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Abstract: Breast cancer resistance protein (BCRP) mediates pharmacokinetic drug interactions.
This study evaluated the potential of quercetin to inhibit and induce BCRP in vitro and in vivo.
The inhibition of BCRP was investigated for quercetin and its metabolites using BCRP/mBcrp1-
overexpressing MDCKII cells by flow cytometry. The induction of BCRP was investigated in LS174T
cells using quantitative PCR. The expression of rat BCRP in rat small intestine, liver, and kidney
was also measured after multiple administrations of quercetin in rats (50, 100, and 250 mg/kg,
seven days). The in vivo pharmacokinetic changes of sulfasalazine following single or multiple
administration of quercetin in rats and beagles were investigated. Although the induction effect
of quercetin on BCRP was observed in vitro, the in vivo expression of rat BCRP was not changed
by multiple quercetin administrations. Oral administration of quercetin did not affect the plasma
concentration or pharmacokinetic parameters of sulfasalazine, regardless of dose and dosing period
in either rats or beagles. In addition, the inhibitory effect of quercetin metabolites on BCRP/mBcrp1
was not observed. These results suggest that the in vivo drug interaction caused by quercetin via
BCRP was negligible, and it may be related to the metabolic inactivation of quercetin for the inhibition
of BCRP.
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1. Introduction

Herbal components in a daily meal (unintended uptake) or dietary supplement/
traditional medicine (intended uptake) can affect the pharmacokinetics of concomitant
medicines, resulting in a change in the safety and efficacy of drugs [1,2]. For example,
2621 adverse events associated with dietary supplements, including 101 deaths, were
reported to the FDA over five years (2005-2010).

Together with P-glycoprotein (P-gp), breast cancer resistance protein (BCRP) is an
efflux transporter restricting oral absorption and enhancing excretion of many compounds,
including antivirals, lipid-lowering agents, antibiotics, and calcium channel blockers [3,4].
Since several classes of natural products have shown potent BCRP inhibition, herb—drug
interactions mediated by BCRP could be a concern in patients who are taking phytochemical
supplements [5]. For example, curcumin is known to inhibit the efflux of sulfasalazine via
BCRP; therefore, systemic exposure of orally administered sulfasalazine concomitant with
curcumin at a dose of 2000 mg/day was increased by 3.2-fold [6].

Quercetin is the most abundant plant flavonoid in the human diet, including in onions,
apples, cappers, berries, and red wine. The average uptake of quercetin from daily food
is 5-100 mg/day irrespective of the country, and quercetin contributes up to 70% of the
flavonol and flavone uptake regardless of gender [7,8]. Quercetin has been used as a
health supplement as quercetin alone or combined with other chemicals such as bromelain,
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other citrus flavonoids, or vitamins in the expectation of antioxidative, anti-inflammatory,
antiviral, and anticancer activity, and the prevention of cardiovascular disease [1,9]. The
recommended dose of commercially available quercetin as a health supplement is relatively
high (average: 970 mg/day; mode: 500 mg/day; minimum: 250 mg/day; maximum:
4000 mg/day) [10].

Drug interactions caused by quercetin concerning drug transporters can be fatal. For
example, Wang et al. reported that two-thirds of pigs administered digoxin, a typical sub-
strate of P-gp, died unexpectedly after co-administration with quercetin; a rapid increase
in digoxin plasma concentration was also observed [11].

Quercetin is a substrate and inhibitor of BCRP [12-14]. Sesink et al. determined that
quercetin is a BCRP substrate with high efficiency [15]. In addition, the accumulation of
BCRP substrates, such as SN-38, in BCRP-overexpressed cells was increased by quercetin; K;
for SN-38 was 0.28 uM [16]. However, despite the potential of quercetin to cause herb—-drug
interactions through BCRP, in vivo research demonstrating this topic is hardly available
except for the recently published study by Song et al. that showed unclear evidence of
interaction by quercetin in vivo followed by oral administration at a dose of 10 mg/kg in
rats [17].

This study investigated the pharmacokinetic interactions of quercetin with BCRP
in vitro and in vivo concerning inhibition and induction. The pharmacokinetic interaction
was investigated thoroughly at various doses and dosing days in rats and beagle dogs. In
addition, the modulation of BCRP expression was investigated in vitro and in vivo. Finally,
the potential for metabolic inactivation of the interaction was suggested.

2. Materials and Methods
2.1. Materials

Quercetin dihydrate, sulfasalazine, diclofenac, rhodamine123, verapamil, Ko143, and
estrone were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pheophorbide A was
purchased from Frontier Scientific (Logan, UT, USA). A quercetin capsule commercially
available from Solaray® (Park City, UT, USA) was used for administration to beagle dogs.
Unless indicated otherwise, all other chemicals were of analytical or HPLC grade, as
appropriate. The LS174T cell line was obtained from the Korean Cell Line Bank (Seoul,
Korea). Human P-gp, BCRP, and mouse Berpl-expressed MDCKII cells, as well as their
control cells, were kindly gifted by Dr. Borst and Schinkel’s group [18-20].

2.2. Experimental Animal

Male Sprague-Dawley rats (220-330 g) were purchased from Samtako, Inc. (Osan,
Korea) and were housed four per individual ventilated cage and given access to water
ad libitum. Male beagle dogs weighing 12-16 kg were purchased from Orient Bio Inc.
(Seongnam, Korea) and housed three per individual animal care room. They were allowed
free access to water and fed 300 g of standard laboratory dog food once a day at 10:00 a.m.

All animals were kept in a controlled room at 25 + 5 °C and 12 h light/dark cycles.
All experiments were conducted according to protocols approved by the Committee on the
Care and Use of Laboratory Animals of Kyung Hee University.

2.3. RNA Extraction and Quantitative PCR

The rats were orally administered 50, 100, and 250 mg/kg of quercetin suspended in
0.5% Na-carboxymethylcellulose orally for seven consecutive days. On the 8th day, the
proximal 20 cm of the small intestine was extirpated following intraperitoneal injection of
Zoletil® (25 mg/kg of zolazepam and 25 mg/kg of tiletamine). Total RNA was extracted
from the scraped intestinal mucosa using RNAiso (Takara, Tokyo, Japan) according to the
manufacturer’s protocol. Subsequently, mRNA was reverse transcribed to cDNA using
the Takara RNA PCR Kit (AMYV ver. 3.0) and a Takara PCR Thermal Cycler Dice TP650.
Quantitative PCR was performed in a LightCycler 1.5 (Roche Diagnostics, Mannheim,
Germany). Thermocycling for each reaction was performed in a final volume of 20 pL
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reaction mixture using SYBR Green Premix Ex Taq (Takara Bio Inc., Otsu, Japan) and the
primers listed in Table 1. The mRNA level was estimated by relative quantification to
18s RNA.

Table 1. Primers and real-time PCR conditions were used in quantification of mRNA expression in
LS174T cells and rats.

Gene Accession No. Sequence (5'-3') Condition
95°C—10s,

FW- CGCCGCTAGAGGTGAAATTC

ri8s RNA [21] M11188 RW- CCAGTCGGCATCGTTIATGG > < %6 =7
FW- CAGCAGGTTACCACTGTGAG 3108

Rat BCRP [22] NMISISSL - gw- TTCCCCTCTGTTTIAACATTACA P 7C 256 0%

HumanBCRP 23] NML0odsz72 V- CAGGTCTGITGGICAATCTCACA o, (0% o
- RW- TCCATATCGTGGAATGCTGAAG N AL

2.4. Cell Culture

P-gp, BCRP, and mouse Berpl-overexpressed MDCKII cells were subcultured in Dul-
becco’s Modified Eagle Medium containing 100 units/mL penicillin, 100 pg/mL strepto-
mycin, and 10% FBS and maintained at 37 °C in a humidified 5% CO, atmosphere. LS174T
cells were subcultured in the same way, except for the use of the RPMI1640 medium.

2.5. Changes in mRNA Levels of BCRP Expressed in LS174T Cells and Rat BCRP Expressed in
the Liver, Kidney, and Small Intestine of Rats Following Exposure to Quercetin

BCRP/rat BCRP mRNA was quantified in the cells and tissues of rats according to a
previous report [24]. Briefly, LS174T cells were seeded at a density of 2 x 10° cells/mL, fol-
lowed by incubation in 5, 10, and 50 uM quercetin in 0.5% DMSO for 48 h with replacement
every 24 h. Total RNA was extracted using RNAiso (Takara, Tokyo, Japan) and reverse tran-
scribed to cDNA using the Takara RNA PCR™ Kit (AMV ver. 3.0) and Takara PCR Thermal
Cycler Dice TP650. Quantitative PCR was performed using the LightCycler 1.5 (Roche
Diagnostics, Mannheim, Germany). The mRNA levels of BCRP were calculated by relative
quantification using the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase.

Male SD rats were administered quercetin suspended in 0.5% sodium carboxymethyl
cellulose at doses of 50, 100, and 250 mg/kg for seven consecutive days and liver, kidney,
and small intestinal tissues were excised on the 8th day. RNA extraction and quantitative
PCR were performed as described above. The mRNA level of Berp was calculated by
relative quantification with 18s RNA.

2.6. Metabolic Degradation of Quercetin in Isolated Rat Hepatocytes

Freshly isolated rat hepatocytes were prepared according to the in situ collagenase
perfusion method [25,26] and suspended in Krebs-Henseleit buffer (pH 7.4). The suspen-
sion of cells (0.5 x 10° cells/0.5 mL) was incubated with quercetin (final concentration:
1 uM) in a 37 °C water shaking bath. After 20 min, the hepatocyte suspension was moved
on ice and filtered using a 0.2 uM syringe filter and the filtrate was used as a mixture of
quercetin metabolites. As the absolute amount of mixture of quercetin metabolites was
unavailable, the amount of quercetin metabolites was considered the equivalent amount of
quercetin used for initial incubation. The half-life was obtained by plotting the incubation
time against the logarithmic concentration of quercetin.

2.7. Inhibitory Effect of Quercetin and Its Metabolites on BCRP, mBcrpl, and P-gp Using
Flow Cytometry

The inhibitory effects of quercetin and its metabolites on BCRP, mBcrpl, and P-gp
using flow cytometry were assessed as previously described [27] with minor modifications.
Suspensions of BCRP, mBcrp1, and P-gp-overexpressing MDCKII cells were used for flow
cytometry data collected on Guava EasyCyte (Millipore, MA, USA). The cellular accumula-
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tion of pheophorbide a, a selective substrate for BCRP and mBcrpl, and rhodamine 123,
a selective substrate for P-gp, with or without quercetin (1 pM) or quercetin metabolites
(1 uM equivalent) was evaluated [28]. The concentrations of pheophorbide a and rho-
damine 123 were 10 uM and 1 uM, respectively. Verapamil (100 uM) and ko143 (10 uM)
were used as positive control inhibitors of P-gp and BCRP, respectively. The uptake of all
fluorescent substrates was evaluated using the peak fluorescence intensity [17].

2.8. Pharmacokinetic Study of Sulfasalazine in Rats and Beagles

The pharmacokinetic study of sulfasalazine in rats was designed to evaluate the effects
of single-and multiple-dose quercetin. For the single-dose study, sulfasalazine (20 mg/kg)
was administered orally with the vehicle for quercetin, quercetin (100 mg/kg), or estrone
(100 mg/kg). Estrone was used as a positive control for BCRP inhibition [29]. For the
multiple-dose-treated group, 100 mg/kg of quercetin or vehicle was administered orally
for 7 consecutive days, and 20 mg/kg of sulfasalazine was administered to both groups on
the 8th day. Three hundred microliters of blood were collected at 0 (pre-dose), 2, 10, 30, 60,
120, 180, 240, 360, 540, 720, and 1440 min and centrifuged at 16,850 g for 3 min to prepare
plasma samples.

A 2 x 2 crossover design was used to evaluate the effect of co-administration of
quercetin in beagles. Six beagle dogs were divided into two groups and administered
50 mg/kg of sulfasalazine in the gelatin capsule following an oral dose of 1 g/head or
empty gelatin capsule. After a washout period of 1 week, they were titrated onto the
alternative treatment (with quercetin or an empty gelatin capsule). For the multiple-dose
study, an empty gelatin capsule or 1000 mg/head of quercetin mixed with food was
administered to the control or treated group at 10:00 a.m. for seven consecutive days.
On the 8th day, beagles were dosed with 50 mg/kg of sulfasalazine filled in a gelatin
capsule orally. In addition, if quercetin were to cause a change in BCRP function such as
inhibition or induction, it was thought that there would be a recovery of BCRP function
with the interruption of quercetin dosing. To examine this, a recovery phase experiment
was conducted. After a week-long washout period, sulfasalazine was administered again
with or without a single dose of quercetin (1 g/head), and the pharmacokinetic profile was
compared. Blood sampling for the pharmacokinetic study in beagle dogs was performed
as follows: One milliliter of blood was collected from the cephalic vein of the foreleg at
0 (pre-dose), 2, 10, 30, 60, 120, 180, 240, 360, 540, 720, and 1440 min after administration.
Three hours after drug administration, the beagle dogs were released from the animal
jacket and provided food. Thereafter, they were kept in the care room with ad libitum
access to water until blood sampling was completed.

Pharmacokinetic parameters of sulfasalazine were determined using the model-
independent method using Excel™. The AUC from zero to the last measurable point
(AUC),4) was used to evaluate the amount of absorption. The observed peak concentra-
tion (Cmax) and time to reach Cpax (Tmax) were used to evaluate the amount of and the
rate of absorption, respectively. Considering the double peak phenomenon observed for
sulfasalazine, the first observed peak concentration was considered to be Cpax [30].

2.9. LC-MS/MS Analysis

The plasma concentration of sulfasalazine was analyzed according to a previous re-
port, with minor modifications [31,32]. Plasma (20 pL) was vortex-mixed with 200 uL of
acetonitrile containing 50 ng/mL diclofenac for 5 min and centrifuged at 16,850 x g at 18 °C
for 3 min. Ten microliters of supernatant were injected into SepaxGP-C18 (2.1 x 50 mm,
3 uM, 120 A, Sepax Technologies, Inc., Newark, DE, USA) connected to an Agilent 1200 se-
ries (Agilent, Santa Clara, CA, USA). The temperature of the samples in the autosampler
was maintained at 4 °C. The mobile phase consisted of 0.16 mM ammonium formate
(solvent A) and acetonitrile (solvent B). The gradient eluent was as follows, with a flow
rate of 0.3 mL/min: Solvent B was held at 30% for 0.1 min, linearly ramped from 30% to
95% in 1.4 min, held at 95% for 1.5 min, and then immediately brought back down to 30%
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for re-equilibration. A Waters Quattro micro™ API mass spectrometer (Waters, Milford,
MA, USA) equipped with an electrospray ionization source was used as a detector. The
analysis was performed in negative ion ESI mode with a capillary voltage of 3.00 kV, cone
voltage of 45 V, source temperature of 120 °C, and desolvation temperature of 800 °C.
A cone gas flow of 50 L/h and desolvation gas flow of 800 h/L were used. Nitrogen
was used as the nebulizing and desolvation gas, and argon was used as the collision gas.
Multiple reaction monitoring analysis was performed with the transitions m/z 397 — 197.1
and m/z 294 — 250 for sulfasalazine and diclofenac, respectively. All data were collected
and processed using MassLynx 4.1 software (Water, Milford, MA, USA). The range of
standard curve was 6.25~2000 ng/mL. The limit of quantification was 6.25 ng/mL. If a
sample concentration exceeded the highest calibration standard, the sample was diluted
with blank plasma and reassayed. The accuracy and precision values of the quality control
samples were within the acceptable limits (<15%).

The analysis of quercetin in isolated hepatocyte suspensions was performed according
to a previous report [33].

2.10. Statistical Analysis

Statistical differences between the control and treated groups were determined using
an unpaired t-test for rats and beagles. For single-administered beagles, a paired t-test
was used. For mRNA expression, one-way ANOVA was used, followed by post-hoc LSD.
Statistical significance was set at p < 0.05. Statistical analysis was performed with SPSS,
version 21 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Modulation of the Expression Level of BCRP by Administration of Quercetin

Figure 1 shows the mRNA expression of BCRP in the LS174T cells, small intestine,
liver, and kidney of rats. The mRNA expression level of BCRP in LS174T cells increased
with the concentration of pretreated quercetin and showed a statistical difference for the
50 uM-treated group. Long-term oral exposure to quercetin in vivo (50 and 100 mg/kg for
seven consecutive days) increased the mRNA expression of BCRP in the small intestine,
and a statistically significant increase in the expression of BCRP was observed in the group
administered 100 mg/kg. The 250 mg/kg quercetin treatment group did not show any
difference in the expression level of BCRP. The mRNA expression of BCRP in the liver
and kidney did not show clear modulation because of the relatively large deviations in
expression levels.

3.2. Negligible In Vivo Pharmacokinetic Change of Sulfasalazine Followed by
Quercetin Administration

Figure 2 represent the plasma concentration profile of sulfasalazine with or without a
single dose of quercetin (100 mg/kg) and multiple doses of quercetin for seven days in rats.
Despite well-documented in vitro evidence to support the possibility of BCRP-mediated
interaction caused by quercetin, administration of quercetin (single or multiple) did not
result in any significant difference in the plasma concentration of sulfasalazine. Only the
plasma concentrations of sulfasalazine at 24 h in the multiple-dose group were significantly
lower than those in the control group (Figure 2b). However, co-administration of estrone
(positive control of the BCRP inhibitor) increased the plasma concentration of sulfasalazine.
The pharmacokinetic parameters are summarized in Table 2. No significant change in the
pharmacokinetics of sulfasalazine was observed after single or multiple administrations
of quercetin in rats. However, there was a significant increase in the AUC of the positive
control group treated with estrone.
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Figure 1. mRNA expression of BCRP (a) in LS174T cells and rat BCRP expression (b—d) in rat small intestine, liver, and
kidney. LS174T cells were incubated for 48 h with quercetin (5 pM, 10 uM, and 50 uM), and rats were administered 50, 100,
and 250 mg/kg of quercetin for seven consecutive days. Each value represents mean + SE for the percentage compared to

the vehicle-treated group (n = 3, * p < 0.05).
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Figure 2. Plasma concentration of sulfasalazine following single (a) and multiple administration (b) of quercetin in rats.

Data were shown as mean £ SD ((a) n = 6, (b) n = 3). Open and closed circles represent the control and quercetin-treated
group, respectively, and triangles represent the estrone-treated group.

Figures 3 and 4 show the plasma concentration profile of sulfasalazine with or without
a single dose (1 g/head) or multiple doses (for seven days) of quercetin in dogs. Similar to
the results in rats, administration of quercetin did not cause any significant difference in
the plasma profile or pharmacokinetic parameters of sulfasalazine (Table 3).
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Table 2. Pharmacokinetic parameters of sulfasalazine following single and multiple administration of quercetin in rats.
Data are shown as mean + SD (** p < 0.01).

Single Administration (1 = 6) Multiple Administration (n = 3)
Control +Quercetin +Estrone Control +Quercetin
AUCpast 1.84 + 0.557 1.65 + 0.912 2.73 £ 0.301 ** 1.87 + 0.684 1.87 £+ 0.367
(ug-h/mL)
Cmax 226 + 130 126 + 64 277 + 118 141 + 34 111 + 10
(ng/mL)
T(Tl")ix 1.06 + 1.47 0.506 £ 0.749 3.39 £ 3.61 0.389 £+ 0.192 1.72 + 1.44
10000 10000
=5 -O- Control
%’ -O-  + Quercetin
£ 1000 1000
c
2
-t
o
S 100 100
o
c
c 1 T
(S
10 L L] L] L] L] L] L 10 L]
0 4 8 12 16 20 24
10000 10,000
)
E
o
£ 1000 1000
c
L
®© :
b i
s 100 100
3 i
c
(]
(&]
10 104
10000+
-
E
o
£ 1000+
c
L
-
© :
S :
s 100
1)
5 «
o O
104 r r r r T ] 10 r T T T T
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (hr) Time (hr)

Figure 3. Plasma concentration of sulfasalazine with or without single administration of quercetin (1 g/head) in each beagle
dog (n = 6). Open and closed circles represent the control and quercetin-treated group, respectively.
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Figure 4. Plasma concentration of sulfasalazine following multiple administration (a) of quercetin and recovery phase (b) in

beagle dogs. Data are shown as mean =+ SD (1 = 3). Open and closed circles represent the control and quercetin-treated
group, respectively.

Table 3. Pharmacokinetic parameters of sulfasalazine following single and multiple administration of quercetin in beagle
dogs. Data are shown as mean + SD.

. L . Multiple Administration (1 = 3)
Single Administration (1 = 6)

7-Day Treatment Recovery Phase
Control +Quercetin Control +Quercetin Control +Quercetin
AUCast 21.0 + 6.80 21.4 +5.63 18.1 +7.85 21.0 £ 7.20 13.7 + 6.34 15.1 +£3.15
(ug-h/mL)
Cmax 441+1.35 483 +1.19 440+ 1.79 4.23 +1.09 3.19+1.24 3.64 + 0.916
(ng/mL)
T(Iﬁ;" 2.83 4+ 0.408 3.20 + 0.447 3.33 + 0.577 3.00 £+ 1.00 2.00 £+ 1.00 2.67 +0.577

3.3. Loss of BCRP Inhibitory Activity by Metabolic Degradation of Quercetin

The metabolic instability of quercetin is shown in Figure 5. Based on previous studies,
quercetin rapidly degraded in isolated rat hepatocytes with a half-life of 4.6 min. Because
over 95% of quercetin in the suspension of hepatocyte may exist as its metabolites after
20 min, the filtered incubation solution was used as a mixture of quercetin metabolites.

1000

)
£
o
£
s (o}
= 100 o
£ o]
o
o
c
o
(&)

10 L] T L] L] 1

0 5 10 15 20
Time (min)

Figure 5. The disappearance of quercetin in isolated rat hepatocytes. Hepatocytes were incubated at
10° cells/mL in Krebs—Henseleit buffer, pH 7.4, as described in the Materials and Methods section.
Results are expressed as the means + SD of three experiments.
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Count

Count

To evaluate the inhibitory activity of quercetin metabolites, a FACS flow cytometry
study using BCRP- and mBcrpl-overexpressing MDCKII cells was performed for quercetin
and metabolites of quercetin that were generated by isolated rat hepatocytes.

As expected, the fluorescence intensity of pheophorbide a, a well-known BCRP-
specific marker, was lower in BCRP and mBcrpl-overexpressing cells than that in MOCK-
MDCKII cells (Figure 6). In addition, quercetin, quercetin metabolites, and the BCRP
inhibitor Ko143 did not lead to any clear shift in the peak fluorescence intensity of pheophor-
bide a in MOCK-MDCKII cells (<0.25-fold shift for all groups).

500 (b) 500~
K- 3 BCRP-MDCK II Cell
4004 MOCK-MDCK 1II Cell ) 400 A
f b —1 'y‘ A"i
\ [=} 4 /
300+ y = 300- Al /|
8 l' ) ‘: 1)‘\": f \"
| 1 J \
2004 I 2004 s Wl
) ‘\. { .‘l\ \
Pf x{( Py
100 4 1004 \ / :
/l Q‘\« ,‘} VAR
0 T T T wrren 0 T '." "‘. —prrrren
10° 101 102 103 104 10° 101 102 103 104
Red fluorescence Red fluorescence
600+
mBcrpl-MDCK II CELL
007 Gray: pheophorbide a
300- « N Red: pheophorbidea + Ko143
Illy, 1\ AN Blue: pheophorbide a + quercetin
2004 f :L. { ,;]‘l]. b Green: pheophorbide a + quercetin metabolite
]‘ j 4 |'; J A
100+ S0 AN F A
) 7 kY \ﬂ 4 A
0 T e e Frrrm
10° 10" 102 103 104

Red fluorescence

Figure 6. Representative histogram of pheophorbide a accumulation in MOCK-MDCKII cells (a), BCRP-overexpressed
MDCKII cells (b), and mBerpl-overexpressed MDCKII cells (c). Fluorescence of pheophorbide a in MOCK-MDCKII
cells was not affected by Ko143, quercetin, or quercetin metabolites (a). However, quercetin and Ko143 increased the
accumulation of pheophorbide a in BCRP-overexpressed MDCKII cells (b) and mBcrpl-overexpressed MDCKII cells (c) by
inhibition of BCRP function, whereas the inhibitory effect of quercetin metabolites was not observed.

Figure 6 shows that quercetin and the BCRP inhibitor Ko143 could inhibit the function
of BCRP and mBcrp1. In the Ko143 co-treated group, the peak shift in fluorescence intensity
was 7.5-fold in BCRP-MDCKII cells and 15.7-fold in mBecrp1-MDCKII cells. Quercetin
co-treatment showed a similar shift pattern (4.3-fold in BCRP-MDCKII cells and 10.5-fold
in mBcrp1-MDCKII cells). Interestingly, equivalent molar amounts of quercetin metabolites
did not show clear inhibition of BCRP and mBcrp1, where the fold shift was only 30.8%
and 16.6% of that induced by quercetin in BCRP-MDCKII cells and mBcrp1-MDCKII
cells, respectively.

These results were also reproduced in the P-gp-overexpressing cells. Quercetin and
verapamil, the positive control of the P-gp inhibitor, inhibited the function of P-gp, although
equivalent molar metabolites of quercetin did not (Figure 7).
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Figure 7. Representative histogram of rhodamine 123 accumulation in MOCK-MDCKII cells (a) and P-gp-overexpressed
MDCKII cells (b). Fluorescence of rhodamine 123 accumulation in MOCK-MDCKII cells was not affected by verapamil,
quercetin, or quercetin metabolites (a). However, quercetin and verapamil increased the accumulation of rhodamine 123 in

P-gp-overexpressed MDCKII cells, whereas quercetin metabolites did not show the inhibitory effect (b).

4. Discussion

Although BCRP recognizes various drugs as a substrate and its importance in intesti-
nal absorption has grown, information on the absorptive interaction between BCRP and
quercetin in vivo has not yet been fully elucidated. Given in vitro reports in the literature
that showed possible interaction caused by quercetin via BCRP and the upregulation of
BCRP mRNA expression in LS174T cells in our results, we postulate that single and multiple
doses of quercetin could affect the bioavailability of drugs recognized by BCRP. For inhibi-
tion studies of BCRP, substrate selection is critical because its substrates often overlap with
P-gp; therefore, data interpretation could be confused. Fortunately, Zaher et al. revealed
that sulfasalazine has a higher affinity for BCRP (with a Kj;, value below 1 uM) than P-gp,
and the AUC ratio of knockout mice to wild-type mice was 55.5-fold higher in Berpl=/~
knockout mice than in Mdrla”~ knockout mice [32,34]. Therefore, we investigated the
effect of quercetin on the intestinal absorption of sulfasalazine through BCRP.

Because our mRNA data in LS174T cells and in vivo suggested the possibility of
the induction of BCRP by chronic administration of quercetin, we evaluated the effect of
quercetin on the pharmacokinetics of sulfasalazine after multiple doses of quercetin in
addition to a single dose of quercetin.

We administered quercetin at a dose of 100 mg/kg for rats and 1 g/head for dogs
because the daily dose of quercetin is in the range of 250 to 4000 mg. The human equiv-
alent dose, considering body surface area, for a rat dose of 100 mg/kg corresponds to
1129 mg/70 kg. Thus, the dose we used in the experiment is thought to reflect the clini-
cal situation.

Although some evidence suggests that quercetin can change the bioavailability of
drugs whose penetration through the intestinal epithelium is limited by BCRP, quercetin
did not affect the intestinal absorption of sulfasalazine following single and multiple admin-
istrations in rats. Recently, Song et al. also reported that an oral dose of quercetin at a dose
of 10 mg/kg did not change the pharmacokinetics of co-administered sulfasalazine [17].
Only the plasma concentrations of sulfasalazine at 24 h in the multiple-dose group were
significantly lower than those in the control group (Figure 2b). It was difficult to consider,
however, that inhibition of BCRP-mediated absorption of sulfasalazine by quercetin re-
sulted in the decreased plasma concentration at 24 h. In addition, similar results were not
observed in the dog study (Figure 4a).

Concerning the discrepancy between in vitro BCRP inhibition results and in vivo
pharmacokinetic results, several hypotheses, including species differences or the feasibility
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of sulfasalazine as a maker, can be argued. However, Figure 6 clearly shows that both
BCRP and mBerp1 were inhibited by quercetin. In addition, a lack of interaction between
quercetin and sulfasalazine was observed in rats and beagles. Thus, inter-species differences
affecting the impact of quercetin on the absorption of sulfasalazine seem to be negligible.
Another possibility, that sulfasalazine was not a good marker of oral absorption in the
BCRP-mediated interaction study, was also excluded. BCRP expression increased along
the intestine from the proximal to the distal region with maximal expression in the ileum
and decreased in the colon for both mRNA and protein; protein expressed in the ileum
was about 3-5-fold compared to that in the duodenum [35]. A considerable amount
of sulfasalazine may remain in its parent form in the small intestinal tract because the
bioavailability of sulfasalazine is very low, and metabolism barely occurs in the small
intestine. Thus, the chances of interaction with BCRP might be high [36,37].

We considered other reasons to explain the negligible effect of quercetin on sul-
fasalazine absorption, regardless of species. We supposed that intestinal concentration of
quercetin was too low to lead to altering the BCRP activity because of extensive metabolism.
Crespy et al. reported that under 40% of the initial dose of quercetin existed as a parent
form in the intestinal lumen after intestinal perfusion due to the extensive metabolism of
quercetin [38]. Our metabolic stability study in isolated rat hepatocytes also showed the
metabolic instability of quercetin. The critical point of this hypothesis is whether quercetin
metabolites also inhibit the function of BCRP. Therefore, we tested the inhibitory effects of
quercetin metabolites using FACS cytometric analysis. Quercetin has been reported to yield
various metabolites, including quercetin-3-glucuronide and quercetin-3'-sulfate as a major
form in rats and humans [39,40]. We used the remaining reaction mixture after incubation
in isolated rat hepatocytes as an equivalent molar metabolite mixture of quercetin. As a
result, we found that the metabolite mixture of quercetin did not inhibit the function of
BCRP or mBcerpl. These results were supported by recent literature [41] that showed that
the IC50 of quercetin-3-glucuronide (24.2 M) and quercetin-3'-sulfate for BCRP (3.2 uM)
were much higher than that of quercetin (0.13 uM). Considering that the metabolic process
is a self-defense mechanism that includes the deactivation of the pharmacological activity
of drugs, this result could be expected. In addition, gastric absorption of quercetin may also
contribute to the lack of interaction for the intestinal absorption of sulfasalazine partially
because approximately 38% of quercetin disappeared in the stomach (maybe absorbed) [42]
and the remains (approximately a half-dose) could have been transferred to the small
intestine, which is the site of interaction.

Another interesting point is that the metabolic degradation of quercetin negated its
inhibitory effects on P-gp (Figure 6), whereas both quercetin and its metabolites inhibited
CYP3A [43,44]. These results suggest a possible need to carefully review the inhibitory
effect of quercetin on P-gp in published results. Since drugs transported by P-gp tend also
to be metabolized by CYP3A [45], it remains possible that the in vivo interaction caused by
quercetin results from the inhibition of CYP3A, not of P-gp.

5. Conclusions

In summary, this study demonstrated that quercetin did not affect the intestinal
absorption of sulfasalazine through BCRP in rats and beagles, irrespective of the exposure
period. This may be related to metabolic inactivation and low exposure of parent quercetin
in intestinal cells resulting from metabolism.
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