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Abstract 

Determinants of the absorption of the dietary flavonoid quercetin in man 

PhD thesis by Peter C.H. Hollman, State Institute for Quality Control of Agricultural 

Products (RIKILT-DLO), Wageningen, the Netherlands, lune 18, 1997 

Oxidation of low density lipoprotein is hypothesised to play an important role in the 

development of cardiovascular disease. It might be prevented by dietary antioxi­

dants. Quercetin is a dietary flavonoid antioxidant and its intake was inversely 

associated with cardiovascular disease in some studies. Absorption from the diet is 

a prerequisite for its potentially beneficial role. This thesis describes studies on the 

absorption and elimination kinetics of dietary quercetin in humans. 

To perform these absorption studies, we developed a postcolumn chelation 

technique for quercetin in HPLC with fluorescence detection using aluminum. Only 

flavonols that contain a free 3-hydroxyl and 4-keto oxygen binding site formed 

fluorescent complexes with Al3+ . This method improved detectability of quercetin 

300 fold as compared to conventional UV detection. 

We studied the absorption of quercetin in healthy ileostomy subjects so as 

to avoid losses caused by colonic bacteria. Absorption of quercetin was 52 ± 15% 

for quercetin glucosides found in onions, 17 ± 15% for quercetin rutinoside a 

major quercetin glycoside of tea, and 24 + 9% for free quercetin aglycone. 

The time course of the plasma quercetin concentration was studied in normal 

subjects with an intact colon who ingested major dietary sources of quercetin, viz. 

fried onions containing glucose conjugates of quercetin, apples containing both 

glucose- and non-glucose quercetin glycosides, and of quercetin-3-rutinoside. Peak 

plasma levels of quercetin were reached <0.7 h after ingestion of the onions, 2.5 

h after the apples, and 9 h after the rutinoside. Bioavailability of both quercetin from 

apples and of pure quercetin rutinoside was 30% relative to onions. Half-lives of 

elimination were independent of the quercetin source and were about 24 h. 

We confirmed that the sugar moiety of the glycoside is an important 

determinant of absorption in a study with volunteers who ingested solutions of pure 

quercetin-4'-glucoside and of pure quercetin-3-rutinoside. 

In conclusion, absorption of dietary quercetin glycosides can be appreciable 

and depends on the type of sugar moiety of the glycoside. We propose that the 

sodium-glucose cotransporter is involved in the absorption of quercetin-4'-

glucoside. Elimination of quercetin from the blood is slow. Repeated consumption 

of quercetin-containing foods therefore will lead to accumulation of quercetin in 

plasma. 
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Background 

Flavonoids comprise a large class of polyphenols components and are common 

ingredients in foods of plant origin. The basic structure of flavonoids (Figure 7) 

allows a multitude of substitution patterns in the benzene rings A and B, and 

variations also can occur in the heterocyclic ring C, giving rise to flavonols, 

flavones, catechins, flavanones, anthocyanidins, and isoflavonoids. Over 4000 

different naturally occurring flavonoids have been described1 and this list is still 

growing. Recently, much attention has been paid to their antioxidant properties2 

which may protect tissues against oxygen free radicals and lipid peroxidation. 

Oxygen free radicals and lipid peroxidation are thought to play a role in several 

pathological conditions such as atherosclerosis, cancer, and chronic inflammation.3 

Cardiovascular disease is the major cause of death in Western societies. In 

1994, 20 700 people died from coronary heart disease and 12 600 people from 

stroke in the Dutch population which comprises more than 15 million people.4 

Coronary heart disease and stroke were placed number one and two in the top ten 

of causes of death in the Netherlands. The impact of cardiovascular disease on the 

nations health is even more pronounced when one considers that the number of 

people suffering from this disease is 10-fold higher than the number of mortalities. 

The quality of life of this group of people is reduced and involves reliance on 

medical care and hospitalization, sick leave, disablement, health impairment and 

handicaps.5 

A number of risk factors for coronary heart disease have been described.5 

These risk factors include high blood pressure, high total cholesterol, low 

cholesterol in high density lipoprotein particles, obesity and diabetes. Lifestyle 

factors, such as smoking and physical inactivity, also play an important role.5 

Atherosclerosis is the prime cause of coronary heart disease and is also 

important in thrombotic stroke. It is characterized by thickening and narrowing of 

arteries because of the formation of fibrofatty and fibrous lesions which obstruct the 

blood flow. A major hypothesis proposes that oxidised low density lipoprotein 

(LDL) particles, which constitute one of the carriers of cholesterol, play a key role 

in the development of atherosclerosis.6"10 Consequently, the avoidance or delay of 

LDL oxidation by dietary antioxidants might provide a promising strategy for preven­

ting atherosclerosis and consequently coronary heart disease. However, the ability 

of dietary antioxidants to inhibit LDL in vivo still has to be established. Flavonoids 

are such dietary antioxidants and epidemiological data support a potential role for 
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the subclass of flavonols, with quercetin as the major representative, in the preventi­

on of cardiovascular disease.'1 However, the role of flavonoids in human 

physiology is largely unknown and hampers an evaluation of their potential health 

effects. Animal studies suggested that gastro-intestinal absorption from foods of most 

flavonoids will be marginal, because they are linked to sugars.12 These so-called 

glycosides are reported to be non-absorbable and require hydrolysis by bacteria in 

the colon, where absorption is inefficient and degradation immanent.13 

This thesis describes studies on the absorption and elimination kinetics of the 

major dietary flavonol quercetin in healthy humans. Epidemiological studies on the 

relation between dietary flavonol intake and the risk of cardiovascular disease are 

summarised in this introduction, and the usefullness of kinetic studies is briefly 

discussed. Finally, the purpose of the research of this thesis and an overall outline 

of the thesis are given. 

Figure 1. General structure of flavonoids. Classification into flavones, flavonols, 

flavanones, catechins, anthocyanidins, isoflavones is based on variations in the 

heterocyclic C-ring. A multitude of substitutions in the ring systems occur: 

R, R,. = H, OH, O-sugar (glycosides), 0-CH3, sulfate, O-glucuronic acid, or 

O (only RJ 

Quercetin: R3 Rs R7 R3. R4, = OH; R4 = O ; R2. Rs. = H; double 

bond between C2 and C3 
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Flavonoids and cardiovascular disease risk 

The only studies relating the intake of dietary flavonoids to risk of disease have been 

observational in nature. These studies were only possible after development of 

quantitative methods of analysis and their application to the quantification of flavo­

noids in foods. Until the end of the 1980s, the methods of flavonoid analysis were 

qualitative since they had been primarily developed for taxonomie studies. The aim 

of the taxonomie studies was to unequivocally characterise the flavonoids present 

in individual plant species. To date, quantitative data for only two subclasses of 

flavonoids, the flavonols and flavones, have been published.14"16 These compounds 

are present in plants bound to sugars, the so-called glycosides (Figure 7). Flavonols 

are by far the most important of these two classes of flavonoids since flavones were 

only found in a few foods. Quercetin is the most important flavonol found in plant 

foods. 

We determined the average dietary flavonol and flavone intake as it was 

around 1960 in 16 cohorts participating in the Seven Countries Study. The average 

flavonol and flavone intake was inversely correlated to mortality rates of coronary 

heart disease after 25 years of follow-up (Table 7).17 The intake of flavonols and 

flavones, together with smoking and the intake of saturated fat, explained about 

90% of the variance in coronary heart disease mortality rates across the 16 cohorts. 

Five prospective within-population cohort studies have been carried out 

(Table 1). Coronary heart disease mortality was strongly inversely associated with 

flavonol and flavone intake in the Zutphen Elderly Study18 with a reduction in 

mortality risk of more than 50% being recorded (Table 7) in the highest tertile of 

flavonol intake. Average flavonol intake in the highest tertile was 42 mg/day, and 

in the lowest 12 mg/day. Recently, the ten year follow-up of the Zutphen Elderly 

Study was completed with results strengthening the findings of the five year follow-

up (M.G.L. Hertog, personal communication). Unlike the findings of the five year 

follow-up, a clear dose-response relationship between flavonol intake and coronary 

heart disease mortality was now recorded. 

The association between flavonol and flavone intake and risk of stroke was 

studied in a cohort of 550 middle-aged men19 (Table 7). These men were followed 

for 15 years, and the men in the highest quartile of flavonol and flavone intake 

(> 30 mg/ day) showed a considerably reduced risk of the disease of about 60%. 

Mortality from coronary heart disease was weakly inversely associated with 

flavonol and flavone intake in a cohort of 5130 Finnish men and women aged 30 -
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69 years followed over a 20 years period20 (Table 7). The relative risks of mortality 

from coronary heart disease between the highest (>5 mg/day) and lowest quartiles 

(<2.5 mg/day) of flavonol and flavone intake were 0.73 for women and 0.67 for 

men. 

Table 1. Summary of epidemiological prospective studies on flavonol and flavone 

intake and coronary heart disease (CHD) and stroke risk 

Population 

Cohort studies 

CHD, 805 men; 
Zutphen (The Netherlands)'8 

CHD, 5133 men + women; 
Finland20 

CHD, 34 789 men 
Health Professionals (U.S.A.)21 

CHD, 1900 men 
Caerphilly (U.K.)22 

Stroke, 552.men; 
Zutphen (The Netherlands)19 

Cross-cultural study 

CHD, 12 763 men 
Seven Countries Study17 

Age 

(y) 

65 -84 

30 -69 

40 -75 

49 -59 

50-69 

40 -59 

Follow-up 

(y) 

5 

20 

6 

14 

15 

25 

Relative Risk1 

(95% Confidence 
Interval) 

0.32 
(0.15-0.71) 

¥:0.73 
(0.41 - 1.32) 

c?: 0.67 
(0.44 - 1.00) 

1.08 
(0.81 - 1.43) 

1.6 
(0.9-2.9) 

0.27 
(0.11 -0.70) 

r = -0.50 
(P = 0.01) 

1 Relative risk of highest versus lowest flavonol intake group, adjusted for age, diet and other risk 

factors for coronary heart disease 

Recently, in male US health professionals a modest, but non-significant, 

inverse association between flavonol and flavone intake and coronary mortality was 

found only in men with previous history of coronary heart disease21 (Table 1). 

Median flavonol intake in the highest quintile was 40 mg/day and 7 mg/day in the 
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lowest. 

In contrast to the above studies, increased mortality of ischaemic heart 

disease was found in Welsh men22 in all quartiles of high flavonol intake compared 

to the lowest quartile (Table 7). Mean flavonol intake in the highest quartile was 43 

mg/day, and 14 mg/day in the lowest quartile. 

To summarise, a protective role for flavonols-in cardiovascular disease was 

found in 3 out of 5 prospective cohort studies, in addition to one cross-cultural 

study. One prospective cohort study showed no association, and one a weakly 

positive association between flavonol intake and coronary heart disease. So far, the 

epidemiological evidence points to a protective effect of antioxidant flavonols in 

cardiovascular disease but it is not conclusive. 

Kinetic studies on absorption and elimination 

For quercetin to act as a potential antioxidant in humans it is required to enter the 

blood circulation. Thus, after consumption, quercetin has to pass across the 

intestinal wall and resist metabolism in the liver. The bioavailability of quercetin in 

various foods, i.e. the fraction of quercetin molecules that successfully survives 

these barriers,23 will be an important determinant of exposure. This fraction, called 

'absolute bioavailability', is determined experimentally by administrating quercetin 

either orally or intravenously and then comparing the ratio of the areas under the 

plasma quercetin versus time curve. The studies in this thesis did not include 

intravenous administration of quercetin glycosides. The approach used in this thesis 

only gave data on the relative bioavailability of quercetin present in quercetin-rich 

foods and of selected pure quercetin glycosides. Thus, a comparison of the potential 

of various foods to increase plasma levels of quercetin could be made. 

As all tissues are supplied with plasma, there will be a relationship between 

the concentration of quercetin in the plasma and that at its site of action. The plasma 

concentration of quercetin will change with time, and as a consequence also its 

effect in the body. The time course of the quercetin concentration in plasma after 

oral ingestion of a known amount of quercetin present in foods or in some 

glycosidic form, is used to calculate kinetic parameters of absorption and 

elimination, such as half-lives. Absorption kinetics may give information on the 

mechanisms of absorption involved and consequently on determinants which affect 

absorption. 
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Oxidants, such as free radicals, are continuously generated by cells and can 

potentially cause damage to these cells. A steady-state antioxidant concentration 

which is sufficiently high to prevent this deleterious oxidation, would probably be 

beneficial. Because food is not consumed continuously over 24 hours, the input of 

dietary antioxidants such as quercetin to the body may occur as a series of pulses 

separated by many hours. Rapid elimination of these antioxidants from the body 

after a meal would be undesirable. Accumulation of dietary antioxidants in the body 

may occur, but that depends on their elimination half-lives and consumption 

intervals. The average steady-state level of a dietary antioxidant achieved will 

additionally depend both on the amount ingested and its bioavailability.23 It is 

feasible that kinetic parameters vary between foods. Thus, kinetic studies on 

absorption and elimination will enable us to compare the supply of quercetin to the 

body from the habitual consumption of various foods and to predict plasma steady-

state levels of these potentially beneficial antioxidants in the diet. As a second step, 

the efficacy of these quercetin concentrations in vivo has to be determined. 

Purpose of the studies and outline of this thesis 

The aim of this thesis was to determine whether the proposed role of flavonols in 

the protection against cardiovascular disease, is supported by their physiological 

behaviour. To this purpose, the rate and extent of absorption and elimination of 

dietary quercetin and of quercetin glycosides were studied in human volunteers. 

Chapter 2 reviews studies on the absorption, metabolism and bioavailability 

of flavonoids reported in the literature. This review is updated with the main results 

of our research presented in the subsequent chapters. Chapter 3 describes the 

development of a postcolumn derivatization method for the analysis of flavonols by 

HPLC using fluorescence detection. This technique was essential since the methods 

available lacked sufficient sensitivity to allow the determination of quercetin in 

blood plasma of subjects after consumption of flavonoid-rich supplements. We 

performed a mass balance study with ileostomy volunteers, reported in Chapter 4, 

to quantify the absorption of quercetin from fried onions (rich in quercetin 

glucosides), pure quercetin rutinoside (a major quercetin glycoside of tea), and pure 

quercetin aglycone. In Chapter 5, we present a pilot study on the plasma kinetics 

of quercetin after consumption of a single dose of fried onions by two normal 

healthy human subjects. The bioavailability of quercetin glycosides from onions and 
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apples, and of the pure quercetin rutinoside in nine healthy subjects is compared 

in Chapter 6. The role of the sugar moiety of quercetin glycosides as a potential 

determinant of absorption is studied in Chapter 7. Finally, Chapter 8 discusses the 

main results. 



INTRODUCTION 

REFERENCES 

1. Middleton E, Kandaswami C. The impact of plant flavonoids on mammalian biology: implications 

for immunity, inflammation and cancer. In: Harborne JB, éd. The Flavonoids: advances in 

research since 1986. Chapman & Hall, London. 1994;pp.619-652. 

2. Kandaswami C, Middleton E, Jr. Free radical scavenging and antioxidant activity of plant 

flavonoids. Adv Exp Med Biol 1994;366:351-376. 

3. Halliwell B. Free radicals, antioxidants, and human disease: curiosity, cause, or consequence? 

Lancet 1994;344:721-724. 

4. Reitsma JB. Hart- en vaatziekten in Nederland. Den Haag: Nederlandse Hartstichting; 1996. 

5. Ruwaard D, Kramers PGN, eds. Volksgezondheid Toekomst Verkenning. De gezondheidstoestand 

van de Nederlandse bevolking in de periode 1950-2010. Den Haag: RIVM -Sdu Uitgeverij; 1993. 

6. Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond cholesterol: modifications 

of low density lipoprotein that increase its atherogenicity. N Engl I Med 1989;320:915-924. 

7. Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s. Naturel 993;362: 

801-809. 

8. Witztum JL. The oxidation hypothesis of atherosclerosis. Lancet 1994;344:793-795. 

9. Holvoet P, Collen D. Oxidized lipoproteins in atherosclerosis and thrombosis. FASEB j 

1994;8:1279-1284. 

10. Navab M, Berliner JA, Watson AD, Hama SY, Territo MC, Lusis AJ, Shih DM, van Lenten BJ, Frank 

JS, Demer LL, Edwards PA, Fogelman AM. The Yin and Yang of oxidation in the development of 

the fatty streak. Arterioscler Thromb Vase Biol 1996;16:831-842. 

11. Hollman PCH, Hertog MCL, Katan MB. Role of dietary flavonoids in protection against cancer 

and coronary heart disease. Biochem Soc Trans 1996;24:785-789. 

12. Kiihnau J. The flavonoids. A class of semi-essential food components: their role in human 

nutrition. World Rev Nutr Diet 1976;24:117-191. 

13. Griffiths LA. Mammalian Metabolism of Flavonoids. In: Harborne J Mabry T, eds. The Flavonoids: 

Advances in Research. Chapman and Hall, London. 1982;pp.681-718. 

14. Hertog MCL, Hollman PCH, Venema DP. Optimization of a quantitative HPLC determination of 

potentially anticarcinogenic flavonoids in vegetables and fruits, j Agric Food Chem 1992;40: 

1591-1598. 

15. Hertog MGL, Hollman PCH, Katan MB. Content of potentially anticarcinogenic flavonoids of 28 

vegetables and 9 fruits commonly consumed in the Netherlands, j Agric Food Chem 1992; 40: 

2379-2383. 

16. Hertog MGL, Hollman PCH, van de Putte B. Content of potentially anticarcinogenic flavonoids 

of tea infusions wines, and fruit juices. ] Agric Food Chem 1993;41:1242-1246. 

17. Hertog MGL, Kromhout D, Aravanis C, Blackburn H, Buzina R et al. Flavonoid intake and 

long-term risk of coronary heart disease and cancer in the Seven Countries Study. Arch Intern Med 

1995;155:381-386. 

18. Hertog MGL, Feskens EJM, Hollman PCH, Katan MB, Kromhout D. Dietary antioxidant flavonoids 

and risk of coronary heart disease: the Zutphen Elderly Study. Lancet 1993;342:1007-1011. 

19. Keli SO, Hertog MGL, Feskens EJM, Kromhout D. Flavonoids, antioxidant vitamins and risk of 

stroke. The Zutphen study. Arch Intern Med 1996;156:637-642. 

20. Knekt P, Järvinen R, Reunanen A, Maatela J. Flavonoid intake and coronary mortality in Finland: 



20 CHAPTER 1 

a cohort study. Br Med 11996;312:478-481. 

21. Rimm EB, Katan MB, Ascherio A, Stampfer MJ, Willett WC. Relation between intake of flavonoids 

and risk for coronary heart disease in male health professionals. Ann Intern Med 

1996;125:384-389. 

22. Hertog MCL, Sweetnam PM, Fehily AM, Elwood PC, Kromhout D. Antioxi-dant flavonols and 

ischaemic heart disease in a Welsh population of men. The Caerphilly Study. Am ) Clin Nutr 

1997; in press. 

23. Rowland M, TozerTN. Clinical pharmacokinetics: concepts and applications. 3rd ed. Baltimore: 

Williams & Wilkins; 1995. 



ABSORPTION, METABOLISM and BIOAVAILABILITY 
of FLAVONOIDS 

Hollman PCH, Katan MB. 

In: Rice-Evans C, Packer L, eds. Flavonoids in health & disease. Marcel Dekker 

Inc. New York. 1997; in press 



22 CHAPTER 2 

Abstract 

Flavonoids are dietary polyphenols with potential health benefits. This review 

discusses results of studies on the absorption, metabolism and pharmacokinetics of 

flavonoids. Most studies have been carried out with aglycones in rodents using 

unphysiologically high doses. Absorption depended on the type of flavonoid and 

was between 4 and 58%. The absorption from dietary sources is largely unknown. 

In the metabolism of flavonoids the liver and the colon are important. Evidence for 

phase II biotransformation reactions in the liver is abundant. Colonic bacteria are 

involved in hydrolysis of glycosides and conjugates and in ring fission producing 

phenolic acids which are absorbed. Three types of ring fission depending on the 

structure of the flavonoid C-ring have been described. The susceptibility to ring 

cleavage is determined by the pattern of free hydroxyl groups in the flavonoid 

molecule. Very few quantitative data on metabolism are available. Pharmacokinetic 

data on flavonoids are scarce and absolute bioavailability of dietary flavonoids has 

not been determined. 
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INTRODUCTION 

Flavonoids are polyphenolic compounds that occur ubiquitously in foods of plant 

origin. They comprise 2-phenylbenzo-y-pyrones, -dihydropyrones, -dihydropyrans, 

and -pyryliums. Variations in the oxygen-containing heterocyclic ring give rise to 

catechins (dihydropyrans), flavonols and flavones (y-pyrones), flavanones (dihydro­

pyrones), and anthocyanidins (pyryliums) (Figure 1). Attachment of the second 

benzene ring to the 3 instead of the 2 position creates isoflavonoids (Figure J). In 

addition, the basic structure of flavonoids allows a multitude of substitution patterns 

in the two benzene rings wi thin each class of flavonoids. Over 4000 different 

naturally occurring flavonoids have been described1 and this list is still growing. 

OH O 

Flavones 

OH O 

Flavanones 

OH O 

Flavonols 

Catechins 

OH 

Anthocyanidins 

Figure 1. Subclasses of flavonoids. Classification is based on variations in the 

heterocyclic C-ring. 
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Major dietary sources of flavonoids are vegetables, fruits, and beverages such 

as tea and red wine.27 Kühnau 4 estimated that the total flavonoid intake in the 

U.S.A. was 1 g/day expressed as glycosides or 650 mg/day expressed as aglycones, 

but most likely this estimate is too high. New, more specific food analyses2,3 

suggested that the Dutch intake of flavonols and flavones was 23 mg/day (expressed 

as aglycones),8 as opposed to Kühnau's estimate of 115 mg/day (expressed as 

aglycones) in the U.S.A.4 

History 

In 1936 it was observed that a mixture of two flavanones decreased capillary 

permeability and fragility in humans. This gave rise to a claim for vitamin action of 

flavonoids (Vitamin P). Doubts about the evidence for these claims prompted the 

US Council on Foods and Nutrition to issue a report on the absorption and 

excretion of flavonoids.9 It was concluded that flavonoids are probably largely 

destroyed in the mammalian gastro-intestinal tract, thus strengthening the scepticism 

about "Vitamin P". The possibility was suggested that one or more metabolites were 

responsible for the potential therapeutic effects. 

In the 1950s and 1960s research on absorption and metabolism of flavonoids 

was advanced by Booth, Das, and Griffiths who published many articles exploring 

the metabolic routes of various flavonoids in animals. Several review articles 

describe these achievements.4,10,11 However, most of these studies used high doses, 

mainly because the analytical techniques used for identification of metabolites 

lacked sensitivity. Details of the metabolic pathway still had to be unravelled. 

Recent developments 

A multitude of in vitro studies suggested that flavonoids inhibited, and sometimes 

induced, a large variety of mammalian enzyme systems.1 Some of these enzymes 

are involved in cell division and proliferation, platelet aggregation, detoxification, 

and inflammatory and immune responses. Thus, it is not surprising that effects of 

flavonoids on different stages in the cancer process, on the immune system, and on 

haemostasis were reported in cell systems and animals.1,12 Recently, much attention 

has been paid to the antioxidant properties of flavonoids, caused by their ability to 

scavenge oxygen free radicals.13"15 Oxygen free radicals and lipid peroxidation might 

be involved in atherosclerosis, and a role has also been suggested in cancer and 

chronic inflammation.16 There is indeed some epidemiological evidence for an 

inverse association of the intake of flavonols and flavones with subsequent coronary 
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heart disease,17 although the association is still controversial]8 No association of 

flavonoid intake and cancer risk in man has been established.17 

Scope of this review 

The increasing awareness of a potential beneficial role of flavonoids in human 

health provided new perspectives for flavonoid research. Knowledge of the 

pharmacokinetics and bioavailability of flavonoids in man is indispensable to fully 

evaluate this role. Metabolic transformations of flavonoids in the human system may 

be crucial for their biological effect. This chapter focuses on the fate of dietary flavo­

noids, except isoflavonoids, in mammals, and thus updates the reviews publish­

ed.4,1011 Pharmaceutical preparations are dealt with only where that helps to 

understand general principles of bioavailability. 

ABSORPTION 

The major questions here are to what extent flavonoids are absorbed from the 

gastro-intestinal tract, and which factors affect absorption. Absorption of flavonoids 

from the diet was long considered to be negligible, as most of the flavonoids, except 

catechins, are present in plants bound to sugars as glycosides, and these were 

considered non-absorbable. Studies with germ-free rats indeed showed that large 

amounts of unchanged glycosides were excreted with faeces, whereas only small 

amounts of glycosides were found in faeces of rats with a normal microflora.19 

Evidently, enzymes that can split these predominantly ß-glycosidic bonds were not 

secreted into the gut or present in the intestinal wall. Bacteria in the colon were able 

to hydrolyse flavonoid glycosides20'22 but at the same time degraded the liberated 

flavonoid aglycones (see page 30). In addition, the absorption capacity of the colon 

is far less than that of the small intestine. The assumption that only free flavonoids 

(aglycones) are absorbed by the gut and that glycosides are not is a classic example 

of "conventional wisdom". It was never seriously questioned even though there was 

little evidence to support it. 

Absorption of pure compounds 

Balance studies with radioactively labelled flavonoid aglycones were used in the 

1970s and 1980s to quantify the absorption of ( + )-catechin, quercetin, and flavan-

ones in rodents, monkeys and man (Table 7), always without their attached sugars. 
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In these studies total radioactivity was measured in urine, faeces, expired air, and 

sometimes also in tissues.28,31 As a consequence, the excreted radioactivity included 

the intact administered compound, if any, and metabolites that contained radio­

active atoms. Catechins and their microbial degradation products were well absor­

bed as judged by excretion of 47% to 58% of the total administered radioactivity 

into urine. The administered dose did not seem to be an important variable, and 

absorption in rodents, monkeys and man was similar. It was suggested23 that the 

radioactivity not accounted for, some 20%, had possibly been incorporated into 

tissues. Excretion of unchanged catechin aglycones in urine was only 0.1 - 2% of 

the dose. 

Radioactive quercetin aglycone was less well absorbed than catechins, with 

only 4 - 13% recovered in urine (Table ?). About 40% was excreted with faeces. 

The high excretion of radioactivity associated with C02 could originate to some 

extent from absorbed quercetin metabolites through ß-oxidation of phenylpropionic 

acids (see page 49). In rats, 1 % of the administered dose of quercetin was excreted 

as quercetin (conjugates).28 However, after oral administration of quercetin aglycone 

to humans the aglycone or its conjugates could not be detected in urine.29 These 

investigators concluded that less than 1 % of the administered quercetin could have 

been absorbed.29 This conclusion was based on the limit of detection of their 

analytical method. Absorption of the flavanone aglycones and their metabolites was 

somewhat higher than that of quercetin aglycone: about 30% was excreted with 

urine (Table 1). 

Absorption of flavonoids from foods 

Previous studies did not address the absorption from foods, but only of pure 

aglycones. We ourselves were interested in the absorption of flavonoids from 

regular foods, and in man rather than in animals. To circumvent the problem of 

microbial degradation we employed ileostomy subjects.30 To our surprise, the 

quercetin glycosides from onions were absorbed far better than the pure aglycone 

(Table 1). Absorption from onions was 52% of the ingested amount, while only 

24 % of the aglycone, and 17% of rutin (quercetin-3-O-rutinoside) were absorbed. 

A small percentage (< 0.5%) of the absorbed quercetin was excreted into urine as 

the intact quercetin molecule, conjugated or otherwise. Thus, glycosides can be 

absorbed in man as such without prior hydrolysis by microorganisms. Evidence for 

direct absorption of glycosides was also found in rats; oral administration of naringin 

(5,7,4'-trihydroxyflavanone-7-neohesperidoside) and hesperidin (5,7,3'-trihydroxy-
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4'-methoxyflavanone-7-rutinoside) showed that the parent glycosides were secreted 

with bile,33 which implied that glycosides were transported across intestinal 

membranes. 

As far as the catechins are concerned, epigallocatechins present in green tea 

were shown to be absorbed in rats. The following compounds were identified in the 

portal vein after their oral administration: (-)-epigallocatechin-3-gallate (ECCg), 

(-)-epigallocatechin (ECC), (-)-epicatechin-3-gallate (ECg) and (-)-epicatechin (EC).34,35 

It was reported that 2% of ingested green tea catechins were excreted into urine in 

humans.36 

Data on mechanisms of flavonoid absorption across the intestinal membrane 

itself are scarce. The absorption of ( + )-catechin, epicatechin-2-sulfonate, and 

7,3',4'-tri-0-(ß-hydroxy-ethyl)quercetin-3-rutinoside was studied in the rat everted 

sac model, and the rate of passive transport was in the order epicatechin-2-sulfonate 

> ( + )-catechin > trihydroxyrutinoside.37 However, of these three flavonoids only 

( + )-catechin was absorbed in an in situ perfused small intestine segment of the rat.38 

This demonstrated the limitations of the everted sac model. 

In conclusion, the absorption of flavonoid aglycones in rats was estimated at 

4 - 58% of ingested radioactive aglycones as judged by the amount of radioactivity 

excreted into urine. Contrary to the common belief that only aglycones can be 

absorbed, flavonol glycosides were well absorbed in man without prior hydrolysis 

by microorganisms, and similar observations have been made in rats. Only a small 

fraction of the flavonols subsequently excreted with urine had an intact flavonoid 

structure. 
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METABOLISM 

Introduction 

Metabolism of flavonoids is relevant because a major part of administered 

flavonoids is excreted in urine only after more or less extensive modification in the 

body. Thus, a potential biological effect predicted from in vitro studies may be 

modulated in vivo due to metabolism after ingestion of the parent compounds. The 

major questions are which products are formed and to what extent, and what is their 

potential biological effect. 

In the metabolism of flavonoids, two compartments are important. The first 

consists of tissues in the body, such as the liver where biotransformation enzymes 

act upon absorbed flavonoids and their absorbed colonic metabolites. The second 

metabolically active compartment is the colon where microorganisms degrade 

unabsorbed flavonoids and flavonoids absorbed and then secreted with bile. 

Metabolism by the liver. 

Flavonoids absorbed as such as well as their degradation products absorbed from 

the colon after bacterial action are subsequently metabolised by enzymes located 

mainly in the liver. The kidney and the small intestine might also contain enzymes 

capable of biotransformation of flavonoids.39 The general phase I biotransformation 

reactions introduce or expose polar groups.39 These may be less relevant to naturally 

occurring flavonoids and their colonic degradation products because these already 

contain several polar hydroxyl groups. Indeed, phase I transformations have been 

reported almost exclusively for synthetic flavonoids lacking hydroxyl groups.11 

Conjugation of these polar hydroxyl groups with glucuronic acid, sulfate, or glycine 

constitutes phase II biotransformation reactions,39 and these have been reported 

both for flavonoids and for their colonic metabolites. The water-soluble conjugates 

thus formed can be excreted into urine. In addition, the molecular weight increases 

which promotes secretion into bile.40 Finally, O-methylation by the enzyme 

catechol-O-methyltransferase plays an important role in the inactivation of the 

catechol moiety,41 i.e. the two adjacent (ortho) aromatic hydroxyl groups, of 

flavonoids and their colonic metabolites. 

Metabolism by the colonic flora. 

Flavonoids can reach the colon by two different ways; unabsorbed flavonoids 
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passing through the small intestine, and absorbed flavonoids secreted as conjugates 

into the duodenum via the gal I bladder. In the colon both are stripped of their sugar 

moieties, glucuronic acids and sulfates by glycosidases, glucuronidases and 

sulfatases of colonic bacteria.42 Hydrolysis by bacterial enzymes enables absorption 

in the colon because the aglycones formed are less polar.3943 As a result, secreted 

glucuronides and sulfates can be reabsorbed thus entering an enterohepatic cycle. 

Another possibility exists in that the heterocyclic oxygen-containing ring is 

split. The subsequent degradation products can evidently be absorbed because they 

are found in urine. These include a variety of phenolic acids which, depending on 

the hydroxylation pattern, are antioxidants themselves44 and may thus contribute to 

the biological effects of dietary flavonoids. The type of ring fission depends on the 

type of flavonoids; as a result, primary ring fission products of catechins, flavonols, 

and flavones and flavanones are all different. Hydroxyl groups are necessary for ring 

cleavage, and the hydroxylation pattern of the flavonoids determines their 

susceptibility to microbial degradation in the colon.21 Free hydroxyl groups at 

positions 5 and 7 together with a free hydroxyl group at the 4' position are 

necessary for ring fission of the heterocyclic C-ring.21 Whether or not the position 

of the free hydroxyl group in ring B is essential is not known. A flavonoid that has 

only one free hydroxyl group in ring A at position 7, e.g. 7,4'-dihydroxyflavone, 

withstands ring fission. Whether two hydroxyls in ring A, or a single hydroxyl group 

at position 5 are sufficient for ring fission is not known. The presence of O-methyl 

substitution in these essential positions reduces susceptibility to cleavage. 

Methylation of the 3-hydroxyl group in the C-ring of ( + )-catechin also increases 

resistance to ring scission. The most widespread dietary flavonoids have a 5,7,3',4'-

hydroxylation pattern which will enhance ring cleavage by bacteria after hydrolysis 

of the glycosides in the colon. 

Thus, the formation of potentially active metabolites through bacterial 

degradation in the colon is highly dependent on structural details of the dietary 

flavonoids involved. 

Catechins 

After oral administration of labelled catechins to humans some 50% of the 

radioactivity was recovered in urine, and only 0.5 - 3% of this was in the form of 

catechin aglycone. Thus, catechins are extensively metabolized.25,26 
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Enzymatic transformations of catechins in body tissues 

Unfortunately phase I transformation reactions for catechins have not been 

described; information on metabolism in liver and other organs is limited to the 

attachment of various substituents to existing hydroxyl groups, and most of this 

information is qualitative only. This subject evidently needs closer study. 

Sulfates and glucuronides of ( + )-catechin were identified after oral 

administration of ( + )-catechin to rodents, monkeys and man (Table 2). Intravenous 

and intraperitoneal administration of this flavonoid to rodents and monkeys also 

produced these conjugates. Thus, glucuronidation and sulfation in body tissues was 

demonstrated. Rats and humans excreted sulfates and glucuronides of 3-methoxy-

( + )-catechin into urine, plasma and bile after intravenous injection of this 

compound.26,51 Because catechins are polyhydroxylated compounds, several sites 

offer themselves for binding of glucuronic acid or sulfate. In human urine, two 

glucuronides of 3,3'-dimethoxy-( + )-catechin and of 3-methoxy-( + )-catechin, and 

a sulfate conjugate of 3-methoxy-( + )-catechin were found.26 The position of these 

groups could not be determined. Two different sulfates and a mixed sulfate/glu-

curonide of ( + )-catechin were detected in perfusate and bile of a perfused isolated 

rat liver.52 After oral administration of (-)-epigallocatechin-3-gallate and (-)-epicate-

chin of green tea to human volunteers the major conjugates found in plasma were 

sulfates, whereas the (-)-epigallocatechin circulated as the glucuronide.36 Some 20% 

of the (-)-epigallocatechin-3-gallate was also present as unconjugated compound. 

In addition to conjugates of ( + )-catechin, glucuronides of the main colonic 

metabolites, the three valerolactones and 3-hydroxyphenylpropionic acid (Figure 

2), were identified in urine of humans.47 Sulfates of ö-(3-hydroxyphenyl)-y-

valerolactone and 3-hydroxyphenylpropionic acid were also present. 

In vitro incubation of ( + )-catechin in liver homogenates produced 3'-

methoxy-( + )-catechin, thus showing that O-methylation had occurred.49 Purified 

catechol-O-methyl transferase (E.C.2.1.1.3) was also able to form the 3'-methoxy 

compound.49 Only the 3'-hydroxyl group of ( + )-catechin or 3-methoxy-( + )-catechin 

was methylated, thus suggesting that catechol-O-methyl transferase was also 

involved in vivo. Additional evidence for the role of catechol-O-methyl transferase 

in O-methylation came from experiments with oral administration of valerolactones, 

the primary bacterial ring fission products of ( + )-catechin, to guinea pigs.46 Only 5-

(3-4-dihydroxyphenyl)-Y-valerolactone was O-methylated, whereas 5-(3-hydroxy-

phenyl)-Y-valerolactone that lacks a catechol group was not O-methylated. 
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In conclusion, catechins were metabolised by liver enzymes to give sulfates, 

glucuronides, and mixed sulfates/glucuronides which were excreted into bile, urine 

and plasma. In addition, O-methylated catechin conjugates were produced by 

catechol-O-methyl transferase in the liver. Because of the specificity of this enzyme 

only ortho-hydroxy-methoxy metabolites were formed. These phase II reactions 

occurred in rodents as well in humans. Types of glucuronides depended on species, 

and preference for sulfation was found in humans.26 

Bacterial ring cleavage of catechins in the colon 

According to Das et al.,23 the catechin ring is cleaved by microorganisms at the 

positions indicated by arrows in Figure 2. This type of fission is decisive for the 

basic structures of the successive metabolites: valerolactones (phenyl-C5: a benzene 

ring with a side chain of 5 C-atoms), phenylpropionic acids (phenyl-C3) and benzoic 

acids (phenyl-C,). Variations in substituent patterns of these basic structures occur­

red and were to some extent species dependent {Table 2). Identification of the vale­

rolactones was pioneered by Watanabe53"56 and was the first step in the elucidation 

of the bacterial metabolism of ( + )-catechin in the colon. Catechin labelled with 14C 

in the A-ring only ([ring A-14C]catechin) and uniformly 14C-labelled catechin ([U-

14C]-catechin) were used to further substantiate this general scheme.23 Oral 

administration of valerolactones to rats and guinea pigs23,46 gave rise to the propio­

nic and benzoic acids depicted in Figure 2. The free hydroxyl group at the 3 posi­

tion of catechin was essential for ring fission in the colon by bacteria, as 3-methoxy-

( + )-catechin was resistant to ring fission in rat, mouse, marmoset57 and man.26 

Animal experiments showed that heterocyclic ring fission of ( + )-catechin was 

wholly mediated by microorganisms in the colon. In the presence of antibiotics 

which kill the microorganisms, the ring fission products were not produced.46,50 

These metabolites also were formed upon in vitro incubation of catechin with 

intestinal contents and again their formation could be suppressed by addition of 

antibiotics. Ligation of the bile duct prevents bile that contains conjugated ( + )-

catechin after intravenous injection to flow into the small intestine. After 

intravenous injection of ( + )-catechin to bile-duct ligated rats no ring fission products 

were detectable in urine,45 again showing the crucial role of the gut. 

In rats, biliary circulation was an important phenomenon in catechin metabo­

lism. Studies with bile-duct cannulated rats, showed that about 40% of orally 

administered absorbed ( + )-catechin was secreted with bile into the small 
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OCH3 

OH 

(+)-catechin 

Tissues 

'OH 

OH 
3'-methoxy-(+)-catechin 

- (4-hydroxy-3-methoxyphenyl) - y - valerolactone 

Tissues 

6 - (3,4-dihydroxyphenyl) - y - valerolactone 

ô - (3-hydroxyphenyl) - y - valerolactone 

3-hydroxyphenylpropionic acid 

Tissues 

3-hydroxybenzoic acid 

Figure 2. Metabolic reactions ofcatechins in body tissues and colon. (+)-Catechin 

is shown as an example. Conjugation reactions are not shown. 
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intestine.11 Only glucuronide or sulfate conjugates of catechins and 3'-methoxy-( + )-

catechin (Figure 2), the major hepatic metabolite,49 were secreted with bile. 

Catechins secreted with bile were prone to microbial degradation. Subsequently, 

after hydrolysis of the conjugates, catechin and its phenolic acid and lactone 

metabolites were reabsorbed.45,49 About 60% of the metabolites of 3-methoxy-( + )-

catechin that were secreted with bile were reabsorbed in the first enterohepatic 

circulation.57 

In conclusion, bacteria of the colon cleaved the heterocyclic ring of ( + )-

catechin to form phenyl-C5 and phenyl-C3 metabolites, which were absorbed and 

excreted into urine both in rodents and in man. In rats secretion of catechin 

conjugates into bile exposed them anew to bacterial degradation. Presence of a 

methoxy group at position 3 in ( + )-catechin made the molecule resisitant to ring 

fission in rodents as well in man. Ring fission of other types of catechins was not 

studied. 

Extent of catechin metabolism and species differences 

Unconjugated ( + )-catechin, valerolactones and phenolic acids excreted into urine 

represented only 3% of the orally administered [U-14C]-( + )-catechin in rats.23 As 

58% of the dose was excreted in urine (Table I), only 5% of this radioactivity was 

identified. On oral administration of [U-14C]-( + )-catechin to monkeys a considerably 

higher percentage, 20% of the dose, was excreted in urine as unconjugated catechin 

and its phenyl-C5, phenyl-C3, and phenyl-C, metabolites.24 Catechin accounted for 

3%, and the main metabolite 5-(3-hydroxyphenyl)-Y-valerolactone for 8% of the 

dose; conjugates of some of these metabolites and of catechin were present, but 

were not quantified. Ingestion of [U-14C]-( + )-catechin by human volunteers showed 

that ring fission was only a minor metabolic route;25 90% of the urinary radioactivity 

(50% of the dose) was composed of conjugates of ( + )-catechin and 3'-

methoxycatecbin, and their aglycones accounted for 3% of the dose. Oral 

administration of 3-[14C]-methoxy-( + )-catechin to humans showed that less than 

0.5% of the dose was excreted unchanged in urine; major metabolites were 

conjugates of the parent compound and of 3,3'-dimethoxycatechin.26 O-methylation 

of 3-methoxy-( + )-catechin was less important in man than in rodents where O-

methylation was almost 100%.26 Thus in man a major part of ( + )-catechin is 

absorbed and subsequently excreted with urine as conjugates. 

Only monkeys and humans excreted 3-hydroxyphenylhydracrylic acid in 
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urine after an oral ( + )-catechin dose (Table 2).24,47 The traces of 4-hydroxyphenolic 

acids in urine reported in one study with rats45 are puzzling, because only 3-hydro-

xyphenolic acids are expected based on the scheme depicted in Figure 2. Possibly 

some of these metabolites originate from dietary tyrosine.50 

Thus, only a few percent of orally administered ( + )-catechin and 3-methoxy-

( + )-catechin escaped metabolism. The major metabolic reactions were conjugation 

and O-methylation performed by liver cells. In man, ring fission by bacteria in the 

colon was only of minor importance for these two catechins. Only very limited data 

were found on the metabolism of an important group of dietary catechins, the 

epicatechins of tea. 



3 
O 

2 

c 
o 

c 

I 
co 

ra 
a> 
c 
o 

0) 

a 
ra 

o 

3 
O 
c 

" 3 

O 

S 
o 
CU 

* : 
ra 

'Z 
I 
O 

3 

o 

a> 

"o 
- O 

co 
Cü 

S 

•4 
•c 

G 
Cu 

a 

u 
c 
cu 

0) 
Oi 

^D 

^ 3 

**— >-
"O 
O 

CQ 

>-
• a 

o 

0 0 
J * 
Tab 
§ 
CU 
t/i 
O 

D 

• j ^ -

0 0 

'cu 
? 

0) 
c 
l _ 

3 

o 
o 

> 

cu 
c 
l _ 
3 

O 
i n 
,— 

O 
d 

a> 
c 
i _ 

3 

i n 
( N 

Q . 

"O 
C 
« 
Ó 
Q . 

CU 
c 
L_ 

3 

O 
«3 

Ó 
d 

Q . 

CU 
c 
l _ 
3 

i n 
CN 

O 
Q . 

u 
CU 
Q . 

O 
- Q 

co 

cu 
- Q 

CU 
c 

CU 
c 

CU 

- Q 

CU 
c 

CU 
c 

01 
c 

a> 
c 

CU 

c 
CU 

c 3 
CÜ 

i n 
CN 

o 9 "o 

> ó ö 
. - d o . 

o 
co 

o 
d 

in 
(N 
O 
d 

o 
m o 
T- co 

o o 
d d 

m 
CN 

o 
d 

O 
d 

0 0 

Q . 

co 
CU 
c 
3 
00 

>* 
CU 

-^ c 
o E 

c 
ra E 

c 
CO 

E , . CO 
1 _ 

0 0 

' a 
C0 
0) 
c 
'5 
0 0 

>-
CU 

-^ c 
o 
E 

c 
CO 

E 
c 
CO 

E 

0 0 

'a . 
C0 
CU 
c 

' 3 
0 0 

c 
CO 

E 
c 
CO 

E 
c 
CO 

E 

CU 
c o 
u _>-
0 0 
CO 

u 
re 
u 

CU 

'c 
o 
3 
u 

_3 
00 
c 
o 

U 

CU 

3 (/) 
C 

u 

1 o 
u 

co 
00 
3 
'c 
o 
u 

o 
c 

CU 
+-* 
CO 

u 



Ol 
7 ^ 
- Q 

E t / i 

ra 
CL 

CU 
c 

° l _ 

3 

01 
u 
01 

*2 
oT 
c 
3 

0) 
c 
3 

0) 
c 
3 

0) 
c 
3 

0) 
c 
3 

01 
u 01 

3 
oT 
c 
3 

0> 
c 
3 

0) 
c 
3 

0) 
c 
3 

0) 
c 
3 

O) 
c 
3 

01 
c 
3 

01 
c 
3 

01 
c 
3 

Ol 
c 
3 

0> 
c 
3 

in 
CN 

O m 
>— CN 

O 
Q. 

O 

CL 

O 
o 
CN O 
CL 

O 
O 

O 
in 

O 
CL 

•o 

c 
O 
CL 

o 
CO 

O 
CL 

o o 
CN 

O 
CL 

s S 
. - Q. 

T3 
c 
ra 
Ó 
CL 

O 
co 

O 

CL 

O O in 
O m (N 
CN t - i -

O 
co 

O 
O 
CN 

O 
O 

o o o o 
CL CL CL CL ° > 

CL . - : 

4 ^ 

ra 

c 
CÖ 

E 

D0 

CL 

fO 
01 
c 
3 
00 

ra 
4 ^ 

ra 

0 0 

'CL 

ra 
01 
e 

' 3 
00 

>~ 
01 

c 
0 
E 

c: 
ra 
E 

0 0 

CL 

ra O) 

c 
3 
00 

« 
1 _ 

4 ^ 

ra 

0 0 

a 
ra 
ai 
c 
3 
00 

>-
0) 
c 
0 
b 

c 
ra 
b 

0 0 

CL 

ra CU 

c 
3 
00 

4 ^ 

ra 

0 0 

CL 

ra 
CU 
c 
3 
00 

>-
01 
c 
0 
b 

c 
ra 
b 

o 
CU 

4W ra u 

cu 
E 
Ó 

01 
c o 
4—' u _ra 
o 
i_ 

_cu 
ra 
> 

c 
CU .c 
CL 
>~ 
x 
O 
i _ 

"O 

>-

10 

CU 
c 
o 
u ra 

c 
01 

-C 
CL >-
X 
o 

• a 

>-
-C 

1 

• 
KD 

01 c 
o 
4—' u _ra 
O 
i_ 

_0J 
ra 
> 

c 
CU 

- C a >-x o _n 
4—' 
CU 

E 

>-x o 

VO 

u ra 
u 
'c 
o 

'CL 
o 

c 
01 

_c 
CL >-
X o 



6 
' M 

TO 

c 
F 
o 
TO 

0) 
u 
c 
Ol 

-Ä 
ai 

rv 

0) 
a 
2 
S—( 

.c 

o 

>' 

o 
^ . 

S 
o 

TO 

5 

o 
«o 

TO 

I 
•4 
•o 

>-
"O 
o 

GQ 

>-
• c 
O 

- Q 

DO 

"üb 

o o> 

u 
0) 
Q. 

L/1 

O 
-Q 
ra 
'S 
2 

'T 

O) 
C 

01 

c 
01 

c 
01 

c 
O) 

c 

O m 
in <N o 
T - >~ 0 0 

o 
Q . 

O 

Q . 

O 

d. 

m 
(N 
O 

Q . 

O 
O 

01 

c 

i n 

T3 c 
ra 
O 

ai 

c 
0) 

c 
0) 

c 
01 

c 
0) 

c 
01 

c 
Ol 
c 

o> 
c 

o 
00 

o 
O . 

o o o 
o 

o o 

O 
CL 

O 
O 

O 
CL 

O 
m 
O 
CL 

in 
CM 

O 
CL 

m 
CM 

O 
CL 

0 0 

Q . 

ra Ol 
r 
— 
0 0 

>-
ai 

_̂  c 
o 
E 

c 
ra E 

r 
ra E 

o> 
C c 

o ra 
E E 

0 0 

a 
01 
a) 
c 
3 
SO 

>-
Ol 

-* c 
o 
E 

r 
ra E 

u ra 
u 
'c 
O 

'CL 

o 
_CL 

>-
c 
Ol 

-C 
CL >~ 
X 
o 

"O 

'u 
ra 
u 

'E 
o 
'o. o 
Q . 

>-c 
01 

- C 
CL 

>-X 

o b . 

"O 

>> - C 

u 
ra u 

"E-
u ra L _ 

T 3 >-

>~ c 
01 

Jd 
Q. 
> • 

X 
o 1 _ 

T 3 

>-.c 

"O 

'u ra 

u _ro 

">• c 
Ol 

- C 
CL 

>-X 

o i _ 

"O 

>-. e 

• o 
'u ra 
u 
^ Ol 
o ra 
>-c 
01 

- C 
CL 

>-X 

o i _ 

T 3 

>-- C 

^D 

'u ra 
u 
23 
CL 
Q . 

1c 
>~ X 

o i _ 

T 3 

>-.c 



c 
O) 

c c 

o o m 
O m (N LD 
CN >— r - (N 

q 
Q. 

O 
Q. 

q 
Q. 

00 
'o. 
« a> 
c 
00 

00 
'o. 
f0 
ai 
c 

' l3 
0 0 

>-
a> 
-̂  c 
o 
E 

c 
E 

u ra 

O 
N c 
<D 

- Q >-
X 
O 



40 CHAPTER 2 

Flavonols 

Enzymatic transformations of flavonols in body tissues 

As for catechins phase I transformation reactions for flavonols have not been 

described, and this part of their metabolism awaits study. The role of the liver in rats 

in glucuronidation and O-methylation was demonstrated by intraperitoneal injection 

of rutin (quercetin-3-rutinoside) and quercetin.58 3'-Methoxyquercetin-3-rutinoside 

and its glucuronide, and conjugates of quercetin, isorhamnetin (3'-methoxy-

quercetin) and rutin were found in bile. Both 3'-methoxyquercetin and 4'-methox-

yquercetin were reported in urine and bile of rats.28 The presence of the 4'-methoxy 

isomer was confirmed by NMR and a specific chemical reaction. Again, only o-

hydroxy-methoxy metabolites were found (Table 3), suggesting that catechol-O-

methyl transferase was involved.41 Sulfation of quercetin was studied by using 

perfusion of isolated rat liver.52 Two double sulfate/glucuronide conjugates 

constituted 85% of the biliary secreted sulfate-containing conjugates. Sulfation in 

male rats was twice that in female rats. In vitro incubations with unfractionated 

sulfotransferases of rat liver confirmed these results. 

Human data are limited. We found circumstantial evidence for the presence 

of quercetin conjugates in urine and plasma after oral administration of dietary 

quercetin to human subjects;30,62,63 acid hydrolysis of urine and plasma increased the 

concentration measured. We also found 3'-methoxyquercetin in plasma and urine 

of these subjects (Hollman et al., unpublished). 

Thus, in rats major enzymatic metabolic reactions of flavonols were located 

in the liver, and they were similar to those of catechins: glucuronidation and 

sulfation of hydroxyl groups, and O-methylation of catechol groups. Conjugation 

and O-methylation of quercetin also occurred in humans. 

Bacterial ring cleavage of flavonols in the colon 

The proposed flavonol-specific sites of ring fission are depicted by arrows in Figure 

3. The proposed scheme accounts for the phenylacetic acids (phenyl-C2) and the 

phenylpropionic acids (phenyl-C3) found in various species (Table 3). However, 

direct experimental proof for these types of ring fission in flavonols is not available. 

The phloroglucinol (1,3,5-trihydroxybenzene) and phloroglucinolcarboxylic acid 

(2,4,6,-trihydroxybenzoic acid) found in urine of rats after oral administration of 



ABSORPTION AND DISPOSITION OF FLAVONOIDS 41 
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Figure 3. Metabolic reactions of flavonols in body tissues and colon. Quercetin is 

shown as an example. Conjugation reactions are not shown. 
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quercetin pointed to metabolites with an intact A-ring of quercetin,64 but they turned 

out to be analytical artefacts.27,61 Oral administration of 3,4,5-trihydroxyphenylacetic 

acid to rats produced 3,4- dihydroxy- and 3-hydroxyphenylacetic acid, which are 

metabolites of myricetin (3,5,7,3',4',5'-hexahydroxyflavone).22 Similar to ( + )-

catechin, these results indicated that the phenolic acids formed only had an intact 

B-ring {Figure 3). Microorganisms mediated these dehydroxylation reactions. 

The phenylacetic acids, typical for the proposed ring fission of quercetin, 

rutin (quercetin-3-O-rutinoside) and myricetin were not found in rats treated with 

an antibiotic to suppress microorganisms.22,59,65 In vitro anaerobic incubation of 

myricetin, myricitrin (myricetin-3-0-rhamnoside)22and rutin65 with rat caecal micro­

organisms also produced the metabolites observed in urine after oral administration. 

Mucosal membranes of the small intestine as well as contents of duodenum, 

jejunum and ileum were unable to metabolise quercetin in rats,28 as opposed to the 

contents of caecum and colon. Thus, microorganisms in the colon cause ring fission 

of flavonols. The absence of these ring fission products after intraperitoneal injection 

of rutin in bile duct cannulated rats is an additional indication for the exclusive role 

of microorganisms in ring fission of flavonols.65 Biliary circulation of quercetin was 

indicated by the occurrence of glucuronides and sulfates of quercetin in bile.28,58 

However, no data are available about the extent of biliary secretion and 

reabsorption. 

In plant foods flavonols mainly occur as glycosides. As expected, the 

metabolites of quercetin and of rutin, the 3-rutinoside of quercetin, were similar 

(Table 3 and 4); microorganisms of the colon probably first hydrolysed rutin to 

produce quercetin. The rutinose moiety was also removed from quercetin-7-0-(ß-

hydroxyethyl)rutinoside by microorganisms in the colon of dogs,67 but, this 

aglycone was stable against ring fission. The explanation is probably that the ß-

hydroxyethyl group is resistant to microbial hydrolysis. This showed that substitu-

ents bound to hydroxyls that are resistant to hydrolysis by the gut microorganisms, 

can have a profound effect on the stability of the ring system. However, the 

microflora of rats was capable of ring fission of quercetin-7-0-(ß-hydroxyethyl)-

rutinoside,68 but failed in the case of quercetin-7,3',4'-tri-0- and quercetin-5,7,3',4'-

tetra-0-(ß-hydroxyethyl)rutinoside. Another interesting observation was made by 

Griffiths22 who found that robinetin (3,7,3',4',5'-pentahydroxyflavone) was not 

degraded to phenolic acids in rats, and also was stable upon incubation with 

microorganisms. Robinetin lacks the hydroxyl group at position 5 as compared to 

myricetin which is degraded as expected (Table 4). 
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In summary, bacteria of the colon cleaved the heterocyclic ring of flavonols 

to form phenyl-C3 and phenyl-C2 metabolites, which were absorbed and excreted 

into urine. These metabolites were found in rodents as well in humans, although 

most of these studies were performed with rodents. Glycosylation could not 

stabilize the ring structure as opposed to substituents that formed non-hydrolysabie 

bonds with hydroxy I groups. Secretion into bile of flavonol conjugates may 

contribute to additional bacterial degradation. 

Extent of flavonol metabolism 

Quantitave studies are limited, and available only for quercetin. Rats did not excrete 

the aglycone in urine after oral administration of quercetin aglycone;28 1.7% of the 

dose was excreted as glucuronide and sulfate conjugates of quercetin, while 

monomethoxylated quercetin conjugates accounted for 3.6%. This accounts for 

about half of the urinary metabolites in these rats, as 13% of the administered 

radioactivity was excreted in urine (Table 1). 

In humans, less than 1 % of the orally administered aglycone was estimated 

to reach the circulation unchanged.29 We found that humans who were fed 

quercetin or quercetin glycosides excreted only 0.1% to 0.3% of the dose as 

unchanged quercetin or its conjugates in urine (Table 7), whereas absorption 

amounted to 20 - 50%.30 In these human subjects less than 0.5% of the dose was 

excreted as 3'-methoxyquercetin (Hollman et al., unpublished). 

These data indicate that quercetin is extensively metabolised in rats and 

humans. Only a small part of these metabolites has been quantified. In contrast with 

( + )-catechin in humans, quercetin is metabolised only to a limited extent via 

conjugation with sulfate, glucuronic acid or O-methylation. 
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Flavones and flavanones 

Enzymatic transformations of flavones and flavanones in body tissues 

Evidence for oxidative phase I reactions of flavones was found in guinea pigs. After 

intraperitoneal and oral administration of a synthetic flavone lacking hydroxyl 

groups both 4'-hydroxy-and 3',4'-dihydroxyflavone were excreted in urine.69 Oral 

administration of a flavanone lacking hydroxyl groups to rats introduced hydroxyl 

groups at the 3 or 6 position,32,70 and these metabolites were excreted in urine. 

However, proof for the involvement of the liver was not given. Several metabolites 

formed by reduction of the carbonyl group, for instance flavan-4-a-ol, were 

identified. However, the corresponding reduction of flavone was never found.69 

Phase II reactions were demonstrated by many workers. Conjugation of baicalein 

(5,6,7-trihydroxyflavone) and baicalein-6-glucuronide was shown in rats: five con­

jugates were identified in bile.71 Baicalein conjugated with two glucuronic acid 

molecules and the mixed conjugate containing one glucuronic acid and one sulfate 

predominated.71 This is in accordance with observations that high molecular weight 

and high polarity of compounds facilitates their secretion with bile.40 A study with 

isolated perfused rat liver72 showed that diosmin (5,7,3'-trihydroxy-4'-methoxy-

flavone-7-rutinoside) was secreted with bile as such and as its glucuronide 

conjugate; diosmetin (5,7,3'-trihydroxy-4'-methoxyflavone) was only secreted as 

sulfate and glucuronide conjugates. Oral administration of naringin (5,7,4'-

trihydroxyflavanone-7-rhamnoglucoside) and hesperidin (5,7,3'-trihydroxy-4'-

methoxyflavanone-7-rutinoside) to rats showed that, besides the glucuronides, also 

the parent glycosides were secreted into bile.33 On oral administration of diosmetin 

to rats its glucuronide appeared within minutes in portal venous blood, and no 

aglycone could be detected.73 This suggests that the glucuronide was produced on 

absorption at the level of the intestinal mucosa. It is documented74 that intestinal 

mucosa were important for extrahepatic glucuronidation. In vivo as well in vitro (rat 

liver microsomes), 5-hydroxyflavone was glucuronidated.73 This is remarkable, 

because the 5-hydroxyl group is strongly stabilized by the 4-keto group, or is 

involved in chelation. Glucuronidation in rats of 7,5-dihydroxyflavone occurred 

mainly at the 7-position, and of 5,7,3'-trihydroxyflavone at the 7- and 3'-position.73 

Tangeretin (5,6,7,8,4'-pentamethoxyflavone) was O-demethylated by rat and 

human liver microsomes;75 the metabolites formed were not identified separately. 

Anaerobic incubation of [3-,4C]hesperetin with rat caecal microorganisms 


