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Influence of the metabolic profile on the in vivo
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Background and purpose: Flavonoids are known to possess a broad set of pharmacological effects, some of which have been
attributed to their antioxidant properties and, more recently, to cell signalling modulation. Nevertheless, flavonoids are
extensively metabolized and their metabolites are the potential bioactive forms in vivo. Therefore, a first and crucial step to
understand the mechanisms underlying potential health benefits of flavonoids is knowledge of their metabolites and their
biological activities.

Experimental approach: To approximate a human dietary pattern of intake of flavonoids, regular rat chow was supplemented
with 0.02% quercetin and fed to Sprague-Dawley rats over 3 weeks. Plasma samples were analysed by HPLC and electrospray
tandem mass spectrometry, and plasma antioxidant capacity was measured by the 2,2’-azino-bis(3-ethylbenzothiazoline
sulphonate) assay.

Key results: Major metabolites were 3’-methylquercetin (isorhamnetin) glucuronide sulphate conjugates, the most plausible
conjugation positions being at the 3-, 5- and 7-hydroxyl positions. Isorhamnetin conjugates are methylated at the 3’-OH
position, which decreases the high antioxidant activity of quercetin and its metabolites and their contribution to plasma
antioxidant potential.

Conclusions and implications: This metabolic pattern differs from that observed after a single high-dose administration,
where the major metabolites were quercetin conjugates at 5- and 7-hydroxyl positions and a significantly increased plasma
antioxidant activity was observed. These data show altogether that the different metabolic patterns obtained under a
prolonged low-dosage regimen or after a single high dose, crucially affected the antioxidant potential of plasma in treated
animals. Our data also allow for the establishment of structure-antioxidant activity relationships for quercetin metabolites.
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Introduction

The use of dietary phytochemicals for improving human
health and for the prevention of chronic and degenerative
diseases is a matter of increasing debate. The potential
health-promoting properties of flavonoids, in particular,
have been highlighted, by the recent publication of various
studies suggesting that these compounds may prevent the
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development of degenerative diseases, such as cardiovascular
and cerebrovascular diseases (Hertog et al., 1993a; Keli et al.,
1996), some forms of cancer (So et al., 1996) and Parkinson’s
and Alzheimer’s diseases (Ishige et al., 2001; Youdim and
Joseph, 2001).

Flavonoids are a large group of polyphenolic compounds
that ubiquitously exist in natural products, such as fruits,
vegetables and plant extracts, as well as in plant-derived
beverages, such as tea, red wine and cocoa (Hertog et al.,
1992, 1993b; Arteel and Sies, 1999). These compounds are
generally known to possess a broad set of pharmacological
effects, many of which have been attributed to their
interactions with several key enzymes (Di Carlo et al.,
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1999), and to their antioxidant properties. The latter
properties can be due to the ability of flavonoids to scavenge
free radicals (Bors and Saran, 1987; Mira et al., 1994, 1999), to
chelate metal ions (Morel et al., 1994; Miller et al., 1996;
Moran et al., 1997; Mira et al., 2002) and to act synergistically
with other antioxidants (Filipe et al., 2001).

Recently, the biological effects of flavonoids have also
been linked to modulatory actions in the cell, through
interactions with specific proteins, central to intracellular
signalling cascades (Schroeter et al., 2002; Williams et al.,
2004). Independently of the mechanism underlying the pharma-
cological properties of flavonoids, the knowledge about their
metabolism is the first step in understanding their actions
in vivo. Flavonoids are extensively metabolized, that is, they
undergo several chemical modifications in the gastrointest-
inal tract and in the liver (Hollman and Katan, 1998; Spencer
et al., 1999; Kuhnle et al., 2000). These compounds occur
essentially as glycosides and, in general, the first stage in
metabolism is likely to be deglycosylation, before absorption
(Spencer et al., 1999; Day et al., 2000). During transfer across
the small intestine and, subsequently, in the liver, flavonoids
undergo O-methylation of catechol-containing phenolics,
and other conjugation reactions, namely glucuronidation
and sulphation. The structures of the flavonol quercetin and
of its 3’-O-methylated derivative (isorhamnetin) and of their
glucuronide and sulphate conjugated derivatives are pre-
sented in Figure 1. Conjugated flavonoids pass into the bile
through entero-hepatic circulation, and may reach the
colon, where microflora promote extensive modifications,
including hydrolysis, ring cleavage and de-hydroxylation,
forming lower molecular weight phenolics (Hollman and
Katan, 1998; Aura et al., 2002).

Importantly, the type and extent of the aforementioned
metabolic pathways may depend on the dose, due to possible
saturation effects and route of administration, as a result of
first passage effects. This point is crucial for the final
therapeutic effect, as the modifications on the flavonoid
structure can change their biological activity, including their
redox potential. Several studies have shown that the flavonol
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Figure 1 Structures of the flavonols, quercetin and isorhamnetin
(3’-methylquercetin) and of their glucuronide and sulphate con-
jugate derivatives. Conjugate derivatives, resulting from glucuroni-
dation and sulphation reactions can occur at any one of the flavonol
hydroxy! groups (Flav-OH).
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quercetin (3,5,7,3/,4'-pentahydroxyflavone) is metabolized
in vivo (Day et al., 2001; Mullen et al., 2002), yielding
derivatives that exhibit antioxidant activity (da Silva et al.,
1998; Manach et al., 1998; Morand et al., 1998; Yamamoto
etal., 1999; Moon et al., 2001). Nevertheless, the structures of
the metabolites were not fully determined, that is, the
positions of conjugation for many metabolites were not
identified, and their influence on the antioxidant activity
was not established.

Quercetin (Figure 1) is one of the most potent dietary
antioxidants known, and the most common flavonoid in
human diet, present in high concentrations in various fruits
and vegetables (Hertog ef al., 1992). In a previous report
(Justino et al., 2004), we studied the in vivo metabolic profile
of quercetin after the administration of a single high dose
to rats by gavage. The nature of the resulting metabolites, as
well as their conjugation positions, was identified, and
structure—antioxidant activity relationships were established.
Notwithstanding the interest of results obtained for high
acute doses, in humans this flavonol is part of the daily diet,
although in varying amounts, depending on individual
dietary habits. Therefore, a more physiological approach to
study in vivo quercetin metabolites is through its adminis-
tration in small amounts in the diet over a long period of
time. This approach may provide new data on the metabolic
profile of quercetin during a sustained low oral intake of this
flavonol, which may help to understand its contribution to
the overall antioxidant activity in vivo.

To accomplish this objective, in the present study, a low
but continuous dosage regimen of quercetin was given to
rats as a supplement in the regular chow, during 3 weeks, to
determine which metabolites are formed and their contribu-
tion to the antioxidant activity in plasma. The characteriza-
tion of the resulting metabolites was carried out using
advanced analytical methods, such as HPLC with diode array
detection, electrospray ionization mass spectrometry (ESI/
MS) and tandem mass spectrometry (MS/MS). The antioxi-
dant activity of plasma was evaluated, through an end point
method based on the scavenging of the 2,2’-azino-bis(3-
ethylbenzothiazoline sulphonate) (ABTS) radical, enzymi-
cally generated (Cano et al., 1998).

The data herein presented highlight the differences in the
pattern of metabolites obtained from quercetin under
sustained low-dosage regimen, when compared with a single
high dose (Justino et al., 2004). The nature of the resulting
metabolites, the antioxidant activity of which differs
significantly, allows the establishment of structure-anti-
oxidant activity relationships.

Methods

Animals and quercetin dosage regimen

All animal experiments were carried out with the permission
of the local animal ethical committee, and in accordance
with the Declaration of Helsinki. Adult male Sprague-
Dawley rats (3—4 months old) were obtained from Instituto
de Investigacdo Cientifica Bento da Rocha Cabral (Lisboa,
Portugal). Rats were housed two per cage at ambient
temperature of 22°C, humidity between 40 and 60%, and
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12h:12h light-dark cycle. Access to water and regular chow
(60 g day ') was given ad libitum.

Twelve animals weighing approximately 450g were
randomly divided into two groups, test animals and control
animals. The regular chow of test animals was supplemented
with 20 mg of quercetin per 100mg of animal food (0.02%
quercetin diet). The food intake was measured daily and an
average intake of 4.2mgday 'of quercetin was estimated.
After 3 weeks, rats were anaesthetized with ethyl ether, and
blood was withdrawn by cardiac puncture into heparinized
tubes and stored on ice. These procedures occurred always
between 0900 and 1000 hours.

Preparation of plasma samples

Blood plasma was separated by centrifugation at 800g for
10min at 4 °C and plasma samples from either test or control
animals were combined. Each pool was acidified with 0.1
volume of 0.58 M acetic acid (final pH approximately 5), and
supplemented with 100uMm diethylenetriaminepentaacetic
acid to prevent the decomposition of flavonol metabolites.
Samples were stored at —80 °C for further studies.

Qualitative and quantitative analysis of plasma quercetin
metabolites by HPLC

The analysis of quercetin metabolites in plasma was
performed as previously described (Justino et al., 2004). A
surveyor HPLC system with spectrophotometric diode array
detection from Thermo Fisher Scientific Inc. (Waltham, MA,
USA) was used for the experiments. Separations were carried
out with a LiChrosphere RP-18 (5pum) column from Merck
(Darmstadt, Germany; 250mm x4mm id.). A binary
gradient of 0.5% (v v~ ') aqueous orthophosphoric acid
(eluent A) and acetonitrile (eluent B), was used with a flow
rate of 1.0mlmin~' with the following profile: 15% B
(0-2min); 15-40% B (2-22min); 40% B (22-24 min) and
40-15% B (24-32 min). The chromatograms were recorded at
370 nm.

For the study of quercetin metabolites, acidified plasma
aliquots of 750 ul were incubated at 37 °C for 120 min, with
50ul of either B-glucuronidase or/and sulphatase and
without hydrolytic enzymes, as follows: (a) with 3860U
B-glucuronidase ml~" (to determine quercetin glucuronides),
(b) with 89U sulphatase ml™! (to determine quercetin
sulphates), (c) with both enzymes (to determine quercetin
sulphoglucuronides) and (d) without hydrolytic enzymes (to
determine non-conjugated quercetin). In the assay with
sulphatase, D-saccharic acid 1,4-lactone (4mg ml™Y) was
added to inhibit the B-glucuronidase contaminant activity
present in the sulphatase preparation. After the incubation
period, morin in ethanol (internal standard) was added to a
final concentration of 10uM. Morin flavonol (3,5,7,2/,4'-
pentahydroxyflavone) was used as an internal standard, as
its hydroxylation pattern is similar to that of quercetin
3,5,7,3,4'-pentahydroxyflavone) and its peak did not over-
lap with other peaks from the sample. Flavonols were then
extracted with 7.5 volumes of acetone and the mixture was
centrifuged for 30min at 16000g. The supernatant was
concentrated to half of the initial volume of plasma,
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approximately, under a stream of nitrogen, at room tem-
perature. After this, 1 volume of ethanol and 2 volumes of
n-hexane were added to the extract. This mixture was shaken
on a vortex for approximately 1 min and then centrifuged for
10min at 2500¢ to remove lipids. The ethanol phase was
concentrated sevenfold, under a stream of nitrogen. Samples
were stored at —80 °C for further analysis by HPLC.

The metabolites were identified comparing the chromato-
grams corresponding to the assays performed in the presence
and absence of hydrolytic enzymes. We tried to synthesize
enzymically, standards of ishorhamnetin conjugates, which
correspond to the major plasma metabolites detected in our
study, but these experiments were unsuccessful. Then we
performed successive plasma extractions with acetone and
the extracts were further analysed by HPLC to evaluate the
recovery of the metabolites. We observed, however, that a
single extraction ensured an almost complete recovery of
metabolites, >95%, from the samples without hydrolytic
enzymes. Nevertheless, some undetectable losses may have
occurred.

To calculate the areas of quercetin and isorhamnetin and
their derivatives, the detector response factor of quercetin,
with respect to isorhamnetin, was taken into account.
From the calibration curves plotted for quercetin and
isorhamnetin, the u.v./visible diode array detector response
factor for quercetin relative to isorhamnetin was calculated
and a value of 1.6 was found, that is, the molar absorptivity
coefficient (¢) for quercetin is 1.6 times higher than that for
isorhamnetin. Similar ¢ values were considered for quercetin
and their derivatives, and for isorhamnetin and their
derivatives, as the effects of conjugation on u.v./visible
spectra are not significant (Williamson et al., 2000). The
percentage of each metabolite and of unmetabolized quer-
cetin was calculated from the metabolite and the quercetin
areas, respectively, in the chromatogram of the plasma
sample incubated without hydrolytic enzymes relative to
the sum of all peak areas obtained in the same chromato-
gram. The concentrations (uM) of each metabolite and of
unmetabolized quercetin were calculated from the corre-
sponding peak areas (in the chromatogram of the plasma
sample incubated without hydrolytic enzymes), which were
further corrected taking into account the correction factor
calculated relative to the internal standard, morin. This
correction factor was obtained by comparing the morin peak
area in the sample chromatogram with the average area
obtained from the peaks resulting from several injections of a
morin solution, in the same experimental conditions. From
the HPLC calibration curves plotted for quercetin and
isorhamnetin, the concentrations of quercetin and isorham-
netin conjugates were obtained.

MS studies

The mass spectrometric experiments were carried out on a
LCQ Duo quadrupole ion trap mass spectrometer from
Thermo Finnigan (San Jose, CA, USA), equipped with an
ESI source. With the LCQ Duo, the flow rate through the
electrospray interface was 5plmin~! and the instrumental
parameters (sheath gas flow rate (20 AU), ionspray voltage
(4.50kV), capillary temperature (200 °C), capillary voltage



(28.00V), lens and octapole voltage) were optimized for
maximum abundance of the ions of interest. The pressure,
measured with the convectron gauge during electrospray
experiments, was normally 0.88 Torr and the ion trap base
pressure (with helium) was typically 11.2 uTorr. All mass
spectrometric data were acquired in the positive ionization
mode.

Full-scan mass spectra were measured using 50ms for
collection of the ions in the trap and three microscans were
summed. The data for mass spectra were based on 10-100
scans. Tandem mass (MS/MS) experiments were performed to
obtain fragment ion patterns. Helium was used as collision
gas, and the collision energy was gradually increased until
both the precursor and product ions could be observed. MS/
MS spectra were measured using 200 ms for collection of the
ions in the trap, and three microscans were averaged. The
mass spectra data were based on 10-100 scans.

Evaluation of antioxidant activity of the non-protein fraction of
rat plasma

To evaluate modifications of the plasma antioxidant capacity
conferred by low molecular mass compounds, such as
quercetin metabolites, a protein- and lipid-free fraction of
whole rat plasma was prepared. Its antioxidant activity was
estimated through the ABTS assay, expressed as Trolox
equivalents per volume of plasma, as performed previously
(Justino et al., 2004), and essentially as described by Cano
et al. (1998). This end point method, in which ABTS radicals
are pre-generated through the ABTS/H,O,/peroxidase sys-
tem, has several advantages, which include enzyme avail-
ability, higher sensitivity and reproducibility. Although this
method, as well as other methods used to evaluate the total
antioxidant activity, lacks specificity, it is adequate to
evaluate the antioxidant activity conferred by all hydrogen
atom donor compounds, including quercetin metabolites.
Therefore, the differences between the antioxidant activity
of the non-protein fraction of plasma from test and control
animals can only be attributed to quercetin metabolites.

Sample preparations. The non-protein fraction was prepared
by acetone extraction (Cao et al., 1995). The plasma samples
of at least six animals were pooled and diluted with 3
volumes of acetone, kept at room temperature for 20min,
with vortex mixing every 2 min, and centrifuged at 10000g
at 4°C for 15 min. The supernatant was concentrated, under
a stream of nitrogen, and lipids were removed with 1 volume
of ethanol and 2 volumes of n-hexane, as previously
described. The ethanolic phase was concentrated up to
a volume of one-seventh of the initial plasma volume, under
a stream of nitrogen and used for the ABTS assay.

ABTS assay. The reaction mixture contained 1.7 mM ABTS,
25 uM hydrogen peroxide and 5 nM horseradish peroxidase in
50 mM sodium phosphate buffer (pH 7.4) in a total volume of
3ml. ABTS, horseradish peroxidase and H,O, solutions were
prepared immediately before use and protected from light.
The assay was maintained at 25 °C with continuous stirring,
and the reaction was monitored at 730 nm, using a UNICAM
u.v./visible spectrophotometer, until a stable absorbance,
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due to the ABTS radical formation, was obtained. Different
amounts of protein- and lipid-free extract, or Trolox, were
subsequently added and the decrease in absorbance, after
each addition, was determined. From the calibration curve,
correlating the decrease of absorbance with the Trolox
concentration, the antioxidant activity (absorbance
decrease) observed for each sample volume was expressed
as Trolox equivalents (nmol). The slope of the plot of Trolox
equivalents, against plasma extract volumes, gives the
antioxidant activity per volume of the non-protein fraction
of plasma. In addition, for comparative purposes, the
antioxidant activity of the compounds quercetin and
isorhamnetin was also evaluated as Trolox equivalents.

Statistical analysis

Data are expressed as mean and s.d. The level of significance
chosen was P<0.05. To test whether the differences between
the mean values were significant, the Student’s f-test was
used.

Chemicals

All the reagents were of the highest quality available and
were used as supplied. Flavonols quercetin, and morin,
D-saccharic acid 1,4-lactone, ABTS in the crystallized di-
ammonium salt form, B-glucuronidase (EC 3.2.1.31 from
Escherichia coli), H-1 sulphatase (EC 3.1.6.1 from Helix
pomatia), horseradish peroxidase and diethylenetriamine-
pentaacetic acid were obtained from Sigma Chemical
Company (St Louis, MO, USA). Flavonol 3’-methylquercetin
(isorhamnetin) was from Extraynthese (Genay, France).
Acetone, ethanol, methanol and o-phosphoric acid were
from Panreac (Barcelona, Spain). Hydrogen peroxide (30% v
v~ 1) and acetonitrile, HPLC grade, were from Riedel-de Haen
(Hanover, Germany). Heparin was from B Braun (Queluz de
Baixo, Portugal) and 2-carboxyl-2,5,7,8-tetramethyl-6-cro-
manol (Trolox) was from Aldrich (Steinheim, Germany). All
other chemicals were from Merck (Darmstadt, Germany).

Results

Analysis of plasma quercetin metabolites by HPLC

To study the in vivo metabolism of quercetin, rats were
treated with a low-dose regimen of this flavonol over 3
weeks. After this period of time, plasma samples were taken
and further analysed by HPLC after enzymic hydrolysis. The
comparison of the chromatographic profiles of samples not
incubated with enzymes with those obtained from samples
incubated with hydrolytic enzymes allows the qualitative
and quantitative analysis of major circulating quercetin
metabolites. Figures 2a-d show representative chromato-
grams of plasma from test animals incubated without
hydrolytic enzymes, with B-glucuronidase, with sulphatase
and with B-glucuronidase and sulphatase. The analysis of
plasma samples from control rats (animals receiving regular
chow not supplemented with quercetin) did not show any
trace of quercetin metabolites.
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Figure 2 Analysis of plasma quercetin metabolites. Representative HPLC chromatograms show the effect of deconjugating enzymes on the
quercetin metabolite profile of plasma samples from test animals, incubated in the absence (a) or presence of hydrolytic enzymes
B-glucuronidase (b), sulphatase (c) and B-glucuronidase and sulphatase (d). Q, quercetin; I, isorhamnetin; M, morin (internal standard); M’,
contaminant present in the morin reagent; P1-P5, conjugated metabolites. Samples were analysed as described in Methods.

Chromatogram a, resulting from the HPLC analysis of a
plasma sample without hydrolytic enzymes, shows five peaks
consistent with species more polar than quercetin (P1-P5);
these five peaks correspond to five different quercetin
metabolites and Q represents the non-metabolized
quercetin. In chromatograms b-d, a peak corresponding to
isorhamnetin (I), the 3’-methoxy derivative of quercetin,
appears with a retention time () of 25.50 min.

Peaks present in chromatogram a but absent in b-d (peaks
P1, t,=10.75min, and P2, f,=11.45min) most likely
correspond to quercetin/isorhamnetin glucuronide sulphate
conjugates. This is in agreement with the increase in the P1’
(chromatogram b) and P2” (chromatogram c) peak areas,
corresponding to sulphate and glucuronide conjugates,
respectively. In chromatogram d, the peak corresponding
to isorhamnetin is significantly higher than the one
observed for quercetin, showing that quercetin is mainly
metabolized to isorhamnetin derivatives. P1 and P2 are,
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therefore, attributed to glucuronide sulphate conjugates of
quercetin and isorhamnetin, respectively.

The overlapping peaks in chromatograms a and ¢, and
absent in b and d, correspond to quercetin/isorhamnetin
glucuronides. This applies to peaks P3 and P4 in a, that
overlap peaks P1” and P2” in c, with relative retention times
(t'y) of 0.79 and 0.86, respectively. P3 and P4 may therefore
correspond to quercetin and isorhamnetin glucuronides,
respectively.

The overlapping peaks in chromatograms a and b, and
absent in ¢ and d, correspond to quercetin/isorhamnetin
sulphates. The only peak in these conditions is the peak P5
(t:=17.50min), which overlaps peak P1’' (b) corresponding
to the isorhamnetin sulphate (resulting from the hydrolysis
of the isorhamnetin glucuronide sulphate by B-glucuroni-
dase). Previous in vitro studies of quercetin and isorhamnetin
sulphation showed that quercetin and isorhamnetin sul-
phates correspond to peaks with very close retention times



(Justino et al., 2004). Therefore, peak PS5 can also be
attributed to a quercetin sulphate. This premise is in
agreement with the fact that a peak corresponding to
quercetin appears in chromatogram c, the relative area of
which is greater than the one in a. Chromatograms c and d
also exhibit small peaks, P3” (t,=17.53min) and P1"”
(t=17.51min), both corresponding to quercetin sulphates,
which are due to the low hydrolytic activity of the sulphatase
enzyme (Justino et al., 2004).

In summary, and taking into account the approaches
described in the Methods for the quantitative analysis, it can
be established that most of the quercetin (99.4%) was
metabolized and only a small amount of free quercetin was
present in plasma. Quercetin was mainly metabolized to
isorhamnetin (88%), of which 87% corresponded to glucuro-
nide sulphate conjugate(s), the major quercetin metabo-
lite(s) in plasma (4.2 £ 0.24 pMm).

In addition, an isorhamnetin glucuronide and a quercetin
glucuronide are also formed, in very small amounts.
Sulphate (0.26+0.01pM) and  glucuronide  sulphate
(0.24 £0.02uM) conjugates of quercetin are other minor
quercetin derivatives. Figure 3 shows the circulating meta-
bolites in rat plasma after a 3-week period, during which
quercetin intake was estimated to be 4.2mgday .

Analysis of plasma isorhamnetin glucuronide and sulphate
conjugate(s) by MS techniques

Electrospray MS spectra of plasma samples from control and
test animals exhibit mainly very intense matrix peaks (not
shown). Nevertheless, low-intensity peaks, corresponding to
protonated molecules of quercetin and ishoramnetin metabo-
lites, could be detected in the spectra of the plasma samples of
test animals. These peaks were observed at m/z 925, 829, 669
and 653 for isorhamnetin conjugates, namely isorhamnetin
triglucuronide sulphate (Ig3s), isorhamnetin diglucuronide
disulphate (Igzsz), isorhamnetin diglucuronide (Ig2) and

Concentration (uM)

0 - - . - . . r ) - - \

P1 P2 P3 P4 P5 Q

Figure 3 Circulating concentrations of quercetin metabolites
formed after administration of quercetin to rats during 3 weeks. Q,
quercetin; P1-P5, conjugate metabolites (P1, quercetin glucuronide
sulphate conjugate(s); P2, isorhamnetin glucuronide sulphate con-
jugate(s); P3, quercetin glucuronide; P4, isorhamnetin glucuronide;
P5, quercetin sulphate). The quantitative analysis of quercetin
metabolites was performed based on the chromatograms obtained
from the HPLC analysis of a pool of, at least, six test plasma samples
(without hydrolytic enzymes) and using the flavonol morin as an
internal standard. The data presented are the means ts.d. of four
independent experiments.
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isorhamnetin glucuronide disulphate (Igsz), respectively. The
peaks observed at m/z 1007, 911, 831 and 655 can be ascribed
to quercetin conjugates, that is, quercetin tetraglucuronide
(Qga), quercetin triglucuronide sulphate (Qgss), quercetin
triglucuronide (Qg3), quercetin diglucuronide (Qg,) and
quercetin trisulphate (Qs3), respectively.

HPLC and MS data suggest that isorhamnetin and
quercetin derivatives may exist as such in solution. Iso-
rhamnetin conjugates are the major quercetin metabolites
(88%). The HPLC chromatogram peak P2 (glucuronide
sulphate conjugate(s) of ishoramnetin) corresponds to 87%
and the peak P4 (isorhamnetin glucuronide) corresponds to
1% of the total metabolites present in the plasma of rats to
which quercetin was administrated for 3 weeks. ESI/MS/MS
studies were therefore focused on the peaks observed at m/z
925, 829, 669 and 653 ascribed to protonated molecules
of isorhamnetin metabolites, Igss, Igzsz, Iz and Igsy,
respectively, to obtain further structural information.

In the MS/MS spectrum (Figure 4a) of the protonated
isorhamnetin derivative, Ig3s (m/z 925), the peaks at m/z 895
and 853 are ascribed to B-ring fragmentations, that is,
elimination of CH,O and C3H40,, respectively, suggesting
that conjugation should not occur at 4’-OH. The other peaks
in the MS/MS spectrum are ascribed to losses from glucur-
onide residues. The main fragmentation patterns proposed
for the protonated isorhamnetin derivative, Ig3s (m/z 925),
are depicted in Scheme 1. Losses from one glucuronide
residue, indicated between parentheses, correspond to the
peaks at m/z 879 (CH20,), 865 (CyH40,), 861
(CH202+H20), 837 (C3H403) and 805 (C4Hgo4), the latter
peak being the most intense in the spectrum, leading to a
very stable fragment ion, and m/z 749 (an entire glucuronide
group). The peaks at 719, 701 and 661 are ascribed to
C;H1007, C;H12,05 and CoH1,09 losses, respectively, from
two glucuronide residues, and suggest that the two glucur-
onides are linked to each other. As it is from the fragmenta-
tion patterns that conjugation positions can be inferred, for
simplicity, the glucuronide (G) and sulphate (S) residues,
which can replace the free hydroxyl groups of isorhamnetin,
are not represented in the fragmentation in Scheme 1.

The MS/MS spectrum (Figure 4b) of the protonated
isorhamnetin derivative, Ig,sy (m/z 829), exhibits peaks at
m/z 757 and 729 that are ascribed to ring fragmentations.
The former peak corresponds to a C3H4O, loss from the
B-ring, whereas the latter peak may result from the loss of
C3H40, from the B-ring together with CO loss from the
C-ring (Scheme 1). The losses from B-ring again suggest that
4’-OH group is not a preferred position for conjugation. The
other peaks in the MS/MS spectrum are ascribed to losses
from glucuronide and/or sulphate residues. Losses from one
glucuronide residue, indicated between parentheses, corre-
spond to the peaks at m/z 794 (H,O+OH) and 771
(C2H20;), the latter being the most intense peak in the
spectrum leading to a very stable fragment ion, m/z 743
(C3H,03), 709 (C4HgO4) and 653 (one entire glucuronyl
unit). The peaks at m/z 629 and 534 are ascribed to losses
from both glucuronide and sulphate residues and from two
glucuronide residues, respectively, that is, C4HgO4 + SO3 and
C10H15010, respectively. These observations suggest, simi-
larly to what has been observed for Igss, that the two
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Figure 4 Electrospray ionization tandem mass spectrometry (ESI/MS/MS) spectra from protonated isorhamnetin metabolite [M +H]* ions.
(a) Protonated isorhamnetin triglucuronide sulphate [Igss + H] at m/z=925; (b) protonated isorhamnetin diglucuronide disulphate [lg2s> + H]
at m/z 829; (c) protonated isorhamnetin diglucuronide [Ig, + H] at m/z 669 and (d) protonated isorhamnetin glucuronide disulphate [lgs2 + H]

at m/z 653.

glucuronide groups are attached to each other and, more-
over, that they are not linked to the sulphate.

In the MS/MS spectrum (Figure 4c) of the protonated
isorhamnetin derivative, Ig, (m/z 669), the peaks at m/z 639,
637, 597 and 557 are ascribed to B-ring fragmentations, that
is, elimination of CH,O, CH3;OH, C3H,0, and CgHgO,,
respectively, suggesting that conjugation should occur at
either 5-OH or 7-OH groups. The peak at m/z 597 is the most
intense in the MS/MS spectrum (Scheme 1). The other peaks
in the spectrum are ascribed to losses from glucuronide
residues. Losses from one glucuronide residue correspond to
the peaks at m/z 611 (C,H,0,) and 581 (C3H4O3). The peaks
at m/z 463, 435, 419 and 331 ascribed to C;H;00,
C7H1007 -‘rCO, C7H1007 +COZ and C11H14012 IOSSGS, re-
spectively, from two glucuronide residues, again suggest that
the two glucuronides are attached to each other and can be
conjugated at either 5-OH or 7-OH groups.

The MS/MS spectrum (Figure 4d) of the protonated
isorhamnetin derivative, Igsy (m/z 653), exhibits peaks at
m/z 581 and 553, ascribed to ring fragmentations. The
former peak corresponds to a C3H4O; loss from the B-ring,
whereas the latter may result from the loss of C3H4O, from
the B-ring together with the loss of CO from the C-ring
(Scheme 1). The losses from B-ring again suggest that 4’-OH
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group is not a preferred position for conjugation. The other
peaks in the MS/MS spectrum are ascribed to losses from
glucuronide and/or sulphate residues. Losses from the
glucuronide residue, indicated between parentheses,
correspond to the peaks at m/z 635 (H,0), 617 (2H,0), 609
(COz), 595 (CszOz) and 567 (C3H203), the latter two
being the most intense peaks in the spectrum, leading to
very stable fragment ions, m/z 521 (C4H4Os5) and 477 (one
entire glucuronyl unit). The peak at m/z 493, ascribed to the
loss of 2503, suggests that two sulphate groups are attached
to each other, through an anhydride bond. The peaks
at m/z 363 and 319 are ascribed to losses from glucuronide
and sulphate residues together with aglycone moieties, that
is, entire glucuronide and sulphate residues and either 20H
or OH+CHOCHj; from the aglycone, respectively. These
observations suggest that the two sulphate groups are
attached to each other and, moreover, that they are not
linked to the glucuronide residue. This assumption is in
accordance with what has been postulated for the glucuro-
nide residues.

The data obtained further suggest that the most plausible
conjugation positions are at 3-OH of C-ring and 5-OH and
7-OH of A-ring, as glucuronation and sulphation cannot
occur at 4'-OH group, as it was deduced from the fragmentation
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pattern proposed for the protonated isorhamnetin derivative
Ig2 (Scheme 1).

Contribution of metabolites to the antioxidant activity of plasma
The antioxidant properties of isorhamnetin- and quercetin-
conjugated derivatives present in the plasma were studied
using a protein- and lipid-free fraction of whole plasma
collected from rats treated with quercetin. The protein- and
lipid-free extracts enable a better evaluation of the changes
in antioxidant capacity that may be attributed to low

molecular mass antioxidants (Cao et al.,, 1995), such as
quercetin metabolites, which are hydrogen atom donors.
The plasma antioxidant activities from test and control
rats, expressed as Trolox equivalents, as well as that of
quercetin and isorhamnetin, are represented in Figure 5. The
antioxidant status of the plasma collected from test animals
(58 £6nmol of Trolox equiv ml~' of plasma) was not
significantly higher (P>0.1) than that of control animals
(49 + 4nmol of Trolox equiv ml~! of plasma). This result
shows that the circulating metabolites of quercetin exhibited
very little antioxidant activity and may be explained by the
extensive metabolism of quercetin into isorhamnetin (88%).
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Figure 5 Antioxidant activity of the non-protein fraction of plasma
from test and control animals (a) and of quercetin and isorhamnetin
compounds (b), estimated by the 2,2'-azino-bis(3-ethylbenzothiazo-
line sulphonate) (ABTS) assay and expressed as Trolox equivalents.
The assays were performed as described in Methods. The slope of
the plot of Trolox equivalents, against plasma extract volumes, gives
the antioxidant activity per millilitre of the non-protein fraction of
plasma. The antioxidant status of the non-protein fraction of plasma
from test animals and from control animals was 58+6 and
49 + 4 nmol of Trolox equiv ml~" of plasma, respectively. The values
shown are meansts.d. from two independent experiments per-
formed in triplicate, and for each experiment pools of six plasma
samples from test and control animals were used.

As shown in Figure Sb, the methylation of the 3’-OH of the
o-catechol group, giving rise to isorhamnetin, markedly
decreased its antioxidant activity (2.60+0.18 nmol Trolox
equiv nmol~! of isorhamnetin) in relation to quercetin
(5.16+ 0.16nmol Trolox equiv nmol™' of quercetin).
Additionally, isorhamnetin was further metabolized to
glucuronide sulphate conjugates (87%), the major plasma
metabolites. Quercetin conjugates were only a minor
proportion of the quercetin derivatives present in plasma,
and only a very small amount of free quercetin (0.6%) was
circulating in plasma.
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Figure 6 Comparison of the antioxidant activity presented by
the non-protein fractions of test plasma, obtained after quercetin
administration in a single dose and after supplementation
during 3 weeks, in relation to control plasma. The single dose of
quercetin, dissolved in propylene glycol, was given by gavage
(10mg quercetin per 200g of body weight) to rats weighing
approximately 450 g (Justino et al., 2004). The supplemented diet
(0.02% quercetin diet) was given for a 3-week period, during which
the average quercetin intake was estimated to be 4.2mgday".
For the quercetin single-dose study, the antioxidant status of the
non-protein fraction of plasma from test animals was markedly
higher (P<0.01) than that from control animals. For the 3-week
study, the values in control and treated animals were not
significantly different (P>0.1). However, the difference between
the antioxidant status for test animals in the two studies (high dose
vs low dose) is significantly different (P<0.02). The values shown are
meanst£s.d. from two independent experiments performed in
triplicate, and for each experiment pools of six plasma samples from
test and control animals were used. In both studies, the antioxidant
status of the non-protein fractions of plasma samples was deter-
mined as described in Figure 5.

Discussion

The HPLC analysis of metabolites in plasma of Sprague-
Dawley rats, fed for 3 weeks with a diet supplemented with
quercetin with an estimated average intake of 4.2 mgday *,
shows that the major metabolites of quercetin present in
plasma (87%) are glucuronide sulphate conjugates of
isorhamnetin (4.2+0.24 uM). From the ESI/MS/MS data, it
can be inferred that isorhamnetin derivatives exist as Ig3s,
Ig2s2, Igsz and Ig, and that the most plausible positions for
glucuronidation and sulphation are the 3-OH, 5-OH and
7-OH hydroxyl groups. These isorhamnetin conjugates are
quercetin metabolites where the 3’-OH of the o-catechol
group is methylated and the 3-OH hydroxyl group is
involved in conjugation reactions with either glucuronic
acid and/or sulphate. For flavonoids, the o-catechol group
(3/,4-OH) in the B-ring is the main structural feature for
conferring a high radical scavenging activity, but the
presence of both the 2,3-double bond and the 3-OH group
is also important for a higher reactivity (Bors and Saran,
1987; van Acker et al., 1996; Silva et al., 2002). Therefore, in
relation to the parent quercetin, the antioxidant activity of
isorhamnetin derivatives is significantly decreased and these



metabolites contribute very little to the total antioxidant
potential of plasma. In addition, quercetin conjugates are
minor quercetin derivatives, and only a very small amount
of free quercetin (0.6%, 0.03+£0.01puM) is circulating in
plasma. These data explain the unchanged antioxidant
status of the plasma collected from test animals.

The results obtained in the present study, where a small
amount of quercetin was given over 3 weeks, are noticeably
in contrast with our previous study, where a bolus of this
flavonol was given, by gavage (10 mg quercetin per 200 g of
body weight), to rats fasted for 16 h weighing approximately
400g (Justino et al., 2004). The concentrations of plasma
metabolites herein described are smaller than the ones found
in our previous study or those in other published studies
(Morand et al., 1998; Manach et al.,, 1999). This may be
attributed to the low-dosage regimen used here. The present
study, however, provides a much more realistic study, in
terms of the average intake of quercetin (4.2mgday ')
supplied in the diet (0.02%), which is 10 times smaller than
other amounts reported in the literature for studies with rats
(Morand et al.,, 1998; Manach et al.,, 1999). In humans,
several studies have been performed to estimate the daily
intake of flavonoids in several countries. Large differences in
consumption were observed. For flavonols in particular, the
average daily consumption is the lowest in Finland
(~4mgday™') and generally similar for the populations
studied in Denmark, Japan, Holland and USA (16-
31mg day‘l) (Beecher, 1993). Few studies have been carried
out to identify the plasma quercetin metabolites in humans,
and quercetin intake is generally estimated from the
consumption of just one meal of either fried onions (Day
et al., 2001; Wittig et al., 2001) or a complex meal rich in
plant products (Manach et al., 1998). Therefore, it is difficult
to compare the metabolic profile obtained in this study with
rats, under a prolonged low-dosage regimen, with the few
data obtained from studies in humans. Nevertheless, it seems
that the methylation process is less important in humans
than in rats (Manach et al., 1998).

It is also noteworthy that the metabolic pattern indicated
by the results of the present study contrast with the one we
proposed when quercetin was given intragastrically in a
single high dose (Justino et al., 2004). In that study, the
resulting plasma metabolites were primarily quercetin
glucuronides (37%) and quercetin glucuronide sulphate
conjugates (37%) at the 5-OH and 7-OH positions. In
addition, it was observed that those metabolites could
significantly contribute to the antioxidant activity of
plasma. Indeed, in the present study the antioxidant activity
of plasma from test animals (58 £ 6nmol of Trolox equiv
ml~! of plasma) is significantly smaller (P<0.02) than the
one obtained in test plasma of the single-dose study
(113+7nmol of Trolox equiv ml~' of plasma) (Justino
et al., 2004). These data can be clearly observed in
Figure 6. Although the concentration of metabolites in
the single-dose study was found to be higher (~14 uMm) than
the one in the present work (~5upM), the increase in
antioxidant activity, with respect to the control groups, is
approximately 4.9 and 1.8 nmol of Trolox equiv nmol~! of
metabolite, for the single high-dose and the sustained
low-dose studies, respectively. These results can be easily
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understood as, in case of the single dose administration of
quercetin, in the majority of the resulting metabolites, the
o-catechol group did not undergo conjugation reactions,
and, therefore, a high contribution to plasma antioxidant
activity is expected.

Several studies have been performed to identify plasma
quercetin metabolites but only a few test their antioxidant
properties. Some of these studies report that quercetin
metabolites contribute to the overall antioxidant capacity
of the plasma (Manach et al., 1998; Morand et al., 1998; da
Silva et al., 1998), but the positions of conjugation for many
metabolites were not described. Therefore, structure-anti-
oxidant activity relationships could not be established. In a
more recent study, quercetin-3-rutinoside metabolites were
identified in urine, but not in plasma, due to analytical
difficulties, and it was concluded that these metabolites had
lower antioxidant activity (Olthof et al., 2003). Taking into
account that metabolites are the potential bioactive forms
in vivo, more and more studies have been carried out on
quercetin metabolites regarding their antioxidant properties
in vitro (Yamamoto et al., 1999; Moon et al., 2001; Janisch
et al., 2004; Pollard et al., 2006). Nevertheless, the potential
health-promoting properties of flavonoids, based on their
antioxidant effects, have recently been challenged, due to
the very low plasma concentrations achieved after dietary
flavonoid intake. More likely, the protective effects of
flavonoids are linked to the modulation of intracellular
signalling pathways, vital to cellular function (Spencer et al.,
2003; Williams et al., 2004; Scalbert et al., 2005; Bao and Lou,
2006; Angeloni et al., 2007).

It is worth mentioning that, independently of the
mechanisms underlying the action of flavonoids, the
biological effects of quercetin, like those of other flavonoids,
rely on the activity of their metabolites due to rapid and
extensive biotransformation. Information regarding which
metabolites appear in plasma and in what amounts is
therefore essential to the proper evaluation of their potential
against pathogenesis of several diseases, such as some
cardiovascular diseases, which are secondary to the condi-
tion of atherosclerosis. In this context, a recent report
showed that isorhamnetin has protective effects on endo-
thelial cell damage induced by oxidized low-density lipo-
proteins (Bao and Lou, 2006). These effects were obtained via
activation of p38-mitogen-activated protein kinase and the
antioxidant activity of isorhamnetin.

In conclusion, comparison of the data obtained in the
present study with the data from our previous study shows
how the mode of administration of quercetin critically
affects the nature of the resulting metabolites, the anti-
oxidant activity of which decreases significantly when the
o-catechol group undergoes conjugation reactions. From
these results, we can conclude that a first and crucial step for
understanding the mechanisms of action of flavonoids,
either as antioxidants, or modulators of cell signalling, is
the knowledge of their metabolism and the influence of the
metabolites on flavonoid biological effects. Nevertheless,
further studies are required to evaluate the potential benefits
of flavonoids, in particular to analyse their uptake from
circulation by different cell types and to determine if they
are metabolized intracellularly.
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