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ABSTRACT

THE EFFECT OF QUERCETIN AND (-)-EPIGALLOCATECHIN
GALLATE ON THE BIOAVAILABILITY OF ETOPOSIDE IN
RATS

Xiuguo Li
Advisor: Prof. Jun-Shik Choi, Ph.D.
Department of Pharmacy,

Graduate School of Chosun University

Transporters-based multidrug resistance (MDR) ma@n barrier for many anticancer
agents to gain a successful chemotherapy. Thebowalailabilitiy of many anticancer
agents are low which contribute highly to the fjpaiss extraction caused mainly by phase
| and phase Il metabolism and the members of ATigihg cassette (ABC) superfamily
mediated efflux in the intestine and liver. Orallgministered etoposide is a substrate for
efflux of ABC transporters and the phase | and phbsietabolizing enzymes, specifically
P-gp and CYP3A. This study investigated the phaokiaetics of etoposide after
administration through intravenous (i.v.), intragabi(i.p.) and intragastric (i.g.) routes in
rats in order to examine the potency of intestiaatl hepatic extraction on the oral
bioavailability of etoposide. And then investigatetlo flavonoids, quercetin and (-)-
epigallocatechin gallate (EGCG), which are suggegignhibit P-gp and CYP3A in vitro,
on the bioavailability of etoposide in rats. Thefeets of these flavonoids on the
pharmcokinetics of etoposide were compared with al-known P-gp and CYP3A
inhibitor, verapamil. A single dose of etoposidenaistered i.g. at a dose of 10 mg/kg, i.p.
at a dose of 3.3 mg/kg or i.v. at a dose of 3.3kmp the male Sprague—Dawley rats, and
a single verapamil at doses of 2 or 6 mg/kg, orepten at doses of 3, 12 and 20 mg/kg, or
EGCG at doses of 3, 12 and 20 mg/kg was i.g. adtaieid 30 min prior to the i.g. or i.v.

administration of etoposide, respectively. Plasmancentration of etoposide was



determined by a HPLC equipped with a fluorescentectiar.

After an i.v. administration of etoposide, the artgaler the plasma concentraion-time
curve (AUG.,) of etoposide was 4830 + 754 ng-h*mihich was not significantly (p >
0.05) different from i.p. group (4769 * 548 ng-h"iIThe absolute bioavailability (F) of
etoposide was 0.987 in i.p. dosing, which indicabed i.p. administered etoposide would
not subject to the hepatic first-pass extractionsaberably. After an i.g. administering
etoposide at a dose of 10 mg/kg, the dose-nornaalilzased on a dose of 3.3 mg/kg of
etoposide) AUG., value of etoposide was 404 + 50.8 ng-H;mthich was significantly
lower (p < 0.01) than i.p. dosing. F value of etsige was 0.084 in i.g. group, suggesting
approximately 92% of etoposide failed to accessstfstemic circulation. In comparison
of the hepatic first-pass effect, the intestinadtfpass effect must be the more important
cause to the low F value of etopolside in rats.

After i.v. administration of etoposide in the pnese of verapamil at doses of 2 and 6
mg/kg, the total body clearance (Llof etoposide was significantly lower (p < 0.01,
approximately 27.5%), and the AC of etoposide was significantly greater (p < 0.01,
37.7%-38.4%) than the i.v. control (given i.v. aisigle alone), which suggests the
enhanced bioavailability of etoposide is mainly doethe decreased metabolism and
excretion mediated mainly by CYP3A and P-gp in litier and kidney. Preadministered
verapamil altered the i.g. administered etoposglvell. In the presence of verapamil at
doses of 2 and 6 mg/kg, the total body clearandgR)Cof etoposide was significantly
lower (p < 0.01, 27.8-31.2%), and the AUJf etoposide was significantly greater (p <
0.05 at 2 mg/kg, p < 0.01 at 6 mg/kg, 39.2-47.6%@ntthe i.g. control (given i.g.
etoposide alone). F value of etoposide elevate8-118 1.48—fold in the presence of
verapamil. Since etoposide subjects to extensitastimal extraction, the enhanced oral
bioavailability suggests the inhibited CYP3A andgPfunction in the intestine.

When pretreated with quercetin, the pharmacokingiameters of etoposide altered
significantly in i.g. group but not in i.v. groupthich could attribute to the quite low oral
bioavailability of quercetin. In the presence ofrd 12 mg/kg of quercetin, the CL/F of
etoposide was significantly lower (p < 0.01, 27.8+36) and the AUg, of etoposide
was significantly greater (p < 0.01, 41.7-54.0%nth.g. control group. Consequently, F
value of etoposide elevated 1.42— to 1.54—foldctviwvas comparable with 2 and 6 mg/kg



of verapamil. Although orally administered quernetubjects to extensive first-pass effect,
it is absorbed almost completely in the intestifige greater F value of etoposide should
contribute to the property of quercetin of inhibgi P-gp and CYP3A in the intestine.
Quercetin at a dose of 20 mg/kg decreased the @WMF increased the AYC of
etoposide, but they were not significant.

When pretreated with another flavonoid, EGCG, tharmacokinetic parameters of
etoposide altered significantly both in i.v. angl icoutes. In the presence of 12 mg/kg of
EGCQG, the CLof etoposide was significantly lower (p < 0.05,12%), and the AUg., of
etoposide was significantly greater (p < 0.05, 33.4han the i.v. control group, which is
comparable with verapamil at doses of 2 and 6 mg&gng/kg of EGCG did not
significantly alter the pharmacokinetic parameteirs.v. administered etoposide, which
might be due to the low oral bioavailability of EGCWhen etoposide was administered
intragastrically in the presence of EGCG, the Cafletoposide significantly lower (30.5—
43.9%, p < 0.01), and the AYEC of etoposide was significantly greater (44.9-81.6%
0.01 at 3 and 12 mg/kg, p < 0.05 at 20 mg/kg), taedoeak plasma concentration,{ of
etoposide was significantly higher (48.1-80.1%, (@Gl at 3 mg/kg, p < 0.05 at 12 and 20
mg/kg) than the i.g. etoposide alone. F values@baside in the presence of EGCG were
1.44— to 1.81-fold higher than the i.g. controlugoThe presence of EGCG reduced the
CL/F and increased the AYC of i.g. administered etoposide more than verapamil
specifically at a dose of 3 mg/kg.

The enhanced oral bioavailability of etoposide whserved in rats in combination of
the natural flavonoids, quercetin and EGCG in thigdy. It was comparable with
verapamil, a well-recommended P-gp and CYP3A indibilt is possible that these
natural flovonoids could act as candidates of maidus of P-gp and CYP3A to improve
the oral bioavailability of etoposide in humans eTpharmacokinetic interaction between
etoposide and quercetin or EGCG should be takencimisideration in the clinical setting

to avoid the toxic reactions of etoposide.

Key words: Etoposide, verapamil, quecetin, (-)-epigallocaiecballate (EGCG), P-
glycoprotein (P-gp), CYP3A, pharmacokinetics, baitability, rats.
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1. INTRODUCTION

The resistance of various human tumors to muliihlemotherapeutic drugs (multi-drug
resistance, MDR) is a major barrier for the thetajoe effect of cancer therapy
(Gottesman and Pastan, 1993). MDR is a term usdddoribe the phenomena that tumor
cells resistant a number of structurally and funaily unrelated chemotherapeutic agents.
The phenomena of MDR in mammalian cells have bemmadby classified into two
mechanisms; the cellular and non-cellular mechasiffan et al., 1994). Non-cellular
MDR are typically associated with solid tumors whiexhibit unique physiological
properties compared to circulating tumors, suctihasblood vessels in the tumors are
dilated, tortuous, and saccular, and the inteasfitiid pressure increased compared to the
normal tissues due to higher vascular permealdlity absence of a functional lymphatic
system (Jain, 1987), which can result in a decri#gai®e accumulation of anticancer drugs
in these regions. The hypoxic condition within tuminduces the increased lactic acid
conferred resistance for weak bases, where cellplake is dependent on the pH gradient
across membranes (Demant et al., 1990). CellulaRM® classified into two major
phenotypes: non-classical MDR phenotypes and tmatdpsed classical MDR
phenotypes. The term non-classical MDR is used dscribe non-transport-dependent
resistance, which caused by specific enzyme systeoth as glutathion&-transferase
and topoisomerase, to decrease the cytotoxic gctfidrugs independent of intracellular
drug concentrations.

The transport-based classical MDR is caused byfre-binding cassette (ABC) family,
a membrane transport ATPases. The general stresafi’ieBC transporters compose of 12
transmembrane (TM) regions, split into two ‘halyesach with a nucleotide-binding
domain (NBD) (Fig. 1A), such as P-glycoprotein (®-¢IDR1), MDR3, BSEP (SP-gp),
multidrug resistance-associated protein (MRP) 4,AdRand MRP8. MRP1-3 and
MRP6-7 have an additional five TM regions at théeNminus (Fig. 1B). Breast cancer
resistance protein (BCRP) has only six TM regiond ane NBD (Fig. 1C), which was
proposed to function as a dimer (Ozvegy et al. 1200DBs play a role in cleaving ATP

(hydrolysis) to derive energy necessary for trandpg cell nutrients, such as sugars,



amino acids, ions and small peptides across membran

P-gp, an important member of ABC family, is highldypressed in solid tumours of
epithelial origin, such as the colon (Cordon-Camdoal., 1990), kidney ( Fojo et al.,
1987a), and breast (Merkel et al., 1989) to effukstrates out of cells. The tumor cells
expressing P-gp reduced intracellular concentratiofi the substrate drugs which
decreased the cytotoxicity of a broad spectrumtfuanor drugs including anthracyclines
(e.g. doxorubicin), vinca alkaloids (e.g. vincnigt), podophyllotoxins (e.g. etoposide) and
taxanes (e.g. paclitaxel). MRPs, another importaainber of the ABC family, has been
described as a Vanadate-sensitive magnesium-degtegtigathione S-conjugate (GS-
conjugate) ATPase (GS-X pump) capable of trangmuirganic anion drug conjugates as
well as intact anticancer drugs (Grant et al., 18tst et al., 1997). Several isoforms of
MRPs have been identified and the mainly menticredMRP1 and MRP2 (cannalicular
multispecific organic anion transporter, cMOAT), iath have been identified as organic
anion transporters (Borst et al., 1997).

Since MDR is one of the main obstacles to succesbfmotherapy of cancer, a number
of biochemical, pharmacological and clinical stgigs have been devised to overcome the
deffence in the effect of anticancer drugs. Onghef possible strategies for reversal of
transport-based classical MDR is inhibition of thetivity of these proteins. Some
therapeutic agents were supposed to be the firstrggon MDR modulators, such as
calcium channel blockers (verapamil, felodipinesandipine, nifedipine and diltiazem),
quinolines, hormones, cyclosporines (cyclosporin #jrfactants, and antibodies (Ford
and Hait, 1990; Ford and Hait, 1993). They coulkrse MDR at concentrations much
higher than those required for their individual regeutic activity, which resulted in
unnecessary adverse effects and toxicities. Thensegeneration modulators, analogs of
the first generation, were more potent and conalalgrless toxic, such as the analogs of
verapamil, dexverapamil (less cardiotoxiR-enantiomer of verapamil), the non-
immunosuppressive analog of Cyclosporin A, PSC &8, others. The third generation
of MDR modulators was developed using structuravifict relationships and
combinatorial chemistry approaches targeted agapetific MDR mechanisms, such as
specific P-gp blockers, the acridonecarboxamide @B918 (Hyafil et al., 1993).

Although these agents appear to be well toleratesbimbination with anticancer drugs, it



is need to be determined whether these compourdsuitable for clinical application in
anticancer therapy.

P-gp is also present at the normal tissues suéidasy and adrenal gland (high level),
liver, small intestine, colon and lung (medium lgvend prostate, skin, spleen, heart,
skeletal muscle, stomach and ovary (low level) ¢Fetj al., 1987b; Gatmaitan and Arias,
1993). Same as P-gp, MRPL1 is highly expressedéstinie, kidney and lung, and lower in
liver (Cherrington et al., 2002; Flens et al., 199&man et al., 1993) and MRP2 is
expressed mainly in liver, intestine, and kidndyules (Fromm et al., 2000; Schaub et al.,
1997). As shown in Figure 17, P-gp and MRPs spiatiéhe excretory organs provide a
barrier to eliminate the substrates out of the bdeigp and MRP2 co-localized to the
apical membrane of the intestine, liver, kidneyl dmood—brain barrier (Thiebaut et al.,
1987; Buchler et al.,, 1996; Fromm et al., 2000; é&t¢het al., 1999), and MRP1 is
localized to the basolateral membranes of polarggthelial cells of the intestinal crypt
(Peng et al., 1999), renal distal and collectirgutas (Peng et al., 1999), and liver (Mayer
et al., 1995; Roelofsen et al., 1997).

P-gp and MRPs are reportedly co-localized with phagnd Phase |l metabolizing
enzymes, CYP3A4, UDP-glucuronosyltransferases, ginththioneStransferases in the
liver, kidney and intestine (Sutherland et al., 3;98urgeon et al., 2001) (Figure 17). The
CYP3A subfamily involves in approximately 40-50%pdfase | metabolism of marketing
drugs (Guengerich, 1995). Specifically, CYP3A4 agte for 30% of hepatic CYP and
70% of small intestinal CYP (Schuetz et al., 1998)substantial overlap in substrate
specificity exists between CYP3A4 and P-gp (Wackerl., 1995). Additionally, the
phase Il conjugating enzymes, such as UDP-glucusdttansferases and glutathioBe-
transferases, may subsequently modify either thesgpHametabolites or the parent
compounds as the conjugated compounds, and fusthgect toMRP2-mediated efflux in
the liver and intestine. Thus, a synergistic relahip exists between the transporters and
metabolic enzymes, such as CYP3A4 versus P-gp amdgating enzymes versus MRP2,
within excretory tissues to protect the body adaimgsion by foreign compounds, which
also decrease the oral bioavailability of many drugpecially anticancer drugs.

Oral administration of drugs has many advantages iodravenous injection because it

is less invasive, easier to use for the patierat ahronic regimen and more cost-effective
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because of decreased hospitalization. The smalstine represents the principal site of
absorption for orally administered compounds. Thare two principal pathways,
paracellular and transcellular, in the intestingitteelium that allows the compounds to
cross. Some small hydrophilic, ionized drugs asodied via the paracellular pathway for
there small particle size is suitable for pass ubhothe tight intercellular junctions
(Hayashi et al., 1997). Many orally administeredgdr are lipophilic and undergo passive
transcellular absorption (Hunter and Hirst, 19@fugs that cross the apical membrane or
present in the blood would be substrates for agffalx of transporters, specifically ABC
proteins such as P-gp and MRP2, and cytochrome Rejiecially CYP3A4)-mediated
Phase | metabolism of orally ingested compoundstkivg 1992). Phase | and phase I
metabolic enzymes may yield metabolites that aeentielves substrates for efflux pumps,
such as P-gp and MRP2 (Keppler et al., 1999). Thaetibn of compounds that escapes
this first barrier will pass to the liver via thental vein and subject to further metabolism
and biliary excretion by the same enzymes and piaters present in the enterocytes,
which complete the first cycle of enterohepaticuiation (first-pass extraction). Drugs
that reach the systemic circulation following fipgiss extraction by the liver, or through
the lymphatics, will meet the kidneys, which arscalwell equipped with the efflux
transporters for the active excretion of the pamnthe metabolites of the compounds.
The efflux transporters and intracellular metabelizymes in the intestine and liver are
critical determinants of overall oral bioavailabjli

Etoposide or VP-16-213 (4'-demethylepipodophyllate®-(4,6-O-ethylidenep-D-
glucopyranoside) is a semisynthetic derivative odgphyllotoxin, a naturally occurring
compound extracted from the roots and rhizomehefpiantsPodophyllum peltatum or
Podophyllumemodi (Stahelin et al., 1991; Clark and Slevin, 19&tpposide is used in
the treatment for a wide range of malignanééas, small cell lung cancer, acute leukemia,
lymphoma, testiculacancer) as a single agent or one of the constduehtstandard
therapeutic regimens (Clark and Slevin, 1987)xdres its anticancer action via inhibition
of topoisomerase Il enzyme and/or induction of aif@NA breaks (Wozniak and Ross,
1983). Etoposide is a chiral drug and can be degrfidm therans-isomeric form of the
lactone to thecis-lactone in neutral, weak acidic and alkaline ctinds (Figure 2A and

B). The stereochemistry of thans-lactoneis essential for therapeutic activity of
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etoposide (Dow et al., 1983). Metabolism of etopesidcludes cytochrome P450-
catalyzedO-demethylation in rodents (Haim et al., 1987; vaaaken et al., 1987) and in
humans (Relling et al., 1992; Relling et al., 198fithe dimethoxyphenol pendant ring,
which forms the etoposide catechol (Figure 2C).sTpiocess is mediated mainly by
CYP3A4 ando a minor extent by CYP1A2 and 2E1 (Kawashiroletl®98). Etoposide is
approximately equally excreted in urine and bilerfLet al., 1992). Approximately 20—
35% of the etoposide doiseexcreted unchanged in the urine and ~2% in(BRHdling et
al., 1994). Approximately 94% of etoposide is boundplasma protein (Allen and
Creaven, 1975). As other anticancer agents, thdcitpxof etoposide includes
hematological toxicity (myelosuppression), gastestinal effects (nausea and vomiting),
cardiovascular effects, and hepatotoxicity (McEv@900). Etoposide exhibits erratic
bioavailability with a range of 25-75%, with considble intra- and interpatient variation
(Clark and Slevin, 1987). Several approaches fdibadduce the variability of etoposide,
such as altering gastric pH, gastric emptying tiema] coadministration of bile salts (Joel
et al., 1995).

Etoposide is reported to be a substrate for P-gstéd and Gottesman, 1991). Infusion
of Cyclosporine A, a first generation of P-gp iritdb, in rats treated intravenously with a
single dose of etoposide showed the decreased alakrarance, increased plasma and
tissue concentrations of etoposide (Carcel-Trukalal., 2004); Pretreatment of PSC 833,
the second generation of P-gp-mediated MDR moduyl&® min before the etoposide
resulted in the increased toxicity and the enharuedvailability of etoposide in rats
(Keller et al., 1992). Quinidine, a dual inhibitof CYP 3A and P-gphas shown the
enhanced uptake of etoposide fromirasitu perfusedntestinal loops (Leu and Huang
1995). According to the experimental results oAlkt al. (2003), etoposide is a substrate
for BCRP-mediated resistance in vitro, but it i4 aanajor limiting factor in oral uptake
of etoposide based on the fact that GF120918, hRiga and BCRP inhibitor, increased
the plasma levels of etoposide by 4— to 5—foldrafi@l administratiof etoposide in
wild mice but not in P-gp-deficiemiice. MRP2 also seems to be the minor factor as
BCRP since MRP2 cDNA-transfected cells display Haglel resistanc® vincristine but
only low-level to etoposide (Koike et al., 1997; wabe et al., 1999). Since ABC

transporters and the metabolic enzymes, espeéladly and CYP3A, are the major factors
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impeding etoposide pass through enterohepatic lation, it is possible that the dual

inhibitors of P-gp and CYP3A might enhance the @gbosure of etoposide. As upper
mentioned, although some P-gp modulators such mpamil, cyclosporine A and PSC

833 is proved to be the potent P-gp inhibitersitro, but their toxicities hinder their use

in clinical application (Bradshaw and Arceci, 1998pme flavonoids as natural products
were shown to extert as modulators of the ABC ansrs (Castro and Altenberg, 1997;
Scambia et al., 1994) and phase | and phase lboliteng enzymes (Tsyrlov et al., 1994;

Walle et al., 1995). Since they have many health prorgotienefits and have no

consistent side effects except for catechin, whiah occasionally cause fever, anemia
from breakdown of erythrocyte and hives (Bar-Mdiak, 1985; Conn, 1983), and could

subside when treatment was discontinued, it co@dekpected as one of the nature
modulators to improve the bioavailabilities of #r&icancer drugs.

Flavonoids are widely distributed in dietary suppémts such as vegetables, fruit, tea
and wine (Hertog et al., 1993b). Flavonoids havenynbheneficial effects including
antioxidant, antibacterial, antiviral, antiinflamtogy, antiallergic, and anticarcinogenic
actions (Ross and Kasum, 2002; Hodek et al., 28@)gh whether these effects can be
attributed to the aglycone forms or their metaleglits not entirely clear. The total daily
intake of flavonoids via the dietary supplements haen 23 mg/day in Dutch population
(Hertog et al., 1993a), among which the most ingirtflavonoid was the flavonol
quercetin (mean intake 16 mg/day). Many flavonoids @abiquitous in all parts of the
plant. Flavonoids are polyphenolic compounds pa$sgsl5 carbon atoms; two benzene
rings joined by a linear three-carbon chain (FigBtg. A CHROMANE ring bearing a
second aromatic ring B in position 2, 3 or 4 (F®8B). The oxygen bridge involving the
central carbon atom gLCof the three-carbon chain occurs in a rathertéichinumber of
cases, where the resulting heterocyclic is of thHRAN type. Various subgroups of
flavonoids are classified according to the subtitu patterns of ring C. Both the
oxidation state of the heterocyclic ring and theifion of ring B are important in the
classification. The major subgroups of flavonide as followes (Figure 4): Flavonols
(quercetin, morin, kaempferol, myricetin, rutin,oiBamnetin), Flavones (apigenin,
luteolin, primuletin), Flavanones (hesperetin, lee&bn, naringenin, naringin, eriodictyol),

Flavanols, also called catechins ((+)-catechin,-gal)ocatechin, (-)-epicatechin, (-)-
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epigallocatechin, (-)-epicatechin 3-gallate, (-)gaflocatechin 3-gallate, theaflavin,
theaflavin 3-gallate, theaflavin 3'-gallate, thasfh 3,3-digallate, thearubigins),
Anthocyanidins (cyanidin, delphinidin, malvidin, lasgonidin, peonidin, petunidin) and
Isoflavonoids (genistein and daidzein). Most ofseh¢flavanones, flavones, flavonols, and
anthocyanins) bear ring B in position 2 of the hatgclic ring. In isoflavonoids, ring B
occupies position 3.

Although there is strong evidence to suggest beiad¢feffects of flavonoids in human
health, the extent and mechanismuthych flavonoids reach the systemic circulationriro
dietary sourceare controversial. Plant flavonoids are predomigaiound a$3-glycosides
with flavonols (including quercetin) existing &s7, and 40-glycosides, whereas other
flavonoids, such as flavoneiavonones, and isoflavones, are mainly glycosylatt
position7 (Price et al., 1997; Fossen et al., 1998). Djefi@vonoids are deglycosylated
by cytosolic B-glucosidase (CBG) and lactase phlorizin hydroldseH) in the small
intestine (Day et al., 1998; Day et al., 2000)/dekd by conjugation primarily with
glucuronic acid in the small intestine epithelialls (Figure 5) (Gee et al., 2000; Crespy et
al., 1999; Spencere al., 1999). Ingested flavonoidtergo extensive Phase | and Phase Il
metabolism and are present in the circulation asnaplex mixture of free aglycone with
glucuronidated, methylated, and sulphated formsvéver, cleavage by glucuronidases at
several sites in the body can restore the aglydoma (Figure 5) (Murota and Terao,
2003) of which shows enhanced ability to partitianross membranes and access
intracellular sites due to its greater lipophilcjSpencer et al., 2001).

Several studies have shown that flavonoids can tatelthe activities of both P-gp and
MRP1 (zZhang and Morris, 2003a; Bobrowska-Hagersitran al., 2003) affecting drug
accumulation, cell viability following cytotoxic dg exposure, and the ATPase activity of
P-gp (Bobrowska-Hagerstrand et al., 2003). Someofilaids have been reported to
interact with the intrinsic ATPase of P-gp, bothibition and stimulation of P-gp ATPase
activity have been observed for silymarin, morind iochanin A (Zhang and Morris,
2003b). Since P-gp located in the apical membrakraddrie et al., 1998) and some
MRNAs of organic cation transporters (OCT) has alsen detected (Martel et al., 2001),
the monolayers formed by a human colon carcinortidice, Caco-2 cell, is used for the

study of membrane permeability, specifically foe ttransport characterization of the
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intestinal epithelium. Some flavonoids reducedseeretory flux of talinolol across Caco-
2 cells, such as hesperetin, quercetin, kaempfarohenside, isoquercitrin and naringin,
but none of the selected flavonoids was able toepfH]talinolol from its binding to P-
gp, which might be due to an interaction with Pigjgthout competition of talinolol
binding site of P-gp (Ofer et al., 2005). Sevedavdnoids, specifically methoxylated
flavonoids, are confirmed to be the good inhibitofsMRP1 and 2 (van Zanden et al.,
2004).

The flavonol quercetin (3,5,7,3',4’-pentahydroxyféone) is one of the most prevalent
flavonoids. It presents in fruits, vegetabdesl beverages mainly as glucosides, with the
highest contenih onions, apples and red wine (Kiviranta et 8088; Hertog et al., 1992;
Hertog et al., 1993a). Epidemiological data havmalgstrated that consumption of diet
rich in quercetin would reduce the risk of mortafitom coronary heart disease (Hertog et
al., 1993b) and the risk of stroke (Ketial., 1996). In additiomuercetin and quercetin
monoglucosides have been shown to inHibitipoxygenase, an enzyme thought to play a
role in the oxidativemodification of low density lipoprotein, leading timam cell
formation in the early development of atherosclisr@isuizet al., 1998). The daily dietary
intake of quercetin ranges from 4 to 68 mg baseemdemiological studies in the U.S.,
Europe, and Asia (Knekt et al., 1997, Hertog etl#95, Hertog et al., 1993a and Rimm et
al., 1996). It can reach several hundred mg inadiesupplement and several grams in
anticancer therapy (Lamson and Brignall, 2000). ribal structures of quercetin
aglycone, glucoside and its metibolites are shawigure 5.

The oral bioavailability of quercetin is quite loW/hen pigs received a single oral dose
of 148 umol/kg (equivalent to 50 mg/kg) of quemsediglycone, quercetin-3-glucoside
(Q3G) or guercetin-&-glucorhamnosidéutin) as part of their diet, the main metabolite
in plasmawas always conjugated quercetin whieolere detected only aftep-
glucuronidase/sulfataseatment of the samples, whereas free quercetimetadetected
in either the jugular or the portal blood (Cermalak, 2003). It was consistent with the
report showed by Ader et al. (2000) that the alisohioavailability of free unchanged
quercetin was 0.54 + 0.19%, and it was consideratafeased to 8.6 + 3.8% after taking
into account of the conjugated quercetin and furithereased to 17.0 + 7.1% by including

quercetin's metabolites (isorhamnetin, tamarixetaempferol) when pigs were treated

-15 -



with an oral dose of 50 mg/kg of quercetin. Hieadministered flavonols must have
undergone nearly completeetabolism in the intestinal mucosa. In humans eatd,
catechole-methyltransferase and UDP-glucuronosyltransferab&ch located in the
mucosa of the small ardrge intestine were able to metaboldifferent flavonoids
(Cheng et al.,, 1999; Piskula and Terao, 1998) (Eich), the intestine possesibe
capability to methylate and glucuronidate flavondlhe plasma metabolikevel reached
its peak in < 1 h after the ingestion of onion4G, whereas after the intake of rutin,
metabolite plasmkevels peaked only after 6-9 h (Hollman et al., 7.9Graefe et al.,
2001; Hollman et al., 1999). This indicates thagmetin glucosides were absorbed from
the upper smalintestine, whereas rhamnoside was not absorbed itiniéached the
terminal ileum or even the large intestine. Likee tmonoglucosideghe quercetin
aglycone itself was readily absorbed in the smgdkstine in rats (Manach et al., 1997).
Quercetin showed the potency to modulate CYP3Alyad metabolism and the ABC
family, specifically P-gp, mediated transportvitro. In human liver microsomal samples,
Quercetin inhibited CYP3A4-mediated 3-hydroxylatmfrguinine, which was greater than
naringenin and naringin at the same concentratfdtD6 uM, and flavonoids with more
phenolic hydroxyl groups produced stronger inhditithan those with less hydroxyl
groups (Ho et al.,, 2001). Quercetin and kaempfeelsed substantial inhibition of
CYP3A4-mediated metabolism of cortisol in Caco-Esc@Patel et al., 2004) and exhibited
a remarkable inhibition of P-gp-mediated effluxrd@bnavir, a substrate for P-gp and/or
CYP3A4, by increasing its cellular uptake in Cacoells, which were comparable with
the inhibitory effect of quinidine, a well-knownhibitor of P-gp (Patel et al., 2004). In an
everted rat gut sac, quercetin inhibited the agtigf intestinal P-gp (Hsiu et al., 2002).
The in vitro outcome has been applied to tirevivo study. Digoxin is extensively
metabolized in rats by CYP 3A (Salphati and Beh8€9). In contrast to rats, digoxin is a
substrate for P-gp but not for CYP 3A enzyme in hom(Harrison and Gibaldi, 1976).
The coadministration of 40 mg/kg of quercetin widtD2 mg/kg of digoxin in pigs
significantly elevated the (& of digoxin by 413% and increased the AJJ®y 170%
(Wang et al., 2004). Coadminstration of 10 mg/kg cpfercetin with 0.2 mg/kg of
moxidectin subcutaneously in lamps significantlgreased the AUC of moxidectin, a P-

gp and CYP3A substrate (Dupuy et al., 2003). Pgeodnexposure (10-day treatment) of
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quercetin showed the significant increase of mRMNgression of both P-gp and CYP3A4
levels in Caco-2 cells (Patel et al., 2004), whiaight adversely promote the efflux and
metabolism of the substrates.

HepG2 cells are a well-characterized immortalizeédicell line of human origin and
provide a useful model system for investigating homhepatic drug metabolism
(Knasmuller et al., 1998). MRP2 is highly expresseith low-level of MRP1, in HepG2
cells (Jedlitschky et al., 1997; Walle et al., 1&9%/alle et al., 1999b; Lee et al., 2001). In
the HepG2 hepatic cell model, quercetin-7- and eptar-3-glucuronides (Figure 5), the
major products of small intestine epithelial celetabolism (Gee et al., 2000), is
metabolized by methylation of the catechol fundilorgroup of both quercetin
glucuronides and hydrolyzed the glucuronide by gedous3-glucuronidase followed by
sulfation to quercetin‘Zulfate (O'Leary et al., 2003). Efflux of quercetinetabolites
from HepG2 cells (methylated glucuronide and salfabnjugates) was not altered by
verapamil, a P-gp inhibitor, but was competitivéhhibited by MK-571, a selective
inhibitor of MRP2, indicating a role for MRP2 inghefflux of quercetin conjugates from
HepG2 cells (O'Leary et al., 2003). The metabaditequercetin might be substrate for
MRPs, specifically MRP2-mediated efflux. Accumutetti of the established BCRP
substrates mitoxantrone and bodipy-FL-prazosin sigsificantly increased by quercetin
and other flavonoids, silymarin, hesperetin, daidzand the stilbene resveratrol (each at
30uM) in BCRP-overexpressing cell lines rather thahe tespective wild-type cell lines
(Cooray et al., 2004), suggesting the reversed B@R&ated efflux by quercetin and
others.

Another important flavonoids, flavanols, also cdlieatechins, are the major flavonoid
found in green tea. Several studies illustrated tiem consumption might provide
protection against stroke, osteoporosis, liver afise andbacterial and viral infections
(Mukhtar and Ahmad, 2000). Six catechins presemré@en tea, the most abundant being
(-)-epigallocatechin gallate (EGCG) followed by -picatechin gallate (ECG), (-)-
epigallocatechin (EGC), (-)-epicatechin (EC), (ajechin gallate (GC) and (+)-catechin
(C) (Chu and Juneja, 1997). The chemical structafezatechins are shown in Figure 6.
EGCG has a wide range of biological and pharmadcdbgactivities, including

antioxidant (Higdon and Frei, 2003), antimutageramd anticarcinogenic activities
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(Kuroda and Hara, 1999). A prospective cohort stoflp Japanese population revealed
that the daily intake of EGCG in green tea in thegbjects was calculated to be 540-
720 mg (Muto et al., 2001), which is about 9-12 rgddkdy weight.

EGCG is largely conjugated in the plasma of micd azts, whereas EGCG exists
mostly in free form in human plasma (Chen et &97t Lee et al., 2002). When EGCG at
a dose of 10 mg/kg was administered intravenoumshats, theqf, of 135 minclearance of
72.5 ml -kg-min® and \j of 22.5 dl/lkg were observed, aB6GCG is mainly excreted
through bile (Chen et al., 1997). A single oral E&@t a dose of 2 mg/kg in humans
showed T Oof 1.3-1.6 h andip of 2.0 h in the plasma (Lee et al., 2002), and the
bioavailability of EGCG is low. Chen et al. (199@8ported that the bioavailability of
EGCG in rats after i.g. administration at a dos&@®fmg/kg was 1.6%. Cai et al. (2002)
reported that the bioavailability of intraportalnaidistered EGCG was 87%. These results
suggests that the limited bioavailability of EGC&Gdue largely to the factors within the
gastrointestinal tracsuch as limited membrane permeability, transporediated
intestinalsecretion, or gut wall metabolism.

EGCG and its metabolites showed the property tibinbr substrate for the catalytic
enzyme and the ABC transporters. EGCG and ECG iteldibiCYP3A4 with the IG
values of 10 and 30M, respectively (Muto et al., 2001). In additiorGEG is a substrate
for UDP-glucuronosyltransferase, sulfotransferasel catecho®-methyltransferase, and
there are significant species differences in thewrhof EGCG conjugate found in the
plasma (Lu et al., 2003a; Lu et al., 2003b). Thasehll metabolism and the efflux of
EGCG and its metabolites affect the bioavailabiiffeGCG. According to the report of
Hong et al. (2003), the presence of the MRP inbibitndomethacin increased EGCG, 4
O-methyl EGCG, and 4 -di-O-methyl EGCG levels by 13-, 11—, and 3-fold in
MDCKII/MRP1 cells, respecitively, and accumulatioof EGCG and its methyl
metabolites was also increased nearly 10-fold épitesence of MRP inhibitor MK-571 in
MDCKII/MRP2 cells. However, they were not affected GF120918, a third generation
P-gp inhibitor, in P-gp overexpressing MDCKII celisdicating that EGCG and its methyl
metabolites are substrates for MRP1 and MRP2, diufon P-gp. Based on the location of
MRP2 (apical) and MRP1 (basolateral) in the intestkidney and liver, they would act

adversely to the bioavailability of their substsatlt was reported that the transcript level
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of MRP2 was over 10-fold higher than that of MRRlhe human jejunum (Taipalensuu
et al., 2001), MRP2 might also paticipate in lowgrihe bioavailability of EGCG in the
intestine. Although EGCG is not the substrate gfpPthe inhibitory effect of EGCG on
P-gp was observed in human Caco-2 cells. iM0f EGCG and the 1M PSC 833 (P-
gp inhibitor) increased the apical-to-basal flux[#f]vinblastine across the Caco-2 cell
monolayer by 2.6—fold and increased the accumudasfo®H]vinblastine within the cells
by 2.2— and 3.4-fold (Jodoin et al.,, 2002), respelt EGCG also increased the
intracellular accumulation of doxorubicin in humaral epidermoid carcinoma KB-A
cells overexpressing P-gp, the expressioMbR1 mRNA was not changed obviously by
increasing EGCG concentrations (Qian et al., 200%)s result indicates that EGCG
increases intracellular drug level by modulating@Pfunction, not by down-regulating
MDR1 gene transcription and P-gp expression. The plfitEGCG to reverse MDR in
vivo was also evaluated in KB1An combination with cytotoxic agent doxorubicirh@hg
et al., 2004). Neither doxorubicin alone nor EGG@a had any significant effect on the
mass of the resistant tumors. In contrast, the awation of doxorubicin with EGCG
significantly reduced the tumor mass. These resollicate that EGCG is capable of
reversing doxorubicin resistance in vitro, and madindependent cytotoxic effects on
tumor cells.

The flavonoids, quercetin and EGCG, are abundamiundietary supplements. There
are many opportunities that these flavonoids wdaddadministered concomitantly with
the agents that are substrates for CYP3A and Rigphé clinical practice. Since they
possess the ability to inhibit CYP3A and P-gp, thaght affect the pharmacokinetics of
many substrate agents. In this study, the pharniaetd behavior of etoposide after
intragastric, intraportal and intravenous admiaishn to rats was investigated to
determine the extent of presystemic intestinal dragatic extraction on the oral
bioavailability of etoposide, and examined the dffef quercetin and EGCG on the oral
bioavailability of etoposide in rats. Verapamil asdual inhibitor of CYP3A and P-gp
should affect the pharmacokinetics of etoposidévn. The potency of two flavonoids on

the systemic exposure of etoposide was compardudtiat of verapamil.
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2. MATERIALSAND METHODS

2.1. Materials

Etoposide, podophyllotoxin, quercetin dihydrate;epigallocatechin gallate (EGCG)
and (+)-verapamil were purchased from Sigma Chdpailchich Corporation (St. Louis,
MO, USA). Injectable etoposide (20 mg/ml) was pasdd from the Boryung Chemical
Company (Seoul, Korea). HPLC grade methanol artebtegylmethylether were acquired
from Merck Company (Darmstadt, Germany). All otlseemicals for this study were of
reagent grade and were used without further patibo. Water was deionized and filtered
through a Millipore Milli-Q system (Bedford, MA, US.

2.2. HPLC analysis

2.2.1. Instrumentation

A high performance liquid chromatograph equippethwi Waters 1515 isocratic HPLC
pump, a Waters 717 plus autosampler and a WHtdz4 scanning fluorescence detector
(Waters Company, Milford, MA, USA). Data were acguairand processed with bre8Ze
Software (Version 3.2) (Waters Company).

2.2.2. Chromatographic conditions

Chromatographic separations were achieved usingrargtry’ Cyg column (4.6 mm i.d.
x 150 mm long; particle size Bm, Waters Company), and@Bondapak” C,s HPLC
precolumn (particle size 1m; Waters Company) was connected before the acalyti
column. The mobile phase consisting methanol-de@mhiwater-acetic acid (50:50:0.5,
vIvlv) was passed through a 0.4% membrane filter and degassed by a BranSonic
Ultrasonic Cleaner (Branson Ultrasonic Company, liday, CT, USA) under vaccum
before use. The flow-rate of the mobile phase waaintained at 1.0 ml/min.
Chromatography was performed at a temperature 6€ 3@sing a HPLC column

temperature controller (Phenomenex Inc., CA, USM)e fluorescence detector was
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operated at an excitation wavelength of 230 nm aitlemission cut-off filter of 330 nm.

2.2.3. Preparation of stock solutions

Stock solutions of etoposide and podophyllotoxin if@ernal standard) were prepared
by dissolving 10 mg of each drug in 10 ml of methla’\ll solutions were stored in a —
40°C freezer (MDF-292, Sumwon Company, Seoul, Korea

2.2.4. Preparation of analytical standard solutions

Standard solutions were prepared by diluting theckstsolution with methanol
immediately prior to use. All preparations were maa 1.5-ml polyethylene mocrotubes
(Axygen Scientific Company, Calif., USA). Stock stbn was diluted with methanol to
obtain the concentrations required for preparatbrstandard solutions. The standard
solutions of etoposide were 40, 80, 200, 400, &)000, 4,000 and 8,000 ng/ml. For

podophyllotoxin, its standard solution was 50 ng/ml

2.2.5. Sample preparation

The plasma concentrations of etoposide were detednby a HPLC assay method
reported by Liliemark et al. (1995) and Manouildwak (1998) after a slight modification.
Briefly, a 0.5ul aliquot of 50-ng/ml podophyllotoxin and a 1.2-raliquot of tert-
butylmethylether were mixed with a 0.2-ml aliqudt tbe plasma sample in a 2.0-ml
polypropylene microtube (Axygen Scientific Compar@alif., USA). The resulting
mixture was mixed vigorously with a vortex-mixerci{ntific Industries Company, NY,
USA) for 1 min and centrifuged at 13,000 rpm forri in a high-speed micro centrifuge
(Hitachi Company, Tokyo, Japan). A 1.1-ml aliquéttte upper layer was transferred to
another clean microtube, evaporated under nitrggenat 38°C in a MG 2100 Eyela dry
thermo bath (Rikakikai Company, Tokyo, Japan). 2-l aliquot of 50% methanol in
deionized water was used to reconstitute the residnd a 5@d aliquot was injected

directly onto the HPLC system.

2.2.6. Validation procedures
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2.2.6.1. Linearity

Standard calibration curves were constructed byingdd 50ul aliquot of etoposide
standard solutions at the concentrations of 40280, 400, 800, 2,000, 4,000 and 8,000
ng/ml and a 5@d aliquot of podophyllotoxin at a concentration&d¥ ng/ml into a 0.2-ml
aliquot drug-free rat plasma, respectively. Thuee torresponding plasma calibration
standards were 10, 20, 50, 100, 200, 500, 10002808 ng/ml of etoposide in plasma,
respectively. These plasma samples were extrastedéscribed above. Calibration curves
of etoposide were constructed using the ratio ef ihak area of etoposide and that of
podophyllotoxin as a function of etoposide concatitn in plasma. The linearity of the
assay procedure was determined by calculation refjeession line using the method of

least squares analysis.

2.2.6.2. Recovery

To determine the extraction efficiency, a jdOaliquot of the standard solutions of
etoposide at the concentrations of 200, 800 an@ #@0ml were added separately to a 0.2-
ml aliquot of blank plasma samples to yield congaiuns of 50, 200 and 1000 ng/ml of
etoposide in plasma. A 50-ul aliquot of podophyilah at a concentration of 50 ng/ml
also added to blank samples to make a concentrati2rb ng/ml in plasma. Each of these
spiked blank plasma samples were treated as thdke sample preparation. The absolute
recovery was calculated by comparing the peak arkagiked plasma extracts with those
of unextracted neat standards containing the samoeitat of etoposide or podophyllotoxin

prepared in 50% of methanol in deionized water hHaeasurement was made five times.

2.2.6.3. Intra- and inter-day variability and detération of LOD and LLOQ

Intra-day variability was obtained on five diffeteat’s plasma samples using the same
calibration curve in a day. Inter-day variabilityasvobtained on five different days. The
mean relative standard deviation (RSD) of the mpeadicted concentration for the
independently assayed standards provided the neeasfumprecision. Accuracy was
calculated by the percentage deviation of the n@radicted concentration of etoposide
from the expected target value.

The limit of detection (LOD) was determined by dezathan 3.0 for signal to noise
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(S/N) ratios. The lower limit of quantification (IQQ) was determined by spiking a 0.2-
ml aliquot of blank rat's plasma with etoposide the concentration of the lowest
calibrator with a precision of 20% and accuracytd?0%. The LOD and LLOQ were
measured on five different days.

The predetermined criteria for acceptance of bottai and inter-day results were that
the standard concentrations of etoposide had axberate within + 15% of their nominal
values as determined by the best-fit regressiom dixcept for the LLOQ, where = 20%

was acceptable. The correlation coefficieAt &iso had to be 0.95 or better.

2.3. Animal experiments

Male Sprague-Dawley rats (weighing 270-300 g) of8 7weeks of age were
purchased from Dae Han Laboratory Animal Reseamm@any (Choongbuk, Korea),
and were given free access to a commeratathow diet (No. 322-7-1) purchased from
Superfeed Company (Gangwon, Korea) and tap wates.ahimals were housed, two
per cage, at a temperature of 22 *®€2and a relative humidity of 50-60%, under a
12:12 h light-dark cycle. The experiments weretethrafter acclimation under these
conditions for at least 1 weekhe Animal Care Committee of Chosun University
(Gwangju, Korea) approved the protocol of this stud

The rats were fasted for at least 24 h prior todtiaet of the experiments and had free
access to tap water. Each animal was anaesthéditingly with ether and the left femoral
artery was cannulated using a polyethylene tubet3SP.58 mm i.d., 0.96 mm o.d.;
Natsume Seisakusho Company LTD., Tokyo, Japamdltayd sampling. The left femoral
vein was also similarly canulated for i.v. injectjcand the pyrolic vein was canulated

using a polyethylene tube (SP 10, 0.28 mm i.61 @m o.d.) for intraportal infusion.
2.4. Drug administration and sampe collection
2.4.1. Intravenous (i.v.) administration of etopigsi

Etoposide (injectable form was diluted in 0.9% Na@éctable solution) at a dose of

3.3 mg/kg was injected (total injection volume 05 Inl/kg) over 1 min via the femoral
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vein for i.v. control group (n = 6). Blood sampl€é8.45 ml) were collected into
heparinized tubes via the femoral artery at 0 érwesas a control), 0.017 (at the end of the
infusion), 0.1, 0.25, 0.5, 0.75, 1, 2, 4, 6 anddtbr the injection. The blood samples were
centrifuged at 13,000 rpm for 5 min, and the plasaaples were stored at -40°C until
HPLC analysis. A 0.4-ml aliquot of 0.9% NaCl-injabte solution was injected through
the cannula immediately after each blood samplingeplace blood loss followed with a
0.2-ml aliquot of heparinized 0.9% NaCl-injectatdelution (20 units/ml) to flush the

cannula to prevent blood clotting.

2.4.2. Intraportal (i.p.) administration of etopesi

Etoposide (the same solution that was used inrttravienous study) at a dose of 3.3
mg/kg was infused (total injection volume of 4.5kg) over 20 min via the pyrolic vein
using SagE" Syringe Pump Model M361 (Orion Reasearch Inc., MS8A) to rats (n = 6).
Blood samples (0.45 ml) were collected into hepaeith tubes from the femoral artery at 0
(to serve as a control), 0.1, 0.25, 0.5, 0.75,,14,%8, 8 and 10 h after the beginning of

infusion. Other procedures were similar to thosthei.v. groups.

2.4.3. Intragastric (i.g.) administration of etoigles

Etoposide (the same solution that was used inntravienous study) at a dose of 10
mg/kg was administered using injector equipped waithng blunt needle (feeding tube) to
rats (total volume of 3.0 ml/kg, n = 6). Blood sde® (0.45 ml) were collected into
heparinized tubes from the femoral artery at Géxve as a control), 0.1, 0.25, 0.5, 0.75, 1,
2, 4, 6, 8 and 10 h after the administration. Ofrecedures were similar to those in the

i.v. route.

2.4.4. Preadministration of verapamil

Verapamil solutions at doses of 2 and 6 mg/kg vpeepared by dissolving verapamil in
distilled water (3.0 ml/kg), respectively. They werg administered using feeding tube 30
min prior to i.g. administration of etoposide ad@se of 10 mg/kg or i.v. administration at

a dose of 3.3 mg/kg to rats (n = 6, each).
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2.4.5. Preadministration of quercetin

Quercetin suspentions at doses of 3, 12 and 20gwegke prepared by mixing quercetin
in distilled water (3.0 ml/kg). They were i.g. adhsitered through long blunt needle 30
min prior to i.g. at a dose of 10 mg/kg or i.v.aatlose of 3.3 mg/kg of etoposide to rats
(n =6, each).

2.4.6. Preadministration of EGCG

EGCG solution at doses of 3, 12 and 20 mg/kg weepared by dissoving EGCG in
distilled water (3.0 ml/kg). EGCG at doses of 3 42dng/kg were pretreated 30 min prior
to i.v. administration of etoposide at a dose & Big/kg or pretreated at doses of 3, 12
and 20 mg/kg 30 min prior to i.g. administrationedbposide at a dose of 10 mg/kg (n =6,

each).

2.5. Pharmacokinetic analysis

The following pharmacokinetic parameters were dated using the noncompartmental
method (WinNonlin software version 4.1, Pharsightrgooation, Mountain View, CA,
USA). The area under the plasma concentration-tiamge from time zero to the time of
last measured (AULC) was calculated using the linear trapezoidal riilee AUC zero
to time infinity (AUG,,) was obtained by the addition of AYCand the extrapolated area
determined by G/Ke, Where G is the plasma concentration measured at theitast t
point. The terminal elimination rate constant,{Kvas calculated using the log-linear
regression of the terminal phase of the plasmaeuration-time curve, and the terminal
half-life (t;,) was calculated by 0.693/{KThe peak plasma concentration.{{ and the
time to G (tnay Of etoposide in plasma were obtained directlyrfrthe experimental
data. The total body clearance for i.v. route Gnd for i.g. route (CL/F) was calculated
from D/ AUGC._,,, where D is the dose of etoposide,. The meanarsa&ltime (MRT) was
calculated by dividing the first moment of AUC (AW, by AUGC,... The apparent
volume of distribution at steady state (¥ was estimated by the product of MRTand
CL, after i.v. dosing. The extent of absolute bioavaliy (F) of the extravascular doses

was determined by dividing the dose-normalized AU®f the extravascular routes to
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that of i.v. route.

2.6. Statistical analysis

Statistical analysis was conducted using a onedQVA followed by a posteriori
testing with the use of the Dunnett correction domparing groups more than two, or
using a Student'd-test for comparing between the two groups. Diffeesn were
considered to be significant at a level of p < 0.8B data were expressed in terms of

mean = S.D.
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3.RESULTS

3.1. Chromatogr aphic separ ation

Figure 7 illustrates chromatograms of blank ratspla samples (A), plasma samples
collected after oral administration of verapamil) (Bnd etoposide (C) to rats. The
retention times of podophyllotoxin (internal stardidS) and etoposide were 4.5 and 11.1
min, respectively. The overall run time lasted 1i&.rQuercetin, EGCG and verapamil did

not interfer the detection of etoposide and poddptoxin in this method.

3.2. Validation characteristics of analysis

Figure 8 shows the calibration curve of etoposiolestructed by plotting the ratio of the
peak area of etoposide to that of podophyllotoxdraafunction of the plasma etoposide
concentrations (10, 20, 50, 100, 200, 500, 1000 20@D ng/ml). There is an excellent
linearity over the range of 10-2000 ng/ml with aamecorrelation coefficient of 0.999
(Figure 8). The typical equation describing thelration curve in rat’'s plasma wgs=
0.00215x — 0.00383, wherg is the peak area ratio of etoposide to podoplopioe andx
is the concentration of etoposide.

The recovery of etoposide after liquid-liquid extian procedure was evaluated at three
concentrations of 50, 200 and 1000 ng/ml. The @esefficiency of extraction from rat
plasma was 82.0%. The recovery of the internaldstath podophyllotoxin, was 82.2%
when spiked concentration in rat plasma was 2.5 In@/able 1).

The LOD for etoposide in rat plasma defined asgaadito-noise ratio of greater than
three was 10 ng/ml. The LLOQ for etoposide in Ol2atis plasma was 10 ng/ml with an
acceptable precision and accuracy (RSD: 11.5%ateni —4%, n = 5).

The intra- and inter-day assay accuracy and petigalues are given in Table 2. The
intra-day accuracy (deviation) was within 11.5% &rconcentrations, and the intra-day
precision (RSD) varied between 1.6 and 10.5%. Tterdiday accuracy and precision were
within 13.4 and 11.5%, respectively.

3.3. Pharmacokinetics of etoposidein rats after i.v., i.p. and i.g. administration
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After i.v. (3.3 mg/kg), i.p. (3.3 mg/kg) and i.glQ mg/kg) administration to rats, the
mean arterial plasma concentration—time profilestoposide are shown in Figure 9 and
Table 3, the dose-normalized (based on the do8e3ahg/kg) AUG., values of etoposide
are shown in Figure 10.

After i.v. administration, the area under the plasroncentraion—time curve (AJQ)
of etoposide was 4830 + 754 ng-h*nwhich was not significantly different (p < 0.05)
from i.p. administration (4769+548 ng-h"miThe extent of absolute bioavailability (F) of
etoposide after i.p. administration was 0.987, datihg that hepatic first-pass effect of
etoposide was not considerable.

The dose-normalized (based on a dose of 3.3 mg/kg),A value of etoposide after i.g.
administration was 404 + 50.8 ng-h’mWhich was significantly smaller (p < 0.01) than
that of i.p. group. The F value of etoposide aftgr administion was 0.084, suggesting
92% of i.g. administered etoposide failed to reti@hsystemic circulation. The intestinal

first-pass effect of etoposide should be the maitdirs to low F of etoposide.

3.4. Effect of verapamil on the pharmacokinetics of etoposide

After i.v. administraion of etoposide at a dos&@& mg/kg in the presence or absence of
verapamil at doses of 2 and 6 mg/kg, the mean akf@asma concentration—time profiles
of etoposide are shown in Figure 10, and listedTable 4, and some relevant
pharmacokinetic paremeters are listed in Tablérhe. presence of verapamil significantly
altered the pharmacokinetic parameters of etopasidgared to the control group (given
etoposide alone). In the presence of verapamiltdtad body clearance (QLof etoposide
was significantly slower (p<0.01, approximatelys®®), and the AUg., of etoposide was
significantly greater (p <0.01, 37.7-38.4%). Theager systemic exposure of etoposide
suggests the decreased metabolism and excretitmeitiver and kidney by verapamil.
There were no significant differences in thgdfd t, of etoposide in the presence of
verapamil.

After administration with verapamil at doses ofril® mg/kg, the mean arterial plasma

concentraiton—-time profiles of i.g. administeredpetside are shown in Figure 11 and
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lister in Table 5, and some pharmacokinetic parerseare listed in Table 11. In the
presence of verapamil, the total body clearance/RCbf etoposide was significantly
slower (p < 0.01, 27.8-31.2%), and the AJJC(39.2-47.6%) of etoposide was
significantly greater (p < 0.05 at 2 mg/kg, p <10 6 mg/kg). Peak plasma concentration
(Cnay Of etoposide was significantly higher (45%, p.€1) in the presence of verapamil
at a dose of 6 mg/kg. F value of etoposide elevatag- to 1.48—fold in the presence of 2
and 6 mg/kg of verapamil. There were no signifiddifferences in the time to.&x (Tmay,

Ke and t,0f etoposide in the presence of verapamil. The meddoral bioavailaiblity of
etoposide suggests that CYP3A-catalyzed metabobsmmi P-gp-mediated efflux of

etoposide in the intestine is inhibited by veragami

3.5. Effect of quer cetin on the pharmacokinetics of etoposide

After i.v. administration of etoposide at a dose3& mg/kg in the presence or absence
of quercetin at doses of 3, 12 and 20 mg/kg, themaaterial plasma concentration—time
profiles of etoposide are shown in Figure 12 arstied in Table 6, pharmacokinetic
parameters of etoposide are listed in Table 12hodigh the presence of quercetin caused
the slower CLand the greater AUC of etoposide, they were ngiicantly different.
Other parameters such as thg &d t,, were also not altered significantly. This could be
due to the fact that the oral bioavailability ofegcetin is quite low, therefore the
concentration of quercetin in the systemic cirdatatmight be too low to affect the
pharmacokinetics of i.v. administered etoposide.

After i.g. administration of etoposide at a dosd@fmg/kg in the presence or absence of
quercetin at doses of 3, 12 and 20 mg/kg, the nagtarial plasma concentration—time
profiles of etoposide are shown in Figure 13 and &sted in Table 7, and some
pharmacokinetic paremeters of etoposide are listdéble 13. The presence of quercetin
at doses of 3 and 12 mg/kg caused significantky Qo01) slower CL/F (27.6-33.7%) and
significantly (p < 0.01) greater AUC (41.7-54.0%) of etoposide. Consequently, F values
of etoposide elevated 1.42— to 1.54—fold, which e@®parable to that of 2 and 6 mg/kg
of verapamil (1.38- to 1.47—fold). The,& of etoposide in the presence of 12 mg/kg of
quercetin was significantly higher (39%, p < 0.GBan the i.g. control. The other
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parameters, such as.J, Ke and i, of etoposide in the presence of quercetin were not
significantly different from control group. Althohgorally administered quercetin subjects
to extensive first-pass effect, it is absorbed atmocompletely in the intestine. The
enhanced oral exposure of etoposide could be atitritn the property of quercetin that it
inhibits P-gp and CYP3A in the intestine. AlthougBmg/kg of quercetin caused the

slower CL/F and the greater AYCof etoposide, they were not significant.

3.6. Effect of EGCG on the phar macokinetics of etoposide

Afer i.v. administration of etoposide in the presemr absence EGCG at doses of 3, 12
and 20 mg/kg, the mean arterial plasma concentrdiime profiles of etoposide are
shown in Figure 14 and listed in Table 8, and sphermacokinetic paremeters are listed
in Table 14. The presence of EGCG at a dose of d/Rgrcaused significantly (p < 0.05)
slower CL (25.1%) and greater AUC (33.4%) of etoposide. Himve results are
comparable with verapamil at doses of 2 and 6 md/kable 10). There were no
significant alterations of the Kand i/, of etoposide in the presence of EGCG. EGCG at a
dose of 3 mg/kg has not shown significant alteratibthe pharmacokinetic parameters of
etoposide, which might be due to the low oral balkability of EGCG.

After i.g. administration of etoposide at a dosd@fmg/kg in the presence or absence of
EGCG at doses of 3, 12 and 20 mg/kg, the mean plasmcentration—time profile of
etoposide are shown in Figure 15, and listed in|&da®, and some relevent
pharmacokinetic parameters are shown in Table 1& presence of EGCG caused
significantly slower CL/F (30.5-43.9%, p < 0.0lhdagreater AUG.,, (44.9-81.6%, p <
0.01 at 3 and 12 mg/kg, p < 0.05 at 20 mg/kg) agHér G,.. (48.1-80.1%, p < 0.01 at 3
mg/kg, p < 0.05 at 12 and 20 mg/kg) of etoposidealke of etoposide in the presence of
EGCG was elevated 1.44— to 1.81-fold. The preseh&&GCG caused slower CL/F and
greater AUG., of etoposide than verapamil, specifically at aedo3 mg/kg. There were

no significant alterations in the,d, K¢ and {,,of etoposide.

30



4. DISCUSSION

The plasma concentrations of etoposide were meddiyre slight modification of the
reported HPLC methods by Liliemark et al. (1995)d aManouilov et al. (1998).
Podophyllotoxin instead of teniposide was usedramternal standard. Although phenyl
column showed a good separation of etoposide andpbyllotoxin from endogenous
substances at the temperature of 30°C, the reretitites of etoposide and the internal
standard were shortened gradually within one mer#n if the column is set at the room
temperature of 22°C or lower. Sincgg@€olumn has been used in detection of etoposide
by others (Manouilov et al., 1998; Shirazi et 2001), Phenyl column was substituted by
Symmetry Gg column, which was much more stable and durablezolmparison of the
extraction efficiency, tert-butylmethylether showdtk better benifits than chlorform
(Liliemark et al., 1995), actonitrile (Reif et a2001), dietyl ether (Shirazi et al., 2001) and
ethyl acetate (Xie et al., 1998). At the emissi@velength of 330 nm, using the excitation
wavelength of 230 nm increased the peak area béreietoposide or podophyllotoxin
more, nearly 1.6-fold, than using that of 220 nnd ¢here is no corresponding increase of
the peak area of endogenous substances. The watleldrfluorescence detector has ever
been adapted using the excitation of 290 nm anathission of 320 nm in the paper of
Kiya et al. (1992) in detection of etoposide. Witenas applied to this study, the areas of
etoposide and podophyllotoxin could be amplified0td3— and 0.93—fold, respectively,
but the areas of the endogenous substances wergethland interferred the detection of
etoposide more than using the excitation waveler@thi230 nm and the emission
wavelength of 330 nm.

Using the modified HPLC method, the excellent safian of etoposide and the internal
standard was demonstrated in the chromatogramar@i). The method was linear over
the concentration range of 10-2000 ng/ml witt=10.999 (Figure 10). The method was
accurate and reproducible with accuracy and patigiss than 13.4 and 11.5%.

The applicability of the validated method was exaadi in the pharmacokinetic study of
etoposide following i.g. administration at a dosté X® mg/kg, and i.p. and i.v.
administratin at a dose of 3.3 mg/kg to male Speafawley rats. The assay was

sensitive enough to measure the plasma drug lavibleise three routes of administration
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to determine the bioavailability of etoposide sitkce last measured time in plasma were
8,10, and 10 h for i.v., i.g., and i.p. administaf respectively. The times are over 3—
times of the terminal half-life of etoposide (thgdf 1.83 h for i.v., 3.11 h for i.p. and
2.75 h for i.g. administered etoposide).

Orally administered etoposide shows variable bidalaity, with the ranges of 25-75%,
and considerable intra- and inter-patient variat{@tark and Slevin, 1987). Different
approaches, such as altering gastric pH, gastrigtyéng time, and coadministration of
bile salts, to reduce variability of bioavailability etoposide have failed (Joel et al., 1995).
Several presystemic processes could contributketdow oral bioavailability of drugs or
chemicals. These include low solubility the gastrointestinal fluid, poor membrane
permeability, degradation/metabolism the gastrointestinal tract, transporter-mediated
intestinalsecretion/efflux process and presystemic intestimal hepatic metabolism and
elimination. Orally administered etoposide subjaot®-demethylation in rodents and in
humans, which is mediated mainly by CYP3A4 (CYP3AI rats) ando a minor extent
by CYP1A2 and 2E1 (Kawashiro et al., 1998). Etogess a substrate for the efflux of
ABC tranporters as well, mainly for P-gp (Pastad &vottesman, 1991), and in a lower
extent resistance mediated by BCRP and MRP2 io yAtlen et al. 2003; Koike et al.,
1997; Kawabe et al., 1999). P-gp-mediated efflud and CYP3A-catalyzed-metabolism
in the intestine and liver might be the criticalteteninants of oral bioavailability of
etoposide.

Drugs administered directly into the hepatic poxtain needs to firgtass through the
liver before reaching the systemic circulatianereas it is immediately present in the
systemic circulatiofiollowing the administration into a peripheral veithe AUG., of
etoposiddollowing i.p. administration was calculated andmgared with that of i.v.
injection to determine the extent of hepféitist-pass extraction of etoposide. As shown in
Figure 10, the AUg, of etoposide following i.v. administration was msignificantly (p >
0.05) different from that of i.p. administrationhieh indicates that hepatic first-pass
extration is not the major cause to the low F afpeside. On the other hand, the dose-
normalized AUG., value of etoposide following i.g. administratiomsvsignificantly (p <
0.01) lower than i.p. group. Approximately 92% oéldy administered etoposide failed to

access the systemic circulation. Although CYP3him microsome of hepatocytes is 2- to
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5-fold higher than the enterocyte (De Waziers et 4990), and it can be greater when
compares the total mass of microsomal protein éitibestinal mucosa with that in the
liver. The lower level extraction of etoposide hetliver than in the intestine may appear
incongruent with the relative abundance of CYP3Ahia two organs. Following facts can
be a clue to explain this discrepancy. First, masily administered drugs must pass
through the small intestinal membrane to accessyhtEmic circulation, but it is not the
case in the liver to access hepatocytes (Figure Lik¢ other lipophilic drugs, most of
etoposide is absorbed via the apical enterocytéiseofilli of small intestine where full of
CYP3A and P-gp rather than via the deep crypts lsithlevel of CYP3A and P-gp or the
splanchnic capillaries by paracellular transporticln attribute to the considerable
exposure of etoposide in CYP3A and P-gp of therentge (Figure 17). Second, although
the protein binding is not correlated with the exgpre in the enterocytes, it is of
magnitude for the exposure in the hepatocytes Isecanly free form can pass through the
sinusoidal membrane of hepatocytes. The high Ipueiein binding of etoposide (94%)
should be one of the contributors to its low heapféitst-pass effect (Allen and Creaven,
1975). Last, the blood flow in the liver is 55.2-min*-kg* in rats, and in the gut is 30
ml-min*-kg* (Davies and Morris, 1993). So, the blood flow ke small intestine must be
considerably lower than that in the liver. The lovieit of blood flow would increase
residence time of etoposide in the intestine dufingt-pass compared to hepatocyte,
which can be another contributor to the high intesdtfirst-pass extraction of etoposide
than the liver. Leu and Huang (1995) reported thanidine, a dual inhibitor of CYP3A
and P-gpenhanced uptake of etoposide from iratsitu perfusedntestinal loops. The
factors within the gastrointestinal tracich as transporter mediated intestasairetion, or
gut wall metabolism may contribute considerabolythe variable oral bioavailability of
etoposide.

In order to determine the effect of the typical @APand P-gp inhibitor on the
pharmacokinetics of etoposide, verapamil was adit@réd concomitantly with i.v. and i.g.
administered etoposide at doses of 2 and 6 mg/k@ats As shown in Table 10, the
presence of verapamil caused significantly (p <Lpflower CL, and greater AUE, of
etoposide, which suggests that CYP3A-catalyzed moditan and P-gp-mediated efflux in

the liver and kidney are inhibited, since i.v. adisiered etoposide is correlated to these
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two routes (Lum et al., 1992). Haehner et al. (19%§)orted that kidney microsomes
contain approximately one hundredth or less of @h&P3A protein detected in liver
microsomes, and CYP3AS5 is the ubiquitously expr@saember of the CYP3A family in
renal tissue rather than CYP3A4 of which expreasdgiduitously in hepatic tissue. The
kidney contains lower level of CYP3A, but it comtsihigher level of P-gp than the liver
(Fojo et al., 1987b; Gatmaitan and Arias, 1993). &oposide is mainly excreted via the
liver as metabolites and via kidney as parent fastreported by Relling et al. (1994).
Davies and Morris (1993) reported that the bloogvftate in the liver, kidney and gut was
55.2, 36.8 and 30 rmhin kg, Schuetz et al. (1996) reported & P3A4 accounts for
30% of hepatic CYP and 70% of small intestinal C{$thuetz et al., 1996)lhe
intestinal metabolism and efflux seems to be afmitade to the systemic elimination of
i.v. administered etoposide. But the liver contai@leto 5-fold greater amounts of CYP3A
protein than enterocytes of the small intestineetiasn the report of De Waziers et al.
(1990), and this difference should be even greateen comparing the total mass of
microsomal protein between the intestinal mucoshliamr. Moreover, the intestinal P-gp
is lower than kidney. All of these suggests th&gstinal metabolism and excretion of i.v.
administered etoposide must be considerably lovan tthe liver and kidneyThe
presence of verapamil also decreased the CL/F aockased the AUL, of i.g.
administered etoposide significantly (Table 11)vdfues of etoposide elevated 1.39— to
1.48—fold. The enhanced bioavailability of etopes&liggests that verapamil might be
effective to inhibit CYP3A and P-gp in the livercaimtestine, specifically in the intestine.
Based on the results, concomintant administratibrvesapamil would be one of the
strategies to improve the oral bioavailability td@oside.

Although verapamil could improve the oral exposofeetoposide, its toxicity would
hinder its use in clinical application (BradshawdaArceci, 1998). So, this study
introduced two flavonoids that were supposed tabibhP-gp and CYP3A in vitro,
guercetin and EGCG, which are abundant in our dietapplements.

When quercetin at doses of 3, 12 and 20 mg/kg édee80 min prior to i.v.
administration of etoposide, the pharmacokinetiapeeters of etoposide have not altered
significantly (Table 12). The oral bioavailabilibf quercetin is prettyl low. Cermak et al.,

(2003) reported when quercetin at the dose of YBgngas administered to pigs, the main
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metabolites in plasma were always conjugated gtiaroghereas free quercetin wast
detected in either the jugular or the portal bl¢Gdrmak et al., 2003). Ader et al., (2000)
also reported that the calculated F value of freehanged quercetin was 0.54 + 0.19%.
The concentration of quercetin in the systemicutatton must be too low to exert its
potency on the inhibition of CYP3A and P-gp locatedthe secretory organs. This
assumption could be confirmed by the report of Bupet al. (2003) in that
coadminstration of 10 mg/kg of quercetin with 0.2/kagof moxidectin subcutaneously
significantly increased the AUC of moxidectin, gP-and CYP3A substrate, in lamps
which might be due to the subcutaneously admirgsteruercetin would not subject to
first-pass metabolism as i.g. administration. Treisult further confirmed the speculation
that intestinal metabolism and excretion shouldhgeminor factor to the elimination of
i.v. administered etoposide. When etoposide was irasi®red intragastrically, the
presence of quercetin significantly reduced the FCbhd increased the AYC of
etoposide at doses of 3 and 12 mg/kg (Table 18alke of etoposide elevated by 1.42— to
1.54—fold, which was comparable to that with verapd1.39- to 1.48—fold). Cermak et
al. (2003) reported in pigs treated with quercetie metabolites were found within 1 h
with C.x gained after 2 h, which indicates that quercetas vabsorbed from the small
intestine. Manach et al. (1997) also reported tharcetin was easily absorbed in the
smallintestine in rats. The enhanced oral bioavailabitif etoposide might be due to
inhibition of P-gp and CYP3A in the intestine. Thigeculation could be supported by the
report of Wang et al. (2004) in that oral coadntnaison of 40 mg/kg of quercetin with
0.02 mg/kg of digoxin, the substrate of CYP3A angpRin pigs significantly elevated the
Cmax Of digoxin by 413% and increased the ALJBy 170%. Although quercetin at a dose
of 20 mg/kg also increased the AUC and reducedGhé of etoposide, they are not
significant statistically. Interestingly, this rétsuare consistent with another study in our
laboratory (Shin et al., 2006) in which coadmiratibn of tamoxifen with quercetin at
doses of 2.5 and 7.5 mg/kg in rats showed the fiigntly increased AUC and . of
tamoxifen compared to the control group (given teifem alone), but not by
coadministration of quercetin at a dose of 15 mgidgiu et al. (2002) reported that
AUCo.5 and AUGy. of cyclosporin (10 mg/kg), a substrate for bothR3A4 and P-gp,
decreased significantly by 56% and 43% when quieradta dose of 50 mg/kg orally
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coadministered to pigs and rats. Orally administeyeercetin undergoes extensive Phase
| and Phase Il metabolism and present in the systeinculation as a complex mixture of
free aglycone with glucuronidated, sulphated anthyheted (isorhamnetin, tamarixetin)
form. At 20 mg/kg of quercetin, there might be atfactors such as the conjugated form
of quercetin affects the pharmacokinetics of etafmsince they are substrates for MRPs
efflux in vitro (O'Leary et al., 2003), which neesbe investigated further.

As shown in table 14, the presence of 12 mg/kg GICE decreased the Chand
increased the AUE, of i.v. administered etoposide significantly (p 0<05), which
suggests that CYP3A-mediated metabolism and P-gpatesl efflux of etoposide in the
liver and kidney might be inhibited by EGCG as yemail. These results are consistent
with that reported by Carcel-Trullols et al. (200d)that cyclosporin A as a dual CYP
3A4 and P-gp inhibitor increased the plasma comadaoh and decreased the plasma
clearance of etoposide when infused 1 hour priorintoavenous administration of
etoposide in rats, which has also been conformguhiients (Lum et al., 1992). EGCG at
a dose of 3 mg/kg also reduced the, @hd increased the AYC of etoposide, but they
were not significant. Since the bioavailability afally administered EGCG is low based
on in rat’s study (Chen et al., 1997), plasma cotre¢ion of EGCG at the dose of 3 mg/kg
might be not high enough to inhibit CYP3A enzymafioction or P-gp mediated
excretion in the liver and kidney. When etoposidesvadministered orally, EGCG also
decreased the CL/F and increased the AUGS etoposide (Table 15). EGCG might be
effective in reversing the enteric first-pass eotitm of orally administered etoposide
since the orally administered EGCG subijects tdritestinal extraction more than hepatic
extraction (Chen et al., 1997; Cai et al., 2002)wkich contribute to the concentration of
EGCG in the enterocytes much higher than in thetoegtes and the CYP3A and P-gp in
the intestine should be inhibited more than thatim liver. EGCG at a dose of 3 mg/kg
enhanced the oral bioavailability of etoposide mitvan 12 mg/kg. Since EGCG and its
methyl metabolites are substrates for MRP1 and MBRRZhot P-gp (Hong et al., 2003),
MRPs, specifically MRP1, mediated transport of etige in the intestine might be
influenced by increasing the dose of EGCG. Theaires of EGCG enhanced the oral
bioavailability of etoposide, which was comlparahlih the high dose of veapamil (10

mg/kQ).
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5. CONCLUSION

Pharmacokientic behavior of etoposide after i.@ (dg/kg), i.p. (3.3 mg/kg) and i.v.
(3.3 mg/kg) administration in rats was as follows:

(1) F value of etoposide was 0.987 in i.p. route, whictlicates that intraportal

etoposide would not subject to the hepatic firsspaxtraction considerably.

(2) F value of etoposide was 0.084 in i.g. group, appnately 92% of etoposide
failed to access the systemic circulation.

The presence of verapamil at doses of 2 and 6 mgiggificantly altered the
pharmacokinetic parameters of i.v. (10 mg/kg) agd(B.3 mg/kg) administered etoposide
as follows:

(1) When etoposide was administered intravenously, @he of etoposide was
significantly slower (p < 0.01, approximately 27 p&nd the AUG., of etoposide
was significantly greater (p < 0.01, 37.7%—38.4f0bhie presence of verapamil.

(2) When etoposide was administered intragastricallg, €CL/F of etoposide was
significantly slower (p < 0.01, 27.8-31.2%) and th&C,., of etoposide was
significantly greater (p < 0.05 at 2 mg/kg, p <10d 6 mg/kg, 39.2-47.6%) in the
presence of verapamil.

(3) F value of i.g. administered etoposide elevate@-1t8 1.48—fold.

When pretreated with quercetin at doses of 3, 12Gmg/kg, the pharmacokinetic

parameters of etoposide altered significantlygngroup but not in i.v. group.

(1) When etoposide was administered intragastricaltg, €L/F of etoposide was
significantly slower (p < 0.01, 27.6 — 33.7%) ahe tAUG,., of etoposide was
significantly greater (p < 0.01, 41.7 — 54.0%)he presence of quercetin at doses
of 3 and 12 mg/kg.

(2) F values of etoposide elevated 1.42— to 1.54— feldch was comparable with 2
and 6 mg/kg of verapamil.

When pretreated with EGCG at doses of 3, 12 or 2fkgn the pharmacokinetic

parameters of etoposide altered significantly ottv. and i.g. routes.

(1) When etoposide was administered intravenously, Ghe of etoposide was
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significantly slower (p < 0.05, 25.1%), and the AJJCof etoposide was
significantly greater (p < 0.05, 33.4%) in the prese of EGCG at a dose of 12
mg/kg, which is comparable with verapamil at dasfe® and 6 mg/kg.

(2) When etoposide was administered intragastricalg, €L/F of etoposide was
significantly slower (p < 0.01, 30.5-43.9%), an@ tAUG,., of etoposide was
significantly greater (44.9-81.6%, p < 0.01 at & d2 mg/kg, p < 0.05 at 20
mg/kg) and Gax of etoposide was significantly higher (48.1-80.1% 0.01 at 3
mg/kg, p < 0.05 at 12 and 20 mg/kg) in the presefdaGCG.

(3) F values of etoposide in the presence of EGCG We&2- to 1.81—fold higher
than the oral control group, which was comparalth werapamil at the dose of 6

mg/kg.

Enteric first-pass extraction might be the maintdbntor of the low oral bioavailability
of etoposide in rats. The presence of the flavasaigiercetin and EGCG, enhanced the
oral exposure of etoposide, which were as effectiseverapamil, a typical P-gp and
CYP3A inhibitor, in terms of increase of the abselbioavailability. Since quercetin and
EGCG have many health-promoting benefits and haveamsistent side effects, it might
be available as the MDR modulators in the clinitaérapy to improve the oral
bioavailability of etoposide in humans. The dosaggimen of etoposide in anticancer
therapy should take into account of these flavamoidthe dietary supplements that full of

these flavonoids, specifically when administereallgr
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Table 1. Recovery of etoposide and podophyllotésom rat’'s plasma

_ Peak area (MeantS.D., n=5)
Concentration

Recovery (%)

(ng/ml)
Extracted Unextracted
Etoposide

50 12831+1671 16028+1439 80.1
200 146864+12510 177328+10787 82.8
1000 614417+38882 739601+26040 83.1

Podophyllotoxin
25 133883+£11928 162857+10963 82.2
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Table 2. Precision and accuracy of HPLC assaytfipaside from rat plasma

Spiked concentration Calculated concentration

(ng/ml) (ng/ml, mean + S.D., n = 5) RSD (%) Deviation (%)
Intra-day (n = 5)
10 95+1.0 10.5 4.7
20 17.7+1.8 10.2 -11.5
50 45.7+4.3 9.4 -8.7
100 96.0+9.4 9.8 -4.0
200 199.2 + 8.9 4.5 -0.4
500 491.1+219 4.5 -1.8
1,000 1021.3 +50.3 4.9 2.1
2,000 2076.9 £ 32.8 1.6 3.8
Inter-day (n = 5)
10 96+1.1 11.5 -4.0
20 17.3x1.6 9.1 -134
50 444 +5.0 11.2 -11.3
100 91.2+9.9 10.9 -8.8
200 192.7+17.4 9.0 -3.7
500 486.2 + 19.5 4.0 -2.8
1,000 999.5 +61.7 6.2 0.0
2,000 20135+ 1034 51 0.7
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Table 3. Mean (+ S.D.) plasma concentration of etaje after administration of
etoposide through intravenous (3.3 mg/kg), intregdof3.3 mg/kg) and intragastric (10

mg/kg) routes to rats (n = 6, each).

Time (hour) i.g. i.p. V.

0.017 - - 26138.6 + 3926.4
0.1 204.3 £ 58.7 3673.0 + 846.3 6425.8 £ 991.6
0.25 367.9 +£48.2 6107.6 + 869.2 3655.2 + 704.4
0.5 470.8 £90.9 2531.0 + 539.5 2189.6 £ 363.7
0.75 449.7 £ 75.7 1419.2 + 199.6 1283.1 + 207.4

1 382.4+45.2 1123.0 + 153.6 901.5+201.8
2 183.2+42.5 5379+ 598 260.4+77.4
4 79.7+17.9 151.4 + 33.8 60.9+154
6 422 +12.4 542 + 8.09 25.6+6.7

8 26.2+7.2 275+ 491 13.2+3.6
10 174 +5.1 21.4 £ 3.96
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Table 4. Mean (+ S.D.) plasma concentration of @safe after intravenous administration

at a dose of 3.3 mg/kg in the presence or absenaerapamil at doses of 2 or 6 mg/kg to

rats (n = 6, each).

Etoposide + Verapamil

Time (hour) Control
2 mg/kg 6 mg/kg
0.017 26138.6 £ 3926.4 32816.5 + 3803.9 33450.3 +4434.0
0.1 6425.8 £ 991.6 8680.2 £ 1127.4 8657.0 £1128.8
0.25 3655.2+ 704.4 5131.0 £ 546.9 4866.3 £ 771.4
0.5 2189.6 £ 363.7 2967.9 £ 398.1 2837.2£492.1
0.75 1283.1+ 207.4 1989.4 + 348.8 1930.3 £ 383.3
1 901.5+ 201.8 1345.3 £ 320.2 1272.7 £ 226.5
2 2604 = 77.4 409.2 £ 105.7 4454 +£113.5
4 60.9 £ 15.4 706 £21.0 92.9+26.7
6 25.6 £ 6.66 30.9 +6.09 42.8+11.2
8 13.2 £ 3.61 17.8 +£5.08 25.0+£7.30
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Table 5. Mean (+ S.D.) plasma concentration of @taje after intragastric administration

at a dose of 10 mg/kg in the presence or abseneerapamil at doses of 2 or 6 mg/kg in

rats (n = 6, each).

Etoposide + Verapamil

Time (hour) Control
2 mg/kg 6 mg/kg

0.0 0 0 0

0.1 204.3 £58.7 239.3+£52.9 334.8 £ 83.6
0.25 367.9£48.2 409.8 £112.8 571.4+87.4
0.5 470.8 £90.9 5449 +£113.1 667.8 £ 113.2
0.75 4497 £ 75.7 540.2 + 107.9 659.1 + 159.1
1.0 382.4£45.2 477.9 £103.2 574.7 £ 162.7
2.0 183.2+425 232.0+£49.2 231.8+57.0
4.0 79.7+17.9 120.6 £ 26.1 112.1+28.1
6.0 422 +12.4 76.8 £20.2 69.8 £ 17.7
8.0 26.2+7.24 49.4+129 45.0+£10.5
10.0 17.4£5.12 32.5+£9.06 28.9+8.31
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Table 6. Mean (+ S.D.) plasma concentration of @saje after intravenous administration
of etoposide at a dose of 3.3 mg/kg in the presen@bsence of quercetin at doses of 3,

12 or 20 mg/kg to rats (n = 6, each).

Etoposide + Quercetin

Time (hour) Control
3 mg/kg 12 mg/kg 20 mg/kg
0.017 26138.6 £ 3926.28556.6 + 1529.95617.3 £ 2488.24277.1 + 2488.3
0.1 6425.8 £+991.6 6819.9+730.4 6280.9+779.5 6347.1+779.5
0.25 3655.2 £+ 704.4 3760.8 +452.5 3613.2 + 468.8 3756.6 + 468.8
0.5 2189.6 £ 363.7 2290.5+353.0 2219.5+2359 2312.0+235.9
0.75 1283.1 + 207.4 1492.5+283.8 1494.3 +227.6 1581.2 +227.6
1 901.5+201.8 1094.8 + 262.4 1099.5 + 156.6 1094.6 + 156.6
2 2604 +77.4 359.7 £ 98.3 359.8+75.8 356.4 +£75.8
4 60.9+154 73.7+21.2 92.8 + 20.6 95.0 + 20.6
6 25.6 + 6.66 31.4+8.75 40.1 £ 10.2 40.3£10.2
8 13.2+3.61 17.3+£4.95 22.2+591 21.0+591
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Table 7. Mean (+ S.D.) plasma concentration of @taje after intragastric administration

of etoposide at a dose of 10 mg/kg in the presenadsence of quercetin at doses of 3, 12

or 20 mg/kg to rats (n = 6, each).

Etoposide + Quercetin

Time (hour) Control
3 mg/kg 12 mg/kg 20 mg/kg
0 0 0 0 0
0.1 204.3 £ 58.7 241.7 +57.2 282.4 +80.8 195.6. 262
0.25 367.9 £48.2 403.5+73.2 470.5+132.6 362.9.58
0.5 470.8 £ 90.9 522.4 + 115.5 602.6 + 1184 432006
0.75 449.7 £ 75.7 569.8 £ 149.6 650.8 £ 101.5 45176 .4
1.0 382.4+£45.2 546.5 £ 157.6 595.8 + 74.5 42514 4
2.0 183.2+425 321.9+91.9 322.8+74.4 241.6 858
4.0 79.7+17.9 101.6 + 27.8 109.7 £ 24.7 89.8+15.3
6.0 422 +12.4 55.7+11.7 61.2 +16.0 51.1+119
8.0 26.2+7.24 35.6 +7.49 42.3+11.4 31.9 + 8.06
10.0 17.4£5.12 26.0 £5.89 28.9+8.04 23.1+£6.27
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Table 8. Mean (+ S.D.) plasma concentration of @safe after intravenous administration

of etoposide at a dose of 3.3 mg/kg in the presenedsence of EGCG at doses of 3 and

12 mg/kg to rats (n = 6, each).

Etoposide + EGCG

Time (hour) Control
3 mg/kg 12 mg/kg
0.017 26138.6 £ 3926.4  28650.6 + 2577.0 30987.1 + 2931.8
0.1 6425.8 + 991.6 7007.1 £ 1365.9 7629.8 £ 715.9
0.25 3655.2+ 704.4 4068.1 £ 901.9 4516.8 +821.0
0.5 2189.6 + 363.7 2336.9 £ 520.5 2756.9 £+ 474.2
0.75 1283.1+ 207.4 1484.9 + 428.5 1898.1 + 408.5
1 901.5+ 201.8 1003.7 £ 204.6 1412.5 +289.4
2 260.4 £ 77.4 365.3+79.3 478.8 +£108.2
4 60.9 + 154 67.0+18.5 86.3+21.1
6 25.6 £ 6.66 28.8+7.91 38.5+9.63
8 13.2 + 3.61 15.7+4.52 21.8+6.51
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Table 9. Mean (+ S.D.) plasma concentration of @taie after intragastric administration

at a dose of 10 mg/kg in the presence or absenE&GIG at doses of 3, 12 or 20 mg/kg to

rats (n = 6, each).

Etoposide + EGCG

Time (hour) Control
3 mg/kg 12 mg/kg 20 mg/kg
0 0 0 0 0
0.1 204.3 £58.7 404.4 +118.6 396.9 +£113.8 291.0+76.0
0.25 367.9£48.2 636.4 £ 181.9 559.0 + 141.3 479.7 £5138
0.50 470.8 £90.9 783.8 £224.6 684.6 £84.4 612.93t516
0.75 449.7 £+ 75.7 852.3 £239.7 622.4+95.4 655.95t51 2
1 382.4+45.2 757.5+£196.5 576.3 £113.5 585.7 £ 106.4
2 183.2+425 351.9+104.6 301.5+585 285.6 £51.0
4 79.7+17.9 117.3+254 107.3 £20.3 103.4 + 25.6
6 422 +12.4 64.8 £19.3 61.2+12.7 539+119
8 26.2+7.24 42.1+12.2 37.6 £5.97 36.4 +9.56
10 17.4+5.12 32.8 £9.53 28.9+6.15 26.2+7.01
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Table 10. Mean (+ S.D.) pharmacokinetic parametdretoposide after intravenous

administration of etoposide at a dose of 3.3 mgikipe presence or absence of verapamil

at doses of 2 and 6 mg/kg to rats (n = 6, each).

Etoposide + Verapamil

Parameter Control
2 mg/kg 6 mg/kg
AUC,-, 4830 + 754 6652+ 908* 6683 + 1025*
(ngh-ml™)
1 0.382 + 0.034 0.344+ 0.091 0.328+ 0.025
Kel(h )
ty2() 1.83 £ 0.169 216+ 0.691 2.12+ 0.160
CL. | 11.6 + 1.56 8.40+ 1.16* 8.41 + 1.43+
(ml-min~kg~)
MRT (h) 0.706 + 0.072 0.747+ 0.076 0.820+ 0.069
Vs 0.490 + 0.078 0.377+ 0.072 0.410 + 0.043
(L/kg)

*p < 0.05, **p < 0.01 compared to control.

AUC,,: area under the plasma concentration-time cuom f h to infinity;

Ker: elimination rate constant;

t1: terminal half-life;

CL.: total clearance;

MRT: mean residence time;

Vgss VOlume of distribution at the steady state.
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Table 11. Mean (+ S.D.) pharmacokinetic parametdretoposide after intragastric

administration of etoposide at a dose of 10 mg/kthe presence or absence of verapamil

at doses of 2 and 6 mg/kg to rats (n = 6, each).

Etoposide +Verapamil

Parameter Control
2 mg/kg 6 mg/kg
AUCOml 1226 = 154 1706t 235* 1809 £ 347**
(ngh-ml™)
Crnax 484 + 74.7 566+ 102 704+ 131**
(ng/ml)
Trax () 0.500 = 0.158 0.625+ 0.137 0.583% 0.129
Ke (h?) 0.255 =+ 0.031 0.220+ 0.019 0.226x 0.029
tys (h) 2.75 + 0.323 3.16+ 0.264 3.11+ 0.440
CLUF 1377+ 17.8 99.5+ 16.4* 94.9 + 17.4%*
(ml-min kg ")
F 0.084 0.117 0.124

*p < 0.05, **p < 0.01 compared to control.

AUC,,: area under the plasma concentration-time cuom f h to infinity;

Cmax peak plasma concentration;

Tmax time to reach peak plasma concentration;

Ke: elimination rate constant;

t1: terminal half-life;

CL/F: total clearance;

F: absolute bioavailability.
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Table 12. Mean (+ S.D.) pharmacokinetic parametdretoposide after intravenous

administration of etoposide at a dose of 3.3 mifkidne presence or absence of quercetin
at doses of 3, 12 or 20 mg/kg to rats (n = 6, each)

Etoposide + Quercetin

Parameter Control

3 mg/kg 12 mg/kg 20 mg/kg
AUC,-, 4830 £ 754 5420+ 742 5242+ 838 5245+ 503

(ngh-ml™)
Ko (h'l) 0.382 £ 0.034 0.362+ 0.030 0.359* 0.037 0.381 = 0.050
ty () 1.83 = 0.169 1.93% 0.152 1.95+ 0.215 1.85* 0.248
CL. 116+ 156 103+ 1.40 107+ 1.80  10.6% 0.950

(ml-min~kg~)
MRT () 0706+ 0.072  0.775% 0.082 0.891% 0.124 0.888 £ 0.118
Vass (L7kQ) 0.490 = 0.078 0.474+ 0.026 0.571* 0.108 0.563 = 0.090

* p < 0.05 compared to control.

AUC,,: area under the plasma concentration-time cuom f h to infinity;

Ker: elimination rate constant;
t10: terminal half-life;
CL,: total clearance;

MRT: mean residence time;

V4ss Volume of distribution at the steady state.
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Table 13. Mean (+ S.D.) pharmacokinetic parametdretoposide after intragastric
administration of etoposide at a dose of 10 mgrkthe presence or absence of quercetin

at doses of 3, 12 or 20 mg/kg to rats (n = 6, each)

Etoposide + Quercetin
Parameter control

3 mg/kg 12 mg/kg 20 mg/kg

AUC,-. 1226 + 154 1737+ 365* 1888+ 364* 1419 + 222
(ngh-ml™)

Crnax 484 t 74.7 586t 144 673+ 93.3* 455+ 80.5
(ng/ml)

T,o(h) 0500+ 0158 0.833+ 0.204 0708+ 0.188 0.667 + 0.129

Ky () 0255+ 0.031 0225+ 0.025 0.221+ 0.018 0.230 + 0.027

tua(h) 275+ 0323 3.11+ 0370 3.16+ 0.282  3.05% 0.377

CLF 1377+ 178 99.7+ 21.5% 913+ 194* 1196+ 16,5
(ml-min~kg ")

E 0.084 0.119 0.129 0.097

*p < 0.05, **p < 0.01 compared to control.

AUC,,: area under the plasma concentration-time cuom b h to infinity;
Cmax peak plasma concentration;

Tmax time to reach peak plasma concentration;

Ker: elimination rate constant;

t10: terminal half-life;

CL/F: total clearance;

F: absolute bioavailability.
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Table 14. Mean (+ S.D.) pharmacokinetic parametdretoposide after intravenous

administration of etoposide at a dose of 3.3 miikidne presence or absence of EGCG at
doses of 3 and 12 mg/kg to rats (n = 6, each).

Etoposide + EGCG

Parameter control
3 mg/kg 12 mg/kg
AUComol 4830 + 754 5445+ 958 6444+ 899
(ngh-ml™)
Ke (1Y) 0.382 = 0.034 0.364% 0.049 0.349+ 0.058
tuz () 1.83 = 0.169 1.93+ 0.240 2.04* 0.384
CL. | 116+ 156 104+ 1.86 8.69+ 1.3%
(ml-min~kg ")
MRT (h) 0.706 = 0.072 0.750*+ 0.063 0.833*+ 0.076
Vass 0.490 = 0.078 0.467%+ 0.096 0.429+ 0.029

(L/kg)

* p < 0.05 compared to control.

AUC,,: area under the plasma concentration-time cuom f h to infinity;
K elimination rate constant;

t10: terminal half-life;

CL,: total clearance;

MRT: mean residence time;

Vgss Volume of distribution at the steady state.
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Table 15. Mean (+ S.D.) pharmacokinetic parametdretoposide after intragastric

administration of etoposide at a dose of 10 mgrkthe presence or absence of EGCG at

doses of 3, 12 or 20 mg/kg to rats (n = 6, each).

Parameter Control

Etoposide + EGCG

3 mg/kg

12 mg/kg 20mg/kg

AUCo, 1226 + 154 2227+ 467*
(ngh-ml™)

Crnax 484 + 74.7 872+ 231*
(ng/ml)

Toa(h) 0500+ 0.158 0.750 + 0.158

K,(h) 0255+ 0031 0215+ 0.031

t,(h)  275% 0323 328+ 0.425

CLF 1377+ 178 773 % 144%
(ml-min kg ")

= 0.084 0.152

1874 + 212** 1776 = 264*

734 £ 45.4* 717 £ 120*

0.500+ 0.274 0.708*+ 0.188

0.221+ 0.021 0.227+ 0.028

3.16+ 0.302 3.09+ 0.374

89.9 £ 10.4** 95.7 £ 14.9*

0.128 0.121

*p < 0.05, **p < 0.01 compared to control.

AUC,,: area under the plasma concentration-time cuom f h to infinity;

Cmax peak plasma concentration;

Tmax time to reach peak plasma concentration;
K elimination rate constant;

t10: terminal half-life;

CL/F: total clearance;

F: absolute bioavailability.
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Figure 1. Transmembrane arrangement of ABC effhatgins. (A) Pgp (MDR1), MDR3,
BSEP (SPgp), MRP4, MRP5, and MRP8, have 12 TM gtraambrane) regions and two
NBDs (nucleotide binding domains). (B) Typical MRRnsporters (MRP1-3 and 6-7)
have five extra TM regions towards the N termir(@. ‘Half-transporters’ such as BCRP
have just six TM regions and one NBD (Cited froma@let al., 2004).
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Figure 2. Chemical structure of trans-lactone (A) atoposide and its degraded
pharmacologically inactive isomer cis-lactone fqi) which produced in neutral, weak

acidic and alkaline conditions, and the phase hbydtte, etoposide catechol (C).
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Figure 3. The chemical structure of flavonoids blage a Gs skeleton can be represented
as the G C; - G; system (A). A CHROMANE ring bearing a second arbeneng B in
position 2, 3 or 4 (B).
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Figure 4. Major subgroups of flavonoids.
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Figure 5. Biotransformation scheme of the natureercgtin (glucosides) via
gastrointestinal system. (Structures of quercetggquercitrin and rutin, and the

methylated quercetin metabolites, isorhamnetintanrixetin).
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Figure 6. Chemical structures of catechins.
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Figure 7. Chromatogram of blank rat plsma (A) amel plasma after oral adminstration of

verapamil without etoposide adminstration (B, varap retention time 2.4 min), and the

plasma 2 h after i.g. administration of etoposida dose of 10 mg/kg (C, podophyllotoxin

at 5.4 min and etoposide at 11.1 min).
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Figure 8. Calibration curve of etoposide when spikerat’s blank plasma, wheyeis the
peak area ratio of etoposide against podophyllawxandx is the concentration of

etoposidey = 0.00215«— 0.00383, 7= 0.999.
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Figure 9. Mean plasma concentration-time profilésetposide after intravenous (3.3
mg/kg), intraportal (3.3 mg/kg) and intragastri© (hg/kg) administration of etoposide to
rats.
Bars represent the standard deviation (n =@), {ntravenous administration of etoposide
at a dose of 3.3 mg/kgiX), intraportal administration of etoposide at aelof3.3 mg/kg;

('), intragastric administration of etoposide at aalof 10 mg/kg.
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Figure 10. Mean dose-normalized (based on the dbs&3 mg/kg) AUG., values of
etoposide following intravenous (i.v.), intraportali.p.) and intragastric (i.g.)
administration to rats at a dose of 3.3, 3.3 omblkg.

Bars represent the standard deviation (n = 6).
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Figure 11. Mean plasma concentration-time profitds etoposide after intravenous
administration of etoposide at a dose of 3.3 mgdkgats in the presence or absence of
verapamil at doses of 2 and 6 mg/kg (n = 6, each).

Bars represent the standard deviatid®),(intravenous administration of etoposide at a
dose of 3.3mg/kg;(0), in the presence of 2 mg/kg of verapamW;)( in the presence of 6

mg/kg of verapamil.
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Figure 12. Mean plasma concentration-time profiteds etoposide after intragastric

administration of etoposide at a dose of 10 mgtkgats in the presence or absence of
verapamil at doses of 2 and 6 mg/kg (n = 6, each).

Bars represent the standard deviatior®),(intragastric administration of etopside at a
dose of 10 mg/kg;(0), in the presence of 2 mg/kg of verapamW;)( in the presence of 6

mg/kg of verapamil.
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Figure 13. Mean plasma concentration-time profitds etoposide after intravenous
administration of etoposide at a dose of 3.3 mgdkgats in the presence or absence of
quercetin at doses of 3, 12 and 20 mg/kg (n =&h)ea

Bars represent the standard deviatid®),(intravenous administration of etoposide at a
dose of 3.3mg/kg;), in the presence of 3 mg/kg of quercetiM;)( in the presence of 12

mg/kg of quercetin;\/), in the presence of 20 mg/kg of quercetin.
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Figure 14. Mean plasma concentration-time curvestoposide after oral administration
of etoposide at a dose of 10 mg/kg to rats in tiesgnce or absence of quercetin at doses
of 3, 12 and 20 mg/kg (n = 6, each).

Bars represent the standard deviatior®),(intragastric administration of etopside at a
dose of 10 mg/kg;), in the presence of 3 mg/kg of quercetiM;)( in the presence of 12

mg/kg of quercetin;\/), in the presence of 20 mg/kg of quercetin.
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Figure 15. Mean plasma concentration-time profitds etoposide after intravenous
administration of etoposide at a dose of 3.3 mgdkgats in the presence or absence of
EGCG at doses of 3 and 12 mg/kg (n = 6, each).

Bars represent the standard deviatid®),(intravenous administration of etoposide at a
dose of 3.3 mg/kg;(0), in the presence of 3 mg/kg of EGC, X in the presence of 12
mg/kg of EGCG.
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Figure 16. Mean plasma concentration-time curvesetdposide after intragastric
administration of etoposide at a dose of 10 mgtkgats in the presence or absence of
EGCG at doses of 3, 12 and 20 mg/kg (n = 6, each).

Bars represent the standard deviatior®),(intragastric administration of etopside at a
dose of 10 mg/kg;(0), in the presence of 3 mg/kg of EGCX ), in the presence of 12
mg/kg of EGCG,; {/), in the presence of 20 mg/kg of EGCG.
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Figure 17. Efflux transporters and intracellular metabatizymes in intestinal epithelia (A) and hepatocytes (B).
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