical, simplest and the most applied method (80–90% of encapsulates are spray‐
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dried) for preservation of anthocyanin pigments [332], being maltodextrins as the most used 
coating material. The use of other techniques than spray‐drying [331] still remains an unex-
plored area. This fact could be explained by the hydrophilic nature of anthocyanins [332, 336], 
so it is, therefore, a promising area of research.

In order to increase the efficiency and stability by spray‐drying, different biopolymers are 
used [328, 333], most common are natural gums (gum arabic, alginates, etc.), proteins (dairy 
proteins, soy proteins, gelatine, etc.), carbohydrates (maltodextrins and cellulose derivatives) 
and/or lipids (waxes, emulsifiers). Some authors [330, 332] have revealed that a combination 
of other wall materials and other modifiers (as oxygen scavengers, antioxidants, chelating 
agents, and surfactants) increases the encapsulation efficiencies.

Table 8 [131, 328–342] summarizes some selected reviews on anthocyanin, polyphenol 
and bioactive compounds encapsulation. In last years, the use of biodegradable polymeric 
nanoparticles has attracted the interest of researches [337] due to their good biocompatibility, 
easy design and preparation, structure variations and interesting biomimetic characters.

Content References

Anthocyanins

Overview of the most recent studies and patents aimed at enhancing anthocyanin stability in food 
systems

[328]

Anthocyanin extraction, microencapsulation and release properties during in vitro digestion [329]

Study on colour stability and microencapsulation from Jamun of anthrocyanin pigment using 
spray‐drying

[330]

Health benefits of anthocyanins and their extraction, characterization, encapsulation and delivery [331]

Encapsulation of anthocyanins from berry‐type fruit species as a technology for improving the stability 
and/or bioavailability of anthocyanins

[332]

Microencapsulation of anthocyanins with different biopolymers through spray‐drying [333]

Nonthermal stabilization mechanisms of anthocyanins in model and food systems [334]

Stabilization of cranberry anthocyanins in nutraceutical capsules [335]

Polyphenols

Relevant recent studies on biopolymer nanoparticles and natural nanocarriers for nanoencapsulation of 
phenolic compounds

[338]

The encapsulation methods in plants using protein matrices [339]

Phenolic‐enriched foods: sources and processing for enhanced health benefits [131]

Using nanoparticles to enhance absorption and bioavailability of phenolic phytochemicals [340]

Overview on encapsulation of natural polyphenolic compounds [341]

Overview of encapsulation of widely used polyphenols: effectiveness, variations, developments and 
trends

[336]

Bioactive substances

Development of food applications containing micro‐encapsulated coffee antioxidants [342]

Encapsulation of active compounds used in food products by drying technology [337]

Table 8. Selected reviews on encapsulations of anthocyanins, polyphenols and bioactive substances.
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10. Final comments

Anthocyanins [13, 14, 17, 293, 343–346] are members of the flavonoid group of phytochem-
icals, a group predominant in fruits and vegetables, especially in berries. Recent research 
raised awareness of the importance [347, 348] of anthocyanins in the diet. Anthocyanin identi-
fication is critical in adulteration and profiling [349, 350] studies and in evaluating the quality 
of crude and processed food. The design of plant products with a high added value allows 
increasing the synthesis [351] of plant‐derived food antioxidants and in particular anthocy-
anins. In an effort to expand the palette of natural organic colourants (colour additives of 
food and beverage products), the food industry has launched a search for new products, for 
example blue colourants [352, 353]. Food, pharmaceutical and nutraceutical industries are 
interested in [354] clean recovery of valuable compounds. Thus, exploration of more efficient, 
cost‐effective and eco‐friendly techniques of polyphenol extraction, that is anthocyanins, from 
food matrices and waste plant food processing residues (grape fruit, fruits by‐products, win-
ery waste materials, by‐products) is a challenge [355–360]. In any case, in order to ascertain 
the nutraceutical potential of bioactive compounds, quantification [359, 361] is required, thus 
obtaining vital information for future food industrial applications.

Apart from their well‐known potential for their practical applications as natural colou rants 
[13, 48, 49, 58, 76, 79, 281, 328], anthocyanins show antioxidant activity and a wide variety of 
health‐promoting properties for human health [12, 56, 81, 85, 90, 111, 112, 120, 130, 264, 343], 
ranging from cytoprotective, antimicrobial and antitumor activities to neuropr otective, anti‐
obesity and lipidomic potential. Moreover, epidemiological evidence suggests  [12, 111, 112, 362] 
a direct correlation between anthocyanin intake and a lower incidence of chronic and degenera-
tive diseases.

However, the issue of food antioxidants although important is a controversial topic [11, 64, 
72, 363–365]. The plethora of published studies on mechanisms [132] that may mediate ther-
apeutic or chemical chemopreventive effects of dietary constituents contrasts sharply with 
a scarcity of information on their pharmaceutical and clinical‐pharmacological properties. 
Most of the evidence supporting a therapeutic effect of anthocyanins is in vitro or mechani-
cal in nature, although the number of studies on bioavailability in humans has increased 
significantly over the past two decades. Anthocyanins show a complex biochemical (more 
than other compounds of flavonoids type), and there is still much to discover [94, 95, 366] 
about the biochemical activity and clinical pharmacology of these compounds (stability, bio-
availability and formulation of dietary constituents), which constitutes an obstacle [367] to 
understand their health benefits. As evidence of their therapeutic effects accumulates, it is 
important to understand the nature [81, 85, 87, 89, 139] of the absorption and metabolism “in 
vivo” and that such knowledge will enable the development of new food products, both fresh 
and manufactured with greater therapeutic efficacy [95, 366]. Progress in this field requires 
a multidisciplinary research carried out by a wide range of professionals: food science and 
technology scientists, chemists (analytical chemists), nutritionist, physiologists, pharmacist, 
pharmacologists, engineers, physicians, biologists, genetics, clinics, etc., being a field in which 
promising progress will be undoubtedly made in the future.
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More complete details of the basics of polyphenols and anthocyanins can be seen in previous 
reviews [4–7, 346, 368] by the authors.
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Abstract

Isoflavones are a class of plant secondary metabolites, with an estrogen‐like structure 
presenting a plethora of biological activities. The chapter discusses important facts about 
this class of phytoestrogens, from biosynthesis to the latest research about their health 
benefits. The following major points discussed are: biosynthesis, regulation, isolation, 
metabolism and bioavailability, isoflavones in diet and intake, and new insights regarding 
the therapeutic effect including cancer chemoprevention. The chapter ends with a mini 
review of own research of the anti‐inflammatory and chemopreventive activity of iso‐
flavonoid genistein alone and incorporated in modern pharmaceutical formulations. The 
chapter updates the interested researchers in the field with the latest progress regarding 
potential health benefits of isoflavones.

Keywords: isoflavones, biosynthesis, regulation, isolation, metabolism, bioavailability, 
therapeutic effect

1. Introduction

Isoflavonoids, a class of secondary metabolites including over 1000 structures [1], are polyphe‐
nolic derivatives of 1,2‐diphenylpropane, as opposed to the larger group of flavonoids having 
a 1,3‐diphenylpropane skeleton. They encompass several subgroups, the most prominent 
being the isoflavones, the rotenoids, the pterocarpans and the coumestans (Figure 1). The mul‐
tiplicity of isoflavonoid structures is accounted by different oxidation levels of the backbone, the 
presence of additional heterocyclic rings and the diversity of substituents. These substances occur 
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mostly in free forms as aglycones (Figure 2); glycosides are formed with glucose,  rhamnose or 
apiose as the sugar moiety and are mainly O‐glycosides.

Isoflavonoids are a major biochemical marker of the Fabaceae, especially of the subfamily 
Faboideae [2]. As much as 95% of the isoflavonoid aglycones and about 90% of isoflavones were 
reported in this family [3]. In recent years, the distribution of isoflavonoids has reliably been proven 
in a variety of nonlegumes, including bryophytes, gymnosperms and angiosperms. In flowering 
plants, they occur in over 50 families, and their distribution pattern is unrelated with the degree 
of phylogenetic closeness. Such families include among monocots such as the Iridaceae, Liliaceae, 
Asphodelaceae, Poaceae, Zingiberaceae and Cyperaceae as well as a large number of dicots such 
as Asteraceae, Apiaceae, Malvaceae, Rosaceae, Rutaceae or Solanaceae [1, 4]. Among plant organs, 
isoflavonoids are mainly present in underground parts, wood and bark as compared to flowers 
and leaves [1]. In planta, they act as anti‐microbial compounds synthesized in response to the 
attack of pathogens, representing the first identified type of phytoalexins. Isoflavonoids may 
either be preexistent in plant tissues before microbial attacks or be produced only upon exposure 
to infection or environmental stressors. The prominent distribution of these secondary metabolites 

Figure 1. Flavonoid and isoflavonoid backbones. 1: Flavones, 2: Isoflavones, 3: Rotenoids, 4: Pterocarpans and 5: 
Coumestans.

Figure 2. Main isoflavone aglycones: 1: Genistein, 2: Daidzein, 3: Glycitein, 4: Biochanin A and 5: Formononetin.
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in legumes is related to their  physiological role in nodulation. The isoflavonoids present in root 
exudates are associated with the attraction of symbiotic Rhizobium bacteria and promotion of their 
growth within root nodules [5], leading to an improved nitrogen uptake.

2. Biosynthesis and regulation

The biosynthesis of isoflavonoids occurs as a branch of the phenylpropanoid pathway, 
involved in the biologic obtainment of all flavonoids [6]. The departing point is represented 
by the amino acid phenylalanine, sequentially converted to cinnamate, p‐coumarate and 
p‐coumaroyl‐CoA by the relevant enzymes of each step (phenylalanine ammonia‐lyase, 
cinnamic acid‐4‐hydroxylase, and 4‐coumarate‐CoA ligase, respectively). Subsequently, 
chalcone synthase is involved in the creation of the 15‐carbon flavonoid backbone from 
p‐coumaroyl‐CoA; several derivatives may be produced via different branch pathways. 
The crucial enzyme for isoflavone biosynthesis is isoflavone synthase, a cytochrome P450 
monooxygenase, which catalyzes the migration of the aryl moiety and transforms flavanones 
to isoflavones [7]. The reaction involves keto‐enol tautomerism of flavanones and epoxidation, 
followed by dehydration [8].

Relevant metabolic pathways for the biosynthesis of the major isoflavonoids genistein (pre‐
cursor naringenin) and daidzein (precursor liquiritigenin) have been well‐studied in soybean 
(Glycine max (L.) Merr.). Their understanding opened possibilities of metabolic engineering, 
leading to the development of soybean lines with an increased content of isoflavones in 
 comparison to wild‐type seeds. On the other hand, the health benefits of isoflavones prompted 
strategies to induce the synthesis of these compounds by non‐legume plants (broccoli and 
tomatoes). This approach could be achieved in plants with an active phenylpropanoid path‐
way [9]. In fact, the flavanone naringenin is not only the substrate of isoflavone synthase, 
but as well that of flavanone‐3‐hydroxylase, involved in the biosynthesis of flavonols, antho‐
cyanins and condensed tannins. The introduction of the isoflavone synthase gene in plants 
that do not express this enzyme was able to trigger genistein production in corn [7] and the 
model cruciferous Arabidopsis thaliana [10]. The disadvantage was represented by low isofla‐
vone  content, related to the competition between the flavonoid and the isoflavone pathways. 
Blocking the alternative flavonoid/anthocyanin branch of the phenylpropanoid pathway 
while upregulating the synthesis of isoflavones by introducing foreign transcription factors 
yielded very favorable results. Yu et al. could increase up to fourfold the level of isoflavones 
in soy by introducing the transcription factors C1 and R from corn in soybean (involved in 
the regulation of the phenylpropanoid pathway genes), and by co‐suppressing flavanone‐3‐
hydroxylase, hence diverting the whole substrate to the isoflavonoid pathway [11]. An addi‐
tional regulation of isoflavone biosynthesis involves the enzymes catalyzing the glycosylation 
of aglycones, as the majority of isoflavonoids accumulate in conjugated form. In soybean, the 
malonylglycosides are predominant, followed by glucosides. These conjugates are obtained 
upon catalysis by malonyl transferase and glycosyl transferase, respectively, in specific posi‐
tions. The engineered obtainment of isoflavonoids in nonlegumes is crucially related to the 
presence of isoflavonoid‐specific malonyl transferases and glycosyl transferases [12]. In soy, 
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the content and composition of isoflavonoids are subjected to polygenic regulation and 
highly variable in response to drought, temperature, fertilization, carbon dioxide content 
and genetic factors [13]. The level of isoflavonoids is higher in wild‐growing populations 
than in cultivated soybean; this situation is thought to be a consequence of domestication [14].

3. Isolation

The isoflavonoid aglycones such as genistein and daidzein are compounds with a low polar‐
ity and hence practically insoluble in water. The polarity is lowered by methylation, as in 
formononetin and biochanin A. After glycosylation, the water solubility increases; glucosides 
have a higher solubility in water than their malonylated and acetylated derivatives. The 
glycosidic bond may be hydrolyzed under acidic or basic conditions [15]. Early extraction 
of isoflavones was performed by refluxing alcohol, but had the disadvantage of converting 
malonyl‐ and acetyl‐glucosides into glucosides and aglycones [16]. A mixture of methanol 
80% was as well proposed [17]. An optimized extraction method was developed by Griffith 
and Collison, using acetonitrile/water, without the addition of an acid [18]. Acetonitrile 
is  considered to yield higher extraction ratios than solvents such as acetone, ethanol and 
methanol, during the analysis of 12 main soy isoflavones from foods; the organic solvent 
(53%) is mixed with water [19]. The preparative isolation of isoflavones could be achieved 
by high‐speed countercurrent chromatography (HSCCC). In one setting of HSCCC, acid‐
free solvents were employed; the isolation of malonylglucosides was performed with the 
aid of a solvent tert‐butyl‐methyl ether/n‐butanol/acetonitrile/water in a ratio of 1/3/1/5 [20]. 
Monoglucosylated and acetylated isoflavones were obtained more recently by HSCCC after a 
cleaning‐up step on Amberlite XAD‐7 material [21].

Quantification of isoflavones is usually performed by HPLC‐DAD, using reversed‐phase  columns 
and eluents containing 95% acetonitrile with 0.1% trifluoroacetic acid. Validated methods with 
good peak resolution are available [18]. Detection may be performed at 262 nm. For the quanti‐
fication in biologic samples (urine, saliva and blood), HPLC‐MS/MS  spectrometry is employed 
after solid‐phase extraction (SPE) of isoflavones; the glycosides are hydrolyzed enzymatically 
prior to SPE [22].

4. Bioavailability and metabolism

Bioavailability of isoflavones is based on data from absorbtion, metabolism, distribution 
and excretion studies. After the intake of pure compounds, isoflavone‐rich extracts or foods 
 containing high levels of isoflavones, the parent compound and their metabolite can be found 
in plasma and urine of human volunteers. Following ingestion, soy isoflavones attain maximal 
plasma concentration within 4–8 h and then eliminate from the body through the bile and kid‐
neys with an elimination half‐life that is on average 8 h [23, 24]. Aglycones are well absorbed due 
to their low water solubility and small molecular weight [25]. After ingestion, isoflavone glyco‐
sides are hydrolyzed by intestinal glucosidases, which partially release the aglycones daidzein, 
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genistein and glycitein [24]. These may be absorbed or converted to a number of metabolites 
including equol and p‐ethyl phenol [24].

It was proved that intestinal microflora plays an important role in the metabolism and 
 bioavailability of isoflavones [26]. It is considered that about 50% of Asians and 25% of non‐
Asians host the intestinal bacteria that convert daidzein into the isoflavonoid equol [27]. 
Variation in individual metabolism of phytoestrogens due to differences in gut microflora 
might influence the serum concentration of phytoestrogens. It was found that the capacity to 
produce equol is higher among Japanese and Korean men than among American men [28]. 
After an intake of 50 mg isoflavone, the urinary excretion was 42% for daidzein and 16% for 
genistein [29]. Fermented soy products, or supplements in which the soy extract has been 
hydrolyzed, contain mostly the aglycone forms of isoflavones; however, following ingestion, 
the plasma profile of isoflavone metabolites is the same, no matter the form ingested [30]. Free 
aglycones, released after hydrolysis, are absorbed by passive diffusion across the intestin [31].

The extensive metabolization of the aglycones is evident in the extremely low content of the 
free form in body fluids, of less than 1% in human plasma and urine [32]. The metabolization 
of genistein has intensively been studied and thoroughly reviewed [25]. Following the faith of 
most xenobiotics, it undergoes detoxification, being conjugated to glucuronides and sulfates. 
Among them, monoglucuronides are present in the highest proportion (62.5%), followed by 
diglucuronides, sulfoglucuronides, disulfates and monosulfates in human urine after dietary 
intake of soy products [33]. The percentage of sulfates was reported to be slightly higher in 
blood (20%) than in urine (13%) [32]. In humans, the plasma level of genistein (all forms) is 
situated in the micromolar range, while the level of free genistein is in the higher nanomolar 
range. The rate of metabolization after oral ingestion is less than half an hour, with conjuga‐
tions occurring in the intestine, the liver but as well in the kidneys, heart and lungs. The tissue 
distribution of genistein is highest in the gastro‐intestinal tract and liver, consistent with its 
enterohepatic recycling [34]. While the differences between individuals are very high, the oral 
bioavailability of genistein is low due to extensive metabolization and high expression level 
of efflux transporters (such as breast cancer resistance protein (BCRP)) [25].

5. Dietary intake and sources of isoflavones

As already mentioned above, isoflavones are flavonoid compounds that are biogenetically 
produced by plants belonging mainly to the Fabaceae family. Main sources of dietary iso‐
flavones are soybeans (Glycine max) [35, 36] and red clover (Trifolium pratense) [37]. Other 
plants with a high content of isoflavones are: mung beans (Vigna radiata) [38], kudzu (Pueraria 
lobata), lupine (Lupinus spp.), fava bean (Vicia faba), psoralea (Psoralea corylifolia) [39], poinciana 
(Caesalpinia pulcherrima) [40] and alfalfa (Medicago sativa) [41].

Soybeans are widely employed for the preparation of food and dietary supplements. They 
contain both isoflavone aglycones: genistein, daidzein, glycitein, and glucosides: 7‐O‐glu‐
cosides: genistin, daidzin, glycitin, and three 6″‐O‐acetyl glucosides: 6″‐O‐acetyl‐genistin, 
6″‐O‐acetyldaidzin, and 6″‐O‐acetyl‐glycitin, and three 6″‐O‐malonyl‐glucosides: 6″‐O‐malo‐
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nyl‐genistin, 6″‐O‐malonyldaidzin, and 6″‐O‐malonylglycitin (Figure 3) [42, 43]. The highest 
percentage of soy isoflavones in soybeans is represented by genistein glucosides, approximately 
50%. Daidzein glucosides are about 40% and glycitein glucosides 5–10% [15]. More exactly, 
the concentration of daidzein and daidzin in soy extract is 10.4 and, respectively, 244.5 mg/g 
soy extract corresponding to 1.7 and 39.6%. Concerning the concentration of genistein and 
genistin, it is 5.3 mg/g soy extract and, respectively, 319.6 mg/g soy extract representing 0.9 
and 51.8% [44].

Comparing the isoflavones from soybeans with those extracted from red clover, it is remarkable 
that there are four main isoflavones (daidzein, genistein, formononetin and biochanin A) from 
red clover and only three in soybeans [15].

In China, the first reference to soybeans dates from 2853 BC [45]. In contrast, Western cul‐
tures have adopted these products only lately. A variety of soy foods is currently available 
 throughout the world, produced with modern processing techniques or using the traditional 
methods. They can be classified into fermented (tofu, okara, yuba, fresh greed soybeans, 
whole dry soybeans, soy nuts, whole‐fat soy flour, soy sprouts, soymilk and soymilk prod‐
ucts) and nonfermented (tempeh, natto, miso, fermented tofu and soymilk products and soy 
sauces) products [46]. Epidemiological studies among the Japanese population suggest that 
fermented soybean products have better effects than nonfermented soy products, probably 
because of a higher bioavailability of isoflavone aglycones [47].

Figure 3. Structure of main isoflavone glycosides.
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During the processing of raw soybeans, the composition of isoflavones is altered. The loss 
of isoflavones in the water used to soak raw soybeans, whey and the okara, was 4, 18 and 31%, 
respectively [42]. The isoflavone loss during coagulation in tofu processing was 44% and 
 during alkaline extraction in soy protein isolate production was 53% [48]. The recoveries of 
isoflavones in tofu and in soy beverage comparing to their initial concentration in raw soybeans 
were found to be 36 and 54%, respectively [42].

Several reviews are available on the content of isoflavones in soy foods, including Japanese 
foods [49], foods used in the US [50, 51] and Europe [52]. A comparison of the most frequently 
used foods containing soy is performed in Table 1.

Food Daidzein Genistein Daidzein Genistein Daidzein Genistein

Country Japanese foods Food in the US Food in Europe

μg/g wet food μg/g μg/g

Soybean (raw) 1006.3 1437.7 613.3 863.3 580 840

Soybean (boiled) 135.8 472.5 74.1 70.6 150 320

Soybean sprout 49.6 79.3 50 67

Mung bean sprout 3.4 2.4 0.6 0.8 39 680

Soymilk 78.2 156.6 48.84 60.7 – –

Okara—bean curd residue 33.1 57.1 36.2 44.7 – –

Tofu (momen type) 166.2 269.2 – – – –

Tofu (silken type) 130.1 206.4 91.5 84.2 – –

Tofu (packed type) 168.6 280.7 – – – –

Tofu (baked type) 166.8 291.2 102.6 104.3 – –

Tofu (dried type) 168.2 556.7 – – – –

Deep fried tofu – – 138.0 184.3 – –

Deep fried tofu (thick type) 148.7 257.4 – – – –

Deep fried tofu (thin type) 84.2 179.1 – – – –

Miso – – 164.3 232.4 590 670

Tempeh—fermented soybean 
from Indonesia

525.9 1326.2 226.6 361.5 – –

Navy beans (haricot) – – 0.137 4.08 0.130 0.110

Broccoli – – 0.06 0.08 0 0

Carrots – – 0.016 0.017 0 0

Strawberries – – trace trace 0.046 –

Spinach – – 0 0 0 0

Onion – – 0 0 0 0

Table 1. Concentrations of daidzein and genistein in Japanese foods [49], food in the US, [50, 51] and food in EU [52].
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Soy foods, such as tofu and tempeh, are extremely rich in isoflavones compared to other 
type of foods [53]. Raw soybeans contain the highest level of genistein and daidzein in the 
Japanese foods. The soybeans in US have a higher amount of genistein (863.3 μg/g) and 
daidzein (613.3 μg/g) than in Europe, which have 840 μg/g genistein and 580 μg/g daidzein 
[51, 52]. The  richest sources of isoflavones are tofu, tempeh and miso in Japanese, European 
and American foods. Small variation from one region to another may occur. The isoflavone 
level in vegetables, fruits and other types of food are extremely low, sometimes in traces 
or not detectable. Among these, the navy beans have a higher level of genistein 4.08 μg/g.

One gram of soy protein in soybeans and traditional soy foods contain about 3.5 mg of 
 isoflavones. One serving of a traditional soy food (100 g of tofu or 250 mL soymilk) provides 
about 25 mg isoflavones. In more refined products, it is possible that 80–90% of the isoflavone 
content to be lost during processing [27].

5.1. Soy foods in Asia

In Asia, soybeans are used in producing traditional foods such as tofu, soymilk and fermented 
products, while in Western nations, soybeans are used in the form of refined soy protein 
ingredients that are further used in food processing [45]. In Japan, the most popular soy food 
is tofu, served at all meals and in dessert products. Fermented foods such as natto and miso 
were very popular among Japanese and today are also largely consumed. Japanese adults 
consume approximately 6–11 g of soy protein and 25–50 mg of isoflavones (expressed as 
aglycone equivalents) per day. The results were higher than in Hong Kong and Singapore [54]. 
Concerning genistein and daidzein, the annual report of the national nutrition survey in 
1997 in Japan shows that the dietary intake of isoflavones daidzein and genistein was 64.6 
and 111.6 μmol/day/capita (16.4 and 30.1 mg/day/capita). The isoflavones intake was mostly 
attributable to tofu, natto and miso [49].

The mean plasma concentrations of total isoflavones are estimated to be 492.7 nM for 
genistein and 282.5 nM for daidzein in Japanese men, and 33.2 nM for genistein and 17.9 nM 
for daidzein in British men [55].

In China, not only tofu, yuba, soymilk and many regional specialities are served, but also soy 
powder mixes are becoming popular [45]. Isoflavone intake differs very much from a region 
to another [54]. In Taiwan, the meat substitutes from soy (chicken‐like and fish‐like products) 
are highly appreciated and, in Indonesia, tempeh is the most popular soy food [45].

5.2. Soy foods in Europe

Meat and dairy substitutes are the most popular soyfoods in Europe [45]. Traditional soyfoods 
rich in isoflavones (tofu, tempeh and miso) are rarely eaten in the UK, but soya dairy alternatives 
(milk, cheese and yogurts) are more commonly eaten. Some commercial products (bread, 
biscuits and breakfast cereals) contain soy ingredients as food additives which contribute to 
isoflavone intake [56].

Data from the 1998 UK Total Diet Study shows that daily intake of isoflavone aglycones 
 (daidzein, genistein and glycitein) is approximately 3 mg/day [57].
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In a group of 9 omnivores and a group of 10 vegetarians, mean isoflavone intake was measured 
after a 7‐day food diary; mean daily isoflavone intake in the omnivorous and vegetarian groups 
was 1.2 and 7.4 mg, respectively. Main isoflavones food sources for the omnivorous group were 
soya yogurts, wholemeal bread and rolls, and for the vegetarian group were soymilk (plain), 
meat‐substitute foods with soy protein isolate, beans, raisins and wholemeal bread and rolls [58].

5.3. Soy foods in the US

The consumption of soy food in the US resembles with the one in Europe. Popular soy foods 
in the US are tofu, soy sauce, soymilk, miso and tempeh. There can be found some new, 
adapted soy foods such as tempeh burgers, veggie burgers, tofu hot dogs, tofu ice cream, 
soymilk yogurt, soymilk cheeses, soy flour pancake mix and myriad [46]. Isoflavone intake is 
less than 3 mg/day in the US [27].

The Study of Women’s Health Across the Nation demonstrated that median intake of daid‐
zein and genistein by white subjects, African American subjects, and Japanese subjects in 
the US were 6.2 and 3.9 μg/day, 2.7 and 1.7 μg/day, and 4676 and 7151 μg/day, respectively. 
Women were aged between 42 and 52 years [59].

5.4. Soy foods in Africa

In certain African countries, soy foods gained acceptance due to the high protein level and 
nutrition quality. In other countries, it is used because of the food aid. In South Africa, modern 
soy foods are used [45]. The intake of soybeans in South Africa (0.64 g/day) is comparable 
with the soybeans intake in Germany (0.64 g/day).

As it can be observed in Table 2, the soybeans intake in Asian countries is higher than in 
the Western countries. For example, in 2001, in Taiwan, Japan and China, per capita con‐
sumption was approximately 19.15, 7.73 and 7.31 kg/year, respectively. In contrast, in the 
US, Germany and South Africa, per capita consumption was 0.33, 0.24 and 0.23 kg/year, 

Country Soybeans

kg/year g/day

Taiwan 19.15 52.46

Japan 7.73 21.19

China 7.31 20.03

US 0.33 0.89

Germany 0.24 0.66

South Africa 0.23 0.64

World average 2.39 6.54

Source: Ref. [45].

Table 2. Annual per capita consumption of soybeans (2001).
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respectively. Concerning isoflavone intake among Japanese adults, it is ranged from about 
30–50 mg/day but is less than 3 mg/day in the US and Europe [27]. In Asian countries, the 
mean isoflavone consumption is 25–50 mg/day, whereas in Western countries, 1–2 mg/day 
is typical [60]. However, in the last decade, in Western countries, production and intake of 
soy foods have increased due to its important health benefits (relief of menopausal symp‐
toms, improvement in bone health and reduced risk of certain types of cancers) [61].

6. Isoflavones: new insights regarding the therapeutic effect

An increased consumption of soy products has been remarqued in the last decade of the 
twentieth century and was associated with the awareness concerning the health benefits of 
these products, besides their role as a source of proteins [62]. The therapeutic activities of soy 
isoflavones were also evaluated in numerous studies for their estrogenic [63], lipid‐lowering [64], 
anti‐diabetic [65], anti‐inflammatory [66], cardioprotective [67, 68] or anticancer effects [69]. 
In vitro and in vivo studies were performed in order to evaluate the therapeutic potential and 
the mechanisms of action of these compounds [70, 71].

Isoflavones are known as phytoestrogens due to their ability to bind the estrogen receptors 
and to exhibit estrogenic‐like properties. Dietary supplements containing soy isoflavones 
are used to alleviate menopause disturbances as an alternative to hormone therapy [72]. 
Isoflavones attracted the attention of researchers after the observation of fertility problems in 
sheep grazing on a clover type rich in isoflavones [62]. The decreased risk of breast, prostate 
and colon cancer in Asian countries was associated with a higher intake of soy products in 
these population compared to western countries [70].

The possible benefits of isoflavones thus generated several studies to establish their thera‐
peutic properties. Isoflavones exhibit both estrogenic and anti‐estrogenic activity, binding 
to both α and β subtypes of estrogen receptor (ER) [73]. It was stated that isoflavones act 
as  estrogen antagonists or agonists depending on estrogen concentration. Therefore, they 
are estrogen antagonists in a high estrogen environment, but when the estrogen quantity is 
reduced, they act as agonists [74]. The affinity for the estrogen receptors is different; genis‐
tein presents a 20–30 times higher affinity for ERβ than for ERα, while daidzein presents a 
weak affinity for both receptors, still higher for ERβ [70, 75]. Administration of 80 mg/day 
red  clover isoflavones (containing genistein, daidzein, formononetin and biochanin A) for 
90 days reduced hot flushes and night sweats, important vasomotor symptoms commonly 
found in postmenopausal women [76]. Low doses of isoflavones (25 mg/day containing 
51.8% genistein, 43.3% daidzein and 4.9% glycitein) can reduce depression and insomnia in 
postmenopausal women [72].

Soy isoflavones present beneficial effects on lipid metabolism. The lipid‐lowering activity 
of isoflavones has been observed in studies performed in animals. Soy isoflavones reduced 
the levels of triglycerides (TG) and low‐density lipoprotein (LDL) in obese rats, and also 
exhibited benefits on obesity. The mechanisms involved are the suppression of mecha‐
nistic target of rapamycin complex 1 (mTORC1) activity that determines a reduction of 
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toms, improvement in bone health and reduced risk of certain types of cancers) [61].
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isoflavones were also evaluated in numerous studies for their estrogenic [63], lipid‐lowering [64], 
anti‐diabetic [65], anti‐inflammatory [66], cardioprotective [67, 68] or anticancer effects [69]. 
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the mechanisms of action of these compounds [70, 71].

Isoflavones are known as phytoestrogens due to their ability to bind the estrogen receptors 
and to exhibit estrogenic‐like properties. Dietary supplements containing soy isoflavones 
are used to alleviate menopause disturbances as an alternative to hormone therapy [72]. 
Isoflavones attracted the attention of researchers after the observation of fertility problems in 
sheep grazing on a clover type rich in isoflavones [62]. The decreased risk of breast, prostate 
and colon cancer in Asian countries was associated with a higher intake of soy products in 
these population compared to western countries [70].

The possible benefits of isoflavones thus generated several studies to establish their thera‐
peutic properties. Isoflavones exhibit both estrogenic and anti‐estrogenic activity, binding 
to both α and β subtypes of estrogen receptor (ER) [73]. It was stated that isoflavones act 
as  estrogen antagonists or agonists depending on estrogen concentration. Therefore, they 
are estrogen antagonists in a high estrogen environment, but when the estrogen quantity is 
reduced, they act as agonists [74]. The affinity for the estrogen receptors is different; genis‐
tein presents a 20–30 times higher affinity for ERβ than for ERα, while daidzein presents a 
weak affinity for both receptors, still higher for ERβ [70, 75]. Administration of 80 mg/day 
red  clover isoflavones (containing genistein, daidzein, formononetin and biochanin A) for 
90 days reduced hot flushes and night sweats, important vasomotor symptoms commonly 
found in postmenopausal women [76]. Low doses of isoflavones (25 mg/day containing 
51.8% genistein, 43.3% daidzein and 4.9% glycitein) can reduce depression and insomnia in 
postmenopausal women [72].

Soy isoflavones present beneficial effects on lipid metabolism. The lipid‐lowering activity 
of isoflavones has been observed in studies performed in animals. Soy isoflavones reduced 
the levels of triglycerides (TG) and low‐density lipoprotein (LDL) in obese rats, and also 
exhibited benefits on obesity. The mechanisms involved are the suppression of mecha‐
nistic target of rapamycin complex 1 (mTORC1) activity that determines a reduction of 
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AKT phosphorylation [77]. A decrease of total cholesterol, LDL cholesterol levels and an 
improvement of ApoA1/ApoB ratio were noticed after the administration of 435 mg isofla‐
vones/day for 2 months in women with type 2 diabetes [64].

The benefits of isoflavones in glucose and lipid metabolism have been previously reported, 
but the mechanisms of action are not yet fully understood [78]. Potential benefits in obesity 
were also observed after intake of isoflavones. Dietary modifications in early stages of this 
condition are important to prevent cardiovascular and metabolic disorders [79]. Some of the 
mechanisms involved in the anti‐diabetic properties of isoflavone genistein are the enhancing 
of β‐cell proliferation and the regulation of insulin secretion [65]. Isoflavones intake might 
reduce the risk of type 2 diabetes [53]. However, the beneficial role of isoflavones in this disease 
was not supported by other studies [78, 80]. A decreased risk of type 2 diabetes was noticed for 
women with high concentrations of genistein in plasma, but this correlation was not observed 
in men [81]. After the administration of a diet supplemented with 0.02% (w/w) genistein for 
8 weeks (10–12 mg genistein/day) in Zucker diabetic fatty (ZDF) rats, there were no benefi‐
cial effects on glucose homeostasis or on skeletal muscle oxidative stress [78]. The conflicting 
results regarding the benefits of isoflavones in diabetes led to the assumption that other soy 
compounds might be responsible for this activity [65].

Genistein not only reduces weight gain in female obese ob/ob mice after the administration 
of 600 mg/kg diet for 4 weeks, but also promotes oxidative stress in the vasculature and 
inflammation in the perivascular adipose tissue [82]. Daidzin and glycitin (0.06% in diet) 
decrease blood glucose, insulin and HbA1c levels in mice with obesity and diabetes induced 
by a high‐fat diet [79].

The effects of isoflavones on components of the metabolic syndrome were also evaluated. 
An extract from the roots of Pueraria lobata, administered 0.2% in the diet of female stroke‐prone 
spontaneously hypertensive rats (SP‐SHR) improved blood glucose levels, decreased plasma 
total cholesterol levels and reduced blood pressure, thus indicating beneficial effects on risk 
factors that led to the development of metabolic syndrome. The major isoflavones in the 
extract were puerarin (25.3%), daidzin (7.1%) and daidzein (0.8%) [83].

Even though the effects on obesity and diabetes were not sustained by other studies, an increase 
in bone mass was noticed in obese mice treated with 600 mg genistein/kg for 4 weeks [84]. 
The bone protective properties were also observed for other compounds. Formononetin, an 
isoflavone found mainly in the roots of Astragalus membranaceus and Astragalus mongholicus, 
improved the mechanical properties of the bones and exerted beneficial effects in rats with 
osteoporosis induced by ovariectomy after the administration of 10 mg/kg formononetin for 4 
weeks [85]. The results of a meta‐analysis investigating trials that evaluated the effects of isofla‐
vone in osteoporosis, revealed that the effects of these compounds depend on dose and dura‐
tion of administration. An increase in mineral density of the bone by 54% and a reduction in 
the fracture risk were noticed in women included in these studies [86]. A clinical trial regarding 
the effects of soy isoflavones on bone loss and menopausal symptoms did not reveal benefits in 
this condition. Women included in the study received tablets containing 200 mg soy isoflavones 
(genistein and daidzein)/day for 2 years [87].

New Insights Regarding the Potential Health Benefits of Isoflavones
http://dx.doi.org/10.5772/67896

267



The cardiovascular diseases are more frequent in women after menopause, due to the  modifications 
in the production of estrogen [88]. Compounds with estrogenic properties, such as the isofla‐
vones found in soy, were evaluated for their potentially cardioprotective activity [89, 90]. The 
administration of 80 mg/day isoflavones extracted from soybeans for 12 weeks in patients 
with primary or recurrent ischemic stroke determined a decrease in high sensitivity, C‐reac‐
tive protein and improved vascular endothelial function [68]. A meta‐analysis evaluating the 
results of nine trials concluded that isoflavone supplementation improves endothelial func‐
tion in postmenopausal women that presents low flow‐mediated dilatation (FMD) levels, but 
not in ones with high baseline FMD levels [89]. Nevertheless, the benefits of isoflavones 
regarding the protective effects in ischemic stroke are questionable. Yu et al. associated the 
high intake of soy isoflavones (53.6 mg isoflavones/day) with an increase in the risk of  ischemic 
stroke in women [91].

The protective effect against the inflammatory vascular disease of isoflavones is due to their 
anti‐inflammatory activity. The inhibition of monocyte adhesion to endothelial cells that 
involves the activation of PPARγ is related to this effect [66]. The anti‐inflammatory  properties 
are due to inhibition of interleukin‐6 (IL‐6), interleukin‐12 (IL‐12), interleukin‐1β (IL‐1β), and 
tumor necrosis factor‐α (TNF‐α) production, NF‐κB regulation and their antioxidant activity 
[92]. Pro‐oxidant effects at high doses were also noticed for these compounds. The supple‐
mentation with 640 mg/kg daidzein in pigs revealed antioxidant properties in muscle, but 
were accompanied by pro‐oxidant effects in fat and liver tissues [93].

Administration of soy isoflavones (daidzein, genistein and glycetin) in capsules, 20 mg 
twice daily in female patients improved irritable bowel disease and association with vitamin 
D can determine a synergistic effect [94]. The estrogen‐like effects of isoflavones genistein 
and daidzein seem to be involved in their beneficial effects on sleep status. A high intake 
of isoflavones was related to an optimal sleep duration and an increased quality of sleep in 
Japanese adults [95].

Age‐related skin modifications in women emerging with a decline in estrogen production 
can be reduced by isoflavones. Genistein improves skin appearance and is used to reduce 
wrinkles and skin dryness in cosmetic preparations. It increases the skin resistance and 
contributes to skin reparation [96].

Anti‐bacterial effects were also reported for isoflavones. For instance, biochanin A, a methylated 
isoflavone from red clover, inhibits the growth of Chlamydia trachomatis and Chlamydia pneu-
moniae [97]. Isoflavones act as anti‐viral agents against several types of viruses including herpes 
simplex virus and human immunodeficiency virus (HIV). Genistein, a tyrosine kinase inhibi‐
tor, is one of the compounds most studied for these properties and revealed positive effects in 
inhibiting HIV‐1 infection, especially when applied in entry and early post‐entry stages [98].

7. Isoflavonoids: new insights regarding cancer chemoprevention

It is very well known that dietary components are, nowadays, considered important therapeutic 
agents used to prevent various chronic disorders, especially cancer, cardiovascular pathologies 
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and inflammation processes [99]. For example, according to the statistics, the  incidence of pros‐
tate cancer or breast cancer in Asian countries has been lower than in Western countries, mainly 
because of their high consumption of soy products [100]. Furthermore, the incidence of breast 
cancer in Asian women who had immigrated to Western countries proved to be similar to that 
of Western women [101]. In addition, soy isoflavones, with the main  representative genistein, 
proved to be promising phytotherapeutic drugs with chemopreventive effects in chronic disorders 
caused by exposure to solar UVB radiations, including nonmelanoma skin cancer [102, 103].

Genistein has been extensively studied in different types of cancers cells and cancer animal 
models [104]. Unfortunately, the low oral bioavailability of genistein [105], due to its high 
lipophilicity and its extensive metabolism by the phase II enzymes [106], has limited its use 
in clinical trials [107].

The data regarding the chemopreventive effects of daidzein are limited, more studies being 
focused on the curative effect of daidzein in cancer and not in its prophylactic properties [108].

Previous in vitro evidences have shown that genistein may act not only as an agonist, but also 
as an antagonist on cancer cells depending on both its concentration and the type of cancer 
cells on which was tested [109]. In this regard, genistein because of its biphasic effect may be 
involved not only in preventing, but also in promoting cancer [110].

The in vitro chemopreventive effect of genistein might be related to its involvement in 
 epigenetic regulations of gene expression, having a direct effect on histone modifications and 
DNA methylation [111]. Genistein is also a strong inhibitor of the tyrosine kinase [112] and 
topoisomerase activities [113]. The in vitro apoptotic effect of genistein may be related to the 
inactivation of NF‐kB and Akt signaling pathways [114], although its specific mechanisms of 
inducing apoptosis have not being fully understood [115]. According to a previous in vitro 
study on pancreatic cancer cells, genistein suppressed the ovarian cancer cell growth and 
migration through the inhibition of mRNA [116]. The chemopreventive properties of genistein 
have also been proved on MCF‐7 breast cancer cells, in which genistein has inhibited the 
cell proliferation by inactivating the IGF‐1R‐PI3 K/Akt pathway and decreasing the Bcl‐2/
Bax mRNA and protein expressions [115]. Another mechanism responsible for the chemopre‐
ventive effects of genistein might consist in the suppression of the microsomal CYP1a1 gene 
expression in Hepa‐1c1c7 liver cancer cells [117].

The association between genistein and daidzein has proved antiproliferative effects on human 
colon adenocarcinoma grade II cell line (HT‐29) [118], the anticancer effect of daidzein being 
related to copper‐dependent pathway and redox cycle [108].

Among the soy isoflavones, GLY has been the most potent activator of extracellular signal‐
regulated kinase (ERK1/2), exhibiting a significant antiproliferative effect on RWPE‐1 nontu‐
morigenic prostate epithelial cells [119]. Thus, according to another study on the same type of 
cells, GLY has also shown to decrease the expression of cytokeratin 18 and prostate‐specific 
antigen (PSA) [120].

Furthermore, in vivo data have shown that oral consumption of genistein during the early 
prepubertal period decreased the susceptibility of developing breast cancer later in life [121]. 
Genistein, as a phytoestrogen, may interact with the estrogen receptors. In this regard, a previous 
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study on HER2 overexpressing mice has shown that genistein mimicked the estradiol effects, 
in the presence of estrogen receptor alpha [112], while in postmenopausal women, in the 
absence of estradiol, genistein directly reduced the anticancer activity of cisplatin, a cytostatic 
drug commonly used in breast cancer [122]. For instance, according to Tonetti et al. in vitro 
and in vivo studies, the concomitant administration of tamoxifen with genistein or daidzein 
might not be safe because this association has produced bigger size tumors than tamoxifen 
alone [123].

Soy isoflavones exhibited in vivo protective effects against skin chronic disorders including 
cancer by reducing pro‐inflammatory cytokines and oxidative stress and through activation of 
NF‐kB [124]. For example, genistein has suppressed UV‐induced skin carcinogenesis in mice 
through its moderate inhibitory effect on ornithine decarboxylase activity [125]. Moreover, 
7,3′,4′‐trihydroxyisoflavone, a major metabolite of daidzein, has reduced UVB‐induced skin 
cancer in mice through inhibition of cyclooxygenase‐2 (COX‐2) expression by suppress‐
ing NF‐kB transcription activity [103]. In this regard, genistein loaded‐PLA nanocapsules 
 indicated to be a promising formulation with chemopreventive effects against skin cancer in 
porcine ear skin not only by increasing the penetration of genistein in skin deeper layers, but 
also by limiting its degradation in time [107].

According to Ghaemi et al. study on human papillomavirus (HPV) associated‐cervical can‐
cer in mice, genistein has also indicated immunomodulatory effects through increment of 
interferon‐gamma (IFN‐gamma) level, lymphocyte proliferation and lactate dehydrogenase 
(LDH) release [126].

Consequently, the isoflavones from soy products may be considered promising alternative 
therapies to prevent various types of cancer, more experimental and clinical studies being 
necessary for establishing the safe dose that can be used especially in patients susceptible to 
hormone‐dependent tumors.

8. Anti‐inflammatory and chemopreventive activity of isoflavonoid 
genistein alone and incorporated in modern pharmaceutical formulations

From the main isoflavones reported above, we have studied genistein. One of the most 
 important lines in our research group on this topic involves the analysis of the chemopre‐
ventive effect of the phytoestrogen genistein against malignant melanoma. The isoflavonoid 
genistein (4′,5,7‐trihydroxyisoflavone) is the aglycone of heteroside genistin. It is the most 
studied compound from the class of isoflavones together with daidzein, glycitein, formonone‐
tin, equol and biochanin A. It is the major active compound from soy seeds, Glycine max (L.) 
Merr., family Fabaceae [127–129]. Regarding the biological activities, recent papers report that: 
genistein induces apoptosis, inhibits cell proliferation, modulates cell cycle progression on 
different cancerous cell lines, inhibits angiogenesis, suppress lymphocyte activation and 
proliferation, stabilizes mast cells and presents mild anti‐inflammatory properties [130, 131]. 
The phytoestrogen also inhibits the production of reactive oxygen species (ROS) which is 
directly correlated with DNA modification and tissue damage. Production of ROS, especially 
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by activated cells of the immune system, has been postulated to play an important role in 
carcinogenesis, particularly in tumor promotion [132, 133].

In a recent complex study employing, the B164A5 and B16F10 murine melanoma cell lines, 
we have shown testing a wide range of concentrations (150, 100, 50, 30, 15, 5 and 1 μM) that this 
phytocompound is an active antiproliferative and pro‐apoptotic agent on this two cell lines. 
MTT (3‐(4,5‐Dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide) assay has shown an IC50 
of 41.1 μM genistein for B164A5 cells and 61.4 μM genistein for B16F10 cells. The carboxyfluo‐
rescein diacetate succinimidyl ester (CFSE) assay has shown that after 24 h of incubation, pro‐
liferation of B16 cells was decreased when treated with 30 μM genistein. Genistein at 100 μM 
was able to cause G2/M arrest in the cell cycle of these murine melanoma cell lines [134]. DAPI 
staining was performed in order to detect first signs of apoptosis. When B16 cells were incu‐
bated with 100 μM genistein, this phenomenon could be detected and translated by a reduc‐
tion of the cell number and increase in nuclear fragmentation compared to the control group 
[134]. Western blot analysis was furtherer conduced, for four important proteins involved in 
the process of apoptosis, namely caspase 3, poly(ADP‐ribose) polymerase (PARP), Bax and 
Bcl‐2. Incubation with 100 μM genistein conduced for both B16 cell lines to cleaved caspase‐3 
as well as cleaved PARP as responsible for the mechanism of apoptotic events. In another 
study using all concentrations previously tested (150, 100, 50, 30, 15, 5 and 1 μM genistein) and 
after a period of incubation of 72 h, we have shown that the phytoestrogen does not induce 
caspase‐2 activation in vitro on B16 melanoma cell lines [135]. In order to get the full pic‐
ture about apoptosis, namely to detect early and late apoptotic cells, annexin V‐FITC/7AAD 
staining was performed by fluorescence cytometry in parallel for the B16 melanoma cells as 
well as for the bone marrow‐derived dendritic cells (BMDCs). At its highest concentration, 
genistein induced slightly more apoptotic events in the B16 cells than in the BMDCs [134].
The aim of the above‐mentioned study was to find a drug that “kills” the cancerous cells 
and stimulate the immune activity. On this purpose, the potential immune stimulatory activ‐
ity of genistein was tested by measuring the anti‐tumorigenic cytokine IL‐12p70 released by 
murine primary BMDCs. The phytoestrogen, at the concentration of 5 μM decreased the level 
of IL‐12p70 of the LPS‐stimulated DCs. These findings were in line with the observation that 
also the IL‐12p35 mRNA levels were downregulated. T cell activity was further screened by 
analyzing the concentration of IFN‐γ and IL‐2 cytokine in the supernatant of spleen cells of 
OT I mice expressing the ovalbumin‐specific transgenic T cell receptors. Results have shown 
that genistein had no effect on the concentration of IFN‐γ and IL‐2 cytokine [134].

Besides the chemopreventive activity for murine melanoma, our research group have 
 investigated genistein alone and incorporated in randomly methylated β‐cyclodextrin (RAMEB),  
hydroxypropyl‐β‐cyclodextrin (HPBCD) and hydroxypropyl‐γ‐cyclodextrin (HPGCD) in a 
molar ratio 1:1 for a range of biological activities. This approach was chosen in order to increase 
the water solubility of this lipophilic compound. CDs are cyclo‐oligosaccharides presenting a 
hydrophilic outside and hydrophobic inner side with the ability to form host‐guest inclusion 
complexes with an increased number of chemical structures [136]. Firstly, quantum chemical 
calculations were performed analyzing the behavior in gas phase, in water and in dimethyl 
sulfoxide, the solvent used for the solubilization of active agents for all the mentioned assays. 
Additionally, it was proofed that incorporation of genistein in the above‐mentioned CDs took 
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place by a series of consecrated techniques such as phase solubility studies, differential scan‐
ning calorimetry (DSC), X‐ray diffraction and scanning electron microscopy (SEM) assays 
[136]. Genistein and its inclusion complexes were studied in vitro on four types of cancer cells 
lines such as HeLa (cervical adenocarcinoma), MCF‐7 (breast adenocarcinoma), A2780 (human 
ovarian carcinoma) and A431 (skin epidermoid carcinoma) cell lines using the following con‐
centrations: 1, 3, 10, 30, 60 and 90 μM and a period of incubation of 72 h. A2780 human ovarian 
carcinoma cell line proofed to be the most sensitive to genistein, followed by HeLa. Proliferation 
was not significantly affected for the other two cell lines. After incorporation in the above‐men‐
tioned CDs, changes in the antiproliferative action occurred with respect to the tested cell line. 
Cervical adenocarcinoma HeLa cell line was more sensitive for all three inclusion complexes 
when compared to pure genistein. The same behavior was found for A2780 cell line, except 
for the complex with RAMEB. Complexation with RAMEB conduced to an increased IC50 also 
for MCF‐7 and A431 cell lines. For this two cell lines, complexation of genistein with HPBCD 
seemed to be the best option [136]. In the same study, genistein and its CD complexes were 
analyzed by the agar disk‐diffusion method and the dilution method against several bacterial 
strains: Bacillus subtilis, Enterococcus faecalis, Escherichia coli, Salmonella typhimurium, Shigella son-
nei, Pseudomonas aeruginosa and Staphylococcus aureus. Tested compounds at the concentration 
of 10 mM presented antibacterial activity only for B. subtilis [137]. The last line of this study 
was drawn toward tests for antiangiogenic effects employing the chorioallantoic membrane 
of the chicken embryo. Pure genistein presented antiangiogenic effects and the HPBCD com‐
plex showed superior activity. Also for the other two complexes, namely HPGCD and RAMEB 
could be described an antiangiogenic effect but a decreased one as evaluated by applying the 
0–5 score [136].

Another attempt to increase the bioavailability of this lipophilic phytoestrogen was directed 
toward the synthesis and analysis of a genistein ester derivative with myristic acid and  complexed 
with beta cyclodextrin. The successful synthesis of the new compound as well as the successful 
inclusion in beta cyclodextrin was determined using consecrated assays such as TLC analysis, 
HPLC analysis, FTIR spectroscopy, MS spectroscopy, differential scanning calorimetry (DSC) 
and scanning electron microscopy (SEM). Samples were tested in vitro, using the MTT prolifera‐
tion assay on three human cell lines: HeLa—cervix adenocarcinoma, A2780—ovary carcinoma 
and A431—skin epidermoid carcinoma. Results have shown that, after a period of incubation 
of 72 h at the concentrations of 10 and 30 μM, respectively,  genistein is an active agent on HeLa 
(cervix adenocarcinoma) and A2780 (ovary carcinoma) cell lines. The new formulations did not 
decrease the viability of the cancerous cells. This behavior may be explained by the increased 
stability of the complex within the in vitro environment [138].

A new modern formulation explored by the pharmaceutical industry, but not only, is the 
 polyurethane microstructures (PM). What determined us to focus on these compounds? 
Depending on the structure of the particle, such approach can offer: the possibility of amend‐
ing the lipo‐ or water‐solubility of inclusion structures, protection from external agents such as 
UV radiation, strong acidic or alkaline environments, drug delivery toward a specific receptor 
or retard activity of the biologically active compound due to the use of transport vehicles with 
low speed of degradation [139]. Based on these hypotheses, we have synthesized PM with a 
yield of encapsulation of 68.3% genistein (w/w). The formulation was tested in vitro using the 
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Cervical adenocarcinoma HeLa cell line was more sensitive for all three inclusion complexes 
when compared to pure genistein. The same behavior was found for A2780 cell line, except 
for the complex with RAMEB. Complexation with RAMEB conduced to an increased IC50 also 
for MCF‐7 and A431 cell lines. For this two cell lines, complexation of genistein with HPBCD 
seemed to be the best option [136]. In the same study, genistein and its CD complexes were 
analyzed by the agar disk‐diffusion method and the dilution method against several bacterial 
strains: Bacillus subtilis, Enterococcus faecalis, Escherichia coli, Salmonella typhimurium, Shigella son-
nei, Pseudomonas aeruginosa and Staphylococcus aureus. Tested compounds at the concentration 
of 10 mM presented antibacterial activity only for B. subtilis [137]. The last line of this study 
was drawn toward tests for antiangiogenic effects employing the chorioallantoic membrane 
of the chicken embryo. Pure genistein presented antiangiogenic effects and the HPBCD com‐
plex showed superior activity. Also for the other two complexes, namely HPGCD and RAMEB 
could be described an antiangiogenic effect but a decreased one as evaluated by applying the 
0–5 score [136].

Another attempt to increase the bioavailability of this lipophilic phytoestrogen was directed 
toward the synthesis and analysis of a genistein ester derivative with myristic acid and  complexed 
with beta cyclodextrin. The successful synthesis of the new compound as well as the successful 
inclusion in beta cyclodextrin was determined using consecrated assays such as TLC analysis, 
HPLC analysis, FTIR spectroscopy, MS spectroscopy, differential scanning calorimetry (DSC) 
and scanning electron microscopy (SEM). Samples were tested in vitro, using the MTT prolifera‐
tion assay on three human cell lines: HeLa—cervix adenocarcinoma, A2780—ovary carcinoma 
and A431—skin epidermoid carcinoma. Results have shown that, after a period of incubation 
of 72 h at the concentrations of 10 and 30 μM, respectively,  genistein is an active agent on HeLa 
(cervix adenocarcinoma) and A2780 (ovary carcinoma) cell lines. The new formulations did not 
decrease the viability of the cancerous cells. This behavior may be explained by the increased 
stability of the complex within the in vitro environment [138].

A new modern formulation explored by the pharmaceutical industry, but not only, is the 
 polyurethane microstructures (PM). What determined us to focus on these compounds? 
Depending on the structure of the particle, such approach can offer: the possibility of amend‐
ing the lipo‐ or water‐solubility of inclusion structures, protection from external agents such as 
UV radiation, strong acidic or alkaline environments, drug delivery toward a specific receptor 
or retard activity of the biologically active compound due to the use of transport vehicles with 
low speed of degradation [139]. Based on these hypotheses, we have synthesized PM with a 
yield of encapsulation of 68.3% genistein (w/w). The formulation was tested in vitro using the 
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MTT proliferation assay on three human breast cancer cell lines MCF7, MDA‐MB‐231 and 
T47D‐human breast adenocarcinoma cell lines. Tests were performed also for the antimicrobial 
and antifungal activity against the following strains: S. aureus, E. coli, P. aeruginosa, Salmonella 
enteritidis, B. subtilis, Bacillus cereus and Candida albicans employing the dilution method. Results 
made us to conclude that the PM are a bad in vitro carrier partner for genistein [137].

In vivo assays were also performed in order to test the chemopreventive effects of genistein 
against murine melanoma. During the research in our group, we have observed in a murine 
model of melanoma, obtained by subcutaneous injection of 0.1 ml of 1*105 B164A5 cells/mouse 
that, genistein after a period of 15 days at a dose of 15 mg/kg, body weight decreased tumor vol‐
ume and weigh with about 30% and reduced distance tumors. Noninvasive measurements using 
the Multiprobe Adapter System (MPA5) from Courage‐Khazaka, Germany, Mexameter® MX 18 
showed that genistein reduced the quantity of melanin and the degree of erythema directly cor‐
related with the number of days of treatment [140]. Being very well known, the link between 
inflammation and cancer, we have analyzed the effect of genistein in an animal model of ear 
inflammation alone and after incorporation in hydroxypropyl‐beta‐cyclodextrin (HPBCD) and 
randomly‐methylated‐beta‐cyclodextrin (RAMEB). Cyclodextrins (CDs) are well known agents 
used to increase the hydro solubility of active lipophilic agents [139]. The study concluded that 
the phytoestrogen, at a dose of 2 mg can be reconsidered as an active anti‐inflammatory natural 
compound on C57BL/6 J animal model of inflammation. Additionally, complexation of genistein 
with the above‐mentioned CDs was done and led to a stronger anti‐inflammatory effect [141]. 
In a recent study, in order to attempt to increase the bioavailability of this phytoestrogen, we 
have adopted a new strategy that combines two elements: the formulation and the modality of 
administration. The formulation was lamellar lyotropic liquid crystal in which genistein was 
incorporated at the concentration 3% and the formulation was applied local, with or without 
electroporation (EP), using the Mezoforte Duo Mez 120905‐D device on C57BL6J. Results have 
shown that tumors appeared later when electroporation was applied. During the 21 days of the 
experiment, genistein incorporated in the new modern formulation, applied topically classic 
decreased the tumor volume, the degree of erythema and amount of melanin for mice bearing 
B16 murine melanoma tumors. When the formulation was applied by electroporation, the prog‐
nosis was even better. However, the new approach had no effect in terms of serum concentrations 
of the protein S100B and serum neuron‐specific enolase (NSE), or the tissue expression of the 
platelet‐derived growth factor receptor β (PDGFRβ) antibody [142]. Also, soy total extract incor‐
porated in the new modern lamellar lyotropic liquid crystal formulation was tested in vitro on 
the B164A5 mouse melanoma cell line for its pro‐apoptotic potential, employing two consecrated 
assays: 4’,6‐diamidino‐2‐phenylindole (DAPI) and annexin‐FITC‐7AAD double staining. 200 μg/
ml of soy extract, respectively 200 μg/ml of soy extract incorporated into the  lamellar lyotropic 
liquid crystalline formulation were incubated for 72 h together with this murine melanoma cell 
line. Results have shown that soy extract has pro‐apoptotic properties and incorporation in the 
new formulation does not affect in a negative manner this effect thus being a suitable excipient 
for in vivo studies [143]. In a recent study, diffusion and penetration of genistein, respectively, 
genistein incorporated in lamellar lyotropic liquid crystalline formulation through different 
membranes (a synthetic membrane in vitro, chick chorioallantoic membrane (CAM) ex ovo, and 
excised human epidermis ex vivo) were also investigated by conventional treatment without EP, 
and also with the mediation of EP by the help of a Franz diffusion cell system. In vivo ATR‐FTIR 
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and ex vivo Raman spectroscopy were applied in order to analyze the effect on mice skin [144]. 
Results have shown that the new formulation is a suitable carrier for the lipophilic genistein. The 
formulation with the active agent penetrated the skin, but when electroporation was applied, the 
transdermal drug transport was more rapid and effective. This observation was validated by both 
ATR‐FTIR and Raman spectroscopy [144].

The research of our group on the phytoestrogen genistein points toward the clear conclusion 
that this phytocompound is an active chemopreventive agent against malignant melanoma 
both in vitro and in vivo. A series of attempts were made in order to increase the bioavailability 
of this lipophilic compound. We cannot say that we have found the optimal formulation, but 
we have managed to improve results compared to pure substance. Further studies will be 
conducted on this matter.
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Abstract

Flavonoids are plant secondary metabolites. They are mainly classified into four major 
groups, such as flavanols, flavones, anthocyanidins, and isoflavonoids. Furthermore, 
they are divided into some subclasses. They are available in dietary foods and they 
cure various diseases. Certain plants and spices contain flavonoids, which have been 
commonly used for thousands of years in traditional medicine. Some of the flavonoids 
have been clinically used in many countries. Baicalein and its glycosides are one among 
them to have been experimented clinically. Flavonoids have the capability to regulate 
cell division and proliferation in an important pathway. They have medicinal activities 
including anticancer properties. The isoflavone analog rotenone is one of the flavonoid 
compounds, which has been revealed to be actual anticancer agent. Scutellaria species 
having flavones retain cytotoxic activities against many human cancer cell lines. At the 
same time, they do not harm the myeloid cells, normal peripheral and normal epithelial 
blood cells. Epidemiological studies also confirmed that the intake of dietary flavonoids 
reduces a risk condition in cancer.

Keywords: flavonoids, cancer, dietary foods, pathway, epidemiological study

1. Introduction

Flavonoids are plant-based secondary metabolites. The intake of flavonoids is always safe 
and without adverse effects. Recent studies also suggest that the consumption of different 
fruits and vegetables has the capability to fight against cancers and decrease the cancer risk 
level at least by 20%. Based on this, the scientific community has focused its attention on 
plant-based compounds in order to control cancers. Many compounds, such as flavonoids, 
were isolated from plants and shown to have anticancer activity notably. This was confirmed 
through in vitro and in vivo studies [1]. Our dietary foods contain different types of flavonoids 
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in various food additives. Grains and herbs have flavones. Fruits and vegetables hold fla-
vonols and their glycosides. Citrus juices, legumes, and tea contain flavanones, isoflavones, 
and catechins, respectively. Some flavonoids are able to fight against breast cancer [2]. The 
health benefits of flavonoids may be helpful to find new drug discoveries. Such compounds 
are listed with their specific subclasses. Apigenin, baicalein, luteolin, and chrysin belong to 
the subclass of flavones; kaempferol, myricetin, and quercetin are closer to the subclass of 
flavonols; hesperetin is flavanone compound; genistein and daidzein go with the subclass of 
isoflavones; baicalin, catechin, and rutin fit with flavone glycosides, flavan-3-ols, and flavo-
nol glycosides, respectively. There are different types of tumors which can be organized and 
categorized as oral (pharyngeal, laryngeal), gastrointestinal (esophageal, gastric, pancreatic), 
colorectal, liver, reproductive (ovarian, endometrial, prostate), breast, and lung cancer. The 
various diseases including cancers are controlled by the intake of flavonoids. Cytotoxicity in 
cancer cell line is shown mainly because of flavonoid compounds which do not affect normal 
cells. This was proved by cytotoxicity assay. Apigenin and luteolin come under the flavonoid 
subclass, flavones which have the ability to regulate macrophage function in cancer cell elimi-
nation and act as a potential inhibitor of cell proliferation. Many in vitro and in vivo studies 
confirmed that flavonoids have good activity against various cancer cell lines. Flavonoids 
have the ability to perform antiproliferation and cytotoxicity in cancer cell lines. They are 
used for human clinical trial which was conducted on flavone acetic acid.

In 2011, a database of U.S Department of Agriculture explains to us the flavonoid content in 
500 foods in which isoflavone, proanthocyanidin, and other compounds are identified [3]. This 
definitely helps us calculate the flavonoid intake and its cancer-preventive properties. The 
amount of intake and the time of exposure have considerable say in the anticancer response 
to flavonoid-rich diets. Some intervention trials of flavonoids have shown their capacity to 
prevent cancer. They have the ability to block cell cycle followed by apoptosis. In recent years, 
they have been used for the treatment of prostate, pancreatic, breast, cervical, and ovarian 
cancers. Several protein kinases, epidermal growth factor receptors (EGFRs), platelet-derived 
growth factor receptors (PDGFRs), vascular endothelial growth factor receptors (VEGFRs), 
and cyclin-dependent kinases (CDKs) [4] play important roles in cancer pathology. COX 
(cyclooxygenase), LOX (lipoxygenase), and xanthine oxidase enzymes are also responsible for 
cancer pathologies. Flavonoids have the power to decrease and sometimes control all these 
pathogenic factors completely.

2. Anticancer properties of flavonoids

Major classes of flavonoids possess anticancer properties. The sources of flavonoids are also 
explained in this context. Flavanols are present in strawberries, apple, chocolate, cocoa, beans, 
cherry, green, and black tea. They have the potential to fight against human oral, rectal, and 
prostate cancer. The major sources of anthocyanidins are blueberries, blackberries, blackcur-
rant, and aubergine. These natural resources are used to treat colorectal cancer. The major 
sources of flavones are Siberian larch tree, onion, milk thistle, acai palm, lemon juice, orange 
juice, grape juice, kale, cherries, leek, Brussel sprouts, pepper, broccoli, capsicum, parsley, 
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and celery. They have the ability to fight against breast cancer, lung cancer, leukemia, thyroid, 
stomach, laryngeal, colon, and oral cancer. Sources of isoflavonoids are soybeans, soy flour, 
soy milk, beer, and tempeh. They fight against prostate cancer, breast cancer, colon, kidney, 
and thyroid cancer [5].

2.1. Different groups of flavonoids

Flavonoids are mainly classified into four major groups: flavanols, flavones, anthocyanidins, 
and isoflavonoids. The major groups of these flavonoids are displayed in the subsequent text 
(Figure 1). A chemical structure of compound is drawn for each flavonoid group (Figure 2). 
Compounds from various subclasses of flavonoids are put together in their respective flavo-
noid groups. The major classification of flavones and anthocyanidins is displayed in Figure 3. 
Furthermore, they are divided into some subclasses. Among these subclasses, flavan-3-ols 
contain catechin, gallocatechin, catechin-3-gallate, epicatechin, and epigallocatechin (EGC). 
Kaempferol, myricetin, quercetin, and rutin belong to the subclass of flavonol [5]. Some other 
compounds are also classified under the specific subclasses of flavonoids (Figure 3).

2.2. Epidemiological information for flavonoids

Many studies on the distribution of diseases prove that flavonoids have positive effects in 
curbing cancer. It has been evidenced by various studies that the possibility of developing 
cancer could be reduced if more amount of flavonoid is administered [6, 7].

There was a case-control type study on 250 breast cancer-positive individuals based on popu-
lation in Shanghai from 1996 to 1998. It was revealed in the corresponding controls; Dai et al. 
[8] noted that the number of breast cancer-positive individuals had less of isoflavonoids as 
well as lignans compared to the controls (urine sample of the cancer-positive individual was 
taken prior to administering therapy). The middle discharge rate of aggregate isoflavonoids 

Figure 1. Major classification of flavonoids.
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was 13.97 nmol/mg creatinine in cases and 23.09 in controls (P = 0.01), and that of aggregate 
lignans was 1.77 in cases and 4.16 in controls (P < 0.01). Thus, it was recommended that flavo-
noids are capable of averting breast cancer.

Another lung cancer study was done on the observation of individuals beyond the age of 25. 
A total number of 9959 lung cancer-positive Finnish men and women between the ages of 
25–99 showed reduced lung cancer after administering flavonoids through diet. The inference 
was made based on vitamin E, vitamin C, beta-carotene, or total calories consumption. There 
was a study on 10,054 individuals of both men and women by Knekt and coworkers [9] on 
the amount of flavonoid consumption in Finnish diet. The study revealed a lesser possibility 

Figure 2. Different classes of flavonoids and their compound chemical structures.

Figure 3. Different groups of flavonoids and their respective compounds.
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for lung cancer with the higher consumption of quercetin and the lesser possibility of prostate 
cancer with more consumption of myricetin. Thus, flavonoids were proved to play a vital role 
in preventing cancer occurrence.

There was also a case-control work done based on population in Hawaii in order to study in 
detail the relation between the probability of lung cancer and the consumption of flavonoids 
through diet. For the study, they took 582 individuals who were lung cancer-positive and the 
same number of controls of matching age, sex, and ethnicity. The consumption of flavonoids 
such as onion, white grapefruits, apples, and quercetin was reversely related to the probabil-
ity of suffering lung cancer [10]. The outcome of the above study is found to be similar to the 
previous study done in Uruguay on 541 lung cancer-positive individuals and 540 controls but 
fewer incidents of lung cancer due to vitamin E and beta-carotene.

Besides, it was also found in a case-control work carried out by the group of researchers in 
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Flavonoids: Anticancer Properties
http://dx.doi.org/ 10.5772/68095

291



2.3.3. Colorectal cancer

Isoflavone intake was inversely related to colorectal cancer risk in men and postmenopausal 
women. Cases were analyzed in Japan, Netherlands, and in the UK in both men and women 
regarding the intake of isoflavone and its inverse effect on colorectal cancer. Total catechin, 
(β)-catechin, myricetin and (−)-epicatechin and kaempferol were effective against colorectal 
cancer. These results may have associations for the use of dietary flavonoids in the prevention 
of rectal cancer.

2.4. Inhibition of pro-oxidant enzymes

NADPH oxidase I (NOX 1) enzyme produces superoxide, which is overexpressed in colon 
and prostate cancer cell lines [15]. Superoxide is one of the reactive oxygen species (ROS). 
Superoxide dismutase (SOD) is one of the antioxidants which can inhibit a pro-oxidant 
enzyme (Figure 4). Generally, flavonoids have the ability to inhibit DNA damaging, muta-
genic signaling, cell proliferation, and proto-oncogenes (cFOS, cJUN, and cMyc). Diagrams 
are drawn using Microsoft PowerPoint 2013 and converted to JPEG format.

2.5. Flavonoids from Scutellaria species

Wogonin and baicalein from Scutellaria species have been tested in a mouse for antican-
cer activity. S. baicalensis has an O-methylated flavone called wogonin and a flavone called 
baicalein, which were isolated from the roots of the same plant as well as from S. lateriflora. 
A flavone glycoside called baicalin is also found in Scutellaria species. Oral administering 
of 20 mg/kg baicalein was able to inhibit prostate cancer nearly 55%. Both the compounds 
have therapeutic potential against cancer. The identified flavonoids from Scutellaria species 
are about 60. The reported minor flavonoids from the same species are Apigenin, Luteolin 
[16], and Chrysin. They possess antitumor activities. Scutellaria alone or in combination with 
other herbs has the cytostatic effect on several cancer cell lines in vitro and in vivo mouse 
model [17]. One of the anticancer drugs is wogonin. It comes under flavonoids. It is consid-
ered as chemotherapeutic agent to decrease their side effects. It has a hepatoprotective effect 

Figure 4. Inhibition of pro-oxidant enzymes.
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and prompts apoptosis in caspase 3 pathway. It alternates p21 protein expression. Wogonin 
and its derivatives possess anticancer activity. Wogonin induced apoptosis in lung cancer. 
It was experimented and proved in the nude mouse model [18–20]. It goes through multiple 
apoptosis pathways such as ROS (Reactive Oxygen Species)-mediated and ER stress-depen-
dent pathway (Figure 5).

2.6. Flavonoid compounds for cancer treatment

2.6.1. Apigenin

Apigenin has anti-mutagenic properties. It inhibits benzo[a]pyrene- and 2-aminoanthracene-
induced bacterial mutagenesis. It scavenges free radicals and promotes metal chelation in in 
vivo tumor models [21]. It affords protective effect in murine skin and colon cancer models 
[22]. It would suppress this enzyme effectively. It also increases glutathione concentration and 
enhances the endogenous defense against oxidative stress [23]. It was experimented against 
skin carcinogenesis model. It inhibits dimethylbenzanthracene-induced skin tumors. It has 
been administered against UV-light-induced cancers. The result showed that it could dimin-
ish the occurrence of UV light-induced cancers and was able to increase tumor-free cells. 
Apigenin plays an effective role to inhibit casein kinase (CK)-2 expression in both prostate 
and breast cancers [24]. It inhibits HIF-1α and VEGF expression via PI3K/Akt/p70S6K1 and 
HDM2/p53 pathways in human ovarian cancer cells [25].

Figure 5. Mechanism of action of wogonin-induced apoptosis in human lung cancer cells. Wogonin induces apoptosis 
with extrinsic apoptotic pathway and ROS-intervened ER stress-dependent pathway. NAC (N-acetyl-l-cysteine) is used 
to identify and test ROS. In mammalian cells, the major ER stress sensors such as pancreatic ER kinase (PERK), activating 
transcription factor-4 (ATF4), ionizing radiation, eIF2α, and CHOP will carry the signal from the ER lumen to cytoplasm 
and nucleus in order to recruit ER stress and also to develop tumor progression. Wogonin goes through this pathway 
and generates apoptosis at the end.
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2.6.2. Kaempferol

Kaempferol has anticancer effects and acts as a chemopreventive agent. It was found to be 
curbing the growth of various carcinomas such as glioblastoma (LN229, U87MG, and T98G), 
leukemia (HL-60 and Jurkat), lung cancer (H460 and A549), breast adenocarcinoma (MCF- 7, 
BT-549, and MDA-MB-231), osteosarcoma (U-2 OS), prostate cancer (LNCaP, PC-3, and DU145), 
colorectal carcinoma (Caco-2, HCT-116, DLD-1, and Lovo), and pancreatic cancer (MIA PaCa-
2, Panc 1). It is used to arrest the cell cycle in cancer cells. It has been used as antiapoptotic 
agent on cancer cells. Kaempferol is very effective against metastasis and angiogenesis [26].

2.6.3. Quercetin and diosmin

Quercetin is one of the dietary flavonoids, which suppresses tumor growth by inhibiting 
protein tyrosine kinase (PTK). About 10 μM of this compound confirmed antiproliferative 
activity against colon cancer cells, Caco-2, and HT-29. Diosmin is one of the important Citrus 
flavonoids, which showed antiproliferative activity in the same cancer cell line. The prolifera-
tion of MCF-7 human breast cancer cell line was controlled by the intake of citrus flavones.

2.6.4. Tangeretin

Among these phenolic compounds (gallic acid, baicalein, myricetin, 7,3′ dimethylhesperetin, 
quercetin, and luteolin), flavone tangeretin showed better anticancer activity against B16F10, 
SK-MEL-1 and SK-MEL-5 melanoma cell lines [40, 41], human hepatoma HepG2, Hep3B, and 
PLC/PRF/5 cell lines [42], HL-60 leukemia cell line [43], and human lung DMS-14 cell line, breast 
MCF-7 and MDA-MB-435 cell lines, colon HT-29 cell line, and prostate DU-145 cell line [41]. The 
in vitro studies confirmed that the compound was more effective against various cancer cell lines.

2.7. Anticancer activity of flavonoids

Fruits and vegetables are having an enormous amount of flavonoids, which have been used 
as cancer chemopreventive agents. Flavonol quercetin is contained in dietary fruits and veg-
etables especially onion and apple. Quercetin flavonol is used to treat prostate, lung, stomach, 
and breast cancers [27]. Many biological properties in flavonoids and isoflavonoids are some-
times proved to be cancer chemopreventive. The mechanism of action of flavonoids in the 
molecular study is cell cycle arrest, heat-shock protein inhibition, tyrosine kinase inhibition, 
downregulation of p53 protein, estrogen receptor-binding capacity, inhibition of Ras protein, 
and expression of Ras protein. The most genetic abnormalities in human cancers are based 
upon p53-mutated proteins. The protein may be downregulated because of flavonoid intake. 
The flavonoid expression on p53 proteins may lead to arrest cancer cells in G2 and mobile 
phase of cell cycle. Tyrosine kinases are proteins. They are considered as growth factor signals 
for the nucleus. The expression of the protein is involved in oncogenesis. The anticancer drug 
is able to inhibit tyrosine kinase activity. Quercetin has been used in human phase I clinical 
trial against tyrosine kinase activity. It is proved that it could be considered as antitumor 
agent without the cytotoxic side effects [28]. It does arrest cell cycle in proliferating lymphoid 
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cells. Flavonoids inhibit heat-shock proteins in several malignant cell lines, comprising leuke-
mia, colon cancer, and breast cancer [29].

2.8. Antitumor effects

Reactive oxygen species (ROS) can harm DNA and lead to mutations. It is involved in cell 
signaling and cell growth. It increases the DNA exposure to mutagens. Stefani et al. reported 
that flavonoids can have inhibition effect against carcinogenesis. Apigenin, fisetin, and lute-
olin flavonoids have been used to inhibit cell proliferation effectively. A variety of endog-
enous angiogenic and angiostatic factors have the responsibility for regulating angiogenesis. 
Flavonoids have the power to fight against angiogenesis. Lumen formation, endothelial cells 
migration, and their proliferation are the important steps in angiogenesis. Angiogenesis 
inhibitors can interfere with these steps. Flavonoids play an essential role among the known 
angiogenesis inhibitors. The inhibition of protein kinases is the possible mechanism for the 
treatment of angiogenesis. These enzymes are involved in the process of signal transduction 
against angiogenesis.

2.9. Cancer chemoprevention

Carcinogenesis, the multistep process of tumor development, primarily involves the acqui-
sition of the hallmark capabilities of cancer namely sustaining proliferative signaling, shirk-
ing growth suppressors, fighting cell death, triggering invasion and metastasis, and inducing 
angiogenesis by the incipient cells. Aberrations in multiple intracellular signaling cascades and 
progressive accumulation of mutations during carcinogenesis present considerable opportuni-
ties for the development of clinical interventions in preventing cancer initiation, treating neo-
plasms during premalignant stages, and inhibiting tumor progression. Natural agents that can 
target the hallmarks of cancer have attracted the attention of several researchers due to their 
chemical diversity, structural complexity, inherent biologic activity, affordability, easy avail-
ability, and lack of substantial toxic effects. The potential targets of chemopreventive agents 
include multiple signaling pathways such as ROS generation and signaling, cyclooxygenase-2 
(COX-2) and lipoxygenase (LOX) pathways, and numerous cellular molecules like XMEs, tran-
scription factors, proteins involved in cell cycle, apoptosis, invasion and angiogenesis, and 
enzymes involved in epigenetic modifications.

2.10. Mechanism of action on flavonoids

Flavonoids are proved to be effective chemopreventive agents. The chemopreventive func-
tions of flavonoids are estrogenic/antiestrogenic activity, antiproliferation or apoptosis, pre-
vention of oxidation, induction of cell cycle arrest, regulation of the host immune system, 
induction of detoxification enzymes, anti-inflammatory activity, and changes in cellular 
signaling [30]. The research study suggests that the medicinal plant, Glycyrrhiza inflata has 
anticancer activity and also does the mechanism of action on flavonoids. Licorice is the root 
of G. inflata which contains more anticancer properties. Licorice total flavonoids (LTFs) are 
used effectively against cancer [31].
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2.11. Dietary flavonoids on apoptotic pathway

Flavonoids enter through the outer membrane. Bad, Bax, and Bak are the proapoptotic regu-
lators. Bcl-2 and Bcl-x are the apoptosis regulator proteins. Proapoptotic regulators and apop-
tosis regulator proteins release cytochrome c in the mitochondria (Figure 6). Apaf1, dATP, 
and procaspase-9 are bound with cytochrome c to form the apoptosome. Caspase is activated 
because of the cleavage of procaspase-9. At the same time, death receptors can interrelate with 
procaspase-8 to create its active form. A bid can control programmed cell death and can also 
release cytochrome c. At the end, apoptosis is performed [32].

2.12. Role of intrinsic and extrinsic signaling pathways

The intrinsic and extrinsic signaling pathways are involved in apoptosis. Cellular stress fac-
tors are involved in the intrinsic apoptotic pathway. They include ROS generation, endoplas-
mic reticulum (ER) stress, growth factor deprivation, and ionizing radiation. All these cellular 
stress factors are responsible for releasing cytochrome c from mitochondria. Apoptosome is 
the formation of a cytosolic multiprotein complex. It contains the adapter protein apoptotic 
protease-activating factor 1 (Apaf-1), cytochrome c, and pro-caspase-9.

In the place of apoptosome, caspase-9 begins and activates caspase-3 which cleaves target 
proteins leading to apoptosis. Pro-apoptotic (e.g., Bax, Bad, Bid, and Bak) and anti-apoptotic 
(e.g., Bcl-2, Mcl-1, and Bcl-xL) Bcl-2 family proteins have control over this death pathway. 
The extrinsic pathway is a process whereby the involvement of ligation of a ligand occurs 
with corresponding receptors. Ligands, such as CD95L, CD95, and TNF, are bound to the 
corresponding receptors. CD95L [CD95 (Fas/APO-1)-ligand] arbitrates apoptosis. This ligand 

Figure 6. Flavonoids on apoptotic pathway.
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binds to the corresponding receptor, CD95 [CD95 (APO-1/Fas)], on the surface of sensitive 
cells. The corresponding receptor is a prototype death receptor. Fas associated via death 
domain (FADD), pro-caspase 8, and FLICE-inhibitory protein (FLIP) are collectively called as 
DISC (death-inducing-signaling-complex). DISC activates caspase-8 which can further acti-
vate caspase-3 and leads to apoptosis. One of the other ligands is TNF (tumor necrosis fac-
tor). The corresponding receptor is TNF-R. Complex I contains receptor-interacting protein 1 
(RIP 1), TNF receptor-associated death domain (TRADD), and telomeric repeat-binding fac-
tor 2 (trf 2). It is attached to the receptor itself. Complex II holds RIP 1, TRADD, FADD, and 
pro-caspase 8. It can be recruited from complex I. The instigation of pro-caspase-8, in turn, 
activates caspase-3. Mitochondria produce numerous death signals which are needed by the 
extrinsic death pathway. Caspase 8 activates the extrinsic pathway. It is able to link with an 
intrinsic pathway. It can also activate the apoptotic gene, Bid. The intrinsic pathway is con-
nected with the apoptotic genes such as Bax and Bak. The above apoptotic gene formation 
results in cytochrome c. Finally, apoptosis occurs (Figure 7).

2.13. In vivo and in vitro studies on cancer

Quercetin and apigenin can inhibit melanoma cell growth. These compounds have potential 
to fight against invasive and metastatic cancers. This study has been conducted and proved 
with mice [33]. In vitro studies have confirmed that some flavonoids could inhibit the cell 
growth of colon, prostate, liver, and breast cancer [34]. Flavonoids can suppress carcinogen-
esis and also prevent cancer. Thus, these studies confirm the effectiveness of flavonoids in 
preventing cancer [35].

Figure 7. Intrinsic and extrinsic signaling pathways.
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2.14. Flavonoids in cancer treatment

Oral cancer was developed chemically and was treated with flavonoids in the rat using 
4-nitroquinoline 1-oxide-induced model. It was found later that flavonoid inhibited oral can-
cer. Kawaii et al. studied about some citrus flavonoids and found that they inhibited the pro-
liferation of cancer cells such as lung carcinoma A549 and gastric TGBC11TKB cancer cell 
lines. It did not affect the human normal cell lines.

2.15. Cancer process and cancer therapy

Cancer is considered as a genetic illness caused by mutated genes. It is implicated in cell 
proliferation and cell death. DNA damage may lead to cell death. Three groups of genes are 
mainly involved in the cancer process. They are oncogenes (damaged proto-oncogenes), the 
tumor suppressor genes, and the DNA repair genes. Mutated proto-oncogenes lead to onco-
genes. They are the responsible genes to proliferate the cells. Tumor suppressor genes code 
for proteins especially protein p53 and act as checkpoints to cell proliferation or cell death. 
They can persuade cell cycle arrest in a damaged cell. DNA repair genes can be mutated and 
lead to a failure in DNA repair [36].

Chemotherapy, radiotherapy, surgery, and some other therapies are available in order to 
control the risk level of the various cancers and to give a complete cure to the disease. When 
cancer cells are spread in a human body, chemotherapy is preferred to kill the cancer cells 
mainly [36].

2.16. Effects of ASMq on TGF-β1 and TNF-α protein expression

Abnormal Savda Munziq (ASMq), a traditional Uyghur medicine, has anticancer activities. 
TGF-β1 and TNF-α protein expression studies are conducted using Western blot. U27 tumor 
mice model is used for this study. Based on this study, CTX group showed a decreased level 
of TGF-β1 and TNF-α proteins. ASMq groups with different dosages expressed decreased 
TGF-β1 protein and were increased in TNF-α proteins. Compared to CTX group, TGF-β1 pro-
tein expression of ASMq groups was decreased and protein level was increased in TNF-α [37].

2.17. Definition of cancer prevention

The time period between 2000 and 2006 has witnessed 1.3% of cancer decline among men and 
the same time period (from 1998 to 2006) has seen 0.5% decline among women. Twenty-five 
percent of death has also occurred due to the consequence of this disease [38]. The advent 
of modern technology and its advances have not considerably reduced mortality caused by 
cancer; it still remains a major threat. As once quipped by Benjamin Franklin, “An ounce of 
prevention is worth a pound of cure.” It is clear that the prevention of the disease is better 
than the cure. Sporn in 1976 defined cancer chemoprevention as a method “to arrest or reverse 
premalignant cells.” Cancer-chemopreventive capacity of flavonoid is characterized by inhib-
iting inflammation, scavenging various free radicals, adhesion, suppressing cell proliferation, 
cell cycle arrest, and apoptosis [39].
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2.18. Flavonoids in cancer prevention

A study was conducted on 9959 men and women with regard to consumption of flavonoids 
and its anticancer activity. It was found that the association between the two was inverse. 
After some observations, they found that the highest quartile of flavonoid intake reduced the 
lung cancer up to 50%. Flavonoids can prevent cancers and cure this disease too. Cell cycle 
arrest happens at G1/S phase, at G2/M, and both phases of G1/S and G2/M phases, and also 
oxidative radical damages on DNA can be rectified by the dietary flavonoids.

Flavonoids and isoflavonoids are highly antiproliferative, and their compounds come to be 
handy in curbing the cell cycle or induce apoptosis. They are found to be effective in stop-
ping both G1/S and G2/M of the cell cycle in cultured cancer cell lines. For example, some 
studies have found that quercetin (30–100 mM) stops the cell cycle at G1/S in human colonic 
COLO320 DM cells and leukemic T-cells and prompts apoptosis.

2.19. Overview on flavonoids

Flavonoids are commonly nontoxic compounds. They can be used along with synthetic 
drugs which may have little toxic substances and side effects. The effect of toxic substances 
in marketed drugs may be decreased due to flavonoid content in the combinational drugs. 
Therefore, synergistic studies are more effective. Some flavonoids have a chemopreventive 
effect on nitrosamine-induced carcinogenesis. Many flavonoids protect the genome from 
chemical carcinogens. Rich anticancer properties are found in various flavonoids which are 
used to decrease about 20% risk level in cancers. They prevent cancers and also are able to 
cure the disease. This was proved by in vitro and in vivo studies.
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Abstract

Flavonoid metal complexes commonly exhibit an improvement of biological activity 
compared to the parent ligands. This chapter is focused on the antioxidant and anticanc-
cer properties of flavonoid metal complexes, in correlation with their binding ability to 
vital macromolecules such as nucleic acids and serum proteins. Perspectives for an ade-
quate formulation of these complexes were also discussed.

Keywords: flavonoids, metal complexes, anticancer properties, nucleic acid binding, 
protein binding, formulation

1. Introduction

The urgency to overcome the biophysical and biomedical drawbacks of current chemothera-
peutic treatments led the scientists to consider flavonoid metal complexes as viable options 
in cancer therapy. Both in vitro and in vivo studies report that flavonoids and their metal ion 
complexes exert pleiotropic effects on tumor promotion and progression.

Our work is an attempt to help the design of novel flavonoid‐metal ion complexes with 
improved pharmacological activity and a broader range of antitumor mechanisms of action. 
In this chapter, we have analyzed relevant data available in literature on the antitumor activ-
ity of the flavonoid‐metal ion complexes, regarding their cellular targets, their role in cancer 
cell death, growth and proliferation, and structure‐activity analysis.

A novel metal‐based compound with antitumor activity and promising clinical efficacy should 
meet the following criteria: (1) possess good intrinsic properties, molecular stability, allowing 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



the drug to arrive intact at the target cells; (2) exert efficient interaction with transport proteins 
in blood and membranes; (3) show good DNA‐binding properties; (4) have selective activity 
against cancerous cells over normal cells; and (5) preferably have activity against tumor cells that 
are resistant to cisplatin and derivatives. These aspects will be discussed in the following pages.

2. Flavonoids: general information, main classes, and chelating properties

Flavonoids (from the Latin “flavus,” yellow) are secondary plant metabolites naturally occur-
ring in seeds, fruit skin, peel, and bark of plants [1]. Flavonoids are important components of 
the human diet, the major sources of flavonoids being apples, red fruits, onions, citrus fruits, 
nuts, and beverages such as tea, beer, and wine [2]. Although they are not considered nutri-
ents, due to the variety of pharmacological activities in the mammalian body, flavonoids are 
more correctly referred to as “nutraceuticals” [3].

These compounds possess a common flavane (2‐phenyl‐benzo‐γ‐piran) nucleus, consisting 
of an aromatic A‐ring fused to a heterocyclic C‐ring, attached through a single carbon‐carbon 
bond to a benzene B‐ring (Figure 1).

According to the oxidation degree of the C‐ring, the hydroxylation pattern of the nucleus, 
and the C3 substituent, the flavonoids can be categorized into seven subclasses: flavones, fla-
vonols, flavanones, flavanols (catechins), flavanonols, isoflavones, anthocyanins, and antho-
cyanidins [4–6]. Thus, the total number of polyphenolic compounds exceeds 4000. In all these 
subclasses, rings B and C are linked at C2, with the sole exception of the isoflavones (linked 
at C3). Many flavonoids occur naturally as glycosides; the carbohydrate substituents include 
D‐glucose, L‐rhamnose, glucorhamnose, galactose, and arabinose [7]. Table 1 lists the sub-
classes of flavonoids, and a set of representatives, to which we will refer to in this chapter.

Flavonoids possess three possible metal‐chelating sites that can bind metal ions: (i) the 3‐
hydroxy‐4‐ketone groups in the C‐ring, (ii) the 5‐hydroxy group in the A‐ring and 4‐car-
bonyl group in the C–ring, and (iii) 3’,4’‐dihydroxy groups, located on the B‐ring (Figure 2). 

Figure 1. Basic flavonoid structure.
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Flavonoid subclass General structure Representatives

Flavones Chrysin: 5=7=OH
Apigenin: 5=7=4’=OH Luteolin: 5=7=3’=4’=OH 
Diosmetin: 5=7=3’=OH, 4’=OCH3 Diosmin: 
Diosmetin‐7‐rutinoside

Flavonols Fisetin:7=3’=4’=OH Kaempferol: 5=7=4’=OH 
Quercetin: 5=7=3’=4’=OH Morin: 5=7=2’=4’=OH 
Myricetin: 5=7=3’=4’=5’=OH Galangin: 3=5=7=OH 
Rutin: Quercetin‐3‐rutinoside

Flavanones Naringenin: 5=7=4’=OH Hesperetin : 
5=7=3’=OH, 4’=OCH3 Naringin: Naringenin‐7‐
neohesperidoside Hesperidin: Hesperitin‐7‐
rutinoside Dio

Flavanols Catechin (2*R, 3*S): 5=7=3’=4’=OH Epicatechin 
(2*R, 3*R): 5=7=3’=4’=OH Epigallocatechin 
(2*R, 3*R): 5=7=3’=4’=5’=OH Epicatechin 
gallate (2*R, 3*R): 5=7=3’=4’=OH, 3‐gallic 
acid ester Epigallocatechin gallate (2*R, 3*R): 
5=7=3’=4’=5’=OH, 3‐gallic acid ester

Flavanonols Taxifolin (2*R, 3*R): 5=7=3’=4’=OH

Isoflavones Daidzein : 7=4’=OH Genistein: 5=7=4’=OH
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Cornard and Merlin [8] have reported that in acidic conditions, the 3‐hydroxy‐4‐ketone or the 
5‐hydroxy‐4‐keto groups of quercetin (Q) are involved in coordination, whereas in alkaline 
milieu, the second chelating site, 3’,4’‐dihydroxy group, located on the B‐ring, is also involved.

3. Antioxidant and prooxidant activity of flavonoids and their metal 
complexes

Flavonoids have been reported to possess various biological effects: anticarcinogenic [9–11], 
antiviral [12], anti‐inflammatory, immune stimulation [13, 14], antiallergic [15], and reducing 
the risk of cardiovascular disease [16–18].

Many of these beneficial health effects, including anticancer activity, arise from the antioxidant 
properties of these polyphenolic compounds [19], which are based on the following mechanisms:

(1) Direct radical scavenging: the flavonoid molecules are oxidized by free radicals (R●) re-
sulting in more stable, less reactive radicals [20]:

  FlOH + R ● → FlO ● + RH  (1)

Flavonoid subclass General structure Representatives

Anthocyanidins, 
anthocyanins

Anthocyanidins Pelargonidin: 5=7=4’=OH 
Cyanidin: 5=7=3’=4’=OH Delphinidin: 
5=7=3’=4’=5’=OH Malvidin: 5=7=4’=OH, 
3’=5’=OCH Anthocyanins Cyanidin 3‐glucoside 
Cyanidin 3‐galactoside Cyanidin 3‐rutinoside 
Malvidin 3‐glucoside

Table 1. Main flavonoid [21] subclasses.

Figure 2. Typical chelation sites in forming the flavonoid complexes [2].
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3’=5’=OCH Anthocyanins Cyanidin 3‐glucoside 
Cyanidin 3‐galactoside Cyanidin 3‐rutinoside 
Malvidin 3‐glucoside

Table 1. Main flavonoid [21] subclasses.

Figure 2. Typical chelation sites in forming the flavonoid complexes [2].
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where R● refers to either reactive oxygen species, ROS (hydroxyl, superoxide, peroxyl, alkyl 
peroxyl), or reactive nitrogen species, RNS (nitric oxide, peroxynitrite).

(2) Chelation of metal ions; the property of flavonoids to form chelates can be considered 
from two points of view:

• flavonoids bind metal ions like Fe(II), Fe(III), and Cu(II), thus preventing free radical gen-
eration in Fenton reactions:

   M   n+  +  H  2   O  2   →  M   (n+1)+  +  OH   −  + OH●  (2)

• flavonoids form metal complexes that are generally more powerful antioxidants than the 
free ligands.

(3) Inhibition of various enzymes that are responsible for ROS/RNS formation (xanthine oxi-
dase, reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase).

(4) Upregulation of enzymatic and non‐enzymatic systems involved in the elimination and 
detoxification processes of oxidant species, such as reduced glutathione (GSH), GSH per-
oxidase, superoxide dismutase, and so on.

(5) Regeneration of the antioxidant species such as ascorbate and α‐tocopherol by electron 
transfer reactions [5].

Many studies have correlated the antioxidant activity of flavonoids with the following struc-
tural features (Figure 3):

1. ortho-dihydroxy substitution in the ring B;

2. the presence of a 2,3 double bond and of a 4-oxo function;

3. a 3‐hydroxy‐4‐keto and/or 5‐hydroxy‐4‐keto conformation [21].

Figure 3. Main structural features required for antioxidant activity of flavonoids.
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Among these main structural properties, it was observed that the antioxidant activity 
increases with the number of hydroxyl substituents and that the aglycones are more potent 
antioxidants than their corresponding glycosides [22].

Apart from the antioxidant activity, flavonoids can also exhibit prooxidant activity. This 
behavior is associated with the low one‐electron reduction potentials; some of them may 
autoxidize slowly under neutral conditions and faster in alkaline media, generating ROS 
[23]. Another mechanism of prooxidant activity is correlated with their ability to reduce Cu2+ 
and Fe3+, thus generating Fe2+ and Cu+ which in turn reduces hydrogen peroxide to hydroxyl 
radicals [24]. Prooxidant activity is thought to be directly proportional to the total number of 
hydroxyl groups [25], especially in the B‐ring [26], and the concentration of the flavonoid [27].

Commonly, the prooxidant activity of flavonoids has been associated with various toxic effects, 
but it is also possible for it to generate beneficial properties. For example, the apoptotic and 
bactericidal activity of epigallocatechin gallate is based on its ability to reduce O2 to yield H2O2 
[28]. Likewise, the capacity of flavonoids to stimulate the activity of the detoxifying enzymes 
is a major mechanism for the chemopreventive properties of flavonoids, thus protecting the 
organism against mutagens and carcinogens [29].

A great number of metal complexes of flavonoid derivatives have been obtained, in order to 
improve the antioxidant activity of the parent flavonoid (Table 2).

Complex Molar ratio 
metaion:ligand

Effect on the flavonoid antioxidant activity Ref.

Flavonoid subclass: flavones

VO(II)‐luteolin 1:2 Increase [30]

Ge(IV)‐chrysin 1:1 Increase [31]

VO(II)‐chrysin 1:2 Increase [32], [33]

Ce(IV)‐chrysin 1:2 Increase [34]

VO(II)‐diosmin 1:1 Increase the scavenging activity only for 
ROO●, not for O2

●−, DPHH●, OH●
[35]

Flavonoid subclass: flavonols

Mg(II)‐quercetin 1:1 Increase [36]

Al(III)‐quercetin 2:1 Increase [37]

Ge(IV)‐quercetin 2:1 ? [38]

Sn(II)‐quercetin Not determined Slightly decrease [39]

Fe(II)‐quercetin 1:2 Increase [40]

Co(II)‐quercetin 2:1 Increase [41]

Cu(II)‐quercetin 1:1 Increase [42]

Cu(II)‐quercetin 2:1 Increase [43]

Cd(II)‐quercetin 1:1 Decrease [44]
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Complex Molar ratio 
metaion:ligand

Effect on the flavonoid antioxidant activity Ref.

M(II)‐quercetin M = Mn, Co, Ni, Cu, Zn 1:2 Increase [45]

M(II)/(III)‐quercetin M(II) = Fe, Cu, Zn 
M(III) = Al

2:1 Increase [46]

Ln(III)‐quercetin Ln = La, Nd, Eu, Gd, 
Tb, Dy, Tm, Y

1:3 Increase [47]

VO(II)‐morin 1:2 Increase the scavenging activity for OH● and 
O2

− Decrease scavenging activity for ROO●.
[48]

Cr(III)‐morin 1:2 Increase [49]

Cu(II)‐morin 1:1 Increase [50]

M(II)/(III)‐galangin M(II) = Fe, Cu, Zn 
M(III) = Al

1:1 Increase [46]

Sn(II)‐rutin 1:2 Decrease [51]

Sn(II)‐rutin 3:2 Decrease [52]

Cr(III)‐rutin 2:1 Slightly increase [53]

Cr(III)‐rutin 3:1 Increase [54]

VO(II)‐rutin 1:2 Increase [55]

Ni(II)‐rutin 1:2 Increase [56]

Cu(II)‐rutin 1:1 Increase [57]

Zn(II)‐rutin 2:1 Increase [58]

Flavonoid subclass: flavanones

Cu(II)‐naringenin‐phenanthroline 1:1:1 Increase [59]

M(II)‐naringenin M=Cu, Zn, Ni 1:2 Increase [60]

Ce(IV)‐naringenin 1:2 Increase [34]

Cu(II)‐hesperetin‐phenanthroline 1:1:1 Increase [59]

Cu(II)‐naringin 1:1 Increase [61]

VO(II)‐hesperidin 1:1 Increase [62]

Flavonoid subclass: flavanols

M(II)/(III)‐catechin M(II) = Fe, Cu, Zn 
M(III) = Al

1:1 Increase [46]

Al(III)‐catechin 1:1 Decrease [37]

Flavonoid subclass: isoflavones

Cu(II)‐genistein Fe(III)‐genistein Cu(II)‐
biochanin A Fe(III)‐biochanin A

1:2 Increase for Cu(II) Prooxidant activity for 
Fe(III)

[63]

Ce(IV)‐daidzein 2:1 Increase [34]

Table 2. Metal complexes of flavonoids investigated for their antioxidant activity.
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By analyzing the data from Table 2 and the scientific literature, some observations appear to 
be relevant:

• most metal complexes behave as more powerful antioxidants compared to the parent 
flavonoids;

• the higher antioxidant activity of the metal complexes was generally explained by acquisi-
tion of an additional radical‐scavenging metal center by the complexes, probably a super-
oxide‐dismutase‐mimicking center;

• in some cases, the metal (e.g., Sn2+, Cd2+) complexes show lower antioxidant activity than 
the parent flavonoids; the lower antioxidant activity can be explained by the fact that chela-
tion of these metal ions significantly changes the chemical properties of the flavonoid, or 
might increase the oxidation potentials relative to those of the free flavonoid;

• some metal complexes, especially those of Fe(III) ions, display prooxidant activity.

4. Anticancer activity of flavonoids metal complexes

The cytotoxic activity of flavonoids involves the inhibition of several molecular targets and 
pathways: DNA topoisomerases I and II [64], cyclin‐dependent kinases CDK2 and/or CDK1 
[65], androgen receptor signaling [66], actin polymerization [67, 68], activation of p53, and inhi-
bition of NFkB pathways [69]. Flavonoids activate the caspase-mediated signal transduction 
pathways, consecutively stimulating the tumor‐suppressor protein p53, which  consequently 
triggers cell apoptosis [69].

In many cases, the antitumor activity of the flavonoid metal complexes has been reported to 
be greater than that of the free corresponding flavonoids [47]. This may be mediated through 
the regulation of important cell‐cycle events, alterations in the DNA structure, prooxidant 
effects, or interactions with the phospholipid bilayer. Flavonoid metal complexes have been 
reported to be active against gastric cancer cells, human hepatocellular carcinoma cells [70], 
human cervical carcinoma cells [71], leukemia cells [61], human colon adenocarcinoma cells, 
human hepatoma cells, and osteoblast cancer cells [62]. A very important and promising 
feature displayed by these complexes is that a number of them have proven to be selective 
toward cancerous cells over normal cells [72]. Table 3 contains a selection of metal complexes 
of flavonoids which have shown antitumoral activity.

As it has been shown in Table 5, complexes contain diverse structures, derived from the variety 
of flavonoids and metal ions used in the drug design. Regarding the flavonoid structures in 
metal complexes, the type of the substituents on either ring in the ligand structure, whether 
electron‐withdrawing or electron donating, seems to have minor importance. However, their 
position appears to be crucial for the cytotoxic activity. Ortho-substitution of the B-ring appears 
to be unfavorable, while meta‐ and para-substitution augments the anticancer activity. This may 
be due to a structural effect, as the B (phenyl)‐ring is more twisted in the ortho-substituted com-
pounds than in the meta- and para‐derivatives, which may increase the interaction with biological 
targets. The purpose of combining these ligands with metal centers is to obtain anticancer agents 
with extended mechanistic range, facilitating single‐molecule multi‐target anticancer therapy.
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Complex Comments Ref.

4’‐Methoxy‐5,7‐dihydroxy‐
isoflavone Complexes with 
Mn(II)*, Cu(II), Zn(II), Co(II), 
Ni(II) Metal ion:isoflavone 
molar ratio 1:2

Cell lines: HeLa (cervical cancer), MDA‐MB‐435 (breast carcinoma), 
SW620 (colon carcinoma), HepG2 (liver cancer), A549 (non‐small‐cell 
lung carcinoma). *was most efficient, especially on line SW620 (IC50 
< cisplatin). Flow cytometry analysis showed that * acts in the G2/M 
phase of the cell cycle, causing early apoptosis.

[73]

Rutin complex with Zn(II) 
(Znrut) Metal ion:isoflavone 
molar ratio 1:1

KG1 (leukemia): IC50 = 91.4 µM; K562 (leukemia): IC50 = 173.2 µM; Jurkat 
(leukemia): IC50 = 150.2 µM; RPMI8226 (multiple myeloma): IC50 = 
196.6 µM; B16F10 (melanoma): IC50 = 160.7 µM; SK‐Mel‐28 (melanoma): 
IC50 = 194.0 µM. In the Ehrlich ascites carcinoma model, Znrut exerts 
modulating effect of mitochondrial membrane potential and expression 
of genes involved in cell cycle control, apoptosis and angiogenesis.

[74]

Diosmin complex with 
oxovanadyl (IV) [VO(dios)
(OH)3]Na5·6H2O (VOdios)

A549: dios‐ IC50 > 100 µM, at 100 µM, VOdios decreases cell viability 
by 31%; T47D (breast tumor): dios exerts no antiproliferative 
effect, VOdios – IC50 = 23.3 µM; SKBR3 (breast adenocarcinoma): 
dios – IC50 > 100 µM, VOdios – IC50 = 46.4 µM; MDAMB231 (breast 
adenocarcinoma): dios – IC50 = 70 µM, VOdios – IC50 = 11.6 µM. An 
antiproliferative non‐apoptotic mechanism, caspase 3/7 and oxidative 
stress independent, has been proposed.

[35]

Luteolin complex with 
oxovanadyl (IV) [VO(lut)
(H2O)2]Na·3H2O (VOlut)

MDAMB231: IC50 = 17 µM (lut: IC50 = 88.3 µM); A549: IC50 = 60.5 µM 
(lut: IC50 = 66.3 µM); Both Lut and VOlut generate ROS and mitotic 
arrest; VOlute causes nuclear and cytoplasmic membrane damage.

[75]

Naringenin complex 
with oxovanadyl (IV) 
[VO(nar)2]·2H2O (VOnar)

A549: nar shows no antiproliferative effect, VOnar: IC50 > 100 µM 
(at 100‐µM cell viability decreases by 35%); SKBR3: nar shows no 
antiproliferative effect, VOnar: IC50 = 73 µM; MDAMB231: nar: IC50 > 100 
µM (at 100‐µM cell viability decreases by 30%), VOnar: IC50 = 20 µM. 
VOnar antiproliferative effect was accompanied by ROS generation, cell 
membrane damage and DNA degradation, cell cycle arrest, caspase 3/7 
activation, and mitochondrial membrane potential decrease.

[76]

Chrysin complex 
with oxovanadyl (IV) 
[VO(chrys)2EtOH]2 
(VOchrys)

MC3T3E1 (normal osteoblast cell line), UMR106 (osteosarcoma). Both 
the ligand and the complex exert similar inhibitory effect on normal 
cells and cancer cells (60% inhibition at 100 µM for osteosarcoma 
cells). Complexation does not improve the antitumor properties of 
the free flavonoid. In vitro and in vivo studies were performed on 3D 
human osteosarcoma and xenograft osteosarcoma mice models. The 
pharmacological results show that VOchrys had an inhibitory effect 
on cell viability, affecting the shape and volume of the spheroids and 
suppressed MG‐63 tumor growth in the mice models without toxic and 
side effects.

[32, 33, 77]

Quercetin (Quer) complex 
with oxovanadyl (IV) 
[VO(Quer)2EtOH]n 
(VOQuer)

MC3T3E1 (normal osteoblast cell line), UMR106 (osteosarcoma). 
The complexation of quercetin does not improve its potential 
anticarcinogenic properties. The complex was more cytotoxic toward 
normal osteoblasts. VOQuer interacts with two markers of osteoblastic 
differentiation; it stimulates type I collagen production and inhibits 
bovine ALP‐specific activity; QuerVO stimulated the phosphorylation 
of ERKs in a dose‐response manner, showing that the mitogenic effect 
of the complex in osteoblasts may involve the ERK pathways. VOQuer 
shows potential for promoting osteoblast differentiation.

[78]

cis‐[Pt(PPh3)2(3‐Hfl)]Cl (1) 
cis‐[Pt(PPh3)2(etga)] (2) 
PPh = triphenylphosphine, 
3‐Hfl = 3‐hydroxyflavone 
monoanion, etga = etilgalat 
dianion

U87 (glioblastoma): IC50(µM) values: 3‐Hfl: 27.5 ± 2.3; (1): 26.3 ± 2.1; 
etga: 97.7 ± 2.6; (2): 123.7 ± 3.8; cisplatin: 1.76 ± 0.22; MCF‐7 (breast 
tumor): IC50(µM) values: 3‐Hfl: 108.1 ± 3.5; (1): 55.5 ± 1.7; etga: > 200; (2): 
>200; cisplatin: 14 ± 3.

[79]
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Complex Comments Ref.

Ru(II) cis‐dichlorobis(3‐
imino‐2‐methoxy‐flavanone) 
(1) Ru(II) cis‐dichlorobis(3‐
imino‐2‐ethoxy‐flavanone) 
(2) Ru(II) cis‐dichloro(3‐
nitrozoflavone)(3‐
hydroxyiminoflavanone)(3)

A549: IC50(µM) values: cisplatin: 3.8 ± 0.8; (1): ∼100; (2): 5.3 ± 0.4; (3): 3.8 
± 0.3; A2780 (ovarian cancer): IC50(µM) values: cisplatin: 0.2 ± 0.1; (1): 
39.6 ± 3; (2): 2.5 ± 0.2; (3): 1.8 ± 0.1; A2780cis (cisplatin‐resistant subline): 
IC50(µM) values: cisplatin: 16.8 ± 1.5; (1): 62.5 ± 16; (2): 4.6 ± 0.2; (3): 1.5 ± 
0.04; Toledo (diffuse large B‐cell lymphoma): IC50(µM) values: cisplatin: 
0.5 ± 0.07; (1): 13.9 ± 1.2; (2): 0.5 ± 0.1; (3): 0.6 ± 0.04; Toledo‐cis (cisplatin‐
resistant subline): IC50(µM) values: cisplatin: 8.3 ± 0.6; (1): 56.6 ± 2.8; 
(2): 2.9 ± 0.2; (3): 2.8 ± 0.1. Lymphocytes: IC50 (µM) values: cisplatin: 0.2 
± 0.1; (1): 19.4 ± 3; (2): 3.4 ± 0.3; (3): 1.6 ± 0.2. The complexes had minor 
effects on hemostasis or on the red blood cell lysis in vitro, at cytotoxic 
concentrations and are therefore unlikely to cause hematologic 
disorders in vivo.

[80]

Ru(II) complex with 
η6-p‐cymene and 3‐
hydroxyflavone derivatives

CH1 (ovarian carcinoma), SW480 (colon carcinoma, A549 (non‐small‐cell 
lung carcinoma), 5637 (human urinary bladder), LCLC‐103H (human 
large‐cell lung), DAN‐G (human pancreatic carcinoma cell lines). The IC50 
values were in the low micromolar range. The chemosensitive CH1 
cell line was very sensitive to the complexes with IC50 values < 7.9 µM; 
for SW480, the IC50 values: 3.4–26 µM. The lowest cytotoxic potency 
was found for A549 (IC50: 8.6–51 µM). Some of the complexes have an 
influence on the cell cycle distribution; at concentrations around the 
IC50 values of the complexes, an increase in the cell fraction in G0/G1 
phase was observed. Most of the complexes strongly inhibit CDK2, 
inhibit topoisomerase IIα to a greater extent than the corresponding 
free ligands (the activity on topo‐IIα correlates with the cytotoxic effect 
of the complexes).

[81]

Quercetin complexes 
with Zn(II), Mn(II) 
[Zn(que)2(H2O)2] (1) 
[Mn(que)2(H2O)2] (2)

HepG2: IC50(µM) values: (que)2: 13.3 ± 1.0; (1): 5.46 ± 0.36; (2): 8.0 ± 
0.3; SMMC‐7221 (hepatocarcinom): IC50(µM) values: (que)2: 13.3 ± 
1.0; (1): 7.66 ± 0.30; (2): 8.0 ± 0.3; A549: IC50(µM) values: (que)2:13.3 ± 
1.0; (1): 10.0 ± 0.45; (2): 8.0 ± 0.3. The antitumor activity of (2) may be 
partially attributed to the interaction with the GC‐rich DNA sequences 
and to DNA protein‐binding interactions. These processes lead to 
downregulation of survivin gene expression, caspase activation, and 
induction of apoptosis. HepG2 cells had undergone morphological 
changes typical of apoptosis, characterized by nuclear shrinkage, 
chromatin condensation, and fragmentation subsequent to exposure to 
complex (1). The cytotoxic effect is partially attributed to intercalation 
between DNA base pairs.

[82, 83]

Chrysin (1), apigenin (2), 
genistein (3) homoleptic 
Cu(II) Complexes (4)–(6), 
respectively

518A2 (melanoma): IC50(µM) values: (1): > 50; (2): > 50; (3) > 50; (4): 10.9 
± 1.6; (5): 13.2 ± 1.1; (6): 10.9 ± 1.4; HCT‐116 (colon carcinoma): IC50(µM) 
values: (1): > 50; (2): > 50; (3) > 50; (4): 14.8 ± 2.7; (5): 15.8 ± 2.5; (6): 10.4 
± 1.6; KB‐V1/Vbl (cervix carcinoma): IC50(µM) values: (1): 12.5 ± 2.1; (2): 
20.6 ± 1.7; (3) 28.8 ± 3.0; (4): 4.6 ± 0.5; (5): 8.0 ± 1.2; (6): 6.7 ± 0.5; MCF‐7/
Topo (breast carcinoma): IC50(µM) values: (1): 28.2 ± 6.1; (2): 31.2 ± 0.9; 
(3) 37.0 ± 3.0; (4): 7.8 ± 1.5; (5): 11.8 ± 0.7; (6): 8.5 ± 1.4; The cytotoxic 
activity of the complexes was correlated with an arrest of the cell 
cycle of 518A2 cells at the G2/M transition. The complexes gave better 
results than the free flavonoids in decreasing the migration propensity 
of 518A2 cells in wound‐healing assays. The antimetastatic effects 
of complex (6) derive from the remodeling of the actin cytoskeleton 
and the increase in cadherin‐catenin complex formation, factors that 
favor cell‐cell adhesion. Complex (6) decreased the expression and 
secretion of the metastasis‐related matrix metalloproteinases MMP‐2 
and MMP‐9. Thus, the coordination of apigenin and genistein to Cu(II) 
enhances the antitumoral properties of the free flavonoids and expands 
their mechanistic range.

[84]
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Complex Comments Ref.
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was found for A549 (IC50: 8.6–51 µM). Some of the complexes have an 
influence on the cell cycle distribution; at concentrations around the 
IC50 values of the complexes, an increase in the cell fraction in G0/G1 
phase was observed. Most of the complexes strongly inhibit CDK2, 
inhibit topoisomerase IIα to a greater extent than the corresponding 
free ligands (the activity on topo‐IIα correlates with the cytotoxic effect 
of the complexes).

[81]

Quercetin complexes 
with Zn(II), Mn(II) 
[Zn(que)2(H2O)2] (1) 
[Mn(que)2(H2O)2] (2)

HepG2: IC50(µM) values: (que)2: 13.3 ± 1.0; (1): 5.46 ± 0.36; (2): 8.0 ± 
0.3; SMMC‐7221 (hepatocarcinom): IC50(µM) values: (que)2: 13.3 ± 
1.0; (1): 7.66 ± 0.30; (2): 8.0 ± 0.3; A549: IC50(µM) values: (que)2:13.3 ± 
1.0; (1): 10.0 ± 0.45; (2): 8.0 ± 0.3. The antitumor activity of (2) may be 
partially attributed to the interaction with the GC‐rich DNA sequences 
and to DNA protein‐binding interactions. These processes lead to 
downregulation of survivin gene expression, caspase activation, and 
induction of apoptosis. HepG2 cells had undergone morphological 
changes typical of apoptosis, characterized by nuclear shrinkage, 
chromatin condensation, and fragmentation subsequent to exposure to 
complex (1). The cytotoxic effect is partially attributed to intercalation 
between DNA base pairs.

[82, 83]

Chrysin (1), apigenin (2), 
genistein (3) homoleptic 
Cu(II) Complexes (4)–(6), 
respectively

518A2 (melanoma): IC50(µM) values: (1): > 50; (2): > 50; (3) > 50; (4): 10.9 
± 1.6; (5): 13.2 ± 1.1; (6): 10.9 ± 1.4; HCT‐116 (colon carcinoma): IC50(µM) 
values: (1): > 50; (2): > 50; (3) > 50; (4): 14.8 ± 2.7; (5): 15.8 ± 2.5; (6): 10.4 
± 1.6; KB‐V1/Vbl (cervix carcinoma): IC50(µM) values: (1): 12.5 ± 2.1; (2): 
20.6 ± 1.7; (3) 28.8 ± 3.0; (4): 4.6 ± 0.5; (5): 8.0 ± 1.2; (6): 6.7 ± 0.5; MCF‐7/
Topo (breast carcinoma): IC50(µM) values: (1): 28.2 ± 6.1; (2): 31.2 ± 0.9; 
(3) 37.0 ± 3.0; (4): 7.8 ± 1.5; (5): 11.8 ± 0.7; (6): 8.5 ± 1.4; The cytotoxic 
activity of the complexes was correlated with an arrest of the cell 
cycle of 518A2 cells at the G2/M transition. The complexes gave better 
results than the free flavonoids in decreasing the migration propensity 
of 518A2 cells in wound‐healing assays. The antimetastatic effects 
of complex (6) derive from the remodeling of the actin cytoskeleton 
and the increase in cadherin‐catenin complex formation, factors that 
favor cell‐cell adhesion. Complex (6) decreased the expression and 
secretion of the metastasis‐related matrix metalloproteinases MMP‐2 
and MMP‐9. Thus, the coordination of apigenin and genistein to Cu(II) 
enhances the antitumoral properties of the free flavonoids and expands 
their mechanistic range.

[84]
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It should be kept in mind that with the failure of ASA404/vadimezan (Antisoma/Novartis) 
in a phase III trial for advanced non‐small‐cell line cancer when given in combination with 
carboplatin and taxol [86], there are no more benzopyran‐4‐one derivatives strong candidates 
for anticancer drugs. The research regarding the antitumor properties of flavonoid metal 
complexes offers promising results and these should be further improved in order for the 
complexes to enter clinical trials.

5. Interactions of flavonoids metal complexes with proteins

Protein binding can influence the blood levels and the pharmacokinetic behavior of a drug 
and possibly its pharmacologic and toxicologic profiles. Human serum albumin (HSA) is 
quantitatively ∼55% of total serum proteins. Analyses of the crystal structure of the protein 
indicate that the main binding sites in HSA are located in the hydrophobic cavities of subdo-
mains II and III of site A. These binding sites are known as Sudlow I and II, respectively. The 
remaining single tryptophan in HSA structure is located within the site’s Sudlow I (Trp‐214) 
[87]. Serum albumin (SA) is involved in blood transport for many compounds and metal ions. 
The interactions of a drug with SA play a major role in drug efficacy. Flavonoids and their 
metal complexes interact in the microenvironment surrounding the tryptophan residue of SA.

Transferrin (Tf) is a monomeric glycoprotein, containing two main metal ion binding sites: 
the N‐terminal lobe and the C‐terminal lobe, similar in structure, each binding one Fe(III) ion. 
It has been found that iron‐binding sites in the serum Tf are only saturated to an extent of 39% 
of Fe(III), meaning that the free lobes can bind other metal ions [88]. Cancer cells, as active and 
rapidly proliferating cells, express high levels of transferrin receptors. Consequently, transfer-
rin has been explored as a potential drug carrier for targeted delivery into tumor cells [89].

Moreover, human topoisomerase II‐α (topo II‐α) is currently a target for anticancer chemo-
therapy. Topo II‐α is involved in DNA transcription, replication, and chromosome segrega-
tion. Although these biological functions are vital for insuring genomic integrity, the ability 
to inhibit topo II‐α and generate enzyme‐mediated DNA damage in cancer cells is an effective 
strategy in antitumor therapy [90]. Electrostatic forces, hydrogen bonds, and van der Waals 
interactions are involved in the interactions of flavonoid metal complexes and proteins [72].

Flavonoids and their metal complexes bind bovine serum albumin (BSA) or human (HSA), in 
vitro, with different affinities (Table 4).

Complex Comments Ref.

Chiral L/D‐valine (val) 
quercetin (Q) organotin(IV) 
complexes [(CH3)2Sn(Q)
(val)] 1L/D [(C6H5)2Sn(Q)
(val)] 2L/D

HeLa: IC50 (µg mL−1) values: < 10; MCF‐7: IC50 (µg mL−1) values: < 10; 
HepG2: IC50 (µg mL−1) values: 1L: 34.6; 2L: < 10; MIA‐Pa‐Ca‐2 (pancreas 
cancer): IC50 (µg mL−1) values: < 10; The mechanistic activity of the 
complexes appears to involve interaction with topoisomerase I and 
DNA.

[85]

ALP: alkaline phosphatase; ERK: extracellular‐regulated kinase; CDK2: cyclin A protein kinase.

Table 3. Metal complexes of flavonoids with antitumor activity.
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Complex Comments Ref.

Diosmin‐oxovanadyl (IV) complex 
[VO(dios)(OH)3] Na5·6H2O (VOdios)

Diosmin and VOdios interactions with BSA follow a 
static mechanism, a ratio of 1: 1 compound: protein; the 
interaction is enabled via hydrogen bonds and van der 
Waals forces. At 298 K: Kb dios = 1.84 ± 0.32 × 104 M−1 Kb VOdios = 
55.3 ± 0.07 × 105 M−1

[35]

Luteolin‐ oxovanadyl (IV) complex 
[VO(lut)(H2O)2] Na·3H2O (VOlut)

Luteolin interacts with the microenvironment around 
tryptophan in BSA, by electrostatic forces; the complex 
interacts with the protein through hydrogen bonds and van 
der Waals forces. The interaction takes place in a ratio of 1: 
1 compound: protein through a static mechanism. At 298 K: 
Kb lut = 65.10 ± 0.90 × 106 M−1 Kb VOdios = 79.43 ± 0.56 × 106 M−1

[75]

Naringenin‐oxovanadyl (IV) complex 
[VO(nar)2]·2H2O (VOnar)

The interaction takes place in a ratio of 1:1 
compound:protein through a static mechanism. 
Complexation lowered the binding affinity to BSA of 
naringenin, probably due to steric hindrance. At 298 K: Kb nar 
= 10.20 ± 0.30 × 104 M−1 Kb VOnar = 0.31 ± 0.01 × 104 M−1

[76]

Quercetin and morin and their 
sulfonic derivatives-oxovanadyl 
(IV) complexes VO(que)2 VO(mor)2 
VO(queS)2 VO(morS)2

In the systems with apo‐human transferrin (apo‐HTF) and 
albumin (HSA), VO(que)2 and VO(QueS)2 are stable, while 
VO (mor)2 and VO(morS)2 undergo displacement reactions, 
when the species (VO)x(HSA) and (VO)(apo‐HTF)/
(VO)2(apo‐HTF) and VO‐apo‐HTF‐morS and morS‐VO‐HAS 
are formed. The complexes interact strongly with the 
proteins by the formation of hydrogen bonds with polar 
groups on the protein surface. VO(que)2/VO(QueS)2 does 
not interact with hemoglobin, while VO(mor)2/VO(morS) 
forms adducts with hemoglobin (Hb).

[91]

Baicalein‐Al(III) complex (ALBC) The results of the competitive binding and molecular-
docking studies indicate that BC binds to HSA at site 
I (subdomain IIA), while ALBC binds mainly at site II 
(subdomain IIIA). BC binding had a greater influence than 
ALBC on the secondary structure of the protein. At 297 K: 
Kb BC = 1.73 × 105 M−1 Kb ALBC = 1.67 × 105 M−1

[92]

Dihydromyricetin Mn(II), Cu(II) and 
Zn(II) complexes MnDMY CuDMY 
ZnDMY

DMY‐BSA interaction is achieved by van der Waals forces 
and hydrogen bonds, while complexes bind through 
hydrophobic and hydrogen‐bonding forces (conclusions 
based on thermodynamic values for parameters). At 300 K: 
Kb DMY = 1.30 × 105 M−1 Kb MnDMY = 2.13 × 105 M−1 Kb CuDMY = 2.95 
× 105 M−1 Kb ZnDMY = 7.76 × 104 M−1

[93]

Morin‐La(III) complex (La‐Mo) La‐mo‐HSA interaction was studied by means of 
spectrofluorometry and circular dichroism. It has been 
found that La‐mo is an efficient interaction with HSA 
hydrogen bonding and van der Waals forces. The 
thermodynamic parameters (ΔG, ΔH, ΔS) that characterize 
the interaction had negative values, implying that the 
binding is thermodynamically favorable and the degree of 
reversibility is modest. Circular dichroism spectra show a 
reduction in the α‐helix‐type structures from 60.0 to 56.9% 
and an increase in the β‐chain‐type structures from 6.0 to 
7.1% in HSA. Molecular‐docking studies show that La‐mo 
competes with warfarin site Sudlow I of subdomain II in 
HSA structure. At 299 K: Kb La‐Mo = 1.5752 ± 0.007 × 105 M−1

[94]
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6. Interactions of flavonoids metal complexes with nucleic acids

The ability of small molecules to interact with DNA ranks among the most important mecha-
nisms of action enabling antitumor activity, since intercalation between adjacent base pairs 
inhibits DNA replication. Most of the flavonoids and their metal complexes show affinity 
toward nucleic acids. Flavonoids bind DNA as a result of electrostatic interactions, as is the 
case of quercetin [97] and morin [98 and references therein]. Their complexes, on the other 
hand, are bulkier, and display more diversified mechanisms of interaction with DNA, includ-
ing “major” or “minor groove” binding and/or intercalation. Due to their structural planarity, 
flavonoid complexes are prone to act as intercalators [99]. Moreover, the emergence of electro-
static interactions between the metal cation and anionic phosphate groups of DNA structure 
stabilizes the adducts formed between the complexes and DNA. It is considered that the DNA 
base pairs remove the flavonoid molecules in the metal complex, since the binding affinity 
between the negatively charged phosphate groups and the positively charged metal ions is 
stronger than that between the flavonoid molecule and the metal center [100, 101]. In most 
cases, active compounds possess quasi‐planar structures, with a medium‐sized planar area 
and hydrophobic character [82]. A selection of the metal complexes of flavonoids that interact 
with DNA is presented in Table 5.

Another aspect regarding DNA interaction refers to the complexes’ cleavage activity. This 
property can benefit their antitumor activity, but can also cause oxidative DNA damage (and 
consequently cell death) in normal cells [22]. Therefore, efforts toward increasing the com-
plexes’ selectivity against cancer cells are of prior importance.

The development of electrochemical DNA biosensors has been of high interest in this field, 
since metal flavonoid complexes show promising results in DNA recognition. Flavonoid com-
plex‐based biosensors can be useful in several domains, such as transducing DNA hybridiza-
tion, drug design, and diagnosis [102, 103, 105].

Complex Comments Ref.

Ru(II)‐η6-p-cymene complex 

  
R=CH3, F or Cl

The complex interacts with topoisomerase II‐α and the 
interaction depends on the substituent located at the para-
position of the phenyl ring. The complex where R=Cl is 
the most potent topoisomerase inhibitor. The complexes 
showed better activity than the ligands.

[95]

Quercetin-CuII‐Sn2
IV heterobimetallic 

complex
The complex is a potent inhibitor of topoisomerase I at 30 
µM.

[96]

Kb: binding constant; Ki: inhibition constant.

Table 4. Selection of flavonoid metal complexes‐protein interactions studies.
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Complex Comments Ref.

Fe(II)‐quercetin complex Fe(quer)2 The interaction of the complex with DNA occurs in a 
moderate intercalative manner. Fe(quer)2 shows cleavage 
activity on plasmid DNA (pBR322) under physiological 
conditions, via oxidative pathway.

[40]

Ni(II)‐rutin (R) complex metal:ligand 
molar ratio 1:2 (NiR)

The interaction of NiR with DNA was studied using 
fluorescence spectra and agarose gel electrophoresis. The 
complex can intercalate moderately between DNA base 
pairs and shows significant, dose‐dependent cleavage 
activity on pBR322 plasmid DNA from the SC form to the 
NC form.

[52]

Fe(III) chlorobis(flavonolato) 
(methanol) complex metal:ligand 
molar ratio 1:2 Fe(III)‐(3hf)

The complex shows cleavage activity toward CT‐DNA via an 
oxidative mechanism with higher efficacy in the presence of 
reducing agents (ascorbate/hydrogen peroxide).

[101]

Cd(II)‐morin complex Cd(mor)2 The interaction with salmon sperm dsDNA was studied by 
means of electrochemical methods. Cd(mor)2 can intercalate 
into the double‐helix DNA; according to the Hill model for 
cooperative binding, the equilibrium dissociation constant and 
the binding stoichiometry were calculated to be K = 2.5 × 10−5 M 
and m = 1.761, respectively.

[102]

Co(II)‐morin complex Co(mor)2 Competitive experiments, viscosity, and electrochemical 
studies indicate that the complex binds to DNA via a weak 
partial intercalation. Kb = 2 × 103 M−1 at 20°C.

[103]

Morin (1) Cu(II)‐morin complex (2) 
Morin‐β‐CD (3)

Intercalation was proposed as the mode of binding of the 
ligand, the complex with salmon sperm dsDNA via cyclic and 
square wave voltammetry, UV‐vis spectroscopy techniques. 
Kb values: (1): 1.58, (2): 2.29, (3): 3.20 × 105 M−1 at 298 K. Other 
studies indicate that morin interacts with DNA in a non‐
intercalative manner [98].

[104]

Cu(II)‐rutin (R) complex Cu2R3 The interaction of Cu2R3 with salmon sperm dsDNA was 
studied by means of cyclic voltammetry and fluorescence 
spectroscopy. The complex interacts with DNA via 
intercalation and nonspecific electrostatic interaction. 
Cu2R3 was used for the construction of an electrochemical 
DNA biosensor for DNA hybridization detection, showing 
relatively good sensitivity and selectivity.

[105]

Cu(II)‐hesperetin complex Kb = 1.5 × 106 M−1 The UV‐vis, fluorescence and CD spectral 
measurements revealed that both the complex and the ligand 
interact with CT‐DNA via intercalation. The binding affinity 
of the complex is stronger than that of free ligand.

[59, 70]

Cu(II)‐quercetin complex 
metal:ligand molar ratio 1:2

By means of UV‐vis spectrophotometry, cyclic voltammetry, 
and synchronous fluorescence spectroscopy, an intercalative 
binding mode was proposed. Kb = 1.82 ± 0.2 × 105 M−1 
The equilibrium constant of the exchange process in the 
intercalation reaction was found to be approximately 5 
× 10−1; 35% of the bound complex was not involved in 
intercalation.

[106]

Tb(III)/Eu(III)‐quercetin system A sensitive method for the determination of CT‐DNA is 
proposed based on the quenching effect of DNA on the RLS 
intensity of Tb(III)/Eu(III)‐quercetin system.

[100]
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Regarding the interaction of the complexes with RNA, a few studies have been cited in the 
literature. La(III)‐quercetin complex enhances binding to plant viral satellite dsRNA [109]. Both 
quercetin and the complex interact with dsDNA, dsRNA, and ssRNA. The affinities of La(III)‐
quercetin for dsDNA and dsRNA were significantly higher compared to the free ligand, reveal-
ing significant impact of La(III) in binding to polynucleotides, most likely due to the electrostatic 
interactions between La(III) and the phosphate groups surrounding binding sites. Similar 
results were observed for interactions of the La(III)‐quercetin complex with ssRNA [110].

Complex Comments Ref.

Chiral L/D‐valine (val) quercetin 
(Q) diorganotin(IV) complexes 
[(CH3)2Sn(Q)(val)] 1L/D [(C6H5)2Sn(Q)
(val)] 2L/D

UV‐vis, fluorescence titrations, thermal denaturation, and 
circular dichroism studies revealed the electrostatic mode of 
DNA binding of the complexes, although partial intercalation 
into the DNA helix and hydrophobic interactions cannot be 
excluded. Kb values (: 1L: 2.17 × 105 M−1; 1D

: 1.00 × 104 M−1; 2L
: 4.74 

× 105 M−1; 2D
: 1.40 × 104 M−1) revealed that the L‐enantiomers of 

exhibited exceptionally high-binding propensity as compared 
to their D‐enantiomers. 1L and 2L exhibit supercoiled DNA 
cleavage ability mediated by single strand breaks.

[85]

La(III)‐chrysin complex Kb chrysin = 1.29 × 106 M−1; Kb complex = 5.44 × 105 M−1 
Spectrophotometric methods and viscosity measurements 
indicated that La(III) complex and chrysin can both bind to 
DNA by intercalation modes.

[107]

Eu(III)‐quercetin complex Eu(quer)3 The CT‐DNA interactions were studied using cyclic 
voltammetry and double potential step chronocoulometry at 
glass carbon electrode for the surface method. Quercetin binds 
to DNA mainly by electrostatic interaction and the complex 
binds to DNA by means of intercalation and electrostatic 
forces. For the dsDNA‐modified GCE systems, the following 
parameters were obtained: Γs quercetin = 2.28 ± 0.2 × 10−10 mol/cm3 
nquercetin = 1.2 Γs Eu(quer)3 = 1.65 ± 0.2 × 10−10 mol/cm3 n Eu(quer)3 = 1.8

[97]

Mn(II)‐quercetin complex 
metal:ligand molar ratio 1:2

UV/VIS, fluorescence spectroscopy, and viscosity 
measurements were carried out. The results indicate that the 
complex binds preferentially in the GC‐rich regions via an 
intercalative mode.

[83]

Zn(II)‐quercetin complex 
metal:ligand molar ratio 1:2

The complex promotes plasmid DNA cleavage, producing 
single‐ and double‐DNA strand breaks. The amount of 
conversion of the SC form to the NC form depends on the 
concentration of the complex and the duration of incubation 
with DNA. The rate of conversion of SC to NC is 1.68 × 10−4 s−1 
at pH 7.2 (100 µM complex).

[108]

CuII-  Sn  
2
  IV  ‐quercetin ZnII-  Sn  

2
  IV  

-quercetin
The heterobimetallic-type complexes form electrostatic 
interactions with DNA (between SnIV  and the phosphate 
groups) and covalent bond between the metal center and 
nitrogenous bases. The complex CuII-  Sn  

2
  IV  -quercetin exhibits 

nuclease and SOD‐mimetic activity.

[96]

ds: double‐stranded; CT‐DNA: calf thymus DNA; RLS: resonance light scattering; Γs: saturation coverage value; GC: 
guanine‐cytosine; SC: supercoiled; NC: nicked circular form.

Table 5. Selection of flavonoid metal complexes‐DNA interaction studies.
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Undisputedly, there is a consistent amount of experimental evidence regarding the interac-
tion of flavonoids and their metal complexes with nucleic acids. However, some details with 
respect to the binding sites in the DNA structure need further investigations. There appears 
that the complexes possess higher affinity toward GC‐rich sequences in DNA [111], but this 
assumption needs to be backed up by more data.

7. Perspectives in the formulation of flavonoids metal complexes

In order to enhance the water solubility and to control the release of flavonoids metal com-
plexes, many efforts have been focused on the preparation of cyclodextrin complexes, or of 
novel micro‐ and nano‐carriers, such as liposomes and organic compounds‐inorganic par-
ticles hybrid materials (HMs). In the following subchapter, the most important systems devel-
oped for the inclusion of flavonoids metal complexes with antioxidant or antitumor activity 
will be reviewed, as well as the systems that include flavonoids with antitumor activity based 
on the complexation process between flavonoid and metal ions.

7.1. Liposomal systems

Flavonoids’ ability to penetrate into the hydrophobic regions of lipid bilayers in biological mem-
branes is a key factor to prevent peroxidation of unsaturated double bonds. In this regard, the 
lipophilicity of flavonoids is essential for an adequate penetration. According to Tweedy’s chela-
tion theory, the polarity of the metal ion is reduced, as a consequence of chelation, mainly because 
of the partial sharing of its positive charge with the ligand’s donor groups and possible elec-
tron delocalization over the entire ring. Consequently, the lipophilic character of the chelates 
increases, favoring their permeation through the lipid layers of biological membranes [112]. For 
two complexes of quercetin and taxifolin with Fe(II), it was assumed that the oxygen charges are 
generally decreases, while the main negative charge is localized on the iron atom. Thus, after che-
lating the metal ion, the polarity of flavonoid molecules generally decreased, while the iron atom 
becomes the most polar and hence hydrophilic part of the molecule. Overall, the lipophilicity of 
the complexes is considerably larger than that of the corresponding free flavonoids [113, 114].

On the other side, the hydrophobicity of flavonoids chelates dramatically reduces the water 
solubility, which restricts their medical applications. Integration of these complexes into lipo-
somes may increase their bioavailability and improve the therapeutic effect.

The interaction study of quercetin‐iron complexes with dimyristoylphosphatidylcholine 
(DMPC) or palmitoyl‐oleoyl phosphatidylethanolamine (POPE) multilamellar liposomes 
revealed that, during preparation, quercetin should be added first to the suspension of lipo-
somes [115]. It was presumed that quercetin can increase the permeability of lipid bilayers to 
iron cations, showing ionophore activity toward iron cations.

7.2. Cyclodextrins

The inclusion into cyclodextrins is a convenient alternative to solve the problems related to 
the low solubility of hydrophobic drugs, such as flavonoid complexes. Inclusion of Cu(II) and 

Flavonoids - From Biosynthesis to Human Health320



Undisputedly, there is a consistent amount of experimental evidence regarding the interac-
tion of flavonoids and their metal complexes with nucleic acids. However, some details with 
respect to the binding sites in the DNA structure need further investigations. There appears 
that the complexes possess higher affinity toward GC‐rich sequences in DNA [111], but this 
assumption needs to be backed up by more data.

7. Perspectives in the formulation of flavonoids metal complexes

In order to enhance the water solubility and to control the release of flavonoids metal com-
plexes, many efforts have been focused on the preparation of cyclodextrin complexes, or of 
novel micro‐ and nano‐carriers, such as liposomes and organic compounds‐inorganic par-
ticles hybrid materials (HMs). In the following subchapter, the most important systems devel-
oped for the inclusion of flavonoids metal complexes with antioxidant or antitumor activity 
will be reviewed, as well as the systems that include flavonoids with antitumor activity based 
on the complexation process between flavonoid and metal ions.

7.1. Liposomal systems

Flavonoids’ ability to penetrate into the hydrophobic regions of lipid bilayers in biological mem-
branes is a key factor to prevent peroxidation of unsaturated double bonds. In this regard, the 
lipophilicity of flavonoids is essential for an adequate penetration. According to Tweedy’s chela-
tion theory, the polarity of the metal ion is reduced, as a consequence of chelation, mainly because 
of the partial sharing of its positive charge with the ligand’s donor groups and possible elec-
tron delocalization over the entire ring. Consequently, the lipophilic character of the chelates 
increases, favoring their permeation through the lipid layers of biological membranes [112]. For 
two complexes of quercetin and taxifolin with Fe(II), it was assumed that the oxygen charges are 
generally decreases, while the main negative charge is localized on the iron atom. Thus, after che-
lating the metal ion, the polarity of flavonoid molecules generally decreased, while the iron atom 
becomes the most polar and hence hydrophilic part of the molecule. Overall, the lipophilicity of 
the complexes is considerably larger than that of the corresponding free flavonoids [113, 114].

On the other side, the hydrophobicity of flavonoids chelates dramatically reduces the water 
solubility, which restricts their medical applications. Integration of these complexes into lipo-
somes may increase their bioavailability and improve the therapeutic effect.

The interaction study of quercetin‐iron complexes with dimyristoylphosphatidylcholine 
(DMPC) or palmitoyl‐oleoyl phosphatidylethanolamine (POPE) multilamellar liposomes 
revealed that, during preparation, quercetin should be added first to the suspension of lipo-
somes [115]. It was presumed that quercetin can increase the permeability of lipid bilayers to 
iron cations, showing ionophore activity toward iron cations.

7.2. Cyclodextrins

The inclusion into cyclodextrins is a convenient alternative to solve the problems related to 
the low solubility of hydrophobic drugs, such as flavonoid complexes. Inclusion of Cu(II) and 

Flavonoids - From Biosynthesis to Human Health320

Cr(III) complexes of flavonoids morin, quercetin, and 6‐hydroxyflavone into β‐cyclodextrin 
led to an enhancement of aqueous solubility [116]. The anticancer activity of metal‐flavonoid 
complexes was evaluated in terms of dsDNA binding in the environment of beta‐cyclodex-
trin, and it was revealed that DNA could bind Cu‐flavonoid‐βCD through intercalation and 
Cr‐flavonoid‐βCD via an electrostatic‐binding mode.

7.3. Organic/inorganic hybrid nanosystems

Based on the property of flavonoids to reduce metal ions such as Ag(I) and Au(III), some 
hybrid systems of flavone/metal nanoparticles have been developed. It was suggested that 
flavanones can be adsorbed on the surface of metallic nanoparticles through the interaction of 
the metals with the carbonyl groups or π electrons in the flavonoid structures [117].

The effect of 3‐hydroxyflavone (3‐HF) in a silver nanoparticles (SNPs) complex on the cell via-
bility and on the cell morphology of L929 mouse fibroblast cells was studied in vitro. The contri-
bution of the carrier protein BSA to 3‐HF properties has also been investigated. Determination 
of the cell viability using MTT assay revealed that 3‐HF in BSA/SNPs systems presented no 
cytotoxic effect in L929 mouse fibroblast cells at any of the tested concentrations [118].

In order to enhance the interaction efficacy with biomacromolecules and therefore increase 
its therapeutic potential, morin was conjugated with citrate‐coated Au nanoparticles (M‐C‐
AuNPs). Interactions of M‐C‐AuNPs and C‐AuNPs with BSA were studied in order to com-
pare the efficiency of M‐C‐AuNPs and C‐AuNPs in biological systems. It was found that the 
binding affinity toward BSA of M‐C‐AuNPs is significantly higher than that of C‐AuNPs’, 
indicating that M‐C‐AuNPs might show better BSA interaction efficiency, better biocompat-
ibility, and chemical stability than C‐AuNPs [119].

Taking into account the potential biomedical applications, for example, targeted drug deliv-
ery, several flavonoids with antioxidant and antitumor activities have been conjugated with 
magnetic nanoparticles, mainly Fe3O4. Flavonoid molecules can bind to Fe3O4 via the hydroxyl 
substituents in their deprotonated form. Most of the biomedical applications of magnetic 
nanoparticles require surface modification for drug loading or anchoring linkers in support of 
sustained drug release. Surface functionalization with PEG (polyethylene glycol), PVP (poly-
vinylpyrrolidone), PVA (polyvinyl acetate), peptides, carbohydrates, proteins, and so on facili-
tates the drug loading and controlled release, and also controls the stability of the system [120].

Quercetin‐conjugated superparamagnetic Fe3O4 nanoparticles were investigated for the in 
vitro cytotoxic activity on breast cancer cell lines. The MTT assay revealed that the dextran‐
coated Fe3O4 nanoparticles did not exhibit notable toxicity against MCF7 cells, whereas the 
cytotoxicity of quercetin‐conjugated Fe3O4 nanoparticles increased significantly in compar-
ison with the free quercetin [120]. The results sustain that the quercetin‐conjugated Fe3O4 
nanoparticles are promising anticancer agents for targeted drug delivery.

A drug delivery methodology was proposed to study a new quercetin release system in the 
form of magnetite‐quercetin‐copolymer (MQC), as perspective of targeting specific organs 
within the body. The quercetin‐magnetite nanoparticles (Fe3O4) system was incorporated into 
a triblock copolymer of ethylene oxide and oxyphenylethylene, as a model of drug carrier 
system for anticancer agents [121].
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Furthermore, quercetin loading on mesoporous carriers was performed in order to enable the 
sustained delivery of the bioactive compound. Mesoporous nanosized silicas are widely used 
as carriers for drug delivery. However, the appropriate chemical surface modification of the 
mesoporous matrix is essential, taking into account that the silanol groups of the silica surface 
do not possess sufficient selectivity to adsorb drug molecules with different functionalities 
[122]. Quercetin was loaded on the pure silica and Zn‐modified mesoporous MCM‐41 and 
SBA‐16 supports, and the formation of complexes between quercetin and pure siliceous or 
Zn‐modified MCM‐41 and SBA‐16 mesoporous silica was determined. Quercetin has a higher 
binding affinity for the Zn2+ cation than to the silanol groups. Therefore, the release of querce-
tin is easier from the silicate samples containing only superficial silanol groups than from the 
Zn‐modified samples. The obtained mesoporous delivery systems with Zn‐quercetin com-
plex showed promising results for further use in dermal formulations [123].

Natural zeolite of the clinoptilolite type (CT, particle size of up to 200 µm) and its modi-
fied forms with different concentrations (0.06–5%) of the pharmaceutically active compounds 
quercetin and quercetin dihydrate (QD) have been investigated for their anticancer activity. 
Carcinoma cell lines Jurkat, CEM, HeLa, MCF7, A549, and MDA were treated with various 
amounts of natural clinoptilolite and their modified forms CTQ and CTQD. Incorporation of 
the flavonoids quercetin and quercetin dihydrate with antiproliferative activity had no syn-
ergic effect on the zeolite cytotoxicity, but the protective effect of cancer cells. The tumor cell 
lines studied after the application of modified zeolite CTQ or CTQD had lower antiprolifera-
tive activity in comparison with the natural zeolite of the clinoptilolite‐type CT. The modified 
zeolite CTQD had greater antiproliferative effects than modified zeolite CTQ [124].

8. Conclusions and future perspectives

There is an impressive number of studies with reference to the antitumor activity of fla-
vonoids. However, even though the metal complexation of flavonoids generally results in 
enhanced antitumor activity, the number of studies regarding flavonoid metal complexes is 
much smaller. Moreover, none of the flavonoid metal complexes that have shown great anti-
tumor activity has been included in clinical trials so far. This may happen due to the chal-
lenges implied by the study of the multiple possible mechanisms induced by the presence of 
the metal ion. Stability of the complexes in physiological context may also raise some impor-
tant issues. Therefore, further studies are required to understand their mechanisms of action 
and their biotransformation in the human body.
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Abstract

Flavonoids, both naturally occurring and synthetic, are known to have multiple effects on 
the activation of ionotropic receptors for γ-aminobutyric acid (GABA), the major inhibi-
tory neurotransmitter in our brains. They can act as positive or negative allosteric modu-
lators, enhancing or reducing the effect of GABA. They can elicit a direct activation of 
the receptors. They can also act to modulate the action of other modulators. This ability 
to influence function via their actions on GABA receptors permits a range of effects of 
flavonoids, including relief of anxiety, anticonvulsant, analgesic and sedative actions.

Keywords: apigenin, hispidulin, luteolin, EGCG, synthetic flavonoids, synergism

1. Introduction

Flavonoids have shown a range of effects, such as anxiolytic, sedative, anticonvulsant and 
analgesic properties, via their actions on the central nervous system (CNS). These effects occur 
through a variety of interactions with different receptors and signalling systems, including 
γ-aminobutyric acid (GABA) receptors. γ-Aminobutyric acid (GABA) is the primary inhibi-
tory neurotransmitter in the mammalian brain, released by up to 40% of neurons [1]. GABA 
acts on two classes of receptors—ionotropic and metabotropic [2]. Ionotropic receptors for 
GABA are ligand-gated chloride channels located in the neuronal membrane. When activated 
by GABA, these channels permit the passage of chloride ions down their electrochemical 
gradient. This usually results in the inward flow of chloride ions and the inhibition of neuro-
nal firing. Metabotropic receptors for GABA are G-protein-coupled receptors that modulate 
neuronal activity via a variety of second messengers. While an extensive literature on the 
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interactions of flavonoids with ionotropic GABA receptors exists [3], there are no examples 
of flavonoids acting on metabotropic GABA receptors, though they are known to act on other 
G-protein-coupled receptors such as adrenergic receptors [4].

This overview highlights the effects of some representative flavonoids on ionotropic GABA 
receptors acting as positive or negative allosteric modulators, increasing or decreasing the 
effect of GABA, as directly acting allosteric agonists, and as second-order modulators influ-
encing the action of other modulators. Of particular interest are flavonoids that show subtype 
selectivity on GABA receptors. This overview also highlights the pre-clinical evidence for these 
representative flavonoids as anxiolytics, sedatives and anticonvulsants through their interac-
tions with the GABAergic system. Further, the synergistic actions of flavonoids are reviewed.

2. Ionotropic GABA receptors

There are two classes of ionotropic GABA receptors: GABAA and GABAC receptors. GABAA 
receptors are relatively complex proteins, while GABAC receptors are relatively simple [2]. 
These receptors are pharmacologically distinguished by selective antagonists—GABAA 
receptors are antagonized by the convulsant alkaloid bicuculline and are insensitive to 
(1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA), whereas GABAC receptors 
are insensitive to bicuculline and are selectively antagonized by TPMPA. GABAB receptors 
are metabotropic receptors selectively activated by the GABA analogue baclofen, and insensi-
tive to bicuculline and TPMPA. GABAA, GABAB and GABAC receptors differ in their physiol-
ogy, pharmacology and molecular biology.

Ionotropic GABA receptors are part of a superfamily of ligand-gated ion channels comprising 
excitatory, cation-selective channels such as nicotinic acetylcholine receptors, 5-HT3 receptors 
and zinc-activated channels, as well as inhibitory, anion-selective channels such as GABAA 
and GABAC receptors, strychnine-sensitive glycine receptors and invertebrate glutamate-
gated chloride channels [5]. Receptors of this superfamily require five subunits to assemble 
a single ion channel. The ion channel may be homomeric formed by five identical subunits 
as is the case of GABAC receptors, or heteromeric, consisting of a combination of at least two 
different subunits, for example, the GABAA receptors [6]. This superfamily of ligand-gated 
ion channels is referred to as the cys-loop receptors due to a conserved characteristic cys-cys 
disulphide bond forming a loop of 13 amino acids in the N-terminal extracellular domain that 
contains the orthosteric agonist-binding site for the transmitter. The cys-loop is believed to be 
important for both cell surface expression of the receptor and cooperative interaction between 
agonist-binding sites and the channel gate.

GABAA receptors are heteromeric pentamers, composed of a variety of protein subunits. In 
humans, there are 19 isoforms of GABAA subunits, that is, six α, three β, three γ and one of δ, 
ε, π, θ, known to form heteromeric GABAA receptors. The most widely distributed complex 
in the brain is composed of two α, two β and one γ subunit, but many other combinations are 
known to be found in specific brain areas. Theoretically, many thousands of GABAA  receptors 
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could exist, made up of different combinations of subunits. Specific subunit combinations 
are thought to be associated with selective actions [7]. Using transgenic mice, it was demon-
strated that receptors containing α1-subunits serve as targets for sedative-hypnotics-mediat-
ing sedation, while α2- and/or α3-containing receptors mediate anxiolysis, and α5-containing 
receptors are involved in memory [8].

The action of GABA on GABAA receptors can be modulated by many well-known agents. 
These include benzodiazepines, such as diazepam, barbiturates, anaesthetic agents, ethanol, 
neurosteroids and flavonoids. Consequently, modulators of GABAA receptors are important 
targets for drug development, particularly modulators that are selective for GABAA receptors 
made up of specific subunit combinations [7].

GABAC receptors are relatively simple compared to GABAA receptors. Three subunits, ρ1, ρ2 
and ρ3, have been cloned from retina and restricted brain regions [9]. These subunits usually 
express as pentameric homomeric GABAC receptors that are activated by lower concentra-
tions of GABA than GABAA receptors. The amino acid sequence similarity between GABAA 
and GABAC subunits is 35–45% and is as high as 75% in the transmembrane region. The genes 
coding for the three GABAC subunits are found on different chromosomes to those coding 
for GABAA subunits. Modulators of GABAC receptors are rare (zinc, lanthanides and some 
neurosteroids), although some flavonoids have been show to inhibit GABAC receptors, for 
example, apigenin and quercetin [10, 11]. GABAA and GABAC receptors have distinct phar-
macological profiles, with some agents having opposite effects (agonist/antagonist) on the 
two classes of receptors. As GABAC receptors are much less widely distributed in the brain 
than GABAA receptors, they are considered to be important targets for drug development [9].

2.1. Flavonoids and benzodiazepines

Flavonoids were first linked to benzodiazepines when S-(−)-equol, 4′-hydroxy-7-methoxyi-
soflavone and 3′,7-dihydroxyisoflavone, isolated from bovine urine, were shown to inhibit 
benzodiazepine binding to brain membranes [12]. These flavonoids most likely originated 
from plant sources in the bovine diet. The pioneering studies on naturally occurring and syn-
thetic flavonoids carried out by the research groups of Marder, Medina, Paladini in Argentina 
during the 1990s drew attention to flavonoids as initially as ‘a new family of benzodiazepine 
receptor ligands [13, 14].

At the time of initial research into flavonoids at GABA receptors, benzodiazepines were 
amongst the most widely prescribed pharmaceuticals, and numerous flavonoids of the vari-
ous classes were investigated both in vitro and in vivo as potential leads for novel benzodiaz-
epine site ligands. The major therapeutic actions of benzodiazepines are now known to result 
from their action as positive allosteric modulators of GABA at GABAA receptors, that is, they 
enhance the action of GABA on these receptors by acting at another site on GABAA receptors 
distinct from site that interacts with GABA. This positive modulatory action of benzodiaz-
epines can be antagonized by flumazenil, a neutralizing modulator used therapeutically to 
reverse benzodiazepine effects. Benzodiazepines have also been shown to act at high concen-
trations via a flumazenil-insensitive low-affinity-binding site, separate to the high-affinity, 
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flumazenil-sensitive-binding site [15]. Thus, benzodiazepines act via ‘two distinct and sepa-
rable mechanisms’ on GABAA receptors.

Flavonoids have been shown to modulate GABAA receptors at low concentrations in either 
a flumazenil-sensitive or flumazenil-insensitive manner [3]. Thus, flavonoids can influence 
GABAA receptors via the classical benzodiazepine-binding site, as well as independently of 
the classical benzodiazepine-binding site [3, 16]. Many flavonoids elicit biphasic responses, 
enhancing GABA actions at low concentrations and inhibiting at high concentrations. 
Additionally, some flavonoids act as agonists particularly at high concentrations and directly 
gate the receptor in the absence of GABA [17]. Clearly then, flavonoids interact with at least 
two, and possibly more specific active sites on GABAA receptors.

2.2. Types of flavonoids

Flavonoids form a class of molecules that consist of a benzopyran moiety (A and C rings) with 
a phenyl substituent (B ring), as shown in Figure 1. The degree of oxidation of the C ring, the 
hydroxylation pattern of the C ring structure and the substitution in the 3-position demarcate 
the different subgroups of flavonoids [18]. The predominant subgroups of naturally occurring 
flavonoids include flavonols (e.g. quercetin [10]), flavones (e.g. apigenin and luteolin [19, 20]), 
isoflavones (e.g. genistein [21]), flavanones (e.g. naringenin [22]) and flavanols (e.g. epigal-
locatechin gallate (EGCG) [11]). Each of the flavonoids listed is known to influence GABAA 
receptors and to produce CNS effects.

2.3. Apigenin, hispidulin and luteolin

The flavones apigenin, hispidulin and luteolin are closely related structurally, as shown in 
Figure 2. Compared with apigenin, hispidulin has an extra methoxy group in the 6-position 
and luteolin has an extra hydroxyl group in the 4′-position (Figure 2). These small structural 
differences significantly impact the effects of these flavones on experimental animal behav-
iours and on GABAA receptors.

Figure 1. Structure of flavone, showing the generic structure of flavonoids with numbering system and ring designation.
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differences significantly impact the effects of these flavones on experimental animal behav-
iours and on GABAA receptors.

Figure 1. Structure of flavone, showing the generic structure of flavonoids with numbering system and ring designation.
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Apigenin (Figure 2), the major flavonoid found in chamomile (Matricaria chamomilla), has 
complex modulatory actions on GABAA receptors. In cultured cerebellar granule cells, api-
genin is described as a negative modulator of GABA action, and it is a weak inhibitor of 
flumazenil binding to cerebellar membranes [19]. The inhibition of the GABA response at 
α1β2γ2S GABAA receptors expressed in oocytes in the presence of flumazenil (0.1–1 mM) was 
the first definitive report of the flumazenil-insensitive actions of flavonoids on recombinant 
GABAA receptors [10]. Similar flumazenil-insensitive negative modulatory actions of apigenin 
on recombinant GABAA receptors were subsequently reported by other investigators [11, 23].

Functional electrophysiological studies have also demonstrated that apigenin can act as a 
second-order modulator of the first-order modulation of GABAA receptors by benzodiaze-
pines [11]. This effect of apigenin was observed at concentrations where apigenin alone had 
no detectable modulatory effects on GABA responses. The second-order positive modulation 
of the diazepam-enhanced response was observed at the maximal flumazenil-sensitive con-
centration of diazepam. It is unlikely that apigenin acts by enhancing diazepam binding as 
it is known to inhibit such binding. Furthermore, apigenin does not influence the binding of 

Figure 2. Structures of the flavanones apigenin, hispidulin and luteolin with the differences from apigenin circled.
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muscimol, a potent GABAA agonist. The observed second-order modulation may result from 
alterations in the coupling of the flumazenil-sensitive benzodiazepine allosteric sites with the 
orthosteric GABA sites on GABAA receptors. This action was selective for diazepam modula-
tion and was not observed for pentobarbitone or allopregnanolone enhancement. In order for 
this to be a mechanism for the inhibition of locomotor activity by apigenin, there would have 
to be primary modulation by endogenous benzodiazepines, the so-called endozepines [24].

The second-order modulation (or metamodulation) has also been noted in other systems [25, 
26] and may represent an obscure novel mechanism of drug action deserving further inves-
tigation, with the potential to lead to decreased therapeutic doses. It is not easy to study as 
it involves the dose-dependent interactions between three ligands, requiring the study of a 
number of dose combinations, and thus may be difficult to observe. Synergistic interactions 
have been described between other flavonoids on GABA receptor-related behaviours [27–29] 
and at glycine receptors between strychnine and flavonoids [30]. Complex tertiary interac-
tions between flavonoids and other substances may be a subtle feature of cys-loop ligand-
gated ion channels.

Clear anxiolytic effects for apigenin have been shown using the elevated plus maze model 
of anxiety in mice at doses that did not cause myorelaxation or sedation [29, 31], and in rats 
(5 mg/kg) [32], as did apigenin 7-glucoside (2.5 and 5 mg/kg) [32]. One study using rats was 
unable to demonstrate an anxiolytic effect of apigenin on the light-dark avoidance model 
of anxiety at doses of 1–25 mg/kg [33]. On the other hand, 25 mg/kg apigenin was shown to 
inhibit locomotor activity in a flumazenil-insensitive manner, since flumazenil pre-treatment 
did not inhibit this effect [33]. It was concluded that the sedative action of apigenin seen in 
this study ‘cannot be ascribed to an interaction with GABA-benzodiazepine receptor, since 
it is not counteracted by the benzodiazepine antagonist flumazenil’ [33]. Nevertheless, this 
study was undertaken prior to the discovery of the flumazenil-insensitive action of flavonoids 
on GABAA receptors. Other possible mechanisms for the action of apigenin on locomotor 
activity include reduced activation by l-glutamate of NMDA receptors [34] and inhibition of 
l-glutamate release via reduction of calcium ion entry [35].

The strongest evidence for flavonoid modulation of GABAA receptors in the brain comes 
from the anticonvulsant hispidulin, found in the sage plant (Salvia officinalis) (Figure 2) [36]. 
Structurally, hispidulin differs from apigenin only by the addition of a 6-methoxy substituent. 
In functional studies on recombinant α1β2γ2 GABAA receptors expressed in Xenopus oocytes, 
hispidulin was inactive when applied alone, and at concentrations up to 10 μM was found 
to positively modulate the effect of 4 μM GABA [23]. This positive modulation was partially 
blocked by flumazenil. However, hispidulin at 10 μM was inactive at α1β2 receptors, which 
lack the flumazenil-sensitive benzodiazepine site. Hispidulin was further shown to exhibit 
a biphasic action and to be approximately equipotent at each of six different α-subunit con-
taining GABAA receptors—α1,2,3,5,6β2γ2S, enhancing at low concentrations (EC50 0.8–5 mM) 
and inhibiting at higher concentrations (>30 mM). The fact that hispidulin is inactive at α1β2 
receptors but is active at α6-containing receptors that are insensitive to benzodiazepines sug-
gests that hispidulin may act via more than one binding site on GABAA receptors, at least one 
of which may represent a novel site. Interestingly, previous studies indicated that a range of 
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natural and synthetic flavones had no affinity for recombinant α6β3γ receptors [37]. Thus, 
hispidulin appears to show a different profile of activity to apigenin at GABAA receptor 
subtypes.

Hispidulin was also shown to displace 3H-flumazenil binding in human frontal cortex crude 
synaptic membrane preparations [38]. Using 14C-hispidulin, the flavone was found to pass the 
blood-brain barrier using a rat perfusion model [23]. Further, hispidulin exhibited a flumaze-
nil-sensitive anticonvulsant action, similar to diazepam, in seizure-prone Mongolian gerbils 
used as an animal model of epilepsy [23].

Luteolin (Figure 2), found in many plants including celery and green pepper, differs from api-
genin by an additional 3′-hydroxyl group. Following acute administration in mice, luteolin at 
doses of 1–50 mg/kg failed to demonstrate anticonvulsant or myorelaxation effects, or to have 
any impact on locomotor activity [39]. On the other hand, 5 mg/kg luteolin increased open-
arm entries in the elevated plus maze, suggesting an anxiolytic effect, and reduced haloperi-
dol-induced catalepsy [39]. Both of these effects, however, disappeared at higher doses tested. 
Another study testing 50 mg/kg luteolin in rats in the elevated plus maze also failed to dem-
onstrate any anxiolytic action [40], though this may be partly explained by the finding that 
the same dose reduced locomotor activity, suggesting a sedative effect that may have masked 
any anxiolytic action. Although it has not been tested in vitro, it may also be possible that, like 
some other flavonoids, luteolin possesses positive allosteric modulatory actions at low doses 
and negative allosteric modulation at higher doses. A combination of flumazenil with luteolin 
also failed to show any significant difference to the control group, and the researchers con-
cluded that ‘luteolin does not produce anxiolysis by modulation of the GABAA receptor' [40]. 
Given that we now know of flumazenil-insensitive actions of flavonoids on GABAA receptors, 
this may be an incorrect conclusion.

Following chronic administration (14 days), luteolin showed antidepressant activity in the 
forced swim test, significantly reducing latency to immobilization and increasing total immo-
bilization to the same extent as diazepam, interpreted as increased adaptation (rather than 
increased helplessness) in the model used [39]. Further evidence of luteolin’s antidepressant 
activity was shown using the forced swim test [20]. A dose-dependent reduction in the dura-
tion of immobility was observed in mice following acute administration of doses (5 and 10 
mg/kg) that did not alter locomotor activity when tested using the open field.

In a rat neuropathic pain model, luteolin produced analgesia in a bicuculline-sensitive, 
flumazenil-insensitive manner [23]. Luteolin (10 mg/kg) also improved spatial memory in 
rats in a scopolamine-induced amnesia model in the Y maze [41], although the proposed 
mechanisms relate to brain-derived neurotrophic factor, acetylcholine and lipid peroxidation. 
Further studies are required to demonstrate any involvement of the GABAergic system in this 
observed memory enhancement. Finally, a study of luteolin in four mouse seizure models 
showed no anticonvulsant activity [42].

Evidence that some of these behavioural effects of luteolin may be mediated by binding to 
GABAA receptors exists. Luteolin displaced 3H-flunitrazepam (1.5 nM) binding on rat cortical 
crude synaptic membrane preparations, with a Ki of 60 μM, suggesting weak binding to the 
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benzodiazepine-binding site on GABAA receptors [39]. Further, luteolin was shown to pro-
mote GABA-mediated chloride influx in human neuroblastoma cells, which was attenuated 
by the GABAA receptor antagonist bicuculline [20].

The studies reviewed here reveal that apigenin, hispidulin and luteolin appear to show dif-
fering profiles of activity at GABAA receptor subtypes and differing effects in vivo, demon-
strating that small differences in chemical structure have profound effects on the biological 
properties of these flavonoids.

2.4. (−)-Epigallocatechin gallate (EGCG)

EGCG (Figure 3) is a flavanol, and the major polyphenol in green tea (Camellia sinensis) [43]. 
At low concentrations, EGCG (0.1 mM) has a potent second-order modulatory action on the 
first-order modulation by diazepam at α1β2γ2L GABAA receptors but inhibits the action of 
GABA at higher concentrations (>1 mM) [11]. As a second-order modulator, EGCG is an order 
of magnitude more potent than apigenin [11]. In addition, it has been found that EGCG, at 
concentrations that have no influence on the activation of GABAA receptors by GABA, was 
able to reverse β-carboline (a negative modulator of GABAA receptors)-mediated inhibition of 
GABA currents in cultured hippocampal neurons [44]. Also, up to 100 μM EGCG significantly 
increased chloride influx in primary cultured cerebellar cells [45]. This indicates that EGCG 
may act as a second-order modulator with respect to the first-order modulation by both posi-
tive and negative modulators that act via benzodiazepine-binding sites on GABAA receptors.

EGCG demonstrates dose-dependent stress-reducing, anxiolytic, sedative and hypnotic prop-
erties in a number of animal models [44–46], with evidence that these activities are mediated 
at least in part by GABAA receptors [44, 46]. EGCG has effects on learning and memory [47] 
that may be useful in the treatment of Alzheimer’s disease [48]. It has also been suggested 
for Parkinson’s disease therapy [49] while some novel EGCG derivatives may be useful for 
neuropathic pain [50]. It is possible that activity at GABAA receptors underlies many of the 
reported actions of EGCG.

2.5. Synthetic flavonoids

Classical structure activity-based design led to the development of synthetic flavonoid 
ligands with high affinity for the classical flumazenil-sensitive benzodiazepine-binding site 
on GABAA receptors [51]. Numerous synthetic flavonoids have been shown to influence 
GABAA receptors. Of particular interest are a series of 6-substituted flavones that show the 
full repertoire of effects on GABAA receptors: positive, neutralizing and negative modula-
tion and direct activation [3, 52], at both the flumazenil-sensitive benzodiazepine site and 
flumazenil-insensitive site(s).

6-Bromoflavone was shown to be a flumazenil-sensitive positive allosteric modulator at 
GABAA receptors, whereas 6-fluoro- and 6-chloroflavone were demonstrated to act as neutral-
izing modulators [52]. On the other hand, 6,2′-dihydroxyflavone was found to be a negative 
modulator. By contrast, 6-methylflavone has been shown to act as a flumazenil-insensitive 
modulator of GABAA receptors [53].
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2′-Methoxy-6-methylflavone has demonstrated anxiolytic effects in mice at 1 and 10 mg/kg 
using the elevated plus maze model of anxiety [54]. It was also found to act as a positive 
modulator at α2β1γ2L and all α1-containing GABAA receptor subtypes, demonstrated via 
recombinant GABAA receptors expressed in Xenopus oocytes [54]. By contrast, it directly 
activated α2β2/3γ2L receptors without potentiating GABA [54]. Activation by 2′-methoxy-
6-methylflavone was attenuated by bicuculline and gabazine but not flumazenil, indicating 

Figure 3. Structures of the flavanols EGCG, Fa131 and Fa173.
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a novel site of action. This suggests that there is a further flavonoid site on GABAA receptors 
that mediate opening of the chloride channel in the absence of GABA.

Quantitative structure-efficacy relationships have shown that flavone analogues differing only 
at position 6 show significantly different pharmacological properties at GABAA receptors [52]. 
This study clearly shows the importance of the 6-position as a determination of activity. 
However, further studies on 6-substitued flavones are needed to study the complex nature of 
the activation and modulation of GABAA receptor subtypes and to explore the unique thera-
peutic potential of these synthetic flavones.

Another interesting series of synthetic flavonoids are the flavan-3-ol esters, analogues of 
EGCG, a naturally occurring flavanol-3-ester. Fa131 (trans-(2S,3R)-3-acetoxy-4′-methoxyflavan, 
Figure 3) is a non-sedating anxiolytic and a selective positive modulator of α2-containing 
GABAA receptors, shown on the basis of efficacy [55, 56]. The efficacy of 2100% enhancement 
exceeds the highest efficacy previously recorded, which was 1250% by (+)-borneol at these 
receptors [57].

Fa173 (cis-(2S,3S)-3-acetoxy-3′,4′-dimethoxyflavan, Figure 3), a diastereo-isomeric flavan-3-ol 
ester with additional methoxy in the 3′ position, was shown to block the modulatory actions 
of Fa131 [58]. Additionally, Fa173 also blocked the enhancement of the GABA response by 
the anaesthetic etomidate, the sedative anticonvulsant loreclezole, and selectively blocked the 
low-affinity effect of diazepam (100 μM) at α1β2γ2L and α1β2 GABAA receptors, but not the 
high-affinity effect of diazepam (100 nM). Fa173 was found not to inhibit the positive modu-
lation of GABA by the anaesthetic propofol, barbiturate thiopental, or neuroactive steroid 
allopregnanolone. This suggests that Fa131, etomidate, loreclezole and high (non-flumazenil-
sensitive) doses of benzodiazepine all exert their positive modulatory effects via a common or 
overlapping binding site that can be blocked by the neutralizing modulator Fa173. Of these 
agents, Fa131 alone shows selectivity for α2-containing GABAA recombinant receptors. Fa131 
is the first positive modulator to distinguish between α2- and α3-containing GABAA recep-
tors, highlighting the potential of targeting flumazenil-insensitive allosteric sites in the search 
for new anxio-selective drugs.

2.6. Synergism between flavonoids

As flavonoids are significant constituents of our diet, it is important that we understand how 
natural flavonoids might influence brain function. Except when consumed as dietary supple-
ments, flavonoids are generally consumed as a mixture of different flavonoids from one or 
more foodstuffs [59]. The effects of mixtures of flavonoids and other modulators on GABAA 
receptors need to be more thoroughly investigated. Synergies have been noted between indi-
vidual flavonoids [29, 60, 61], and between flavonoids and benzodiazepines [27, 28].

Hesperidin, a glycosylated flavonone isolated from Valerian species, has shown syner-
gistic effects in mice. The combination of hesperidin (2 mg/kg) with apigenin (1 mg/kg), 
6,3′-dinitroflavone (0.02 mg/kg) or diazepam (0.3 mg/kg) enhanced the barbiturate-induced 
sleeping time in mice [27, 29]. Both hesperidin and diazepam administered separately 
showed a dose-dependent reduction in exploratory parameters (number of head dips, 
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time spent head- dipping and rearing behaviour), indicative of increased sedation, in mice 
on the holeboard assay [27]. Isobolar analysis revealed synergism between diazepam and 
hesperidin when administered together. For all exploratory parameters measured, a 1.3 
to 2-fold increase in potency was observed compared to the administration of either drug 
alone. Further, these synergistic actions could not be explained by any influence of either 
drug on plasma concentrations of the other [27]. Loscalzo et al. [28] further demonstrated 
a potentiation of sedation in mice when hesperidin was administered together with either 
bromazepam, alprazolam, flunitrazepam or midazolam, through a reduction in explor-
atory parameters and locomotor activity using the holeboard assay and open-field test, 
respectively.

Using human mammary epithelial carcinoma cells (MCF-7), Choi and colleagues [60] showed 
that isoflavones daidzein (derived from soybean) and baicalein (from Scutellaria baicalensis) 
stimulated oestrogen receptor phosphorylation and transcriptional activation of oestrogen-
responsive element (ERE). When tested together, the observed effects on oestrogen receptor 
phosphorylation and transcription of the ERE were further increased in comparison to when 
the drugs were tested alone. A combination of baicalein and daidzein was shown to produce 
a synergistic effect in stimulating oestrogenic activity in MCF-7 cells, calculated using the 
median-effect principle. Further, using an Aβ-aggregation assay to model cellular pathology 
of Alzheimer’s disease, daidzein and baicalein were demonstrated to reduce Aβ-aggregation. 
As oestrogen is neuroprotective, this synergistic action of the isoflavones on oestrogen recep-
tors, as well as in reducing Aβ-aggregation, suggests that the combination of flavonoids could 
provide valuable neuroprotective effects and prevention of neurodegenerative disease [60].

Another study examining the synergistic effects of flavonoids found that the flavonol EGCG 
and the flavone luteolin synergistically inhibited TGF-β-induced myofibroblast phenotypes in 
prostate fibroblast cell lines [61]. Myofibroblasts are converted from fibroblasts by TGF-β and 
IL-6 in the tumour microenvironment. These cells play a role in cell proliferation, migration 
and invasion. TGF-β-induced fibronectin expression was used as a marker of myofibroblast 
expression. Both EGCG (20–40 μM) and luteolin (20 μM) were shown to reduce TGF-β-
induced fibronectin expression alone. In combination, these compounds showed greater 
efficacy in reducing fibronectin expression at concentrations that were less effective when 
administered alone. The authors concluded that a combination of EGCG and luteolin could 
prove effective in reducing the toxic effects of either compound by requiring lower doses, 
and in preventing advancement of tumour growth by reducing the myofibroblast phenotype.

3. Conclusion

Since flavonoids were first linked to benzodiazepine-binding sites on GABAA receptors many 
years ago, recent studies have clearly demonstrated that the actions of flavonoids on these 
receptors are far more complex than a single action at a single site. In addition to the now rela-
tively well-characterized flumazenil-sensitive benzodiazepine-binding sites, there is signifi-
cant interest in flumazenil-insensitive, non-benzodiazepine-binding sites for flavonoids. This 
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overview has sought to highlight the action of representative flavonoids on GABAA receptors 
to illustrate the range of activities.

Recent studies have identified the presence of multiple sites on ionotropic GABA receptors at 
which flavonoids can act, modulating the effect of GABA. The sites may include ones that are 
insensitive to the classical benzodiazepine-binding site antagonist (neutralizing modulator) 
flumazenil and described as low-affinity benzodiazepine sites [15]. Perhaps, these would be 
more appropriately described as flavonoid sites as they appear to be activated by many natu-
rally occurring and synthetic flavonoids.
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Abstract

Flavonoids are secondary metabolites in plants that show some desirable characteristics. 
These compounds can be grouped in different classes on the basis of their basic struc‐
ture. It has been reported that flavonoids are important for human health because of 
their antioxidant, antibacterial, antiviral, and anti‐inflammatory activities and because 
they act as free radical scavengers as they are potential reducing agents that protect from 
oxidative damage, which are conferred by the content of hydroxyl groups. In recent 
years, flavonoids have been investigated based on their ability to reduce the incidence 
of many diseases, to inhibit cell damage, to repair DNA process and to reduce oxidative 
stress. Besides, flavonoids have been demonstrated to have cardioprotective effects, have 
potential to improve coronary vasodilatation and prevent LDLs from oxidizing and also 
showed potential neuroprotective effects. Moreover, flavonoids have been used in the 
food industry due to their ability to preserve foods, to provide colour and flavour and to 
make dietary supplements, among other important industrial applications.

Keywords: biocompound, flavonoid, antioxidant

1. Introduction

Plant metabolites can be divided into two groups: primary metabolites, which are involved in 
the nutrition and the essential metabolic processes (e.g. carbohydrates, lipids and proteins); 
and secondary ones, which have an important function in the interaction between a plant and 
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Figure 1. Flavonoid basic structure [13].

its environment, such as pigments or defensive compounds. Secondary metabolites included 
a group of compounds known as phenolic; in this group, we can find the flavonoids.

Flavonoids are a large group of natural substances with variable structures present almost in 
all growing parts of the plants, being reported as the most abundant plant pigment along with 
chlorophyll and carotenoids, also providing fragrance and taste to fruits, flowers and seeds, 
which makes them attractants for other organisms [1, 2]. These compounds are also one of the 
largest groups of secondary metabolites [3]. Besides their relevance in plants, flavonoids are 
important for human health because of their high pharmacological activities. Recent interest 
in these substances has been stimulated by the potential health benefits arising from the anti‐
oxidant activities of these polyphenolic compounds.

In this chapter, we focused in the antioxidant, antibacterial, antiviral and anti‐inflammatory 
activities of flavonoids, which according to many studies are conferred mainly by the content 
of hydroxyl groups attached to base structures of these compounds. Biochemical actions of 
these compounds depend primarily on the presence and position of their substituent groups, 
which can affect the metabolism of each one [4]. One of the most important characteristics of 
flavonoids is that they often occur in the glycosidic form, which possibly let them take place 
in the gastrointestinal tract [5].

However, they attract attention due to their antioxidant activity and reduce free radical for‐
mation and also scavenge free radicals [6]. Flavonoids have other important biological activi‐
ties such as protect skin from UV light exposure, protect DNA from damage, strengthening 
of capillaries, anti‐inflammatory effect and protective action against radiation, moistening, 
softening, soothing, antiseptic and other. Due these properties, flavonoids can be used as 
ingredients in the production of cosmetics and pharmaceutical products [7, 8].

Nowadays, flavonoids are major bioactive compounds known for their potential health ben‐
efits, which have been used against many chronic diseases such as cancer, antiviral, inflam‐
mation, cardiovascular and neurodegenerative disorders; it is widely assumed that active 
dietary constituents are antioxidant nutrients present in fruits and vegetables [9].

2. Classification

In general, all flavonoids have a general structural compound with a chromane‐type skel‐
eton composed of three phenolic rings referred to as A, B and C rings (Figure 1) with phenyl 
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substituent in the C2 or C3 position in B ring. Their functions depend on their structural 
class, degree of hydroxylation and conjugation and degree of polymerization. They vary in 
the structure around the heterocyclic oxygen ring, but all have the characteristic C6‐C3‐C6 
carbon skeleton [3, 10–12].

They can be grouped into different classes with respect to the basic structure, which allows a 
wide substitution patron and variations in C ring leading to their classification [11].

2.1. Flavones

In the classification, we can find that in the main structure of flavones a double bond between 
carbons 2 and 3 of the central ring is present (Table 1). Also, the structure of flavones has a car‐
bonyl group in position 4 in C ring. These types of flavonoids are pale yellow in colour, and 
their representative forms are apigenin, chrysin, myricetin, rutin, sibelin, luteolin, diosmetin 
and quercetin [5, 14–17]

2.2. Flavonols

As flavones, flavonols’ structure exhibits a double bond between carbons 2 and 3, and a car‐
bonyl group in carbon 4, also a hydroxyl group in carbon 3 of C ring, for example, quercetin, 
rhamnetin and kaempferol.

Structure Position 3 5 7 3’ 4’ 5’

Fl
av

on
es

Apigenin ‐ OH OH ‐ OH ‐

Luteolin ‐ OH OH OH OH ‐

Chrysin ‐ OH OH ‐ ‐ ‐

Fl
av

on
on

es Naringenin ‐ OH OH OH OH ‐

Hesperetin ‐ OH OH ‐ OH ‐

Neohesperetin ‐ OH OH ‐ ‐ ‐

Fl
av

on
ol

s Quercetin ‐ OH OH OH OH ‐

Kaempferol ‐ OH OH ‐ OH ‐

Galangin ‐ OH OH ‐ ‐ ‐

Is
ofl
av
on
es Genistein ‐ OH OH ‐ OH ‐

Daidzein ‐ OH OH ‐ ‐ ‐

Glycitein ‐ OH OH ‐ ‐ ‐

Fl
av

an
ol

s (+) – catechin βOH OH OH OH OH ‐

(–) + epicatechin αOH OH OH OH OH ‐

(–) – epigallocatechin αOH OH OH OH OH OH

Table 1. Flavonoid subgroup structures and their different substitution patterns [13, 23].
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2.3. Flavanones

The basic structural model of flavanones has 2‐phenylbenzopiran‐4‐one‐skeleton. These com‐
pounds are of great interest due to the fact that they play an important role in the metabolic 
pathway of the other flavonoids. Their metabolic precursors are chalcones, flavones, dihydro‐
flavonols; isoflavones are biosynthesized from the flavanones [18]. Their chemical structures 
have a hydroxyl group in 3 position of C ring [19]. Physically, some flavanones are colourless 
(Hesperidin), pale (naringenin, eriodictyol) and others yellow (neohesperidin) [15, 16].

2.4. Flavanols

Flavanols, well known as flavan‐3‐ols or catechin, have a hydroxyl group in C3 of C ring, with 
no carbonyl group. These flavonoids are colourless (catechins, gallocatechin, epicatechin, epi‐
gallocatechin, gallate) and some of them show yellow colouration (procyanidin, theaflavines).

2.5. Anthocyanidines

This is the other subgroup, which structurally has a hydroxyl group in 3 position and also a 
double bond between carbons 3 and 4 of C ring. These molecules are water soluble, and are 
the pigments responsible for the red to purple color in plants.

2.6. Isoflavones

This is a distinctive subclass of flavonoids. They structurally have a 3‐phenylchromone skel‐
eton with same three phenolic rings referred to as A, B and C rings. But also, in some of 
their derivative compounds, they can form an additional heterocyclic ring (D ring) (rotenoid, 
coumestane, pterocarpan) [20].

3. Flavonoids in foods

Flavonoids are synthesized in all parts of the plant. They provide colour, fragrance and taste 
to the fruits, flowers and seeds, which make them attractants for insects, birds and mammals, 
which aid in pollen or seed transmission [2]. Flavonoid distribution in plants is affected by 
different factors, including variation and exposure degree of light. The production of high oxi‐
dized flavonoids is accelerated by light [21]. Major classes of flavonoids based on abundance 
in food are flavonols, flavones, isoflavones, flavanones, flavandiols, anthocyanins, proantho‐
cyanidins and cathechins. Other classes of flavonoids include flavan‐3‐ols, anthocyanidins, 
chalcones, and other biosynthetic intermediates of the flavonoid biosynthesis are aurones, 
bioflavonoids and dihydrochalcones [22].

The content of flavonoids in food varies, which depends on the source, vegetable, fruits 
or seeds, as well as processed food. The content of some important flavonoids in foods 
such as cabbage, spinach, carrots, peas, mushrooms, peaches, strawberries, orange juice, 
white wine or brewed coffee is low or <10 mg/kg or L. In some other vegetables and 
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fruits, such as lettuce, beans, red pepper, tomato, grapes, cherries, red wine and tea, 
their content is < 50 mg/kg or L. On the other hand, their content in broccoli, kale, French 
beans, celery and cranberries is high, over 50 mg/kg or L. Apple contains flavonoids such 
as quercetin (184 mg) and epicatechin (180 mg) in approximate 120 g of flesh with 80 g 
of skin [24]. Citrus fruit such as oranges and grapefruits contain flavonoids such as nar‐
ingin and hesperidin. Naringin is mainly present in grapefruits and sour oranges, while 
hesperidin is present in sweat oranges, mandarins and lemons. In addition, 500 ml of 
orange juice contains 292 mg of hesperidin [25, 26]. Berry fruits (strawberries, blueberries 
and cranberries) contain high levels of anthocyanins in their skin and flesh; strawberries 
contain 33.63 mg per 100 g, whereas blueberries contain 13.52 mg [27]. Onions contain 
up to 22 mg of quercetin per 100 g [28]. Table 2 shows various classes of flavonoids and 
some of their food sources.

Flavonoid subgroup Source Specific flavonoid Reference

Erica andevalensis, Garcinia kola (seeds), 
Achyrocline satureioides, Silydum 
marianum, Scutellaria baicalensis

[32]

Anthocyanins Fruits and flowers, blueberries, 
bananas, strawberries, red wine, 
cranberries, blackcurrants

Anthocyanidin, cyanidin, 
delphinidin, malvidin, 
pelargonidin, petunidin, 
peonidin

[21, 27, 33, 34]

Flavanols
(flavan‐3‐ols)

Apples, Hops, green tea, Beer, kiwi, 
cocoa products

Catechins, gallactocatechins, 
epicatechin, epigallocatechin 
gallate

[24, 33–36]

Wine, fruit juice Procyanidin

Black tea Theaflavins

Flavanones Citrus fruits, curcumin, oranges, 
grapefruits, peppermint, lemon

Hesperidin, Naringenin 
Neohesperidin. eriodictyol

[9, 25, 33, 37]

Tomato

Flavones Herbs, cereals, fruits, parsley, thyme, 
bee pollen, passiflora plant

Apigenin, chrysin, luteolin [33, 34, 38, 49]

Vegetables, flowers Diosmetin, luteolin

Flavonols Onions, cherries, apples, broccoli, 
kale, tomatoes, berries, black tea, red 
wine, tartary buckwheat, edible part 
of plants, leeks, bee pollen, citrus 
fruits

Isorhamnetin, kaempferol, 
quercetin, myricetin, rutin, 
pinocembrin

[24, 28, 38–40]

Yellow wax and ancho peppers, 
canned kale

Flavanonols Lemon, aurantium Taxifolin [21]

Isoflavones Legumes (soybeans), soy products, 
miso tofu

Daizein, genistein, glycitein, 
formononetin, biochanin A

[33, 37]

Table 2. Food sources of flavonoids.
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4. Antioxidant activity

The best described property of almost all groups of flavonoids is their powerful antioxidants, 
which act as free radical scavengers as they are potential reducing agents and protect from 
oxidative reactions taking place inside the body [22]. The antioxidant activity of flavonoids is 
due a combination of their iron chelating and free radical scavenger properties, also the inhi‐
bition of oxidases enzymes such as lipoxygenase, cyclooxygenase, myeloperoxidase, NADPH 
oxidase and xanthine oxidase; avoiding thereby the formation of reactive oxygen species and 
organic hydroperoxides [19]. Moreover, flavonoids can inhibit enzymes by indirectly involv‐
ing in the oxidative process, such as phospholipase A2, at the same flavonoids can stimulate 
other enzymes with antioxidant activities like catalyse and superoxide dismutase.

This feature depends of their molecular structure. This free radical scavenging activity is pri‐
marily attributed to the high reactivity of hydroxyl substituents. For example, by scavenging 
free radicals, the hydroxyl group on the B‐ring donates hydrogen and an electron to hydroxyl, 
peroxyl and peroxynitrite free radicals, stabilizing them, because of the high reactivity of the 
hydroxyl group of the flavonoids, radicals are made inactive according to Eq. (1), where R* is 
a free radical and O* is the oxygen free radical) [17, 29–31].

  F‐OH + R • → F‐O • +RH  (1)

The significance of other hydroxyl configuration is less clear, but beyond increasing total 
number of hydroxyl groups, A‐ring substitution correlates little with antioxidant activity. 
Similarly, the difference in antioxidant activity between polyhydroxylated and polymethox‐
ylated flavonoids is most likely due to differences in both hydrophobicity and molecular pla‐
narity [30].

A lot of studies have realized the antioxidant activity of flavonoids. Majewska et al. [41] evalu‐
ated different flavonoids and compared their antioxidant activity with DPPH radical. The 
flavonoids such as quercetin, rhamnetin, isorhamnetin, luteolin and apigenin were tested and 
the results showed that quercetin has the highest antioxidant potential at lower concentration 
(0.1–5 µg/sample). In other studies, Choi et al. [42] tested the inhibitory activity of xanthine 
oxidase, linoleic acid peroxidation and scavenging capacity of DPPH with some flavonoids, 
and obtained the following results at a concentration of 100 µg/ml: for xanthine oxidase, cate‐
chin, morin, naringenin and quercetin showed 100% of inhibition, and rutin only 43%; for lin‐
oleic acid peroxidation, quercetin showed the highest inhibition (82%), followed by catechin 
(71%), rutin (63%), morin (56%), naringenin (53%); and finally for DPPH catechin, morin and 
quercetin obtained a high activity (100%) than rutin (95%), naringenin did not show any data.

On the other hand, using an aqueous emulsion of linoleic acid/β‐carotene at 50°C, and com‐
pared with synthetic antioxidant BHT, ᴅ,ʟ‐α‐tocopherol and its acetate, Burda and Oleszk [43] 
examined the antioxidant activity of some flavonoids and observed the highest values were 
obtained by synthetic ones (88–95%) and slightly lower, but still high antioxidant activity was 
shown by a group that included fisetin (61%), kaempferol (65%), galangin (64%), quercetin 
(63%), robinetin (61%), morin (63%) and kaempferide (60%), all of these are flavonols with a 
free hydroxyl group at the C‐3 position.
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5. Health benefits

Flavonoids are a widely distributed group of polyphenols and comprise the most studied 
bioactive compounds for about 50 years due their potential health benefits; they have a com‐
plex and unknown biologic function, which are based on their antioxidant activity [9, 39, 44, 
45]. Furthermore, because of their remarkable activities and potential health benefits, they are 
used in the food and cosmetics industries. Their functions can be divided in two (i) general or 
nonspecific activity (related to the presence of phenolic compounds) and (ii) specific activity 
(depends on the particular chemical and structural characteristics of the active compound) 
[46], which are presented in Table 3.

The decrease in consumption of fruits and vegetables has been associated with several 
diseases. Flavonoids attract attention due to their ability to reduce the incidence of many 
diseases. Its recommended intake or supplementation of flavonoids with a combination of 
another antioxidants, vitamins and minerals can reduce incidence of cancer, cardiovascular 
mortality and ischemic vascular disease [39, 49–53]. According to many studies, in flavo‐
noid‐rich foods the daily intake of these compounds can be range between 50 and 800 mg/
day, mainly with the consumption of fruits and vegetables [6, 54]. However, is also known 
that flavonoids inhibit proliferation of viruses like herpes simplex, polio and pseudorabies 
[47]. On the other hand, some results from other different studies have demonstrated that 
in very high doses, flavonoids can act as pro‐oxidant; so, it is important to consider the 
recommended daily intake of these compounds to promote their functions on the organism 
[55].

For many years, plants have been used like traditional Mexican medicine due to their medici‐
nal potential of crude extracts (mainly rich in flavonoids) to the treatment of diarrhoea and 
stomach diseases [55]. This potential can be attributed for many physiological functions, such 
as their antioxidant, antibacterial and antigiardial activities to reduce the incidence of this 
kind of diseases [54].

Nonspecific activity Specific activity

Absorption of ultraviolet radiation Affinity to estrogenic receptors

Reactive oxygen species neutralization Anti‐inflammatory activity

Inhibition of radical reactions Impact on cardiovascular system

Chelating trace metals Influence on regulatory systems and tissue signal 
transmission

Inhibition of enzymes Microorganism growth inhibition

Activation of antioxidant enzymes Interaction with enzymes

Interactions with membranes Interaction with transcription factors

Antioxidant properties Interaction with receptors

Table 3. Biological functions of flavonoids on humans [46–48].
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In recent years, flavonoids have gained interest in health as protective agents against many 
diseases, which involve radical damage [56]. Likewise, many epidemiological studies have 
been developed to show the association between consumption of vegetables and fruits and 
the risk of disease such as cancer, neurological and cardiovascular diseases [57]. Some authors 
show beneficial results of flavonoids against diseases; studies about the dietary called French 
paradox revealed that flavonoid‐rich diet is directly correlated with decrease incidence of 
cardiovascular diseases and increase longevity on Mediterranean population, which is associ‐
ated with consumption of red wine and low‐fat diets [58].

5.1. Anticancer effect of flavonoids

Cancer is a multifactorial heterogeneous disease, which is the main cause of death in some 
countries along with cardiovascular diseases, and it is expected to increase about 70% cases 
in the next 20 years. These have been related to different factors of behavioural and dietary 
risks, among which are the reduced consumption of vegetables, limited physical activity and 
consumption of alcohol and tobacco, which may cause negative impact on health [59, 60].

According to some studies, flavonoids have some pharmacological properties that inhibit cell 
damage [61]. Herrera et al. [51] conducted a study and evaluated the efficiency of supple‐
mentation with correct antioxidant content to reduce cancer incidence; these trials concluded 
that antioxidant supplementation may inhibit cancer incidence only in healthy subjects. But 
according with Hollman and Katan [62], bioactive compounds may inhibit various stages in 
cancer process.

Some studies in animals with some types of chemical carcinogen‐induced or transplanted 
tumours have been shown good results about the prevention development and growth of 
various types of cancer. Some mechanisms of biologically active substances, including their 
antioxidant activity, may act on stages of carcinogenesis such as initiation, promotion and 
progression. Flavonoids can inactive the carcinogen, inhibit cell proliferation, repair DNA 
processes and reduce oxidative stress (in initiation and promotion stages); in the progression 
stage, they may exhibit antioxidant activity, induce apoptosis and develop cytotoxic action 
against cancer cells [4, 63]. Because inflammation is closely related to tumour promotion, 
bioactive compounds like flavonoids are expected to exert chemopreventive effects against 
carcinogenesis, especially in promotion and progression stages, and are estimated to reduce 
risk of cancer [64].

5.2. Flavonoids on the cardiovascular system

In the last decade, cardiovascular diseases increased the number of death around the world; 
this is due to the decrease in consumption of fruits and vegetables, and it is estimated that 
these diseases will continue affecting the population [65]. Antioxidant properties of flavo‐
noids are interesting due their potential role in prevention of cardiovascular diseases. Other 
authors suggested that these compounds decrease the risk of coronary diseases, but never‐
theless, their antioxidant and chelating properties are the major mechanisms to inhibit or 
inactivate reactive oxygen species, which play an important role to affect cardiovascular 
system [9, 63].
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According to some authors, the mechanistic pathways of flavonoids on cardioprotection 
include some actions, such as improving coronary vasodilatation, decreasing the ability of 
platelets in the blood to clot, preventing LDLs from oxidizing, inhibition of inflammation 
propagation, antiapoptotic, antinecrotic, free radical scavenging abilities and its crucial role 
in the impact on capillary blood vessel [9, 47, 57].

Rice‐Evans et al. [5] studied the correlation with the intake of flavonoids and risk of death 
from coronary heart disease on a group of Dutch population; these epidemiological study 
showed that intake natural flavonoids can reduce 2.4 times cardiovascular diseases compared 
people with lower intake of these bioactive compounds. They established that antioxidant 
and antithrombotic properties contribute to this protection and may provide a better lifestyle.

5.3. Flavonoids on the nervous system

In recent years, experimental and clinical studies have been reported that flavonoids not 
only have benefits against cancer and cardiovascular diseases. The interest in consump‐
tion of flavonoids has been addressed due their potential neuroprective effects to prevent 
different diseases related to nervous system such as Alzheimer, Parkinson and slow down 
cognitive decline, which can generate dementia [45]. Diets rich in these substances (at low 
concentration) were shown beneficial effects to maintain human cognitive functions to pro‐
mote improvements in memory, protect vulnerable neurons, stimulate neuronal regeneration 
and prevent oxidative neuronal damages [66].

Reactive oxygen, nitrogen species, inflammatory responses and their mediators are involved 
in the development in the pathogenesis of various neurodegenerative diseases [61]. Recent 
works have revealed that flavonoid‐rich food intake (for 8 weeks) provides positive effects on 
neurocognitive functions due to its antioxidant activity and is effective in reversing age‐related 
deficits in brain. Previous studies in rats showed that the application of natural extracts rich in 
polyphenolic compounds represent an important advance to use of these extracts to the gen‐
eration of nutraceuticals products to improve health in humans [44]. According some authors, 
the neurobiological actions of these compounds may occur in two major ways: the first is 
regulation of the neuronal signal cellular cascades, which is caused by neurotoxic substances 
and may damage neurogenesis, neuronal function and brain connectivity. Second, flavonoids 
seem to improve blood‐flow toward brain and sensory systems and exert beneficial effects on 
the peripheral and central nervous [4, 63].

6. Applications in food

In recent years, many polyphenols have been used as natural antioxidants in oils and fats to 
prevent lipid oxidation, protect food and beverages from light exposure, to prolong shelf‐life 
of food, supplement for animal feeds to improve their health, to protect animal products, 
like antimicrobial agent in foodstuffs and health functional ingredient in foods and dietary 
supplements; these applications can be attributed mainly to antioxidant and antimicrobial 
activities [47, 67, 68]. The use of synthetic additives in the food industry has been declining in 
recent years; this is mainly because man seeks to reduce risk in suffering from diseases which 
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have been associated with synthetic products consumption. Flavonoids are phytochemicals 
that cannot be synthesized by humans; however, these compounds may be used as food addi‐
tives to improve health‐beneficial effects and increase their amount in humans [69, 70].

Flavonoids are present in significant amounts in many fruits and vegetables; natural antioxi‐
dants and flavonoids have been reported as two of the most important micronutrients, which 
can be used in industry to reduce the use of synthetic compounds on foods and improve 
health in humans due their potential to decrease several diseases. These bioactive compounds 
can be used to prolong shelf‐life and preserve many foods due to their antimicrobial and 
antioxidant properties [44]. Moreover, in recent years interest in acquiring ever more natural 
products has grown; this has been caused by restriction over the use of synthetic antioxidants 
in food (such as BHA and BHT) and increase the use of natural compounds such as antioxi‐
dants or food components, which have relatively low toxicity compared to synthetic products 
[57, 65].

Flavonoids are suitable compounds that may be used as food preservative due to their benefi‐
cial effects that have been demonstrated before: prevention of fat and oils oxidation, supple‐
ment for animal feeds, protection of vitamins and enzymes, inhibition of microbial growth in 
foodstuffs and health functional ingredient in foods and dietary supplements [68]. The most 
studied applications of flavonoids in foods are in red meats and poultry to inhibit lipid oxida‐
tion, use of natural extracts in foods as functional ingredients and retard spoilage microor‐
ganism growth in meats. Some studies have indicated that these compounds have protective 
effect on meat quality and other products [67].

Recently, flavonoids have gained attention due their antioxidant properties, which can act 
against oxygen free radical and lipid peroxidation [71]. Many studies have mentioned that 
in vitro antioxidant activity of these compounds depends on the arrangement of functional 
groups on its structures; however, the mechanism of their antioxidant activity is substan‐
tially influenced by their configuration and total number of hydroxyl groups presents in the 
flavonoid molecule and the glycosylation of flavonoid molecule, but could be increased by 
polymerization of flavonoid monomers [58, 72, 73].

The protective effect of flavonoids in biological systems is attributed to their antioxidant activ‐
ity due to their capability to donate a hydrogen atom [58]. However, it is important to con‐
sider the antioxidant effect in vivo, which can be different comparing with in vitro assays: (i) 
low concentration on systemic circulation compared with endogenous and exogenous anti‐
oxidant compounds, (ii) high level of biotransformation that flavonoids suffer during their 
absorption and distribution in the body, which can decrease their antioxidant activity and (iii) 
large doses of flavonoids may decrease bioavailability of trace elements, such vitamins, folic 
acid or other antioxidants [4, 74].

7. Other applications

Plant bioactive compounds (primarily flavonoids) have been used in dermatology and cos‐
metic preparations for a long time due to several associated properties such as antioxidant, 
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oxidant compounds, (ii) high level of biotransformation that flavonoids suffer during their 
absorption and distribution in the body, which can decrease their antioxidant activity and (iii) 
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7. Other applications

Plant bioactive compounds (primarily flavonoids) have been used in dermatology and cos‐
metic preparations for a long time due to several associated properties such as antioxidant, 
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antimicrobial, anti‐inflammatory and therapeutic properties [8, 75]. Flavonoids are gaining 
popularity as cosmetic ingredients because they can protect skin from UV light and cure the 
skin from oxidative stress, so they can improve skin appearance [76]. The activity of flavo‐
noids on the skin is associated with their antiradical properties due to the presence of phe‐
nolic groups, but these activities on the skin are poorly investigated. Many studies have been 
demonstrated that the scavenging of flavonoids depends mainly to a high degree on their 
structures and physicochemical properties [47].

In order to protect the skin against UV radiation, the use of herbal and biodegradable prod‐
ucts has been increased; cosmetic products are being recognized for their benefits in the pre‐
vention of various pathologies and in the improvement of several dermatologic conditions, 
which represent a viable alternative for industrial application of natural extracts [70, 76]. 
Recent dermatological studies have been demonstrated that herbal extracts were added to 
cosmetic preparations due to antioxidant properties of flavonoids in addition to impart UV 
protection and inhibit metal chelating properties to protect skin [75].

The protective action of flavonoids on the skin is manifested through their anti‐inflammatory 
activity. This activity is given by the action of bioactive compounds on the enzymes and other 
factors that promote inflammation stages. The other mechanism of action is the inhibition of 
enzymes linked to cellular activation that promotes skin deterioration and the secretion of 
regulatory substances for their propagation. The affinity for protein structures and with estro‐
gen receptors is another property of flavonoids, as well as anti‐irradiating activities; because 
of these features, they are used in the cosmetic industry to reduce congestion problems, with 
the aim of reducing inflammatory symptoms that damage humans [47].
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Abstract

Dietary patterns and food availability differ greatly between regions and countries
around the world. As a result, there is a large variability in the intake of total flavonoids
and flavonoid subclasses, and subsequently in their major food sources. However, we
need to be aware of certain methodological issues when we compare studies on flavo-
noid intake.

In order to evaluate the intake of flavonoids, the different potential dietary assessment
methodologies (dietary questionnaires and biomarkers) will be presented. Advantages
and limitations of using of the two main food composition databases on flavonoids (US
Department of Agriculture and Phenol-Explorer databases) will be discussed. The
intake of total flavonoid and flavonoid subclasses in the various studies around the
world will be comprehensively reviewed. The major food sources of flavonoids by
region/country will be described. The main determinants of the intake of flavonoids will
be explained as well.

Calculating the intake of flavonoids is the first step before estimating their potential
protective effects against chronic diseases and is an essential step for developing future
dietary guidelines on flavonoids.
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1. Introduction

Flavonoids are ubiquitously distributed plant secondary metabolites, particularly in fruits,
vegetables, legumes, nuts, chocolate, and derived beverages (e.g., tea, wine, and juices) [1].
They are synthesized through the phenylpropanoid pathway, converting phenylalanine into
4-coumaroyl-CoA, which then enter the flavonoid biosynthesis pathway. Finally, various
enzymes modify the basic flavonoid skeleton, leading to the different flavonoid subclasses
[2]. In plants, flavonoids fulfill many different functions, such as protecting against ultravi-
olet radiation and phytopathogens, and acting as pigments, chemical messengers, physio-
logical regulators, and cell cycle inhibitors [2].

Over the last three decades, flavonoids have received a lot of attention in cellular and animal
models due to their well-established biological properties such as antioxidant, anti-inflamma-
tory, and anti-carcinogenic effects, especially inducing enzymes and modulating metabolic and
cell signaling pathways [3]. However, the epidemiologic evidence on the reduction in the
chronic disease risk is still limited and usually inconsistent [4, 5]. The strongest evidence of
their health-protective effects is for cardiovascular diseases [6] and type 2 diabetes [7]. One of
the potential explanations of these inconsistent results is the difficulty in accurately assessing
dietary flavonoid intake and the large variability of flavonoid intake among populations/
countries.

This chapter is focused on the large differences in dietary flavonoid intakes and food sources
worldwide, but prior to this, it is also important to briefly summarize the complexity of
flavonoid chemistry and classification, and the different possible methodologies to assess
dietary flavonoid intake.

2. Chemistry and classification of flavonoids

Flavonoids are a group of natural compounds with variable phenolic structures. In 1930, a new
substance was isolated from oranges. At that time, it was believed to be a member of a new class
of vitamins and was named as vitamin P. Posteriorly, it appeared that this compound was the
flavonoid rutin and since then more than 9000 varieties of flavonoids have been identified [8].

Chemically, flavonoids are formed by a C6–C3–C6 structure, which consists of two benzene
rings (A and B) linked by a three-carbon chain that form an oxygenated heterocycle (C ring)
(Figure 1). They can be divided into nine classes according to their chemical structures:
flavanones, flavones, dihydroflavonols, flavonols, flavan-3-ols, or flavanols [including mono-
mers, proanthocyanidins, and flavanol-derived compounds (theaflavins and thearubigins)],
anthocyanins, isoflavones, chalcones, and dihydrochalcones (Figure 2) [4]. The various classes
of flavonoids differ in the level of oxidation and pattern of substitution of the C ring, while
individual compounds within a class differ in the pattern of substitution of the A and B rings.
Flavonoids in nature occur mostly as glycosides, aglycones (especially flavanols), and, in few
cases, as methylated derivatives [3]. The basic flavonoid structure is the aglycone. When
glycosides are formed, the glycosidic linkage is normally located in positions 3 or 7 and the
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Figure 1. Basic flavonoid structure.

Figure 2. Flavonoid classes and their chemical structures.
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sugar can be L-rhamnose, D-glucose, glucorhamnose, galactose, or arabinose [9]. This is very
relevant because bioavailability differs among flavonoids, depending on the aglycone, the type
of monosaccharide attached, and its position [10].

3. Dietary assessment of flavonoids

The most common method of estimating flavonoid intake in epidemiologic studies is to use
dietary questionnaires, such as food frequency questionnaires (FFQ), 24-h dietary recalls, and
food diaries, to record all food consumption over a known period of time dietary surveys,
especially FFQ, are prone to several limitations, particularly regarding the identification of
specific foods (e.g., the large variety of products available on the market, different food
processing and cooking techniques, distinct ingredients, and preparation of recipes) and accu-
rate quantification of portion sizes [11]. Despite this, FFQs are the most common method used
in large epidemiological studies, mainly because they are an easy, quick, and an economical
way to record the participants’ habitual diet. In order to improve both quantification and
quality of the data gathered, the use of a previously validated FFQ on flavonoids or flavo-
noid-rich foods is essential. Moreover, the use of innovative technologies and methodologies
for the dietary assessment of flavonoid intake such as the collection of multiple 24-HDRs and
food records and interactive computer- and camera-based technologies will certainly improve
this process [12].

In order to estimate the intake of flavonoids, a food composition table or database is also
needed. There are currently two main databases. The first one is the US Department of
Agriculture (USDA) database on flavonoids, isoflavones, and proanthocyanidins, which was
created in 2003, 1999, and 2004, respectively [13–15]. Since then, several updates have been
released. The USDA databases contain worldwide food composition data on the six main
flavonoid classes (flavanols, flavonols, flavanones, flavones, isoflavones, and anthocyanidins)
expressed as aglycones. Phenol-Explorer is the second most common database [16]. It was
developed in 2009 and contains worldwide data, but in this case, on all nine flavonoid classes
(including chalcones, dihydrochalcones, and dihydroflavonols) expressed as they are found in
nature (mainly as glycosides) and analyzed with chromatography without hydrolysis. Phenol-
Explorer also contains data on chromatography after hydrolysis and, in this case, flavonoids
are expressed as aglycones, but these are not usually used. In the studies using Phenol-
Explorer using flavonoid data expressed as aglycone equivalents, flavonoid glycoside contents
are converted into aglycone contents using their respective molecular weights [17, 18]. The
other important difference between databases is that Phenol-Explorer does not contain data on
thearubigins because the composition data quality on thearubigins is very low [19]. The non-
specific spectrophotometric method used to date only provides a crude estimation of their
concentrations in black teas, which are the only known food sources of thearubigins.

These differences between databases (classes of flavonoids, aglycones vs. glycosides, and inclu-
sion of thearubigins) complicate the comparison among studies using different databases. In this
book chapter, we have mostly compared studies using the USDA databases or Phenol-Explorer
with data expressed as aglycones. In our comparisons, we have also made distinctions between
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the studies including proanthocyanidins and thearubigins, which are the most controversial
flavonoid compounds.

4. Geographical differences in total flavonoid intake and their food sources

The intake of flavonoids varies greatly by country/geographical region due to different dietary
patterns; although differences in the flavonoid classes included, the dietary assessment
methods, the food composition database use, and the method of expression (glycoses vs
aglycones) applied complicate these comparisons. Table 1 summarizes the most important
descriptive studies assessing flavonoid intakes in different countries/regions. The mean intake
of flavonoids worldwide ranges between 150 and 600mg/day expressed as aglycones without
thearubigins [20–26]. Taking into account thearubigins, the flavonoid intake could increase by
a negligible amount in populations with low black tea intake, but would double the intake in
black tea-consuming countries, such as the UK (from ∼500 to >1000mg/day) [27].

Europe is the continent with the most number of studies assessing the intake of total flavo-
noids, and therefore, it is possible to describe their intake quite accurately. Moreover, studies
like the European Prospective Investigation into Cancer and Nutrition (EPIC) study allow us
to compare the intake in 10 European countries using the same methodology [21, 26]. In
Europe, an increasing south-to-north gradient is usually observed [26]. Despite the high intake
of fruits, vegetables, and red wine in Mediterranean (MED) countries, the intake of total
flavonoids in these countries (250–400mg/day) is lower than in non-MED countries (350–600
mg/day), even without taking into account thearubigins. This is due to the much higher
consumption of tea in non-MED compared to MED countries. These differences would be
larger if thearubigins were also included [27]. The highest total flavonoid intake in Europe is
in the UK, due to the traditional tea culture [21, 26]. Eastern European countries, such as
Poland, also have a high intake of total flavonoids (∼600mg/day), related to their high tea
consumption [32, 40]. Southern regions of France are considered as a MED region, while
northern regions as a non-MED region; therefore, France has an intermediate intake of total
flavonoids, with the main food sources being fruit, tea, and red wine (a combination of food
sources from MED and non-MED countries) [33]. In Scandinavian countries with a low con-
sumption of tea, such as Finland, the intake of total flavonoids (200–250mg/day) is lower than
MED countries, since the consumption of fruit is lower as well [31].

In Australia, there are various studies describing the intake of total flavonoids [20, 28, 29]. As a
high tea-consuming country, Australia has a high intake of total flavonoids (650–700mg/day),
including thearubigins. In the three Australian populations documented, black tea contributes
to at least 75% of total polyphenols.

In America, several studies have estimated the intake of total flavonoids, especially in the US
[22, 34–36, 41], since the USDA databases were developed there [13–15]. In the US, the mean
intake of total flavonoids varies from 250 to 400mg/day, including proanthocyanidins and
thearubigins [22, 34–36, 41]. Although the consumption of tea is not very high, tea is still the
main food source of total flavonoids in the US, probably due to a low consumption of fruits
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and vegetables. In the US, some differences in the total flavonoid intake among ethnicities
have been observed [22, 36]. Non-Hispanic whites have the highest intake of flavonoids
(>300mg/day), whereas non-Hispanic blacks, Mexican Americans, and other ethnicities
consume approximately 200mg/day. Data on other countries in America is very limited,
and to the best of our knowledge, Brazil [37] and Mexico [23] are the only other countries
with available data. The intake of total flavonoids is around 150 and 50mg/day in Mexico
and Brazil, respectively. These are the countries with the lowest intake of total flavonoids
that have been published worldwide. Although, the studies in these countries did not take
thearubigins into account, the contribution of thearubigins to total flavonoids is insignificant
because Brazilians and Mexicans rarely drink tea. The main food source of total flavonoids is
citrus juices, followed by fruit in Mexico and beans in Brazil [23, 37]. In these Latin-American
countries, a potential relevant underestimation of total flavonoids cannot be ruled out
because of missing food composition data on some tropical foods, such as fruits and vegeta-
bles (e.g., mamey, zapote, papaya, sweet potato, nopal, guava, jicama, and prickly pears)
that are frequently consumed in their diets and may be good sources of flavonoids.

In Asian countries, very little complete data are available, as there is only data for East Asian
countries (such as China [24, 38] and South Korea [25]). The total flavonoid intake in China
ranges from 65mg/day without proanthocyanidins [38] to 225mg/day with proanthocyanidins
[24]. In both studies, thearubigins are not included, but Chinese people drink green tea, but not
black tea. Thearubigins are formed during the fermentation of green tea to black tea. In South
Korea, the intake of total flavonoids is slightly higher than in China (320mg/day) [25]. In East
Asian countries, soy and its derived products (the main food sources of isoflavones) are one of
the most important contributors to total flavonoids, although proanthocyanidins and flavan-3-ol
monomers are the most abundant flavonoids in South Korea and China, respectively. In Japan,
China, and South Korea, there are many studies focusing on isoflavones, due to their potential
phytoestrogenic effects [42], but not on total flavonoids. In theMiddle East, a recent study in Iran
has been conducted showing a mean intake of 1650mg/day [39]. This is the highest mean of total
flavonoid intake worldwide. This high amount is because of the elevated consumption of black
tea in these Middle East populations.

In summary, there is a high heterogeneity between countries in total flavonoid intake. The
highest intake is in Iran [39], followed by the UK (>1000mg/day) [27] and the lowest intake is
in Brazil and Mexico (<150mg/day) [23, 37]. The populations with a higher intake of total
flavonoids are those with a high consumption of tea, especially black tea. In this case, the main
contributor to total flavonoids is thearubigins, and this may be partially explained due to the
inaccurate measurement of thearubigin content in black tea [19]. Populations with a lower
intake of total flavonoids are those with a low consumption of tea. In these cases, the main
food sources are fruit and proanthocyanidins become the main contributor to total flavonoids.
In East Asia, isoflavones are also important contributors to total flavonoids due to the high
consumption of soy-derived products. Further studies are warranted to estimate the intake of
total flavonoids in other regions of the world with little available data, such as Latin America,
Africa, and Middle East. More research on the content of flavonoids in food is also needed in
order to improve the existent food composition data, adding new foods (e.g., tropical foods)
and refining the thearubigin data.
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5. Determinants of the total flavonoid intake

Total flavonoids, as with most nutrients and dietary compounds, are positively correlated to
total energy intake. Therefore, subjects consuming more energy are also more likely to be those
with a higher intake of total flavonoids, even though one of the most relevant food sources is
tea which is a non-caloric beverage. For this reason, if we want to study the determinants of
total flavonoid intake, we should adjust our models for total energy intake.

Men usually consume higher amounts of total flavonoids, but after adjusting for total energy,
women actually tend to consume more total flavonoids, as reported in the US [22] and South
Korean populations [25]. However, men have a higher flavonoid intake in MED countries [21]
and France [33] as men tend to drink more wine, particularly red wine. In contrast, the
opposite was found in non-MED countries because women tend to consume more tea than
men [21].

Young adults are more likely to consume less total flavonoids than older adults [21–23, 33].
The age range with the highest intake of total flavonoids is between 55 and 70 years, probably
because they consume a more traditional dietary pattern and therefore more fruit, vegetables,
red wine, and tea (depending on the region). On the other hand younger adults (20–40 years)
tend to follow a more Westernized diet, with less plant-based foods. Although total flavonoid
intake is usually higher in the older age groups, subjects are likely to keep their dietary habits
throughout adulthood. Therefore, no significant differences have been found in the estimation
of total flavonoid intake after several years of follow-up [22, 41].

Fruit, tea, red wine, and vegetables are the most important food sources of total flavonoids
[21, 26]. These plant-based foods are characteristic of healthy and traditional diets, and therefore,
subjects with high adherence to healthy dietary and lifestyle habits are more likely to have a
higher intake of total flavonoids. For example, individuals with a normal weight (BMI < 25), a
high education level, and a high socioeconomic status and who are physically active and non-
smokers (never and former smokers) tend to have a higher total flavonoid intake [22, 23, 26, 33].

6. Flavanols: intake and food sources

Total flavanols or flavan-3-ols is the most consumed flavonoid class by far worldwide (Table 1),
contributing to >80% of total flavonoids. Flavanols are divided into three subclasses: flavan-3-ol
monomers (including catechins and epicatechins), proanthocyanidins (including oligomers and
polymers of flavanols), and flavanol-derived compounds (including thearubigins and
theaflavins). In nature, flavanols are predominantly found as aglycones.

The intake of total flavanols ranges from 11mg/day in Brazil [37] to 629mg/day in Australia [29]
(Table 2). These large differences among populations are due to different intakes of the main food
sources (i.e., tea and fruit). Depending on the intake of tea (a beverage rich in flavan-3-ol mono-
mers and derived compounds) and fruit (foods rich in proanthocyanidins) a rank of countries/
regions can be proposed: (i) countries with a very high consumption of tea (such as Australia,
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UK, and Poland), which have a mean intake between 450 and 600mg/day [28, 29, 33, 43, 44]; (ii)
countries with a moderate consumption of tea or a very high consumption of fruit (such as MED
countries, Germany, and the US), which have a mean intake of 250–400mg/day [17, 35, 43, 45];
(iii) countries with a low consumption of tea and low-moderate consumption of fruit (such as
Scandinavian countries, South Korea, and Latin-American countries), with a mean intake rang-
ing from 50 to 150mg/day [23, 25, 31, 37]. In Latin-American countries, an underestimation of the
total flavanol intake is probable, since there is little food composition data available on tropical
foods, especially on fruit [13–16].

6.1. Flavan-3-ol monomers

Intake of flavan-3-ol monomers varies between 10mg/day in Mexico [23, 58, 59] and 270mg/day
in Poland [32], contributing to approximately 15–30% of total flavanols. The main food sources of
flavan-3-ol monomers are tea, fruit (e.g., apples, stone fruits), red wine, and cocoa products [1].
The intake of these foods and beverages will determine the levels of flavan-3-ol monomers
in the diet. Countries with a high intake of tea have a major intake of these compounds, such
as Australia, UK, and Poland (150–250mg/day), followed by countries with a high consumption
of fruit and red wine, such MED countries and France (50–100mg/day), and finally countries
with a low consumption of tea and certain types of fruit, such as Latin American and Finland
(<l50;mg/day) (Table 2).

6.2. Proanthocyanidins

Proanthocyanidins account for >75% of total flavanols in countries with a low intake of tea
(MED countries) and <40% of total flavanols in countries with a high intake of tea (non-MED
countries) [40, 43]. Proanthocyanidins are characteristic flavonoids in fruit, particularly apples,
stone fruits, and berries, as well as red wine, but not in tea [1]. The highest intake of proantho-
cyanidins is in MED countries, including France (>200mg/day) [17, 43, 53], followed by non-
MED countries and the US (150–200mg/day) [32, 35, 36, 43, 45], and finally Latin-American
and Asian countries (<150mg/day) [23–25] (Table 2).

6.3. Flavanol-derived compounds

Theaflavins and thearubigins occur exclusively in tea [1]. Theaflavins are consumed in low
amounts (<3mg/day) in countries with low tea consumption and larger amounts (10–30mg/
day) in countries with an important tea culture (Table 2) [43]. The same pattern can be applied
to thearubigins, which can only be found in black tea. The intake ranges from 1mg/day in
Spain to 530mg/day in the UK, where it contributes to almost 50% of total flavonoids [40].

7. Flavanones: intake and food sources

Flavanones are normally the second main flavonoid class (8–10%) [21]. The variation in flava-
none intakes is relatively small between most of the countries (30–40mg/day) (Table 2). The
highest intake is in Greece and Spain (∼60mg/day as aglycones) [27, 55], and the lowest intake
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is in China (∼5mg/day) [24, 38]. Flavanone intake patterns perfectly match the consumption of
their main food sources: citrus fruit and citrus juices [1].

8. Flavonols: intake and food sources

Flavonols are usually the third principal flavonoid class (7–9%) [21]. The mean intake of flavo-
nols generally varies between 20 and 40mg/day (Table 2). In some countries (South Korea,
China, and Poland) [25, 32, 62], a higher intake of flavonols is reported (>60mg/day as agly-
cones), but some of these values are probably overestimated. Flavonols are widely distributed in
fruit and vegetables, particularly apples, onions, some leafy vegetables, and red wine [1].

9. Anthocyanidins: intake and food sources

Anthocyanidins are present in all red-blue-purple fruits and vegetables (e.g., berries, apples,
pears, grapes, plums, and aubergine) along with red wine. They are responsible for the color of
these foods. Depending on the region, anthocyanidins fluctuate from the second to the fourth
most consumed flavonoid class (7–10%) [21]. The mean intake of anthocyanidins range from 20
to 40mg/day in most of the countries (Table 2). Countries with a high consumption of berries,
such as Finland, are the top consumers of anthocyanidins (∼50mg/day) [31], while Brazil and
the US have a particularly low intake (<15mg/day) [20, 34, 35, 37, 60].

10. Flavones: intake and food sources

Flavones are the fifth most common flavonoid class, accounting for 1–2% of total flavonoids
[21]. Their intake varies between 1 and 5mg/day using the USDA database [13] and 5–20mg/
day as aglycones using the Phenol-Explorer [16] (Table 2). Flavones are widely distributed in
plant-based foods, fruits, vegetables, juices, wine, etc. It is important to highlight that the
richest sources of flavones are herbal teas, and this food item is rarely recorded in dietary
questionnaires, and therefore, an underestimation of flavone intake is quite probable.

11. Isoflavones: intake and food sources

Isoflavones are the flavonoid class with the lowest intake among the typical flavonoid classes
(flavanols, flavanones, flavonols, anthocyanidins, flavones, and isoflavones). The intake of
flavonoids is normally <2mg/day in Westernized countries, as they mainly occur in soy prod-
ucts [48]. However, in the UK health conscious group of the EPIC study, including vegans and
vegetarians, the mean intake rises to 18mg/day [48]. In Asian countries, where the consump-
tion of soy is very common, the mean intake of isoflavones ranges from 30 to 70mg/day,
contributing to almost 20% of total flavonoids.
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12. Other minor flavonoids: intake and food sources

Chalcones, dihydrochalcones, and dihydroflavonols are three minor subclasses of flavonoids.
Food composition data on these classes are limited and only available in Phenol-Explorer [16],
but not in the USDA database [13]. Chalcones are found in beer and broad beans, and their
mean intake is very low (<0.01mg/day expressed as glycosides) (Table 2). Dihydrochalcones
are present in apples and derived products (e.g., cider and apple juice). The mean intake is
between 1.5 and 3mg/day expressed as glycosides [17, 26], except in Poland where the intake is
double (Table 2) [32, 33]. The principal food source of dihydroflavonols is wine, and therefore,
the countries with a greater intake of wine, such as France and MED countries, have the
highest consumption (∼5mg/day expressed as glycosides) (Table 2) [17, 26]. Countries with
a low wine intake, such as Poland, have a negligible intake (<0.1mg/day expressed as
glycosides) [33].

13. Conclusions

Overall, the mean intake of total flavonoids worldwide is around 400mg/day, ranging from 150
mg/day in Latin-American countries to 600mg/day in Australia and the UK, without considering
thearubigins. Tea (rich in flavan-3-ol monomers and thearubigins) is the most important food
source of total flavonoids in countries with a tea culture, while fruits (rich in proanthocyanidins)
are the main food source in the remaining countries. Flavanols is the main contributor to total
flavonoids (75%), followed by far by flavanones, flavones, and anthocyanidins (7–10% each) and
flavones and isoflavones (1–2% each). Chalcones, dihydrochalcones, and dihydroflavonols are
also minor flavonoid subclasses. It is important to highlight that the intake of isoflavones is
extremely high in East Asian countries (30–70mg/day) compared to Western countries (<2mg/
day), since isoflavones mostly occur in soy products. Older women with healthy lifestyle and
dietary habits and higher educational levels and incomes are the sector with the highest intake of
total flavonoids.

Finally, more composition data are needed, particularly for tropical foods, to improve the
estimation of total flavonoids, especially in some specific regions. Further studies are
warranted to increase the descriptive analyses in several areas where little data are available
to date, such as Latin America, Africa, and the Middle East. An accurate estimation of flavo-
noid intake is the first step before estimating their potential protective effects against chronic
diseases and is an essential step for developing future dietary guidelines on flavonoids.

Acknowledgements

This project has been supported by the Instituto de Salud Carlos III project CP15/00100 and
cofunded by FEDER funds/ European Regional Development Fund (ERDF)- a way to build
Europe.

An Overview of Global Flavonoid Intake and its Food Sources
http://dx.doi.org/10.5772/67655

385



Author details

Romina Escobar-Cévoli, Carlota Castro-Espín, Virginie Béraud, Genevieve Buckland and
Raul Zamora-Ros*

*Address all correspondence to: rzamora@iconcologia.net

Unit of Nutrition and Cancer, Cancer Epidemiology Research Program, Catalan Institute of
Oncology, Bellvitge Biomedical Research Institute (IDIBELL), Barcelona, Spain

References

[1] Pérez-Jiménez J, Neveu V, Vos F, Scalbert A. Identification of the 100 richest dietary
sources of polyphenols: an application of the Phenol-Explorer database. Eur J Clin Nutr.
2010;64,Suppl 3:S112–20.

[2] Falcone Ferreyra ML, Rius SP, Casati P. Flavonoids: biosynthesis, biological functions,
and biotechnological applications. Front Plant Sci. 2012;3:222.

[3] Kumar S, Pandey AK. Chemistry and biological activities of flavonoids: an overview. Sci
World J. 2013;2013:162750.

[4] Zamora-Ros R, Touillaud M, Rothwell JA, Romieu I, Scalbert A. Measuring exposure to
the polyphenol metabolome in observational epidemiologic studies: current tools and
applications and their limits. Am J Clin Nutr. 2014;100:11–26.

[5] van Dam RM, Naidoo N, Landberg R. Dietary flavonoids and the development of type 2
diabetes and cardiovascular diseases: review of recent findings. Curr Opin Lipidol.
2013;24:25–33.

[6] Jiang W, Wei H, He B. Dietary flavonoids intake and the risk of coronary heart disease: a
dose-response meta-analysis of 15 prospective studies. Thromb Res. 2015;135(3):459–63.

[7] Liu YJ, Zhan J, Liu XL, Wang Y, Ji J, He QQ. Dietary flavonoids intake and risk of type 2
diabetes: a meta-analysis of prospective cohort studies. Clin Nutr. 2014;33(1):59–63.

[8] Xiao ZP, Peng ZY, Peng MJ, YanWB, Ouyang YZ, Zhu HL. Flavonoids health benefits and
their molecular mechanism. Mini Rev Med Chem. 2011;11:169–77.

[9] Middleton E. The flavonoids. Trends Pharm Sci. 1984;5:335–8.

[10] Manach C, Williamson G, Morand C, Scalbert A, Rémésy C. Bioavailability and
bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. Am J Clin
Nutr. 2005;81(1 Suppl):230S–42S.

[11] Zamora-Ros R, Rabassa M, Llorach R, González CA, Andres-Lacueva C. Application of
dietary phenolic biomarkers in epidemiology: past, present, and future. J Agric Food
Chem. 2012;60:6648–57.

Flavonoids - From Biosynthesis to Human Health386



Author details

Romina Escobar-Cévoli, Carlota Castro-Espín, Virginie Béraud, Genevieve Buckland and
Raul Zamora-Ros*

*Address all correspondence to: rzamora@iconcologia.net

Unit of Nutrition and Cancer, Cancer Epidemiology Research Program, Catalan Institute of
Oncology, Bellvitge Biomedical Research Institute (IDIBELL), Barcelona, Spain

References

[1] Pérez-Jiménez J, Neveu V, Vos F, Scalbert A. Identification of the 100 richest dietary
sources of polyphenols: an application of the Phenol-Explorer database. Eur J Clin Nutr.
2010;64,Suppl 3:S112–20.

[2] Falcone Ferreyra ML, Rius SP, Casati P. Flavonoids: biosynthesis, biological functions,
and biotechnological applications. Front Plant Sci. 2012;3:222.

[3] Kumar S, Pandey AK. Chemistry and biological activities of flavonoids: an overview. Sci
World J. 2013;2013:162750.

[4] Zamora-Ros R, Touillaud M, Rothwell JA, Romieu I, Scalbert A. Measuring exposure to
the polyphenol metabolome in observational epidemiologic studies: current tools and
applications and their limits. Am J Clin Nutr. 2014;100:11–26.

[5] van Dam RM, Naidoo N, Landberg R. Dietary flavonoids and the development of type 2
diabetes and cardiovascular diseases: review of recent findings. Curr Opin Lipidol.
2013;24:25–33.

[6] Jiang W, Wei H, He B. Dietary flavonoids intake and the risk of coronary heart disease: a
dose-response meta-analysis of 15 prospective studies. Thromb Res. 2015;135(3):459–63.

[7] Liu YJ, Zhan J, Liu XL, Wang Y, Ji J, He QQ. Dietary flavonoids intake and risk of type 2
diabetes: a meta-analysis of prospective cohort studies. Clin Nutr. 2014;33(1):59–63.

[8] Xiao ZP, Peng ZY, Peng MJ, YanWB, Ouyang YZ, Zhu HL. Flavonoids health benefits and
their molecular mechanism. Mini Rev Med Chem. 2011;11:169–77.

[9] Middleton E. The flavonoids. Trends Pharm Sci. 1984;5:335–8.

[10] Manach C, Williamson G, Morand C, Scalbert A, Rémésy C. Bioavailability and
bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. Am J Clin
Nutr. 2005;81(1 Suppl):230S–42S.

[11] Zamora-Ros R, Rabassa M, Llorach R, González CA, Andres-Lacueva C. Application of
dietary phenolic biomarkers in epidemiology: past, present, and future. J Agric Food
Chem. 2012;60:6648–57.

Flavonoids - From Biosynthesis to Human Health386

[12] Illner A-K, Freisling H, Boeing H, Huybrechts I, Crispim S, Slimani N. Review and
evaluation of innovative technologies for measuring diet in nutritional epidemiology. Int
J Epidemiol. 2012;41:1187–203.

[13] USDA. USDA database for the flavonoid content of selected foods. Beltsville, MD: USDA,
2003.

[14] USDA. USDA database for the isoflavone content of selected foods. Beltsville, MD:
USDA, 1999.

[15] USDA. USDA database for the proanthocyanidin content of selected foods. Beltsville,
MD: USDA, 2004.

[16] Neveu V, Pérez-Jiménez J, Vos F, Crespy V, du Chaffaut L, Mennen L, Knox C, Eisner R,
Cruz J, Wishart D, et al. Phenol-Explorer: an online comprehensive database on polyphe-
nol contents in foods. Database (Oxford) 2010;2010:bap024.

[17] Pérez-Jiménez J, Fezeu L, Touvier M, Arnault N, Manach C, Hercberg S, Galan P,
Scalbert A. Dietary intake of 337 polyphenols in French adults. Am J Clin Nutr. 2011;93
(6):1220–8.

[18] Zamora-Ros R, Barupal D, Rothwell JA, Jenab M, Fedirko V, Romieu I, Aleksandrova K,
Overvad K, Kyrø C, Tjønneland A, et al. Dietary flavonoid intake and colorectal cancer
risk in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort.
Int J Cancer. 2017;140(8):1836–1844.

[19] Lakenbrink C, Lapczynski S, Maiwald B, Engelhardt UH. Flavonoids and other poly-
phenols in consumer brews of tea and other caffeinated beverages. J Agric Food Chem.
2000;48:2848–52.

[20] Johannot L, Somerset S M. Age-related variations in flavonoid intake and sources in the
Australian population. Public Health Nutr. 2006;9(8):1045–54.

[21] Zamora-Ros R, Knaze V, Luján-Barroso L, Romieu I, Scalbert A, Slimani N, Hjartåker A,
Engeset D, Skeie G, Overvad K, et al. Differences in dietary intakes, food sources and
determinants of total flavonoids between mediterranean and non-mediterranean coun-
tries participating in the European Prospective Investigation into Cancer and Nutrition
(EPIC) study. Br J Nutr. 2013;109(8):1498–507.

[22] Chun OK, Chung SJ, Song, WO. Estimated dietary flavonoid intake and major food
sources of US adults. J Nutr. 2007;137(5):1244–52.

[23] Zamora-Ros R, Biessy C, Rothwell JA, Monge A, Lajous M, Scalbert A, López-Ridaura R,
Romieu I. Dietary polyphenol intake and their major food sources in the Mexican
Teachers’ Cohort. J Acad Nutr & Diet. 2017; Submitted.

[24] Zhang Z, He L, Liu Y, Liu J, Su Y, Chen Y. Association between dietary intake of flavonoid
and bone mineral density in middle aged and elderly Chinese women and men.
Osteoporos Int. 2014;25(10):2417–25.

An Overview of Global Flavonoid Intake and its Food Sources
http://dx.doi.org/10.5772/67655

387



[25] Jun S, Shin S, Joung H. Estimation of dietary flavonoid intake and major food sources of
Korean adults. Br J Nutr. 2016;115(3):480–9.

[26] Zamora-Ros R, Knaze V, Rothwell JA, Hémon B, Moskal A, Overvad K, Tjønneland A,
Kyrø C, Fagherazzi G, Boutron-Ruault MC, et al. Dietary polyphenol intake in Europe:
the European Prospective Investigation into Cancer and Nutrition (EPIC) study. Eur J
Nutr. 2016;55(4):1359–75.

[27] Tresserra-Rimbau A, Medina-Remón A, Pérez-Jiménez J, Martínez-González MA, Covas
MI, Corella D, Salas-Salvadó J, Gómez-Gracia E, Lapetra J, Arós F, et al. Dietary intake
and major food sources of polyphenols in a Spanish population at high cardiovascular
risk: The PREDIMED study. Nutr Metab Cardiovasc Dis. 2013;23(10):953–9.

[28] Ivey KL, Hodgson JM, Croft KD, Lewis JR, Prince RL. Flavonoid intake and all-cause
mortality. Am J Clin Nutr. 2015;101(5):1012–20.

[29] Kent K, Charlton KE, Russell J, Mitchell P, Flood VM. Estimation of flavonoid intake in
older Australians: Secondary Data Analysis of the Blue Mountains Eye Study. J Nutr
Gerontol Geriatr. 2015;34(4):388–98.

[30] Vitale M, Masulli M, Rivellese AA, Bonora E, Cappellini F, Nicolucci A, Squatrito S,
Antenucci D, Barrea A, Bianchi C, et al. Dietary intake and major food sources of poly-
phenols in people with type 2 diabetes: the TOSCA.IT Study. Eur J Nutr. 2016. In press.
doi: 10.1007/s00394-016-1355-1

[31] Ovaskainen ML, Törrönen R, Koponen JM, Sinkko H, Hellström J, Reinivuo H, Mattila P.
Dietary intake and major food sources of polyphenols in Finnish adults. J Nutr. 2008;138
(3):562–6.

[32] Grosso G, Stepaniak U, Topor-Mądry R, Szafraniec K, Pająk A. Estimated dietary intake
and major food sources of polyphenols in the Polish arm of the HAPIEE study. Nutrition.
2014;30(11–12):1398–403.

[33] Witkowska AM, Zujko ME, Waśkiewicz A, Terlikowska KM, Piotrowski W. Comparison
of various databases for estimation of dietary polyphenol intake in the population of
Polish adults. Nutrients. 2015;7(11):9299–308.

[34] Xiao Q, Park Y, Hollenbeck AR, Kitahara CM. Dietary flavonoid intake and thyroid
cancer risk in the NIH-AARP diet and health study. Cancer Epidemiol Biomarkers Prev.
2014;23(6):1102–8.

[35] Cassidy A, O’Reilly ÉJ, Kay C, Sampson L, Franz M, Forman JP, Curhan G, Rimm EB.
Habitual intake of flavonoid subclasses and incident hypertension in adults. Am J Clin
Nutr. 2011;93(2):338–47.

[36] Wang Y, Chung SJ, SongWO, Chun OK. Estimation of daily proanthocyanidin intake and
major food sources in the U.S. diet. J Nutr. 2011;141(3):447–52.

[37] Miranda AM, Steluti J, Fisberg RM, Marchioni DM. Dietary intake and food contributors
of polyphenols in adults and elderly adults of Sao Paulo: a population-based study. Br J
Nutr. 2016;115(6):1061–70.

Flavonoids - From Biosynthesis to Human Health388



[25] Jun S, Shin S, Joung H. Estimation of dietary flavonoid intake and major food sources of
Korean adults. Br J Nutr. 2016;115(3):480–9.

[26] Zamora-Ros R, Knaze V, Rothwell JA, Hémon B, Moskal A, Overvad K, Tjønneland A,
Kyrø C, Fagherazzi G, Boutron-Ruault MC, et al. Dietary polyphenol intake in Europe:
the European Prospective Investigation into Cancer and Nutrition (EPIC) study. Eur J
Nutr. 2016;55(4):1359–75.

[27] Tresserra-Rimbau A, Medina-Remón A, Pérez-Jiménez J, Martínez-González MA, Covas
MI, Corella D, Salas-Salvadó J, Gómez-Gracia E, Lapetra J, Arós F, et al. Dietary intake
and major food sources of polyphenols in a Spanish population at high cardiovascular
risk: The PREDIMED study. Nutr Metab Cardiovasc Dis. 2013;23(10):953–9.

[28] Ivey KL, Hodgson JM, Croft KD, Lewis JR, Prince RL. Flavonoid intake and all-cause
mortality. Am J Clin Nutr. 2015;101(5):1012–20.

[29] Kent K, Charlton KE, Russell J, Mitchell P, Flood VM. Estimation of flavonoid intake in
older Australians: Secondary Data Analysis of the Blue Mountains Eye Study. J Nutr
Gerontol Geriatr. 2015;34(4):388–98.

[30] Vitale M, Masulli M, Rivellese AA, Bonora E, Cappellini F, Nicolucci A, Squatrito S,
Antenucci D, Barrea A, Bianchi C, et al. Dietary intake and major food sources of poly-
phenols in people with type 2 diabetes: the TOSCA.IT Study. Eur J Nutr. 2016. In press.
doi: 10.1007/s00394-016-1355-1

[31] Ovaskainen ML, Törrönen R, Koponen JM, Sinkko H, Hellström J, Reinivuo H, Mattila P.
Dietary intake and major food sources of polyphenols in Finnish adults. J Nutr. 2008;138
(3):562–6.

[32] Grosso G, Stepaniak U, Topor-Mądry R, Szafraniec K, Pająk A. Estimated dietary intake
and major food sources of polyphenols in the Polish arm of the HAPIEE study. Nutrition.
2014;30(11–12):1398–403.

[33] Witkowska AM, Zujko ME, Waśkiewicz A, Terlikowska KM, Piotrowski W. Comparison
of various databases for estimation of dietary polyphenol intake in the population of
Polish adults. Nutrients. 2015;7(11):9299–308.

[34] Xiao Q, Park Y, Hollenbeck AR, Kitahara CM. Dietary flavonoid intake and thyroid
cancer risk in the NIH-AARP diet and health study. Cancer Epidemiol Biomarkers Prev.
2014;23(6):1102–8.

[35] Cassidy A, O’Reilly ÉJ, Kay C, Sampson L, Franz M, Forman JP, Curhan G, Rimm EB.
Habitual intake of flavonoid subclasses and incident hypertension in adults. Am J Clin
Nutr. 2011;93(2):338–47.

[36] Wang Y, Chung SJ, SongWO, Chun OK. Estimation of daily proanthocyanidin intake and
major food sources in the U.S. diet. J Nutr. 2011;141(3):447–52.

[37] Miranda AM, Steluti J, Fisberg RM, Marchioni DM. Dietary intake and food contributors
of polyphenols in adults and elderly adults of Sao Paulo: a population-based study. Br J
Nutr. 2016;115(6):1061–70.

Flavonoids - From Biosynthesis to Human Health388

[38] Ma Y, Gao W, Wu K, Bao Y. Flavonoid intake and the risk of age-related cataract in
China’s Heilongjiang Province. Food Nutr Res. 2015;59:29564.

[39] Sohrab G, Hosseinpour-Niazi S, Hejazi J, Yuzbashian E, Mirmiran P, Azizi F. Dietary
polyphenols and metabolic syndrome among Iranian adults. Int J Food Sci Nutr. 2013;64
(6):661–7.

[40] Zamora-Ros R, Knaze V, Romieu I, Scalbert A, Slimani N, Clavel-Chapelon F, Touillaud
M, Perquier F, Skeie G, Engeset D, et al. Impact of thearubigins on the estimation of total
dietary flavonoids in the European Prospective Investigation into Cancer and Nutrition
(EPIC) study. Eur J Clin Nutr. 2013;67(7):779–82.

[41] Kim K, Vance TM, Chun OK. Estimated intake and major food sources of flavonoids
among US adults: changes between 1999–2002 and 2007–2010 in NHANES. Eur J Nutr.
2016;55(2):833–43.

[42] Barnes S. Soy isoflavones--phytoestrogens and what else? J Nutr. 2004;134(5):1225S–1228S.

[43] Knaze V, Zamora-Ros R, Luján-Barroso L, Romieu I, Scalbert A, Slimani N, Riboli E, van
Rossum CT, Bueno-de-Mesquita HB, Trichopoulou A, et al. Intake estimation of total and
individual flavan-3-ols, proanthocyanidins and theaflavins, their food sources and deter-
minants in the European Prospective Investigation into Cancer and Nutrition (EPIC)
study. Br J Nutr. 2012;108(6):1095–108.

[44] Yahya HM, Day A, Lawton C, Myrissa K, Croden F, Dye L, Williamson G. Dietary intake
of 20 polyphenol subclasses in a cohort of UK women. Eur J Nutr. 2016;55(5):1839–47.

[45] Vogiatzoglou A, Heuer T, Mulligan AA, Lentjes MAH, Luben RN, Kuhnle GGC. Esti-
mated dietary intakes and sources of flavanols in the German population (German
National Nutrition Survey II). Eur J Nutr. 2014;53:635–43.

[46] Hanna KL, O’Neill S, Lyons-Wall PM. Intake of isoflavone and lignan phytoestrogens
and associated demographic and lifestyle factors in older Australian women. Asia Pac J
Clin Nutr. 2010;19(4):540–9.

[47] Mullie P, Clarys P, Deriemaeker P, Hebbelinck M. Estimation of daily human intake of
food flavonoids. Plant Foods Hum Nutr. 2007;62(3):93–8.

[48] Zamora-Ros R, Knaze V, Luján-Barroso L, Kuhnle GG, Mulligan AA, Touillaud M,
Slimani N, Romieu I, Powell N, Tumino R, Peeters PH, et al. Dietary intakes and food
sources of phytoestrogens in the European Prospective Investigation into Cancer and
Nutrition (EPIC) 24-hour dietary recall cohort. Eur J Clin Nutr. 2012;66(8):932–41

[49] Zamora-Ros R, Knaze V, Luján-Barroso L, Slimani N, Romieu I, Touillaud M, Kaaks R,
Teucher B, Mattiello A, Grioni S, et al. Estimation of the intake of anthocyanidins and
their food sources in the European Prospective Investigation into Cancer and Nutrition
(EPIC) study. Br J Nutr. 2011;106(7):1090–9.

[50] Zamora-Ros R, Knaze V, Luján-Barroso L, Slimani N, Romieu I, Fedirko V, de Magistris
MS, Ericson U, Amiano P, Trichopoulou A, et al. Estimated dietary intakes of flavonols,

An Overview of Global Flavonoid Intake and its Food Sources
http://dx.doi.org/10.5772/67655

389



flavanones and flavones in the European Prospective Investigation into Cancer and
Nutrition (EPIC) 24 hour dietary recall cohort. Br J Nutr. 2011;106(12):1915–25.

[51] Vogiatzoglou A, Mulligan AA, Luben RN, Lentjes MA, Heiss C, Kelm M, Merx MW,
Spencer JP, Schroeter H, Kuhnle GG. Assessment of the dietary intake of total flavan-3-
ols, monomeric flavan-3-ols, proanthocyanidins and theaflavins in the European Union.
Brit J Nutr. 2013;111:1463–73.

[52] González S, Fernández M, Cuervo A, Lasheras C. Dietary intake of polyphenols and
major food sources in an institutionalised elderly population. J Hum Nutr Diet. 2014;27
(2):176–83.

[53] Rossi M, Negri E, Parpinel M, Lagiou P, Bosetti C, Talamini R, Montella M, Attilio G,
Franceschi S, Vecchia C La. Proanthocyanidins and the risk of colorectal cancer in Italy.
Cancer Causes Control. 2010;21:243–50.

[54] Rossi M, Negri E, Talamini R, Bosetti C, Parpinel M, Gnagnarella P, Franceschi S, Dal
Maso L, Montella M, Giacosa A, et al. Flavonoids and colorectal cancer in Italy. Cancer
Epidemiol Biomarkers Prev. 2006;15:1555–8.

[55] Lagiou P, Samoli E, Lagiou A, Skalkidis Y, Katsouyanni K, Petridou E, Trichopoulos D.
Flavonoid classes and risk of peripheral arterial occlusive disease: a case-control study in
Greece. Eur J Clin Nutr. 2006;60(2):214–9.

[56] Theodoratou E, Kyle J, Cetnarskyj R, Farrington SM, Tenesa A, Barnetson R, Porteous M,
Dunlop M, Campbell H. Dietary flavonoids and the risk of colorectal cancer. Cancer
Epidemiol Biomarkers Prev. 2007;16:684–93.

[57] Frankenfeld CL, Patterson RE, Horner NK, Neuhouser ML, Skor HE, Kalhorn TF,
Howald WN, Lampe JW. Validation of a soy food-frequency questionnaire and evalua-
tion of correlates of plasma isoflavone concentrations in postmenopausal women. Am J
Clin Nutr. 2003;77(3):674–80.

[58] Hernández-Ramírez RU, Galván-Portillo MV, Ward MH, Agudo A, González CA, Oñate-
Ocaña LF, Herrera-Goepfert R, Palma-Coca O, López-Carrillo L. Dietary intake of poly-
phenols, nitrate and nitrite and gastric cancer risk in Mexico City. Int J Cancer. 2009;125
(6):1424–30.

[59] Galvan-Portillo MV, Wolff MS, Torres-Sánchez LE, López-Cervantes M, López-Carrillo L.
Assessing phytochemical intake in a group of Mexican women. Salud Publica Mex.
2007;49(2):126–31.

[60] Nascimento-Souza MA, de Paiva PG, Pérez-Jiménez J, do Carmo Castro Franceschini S,
Ribeiro AQ. Estimated dietary intake and major food sources of polyphenols in elderly of
Viçosa, Brazil: a population-based study. Eur J Nutr. 2016. In press. doi: 10.1007/s00394-
016-1348-0.

[61] Frankenfeld CL, Lampe JW, Shannon J, Gao DL, Ray RM, Prunty J, Kalhorn TF, Wähälä
K, Patterson RE, Thomas DB. Frequency of soy food consumption and serum isoflavone
concentrations among Chinese women in Shanghai. Public Health Nutr. 2004;7(6):765–72.

Flavonoids - From Biosynthesis to Human Health390



flavanones and flavones in the European Prospective Investigation into Cancer and
Nutrition (EPIC) 24 hour dietary recall cohort. Br J Nutr. 2011;106(12):1915–25.

[51] Vogiatzoglou A, Mulligan AA, Luben RN, Lentjes MA, Heiss C, Kelm M, Merx MW,
Spencer JP, Schroeter H, Kuhnle GG. Assessment of the dietary intake of total flavan-3-
ols, monomeric flavan-3-ols, proanthocyanidins and theaflavins in the European Union.
Brit J Nutr. 2013;111:1463–73.

[52] González S, Fernández M, Cuervo A, Lasheras C. Dietary intake of polyphenols and
major food sources in an institutionalised elderly population. J Hum Nutr Diet. 2014;27
(2):176–83.

[53] Rossi M, Negri E, Parpinel M, Lagiou P, Bosetti C, Talamini R, Montella M, Attilio G,
Franceschi S, Vecchia C La. Proanthocyanidins and the risk of colorectal cancer in Italy.
Cancer Causes Control. 2010;21:243–50.

[54] Rossi M, Negri E, Talamini R, Bosetti C, Parpinel M, Gnagnarella P, Franceschi S, Dal
Maso L, Montella M, Giacosa A, et al. Flavonoids and colorectal cancer in Italy. Cancer
Epidemiol Biomarkers Prev. 2006;15:1555–8.

[55] Lagiou P, Samoli E, Lagiou A, Skalkidis Y, Katsouyanni K, Petridou E, Trichopoulos D.
Flavonoid classes and risk of peripheral arterial occlusive disease: a case-control study in
Greece. Eur J Clin Nutr. 2006;60(2):214–9.

[56] Theodoratou E, Kyle J, Cetnarskyj R, Farrington SM, Tenesa A, Barnetson R, Porteous M,
Dunlop M, Campbell H. Dietary flavonoids and the risk of colorectal cancer. Cancer
Epidemiol Biomarkers Prev. 2007;16:684–93.

[57] Frankenfeld CL, Patterson RE, Horner NK, Neuhouser ML, Skor HE, Kalhorn TF,
Howald WN, Lampe JW. Validation of a soy food-frequency questionnaire and evalua-
tion of correlates of plasma isoflavone concentrations in postmenopausal women. Am J
Clin Nutr. 2003;77(3):674–80.

[58] Hernández-Ramírez RU, Galván-Portillo MV, Ward MH, Agudo A, González CA, Oñate-
Ocaña LF, Herrera-Goepfert R, Palma-Coca O, López-Carrillo L. Dietary intake of poly-
phenols, nitrate and nitrite and gastric cancer risk in Mexico City. Int J Cancer. 2009;125
(6):1424–30.

[59] Galvan-Portillo MV, Wolff MS, Torres-Sánchez LE, López-Cervantes M, López-Carrillo L.
Assessing phytochemical intake in a group of Mexican women. Salud Publica Mex.
2007;49(2):126–31.

[60] Nascimento-Souza MA, de Paiva PG, Pérez-Jiménez J, do Carmo Castro Franceschini S,
Ribeiro AQ. Estimated dietary intake and major food sources of polyphenols in elderly of
Viçosa, Brazil: a population-based study. Eur J Nutr. 2016. In press. doi: 10.1007/s00394-
016-1348-0.

[61] Frankenfeld CL, Lampe JW, Shannon J, Gao DL, Ray RM, Prunty J, Kalhorn TF, Wähälä
K, Patterson RE, Thomas DB. Frequency of soy food consumption and serum isoflavone
concentrations among Chinese women in Shanghai. Public Health Nutr. 2004;7(6):765–72.

Flavonoids - From Biosynthesis to Human Health390

[62] Li G, Zhu Y, Zhang Y, Lang J, Chen Y, Ling W. Estimated daily flavonoid and stilbene
intake from fruits, vegetables, and nuts and associations with lipid profiles in Chinese
adults. J Acad Nutr Diet. 2013;113(6):786–94.

[63] Sun C, Wang H, Wang D, Chen Y, Zhao Y, Xia W. Using an FFQ to assess intakes of
dietary flavonols and flavones among female adolescents in the Suihua area of northern
China. Public Health Nutr. 2015;18:632–9.

[64] Li L, Zhang M, Holman CDAJ, Li L, Zhang M, Holman CDAJ. Population versus hospital
controls in the assessment of dietary intake of isoflavone for case-control studies on
cancers in China. Nutr Cancer. 2013;65(3):390–7.

[65] Hirayama F, Lee AH, Binns CW, Hiramatsu N, Mori M. Dietary intake of isoflavones and
polyunsaturated fatty acids associated with lung function, breathlessness and the preva-
lence of chronic obstructive pulmonary disease?: possible protective effect of traditional
Japanese diet. Mol Nutr Food Res. 2010;54(7):909–17.

An Overview of Global Flavonoid Intake and its Food Sources
http://dx.doi.org/10.5772/67655

391





Chapter 18

Anthocyanin Profile of Red Maize Native from Mixteco

Race and Their Antiproliferative Activity on Cell Line

DU145

Mónica Herrera-Sotero, Francisco González-Cortés,
Hugo García-Galindo, Enrique Juarez-Aguilar,
Mauricio Rodríguez Dorantes, José Chávez-Servia,
Rosa Oliart-Ros and Rosa Guzmán-Gerónimo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67809

Abstract

Mexico is regarded as the point of origin and biodiversity of maize, which takes the col-
ors white, yellow, blue, or red. Red maize in particular owes its coloring to a type of poly-
phenolic compounds known as anthocyanins. The aim of this study was to determine 
the profile anthocyanin of red maize, as well as their antiproliferative activity on prostate 
cancer cell line DU145. Three samples of red maize were analyzed. Total polyphenols, 
monomeric anthocyanins, antioxidant activity by DDPH and FRAP were evaluated. The 
sample of red maize with the highest levels of total polyphenols and monomeric anthocy-
anins was selected, and its anthocyanin fraction was analyzed by HPLC-ESI-MS. Twenty 
compounds were detected in the anthocyanin profile, and from these, 12 anthocyanins 
derived of cyanidin were identified. MTT assay was used to determine the antiprolif-
erative activity of the anthocyanin fraction from red maize at different concentrations 
(7–1000 μg/mL), and a significant antiproliferative activity was observed at 1000 μg/mL. 
Microscopy analysis showed that the anthocyanin fraction of red maize induced apop-
tosis in cell lines DU145. This is the first report showing that anthocyanin fraction of red 
maize possess antiproliferative activity in the DU145 cell line.

Keywords: red maize, phenolic compounds, anthocyanin profile, antiproliferative 
activity, DU145 cell line
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1. Introduction

Cereals are still the most important food source worldwide. Maize, sorghum, millet, wheat, 
rice, barley, oats, teff, and quinoa account for a large amount of the human diet. Maize (Zea 
mays L.) is the third crop by volume cultivated in the world and has a great economic impor-
tance, since it is used for animal and human foods as well as a raw material in the production 
of several industrial products [1]. There are over 59 maize races in Mexico [2] with different 
shapes and colors, such as white, yellow, blue, and red. In recent years, there has been a grow-
ing interest in pigmented varieties form the scientific point of view, since they are sources of 
phenolic compounds. Approximately 60% of polyphenols are flavonoids, which are regarded 
as the most important group of phenolic compounds. Among these are anthocyanins, the 
chemical compounds responsible for the color of red maize, which are located in the pericarp 
or aleurone layer of the grain [3].

Anthocyanins are generally regarded as the most important pigments in nature. These 
water-soluble compounds belong to the flavonoid family and can be found in the colors 
blue, red, purple, and dark violet [4]. From the chemical standpoint, anthocyanins in nature 
take the form of glycosides, whose aglycone is known as anthocyanidin. Anthocyanidins 
are made up of a benzopyril system (A–C) and a phenolic ring (B). Particular differences 
between anthocyanins depend upon the number of hydroxyl groups, the nature and num-
ber of glycosides attached to the molecule, the position of the point of attachment, and 
to the nature and number of aromatic acids joined to the glycoside in the molecule [5]. 
Since each anthocyanidin may be glycosylated and acylated by different acids at different 
points, there is a large number of chemical combinations [6]. Furthermore, the simplest or 
monomeric anthocyanins may react between themselves, producing more complex struc-
tures of higher molecular weights known as polymeric anthocyanins. They may also react 
with other compounds, and therefore, in nature more than 600 different anthocyanins are 
found.

On the other hand, there is a growing scientific interest on pigmented maize races such as red, 
due to their content of anthocyanins. Experts recommend the consumption of these because of 
their strong free-radical scavenging activity and chelation of divalent cations, which is given 
by their phenolic structure, double bonds of their rings, and hydroxyl groups. Anthocyanins 
may also modulate enzymes related to oxidative stress, and their preventive action in the 
development of disease has been reported [7].

Several epidemiological studies also reveal that the consumption of flavonoid-rich foods is 
associated with a lower risk of neurodegenerative diseases such as cancer [8–10]. Cancer is 
one of the main causes of death worldwide, causing 7.6 million deaths only in 2008. For 2030, 
this number of cancer victims is expected to increase to 11 million. Lung, breast, colorectal, 
stomach, and prostate cancers cause the majority of cancer deaths [11]. The treatment of this 
disease depends on the type of cancer as well as on the subtype or stage of the patient and is 
currently based on hormones, chemotherapy, radiotherapy, pharmaceuticals, and nanother-
apy. However, these treatments are aggressive, highly expensive, and unattainable for many 
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people [12]. Unfortunately, some cancer tumors are extremely resistant to current therapeutic 
agents; therefore, the development of new strategies in prevention, treatment, and control of 
cancer is urgently needed [13].

The scientific community is looking for alternatives, such as the use of natural compounds as 
chemopreventives or adjuvants. In this regard, red maize form Mixteco race may be an impor-
tant source of flavonoids; however, the number of studies investigating the antiproliferative 
activity of this grain is scarce. Given the above, the aim of the present work was to evaluate 
the antiproliferative activity of purified anthocyanins from red maize in the prostate cancer 
cell line DU145.

2. Research methods

2.1. Plant material

Three samples of red maize from the Mixteco race (Figure 1), cultivated in the Mixteca region 
of the State of Oaxaca, Mexico, were used in the present study.

2.2. Preparation of red maize extract

To prepare the extracts, 200 g of red maize was ground using a coffee grinder (Krups 
model GX410011V) in order to reduce particle size and increase contact surface area. Then 
500 mL of EtOH/ C6H8O7 (85:15 1 M) were added, and the mix was thermosonicated in 
an ultrasonic homogenizer (Cole-Palmer, modelo VCX-750) for 30 min at 40% amplitude, 
pulse 05:05). Afterward, the extracts were left to stand for 24 h at 4°C and then centrifuged 
at 4000 rpm for 20 min at 5°C. Extracts were concentrated in a rotavapor (Büchi Rotavapor 
R-205, Büchi Vacuum Controller V-800, Büchi Heating Bath B-490) at 28°C under vacuum, 
and finally samples were lyophilized and stored at −20°C. This process was carried out in 
the dark [14].

Figure 1. Samples of red maize from Mixteco race.
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2.3. Analysis of total polyphenols

Total polyphenols were analyzed by the method described by Folin and Ciocalteu and modi-
fied by Singleton and Rossi [15], which is based on an oxidation-reduction reaction and phe-
nolic compounds react with the Folin-Ciocalteu reagent under alkaline conditions, resulting 
in a blue coloration that is evaluated by spectrophotometry. Previous to the analysis, a cali-
bration curve with gallic acid was made (12 mg EAG/100 mL) and read at 730 nm. Results 
were expressed as mg equivalent of gallic acid/L.

2.4. Determination of monomeric anthocyanins

Quantification of anthocyanins was carried out by the pH differential method described by 
Giusti and Wrolstad [16]. The amount of anthocyanins was expressed as mg of cyanidin 
3-glucoside/L of sample, and each sample was analyzed by triplicate.

2.5. Antioxidant activity by DPPH

The DPPH (1,1-diphenyl-2-picrylhydrazyl) method, as reported by Brand-Williams et al. [17], 
was used to determine antioxidant activity. A standard calibration curve (100–800 μmol) of 
trolox was used as reference. A measure of 2.9 mL of DPPH were vigorously mixed with 
0.1 mL of each extract and then kept in the dark for 30 min at 25°C. Absorbance was read at 
517 nm. Results were expressed as μmol equivalent of trolox/g of simple. All determinations 
were made by triplicate.

2.6. Antioxidant activity by FRAP

Analysis of antioxidant activity by FRAP (Ferric reducing antioxidant power) was carried out 
according to Benzie and Strain [18]. A standard trolox calibration curve (100–800 μmol) was 
used as reference. About 3 mL of FRAP reagent were mixed with 0.1 mL of each extract, then 
incubated for 5 min at 37°C, and the absorbance was read at 593 nm. Results were expressed 
in μmol equivalent of trolox/g of simple. All determinations were made by triplicate.

2.7. Isolation of anthocyanins

Purification of anthocyanins was made in the dark, using a chromatographic column packed 
with amberlite XAD-7.1 g of lyophilized red maize extract that was placed per column, and two 
solutions were added as mobile phases: solution A: H2O/acetic acid (95:5 v:v) and solution B: 
EtOH/acetic acid (95:5 v:v). Fractions of anthocyanins were collected in ambar glass bottles and 
concentrated in a rotavapor (Büchi Rotavapor R-205, Büchi Vacuum Controller V-800, Büchi 
Heating Bath B-490) at 28°C under vacuum. Samples were lyophilized and stored at −20°C [14].

2.8. Analysis of anthocyanins by high-performance liquid chromatography with 
electrospray ionization mass spectrometry (HPLC-ESI-MS)

Anthocyanin analysis was carried out in a high-performance liquid chromatographer (Agilent 
model 1200) coupled with a mass spectrometer (Bruker model Esquire 6000), equipped with 
electrospray and ion trap with a nitrogen nebulizer 15 psi, nitrogen as drying gas at a rate 
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The DPPH (1,1-diphenyl-2-picrylhydrazyl) method, as reported by Brand-Williams et al. [17], 
was used to determine antioxidant activity. A standard calibration curve (100–800 μmol) of 
trolox was used as reference. A measure of 2.9 mL of DPPH were vigorously mixed with 
0.1 mL of each extract and then kept in the dark for 30 min at 25°C. Absorbance was read at 
517 nm. Results were expressed as μmol equivalent of trolox/g of simple. All determinations 
were made by triplicate.

2.6. Antioxidant activity by FRAP

Analysis of antioxidant activity by FRAP (Ferric reducing antioxidant power) was carried out 
according to Benzie and Strain [18]. A standard trolox calibration curve (100–800 μmol) was 
used as reference. About 3 mL of FRAP reagent were mixed with 0.1 mL of each extract, then 
incubated for 5 min at 37°C, and the absorbance was read at 593 nm. Results were expressed 
in μmol equivalent of trolox/g of simple. All determinations were made by triplicate.

2.7. Isolation of anthocyanins

Purification of anthocyanins was made in the dark, using a chromatographic column packed 
with amberlite XAD-7.1 g of lyophilized red maize extract that was placed per column, and two 
solutions were added as mobile phases: solution A: H2O/acetic acid (95:5 v:v) and solution B: 
EtOH/acetic acid (95:5 v:v). Fractions of anthocyanins were collected in ambar glass bottles and 
concentrated in a rotavapor (Büchi Rotavapor R-205, Büchi Vacuum Controller V-800, Büchi 
Heating Bath B-490) at 28°C under vacuum. Samples were lyophilized and stored at −20°C [14].

2.8. Analysis of anthocyanins by high-performance liquid chromatography with 
electrospray ionization mass spectrometry (HPLC-ESI-MS)

Anthocyanin analysis was carried out in a high-performance liquid chromatographer (Agilent 
model 1200) coupled with a mass spectrometer (Bruker model Esquire 6000), equipped with 
electrospray and ion trap with a nitrogen nebulizer 15 psi, nitrogen as drying gas at a rate 
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of 7 L/min, drying temperature of 300°C, 500 m/z target, and 50–1000 m/z scan. A Zorbax 
Eclipse plus C-18 column (2.1 mm × 100 mm × 3.5 μm) was used. The mobile phase consisted 
of acetonitrile as solvent A and 2% aqueous acetic acid solution as solvent B. The gradient was 
7:93 (A:B) at 0 min, 35:65 (A:B) at 80 min, and 100% A in 35 min. Flow rate was 0.2 mL/min. 
Test time was of 40 min [14].

2.9. Evaluation of cell proliferation in vitro

DU-145 cells were seeded into 96-well plates at 5000 cells per well and incubated with differ-
ent extract concentrations. The MTT ( (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium 
bromide) assay was performed after treatment time (24–48 h) [19]. Roswell Park Memorial 
Institute (RPMI) 1640 culture medium was replaced with 50 μL of MTT (5 mg/mL), and the 
cells were incubated for 4 h at 37°C in darkness. Formazan crystals were dissolved in 200 μL 
of DMSO (dimethyl sulfoxide). Absorbance was read at 570 nm on a micro plate reader 
(Awareness Technology, Stat Fax 4200 model).

2.10. Statistical analysis

Three independent repetitions were made for the cell culture experiments. In order to deter-
mine significant differences among data, ANOVA (analysis of variance) tests were performed 
followed by Tukey (p < 0.05) multiple range tests.

3. Results and discussion

3.1. Contents of total polyphenols, monomeric anthocyanins, and antioxidant activity

In the first part of the present work, the contents of total polyphenols, monomeric anthocya-
nins, and antioxidant activity by DPPH and FRAP were evaluated. Sample R-14 showed the 
highest values for total polyphenols (Table 1). Values of monomeric anthocyanins for red 
maize were higher than those reported for Chalco and Red Chihuahua maize [20] and lower 
than those reported for samples of red maize from Mexico City and Puebla, Mexico [21]. The 
values for antioxidant activity as evaluated by the DPPH method were between 10.5 and 
12.7 μmol ET/g, whereas antioxidant activity by FRAP recorded 2.77 and 2.79 μmol ET/g. 
This suggests that red maize samples are a potential source of phenolic compounds with 
antioxidant properties. On the other hand, sample R-14 was selected to evaluate antioxidant 
profile and antiproliferative activity on prostate cancer cell line DU145, since this particular 
sample showed the highest values for total polyphenols and monomeric anthocyanins.

Samples Total polyphenols  
(mg EAG/100 g)

Monomeric anthocyanins  
(mg C3G/100 g)

DPPH (μmol ET/g) FRAP (μmol ET/g)

R-03 327 50.1 10.5 2.77

R-07 368 68.1 12.3 2.69

R-14 373 67.4 12.7 2.79

Table 1. Total polyphenols, monomeric anthocyanins, and antioxidant activity of red maize from Mixteco race.
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3.2. Anthocyanin profile of red maize from Mixteco race

It is widely known that biological properties of anthocyanins depend upon their chemical 
structure, substitutions, conjugations, and polymerization. Therefore, in the present study, 
the anthocyanin profile of red maize was analyzed by HPLC-ESI-MS. Figure 2 shows the 
total ion chromatogram (TIC) of red maize anthocyanins from Mixteco race. A total of 20 dif-
ferent compounds were detected, their retention times (tr) and main ions (m/z) are shown in 
Table 2. A total of 17 compounds were derived from cyanidin (287 m/z). On the other hand, 
15 different compounds were identified in the anthocyanin profile of red maize from Mixteco 
race (Table 2), which includes monoglycosilated, acylated anthocyanins, and proanthocyani-
dins. Regarding the role of anthocyanins in the prevention of prostate cancer, a recent study 
shows that cyanidin-3-glucoside produces cancer cell apoptosis in line DU145 [22]. After the 
anthocyanin profile was completed on the selected sample, its antiproliferative activity was 
tested on cell line DU145.

3.3. Antiproliferative activity

Figure 3 shows the percentage of cell viability after 24 h of treatment with different concentra-
tions of purified anthocyanins from red maize. As seen in the graph, no significant differences 
were detected between the different concentrations and the control (p ≤ 0.05). This shows that 
red maize extract had no significant effect on prostate cancer cell line DU145 after 24 h.

Figure 4 shows the percentage of cell viability after 48 h of application of different concentra-
tions of purified anthocyanins of red maize, where a significant reduction percentage on cell 
growth was observed at 1000 μg/mL as compared to the control, corresponding to 35% of 
cell viability; the same effect was observed in the micrograph (Figure 5), where a cytoplasmic 
vacuolization is present and the growth of live cells is haltered. Even though there are no 
reports on the effect of anthocyanins of red maize on cancer cell lines, recent studies show 
that cyanidin-3-glucoside produces an antiproliferative effect through the activation of cas-
pase-3 on prostate cell lines LnCap and DU145 [22]. It has also been reported that flavonoids 
from blueberry inhibit the activity of metalloproteinase in DU145 [23]. These data suggest a 
potential for red maize flavonoids in the chemoprevention of prostate cancer, which is nowa-
days the first cause of death by cancer.

Figure 2. Anthocyanin profile of red maize from Mixteco race.
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Figure 3. Percentage of cell viability after 24 h of treatment with red maize anthocyanins. Columns show the mean value 
and standard deviation of three independent experiments.

Peak TR (min) Fragment ions (m/z) Tentative identification

1 1.5 287,509 Nonidentified

2 1.7 287,449 Cyanidin-3-glucoside

3 9.8 287,491 Cyanidin-3-O-(6′-acetyl-glucoside)

4 11.2 287,493 Nonidentified

5 12.2 287,530 Cyanidin-3-O-sambubioside-5-rhamnoside

6 12.8 287,460 Nonidentified

7 13.4 287,599 Nonidentified

8 13.6 287,754 Cyanidin-3-O-(6′-acetyl-arabinoside)

9 14.2 287,491 Cyanidin 3-(6″-malonyl) glucoside

10 15.4 287,549 Cyanidin-3-succinylglucoside

11 15.9 287,501 Cyanidin-3-O-soforoside

12 16.2 287,451 Nonidentified

13 19.3 287,433 Cyanidin-3-O-(6″-p-coumaroil-glucoside)-5-O-(6″-malonyl-glucoside)

14 19.9 287,731 Cyanidin 3-p-hydroxy-benzoyl sophoroside-5-glucoside

15 20.6 287,773 Cyanidin 3-sophoroside-5-glucoside

16 23.0 287,901 Procyanidin dimer

17 24.6 339,843 Nonidentified

18 25.5 287,901 Procyanidin dimer

19 25.8 353,901 Procyanidin dimer

20 29.3 343,885 Procyanidin type B

Table 2. Identity of anthocyanins detected in red maize from Mixteco race.
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Figure 6 shows an image obtained by optical microscopy: a DU145 cell culture treated with 
the maximum concentration of red maize anthocyanins (1000 μg/mL) along with a culture 
in the absence of anthocyanins; after 48 h of incubation, cell vacuolization is observed in the 
experimental sample.

In summary, red maize from Mixteco race is a rich source of flavonoids such as anthocyanins, 
and their profile is mainly constituted by cyanidin-derived anthocyanins. These compounds 
have a potential application in the prevention of prostate cancer, showing antiproliferative 
activity on cell line DU145. Future research is needed.

Figure 4. Percentage of cell viability after 48 h of treatment with red maize anthocyanins. Columns show the mean value 
and standard deviation of three independent experiments.

Figure 5. Microscopy of cancer cells DU145 after 48 h application of different concentrations of purified anthocyanin 
extract from red maize.
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Abstract

There is insufficient evidence to identify the precise health effects of chili pepper con-
sumption. However, there is evidence of their topical use as an analgesic to decrease pain 
from rheumatoid arthritis, osteoarthritis, neuralgias, neuropathic diabetes, neuronal dys-
functions and inflammation, among others. In this work, the diversity and variety of con-
sumed forms of chilis in Mexico, flavonoid and capsaicinoid content in fruits, and their 
potential health uses are documented, based on various research results and bibliographic 
information. In Mexico, more than 150 landraces of wild and cultivated origins are con-
sumed and preserved and are distributed throughout the country; the greatest diversity 
is concentrated in the central and south-southeastern regions. Consumption per capita in 
urban households is from 8 to 9 kg, and in rural communities, it varies from 14 to 17 kg. 
Chili peppers contain up to 23 flavonoids and 20 capsaicinoids, differing among landraces 
because of crop management, maturation of fruits, postharvest management and ecolog-
ical-environmental influences. Flavonoids and capsaicinoids confer antioxidant, anticar-
cinogenic properties on the fruit and have lipolytic and preventative effects on chronic 
degenerative diseases. However, in vitro and in vivo experimental trials of capsaicinoids 
and flavonoids with beneficial effects must be conducted with regard to human health.

Keywords: Capsicum annuum, pepper landraces diversity, antioxidants, benefits of chili 
pepper consumption, flavonoids, capsaicinoids on health
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1. Introduction

Chili pepper (Capsicum spp.) has been used in Mexico as food and a condiment for over eight 
centuries [1] and is an integral component of the diet and cultural identity of Mexico. Although 
various chili species grow wild and are cultivated in the United States of America, Mexico is 
the center of origin, domestication and diversification of Capsicum annuum L. [2, 3]. Wild vari-
ants continue diversifying (C. annuum var. glabriusculum [Dunal] Heiser & Pickersgill) and are 
distributed throughout the country [4, 5]. In this Mesoamerican biocultural context and using 
traditional management, farmers preserve and utilize a great diversity of chili landraces.

A total of slightly more than 150 landraces, occupying extensive planted surfaces and provid-
ing for great consumption, have been described in Mexico. The central and south-southeastern 
regions are more diverse and relevant for the in situ preservation of chilis. In these regions, 
approximately 80 landraces have been preserved. In Mexico, 153,565 ha are cultivated annu-
ally, resulting in an average production of 2.8 million tons of dry and fresh fruits. Annually, 
approximately 2 million tons of fresh and dry chilis are consumed, and in some years, imports 
range between 20,757 and 41,000 tons [6]. Consumption per capita in urban areas is from 8 to 
9 kg, and in rural communities, it varies between 13 and 17 kg.

The health benefits of chili consumption and its active ingredients continue to be investigated 
using in vitro and in vitro biological models as well as theoretical and experimental models. 
Capsaicinoids and flavonoids are the determinant compounds of color, flavor, texture and aroma 
of food prepared with chilis. A common question among health specialists is whether chili con-
sumption improves health or contributes to disease development. The chili fruit contains up to 
15 or more capsaicinoid compounds. Among the majority are capsaicin, dihydrocapsaicin and 
nordihydrocapsaicin; in flavonoid content, quercetin, apigenin and luteolin are notable as well 
as some catechins and cyanidins. Thus, one does not only ingest vitamins B1, B2 and C, minerals, 
carotenoids and phenols by chili consumption.

Flavonoids contain phenolic hydroxyl groups in their chemical structure and possess excellent 
chelating properties of iron and other transition metals—characteristics that confer on chilis 
a high antioxidant capacity and anti-free-radical properties, generating protection against 
oxidative damage [7]. Flavonoids have positive effects on health although their mechanisms 
of action continue to be investigated because it is difficult to quantify daily intake and their 
direct effects on health. Thus far, flavonoids are associated with antisclerotic, anti-inflamma-
tory, antitumoral, antithromobogenic, antiviral and antiosteoporotic effects and may function 
as a preventive agent in cancer, among other effects [8–10].

Capsaicinoids are synthesized in the placenta of the fruit and are genetically determined (Pun1 
allele of pungency) by the presence of the Pun1 or pun1 gene with EST- or AT3-type cofac-
tors that induce a quantitative effect of the gene and variations in the pungency of the fruit. 
Therefore, not all chili peppers are spicy, and various consumers consider chili varieties that 
carry the pun1 recessive gene to be sweet fruits [11]. In addition, genetic or genotypic factors, 
crop management, cultivation environments, maturity of the fruit upon cutting, postharvest 
management of fruit and forms of processing or cooking the fruit for consumption influence 
the level of pungency and flavor at the time of consumption [12].
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In the last decade, hundreds of articles have been published on the potential adverse and 
beneficial effects of capsaicin (8-methyl-N-vainillyl-6-nonenamide) on human health. Experi-
mental results are controversial and require testing in humans, not only biological models. 
Consumption of capsaicin in chilis stimulates neuronal networks and gastric secretions and 
stimulation; in addition, capsaicin is considered to be a preventative agent for cancer, has 
lipolytic action by increasing the hydrolysis of triacylglycerol in adipocytes and is associated 
with antioxidant action. Direct effects as a carcinogenic agent have not been demonstrated, 
and recent studies have demonstrated that there is no conclusive evidence that confirms the 
association between consumption of extremely spicy red chili peppers and mortality in the 
European and North American populations [13–18].

The role of diet in health is increasingly important and warrants further investigation. Several 
investigators have focused their studies on the documentation of macro- and micro-nutrients, 
vitamins, minerals, proteins, gastronomic aspects and, recently, the functional and nutraceu-
tical character of various bioactive compounds. Chili peppers and other species are consumed 
universally because these fruits confer color, flavor, aroma and texture and help preserve 
foods. In this work, the diversity and variety of consumed forms of chilis in Mexico, flavonoid 
and capsaicinoid content in the fruits and their potential health benefits, are documented 
based on various study results and bibliographic information. Additionally, elements of the 
culinary culture associated with chili in Mexico, high levels of consumption and repercus-
sions on human health with an emphasis on flavonoids and capsaicinoids are provided.

2. Diversity of chili pepper landraces in Mexico

Depending on the archaeobotanic, genetic and pre-Columbian sociocultural diversity, it has 
been established that chili peppers (Capsicum annum L. and C. frutescen L.) have been collected, 
cultivated and consumed in Mexico for hundreds of years. For example, analysis of archaeologi-
cal remains from the Tehuacán Valley in Mexico indicates that there were wild forms 8000 years 
ago, and different cultivation and domestication events of C. annuum occurred with evidence 
dating to 6000 years ago [19, 20]. Perry and Flannery [1], from excavations, collection and dat-
ing of archaeobotanic samples of the Silvia and Guila Naquitz´s caves in Oaxaca, indicated that 
cultivated forms of C. annuum and C. frutescens have existed for nearly 8000 years. In Chiapas, 
Mexico, from a sample of ceramic residue, extensive culinary use of chili peppers was demon-
strated [2]. In general, archaeobotanic, genetic and cultural linguistic evidence identifies the 
Mesoamerican region as the center of origin, domestication and diversification of C. annuum and 
C. frutescens, and those species continued to evolve under domestication or as wild forms [3].

In Mexico, wild species of Capsicum have certain characteristics in common, such as being 
small spicy fruits of round, elongated or conical forms that regularly ripen in red or yellow 
colors. The regularly erect fruits are easily separated from the calyx. They have small seeds, 
which form a portion of the diet of birds and facilitate the chilis’ dispersal over long distances. 
Today, wild forms have a wide distribution from the southern United States of America to 
South America (Argentina). Among these cases, C. annuum var. annuum and C. annuum var. 
glabriusculum (Dunal) Heiser & Pickersgill are notable [5, 21–23].
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During the domestication process, chili fruits and plants have undergone various genetic 
transformations in response to human and natural selection. Thus, by the processes of natural 
environmental and artificial selection, the forms, sizes, colors and flavors of the fruit began to 
change. Obtaining a larger fruit and greater productivity per plant is, even today, one of the 
goals of breeders and growers. In the domesticated or cultivated forms of chili, the fruits are 
hanging and remain on the plant upon ripening, and in some cases, the fruit is covered and 
hidden from birds; the plant is interdependent with man to survive. That is, domesticated 
or cultivated species do not survive in their wild state because the plants have lost various 
defense mechanisms against natural enemies, including their seed dispersion mechanisms. In 
commercial varieties, the fruits and seeds are generally larger (e.g., Bell types) compared with 
wild forms [3, 24]. One of the evident changes during the domestication syndrome was the 
increase in the germination rate of cultivated forms [4].

The domestication of chili peppers generated heritable genotypic changes, which are expressed 
in several known phenotypic variants. Environmental and human selection modified sev-
eral morphological characteristics of the fruit and plant and continues to generate signifi-
cant changes to adapt to different cultivation systems (e.g., greenhouse and high input use). 
Current cultivation and genetic improvement impose strong selection pressures to the point 
of dividing cultivated forms into highly pungent, intermediate and sweet or non-pungent 
groups. In all cases, sources of resistance or tolerance to disease and pests are sought but 
with high productive efficiency [25, 26]. Chili consumers seek a great diversity of fruits with 
varied grades of pungency, flavor, aroma, color and sizes of ripe, immature, fresh or dry 
fruits. In rural households, a few plants grown in the garden or backyard produce enough 
fruit to satisfy the needs of a family. Traditionally, small producers keep the produced seed 
from a small number of cultivated plants year after year; the seeds tend to be homogeneous or 
homozygotic because of regular self-pollination or crossing one another. All of these factors 
generate high differentiation among cultivated populations [23, 24, 27].

The extensive diversity of landraces of chili in Mexico and Mesoamerica is the product of 
the geographic convergence of wild and cultivated species. Among the cultivated endemic 
species, C. annuum and C. frutescens are notable, and species introduced from South America 
to Mexico are C. chinense Jacq. and C. pubescens R. & P. among C. annuum, C. frutescens and 
C. chinense, there is a strong crosslinking capacity, called the white flower annuum-chinense-
frutescens species complex; this complex has a high likelihood of crossing with wild variants 
of C. annuum var. glabriusculum, particularly when the latter acts as a male parent [28, 29]. 
In this biogeographical context, diversity of landraces in Mexico is generated by crossing 
related species, genetic flow generated by the dispersal of seeds and the selection of cultiva-
tors, including the effects of genetic drift products from the low number of plants and geo-
graphic isolation [4, 5, 27, 30–32].

In addition to the high diversity of landraces, in the Mesoamerican region of Mexico, there is 
a large ethnolinguistic diversity, with the presence of 28 indigenous groups including Otomí, 
Mazahua, Náhuatl, Popolucas, Zapoteco, Mixteco, Mixe, Amuzgo, Triqui, Mazateco, Chinanteco, 
Mayas, Chontales, Huaves, Chatino, Cuicateco, Chontal, Tzetzal, Tzotzil, Purép echa, Totonaco, 
Ocuilteco and Matlazinca [33]. Pre-Columbian cultures represented by current indigenous 
groups exerted a strong selection pressure on chili cultivation to satisfy all food requirements 
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such as medicinal, cultural and ritual. Brown et al. [34] and Kraft et al. [3] studied paleobiolin-
guistic evidence of the domestication of Capsicum in Mexico. Among the primary findings was 
evidence of 17 words of proto-languages to designate the various cultivated and wild variants or 
populations of chili; among these terms are Uto-Aztecan, Otomanguean, Popolocan-Zapotecan, 
Chinantecan, Mixe-Zoquean, Zapotecan, Mayan, Chiapanec-Mangue, Sonoran, Tonacan, 
Otomapean, Mixtecan, Amuzgo-Mixtecan, Totozoquean and Popolocan, all related to the indig-
enous groups mentioned here. This renders it possible to distinguish relations between a high 
diversity of landraces and the extensive gastronomic diversity of dishes [35].

Based on the phenotypic and genetic diversity of chili peppers in Mexico, here, we use the concept 
of landraces as a combination of definitions proposed by Zeven [36] and Camacho-Villa et al. [37] 
and the dimensions of seed lots managed by growers proposed by Louette et al. [38]. Thus, a chili 
landrace is understood to be a dynamic population of cultivated plants in the backyard or crop 
plots with defined, highly variable or uniform evolutionary origins of the characteristics of the 
plant, strong similarity in the form of fruit, seed lots that are managed independently and high 
locally adapted genetic diversity, occasionally with a different name associated with traditional 
forms of consumption and cultivation. In various cases, the forms, flavors and aromas of the fruit 
are phenotypically distinguishable, and differentiation frequently obeys geographic-reproductive 
isolation and selection that farmers utilize. Nevertheless, from that diversity of landraces, numerous 
traditional and improved commercial varieties have been generated and continue to be generated.

2.1. Phenotypic and genetic diversity among landraces

The wild and cultivated chili of Mexico have been known since pre-Columbian times and are 
the result of genetic recombination between wild and cultivated forms, only cultivated forms 
or between primary and secondary genepools. Today we know these genepools as indigenous, 
traditional and regional varieties or landraces of high phenotypic variation in fruit and plant 
traits. However, these landraces have suffered genetic erosion as a result of habitat loss, changes 
in the use of soil from forests to cultivated or urban zones and displacement by improved vari-
eties introduced and imposed by the demands of national or international markets [24].

There are marked phenotypic divergences among landraces, relative to sizes, forms, colors 
and pungency of the fruit. For example, Piquin has a fruit diameter of 2–20 mm compared 
with Chilaca, which has a cylindrical-elongated form that is 15–35 cm in length with a 2–6 cm 
diameter. Anchos are conical-triangular fruits that vary from 12 to 15 cm in length and from 
8 to 10 cm in width [39]. Colors vary from coffee-reddish, yellow, light greens, dark greens, 
whitish and very light greens with purple anthocyaninic stains such as in the Pico Paloma and 
Tusta types of south-southeastern Mexican chili peppers (Table 1).

With regard to consumption, landraces can be classified as fresh or dry. The largest number 
of landraces are consumed fresh or dry; among the latter are Piquin, Guajillo or Mirasol, 
Costeño, Puya, Cascabel, Catarina, Canica, Chilhuacle, Ancho, Mulato, De árbol or Cola de 
Rata and Pasilla. A special case is the preparation of the Chipotle chili (a form of drying by 
smoking or by oven and pickled); Jalapeno variants are used before ripening, and the fruit 
is dehydrated and dried in an oven or smoked. In some cases, the fruit is dried in the sun or 
shade or by smoking [32, 39, 42].
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Species and botanical 
varieties

Regionalization for cropping and on-farm conservation of landraces (local and regional 
names)

C. annuum var. 
annuum (Cultivated 
and wild forms)

Península de Yucatán: Pico de Palomas, Xcat’ikm, Ya’ax ikm o Cha’huam, Dulce, Jalapeño, 
Maaxm, Canica, Sucurre, Kumm

South-southeastern: Guajillo o Mirasol, Pasilla o Chilaca, Ancho o Poblano, Taviche, De 
Agua, Costeño, Miahuateco, Mulato, Gordo, Huacle o Chilhuacle, Jalapeño, Serrano, Loco, 
Coxle o Chicoxlec, Gallo-Gallina, De Árbol o Cola de Rata o Yahualica, Tabaquero, Taviche, 
Apaxtleco, Achilito, Nanche, Tusta, Piquín, Piquín de Simojovel, Chocolate, De Onza, 
Paradito o Escuchito, Lajoyero o Joyeño o Chilaquita, Parado de Zitlala, De Monte, Tecpín 
de Zitlala, Morrón, Garbanzo, Ojo de Cangrejo, Güero, Bojo, Blanco de Chiapas y Tabasco, 
Bandeño de Guerrero, Bolita de la Frailesca, Siete Caldos, Morado, Serranito, De Gallo, 
Ardilla, Totic de Chiapas

Central: Ancho o Poblano, Miahuateco, Mulato, De Chorro o Cristalino, Pasilla o Chilaca, 
Tecomatlán, Loco, Rayado, Jalapeño, Serrano, Criollo de Morelos, Soledad, Copi de Puebla, 
Guajillo o Mirasol, Tabaquero, Mirador o Chalinguero, Pico de Paloma, Piquín o Piquín 
Huasteco, Cascabel, Soltero, Morron, Morita, Güero, De Chorro, Comapeño de Veracruz, 
Catarino del Bajío, Chilacate de Jalisco, Pahueteco, Altamira Serrano de Guanajuato, Carricilo 
o Tornachile, Ozuluamero, Canica del Bajío

Northwest: Ancho, Mulato, Pasilla o Chilaca, Guajillo o Mirasol, Puya, De Árbol o Cola de 
Rata o Yahualica, Cora, Piquín

Northeast: Ancho, Mulato, De Árbol o Cola de Rata o Yahualica, Guajillo o Mirasol, Serrano, 
Puya, Cora, Piquín, Cascabel, De Chorro, Corazón de Durango, Caloro de Chihuahua, 
Guajón de Zacatecas, Sarta de Sonora, Negro de Chihuahua, Sinahuisa Serrano de Sonora, 
Vallero de Chihuahua

C. annuum var. 
glabriusculum 
(commonly as wild 
forms)

Península de Yucatán: Maaxm o Mashito, Piquín

South-southeastern: Mashito o Amashito, Amashito Grande, Ojo de Cangrejo, Garbanzo, 
Bolita, Chingolito Amarillo, Piquín de Tabasco, Piquín Amarillo de Chiapas, Güiña 
Shirunduuz, Chilpete de Jalisco

Central: Piquín o Chiltepín

Northwest: Piquín o Chiltepín

Northeast: Piquín o Chiltepín

C. frutescens 
(cultivated a wild 
forms)

Península de Yucatán: Mashitom

South-southeastern: Chilpaya, Tabasco, Mashito, Pico de Paloma, Bolita, Güiña Shuladiz, 
Mirasol de Oaxaca, Miraparriba, Tabasqueño de la Frailesca

Central: Pico de Paloma, Zacapaleño

Northwest: Chilpaya

mMaya, sEspañol, cCuicateco and zZapoteco (local languages).
Regions of distribution: (a) Península de Yucatán = Estados de Quintana Roo, Yucatán and Campeche, (b) South-
southern: Include the south region from Veracruz, Tabasco, Chiapas, Oaxaca and Guerrero, (c) Central: Cover the states 
of Jalisco, Colima, Michoacán, Estado de México, Guanajuato, Querétaro, Hidalgo, Morelos, Tlaxcala, Puebla and Central 
region of Veracruz, (d) Northwest: Include Zacatecas Aguascalientes, Nayarit, Sinaloa, Durango Sonora, Chihuahua 
Baja California Norte and Baja California Sur, and (e) Northeast: From North of Zacatecas, San Luis Potosí, North of 
Veracruz, Tamaulipas, Nuevo León and Coahuila.
Sources: González-Jara et al. [4], Pozo-Campodonic et al. [39], Votava et al. [31], Aguilar-Meléndez et al. [32], Pérez-
Castañeda et al. [29], Cazáres-Sánchez et al. [40], Castañón-Nájera et al. [41], Vela [42]; Aguilar-Rincón et al. [43], Narez-
Jiménez et al. [44], Loaiza-Figueroa et al. [45].

Table 1. Regionalization of the diversity of Capsicum annuum landraces in Mexico.
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With regard to the level of pungency or spiciness, chili peppers are classified as quite pun-
gent, fairly pungent, sweet or without spiciness. Any consumer of chili in Mexico recognizes 
Habanero and Manzano as the most spicy chilis; both variants were introduced to the coun-
try and belong to the species C. chinense (150,000–325,000 Scoville units) and C. pubescens 
(30,000–60,000 Scoville units), respectively [42]. After these two, De Árbol, Serrano, Jalapeño 
and Piquín variants follow in order of pungency. Finally, there are the moderately pungent 
or sweet chilis such as Dulce (sweet) chili of the Yucatan Peninsula, De agua from Oaxaca, 
Poblano and Güero that are particularly notable. Pungent or spicy chilis are more often pre-
ferred for the preparation of numerous dishes (Table 1).

A total of slightly more than 150 landraces that are extensively planted and consumed have 
been described. The distribution of the diversity of chili landraces in Mexico can be divided 
into five regions. The Yucatan Peninsula includes the states of Quintana Roo, Yucatan and 
Campeche. Here, the Sucurre, Maax, Xcat’ik, Yaax ik and Dulce variants, among others, occur 
most frequently. Two regions are quite relevant to the in situ preservation of landraces: south-
southeast and central, in which regionally, more than 80 local varieties are preserved (Table 
1). In these regions, the greatest diversity of indigenous groups is also concentrated; therefore, 
current indigenous people preserve the great diversity of landraces. The landraces of northern 
Mexico (northeast and northwest) are less diverse than in central and south-southeastern areas.

Wild and cultivated forms of chilis of greater diversity, endemism and distribution in Mexico 
are C. annuum var. annuum, C. annuum var. glabriusculum and C. frutescens. Despite advances 
in the distribution, classification and quantification of the genetic diversity of Capsicum, inter-
est-specific hybridizations in the C. annuum-C. frutescens-C. chinense complex that converges 
in Mexico remain unexplored, including the variability generated by hybridization between 
landraces and improved introduced varieties. Among landraces, strong genetic divergences 
have been documented by differences in regionally distributed populations. For example, by 
nine isoenzymatic systems, Loaiza-Figueroa et al. [45] determined high isoenzymatic diver-
sity by the population description of 186 accessions.

The preservation of a large diversity of landraces is associated with a culture of exploitation of 
the species that originated in pre-Columbian times [1–3]. Among the aspects that continue to 
draw attention to gastronomic use are the variety of flavors, aromas and spicy characteristics, 
including variations in color in dishes and perceptions that are associated with compositions 
of the fruit in terms of capsaicinoids, flavonoids and polyphenols, among other compounds. 
In a traditional rural Mexican family, it is quite unlikely that the diet does not include chilis 
as a condiment, sauce or main dish.

Many authors have demonstrated that there is great genetic diversity among the populations 
of a landrace. With regard to diversity between and within landraces, Contreras-Toledo et al. 
[46] and Toledo-Aguilar et al. [47], using microsatellite markers, demonstrated great genetic 
diversity within the Ancho or Poblano, Piquín, Guajillo and Chilaca landraces. Kraft et al. [27] 
indicated that divergences among landraces are fundamentally a result of the form of selec-
tion of the seed and isolated management of the crop. This same pattern is observed among 
wild forms (e.g., Piquín), which grow spontaneously in backyards [4]. Pacheco-Olivera et 
al. [23], in evaluations of the genetic diversity of Mexican chili peppers by microsatellites, 
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observed that the diversity and genetic differentiation of three landraces were statistically 
similar to the evaluated pattern in seven commercial hybrids.

2.2. Regionalization of production and consumption of chili landraces

In Mexico, the cultivation and consumption of chili peppers have great economic and social 
importance. In 2015, 153,565 ha were cultivated, with an average production of 2.8 million 
tons of dried and fresh fruit. Of the total production, 22,143 and 793,501 tons of dry and fresh 
fruit were exported, respectively. National consumption neared 2 million tons, and in some 
years, imports of approximately 20,757–41,000 tons have been reported [6]. Consumption per 
capita in urban areas is from 8 to 9 kg, and in rural communities, it varies from 14 to 17 kg. 
Landraces and varieties of greater production and consumption are Jalapeño, Ancho, Serrano, 
Guajillo, Poblano and Mirasol, with more than 9000 hectares planted. The varieties of highest 
consumption dried are Ancho, Guajillo and Mirasol. Serrano, Jalapeño and Ancho are grown 
throughout in nearly all of Mexico (Table 2).

State of production origin1 Landraces, improved varieties and local populations of 
fresh and dry chili peppers

Aguascalientes Guajillo, Poblano o Ancho

Baja California Norte Serrano, Jalapeño, Anaheim, Bell

Baja California Sur Bell, Anaheim, Caloro, Jalapeño, Serrano, Poblano,

Campeche Habaneroc, Jalapeño

Coahuila Habaneroc, Bell, Anaheim, Serrano, Poblano, Jalapeño

Colima Habaneroc, Jalapeño, Serrano

Chiapas Habaneroc, Serrano, Costeño

Chihuahua Habaneroc, Ancho, Colorado, De Árbol o Cola de Rata, 
Mirasol, Pasilla, Caloro, Cayenne, Chilaca, Jalapeño, 
Paprika, Poblano, Serrano,

Durango Ancho, Puya, Jalapeño, Poblano, Anaheim, Bell

Guanajuato Chilaca, Serrano, Jalapeño, Poblano, Bell, Anaheim

Guerrero Ancho, Costeño, Puya, Chilaca, Guajillo, Mirasol, Serrano

Hidalgo De Árbol o Cola de Rata, Jalapeño, Serrano, Bell, 
Anaheim

Jalisco De Árbol o Cola de Rata, Tabaquero, Anaheim, Caloro, 
Chilaca, Jalapeño, Poblano, Serrano, Bell

México Manzanop, Jalapeño, Serrano

Michoacan Habaneroc, Pasilla, Caloro, Chilaca, De Árbol o Cola 
de Rata, Jalapeño, Manzano o Peronp, Piquín, Poblano, 
Serrano, Bell, Anaheim

Morelos Anaheim, Serrano, Jalapeño

Nayarit Habaneoc, Cascabel, De Árbol o Cola de Rata, Caloro, 
Cristal, Jalapeño, Serrano, Anaheim, Bell
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According to the geography, altitude and climates of Mexico, there are six primary patterns of 
cultivation: (a) Habanero variants (C. chinense) are sown preponderantly in Yucatán, Quintana 
Roo and Campeche, although recently, Habanero was cultivated in Coahuila, Chihuahua, 
Colima, Nayarit and Michoacán, (b) diverse Manzano (C. pubescens) chilis are cultivated in 
Central Mexico in Michoacán, Estado de México, Puebla and Veracruz, (c) the commercial 
Morrón (sweet bell) varieties are preponderantly distributed in the north such as in Bell, 
Anaheim, California and Victoria, which are exported to the United States of America, (d) 
Ancho, Guajillo, Poblano and Pasilla variants are grown from Guanajuato to Zacatecas and 
Tamaulipas and finally, (e) varieties with regional distribution include Chilhuacle in Oaxaca 
and Guerrero, Tabaquero in Tabasco and Soledad in Veracruz and Oaxaca, among other pat-
terns (Table 2).

Several references contrast the beneficial and harmful effects of capsaicinoids consumed by 
chilis. Despite advances in the demythification of harmful effects, studies nevertheless refer to 
capsaicin as a risk factor for cancer [14, 48]. Recent studies indicate a lack of direct association 
between chili peppers and capsaicinoid consumption and cancer or several other diseases. 

State of production origin1 Landraces, improved varieties and local populations of 
fresh and dry chili peppers

Nuevo Leon Habaneroc, Serrano, Jalapeño

Oaxaca Habaneroc, Ancho, Costeño, Pasilla, Tabaquero, De Agua, 
Jalapeño, Serrano, Soledad, Chilhuacle

Puebla Ancho, Jalapeño, Serrano, Poblano, Miahuateco, Bell

Querétaro Pasilla, Chilaca, Jalapeño, Serrano, Anaheim

Quintana Roo Habaneroc, Jalapeño, Dulce

San Luis Potosi Habaneroc, Ancho, Guajillo, Mirasol, Mulato, Pasilla, 
Puya, Chilaca, Jalapeño, Poblano, Serrano, Bell, Anaheim

Sinaloa Habaneroc, Anaheim, Bell, Caloro, Chilaca, De Agua, 
De Árbol o Cola de Rata, Hungaro, Jalapeño, Poblano, 
Serrano

Sonora Habaneroc, Anaheim, Bell, Jalapeño, Serrano

Tabasco Habaneroc, Costeño, Tabaquero, Jalapeño, Dulce

Tamaulipas Habaneroc, Jalapeño, Serrano, Piquín, Poblano, Bell, 
Anaheim

Tlaxcala Serrano

Veracruz Habaneroc, Jalapeño, Manzanop, Serrano, Piquín, Soledad

Yucatan Habaneroc, Mulato, De Árbol o Cola de Rata, Xcat’ik, 
Bell, Anaheim

Zacatecas Ancho, De Árbol o Cola de Rata, Guajillo, Mirasol, 
Mulato, Pasilla, Puya, Caloro, Poblano

1SIAP [6]; Species: pC. pubescens, cC. chinense and without superscript are C. annuum.

Table 2. Regionalization of landraces and improved varieties cropping by production origin.
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Capsaicin is used as a topically applied analgesic to decrease pain in rheumatoid arthritis, 
osteoarthritis, neuralgias, neuropathic diabetes, neuronal inflammations and dysfunctions, 
among others [15, 17]. The use of capsaicinoids is controversial, and it is necessary to further 
investigate their effects on human health because among other aspects, it is not possible to 
extrapolate from biological studies of animals (e.g., rats) to humans [13, 17].

2.3. Chili peppers in Mexican gastronomy

The varied forms of chili consumption are characteristic of traditional Mexican cuisine and are 
ancestral and living cultural expressions of the community, a part of the Mexican national identity 
[49]. In Mexico, there is a great preference for spicy chili, whose consumption is more common 
in people who live in hot, tropical or subtropical climates than in people who live in temperate-
to-cold regions [50]. The sensation of heat or sting is the result of the presence of various types of 
capsaicinoids such as capsaicin, dihydrocapsaicin, homodihydrocapsaicin, nordihydrocapsaicin 
and homocapsaicin, among others, which have vanillin, 8-methyl-N-Vanillyl-6-nonemide, as a 
base compound. During ingestion, chemo-static stimuli are generated that affect chemical stimu-
lation of thermoreceptors, nociceptors and somatosensory receptors [51].

The populations of Mexico, Central and South America show evolutionary adaptations accord-
ing to the food these people consumed. Culinary culture in Mexico is as diverse as differences 
in ethnicity, geography and ecology; the current cuisine is a combination of indigenous pre-
Columbian, Spanish and French cuisines and, in some regions, Lebanese. Recent times have 
seen a marked influence of American culture, increasing Mexicans’ consumption of carbohy-
drates. In Mexican families, food consumption practices are taught from childhood; mothers 
give chili to children from 1 to 3 years of age. This evidence of cultural reinforcement is primar-
ily focused on distinguishing the flavonoid principles of food consumption. Common foods 
are bean broth, soups prepared with tomato (Solanum lycopersicum L.) and dishes flavored with 
chili; as the child grows, chili consumption increases. Consuming such foods helps to transmit 
identity from parents to children and implicitly strengthens the food culture [52].

In practical terms, the continued consumption of chili pepper through several generations has 
engendered genetic modifications in the population of Mexican consumers. Capsaicin tolerance 
is closely associated with AVI (alanine, valine and isoleucine) allelic variants of the TAS2R38 
type 2 gene in the tongue and palate. Consequently, homozygotic carriers of the AVI haplotype 
of the taste receptor perceive only a slight “burning” sensation. This genetic variant is also 
associated with a low perception of a bitter flavor. That is, a lower perception of bitterness in 
other foods and a lower perception of the burning of chili are because of TAS2R38 [50, 53, 54].

The Mexican consumer of chili has an extensive variety of landraces that the consumer pro-
duces himself or can buy in local and regional markets, from the “sweet” types or types with-
out spice to moderately spicy and extremely spicy, and all are widely used in regional cuisine 
and family diets. Chilies are consumed in whole, ground, sliced, diced, dried, roasted forms 
or can be acquired pickled in cans from nearly all landraces. Chilis are essential to Mexican 
gastronomy and played a decisive role in UNESCO’s designating Mexican cuisine the “intan-
gible cultural heritage of mankind” (Decision 5.COM 6.30, 2010) [55].

Flavonoids - From Biosynthesis to Human Health414



Capsaicin is used as a topically applied analgesic to decrease pain in rheumatoid arthritis, 
osteoarthritis, neuralgias, neuropathic diabetes, neuronal inflammations and dysfunctions, 
among others [15, 17]. The use of capsaicinoids is controversial, and it is necessary to further 
investigate their effects on human health because among other aspects, it is not possible to 
extrapolate from biological studies of animals (e.g., rats) to humans [13, 17].

2.3. Chili peppers in Mexican gastronomy

The varied forms of chili consumption are characteristic of traditional Mexican cuisine and are 
ancestral and living cultural expressions of the community, a part of the Mexican national identity 
[49]. In Mexico, there is a great preference for spicy chili, whose consumption is more common 
in people who live in hot, tropical or subtropical climates than in people who live in temperate-
to-cold regions [50]. The sensation of heat or sting is the result of the presence of various types of 
capsaicinoids such as capsaicin, dihydrocapsaicin, homodihydrocapsaicin, nordihydrocapsaicin 
and homocapsaicin, among others, which have vanillin, 8-methyl-N-Vanillyl-6-nonemide, as a 
base compound. During ingestion, chemo-static stimuli are generated that affect chemical stimu-
lation of thermoreceptors, nociceptors and somatosensory receptors [51].

The populations of Mexico, Central and South America show evolutionary adaptations accord-
ing to the food these people consumed. Culinary culture in Mexico is as diverse as differences 
in ethnicity, geography and ecology; the current cuisine is a combination of indigenous pre-
Columbian, Spanish and French cuisines and, in some regions, Lebanese. Recent times have 
seen a marked influence of American culture, increasing Mexicans’ consumption of carbohy-
drates. In Mexican families, food consumption practices are taught from childhood; mothers 
give chili to children from 1 to 3 years of age. This evidence of cultural reinforcement is primar-
ily focused on distinguishing the flavonoid principles of food consumption. Common foods 
are bean broth, soups prepared with tomato (Solanum lycopersicum L.) and dishes flavored with 
chili; as the child grows, chili consumption increases. Consuming such foods helps to transmit 
identity from parents to children and implicitly strengthens the food culture [52].

In practical terms, the continued consumption of chili pepper through several generations has 
engendered genetic modifications in the population of Mexican consumers. Capsaicin tolerance 
is closely associated with AVI (alanine, valine and isoleucine) allelic variants of the TAS2R38 
type 2 gene in the tongue and palate. Consequently, homozygotic carriers of the AVI haplotype 
of the taste receptor perceive only a slight “burning” sensation. This genetic variant is also 
associated with a low perception of a bitter flavor. That is, a lower perception of bitterness in 
other foods and a lower perception of the burning of chili are because of TAS2R38 [50, 53, 54].

The Mexican consumer of chili has an extensive variety of landraces that the consumer pro-
duces himself or can buy in local and regional markets, from the “sweet” types or types with-
out spice to moderately spicy and extremely spicy, and all are widely used in regional cuisine 
and family diets. Chilies are consumed in whole, ground, sliced, diced, dried, roasted forms 
or can be acquired pickled in cans from nearly all landraces. Chilis are essential to Mexican 
gastronomy and played a decisive role in UNESCO’s designating Mexican cuisine the “intan-
gible cultural heritage of mankind” (Decision 5.COM 6.30, 2010) [55].

Flavonoids - From Biosynthesis to Human Health414

The variety of chili landraces is directly associated with a wide variety of processing forms 
for consumption. Among chili and forms of consumption are the following groups of peppers 
and preparation styles:

(a) Group I. Sweet types such as Morrón (Anaheim, Bell and California), Ancho de Puebla, 
De Agua de Oaxaca or Dulce de Yucatán are eaten raw and used in salads, primarily the 
Morrón because that type ripens in red, green or yellow and adds color to dishes.

(b) Group II. Unripe or ripe spicy green peppers such as the Serrano, Jalapeño, Rayado 
and Loco. Ya’ax ik, Criollos de Morelos, De Árbol Verde, Xcat’ik, Copi, Soledad, Cora, 
Tabaquero, Costeño Verde and others are regularly used to prepare traditional green sal-
sas and green moles, typical dishes of Mexican cuisine.

(c) Group III. Among chilis consumed, dried, powdered Piquín is notable, as are chilis used 
to prepare different types of regional moles: Ancho, Pasilla, Guajillo, Chilhuacle, Tavi-
che, Costeño, Cascabel, De Onza, Mulato, Miahuateco, Cristalino, Gordo, Coxle, De Árbol 
Seco, Puya, Chawa, Tabaquero, Apaxtleco and others.

Mole is a typical Mexican national dish resulting from the fusion of Spanish and pre-Colum-
bian indigenous cuisines. The word mole (in Spanish) comes from the indigenous language 
Nahuatl “molli”, which means a mix of ingredients and flavors. Ingredients and forms of 
preparation vary from region to region or between states. For example, moles from Puebla, 
Oaxaca, Tlaxcala, Estado de México, Querétaro, Michoacán and Hidalgo are quite popular. 
The dish is a combination of different chili landraces (e.g., Ancho, Pasilla, Morita and oth-
ers) and various fruits, seeds and bulbs, depending on the mole variant (Table 3). However, 
the essential ingredients, according to connoisseurs, are the chilis. In Oaxaca, seven types 
of moles are prepared, and the most popular are “negro (black mole) with Chilhuacle”, 
“verde” (green mole) with Jalapeño or Serrano chilis, “coloradito” (reddish mole) with 
Ancho and Guajillo chilis, red mole with Ancho and Guajillo chilis and Amarillo (yellow 
mole) with Anchos, Guajillos and Costeños. Additionally, “chichilo” and “manchamantel” 
(“tablecloth-staining”) moles are mentioned. For each type of mole, the complementary 
condiments vary [56].

Another common dish of Mexican cuisine is from spicy to extremely spicy salsas, which are 
prepared with fresh or dried chilis, cooked or uncooked, and are a traditional form of promot-
ing spicy flavors (capsaicinoids), flavonoids, aromatic compounds and phenolic compounds. 
Occasionally, chilis are roasted and ground with green tomato (husk tomato, Physalis ixocarpa 
Brot.), red tomato (S. lycopersicum), garlic, onion, salt and water. In other cases, all of the 
ingredients are cooked and then ground (Table 3). From one region to another, the primary 
ingredients and forms of preparation vary. In this sense, Mexican guacamole is the addition of 
avocado to green salsa (e.g., Jalapeño or Serrano chilis cooked with green tomato, plus garlic 
and water) in which pieces of avocado are mashed slightly once the green salsa is ground, 
all of this in a “molcajete” (a rock with a hole) [57]. A group of Mexican dishes prepared with 
different local varieties of chilis is listed on Table 3. It is unlikely that the level of consumption 
of chilis in Mexico will decrease in the short term.

Flavonoid and Capsaicinoid Contents and Consumption of Mexican Chili Pepper (Capsicum annuum L.) Landraces
http://dx.doi.org/10.5772/68076

415



3. Flavonoid and capsaicinoid contents in fruits of chili pepper landraces

3.1. Flavonoids in Capsicum

In Mexico, there is a great diversity of phenotypic variants of chilis that are distinguished by 
color, flavor, spice, aroma, size and shape and are fundamental to and completely accepted in 
Mexican gastronomy. The species C. annuum originated in Mexico and is one of the most culti-
vated species in the world, with high genetic diversity [39, 43]. The organoleptic properties of 
each type of chilis are characterized by their chemical composition as a function of flavonoid 

Typical dishes of the Mexican cuisine1 Landrace used or improved variety

Known molee: negro, coloradito, chichilo, rojo, verde, 
pipián, amarrillo, poblano (turkey in deep-brown sauce), 
“estofado”, “manchamantel”, de caderas, de hongos, de 
frijol, relleno negro, almendrado

(a) Blanck mole: Ancho, Chilhuacle

(b) Red mole: Ancho and Guajillo

(c) Green mole: Jalapeño, Rayado and Serrando

Salsas (sauces) prepared with fresh and dry chilis: 
Borracha (“drunk”), verde, roja, de ancho, de guajillo

(a) Freh: Commonly Jalapeño o Serrano buta ll high 
spiced chilis can be used.

(b) Dry: Ancho, Pasilla, De árbol, Cascabel

Chilaquiles: verdes (green), rojos (red), de mole (made 
with mole)

Jalapeño, Serrano, Ancho, Guajillo, Pasilla, Cascabel, De 
Árbol

Tamales de verdes (greenish) o rojos (red), de mole, de 
rajas de chile (with slices of chili)

Jalapeño, Serrano, Ancho, Pasilla

Traditional guacamole Serrano, Jalapeño

Chiles rellenos (stuffed chili peppers) Poblano, Ancho, De Agua, Güeros, Jalapeños

Tortas ahogadas and Pambazos Pasilla, Guajillo

Elotes (cob) o frutas (tropical fruits) with powdery dry 
chili pepper

Chili Piquín milled with sal

Chile en chipotle (smoked peppers) Jalapeño and Rayado

Chili in encurtidos (pickled peppers) Usually Jalapeño and Serrano but all chili peppers can 
be used.

Roasted chili to slice o eat directly (“morder”) o en rajas: Regularly Serrano and Jalapeño

Immature peppers or green to mature but fresh to slice 
and combine with onion and lemon, regionally known as 
“gatos” or “pico de gallo”

(a) Immature: Jalapeño, Serrano, De Agua

(b) Muture: Habanero, Manzano, Bell, Anaheim o California

Chileatole Serrano

Chiles en nogada (dish name) Ancho, Poblano, Miahuateco

Flautas ahogadas (dish name) Jalapeño, Serrano

Mixiote verdes de pollo (dish name) Jalapeño, Serrano

1Sources: Urdaneta and Kanter [56] and Katz [57].

Table 3. Typical dishes of the Mexican cuisine where main ingredients are the diversity of landraces or improved 
varieties of chili pepper.
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Immature peppers or green to mature but fresh to slice 
and combine with onion and lemon, regionally known as 
“gatos” or “pico de gallo”

(a) Immature: Jalapeño, Serrano, De Agua

(b) Muture: Habanero, Manzano, Bell, Anaheim o California

Chileatole Serrano

Chiles en nogada (dish name) Ancho, Poblano, Miahuateco

Flautas ahogadas (dish name) Jalapeño, Serrano

Mixiote verdes de pollo (dish name) Jalapeño, Serrano

1Sources: Urdaneta and Kanter [56] and Katz [57].

Table 3. Typical dishes of the Mexican cuisine where main ingredients are the diversity of landraces or improved 
varieties of chili pepper.
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content, capsaicinoids, phenolic acids, vitamins, minerals and various volatile compounds 
[40, 58–61]. Flavonoids and capsaicinoids are molecules that, in addition to influencing the 
sensory characteristics of the fruit, contribute to the prevention of chronic degenerative dis-
eases [62, 63].

Flavonoids are secondary metabolites of low molecular weight that share a common skeleton 
with diphenylpropanes (C6-C3-C6) and comprise two phenyl rings (A and B) joined through 
a C ring of pyran (heterocyclic). Flavonoids are classified according to oxidation state and 
degree of unsaturation of the central heterocyclic ring. The primary families are flavones, iso-
flavones, flavanones, flavanols, antho-cyanidins and chalcones [64]. The structural diversity 
of flavonoids depends on the substitution of aromatic rings A and B by hydroxyl and methoxy 
groups and by extensive conjugations, including glucosides. In foods, flavonoids exist pri-
marily as 3-O-glycoside and polymers [64, 65]. Flavonoids possess multiple properties for 
eliminating reactive oxygen species. Their activity as an antioxidant depends on the redox 
properties of their hydroxyphenolic groups and the structural relation between various com-
ponents of the chemical structure [7]. Some of the characteristics that favor their antioxidant 
capacity are the ortho-hydroxylation of ring B, the number of free hydroxyl groups, a C2-C3 
double bond at ring C and the presence of a 3-hydroxyl group [66].

In fruits and vegetables, it is estimated that more than 7000 flavonoids have been identified [64]. 
In chili fruit, the primary quantified flavonoids are quercetin, luteolin, kaempferol, catechin, 
epicatechin, rutin, luteolin, apigenin and myricetin [61, 67–76]. Variations in flavonoid concen-
trations are primarily the result of the diversity of genotypes, landraces, varieties and the rip-
ening phase of the fruit; also implied are variations related to analytical laboratory parameters 
such as sample preparation, extraction method and quantification methods (Table 4).

In chili fruits, different flavonoids have been identified depending on morphotype, landrace, 
varietal group or variety. In sweet peppers (C. annuum L. cv. Vergasa), 23 flavonoids have 
been identified and quantified in the pericarp by high-performance liquid chromatography-
diode array detection-electrospray ionization mass spectrometry (HPLC). These include 
O-glycosides of quercetin, luteolin and chrysoeriol and a large number of C-glycosyl flavones. 
The most abundant compounds were quercetin-3-O-rhamnoside and luteolin 7-O-(2-apiosyl-
6-malonyl), which represented 41% of the total flavonoids [77]. Materska and Perucka [79] 
identified quercetin 3-O-α-L-rhamnopyranoside-7-O-β-D-glucopyranoside, luteolin 6-C-β-
D-glucopyranoside-8-C-α-L-arabinopyranoside, apigenin 6-C-β-D-glucopyranoside-8-C-α-
L-arabinopyranoside, lutoeolin 7-O-[2-(β-D-apiofuranosyl)-β-D-glucopyranoside], quercetin 
3-O-α-L-rhamnopyranoside and luteolin 7-O-[2-(β-D-apiofuranosyl)-4-(β-D-glucopyranosyl)-
6-malonyl]-β-D-glucopyranoside. These flavonoids are present in four varieties of C. annuum. 
In the “Italian sweet” (green), “Lamuyo” (yellow) and “California wonder” (red) varieties, 23 
flavonoids and their glycoside derivatives were identified by high-performance liquid chroma-
tography coupled with diode array and electrospray time-of-flight mass spectrometry detectors 
(HPLC), highlighting the group of flavonols known as glycosylated quercetin derivatives (rutin 
pentoside, quercetin 3,7-di-O-α-Lrhamnopyranoside and quercetin 3-O-α-L-rhamnoside) [79]. 
Various flavonoids continue to be identified in all species of Capsicum, and depending on 
advances, it is inferred that the task continues and the work is incipient in Mexican landraces.
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The structure of each flavonoid influences antioxidant capacity, which varies between spe-
cies and genotypes of chili. Materska [80] isolated three glycosylated flavonoids (luteolin 
6-C-glucoside, luteolin 6,8-di-C-glucoside and apigenin 6-C-glucoside-8-C-arabinoside) from 
the chili fruit (C. annuum var. Capel Hot) and determined their antioxidant activity using 
in vitro methods to generate radicals in hydrophilic (superoxide radical) and lipophilic 
(2,2-diphenyl-1-picrylhydrazyl—DPPH—and peroxide radicals) media. This study demon-
strates that luteolin 6-C-glucoside and luteolin 6,8-di-C-glucoside have a greater ability to 
eliminate superoxide radicals generated in enzymatic and non-enzymatic systems and thus 
engender high antioxidant activity [80]. The high and effective antioxidant capacity confers 
functional and nutraceutical properties to the fruit for health.

Flavonoids1 Maturation 
stage

C. annuum landrace and variety groups C. frutescens

Jalapeño Serrano Ancho Güero Morron Cayenne Piquin Tabasco

Quercetin Immature 4.3.–151.2 9.30–159.8 276.0 42.4–210.2 4.76–
276.0

6.0–22.9 ND 2.2

Mature ND 8.1 ND 23.9–64.4 3.29–
448.0

3.7–24.7 ND 0.9

Kaempferol Immature 5.9 2.1 ND ND ND 2.0–4.7 ND ND

Mature 1.4 ND ND ND ND 6.3–6.4 ND ND

Catechin Immature 0.1 1.0 ND ND 1.85–5.13 ND ND ND

Mature ND ND ND ND 5.28–6.41 ND ND 8.1

Epicatechin Immature 0.1 1.2 ND ND 3.70–7.35 ND ND ND

Rutin Immature 0.2 2.0 ND ND 0.38–1.90 ND ND ND

Luteolin Immature 0.20–37.5 0.57–41.40 3.6 15.7–51.5 0.35–9.32 2.0–19.1 ND 43.6

Mature 3.2 1.4 ND 5.96–16.8 0.36–11.0 7.1–17.3 ND 0.84–35.6

Myricetin Immature ND ND ND ND 658.0 2.1.0–2.1 ND ND

Mature ND ND ND ND 171.0–
244.0

5.9.0–7.2 ND ND

Apigenin Immature ND ND ND ND 272.0 ND ND ND

Total 
Flavonoids

Immature 10.2–332.0 11.4–441.0 309.6 58.1–309.0 5.4–31.7 10.0–48.8 97.40–
544.6

45.8

Mature 4.6 9.5 ND 29.9–81.3 3.6–892.0 42.1–44.3 50.1–
425.0

36.5

References [74, 76] [74, 76] [74] [67, 74] [67, 69, 
71–73]

[67] [61, 75] [67, 73]

1Quercetin, catechin or quercetin + luteolin equivalents (μg/g or g/g), ND = Not determined.
Sources: Vera-Guzmán et al. [61], Howard et al. [67], Miean and Mohamed [69], Kim et al. [71], Blanco-Ríos et al. [72], 
Zhuang et al. [73], Lee et al. [74], Rochín-Wong et al. [75], Álvarez-Parrilla et al. [76].

Table 4. Flavonoid contents in fruits of Capsicum annuum and C. frustences.
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Metabolism, biochemical synthesis and concentration of flavonoids in chili fruits depend on 
species, genotype, landrace or commercial varieties [61, 67–69, 81] interacting with agroeco-
logical characteristics and crop management [82]. Evidence indicates that the concentration of 
flavonoids is related to the degree of maturity of the fruit. Bhandari et al. [83] observed that 
fruits had a higher flavonoid content in the initial-to-intermediate phases (breaker stage) than 
in the phase immediately after maturity (green mature phase) and red ripe phase. Similarly, 
Howard et al. [67] observed that total flavonoid content was reduced in the immature-to-
mature phase of the fruit (Table 4). This fact is consistent with other studies; green fruits 
(immature) reach four to five times the flavonoid content of mature fruits [67, 72, 77, 84]. In 
C. chinense Jacq. (Habanero), flavonoid content also decreases with ripening [85]. However, 
the behavior of Morrón peppers is different because the peppers ripen in different colors; for 
example, quercetin and luteolin flavonoid content was higher in red fruits than in green [68]. 
Differences in the composition of flavonoids and other compounds define the organoleptic 
characteristics of each chili fruit and are directly related to usage and consumption prefer-
ences [86].

Chili fruits are considered a natural source of antioxidants for their bioactive compounds [61, 
77, 87]. Phenolic compounds increase the antioxidant activity of chili fruits and are related 
to the structure of their molecules. In the case of Caribe and Bell varieties (C. annuum), the 
major antioxidant activity was the result of the content of the flavonoids catechin, epicatechin 
and rutin, among other compounds [81]. In addition, high activity has been reported when 
quercetin 3-Oα-L-rhamnopyranoside was identified; such activity was comparable with quer-
cetin activity [78]. Quercetin is a highly antioxidative aglycone and is generated by enzymatic 
hydrolysis of the glycoside bond of rutin (quercetin 3-O-rhamnoglucoside) [66]. In evaluating 
the fruits of the landraces De Árbol, Chipotle, Guajillo and Morita (C. annuum), it was deter-
mined that there was greater bioaccessibility of polyphenols in the small intestine in a range 
of 72–77%. Therefore, these landraces are considered important sources of polyphenols and 
bioaccessible bioactive compounds in the intestine [88].

3.2. Capsaicinoids in chili pepper landraces

Capsaicinoids are compounds that confer pungency or spice to chili fruits and are synthesized 
by the condensation of vanillylamine with a branched short chain fatty acid. Their chemical 
structure comprises a phenolic nucleus joined by an amide bond to a fatty acid. The pheno-
lic portion is vanillylamine and is synthesized from phenylalanine in the phenylpropanoid 
pathway. The fatty acid is generated from branched chain amino acids, valine or leucine [89]. 
Currently, more than 20 capsaicinoids are known [90], and differences in structures occur 
because of the nature of the side chain, which can vary between 8 and 10 carbons, and the 
number of double bonds. Capsaicinoids are classified into three groups of compounds: 
capsaicins possessing a methyl branched acyl residue with a carbon-carbon double bond, 
dihydrocapsaicins analogous to the previous class but being saturated compounds and N 
vanillyl-n-acylamides comprising saturated, unbranched alkyl chains [91]. Capsaicin [(E)-N(4-
hydroxy-3-methoxybencil)-8-methyl-6-nonenamide)] and its analogue 6,7-dihydrocapsaicin 
represents more than 90% of total capsaicinoids in chili fruits (Table 2), primarily accumu-
lating in the placenta of the fruit [58]. Schweiggert et al. [91] identified and characterized 
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15 capsaicinoids in the red fruits of C. frutescens, primarily capsaicin, dihydrocapsaicin and 
nordihydrocapsaicin, with nornorcapsaicin, norcapsaicin, homocapsaicin I and II, nornordi-
hydrocapsaicin, homodihydrocapsaicin isomers I and II, N-Vanillyl-octanamide, N-vanillyl-
nonanamide and N-anillyl-decanamide as minor compounds (Figure 1).

Capsaicinoids are synthesized in the placenta of the fruit and are genetically determined 
(Pun1 allele of pungency) by the presence of the Pun1 or pun1 gene with EST- or AT3-type 
cofactors that induce a quantitative effect of the gene and variations in the pungency of the 
fruit. In consequence, not all chili peppers are spicy, and various consumers consider chili 
varieties that carry the pun1 recessive gene to be sweet fruits [11]. In practical terms, it is dif-
ficult to determine the exact content of capsaicinoids in chili fruits, and the estimates or pat-
terns that are obtained vary enormously depending on genotypes, ecological-environmental 
conditions, crop systems, the maturity of the fruit and harvest season, among other aspects 
[61, 87, 92–95]. Table 5 presents the estimates of the capsaicinoid content in fruits of different 
landraces and varietal groups. Various studies have demonstrated that capsaicinoid content is 
greater in mature fruits than in immature one [58, 73, 78]. Some of the landraces with notable 
concentrations of capsaicinoids are Piquín, De Árbol and Serrano, and those with lower con-
centrations are the Morrón group (California, Bell, Anaheim), Pasilla, Ancho and Guajillo, 
among others [59, 95, 96].

Ecological-environmental conditions are factors that influence the accumulation of capsa-
icinoids in fruits; among the primary climatic elements are temperature and precipitation or irri-
gation interacting with crop management. For example, González-Zamora et al. [95] observed 
that temperatures of 40–48°C reduce the concentrations of capsaicinoids from 32.5 to 61.5% and 

Capsaicin (CAP) Dihydrocapsaicin (DIH)

Homocapsaicin I Nordihydrocapsaicin

Homodihydrocapsaicin I Homodihydrocapsaicin II

Figure 1. Structures of major capsaicinoids identified in Capsicum species.
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32.5% in Jalapeño and De Árbol chilis, respectively. By contrast, in Guajillos and Serranos, the 
identical temperature generated up to a three-fold increase; a similar effect was identified in 
Puya and Ancho but only 21 and 8.6% more, respectively. In a trial in three regions of Peru, the 
change in temperature from 19.4 to 26.8°C generated a decrease in capsaicinoid content [92].

3.3. The effect of traditional processing on flavonoid and capsaicinoid contents

Chili fruits are consumed fresh, dried or processed. The chili’s condition or processing experi-
ence changes their chemical composition because of the effects of temperature changes, pH, 
solar radiation, smoking or other treatment. For example, the composition of Chiltepín chili 
fruits changes because of the effect of the pickling process (cooked in 1:1 water and vinegar). 
In this case, total flavonoids, capsaicin and antioxidant activity are reduced to less than 25%. 
However, no significant changes are shown as a result of sun drying (temperatures between 
34 and 40°C for 32 h) [75]. Similarly, Álvarez-Parrilla et al. [76] identified reductions in cap-
saicinoids in Serrano and Jalapeño chilis from the pickling process. During the preparation 
of salsas with Chiltepín, losses in capsaicinoids were detected from changes in pH and the 
milling process; with pH 2.7, the reduction of capsaicin and dihydrocapsaicin was 90% [98].

Regarding processing for consumption, in Mexico, the preparation of mole paste (a traditional 
dish) prepared with Pasilla (landrace) chili generates a decrease in the content of flavonoids, phe-
nols and antioxidant activity as a result of cooking and changes in pH, which induce degradation 
of these compounds [99]. Ornelas-Paz et al. [97] indicated that cooking in water at only 96°C or 
on the grill at 210°C generates moderate losses of 1.1 and 28.1% of the initial content in Poblano, 
Bell, Chilaca, Caribe, Jalapeño and Serrano landraces of C. annuum, Habanero (C. chinense) and 
Manzano (C. pubescens). In the particular case of the Jalapeño landrace, the decrease was 10.6–
52.2%. The roasting process increased capsaicin content from 6.1 to 924.9%, dihydrocapsaicin 
from 2.6 to 57% and nordihydrocapsaicin from 6.6 to 206.8%, depending on genotype. Notably, 
the compounds are highly volatile, and the increase from heat treatment is attributed to dehydra-
tion of the fruit, cell breakdown and inactivation of enzymes that degrade capsaicinoids, such as 
peroxidases [100]. In this sense, Turkmen et al. [101] observed that cooking by boiling, vapor and 
microwaves produces increases from 2 to 26% of phenolic compounds and up to 30% in antioxi-
dant activity in spicy chilis. In C. frutescens cv. Sina and C. annuum cv. Coduion, Shaimaa et al. 
[102] identified increases in phenolic compounds, flavonoids and antioxidant activity by boiling.

In Mexico, a smoked-drying or oven-drying method (65% of humidity and 75°C) is used with 
Jalapeño landraces, producing what is known as “chipotle chilis” (special preparation). This 
process increases the content of flavonoids and antioxidant capacity up to 10 times as a result 
of the combined liberation of phenolic compounds and flavonoids, including flavonoids gen-
erated by wood combustion. By contrast, there is a reduction in capsaicinoid content because 
of increase in temperature [103].

3.4. Flavonoids and capsaicinoids in health

Chili fruits, in addition to conferring sensory characteristics on foods, also provide nutritional 
advantages from their chemical composition of vitamins, minerals, carotenoids, flavonoids 
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and capsaicinoids, among others [40, 58, 59, 61]. Controversy remains regarding the beneficial 
and unfavorable health effects of chili consumption. Recently, Chopan and Littenberg [18] 
determined that there is no direct relation between high consumption of red chilis and mortal-
ity in various populations of North America and Europe. In these cases, adult consumers of 
red chilis showed a 13% lower risk of death than non-consumers. Lv et al. [104] also observed 
no direct relation between consumption of fresh or dried chilis and causes of mortality from 
cancer, diabetes, respiratory or cardiac diseases. Other reports argued that the bioactive or 
phytochemical compounds of Capsicum have anti-inflammatory, antidiabetic, antimicrobial, 
anticholesterolemic, anticoagulant and antioxidant properties [63].

Cancer is one of the primary causes of morbidity and mortality worldwide. Oxidative stress is 
implied in the etiology of this disease and results from imbalances in the production of reac-
tive oxygen species (ROS) and the antioxidant defense system of cells. ROS deregulate redox 
homeostasis and promote formation of tumors by aberrant induction of signaling pathways 
that cause cancerous tumors [105]. ROS modulate different pathways of cell signaling, which 
are mediated by the transcription factors NF-κB and STAT3, hypoxia-inducible factor, growth 
factors, kinases and other proteins and enzymes involved in the development of cancer [106]. 
In this carcinogenic process, it is argued that capsaicinoids (capsaicin and hydrocapsaicin) 
help eliminate reactive oxygen species and consequently demonstrate anticarcinogenic, anti-
mutagenic and preventative properties [107, 108]. These properties help prevent the prolif-
eration of cells, migration and induction of apoptosis [109]. In in vivo and in vitro trials, 
capsaicin inhibited the growth and proliferation of prostate cancer [110]. In addition, capsa-
icin stimulates the cascade of MAP protein kinase signaling, extracellular signal-regulated 
protein kinase (ERK) and c-Jun N-terminal kinase (JNK), which have antiproliferative effects 
[111]. Capsaicin also induces apoptosis of both androgen receptors AR-positive (LNCaP) and 
-negative (PC-3, Du-145) prostate cancer cell lines by increasing p53, p21 and Bax [112]. Other 
studies determined that capsaicin can regulate the increase in IL-6 by secretion of TNF-α and 
the signaling responsible for activation of Akt, ERK and PKC-α [110].

Capsaicin can prevent the growth of colorectal cancer cells by suppression of pathways 
dependent on β-catenin/TCF by proteosomal degradation of β-catenin and breakdown of 
β-catenin/TCF-4 interactions [113]. In addition, capsaicin induces apoptosis in gastric cancer 
cells and can serve as an antitumor agent in gastric cancer [114]. In other studies, capsaicin 
generates ROS through mitochondria and the depletion of intracellular antioxidants and gen-
erates mitochondrial damage and apoptosis in pancreatic cancer cells [115].

Dihydrocapsaicin showed strong antibacterial activity against Helicobacter pylori, the bacteria 
associated with gastric cancer [116]. In biological trials in vivo, oral administration of querce-
tin generated decreases in infection from H. pylori in gastric mucosa and reduced the inflam-
matory response and lipid peroxidation [62].

Flavonoids are molecules that not only act as conventional antioxidant hydrogen donors but 
also exert a modulatory action on the signaling of protein and lipid kinases of cells [117]. The 
apigenin flavonoid is an inhibitor of protein kinases and has an antiproliferative effect on 
breast cancer cells [118]. The aglycone of quercetin has a protective effect on DNA, which is 
induced by mitomycin C and antiproliferative activities in human lymphocytes [119]. This 
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molecule also contributes to the protective effect of nerve cells against neurotoxicity induced 
by oxidative stress, including in Alzheimer’s [120].

Chili consumption can promote weight loss by the effect of capsaicin [121]. Capsaicin stimu-
lates lipolysis, causing a reduction in intercellular lipids from the increase in the hydrolysis of 
triacylglycerol in adipocytes. This effect is mediated by the regulation of genes associated with 
the catabolic pathway of lipids, HSL and CPT-Ia and genes involved in thermogenesis such 
as UCP2 [16]. Capsaicin promotes the removal of visceral fat and prevents obesity induced by 
diets high in fats. Capsaicin activates transient receptor potential cation channel sub-family V 
member 1 (TRPV1) channels, increases levels of Ca2+ ions mediated by connexin 43 (Cx43) and 
promotes lipolysis in adipocytes and fat reduction [122]. Capsaicinoids demonstrate hypocho-
lesterolemic activity from stimulation of the conversion of cholesterol to bile acids by expres-
sion of the cholesterol 7-hydrolase gene and increased secretion of bile acids in feces [123].

4. Final considerations and conclusions

Chili peppers are used worldwide as food and spices. In Mexico, chilis have great economic, 
social and culinary importance with variations in consumption per capita from 8 to 17 kg, and 
approximately 2.8 × 106 tons are produced and consumed annually. Mexico is the center of 
origin, domestication and diversification of C. annuum, which has engendered more than 150 
cultivated and wild landraces of wide distribution. Nearly every region in Mexico cultivates or 
consumes chilis. Indigenous groups and traditional producers are the primary actors respon-
sible for in situ preservation of the diversity of chili landraces, particularly in the central and 
south-southeastern regions. The wild forms of C. annuum var. glabriusculum and C. annuum 
var. annuum are distributed throughout the country.

Daily consumption ranges from two to four times a week, and it is estimated that between 70 
and 80% of the total Mexican rural population regularly consume spicy chilis. This high fre-
quency of consumption has generated an adaptation to consumption of spicy and extremely 
spicy chilis, and among consumers, the TAS2R38 type 2 gene has been identified as being 
associated with tongue and palate receptors, which confer upon the chili consumer a higher 
capacity to not perceive or barely perceive the “burning” sensation of chilis. Into the diversity 
of landraces and improved varieties, there are non-pungent landraces, for example, Morrón, 
Dulce, Ancho and Chilaca and types of Morrón varieties such as California, Victoria and 
others.

Chili fruit contains up to 23 flavonoid compounds and 20 capsaicinoids, differing between 
landraces because of the effect of crop management, the state of maturation of the fruits and 
postharvest management and ecological-environmental influences. Capsaicinoids (capsaicin, 
dihydrocapsaicin, nordihydrocapsaicin, homodihydrocapsaicin, homocapsaicin, etc.) exert 
multiple physiological effects on human health, including their potential value in pain relief, 
cancer prevention and decreased bone loss and as antioxidant activity. Experimentally, anti-
carcinogenic, antimutagenic and cancer preventative properties have been determined for 
capsaicin in addition to anti-lipid effects. However, these properties require direct evaluation 
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with regard to human health. The flavonoids quercetin and apigenin, present in chili fruits, 
have antiproliferative effects on breast cancer cells and exert a protective effect on neuronal 
cells against the neurotoxicity induced by oxidative stress in Alzheimer’s.
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Abstract

Flavonoids are a large and diverse group of polyphenolic compounds with antioxidant 
effects, and onion (Allium cepa L.) is one of the richest sources of dietary flavonoids. 
Flavonoid content is affected by endogenous factors—genotype and agro-environmental 
conditions. Considerable research has been directed toward understanding the nature of 
polyphenols in different products and the factors influencing their accumulation. This 
review examines the impacts of pre- and postharvest factors on onions’ flavonoid con-
tent, highlighting how this knowledge may be used to modulate their composition and 
the potential use of onion by-products.

Keywords: polyphenols, plant foods, Allium cepa, preharvest factors, harvest handling, 
genotype

1. Introduction

Phenolic compounds are responsible for the major organoleptic characteristics of plant-
derived foods and beverages, particularly color and taste properties, and they also contribute 
to the nutritional qualities of fruits and vegetables [1, 2].

Plants present diverse defense mechanisms, including physical and chemical barriers. 
Phenolic compounds are particularly abundant and play an important role in both strategies, 
as monomers for the synthesis of lignin and as chemical agents. Flavonoids are one of the 
most relevant secondary compounds in plants and currently more than 9000 being identified 
[3]. A most significant function of the flavonoids, especially the anthocyanins, together with 
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flavones and flavonols as copigments, is their contribution to flower and fruit colors. This is 
important for attracting pollinators and seed-dispersing animals. Phenolics may influence the 
competition among plants “allelopathy.” They act in plant defense mechanisms against her-
bivores or pathogens, contributing to the disease resistance mechanisms in plants, and act as 
supporting materials of cell walls as photoprotectors against UV radiation and plant-microbe 
symbiosis and involved in the repair of wounds and contribute to healing by lignifications of 
damaged areas. Stress conditions such as excessive UV light, wounding, or infection induce 
the biosynthesis of phenolic compounds [66, 67].

Plants composition can be affected by pre-harvest factors, including genotype (cultivar and 
variety), maturity at harvest and tissue distribution, and exogenous factors, including climate, 
soil micro-environment, and pest and disease attack [4, 5]. Environmental factors have a major 
effect on polyphenol content. These factors may be pedoclimatic (soil type, sun exposure, and 
rainfall) or agronomic (culture in greenhouses or fields, biological culture, hydroponic cul-
ture, fruit yield per tree, etc.). With the current state of knowledge, it is difficult to determine 
for each family of plant products the key variables that are responsible for the polyphenol 
variability. A huge amount of analysis would be required to obtain this information [10].

This paper reviews recent literature on the main factors affecting the flavonoid content in 
onion, as well as different approaches aiming to increase the accumulation of these com-
pounds in onions, which provide an added functional value.

2. Occurrence and identity of flavonoids in onions

Onion has been reported as one of the major sources of dietary flavonoids in many countries 
[6–9], contributing to a large extent to the overall intake of flavonoids [10, 11]. Two flavonoid 
classes are mainly found in onion, the anthocyanins, which impart a red/purple color to some 
varieties, and flavonols such as quercetin and its derivatives, responsible for the yellow and 
brown skins of many other varieties (see Table 1).

Flavonols are the most ubiquitous flavonoids in onions. At least 25 different flavonols have 
been characterized in onion, being quercetin derivatives the most important ones in all onion 
cultivars [11]. Quercetin 4′-glucoside and quercetin 3,4′-diglucoside are reported as the main 
flavonols in onions, accounting for about 80–95% of total flavonols [12–26].

The quantitative content of anthocyanins in some red onion cultivars has been reported to be 
approximately 10% of the total flavonoid content or 39–240 mg kg−1 FW [11]. In red onions 
more than 50% of anthocyanins are cyanidin glucosides non-acylated or acylated with malo-
nic acid. Delphinidin and petunidin do not have malonyl derivatives in detectable amounts, 
indicating that the presence of malonylated derivatives seems to occur only in the cyanidin 
derivatives [27]. Some of these pigments facilitate unique structural features like 4′-glyco-
sylation and unusual substitution patterns of sugar moieties. Altogether at least 25 different 
anthocyanins have been reported from red onions, including 2 novel 5-carboxypyranocyani-
din-derivatives [28].
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Class Flavonoid mg/100 g FW Reference

Total polyphenols

438.88 (Y) (DW) [132]

35.00 [133]

443.20 [135]

253.60–310.80 (R) [136]

216.70 (W) [136]

129.60 [137]

73.33–180.84 [138]

66.80 [139]

76.10 [140]

116.00 (R) [141]

70.00 (W) [141]

24.40 (W) [142]

154.10 [143]

260.00–650.00 (W) (DW) [144]

21.60–58.30 [145]

Total flavonoids 12.21–52.43 [138]

0.18 (W) [15]

69.20 (Y) [29]

76.58 (Y) [15]

61.05 (R) [15]

18.70 [143]

56.00–1150 (W) (DW) [144]

35.3 (R) [146]

Total flavonols 7.90–43.10 (R) [148]

9.85 (Y) (μmol/g DW) [149]

8.90–177.80 [22]

55.40–62.10 (R) [150]

35.00–159.2 [50]

28.55–51.64 (Y) [14]

58.09 (R) [14]

Quercetin aglicone 0.07 (W) [15]

111.70 (Y) [22]

5.00 (W) [22]
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Class Flavonoid mg/100 g FW Reference

105.2 (P) [22]

137.50 (R) [22]

0.50–9.90 [50]

Total quercetin

8.11 (Y) [15]

23.95 (R) [15]

7.70–46.32 [138]

28.40–48.60 [151]

54.40 [152]

6.17 (W) [153]

39.21 (R) [153]

19.20 (Y) [154]

30.70 (R) [154]

30.60 (R) [155]

Q. total (after hydrolysis) 22.00–48.00 (Y) [156]

″ 237.03 (Y) (DW) [132]

83.00–330.00 (Y) μg/g [26]

Q. 3′-glucoside 1.70–2.30 (R) [150]

0.30 [16]

0.76 [157]

0.30–2.60 [50]

Q. 4′-glucoside 20.80–23.00 (R) [150]

3.60 (W) [22]

36.00 (Y) [22]

30.20 (P) [22]

39.40 (R) [22]

9.70 [16]

0.11 (W) [15]

57.18 (Y) [15]

13.77–26.75 (Y) [14]

30.01 (R) [14]

30.01 (R) [27]

29.89 (R) [15]

19.00–95.20 [50]

33.08 (Y) (DW) [132]
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Class Flavonoid mg/100 g FW Reference

Q. 3,4′-diglucoside 25.40–27.40 (R) [150]

20.22 (R) [158]

11.37–21.11 (Y) [14]

20.22 (R) [14]

4.92 (Y) [15]

2.48 (R) [15]

40.50 [16]

111.70 (Y) [22]

5.00 (W) [22]

105.20 (P) [22]

137.50 (R) [22]

11.60–45.50 [50]

241.04 (Y) (DW) [132]

Q. 7,4′-diglucoside 0.70–1.10 (R) [150]

Q. 3,7,4′-triglucoside 0.60–0.90 (R) [150]

Kaempferol 1.54–1.83 [138]

Myricetin 2.77–4.13 [138]

Isorhamnetin 5.19 (Y) [15]

0.63–5.04 (R) [15]

I. 4′-glucoside 4.10–4.90 (R) [150]

3.40 (R) [15]

1.20–710 [50]

6.00 (R) [159]

I. 3,4′-diglucoside 2.10–2.50 [150]

0.30–1.50 [50]

Anthocyanins Total 7.00–21.00 (R) [160]

Cyanidin 3.19 (R) [153]

Cyanidin 
3-O-(6″-malonyl-glucoside)

1.50 (R) [27]

Cyanidin 3-(6″-malonyl-3″-
glucosyl-glucoside)

1.00 (R) [27]

Delphinidin 
3-glucosyl-glucoside

6.50 (R) [27]

DW, dry weight; FW, fresh weight.

Table 1. Phenolic compounds in onion (onion color: P, pink; R, red; Y, yellow; and W, white).
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Flavonoids comprise a generous portion of the total antioxidant activity in onions [29]. 
Elhassaneen and Sanad [30], in a study with Egyptian onion varieties, concluded that phenolic 
compounds, particularly the flavonol quercetin, beside other factors including selenium and 
sulfur-containing amino acids, play the major role in the antioxidant activity of onion bulbs.

2.1. Approaches for the accumulation of antioxidant flavonoids in onions

Flavonoids play a lot of roles in plant physiology, mainly related to plant resistance [31, 32], in 
defense mechanisms against herbivore and pathogen attacks, UV radiation protection, plant-
microbe symbiosis. They contribute, as copigments, to flower and fruit colors, especially the 
anthocyanins, flavones, and flavonols [33], important plant characteristic for attracting pol-
linators or seed-dispersing animals and allelopathy [34]. Flavonoids have also been shown to 
modulate transport of the phytohormone auxin [35] as well as the levels of reactive oxygen 
species (ROS) [36].

Thus, the strategies applied to obtain plant foods with higher level of flavonoids, increasing 
their functional value, must be based on the manipulation of interacting factors (genetic, envi-
ronmental conditions, and agronomic practices) that are known to affect their content [4, 129].

The great challenge, due to the vast variables involved (intraspecific chemodiversity, genetic 
and ontogeny, postharvest, and biotic and abiotic factors) [129], is the implementation of a 
large-scale and low-cost suitable production systems to obtain onions rich in flavonoids with 
the maintenance of balance between phytochemical content and agro-production. An inter-
disciplinary overview and data collection, analysis, and evaluation of scattered data regard-
ing the diverse factors involved in the optimization of plant production and postharvest and 
processing management are fundamental [37].

The plant needs to recognize the agro-environmental stimuli (see exogenous factors in 
Table 3), which is dependent on the sensitivity of organs and tissues and influences the meta-
bolic response, depending on the gene expression transcribed to functional enzymes. Then, 
metabolic channeling may induce the accumulation of the target product. The agronomic 
activities, including climate modeling, modifying secondary metabolism, and the correspon-
dent bioactive compound produced, may change plant physiological activity and affect their 
development and productivity [38].

2.1.1. Approaches based on endogenous factors

Research on genetics and plant metabolism has started, in the last years, to become interested 
in crop development with enhanced phytochemical concentrations. Although the genetic 
impact seems to be greater than the external factors, the synergistic effect of genetics with 
specific agronomic approaches could have a stronger capacity on improving certain phyto-
chemicals. However, it is extremely complex to implement preharvest strategies to maximize 
the biosynthesis of specific phytochemicals and simultaneously maintain the level of produc-
tivity and other qualitative parameters of the products. Progress toward understanding the 
impact of key strategies will allow their integration into sustainable agricultural production 
systems aimed to alter the content and/or profile of phytochemicals in new crop varieties [39]. 
The main endogenous factors that affect onion flavonoids are summarized in Table 2.
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2.1.1.1. Cultivar selection

Onion flavonoid content is highly explained by genetic factors [15], probably due to the diver-
sity of onion cultivars, hybrids, and open pollinated. The genetic makeup of the onion variet-
ies needs to be factored in when differences in flavonoids content and antioxidant activity are 
considered [29, 134].

Lee and Mitchell [40] studied six commercial onion varieties in which quercetin content 
ranged up to 18-fold between 93 and 1703 mg/100 g DW. The highest level has detected in a 
yellow, early, and long-day variety “milestone.”

The flavonoid profile affects the color of onion bulbs. Red cultivars generally contain 
higher total flavonoid content [11, 20, 30, 41–43], because they are richer in flavonols but 
also contain anthocyanins, unlike white varieties. Dalamu et al. [44] evaluated 34 onion 
genotypes and verified great variation in total phenolic content between white (165.0), 
pink (702.0 mg kg−1), and red varieties (867.8 mg kg−1) which means an overall more than 
fivefold variation. Red onions, with highest levels of phenolics, also have about three times 
higher antioxidant activity than white onions. The quercetin content in these 34 genotypes 
ranges from 22.0 to 890.5 mg kg−1. The largest variation occurred in yellow cultivars [11]. 
Patil et al. [45], in a study with 55 cultivars of yellow onions, verified a variation from 54 to 
286 mg kg−1 FW in quercetin content. Grzelak et al. [12] also reported differences between 
three yellow onion varieties in flavonol glucosides and total flavonol content but no statis-
tical differences between harvest seasons.

Quantitative data compilation presented in Tables 1–3 indicates a great diversity in flavonoid 
content among the cultivars surveyed. Total phenolic content in onion genotype seems to pres-
ent a definite hierarchy, highest in red and lowest in white. In contrast, Crozier et al. [46] reported 
the opposite but only for quercetin; they found only 201 mg kg−1 of quercetin in edible parts of 
red onion but much higher quercetin amount in white onions (185–634 mg kg−1). Marotti and 
Piccaglia [15] also found higher levels of total flavonoids in a golden variety “Dorata Density,” 
in relation to other different color varieties (including red onion).

There are many reports in the scientific literature on how resistant cultivars of different crops 
contained more phenolic compounds than susceptible ones suggesting that these compounds 
play an important role in the defense mechanism [47, 48]. Lachman et al. [49] found differ-
ent profiles in polyphenol content between susceptible and resistant onion cultivars. Yang 
et al. [29] concluded that onion varieties, which have strong, bitter, and pungent flavors and 
high sugar contents, exhibited higher antioxidant and antiproliferative activities. Vågen and 
Slimestad [50], in 15 cultivars studied, also detected a positive correlation between pungency, 
amounts of fructooligosaccharides (FOS) and flavonols, and the highest Trolox equivalent 
antioxidant capacity (TEAC) values.

Okamoto et al. [51] reported differences in quercetin content between short-day and long-day 
onion cultivars. The long-day cultivars from Northern Europe and their close relatives contain 
higher concentrations of quercetin glucosides than those of Japanese and North American. In 
long-day cultivars, total quercetin content was higher than in short-day cultivars being inde-
pendent of the growing origin [51, 52].
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2.1.1.2. Tissue selection

Although flavonoids are derived from the same biosynthetic pathway, they accumulate dif-
ferentially in plant tissues, depending on the developmental stage and the environmental 
conditions, since they fulfill different physiological functions [53]. The plant prioritization 
defense strategy to allocate defense compounds to the most valuable tissues can explain why 
young leaves have more phenolics than mature leaves. Tissues such as skin scales, with pro-
tective function, appear to have the same strategy. Similarly, ontogenetic changes in defensive 
allocation in seedling and juvenile plants may also be an evolutionary response to herbivore 
at this particularly susceptible stage of a plant’s life cycle [54].

Factor Evaluated parameters Effect on flavonoids References

Varietal differences Different bulb colors Red > yellow > gold
*Exception

[46]*

[49]
[42]
[15]*

[11]
[43]
[41]
[30]
[44]
[20]

Yellow varieties [45]
[11]
[12]

Resistant and susceptible 
onion cultivars

Resistant > susceptible [49]

Long-day and short-day 
onion cultivars

Long-day > short-day [51]
[52]

Size and bulb weight No differences
*Small > large

[45]
[64]
[61]*

[20]*

Bulb parts Scales Dry outer skins > outer 
edible > middle edible > 
inner edible
*Exception: middle layers > 
outer scales > inner layers

[63]
[55]
[57]
[27]
[64, 65]
[61]
[56]
[12]
[60]
[62]*

Top to bottom Top > bottom [63]
[57]
[20]

Table 2. Endogenous factors affecting the accumulation of flavonoid in onions.
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*Exception

[46]*

[49]
[42]
[15]*

[11]
[43]
[41]
[30]
[44]
[20]

Yellow varieties [45]
[11]
[12]

Resistant and susceptible 
onion cultivars

Resistant > susceptible [49]

Long-day and short-day 
onion cultivars

Long-day > short-day [51]
[52]

Size and bulb weight No differences
*Small > large

[45]
[64]
[61]*

[20]*

Bulb parts Scales Dry outer skins > outer 
edible > middle edible > 
inner edible
*Exception: middle layers > 
outer scales > inner layers

[63]
[55]
[57]
[27]
[64, 65]
[61]
[56]
[12]
[60]
[62]*

Top to bottom Top > bottom [63]
[57]
[20]

Table 2. Endogenous factors affecting the accumulation of flavonoid in onions.
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Factor Evaluated parameters Effect on flavonoids References

Soil type Clay > sandy loam [70]

Fertilization N levels No differences in quercetin [80]

NH4
+:NO3

− ratios >Dominant nitrate supply [72]

Varieties Kamal and Robin 
(N and S)

Positive correlation with N and S 
fertilization

[146]

White variety of Pueblo and 
yellow variety of Mundo 
were the most efficient when 
fertilized by nitrogen and 
sulfur in combination with 
iron

Positive correlation with N, S, and Fe 
fertilization

[147]

Mycorrhizal colonization/
inoculation

>Quercetin [72]

No effects [64]

Organic versus 
conventional

Organic > conventional [78]
[81]

Organic fertilizers, and 
no chemical herbicides or 
fungicides, or inorganic 
fertilizers

No differences [64]
[80]

Chemical treatments Benzothiadiazole and K2HPO4 
to control Stemphylium

>Phenolic [85]

Yearly variation [64]
[80]
[25]

Light Global radiation in the end of 
production period

>Radiation > flavonoids [64]

Total global radiation during 
production period

>Radiation > flavonoids [25]

UV light lamps after harvest >Quercetin [77]

Fluorescent light after harvest >Flavonoid [61]

CO2 Elevated to 550 ppm in 
relation to atmospheric (365 
ppm)

<Flavonoid
>Anthocyanins and total phenols

[162]

Lifting Lifting time Late lifting > early lifting [71]

Curing [123]

Evolution in relation of levels 
at harvest

After curing > at lifting [70]
[64]
[23]

Field > dark environment
*Field curing: dark similar to light 
exposed

[64]
[23]

Table 3. Exogenous factors affecting the accumulation of flavonoid in onions.
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The outer onion skin-dry peel scales have more total flavonoids than the edible flesh scales 
[27, 55, 56]. Hirota et al. [57] found that outer scales and the upper portions of the edible scales 
had higher levels of 4′-Qmg and 3,4′-Qdg and Qag than lower (internal) scales.

The flavonol glucoside hydrolysis during the peel formation can explain why aglycones are 
the main flavonoids present in the peel [22, 58]. Quercetin is concentrated in the dry skin of 
most onions where its oxidation products, 3,4-dihydroxybenzoic acid, and 2,4,6-trihydroxy-
phenylglycosilic acid impart the brown color and provide the onion bulb protection from 
the soil microbial infection [58, 59]. Bilyk et al. [55] observed that as much as 53% of the total 
quercetin in onion skin was present as aglycon, occurring great differences between dry skin 
and edible scales. The dry skin of onion bulbs of red and pink varieties is richer in flavonols 
and anthocyanins, mainly in aglycon forms. In red onion, the dry skins contain ~63% of total 
anthocyanins present in bulb. It means that only 27% of the total anthocyanins will be con-
sumed after bulb peeling [27].

Slimestad and Vågen [60], in edible scales, detected higher quantities of flavonols and fructose 
and simultaneously the highest antioxidant capacity in the outer fresh scales. An abrupt drop 
in flavonol quantity occurred from the first to the second scale, followed by a slight decrease 
further inward. Grzelak et al. [12] also reported that outer edible fresh scales of the bulb have 
threefold of mono- and diglucosides of quercetin and isorhamnetin than inner scales. Outer 
scales of triglycosides have ca. 1.5-fold greater in the middle scales. A graduated decrease in 
flavonoids, from the first to the seventh scale, was also observed in onion bulb [61]. Inversely to 
other authors, Beesk et al. [62] verified the following distribution order in scales of the flavonoid 
content: middle layers > outer scales > inner layers. Qdg was the major flavonoid in the inner 
layers, Qdg and Qmg were in equal amounts in the middle layers, and quercetin was the major 
flavonoid in outer scales followed by Qmg. Trammell and Peterson [63], considering vertical 
distribution, found that the flavonoid is presented in higher amounts (by twofold) in top than 
bottom (disk) of the bulbs. A two- to threefold increase in concentration from the center of the 
bulb outward is observed in a horizontal bulb distribution. The least pigmented line showed a 
17-fold increase and had 56% of its total flavonols in the outer scale compared with about 30% 
for the other lines. Mogren et al. [64, 65] and Lee et al. [61] reported comparable gradient in 
total quercetin composition in the edible onion scales indicating that 90% of total flavonols are 
in epidermal tissue. Parenchymous storage tissue, the bulk of a bulb, only contains around 10% 
of the total pigment. It follows that any factors which modify the ratio of epidermal to storage 
tissue scale, including thickness, could indirectly change gross flavonol concentration.

In onion, quercetin concentration does not appear to be affected by bulb size or weight, and 
small bulbs contain the proportional quercetin concentration as larger bulbs [45]. Mogren et al. 
[64] obtained results that showed minor or no differences in quercetin glucoside content among 
small-, medium-, or large-sized onions, although Lee et al. [61] and Pérez-Gregorio et al. [20] 
detected higher flavonoid content in small onions than in large ones.

2.1.2. Approaches based on exogenous factors

In addition to genetics, other factors can affect the onion bulbs’ flavonoid contents, mainly 
related with pedoclimatic conditions, agronomic practices, and postharvest handling and 
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processing. Being secondary metabolism an integral part of the plant capacity to adaptation 
to the surrounding environment, it is not surprising that these factors can modulate its phy-
tochemical profile.

As polyphenolic compounds are part of a complex defense mechanism of plants, environ-
mental stress factors such as pests and diseases, ozone and UV light, cold, and nutritional 
stress can induce their biosynthesis [66, 67]. Therefore, regulating environmental stresses pro-
vides an opportunity to enhance the flavonoid content of plants. Nevertheless, because of 
their potential adverse effects on crop growth, yield, and even in commercial quality (senso-
rial attributes), such approach should be considered with caution.

Treutter [38] made a compilation of agricultural technologies influencing the biosynthesis 
and accumulation of phenolic compounds in plants, including remarks on the effects of tem-
perature light, mineral and organic nutrition, water availability and moisture stress, graft-
ing, atmospheric CO2, growth and differentiation of the plant and application of stimulating 
agents, elicitors, and plant activators.

Table 3 compiles studies about the main exogenous factors affecting the flavonoid content in 
onions, as well as different strategies targeting to increase their content.

2.1.2.1. Soil nutrient status

Accumulation of phenolic compounds in plant can be influenced by mineral, being a limited 
nitrogen supply generally linked with higher levels of phenolics [10]. This reaction can be 
explained by the activity increase of phenylalanine ammonia lyase (PAL) enzyme to obtain 
ammonia from phenylalanine, as a source of nitrogen for amino acid metabolism. Cinnamic 
acid, as a result of the deamination process, is also released and further incorporated into 
the phenylpropanoid synthetic pathway, increasing the phenolic synthesis [68]. On the other 
hand, nitrogen limitation will affect photosynthesis, decreasing chlorophyll availability and 
disrupting photosynthetic membranes due to starch accumulation, which can explain the 
increased sensitivity to light intensity. Synthesis of photoprotective pigments such as antho-
cyanins and flavonols may give protection against light-induced oxidative damage [69].

Patil et al. [70] observed higher amounts of quercetin in onions growing under nitrogen limi-
tation in both clay and sandy loam soils. Despite this, the location of growth, more than soil 
type or growth stage, is a key environmental factor for quercetin levels in onion.

Mogren et al. [64, 65, 71] compared diverse applications of organic fertilizers, and it was 
found that the nitrogen fertilization did not affect the yield or quercetin glucoside content in 
the onion. Additionally, it did not find significant differences between onions with or without 
nitrogen fertilization in quercetin glucoside content. High levels of nitrogen (80 kg ha−1) do 
not improve yield or quercetin glucoside levels in the onions. Thus, it is preferable to frac-
tionally apply small amounts of nitrogen fertilizers because it reduces the risk of leaching of 
mineral nutrients without reducing the crop yield or quercetin content of onion bulbs.

Perner et al. [72] studied the effect of mycorrhizal colonization and different ammonium/nitrate 
ratios as nitrogen fertilizer on onion yield and nutritional characteristics. It was concluded that 
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the organosulfur compounds, quercetin glycosides, and antioxidant activity can be increased 
in suitably supplied onion plants if nitrate is dominant. Quercetin glycosides and antioxidant 
activity are also increased with mycorrhizal colonization. This was possibly due to amplified 
precursor production and induced defense mechanisms.

As these compounds are produced as part of plant defense mechanisms against stress factors, 
water availability and regulated deficit irrigation might also modulate metabolic pathway 
and considerably affect plant phenolic composition [4]. Mohamed and Aly [163] observed 
that seawater salt stress causes a reduction in the total phenolic compounds.

2.1.2.2. Light

The intensity, quality, and photoperiod of light (sunlight spectrum and proportion of ultra-
violet and the red/far-red ratio) are the main environmental factors affecting the flavonoid 
synthesis. The regulation of expression of several genes that encode the activity of enzymes 
participating in the phenylpropanoid pathway such as cinnamate 4-hydroxylase (C4H) or 
PAL, is affected by light conditions during plant development and storage, playing an impor-
tant role in the phenolic compounds [1].

Flavonoids protect against UV radiation and accumulate mainly in the epidermal cells of 
plant tissues [73]. However, the response to UV radiation, of various plant species, can vary 
substantially in terms of flavonoid synthesis [67]. The synthesis of specific flavonoids and 
other phenolics can be differently regulated in response to UV light depending of plant spe-
cies, and the contribution to UV stress protection can vary between phenolics [74]. Light 
stimulates flavonoid synthesis, particularly anthocyanins and flavones, being PAL the major 
inducible enzyme [66, 75].

The levels of quercetin glucosides in the external dry skins, exposed to light, are less than 10% 
of the levels in fleshy and partly dried scales. The probable mechanism is that quercetin is 
formed by deglucosidation of quercetin glucosides on the border between drying and dried 
brown areas on individual scales [57, 76].

In the end of onion bulb growth, the global radiation seems to be one of the major determi-
nants on quercetin glucoside content [17–20, 23, 25]. Mogren et al. [64] observed that the lower 
the global radiation in the last month of bulb growth, the lower the content of quercetin. 
Postharvest treatment of onion bulbs with UV light or fluorescent light lamps can induce 
quercetin production [77]. Exposure of onion bulbs to fluorescent light for 24 and 48 h induced 
time-dependent increases in the flavonoid content [61].

2.1.2.3. Organic versus conventional production

Manach et al. [10] verified that vegetables produced by organic or sustainable agriculture 
contain higher polyphenol content than vegetables grown in conventional production or 
hydroponic systems. Two main hypotheses have been proposed to explain the potential 
increases in polyphenol compounds in organic versus conventional production of vegetables. 
One hypothesis considers the influences of nutrient management and fertilizer application 
on plant metabolism. Synthetic fertilizers, used in conventional agriculture, normally present 
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higher availability nitrogen that may accelerate plant growth more than organic fertilizers. 
Consequently, plant resources are allocated mainly for growth, and the plant tends to invest 
less in the production of secondary metabolites such as amino and organic acids and poly-
phenols. The second hypothesis considers the plant reactions to biotic stress such as pests 
and diseases and weed competition. Organic production methods, which limit the use of 
agrochemicals such as insecticides, herbicides, and fungicides, may induce greater stresses on 
plants that tend to allocate more resources toward the synthesis of their own chemical defense 
compounds [161].

Ren et al. [78] detected 1.3–10.4 times higher levels of flavonoids, quercitrin, caffeic acid, and 
baicalein and in various organic vegetables onion than conventional, suggesting the influence 
of cultivation techniques. All green vegetables tested also had greater antioxidant activity in 
organic production.

Grinder-Pedersen et al. [79] verified differences in quercetin levels between organic and con-
ventional onions, but because different cultivars in the two different production systems were 
studied, it cannot be ruled out that the differences were due to cultivar (genetic factor).

Mogren et al. [80] did not find significant differences on quercetin glucoside levels between 
onions organically produced and onion treated with chemical fertilizers. The conclusion 
could be that the nitrogen source, organic or inorganic, and the absence of chemical fungi-
cides seemed to have no effect on quercetin biosynthesis.

Faller and Fialho [81] suggest that the effect of organic practices results in different effect 
patterns according to the plant species analyzed, with fruits being more susceptible to the 
induction of polyphenol synthesis than vegetables. Organic onion pulp had higher antioxi-
dant capacity than conventional [81].

Søltoft et al. [82] also did not find significant differences in the flavonoid level between organic 
and conventional onions.

In Lee et al. [83] study the organic onions usually start bulbing later than conventional onions 
because of black plastic film and delayed nitrogen mineralization. That might be an important 
cause of the lower level of phenolics in organic onions.

2.1.2.4. Chemical treatments

Herbicide and, to a lesser extent, insecticide and fungicide application can also affect the 
synthesis of phenolic compounds in plants. Diphenyl ethers (e.g., acifluorfen) act as herbi-
cide mainly by oxidative damages (singlet oxygen of protoporphyrin). Plants, when treated 
with herbicides, as a possible defensive reaction to the oxidative damages, increase the PAL 
synthesis and produce more flavonoids. The risks of the combined natural and pesticide-
induced modulating effects on human health and environmental protection should be evalu-
ated [84]. Kamal et al. [85] observed that onion plants treated with di-potassium phosphate 
and benzothiadiazole (Bion) presented significantly higher PAL and PO activity and phenolic 
contents than the untreated plants. It was concluded that application of chemical solutions 
such as di-potassium phosphate and benzothiadiazole applied for pathogenic control can 
enhance phenolic compounds in onion plants [85]. But, the risks of the combined natural and 
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pesticide-induced modulating effects on human health and environmental protection should 
be further evaluated [84].

2.1.2.5. Harvest time and postharvest treatments

Many phytochemicals are synthesized in parallel with the overall development and matura-
tion of fruits and vegetables. Therefore, their content in plants can considerably vary with 
different stages of maturity [10].

Total flavonol content increased as spring onion plants matured (226–538 mg/100 g at 14 and 
77 days, respectively) [86]. In bulbs, harvest date has been reported to have almost no effect 
to onion bulbs [70].

Mogren et al. [71] found that late lifting of onions (80% fallen leaves) leads up to 45% higher 
concentrations of quercetin glucosides compared with early lifting (50% fallen leaves).

Onions left in the field, to curing, after harvest accumulates more flavonols [70]. Mogren 
et al. [64] also detected a dramatic increase in quercetin glucoside content during field 
curing (between 100 and 300%, during the 10–14 days of curing). Price et al. [21] demon-
strated a 50% loss in quercetin monoglucoside during the initial curing process. Flavonol 
and anthocyanin levels in onions cured in the dark were similar to those obtained in bulbs 
cured in the light [23]. Mogren et al. [64] observed that field curing onions presented an 
increase in quercetin content significantly higher compared to the onions stored in dark 
conditions. Removal of the foliage to the bulb, before the process of field curing, did not 
affect quercetin content, suggesting that no transport occurs, in mature bulbs, between the 
foliage and scales. During field curing an increase in quercetin content occurred, particu-
larly when the flavonol concentrations were low at lifting [23].

Rodrigues et al. [24] observed that total flavonols increased during storage of onion bulbs, 
but when stored under traditional storage (without controlled temperature) showed higher 
increases of flavonoid levels than those stored under refrigeration. Bulbs stored in the field (at 
fluctuating ambient temperature) reached higher levels of flavonoids (64% maximum) than 
refrigerated onions (40% maximum). Regarding anthocyanins, after 7 months in both condi-
tions (refrigeration and traditional treatment), the whole anthocyanin content was reduced to 
more than 40%. Gennaro et al. [27] also observed a decrease to 64–73% of total anthocyanins 
in onions stored under domestic conditions, which seems to indicate that flavonol glucosides 
are more resistant than anthocyanins during storage. Ethylene accumulated during onion 
storage can stimulate activity of phenylalanine ammonia lyase (PAL), a key enzyme in biosyn-
thesis of phenolic compounds and accumulation of phenolic constituents [87, 88], and justify 
the significant increase in flavonols observed during storage [24]. Benkeblia [87] reported a 
positive relationship between PAL activity and total phenolic variations in long-term stored 
onion bulbs.

The effect of onion bulbs’ storage conditions in the composition of flavonoids was studied by 
several authors. Price et al. [21], apart from a 50% loss of quercetin 4-monoglucoside during 
the initial drying process (after curing at 28°C), observed little change in composition over 6 
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months of bulbs storage. Benkeblia [87] evaluated total phenolics in onion bulb during storage 
at 4 and 20°C and observed a variation in phenolics relatively regular at both temperatures. 
Lachman et al. [42] observed an increase of total flavonoids, especially at higher temperatures, 
at the end of 36 weeks of storage, in red and yellow onion varieties. Gennaro et al. [27] con-
cluded that home storage habits resulted in a decrease to 64–73% of total anthocyanins, but 
degradation is slower when onions are refrigerated. Rodrigues et al. [24] also observed that 
after 7 months of storage, total anthocyanin content was reduced between 40 and 60%.

2.1.3. Processing

Onion flavonoid effects of domestic treatments like slicing [89–91], cooking [23, 92], or fro-
zen [19, 93] were also studied. Onion products could be processed before consuming, but 
processing may result in losses in those valuable flavonoids. As was already referred, some 
researches focused on the effect of domestic processing techniques such as chopping, shred-
ding, peeling, roasting, cooking, or boiling on flavonoid content, and depending on the sever-
ity of heat treatment, losses were evident. Furthermore, onion could be also industrially 
processed. Thus, industrial processing not only includes all domestic treatments referred but 
also includes the effect of sanitizing technologies as well as freezing, freeze-drying, dehydra-
tion, packaging, and stored processes. Through this section how these applications and stor-
age affect the flavonoid content and profile will be described.

2.1.3.1. Fresh-cut technology

Fresh-cut fruit and vegetable products hardly increase their presence in the marketplace due 
to demand by the consumer. In the coming years, it is commonly perceived that the fresh-cut 
food industry will have unprecedented growth. However, processors of fresh-cut fruit prod-
ucts face numerous challenges not commonly encountered during fresh-cut vegetable pro-
cessing. The difficulties encountered with fresh-cut fruit, while not insurmountable, require a 
new and higher level of technical and operational sophistication. Physical changes resulting 
of minimally processed food production could induce physiological and therefore compo-
sitional changes that could affect the final food quality. The effect on flavonoid content of 
minimally processed onion will be discussed in each step of food processing.

2.1.3.1.1. Cutting

Wounding stress was largely studied as increasing the phenolic content and antioxidant 
activity of vegetables [94–96]. According with Cantos et al. [90], the three most important 
enzymes related to phenolic metabolism, polyphenol oxidase, peroxidase, and phenylalanine 
ammonia lyase, activity remain unaltered after wounding. Reyes et al. [97] further verified 
that the effect of this stress depends on the type of vegetable. In sliced onions, wounding was 
found to increase phenolic content and antioxidant activity [17].

Given the distribution of onion flavonoids in the bulb tissues, the wounding effect is also 
affected by the cutting technology. Hence, generally, the outer leafs contain the highest 
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flavonoid levels, whereas inner layers have the lowest amount of flavonoids [17, 98, 99]. 
The greatest loss was during preprocessing steps such as peeling and trimming. Keeping in 
mind that onion human consumption is limited to edible part, the brown outer leafs are not 
actually being under consideration. As referred, flavonoid distribution was described as not 
homogeneous in edible onion bulb. Hence, the initial flavonoid content and evolution could 
depend on the cutting technique. Overall, trending to increasing the initial flavonoid con-
tent was generally observed in chopped onion [17] and sliced onion [100]. However onions 
could be also cut into half onion rings, onion rings, diced onions, and julienne strips. Recent 
studies evaluated the effect of the type of cutting in the flavonoid contents [89]. They found 
that slicing led to greater anthocyanin content in comparison to dicing. Another controversy 
could be extracted from the research about how cutting affects onion flavonoid content. 
Temperature, light presence or absence, and storage time have normally been studied in 
parallel to cut effect. Some authors attribute the only effect of storage time [89], whereas 
other authors verified differences promoted by temperature changes [17]. Further stud-
ies are needed to verify the differences in the flavonoid evolution and their mechanisms 
depending on the tissue analyzed.

2.1.3.1.2. Sanitizing technologies

Different sanitizing technologies emerged in food science to disinfect fresh-cut food prior to 
package. Fresh-cut or minimally processed food has been described by the USDA and FDA 
like fruits and vegetables cut, washed, packaged, and further maintained under refrigera-
tion conditions. Fresh-cut products are therefore raw. Even though minimally processed food 
remains in a fresh state, it could be physically altered from the original form. Fresh-cut food 
is ready to eat or cook, without freezing, thermal processing, or treatments with additives or 
preservatives [101]. Given the nature of fresh-cut products which are not subjected to thermal 
processing, it is necessary to include some sanitizing technologies to maintain the hygienic 
quality of the raw food. Washing is one of the most important processing operations and uses 
physical and chemical treatments to eliminate, or at least reduce, the population of pathogenic 
and spoilage-inducing microorganisms. However, according with Perez-Gregorio et al. [102], 
the main effect contributing to the loss of flavonols in fresh-cut onion slices is their solubility 
in immersion in water leading to losses from 17 to 23% of flavonoids at 4 or 50°C. Despite 
that sodium hypochlorite is not allowed as sanitizer of fresh-cut vegetables in some European 
countries, it is still the most used for being inexpensive and easy to use and for having a 
broad spectrum of activity [102]. Chlorine can oxidize organic matter in foods or in water, 
and in the latter case, by-products such haloforms and haloacetic acids, which are potentially 
carcinogenic and mutagenic, can be formed [103]. Searching for organic chlorinated products 
(sodium dichloroisocyanurate, potassium dichloroisocyanurate, dichloroisocyanuric acid, 
and trichloroisocyanuric acid) as alternative sanitizing agents gained interest in recent years 
[104]; nevertheless the antimicrobial efficacy in onions of these sanitizers was lower than the 
others like hydrogen peroxide [105]. It was verified that onion flavonoid content experienced 
a significantly decrease for chlorine, organic chlorine, or hydrogen peroxide treatment [102]. 
Alternative treatment like nisin and citric acid in combination was also tested as sanitizer in 
fresh-cut onion manufacturer. Nisin and citric acid are generally recognized as safe (GRAS) 

Flavonoids - From Biosynthesis to Human Health454



flavonoid levels, whereas inner layers have the lowest amount of flavonoids [17, 98, 99]. 
The greatest loss was during preprocessing steps such as peeling and trimming. Keeping in 
mind that onion human consumption is limited to edible part, the brown outer leafs are not 
actually being under consideration. As referred, flavonoid distribution was described as not 
homogeneous in edible onion bulb. Hence, the initial flavonoid content and evolution could 
depend on the cutting technique. Overall, trending to increasing the initial flavonoid con-
tent was generally observed in chopped onion [17] and sliced onion [100]. However onions 
could be also cut into half onion rings, onion rings, diced onions, and julienne strips. Recent 
studies evaluated the effect of the type of cutting in the flavonoid contents [89]. They found 
that slicing led to greater anthocyanin content in comparison to dicing. Another controversy 
could be extracted from the research about how cutting affects onion flavonoid content. 
Temperature, light presence or absence, and storage time have normally been studied in 
parallel to cut effect. Some authors attribute the only effect of storage time [89], whereas 
other authors verified differences promoted by temperature changes [17]. Further stud-
ies are needed to verify the differences in the flavonoid evolution and their mechanisms 
depending on the tissue analyzed.

2.1.3.1.2. Sanitizing technologies

Different sanitizing technologies emerged in food science to disinfect fresh-cut food prior to 
package. Fresh-cut or minimally processed food has been described by the USDA and FDA 
like fruits and vegetables cut, washed, packaged, and further maintained under refrigera-
tion conditions. Fresh-cut products are therefore raw. Even though minimally processed food 
remains in a fresh state, it could be physically altered from the original form. Fresh-cut food 
is ready to eat or cook, without freezing, thermal processing, or treatments with additives or 
preservatives [101]. Given the nature of fresh-cut products which are not subjected to thermal 
processing, it is necessary to include some sanitizing technologies to maintain the hygienic 
quality of the raw food. Washing is one of the most important processing operations and uses 
physical and chemical treatments to eliminate, or at least reduce, the population of pathogenic 
and spoilage-inducing microorganisms. However, according with Perez-Gregorio et al. [102], 
the main effect contributing to the loss of flavonols in fresh-cut onion slices is their solubility 
in immersion in water leading to losses from 17 to 23% of flavonoids at 4 or 50°C. Despite 
that sodium hypochlorite is not allowed as sanitizer of fresh-cut vegetables in some European 
countries, it is still the most used for being inexpensive and easy to use and for having a 
broad spectrum of activity [102]. Chlorine can oxidize organic matter in foods or in water, 
and in the latter case, by-products such haloforms and haloacetic acids, which are potentially 
carcinogenic and mutagenic, can be formed [103]. Searching for organic chlorinated products 
(sodium dichloroisocyanurate, potassium dichloroisocyanurate, dichloroisocyanuric acid, 
and trichloroisocyanuric acid) as alternative sanitizing agents gained interest in recent years 
[104]; nevertheless the antimicrobial efficacy in onions of these sanitizers was lower than the 
others like hydrogen peroxide [105]. It was verified that onion flavonoid content experienced 
a significantly decrease for chlorine, organic chlorine, or hydrogen peroxide treatment [102]. 
Alternative treatment like nisin and citric acid in combination was also tested as sanitizer in 
fresh-cut onion manufacturer. Nisin and citric acid are generally recognized as safe (GRAS) 

Flavonoids - From Biosynthesis to Human Health454

for use as food ingredients [106] which is an advantage in the use of nisin and citric acid in the 
microbial cleaning of fresh-cut onions. Cheng et al. [100] verified an increase of total pheno-
lics and antioxidant activity after using niacin and citric acid to wash fresh-cut onions. It was 
therefore highlighted that it might be used as a safe preservative for fresh-cut onions, whereas 
the phenolic content will be improved. Among the chemical methods for controlling posthar-
vest diseases, other treatments as UV-C irradiation were assayed. UV radiation in the range of 
250–260 nm is lethal to most microorganisms, including bacteria, viruses, protozoa, mycelial 
fungi, yeasts, and algae and also leads to increase the onion flavonoid content [102]. Other 
treatments like ozone [107] were also used as sanitizer agent; however, no scientific paper has 
been found to evaluate the effect of this treatment in onion flavonoid content.

2.1.3.1.3. Packaging: atmosphere and package material

As already referred, fresh-cut technology could promote several physiological changes that 
could induce microbial spoilage. Furthermore, color changes, softening, surface dehydra-
tion, water loss, translucency, and off-flavor and off-odor development are other frequent 
causes of quality loss in fresh-cut products. The use of innovative modified atmospheres as 
well as edible coatings is nowadays standing out against revolutionary techniques to con-
trol the food safety; likewise the fresh state was maintained. Even though some studies have 
already demonstrated the effectiveness of these proceedings, more studies are required to 
better keep the minimally processed organoleptic properties. Moreover, further studies about 
how packaging might affect onion flavonoids are still required. Little scientific information is 
available to better know the effect of “ready-to-eat” packaging onion in its flavonoid content. 
Flavonoid stability was evaluated during fresh-cut onion storage in perforated films [108] 
or polyethylene and polyethylene terephthalate cups [17]. Overall, the onions experienced 
changes in flavonoid content during storage time. Storage conditions like light presence or 
absence, temperature, and storage time marked the onion flavonoid evolution. Hence, antho-
cyanins increase under light but experienced a decrease under dark storage conditions [17]. 
Moreover, the individual flavonoid stability was very different, the malonated anthocyanins 
being much more stable than the corresponding non-acylated pigments [108]. In addition, the 
arabinosides were shown to be less stable than the corresponding glucosides [108].

There is still a gap in the knowledge as how the package material affects the onion flavo-
noid evolution during storage time. It is also necessary to deepen the study of package atmo-
sphere influence or what is the best type of package in order to maintain the levels of onion 
flavonoids.

2.1.3.2. Cooking: frying, microwaving, baking, and boiling

The impact of common domestic and technological treatments on flavonoid composition 
in onions was studied [23, 91–93, 109–111]. During technological and culinary treatments, 
important chemical and biochemical reactions occur in onion tissue. Such reactions may 
have an impact on the flavonoid structure, resulting in changes of the bioavailability and 
activity of these compounds [112]. In general, papers report that cooking of onions led to a 
decrease in total flavonol content, but these losses vary depending on the culinary treatment 
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(frying, boiling, roasting, etc.) and on the length of exposure to this treatment. Overall, slight 
conditions did not affect to the flavonol content, but intense treatments cause flavonol losses 
from 16 to 30% [23]. Boiling onions led higher losses of quercetin glycosides, which leached 
to the boiling water until 53% in intense treatments [23]. Quercetin degradation was higher 
for diglucosides than monoglycosilated quercetin derivatives, whereas anthocyanins experi-
enced the greater losses under cooking temperature exposure [23].

2.1.3.3. Frozen onion

In addition to ready-to-use vegetables, the trend to find a higher number of preprocessing 
vegetables is increasing in the commercial areas. The modern lifestyle drives to a high con-
sumption not only in minimally processed food but also in frozen vegetables that are ready to 
cook and cheaper than fresh vegetables. Frozen storage has also an economic advantage for 
manufacturers since the wastage of unused products is reduced and the shelf life increases. 
However, the freezing process could affect the food quality, and this is a worrisome point 
for consumers. It is well known that frozen vegetables may have a lower nutritional value 
than their respective commodities. Little knowledge is highlighted about how this technology 
could affect to onion flavonoid content. However few authors concluded that frozen onions 
lead to an increase of onion flavonoid content [23, 113]. This could be a potent strategy to 
increase the consumption of frozen vegetables.

2.1.3.4. Dehydrating and freeze-dried onion powder

Industry often carries out processes based in the food water extraction such us freezing and 
drying to achieve the objective of long-term storage. However, the health-promoting ability 
and nutritional attributes of fruits and vegetables depend on the type of processing employed. 
Onions can be marketed as powder for cooking purposes after drying processes [114]. Drying 
technological developments are driven by consumer who demands for healthy, fresh-like, and 
convenient food. The trending in consumer demand has increased for processed products that 
are ready to use, cook, and eat but keeping more of their original characteristics. The develop-
ment of operations that minimize the adverse effects of processing is therefore required by an 
industrial point of view. The main concern in food drying is related to a loss of volatiles and 
flavors, changes in color and texture, and a decrease in nutritional value associated with the 
process. Hence, the effect of dehydration on onion quality was studied [115]. Mass production 
of dried foods is often accomplished through the use of convective dryers. This drying process 
suffers from quality losses regarding color, flavor (taste and aroma), and texture, while rehy-
dration is often poor. Freeze-drying process produces the highest-quality dried food product 
since the food structure is not damaged during sublimation. Nevertheless the freeze-dried 
process has a strong disadvantage, is much more expensive than convective drying, and is 
therefore only used for the production of a minor volume of high-value products.

Regardless of the drying procedure used, dried food has residual enzyme and microbial activ-
ities, essential parameters to extend the food shelf life. On the other hand, the minimization of 
enzymatic activity given by the dehydration process might also influence quality factors like 
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antioxidant activity and flavonoid content. Hence, it was verified that onion flavonoid content 
increases after freeze-drying process [19].

In recent years, there has been an increasing interest of the food industry in incorporating 
ingredients with health beneficial properties. Among these ingredients, spices are recognized 
by their flavoring and coloring potential. Spices may contain phenolic compounds and con-
tribute to the intake of natural antioxidants. Therefore, the incorporation of purified extracts 
of bioactive compounds in many foods may represent an interesting alternative to increase 
consumption of these substances and allow the population to benefit from the positive effects 
attributed to them. Onion, therefore, would be used as freeze-dried powder to improve the 
antioxidant capacity of foods, and onion flavor could be added.

Overall, further studies are needed in order to improve the knowledge about how onion fla-
vonoids are affected by domestic or industrial treatments. The scientific evidences about fla-
vonoid content could be modulated by normal industry processes and could be also profited 
to offer food with high quality and high added value.

2.2. Valorization of onion by-products

The production of onion worldwide increased by a 25% over the past 10 years, with a produc-
tion of about 83 million tons nowadays [116], which makes onions as the second most impor-
tant world horticultural crop after tomatoes. This high level of production gives as a result 
more than 500,000 tons of onion skin waste (OSW) which are discarded within the European 
Union every year [117]. Therefore, the resulting wastes and by-products have become a major 
problem [118]. They include onion skins, the outer two fleshy scales, and roots generated dur-
ing industrial peeling but also undersized, malformed, or damaged onion bulbs. They are not 
suitable as fodder because of their strong characteristic aroma and neither as an organic fer-
tilizer due to the rapid development of phytopathogenic agents such as Sclerotium cepivorum 
[119]. Their disposal commonly involves landfill with high economical costs and important 
environmental impact [120].

The recovery of valuable phytochemicals with high potential for the pharmaceutical, food, 
and cosmetics manufacturing is of key importance [121]. The onion waste has been identi-
fied as a potential source of flavor compounds, dietary fiber components, nonstructural car-
bohydrates like fructans and fructooligosaccharides, and flavonoids particularly quercetin 
glycosides [117, 122]. Most of the studies have been performed at a laboratory scale, so further 
research is necessary in order to scale up these processes to the industry requirements, assess-
ing their economical viability. Onion composition is variable and depends on cultivar, stage 
of maturation, environment, agronomic conditions, storage time, and bulb section.

It is key to know the composition of each industrial onion waste to know its potential health 
benefits. Quercetin 4′-glucoside and quercetin 3,4′-diglucoside are in most cases reported as 
the main flavonols of the flesh, whereas onion skins contain higher concentrations of quer-
cetin aglycon [123, 124]. There is a big potential opportunity given the increasing demand of 
consumers for substituting synthetic compounds by natural substances [125]. The presence 
of these flavonoids in onion products confers them some healthy properties. Flavonoids are 
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shown to have antioxidant activity, free radical scavenging capacity, coronary heart disease 
prevention, and anticancer activity. Some flavonoids exhibit potential for antihuman immu-
nodeficiency virus functions. Quercetin is known for its anticancer, anti-inflammatory, and 
antiviral activity [126]. Future investigations on the bioactivity, bioavailability, and toxicology 
of onion product phytochemicals [127] and their stability and interactions with other food 
ingredients [128] should be performed and carefully assessed by in vitro and in vivo studies. 
Functional foods represent an important, innovative, and rapidly growing part of the overall 
food market.

3. Future challenges for plant scientists and growers

This chapter deals about the current state of knowledge on the main factors affecting the 
flavonoid content in onions, as well as different approaches that can be applied to increase 
the accumulation of these compounds. For example, red cultivars contain the highest flavo-
noid levels; in this sense, also resistant onions present higher flavonoid levels than those that 
are susceptible. The nonedible dry skin is richer in flavonoids than the flesh, promoting the 
nonedible portions as a source of natural antioxidants. Within the edible bulb, a decrease 
across the onion from the outer onion scales to the inners is also found. With regard to soil 
management factors, the nitrogen fertilizer levels should be minimized to favor flavonoid 
levels. It was also found that organically grown onions present higher levels of flavonoids 
and antioxidant activity than conventional. Late lifting of onions generally results in higher 
concentrations of quercetin glucosides than early lifting.

Phenolic compounds can affect sensory attributes such as color, flavor, bitterness, and tex-
ture affecting the consumer assessment. The identification of specific compounds in different 
onion cultivars and agronomic practices would lead to a better understanding of the physi-
ological responses to onion consumption [17–20, 23–25]. This would aid the development of 
onion production systems that provide an increased health benefit [56] and the development 
of guidelines for the consumption of these compounds. An interesting and challenging aspect 
for future research is to clarify the interactions between genotype and agro-environmental 
factors on the flavonoid composition in onions [129].

The production of fresh “functional food” with defined health claims may be favorable for 
a premium market segment. In the future, the minimum quality of plant foods could be 
defined on the base of their content of bioactive components [130]. One of the projects that 
have been awarded over the years is given below as an example of the fruit and vegetables 
research community [131] to generate successful applications in the calls published by the EU 
Commission: FLAVO is the project for “flavonoids in fruits and vegetables: their impact on 
food quality, nutrition and human health.” The project is centered on fruits widely available 
to Europeans—apple, grape, and strawberry—together with their derivatives. FLAVO aimed 
to monitor the flavonoids in fruits and vegetables and to optimize their beneficial effects. This 
action was promoted by the European Fruit Research Institutes Network (EUFRIN), and a 
similar project would be desirable for the vegetable sector with the support of the European 
Vegetable Research Institutes Network (EUVRIN) to cover areas such as (a) the study of con-
sumer behavior about new products, (b) selection of improved plant foods by breeding, (c) the 
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choice of agronomic techniques to maximize flavonoids, (d) knowledge on the appropriate 
dose of flavonoids for beneficial effects, and (e) the dissemination of the results to consumers 
and other stakeholders.
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