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Chapter 1

1.1 Background information

Based on epidemiological studies protective effects of fruits and vegetables against
degenerative conditions including cancer [1], cardiovascular diseases [2], obesity and diabetes
[3, 4], as well as neurodegenerative disorders [5, 6] have been suggested. Among many
dietary phytochemicals, phenolic compounds especially flavonoids have perhaps attracted the
most attention and are believed to be responsible, at least partly, for these protective health
effects. This truly sparked the interest in the beneficial health effects of flavonoids and as a
consequence numerous studies have been carried out in the past decades to determine the
beneficial health effects of flavonoids [7].

Possible modes of action underlying the beneficial health effects of flavonoids,
including their activity as ligands for various receptors, kinases, enzymes, and/or transport
proteins, have been often studied using in vitro test system [7-9]. Although such in vitro
results can be informative on the possible mechanisms involved in health effects of
flavonoids, these results cannot be directly applied to humans. This is because in vitro studies
have mostly been performed with flavonoid aglycones at high concentrations far beyond the
plasma concentrations that can be achieved upon dietary or even supplementary intake in
humans [8]. Pharmacokinetic studies have shown that flavonoids are extensively metabolized
and thus mainly available in the systemic circulation in their conjugated forms [10]. The
review article of Beekmann et al. [9] indicated that conjugation can affect biological activities
as compared to the aglycone depending on the type and position of the conjugation.
Altogether, the in vivo effects of flavonoids will ultimately depend on the systemic
bioavailability of the flavonoid aglycones and their metabolites. As a result absorption,
distribution, metabolism, and excretion (ADME) represent important factors determining the
biological activity of flavonoids in vivo [11]. The aim of the present PhD project was to gain
quantitative insight into the dose-dependent plasma concentrations of flavonoid aglycones and
their metabolites using a physiologically based kinetic (PBK) modeling approach, and the
flavonoids quercetin, genistein and hesperitin as model compounds.

1.2 Flavonoids

Flavonoids are a diverse group of polyphenolic compounds vastly distributed in the
plant kingdom, with more than 6000 flavonoids identified so far [12]. They are secondary
metabolites of plants and generally protect the plant against a variety of stress factors [13].

The basic chemical structure of flavonoids consists of 15 carbons, with two aromatic rings (A
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and B) connected by a three carbon bridge (ring C) as shown in Figure 1.1 [12] Depending on
the degree of oxidation of the heterocyclic ring C, flavonoids can be classified into six major
subclasses including flavonols, flavanones, flavan-3-ols, flavones, anthocyanidins, and
isoflavones [14]. Flavonoids are commonly present in edible fruits and vegetables, but the

type and amount of flavonoids present vary with the different dietary sources [12, 14].

Figure 1.1 Basic chemical structure of flavonoids [12].

1.2.1 Quercetin

Quercetin (3,5,7,3",4"-pentahydroxyflavone) belongs to the flavonol subclass widely
distributed in fruits and vegetables. It is one of the most prevalent flavonoids in human diets
and also one of the most widely studied flavonoids [15]. The major dietary source of
quercetin is onion followed by lettuce, red wine, and apple [16]. Dietary intake of quercetin is
estimated to be 15-40 mg/day in Western countries [17]. In some countries, quercetin is
widely available as food supplement with recommended daily intakes of 250-1500 mg
quercetin/day [17]. Bioavailability of quercetin aglycone has been reported to be very low due
to extensive metabolism, as no quercetin aglycone or only a trace amount of the aglycone has
been detected in animal [15, 18, 19] or in human plasma [20-22]. Quercetin naturally occurs
as B-glycosides, with the type of sugar moiety varying depending on the dietary source. In
onions, for example, quercetin is mainly present in the form of glucosides, whereas in apples
it is mainly present as arabinoside, galactoside, glucoside, and rhamnoside [23]. The sugar
moiety is key in determining the site of absorption [24]. Only glucosides are efficiently
hydrolyzed prior to absorption in the small intestine by lactase phlorizin hydrolase (LPH), a
B-glucosidase on the outside of the brush border membrane of the small intestine [24]. Other
glycosides that are not substrates for LPH will be moved toward the colon where they are
subjected to colonic metabolism leading to removal of the sugar moiety before quercetin is

taken up in the colonic enterocytes [24]. The aglycone can be directly taken up in the small
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intestine by passive diffusion [24]. The absorbed quercetin is metabolized mainly by uridine
5'-diphospho-glucuronosyl transferases (UGTSs), sulfotransferases (SULTSs), and catechol O-
methyltransferases (COMTs) forming several mono-conjugates at the 3-, 7-, 3"-, and/or 4-
position as depicted in Figure 1.2 [25, 26]. Further conjugation of mono-conjugates is likely
to happen at the available OH-positions and numerous different glucuronidated, sulfated,
and/or methylated di- or tri-conjugates have been identified in plasma [18, 23, 27-30]. The
major circulating metabolites of quercetin have been reported to be di- and tri-conjugates
containing glucuronide, sulfate, and/or methyl moieties in rats [18, 27, 28] and mono-
conjugates containing a glucuronide or sulfate moiety in humans [23, 29, 30], indicating
species differences in the metabolism of quercetin. Quercetin conjugates are excreted from the
systemic circulation via intestinal excretion (upon efflux transport back to the intestinal
lumen), and biliary and urinary excretion [19, 31]. Both in rats and humans, quercetin is also

excreted as CO; accounting for 30-60% of intravenously administered quercetin [32, 33].
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Figure 1.2 Metabolic conversion of quercetin to different mono-conjugates [25, 26].

1.2.2 Genistein

Genistein (4, 5, 7-trihydroxyisoflavone) belongs to the isoflavone subclass and is
predominantly present in soy and soy-based products [34]. In soy, genistein mainly exists in a
glycosylated form, genistin (genistein-7-O-glucoside). Dietary intake of genistein/isoflavones
is estimated to be low in Western countries amounting to <1 mg/day [35], whereas in Asian

countries genistein/isoflavones are regularly consumed at high oral doses amounting to 15-50
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mg/day [36]. Genistein is also available as food supplement either as pure genistein or in a
mixture with other isoflavones at levels that would result in an estimated daily intake of 30-
900 mg/day [35]. Bioavailability of genistein aglycone has been recently reviewed and this
overview showed low bioavailability in animals (6.8-23.4% at 4-20 mg genistein/kg bw) and
in humans (though for humans the absolute value is not available), mainly due to extensive
metabolism of genistein in vivo [34]. Figure 1.3 depicts the proposed metabolic pathways of
genistin in vivo [37-39]. Upon oral ingestion, the glycosylated genistin is hydrolyzed to the
aglycone genistein by LPH in the small intestine [40] and/or by gut microflora in the colon
when LPH is not sufficiently efficient to completely cleave the sugar moiety [41]. The
absorbed genistein undergoes metabolism by UGTs and SULTs forming different mono-
conjugates at the 4°- and/or 7-position [42]. The mono-conjugates can be conjugated to a
further extent at the available free 4" or 7 OH-position resulting in formation of different di-
conjugates [37-39]. Gu et al. reported that 78.4% of the total genistein in human plasma
consisted of glucuronidated conjugates, 20.4% being sulfated conjugates, and 1.2% being
present as the aglycone [43]. In rat plasma genistein was reported to be present mainly as
glucuronidated conjugates (50.4%) and sulfated conjugates (45.9%) with 3.6% being present
as the aglycone [43]. Thus, there appear to be some species differences in metabolism of
genistein between human and rat [43]. Genistein and its metabolites are distributed in tissues
and plasma via the systemic circulation. Bolca et al. report that genistein aglycone was
present at relatively low concentration in breast tissue (tissue (12 £ 2 pmol/g) as compared to
plasma (67 = 19 nmol/l) and the aglycone only accounted for 2% of total genistein (aglycone
and metabolites) in women receiving 50.94 mg genistein daily for 5 days [44]. Genistein is
excreted mainly as conjugates via intestinal excretion (upon efflux back to the intestinal
lumen), and biliary and urinary excretions [34]. The cumulative urinary excretion of genistein
metabolites is reported to vary from 8-30% of the dose in humans [34]. The major excreted
metabolites are reported to be glucuronides mainly genistein-7-O-glucuronide in both rats and
in humans [34, 38, 39].

11
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Figure 1.3 Proposed metabolic pathways of genistin in vivo [37-39].

1.2.3 Hesperetin

Hesperetin (3°,5,7-trihydroxy-4’"-methoxyflavanone) is a flavanone widely distributed
in citrus fruits and naturally existing as hesperidin (hesperetin-7-O-rutinoside) [45]. Dietary
intake of hesperetin is estimated to be 1.41-61.11 mg/day in Western countries [16]. When
hesperetin is consumed as its glycoside, hesperidin, it is absorbed only in the distal part of the
intestine after hydrolysis by colonic microflora [46]. The release of hesperetin aglycone is
reported to be the rate-limiting step for the absorption [47]. In contrast, the hesperetin
aglycone can be directly absorbed in the upper intestine by passive diffusion [46]. The
absorbed hesperetin is metabolized by UGTs and SULTSs at the 3’- and 7-position in the colon,
small intestine, and liver forming different mono-conjugates as shown in Figure 1.4 [48-50].
Mono-conjugates are further metabolized by UGTs and SULTSs at the available free OH-
positions forming different di-conjugates. Bioavailability of hesperetin aglycone is low in
humans as hesperetin is mainly present as monoglucuronides in human plasma [46-49]. The
total urinary excretion of conjugated hesperetin in human varied from 3.9-6.7% of the dose

after consumption of a diet containing hesperidin [47-49, 51].
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Figure 1.4 Proposed metabolic pathways of hesperidin in vivo [48-50].

1.3 PBK models

In vivo data reveal that flavonoids are hardly available as aglycone, but mainly present
as conjugates [10]. These conjugates might contribute, at least partly, to the observed
beneficial health effects of flavonoids in vivo. The possible effects of conjugation of
flavonoids on the biological activity have been recently reviewed by Beekmanm et al. [9].
The results indicate that depending on the type and position of the conjugation as well as the
endpoint studied, conjugates are less active or equally active as the aglycone, whereas in some
cases the conjugates are more active than the aglycone or even showed an inverse activity [9].
Altogether, biological activity of flavonoids in vivo will ultimately depend on the systemic
bioavailability of the flavonoid aglycones and their metabolites. Therefore, it is of importance
to gain insight in the ADME of flavonoids, resulting in the better understanding of flavonoid
in vivo effects.

PBK modeling describes the ADME of chemicals with a set of mathematical
equations and allows simulation of plasma and tissue concentrations at low- and high-dose
levels as well as evaluation of inter- and intraspecies differences [52-54]. Furthermore, the
effect of Kkinetic interactions between different compounds, such as competition for

13
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metabolizing enzymes, can be modeled based on in vitro derived kinetic constants for
inhibition [55]. And by combining the PBK model with in vitro data, in a so-called reverse-
dosimetry approach, in vivo dose-response curves can be predicted [56-58]. Overall, PBK
modeling provides a powerful tool to explore the in vivo bioavailability as well as the ADME
of a chemical.

A PBK model can be developed by integrating three type of parameters including 1)
physiological and anatomical parameters (e.g. cardiac output, tissue volumes and tissue blood
flows), 2) physio-chemical parameters (e.g. tissue:blood partition coefficients), and 3) kinetic
constants for metabolic conversions [52]. The physiological and anatomical parameters can be
obtained from literature [59]. Tissue:blood partition coefficients might be obtained
experimentally in vitro using solid phase microextraction based approach [57]. Alternatively,
tissue:blood partition coefficients can also be obtained using in silico methods based on
octanol-water partition coefficient [60]. Kinetic parameters for ADME can be obtained using
1) experimental in vitro models using primary cell cultures, cells from cell lines in culture,
subcellular fractions, tissue slices, or relevant recombinants enzymes of organs [61, 62], 2)
available in silico methods [63-65], or 3) by fitting the model to available in vivo data [66].
By numerically integrating all mathematical equations for the ADME in computer software
packages, the model can be simulated. Commonly used software is for example Berkeley
Madonna (Macey and Oster, UC Berkeley, CA, USA), acsIXtreme (AEgis Technologies
Group), and MATLAB (The MathWorks) [52]. Once the model is developed, it is of
importance to evaluate the performance of the newly developed model against in vivo data,
since this supports the validity of the model and thus its predictions.

1.4 Objectivesand outline of thethesis

In vivo effects of flavonoids will ultimately depend on the availability of the flavonoid
aglycones and their metabolites in the systemic circulation. The type and position of the
conjugation of the circulating metabolites is also important to better understand in vivo effects
of flavonoids [9]. The aim of the present PhD project was to gain quantitative insight in dose-
dependent plasma concentrations of flavonoid aglycones and their metabolites using a PBK
modeling approach. The developed PBK models can be used to guide future experimental in
vitro and in vivo studies as well as to facilitate the translation of in vitro results to the in vivo
situation. Furthermore, the developed models have a great potential to be used as a platform

to build PBK models for other flavonoids as we still lack in vivo kinetic data for many

14



General introduction

flavonoids. The present PhD project was focused on the flavonoids quercetin, genistein and
hesperetin as model compounds.

In Chapter 1 of this thesis, an introduction to the fate of flavonoids in the body
(ADME), focusing on quercetin, gensitein, and hesperetin, a short introduction to PBK
modeling, and the aim and the outline of the present thesis are given. In Chapter 2, a PBK
model for quercetin in rats was developed enabling prediction of plasma concentrations of
quercetin aglycone and the tentative identification of the major circulating metabolites at
different oral doses. The PBK model was built by integrating kinetic constants for metabolic
conversions obtained from in vitro incubations with relevant rat tissue fractions and by fitting
Kinetic parameters to literature available data in rats. The PBK model developed in rats was
used as a platform to build a PBK model for quercetin in humans as described in Chapter 3,
facilitating interspecies extrapolation. In the human population, the activity of enzymes
involved in the metabolism of quercetin can vary due to genotype- and lifestyle-based factors,
which could influence the bioavailability of quercetin aglycone and its metabolites in the
systemic circulation. Therefore, in Chapter 3 also individual PBK models were developed by
incorporating Kinetic constants for metabolic conversions obtained using individual human
samples. For many flavonoids, unlike quercetin, in vivo kinetic data are still lacking, and
therefore the developed quercetin models can form a basis for the development of similar
models for other relevant dietary flavonoids such as genistein (soy-based isoflavone) and
hesperetin (citrus-based flavanone). In Chapter 4, a PBK model for genistein in humans was
developed based on the methods that were developed for simulating quercetin kinetics. Due to
the weak estrogenicity of genistein, there is an increasing use of genistein for example in
hormone replacement therapy in postmenopausal women. To assess whether at the current
intake levels estrogenic activity of genistein can actually be achieved in humans, a reverse-
dosimetry approach was applied combining in vitro genistein estrogenicity data with the
developed PBK model for genistein to convert in vitro effect concentrations to in vivo
effective dose levels, enabling prediction of in vivo estrogenic dose-response curves in
humans. In Chapter 5, the PBK models for quercetin were further used as a platform to build
a PBK model for hesperetin in humans to predict dose-dependent plasma concentrations of
hesperetin aglycone and its metabolites. Also this PBK model was used to convert reported
effect concentrations from in vitro bioassays to corresponding in vivo dose levels, in order to
provide insight in whether the observed in vitro effects may be relevant under realistic dietary
or supplementary intake. Finally, Chapter 6 presents main finding obtained in this thesis and

provides a discussion on how these results can contribute to future research on flavonoids.
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Chapter 2

Abstract

Biological activities of flavonoids in vivo are ultimately dependent on the systemic
bioavailability of the aglycones as well as their metabolites. In the present study, a
physiologically based kinetic (PBK) model was developed to predict plasma concentrations of
the flavonoid quercetin and its metabolites and to tentatively identify the regiospecificity of
the major circulating metabolites. The model was developed based on in vitro metabolic
parameters and by fitting kinetic parameters to literature available in vivo data. Both exposure
to quercetin aglycone and to quercetin-4’-O-glucoside, for which in vivo data were available,
were simulated. The predicted plasma concentrations of different metabolites adequately
matched literature reported plasma concentrations of these metabolites in rats exposed to 4'-
O-glucoside. The bioavailability of aglycone was predicted to be very low ranging from
0.004% to 0.1% at different oral doses of quercetin or quercetin-4’-O-glucoside.
Glucuronidation was a crucial pathway that limited the bioavailability of the aglycone, with
95 to 99% of the dose being converted to monoglucuronides within 1.5 h to 2.5 h at different
dose levels ranging from 0.1 to 50 mg/kg bw quercetin or quercetin-4'-O-glucoside. The fast
metabolic conversion to monoglucuronides allowed these metabolites to further conjugate to
di- and tri-conjugates. The regiospecificity of major circulating metabolites was observed to
be dose-dependent. As we still lack in vivo kinetic data for many flavonoids, the developed
model has a great potential to be used as a platform to build PBK models for other flavonoids

as well as to predict the kinetics of flavonoids in humans.
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2.1 Introduction

Flavonoids are important bioactive compounds widely distributed in plant based foods
and often suggested to be of interest for their biological effects against several chronic and
degenerative diseases, including cancer [1], cardiovascular diseases [2, 3], obesity and
diabetes [4, 5], as well as neurodegenerative disorders [6, 7]. To elucidate the modes of action
underlying the beneficial health effects, flavonoids are widely studied in vitro for their
antioxidant activity as well as their activity as ligands for various receptors, kinases, enzymes,
and/or transport proteins [8-11]. However, a key limitation in interpretation of these results is
that in vitro data are often performed with the aglycone as the test compound [12]. In vivo
effects will ultimately depend on the systemic bioavailability of the aglycone as well as its
metabolites, though little is known about the contribution of circulating metabolites to the
health effects or the precise nature of circulating metabolites. For a better interpretation of in
vitro results and to better guide the experimental design of in vitro experiments with
flavonoids, a clearer insight is needed on how flavonoids are absorbed, distributed,
metabolized and excreted, especially to obtain an indication of the physiologically relevant
concentrations of circulating metabolites in plasma and the precise nature of these
metabolites.

The objective of the present study was to define a physiologically based kinetic (PBK)
model that can predict plasma concentrations of the flavonoid quercetin and its metabolites
and to tentatively identify the regiospecificity of the major circulating metabolites. Among
many flavonoids, the flavonol quercetin is relatively abundant in our diet and the most
frequently studied [13]. In Western countries, the total dietary intake of quercetin is estimated
to be 15-40 mg corresponding to 0.2-0.6 mg/kg body weight (bw) for a 70 kg person [3]. In
some countries, quercetin is also available as a dietary supplement with daily doses of 250-
1500 mg quercetin corresponding to 3.6-21 mg quercetin/kg bw for a 70 kg person [3].
Naturally, quercetin occurs almost exclusively bound to one or more sugar molecules, mainly
as B-glycosides in a wide variety of fruits and vegetables especially onions [3]. Quercetin
glucosides such as 3,4’-O-diglucoside, 4'-O-glucoside, and 3-O-glucoside are the most
abundant in onions [14]. Most industrial and domestic food processing procedures are not
able to cleave the glycosidic linkage, except for fermentation [15] which implies that
exposure via the diet is mostly to quercetin glucosides.

The glucoside forms of the quercetin are generally too polar to cross cellular

membranes by diffusion, and this hampers their cellular uptake and bioavailability [16, 17].
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However, quercetin glucosides can be taken up in the intestine after being hydrolyzed into
quercetin aglycone by luminal lactase phlorizin hydrolase or by intestinal microflora [15, 18].
Upon absorption quercetin is metabolized by UDP-glucuronosyl transferases,
sulfotransferases, and/or catechol O-methyltransferases in the small intestine and in the liver,
forming different glucuronidated, sulfated and O-methylated quercetin mono-conjugates,
respectively (Figure 2.1) [13, 19, 20]. Numerous different methylated, glucuronidated, and/or
sulfated quercetin, di- and tri-conjugates have been identified in plasma in vivo as well,
suggesting further metabolism of mono-conjugated metabolites in rats as well as in humans
[21-25].
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Figure 2.1 Conversion of quercetin to different mono-conjugates [19, 20].

To provide a better indication of the in vivo bioavailability of quercetin and the
relative importance and structure of different circulating metabolites in plasma, we have
developed a PBK model for quercetin in rats. To this end the kinetics for the formation of
different quercetin metabolites where studied in vitro. Both a direct exposure to quercetin
aglycone and to quercetin as its 4’-O-glucoside were simulated and evaluated by comparing
the predicted total plasma concentrations of different metabolites obtained against available
literature data obtained with rats exposed to quercetin-4’-O-glucoside [22]. The experiments
and model of the present paper can set an example of how in vitro data can be integrated to

predict in vivo plasma concentrations of flavonoids and their conjugated metabolites.
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2.2 Material and methods
2.2.1. Materials

Pooled male small intestine and liver S9 fractions from Sprague-Dawley rats were
purchased from Xenotech (Lenexa, USA). Quercetin, L-ascorbic acid, uridine 5'-
diphosphoglucuronic acid (UDPGA, purity 98%), S-(5"-adenosyl)-L-methionine (SAM, purity
80%), 3'-phosphoadenosine 5’-phosphosulfate (PAPS, purity 65%), tris (hydroxymethyl)-
aminomethane, alamethicin (from Trichoderma viride), and B-glucuronidase/sulfatase (from
Helix pomatia) were purchased from Sigma-Aldrich (Steinheim, Germany). Potassium
dihydrogen phosphate, dipotassium hydrogen phosphate trihydrate, acetic acid (glacial),
hydrochloric acid (HCI, fuming 37%), ammonium acetate, magnesium chloride (MgCl,),
sodium acetate trinydrate and trifluoroacetic acid (TFA, for spectroscopy) were purchased
from VWR International (Darmstadt, Germany). Dimethyl sulfoxide (DMSQO) was purchased
from Acros Organic (New Jersey, USA). Acetonitrile (ULC/MS) was purchased from
Biosolve (Valkenswaard, The Netherlands). Quercetin-3-O-glucuronide, isorhamnetin (3'-O-
methylquercetin), and tamarixetin (4’-O-methylquercetin) were purchased from Extrasynthese

(Genay Cedex, France).

2.2.2 Glucuronidation of quercetin

The kinetic constants for glucuronidation of quercetin were determined by performing
incubations with pooled S9 fractions from male rat small intestine and liver (Sprague-
Dawley). The incubation mixtures had a final volume of 100 pl, containing (final
concentration) 0.1 M Tris-HCI, pH 7.4, 10 mM MgCl,, 1 mM ascorbic acid to stabilize
quercetin [20], 0.02 mg/ml S9 protein, and quercetin added from a 200 times concentrated
stock solution in DMSO. The concentration of DMSO was kept at 0.5%, which has
previously shown to not have any effect on the enzyme activities [26]. Quercetin was stable
for 2 h upon the addition of ascorbic acid at 37°C (90-100% of the dose remains after 2 h).
The incubation mixtures were pre-treated on ice with 0.025 mg/ml alamethicin added from a
200 times concentrated stock solution in methanol for 15 min to overcome enzyme latency
and obtain maximal glucuronidation activity [27]. The reactions were initiated by adding the
cofactor UDPGA (4 mM, final concentration) after preincubating at 37°C for 1 min. The

kinetic constants for glucuronidation of quercetin were determined at substrate concentrations
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that ranged from 0.2 to 20 uM quercetin. The reactions were terminated after 5 min by adding
25 ul ice-cold acetonitrile:acetic acid (94:6) (v/v) to 100 pl incubation mixture. Under these
conditions, the formation of quercetin monoglucuronide conjugates was linear in time and
with protein concentration (data not shown). Three replicates of each experiment were
performed. Blank incubations were carried out without the cofactor. Identification of different
monoglucuronides was done following UPLC analysis by comparing the UV-spectra and the
order of elution of each metabolite with the data reported in the study of Boersma et al.[19].
The nature of these metabolites was indirectly confirmed by treating samples with [-
glucuronidase. For this reaction, 50 pl of the non-terminated mixtures where added to 50 pl of
0.1 M sodium acetate, pH 5 containing 1 mM ascorbic acid and B-glucuronidase 0.8 units/ml.
Incubation was carried out for 1 h at 37°C and terminated by addition of 25 ul ice-cold
acetonitrile:acetic acid (94:6) (v/v). Samples were immediately analyzed by UPLC (Ultra

Performance Liquid Chromatography) as described in section 2.2.5.

2.2.3 Sulfation of quercetin

The Kkinetic constants for sulfation of quercetin were determined by performing
incubations with pooled S9 fractions from male rat small intestine and liver (Sprague-
Dawley). The incubation mixtures had a final volume of 100 pl, containing (final
concentration) 0.1 M potassium phosphate, pH 7.4, 1 mM ascorbic acid, S9 fractions, and
quercetin added from a 200 times concentrated stock solution in DMSO. The final protein
content was 0.5 or 0.1 mg/ml for the incubations with small intestine or liver S9 fractions,
respectively. Samples were preincubated at 37°C for 1 min prior to the addition of the
cofactor PAPS (0.1 mM, final concentration) to initiate the reaction. The kinetic constants for
formation of the sulfate conjugates of quercetin were determined based on incubations
performed at substrate concentrations ranging from 0.1 to 4 UM quercetin. The reactions were
terminated after 12 min by the addition of 25 pul ice-cold acetonitrile:acetic acid (94:6) (v/v).
Under these conditions, the formation of sulfate conjugates of quercetin was linear in time
and with protein concentration (data not shown). Three replicates of each experiment were
performed. Blank incubations were carried out without the cofactor PAPS. Identification of
quercetin sulfate conjugates was carried out following UPLC analysis by comparing the UV-
spectra and the elution order of each metabolite with the study of van der Woude et al. [20].
Formation of the sulfate conjugates of quercetin was indirectly confirmed by treating the
sample with sulfatase. To this end, 50 pl of a non-terminated mixture was added to 50 pl of

0.2 M potassium phosphate, pH 6.2 containing 1 mM ascorbic acid and sulfatase 100
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units/ml. These samples were incubated for 1 h at 37°C and the reactions were terminated by
addition of 25 pl ice-cold acetonitrile:acetic acid (94:6) (v/v). Samples were immediately
analyzed by UPLC as described in section 2.2.5.
2.2.4 Methylation of quercetin

To obtain the kinetic constants for methylation of quercetin, in vitro incubations were
performed containing (final concentrations) 0.1 M potassium phosphate, pH 7.4, 1 mM
ascorbic acid, 1 mg/ml small intestine or liver S9 fractions (male Sprague-Dawley rat), and
quercetin added from a 200 times concentrated stock solution in DMSO (100 pl final
volume). The reactions were initiated by the addition of the cofactor SAM (2 mM, final
concentration) after 1 min preincubation at 37°C. Upon incubating for 5 min, 25 ul ice-cold
acetonitrile:acetic acid (94:6) (v/v) were added to terminate the reaction. The kinetic constants
were determined using substrate concentrations ranging from 10 to 80 uM quercetin. Under
these conditions, methylation of quercetin was linear in time and with protein concentration
(data not shown). Three replicates of each experiment were performed. Blank incubations
were carried out without the cofactor. The methyl conjugates of quercetin were identified
following UPLC analysis by comparing the UV-spectra and the retention time to the
commercially available standard compounds isorhamnetin (3'-O-methylquercetin) and
tamarixetin (4’-O-methylquercetin). Samples were immediately analyzed by UPLC as

described in section 2.2.5.

2.2.5 UPLC analysis

The amount of glucuronide, sulfate and methyl conjugates formed in the different
incubations was quantified using UPLC-DAD analysis. The UPLC system consisted of a
Waters (Milford, MA) Acquity binary solvent manager, sample manager, and photodiode
array detector, equipped with a Waters Acquity UPLC BEH RP 18 column (1.7 pm, 2.1 x 50
mm). Before analysis, all samples were centrifuged at 18 600 xg for 5 min at 5°C to
precipitate proteins using a VWR microcentrifuge (Model CT15RE, Amsterdam, The
Netherlands). Aliquots of 3.5 pl of the supernatant obtained from the methylation incubations
or aliquots of 10 ul of the supernatant obtained from the glucuronidation or sulfation
incubations were immediately analyzed. The gradient consisted of acetonitrile and nanopure
water containing 0.1% TFA and a flow rate of 0.6 ml/min was used. A gradient was applied
from 20% acetonitrile to 25% acetonitrile over 1.8 min, to 35% over 0.5 min, keeping the

percentage of acetonitrile at 35% for 0.5 min, followed by an increase to 80% over 0.2 min.
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This percentage was maintained for 1 min before decreasing to 0% over 0.2 min, keeping the
percentage of acetonitrile at 0% for 1.3 min, followed by increasing the percentage of
acetonitrile to reach initial conditions and keeping it at these conditions for 1.1 min.

Another UPLC method was employed to obtain a complete separation of quercetin-7-
O-glucuronide and quercetin-3-O-glucuronide. This method was less sensitive than the
method described above, therefore it was only used to estimate the ratio between these two
metabolites. The eluents consisted of acetonitrile and 2.5 mM ammonium acetate in nanopure
water. At a flow rate of 0.6 ml/min, a gradient was applied from 10% acetonitrile to 25%
acetonitrile over 1.8 min, to 90% over 0.7 min, keeping it at this percentage for 1.3 min before
returning to the starting condition over 0.2 min.

Quercetin metabolites were quantified by integrating the peak areas at 370 nm.
Concentrations of quercetin metabolites formed in incubations were quantified using the
average of three calibration curves obtained with the commercially available quercetin-3-O-
glucuronide, isorhamnetin (3'-O-methylquercetin), and tamarixetin (4'-O-methylquercetin).

2.2.6 Kinetic analysis

Kinetic parameters (i.e. apparent maximum velocity (Vmax@pp) and apparent
Michaelis-Menten constant (Km@pp))) for glucuronidation, sulfation, and methylation of
quercetin were determined by fitting the data to the standard Michaelis-Menten equation:

V = Vina*[SI/(Km+[S]) 1)
in which [S] represents the substrate concentration. Fitting the data to the Michaelis-Menten
equation was performed using GraphPad Prism, version 5.04 (GraphPad Software, San Diego,
California, USA). The values of Vi and K, were expressed in nmol/min/mg S9 protein and

UM, respectively.

2.2.7 PBK model

All kinetic parameters obtained were integrated in a PBK model describing the
absorption, distribution, metabolism, and excretion (ADME) of quercetin and its metabolites
in rats. The model was defined to include separate compartments for blood, liver, kidney,
small intestine, lumen, rapidly perfused tissues (e.g. heart, lung, brain), and slowly perfused
tissues (e.g. skin, muscle, bone) as shown in Figure 2.2A. Orally ingested quercetin-4'-O-
glucoside was hydrolyzed to quercetin aglycone in the intestinal lumen with a clearance of
0.03 I/h. This value was calculated according to the method described by Mihara et al. [28] by

using the data obtain from an in situ perfusion of quercetin-4'-O-glucoside in rat small
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intestine at steady-state concentrations [29]. In short, the luminal clearance of quercetin-4'-O-
glucoside was calculated as follows:

CLw = (Qp*(Cin — Cow))/ Cin 2
in which, Q, is the perfusion flow rate (1 ml/min), Ci, represents the concentration of
quercetin-4'-O-glucoside before perfusion of 50 uM, and C,, is the concentration of

quercetin-4'-O-glucoside after passing through the intestinal loop of 23.5 uM.
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Figure 2.2 Schematic diagram of the PBK model for mono-conjugates (A), di-conjugates (B), and tri-
conjugates (C) of quercetin.

The uptake of quercetin to the small intestine compartment was described by first-
order kinetics with an absorption rate constant of 5.32 h™* as reported by Chen et al. [30]. As a
first step the in vitro kinetic data were integrated in the PBK model to simulate systemic
bioavailability of quercetin aglycone and the percentage of formation of different mono-
conjugates of quercetin. Incubations with small intestine S9 fractions and relevant cofactors
resulted in the formation of four mono-conjugates of quercetin: quercetin-7-O-glucuronide,
quercetin-3-O-glucuronide, quercetin-3'-O-glucuronide, and quercetin-3'-O-sulfate (see
section 2.3.1-2.3.3), which are thus described for this organ. Seven mono-conjugates of
quercetin were observed in the incubations with liver S9 fractions and relevant cofactors:
quercetin-7-O-glucuronide, quercetin-3'-O-glucuronide, quercetin-4'-O-glucuronide,
quercetin-7-O-sulfate, quercetin-3'-O-sulfate, 3'-O-methylquercetin, and 4'-0O-
methylquercetin (see section 2.3.1-2.3.3) and thus described for this compartment. The Kkinetic
constants for the formation of these metabolites were determined in vitro in the present study
(see section 2.3.4). The apparent in vitro Vmax Values for glucuronidation, sulfation, and
methylation were scaled to in vivo Vma values using a S9 protein yield of 11.4 mg/g small
intestine [31] or 143 mg/g liver [32] as a scaling factor. With the obtained model, the systemic
bioavailability (BIO) of quercetin aglycone was determined based on the following equation:

B10(%) = Dose (i.v.)/Dose (oral)*AUC (oral)/AUC (i.v.)*100 (3)

29



Chapter 2

in this equation, AUC.p4  (oral dose) is the area under the concentration-time curve of the
blood compartment after an oral dose of quercetin and AUCy.24 1 (i.v. dose) is the area under
the concentration-time curve of the blood compartment after an intravenous dose of quercetin.
In the model, intravenous dose was applied in the blood compartment over a time period of 10
sec.

In a second step the model was adjusted to also include a description of di- and tri-
conjugations and excretion of the different metabolites via bile, urine, and intestinal efflux
transport. From the first model, quercetin was predicted to mainly converted to quercetin
monoglucuronides (QG) (see section 2.3.5) and thus in a second step further refinement of the
model for further conjugation of the monoglucuronides to di- and tri-conjugates was
simulated. All monoglucuronides were assumed to be subject to further glucuronidation (at
the 3-, 7-, 4'- or 3'- position), sulfation (at the 7- or 3'- position) and/or methylation (at the 4'-
or 3'- position) when these positions were still available. The regioselectivity for further
conjugation was considered to be the same as observed with the formation of mono-
conjugates. The 5-position is not a site for conjugation of quercetin [33]. Conjugation was
assumed to only occur at different positions on the flavonol ring and not on a functional group
that already contains a conjugate [22, 34]. Based on this approach, the formation of different
combinations of quercetin diglucuronides (QdiG), quercetin glucuronide sulfate conjugates
(QGS), and quercetin glucuronide methyl conjugates (QGM) were described in the model.
The di-conjugates were assumed to be subject to further conjugation forming two major types
of tri-conjugates, including quercetin diglucuronide methyl conjugates(QdiGM) and quercetin
glucuronide sulfate methyl conjugates(QGSM) as these metabolites have been reported in
vivo [21]. QGSM conjugates can be formed from either sulfation of QGM or methylation of
QGS, and QdiGM can be formed from glucuronidation of QGM or methylation of QdiG.
Other theoretically possible tri-conjugates, such as for example quercetin diglucuronide
sulfates, were not included in the model because these have not been observed in plasma of
rats in vivo and are therefore considered unlikely to be formed. Taking the regiospecifity of
possible conjugations into account, a total of 34 different mono-, di-, and tri-conjugates were
included in the model.

Metabolism, distribution and excretion of the different mono-, di- and tri-conjugates
were described in separate submodels for each metabolite. Each of these submodels consisted
of different compartments for blood, liver, kidney, small intestine, rapidly perfused tissues
(e.g. heart, lung, brain), and slowly perfused tissues (e.g. skin, muscle, bone) as shown in

Figure 2.2B and Figure 2.2C describing for di- and tri-conjugates. Excretion was considered

30



A PBK model for quercetin in rats

to occur in the liver via bile, in the kidney via urine, or in the in the small intestine by active
transporters (i.e. P-glycoprotein, breast cancer resistance protein and multidrug resistance
proteins) [35, 36]. The quercetin aglycone was not modeled to be excreted since the aglycone
has not been detected in urine and bile in rats following oral uptake of quercetin [30] or in
lumen of in situ perfusion of rat small intestine with quercetin [37]. The excretion parameters
were considered to be the same for all metabolites and were obtained by fitting the plasma
AUC,.s, of the total metabolites to literature derived AUCy.s, levels of all metabolites in
plasma of rats exposed to 7.6 mg/kg bw [2-**C]quercetin-4'-O-glucoside [21]. Conversion of
the blood concentrations of the different metabolites to plasma concentrations was done by
dividing the blood concentrations by a blood/plasma ratio (R). For all metabolites a R value of
0.55 (1-hematocrit) was assumed, since most metabolites of quercetin are acidic molecules
(see pK, values Table 2.2) [38]. Based on this approach, the biliary and the urinary excretion
rate constants were estimated to be 16 and 6.5 h™, and the intestinal efflux clearance of the
metabolites to the lumen was estimated to be 0.17 I/h. Finally, enterohepatic circulation of
quercetin and its metabolites has not been included in the model as Chen et al. reported the
absence of significant enterohepatic circulation of quercetin and its metabolites in rats [30].

The kinetic constants for formation of the 30 different di- and tri-conjugates were
estimated by fitting the predicted plasma AUCy.sp of QG, QdiG, QGS, QGM, QdiGM, and
QGSM to literature derived AUCq.s, levels of these metabolites [21]. Further conjugation of
monoglucuronides was simulated under the assumption that the catalytic efficiency for further
conjugation was lower than observed for the formation of the different mono-conjugates, due
to both an increase in K, and a decrease in Vmax. This assumption was validated with an in
vitro experiment in which quercetin-3-O-glucuronide was used as a substrate. Although the
exact kinetic constants for further conjugation of quercetin-3-O-glucuronide could not be
determined due to low catalytic efficiencies of the different reactions, both the affinity and
capacity of the reactions seemed to decrease (data not shown). The factors by which the K,
and the Vmax values for di- and tri-conjugates with glucuronide, sulfate, or methyl moiety
were affected, as determined by fitting to the experimental data, are shown in Table 2.1.

The physiological parameters and the tissue:blood partition coefficients used in the
model are given in Table 2.1 and Table 2.2, respectively. The physiological parameters were
obtained from Brown et al. [39]. The tissue:blood partition coefficients of quercetin and its
metabolites were estimated from log K, according to a method of DeJongh et al. [40]. Log
Kow Values were estimated from LogP value obtained from Scifider (american Chemical

Society, USA) for quercetin and its mono-conjugates or CLogP values obtained from
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ChemBio3D Ultra 2010 (CambridgeSoft, USA) for di- and tri-conjugates (Table 2.2). The
derived partition coefficients are around one, which can be expected based on the low
lipophilicity of quercetin and its metabolites [41]. Only the partition coefficients of 3'-O-
methylquercetin and 4'-O-methylquercetin are slightly higher due to a higher lipophilicity of
these metabolites [42]. Mass balance and model equations were coded and numerically
integrated in Berkeley Madonna 8.3.18 (Macey and Oster, UC Berkeley, CA) using the
Rosenbrock’s algorithm for stiff system. The parameters for excretion of metabolites and
factors by which Ky and V. for formation of di-and tri-conjugates were affected, were
obtained by using the multiple-curve fitting function in Berkeley Madonna, which minimizes
the root mean square deviation between the reported in vivo data points and the model output.
When using this function, increasing in the number of parameters to be fitted also increase the
risk that the program will find a local minimum of residual instead of the global minimum
[43]. To prevent this to happen, several different starting values were set. Furthermore, by
limiting the values of the parameters to physiologically plausible values, the estimation of
unrealistic parameters can be prevented [43]. With the model obtained, predictions were made
on circulating metabolites in plasma specifying the conjugation position. The model equations

for quercetin and its metabolites are described as follows:

Amount of quercetin in tissues and blood
Small intestine: dAlg/dt = Ky*ALug + QI*(CBq - Clg/Plg)

- Vinax_vmono*Clo/Plo/(Km.t_mmono + Clo/Plg) 4)
Clo = Alg/VI ()
Liver: dALg/dt=  QI* Clg/Plg + QL*(CBq- CLo/PLg)
- VinaxL mono*CLo/PLo/ (KL mono + CLo/PLo) 6)
Clo=ALo/VL @)
Kidney: dAKg/dt=  QK*(CBq - CKo/PKo) ®)
CKo = AKo/VK )
Blood: dABo/dt=  (QI+QL) * CLo/PLg+ QK* CKo/PKo + QR* CRo/PRg
+ QS* CSo/PSq - QC*CBq (10)
CBq = ABo/VB (11)

where CTig (in umol/l) is the concentration of quercetin in tissue (Ti = Lu (lumen), I (small
intestine), L (liver), or K (kidney), R (rapidly perfused tissues), or S (slowly perfused tissues),
ATig (in umol) is the amount of quercetin in a tissue, ABq (in pmol) and CBg (in umol/l) are

the amount and the concentration of quercetin in blood, QTi (in I/h) is the blood flow to a
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tissue, and PTig is the tissue:blood partition coefficient of quercetin. Mmono refers to either
of the specified mono-conjugates as described in Table 2.3 and Figure 2.2.

Amount of quercetin mono-conjugate in tissues and blood
+ Vmax,I_Mmono*CIQ/PIQ/(Km,I_Mmono + CIQ/PIQ)

'Vmax,I_Mdi*CIMmonO/PIMmonol(Km,l_Mdi + C|Mmono/|:>|Mmono)

- C:Llef*(CIMmono/P|Mm0no) (12)
Clmmono = Alvmond/ V1 (13)
Liver: dALmmono/dt = QI Clymono/PIMmono + QL*CBmmono

- (Q|+Q|—)* CI—Mmonolpl—Mmono
+ Vmax,L_Mmono*Cl—Q/P I—Q/(Km,L_M mono + CLQ/P LQ)

- Vmax,L_Mdi*CI—Mmono/P I—MmonO/(Km,L_M di t CI—Mmono/PI—Mmono)

- Kpitle* ALMmono (14)
CLmmono = ALmmono/ VL (15)
Kidney: dAKMmono/dt = QK*(CBmmono - CKmmono/PKmmono)
- Kurine* AKmmono (16)
CKMmono = AKmmono/ VK a7
Blood: dABMmono/dt = (QI+QL)* CLmmono/PLmmone + QK* CKymono/PKmmono
+ QR* CRMmono/PRMmono + QS* CSmmono/PSmmono
- QC*CBwmmono (15)
CBmmono = ABMmono/ VB (18)
CPnmmono = CBMmono/R (19)

where, CTipmono (in umol/l) is the concentration of mono-conjugate metabolite in tissue (Ti =
I (small intestine), L (liver), K (kidney), R (rapidly perfused tissues), or S (slowly perfused
tissues), ATimmono (in umol) is the amount of mono-conjugate metabolite in a tissue, ABymono
(in pmol) and CBmmono (in umol/l) are the amount and the concentration of mono-conjugate
metabolite in blood, QTi (in I/h) is the blood flow to a tissue, PTimmono IS the tissue:blood
partition coefficient of mono-conjugate, and CPuymono (in umol/l) are the concentration of
mono-conjugate metabolite in plasma. R is the blood/plasma ratio. Mmono and Mdi refer to

either of the specified mono-conjugates or di-conjugates as described in Table 2.3 and Figure
2.2.
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Amount of quercetin di- and tri-conjugate in tissues and blood

The amount of quercetin di-and tri-conjugates in tissues and blood were described in
the model using the same equations as described for mono-conjugates (equation 12-19). The
equations used to describe the formation of di-and tri-conjugates of quercetin in the small
intestine and liver included the factors by which the K, and the V. values for di- and tri-

conjugates with glucuronide, sulfate, or methyl moiety were affected, and are described as

follows:
sulfation of QG = Vimax,Ti_Mmono/@* CTimmono/P Timmono
(K. 1i_Mmono™d + CTimmono/P TiMmono) (20)

sulfation of QGM = Vimax.Ti_Mmono/@* CTimdi/PTimai

1(Km,ti_Mmono*d + CTimdi/PTimai) (21)
methylation of QG = Vimax,Ti_Mmono/0* CTimmono/P TiMmono

(K Ti_Mmono™€ + CTimmono/P Timmono) (22)
methylation of QGS = Vimax.Ti_Mmono/D* CTimai/ P Timai

I(Km1i_Mmono™e+ CTimai/PTwmdi) (23)
methylation of QdiG = Vmax,Ti_Mmono/D3* CTimdi/PTimai

I(Km.1i_Mmono™es+ CTimdi/PTwmai) (24)
glucuronidation of QG = Vimax.Ti_Mmono/C* CTimmono/P Timmono

1(Km,7i_Mmono™f + CTimmono/P IMmono) (25)
glucuronidation of QGM = Vmax,Ti_Mmono/C* CTimdi/PTimai

1(Km,1i_Mmono™f+ CTimdi/Plmdi) (26)

Where CTi (in umol) and PTi is the concentration and the tissue:blood partition coefficient of
mono-conjugate (Mmono), di-conjugate (Mdi), or tri-conjugate (Mtri) in tissue. The reduction
factors for the Vnax values and the induction factors for K, valuesfor formation of di- and tri-
conjugates, as obtained by fitting the plasma AUC,.s, of the total metabolites to literature

derived AUC,.sy levels of all metabolites, are presented in Table 2.1.

2.8 Sengitivity analysis

A sensitivity analysis was performed to assess which model parameters contribute
substantially to a specific model output. Normalized sensitivity coefficients (SCs) were
calculated for the model parameters according to the method described by Evens and
Andersen [44] as follows:

SC = (C-C)/(P'-P)*(P/C) (27)
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in this equation, C is the initial value of the model output, C’ is the modified value of the
model output resulting from an increase in parameter value, P is the initial parameter value,
and P’ is the modified parameter value assuming a 5% increase in its value.

Sensitivity analyses were carried out for the plasma AUC.s, of mono-, di- and tri-
conjugates of quercetin at dose of 7.6 mg/kg bw quercetin-4'-O-glucoside; representing the
dose that was applied in the literature reported in vivo study that was used in the present study

for parameterization of the model.

Table 2.1 Physiological parameters used in the PBK model for quercetin in rats

Parameter s Symboal Value
Literature Fitted in vivo
Body weight (kg) [39] BW 0.25
Tissue volumes (% body weight) [39]
lumen VLu 0.5
small intestine VI 1.4
liver VL 3.4
kidney VK 0.7
rapidly perfused tissues VR 3.2
slowly perfused tissues VS 74.6
blood VB 7.4
Cardiac output (I/h) [39] QC 5.4
Blood flow to tissue (% cardiac output) [39]
small intestine Ql 15.1
liver (exclude portal vein) QL 9.9
kidney QK 14.1
rapidly perfused tissues QR 36.9
slowly perfused tissues (O] 24
Absorption rate constant of quercetin (h™%) [30] Ka 5.32
Biliary excretion rate constant (h™) Kbile 16
Urinary excretion rate constant (h™) Kurine 6.5
Intestinal efflux clearance (I/h) CLes 0.17
Luminal clearance of quercetin-4'-O-glucoside (I/h) [29] CLy, 0.03
Reduction factor for V.
sulfation of QG or QGM a 15
methylation of QG or QGS b 1
glucuronidation of QG or QGM c 12
methylation of QdiG bs 31
Induction factor for K,
sulfation of QG or QGM d 2.2
methylation of QG or QGS e 1
glucuronidation of QG or QGM f 13
methylation of QdiG €3 87
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Table 2.2 Physico-chemical parameters for quercetin and its metabolites®

Compound LogP? pKa Small Liver Kidney Rapidly Slowly
intestine perfused perfused
tissue tissue
quercetin 2.0 6.3 1.3 1.3 15 15 0.6
quercetin-7-O-glucuronide -0.5 2.7 0.8 0.8 0.8 0.8 0.4
quercetin-3-O-glucuronide 0.6 2.8 0.9 0.9 0.9 0.9 0.5
quercetin-3'-O-glucuronide -0.003 2.8 0.8 0.8 0.8 0.8 0.4
quercetin-4'-O-glucuronide -0.1 2.8 0.8 0.8 0.8 0.8 0.4
quercetin-7-O-sulfate 1.2 -4.9 1.0 1.0 1.0 1.0 0.5
quercetin-3'-O-sulfate 1.2 -4.4 1.0 1.0 1.0 1.0 0.5
3’-O-methylquercetin 2.8 6.3 2.0 2.0 2.6 2.6 0.7
4'-O-methylquercetin 2.7 6.3 1.8 1.8 2.4 2.4 0.7
quercetin diglucuronides -2.7 0.7 0.7 0.8 0.8 0.4
que.rcetln glucuronide sulfate 29 ) 0.7 0.7 0.8 0.8 04
conjugates
que.rcetln glucuronide methyl 02 ) 0.8 0.8 0.8 0.8 04
conjugates
que_rcetln diglucuronide methyl 23 i 0.7 0.7 0.8 0.8 04
conjugates

quercetin glucuronide sulfate

. -1.8 - 0.8 0.8 0.8 0.8 0.4
methyl conjugates

MTissue:blood partition coefficients were calculated based on a method of Dejongh et al. [40].
2 For quercetin and its mono-conjugates, LogP values were obtained from Scifinder (American Chemical Society, USA),
while CLogP values for di- and tri-conjugates were calculated with ChemBio3D Ultra 2010 (Cambridgesoft, USA).

2.3 Results
2.3.1 Glucuronidation of quercetin

UPLC analysis of incubations with rat small intestine and liver S9 fractions in the
presence of quercetin and UDPGA reveals the formation of different metabolites with
retention times of 0.52, 0.82 and 0.95 min. Treatment of the samples with B-glucuronidase
resulted in complete disappearance of these peaks and a concomitant equivalent increase in
the peak area of quercetin (data not shown). The chromatographic profile was comparable to
that reported in the literature for the same reaction, enabling assignment of the peaks in our
chromatograms according to the identifications reported by Boersma et al. [19]. This
assignment was supported by an additional analysis of collected metabolites from the UPLC
by HPLC using the same method as described by Boersma et al. [19] (data not shown). Based
on this comparison, the metabolites with a retention time of 0.82 and 0.95 min were ascribed
to quercetin-4’-O-glucuronide and quercetin-3'-O-glucuronide, whereas the peak with a
retention time of 0.52 min was considered to contain a mixture of quercetin-3- and -7-O-
glucuronide. To determine the relative quantity of each of these metabolites in this peak, the
samples were further analyzed with a different UPLC method that allowed separation of the
two peaks (see Section 2.2.5). These analyses revealed that for incubations with rat intestine

S9 the peak at 0.52 min contained 20 % quercetin-3-O-glucuronide and 80 % quercetin-7-O-
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glucuronide. This ratio was consistent at different concentrations. In incubations with rat liver
S9 fractions, the peak at 0.52 min, was identified to only contain quercetin-7-O-glucuronide.
Figure 2.3 shows the rate formation of the different quercetin monoglucuronides obtained
with the incubations with male rat liver (A) or small intestine S9 fractions (B) with increasing

in concentrations of quercetin.
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Figure 2.3 Quercetin concentration dependent formation of different glucuronide conjugates by male
rat liver S9 (A) or small intestinal S9 (B), different sulfate conjugates by male rat liver S9 (C) or
intestinal S9 (D), and different methyl conjugates by male rat liver S9 (E); quercetin (Q), glucuronide
(G), sulfate (S), and methylate (M).

2.3.2 Sulfation of quercetin

UPLC chromatogram of incubations with rat small intestine S9 fractions in the
presence of quercetin and PAPS as cofactor reveals the formation of one metabolite with a
retention time of 1.09 min, while incubations with rat liver S9 fractions result in two

metabolites with retention times of 0.71 and 1.09 min. Treatment of the samples with
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sulfatase result in complete elimination of these metabolites and a concomitant equivalent
increase in the amount of quercetin (data not shown). The chromatographic profile was
comparable to that reported in the literature for the same reaction by van der Woude et al.
[20]. The chromatographic profile of sulfate conjugates of quercetin obtained from the UPLC
analysis was comparable to what has previously been reported by van der Woude et al. [20]
enabling assignment of the peaks in our chromatograms according to the identifications
reported by van der Woude et al. [20]. This assignment was supported by an additional
analysis of collected metabolites from the UPLC by HPLC using the same method as
described by van der Woude et al. [20] (data not shown). The peaks at 0.71 and 1.09 min
could thus be ascribed to quercetin-7-O-sulfate and quercetin-3'-O-sulfate, respectively. The
quercetin concentration dependent rate of formation of these metabolites in incubations with

rat liver or small intestine S9 fractions is shown in Figure 2.3C and Figure 2.3D.

2.3.3 Methylation of quercetin

UPLC chromatogram of incubations with rat small intestine or liver S9 fractions in
the presence of SAM as cofactor reveals that there was no methylation of quercetin by small
intestine S9 fractions, whereas two metabolites were formed in incubations with liver S9
fractions with a retention time of 2.49 and 2.52 min. The metabolite with a retention time of
2.49 min coeluted with commercially available 3'-O-methylquercetin and was thus identified
as 3'-O-methylquercetin. The one with a retention of 2.52 min was found to coelute with
commercially available 4'-O-methylquercetin and was therefore identified as 4'-O-
methylquercetin. The quercetin concentration dependent rate of formation of the

methylquercetin conjugates by rat liver S9 fractions is depicted in Figure 2.3E.

2.3.4 Kinetic constants for formation of different quercetin mono-conjugates

The kinetic constants for formation of mono-conjugates of quercetin with a
glucuronide, sulfate, or methyl moiety were obtained by fitting the data to a standard
Michaelis-Menten equation (Table 2.3). The in vitro Vmax values obtained with S9 from
different organs were scaled to in vivo Vax Values using scaling factors (see section 2.2.7).
The in vivo catalytic efficiencies for formation of the different mono-conjugates of quercetin
reveal that liver is the major site for metabolism of quercetin as the catalytic efficiencies for
all reactions in this tissue are higher than the catalytic efficiencies for all reactions in small

intestine. Glucuronidation is the most efficient pathway and quercetin-4’-O-glucuronide is the
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major mono-conjugate formed. The high catalytic efficiency for formation of quercetin-4'-O-

glucuronide is mainly due to a relatively low K, value for this reaction.

Table 2.3 Kinetic parameters for conjuguation of quercetin in incubations with small intestine and
liver S9 fractions from male Sprague-Dawley rats

In vitro catalytic Scaled Invivo

Vmax(app) efficiency Vmax, in catalytic

Km(app) (nmol/min/mg (u!/min/mg S9 Vivo efficiency
Organ Metabolite (LM) /S9 protein) protein) (umol/h)! (I/h)
quercetin-7-O-glucuronide 0.3 1.9 6.3 45 15
Small quercetin-3-O-glucuronide 0.3 0.5 1.7 1.2 4.0
intestine  quercetin-3'-O-glucuronide 11 0.9 0.8 2.2 2.0
quercetin-3'-O-sulfate 0.1 0.01 0.1 0.03 0.3
quercetin-7-O-glucuronide 8.1 6.1 0.8 445 55
Liver quercetin-3'-O-glucuronide 1.1 1.5 1.4 109 99
quercetin-4'-O-glucuronide 0.1 0.7 7.0 51 511
quercetin-7-O-sulfate 0.5 0.04 0.1 2.9 5.8
quercetin-3'-O-sulfate 0.3 0.1 0.3 7.3 24
3-O-methylquercetin 24 0.5 0.02 36 15
4’-O-methylquercetin 24 0.2 0.01 15 0.6

T Small intestine: Vmax(app)/(1000 nmol/umol) * (60 min/hr) * (11.4 mg S9/g intestine)*(14 g intestine/kg bw)*(0.25 kg
bw), Liver: Vmax(app)/(1000 nmol/umol) * (60 min/hr)*(143 mg S9/g liver)*(34 g liver/kg bw)*(0.25 kg bw).

2.3.5 Integrating the kinetic data to predict the bioavailability of quercetin aglycone and
formation of mono-conjugate metabolites

As a first step the kinetic constants obtained were integrated in a PBK model to predict
systemic bioavailability of quercetin in rats upon exposure to quercetin in its aglycone form or
to quercetin-4'-O-glucoside and to provide an indication of the percentage of the different
mono-conjugates of quercetin that are formed. The model predicted that the bioavailability of
quercetin when dosed as aglycone is very low, amounting to 0.004% at a dose relevant to
dietary intake (0.4 mg/kg bw quercetin aglycone) and 0.1% at a dose level representing
supplementary intake (12 mg/kg bw quercetin aglycone). Quercetin-4'-O-glucoside was
predicted to have the same level of bioavailability at low dose, but 3.3-fold lower at high
dose, amounting to 0.004 or 0.03% when providing the same level of quercetin equivalents by
dosing of 0.6 mg/kg bw or 19 mg/kg bw quercetin-4’-O-glucoside.

When dosed as aglycone, quercetin was completely metabolized within 1.5 h and was
almost exclusively converted to monoglucuronides accounting to 99 to 95% of the dose at a
dose ranging from 0.1 to 50 mg/kg bw. Sulfation and methylation only represented minor

metabolic pathways with 0.9 to 4.5% of the dose being converted via sulfation and 0.01 to
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0.8% of the dose being converted via methylation at different oral doses of quercetin. When
quercetin was dosed as 4'-O-glucoside complete metabolism was observed within 2.5 h and
99 to 97% of the dose was converted to monoglucuronides at a dose ranging from 0.1 to 50
mg/kg bw. Figure 2.4 presents a plot of the percentage of the dose that is converted into the
different monoglucuronides at different oral dose levels of quercetin aglycone (Figure 2.4A)
or quercetin-4'-O-glucoside (Figure 2.4B). At low dose level of quercetin (0.4 mg/kg bw
quercetin aglycone), 68% of the dose is predicted to be converted to quercetin-7-O-
glucuronide, 18% to quercetin-3-O-glucuronide, 10% to quercetin-3’-O-glucuronide, and
3.1% quercetin-4'-O-glucuronide. Formation of 7- and 3-O-glucuronidated metabolites thus
represent the primary metabolic reactions at low doses. However, as the dose increases the
relative contribution of these metabolites decreases, which is accompanied by a relative
increase in formation of 3'-and 4’-O-glucuronide. At a dose of 12 mg/kg bw approximately
39% of the dose is predicted to be converted to quercetin-4'-O-glucuronide, 31% to quercetin-
7-O-glucuronide, 20% to quercetin-3'-O-glucuronide, and 6.6% to quercetin-3-O-glucuronide.
For quercetin-4’-O-glucoside, this shift in metabolism occurred at higher dose levels. These
results suggest that regiospecificity of metabolites will depend on the dose of quercetin and

whether it is absorbed as a glucoside or not.
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Figure 2.4 PBK model based prediction on dose-dependent formation of quercetin-7-O-glucuronide
(Q7G), quercetin-3-O-glucuronide (Q3G), quercetin-3'-O-glucuronide (Q3'G), and quercetin-4'-O-
glucuronide (Q4'G) in rat orally exposed to quercetin (A) or quercetin-4’-O-glucoside (B). Data are
expressed as percentage of the dose.

2.3.6 Adjustment of the model to predict plasma concentrations of mono-, di- and tri-
conjugates

Given that 95 to 99 % of quercetin and quercetin-4’-O-glucoside is converted to
different monoglucuronides after 1.5 h to 2.5 h and the fact di- and tri-conjugates have been

observed in the plasma of rats in vivo [21, 22], we considered that all monoglucuronides that
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are formed are subjected to further conjugation. In a second step, we have therefore included
the further conjugation of quercetin monoglucuronides into di- and tri-conjugates in the model
as well as urinary, biliary, and intestinal excretion of the different metabolites. This enabled
prediction of the plasma concentrations of the various mono-, di- and tri-conjugates. The
Kinetic constants for further conjugation and urinary, biliary, and intestinal excretion were
obtained by fitting the predicted plasma AUC,.s, of different metabolites to the AUC.sn
values that were derived from in vivo reported plasma concentrations of the same metabolites
in rats exposed to 7.6 mg/kg bw [2-**C]quercetin-4’-O-glucoside as described by Graf et al.
[21]. Figure 2.5A shows the best fit that was obtained, which allowed to predict the AUCy.sh
of these metabolites in plasma within 0.9 to 3.9-fold from the reported levels [21]. In addition,
the model obtained allowed to adequately predict results from a second study in which rats
were exposed to 7.6 mg/kg bw [2-**C]quercetin-4’-O-glucoside as reported by Mullen et al.
[22] (Figure 2.5B). Plasma concentrations of different metabolites at 1 h after exposure were

observed to be within 19 to 3-fold of the observed plasma concentrations.

o

A,
Figure 2.5 Comparison of the predicted
plasma AUCys, levels of quercetin
metabolites (black bar) to literature derived
14 . | AUCs;, levels of these metabolites by Graf
et al. [21] (white bar) (A) and comparison
of the predicted amount of quercetin
metabolites in plasma at 1 h (black bar) to
the reported in vivo levels of these
metabolites by Mullen et al. [22] (white bar)
of rat exposed to 7.6 mg/kg bw quercetin-4'-
O-glucoside; quercetin  monoglucuronides
(QG), quercetin diglucuronides (QdiG),
quercetin glucuronide methyl conjugates (QGM), quercetin glucuronide sulfate conjugates (QGS),
quercetin diglucuronide methyl conjugates (QdiGM), and quercetin glucuronide sulfate methyl
conjugates (QGSM) (B).
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Apart from simulating total concentrations of the different major circulating
metabolites the model also allowed to tentatively predict the regiospecificity of the
conjugation for the most important circulating metabolites. The regiospecificity of the ten
metabolites with the highest AUCy.s, at a dose level ranging from 0.1 to 50 mg/kg bw
quercetin and quercetin-4’-O-glucoside is shown in Figure 2.6A and Figure 2.6B. Together
these metabolites contributed to approximately 71 to 86% of the total plasma AUCg.sp. At a
low dose of quercetin (0.4 mg/kg bw), Q7G3'S4'M is predicted to be the major circulating
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metabolites, followed by Q74'diG’, and Q7G3'S accounting to 27, 16, and 10% total plasma
AUC,s,. However, as the dose increase the relative contribution of these metabolites
decreases, which is accompanied by a relative increase in plasma concentrations of Q3'4'diG,
Q4'G3'S, Q74diG3'M, and Q4'G7S3'M. For quercetin-4’-O-glucoside, the predicted
regiospecificity of the major circulating metabolites is similar to what is predicted for
quercetin, but the shift in the metabolism happened at higher dose levels.
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Figure 2.6 PBK model predicted dose-dependent regiospecificity of the major circulating metabolites
of quercetin in plasma of rat orally exposed to quercetin (A) or quercetin-4'-O-glucoside (B); quercetin
(Q), glucuronide (G), sulfate (S), methylate (M). Data were expressed as percentage of the total
plasma AUCsp.

2.3.7 Sensitivity analysis

A sensitivity analysis was performed to assess the key parameters that influence the
predicted plasma AUC,.s, of quercetin metabolites at a dose of 7.6 mg/kg bw quercetin-4'-O-
glucoside. Only parameters that had a normalized sensitivity coefficient higher than 0.1 (in
absolute value) are shown in Figure 2.7. The results obtained reveal that the AUC.s, levels of
quercetin metabolites in plasma are mainly influenced by the kinetic constants for formation
of quercetin-4’-O-glucuronide and querctin-3'-O-sulfate in the liver as well as factors by
which the kinetic constants for formation of di- and tri-conjugates were estimated to be
reduced (Table 2.1). The plasma AUC,.s; levels of methyl containing metabolites are also
affected by the kinetic constants for formation of 3'- and 4’-O-methylquercetin in the liver.
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The kinetic constants for formation of 4’-O-methylquercetin are found to greatly affect the
plasma AUC,.s, levels of QGS. Parameters determining the excretion of quercetin metabolites
especially the biliary excretion rate constant and the intestinal efflux clearance as well as the
parameter determining plasma concentration (R value) are found to predominantly influence
the plasma AUC,.s, levels of quercetin di- and tri-conjugates. Other parameters including
physiological parameters especially the body weight and the tissue volumes (i.e. small
intestine and liver), and the scaling factor for liver S9 concentration are found to have an
impact on the plasma AUCq.sh levels of all quercetin metabolites. To a minor extent, the
plasma AUC,.sy levels of quercetin metabolites are influenced by the blood flow to tissue (i.e.
small intestine and liver). Partition coefficient parameters do not significantly affect the

plasma AUC,.s, levels of the different quercetin metabolites.

2.4 Discussion

In vitro tests to elucidate the mechanisms of action are often performed with flavonoid
aglycones. Questions remain as in what form the flavonoids are ultimately present in the in
vivo systemic circulation. PBK models can be used to answer this question since these models
allows to predict time-dependent concentrations of compounds as well as their metabolites in
plasma or in tissues. Therefore, in the present study PBK models were developed using
quercetin and its glucoside (quercetin-4'-O-glucoside) as model compound to predict plasma
concentrations of quercetin and its metabolites.

Bioavailability of quercetin as aglycone was estimated to range between 0.004% to
0.1% at dose levels of 0.4 mg/kg bw and 12 mg/kg bw quercetin or quercetin equivalent when
dosing as 4'-O-glucoside (0.6 and 19 mg/kg bw). In most in vivo studies no quercetin
aglycone or only a trace amount of the aglycone have been detected in plasma of rats upon
oral exposure to quercetin or quercetin-4’-O-glucoside [13, 21, 45], supporting the low
bioavailability of quercetin. One study did report quercetin concentrations in plasma and
estimated an oral bioavailability of quercetin in rats of 5.3% at an oral dose of 10 mg/kg bw
quercetin [30]. This value is somewhat higher than the predicted level with the PBK model,
but confirms that the plasma concentrations of quercetin aglycone will be limited.

Glucuronidation was found to be the major pathway responsible for the low
bioavailability of quercetin aglycone, since as much as 95 to 99% of the dose was predicted to
be converted to monoglucuronides within 1.5 h to 2.5 h at different oral doses of quercetin or
quercetin-4'-O-glucoside (Figure 2.4). This is in line with the study of Mullen et al. as 73.8%
of quercetin was metabolized within 1 hour at a dose of 7.6 mg/kg bw [2-'*C]quercetin-4'-O-
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glucoside, primarily resulting in metabolites that contain a glucuronide [22]. An additional
level of evaluation of the model performance may be obtained by comparison of the
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Figure 2.7 Sensitivity analysis of the predicted plasma AUC, s, of quercetin monoglucuronides (QG),
quercetin diglucuronides (QdiG), quercetin glucuronide methyl conjugates (QGM), quercetin
glucuronide sulfate conjugates (QGS), quercetin diglucuronide methyl conjugates (QdiGM), and
guercetin glucuronide sulfate methyl conjugates (QGSM) in rat exposed to 7.6 mg/kg bw quercetin-4'-
O-glucoside. The parameters are stand for: bw = body weight, VTi = tissue volume (Ti = | (small
intestine), L (liver)), QC = cardiac output, QI = blood flow to small intestine, Ky, = biliary excretion
rate constant, R = blood/plasma ratio, CL = intestinal efflux clearance, SOPI = small intestinal S9
protein content, SOPL = liver S9 protein content, Vs and Ky, = the maximum rate of formation and
the Michaelis-Menten constant for formation of metabolite (G (glucuronide), S (sulfate), M
(methylate), reduction factor of V n, for sulfate-conjugate of QG or QGM (a), methylate-conjugate of
QG or QGS (b), glucuronide-conjugate of QG or QGM (c), and induction factor of K., for sulfate-
conjugate of QG or QGM (d), methylate-conjugate of QG or QGS (e), glucuronide-conjugate of QG
or QGM (f).
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predicted excretion of quercetin metabolites via bile, urine and intestinal efflux transport to in
vivo reported levels of excretion through these routes. The excretion parameters for the model
defined were obtained by fitting the predicted AUC,.s, of the total quercetin metabolites in
plasma to the reported levels in vivo. Based on this approach, the model predicted that the
amount of quercetin metabolites excreted to bile after 24 h corresponds to 35% of the dose at
a dose of 10 mg/kg bw quercetin, which is the same as the reported level in rats of 35% of the
dose at the same dose level [30]. The predicted urinary excretion of quercetin metabolites
after 24 h, corresponding to 3% of the dose at a dose of 49 mg/kg bw quercetin-4'-O-
glucoside, is only 4-fold lower than the level reported in rats exposed to an equivalent dose
quercetin-3-O-glucoside which amounted to 12% of the dose [46]. The predicted intestinal
efflux of quercetin metabolites after 24 h, amounting to 63% of the dose at a dose of 0.9
mg/kg bw quercetin, is only 1.2-fold higher than the level of 52% of the dose reported for rats
exposed to the same dose [37]. Altogether, the model adequately predicted biliary and urinary
excretion as well as intestinal efflux of quercetin metabolites, indicating that the highest level
of excretion occurs via intestinal efflux transporters.

Due to the fast level of formation of monoglucuronides, these metabolites can be
subjected to further metabolism resulting in the formation of di- and tri-conjugates of
quercetin. The kinetic parameters for all possible di- and tri-conjugates were obtained by
fitting these parameters to match in vivo reported plasma concentrations of the different
mono-, di-, and tri-conjugates. The results revealed that especially further glucuronidation of
quercetin monoglucuronides occurs with a lower catalytic efficiency than glucuronidation of
the quercetin itself. This is likely due to an increase in the molecular size of the substrates
which could affect their binding to the conjugating enzymes as reported by Takenaga et al.
who stated that for indolocarbazole analogs a molecular size smaller than 14.5 A might be
required for a compound to be a substrate for O-glucuronidation [47]. Manevski et al. also
reported an effect of the size of substrate on the binding to UGT1A6 with the relatively
bulkier size chain of psilocin preventing its binding to the active site of UGT1A6, whereas the
somewhat smaller size chain of serotonin allows binding [48]. In addition to further
glucuronidation, also methylation of quercetin diglucuronides was also predicted to occur
with a much lower catalytic efficiency than methylation of quercetin, which may be related to
the bulkiness of the diglucuronide. Other conversions were estimated to differ only slightly
compared with the kinetic constants for the formation of mono-conjugates.

Both exposure to quercetin as aglycone and to its 4'-O-glucoside was predicted to
result in circulating metabolites of quercetin that are di- and tri-conjugates of
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monoglucuronides, especially QdiG and QGSM (Figure 2.6). Already at 0.5 h upon dosing
with 0.4 mg/kg bw quercetin, their AUC in plasma makes up 64% of the total quercetin and
its metabolites in plasma. This prediction is in agreement with data reported in rats [21-23] as
well as in humans [24, 25]. In rats, various di- and tri-conjugates of quercetin were detected at
0.5 h upon dosing with 7.6 mg/kg bw [2-**C]quercetin-4-O-glucuronide, in which QdiG was
the major circulating metabolites at 0.5 h as time passed QGSM became the major
metabolites at 1 h [21]. The same results are also observed in humans, also various di- and tri-
conjugates of quercetin were detected in plasma at 0.5 h upon dosing with onion [24, 25]. The
biological activity of quercetin or flavonoids in vivo could be due to these circulating
metabolites as conjugation of flavonoid does not always result in a reduced biological activity
of flavonoids [8]. In addition, it is increasingly postulated that deconjugation of the
conjugates may be responsible for the biological activity by releasing the active aglycone in a
tissue [49, 50]. However, so far no in vitro experiments have been performed to identify
whether deconjugating enzymes can actually deconjugate di- and tri-conjugates. The results
obtained with the PBK model allow to identify which metabolites will be relevant to study for
their biological activity or to use in incubation to determine deconjugation, which are
predominantly QdiG and QGSM metabolites.

Overall, the newly developed PBK model adequately predicted plasma concentrations
of quercetin and its metabolites including mono-, di-, and tri-conjugates and provides an
indication of the nature of the circulating metabolites of quercetin in plasma of rat. As we still
lack in vivo kinetic data for many flavonoids, the developed model has a great potential to be
used as a platform to build PBK models for other flavonoids as well as to predict the kinetics

of flavonoids in humans.
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Chapter 3

Abstract

Biological activities of flavonoids in vivo ultimately depend on the systemic
bioavailability of the aglycones and their metabolites. We aimed to develop physiologically
based kinetic (PBK) models to predict plasma concentrations of the flavonoid quercetin and
its metabolites in individual human subjects and to define species differences compared with
male rat. The human models were developed based on in vitro metabolic parameters derived
from incubations with pooled and 20 individual human tissue fractions and by fitting Kinetic
parameters to available in vivo data. The outcomes obtained were compared to a previously
developed model for quercetin and its metabolites formation in male rat. Quercetin-3"-O-
glucuronide was predicted to be the major circulating metabolite in 19 out of 20 individuals,
while in male rat di- and tri-conjugates of quercetin containing a glucuronic acid, sulfate
and/or methyl moiety are the major metabolites. Significant species differences occur in
major circulating metabolites of quercetin suggesting that rat is not an adequate model to
study effects of quercetin in man. The defined PBK models can be used to guide the
experimental design of in vitro experiments with flavonoids, especially to better take into
account the relevance of metabolism and the contribution of metabolites to the biological

activity in humans.
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Inter- and intraspecies differences in metabolic plasma profiles of quercetin

3.1 Introduction

Flavonoids are polyphenolic compounds widely distributed in fruits and vegetables.
These compounds have received a lot of attention for their possible beneficial health effects
against various degenerative disorders such as cancer [1], cardiovascular diseases [2, 3], and
obesity and diabetes [4]. A vast amount of in vitro studies have been conducted to elucidate
modes of actions underlying these health effects. However, where most of these in vitro
studies are performed with the aglycone, this form is hardly available in vivo due to extensive
metabolism of the flavonoid aglycone in the intestine and liver. As a result, mainly flavonoid
conjugates occur in the systemic circulation. Little is known about the nature and
physiologically relevant concentrations of these circulating conjugates, nor about species
differences and interindividual human variation herein. However, interpretation as well as
design of both in vitro and in vivo animal and human experiments would benefit from insight
in the nature and physiologically relevant concentrations of circulating conjugates. The aim of
the present study was to use physiologically based kinetic (PBK) modeling to predict the
nature and regiospecificity of the major circulating metabolites using quercetin as a model
compound.

Quercetin is one of the most prevalent flavonoids in the human diet (e.g. onions) and
also one of the most widely studied flavonoids [5]. Upon absorption, quercetin aglycone can
be directly taken up in the small intestine by passive diffusion, but its glucoside needs to be
deglycosylated to the aglycone by brush-border lactase phlorizin hydrolase or by intestinal
microflora prior to absorption [6, 7]. In the small intestine and liver, quercetin is metabolized
via glucuronidation, sulfation and methylation (Figure 3.1). Numerous mono-, di- and tri-
conjugates of quercetin containing glucuronic acid, sulfate and/or methyl moieties have been
detected in plasma of rat as well as in human [8-10]. Various metabolites have been reported
as major circulating metabolites of quercetin in humans. Mullen et al. reported quercetin-3’-
O-sulfate and quercetin-3-O-glucuronide to be among the major circulating metabolites 0.5 h
after consumption of 270 g fried onions [10]. Lee et al. found that quercetin
monoglucuronides are major circulating metabolites 0.5 h after consumption of 47.5 g onion
powder [9]. Another study by Day et al. reported that the major circulating metabolites of
quercetin in plasma 1.5 h after consumption of 200 g fried onions, are quercetin-3-O-
glucuronide, 3’-O-methylquercetin-3-O-glucuronide, and quercetin-3"-O-sulfate [11]. In
comparison, in rats the major circulating metabolite detected 1 h after dosing of 7.6 mg/kg bw

quercetin-4’-O-glucoside (Q4°Gly) was a tri-conjugate containing glucuronic acid, sulfate and
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methyl moieties [8]. Based on our previous PBK model studies, this tri-conjugate in rat was
tentatively identified as 7-O-glucuronide,-3"-O-sulfate,-4"-O-methylquercetin [12].
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Figure 3.1 Conversion of quercetin to different possible mono-conjugates [12].

To obtain better insights in the nature and concentration of circulating metabolites of
quercetin and interindividual human variation, PBK models for quercetin in (individual)
humans were defined based on kinetic parameters for the formation of different metabolites
obtained from in vitro incubations with relevant individual and pooled human tissue fractions
and by fitting kinetic parameters to the available in vivo data [9-11]. A subsequent
comparison was made with the previous defined PBK model for quercetin in male rats [12] to

elucidate possible species differences in the major circulating metabolites.

3.2Material and methods
3.2.1 Materials

Pooled, mixed-gender human small intestine and liver S9 fractions, individual human
liver S9 fractions from 20 different individual, and pooled human liver cytosol were
purchased from Xenotech (Lenexa, USA). Quercetin, L-ascorbic acid, uridine 5'-
diphosphoglucuronic acid (purity 98%), S-(5’-adenosyl)-L-methionine (purity 80%), 3'-
phosphoadenosine-5'-phosphosulfate  (purity 65%,), tris (hydroxymethyl)aminomethane,

alamethicin (from Trichoderma viride), and B-glucuronidase/sulfatase (from Helix pomatia)
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were purchased from Sigma-Aldrich (Steinheim, Germany). Potassium dihydrogen
phosphate, dipotassium hydrogen phosphate trihydrate, acetic acid (glacial), hydrochloric acid
(fuming 37%), ammonium acetate, magnesium chloride, sodium acetate trihydrate, and
trifluoroacetic acid (for spectroscopy) were purchased from VWR International (Darmstadt,
Germany). Dimethyl sulfoxide (DMSO) was purchased from Acros Organic (New Jersey,
USA). Acetonitrile (ULC/MS) and methanol (ULC/MS) were purchased from Biosolve
(Valkenswaard, The Netherlands). Quercetin-3-O-glucuronide, isorhamnetin (3'-O-
methylquercetin), and tamarixetin (4’-O-methylquercetin) were purchased from Extrasynthese

(Genay Cedex, France).

3.2.2 Glucuronidation of quercetin by pooled and individual human tissue fractions

To obtain kinetic parameters for glucuronidation of quercetin, incubation mixtures
(final volume of 100 pl) were prepared containing (final concentrations) 0.1 M Tris-HCI (pH
7.4), 10 mM MgCl,, 1 mM ascorbic acid, 0.04 mg/ml pooled human small intestine or 0.03
mg/ml pooled liver S9 fractions, and 4 mM uridine 5’-diphosphoglucuronic acid as cofactor.
The incubation mixtures were pre-treated on ice with 0.025 mg/ml alamethicin added from a
200 times concentrated stock solution in methanol for 15 min to obtain optimal
glucuronidation activity [13]. The reactions were initiated by adding quercetin (final
concentrations ranging from 0.15 uM to 20 uM) added from 200 times concentrated stock
solutions in DMSO after preincubating at 37°C for 1 min. The reactions were terminated by
adding 25 pl ice-cold acetonitrile:acetic acid (94:6) (v/v) after 6 min or 7 min for incubations
with small intestine S9 or liver S9. To evaluate interindividual human variation in
glucuronidation, incubations with individual human liver S9 fractions were performed as
described for pooled liver S9. These reactions were carried out for 5 to 20 min at 37°C and at
an S9 protein content ranging from 0.01 to 0.03 mg/ml, depending on the human subject.
Under the specified conditions, the formation of quercetin monoglucuronides was linear in
time and with protein concentration (data not shown). The nature of the glucuronide
metabolites was confirmed by treating samples with B-glucuronidase (B-
glucuronidase/sulfatase). For these reactions, 50 pl of the non-terminated mixtures were
added to 50 pl of 0.1 M sodium acetate (pH 5.0) containing 1 mM ascorbic acid and 0.8
units/ml B-glucuronidase. These incubations were carried for 1 h at 37°C and terminated by

addition of 25 pl ice-cold acetonitrile:acetic acid (94:6) (v/v).
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3.2.3 Sulfation of quercetin by pooled and individual human tissue fractions

To obtain kinetic parameters for sulfation of quercetin, incubation mixtures (final
volume of 100 ul) were prepared containing (final concentrations) 0.1 M potassium phosphate
(pH 7.4), 1 mM ascorbic acid, 0.2 mg/ml pooled human small intestine or 1 mg/ml pooled
liver S9 fractions, and 0.1 mM 3'-phosphoadenosine-5’-phosphosulfate as cofactor. Samples
were preincubated at 37°C for 1 min prior to the addition of quercetin (final concentration
ranging from 0.15 uM to 4 uM) added from 200 times concentrated stock solutions in DMSO
to initiate the reactions. The reactions were terminated after 12 min by the addition of 25 pl
ice-cold acetonitrile:acetic acid (94:6) (v/v). To evaluate interindividual human variation in
sulfation, incubations with individual human liver S9 fractions were performed as described
for pooled liver S9. These reactions were carried out at an S9 protein content ranging from 0.2
to 0.8 mg/ml for 6 to 40 min, depending on the human subject. Under the specified
conditions, the formation of quercetin sulfate conjugates was linear in time and with protein
concentration (data not shown). Formation of the quercetin sulfate conjugates was confirmed
by adding 50 pl of a non-terminated mixture to 50 pl of 0.2 M potassium phosphate (pH 6.2)
containing 1 mM ascorbic acid and 100 units/ml sulfatase (B-glucuronidase/sulfatase). These
samples were incubated for 1 h at 37°C and the reactions were terminated by addition of 25 pl
ice-cold acetonitrile:acetic acid (94:6) (v/v). To determine whether the microsomal protein in
S9, which can serve as a potential source of sulfatase enzymes could influence the rate of
formation of the different sulfate conjugates, incubations were performed with cytosol [14,
15]. These reactions revealed proportionally the same kinetic constants as with S9 indicating

no influence of microsomes on the reaction (data not shown).

3.2.4 Methylation of quercetin by pooled and individual human tissue fractions

To obtain kinetic parameters for methylation of quercetin, incubation mixtures (final
volume 100 ul) were prepared containing (final concentrations) 0.1 M potassium phosphate
(pH 7.4), 1 mM ascorbic acid, 1 mg/ml pooled human small intestine or 1 mg/ml pooled liver
S9 fractions, and 2 mM S-(5-adenosyl)-L-methionine as cofactor. The reactions were
initiated by the addition of quercetin (final concentrations ranging from 0.25 uM to 40 uM)
added from a 200 times concentrated stock solution in DMSO after 1 min preincubation at
37°C. Upon incubating for 22 min, 25 ul ice-cold acetonitrile:acetic acid (94:6) (v/v) were

added to terminate the reactions. To evaluate interindividual human variation in quercetin
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methylation, incubations with individual human liver S9 fractions were performed as
described for pooled liver S9. These reactions were carried out at an S9 protein content
ranging from 0.3 to 1 mg/ml for 15 to 122 min at 37°C, depending on the human subject.
Under the specified conditions, methylation of quercetin was linear in time and with protein

concentration (data not shown).

3.2.5 UPLC analysis

Kinetic constants were obtained from triplicate incubations for pooled tissue fractions
and duplicate incubations for individual human liver fractions. Blank incubations were carried
out without the cofactor. The amount of glucuronide, sulfate and methyl conjugates formed,
was analyzed on a UPLC-DAD system consisting of a Waters (Milford, MA) Acquity binary
solvent manager, sample manager, and photodiode array detector, equipped with a Waters
Acquity UPLC BEH RP 18 column (1.7 um, 2.1 x 50 mm). Before analysis, all samples were
centrifuged at 18,600 x g for 5 min at 5°C to precipitate proteins and 10 ul of the supernatant
was immediately analyzed. For glucuronide conjugates, a gradient of 2.5 mM ammonium
acetate in nanopure water (eluent A) and acetonitrile (eluent B), was used with a flow rate of
0.6 ml/min with the following profile: 10-25% B (0-1.8 min); 25-90% B (1.8-2.5 min); 90% B
(2.5-3.8 min); 90-10% B (3.8-4 min) and 10% B (4-5 min). For sulfate and methyl
conjugates, a gradient of nanopure water containing 0.1% (v/v) trifluoroacetic acid (eluent A)
and acetonitrile (eluent B) was used with a flow rate of 0.6 ml/min with the following profile:
20-25% B (0-1.8 min); 25-35% B (1.8-2.3 min); 35% B (2.3-2.8 min); 35-100% B (2.8-3
min); 100% B (3-4.1 min); 100-0% B (4.1-4.3 min); 0% B (4.3-5.5 min); 0-20% B (5.5-5.6
min) and 20% B (5.6-5.8 min).

The metabolites obtained from glucuronidation and sulfation were identified by
comparing the UV-spectra and the elution order of each metabolite with those reported in the
studies of Boersma et al. [16] and van der Woude et al. [17] as described previously for
incubations with rat tissue fractions [12]. The metabolites obtained from incubations
measuring methylation were identified by comparing the UV-spectra and the retention time
with commercially available standards of 3’-O-methylquercetin and 4’-O-methylquercetin.
All quercetin metabolites were quantified by integrating the peak areas at 370 nm and by
using the calibration curves of quercetin-3-O-glucuronide (for glucuronide conjugates),
quercetin (for sulfate conjugates), and 3’-O-methylquercetin and 4°-O-methylquercetin (for

methyl conjugates).
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3.2.6 LC-MS analysis

The nature of the formed metabolites from glucuronidation, sulfation and methylation
of quercetin was identified using LC-MS on a Perkin Elmer 200 series HPLC system (Perkin
Elmer, Waltham, MA) coupled to an API 3000 system (Applied Biosystem, Foster city, CA).
Aliquots of 10 pl were injected on an Agilent Zorbax Extend-C18 column, 2.1 x 50 mm, 3.5
Micron 80 A with a Zorbax guard column (Basel, Switzerland). The same gradient
compositions as described in Section 3.2.5 were used, except that eluent A was nanopure
water containing 0.1% (v/v) acetic acid and a flow rate of 0.2 ml/min was used with the
following profile: 20% B (0-1 min), 20-35% B (1-4 min), 35% B (4-6 min), 35-80% B (6-10
min), 80% B (10-15 min), 80-20% B (15-16 min), and 20% B (16-20 min). The mass
spectrometric analysis was performed in the negative ion mode using a spray voltage of 4.5
kV and a capillary temperature of 180°C. The nebulizer gas (air), curtain (nitrogen),
declustering potential, focusing potential, and entrance potential were set to 10, 8, -51, -200,
and -13.7, respectively. Analysis was carried out using product ion (MS?) scanning from m/z
200-600.

3.2.7 Kinetic analysis

Kinetic parameters (i.e. apparent maximum velocity (Vmax@pp) and apparent
Michaelis-Menten constant (Km@pp))) for glucuronidation, sulfation, and methylation of
quercetin were determined by fitting the data to the standard Michaelis-Menten equation:

V = Vinax X [S)/(Km*[S]) €
where [S] represents the substrate concentration. The data were fitted to the Michaelis-
Menten equation with GraphPad Prism, version 5.04 (GraphPad Software, San Diego,
California, USA).

3.2.8 Definition of the PBK model for (individual) human subjects

The PBK models that describe the absorption, distribution, metabolism and excretion
(ADME) of quercetin in (individual) humans were defined in a similar manner as used for
developing the previously defined PBK model for quercetin in male rats [12]. The structure of
the models is displayed in Figure 3.2. The kinetic data describing metabolic conversion of
quercetin to its primary metabolites were obtained in the present study based on the in vitro
experiments (see section 3.3.1-3.3.3). Even though quercetin is one of the most studied
flavonoids, there are only few studies identifying and quantifying the plasma profiles of
