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Abstract

Numerous studies have demonstrated the availability of high-quality bioactive compounds in food along with 
their determination and quantification techniques. Many of these identified compounds have been claimed 
to possess health benefits such as anti-inflammatory, anti-cancer, antioxidant, anti-allergic, anti-fungal, anti-
microbial and cardioprotective spasmolytic properties. However, mere presence of these compounds does not 
directly correlate with their potential health effects upon consumption. Since any food consumed does not 
reach the blood stream in the original form and as they are broken down to various compounds it is mandatory 
to consider their bioavailability and metabolism that takes place upon absorption. Furthermore, the efficacy 
of these bioactive compounds depends on various factors including the dosage, food matrix and stability of 
the compound during metabolism. Various bioavailability studies indicate that the parent bioactive compound 
is broken into various metabolites via oxidation, dehydroxylation, de-esterification, hydrolysis, carboxylation, 
α- and β-oxidation processes inside the human body. Therefore, this leads to an interesting conundrum that 
whether the proposed health effects are due to the parent bioactive compound or due to the metabolites 
formed during absorption. Some details in relation to the metabolism and metabolites of food bioactives are 
presented in this contribution.
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1. Introduction

Bioactive compounds are non-nutritive constituents in food with 
potential health-promoting benefits when ingested. Plant-based 
food including fruits, vegetables and grains, red meat, poultry 
and seafood, algae, seaweeds and other forms of aquatic prod-
ucts contain various classes of bioactive compounds (Miyashita 
and Hosokawa, 2018; Mirfat et al., 2018). These bioactive com-
pounds vary widely in their chemical structures and fucntion 
and are classified accordingly into major groups such as poly-
phenols, carotenoids, peptides and amino acids, lipids and fatty 
acids, polysaccharides, glucosinolates, terpenoids, alkaloids and 
furocoumarins. Eventhough these compouds are known to pro-

vide health effects to humans, their bioavailablity is not always 
well known. The mechanism of bioavailablity involves various 
metabolic steps right from the start when the food is ingested via 
mouth, broken down by the action of grinding, effect of saliva 
juice, travel to the stomach, effect of gastric juice and enzymes in 
the stomach, the effect of microbiota in the duodenum, jejunum, 
ileum and colon. In addition, diffusion across the enterocytes and 
colonocytes, effect of hepatic metabolism in liver and systemic 
circulation also play an important role in the absorption of these 
compounds from food sources. Therefore, the aim of this review 
is to demonstrate various metabolic pathways of known polyphe-
nols present in foods, bioavailability, and their effect on health 
and disease.
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2. Phenolic compounds

Phenolic compounds are the largest group of phytochemicals that 
are mainly found in plant-based foods. These have one or more 
phenolic rings that are classified into different subgroups based on 
their origin, biological function and chemical structure. The differ-
ent classes of phenolic compounds are phenolic acids, flavonoids, 
tannins, stilbenes and lignans are shown in Table 1 (Shahidi and 
Ambigaipalan, 2015; Bolling et al., 2011; Hardman, 2014; Pietta 
et al., 2003; Tsao, 2010; Shahidi and Yeo, 2016).

2.1. Phenolic acids

Phenolic acids are divided into two classes depending on their 
structures: (a) derivatives of benzoic acid and (b) derivatives of 
cinnamic acid (Shahidi and Yeo, 2016).

2.1.1. Hydroxybenzoic acid derivatives (HBA)

The hydroxybenzoic acid derivatives have a general structure of 
C6-C1. Strictly speaking, these are the only phenolic acid deriva-
tives, since hydroxycinnamic acid that will be discussed below 
are phenylpropanoids (Shahidi and Ambigaipalan, 2015). In some 
cases, C6-C2 phenylacetic acid derivatives occur occasionally as 
minor components in food. Generally, the concentration of HBAs 
are low in fruits and vegetables except in red fruits, black raddish, 
onion and potato skin (Lafay and Gil-Izquierdo, 2008). The gen-
eral structure of hydroxybenzoic acid is shown in Figure 1. Some 
of the common HBAs include salicylic acid, 4-hydroxybenzoic 
acid, protocatechuic acid, gallic acid, vanillic acid, isovanillic acid 
and syringic acid. Cinnamon bark contains protocatechuic acid, 
salicylic and syringic acids (Muhammad and Dewettinck, 2017). 
Gallic acid is found in clove buds along with protocatechuic acid, 
p-hydroxybenzoic acid and syringic acid (Tomás-Barberán and 
Clifford, 2000a). Canadian wheat flours contain vanillic acid and 
syringic acid (Hatcher and Kruger, 1997; Kim et al., 2018; Yu and 
Beta, 2015). Similarly, oats, barley, malt, hops contain different 
forms of hydroxybenzoic acids. Although hydroxybenzoic acids 
can be found as free acids in some fruits or released after process-
ing, they mainly occur as conjugates. Gallic acid and its dimer such 
as ellagic acid are esterified with glucose to produce hydrolysable 
tannins. Also, p-hydroxybenzoic acid, vanillic acid, syringic acid 
and protocatechuic acid are constituents of lignin (Pietta et al., 
2003).

2.1.2. Hydroxycinnamic acid derivatives (HCA)

The hydroxycinnamic acids (Figure 1) are trans-phenyl-3-pro-
penoic acids with different ring substitutions. Derivatives of cin-
namic acids are mainly represented by caffeic, ferulic, sinapic and 
p-coumaric acids. These compounds are often distributed as con-
jugates mainly as esters of quinic acid. Among hydroxycinnamic 
acids, caffeic acid is the most common and accounts up to 70% of 
total hydroxycinnamic acids in fruits (Carrera et al., 2010; Licciar-
dello et al., 2018). Rosemary extract contains HCA, such as caffeic 
acid, ferulic acid, and p-coumaric acid (Senanayake, 2018). Ferulic 
acids are present in cereal grains. Since hydroxycinnamic acids oc-
cur is most fruits and vegetables, they make significantly larger 
contribution to total polyphenol intake compared to hydroxyben-
zoic acids and flavonoids.

Figure 1. Phenolic acids (a) 4-hydroxybenzoic acid and (b) 4-hydroxycin-
namic acid. 

Table 1.  Classification of phenolic and polyphenolic compounds

Class Subgroup Example

Phenolic acid Benzoic acid Protocatechuic acid

Vanillic acid

Gallic acid

Cinnamic acid p-Coumaric acid

Caffeic acid

Chlorogenic acid

Sinapic acid

Stilbene Resveratrol

Pterostilbene

Flavonoid Flavonol Quercetin

Kaempferol

Myricetin

Flavones Apigenin

Acacetin

Luteolin

Flavanone Naringenin

Hesperetin

Flavanol Catechin

Epicatechin

Epigallocatechin

Epigallocatechin gallate

Anthocyanidin Cyanidin

Malvidin

Petunidin

Isoflavones Genistein

Daidzin

Lignan Secoisolariciresinol

Matairesinol

Syringaresinol

Tannin Hydrolyzable Gallotannin

Ellagitannin

Tannic acid

Condensed Proanthocyanidin
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2.2. Flavonoids

Flavonoids are a group of natural products which are made up of 
diphenylpropanes (C6-C3-C6) consisting of two aromatic rings 
linked through three carbons that usually form an oxygenated het-
erocycle (Alvarez-Parrilla et al., 2018). They are mainly found in 
fruits, vegetables, grains, bark, roots, stems, and flowers. Basic 
skeleton of flavonoids (Figure 2) is made up of polyphenolic struc-
ture and it is divided into different subgroups depending on the 
carbon of the C ring on which B ring is attached and the degree of 
unsaturation and oxidation of the C ring. Flavonoids are composed 
of 6 subgroups which include flavones, flavonols, isoflavones, 
flavanones, flavanols and proanthocyanidins, and anthocyanidins 
and anthocyanins (Panche et al., 2016). Biochemical properties of 

flavonoids are highly related to their chemical structures (Shahidi 
and Ambigaipalan, 2015). The nomenclature of all flavonoids with 
different ring substitutions is shown in Table 2.

2.2.1. Flavones

Flavones are one of the most important subgroups of flavonoids 
due to their biological activities in vitro and in vivo. Flavones 
(Figure 2) are mostly found in leaves, flowers and fruits as 7-O-
glycosides and can also have acetyl or malonyl moieties (Panche 
et al., 2016). Flavone C-glycosides are commonly detected as 6-C- 
and 8-C-glycosides. The flavone O-glycosides can be easily hy-
drolyzed with enzyme or acid; however, flavone C-glycosides are 
resistant to both process and must be analyzed in their native forms 

Figure 2. Basic structures of flavonoids. 
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(Hostetler et al., 2017). Changing the functional R1 and R2 bonds 
in the flavone core will yield different types of flavones including 
apigenin, acacetin, luteolin, diosmetin, and chrysoeriol.

Apigenin, also known as 4′,5,7-trihydroxyflavone, is present 
in grapefruit, plant-derived beverages, parsley, celery, onions, or-
anges, tea, chamomile, wheat sprouts and in some seasonings. The 
most abundant single source of apigenin is chamomile prepared 
from dried flowers of Matricaria chamomilla (El Gharras, 2009; 
Manach et al., 2004; Shukla and Gupta, 2010). Acacetin is an O-
methylated flavone in its natural form is found in various plants 
including Agastache rugosa, Scoparia dulcis, Cirsium rhinoceros, 
Robinia pseudoacacia and Tamarindus indica (Bhat et al., 2013; 
Daniel, 2006; Liu et al., 2011; Yim et al., 2003; Zhao et al., 2008). 
Luteolin is found in oregano, celery, orange, broccoli, rosemary, 
green pepper, peppermint, parsley, olive oil, thyme, carrot, dan-
delion, chamomile tea, and perilla (Akhtar and Swamy, 2018). 
Diosmin (3′,5,7-trihydroxy-4′-methoxyflavone-7-rutinoside) is 
commonly found in most plants and fruits especially citrus fruits 
(Russo et al., 2018). Some of the plants from which diosmetin has 
been isolated include Acacia farnesiana, Artemisia vulgaris, Chry-
santhemum morifolium, Citrus medica, Cyprideis torosa, Daphne 
pseudomezereum, Ditylenchus acris, Eclipta prostrata, Galium 
verum, Genus Vicia, Inula Britannica, Lespedeza davurica, Loni-
cera syringantha, Luffa cylindrical, Luffa cylindrical, Mallotus 

stenanthus, and Marrubium alysson (Patel et al., 2013). Chrysoe-
riol is a flavonoid which is found in various plants including pea-
nut hulls, Cynanchum formosanum, Stachys chrysantha, Artemisia 
vulgaris and Stachys candida, herbs such as Ludwigia prostrata 
and flowers of Lonicera japonica as well as leaves of Epimedium 
sagittatum (Mishra et al., 2003). In wheat, tricin (5,7,4-trihydroxy 
3,5-dimethoxyflavone) is a main flavone (Shahidi and Ambigaipa-
lan, 2015).

2.2.2. Flavonols

Flavonols (Figure 2) are a subclass of flavonoids with a keto group. 
The richest sources of flavonols include onions, apples, cider, 
grapes, wine and tea (Shahidi and Ambigaipalan, 2015). They are 
derived from the simplest flavonol called 3-hydroxyflavone. The 
most common flavonols include quercetin, kaempferol, myrice-
tin, isorhamnetin, tamarixetin, morin, and fisetin. The most stud-
ied and most bioavailable flavanol is quercetin. Kaempferol and 
myricetin are available in many foods; however, isorhamnetin and 
tamarixetin are methylated metabolites of quercetin that also occur 
naturally (Perez-Vizcaino and Duarte, 2010). Quercetin is avail-
able in most vegetables in the O-glycosidic form at concentrations 
below 10 mg/kg. In addition, apigenin, quercetin, kaempferol, and 

Table 2.  Different types of flavonoids based on the position of their substituents

Ring position 3 5 7 3′ 4′ 5′

Flavonols1

  Kaempferol OH OH OH H OH H

  Myricetin OH OH OH OH OH OH

  Quercetin OH OH OH OH OH H

Flavonones1

  Hesperetin H OH OH OH O-Me H

  Naringin H OH O-R H OH H

Flavones1

  Apigenin H OH OH H OH H

  Luteolin H OH OH OH OH H

Anthocyanidins2

  Cyanidin OH OH OH OH OH H

  Malvidin OH OH OH OCH3 OH OCH3

  Petunidin OH OH OH OCH3 OH H

Flavanols3

  Catechin/Epicatechin OH OH OH OH OH H

  Gallocatechin OH OH OH OH OH OH

  Epigallocatechin OH OH OH OH OH OH

  Epigallocatechin gallate G OH OH OH OH OH

Isoflavones3

  Genistein – OH OH H OH H

  Daidzin – H O-Glu H OH H

  Daidzein H H OH H OH H

1Narayana et al., 2001; 2Graf et al., 2005; 3Shahidi and Naczk, 2003. -O-Me, Methoxy; -O-Glu, Glucosyl; -O-R, Alkoxy; and G, Gallate.
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myricetin are known to have interactions with soyprotein (Rawel 
et al., 2002; Yeo and Shahidi, 2019).

Quercetin in onions is an exception, containing 185–634 mg/
kg of fresh weight (Dávalos et al., 2006). Flavonol content of 
25 edible berries was studied, and it was reported that quercetin 
was present in all berries and the highest amount was found in 
bog whortleberry (158 mg/kg, fresh weight), followed by lingon-
berry (74–146 mg/kg fresh weight), chokeberry (89 mg/kg fresh 
weight), sweet rowan (85 mg/kg fresh weight), cranberry (83–121 
mg/kg of fresh weight), rowanberry (63 mg/kg), sea buckthorn 
berry (62 mg/kg), and crowberry (53 and 56 mg/kg). The study 
also indicated that only 8 out of 25 berries had myricetin and 4 out 
of 25 berries had kaempferol present in them. The highest amount 
of myricetin was found in cranberry (74–142 mg/kg fresh weight) 
followed by crowberry (44–49 mg/kg fresh weight). The highest 
amount of kaempferol was found in gooseberry (16–19 mg/kg 
fresh weight) (Häkkinen et al., 1999).

2.2.3. Flavanones

Flavanones (Figure 2) occur as two types of glycosides including 
rutinosides (6-O-α-L-rhamnosyl-D-glucosides) and neohesperido-
sides (2-O-α-L-rhamnosyl-D-glucosides) and occur as aglycones. 
The aglycone forms are not attached to sugar moieties such as nar-
ingenin, hesperetin, isosakuranetin and eriodictyol. The glycoside 
forms of flavanones include hesperidin, narirutin, neohesperidin, 
neoeriocitrin and naringin. Orange, lemon, grapefruit, lime and 
mandarin are rich sources of flavanones (Di Majo et al., 2005; 
Tomás-Barberán and Clifford, 2000b).

2.2.4. Isoflavones

Isoflavones (Figure 2) are naturally present as glycoside in plants 
and are polar molecules. They are widely present in various leg-
umes, soy products such as soy oils, soy lecithin, tofu, black beans, 
green split peas and clover. The concentration of isoflavones in 
soy foods range between 0.1 and 3.0 mg/g (Setchell and Cassidy, 
2018). The aglycone forms of isoflavones are daidzein and gen-
istein. The glycosidic form of isoflavones include acetyl and malo-
nyl glucosides and β-glucosides of daidzein and genistein (Pietta 
et al., 2003). The germination of soybean was reported to change 
its isoflavone profile and resulting in a better antioxidant activity in 
the products than in soybean itself (Yoshiara et al., 2018).

2.2.5. Anthocyanidins and anthocyanins

Anthocyanidins (Figure 2) are aglycone derivatives of 3,5,7-trihy-
droxyflavylium chloride and the most common types of anthocya-
nidins are cyanidin, delphinidin, pelargonidin, peonidin, petunidin, 
and malvidin. Anthocyanidins are found very rarely in fresh plants 
due to their instability. Anthocyanins also called glycosylated an-
thocyanidins are water-soluble pigments present in flowers and 
fruits of many plants. Most of the red, purple and blue-colored 
flowers contain anthocyanins. Red flowers such as red hibiscus, 
red rose, red pineapple sage, red clover and pink blossom con-
tain anthocyanins and are edible. Blue flowers such as cornflower, 
blue chicory and blue rosemary and purple flowers such as purple 
mint, purple passionflower, purple sage, common violet and laven-
der are the common edible flowers. Some of the fruits containing 
anthocyanins include cherries, plums, strawberries, raspberries, 
blackberries, grapes, red currants and black currants (Shahidi and 

Ambigaipalan, 2015; Valdez and Bolling, 2019). Stability of an-
thocyanins is dependent on the type of anthocyanin pigment, co-
pigments, metal ions, light, pH, temperature, oxygen, enzymes and 
antioxidants (Castañeda-Ovando et al., 2009; Khoo et al., 2017; 
Pietta et al., 2003).

2.2.6. Tannins

2.2.6.1. Condensed tannins: flavan-3-ols (or) flavanols or proan-
thocyanidins

Flavanols (Figure 2) are like 4-oxo flavonoids but are character-
ized by the lack of double bond between C2 and C3, and no C4 
carbonyl in ring C of flavanols. In addition, hydroxylation at C3 
allows flavanols to have two chiral centres on C2 and C3, thus hav-
ing four possible diastereoisomers. Naturally, flavanols are found 
as catechin and epicatechin isomers. Catechin is the isomer with 
trans configuration and epicatechin is the one with cis configu-
ration. Flavanols are present in apples, apricots, pears, cherries, 
peaches and plums (Pietta et al., 2003; Tsao, 2010). Proantho-
cyanidins (Figure 3) include oligomeric and polymeric forms of 
monomeric flavanols (Shahidi et al., 2019). Proanthocyanidins are 
also called condensed tannins, and are distinguished according to 
the substitution pattern of their linking. The A-type proanthocya-
nidins are linked through C2-O-C7 or C2-O-C5 bonding, B-type 
proanthocyanidins are linked through C4-C6 or C4-C8 bonding as 
dimers. There are two types of proanthocyanidins, namely procya-
nidins and prodelphidins (Tsao, 2010).

2.2.6.2. Hydrolyzable tannins

Hydrolyzable tannins (Figure 4) are compounds that are interme-
diate- to high-molecular- weight phenolics which can weigh up to 
30,000 Da. They are composed of esters of gallic acid (gallotan-
nins) or ellagic acid (ellagitannins) with a glucose core and are 
readily hydrolyzed by acids or enzymes into monomeric products 

Figure 3. Structures of proanthocyanidins. 
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(Grasel et al., 2016; Pietta et al., 2003; Shahidi et al., 2019).

2.2.7. Miscellaneous phenolic compounds

The minor dietary components are compounds in which some are 
restricted to botanical occurrence whereas others are widespread 
among nuts and fruits. The biological significance and metabolism 
of some these compounds are relatively unknown. Simple phenols 
like arbutin (hydroquinone or quinol β-D-glucoside) are found 
in pears, strawberry tree, and breaberry. Meanwhile, sesamolin 
(1,2-methylenedioxy-4-hydroxybenzene) is present in sesame 
seed and oil. Derivatives of 4-ethylresorcinol such as 5-alkyl resor-
cinols, isomeric 5-alkenyl resorcinols and 5-alkadienyl resorcinols 
found in whole wheat grains, rice and rye are also a part of minor 
food metabolites. Urushiol member of Anacardiaceae family is 
found in mango skins and Australian cashew. Anacardic acid, also 
called as 6-pentadec(en)ylsalicylic acids, is found in cashew nut 
and apple. Smoke phenols are compounds that are released dur-
ing smoking of wood and the precise composition of wood smoke 
depends on the type of wood and wood combustion temperature. 
The content of simple phenols in smoked foods include phenols, 
cresols, xylenols, guaiacol (2-methoxyphenol), eugenol, 4-eth-
ylguaiacol, carvacrol, and syringol (2,6-dimethoxyphenol) (Bu-
dowski, 1964; Chakraborty et al., 1998; Funayama et al., 1995; Is-
senberg et al., 1971; Jeng and Hou, 2005; Kang et al., 1998; Kubo 

et al., 2006; Maeda and Fukuda, 1996; Mullin and Emery, 1992; 
Wang et al., 2018).

Lignans are plant-derived compounds and are found in whole 
grain products, vegetables, fruits, nuts, seeds and beverages such 
as tea, coffee and wine. Lignans are dimers of phenylpropane units 
(Shahidi et al., 2019). There are two classes of phenylpropanoids 
including allyl (methyl-vinyl, R-CH2-CH=CH2) and propenyl 
(vinyl-methyl, R-CH=CH-CH3). Some of the known phenylpropa-
noids are safrole (1-allyl-3,4-methylenedioxybenzene), estragole 
(1-allyl-4-methoxybenzene), myristicin (1-allyl-3,4-methylenedi-
oxy-5-methoxybenzene), eugenol (1-allyl-3-methoxy-4-hydroxy-
benzene) and trans-anaethole (Clifford, 2000; Kumano et al., 
2016).

Coumarins are a class of lactones which are fused by a benzene 
ring to α-pyrone ring. They are also called benzopyrones (1,2-ben-
zopyrones or 2H-1-benzopyran-2-ones) and widely distributed in 
the nature. Coumarins were first isolated from Tonka beans, found 
in more than 1,300 plant species and distributed in more than 40 
different families. Coumarins are well distributed in Angiosper-
mae, Monocotyledoneae, Dicotyledoneae, Apiceae, Rutaceae, 
Asteraceae, Fabaceae, Oleaceae, Moraceae and Thymelaeaceae 
families. Coumarins are subdivided into simple coumarins, furano-
coumarins, dihydrofuranocoumarins, pyranocoumarins, phenyl-
coumarins and bicoumarins. Pyranocoumarins are divided into 
two types present in the angular and linear forms (Clifford, 2000; 
Matos et al., 2015).

Figure 4. Structure of hydrolyzable tannins and their monomeric compounds. 
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Quinones are rare components in the diet and are found in plants, 
fungi and bacteria. They play a significant role as electron trans-
port chains involved in cellular respiration and photosynthesis. 
Quinones in nature are biosynthesized via shikimate or polyketide 
pathways, mammals can synthesize quinones primarily through 
oxidative metabolism of aromatic precursors such as catechola-
mines, estrogens and xenobiotics. Quinones can occur in a variety 
of forms including monocyclic (ex: benzoquinone), extended (ex: 
ethylstilbestrone) or condensed (ex: benzo[α]pyrene-1,6-dione) 
(Monks et al., 1992). Complex ranges of monomeric and dimeric 
anthraquinones are reported to be produced from rhubarb. Some 
of these compounds include chrysophanol, emodin, aloe-emodin 
and rhein. Walnut fruit contains 1,4,5-trihydroxynaphthalene-4-
β-D-glucoside which acts as a raw material to produce juglone 
(5-hydroxy-1,4-naphthoqinone) during ripening by hydrolysis and 
oxidation. This quinone is responsible for the yellow-brown stain-
ing and irritation of the hands that can occur after handling these 
nuts (Clifford, 2000).

Some of the other minor phenolic compounds present in the food 
include curcuminoids (present in ginger and turmeric), capsaicins 
(chillies and gingers) and terpenoid phenols such as thymol (4-iso-
propylphenol), carnosic acid, carnosol, rosmanol, rosmariquinone 
and rosmaridiphenol (present in oregano, rosemary, sage, thyme). 
Several marine algae contain various phenols, halogenated phe-
nols (red algae) and pholortannins (brown algae) (Clifford, 2000).

2.3. Bioavailability of phenolic compounds

Flavonoids under natural conditions exist in the form of glyco-
sides, linked to various sugar moieties, and are poorly absorbed in 
the gut. The sugar linked to them is usually glucose or rhamnose 
but can also be galactose, arabinose, xylose, glucuronic acid and 
other sugars. For the flavonoids to diffuse through the small intesti-
nal brush border, removal of the hydrophilic sugar moiety is essen-
tial. In order to be more bioavailable, these compounds need to be 
hydrolyzed to their aglycone forms by enzymes like α-glucosidase 
found in the intestinal flora. Therefore, the enzyme specificity and 
distribution play a vital role in flavonoid absorption. In most cases, 
it is reported that in brush borders of intestine and absorption in 
the liver, flavonoids undergo phase II metabolism to form vari-
ous glucuronides, sulfates or methylated derivatives (Koutsos et 
al., 2015; Russo et al., 2018; Scalbert and Williamson, 2000). The 
small intestine directly absorbs low-molecular-weight flavonoids; 
however, high-molecular-weight flavonoids reach the colon almost 
unchanged, and they are hydrolyzed by intense metabolic activity 
before absorption. The microorganisms present in the colon cata-
lyze the breakdown of flavonoids into simpler compounds such as 
phenolic acids. The absorption of flavonoids is affected by vari-
ous factors including molecular size, the degree of polymerization, 
solubility, food matrix, interaction with other compounds, gut mi-
crobiota composition and passage through the gastrointestinal tract 
(Koutsos et al., 2015; Scalbert and Williamson, 2000; Shahidi and 
Peng, 2018). The mechanism behind flavonoid metabolism and 
absorption is still not fully elucidated due to the complexity of nu-
merous polyphenol compounds and a plethora of gut microorgan-
isms present in the human gut. The knowledge present in the litera-
ture is based on polyphenols and fewer gut microbiota. To better 
understand, the polyphenol-microbial interaction and metabolism, 
new technologies such as metagenomics and metatranscriptomics 
can be used extensively in the future (Kemperman et al., 2010). 
The process of polyphenol bioavailability, metabolism and absorp-
tion is shown in Figure 5.

Phenolic compounds when ingested as a part of food matrix 

undergo various stages of absorption and metabolism processes 
before exhibiting bioactivities associated with them. In the first 
step, the phenolic compounds are released from the food matrix 
by mechanical actions such chewing and grinding in oral activity 
along with enzymatic action of various digestive enzymes present 
in saliva. The phenolic compounds must endure various pH chang-
es and they are transported to stomach, where they are subjected 
to various digestive enzymes such as pepsin, trypsin, esterases, 
lipases and amylases and gastric juice. The phenolic compounds 
are then subjected to various metabolic activities such as Phase 
I, Phase II and Phase III metabolism as part of the default detoxi-
fication system. During Phase I metabolism, cytochrome p450 
(CYP) superfamily of enzymes hydroxylates incoming phenolic 
compounds (De Montellano, 2005; Guengerich, 2007; Shahidi 
and Peng, 2018). This step is a functionalization step which makes 
phenolic compounds more reactive for subsequent metabolism. 
During phase II metabolism, the phenolic compounds undergo 
conjugation process in which hydroxyl group is modified by the 
addition of sulfate, glucuronic acid or a methyl group (Shahidi and 
Peng, 2018). Glucuronidation process is carried out by uridine di-
phosphate glucuronyl-transferase (UDPGT), methylation of phe-
nolic compounds is performed by catechol O-methyl transferase 
(COMT), and sulphation is carried out by sulfotransferase (SULT) 
or by phenol sulfotransferase (PST) (Heleno et al., 2015). The con-
jugated phenolic compounds are transported into interstitial space 
and bloodstream by basolateral transporter such as multidrug re-
sistant protein (MRP) 1 and circulated into the liver via the por-
tal vein. The phenolic compounds also undergo extensive phase 
II metabolism mainly with the help of COMT. The metabolism 
happening inside the liver is also called first pass metabolism be-
cause this is where the absorbed phenolic compounds compounds 
are first exposed to metabolism before entering blood circulation 
(Rio et al., 2010). The metabolism compounds enter circulation 
and are absorbed by the tissues and transported into kidneys and 
excreted via urine. The number of phenolic compounds excreted 
via urine is relatively low, and it indicates that most of the phe-
nolic compounds are transformed in the gut and excreted via feces 
(Tulipani et al., 2012). Some unabsorbed phenolic compounds in 
the liver are effluxed into the intestinal lumen via luminal (apical) 
transporters such as P-glycoprotein (Pgp) and multidrug resistant 
protein (MRP) 2 thereby reducing the net absorption in the liver. 
This active efflux of polyphenols into the intestinal lumen is called 
Phase III metabolism (Xu et al., 2005). In addition, some metabo-
lites from liver are effluxed from liver into bile and transported into 
intestinal lumen for subsequent metabolism or excretion via feces 
(Xu et al., 2009; Shahidi and Peng, 2018).

In the first step of colonic metabolism, the microbial deconjuga-
tion of glucuronides and sulfates into aglycones are carried out by 
plethora of microorganisms. Aglycones, monomers to trimers of 
phenolic compounds and some intact glycosides such as antho-
cyanins can be rapidly absorbed by both enterocytes and colono-
cytes. The aglycones are then converted into various metabolites 
and are absorbed in the colonocytes and the rest re-excreted via 
feces (Kemperman et al., 2010; Neilson et al., 2017; Viskupičová 
et al., 2008).

2.4. Metabolism of phenolic acids

Phenolic acids are considered as secondary metabolites from plants 
and fungi. These compounds are produced for protection against 
UV light, insects, viruses and bacteria (Naczk and Shahidi, 2006). 
Phenolic acids are divided into two major groups: hydroxybenzoic 
acid and hydroxycinnamic acids. The two types of phenolic ac-
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ids are differentiated by the substitution in the functional groups 
such as hydrogen, hydroxyl and methoxy groups determining 
their functional property and bioactivity. It is also reported that 
phenolic acids are the main bound components in various food 
sources such as cereal grains, legumes and other seeds, acting 
as building material for the cell wall matrix (Heleno et al., 2015; 
Benevides et al., 2018; Shahidi and Yeo, 2016). Phenolic acids 
are synthesized via shikimate pathway essentially from phenyla-
lanine or, to a lesser extent, tyrosine. The phenolic acids undergo 
various metabolic processes such as deamination, hydroxylation, 
oxidation and methylation corresponding derivatives (Shahidi 
and Yeo, 2018). Degradation of benzoic acid produces various 
metabolites such as p-hydroxybenzoic acid, protocatechuic acid, 
vanillic acid, veratric acid, gallic acid, genistic acid and syringic 
acid. Degradation of cinnamic acid produces various metabolites 
such as p-coumaric acid, caffeic acid, ferulic acid, sinapic acid 
and 3,4- or 5-O-caffeoylquinic acid. Lafay and Gil-Izquierdo 
(2008) reported when phenolic acids are in the aglycone form, 
they are absorbed in the upper part of the gastro-intestinal tract 
and stomach is also found to be an active absorption site. Phenol-
ic acids such as gallic, caffeic, ferulic, coumaric and chlorogenic 
acids are absorbed in the stomach. Generally, the absorption of 
phenolic acids is very rapid between 1–2 h after food intake. 
However, esterified forms of phenolic acids are less bioavailable 
and only 0.3–0.4% are absorbed from the original food intake. 
The lower bioavailability of the phenolic acids is because esteri-
fied phenolic acids must be hydrolyzed in the enterocytes before 
reaching the blood circulation and the enzymatic capacity of the 
intestinal cells is not so efficient to hydrolyze the ester bonds. 
These unabsorbed esterified phenolic acids are metabolized by 
microflora present in the colon.

2.4.1. Ferulic acid and caffeic acid

Ferulic acid and caffeic acid are the main hydroxycinnamic acid 
derivatives. Ferulic acid can be found in grains and vegetables, 
whereas caffeic acid is a major phenolic acid in sunflower seeds 
(Chen and Ho, 1997). Pereira-Caro et al. (2016) studied the pres-
ence of phenolic compounds in the plasma and urine after the 
consumption of orange juice. During this study, the HPLC-HR-
MS results indicated presence of benzoic acid derivatives such as 
3,4-dihydroxybenzoic acid, hydroxybenzoic acid-O-glucuronide, 
3-hydroxybenzoic acid-4-sulfate, 4-hydroxybenzoic acid-3 sul-
fate, 3-methoxy-4-hydroxybenzoic acid, 3-hydroxy-4-methoxy-
benzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 
4′-hydroxycinnamic acid and dihydroferulic acid which could be 
derived from ferulic acid.

Rechner et al. (2001) studied the novel biomarkers of the bio-
availability and metabolism of hydroxycinnamate derivatives 
through the determination of the pharmacokinetics of their urinary 
elimination. Coffee was used as the main dietary source of caffeic 
acid in this testing. The in vivo experiments were carried out on 
five healthy male volunteers with pre-study washout procedure for 
24 h and on the study day, 2 cups of coffee were provided with 
polyphenol free diet for 24 h. The urine samples collected every 
4 h were tested for the presence of metabolites after coffee con-
sumption. The results indicated presence of various metabolites 
including ferulic, isoferulic, dihydroferulic acid, (3-(4-hydroxy-
3-methoxyphenyl)-propionic acid), 3-methoxy-4-hydroxybenzoic 
acid, hippuric acid, 3-hydroxyhippuric acid and vanillic acid in 
urine in significantly higher levels compared to the pre-supple-
mentation levels.

Crozier et al. (2010) reported that caffeic acid, ferulic acid, and 

p-coumaric acid are hydroxycinnamates linked to quinic acid to 
form a range of conjugated structures known as caffeoylquinic ac-
ids, feruloylquinic acids and p-coumaroylquinic acids in isomeric 
forms. In addition, it is reported that small intestine is most prob-
ably the site for the breakdown of caffeoylquinic acids and feru-
loylquinic acids to release quinic acid, caffeic acid and ferulic acid 
as the products. Furthermore, sulfation and glucuronidation of caf-
feic acid and ferulic acid, methylation of caffeic acid to isoferulic 
acid are metabolized in the small intestine. The colonic metabolism 
is evident in the conversion of ferulic acid to feruloylglycine and 
dihydroferulic acid and metabolism of caffeic acid to dihydrocaf-
feic acid which is further metabolized to dihydro-isoferulic acid.

2.4.2. Gallic acid and protocatechuic acid

Gallic acid, a hydroxybenzoic acid is available in plants in the free 
or esterified form and is distributed in large amount in tea leaves 
(Shahrzad et al., 2001). Zong et al. (1999) studied the metabolism 
of gallic acid orally administered in rats and found that gallic acid 
metabolized to produce 4-O-methyl gallic acid and the maximum 
concentration was found in portal vein and inferior vena cava at 
15 and 30 min after administration. Also, they observed that the 
only 4-O-methylgallic acid was seen in the liver but not gallic acid. 
Analysis of blood samples in this study indicated that gallic acid 
and 4-O-methylgallic acid were 100 times lower than that found 
in urine samples. This indicated that most of the gallic acid was 
excreted out in urine without being metabolized. The study also in-
dicated that gallic acid administered orally existed in the blood for 
6 h and half of it was metabolized as 4-O-methylgallic acid. The 
study concluded that since relatively high concentrations of gal-
lic acid was present in the portal vein and remained longer when 
administered orally compared to intravenous or intraperitoneally it 
should have significant consideration of being used as an antican-
cer drug treating liver cancer.

Konishi et al. (2004) studied the intestinal absorption of p-cou-
maric acid and gallic acids in rats after oral administration. Gener-
ally, ferulic acid and p-coumaric acid are absorbed by the mono-
carboxylic acid transporter, however gallic acid is not absorbed 
via that manner. Therefore, the pharmacokinetic profiles and the 
absorption of and p-coumaric acid and gallic acid after oral admin-
istration was carried out. In this study, the rats were administered 
with 100 µmol/kg body weight of p-coumaric acid and gallic acid 
then the blood was collected from the portal vein as well as ab-
dominal artery. The results indicated that p-coumaric acid rapidly 
absorbed in the gastrointestinal tract in an intact form with the con-
centrated peak in portal vein at 10 min after dosing. In contrast, the 
study revealed that gallic acid was slowly absorbed and intact form 
with concentrated peak at portal vein at 60 min. The serum con-
centration profile was p-coumaric acid and gallic acid in the portal 
vein was reported to 2,991.3 and 42.6 µmol min/L, respectively. 
The relative bioavailability of p-coumaric acid against gallic acid 
was about 70. Konishi et al. (2006) studied the absorption rates of 
various phenolic acid in the rat stomach and the results showed 
that five min after administration of 2.25 µmol of various phenolic 
acids in the rat stomach, the plasma concentration of each phenolic 
acid increased in the order of: gallic acid = chlorogenic acid < caf-
feic acid < p-coumaric acid = ferulic acid.

Konishi et al. (2003) studied the transepithelial transport of p-
coumaric acid and gallic acid in Caco-2 cell monolayers. The re-
sults exhibited that the transport of coumaric acid was dependent 
on pH and in a vectorial manner in the apical-basolateral direction. 
However, the results indicated that unlike coumaric acid, the per-
meation of gallic acids was not polarized and was independent of 
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pH and linearity increased with increasing concentration of gal-
lic acid. Furthermore, the transport rate of gallic acid was about 
100 times lower than that of coumaric acid suggesting paracellular 
pathway.

Serra et al. (2012) studied the colonic metabolism of gallic and 
protocatechuic acid using rat microflora. Both phenolic acids were 
metabolized by colonic microflora. There was an increase in all 
the metabolites throughout the fermentation process from 0–48 h 
period. The main metabolites of gallic acid were phenylacetic acid 
and p-hydroxyphenylacetic acid at 15 and 16 pM concentrations, 
respectively. The results also indicated that gallic acid was also 
present throughout the fermentation process from 43 pM at 0 h to 
28 pM at 48 h. The main metabolites of protocatechuic acid fer-
mentation were phenylacetic acid and p-hydroxybenzoic acid at 39 
and 44 pM concentrations, respectively. The results also showed 
that protocatechuic acid was also present throughout the whole fer-
mentation process from 296 pM at 0 h to 254 pM at 48 h. The poor 
metabolism was due to the presence of monophenol structures as 
metabolic products of these polyhydroxy polyphenol compounds 
like flavonoids.

2.5. Metabolites of polyphenols

There are many studies reporting that much of the polyphenol 
metabolites are poorly absorbed in the small intestine and liver 
(Shahidi and Peng, 2018). However, the metabolic activity of the 
gut microflora on unabsorbed polyphenols plays an important role 
in the modulation of bioactivities of these compounds and their 
health effects. Furthermore, various studies have demonstrated 
that these polyphenols are transformed into various phenolic acids 
such as phenylvaleric, phenylpropionic, phenylacetic, benzoic and 
hippuric acids. However, the type of metabolic products depends 
upon the type of compound metabolized (Gonthier et al., 2018). 
Therefore, it is essential that we consider all changes that occur 
upon digestion and all these must be carefully considered when we 
speak about absorption and bioavailability.

Dall’Asta et al. (2012) studied the identification of microbial 
metabolites derived from in vitro fecal fermentation of 16 different 
food sources: fresh strawberries, blueberries, raspberries, black-
berries, Tarocco blood orange, onion, clarified apple juice, pome-
granate juice, dark chocolate (90% cocoa), red wine (Merlot), 
oat bran, wheat bran, flaxseeds, black and green tea, and ground 
coffee. The polyphenols present in the foods were extracted using 
various methods and was stored at −80 °C until in vitro fermenta-
tion. The fermentation was carried out in a total volume of 22 mL 
containing 45.5% growth medium, 45.5% fecal slurry and 9% food 
sample matrix. The fecal slurry was obtained from three healthy 
volunteers who followed polyphenol-free diet for 2 days before 
fecal collection. The fermentation was carried out at 37 °C for 24 
h. The samples were collected at 5 h and 24 h time intervals. The 
phenolic compounds originally present in food samples and the 
fermentation derived phenolic metabolites were analyzed using 
LC/MS. The study demonstrated various metabolites from the in 
vitro fermentation of all 16 foods in detailed manner are shown in 
Table 3.

2.5.1. Metabolism of flavonols

2.5.1.1. Metabolism of quercetin

Quercetin exists in wide variety of vegetables and fruites such 

as onions, kale and apples (Formica and Regelson, 1995; Sha-
hidi and Ambigaipalan, 2015). Serra et al. (2012) studied the 
metabolic fermentation of quercetin, quercetin-rhamnoside and 
quercetin-rutinoside using rat colonic fermentation for 48 h. 
The fermentation process was started at a very low starting con-
centration of 1 pM for quercetin compared to 7.3 and 23 pM of 
quercetin-rhamnoside and quercetin-rutinoside, respectively. The 
results from this study indicate that there was immediate degrada-
tion of quercetin with the formation of various metabolites such as 
phenylacetic acid, three different mono hydroxylated forms (p-,m-
,and o-hydroxyphenylacetic acid) and 3,4-dihydroxyphenylacetic 
acid, protocatechuic acid, 3-(3,4-dihydroxyphenyl)propionic 
acid, homovanillic acid (2-(4-hydroxy-3-methoxyphenyl)acetic 
acid), and p-hydroxybenzoic acid. The highest concentration of 
quercetin metabolite was protocatechuic acid reaching a maxi-
mum of 63 pM after 24 h incubation, followed by phenylacetic 
acid, which reached a concentration of 42 pM after incubation for 
48 h. In the same period, the concentration of quercetin fluctu-
ated and reached 0.33 pM after 24 h but was not detectable after 
48 h incubation. When quercetin-rhamnoside was fermented with 
rat colonic microflora, the main metabolic product was pheny-
lacetic and p-hydroxyphenylacetic acid reaching a concentration 
of 41 and 34 pM, respectively. The results also indicate that there 
was a much faster degradation of quercetin-rhamnoside reaching 
a concentration of 2 pM within 4 h and was almost barely detect-
able in the system after 24 h of incubation. Quercetin-rutinoside 
fermentation using rat microflora resulted in a lower number of 
metabolites compared to quercetin and quercetin-rhamnoside. 
The main metabolite of quercetin-rutinoside was 3,4-dihydroxy-
phenylacetic acid reaching a concentration of 51 pM after 48 h of 
incubation, however, it was not seen in the medium for the first 
47 h. Similar to quercetin-rhamnoside, quercetin-rutinoside also 
degraded quickly and was near zero after 24 h of incubation (Serra 
et al., 2012).

The in vivo quercetin metabolites identified from body fluids in-
clude 2-(3,4-dihydroxyphenyl)acetic acid (human urine), 2-(3-hy-
droxyphenyl)acetic acid (human serum), 3,4-dihydroxytoluene 
and 2-(3-methoxy-4-hydroxyphenyl)acetic acid. Generally, flavo-
noids undergo various transformations caused by microbiota such 
as ring-fission. During the process of ring fission, the C-rings of the 
flavonoids is degraded resulting in the formation of hydroxylated 
aromatic compounds from the A ring and phenolic acid from the 
B ring. The primary metabolite of quercetin is 2-(3,4-dihydroxy-
phenyl)acetic acid, and myricetin metabolism results in 2-(3,5-di-
hydroxyphenyl) acetic acid. Further, dihydroxylation caused by 
microbiota results in the formation of 2-(3-hydroxyphenyl)acetic 
acid from both dehydroxylated derivatives (Aura, 2008).

Mullen et al. (2008) studied the bioavailability of [2-14C] 
quercetin-4′-glucoside in rats over 72 h period. Radiolabeled 
products in body tissues, plasma, feces, and urine were moni-
tored by HPLC-PDA-RC-MS/MS. The rats were ingested [2-14C] 
quercetin-4′-glucoside with 18.4 × 106 disintegrations per minute 
(dpm), weighing 1.0 mg. The rats were sacrificed at various time 
intervals 1, 6, 12, 24, 48, and 72 h after feeding the radiolabeled 
[2-14C] quercetin-4′-glucoside. The distribution of radioactivity in 
tissues, plasma, urine, feces, and the cage washings, which con-
sisted of a mixture of urine and feces, was determined. The results 
indicated that intact form and several metabolites such as quercetin 
glucuronide, quercetin diglucuronide, methylquercetin glucuron-
ide, methylquercetin diglucuronide, methyl sulfate glucuronide 
along with 5 phenolic acids were found. The five phenolic acids 
included 3,4-dihydroxybenzoic acid, 3,4-dihydroxyphenylacetic 
acid, 3-hydroxyphenylacetic acid, hippuric acid, and benzoic 
acid. The study revealed that after 1 h ingestion, almost 41% of 
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Table 3.  Metabolites found in in vitro colonic fermented food matrix

Food sample Metabolites Parent ion [M-H]− (m/z) Fragment ions (m/z)

Raspberries protocatechuic acid 153 109

benzoic acid 121 77

Blueberries gallic acid 169 125

coumaric acid 163 119

protocatechuic acid 153 109

quinic acid 191 85

dihydrocaffeic acid 181 59, 137

hydroxybenzoic acid 137 93

Blackberries protocatechuic acid 153 109

Strawberries gallic acid 169 125

quinic acid 191 85

Onion (3,4-dihydroxyphenyl)acetic acid 167 123

phloroglucinol 125 51

Oat bran dihydroferulic acid 195 136

dihydrosinapic acid 225 151

Wheat bran dihydroferulic acid 195 136

dihydrosinapic acid 225 151

Flaxseed protocatechuic acid 153 109

dihydroferulic acid 195 136

homovanillic acid 181 137

enterodiol 301 253

enterolactone 297 253

dihydrocaffeic acid 181 59, 137

Dark chocolate 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone 207 163

(3,4-dihydroxyphenyl)acetic acid 167 123

protocatechuic acid 153 109

hydroxybenzoic acid 137 93

salicylic acid 137 93

Orange juice dihydroferulic acid 195 136

sinapic acid 223 149, 208

protocatechuic acid 153 109

Apple juice quinic acid 191 85

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone 207 163

dihydrocaffeic acid 181 59, 137

protocatechuic acid 153 109

Pomegranate juice gallic acid 169 125

pyrogallol 125 51, 41

phlorogucinol 125 51

syringic acid 197 153, 182

protocatechuic acid 153 109
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the radioactivity remained inside the stomach as un-metabolized 
substrate along with quercetin-4′-glucoside, quercetin and querce-
tin hydrate. The metabolites of quercetin in the rat stomach were 
thought to be produced by the action of microorganisms present 
in the rat stomach. After 1 h, 25% of the ingested radioactivity 

was traveled from the stomach to the duodenum (contained 8% of 
the intake) and to jejunum (contained 25% of the intake) and fi-
nally to ileum (contained 26% of the intake). The glucuronidation 
first occurred in the duodenum containing quercetin-4′-glucoside, 
quercetin, quercetin glucuronide, quercetin diglucuronide and 

Food sample Metabolites Parent ion [M-H]− (m/z) Fragment ions (m/z)

Black tea phlorogucinol 125 51

pyrogallol 125 51, 41

coumaric acid 163 119

gallic acid 169 125

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone 207 163

5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone 223 179

5-(3′-hydroxyphenyl)-γ-valerolactone 191 147

protocatechuic acid 153 109

dihydrocaffeic acid 181 59, 137

homovanillic acid 181 137

quinic acid 191 85

Coffee caffeic acid 179 135

dihydroferulic acid 195 136

quinic acid 191 85

dihydrocaffeic acid 181 59, 137

ferulic acid 193 134

protocatechuic acid 153 109

hydroxybenzoic acid 137 93

Green tea phloroglucinol 125 51

pyrogallol 125 51, 41

gallic acid 169 125

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone 207 163

5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone 223 179

protocatechuic acid 153 109

dihydrocaffeic acid 181 59, 137

5-(3′-hydroxyphenyl)-γ-valerolactone 191 147

quinic acid 191 85

Red wine 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone 207 163

3-(3-hydroxyphenyl) propionic acid 165 121

protocatechuic acid 153 109

gallic acid 169 125

pyrogallol 125 51, 41

phloroglucinol 125 51

coumaric acid 163 119

quinic acid 191 85

Data extracted from Dall’Asta et al. (2012).

Table 3.  Metabolites found in in vitro colonic fermented food matrix - (continued)
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methyl quercetin diglucuronide. The ingested quercetin substrate 
travel across the GI tract for 1–6 h, producing various glucuron-
ides, methylated and sulfated derivatives of quercetin, however, 
only trace amounts were excreted in the urine. The results indi-
cated that between 6 and 12 h, the [2-14C] quercetin-4′-glucoside 
intake showed a decline of the corresponding radioactivity in the 
GI tract and an increase in the amount of radioactivity in the feces 
(9.4%) and urine (52%). When the substrate reaches the colon, 
various glucuronide conjugates formed in the small intestine were 
hydrolyzed by the colonic microflora and released in the form of 
aglycones.

As reported in various studies, ring fission produced [14C]3,4-
dihydroxyphenylacetic acid which was further dehydroxylated to 
form 3-hydroxyphenylacetic acid and traces of 3,4-dihydroxy-
benzoic acid. The 3-hydroxyphenylacetic acid produced further 
underwent α-oxidation and dehydroxylation and was converted 
to hippuric acid and finally to benzoic acid. The study revealed 
presence of various phenolic acids, namely 3-hydroxyphenylacetic 
acid, hippuric acid, and benzoic acid in urine and feces except for 
benzoic acid. This study indicated that identification of phenolic 
acid in the feeding studies using unlabelled substrates with subject-
to-subject variations in the colonic microflora and various routes 
independent of dietary flavonoid intake to produce phenolic acids 
was very difficult. Hippuric acid, for instance, could be derived 
from benzoic acid, quinic acid, tryptophan, tyrosine, and phenyla-
lanine. The authors noted that this was the first time hippuric acid 
was demonstrated as being a degradation product of quercetin due 
to the use of radiolabeled material.

2.5.1.2. Metabolism of kaempferol and myricetin

Flavonols such as kaempferol, quercetin and myricetin differ only 
slightly in their structures with the number of hydroxyl groups at 
the B ring. These compounds share identical degradation pathways 
and after cleavage of the C-ring are converted to p-hydroxypheny-
lacetic acid (p-HPAA), 3,4-dihydroxyphenylacetic acid (DOPAC) 
with subsequent degradation to m-hydroxyphenylacetic acid (m-
HPAA) and 3,4,5-trihydroxyphenylacetic acid with subsequent 
degradation to 3,5-dihydroxyphenylacetic acid, respectively (Vis-
siennon et al., 2012). Serra et al. (2012) studied kaempferol me-
tabolism by rat colonic microflora and reported that the primary 
metabolite were phenylacetic acid and p-hydroxybenzoic acid at 
15 and 4.2 pM concentrations, respectively, after 48 h of incuba-
tion. The results also revealed that kaempferol-rutinoside substrate 
was completely metabolized after 24 h of incubation. Similar re-
sults were obtained during fermentation of myricetin; phenylacetic 
acid was obtained as the primary metabolite at 78 pM concentra-
tion after 48 h of incubation. However, the overall metabolism of 
myricetin was poor in colonic fermentation. Examples of myrice-
tin metabolites are shown in Figure 6 (Smith and Griffiths, 1970; 
Vissiennon et al., 2012).

2.5.2. Metabolism of flavanones

2.5.2.1. Metabolism of naringenin

Naringenin, which can be found in grapefruit, consists of fla-
vanone structure with three hydroxyl groups (5,7,4′-OH) (Felg-
ines et al., 2000). Orrego-Lagarón et al. (2015) studied the per-
meability of naringenin in stomach, small intestine and colon as 
well as the metabolism, microbiota absorption and deposition of 
naringenin. The results indicated that the stomach and small intes-
tine metabolites were dominated by the formation of naringenin-
glucuronide (NAR-GLU) and naringenin sulfate (NAR-SULF). 
The colonic metabolites consisted of naringenin sulfate (NAR-
SULF), 4-hydroxyhippuric acid, hippuric acid, and naringenin-
glucuronide (NAR-GLU). The phase II metabolites in the bile and 
plasma from colon perfusion experiments revealed the presence 
of naringenin-glucuronide (NAR-GLU), 3-(4-hydroxyphenyl)
propionic acid, 4-hydroxyhippuric acid, hippuric acid, 3-phenyl-
propionic acid, and (4-hydroxyphenyl)acetic acid in the control 
samples except naringenin sulfate (NAR-SULF) which was unde-
tectable. The results were expressed in the areas under the lumen 
concentration curve (AUC) and the total conjugates excreted were 
as: small intestine > colon > stomach. The study concluded that 
naringenin was a highly permeable compound and was absorbed 
mainly in the small intestine by passive diffusive mechanism. 
However, low oral bioavailability of naringenin was attributed 
to high intestinal first-pass effect and minor hepatic metabolism. 
The high intestinal first pass metabolism of naringenin led to a 
high level of phase II metabolites, mainly naringenin-O-sulfate in 
the intestinal lumen. The health effects of naringenin were more 
related to the high level of bioactive metabolites formed than to 
its bioavailability.

Serra et al. (2012) studied naringenin metabolism by rat co-
lonic microflora. The results indicated intense metabolism of 
naringenin and its complete degradation by colonic microflora at 
48 h. During metabolism of naringenin, metabolites such as phe-
nylacetic acid and p-hydroxyphenyl acetic acid were present in 
the system from 0 to 48 h. The compound 3-(4-hydroxyphenyl) 
propionic acid was produced in the last phase of metabolism at 24 
and 48 h. The results from this study were different from others 
reported in the literature (Orrego-Lagarón et al., 2016; Rechner 
et al., 2004).

2.5.2.2. Hesperetin

Hesperetin has only one hydroxyl group in its B ring and is fre-
quently found in citrus fruits (Shahidi and Ambigaipalan, 2015). 
In a different study, plasma and urinary metabolites and catabo-
lites derived from orange juice polyphenols were identified. The 
main components were hesperetin-7-O-rutinoside (hesperidin), 
naringenin-7-O-rutinoside (narirutin), apigenin-6,8-C-digluco-
side (vicenin-2), ferulic acid-4′-O-glucoside coumaric acid-4′-O-
glucoside and 4′-O-methylnaringenin-7-O-rutinoside (didymin). 
Small quantities of other flavanones, such as hesperetin-7-O-
rutinoside-3′-O-glucoside and eriodictyol-7-O-rutinoside (eri-
ocitrin) were also present along with a sinapic acid-O-hexoside 
(Pereira-Caro et al., 2016).

The hesperetin derivatives in orange juice dominated with 63% 
of the total polyphenol content, followed by 19% naringenin de-
rivatives and 1% other polyphenols. The human intervention trial 
after orange consumption was conducted on 12 men who were on a 
polyphenol-free diet for two days prior to the start of the trails. The 

Figure 6. Examples of myricetin metabolites (a, 3,5-dihydroxypheny-
lacetic acid; b, 3,4,5-trihydroxyphenylacetic acid) (Lin et al., 2012; Vis-
siennon et al., 2012). 
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urine and plasma samples obtained from volunteers were analyzed 
for their polyphenol contents and catabolites. The results quanti-
fied 10 hesperetin, 7 naringenin, and 2 eriodictyol metabolites in 
urine after consumption of orange juice, while 8 hesperetin and 3 
naringenin metabolites were detected in plasma. In the literature, it 
was suggested that not all flavanone aglycones released in the dis-
tal GI tract were absorbed. Some of these metabolites undergo mi-
crobial mediated metabolism with ring fission and yield a family of 
low molecular weight phenolic catabolites that are absorbed in the 
liver and kidney before entering systemic circulation. The result 
from this study also emphasized their involvement in the overall 
bioavailability of orange juice polyphenols as well as subsequent 
hepatic conversions that led to hippuric acid and its hydroxylated 
analogues (Pereira-Caro et al., 2016).

2.5.3. Metabolism of flavone

2.5.3.1. Luteolin

Luteolin (3′,4′,5,7-tetrahydroxyflavone) exists in vegetables 
such as celery, parsley, broccoli, and cabbages (Lin et al., 2008). 
Braune et al. (2001) studied the degradation of flavonol querce-
tin and flavone luteolin by an anaerobic bacteria Eubacterium 
ramulus. The degradation experiments were carried out in rest-
ing cell suspensions. Individual cell samples were centrifuged, 
and the pellets were lyophilized and dissolved in methanol. The 
metabolites were detected using HPLC. The results indicated the 
formation of eriodictyol as an intermediate in the resting-cell fer-
mentation. The study proposed a pathway in which the degrada-
tion starts with the reduction of double bond in the 2,3-position 
prior to C-ring fission leading to the formation of eriodictyol. The 
eriodictyol was then reduced into two intermediate chalcones. 
The final product of luteolin degradation was 3-(3,4-dihydroxy-
phenyl)propionic acid.

Shimoi et al. (2002) studied the intestinal absorption of luteo-
lin and luteolin 7-O-β-glucoside in rats by HPLC. The absorption 
study of rat indicated that luteolin was converted to glucuronides 
during their passage through intestinal mucosa and luteolin 7-O-β-
glucoside was poorly absorbed by itself and luteolin glucuronides 
were detected after intestinal absorption. Also, the authors reported 
that plasma of the rats contained free luteolin, glucuronide or sul-
fate-conjugates of unchanged luteolin and o-methyl-luteolin. This 
result suggests that luteolin can escape intestinal conjugation and 
the hepatic sulfation or methylation.

Serra et al. (2012) studied colonic metabolism of luteolin using 
rat microflora with a starting concentration of 32 pM. The results 
indicated that luteolin was poorly metabolized and almost 5 pM 
of luteolin was detected in the fermentation after 48 h incubation. 
The only metabolic product achieved was 3-(2,4-dihydroxyphe-
nyl)propionic acid at very low concentration of 0.64 pM.

2.5.4. Metabolism of flavanols

2.5.4.1. Catechin and epicatechin

Catechin and epicatechin belong to flavan-3-ol, found in cocoa, tea 
extract, and lentils (Kwik-Uribe and Bektash, 2008; Zhong et al., 
2012; Yeo and Shahidi, 2017).

The absorption and metabolic study of catechin and epicate-
chin indicated that it was rapidly absorbed in the upper portion of 
small intestine. After absorption, these monomers undergo phase 

II metabolism in the intestine and liver to form glucuronidated, 
sulfated, and/or methylated conjugates and these metabolites are 
transported into blood via portal vein and absorbed in tissues. 
Major conjugates of epicatechin in human plasma, bile, and urine 
were (-)-epicatechin 3′-O-sulfonate and (-)-epicatechin 3′-O-β-
glucuronide (Spencer et al., 2001).

Various studies suggest that in vivo metabolism of catechin 
and epicatechin produced 3-(3-hydroxyphenyl)propionic acid in 
human urine and feces. In addition, in vivo metabolism of cat-
echin and epicatechin also produced 5-δ-(3,4-dihydroxyphenyl)-
γ-valerolactone, 5-δ-(3-hydroxyphenyl)-γ-valerolactone, 3-(3-hy-
droxyphenyl)propionic acid, 3-hydroxyhippuric acid in rat urine. 
In vitro metabolism studies of catechin and epicatechin reported 
production of 3-(3,4-hihydroxyphenyl)propionic acid, 3-(3-hy-
droxyphenyl)propionic acid, 5-(3,4-dihydroxyphenyl)valeric acid, 
and 3-phenylpropionic acid in human fecel microbiota (Aura et al., 
2008; Das, 1971).

The metabolic pathways of various flavanols such as catechin 
and epicatechin were studied by an in vitro colonic fermenation 
model using rat colonic microflora for 48 h (Serra et al., 2011). 
The results showed that there were significant differences in the 
quantity of metabolites formed when two stereoisomers catechin 
and epicatechin were fermented. The main metabolite formed dur-
ing the catechin fermenation was phenylacetic acid at 24 pM after 
48 h incubation, however, epicatechin fermentation produced 58 
pM after 48 h incubation. The main metabolic product of epicat-
echin was 5-(hydroxyphenyl)-γ-valerolactone at 142 pM after 48 
h incubation, whereas the same metabolite was produced during 
catechin fermentation at 18 pM after 48 h. During the whole fer-
mentation process both the isomers were metabolized however, 
catechin catabolism was not complete and quantified at 1.2 pM 
after 48 h incubation. Whereas, there was complete catabolism of 
epicatechin at 48 h of incubation. In the same manner, different 
position isomers of hydroxyphenylacetic acid was also obtained 
during the fermentation of catechin and epicatechin. Catechin fer-
mentation produced 2 and 4-hydroxyphenylacetic acid, however, 
epicatechin fermentation produced 3-hydroxyphenylacetic acid. 
These hydroxyphenylacetic acids were suggested be dehydroxy-
lated to phenylacetic acid, in both the catechin and epicatechin 
fermentation mediums. The examples of catechin metabolites are 
shown in Figure 7.

Roowi et al. (2010) studied the colonic degradation of green tea 
flavanols and urinary excretion of catabolites by humans. The results 
indicated that after incubation of epicatechin in fecal slurries, the 
predominant degradation products (-)-5-(3′,4′-dihydroxyphenyl)-
γ-valerolactone, 5-(3,4-dihydroxyphenyl)-γ-valeric acid, and 
3-(3-hydroxyphenyl)propionic acid. In the urinary excretion, 
3-(3-hydroxyphenyl)- 3-hydroxypropionic acid was detected. 
The result was slightly different from the study carried out by 
Serra et al. (2011), in which different catabolites were identi-
fied. It is evident from this study, that most of the metabolism of 
epicatechin is carried out by colonic fermentation where they are 
degraded into various phenolic acid catabolites after being ab-
sorbed and passing through the circulatory system, are excreted 
in urine in quantities corresponding to approximately 40% of fla-
vanol intake. The proposed metabolic pathway of epicatechin is 
shown in Figure 8.

2.5.4.2. Epigallocatechin gallate (EGCG) and epicatehcin gallate 
(ECG)

EGCG and ECG are another example of flavan-3-ol family and 
these have ester bond at 3-OH with gallic acid. Among tea cat-
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echin, epigallocatechin gallate is most abundent (Zhong et al., 
2012).

The fermentation of epigallocatechin gallate (EGCG) and epi-
catechin gallate (ECG) was carried out with an initial concentra-
tion of 8.5 and 3.7 pM at 0 h, respectively. The p-hydroxybenzoic, 
protocatechuic, phenylacetic, 2-hydroxyphenylacetic and 4-hy-
droxyphenylacetic acids were the common metabolites obtained 
from the metabolism of epigallocatechin gallate (EGCG) and epi-
catechin gallate (ECG). The presence of epicatechin was found 
throughout the incubation of EGCG for 48 h, however, the epicat-
echin reached its maximum of 8.2 pM during ECG fermenation at 
4 h and then was not detected after 24 h incubation. The major me-
tabolites of EGCG fermentation were phenylacetic acid and 4-hy-
droxyphenylacetic acid at 35 and 39 pM at 48 h, respectively.The 
major metabolites during ECG fermentation were phenylacetic 
acid and 4-hydroxyphenylacetic acid at 25 and 19 pM at 48 h, re-
spectively. Similar to the metabolism of catechin and epicatechin, 
5-(3,4-dihydroxyphenyl)-γ-valerolactone and 5-(hydroxyphenyl)-
γ-valerolactone were quantified during colonic ferementation of 
EGCG and EGC respectively, but at a lower concentration (Serra 
et al., 2011).

The microbial metabolism of ECG usually starts by rapid cleav-
age of the gallic acid ester moiety by microbial esterases giving two 
products gallic acid and epicatechin. The gallic acid produced is fur-
ther decarboxylated into pyrogallol. The c-ring of the epicatechin 
is subsequently opened producing 1-(3′,4′-dihydroxyphenyl)-3-
(2″,4″,6″-trihydroxyphenyl)-propan-2-ol, which is later convert-
ed into 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone. However, in 
the case of epigallocatechin gallate, 5-(3′,4′,5′-trihydroxyphenyl)-
γ-valerolactone is produced as a product. The valerolactone sub-
strates are later converted into 5-(3′,4′-dihydroxyphenyl) valeric 
acid and/or 4-hydroxy-5-(3′,4′- dihydroxyphenyl) valeric acid. 

Subsequent metabolic activities such as α and β-oxidation, meth-
ylation and dehydroxylation reaction leads to the formation of 
various hydroxyphenyl propionic and hydroxybenzoic acids.

2.5.5. Metabolism of isoflavones

Isoflavones are a group of phenolic compounds which are mainly 
present in the legumes and soy-based food. Isoflavones are the most 
potent phytoestrogens found in plants as they bind to the estrogen 
receptor and affect the conformational dynamics in ways distinct 
from the endogenous ligand estrogen. Therefore, isoflavones are 
classified as selective estrogen receptor ligand (Boué et al., 2003). 
The metabolism of isoflavones such as daidzein and genistein un-
dergo bioactivation to the isoflavandiol equol. The biosynthetic 
pathway of equol production starts with the achiral substrate daid-
zein and all subsequent reaction steps proceed stereo specifically 
with chiral intermediates. The aglycone of daidzein is metabolized 
in liver and transformed into more water-soluble metabolites via 
glucuronidation and sulfation. The intestinal sequential reduction 
or hydrogenation reaction results in the formation of the following 
metabolites dihydrodaidzein (DHD, 4′,7-dihydroxyisoflavone), 
tetrahydrodaidzein (THD, 4′,7- dihydroxyisoflavan-4-ol) and 
equol (4′,7-dihydroxyisoflavan). An alternative metabolic route 
produces O-desmethylangolensin (O-DMA) via aromatic C-ring 
cleavage. It is also reported that O-desmethylangolensin can fur-
ther partially metabolized into resorcinol and 2-(4-hydroxyphenyl) 
propionic acid. The metabolic cycle of daidzein is shown in Figure 
9 (Braune and Blaut, 2011, 2016; Frankenfeld, 2012; Lee et al., 
2017; Stevens and Maier, 2016).

Lee et al. (2017) demonstrated the biosynthesis of (-)-5-hydrox-
yequol and 5-hydroxydehydroequol from soy isoflavone called 

Figure 7. Examples of catechin metabolites (Serra et al., 2011). 



Journal of Food Bioactives | www.isnff-jfb.com 21

Shahidi et al. Bioavailability and metabolism of food bioactives and their health effects: a review

genistein using microbial whole cell bioconversion. This study 
indicated that like reduction of daidzein to (S)-equol there was no 
direct evidence that reduction of genistein would yield 5-hydrox-
yequol. The three reductase enzymes namely daidzein reductase 
(DZNR), dihydrodaidzein reductase (DHDR), and tetrahydrodaid-
zein reductase (THDR) did not convert genistein to 5-hydroxyeq-
uol. Only the first reaction step of conversion of genistein to di-
hydrogenistein using DZNR and other steps were reported to be 
unclear in the literature. Therefore, the researchers from this study 
used recombinant E. coli cells expressing three reductases DZNR, 
DHDR, and THDR as well as another dihydrodaidzein racemase 

(DDRC) to biosynthesize genistein into 5-hydroxy-equol. The 
study produced a novel isoflavone called 5-hydroxy-dehydroequol 
as a by-product after DHDR reaction with an unknown dehydra-
tion mechanism.

2.5.6. Metabolism of proanthocyanidins/condensed tannins

Proanthocyanidins are polymeric phenolic compounds that 2 or 
more flavan-3-ols are linked together (Chandrasekara and Shahidi, 
2010). Proanthocyanidins such as dimers A (C2→O7) and dimers 
B (linked by C4→C8 and/or C4→C6 bonds) the bioavailability is 
influenced by their degree of polymerization. The degree of polym-
erization of proanthocyanidins range in the form of oligomers (2–4 
monomers), polymers (>4 monomers) and high-molecular-weight 
polymers (>10 monomers). The absorption rate of proanthocyani-
din dimers is about 5–10% of that of epicatechin. The timer and 
tetramer proanthocyanidin have lower absorption rate than dimers 
and absorbed fraction of trimers and tetramers undergo only lim-
ited phase II metabolism in the intestine and liver compared to 
epicatechin. Most of the proanthocyanidins with higher degree of 
polymerization are not absorbed in the intestine and directly reach 
colon in the intact form. The colon microflora break proanthocya-
nidins into various phenylvalerolactones and phenolic acids (Gu et 
al., 2003; Ou and Gu, 2014).

The metabolic pathways of various proanthocyanindin dimer 
B2 (epicatechin-(4β→8)-epicatechin) was studied by an in vitro 
fermenation model using rat colonic microflora for 48 h (Serra 
et al., 2011). Colonic fermentation of proanthocyanidin dimer 
(epicatechin-(4β→8)-epicatechin) using rat colonic microflora re-
vealed that the dimers were rapidly hydrolyzed into epicatechin 
monomers. The study started with 0.03 pM at 0 h and the dimer 
was completely hydrolyzed reaching 0.01 pM at 4 h and 0 pM at 
24 h in the fermentation medium. Immediately after the incuba-
tion, epicatechin monomers were seen in the fermentation medium 
at 0.14 pM after 0 h and increased to 1.07 pM after 2 h of incu-
bation, however, epicatechin monomers disappeared after 4 h in 
the fermenation medium. Phenylacetic acid and 4-hydroxypheny-
lacetic acid were the main metabolite at 29 and 27 pM after 48 h 
incubation, respectively. No valerolactone and its precursors were 
seen in the fermentation medium of dimer B2, in contrast to epicat-
echin fermentation. This result can be attributed to two reasons, the 
first being a lower fermenation of dimer form of epicatechin than 
epicatechin monomer and the precursor to 5-(hydroxyphenyl)-γ-
valerolactone, the diaryl-propan-2-ol was not formed within 48 h 
of fermentation. The second reason being limited metabolism of 
procyanidin dimer focused mainly on the upper epicatechin unit 
of dimer.

Sánchez-Patán et al. (2011) studied the biological relevance of 
a metabolite 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone usually 
formed during the catabolism of dietary flavanols such as dimeric 
proanthocyanidins by fecal fermentation collected from three 
healthy volunteers. The results from this study indicated large indi-
vidual variations in the formation of 5-(3′,4′,5′-trihydroxyphenyl)-
γ-valerolactone between volunterrs with concentrations ranging 
between 3.31 and 77.54 µM at 10 h of fermentation.

The metabolic degradation of proanthocyanidins by gut micro-
flora is a complicated process involving various reactions such as 
hydrolysis, hydrogenation, α- and β-oxidation, dehydroxylation, 
demethoxylation, and decarboxylation resulting in the formation 
of various phenolic and aromatic catabolites. The catabolism of 
monomeric flavanols and dimeric proanthocyanidins are specu-
lated by many researchers and different metbolic pathways are 
reported in the literature. The first step of microbial degradation 

Figure 8. Proposed metabolic pathway of epicatechin (adopted from 
Roowi et al., 2010). 
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of dimeric procyanidin involves reductive cleavage of the het-
erocyclic C ring, resulting in the formation of diphenylpropan-
2-ols. This step is followed by the breakdown of the A ring and 
further lactonization process to afford various phenylvalerolac-
tones derivatives. The 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone 
is a metabolized product of epicatechin, whereas trihydroxylated 
derivative, 5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone is a me-
tabolized product of epigallocatechins which is then further me-
tabolized into 3′,4′ or 3′,5′-dihydroxylated forms. The metabolism 
of these flavanols also includes the production of phenylvalero-
lactones derivatives exclusively from the catabolism of the top 
unit of the procyanidin molecule. The metabolic pathway also 
has different pathways for the same molecule and interconversion 
of 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone with an open form 
4-hydroxy-5-(3,4-dihydroxyphenyl)-varic acid is also reported. 
The valeric acid derviatives such as 5-(3′,4′-dihydroxyphenyl)-
valeric acid and 4-hydroxy-5-(3′-hydroxyphenyl)-valeric acid 
undergo dehydroxylation to yield mono- and dihydroxylpropionic 
acid derviatives. This propionic acid derivatives are further me-
tabolized via α and β-oxidation to produce mono- and diacetic and 
benzoic acid derviatives (Appeldoorn et al., 2009; Monagas et al., 
2010; Sánchez-Patán et al., 2011; Stoupi et al., 2010).

2.5.7. Metabolism of hydrolyzable tannins

The major dietary source of ellagitannins in the western diet 
originates from red fruits such as strawberries, raspberries and 
blackberries. There are no definitive studies on the absorption 
and metabolism of ellagitannins in humans (Clifford and Scalbert 
2000). González-Barrio et al. (2010) studied the bioavailability 
of ellagitannins following consumption of raspberries (300 g) by 
healthy humans and subjects with an ileostomy. Post consumption, 
the plasma and urine samples were collected and analyzed using 
HPLC-MDA-MS/MS for up to 48 h. The results from this study 
indicated that ellagic acid (19 µmol) and sanguiin H-6 (23 µmol) 
was recovered over the 48 h period. The amount of ellagic acid 
and sanguiin H-6 present in the ileal fluid was 241 and 23%, re-
spectively, of the 7.9 μmol intake. Ellagic acid-O-pentoside, lam-
bertianin C and sanguiin H-10 were not detected in the ileal fluid. 
The recovery of ellagic acid and metabolites from urine collected 
from volunteers with an intact colon and subjects with an ileosto-
my was also analyzed. Volunteers with an intact colon had 7.9 and 
5.2 nmol ellagic acid and ellagic acid-O-glucuronide, respectively, 
in their urine samples compared to 26 and 7.8 nmol, respectively, 

Figure 9. Metabolic pathway of diadzein (Braune and Blaut, 2011, 2016; Frankenfeld, 2012; Lee et al., 2017; Stevens and Maier, 2016).
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in the urine samples of ileostomy volunteers. The study also indi-
cated that consumption of ellagitannins food resulted in the forma-
tion of urolithin metabolites produced in the colon by microflora 
mediated degradation in varying concentrations. There were large 
subjective variations reported in this study and the spectrum of 
urolithins also varied.

Bioavailability of ellagic acid in human plasma after consump-
tion of ellagitannins from pomegranate juice (180 mL) containing 
ellagic acid (25 mg) and ellagitannins (318 mg, as punicalagins) 
was studied and the results indicated the presence of ellagic acid 
in the range of 16.2–31.9 ng/mL concentrations between 0 and 6 
h time intervals. The study also revealed that no ellagitannin was 
found in the intact form in the plasma (Seeram et al., 2004). How-
ever, various ellagic acid derived metabolites such as urolithin 
A, hydroxyurolithin A, urolithin A-glucuronide, urolithin A and 
dimethyl ellagic acid-glucuronide were found after pomegranate 
juice consumption by volunteers (Mertens-Talcott et al., 2006). 
Piwowarski et al. (2016) studied the differences in metabolism 
of ellagitannins by human gut microbiota in ex vivo cultures. In 
this study fifteen monomeric and dimeric ellagitannins such as (1) 
ellagic acid, (2) 1-O-galloyl-4,6-(S)-HHDP-β-D-glucose, (3) pe-
dunculagin, (4) potentillin, (5) casuarictin, (6) coriariin B, (7) ves-
calagin, (8) castalagin, (9) stachyurin, (10) casuarinin, (11) steno-
phyllinin A, (12) stenophyllanin A, (13) salicarinin A, (14) gemin 
A, (15) agrimoniin, and (16) oenothein B were studied. The results 
indicated that differences existed in amounts of produced urolith-
ins which indicated that the individual microbiota composition 
and type of ingested ellagitannins determine the rate of urolithin 
production. The results from this study also suggested that hexa-
hydroxydiphenoyl (HHDP) present in the ellagitannin molecules 
provided HHDP groups as substrates for microbiota metabolism 
but also depending on their structure and microbiota metabolite 
types, influenced the growth and/or metabolism among the micro-
biota ecosystems in the urolithin metabolic pathway.

Espín et al. (2007) used Iberian pig as a model to study the 
metabolism of ellagitannin in humans. The pigs were fed on either 
a cereal fodder or acrons which are a rich source of ellagitannins. 
The plasma, urine, bile, lumen and intestinal tissues (jejunum and 
colon), feces, liver, kidney, heart, brain, lung, muscle, and subcu-
taneous fat tissue were analyzed after necropsy. The results from 
this analysis indicated that acron ellagitannins release ellagic acid 
(EA) in the jejunum which is then subjected to metabolism by in-
testinal microflora to sequentially yield tetrahydroxy-(urolithin D), 
trihydroxy-(urolithin C), dihydroxy-(urolithin A), and monohy-
droxy-(urolithin B) dibenzopyran-6-one metabolites, which were 
absorbed preferentially when their lipophilicity increased. Also, 31 
ellagitannin derived metabolites were detected including 25 uro-
lithins and 6 ellagic acid derivatives. The analysis of bile revealed 
that 26 extensively conjugated metabolites such as glucuronides 
and methyl glucuronides of ellagic acid and particularly urolithin 
A, C, and D derivatives were found in bile samples, confirming a 
very active enterohepatic circulation. In addition, only urolithin A 
and B as well as dimethylellagic acid-glucuronide was detected in 
the peripheral plasma. This study also demonstrated that ellagic 
acid derivatives were found in bile and in urine and it was ab-
sent in the intestinal tissues indicating complete absorption in the 
stomach. Furthermore, only urolithin A was found in the feces and 
together with its glucuronide was the most abundant metabolite 
in urine.

Tomás-Barberán et al. (2014) studied the metabolism of ellagic 
acid by human gut microbiota via intervention studies. During this 
study, the volunteers did not take antibiotics 4 weeks before the 
trails and avoided ellagitannin containing food products. Three 
different intervention studies were carried out and urine and fae-

cal samples were obtained and processed. In the first intervention 
study, volunteers consumed 30 g of walnuts, in the second group 
volunteers consumed 4 pomegranate extract capsules and in the 
third group volunteers consumed 2 pomegranate extract capsules. 
The volunteers from the intervention study produced urolithin 
A, isourolithin A and/or urolithin B. However, the production of 
urolithin may be dependent on the age, gender, body mass index 
(BMI) and of the amount or type of ellagitannin food source in-
gested.

2.5.8. Metabolism of tyrosol and oleuropein

Tyrosol and oleuropein, which are known for their various health 
benefits such as antiviral, antioxidant, and anti-inflammatory ef-
fects, are found in olive, olive tree and olive oil (Sun et al., 2017; 
Sun et al., 2018). Faecal microbial metabolism of olive oil phe-
nolic compounds was studied by an in vitro model using human 
faecal microbiota (Mosele et al., 2014). To determine the metabo-
lism of olive oil four phenolic standards tyrosol, hydroxytyrosol, 
hydroxytyrosol acetate and oleuropein were selected in this study. 
The phenolic compounds were subjected to in vitro colonic fer-
mentation for 48 h. The results so obtained indicated that tyro-
sol metabolism produced only 2-(4′-hydroxyphenyl)acetic acid 
while hydroxytyrosol produced various metabolites including 
phenylacetic acid, 2-(4′-hydroxyphenyl)acetic acid and 2-(3′,4′-di-
hydroxyphenyl)acetic acid. The colonic fermentation of hydrox-
ytyrosol acetate produced hydroxytyrosol, phenylacetic acid, 
2-(4′-hydroxyphenyl)acetic acid, 2-(3′,4′-dihydroxyphenyl)acetic 
acid and 3(4′-hydroxyphenyl)propionic acid. Meanwhile, the co-
lonic fermentation of oleuropein produced hydroxytyrosol, hy-
droxytyrosolacetate, elenolic acid and oleuropein aglycone. Based 
on these results, metabolic pathways of the proposed routes for 
the colonic metabolism of tyrosol, hydroxytyrosol and hydroxy-
tyrosol acetate and oleuropein aglycone is shown in Figures 10 
and 11. The metabolism of tyrosol, hydroxytyrosol and hydroxy-
tyrosol acetate undergoes various processes including oxidation 
of primary molecules into hydroxylated phenylacetic acids in the 
presence of alcohol dehydrogenase and aldehyde dehydrogenase, 
dehydroxylation, de-esterification, hydrolysis of acetate molecule, 
carboxylation and α-oxidation. The final metabolites of tyrosol, 
hydroxytyrosol and hydroxytyrosol acetate including 4-hydroxy-
benzoic acid and 1,2-dihydroxybenzene were not detected in the 
fermentation medium after 48 h, thus suggesting that dehydroxyla-
tion is the preferential catabolic route of microorganisms present 
in human faeces. The oleuropein glucoside undergoes rapid de-
glycosylation to produce oleuropein aglycone followed by various 
hydrolysis processes by microbial esterase activity to elenolic acid, 
3-(3′,4′-dihydroxyphenyl)propionic acid, hydroxytyrosol acetate 
and hydroxytyrosol. These compounds undergo similar metabolic 
processes to various phenolic acids (Mosele et al., 2014).

Mateos et al. (2005) studied the metabolism of olive oil phenols 
such as hydroxytyrosol, tyrosol, and hydroxytyrosyl acetate by hu-
man hepatoma HepG2 cells for 2 and 18 h incubation. The incubat-
ed samples were hydrolyzed using β-glucuronidase and sulfatase 
and analyzed by LC-MS. Standard solutions of olive oil phenols 
were enzymatically conjugated  in vitro  using pure enzymes such 
as UDP-glucuronosyltransferase (UGT) from rat liver for glucu-
ronidation, cytosolic sulfotransferases from rat liver for sulfation 
and catechol-O-methyltransferase (COMT) and S-adenosyl-L-me-
thionine (SAM) for methylation. The main metabolites during this 
study were glucuronides, methyl glucuronides, methyl conjugates 
and homovanillic acid. However, no sulfated conjugates were re-
ported in this study. It has also been reported that glucuronidation 
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dominates metabolic reactions over methylation after 18 h incuba-
tion. Hydroxytyrosol undergoes both glucuronidation and meth-
ylation, whereas lacking an ortho-diphenolic structure could not be 
methylated by COMT and the only metabolite formed from tyrosol 
was glucuronides.

Corona et al. (2006) studied the absorption, metabolism and mi-
croflora-dependent transformation of olive oil polyphenols at dif-
ferent sites in the gastrointestinal tract. The results from this study 
indicated rapid increase in the presence of hydroxytyrosol and ty-
rosol in the small intestine, jejunum or ileum and demonstrated 
regular phase I/II metabolism pathways. The main metabolites 
identified in this study also indicated O-methylated derivatives of 
hydroxytyrosol, O-glucuronides of hydroxytyrosol and tyrosol, 
and a glutathionylated conjugate of hydroxytyrosol. Oleuropein 
was not metabolized in the small intestine and it was rapidly de-
graded by the colonic microflora resulting in the formation of hy-
droxytyrosol.

2.5.9. Metabolism of stilbenes

2.5.9.1. Resveratrol

Resveratrol (trans-3,5,4′-trihydroxystilbene) is a member of the 
stilbene family and a secondary metabolite produced by plants in 
response to biotic and abiotic stress. It is found in grapes, wine, 
peanuts and cranberries (Mei et al., 2015). Resveratrol is known 
to have antioxidant, anti-inflammatory, anti-cardiovascular, and 
anticancer activities (Oh and Shahidi, 2017; Oh et al., 2019; Wan 
et al. 2018). Bode et al. (2013) studied the in vivo and in vitro me-
tabolism of trans-resveratrol by human gut microbiota. One part of 
the study was performed with feces samples from 7 healthy volun-
teers, and metabolite formation after fermentation was measured 
by liquid chromatography-ultraviolet/visible (UV/Vis)-mass spec-
trometry (MS)/MS detection. The second part of this study was 
carried out using controlled human intervention with 12 healthy 
volunteers. For this part, resveratrol was administered in the form 
of a colloid formulation and the dosage was standardized based on 
the trans-resveratrol content and was calculated as 0.5 mg trans-
resveratrol/kg body weight. The results from the in vitro fermenta-
tion revealed that after 48 h of incubation, three metabolites were 
identified by LC-UV/Vis. One of the compounds initially identified 
as dihydroresveratrol was one of the major metabolic compounds 
found in 6 out 7 fecal samples as was as lunularin. In addition, a 
minor metabolite 3,4′-dihydroxy-trans-stilbene was identified in 1 
out of 7 fecal samples. The in vivo metabolism of trans-resveratrol 
from the same study indicated that 19.6–41.1% of the trans-resver-
atrol was absorbed and recovered in the urine samples within 24 
h. This indicates that a significant amount of trans-resveratrol was 
absorbed before transformation by intestinal bacteria. In addition, 
all 3 microbial metabolites found in the in vitro model were also 
detected in the urine samples with the 2 major metabolites being 
dihydroresveratrol and lunularin.

Resveratrol metabolites in various in vitro and in vivo stud-
ies on human, rat and mouse have been reported. These studies 
indicate that phase II metabolic enzymes and the gut microbiota 
paly a critical role in their transformation via glucuronidation 
and sulphation. The glucuronidation metabolites include trans-
resveratrol-4′-O-glucuronide, rans-resveratrol-3-O-glucuronide, 
trans-resveratrol-diglucuronide and dihydroresveratrol-glucuron-
ide. The sulfated metabolites included trans-resveratrol-3-O-sulfate, 
trans-resveratrol-4′-O-sulfate, cis-resveratrol-3-O-sulfate, trans-
resveratrol-3,4′-disulfate, trans-resveratrol-glucuronide-sulfate, 

dihydroresveratrol-sulfate and dihydroresveratrol-glucuronide-sul-
fate (Andres-Lacueva et al., 2012; Herath et al., 2013; Mei et al., 
2015; Springer and Moco, 2019; Yu et al., 2002).

2.5.10. Metabolism of lignans

Lignans are found in numerous foods such as oilseeds, whole 
grains, vegetables and fruits. It has been reported that secoisola-
riciresinol diglycoside and matairesinol are converted by intestinal 
bacteria after ingestion to mammalian lignans such as enterodiol 
and enterolactone (Niemeyer et al., 2003; Shahidi et al., 2019). 
Côrtes et al. (2008) studied the in vitro metabolism of flax lignans 
(hull and seed) by ruminal and faecal microbiota of dairy cows 
over 96 h with ruminal or faecal inoculum. The plant lignans pre-
sent in flaxseeds and hulls were present at 9.2 and 32 nmol/mg, 
respectively. The results from this study indicated that there was no 
difference in the net production of enterodiol between the hull and 
seed within the first 24 h of incubation. Also, the net production of 
enterolactone was significantly higher for flax products incubated 
with ruminl microorganisms, however, flax hulls produced more 
enterolactone than flaxseeds. The metabolism using faecal micro-
biota leads to the production of enterodiol.

Various studies have shown that intestinal bacteria are crucial 
for the metabolism of plant lignans and to produce enterolignans. 
During the process of enterolignan production, bacteria catalyze 
four sequential reactions, namely O-deglycosylation, O-demethyl-
ation, dehydrogenation and dehydroxylation and additional reduc-
tion steps for certain lignans. The reduction step in the lignan me-
tabolism is carried out by Eggerthella lenta, Enterococcus faecalis 
and Eggerthella lenta intestinal microbiota. The deglycosylation 
step is due to the action of Bacteroides distasonis, Bacteroides 
fragilis, Bacteroides ovalus, Clostridium coclealum, Clostridium 
ramosum and Clostridium saccharogumia. The demethylation of 
lignans is carried out by Eubacterium limosum, Ruminococcus 
productus, Butyribacterium methylotrophicum and Eubacterium 
callanderi. The known intestinal bacteria responsible for dehy-
drogenation is Lactonifactor longoviformis. The dehydroxylation 
process is carried out using Clostridium scindens and Eggerthella 
lenta. There are several other unknown intestinal bacteria involved 
in the reduction and dehydroxylation processes during lignan me-
tabolism as shown in Figure 12 (Clavel et al., 2006).

Gaya et al. (2016) studied the metabolism of various phytoes-
trogens of three different groups of isoflavones, lignans and ella-
gitannins by gut microorganisms and inter-individual differences 
were reported. The study demonstrated that both isoflavones and 
lignans are mostly found in the form of glycosides in food and af-
ter microbial deglycosylation, the phytoestrogens are metabolized 
by intestinal bacteria. The results from faecal fermentation studies 
indicated that out of 14 volunteers only one produced equol and 
others produced O-DMA. In addition, everyone produced urolith-
ins and enterolactone from ellagitannin and lignans metabolism, 
respectively.

Mukker et al. (2014) studied the permeability and conjugative 
metabolism of flaxseed lignans by Caco-2 human intestinal cells. 
The study reported that secoisolariciresinol diglucoside present in 
the flaxseed undergoes metabolism to secoisolariciresinol, entero-
diol and enterolactone in human GI tract. The lignans are present 
in the system as phase II enzyme conjugates. To further understand 
the oral absorption characteristics, an in-depth evaluation of two 
important processes of intestinal permeation and conjugation me-
tabolism potential of lignans was deemed necessary. The results 
indicated that the permeability coefficients for secoisolariciresinol, 
enterodiol and enterolactone were 8.0 ± 0.4, 7.7 ± 0.2, and 13.7 ± 
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0.2 (×10−6) cm/s, respectively, whereas efflux ratios were 0.8–1.2, 
consistent with passive diffusion. This study also found that per-
meation of secoisolariciresinol diglucoside did not occur as it was 
not found in the analysis. The conjugation studies also revealed 
that the extent of conjugation of lignans corresponded to the order 
of their increasing lipophilicity (secoisolariciresinol diglucoside < 
secoisolariciresinol < enterodiol < enterolactone). After 48 h, the 
extent of conjugation for secoisolariciresinol diglucoside, secoiso-
lariciresinol, enterodiol and enterolactone was <3, ∼95, ∼90 and 
>99%, respectively.

2.6. Health effects of polyphenols

2.6.1. Gallic acid

Gallic acid is known to exhibit antioxidant, anti-inflammatory 
and cytoprotective effects. Sameermahmood et al. (2010) studied 
the antiapoptotic effects of gallic acid in RINm5F β cells. In this 
study, the RINm5F β cells were exposed to a high concentration of 
glucose (25 mM) or with palmitate (500 µm) or by using a com-
bination of both for 24 h. The experiment was carried out in the 
presence and absence of gallic acid. The results from DNA damage 
study using comet assay revealed that cells treated with gallic acid 
resisted DNA damage and the RINm5F cells under glucolipotoxic-
ity conditions which was decreased considerably by gallic acid. 
The presence of gallic acid in the system also resulted in increased 
insulin secretion in RINm5F cells in a dose dependent manner 
(0.3–10 µM concentration) by counteracting glucolipotoxic effect 
of lower insulin secretion. In addition, the results from this study 
indicated that gallic acid prevented apoptosis by upregulating Bcl-
2 and downregulating caspase-3 signals and decreased NF-κB, 
caspase and UCP-2 signals.

Lu et al. (2006b) studied the antioxidant ability and neuro-
protective effects of gallic acid derivatives in human SH-SY5Y 
cells. The free radical scavenging effects of gallic acid in liposome 
and anti-apoptotic activities in human SH-SY5Y cells induced by 
6-hydrodopamine autooxidation were examined in this study. The 
results so obtained indicated that hydrophobicity of polyphenols 
play an important role in the antioxidant activity within the cell 
systems. The neuroprotective effect of a polyphenol compound 
on a cell against oxidative stress damage depends on two major 
factors: (a) the capacity to scavenging free radicals and (b) its hy-
drophobic property that allows it to cross cell membranes to reach 
its targets. The study after analysis of cell apoptosis, intracellular 
GSH levels, production of ROS and the influx of Ca2+ concluded 
that protective effects of gallic acid derivatives in cell systems un-
der oxidative stress depend on both their antioxidant capacities and 
hydrophobicity. In addition, the neuroprotective effects of gallic 
acid derivatives seem to depend more on their molecular polarities 
rather than antioxidant activities in the human SH-SY5Y cell line.

Kaur et al. (2009) studied the anti-proliferative, pro-apoptotic 
and anti-tumorigenic effects of gallic acid against androgen-inde-
pendent DU145 and androgen-dependent-22Rv1 human prostate 
cancer (PCa) cells in nude mice. For this study, athymic male mice 
(4 weeks old) were used and the mice were subcutaneously in-
jected with 22Rv1 or DU145 cells into their right flank. The next 
day the mice were fed with 0.3 and 1% (w/v) gallic acid in drinking 
water. The treatment of DU145 and 22Rv1 cells with gallic acid at 
the concentrations ranging from 10 to 100 μM for 12–48 h resulted 
in a concentration- and time-dependent decrease in the viability 
of cells. The results from MTT assay revealed that gallic acid is 
selectively toxic to prostate carcinoma cells as compared to non-

neoplastic prostate epithelial cells. The study also indicated that 
treatment of DU145 cell with gallic acid at 50 and 75 µM gallic 
acid resulted in 73 and 84% apoptotic death and with 22Rv1 cells 
with gallic acid at 50 and 75 µM resulted in 52 and 73% apoptotic 
death after 24 h, respectively. The results from in vivo efficacy of 
gallic acid in prostate tumor (DU145 and 22Rv1) mouse xenograft 
model demonstrated that daily oral administration of gallic acid 
in drinking water at 0.3 and 1% (w/v) dose levels for six weeks 
caused inhibition in the growth of both DU145 and 22Rv1 tumor 
xenografts. The immunohistochemical analysis from this study re-
vealed significant inhibition of tumor cell proliferation, induction 
of apoptosis, and reduction of microvessel density in tumor xeno-
grafts from gallic acid-fed mice as compared to the control mice.

2.6.2. Apigenin

Apigenin is classified as a class II drug of Biopharmaceutical Clas-
sification System due to its low solubility and high permeability. 
Apigenin is poorly soluble in water (solubility = 15.60 µg/ml at 
ambient temperature) and aqueous buffer (Zhang et al., 2012). Re-
cent oral bioavailability studies in rats were very low at around 
7.06%. To improve the solubility and bioavailability of apigenin, 
various drug delivery techniques such as solid dispersions, micro-
emulsions, liposomes, ethosomes, phytosomes, tranderosomes, 
nanocrystals, nanocapsule, polymeric micelles, nanoparticles, 
cyclodextrin complexation, spray dried micropartrticles, den-
drimers and self micro emulsifying drug delivery systems have 
been reported (Alshehri et al., 2019). Apigenin has demonstrated 
a broad-spectrum of anti-cancer activities including colon-rectal 
cancer, breast cancer, liver cancer, lung cancer, melanoma, pros-
tate cancer and osteosarcoma. Various strategies are implemented 
to treat cancer cells by triggering cell apoptosis, inhibit cancer cell 
proliferation by induction of cell cycle arrest, regulation of cell 
cycle, inhibition of cell cycle migration and invasion, stimula-
tion of the immune response of patients. Various literature studies 
have reported apigenin with antitumor activities both in vivo and 
in vitro (Yan et al., 2017). Apigenin was subjected to treat human 
lung cancer (H460) cells for a different time to study morpho-
logical changes, induction of apoptosis, protein levels associated 
with apoptosis, dose-dependent apoptosis. The results from the 
study indicated that apigenin-induced ROS and Ca2+ production 
in H460 cells (Lu et al., 2011). In a different study, apigenin inhib-
ited A549 lung cancer cell proliferation and vascular endothelial 
growth factor (VEGR) transcriptional activation through hypoxia-
inducible factor 1 (HIF-1) binding site and specifically decreased 
HIF-1α in a dose-dependent manner (Liu et al., 2005). Human 
cancer cells are normally two types: benign and malignant tu-
mors. The benign tumors form in the primary site of a tumor and 
can be surgically removed. However, the malignant tumors are 
unstable and can metastasize and invade other tissues. The ma-
lignant tumors are very resistant to traditional chemotherapy and 
radiotherapy. Various studies have indicated that apigenin is also 
able to work in a combination therapeutic strategy with chemo-
therapy drugs such as cisplatin and paclitaxel to treat cancer cells 
(Xu et al., 2011; Yan et al., 2017). Apigenin was able to suppress 
the proliferation of melanoma cells (A375 and C8161 cell lines) 
in vitro and to inhibit cell migration and invasion, lengthen the 
dendrites, and induce G2/M phase arrest and apoptosis (Zhao 
et al., 2017). Apigenin was used to treat DU145 prostate cancer 
cells, and the results indicated that apigenin was able to induce 
cell death and inhibited the migration and invasion of DU145 can-
cer cells in a dose-dependent manner. Apigenin also led to a rever-
sal of epithelial-mesenchymal transition (EMT) and G2/M phase 



Journal of Food Bioactives | www.isnff-jfb.com 29

Shahidi et al. Bioavailability and metabolism of food bioactives and their health effects: a review

arrest (Zhu et al., 2015). It is reported that apigenin extracted in 
the form of apigenin 7-O-β-D-glucopyranoside and apigenin 7-O-
β-D-(4′caffeoyl) glucuronide from two medicinal herbs Kumme-
rowia striata and Chrysanthemum morifolium, respectively, have 
shown anti-HIV activity (Ali et al., 2017; Lee et al., 2003; Tang et 
al., 1994). Apigenin is also reported to have various other health 
effects such as antioxidant, anti-inflammatory, blood pressure 
regulation, antibacterial, and plethora of pharmacological activi-
ties against auto-immune disorders, rheumatoid arthritis, multiple 
sclerosis, Parkinson’s disease and Alzheimer’s disease (Ali et al., 
2017; Yan et al., 2017).

2.6.3. Acacetin

Acacetin has been reported in various studies to exhibit anticancer 
effect by inhibiting cell proliferation and cell cycle progression in 
human cancer cells, suppressing invasion and migration of can-
cer cells. The effect of acacetin was studied against two ovarian 
cancer cells (OVCAR-3 and A2780) and the results indicated that 
acacetin decreased the steady level of VEGF mRNA and inhibited 
VEGF transcriptional activation. Acacetin also inhibited HIF-1α 
expression and AKT (protein kinase B) activation in a dose de-
pendant manner (Liu et al., 2011). Angiogenesis plays a major role 
in tumor growth and converts a dormant tumor into a metastatic 
progression; therefore it is a potential target in cancer prevention 
and control. Acacetin has angiopreventive efficacy and shown to 
inhibit the growth of cancer cells, in in vitro, ex vivo and in vivo 
models. Some of the major attributes of acacetin in preventing 
angiogenesis includes strongly suppressing human umbilical vein 
endothelial cell (HUVEC) proliferation and survival and induction 
of cell death in regular growth conditions and in hypoxia. Acacetin 
also strongly inhibited vascular endothelial growth factor (VEGF)-
induced HUVEC proliferation and survival. The results from the 
study inferred that acacetin has the potential to suppress angio-
genesis in response to angiogenic stimuli (Bhat et al., 2013). Hsu 
et al. (2004) studied the anti-proliferative activity of acacetin and 
its effect on cell cycle distribution and apoptosis in human lung 
cancer cell lines (A549). The cell was treated at various doses of 
0–20 µM for 12–72 h. The normal p53 gene is reported to play a 
crucial role in inducing cell apoptosis and cell cycle checkpoints 
in human and murine cells. The absence of the p53 gene leads to 
an enhanced risk of carcinogenesis. The A549 cells treated with 
acacetin resulted in the induction of p53 regulation, cell cycle ar-
rest and triggered apoptosis. FaS/APO-1 protein expressed in the 
FAS gene is responsible for apoptosis in normal human cells. How-
ever, the FaS expression is severely affected in cancerous cells. In 
this study the acacetin treated A549 cells resulted in increased FaS 
expression restoring apoptotic sensitivity for natural immune sys-
tem or chemotherapy. Acacetin efficacy was studied and compared 
against two other flavonoid compounds, namely linarin and lina-
rin acetate against human prostate cancer cells. The results from 
that study indicated that acacetin was very efficient and produced 
excellent growth inhibitory effect through G1 and G2-M cell cy-
cle arrest compared to the other two flavonoids. The efficiency of 
acacetin decreased when its flavone was modified by disaccharide 
rhamnose substitution at C7 for linarin or acetylation of this sub-
stituted group for linarin acetate. This study also demonstrated the 
importance of structural determinants in anticancer efficacy and 
mechanisms (Singh et al., 2005). It is also reported that acacetin 
was able to inhibit the invasion and migration of human non-small 
cell lung cancer A549 cells by suppressing the p38α MAPK (p37 
mitogen-activated protein kinase) signalling pathway (Chien et al., 
2011).

2.6.4. Luteolin and diosmetin

Among the flavones, luteolin is a potent anti-inflammatory, anti-
oxidant and anti-allergic flavonoid. There are also several reports 
on its anti-carcinogenic effects and mechanisms. The mechanisms 
related to anti-inflammatory effects of luteolin includes: (a) inhibi-
tion of inducible nitric oxygen synthase (iNOS) expression and NO 
production, (b) scavenging of ROS, inhibition of ROS production 
and antioxidant enzymes activation, (c) inhibition of leukotriene 
production and release, (d) pro-inflammatory cytokine expression 
suppression, (e) NFκB, Akt, MAPK pathway inhibition, (f) inhi-
bition of adhesion molecule membrane binding,(g) inhibition of 
hyaluronidase and elastase activity, (h) stabilization of mast cells, 
and (i) reduction of vascular permeability and modulation of cell 
membrane fluidity (Seelinger et al., 2008a). Antioxidant efficiency 
of various phenolics extracted from Olea europaea L. was studied, 
and luteolin’s efficiency was compared against them. The results 
indicated that luteolin was a potent antioxidant; however, its anti-
oxidant capacity is less than rutin and catechin. The sequence of 
relative radical scavenging abilities reported in the study is: rutin 
> catechin luteolin > OL ≅ hydroxytyrosol > diosmetin > caffeic 
acid > verbascoside > oleuropein > luteolin-7-glucoside ≅ vanillic 
acid ≅ diosmetin-7-glucoside > apigenin-7-glucoside > tyrosol > 
vanillin (Benavente-García et al., 2000). Several anti-carcinogenic 
activities of luteolin is reported to include: inhibition of proliferat-
ing action of various tumor cell lines, induction of cell cycle arrest, 
inhibition of bFGF and VEGF induced angiogenesis, inhibition 
of growth tumors, inhibition of N-acetyltransferase in cancer cell 
line, downregulation of androgen receptor, induction of apoptosis-
inducing factor and several other activities and mechanism similar 
to other flavones (Seelinger et al., 2008b).

Pharmacological properties of diosmetin include anti-cancer, 
anti-microbial, antioxidant, oestrogenic and anti-inflammatory 
activities. Diosmin is enzymatically hydrolyzed into its aglycone 
diosmetin and its sugar moiety immediately after oral administra-
tion for internal absorption into the body. Anti-cancer activities 
on carcinoma U251 cell lines, MCF7 breast carcinoma cell lines, 
T-47D estrogen-receptor-positive breast cancer cell lines, reduc-
tion of M-CSF induced proliferation, inhibition of nuclear factor 
(NF)-kappa-B pathway have been reported (Androutsopoulos et 
al., 2009; Patel et al., 2013). Diosmin extracted from Rosmarinus 
officinalis expressed higher antioxidant activities in DPPH assays 
and produced moderate antibacterial activities against Escherichia 
coli, Yersinia pestis, Streptococcus pneumoniae, Bacillus anthra-
cis and Bacillus subtilis (Akroum et al., 2017).

2.6.5. Chrysoeriol

Like other flavones, chrysoeriol (luteolin 3′-methyl ether) is 
known to exhibit antioxidant, anti-inflammatory, anti-tumor, anti-
microbial, anti-viral activities. Khan and Gilani (2006) studied the 
effect of chrysoeriol from rooibos tea in in vivo blood pressure ex-
periments on rabbit jejunum, rabbit aorta and guinea-pig trachea. 
The results indicated that chrysoeriol was able to demonstrate the 
KATP opening effect in the rabbit jejunum. However, chrysoeriol 
was 25 times more effective in pig trachea and 40 times more ef-
fective in rabbit aorta in a dose-dependent manner. In a different 
study, chrysoeriol and its glycoside (chrysoeriol-6-O-acetyl-4′-β-
D-glucoside) were extracted from Coronopus didymus and its abil-
ity to inhibit lipid peroxidation induced by γ-radiation, Fe (III) and 
Fe (II). The result showed a better lipid oxidation protecting effect 
for chrysoeriol than its glycoside (Mishra et al., 2003). Protective 
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effects of chrysoeriol extracted from Eurya cilliata was studied 
on murine osteoblastic MC3T3-E1 cells. The in vitro studies in-
dicated that chrysoeriol increased osteoblastic differentiation and 
protected against H2O2 induced oxidative stress and induced toxic-
ity. The results also indicated that chyroesiol may help promote 
bone recovery from inflammatory bone diseases (Kim et al., 2010). 
Chyrsoeriol extracted from the leaves of Digitalis purpurea was 
studied to know its ability to inhibit nitric oxide synthase in Raw 
264.7 macrophage cell line. The results indicated that chrysoeriol 
pre-treatment of the cells inhibited the release of nitric oxide (NO) 
in the cells treated with lipopolysaccharide (LPS) and it also inhib-
ited LPS-induced inductions of the iNOS gene. The mechanism 
behind these induction capabilities of chrysoeriol is that it selec-
tively suppressed AP-1 activation (Choi et al., 2005).

2.6.6. Quercetin and kaempferol

Quercetin contains various physiological properties including 
anti-inflammatory, antioxidant, psychostimulant, cardioprotectant, 
ant-cancer, anti-viral and neuroprotective effects. Oh et al. (2019) 
reported that quercetin and its ester showed antioxidant acitivy in 
DPPH and ABTS radical scavenging assays. Anti-hypertensive 
effects of quercetin with an oral daily dose of 10 mg/kg in spon-
taneous hypertensive (SHR) rats and normotensive Wistar Kyoto 
rats (WKY) were analyzed. The results indicated that quercetin 
reduced the elevated blood pressure, cardiac and renal hyper-
trophy and functional vascular changes in SHR rats without any 
change in WKY rats. These effects validate the antioxidant prop-
erties of quercetin (Duarte et al., 2001). The anti-inflammatory, 
effects of quercetin on cardiovascular risk markers including hu-
man C-reactive protein (CRP) and anti-atherosclerosis effect us-
ing transgenic humanized models of cardiovascular disease was 
also studied. The results from this study indicated that quercetin 
reduces the expression of human CRP and cardiovascular risk fac-
tors (SAA, fibrinogen) in mice in vivo. It was also suggested that 
local anti-proliferative and anti-inflammatory effects in the aorta 
may contribute to the attenuation of atherosclerosis (Kleemann et 
al., 2011). Quercetin’s role in protecting H9c2 cells against oxida-
tive stress was studied and it was reported that quercetin was able 
to reduce intercellular ROS production and H2O2 cell damage. In 
addition, quercetin was able to modulate pro-survival signalling 
through ERK1/2 and PI3K/Akt pathways (Angeloni et al., 2007).

Kaempferol is a flavonol, which exhibits anti-inflammatory, 
anti-cancer, anti-allergic, anti-fungal and spasmolytic properties. 
In addition, it stabilizes the structure of connective tissue and 
strengthen the walls of blood vessels. It is reported to reduce the 
level of glucose in blood and inhibit the activity of aldose reduc-
tase by preventing neuropathy and retinopathy (Palacz-Wróbel, 
2018). Human gut (HuTu-80 and Caco-2) and breast cancer cells 
(PMC42) were used to show the synergistic effect of quercetin and 
kaempferol in reducing cell proliferation. The results indicated 
that a single dose of combined quercetin and kaempferol at 10 µM 
showed greatest reduction in cell proliferation in Caco-3 cells. Fur-
thermore, 4-days and 14-days exposure to quercetin and kaempfer-
ol was also effective in reducing proliferation of Caco-2, HuTu-80 
and PMC42 cells. The combination effect of quercetin/kaempferol 
was better than individual action of cancer cells (Ackland et al., 
2005). Kaempferol modulated several key factors in signal trans-
duction pathways linked to apoptosis, angiogenesis, inflamma-
tion and metastasis. Various studies have revealed that there is an 
inverse relationship between kaempferol intake and cancer cells. 
Furthermore, kaempferol not only induces cancer cell apoptosis 
but also preserves cell viability by exhibiting cell protective effects 

(Chen and Chen, 2013). Like other flavonols, myricetin, isorham-
netin, tamarixetin, morin and fisetin have been reported to exhibit 
distinctive antioxidant and anti-inflammatory effects, as well as 
cytotoxic effects on various human cancer cells, anti-inflammatory 
and cardioprotective effects (Erlejman et al., 2004; Jaramillo et al., 
2010; Morales and Haza, 2012; Subash and Subramanian, 2009; 
Wang et al., 2006; Zieliñska et al., 2001).

2.6.7 Diadzein and genistein

Diadzein as an isoflavone phytoestrogen is metabolised to equol 
and O-desmethylangolensin. Genistein is metabolised to (-)-5-hy-
droxyequol and 5-hydroxydehydroequol. Several studies have 
suggested that both equol and O-desmethylangolensin have more 
extensive biological properties than the parent compound itself. 
Mathey et al. (2007) studied the bioavailability of genistein, di-
adzein and equol in rats which were ovariectomised and the ef-
fect of bone health was studied based on feeding studies. In this 
study, the rats were fed with a control diet that was supplemented 
with genistein, diadzein or equol at 10 µg/g body weight/day for 
3 months. In addition, some rats were also fed with short chain 
fructooligosaccharides or with live microbial Lactobacillus casei 
together with diadzein as precursor. In this study, genistein, daid-
zein or equol exhibited a bone sparing effect and the total femo-
ral bone mineral density (BMD) was significantly enhanced when 
compared to that of rats fed with control diet, as was the metaphy-
seal compartment. The results suggested that bone strength was 
improved by consuming equol alone in the diet, but it was not the 
case when consuming genistein or diadzein alone. The effect of 
addition of short chain fructooligosaccharides to the diet signifi-
cantly enhanced the protective efficiency of diadzein on femoral 
bone mineral density and mechanical properties. Therefore, long 
term equol consumption like genistein and daidzein, in the ova-
riectomized rat, provides bone sparing effects and addition of short 
chain fructooligosaccharides or live microbial Lactobacillus casei 
together with diadzein improved the protective effects of daidzein 
on the skeleton.

It is reported that equol is more bioavailable than diadzein or 
genistein. Setchell et al. (2009) studied the pharmacokinetics of 
natural S-(-) equol after administration single-bolus oral doses of 
10 and 30 mg in the form of SE5-OH tablet to healthy postmeno-
pausal women. S-(-) equol concentrations was measured in plasma 
and urine collected at timed intervals over a 48-h period post-dos-
ing using tandem MS. The results indicated that equol was rapidly 
absorbed and attained high plasma concentrations and showed a 
linear dose response in its pharmacokinetics with a plasma elimi-
nation half-life of 8 h. The systemic bioavailability of equol was 
very high and the fraction of dose excreted in urine (%fe,u) was 
82%, which is greater than published data for daidzein and gen-
istein. Lund et al. (2011) studied the effect of equol for improved 
prostate health via in vitro and in vivo studies. The study evalu-
ated the effects of 5α-DHT or equol alone and in combination on 
prostate specific antigen (PSA) by LNCap human prostate cancer 
cells. The result from the in vitro study indicated that equol binds 
specifically 5α-DHT and prevents increases in PSA from LNCap 
cells. The in vivo studies indicated that equol decreases rat prostate 
size, decreases serum 5α-DHT levels and androgen hormone ac-
tion. The study concluded that equol can play an important role in 
maintaining prostate health in men without altering other circulat-
ing sex steroids or LH levels. In addition, it is also reported that 
equol has antioxidant, anti-proliferative, vasorelaxant and anti-
inflammatory properties (Blay et al., 2010; Hedlund et al., 2003; 
Jackman et al., 2007; Rimbach et al., 2003; Shor et al., 2012).
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2.6.8. Hesperetin

Hesperetin, one of the most abundant flavonoids found in citrus 
fruits is reported to demonstrate a wide spectrum of pharmacologi-
cal effects such as anti-inflammatory, anti-carcinogenic, anti-hy-
pertensive, anti-atherogenic and antioxidant properties (Banjerd-
pongchai et al., 2016; Choi, 2008; Haidari et al., 2009; Hajialyani 
et al., 2019; Ikemura et al., 2012; Lee et al., 2012; Milenkovic et 
al., 2011; Parhiz et al., 2015; Pari and Shagirtha, 2012; Wilmsen 
et al., 2005; Yamamoto et al., 2013). Ikemura et al. (2012) studied 
the effect of hesperidin, glucosyl hesperidin and naringin on hy-
pertension and cerebral thrombosis in stroke prone hypertensive 
rats. Hesperidin, glucosyl hesperidin and naringin was mixed with 
the powder diet at various concentrations and the control diet was 
unmodified and the rats were fed for 4 weeks. The results indicated 
that there was no effect on the body weight, however, the sup-
plemented diet significantly suppressed the age related increase in 
blood pressure. The thrombotic tendency was determined by He-
Ne laser technique in the cerebral blood vessels, in which the num-
ber of laser pulses required to generate an occlusive thrombus was 
used as an index. The results indicated that thrombotic tendency of 
the hypertensive rats was decreased signifcantly comparted to the 
control diet fed rats. The effect of hesperidin, glucosyl hesperidin 
and naringin on oxidative stress was determined by the concentra-
tion of 8- hydroxy-2′-deoxyguanosine (8-OHdG) that demonstrat-
ed the supplements had strong antioxidant activity. Furthermore, 
these supplements significantly increased the production of nitric 
oxide (NO) metabolites in urine measured with Griess reagent. 
Yamamoto et al. (2013) studied the effects of continuous ingestion 
of hesperidin and glucosyl hesperidin on vascular gene expression 
in spontaneously hypertensive rats. The results from this study in-
dicated that continous ingestion of hesperidin and glucosyl hes-
peridin for 8 weeks significantly decreased the hypertension and 
suppressed the mRNA expression of NADPH oxidase subunits and 
thromboxane. The continous ingestion alters the gene expression 
of vascular regulatory molecules in the aorta and support the no-
tion that fruit flavonoids have beneficial effects on vasculature.

Banjerdpongchai et al. (2016) studied various flavanones in cit-
rus seed extracts for their cytotoxic effect, mode of cell death, and 
signaling pathway in human hepatocellular cancer HepG2 cells. 
Neohesperidin, hesperidin, and naringin, active flavanone glyco-
sides were identified in citrus seed extract. The cytotoxic effect 
of all three compounds were studied in a dose depedent manner 
at IC0, IC10, IC20, and IC50 for 24 h and the cells were visualized 
after annexin V-fluorescein isothiocyanate and propidium iodide 
staining using flow cytometry. The results indicated that hesperi-
din did not induce reactive oxygen species and caspase-9, -8 and 
-3 activities were activated and increased in the hesperidin treated 
HepG2 cells. The results also indicated that expression of proapo-
ptotic Bax, Bak, and tBid proteins was higher whereas the Bcl-xL 
and proform of Bid protein levels were downregulated. The study 
concluded that hesperidin induced human HepG2 cell apoptosis 
via mitochondrial pathway and death receptor pathway. Lee et al. 
(2012) studied the effect of hesperidin to induce apoptosis in hu-
man malignant pleural mesothelioma (MSTO-211H) cells. In this 
study, the MSTO-211H cells were treated with hesperidin at vari-
ous concentrations (40, 80, and 160 µM) and control samples were 
untreated for 24 and 48 h. The results indicated that the IC50 value 
of hesperidin was 152.3 µM in MSTO-211H cells for 48 h and hes-
peridin decreased cell viability, and induced apoptotic cell death. 
The study also demonstrated that hesperidin significantly sup-
pressed the mRNA/protein level of specificity protein 1 (Sp1) and 
modulated the expression level of the Sp1 regulatory protein such 

as p27, p21, cyclin D1, Mcl-1, and survivin in mesothelioma cells.

2.6.9. Naringenin

Naringin and its aglycone naringenin are reported to exhibit vari-
ous bioactivities such as anti-inflammatory, neuroprotection, anti-
fibrogenic, antioxidant and antioxidant activities. Heo et al. (2004) 
studied the effect of antioxidant naringenin from Citrus junos on 
the neuroprotection. It is believed that generation of ROS and oxi-
dative damage are involved in the pathogenesis of neurogenera-
tive disorders. Furthermore, amyloid β protein (Aβ) induced free 
radical-mediated neurotoxicity is one of the leading causes of Alz-
heimer’s disease. In this study, the protective effect of naringenin 
from Citrus junos against Aβ-induced neurotoxicity was studied 
using pheochromocytoma cells (PC12 cells). The cells pretreated 
with naringenin (25–100 µM) and vitamin C (100 µM) resulted 
in the prevention of generation of Aβ-induced reactive oxygen 
species. In addition, naringenin treatment led to a decrease in Aβ 
toxicity in a dose-dependent manner which was assessed by the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as-
say. To test the effect of naringenin, scopolamine-induced in vivo 
method with a passive avoidance test was carried out using ICR 
mice, administered with 4.5 mg/kg body weight of naringenin and 
scopolamine at 1 mg/kg body weight was used. The results from 
this test showed significant anti-amnesic effects in mice, thereby 
demonstrating neuronal cell protection by naringenin.

Naringenin has beneficial effects against liver diseases via sev-
eral molecular mechanisms. The main protective of naringenin in 
liver diseases include (a) inhibition of oxidative stress, (b) trans-
forming growth factor (TGF-β) pathway, (c) inhibition of vascular 
endothelial growth factor (VEGF), (d) the prevention of the trans 
differentiation of hepatic stellate cells (HSC), leading to decreased 
collagen synthesis, (e) inhibition of the mitogen activated protein 
kinase (MAPK), toll-like receptor (TLR) and TGF-β non-canoni-
cal pathways, and (f) regulation of lipid metabolism by modulating 
the synthesis and oxidation of lipids and cholesterol (Hernández-
Aquino and Muriel, 2018).

La et al. (2009) studied the effect of naringenin on human osteo-
clastogenesis osteoclastic bone resorption. The study was carried 
out using primary osteoclast precursor cells activated by receptor 
activator of nuclear factor-kB ligand (RANKL) and macrophage 
colony-stimulating factor (M-CSF) for 6 days. The cells were 
treated with 10, 25 or 50 µg/mL of naringenin and the control sam-
ples were run without naringenin. The osteoclast formation was 
determined by the number of tartrate-resistant acid phosphatase 
(TRAP)-stained multinuclear cells. The cytokine secretion from 
osteoclast precursor cells incubated with RANKL and M-CSF in 
the absence or presence of naringenin (10 µg/mL) for 6 days to 
determine the concentrations of interleukin (IL)-1α, IL-1β, IL-6, 
IL-8, IL-17, IL-23, monocyte chemoattractant protein-1 (MCP-1), 
osteoprotegerin (OPG) and TNF-α, using sandwich enzyme-linked 
immunosorbent assays. The results from this study indicated that 
50 µg/ml of naringenin inhibited osteoclastogenesis by 96%. In 
addition, naringenin also significantly inhibited the secretion of 
interleukin (IL)-1α (by 59%), IL-23 (by 87%) and monocyte che-
moattractant protein-1 (by 58%). This results from this study dem-
onstrated that naringenin can inhibit human osteoclastogenesis and 
osteoclastic bone resorption and has the potential to be used as a 
therapeutic or preventive agent for bone-related diseases such as 
periodontitis.

Wang et al. (2012) investigated the role of naringenin against 
lead-induced oxidative stress in liver and kidney of rats. For this 
study, the researchers orally administered lead acetate (500 mg 
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Pb/L) to adult male Sprague-Dawley rats for 8 weeks to induce 
hepatoxicity and nephrotoxicity. During this study, the results 
indicated increases in the levels of alanine aminotransferase, as-
partate aminotransferase, urea, uric acid, and creatinine after lead 
administration in rats. In addition, there were significant decreases 
in various antioxidant enzymes such as GSH glutathione, SOD 
superoxide dismutase, CAT catalase, GPx glutathione peroxidases 
in the lead treated rats. These enzymes are important in defense 
against superoxide radicals and H2O2. The rats which are affected 
by lead and treated by naringenin exhibited increased activities of 
OD, CAT, and GPx in the liver and kidney due to the ability of 
naringenin to reduce the accumulation of free radicals generated 
during lead-induced lipid peroxidation.

2.6.10. Catechins

Catechins are major flavan-3-ol found in various cocoa extracts 
and tea extracts, with demonstrated bioactivities for human such 
as cardiovascular health benefits, antioxidant activity, anti-inflam-
matory effect, improved skeletal muscle structure and endothelial 
function (Zhong et al., 2012; Chiu et al., 2018; Perera et al., 2018; 
Li et al., 2019; Ambigaipalan et al., 2020). Spadafranca et al. 
(2010) studied the effect of dark chocolate on plasma epicatechin 
levels, DNA resistance to oxidative stress and total antioxidant ac-
tivity in healthy subjects. The dietary intervention study was con-
ducted with 20 healthy individuals (ten men and ten women) for 4 
weeks. Of the twenty volunteers, five men and five women volun-
teered to consume dark chocolate and the remainder chose to eat 
white chocolate. Volunteers were advised to consume chocolate as 
a snack with 40 g white bread. The blood samples were collected 
at the beginning of the experiment at various time intervals during 
the 24 h period. The results from this study indicated that dark 
chocolate as a snack along with balance diet can improve DNA 
resistance to oxidative stress in healthy subjects. However, there 
was no beneficial effect found in consuming dark chocolate regu-
larly compared to a single occasional intake. These results suggest 
that DNA protection offered by consuming dark chocolate against 
chronic degenerative disease is still with an unknown mechanism. 
Gutierrez-Salmean et al. (2014) studied the effects of epicatechin 
on molecular modulators of skeletal muscle growth and differ-
entiation. In this study, the effects of aging on protein levels of 
recognized modulators of skeletal muscle (SkM) growth (myosta-
tin, follistatin), senescence-associated β-galactosidase (SA-β-Gal) 
and myogenic differentiation (myogenin, MyoD, MEF2A, Myf5) 
in young and old mice were investigated. During the study, mice 
were fed with 1 mg/kg BID. The human subjects in this work were 
treated for 7 days with 25 mg pure epicatechin in the capsule form 
at 1 mg/kg/day concentration. The muscle strength was assessed 
by handgrip dynamometry. The blood samples were collected 
before and after treatment. The results from this mice study indi-
cated that the markers important for ageing such as myostatin and 
senescence-associated β-galactosidase levels which were down-
regulated, while the markers associated with the muscle strength 
such as follistatin and Myf5 were increased after consumption of 
epicatechin. In human study, treatment with epicatechin increased 
the handgrip strength and the ratio of plasma follistatin/myostatin.

Engler et al. (2004) studied the effect of dark chocolate intake 
on endothelial function. The study was randomized, double-blind, 
placebo-controlled design conducted over a 2-week period in 21 
healthy adult subjects. The subjects were randomly assigned to 
daily intake of high-flavonoid (213 mg procyanidins, 46 mg epi-
catechin) or low-flavonoid dark chocolate bars (46 g, 1.6 oz). The 
flow-mediated dilation of the brachial artery was compared be-

tween the low flavonoid chocolate and high-flavonoid chocolate 
group. The dilation of branchial artery is an endothelial dependent 
function associated with the release of nitric oxide and endothe-
lium-derived prostanoids. The results indicated elevated plasma 
epicatechin concentrations in the high-flavonoid group increased 
endothelium-derived vasodilators and improved endothelial func-
tion. The results also suggested that there was no change in oxida-
tive stress measures, lipid profiles, blood pressure, body weight or 
BMI between two groups. Schroeter et al. (2006) indicated that in-
gestion of flavanol rich cocoa resulted in a significant elevation of 
circulating NO species, enhanced flow-mediated dilation response 
in conduit arteries and augmented microcirculation. In addition, 
oral administration of pure epicatechin to humans closely emulat-
ed acute vascular effects of flavanol-rich cocoa. The data from this 
study indicated that epicatechin is linked to the reported vascular 
effects observed after the consumption of flavanol-rich cocoa.

Cremonini et al. (2016) evaluated the effects of a high fat diet 
(HFD) and epicatechin (EC) consumption on the activation of the 
insulin cascade and its negative modulators were evaluated. The 
results revealed that consumption of a high fat diet for 15 weeks 
caused obesity and insulin resistance in C57BL/6J mice as demon-
strated by high fasted and fed plasma glucose and insulin levels, 
and impaired insulin tolerance tests (ITT) and glucose tolerance 
tests (GTT). This mechanism was attributed to the alterations in 
the activation of components of the insulin-triggered signaling cas-
cade (insulin receptor, IRS1, ERK1/2, Akt) in adipose and liver 
tissues. These high fat fed mice were treated with an epicatechin 
rich diet and the results indicated that epicatechin supplementa-
tion showed downregulation of c-Jun N-terminal kinase (JNK), 
IκB kinase (IKK), protein kinase δ (PKCδ) and protein tyrosine 
phosphatase 1B (PTP1B), leading to improved insulin sensitivity. 
Therefore, it was concluded that consumption of EC-rich foods 
could constitute a dietary strategy to mitigate obesity-associated 
insulin resistance.

Shin et al. (2009) studied the effect of major green tea polyphe-
nols on the adipocyte differentiation in human bone marrow mes-
enchymal stem cells (hBM-MSCs) and compared it to the effect 
of representative antidiabetic drugs. In this study, the human bone 
marrow mesenchymal stem cells grown in Dulbecco Modified 
Eagle’s Medium (DMEM) with low glucose (1 g/L) containing 
10% fetal bovine serum (FBS) and supplemented with antibiotics 
and glutamax. In order to induce adipose differentiation, the con-
centration of glucose was increased to 4.5 g/L and supplemented 
with 10% fetal bovine serum (FBS), 10 µg/mL insulin, 1 mM 
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX). 
The samples were treated with nine different polyphenols such as 
(-)-catechin, (+)-catechin, (-)-epigallocatechin-3-gallate (EGCG), 
(-)-epicatechin (EC), (-)-epigallocatechin (EGC); (-)-epicatechin 
gallate (ECG), (-)-gallocatechin-3-gallate (GCG), (-)-catechin-
3-gallate (CG), and (-)-gallocatechin (GC) separately every 2 days, 
for 6 or 12 days and the results were compared against cells treated 
with troglitazone, or glibenclamide. The results from the study in-
dicated that (-)-catechin was the most potent of the eight green 
tea polyphenols evaluated in promoting adipocyte differentiation 
in human bone marrow mesenchymal stem cells in a dose depend-
ant manner. The cells treated with (-)-catechin had increased the 
mRNA levels of adipogenic markers, such as adiponectin, per-
oxisome proliferator-activated receptor gamma (PPARγ), FABP4, 
and LPL. In addition, (-)-catechin upregulated the secretion of adi-
ponectin in hBM-MSCs culture. In conclusion, the study suggested 
that (-)-catechin promoted adipocyte differentiation and increased 
sensitivity to insulin in part by direct activation of PPARγ, which 
demonstrated the pharmacological benefits of green tea intake in 
reducing the risk of type 2 diabetes.
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Nagao et al. (2005) investigated the effects of catechins on the 
blood variables and oxidized-LDL and the association between 
body fat variables and oxidized-LDL. The body mass index (BMI) 
correlates with the amount of malondialdehyde and thiobarbitu-
ric acid-reactive substances in the blood. In this study, 12-week 
double-blind study was performed in which the 17 subjects drank 
1 bottle oolong tea/day containing 690 mg catechins and a control 
group containing 18 subjects drank 1 bottle oolong tea/day con-
taining 22 mg catechins. Both the beverages used in this study con-
tained several isomers of this compound catechin, catechin gallate 
(CG), gallocatechin (GC), gallocatechin gallate (GCG), epicate-
chin, epicatechin gallate (ECG), epigallocatechin, and epigallocat-
echin gallate (EGCG) in various concentrations. The results indi-
cated that body weight, BMI, waist circumference, body fat mass, 
and subcutaneous fat area were significantly lower in the green tea 
extract group than in the control group. The study concluded that 
long-term consumption of beverages containing catechins inhibits 
the formation of oxidized lipids such as malondialdehyde-modi-
fied LDL thereby reducing the risk for developing arteriosclerosis. 
The results from this study also suggest that catechins contribute 
to the prevention of and improvement in various lifestyle-related 
diseases, particularly obesity.

Apcmin/+ mice are recognized as a genetically relevant animal 
model mimicking human intestinal carcinogenesis and it is used in 
a study by Ju et al. (2005) to investigate the inhibition of intestinal 
tumorigenesis by ECG present in green tea. The mice used in this 
study carry a dominant heterozygous nonsense mutation at codon 
850 of the mouse homologue of the human adenomatous polyposis 
coli (APC) gene. The APC gene is a tumor suppressor gene and 
its mutation is implicated in both sporadic and inherited human 
colorectal carcinogenesis. During this study, the mice treated with 
0.08 and 0.16% (0.16 or 0.08 g ECG dissolved in 100 mL dis-
tilled water containing 0.5 g citric acid) significantly decreased the 
small intestinal tumor formation by 37 and 47%, respectively. In 
the same study, ECG was administered in a dose dependent man-
ner at 0, 0.02, 0.04, 0.08, 0.16, or 0.32% concentration in drink-
ing fluid for 6 weeks until the study was terminated at 11 weeks 
of age. This study resulted in the increased levels of E-cadherin 
and decreased levels of nuclear B-catenin, c-Myc, phospho-Akt, 
and phospho-extracellular signal-regulated kinase 1/2 (ERK1/2) in 
small intestinal tumors. Based on these results, ECG was used at 
12.5 or 20 µmol/L concentration to treat HT29 human colon cancer 
cells which resulted in increased E-cadherin protein levels from 
27 to 58%, induced the translocation of B-catenin from nucleus to 
cytoplasm and plasma membrane, and decreased c-Myc and cyclin 
D1 (Ju et al., 2005).

Lu et al. (2006a) investigated the inhibitory effect of polyphe-
non E (a standardized green tea polyphenol preparation containing 
65% EGCG and caffeine on 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK)-induced lung tumor progression from adenoma 
to adenocarcinoma. For this study, the A/J mice were treated with 
a single dose of NNK at a concentration of 103 mg/kg bodyweight 
and kept for 20 weeks for the progression of lung adenomas. Then 
after 20 weeks, the mice were treated with 0.5% Polyphenon E 
or 0.044% caffeine as the sole source of drinking fluid until 52nd 
week. Histopathological analysis of the mice indicated that Poly-
phenon E administration significantly reduced the incidence by 
52% and multiplicity by 63% of lung adenocarcinoma. The treat-
ment with caffeine also reduced the incidence by 48% and multi-
plicity by 49%. The results also indicated that Polyphenon E and 
caffeine administration inhibited cell proliferation by 57 and 50%, 
respectively in adenocarcinomas. In addition, the Polyphenon E 
and caffeine administration enhanced apoptosis by 2.6- and 4-fold 
in adenocarcinomas, respectively and adenomas (both by 2.5-

fold), and lowered levels of c-Jun and extracellular signal-regu-
lated kinase (Erk) 1/2 phosphorylation. The study concluded that 
epigallocatechin-3-gallate was able to suppress the progression of 
NNK-induced lung adenoma to adenocarcinoma supported with 
decreased cell proliferation, enhanced apoptosis, and lowered lev-
els of c-Jun and Erk1/2 phosphorylation.

Gupta et al. (2001) studied the inhibition of prostate carcino-
genesis using autochthonous transgenic adenocarcinoma of the 
mouse prostate (TRAMP) model, which spontaneously develops 
metastatic CaP. This model was chosen by the researchers as it 
mimics progressive forms of human disease. The polyphenolic 
dose was isolated from green tea at a human achievable dose 
equivalent to 6 cups of green tea per day. In the control samples, 
the mice were fed only with water and after 32 weeks all the 20 
mice had palpable tumors and they had various stages of metas-
tases to lymph nodes, lungs, liver and bone. In the test subjects, 
the mice were treated with 0.1% polyphenols (w/v) from 8 to 32 
weeks. The results indicated that the polyphenol treated sam-
ples had significant delay in primary tumor incidence and tumor 
burden as assessed sequentially by MRI. In addition, there was 
significant decrease in prostate (64%) and genitourinary (GU) 
(72%) weight. The was significant inhibition in serum insulin-like 
growth factor-I and restoration of insulin-like growth factor bind-
ing protein-3 levels and marked reduction in the protein expres-
sion of proliferating cell nuclear antigen (PCNA) in the prostate 
compared with water-fed TRAMP mice. The study concluded that 
green tea polyphenol consumption caused significant inhibition of 
prostate cancer development, progression, and metastasis of CaP 
to distant organ sites.

2.6.11. Proanthocyanidins

Proanthocyanidins also known as condensed tannins are a group 
of monomers and polymers of flavanols with no sugar groups at-
tached to them (Chandrasekara and Shahidi, 2010). They occur 
mainly as dimers and polymers that are bound together by links 
between C4 and C8 or C4 and C6 positions. Proanthocyanidins 
upon depolymerization yield epicatechin under acidic conditions 
with mean degree of polymerization between 4 and 11. Proantho-
cyanidins have reported to various health effects greater than fla-
vanols particularly in treating colon cancer (Rossi et al., 2010). 
Gossé et al. (2005) studied the anti-proliferative mechanisms on 
human metastatic colon carcinoma (SW620 cells) of apple poly-
phenol fractions and evaluated the anti-carcinogenic properties 
in vivo. The study was carried out with two types of polyphenol 
classes extracted from apples, (a) the non-proanthocyanidin frac-
tion containing 73% phenolic monomers and (b) the procyanidin 
fraction containing 78% procyanidins. The results from the study 
indicated that only the procyanidin fraction was able to inhibit the 
SW260 cell growth with an IC50 value of 45 µg/mL. Also, after 24 
h exposure to procyanidin fraction, protein kinase C activity was 
inhibited by 70% and a significant increase in extracellular signal-
regulated kinases 1 and 2 and c-jun N-terminal kinases expression 
was observed together with the downregulation of polyamine bio-
synthesis and the activation of caspase-3. The in vivo studies were 
carried using male Wistar rats and the carcinogenesis was induced 
by intraperitoneal injections of azoxymethane, once a week for 2 
weeks. The rats were treated with 0.01% procyanidin fraction dis-
solved in drinking water after 7 days and the treatment was con-
tinued for 6 weeks. The results after 6-week treatment indicated 
that colon of rats showed significant reduction of the number of 
preneoplastic lesions when compared with controls receiving wa-
ter. The study concluded that apple procyanidins alter intracellular 
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signaling pathways, polyamine biosynthesis and trigger apoptosis 
in tumor cells.

Prasad et al. (2012) studied the effect of bioactive proanthocya-
nidins extracted from grapeseed using in vitro and in vivo mod-
els. In this study, the in vitro analysis was carried out on human 
pancreatic cancer cells (Miapaca-2, PANC-1 and AsPC-1). The 
cells viability and cell death assays were carried out by treating 
the cancer cells with 50 µL of proanthocyanidins (5 mg/mL) for 
24 and 48 h. Miapaca-2 and PANC-1 cells were treated with dif-
ferent concentration of grapeseed proanthocyanidins (GSPs) (0, 
20, 40 and 60 mg/mL) in complete medium for 48 h. The result 
indicated that GSPs reduced cell viability increased G2/M phase 
arrest of the cell cycle leading to induction of apoptosis in a dose- 
and time-dependent manner. In addition, the results indicated that 
GSPs induced apoptosis of pancreatic cancer cells were associated 
with a decrease in the levels of Bcl-2 and Bcl-xl and an increase in 
the levels of Bax and activated caspase-3. Furthermore, the treat-
ment of Miapaca-2 and PANC-1 cells with GSPs also decreased 
the levels of phosphatidylinositol-3-kinase (PI3K) and phospho-
rylation of Akt at ser473. The in vivo study was carried out by 
subcutaneously injecting Miapaca-2 cells (5 x 106 in 100 µL PBS) 
in the right flank of each mouse. The mice were administered with 
0.5% GSPs-supplemented AIN76A control diet in pellet form 
throughout the experiment period after one day of injection. The 
results after GSP treatment demonstrated inhibition of cell prolif-
eration, induction of apoptosis of tumor cells, increased expression 
of Bax, reduced expression of anti-apoptotic proteins and activa-
tion of caspase-3-positive cells and decreased expression of PI3K 
and p-Akt in tumor xenograft tissues. Overall, the study concluded 
that GSPs could potentially be used as chemotherapeutic effect on 
pancreatic cancer cell growth.

Akhtar et al. (2009) studied the effect of GSPs on human non-
small cell lung cancer (NSCLC) cells in vitro and in vivo using a 
tumor xenograft model. During the study, the NSCLC cells were 
treated with various concentrations 0, 20, 40, 60, and 80 µg/mL of 
GSPs for 24 h. The study indicated inhibition of proliferation of 
cells (5–17%); however, significant greater inhibitory effect was 
observed at 48 h after GSPs treatment (10–68%). The study also 
indicated that GSPs did not inhibit cell proliferation of normal hu-
man bronchial epithelial cells. The in vivo treatment with GSPs 
against human NSCLC tumor xenograft growth after subcutaneous 
injection in mice was studied at different concentrations (0.1, 0.2 
and 0.5% w/w). The results demonstrated inhibition of the growth 
of lung tumor xenografts in nude mice by dietary GSPs is associ-
ated with the inhibition of tumor cell proliferation, angiogenesis, 
and up-regulation of IGFBP-3.

2.6.12. Resveratrol

Resveratrol (trans-3,5,4′-trihydroxystilbene) is a naturally occur-
ring polyphenol with various health effects. Oh and Shahidi (2018) 
reported that resveratrol and its esters inhibited oxidation of DNA 
and LDL cholesterol effectively. Oh et al. (2019) reported that 
resveratrol and its derivatives reduced reactive nitrogen species 
generation in murine microphages and decreased cell viability of 
liver cancer (HepG2), colon cancer (HT-29, A431), breast cancer 
(MCF7), and gastric cancer (AGS) cell lines. Asensi et al. (2002) 
studied the inhibition activity of resveratrol against B16 melanoma 
(B16M) cells in mice, rats and rabbits. As a part of this study, the 
researchers carried out pharmacokinetic investigations in which 20 
mg of trans-resveratrol (t-RES) were administered orally (via an 
intragastric tube) to rabbits, rats, and mice or intravenously to rab-
bits (via the ear vein). The results from this pharmacokinetic study 

revealed that highest concentration of resveratrol in plasma, either 
after i.v. or oral administration was reached within the first 5 min 
in all animals. The amount of resveratrol in extravascular levels 
(brain, lung, liver, and kidney) were always < 1 nmol/g fresh tis-
sue. The resveratrol measured in plasma or tissues was in the trans 
form. In addition, the results indicated that hepatocytes metabo-
lized trans-resveratrol in a dose-dependent fashion and resveratrol 
was removed from circulation by liver very rapidly. The in vitro 
testing of resveratrol against B16 melanoma (B16M) cells resulted 
in inhibition of cell proliferation and reactive oxygen species in a 
concentration-dependent fashion. The results from in vivo studies 
on all three animals injected with B16 melanoma (B16M) cells in 
the footpad revealed that oral administration of resveratrol did not 
inhibit growth of B16M inoculated into the footpad, however, it 
decreased hepatic metastatic invasion of B16M cells inoculated 
intrasplenically. The study concluded that antimetastatic mecha-
nism of resveratrol was due to the resveratrol induced inhibition of 
vascular adhesion molecule 1 (VCAM-1) expression in the hepatic 
sinusoidal endothelium (HSE), which consequently decreased in 
vitro B16M cell adhesion to the endothelium via very late activa-
tion antigen 4 (VLA-4).

Sale et al. (2004) studied the growth inhibitory properties of 
putative cancer chemopreventive agent resveratrol against human-
derived colon cancer cells HCA-7 and HT-29 cells. As a part of 
this study, pharmacokinetic properties of 3,4,5,4′-tetramethoxystil-
bene (DMU 212) were compared with those of resveratrol in the 
plasma, liver, kidney, lung, heart, brain and small intestinal and 
colonic mucosa of mice. Both compounds were administered intra-
gastrically at 240 mg/kg concentration. The results were compared 
based on the ratios of the area of plasma or tissue concentration vs 
time curves of resveratrol over DMU 212 (AUCres/AUCDMU212). 
The results indicated that the ratio of AUCres/AUCDMU212 for the 
plasma, liver, small intestinal and colonic mucosa were 3.5, 5, 
0.1 and 0.15, respectively, thus indicating that resveratrol exhib-
ited significantly higher levels of availability than DMU 212 in 
the plasma and liver, while DMU 212 exhibited superior avail-
ability compared to resveratrol in the small intestine and colon. In 
addition, the results indicated that resveratrol was metabolised to 
its sulfate or glucuronate conjugates, while DMU 212 underwent 
metabolic hydroxylation or single and double O-demethylation. 
The results from in vitro studies on the human-derived colon can-
cer cells HCA-7 and HT-29 cells revealed that DMU 212 and res-
veratrol inhibited the growth of human-derived colon cancer cells 
with IC50 values of 6 and 26 µM, thereby indicating that DMU 
212 could potentially be used as a chemotherapeutic agent against 
colon cancer.

Majumdar et al. (2009) studied the potential of using curcumin 
in synergy with resveratrol to inhibit human colon cancer HCT-116 
[p53+/+ or HCT-116 (wt) and HT-29] cells. The results from this 
study indicated that combination of curcumin with resveratrol was 
very effective in inhibiting the growth of p53-positive (wt) and 
p53-negative colon cancer HCT-116 cells in vitro and in vivo in 
SCID xenografts of colon cancer HCT-116 (wt) cells than either 
curcumin or resveratrol used alone. The study concluded that the 
inhibition of tumors in response to curcumin and/or resveratrol 
was associated with the reduction in proliferation and stimula-
tion of apoptosis supplemented by attenuation of NF-κB activity. 
Therefore, combinationed use of curcumin and resveratrol provide 
a potential preventive/therapeutic strategy for colon cancer.

2.6.13. Lignans

Epidemiological studies suggest that there is a plausible link be-
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tween phytoestrogen exposure and a reduced risk of colorectal 
cancer. Qu et al. (2005) studied the effect of wheat bran from 4 
different cultivars in colon cancer SW480 cells. The wheat brans 
Madison, Ernie and Betty contained 82.9, 52.3 and 42.7 µg/g se-
coisolariciresinol diglucoside, respectively. In this study, human 
colon cancer cells SE480 were treated with enterolactone and en-
terodiol, alone or in combination at 0–40 µmol/L for 24–72 h. It 
was indicated that treatment of SW480 cells with enterolactone 
and enterodiol resulted in dose and time-dependent decreases in 
cell numbers compared to the control samples. The results also 
indicated that combined effect of enterodiol and enterolactone at 
20 and 40 µmol/L had a more severe effect on the cancer cells 
compared to the individual use of lignan metabolites. The study 
concluded that cancer cell growth by lignan metabolites seems to 
be mediated through cytostatic and apoptotic mechanisms.

Felmlee et al. (2009) studied the effect of the flaxseed lignans 
secoisolariciresinol diglucoside and its aglycones on hyperlipi-
daemic rats. The results indicated that the lignan component of 
flaxseed was responsible for the hypochloresterolaemic effects 
after consumption. Secoisolariciresinol diglucoside and secoisola-
riciresinol caused dose-dependent reductions in serum and hepatic 
cholesterol profiles in high cholesterol diet-fed rats.

Feng et al. (2008) studied the effect of metabolites of the lig-
nans enterolactone and enterodiol on osteoblastic differentiation 
of MG-63 cells. Osteoblasts play a crucial role in the bone forma-
tion through proliferation and differentiation. Differentiation of os-
teoblasts are very important for bone function and confer marked 
rigidity and strength for bone while maintaining some degree of 
elasticity. Therefore, it is reported that stimulation of osteoblast 
differentiation to be an important therapeutic approach for the pre-
vention of bone disease, ie osteoporosis. In this study, osteoblast 
MG-63 cells were deployed in an in vitro assay system and the 
evaluated the effects of enterolactone and enterodiol measured by 
various markers such as mRNA for collagen (col I), ALP, osteoc-
alcin (OC), osteopontin (OP), and osteonectin (ON). The results 
indicated that both enterolactone and enterodiol have a biphasic 
effect on the differentiation of osteoblast cells. In addition, both 
lignan metabolites increased cell viability, alkaline phosphatase 
(ALP) activity and the transcriptional level of ALP, osteopontin, 
and osteocalcin in a dose-dependent manner.

3. Conclusions

Phenolic compounds undergo various stages of absorption and 
metabolism, after ingesting them as a part of a food. As a result 
of various metabolic steps, these metabolites may appear in the 
plasma as sulfated, glucuronidated or methyl derivatives of the 
parent phenolic compounds or in some cases, remain unchanged in 
the plasma or converted to other products. It is important to under-
stand the metabolism of phenolic compounds in the small intestine 
and fermentation in the colon, because these processes can alter 
the effects of phenolic compounds on mechanisms of action in-
cluding free radical scavenging, activation of signaling pathways, 
and modulation of inflammation response. In this regard, there is 
a renewed interest to study phenolic compounds and their biologi-
cal activities, absorption, metabolism and health effects, thus this 
review will be of interest to the readers in this area. However, due 
to the diversity of phenolic compounds and colonic microflora, the 
exact microorganism and the enzymes involved in the catabolism 
to produce the final catabolite are still largely unknown. Therefore, 
more thorough research is still needed to fill the existing gaps in 
this area.
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