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Abstract

Effects of Hesperidin or Epigallocatechin gallatetbe Oral

Bioavailability of Verapamil in Rats

Jae Kyung Yun
Advisor: Prof. Jun-Shik Choi, Ph.D.
College of Pharmacy,

Graduate School of Chosun University

Favonoids can modulate the P-glycoprotein (P-gm) microsomalcytochrome P450
isoenzymes (CYP) 3A. The F of many drugs are loviclvlcontirbute highly to the first-
pass effect mainly caused by phase 1 and phasdabatism, and the members of ATP-
binding cassettte (ABC) superfamily mediated-effliyxP-gp in the intestine and the liver.
Thuse this study investigated the pharmacokinetddatravenous (i.v.) or oral verapamil
in rats in order to examine the effects of P-gp @@WP 3A by hesperidin or
epigallocatechin gallate (EGCG) on the absolutel driaavailability of verapamil.
Hesperidin and epigallocatechin gallate (EGCG)diwids, are suggested to inhibit P-gp
and CYP3Ain vitro. A single i.v. (3 mg/kg) or oral (9 mg/kg) dose \#rapamil was
administered to rats with or without oral admirnitwa of hesperidin or EGCG at a dose of
3 or 15 mg/kg, respectively, 30 min prior to thalaadministration of verapamil. Plasma
concentrations of verapamil and norverapamil wellednined using an HPLC analysis
with a fluorescence detector.

Hesperidin caused significantly (p < 0.01) gredtez total area under the plasma
concentration—time curve (AUC) of verapamil by 726.8% and the peak concentration
(Cnay Of verapamil by 98.3-105.2%, and the presenchesperidin was increased the
terminal half-life ({,) of verapamil but not significantly. Hesperidirgsificantly (p <
0.01) decreased the total plasma clearance (Cl/Wem@pamil by 41.6-49.2% in rats.
However there was no significant change in the titnereach the peak plasma



concentration (f.y and the elimination rate constant§kof verapamil by hesperidin.

The AUC and G, of norverapamil were significantly (p < 0.05) heghby hesperidin
and the presence of hesperidin was increased timéngd half-life (,,) of verapamil but
not significantly, but hesperidin decreased the afgite-parent ratio (MR) of
norverapamil. There was no significant change & Th., and the K, of norverapamil by
hesperidin.

EGCG caused significantly (p < 0.01) greater theCAdf verapamil by 85.2—-127% and
the Gnax by 102-136%, and the presence of EGCG was inatdaaset,, of norverapamil
but not significantly. The presence of EGCG sigmifitly (p < 0.01) decreased the CL/F
of verapamil by 46.0-55.9%. The enhanced oral lziaility of verapamil might be due
to the decreased efflux and metabolism of verapamithe intestine. There was no
significant change in theJx and the K of norverapamil by EGCG.

Compared to the oral control group, the presencBE@®CG significantly (p < 0.05)
increased the AUC of norverapamil by 72.9-93.9% thiedG..x by 65.3—-72.9%, and the
presence of EGCG was increased theof norverapamil, but the metabolite-parent ratio
(MR) of norverapamil by EGCG decreased but is ngniBcantly. There was no
significant change in theJx and the K of norverapamil by EGCG.

The enhanced F of verapamil was observed in ratenmbination by natural flavonoids,
hesperidin or EGCG in this study. It is possiblattthese natural flovonoids could act as
candidates of modulators of P-gp and/or CYP3A tprowe the F of verapamil in humans.
The pharmacokinetic interaction between verapamd hesperidin or EGCG should be

taken into consideration in the clinical setting.

Key words: Verapamil, Norverapamil, Hesperidin, Epigallocaiaciallate (EGCG),
Pharmacokinetics, Bioavaialbility, P-gp, CYP3A, Rats
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Part I Effects of Hesperidin on the Oral Bioavailability

of Verapamil in Rats

Abstract

Favonoids can modulate the P-glycoprotein (P-gd)@nochrome P450 (CYP) 3A. The
F of many drugs are low which contirbute highlthe first-pass efffect caused mainly by
phase 1 and phase 2 metabolism, and the membefd ®finding cassettte (ABC)
superfamily mediated efflux by p-gp in the intestiand the liver. Thus this study
investigated the pharmacokinetics of intravenousrat administration of verapamil in
rats in order to examine the effects of CYP3A and?egp by hesperidin on the oral
bioavailability of verapamil and one of its metates, norverapamil. Hsperidin, flavonoid,
are suggested to inhibit P-gp and CYPBAVvitro. A single oral (9 mg/kg) dose of
verapamil was administered to rats with or withotdl administration of hesperidin at a
dose of 3 or 15 mg/kg, respectively, was oral aisténed 30 min prior to the oral
administration of verapamil, respectively. Plasmancentrations of verapamil and
norverapamil well determined using an HPLC analysik a fluorescence detector.

Compared to the control group, hesperidin signifiga(p < 0.01) increased the total
area under the plasma concentration—time curve (Adf@erapamil by 71.1-96.8% and
the peak concentration (&) of verapamil by 98.3-105.2%, and the presence of
hesperidin was increased the terminal half-lifg)(of verapamil but not significantly.
Hesperidin significantly (p < 0.01) decreased tbé&lt plasma clearance (CL/F) of
verapamil by 41.6-49.2% in rats. However there m@significant change in the time to
reach the peak plasma concentratiop.§Tand the elimination rate constant.{jKof
verapamil by hesperidin.

The AUC and G,y of norverapamil were significantly (p < 0.05) gexaby hesperidin
and was increased the terminal half-lifgy)(tof verapamil but not significantly, but the

metabolite-parent ratio (MR) of norverapamil by pesdin decreased but is not



significantly. There was no significant change Ire ttime to reach the peak plasma
concentration (.9 and the elimination rate constant.§Kof norverapamil by of
hesperidin.

The enhanced F of verapamil was observed by helpen this study. It is possible
that these natural flovonoid could act as cand&latemodulators of P-gp and/or CYP3A
to improve the F of verapamil in humans. The phaokametic interaction between

verapamil and hesperidin should be taken into damation in the clinical setting.

Key words: Verapamil, Norverapamil, Hesperidin, PharmacokasetBioavaialbility, P-
gp, CYP3A, Rats.



1. Introduction

The microsomal cytochrome P450 isoenzymes (CYPsh)pdse a large group of
hemoproteins with monooxygenase activity. They @awyajor role in the metabolism of
numerous xenobiotics, including drugs, carcinogepssticides, hydrocarbons, and
endogenous compounds, such as steroids. These enam located in various tissues
(liver, brain, gut, kidney, and lung) in which sealeisoenzymes may be expressed
simultaneously (Gushchin et al., 1999).

The CYP3A subfamily is the most important to drugtabolism in humans, because
they metabolize the majority of commercially avbita drugs (Wrighton et al., 2000).
There are four differentially regulated CYP3A gerieshumans, CYP3A4, CYP3A5,
CYP3A7 and CYP3A43. CYP3A4 is generally thoughttte the predominant form
expressed in the liver cells (Wrighton et al., 20ecently, it has become apparent that
the kinetic interaction between CYP enzymes anil gubstratesn vitro is often atypical,
as exemplified by CYP3A4 (Figure 1).

The transport-based classical multi-grug resistafd®R) is caused by the ATP-
binding cassette (ABC) family, a membrane transpdiiPases. The general structures of
ABC transporters compose of 12 transmembrane (Tédjons, split into two ‘halves’,
each with a nucleotide-binding domain (NBD) (Fig@#), such as P-gp (MDR1), MDR3,
BSEP (SP-gp), multidrug resistance-associated iprgi¢RP) 4, MRP5, and MRP8. The
MRP1-3 and MRP6-7 have an additional five TM regiahthe N-terminus (Figure 2B).
Breast cancer-resistance protein (BCRP) has orlff 8l regions and one NBD (Figure
2C), which was proposed to function as a dimer €@yt al., 2001). NDBs play a role in
cleaving ATP (hydrolysis) to derive energy necegs$ar transporting cell nutrients, such
as sugars, amino acids, ions and small peptidessaonembranes.

Althought the overall model of 12 transmembranergians has been generally well-
supported by antibody localization data (Yoshimetral., 1989), an alternative model has
recently appeared based on the coujptedtro translation and translocation of P-gp into

dog pancreas microsome membranes (Zhang et all).18Bis study suggests, based on



the presence of a glycosylated segment in the ggrteominal half of P-gp, that under
some conditions in mouse P-gp, the eighth and nirthsmembrane domains, and the
amino acids between transmembraned omains 8 amigBi be extracellular rather than
cytoplasmic as suggested in the model shown inr€igu These results are supported by
in vivo expression of truncated P-gp chimerax@nopusaocytes, as well as bn vitro
expression of intact human P-gp in a cell-free di@ion-translocation system (Skach et
al., 1993). Howevers, study proteolytic fragmertgluotoaffinity-labelled P-gp indicates
that there does not appear to be a glycosylateirrdg the carboxy-terminal half of
mature human P-gp, arguing against this model dfditsmembrane regions for a form of
P-gp capable of binding drugs (Bruggemann et &891 1992). However, it is possible
that this region is indeed extracellular, but niytgsylated or that P-gp with this variant
topology does not survive to the cell surface bseaof intracellular degradation. The
precise topology of P-gp on the mammaliacne llaagfneeds further study.

Since the original publication of the human MDRHanousem dr3 (mdrla) sequences,
full-length sequences have appeared for mouse nfdidio called mdr2) (Devault et al.,
1990)), mousem dr2 (Gros et al., 1988), human M@IR@n der Bliek et al., 1988),
hamster p-gpl (similar to mdrla) (Devine et al.919 and the rat mdrlb gene (Silverman
et al.,, 1991). Comparison of these sequences shogmsiderable amount of sequence
identity and homology among mdr family members (iDe\et al., 1991). For example, the
human MDRI and MDR2 coding sequences are 76% iclrdiespite different abilities to
transport drugs, and the mouse mdrla and human M2gtences, with similar function,
are 88%i dentical, despite 50 million years or mdevolution. Amongth e mdr genes that
function as multidrug transporters, the regions goéatest homology are the ATP-
binding/utilizationr egions, and the first and sediontracytoplasmic loops in each half of
the molecule. The least conserved regions areir$teektracytoplasmic loop, where even
glycosylation sites are not preserved, the intfatzellinker region.

P-gp is also present at the normal tissues sugidasy and adrenal gland (high level),
liver, small intestine, colon and lung (medium Bvend prostate, skin, spleen, heart,
skeletal muscle, stomach and ovary (low level) §F&jj al., 1987; Gatmaitan and Arias,
1993). Same as P-gp, MRP1 is highly expressedtastine, kidney, lung and lower in
liver (Cherrington et al., 2002; Flens et al., 19%man et al.,, 1993) and MRP2 is

-9-



expressed mainly in liver, intestine, and kidndyules (Fromm et al., 2000; Schaub et al.,
1997). As shown in Figure 3, P-gp and MRPs spreaudide excretory organs provide a
barrier to eliminate the substrates out of the bdelgp and MRP2 co-localized to the
apical membrane of the intestine, liver, kidneyd d&ood-brain barrier (Thiebaut et al.,

1987; Buchler et al., 1996; Fromm et al., 2000; é&thet al., 1999), and MRP1 is

localized to the basolateral membranes of polaregthelial cells of the intestinal crypt

(Peng et al., 1999), renal distal and collectirtgutas (Peng et al., 1999), and liver (Mayer
et al., 1995; Roelofsen et al., 1997).

P-gp and MRPs are reportedly co-localized with phh@and phase Il metabolizing
enzymes, CYP3A4, UDP-glucuronosyltransferases, glaththioneS-transferases in the
liver, kidney and intestine (Sutherland et al., 3;98urgeon et al., 2001) (Figure 3). The
CYP3A subfamily involves in approximately 40-50%ptfase | metabolism of marketing
drugs (Guengerich, 1995). Specifically, CYP3A4 aots 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-glucedtiansferases and glutathioSe-
transferases, may subsequently modify either thasg@h metabolites or the parent
compounds as the conjugated compounds, and fustligect 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 @mdgating enzymes versus MRP2,
within excretory tissues to protect the body agaims&sion by foreign compounds, which
also decrease the oral bioavailability of many drgpecially anticancer drugs.

Oral administration of drugs has many advantages iodravenous injection because it
is less invasive, easier to use for the patierat @hronic regimen and more cost-effective
because of decreased hospitalization. The smastine represents the principal site of
absorption for orally administered compounds. Thare two principal pathways,
paracellular and transcellular, in the intestingitfeelium that allows the compounds to
cross. Some small hydrophilic, ionized drugs arsodied via the paracellular pathway for
there small particle size is suitable for pass ughothe 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
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present in the blood would be substrates for agffhalx 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 aeenielves substrates for efflux pumps,
such as P-gp and MRP2 (Keppler et al., 1999). Taetibn 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 pi@ters present in the enterocytes,
which complete the first cycle of enterohepaticuiation (first-pass extraction). Drugs
that reach the systemic circulation following fipgss extraction by the liver, or through
the lymphatics, will meet the kidneys, which arsoalwell equipped with the efflux
transporters for the active excretion of the pamnthe metabolites of the compounds.
The efflux transporters and intracellular metabelzymes in the intestine and liver are
critical determinants of overall oral bioavailatyili

Verapamil is a calcium channel-blocker that is widesed as an antiarrhythmic agent
to control supraventricular tachyarrhythmias. Varap is also useful for the treatment of
hypertension, ischemic heart disease and hypeitraindiomyopathy on account of its
potent vasodilating and negative inotropic progsrt{Fleckenstein, 1977; Gould et al.,
1982; Lewis et al., 1978). Treatment with verapaiwilgenerally well tolerated, but
adverse effcts connected with verapamil is pharfogizal effects on cardiac conduction
can arise and may be particularly severe in patieth hypertrophic cardiomyopathies.
Adverse effects on the heart include bradycardi@g\eentricular block, worsening heart
failure, and transient asystole. These effectsn@aee common with parenteral than with
oral therapy. The most troublesome non-cardiac raéveffect is constipation. Nausea
may occur but is less frequently reported. Othereesk effects include hypotension,
dizziness, flushing, headaches, fatigue, dysprevehperipheral oedema. There have been
reports of skin reactions and some cases of dbridivea function and hepatotoxicity.
Gingval hyperplasia has ocurred. Gynaecomastiabbaga reported rarely (Fleckenstein,
1977; Gould et al., 1982; Lewis et al., 1978).

Verapamil is approximately 90% absorbed from th&trgéntestinal tract, but is subject
to very considerable first-pass metabolism in therland the bioavailability is only about

20%. Verapamil exhibits bi-or tri-phasic eliminatikinetics and is reported to have a
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terminal plasma half-life of 2 to 8 hours followirgsingle oral dose or after intravenous
adnimistration. Verapamil is about 90% bound tspla proteins (Schomerus et al., 1976).
In humans, N-desalkylverapamil (D-617) was the nadsindant metabolite in 0-48h urine
at a percentage of the excreted dose of 22%, felioly O-desmethyverapamil (D-703;
7%), norverapamil (N-desalkylverapamil; 6%) (Eidieim et al., 1979) (Figure 4).
Norverapamil is an N-demethylated metabolite ofapamil with approximately 20% of
the coronary vasodilating activity of the parentmpound in dogs (Eichelbaum et al.,
1984). The formation of norverapamil and D-617 waediated via hepatic microsomal
cytochrome P450 (CYP) 3A4 and 1A2, and CYP3A and tesser extent, CYP1A2 are
the principal mediators of verapamil biotransfonm@atin humans (Levy et al., 2000).
Verapamil is a known to be substrate P-gp as welCaP3A4 (Doppenschmitt et al.,
1999; Adachi et al., 2001; Pauli-Magnus et al., ®@0&aitoh and Aungst, 1995).
Furthermore, it has been reported that the phaseethbolites of verapamil exhibit
different P-gp substrate and inhibition charactess(Haup ermann et al., 1991; Pauli-
Magnus et al., 2000; Woodland et al., 2003). WNildealkylated metabolites (D-617 and
D620) are P-gp substrates, norverapamil and O-dema¢éd metabolite (D-703) are
inhibitors of P-gp function, implying that verapanmetabolites may influence P-gp
mediated drug disposition and elimination. P-gpdcalized with CYP 3A4 at the apical
membrane of the cells in the small intestine (Gotten and Pastan, 1993). Which is a
membrane transporter that actively "pumps" xenadsaiut of cells (Doppenschmitt et al.,
1999). In the small intestine, P-gp is colocalinath CYP3A4 at the apical membrane of
the cells (Gottesman and Pastan, 1993).

Flavonoids are widely distributed in dietary suppésts such as vegetables, fruit, tea
and wine (Hertog et al., 1993b). Flavonoids havenynbaeneficial effects including
antioxidant, antibacterial, antiviral, antiinflamtogy, antiallergic, and anticarcinogenic
actions (Ross and Kasum, 2002; Hodek et al., 20@#2)gh whether these effects can be
attributed to the aglycone forms or their metalslits 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 ingrurtflavonoid was the flavonol
quercetin (mean intake 16 mg/day). Many flavonoids @biquitous in all parts of the

plant. Flavonoids are polyphenolic compounds pa$sgsl5 carbon atoms; two benzene
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rings joined by a linear three-carbon chain (Figa#@. A chromane ring bearing a second
aromatic ring B in position 2, 3 or 4 (Figure 5Bhe oxygen bridge involving the central
carbon atom (g of the three-carbon chain occurs in a rathertéchinumber of cases,
where the resulting heterocyclic is of the furapetyVarious subgroups of flavonoids are
classified according to the substitution patterhgrmy C. Both the oxidation state of the
heterocyclic ring and the position of ring B arepormant in the classification. The major
subgroups of flavonids are as followes (FigureRvonols (quercetin, morin, kaempferol,
myricetin, rutin, isorhamnetin), Flavones (apigeniateolin, primuletin), Flavanones
(hesperetin, hesperidin, naringenin, naringin,dicityol), Flavanols, also called catechins
((+)-catechin, (+)-gallocatechin, (-)-epicatechin)-epigallocatechin, (-)-epicatechin 3-
gallate, (-)-epigallocatechin 3-gallate, theaflathreaflavin 3-gallate, theaflavin 3'-gallate,
theaflavin 3,3'-digallate, thearubigins), Anthociglms (cyanidin, delphinidin, malvidin,
pelargonidin, peonidin, petunidin) and Isoflavormi@enistein and daidzein). Most of
these (flavanones, flavones, flavonols, and anticyg) bear ring B in position 2 of the
heterocyclic ring. In isoflavonoids, ring B occupigosition 3.

Although there is strong evidence to suggest beiaé¢feffects of flavonoids in human
health, the extent and mechanismwibych flavonoids reach the systemic circulatiomiro
dietary sourceare controversial. Plant flavonoids are predomiydiound a$i-glycosides
with flavonols existing a8, 7, and 40-glycosides, whereas other flavonoids, such as
flavonesflavonones, and isoflavones, are mainly glycosdade positiory (Price et al.,
1997; Fossen et al.,, 1998). Dietary flavonoids deglycosylated by cytosoli@-
glucosidase (CBG) and lactase phlorizin hydrolégdH) in the small intestine (Day et al.,
1998; Day et al., 2000), followed by conjugationnprily with glucuronic acid in the
small intestine epithelial cells (Gee et al., 2008spy et al., 1999; Spencere et al., 1999).
Ingested flavonoids undergo extensive Phase | dagdePll metabolism and are present in
the circulation as a complex mixture of free aghgawith glucuronidated, methylated,
and sulphated forms. However, cleavage by glucdesss at several sites in the body can
restore the aglycone form (Figure 3) (Murota anda®de2003) of which shows enhanced
ability to partition across membranes and accessdellular sites due to its greater
lipophilicity (Spencer et al., 2001).

Several studies have shown that flavonoids can fatelthe activities of both P-gp and
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MRP1 (zhang 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). Someoflaids 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 éiochanin A (Zhang and Morris,
2003b). Since P-gp located in the apical membrareddrle et al., 1998) and some
MRNAs of organic cation transporters (OCT) has alsen detected (Martel et al., 2001),
the monolayer formed by a human colon carcinomblicel, Caco-2 cell, is used for the
study of membrane permeability, specifically foe ttransport characterization of the
intestinal epithelium. Some flavonoids reduceddéeretory flux of talinolol across Caco-
2 cells, such as hesperetin, quercetin, kaempfgpoheoside, isoquercitrin and naringin,
but none of the selected flavonoids was able ttacepfH]talinolol from its binding to P-
gp, which might be due to an interaction with Pigjphout competition of talinolol
binding site of P-gp (Ofer et al.,, 2005). Sevedavdnoids, specifically methoxylated
flavonoids, are confirmed to be the good inhibitofSsMRP1 and 2 (van Zanden et al.,
2004).

Flavonoids comprise a large group of naturally odog, low molecular weight,
polyphenolic compounds widely distributed in theargl kingdom as secondary
metabolutes. They represent one of the most impbréand interesting classes of
biologically active compounds and occur both infilee state and as glycodides. They are
based on the parent compound, flavone (2-phenynobne or 2-phenyl benzopyrone),
characterized by a¢dC;-Cs carbon skeleton where the C6 components are aionrags
(Figure 7). Naringin (45,7-trihnydroxyflavanone-7-rhamnoglucoside) and peeslin
(3,5, 7-trinydroxy-4-methoxyflavanone-7-rhamnoglucoside), also caliédis flavonoids.
Flavonoids occur in practically all parts of plaitisluding fruit, vegetables, nuts, seeds,
leaves, flowers and bark (Middleton, 1984),

Hesperidin (Figure 8) is an abundant and inexpenbix-product ofCitus cultivation
and is the major flavonoid in sweet orange and lenho the young immature oranges it
can account for up to 14% of the fresh weight efftiit (Barthe er al., 1988). It is usually
found in association with vitamin C. some symptoonginally thought to be due to

vitamin C deficiency such da brusing due to capjilfaagility were found in early studies
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to be relieved by crude vitamin C extract but npplrified vitamin C. the bioflavonoids,
formerly called “vitamin P”, were found to be thesential components in correcting this
bruising tendency and improving the permeabilityl antegrity of the capillary lining.
These bioflavonoids include hesperidin, citrin,inutflavones, flavonols, catechin and
quercetin.

Hesperidin is a flavanone glycoside, comprisinguodl aglycone, hesperetin or methyl
eriodictyol (Evans, 1996) and an attached disaddbarutinose. Hesperidin is, therefore,
a beta-7-rutinoside of hesperetin (Preston etl8b3). Hesperidin has multiple biological
activities such as reduction of capillary fragilipssociated with scurvy and antilipedimic
activities (Garg et al., 2001; Korthuis and Gut@99; Bok et al., 1999; Borradaile et al.,
1999). After oral administration, hesperidin is @ted through the gastrointestinal tract.
Of the aglycones, hesperetin has been detectedtinurine and plasma, and additional
investigation found that absorbed citrus flavanowesit through glucuronidation before
urinary excretion (Ameest al, 1996). Hesperidin may be regulated by P-gp (@gdiLiu,
2004).

The flavonoid, hesperidin, was abundant in ouratiesupplements. There are many
opportunities that these flavonoids would be adstared concomitantly with the agents
that are substrates for CYP3A and P-gp in the adinpractice. Since they possess the
ability to inhibit CYP3A and P-gp, they might affethe pharmacokinetics of many
substrate agents. In this study, the pharmacokinéghavior of verapamil and
norverapamil after orally administration of veraplaim rats was investigated the effect of

hesperidin on the oral bioavailability of verapaanild norverapamil in rats.
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THRENDS in Pharmacoiogical Sthences

Figure 1. A scheme of the many hypotheses usedgoritbe the binding of ligands to
cytochrome P450 3A4 (CYP3A4) (based on [Wrightoralet 2000]). The solid lines in
each panel define the binding pocket that contdiasheme and ligands A-E. (a) A single
large molecule (A) occupies the whole binding pocke) A molecule (B) could bind in
two different locations with the remainder of thaize site occupied by water molecules.
(c) Two molecules could occupy two unique sitesnfbtyopic activation). (d) Two
molecules (C) might bind at two different sites lwitvo or more conformers of the
enzyme in equilibrium (nested allosterism). (e) Tdifferent molecules bind to two
different sites (heterotropic activation). (f) Thrdifferent molecules (C, D and E) bind at
different sites, one of these (E) might be an eéffedg) Two identical molecules (D) bind
to two sites and the effector (E) binds to a th{tg. Two effector molecules (E) bind and
one behaves as a substrate. A third, differenstsate or effector molecule (D) also binds
a separate substrate or effector site. When maredhe molecule is in the binding pocket,

key intermolecular interactions might occur that aot accounted for in this schematic.
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Figure 2. Transmembrane arrangement of ABC effhatgins. (A) Pgp (MDR1), MDR3,
BSEP (SPgp), MRP4, MRP5, and MRP8, have 12 TM g¢tr@mbrane) regions and two
NBDs (nucleotide binding domains). (B) Typical MRRnsporters (MRP1-3 and 6-7)
have five extra TM regions towards the N termif@). ‘Half-transporters’ such as BCRP
have just six TM regions and one NBD (Cited fromaGlet al., 2004).
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Figure 5. Chemical structures of flavonoids. 4 €keleton can be represented as the C

Cs - G system (a). A chromane ring bearing a second dromiag B in position 2, 3 or 4

(b).
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Anthocyanins Isoflavonoids
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Figure 6. Major subgroups of flavonoids.

Figure 7. Chemical structures of flavonoids andegymine found inCitrus aurantium
(Ha et al., 1997).
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Figure 8. Structure of hesperidin.
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2. Materials and Methods

2.1. Materials

Verapamil, norverapamil, hesperidin, and propran@lo internal standard for the high-
performance liquid chromatographic (HPLC) analylsis verapamil and norverapamil]
were purchased from Sigma—Aldrich Corporation (SQtuis, MO, USA). Acetonitrile,
triethylamine, and diethylether were products fravierck Corporation (Darmstadt,
Germany). Phosphoric acid was obtained from Ju@seporation (Tokyo, Japan). Other

chemicals were of reagent grade.

2.2. HPLC analysis

2.2.1. Instrumentation

A high-performance liquid chromatograph (HPLC) exp&id with two solvent delivery
pumps (Model LC-10AD; Shimadzu Co., Kyoto, Japanfluorescence detector (Model
RF-10A), a system controller (Model SCL-10A), deggas(Model DGU-12A) and an
autoinjector (SIL-10AD).

2.2.2. Chromatographic conditions

The fluorescence detector was set at an excitatiamelength of 280 nm and an
emission wavelength of 310 nm. The stationary phasea Kromasil KR 100-5&olumn
(5 pm; 4.6 mm, i.d.x250 mm, EKA Chemicals, Sweden) &mel mobile phase was
acetonitrile:0.05 M KHPQ, with 0.05% triethylamine (30:70, v/v; PH 4.0), whiwas run
at a flow rate of 1.5 ml/min. The coefficient ofriaion for inter- and intra-day was <
12.5%.

2.2.3. Preparation of stock solutions

Stock solutions of verapamil, norverapamil, and paaplol (an internal standard) were
prepared by dissolving 10 mg of each drug in 1@fmhethanol. All solutions were stored
at —40°C (MDF-292, Sumwon Company, Seoul, South &pore
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2.2.4. Preparation of analytical standard solutions

Each standard solution, verapamil and norverparas wrepared by diluting the each
stock solution with methanol immediately prior teeu All preparations were made in 1.5-
ml polyethylene mocrotubes (Axygen Scientific CompacCalif., USA). The standard
solutions of verapamil and norverapamil were alP@, 40, 80, 200, 400 and 800 ng/ml.

The concentration of propranolol was 2 ng/ml.

2.2.5. Sample preparation

The plasma concentrations of verapamil and noneemiipivere determined by a slight
modified of an HPLC method reported by Choi et(2004). Briefly, a 4Q4l aliquot of
propranolol HCI (400 ng/ml; an internal standard),20ul aliquiot of 2 N sodium
hydroxide solution, and 1.2 ml of diethylether werdded to a 0.2-ml aliquot of the
plasma sample in a 2.0-ml polypropylene microtulsey@en Scientific Company, Calif.,
USA). The mixture was mixed vigorously with a voemixer (Scientific Industries
Company, NY, USA) for 2 min and centrifuged (13,06fm, 10 min) in a micro
centrifuge (Hitachi Company, Tokyo, Japan). A 1l0ofithe organic layer was transferred
into a clean micro tube and evaporated atC36nder a dry thermo bath (Rikakikai
Company, Tokyo, Japan). The residue was dissolne2DOpl of the mobile phase and
centrifuged (13,000 rpm, 5 min). A G0-aliquot of the supernatant was directly injected

onto the HPLC column.

2.2.6. Validation procedures

2.2.6.1. Linearity

Standard calibration curves were constructed byngoa 50ul aliquot of verapamil and
norverapamil standard solutions at the concentiataf 8, 20, 40, 80, 200, 400 and 800
ng/ml, and a 5@d aliquot of propranolol at a concentration of 2/mbinto a 0.2-ml
aliquot each rat blank plasma. Thus, the plasnibresibns were 2, 5, 10, 20, 50, 100 and
200 ng/ml for verapamil plus norverapamil. Therge #xtraction procedure was followed

as described above. Calibration curves of verapamil norverapamil were constructed

=24 -



using the ratio of the peak area of verapamil ave@pamil with that of propranolol. The
linearity was determined by construction of a regren line using the method of least

sum of squares.

2.2.6.2. Recovery

To determine the extraction efficiency, a jdOaliquot of the standard solutions of
verapamil and norverapamil at the concentration®,020 and 100 ng/ml were added
separately to a 0.2-ml aliquot of blank plasma damio yield concentrations of 5, 20 and
100 ng/ml of verapamil and norverapamil in plasmegpectively. Each of these spiked
blank plasma samples were treated as those inaimple preparation. The absolute
recovery was calculated by comparing the peak are& % of methanol in deionized
water (n = 5).

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

Intra-day variability was obtained from five diféart rat's plasma samples using the
same calibration curve in a day. Inter-day varigbivas obtained on five different days.
The mean relative standard deviation (RSD) of tleampredicted concentration for the
independently assayed standards provided the neeadumprecision. Accuracy was
calculated by the percentage deviation of the npradicted concentration of verapamil
and norverapamil from the expected target value.

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

The predetermined criteria for acceptance of botiai and inter-day results were that
the standard concentrations of verapamil and napzaenil had to be accurate within +
15% of their nominal values as determined by th&t-beregression line except for the
LLOQ, where + 20% was acceptable. The correlatimefficient (F) also had to be 0.95 or

greater.
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2.3. Animal experiments

The protocol of this animal study was approved oy Animal Care Committee of
Chosun University, Gwangju, South Korea. Male Spedawley rats, 7-8 weeks
old and weighing 270-300 g, were purchased fromDhe Han Laboratory Animal
Research Company (EumSung, South Korea) and greendccess to a commercat
chow diet (No. 322-7-1; Superfeed Company, GangvwBoyth Korea) and tap water.
They were maintained in a clean room (College drRiacy, Chosun University) at a
temperature of 22 £ 2 °C with a 12-h light/dark leyand relative humidity of 50—

60%. The rats were acclimated under these condifmmat least 1 week.

2.4. Drug administration and sampe collection

2.4.1. Intravenous (i.v.) administration of verajlam

Each rat was fasted for at least 24 h prior tofr@gg the experiment. The left femoral
artery (for blood sampling) and the left femoralinvéfor drug administration in the
intravenous study) were cannulated using a polyetleytube (SP45; i.d., 0.58 mm, o.d.,
0.96 mm; Natsume Seisakusho Company, Tokyo, Japhit® each rat was under light
ether anesthesia. Verapamil injectable (dilute@.8% NaCl-injectable solution) at a dose
of 3.0 mg/kg was injected (total injection volumé o5 ml/kg) over 0.5 min via the
femoral vein. A blood sample (0.45 ml) was collecteia the femoral artery into
heparinized tubes at 0 (control), 0.017 (at thedrte infusion), 0.1, 0.25, 0.5, 1, 2, 3, 4,
8, 12 and 24 h after the injection. A blood sampés centrifuged (13,000 rpm, 5 min),
and a 20Q4 aliquot of plasma samples were stored at —40°td using for the HPLC
analysis of verapamil and norverapamil. A 0.4-ndwdt of 0.9% NaCl-injectable solution

was injected through the femoral vein.

2.4.2. Oral administration of verapamil

Rats were divided into five groups € 6, each); oral groups [9 mg/kg of verapamil
dissolved in water (3.0 ml/kg)] without (controly with 3 or 15 mg/kg of hesperidin
(mixed in distilled water; total oral volume of 3rfl/kg), and an intravenous group (3

mg/kg of verapamil; the same solution used 0.9% INigi€ctable solution; total injection
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volume of 1.5 ml/kg). A feeding tube was used tonamister verapamil and hesperidin
intra-gastrically. Hesperidin was administered 30h mrior to oral administration of

verapamil. A blood sample (0.45 ml aliquot) waslextked into heparinized tubes via the
femoral artery at 0, 0.1, 0.25, 0.5, 1, 2, 3, 4.Band 24 h for the oral study. Whole blood
(approximately 1 ml) collected from untreated natss infused via the femoral artery at
0.25, 1, 3 and 8 h, respectively, to replace blmsd due to blood sampling. The blood
samples were centrifuged (13,000 rpm, 5 min), arRD@l aliquot of plasma samples

was stored at —40 °C until the HPLC analysis.

2.5. Pharmacokinetic analysis

Plasma concentration data were analyzed by nonaamental methods using
WinNonlin software version 4.1 (Pharsight CorparatiMountain View, CA, USA). The
elimination rate constant @i was calculated by the log-linear regression dtiadiem
concentration data during the elimination phase #ra terminal half-life ;) was
calculated as 0.693/K The peak concentration {&) of diltiazem in plasma and the time
to reach Gax (tmay Were obtained by visual inspection of the daterfithe concentration—
time curve. The area under the plasma concentrdtina curve (AUC) from time zero to
the time of last measured concentratiopsjQvas calculated by the linear trapezoidal rule.
The AUC zero to infinity (AUG.,) was obtained by adding AYGand the extrapolated
area determined by G/Ke. The total body clearances of oral (CL/F) diltiszevere
calculated from the quotient of the dose (D) arel WG, of the intravenous and oral
routes. The extent of absolute oral bioavailabilfy was calculated by AUC, after oral
administration by AUG., afrer intravenous administration. The relative aviglability
(R.B.) of verapamil was calculated by AWGpami wit AUC erapami withour The metabolite—
parent ratio (M.R.) was calculated by AkdGerapamfAUCuerapami

2.6. Statistical analysis

The pharmacokinetic parameters were compared asomg-way ANOVA, followed by

a posteriori testing with the Dunnett correctioiff@ences were considered significant at
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a level of p < 0.05. All data are expressed in seofimean + S.D.

3. Results and Discussion

Figure 9 depicts the chromatograms of blank rasma sample (A), plasma sample
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collected (0.5 hour) after oral administration efapamil (B) to rats. The retention times
of propranolol (an internal standard, IS), verapaamd norverapamil were 4.7, 16, and
13.9 min, respectively. The overall run time lasi&min.

Calibration curves for verapamil (Figure 10) andwveoapamil (Figure 11) constructed
by plotting the ratio of the peak area of verapamihorverpamil to that of propranolol as
a function of the plasma verapamil or norverapamilcentrations (2, 5, 10, 20, 50, 100
and 200 ng/ml). There is a good linearity over thege of 2—200 ng/ml with a mean
correlation coefficient of 0.997 (verapamil) and9¥8 (norverapamil). The typical
equation describing the calibration curve in rgfasma way = 0.0232x + 0.1297 (for
verpamil) andy = 0.0195x — 0.0663 (for norverpamil), wheseis the peak area ratio of
verapamil or norverpamil to propranolol amdis the concentration of verapamil or
norverpamil, respectively.

The recovery of verpamil or norverapamil after lafiquid extraction procedure was
evaluated at three concentrations (5, 20 and 10@Ingespectively). The recovery of the
verapamil and norverapamil was above 84.3-88.0%8216-83.9%, respectively, when
spiked concentration in rat plasma was 2.0 ng/rabl@ 1).

The LOD for verapamil or norverapamil in rat plasdefined as a s/n ratio of greater
than 3 was 2 ng/ml. The LLOQ for verapamil (Tabjeaas 2 ng/ml with an acceptable
precision and accuracy (RSD: 12.6%, deviation: %8.57 = 5). The LLOQ for
norverapamil (Table 3) was 2 ng/ml with an accelgtgiyecision and accuracy (RSD:
13.1%, deviation: -10%, n = 5).

Figure 12 depicts the mean plasma concentratioe—firofiles of verapamil after oral
administration (9 mg/kg) with or without of hesmini (3 or 15 mg/kg), and Table 6 lists
the pharmacokinetic parameters of verapamil afteal @dministration. Hesperidin
significantly (p < 0.01) increased the area under plasma concentration—time curve
(AUC) and the peak concentration £ of verapamil by 71.1-96.8% and 98.3—105.2%,
respectively, and hesperidin increased the terminadi-life (t;) of verapamil but not
significantly. Hesperidin significantly (p < 0.0Becreased the total plasma clearance
(CL/F) of verapamil by 41.6-49.2%. Consequentlympared with the control group
(4.6%), the absolute oral bioavailability (F) ofrapamil with hesperidin was increased
significantly by 7.9-9.0%, and the relative biodability (R.B.) of verapamil was
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increased by 1.71- to 1.96—fold than those of tharol group. It has been reported that
human gut wall CYP3A4 is inhibited by grapefruitgel (containing hesperidin) (Fuhr et
al.,, 2002), and bioflavonoid such as hesperidin, irmbitor of P-gp, significantly
increased the permeation of vincristin across to@dsbrain barrier (Yoshiharu et al.,
2000). The enhanced F of verapamil by hesperidghtride due to inhibition of CYP3A4
and P-gp in the intestine and liver. This resulpesgped to be consistent with previous
studies reported by Kim et al. (2005); a singlel administration of flavonoid, naringin
(7.5 mg/kg) significantly increased the AUC ang,®f verapamil in rabbits, which was
due to inhibition of CYP3A4 and P-gp. Hesperidird diot affect the K and T,ax Of
verapamil.

Figgure 13 depicts the mean plasma concentratime—irofiles of norverapamil after
oral administration of verapamil (9 mg/kg) withwithout hesperidin (3 or 15 mg/kg). As
listed in Table 7, hesperidin significantly (p ©9) increased the AUC of norverapamil by
67.7-79.3% and the & by 60.5-64.7%. Hesperidin increased theof norverapamil but
not significantly different form the control grouNorverapamil and D-617 are substrate
and inhibitor of P-gp (Pauli-Magnus et al., 2000p&tlland et al., 2003). These results
suggest the metabolism and/or absolution verapamiy be inhibited by hesperidin.
Therefore, the enhanced Akl empamfAUC emami Might be due to inhibition of CYP3A4
by hesperidin in the intestine and liver (Tai arnd, 2004). Hesperidin did not affect the
Ke and T,ax0f norverapamil. However, the metabolite-pareniorétl.R.) of norverapamil
by hesperidin decreased but is not significant ey to that of the control group,
implying that presence of hesperidin could be ei¥ecto inhibit the CYP3A-mediated
metabolism of verapamil.

There is a growing body of evidence that CYPs itreetytes contribute significantly to
the “first-pass” metabolism and oral bioavailalilaf many drugs and chemicals. The
“first pass” metabolism of compounds in the intestiand liver reduces F, limits
absorption of toxic xenobiotics and may amelioradeerse effects. Moreover, induction
or inhibition of intestinal CYPs may be responsifile significant drug/drug interactions
when one agent decreases or increases the F asfdokotransformation of a concurrently
administered drug (Kaminsky and Fasco, 1991).

Orally administered drugs must pass through thdl smastinal membrane to access the
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systemic circulation (Figure 3). Like other lipojahidrugs, most of verapamil is absorbed
via the apical enterocytes of the villi of smaltastine where full of CYP3A and P-gp
rather than via the deep crypts with low level of RBA and P-gp or the splanchnic
capillaries by paracellular transport, which atité to the considerable exposure of
verapamil in CYP3A and P-gp of the enterocyte (FégB). Second, although the protein
binding is not correlated with the exposure in @mterocytes, it is of magnitude for the
exposure in the hepatocytes because only free fam pass through the sinusoidal
membrane of hepatocytes. The high level proteinlibin of verapamil (90%) should be
one of the contributors to its low hepatic firsspaeffect (Schomerus et al., 1976). Last,
the blood flow rate in the liver is 55.2 ml/min/kg rats, and in the value the gut is 30
ml/min/kg (Davies and Morris, 1993). Thus, the lbdtow rate in the small intestine is
considerably lower than that in the liver. The stowef blood flow rate would increase
residence time of verapami in the intestine duriingt-pass compared to hepatocyte,
which can be another contributor to the high imbedtfirst-pass extraction of verapamil
than the liver. Choi and Han (2004) reported thegrgetin, a dual inhibitor of CYP3A and
P-gp, significantly enhanced the F of verapamil in rafhe factors within the
gastrointestinal tracsuch as transporter mediated intestigatretion, or gut wall
metabolism may contribute considerataythe variable oral F of verapamil.

The involvement of P-gp in risperidone dispositibas recently been documented
(Boulton et al., 2002, Wang et al., 2004 and Nakagd al., 2005). In the intestine, P-gp
is expressed on the brush-border membrane of eytesoand pumps compounds out of
cells from the cytosol to the intestinal lumen. ks been labelled a transport barrier to
the oral absorption of drugs (Leu and Huang, 199&ker et al., 1996, Lown et al., 1997,
Kim et al., 1998 and Salphati and Benet, 1998). @édwer, P-gp could act along with
CYP3A4 to increase drug presystemic metabolism (6gaml., 1996, Watkins, 1997,
Wacher et al., 1998 and Ito et al., 1999). The abuentioned two mechanisms have been
proposed to explain how P-gp may enhance the egfantestinal absorption. According
to a first mechanism, P-gp activity induces repeatgcles of secretion of drug into the
intestinal lumen, resulting in repeated cycles lwdaaption. The residence time of a drug
in the intestine and its exposure to intestinal GX# are lengthened prior to systemic

absorption (Gan et al., 1996). A second mechan&snbeen proposed suggesting that P-
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gp may facilitate the removal of intracellular pam metabolites, thus minimising the
potential to produce CYP3A4 inhibition (Lown et,dl997).

The increased bioavailability of verapamil by heggia suggests that CYP3A and P-gp
could be inhibited by hesperidin, which resultedr@ducing first-pass metabolism of
verapamil. In the above mentioned results were isterd with the results reported by
Choi et al. (2004), in that flavonoid (quercetinigrsficantly enhanced the oral
bioavailability of verapamil in rabbits (Choi andail 2004). And similar to our previous
study (Choi and Han 2005), morin inhibited P-gp &YP3A, enhanced absorption of

verapamil in rats.

Table 1. Recovery of verapamil and norverapamihfrat plasma

Concentration

= 0
(ng/ml) Peak area (mean £ S.D., n =5) Recovery (%)
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Extracted

Unextracted

Verapamil

20

100

Norverapamil

20

100

6730 +128.9

32652 + 6528.2

115348 + 22989.2

5031 +998.8

20144 + 4013.6

98566 + 19613.2

5673 +1120.5

27656 +5431.6

101506 + 20191.3

4156 + 826.5

16941 + 3369.9

82697 + 16486.5

84.3

84.7

88.0

82.6

84.1

83.9

Table 2. Precision and accuracy of HPLC assaydaapamil from rat plasma

Spiked concentration Calculated concentration

(ng/ml)

RSD (%)

(ng/ml, mean + S.D., n = 5)

Deviation (%)
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Intra-day (n = 5)

2

5
10
20
50
100

200

Inter-day (n = 5)

2
5
10
20
50

100
200

1.83+0.23
4.88 £ 0.50
9.91+0.91
19.5+1.52
49.7+2.14
99.8 +3.79

201 +3.22

1.80+0.24
4.92 +0.63
9.88+1.0
20.5+1.97
48.9 +3.81

99.2 +4.96

199.6 +£6.39

12.6
10.2
9.2
7.8
4.3
3.8

1.6

131

12.8
10.1
9.6
7.8

5.0

3.2

-8.5
2.4
-0.9
-2.5
-0.6
-0.2

0.5

-10.0
-1.6
-0.2

2.5

-2.2

0.8

Table 3. Precision and accuracy of HPLC assaydorerapamil from rat plasma

Spiked concentration Calculated concentration o
RSD (%) Deviation (%)
(ng/ml) (ng/ml, mean + S.D., n = 5)
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Intra-day (n = 5)

2 1.80+0.23 13.1 -10.0

3) 4.79+£0.53 111 4.2

10 9.90+1.04 10.5 -1.0
20 19.3+1.58 8.2 -3.5
50 49.8 £2.29 4.6 04
100 99.4 +3.48 35 -0.6
200 198.3 + 3.56 1.8 0.9

Inter-day (n = 5)

2 1.79+£0.24 13.2 -10.5
S) 4.67 +£0.50 10.8 —6.6
10 9.81+£0.99 10.1 -1.9
20 19.1+£1.62 8.5 —-4.5
50 493 +2.61 5.3 -14
100 99.1 £ 3.36 3.4 -0.9
200 199.0 + 3.98 2.0 -0.5




Figure 9. Chromatograms of rat blank plasma (A) aidsma (B) spiked with
norverapamil (13.9 min), verapamil (16.0 min), amdimternal standard, propranolol (4.7

min).
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Figure 10. A calibration curve for verapamil wheriked into rat blank plasma, wheyés
the peak area ratio of verapamil against proprdnata x is the concentration of
verapamily = 0.0232x + 0.1297 (R = 0.997).
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2.50 r
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1.50

Ratio

1.00 r

0.50

0.00
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Concentration of norverapamil (ng/ml)

Figure 11. A calibration curve for norverapamil wtepiked into rat blank plasma, where
y is the peak area ratio of norverapamil againspiamolol andx is the concentration of
norverapamily = 0.0195x — 0.0663 (R= 0.998).
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Table 4. Mean (+ S.D.) plasma concentrations opameril after its intravenous or oral
administration at a dose of 9 mg/kg with or withafithesperidin at a dose of 3 or 15
mg/kg in rats (n = 6, each).

Verapamil + Hesperidin

Time (h) Control Verapamil
(oral) 3 mg/kg 15 mg/kg (iv.)

00 0 0 0 4836 £ 62.1
01 35+8.4 63+15.4 61+15.1 1432 £+ 62.1

0.25 58+ 14 106 + 26.3 112 + 26.7 1025 £ 87.5
05 56 £ 13.8 115+ 28.7 119+ 28.1 676 £ 90.6
1 36 +8.6 63 £ 15.3 64 £ 15.2 367 +£78.4
5 24+6.0 34+8.4 35+8.4 158 + 74.4
3 17+41 22+55 24+5.8 88 £58.3
4 11+24 16 £ 3.8 19+43 45 +15.3
8 7.2+1.7 12+2.8 13+3.4 16.1+11.9
12 5.0+1.2 92+21 10+2.3 7.2 +£8.06
24 2.6 +0.63 51+1.1 6.0+1.3 25+6.27
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Table 5. Mean (£ S.D.) plasma concentrations of@@pamil after oral administration of
verapamil at a dose of 9 mg/kg with or without hexggin at a dose of 3 or 15 mg/kg to

rats (n = 6, each).

Verapamil + Hesperidin

Time (h) Control
3 mg/kg 15 mg/kg

0 0 0 0

0.1 12.3+2.92 16.2 £4.01 16.91+4.21

0.25 29.4+7.21 38.1+9.11 40.2 £9.89
0.5 37.1+£9.05 60.2+£14.2 61.8+15.2
1 38.0+9.41 61 +14.8 62.6 £15.4
2 23.7 £5.81 37.6+£9.21 39.4 £9.87
3 16.5+£4.02 26.4 +6.38 27.8 £6.89
4 11.9+2.76 17.2+£4.28 18.7 £ 4.59
8 7.8+1.84 125+3.14 13.8 £+ 331
12 54+1.15 85+201 9.2+2.15
24 2.8+0.69 52+1.10 59+1.29
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Figure 12. Mean plasma concentration—time profiEserapamil following intravenous
(3 mg/kg) or oral (9 mg/kg) administration of veaaqil to rats with or without hesperidin
(Mean £ S.D. n = 6).@@) Control (verapamil 9 mg/kg, oral)?X) the presence of 3 mg/kg
of hesperidin; &) the presence of 15 mg/kg of hesperidm); i(v. injection of verapamil

3 mg/kg. Bars represent the standard deviation.
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Figure 13. Mean plasma concentration—time profilgls norverapamil after oral
administration of verapamil (9 mg/kg) to rats withwithout hesperidin (Mean + S.D., n =
6). (O) Control (verapamil 9 mg/kg, oral)/X) the presence of 3 mg/kg of hesperidia,)(
the presence of 15 mg/kg of hesperidin. Bars repitettie standard deviation.
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Table 6. Mean (x S.D.) pharmacokinetic parametdrsepapamil after intravenous (3
mg/kg) or oral administration of verapamil at aela$ 9 mg/kg with or withut hesperidin

at a dose of 3 or 15 mg/kg to rats (n = 6, each).

Control Verapamil + Hesperidin Verapamil
Parameter _
(oral) 3 mg/kg 15 mg/kg (iv.)
AUC (ng-h/mi) 257 + 58 433 + 108 498 + 124 1667 + 403
Cunax (ng/ml) 58 + 14 115 +28.9 119 + 30 -
0.25 0.5 0.5 -
Timax ()
CL/E 583 + 150 346 + 86 301+ 71 -
Ko () 0.068 + 0.016 0.061 +0.016 0.056 +0.014 0.139 +0.031
el
10.0+2.4 11.4+2.9 12.4 +3.0 51+1.12
ti2(h)
F (%) 5.15 7.9 9.0 -
RB (%) 100 171 196 -

**p < 0.01; compared to control.

AUC: area under the plasma concentration—time cfiora 0 to 24 h
Cmax peak concentration

CL/F: total plasma clearence

K elimination rate constant

t10: terminal half-life

Tmax time to reach peak concentration

F: absolute oral bioavailability

RB: relative bioavailability

Table 7. Mean (x S.D.) pharmacokinetic parametefsnorverapamil after oral

administration of verapamil at a dose of 9 mg/kthvair without hesperidin at a dose of 3
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or 15 mg/kg to rats (n = 6, each).

Verapamil + Hesperidin

Parameter Control
3 mg/kg 15 mg/kg
AUC (ng-h/ml) 251 + 64 423 + 106 455 + 110
Curax(Ng/MI) 38.0+9.5 61.0 + 14.8 62.6 +15.9
T (D) 1.0 1.0 1.0
991+25 11.8+3.1 11.9+3.1
ty2(h)
Ka(h) 0.070 £ 0.018 0.059 £ 0.015 0.058 £ 0.015
el
MR 0.98 £ 0.25 0.95+0.24 0.89 £0.22
RB (%) 100 169 181

*p < 0.05; compared to control.

AUC: area under the plasma concentration—time cfiora 0 to 24 h
Cmax peak concentration

Ke: elimination rate constant

t10: terminal half-life

Tmax time to reach peak concentration

RB: relative bioavailability

MR: Metbolite Parent ratio

4. Conclusion
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A flavonoid, hesperidin, enhanced the F of verapaBgcause hesperidin have many
health-promoting benefits and have no consistala sffects, it might be available as the

MDR modulators in the clinical therapy to improve toral F of verapamil in humans.

Part II Effects of Epigallocatechin gallate on the Oral

Bioavailability of Verapamil in Rats
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Abstract

Favonoids can modulate the P-glycoprotein (P-gd)@nochrome P450 (CYP) 3A. The
F of many drugs are low which contirbute highlthe first-pass efffect caused mainly by
phase 1 and phase 2 metabolism, and the membefd ®finding cassettte (ABC)
superfamily mediated efflux by p-gp in the intestiand the liver. Thus this study
investigated the pharmacokinetics of intravenousrat administration of verapamil in
rats in order to examine the effects of CYP3A and?egp by hesperidin on the oral
bioavailability of verapamil and one of its metated, norverapamil. Epigallocatechin
gallate (EGCG), flavonoid, are suggested to inhibigp and CYP3An vitro. A single
oral (9 mg/kg) dose of verapamil was administeredrats with or without oral
administration of EGCG at a dose of 3 or 15 mgfkgpectively, was oral administered 30
min prior to the oral administration of verapaméspectively. Plasma concentrations of
verapamil and norverapamil well determined usindH&bL.C analysis with a fluorescence
detector.

Compared to the oral control group, EGCG signifiafp < 0.01) increased the AUC of
verapamil by 85.2-127% and the, by 102-136%, and the presence of EGCG was
increased the;t of norverapamil but not significantly. EGCG sigointly (p < 0.01)
decreased the CL/F of verapamil by 46.0-55.9%. & me&xs no significant change in the
Tmax @and K, of verapamil by EGCG.

Compared to the oral control group, EGCG signifitafp < 0.05) increased the AUC of
norverapamil by 72.9-93.9% and thg,(by 65.3-72.9%, and the presence of EGCG was
increased the;$ of norverapamil but is not significantly. The meaéite-parent ratio
(M.R.) of norverapamil with EGCG decreased but is sighificantly. There was no
significant change in the time to reach the peasmh concentration {I) and the
elimination rate constant ¢i of norverapamil with EGCG.

The enhanced F of verapamil was observed combmbginatural flavonoid, EGCG. It
is possible that these natural flovonoids couldasciodulators of P-gp and/or CYP3A to

improve the F of verapamil in humans. The pharmamiic interaction between
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verapamil and EGCG should be taken into considarati the clinical setting.

Key words: Verapamil, Norverapamil, Epigallocatechin gallateEGCG),

Pharmacokinetics, Bioavailability, P-gp, CYP3A, Rats

1. Introduction
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The microsomal cytochrome P450 isoenzymes (CYPsypdgse a large group of
hemoproteins with monooxygenase activity. They @awyajor role in the metabolism of
numerous Xxenobiotics, including drugs, carcinogepssticides, hydrocarbons, and
endogenous compounds, such as steroids. These enam located in various tissues
(liver, brain, gut, kidney, and lung) in which sealeisoenzymes may be expressed
simultaneously (Gushchin et al., 1999).

The CYP3A subfamily is the most important to drugtabolism in humans, because
they metabolize the majority of commercially avhiéa drugs (Wrighton et al., 2000).
There are four differentially regulated CYP3A gerieshumans, CYP3A4, CYP3A5,
CYP3A7 and CYP3A43. CYP3A4 is generally thoughtlte the predominant form
expressed in the liver cells (Wrighton et al., 200ecently, it has become apparent that
the kinetic interaction between CYP enzymes anil gudbstratesn vitro is often atypical,
as exemplified by CYP3A4 (Figure 1).

The transport-based classical multi-grug resistafd®R) is caused by the ATP-
binding cassette (ABC) family, a membrane transpdiiPases. The general structures of
ABC transporters compose of 12 transmembrane (Tédjons, split into two ‘halves’,
each with a nucleotide-binding domain (NBD) (Figawe), such as P-gp (MDR1), MDR3,
BSEP (SP-gp), multidrug resistance-associated ipréi¢RP) 4, MRP5, and MRP8. The
MRP1-3 and MRP6-7 have an additional five TM regiahthe N-terminus (Figure 2B).
Breast cancer-resistance protein (BCRP) has owrly®l regions and one NBD (Figure
2C), which was proposed to function as a dimer €@ywet al., 2001). NDBs play a role in
cleaving ATP (hydrolysis) to derive energy necegs$ar transporting cell nutrients, such
as sugars, amino acids, ions and small peptidessaonembranes.

Althought the overall model of 12 transmembranesgians has been generally well-
supported by antibody localization data (Yoshimefral., 1989), an alternative model has
recently appeared based on the coujptedtro translation and translocation of P-gp into
dog pancreas microsome membranes (Zhang et all).198Bis study suggests, based on
the presence of a glycosylated segment in the ggrteominal half of P-gp, that under
some conditions in mouse P-gp, the eighth and nirthsmembrane domains, and the
amino acids between transmembraned omains 8 amigBi be extracellular rather than

cytoplasmic as suggested in the model shown inr€igu These results are supported by

-48 -



in vivo expression of truncated P-gp chimerax@nopusaocytes, as well as bn vitro
expression of intact human P-gp in a cell-free di@ion-translocation system (Skach et
al., 1993). Howevers, study proteolytic fragmerftgluotoaffinity-labelled P-gp indicates
that there does not appear to be a glycosylateidrrdg the carboxy-terminal half of
mature human P-gp, arguing against this model dfditsmembrane regions for a form of
P-gp capable of binding drugs (Bruggemann et &891 1992). However, it is possible
that this region is indeed extracellular, but niytgsylated or that P-gp with this variant
topology does not survive to the cell surface bseaof intracellular degradation. The
precise topology of P-gp on the mammaliacne llaxgfneeds further study.

Since the original publication of the human MDRHanousem dr3 (mdrla) sequences,
full-length sequences have appeared for mouse nfdidio called mdr2) (Devault et al.,
1990)), mousem dr2 (Gros et al., 1988), human MIR@n der Bliek et al., 1988),
hamster p-gpl (similar to mdrla) (Devine et al.919 and the rat mdrlb gene (Silverman
et al., 1991). Comparison of these sequences shogmsiderable amount of sequence
identity and homology among mdr family members (iDe\et al., 1991). For example, the
human MDRI and MDR2 coding sequences are 76% iclrdiespite different abilities to
transport drugs, and the mouse mdrla and human M2gtences, with similar function,
are 88%i dentical, despite 50 million years or mdevolution. Amongth e mdr genes that
function as multidrug transporters, the regions goéatest homology are the ATP-
binding/utilizationr egions, and the first and sediontracytoplasmic loops in each half of
the molecule. The least conserved regions areir$teektracytoplasmic loop, where even
glycosylation sites are not preserved, the intfalzellinker region.

P-gp is also present at the normal tissues sugidasy and adrenal gland (high level),
liver, small intestine, colon and lung (medium Bvend prostate, skin, spleen, heart,
skeletal muscle, stomach and ovary (low level) §F&jj al., 1987; Gatmaitan and Arias,
1993). Same as P-gp, MRP1 is highly expressedtastine, kidney, lung and lower in
liver (Cherrington et al., 2002; Flens et al., 19%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 3, P-gp and MRPs spreaudide excretory organs provide a
barrier to eliminate the substrates out of the bdelgp and MRP2 co-localized to the

apical membrane of the intestine, liver, kidneyd d&ood-brain barrier (Thiebaut et al.,
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1987; Buchler et al., 1996; Fromm et al., 2000; é&thet al., 1999), and MRP1 is
localized to the basolateral membranes of polaregthelial cells of the intestinal crypt
(Peng et al., 1999), renal distal and collectirtgutes (Peng et al., 1999), and liver (Mayer
et al., 1995; Roelofsen et al., 1997).

P-gp and MRPs are reportedly co-localized with phh@and phase Il metabolizing
enzymes, CYP3A4, UDP-glucuronosyltransferases, glaththioneS-transferases in the
liver, kidney and intestine (Sutherland et al., 3;98urgeon et al., 2001) (Figure 3). The
CYP3A subfamily involves in approximately 40-50%ptfase | metabolism of marketing
drugs (Guengerich, 1995). Specifically, CYP3A4 aots 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 (Wachkerl., 1995). Additionally, the
phase Il conjugating enzymes, such as UDP-glucedtiansferases and glutathioSe-
transferases, may subsequently modify either thasg@h metabolites or the parent
compounds as the conjugated compounds, and fustligect 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 @mdgating enzymes versus MRP2,
within excretory tissues to protect the body agaimssion by foreign compounds, which
also decrease the oral bioavailability of many dr@specially anticancer drugs.

Oral administration of drugs has many advantages iodravenous injection because it
is less invasive, easier to use for the patierat @hronic regimen and more cost-effective
because of decreased hospitalization. The smastine represents the principal site of
absorption for orally administered compounds. Thare two principal pathways,
paracellular and transcellular, in the intestingitfeelium that allows the compounds to
cross. Some small hydrophilic, ionized drugs arsodied via the paracellular pathway for
there small particle size is suitable for pass ughothe 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 agffhlx 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 aeenielves substrates for efflux pumps,
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such as P-gp and MRP2 (Keppler et al., 1999). Taetibn 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 pi@ters present in the enterocytes,
which complete the first cycle of enterohepaticuiation (first-pass extraction). Drugs
that reach the systemic circulation following fipgss extraction by the liver, or through
the lymphatics, will meet the kidneys, which arsoalwell 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 bioavailatyili

Verapamil is a calcium channel-blocker that is widesed as an antiarrhythmic agent
to control supraventricular tachyarrhythmias. Varap is also useful for the treatment of
hypertension, ischemic heart disease and hypeitraindiomyopathy on account of its
potent vasodilating and negative inotropic progsrt{Fleckenstein, 1977; Gould et al.,
1982; Lewis et al., 1978). Treatment with verapaiwilgenerally well tolerated, but
adverse effcts connected with verapamil is pharfogizal effects on cardiac conduction
can arise and may be particularly severe in patieith hypertrophic cardiomyopathies.
Adverse effects on the heart include bradycardi@geentricular block, worsening heart
failure, and transient asystole. These effectsnaee common with parenteral than with
oral therapy. The most troublesome non-cardiac raéveffect is constipation. Nausea
may occur but is less frequently reported. Othereesk effects include hypotension,
dizziness, flushing, headaches, fatigue, dysprevehperipheral oedema. There have been
reports of skin reactions and some cases of dbrdivea function and hepatotoxicity.
Gingval hyperplasia has ocurred. Gynaecomastiabbaga reported rarely (Fleckenstein,
1977; Gould et al., 1982; Lewis et al., 1978).

Verapamil is approximately 90% absorbed from th&trgéntestinal tract, but is subject
to very considerable first-pass metabolism in therland the bioavailability is only about
20%. Verapamil exhibits bi-or tri-phasic eliminatikinetics and is reported to have a
terminal plasma half-life of 2 to 8 hours followiggsingle oral dose or after intravenous
adnimistration. Verapamil is about 90% bound tspla proteins (Schomerus et al., 1976).
In humans, N-desalkylverapamil (D-617) was the nadsindant metabolite in 0-48h urine
at a percentage of the excreted dose of 22%, felioly O-desmethyverapamil (D-703;
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7%), norverapamil (N-desalkylverapamil; 6%) (Eiddeim et al., 1979) (Figure 4).
Norverapamil is an N-demethylated metabolite ofapamil with approximately 20% of
the coronary vasodilating activity of the parentmpound in dogs (Eichelbaum et al.,
1984). The formation of norverapamil and D-617 waediated via hepatic microsomal
cytochrome P450 (CYP) 3A4 and 1A2, and CYP3A and tesser extent, CYP1A2 are
the principal mediators of verapamil biotransfonmatin humans (Levy et al., 2000).
Verapamil is a known to be substrate P-gp as welCaP3A4 (Doppenschmitt et al.,
1999; Adachi et al., 2001; Pauli-Magnus et al., ®@0&aitoh and Aungst, 1995).
Furthermore, it has been reported that the phaseethbolites of verapamil exhibit
different P-gp substrate and inhibition charactess(Haup ermann et al., 1991; Pauli-
Magnus et al., 2000; Woodland et al., 2003). WNildealkylated metabolites (D-617 and
D620) are P-gp substrates, norverapamil and O-dema¢éd metabolite (D-703) are
inhibitors of P-gp function, implying that verapanmetabolites may influence P-gp
mediated drug disposition and elimination. P-gpdcalized with CYP 3A4 at the apical
membrane of the cells in the small intestine (Gotten and Pastan, 1993). Which is a
membrane transporter that actively "pumps" xenadsaiut of cells (Doppenschmitt et al.,
1999). In the small intestine, P-gp is colocalinath CYP3A4 at the apical membrane of
the cells (Gottesman and Pastan, 1993).

Flavonoids are widely distributed in dietary suppésts such as vegetables, fruit, tea
and wine (Hertog et al., 1993b). Flavonoids havenynbaeneficial effects including
antioxidant, antibacterial, antiviral, antiinflamtogy, antiallergic, and anticarcinogenic
actions (Ross and Kasum, 2002; Hodek et al., 20@#2)gh whether these effects can be
attributed to the aglycone forms or their metalslits 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 ingrdrtflavonoid was the flavonol
quercetin (mean intake 16 mg/day). Many flavonoids @biquitous in all parts of the
plant. Flavonoids are polyphenolic compounds pa$sgsl5 carbon atoms; two benzene
rings joined by a linear three-carbon chain (Figa#@. A chromane ring bearing a second
aromatic ring B in position 2, 3 or 4 (Figure 5Bhe oxygen bridge involving the central
carbon atom (g of the three-carbon chain occurs in a rathertéchinumber of cases,

where the resulting heterocyclic is of the furapetyVarious subgroups of flavonoids are
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classified according to the substitution patterhgry C. Both the oxidation state of the
heterocyclic ring and the position of ring B arepormant in the classification. The major
subgroups of flavonids are as followes (FigureRvonols (quercetin, morin, kaempferol,
myricetin, rutin, isorhamnetin), Flavones (apigeniateolin, primuletin), Flavanones
(hesperetin, hesperidin, naringenin, naringin,dicityol), Flavanols, also called catechins
((+)-catechin, (+)-gallocatechin, (-)-epicatechip)-epigallocatechin, (-)-epicatechin 3-
gallate, (-)-epigallocatechin 3-gallate, theaflathreaflavin 3-gallate, theaflavin 3'-gallate,
theaflavin 3,3'-digallate, thearubigins), Anthocigims (cyanidin, delphinidin, malvidin,
pelargonidin, peonidin, petunidin) and Isoflavormi@enistein and daidzein). Most of
these (flavanones, flavones, flavonols, and anticyg) bear ring B in position 2 of the
heterocyclic ring. In isoflavonoids, ring B occupigosition 3.

Although there is strong evidence to suggest beia¢feffects of flavonoids in human
health, the extent and mechanismwibych flavonoids reach the systemic circulatiomiro
dietary sourceare controversial. Plant flavonoids are predomiydiound a$i-glycosides
with flavonols existing a8, 7, and 40-glycosides, whereas other flavonoids, such as
flavonesflavonones, and isoflavones, are mainly glycosdade positiory (Price et al.,
1997; Fossen et al.,, 1998). Dietary flavonoids deglycosylated by cytosoli-
glucosidase (CBG) and lactase phlorizin hydrolégdH) in the small intestine (Day et al.,
1998; Day et al., 2000), followed by conjugationnprily with glucuronic acid in the
small intestine epithelial cells (Gee et al., 2008spy et al., 1999; Spencere et al., 1999).
Ingested flavonoids undergo extensive Phase | dagePll metabolism and are present in
the circulation as a complex mixture of free aghgavith glucuronidated, methylated,
and sulphated forms. However, cleavage by glucdesss at several sites in the body can
restore the aglycone form (Figure 3) (Murota anda®de2003) of which shows enhanced
ability to partition across membranes and accessdellular sites due to its greater
lipophilicity (Spencer et al., 2001).

Several studies have shown that flavonoids can fatelthe activities of both P-gp and
MRP1 (zhang 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
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activity have been observed for silymarin, morind éiochanin A (Zhang and Morris,
2003b). Since P-gp located in the apical membrakeddrle et al., 1998) and some
MRNAs of organic cation transporters (OCT) has &lsen detected (Martel et al., 2001),
the monolayer formed by a human colon carcinomblioel, Caco-2 cell, is used for the
study of membrane permeability, specifically foe ttransport characterization of the
intestinal epithelium. Some flavonoids reduceddéeretory flux of talinolol across Caco-
2 cells, such as hesperetin, quercetin, kaempfgpoheoside, isoquercitrin and naringin,
but none of the selected flavonoids was able ttaoepfH]talinolol from its binding to P-
gp, which might be due to an interaction with Pygjphout 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).

Flavonoids, flavanols, also called catechins, heenhajor flavonoid found in green tea.
Several studies illustrated that tea consumptioghinprovideprotection against stroke,
osteoporosis, liver disease, datterial and viral infections (Mukhtar and Ahmaapo).
Six catechins present in green tea, the most alntirimng (—)-epigallocatechin gallate
(EGCG) followed by (-)-epicatechin gallate (ECG},)-épigallocatechin (EGC), (-)-
epicatechin (EC), (-)-catechin gallate (GC) anddafechin (C) (Chu and Juneja, 1997).
The chemical structures of catechins are showngaré 14. EGCG has a wide range of
biological and pharmacological activities, inclugliantioxidant (Higdon and Frei, 2003),
antimutagenic, and anticarcinogenic activities @& and Hara, 1999). A prospective
cohort study of a Japanese population revealedhbadaily intake of EGCG in green tea
in these subjects was calculated to be 540-720Mugp(et al., 2001), which is about 9-12
mg/kg body weight.

EGCG is largely conjugated in the plasma of mice sas, whereas EGCG exists
mostly in free form in human plasma (Chen et &#97 Lee et al., 2002). When EGCG at
a dose of 10 mg/kg was administered intravenoumshats, thef, of 135 minclearance of
72.5 ml -kg-min* and 4 of 22.5 di/kg were observed, aBGCG is mainly excreted
through bile (Chen et al., 1997). A single oral E&@t a dose of 3 mg/kg in humans
showed T« Of 1.3-1.6 h andipof 2.0 h in the plasma (Lee et al., 2002), and the
bioavailability of EGCG is low. Chen et al. (1997@ported that the bioavailability of
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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&due 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 iteldiniCYP3A4 with the IG
values of 10 and 3(M, 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 bioavailabitityfeGCG. According to the report of
Hong et al. (2003), the presence of the MRP inbibitndomethacin increased EGCG, 4
O-methyl EGCG, and #-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 énpifesence 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 MDCKI!I celilsdicating that EGCG and its methyl
metabolites are substrates for MRP1 and MRP2, dufion P-gp. Based on the location of
MRP2 (apical) and MRP1 (basolateral) in the intestikidney and liver, they would act
adversely to the bioavailability of their substsatlt was reported that the transcript level
of MRP2 was over 10-fold higher than that of MRR1he human jejunum (Taipalensuu
et al., 2001), MRP2 might also paticipate in lowgrihe bioavailability of EGCG in the
intestine. Although EGCG is not the substrate gpPthe inhibitory effect of EGCG on
P-gp was observed in human Caco-2 cells. {@M0f EGCG and the 1M PSC 833 (P-
gp inhibitor) increased the apical-to-basal flux[#] vinblastine across the Caco-2 cell
monolayer by 2.6—fold and increased the accumulaifo®H]vinblastine within the cells
by 2.2— and 3.4—fold (Jodoin et al.,, 2002), respet 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%js result indicates that EGCG
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increases intracellular drug level by modulating@Pfunction, not by down-regulating
MDR1gene transcription and P-gp expression.

The flavonoid, EGCG, was abundant in our dietarpptements. There are many
opportunities that these flavonoids would be adstamed concomitantly with the agents
that are substrates for CYP3A and P-gp in the adinpractice. Since they possess the
ability to inhibit CYP3A and P-gp, they might affethe pharmacokinetics of many
substrate agents. In this study, the pharmacokinéghavior of verapamil and
norverapamil after intragastric and intravenous iatstration of verapamil to rats was
investigated the effect of EGCG on the oral biokmmlity of verapamil and norverapamil

in rats.

2. Materials and methods

2.1. Materials

Verapamil, norverapamil, EGCG, and propranolol [aernal standard for the high-
performance liquid chromatographic (HPLC) analyfsis verapamil and norverapamil]
were purchased from Sigma—Aldrich Corporation (Stuis, MO, USA). Acetonitrile,
triethylamine, and diethylether were products fravierck Corporation (Darmstadt,
Germany). Phosphoric acid was obtained from Ju@seporation (Tokyo, Japan). Other

chemicals were of reagent grade.
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2.2. HPLC analysis

2.2.1. Instrumentation

A high-performance liquid chromatograph (HPLC) exp&id with two solvent delivery
pumps (Model LC-10AD; Shimadzu Co., Kyoto, Japanfluorescence detector (Model
RF-10A), a system controller (Model SCL-10A), deggas(Model DGU-12A) and an
autoinjector (SIL-10AD).

2.2.2. Chromatographic conditions

The fluorescence detector was set at an excitataorelength of 280 nm and an emission
wavelength of 310 nm. The stationary phase wasanidsil KR 100-5 column (5um;
46 mm, i.d.x250 mm, EKA Chemicals, Sweden) and thebile phase was
acetonitrile:0.05 M KHPQ, with 0.05% triethylamine (30:70, v/v; PH 4.0), whiwas run
at a flow rate of 1.5 ml/min. The coefficient ofrision for inter- and intra-day was <
12.5%.

2.2.3. Preparation of stock solutions

Stock solutions of verapamil, norverapamil, and paaplol (an internal standard) were
prepared by dissolving 10 mg of each drug in 1@hmhethanol. All solutions were stored
at —40°C (MDF-292, Sumwon Company, Seoul, South &pore

2.2.4. Preparation of analytical standard solutions

Each standard solution, verapamil and norverparas wrepared by diluting the each
stock solution with methanol immediately prior teeu All preparations were made in 1.5-
ml polyethylene mocrotubes (Axygen Scientific CompacCalif., USA). The standard
solutions of verapamil and norverapamil were alP@, 40, 80, 200, 400 and 800 ng/ml.

The concentration of propranolol was 2 ng/ml.

2.2.5. Sample preparation

The plasma concentrations of verapamil and noramipvere determined by a slight
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modified of an HPLC method reported by Choi et(2004). Briefly, a 4Q4l aliquot of
propranolol HCI (400 ng/ml; an internal standard),20ul aliquiot of 2 N sodium
hydroxide solution, and 1.2 ml of diethylether werdded to a 0.2-ml aliquot of the
plasma sample in a 2.0-ml polypropylene microtulsey@en Scientific Company, Calif.,
USA). The mixture was mixed vigorously with a vormixer (Scientific Industries
Company, NY, USA) for 2 min and centrifuged (13,068m, 10 min) in a micro
centrifuge (Hitachi Company, Tokyo, Japan). A 1I®fthe organic layer was transferred
into a clean micro tube and evaporated atC36nder a dry thermo bath (Rikakikai
Company, Tokyo, Japan). The residue was dissolwezDO pl of the mobile phase and
centrifuged (13,000 rpm, 5 min). A G0-aliquot of the supernatant was directly injected

onto the HPLC column.

2.2.6. Validation procedures

2.2.6.1. Linearity

Standard calibration curves were constructed byngoda 50ul aliquot of verapamil and
norverapamil standard solutions at the concentiataf 8, 20, 40, 80, 200, 400 and 800
ng/ml, and a 5@d aliquot of propranolol at a concentration of 2/mbinto a 0.2-ml
aliquot each rat blank plasma. Thus, the plasnibresibns were 2, 5, 10, 20, 50, 100 and
200 ng/ml for verapamil plus norverapamil. Therge #xtraction procedure was followed
as described above. Calibration curves of verapamil norverapamil were constructed
using the ratio of the peak area of verapamil eve@pamil with that of propranolol. The
linearity was determined by construction of a regren line using the method of least

sum of squares.

2.2.6.2. Recovery

To determine the extraction efficiency, a jdOaliquot of the standard solutions of
verapamil and norverapamil at the concentration®,020 and 100 ng/ml were added
separately to a 0.2-ml aliquot of blank plasma damiw yield concentrations of 5, 20 and
100 ng/ml of verapamil and norverapamil in plasmegpectively. Each of these spiked

blank plasma samples were treated as those inaimple preparation. The absolute
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recovery was calculated by comparing the peak are& % of methanol in deionized

water (n = 5).

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

Intra-day variability was obtained from five diféart rat's plasma samples using the
same calibration curve in a day. Inter-day varigbivas obtained on five different days.
The mean relative standard deviation (RSD) of tleampredicted concentration for the
independently assayed standards provided the neeasfumprecision. Accuracy was
calculated by the percentage deviation of the npradicted concentration of verapamil
and norverapamil from the expected target value.

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

The predetermined criteria for acceptance of botrai and inter-day results were that
the standard concentrations of verapamil and napzenil had to be accurate within +
15% of their nominal values as determined by th&t-beregression line except for the
LLOQ, where + 20% was acceptable. The correlatimefficient (F) also had to be 0.95 or

greater.

2.3. Animal experiments

The protocol of this animal study was approved oy Animal Care Committee of
Chosun University, Gwangju, South Korea. Male Spedawley rats, 7—8 weeks
old and weighing 270-300 g, were purchased fromDhe Han Laboratory Animal
Research Company (EumSung, South Korea) and greendccess to a commercat
chow diet (No. 322-7-1; Superfeed Company, GangvwBoyth Korea) and tap water.
They were maintained in a clean room (College drRiacy, Chosun University) at a
temperature of 22 £ 2 °C with a 12-h light/dark leyand relative humidity of 50—

60%. The rats were acclimated under these condifmmat least 1 week.
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2.4. Drug administration and sampe collection

2.4.1. Intravenous (i.v.) administration of verajiam

Each rat was fasted for at least 24 h prior tofr@gg the experiment. The left femoral
artery (for blood sampling) and the left femoralirvéfor drug administration in the
intravenous study) were cannulated using a polyetleytube (SP45; i.d., 0.58 mm, o.d.,
0.96 mm; Natsume Seisakusho Company, Tokyo, Japhit® each rat was under light
ether anesthesia. Verapamil injectable (dilute@.8% NaCl-injectable solution) at a dose
of 3.0 mg/kg was injected (total injection volumé o5 ml/kg) over 0.5 min via the
femoral vein. A blood sample (0.45 ml) was collectéia the femoral artery into
heparinized tubes at 0 (control), 0.017 (at theafritie infusion), 0.1, 0.25, 0.5, 1, 2, 3, 4,
8, 12 and 24 h after the injection. A blood sampées centrifuged (13,000 rpm, 5 min),
and a 20Q4 aliquot of plasma samples were stored at —40°tll using for the HPLC
analysis of verapamil and norverapamil. A 0.4-niquadt of 0.9% NacCl-injectable solution

was injected through the femoral vein.

2.4.2. Intravenous and oral administration of varaib

Rats were divided into five groupa € 6, each); oral groups [9 mg/kg of verapamil
dissolved in water (3.0 ml/kg)] without (control) with 3 or 15 mg/kg of EGCG (mixed
in distilled water; total oral volume of 3.0 ml/kggnd an intravenous group (3 mg/kg of
verapamil; the same solution used 0.9% NaCl inf@etaolution; total injection volume of
1.5 ml/kg). A feeding tube was used to administapamil and EGCG intra-gastrically.
EGCG was administered 30 min prior to oral admiatgin of verapamil. A blood sample
(0.45 ml aliquot) was collected into heparinizelddsi via the femoral artery at 0, 0.1, 0.25,
05,1, 2, 3, 4, 8, 12 and 24 h for the oral studfole blood (approximately 1 ml)
collected from untreated rats was infused via #mmadral artery at 0.25, 1, 3 and 8 h,
respectively, to replace blood loss due to bloothping. The blood samples were
centrifuged (13,000 rpm, 5 min), and a 3@dGliquot of plasma samples was stored at —
40 °C until the HPLC analysis.
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2.5. Pharmacokinetic analysis

Plasma concentration data were analyzed by nonaamental methods using
WinNonlin software version 4.1 (Pharsight CorparatiMountain View, CA, USA). The
elimination rate constant @i was calculated by the log-linear regression dtiadiem
concentration data during the elimination phase #ra terminal half-life ;) was
calculated as 0.693K The peak concentration {&) of diltiazem in plasma and the time
to reach Gax (tmay Were obtained by visual inspection of the daterfithe concentration—
time curve. The area under the plasma concentrdtina curve (AUC) from time zero to
the time of last measured concentratiopsjGvas calculated by the linear trapezoidal rule.
The AUC zero to infinity (AUG.,) was obtained by adding AYGand the extrapolated
area determined by &/Ke. The total body clearances of oral (CL/F) diltiszevere
calculated from the quotient of the dose (D) arel WG, of the intravenous and oral
routes. The extent of absolute oral bioavailabilfy was calculated by AUC, after oral
administration by AUG., afrer intravenous administration. The relative aviilability
(RB) of verapamil was calculated by AUGpami withAUC erapami withouww The metabolite—
parent ratio (MR) was calculated by AlGerapamfAUCuerapami

2.6. Statistical analysis
The pharmacokinetic parameters were compared asomg-way ANOVA, followed by

a posteriori testing with the Dunnett correctioiff@ences were considered significant at

a level of p < 0.05. All data are expressed in teofnmean + S.D.
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Figure 14. Chemical structures of catechins.
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3. Results and Discusssion

Figure 9 depicts the chromatograms of blank rasmpi sample (A), plasma sample
collected (0.5 hour) after oral administration efapamil (B) to rats. The retention times
of propranolol (an internal standard, IS), verapaamd norverapamil were 4.7, 16, and
13.9 min, respectively. The overall run time last&dmin.

Calibration curves for verapamil (Figure 10) andwveoapamil (Figure 11) constructed
by plotting the ratio of the peak area of verapamihorverpamil to that of propranolol as
a function of the plasma verapamil or norverapamiicentrations (2, 5, 10, 20, 50, 100
and 200 ng/ml). There is a good linearity over thege of 2—200 ng/ml with a mean
correlation coefficient of 0.997 (verapamil) and9¥8 (norverapamil). The typical
equation describing the calibration curve in rgfasma way = 0.0232x + 0.1297 (for
verpamil) andy = 0.0195x — 0.0663 (for norverpamil), wheseis the peak area ratio of
verapamil or norverpamil to propranolol amdis the concentration of verapamil or
norverpamil, respectively.

The recovery of verpamil or norverapamil after lafiquid extraction procedure was
evaluated at three concentrations (5, 20 and 10@Ingespectively). The recovery of the
verapamil and norverapamil was above 84.3-88.0%8216-83.9%, respectively, when
spiked concentration in rat plasma was 2.0 ng/rab(@ 1).

The LOD for verapamil or norverapamil in rat plasdefined as a s/n ratio of greater
than 3 was 2 ng/ml. The LLOQ for verapamil (Tabjeaas 2 ng/ml with an acceptable
precision and accuracy (RSD: 12.6%, deviation: %8.57 = 5). The LLOQ for
norverapamil (Table 3) was 2 ng/ml with an accelgtgiyecision and accuracy (RSD:
13.1%, deviation: -10%, n = 5).

Figure 15 depicts the mean plasma concentratioe—irofiles of verapamil after oral
administration (9 mg/kg) of verapamil with or wittoEGCG (3 or 15 mg/kg). Table 10
lists the pharmacokinetic parameters of verapafter aral administration. EGCG (3 or
15 mg/kg) significantly (p < 0.01) increased the @ldnd the G, of verapamil by 85.2—
127% and 102-136%, respectively, and EGCG incretised,, of norverapamil but not
significantly. EGCG significantly (p < 0.01) decsea the CL/F of verapamil by 46.0—

55.9%. Consequently, the F of verapamil in confgobup was 5.15%, which was
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increased significantly by 9.52-11.7%, and the RBrerapamil increased by 1.85- to
2.27-fold. Verapamil is known to be a substratepRagd CYP3A4 (Doppenschmitt et al.,
1999; Saitoh and Aungst, 1995). EGCG was repouelet a dual inhibitor of CYP3A4
(Muto et al., 2001) and P-gp in human Caco-2 ddiksloin et al., 2002). Kitagawa et al.
(2004) also reported that EGCG inhibited the effbixverapamil in KB-C2 cell. These
results were consistent with the results reporie@Hwi et al., in that flavonoid (quercetin,
naringin, morin), an inhibitor of CYP3A and P-gpgrsficantly enhanced the oral
bioavailability of verapamil and diltiazem in rabb{Choi and Han, 2004; Kim and Choi,
2005; Choi and Li, 2005). Hong et al. (2003) repdrtthat EGCG and its methyl
metabolites are substrates for MRP1 and MRP2, tlrassporters might affect the first-
pass extraction of verapamil. EGCG showed no sianit changes the Kand Tax of
verapamil.

Figure 16 depicts the mean plasma concentratioe—firofiles of norverapamil after
oral administration (9 mg/kg) of verapamil with without EGCG (3 or 15 mg/kg). As
lists in Table 11, EGCG significantly altered thénapmacokinetic parameters of
norverapamil in this study. Compared with the coingroup, the presence of 3 or 15
mg/kg of EGCG significantly (p < 0.01) increased thUC (72.9-93.9%) andfx (65.3—
72.9%), respectively. EGCG was increased theot norverapamil but not significantly,
and the R.B. of norverapamil increased by 1.73.9d-fold. Norverapamil and D-617 are
substrate and inhibitor of P-gp (Pauli-Magnus et 2000; Woodland et al., 2003).These
results suggest the metabolism and excretion ofemapamil in the liver and kidney must
be inhibited by 3 or 15 mg/kg of EGCG. Given th&®&S can either inhibit or stimulate
human CYPs depending upon their structures, coratéans, and experimental conditions,
which might be due to the low plasma concentratibBGCG to inhibit CYP3A and P-gp
in the liver and intestine. EGCG showed no sigaificchanges in the MR, cKkand Tax Of
norverapamil.

Orally administered drugs must pass through thdl smastinal membrane to access the
systemic circulation (Figure 3). Like other lipojhidrugs, most of verapamil is absorbed
via the apical enterocytes of the villi of smaltastine where full of CYP3A and P-gp
rather than via the deep crypts with low level ofRBA and P-gp or the splanchnic

capillaries by paracellular transport, which atitd to the considerable exposure of
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verapamil in CYP3A and P-gp of the enterocyte (FégB). Second, although the protein
binding is not correlated with the exposure in @mterocytes, it is of magnitude for the
exposure in the hepatocytes because only free fam pass through the sinusoidal
membrane of hepatocytes. The high level proteinlibin of verapamil (90%) should be
one of the contributors to its low hepatic firsspaeffect (Schomerus et al., 1976). Last,
the blood flow rate in the liver is 55.2 ml/min/kg rats, and in the value the gut is 30
ml/min/kg (Davies and Morris, 1993). Thus, the lddtow rate in the small intestine is
considerably lower than that in the liver. The stowef blood flow rate would increase
residence time of verapami in the intestine duriingt-pass compared to hepatocyte,
which can be another contributor to the high imbedtfirst-pass extraction of verapamil
than the liver. Choi and Han (2004) reported thegrgetin, a dual inhibitor of CYP3A and
P-gp, significantly enhanced the F of verapamil in rafhe factors within the
gastrointestinal tracsuch as transporter mediated intestigatretion, or gut wall
metabolism may contribute considerataythe variable oral F of verapamil.

The involvement of P-gp in risperidone dispositibas recently been documented
(Boulton et al., 2002, Wang et al., 2004 and Nakagd al., 2005). In the intestine, P-gp
is expressed on the brush-border membrane of eytesoand pumps compounds out of
cells from the cytosol to the intestinal lumen. ks been labelled a transport barrier to
the oral absorption of drugs (Leu and Huang, 199&ker et al., 1996, Lown et al., 1997,
Kim et al., 1998 and Salphati and Benet, 1998). @dwer, P-gp could act along with
CYP3A4 to increase drug presystemic metabolism (6gaml., 1996, Watkins, 1997,
Wacher et al., 1998 and Ito et al., 1999). The abuentioned two mechanisms have been
proposed to explain how P-gp may enhance the egfantestinal absorption. According
to a first mechanism, P-gp activity induces repgatgcles of secretion of drug into the
intestinal lumen, resulting in repeated cycles wdaaption. The residence time of a drug
in the intestine and its exposure to intestinal GX# are lengthened prior to systemic
absorption (Gan et al., 1996). A second mechan&snbeen proposed suggesting that P-
gp may facilitate the removal of intracellular pam metabolites, thus minimising the
potential to produce CYP3A4 inhibition (Lown et,dl997).

The increased bioavailability of verapamil by EGGEggests that CYP3A and P-gp

could be inhibited by EGCG, which resulted in rddgcfirst-pass metabolism of
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verapamil. In the above mentioned results were isterd with the results reported by
Choi et al. (2004), in that flavonoid (quercetinigrsficantly enhanced the oral
bioavailability of verapamil in rabbits (Choi andail 2004). And similar to our previous
study (Choi and Han 2005), morin inhibited P-gp &YP3A, enhanced absorption of
verapamil in rats.

Table 8. Mean (£ S.D.) plasma concentrations oapamil after its intravenous or oral
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administration of verapamil at a dose of 9 mg/kthvar without EGCG at a dose of 3 or

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

Verapamil + EGCG

Time (h) Control Verapamil
(oral) 3 mg/kg 15 mg/kg (i.v:)
0 0 0 0 4836 + 62.1
0.1 35+84 42.0+57.2 49.0 +80.8 1432 + 62.1
0.25 58+ 14 89.0+73.2 103 +£132.6 1025+ 87.5
0.5 56 £ 13.8 117 £ 1155 137 +118.4 676 +90.6
1 36+ 8.6 81.0+149.6 96.0 £ 101.5 367 +78.4
2 24+£6.0 44.0 £ 157.6 53.0+74.5 158 + 74.4
3 17+41 26.0+91.9 33.0+744 88 +58.3
4 11+24 18.5+27.8 23.3+24.7 45 +15.3
8 7.2+1.7 12.7+11.7 15.5+16.0 16.1+11.9
12 50+1.2 8.6 £7.49 10.7+11.4 7.2 +£8.06
24 2.6 +0.63 5.1+5.89 6.4 +8.04 25+6.27

Table 9. Mean (+ S.D.) plasma concentrations of&@pamil after oral administration of
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verapamil at a dose of 9 mg/kg with or without EG&G& dose of 3 or 15 mg/kg to rats (n

= 6, each).
Verapamil + EGCG
Time (h) Control
3 mg/kg 15 mg/kg

0 0 0 0

0.1 12.3+£2.92 16.7 £3.91 17.8+£4.15

0.25 294+7.21 39.2+9.22 42.2 £9.77
0.5 37.1£9.05 62+14.2 64.9+149
1 38.0+9.41 62.8+14.3 65.7 £ 15.2
2 23.7+5.81 38.7 £9.02 41.4 +9.57
3 16.5+4.02 27.1 +6.35 29.2+6.72
4 11.9+£2.76 17.7+£4.28 19.6 £4.53
8 7.8+1.84 13.0+3.15 145+ 3.34
12 54+1.15 8.8+2.09 9.7+2.23
24 2.8+0.69 53%+1.33 6.2+1.43
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Figure 15. Mean plasma concentration—time profieéserapamil following intravenous
(3 mg/kg) or oral (9 mg/kg) administration of veaaml to rats with or without EGCG
(Mean = S.D. n = 6).(Q) Control (verapamil 9 mg/kg, oral)7Y) the presence of 3 mg/kg
of EGCG,; (A) the presence of 15 mg/kg of EGC@) (.v. injection of verapamil 3 mg/kg.

Bars represent the standard deviation.
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Figure 16. Mean plasma concentration—time profilgls norverapamil after oral
administration of verapamil (9 mg/kg) to rats wathwithout EGCG (Mean = S.D., n = 6).
(O) Control (verapamil 9 mg/kg, oral)/) the presence of 3 mg/kg of EGCGA) the
presence of 15 mg/kg of EGCG. Bars represent timelatd deviation.
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Table 10. Mean (x S.D.) pharmacokinetic parametérgerapamil after intravenous or

oral administration of verapamil at a dose of 9kggith or without EGCG at a dose of 3

or 15 mg/kg to rats (n = 6, each).

Control
Parameter
(oral)

Verapamil + EGCG Verapamil

3 mg/kg 15 mg/kg (iv.)

AUC (ng-h/ml) 257 =58

Crax(ng/ml) 58 + 14
T () 0.25
CL/F 583 + 150
K (h) 0.068 + 0.016
tua () 10.0+ 2.4
F (%) 5.15
RB (%) 100

476 + 102 583 + 132 1667 + 403
117 + 286 137 £32.5 -

0.5 0.5 -
315+ 746 257 +57.2 -

0.062 +0.015 0.062 +0.015 0.139 +D.03

11127 11.2+28 51+1.12
9.52 11.7 -
185 227 -

**p < 0.01; compared to control.

AUC: area under the plasma concentration—time cixora 0 to 24 h

Cmax peak concentration
CL/F: total plasma clearence
Kei elimination rate constant

t1o: terminal half-life

Tmax time to reach peak concentration

F: absolute oral bioavailability

RB: relative bioavailability, ratio

Table 11. Mean (x S.D.) pharmacokinetic parametefsnorverapamil after oral

administration of verapamil at a dose of 9 mg/kthvar without EGCG at a dose of 3 or

15 mg/kg to rats (n = 6, each).
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Control Verapamil + EGCG

Parameter
(oral)
3 mg/kg 15 mg/kg
AUC (ng-h/ml) 251 + 64 434 + 109 486 + 120
Crmax(ng/ml) 38.0 £9.01 62.8+ 136 65.7 +14.8
T max() 1.0 1.0 1.0
tya () 991+25 11.7+2.7 12.3+2.7
0.070 + 0.018 0.059 + 0.016 0.056 + 0.016
Ke (h)
MR 0.98 +0.25 0.91 +0.24 0.83+0.22
RB (%) 100 173 194

**p < 0.01; compared to control.

AUC: area under the plasma concentration—time cfiora 0 to 24 h
Cmax peak concentration

K elimination rate constant

t10: terminal half-life

Tmax time to reach peak concentration

RB: relative bioavailability

MR: Metbolite Parent ratio

4. Conclusion

A flavonoid, epigallocatechin gallate, enhanced dnal bioavailability of verapamil.
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Because epigallocatechin gallate have many heattmqting benefits and have no
consistent side effects, it might be availablen@sMDR modulators in the clinical therapy

to improve the F of verapamil in humans.
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