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Purpose. To determine the pharmacokinetics of quercetin and its glucuronide/sulfate conjugates and to
develop a pharmacokinetic model to simultaneously describe their disposition after intravenous and oral
administration in rats.

Methods. After oral, intraportal, and intravenous administration of quercetin, serial plasma, urine, and
fecal concentrations of quercetin and its conjugates were determined by an HPLC method. Enter-
ohepatic recirculation was evaluated in a linked-rat model as well as after oral administration of bile
containing quercetin and its metabolites. Based on the experimental data, a specific compartmental
model was developed and validated to describe and predict the plasma concentration-time profiles of
quercetin and its conjugates after oral and intravenous administration.

Results. Only 5.3% of unchanged quercetin was bioavailable, although the total quercetin absorbed was
as high as 59.1%. After oral administration, about 93.3% of quercetin was metabolized in the gut, with
only 3.1% metabolized in the liver. No significant enterohepatic recirculation was observed for both
quercetin and its conjugated metabolites. The pharmacokinetic model fitted well the observed data of
quercetin and its conjugates.

Conclusions. Our study clarifies the relative importance of the gut, liver, and bile in the metabolism and
excretion of quercetin and its conjugates. The pharmacokinetic model appears to be suitable for
describing the absorption and disposition of the quercetin and its conjugates and may be applicable to
other flavonoids that undergo similar pharmacokinetic pathways.
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INTRODUCTION

Flavonoids are a group of polyphenolic compounds
widely present in plants and vegetables, such as onion, apple,
tea, and Ginkgo biloba. These products are commonly con-
sumed as food and medicine (1-3). Flavonoids or flavonoid-
containing products have been reported to possess extensive
biological activities, including antioxidative and anticancer
properties (3,4). Epidemiological studies also have shown
that high intake of flavonoids is associated with reduced risk
of coronary heart disease and cancers (4,5). Thus, flavonoid-
containing products may be beneficial when consumed as
health food or herbal supplements.

Quercetin (3,5,7,3',4'-pentahydroxyflavanone) is one of
the most prevalent flavonoids present in health food or
herbal products. Besides its antioxidative and anticancer
properties, quercetin also has been reported to benefit
prostatitis and interstitial cystitis (6,7). In view of the popular
usage of quercetin containing products and the potential of
quercetin as a promising pharmacological agent, the phar-
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macokinetics and pharmacodynamics of quercetin should be
carefully studied.

At present, the pharmacokinetics of quercetin has not
been fully characterized, although a number of studies have
been carried out both in animals and humans. These studies
showed that the oral bioavailability of the unchanged
quercetin is low. However, high amount of metabolites, for
example, conjugated quercetin is found in the systemic
circulation (8,9). The low bioavailability of quercetin and
high metabolite concentrations indicate extensive gut and/or
liver first-pass metabolism (9,10). The relative contribution
of gut versus liver is nevertheless unknown. Additionally, the
high concentration of conjugated quercetin observed in the
bile indicates potential enterohepatic recirculation (2,11),
which may contribute to the high plasma metabolite concen-
trations in the body. The relationship of the biliary excretion
or enterohepatic recirculation toward gut and liver first-pass
effect is unknown at present.

In view of the lack of mechanistic and quantitative
description of quercetin and its metabolites, this study is
designed to 1) determine the relative contribution of gut and
liver first-pass effect of quercetin, 2) clarify the significance of
enterohepatic recirculation, and 3) develop a pharmacokinet-
ic model that can simultaneously describe the pharmacoki-
netics of both the unchanged quercetin and its conjugated
metabolites following oral and intravenous administration of
quercetin.
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MATERIALS AND METHODS
Materials

Quercetin, fisetin (internal standard), and B-glucuroni-
dase/sulfatase (type H-1, Helix pomatia) were purchased
from Sigma (St. Louis, MO, USA). Isorhamnetin was
obtained from Indofine Chemical Company, Inc. (Somerville,
NJ, USA). Hydroxypropyl-p-cyclodextrin [HP-B-CD, molar
substitution (M.S. = 0.6)] was purchased from Sigma (St.
Louis, MO, USA). Waters Oasis Hydrophilic-Lipophilic-
Balanced (HLB, lcc) copolymer extraction cartridges were
purchased from Waters (Milford, MA, USA). HPLC grade
methanol and acetonitrile were purchased from Labscan Asia
Co. Ltd. (Bangkok, Thailand).

Animals

Male Sprague-Dawley rats, weighing 280-330 g, were
obtained from Laboratory for Animal Services Centre, The
Chinese University of Hong Kong. The rats were housed in
metabolic cages under a 12/12 h light/dark cycle (with lights
coming on at 7 a.m. and turning off at 7 p.m.). The rats were
fed with rice as described previously (12). Ethical approval
for the study was obtained from the Animal Care and Ethics
Committee of The Chinese University of Hong Kong.

Methods
Determination of First-Pass Effect in the Gut and Liver

To distinguish the first-pass effect of gut versus liver,
oral, intraportal as well as intravenous quercetin were admin-
istered separately in three groups of rats (n = 5 in each group).
Group 1 received a single iv dose of 10 mg/kg of quercetin via
a jugular vein. Group 2 received the same dose orally by
gavage. Group 3 received the same dose by intraportal
injection. The quercetin dose was prepared as in 15% (w/v)
HP-B-CD water solution. For drug administration and sam-
pling, the jugular and portal polyethylene catheters (0.40 mm
1.D., 0.80 mm O.D., Portex Ltd., Hythe, Kent, England) were
inserted using the technique as previously described (13).
Following each dose (single iv and intraportal injection
administration was finished about 10 s), a 220 pl of blood
was withdrawn from the right jugular vein at 1, 3, 5, 8, 12, 16,
20, 25, 30 min for the determination of unchanged quercetin
concentration. Also, a 50 pul of blood was collected at 1, 5, 12,
30 min and 1, 2, 4, 8, 12, 24 h for the determination of total
quercetin concentration. After each sampling, the blood loss
was replaced with an equal volume of normal saline. The
blood sample was centrifuged at 13,000 rpm for five minutes;
then the plasma was separated and stored at —80°C until
analysis.

Following the iv and oral dosing, urine was collected at
0-0.5, 0.5-1, 1-2, 2-4, 4-8, 8-12, 12-18, 18-24 h intervals
and stored in tubes containing 0.5 ml concentrated acetic acid
to maintain urinary pH below 3.0 (to prevent degradation of
quercetin). Feces was also collected over 24 h. All urine and
feces samples were stored at —80°C until analysis.
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Evaluation of Biliary Excretion and Enterohepatic
Recirculation of Quercetin

Assessment of Biliary Excretion. Biliary excretion was
determined in bile duct cannulated rats (n = 4). The bile
duct cannulation was performed according to the method
reported previously (14). Following an intravenous dose of
10 mg/kg quercetin, the bile samples were collected right
before (time zero) and at 0-0.25, 0.25-0.5, 0.5-1, 1-2, 2-4,
4-8, 812, 12-18, 1824 h intervals post dosing. Also
blood samples were collected as described previously.
All bile and plasma samples were stored at —80°C prior
to analysis.

Evaluation of Reabsorption of Quercetin from the Rat
Gut in a Linked-Rat Model. To study the enterohepatic re-
circulation of quercetin, a linked-rat model (15) was used.
In the linked-rat model, paired-rats (one for donor and the
other for recipient of bile) were anesthetized by intraperi-
toneal injection of sodium pentobarbital (50 mg/kg). The bile
of the donor rat was channeled to flow into the
corresponding duodenum of the recipient rat according to a
method described previously (15).

In 3 pair of rats, a 10 mg/kg dose of quercetin in 15% (w/v)
HP-B-CD water solution was administered intravenously to
each donor rat. A 220 pl blood sample was collected from the
portal vein of each recipient rat at 0, 2, 5, 10, 15, 20, 25, 30 min
and 1, 2, 4, 8 h post drug administration. After each sampling,
the blood loss was supplemented with an equal volume of
normal saline. The plasma was separated from the blood and
then stored at —80°C until analysis.

Evaluation of Reabsorption of Quercetin from the Rat
Gut by Administration of Bile Containing Quercetin and its
Metabolites. Because the rats in the linked-rat study were
carried out under anesthesia which may influence the drug
absorption (16), enterohepatic recirculation of quercetin was
further investigated by the oral administration of bile that
contained quercetin and its metabolites. Following an iv
administration of a 10 mg/kg dose of quercetin to three rats,
the bile that contained quercetin and its metabolites were
collected continuously over two hours via a bile duct
catheter (in a prior experiment, it was found that more
than 90% of quercetin was excreted in the bile within 2 h).
The bile collected from each of the 3 rats was then
administered to another three rats by intragastric gavage (1
ml), followed by flushing with 0.5 ml water (Observation
was made to encertain that no disgorge occurred during
experiment). A 220 ul blood sample was collected via a
portal vein catheter at 0, 2, 5, 10, 15, 20, 25, 30 min, and
then 50 ul blood collected at 1, 2, 4, 8 h. The blood loss
was replaced with an equal volume of normal saline. The
plasma was separated from the blood by centrifugation at
13000 rpm for 5 min, and then stored at —80°C until
analysis.

Determination of Absorption Rate Constant

The absorption rate constant of quercetin was determined
and calculated according to the method previously described
(17). This method assumes that there is no difference in the
portal and systemic plasma drug concentration after the iv
administration. The lack of portal-systemic concentration
difference after iv administration was subsequently verified
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in 5 rats. Thus, any increase in portal plasma concentration
following oral drug administration is presumed to be due to
absorption, and the absorption rate constant can be estimat-
ed by measuring the portal-systemic concentration gradient.
The portal-systemic concentration difference after oral
administration was determined at 2, 5, 10, 15, 20, 25, 30, 35,
40, 45 min and 1, 2, 4,8 h (n = 5).

Assay of Quercetin and Metabolites

The plasma concentrations of unchanged free and total
quercetin in rat plasma, urine or bile were determined by an
HPLC method with electrochemical detection. The chro-
matographic system consisted of a Waters 2695 separation
module, and a Waters 464 Electrochemical Detector (ECD)
with a glassy carbon working electrode and an Ag/AgCl
reference electrode (Milford, MA, USA). The working
potential of ECD was set at +1.2 V vs. Ag/AgCl. Chromato-
graphic separation was achieved by a reversed-phase Cig
column (Hypersil BDS Cjs, 5 um, 250 x 4.6 mm L.D.,
Runcorn, Cheshire, UK) attached to a guard column (Hyper-
sil BDS Cig, 5 pm, 10 x 4.6 mm L.D.). The mobile phase,
consisting of a mixture of methanol (0-15 min: 5-80%),
acetonitrile (0-15 min: 25-0%) and phosphate buffer (pH
2.5) (0-15 min: 70-20%) was run with a gradient elution
program.

For the determination of unchanged quercetin, 10 pl of
acetic acid (0.58 M) and 10 pl of ascorbic acid solution (1 M)
were added to 0.1 ml of plasma sample, followed by the
addition of 10 pl of internal standard (fisetin, 5 pg/ml). The
mixture was then diluted with 1 ml of 30% methanol in 0.05
M sodium dihydrogen orthophosphate buffer (pH 2.4,
adjusted by phosphate acid). After vortexing and centrifuga-
tion, the supernatant was applied to a HLB cartridge [which
was preconditioned with 1 ml of methanol, followed by 1 ml
of 0.05 M sodium dihydrogen orthophosphate buffer (pH
2.5)]. After rinsing the cartridge with 1 ml 80% methanol in
0.05 M sodium dihydrogen orthophosphate buffer (pH 2.5),
targeted compounds were eluted from the cartridge using
1 ml methanol. The eluate was evaporated to dryness under a
gentle stream of nitrogen. The residue was reconstituted in
100 pl of 50% methanol in the 0.05 M sodium dihydrogen
orthophosphate buffer (pH 2.5), and 50 pl was injected into
HPLC.

For the determination of total quercetin in plasma, a 20
pl of plasma was hydrolyzed by B-glucuronidase/sulfatase
(5000 units/ml, dissolved in 0.2 M sodium acetate buffer, pH
5.0) according to the procedure described previously (18).
After hydroxylation, the sample was extracted in the same
manner as described above.

The concentrations in the bile and urine were measured
using the same method as the plasma (These bile samples
were first centrifuged and then diluted 10 fold with blank bile
before extraction). Fecal samples were extracted with 200 ml
methanol by shaking vigorously for 5 min. A 1 ml methanol
extraction suspension was transferred to a clean tube and
evaporated to dryness. The sample was then analyzed using
the same method as the plasma.

The calibration curve was linear in the examined
concentration range of 0.01 to 50 pug/ml (R* > 0.998) with
the detection limit of 10 ng/ml. The inter-day and intra-day

Chen, Yin, Zuo, and Chow
precisions were less than 15%. The extraction recoveries
were 65% ~80% for all samples.

Pharmacokinetic Data Analysis

Pharmacokinetic analyses were performed using the
non-compartmental analysis as well as compartmental phar-
macokinetic modeling. For non-compartmental analysis, the
area under the concentration-time (AUC) curve was calcu-
lated using linear/log trapezoidal method (WinNonlin soft-
ware package, version 2.1, Pharsight Corporation, Palo Alto,
CA, USA). The oral bioavailability (F) relative to intrave-
nous injection was calculated as F = (AUC,/AUGC;,) x
100%.

Pharmacokinetic Model Construction and Validation.
The proposed model is shown in Fig. 1. Following a given
oral dose, quercetin can be divided into three fractions.
Fraction 1 (F,) represents the directly absorbed quercetin,
fraction 2 (F,) represents the conjugated quercetin in the gut
lumen or gut wall which is subsequently absorbed via portal
vein; and fraction 3 (F3), represents the degraded product in
the gut lumen or gut wall which are excreted. Once quercetin
(Fy) is absorbed, it is conjugated by the liver or excreted via
urine/bile. Once the conjugated metabolites (F,) is absorbed,
it is excreted in the urine or bile.

p.o.
Quercetin
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Fig. 1. Schematic representation of the compartmental model for
unchanged quercetin and its glucuronide/sulfate conjugates following
oral and iv administration in rats. Compartments are as follows: 1 and
2 represent central and peripheral compartments of quercetin; 3 and
4 represent central and peripheral compartments of quercetin
glucuronide/sulfate metabolites. K; is the constant of metabolic
conversion to (or formation of) glucuronide/sulfate conjugates; Kiq
is the excretion rate constant of unchanged quercetin in urine or bile;
K, K>1, K34, and Ky3 are the intercompartmental rate constants; K3
is the elimination rate constant of quercetin glucuronide/sulfate
metabolites through biliary excretion and/or further degradation, for
example, to CO, (see “Discussion”); K,; and K,, are the oral
absorption rate constants of quercetin and quercetin glucuronide/
sulfate conjugates, respectively. D is the oral dose; F; is the absorbed
fraction of quercetin; F, is the absorbed fraction of quercetin
glucuronide/sulfate conjugates; F5 is the unabsorbed and degraded
fraction in the gut (see “Discussion”).
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Assumptions for this model are 1) rapid conversion of
unchanged quercetin to its glucuronide/sulfate conjugates in
the gut; 2) quercetin glucuronide/sulfate conjugates are the
major metabolites of quercetin in rats and the minor
quercetin methylate conjugates are not significant and can
be ignored; 3) glucuronide/sulfate conjugates are combined
as one entity; 4) the linear pharmacokinetics of the un-
changed quercetin and its metabolites (Which were observed
at doses of 25 mg/kg and 50 mg/kg in rats) (19).

The differential equations for the change of amount of
substance with time in each compartment following oral and
iv doses are shown in the Appendix. As a part of model
validation, structurally identification analysis was first per-
formed to assure all proposed model parameters could be
practically determined. Based on the results of identification
analysis, the integrated solutions for the plasma concentra-
tions of quercetin and its conjugates were subsequently
obtained (see Appendix).

Model Fitting and Validation. The proposed model was
fitted to the combined mean plasma concentration data of
unchanged quercetin and its conjugates after oral and iv
administration. Nonlinear regression analysis was performed
using Gauss-Newton method, with the aid of WinNonlin
software package (version 2.1, Pharsight Corporation, Moun-
tain View, CA, USA). Weighted sum of squared residuals
(WSSR) was used as the objective function.

In view of the wide plasma concentration range of un-
changed quercetin and its conjugates, different weighting
schemes (i.e., weighting factor of 1, 1/C, 1/C?) were firstly
investigated for the model fitting. The use of a weighting
factor of 1/C? was found to be most appropriate based on
the residual plot and lowest value of WSSR. In addition, the
initial evaluation of the model also demonstrated that the
incorporation of a lag-time () improved the model fitting
and thus was subsequently used for all model fitting following
oral administration.

Initial parameter estimates for Vi, K5y, o4, B; were ob-
tained from the two-compartmental analysis of the iv
quercetin concentration data. Initial estimates for Fy, F,,
K., and K,, were obtained using the experimental data (see
result tables). B, was estimated by linear-regression of the
terminal phase of the concentration-time curve of glucuronide/
sulfate conjugates. Initial estimates for the remaining param-
eters (V3, K43, 0) were arbitrarily set at a range for iteration.

The goodness-of-fit was assessed by visual inspection of
the residual plots, parameter estimation precision, correlation
(R) between the observed and predicted concentration values,
Akaike’s information criterion (AIC) and Schwarz criteria
(SC). In addition, the predictive performance of this model
was also evaluated according to the criteria suggested by
Sheiner et al. (20). The mean error (ME) and the root mean
square prediction error (RMSE) were estimated according to
the following:

n
> (predicted value — observed value)
i=1

ME =
n

i=1

i (predicted value — observed value)’
RMSE = -
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RESULTS
First-Pass Effect of Quercetin in the Gut and Liver

The plasma concentration—time profiles of unchanged
and total quercetin following iv and oral adminsitraiton are
shown in Fig. 2. The systemic bioavailability of oral quercetin
based on the unchanged quercetin, the combined glucuro-
nide/sulfate conjugates and total quercetin were 5.3%, 47.8%
and 59.1%, respectively (see Table III). After oral adminis-
tration, about 6.7% of oral dose was absorbed into portal
vein in the form of unchanged quercetin. Thus, about 93.3%
of oral quercetin dose was “lost” in the gut.

The bioavailability of unchanged quercetin following
intraportal administration was 52.6%, which corresponded to
the hepatic extraction ratio of 47.4%. However, only 3.1% of
an oral dose was found to be extracted by the liver following
the intestinal first-pass. The AUCs of total quercetin following
intraportal and intravenous administration of quercetin were
similar (mean + SD, 20.44 + 5.1 and 23.31 + 2.96 ug h/ml,
unpaired student #-test, p > 0.05), indicating that there was no
significant conversion to metabolites other than quercetin
glucuronide or sulfate following intraportal administration.

Bilary Excretion and Enterohepatic Recirculation

The main forms of quercetin excreted in the rat bile were
its glucuronide/sulfate and methylate conjugates; unchanged
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Fig. 2. Plasma concentration of unchanged (A) and total (B)
quercetin after an oral or iv administration of 10 mg/kg quercetin
to rats (n = 5). Error bar refers to the standard deviation of
concentration data at each sampling time point.
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Fig. 3. Plasma concentration of unchanged (A) and total (B)
quercetin following iv administration of 10 mg/kg quercetin to rats
with or without bile duct cannulation. (n = 4). Error bar refers to the
standard deviation of concentration data at each sampling time point.

quercetin was not detected. As much as 35% of a quercetin
dose was recovered from the bile as the conjugates.

The studies on enterohepatic recirculation indicated that
such recirculation was unlikely: First of all, the plasma
concentration profiles of both unchanged quercetin and total
quercetin were found to be superimposable in rats with and
without bile duct cannulation (Fig. 3). Second, in the linked-
rat model, quercetin was detected in the portal vein of the
recipient rat only as a trace amount of total quercetin at 6
h post-dosing. Thirdly, following the intra-gastric administra-
tion of bile containing quercetin metabolites, only a trace
amount of total quercetin was observed in the portal vein
during the 8 h experiment.
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Absorption Rate Constants and Urinary and Fecal Excretion

The absorption rate constants of unchanged quercetin
and quercetin glucuronide/sulfate conjugates were calculated
to be 532 h™! and 0.83 h™ !, respectively. Urinary and fecal
excretion were low (about 5%).

Model Fitting and Validation

The plasma concentration-time data of both unchanged
quercetin and quercetin glucuronide/sulfate conjugates fol-
lowing either oral or /v administration were well described by
the proposed model (Table I; Fig. 4).

The estimated pharmacokinetic parameters are summa-
rized in Table I1, ITI. The coefficient of variation (CV %) of the
parameter estimates were all less than 30%, and the 95% con-
fidence intervals were generally small for all the parameters.

Model identifiability analysis indicated that the model
parameters were identifiable (see Appendix). The noncom-
partmental parameters such as Cpax, fmax, AUCy o, estimated
by the model were also comparable to those calculated by the
non-compartmental method.

DISCUSSION

Quercetin is a representative polyphenolic compound
that has low bioavailability of the unchanged form but high
bioavailability of the conjugated form. The present animal
study clarifies the relative contribution of first-pass effect of
quercetin in the gut versus liver, two important factors
responsible for the low bioavailability. Also the study
confirms the lack of enterohepatic recirculation of quercetin
and its conjugates. Based on these results, a specific
pharmacokinetic model for describing quercetin and its
active glucuronide/sulfate conjugates in the body has been
developed which not only is applicable to quercetin but
mostly likely to other polyphenolic compounds.

Our model provided structurally identifiable parameters
with good precision. The coefficient variation of the parame-
ter estimates ranged from 6.5% to 27%. The values of Cyax,
max, and AUC estimated by this model are also close to those
calculated by the non-compartmental method. These results

Table I. Goodness of Fit

WSSR R ME RMSE AlIC SC

Intravenous dose

Unchanged quercetin 0.4506 0.9998 —0.0214 0.1494

Glucuronide/sulfate conjugates 0.4307 0.9674 —0.1711 0.5612
Oral dose

Unchanged quercetin 0.1267 0.9542 0.0041 0.0216

Glucuronide/sulfate conjugates 0.6236 0.9309 —0.068 0.1967

All curves combined 1.226 34.15 56.1

WSSR = Weighted sum of squared residuals.

R = Correlation coefficient between the observed and predicted values.

AIC = Akaike’s information criterion.

SC = Schwarz criteria.

ME = Mean error.

RMSE = The root mean square prediction error.
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Fig. 4. Model fitting to the unchanged (A) and conjugated (B) plasma quercetin concentration-time profile following oral administration, as
well as the unchanged (C) and conjugated (D) plasma quercetin concentration-time profile following iv administration.

suggest that the proposed model is reliable for describing the
concentration-time profiles of both the unchanged quercetin
and its glucuronide/sulfate conjugates.

A concern in the current study may be the determination
of the combined conjugates of quercetin instead of each
separately. However, there are three reasons for our interest
in the combined conjugates: 1) the combined conjugates
represent the dominant metabolites of quercetin metabolism
(10,21). 2) The combined glucuronide/sulfate conjugates have
been shown to possess antioxidative activity, with potency
being half of that of free quercetin (22-23). 3) The combined
conjugates have been identified also in the human blood with
similar elimination half-life and renal clearance after admin-
istration of different quercetin products (8). Thus, the
combined conjugate concentration can represent a meaning-
ful entity for pharmacokinetic and pharmacodynamic studies.

Our studies did not identify carbon dioxide as a
metabolite, although it was found to be produced from the
fission of the pyron ring of quercetin in the digestive tract
(24). The previous study data (24) suggested that CO, was
usually a degraded product from quercetin or its conjugates
in the gut, and it could be absorbed, circulated and then
expired via the lung. In our pharmacokinetic model, we con-
sidered CO, as part of the degraded products (as repre-
sented by F;D plus that following biliary excretion of the
conjugates through K3 (see Fig. 1).

Our studies did not found any significant enterohepatic
recirculation of quercetin and its conjugates although such
recirculation was proposed previously due to its high biliary
excretion (2,11). The reasons for the lack of enterohepatic

recirculation of quercetin or its metabolites may be related
to their conversion to CO, in the gut lumen by microflora
(24).

Although enteric recycling was reported (11), it does not
affect our modeling, because we have already taken into
account all the produced or enteric recycling quercetin/
conjugated metabolites that are absorbed from gut compart-
ment to central compartment in our model (as F; and F,).

Only small amount of quercetin was founded to be
eliminated in the urine and feces in our study. This is
consistent with the observations by others who determine
urinary and fecal as unchanged quercetin or total quercetin.
Gugler et al. (25) found that after intravenous administration
of a 100 mg quercetin, only 0.65% of the dose was recovered
in the form of unchanged quercetin, while 7.4% of the dose
was excreted in the urine in the form of conjugated meta-
bolite of quercetin. In a phase I clinical trial of quercetin (in
fifty-one cancer patients) at doses of 60 to 2000 mg/m?, the
percentage of quercetin in urine over 24 h ranged from
0.03% to 7.6% (26). The recovery from feces was only
1.5-5.0% after an intravenous dose (0.3 mg '*C-quercetin) in
the study by Walle et al. (27). However, higher urinary
excretion of radiolabeled quercetin was reported in human
(18.4~26.8%) (26) and in rat (16.5 £ 7%, mean + SD) (24)
which may be due to the degradation products of quercetin
or its conjugates (28). Therefore, urinary and fecal elimina-
tion of quercetin are not the main excretion routes in human
subjects or in rats.

In this study, our proposed are a specific two-compart-
ment model linking the parent drug (unchanged quercetin)
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Table II. Parameter Estimates Obtained by Simultaneous Fitting of

the Model to the Mean Plasma Concentrations of Unchanged

Quercetin and Glucuronide/Sulfate Conjugates Following iv and
Oral Administration

95% Confidence

Parameter Estimate SE CV% interval
Fi (%) 0.04 0.01 15.76 0.03 0.05
Vi (L/kg) 0.23 0.06 27.10 0.10 0.36
Ka (h7h 5.74 0.62 10.90 4.45 7.02
Ko (h7h 12.19 2.38 19.53 7.30 17.06
K, (b1 5.24*
o (hh 39.36 7.66 19.47 23.63 55.08
By (h™h 9.84 1.30 13.17 7.18 12.50
Ke(h™h 31.77°
Fa(%) 0.51 0.05 10.92 0.39 0.62
V5 (L/kg) 0.41 0.06 14.70 0.28 0.53
Ky (b1 0.85 0.18 20.94 0.48 1.21
K (h™h 0.34 0.06 17.81 0.21 0.46
Kss (b1 224
oy (h™h) 338 0.53 15.72 229 4.47
Bo(h™h 0.09 0.01 9.83 0.07 0.11
K3 (h™h 0.89°
tiag (h) 0.014 0.001 6.48 0.012 0.016

F, = fraction of dose which is absorbed as unchanged quercetin.

F, = fraction of dose which is converted in the gut and subsequently

reaches the systemic circulation as glucuronide/sulfate conjugates.

V, and V3 = volume of compartment 1 and 3.

K,1 and K,, = absorption rate constant of unchanged quercetin and

glucuronide/sulfate conjugates.

K; = biotransformation rate constant of unchanged quercetin.

K3p = elimination rate constant of quercetin glucuronide/sulfate

conjugates.

a, p = Exponent of the polyexponential equation.

ti,g = absorption lag time.

K5, Kp1, K34, K43 = inter-compartmen transfer rate constant.

‘K1, Ki, Ksq and K3y are secondary parameters calculated by
equations 40-43.

and its metabolites (glucuronide/sulfate conjugates). This
model allows simultaneous fitting of all these concentrations
in different compartments. Such a model will be useful for
planning future pharmacokinetic-pharmacodynamic studies
and subsequent delineation of the conjugates’ contribution to
the overall pharmacodynamic effects of quercetin. As many
flavonoids (e.g., kaempferol, morin, luteolin) manifest similar
in vivo metabolic fate and pharmacokinetic characteristics as
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quercetin, this proposed model can be potentially useful to
describe these flavanoids. In view of the popular use of
flavonoids, their pharmacokinetic data will provide scientific
basis in the development of herbal products that contain
these compounds.

Although our rat pharmacokinetic model may be clini-
cally applicable due to the similarity of great majority of the
pharmacokinetic parameters (bioavailability, distribution vol-
ume, metabolism, excretion and half life of unchanged
quercetin and total quercetin) observed between rat and
human (8,10,19,24-27,29-31), more human studies are
desirable to confirm the applicability of this model.

In summary, the current study clarifies the absorption and
disposition of quercetin as well as the importance of the gut,
liver and bile in the metabolism and excretion of quercetin and
its conjugates. These data allows generation of a specific
pharmacokinetic model which can simultaneously describe the
plasma concentration-time profiles of unchanged quercetin
and its glucuronide/sulfate conjugates. This model can be
potentially applicable to many other flavonoids which under-
go similar pharmacokinetic pathways.

APPENDIX
Mass Balance of Each Compartment
The differential equations for the change of amount (4¥)

of substance with time in each compartment following an iv
dose are shown as follows:

%: — (K2 + Ky + K10) X1 + K21 X> (A1)
% = KnpX1 — KauX> (A2)
% = K X1 — (K3t K30) X3 + K3 Xy (A3)
% = K3uX3 — Kis Xy (Ad)

where X 4% 4% - and X are the change of amount of

substance with time in compartments 1, 2, 3, and 4 respective-
ly, and other terms have been described previously.

Table III. Comparison of Pharmacokinetic Parameters Obtained by the Model and Non-Compartmental Model

Proposed model

Non-compartmental model

max Crax AUCy_., Bioavailability max Cmax AUCy_., Bioavailability
()  (ugm)  (h*pg/ml) (%) (h)  (ugm)  (h*pg/ml) (%)
Intravenous dose
Unchanged quercetin 0 48.72 1.13 1.13
Glucuronide/sulfate 0.084 17.27 27.08 0.083 19.38 30.58
conjugates
Oral dose
Unchanged quercetin 0.078 0.21 0.06 53 0.083 0.2 0.06 53
Glucuronide/sulfate 0.42 2.53 15.1 55.8 0.27 293 14.63 47.8

conjugates
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The differential equations for this model with an oral
dose are shown as follows:

% = —(KaXg +KoXg) (A5)

% =KaXg — (Ko + Ky + Ki0) X1 + Kn X2 (A6)
% = KpXi — Ka X (A7)

% =KopXgp + KeX1 — (Kas+ K30) X3 + KaizXs (A8)
% = K34 X3 — K43 X4 (A9)

where d;(f‘ and dfl(fz are the change of amount of substance

with time in the gut for the parent drug and metabolites to be
absorbed, so that at time 0, X, and Xy, equal to F1D, and
F,D, respectively (see Fig. 1); all other terms have been
defined previously.

Model Identifiability Analysis

To test the validity of this model (i.e. to test whether the
model parameters can be practically identified), structural
identifiability analysis was performed using the similarity
transformation approach (32).

Generally, a linear system can be described as:

dx

E—A(p)x+B(p)u.,x(lo) =xo(p) (A10)

y=C(p)x (A1)
where A is the (n x n) system matrix, B is the input matrix,
and C is the output matrix, x, represents the initial condition
and p represents the unknown parameter in these matrices.

The similarity transformation approach utilizes the fact
that for another model characterized as (A, B, C), it is
necessary and sufficient that there exists a nonsingular matrix
T such that:

TB=B8B (A12)
C=cCT (A13)
TA = AT (A14)

That is, if solving Eqs. (A12)-(A14) yields the solution
that 7 is the n x n identity matrix, the model is then globally
identifiable.

For the model described in Fig. 1, structural identifi-
ability analysis was performed under the condition that both
iv and oral doses of quercetin were administered, and the
plasma concentrations of unchanged quercetin and its com-
bined glucuronide/sulfate conjugates were measured.
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The matrixes of the model are as follows:
— (Ka+Kap) 0 0 0 0
Ka —(Kip+Kp+K19) Ko 0 0
A= 0 K —Ky 0 0
K Ky 0 —(K3+K3)  Kas
0 0 0 K3y —Ky3
(A15)
10
01
B=100 (A16)
00
00
0 VL 0O 0 0
C= 0 01 1 (A17)
Vs

where V; and V3 are the volumes of compartment 1 and 3,
respectively.

Let P be the vector of the unknown parameters, and
Tbe a5 x 5matrix P [Ku,Kp, Vi, V3, Ky, Ky, Kig, Ky,
K34, Ku3, K3)

tiy t3 ha s
I I3 14 125
32 133 134 I35 (A18)
ty lap 143 lag lgs

Is1 Isp 153 Is4 155

By substituting A, B, C, and T into Egs. (A12)-(A14)
gives the following results: 1) Vi, K1, K12, Ko1, K34, K43, and
K3, are identifiable, whereas K,», Ky, K. and V3 are not
identifiable; 2) if V3 is known a priori, K, Kz, and K, could
be identifiable. Alternatively, if K;, can be assumed to be
zero, then the remaining parameters Ky, K,», and V, will be
identifiable.

Our previous studies in rats showed that the unchanged
quercetin in the systemic circulation is primarily metabolized
to glucuronide/sulfate conjugates, and only small amount of
quercetin (less than 1%) was excreted into the urine and bile.
Thus it is reasonable to assume that the excretion pathway of
the unchanged quercetin be ignored (i.e., Kjg = 0). With this
assumption, the proposed model is globally identifiable and
all the parameters can be identifiable when both iv and oral
doses are administered.

Integrated Solutions for the Plasma Concentrations
of Unchanged Quercetin and Glucuronide/Sulfate
Conjugates

With an assumption of Kj, = 0, solving Eqgs. (A1)-(A4)
with initial conditions (at time ¢ = 0, Xy = D, X5(9) = X3(0) =
Xu(0) = 0), the plasma concentration of unchanged quercetin
in compartment 1, Cy(t), and its glucuronide/sulfate conju-
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gates in compartment 3, Cs(¢), at any time after an iv
administration can be expressed by (Egs. (A19) and (A20)):

_D k-, — B p
“ = Vi [Bi—m — B (A19)
Ci(t) = D‘ff c [Me M e P dge @ e ] (A20)
(Ko=) (Ky3 — )
where M = () oo — o) (B — ) (a2l)
where
(K21 = By)(Kaz — By)
= A22
> = {1 = B)(@ — BB — Br) (A22)
(Ko —o)(Ky3 — op)
M= Tar — ) () — ) (B, — @) (A23)
(Ko = By)(Kas — By)
M= = B)(B1 — B) (o2 — By) e
o + By :Kf+K12+K21 (AZS)
P = KyKn (A26)
0 + By = K30+K34+Ky3 (A27)
0By = K30Ks3 (A28)

In the above Egs. (A19)—(A28), D is the dose given
intravenously, t is the time after /v administration, o; and f;
are the first-order hybrid rate constants for the distribution
and elimination phases for unchanged quercetin, respective-
ly; whereas a, and f, are the first-order hybrid rate constants
for the distribution and elimination phases for glucuronide/
sulfate conjugates, respectively.

The integrated solutions for plasma concentrations of
unchanged quercetin (in compartment 1) and its glucuronide/
sulfate conjugates (in compartment 3) after an oral adminis-
tration are:

F1DK, ko1 — _
Ci(t) = . e Ratl
1) Vi (o1 — Ka1)(By — Ka1)
Ko — oy ot
(Kal - al)(Bl - 0“1)
Ko — By _pyt
+ e
(Ka1 = By)(oa — By) (A29)
FiDK K
C3(l) _ 1 V[ll f .[Ale—K(,lt+Aze—ﬂ1t+A3e—ﬁ1t
3
+ A4eia2t + A5€7ﬁzl]
F>,DK
+ 2na % a2, [3167 al 4 Bzeiuzt + B3eiﬁzt]
3
(A30)
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where

O T T S ey B
it e B
e e ity e s MY
i g iyt e S
= e pe G p ey
B = kK (436)
R P r (437
B = R o5 (A38)
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