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Abstract
The notion that dietary flavonoids exert beneficial health effects in humans is often based on in
vitro studies using the glycoside or aglycone forms of these flavonoids. However, flavonoids are
extensively metabolized in humans, resulting in formation of glucuronide, methyl and sulphate
derivatives, which may have different properties than their parent compounds. The goal of this
study was to investigate whether different chemical modifications of the same flavonoid molecule
affect its biological and antioxidant activities. Hence, we studied the anti-inflammatory effects of
several major human metabolites of quercetin and (−)-epigallocatechin-3-O-gallate (EGCG) by
assessing their inhibitory effects on tumor necrosis factor α (TNFα)-induced protein expression of
cellular adhesion molecules in human aortic endothelial cells (HAEC). HAEC were incubated
with 1–30 μM quercetin, 3′- or 4′-O-methyl-quercetin, quercetin-3-O-glucuronide and
quercetin-3′-sulphate; or 20–100 μM EGCG, 4″-O-methyl-EGCG and 4′,4″-di-O-methyl-EGCG,
prior to co-incubation with 100 U/ml of TNFα. 3′-O-Methyl-quercetin, 4′-O-methyl-quercetin and
their parent aglycone compound, quercetin, all effectively inhibited expression of intercellular
adhesion molecule-1 (ICAM-1) with IC50 values (concentration required for 50% inhibition) of
8.0, 5.0 and 4.4 μM, respectively; E-selectin expression was suppressed to a somewhat lesser but
still significant degree by all three compounds, whereas vascular cell adhesion molecule-1
(VCAM-1) was not affected. In contrast, quercetin-3-O-glucuronide (20–100 μM), quercetin-3′-O-
sulphate (10–30 μM) and phenolic acid metabolites of quercetin (20–100 μM) did not inhibit
adhesion molecule expression. 4′,4″-di-O-methyl-EGCG selectively inhibited ICAM-1 expression
with an IC50 value of 94 μM, whereas EGCG (20–60 μM) and 4″-O-methyl-EGCG (20–100 μM)
had no effect. The inhibitory effects of 3′-O-methyl-quercetin and 4′,4″-di-O-methyl-EGCG on
adhesion molecule expression were not related to either inhibition of NF-κB activation or their
antioxidant reducing capacity. Our data indicate that flavonoid metabolites have different
biological and antioxidant properties than their parent compounds, and suggest that data from in
vitro studies using non-metabolites of flavonoids are of limited relevance in vivo.
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INTRODUCTION
The health benefits of consuming fruits and vegetables are often attributed, in part, to their
high content of polyphenolic compounds [1, 2]. The consumption of polyphenols in a plant-
derived diet can be several times higher than the consumption of other phytochemicals and
vitamins, including ascorbic acid (vitamin C), α-tocopherol (vitamin E) or carotenoids [3, 4].
Among the polyphenols, flavonoids have attracted considerable attention. Epidemiological
studies have found that an increased intake of dietary flavonoids is associated with a
decreased risk of chronic diseases, including certain cancers and cardiovascular diseases [5–
8]. Dietary flavonoids have many interesting in vitro properties, including antioxidant and
anti-inflammatory effects, which have been postulated to underlie their beneficial health
effects [9–12].

Flavonoids undergo extensive first-pass metabolism, and the chemical forms of flavonoids
present in fruits and vegetables, usually glycosides or aglycones, are quite different from
their in vivo metabolites. In the intestinal mucosa and the liver, flavonoids are subjected to
extensive glucuronidation, methylation and sulphation [4, 13]. Thus, after intake of
flavonoid-rich foods, these flavonoid metabolites are the main forms found in the circulatory
system, where they are present for up to 4–6 hours (e.g., catechins) [14, 15] or may remain
longer, probably as a result of enterohepatic circulation (e.g., quercetin) [16–18]. As with
pharmaceutical drugs and other xenobiotics [19], biotransformation greatly affects the
physical and chemical properties of flavonoids, making them more water-soluble and readily
excreted in bile and urine.

Therefore, in this study we investigated whether different chemical modifications of the
same flavonoid molecule alter its biological activity and antioxidant capacity. To this end,
we compared the effects of different derivatives of two representative flavonoids, the
flavonol, quercetin, and the flavan-3-ol, (−)-epigallocatechin-3-O-gallate (EGCG), to their
respective parent aglycones. Specifically, we studied whether O-methylation of the
flavonoid B ring, glucuronidation or sulphation of quercetin and O-methylation of EGCG
affect the antioxidant properties of quercetin and EGCG and their anti-inflammatory effects
on tumor necrosis factor α (TNFα)-induced activation of human aortic endothelial cells
(HAEC). Endothelial activation was characterized by surface protein expression of cellular
adhesion molecules and release of monocyte chemotactic protein-1 (MCP-1), which is
known to critically contribute to monocyte recruitment to the vascular wall and, hence,
initiation of vascular inflammation and atherosclerotic lesion formation [20, 21]. Our results
show that biotransformation of dietary flavonoids can result in loss or gain of biological or
antioxidant activity, which cannot be predicted from the chemical nature of the flavonoid.

MATERIAL AND METHODS
Materials

3′-O-Methyl-quercetin (isorhamnetin) and 4′-O-methyl-quercetin (tamarixetin) were
obtained from Indofine (Hillsborough, NJ). Quercetin and EGCG were purchased from
Sigma-Aldrich (St. Louis, MO). TNFα was purchased from Roche (Mannheim, Germany).
All other chemicals were of the highest grade available.

Metabolites of quercetin
Quercetin-3′-O-sulphate was synthesized according to the method described by Day et al.
[22], while quercetin-3-O-glucuronide extracted from developing seeds of French bean
(Phaseolus vulgaris) with methanol was purified by liquid-liquid partitioning and
preparative HPLC. The phenolic acids 3,4-dihydroxyphenylacetic acid, 3,4-
dihydroxybenzoic acid, 3-hydroxyphenylacetic acid and 3-methoxy-4-hydroxyphenylacetic
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acid were obtained from Sigma-Aldrich. The 3-(3′-hydroxyphenyl)propionic acid was
obtained from Fluorochem, (Derby, UK). The structures of quercetin and related compounds
are shown in Scheme I.

Metabolites of (−)-epigallocatechin-3-O-gallate
The metabolites 4″-O-methyl-EGCG and 4′,4″-di-O-methyl-EGCG were prepared by
methylating EGCG with methyl iodide, as described previously [23]. The structures of
EGCG and related compounds studied in this work are shown in Scheme II.

Endothelial cells
Human aortic endothelial cells were obtained from Lonza (Walkersville, MD) at third
passage. Upon receipt, the cells were seeded at a ratio of 1:3 in 75-cm2 flasks (pre-coated
with 1% bovine gelatin; Sigma-Aldrich) and grown at 37°C, under 95% air–5% CO2 and in
a humidified atmosphere in endothelial cell growth medium (Lonza) containing bovine brain
extract, human epithelial growth factor, hydrocortisone, amphotericin B, gentamicin
sulphate and 2% fetal bovine serum (FBS). The medium was periodically renewed until the
cells reached 70–90% confluence, at which point they were treated with 0.05% Trypsin–
0.02% EDTA (Sigma-Aldrich). Subsequently, the cells were expanded in 75-cm2 pre-coated
flasks at a ratio of 1:5 until passages 5–6, when they were plated and the experiments were
carried out.

Experiments
Human aortic endothelial cells were plated in 96-well plates (pre-coated with 1% gelatin) at
an average density of 5 × 104 cells/ml medium. The medium consisted of Medium 199
(Sigma-Aldrich) supplemented with 20% FBS (GIBCO Invitrogen, Grand Island, NY), 1
mM glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin, 0.1 μg/ml amphotericin B
(Sigma-Aldrich) and 1 ng/ml human basic fibroblast growth factor (Roche). The cells were
allowed to attach to the plates overnight (18 h), after which they were washed with Hanks’
balanced salt solution (Sigma-Aldrich) and the medium was renewed. The cells were
incubated at 37°C, under 95% air–5% CO2 and in a humidified atmosphere until they
reached confluence, typically 24–48 h after seeding.

For experiments, HAEC were incubated for 18 h with medium (100 μl) containing different
concentrations of quercetin or its derivatives, 3′-O-methyl-quercetin, 4′-O-methyl-quercetin,
quercetin-3-O-glucuronide and quercetin-3′-O-sulphate, or phenolic acid metabolites of
quercetin; or for 1 h with EGCG or its O-methyl derivatives, 4″-O-methyl-EGCG or 4′,4″-
di-O-methyl-EGCG, prior to the addition of 100 U/ml of TNFα. We chose longer incubation
times for quercetin and its derivatives to mimic enterohepatic circulation. In addition,
preliminary experiments indicated that 18-h pre-incubation was required for maximal
inhibition of adhesion molecule expression. The solutions were freshly prepared by
dissolving the flavonoids in either DMSO or deionized water and subsequent dilution in
culture medium containing 20% serum. The final concentration of DMSO in the medium did
not exceed 0.1 %. Proper controls with the vehicle DMSO or water were carried out.

The cells were examined regularly using an inverted optical microscope. No changes in cell
morphology were observed with any of the treatments. Cell viability was evaluated by the
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay, using the Cell
Proliferation kit I, according to the manufacturer’s instructions (Roche). In addition, to test
for potential effects of artificially generated reactive oxygen species, catalase (0.1 μM) and/
or superoxide dismutase (3 μM) was added and/or phenol-red free medium was used.
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Cellular adhesion molecule expression
Surface protein levels of the cellular adhesion molecules, E-selectin, vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), were determined
by ELISA performed on HAEC monolayers in flat-bottom 96-well plates. Following
treatment, the cells were fixed in PBS containing 0.1% glutaraldehyde. For cell ELISA,
plates were blocked at 37°C for 1 h with 5% skim milk powder in PBS and then incubated
overnight at 4°C with a primary antibody to either E-selectin, ICAM-1 (R&D Systems,
Minneapolis, MN) or VCAM-1 (Dako, Carpinteria, CA). The plates were then incubated for
1 h with a horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody
(Amersham, Piscataway, NJ) at 37°C. The expression of E-selectin, ICAM-1 and VCAM-1
was assessed by the addition of o-phenylendiaminehydrochloride (Sigma-Aldrich). The
absorbance at 492 nm was recorded in a plate-reader spectrophotometer (Spectromax 190,
Molecular Devices, Sunnyvale, CA).

Monocyte chemotactic protein-1 expression
Monocyte chemotactic protein-1 (MCP-1) was measured in the conditioned medium of cell
cultures by the quantitative sandwich enzyme immunoassay technique (R&D Systems,
Minneapolis, MN). A monoclonal antibody specific for MCP-1 was pre-coated onto a
microplate. Standards and conditioned medium of HAEC (diluted 1/10) were loaded into the
wells and incubated for 2 h. After washing away any unbound substances, an enzyme-linked
polyclonal antibody specific for MCP-1 was added to the wells and incubated for 1 h.
Following a wash to remove any unbound antibody-enzyme reagent, a chromogen-substrate
(tetramethylbenzidine) was added to the wells. Color developed in proportion to the amount
of MCP-1 bound in the initial step. The absorbance at 450 nm was recorded in a plate-reader
spectrophotometer (Spectromax 190).

NF-κB activation
Activation of NF-κB was assessed by measuring the p65 protein–DNA binding activity in
nuclear extracts of HAEC. HAEC were grown in 10-cm Petri dishes in endothelial cell
growth medium (passage 5). When the cells were 70–90% confluent, the medium was
changed to 15 ml of complete M199 (20% FBS) and incubated for 18 h in the absence or the
presence of 3′-O-methyl-quercetin or for 1 h with 4′,4″-di-O-methyl-EGCG, after which
HAEC were challenged with 100 U/ml TNFα. For comparison purposes, HAEC were also
incubated for 1 h with pyrrolidine dithiocarbamate (PDTC), a known inhibitor of NF-κB
activation [24, 25]. After 1 h of incubation with TNFα, the reaction was stopped by washing
the cells with cold PBS. Nuclear extracts were prepared according the manufacturer’s
instructions, and the DNA binding activity of p65 was measured by ELISA (Active Motif,
Carlsbad, CA). Briefly, nuclear extracts were added to wells previously coated with DNA
containing specific sequences for the binding of p65. After incubation at room temperature
for 1 h, wells were washed and sequentially incubated for 1 h with a primary antibody raised
against p65 and a secondary enzyme-linked antibody. The plate was developed by addition
of chromogen, and the absorbance at 450 nm was recorded in a plate-reader
spectrophotometer (Spectromax 190).

Ferric reducing antioxidant parameter
The antioxidant capacity of flavonoid metabolites was evaluated by their iron-reducing
capacity, using the ferric reducing antioxidant parameter (FRAP) assay [26]. In this assay,
antioxidants act as reductants of Fe3+ to Fe2+, which is chelated by tripyridyltriazine to form
a colored complex. Briefly, 40 μl of flavonoid-containing solutions or culture medium were
mixed in a 96-well plate with 300 μl of reagent solution containing 1.7 mM FeCl3 and 0.8
mM tripyridyltriazine in 300 mM sodium acetate, pH 3.6. The samples were incubated for
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15 min at 37°C, and the absorbance at 593 nm was recorded in a plate-reader
spectrophotometer (Spectromax 190). Results were compared to a standard curve prepared
with different concentrations of the antioxidant Trolox and are expressed as “Trolox
equivalents”.

Statistical analysis
Results shown are the mean ± SEM of at least three independent experiments (involving
three to five observations for each treatment), using HAEC from at least three different
donors. Statistical analysis was performed by one-way analysis of variance (ANOVA). If
statistical significance was reached for ANOVA (p<0.05), Tukey-Kramer was applied as
post-hoc test.

RESULTS
Quercetin and its B-ring methylated derivatives are equally effective inhibitors of cellular
adhesion molecule expression

The biotransformation of quercetin is complex but has been studied extensively and is well
understood (Scheme III). A major reaction is methylation of the catechol group in the B ring
of the quercetin molecule by catechol-O-methyl transferase (COMT), resulting in formation
of 3′- and 4′-O-methyl-quercetin derivatives. A major in vivo metabolite of quercetin
containing an O-methylated catechol group is 3′-O-methyl-quercetin-3-O-glucuronide. To
investigate whether O-methylation affects the biological activity of quercetin, we first
studied the effect of 3′-O-methyl-quercetin and 4′-O-methyl-quercetin on cellular adhesion
molecule expression.

HAEC were incubated for 18 h with quercetin, 3′-O-methyl-quercetin or 4′-O-methyl-
quercetin and then co-incubated for 7 h with 100 U/ml TNFα. All three compounds dose-
dependently inhibited TNFα-induced expression of E-selectin and ICAM-1 with similar
efficacy (Figure 1A), but did not significantly inhibit VCAM-1 expression (data not shown).
The dose-response curves for the inhibitory effects of 3′-O-methyl-quercetin on expression
of E-selectin and ICAM-1 as well as the chemokine, MCP-1, followed a hyperbolic
dependency (Figure 1B). Very similar dose-response curves were obtained with 4′-O-
methyl-quercetin (data not shown) and quercetin (as previously reported by us, ref. [25]).
The concentrations required for 50% inhibition (IC50) of ICAM-1 expression were 8.0, 5.0
and 4.4 μM, respectively, for 3′-O-methyl-quercetin, 4′-O-methyl-quercetin and quercetin.
Neither quercetin nor 3′- or 4′-O-methyl-quercetin were cytotoxic at the concentrations used,
as evaluated by the MTT assay. Furthermore, the addition of catalase and/or superoxide
dismutase to the cell culture medium did not affect the inhibitory effects of quercetin and its
methylated derivatives on adhesion molecule expression, suggesting that these effects were
not mediated by reactive oxygen species generated by autoxidation of the flavonoids. Taken
together, our results indicate that methylation of the catechol group in the B ring of
quercetin does not alter the anti-inflammatory activity of this dietary flavonoid.

Quercetin-3-O-glucuronide and quercetin-3′-O-sulphate do not inhibit cellular adhesion
molecule expression

After first-pass metabolism of quercetin by intestine and liver, the main circulating
metabolites in humans are methylated or non-methylated glucuronides and sulphates
(Scheme III). Therefore, we next studied whether glucuronide and sulphate conjugates of
quercetin retain its anti-inflammatory activity. HAEC were incubated for 18 h with 10–30
μM quercetin-3′-O-sulphate, 20–100 μM quercetin-3-O-glucuronide or 30 μM quercetin and
then co-incubated for 7 h with 100 U/ml TNFα. Interestingly, no inhibition of adhesion
molecule expression was observed for either metabolite, in contrast to the significant
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inhibition of E-selectin and ICAM-1 expression by quercetin (Figure 2, c.f. Figure 1).
Neither quercetin nor quercetin-3-O-glucuronide and quercetin-3′-O-sulphate were cytotoxic
at the concentrations tested, as evaluated by the MTT assay. Taken together, these results
suggest that glucuronidation and sulphation of quercetin abolish its anti-inflammatory
activity.

Phenolic acid metabolites of quercetin do not inhibit adhesion molecule expression
We also tested the effect of different phenolic acids (see Scheme I), which have been
described as in vivo metabolites of dietary quercetin [12]. HAEC were incubated overnight
with increasing concentrations (20–100 μM) of these phenolic compounds and then co-
incubated with TNFα for another 7 h, as described above for quercetin and its derivatives.
However, none of the phenolic acid metabolites examined, even at supra-physiological
concentrations, exerted any significant inhibitory effects on adhesion molecule expression
(data not shown).

EGCG and its 4″-O-methylated metabolite do not affect cellular adhesion molecule and
MCP-1 expression, in contrast to 4′,4″-di-O-methyl-EGCG

After consumption, EGCG can be detected unmetabolized in the circulation. However, it
also undergoes extensive metabolism, and glucuronidated, methylated and ring-fission
metabolites of EGCG have been identified (Scheme IV) [23]. In particular, about 15% of
EGCG is present in human plasma as 4′,4″-di-O-methyl-EGCG, which is formed from its
precursor, 4″-O-methyl EGCG, by the action of COMT (Scheme IV). Hence, we studied the
biological effects of these two methyl derivatives compared to their parent compound,
EGCG. HAEC were incubated for 1 h with 20–60 μM EGCG or 20–100 μM 4″-O-methyl-
EGCG or 4′,4″-di-O-methyl-EGCG and then co-incubated for 4 h with 100 U/ml TNFα.
While EGCG and 4″-O-methyl-EGCG failed to attenuate the expression of any of the
adhesion molecules measured (data not shown), 4′,4″-di-O-methyl-EGCG significantly
inhibited ICAM-1, but not E-selectin or VCAM-1, expression in a dose-dependent manner
(Figure 3). In fact, VCAM-1 expression was slightly, but non-significantly, increased by 4′,
4″-di-O-methyl-EGCG (Figure 3). MCP-1 expression was also slightly increased by 4′, 4″-
di-O-methyl-EGCG (data not shown).

3′-O-Methyl-quercetin has greater reducing activity than 4′,4″-di-O-methyl-EGCG, but
neither compound inhibits NF-κB activation

Gene expression of adhesion molecules in endothelial cells is regulated primarily by the
transcription factor, NF-κB, which is thought to be activated in a reduction/oxidation
(redox)-sensitive manner [27]. Therefore, we investigated whether flavonoid derivatives or
metabolites that inhibited protein expression of cellular adhesion molecules, i.e., 3′-O-
methyl-quercetin and 4′,4″-di-O-methyl-EGCG (Figures 1 and 3), also inhibited NF-κB
activation and whether such an effect was related to their reducing activity.

To investigate NF-κB activation, HAEC were incubated for 18 h with 30 μM 3-O-methyl-
quercetin or for 1 h with 100 μM 4′,4″-di-O-methyl-EGCG and then co-incubated for 1 h
with 100 U/ml TNFα. Activation of NF-κB, as indicated by nuclear translocation and DNA
binding of its p65 subunit, was not inhibited by either flavonoid metabolite, whereas 10 μM
pyrrolidine dithiocarbamate–used as a positive control–exerted strong inhibition (Figure 4).

Furthermore, the antioxidant capacity of the various flavonoids was evaluated by their iron-
reducing activity, using the FRAP assay (Figure 5). The reducing activity of quercetin was
almost 3 times higher than that of Trolox, a water-soluble vitamin E analogue used as
standard antioxidant in the assay. Both 3′-O-methyl-quercetin and quercetin-3′-O-sulphate
had somewhat lower reducing activity than quercetin. EGCG had a FRAP value more than 5
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times higher than that of Trolox; in contrast, FRAP of 4′,4″-di-O-methyl-EGCG was similar
to Trolox. These data suggest that dimethylation of EGCG results in a dramatic loss of its
reducing activity and that the reducing activity of quercetin, EGCG and their metabolites is
not related to the capacity of these compounds to inhibit NF-κB activation or adhesion
molecule expression in HAEC.

DISCUSSION
Quercetin intake from vegetables has been associated with a lower risk of cardiovascular
diseases, although the underlying mechanisms are incompletely understood [28]. Quercetin
is rapidly metabolized in the human intestinal mucosa and liver into glucuronide and
sulphate conjugates with or without methylation (Scheme III). After consumption of
quercetin-rich foods, quercetin metabolites are largely associated with the albumin-
containing fraction of human plasma [29]. Interestingly, quercetin was detected (after
deconjugation) in the aortas of cholesterol-fed rabbits supplemented with quercetin
glucosides [30]. In line with this observation, immunohistochemical studies with
monoclonal antibodies raised against quercetin conjugates demonstrated that quercetin
glucuronides specifically accumulate in human atherosclerotic lesions, but not in non-lesion
aortic areas, and the staining was associated with macrophage-derived foam cells [31].
These studies suggest that quercetin metabolites can penetrate into the vascular wall and
accumulate in atherosclerotic plaque and, hence, may interact with the vascular
endothelium.

In this work, we hypothesized that the in vivo effects of dietary quercetin on endothelial
cells are modulated by chemical modifications of the quercetin molecule. Therefore, we
studied the effects of different O-methylated isomers of quercetin, 3′- and 4′-O-methyl-
quercetin, and two additional conjugates with in vivo relevance, quercetin-3-O-glucuronide
and quercetin-3′-O-sulphate, on the expression of inflammatory proteins in HAEC. Because
quercetin and its metabolites are likely to associate with albumin and other plasma proteins
and, furthermore, may undergo enterohepatic circulation, we performed our experiments in
high-serum medium (20% FBS) and exposed HAEC to the quercetin metabolites for 18 h
prior to the addition of TNFα.

We first studied 3′-O-methyl-quercetin, commonly known as isorhamnetin, and 4′-O-
methyl-quercetin, to evaluate whether O-methylation affects the biological activity of
quercetin. We found that these methylated quercetin derivatives inhibited TNFα-induced E-
selectin and ICAM-1 expression as effectively as the quercetin aglycone. Therefore, it can
be speculated that O-methylation of quercetin by COMT would not affect the potential of
dietary quercetin to attenuate vascular endothelial inflammation in vivo. We have shown
previously that the basic A and C-ring flavone structure (see Scheme I) is critical for the
inhibition of adhesion molecule expression in HAEC, but not the B-ring catechol group [25],
consistent with the results presented here for quercetin and its methyl derivatives. In
contrast, the B and C-ring hydroxyl groups were critical for the reducing activity of the
molecule [25], again in agreement with the data presented here. Hence, O-methyl
substitutions in the catechol group of quercetin did not affect its anti-inflammatory activity
but lowered its antioxidant capacity.

In contrast to 3′- and 4′-O-methyl-quercetin, quercetin-3-O-glucuronide and quercetin-3′-O-
sulphate did not inhibit TNFα-mediated inflammatory responses in HAEC, even when tested
at supra-physiological concentrations. Hence, a novel observation of our work is that the
biological activity of quercetin with respect to adhesion molecule expression is dependent
on the chemical nature of the substituent, not just the position in the molecule that is
modified. For example, we found that 3′-O-methylation did not affect the biological activity
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of quercetin, while 3′-O-sulphation abolished it. Both molecules, however, exhibited similar
antioxidant activity, which was lower than the antioxidant activity of quercetin due to lack
of the catechol group.

Our data also indicate that HAEC do not have the ability to hydrolyze the metabolites to the
active quercetin aglycone, as has been suggested for other cell types [32]. The introduction
of bulky or charged groups and the resulting increased hydrophilicity may impair the ability
of quercetin-3-O-glucuronide and quercetin-3′-O-sulphate to reach the appropriate
intracellular target(s) in HAEC. This notion is supported by the observation that quercetin-3-
O-glucuronide does not seem to be taken up to a significant degree by PC-12 cells [33]. In
contrast, murine macrophages have been shown to accumulate quercetin-3-O-glucuronide
and metabolize it to the much more active aglycone and its methylated form [31]. In vitro
studies using large unilaminar vesicles have shown that quercetin-3-O-glucuronide can
interact with phospholipid bilayers with low, but significant, affinity, suggesting that an
interaction with cell membranes may also be possible [34].

While our data indicate that quercetin-3-O-glucuronide and quercetin-3′-O-sulphate cannot
inhibit inflammatory responses in HAEC, previous work has suggested that these quercetin
metabolites may exert relevant biological effects in cells or endothelium. For example,
Tribolo et al. [35] reported that quercetin-3′-O-sulphate, quercetin-3-O-glucuronide and 3′-
O-methyl-quercetin-3-O-glucuronide inhibited VCAM-1 cell surface expression at
concentrations as low as 2 μM. Furthermore, quercetin-3-O-glucuronide was effective in
preventing endothelial dysfunction induced by endothelin-1, and both quercetin-3-O-
glucuronide and quercetin-3′-O-sulphate inhibited NADPH oxidase-dependent superoxide
production in thoracic aortic rings from rats [36]. Quercetin-3-O-glucuronide also inhibited
angiotensin II-induced hypertrophy in vascular smooth muscle cells, which was attributed in
part to its inhibitory effect on the JNK/AP-1 signaling pathway [37]. The use of different
cell types and experimental conditions may account, in part, for these discrepant results.

Our results are, however, in agreement with those reported by Mochizuki et al. [38] showing
that quercetin-3-O-glucuronide did not inhibit TNFα-induced expression of ICAM in
HAEC. Interestingly, these authors also found that inflammation triggered by interleukin-1α
resulted in increased cell permeability of quercetin-3-O-glucuronide, suggesting that it could
pass through the endothelium to reach the underlying vascular smooth muscle cells. Taking
all our results into account, it can be speculated that the major in vivo metabolite, 3′-O-
methyl-quercetin-3-O-glucuronide, would be inactive in our model, not because of the
biotransformation of the catechol group but because of the glucuronidation in position C3. If
intracellular hydrolysis occurred in HAEC in vivo, the resulting 3′-O-methyl-quercetin
would be an intracellular ‘active’ metabolite. However, non-glucuronidated, O-methylated
quercetin cannot be detected in human plasma, and there is no evidence for hydrolysis of
quercetin glucuronides in endothelial cells.

We previously reported that flavonols and flavones were able to inhibit E-selectin and
ICAM-1 expression in HAEC, whereas flavanones or flavan-3-ols were not, due to lack of
the basic A and C-ring flavone structure [25]. Accordingly, caffeic acid, which contains a
catechol group but lacks a basic flavonoid structure, and–as reported here–phenolic acid
metabolites of quercetin were unable to inhibit adhesion molecule expression in HAEC.
However, in-vitro anti-inflammatory effects of phenolic acids have been recently reported.
Differences in cell types and inflammatory challenges may account for some of these
seemingly discrepant results. For instance, it has been reported that phenolics such as
hydrocaffeic, dihydroxyphenyl acetic and hydroferulic acids were able to inhibit
interleukin-1β-induced prostaglandin E(2) production by CCD-18 colon fibroblast cells [39].
The hydroxylated phenolic acids, 3,4-dihydroxyphenylpropionic acid and 3,4-
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dihydroxyphenylacetic acid, were also able to inhibit lipopolysaccharide-stimulated cytokine
release from isolated peripheral blood mononuclear cells [40], in contrast to our
observations in TNFα-exposed HAEC. In general, studies using endothelial cells are scarce.
However, Moon et al. [41] reported that caffeic acid reduced TNFα-induced adhesion
molecule expression in human umbilical vein endothelial cells (HUVEC) by inhibiting NF-
κB activation. While some of their experimental conditions were similar to ours, e.g., 18-h
pre-incubation with caffeic acid followed by 6-h incubation with TNFα, other conditions
differed significantly and may have accounted for the discrepancies in results, e.g., use of
HUVEC vs. HAEC and 0.2% vs. 20% FBS in cell culture media. Our work has consistently
found that none of the phenolic acids tested inhibited TNFα-mediated adhesion molecule
expression in HAEC, supporting the notion that a basic hydroxyflavone structure is required
for activity in this experimental system.

Catechins are widely distributed in the human diet, in particular tea, wine, grapes and cocoa.
Considering that tea is the second most consumed beverage in the world after water [42, 43],
catechin consumption by humans can be significant. One catechin, EGCG, is of particular
interest because of its numerous biological effects. Although the metabolic transformation of
catechins in humans is well understood, relatively little is known about the biological effects
of catechin metabolites. It has been reported, for instance, that O-methylated derivatives of
(−)-epicatechin are good inhibitors of peroxynitrite-mediated nitrotyrosine formation [44].
In intact cells, 3′-O-methyl-epicatechin inhibited cell death induced by hydrogen peroxide
through inhibition of caspases [45]. 3′-O-methyl-epicatechin also was shown to attenuate
UVA-induced oxidative damage in human skin fibroblasts [46]. Interestingly, it was recently
reported that HUVEC have the capacity to convert (−)-epicatechin into methyl derivatives,
which inhibited NADPH oxidase activity [47]. In this work, we studied the effect of EGCG–
the main catechin in green tea–and two of its in vivo metabolites, 4″-O-methyl-EGCG and
4′,4″-di-O-methyl-EGCG. EGCG is one of the few dietary flavonoids that have been
detected in plasma without further modification, but it is also known that EGCG undergoes
extensive biotransformation (see Scheme IV). Both EGCG and their methylated metabolites
are substrates and potent inhibitors of hepatic COMT, suggesting they might have biological
activity [48].

To investigate EGCG and its metabolites in vitro, we applied a protocol compatible with
EGCG’s in vivo pharmacokinetic behavior. Because of the much shorter half-life in human
plasma of EGCG than quercetin derivatives, HAEC were exposed to EGCG and its
metabolites for only 1 h prior to the addition of TNFα. Neither EGCG nor its metabolite 4″-
O-methyl-EGCG inhibited adhesion molecule or MCP-1 expression. In contrast, 4′,4″-di-O-
methyl-EGCG was effective in selectively inhibiting ICAM-1 expression. However, 4′,4″-
di-O-methyl-EGCG was far less effective than quercetin or 3′-O-methyl-quercetin in our
experimental model. Due to the high concentrations required for inhibition of ICAM-1
expression by 4′,4″-di-O-methyl-EGCG, the physiological relevance of these findings is
doubtful, unless high local concentrations accumulate in target cells and tissues, as has been
described for quercetin metabolites [31, 49].

In addition, further intracellular biotransformation of flavonoid metabolites is possible.
Kawai et al. [31] showed that isolated macrophages can metabolize quercetin glucuronides
to quercetin aglycone and methylated quercetin, even in the absence of an inflammatory
challenge. Notably, methylated quercetin was the active metabolite, as inhibition of COMT
blocked the biological effect of the quercetin glucuronides [31]. Similarly, Steffen et al. [47]
showed that HUVEC can metabolize (−)-epicatechin to mono-O-methylated epicatechin,
which was the metabolite responsible for NADPH oxidase inhibition. Interestingly,
demethylation of flavonoids in human cells also may occur, as has been reported for
biochanin A (4′-O-methyl genistein) in cancer cells [50]. In this work, we didn’t pursue the

Lotito et al. Page 9

Free Radic Biol Med. Author manuscript; available in PMC 2012 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



identification of intracellular metabolites, but it is possible that the combined effect of
selective cellular uptake and intracellular metabolism contributed to our results.

NF-κB activation is the main transcription factor mediating TNFα-induced expression of
inflammatory genes [51]. Our previous results indicated that pharmacological inhibitors of
NF-κB completely abolished expression of adhesion molecules in HAEC. However, the
active flavonoid metabolites studied here were unable to inhibit NF-κB activation,
suggesting that they act through (an) alternative mechanism(s), for example, stimulation of
the Nrf2 pathway [52].

We have previously shown that the reducing activity of flavonoids is not related to their
capacity to inhibit adhesion molecule expression in HAEC [25]. In this paper, we also
measured the ferric reducing activity of the individual compounds and metabolites. As
expected, 3′-O-methyl-quercetin showed lower reducing activity than quercetin, confirming
that the catechol group is as an important structural feature. Interestingly, quercetin-3′-O-
sulphate also exhibited good reducing activity, despite its lack of an effect on adhesion
molecule expression, confirming that the antioxidant capacity of an individual compound is
not relevant for its anti-inflammatory effect. Other authors have also shown that metabolites
of quercetin can retain, at least in part, the antioxidant capacity of the quercetin aglycone.
For instance, the conjugated metabolite, quercetin-3-O-glucuronide, effectively prevented
peroxynitrite-induced depletion of lipophilic antioxidants in isolated human low-density
lipoproteins [53]. Quercetin-3-O-glucuronide also inhibited lipid peroxidation of liposome
membranes induced by iron, peroxynitrite or lipoxygenase, although the metabolite was less
effective than quercetin [34]. We also compared the reducing activity of EGCG with that of
4′,4″-di-O-methyl-EGCG and found that the latter was much less active than EGCG, despite
being more effective at inhibiting adhesion molecule expression. These results indicate a
significant role of the 4′- and 4″-hydroxyl groups for the antioxidant capacity of EGCG, but
also highlight that the antioxidant capacity cannot predict the biological effect in this model.

In summary, our work shows that chemical modifications of dietary flavonoids – resulting in
formation of different in vivo metabolites – can significantly alter their biological and
antioxidant activities. While glucuronidation and sulphation abolished the inhibitory effect
of quercetin on adhesion molecule expression, methylation preserved its anti-inflammatory
activity. In contrast, 4′,4″-di-O-methyl-EGCG dose-dependently inhibited TNFα-induced
expression of ICAM-1 but not other adhesion molecules, while EGCG was ineffective.
Thus, the study of the biological responses to physiologically relevant forms and
concentrations of circulating flavonoids is pivotal for the proper evaluation of the potential
health benefits of dietary flavonoids, considering that the biological activities of the
metabolites can be neither predicted nor extrapolated from their dietary forms. In vitro
studies of flavonoid glycosides or aglycones are unlikely to be relevant to biological or
health effects of flavonoids in humans, with the possible exception of effects in the
gastrointestinal tract.
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COMT catechol-O-methyl transferase
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EGCG (−)-epigallocatechin3-O-gallate

ELISA enzyme-linked immunosorbent assay

FBS fetal bovine serum

FRAP ferric reducing antioxidant parameter

HAEC human aortic endothelial cells

HUVEC human umbilical vein endothelial cells

ICAM-1 intercellular adhesion molecule-1

IC50 concentration required for 50% inhibition

NF-κB nuclear factor-kappa B

MCP-1 monocyte chemotactic protein-1

TNFα tumor necrosis factor α

VCAM-1 vascular cell adhesion molecule-1
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Figure 1. Dose-response effects of 3′-O-methyl-quercetin and 4′-O-methyl-quercetin compared to
quercetin on adhesion molecule expression in human aortic endothelial cells
HAEC were incubated for 18 h in the absence (0 μM) or presence of 5–15 μM quercetin, 3′-
O-methyl-quercetin or 4′-O-methyl-quercetin followed by the addition of 100 U/ml TNFα
and incubation for 7 h. Panel A shows protein levels of E-selectin (black bars) and ICAM-1
(gray bars) as % of protein levels in HAEC incubated with TNFα in the absence of
flavonoids. Results from control cells incubated in the absence of flavonoids and TNFα are
also shown. Panel B shows % inhibition of E-selectin (black circles), ICAM-1 (gray circles)
and MCP-1 (open circles) expression by 3′-O-methyl-quercetin. Data shown are means ±
SEM of at least three independent experiments. One-way ANOVA was used to analyze
dose-response trends; *significantly different from 0 μM (Tukey-Kramer, post-hoc
analysis).
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Figure 2. Dose-response effects of quercetin-3′-O-sulphate and quercetin-3-O-glucuronide on
adhesion molecule expression in human aortic endothelial cells
HAEC were incubated for 18 h in the absence (0 μM) or presence of 10–30 μM quercetin-3′-
O-sulphate (panel A), 20–100 μM quercetin-3-O-glucuronide (panel B) or 30 μM quercetin
(panel B), followed by the addition of 100 U/ml TNFα and incubation for 7 h. Protein levels
of E-selectin (black bars), ICAM-1 (light grey bars) and VCAM-1 (dark gray bars) are
shown as % of protein levels in HAEC incubated with TNFα in the absence of flavonoids.
Results from control cells incubated in the absence of flavonoids and TNFα are also shown.
Data shown are means ± SEM of at least three independent experiments. One-way ANOVA
showed no significant dose-response trends; *significantly different from 0 μM.
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Figure 3. Dose-response effects of 4′,4″-di-O-methyl-EGCG on adhesion molecule expression in
human aortic endothelial cells
HAEC were incubated for 1 h in the absence (0 μM) or presence of 20–100 μM 4′,4″-di-O-
methyl-EGCG, followed by the addition of 100 U/ml TNFα and incubation for 4 h. Protein
levels of E-selectin (black bars), ICAM-1 (light grey bars) and VCAM-1 (dark gray bars) are
shown as % of protein levels in HAEC incubated with TNFα in the absence of 4′,4″-di-O-
methyl-EGCG. Results from control cells incubated in the absence of 4′,4″-di-O-methyl-
EGCG and TNFα are also shown. Data shown are means ± SEM of at least three
independent experiments. One-way ANOVA was used to analyze dose-response trends;
*significantly different from 0 μM (Tukey-Kramer, post-hoc analysis).
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Figure 4. Effects of 3′-O-methyl-quercetin and 4′,4″-di-O-methyl-EGCG on NF-κB activation in
human aortic endothelial cells
HAEC were incubated for 18 h in the absence or presence of 30 μM 3′-O-methyl-quercetin
(panel A) or for 1 h with 100 μM 4′,4″-di-O-methyl-EGCG (panel B), followed by the
addition of 100 U/ml TNFα and incubation for 1 h. As positive control, HAEC were also
incubated for 1 h with 10 μM pyrrolidine dithiocarbamate (PDTC) before incubation with
TNFα (panel A). Nuclear p65 DNA binding activity was measured by ELISA. Data shown
are means ± SEM of at least three independent experiments. One-way ANOVA was used to
analyze the data; *significantly different from TNFα–only treatment (Tukey-Kramer, post-
hoc analysis).
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Figure 5. Ferric reducing antioxidant parameter of quercetin, EGCG and selected metabolites
FRAP was measured for quercetin and its metabolites, 3′-O-methyl-quercetin and
quercetin-3′-O-sulphate, and for EGCG and its metabolite, 4′,4″-di-O-methyl-EGCG. Values
are expressed as μM Trolox equivalents. Data shown are means ± SEM of at least three
independent determinations.
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Scheme I.
Structures of quercetin and its in vivo methyl, sulphate, glucuronide and phenolic acid
metabolites.
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Scheme II.
Structures of EGCG and its in vivo methyl metabolites.
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Scheme III. Major metabolic pathways for the conversion of dietary quercetin
Quercetin, present in food as glycosides, is absorbed intact by the sodium-glucose
transporter 1 (SGLT1) and hydrolyzed by β-glucosidase in enterocytes. In addition, dietary
glycosides of quercetin can be hydrolyzed before absorption by membrane-bound lactose-
phloretin hydrolase (LPH). In the enterocyte, quercetin aglycone (“free” quercetin) (1) is
mostly metabolized to glucuronides (4) by UDP-glucuronosyltransferase (UGT) or to
sulphate derivatives (5) by sulphate transferase (ST) and exported into the circulation. In the
liver, the glucuronides undergo further metabolism, mainly by ST and catechol O-methyl
transferase (COMT). These processes and enzymes combined are responsible for the
metabolites detected in plasma and urine. In addition, quercetin may undergo enterohepatic
circulation by its excretion through bile and subsequent intestinal re-absorption. For
structure names and reference numbers, see Scheme I.
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Scheme IV. Major metabolic pathways for the conversion of dietary EGCG
EGCG is one of the very few flavonoids that can be detected ‘intact’ in plasma, without
further metabolism. However, its concentration in circulation is very low, and considerable
glucuronidation and methylation also take place, resulting in a complex profile of
metabolites. After absorption, EGCG undergoes methylation in the small intestine, liver,
kidney and other organs. Metabolites of EGCG may also undergo enterohepatic circulation.
(−)-Epigallocatechin (EGC) may be an intermediate during in vivo degradation of EGCG by
microbial esterases (EST). Other enzymes involved in EGCG metabolism include catechol
O-methyl transferase (COMT) and UDP-glucuronosyltransferase (UGT).
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