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Abstract

Human intervention trials have provided evidence for protective effects of various (poly)phenol-rich foods against
chronic disease, including cardiovascular disease, neurodegeneration, and cancer. While there are considerable
data suggesting benefits of (poly)phenol intake, conclusions regarding their preventive potential remain unre-
solved due to several limitations in existing studies. Bioactivity investigations using cell lines have made an
extensive use of both (poly)phenolic aglycones and sugar conjugates, these being the typical forms that exist in
planta, at concentrations in the low-lM-to-mM range. However, after ingestion, dietary (poly)phenolics appear in
the circulatory system not as the parent compounds, but as phase II metabolites, and their presence in plasma after
dietary intake rarely exceeds nM concentrations. Substantial quantities of both the parent compounds and their
metabolites pass to the colon where they are degraded by the action of the local microbiota, giving rise principally
to small phenolic acid and aromatic catabolites that are absorbed into the circulatory system. This comprehensive
review describes the different groups of compounds that have been reported to be involved in human nutrition,
their fate in the body as they pass through the gastrointestinal tract and are absorbed into the circulatory system,
the evidence of their impact on human chronic diseases, and the possible mechanisms of action through which
(poly)phenol metabolites and catabolites may exert these protective actions. It is concluded that better performed
in vivo intervention and in vitro mechanistic studies are needed to fully understand how these molecules interact
with human physiological and pathological processes. Antioxid. Redox Signal. 18, 1818–1892.
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I. Introduction

While not essential for the successful growth and
development of most plants, flavonoids and related

phenolic compounds* can occur in high concentrations in
some species and are referred to as secondary metabolites.
They are structurally diverse with in excess of 8000 structures
having been reported (447), and many are found in only a
limited number of species. In planta, they have various func-
tions, including protecting plants from herbivores and mi-
crobial infection, as attractants for pollinators and seed-
dispersing animals, as allelopathic agents, UV protectants,
and signal molecules in the formation of nitrogen-fixing
root nodules (95, 218).

The role of flavonoids and related compounds, as compo-
nents responsible, in part, for the protective effects of a fruit-
and vegetable-rich diet has become an increasingly important
area of human nutrition research. Unlike the traditional vi-
tamins, they are not essential for short-term well being, but
there is increasing evidence that modest long-term intakes can
have favorable effects on the incidence of cancers and chronic
diseases, including cardiovascular disease (CVD), type II di-
abetes, and impaired cognitive function, which are occurring
with increasing frequency in Western populations (433). This
review will summarize the different groups of compounds
that are involved, their fate in the body after ingestion as they
pass through the gastrointestinal tract (GIT) and are absorbed
into the circulatory system, the evidence of their protective
impact on human health, and the possible mechanisms of
action through which their metabolites may exert such effects.

II. Classification of Phenolic Compounds

Phenolic compounds have at least one aromatic ring with
one or more hydroxyl groups attached and are classified as

*Flavonoids and related compounds are also referred to as poly-
phenols. However, a number of compounds, including hydro-
xycinnamates and phenolic acids, have only one phenolic ring. In
this review, therefore, the term (poly)phenolic compounds will be
used.

DIETARY (POLY)PHENOLICS 1819



flavonoids and nonflavonoids. Processed foods and bever-
ages, such as black tea, matured red wine, coffee, and cocoa,
may contain phenolic transformation products that are best
described as derived polyphenols (95).

A. Flavonoids

Flavonoids are polyphenolic compounds comprising 15
carbons with two aromatic rings connected by a three-carbon
bridge (Fig. 1). The main subclasses of these C6–C3–C6 com-
pounds are the flavones, flavonols, flavan-3-ols, isoflavones,
flavanones, and anthocyanidins. Other flavonoid groups that
are more minor dietary components are the chalcones, dihy-
drochalcones, dihydroflavonols, flavan-3,4-diols, coumarins,
and aurones. The basic flavonoid skeleton can have numerous
substituents. The majority of flavonoids occur naturally as
glycosides rather than aglycones.

1. Flavonols. Flavonols occur widely throughout the
plant kingdom with the exception of fungi and algae. The
most common flavonols, kaempferol, quercetin, isorha-
mnetin, and myricetin (Fig. 2), are typically found as glyco-
sides with conjugation occurring at the 5, 7, 3¢, 4¢, and 5¢
positions. Although the number of aglycones is limited, there
are more than 200 sugar conjugates of kaempferol (447). There
is information on the flavonol content of commonly con-
sumed fruits, vegetables, and beverages with sizable differ-
ences in the amounts found in seemingly similar produce,
possibly due to local growing conditions, seasonal changes,
and varietal differences (94, 194, 195, 298). Yellow and red
onions (Allium cepa) are especially rich source of flavonols
containing high concentrations of quercetin-4¢-O-glucoside
and quercetin-3,4¢-O-diglucoside. The disaccharide quercetin-
3-O-rutinoside (Fig. 2) is a common dietary component.

2. Flavones. Flavones, such as apigenin, luteolin, wo-
gonin, and baicalein, are similar structurally to flavonols,
except they lack oxygenation at C-3 (Fig. 3). A wide range of
substitutions is possible with flavones, including hydroxyl-
ation, methylation, O- and C-glycosylation, and alkylation. In
general, flavones are not distributed widely, although sub-
stantial amounts have been detected in celery (Apium grave-
olens), parsley (Petroselinum hortense), and some herbs. Many
flavones occur as 7-O-glycosides, although rooibos tea, a
caffeine-free beverage prepared from leaves of the South Af-
rican shrub Aspalathus linearis, contains small amounts of
apigenin-8-C-glucoside (vitexin), apigenin-6-C-glucoside
(isovitexin), luteolin-8-C-glucoside (orientin), and luteolin-6-
C-glucoside (iso-orientin) (80, 437). Polymethoxylated fla-
vones, such as nobiletin and tangeretin (Fig. 3), occur in citrus
species.

3. Isoflavones. Isoflavones have the B-ring attached at
C-3 rather than at the C-2 position (Fig. 1). They are found
almost exclusively in leguminous plants with substantial
quantities of daidzein and genistein occurring in soybean
(Glycine max) principally as 7-O-(6"-O-malonyl)glucosides
with lower amounts of the corresponding 7-O-(6"-O-
acetyl)glucosides, 7-O-glucosides, and the aglycones (Fig. 4).
Fermented soy products can be rich in the aglycones as a
result of hydrolysis of the glycosides, whereas products
whose manufacture involves heating, such as soy milk and
tofu, contain reduced quantities of isoflavones, mainly in the
form of the daidzein and genistein glucosides, which form as a
result of degradation of malonyl- and acetylglucosides (88).

Because of their structural similarity to estrogen, iso-
flavones are classified as phytoestrogens, as are the non-
flavonoid lignans, which are a diverse group of compounds
that occur in high concentrations principally in cereal grains
(Fig. 5).

4. Flavanones. Flavanones such as naringenin and he-
speretin are characterized by the absence of D2,3 double bond
and the presence of a chiral center at C-2 (Fig. 1). In planta
flavanones occur predominantly as the S- or ( - )-enantiomer
with the C-ring attached to the B-ring at C-2 in the a-
configuration (93). Flavanones occur as hydroxyl, glycosy-
lated, and O-methylated derivatives (Fig. 6). They are present
in especially high amounts in flavedo of citrus fruits. The most
common flavanone glycoside is hesperetin-7-O-rutinoside
(hesperidin). Flavanone rutinosides are tasteless, in contrast
to flavanone neohesperidoside conjugates, such as hesperetin-
7-O-neohesperidoside (neohesperidin) from bitter oranges
(Citrus aurantium) and naringenin-7-O-neohesperidoside
(naringin) from grapefruit (Citrus paradise), which have an
intense bitter taste.

5. Anthocyanidins. The most common anthocyanidin
aglycones are pelargonidin, cyanidin, delphinidin, peonidin,
petunidin, and malvidin (Fig. 7), which form conjugates with
sugars and organic acids to generate a multitude of antho-
cyanins of differing colors, ranging from orange and red to
blue and purple, and as a consequence, they are readily visible
in fruits and flowers (219, 338).

6. Flavan-3-ols. Flavan-3-ols, unusually, do not exist in
planta predominantly as glycosides. They are the mostFIG. 1. Structure of the flavonoid skeleton.
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complex subclass of flavonoids, ranging from the simple
monomers to the oligomeric and polymeric proanthocyani-
dins, which are also known as condensed tannins. The two
chiral centers at C2 and C3 of the monomeric flavan-3-ol (Fig.
1) produce four isomers for each level of B-ring hydroxylation,
two of which, ( + )-catechin and ( - )-epicatechin, are wide-
spread in nature, while others such as ( - )-epiafzelechin have
a more limited distribution (Fig. 8) (12, 93). Pairs of enantio-
mers can be resolved by chiral chromatography, but not with
the more commonly used reversed-phase high-performance
liquid chromatography (HPLC), and as a consequence, they
are easily overlooked.

Oligomeric and polymeric proanthocyanidins have an ad-
ditional chiral center at C4 in the upper and lower units. Type
B proanthocyanidins are formed from ( + )-catechin and ( - )-
epicatechin by oxidative coupling between the C-4 of the
upper monomer and the C-6 or C-8 of the adjacent lower or
extension unit to create oligomers or polymers. Type A
proanthocyanidins have an additional ether bond between C-
2 in the B-ring of one monomer and C-7 in the A-ring of the
other monomer (Fig. 9). Proanthocyanidins can occur as
polymers of up to 50 units. Proanthocyanidins that consist
exclusively of (epi)catechin units are called procyanidins, and
are the most abundant type of proanthocyanidins in plants.

FIG. 2. Structures of the flavonol aglycones kaempferol, quercetin, isorhamnetin, and myricetin and three common
quercetin-O-glycosides.
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The less-common proanthocyanidins containing (epi)afz-
elechin or (epi)gallocatechin subunits are propelargonidins
and prodelphinidins, respectively (80).

Green tea (Camellia sinensis) contains very high levels
of flavan-3-ol monomers with the main components being
( - )-epigallocatechin, ( - )-epigallocatechin-3-O-gallate, and
( - )-epicatechin-3-O-gallate (Fig. 9). The levels of these flavan-

3-ols decline during fermentation of the green leaves to pro-
duce black tea, principally as a result of the action of poly-
phenol oxidase, and there is a concomitant accumulation
of theaflavins and thearubigins (110). Theaflavin, theaflavin-3-
O-gallate, theaflavin-3¢-O-gallate, and theaflavin-3,3¢-O-
digallate are dimer-like structures (Fig. 9) that contribute to the
quality of the black tea beverage. The brownish, water-soluble,

FIG. 3. The flavone aglycones apigenin, luteolin, baicalein, and wogonin; the flavone C-glycosides orientin, isoorientin,
vitexin, and isovitexin; and the polymethoxylated flavones nobiletin and tangeretin.

1822 DEL RIO ET AL.



high-molecular-weight thearubigins are the major phenolic
fraction in black tea. Recent pioneering studies have established
that black teas contain on average 5000 thearubigin compo-
nents in the mass range of 1000–2100 amu (261, 262). A typical
cup of black tea contains *100 mg of thearubigins (164, 499).

7. Dihydrochalcones. This minor group of flavonoids,
which have an open C-ring structure, is of limited dietary
significance, restricted to the presence of phloretin-2¢-O-
glucoside (phloridzin) and phloretin-2¢-O-(2¢¢-O-xylosyl)
glucoside in apples (Malus domestica) and 2¢,3,4,4¢,6¢-

FIG. 4. The isoflavone aglycones daidzein and genistein and O-glycosides of daidzein, which along with similar
genistein conjugates, are found in soy products.

FIG. 5. Structures of plant lignans present in cereal grains and sesame seeds.
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pentahydroxydihydrochalcone-3¢-C-glucoside (aspalathin)
and 2¢,4,4¢,6¢-tetrahydroxydihydrochalcone-3¢-C-glucoside
(nothofagin) (Fig. 10) in rooibos tea (254, 437).

B. Nonflavonoids

Among the nonflavonoids of dietary significance are the
C6–C1 phenolic acids. Gallic acid is the commonest phenolic
acid, and occurs widely as complex sugar esters in gallo-
tannins, such as 2-O-digalloyl-tetra-O-galloyl-glucose (Fig.
11), which are minor dietary components. The related ellagic
acid-based ellagitannins, such as sanguiin H-6 and punicala-
gin (Fig. 11), are found in a diversity of food, including
raspberries (Rubus idaeus), strawberries (Fragaria ananassa),
blackberries (Rubus spp.), and many other fruits, including
pomegranate (Punica granatum) and persimmon (Diospyros
kaki), as well as walnuts (Juglans regia), hazelnuts (Corylus
avellana), and oak-aged wines where they are leached from the
oak during maturation of the wines (267). The ellagitannin
content of some food products can be high with a glass of
pomegranate juice and a 100 g serving of raspberries pro-
viding *300 mg, and four walnuts *400 mg (269)

The C6–C3 hydroxycinnamates occur mainly as conjugates,
for example, with tartaric acid or quinic acid, and collectively

FIG. 6. The S-enantiomers of the flavanone aglycones naringenin and hesperetin together with some of their naturally
occurring glycosides.

FIG. 7. Structures of the major anthocyanidins.
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are referred to as chlorogenic acids (Fig. 12). Chlorogenic ac-
ids, principally 3-O-, 4-O-, and 5-O-caffeoylquinic acids, form
*10% of green robusta coffee beans (Coffea canephora). Regular
consumers of coffee may provide a daily intake in excess of 1 g
of chlorogenic acids, and these for many people will be the
major dietary phenolics. Accumulating in the flesh of grapes,
caftaric acid is the main hydroxycinnamate in both red and
white wines produced from Vitis vinifera and well as Concord
grape juice, which is a product of grapes of Vitis lambrusca (435).

Stilbenes have a C6–C2–C6 structure and are phytoalexins
produced by plants in response to disease, injury, and stress
(268). Although only extremely minor dietary components,
the main stilbene is resveratrol (3,5,4¢-trihdroxystilbene),
which occurs as cis and trans isomers as well as conjugated
derivatives, including trans-resveratrol-3-O-glucoside (trans-
piceid) (Fig. 13). The woody root of the noxious weed Poly-
gonum cuspidatum ( Japanese knotweed or Mexican bamboo)
contains unusually high levels of trans-resveratrol and its
glucoside with concentrations of up to 377 mg/100 g dry
weight (474). Red wines contain a diversity of stilbene de-
rivatives, but invariably in very low concentrations compared
to the levels of other (poly)phenolic components (92).

III. Bioavailability of Flavonoids and Related
Compounds

The absorption, distribution, metabolism, and excretion of
flavonoids and related phenolics after dietary intake have
been topics of increasing research in recent years. After the
acute ingestion, absorption of some, but by no means all,
components into the circulatory system occurs in the small
intestine. Typically, the absorption of flavonoid glycosides, as
illustrated in Figure 14, is associated with cleavage and release
of the aglycone as a result of the action of lactase phloridzin
hydrolase (LPH) in the brush border of the small intestine
epithelial cells. LPH exhibits broad substrate specificity for
flavonoid-O-b-D-glucosides, and the released aglycone may
then enter the epithelial cells by passive diffusion as a result of
its increased lipophilicity and its proximity to the cellular
membrane (104). An alternative hydrolytic step is mediated
by a cytosolic b-glucosidase (CBG) within the epithelial cells.

For CBG-catalyzed hydrolysis to occur, the polar glucosides
must be transported into the epithelial cells, possibly with the
involvement of the active sodium-dependent glucose trans-
porter 1 (SGLT1) (151). Thus, there are two possible routes by
which the glycoside conjugates are hydrolyzed, and the re-
sultant aglycones appear in the epithelial cells, namely LPH/
diffusion and transport/CBG (Fig. 14). However, an investi-
gation in which SGLT1 was expressed in Xenopus laevis oo-
cytes has shown that at least in this model system, SLGT1
does not transport flavonoids, and that glycosylated flavo-
noids and some aglycones have the capability to inhibit the
glucose transporter (253). Using Caco-2 cells, Johnson et al.
(228) found that glucose uptake into cells under sodium-
dependent conditions was inhibited by flavonoid glycosides
and nonglycosylated polyphenols, whereas aglycones and
phenolic acids were without effect.

Before passage into the blood stream, the aglycones un-
dergo some degree of phase II metabolism forming sulfate,
glucuronide, and/or methylated metabolites through the re-
spective action of sulfotransferases (SULTs), uridine-5¢-di-
phosphate glucuronosyltransferases (UGT), and catechol-O-
methyltransferases (COMTs). There is also efflux of some of
the metabolites back into the lumen of the small intestine, and
this is thought to involve members of the adenosine triphos-
phate-binding cassette (ABC) family of transporters, includ-
ing multidrug resistance protein (MRP) and P-glycoprotein
(Fig. 14). MRP-3 and the glucose transporter GLUT2 have also
been implicated in the efflux of metabolites from the baso-
lateral membrane of the enterocytes (293, 468). Once in the
portal bloodstream, metabolites rapidly reach the liver, where
they can be subjected to further phase II metabolism, and
enterohepatic recirculation may result in some recycling back
to the small intestine through bile excretion (118).

(Poly)phenol conjugates with sugar moieties that are re-
sistant to the action of LPH/CBG (104) are not absorbed in the
small intestine to any degree and pass to the colon. Analysis of
ileal fluid collected from ileostomists after the ingestion of
various foodstuffs has shown that even when dietary
(poly)phenols are absorbed in the proximal GIT, substantial
quantities nonetheless pass from the small to the large intes-
tine (220, 235, 236, 294), where the colonic microbiota cleave

FIG. 8. Structures of mo-
nomeric flavan-3-ol enantio-
mers.
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FIG. 9. Flavan-3-ol structures.
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FIG. 10. Naturally occur-
ring dihydrochalcone glyco-
sides.

FIG. 11. Gallic acid, ellagic acid, the gallotannin 2-O-digalloyl-tetra-O-galloyl-glucose, and the ellagitannins sanguiin
H-6, and punicalagin.
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conjugating moieties, and the resultant aglycones undergo
ring fission leading to the production of smaller molecules,
including phenolic acids and hydroxycinnamates. These can
be absorbed and may be subjected to metabolism in the liver
before being excreted in urine in amounts that, in most in-
stances, are well in excess of the metabolites that enter the
circulatory system via the small intestine (220, 387, 438, 439).

As a result of more recent studies on the bioavailability of
dietary (poly)phenolic compounds [see (91, 433)], there is a
growing realization that (poly)phenolic glucuronide, methyl,
and sulfate conjugates are treated by the body as xenobiotics,
and instead of accumulating in the circulatory system, they
are rapidly turned over and removed by excretion via the
kidneys. As a consequence, although plasma pharmacoki-

netics of these metabolites provides useful information, esti-
mates such as of area-under-the curve values do not
necessarily yield accurate quantitative data on absorption. In
the circumstances, urinary excretion provides a more realistic
assessment.{ However, as this does not include the possibility
of sequestration in body tissues, this too is theoretically an
underestimate of absorption, but to what degree remains
undetermined. However, the fact that with few exceptions,
tissue sequestration on any scale has yet to be convincingly
demonstrated suggests that it can only be at low levels, if at all
(see Section IV).

A. Flavonols and flavanones

A human feeding study with lightly fried onions contain-
ing a total of 275 lmol of flavonol glucosides, principally in
the form of quercetin-4¢-O-glucoside and quercetin-3,4¢-O-
diglucoside (Fig. 2), resulted in the appearance of quercetin-3¢-
O-sulfate, quercetin-3-O-glucuronide, isorhamnetin-3-O-glu-
curonide (Fig. 15), and two partially identified metabolites, a
quercetin-O-diglucuronide and a quercetin-O-glucuronide-O-
sulfate, in the circulatory system within 30 min of ingestion
(321). This is indicative of cleavage of the conjugating glucose
moieties in the proximal GIT and metabolism of the released
aglycone by SULTs, UGTs, and COMTs in the enterocyte
before entry of the metabolites into circulatory system. Sub-
lM peak plasma concentrations (Cmax) were attained in < 1 h
(Tmax), in the case of the majority of the metabolites, most of
which had a relative short elimination half-life (T½) as they

FIG. 12. The conjugated hydroxycinnamates 3-O-, 4-O-, and 5-O-caffeoylquinic acids and caftaric acid.

FIG. 13. Common stilbene structures.

{This is because, as will be discussed later in the text, at a similar
level of intake, the peak plasma concentration for quercetin metab-
olites can be *500 mM and that of ( - )-epicatechin metabolites
*200 nM. In contrast, urinary excretion of the flavonol metabolites
corresponds to *4% of intake, while that of the flavan-3-ol is *30%
of the ingested dose.
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were rapidly removed from the bloodstream (Table 1). A
more complex array of metabolites was detected in urine,
indicating substantial phase II metabolism of the quercetin
derivatives before excretion. Most of the metabolites were ex-
creted within the initial 12 h after ingestion of the onions, and
over a 0–24-h collection period, a total of 12.9 lmol of metab-
olites was excreted, which corresponds to 4.7% of intake.

After drinking tomato juice containing 176 lmol of quer-
cetin-3-O-rutinoside, quercetin-3-O-glucuronide and iso-

rhamnetin-3-O-glucuronide were detected in plasma (220).
Their Cmax values were *25-fold lower than in the onion
study, and the Tmax times were extended to *5 h (Table 2),
which is characteristic of absorption in the large rather than
small intestine. Absorption in the large intestine was con-
firmed when the tomato juice was fed to ileostomists, as nei-
ther plasma nor urinary metabolites of quercetin were
detected, and ileal fluid collected post-tomato juice con-
sumption contained 86% of the ingested quercetin-3-O-

FIG. 14. Proposed mecha-
nisms for the absorption and
metabolism of (poly)pheno-
lic compounds in the small
intestine. CBG, cytosolic b-
glucosidase; COMT, catechol-
O-methyl transferase; GLUT2,
glucose transporter; LPH,
lactase phloridzin hydrolase;
MRP1-2–3, multidrug-resistant
proteins; PP, (poly)phenol
aglycone; PP-gly, (poly)phenol
glycoside, PP-met, polyphenol
sulfate/glucuronide/methyl
metabolites; SGLT1, sodium-
dependent glucose transporter;
SULT, sulfotransferase; UGT,
uridine-5¢-diphosphate glu-
curonosyltransferase. (To see
this illustration in color, the
reader is referred to the web
version of this article at
www.liebertpub.com/ars.)

FIG. 15. Structures of
the quercetin metabolites
quercetin-3¢-O-sulfate, quer-
cetin-3-O-glucuronide, and
isorhamnetin-3-O-glucuronide
(105, 321).
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rutinoside. This is in keeping with the report of Day et al. (104)
that the flavonol disaccharide is not cleaved by LPH. In
healthy subjects, quercetin-3-O-rutinoside will pass from the
small to large intestine, where cleavage of the sugar moiety
occurs as a result of the action of the colonic microbiota, and
the released aglycone undergoes low-level methylation and
glucuronidation before absorption into the portal vein. Most
of the quercetin, however, is subject to ring fission, resulting
in the production of hydroxyphenylacetic acid catabolites
(Fig. 16) in amounts equivalent to *22% of intake of the ru-
tinoside. These catabolites were not excreted by ileostomists
after ingestion of tomato juice containing quercetin-3-O-
rutinoside (220).

It is of interest to note that quercetin released in the small
intestine by cleavage of quercetin glucosides is converted to
glucuronide, sulfate, and methylated metabolites (321),
whereas quercetin produced in the colon from quercetin-3-O-
rutinoside is metabolized to methyl and glucuronide deriva-
tives, but not sulfate metabolites (220). This suggests that
sulfation of quercetin is a feature of SULTs in the wall of the
small intestine rather than the colon or the liver.

Flavanone bioavailability studies with healthy human sub-
jects have been carried out using a 250-ml supplement of orange
(Citrus sinensis) juice containing 168lmol of hesperetin-7-O-
rutinoside and 12 lmol of naringenin-7-O-rutinoside (319). The
hesperetin-7-O-rutinoside dose was therefore very similar to
that of the quercetin-3-O-rutinoside in the tomato juice study
(220). Plasma contained hesperetin-7-O-glucuronide (Fig. 17)
and a second unassigned hesperetin-O-glucuronide, and the
combined Cmax for the metabolites was 922 nM at a Tmax of 4.4 h.
The two hesperetin metabolites were also excreted in urine along
with a third hesperetin-O-glucuronide, two hesperetin-O-
glucuronide-O-sulfates, and a hesperetin-O-diglucuronide.{

These marked differences in the plasma and urinary hesperetin
metabolite profiles demonstrate that substantial postabsorption
phase II metabolism is occurring. The quantities of metabolites
excreted 0–24 h after ingestion corresponded to 6.5% of hesper-
etin-7-O-rutinoside intake. Although no naringenin metabolites
were detected in plasma, urine contained naringenin-7-O-glu-

curonide, narigenin-4¢-O-glucuronide (Fig. 17), and a nar-
ingenin-O-diglucuronide in amounts equivalent to 17.3% of the
ingested naringenin-7-O-rutinoside. The differing levels of ex-
cretion of hesperetin and naringenin metabolites, relative to the
amounts ingested, is a trend that has been observed in some, but
not all, flavanone-feeding studies (291). While it could be a dose
effect reflecting the higher intake of the hesperetin conjugate, it is
more likely to be due to naringenin-7-O-rutinoside being more
bioavailable than hesperetin-7-O-rutinoside, indicating that the
3¢ and 4¢ substituents impact on absorption.

Although both are absorbed in the large intestine, the
922 nM Cmax of the hesperetin-O-glucuronides is more than
50-fold higher than that of the quercetin-3-O-rutinoside me-
tabolites despite the amounts ingested being similar. This,
coupled with the higher level of excretion of the orange juice
metabolites, indicates that hesperetin-7-O-rutinoside metab-
olites are absorbed from the large intestine much more ef-
fectively than those of quercetin-3-O-rutinoside. This may be a
consequence of the hesperetin-7-O-rutinoside being con-
verted to glucuronides in the large intestine more efficiently
than quercetin-3-O-rutinoside, perhaps because it is less
prone to degradation by colonic bacteria. Among the urinary
hesperetin metabolites were two O-glucuronide-O-sulfates.
This contrasts with the absence of both sulfated naringenin
metabolites and sulfated quercetin metabolites derived from
large intestine absorption of quercetin-3-O-rutinoside in the
tomato juice feed (Section III.A). Thus, there appear to be clear
differences in the substrate specificity of flavonoid SULTs in
the large intestine and/or the liver.

Analysis of phenolic acids and aromatic compounds ex-
creted in urine after the ingestion of orange juice indicates that
the hesperetin, released through colonic bacterium-mediated
deglycosylation, as well as being glucuronidated, undergoes
ring fission and is catabolized, producing 3(3¢-hydroxyphenyl)
hydracrylic acid, 3(3¢-methoxy-4¢-hydroxyphenyl)hydracrylic
acid, 3(3¢-methoxy-4¢-hydroxyphenyl)propionic acid (dihy-
droferulic acid) 3¢-hydroxyphenylacetic acid, and 3¢-hydro-
xyhippuric acid (Fig. 18) (386). The overall level of the five
phenolic acids excreted 0–24 h after drinking water was
6.7 lmol, and this rose to 62 lmol, equivalent to 37% of the
ingested flavanones, after orange juice consumption.

B. Anthocyanins

Anthocyanins can be major dietary components with in-
takes in excess of 1 g being feasible for those who routinely eat
berries and drink red wine. Unlike other flavonoids that are
absorbed and excreted, they do not appear to undergo ex-
tensive metabolism to glucuronide and sulfate derivatives. In
feeding studies with humans, typical recoveries of

Table 1. Pharmacokinetic Analysis of Quercetin

Metabolites in the Plasma of Volunteers

After the Consumption of 270 g of Fried Onions

Containing 275 lmol of Flavonol Glucosides

Metabolites Cmax (nM) Tmax (h) T½ (h)

Quercetin-3¢-O-sulfate 665 – 82 0.75 – 0.12 1.71
Quercetin-3-O-glucuronide 351 – 27 0.60 – 0.10 2.33
Isorhamnetin-3-O-glucuronide 112 – 18 0.60 – 0.10 5.34
Quercetin-O-diglucuronide 62 – 12 0.80 – 0.12 1.76
Quercetin-O-glucuronide-

O-sulfate
123 – 26 2.5 – 0.22 4.54

Data presented as mean values – standard error (n = 6).
Adapted from Mullen et al. (321).

Table 2. Pharmacokinetic Analysis of Quercetin

Metabolites in the Plasma of Volunteers

After the Consumption of 250 ml of Tomato Juice

Containing 176 lmol of Quercetin-3-O-Rutinoside

Metabolites Cmax (nM) Tmax (h)

Quercetin-3-O-glucuronide 12 – 2 4.7 – 0.3
Isorhamnetin-3-O-glucuronide 4.3 – 1.5 5.4 – 0.2

Data presented as mean values – standard error (n = 6).
Adapted from Jaganath et al. (220).

{In a subsequent orange juice feeding study, urinary hesperetin
metabolites that were identified were hesperetin-7-O-glucuronide,
hesperetin-5-O-glucuronide, hesperetin-3¢-O-glucuronide, hesperetin-
5,7-O-diglucuronide, hesperetin-3¢,7-O-diglucuronide, and hesperetin-
3¢-O-sulfate along with a hesperetin-O-glucuronide-O-sulfate (Fig. 17)
(46).
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anthocyanins in urine are < 0.1% of intake (109). For instance,
Wu et al. (504) report a urinary recovery of blueberry (Vacci-
nium corymbosum) anthocyanins fed to elderly women of
0.004%. To some degree, these low recoveries could be a
consequence of anthocyanins undergoing structural re-
arrangements in response to pH. The red flavylium cation
predominates at pH 1–3, but as the pH increases to 4 and
above, the colorless carbinol pseudobase becomes the major
component along with smaller amounts of a colorless chal-
cone pseudobase and a blue quinoidal base (78). Such changes
are likely to occur in vivo as anthocyanins pass from a low pH
in the stomach to the more-basic conditions of the small in-
testine.

The available evidence implies that the limited absorption
and excretion of anthocyanins that does take place are influ-
enced by the nature of both the sugar moiety and the antho-
cyanidin structure (299, 361, 505). There are much complex
data on the limited bioavailability of anthocyanins, which is,
in part, due to the use of supplements that contain several

structurally diverse anthocyanins. For instance, raspberries
(Rubies idaeus) contain 10 or more anthocyanins as cyanidin-
and pelargonidin-3-O-glycosides ranging from mono- to tri-
saccharides, while more than 14 anthocyanins comprising
mainly 3-O-glucoside, galactosides, and arabinosides of cya-
nidin, delphinidin, petunidin, and malvidin occur in blue-
berries (41). This makes the trace levels of complex
anthocyanins in plasma and urine exceedingly difficult, if not
impossible, to interpret in terms of absorption, metabolism,
excretion, and potential phase I and phase II metabolism.
Especially so when 3¢-O-methylation can convert cyanidin to
peonidin, and delphinidin to petunidin and 5¢-O-methylation
results in the metabolism of petunidin to malvidin.

Comparatively, simple anthocyanin profiles are found in
strawberries and blackberries (Rubus fruticosa), as they
contain one predominant anthocyanin, pelargonidin-3-O-
glucoside, in the former and cyanidin-3-O-glucoside in the
latter. After feeding strawberries to volunteers, the main
component in plasma was a pelargonidin-O-glucuronide,

FIG. 16. Proposed pathway for colonic bacterium-mediated catabolism of quercetin-3-O-rutinoside in the human large
intestine resulting in the production of 3¢,4¢-dihydroxyphenylacetic acid and smaller quantities of 3¢-hydroxyphenylacetic
acid with subsequent hepatic conversion of 3¢,4¢-dihydroxyphenylacetic acid to 3¢-methyoxy-4¢-hydroxyphenylacetic acid
before urinary excretion. Adapted from Jaganath et al. (220).
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with plasma Cmax of 274 nM and a Tmax of 1.1 h, indicating
absorption from the small intestine, whereas urinary excre-
tion of the glucuronide corresponded to 0.75% of pelargoni-
din-3-O-glucoside intake (322). In other strawberry feeding
studies, urinary excretion of *1.8% of the ingested pelargo-
nidin-3-O-glucoside was obtained (62, 139). After feeding
blackberries, 12 anthocyanins were detected in urine, in-
cluding unmetabolized cyanidin-3-O-glucoside, a cyanidin-
O-glucuronide, and a peonidin-O-glucuronide, in quantities
equivalent to *0.18% of intake. It, therefore, appears that the
3¢-hydroxyanthocyanin, pelargonidin-3-O-glucoside, is me-
tabolized to fewer products and may be absorbed more
readily that its 3¢,4¢-dihydroxy analog, cyanidin-3-O-gluco-
side. This is in keeping with the evidence obtained with other
flavonoids that the presence of a substituent group at the 3¢-
and 4¢-positions can influence absorption. For instance,
kaempferol with a 4¢-hydroxyl group is more bioavailable
than quercetin, which has a 3¢,4¢-dihydroxy structure (Fig. 2)
(38, 125). Also, as noted above, naringenin with a 4¢-hydroxyl
group is absorbed more readily than hesperetin, which has 3¢-
hydroxyl and 4¢-methoxy groups (Fig. 6).

Consumption of raspberries by ileostomists has shown that
40% of anthocyanin intake remained in the ileal fluid, al-
though the recovery of individual compounds varied greatly
ranging from 5.9% for cyanidin-3-O-glucoside to 93% for cy-

anidin-3-O-(2¢¢-O-xylosyl)rutinoside (158). Analysis of urine
collected from healthy volunteers after raspberry consumption
and incubation of raspberry anthocyanins in fecal slurries under
anaerobic conditions indicate that in vivo, the cyanidin-based
anthocyanins are degraded by the colonic microbiota to a di-
versity of phenolic and aromatic catabolites by the pathways
illustrated in Figure 19 (159). Vitaglione et al. have reported that
protocatechuic acid (3,4-dihydroxybenzoic acid) is the principal
catabolite of cyanidin-3-O-glucoside in humans (478).

Further complicating matters, anthocyanins also break-
down to phenolic acid and aldehyde constituents when sub-
jected to simulated physiological conditions and during
sample processing before analysis. In this regard, experiments
with pelargonidin, cyanidin, and delphinidin showed that
increased B-ring hydroxylation is associated with decreased
in vitro stability (500).

C. Flavones

Compared to other flavonoids, there have been relatively
few human feeding studies involving naturally occurring
flavones. After feeding an infusion of the Chinese medicinal
herb medicine Scutellariae Radix, which contains the fla-
vones baicalein and wogonin (Fig. 3) and their 7-O-glucu-
ronides, 36-h urinary excretion of baicalein metabolites was

FIG. 17. Narigenin and hesperetin metabolites (46, 49, 319).
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FIG. 18. Colonic phenolic acid catabolites of hesperetin.

FIG. 19. Proposed pathways for the conversion of cyanidin-based red raspberry anthocyanins to phenolic acids and
aromatic compounds. After consumption of 300 g of raspberries *40% of the ingested anthocyanins, principally cyanidin-O-
glycosides, pass into the large intestine. When raspberry anthocyanins are incubated with fecal suspensions under anaerobic
conditions, the cyanidin aglycone is released and catabolized by the colonic microflora undergoing C-ring fission, releasing
phenolic acids, originating from both the A- and B-rings, which are metabolized via the pathways illustrated. Analysis of
urine collected after raspberry consumption indicates that some of the colonic catabolites enter the circulatory and undergo
further metabolism before being excreted in urine. These catabolites are thus detected in urine, but not fecal suspensions.
F, catabolites detected in fecal suspensions; U, catabolites detected in urine (also highlighted in gray); *potential intermediates
that did not accumulate in detectable quantities. Adapted from Gonzalez-Barrio et al. (159).
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4.0% of intake compared to 7.1% for wogonin metabolites
(265). This implies that the presence of a methoxy group at
C-8 reduces flavone absorption by *50%. After ingestion of
unfermented and fermented rooibos teas, which contain low
levels of the flavone C-linked conjugates, vitexin, isovitexin,
orientin, and iso-orientin (Fig. 3), no flavones or flavone
metabolites were detected in either plasma or urine (437).
This is probably a reflection of these compounds not being
absorbed in either the small or the large intestine, and that
the colonic microbiota were unable to cleave the C-linked
sugar moiety.

D. Isoflavones

After consumption of soy milk containing mainly the 7-O-
glucosides of daidzein and genistein (Fig. 4), Setchell et al.
(410) detected urinary isoflavones as deglycosylated sulfates
and glucuronides, implying the involvement of intestinal
metabolism in their bioavailability. In a subsequent study, the
same group fed several doses of [4-13C]daidzein and
[4-13C]genistein to premenopausal women (411). Metabolites
of both [13C]isoflavones began appearing in plasma within 1 h
of feeding, and sub–lM Cmax values were associated with
Tmax times of 5.5 h for genistein and 7.4 h for daidzein me-
tabolites, and T½ times of *7.7 h. This suggests that the iso-
flavone metabolites are being absorbed into the circulatory
system from both the small and large intestine. Urinary

recoveries were 31% for [13C]daidzein and 9.0% for
[13C]genistein, demonstrating the reduced bioavailability of
the 5-hydroxylated isoflavone.

In a more recent investigation, Hosoda et al. (213) fed
kinako, baked soybean flour, containing daidzein-7-O-
glucoside (13.2 lmol), daidzein (23.9 lmol), genistein-7-O-
glucoside (21.2 lmol), and genistein (41.0 lmol) to human
volunteers. Plasma and urine collected over a 48-h post-
ingestion period contained the aglycone daidzein, daidzein-
4¢-O-glucuronide, daidzein-7-O-glucuronide, daidzein-4¢,7-
O-diglucuronide, daidzein-4¢-O-sulfate, daidzein-7-O-sulfate,
and daidzein-4¢-O-sulfate-7-O-glucuronide (Fig. 20) together
with a similarly comprehensive spectrum of genistein me-
tabolites. Plasma Tmax times ranged from 1.6 to 17.1 h, indi-
cating that absorption seemingly takes place in both the
proximal and distal GIT. Although no individual component
attained a lM Cmax, urinary excretion of genistein metabolites
was 29.5% of intake and that of daidzein derivatives 72.1%
(Table 3), confirming that isoflavones, especially daidzein, are
highly bioavailable compared to most other (poly)phenols.

In vitro anaerobic incubations with human feces have
shown two routes of metabolism for daidzein, depending
on subjects and their gut microbiota. Some subjects pro-
duce equol via dihydrodaidzein and tetrahydrodaidzein, and
others produce O-desmethylangolensin via 2¢-dehydro-O-
desmethylangolensin (Fig. 21). Thus, there are two sub-
populations: those who have the microbiota capable of

FIG. 20. Daidzein metabolites detected in plasma and urine after acute supplementation with baked soy flour in milk. A
similar array of genistein metabolites was also detected. Adapted from Hosoda, et al. (213).
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synthesizing equol, as it S-enantiomer, and those who lack the
microbes to do so (225, 409).

Microbial metabolism of genistein is different to that of
daidzein. Genistein is reduced to dihydrogenistein, which is
further metabolized to 6¢-hydroxy-O-desmethylangolensin
(225). In vitro incubations with human fecal and rat cecal mi-
crobiota revealed formation of 2-(4¢-hydroxyphenyl)propionic
acid from 6¢-hydroxy-O-desmethylangolensin, indicating C-

ring fission (81) (Fig. 22). Heinonen et al. (186) identified four
novel isoflavonoid metabolites from human urine after soy
supplementation: 3¢¢-hydroxy-O-desmethylangolensin, 3¢,4¢,7-
trihydroxyisoflavanone, 4¢,7,8-trihydroxyisoflavanone, and
4¢,6,7-trihydroxyisoflavanone (Fig. 23).

Red clover (Trifolium pratense), which contains the iso-
flavones biochanin A and formononetin, is consumed by cows
in Finland, and as a consequence, high levels of equol have

Table 3. Pharmacokinetic Analysis of Isoflavone Metabolites in the Plasma of Volunteers

After the Consumption of 10 g of Baked Soybean Flour Containing 275 lmol of Daidzein,

Genistein, and Their 7-O-Glucosides

Isoflavones Tmax (h) Cmax (mM) Excretion (mmol)

Daidzein 2.3 – 0.5 0.01 – 0.01 0.39 – 0.01
Daidzein-4¢-O-glucuronide 4.5 – 0.8 0.10 – 0.02 4.65 – 0.55
Daidzein-7-O-glucuronide 6.1 – 0.8 0.09 – 0.01 12.86 – 0.99
Daidzein-4¢,7-O-diglucuronide 2.9 – 0.5 0.05 – 0.00 3.26 – 0.81
Daidzein-4¢-O-sulfate 4.1 – 1.0 0.04 – 0.00 0.57 – 0.1
Daidzein-7-O-sulfate 1.6 – 0.4 0.09 – 0.01 0.70 – 0.13
Daidzein-4¢-O-sulfate-7-O-glucuronide 7.4 – 0.6 0.34 – 0.30 4.30 – 0.99
Total/mean 4.7 0.64 – 0.06 26.73 – 1.92 (72.1%)
Genistein 8.0 – 2.8 0.01 – 0.01 0.11 – 0.03
Genistein-4¢-O-glucuronide 3.9 – 0.8 0.14 – 0.02 4.95 – 1.02
Genistein-7-O-glucuronide-4¢-O-glucuronide 5.0 – 0.5 0.11 – 0.01 5.23 – 0.98
Genistein-4¢,7-O-diglucuronide-7-O-glucuronide 6.8 – 0.9 0.45 – 0.08 3.66 – 0.74
Genistein-4¢-O-sulfate-4¢,7-O-diglucuronide 17.1 – 5.1 0.02 – 0.04 0.34 – 0.05
Genistein-7-O-sulfate-4¢-O-sulfate 1.7 – 0.4 0.18 – 0.03 1.09 – 0.41
Genistein-4¢-O-sulfate-7-O-glucuronide-7-O-sulfate 6.4 – 0.6 0.85 – 0.12 2.96 – 0.79
Total/mean 5.4 1.58 – 0.16 18.34 – 2.67 (29.5%)

Data presented as mean values – standard error (n = 10). Italicized figures in parentheses represent urinary recoveries as a percentage of intake.
Adapted from Hosoda et al. (213).

FIG. 21. Microbial metabolism of the isoflavonoid genistein. Adapted from Joannou et al. (225) and Setchell et al. (409).
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been detected in Finnish milk that is sold for human con-
sumption (208). In humans, urinary excretion indicates that
formononetin is readily metabolized to daidzein, which can
be converted to O-desmethylangolensin and equol, as well as
being metabolized to dihydroformononetin and angolensin.
Biochanin A is metabolized to dihydrobiochanin A and 6¢-
hydroxyangolensin and is also converted, via genistein, to 6¢-
hydroxy-O-desmethylangolensin (Fig. 24) (185). This explains
the similarity of these microbial metabolites to those of
daidzein and genistein (15).

E. Flavan-3-ols

Bioavailability studies with flavan-3-ols typically involve
acute supplementation with either green tea or cocoa-based
products. In a recent study, Ottaviani et al. (336) investigated
the bioavailability of different enantiomeric forms of flavan-
3-ol monomers in a study in which adult human males
consumed equal quantities of ( - )-epicatechin, ( - )-catechin,
( + )-epicatechin, and ( + )-catechin (see Fig. 8) in a cocoa drink.
Based on plasma concentrations and urinary excretion, the

FIG. 22. Microbial metabolism of
the isoflavonoid daidzein. Adapted
from Coldham et al. (81) and Joannou
et al. (225).

FIG. 23. Human urinary
metabolites excreted after
the consumption of soy.
Adapted from Heinonen et al.
(186)
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bioavailability of the stereoisomers was ranked as ( - )-
epicatechin > ( + )-epicatechin = ( + )-catechin > ( - )-catechin.
There were also differences in the metabolic fate of the
catechin and epicatechin epimers as reflected in the ratios
of their 3¢- and 4¢-O-methylated metabolites. In addition,
the levels of nonmethylated metabolites of ( - )- and ( + )-
epicatechin in plasma and urine differed, demonstrating
that flavan-3-ol stereochemistry also affects metabolic
pathways other than O-methylation. The samples were
analyzed as aglycones released by glucuronidase/sulfa-

tase treatment, so it was not possible to determine in any
detail to what degree this impacted on the production of
glucuronide and sulfate metabolites. As the individual
flavan-3-ol stereoisomers in cocoa products and green
teas used in feeding studies are usually not determined,
this finding raises the possibility that varying stereo-
chemical ratios could be a contributing factor in the dif-
ferent (epi)catechin metabolite profiles reported in the
literature, with the stereochemical variation reflecting
differences in product processing.

FIG. 24. Human metabolism of the red clover isoflavones formononetin and biochanin A. Adapted from Heinonen et al. (185).
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1. Cocoa flavan-3-ol monomers. Because the stereo-
chemistry of the flavan-3-ols consumed in cocoa as well as the
stereochemistry of the flavan-3-ol metabolites observed in
plasma and urine have rarely been characterized to the en-
antiomer level, this uncertainty will be made clear by using,
for example, (epi)catechin and (epi)gallocatechin rather than
the apparently more-precise terms used in almost all the
original publications.

Early human studies on the postingestion fate of cocoa
flavan-3-ols treated plasma and urine samples with b-
glucuronidase/sulfatase and analyzed the released (epi)
catechin monomers by reverse-phase HPLC (199, 372, 376,
482). Richelle et al. (376) showed that after the consumption of
40 g of dark chocolate containing 282 lmol of ( - )-epicatechin,
the (epi)catechin metabolite levels in plasma rose rapidly and
reached a Cmax of 355 nM with a Tmax of 2.0 h, characteristic of
absorption in the upper GIT rather than the large intestine.
With double the chocolate intake, the Cmax increased to 676 nM
while the Tmax was extended to 2.6 h, which was attributed to
the ad libitum consumption of bread by the volunteers rather
than the increased intake of chocolate. Wang et al. (482) also
carried out a dose study in which varying amounts of chocolate
were served with 40 g of bread. The data, which are summa-
rized in Table 4, show a positive relationship between intake
and (epi)catechin plasma concentrations.

In a further study, Baba et al. (20) fed a chocolate containing
760 lmol of ( - )-epicatechin and 214 lmol of catechin, most
probably the ( - )-isomer, to human subjects and collected
plasma and urine over the ensuing 24-h period. The combined
Cmax of the metabolites was 4.8 – 0.9 lM, and the Tmax was 2 h.
The total 0–24-h urinary excretion of the (epi)catechin and
methyl-(epi)catechin metabolites was 227 – 39 lmol, which
corresponds to 29.9% of the ingested ( - )-epicatechin. As will
be discussed later, this high level of excretion of (epi)catechin
metabolites has been confirmed in a number of subsequent
feeding studies with both cocoa and green tea.

More recent cocoa flavan-3-ol bioavailability studies have
analyzed plasma and urine samples using the HPLC-MS2

methodology. In one such study by Mullen et al. (320), vol-
unteers drank a cocoa beverage containing 22.3 lmol of cat-
echin, almost all of it as the less-bioavailable ( - )-isomer, and
23.0 lmol of ( - )-epicatechin. Two flavan-3-ol metabolites
were detected in plasma, an O-methyl-(epi)catechin-O-sulfate
and an (epi)catechin-O-sulfate. Both had a Cmax below 100 nM
and a Tmax of < 1.5 h, and after 8 h, only trace levels remained
in the circulatory system. The two sulfated flavan-3-ols were

also the main metabolites in urine which, in addition, con-
tained an (epi)catechin-O-glucuronide, and a further
(epi)catechin-O-sulfate. The amount of flavan-3-ol metabo-
lites excreted in urine over the 0–24-h collection period was
7.32 – 0.82 lmol, which is equivalent to 16.3% – 1.8% of intake.
Considering that half of the flavan-3-ol monomer content of
the cocoa was ( - )-catechin, which has reduced bioavailabil-
ity, the real figure for ( - )-epicatechin absorption was proba-
bly nearer 30%, and as such is comparable with urinary
(epi)catechin excretion levels reported by Baba et al. (20).

2. Green tea flavan-3-ol monomers. Green tea contains
high concentrations of flavan-3-ol monomers. In addition to
( - )-epicatechin and ( + )-catechin, (epi)gallocatechins and 3-
O-galloylated flavan-3-ols are present, components that do
not occur in cocoa. Typically, ( - )-epigallocatechin-3-O-gal-
late, ( - )-epigallocatechin, and ( - )-epicatechin (Figs. 8 and 9)
predominate (110).

In an acute feeding study, healthy human subjects con-
sumed 500 ml of green tea containing 648 lmol of flavan-3-ols,
after which plasma and urine collected over a 24-h period
were analyzed by HPLC-MS3 (440). The plasma contained a
total of 12 metabolites in the form of O-methylated, sulfated,
and glucuronide conjugates of (epi)catechin and (epi)
gallocatechin along with the native green tea flavan-3-ols
( - )-epigallocatechin-3-O-gallate and ( - )-epicatechin-3-O-
gallate. An analysis of the pharmacokinetic profiles of these
compounds is presented in Table 5. None of the flavan-3-ols
were present in the circulatory system at 0 h, but they did
appear in detectable quantities 30 min after green tea con-
sumption. The main component that accumulated was an
(epi)gallocatechin-O-glucuronide, with a Cmax of 126 nM and
a Tmax of 2.2 h, whereas an (epi)catechin-O-glucuronide
attained a Cmax of 29 nM with a 1.7 h Tmax. The unme-
tabolized flavan-3-ols ( - )-epigallocatechin-3-O-gallate and
( - )-epicatechin-3-O-gallate had Cmax values of 55 and 25 nM
after 1.6 and 2.3 h, respectively. The Tmax durations ranged
from 1.6 to 2.3 h (Table 5); all the flavan-3-ols and their me-
tabolites were present in only trace quantities after 8 h, and
were not detected in the 24-h plasma. These Tmax values and
the pharmacokinetic profiles are indicative of absorption in
the small intestine.

Table 4. Concentration of (Epi)catechin Metabolites

in Plasma of Volunteers 0, 2, and 6 h After the

Ingestion of Chocolate Containing 159, 312, and

417 lmol of ( - )-Epicatechin

( - )-Epicatechin
intake (mmol) 0 h 2 h 6 h

0 1 – 1a 19 – 14a 1 – 1a

159 2 – 2a 133 – 27c 26 – 8b

312 4 – 2a 258 – 29c 66 – 8b

471 4 – 3a 355 – 49c 103 – 16b

Data expressed as mean values in nM – standard error (n = 9–13).
Mean values with a different superscript are significantly different
( p < 0.05).

Adapted from Wang et al. (482).

Table 5. Pharmacokinetic Analysis of Flavan-3-ols

and Their Metabolites Detected in Plasma

of Volunteers Following the Ingestion

of 500 ml of Green Tea

Flavan-3-ols (number of isomers) Cmax (nM) Tmax (h)

(Epi)catechin-O-glucuronide (1) 29 – 4.7 1.7 – 0.2
(Epi)catechin-O-sulfates (2) 89 – 15 1.6 – 0.2
O-Methyl-(epi)catechin-O-

sulfates (5)
90 – 15 1.7 – 0.2

(Epi)gallocatechin-O-glucuronide (1) 126 – 19 2.2 – 0.2
4¢-O-Methyl-(epi)gallocatechin-

O-glucuronide (1)
46 – 6.3 2.3 – 0.3

4¢-O-Methyl-(epi)gallocatechin-
O-sulfates (2)

79 – 12 2.2 – 0.2

( - )-Epigallocatechin-3-O-gallate (1) 55 – 12 1.9 – 0.1
( - )-Epicatechin-3-O-gallate (1) 25 – 3.0 1.6 – 0.2

Data expressed as mean values – standard error (n = 10).
Adapted from Stalmach et al. (440).

1838 DEL RIO ET AL.



The appearance of unmetabolized flavonoids in plasma is
unusual. The passage of ( - )-epicatechin-3-O-gallate and ( - )-
epigallocatechin-3-O-gallate through the wall of the small
intestine into the circulatory system without metabolism
could be a consequence of the presence of the 3-O-galloyl
moiety interfering with phase II metabolism. Gallic acid per se
is readily absorbed with a reported urinary excretion of 37%
of intake (412, 413), and so the gallate ester might exhibit
improved absorption.

Urine collected 0–24 h after green tea ingestion contained
flavan-3-ol metabolites similar to those detected in plasma,
except for the presence of minor amounts of three additional
(epi)gallocatechin-O-sulfates and the absence of ( - )-epica-
techin-3-O-gallate and ( - )-epigallocatechin-3-O-gallate (Ta-
ble 6) (440). There were, however, differences in the relative
amount of individual metabolites in plasma and urine. For
instance, an (epi)gallocatechin-O-glucuronide was the main
metabolite in plasma (Table 5), but not in urine (Table 6). In
total, 52.4 lmol of metabolites was excreted, which was
equivalent to 8.1% of the ingested green tea flavan-3-ols.
When the urinary (epi)gallocatechin and (epi)catechin me-
tabolites were considered separately, a somewhat different
picture emerged. The 33.3 lmol excretion of (epi)gallocatechin
metabolites was 11.4% of the ingested ( - )-epigallocatechin
and ( + )-gallocatechin, while the 19.1 – 2.2 lmol recovery of
(epi)catechin represented 28.5% of intake (Table 6). This is in
keeping with high urinary recoveries of (epi)catechin metab-
olites obtained in the studies with cocoa products (see Section
III.E.1), indicating that ( - )-epicatechin is highly bioavailable
and is absorbed and excreted to a much greater extent than
other flavonoids, with the possible exception of isoflavones
(see Section III.D).

The absence of detectable amounts of ( - )-epigallocatechin-
3-O-gallate in urine, despite its presence in plasma, an event
observed by several investigators (75, 192, 464), is difficult to
explain. It is possible that the kidneys are unable to remove
( - )-epigallocatechin-3-O-gallate from the bloodstream, but if
this is the case, there must be other mechanisms that result in

its rapid decline after reaching Cmax. Studies with rats have led
to speculation that ( - )-epigallocatechin-3-O-gallate may be
removed from the bloodstream in the liver and returned to the
small intestine in the bile (247, 252). To what extent en-
terohepatic recirculation of ( - )-epigallocatechin-3-O-gallate,
and also ( - )-epicatechin-3-O-gallate, occurs in humans re-
mains to be established. Quite possibly, these bile-excreted
flavan-3-ols would be degallated by the gut microbiota, and if
not more extensively degraded, would be excreted in urine as
(epi)catechin and (epi)gallocatechin metabolites. It is of note
that feeding studies with [2-14C]resveratrol have provided
evidence that metabolites of the stilbene do undergo en-
terohepatic recycling in humans (480).

a. Dose effects. Auger et al. (14) fed ileostomists increasing
doses of Polyphenon E, a green tea extract containing a
characteristic array of flavan-3-ols; urinary excretion of me-
tabolites was used as a measure of absorption in the small
intestine. The data obtained with (epi)gallocatechin and
(epi)catechin metabolites are summarized in Table 7. At a
dose of 22 lmol, the 0–24-h excretion of (epi)gallocatechin
metabolites was 5.7 – 1.9 lmol, and this figure did not increase
significantly with intakes of 55 and 165 lmol. There is,
therefore, a strict limit on the extent to which (epi)galloca-
techins can be absorbed. After the ingestion of 77 lmol of
(epi)catechins, 36 – 9 lmol was excreted, and with doses of 192
and 577 lmol, and urinary excretion increased significantly to
107 – 27 and 262 – 26 lmol. Thus, even the highest dose of
(epi)catechins, unlike (epi)gallocatechins, is still readily ab-
sorbed. The addition of a 5¢-hydroxyl group to (epi)catechin,
therefore, markedly reduces the extent to which the molecule
can enter the circulatory system from the small intestine. It is
also of note that at the three doses that were administered, the
ratio of the urinary glucuronide, sulfate, and methylated
(epi)catechin metabolites changed little (Table 7), implying
that even at the highest intake, the UGT, SULT and COMT

Table 7. Urinary Excretion of Flavan-3-ol

Metabolites After the Ingestion of Increasing

Doses of ( - )-Epicatechin and ( - )-Epigallocatechin

in Polyphenon E by Humans with an Ileostomy

22 mmol
dose

55mmol
dose

165mmol
dose

Glucuronides 1.8 (17%) 1.0 (18%) 1.7 (19%)
Sulfates 3.9 (37%) 2.0 (36%) 3.6 (40%)
Methylated 4.8 (46%) 2.6 (46%) 4.7 (51%)
Total (epi)gallocatechin

metabolites
5.7 – 1.9a 3.0 – 0.8a 5.3 – 1.2a

77 mmol
dose

192 mmol
dose

577mmol
dose

Glucuronides 3.4 (7%) 14 (9%) 38 (10%)
Sulfates 33 (64%) 93 (58%) 224 (59%)
Methylated 15 (29%) 53 (33%) 120 (31%)
Total (epi)catechin

metabolites
36 – 9a 107 – 27b 262 – 26c

Values for total (epi)gallocatechin and (epi)catechin metabolites
with different superscripts are significantly different ( p < 0.05).

Metabolites excreted over a 24-h period after ingestion expressed
as lmol, and italicized figures in parentheses represent the percent-
age of glucuronide, sulfate, and methylated metabolites.

Adapted from Auger et al. (14).

Table 6. Quantification of the Major Groups of

Flavan-3-ol Metabolites Excreted in Urine 0–24 h

After the Ingestion of 500 ml of Green Tea

by Volunteers

Flavan-3-ol metabolites
(number of isomers)

0–24 h excretion
(mmol)

(Epi)gallocatechin-O-glucuronide (1) 6.5 – 1.2
4¢-O-Methyl-(epi)gallocatechin-

O-glucuronide (1)
4.4 – 1.5

4¢-O-Methyl-(epi)gallocatechin-
O-sulfates (2)

19.8 – 0.3

(Epi)gallocatechin-O-sulfates (3) 2.6 – 3.0
Total (epi)gallocatechin metabolites 33.3 (11.4%)
(Epi)catechin-O-glucuronide (1) 1.5 – 0.3
(Epi)catechin-O-sulfates (2) 6.7 – 0.7
O-Methyl-(epi)catechin-O-sulfates (5) 10.9 – 1.2
Total (epi)catechin metabolites 19.1 (28.5%)
Total flavan-3-ol metabolites 52.4 (8.1%)

Data expressed as mean value – standard error (n = 10). Italicized
figures in parentheses indicate the amount excreted as a percentage
of intake.

Adapted from Stalmach et al. (440).
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enzymes involved in the formation of the (epi)catechin me-
tabolites do not become saturated and limit conversions.

b. Colonic catabolism of green tea flavan-3-ols. Stalmach et al.
(438) carried out an acute green tea feeding study with
ileostomists. The volunteers drank tea containing 634 lmol of
flavan-3-ols, a very similar intake to that used in their studies
with healthy subjects (440). The plasma flavan-3-ol pharma-
cokinetics were similar to those presented in Table 5, which
were obtained from healthy subjects with an intact colon.
Urinary excretion by the ileostomists was 8.0% of intake for
(epi)gallocatechin metabolites and 27.4% of (epi)catechin
metabolites, values that were similar to those observed with
healthy subjects (see Table 6). This confirms that the flavan-3-
ol monomers are absorbed in the upper part of the GIT, and
suggests that absorption of (epi)catechin and (epi)galloca-
techin after degallation of flavan-3-ol gallates excreted in bile
does not contribute significantly to bioavailability of the intact
flavan-3-ols in consumers with an intact colon. Despite the
substantial absorption of green tea flavan-3-ols in the upper
GIT, Stalmach et al. (438) found that 69% of intake was re-
covered in 0–24-h ileal fluid as a mixture of native compounds
and metabolites. Thus, in volunteers with a colon, most of the
ingested flavan-3-ols will pass from the small to large intes-
tine, where their fate is a key part of the overall bioavailability
equation.

To mimic events taking place in the large intestine, two sets
of experiments were carried out by Roowi et al. (387). First,
50 lmol of ( - )-epicatechin, ( - )-epigallocatechin, and ( - )-
epigallocatechin-3-O-gallate was incubated with fecal
suspensions in vitro under anaerobic conditions and their
degradation to phenolic acid and aromatic catabolites by the
microbiota monitored. Secondly, to complement the in vitro
incubations, catabolites excreted in urine 0–24 h after (i) the
ingestion of green tea and water by healthy subjects in a
crossover study and (ii) the consumption of green tea by
ileostomists were also investigated (387).

The data obtained in these studies provided the basis for the
operation of the proposed catabolic pathways illustrated in
Figure 25. Some of these catabolites, such as 4¢-hydro-
xyphenylacetic acid and hippuric acid (N-benzoylglycine), were
detected in urine from subjects with an ileostomy, indicating that
they are produced in the body by additional routes unrelated to
colonic degradation of flavan-3-ols. It is, for instance, well
known that there are pathways to hippuric acid from com-
pounds such as benzoic acid, quinic acid (79), tryptophan, ty-
rosine, and phenylalanine (50, 171, 408). Nonetheless, the
elevated urinary excretion of hippuric acid and 4¢-hydro-
xyphenylacetic acid occurring after green tea consumption is
likely to be partially derived from flavan-3-ol degradation.

Quantitative estimates of the extent of ring fission of the fla-
van-3-ol skeleton are difficult to assess, because as noted above,
the production of some of the urinary catabolites is not exclusive
to colonic degradation of flavan-3-ols. If these compounds are
excluded along with pyrogallol and pyrocatechol, which are
derived from cleavage of the gallate moiety from
( - )-epigallocatechin-3-O-gallate rather than ring fission, the
excretion of the remaining urinary phenolic acids, namely 4-
hydroxybenzoic acid, 3¢-methoxy-4¢-hydroxyphenylacetic acid,
3-(3¢-hydroxyphenyl)hydracrylic acid, and 5-(3¢,4¢,5¢-trihydrox-
yphenyl)-c-valerolactone, after ingestion of green tea was
210lmol compared to 38lmol after drinking water (387). The

172-lmol difference between these figures corresponds to 27%
of the 634 lmol of flavan-3-ols present in the ingested green tea
(438). Added to this is the*8% excretion of glucuronide, sulfate,
and methylated flavan-3-ols originating from absorption in the
small intestine. This estimate of a 35% recovery is nonetheless a
minimum value, because with the analytical methodology used,
some urinary catabolites will have escaped detection (387). This
will include glucuronide and sulfate metabolites of 5-(3¢,4¢,5¢-
trihydroxyphenyl)-c-valerolactone, 5-(3¢,4¢-dihydroxyphenyl)-c-
valerolactone, and 5-(3¢,5¢-dihydroxyphenyl)-c-valerolactone,
which were detected after green tea consumption with a cu-
mulative 0–24-h excretion corresponding to 16% of flavan-3-ol
intake (277, 303, 400). More recently, in a similar study in which
urine was collected for 24 h after green tea intake, valerolactone
metabolites were excreted in quantities equivalent to 36% of
intake (108). When added to the 35% recovery of Roowi et al.
(387), this gives a total of 71% of intake. While this figure is
obviously an approximation because of factors such as different
volunteers, flavan-3-ol intakes, and analytical methodologies, it
does demonstrate that despite substantial modification as they
pass through the body, there is a very high urinary recovery of
flavan-3-ols, principally in the form of colon-derived catabolites.
Moreover, the excretion of colonic valerolactones has been
shown to continue far beyond 24 h after ingestion, as some of
these metabolites have been detected in urine after 54 h (108).
This observation is consistent with a possible underestimation of
the real bioavailability of flavan-3-ols, at least when green tea is
consumed. In this context, the study of Calani et al. (60), who
monitored urinary excretion of (epi)catechin catabolites by 20
healthy volunteers for 48 h after ingestion of green tea, is of
interest. On a mole-for-mole basis, some volunteers exhibited a
100% recovery of flavan-3-ols in urine, whereas with others,
excretion was < 30% of intake. Arguably, this suggests that co-
lonic ring-fission catabolism could be a key factor in the bioac-
tivity of green tea flavan-3-ols.

c. Identification and quantification of flavan-3-ol metabolites.
Rather different (epi)catechin metabolite profiles have been
obtained by different research groups who in the absence of
standards used HPLC-MS3 to partially identify metabolites
that were then quantified by reference to ( - )-epicatechin. In
the Mullen et al. (320) cocoa investigation, an (epi)catechin-
O-sulfate and an O-methyl-(epi)catechin-O-sulfate were
detected in plasma. These sulfates were also the main
metabolites in urine, which also contained an additional
(epi)catechin-O-sulfate and smaller amounts of an (epi)cate-
chin-O-glucuronide. As outlined above, Auger et al. (14) and
Stalmach et al. (438, 440), using an identical analytical meth-
odology, detected a similar spectrum of (epi)catechin metab-
olites in plasma and urine collected after ingestion of green tea
flavan-3-ols. However, in cocoa studies by other groups in
which plasma and urine samples were analyzed by HPLC-
MS3, an (epi)catechin-O-glucuronide was the main metabo-
lite, and sulfates were either absent or minor components
(390–393, 458). The reason for these varying metabolite pro-
files, especially the dominance of glucuronides in some
studies and sulfates in others, could be due to losses of
(epi)catechin-O-sulfates that are known to be unstable during
sample processing before analysis (106). A further factor
influencing quantitative estimates is that the response of the
mass spectrometers used by the different groups may vary to
an extent, which in the absence of reference compounds
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FIG. 25. Proposed pathways involved in the colonic catabolism and urinary excretion of green tea flavan-3-ols. After
consumption of green tea, more than 50% of the ingested flavan-3-ols (gray structures) pass into the large intestine. When
incubated with fecal slurries, these compounds are catabolized by the colonic microflora, probably via the proposed pathways
illustrated. Analysis of urine after green tea consumption indicates that some of the colonic catabolites enter the circulation
and undergo further phase II metabolism before being excreted in urine. Structures in the gray box indicate such catabo-
lites that are detected in urine, but not produced by fecal fermentation of ( - )-epicatechin, ( - )-epigallocatechin, or ( - )-
epigallocatechin-3-O-gallate. The dotted arrow between pyrogallol and pyrocatechol indicates that this is a minor conversion.
Double arrows indicate conversions where the intermediates did not accumulate and are unknown. Compounds detected in
ileal fluid after green tea consumption (IF); catabolites detected in fecal slurries (F) and in urine (U); potential intermediates
that did not accumulate in detectable quantities in fecal slurries (*). Adapted from Roowi et al. (387).
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cannot be determined. Thus, it is possible that the Mullen et al.
(320), Auger et al. (14), and Stalmach et al. (438, 440) studies,
and others by this group (42, 435), may have used instruments
that are more sensitive to sulfates than to glucuronides, and
vice versa for other investigators. One way around this is to
treat samples with sulfatase/glucuronidase to release the
aglycones, but this too has its drawbacks, as different batches
of the enzyme preparations vary in the effectiveness with
which they hydrolyze flavan-3-ol sulfate metabolites (337).

In a recent human cocoa feeding study in which (i) au-
thentic flavan-3-ol metabolites were available to assist anal-
ysis, and (ii) the ( - )-epicatechin intake was 6.2 mmol/kg
body weight, the following metabolites were identified in
plasma with a Tmax of 2 h: ( - )-epicatechin-3¢-O-glucuronide
(Cmax, 589 – 85 nM), 4¢-O-methyl-( - )-epicatechin-7-O-glucu-
ronide (Cmax, *20 nM), ( - )-epicatechin-3¢-O-sulfate (Cmax,
331 – 26 nM), ( - )-epicatechin-5-O-sulfate (Cmax, 37 – 3 nM),
and ( - )-epicatechin-7-O-sulfate (Cmax, 12 – 1 nM) (Fig. 26).
Also present in trace amounts were four distinct 3¢- and 4¢-O-
methyl-( - )-epicatechin-O-sulfates, each of which was sul-
fated at the either C-5 or C-7 position (337). This establishes
that the main ( - )-epicatechin metabolite in humans is ( - )-

epicatechin-3¢-O-glucuronide, and that sulfate metabolites
accumulate in plasma at slightly lower concentrations.

3. Black tea theaflavins and thearubigins. Although
consumed far more extensively in Europe than green tea, the
absorption of flavan-3-ols from black tea, their gut microbial
catabolism, and human metabolism have been investigated
less extensively, and such studies as have been performed fo-
cused on the absorption of flavan-3-ol monomers (192). The
appearance of the gallic acid metabolites 3-O-methylgallic acid,
4-O-methylgallic acid, and 3,4-di-O-methylgallic acid in urine
(Fig. 27) has also been reported and used as an index of black
tea consumption (201, 202), although these metabolites are also
to be expected after not only green and black tea consumption
but also the ingestion of certain fruits, such as grapes, and the
associated wines. The absorption and metabolism of flavan-3-
ol monomers from black tea are not obviously different from
those observed after green tea consumption, although pro rata,
the dose of flavan-3-ols is much reduced.

To date, only one study has investigated the absorption of
mixed theaflavins (theaflavin 17.7%, theaflavin-3-O-gallate
31.8%, theaflavin-3¢-O-gallate 16.7%, and theaflavin-3,3¢-

FIG. 26. Human (2)-epicatechin plasma metabolites detected in plasma after the consumption of an–(2)-epicatechin-
rich cocoa drink. Adapted from Ottaviani et al. (337).

FIG. 27. Methylated gallic acid derivatives excreted after the consumption of black tea.
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digallate 31.4%) (Fig. 9) (318). An extremely high-dose 700 mg
mixed theaflavins, equivalent to about 30 cups of black tea,
was given to two healthy volunteers, one male and one
female. Plasma and urine concentrations were analyzed
by HPLC-MS2 after enzymatic deconjugation with b-
glucuronidase and sulfatase. Only theaflavin was detected
because the enzyme treatment also removed ester gallate.
Maximum theaflavin concentrations detected in the plasma of
the female and male volunteers were 1.8 and 0.9 fM, respec-
tively, and maximum urine concentrations were 1.1 and
7.4 fM, respectively, all at 2 h. These values should be doubled
to correct for the relatively poor recovery observed with
standard theaflavin, but even so, the total amount of thea-
flavin excreted was considerably < 0.001% of the very large
dose consumed (318).

Feeding studies have demonstrated that the consumption
of black tea beverage results in a substantially increased ex-
cretion of hippuric acid relative to baseline, suggesting that a
combination of gut microbial catabolism and postabsorption
metabolism results in a significant production of benzoic acid
(79, 107, 317). The yield of benzoic acid excreted as hippuric
acid is such that it points to thearubigins and theaflavins
serving as substrates in vivo, and being degraded to aromatic
acids. The yield of hippuric acid was not significantly affected
by the presence of caffeine in the black tea or by the addition of
milk, but varied by *4-fold between individuals for a given
intake of black tea (79).

F. Proanthocyanidins

There have been numerous feeding studies with animals and
humans, indicating that the oligomeric and polymeric proan-
thocyanidins are not absorbed to any degree. A study in which
ileostomists consumed apple juice indicates that most pass un-
altered to the large intestine (233), where they are catabolized by
the colonic microbiota, yielding a diversity of phenolic acids
and aromatic components (133, 291), including 3-(3¢-hydro-
xyphenyl)propionic acid and 4-O-methyl-gallic acid (111, 156),
which are absorbed into the circulatory system and excreted in
the urine. There is a report based on data obtained from an
in vitro model of gastrointestinal conditions that procyanidins
degrade, yielding more readily absorbable flavan-3-ol mono-
mers (234). However, in vivo studies (119, 380, 462), including
feeds to ileostomists (233), have not supported this conclusion,
suggesting that no more than *10% of procyanidin dimers are
converted to monomers in this way (10, 445).

There is a report of minor quantities of procyanidin B2 be-
ing detected in enzyme-treated human plasma collected after
the consumption of cocoa (210). The Tmax and pharmacoki-
netic profile of the B2 dimer were similar to those of flavan-3-
ol monomers, but the Cmax was *100-fold lower. Urpi-Sarda
et al. (465) also detected and quantified procyanidin B2 in
human and rat urine after cocoa intake.

Recent studies using procyanidin B2 and [14C]procyanidin
B2 have provided information on their in vitro catabolism by
the gut microbiota (10, 444, 445) and rodent pharmacokinetics
(446). After oral dosing of rats with a [14C]procyanidin B2

dimer, *60% of the radioactivity was excreted in urine after
96 h with the vast majority in a form very different from the
intact procyanidin dosed (446). This observation is consistent
with the in vitro studies that show extensive catabolism by the
gut microbiota. The scission of the interflavan bond represents
a minor route, and the dominant products are a series of

phenolic acids having one or two phenolic hydroxyls and
between one and five aliphatic carbons in the side chain (10,
444, 445). There were, in addition, some C6–C5 catabolites
with a side chain hydroxyl group and associated lactones
and several diaryl-propan-2-ols, most of which are also
produced from the flavan-3-ol monomers via the proposed
routes illustrated in Figure 25, whereas 3¢,4¢-dihydrox-
yphenylacetic acid is derived from cleavage of the C-ring of
the upper flavan-3-ol unit. However, the findings of Stoupi
et al. (445) also indicate that a feature of flavan-3-ol catabo-
lism is the conversion to C6–C5 valerolactones and the pro-
gressive b-oxidation to C6–C3 and C6–C1 products, broadly
in keeping with the ( - )-epicatechin catabolism routes il-
lustrated in Figure 28.

The potential biological effects of procyanidins are gener-
ally attributed to their more readily absorbed colonic break-
down products, the phenolic acids and valerolactones,
although there is a lack of detailed investigation in this area.
There is, however, a dissenting view as trace levels of pro-
cyanidins, in contrast to ( - )-catechin and ( + )-epicatechin,
inhibit platelet aggregation in vitro and suppress the synthesis
of the vasoconstricting peptide endothelin-1 by cultured en-
dothelial cells (84). Supporting this view is a study in which
individual procyanidins were fed to rats after which dimers
through to pentamers were detected in the plasma that was
extracted with 8 M urea, rather than the more traditional
methanol/acetonitrile, which was proposed to have pre-
vented or reversed the binding of procyanidins to plasma
proteins (419). The procyanidins were, however, adminis-
tered by gavage at an extremely high dose, 1 g/kg body
weight, and it remains to be determined if procyanidins can
be similarly detected in urea-extracted plasma after the in-
gestion by humans of more dietary-relevant quantities in co-
coa or chocolate products.

G. Dihydrochalcones

Human bioavailability studies with dihydrochalcones have
been restricted to feeds with apples, apple cider, and rooibos
tea (377). After ingestion, the principal components in apples
and cider, phloretin glucosides (Fig. 10), undergo cleavage in
the small intestine with the released phloretin being subject to
glucuronidation before appearing rapidly in the circulatory
system as phloretin-2¢-O-glucuronide with a Tmax of < 1 h
(Table 8). The short duration of the Tmax values and the similar
plasma Cmax of the glucuronide in healthy subjects and
ileostomists after apple cider consumption (294) are all in-
dicative of absorption in the proximal GIT. Overall recoveries
of phloretin derivatives in ileal fluid have varied from 47.3%
(175) to 38.5% (294) and 24.8% (233). Ileal fluid contained
phloretin-2¢-O-(2¢¢-O-xylosyl)glucoside, but none of the in-
gested phloretin-2¢-O-glucoside. This implies that the gluco-
side is more readily cleaved than the xylosyl-glucoside by
LPH in the brush border of the small intestine or by CBG in the
epithelial cells. Also detected in ileal fluid were the aglycone
phloretin, two further phloretin-O-glucuronides, and two
phloretin-O-sulfates (294).

In feeds with apple cider and a polyphenol-rich drink, the
main dihydrochalcones in urine was phloretin-2¢-O-glucuro-
nide with smaller amounts of two additional phloretin-O-
glucuronides and a phloretin-O-glucuronide-O-sulfate. The
overall excretion of these metabolites was *5.0% of intake in
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FIG. 28. Proposed pathways for human microbial degradation of procyanidin B1 dimer. Main routes are indicated with
solid arrows, and minor pathways with dotted arrows. Metabolites derived from upper and lower units are grouped within the
shaded rectangles. Adapted from Appeldoorn et al. (10) and Stouppi et al. (444, 445).
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both healthy subjects and volunteers with an ileostomy (Table
9), providing further evidence of the absorption of these
compounds in the small intestine. Nonetheless, the data ob-
tained with ileal fluid reveal that in subjects with a colon,
substantial amounts of ingested phloretin derivatives reach
the colon (42, 294).

There is only limited information on the fate of dihy-
drochalcones when they come into contact with the colonic
microbiota. Rats fed phloretin excrete the parent dihy-
drochalcone along with 3-(4¢-hydroxyphenyl)propionic acid
and 1,3,5-trihydroxybenzene (phloroglucinol). The metabo-
lism and degradation of phloretin-O-glycosides after inges-
tion, therefore, probably follow the pathways outlined in
Figure 29 (314). In vitro fecal bacteria convert the syn-
thetic sweetener neohesperidin dihydrochalcone to 3-(3¢-
dihydroxy-4¢-methoxyphenyl)propionic acid and 3-(3¢, 4¢-
hydroxyphenyl)propionic acid with the intermediates he-
speretin dihydrochalcone-4¢-O-glucoside and hesperetin
dihydrochalcone also being detected (Fig. 30) (45).

As noted in Section II.A.7, the principal components in
unfermented rooibos tea are the dihydrochalcone C-gluco-
sides aspalathin and nothofagin (Fig. 10) with smaller
amounts of flavanone and flavone C-glucosides and flavonol
O-glycosides. Fermentation results in a decline in the dihy-
drochalcones and an increase in the flavanone C-glucosides,
while the other flavonoids remained largely unchanged (437).

Five-hundred-milliliter volumes of the unfermented and
fermented rooibos teas that were analyzed by Stalmach et al.
(437) were, in the same study, also fed to volunteers, after
which plasma and urine collected at intervals over a 24-h
period were analyzed by HPLC-MS3. This was the first de-
tailed study in which the bioavailability of flavonoid C-gly-
cosides, as opposed to O-glycosides, was investigated in
humans. Presumably, because of their low concentration in
the teas and/or their low bioavailability, no dihydrochalcones
were detected in plasma, although aspalathin metabolites
were present in urine in detectable quantities.

Urine contained glucuronides, sulfates, methyl, methyl
sulfates, and methyl glucuronide metabolites of aspalathin. In
contrast, no nothofagin metabolites were detected. Most uri-
nary excretion of the aspalathin metabolites occurred during
the first 5 h after intake (80%–90% of the total amounts ex-
creted), indicative of small intestine absorption. In total,
316 nmol of aspalathin metabolites was excreted after an in-
take of 90 lmol with unfermented tea. This represents a re-
covery of 0.35% (Table 10). After the ingestion of 8 lmol of
aspalathin with the fermented tea, there was urinary recovery
of 14.3 nmol of metabolites corresponding to 0.18% of intake.
Aspalathin, therefore, has very limited bioavailability.

Incubation of aspalathin with artificial gastric juice for up to
2 h led to a recovery of *100%, suggesting that the dihy-
drochalcone-C-glucoside is not subject to degradation in the
stomach. The very low urinary recoveries of aspalathin me-
tabolites and their failure to accumulate in detectable quan-
tities in plasma are probably consequences of the C-glucoside
moiety not being readily cleaved by either LPH or CBG as the
dihydrochalcone passes through the small intestine (437).

Kreuz et al. (256) reported urinary excretion of aspalathin in
the form of glucuronidated, methyl glucuronidated, methyl-
ated, and free aspalathin, in pigs, after intakes of 15.3 g of
aspalathin for 11 days—a daily intake equivalent to *400
times that given as a single dose by Stalmach et al. (437). They
reported urinary excretion levels ranging from 0.16% to 0.87%
in three pigs after 7 days of treatment, which is in broad
agreement with the observed level of human urinary excre-
tion. This suggests that limited absorption occurs regardless
of the dose ingested.

H. Ellagitannins

Most studies on the bioavailability of ellagitannins have
involved feeding humans pomegranate juice, which contains
punicalin and punicalagin (Fig. 11) (68, 407). However, the
bioavailability of ellagitannins in raspberries (158), straw-
berries, walnuts, and oak-aged wines has also been investi-
gated (69).

After drinking pomegranate juice containing 318 mg of
punicalagins, ellagic acid was detected in plasma with Cmax of
60 nM at a Tmax of 0.98 h, suggesting acid hydrolysis of at least
some of the ellagitannins releasing free ellagic acid, which is
absorbed directly from the stomach or the proximal small
intestine (407). Also detected in the plasma of some, but not
all, volunteers, mainly 6 h after supplementation, were ur-
olithin A, urolithin A-3-O-glucuronide, urolithin B, and
methylated urolithin B. Urinary metabolites that began to
appear after 12 h included urolithin A-3-O-glucuronide, ur-
olithin B-3-O-glucuronide, and 3,8-O-dimethylellagic acid-2-
O-glucuronide (see Fig. 31), and excretion continued for up to

Table 8. Plasma Pharmacokinetic Data

for Phloretin-2¢-O-Glucuronide After the

Consumption of Apple Cider and a Polyphenol-Rich

Drink by Healthy Volunteers and Subjects

with an Ileostomy

Supplement
and volunteers

Intake of
phloretin

derivatives
(mmol)

Cmax

(nM)
Tmax

(h) Reference

Apple cider 294
Healthy volunteers 46 73 – 11 0.6 – 0.1
Ileostomists 46 93 – 29 0.5 – 0.0

Polyphenol-rich drink 42
Health volunteers 83 204 – 26 0.6 – 0.1

Table 9. Urinary Excretion of Phloretin Metabolites

Over a 24-h Period After the Consumption of Apple

Cider and a Polyphenol-Rich Drink by Healthy

Volunteers and Subjects with an Ileostomy

Urinary excretion

Supplement
and volunteers

Intake of
phloretin

derivatives
(mmol) mmole

% of
intake Reference

Apple cider 294
Healthy volunteers 46 2.3 – 0.4 5.0%
Ileostomists 46 2.5 – 0.2 5.5%

Polyphenol-rich drink 42
Health volunteers 83 4.0 – 0.4 4.9%
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further 36 h. None of these compounds were quantified, and
there was much subject-to-subject variation in the spectrum of
metabolites produced. This implies that when the ellagi-
tannins and/or ellagic acid reaches the distal part of the small
intestine and the colon, they are metabolized by the gut mi-
crobiota, producing urolithins A and B, which are then
absorbed along with ellagic acid and subjected to the action
of phase II UGTs and/or COMTs before being excreted in
urine (407).

In a further study in which volunteers ingested 1 liter of
pomegranate juice containing 4.37 g of punicalagins on a daily
basis for 5 days, circulating urolithin levels reached a con-
centration of 18.6 lM (68). Feeding human subjects a single
dose of strawberries, raspberries, walnuts, and oak-aged red
wine, all of which contain ellagitannins, resulted in excretion
of urolithin A 3-O-glucuronide in quantities equivalent to
2.8% (strawberries), 3.4% (raspberries), 6.5% (oak-aged red
wine), and 16.6% (walnuts) of intake (69).

After the ingestion of a raspberry supplement, containing
123 lmol of ellagitannins, mainly as sanguiin H-6, by healthy
subjects, urolithin A-3-O-glucuronide, two of its isomers, and
urolithin B-O-glucuronide were excreted in 7–48-h urine
(158). There was a marked variation in the urolithin profile of
individual volunteers with recoveries relative to the ingested

ellagitannins ranging from 0% to 8.2%, indicative of differ-
ences in the colonic microbiota responsible for ellagitannin
degradation.

In vitro anaerobic incubations of punicalagin with fecal
slurries resulted in the appearance of ellagic acid, urolithin A,
isourolithin A, and urolithin B (Fig. 32) (159). There were
substantial qualitative and quantitative differences in the
profile of metabolites obtained with residual punicalagin
concentrations at the end of the 72-h incubation ranging from
1.3 to 27.7 lM and the final concentration of urolithins varying
from 0 to 27.4 lM. Once again, this is almost certainly a con-
sequence of person-to-person variations in bacterial compo-
sition of the colonic micobiota. Although there was again
much sample-to-sample variation, fecal incubations converted
ellagic acid to urolithins much more efficiently than punicala-
gin (Fig. 33). Thus, in vivo, the anaerobic bacterial conversion of
ellagitannins to ellagic acid appears to be the rate-limiting step
in the production of urolithins in the colon. Furthermore, the
fecal incubations did not yield urolithin glucuronides that are
excreted in urine after in vivo feeding studies. This points to
glucuronidation of urolithins occurring in the wall of the large
intestine and/or postabsorption in the liver.

The most detailed study on ellagitannins to date has been
carried out with Iberian pigs, which in their natural habit feed

FIG. 29. Metabolism of phloretin-O-glycosides after ingestion. Adapted from Richling (377).
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on oak acorns, a rich source of ellagitannins (134). The pigs
consumed an average of 4.04 kg of acorns on a daily basis for
117 days after which tissues and body fluids were processed
and analyzed by HPLC-MS3. A total of 31 ellagitannin-
derived metabolites were detected, including 25 urolithin and
six ellagic acid derivatives. A summary of the complex picture
that emerges is that in the jejunum, the acorn ellagitannins

release ellagic acid (which is metabolized sequentially by in-
testinal microbiota), producing urolithin D, urolithin C, ur-
olithin A, and urolithin B, as illustrated in Figure 31. These
urolithins are absorbed preferentially as their lipophilicity
increases with plasma containing mainly urolithin A-3-O-
glucuronide and urolithin B-3-O-glucuronide with traces of a
urolithin C-O-glucuronide and 3,8-O-dimethylellagic acid-2-
O-glucuronide. The urolithin A and B glucuronides were the
major components in urine. Among the 26 conjugated me-
tabolites were detected in bile were glucuronides and methyl
glucuronides of ellagic acid and sizable quantities of urolithin
A, C, and D derivatives. This indicates substantial hepatic
metabolism and active enterohepatic circulation, and also
explains the persistence of urinary urolithin metabolites ob-
served in the human studies. No ellagitannins or their me-
tabolites were detected in body tissues of the Iberian pigs
outside the GIT (134). However, after consumption of
pomegranate juice and walnuts, urolithin A-O-3- glucuronide
and traces of urolithin B have been detected in human pros-
tate tissue (162).

I. Chlorogenic acids

Coffee beans as noted in Section II.B is a rich source of
chlorogenic acids, mainly 3-O-, 4-O-, and 5-O-caffeoylquinic
acids, and smaller amounts of the equivalent feruloylquinic
acids, which as a result of their ready extraction by hot water
can be consumed in a quantity by regular coffee drinkers (96).
The most detailed research on the fate of chlorogenic acids
after ingestion of coffee is that of Stalmach et al’s. (436, 439) in
studies with healthy humans and ileostomists, in which it was
possible to distinguish between events occurring in the
proximal and distal GIT and elucidate the metabolic path-
ways illustrated in Figure 34. Ileostomists consumed coffee
containing 385 lmol of chlorogenic acids of which 274 lmol
was recovered as both the parent compounds and sulfate and
glucuronide conjugates in a 0–24-h ileal fluid. Thus, *30% of
intake is absorbed in the small intestine, and in healthy

FIG. 30. Catabolism of neohesperidin dihydrochalcone to
3-(3¢,4¢-dihydroxyphenyl)propionic acid by human fecal
slurries. Steps catalyzed by the colonic bacteria Eubacterium
ramulus and Clostridium orbiscindens are indicated. Adapted
from Braune et al. (45).

Table 10. Summary of the Urinary Excretion

of Aspalathin Metabolites in Urine Collected

from 10 Volunteers After Drinking 500 ml

of Unfermented Rooibos Tea Containing 90 lmol

of Aspalathin

Quantity excreted in urine (nmol)

Metabolites 0–5 h 5–12 h 12–24 h 0–24 h

Aspalathin-O-
glucuronide

6.2 – 1.1 5.0 – 1.1 1.3 – 0.6 12 – 1.6

O-Methyl-aspalathin-
O-glucuronide

180 – 22 42 – 9.1 7.2 – 2.5 229 – 26

Aspalathin-O-sulfate 40 – 6.6 11 – 2.3 1.3 – 1.1 52 – 6.8
O-Methyl-aspalathin-

O-sulfate
20 – 3.0 2.7 – 0.9 n.d. 23 – 3.2

Total aspalathin
metabolites (% intake)

0.35%

Data expressed as mean values in nmol – standard error (n = 10).
Italicized figure in parentheses indicates 0–24-h excretion as a
percentage of intake.

Adapted from Stalmach et al. (437).
n.d., not detected.
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subjects with an intact colon, 70% of the ingested chlorogenic
acids pass from the small to large intestine, where they are
subject to the action of the colonic microbiota. Urinary ex-
cretion, principally of metabolites, by healthy subjects was
equivalent to 29.2% of intake, but only 8.0% with ileostomists,
demonstrating the role of the colon in the bioavailability of
chlorogenic acids. The study also showed that urinary dihy-
drocaffeic acid-3¢-O-sulfate and feruloylglycine serve as sen-
sitive biomarkers for the consumption of relatively small
amounts of coffee.

Concord grape juice from grapes of V. lambrusca contains
sizable amounts of hydroxycinnamate tartarate esters with
the main component being caftaric acid (Fig. 12). After in-
gestion, esterases cleave the conjugating tartartic acid, and the
released caffeic acid is metabolized and absorbed in a manner
similar, but not identical, to that of caffeic acid cleaved from
caffeoylquinic acids in coffee (434, 435).

J. Resveratrol

trans-Resveratrol is widely credited with being responsible
for the protective effects of red wine in both the press (405)

and the scientific literature (76, 399). This is almost certainly
not true, as the level of the stilbenes in red wines is so low that
> 60 liters would have to be consumed on a daily basis by
humans for intake to reach the amounts that are required to
increase longevity and provide protective effects in model
animal systems (85). Resveratrol is an extremely minor com-
ponent in the human diet, and as such, its potential use is as a
therapeutic agent at pharmacological doses.

Bioavailability studies in humans with trans-resveratrol
have shown absorption and a rapid metabolism, but relatively
low excretion in urine and feces. Gastric absorption explains
the peak of free resveratrol in the plasma 30 min after inges-
tion (8, 39, 475, 479). However, the Cmax of free resveratrol is
typically extremely low: < 37 nM after oral ingestion at
physiological doses ranging from 1.1 to 110 lmol (154, 479,
480). In acute feeds with doses of 0.44–22 mmol, the higher
trans-resveratrol dosage increased the Cmax to*280 nM (8, 39,
475). The general consensus is that resveratrol-O-glucuro-
nides and sulfates are the major plasma and urine metabolites,
with the sulfates being predominant (39, 40, 57, 467).

Resveratrol-3-O-glucuronide, resveratrol-4¢-O-glucuronide,
resveratrol-3-O-sulfate, resveratrol-4¢-O-sulfate (Fig. 35), a

FIG. 31. Potential pathways for the conversion of ellagitannins to urolithins.
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resveratrol-O-disulfate, and an O-glucuronide-O-sulfate were
found in the plasma of both healthy humans and colorectal
cancer patients ingesting 2.2 and 4.4 mmol of trans-resveratrol
(40, 348). In addition to these metabolites, two novel trans-
resveratrol C/O-conjugated diglucuronides were detected in
plasma and urine of subjects who ingested 128 lmol of trans-
piceid (57).

K. Plant lignans

A diverse range of plant lignans, including secoisolaricir-
esinol, matairesinol, medioresinol, pinoresinol, and laricir-
esinol (Fig. 5), are all converted to enterodiol and
enterolactone (Fig. 36) by human gut microbiota (15, 128, 184,
308, 353, 354). Enterolactone production in vitro is slow
compared with synthesis of enterodiol (16, 128). The ratio of
enterolactone- and enterodiol-producing bacteria is 1:2000 as
shown by culture-based and 16S rRNA-targeted molecular
methods. These observations indicate that enterodiol-
synthesizing bacteria are dominant, while enterolactone-
forming microbiota are a minor population (77). Several
research groups have shown a negative association between
frequent bowel movements and enterolactone levels (227,
249). Human subjects with more rapid colonic transit may
have less time to convert plant lignans to enterolactone than

subjects whose colon motility is slow and the subsequent
transit time of the colonic contents is more prolong.

IV. Evidence for the Accumulation
of (Poly)phenol Metabolites in Body Tissues

As will be discussed in Section VI, there is evidence from a
number of sources that consumption of berry extracts and
fruit juices can delay the decline of various aspects of cogni-
tive function in elderly rats and humans (359). There is,
however, contradictory evidence as to whether flavonoids
themselves cross the blood–brain barrier.

In one of the early studies, Andres-Lacueva et al. (9) de-
tected trace levels of several anthocyanins in brains of rats that
had received a diet supplemented with a blueberry extract,
containing unspecified amounts of anthocyanins, for a period
of 10 weeks. In a further study, 18 h after feeding pelargonidin
to rats by gavage at a dose of 184 lmol/kg, the unmetabolized
anthocyanidin was detected in brains at a concentration of ca.
0.2 nmol/g (fresh weight) (129). In contrast, anthocyanins did
not accumulate in detectable amounts in the brains of rats
obtained up to 24 h after acute supplementation by gavage
with 2.8 ml of raspberry juice, which is a nutritional-relevant
dose equivalent to a 70-kg human drinking 700 ml of juice
(43). In contrast, after a 4-week supplementation of pigs with a

FIG. 32. Anaerobic metabolism of punicalagins to ellagic
acid and urolithins in fecal suspensions. Bars represent
standard errors (n = 5). The initial concentration of punica-
lagin was 100 lM. Adapted from Gonzalez-Barrio et al. (159).

FIG. 33. Anaerobic metabolism of ellagic acid to ur-
olithins in fecal suspensions. Bars represent standard errors
(n = 4). The initial concentration of ellagic acid was 50 lM.
Adapted from Gonzalez-Barrio et al. (159).
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blueberry extract, containing undefined amounts of antho-
cyanins, 300 pg of anthocyanins/g was detected in cerebellum
tissue and 700 pg/g in eye tissue (237). In another study, oral
ingestion of 100 mg/kg of blackcurrant anthocyanins by rats
resulted in a plasma anthocyanin Cmax of 1.9 lg/ml 30 min
after ingestion and a maximum concentration of anthocyanins

in the whole eye of 115 ng/g, also after 30 min (295). However,
in a study with male mice, feeding a bilberry (Vaccinium
myrtillus) extract for 2 weeks resulted in the accumulation of
anthocyanins in detectable amounts in plasma, the liver,
kidney, testes, and lungs, but not in other tissues, including
the brain and eyes (398). One of the possible reasons for the

FIG. 34. Proposed metabolism of chlorogenic acids following the ingestion of coffee by volunteers. 5-Caffeoylquinic acid
and 5-feruloylquinic acid are illustrated structures, but their respective 3- and 4-isomers would be metabolized in a similar
manner. Co-A, Co-enzyme A; EST, esterase; RA, reductase. Bold arrows indicate major routes, and dotted arrows minor
pathways. Steps blocked in subjects with an ileostomy, and hence occurring in the colon are indicated. Adapted from
Stalmach et al. (436, 439).

FIG. 35. Human metabolites of
trans-resveratrol. Adapted from
Boocock et al. (40) and Patel et al.
(348).
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seemingly contradictory data obtained in these studies could
be the use of extracts containing very high amounts of an-
thocyanins well in excess of what could be ingested as part of
a normal berry-based diet.

As far as localization of other flavonoids within the body is
concerned, acute supplementation of rats with [2-14C]quercetin-
4¢-O-glucoside at a dose of 4 mg/kg body weight is a study of
relevance (323). The bulk of the ingested radiolabeled flavonol
reached the cecum and colon, and it was rapidly degraded to
phenolic acids, principally 3-hydroxyphenylacetic acid and
benzoic acid. Most of radioactivity, over a 72-h period, was
rapidly excreted in urine without any noticeable buildup in the
circulatory system or body tissues, including the brain. In con-
trast, feeds of unlabeled quercetin to rats at substantially higher
doses of 50 and 200 mg/kg, corresponding to intakes of 271 and
1084 mg for a 70-kg human, did result in the detection of trace
levels of quercetin in perfused rat brain tissues (216). In a human
study in which volunteers drank 250 ml of green tea containing
505lmol of flavan-3-ol monomers, typical (epi)catechin and
(epi)gallocatechin metabolites were detected in plasma 1 h after
ingestion, but they were not present in the cerebrospinal fluid
collected 1 h later (513). In contrast, small amounts of radioac-
tivity were detected in the brain of rats 6 and 24 h after feeding
[3H]-( - )-epigallocatechin-3-O-gallate by gavage (449). Radio-
activity was also detected in the brain of rats after feeding
mixtures of 14C-labeled grape (poly)phenols (222). However, in
neither of these studies was the identity of radiolabeled com-
pounds in brain tissues determined.

There is a report on the detection of flavan-3-ols in extracts
of glucuronidase/sulfatase-treated prostate biopsy tissue
obtained from subjects who had consumed 1.42 L of either
green or black tea for a period of 5 days (192), and as noted
earlier, after consumption of pomegranate juice and walnuts,
urolithin A glucuronide and traces of urolithin B have also
been detected in human prostate tissue (162). In a further
study, glucuronide metabolites of epicatechin and methyl-
epicatechin were detected in the thymus, testes, and liver,
with lower amounts in the lymph nodes and spleen, of rats
that had been fed a 10% cocoa diet for a period of 15 days
(466). In addition, after the ingestion of isoflavones, the
presence of daidzein and genistein and their metabolites
equol, enterolactone, and enterodiol has also been detected in
human prostate tissue, whereas after ingesting *300 lmol of
daidzein, concentrations up to 6 lM of equol accumulated in
the breast tissue [see(93)].

Immunohistochemical studies have established that quer-
cetin-3-O-glucuronide (Fig. 15), one of the main quercetin
metabolites in the circulatory system (105), accumulates in
macrophage-derived foam cells of human atherosclerotic le-
sions, but not in the normal aorta (243). In vitro experiments
with murine macrophage cell lines showed that quercetin-3-
O-glucuronide was taken up and deconjugated to its more
bioactive aglycone quercetin, which was in turn partially
converted to a methylated metabolite. In addition, mRNA
expression of the class A scavenger receptor and CD36, which
play key roles in the formation of foam cells, was suppressed
by treatment with quercetin-3-O-glucuronide (243). Likewise,
immunohistochemical studies have also shown that ( - )-
epicatechin-3-O-gallate, a constituent of green tea that ap-
pears in plasma in trace amounts after ingestion (438), is also
specifically localized in macrophage-derived foam cells and
similarly suppresses gene expression of CD36 (244).

V. In Vitro Biological Activity and Mode of Action

Bioactivity investigations using human or animal cell lines
have made extensive use of both (poly)phenol aglycones and
their sugar conjugates, the latter being the typical form in
which they exist in planta. The concentrations at which these
compounds have been assayed have usually been in the low-
lM-to-mM range (340, 385, 502). However, as outlined in
previous sections of this review, after ingestion, with few
exceptions, dietary (poly)phenolics appear in the circulatory
system not as the parent compounds, but as glucuronide,
methyl, and sulfate metabolites, and their presence in plasma
after normal dietary intake rarely exceeds nM concentrations,
even at Cmax (93, 109). Moreover, substantial quantities of
(poly)phenols are not absorbed in the small intestine, but pass
to the colon where they are degraded by the action of the
microbiota, to give rise to a plethora of small phenolic acid
and aromatic catabolites that are absorbed into the circulatory
system before being excreted in quantities that vastly exceed
those of metabolites absorbed in the small intestine (108).
Therefore, the focus of this section of the review will be on the
in vitro bioactivity of in vivo metabolites and catabolites
formed within body after intake of dietary-relevant doses of
(poly)phenol-rich foods.

A. Anthocyanins

Protocatechuic acid (3,4-dihydroxybenzoic acid) is one of
the catabolites derived from colonic microbial degradation of
cyanidin-O-glucosides (159, 478) (see Fig. 19), and its bioac-
tivity in vitro has been investigated in some detail, with its
influence in cell proliferation and death being among the ar-
eas of interest. It has apoptotic effects on human gastric ade-
nocarcinoma cells in a time- and dose-dependent manner
(280). This study also showed that the effect of protocatechuic
acid on an adenocarcinoma cell line might be mediated via
sustained phosphorylation and activation of c-Jun N-terminal
kinase ( JNK) and p38 mitogen-activated protein kinase
(MAPK), but not extracellular-signal-regulated kinases
(ERK), thus defining a very specific mechanism of action.
This is in good agreement with Yip et al. (508), who repor-
ted cytotoxicity of protocatechuic acid against HepG2
hepatocellular carcinoma cells exerted by stimulating JNK
and p38 subgroups of the MAPK family. In contrast to these

FIG. 36. The mammalian lignans enterodiol and en-
terolactone.
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proapoptotic effects, protocatechuic acid was able to increase
the viability of cultured neural stem cells and to stimulate cell
proliferation. The reduced level of apoptosis of neural stem
cells was probably brought about by lowering the level of
reactive oxygen species (ROS) and decreasing the activity of
caspase-3 (172). This indicates that protocatechuic acid can
act in varying ways in different environments, acting in a
proapoptotic manner in actively proliferating cells, while
protecting normal cells from apoptosis. This antiapoptotic
ability was seemingly confirmed in a study in which treat-
ment of cultured rat adrenal gland pheochromocytoma
(PC12) cells with protocatechuic acid prevented 1-methyl-4-
phenylpyridinium ion (MPP + )-induced loss of mitochon-
drial membrane potential, formation of ROS, glutathione
depletion, activation of caspase-3, and downregulation of
Bcl-2 (173). However, the concentration of protocatechuic
acid used to treat cells in these studies ranged from 0.06 to
8 mM, which vastly exceeds the levels likely to be attained
in vivo (478), making the reported effects of this anthocya-
nin catabolite of questionable physiological relevance, in this
instance.

Consumption of fruits and vegetables and related prod-
ucts, rich in anthocyanins and other (poly)phenols, is thought
to reduce inflammatory stress, and as a consequence, provi-
des some degree of protection against the development of
chronic diseases, including cancer, cardiovascular, and neu-
rodegenerative pathologies (4, 150, 402). From the inflam-
mation perspective, protocatechuic acid has been reported to
inhibit monocyte adhesion to tumour necrosis factor-a (TNF-
a)-activated mouse aortic endothelial cells, and also to reduce
vascular cell adhesion molecule 1 (VCAM-1), intercellular
adhesion molecule 1 (ICAM-1) expression, the nuclear con-
tent of p65, and nuclear factor jB (NF-jB)-binding activity
(481). In the same study, protocatechuic acid administered to
apolipoprotein E (ApoE)-deficient mice reduced aortic
VCAM-1 and ICAM-1 expression, NF-jB activity, and plas-
ma-soluble VCAM-1 and ICAM-1 levels, thus inhibiting the
development of atherosclerosis. These results suggest that
protocatechuic acid could be considered as at least partially
antiatherogenic because of its vascular anti-inflammatory
activity.

Verzelloni et al. (476) observed that 3¢-hydroxyphenylacetic
acid, 3¢,4¢-dihydroxyphenylacetic acid, and 3¢-methoxy-4¢-
hydroxyphenylacetic acid, known anthocyanin microbial ca-
tabolites (493), inhibited the formation of advanced glycation
end products (AGEs) when applied as a mixture at a com-
bined concentration of 2.0 lM. The same set of catabolites was
effective in preserving cultivated neuron cells from death due
to oxidative stress at a concentration of 1.5 lM. Additional
experiments were carried out with the AGE model that
pointed to the glucose-mediated pathway as the likely site of
action of the catabolites. In another study by this group, hy-
droxycinnamate catabolites, derived from caffeoylquinic ac-
ids in coffee, were able to inhibit protein glycation, which was
related to a reduction of Amadori products, suggesting that
these compounds could act as pre-Amadori inhibitors of
protein glycation (477). Since phenolic compounds have the
ability to bind to proteins, it was hypothesized that the ca-
tabolites may protect albumin from glycation by a mechanism
involving some form of specific chemical binding. These
studies are good examples of testing the right compounds, as
the phenolic catabolites known to be generated in vivo were

able, at physiological concentrations, to counteract two key
features of diabetic complications, at least in vitro, namely
protein glycation and neurodegeneration.

Evidence exists for an inverse relationship between mod-
erate intake of red wine and the incidence of rectal cancer
(351), and this could be attributed to the colonic metabolites of
malvidin-3-O-glucoside and other anthocyanins, which along
with procyanidins are major components in many red wines.
Forester and Waterhouse (144) tested the anthocyanin mi-
crobial catabolites gallic acid, 3-O-methyl-gallic acid, proto-
catechuic acid, vanillic acid (3-methoxy-4-hydroxybenzoic
acid), syringic acid (3,5-dimethoxy-4-hydroxybenzoic acid),
and 2,4,6-trihydroxybenzaldehyde for their ability to induce
apoptosis and inhibit cell proliferation in a colon cancer model
using Caco-2 cells. Gallic acid, 3-O-methyl-gallic acid, and
2,4,6-trihydroxybenzaldehyde all reduced cell proliferation
without being cytotoxic and were more effective than the
parent anthocyanins. The catabolites degraded rapidly in the
culture medium, leaving open the possible involvement of
subsequent breakdown products in the reduction in cell via-
bility.

Russell et al. (396) compared the anti-inflammatory
properties of blueberry microbial catabolites, mostly deriv-
atives of benzoic acid, phenylacetic acid, and phenylpro-
pionic acid, obtained by fermenting a blueberry extract with
fecal slurries from two volunteers. This was done by asses-
sing the ability of the catabolites to modulate prostanoid
production in a cell system in which the inflammatory
pathways were upregulated by application of a cytokine-
induced stimulation. After interleukin-1 beta (IL-1b) treat-
ment of these cells, the catabolites generated by the fecal
material from volunteer 1 decreased the amount of prosta-
noids produced, whereas the aromatic compounds pro-
duced by slurries from volunteer 2 had the opposite effect
and increased prostanoid production. Although the number
of volunteers used in this study makes any conclusions
extremely tentative, the results suggest that the anti-
inflammatory effect of blueberry (poly)phenolics in the colon
may be dependent upon microbial catabolism which, as
noted reviously, can vary somewhat as a consequence of
person-to-person diversity in the composition of the colonic
microbiota.

B. Chlorogenic acids

Colonic metabolites of chlorogenic acids such as m-
coumaric acid and dihydroferulic acid [3-(3¢-methoxy-4¢-
hydroxyphenyl)propionic acid] showed high antioxidant
activity in a study carried out by Gómez-Ruiz et al. (155).
However, despite these antioxidant properties, they were not
able to protect human low-density lipoprotein (LDL) oxida-
tion induced by copper and 2,2¢-azobis(2-amidinopropane)
dihydrochloride.

Platelet activation and subsequent aggregation play a ma-
jor role in the pathogenesis of thromboembolic diseases such
as myocardial infarction and ischemic heart disease. Hyper-
active platelets with a high predisposition for activation are
known to be apparent in conditions such as diabetes and
heart disease (197). Dihydroferulic acid and 3-(3¢-
hydroxyphenyl)propionic acid, chlorogenic acid, and antho-
cyanin colonic catabolites (371, 436) partly reversed
hyper-reactivity of platelets induced by oxidative stress, and
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could also counteract the negative effects of hormonal stress-
induced platelet hyper-reactivity (370).

The results regarding the other main chlorogenic acid
catabolite, dihydrocaffeic acid [3-(3¢, 4¢-dihydroxyphenyl)
propionic acid], suggested that this compound is able to
scavenge intracellular ROS (215). In the same study, dihy-
drocaffeic acid also increased nitric oxide (NO) synthase ac-
tivity in a dose-dependent manner in cultured cells, with a
comparable increase in endothelial NO synthase protein. Al-
though the concentrations of the hydroxycinnamate required
to achieve this effect were higher ( > 50 lM) than those ob-
served in plasma after ingestion of a cup of coffee (436), these
results do indicate that dihydrocaffeic acid may function as an
intracellular antioxidant.

The antioxidant character of dihydrocaffeic acid was con-
firmed in another study in which it reduced cytotoxicity and
proinflammatory cytokine production (IL-6 and IL-8) in Ha-
CaT cells, a keratinocyte model, after UV radiation. However,
these effects may be attributed to direct radical scavenging of
the ROS formed, and to reinforcement of the internal antiox-
idant defenses of the keratinocytes, as well as to a direct in-
terference with the pathway involved in cytokine stimulation
(358).

The fact that dihydrocaffeic acid is not just an antioxidant
was convincingly established by Miene et al. (307), who
demonstrated that it was able to upregulate glutathione S-
transferase T2 (GSTT2) and decrease cyclooxygenase-2 (COX-
2) expression in human adenoma cells LT97 at concentrations
ranging from 5 to 25 lM. Cumene hydroperoxide-induced
DNA damage was significantly reduced by the catabolite. It
was proposed that an upregulation of GSTT2 with a con-
comitant downregulation of COX-2 may contribute to the
chemopreventive potential of (poly)phenols after degradation
in the distal GIT.

Recently, chlorogenic acid-derived catabolites (dihy-
drocaffeic acid, dihydroferulic acid, and feruloylglycine) (436)
(Fig. 34), when tested in combination at physiological con-
centrations, were shown to be effective in protecting human
neuronal cells from oxidative insults in an in vitro experi-
mental model (476). However, despite the fact that the
induced cellular stress was of oxidative origin (2 lM 2,3-
dimethoxy-1,4-naphthoquinone), the combination of chloro-
genic acid-derived catabolites was the most effective, and
independent of the antioxidant activity of the individual
components, indicating that the protective mechanisms
should not be attributed to the mere ability to prevent oxi-
dation. Another ferulic acid catabolite, ferulaldehyde (aka
coniferaldehyde) (Fig. 37), had been previously tested in a
murine lipopolysaccharide (LPS)-induced septic shock model
(367). It was found that intraperitoneally administered fer-
ulaldehyde (6 mg/kg every 12 h) prolonged the lifespan of
LPS-treated mice, decreased the inflammatory response, de-
creased early proinflammatory cytokines (TNF-a and IL-1b),
increased anti-inflammatory IL-10 levels in serum, and in-
hibited LPS-induced activation of NF-jB in the liver of the mice.

C. Ellagitannins

There is a rapidly growing body of literature describing the
biological activities of ellagitannin-derived urolithins. The
antioxidant activity of seven urolithins was evaluated in a
cell-based assay (31), and the antioxidant activity was corre-

lated with the number of hydroxyl groups and the lipophili-
city of the urolithin molecule. The most potent antioxidants
were urolithins D and C, with four and three hydroxyl
groups, respectively, whereas the dihydroxylated urolithin A
exhibited only weak activity. However, all these urolithins
possessed less antioxidant activity than their parent mole-
cules, ellagic acid and punicalagins. Contrary to what was
observed in this study, Ito (217) reported that urolithins
exhibited more potent antioxidant activities in the oxygen-
radical absorbance capacity (ORAC) assay than intact ellagi-
tannins, with urolithin A being among the most active.

However, as discussed with other components, antioxidant
properties are not central and other more specific and bio-
logically relevant activities are beginning to emerge. In a hu-
man colon cancer cell line, urolithin A and urolithin B, at
concentrations achievable in the lumen from a dietary intake,
influenced the expression levels of both signaling genes, such
as growth factor receptors, oncogenes, and tumour suppres-
sors, and genes involved in the cell cycle. These effects can be
linked to cancer prevention in epithelial cells lining the colon
(161). In a similar cell model, urolithins A and B induced the
expression and activity of phase I and II enzymes, including
cytochrome P450 mono-oxygenase 1A1 and UGT 1A10, and
inhibited several SULTs (160). In a well-known rat model of
inflammatory bowel disease, urolithins A and B reduced a
number of inflammation markers (i.e., inducible NO synthase,
COX-2, prostaglandin E [PGE] synthase, and PGE2 in colonic
mucosa), favorably modulated the gut microbiota, preserved
colonic architecture, but did not decrease oxidative stress in
plasma and colon mucosa (271). Interestingly, in the same
study, the formation of urolithins from punicalagin in rats fed
a pomegranate extract was prevented by inflammation, sug-
gesting that urolithin A, in particular, could be an active anti-
inflammatory compound in healthy subjects, but that other
molecules, arguably punicalagin, may be responsible for anti-
inflammatory activity when a pathological condition appears.
In a subsequent study with colon fibroblasts (163), urolithin A
and B (10 lM) inhibited prostaglandin E2 production after IL-
1b stimulation. Urolithin A, but not urolithin B, down-
regulated COX-2 and microsomal PGE synthase-1 (mPGES-1)
mRNA expression and protein levels. Both urolithins in-
hibited NF-jB translocation to the nucleus. Slight, but sig-
nificant, effects were found in the activation of MAPK
pathways. Urolithin A lowered JNK phosphorylation state,
and both urolithins inhibited p38 activation. Very interest-
ingly, no urolithin-derived metabolites were found in the cell
incubation medium, and only traces of urolithins were found
inside the cells.

The current results, therefore, suggest that urolithins, the
dihydroxy urolithin A in particular, have anti-inflammatory

FIG. 37. Ferulaldehyde.
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properties, and that the mode of action involves inhibition of
NF-jB and MAPK activation, downregulation of COX-2 and
mPGES-1 expression, and consequently, a reduction of PGE2
production. It must be pointed out that as urolithins were not
able to efficiently enter the cells, interference for IL-1b mem-
brane receptors cannot be excluded.

This anti-inflammatory ability of ellagitannin metabolites
could be translated into a relevant cancer preventive effect, at
least in the environment of the large intestine, where the
concentration of these compounds is comparable to those
applied in experimental in vitro models. To corroborate this
hypothesis, in vitro urolithins were shown to inhibit 2,3,7,8-
tetrachlorodibenzo-p-dioxin-induced CYP1-mediated ethox-
yresorufin-O-de-ethylase activity with IC50 values ranging
from 57 lM for urolithin A to 75 lM for urolithin C, which
may be reasonably achievable concentrations in physiological
conditions in the colon. These compounds, applied at similar
concentrations, exhibited dose- and time-dependent effects in
decreasing cell proliferation and the clonogenic efficiency of
HT-29 cells. Inhibition of cell proliferation was mediated
through cell cycle arrest at the S phase, followed by the in-
duction of apoptosis (241). These findings indicate that the
urolithins released in the colon after consumption of ellagi-
tannin-rich foods, such as walnuts, raspberries, or pome-
granate juice (269), can potentially curtail the risk of colon
cancer development by inhibiting cell proliferation and in-
ducing apoptosis.

Another study investigated the effects of urolithins on Wnt
signaling in a human 293T cell line using a luciferase reporter
of canonical Wnt pathway-mediated transcriptional activa-
tion (414). Investigating this pathway is extremely relevant as
Wnt proteins are a family of highly conserved, secreted sig-
naling molecules playing a pivotal role in cellular develop-
ment and carcinogenesis, with a large percentage (*90%) of
colon cancers arising from activating mutations in the Wnt
pathway (250). Urolithin A was able to inhibit Wnt signaling
at physiological intestinal concentrations, suggesting that el-

lagitannin-rich foods have the potential to prevent or coun-
teract colon carcinogenesis through this novel mechanism.

Urolithin activity has also been investigated in the context
of other forms of cancer. Seeram et al. (406) noted that ur-
olithins accumulated in the prostate tissue of C57BL/6 wild-
type male mice fed a pomegranate extract and demonstrated
that urolithins were able to inhibit the growth of human
prostate cancer cells in vitro. Subsequently, Kasimsetty et al.
(241) reported that urolithin C, 8-O-methylurolithin A, and
8,9-di-O-methylurolithin C caused potent inhibition of
CYP1-mediated ethoxyresorufin-O-de-ethylase activity also
in 22Rv1 prostate carcinoma cells after a 24-h incubation at
micromolar concentrations. Neutral red uptake assay results
indicated that the same three metabolites induced profound
cytotoxicity in the proximity of their CYP1 inhibitory IC50

values. Moreover, urolithins interfered with the expression of
CYP1B1 protein, an established target in prostate cancer
chemoprevention. Thus, urolithins were found to display a
dual mode mechanism of cancer chemopreventive activity, by
decreasing CYP1B1 activity and expression.

Urolithins A and B together with their acetylated, methyl-
ated, and sulfated analogs were examined for their ability to
inhibit aromatase activity and testosterone-induced breast
cancer cell proliferation at concentrations in the low micro-
molar range (1). Urolithin B was the most effective inhibitor of
aromatase activity in a live cell assay. Kinetic analysis of ur-
olithin B showed mixed inhibition, suggesting more than one
inhibitory mechanism. Urolithin B was also the most effective
in inhibiting testosterone-induced MCF-7aro cell prolifera-
tion, whereas the other urolithins were effective to a much
lesser degree. These observations suggest that ellagitannin-
derived urolithin B has potential for the prevention of estro-
gen-responsive breast cancers. In fact, both urolithins A and B
had been previously shown to exert estrogenic activity in a
dose-dependent manner, even at high concentrations, and
without antiproliferative or toxic effects in estrogen-sensitive
human breast cancer MCF-7 cells, whereas common

Table 11. Mechanisms of Action Exerted by Ellagitannin Metabolites

in Models Related to Cancer and Inflammation

Metabolite Mechanisms Model/cell line References

Urolithin A PGE2 Y, COX-2 - , NF-jB Y, JNK Y Colon fibroblast, 163
Urolithin B PGE2 Y, COX-2 = , NF-jB Y, JNK = Colon fibroblast 163
Ellagic acid PGE2 = , COX-2 = , NF-jB = , JNK = Colon fibroblast 163
Urolithins A and

B + ellagic acid
Cell cycle arrest, FGFR2-,

DUSP6 + , c-Myc + ,
Caco-2, microarray/

RT-PCR, WB
160, 161

Urolithin A Normal cell cycle, FGFR2 - ,
DUSP6 + , c-Myc + , CYP1A1 + ,
UGT1A10 +

Caco-2, microarray/
RT-PCR; WB

160, 161

Urolithin B Normal cell cycle, FGFR2 - ,
DUSP6 + , c-Myc + , CYP1A1 + ,
UGT1A10 +

Caco-2, microarray/
RT-PCR, WB

160, 161

Ellagic acid Normal cell cycle, FGFR2 - ,
DUSP6 + , c-Myc + , CYP1A1 + ,
UGT1A10 +

Caco-2, microarray/
RT-PCR, WB

160, 161

Urolithin A COX-2 - , iNOS - , PTGES - , PGE2 Y Rat inflammatory
bowel disease, WB

271

Y, signaling/effect inhibition; = , no significant change; + , expression induction (upregulation), - , expression inhibition (downregulation);
c-Myc, v-myc myelocytomatosis viral oncogene homolog (avian); COX-2, cyclooxygenase-2; CYP1B1, cytochrome p450 1B1; DUSP-6, dual-
specificity phosphatase 6; FGFR2, fibroblast growth factor receptor 2; iNOS, inducible nitric oxide synthases; JNK, c-Jun N-terminal kinase;
PTGES, prostaglandin E synthase; Uro A/B, urolithin A/B; VEGF, vascular endothelial growth factor; WB, western blot.
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phytoestrogens such as isoflavones are reported to inhibit cell
proliferation only at high concentrations (270). Overall,
urolithins exhibited weaker estrogenic activity than other
well-known phytoestrogens, but displayed a slightly higher
antiestrogenic activity.

In the previously cited antiglycative experimental model,
urolithins A and B, together with pyrogallol (1,2,3-
trihydroxybenzene), inhibited protein glycation by 37% and
44% at 1 and 2 lM, respectively, showing a potential effect in
protecting circulating proteins during hyperglycemic condi-
tions (476). Table 11 summarizes the mechanisms of action
exerted by ellagitannin metabolites in models related to can-
cer and inflammation.

The Eph–ephrin system coordinates the physiology and
homeostasis of many adult organs, and therefore, an imbal-
ance of Eph–ephrin function may contribute to a variety of
diseases, including neurodegeneration, diabetes, CVDs, and
cancer (347). It has recently been demonstrated that pyrogallol
is able to functionally interfere with the EphA2–ephrinA1
system. The concentrations used were relatively high, but
considering the very high levels that could be reached in the
colon after consumption of a wide array of different
(poly)phenol-containing foods, interactions with colonic Eph–
ephrin protein in vivo are feasible (457) (Fig. 38).

D. Flavan-3-ols

Once again, antioxidant activity of the main metabolites of
flavan-3-ols has been tested in several studies. Starting with
the phase II human metabolites, the 3¢-O- and 4¢-O-methyl
derivatives of ( + )-catechin and ( - )-epicatechin, have been
characterized, and their antioxidant activity was evaluated
and compared to those of the corresponding quercetin me-
tabolites. The antioxidant activity was assessed using the
ferric-reducing antioxidant power (FRAP) assay and two
methods based on the ability to scavenge the ABTS� + radical
cation at different pH values (121). The O-methylation at the
B-ring level resulted in reduced antioxidant activity with re-
spect to the parent compounds. However, the methylated
metabolites still retained significant radical-scavenging ac-
tivity at pH 7.4, suggesting that they could act as potential
antioxidants under physiological conditions. The highest
antioxidant activity was that of 3¢-O-methyl-catechin at pH

7.4, comparable to those of its parent compound and the
quercetin metabolites. In a more recent study, ( - )-epigallo-
catechin-3-O-gallate exhibited antioxidant activity more than
five times higher than that of Trolox, whereas that of 4¢,4¢¢-
di-O-methyl-epigallocatechin-3-O-gallate was similar to Trolox.
This observation demonstrates that dimethylation of ( - )-epi-
gallocatechin-3-O-gallate results in a dramatic loss of its reduc-
ing activity (285). Applying the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) antioxidant assay, it has also been reported that epi-
gallocatechin-3-O-gallate-3¢-O-glucuronide and epigallocatechin-
3-O-gallate-3-O-glucuronide have an antioxidant capacity similar
to that of ( - )-epigallocatechin-3-O-gallate. Epigallocatechin-
3-O-gallate-4’’-O-glucuronide, epigallocatechin-3-O-gallate-7-
O-glucuronide, and epigallocatechin-7-O-glucuronide were less
active than their parent compounds, and epigallocatechin-3¢-O-
glucuronide was much less active than ( - )-epigallocatechin (286).

Regarding flavan-3-ol colon-derived catabolites, the anti-
oxidant activity of 5-(3¢,4¢-dihydroxyphenyl)-c-valerolactone
(M6), 5-(3¢,5¢-dihydroxyphenyl)-c-valerolactone (M6¢),
5-(3¢,4¢,5¢-trihydroxyphenyl)-c-valerolactone (M4), and 5-
(3¢-hydroxyphenyl)-c-valerolactone (M7) was calculated by
Takagaki et al. (452). The order of their antioxidant activity in
this study was M4 > M6¢ > M6 > M7.

As already discussed, the antioxidant activity of
(poly)phenol metabolites, even when they retain the activity
of their unmetabolized parent compounds, is not necessarily
the most relevant feature of their putative biological activity.
Koga and Meydani (251) obtained plasma extracts of flavo-
noid metabolites prepared after intragastric administration of
pure compounds to rats. The extracts contained a mixture of
sulfate, glucuronide, and methyl metabolites. The investiga-
tors measured the adhesion of U937 monocytic cells to human
aortic endothelial cells and the production of ROS in these
cells when they were pretreated with either pure compounds
or plasma extracts from control or treated rats. The data ob-
tained demonstrated that pretreatment of endothelial cells
with methylated ( + )-catechin metabolites inhibited U937 cell
adhesion, whereas ( + )-catechin had no effect. Generation of
ROS in hydrogen peroxide-stimulated endothelium was in-
hibited by ( + )-catechin, methyl-catechin, and,unexpectedly,
the control plasma extract, whereas ROS generation in IL-1b-
stimulated endothelial cells was inhibited only by methylca-
techin. The merit of this 2001 report is that it was one of the

FIG. 38. The Eph–ephrin system
regulates cell adhesion, shape and
movements, cell proliferation, survival,
differentiation, and secretion and plays a
role in embryogenesis, neural develop-
ment, plasticity and regeneration, an-
giogenesis, bone remodeling, insulin
secretion, intestinal homeostasis, cancer
suppression, and/or promotion (347).
Pyrogallol (1,2,3-trihydroxybenzene), a
common colonic metabolite of several
(poly)phenolic compounds, has been re-
ported as able to perturb the protein–
protein interactions in a dose-dependent
way (457). (To see this illustration in color,
the reader is referred to the web version of
this article at www.liebertpub.com/ars.)
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first to point out that the metabolites of flavonoids, rather than
their parent compounds, may contribute to the epidemio-
logically reported effects of flavonoids in terms of reducing
the risk of CVD. However, the approach used and the tested
metabolites are far from mimicking human physiology, as
methylcatechin is not a common circulating metabolite in
humans, and applying plasma extracts to cell cultures does
not facilitate distinguishing between the molecules that exert
a biological effect.

Methylated flavan-3-ols were reinvestigated in a more re-
cent study that addressed the effects of ( - )-epicatechin and
some of its phase II human metabolites on NADPH oxidase
activity in intact human umbilical vein endothelial cells
(HUVECs) and in cell lysates (442). The parent flavan-3-ol
proved to be an O2

� + -scavenger, but did not inhibit NADPH
oxidase activity, whereas the opposite was observed for 3¢-
and 4¢-O-methyl-( - )-epicatechin. In contrast, the dimer pro-
cyanidin B2 and an epicatechin-O-glucuronide, in which the
position of the glucuronide moiety was not stated, were both
O2
� + -scavengers and inhibited NADPH oxidase.
Lu et al. (286) reported that epicatechin metabolites isolated

from human and rat urine inhibited peroxynitrite-mediated
tyrosine nitration, with the following order of potency:
( - )-epicatechin-3¢-O-glucuronide > ( - )-epicatechin > ( - )-
epicatechin-7-O-glucuronide = 3¢-O-methyl-( - )-epicatechin-7-
O-glucuronide = 4¢-O-methyl-( - )-epicatechin-3¢-O-glucuronide.
These results demonstrate that the metabolites of ( - )-epica-
techin can prevent peroxynitrite-induced physiological dam-
ages, to some extent, as oxidation of tyrosine residues, which is
associated with the nitration of proteins, is of particular interest
in pathologies related to inflammation. The relevance of these
metabolites in the context of inflammation has been confirmed
in other studies. At concentrations of 2 and 10 lM, which can be
considered physiologically relevant, several flavan-3-ol glucu-
ronides inhibited the release of arachidonic acid and its metab-
olites from HT-29 cells (286). At both concentrations,
epigallocatechin-3¢-O-glucuronide was less effective than epi-
gallocatechin-7-O-glucuronide, which had comparable activity
to ( - )-epigallocatechin. Ascorbic acid had no effect on arachi-
donic acid release at concentrations as high as 50 lM, suggesting
a mechanism that does not involve antioxidant activity. In a
more recent study (285), 4¢,4¢¢-di-O-methyl-epigallocatechin-3-
O-gallate selectively inhibited ICAM-1 expression with an IC50

value of 94 lM, whereas ( - )-epigallocatechin-3-O-gallate and
4’’-O-methyl-epigallocatechin-3-O-gallate had no effect. The in-
hibitory effect of 4¢,4¢¢-di-O-methyl-epigallocatechin-3-O-gallate
on adhesion molecule expression was not related to either its
antioxidant-reducing capacity or an inhibition of NF-jB
activation.

A few studies have investigated the biological activity of
the microbial flavan-3-ol catabolites, the valerolactones. Two,
M6 and its methylated analog 5-(3¢-methoxy-4¢-hydro-
xyphenyl)-c-valerolactone, are catechin catabolites identified
in human urine after the consumption of pine bark extract.
These two molecules exhibited strong inhibitory activity to-
ward metalloproteinases (MMP) 1, 2, and 9. Moreover, at the
cellular level, 0.5 lM concentrations of both valerolactones
resulted in a *50% inhibition of MMP-9 secretion. M6 was
more effective in superoxide scavenging than ( + )-catechin,
ascorbic acid, and Trolox, whereas its 3¢-methylated analog
lacked scavenging activity (170). In another study, M4, M6,
and their methoxy-derivatives were assessed for their ability

to inhibit the growth of a panel of immortalized and malignant
human cell lines using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. M4 was the most
active catabolite tested on human esophageal squamous cell
carcinoma cells (KYSE150), human colon adenocarcinoma cells
(HT-29 and HCT-116), immortalized human intestinal epithe-
lial cells (INT-407), and an immortalized rat intestinal epithelial
cell line (IEC-6) (266). This valerolactone was also able to inhibit
the production of NO by LPS-stimulated murine macrophages
(RAW264.7). The growth inhibitory activity of M4 against im-
mortalized and cancer cell lines allows us to hypothesize that
this catabolite may contribute to the cancer preventive effect of
green tea observed in epidemiological studies. The peculiar
sensitivity of INT-407 cells relative to the other cell lines may
indicate that the trihydroxyvalerolactone has some selectivity
for premalignant cells, but this remains to be more thoroughly
investigated. Moreover, the ability of M4 to inhibit the pro-
duction of LPS-stimulated macrophages may indicate that it
can contribute to the anti-inflammatory activities of green tea.

Although the valerolactone metabolites of flavan-3-ols have
been found in human internal compartments at levels that vastly
exceed those of many other flavonoid metabolites (277), there
are relative few reports on their biological activities in in vitro test
systems. This is because standards cannot be obtained from
commercial sources. However, chemical procedures for their
synthesis, and that of their sulfated and glucuronide metabo-
lites, are available (25), so information on their mode of action is
likely to be forthcoming in the near future.

E. Flavonols

Flavonols, quercetin in particular, are a notable exception
to what has been written in this review, as studies dealing
with the bioactivity of their human metabolites date back
more than 10 years ago.

Quercetin metabolites retain a part of the antioxidant ac-
tivity of their parent aglycone, and this has been demon-
strated in several different experimental models. Indirectly,
plasma obtained from rats fed quercetin was more resistant to
copper sulfate-induced lipid peroxidation than the control
plasma on the basis of the accumulation of hydroperoxides
and the degradation of a-tocopherol. Based on the fact that
quercetin is recovered in rat blood plasma principally as sul-
fate and glucuronide conjugates, these observations indicate
that at least some metabolites of quercetin retain the ability to
act as effective antioxidants (98). To clarify the antioxidant
properties of one of the main phase II metabolites of quercetin
in a cellular environment, the ability of quercetin-3-O-glucu-
ronide (Fig. 15) to inhibit the production of H2O2-induced
ROS in mouse 3T3-cultured fibroblasts was evaluated (418).
When the cells were exposed to H2O2 in the presence of
quercetin or its glucuronide, the metabolite was less active
than the aglycone. In contrast, when fibroblasts were pre-
treated with the flavonols before exposure to H2O2, the glu-
curonide, but not the aglycone, inhibited the production of
ROS. In a different model of oxidation, both 3¢-methylation
and 3-glucuronidation significantly reduced the ability of
quercetin to protect against radical-induced [2,2¢-azobis(2-
methylpropionamidine)dihydrochloride] oxidation (283). In
contrast, however, methylated quercetin metabolites (namely
3¢-O- and 4¢-O-methyl-quercetin) retained some antioxidant
activity when tested in the FRAP and the 2,2¢-azino-bis
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(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assays (121).
In another study, 3¢-O-methylquercetin and quercetin-3¢-O-
sulfate were shown to have lower reducing activity than
quercetin in the FRAP assay (285).

The inhibitory effect of quercetin-3-O-glucuronide on lipid
peroxidation has been investigated using phosphatidylcho-
line large unilamellar vesicles as a plasma membrane model.
The glucuronide inhibited lipid peroxidation generated via
different initiators, but less effectively than quercetin. Ultra-
filtration of phosphatidylcholine large unilamellar vesicles
revealed that the metabolite exhibited a low, but significant,
affinity for the membranes of phospholipid bilayers, and
therefore may be able to act as an efficient antioxidant in cell
membranes (417).

Quercetin colonic catabolites have also been evaluated for
their antioxidant activity. When measured with the DPPH
assay, 3¢,4¢-dihydroxyphenylacetic acid exerted a concentra-
tion-dependent scavenging effect in the range of 1–30 lM,
whereas 4¢-hydroxyphenylacetic acid was almost ineffective
up to 500 lM (153). It has also been shown that 3¢,4¢-dihy-
droxyphenylacetic acid, 3,4-dihydroxybenzoic acid, and
taxifolin exhibit antioxidant activity in the FRAP assay, but no
reaction was observed with 3¢-hydroxyphenylacetic acid, 4-
hydroxybenzoic acid, and 3-(3¢-hydroxyphenyl)propionic
acid (221). In part, this contrasts with the findings of Pavlica
and Gebhardt (349), who reported that the lipophilic metab-
olite 3,4-dihydroxytoluene exhibited strong antilipoperox-
idation activity, whereas the hydrophilic metabolite 3¢,
4¢-dihydroxyphenylacetic acid was less effective against oxi-
dative stress induced in PC12 cells by peroxides and iron.

In a pioneering study, Day et al. (103) reported on the anti-
inflammatory activity, measured as the ability to inhibit
xanthine oxidase and lipoxygenase, of several quercetin glu-
curonides. The Ki for the inhibition of xanthine oxidase by the
glucuronide metabolites was as follows: 4¢ > 3¢ > 7 > 3, with
quercetin-4¢-O-glucuronide being a particularly potent in-
hibitor (Ki = 0.25 lM).

The anti-inflammatory activity of quercetin metabolites has
subsequently been investigated by other groups with a par-
ticular attention being paid to the vascular system as a
promising target of these molecules. It has, for instance, been
shown that 3¢-O-methyl-quercetin and 4¢-O-methyl-quercetin
inhibit the expression of ICAM-1 at physiological concentra-
tions in human aortic endothelial cells. E-selectin expression
was also suppressed by both metabolites to a somewhat lesser
extent, whereas VCAM-1 was unaffected. In contrast, quer-
cetin-3-O-glucuronide, quercetin-3¢-O-sulfate, and phenolic
acid catabolites of quercetin were unable to inhibit adhesion
molecule expression (285). This is in partial agreement with a
previous study in which quercetin-3¢-O-sulfate, quercetin-3-
O-glucuronide, and isorhamnetin 3-O-glucuronide either ex-
hibited a reduced ability to inhibit the expression of these
molecules compared with the parent aglycone or had no ef-
fect. However, all three metabolites inhibited VCAM-1 cell
surface expression at a concentration of 2 lM (459). These
results, taken together, indicate that quercetin metabolites, at
physiological concentrations, can inhibit the expression of key
molecules involved in monocyte recruitment during the early
stages of atherosclerosis. However, in a study on human
umbilical artery smooth muscle cells activated by TNF-a,
these observations were not confirmed; quercetin-3¢-O-sul-
fate, quercetin-3-O-glucuronide, and isorhamnetin-3-O-glu-

curonide had no effect on either TNFa-induced upregulation
of adhesion molecules (VCAM-1 and ICAM-1) or chemokine
expression (monocyte chemotactic protein-1 [MCP-1]) (496).

These studies suggest that the vascular anti-inflammatory
effects of quercetin consumption are mediated through effects
on endothelial cells, but not smooth muscle cells. Moreover,
quercetin-3¢-O-sulfate and quercetin-3-O-glucuronide exert
anti-inflammatory effects on the vasculature, possibly
through a mechanism involving inhibition of NFjB, by pre-
venting LPS-induced changes in vascular responses in porcine
coronary artery segments at physiological concentrations (5).
It has also been reported that quercetin and isorhamnetin, but
not quercetin-3-O-glucuronide, decrease mRNA and protein
levels of TNF-a in murine RAW264.7 macrophages stimulated
with LPS. Furthermore, no significant decreases in the mRNA
levels of IL-1b, IL-6, macrophage inflammatory protein-1a,
and inducible NO synthase or proinflammatory microRNA-
155 were evident in response to quercetin glucuronide treat-
ment (36). It can be concluded that the anti-inflammatory
effectiveness of quercetin phase II metabolites is probably
strongly linked to specific tissues and specific conditions, and
that further research is needed to clarify these inconsistencies.

Modulation of endothelial function by quercetin metabo-
lites, which has a strong connection with inflammation, has
also been investigated. In a study involving thoracic aortic
rings isolated from Wistar rats, quercetin-3-O-glucuronide,
isorhamnetin-3-O-glucuronide, and quercetin-3¢-O-sulfate
had no direct vasorelaxant effects, nor did they modify en-
dothelial function or the biological activity of NO. However,
all metabolites, at marginally supraphysiological concentra-
tions, partially prevented the impairment of the endothelial-
derived NO response under conditions of high oxidative
stress induced by diethyldithiocarbamic acid, a superoxide
dismutase inhibitor, and protected the biological activity of
exogenous NO. Quercetin-3¢-O-sulfate and quercetin-3-O-
glucuronide inhibited NADPH oxidase-derived O2 release,
but this occurred only at very high concentrations. Quercetin-
3-O-glucuronide was able to prevent the endothelial dys-
function induced by incubation with endothelin-1 (282).
Subsequently, quercetin phase II conjugates were tested on
vasoconstrictor and vasodilator responses in the porcine iso-
lated coronary artery (451). Quercetin-3¢-O-sulfate inhibited
receptor-mediated contractions of the porcine isolated coro-
nary artery by an endothelium-independent action and was
able to counteract glyceryl trinitrate-induced tolerance
in vitro, which may be beneficial for patients treated for angina
pectoris.

Another study investigated the effect of quercetin sulfate
and glucuronide metabolites on the prevention of high-glu-
cose-induced apoptosis of HUVECs. HUVECs were exposed
to high-glucose concentrations (33 mM) in the presence or
absence of physiological concentrations of a mixture of sul-
fated and glucuronidated quercetin isolated from rat plasma.
High-glucose-induced apoptosis was inhibited by both me-
tabolites at nM concentrations in a dose-dependent manner,
through a mechanism involving H2O2 quenching and the in-
hibition of JNK and caspase-3 activity (71).

Donnini et al. (117) observed opposing effects of quercetin
metabolites on angiogenesis. While quercetin-3-O-glucuronide
inhibited vascular endothelial growth factor (VEGF)-induced
endothelial cell functions and angiogenesis, quercetin-3¢-O-
sulfate promoted endothelial cell proliferation and
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angiogenesis, and both were tested in the nM range. The in-
hibitory effect elicited by the glucuronide was associated with
the inhibition of ERK1/2 phosphorylation elicited by VEGF.
On the other hand, the activation of endothelial cells by the
sulfate was associated with stimulation of VEGF receptor-2 and
with downstream signaling activation (phosphatidylinositol-3
kinase/Akt and NO synthase pathways), ultimately responsi-
ble for ERK1/2 phosphorylation. This observation indicates
how quercetin metabolism in vivo can drastically change its
bioactivity, shifting it from one effect to the other.

The effects of quercetin phase II metabolites on lung cancer
cells have also been investigated. Yang et al. (506) demon-
strated that quercetin glucuronides (not fully identified, as
they were prepared from the serum of quercetin-fed rabbits)
were able to inhibit proliferation through G2/M arrest of the
cell cycle and induce apoptosis via the caspase-3 cascade in the
human lung cancer cell line NCI-H209. These results were
partly confirmed by Yeh et al. (507), who investigated the
effects of quercetin metabolite-enriched plasma (QMP, ob-
tained from Mongolian gerbils 2 h after quercetin feeding) on
the growth of A549 lung cancer cells and the possible mech-
anisms of these effects. QMP, but not control plasma, reduced
cell growth and led to cell cycle arrest at the G2/M phase by
downregulating the expression of cdk1 and cyclin B. QMP,
but not control plasma or quercetin aglycone, significantly
increased peroxisome proliferator-activated receptor gamma
(PPAR-c) expression, which was accompanied by an increase
in phosphatase and tensin homolog deleted on chromosome
10 and a decrease in the phosphorylation of Akt. Moreover,
quercetin-3-O-glucuronide and quercetin-3¢-O-sulfate also
significantly increased PPAR-c expression in these cultured
lung cancer cells. Finally, GW9662, a PPAR-c antagonist,
significantly suppressed the effects of QMP on cell prolifera-
tion and on the expression of cyclin B and cdk1. Taken to-
gether, these data suggest that the interaction with PPAR-c
could play a paramount role in the antiproliferative effects of
quercetin metabolites.

The hypothesis of Terao and colleagues that glucuronide
conjugates of quercetin are bioactive agents against ROS, but
only as precursors of hydrophobic aglycones (216, 243), merits
comment. Quercetin aglycone was predicted to be generated
at the target site (i.e., the cardiovascular system or central
nervous system) by the action of b-glucuronidase activity,
under oxidative stress or inflammatory conditions, on quer-
cetin-O-glucuronide metabolites. This hypothesis goes some
way to restoring the reputation of at least some of the nu-
merous studies performed with aglycones such as quercetin.
However, as yet, the generation of quercetin has not been
firmly established, and the presence of its glucuronide me-
tabolites at the extracellular level would still require that all
in vitro tests be performed with these molecules.

One of the main colonic catabolites of quercetin, 3¢,4¢-di-
hydroxyphenylacetic acid (Fig. 16), has been found to possess
significant reducing power and free-radical scavenging ac-
tivity (221). However, the same molecule has only limited
activity in the prevention of cell death, glutathione depletion,
lipid peroxidation, and production of ROS in differentiated
PC12 cells, used as a model system of neuronal cells (349).
This finding was confirmed by Verzelloni et al. (476), who
observed a negligible effect of 3¢,4¢-dihydroxyphenylacetic
acid, at physiological concentrations, on neuroblastoma cell
protection against oxidative stress. This study also tested

antiglycative activity and found that 3¢,4¢-dihydrox-
yphenylacetic acid was almost ineffective in preventing se-
rum albumin glycation. However, this observation is in
contrast to the results of Pashikanti et al. (346), who found
that the phenolic acid catabolite was a powerful inhibitor
of Ne-carboxymethyl lysine and Ne-carboxymethyl lysine–
histone H1 adduct formation and ADP-ribose histone H1
glycation. Finally, Miene et al. (307) demonstrated that 3¢,4¢-
dihydroxyphenylacetic acid was, like 3-(3¢,4¢-dihydrox-
yphenyl)propionic acid (dihydrocaffeic acid), able to act as an
anti-inflammatory agent, possibly contributing to the che-
mopreventive potential of (poly)phenol catabolites in the gut.

F. Lignans and isoflavones

Phytoestrogens, plant-derived compounds structurally
similar to estrogen, may have both agonistic and antagonistic
actions toward estrogen receptors (460). There are two major
classes of phytoestrogens: lignans, which occur in high
amounts in flaxseeds (Fig. 5), and isoflavones, found in high
concentrations in soy with the 7-O-glucoside and 7-O-(6¢¢-O-
malonyl)glucoside of genistein and daidzein being the main
components (Fig. 4) (see Section II.A.3).

After ingestion, plant lignans are converted by the intesti-
nal microbiota in the upper part of the large bowel to en-
terolactone and enterodiol (Fig. 36), which are referred to as
mammalian enterolignans (2). Chen et al. (73) reported that
enterolactone, at lM concentrations, suppressed the growth
of LNCaP prostate cancer cells by triggering apoptosis. The
mechanism of action involved a dose-dependent loss of mi-
tochondrial membrane potential, the release of cytochrome C,
and cleavage of procaspase-3 and poly(ADP-ribose) poly-
merase. A series of other intracellular proteins (Akt, GSK-3B,
MDM2, and p53) were shown to be involved in enterolactone-
dependent apoptosis. To better understand how these estro-
genic metabolites might influence breast cancer progression
and to unravel their mechanisms of action, Carreau et al. (64)
compared the ability of enterodiol and enterolactone to in-
duce the transactivation of the two estrogen receptors (ERs), a
and b, to modulate ERa target genes and MCF-7 breast cancer
cell migration by acting on matrix MMPs at a concentration of
10 lM, which arguably is unlikely to be achieved via a lignan-
rich diet. It was found that enterolignans have distinct abilities
for the activation of ERa and ERb and modulation of ERa
mRNA and protein contents and cell proliferation. The im-
munomodulatory activity of enterolactone and enterodiol
was also investigated by treating peripheral blood lympho-
cytes with increasing physiologically relevant concentrations
of the two lignan metabolites after stimulus with LPS and
anti-CD3 and anti-CD28 monoclonal antibodies (87). A dose-
related inhibition of cell proliferation and cytokine production
was observed, with enterolactone being the most effective
metabolite. Additional experiments with THP-1 cells showed
that both compounds prevented inhibitory-jB degrada-
tion and NF-jB activation, resulting in decreased TNF-a
production.

After ingestion by humans, genistein and daidzein glyco-
sides undergo a rapid degradation by the gut microbiota,
giving rise to a wide range of metabolites, including dihy-
drodaidzein, dihydrogenistein, equol, and O-desmethy-
langolensin (15) (see Section II.D). Among these metabolites,
equol has been investigated most extensively. It was reported
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to generate acute endothelium- and NO-dependent relaxation
of aortic rings, a rapid, 2-min activation of endothelial nitric
oxide synthase (eNOS) in human aortic and umbilical vein
endothelial cells at physiological concentrations (1–100 nM)
(232). The effects of equol on markers of immune function
have been tested in human peripheral blood mononu-
clear cells. The evaluated variables included lytic activity of
natural killer cells, proliferation, secretion of cytokines, and
apoptosis/necrosis. In addition, the cells were treated with
estrogenic antagonists to determine whether an estrogen
receptor-mediated pathway was involved (169). It was shown
that equol was a potent modulator of immune function, but
the effect was evident only at high, nonphysiological con-
centrations (10–50 lM). Particularly noteworthy was the
observation that the effects on cytokine secretion were not
mediated by phytoestrogenic activity.

Li et al. (279) investigated the ability of equol to activate
human and mouse pregnane X receptor (PXR), an inducer of
drug metabolism. In human primary hepatocytes, equol was a
potent activator of PXR, with consequent increase of CYP3A4
mRNA and immunoreactive protein expression, whereas
genistein or daidzein was more effective on mouse PXR. In-
terestingly, these observations are consistent with species-
specific differences in cytochrome P450-mediated drug and
steroid metabolism.

Equol was also able to prevent oxidized LDL-stimulated
apoptosis in HUVECs at a concentration of 1 lM, but was
most effective at 10 lM. The mechanism of action was de-
scribed as being related mainly to the control of superoxide
and NO intracellular production (238). Endothelial function
was also investigated by Rowlands et al. (394), who reported
that equol-stimulated mitochondrial ROS modulate endo-
thelial redox signaling and NO release, involving transacti-
vation of epidermal growth factor receptor kinase and
reorganization of the F-actin cytoskeleton, providing valuable
insights for therapeutic strategies to restore endothelial
function in CVD.

In another set of endothelial cells, human pulmonary artery
endothelial cells, treatment with the HIV protease inhibitor
ritonavir significantly reduced eNOS expression, and 1 lM
equol effectively blocked this downregulation (74). In the
same study, ritonavir significantly reduced endothelium-de-
pendent relaxation in response to bradykinin in fresh porcine
pulmonary artery rings, and equol was able to reverse this
effect. The results of this study suggest that equol may have a
clinical application in providing some prevention against HIV
treatment-associated cardiovascular complications.

G. Flavanones

The interactions of a mixture of hesperetin 5-O- and 7-O-
glucuronides with human fibroblasts and their implications
for oxidative stress-induced cell death were examined by
Proteggente et al. (362). The data obtained indicated that the
hesperetin glucuronides, but not hesperetin, protect against
UV-A-induced necrotic cell death. As it was recently shown
that hesperetin may regulate primary rat osteoblast differen-
tiation through bone morphogenetic protein signaling, the
effect of hesperetin-7-O-glucuronide on primary rat osteoblast
proliferation and differentiation was investigated by Trze-
ciakiewicz et al. (461). At a physiological concentration of
1 lM, the glucuronide did not affect proliferation, but en-

hanced differentiation by increasing alkaline phosphatase
activity and mRNA expression. It also induced mRNA ex-
pression of Runx2 and Osterix, two transcription factors im-
plicated in the regulation of osteoblast functions. Moreover,
phosphorylation of Smad1/5/8 was enhanced by the glucu-
ronide, whereas ERK 1/2 remained unchanged after 48 h, and
receptor activator of nuclear factor j-B ligand (RANKL) gene
expression was significantly decreased. These results suggest
that hesperetin-7-O-glucuronide may regulate osteoblast dif-
ferentiation through specific transcription factor stimulation,
and might in turn be implicated in the regulation of osteo-
blast/osteoclast communication.

Tables 12 and 13 represent the synthesis of the molecular
actions exerted by (poly)phenolic metabolites in experimental
models of CVDs and cancer, respectively. Figures 39 and 40
represent a graphical summary of the main mechanisms of
action involved in the cardiovascular and cancer protective
effects of some (poly)phenol metabolites, respectively.

VI. Feeding Studies and Evidence of Protective Effects

There is considerable epidemiological evidence indicating
that the consumption of diets rich in fruit and vegetables is
associated with a reduction in the risk of a number of chronic
diseases, most notably CVD, specific cancers, and neurode-
generative diseases (24, 29, 54, 90, 99, 100, 137, 183, 231, 264,
276, 375). The beneficial effects of such diets have often been
attributed to the (poly)phenols they contain. Indeed, associ-
ations have also been observed between the dietary intake of
(poly)phenols and reductions in the risk of such chronic dis-
eases (13, 83, 97, 193, 309). However, to confirm if such ob-
servations are genuine, and whether (poly)phenols are indeed
responsible for them, well-powered and well-controlled hu-
man intervention trials are necessary.

In the last 5–10 years, numerous such trials have been
conducted, although arguably, many are flawed, as they lack
proper controls, do not provide a detailed compositional
analysis of the foods that are being tested, and/or lack a rel-
evant study population. For example, to make sound causal
relationships between (poly)phenol intake and the clinical/
physiological outcomes being assessed, a suitable control in-
tervention is essential. A number of studies have strived to
utilize such a control food/beverage, which is indistinguish-
able from the test food/beverage by means of taste and ap-
pearance, which is accurately matched for micro- and
macronutrient composition, including other potential bioac-
tive compounds.

In this section, we will present data relating principally to
the role of (poly)phenols in human health, while considering
the points raised above. In particular, we will focus on well-
controlled, randomized human intervention studies examin-
ing the effects of (poly)phenol-rich foods/beverages against
CVD, cancer, and neurodegenerative diseases, and/or clini-
cally significant risk factors associated with such disorders.

A. Cardiovascular effects of dietary polyphenols

There have been a number of short-term, small-scale hu-
man intervention studies designed to test the effect of
(poly)phenol-rich foods, and in particular those containing
flavonoids, on well-characterized, medically significant CVD
risk factors, including hypertension, endothelial dysfunction,
lipid metabolism, and platelet activation. In this section, we
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report on human randomized controlled trials (RCTs),
where at least one of these markers has been assessed (see
Table 14). The following (poly)phenol-rich foods will be
discussed: cocoa, red wine, berries, pomegranate, tea, coffee,
citrus fruits, and nuts, although the amount and quality of
the data vary.

1. Cocoa. There is good evidence to suggest that cocoa-
derived (poly)phenols may have beneficial effects on blood
pressure (BP) in healthy subjects and, in particular, hyper-
tensive individuals (89, 112, 146, 165, 166, 168, 211, 325, 326,
453, 454). A meta-analysis of 10 RCTs comprising healthy,
normotensive, pre-, and hypertensive individuals reported a
decrease of 4.5 mm Hg in systolic BP and 2.5 mm Hg in dia-
stolic BP after intake of flavan-3-ol-rich chocolate or flavan-
3-ol-rich cocoa for 2–18 weeks (112). However, caution should
be expressed over the fact that seven of the studies used in the
meta-analysis were noted to have used white chocolate,
which is very different in appearance, taste, and nutrient
content from dark chocolate, as a control for the high-flavan-
3-ol test intervention. A more recent meta-analysis of 20 ran-
domized controlled studies concluded that systolic BP
decreased by 1.63 mm Hg, whereas diastolic BP and heart rate
were unaffected after the consumption of flavan-3-ol-rich
cocoa (421). Looking closely at these meta-analyses, it is evi-
dent that there are large differences in the quality of the se-
lected studies.

With regard to endothelial function, a well-known surro-
gate marker for vascular health, flavan-3-ol-rich cocoa (176–
963 mg of flavan-3-ol monomers and oligomers), has been
shown to acutely improve endothelium-dependent vasodila-
tion assessed by flow-mediated dilation (FMD) via increasing
plasma NO bioavailability in healthy individuals and in pa-
tients with coronary artery disease (CAD), hypertension, or
diabetes, compared to a well-matched control containing 0–
75 mg flavan-3-ols (22, 102, 136, 187, 188, 190, 404). These
vascular improvements correlated in time with changes in
plasma flavan-3-ol metabolites, and were repeatable with
pure ( - )-epicatechin intake, suggesting a cause-and-effect
relationship between flavan-3-ols and vascular improvements
(404). Flavan-3-ol-rich cocoa has also been shown to reverse
endothelial dysfunction in smokers (190) and to improve en-
dothelium-dependent coronary vasomotion in heart trans-
plant recipients (143).

Short-term flavan-3-ol-rich cocoa intake has also been
shown to increase the FMD response and hyperemic brachial
artery blood flow after 2–12-week consumption in obese,
hypercholesterolemic, hypertensive, and healthy subjects
(102, 131, 165, 168, 333, 486). A sustained increase in baseline
FMD levels and an additional acute-on chronic increase in the
FMD response were also reported in, respectively, healthy
smokers and diabetics, after 7 and 30 days of flavan-3-ol-rich
cocoa consumption (22, 188). Nine studies on cocoa and en-
dothelial function were included in the meta-analysis of

Table 12. Mechanisms of Action Exerted by (Poly)phenol Metabolites

in Experimental Models Related to Cardiovascular Diseases

Class Metabolite Mechanisms Model Reference

Anthocyanins Protocatechuic acid Monocyte adhesion Y Mouse endothelial cells 481
VCAM1 Y, ICAM1 Y Apo-E mice 481

Chlorogenic
acids

m-Coumaric acid,
dihydroferulic acid

oxLDL = Chemical LDL oxidation 155

Dihydroferulic acid,
3-(3¢-hydroxyphenyl)
propionic acid

Platelet reactivity Y,
P-selectin - , NOS [

Platelets 371

Flavan-3-ols Mixture of plasma
metabolites from rats

Monocyte adhesion Y,
ROS Y

Human aortic endothelial cells 251

4¢,4’’-Di-O-methyl-EGCG ICAM1 - Human aortic endothelial cells 285
Flavonols 3¢- and 4¢-O-methyl-quercetin ICAM1 - , E-selectin - ,

VCAM1 =
Human aortic endothelial cells 285

Quercetin-3¢-O-sulfate,
quercetin-3-O-glucuronide,
isorhamnetin 3-O-glucuronide

ICAM1 = , VCAM 1 - ,
MCP1 =

HUVECs 459

Quercetin-3¢-O-sulfate,
quercetin-3-O-glucuronide,
isorhamnetin 3-O-glucuronide

VCAM1 = , ICAM1 = ,
MCP1 =

TNFa-activated human
artery smooth muscle cells

496

Quercetin-3¢-O-sulfate,
quercetin-3-O-glucuronide,
isorhamnetin 3-O-glucuronide

Vasorelaxation = , NO = ,
NOS =

Rat thoracic aortic rings 282

Lignans,
isoflavones

Equol Vasorelaxation [, NO [,
eNOS [

Human aortic rings, HUVECs 232, 394

Equol PXR [, CYP3A4 + Human primary hepatocytes 279
Equol eNOS + , relaxation Ritonavir-induced eNOS

downregulation and blockage
of BK relaxation

74

[, signaling/effect activation; Y, signaling/effect inhibition; = , no significant change; + , expression induction (upregulation); - ,
expression inhibition (downregulation); EGCG, ( - )-epigallocatechin-3-O-gallate; HUVECs, human umbilical vein endothelial cells; ICAM-1,
intercellular adhesion molecule 1; MCP-1, Monocyte chemotactic protein-1; NO, nitric oxide; NOS, nitric oxide synthase; oxLDL, oxidated
low-density lipoprotein; PXR, pregnane X receptor; ROS, reactive oxygen species; TNF-a, tumour necrosis factor-a; VCAM-1, vascular cell
adhesion molecule 1.
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Shrime et al. (421), which concluded that flavan-3-ol-rich co-
coa increased FMD in average by 1.53%. A dose-dependent
effect was also observed with FMD increasing up to a 500 mg
intake of flavan-3-ols and decreasing at higher doses. In the
same meta-analysis, consumption of flavonoid-rich cocoa was
also found to increase high-density lipoprotein (HDL) cho-
lesterol by 0.046 mM and decrease LDL cholesterol (LDL-C)
by 0.07 mM. An indication of dose dependency between the
flavan-3-ol and HDL cholesterol (HDL-C) was also observed.
Furthermore, subgroup analysis revealed that HDL-C tended
to increase in longer studies with low-fat consumption, and
LDL and total cholesterol tended to decrease in shorter
studies, in studies with younger populations, and in trials
with high-fat consumption (421).

The effects of cocoa flavan-3-ol intervention on a number of
other CVD risk factors have also been investigated. For ex-
ample, there is good evidence to suggest that they may im-
prove insulin resistance (102, 165, 166, 168). Notably, after 2–
12 weeks of cocoa flavan-3-ol intake of 500–1000 mg/day, a
decrease of 0.94 points in the homeostasis model assessment
of insulin resistance and a decrease of 4.95 points in the insulin
sensitivity index were observed. However, there were no
changes in the quantitative insulin sensitivity check index and
fasting glucose levels. Together, these results suggest that
cocoa intake may improve insulin sensitivity in healthy, hy-
pertensive, and obese individuals (421). There are also ex-
tensive data regarding the effects of cocoa intake on platelet

function (209, 326, 350, 373). Inhibition of platelet activation
has been observed at 2 and 6 h post-flavan-3-ol-rich cocoa/
chocolate consumption in healthy individuals (209, 373). Such
acute observations are supported by chronic intervention
studies where cocoa flavan-3-ols improve platelet function
after 28 days of supplementation (326). Although less effec-
tive, an aspirin-like effect for flavan-3-ols has been suggested,
in inhibiting platelet activation (350).

2. Red wine. It is well accepted that excessive alcohol
consumption leads to increased BP in normotensive and hy-
pertensive subjects (364, 365), whereas low/moderate con-
sumption reduces specific cardiovascular risk factors (51,
384). Reports regarding the effects of red wine and red wine
(poly)phenols on BP are in most case inconsistent. While there
is extensive evidence to support the influence of wine intake
on cardiovascular health (86, 116, 281), controversy remains
whether red wine in particular exerts beneficial effects com-
pared with other alcoholic beverages (47, 469) or simply al-
leviates the detrimental influence of alcohol on BP (55, 512). In
acute studies with healthy volunteers, no changes in BP were
observed, but an increase in the heart rate was reported after
red wine consumption (181, 427), whereas in CAD patients, a
decrease in systolic and diastolic BP was noted together with
an increase in heart rate, 1 h postwine (red and white) intake
(489). Other studies have reported no changes in hemody-
namics or BP after medium-term daily intake of either red

Table 13. Mechanisms of Action Exerted by (Poly)phenol Metabolites

in Experimental Models Related to Cancer

Polyphenols Metabolites Mechanisms Model/cell line Reference

Anthocyanins Protocatechuic acid Apoptosis Y, ROS Y,
caspases Y

Neural stem cells 172

Apoptosis [, JNK [,
MAPK [

Gastric adenocarcinoma 280

Proliferation Y, JNK [,
MAPK [

HepG2 508

ROS Y, caspase3 Y,
Bcl2 - ,

PC12 173

Various Proliferation Y Caco2 144
Ellagitannins Urolithin A Wnt Y 293T 414

Urolithin A Proliferation Y LAPC-4 406
Various urolithins EROD Y, CYP1B1 - 22Rv1, prostate cancer 241
Urolithin A and B Aromatase Y,

proliferation Y
MCF7aro 1

Pyrogallol EphA2 Y PC3 457
Flavan-3-ols M4, M6 Proliferation Y Various cancer cells 266
Flavonols Quercetin-3-O-glucuronide VEGF Y, ERK Y Bovine coronary venular

endothelial cells
117

Quercetin-3¢-O-sulfate VEGF [, ERK [ Bovine coronary venular
endothelial cells

117

Quercetin-3¢-O-sulfate
Quercetin-3-O-glucuronide

Angiogenesis = Rabbit cornea 117

Lignans,
isoflavones

Enterolactone Proliferation Y,
apoptosis [

LNCaP 73

Enterolactone ERa + , proliferation = MCF7 64
Enterodiol ERa + , ERb + ,

proliferation [
MCF7 64

[, signaling/effect activation; Y, signaling/effect inhibition; = , no significant change; + expression induction (upregulation); - , expression
inhibition (downregulation); Bbl2, B-cell lymphoma 2; ER, estrogen receptor; ERK, extracellular signal-regulated kinases; EROD, CYP1B1-
mediated ethoxy resorufin-O-de-ethylase assay; M4, 5-(3¢,4¢,5¢-trihydroxyphenyl)-c-valerolactone; M6, 5-(3¢,4¢-dihydroxyphenyl)-c-valer-
olactone; MAPK, mitogen-activated protein kinase.
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wine or its dealcoholized equivalent (178, 329). However, in
the majority of these studies, no proper control was used.

Several studies report the effect of red wine and/or its
dealcoholized equivalent on endothelial function, although
again, there is inconsistency in the findings. For example,
some studies indicate that dealcoholized wine, but not red
wine, induces an increase in FMD (3, 240); others suggest the
opposite (35); and another suggests that both red wine and
dealcoholized red wine are equally effective (181). Other
studies have shown no effect, or even a decrease, in FMD after
red wine or alcohol consumption (196, 427). The reason for
these inconsistencies may be the increase in the baseline bra-
chial artery diameter due to alcohol reported in all the studies,
which will affect FMD responses, as pointed out by Spaak
et al. (427). With regard to longer-term (2 weeks to 2 months)
red wine consumption, the majority of studies suggest that
there is no significant effect on FMD or arterial stiffness (174,
329, 330, 512).

In addition to BP and endothelial function, several studies
have also reported that regular medium-term intake of red
wine (2–12 weeks) may increase HDL-C and lower LDL-C
(178, 245, 328, 378). As there were no controls used in these
studies with alcohol, it remains unclear as to whether the al-
cohol itself, rather than (poly)phenols, was responsible for the
favorable effects of red wine. Indeed, HDL-C has been found
to increase after a 28-day intake of either red wine or gin (135).
Acute studies have failed to show a positive effect on platelet
function after red wine consumption (138, 248). However, red
wine, dealcoholized red wine, white wine, and alcohol all
appear to have the same beneficial effects on platelet function
after 4 weeks of intake (292, 339, 352), which suggests that the
positive effects of moderate consumption of wines on platelet
function seem to be due to their alcohol content.

Resveratrol (Fig. 13), a stilbene found in grape seed, has
been postulated to be partly responsible for the beneficial
vascular effects of red wine. Indeed, 30, 90, or 290 mg of trans-
resveratrol has been shown to improve endothelial function in
overweight subjects in a dose-dependent manner (498), and
animal studies support this, as resveratrol reportedly im-
proves survival rates, endothelium-dependent smooth mus-
cle relaxation, cardiac contractile, and mitochondrial function
in a hypertensive model of heart failure (379). However, while
the conjecture that resveratrol may underpin the vasoactive
effects of wine seems logical, the majority of red wines actu-
ally contain very little of the stilbenes, and thus it is unlikely
that it is responsible for the beneficial effects of red wine
in vivo (see Section III.J)

3. Tea. Tea is also a rich source of flavan-3-ols; although
unlike those found in cocoa and red wine, they are predom-
inantly gallated (Fig. 9). As with wine, there is some contro-
versy regarding the effects of tea on BP, with the presence of
caffeine likely to confuse the issue if studies are not properly
controlled (211, 301). Meta-analysis (211) has indicated that
acute, but not chronic, black tea intake affects systolic and
diastolic BP in healthy subjects. In agreement with this, reg-
ular consumption of both green and black tea (1–9 weeks)
have been shown not to significantly influence BP (28, 32, 123,
203, 204, 426, 454)

With regard to endothelial function, the meta-analysis by
Hooper et al. (211) indicates that black tea consumption sig-
nificantly increases the FMD response after acute ( + 1.7%) and

long-term consumption ( + 3.4%), whereas that of Ras et al.
(369), reporting on nine RCTs, concluded that moderate
consumption of black (seven studies) and green (three stud-
ies) tea (2–3 · 500 ml cups/day) improved FMD by 2.6%.
Subgroup analysis indicated that FMD increases occurred in
healthy, diseased, young, and old subjects, and in acute (7, 11,
123, 200, 226, 284) and short-term consumption (1–4 weeks)
(123, 167, 204, 344) studies in response to both green and black
tea. As with in the case of cocoa flavan-3-ols, long-term tea
consumption has been shown to produce a sustained increase
in baseline FMD levels and an additional acute-on chronic
increase in the FMD response (123). Acute intervention with
the tea flavan-3-ol, ( - )-epigallocatechin-3-O-gallate, also led
to improvements in endothelial function, suggesting that the
gallate may be partly responsible for the vascular effects of tea
(490).

With regard to other risk factors for CVD, many human
intervention studies have indicated that neither green nor
black tea intake has an effect on blood lipids (32, 296, 360, 426,
471). However, a recent study with healthy individuals has
reported that black tea decreases triglyceride levels by 35.8%
and the LDL/HDL plasma cholesterol ratio by 20.3% after 12
weeks of consumption (21). Human intervention studies in
both healthy and CAD subjects indicate no effect on platelet
aggregation (124, 204, 206). In contrast, a decrease in platelet
activation has been reported in healthy men after a 6-week
consumption of black tea (443), whereas 4 weeks of con-
sumption brought about a decrease in p-selectin, a marker of
platelet activation (206).

4. Berries. A decrease in BP has been reported after
chronic intakes (6–8 weeks) of mixed berries, anthocyanin-
rich tea, and chokeberry and blueberry extracts by hyper-
tensive individuals, myocardial infarction survivors, and
those with markers of the metabolic syndrome (27, 132, 300,
331, 345). In contrast, a similar number of studies have re-
ported a lack of efficacy of chronic intake of anthocyanin-rich
foods, such as blueberry and cranberry juice in healthy indi-
viduals, chronic smokers, people with dyslipidemia, obese
subjects, stage 1 hypertensive individuals, and CAD patients
(114, 115, 182, 297, 366, 448). Similarly, grapes and grape seed
extract have also been shown not to influence BP in healthy or
diseased individuals (302, 472, 488, 509). Animal studies have
been more positive, showing BP-lowering effects of berry
extracts after long-term consumption, but only in models of
hypertension (130, 415, 497). There is no evident reason on
why some studies show a positive effect on BP and others not,
although different types of berries may contain very different
profiles of (poly)phenols (41).

Improvements in vascular function (increased FMD) have
been reported acutely with pure anthocyanins (320 mg) (511),
after consumption of a grape extract (72, 275) administered
with or without a high-fat meal (72), and after consumption of
cranberry juice (4 weeks; decrease in carotid femoral pulse
wave velocity) (115). Despite these promising results, other
studies have failed to observe a positive effect on endothelial
function after consumption of grapes (302, 472, 488). Berry
and grape consumption has also been shown to lead to in-
creases in HDL-C (6, 132, 366, 511) and decreases in LDL-C
(509) in healthy, at risk, and diseased individuals. Others have
reported no changes in blood lipids despite observing chan-
ges in other CVD markers (72, 114, 115, 127, 302, 472). The
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evidence for berries, including Concord grape juice, inhibiting
platelet aggregation is positive (6, 132, 357), and recent evi-
dence suggests that berry consumption may improve insulin
sensitivity (448).

5. Pomegranate. Pomegranate has been suggested to
have antiatherosclerotic effects in human studies and animal

models of disease (17, 19, 101, 239, 389, 450). The consumption
of pomegranate juice (3 months, 240 ml of pomegranate juice/
day) has been reported to lead to significant decreases in
stress-induced ischemia, assessed by myocardial perfusion
imaging at rest and during stress (treadmill test exercise) with
which may decrease myocardial ischemia and improve
myocardial perfusion in patients with coronary heart disease

FIG. 39. Graphical summary of some of the mechanisms involved in cardiovascular protection exerted by (poly)phenol
metabolites. Protocatechuic acid (3,4-dihydroxybenzoic acid) impairs monocyte adhesion by inhibiting the nuclear content of
p65, a subunit of NF-jB, and thus decreasing ICAM-1 and VCAM-1 expression. Moreover, equol induces eNOS expression
by increasing NO production. eNOS, endothelial nitric oxide synthase; ICAM-1, intercellular adhesion molecule 1; LFA-1,
lymphocyte function-associated antigen-1; NF-jB, nuclear factor kappa-light-chain enhancer of activated B cells; NO, nitric
oxide; PCA, protocatechuic acid; TNF-a, tumor necrosis factor-a; TNFR, TNF-a receptor. (To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars.)

FIG. 40. Graphical summary of some of the mechanisms involved in pathways related to cancer. MAPK/ERK signaling
is inhibited by quercetin-3-O-glucuronide and enhanced by PCA and quercetin-3¢-O-sulfate. JNK activity is reduced by urolithin A
and increased by protocatechuic acid. Pyrogallol (1,2,3-trihydroxybenzene) inhibits EphA2 kinase activation, interfering with
ephrinA1 binding (see also Fig. 39). Arrows identify activation interactions, whereas truncated lines classify inhibition interactions.
Dotted lines are used to simplify transduction pathways. ERK, extracellular signal-regulated kinases; JNK, c-Jun N-terminal
kinase; MAPK, mitogen-activated protein kinase; RTK, receptor tyrosine kinase; VEGFR, vascular endothelial growth factor
receptor. (To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars.)
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(CHD) (450). Furthermore, daily intake of 240 ml of pome-
granate juice for 18 months improved carotid intima-media
thickness (CIMT) of at risk individuals relative to a control
(similar characteristics, color, and energy), although only in
those with the most adverse tertiles for blood lipids (101).
Although an uncontrolled intervention study (i.e., the control
was no consumption), a daily 50-ml consumption of pome-
granate juice for 12 months has also been shown to induce a
12% decrease in systolic BP and a 30% decrease in CIMT in
patients with carotid artery stenosis (18).

Many animal investigations have supported these these
reported cardiovascular effects in humans (17, 19, 239, 389). In
an atherosclerotic mouse model, a 3-month supplementation
with pomegranate juice, pomegranate fruit liquid extract,
pomegranate (poly)phenol powder extract, and, in particular,
a pomegranate ground flower extract led to significant de-
creases in the atherosclerotic lesion area relative to water-fed
controls along with decreases in serum glucose and choles-
terol levels (19). Furthermore, intervention with pomegranate
juice extract for 4 weeks reduced the mean arterial BP, de-
creased the vascular reactivity in response to catecholamines,
and reversed biochemical changes induced by angiotensin II
in diabetic rats (311). Further, better-controlled human and
animal studies are required to conclude on the likely efficacy
of pomegranate against CVD.

6. Citrus fruit. Medium-term (4–5 week), daily con-
sumption of flavanone-rich grapefruit (374) and orange (315)
juice has been shown to induce decreases in diastolic BP. In
support of these findings, consumption of pure hesperidin,
500 mg/day for 3 weeks, resulted in significant increases in
the FMD response compared with a placebo (382). Also, both
orange juice and hesperidin significantly improve acetylcho-
line-mediated vasodilation 6 h after ingestion (315). Unlike
endothelial function, no changes in plasma lipids were ob-
served after intakes of either orange juice or pure hesperidin
(315), although one study suggests that consumption of
750 ml, but not 250 or 500 ml of orange juice, may significantly
increase HDL-C (21%) and triacylglycerol (30%) and decrease
the LDL/HDL cholesterol ratio by 16% in hypercholester-
olemia patients (263). Although the evidence is limited, the
fact that two studies have utilized purified flavonoids provi-
des additional weight to previous investigations (404, 490),
which suggest that flavonoids themselves are the causal
agents in mediating vascular benefits.

7. Coffee. A meta-analysis of 11 intervention studies re-
garding coffee consumption reports that coffee intake in-
creases systolic BP by 2.4 mm Hg and diastolic BP by 1.2 mm
Hg (224). A correlation between the number of cups of coffee
consumed and the increase in BP was observed, and the effect
of coffee on BP was reported to be greater in studies with
younger populations. These findings are supported by an-
other meta-analysis of 16 RCTs examining coffee and caffeine
intake for at least 7 days (334). Here, an increase of 1.22 mm
Hg in systolic BP and 0.49 mm Hg in diastolic BP was ob-
served in response to coffee consumption. However, in
studies where caffeine on its own was supplemented, in-
creases in BP were higher (4.16 mm Hg for systolic and
2.41 mg Hg for diastolic BP), suggesting that coffee
(poly)phenols, most notably chlorogenic acids (see Section
II.B), may limit the negative effects of caffeine on BP. A more

recent meta-analysis, looking at hypertensive subjects, reports
an acute increase in BP 3 h after ingestion of 200–300 mg of
caffeine, but no significant effect for longer-term consumption
(305). Indeed, analysis of cohort studies provides no evidence
of an association between habitual coffee consumption and a
higher risk of CVD in hypertensive individuals (305). Indeed,
long-term, moderate coffee consumption has been associated
with a lower risk of CHD in women (503).

In healthy subjects, acute coffee intake (one cup) led to a
decrease in the FMD response, with no effect on endothelial
function reported for decaffeinated coffee (58, 343). However,
if the dose of decaffeinated coffee is increased, an improved
FMD response may be measured (59), suggesting that coffee
(poly)phenols are able to improve acute endothelial function.
Caffeinated coffee intake appears to elevate serum lipids and
cholesterol in a dose-dependent manner in patients with hy-
perlipidemia (223), whereas coffee consumption, but not caf-
feine, has been found to decrease platelet aggregation acutely
(332).

8. Nuts. Whole, unprocessed nuts are rich in flavan-3-ols,
flavonols, anthocyanins, and, most notably, procyanidins and
phenolic acids (37). A recent review of 19 RCTs concluded that
consumption of nuts has no effect on BP (66). However, the
majority of these studies were uncontrolled, and BP was often
a secondary outcome measure. Improvements in FMD have
been observed after 4 weeks of walnut or pistachio con-
sumption in healthy, hypercholesterolemia, or type 2 diabetes
patients compared to the same diet without nuts (288, 388,
401). In contrast, hazelnuts (40 g/day; 4 weeks) failed to elicit
an FMD effect (304). Studies with nuts, perhaps expectedly,
have given more emphasis to plasma lipid changes. A meta-
analysis considering 13 studies concluded that consumption
of walnuts for periods of 4–24 weeks is capable of decreasing
total and LDL-C, whereas HDL-C and triglycerides were
unaffected (23), while another systematic review reported a
decrease in total and LDL-C after short-term consumption of
almonds, peanuts, pecan nuts, and walnuts, with human
studies of 2–3-week duration (316). Whether or not these
changes are due to the (poly)phenols found in nuts is pres-
ently unclear, although it seems likely that unsaturated fats,
mainly oleic and linoleic acids, may contribute to lipid-low-
ering effects in vivo.

B. (Poly)phenols and neurodegenerative diseases

A combination of preclinical and epidemiological studies
suggests that (poly)phenols may be effective in reversing
neurodegenerative pathology and age-related declines in
neurocognitive performance, although at present, a direct as-
sociation between (poly)phenol consumption and improve-
ment in neurological health has not been made. The potential of
(poly)phenols to improve neurological health appears to be
related to a number of mechanisms, including their ability to
interact with intracellular neuronal and glial signaling, to in-
fluence the peripheral and cerebrovascular blood flow, and to
reduce neuronal damage and losses induced by neurotoxins
and neuroinflammation (148, 327, 424, 428, 430–432, 492). This
section will examine the beneficial effects of flavonoids on
memory, learning, and neurocognitive performance.

There are a number of studies that have indicated that the
consumption of flavonoid-rich plant foods and extracts may
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also be capable of inducing improvements in cognitive per-
formance (83, 276, 429, 431). Human observational and in-
terventional studies have hinted at the potential benefits of
such foods and their regular intake [reviewed in (289)]. The
efficacy of isoflavones on cognition and aspects of memory
are well reported (67, 122, 141, 145, 198, 214, 255, 259), and
may relate to their potential to mimic the actions of estrogens
in the brain (33, 191), or to influence the synthesis of acetyl-
choline and neurotrophic factors (341, 342). With regard to
other flavonoids, human data are somewhat scarcer. Ob-
servational data have suggested that the regular and moder-
ate intake of flavonoid-rich foods, such as wine, berries, and
cocoa, may result in cognitive benefits (83, 276, 335). In ad-
dition, two intervention studies have examined the effects of
flavonoid-rich extracts of Ginkgo biloba in older adults with
(274) and without (310) Alzheimer’s disease (AD); two de-
tailed the effects of procyanidin-rich pine bark extracts on
healthy older adults (355, 397); and one examined the effects
of flavan-3-ol-rich cocoa on cognitive function in young
healthy female adults (149).

In terms of more commonly consumed flavonoid-rich
foods, intervention trials have shown that grape juice, blue-
berry, and cocoa intake results in positive effects on cognitive
outcome measures (257, 258, 403), although there are studies
that suggest no changes in neurophysiological effects (89).
With respect to berries, there is a large body of animal be-
havioral evidence that supports the efficacy of flavonoids on
memory and learning. Grape, pomegranate, strawberry, and
blueberry (1%–2% [w/w] freeze-dried fruit/fruit juice), as
well as pure ( - )-epicatechin and quercetin, have been shown
capable of affecting several aspects of memory and learning,
notably rapid (484) and slow (180, 229, 230, 416, 495) memory
acquisition, short-term working memory (207, 363, 368, 484,
491), long-term reference memory (65, 179), reversal learning
(207, 484), and memory retention/retrieval (473). For exam-
ple, there is extensive animal evidence suggesting that blue-
berries are effective at reversing age-related deficits in spatial
working memory (9, 26, 65, 368, 383, 423, 491, 494). In addi-
tion, ( - )-epicatechin at a dose of 500 lg/g enhances the re-
tention of rat spatial memory, especially when combined with
exercise (473). These observations suggest that flavonoids
may be causal agents in inducing the behavioral effects. In
addition, two intervention studies have examined the effects
of flavonoid-rich extracts of G. biloba in older adults with (274)
and without (310) AD; two detailed the effects of procyanidin-
rich pine bark extracts on healthy older adults (355, 397); and
one examined the effects of flavan-3-ol-rich cocoa on cognitive
function in young healthy female adults (149). While these
data suggest an effect of flavonoids in preventing cognitive
impairment, at this time, it is not possible to conclude on
cause-and-effect relationships between these components and
biological effects.

Blueberry-derived flavonoids may also act to enhance the
efficiency of spatial memory indirectly by acting on the den-
tate gyrus (DG), the hippocampal subregion most sensitive to
the effects of aging (56, 425). Blueberry supplementation
has been shown to significantly increase the proliferation of
precursor cells in the DG of aged rats (65). This link between
DG neurogenesis, cognitive performance, and aging is well
documented (120, 246, 260, 420, 441), and may represent an-
other mechanism by which fruits rich in (poly)phenols may
improve memory by acting on the hippocampus. In addition

to those with berries, animal studies with tea (70) and
pomegranate juice (180) or pure flavonols such as quercetin,
rutin (363), or fisetin (290) have provided further evidence
that dietary flavonoids are beneficial in reversing the course of
neuronal and behavioral aging. There are also lines of evi-
dence suggesting that these effects may not be restricted to
memory and learning, but may also exert positive changes in
psychomotor activity in older animals (229, 422).

C. (Poly)phenols and cancer

A number of epidemiological studies have investigated the
relationship between the intake of fruits and vegetables and
cancer incidence, with many indicating a positive correlation
(29, 137, 140, 157, 510) and others suggesting no association
(44, 272, 273). While a number of in vitro experiments have
suggested that (poly)phenols may influence carcinogenesis
and tumor development (61, 126, 306, 356, 470), very few
clinical trials have been conducted regarding the role of
(poly)phenols in cancer prevention, incidence, or mortality.
Two trials have investigated the effects of green tea extracts on
oral cancer (278, 463). The first suggested that they may re-
duce the oral mucosa leukoplakia size, a precursor lesion for
oral cancer, following a 6 months of intake of 3 g/day of a
mixed tea extract in capsules (278), whereas the more recent
study failed to observe similar reductions in oral premalig-
nant lesions or histology after a 12-week green tea extract
supplementation, or any changes in cancer incidence 27
months after trial completion (463). Furthemore, tea
(poly)phenol intake (100–600 mg/day) did not decrease se-
rum pepsinogen levels, an indicator of increased risk of
stomach cancer, after a year of intake (177), or alter abnormal
cell proliferation or lesion formation in patients with esoph-
ageal precancerous lesions (5 mg of decaffeinated green tea
extract/day for 1 year) (483). Data have been more promising
in men with high-grade prostatic intraepithelial neoplasia, a
precursor of prostate cancer, where daily consumption of
green tea catechin capsules (200 mg of flavan-3-ols/day) for 1
year resulted in only one tumor being diagnosed among the
30 subjects in the green tea group versus 9 cancers diagnosed
in the similarly sized control group (30).

It has been suggested that soy isoflavones may have pro-
tective effects against breast cancer (460, 501). However, a
meta-analysis bringing together eight RCTs investigating the
effect of isoflavone consumption (40–120 mg/day, 0.5–3
years) on the breast density (a biomarker of breast cancer risk)
reported no significant effects, although it appeared that there
might be a small increase in the breast density of premeno-
pausal women (212). The clinical relevance of these findings
was questioned by the authors and needs to be further in-
vestigated.

Other clinical studies have focused on how (poly)phenol
interventions influence DNA oxidation/damage, which has
been correlated with cancer risk (34). For example, a variety of
(poly)phenol-rich foods have been found to protect against
lymphocyte DNA damage, including anthocyanin-rich juice
(700 ml of a red mixed berry juice/day; 4 weeks) (487), blood-
orange juice (300 ml/day, 3 weeks) (381), purple potato
(150 g/day, 6 weeks) (242), and kiwi fruit (500 ml juice, 1 day)
(82). Other trials have reported a decrease in urinary levels of
8-hydroxydeoxyguanosine, which is a biomarker of oxidative
DNA damage, following the regular consumption of green tea
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(poly)phenols [4 cups/day, 146 mg total (poly)phenols/cup, 4
months; 500/1000 mg (poly)phenols/day, 3 months] (176,
287). Interventions aimed at increasing overall fruit and veg-
etable intake have also been suggested to induce significant
reductions in oxidative DNA damage (230, 231, 446, 455),
although such findings are disputed (52, 313). Indeed, no in-
fluence on DNA oxidation is reported for a dealcoholized,
procyanidin-rich wine (500 ml/day, 7 mg procyanidins/kg
body weight, 4 weeks) (152), cranberry juice (750 ml/day, 2
weeks) (127), a mixture of grapes and berries (200 g/day, 2
weeks) (63), or after blackcurrant juice consumption (666 ml/
day, 397 mg anthocyanins/day, 3 weeks) (312). The variabil-
ity observed here is likely to be influenced by the intervention,
its duration, the health status of the study population, and
differences in methodology.

A summary of the potential effects of dietary (poly)phenols
in humans is illustrated in Figure 41.

VII. Conclusions

A number of small-scale, human intervention studies have
shed light on the beneficial effects of various (poly)phenol-
rich foods on CVD risk factors. However, many of these
studies are limited in that they lack proper control or do not
fully characterize their intervention, in particular the
(poly)phenol content. For example, if a study uses nothing or
water as a control, such a control may well lack the various
macro- and micronutrients that are part of the (poly)phenol-

rich test intervention, and which may themselves exert effi-
cacy (e.g., vitamin C/E, folate, and Se). Others do not report
the (poly)phenol content and the compositional analysis of the
test food/drink, creating significant problems when com-
paring different studies with the same food/beverage. Smal-
ler issues, such as a failure to blind the study and a failure to
record compliance and absorption/metabolism data, also
limit the interpretation of the existing data. At present, un-
certainty remains regarding which specific (poly)phenols are
directly responsible for beneficial actions in vivo, as many of
these foods/beverages contain a diversity of (poly)phenols
classes (see Section II).

At present, the strongest evidence for the efficacy of
(poly)phenols against chronic disease exists for flavan-3-ol-
rich foods, in particular cocoa in respect to CVD risk. Many
flavan-3-ol studies have used adequate controls in double-
blind randomized studies, with well-characterized interven-
tion foods/drinks. Additionally, they have strived to assess
flavan-3-ol absorption and metabolism, a factor critical in
building potential cause-and-effect relationships. Flavan-3-ol
studies have been further strengthened by interventions, in-
dicating that pure flavan-3-ols mimic the vascular effects ex-
erted by flavan-3-ol-rich foods. As such, there is good
evidence to suggest that the acute and/or regular consump-
tion of flavan-3-ol rich cocoa or tea can have a positive effect
on the vascular system, mainly through their effects on en-
dothelial function, NO bioavailability, and BP. However, the
long-term effects of flavan-3-ol interventions are presently

FIG. 41. A summary of the potential health benefits of dietary (poly)phenols. (To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars.)
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unclear, and there are issues to resolve with respect to the
efficacy of tea and caffeine.

Presently, the evidence for anthocyanins, flavonols and
flavanones, stilbenes, hydroxycinnamates, and phenolic acids,
based on studies with berries, pomegranate, red wine or citrus
fruits, and coffee, is inconclusive, mainly due to the in-
sufficiencies in the study design mentioned above. The diver-
sity of (poly)phenols in berries and wine also makes it more
difficult to assess putative health effects of individual
(poly)phenols. Future studies will need to utilize other pure
(poly)phenols in well-designed RCTs, before conclusions can
be drawn regarding their specific biological function. Recent
studies with flavanone-rich orange juice in parallel with pure
flavanones are encouraging, in particular the positive effects
exerted by pure flavanones on endothelial function and BP.
Data with nuts are undoubtedly complicated by the presence of
unsaturated fats, which are also known to be protective against
various vascular risk factors. Future work with nuts will need
to isolate specific (poly)phenol fractions for intervention to
shed further light on the efficacy of nut (poly)phenols.

While there appears to be vast literature regarding the po-
tential of (poly)phenols to improve cardiovascular health, at
present, there is insufficient evidence to correlate individual
(poly)phenols, with the exception of flavan-3-ol monomers and
flavanones, with benefits against CVD risk, particularly with
regard to long-term ingestion and risk. As such, additional
long-term RCTs are required that utilize better-defined inter-
ventions, which are properly controlled and blinded, and that
assess physiological endpoints linked to disease. Such studies
should include detailed compositional analysis of the (poly)
phenol-rich foods and control food/beverage carried out using
validated analytical methods. If possible, future studies should
include a pure (poly)phenol arm and controls designed ac-
cordingly to investigate the efficacy of specific (poly)phenols
on functional outcomes. If such control arms are not possible
(i.e., lack of a food grade quality, pure (poly)phenol in sufficient
quantity), it is crucial that studies attempt to assess the ab-
sorption and metabolism of the (poly)phenols from the food/
beverage that functional outcomes can be directly correlated to
the presence of (poly)phenols/metabolites in the circulation.
Ideally, what now required are long-term, large population
RCT studies with healthy or at-risk individuals and with
clinically relevant endpoints. Such studies are likely to be
expensive, will require collaboration between academia and
industry, and will run over a sufficiently long time frame (e.g.,
3–12 months) to meet health claim criteria. Ultimately,
(poly)phenols also need to be tested in the context of other
unavoidable CVD risk factors, such as age, sex, and/or eth-
nicity. Inclusions of these are likely to increase the study
population size considerably, and thus such studies will re-
quire cooperation between multiple centers, each running a
cohort with the same dietary intervention/control. The out-
comes of such future studies, if positive, may ultimately be
used to make specific dietary recommendations regarding the
efficacy of (poly)phenols in preventing the CVD risk.

Currently, there are also not enough data to clearly associate
(poly)phenol consumption to improvements in neurological
health. While there is extensive animal evidence for the actions
of flavan-3-ols (from cocoa, wine, grape, etc.) and anthocyanins
(from blueberry, grape, raspberry, etc.) on memory and
learning, this still needs to be translated into humans before
firm efficacy conclusions can be made. In such studies, inter-

vention periods may need to be very long (12–24 months)
before significant benefits emerge. There are limited data in
support of a causal relationship between the consumption of
flavonoids and behavioral outcomes. To make such relation-
ships, future intervention studies will be required to utilize
better-characterized intervention materials, more appropriate
controls, and more rigorous clinical outcomes, such as well-
designed human cognitive testing along with hemodynamic
and structural changes measurable using MRI and fMRI
techniques. Such hemodynamic changes may be further com-
pared to changes in the gray matter density and to biomarkers
of neural stem and progenitor cells using proton nuclear
magnetic resonance spectroscopy. Such an approach will be
essential to provide links between flavonoid intake and brain
function in a mechanistic, dynamic, and quantitative way.

Another mechanism by which (poly)phenols may influence
brain disease is through the modification of a number of risk
factors common to AD, vascular dementia, hypertension, and
CVD (26, 48). Modulation of these classical cardiovascular
risk factors by flavonoids, as detailed in the previous section,
may result in reductions in both typical and atypical cognitive
function (43, 50). The ability of flavonoids to exert peripheral
vascular changes (30, 66, 78, 83, 86, 97, 98, 147, 226) may
facilitate more efficient cerebral blood flow (CBF), something
that is known to deteriorate with age, to be vital for optimal
brain function, and to be decreased in patients with dementia
(163, 201, 395, 485). In this respect, flavan-3-ol-rich cocoa has
also been shown to exert a positive effect on CBF through the
middle cerebral artery in humans (55, 74, 80, 113). In support
of these findings, arterial spin-labeling sequence magnetic
resonance imaging also indicates that flavan-3-ols increase
CBF up to a maximum of 2 h after ingestion (142).

In relation to dementia, there is a lack of human clinical
evidence to date to make solid conclusions regarding function
in patient populations, although the consumption of
(poly)phenol-rich vegetables, fruit juices, and red wine has
been reported to delay the onset of the disease (13, 50).
However, the vast majority of data in support of their effects
against dementia derive from animal studies that have been
focused to a greater degree on the mechanism of action rather
than functional outcomes. Further studies are required before
conclusions may be drawn. As intervention times will have to
be long, careful consideration needs will have to be afforded
to whether supplementation with individual flavonoids, fla-
vonoid combinations, or simply clearer dietary recommen-
dations on flavonoid intake (including a potentially
recommended daily intake level) represents the best initial
approach for the rapid translation of these findings into ef-
fective interventions for individuals affected by dementia.

Evidence relating to the anticancer effects of (poly)phenols
is limited. The majority of available clinical evidence has been
with green tea/(poly)phenols in populations at a high risk of
cancer development, with results proving inconclusive. In
particular, there are some promising data indicating that
regular consumption of green tea may retard oral and pros-
tate cancer development. With regard to oral cancer, the ef-
ficacy may be apparent due to the direct interaction between
(poly)phenols and cancer cells in the mouth, and suggest that
similar effects against other GIT cancers (esophagus, stomach,
small, and large intestine) may be possible. Future studies
need to be designed in collaboration with cancer biologists
and clinicians to test this hypothesis.
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While a few of studies suggest that (poly)phenol-rich foods
prevent lymphocyte DNA damage, no direct link with a de-
crease in cancer risk can be established from those studies.
Undoubtedly, the oxidation of DNA may contribute to mu-
tation rates and cancer risk; however, it is unlikely that such a
reduction in lymphocyte DNA damage would impact on
cancer development in sites outside the GIT, for example,
breast, colon, and lung. As discussed earlier, more well-
controlled, long-term intervention studies are needed, in
particular those that measure tumor size, cancer incidence,
and even cancer mortality as endpoints. Such endpoints are
needed in the absence of suitable biomarkers of cancer risk,
and should be measured routinely in healthy individuals or
cancer patients. Until such studies have been conducted, it
will be difficult to fully assess the impact of (poly)phenol-rich
foods on cancer development and long-term risk.

Finally, a number of studies have been recently appearing
in the literature overcoming previous limitations in the ap-
proaches used to unravel the putative mechanisms of action
behind the protective effects of (poly)phenols. Identifying
metabolites and catabolites and testing them in cell-based
experimental models at physiological concentrations are the
only ways to fully understand if the in vivo observations ac-
tually have molecular basis. While most of the published ar-
ticles on (poly)phenol bioactivity still describe the effects of
molecules that are only present in planta, detailed and elegant
studies applying human and microbial metabolites have es-
tablished reasonable mechanisms through which some can-
didates in this immense class of plant secondary metabolites
may exert their beneficial actions. In this context, it is apparent
that they do not act simply as antioxidants in vivo, and their
diverse effects are, in most instances, based on more complex
and specific modes of action, as discussed in Section V. Along
with medium long-term RCTs, new and more refined mo-
lecular approaches will be welcome to finally and fully un-
derstand how these molecules, which have been relegated to
the promising category for far too long, interact with human
physiological and pathological processes. As yet, it is too
premature to consider the potential use of (poly)phenolic
compounds as therapeutic agents.
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Abbreviations Used

ABC¼ adenosine triphosphate-binding cassette
ABP¼ ambulatory blood pressure

ABTS¼ 2,2¢-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)

ACN¼ anthocyanins
AD¼Alzheimer’s disease

AGEs¼ advanced glycation end products
AIx¼ augmentation index
AP¼ augmentation pressure

ApoE¼ apolipoprotein E
BAD¼ brachial artery diameter
BMI¼ body–mass index

BMP¼ bone morphogenetic protein
BP¼ blood pressure
BT¼ black tea

BW¼ body weight
CAD¼ coronary artery disease
CBF¼ cerebral blood flow
CBG¼ cytosolic b-glucosidase

CF¼ cocoa flavanols
CHD¼ coronary heart disease

CIMT¼ carotid intima-media thickness
Cmax¼peak plasma concentration
CML¼ carboxymethyl lysine
Co-A¼ co-enzyme A

COMT¼ catechol-O-methyltransferase
COX-2¼ cyclooxygenase-2

CVD¼ cardiovascular disease
DBP¼diastolic blood pressure
DG¼dentate gyrus

DGT¼decaffeinated green tea
DPPH¼ 2,2-diphenyl-1-picrylhydrazyl
DRW¼dealcoholized red wine
EDD¼ endothelial-dependent dilation

EGCG¼ (-)-epigallocatechin-3-O-gallate
EID¼ endothelial-independent dilation

eNOS¼ endothelial nitric oxide synthase
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Abbreviations Used (Cont.)

ER¼ estrogen receptors
ERK¼ extracellular-signal-regulated kinases
EST¼ esterase

FMD¼flow-mediated dilation
FRAP¼ ferric-reducing antioxidant power

GIT¼ gastrointestinal tract
GLT¼ glucose transporter

GSTT2¼ glutathione S-transferase T2
GT¼ green tea

GTC¼ green tea capsules
HDL¼high-density lipoprotein

HDL-C¼high-density lipoprotein cholesterol
HOMA-IR¼homeostasis model assessment–insulin

resistance
HPAEC¼human pulmonary artery endothelial cells

HPLC¼high-performance liquid chromatography
HPLC-MS¼HPLC–mass spectrometry

HR¼heart rate
HUVECs¼human umbilical vein endothelial cells
ICAM-1¼ intercellular adhesion molecule 1

IL-1b¼ interleukin-1 beta
ISI¼ insulin sensitivity index

JNK¼ c-Jun N-terminal kinase
LDL¼ low-density lipoprotein

LDL-C¼ low-density lipoprotein cholesterol
LPH¼ lactase phloridzin hydrolase
LPS¼ lipopolysaccharide
M4¼ 5-(3¢,4¢,5¢-trihydroxyphenyl)-c-valerolactone

M6¢¼ 5-(3¢,5¢-dihydroxyphenyl)-c-valerolactone
M6¼ 5-(3¢,4¢-dihydroxyphenyl)-c-valerolactone
M7¼ 5-(3¢-hydroxyphenyl)-c-valerolactone

MAPK¼mitogen-activated protein kinase
MCP-1¼monocyte chemotactic protein-1

MI¼myocardial infarction
MMP¼metalloproteinases

mPGES-1¼microsomal PGE synthase-1
MPP + ¼ 1-methyl-4-phenylpyridinium ion

MRP¼multidrug resistance protein
MS¼metabolic syndrome

MTT¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide

nc¼no change
nd¼not detected

NFjB¼nuclear factor jB
NO¼nitric oxide

ORAC¼ oxygen-radical absorbance capacity
PARP¼poly(ADP-ribose) polymerase

PAT¼peripheral artery tonometry
PGE¼prostaglandin E

PP¼ (poly)phenol aglycone
PPAR-c¼peroxisome proliferator-activated receptor

gamma
PP-met¼polyphenol sulfate/glucuronide/methyl

metabolites
Pro¼procyanidins

PWV¼pulse wave velocity
PXR¼pregnane X receptor

QMP¼ quercetin metabolite-enriched plasma
QUICKI¼ quantitative insulin sensitivity check index

RA¼ reductase
RANKL¼ receptor activator of nuclear factor j-B ligand

RCTs¼ randomized controlled trials
ROS¼ reactive oxygen species
RTV¼ ritonavir
RW¼ red wine
SBP¼ systolic blood pressure

SGLT1¼ sodium-dependent glucose transporter 1
SI clamp¼ glucose clamp index of insulin sensitivity

SULT¼ sulfotransferase
T½¼ elimination half-life

TAG¼ triacylglycerols
TC¼ total cholesterol
TF¼ tea flavan-3-ols

Tmax¼ time of peak plasma concentration
TNF-a¼ tumour necrosis factor-a

TP¼ total polyphenols
UGT¼uridine-5¢-diphosphate glucuronosyltransferase

VCAM-1¼vascular cell adhesion molecule 1
VEGF¼vascular endothelial growth factor

WW¼white wine
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