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Quercetin-3-O-p-D-glucoside decreases the bioavailability
of cyclosporin A through regulation of drug metabolizing
enzymes, transporters and nuclear receptors in rats
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Abstract. Quercetin is a flavonoid compound that is widely
present in food and drink. Quercetin-3-O-f-D-glucoside
(Q3GA) is a major metabolite of quercetin. The aim of the
present study was to investigate the effect of Q3GA on the
pharmacokinetics of orally and intravenously administered
cyclosporin A (CsA) in rats, and to assess the effect of Q3GA on
drug-metabolizing enzymes (DMEs), drug transporters (DTs)
and nuclear receptors (NRs). The pharmacokinetic parameters
of CsA were measured following oral (10 mg/kg) and
intravenous (2.5 mg/kg) administration of CsA in the presence
or absence of Q3GA. The mRNA and protein expression
levels of DMESs, DTs and NRs in the liver and small intestine
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were detected by quantitative polymerase chain reaction and
western blot analysis. The results indicated that the intravenous
administration of Q3GA (2.5, 5 or 10 mg/kg) for 7 consecutive
days reduced the bioavailability of oral CsA. By contrast,
the pharmacokinetics of the intravenous administration of
CsA were not affected by Q3GA. However, the mRNA and
protein expression levels of DMEs and DTs were inhibited
by Q3GA. The activation of DMEs and DTs by NRs, and the
interplay between DMEs and DTs, may explain these results.
The present study identified a novel flavonoid-drug interaction,
which may have implications for patients taking CsA and
quercetin supplements or on a quercetin-containing diet.

Introduction

Quercetin, the most widely-occurring type of flavonol, is one
of the most common flavonoids in plant-derived food (1). It is
widely present in vegetables (including onions and broccoli),
fruits (including apples, grapes and berry crops), certain herbs,
tea and wine (1). It is marketed as a dietary supplement (2).
Onions are the primary source of dietary quercetin (up to
1.2 g/kg fresh weight) in numerous countries (3). Red wine
and tea contain up to 45 mg/I flavonols (3). Other fruits and
vegetables, including broccoli, asparagus, green pepper and
tomato, are good sources of ubiquitous quercetin, particularly
during the summer (1). Quercetin exhibits a variety of
pharmacological effects, including anti-inflammatory,
antioxidant, anticancer, antianaphylaxis and antiaging
properties (1,4,5). Usually, quercetin exists in plants in the form
of hydrophilic glycosides (6). Upon ingestion of vegetables
and fruits, quercetin glycosides are metabolized, absorbed
and rapidly hydrolyzed to generate quercetin aglycone (7).
Absorbed quercetin is rapidly conjugated with glucuronic
acid and/or sulfate during first-pass metabolism, and a
portion of the metabolites are methylated; thus, the primary
metabolites of quercetin in animal and human plasma are
quercetin-3-O-p-D-glucoside (Q3GA), quercetin-3'-O-sulfate
and isorhamnetin-3-O-glucuronide, whereas aglycone is
generally undetectable (8). Q3GA exhibits anti-arteriosclerotic,
anti-inflammatory, antiviral and antioxidant activities in vivo
and in vitro (9-11). It also enhances the anti-inflammatory
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properties of M2a macrophages, and regulates the immune
response to pro-inflammatory stimuli (12).

Quercetin modulates a number of drug-metabolizing
enzymes (DMEs) and drug transporters (DTs), including
cytochrome P450 (CYP) 1A1, CYP1A2, CYP2C9, CYP2CI9,
CYP2D6, CYP3A4, uridine 5-diphospho-glucuronosyltrans-
ferase glucuronosyltransferases (UGTs), sulfotransferases
(SULTSs), glutathione-S-transferase (GSTs), P-glycoprotein
(P-gp), multidrug resistance-associated protein 2 (MRP2),
breast cancer resistance protein (BCRP) and organic anion
transporting polypeptide 1B1 (OATP1B1) (13-17). Moreover,
quercetin may activate the nuclear receptors (NRs) preg-
nane X receptor (PXR) and constitutive androstane receptor
(CAR) (18). PXR and CAR control the expression of a largely
overlapping array of target genes encoding phase I and Il DMEs
and DTs (19). However, only one study has been conducted
regarding the effect of quercetin metabolites on DME, DT and
NR expression (20). It demonstrated that quercetin metabolites
downregulate the expression of CYP1A1/1A2 (20), and the
regulation of the other DMEs and DTs by Q3GA remains to
be investigated.

Cyclosporin (CsA) is an immunosuppressant with a
narrow therapeutic window (21); it is widely used to prevent
organ or tissue transplant rejection (21). CsA is a substrate of
P-gp, CYP3A, MRP2, UGT1A and 2B (21-23). In addition,
it is also a potent inhibitor of P-gp, CYP3A4, MRP2, BCRP,
OATPI1BI and 2B (24,25). Thus, foods or drugs that are able
to modulate DMEs and DTs, and/or their interplay, may alter
the pharmacokinetics of CsA. The co-administration of CsA
and drugs that modulate DMEs and DTs may pose serious
risks. As quercetin is widely present in foods and is used as
a dietary supplement, quercetin and CsA may frequently be
administered simultaneously (26). The co-administration of
quercetin and CsA reduces CsA-induced nephrotoxicity in
male rats (27). The predominant form of quercetin in human
plasma is its phase II metabolites, including Q3GA. Therefore,
the effect of Q3GA on the pharmacokinetics of CsA and on
DMEs, DTs and NRs require investigation.

Our previous study demonstrated that quercetin reduces
the bioavailability of CsA following multiple concomitant
doses in rats, and regulates the DMEs and DTs in the liver and
small intestine (28). Further research is required to determine
the effect of Q3GA on the pharmacokinetics of CsA and on
DMEs, DTs and NRs in the liver and small intestine.

The present study aimed to assess whether multidose
intravenous (i.v.) administration of Q3GA for 7 consecutive
days affected the pharmacokinetics of orally and intravenously
administered CsA in rats. To investigate the interaction
mechanisms, reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) and western blot analyses were
performed to evaluate the mRNA and protein expression
levels of DMEs, DTs and NRs in the livers and small intestines
of the rats.

Materials and methods

Materials. Q3GA was purchased from Chengdu Sino Standards
Bio-Tech Co., Ltd. (Chengdu, China). CsA, CsD, verapamil
(VER) and ketoconazole (KET) were purchased from Dalian
Meilun Biotechnology Co., Ltd. (Dalian, China). The CsA
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preparation was Sandimmune® injection (50 mg/ml; Novartis
International AG, Basel, Switzerland) including Cremophor®
EL (polyethoxylated castor oil), and the infusion concentrate
was diluted in normal saline prior to use.

Animals. A total of 54 male Sprague-Dawley rats (weight,
180-220 g; age, 8-9 weeks), were purchased from and reared
in the Laboratory Animal Research Center of Tongji Medical
College of Huazhong University of Science and Technology
(Wuhan, China). The rats were allowed ad libitum access to food
and tap water and were housed at 22+2°C with 50-60% relative
humidity, with a 12-h light/dark cycle during experiments. The
experiments were started following one week of acclimation.
All experiments were performed with the approval of the
Animal Research Ethics Committee of Tongji Medical College
of Huazhong University of Science and Technology. All animal
experiments were conducted in accordance with the standard
ethical guidelines provided by the Laboratory Animal Research
Center of Tongji Medical College of Huazhong University of
Science and Technology (Wuhan, China).

Experiment I. The rats were randomly divided into eight groups
with six rats in each group: (A) Control group (pretreated
with phosphate buffer; i.v.; 5 ml/kg); (B) inhibition group
[pretreated with KET in olive oil; intragastric (i.g.); 75 mg/kg];
(C) inhibition group (pretreated with VER in deionized water;
i.g.; 4 mg/kg); (D) low-dose group (pretreated with Q3GA
in phosphate buffer; i.v.; 2.5 mg/kg); (E) middle-dose group
(pretreated with Q3GA in phosphate buffer; i.v.; 5 mg/kg);
(F) high-dose group (pretreated with Q3GA in phosphate
buffer; i.v.; 10 mg/kg); (G) control group (pretreated with
phosphate buffer; i.v.; 5 ml/kg); and (H) middle-dose group
(pretreated with Q3GA in phosphate buffer, i.v., 5 mg/kg).
Groups A-F were used to investigate the effect of Q3GA on the
pharmacokinetics of the oral administration of CsA, whereas
Groups G and H were used to investigate the effect of Q3GA on
the pharmacokinetics of the i.v. administration of CsA. All rats
received the treatment once-a-day for 7 consecutive days. On
the 7th day, the rats were treated with the vehicle (phosphate
buffer) or drug, and at 30 min following this, CsA (10 mg/kg)
was administered to the rats by oral gavage in the A-F groups;
CsA (2.5 mg/kg) was administered to rats by i.v. injection in
the G and H groups. Following administration, blood samples
(0.2 ml) were collected from the rat jugular vein at 20, 40 min,
1,1.5,2,4,8, 12,24, 36 and 48 h. The blood samples were
stored at -80°C until analysis.

Experiment I1. Rats were randomly divided into six groups,
with three rats in each group. The groups were treated in
the same manner as the A-F groups of experiment I. All rats
received the treatment for 7 consecutive days. On the 7th day,
30 min following treatment, the CsA vehicle (5 ml/kg olive
oil) was administered to the rats by oral gavage. Following
the 7-day treatment all rats were fasted overnight prior to
sacrifice. On day 8, 24 h following the final dose, the rats were
sacrificed via overdose of anesthesia. The livers were rinsed
with saline and blotted dry, then snap-frozen in liquid nitrogen
and stored at -80°C until use. The intestines were scraped with
a glass slide to collect the mucosal layers while fresh, then
snap-frozen in liquid nitrogen and stored at -80°C until use.
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Table I. Summary of the gene-specific PCR primer sequences, the length of production and the appropriate annealing temperature

used in the experiments.

Genbank Product Tm,
Gene accession no. Sense primer, 5'—3' Antisense primer, 5'—3' size,bp °C
GAPDH NM_031144 CGCTAACATCAAATGGGGTG TTGCTGACAATCTTGAGGGAG 201 58
Cyp3al NM_013105.2 ACTGCATTGGCATGAGGTTTG ATCCCGTGGCACAACCTTT 170 58
Cyp3a2 NM_153312.2 ATTCTAAGCATAAGCACCGAGTG TGTGCTGCTGGTGGTTTCAT 158 58
Ugtlal NM_012683.2 ACTATTCTTGTCAAATGGCTACCC GTTTTCCAAATCATCGGCAGT 231 58
Sultlal NM_031834.1 CTCTACCCGAGGAGACTGTGG TAGCATAGTGGGCATCAAAGC 204 58
Gstml NM_017014.1 GACAGAGGAGGAGCGGATTC CCACATAGGTGACCTTGTCCC 203 58
Slco2bl NM_080786.1 TCGCTGTTGTGTCTGCTACTCAG AACAGGGTTAAAGTCATCTGATTGG 162 58
Slcolb2 NM_031650.3 TTCGTGGTGATAAGAAGCCG CAATTCAGGTTGGACGCTCTT 218 58
Mdrl NM_012623.2 TCCTATGCTGCTTGTTTCCG ATCCTGATGATGTGGGATGCT 179 58
Berpl NM_181381.2 ATTGGTGCCCTTTACTTTGGTC ACACTTGGCAAGAACCTCATAGG 236 58
Mrp2  NM_012833.2 TGTGGCAGTTGAGCGAATAAGT AAGAGGCAGTTTGTGAGGGATG 246 58
Pxr NM_052980.2 CTTCGCCAAAGTCATATCCCA TGTTTCCGTGTCGAACATCG 121 58
Car NM_001270838.1 GAGCCACGGGCTATCATTTC CTCCCAGCAAACGGACAGAT 160 58

Tm, melting temperature; Cyp, cytochrome P450; Gstm, glutathione-S-transferase-y; Q3GA, quercetin-3-O-f3-D-glucoside; Slco, solute carrier
organic anion transporter family member; Sult, sulfotransferase; Car, constitutive androstane receptor; Mdrl, multidrug resistance protein 1;
Mrp2; multidrug resistance protein 2; Pxr, pregnane X receptor; Berp, breast cancer resistance protein; Ugt, UDP glucuronosyltransferase.

Analytical experiments. The blood concentrations of CsA in
the rats were measured with liquid chromatography-tandem
mass spectrometry; CsD was used as the internal stan-
dard. CsA and CsD were analyzed on an API-4000 triple
quadruple mass spectrometer (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) in the positive
electrospray ionization mode and the multiple reactions
monitoring scan type. The electrospray ionization source
was operated with the ion spray voltage set at 5,500 V and
ion source temperature set at 300°C. The optimized working
parameters for mass detection were as follows: Declustering
potential 65 V (CsA) and 62 V (CsD), collision energy 24 V
(CsA) and 29 V (CsD), entrance potential 8 V (CsA) and 10 V
(CsD), collision cell exit potential 15 V (CsA) and 14 V (CsD),
curtain gas 30 psi, collision activated dissociation gas 8 psi,
Gasl 4 psi and Gas2 5 psi. The precursor/product ion transi-
tions were monitored at m/z 1220.0—1203.0 for CsA, and
m/z 1234.1—1217.2 for CsD. The mobile phase was composed
of 100% methanol:10 mM ammonium acetate containing
0.1% formic acid (90:10, v/v), and was pumped at a flow rate
of 0.35 ml/min at 60°C. The calibration curve for CsA ranged
from 5.00-4,000 ng/ml and the lower limit of quantitation for
CsA was 5.00 ng/ml.

Pharmacokinetic analysis. The blood concentration data were
analyzed by a noncompartmental method using Drug and
Statistics (DAS) software version 3.2.8 (Shanghai BioGuider
Medicinal Technology Co. Ltd., Shanghai, China). The peak
blood concentration (C,,,,) and the time to reach peak blood
concentration (7},,,,) of CsA were obtained directly from the
concentration-time curve. The area under the blood concentra-
tion-time curve (AUC, ) from time zero to the last measured
concentration (C,,,) was calculated using the linear trapezoidal
rule (29). The AUC from zero to infinity (AUC,_.) was the

sum of the area of AUC,, and AUC,; AUC,.. was calculated
by C,../K., where C,, was the final blood concentration
measured at time t and K., was the slope of the end portion
of the In C-t curve. The terminal half-life (¢,,) was calculated
as 0.693/K,,. The mean residence time (MRT) was calculated
from area under the moment curve (AUMC)/AUC, where
AUMC represents the area under the first moment vs. the time
curve. The clearance (CL/F) following administration of single
doses was calculated as Dose/AUC, ... The apparent volume
of distribution (V/F) was based on the terminal elimination
phase (CL/K,).

RT-qPCR assay. RT-qPCR was used to quantify the mRNA
expression levels of Cyp3al, Cyp3a2, Ugtlal, Sultlal, Gst-u1
(Gstml) (liver only), solute carrier organic anion transporter
family member (Slco)2bl (small intestine only), Slcolb2 (liver
only), multidrug resistance (Mdr)1, Berp, Mrp2, Pxr and Car
in the small intestine and liver. Approximately 100 mg tissue
was taken and ground in 1 ml of precooled TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was
extracted from all tissues according to the manufacturer's
protocol. RNA was reverse transcribed to cDNA using the
PrimeScript RT reagent kit with gDNA Eraser (RR047A;
Takara Biotechnology Co., Ltd., Dalian, China). qPCR
was performed using SYBR® Premix Ex Taq™ (Takara
Biotechnology Co., Ltd.) and a StepOne Real-Time PCR
System (Thermo Fisher Scientific, Inc.). Specific primers
for Cyp3al, Cyp3a2, Ugtlal, Sultlal, Gstlal, Slco2bl,
Slcolb2, Mdrl, Berp, Mrp2, Pxr, Car and the housekeeping
gene GAPDH were designed by Invitrogen (Thermo Fisher
Scientific, Inc.) and are presented in Table I. The reaction
procedure included a pre-denaturation at 95°C for 1 min
followed by 40 cycles of 15 sec at 95°C, 20 sec at 58°C and
45 sec at 72°C, and an extension step at 72°C for 5 min.
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The relative mRNA levels were calculated using the 2444
method (30).

Western blot analysis. Western blot analysis was performed to
analyze the protein expression levels of CYP3A1, CYP3A2,
UGT1A, SULT1A1, GSTM1 (liver only), OATP2B1 (small
intestine only), OATP1B2 (liver only), P-gp, BCRP and MRP2,
PXR and CAR in the small intestine and liver. Tissues were
thoroughly homogenized in tissue protein extraction reagent
with protease inhibitor (Aspen Biological Co., Ltd., Wuhan,
China) added min prior to use and centrifuged at 12,000 rpm
for 5 min at 4°C. The supernatant was collected, and the total
protein solution was extracted. The sample protein concentra-
tion was determined using the BCA Protein Concentration
Assay kit (Aspen Biological Co., Ltd.). Protein samples (40 pg)
were loaded onto 8-20% SDS-PAGE gels and subjected to
electrophoresis at 120 V for 90 min at room temperature. The
proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Merck KGaA, Darmstadt, Germany) that had
been activated with methanol. The PVDF membranes were
blocked for 1 h at room temperature with 5% skim milk in
Tris-buffered saline containing 0.1% Tween-20 (TBST) and
incubated with diluted primary antibody at 4°C overnight.
Membranes were washed three times with TBST for 5 min
each and incubated for 30 min at room temperature with
the secondary antibody, which was diluted with 5% skim
milk (1:10,000).

The following primary antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA): Rabbit
anti-CYP3A1 monoclonal antibody (1:500; cat. no. sc-53246),
mouse anti-OATPIB2 polyclonal antibody (1:500; cat.
no. sc-376904), rabbit anti-BCRP polyclonal antibody (1:500;
cat. no. sc-25822) and rabbit anti-MRP2 polyclonal antibody
(1:300; cat. no. sc-20766). Primary antibodies purchased from
Abcam (Cambridge, UK) included: Rabbit anti-GAPDH mono-
clonal antibody (1:10,000; cat. no. ab37168), rabbit anti-P-gp
monoclonal antibody (1:1,000; cat. no. sc-ab170903), rabbit
anti-UGT1A1 polyclonal antibody (1:1,000; cat. no. ab194697),
rabbit anti-GSTMI1 polyclonal antibody (1:1,000; cat.
no. ab77925) and rabbit anti-CAR polyclonal antibody (1:500;
cat. no. ab62590). A mouse anti-CYP3A2 monoclonal anti-
body (1:1,000; cat. no. AB1276) was purchased from EMD
Millipore (Billerica, MA, USA). A rabbit anti-SULT1A1 poly-
clonal antibody (1:1,000; cat. no. bs-6283R) was purchased
from Bioss (Beijing, China). A mouse anti-PXR monoclonal
antibody (1:1,000; cat. no. HO0008856-B01P) was purchased
from Novus Biologicals LLC (Littleton, CO, USA). Secondary
antibodies, including horseradish peroxidase (HRP)-Goat anti
Rabbit (1:10,000; cat. no. 074-1506) and HRP-Goat anti Mouse
(1:10,000; cat. no. 074-1806), were purchased from KPL, Inc.
(Gaithersburg, MD, USA). Freshly prepared enhanced chemi-
luminescence solution (EMD Millipore) was added dropwise
to the surface of the membranes and exposed in the dark; the
optical density values of the target bands were analyzed using
the AlphaEaseFC software version 4.0 processing system
(Protein Simple, San Jose, CA, USA). Results were normalized
to GAPDH expression.

Statistical analysis. The pharmacokinetic parameters for CsA
(AUC, C,ux> Toaxs CL/F, V/F and t,,,; n=6) and the mRNA
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Figure 1. Mean blood concentration-time curves of CsA. Mean blood concen-
tration-time curves of CsA following oral administration of CsA to the rats
pretreated with phosphate buffer (control group), KET, VER and Q3GA for
7 consecutive days. Values are expressed as the mean + standard deviation
(n=6). Q3GA-L, low-dose Q3GA (2.5 mg/kg); Q3GA-M, middle-dose Q3GA
(5 mg/kg); Q3GA-H, high-dose Q3GA (10 mg/kg). CsA, cyclosporin A;
Q3GA, quercetin-3-O-f-D-glucoside; KET, ketoconazole; VER, verapamil.

and protein expression levels of DEMs, DTs and NRs (n=3)
were compared between the control group and pretreatment
groups with different doses of Q3GA, KET or VER. Data are
expressed as the means + standard deviation. All statistical
analyses were performed via one-way analysis of variance
followed by Tukey's or Dunnett's post hoc test, or unpaired
Student's t-tests using GraphPad Prism 5.0 software (GraphPad
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Effect of Q3GA on CsA pharmacokinetics. Mean blood
concentration-time curves for CsA following oral
administration at a dose of 10 mg/kg with different
pretreatments are demonstrated in Fig. 1 and the
corresponding pharmacokinetic parameters are presented in
Table II. Compared with CsA alone (control), combined use
of CsA and KET or VER increased CsA blood concentration,
while CsA in combination with Q3GA decreased CsA blood
concentration. Compared with the control group, in the
CYP3A inhibitor (KET) pretreatment group, the C,,,, of CsA
was increased by 65.50% (P<0.05), and the P-gp inhibitor
VER increased the C,,,, of CsA by 36.30% (P>0.05), while
the C,,,, of CsA in the Q3GA-administration rats decreased
by 33.12 (P>0.05), 33.76 (P>0.05) and 40.41% (P>0.05) in the
low-, middle- and high-dose groups, respectively. In addition,
in the KET pretreatment group, the AUC, , and AUC,_. of CsA
increased by 59.10 (P<0.05) and 54.82% respectively, while
in the low-, middle- and high-dose Q3GA-administered rats,
the AUC,, of CsA decreased by 34.26, 36.32 and 47.79%,
respectively, and the AUC, ., of CsA decreased by 34.66, 34.81
and 46.30%, respectively. The pharmacokinetic parameters of
CsA demonstrated that pre-administration of Q3GA at daily
dosages of 5 and 10 mg/kg for 7 consecutive days resulted in
a72.71 and 79.57% increase in the CL/F of CsA, and a 103.32
(P<0.01) and 93.19% (P<0.05) increase in the V/F of CsA,



2603

‘TrederoA YA 9[0Zeu02039Y ‘I (Y uLodsooko ‘ys) {(3y/Sw 1) vOEQ 2s0p-ysiy ‘H-VOEO

m {(By/8w ¢) VOEO 2S0P-9[ppIw ‘IN-VOEO {(BY/Fw ¢'7) VOEQ 950p-MmO] “T-yDEQ op1soon[3--¢-O-¢-unaoronb ‘yoed ) yoear 03 awn ™7 ‘uonenuaouod pooiq yead <) (oouereso [e103 Juaredde
H, “1/41D fuonnquusip Jo awn[oa juaredde /2 A (oJI[-JTey [BUIWLIY) ‘YU!y (oW} QOUSPISAI UBIW Y} JO QOUBLIBA ‘YA QW) QOUIPISAI UBIW ‘A {QAIND JUSWOW Y} JOpUN BAIE ‘DHINV AIuyur 03 Y () Woly
m QAIND SWII-UOBNUIOUOD POO[( Y} Jopun BIIR 0Ny ‘UONRINUIOUOD PAINSBIW ISB[ JO dWN) 9Y) 0] 0I9Z dUWIT) WOLJ dAIND JWII-UOIIBAUIOUOI POO[q Y} Jopun vIIR "0y *ouo[e ys) "SA [’ 0>dq ‘SO'0>de
m»_; *S1el1 o} 03 A[[e10 pardjsturupe sem (8y/3w (1) s ‘Apuonbasqns urw ()¢ <3nIp J0 9[OIYIA YIIm PIJean) d1dm sel oy ‘Aep U3/ 9y uQ ‘SAep 9ANNIASUOD / J0J syuswieanald JUAISIIp 0] pa3oafqns a1om siey]
(o]

% LS OTTFS'ILIT 200 T0SFS TTY T 98 TOTFLITIS 9L'TIEFEE 69 TS LIIFE VLS 79 0VYFS 658 [w/3u )
2 STOFrS 0 60°0¥6£°0 9¢°0F9T’ 1 SLOFICI YT 0¥e6'0 6C0FL0 SN/ A TO
m 69 CFLT Ol 89 1+¢9°9 0V SFLI VT 46E CIFLI 9T 1 SEA 96 v+L8CI BT TN
o 000+0'8 LOTFEE6 000%0'8 LOTFLY 9 LOCFLY9 €9 IFee’L Y/
g SOPFeL el 617 CFI6 11 10°9+F8E°S1 9GTFELSI LOVFLY €1 SSIF00€l 1
m [SCIFERCIIT 8LI9IFSo611 6C61F9LICI YO EIFLOCET [T91+29°0¢1 L69F9LTE] A OIAA
m 97" 1+01°91 09 1+8C91 PG 1F98°C1 8 TFL9 91 YI'TFGE91 80 I+€891 LR 1
& C8 COLI8FEY ¥8088C 65 8€TCOIF01"00¥COY L699TTSFH0 8SYOCT Y9 €861 TFPS SICOLT €6 CELLYFIB OVLOOT €S LI9ISTFI0'L86LIC [W/.y-5u NNV
= 8898CSFITOVSO1 Y9 1C0LFE8 €L8IT LT'€08EFCI1TE6 I[SCITLFIOCIELT YL TO9CFEE TrET 89 EVE6FI98SELI [uy/y-3u DNV
M YO 168¢FSO6LILIT e ["90V9FCS ECBYT T 658CF6SSSI8 SSCLTOFE LY66 LL08CTTFC6 6901 Y6 STI8FYI 191 [uy/y-3u DNV
]

= HIA+VSD LHM+VSD H-VDEO+VSD IN-VOEO+VSD T-VOEO+VSD QUO[E VSO s1ojowreIeq

*(9=U ‘UOTIBIASD PIEpUR)S F ULSW) sjuaueanaid JUSIJIp YPIm sjel ay) 03 (S/Sw (1) VS JO UONBNSIUTWPE [BI0 Y} SUIMO[[0] VSD) Jo siojowrered onsunjooewreyd redourid ‘I o[qeL

&z
o>
23
MU
e



https://www.spandidos-publications.com/10.3892/mmr.2018.9249

2604 YANG et al: QUERCETIN-3-O-3-D-GLUCOSIDE REGULATES METABOLISM AND TRANSPORT

Table III. Principal pharmacokinetic parameters of cyclosporin A following the intravenous administration of CsA (2.5 mg/kg)
to the rats in the presence or absence of Q3GA (mean + standard deviation; n=0).

Pharmacokinetic parameters CsA alone CsA+Q3GA-M
AUC,, ng'ml"-h 5534.95+£1053.54 5665.82+465.02
AUC,.,, ng'ml™-h 6021.50+£1212.92 6182.46+524.10
AUMC,,, ng-h*ml 71130.28+20385.43 78787.27£7012.15
MRT,,, h 12.69+1.74 13.96+1.39
Lips h 14.44+3 48 13.71+2.29
Tpaxs 0 0.39+0.14 1.305+1.39
V,/F, l/kg 8.87+2.68 8.00+1.18
CL,/F, I/h/kg 0.43+0.09 0.41+0.03
Caxo Ng/ml 519.67+145.09 396.67+185.67

Intravenous injection of 2.5 mg/kg CsA was performed on the rats in the presence or absence of Q3GA. AUC,,, area under the blood
concentration-time curve from time zero to the time of last measured concentration; AUC,_.., area under the blood concentration-time curve
from O h to infinity; AUMC, area under the moment curve; MRT, mean residence time; VRT, variance of the mean residence time; ¢,,,, terminal

half-life; V,/F, apparent volume of distribution; CL,/F, apparent total clearance; C,,,, peak blood concentration; 7,

ax» time to reach C,,,

Q3GA-M, middle-dose Q3GA (5 mg/kg); CsA, cyclosporin A; Q3GA, quercetin-3-O-f3-D-glucoside.

respectively. No significant differences were observed in the
Cooaxs AUC,, AUC,,..., CL/F and V/F among the three Q3GA
treatment groups. The differences in the 7,,,, t,,, and MRT,,
among all groups were not statistically significant (P>0.05).

Mean blood concentration-time curves of CsA following
the i.v. administration of 2.5 mg/kg CsA in the presence
or absence of Q3GA are demonstrated in Fig. 2, and the
corresponding pharmacokinetic parameters are presented in
Table III. The blood concentration of CsA after intravenous
injection of CsA was not affected by Q3GA. The differences
in C,,,, AUC,,, AUC,.., AUMC,_, T, ti», CL/F and V/F
of CsA were not statistically significant between the control
group and the Q3GA pretreatment groups (P>0.05).

mRNA expression levels of DMEs, DTs and NRs in the small
intestine and liver. RT-qPCR was used to quantify the mRNA
expression levels of Cyp3al, Cyp3a2, Ugtlal, Sultlal, Gstml
(liver only), Slco2bl (small intestine only), Slcolb2 (liver only),
Mdrl, Berp, Mrp2, Pxr and Car in the small intestine and
liver (Fig. 3).

mRNA expression levels of Cyp3al and Cyp3a2. In more
detail, as presented in Fig. 3A and B, compared with the
control group, in the KET, low- and high-dose Q3GA groups,
the mRNA expression levels of Cyp3al and Cyp3a2 in the
liver and intestine were significantly decreased, whereas the
middle-dose group demonstrated a significant decrease in
mRNA expression in the liver only. The intestinal mRNA
expression levels of Cyp3al decreased by 78.27 (P<0.001),
63.78 (P<0.001), 26.08 and 43.57% (P<0.05), in the KET,
low-, middle- and high-dose Q3GA groups, respectively. In
addition, the intestinal mRNA expression levels of Cyp3a2
decreased by 70.09 (P<0.001), 49.70 (P<0.001), 17.93 and
39.36% (P<0.001), in the KET, low-, middle- and high-dose
Q3GA groups, respectively. Similarly, the liver mRNA expres-
sion levels of Cyp3al decreased by 78.64 (P<0.001), 65.14
(P<0.001), 54.94 (P<0.001) and 33.73% (P<0.05), in the KET,

800 1
700 1
600
500

400

300
200 1
100 1

-o-CsA alone
- CsA+Q3GA-M

Concentration (ng/ml)

0 B 12 18 24 30 36 42 48
Time (h)

Figure 2. Mean blood concentration-time curves of CsA following intra-
venous injection of 2.5 mg/kg CsA in the presence or absence of Q3GA.
Intravenous injection of 2.5 mg/kg CsA was performed on the rats in the
presence or absence of Q3GA. Values are expressed as the mean + standard
deviation (n=6). Q3GA-M, middle dose Q3GA (5 mg/kg). CsA, cyclosporin
A; Q3GA, quercetin-3-O-f-D-glucoside.

low-, middle- and high-dose Q3GA groups, respectively.
Additionally, the liver mRNA expression levels of Cyp3a2
decreased by 87.39 (P<0.001), 64.68 (P<0.001), 26.18 (P<0.05)
and 34.64% (P<0.01), in the KET, low-, middle- and high-dose
Q3GA groups, respectively. Notably, the effect of Q3GA was
not dose-dependent, and the low-dose group exhibited the
strongest inhibitory effect on Cyp3al and Cyp3a2, in the small
intestine and liver (Fig. 3A and B).

mRNA expression levels of Ugtlal, Sultlal and Gstml.
Compared with the control group, in the low-, middle- and
high-dose Q3GA groups, Ugtlal was decreased by 70.14
(P<0.001), 24.08 (P<0.05) and 37.83% (P<0.001), respectively,
in the small intestine, and by 76.13 (P<0.001), 48.78 (P<0.01)
and 41.04% (P<0.05), respectively, in the liver (Fig. 3C).
Sultlal was significantly decreased by 64.54 (P<0.001), 33.80
(P<0.05) and 52.02% (P<0.01), respectively, in the small
intestine, and by 58.06 (P<0.001), 31.94 (P<0.05) and 18.39%,
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Figure 3. Effect of Q3GA on the intestinal and hepatic mRNA expression levels of Cyp3al, Cyp3a2, Ugtlal, Sultlal, Gstml, Slco2bl, Slcolb2, Mdrl, Berp,
Mrp2, Pxr, and Car. In rats of the control and Q3GA-L, Q3GA-M, Q3GA-H, KET and VER pretreatment groups, the relative mRNA content was measured
by reverse transcription-quantitative polymerase chain reaction. mRNA expression levels of (A) Cyp3al, (B) Cyp3a2, (C) Ugtlal, (D) Sultlal, (E) Gstm1,
(F) Slco2bl/Slcolb2, (G) Mdrl, (H) Berp, (I) Mrp2, (J) Pxr, and (K) Car were measured in the small intestine and liver of the rats. Values are expressed as the
mean * standard deviation (n=3). *P<0.05, °P<0.01, °P<0.001 vs. the control. “P<0.05, °P<0.01, 'P<0.001 vs. the inhibitor group (KET/VER). Q3GA-L, low-dose
Q3GA (2.5 mg/kg); Q3GA-M, middle-dose Q3GA (5 mg/kg); Q3GA-H, high-dose Q3GA (10 mg/kg). CsA, cyclosporin A; Q3GA, quercetin-3-O-f3-D-glucoside;
KET, ketoconazole; VER: Verapamil; Cyp, cytochrome P450; Gstm, glutathione-S-transferase-u; Q3GA, quercetin-3-O-f-D-glucoside; Slco, solute carrier
organic anion transporter family member; Sult, sulfotransferase; Car, constitutive androstane receptor; Mdrl, multidrug resistance protein 1; Mrp2; multidrug
resistance protein 2; Pxr, pregnane X receptor; Berp, breast cancer resistance protein.
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respectively, in the liver (Fig. 3D). Gstml in the liver was
increased by 248.40% (P<0.001) in the low-dose Q3GA
group and increased by 85.41 and 75.09% in the middle- and
high-dose Q3GA groups, respectively (Fig. 3E). Notably, the
effect of Q3GA was not dose-dependent, and the low-dose
Q3GA group exhibited the strongest alteration in Ugtlal,
Sultlal and Gstml. These results indicated that the mRNA
expression levels of Ugtlal and Sultlal were inhibited by
Q3GA at a similar level in the small intestine and liver, and
that the mRNA expression levels of Gstm1 were induced by
Q3GA in the liver.

mRNA expression levels of Slco2bl/Slcolb2. As presented
in Fig. 3F, compared with the control group, in the low-,
middle- and high-dose Q3GA groups, the mRNA expres-
sion levels of Slco2bl in the small intestine were decreased
by 62.19 (P<0.001), 20.49 and 39.57% (P<0.01), respectively;
whereas, the mRNA expression levels of Slcolb2 in the liver
were decreased by 68.06 (P<0.001), 38.39 (P<0.01) and 53.54%
(P<0.001), respectively. In addition, the effect of Q3GA was
not dose-dependent, and the low-dose group exhibited the
strongest inhibitory effect on Slco2bl and Slcolb2.

mRNA expression levels of Mdrl, Bcrp and Mrp2. Compared
with the control group, in the VER, low-, middle- and high-
dose Q3GA groups, Mdrl was decreased by 65.32 (P<0.001),
47.47 (P<0.001), 17.51 (P<0.001) and 33.33% (P<0.001),
respectively in the small intestine, and by 84.33 (P<0.001),
67.60 (P<0.001), 45.09 (P<0.05) and 47.32% (P<0.01),
respectively in the liver (Fig. 3G). In the low-, middle- and
high-dose Q3GA groups, Bcrp was decreased by 63.83
(P<0.001), 27.52 (P<0.05) and 43.68% (P<0.01), respectively
in the small intestine. However, in the liver, only the low-dose
Q3GA group demonstrated a significant decrease in the Berp
mRNA expression levels (56.15%; P<0.01); the middle- and
high-dose Q3GA groups decreased by 29.23 and 29.23%,
respectively (Fig. 3H). In the low-, middle- and high-dose
Q3GA groups, Mrp2 was significantly decreased by 66.03
(P<0.001), 34.53 (P<0.01) and 28.66% (P<0.01), respectively in
the small intestine, and by 68.86 (P<0.001), 32.70 (P<0.01) and
20.44% (P<0.05), respectively in the liver (Fig. 3I). In addition,
the effect of Q3GA was not dose-dependent, and the low-dose
Q3GA group exhibited the strongest inhibitory effect on Mdrl1,
Berp and Mrp2. These results revealed that their mRNA
expression levels were inhibited by Q3GA to a similar extent
in the small intestine and liver.

mRNA expression levels of Pxr and Car. Compared with the
control group, in the low-, middle- and high-dose Q3GA groups,
Pxr was increased by 415.18 (P<0.001), 130.03 (P<0.001)
and 200.21% (P<0.001), respectively in the small intestine,
however, only the low-dose Q3GA group exhibited a signifi-
cant increase in the Pxr mRNA expression level (281.32%;
P<0.001); the middle- and high-dose Q3GA groups increased
by 84.98 and 66.30%, but these were not statistically significant
(Fig. 3J). Similarly, in the low-, middle- and high-dose Q3GA
groups, Car was significantly increased by 265.44 (P<0.001),
99.57 (P<0.05) and 117.54% (P<0.05), respectively in the small
intestine, and by 224.76 (P<0.001), 98.73 (P<0.001) and 74.60%
(P<0.01), respectively in the liver (Fig. 3K). Notably, the effect

YANG et al: QUERCETIN-3-O-3-D-GLUCOSIDE REGULATES METABOLISM AND TRANSPORT

of Q3GA was not dose-dependent, and the low-dose Q3GA
group exhibited the strongest induction effect on Pxr and Car.
These results demonstrated that the mRNA expression levels
of Pxr and Car were induced by Q3GA to a similar extent in
both the small intestine and liver.

In summary, the results indicated that the mRNA expres-
sion levels of Cyp3al, Cyp3a2, Ugtlal, Sultlal, Slco2bl (small
intestine only), Slcolb2 (liver only), Mdrl, Berp and Mrp2 were
inhibited by Q3GA to a similar degree in the small intestine
and liver. By contrast, the mRNA expression levels of Gstml
(liver only), Pxr and Car were significantly induced by Q3GA
to a similar degree in the small intestine and liver. In addition,
the effect of Q3GA was not dose-dependent, and the low-dose
group exhibited the strongest effect on DMEs, DTs and NRs.

Protein expression levels of DMEs, DTs and NRs in the small
intestine and liver. Western blot analysis was performed to
analyze the protein expression levels of CYP3A1, CYP3A2,
UGTIA, SULTI1AIL, GSTMI (liver only), OATP2BI1 (small
intestine only), OATP1B2 (liver only), P-gp, BCRP, MRP2,
PXR and CAR in the small intestine and liver (Fig. 4).
Western blots of the small intestine and liver tissue of rats are
exhibited in Fig. 4A and B, respectively, and the quantification
is presented in Fig. 5.

Protein expression levels of CYP3AI and CYP3A2. Similar
to the mRNA results, in Fig. 5A and B, compared with the
control group, the protein expression levels of CYP3A1 and
CYP3A2 in the liver and intestine were significantly decreased
in the KET, low-, middle- and high- dose Q3GA groups. The
intestinal protein expression levels of Cyp3al decreased by
90.79 (P<0.001), 75.25 (P<0.001), 39.22 (P<0.01) and 62.95%
(P<0.001), in the KET, low-, middle- and high-dose Q3GA
groups, respectively. Additionally, the intestinal protein
expression levels of Cyp3a2 decreased by 80.93 (P<0.001),
55.28 (P<0.001), 21.68 and 38.67% (P<0.01), in the KET,
low-, middle- and high-dose Q3GA groups, respectively.
Similarly, the liver protein expression levels of Cyp3al
decreased by 77.50 (P<0.001), 57.66 (P<0.01), 43.95 (P<0.05)
and 52.99% (P<0.01), in the KET, low-, middle- and high-dose
Q3GA groups, respectively. Additionally, the liver protein
expression levels of Cyp3a2 decreased by 60.13 (P<0.001),
54.18 (P<0.001), 33.07 (P<0.001) and 47.16% (P<0.001), in the
KET, low-, middle- and high-dose Q3GA groups, respectively.
Notably, the effect of Q3GA was not dose-dependent, and the
low-dose group exhibited the strongest inhibitory effect on
CYP3A1 and CYP3A2.

Protein expression levels of UGTIAI, SULTIAI and GSTM].
Compared with the control group, in the low-, middle- and
high-dose Q3GA groups, UGT1A1 was decreased by
76.81 (P<0.001), 36.26 (P<0.001) and 46.57% (P<0.001),
respectively in the small intestine, and by 71.06 (P<0.001),
38.05 (P<0.001) and 49.63% (P<0.001), respectively in the
liver (Fig. 5C). In the low-, middle- and high-dose Q3GA
groups, SULT1A1 was significantly decreased by 75.44
(P<0.001), 36.33 (P<0.05) and 57.47% (P<0.001), respectively
in the small intestine. In the liver, only the low-dose Q3GA
group exhibited a significant decrease in the SULT1A1 protein
expression levels (75.89%; P<0.01), whereas the middle- and
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Figure 4. Effect of Q3GA on the intestinal and hepatic protein expression levels of CYP3A1, CYP3A2, UGT1Al, SULT1A1, GSTM1, OATP2BI1, OATP1B2,
P-gp, BCRP, MRP2,PXR, and CAR. In rats of the control and Q3GA-L, Q3GA-M, Q3GA-H, KET, VER pretreatment groups, the relative protein contents were
assessed by western blotting. Representative western blotting results in (A) liver and (B) in small intestine. Western blotting results of (Aa) UGT1A1,SULT1A1,
GSTMI1, OATP1B2, BCRP, MRP2, PXR and CAR, (Ab) CYP3A1/2 and (Ac) P-gp in liver. Western blotting results of (Ba) UGT1AIl, SULT1A1, GSTMI,
OATP2BI1, BCRP, MRP2, PXR and CAR, (Bb) CYP3A1/2 and (Bc) P-gp in small intestine. Q3GA-L, low-dose Q3GA (2.5 mg/kg); Q3GA-M, middle-dose
Q3GA (5 mg/kg); Q3GA-H, high-dose Q3GA (10 mg/kg). BCRP, breast cancer resistance protein; CAR, constitutive androstane receptor; CsA, cyclosporin A;
CYP, cytochrome P450; GSTM, glutathione-S-transferase-y; KET, ketoconazole; MRP, multidrug resistance-associated protein; OATP1BI1, organic anion
transporting polypeptide 1B1; P-gp, P-glycoprotein; PXR, pregnane X receptor; Q3GA, quercetin-3-O--D-glucoside; SULT, sulfotransferase; UGT, UDP

glucuronosyltransferase; VER, verapamil.

high-dose Q3GA groups decreased by 32.43 and 34.66%,
respectively, but these were not statistically significant
(Fig. 5D). GSTM1 was increased by 417.29 (P<0.001)
and 229.75% (P<0.05) in the low- and high-dose Q3GA groups
and increased by 159.37% in the middle-dose Q3GA group,
in the liver (Fig. 5E). Notably, the effect of Q3GA was not
dose-dependent, and the low-dose Q3GA group exhibited the
strongest effect on UGT1A1, SULT1A1 and GSTMI. These
results indicated that the protein expression levels of UGT1A1
and SULT1A1 were inhibited by Q3GA to a similar level in
the small intestine and liver, and the protein expression levels

of GSTM1 were induced by Q3GA in the liver, similar to the
results for mRNA expression.

Protein expression levels of OATP2BI/OATPIB2. As
presented in Fig. 5F, compared with the control group, in
the low-, middle- and high-dose Q3GA groups, the protein
expression levels of OATP2BI in the small intestine were
decreased by 86.44 (P<0.001), 42.21 (P<0.01) and 51.44%
(P<0.01), respectively. Additionally, the protein expression
levels of OATPIB2 in the liver were decreased by 67.47
(P<0.01), 26.52 and 33.73%, respectively. In addition, the
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Figure 5. Quantification of the effect of Q3GA on the intestinal and hepatic protein levels, assessed by western blotting. Quantification of western blotting results
revealed protein expression levels of (A) CYP3AI, (B) CYP3A2, (C) UGT1Al, (D) SULT1AL, (E) GSTMI, (F) OATP2B1/OATP1B2, (G) P-gp, (H) BCRP,
(I) MRP2, (J) PXR, and (K) CAR measured in the small intestine and liver of rats. Values are expressed as the mean + standard deviation (n=3). “P<0.05,
°P<0.01, °P<0.001 vs. control; ‘P<0.05, °P<0.01, 'P<0.001 vs. inhibitor group (KET/VER). Q3GA-L, low-dose Q3GA (2.5 mg/kg); Q3GA-M, middle-dose
Q3GA (5 mg/kg); Q3GA-H, high-dose Q3GA (10 mg/kg). BCRP, breast cancer resistance protein; CAR, constitutive androstane receptor; CsA, cyclosporin A;
CYP, cytochrome P450; GSTM, glutathione-S-transferase-u; KET, ketoconazole; MRP2 multidrug resistance-associated protein 2; OATP, organic anion
transporting polypeptide; P-gp, P-glycoprotein; PXR, pregnane X receptor; Q3GA, quercetin-3-O-f-D-glucoside; SULT, sulfotransferase; UGT, UDP
glucuronosyltransferase; VER, verapamil.
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effect of Q3GA was not dose-dependent, and the low-dose
group exhibited the strongest inhibitory effect on OATP2BI1
and OATP1B2.

Protein expression levels of P-gp, BCRP and MRP2.Compared
with the control group, in the VER, low-, middle- and high-dose
Q3GA groups, P-gp was decreased by 85.02 (P<0.001), 65.31
(P<0.001), 30.22 (P<0.01) and 41.70% (P<0.001), respectively
in the small intestine, and by 84.54 (P<0.001), 67.93 (P<0.001),
39.92 (P<0.01) and 47.26% (P<0.001), respectively in the liver
(Fig. 5G). In the low-, middle- and high-dose Q3GA groups,
BCRP was decreased by 70.61 (P<0.001), 32.93 (P<0.05) and
36.44% (P<0.01), respectively, in the small intestine and by
69.78 (P<0.001), 27.73 (P<0.05) and 30.86% (P<0.05), respec-
tively, in the liver (Fig. 5H). In the low-, middle- and high-dose
Q3GA groups, MRP2 was decreased by 75.95 (P<0.001),
42.60 (P<0.001) and 50.84% (P<0.001), respectively in the
small intestine. In the liver, only the low-dose Q3GA group
had a significant decrease in the MRP2 protein expression
levels (70.70%; P<0.001), whereas the middle- and high-dose
Q3GA groups decreased by 26.09 and 30.71%, and these were
not statistically significant (Fig. 5I). In addition, the effect
of Q3GA was not dose-dependent, and the low-dose Q3GA
group exhibited the strongest inhibitory effect on P-gp, BCRP
and MRP2. These results were similar to those obtained for
mRNA; the protein expression levels of P-gp, BCRP and
MRP2 were inhibited by Q3GA to a similar extent in the small
intestine and liver.

Protein expression levels of PXR and CAR. Compared
with the control group, in the low-, middle- and high-dose
Q3GA groups, PXR was increased by 258.85 (P<0.001),
81.66 (P<0.05) and 147.68% (P<0.01) in the small intestine.
In the liver, only the low-dose Q3GA group exhibited a
significant increase in the PXR protein expression levels
(182.93%; P<0.01), whereas the middle- and high-dose
Q3GA groups increased by 69.71 and 79.76%, respectively,
but these were not statistically significant (Fig. 5J). Similarly,
in the low-, middle- and high-dose Q3GA groups, CAR was
increased by 235.46 (P<0.001), 78.59 (P<0.01) and 91.07%
(P<0.01) in the small intestine; only the low-dose Q3GA
group exhibited a significant increase of the CAR protein
expression levels (456.37%; P<0.01) in the liver, compared
with 208.32 and 211.76% in the middle- and high-dose
Q3GA groups (Fig. 5K). Notably, the effect of Q3GA was not
dose-dependent and the low-dose Q3GA group exhibited the
strongest induction effect on PXR and CAR. These results
demonstrated that the protein expression levels of PXR and
CAR were induced by Q3GA to a similar degree in the small
intestine and liver.

In summary, the results indicated that the protein expres-
sion levels of CYP3A1l, CYP3A2, UGTI1AI1, SULTIAI,
OATP2BI (small intestine only), OATP1B2 (liver only), P-gp,
BCRP and MRP2 were inhibited by Q3GA treatment to a
similar degree in the small intestine and liver. By contrast,
the protein expression of GSTM1 (liver only), PXR and CAR
was significantly promoted by Q3GA to a similar degree in the
small intestine and liver. In addition, the effect of Q3GA was
not dose-dependent, and the low-dose Q3GA group exhibited
the strongest effect on DMEs, DTs and NRs.
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Discussion

In recent years, research on herbal medicine-drug interac-
tions has received considerable attention (31-33). These
interactions may increase the risk to patients, particularly for
drugs with a narrow therapeutic index, including CsA (34).
A number of studies on the interaction between herbs, their
pharmacological components and CsA content have been
conducted. For example, schisandra extract, polyphyllin I,
ginkgolic acid, mulberry, quercetin and rutin influence
the pharmacokinetics of CsA (30-33,35,36). Quercetin
exhibits various effects on the pharmacokinetics of CsA,
and it has been demonstrated to either increase or decrease
the bioavailability of CsA (26,33,37). Thus, the interac-
tion mechanisms between quercetin and CsA remain to be
completely elucidated. The predominant form of quercetin
in human plasma is its phase II metabolites. Therefore, the
interactions and mechanisms of quercetin and its metabolites
with drugs require further investigation. The present study
reported on the effects of the quercetin metabolite Q3GA on
the pharmacokinetics of CsA in rats, and the regulation of
DMESs, DTs and NRs.

The results of the present study demonstrated that the i.v.
administration of Q3GA for 7 consecutive days decreased
the C,., of CsA (10 mg/kg), which suggests that Q3GA
decreased the oral bioavailability of CsA. In addition, CsA
was orally administered to rats following treatment with
Q3GA for 1 week and the AUC values for CsA decreased.
Pre-administration with Q3GA for 7 consecutive days
resulted in an increase in the CL/F and in the V/F of CsA.
No significant differences in the C,,,,, AUC,,, AUC,_., CL/F
and V/F among the three Q3GA treatment groups were
observed. The differences in the 7,,,, t,, and MRT,, among
all groups were also not statistically significant. Therefore,
the Q3GA co-administration exerted a marked effect on the
pharmacokinetics of CsA. These results were consistent with
our previous report that the oral administration of quercetin
for 7 consecutive days reduced the bioavailability of CsA
in rats (28). Yu et al (33) and Hsiu et al (37) reported the
same results. By contrast, Choi ef al (26) reported that
quercetin increases the bioavailability of CsA in healthy
volunteers. They demonstrated that the co-administration
of quercetin (5 mg/kg) and CsA increases the AUC of CsA
by 18%. Furthermore, the administration of CsA 30 min
and 3 days following quercetin administration increased the
AUC of CsA by 36 and 47%, respectively. These contrasting
results may be due to the differences in the subjects,
administration method and doses. In the present study, the
effect of Q3GA was not dose-dependent, and the low-dose
group exhibited the strongest effect on DMEs, DTs and NRs.
This suggested that the dose reached a saturation point, as
the dose increment did not improve the response. In addition,
no significant difference was observed in the corresponding
pharmacokinetic parameters of CsA following the i.v.
administration of 2.5 mg/kg CsA in the presence or absence
of Q3GA. This result indicated that Q3GA may decrease the
oral bioavailability of CsA by influencing absorption and
first-pass metabolism in the intestine.

Furthermore, the results of the present study demonstrated
that the mRNA and protein expression levels of CYP3Al,
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CYP3A2, UGTI1A1, SULT1A1, OATP2BI (small intestine
only), OATP1B2 (liver only), P-gp, BCRP and MRP2 were
significantly inhibited by Q3GA to a similar degree in the
small intestine and liver. By contrast, the mRNA and protein
expression levels of GSTMI (liver only), PXR and CAR were
significantly increased by Q3GA to a similar degree in the
small intestine and liver. Q3GA exerted a similar effect on
the mRNA and protein expression levels. These results were
consistent with our previous report about the regulation of
DME:s and DTs by quercetin (28).

CsA is a substrate of CYP3A, P-gp, MRP2, and UGT1A
and 2B (21-23). These results indicated that Q3GA inhibited
CYP3A4, P-gp, MRP2 and UGT1A1. Such inhibition may
potentially improve the oral bioavailability of CsA. However,
the in vivo results demonstrated that Q3GA significantly
decreased the oral bioavailability of CsA. This finding indi-
cated that the effect of Q3GA on CsA may not be attributed
to its regulation of DMEs or DTs alone. Flavonoids are able to
regulate DMEs and DTs, possibly requiring the involvement
of various NRs (38). A previous study identified that the effect
of flavonoids on the regulation of CYP expression is mediated
by PXR (39). Tangeretin, a flavonoid compound, activates
PXR and thus modulates P-gp (40). However, the expression
of DMEs and DTs, including CYP2B6, CYP3A4, UGTI1Al,
MDRI1 and MRP2, are induced by the terpenoids of EGb 761
through the selective activation of PXR, CAR and aryl hydro-
carbon receptor, and not by the flavonoids of EGb 761 (18).
The association with NRs, the regulation of DMEs and DTs by
quercetin and its metabolites, and the molecular mechanisms
of such regulation remain to be studied.

CYP3A4, CYP2C9, CYP2C19, CYP2B6, UGT1Al, GST,
SULT2A1, MDR1, MRP2, OATPA and other DMEs and DTs
are activated by PXR and/or CAR (41). The present study
demonstrated that Q3GA significantly induced PXR and CAR
protein expression; however, this finding was not consistent
with the recent report of Lau er al (42), which indicated that
quercetin activates mouse and human PXR, and not rat PXR.
Q3GA strongly activates PXR and CAR, and PXR and CAR
induce DMEs and DTs. However, Q3GA inhibits DMEs and
DTs. These contradicting effects may lead to a decrease in CsA
bioavailability through Q3GA treatment. Comprehensively
investigating the mechanisms of quercetin and its metabolites
will contribute to the understanding of the role of quercetin in
herbal medicine-drug interactions.

The complex enzyme-transporter interplay may be used
to explain the interaction of Q3GA and CsA. Drug efflux
by intestinal P-gp reduces the bioavailability of a number of
CYP3A4 substrates (43). Benet et al (44) revealed the dynamic
interplay between CYP3A and P-gp in the intestine and
liver where P-gp efflux transport can enhance or block the
metabolism of CYP3A4. When P-gp was inhibited, it appeared
that the degree of metabolism of the double CYP3A and P-gp
substrates was enhanced (44). Intestinal P-gp increases CYP3A
metabolism by pumping the substrate back into the intestine,
thereby avoiding the saturation of the metabolic enzyme (45).
Based on the extension of this idea of interplay between CYP3A
and P-gp, interactions between UGTs/SULTs and BCRP/MRP
have been identified in the study of the metabolism and
clearance of flavonoids in animal and cellular models (38.,46).
The interplay between phase IT enzymes and efflux transporters
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results in the widespread metabolism and low bioavailability of
flavonoids (47). The modeling of the complex interplay between
DME:s and DTs is at an early stage, and the basic mechanism of
this interaction requires full elucidation.

The present experiments demonstrated the effect of Q3GA
on DMEs, DTs and NRs in vivo, although not in vitro. In vitro
studies may allow for the identification of the mechanisms
involved in the DME-DT interplay, and in the regulation
of DMEs, DTs and NRs by Q3GA. Certain in vitro studies
have demonstrated the effect of Q3GA on CYP1A1/2, MRPI1,
MRP2 and SULT (20,48,49). Thus, the effect of Q3GA on
other DMEs, DTs and NRs requires further in vitro study.

In conclusion, the present study investigated the effects
of the quercetin metabolite Q3GA on the pharmacokinetics
of CsA in rats. Q3GA reduced the bioavailability of CsA,
which was in contrast to the inhibitory effect of Q3GA
on the mRNA and protein expression levels of DMEs and
DTs in the liver and intestine. The activation of DMEs and
DTs by PXR and CAR in the liver and intestine, and the
interplay between DMEs and DTs may explain this result,
although this requires further investigation. The present study
identified a novel flavonoid-drug interaction and may have
implications for patients who simultaneously receive CsA and
quercetin/Q3GA-containing dietary/herbal supplements.
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