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Abstract 1 

Biophenols and their associated activity have generated intense interest. Current topics of 2 

debate are their bioavailability and bioactivity. It is generally assumed that their plasma 3 

concentrations are insufficient to produce the health benefits previously attributed to their 4 

consumption. However, data on localised in vivo concentrations are not available and many 5 

questions remain unanswered. Potential mechanisms by which they may exert significant 6 

bioactivity are discussed together with structure activity relationships. Biophenols are 7 

highly reactive species and they can react with a range of other compounds. Products of 8 

their reaction when functioning as antioxidants are examined. 9 

 10 

Introduction 11 

Biophenols comprise a diverse group of biologically-derived compounds. The intense 12 

interest in these chemicals can be attributed to many factors including the quest to 13 

determine their role in plants. In general, the search for a functional role in plants has 14 

focused on the interaction that may take place between the plant and other living 15 

organisms. Wink 
1
 has noted that secondary metabolites, at least the major ones present in 16 

a plant, apparently function as defence (against herbivores, microbes, viruses or competing 17 

plants) and signal compounds (to attract pollinating or seed dispersing animals). Their role 18 

in disease resistance as phytoalexins 
2
 is well established although Close and McArthur 

3
 19 

argue that the main role of many plant biophenols may be to protect leaves from 20 

photodamage, not herbivores and that the biophenols can achieve this by acting as 21 

antioxidants. On this basis the large variations observed in levels of biophenols in plants 22 

are a result of responding to different environmental conditions in order to counteract 23 

potential photodamage. 24 

 25 

The chemical structure and stereochemistry of biophenols that determine their chemical 26 

behaviour such as metal chelation, ease of oxidation and free radical scavenging ability 27 

also confer activity to the foods in which they occur. This is not surprising given the 28 

reactivity of these compounds which is exploited in foods 
4
 as, for example, in apple 29 

enzymatic browning where polyphenol oxidase catalyses the oxidation of biophenols by 30 

molecular oxygen to unstable o-quinones. The reactivity of the intermediate o-quinones 31 

leading to the formation of brown pigments is well known. Thus, many phenolic 32 

compounds including caffeic acid esters and catechins are both good browning substrates 33 



 4 

and good antioxidants. At relatively low concentrations, they are functional as antioxidants 1 

while at higher concentrations they can behave as pro-oxidants. 2 

 3 

These same properties inevitably confer activity in vivo but whether this activity leads to 4 

any functionality has been the subject of intense investigation. A paper published in 1993 5 

drew attention to the inhibition of LDL oxidation by red wine biophenols 
5
. From that point 6 

antioxidant activity became the focus of numerous studies 
6
 and the 1993 paper has been 7 

cited approximately 1000 times. Studies of oxidation and antioxidant behaviour are now 8 

dominated by physiological interests. It is unfortunate that the two groups (food and 9 

biology) investigating this area have developed somewhat independently as many methods 10 

have been devised to measure total antioxidant status of fruits, vegetables and derived 11 

products 
7
 as well as the oxidative status of physiological systems 

8,9
. These antioxidant 12 

methods can be roughly classified into two types as assays based on hydrogen atom 13 

transfer reactions and assays based on electron transfer 
7
. Mechanistically, it can be 14 

difficult to distinguish between the two reactions. A well established example of an 15 

electron transfer-based assay is the measurement of total biophenols by Folin Ciocalteu 16 

Reagent although this is more aptly termed the total reducing capacity as it also measures 17 

other reducing agents such as tyrosine and vitamin C. Vitamin C is the pimary antioxidant 18 

in fruits but levels vary greatly from those observed in citrus (typically 100-1000 mg kg
-1

), 19 

to apple (10-50 mg kg
-1

) to pomegranate (1-10 mg kg
-1

) 
10

. However, in fruits that we have 20 

examined there is minimal variation in the total antioxidant capacity. For example, in the 21 

case of pomegranate it can be attributed to the presence of significant quantities of 22 

biophenols and highlights the issue of biophenol functionality and the evolutionary factors 23 

that have led to the presence of biophenols in fruits 
11

. 24 

 25 

The first observation of biological activity of biophenols in animals was reported in 1936 26 

12
. Szent-Györgi, a Nobel prize winner who isolated ascorbate demonstrated that 27 

hesperidin can behave similar to ascorbate in maintaining capillary permeability 
13

. 28 

Flavonoids were thus attributed vitamin status but this has since been revoked. In the latter 29 

decades of the last century, various epidemiological studies associated high levels of fruit 30 

and vegetable consumption with low incidence of chronic diseases 
14

. Moreover, the 31 

association of oxidative stress with various chronic diseases 
15-18

 inevitably led to the 32 

conclusion that the antioxidant activity of fruit and vegetables was responsible for the 33 

correlation between dietary intake and low incidence of chronic disease. Biophenols were 34 
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identified as potent antioxidants associated with fruit and vegetables and hence linked to 1 

resistance to chronic diseases. However, epidemiological and in vivo studies have failed to 2 

establish a conclusive correlation between incidence of chronic diseases and antioxidant 3 

activity. Moreover, attempts to prevent cancer by intervention with high doses of 4 

antioxidants have been largely unsuccessful 
19

. Potter 
20

 observed that “Single agents are 5 

not an advocated approach to chemotherapy, and may be inappropriate for 6 

chemoprevention. Foods may provide the optimal mix of phytochemicals and the best 7 

polypharmacy against the emergence of malignant clones.” As Hippocrates stated 25 8 

centuries ago, let food be thy medicine and medicine be thy food 
21

. 9 

 10 

Evidence for in vivo antioxidant effects of biophenols is thus both confusing and equivocal. 11 

Maximal plasma biophenol concentrations arising from normal dietary intake appear to be 12 

low and insufficient to exert significant systemic antioxidant effects. This has led many to 13 

question whether the antioxidant status of biophenols transfers to benefits in humans 14 

although it has so far been impossible to identify any other bioactivity to account for the 15 

observed facts. Many studies continue to target antioxidant activity 
22,23

. The scientific 16 

literature including our own publications is replete with comments regarding the supposed 17 

benefits of certain diets associated with high contents of antioxidants and particularly 18 

biophenols 
24

 but here we cite two examples: “consumption of tomato products has been 19 

associated with decreased risk of some cancer  types. Epidemiological findings confirm the 20 

observed health effects due to the presence of varied antioxidants in tomato” 
25

 and “prune 21 

phenolics have shown beneficial effects on human health” 
26

. What is the evidence on 22 

which such claims are based? As observed by Sotiroudis et al. 
27

 “the chemopreventive 23 

role of olive oil constituents is based on hypotheses and not hard data, it needs to be 24 

evaluated and verified in animal models of multistage carcinogenesis and in humans in 25 

order to gain a better understanding.” The evidence for health benefits of biophenols comes 26 

from several sources that are discussed below. The continued emphasis on antioxidant 27 

activity is not surprising as many questions remain unanswered. For example, biophenol 28 

concentrations in plasma may not be sufficient for functionality but localised 29 

concentrations at the site of tissue damage have not been systematically investigated. 30 

Biophenolic action may also be influenced by extraneous factors such as tissue distribution 31 

of enzymes 
28

 and interactions with other food or drug components 
29

. 32 

 33 
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The negative correlation of dietary consumption of fruit and vegetables with level of 1 

chronic diseases remains 
30

 and a new diet-health paradigm has evolved 
31

. The terms 2 

„phytochemical‟ 
32

, „nutraceutical‟ 
33

 and „functional food‟ 
34,35

 have been introduced to 3 

describe various aspects of this development. Potter 
20

 reviewed 200 epidemiological 4 

studies and the majority showed a protective effect of increased fruit and vegetable 5 

consumption. A plausible explanation is that a diet high in fruit and vegetables will be low 6 

in other commodities such as meat and that this will confer health benefits. Most 7 

traditional mainstream nutritionists now associate the dietary link with phytochemical 8 

presence in fruit and vegetables 
36

. However, the primacy of free radical scavenging 9 

mechanisms has been challenged and the focus has now shifted from antioxidant activity to 10 

the effect of these compounds on enzyme activity and gene activation. Topics of current 11 

debate are the bioavailability and metabolism of biophenols 
37

. The evidence is now 12 

available to show that these compounds are metabolised by sulfation, glucuronidation and 13 

methylation 
38

. The role of such processes is generally for the detoxification of xenobiotics 14 

but does this in fact activate the biophenols. For instance, sulfonation catalyzed by 15 

sulfotransferases plays an important role in chemical defense mechanisms against 16 

xenobiotics but also activates carcinogens 
39

. Hepatic metabolism of caffeic and 17 

dihydrocaffeic acids included a detoxification route involving an O-methylation pathway 18 

and a toxification route via o-quinone formation catalyzed by cytochrome P450 
40,41

. 19 

 20 

The literature on biophenols is extensive and this has inevitably led to publication of many 21 

reviews 
42

. Representative reviews are summarised in Table 1 and range from general 22 

reviews of phytochemical activity 
6,74,75

 to more specific reviews relating to biophenols as 23 

a class 
17

, to particular biophenols and/or specific commodities such as spices 
76

 or specific 24 

activities (e.g. 
77

). This review examines structure activity interrelations of biophenols. 25 

Activity covers a range of actions including the effects of biophenols against plant and 26 

fungal growth and the behaviour of biophenols as allelochemicals 
78

, topics that are 27 

probably closely related to their function in plants but that are nevertheless outside the 28 

scope of this review. Similarly, the number and structural diversity of biophenols is vast 29 

although some biophenols, namely, resveratrol 
57,79-83

, quercetin, ferulic acid and 30 

oleuropein have attracted special attention. For instance, approximately 1,000 research 31 

articles have appeared on resveratrol alone since 1992 
84

.  32 

 33 

General considerations 34 



 7 

The outcome of studies based on epidemiology or feeding experiments is dependent on 1 

analytical science and the ability to produce reliable measures of biophenolic content and 2 

dietary intake 
85

. Measures of total biophenols such as the Folin Ciocalteu assay invariably 3 

produce results that are greater than data from high performance chromatographic 4 

methods. However, there are also problems with the latter including the non-availability of 5 

suitable reference compounds and the difficulty of resolving complex and variable 6 

mixtures even with computer-based optimisation methods. Efficient extraction of the 7 

biophenols is a mandatory pre-requisite in most techniques and yet, the data suggest that 8 

this is not an easy task as demonstrated for antioxidant activities of wheat bran extracts 9 

obtained with different extractants 
86

.  10 

 11 

Given that reliable measurement is possible, a key issue is what should be measured. Olive 12 

oil 
27,32,64,87

 and wine 
63,88

 have been subjected to close scrutiny particularly in relation to 13 

biophenolic content and feeding experiments. However, the biophenolic composition of 14 

olive oil is extremely complex with simple biophenols, hydroxycinnamic acids, lignans, 15 

phenolic iridoids and flavonoids 
89

 and reliable measurement of these is a most challenging 16 

analytical problem. Are the various data reliable and, if so, have we measured the correct 17 

parameters? The importance of speciation is now well recognised. A relatively simple 18 

consideration is the role of free aglycones versus glycosidically bound phenols. The latter 19 

have traditionally represented an analytical challenge and hydrolysis has been used to 20 

simplify their analysis but with consequent loss of information content. Enzymatic activity 21 

of samples is an important variable. For instance, quercetin glucosyltransferase activity is 22 

stimulated by UV-C radiation 
90

 and this can lead to changes in quercetin glycoside content 23 

of samples. Analyses involving enzymatic hydrolysis gave significantly higher levels of 24 

flavonoids than those obtained by acidic hydrolysis 
91

. Biophenols also occur as the free 25 

compounds (either the aglycone or glycosidically bound species) and in various bound 26 

forms 
92-98

. Dehydrodimers of ferulic acid constitute a significant component of the 27 

biophenolic content of many grains 
99

. The limited data on the behaviour and availability 28 

of these dimers 
100

 suggests that they function very effectively as antioxidants 
100

. It is only 29 

recently that a new dehydrotrimer of ferulic acid has been reported 
101

. Such bound 30 

phytochemicals could survive stomach and intestinal digestion to reach the colon. This 31 

raises the issue of release of free biophenols during ingestion and metabolism – at what 32 

point in the gut does release occur? Is activity restricted to free forms, or is the bound form 33 



 8 

also active or is it, in fact, a metabolised species rather than the ingested biophenol that is 1 

active 
102

? What about metabolites produced by microflora in the gut; are these active? 2 

 3 

The products formed from biophenolic reaction via dimerisation, oxidation and reaction 4 

with cell constituents will in many cases possess bioactivity. There has been very little data 5 

on such entities although tyrosol, hydroxytyrosol and oleuropein were substantially 6 

modified by nitrite-derived nitrating species, even under mild reaction conditions relevant 7 

to those occurring in the gastric compartments 
103

. Biophenols are highly reactive 8 

compounds and allowance must be made for this fact. Depending on reaction kinetics for 9 

possible degradation reactions (e.g. oxidations), the biophenolic compound being tested 10 

may not be the actual starting material. For example, concurrent addition of berry extracts 11 

with hydrogen peroxide to human neuroblastoma cells significantly inhibited the increase 12 

in intracellular ROS production 
104

. Pre-incubation of cells with the same physiological 13 

concentrations of extracts had no effect on the ROS levels and this was attributed to 14 

metabolic conversion to inactive compounds. Many studies probably grossly underestimate 15 

the biophenolic contents and their activities because of failure to consider such issues. This 16 

problem was noted by Sun et al. 
97

. A further area that has not received much attention is 17 

the impact of various isomeric species ranging from positional (addressed to some extent) 18 

to stereoisomeric forms 
91,105-107

. For example, the antioxidant activity of trans-19 

hydroxystilbene derivatives was better, in all cases examined, by a factor of about 2 than 20 

that of the corresponding cis-isomers. This variation was attributed to the difference in the 21 

O-H bond dissociation enthalpy between the two isomers. It is interesting to compare the 22 

pro-apoptotic activity of these stilbenes, for which the trans-stereochemistry was 23 

associated with lower activity than the cis-geometry. 24 

 25 

Having overcome the problems of measurement and after reaching a decision as to what 26 

should be measured, the issue of normal biological variation in biophenolic content due to 27 

cultivation methods, season 
108

, time of harvest, post-harvest handling 
109

, etc must still be 28 

confronted. For instance, Tarozzi et al. 
109

 clearly demonstrated that factors such as cold 29 

storage may affect the antioxidant properties of apples. It is interesting to note that organic 30 

cultivation per se did not impact the level of phytochemicals significantly relative to 31 

conventional practices 
110

. However, organic systems provided an increased opportunity 32 

for insect attack that resulted in higher levels of biophenols in some cases 
111

. Variability 33 

due to these sources is not a problem where direct measurements of biophenols are 34 
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conducted. However, the latter is usually not possible in most cases and data for many 1 

epidemiological studies are derived from dietary tables. 2 

 3 

We now turn attention to measurement of antioxidant activity as distinct from 4 

concentration 
112,113

. Antioxidants may be defined in various ways but understanding is 5 

probably best facilitated by reference to a mechanistic system in which antioxidant, ArOH 6 

inhibits the propagation step of an oxidation by reacting with the substrate lipid, alkoxyl or 7 

peroxyl radicals: 8 

L   +  ArOH       LH  +  ArO     (1)  9 

LO   +  ArOH       LOH  +  ArO     (2) 10 

LOO   +  ArOH     LOOH  +  ArO
   

(3) 11 

The antioxidant free radical may further interfere with chain-propagation reactions by 12 

forming peroxy antioxidant compounds: 13 

ArO   +  LOO        products    (4) 14 

ArO   +  LO        LOOAr    (5) 15 

The mechanism is illustrated for a lipid substrate because this is most common even 16 

though damage to protein and DNA molecules is probably physiologically more disruptive. 17 

 18 

Antioxidant activity can have a variety of meanings but these only have any significamnce 19 

in relation to their reactivity in terms of equations such as (1) to (5). It cannot be measured 20 

directly but rather by the effects of the antioxidant in inhibiting the extent or rate of 21 

oxidation (an end point) as measured by chemical, instrumental or sensory methods for the 22 

formation of the various intermediates or final reaction products of oxidation. Antioxidant 23 

activity has come to refer loosely to the outcome of one or more such tests 
114

. The 24 

essential features of the test are a substrate, an oxidant and initiator and a suitable measure 25 

of the end-point of the reaction. Copper and iron are probably initiators in most cases even 26 

if inadvertent due to contamination as avoidance of these cations in test solutions is 27 

extremely difficult. Although some tests omit the substrate these are artificial and best 28 

avoided as they do not meet the need for experimental conditions to replicate the natural 29 

condition as closely as possible. It is pointless measuring the „biological‟ antioxidant 30 

activity of a biophenol at elevated temperature as the mechanism differs from that applying 31 

under physiological conditions. Whilst temperature is not usually an issue, oxygen partial 32 

pressure is an important variable that is often neglected.  33 



 10 

 1 

End point measures include peroxide value, conjugated dienes, aldehydes, alkanes, 2 

thiobarbituric acid reactive substances (TBARS), oxysterols and isoprostanes 
114

. TBARS 3 

is the most widely used for physiological studies because of its simplicity but it is probably 4 

the least suited due to non-specificity 
115

. However, all methods suffer some limitations 5 

and there is an urgent need to define new methods or improve existing methods for 6 

measurement of antioxidant activity. Meanwhile, the use of a number of different measures 7 

of activity is advisable and testing in both aqueous and lipid systems should be 8 

incorporated. 9 

 10 

Dietary intake 11 

The distribution of biophenols in foods plus the eating habits of different cultures and 12 

individuals determine dietary intakes. Dietary sources of biophenols have been 13 

summarised 
38

 and, from this review, the most significant dietary biophenols based on 14 

intake quantity are gallic acid (an hydroxybenzoic acid from certain fruits); the 15 

hydroxycinnamic acids, caffeic acid (from fruits), ferulic acid (from cereals) and 16 

chlorogenic acid (from coffee); the flavonols, quercetin and kaempferol (widely distributed 17 

but particularly abundant in onions, blueberries, red wine and tea); the flavones, luteolin 18 

and apigenin (limited distribution); the flavanones, naringenin and hesperetin (citrus); the 19 

isoflavones, genistein and daidzein (soya and its products); flavanols (catechins and 20 

proanthocyanidins in tea and chocolate); the anthocyanidins such as cyanidin (from 21 

blackberries and blackcurrants); and stilbenes, notably resveratrol (from wine). However, 22 

variations in the biophenolic content of foods are large. For instance, the biophenolic 23 

profile of apple varieties shows little variation, but there is a fifty-fold variation in total 24 

biophenol content among varieties 
38

. Data for flavonol and anthocyanin contents of 25 

various blackberry, blueberry and red wine grape genotypes further illustrate the problem 26 

in relation to biophenolic distribution 
116

. The respective ranges of total anthocyanin and 27 

total flavonol contents of tested samples were: blackberries, 1144-2415 and 102-160 mg 28 

kg
-1

; blueberries, 1435-8227 and 172-327 mg kg
-1

; and red wine grapes, 381-7905 and 21-29 

322 mg kg
-1

. The variation in red wine grapes is particularly notable given the significance 30 

attached to wine consumption in the Mediterranean diet and its association with the French 31 

paradox 
117

.  32 

 33 
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In this discussion, dietary importance/significance is assigned on the basis of intake 1 

quantity alone. The issue of quantity versus bioactivity is important. Consider an enzyme 2 

with high specificity for conversion A to B but which exhibits some substrate specificity 3 

for conversion C to D at 1% of the rate of the A to B conversion. Now, if D is 1000-fold 4 

more active than A, then the conversion C to D might be important. Moreover, estimates of 5 

dietary intakes vary greatly. It is interesting that one of the original estimates was between 6 

1.0 and 1.1 g per day depending on the season 
118

 and it still serves as a reference point. 7 

Estimates of dietary intake of total biophenols were subsequently revised to much lower 8 

values after some criticism of the reliability of analytical data of the 1970s. Current data 9 

now suggest that the true intake is closer to the original estimate 
119

 which nevertheless 10 

was based on incomplete data. In a “typical” diet containing some common fruits, 11 

vegetables and beverages, flavonoids accounted for about two thirds of the daily dietary 12 

intake of biophenols and phenolic acids accounted for the remaining one third 
119

. The 13 

most abundant flavonoids in the diet were flavanols (catechins plus proanthocyanidins), 14 

anthocyanins and their oxidation products derived from fruit and beverages (fruit juice, 15 

wine, tea, coffee, chocolate and beer) and, to a lesser extent vegetables, dry legumes and 16 

cereals. The lack of comprehensive data on biophenol levels in food contribute to the large 17 

uncertainties in dietary intake as does the normal biological variability. The number of 18 

food composition databases for bioactive food components is limited although the USDA 19 

now has useful food composition databases for various flavonoids 
120,121

. The availability 20 

and quality of such databases has been assessed 
122

.  21 

 22 

More precise data are generally available for intake of the various sub-classes of 23 

biophenols. An early eastimate of the intake of flavonols and flavones was 115 mg/d 
118

 24 

and Hertog et al. 
123

 estimated intake of these two subclasses in the Netherlands diet to be 25 

23 mg/day. Tea, onions and apples were the most important sources of flavonoids and 26 

quercetin was identified as the most important dietary flavonoid. Similar data were 27 

reported in a study of total consumption of five major flavonols and flavones of 27.6 ± 28 

19.5 mg/d in international subjects, 34.1 ± 31.2 mg/d in Dutch adults according to 3-day 29 

records, and 41.9 ±  23.7 mg/d according to questionnaires 
124

. Quercetin and kaempferol 30 

were the most significant contributors to the intake; major sources being tea and onions.  31 

 32 

Flavonols have been more extensively studied as a class than other biophenols and typical 33 

intakes are 20-25 mg/d in the USA, Holland and Denmark 
123,125,126

. Citrus fruits and 34 
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apples are the major dietary sources of flavanones and dihydrochalcones, respectively 
53

. 1 

The widespread availability of these commodities means that these compounds may make 2 

a greater contribution to the total daily intake of flavonoids than the more extensively 3 

studied flavonols. Individual food preferences account for the highly variable intake of 4 

some biophenolic classes such as hydroxycinnamic acids where heavy coffee consumption 5 

may lead to intakes as much as 500-800 mg/d 
127,128

. 6 

 7 

Commodities that have been extensively studied are wine and grapes 
129,130

, olive oil 
131-

8 

134
and tea (Table 1). Interest in cocoa 

70
 has intensified as it is rich in biophenols 9 

particularly catechins and procyanidins although data for cocoa products vary considerably 10 

due to variations in formulations and analytical procedure employed 
68

. Biophenolic levels 11 

in chocolate appeared to have no effect on free radical production in a double-blind 12 

crossover trial 
135

 and it was suggested that some component other than flavanols and 13 

related procyanidins may have been responsible for observed changes. Nuts and related 14 

products have received little attention 
136

. 15 

 16 

Bioavailability 17 

Bioactivity requires that the concentration of the agent is at a physiologically significant 18 

level at the target site. Absorption into the bloodstream usually via mucous surfaces like 19 

the digestive tract is essential before a compound can exert a pharmacological effect in 20 

tissues. Absorption critically determines the compound's bioavailability, the extent to 21 

which the compound reaches the systemic circulation and is available at the site of action. 22 

Distribution of the compound into tissues and organs follows absorption. Metabolism 23 

commences as soon as the compound enters the body but the majority of small molecule 24 

metabolism is performed in the liver by redox enzymes termed cytochrome P450 enzymes.  25 

This process of absorption, distribution, metabolism, (Excretion and Toxicity) forms the 26 

basis for ADMET screening.  27 

 28 

The initial belief was that absorption of flavonoids from the diet was minimal given that 29 

the majority of flavonoids occurred in glycosidic linkage. Hollman and Katan 
137

 reported 30 

in 1997 that the limited data on absorption of flavonoids in humans contrasted with the 31 

amount of data available for various animals. A subsequent report identified a number of 32 

studies of absorption and bioavailability in humans 
138

 but there are still many gaps. In 33 

their 1999 paper, it was noted that total flavonoid ingestion was estimated at a few 34 



 13 

hundreds of milligram per day. The intake of flavonols and flavones was inversely 1 

associated with incidence of subsequent coronary heart disease in most but not all 2 

prospective epidemiological studies whilst a protective effect of flavonols on cancer was 3 

found in only one prospective study. 4 

 5 

It now seems clear that glycosylation actually enhances absorption rather than decreasing it 6 

as initially suspected. Hollman et al. 
139

 found that human absorption of the quercetin 7 

glycosides from onions (52%) was far better than that of the pure aglycone (24%). Healthy 8 

ileostomy subjects were studied to avoid losses caused by colonic bacteria. Mean excretion 9 

of quercetin or its conjugates in urine was 0.5% of the amount absorbed. Peak plasma 10 

quercetin concentration of 0.65 μM was reached after 2.9 h (Table 2), with a half-life of 11 

absorption of 0.87 h following ingestion of fried onions containing quercetin glucosides 12 

equivalent to 64 mg of quercetin aglycone 
142

. Half lives of the distribution phase and 13 

subsequent elimination phase were 3.8 h and 16.8 h, repectively.  14 

 15 

The nature of the sugar linkage in absorption is critical. The bioavailability of quercetin 16 

rutinoside was only 20% of that of the corresponding glucoside fed to healthy volunteers 17 

140
. The peak concentration of quercetin in plasma, Cmax and time to reach Cmax were 3.5 ± 18 

0.6 μM and < 0.5 h for the glucoside and 0.18 ± 0.04 μM and 6.0 ± 1.2 h for the rutinoside 19 

following administration of the pure compounds. Hollman et al. 
140

 hypothesised that 20 

quercetin rutinoside was absorbed from the colon only after deglycosylation whereas 21 

quercetin glucoside was actively absorbed from the small intestine following active 22 

transport into enterocytes by the sodium-dependent glucose transporter SGLT1 
139

. The 23 

position of glucosylation does not appear to influence absorption 
143

 based on ingestion 24 

studies involving healthy subjects and quercetin-3-glucoside and quercetin-4'-glucoside 25 

(approximately 330 μmol). Peak concentration in plasma was reached after approximately 26 

30 min with a half-life of elimination approximately 18 h independent of ingested 27 

compound. Thus, whatever the mechanism of deglucosylation, the kinetics of absorption 28 

are similar for both compounds. 29 

 30 

In a study involving nine healthy subjects, absorption of quercetin was more rapid and 31 

efficient after ingestion of onions than after ingestion of apples 
144

. Half lives of 32 

elimination for quercetin were 23-28 h indicating that accumulation of quercetin in the 33 

blood could occur following repeated administration in the diet 
145

. These findings are 34 



 14 

supported by other work 
146

 and dietary source has been clearly implicated as an important 1 

variable that affects bioavailability 
147,148

. Several factors contribute to the importance of 2 

dietary source in regulating bioavailability. For instance, the nature of the sugar linkage 3 

probably accounts for the variation in bioavailability of quercetin in apples and onions 
144

 4 

since the latter is rich in glucosides whilst apples contain both glucosides and various other 5 

glycosides.  6 

 7 

Low bioavailability of ferulic acid in cereal diets was attributed to association of the ferulic 8 

acid with fiber via cross-linking with arabinoxylans and lignins 
149

. Diferulic acids are 9 

widely distributed in cereals as abundant structural components of plant cell walls 
150

 10 

where they occur in ester-linkage to cell wall polysaccharides. Although it is assumed that 11 

they are non-absorbable in this form, there is convincing evidence of in vivo esterase 12 

activity capable of releasing the free acids. Thus, this potentially large pool of dietary 13 

biophenols can likely be absorbed and enter the circulatory system. 14 

 15 

Other factors are important in regulating bioavailability as shown for biophenols in cherry 16 

tomatoes. In a cross-over feeding experiment involving human subjects, administration of 17 

cooked cherry tomatoes significantly enhanced plasma concentrations of naringenin and 18 

chlorogenic acid relative to the uncooked materials 
151

. Thus, the domestic cooking process 19 

increased the bioavailability of these compounds. The situation is clearly complex and 20 

interactive effects can play a role as shown by in vitro studies using isolated rat small 21 

intestine 
152

 in which concomitant intake of some biophenols inhibited glucuronidation and 22 

increased the intestinal absorption of a phenolic drug.  23 

 24 

The bioavailability of biophenols other than quercetin and ferulic acid has been 25 

investigated 
153,154

 and these studies confirm that most of the ingested biophenols are 26 

absorbed in the small intestine 
155

. The bioavailability of daidzein and genistein, both 27 

isoflavone phytoestrogens, has been explored by several investigators 
54,119

. Total peak 28 

isoflavone levels in urine, plasma and in breast milk of humans were found to be 60 μM, 2 29 

μM and 0.2 μM, respectively and were reached 8-12 h after consumption of soy foods 
14

. 30 

Setchell et al. 
156

 found significant differences in metabolism and pharmacokinetics among 31 

isoflavones administered as a single-bolus dose to 19 healthy women. Bioavailability of 32 

genistein and daidzein was greater when ingested as β-glycosides rather than aglycones as 33 

determined from areas under the curve of the plasma appearance and disappearance 34 



 15 

concentrations. However, mean time to attain peak plasma concentration was 1 

approximately 50% greater for glycosides (9 h) than the corresponding aglycones (6 h) 2 

consistent with the residence time needed for hydrolytic cleavage of the glycoside moiety 3 

for bioavailability. Following administration of equal amounts of daidzein and genistein, 4 

plasma genistein concentrations were consistently higher. Methoxylated isoflavones 5 

showed distinct differences in pharmacokinetics depending on the position of the methoxyl 6 

group in the molecule. 7 

 8 

Serum pharmacokinetics were reproducible for isotopically labelled genistein and daidzein 9 

administered to healthy women 
157

. Chronic exposure to soy foods did not affect 10 

pharmacokinetics. Uptake of the isoflavones was rate-limiting and saturable as seen from 11 

non-linearity of the bioavailability at high  intakes. A physiologically-based 12 

pharmacokinetic model has been developed 
158

 to quantify the internal, target-tissue 13 

dosimetry of genistein in adult rats. Complexities of the model included binding of both 14 

genistein and its conjugates to plasma proteins. The model was readily extrapolated to 15 

describe genistein dosimetry in humans or modified to describe the dosimetry of other 16 

phytoestrogens.  17 

 18 

Absorption data for caffeic acid and chlorogenic acid, an ester of caffeic acid and quinic 19 

acid, were determined in a cross-over study with 4 female and 3 male healthy ileostomy 20 

subjects 
159

. Of the ingested biophenols (2.8 mmol of each), absorption of caffeic acid was 21 

95 ± 4% and chlorogenic acid was 33 ± 17%. Urinary excretion accounted for 11% of the 22 

ingested caffeic acid and only traces of the ingested chlorogenic acid. Thus, almost all of 23 

the caffeic acid and one third of chlorogenic acid were absorbed in the small intestine of 24 

humans implying that part of chlorogenic acid from foods will enter into the blood 25 

circulation, but most will reach the colon.  26 

 27 

Resveratrol is of particular interest because of its presence in red wine. Unmethylated 28 

entities such as resveratrol were more rapidly eliminated than methylated species which 29 

were more stable to hepatic metabolism 
160

. Thus, structural analogues with improved 30 

bioavailability offer potential for use as therapeutic agents 
161

. Nevertheless, there is a 31 

significant body of in vitro, ex vivo and in vivo information indicating that resveratrol itself 32 

is absorbed following oral administration 
162,163

. For example, resveratrol and its 33 

metabolites have been detected in LDL after moderate consumption of red wine 
164

. 34 



 16 

Resveratrol also interacted with albumin and the binding was enhanced in presence of fatty 1 

acids 
165

. Most of the oral dose was excreted in urine 
141

 with urinary plus fecal excretion 2 

accounting for approximately 75% of the intake dose 
166

. Urinary resveratrol metabolites 3 

were investigated as useful biomarkers of wine intake in epidemiologic and intervention 4 

studies 
167

. Nevertheless, the oral bioavailability of free resveratrol is almost zero due to 5 

rapid and extensive metabolism to various glucuronide and sulfate metabolites. The rate 6 

limiting step in determining systemic bioavailability is the extremely rapid sulfate 7 

conjugation by the intestine/liver 
141

. The data suggest that any health effects of dietary 8 

resveratrol consumption are likely not associated with resveratrol per se 
168

 although 9 

accumulation of resveratrol in epithelial cells along the aerodigestive tract should be 10 

considered 
141

. Although Phase I metabolites have not been detected 
169

 bioactivity of the 11 

Phase II  metabolites warrants examination 
170

. 12 

 13 

Biophenols in plasma circulation were generally conjugated derivatives particularly 14 

glucuronides extensively bound to plasma proteins notably albumin. Anthocyanins, where 15 

intact glycosides are the major circulating forms, constitute an exception 
38,171

. Flavonoids 16 

displayed moderate affinities for albumins with binding constants in the range 1-15 x 10
4
 17 

M
-1

. Flavones and flavonols exhibited the highest binding constants which were lowered 18 

by an order of magnitude by glycosidation and sulfation depending on the conjugation site. 19 

For a given class of biophenol, the position of hydroxylation has an important effect on 20 

binding strength 
172,173

. The quinone formed as an oxidation product of quercetin by 21 

antioxidant action was barely detectable in the absence of albumin because of fast solvent 22 

addition, but was efficiently stabilized in the complex by charge transfer interactions (pH 23 

9). Significant differences in affinity and binding location were observed for albumins 24 

from different sources questioning the relevance of work on bovine serum albumin 
174

 to 25 

humans 
171

. 26 

 27 

In vitro binding of quercetin to plasma was extensive (99% for concentrations in the range 28 

1.5 to 15 μM) whilst binding to very-low-density lipoproteins (< 0.5% of total quercetin) 29 

did not make substantial contributions to overall plasma binding 
175

. The 'IIA' subdomain 30 

binding site of human serum albumin was the primary binding site for quercetin. The 31 

authors concluded that their data “indicate poor cellular availability of quercetin because of 32 

its extensive binding to plasma proteins.” However, the effect of binding on biophenolic 33 

properties is still unclear although it has been shown that the catechol moiety of albumin-34 



 17 

bound quercetin remained accessible to oxidising agents 
173

. Protein-biophenol interactions 1 

are discussed later but briefly they are expected to modulate bioavailability of biophenols 2 

in terms of rate of clearance and delivery to cells and tissues.  3 

 4 

Manach et al. 
38,176

 have reported data for maximal plasma concentration, the time to reach 5 

the maximal plasma concentration, the area under the plasma concentration-time curve, the 6 

elimination half-life, and the relative urinary excretion for 18 major biophenols. Following 7 

an intake of 50 mg aglycone equivalents, plasma concentrations of total metabolites ranged 8 

from 0 to 4 μM and the relative urinary excretion ranged from 0.3% to 43% of the ingested 9 

dose. This once again emphasises the variation in bioavailability among biophenols and 10 

that the most abundant dietary biophenols do not necessarily lead to the highest 11 

concentrations of active metabolites in target tissues. The best absorbed biophenols were 12 

gallic acid and isoflavones, followed by catechins, flavanones, and quercetin glucosides, 13 

then proanthocyanidins, the galloylated tea catechins, and the anthocyanins; but with 14 

different kinetics. Thus, studies have now demonstrated that bioavailability of specific 15 

flavonoids is much higher than originally expected but with large variations among 16 

biophenols and among individuals. Nevertheless, the maximum concentration in plasma 17 

rarely exceeds low μM levels following consumption of 10-100 mg of a single biophenol 18 

119
 although the contribution from metabolites probably means that total biophenol 19 

concentration in plasma is higher. However, knowledge of plasma concentrations may 20 

ultimately prove less important than data on bioavailability in specific tissues as limited 21 

data suggest accumulation of biophenolic metabolites in specific target organs 
177-180

. 22 

 23 

Metabolism 24 

Metabolism of biophenols occurs via a common pathway. The liver and the colonic flora 25 

are now recognized 
137,181

 as the two major sites of flavonoid metabolism. Absorption of 26 

the aglycones can occur in the small intestine but absorption of the more common 27 

glycosides generally involves a critical deglycosylation step that is mediated by epithelial 28 

β-glucosidases 
182

. A factor determining variation in flavonoid bioavailability may be the 29 

significant variation in β-glucosidase activity between individuals. The colonic microflora 30 

may also contribute to deglycosylation and are responsible for degradation of the 31 

aglycones by bacterial ring fission into simple phenolic acids via heterocycle ring opening 32 

at different points depending on chemical structure. During this absorption process the 33 

aglycones are efficiently conjugated in the small intestine and then in the liver via 34 



 18 

methylation, sulfation and glucuronidation reactions; the relative importance of the three 1 

processes varying according to factors such as substrate and dose ingested. 2 

 3 

Rapid sulfate conjugation by the intestine/liver was the rate-limiting step in bioavailability 4 

of orally administered 
14

C-resveratrol in humans 
141

. Three metabolic pathways were 5 

identified as sulfation and glucuronic acid conjugation with a novel pathway involving 6 

hydrogenation of the aliphatic double bond. A dietary relevant 25 mg oral dose was at least 7 

70% absorbed with peak plasma levels of resveratrol and metabolites of about 2 μM and a 8 

plasma half-life of 9.2 h (Table 2). Trace amounts only of unchanged resveratrol were 9 

detected in the plasma.  10 

 11 

This general picture of biophenolic metabolism was confirmed for chlorogenic acid (major 12 

phenol in coffee), quercetin-3-rutinoside (major flavonol in tea) and black tea phenols in 13 

healthy humans 
183

. In subjects with an intact colon, half of the ingested chlorogenic acid 14 

and 43% of the tea phenols were metabolized to hippuric acid. Quercetin-3-rutinoside was 15 

metabolized mainly to the phenylacetic acid derivatives,  3-hydroxyphenylacetic acid 16 

(36%), 3-methoxy-4-hydroxyphenylacetic acid (8%) and 3,4-dihydroxyphenylacetic acid 17 

(5%). In contrast, only traces of phenolic acid metabolites were found in urine after 18 

subjects without a colon had ingested chlorogenic acid and quercetin-3-rutinoside. 19 

 20 

Metabolism of daidzein is interesting as it is released from glycosides by the action of 21 

intestinal glucosidases and may be absorbed or further metabolised to products including 22 

equol 
184

. The extent of metabolism is highly variable among individuals and is influenced 23 

by other components of the diet. Thus, increased intestinal fermentation due to a high 24 

carbohydrate milieu results in more extensive metabolism with enhanced production of 25 

equol. This pathway may be clinically significant as the potency of equol is an order of 26 

magnitude higher than its precursor, daidzein.  27 

 28 

Toxicity 29 

The use of biophenols particularly flavonoids as herbal medicines or dietary supplements 30 

has raised concerns about toxicity 
185

. Potential dietary phenolic-induced toxicity concerns 31 

included their pro-oxidant activity resulting from the catechol moiety in the B-ring 
186

, 32 

mitochondrial toxicity (potential apoptosis-inducing properties), and interactions with 33 

drug-metabolizing enzymes 
187

. In this connection, it is notable that biophenols were 34 
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traditionally considered anti-nutrients by animal nutritionists because of their ability to 1 

bind proteins and minerals 
188

. The astringency associated with fruits is due to precipitation 2 

of salivary proteins with biophenols 
189

. Early data on toxic effects were derived mainly 3 

from in vitro studies whereas more recent studies suggest that flavonoids are anti-4 

mutagenic in vivo. This was the case in a large study involving 9959 subjects which 5 

showed an inverse relation between the intake of flavonoids primarily quercetin and lung 6 

cancer 
190

. The seeming contradiction may indicate that biophenols show toxicity to rapidly 7 

proliferating cancer cells but are not toxic to normal cells. Indeed, no dietary intervention 8 

studies have reported a negative effect of biophenols although a significant proportion have 9 

shown no effect 
191

. No observable toxicity was reported for administration of a mega-dose 10 

of 2 g kg
-1

 body weight of grape seed proanthocyanidin extract in a toxicological study 
191

. 11 

 12 

What is biological activity? 13 

It is notable that the biophenol, salicylic acid was the first well documented bioactive 14 

chemical. It was Hippocrates in the 5th century BC who first described the use of a bitter 15 

powder from the bark of the willow tree to treat aches and pains. However, Edmund Stone, 16 

an 18th-century Anglican clergyman, is credited with discovering the beneficial effects of 17 

willow bark. Salicylic acid was later identified as the active ingredient and this chemical is 18 

produced by the willow and other plants as part of a defense mechanism against infection. 19 

Daily dietary intakes of salicylic acid and its derivative, acetylsalicylic acid have been 20 

calculated as 0-5 mg and nil, respectively 
192

. Therapeutic plasma concentrations of 21 

salicylates in treatment of rheumatoid arthritis are about 1-2 nM 
193

. What then is 22 

bioactivity?  23 

 24 

Schrezenmeir et al. 
194

 note that the term „bioactivity‟ “has arisen as a loose definition 25 

encompassing food components that can affect biological processes or substrates and 26 

hence have an impact on body function or condition and ultimately health”. Recognising 27 

the issue of quantity they qualified their definition with two caveats: (1) That for a dietary 28 

component to be considered bioactive, it should impart a measurable biological effect at a 29 

physiologically realistic level; and (2) That the bioactivity being measured has the potential 30 

(at least) to affect health in a beneficial way, thus excluding from this definition potentially 31 

damaging effects (such as toxicity, allergenicity and mutagenicity) which are undoubtedly 32 

a reflection of bioactivity in its broadest sense. 33 

 34 



 20 

This definition contains implicit assumptions about the relationship between bioactivity, 1 

food and humans whereas the Miriam-Webster Dictionary identifies the first use of the 2 

word circa 1965 and applies a more general defininition in relation to substances "having 3 

an effect on a living organism". This definition can encompass almost any type of 4 

biological effect regardless of whether its effects are beneficial or damaging, short or long 5 

term, subtle or pronounced, exerted on plants or animals. The range of physiological 6 

processes that can be affected is therefore vast. The appropriate organisms to test against, 7 

test conditions, dosage and effect being sought are issues that must be addressed. Firn & 8 

Jones 
195

 attempted an answer to some of these questions using the screening hypothesis 9 

but raised a series of new issues at a more fundamental level. One of the predictions of the 10 

screening hypothesis is that many natural products will have no known biological activity 11 

because of low enzyme specificity 
196-198

. Current studies in metabolomics support this 12 

view as the multitude of metabolites found in living organisms and the calculated, 13 

unexpected small number of genes identified during genome sequencing projects discomfit 14 

biologists 
197

. The current view is that metabolome diversity is caused by low enzyme 15 

specificity although it is also possible that enzyme isoforms arise with altered substrate 16 

specificity. The set of chemically feasible, bioactive molecules is virtually infinite having 17 

been estimated to be in the order of magnitude of approximately 10
100

 
199,200

.
 
This would 18 

suggest that an appropriate molecule could exist for almost every type of biological 19 

activity but that the probability of activity is extremely low. However, the actual success 20 

rate in identifying bioactive compounds is typically 0.1 – 2% for low micromolar activity 21 

201
 and this can be attributed to the implementation of search strategies to improve success 22 

rate including combinatorial chemistry and high throughput screening (HTS). Furthermore, 23 

databases used in such studies are not random but trained sets reflecting several decades of 24 

learning and experience. ADMET screening is now receiving the same coverage that 25 

combinatorial chemistry and HTS received in the early 90's. 26 

 27 

The theory of evolution presupposes that evolutionary pressure, through a series of random 28 

events, leads to optimised performance of an organism. Thus, every compound synthesised 29 

has a purpose whereas this idea is seemingly challenged by the screening hypothesis in that 30 

phytochemical diversity is random because enzymes are non-specific. However, secondary 31 

metabolites occur in nearly all living organisms but are especially prominent in those 32 

organisms lacking an immune system, namely plants 
202

. Is the evolutionary pressure to 33 

increase the range of compounds in a plant‟s arsenal; in other words is the plant selecting 34 



 21 

for the ability to produce phytochemical diversity? This process will be random. Wink 
1
 1 

has stated that the occurrence of secondary metabolites “apparently reflects adaptations 2 

and particular life strategies embedded in a given phylogenetic framework.” What role do 3 

animals play in this phytochemical diversity in plants? Is their feeding directed to plants 4 

with a greater diversity and higher levels of biophenols? It is difficult to isolate plant 5 

defense theory from models of foraging behaviour but there is evidence to suggest that 6 

foraging behaviour may indeed select for plants with higher nutritive value 
203

. 7 

 8 

The most studied aspect of biophenolic chemistry is that of antioxidant action. Does 9 

antioxidant activity equate to bioactivity. Firn and Jones 
198

 advanced the debate when they 10 

defined a new term „biomolecular activity‟ as the ability of a molecule to interact with a 11 

target protein such that the action of that protein is changed. This has the advantage of not 12 

being specific to any form of action. Firn and Jones 
198

 argued that a form of biomolecular 13 

activity underlies every biological activity. It is intriguing to look at the biophenols from 14 

this perspective (vide infra). 15 

 16 

Evidence for bioactivity 17 

The evidence for biophenol activity in humans is derived from several sources (see Tables 18 

3 and 4) that may be classified as indirect based on an assumed link between antioxidant 19 

activity and physiological function, in vitro and ex vivo studies, in vivo studies in test 20 

animals, feeding experiments in both test animals and humans, dietary intervention studies 21 

and epidemiological studies (noting the impact of the Mediterranean diet and the French 22 

paradox). The most recent nutritional and epidemiologic studies show that the ideal diet 23 

closely resembles the Mediterranean diet 
247

. Traditional medicine is a further evidential 24 

source as in the ingestion of cranberry juice which has traditionally been linked to lower 25 

incidences of urinary tract infection 
248

. 26 

 27 

It has been common practice to identify health benefits arising from antioxidant activity on 28 

the cellular level with antioxidant capacity of food measured in vitro 
47,249,250

. Many 29 

publications make the assumption that antioxidant activity in vitro equates to physiological 30 

bioactivity because of association of oxidative stress with many chronic disease states. 31 

“Success” in such studies depends on measurement of the appropriate parameter. For 32 

example, dietary supplementation with wine phenolic compounds increased the antioxidant 33 

capacity of plasma and vitamin E of LDL without changing the lipoprotein Cu
2+

-mediated 34 
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oxidizability 
251

. The effects were attributed to biophenolic action in the aqueous phase of 1 

plasma and at the surface of lipoprotein particles. Relevant papers as summarised in Table 2 

3 measure and report biophenolic contents of commodities such as fruits, vegetables, 3 

grains and spices and endeavour to relate these to antioxidant activity.  4 

 5 

While it is unreasonable to assume that simple chemical tests 
252

 will provide information 6 

on the complex processes involved in biophenolic function, a distinction must also be 7 

made between the types of information that can be obtained from studies in vitro, in 8 

animals and in humans 
253

. An important consideration for in vivo studies is that effects 9 

that might not show up under the constant conditions of the laboratory bioassay might 10 

show up in the variable environment of the real world 
254

. A common theme has been the 11 

failure of in vivo studies to duplicate results of in vitro tests 
255,256

. It is reasonable to 12 

question whether the measures we use are appropriate for detecting slow developing 13 

diseases for which markers are rare 
257,258

. The changes associated with these diseases in 14 

the early phases of the process involve small perturbations – is it reasonable to expect that 15 

we can measure such changes after short term dietary intervention? Moreover, one must 16 

distinguish between the potential action of a biophenol in maintaining health by prevention 17 

of molecular damage versus its impact on disease states by repair of molecular damage. 18 

 19 

Cell cultures are increasingly used as ex vivo models for studying the uptake 
259

 and 20 

activity of biophenols 
260,261

. These are an improvement on in vitro studies. Recently, a cell 21 

culture model has been used to examine the inhibitory effect of phenolic acids on the 22 

proliferation of pre-adipocytes in relation to their antioxidant activity 
262

. Such inhibition 23 

plays an important role in the proposed mechanisms of antiobesity. There was a significant 24 

linear correlation between antioxidant activity and influence on cell population growth. In 25 

a more typical application, squamous carcinoma cell line was used to investigate relative 26 

potency of curcumin, genistein and quercetin with cisplatin 
263

. Cisplatin and curcumin 27 

induced significant dose-dependent inhibition in both cell growth and proliferation whereas 28 

genistein and quercetin had biphasic effect, depending on their concentrations. Curcumin 29 

was considerably more potent than genistein and quercetin but cisplatin was five-fold more 30 

potent than curcumin in inhibition of growth and DNA proliferation. Resveratrol also 31 

suppressed proliferation of cultured bovine pulmonary artery endothelial cell 
264

 and 32 

exhibited significant dose-dependent inhibition in human oral squamous carcinoma cell 33 

growth and proliferation 
265

 while quercetin exhibited a biphasic response. Isotopic 34 



 23 

labelling was used to study the elimination of quercetin from the cultured human 1 

hepatocarcinoma cell line Hep G2 
266

. The various oxidation and degradation products 2 

were postulated to contribute to the multiple biological actions reported for quercetin.  3 

 4 

Numerous and diverse studies have investigated lipid peroxidation and assessment of 5 

antioxidant status. Many in vitro studies have examined the impact of biophenols on the 6 

susceptibility of LDL to oxidation. In some cases, isolated LDL has been used while others 7 

have involved whole plasma 
267

. Such studies have generally demonstrated a protective 8 

inhibitory effect of biophenols on LDL oxidisability although the biophenolic 9 

concentration required to produce such effects is not unexpectedly much higher in the case 10 

of whole plasma 
268

.  11 

 12 

Results in test animals have generally been encouraging 
269

. Dietary supplementation with 13 

orange juice and, to a lesser extent, grapefruit juice increased plasma antioxidant activity in 14 

rats fed cholesterol-containing and cholesterol-free diets 
270

. However, improved lipid 15 

metabolism was restricted to the group fed added cholesterol. Scavenging activity against 16 

nitric oxide, β-carotene/linoleate system and DPPH and ABTS assays were used to assess 17 

antioxidant potential. Total biophenols and flavonoids were highly correlated with 18 

antioxidant potential of both juices. In contrast, there was no evidence of flavonoids in 19 

LDL following dietary intake of quercetin, catechin and dealcoholised red wine by healthy 20 

rats 
271

. Detection of the flavonoids or their metabolites was limited to quercetin 21 

derivatives in plasma and the authors concluded that intake of these substances did not 22 

protect lipoproteins from oxidation ex vivo in the absence of oxidative stress or any 23 

pathology. The presence of an exigent stress or pathology may be significant. Lipid 24 

peroxidation was markedly increased in carcinogen administered rats, but was brought 25 

back to near normal by apigenin treatment 
272

. Similarly, oleuropein  inhibited 26 

hyperglycemia and oxidative stress induced by diabetes in rabbits 
273

. 27 

 28 

Results of studies in vitro and in test animals generally contrast with human studies where 29 

results have been inconsistent but generally show no effect 
274,275

 possibly due to the 30 

concentration differences between in vitro and human studies. A paper published in Nature 31 

276
 with the suggestive title “Why drinking green tea could prevent cancer” involved in 32 

vitro concentrations of epigallocatechin gallate that are unlikely to be achieved in plasma. 33 

Other factors probably include the time scale to produce noticeable effects (are rats an 34 



 24 

appropriate test animal?), choice of inappropriate monitors of bioactivity and lack of 1 

suitable markers of oxidation. Results of animal testing and human studies are likely based 2 

on different end points; that is, studies with animals do not necessarily represent the same 3 

disease condition and risk as in humans. 4 

 5 

A number of human studies have reported no effects of dietary intake of biophenols on 6 

markers of oxidation 
277

. Vissers et al. 
64

 reviewed the bioavailability of olive oil 7 

biophenols from human and animal studies. The latter suggested that biophenol-rich olive 8 

oil lowered oxidisability of ex vivo LDL particles or lowered urinary markers of oxidative 9 

processes in the body. In five out of seven human studies, however, these effects of 10 

biophenols were not found. The authors attributed this to the low concentration of olive oil 11 

biophenols. Similarly, a 14 d randomised dietary intervention study in which elderly 12 

subjects were fed a biophenol-rich dessert did not show changes in the antioxidant and 13 

oxidative status in DNA and plasma 
278

. A high oxidative stress status during ageing was 14 

confirmed as was the failure of the in vitro antioxidant activity to transfer to analogous 15 

effects in vivo. A dietary study involving postmenopausal women and rye bran intake 
279

 16 

confirmed bioavailability of ferulic acid from the rye bran but the elevated ferulic acid did 17 

not confer an improved measurable antioxidant effect on the subjects' LDL. As in many 18 

studies, monitoring was restricted to the period of intervention.  19 

 20 

These data contrast with the results of other studies in which biophenol-rich diets reduced 21 

oxidative stress 
280

 and enhanced antioxidant status, reduced oxidative DNA damage and 22 

stimulated immune cell functions 
281

. For instance, few changes were observed in the 23 

postprandial phase of olive oil consumption but plasma oleic acid, resistance of LDL to 24 

oxidation and plasma glutathione reductase activity increased following short-term 25 

consumption (1 week) of olive oil in intervention studies 
282,283

. In another study, short-26 

term ingestion of biophenol-rich foods did not alter LDL biophenolic composition but 27 

there were changes after consumption of olive oil for one week 
284

. These data suggest that 28 

an accumulative effect was necessary to observe significant differences in LDL 29 

biophenolic composition. 30 

 31 

In a double-blind, randomized, crossover study in which 3 olive oils with low, moderate, 32 

and high biophenolic content were given as raw doses (25 mL/d) for 4 consecutive days 33 

preceded by 10-d washout periods 
285

, the oxidative status of healthy male subjects was 34 



 25 

modulated. This was seen as a decreased plasma oxidized LDL, 8-oxo-dG in mitochondrial 1 

DNA and urine, malondialdehyde in urine and increased HDL cholesterol and glutathione 2 

peroxidase activity. Similar data were reported for a controlled, double blind, cross-over, 3 

randomized, clinical trial using three similar olive oils with increasing biophenolic 4 

concentration 
286

. Argan oil consumption has also been associated with a lowering of LDL 5 

cholesterol 
287

 and this was linked to biophenolic concentration.  6 

 7 

A feature of these studies was an improvement in antioxidant/oxidant status although 8 

caution is necessary in interpreting such data. For example, antioxidant capacity of plasma 9 

has been measured in various ways including a procedure that measures both scavenging 10 

and inhibitory aspects of antioxidant capacity 
288

. Using this procedure, pharmacological 11 

supplementation with antioxidants enhanced plasma antioxidant capacity. As observed by 12 

Halliwell et al. 
257

 the interpretation of substantial increases in plasma total antioxidant 13 

activity 
251

 is complicated as changes in urate concentrations may be responsible. For 14 

example, an increased plasma antioxidant capacity in humans after apple consumption was 15 

due mainly to the metabolic effect of fructose on urate rather than apple-derived 16 

antioxidant flavonoids 
289

.  17 

 18 

Hollman 
290

 reported that five out of seven observational studies showed an inverse 19 

association of flavonol intake with subsequent cardiovascular disease while a protective 20 

effect against cancer was only found in one out of four studies. A prospective cohort study 21 

and a cross-cultural study showed that the intake of flavonols and flavones was inversely 22 

associated with coronary heart disease but failed to establish any link with cancer risk 
291-

23 

293
. Analytical data were obtained by glycosidic hydrolysis and measurement of aglycones. 24 

This approach represents a loss of information content but may nonetheless be suitable 25 

given the metabolic fate of biophenols. Data from the Massa Lombarda cohort study will 26 

be informative when available 
294

. 27 

 28 

A dietary intervention study involving 90 heavy smokers in a randomized trial and three 29 

different diets showed strong correlation between urinary biophenols and anti-mutagenicity 30 

that was not explained by dietary variables 
295

. It was suggested that urinary anti-mutagens 31 

and biophenols were regulated more by the activity and diversity of bacterial flora in the 32 

colon than by the quantity and type of biophenolic intake. It is apparent that the data are 33 

confusing and self-contradictory as previously observed 
257

. Closer attention to the 34 



 26 

biological effects of these compounds and their metabolites in specific tissues and the GI 1 

tract is warranted. 2 

 3 

Modes of action 4 

Current evidence suggests that several mechanisms may be operative in biophenolic 5 

activity. Black 
296

 in discussing pro-oxidant and antioxidant mechanisms of β-carotene and 6 

the synthetic phenol, BHT in photocarcinogenesis observed that the paradox in the 7 

behaviour of the two compounds pointed to the „complex relationship between chemical 8 

mechanisms and biological mode of action.‟ Potential health benefits of phytochemicals 
253

 9 

were seen as: (1) substrates for biochemical reactions; (2) cofactors of enzymatic reactions; 10 

(3) inhibitors of enzymatic reactions; (4) absorbents/sequestrants that bind to and eliminate 11 

undesirable constituents in the intestine; (5) ligands that agonize or antagonize cell surface 12 

or intracellular receptors; (6) scavengers of reactive or toxic chemicals; (7) compounds that 13 

enhance the absorption and or stability of essential nutrients; (8) selective growth factors 14 

for beneficial gastrointestinal bacteria; (9) fermentation substrates for beneficial oral, 15 

gastric or intestinal bacteria; and (10) selective inhibitors of deleterious intestinal bacteria. 16 

More specifically, research supporting beneficial roles for biophenols (and supposed 17 

underlying mechanisms) have been identified 
297

 as: prevention of atherosclerotic plaque 18 

formation (protect LDL from oxidation), antihypertensive and antiarrhythmic effects 19 

(promote relaxation of cardiovascular smooth muscle), antitumour effects (inhibitors of 20 

cell proliferation and angiogenesis due to impact on certain kinases) 
260,298-304

, 21 

antiprostanoid and anti-inflammatory responses (modify eicosanoid biosynthesis) 
305

 and 22 

anti-thrombic effects (prevent platelet aggregation). This can be illustrated by reference to 23 

resveratrol 
306

 for which the following activities are recognized: antioxidant action, 24 

promoter of nitric oxide production, inhibitor of platelet aggregation, and enhancement of 25 

high-density lipoprotein cholesterol, thereby serving as a cardioprotective agent. In terms 26 

of cancer chemopreventive action, resveratrol and some of its analogues interfere with 27 

signal transduction pathways, inhibiting the activities of various protein kinases 
299

, reduce 28 

the expression of nuclear proto-oncogenes, and reduce the activity of ornithine 29 

decarboxylase (ODC), which catalyzes the rate-limiting step in the biosynthesis of 30 

polyamines and is closely linked with cellular proliferation and carcinogenesis. Recent data 31 

suggest that the tissue specificity and transport selectivity of different glucose transporters 32 

may facilitate an understanding of the various bioactivities of biophenols 
307

. 33 

 34 



 27 

Antioxidant activity 1 

Oxygen represents a paradox in aerobic life being essential on the one hand as the
 
terminal 2 

electron acceptor in respiration; on the other, it is a danger because
 
of the potency of highly 3 

oxidising by-products termed reactive oxygen species (ROS) to indiscriminately
 
oxidize 4 

biological molecules. The major ROS causing oxidative damage in the human body are the 5 

superoxide anion, hydrogen peroxide, peroxyl radicals, hydroxyl radical, singlet oxygen 6 

and peroxynitrite 
7
. Target molecules include lipids, proteins and DNA. Oxidative damage 7 

to proteins and DNA can often be more important than lipid peroxidation as an early 8 

consequence of oxidative stress. In humans and other aerobic organisms, endogenous 9 

antioxidants
 
play a key role in mediating the balance between beneficial and deleterious 10 

oxidations. The antioxidant defense mechanisms of the body that avert ROS toxicity 11 

comprise the scavenging enzymes
 
superoxide dismutase, catalase, glutathione peroxidase, 12 

selenothiol- and thiolperoxidase,
 
as well as associated electron donor systems that include 13 

the
 
pentose phosphate, thioredoxin, and glutathione pathways. However, no enzymatic 14 

system is known to scavenge peroxyl radicals, hydroxyl radical, singlet oxygen and 15 

peroxynitrite and the burden of defense relies on a variety of non-enzymatic systems 16 

including dietary phytochemicals. Ascorbate represents an aqueous non-enzymatic system 17 

and the membrane antioxidant systems comprise carotenoids, xanthophyll cycle and 18 

tocopherols. The majority of antioxidant assays are based on measuring a sample‟s 19 

capacity to react with one oxidant particularly peroxyl because it can be easily generated 20 

and it plays a key role in autoxidation. This represents a severe limitation of such tests.  21 

 22 

The capacity of biophenols to act as antioxidants is their best-described property. However, 23 

transfer of antioxidant mechanisms established in model systems and in foods to the in vivo 24 

situation is not feasible 
47

. A simple relationship between antioxidant capacity determined 25 

for various foods and beverages and health benefits for humans has not been established. 26 

This may reflect the use of inappropriate tests for in vivo antioxidant activity (definitely the 27 

case) and/or it may indicate that the association of low incidence of chronic diseases with 28 

biophenols is not associated primarily with their antioxidant activity. Relevant issues that 29 

must be considered are the target biomolecules that are to be protected by the biophenols; 30 

likely biophenolic concentration at the site of target intervention; mode of protection which 31 

may include, among others, prevention of the formation of ROS, scavenging of ROS once 32 

formed, aiding in the repair of damage to other entities; nature of the products formed from 33 

the biophenol as a result of the intervention and their safety/toxicity.  34 



 28 

 1 

Direct radical scavenging 2 

Free radicals are implicated in physiological control of cell function at the gene expression 3 

level and at the level of cell proliferation and deterioration. Based on results from simple 4 

chemical measurements, the traditional mechanism for the bioactivity of biophenols 5 

involved antioxidant action via direct radical scavenging 
50,308

. This hypothesis can now be 6 

addressed more rigorously using recently developed genomic technology. There is much 7 

evidence in support of this hypothesis 
309

 and biophenols were regarded as effective 8 

antioxidants in a wide range of chemical systems because of their ability to scavenge free 9 

radicals including peroxyl, alkyl peroxyl, superoxide, hydroxyl and peroxynitrite radicals 10 

310
, e.g. reaction (1). Since (1) is a hydrogen abstraction reaction, the ease of hydrogen 11 

donation by Ar–OH and the ability of Ar–O
 
to support an unpaired electron 

311
 as the 12 

result of delocalisation have traditionally been regarded as factors regulating antioxidant 13 

activity 
312

. In this mechanistic model, important structural features of the biophenolic 14 

moiety are an o-dihydroxy structure in the B-ring 
51,313

, the 2,3-double bond, which allows 15 

π-electron delocalisation from the B-ring and the 3- and 5-hydroxy with 4-oxo 16 

functionality in the A- and C-rings 
314

. Pulse radiolysis studies of the free radical chemistry 17 

of quercetin and catechin 
315

 showed that the pathway for the formation and decay of 18 

oxidized radicals was strongly influenced by the phenoxyl-type radical and the state of 19 

protonation of the corresponding biophenols.  20 

 21 

The peroxyl radicals formed in Reaction (1) are rapidly converted to other products. In the 22 

oxidation of chlorogenic acid by horseradish peroxidase, two distinct radicals were 23 

identified by spin-stabilisation ESR 
316

. The first radical was a short-lived peroxyl species 24 

with an o-semiquinine anion structure that decayed rapidly to non-radical products. This 25 

primary radical was also converted to a more stable secondary radical following 26 

cyclization, homolytic cleavage and a second peroxidase reaction. The existence of 27 

corresponding radicals for other biophenols has not been investigated although there is the 28 

possibility that zinc(II) used as the spin stabilising reagent may influence the formation of 29 

this secondary radical by interaction with the side chain.  30 

 31 

Termination reactions such as: 32 

 33 

 Ar–O   +  Ar–O   →  products (6) 34 



 29 

 1 

And reactions (4) and (5) may well be critical since, in all studies of which we are aware, 2 

the products maintain the Ph–OH moiety and may therefore engage in “antioxidant 3 

cycling”. Fundamental studies of oxidation 
317

 have provided kinetics data for biophenolic 4 

reactions. In spite of fast reaction kinetics with lipid peroxyl radicals, flavonoids are 5 

relatively modest inhibitors of lipid peroxidation in solution 
318

. Evidence of non-classic 6 

antioxidant behaviour was provided by the absence of a lag phase and the strong 7 

dependence of the antioxidant efficiency (the ratio of the rate constant of chain breaking to 8 

the rate constant of chain propagation) on the antioxidant concentration. Data were 9 

interpreted in terms of strong chain-breaking antioxidants but whose overall 10 

antiperoxidizing activity was strongly restricted by a pro-oxidant effect involving the 11 

chain-initiating activity of the flavonoid radicals formed during inhibition. 12 

 13 

A recent paper has confirmed the role of antioxidant cycling in biophenolic activity 
319

. 14 

Olive biophenols were characterised by their stoichiometry (number of radicals trapped per 15 

antioxidant molecule) and their rate constants for the first H-atom abstraction by the stable 16 

radical DPPH. Largest rate constants occurred for oleuropein, hydroxytyrosol and caffeic 17 

acid. The primarily formed oxidation products exerted antioxidant action in those 18 

biophenols with a catechol moiety as evidenced by stoichiometries exceeding 2. 19 

Biophenols derived from olive plus quercetin acted as retardants rather than chain breakers 20 

in the inhibition of the AAPH-induced peroxidation of linoleic acid in SDS micelles. They 21 

exerted long lasting antioxidant effects owing to the residual activity of some of their 22 

oxidation products. Stoichiometric factors of 1, 2, and 3 were observed for reaction of 23 

DPPH with flavonoids with one, two, and three hydroxyl groups in the B-ring, 24 

respectively, excluding kaempferol 
320

. The latter, possessing a single OH group at position 25 

3 in the B-ring, had a factor of 2. It appears that the 3-OH substitution enhances stability of 26 

the flavonoid radical and this has been attributed to the torsion angle of the B-ring with 27 

respect to the rest of the molecule. The enhanced activity and stoichiometry factor of 28 

kaempferol was also rationalized by the existence of a p-quinonmethide structure upon H-29 

atom abstraction by the DPPH radical. 30 

 31 

A model of antioxidant behaviour has been developed in which biophenols trigger a switch 32 

in energy metabolism from an NADH-supported system to one supported by proline via 33 

the pentose phosphate pathway 
321

. The first step involved initiation of a redox cycle via 34 



 30 

proton donation by a biophenol at the outer plasma membrane. This, in turn, initiated an 1 

increased cytosolic proton/hydride ion influx 
46

 that stimulated the proline-linked pentose 2 

phosphate pathway, which was coupled to various reactions that stimulated antioxidant 3 

response.  4 

 5 

Interaction with free radical producing systems 6 

Biophenols can interact with a number of free radical-producing systems. For example, 7 

nitric oxide is produced by several cell types including endothelial cells and macrophages 8 

44
. However, the simultaneous production of nitric oxide and superoxide anions is greatly 9 

enhanced in activated macrophages. Production of highly damaging peroxynitrite then 10 

occurs via reaction of nitric oxide with the superoxide anion 
322

. Peroxynitrite is one of the 11 

most potent nitrating species so far identified and can directly oxidise LDLs 
323

. 12 

Peroxynitrite-modified LDL acquires a negative charge, has a diminished antioxidant 13 

capacity and is scavenged by macrophage scavenger receptors resulting in irreversible 14 

damage to cell membranes.  15 

 16 

Nitric oxide which is a radical itself was directly scavenged by flavonoids; particularly 17 

anthocyanidins leading to the speculation that nitric oxide scavenging plays a role in the 18 

therapeutic effect of the flavonoids 
324

. The more usual interaction involves the superoxide 19 

anion pathway and Shutenko et al. 
325

 hypothesised that scavenging by quercetin of 20 

superoxide anions released in the cortex during reperfusion diminished the amount of nitric 21 

oxide removed by the formation of peroxynitrite. Similar effects have been observed in a 22 

number of studies with quercetin 
326

 and resveratrol 
327

. The flavonoid silibinin dose 23 

dependently inhibited the production of nitric oxide and the superoxide anion with a 50% 24 

inhibitory concentration (IC50) value around 80 μM 
328

. However, in cells derived from 25 

patients with acute lymphocytic leukemia, intracellular nitric oxide levels increased 26 

significantly within 4 h after exposure to curcumin, carnosol, and quercetin 
329

.  27 

 28 

Recent data have demonstrated that the fate of peroxynitrite is affected by CO2 which also 29 

significantly reduced biophenol scavenging of peroxynitrite 
323

. The half-life of 30 

peroxynitrite was reduced from 700 to about 12 ms in presence of CO2 thus significantly 31 

altering the oxidation of targets such as LDL. In addition, nitration and some one-electron 32 

oxidations were enhanced while hydroxylation and two-electron oxidations were inhibited. 33 

Ferroni et al. 
323

 demonstrated inhibition by biophenols at μM concentrations of 34 



 31 

peroxynitrite/CO2-mediated oxidation of aromatic side chains in LDL; tryptophan and 1 

tyrosine residues being preferential targets of peroxynitrite. A cooperative effect in the 2 

presence of ascorbate and significant biophenol structure-activity effects were observed. 3 

Ascorbate exerted a synergistic effect likely linked to its ability to regenerate biophenols in 4 

the aqueous phase. The antioxidant mechanism depended on several fators including 5 

biophenol reducing power and partition coefficient as well as the characterisitics of both 6 

oxidant and targets such as diffusibility of peroxynitrite/CO2-derived radicals through the 7 

LDL protein. The effect of diffusibility is related to the consideration that in proteins 8 

tyrosine is often in a more hydrophilic environment than tryptophan. The higher activity of 9 

biophenols relative to ascorbate and tocopherols was potentially assigned to the 10 

amphipathic properties of biophenols and their diffusion between the hydrophilic and 11 

hydrophobic phases that may help to protect and/or repair LDL aromatic residues from 12 

peroxynitrite/CO2-mediated oxidation. Although their activity was apparently at 13 

concentrations higher than their bioavailability, the authors highlighted several possibilities 14 

for actual physiological activity. Thus, higher concentrations of biophenols occur in the gut 15 

than in plasma and here they would be expected to provide protective and preventive 16 

action. Moreover, they probably provide a first defense against oxidant species consumed 17 

in foods or generated during digestion.  18 

 19 

The xanthine oxidase pathway is an important route in tissue oxidative injury after 20 

ischemia-reperfusion. Xanthine oxidase is produced from xanthine dehydrogenase by a 21 

configuration change during ischemic conditions 
330

. In the reperfusion phase (i.e. 22 

reoxygenation), xanthine oxidase reacts with molecular oxygen releasing superoxide free 23 

radicals. Quercetin showed a strong activity on xanthine oxidase inhibition with an IC50 of 24 

7.23 μM 
331

. Flavonoid metal complexes with iron(III), for example, were more effective 25 

than the uncomplexed flavonoids in scavenging superoxide radicals generated by xanthine 26 

oxidase 
332

. Structure-activity relationships of several flavonoids as regards xanthine 27 

oxidase inhibition showed that baicalein displayed the strongest activity. Cos et al. 
333

 28 

examined structure-activity relationships of flavonoids as inhibitors of xanthine oxidase 29 

and as scavengers of the superoxide radical, produced by the action of the enzyme xanthine 30 

oxidase. Flavones showed slightly higher inhibitory activity than flavonols and the 31 

hydroxyl groups at C-5 and C-7 and the double bond between C-2 and C-3 were essential 32 

for a high inhibitory activity on xanthine oxidase. Structural requirements for superoxide 33 

scavenging activity were a hydroxyl group at C-3' in the B-ring and at C-3. Flavonoids 34 



 32 

were classified into different categories based on their effect on xanthine oxidase and as 1 

superoxide scavengers. 2 

 3 

Protection or enhancement of endogenous antioxidants 4 

The protection or up-regulation of the endogenous antioxidant systems has been proposed 5 

16,334
 as a further mechanism of action of biophenols. For example, apple extract containing 6 

flavonols and flavanols added to plasma in vitro significantly protected endogenous urate, 7 

α-tocopherol and lipids from oxidation 
335

. The same effects were not observed ex vivo 8 

following apple consumption by six human subjects. Ascorbate was confirmed as the first 9 

line of antioxidant defense in human plasma. 10 

 11 

Other mechanisms 12 

Recent research has highlighted several important and novel modes of action 
336

 including 13 

the ability of biophenols to bind to cellular receptors and transporters thereby influencing 14 

gene expression 
300,337,338

, cell signalling 
21,48,339

 and adhesion. Effects on glucose 15 

absorption and associated hormones have also been proposed to account for some 16 

bioactivities 
334

. Multiple mechanisms may be involved as in the modulation of carcinogen 17 

activating enzymes and the prevention of their ultimate metabolites binding to DNA 
340

. 18 

 19 

There is evidence to suggest that the chelating ability of some biophenols 
341

 may be 20 

involved in certain activities. The protection afforded by quercetin against lipid 21 

peroxidation and hemolysis in mouse erythrocytes was attributed to intracellular chelation 22 

of iron 
342

. A number of biophenols have the ability at physiological pH to release iron 23 

from ferritin, the main intracellular iron storage protein 
343

. The release of iron was 24 

interpreted in terms of the ability of the biophenols to reduce the bound iron and to 25 

complex the iron with the oxidized form of the biophenol thus mobilising the iron from the 26 

protein. Halliwell et al. 
257

 noted that the high biophenolic concentrations in the 27 

gastrointestinal tract may result in binding of pro-oxidant iron. As an alternative to 28 

chelation, it has been suggested that overexpression of ferritin heavy polypeptide 1 mRNA 29 

by biophenols could lead to the reduction of the reactive reduced iron pool in the cell 
337

. 30 

 31 

Halliwell et al. 
257

 also identified inhibition of cyclooxygenases and lipoxygenases as 32 

possible modes of action. It is now accepted that biophenols modulate the activity of a 33 

wide range of cell receptors and enzymes 
38,344

 by both irreversible mechanism-based and 34 



 33 

non-competitive reversible inhibition 
345

. For example, the effects of oleuropein on 1 

enzymes, such as trypsin, pepsin, lipase, glycerol dehydrogenase, glycerol-3-phosphate 2 

dehydrogenase, and glycerokinase were investigated 
346

. Oleuropein activated pepsin but 3 

inhibited all other tested enzymes. The results of a study involving cultured HepG2 cells 4 

suggested that red wine biophenols regulated major pathways involved in lipoprotein 5 

metabolism 
347

. Similar conclusions were drawn from a study in which human LDL was 6 

treated with olive oil biophenols 
348

.  7 

 8 

ROS-induced development of cancer involves malignant transformation due to DNA 9 

mutations as well as altered gene expression. A number of in vitro studies have 10 

demonstrated that flavonoids protected DNA from damage induced by ROS 
349

 by fast 11 

chemical repair of the oxidative damage to the DNA 
350

. The results supported the 12 

mechanism of electron transfer or H-atom transfer from the flavonoids to free radical sites 13 

on DNA. Alternatively, the action of biophenols in inhibition of carcinogenesis may be 14 

exerted via enzyme mediation at the initiation, promotion and progression stages 
45

. During 15 

the initiation stage, phase I enzymes (including cytochrome P450) catalyse the addition of 16 

polar groups to a potential carcinogen or xenobiotic forming an electrophilic mutagenic 17 

product which can react with cellular nucleophiles including DNA. Phase I metabolites can 18 

be detoxified by conjugation by phase II enzymes 
186

. Hence, inhibition of phase I and 19 

induction of phase II enzymes 
28,187

 is a possible mode of action. Interference at the 20 

promotion stage of carcinogenesis may occur via inhibition of oxygen radical-forming 21 

enzymes or enzymes that contribute to DNA synthesis 
351

 or act as ATP mimics and inhibit 22 

protein kinases that contribute to proliferative signal transduction. Recently proposed 23 

mechanisms also include inhibition of DNA topoisomerases 
75,187,337,352

 and involvement in 24 

the inhibition of expression of DNA transcription factors 
75

.  25 

 26 

Many o-hydroxy flavonoids alleviate oxidative stress by inducing glutathione S-transferase 27 

(GST) 
353

, an enzyme that has been suggested to protect cells against free radical damage 28 

by enhancing resistance to hydrogen peroxide-induced oxidative stress 
354

. Thus, o-phenols 29 

may exert their action as inducers of GST. As GST is thought to protect cells against 30 

cancer by detoxifying mutagenic xenobiotics, the action of o-phenols may also involve 31 

detoxification of mutagenic xenobiotics. An increased emphasis is placed on the ability of 32 

biophenols to inhibit the bioactivation of carcinogens by human cytosolic sulfotransferases 33 

and direct effects of their sulfoconjugates 
355

. Of the ten recombinant human cytosolic 34 



 34 

sulfotransferases at least two exhibited broad signalling activity covering a range of 1 

biophenols. 2 

 3 

Heat shock proteins are involved in the protection of cells from various forms of stress 
16

. 4 

The heat shock response which has broad cytoprotective properties was strongly induced 5 

by curcumin derived from the curry spice turmeric. Induction of apoptosis in tumor cells 6 

by increasing the permeability of the mitochondrial membrane has also been proposed to 7 

account for the action of curcumin 
356

. The data suggested that curcumin action involved 8 

reduction of Fe
3+

 to Fe
2+ 

inducing hydroxyl radical production and oxidation of thiol 9 

groups in the membrane 
357

. Cell cycle arrest and apoptosis in tumor cells have also been 10 

hypothesised as responsible for the protective activity of luteolin 
358

 and hydroxytyrosol 11 

against cancer 
359

. Grape seed proanthocyanidin reduced cell proliferation and strongly 12 

enhanced caspase-3 activity and caused apoptosis in cancer  cells 
360

. Quercetin 
260

 and red 13 

wine biophenols 
361

 significantly inhibited the proliferation and DNA synthesis of human 14 

vascular smooth muscle cells but not endothelial cells. This anti-proliferative effect might 15 

be associated with the downregulation of cyclin A gene expression through the inhibition 16 

of transcription factor expression 
361

. Anthocyanic, neutral and acidic extracts of red wine 17 

exhibited antioxidant activity but cytoprotective action was limited to the neutral fraction 18 

362
. The latter was rich in quercetin and myricetin as well as the glycosides of kaempferol, 19 

isorhamnetin, epicatechin and catechin. Resveratrol demonstrated differential effects on 20 

quiescent and proliferating vascular smooth muscle cells 
351

 suggesting that resveratrol 21 

may be capable of selectively eliminating abnormally proliferating cells of this type.  22 

 23 

Isoflavones are not steroids but they do possess structural similarities in that the 24 

configuration of the hydroxyl groups in positions 7 and 4´ is analogous to that of the 25 

hydroxyls in the estradiol molecule. This confers pseudohormonal properties including the 26 

ability to bind to estrogen receptors and hence the term phytoestrogens. A possible 27 

mechanism by which biophenols reduce risk for breast cancer is direct inhibition of 28 

estradiol synthesis from androgens 
75

 via suppression of aromatase and 3-β- and 17-β-29 

hydroxysteroid dehydrogenases. Alternative hypotheses involve competition with 30 

estrogens for estrogen receptor sites on breast duct cells or reduction in the amount of sex 31 

hormone-binding globulin. Pyhtoestrogens are potent inhibitors of estrogen sulfation so a 32 

further possibility is the disruption of endocrine balance by increasing the ratio of active 33 

estrogens to inactive estrogen sulfates in human tissues 
363

. 34 



 35 

 1 

Structural effects on activity 2 

Biophenols are highly diverse, both in their chemical structure and proposed biological 3 

functions. Structure activity relationships can be established using various approaches 
364

 4 

including experimental studies in which activity is measured as structure is systematically 5 

varied and qualitative and quantitative modelling using tools such as neural networks to 6 

establish a relationship 
365

. Structure activity relationships generally generally cannot be 7 

derived from theoretical models 
366

 because of the complexity of the molecules. Thus, the 8 

usual starting point is a given set of compounds of known structure and activity. Attributes 9 

such as topological indices describing the three-dimensional molecular configurations are 10 

used as raw data. Such relationships are ideally expressed in quantitative structure activity 11 

relationships (QSAR) 
367,368

 that incorporate some degree of predictive capability. This is 12 

exemplified in the use of QSAR by OECD member countries for regulatory safety 13 

assessment of chemicals. 14 

 15 

The importance of various geometric and electronic features in the phenolic structure has 16 

been established for a range of bioactivities (Table 5) including enzyme inhibition 
390

, and 17 

antioxidant and anti-proliferative activity 
186,391

. The data of Table 5 demonstrate the 18 

emphasis on flavonoids and the diversity of activities that have been investigated. For 19 

example, ring orientation is an important requirement for activity in flavonoids 
392

 and 20 

energy-minimized molecular models demonstrated that a planar benzopyrone ring (A- and 21 

C-rings) with a coplanar phenyl ring (B-ring) is a structural characteristic determining the 22 

inhibitory effects of flavonoids other than isoflavones on the reduction of progesterone 
393

.  23 

 24 

The dihedral angle between the B- and C-rings was necessary for inhibition of multidrug 25 

resistance protein MRP1-mediated calcein transport 
394

. Other structural features were the 26 

total number of methoxylated moieties and the total number of hydroxyl groups. The 27 

presence of a flavonol B-ring pyrogallol group was an important structural characteristic 28 

for MRP2 mediated calcein efflux inhibition. Twenty-one conformers were identified for 29 

3,4,5-trihydroxycinnamic acid but the lowest energy ones displayed a completely planar 30 

geometry 
395

 ruled mainly by the stabilising effect of π-electron delocalisation. Ab initio 31 

calculations predicted a planar geometry for quercetin 
396

 whereas AM1 calculations gave a 32 

non-planar geometry 
314

. The latter calculation is particularly notable because of the 33 

importance of planarity to π-electron delocalisation and antioxidant activity. The difference 34 



 36 

between the two results is attributed to under- or over-estimation of conjugation and non-1 

bond effects. Flavonoids in spices have been implicated in the inhibition of human 5-2 

lipoxygenase, the key enzyme involved in biosynthesis of leukotrienes 
397

. Efficiency of 3 

flavonoids as lipoxygenase inhibitors was related with the planarity of the molecule and 4 

with the energy and delocalization of the lowest unoccupied molecular orbital 
398

. 5 

 6 

Apart from the importance of ring orientation, the number and position of hydroxy-7 

substituents in the biophenol structure seems to be critical for a range of activities. The 8 

greater biological activity of delphinidin relative to cyanidin was attributed to the presence 9 

of the three hydroxyl groups on the B-ring of delphinidin 
399

. A density functional theory 10 

study on the O-H bond dissociation energy values showed remarkable dependence on the 11 

hydroxyl position in the benzene ring and the existence of additional interaction due to 12 

hydrogen bonding 
400

. Quercetin was more reactive with more reactive centres than rutin in 13 

reaction with ABTS and peroxyl radicals 
401

. The results implicate the additional hydroxyl 14 

group in the C-ring as contributing to reactivity in agreement with evaluation of local 15 

reactivity indices such as the Fukui function.  16 

 17 

Structural effects required for antioxidant activity have been studied extensively 
131

 and 18 

were reviewed in 1996 
402

. Structure-antioxidant activity relationships of metabolites of 19 

quercetin have been reported 
403

. The more important antioxidant active sites were isolated 20 

mainly in the B- and C-rings of flavonoids 
404

. The pre-eminence of the o-dihydroxy 21 

structure in the flavonoid B-ring and the 3-hydroxy group and 2,3-double bond in the C-22 

ring for antioxidant status are well documented 
405,406

. Quantitative structure-activity 23 

relationship (QSAR) analysis 
407

 has correlated TEAC with structural parameters as 24 

number of hydroxyl groups in the biophenolic structure, the presence of the 2,3-double 25 

bond and the presence of hydroxyl groups in the 3,5,7- and 3´,4´,5´-positions 
408

. The 26 

importance of the o-dihydroxy group for antioxidant activity is highlighted by the fact that 27 

the activity of virgin olive oil is attributed principally to a 3,4-dihydroxy secoiridoid 28 

derivative 
409

. However, the nature of the substrate must also be considered. For example, 29 

the antioxidant activity of verbascoside was higher in a hydrophilic model (liposomes) than 30 

in a bulk lipid model (methyl linoleate). In the latter substrate, the aglycones were 31 

generally more potent antioxidants than the glycosides. 32 

 33 



 37 

The relative hydrophilicity/lipophilicity of biophenols is a significant factor in determining 1 

antioxidant behaviour. For example, marked variations were reported 
410

 in antioxidant 2 

activities of various extracts (tea, rosemary and berry) in different lipid systems that were 3 

attributed to the partitioning behaviour of the active components. System dependence is 4 

thus a feature of antioxidant behaviour. In general, the partitioning of biophenols and their 5 

metabolites between aqueous and lipid phases is largely in favour of the aqueous phase 6 

because of their hydrophilicity. In physiological conditions distribution into this phase is 7 

further enhanced by phenolic binding to albumin. This aspect of their behaviour was 8 

discussed by Manach et al. 
38

. However, the in vitro binding capacity of tyrosol, one of the 9 

main biophenolic compounds in olive oil, to LDL has been demonstrated 
284

. Methoxy 10 

groups in the flavonoid structure introduce unfavorable steric effects and increase 11 

lipophilicity and membrane partitioning 
411

. A double bond and carbonyl function in the C-12 

ring or polymerization of the nuclear structure increases antioxidant activity by affording a 13 

more stable flavonoid radical through conjugation and electron delocalization. Using a 14 

brain homogenate as an ex vivo model, inclusion of a lipophilic chain in the hydroxytyrosol 15 

molecule also enhanced its antioxidant capacity 
412

. It is interesting that in the inhibition of 16 

efflux of P-glycoprotein substrates in multidrug resistance by catechins, total 17 

hydrophobicity was less important to activity than chemical structure 
413

 and particularly 18 

the number and position of hydroxyl groups. 19 

 20 

The geometric and electronic structures of taxifolin have been elucidated by a molecular 21 

model in order to explain its reactivity with free radicals 
414

. The most probable redox sites 22 

were determined and compared with structure activity relationship data. The predominant 23 

H-transfer capacity of the 3'-OH and 4'-OH groups, compared to the 3-OH group and the 24 

hydroxyl groups of the A-ring was confirmed by calculation of bond dissociation energies. 25 

The electronic density distribution in the highest occupied molecular orbital level, 26 

characteristic of the electron-transfer capacity, was delocalized in the B-ring but, compared 27 

to quercetin, π-electron delocalization did not occur to the 2,3-bond and the 4-keto group. 28 

Taxifolin can deactivate a free radical via two mechanisms, namely, H-atom transfer and a 29 

two-step proton-concerted electron transfer 
415

. The results did not allow distinction 30 

between mechanisms although it was concluded that predominance of one mechanism 31 

probably depended on parameters including the radical type and experimental conditions. 32 

However, ab initio calculations supported H-atom transfer to be the dominant mechanism 33 

of free radical deactivation by biophenols 
416

. 34 
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 1 

Cyclooxygenase (COX) (EC 1.14.99.1) is responsible for formation of important 2 

biological mediators called prostanoids including prostaglandins, prostacyclin and 3 

thromboxane. COX converts arachidonic acid (an n-6 essential fatty acid) to prostaglandin 4 

H2 (PGH2), the precursor of the series-2 prostanoids. This is important in the aetiology of 5 

both cardiovascular disease and cancer. The enzyme contains two active sites: a heme with 6 

peroxidase activity, responsible for the reduction of hydroperoxy endoperoxide 7 

prostaglandin G2 (PGG2) to PGH2, and a cyclooxygenase site, where arachidonic acid is 8 

converted into PGG2. The most significant difference between the isoenzymes, which 9 

allows for selective inhibition, is the substitution of isoleucine at position 523 in COX-1 10 

with valine in COX-2. The relatively smaller Val523 residue in COX-2 allows access to a 11 

hydrophobic side-pocket in the enzyme (which Ile523 sterically hinders) that allows 12 

selective inhibition of COX-2 
55

. COX-1 is considered a constitutive enzyme, being found 13 

in most mammalian cells. More recently it has been shown to be upregulated in various 14 

carcinomas and to have a central role in tumorigenesis. COX-2, on the other hand, is 15 

undetectable in most normal tissues. It is an inducible enzyme, becoming abundant in 16 

activated macrophages and other cells at sites of inflammation. A number of biophenols 17 

exhibit COX 
417,418

 and lipoxygenase inhibition 
419,420

. Although some biophenols exhibit 18 

both COX-1 and COX-2 inhibition, others specifically inactivate COX-1 but not COX-2 19 

84,421-427
. For example, resveratrol is a potent peroxidase-dependent mechanism-based 20 

inactivator of COX-1 
84

 but a weak inhibitor of the peroxidase activity of COX-2 
421,428

. 21 

Structure-activity relationships identified various catechins and epicatechins as being as 22 

effective as resveratrol with respect to their ability to specifically inactivate COX-1 
84

. 23 

Resorcinol possessed the minimum structural requirements required for mechanism-based 24 

inactivation of COX-1. Selective COX-2 inhibition is shown by hydroxylated resveratrol 25 

derivatives but not methoxylated derivatives 
428

. These compounds may provide an 26 

effective treatment for inflammatory diseases and cancer 
429

. 27 

 28 

QSAR analysis demonstrated a high correlation of COX-2 inhibition with topological 29 

surface area. Docking studies also showed that the hydroxylated analogs were able to bind 30 

to binding sites on the enzymes. However, inactivation of COX-1 was not accompanied by 31 

stable covalent modification 
421

 suggesting that inactivation resulted from a “hit-and-run” 32 

mechanism in which the unstabilized m-hydroquinone radical generated a protein radical 33 

that inactivated the enzyme. The supposed health benefits of olive oil are well documented 34 
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and a recent paper in Nature 
430

 has identified a dialdehydic derivative of ligstroside as a 1 

dose-dependent inhibitor of both COX-1 and COX-2 activities. A de novo synthesis of the 2 

compound showed that both enantiomers displayed inhibibition of COX activities but with 3 

no effect on lipoxygenase as is observed for the anti-inflammatory drug ibuprofen. 4 

 5 

The cytotoxicity and anti-proliferative effects of 4 phenolic acids, 8 flavonoids with 6 

varying substituents and a catechin polymer were studied  
391

. Cytotoxicity was either 7 

modest or not apparent whereas anti-proliferative effects were related to the structural 8 

oxidation state and the position, number  and nature of substituents of the flavonoids. The 9 

position and number of hydroxyl groups in hydroxychalcones affected the inhibition of 10 

cytochrome P450 enzymes and cellular xenobiotic responsive element-transactivation 
431

. 11 

Chalcones are particularly cytotoxic towards K562 leukemia or melanoma cells 
432,433

. The 12 

cytotoxic mechanism was partly due to GSH oxidation but was also associated with 13 

mitochondrial uncoupling as was evident from an increased oxygen consumption together 14 

with a collapse in mitochondrial membrane potential. The most effective chalcones at 15 

collapsing the mitochondrial membrane potential had fewer hydroxyl groups on their 16 

aromatice rings and possessed the highest pKa values. A collapse of hepatocyte 17 

mitochondrial membrane potential preceded the cytotoxicity of most biophenols 
434,435

. 18 

Phenols with high lipophilicity or homolytic bond dissociation energy, or with low  pKa 19 

and redox potential were more toxic towards hepatocytes. The results indicated that one or 20 

a combination of mechanisms; i.e. mitochondrial uncoupling, phenoxy radicals, or 21 

biophenol metabolism to quinonmethides and quinones, contribute to biophenol 22 

cytotoxicity towards hepatocytes depending on the biophenol chemical structure. 23 

Structure-activity relationships revealed that flavonoids with an o-diphenolic structure in 24 

the B-ring and a saturated C-ring exhibited the strongest inhibition of neoplastic 25 

transformation induced by 3-methylcholanthrene 
14

. Hesperetin, hesperidin and catechin 26 

were the most potent agents completely inhibiting transformation at 1.0 μM after exposure 27 

to the carcinogen. 28 

 29 

Interactions of biophenols with other compounds  30 

Molecular interaction and recognition events are usually the cause of pathological 31 

biochemical processes within a cell or an organism. The question is: do biophenols exhibit 32 

molecular structures that can interfere with such processes? They certainly possess a 33 

distinctive ability to form non-covalent intermolecular complexes with both large and 34 
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small molecules including DNA 
436-438

 as well as proteins. Circular dichroism and 1 

absorption spectrometry have demonstrated a pH dependent interaction between curcumin 2 

and both natural and synthetic DNA duplexes 
439

. This biophenol binds in the minor 3 

groove of the double helix. Gao et al. 
440

 have concluded that biophenols are capable of 4 

repairing damaged DNA due to activity of the phenolic groups via an electron-transfer 5 

process by intercalation of the biophenol molecule into the minor groove of DNA. The 6 

intercalation was energetically and conformationally possible without major distortion of 7 

the DNA structure. A docking study of verbascoside and rutin with telomere (TTAGGG)n 8 

confirmed the activity of both biophenols. The molecular shape of verbascoside was more 9 

favourable in the intercalation than that of rutin. Thus, verbascoside was more active than 10 

rutin. 11 

 12 

Biochemical processes underlying the diversity of recognized functions of biophenols are 13 

few. Primarily, they relate to the ability of these molecules to bind to receptor regions of 14 

various proteins 
28

 as in the non-competitive binding of curcumin to soybean lipoxygenase 15 

419
 and the competitive binding of quercetin to cytosolic aldehyde dehydrogenase 

441
. In the 16 

case of quercetin, binding occurred to both the aldehyde substrate binding-pocket and the 17 

NAD
+
-binding site whereas resveratrol and diethylstilbestrol only bound in the aldehyde 18 

site. Four potential types of interaction between the biophenol molecule and protein may 19 

occur: hydrogen bonding, hydrophobic 
442

, ionic and covalent. Proline residues appear to 20 

play a key role in hydrophobic interactions but these are more important in stabilisation of 21 

the phenol-protein complexes formed by other interactions 
443,444

. Ionic bonding was the 22 

dominant interaction between alkali-extractable canola proteins and biophenols in aqueous 23 

media while the extent of hydrophobic interactions, hydrogen bonding, or covalent 24 

bonding was relatively small 
445

. 25 

 26 

There has been considerable interest in the interaction of biophenols with proteins 
446-455

 27 

and much information has been derived from studies on food systems where the effect on 28 

the protein modality and biophenol properties has been examined 
447,456-458

. For instance, 29 

non-covalent interactions between chlorogenic acid and globular proteins did not have 30 

pronounced effects on the functional properties of the proteins in food systems 
459,460

. On 31 

the other hand, the covalent attachment of quercetin to bovine serum albumin decreased 32 

the total antioxidant activity in comparison to an equivalent amount of free quercetin 
461

. 33 

Binding between a protein and biophenol can alter the intermolecular forces responsible 34 
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for maintaining the secondary and tertiary structures resulting in a conformational change 1 

of the protein 
451

. 2 

 3 

The phenolic hydroxyl group represents an excellent hydrogen bond donor forming strong 4 

hydrogen bonds with the amide carbonyl of the peptide backbone. Structure-activity 5 

relationships have been examined in terms of the quinone reductase induction ability of 6 

flavonoids and the COX-1 and COX-2 inhibitory activities of flavanones, flavones and 7 

stilbenoids 
462

. Resveratrol specifically bound to the deep active-site cleft of quinone 8 

reductase-2 (QR2) and potently inhibited its activity 
463

. All three hydroxyl groups of the 9 

resveratrol molecule formed hydrogen bonds with amino acid residues from QR2 10 

anchoring the flat resveratrol molecule in parallel with the isoalloxazine ring of FAD. 11 

Bioactivity of resveratrol may result from inhibition of QR2 activity which, in turn, up-12 

regulates the expression of cellular antioxidant enzymes. Hydrogen bonding was also 13 

involved in the interaction of fisetin with cyclin-dependent kinase CDK6 which is a sub-14 

family of CDKs in mammalian cells 
464

. CDKs play a central role in cell cycle control, 15 

apoptosis, transcription and neuronal functions. The 4-keto group and the 3-hydroxyl 16 

group of fisetin are hydrogen bonded with the backbone in the hinge region between the N-17 

terminal and C-terminal kinase domain. Different binding modes are observed for other 18 

flavones such as quercetin with kinases in which the inhibitor was rotated by about 180°. 19 

 20 

In covalent bond formation the initial step is thought to involve oxidation of the biophenol 21 

to its corresponding quinone. The occurrence of a catechol (o-dihydroxy) moiety on the B-22 

ring of the flavonoid structural skeleton is a perquisite condition for covalent binding to 23 

proteins 
465

. The catechol moiety on the A-ring was less reactive although non-covalent 24 

interactions are still possible even when lacking this structural element. As a reactive 25 

electrophilic intermediate, the quinone can readily undergo attack by nucleophiles such as 26 

as lysine, cysteine, tryptophan and methionine. Where these amino acids comprise residues 27 

of a protein chain, then the reaction leads to the protein-phenol derivative. Nucleophilic 28 

addition occurs preferentially at the most electrophilic site, the 2-position of the benzene 29 

ring in caffeic acid, for example. Such reactions have been demonstrated for bovine serum 30 

albumin (BSA) and quercetin 
461

, myoglobin with chlorogenic, caffeic and quinic acids 31 

450,466
 and selected enzymes and simple phenolic acids 

456
. The formation of cross-linked 32 

protein polymers was observed with some biophenols 
466

. The BSA-quercetin product 33 

showed reduced antioxidant activity relative to free quercetin. However, other properties of 34 
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the complex were not investigated and, in particular, the effect of the complexation on the 1 

performance of the protein although tryptic degradation of the derivatives was diminished 2 

depending on the degree of derivatization. 3 

 4 

Products of biophenol action 5 

An area that has not received the attention that it deserves is what happens to the 6 

biophenols themselves when they function as antioxidants. Whether a biophenol acts by 7 

trapping ROS or by regenerating endogenous antioxidants such as membrane-bound α-8 

tocopherol (vitamin E), the biophenol is oxidized. This leads to formation of reactive 9 

radicals (one-electron oxidation) or reactive electrophilic quinones (two-electron 10 

oxidation) which undergo further reaction with various nucleophiles. Coupled oxidations 11 

of the intermediates with another biophenol molecule can be very rapid and lead to 12 

formation of dimers of the original biophenol 
319

 or regeneration of the biophenol. The 13 

products of such reactions are subject to further oxidations. Reaction of the quinones with 14 

amino acid residues can lead to formation of proein-biophenol covalent complexes as 15 

noted. 16 

 17 

The understanding of antioxidant activity at the molecular level requires knowledge of 18 

oxidation mechanisms 
467

. Studies of the antioxidant properties of olive-derived biophenols 19 

468
 revealed several anomalies with the established literature. Most importantly, increasing 20 

the number of aromatic hydroxyl groups on a biophenol did not always correlate with 21 

increased antioxidant activity, in contrast with the orthodox view in the literature 
402,469

. 22 

Subsequent investigation of oxidation reactions of the biophenolic compounds revealed 23 

that the oxidant determined the products formed 
470

 but, that in all cases, the products 24 

contained phenolic groups. An important implication of these findings was that the types of 25 

compounds formed, and therefore their antioxidant activity, will be heavily dependent on 26 

the system under investigation. The latter point highlights the need for tests of antioxidant 27 

activity to be done in a system that is as close to a “real” system as possible. Yet our 28 

survey of antioxidant test methods 
114

 revealed that very few of the current methods meet 29 

this criteria – a concern echoed by others 
471

. Attempts to rank fruits and vegetables in 30 

terms of antioxidant power using such tests have limited value 
191

. As noted, biological 31 

activities of biophenols are much more complicated and complex than a simple in vitro 32 

cell-free chemical test could ever demonstrate. 33 

 34 
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The oxidation of catechin and 3',4',7-trihydroxyflavylium ion with sodium periodate and 1 

DPPH formed o-quinone intermediates upon H-atom abstraction and subsequent radical 2 

disproportionation 
467

. The quinone product from catechin formed dimers by coupling with 3 

a second catechin molecule. In contrast, the flavylium derivative was extensively degraded 4 

into coumarins by repeating sequences of oxidation-solvent addition, which consumed 5 

several equivalents of oxidants. 6 

 7 

The o-quinone oxidation products formed when a biophenol exerts its antioxidant activity 8 

are toxic since they are highly reactive towards thiols. Various routes of detoxification of 9 

the quinones are feasible. For instance, reduction to the original biophenol via DT-10 

diaphorase has been examined but the quinones reacted much faster with GSH and protein 11 

thiols than with DT-diaphorase 
472

. For instance, the quinone formed from quercetin by 12 

two-electron oxidation has four tautomeric forms, an o-quinone and three quinonmethides, 13 

that can be recycled by interaction with other antioxidants in a  process termed antioxidant 14 

networking. The quinone was recycled to the parent compound quercetin by ascorbate but 15 

formed two adducts with GSH 
473,474

. Reaction of GSH with the quinone was much faster 16 

than reaction with ascorbate so that when both GSH and ascorbate were present, the 17 

quinone was converted exclusively into the GSH adduct. Protein thiols will be arylated by 18 

the quinone in the absence of GSH. This has significant implications in certain 19 

environments such as blood plasma where GSH is practically absent but where there is 20 

competition between ascorbate and protein thiols for the quinone. 21 

 22 

Horseradish peroxidase/hydrogen peroxide oxidation or autoxidation in moderately 23 

alkaline solutions of proanthocyanidins and gallate esters yielded predominantly 24 

semiquinone structures derived from the parent catechol or pyrogallol moieties 
475

. The o-25 

quinones formed from the initial semiquinone disproportionation were prone to 26 

nucleophilic addition reactions as seen in the time-dependent oligomerization of 27 

epigallocatechin gallate. It was proposed that proanthocyanidins were superior antioxidants 28 

as compared to flavon(ol)s proper, whose quinones were more likely to redox-cycle and act 29 

as pro-oxidants. 30 

 31 

The impact of biophenolic structure on the other reactant is also of interest in some 32 

situations. For instance, glutathione was readily depleted by a mixture of hydrogen 33 

peroxide, peroxidase and flavonoid but the reaction products were dependent on the redox 34 
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potential of the flavonoid 
476

. In the case of flavonoids containing a phenolic B-ring 1 

(apigenin and naringenin), the glutathione was oxidized to GSSG (glutathione oxidized) 2 

via a thiyl radical. Flavonoids containg a catechol B-ring (quercetin and luteolin) plus 3 

kaempferol depleted glutathione stoichiometrically forming mono- and bis-glutathione 4 

conjugates but without formation of a thiyl radical or GSSG. It is assumed that 5 

apigenin/naringenin oxidation of glutathione proceeded via phenoxyl radicals, whereas 6 

GSH conjugate formation involved the quinone metabolite of luteolin or the quinoid 7 

(quinonmethide) product of quercetin/kaempferol. 8 

 9 

CONCLUSIONS 10 

There is increasing evidence to suggest that antioxidant action per se is not the 11 

fundamental process that leads to any health benefits of biophenols. It seems likely that 12 

any activity occurs at a more fundamental level related to enzyme interaction and gene 13 

expression. Biophenols exhibit a range of activities. Antioxidant activity is unique in that 14 

rather than describing a physiological function it describes a chemical reactivity based on 15 

the oxidisability of these compounds. The question is whether this reactivity is expressed 16 

in physiological conditions and, if so, what are the oxidation products and, perhaps more 17 

importamtly, what is the physiological significance of such reactivity? Similar questions 18 

can be asked of the products of biophenol metabolism in the liver and by intestinal 19 

microflora. 20 

 21 

It seems doubtful that the French paradox can be attributed solely, if at all, to the 22 

antioxidant activity of biophenols. On the other hand, the reactivity of biophenols as 23 

reflected in their antioxidant potential means that certain biophenols can bind with proteins 24 

impacting their behaviour. Although biophenolic concentrations in plasma are below levels 25 

expected to show bioactivity, non-covalent interaction with protein provides a means of 26 

delivery to target organs/tissues where their localised concentrations may exert the 27 

observed effects. 28 
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Table 1. Summary of selected reviews relating to biophenols. 

 
“Biophenol/source” Topic Comments Ref 

biophenols chemistry, biosynthesis, and 

structure-activity 

relationships with respect to 

their antioxidant activity 

considerable in vitro evidence 

establishing antioxidant activity for 

biophenols found in the diet 

43
 

biophenols 

 

dietary intake, endothelial 

function and cardiovascular 

risk 

endothelium-derived nitric oxide 

bioactivity appears to be increased 

by supplementation with a number  

of biophenols 

44
  

biophenols and dietary 

vitamins  

possible cancer-preventive 

mechanisms 

metabolomics approach might 

demonstrate that antioxidant rich 

whole diets play a more important 

role 

45
 

biophenols role of proline-linked pentose 

phosphate pathway in 

biosynthesis of biophenols for 

functional food and 

environmental applications 

proposed model that provides a 

mechanism for understanding the 

mode of action of phenolic 

phytochemicals in modulating 

antioxidant pathways in relation to 

human health. 

46
 

biophenols evaluates various types of 

assays for antioxidant 

capacity 

difficult to transfer antioxidant 

mechanisms established in model 

systems and in foods to the in vivo 

situation 

47
 

biophenols food sources and 

bioavailability  

bioavailability appears to differ  

greatly between the various 

biophenols, and the most abundant 

biophenols in our diet are not 

necessarily those that have the best 

bioavailability profile 

38
 

biophenols  role in cancer 

chemoprevention 

intracellular signalling pathways 

that respond to oxidative stress and 

their modulation 

48
 

phenolic acids and 

derivatives 

inhibition of tumorigenesis 

and the mechanisms involved 

based on studies in vivo and 

in vitro; bioavailability 

direct evidence for suppression by 

antioxidant activity is lacking. 

49
 

flavonoids probable mechanisms of 

action and potential 

applications  

summarises the putative biological 

actions of flavonoids 

50
 

flavonoids bioavailability, metabolic 

effects, and safety 

growing evidence from human 

feeding studies that the absorption 

and bioavailability of specific 

flavonoids is much higher than 

originally believed; epidemiologic 

studies exploring the role of 

flavonoids in human health have 

been inconclusive. 

51
 

flavonoids associations of dietary intake 

with  

cancer  risk 

four cohort studies and six case-

control  

studies 

52
 

flavonoids effects on xenobiotic and 

carcinogen metabolism 

flavonoid effects on cytochrome 

P450 enzymes involved in the 

28
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activation of procarcinogens and 

phase II enzymes 

flavanones, chalcones 

and dihydrochalcones 

occurrence in foods  no data for plasma or tissue levels, 

but both endogenous and gut flora 

metabolites of both classes of 

compound are found in urine 

53
 

isoflavones structure, content and 

distribution, average daily 

intake, biosynthesis, 

resorption, metabolism and 

biological properties  

depending on their structure, the 

capability of isoflavones to 

undergo interactions with other 

food constituents is considered. 

54
 

resveratrol reappraisal of the potential 

chemopreventive and 

chemotherapeutic properties 

molecular mechanisms may 

include cyclooxygenase, nitric 

oxide synthase and cytochrome 

P450 inhibition, as well as cell 

cycle effects, apoptosis modulation 

and hormonal activity 

55
 

 

resveratrol mechanism of 

cardioprotection 

recent studies relating exposure to 

wine/resveratrol with reduction in 

myocardial damage during 

ischemia-reperfusion, modulation 

of vascular cell functions, 

inhibition of LDL oxidation, and 

suppression of platelet aggregation 

56
 

resveratrol anti-cancer activity emphasis on xenobiotic-related 

carcinogenesis 

57
 

resveratrol aryl hydrocarbon receptor and 

its xenobiotic ligands 

resveratrol is an antagonist of the 

aryl hydrocarbon receptor  

58
 

 

antioxidants/fruits and 

vegetables 

health benefits and the effect 

of processing on the 

bioavailability of 

antioxidants, and 

measurement of antioxidant 

activity 

 
59

 

biophenols/wine critical evaluation of results 

of in vitro and in vivo 

experiments of wine 

consumption 

components of wine may act in 

concert rather  than individually for 

cancer and cardioprotection 

60
 

biophenols/wine health benefits of wine composition of wine including 

biophenol bioavailability and 

pharmacokinetics 

61
 

biophenols/grape functional components of 

grape seeds or skins with 

emphasis on health benefits of 

their use in the human diet 

 
62

 

biophenols/wine effects of wine and some of 

its phenol constituents on 

early pathological indicators 

of CHD such as plasma lipids, 

the endothelium and 

vasculature, platelets and 

serum antioxidant activity 

some biophenols appear to have 

endothelium-dependent vaso-

relaxing abilities and some a 

positive effect on NO 

oncentrations; discrepancies as 

large as ten-fold between the 

concentrations of 

biophenols tested in vitro and their 

measured levels in vivo 

63
 

 

biophenols/olive oil antioxidant activity of minor ability of minor olive oil 
27
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olive oil components and 

evidence of their ability to 

interfere with and modulate 

cellular pathways important 

in carcinogenesis 

components to modulate 

cellular pathways important in 

carcinogenesis 

biophenols/olive oil bioavailability and 

antioxidant effects of 

biophenols from extra virgin 

olive oil 

 
64

 

piophenols/olive oil biological and clinical effects Examines evidence for health 

benefits of minor components 

65,66
  

biophenols/tea epidemiological and 

experimental studies on the 

antimutagenicity and 

anticarcinogenicity of tea 

extracts and tea biophenols 

inhibition of tumors may be due to 

both extracellular and intracellular 

mechanisms including the 

modulation of metabolism, 

blocking or suppression, 

modulation of DNA replication 

and repair effects, promotion, 

inhibition of invasion and 

metastasis, and induction of novel 

mechanisms 

67
 

biophenols/chocolate  only a very small part can be found 

in plasma in the free form but 

conjugated or even metabolised to 

several phenolic acids and other 

ring scission products 

68
 

flavonoids/chocolate prevention of cardiovascular 

disease 

meta-analysis of flavonoid intake 
69

 

flavonoids/cocoa health effects bioavailability dependent on other 

food constituents 

70
 

chamomile  bioactivity evidence-based information on 

activity 

71
 

peppermint  bioactivity evidence-based information on 

activity 

72
 

whole grains implications of consumption 

for human health  

disease protection seen from whole 

grains in prospective 

epidemiological studies far exceeds 

the protection from isolated 

nutrients and phytochemicals in 

whole grains 

73
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Table 2. Selected bioavailability data. 

 
Biophenol source Cmax (μM) tmax (h) Ref. 

Quercetin glucosides 

(in onion equivalent to 

quercetin 64 mg) 

0.65 2.9 
139

 

Quercetin glucoside 

(pure compound) 

3.5 ± 0.6 <0.5 
140

 

Quercetin rutinoside 

(pure compound) 

0.18 ± 0.04 6.0 ± 1.2 
140

 

Resveratrol (20 mg; 

oral) 

2 9.2 
141
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Table 3. Applications of antioxidant activity measurements. 

 
Source of 

biophenols 

Activity test Sample preparation 

or fraction tested 

Comments Ref. 

common 

foods 

TEAC, TRAP 

and FRAP 

assays 

various  
8
 

common and 

infant foods 

various proanthocyanidins  proanthocyanidins 

account for a major 

fraction of the total 

flavonoids ingested 

in Western diets 

204
 

 

edible plants DPPH assay 

and inhibition 

of LDL 

oxidation 

aqueous ethanolic 

extracts 

highlights 

differences in LDL 

antioxidant activity 

and DPPH radical 

scavenging 

205
 

apple flesh radical 

scavenging 

activity 

 increased 

antioxidant activity 

during storage 

correlated with an 

increase of the 

concentration of 

catechin and 

phloridzin 

206
 

blackberry, 

blueberry 

and red wine 

grape 

ORAC flavonol and 

anthocyanin extracts 

antioxidant 

activities and 

contents of total 

anthocyanins 

and total flavonols 

highly correlated 

116
 

carob fruits 

and derived 

products 

DPPH assay 41 biophenols  
207

 

plums and 

prunes 

antioxidant 

activity 

catechins, 

hydroxycinnamic 

acids, anthocyanins, 

and flavonols 

drying at 85°C 

doubled 

antioxidant 

activity 

26
 

prunes phenol and 

ascorbic acid 

contents, 

antioxidant 

activity 

cinnamates, 

anthocyanins, 

flavonols 

effects of drying 

and storage 

208
 

quince and 

apple 

antioxidant and 

anti-ulcerative 

activities 

 activities varied 

according to 

different in vitro 

evaluation systems 

209
 

star fruit DPPH, FRAP 

and ABTS 

assays 

residue resulting 

from juice extraction 

high phenolic 

content and strong 

antioxidant activity 

33
 

strawberries antioxidant 

activity 

biophenols, ascorbic 

acid, and low 

molecular mass 

carbohydrates 

cultivar, ripening 

and storage effects 

210
 

tomato free radical lycopene, ascorbic activity was higher  
25
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products quenching 

assay and 

FRAP assay 

acid and phenolic 

contents 

in the hexane 

fraction 

containing 

lycopene than the 

methanol fraction 

containing 

biophenols 

 

wines - 

Spanish  

copper(II)-

mediated 

oxidation of 

human LDL 

biophenols antioxidant 

activity was 

correlatied with 

total biophenols 

211
 

wines -  

white and red  

ORAC anthocyanin and 

proanthocyanidin 

fractions 

data compared with 

wines made from 

highbush blueberry 

212
 

 

wines 

 

DPPH assay  scavenging activity 

correlated with 

phenolic content 

213
 

grape juices copper(II)-

mediated 

oxidation of 

human LDL 

phenolic fractions white grape juice 

exerted pro-oxidant 

activity at 5-20 μM 

GAE; eliminated 

by addition of 

ascorbic acid 

214
 

orange juices ABTS assay flavanones, 

anthocyanins and 

hydroxycinnamates 

major antioxidant 

component was 

ascorbic acid 

215
 

fruit and 

vegetables 

 optimized extraction 

procedures 

food level 

determinations are 

a pre-requisite 

for accurate human 

diet studies 

10
 

vegetables copper(II)-

mediated 

oxidation of 

LDL
 

extraction with and 

without hydrolysis 

phenol antioxidant 

index used to 

measure quantity 

and quality of 

antioxidants 

93
 

broccoli antioxidant 

activity 

phenolic and other 

antioxidants 

significant 

antioxidant loss 

during cooking 

216
 

lettuce and 

chicory 

DPPH, ABTS 

and FRAP 

assays 

aqueous and 

methanolic extracts 

antioxidant 

capacity linearly 

correlated with 

phenolic content 

217
 

table beets 

and green 

beans 

Antioxidant 

activity 

 effects of 

thermal processing 

vary with the 

respective produce 

crop type 

218
 

wheat 

(Spring)  

antioxidant 

activity 

ethanolic extract effects of genotype 

and growing 

environment on the 

phenolic contents 

and antioxidant 

activities 

219
 

wheat antioxidant ethanolic extract wheat biophenols 
220
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(Winter)  activity exhibited 

antioxidant activity 

wheat bran DPPH and 

ABTS assays, 

peroxide 

radical anion 

and oxygen 

radical and 

chelating 

capacities 

 significant varietal 

differences 

221
 

wheat and oat 

brans 

peroxyl and 

hydrogen 

peroxide 

scavenging 

 TEAC used to rank 

antioxidant 

activities 

222
 

olive and 

vegetable oils 

DPPH assay 

and radical 

scavenging by 

superoxide 

anion and 

hydroxyl 

radicals 

methanol soluble 

and nonsoluble 

phases 

soybean oil and 

extra virgin olive 

oil had 

the highest 

antioxidant 

potential and 

thermal stability 

223
 

culinary 

herbs and 

spices 

iron(III) 

reduction, 

inhibition of 

linoleic acid 

peroxidation, 

iron(II) 

chelation, 

DPPH radical-

scavenging and 

inhibition of 

hydroxyl 

radical-

mediated 2-

deoxy-D-ribose 

degradation 

(site and non-

site-specific) 

hydrodistilled 

extracts 

 
224

 

cascalote 

extract 

antimutagenic 

activity against 

aflatoxin B-1 

and 

antioxidant 

activity 

extract 

predominantly gallic 

acid 

antimutagenic, 

antioxidant and 

antiradical 

activities were 

dose-dependent 

225
 

coriander 

extract 

(aqueous) 

β-carotene/ 

linoleic acid 

extracts isolated by 

silica gel 

chromatography 

antioxidant 

activity, inferior to 

that of the crude 

extract 

226
 

Murta leaves TBARS and 

DPPH assays 

ethanolic, 

methanolic and 

aqueous extraction 

flavonols and 

flavanols dominant 

227
 

perennial 

herb 

DPPH assay ethyl acetate, ethyl 

ether  and alkali 

hydrolysed extracts 

strong  antiradical 

properties of 

hydrolysed extract 

attributed to caffeic 

228
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acid 

shallots and 

garlic 

ABTS assay pressing and 

extraction 

antioxidant 

activities were 

directly related to 

the contents of 

biophenolss 

229
 

yuzu ABTS assay extracts of peel and 

flesh  

naringin and 

hesperidin 

contributed 

approximately 20% 

total antioxidant 

capacity 

230
 

DPPH: 2,2-diphenyl-1-picrylhydrazyl radical, ABTS: radical cation 

2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 
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Table 4. Representative bioactivity studies of phenols. 

 
Activity Sample Test Outcome Ref 

antioxidant prune and prune 

juice extracts 

inhibition of 

Cu
2+

-catalyzed 

oxidation of 

human LDL 

various degrees 

of inhibition of 

oxidation 

231
 

antioxidant anthocyanins ESR 

spectroscopy 

degree of 

hydroxylation, 

glycosylation and 

pH important in 

determining 

antioxidant 

capacity 

232
 

antioxidant apple skin and 

pulp 

intracellular 

antioxidant, 

cytoprotective 

and anti-

proliferative 

activity in human 

colon carcinoma 

(Caco-2) cells 

total biophenols 

and total 

antioxidant 

activity 

decreased only in 

the first 3 mo and 

only in 

apples with skin 

109
 

antioxidant grape seed free radical-

scavenging tests 

and comet assay 

to assess 

oxidative damage 

to DNA in mice 

spleen cells 

procyanidin B4, 

catechin, 

epicatechin and 

gallic acid 

reduced 

ferricyanide ion 

and scavenged 

DPPH; 

epicatechin 

lactone A, an 

oxidative 

derivative of 

epicatechin, was 

less effective. At 

low 

concentrations 

DNA damage 

reduced but at 

high  

concentrations 

damage 

enhanced 

233
 

 

antioxidant feruloylated 

oligosaccharides 

from wheat bran 

erythrocyte 

hemolysis 

mediated by 

peroxyl free 

radicals generated 

from 2,2'-azobis-

2-

amidinopropane 

dihydrochloride 

(AAPH) 

91.7% inhibition 

of erythrocyte 

hemolysis at 4 

mg/ml 

234
 

antioxidant and onions inhibition of total phenolic 
235
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anti-proliferative 

activities; total 

phenolic 

and flavonoid 

contents 

HepG(2) and 

Caco-2 cells   

and flavonoid 

contents 

were strongly 

correlated with 

total antioxidant 

activity 

 

anti-proliferative 

activity 

cranberry extract luminescent cell 

viability 

assay 

synergistic or 

additive 

antiproliferative 

interactions 

236
 

anti-proliferative 

activity 

extracts of fruits 

and berries 

cell proliferation 

of colon cancer  

cells and breast 

cancer  cells 

decreased cell 

proliferation in 

concentration 

dependent 

fashion 

237
  

anti-proliferative 

activity and 

DPPH assay 

crabapples 

 

HL-60 human 

leukemia cells 

stronger was the 

DPPH radical 

scavenging 

activity, the 

higher was the 

antiproliferation 

238
 

anti-proliferative 

activity and 

apoptosis 

agai HL-60 human 

leukemia cells 

at equimolar 

concentrations, 

the glycosidic 

forms of 

phenolic acids 

and flavonoids 

induced a higher 

magnitude of 

change in cell 

parameters 

(proliferation and 

apoptosis) than 

the aglycones 

239
 

 

carcinogen-

induced oxidative 

stress 

grape 

procyanidins 

comet assay to 

detect DNA 

damage induced 

by the carcinogen 

phorbol-12-

myristate-13-

acetate 

dietary 

procyanidins 

from 

grape seeds 

protect against 

carcinogen-

induced 

oxidative cellular 

and 

genotoxic 

damage 

240
 

hydrogen 

peroxide induced 

cell damage 

boysenberries and 

blackcurrants 

 phenolic extract 

of blackcurrant 

demonstrated the 

highest 

protective effect 

against H2O2-

induced 

neurotoxicity, 

oxidative stress 

and DNA 

104
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damage 

antibiotic green tea 

biophenols 

dietary 

supplement of 

green tea 

biophenols and 

fructo-

oligosaccharides 

decreased the 

total count of 

caecal 

microflora; 

antibiotic-like 

effects of non-

selectively 

decreasing all 

colonic flora 

241
 

antimicrobial 

activity 

alpinia kumatake 

leaves 

bacteria, moulds 

and  

yeasts 

phenolic 

fractions had 

very strong 

inhibitory effect 

against 

bacteria but it 

was poor for 

yeasts and 

moulds 

242
 

antimicrobial and 

antioxidant 

activities 

clonal oregano antimicrobial 

activity: ulcer-

associated 

Helicobacter 

pylori. 

Antioxidant 

activity: DPPH 

scavenging, 

ABTS(+)assay, 

carotene/ linoleic 

acid 

antimicrobial 

activity linked to 

structure 

243
 

antimicrobial 

activity 

sprouted peas  dose-dependent 

inhibitory effects 

244
 

antibacterial 

activity 

soybean extracts 

enriched for 

phenolic content 

anti-Helicobacter  

pylori activity 

activity not 

associated with 

antioxidant 

activity, but was 

linked to 

activity of the 

phenolic-

polymerizing 

enzymes 

245
 

anti-inflammatory oleuropein and 

olive biophenols 

ovariectomised 

rats fed diets 

containing 

oleuropein, 

peanut or olive 

oils 

oleuropein and 

olive-oil 

feeding 

prevented 

inflammation-

induced 

osteopenia in 

ovariectomised 

rats 

246
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Table 5. Structural requirements necessary for various activities 

 

Biophenol  

Activity 

Structural requirement(s) Ref. 

Flavonoids: 

inhibition of doxorubicin 

(enzymatically)-induced 

and Fe
2+

/ascorbate 

(nonenzymatically)-

induced microsomal 

lipid peroxidation 

catechol moiety on ring B; 

3-OH group in combination with a C2 

C3 double bond 

(determine half peak oxidation 

potentials and iron chelating activity) 

369
 

antioxidant and pro-

oxidant activity 

(flavones, isoflavones, 

and flavanones acted as 

antioxidants against 

peroxyl and hydroxyl 

radicals and served as 

pro-oxidants in the 

presence of Cu
2+

) 

more hydroxyl substitutions, the 

stronger the antioxidant and pro-oxidant 

activities; 

conjugation between rings A and B does 

not affect the antioxidant activity but is 

very important for the copper-initiated 

pro-oxidant action; 

O-methylation of the hydroxyl 

substitutions inactivates both the 

antioxidant and the pro-oxidant 

activities 

370
 

protein tyrosine kinase 

inhibitors 

importance of electrostatic and quantum 

chemical descriptors for the interaction 

of flavonoids with the specific 

enzymatic active site environment –in 

particular, the maximal total interaction 

for a C-O bond is the most important 

factor in regression 

371
 

 

cytotoxicity and 

inhibition of human 

immunodeficiency virus 

I replication 

electronic parameters describing charge 

distribution on the two fused rings of 

the flavonoid molecule - atomic charges 

in C3 and the carbonyl carbon as well as 

the dipolar moment were important 

electronic descriptors to define the 

studied biological properties 

372
 

 

anti-allergic activities  
373

 

scavenging of O
2-.

, 

inhibition of lipid 

peroxidation and DNA 

damage  

oxidation potential 
374

 

tumor necrosis factor-

alpha-stimulated 

intercellular adhesion 

molecule-1 expression 

hydroxyl groups at positions 5 and 7 of 

the A-ring and at position 4 of the B-

ring 

375
 

inhibition of N-

acetylation of 5-

aminosalicylic acid 

hydroxyl substitution on the flavone A-

ring with a catechol group on the B-ring 

376
 

inhibition of nitric oxide 

production 

A-ring 5,7-dihydroxyflavones having 

the B-ring 2',3'-dihydroxy or 3',4'-

377
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dihydroxy or 3',4'-hydroxy/methoxy 

(methoxy/hydroxy) groups 

induction of apoptosis two hydroxylations in positions 3, 5 and 

7 of the A-ring; 

hydroxylation in 3' and/or 4' of the B-

ring enhanced pro-apoptotic activity 

378
 

ocular blood flow and 

the retinal function 

recovery 

importance of OH groups at certain 

positions and the double bond at C2-C3, 

which produces lipophilic action; 

enhanced by O-methylation 

379
 

inhibition of 

phosphodiesterase 

isozymes 

 
380

 

DNA protective free 

radical scavenging 

hydroxyl substitution pattern 
381

 

peroxynitrite-induced 

nitration of tyrosine 

importance of catechol B ring and to a 

lesser effect the importance of 4'-OH 

substitution; 

little or no influence on activity of 

flavonoids by 3-OH substitution and/or 

a C-2-C-3 double bond conjugated with 

4-keto group within the subgroup 

containing the catechol moiety 

382
 

quenching of singlet 

oxygen 

catechol or pyrogallol structure in the 

B-ring 

383
 

anti-rabies activity free hydroxyl and ether groups 
384

 

bovine kidney low 

molecular weight protein 

tyrosine phosphatase 

activity 

hydroxyl groups at C3' and C4' and C2-

C3 double bond essential for activation; 

activity suppressed by absence of 3'-OH 

and the double bond and the presence of 

the sugar rutinose at the 3-OH; 

C2'- and C4'-hydroxyl groups, the 

presence of the double bond, and a C4-

ketone group were important 

requirements for inhibitory effects 

385
 

Flavanols and gallate esters: 

quenching of hydroxyl 

and azide radicals and 

superoxide anion  

catechol and/or pyrogallol structures 
386

 

Stilbenes: 

cytogenetic activity 4'-hydroxy group is essential to the 

genotoxicity of stilbenes. 

387
 

anti-allergic activities oxygen functions (-OCH3, -OH), 

especially methoxyl groups, are 

essential and their positions on aromatic 

rings are important; 

alpha-beta double bond increased 

activity;  

glycoside moiety dramatically 

decreased activity; 

388
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substitution group at the 3'-position in 

3,5,4'-trimethoxystilbene was preferably 

OH > H > OCH3 

cytotoxic activity 

(antioxidant, pro-

oxidant) 

o-hydroxy substitution essential 
389

 

 

 

 

 


