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Abstract

Flavonoids have been proposed to act as beneficial agents in a multitude of disease states, including cancer, cardiovascular
disease, and neurodegenerative disorders. The biological effect of these polyphenols and their in vivo circulating metabolites will
ultimately depend on the extent to which they associate with cells, either by interactions at the membrane or more importantly their
uptake. This review summarises the current knowledge on the cellular uptake of flavonoids and their metabolites with particular
relevance to further intracellular metabolism and the generation of potential new bioactive forms. Uptake and metabolism of the
circulating forms of flavanols, flavonols, and flavanones into cells of the skin, the brain, and cancer cells is reviewed and potential

biological relevance to intracellular formed metabolites is discussed.

© 2003 Elsevier Inc. All rights reserved.
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Flavonoids and flavonoid-rich extracts have been
implicated as beneficial agents in a multitude of disease
states (reviewed in [1,2]), most commonly cancer [3-7],
cardiovascular disease [6,8-10], and neurodegenerative
disorders [11-15]. However, it has become clear over the
last few years that the bioactive forms of flavonoids in
vivo are not necessarily the natural phytochemical
forms, for example the aglycones or their various gly-
cosides, but instead conjugates and metabolites arising
from these on absorption (reviewed in [16-20]. In par-
ticular, there is now strong evidence for the extensive
phase I deglycosylation and phase II metabolism of the
resulting aglycones such as quercetin, hesperetin, na-
ringenin, and epicatechin to glucuronides, sulphates,
and O-methylated forms during transfer across the small
intestine [21] and then again in the liver (Fig. 1). Further
transformation has been reported in the colon where the
enzymes of the gut microflora degrade flavonoids to
simple phenolic acids, which may also be absorbed and
subsequently further metabolised in the liver. Current
interest in the elucidation of the potential mechanism of
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action of flavonoids in vivo has centred on the bioac-
tivity of these phase I and II metabolites in various cell
systems.

Circulating glucuronides, sulphates, and O-methy-
lated forms are believed to be those most likely to exert
bioactivity and express beneficial effects in humans and
animals [22-26]. Although it is feasible that glucuro-
nides, sulphates, and O-methylated forms (Fig. 1) may
participate directly in plasma antioxidant reactions by
scavenging reactive oxygen and nitrogen species in the
circulation in a similar manner to their parent aglycones
[27-31], their circulating levels per se may be too low to
be relevant in this context. However, it remains unclear
as to whether these forms express biological activities at
the cellular level. The cellular effects of flavonoid me-
tabolites will ultimately depend on the extent to which
they associate with cells, either by interactions at the
membrane or uptake into the cytosol. Information re-
garding uptake of flavonoids and their metabolites from
the circulation into various cell types and whether they
are modified further by cell interactions has become
increasingly important as attention focuses on the new
concept of flavonoids as potential modulators of intra-
cellular signalling cascades vital to cellular function.
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Fig. 1. Structures of flavonoids and their circulating metabolites: (A) epicatechin, (B) quercetin, (C) naringenin, (D) hesperetin, (E) 3’-O-methyl
epicatechin, and (F) epicatechin-5-O-B-p-glucuronide, epicatechin-7-sulphate. Glucuronide and sulphate conjugates are formed with the majority of
flavonoids in the small intestine and liver, whilst O-methylated forms are only formed where the flavonoid has a catechol B-ring.

This review summarises the current knowledge on the
cellular uptake of flavonoids and their metabolites. The
difference in the way various cell types respond to
flavonoids and their metabolites is reviewed with par-
ticular reference to the intracellular metabolism and
their modulation of biological function. We illustrate
this by contrasting the uptake and metabolism of cir-
culating forms of flavanols, flavonols, and flavanones
into cells of the skin, the brain, and finally cancer cells.
The potential biological relevance to intracellularly
formed metabolites is discussed.

Uptake and metabolism in different cell types

As mentioned, consideration of the potential bioac-
tive mechanisms of flavonoids and their in vivo metab-
olites in cell systems takes account of their uptake and
potential for subsequent cellular metabolism. The up-
take of flavonoids and their in vivo metabolites is de-
pendent on cell type. However, this is most probably due
to a greater level of intracellular metabolism and faster
rate of export from some cells rather than simply dif-
fering levels of passive diffusion. In this review, uptake
data are expressed as ng of flavonoid and/or metabolite
per mg protein. Calculation of intracellular concentra-
tion from these data is difficult due to the absence of
precise data in the literature for the exact volume of the
various cell types. It should be noted that the extraction
protocols used in the majority of studies below do not
distinguish between cytosolic flavonoid and that which
is membrane-bound or otherwise cell-associated. Con-
sequently, the use of the term “uptake” in this review is
used to encompass both cytosolic accumulation of
flavonoids and that which is membrane associated, un-
less otherwise stated. As the precise mechanism of fla-

vonoid action is not clearly established, both forms of
accumulation may be important as flavonoids may act
via interactions with membrane receptors as well as with
cytosolic proteins.

This review deals with the uptake of the main groups
of flavonoids into different cell types of peripheral tissue.
However, for the purpose of this review, we will exclude
cells of the liver and the gastrointestinal tract as these
are well reported to take up and metabolise flavonoids.
It is now well established that the gastrointestinal tract
plays a significant role in the metabolism and conjuga-
tion of polyphenols before entry into the systemic cir-
culation and the liver [16,17,21,32-34]. Enterocytes in
the jejunum and ileum of the small intestine transfer
flavonoids from the luminal side of the gut to portal vein
during which there is significant glucuronidation of
nearly all flavonoids tested by the action of UDP-glu-
curonosyltransferase enzymes [17,18,35-39]. In addi-
tion, in the case of flavonoids containing a catechol
containing B-ring there is also extensive O-methylation
catalysed by the action of COMT [21]. A full assessment
of uptake and metabolism of flavonoids by liver and GI
tract cells is beyond the scope of this review but has been
reviewed previously [16-20] and is summarised in Fig. 2.

The following sub-sections contain cell uptake data
for both flavonoid aglycones and O-methylated forms.
In vivo these forms would primarily exist as either glu-
curonide or sulphate conjugates [40]. However, there is
the possibility that both flavonoid and O-methylated
flavonoid glucuronides may be de-conjugated by the
action of B-glucuronidases present in human tissues such
as liver or small intestine [41] or during local conditions
of inflammation. In this case, free aglycone or O-
methylated forms will be released and may go on to
express cellular effects. Indeed, PB-glucuronidases are
present in a number of tissues within the body [42] and
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Fig. 2. Summary of the formation of gastrointestinal tract and hepatic metabolites and conjugates of flavonoids in humans. Cleavage of oligomeric
flavonoids such as procyanidins may occur in the stomach in environments of low pH. All classes of flavonoids undergo extensive metabolism in the
jejunum and ileum of the small intestine and resulting metabolites enter the portal vein and undergo further metabolism in the liver. Colonic mi-
croflora degrade flavonoids into smaller phenolic acids that may also be absorbed. The fate of most of these metabolites is renal excretion, although,

some may enter cells and tissues.

may be released by certain cells. For example, histamine
causes rapid exocytosis of lung macrophages [43] and
luteolin monoglucuronide is cleaved to free luteolin by
B-glucuronidase released from neutrophils stimulated
with ionomycin [44,45].

Cells of the skin

To further the understanding of the potential pro-
tective actions of flavonoids against dermal injury, es-
pecially involving UV-induced photoaging [46],
inflammation [47,48], and cancer [49-51], the uptake of
flavonoids into cells derived from the skin has been in-
vestigated. There is strong evidence to suggest that
flavonoids, such as those found in green tea, may act to
inhibit UV-induced skin damage [52-55]. These inves-
tigations suggest that topical applications of flavanols
such as EGCG to skin may afford some protection
against UV-induced immunosuppression, photoaging,
inflammatory dermatoses, and photocarcinogenesis
[52,55]. Interestingly, there are an increasing number of
commercial skincare products containing flavonoids or
flavonoid-extracts even though at this time, their

mechanism of action has not been elucidated nor has
their beneficial effect been critically evaluated.

Studies utilising normal human dermal fibroblasts
have highlighted the relative abilities for flavonoid up-
take, and in some cases this uptake has been linked to
protection against oxidative stress-induced cell injury
[22,25]. Uptake experiments have revealed the associa-
tion of flavanols into fibroblasts at both 2 and 18h of
exposure [25]. Epicatechin and its in vivo metabolites,
3’-O-methyl epicatechin, and 4'-O-methyl epicatechin,
have been observed to be associated with fibroblasts, at
relatively low levels (Table 1). However, no epicatechin-
5-0-B-p-glucuronide was detected (Table 1) [25].

In contrast, the uptake of the more lipophilic flavonol
quercetin into cultured fibroblasts was higher than that
recorded for flavanols (Table 1). In addition, significant
intracellular metabolism was observed. Uptake of
quercetin led to a time-dependent appearance of three
products, quercetin itself, 2’-glutathionyl quercetin, and
a quercetin quinone/quinone methide [56]. The forma-
tion of the glutathione adduct of quercetin may occur in
cells either via enzymatic transfer of the thiol to the
flavonol by glutathione S-transferase or by nucleophilic



J.P.E. Spencer et al. | Archives of Biochemistry and Biophysics 423 (2004) 148—161 151

Table 1
Uptake and metabolism of flavonoids and their circulating metabolites
into cells derived from the skin

Flavonoid Fibroblast
2h 18h Metabolites
Flavanol
EC 37.1 39.2 —
30MeEC 47.9 45.6 —
40MeEC 61.6 524 —
EC glucuronide 0.0 0.0 —
Flavonol
Quercetin 53.8 12.7 Oxidative Q-GSH
30MeQ 192.4 87.4 Oxidative demethylation
40MeQ 129.6 181 Demethylation
Q-glucuronide 0.0 0.0 —
Q-GSH 1.3 0.6 —
Q-3-glucoside 0.0 0.0 —
Kaempferol 41.7 29.5 Oxidative
Flavanone
Naringenin 546 235 Glucuronide**
NG 0.0 0.0 —
Hesperetin 1178 1297 Glucuronides*
HG 0.0 0.0 —
All data are mean values of uptake and are represented ng/mg
protein.

* Indicates that metabolite was measured in the medium and not in the
cell lysate.

** Indicates identification is based on spectral characteristics and the
co-elution with authentic standard and not with LC-MS/MS. All other
metabolites were characterised by LC-MS/MS and measured in both
cell lysates and exposure medium.

addition of the thiol to quercetin quinone (Fig. 3).
Furthermore, the appearance of both quercetin—gluta-
thione conjugates in the medium with time indicates an
active export of this intracellularly formed metabolite
[56]. This suggests that in vivo, once in the extracellular
environment they may be transported to tissues that are
capable of accumulating these metabolites [57,58] and
may conceivably undergo further processing before be-
ing ultimately excreted form the body (see Flavonoid—
thiol conjugates).

In comparison with quercetin, one of its in vivo
physiological metabolites, 4/-O-methyl quercetin,
showed more extensive time-dependent uptake [56]. This
uptake was accompanied by minor intracellular pro-
cessing to quercetin. Previous studies have described a
cytochrome P450-dependent demethylation of 4'-O-
methyl quercetin in human liver microsomes, which is
not specific for the 3’-O-methylated form [59]. Further-
more, the formation of oxidation products of 4'-O-me-
thyl quercetin was not detected, presumably because this
metabolite cannot take the same metabolic route as
quercetin as it lacks conjugating hydroxyl groups al-
lowing oxidation across the flavonol structure. In con-
trast, the 3’-O-methyl quercetin was observed to yield
high levels of intracellular oxidation products similar to
those formed from quercetin (Fig. 3). This metabolite

has a free 4-OH group on the B-ring and is able to
autoxidise or is subjected to the action of peroxidases to
form oxidation products such as 3’-O-methyl quercetin-
5-quinone methide. It is possible that these intracellu-
larly formed metabolites may participate in cellular re-
actions, for example, by direct modulation of signalling
pathways such as the mitogen activated protein kinase
(MAP kinase) or phosphoinositol-3-kinase (PI3 kinase)/
Akt pathway [11,23,60] (Fig. 3). Finally, consistent with
the observation with epicatechin glucuronide, no uptake
or metabolism was observed with quercetin-7-O-B-D-
glucuronide, presumably due to its inability to enter the
cells. The uptake and metabolism of flavonols in fibro-
blasts is summarised in Fig. 3.

The flavanones hesperetin and naringenin demon-
strated the greatest uptake into fibroblasts and were
observed to undergo significant metabolism following
uptake (Table 1). Whilst hesperetin was observed at
high amounts in cell lysates, the glucuronide, as ex-
pected, did not appear to associate with the cells [61].
However, the appearance of hesperetin glucuronide in
the medium of fibroblasts exposed to the aglycone
hesperetin indicates metabolism in the form of intra-
cellular glucuronidation, followed by rapid cellular
export. Naringenin was also observed to be glucuroni-
dated in fibroblasts with naringenin glucuronide
apparent in the lysates as well as in the medium (Table
1; unpublished data). The levels of naringenin aglycone
were low as compared to those of hesperetin aglycone.
These data support the idea that human dermal fibro-
blasts contain UDP-glucuronosyl- transferases capable
of glucuronidating flavanones. The fact that no glucu-
ronidation was observed with the other flavonoids, such
as epicatechin and quercetin, suggests either that these
UDP-glucuronosyltransferases are only specific for
flavanones or that export pumps are limited in the
efficient export of flavanol and flavonol glucuronides.
These observations suggest that glucuronidation may
occur in vivo in tissues other than in small intestine and
liver, and may denote the processing of flavanones by
fibroblasts to aid export and removal of these com-
pounds from cells. The UDP-glucuronosyltransferase
isoform, UGT2BI11, has been reported in skin cells
(mainly located in the stratum corneum) [62-65] and a
number of other cell types in the body. The rapid ex-
clusion of flavanone glucuronides from the cells suggests
that dermal fibroblasts may have conjugate export
pumps similar to those found in the hepatocytes or at
the blood-brain barrier (see Cells of the central nervous
system) [66,67]. These pumps, which also presumably
export quercetin glutathione conjugates from fibro-
blasts, are likely to be multidrug-resistance-associated
transport proteins such as MRP-1 and MDR-1, which
mediate ATP-dependent transport of a variety of lipo-
philic substances conjugated to glucuronic acid, gluta-
thione or sulphate [68].
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Fig. 3. Summary of the cellular metabolism of quercetin and its O-methylated metabolites in fibroblasts and their possible modulation of signalling
pathways. O-methylated forms of quercetin associate with fibroblasts to a greater extent than quercetin, whereas the glucuronide does not enter.
Quercetin and 3/-O-methyl quercetin undergo oxidative metabolism within the cell to yield quinones and quinone methide intermediates and a small
amount of 4-O-methyl quercetin is demethylated. Quercetin O-quinone may react directly with GSH or with glutathione S-transferase to form a 2'-
glutathionyl conjugate. Both the GSH conjugate and oxidative products are exported from cells.

Cells of the central nervous system

Recent epidemiological and dietary intervention
studies in both humans and animals have suggested
that diet-derived phenolics, in particular the flavonoids,
may play a beneficial role in the prevention of neu-
rodegeneration, age-related cognitive and motor de-
cline [64,65], and brain ischaemia/reperfusion injury
[12]. For example, the neuroprotective action of one of
the green tea flavonoids, epigallocatechin gallate
(EGCG), has been shown in both oxidative stress- [69]
and Ap-induced [70] neuronal death models. Protective
effects in these neuronal systems were linked to a
modulation of signalling processes through protein ki-
nase C and/or modulation of cell survival/cell cycle
genes [69,70]. Furthermore, the actions of quercetin on
neuronal viability are mediated by interactions within
both Akt/PKB and ERK1/2 signalling pathways [23].
These mechanistic observations are significant, as ac-
tions exerted through signalling cascades are likely to
proceed at intracellular concentrations lower than
those required for antioxidant actions. This is impor-
tant as the accumulation of flavonoids in the brain and
their potential bioactivity may be restricted by pro-
cesses at the blood-brain barrier (BBB) in that it may

aid or prevent the entry of such compounds to the
brain.

The citrus flavonoids, hesperetin, naringenin, and
their relevant in vivo metabolites, as well as the dietary
anthocyanins, cyanidin-3-rutinoside, and pelargonidin-
3-glucoside, have been observed to be taken up by two
brain endothelial cell lines from mouse (bENDS) and rat
(RBE4) [71]. In both cell types, the uptake of hesperetin
and naringenin was the greatest, relative to their more
polar glucuronidated conjugates, to epicatechin and its
metabolites, and to the dietary anthocyanins and specific
phenolic acids derived from colonic biotransformation
of flavonoids [71]. These results demonstrate that
flavonoids and their metabolites are able to traverse the
BBB but that this potential for permeation is dependent
on compound lipophilicity. Consequently, the uptake
of O-methylated metabolites of flavonoids, for example,
3’-O-methyl quercetin, may be greater than that of the
parent aglycone. For the same reason, flavonoid glucu-
ronides, such as quercetin-7-O-B-D-glucuronide, might
not be expected to transverse the BBB due to their
relatively low apparent permeability (P,p,) values.
However, studies have shown that certain drug glucu-
ronides, such as morphine-6-glucuronide, are capable of
crossing the blood-brain barrier [72] and mediating
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pharmacological effects [73-75], thus suggesting that
there may be a specific uptake mechanism for glucuro-
nides in vivo. Furthermore, epicatechin glucuronides
have been detected in brain following oral administra-
tion of epicatechin to rats [76] (Tissue accumulation
following feeding studies), although it is not clear whe-
ther this reflects the BBB transfer to the glucuronide or
formation within the brain.

Little is known about the distribution of flavonoids
into different brain regions following BBB transfer.
Although some studies have investigated flavonoid
distribution to the brain following oral administration
(see Tissue accumulation following feeding studies),
these studies were unable to identify specific transport
and/or metabolism mechanisms. The uptake of epi-
catechin and its O-methylated metabolites has been
demonstrated in primary cultures of mouse cortical
neurons [25] (Table 2). This uptake of epicatechin, and
indeed its two O-methylated metabolites, was low in
comparison to that observed in primary mouse astro-
cytes (Table 2). Interestingly, the uptake observed using
astrocytes was comparable to that observed in dermal
fibroblasts, although astrocytes were shown to metab-
olise the flavanols to some extent whilst no such
metabolism was measured in fibroblasts. A mono-
glutathionyl adduct of epicatechin was present in both
astrocyte lysates and medium following exposure to
epicatechin. Similarly, glutathione conjugation was also
observed following exposure of quercetin to astrocytes.
Although no glutathione adducts of quercetin were
observed in neurons, oxidative metabolites were mea-
sured in both brain cell types indicating a common

pathway for metabolism of quercetin. Consistent with
this, the structurally related flavonol, kaempferol, also
underwent oxidative metabolism in both neurons and
astrocytes.

As was observed with O-methylated metabolites of
epicatechin, O-methylated forms of quercetin were also
accumulated to a greater amount by both neurons and
astrocytes. This accumulation was higher at 2h than at
18, especially in the case of the 3’-O-methyl metabolite
(Table 2). Whilst demethylation is a possible contributor
to lower cellular levels of these compounds after pro-
longed exposure, oxidative metabolism of 3’-O-methyl
form, as was observed in fibroblasts, is likely to be the
primary basis for the clearance of these compounds
from cells. Demethylation of the methylated forms of
both epicatechin and quercetin was only identified in
astrocytes and was not detected in neurons. It is clear
from these studies that astrocytes accumulate higher
levels of flavonoids and are capable of metabolising
them via non-oxidative routes. These observations may
have important implications in vivo where glial and
neuronal populations coexist. Astrocytic accumulation
and metabolism of flavonoids may occur before they are
exposed to neurons (Fig. 4). Astrocytic metabolites,
along with parent compounds, may then pass into
neurons where they may influence neuronal function.
Glial metabolites such as glutathionyl adducts of
flavonoids may be important in mediating effects on
neurons following their import. Alternatively, the up-
take and metabolism of reactive flavonoids such as
quercetin in astrocytes may act to limit their uptake
into neurons, thus reducing the potential for neuronal

Table 2
Uptake and metabolism of flavonoids and their circulating metabolites into cells derived from the brain
Flavonoid Neuron Astrocyte
2h 18h Metabolites 2h 18h Metabolites

Flavanol
EC 10.4 8.8 — 43.5 38.7 EC-GSH
30MeEC 30.4 29.1 — 87.8 77.1 Demethylation
40MeEC 42.6 45.6 — 92.3 85.4 Demethylation
EC glucuronide 0.0 0.0 — 43.5 38.7 —

Flavonol
Quercetin 32.1 20.2 Oxidative 74.3 11.2 Oxidative Q-GSH
30MeQ 112.1 47.8 Oxidative 187.9 56.4 Oxidative demethylation
40MeQ 123 97.2 — 204.3 187.3 Demethylation
Q-glucuronide 0.0 0.0 — 0.0 0.0 —
Q-GSH 2.3 0.7 — 0.5 0.8 —
Q-3-glucoside 0.0 0.0 — NT NT —
Kaempferol 253 14.8 Oxidative NT NT Oxidative

Flavanone
Naringenin 476.3 412.8 — 564.2 449.6 —
NG 0.0 0.0 — 0.4 0.0 —
Hesperetin NT NT — NT NT —
HG NT NT — NT NT —

All data are mean values of uptake and are represented ng/mg protein.
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Fig. 4. Uptake and metabolism of flavonoids in the brain. Flavonoids cross blood-brain barrier (I) and enter astrocytes where they are metabolised
to form various oxidative metabolites and thiol conjugates (II). Flavonoids and metabolites may then access neurons where they may exert biological
function at mitochondria (III) or signalling cascades (IV). Astrocytic metabolism may act to protect neurons from exposure to excessive amounts of
potentially reactive and/or toxic polyphenols such as quercetin. However, exposure of neurons to oxidative metabolites formed in astrocytes may

have a potentially harmful influence on neuronal function.

damage [23]. Studies to investigate uptake and metab-
olism into neurons and glial cells in co-culture should
shed further light on this issue.

Cancer cells

The ability of certain flavonoids to act as pro-oxi-
dants in cell systems has been suggested to be a potential
mechanism by which they may act as anti-carcinogenic
compounds in vivo due to their abilities to promote cell
death [7,77,78]. However, whilst flavonoids may readily
undergo oxidation in culture medium in vivo such oxi-
dation will be limited due to efficient transition metal ion
sequestering and low oxygen tension. In addition, such
pro-oxidant effects are usually only observed when rel-
atively high concentrations of flavonoids (high uM to
mM) have been applied to cells.

The ways in which flavonoids may act as chemopre-
ventive agents may be divided into three distinct mech-
anisms: (1) prevention of carcinogen metabolic
activation, (2) prevention of tumour cell proliferation by
inactivation or down-regulation of pro-oxidant enzymes
or signal transduction enzymes, and (3) by inducing
tumour cell death (apoptosis) (reviewed in [7]). Clearly,
the extent of uptake and the level of metabolism of
flavonoids in cancer cells will be central to these mech-
anisms of actions. The uptake, metabolism, and elimi-
nation of quercetin have been investigated in a human
hepatocarcinoma cell line Hep G2 using “C-labelled

compound [79]. These cells showed a 9.6-fold accumu-
lation of quercetin and the formation of a 3’-O-methy-
lated metabolite. However, a rapid eclimination of
quercetin, with no compound detectable beyond 8 h, was
proposed to be the result of extensive oxidative metab-
olism/degradation [79]. The initial intermediate reaction
appears to involve peroxidation, leading to a dioxetan,
as evidenced by a LC/MS analysis. Subsequently,
opening of the C-ring leads to the formation of car-
boxylic acids, the major one identified in this study as
protocatechuic acid. A separate reaction results in a
polymeric quercetin product that presumably forms
following an initial oxidation step. It is postulated that
these degradative and metabolic changes may contribute
to the multiple cellular effects reported for quercetin in
cell culture models and potentially in vivo. Indeed the
potential of quercetin to act as a cytotoxic agent, a fa-
vourable property in the case of uptake into cancer cells,
has been linked to its intracellular oxidative metabolism
to o-quinones [23,56,80].

The cellular uptake of epicatechin, epigallocatechin
gallate, gallic acid, and quercetin-3-glucoside and their
effect on the cell cycle has been investigated in human
colon adenocarcinoma cells (Caco-2) [81]. Epicatechin,
epigallocatechin gallate, gallic acid, and quercetin-3-
glucoside all showed significant uptake into Caco-2 cells
at 24h [81]. The authors report that, epicatechin
achieved levels of 0.4340.22ng/10%cells after 24h
of incubation and increased to 3.5042.2ng/10° cells
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following 72 h of exposure. In addition, the uptake of
EC! and EGCG showed differences with EC increasing
steadily between 12 and 72h and EGCG reaching
maximum levels at 48 h. However, whilst the uptake of
both EC and EGCG was high at all exposure times,
quercetin-3-glucoside was less readily taken up and was
undetectable at the 72h exposure time [81]. Possible
reasons for the low accumulation of this glycoside in-
clude the inability of the polar flavonol glucoside to
enter cells, as has been observed with flavonoid glucu-
ronides and glucosides in fibroblasts and brain cells
(Tables 1 and 2). Alternatively, this compound may be a
better substrate for multi-drug resistance-associated
protein MRP2 [82,83]. Indirect evidence of flavonoid
uptake comes from the fact that the poly-O-methylated
flavonoids, nobiletin and tangeretin, markedly inhibit
human squamous cell carcinoma (HTB43) growth
whereas quercetin and taxifolin have no significant ef-
fects [84]. The difference in activity may be due to the
relatively greater membrane uptake of the poly-
O-methylated flavonoids since methoxylation of the
phenolic groups decreases hydrophilicity of the flavo-
noid. This phenomenon has been observed with other
flavonoid metabolites and different cell types in that
in all cases levels of accumulation of O-methylated
flavonoids are higher than that of the native flavonoid
aglycone (Tables 1 and 2).

Tissue accumulation following feeding studies

In addition to measurement of the cellular uptake of
flavonoids, some studies have attempted to measure
tissue levels of flavonoid following in vivo feeding ex-
periments. Whilst these investigations are limited to
providing accurate uptake and metabolism assessments,
they provide essential information about the potential
accumulation of flavonoids by cells in vivo. Most of
these investigations have concentrated on the detection
of levels of flavonoids in the brain. One such study has
provided evidence for the ability of epicatechin and its
physiological metabolites, epicatechin glucuronide and
O-methylated glucuronide, to access the brain, although
their presence in the brain may reflect formation of
glucuronides within the brain rather than BBB transfer
[76]. There is also evidence for the localization of the
citrus flavonoids, naringenin, and hesperetin, within the
brain [85,86]. However, in these studies the flavonoids
were administered intravenously and thus are not rep-
resentative of normal dietary consumption and the ef-
fects of gastrointestinal metabolism. Evidence also exists

U Abbreviations used: EC, epicatechin; 30MeEC, 3'-O-methyl
epicatechin; 4OMeEC, 4'-O-methyl epicatechin; EC-GSH, glutathio-
nyl conjugate of epicatechin; Q, quercetin; 30MeQ, 3'-O-methyl
quercetin; 40MeQ, 4'-O-methyl quercetin; Q-GSH, 2’-glutathionyl
quercetin; NG, naringenin glucuronide; HG, hesperetin glucuronide.

for the ability of the O-methylated flavonoid, tangeretin,
to cross the blood-brain barrier and interact with brain
cells [87]. Concentrations of tangeretin, or metabolites
derived from it varied, with the brain stem and cere-
bellum having lowest concentrations (0.17 and 0.27 ng/
mg tissue, respectively) whilst highest concentrations
were seen in the hippocampus, striatum, and hypothal-
amus (2.0, 2.36, and 3.88 ng/mg tissue, respectively) [87].

Valuable information have also been gained via the
use of radiolabelled flavonoids, which allows the accu-
mulation of flavonoids and all metabolites derived from
them, to be monitored in different organs and tissues
following administration, although characterisation of
the metabolites is not possible. In a recent study utilising
l4C-labelled quercetin-4'-glucoside, only 6.4% of the
recovered radioactivity was detected outside the gas-
trointestinal tract 60 min after consumption by rats [88],
suggesting limited absorption and low levels of metab-
olites in plasma and peripheral tissues. Another feeding
investigation using [*H](-)-epigallocatechin gallate led
to the detection of radioactivity in various organs, in-
cluding the liver, lung, pancreas, mammary gland, skin,
brain, kidney, uterus and ovary, and testes [89]. This
study might suggest that flavonoids, or metabolites de-
rived from them, may be present in, and interact with,
many different organs in the body following oral intake.
The use of labelled flavonoids in determination tissue
accumulation in vivo is a powerful tool and should be
exploited in future.

Tissue accumulation of flavonoids has also been as-
sessed ex vivo following perfusion of isolated rat heart
under normoxic conditions in a recirculating Langen-
dorff model. Here, perfusion with the anthocyanin, cy-
anidin-3-O-B-glucopyranoside (10 or 30 uM), for 30 min
provoked an intracellular accumulation of 0.021 and
0.056 umol/g dry weight, respectively [90], indicating
that association of flavonoids with cardiac cells may
occur in vivo. The use of this type of investigation may
be useful in future to link levels measured in cell studies
with those recorded in vivo feeding experiments.

Potential biological function of intracellular metabolites

Much research has now established that flavonoids
are extensively metabolised during absorption in the
small intestine and again in the liver (reviewed in [16—
20]. Flavonoids not assimilated in the small intestine will
enter the large intestine where they are subjected to
degradation by enzymes of the colonic microflora. These
events lead to the generation of a number of flavonoid
metabolites of biological relevance [22,25,60]. Glucuro-
nide and sulphate conjugates, O-methylated forms, and
O-methylated glucuronidated adducts are now believed
to be most biologically relevant in terms of their actions
in vivo. However, cellular actions will also be dependent
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on the uptake and metabolism of these circulating spe-
cies, as discussed above, and on new cellular-generated
metabolites, which themselves may exert biological ac-
tions. Evidence suggests that intracellular metabolism of
flavonoids may be grouped into three categories: (1)
conjugation with thiols, particularly GSH, (2) oxidative
metabolism, and (3) P450-related metabolism. As men-
tioned, resulting cell metabolites may have varying bi-
ological activities that may be different to that of the
parent molecule. Although very little is known about
these metabolites, evidence from some studies hints that
these novel cellular metabolites may mediate the effects
of flavonoids in some cell studies [23,56,91].

Flavonoid-thiol conjugates

Thus far, little attention has been given to the iden-
tification of thiol metabolites of flavonoids in either the
circulation or the urine. Similarly, few studies have in-
vestigated the potential biological effects of flavonoid—
thiol adducts. The formation of GSH adducts of
flavonoids has been shown in both fibroblasts [56] and
B16F-10 melanoma cells [91]. Recently, it has been
demonstrated that cysteine reacts faster with quercetin
quinones than GSH and N-acetylcysteine [92] in vitro.
However, this preferential scavenging by cysteine over
GSH may not reflect in vivo situations where physio-
logical concentrations of GSH are substantially higher
than those of free cysteine. This is likely to shift the
balance of thiol conjugate formation in favour of
glutathionyl adducts in the body. It is also conceivable
that in biological systems the covalent addition of
quercetin quinone to tissue protein sulphydryl groups
could occur. As mentioned, these protein—flavonoid in-
teractions may be potentially important, especially as
many enzymes contain important cysteine residues
within catalytic or regulatory sites.

The biological action of polyphenolic-GSH conju-
gates may be limited by their export from the cells in
which they are formed [56]. In addition, exposure of fi-
broblasts to 2'-glutathionyl quercetin indicated that its
toxicity is significantly lower than that of quercetin,
suggesting that this conjugate either has reduced cyto-
toxic potential or, more likely, a reduced potential for
cell uptake. Indeed, uptake of 2'-glutathionyl quercetin
into fibroblasts (Table 1) and brain cells (Table 2) is very
low relative to quercetin. This is likely to be due to the
increased polarity of the thiol conjugate, similar to those
of flavonoid glucuronides, which also do not enter cells.
However, the potential cytotoxicity of intracellularly
formed thiol conjugates cannot be ruled out. In fact,
glutathionyl conjugates originating from a variety of
polyphenol quinones have been observed to display a
wide array of cellular activities [57]. Indeed, the redox
activity of polyphenols is frequently enhanced following
conjugation with GSH [57,58] and thus does not nec-

essarily result in detoxification. Only when GSH con-
jugation is coupled to the subsequent export of the
adduct from cells, ‘so-called’ phase III metabolism [93],
will detoxification be the predominant consequence.
Indeed, once in the extracellular environment and/or
circulation they may interact with cells capable of ac-
cumulating these metabolites, for example, those of the
kidney [57]. Indeed, glutathionyl conjugates of 3,4-
methylenedioxymethamphetamine (MDMA, ecstasy)
express strong nephrotoxic effects by redox cycling re-
actions at the apical membrane of renal proximal tu-
bular cells [94]. In addition, cytotoxicity may occur due
to the intracellular formation of these conjugates, pos-
sibly due to a lowering of cellular thiol levels [95] or by
the binding of quinone intermediates to cysteine residues
at the active site of specific enzymes [96]. Similar
chemistry is involved in the reaction of other catechols
such as the catecholamines, dopamine, and L-DOPA.
Their conjugation with cysteine or GSH [96-98] can
lead to lower GSH levels and to the generation of mi-
tochondrial toxins with relevance to Parkinson’s dis-
ease [99]. Similarly, the formation of a quercetin
glutathione conjugate in fibroblasts [56] and astrocytes
(Table 2) may provide an insight into the toxic effects
of quercetin [23].

The fate of flavonoid—glutathione conjugates is un-
clear. Glutathione adducts of flavonoids, formed in cells
or in the liver, enter the circulation where they may be
taken up into other cells of the body exerting biological
actions. More likely, they are excreted into the bile as
excretion from the liver depends partly upon molecular
weight with compounds above 350 limited from release
into the bloodstream. As all flavonoid glutathione con-
jugates would have molecular weights over 500, the
biliary route of excretion would be favoured. Thus,
flavonoid—glutathione adducts may enter the duodenum
where glutamic acid and glycine are sequentially re-
moved by enzymes in the bile duct or by micro-organ-
isms in the GI tract leading to the formation of cysteinyl
conjugates. Cysteine conjugates may be reabsorbed
from the GI tract back into the circulation where they
may undergo cellular uptake and/or excretion in the
urine following the addition of an acetyl group in the
kidney (Fig. 5). This pathway of glutathione conjugate
processing has been demonstrated for xenobiotics [94].
Flavonoid—cysteine adducts may exert biological effects
in vivo after possible re-uptake from the GI tract and
may represent another route of elimination of these
compounds from the body.

Oxidative metabolites

Certain flavonoids, in particular those with a di-hy-
droxylated or catechol B-ring, have the ability to oxidise
under certain conditions [77,78]. In doing so, it is be-
lieved they may generate toxic quinone forms and even
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Fig. 5. Potential enterohepatic recirculation of flavonoid glutathione adducts. Glutathione conjugates formed in cells by enzymatic processing or
oxidative metabolism enter the liver and are excreted into the bile. Following secretion into the GI tract conjugates undergo enzymatic cleavage to
cysteinyl conjugates and may be re-absorbed into the circulation or excreted in the faeces. Re-absorption will result in ultimate elimination in the
urine following acetylation in the kidney. However, circulating cysteinyl adducts may be capable of cell uptake and/or biological action.

produce cytotoxic amounts of hydrogen peroxide
(Fig. 6). For example, the addition of high concentra-
tions of strong reducing agents (high uM to mM), in-
cluding flavonoids, to certain culture environments can
lead to generation of substantial amounts of H,O, (10—
100 uM) [100,101]. This compound-dependent genera-
tion of reactive oxygen species may be viewed both
negatively in that peroxide is a known inducer of both
apoptosis and necrosis in cells, or positively in that,
small amounts of generated peroxide may result in an
adaptive response in cells that would act to protect them
against a subsequent oxidative insult. There is also evi-
dence to suggest that mono-hydroxylated flavonoids,
such as naringenin, are also pro-oxidant, and have been
found to partially oxidise hepatocyte GSH to GSSG and
oxidise human erythrocyte oxy-haemoglobin more
readily than polyphenolics with catechol rings [78].

The formation of quercetin quinone/quinone methide
metabolites has been suggested both from indirect data,
reflected in the formation of glutathionyl quercetin ad-
ducts, or directly by measurement of oxidised metabo-
lites in cell lysates (Fig. 6). Quinone and quinone
methide species are potentially long-lived species and
have been shown to have varying biological half-lives.
For example, o-quinone formed from the catechol
oestrogen, 2-hydroxyoestrone, has a half-life of 47s,
whereas the 4-hydroxyoestrone o-quinone is consider-
ably longer lived (¢;> = 12min) [102]. Such types of

products may be linked to the toxicity of quercetin and
3/-O-methyl quercetin at high concentration and indeed
many studies have shown that flavonoid catechol moi-
eties can autoxidise in vitro as well as act as substrates
for peroxidases, and other metalloenzymes, yielding
quinone or quinone methide pro-oxidant and alkylating
agents [80,103]. Quinones are Michael acceptors and can
exert pro-oxidant activities after metabolic activation to
semiquinone and quinoidal products with ensuing cel-
lular damage from alkylation of cellular proteins or
DNA [80] (Fig. 6). Quercetin is known to be mutagenic
[104], presumably, in part through formation of quinone
or quinone methide type metabolites [103,105,106]
whereas the physiological form in humans, 4'-O-methyl
quercetin, would not undergo such reactions and elicit
these effects. It has been postulated that the cytotoxicity
of quercetin may be mediated by its cellular metabolic
activation to a semiquinone and/or quinone, which are
known to facilitate the formation of superoxide and the
depletion of GSH [80]. Because of the inherent nucleo-
philicity of the sulphydryl group, protein and non-pro-
tein sulphydryls represent a major target for quinones
and the detoxification of quinones by GSH is generally
considered cytoprotective [57,58,107,108]. In fact, the
formation of glutathionyl quercetin adducts in a tyros-
inase-containing melanoma cell line has been used as
evidence for the formation of cellular oxidative metab-
olites [91].
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reaction of the quinone with GHS and export of the conjugate.

P450-related metabolites

The glucuronidation or de-methylation/de-conjuga-
tion of circulating metabolites has important implica-
tions for resulting bioactivity. Previous studies have
described a cytochrome P450-dependent (CYP2C9 and
CYPI1A2) demethylation of 4'-O-methyl quercetin in
human liver microsomes, which is not specific for the
3/-O-methylated form [59]. In fibroblasts, there was
evidence for the de-methylation of both 3’-O-methyl
quercetin and 3’-O-methyl quercetin; although no evi-
dence for isoforms of cytochrome P450 in fibroblasts
has been described. The demethylation of O-methy-
lated metabolites within cells is likely to have impor-
tant implications for bioactivity. For example,
demethylation of 3’-O-methyl quercetin has been ob-
served in fibroblasts [56] and astrocytes, leading to the
generation of the more reactive and cytotoxic quercetin
intracellularly [23]. Alternatively, this processing of
O-methylated metabolites may proceed to clear them
from the cell more effectively via GSH conjugation and
export. Hydroxylation of mono-hydroxylated flavo-
noids such as kaempferol is also possible, although not
yet reported in cell studies. The hydroxylation of gen-

istein, tangeretin, kaempferol, apigenin, and naringenin
by P450 enzymes purified from liver microsomes and
hepatocytes has been reported [59,109,110]. Further-
more, P450 enzymes isolated from liver microsomes
have been shown to metabolise flavonoids to glucuro-
nides [111] and glutathione conjugates [110,112], the
latter suggesting that catechin could be metabolically
activated by P450 peroxidase activity to form inter-
mediate quinone species.

So far, there is limited information on the P450-
mediated intracellular metabolism of flavonoids in
intact cells. One such study has reported the glucuron-
idation of the flavanone, hesperetin, in human dermal
fibroblasts. This is particularly interesting as hesperetin
glucuronide but not the aglycone form of hesperetin was
effective in protecting the cells against UVA-induced
necrotic death [61]. Not only does this indicate that fi-
broblasts contain UDP-glucuronosyltransferases capa-
ble to glucuronidating flavanones but also suggests that
cells may generate potentially beneficial metabolites in-
tracellularly. Although similar observations have thus
far not been demonstrated with other flavonoids, they
do open up the possibility that flavonoid glucuronides
may contribute to overall cell protection in vivo, even if
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they have been shown to be ineffective against oxidative
stress-induced damage [25].

Summary

The uptake of flavonoids and their O-methylated,
glucuronidated, and sulphated forms into cells will ul-
timately determine their biological actions. It is clear
that uptake of flavonoids into cells is dependent on both
the flavonoid and perhaps more importantly the cell
type. It seems likely that these differences may reflect the
variation in the way different cell populations handle
flavonoids. For example, astrocytes metabolise
flavonoids intracellularly whilst neurons do not. The
generation of such intracellular metabolites, such as 2'-
glutathionyl quercetin, is of great importance as they
may also be capable of mediating potential beneficial or
negative actions of flavonoids in vivo. Furthermore,
intracellularly formed metabolites may represent novel
in vivo metabolites of flavonoids and their presence in
the circulation and urine may provide important infor-
mation on the pharmacokinetics of flavonoids following
ingestion.

It should be noted that the assessment of flavonoid
cell uptake using in vitro cell culture models may not
fully reflect uptake in vivo. As cells grow as a monolayer
under normal culture conditions, the flavonoid will
usually only be exposed to one side of the cell and
consequently uptake may be underestimated. Further-
more, oxidation of flavonoids in culture medium during
exposure will reduce the effective concentration inter-
acting with the cells. In vivo, this oxidation is limited
due to the tight regulation of oxygen in the cellular en-
vironment. Although there are limitations the above
studies still provide important information on which
flavonoids or their metabolites are most able to enter
cells. The information can be used to predict localisa-
tions of flavonoids in different body tissues and fur-
thermore which metabolite forms are likely to exert
cellular actions. This is especially relevant as more
studies begin to focus on potential non-antioxidant
mechanisms of flavonoid action in vivo.
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