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Abstract

Effects of quercetin and morin on the phar macokinetics of

doxorubicin in rats

Yong-Ji Piao
Advisor: Prof. Jun-Shik Choi, Ph.D.
Department of Pharmacy,

Graduate School Chosun University

Doxorubicin (DOX), an anthracycline antibiotic, pesses broad-spectrum
antineoplastic activity, and is one of the mostami@nt anticancer agents. The purpose of
this thesis is to investigate the effects of flasiols (quercetin and morin) on the
bioavailability or pharmacokinetics of DOX in rat$hus, DOX was administered
intravenously (i.v.; 10 mg/kg) or orally (p.o.; 5@fkg) without or with oral quercetin (0.5,
3 and 10 mg/kg) or morin (0.5, 3 and 10 mg/kg).

In the presence of quercetin (0.5, 3 and 10 mgkg) morin (0.5, 3 and 10 mg/kg), the
total area under the plasma concentration—timeectirom time zero to time infinity
(AUC) and the peak plasma concentration(Cof oral DOX were significantly greater
and higher, respectively, than those of withouvdleids. Consequently, the extent of
absolute oral bioavailability (F) of DOX in the pence of quercetin was considerably
greater than that without quercetin. Compared te ith. control, the presence of
flavonoids increased bioavailability of i.v. DOX.h& enhanced bioavailability of oral
DOX by oral flavonoids may be due to the inhibitiohboth P-glycoprotein (P-gp) and
cytochrome P450 (CYP) 3A subfamily in the intestimel/or liver by flavonoids.

This result may suggest that the development df@@X combination with flavonoids
is feasible, which is more convenient than the desage forms. Furthermore, since the
present study raised the awareness about the j@btdnig interactions by concomitant

use of DOX with flavonoids (quercetin and morime tdosage regimen of DOX should be



taken into consideration, if this result is confadnin clinical studies.

Key words Bioavailability; Pharmacokinetic; DOX; flavonoidQuercetin; Morin; P-gp;
CYP3A subfamily; Rats
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Part |. Effect of Quercetin on the Bioavailabilaf

Doxorubicin in Rats

Abstract

Doxorubicin (DOX), an anthracycline antibiotic, pesses broad-spectrum
antineoplastic activity, and is one of the mostami@nt anticancer agents. The purpose of
this thesis is to investigate the effects of quiéimcehe antioxidant, on the bioavailability
or pharmacokinetics of DOX in rats. Thus, DOX wasmistered intravenously (i.v.; 10
mg/kg) or orally (p.o.; 50 mg/kg) without or witlad quercetin (0.5, 3 and 10 mg/kg).

In the presence of quercetin, the total area utfteiplasma concentration—time curve
from time zoro to time infinity (AUC) and the pegkasma concentration ff) of oral
DOX were significantly greater than those of withgquercetin. Consequently, the extent
of oral bioavailability (F) in the presence of qeetin was considerably greater (28.6%,
86.3% and 144% increase for 0.5, 3 and 10 mg/kguefrcetin, respectively) than that
without quercetin. In the presence of quercetin Ak of i.v. DOX was significantly
< 0.05) greater (35.0% increase for 10 mg/kg ofrcetin) than that without quercetin.
The CL of i.v. DOX was significantlyp(< 0.05) decreased in the presence of quercetin
(20.6% and 22.5% decrease for 3 and 10 mg/kg ofcgtia, respectively) than that
without quercetin. The enhanced bioavailabilityoodl DOX by oral quercetin may be due
to the inhibition of both P-glycoprotein (P-gp) acytochrome P450 (CYP) 3A subfamily
in the intestine and/or liver by quercetin.

This result may suggest that the development df@EX combination with quercetin
is feasible, which is more convenient than the desage forms. Furthermore, since the
present study raised the awareness about the @btdnig interactions by concomitant
use of DOX with quercetin, the dosage regimen of XDGhould be taken into

consideration, if this result will be confirmeddhnical studies.

K ey wor ds Bioavailability; DOX; Quercetin; P-gp; CYP3A subfily; Rats



1. Introduction

Many researchers have attempted to circumvent itidmibof P-glycoprotein (P-gp)
during cytotoxic drug administration. For exampRegp inhibitors, such as verapamil,
cyclosporine, valspodar, GF120918 or LY357739 haneviously been used to enhance
intracellular accumulation of drugs in the multignesistance (MDR) cells (Avendaeb
al., 2002; Gottesmaet al., 2002). P-gp, an important member of the ATP inigetassette
(ABC) family which effluxes substrates out of celils highly expressed in solid tumours
of epithelial origin, such as the colon (Cordon-aet al., 1990) kidney (Fojcet al.,
1987) and breast (Merket al., 1989). Cytochrome P450 (CYP) 3A subfamily, aonaj
phase | drug metabolizing enzyme, are co-localizét P-gp in the liver and intestine
(Wanget al., 2001; Fakhounrgt al., 2005). Thus, a combined role of P-gp and CYP3A
subfamily could decrease oral bioavailability ofige which are substrates of P-gp and
CYP3A subfamily.

Doxorubicin (DOX), an anthracycline glycosidic amaticer drug, impairs DNA
synthesis during tumor cell division. It is mostnuoonly used for the treatment of
lymphoma, osteosarcoma and other sarcomas, caragy@nd melanoma (Schwarzbath
al., 2002; Langeet al., 2006; Lindet al., 2007; Lundbergt al., 2007; Smyliest al., 2007).

It is metabolized to doxorubicinol and the aglycgnedoxorubicinone and 7-
deoxydoxorubicinone (Spett al., 1988) (Figure 1). Doxorubicinol is cytotoxic bikie
aglycones are not. The chronic phase of DOX toxiisitprobably mediated by preferred
metabolic conversion of DOX to doxorubicinol (Mitiotet al., 2004). The DOX
metabolism to doxorubicinol occurs by cytoplasmisDNPH-dependent aldose, aldehyde,
and carbonyl reductases. The main mechanism ofrdbkainol toxicity is its interaction
with iron and subsequent formation of reactive @tygspecies (ROS) affecting
biomacromolecules (Speté al., 1988; Minotti et al., 2004). Doxorubicinol is also
transformed into aglycones (Mroatsal., 1988). DOX is a substrate of P-gp (Gustafaipn
al., 2005). The P-gp is co-localized with CYP3A4 inadinintestine, thus, P-gp and
CYP3A4 may act synergistically for the presystemicg metabolism and lead to the
prolonged exposure of P-gp substrates to CYP3Agtlting in the limited absorption of
drugs (Gottesmasmet al., 1993; Garet al., 1996; Wacheet al., 1998; Kusuharat al.,
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1999; Wacheet al., 2001;).

Flavonoids are the most abundant polyphenolic camg@s present in the human diet,
such as fruits, vegetables, plant-derived beveragash as tea, and red wine. Flavonoids
have a variety of beneficial pharmacological préiper including antitumor, antioxidation,
antiviral, and anti-inflammatory activities (Middta: et al., 2000). On the other hand,
flavonoids are reported to modulate CYP3A4 or Rigreet al., 1994; Chieliet al., 1995;

Di Pietroet al., 2002).

Quercetin (Figure 2) is a member of an extensiasslof polyphenolic flavonoid
compounds that is widely distributed mainly as ghides in components of the daily diet
such as onions, apples, berries, tea and red Wiedqget al., 1992; Hertoget al., 1995).
Currently, quercetin is in clinical trial as an iaahcer therapy and is a potential drug of
the future (Fernet al., 1996). Epidemiological studies in the U.S., froand Asia have
estimated that the daily dietary intake of quercbkti an individual ranges from 4 to 68 mg
(Hertoget al., 1993; Hertoget al., 1995; Rimnet al., 1996; Knektet al., 1997), and even
can be as high as several 100 mg in dietary sumgpltsrand several grams in anticancer
therapy (Lamson and Brignall, 2000). It has beepored that quercetin could
competitively inhibit the members of MDR family, gp; the multidrug resistance
associated proteins 1 (MRP1) and the breast caesistance protein (BCRP) (Scambia
al., 1994; van Zandest al., 2005; Coorayet al., 2004), and the metabolizing enzyme,
CYP3A4 (Guengerich and Kim, 1990; Miniscaleb al., 1992). Dupuyet al. (2003)
reported that the plasma concentration—time cuiwa time zoro to time infinity (AUC)
and plasma concentrations of moxidectin (a sulssfiat P-gp and CYP3A) was greater
and higher, respectively, when used concomitanitly ®0 mg/kg of quercetin in lambs.

Several flavonoids have been shown to be abled®#&se accumulation of anticancer
drugs in resistant human cancer cells. Quercetihitsrmethoxylated derivative inhibited
the efflux of rhodamine-123 and restored sensjtitatDOX in MCF-7 breast cancer cells
(Scambizet al., 1994).

The antioxidant properties of flavonoids and ttaility to chelate free iron could also
be effective in reducing the cardiotoxicity of DO®rally administered quercetin, as a P-
gp and CYP3A inhibitor, may provide anticancer effeto improve the bioavailability of

DOX in combination therapy. Therefore, the purpokthis thesis is to examin the effects



of quercetin on the bioavailability and pharmacekics of DOX in rats.
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2. Materials and methods

2.1. Chemicals

DOX was obtained from Boryung Pharmaceutical Cao(, Republic of Korea).
Quercetin and daunorubicin [internal standard fdére thigh-performance liquid
chromatographic (HPLC) analysis of DOX] were pusathfrom Sigma—Aldrich Co. (St.
Louis, MO, USA). Methanol and acetonitrile (HPLGge) were products from Merck Co.
(Darmstadt, Germany). Other chemicals were of nelageHPLC grade.

2.2. Drug administration

The protocols of the animal studies were approvwedbimal Care Committee of
Chosun University (Gwangju, Republic of Korea). Rlé&prague—Dawley rats (7—8
weeks, weighing 270-300 g) were purchased from Ba® Laboratory Animal
Research Co. (Eumsung, Republic of Korea). Theyevgéren free access to a normal
standard chow diet (No. 322-7-1; Superfeed Co., MYoRepublic of Korea) and tap
water. Throughout the experiment, the animals weresed, four or five per cage, in
laminar flow cages maintained at a temperature2of 2°C, and relative humidity of
50-60%, with a 12:12 h light-dark cycle. The raerevfasted for at least 24 h prior to
start the experiments. Each animal was anaesttatiith ether and the right femoral vein
(for i.v. DOX) and right femoral vein artery (fotdmd sampling) were cannulated with a
polyethylene tube (SP45; i.d., 0.58 mm, o.d., 0.96; Miatsume Seisakusho Co. Ltd,
Tokyo, Japan).

Rats were randomly divided into two groups< 6, each); oral group [50 mg (5 ml)/kg
of DOX dissolved in a distilled water] without (dool) or with 0.5, 3 and 10 mg/kg of
oral quercetin (suspended in distilled water; totahl volume of 3.0 ml/kg), and
intravenous group (10 mg/kg of DOX dissolved in%.™NaCl solution; total injection
volume of 1.5 ml/kg). A feeding tube was used foalcadministration of DOX and
guercetin. Quercetin was administered 30 min goaosral or i.v. administration of DOX.
A blood sample (0.45 ml) was collected into hefdadd tubes via the femoral artery at O
(contral), 0.017 (end of infusion), 0.1, 0.25, 0%, 2, 3, 4, 6, 8, 12 and 24 h for
intravenous study, and 0, 0.1, 0.25, 0.5, 1, B, 8, 8, 12 and 24 h for oral study. A whole

-11 -



blood (approximately 1 ml) collected from untreateds was infused via the femoral
artery at 0.25, 1, 3, 8 and 12 h, respectivelyeflace blood-loss due to blood sampling.
The blood samples were centrifuged (13,000 rpmjr§,rand a 20Qd aliquot of plasma

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

2.3. HPLC analysis of DOX

The concentration of DOX in the sample were anaysg a slight modification of a
reported HPLC method (Andersenal. 1993). Briefly, a 5Q: aliquot of daunorubicin (1
pg/ml; internal standard), and a 1-ml aliquot oftaoérile were added to a 2Q0-aliquot
of sample to deproteinize. The mixture was themegtifor 2 min and centrifuged (13,000
rpm, 10 min). A 0.8-ml aliquot of the upper layeasvtransferred to another clean tube,
and then evaporated under a gentle stream of eitragps at 38°C. The residue was
reconstituted in 20 mobile phase prior to injection (5@) into a Gg reverse phase
column (ODS ThermoHypersil; 4.6 mm, i.d. x 150 nir) um; Thermo Electron Co.,
MA, USA). The mobile phase consisted of 20 mM phage buffer (pH
3.8):acetonitrile:methanol (45:20:35; v/v/v). THew-rate of the mobile phase was 1.0
ml/min and the column eluent was monitored usifflgi@rosence detector at an excitation
wavelength of 460 nm and an emission cut-off fibér580 nm. The retention times of
DOX and dounorubicin (internal standard) were agpnately 3.5 and 5.8 min,
respectively (Figure 4). The detection limit of DQIX rat’s plasma was 2 ng/ml. The

intra- and inter-day coefficients of variation oDX were below 11.3% (Figure 4).

2.4. Pharmacokinetic analysis

The following pharmacokinetic parameters were dated using the non-
compartmental method (WinNonlin software versionl;4Pharsight Corporation,
Mountain View, CA, USA); the total area under thlagma concentration—time curve
from time zero to time infinity (AUC), the total by clearance (CL), the volume of
distribution at steady state (Vss), and the terhfiaH-life (t,,), and the extent of absolute
oral bioavailability (F). The peak plasma concetira(GC.,) and time to reach {ax (Tmay

were directly read from the experimental data.

-12 -



2.5. Satistical analysis

A p-value < 0.05 was deemed to be statistically siggift using a Duncan’s multiple
range test of Statistical Package of Social Scef8@SSposteriori analysis of variance
(ANOVA) program among the three means for the ugbdlata. All data are expressed as

mean * standard deviation.

-13-
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where y is the peak area ratio of DOX to daunoiintand X is the concentration of DOX.
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Table 1. Mean (x S.D.) pharmacokinetic parametdréavo DOX (10 mg/kg) with or

without of oral quercetin to rats € 6, each).

DOX + Quercetin

Parameters DOX
(Control) 0.5 mg/kg 3 mg/kg 10 mg/kg
AUC (ngh/ml)* 1200 *+ 142 1430 + 267 1530 + 2491620 + 424

Terminal half-life (h) 8.90 +2.32 8.88 +1.51 9.79+1.919.98 + 2.64

CL (I/h/kg)’ 42.2+507 359+6.88 33.5+54832.7+8.35
Vss (I/kg) 120 +57.5 102 £33.3  114+48.2 119548
MRT (h) 2.87+1.45 290+1.11 3.42+1.533.74+1.23

4Control was significantlyg < 0.05) different from DOX + Quercetin 10 mg/kg.
® Control was significantlyg(< 0.05) different from DOX + Quercetin 3 and 10/kug

-18 -



Table 2. Mean (x S.D.) pharmacokinetic parametdreral DOX (50 mg/kg) with or

without of oral quercetin to rats € 6, each).

DOX + Quercetin

Parameters DOX
(Control) 0.5 mg/kg 3 mg/kg 10 mg/kg
AUC (ngh/ml)? 210 £ 105 322 £115 499 + 201 691 £132
Terminal half-life (h) 14.7 +7.12 20.1+£11.0 14.0 £ 3.37 18.8 £9.70
Crax(ng/mly* 21.3+8.94 27.3+8.28 46.9+9.80 68.3+8.88
Trmax (h) 0.25 (0.25-0.5) 0.25 (0.25-0.5) 0.25 (0.25-0.5) 0.25 (0.25)
F (%) 17.5 22.5 32.6 42.7

4Control and DOX + Quercetin 0.5 mg/kg were sigmifily (p < 0.05) different from

DOX + Quercetin 3 mg/kg, and 10 mg/kg.

-19-



3. Results

The mean arterial plasma concentration—time pfidei.v. DOX in the presence or
absence of oral quercetin are shown in Fig. 5. fBtevant pharmacokinetic parameters
are listed in Table 1. In the presence of quercétim AUC of i.v. DOX was significantly
(p < 0.05) greater (35.0% increase for 10 mg/kg ofrceiin) than that without quercetin.
The CL of i.v. DOX was significantlyp(< 0.05) decreased in the presence of quercetin
(20.6% and 22.5% decrease for 3 and 10mg/kg ofcetiar respectively) than that
without quercetin. Other pharmacokinetic parametérisv. DOX listed in Table 1 were
not significantly different by quercetin.

The mean arterial plasma concentration—time pfieoral DOX in the presence or
absence of oral quercetin are shown in Fig. 6. fBtevant pharmacokinetic parameters
are listed in Table 2. In the presence of quercétm AUC of oral DOX was significantly
(p < 0.05) greater (138% and 229% increase for 3 @nahlkg of quercetin, respectively)
than that without quercetin. The,& of DOX was significantly § < 0.05) higher in the
presence of quercetin (120% and 221% increase fand 10 mg/kg of quercetin,
respectively) than that without quercetin. The Ftive presence of quercetin was
considerably greater (28.6%, 86.3% and 144% inerdas 0.5, 3 and 10 mg/kg of
quercetin, respectively) than that without querce®ther pharmacokinetic parameters of
DOX listed in Table 2 were not significantly differteby quercetin.
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4. Discussion

With the great interest in herbal products as adteve medicines, much effort is
currently being expanded toward identifying natwampounds from plant origins that
modulate P-gp as well as metabolic enzymes. Howéwere is far less information on the
pharmacokinetic interactions between herbal pradacid anticancer agents. Therefore,
more preclinical and clinical investigations on therbal constituents—drug interaction
should be performed to prevent potential adveraeti@ns or to utilize those interactions
for therapeutic benefits. Therefore, the presemsith evaluated the effects of oral
quercetin, a naturally occurring flavonoid, on thmavailability of DOX in rats, to
examine possible drug interactions between quereeitl DOX via the dual inhibition of
CYP3A and P-gp by quercetin.

Based on the broad overlap in the substrate spitieii as well as co-localization in the
small intestine, the primary site of absorption doally administered drugs, CYP3A4 and
P-gp have been recognized as a concerted barribe tdrug absorption (Cummimsal.,
2002; Benetet al., 2003). Therefore, dual inhibitors against botiiPGBA4 and P-gp
should have a great impact on the bioavailabilitynany drugs.

CYP3A subfamily and P-gp inhibitors might interagth DOX and contribute to the
substantial alteration of their pharmacokineticapagters. Dupuyt al. (2003) reported
that the AUC and plasma concentrations of moxide(@isubstrate for P-gp and CYP3A
subfamily) increased when used concomitantly widhnig/kg of quercetin in lambs. It is
possible that the concomitant administration ofrge@n might affect the bioavailability
or pharmacokinetics of oral DOX.

As summarized in Table 1, the presence of quertetthno effect on pharmacokinetic
parameters of i.v. DOX, although AUC of i.v. DOXcieased with increasing oral
quercetin doses. This suggests that the inhibiitbmetabolism of DOX via CYP3A
subfamily is not considerable.

As listed in Table 2, the presence of quercetimiicantly increased the AUC of oral
DOX. These results were consistant with the repgrbupuyet al. (2003) suggested that
the presence of quercetin might inhibit the CYP3W #he P-gp pathway because orally
administered DOX is a substrate for CYP3A-catalymeetabolism and P-gp-mediated
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efflux in the intestine and liver (Guengerich andnk 1990; Miniscalcoet al., 1992;
Scambieet al., 1994; van Cooragt al., 2004 and Zandest al., 2005). Quercetin might be
able to improve the oral bioavailability of DOX Igltering its absorption pattern or
reducing the gut wall metabolism of this drug. Thessults were consistent with the
report by Choiet al. (2004) in that the presence of quercetin sigaifity increased the
AUC and G, of paclitaxel, a P-gp and CYP3A4 substrate, is,rahd the report by Shin
et al. (2006) in that quercetin significantly increasled AUC of tamoxifen in rats.
Furthermore, since the present study raised thaemsas about the potential drug
interactions by concomitant use of quercetin with>X) the dosage regimen of DOX

should be taken into consideration, if this remuttonfirmed in clinical study.
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5. Conclusion

The enhanced bioavailability of i.v. DOX by orakv¥bnoids may be due to the
inhibition of CYP3A subfamily in the liver by flavmids. The enhanced bioavailability of
oral DOX by oral quercetin may be due to the infopi of both P-gp and CYP3A

subfamily in the intestine and/or liver.
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Part Il. Effect of Morin on the Bioavailability ddoxorubicin

in Rats

Abstract

Doxorubicin  (DOX), an anthracycline antibiotic, pesses broad-spectrum
antineoplastic activity, and is one of the mostami@nt anticancer agents. The purpose of
this thesis is to investigate the effects of motig antioxidant, on the bioavailability or
pharmacokinetics of DOX in rats. Thus, DOX was austéered intravenously (i.v.; 10
mg/kg) or orally (p.o.; 50 mg/kg) with or withoutad morin (0.5, 3 and 10 mg/kg).

In the presence of morin, the total area undemptasma concentration—time curve from
time zero to time infinity (AUC) of DOX was signifantly greater than that of the control.
In the presence of 3 and 10 mg/kg of morin, thekpeancentration (f) was
significantly higher than that of the control. Cegaently, the absolute bioavailability
(AB) of DOX in the presence of morin was 3.7-8.3%hjch was significantly enhanced
compared with that of the control group (2.9%). Thkative bioavailability (RB) of DOX
was 1.30 to 2.90 times higher than that of therobgiroup. Compared to the intravenous
control, the presence of 10 mg/kg of oral morim#igantly increased the i.v. AUC of
DOX, but other pharmacokinetic parameters weresigptificantly affected. The enhanced
bioavailability of oral DOX by oral morin may be eluo the inhibition of both P-
glycoprotein (P-gp) and cytochrome P450 (CYP) 3Bfamily in the intestine and/or liver
by morin.

This result may suggest that the development df @@X combination with morin is
feasible, which is more convenient than the i.vsatg forms. Furthermore, since the
present study raised the awareness about the j@btdnig interactions by concomitant
use of DOX with morin, the dosage regimen of DOXugl be taken into consideration, if

this result is confirmed in clinical studies.

Key words: Bioavailability, Doxorubicin, Morin, P-gp, CYP3Aibfamily, Rats
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1. Introduction

Many researchers have attempted to circumvent itidmibof P-glycoprotein (P-gp)
during cytotoxic drug administration. For exampRegp inhibitors, such as verapamil,
cyclosporine, valspodar, GF120918 or LY357739 haneviously been used to enhance
intracellular accumulation of drugs in the multignesistance (MDR) cells (Avendaeb
al., 2002; Gottesmaet al., 2002). P-gp, an important member of the ATP inigetassette
(ABC) family which effluxes substrates out of celils highly expressed in solid tumours
of epithelial origin, such as the colon (Cordondiaet al., 1990) kidney (Fojcet al.,
1987) and breast (Merket al., 1989). Cytochrome P450 (CYP) 3A subfamily, aanaj
phase | drug metabolizing enzyme, are co-localizé@t P-gp in the liver and intestine
(Wanget al., 2001; Fakhounrgt al., 2005). Thus, a combined role of P-gp and CYP3A
subfamily could decrease oral bioavailability ofige which are substrates of P-gp and
CYP3A subfamily.

Doxorubicin (DOX), an anthracycline glycosidic amaticer drug, impairs DNA
synthesis during tumor cell division. It is mostnuoonly used for the treatment of
lymphoma, osteosarcoma and other sarcomas, caragy@nd melanoma (Schwarzbath
al., 2002; Langeet al., 2006; Lindet al., 2007; Lundbergt al., 2007; Smyliest al., 2007).
DOX is a substrate of P-gp (Gustafsenal., 2005), and one or more enzymes of the
CYP3A subfamily plays a role in DOX metabolism (ISt et al., 1995).

Flavonoids are the most abundant polyphenolic ceamge present in the human diet,
such as fruits, vegetables, tea, and red wine.oRlasids have a variety of beneficial
pharmacological properties, including antitumor,ti@idation, antiviral, and anti-
inflammatory activities (Middletoret al., 2000). On the other hand, flavonoids are
reported to modulate CYP3A4 and/or P-gp (keeal., 1994; Chieliet al., 1995; Di Pietro
etal., 2002).

Morin (3, 5, 7, 2 4-pentahydroxyflavone) is a flavonoid constituennwiny herbs and
fruits. In vitro studies morin have a variety of beneficial adigt including antioxidation
(Kok et al., 2000), anti-mutagenesis (Franeisal., 1989) and anti-inflammation (Faeg
al., 2003). Like its isomer quercetin, orally admiared morin is absorbed easily in the

intestine of rodents but it is mainly metabolizedgducuronides and sulfates (Hsinal .,
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2001; Houet al., 2003). A previous study showed that morin inteithi P-gp mediated
cellular efflux of P-gp substrates (Zhang and Mgr003). Bueningt al. (1981) also
reported that morin could inhibit cytochrome P-4BBuctase in human liver microsomes.
This implied that morin might affect the absorptiometabolism, and elimination of DOX.
Morin significantly increased the area under thespia concentration—time curve (AUC)
of paclitaxel, etoposide and tamoxifen in rats,akhinight be due to the inhibition of P-gp
efflux and CYP3A subfamily metablism in the intesti(Choiet al., 2006; Liet al., 2007;
Shin et al., 2008). Furthermore, morin and anticancer agemsid be prescribed
concomitantly for improving cancer therapy, becatlgemorin has beneficial effect such
as anticancer and antioxidant activity.

Therefore, the aim of this study was to examine thi@availability and
pharmacokinetics of DOX after the oral or intraves@dministration of DOX with morin

in rats.
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2. Materials and methods

2.1. Chemicals

DOX were obtained from Boryung Pharmaceutical (Seoul, Republic of Korea).
Morin and dounorubicin [internal standard for theighaperformance liquid
chromatographic (HPLC) analysis of DOX] were pusathfrom Sigma—Aldrich Co. (St.
Louis, MO). Other chemicals were of reagent or HRjt&de.

2.2. Animals

Male Sprague-Dawley rats, 7-8 weeks old and wemgi@0-300 g, purchased
from the Dae Han Laboratory Animal Research CompéymSung, Republic of
Korea) were given free access to a commeratathow diet (No. 322-7-1; Superfeed
Company, Wonju, Republic of Korea) and tap watdreyf were maintained in a clean
room (College of Pharmacy, Chosun University) &mperature of 22 +°€ with 12-h
light and dark cycles and a relative humidity of~-60%. The rats were acclimated
under these conditions for at least 1 week. Thepadtocol of this animal study was
approved by Animal Care Committee of the Chosunversity (Gwangju, Republic
of Korea). Each rat was fasted for at least 24ibr o start of the experiment. The left
femoral artery (for blood sampling) and the lefnfgal vein (for drug administration only
for intravenous study) were cannulated using aqiblglene tube (SP45; i.d., 0.58 mm,
0.d., 0.96 mm; Natsume Seisakusho Co. Ltd, Tokgpad) while each rat was under light

ether anesthesia.

2.3. Intravenous and oral administration of DOX

Rats were randomly divided into two groups=6, each); oral group [50 mg (5 ml)/kg
of DOX dissolved in a distilled water] without (dool) or with 0.5, 3 and 10 mg/kg of
oral morin (mixed in distilled water; total oral lume of 3.0 ml/kg), and intravenous
group (10 mg/kg of DOX dissolved in 0.9% NaCl smot total injection volume of 1.5
mi/kg). A feeding tube was used for oral adminigtra of DOX and morin. Morin was
administered 30 min prior to oral administration@®X. A blood sample (0.45 ml) was

collected into heparinized tubes via the femordérgrat O (control), 0.017 (end of
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infusion), 0.1, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12 @dch for intravenous study, and 0, 0.1, 0.25,
05,1, 2, 3,5, 6,8, 12 and 24 h for oral stullywhole blood (approximately 1 ml)
collected from untreated rats was infused via #madral artery at 0.25, 1, 3, 8 and 12 h,
respectively, to replace blood-loss due to blooth@eng. The blood samples were
centrifuged (13,000 rpm, 5 min), and a 30@liquot of plasma samples was stored at —
40°C until the HPLC analysis.

2.4. HPLC analysis of DOX

The HPLC assay of Andersenal. (1993) was used to analyze DOX levels, with minor
modifications. Briefly, a 5@l aliquot of daunorubicin (g/ml; internal standard), and a 1
mL aliquot of acetonitrile was added to each 20Gample to precipitate proteins and
extract DOX. The mixture was then stirred for 2 naind centrifuged (13,000 rpm, 10
min). A 0.8 mL aliquot of the upper layer was trf@msed to another clean microtube, and
then evaporated under a gentle stream of nitroges at 38°C. The residue was
reconstituted in 20@Ql mobile phase prior to injection (50) into a Gg reverse phase
column (ODS ThermoHypersil; 4.6 mm, i.d.x150 mn@ jom; Thermo Electron Co., MA,
USA). The mobile phase consisted of 20 mM phosphaiaffer (pH
3.8):acetonitrile:methanol (45:20:35; v/viv). THew-rate of the mobile phase was 1.0
ml/min and the column eluent was monitored usiffigi@rosence detector at an excitation
wavelength of 460 nm with an emission cut-off filef 580 nm. The retention times of
DOX and dounorubicin (an internal standard) wer@raximately 3.5 and 5.8 min,
respectively. The detection limit of DOX in rat'sapma was 2 ng/ml. The intra- and inter-

day coefficients of variation of DOX were below 1%.3

2.5. Pharmacokinetic analysis

The following pharmacokinetic data were analyzsithgi the non-compartmental method
(WinNonlin software version 4.1; Pharsight Corpimat Mountain View, CA, USA). The
half-life (t;,) was calculated by 0.693/KThe peak concentration {§) and the time to
reach peak concentration.(;J) of DOX directly read from the experimental datae area
under the plasma concentration—time curve (AlYGrom time zero to the time of last

measured concentration {& was calculated by the linear trapezoidal rulee BUC zero
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to infinite (AUGC,_,) was obtained by the addition of Ald¢€and the extrapolated area was
determined by /K. The total body clearance for intravenous {Chnd oral
administration (CL/F) was calculated from the genotiof the dose (D) and AYC. The
absolute bioavailability (AB) was calculated by AUZAUC, xDose,/Dosg, *100,and

the relative bioavailability (RB) was estimatedAyC .. ./AUC_ . X100

2.6 Satistical analysis

A p-value < 0.05 was deemed to be statistically sicgilt using a Duncan’s multiple
range test of Statistical Package of Social Scef@SSposteriori analysis of variance
(ANOVA) program among the three means for the ugbdlata. All data are expressed as
mean * standard deviation.
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Figure 7. Mean arterial plasma concentration—time profiles @OX after oral
administration of DOX at a dose of 50 mg/kg in firesence of morin at doses of 0.5
mg/kg (©; n = 6), 3 mg/kg ¥; n = 6) and 10 mg/kg\{; n = 6) or absences( n = 6) of

morin to rats. Bars represent stnandard deviation.
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Figure 8. Mean arterial plasma concentration—time profilésD@OX after intravenous
administration of DOX at a dose of 10 mg/kg in firesence of morin at doses of 0.5
mg/kg (©; n = 6), 3 mg/kg ¥; n=6) and 10 mg/kg\{; n = 6) or absences( n = 6) of

morin to rats. Bars represent stnandard deviation.
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Table 3
Mean (x S.D.) pharmacokinetic parameters of DOXraftral administration of DOX at a
dose of 50 mg/kg in the presence or absence (dpwfronorin at doses of 0.5, 3 and 10

mg/kg to ratsrf = 6, each)

DOX + Morin
Parameters DOX

(Control) 0.5 mg/kg 3 mg/kg 10 mg/kg
AUC (ngh/ml) 214 +41.1 279 +57.2  453+94.6 620 + 127
Crmax(ng/ml) 21.3+4.30 26.8 +5.60 42.2+882 59.4+123
Tmax (N) 0.25 0.25 0.25 0.25
CL/F (I/min/kg) 4.66 +0.98 3.58 £0.75 2.21+0.46 1.61+0.34
t12(h) 13.8 +2.90 14.8 +3.11 14.9 +3.12 15.2 +3.17
AB (%) 2.9+0.55 3.7+0.74 6.1+1.21 8.3+1.70
RB (%) 100 130 212 290

"p < 0.05,"p < 0.01 significant difference compared with the colnt
AUC: area under the plasma concentration—time cénwa zero to time infinity; Gax
peak concentration; k. time to reach peak concentration; CL/F: total yootkarance;

ty2: the terminal half-life; AB: absolute bioavailabit RB: relative bioavailability.
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Table 4

Mean (+ S.D.) pharmacokinetic parameters of DOXrafhtravenous administration of

DOX at a dose of 10 mg/kg in the presence or ales@aantrol) of morin at doses of 0.5, 3
and 10 mg/kg to rats1(= 6, each)

DOX + Morin
Parameters DOX

(Control) 0.5 mg/kg 3 mg/kg 10 mg/kg

AUC (ngh/ml) 1500 + 312 1765 + 367 1878 +387 1992 +'406

CL; (ml/min/kQ) 111 +25.2 945 +19.6 88.7+14.4 B3.13.7

t12(h) 8.05+1.70 8.37+1.73 8.61+1.80 8.83+1.82

"p < 0.05, significant difference compared with thetcoln

AUC: area under the plasma concentration—time cfnwa zero to infinity; Cl: total
body clearancejs: terminal half-life.
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3. Results

The mean plasma concentration—time profiles of DiGllowing oral administration to
rats in the presence or absence of oral morin laustrated in Figure 7. The mean
pharmacokinetic parameters of DOX are also listed@able 3. As shown in Table 3, the
presence of morin significantly altered the pharohkétetic parameters of DOX.
Compared with the control group (given oral DOX re@p the presence of morin
significantly increased the area under the plasareentration time curve from zero to
time infinity (AUC) (p < 0.05 at 0.5 mg/kgp < 0.01 at 3 and10 mg/kg) and the peak
concentration (G (p < 0.05 at 3 mg/kgp < 0.01 at 10 mg/kg) of DOX by 30.4-190%
and 98.1-179%, respectively, and significantly medlthe total body clearance (CL/F) of
DOX (p < 0.05, 3 and 10 mg/kg) by 52.6-65.4%. The absdbibavailability (AB) of
DOX was significantly elevatep(< 0.05 at 0.5 mg/kgp < 0.01 at 3 and 10 mg/kg) by
3.7-8.3%, compared with the control group (2.9%)e Telative bioavailability (RB) of
DOX in the presence of morin (0.5, 3 and 10 mgikg$ 1.30 to 2.90 times higher. There
was no significant difference in the time to repelak concentration (L, or the terminal
half-life (t;,) of DOX in the presence of morin.

The mean plasma concentration—time profiles of DO@Xlowing intravenous
administration to rats in the presence or absehcgab morin are illustrated in Figure 8.
The mean pharmacokinetic parameters of DOX arelata in Table 4. Table 4 shows
the corresponding pharmacokinetic parameters. Cadpwith the control group, the
presence of morin at 10 mg/kg increased the AUC8(82 of i.v. DOX significantly | <
0.05). The Gax tr2and Thax Of i.v. DOX were not affected by morin.
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4. Discussion

With the great interest in herbal products as adteve medicines, much effort is
currently being expanded toward identifying natwampounds from plant origins that
modulate P-gp as well as metabolic enzymes. Howéwere is far less information on the
pharmacokinetic interactions between herbal pradacid anticancer agents. Therefore,
more preclinical and clinical investigations on therbal constituents—drug interaction
should be performed to prevent potential adveraeti@ns or to utilize those interactions
for therapeutic benefits. Therefore, the preseasithevaluated the effects of morin, a
naturally occurring flavonoid, on the bioavailatyilof DOX in rats, to examine possible
drug interactions between morin and DOX via thel dofibition of CYP3A subfamily
and P-gp by morin.

Based on the broad overlap in the substrate spitieifi as well as co-localization in the
small intestine, the primary site of absorption doally administered drugs, CYP3A and
P-gp have been recognized as a concerted barribe tdrug absorption (Cummimtal.,
2002; Benett al., 2003). Therefore, dual inhibitors against bodPGA and P-gp should
have a great impact on the bioavailability of manygs.

CYP3A subfamily and P-gp inhibitors might interagth DOX and contribute to the
substantial alteration of their pharmacokinetic apaeters. Since cyclosporin and
verapamil, both substrates for CYP3A, increased DQlXsma concentrations, it is
possible that one or more enzymes of the CYP3A auity play a role in DOX
metabolism (Kivistoet al., 1995). Morin inhibited P-gp-mediated efflux cdiwchomycin,
which was comparable to verapamil, a potent P-gjbitor (Bueninget al., 1981; Zhang
and Morris, 2003). It is possible that the concamitadministration of morin might affect
the bioavailability or pharmacokinetics of orallgrainistered DOX.

As listed in Table 3, the presence of morin sigaifitly increased the AUC and reduced
the CL/F of oral DOX. These results were consistaith the report by Bueningt al.
(1981) and Zhang andlorris, (2003) suggested that the presence of mmight inhibit
the CYP3A and the P-gp pathway because orally ddtaned DOX is a substrate P-gp-
mediated efflux and metabolited by CYP3A subfanilyhe intestine and/or liver. Morin

might be able to improve the oral bioavailabilifylOX by altering its absorption pattern
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or reducing the gut wall metabolism of this drugpe$e results were consistent with the
report by Chokt al. (2006) in that the presence of morin significamticreased the AUC
and G, Of paclitaxel, a P-gp and CYP3A4 substrate, is,rahd the report by ldt al.
(2007) in that morin significantly increased the @lbf etoposide in rats. Shigt al.
(2008) also reported that the presence of the matimloses of 2.5 and 7.5 mg/kg
significantly increased the AUC ang,.£& of tamoxifen, a P-gp and CYP3A4 substrate, in
rats.

As listed in Table 4, the presence of 10 mg/kg ofimsignificantly increased the AUC
of intravenous DOX. However, morin had no effectather pharmacokinetic parameters
of intravenous DOX, although it exhibited a sigediint effect on the bioavailability of oral
DOX. This result is contrast to a report bydtial. (2007) showing that the presence of
morin did not increase the AUC of intravenous egige in rats.

Collectively, the bioavailability of oral DOX wasigsificantly increased by the
concomitant use of morin via the inhibition of tRegp mediated efflux and first-pass
metabolism of DOX in the intestine and/or liver.i§tresult may suggest that the
development of oral DOX preparations as a combanatiith morin is feasible, which is
more convenient than the i.v. dosage forms.

Furthermore, since the present study raised thaemsas about the potential drug
interactions by concomitant use of morin with DQKe dosage regimen of DOX should

be taken into consideration, if this result will @@nfirmed in clinical study.

- 40 -



5. Conclusion

The presence of morin enhanced the oral bioavétlalf DOX, which might be
attributed to the promotion of intestinal absorptiand a reduction of the first-pass
metabolism of DOX. This result may suggest that terelopment of oral DOX
preparations as a combination with morin is feasilthich is more convenient than the

i.v. dosage forms.
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