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Abstract: Little is known regarding pharmacokinetic (PK) or pharmacodynamic interactions of
flavonoids with each other: this is of significance since multiple flavonoids are present in the
diet and in dietary supplements. Our objective was to determine the effect of quercetin and
(-)-epigallocatechin-3-gallate (EGCG), major flavonoids present in the diet, on the PK and
bioavailability of biochanin A, a flavonoid with chemopreventive properties. BCA was administered
to rats intravenously (5 mg/kg) or orally (16.67 or 50 mg/kg) with or without concomitant EGCG
and quercetin. In vitro studies with the human intestinal Caco-2 and human hepatic HepG2 cell
lines were performed to evaluate the effects of quercetin and EGCG on the cellular metabolism
of BCA, and studies with human breast cancer MCF-7 cells that overexpress P-glycoprotein or
BCRP (MCF-7/ADR and MCF-7/MX100 cells, respectively) or MDCK cells that express MRP2
(MDCK-MRP2) were performed to evaluate the effects of cellular efflux. An HPLC assay was
used to determine plasma, urine, and cellular concentrations of BCA and the conjugated
metabolites of BCA (following enzymatic hydrolysis). The coadministration of quercetin and
EGCG significantly increased the BCA area under the plasma concentration vs time curve (AUC)
in rats, after both iv and oral administration of BCA. The AUC of total BCA (unchanged +
conjugated) was also increased. The increases in BCA AUC reflected predominantly increased
bioavailability; this was true even after iv administration due to an apparent increase in the
enterohepatic cycling of BCA. Our findings demonstrate for the first time that the administration
of multiple flavonoids results in increased flavonoid bioavailability, as well as a decrease in
clearance, potentially due to increased enterohepatic cycling.
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Introduction

Flavonoids are components in a wide range of fruits,
vegetables, and plant-derived beverages and have low
toxicity. Biochanin A (BCA) (5,7-dihydroxy-4'-methoxy-
isoflavone, Figure 1) is the major isoflavone constituent in
red clover and certain herbal products marketed for the
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alleviation of menopausal symptoms.' It also has been
reported to have antioxidant,” anti-inﬂammatory,3 antiviral,*
and anticarcinogenic effects,” and protective effects on
endothelial integrity and function.® We have reported that
BCA treatment produces beneficial chemopreventive alter-

(1) Coon, J. T.; Pittler, M. H.; Ernst, E. Trifolium pratense isoflavones
in the treatment of menopausal hot flushes: a systematic review
and meta-analysis. Phytomedicine 2007, 14, 153-159.

(2) Rufer, C. E.; Kulling, S. E. Antioxidant activity of isoflavones
and their major metabolites using different in vitro assays. J. Agric.
Food Chem. 2006, 54, 2926-2931.
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Figure 1. Chemical structures of BCA, quercetin, and
EGCG.

ations in gene expression at concentrations that can be
obtained following dietary intake.’

However, a major concern has been the poor oral bio-
availability of BCA, similar to other flavonoids. Our previous
studies indicated that BCA exhibits a high clearance and a
high volume of distribution in rats and has a poor bioavail-
ability (1-2%), due, at least in part, to extensive metabolism
to glucuronide and sulfate conjugates both in the intestine
and liver.® The main conjugation reaction of BCA in rat liver
and intestinal microsome preparations is glucuronidation (K,
of 2.7-7.0 uM; Vpu/Kn of 0.12 in liver and 0.40 in
duodenum).” BCA can also undergoes O-demethylation to
genistein or hydroxylation by cytochrome P450 (CYP)
enzymes.'™'!" In human or rat liver microsomes, the hy-

(3) Kalayciyan, A.; Orawa, H.; Fimmel, S.; Perschel, F. H.; Gonzalez,
J. B.; Fitzner, R. G.; Orfanos, C. E.; Zouboulis, C. C. Nicotine
and biochanin A, but not cigarette smoke, induce anti-inflamma-
tory effects on keratinocytes and endothelial cells in patients with
Behcet’s disease. J. Invest. Dermatol. 2007, 127, 81-89.

(4) Cirone, M.; Zompetta, C.; Tarasi, D.; Frati, L.; Faggioni, A.
Infection of human T lymphoid cells by human herpesvirus 6 is
blocked by two unrelated protein tyrosine kinase inhibitors,
biochanin A and herbimycin. AIDS Res. Hum. Retroviruses 1996,
12, 1629-1634.

(5) Puli, S.; Lai, J. C.; Bhushan, A. Inhibition of matrix degrading

enzymes and invasion in human glioblastoma (U87MG) cells by

isoflavones. J. Neurooncol. 2006, 79, 135-142.

Schrepfer, S.; Deuse, T.; Munzel, T.; Schafer, H.; Braendle, W.;

Reichenspurner, H. The selective estrogen receptor-beta agonist

biochanin A shows vasculoprotective effects without uterotrophic

activity. Menopause 2006, 13, 489—499.

(7) Moon, Y. ].; Brazeau, D. A.; Morris, M. E. Effects of flavonoids
genistein and biochanin A on gene expression and their metabo-
lism in human mammary cells. Nutr. Cancer 2007, 57, 48-58.

(8) Moon, Y. J.; Sagawa, K.; Frederick, K.; Zhang, S.; Morris, M. E.
Pharmacokinetics and bioavailability of the isoflavone biochanin
A in rats. AAPS J. 2006, 8, E433-442.

(9) Jia, X.; Chen, J.; Lin, H.; Hu, M. Disposition of flavonoids via
enteric recycling: enzyme-transporter coupling affects metabolism
of biochanin A and formononetin and excretion of their phase II
conjugates. J. Pharmacol. Exp. Ther. 2004, 310, 1103-1113.

(10) Roberts, D. W.; Doerge, D. R.; Churchwell, M. I.; Gamboa da

Costa, G.; Marques, M. M.; Tolleson, W. H. Inhibition of
extrahepatic human cytochromes P450 1Al and 1B1 by metabo-
lism of isoflavones found in Trifolium pratense (red clover). J.
Agric. Food Chem. 2004, 52, 6623-6632.
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droxylated products are 3'-, 6-, or 8-hydroxy BCA or
GEN,'*!2 put the in vivo significance of these oxidative
metabolites is unknown. Even though BCA is a highly
permeable compound, intestinal absorption of BCA is limited
by the high rate of intestinal metabolism to conjugated
metabolites and the potential efflux of BCA back into the
intestine by ATP binding cassette (ABC) proteins present
in intestinal cell apical membranes.” Biliary excretion of
BCA mediated by ABC transport proteins, followed by
enterohepatic recirculation, also plays an important role in
the disposition of BCA.®

There may be possible ways to improve the oral bioavail-
ability of BCA. Methylation of BCA at the 7-position may
inhibit glucuronidation/sulfation, as the presence of free
hydroxyl groups may result in increased glucuronidation and
sulfation."? Fully methylated flavones have higher metabolic
stability than their unmethylated forms.'*> However, methy-
lation of BCA may reduce the affinity to the receptors (i.e.,
estrogen receptor) resulting in decreased activity, although
Walle et al.'# reported that 5,7-dimethylflavone and 5,7,4'-
trimethylflavone were more potent than their unmethylated
analogs with regard to inhibition of cellular proliferation. In
addition, methylation does not inhibit cytochrome P450
oxidation.'* Another method that has been used to increase
bioavailability is through the incorporation of flavonoids in
liposomal or nanoparticle drug delivery systems. The forma-
tion of pegylated liposomal quercetin has been reported to
improve the solubility and bioavailability of quercetin in
BALB/c mice bearing CT26 colon adenocarcinoma and H22
hepatoma.'” Permeation of ellagic acid (polyphenol antioxi-
dant) was increased by the preparation of nanoparticles using
a cosolvent in an in sifu intestinal permeability study.'®

In the present study, our hypothesis was that multiple
flavonoids alter the pharmacokinetics (PK) and bioavailability

(11) Tolleson, W. H.; Doerge, D. R.; Churchwell, M. 1.; Marques,
M. M.; Roberts, D. W. Metabolism of biochanin A and for-
mononetin by human liver microsomes in vitro. J. Agric. Food
Chem. 2002, 50, 4783-4790.

(12) Kulling, S. E.; Lehmann, L.; Metzler, M. Oxidative metabolism
and genotoxic potential of major isoflavone phytoestrogens.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2002, 777,
211-218.

(13) Wen, X.; Walle, T. Methylated flavonoids have greatly improved
intestinal absorption and metabolic stability. Drug Metab. Dispos.
2006, 34, 1786-1792.

(14) Walle, T.; Ta, N.; Kawamori, T.; Wen, X.; Tsuji, P. A.; Walle,
U. K. Cancer chemopreventive properties of orally bioavailable
flavonoids—methylated versus unmethylated flavones. Biochem.
Pharmacol. 2007, 73, 1288—1296.

(15) Yuan, Z. P.; Chen, L. J.; Fan, L. Y.; Tang, M. H.; Yang, G. L.;
Yang, H. S.; Du, X. B.; Wang, G. Q.; Yao, W. X.; Zhao, Q. M.;
Ye, B.; Wang, R.; Diao, P.; Zhang, W.; Wu, H. B.; Zhao, X;
Wei, Y. Q. Liposomal quercetin efficiently suppresses growth of
solid tumors in murine models. Clin. Cancer. Res. 2006, 12, 3193—
3199.

(16) Bala, I.; Bhardwaj, V.; Hariharan, S.; Sitterberg, J.; Bakowsky,
U.; Ravi Kumar, M. N. V. Design of biodegradable nanoparticles:
a novel approach to encapsulating poorly soluble phytochemical
ellagic acid. Nanotechnology 2005, 16, 2819-2822.
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of individual flavonoids and may represent a strategy to
increase the bioavailability of individual flavonoids; ad-
ditionally, such combinations may result in additive or
synergistic pharmacodynamic effects due to differing mech-
anisms of action. In the present study, we examined the effect
of quercetin and (—)-epigallocatechin-3-gallate (EGCG)
(Figure 1) on the absorption and disposition of BCA in rats.
We chose quercetin and EGCG because they are among the
most widely consumed flavonoids. Our studies found an
increased AUC after both iv and oral administration. Mech-
anisms underlying the observed interaction were investigated
using human intestinal Caco-2 cells, human hepatic HepG2
cells, Madin—Darby canine kidney (MDCK) cells transfected
with human multidrug resistance-associated protein 2 (MRP2,
ABCC2), and human breast cancer MCF-7 cells overex-
pressing P-glycoprotein (P-gp, ABCB1) or breast cancer
resistance protein (BCRP, ABCG2).

Experimental Methods

Materials. BCA, quercetin, EGCG, flavone (internal
standard), mitoxantrone, and 3-glucuronidase/sulfatase from
Helix pomatia were purchased from Sigma (St. Louis, MO).
RPMI 1640, fetal bovine serum (FBS) and phosphate-
buffered saline (PBS) were from Gibco BRL (Buffalo, NY).
Caco-2 and HepG?2 cells were obtained from American type
Cell Culture Collection (ATCC, Manassas, VA). MCF-7/
sensitive and MCF-7/MX100 were kind gifts from Dr. Susan
E. Bates (National Cancer Institute, Bethesda, MD). MCE-
7/Adr cells were obtained from the National Cancer Institute.
MDCK-WT (parent) and MDCK cells transfected with the
human MRP2 gene (MDCK-MRP2) were gifts from Dr.
Alfred Schinkel (Netherlands Cancer Institute, Amsterdam,
The Netherlands).

Pharmacokinetic Studies in Rats. Male Sprague-Dawley
rats weighing 200-300 g were purchased from Harlan
Sprague—-Dawley, Inc. (Indianapolis, IN), and used for all
the kinetic studies. All animal procedures were performed
in accordance with Institutional Animal Care and Use
Committee guidelines and followed approved protocols.
Animals were acclimated with regular rat chow and drinking
water ad libitum for 1 week before the study. A jugular vein
cannula was implanted two days prior to the study and used
for iv dosing and blood sampling. For the intravenous dose,
BCA was dissolved in DMSO and then diluted 20-fold with
25% hydroxypropyl-f-cyclodextrin (HPBCD) and dosed at
a 5 mg/kg concentration alone or concomitantly with 5 mg/
kg quercetin + 5 mg/kg EGCG. Oral doses of BCA were
given by oral gavage in DMSO and olive oil at the ratio of
1:20 with four treatment regimens: (1) 50 mg/kg (176 umol/
kg) of BCA, (2) 50 mg/kg (176 umol/kg) of BCA + 5 mg/
kg (14.8 umol/kg) of quercetin + 5 mg/kg (10.9 umol/kg)
of EGCG, (3) 50 mg/kg (176 umol/kg) of BCA + 50 mg/
kg (148 umol/kg) of quercetin + 50 mg/kg (109 umol/kg)
of EGCG, (4) 16.67 mg/kg (58.6 umol/kg) of BCA, and (5)
16.67 mg/kg (58.6 umol/kg) of BCA + 16.67 mg/kg (49.3
umol/kg) of quercetin + 16.67 mg/kg (36.4 umol/kg) of
EGCG.

Approximately 0.2 mL of blood was harvested from the
jugular vein cannula at various time points and replaced with
the same volume of saline. For the iv studies, the first 0.2
mL of blood was discarded to avoid contamination. Urine
was collected over 24 h. Samples were stored in a —80 °C
freezer until the HPLC analysis of BCA.

Hydrolysis of Conjugates. “Total” BCA (free aglycon
plus aglycon following the hydrolysis of the glucuronide and
sulfate conjugates) in plasma and urine were measured
following incubation with glucuronidase/sulfatase type H-5
(from Helix pomatia, Sigma Chemical, St. Louis, MO) as
previously described.® Fifty microliters of 0.2% sodium
chloride containing sulfatase/glucuronidase (1000 units/mL)
and 100 L of 0.2 M sodium acetate (pH 5.0 at 37 °C) were
added to 50 uL of cell lysate and incubated at 37 °C for 90
min. The reaction was stopped by adding a 1 mL of ether
and centrifuging. The supernatant was removed, dried under
nitrogen, and then resuspended in 50/50 methanol/acetoni-
trile. Free BCA concentrations were measured in the same
fashion as described for the total BCA except that 50 uL of
0.2% sodium chloride without enzymes was added to
samples. BCA sulfate and/or glucuronide conjugate levels
were determined by subtracting the free aglycon level from
the level determined after glucuronidase/sulfatase digestion.

High-Performance Liquid Chromatography Analysis.
The analysis was carried out on a Waters HPLC system
(Milford, MA) equipped with an Alltech Alltima column
(C18, 250 mm x 4.6 mm i.d., 5 um, Grace, Deerfield, IL).
The mobile phase consisted of 45% acetonitrile in 1% of
acetic acid. The UV detector was set at a single wavelength
of 260 nm. The lower limit of quantification was 5 ng/mL.
The assay was evaluated for any potential interferences by
quercetin, EGCG, or their metabolites with the BCA peak.
Quercetin is more polar than BCA in this assay and elutes
earlier (5.8 min retention time compared with 12 min
retention time for BCA), and the metabolites of quercetin
(isorhamnetin and the conjugated metabolites) are all more
polar than BCA. EGCG was not detected under our assay
conditions.

PK Data Analysis. The pharmacokinetic parameters of
BCA were analyzed by noncompartmental analysis using
WinNonlin Professional version 2.1 (Pharsight Corp., Moun-
tain View, CA). The area under the concentration—time curve
(AUC) of BCA was calculated by the trapezoidal method;
the maximum plasma concentration (Cy,y) and the time to
reach the maximum plasma concentration were obtained by
visual inspection of the experimental data; the terminal half-
life (#12) was calculated as 0.693/k, with k representing the
slope of the terminal regression line. The bioavailability (F)
of BCA was calculated by the following equation:

_oralAUC,_,
"~ ivAUC,_,,

ivDose

oralDose x 100

One-way ANOVA followed by Newman—Keuls test and
Student’s unequal variance ¢ test with p < 0.05 set as the
significance level were used for statistical analysis.
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Cell Culture. Caco-2 cells were cultured in 75 cm? flasks
with MEM culture medium supplemented with 10% fetal
bovine serum, 1% nonessential amino acids (Gibco BRL,
Buffalo, NY), and 1% antibiotic—antimycotic solution (Gibco
BRL, Buffalo, NY). Human liver cancer cells (HepG2) were
cultured in 75 cm? flasks with minimal essential media and
Earl’s salts (Gibco BRL, Grand Island, NY) supplemented
with 10% fetal bovine serum, 0.1 mM nonessential amino
acid solution (Gibco BRL), and 1 mM pyruvic acid. MDCK-
WT and MDCK-MRP?2 cells were grown in 75 cm? flasks
with Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. MCF-7 cells (both parent and
MDR subtype) were cultured in 75 cm? flasks with RPMI
1640 culture media supplemented with 10% fetal bovine
serum at 37 °C in a humidified atmosphere with 10% CO,/
90% air. Culture media also contained 100 units/mL of
penicillin and 100 pg/mL of streptomycin. For mitoxantrone-
selected MCF-7/MX100 cells, the culture media also con-
tained 100 nM mitoxantrone. All cells were incubated at 37
°C in a humidified atmosphere with 5% CO,/95% air. For
the drug accumulation studies, cells were seeded onto 35
mm? dishes at a density of approximately 5 x 10° cells per
dish.

Metabolism Studies in Caco-2 Cells and HepG2
Cells. BCA alone (3.33 uM) or a mixture of BCA, quercetin,
and EGCG (3.33 uM each) was added to the cells to assess
the metabolism of BCA. Both Caco-2 cells and HepG2 cells
demonstrate good activity for glucuronidation and sulfa-
tion,'”"'” the two major metabolic pathways for BCA. The
concentration was chosen since it represents an intestinal
concentration that could be achieved in vivo.?® All experi-
ments were performed in triplicate. After 1-h incubations,
media were aspirated, and the cells were washed with 10
mL of cold 1 x PBS three times. Cells were harvested by
scraping, lysed by Branson SONIFIER ultrasonic cell dis-
ruptor (Branson Ultrasonics Corp., Danbury, CT) in 300 uL
of double distilled water. BCA conjugates were determined
as described in the Hydrolysis of Conjugates section.

Accumulation Studies in MCF-7, Caco-2, and MDCK
Cells. Cells grown in 35 mm? culture dishes were washed
twice with the assay buffer (137 mM NaCl, 54 mM KClI,
2.8 mM CaCl,, 1.2 mM MgCl,, 10 mM HEPES, pH 7.4)
and then incubated with 24 nM *H-BCA (Moravek Bio-
chemicals, Brea, CA) containing 16.67 uM of BCA or BCA
with quercetin and EGCG (16.67 uM each) at room

(17) Hewitt, N. J.; Hewitt, P. Phase I and II enzyme characterization
of two sources of HepG2 cell lines. Xenobiotica 2004, 34, 243—
256.

(18) Galijatovic, A.; Otake, Y.; Walle, U. K.; Walle, T. Extensive
metabolism of the flavonoid chrysin by human Caco-2 and Hep
G2 cells. Xenobiotica 1999, 29, 1241-1256.

(19) Meunier, V.; Bourrie, M.; Berger, Y.; Fabre, G. The human
intestinal epithelial cell line Caco-2; pharmacological and phar-
macokinetic applications. Cell Biol. Toxicol. 1995, 11, 187-194.

(20) Zhang, S.; Morris, M. E. Effects of the flavonoids biochanin A,
morin, phloretin, and silymarin on P-glycoprotein-mediated
transport. J. Pharmacol. Exp. Ther. 2003, 304, 1258-1267.
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Figure 2. Mean (+SD) plasma concentration-time

curves of BCA administered intravenously in the

presence (open circle) and absence (closed circle) of 5

mg/kg of quercetin and 5 mg/kg of EGCG (n = 3-4).

temperature for 5 min. The rationale for choosing this time
point was to capture initial cellular concentrations of BCA
since BCA is rapidly absorbed and efficiently conjugated,
and the conjugates are quickly excreted.” The uptake reaction
of *H-BCA was stopped by rinsing the cells four times with
ice-cold buffer (137 mM NacCl, and 14 mM Tris base, pH
7.4). Cells were then solubilized using a solution of 0.3 N
NaOH and 1% SDS, and aliquots were used to determine
the radioactivity by liquid scintillation counting (1900 CA,
Tri-Carb Liquid Scintillation Analyzer, Packard) and protein
content using the BCA protein assay. Results were normal-
ized to the protein content of the cells in each dish, and *H-
BCA uptake values were expressed as percent accumulation
in the control group.

Results

Biochanin A Concentrations in Plasma and Urine. The
pharmacokinetic profiles of BCA after administration of BCA
alone and in combination are shown in Figure 2 (intravenous
administration) and Figure 3 (oral administration). Cy,x and
AUC values are summarized in Table 1. The iv studies
indicated that BCA exhibits a high volume of distribution
in rats, likely due to the hydrophobicity of BCA. The plasma
concentration versus time plots for intravenous BCA indi-
cated that administration of BCA with quercetin and EGCG
resulted in a large re-entry peak (Figure 2), not evident in
rats receiving BCA alone. The AUCy |, was significantly
increased by the coadministration of quercetin and EGCG
(1.54-fold, Table 1A), and subsequently, CL was significantly
decreased by the coadministration of 5 mg/kg of quercetin
and 5 mg/kg of EGCG intravenously (0.65-fold and 0.50-
fold, respectively, Table 1A).

Following the oral administration of both 50 mg/kg of
BCA alone and 50 mg/kg of BCA with 5 mg/kg of quercetin
and 5 mg/kg of EGCG, a re-entry peak was observed. The
Cmax values of BCA were not significantly changed (Table
1B). The plasma concentration of BCA at 24 h was
measurable in only one rat that received the mixture of
flavonoids (data not shown), but the AUC,_g values were
not significantly different (Table 1B).
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Figure 3. Mean (£SD) plasma concentration-time curves (left) and individual profiles (right) of BCA administered
orally in the presence of and absence of 50 mg/kg of quercetin and 50 mg/kg of EGCG (n = 3).

When rats received 50 mg/kg of BCA orally, with 50 mg/
kg of quercetin and 50 mg/kg of EGCG, the AUC 24 of BCA
was significantly increased compared to the AUC o4 obtained
after administration of 50 mg/kg of BCA alone (2.03-fold,
p < 0.01, Table 1C, Figure 3). The oral bioavailability (F)
of BCA was significantly increased by coadministration of
50 mg/kg of quercetin and 50 mg/kg of EGCG (3.44-fold, p
< 0.05), although it still remained low. The 24 h urinary
excretion of BCA was significantly higher in rats fed 50 mg/
kg of BCA with 50 mg/kg of quercetin and 50 mg/kg of
EGCG compared to animals who received 50 mg/kg of BCA
alone (2.97-fold, p < 0.05, Figure 4A).

When rats received a lower dose of BCA (16.67 mg/kg)
with 16.67 mg/kg of quercetin and 16.67 mg/kg of EGCG
orally, concentrations of BCA in plasma samples of rats were
only measurable in the combination group (data not shown);
BCA could not be detected in the plasma samples for the
animals receiving BCA alone. Consistent with the plasma
data, the 24 h urinary excretion of BCA was significantly
higher in rats fed the mixture of flavonoids compared to rats
fed 16.67 mg/kg BCA alone (2.69-fold, p < 0.05, Figure
4B).

Biochanin A Glucuronide and Sulfate Conjugates. To
examine if the coadministration of quercetin and EGCG
could affect the extent of BCA conjugation, we measured
total BCA glucuronide and sulfate conjugate concentrations
in plasma and urine, following enzymatic hydrolysis. Almost
all BCA was conjugated after oral administration (%
conjugates = 98.9%), whereas a larger percentage of BCA
remained unconjugated after iv administration (% conjugates

30.8%) (Table 2). This suggests that the intestine
represents the major site of BCA conjugation. The AUC of
both total BCA (unchanged plus its conjugated metabolites)
and BCA conjugates significantly increased following the
intravenous administration of BCA with quercetin and EGCG
(Table 2). When rats received the 50 mg/kg dose of BCA
with 5 mg/kg of quercetin and 5 mg/kg of EGCG or with
50 mg/kg of quercetin and 50 mg/kg of EGCG orally, the
mean AUC values for both total BCA and BCA conjugates
were increased, but these changes are not statistically
significant due to the large variability observed (Table 2B,C).
The 24 h urinary excretion of total BCA, BCA conjugates,
and % conjugates increased with the coadministration of
quercetin and EGCG in all cases (Table 3).

Effects of Quercetin and EGCG on the Metabolism
of BCA in Caco-2 and HepG2 Cells. Studies were
performed using human intestinal Caco-2 cells and human
hepatic HepG2 cells to investigate if the coincubation of
BCA with quercetin and EGCG could affect the metabo-
lism of BCA in human intestinal and hepatic cells.
Significantly higher concentrations of BCA aglycon were
observed in both Caco-2 and HepG2 cells after a 1 h
incubation with BCA, quercetin, and EGCG (3.33 uM
each) than in cells incubated with BCA alone (3.33 uM)
(1.51-fold in Caco-2 cells, p < 0.05, Figure 5A; 3.06-
fold in HepG2 cells, p < 0.05, Figure 5B). Significantly
less conjugated metabolites were formed in Caco-2 cells
incubated with the mixture than in cells incubated with
BCA alone (0.225-fold, p < 0.001, Figure 5A). Conjuga-
tion of BCA was also reduced in HepG2 cells (0.490-
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Table 1. PK Parameters of BCA after Intravenous (A) and
Oral (B and C) Administration (Mean + SD)

(A) (5 mg/kg of BCA IV) vs (5 mg/kg of BCA with 5 mg/kg of
EGCG and 5 mg/kg of Quercetin V)

5 mg/kg 5 mg/kg fold
of BCA IV of MIX IV change?
CL (I/n/kg) 2.76 £ 0.232 1.78 £ 0.401 0.646*
Vis (I/kg) 15.5 + 3.99 11.7 £5.19 0.750
AUCo-12 1210 + 159 1870 + 399 1.54*
(ng-h/mL)

(B) (50 mg/kg of Oral BCA) vs (50 mg/kg of BCA with 5 mg/kg of
EGCG and 5 mg/kg of Quercetin)

50 mg/kg 5 mg/kg fold
of BCA PO of MIX PO change
tiiz (h) 8.78 £ 6.80 16.3 +£13.0 1.86
Cax (ng/mL) 33.3+21.0 49.5 £ 29.1 1.49
AUCo-g 879+ 37.6 186 + 127 212
(ng-h/mL)
F 0.00802 + 0.00258 0.0151 £+ 0.0100 1.88

(C) (50 mg/kg of Oral BCA) vs (50 mg/kg of BCA with 50 mg/kg of
EGCG and 50 mg/kg of Quercetin)

50 mg/kg 50 mg/kg fold
of BCA PO of MIX PO change?
tiz2 (h) 8.78 + 6.80 14.4 +£14.2 1.64
Crmax (ng/mL) 33.3+21.0 40.2 +19.9 1.21
AUCo24 137 + 45.4 278 +28.4 2.03**
(ng-h/mL)
F 0.00802 + 0.00258 0.0233 + 0.00980 3.44*

2 Statistically significant difference: *P < 0.05; **P < 0.01.

fold, Figure 5B), but it was not statistically significant. A
mixture of quercetin and EGCG also resulted in less of
the metabolite genistein being produced from BCA in
HepG?2 cells, compared to BCA treatment alone (0.850-
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Figure 4. Mean (+SD) amount of BCA in urine after
24 h when 50 mg/kg of BCA was given orally in the
presence of and absence of 5 mg/kg of quercetin and 5
mg/kg of EGCG or 50 mg/kg of quercetin and 50 mg/kg
of EGCG (n = 3) (A). Mean (+SD) amount of BCA in
urine when 16.67 mg/kg BCA was given orally in the
presence of and absence of 16.67 mg/kg quercetin and
16.67 mg/kg EGCG (n = 3) (B).
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Table 2. The AUC,.; of Total BCA (Unchanged Plus Its
Conjugated Metabolites) and Conjugated Metabolites
(Mean + SD)

(A) (5 mg/kg of BCA IV) vs (5 mg/kg of BCA with 5 mg/kg of
EGCG and 5 mg/kg of Quercetin 1V)

BCA with 5 mg/kg fold

alone IV of MIX change?
AUCo1, of total BCA 2340 + 633 7260 +2850  3.10*
(ng-h/mL)
AUCo-12 of conjugates 769 + 506 3830 + 207 4.98**
(ng-h/mL)

(B) (50 mg/kg of Oral BCA) vs (50 mg/kg of Oral BCA with 5
mg/kg of EGCG and 5 mg/kg of Quercetin)

BCA with 5 mg/kg fold
alone PO of MIX change

10400 + 7230 25000 + 10600 2.40

AUCq s of total BCA
(ng-h/mL)

AUC_g of conjugates 10200 + 7160 25000 &+ 10500 2.45
(ng-h/mL)

(C) (50 mg/kg of Oral BCA) vs (50 mg/kg of Oral BCA with 50
mg/kg of EGCG and 50 mg/kg of Quercetin)

BCA with 50 mg/kg ~ fold
alone PO of MIX change
AUCo-24 13500 + 11700 33100 + 11800 2.44
(ng-h/mL)

AUC4 of conjugates 13400 & 11600 33000 + 11900 2.46
(ng-h/mL)

2 Statistically significant difference: *P < 0.05; **P < 0.01.

fold, Figure 5B), but the changes were not statistically
significant.

Effects of Quercetin and EGCG on the *H-BCA
Accumulation in MCF-7/Adr, MCF-7/MX100, Caco-2,
MDCK/WT, and MDCK/MRP2 Cells. To investigate the
effects of quercetin and EGCG on ABC transporter-mediated
cellular efflux, we first confirmed the presence of P-gp and
BCRP in MCF-7 cells and of MRP2 in the MDCK cells used
in our experiments by Western blot analysis (data not shown).
P-gp and BCRP were not detectable in the negative control
MCF-7/sensitive cells, consistent with previous studies.?%-!

The absolute values (radioactivity of *H-BCA/protein
amount) were largest in MCF-7/sensitive, followed by in
MCF-7/Adr, and smallest in MCF-7/MX100, suggesting that
BCA is effluxed by BCRP and P-gp. Quercetin and EGCG
inhibited P-gp, but not BCRP, at the concentrations used in
this investigation. Similarly, the absolute values (radioactivity
of *H-BCA/protein amount) were larger in MDCK/WT than
in MDCK/MRP2 cells, suggesting that BCA is an MRP2
substrate. In all the studies, accumulation was examined at
5 min to minimize the influence of metabolism on the
intracellular radioactivity measurements; however, the con-
jugates may be substrates for BCRP and MRP2 and may
contribute to the changes in the accumulation of radioactivity
in these studies.

(21) Zhang, S.; Yang, X.; Morris, M. E. Flavonoids are inhibitors of
breast cancer resistance protein (ABCG2)-mediated transport. Mol.
Pharmacol. 2004, 65, 1208-1216.
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Table 3. Urinary Excretion of Total BCA (Unchanged Plus
Its Conjugated Metabolites) and Conjugated Metabolites
(Mean + SD)

(A) (50 mg/kg of Oral BCA) vs (50 mg/kg of Oral BCA with 5
mg/kg of EGCG and 5 mg/kg of Quercetin)

BCA with 5 mg/kg fold

alone PO of MIX change
total BCA (ug) 214 + 33.4 497 + 304 2.32
conjugates («g) 202 + 35.1 477 £+ 296 2.37

(B) (50 mg/kg of Oral BCA) vs (50 mg/kg of Oral BCA with 50
mg/kg of EGCG and 50 mg/kg of Quercetin)

BCA with 50 mg/kg fold

alone PO of MIX change
total BCA (ug) 214 + 33.4 627 £ 312 2.93
conjugates («g) 202 + 35.1 593 + 300 2.94

(C) (16.67 mg/kg of Oral BCA) vs (16.67 mg/kg of Oral BCA with
16.67 mg/kg of EGCG and 16.67 mg/kg of Quercetin)

BCA with 16.67 mg/kg fold
alone PO of MIX change?
total BCA (uQ) 102 + 36.1 579 + 154 5.65**
conjugates («g) 99.2 + 37.6 570 + 156 5.75**

4 Statistically significant difference: **P < 0.01.
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Figure 5. Metabolism of BCA in Caco-2 (A) and HepG2
(B) cells. Metabolism of BCA was determined after 1-h
incubations with BCA (3.33 uM) or BCA + quercetin +
EGCG (3.33 uM each). Results are presented as amounts
of BCA, BCA conjugates and total BCA normalized to the
amount of cell lysates protein &+ SD, n= 3.

The cellular uptake of *H-BCA in MCF-7/Adr cells was
significantly increased by 16.67 uM quercetin and 16.67 uM
EGCG (177 % 36.3% of the control, p < 0.05, Figure 6A).
In contrast, the accumulation in MCF-7/sensitive and MCF-
7/MX100 cells was not statistically different. These results
suggest that quercetin and EGCG can inhibit P-gp mediated
cellular efflux in MCF-7/Adr cells.

Discussion

One of the main reasons why BCA has poor bioavailability
is because it undergoes extensive first pass extraction due
to metabolism in the intestine and liver. The aim of this study
was to examine the effect of quercetin and EGCG on the
absorption and disposition of BCA in rats, and the mecha-
nism(s) underlying this interaction. The important finding
in the present study was that the coadministration of quercetin

and EGCG with BCA significantly increased the BCA AUC
in rats following both iv and oral administration, likely due
to an increase in BCA bioavailability after its oral admin-
istration and/or upon enterohepatic cycling. The 24 h urinary
excretion of BCA was also significantly higher in rats fed
the mixture compared to rats fed 16.67 mg/kg of BCA alone.
This also may be due to an increase in BCA bioavailability
resulting in increased systemic exposure. The increased AUC
resulted in a decreased estimate of clearance after its
intravenous administration; half-life could not be determined
due to the presence of re-entry peaks.

The magnitude of re-entry peaks, indicating the extent of
enterohepatic recycling, was increased by the coadministra-
tion of quercetin and EGCG when rats received 5 mg/kg
(17.6 umol/kg) of BCA with 5 mg/kg (14.8 umol/kg) of
quercetin and 5 mg/kg (10.9 umol/kg) of EGCG intrave-
nously and when rats received 50 mg/kg (176 umol/kg) of
BCA with 50 mg/kg (148 umol/kg) of quercetin and 50 mg/
kg (109 umol/kg) of EGCG orally. The re-entry peaks
resulted in significantly increased AUC values for the BCA
aglycon. The percentage increase in AUC for the BCA
aglycon was greater following its oral administration than
after its intravenous administration.

The mechanism underlying the increased bioavailability or
decreased elimination may involve inhibition of the metabolism
of BCA. BCA undergoes extensive metabolism to glucuronide
and sulfate conjugates in both the intestine and the liver.® Since
both quercetin and EGCG are also reported to undergo extensive
conjugation by UDP-glucuronosyltransferases (UGT) and sul-
fotransferases (SULT),?** decreased conjugation in intestinal
cells may be attributed to competitive inhibition of glucuronida-
tion/sulfation reactions. Moreover, quercetin is known as a weak
inhibitor of estradiol 3-glucuronidation at the concentrations
tested (5-100 £M),>* and a potent inhibitor of estrogen sulfation
(ICso of 60 nM).> In the present study, the total amounts of
BCA conjugates were decreased when the mixture was incu-
bated in both intestinal Caco-2 and hepatic HepG2 cell lines.
This finding contrasts with the increase in the ratio of BCA
conjugates/total BCA observed in the in vivo studies. Interpreta-
tion of this increased ratio is not possible without further
investigation. Among other possibilities, an increased ratio of
conjugates to total BCA may reflect a decreased elimination of
the conjugates due to inhibition of ABC transporter-mediated
elimination or inhibition of other transporters; a change in the

(22) van der Woude, H.; Boersma, M. G.; Vervoort, J.; Rietjens, I. M.
Identification of 14 quercetin phase II mono- and mixed conjugates
and their formation by rat and human phase II in vitro model
systems. Chem. Res. Toxicol. 2004, 17, 1520-1530.

Lambert, J. D.; Lee, M. J.; Lu, H.; Meng, X.; Hong, J. J.; Seril,

D. N.; Sturgill, M. G.; Yang, C. S. Epigallocatechin-3-gallate is

absorbed but extensively glucuronidated following oral adminis-

tration to mice. J. Nutr. 2003, 133, 4172-4177.

(24) Williams, J. A.; Ring, B. J.; Cantrell, V. E.; Campanale, K.; Jones,
D. R.; Hall, S. D.; Wrighton, S. A. Differential modulation of
UDP-glucuronosyltransferase 1A1 (UGT1A1)-catalyzed estradiol-
3-glucuronidation by the addition of UGT1A1 substrates and other
compounds to human liver microsomes. Drug Metab. Dispos.
2002, 30, 1266-1273.

(23)
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Figure 6. Effects of quercetin and EGCG on the uptake of *H-BCA in MCF-7/sensitive, MCF-7/Adr, and MCF-7/MX100
cells (A), in Caco-2 cells (B), and in MDCK/WT and MDCK/MRP2 cells (C). The 5 min uptake of *H-BCA (24 nM) in cells
grown in 35 mm? culture dishes in the presence of 16.67 uM BCA only (considered as 100%) or 16.67 uM quercetin and
16.67 uM EGCG was determined as described in the Materials and Methods. Data are expressed as mean + SD, n = 3.

type of conjugate formation, for example, more glucuronidation
and less sulfation with differences in volume of distribution and
elimination for the different types of conjugates; inhibition of
the metabolism of BCA by other parallel metabolic pathways,
such as CYP-mediated metabolism. This latter hypothesis is
supported by the decreased concentrations of BCA’s demethy-
lated metabolite, genistein, that was observed in HepG2 studies,
and the reports that quercetin can inhibit CYP1A1, CYP1A2
and CYP1B1.2%?7 Quercetin can inhibit human recombinant
enzyme activities of CYP1A1 and 1B1 with ICsy = 6.0 uM
and K; = 0.25 uM (CYP1A1), and ICsp = 0.55 uM and K; =
0.12 uM (CYPIB1).%” Quercetin can also significantly inhibit
of ethoxyresorufin-O-deethylase (EROD) activity with an ICs
of 4.14 uM.*’

The mechanism of increased absorption may also
involve inhibition of efflux transporter(s). BCA and/or
BCA conjugates are potential substrates for the efflux
transporters P-glycoprotein, BCRP, and MRP22*2!-*¥ and
quercetin and EGCG are known to interact with these
transporters.”” ' Therefore, we hypothesized that quer-
cetin and EGCG inhibition of these intestinal transporters
may contribute to the increased BCA absorption. Our
results suggest that inhibition of P-glycoprotein may be
involved in the increase of BCA absorption by quercetin
and EGCQG, at least at our test concentration. BCA may
represent a P-glycoprotein—substrate, since sulfate and
glucuronide conjugates generally are not transported by
P-glycoprotein.

In conclusion, our findings demonstrate for the first time

(25) Harris, R. M.; Wood, D. M.; Bottomley, L.; Blagg, S.; Owen,
K.; Hughes, P. J.; Waring, R. H.; Kirk, C. J. Phytoestrogens are
potent inhibitors of estrogen sulfation: implications for breast
cancer risk and treatment. J. Clin. Endocrinol. Metab. 2004, 89,
1779-1787.

(26) Yeh, S. L.; Wu, S. H. Effects of quercetin on beta-apo-8'-carotenal-
induced DNA damage and cytochrome P1A2 expression in A549
cells. Chem. Biol. Interact. 2006, 163, 199-206.
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that the administration of multiple flavonoids results in the
increased bioavailability of BCA. Although the bioavail-
ability of BCA increased by about 3-fold, it still remains
very low. The increase in bioavailability resulted in an
increased extent of enterohepatic cycling for BCA. Therefore,
combinations of flavonoids present in herbal preparations or
in the diet may alter the bioavailability and enterohepatic
cycling of individual flavonoids resulting in higher plasma
concentrations and potentially enhancing its pharmacological
effects. Further studies are needed to determine the specific
pharmacokinetic interactions between BCA, quercetin and
EGCG.
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