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ABSTRACT

There is considerable interest in the bioavailability of flavan-3-ols such as tea catechins and cocoa-derived pro-
cyanidin components of the diet and their bioactivity in vivo. Their hydrogen-donating abilities and their propen-
sity for nitration make these compounds powerful scavengers of reactive oxygen and nitrogen species. In addi-
tion, recent evidence has suggested that these compounds may interact with redox-sensitive cell signaling
pathways. However, their bioactivity in vivo will be dependent on the absorption and metabolism of these com-
pounds after ingestion and the reducing properties of resulting metabolites. Many cell, animal, and human stud-
ies have shown that flavanol monomers, such as epicatechin, are extensively metabolised to O-methylated forms
and/or conjugated to glucuronides and sulphates during absorption into the circulation. The cleavage of higher
procyanidin oligomers to mixtures of monomer and dimer in the stomach may act to enhance the potential for
their absorption in the small intestine as higher oligomers have very limited absorption. Studies suggest that the
major bioactive forms of flavanol monomers and procyanidins in vivo are likely to be metabolites and/or conju-
gates of epicatechin. One such metabolite, 39-O-methylepicatechin, has been shown to exert protective effects
against oxidative stress-induced cell death. Future studies will continue to concentrate on the exact mechanism of
action of the bioactive forms of flavan-3-ols in vivo. Antioxid. Redox Signal. 3, 1023–1039.
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INTRODUCTION

FLAVAN-3-OLS, such as catechin and epicate-
chin (Fig. 1A), are polyphenolic phyto-

chemicals, found mainly in green and black
teas and red wine (49). Common dietary fla-
vanols also include catechin, epicatechin (EC),
epigallocatechin (EGC), epicatechin gallate
(ECG), and epigallocatechin gallate (EGCG)
(Fig. 1A), which are present in tea. Procyani-
dins, oligomeric chains of catechins and ECs
(Fig. 1B), are constituents of cocoa, apples,
grapes, tea, wine, and strawberries (53). Cocoa

beans (Theobroma cacao) are extremely rich in
polyphenols, in the form of procyanidin
oligomers of epicatechin/catechin flavanols,
comprising 12–48% of dry weight of the whole
bean (5). 

EC and polyphenolic extracts of cocoa dis-
play potent antioxidant properties in vitro (50,
52). Procyanidins are potent inhibitors of lipid
peroxidation (67) and polyphenols, including
procyanidin oligomers, which suppress perox-
ynitrite-induced nitration of tyrosine in vitro (2,
41, 42). Chocolate polyphenols have also been
suggested to display immunoregulatory effects
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(51). However, many studies have concen-
trated on the antioxidant potential of catechins
and procyanidins, a nature that resides in their
structure-dependent hydrogen-donating abili-
ties (4, 47) and their ability to bind transition
metal ions (4). Both of these abilities are mainly
determined by the B-ring, specifically the 39, 49-
dihydroxy functional system that these com-
pounds possess.

Epidemiological studies based on assess-
ment of intake and clinical endpoints have im-
plicated a role for polyphenolic compounds in
reducing the risk of myocardial infarction and
stroke (17, 21, 24). Despite the observed nega-
tive correlation between disease risk and in-
take, the question of whether these compounds
exert their beneficial action in vivo by acting as
antioxidants or by some other mechanism is
still unclear. The extent of their antioxidant po-
tential in vivo will be dependent on the ab-
sorption, metabolism, distribution, and excre-
tion of these compounds within the body after

ingestion and the reducing properties of the re-
sulting metabolites (Fig. 2). An understanding
of the absorption, distribution, and metabolism
of polyphenols is essential for determining
their significance and bioactivities in vivo. 

PREABSORPTION EVENTS

Preabsorption events are important as they
will determine the forms of the compounds
presented for absorption in the small and large
intestine. Two principal biological fluids are
encountered before the small intestine is en-
tered: saliva and gastric juice. Studies of the ef-
fects of saliva on green tea catechins suggest
that there is little or no modification of these
compounds (62), and extraction of phenolics
from saliva after mouth rinsing with catechins
resulted in high mean recoveries of 86–99%.
However, evidence exists for the degalloyla-
tion of the flavanol gallate esters, such as
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FIG. 1. (A) Structures of flavan-3-ols: (a) catechin; (b) epicatechin (EC); (c) epigallocatechin (EGC); (d) epicatechin
gallate (ECG); and (e) epigallocatechin gallate (EGCG). (B) Structure of procyanidin oligomers: (a) procyanidin dimer
B4 [catechin-(4b-8)-epicatechin]; (b) dimer B5 [catechin-(4a-6)-epicatechin]; and (c) trimer [epicatechin-(4b-8)-epicat-
echin-(4b-8)-catechin].
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EGCG, in human saliva (69). Incubation of pro-
cyanidins, dimer–hexamer, in human saliva for
up to 30 min did not result in any modification
of the compounds and, after extraction 
and analysis, yielded recoveries .99% (un-
published observation of authors). 

There has been interest in whether such
polyphenol complexes are stable in the acidic
environment of the gastric lumen after con-
sumption, prior to absorption. The stability of
the larger oligomers at low pH will ultimately
control the forms of such compounds that will
be presented to the jejunum and ileum of the
small intestine. This in turn will have impor-
tant implications for the nature of the poten-
tially bioactive components of procyanidins in
vivo. The decomposition of procyanidins in
mild acid environments has formed the basis
of an assay to detect procyanidins (Fig. 3). Stud-
ies examining the effects of simulated gastric
juice (a pH environment similar to that en-
countered in the stomach) on the stability of
procyanidin oligomers ranging from a dimer to
decamer (isolated from Theobroma cacao), as
well as on the monomer EC, show that pro-

cyanidin oligomers are unstable under these
conditions of acidity and decompose essen-
tially to EC monomeric and dimeric units, but
also to other oligomeric units (57). During in-
cubation in acid, other oligomeric units, such
as trimer and tetramer, are also formed and de-
graded and larger oligomers are formed at
longer time points (Fig. 4). The decomposition
is rapid with almost complete loss of oligomer
after , 3 h, and furthermore the higher the
polymerisation index of the monomer, the
more readily the components are cleaved. The
time of cleavage (0–3 h) and the pH conditions
(pH ,2) indicate that these processes are likely
to occur in the stomach, where the average res-
idence time ranges from 0.5 to 3.0 h and the pH
usually varies from 1 to 3. Thus, absorption of
flavanols and procyanidins, for example after
consumption of chocolate or cocoa, are likely
to be influenced by preabsorption events in the
gastric lumen within the residence time, unless
the food matrix influences these effects on the
pure compounds. Thus, the decomposition
products in the forms of procyanidin dimers
and monomers would be the major compo-
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FIG. 2. Diagrammatic representation of the fate of dietary polyphenols in vivo.
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nents for consideration for absorption via the
small intestine or entering the colon. However,
consideration needs to be given to the food ma-
trix and its influence on the pH of the pro-
cyanidins and their decomposition.

SMALL INTESTINAL ABSORPTION 
AND METABOLISM

There are many factors that influence the ex-
tent and rate of absorption of ingested com-
pounds by the small intestine (30). These in-
clude physiochemical factors such as molecular
size, lipophilicity, solubility, and pKa, and bi-
ological factors including gastric and intestinal
transit time, lumen pH, membrane permeabil-
ity, and first-pass metabolism (18, 19). Clearly,
it is vital to determine to what extent and in
what forms flavanols appear in the blood after
crossing the gastrointestinal tract, in particular
the jejunum and ileum of the small intestine.

There are many considerations including trans-
formation of compounds in intestinal fluid, up-
take into enterocytes, metabolism or biotrans-
formation in the enterocyte, and transport into
hepatic portal vein on the serosal side.

Intestinal fluid

On transfer from the stomach to the jejunum,
the top two thirds of the small intestine, the pH
rises from , 2.0 to 8.5. It is well known that
polyphenolic compounds such as those with
catechol structures rapidly oxidise at alkaline
pH environments. Flavanols, including the
procyanidins, have a catechol structure (39,49-
dihydroxylation) in the B-ring and might be ex-
pected to oxidise in intestinal fluid. Indeed,
studies incubating EGCG with intestinal fluid
(pH 6.5) for only 5 min resulted in an 81.6% de-
crease in the amount of EGCG (70), whereas a
similar incubation in plasma (pH 7.4) resulted
in only a 29.3% decrease in amount. Oxidation
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FIG. 3. Decomposition of procyanidins in mild acidic environments (dimer as example). Procyanidins are read-
ily cleaved in mild acid solutions to form flavan-3-ol and quinone methide, which is in equilibrium with a carboca-
tion in stronger acidic conditions. The carbocation is converted to an anthocyanin after heating in alcoholic solutions.
The quinone methide may be captured with a suitable nucleophile (X). Figure adapted from reference 71.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203558&iName=master.img-003.png&w=473&h=302


FIG. 4. (A) Representative HPLC chromatogram of the decomposition of the pentamer over time during incubation
in simulated gastric juice (pH , 2.0). Each line represents a time point of incubation: 0, 1.5, 3.5 and 6 h. The pentamer
peak is observed to decrease in area over time, whereas monomer, dimer, trimer, tetramer and hexamer peaks in-
crease (20). (—) 0 h; (—) 1.5 h; (—) 3.5 h; (—) 6 h. (B) Decomposition of procyanidin oligomers (100 mM) during in-
cubation in simulated gastric juice (pH 2.0) for up to 3.5 h. (A) dimer; (B) trimer; (C) tetramer; (D) pentamer; (E) hexa-
mer. Data are plotted as means 6 SD of three separate experiments each analysed twice by HPLC (20). ( j ) Monomer
(EC); (d ) dimer; (m ) trimer; (. ) tetramer; (r ) pentamer; (w ) hexamer. 

http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203558&iName=master.img-004.jpg&w=491&h=272
http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203558&iName=master.img-004.jpg&w=491&h=272
http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203558&iName=master.img-004.jpg&w=491&h=272
http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203558&iName=master.img-007.jpg&w=491&h=334


under the alkaline conditions resulted in de-
hydrogenation and decarboxylation of EGCG
to form theasinensin A and a dimerised prod-
uct. Interestingly, the dimerised product was
observed to possess greater superoxide radical
scavenging activity than EGCG, and all prod-
ucts were found to be more powerful iron
chelators than EGCG, indicating that the cate-
chol structure remains intact (70). However, it
is worth bearing in mind that in a more com-
plex food matrix the pH changes are likely to
be buffered on the inside for long periods of
time (up to 5 h), and therefore oxidation of the
flavanols may occur only to a limited extent
during intestinal transit. In addition, it has been
suggested that ascorbate significantly increases
the stability of flavanols incubated in intestinal
fluid (7), and therefore the presence of ascor-
bate in vivomay stabilise the polyphenols in the
neutral or alkaline environment of the small in-
testine.

Absorption in the jejunum and ileum

Certain classes of polyphenols, such as the
flavonols and flavones, are usually present in
the plant as glycosides, whereas flavanols are
almost always present in the nonglycosylated
form. This will have implications for the 
solubility and partitioning of flavanols. The 
removal of the glycoside is thought necessary
if passive diffusion of the flavonoid is to occur
across the intestine brush border. However, the
mechanism of uptake of these compounds is
still unknown to a large extent, and although
removal of the sugar may still be important for
transport by proteins such as lactate phloridzin
hydrolase (9, 54), it may not be a prerequisite
for all glycosides. The acylation of flavanols
with gallic acid changes the partition coeffi-
cient of the native flavanol, but does not greatly
influence their bioavailability; however, there
is some evidence to suggest that flavanols can
pass through biological membranes and be ab-
sorbed without deconjugation or hydrolysis
(54).

Absorption in the small intestine has been
studied primarily in two ways: by using iso-
lated preparations of small intestine, such as
that from the rat, and by using a Caco-2 cell
line. In most cases, although the models are

very different and each suffers from its own
problems, the two often yield similar results.
For example, studies investigating the trans-
port of chrysin using the human intestinal
Caco-2 cell line found that although the flavone
has favourable properties for membrane pene-
tration, its overall bioavailablity is limited due
to extensive metabolism during transfer, pri-
marily to glucuronide and sulphate conjugates
(66). In support of this, a wide range of
flavonoids were found to be extensively glu-
curonidated during transfer across isolated sec-
tions of rat jejunum and ileum (56). In particu-
lar, the more highly reducing flavonoids, i.e.,
those with 3,4-dihydroxylation of the B-ring,
such as luteolin, were found to be more sus-
ceptible to glucuronidation during transfer
than monophenolic B-ring flavonoids, such as
hesperetin. 

Caco-2 cell model. In recent years, studies
with Caco-2 cells have helped to unravel the
complex processes involved in the absorption
and metabolism of dietary polyphenols. Caco-
2 cells are derived from human colon adeno-
carcinoma cells. After culture in Dulbecco’s
modified Eagle’s medium supplemented with
foetal calf serum (10%) and glutamate (20
mM) for , 21 days (37°C, 5% CO2) on trans-
well plates, the confluent monolayer under-
goes differentiation and exhibits characteris-
tics of small intestinal cells. It is important to
consider the enzymatic profile of the cells,
which may not be identical to normal human
small intestinal cells. Transformed varieties of
Caco-2 cells exist, e.g., the Caco-2 TC7 cell line
has been transformed to express certain P450
enzymes present in normal human small in-
testinal cells. 

Absorption studies with flavanols and pro-
cyanidins using Caco-2 cells are few; however,
the system has been used to study the effect of
flavonoids on the induction of phase I and II
enzymes. Galijatovic et al. (13) observed that
chrysin and quercetin induced UDP-glu-
curonosyltransferase in Caco-2 cells. Exposure
of the cells to chrysin (50 mM, 2 h) resulted in
a 3.8-fold increase in chrysin glucuronidation
and a 38% decrease in sulphation in intact cells.
Induction of phase II enzymes, such as UDP-
glucuronosyltransferase, may be important for
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the bioavailability of carcinogens and other
toxic chemicals by increasing the ease and rate
at which they are excreted from the body.
Wahlgren et al. (65) studied the absorption of
the predominant dietary form of quercetin,
quercetin-49-b-glucoside. Although quercetin
itself was not transferred, they found that the
transport of the glucoside involved apical mul-
tidrug resistance-associated protein-2, suggest-
ing that the transfer of glycosides may occur in
the small intestine. Experiments with normal
Caco-2 cells and radiolabeled procyanidins
suggested that dimer and trimer were trans-
ferred to the same extent as the EC monomer,
whereas oligomers with an average degree of
polymerisation of 7 were not (10). In contrast,
we observed no transfer of the dimer across
Caco-2 cells, which was in agreement with
studies in an isolated rat small intestine model
(see below).

Isolated rat gut model. The advantage of the
isolated preparation (Fig. 5) to assess intestinal
transfer of dietary polyphenols (and their gly-

cosides) is that serial measurements of the rate
of absorption from the lumen can be made us-
ing defined intestinal segments at short inter-
vals. In addition, the solute under study ap-
pears on the serosal surface in the same form
as if it were transferred to the mesenteric cir-
culation. Therefore, enterocyte metabolism of
flavanols and procyanidins, as well as their rate
of transfer across specific gut regions, may be
studied. Tissue viability is assessed by mea-
surement of glucose transfer (12), and viability
is confirmed by the finding that fluid transfer
continues at a constant rate for the 90-min col-
lection period and that glucose concentration
in the absorbed fluid is over double that ini-
tially present in the perfused buffer (65.4 6 3.7
mM versus 28 mM) (56). This indicates the abil-
ity for active solute transport.

Absorption studies, utilising this model,
with a wide range of flavonoids, their glyco-
sides, and hydroxycinnamates, show that there
was in almost all cases extensive metabolism of
the polyphenol in the enterocyte during trans-
fer from the mucosal to the serosal side (56).
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FIG. 5. Diagramatic representation of the isolated rat small intestine perfusion model. Buffers and compound are
perfused for up to 90 min at a rate of 8 ml/min at 37°C using a peristaltic pump. Serosal fluid was collected from
the bottom of the paraffin chamber and analysed by HPLC.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308601317203558&iName=master.img-008.png&w=412&h=284


The flavonoid glycosides, luteolin-7-gluco-
side, kaempferol-3-glucoside, and quercetin-
3-glucoside, were cleaved by rat jejunal or ileal
mucosa, suggesting the presence of a glucosi-
dase  before efflux into the serosal fluid. It had
traditionally been assumed that the glycosides
could not be absorbed from the small intestine
and cleavage of the b-glycosidic bond will not
occur until the compound reaches the mi-
croflora of the large intestine (15). However,
this study shows that transfer of these com-
pounds is possible and occurs to different ex-
tents depending on the compounds’ struc-
ture. The data of Spencer et al. (56) suggested
that the major products (90–100%) transferred
across the small intestinal epithelium were
glucuronides of the parent aglycone or of 
the hydrolysed glycoside, although O-meth-
ylated metabolites were also observed. The 
extent of glucuronidation seemed dependent
on the structure in that the monophenolic 
hydroxycinnamates and flavonoids with a
substituted hydroxyl group on the B-ring
(ferulic acid, p-coumaric acid, and hesperetin,
respectively) were less predisposed to glu-
curonidation, whereas the flavonoids con-
taining a 39,49-ortho-dihydroxy (or catechol)
B-ring were transferred predominantly as
glucuronides.

Similar studies with the flavanols catechin
and EC yielded slightly different results. Al-
though the major metabolites on the serosal
side after perfusion of the jejunum with cate-
chin or EC were always glucuronidated, there
were also high levels of both O-methylated and
O-methylglucuronidated forms (27) (Fig. 6).
These O-methylated and O-methylglucuro-
nidated catechins were the predominant
metabolites detected in the serosal fluid
( , 50%), suggesting these as the most bioavail-
able forms (Fig. 7). In addition, the total per-
centage of flavanol transfer across the jejunum
was lower (about sixfold) than across the ileum,
which was due primarily to greater transfer of
unmetabolised flavanol (27). The greater sus-
ceptibility to methylation of flavanols over
other flavonoids in the jejunum may reside in
the specificity of catechol-O-methyltransferase
for these compounds (32). It is of interest, how-
ever, to note that cytochrome P450 has the po-
tential to demethylate flavonols such as
quercetin at the 49 position, but not at the 39 po-
sition (38). Methylation of the tea catechins,
EGC, ECG, and EGCG, has been observed in
vitro in the presence of rat liver homogenates
and S-adenosyl-L-methionine (38). Structural
analysis of the end products of the reaction by
mass spectrometry (MS) and NMR showed that
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FIG. 6. Cumulative absorption of catechin and EC and their conjugates and metabolites after 90 min of perfu-
sion through the isolated rat jejunum. The y-axis shows fraction of the total percent transferred. The numbers above
columns indicate total percentage of flavanol-related compounds transferred in 90 min. Data are plotted as the means 6
SEM of at least three separate experiments each analysed twice in triplicate. (j ) Perfused compound; ( u ) glucuronide;
( ) O-methylated glucuronide; ( ) 39-O-methylated and 49-O-methylated.



49-O-methylated products were preferred in
the case of the flavanols tested. This study in-
dicates that any unmetabolised flavanols in the
portal vein, after transport across the small in-
testine, may still undergo extensive metabo-
lism in the liver.

The transfer and metabolism of the 
procyanidins are still unclear. Procyanidin
oligomers greater than dimer are unlikely to be
absorbed at the level of the small intestine in
their native forms on the basis of their molec-
ular size and as a consequence of their expo-
sure to the acidic environment of the gastric lu-
men. The authors have found that there is no
absorption of B2 and B5 procyanidin dimers
across either the jejunum or ileum of the rat
small intestine. However, perfusion of jejunum
with dimer for 90 min resulted in recovery of
both EC and 39-O-methylcatechin in the serosal
fluid, but no EC conjugates. These data suggest
that enterocytes may be capable of cleaving the
dimer to EC monomer units during transfer,
and that these monomers are methylated by the
catechol-O-methyltransferases before reaching
the serosal side, but not glucuronidated.
Higher procyanidin oligomers appear to be ab-
sorbed to a smaller extent in the small intestine,

although no metabolites have been detected,
suggesting that paracellular transport of these
high molecular weight polyphenols may be oc-
curring. With studies of this nature, the ulti-
mate transfer and metabolism of such com-
pounds may be affected by the extent to which
they may bind both to proteins in the food ma-
trix and also importantly to cell-surface pro-
teins. The latter might be expected to cause pos-
sible damage to, or loss of viability of, small
intestinal cells involved in the uptake of the
polyphenols, which could complicate the in-
terpretation of amounts of absorption.

METABOLISM AND ABSORPTION 
IN THE COLON

The role of the large intestine in the metab-
olism of polyphenols prior to subsequent ab-
sorption is increasingly considered to be im-
portant, as the total absorption in the small
intestine is low. Studies have suggested that the
extent of absorption of dietary polyphenols in
the small intestine is , 10–20% (27,28,56), the
majority reaching the large intestine. Enzy-
matic degradation of polyphenolics by colonic
microflora results in a plethora of new metabo-
lites. Bacterial enzymes may catalyse many 
reactions, including hydrolysis, dehydroxyla-
tion, demethylation, ring cleavage, and decar-
boxylation. The 5,7,3,39,49-hydroxylation pat-
tern that catechin and EC possess is believed to
enhance ring opening after hydrolysis (55). Me-
tabolism of flavanols by enzymes of the mi-
croflora of the large intestine results in many
metabolites: 3,4-dihydrophenylacetic acid, 3-
hydroxyphenylacetic acid, homovanillic acid,
and their conjugates derived from the B-ring
(55) and phenolic acids from the C-ring. Fla-
vanols, because of their structures (no C-4 car-
bonyl group), can also degrade to the specific
metabolites phenylvalerolactones. Phenylpro-
pionic acids (which may undergo further me-
tabolism to benzoic acids) may also be the
products of flavanol metabolism in animal
studies, which demonstrates fission of the A-
ring (55).

Such metabolites of flavanols have been de-
tected in human plasma and urine after a sin-
gle ingestion of green tea (29), which suggests
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FIG. 7. Structures of conjugates and metabolites of EC.
(A) Epicatechin-7-glucuronide; (B) 39-O-methylepicate-
chin; (C) 49-O-methylepicatechin; (D) 39-O-methyl-(7-glu-
curonide)-epicatechin.
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that there may be significant metabolism by gut
microflora in the colon. The two metabolites,
(2)-5-(39,49,59-trihydroxyphenyl)-g-valero-
lactone and (2)-5-(39,49-dihydroxyphenyl)-g-
valerolactone, were identified in urine by both
liquid chromatography-MS/MS and NMR, ap-
pearing 7.5–13.5 h after ingestion (after a 3-h
lag time), whereas EC and EGC peaked at 2 h.
As well as their late excretion profiles, the
amounts of metabolite excreted were 8–25-fold
greater than that of EC and EGC excretion and
accounted for 6–39% of the EC and EGC in-
gested. The late excretion and high levels of
these metabolites would suggest that they are
generated from the precursors EC and EGC by
the intestinal microorganisms (Fig. 8).

Other specific metabolites have been ob-

served in urine after consumption of a variety
of phenolics. The glycine conjugate of benzoic
acid, hippuric acid, is derived primarily from
plant phenolics and aromatic amino acids
through the action of intestinal bacteria. Con-
sequently, the level of hippuric acid would be
expected to increase in the urine of individuals
consuming diets rich in flavanols or polyphe-
nols in general. In human studies on black tea
consumption (8) and on the application of a
crude extract from Equisetum arvense (14), an as-
sociation between the polyphenol intake and
excreted amounts of hippuric acid was found.
Hippuric acid could possibly derive from other
sources such as quinic acid (43) or in quantita-
tive terms, more importantly from the aromatic
amino acids tryptophan, tyrosine, and phenyl-
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FIG. 8. Possible pathway of the formation of hippuric acid in humans.
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alanine, as well as from the use of benzoic acid
as a food preservative. The formation of hip-
puric acid and hydroxyhippuric acids seems to
be a possible central metabolic pathway for di-
etary flavonoids, in which the colon microflora
and the liver are active metabolic sites (55). A
possible mechanism for the formation of hip-
puric acid from flavanols is suggested in Fig.
8. Other hydroxybenzoic acid glycine deriva-
tives such as 4-hydroxyhippuric acid, vanil-
loylglycine, and isovanilloylglycine might also
appear in reasonable amounts in urine after
polyphenol consumption in general. 

BIOAVAILABILITY AND 
POTENTIAL BIOACTIVITY

Bioavailability

Oral absorption and bioavailability of fla-
vanols and procyanidins have been studied in
both animals (in particular the rat) (6, 33, 35,
36, 43, 60, 63, 71) and humans (23, 34, 68) in
terms of uptake and distribution. Zhu et al. (71)
studied the absorption characteristics of three
common tea catechins in rats that received ei-
ther an intravenous (50 mg/kg) or oral (5,000
mg/kg) dose of a decaffeinated mixture con-
taining EC (5%), ECG (50%), and EGCG (13%).
Results showed low systemic availability of the
catechin, which is presumably the result of
slow absorption, high first-pass metabolism,
and a wide tissue distribution. To highlight
this, urinary recoveries of the catechins were
low ranging between 0.17–4.72% after oral dos-
ing and 2.11 and 14.20% after intravenous dos-
ing. Absorption of EGCG into both the rat por-
tal blood (36) and the circulation (63) has been
observed in rats following relatively high in-
takes (50 mg) of the flavanol, indicating that it
is absorbed unmetabolised to a small extent,
reaching its highest level , 60 min after intake
(63). Blood and urine levels of flavanols in hu-
mans were observed to increase after con-
sumption of 1.5, 3.0, and 4.5 g of green tea
solids (68). An increase in the dose from 1.5 to
3.0 g resulted in an approximate threefold in-
crease in plasma concentrations of EGCG and
EGC. However, as the dose was increased fur-
ther, a saturation effect was observed. The

pharmacokinetic parameters of excretion indi-
cated that there was also no dose–response re-
lationship (68). Tea catechins were observed to
be increased in the protein-rich fraction of
plasma (60%) and also in high-density lipopro-
tein (23%) after consumption of eight cups of
tea a day (every 2 h) (64). However, this did
not significantly enhance the resistance of the
low-density lipoprotein to oxidation ex vivo
(64).

More recent studies have concentrated on the
detection of flavanol metabolites, in addition to
the native compounds (3, 11, 16, 22, 31, 37, 44,
61). Work by Okushio et al. (37) reported that
both methylated and glucuronidated metabo-
lites could be detected in rat urine and plasma
after oral administration of EC, but not in the
bile. Time-course analysis indicated that the
predominant metabolites in plasma and urine
after EC consumption were conjugated forms
of EC, such as a glucuronide, and 39-O-
methylepicatechin. The cumulative urinary ex-
cretion of the metabolites in a 24-h period
amounted to 8% of the administered EC (37).
Examination of bile from rats after oral ad-
ministration of EGCG showed that six O-
methylated metabolites of EGCG were present
conjugated either to sulphate or to a glu-
curonide (22). Other studies detected epicate-
chin-5-O-b-glucuronide and catechin-5-O-b-
glucuronide in plasma, bile, and urine of rats
after consumption of EC and catechin, respec-
tively (16), and these conjugates retained a sim-
ilar ability to act as superoxide anion scav-
engers as their parent compounds. Piskula and
Terao (44) have proposed that the mechanism
of flavanol metabolism involves glucuronida-
tion in the small intestine as the first detoxifi-
cation step followed by O-methylation in the
liver and kidney. Increases in 39-O-methylcat-
echin, sulphate, and glucuronide metabolites in
plasma have been noted after consumption of
either red wine or dealcoholised red wine, both
of which contained an , 35-mg dose of catechin
(11). Plasma levels of catechin and all measured
metabolites increased from ,2 nmol/L to 91 6
14 nmol/L after red wine consumption and
81 6 11 nmol/L after consumption of dealco-
holised wine. Plasma analysed 60 minutes af-
ter consumption demonstrated that , 21% of
these metabolites were methylated and ,2% of
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catechin and 39-O-methylcatechin were uncon-
jugated, for example by glucuronidation (11). 

Recently, Rein et al. (45) found that con-
sumption of 80 g of semisweet chocolate, which
is rich in procyanidins, resulted in 12-fold in-
creases in plasma levels of EC 2 h after inges-
tion. In addition to the rise in EC levels from
baseline levels of 22 nmol/L to 257 nmol/L, in
the same time period there was also a signifi-
cant increase in plasma Trolox equivalent anti-
oxidant capacity (31%) and a significant de-
crease (40%) in thiobarbituric acid reactive
substances (45). In support of these findings,
Richelle et al. (48) also observed an increase in
plasma levels of EC after ingestion of black
chocolate (80 g) with levels peaking at 0.7
mmol/L between 2 and 3 h.

Bioactivity

The ability of 39-O-methylepicatechin and EC
to protect against apoptotic cell death induced

by hydrogen peroxide or oxidised low-density
lipoprotein has been investigated (58). Both the
EC and its O-methylated metabolite exhibited
the same degree of protection against apopto-
sis, highlighting the possibility that the hydro-
gen-donating ability of these compounds is not
necessarily the significant factor in protection,
but that both compounds may act on a molec-
ular level by influencing the cell signaling path-
way. However, the demethylation of the 39-
O-methylepicatechin may be a feature of its in-
tracellular mechanism of action, allowing the
regeneration of antioxidant activity. Other
studies have demonstrated that oral adminis-
tration of catechin to gerbils protected against
ischaemia–reperfusion-induced death of hip-
pocampal CA1 cells (20). The superoxide radi-
cal-scavenging activity of brains isolated from
animals that received the catechin supplemen-
tation was significantly higher than in those
that received control, suggesting that orally ad-
ministered catechin is absorbed and is able to
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FIG. 9. Summary of the formation of metabolites and conjugates of flavanols in humans.
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cross the blood–brain barrier (20). The nature
of the functional form of the flavanol and its
mechanism of action in scavenging the super-
oxide radical is unclear. Recently, cocoa con-
sumption has been shown to be active in sup-
pression of ADP- or epinephrine-stimulated
platelet activation and microparticle formation
(45).

SUMMARY

Figure 9 summarises the absorption and me-
tabolism of EC and procyanidin oligomers in
vivo. Procyanidin oligomers are cleaved in the
stomach into monomer and dimer units. Trans-
fer across enterocytes in the small intestine 
results in extensive metabolism of EC to 
glucuronides, O-methylglucuronides, and O-
methyl conjugates/metabolites. Any native EC
entering the portal vein would be further
metabolised/conjugated in the liver. Glu-
curonides of phenolic compounds have gener-
ally been assumed to be rapidly excreted in vivo
and to be pharmacologically inactive. How-
ever, several studies are demonstrating that
some drug glucuronides may be pharmacolog-
ically active (26, 59). For example, the ability of
morphine glucuronide to cross the blood–brain
barrier (1) and the analgesic action of mor-
phine-6-glucuronide have been reported (39).
If glucuronides are major circulating forms of
flavanols, the question arises as to whether they
are bioactive in vivo. b-Glucuronidases have
been found in a variety of organs and body flu-
ids, such as macrophages, blood cells, liver,
lung, and serum (40, 59). Consequently, it is
conceivable that glucuronides of flavanols
could be cleaved back to the aglycone in vivo
via the action of b-glucuronidases present in a
variety of different cell populations, for exam-
ple, macrophages at sites of inflammation or by
other cells under oxidative stress (Fig. 10).

There is little doubt that catechins and pro-
cyanidins are powerful scavengers of reactive
oxygen and reactive nitrogen species in vitro
(2, 25, 41, 42, 50, 52, 67), however, it is not 
clear what influence the extent and positions 
of conjugation/metabolism (glucuronidation,
sulphation, or O-methylation) might have on
the antioxidant activities. It can be predicted

that conjugation of the A-ring will not ad-
versely influence antioxidant action, whereas
modulation of the B-ring might limit antioxi-
dant properties. However, the latter mecha-
nism would also prevent oxidation of the fla-
vanol and quinone formation, which would
have deleterious effects. 

Arteel and Sies (2) demonstrate that EC
oligomers found in cocoa and chocolate pow-
der, especially the tetramer, are effective in-
hibitors of peroxynitrite-induced tyrosine ni-
tration, implying their role as potent dietary
sources for defence against reactive nitrogen
species. The bioactivities of these polyphenols
in vivo will be independent of their oligomeric
forms in vitro, and the metabolism of their
monomeric and dimeric units is the significant
feature. The affect of acidic gastric lumen on di-
etary phenols may have implications for the ab-
sorption of procyanidins from cocoa, apples,
edible plant material (such as pinebark extract),
and other forms of larger molecules derived
from catechins, such as the theaflavins and
thearubigins, chemically formed aggregates of
catechin flavanols, in black tea. As oligomeric
procyanidins are observed to liberate monomer
and dimer units on incubation with acidic gas-
tric contents, this would suggest that even
though oligomers are not likely to cross the en-
terocytes of the small intestine, they may re-
lease large quantities of EC that can be ab-
sorbed. This has important implications for the
action of procyanidins in vivo. 

Recently, Spencer et al. (58) have shown that
the in vivo EC metabolite, 39-O-methylepicate-
chin, inhibits cell death induced by hydrogen
peroxide and that the mechanism involves sup-
pression of caspase-3 activity. Furthermore, the
protection elicited by 39-O-methylepicatechin
is not significantly different from that of EC,
suggesting that antioxidant activity is not the
prime mechanism of protection. This would
suggest a nonredox mechanism of action of
flavonoids, which might be relevant in vivo. Al-
though the native flavonoid is efficacious in
scavenging reactive oxygen and reactive nitro-
gen species in vitro, on absorption in vivo it is
subject to extensive metabolism and conjuga-
tion, both in the small intestine and in the liver,
which may affect the redox potential and there-
fore the ability to act as a classical hydrogen-
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donating antioxidant. These findings suggest
that the ability of flavonoids, such as EC, to pro-
vide health benefits may not necessarily be de-
pendent on the ability of the native compound
to act as a scavenger of free radicals or reactive
oxygen and reactive nitrogen species, but on
the ability of their metabolites to interact with
cell signaling cascades, to influence the cell at
a transcriptional level, or to down-regulate
pathways leading to apoptosis. Consequently,
the redox potential per se may not be the fun-
damental feature when determining the ability
of specific phenolics to protect against either
oxidative or other cell insults.

ABBREVIATIONS

EC, epicatechin; ECG, epicatechin gallate;
EGC, epigallocatechin; EGCG, epigallocatechin
gallate; MS, mass spectrometry.
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