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                                           조선대학교 대학원

                                           바이오신약개발학과

                   

  플라보노이드는 항산화제, 화학예방제와 화학감작제 등으로 이용되

고 있다. 화학감작제는 항암제 투여 시 동반되는 다약물 내성을 피하

기 위해 개발된 것으로, 플라보노이드는 P-glycoprotein의 ATP 결합

부위에 상호 작용하는 새로운 화학감작제의 종류로 여겨지고 있다. 항

암제 중 택솔(paclitaxel)은 위장 점막에 존재하는 P-glycoprotein의 

기질로 내성뿐만 아니라 낮은 생체이용율이 문제되고 있다.

  본 연구는 다양한 hydroxy (OH) 및/또는 methoxy (OCH3, OMe) 그

룹을 가진 11개 플라보노이드의 구조에 기초하여, 1,1-diphenyl-2-

picrylhydrazyl를 이용한 플라보노이드 자체의 항산화 작용과 

2’,7’-dichlorofluorescein diacetate를 이용한 세포내에 항산화 작용을 

확인하였으며, P-glycoprotein 과발현 내성세포인 AML-2/D100에서 

3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyl-tetrazolium bromide 실험



- VIII -

을 이용하여 항암제인 vincristin의 존재 유․무의 상태로 세포독성과 화

학감작 효과를 측정하였다. 또한 낮은 독성과 화학감작 효과를 보이는 

플라보노이드를 선별하여 Caco-2 세포에서 paclitaxel을 HPLC 방법

으로 측정하였다.

  3,5,7,3’,4’–hydroxyflavone의 항산화 효과는 5,7,3’,4’-hydroxyflavone

보다 더 높은 효과를 보였으며, 다양한 methoxy 그룹으로 치환된 플

라보노이드는 항산화 효과가 감소되었다. 7-hydroxy 혹은 5,7-

hydroxy 그룹을 가진 플라보노이드는 가장 높은 세포 독성을 보였고, 

5,7-methoxy 그룹을 가진 플라보노이드가 세포 독성을 초래하는 것을 

알 수 있었다. 5,7,3’,4’,5’-methoxyflavone과 5,7,4’-methoxyflavone

의 세포 성장을 50% 억제하는 IC50값은 0.4 μM과 1.4 μM, 

5,6,7,3’,4’-methoxyflavone과 5,6,7,3’,4’,5’-methoxyflavone의 IC50값

은 3.2 μM과 0.9 μM이었고, 5,6,7,3’,4’,5’-methoxyflavone과 

5,7,3’,4’,5’-methoxyflavone의 IC50값은 0.9 μM과 3.2 μM이었다. 플

라보노이드 중 높은 화학감작 지수를 보인 7,3’,4’–methoxyflavone 

(TMF)을 선택한 후 P-glycoprotein 억제제인 verapamil과 paclitaxel

의 생체이용율 증진 활성을 비교하였다. Paclitaxel은 basolateral (BL)

에서 apical (AP)로의 이동이 AP에서 BL로의 이동보다 10배 더 높았

다. TMF나 verapamil 처치 시 AP에서 BL로의 이동이 증가

되었으며, BL에서 AP로의 이동은 감소되어, 결국 50 μM TMF의 

paclitaxel 이동의 순수효과는 50 μM verapamil과 비슷하였다. 또한 

TMF와 paclitaxel을 AP에 투여 후 BL로 이동한 paclitaxel이 

P-glycoprotein를 과발현하고 있는 paclitaxel 내성세포 SK-MES-1/

PT4000의 감수성을 증가시켰다.

  이상의 결과는 3-hydroxy 그룹을 가진 플라보노이드는 항산화 효
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과가 있었고, 5-hydroxy 및/또는 7-hydroxy 그룹을 가진 플라보노이

드는 높은 세포독성을 보였다. 3’-methoxy 및/또는 5’-methoxy 그룹

을 가진 플라보노이드는 P-glycoprotein 억제효과를 보였으나, 

6-methoxy 그룹을 가진 플라보노이드는 P-glycoprotein 억제 효과를 

보이지 않았다. 또한, 항산화 작용과 P-glycoprotein 억제작용 사이에 

역비례 관계가 있었다. 그러므로 낮은 독성을 가진 플라보노이드 

TMF는 P-glycoprotein 억제 뿐만 아니라 paclitaxel의 생체 이용율을 

증가시키는데 이용될 수 있을 것으로 사료된다.



- 1 -

I. I. I. I. INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

  Flavonoids are ubiquitous in photosynthesizing cells and 

therefore occur widely in the plant kingdom (Havsteen, 1983). 

Flavonoids are constituents of fruits, vegetables, nuts, 

plant-derived beverages, traditional eastern medicines and 

herb-containing dietary supplements. Human have consumed 

flavonoids and other dietary phenolics since the arrival of human 

life on earth. Over 4000 different naturally occurring flavonoids 

have been described (Middleton and Kandaswami, 1994) and the 

list is still growing. Flavonoids have been known as plant 

pigments for over a century and belong to a vast group of 

phenolic compounds that are widely distributed in all foods of 

plant origin (Galati and O'Brien, 2004). The basic structural 

feature of flavonoid compounds is the 2-phenyl-benzopyrane or 

flavane nucleus, which consists of two benzene rings (A and B) 

linked through a heterocyclic pyrane ring (C) (Brown, 1980; 

Figure 1). Flavonoids constitute, one of the most characteristic 

classes of compounds in higher plants, are frequently 

components of the human diet including aurone, isoplavones, 

chalcone, flavanone, flavone, and anthocyanindin (Cushine and 

Andrew, 2005; Figure 2). Flavonoids have been used as 

antioxidants, chemopreventive or anticancer drugs and 

chemosensitizers (Choi, 2005; Duraj, et al., 2005; Middleton and 
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Chithan, 1993; Harborne and Williams, 2000).

  Flavonoids have been shown to be effective scavengers of 

reactive oxygen species (ROS) (Rusak, et al., 2005). Oxygen free 

radicals and their by-products, which are capable of causing 

oxidative damage, are collectively referred to as ROS. As shown 

in Figure 3, a small amount of reactive intermediates, such as 

superoxide radical (O2

-
･), hydrogen peroxide (H2O2) and hydroxyl 

radical (･OH) are formed (Harborne and Williams, 2000; Halliwell 

and Gutteridge, 1984; Michikatsu, et al., 1996; Barry, et al., 

1995). Superoxide radicals (O2

-
･) are general from molecular 

oxygen or hydrogen peroxide by an one-electron transfer 

reaction (Keiicchi, et al., 1990). ROS have been implicated in the 

pathogenesis of a wide variety of human diseases when 

produced in excess quantities (Sen and Packer, 1996). Cells 

possess antioxidant systems to protect themselves against 

dangerous ROS. Therefore, a delicate balance between 

intracellular oxidants and antioxidants can influence health and 

aging (Bonnefoy, et al., 2002). Because ROS are produced 

continually, antioxidants must be continually present at their sites 

of production at high concentrations. A temporary decrease in 

the antioxidant concentration at a susceptible location, results in 

the accumulation of oxidative damage, which cannot be 

prevented or repaired by the late addition of the antioxidants 

(Kohen and Nyska, 2002). Flavonoids have been suggested that 

flavonoid anticancer activities depend heavily on their antioxidant 
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Figure Figure Figure Figure 3. 3. 3. 3. Generation Generation Generation Generation of of of of peroxides peroxides peroxides peroxides from from from from radical radical radical radical chain chain chain chain reaction  reaction  reaction  reaction  

    (Lee, (Lee, (Lee, (Lee, 1998).1998).1998).1998).



- 6 -

and chelating properties (Duthie and Dobson, 1999; Korkina, 

1997). The chemopreventive effects of flavonoids are believed to 

result from their ability to scavenge ROS whereas the pro-oxidant 

effect of flavonoids has been shown to be responsible for their 

anticancer and apoptosis-inducing effects (Galati and O'Brien, 

2004; Srinivasan, et al., 2002; Tobi, et al., 2002). Accordingly, 

exogenous antioxidants have been used for long time. 

  The oxidation of lipids, DNA, proteins, and other biologic 

molecules by ROS may cause DNA mutation or/and serve to 

damage target cells, and this may result in various pathological 

cellular disturbances (Rusak, et al., 2005). The property of many 

flavonoids to alter the expression and activities of numerous 

enzymes involved in the regulation of cell cycle (Casgrande and 

Darbon, 2000; Gerritsen, 1998; Agullo, et al., 1997) and of 

apoptosis (Wang, et al., 1999; Constantinou, et al., 1998) has 

been studied by several authors. Mitogenic signals commit cells 

to entry into a series of regulated steps allowing traverse of the 

cell cycle. Synthesis of DNA (S phase) and separation of two 

daughter cells (M phase) are the main features of cell cycle 

progression. The time between the S and M phases is known as 

G2 phase. This phase is important to allow cells to repair errors 

that occur during DNA duplication, preventing the propagation of 

these errors to daughter cells. In contrast, the G1 phase 

represents the period of commitment to cell cycle progression 

that separates M and S phases as cells prepare for DNA 
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duplication upon mitogenic signals (Ren, et al., 2003; Zi, et al., 

1998; Choi, et al., 2001; Casagrande and Darbon, 2001). Flavonoids 

have been found to arrest cell cycle progression either at G1/S 

or at G2/M boundaries, but conflicting results have been reported 

with regard to the stage-specific cell cycle arrest caused by the 

flavonoid quercetin (Casgrande and Darbon, 2000).

  Flavonoids may exert their effects is through their interaction 

with phase I metabolizing enzymes (cytochrome P450), which 

metabolically activate a large number of procarcinogens to 

reactive intermediates that can interact with cellular nucleophiles 

and ultimately trigger carcinogenesis. Flavonoids are demonstrated 

to inhibit the activities of certain P450 isozymes such as CYP1A1 

and CYP1A2 (Le Marchand, et al., 2000; Moushumi, et al., 1999; 

Tsyrlov, et al., 1994). Thus, they are likely to have a protective 

role against the induction of cellular damage by the activation of 

carcinogens (Ren, et al., 2003). 

  The development of multidrug resistance (MDR) by tumor cells 

is a major impediment to the success of cancer chemotherapy. 

Overexpression of membrane transporters have been believed as 

major mechanisms of MDR. These include the P-glycoprotein 

(Pgp, Riordan and Ling, 1979), the multidrug resistance-associated 

protein (MRP, Cole, et al., 1994), and the breast cancer resistance 

protein (BCRP, Maliepaard, et al., 1999) that are members of the 

ATP binding-cassette (ABC) superfamily of membrane transporters 

(Figure 4). The MDR phenotype is characterized by decreased 
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accumulation and enhanced efflux of anticancer drugs, which is 

reversible upon treatment with P-glycoprotein inhibitors such as 

verapamil, and cyclosporine A. (Choi, et al., 2002). Structure and 

function of P-glycoprotein are shown in Figure 5-8, P-glycoprotein 

consists of two homologous halves each containing a 

transmembrane domain (TMD) involved in drug binding and 

efflux, and a cytosolic nucleotide-binding domain (NBD) involved 

in ATP binding and hydrolysis, with an overall (TMD-NBD) 2 

domain topology. Certain flavonoids have been reported to 

possess potent inhibitory activity against the drug exporting 

function of P-glycoprotein, a plasma membrane ATP-binding 

cassette transporter that extrudes cytotoxic drugs at the expense 

of ATP hydrolysis (Conseil, et al., 1998; Di pietro, et al., 1999). 

Modulation by flavonoids of cell multidrug resistance mediated by 

P-glycoprotein may be through (1) inhibiting the overexpression 

of multidrug resistance gene-1 (MDR1, Kioka, et al., 1992), (2) 

direct binding to NBDs with high affinity (Di Pietro, et al., 1999), 

(3) inhibiting ATPase activity, nucleotide hydrolysis and 

energy-dependent drug interaction with transporter-enriched 

membranes (Shapiro and Ling, 1997; Di Pietro, et al., 2002; 

Figure 9). Chemosensitizers have been screened and developed 

in order to circumvent MDR by concomitant administration with 

anticancer drugs. Flavonoid considered to be a new class of 

chemosensitizers.
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Figure Figure Figure Figure 4. 4. 4. 4. Structure Structure Structure Structure of of of of representative representative representative representative ABC ABC ABC ABC transporters.transporters.transporters.transporters.
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Figure Figure Figure Figure 5. 5. 5. 5. 3D 3D 3D 3D structure structure structure structure of of of of P-glycoprotein P-glycoprotein P-glycoprotein P-glycoprotein ((((PgpPgpPgpPgp,,,,    ABCB1;ABCB1;ABCB1;ABCB1;MDR1MDR1MDR1MDR1).).).).
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Figure Figure Figure Figure 6. 6. 6. 6. P-glycoprotein P-glycoprotein P-glycoprotein P-glycoprotein structure structure structure structure (Di (Di (Di (Di Pietro, Pietro, Pietro, Pietro, et et et et al.al.al.al., , , , 1999).1999).1999).1999).
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Figure Figure Figure Figure 7. 7. 7. 7. Simplified Simplified Simplified Simplified cartoon cartoon cartoon cartoon of of of of P-glycoprotein P-glycoprotein P-glycoprotein P-glycoprotein structure structure structure structure and and and and functionfunctionfunctionfunction

                  (www.cyto.purdue.edu/class/bms524/524lect11.ppt).
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Figure Figure Figure Figure 8. 8. 8. 8. Effect Effect Effect Effect of of of of MDR MDR MDR MDR transporters transporters transporters transporters on on on on drug drug drug drug accumulation.accumulation.accumulation.accumulation.
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  Taxol (paclitaxel) is a naturally occurring diterpenoid (originally 

isolated from the Pacific yew tree) that belongs to a new class 

of antimicrotubule anticancer drugs (Rowinsky and Donehower, 

1995; Rowinsky, et al., 1992). 

The current clinical formulation of paclitaxel is an important  

anti-cancer agent against breast, ovary and non-small cell lung 

cancers (Rowinsky, et al., 1992). However, paclitaxel chemotherapy 

presents two major problems: its administration route and drug 

resistance. The current clinical paclitaxel formulation has 

significant side effects, including allergic shock, that are related 

to the use of Cremophor EL/ethanol as co-solvents in the 

intravenous formulation; these co-solvents are necessary due to 

its poor aqueous solubility (Dorr, 1994). To solve this problem, 

water-soluble paclitaxel prodrugs have been prepared and then 

tested in breast xenograft assays (Figure 10) (Deutsch, et al., 

1989). Paclitaxel liposomal formulations were much better 

tolerated than paclitaxel after i.v. or i.p. administration in both 

healthy and tumor-bearing mice (Sharma, et al., 1996). Recently, 

phase I clinical and pharmacokinetic studies of a novel 

water-soluble polymer-conjugated paclitaxel prodrug were 

performed (Meerum, et al., 2001). Moreover, paclitaxel also has 

poor bioavailability because of its high affinity for the membrane 

transporter P-glycoprotein in the gastrointestinal tract (Wacher, et 

al., 1998; Van Asperen, et al., 1997; Sparreboom, et al., 1997). 

Mdr1a P-glycoprotein knock-out mice, which lack functional
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Figure Figure Figure Figure 10. 10. 10. 10. Structure Structure Structure Structure of of of of paclitaxel paclitaxel paclitaxel paclitaxel (Lowe, (Lowe, (Lowe, (Lowe, et et et et al.al.al.al., , , , 2001).2001).2001).2001).
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P-glycoprotein activity in the gut, have shown significant 

bioavailability of orally administered paclitaxel (Malingre, et al., 

2001). P-glycoprotein blockers such as cyclosporin A or PSC 

833 can drastically improve oral bioavailability of paclitaxel in 

mice and humans (Van Asperen, et al., 1997; Sparreboom, et al., 

1997; Schellens, et al., 2000). Emergence of resistance to 

paclitaxel is one of the major obstacles in clinical cancer 

chemotherapy. Paclitaxel is a substrate for P-glycoprotein whose 

overexpression is mainly responsible for paclitaxel resistance 

(Oza, 2002). Therefore, if a substance could not only reverse 

paclitaxel resistance in P-glycoprotein-overexpressing cancer 

cells, but also enhance paclitaxel bioavailability through 

P-glycoprotein inhibition, it would increase the efficiency of 

paclitaxel chemotherapy.

  In this study, eleven flavonoids containing hydroxyl (OH) and/or 

methoxy (OMe) groups (Table 1) along with four well-known 

antioxidants were compared for their in vitro antioxidant activity 

using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical solution-based 

chemical assay and 2’,7’-dichlorofluorescein diacetate 

(DCFH-DA) cellular-based assay, cytotoxic and chemosensitizing 

effects and then their structure-activity relationships (SAR) were 

discussed. Thus, I screened flavonoids for P-glycoprotein 

inhibition and then tested whether they could not only enhance 

paclitaxel bioavailability in the Caco-2 system (monolayers of 

cultured epithelial cells in a two-compartment cell culture 
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Table Table Table Table 1. 1. 1. 1. FlavonoidsFlavonoidsFlavonoidsFlavonoids

FlavonoidFlavonoidFlavonoidFlavonoid
SubstituentsSubstituentsSubstituentsSubstituents

1111 2222 3333 4444 5555 6666 7777 8888 1111’’’’ 2222’’’’ 3333’’’’ 4444’’’’ 5555’’’’ 6666’’’’

3,6,3’,4’-tetramethoxyflavone OCH3 OCH3 OCH3 OCH3

5,7,3’,4’,5’-pentametoxyflavone OCH3 OCH3 OCH3 OCH3 OCH3

5,6,7,3’,4’-pentamethoxyflavone OCH3 OCH3 OCH3 OCH3 OCH3

3,7-dihydroxy-3’,4’-dimethoxyflavone OH OH OCH3 OCH3

7,3’,4’-trimethoxyflavone OCH3 OCH3 OCH3

5,6,7,3’,4’,5’-hexamethoxyflavone OCH3 OCH3 OCH3 OCH3 OCH3 OCH3

5,7,4’-trimethoxyflavone OCH3 OCH3 OCH3

3’,4’-dimethoxyflavone OCH3 OCH3

3,5,7-trihydroxy-3’,4’,5’-trimethoxyflavone OH OH OH OCH3 OCH3 OCH3

5,7,3’,4’-tetrahydroxyflavone OH OH OH OH

3,5,7,3’,4’-pentamethoxyflavone OH OH OH OH OH
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system), but also increase the sensitivity of P-glycoprotein-over 

expressing cancer cells to paclitaxel. Here, I report that 7,3’,4’-

trimethoxyflavone (TMF) can serve as an enhancer of paclitaxel 

bioavailability and as a P-glycoprotein inhibitor.
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II. II. II. II. MATERIALS MATERIALS MATERIALS MATERIALS AND AND AND AND METHODSMETHODSMETHODSMETHODS

1. 1. 1. 1. FlavonoidsFlavonoidsFlavonoidsFlavonoids

  5,7,3’,4’,5’-pentamethoxyflavone, 7,3’,4’-trimethoxyflavone, 3’,4’-

dimethoxyflavone, 3,6,3’,4’-tetramethoxyflavone, 5,6,7,3’,4’-penta-

methoxyflavone, 5,6,7,3’,4’,5’-hexamethoxyflavone, 5,7,4’-trimethoxy-

flavone, 3,5,7-trihydroxy-3’,4’,5’-trimethoxyflavone, 5,7,3’,4’-tetra-

hydroxyflavone, 3,7-dihydroxy-3’,4’-dimethoxyflavone and 3,5,7,3’,4’-

pentahydroxyflavone were purchased from Indofine Chemical Co. 

(Hillsborough, NJ, USA) (Table 1 and Figure 11).

2. 2. 2. 2. Materials Materials Materials Materials 

  The Enhanced chemiluminescence (ECL
R
) detection kit from 

Amersham (Piscataway, NJ, USA), the TRI reagent LS™ from 

Molecular Research Center (Cincinnati, OH, USA), the sheep 

polyclonal antibody for catalase from Biodesign International 

(Saco, ME, USA), the mouse C219 antibody for P-glycoprotein 

from Signet (Dedham, MA, USA),    and the anti-mouse IgG 

horseradish peroxidase linked whole antibody from Amersham.... 

N-acetyl-L-cysteine (NAC), pyrrolidine dithiocarbamate (PDTC), 

vitamin C (Vit C), vitamin E (Vit E) and others were obtained 

from Sigma Chemical Co. (ST. Louis, MO, USA). 
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Figure Figure Figure Figure 11-2. 11-2. 11-2. 11-2. Chemical Chemical Chemical Chemical structure structure structure structure of of of of 5555,,,,7777,,,,3333’’’’,,,,4444’’’’,,,,5555’’’’----ppppeeeennnnttttaaaammmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee....
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Figure Figure Figure Figure 11-3. 11-3. 11-3. 11-3. Chemical Chemical Chemical Chemical structure structure structure structure of of of of 5555,,,,6666,,,,7777,,,,3333’’’’,,,,4444’’’’----ppppeeeennnnttttaaaammmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee....
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Figure Figure Figure Figure 11-4. 11-4. 11-4. 11-4. Chemical Chemical Chemical Chemical structure structure structure structure of of of of 3333,,,,7777----ddddiiiihhhhyyyyddddrrrrooooxxxxyyyy----3333’’’’,,,,4444’’’’----ddddiiiimmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee....
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Figure Figure Figure Figure 11-5. 11-5. 11-5. 11-5. Chemical Chemical Chemical Chemical structure structure structure structure of of of of 7777,,,,3333’’’’,,,,4444’’’’----ttttrrrriiiimmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee....
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Figure Figure Figure Figure 11-7. 11-7. 11-7. 11-7. Chemical Chemical Chemical Chemical structure structure structure structure of of of of 5555,,,,7777,,,,4444’’’’----ttttrrrriiiimmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee....



- 28 -

O

O

O

O
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Figure Figure Figure Figure 11-9. 11-9. 11-9. 11-9. Chemical Chemical Chemical Chemical structure structure structure structure of of of of 3333,,,,5555,,,,7777----ttttrrrriiiihhhhyyyyddddrrrrooooxxxxyyyy----3333’’’’,,,,4444’’’’,,,,5555’’’’----ttttrrrriiiimmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee....
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Figure Figure Figure Figure 11-10. 11-10. 11-10. 11-10. Chemical Chemical Chemical Chemical structure structure structure structure of of of of 5555,,,,7777,,,,3333’’’’,,,,4444’’’’----tttteeeettttrrrraaaahhhhyyyyddddrrrrooooxxxxyyyyffffllllaaaavvvvoooonnnneeee....
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3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), 

daunorubicin, vincristine, dimethyl sulfoxide (DMSO), triethylamine 

and ammonium acetate were obtained from Sigma Chemical Co.. 

Paclitaxel and docetaxel were obtained from Korea United Pharm 

Co. (Seoul, Korea). Cell culture media, minimum essential 

medium alpha (α-MEM) and Dulbecco's modified eagle medium 

alpha medium (DMEM), were purchased from Gibco BRL (Grand 

Island, NY, USA). Fetal bovine serum (FBS) and penicillin were 

obtained from Cambrex (San Diego, CA, USA). Moloney murine 

leukemia virus (MMLV) reverse transcriptase was obtained from 

Invitrogen (Carlsbad, CA, USA). Taq polymerase was purchased 

from Perkin-Elmer/Cetus (Norwalk, CT, USA). [α-
32

P]dCTP was 

obtained from AgenBio Ltd. (Seoul, Korea). Methanol, hexane and 

acetonitrile were obtained from Merck Co. (Darmstadt, Germany). 

All other reagents were of analytical grade.

3. 3. 3. 3. Cell Cell Cell Cell culture culture culture culture 

  The acute myelogenous leukemia cell line OCI-AML-2 (AML-2) 

from the Ontario Cancer Institute (Toronto, Canada) was cultured 

at 37
o
C in a 5% (v/v) CO2 atmosphere using α-MEM medium 

with 10% (v/v) heat inactivated FBS and penicillin. 

  The human colon carcinoma cell line Caco-2 and lung cancer 

cell SK-MES-1 line from the American Type Culture Collection 

were cultured in the same culture conditions using DMEM. 

Caco-2 cells were used between passage number 24 and 32.
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  The drug-resistant AML-2 sublines were selected from the 

parental cell line (AML-2/WT) after chronic exposure to either 

doxorubicin or daunorubicin. The cells were finally cultured in a 

fixed concentration (100 ng/mL) of each selecting drug.

  The paclitaxel-resistant SK-MES-1 subline, SK-MES-1/PT4000, 

was selected from SK-MES-1/WT cells after chronic exposure to 

paclitaxel on an intermittent dosage schedule at sufficient time 

intervals to permit expression of the resistance phenotype. 

Paclitaxel was initially administered from 1 × IC50, increased at 

50% increments, and then finally cultured at a fixed concentration 

of paclitaxel (4000 ng/mL). 

4. 4. 4. 4. Determination Determination Determination Determination of of of of the the the the scavenging scavenging scavenging scavenging activity activity activity activity using using using using 1,1-diphenyl-2-1,1-diphenyl-2-1,1-diphenyl-2-1,1-diphenyl-2-

picrylhydrazyl picrylhydrazyl picrylhydrazyl picrylhydrazyl (DPPH) (DPPH) (DPPH) (DPPH) radicals radicals radicals radicals 

  The antioxidant activity was assessed according to the 

radical-scavenging effect of the stable 1,1-diphenyl-2-picrylhydrazyl

(DPPH) free radical (Kim, et al., 2001). A 100 µM DPPH radical 

solution was dissolved in 100% ethanol. The mixture was shaken 

vigorously and allowed to stand for 10 min in the dark. The test 

materials (100 µL each) were added to 900 µL of the resulting 

dark-blue DPPH radical solution in a cuvette. The absorbance at 

517 nm was measured. The DPPH radicals-scavenging activity 

(%) was calculated with using the equation (A517, control - A517, 

sample) × 100 A517, control.



- 34 -

5. 5. 5. 5. Determination Determination Determination Determination of of of of antioxidant antioxidant antioxidant antioxidant activity activity activity activity using using using using 2222’’’’,,,,7777’’’’----ddddiiiicccchhhhlllloooorrrroooo----

dihydrofluorescein-diacetate dihydrofluorescein-diacetate dihydrofluorescein-diacetate dihydrofluorescein-diacetate (DCFH-DA)(DCFH-DA)(DCFH-DA)(DCFH-DA)

  DCFH was used to measure the ROS concentration (Le Bel, et 

al., 1992). After 2’,7’-dichlorodihydrofluorescein-diacetate (DCFH-DA) 

diacetate crossed the membrane, it was de-esterified to DCFH, 

which was oxidized to fluorescent DCF by the ROS (Figure 12). 

The reaction took place with 1 × 10
5 

of the AML-2/DX100 cells and 

1 µM DCFH-DA diacetate in 2 mL PBS. The cells were exposed to 

700 µM H2O2 for 2 hours after preincubation with the flavonoids 

and the known antioxidants for 30 min. The fluorescence intensity 

was determined using a spectrofluorometer (Perkinelmer, Boston, 

MA, USA) at an excitation wavelength of 485 nm and an emission 

wavelength of 530 nm. The DCFH-DA fluorescence-scavenging 

activity (%) was calculated with using the equation (Fluorescence 

control - Fluorescence sample) × 100 / Fluorescence control.

6. 6. 6. 6. Cytotoxicity Cytotoxicity Cytotoxicity Cytotoxicity assayassayassayassay

  The in vitro cytotoxicity of drugs was measured by the 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) 

assay (Pieters, et al., 1988). 90 µL aliquots of cells were seeded 

into a 96-well microplate which had already contained 10 µL of 

drug. Wells containing no drugs were used for control cell 

viability and wells containing no cells for blanking the spectro-

photometer. A stock solution of 5 mg/mL MTT was prepared in 
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Figure Figure Figure Figure 12. 12. 12. 12. Oxidative Oxidative Oxidative Oxidative process process process process of of of of 2222’’’’,,,,7777’’’’----ddddiiiicccchhhhlllloooorrrroooofffflllluuuuoooorrrreeeesssscccceeeeiiiinnnn    diacetate diacetate diacetate diacetate (DCFH-DA) (DCFH-DA) (DCFH-DA) (DCFH-DA) for for for for HHHH2222OOOO2222    

                in in in in cells cells cells cells (www.cyto.purdue.edu/class/bms524/524lect11.ppt).
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saline and stored at -20℃. After the cells were incubated at 3

7℃ for 3 days, an aliquot of 10 µL of MTT solution was added 

to each well and shaking for 1 min the palate was incubation for 

4 hours. Formazan crystals were dissolved with 100 µL of 0.04 N 

HCl-isopropanol or 150 µL DMSO. The optical density of the wells 

was measured with a microplate reader (Bio-Tek Isdtruments, 

Winooski, UT, USA) at 540 nm. The IC50 was defined as the drug 

concentration that resulted in a 50% reduction in the number of 

cells compared with untreated control cells, after 3 days 

treatment. The IC50 values were determined directly from the 

semi-logarithmic dose-response curves.

7. 7. 7. 7. Chemosensitization Chemosensitization Chemosensitization Chemosensitization assays assays assays assays 

  Chemosensitization is well known that microtubule-disrupting 

drugs such as vincristine can induce have antimitotic and 

apoptosis activity (Donaldson, et al., 1994; Deutsch, et al., 1989). 

The in vitro chemosensitizing activities of the flavonoids and 

verapamil were determined by MTT assays with AML-2/D100 cells 

in the presence or absence of vincristine (100 ng/mL) (Pieters, 

et al., 1988). The chemosensitizing index (CI) was defined as the 

ratio of the IC50 value in the absence of vincristine to the IC50 

value in the presence of vincristine.
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8. 8. 8. 8. RNA RNA RNA RNA extraction extraction extraction extraction and and and and reverse reverse reverse reverse transcription-polymerase transcription-polymerase transcription-polymerase transcription-polymerase chain chain chain chain 

reaction reaction reaction reaction (RT-PCR) (RT-PCR) (RT-PCR) (RT-PCR) assayassayassayassay

  Total cellular RNA was isolated from cells using TRIzol
® 

according to the manufacturer's protocol. RT-PCR was used to 

analyze the expression of mRNA for P-glycoprotein, catalase and 

β-actin (internal control). Table 2 shows the nucleotide sequences 

for sense and antisense primers used in this study. RNAs from 

each sample were reverse-transcribed using 200 units of Moloney 

murine leukemia virus (MMLV) and oligo (dT18) primer for 90 min 

at 37°C. 

  The resulting cDNA was diluted 1 : 5 with water and then amplified 

using 2.5 units of Taq polymerase and 10 pM of each primer. 

PCR products were quantitated by incorporation of 5 μCi of [α

-
32

P] dCTP in each PCR reaction mixture in a GeneAmp 2720 

Thermal Cycler (Applied Biosystems, Boston, MA, USA; Figure 13) 

for 21 cycles (but 16 cycles for β-actin) of sequential 

denaturation (at 95℃ for 30 sec), annealing (at 65℃ for 

P-glycoprotein, at 53℃ for catalase), and extansion (at 72℃ for 

30 sec). The PCR products were electrophoresed on 7% 

non-denaturing polyacrylamide gels. The amount of each mRNA 

transcript was then normalized against that of β-actin mRNA. 

Auto radiographic films of the RT-PCR assay were subjected to 

densitometri can alyses using the Kodak Image Station 4000MM 

(Eastman Kodak, Rochester, NY, USA).
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Table Table Table Table 2. 2. 2. 2. PCR PCR PCR PCR primers primers primers primers 

Gene S&AS
a

Nucleotide sequences
Sequences

region
b

Length 

of PCR 

products

Reference
c

Catalase
S 5'-TTTGGCTACTTTGAGGTCAC-3' 314-333 

389 bp
Bell, et al., 

1986
AS 3'-TCCCCATTTGCATTAACCAG-5' 734-753

Pgp
S 5'-CTGGTTTGATGTGCACGATGTTGG-3' 907-930

446 bp
Chen, et al., 

1986
AS 3'-GTCATCGACTTCTCCAGAACCGT-5' 1179-1201

β-actin
S 5'-GACTATGACTTAGTTGCGTTA-3' 1912-1932

501 bp
Nakajima, et al.,

1985
AS 5'-GTTGAACTCTCTACATACTTCCG-3' 2392-2412

a 
Sense and antisense.

b
 The oligonucleotide primers constructed for PCR correspond to the sense and antisence bases 

within these reported sequences.

c 
References for gene sequences.

Pgp, P-glycoprotein.

β-actin, PCR control (house-keeping gene).
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Figure Figure Figure Figure 13. 13. 13. 13. PCR PCR PCR PCR cycler.cycler.cycler.cycler.
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9. 9. 9. 9. Western Western Western Western blotting blotting blotting blotting analysisanalysisanalysisanalysis

  Western blotting analysis was performed using a slight 

modification of the method described previously (Towbin, et al., 

1979). The proteins transferred onto a polyvinylidene fluoride 

(PVDF) transfer membrane (Pall Gelman, Ann Arobor, MI, USA) were 

incubated with the primary antibodies (diluted 1 : 1000) and the sheep 

polyclonal antibody for catalase and the mouse C219 antibody 

for P-glycoprotein. The membrane was incubated with the 

horseradish peroxidase-conjugated secondary antibodies (diluted 

1 : 1000) against each IgG of the hosts of the primary antibodies 

for 1 hour. The membrane was then stained using the detection 

reagent of the ECL detection kit. For activity staining of catalase, 

enzyme samples were separated on a 7% nondenaturing 

polyacrylamide gel, and the catalase activity was visualized on 

the gel using an in situ staining technique (Clare, et al., 1984).

10. 10. 10. 10. Functional Functional Functional Functional drug drug drug drug accumulation accumulation accumulation accumulation assay assay assay assay 

  Cell suspensions (1 × 10
6 

cells/mL) in phosphatebuffered saline 

(PBS) were exposed to daunorubicin with or without verapamil 

(10 μM), at 37
o
C for 30 min. Cells were subsequently analyzed 

for their cellular drug fluorescence by a flow cytometer (Becton 

Dickinson, San Jose, CA, USA, Figure 14), in which a focused 

argon laser beam (488 nm) excited cells in a laminar sheath flow 

and their fluorescence emissions (585 nm) were collected to 

generate a histogram.
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Figure Figure Figure Figure 14. 14. 14. 14. Flow Flow Flow Flow cytometer.cytometer.cytometer.cytometer.
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11. 11. 11. 11. Bi-directional Bi-directional Bi-directional Bi-directional transport transport transport transport experiment experiment experiment experiment using using using using Caco-2 Caco-2 Caco-2 Caco-2 cellscellscellscells

  Caco-2 cells (Figure 15) were seeded at a density of 4 × 10
4 

cells/cm
2
 on top of Transwell

®
 polycarbonate filters (pore size, 

0.4 μm; diameter, 24.5 mm; growth area, 4.71 cm
2
; Corning 

Costar Corp., Cambridge, MA, USA) and grown in a CO2 

incubator (37℃, 5% CO2); the media were changed every 3 to 5 

days (Figure 16). Experiments were conducted 16 to 20 days 

after the cells were seeded according to a previous report 

(Bromberg and Alakhov, 2003). Transepithelial electrical resistance 

(TEER) was measured using a Millicell-ERS device (Millipore, 

Bedford, MA, USA) equipped with rod-shaped electrodes. The 

TEER data were corrected for background readings from the 

blank filter and culture medium. The experiments were started 

when TEER values reached 800-850 Ω/cm
2
. Paclitaxel was added 

to the apical (AP) or basolateral (BL) chamber at a final 

concentration of 100 μM with verapamil or flavonoids. Cells were 

incubated for 3 hours to assure measurable concentrations in the 

receiving chamber.

12. 12. 12. 12. Determinati Determinati Determinati Determinati on on on on of of of of paclitaxel paclitaxel paclitaxel paclitaxel by by by by high high high high performance performance performance performance liquid liquid liquid liquid 

chromatography chromatography chromatography chromatography (HPLC)(HPLC)(HPLC)(HPLC)

  Paclitaxel concentration in media was determined using 

modified slightly from the previous high performance liquid 
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Figure Figure Figure Figure 15. 15. 15. 15. Caco-2 Caco-2 Caco-2 Caco-2 cell cell cell cell monolayers.monolayers.monolayers.monolayers.
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Figure Figure Figure Figure 16. 16. 16. 16. Schematic Schematic Schematic Schematic representation representation representation representation of of of of a a a a Caco-2 Caco-2 Caco-2 Caco-2 system system system system permeability permeability permeability permeability assay.assay.assay.assay. 
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chromatography (HPLC; LC-20A, Shimazu, Kyoto, Japan; Figure 

17) method (Willey, et al., 1993). As shown in Figure 18, briefly, 

0.4 mL of 0.2 M ammonium acetate buffer solution (pH 5.0) was 

added to Eppendorf tubes containing 0.4 mL samples. Solid-phase 

extraction (SPE) was used for purification. First, Cyano Bond Elut 

columns (1 mL, Analytichem International, Harbor, CA, USA) were 

conditioned by consecutive washes with 2.0 mL of methanol and 

1.0 mL of 0.01 M ammonium acetate buffer solution. The sample-buffer 

mixtures were then loaded onto the columns. Next, the columns 

were consecutively washed with 2 mL of 0.01 M ammonium acetate 

buffer solution (pH 5.0), 1 mL of methanol/0.01 M ammonium 

acetate buffer solution (2 : 8, v/v), and 1 mL of hexane. The columns 

were dried in the operating clean bench for 15 min. Finally, the 

analytes were eluted from the columns into Eppendorf tubes with 

1 mL of acetonitrile/triethylamine (1000 : 1, v/v). The eluate was 

evaporated to dryness using a centrifuge vacuum concentrator 

(Ecospin 314, Kyunggido, Korea) at ambient temperature. The 

residue was reconstituted with 100 μL of the HPLC mobile phase 

[acetonitrile, methanol and 20 mM ammonium acetate buffer 

solution (pH 5.0, 20 : 55 : 25)]. The reconstituted samples were 

then transferred to auto-sampler vials (250 μL) containing limited-

volume inserts, and 50 μL was injected from each sample onto 

the ODS C18 column (4.6 × 250 mm, 5 μm; Shimazu). The 

mobile phase was passed through a 0.22 μm membrane filter 
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Figure Figure Figure Figure 17. 17. 17. 17. High High High High performance performance performance performance liquid liquid liquid liquid chromatography chromatography chromatography chromatography (HPLC) (HPLC) (HPLC) (HPLC) for for for for determination determination determination determination of of of of paclitaxel.paclitaxel.paclitaxel.paclitaxel.
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Figure Figure Figure Figure 18. 18. 18. 18. Extraction Extraction Extraction Extraction procedure procedure procedure procedure of of of of taxenes.taxenes.taxenes.taxenes.
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and degassed by ultrasonication under vacuum before use. The 

flow rate was 1 mL/min, and the effluent was monitored for UV  

absorption at 230 nm. Extraction procedures for the determination 

of taxenes are summarized in Figure 19. Stock solutions of 

paclitaxel and docetaxel (internal control) were prepared in 

methanol and kept at -20℃ until use.

13. 13. 13. 13. Statistical Statistical Statistical Statistical analysisanalysisanalysisanalysis

  The results are expressed as mean ± standard error of the 

mean. All statistical analyses were performed using SigmaPlot 

2001 (Systat softwere Inc., Caliponia USA). Statistical comparisons 

were made using Student’s t - test. P - value < 0.05 was 

considered significant.
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(A)(A)(A)(A)

(B)(B)(B)(B)

Figure Figure Figure Figure 19. 19. 19. 19. Standard Standard Standard Standard curve curve curve curve and and and and chromatogram. chromatogram. chromatogram. chromatogram. (A) paclitaxel 

concentration standard curve. Paclitaxel standards were prepared 

in methanol. A 50 μL sample was injected and area count 

recorded at 230 nm. The standard curve was derived from a 

mean of values (n = 3) for each paclitaxel concentration determined 
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(R = 0.9985). (B) chromatogram of a mixture of paclitaxel (PT) 

and docetaxel (DT). Retention times as follows: PT; 9.853 min, 

DT; 10.854 min.
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III. III. III. III. RESULTSRESULTSRESULTSRESULTS

1. 1. 1. 1. Antioxidant Antioxidant Antioxidant Antioxidant activities activities activities activities of of of of flavonoids flavonoids flavonoids flavonoids and and and and structure-activity structure-activity structure-activity structure-activity relationshipsrelationshipsrelationshipsrelationships

  Two methods using 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 

2’,7’-dichlorodihydrofluorescein-diacetate (DCFH-DA) were used 

to compare the free-radical-scavenging activity on the same 

molar concentration (100 μM) basis using the AML-2/DX100 cells 

which are characterized by the down-regulated expression of 

catalase and resulting supersensitivity to H2O2 (Figure 20).

  In the DPPH assay, flavonoids showed various antioxidant 

activities according to chemical structures. In advance, the 

numbers of flavonoids (F1-F11) used in this study were 

designated from the lowest F1 to the highest F11 antioxidant 

activities obtained from the DPPH assay (Table 3 and Figure 21). 

As shown in Table 3 and Figure 21, 3,5,7,3’,4’-hydroxyl flavone 

(F11) and 5,7,3’,4’–hydroxylflavone (F10) showed highest, 

3,5,7-hydroxyl-3’,4’,5’-methoxyflavone (F9) intermediate and 

other flavonoids (F2-F8) low antioxidant activities in the DPPH 

assay. In the DPPH assay, the antioxidant activities of 

3,5,7,3’,4’-hydroxylflavone (F11) and 5,7,3’,4’–hydroxylflavone 

(F10) were higher than four positive control antioxidants, 

N-acetyl-L-cysteine, pyrrolidine dithiocarbamate, vitamin C and 
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(A)(A)(A)(A)

(B)(B)(B)(B)

Figure Figure Figure Figure 20. 20. 20. 20. Supersensitivity Supersensitivity Supersensitivity Supersensitivity to to to to hydrogen hydrogen hydrogen hydrogen peroxide peroxide peroxide peroxide of of of of the the the the 

AML-2/DX100 AML-2/DX100 AML-2/DX100 AML-2/DX100 characterized characterized characterized characterized by by by by the the the the down-regulated down-regulated down-regulated down-regulated catalase catalase catalase catalase 

expression. expression. expression. expression. (A) Sensitivity to H2O2 was determined using the MTT 

assay, (B) ROS generation after treatment with 700 μM H2O2 was 

determined using the DCFH assay. Inserts of (B) show catalase 

expression and activity in the AML-2/WT and AML-2/DX100. 
*
P < 

0.05.
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Table Table Table Table 3. 3. 3. 3. Antioxidant, Antioxidant, Antioxidant, Antioxidant, cytotoxic cytotoxic cytotoxic cytotoxic and and and and chemosensitizing chemosensitizing chemosensitizing chemosensitizing activities activities activities activities of of of of 

the the the the flavonoidsflavonoidsflavonoidsflavonoids

a Abbreviation.

b Number of flavonoids was designated from the lowest to the 

highest antioxidant activities on the basis of the DPPH assay.

c The DPPH radicals-scavenging activity (%) was calculated with 

using the equation (A517, control - A517, sample) × 100 A517, control.

d The DCFH fluorescence-scavenging activity (%)    was calculated 

with using the equation (Fluorescence control - Fluorescence sample) 

× 100 / Fluorescence control.

e Drug concentrations with inhibit 50% growth of the cells.

f In the presence (+) or absence (-) of vincristine (VCR).

g Chemosensitizing index = IC50 (VCR-)/ IC50 (VCR+).

AbbAbbAbbAbb
aaaa DrugDrugDrugDrug

bbbb DPPHDPPHDPPHDPPH
cccc

(%)(%)(%)(%)
DCFHDCFHDCFHDCFH

dddd

(%)(%)(%)(%)

ICICICIC50505050
e e e e 

(M)(M)(M)(M)
CICICICI

gggg

VCR-VCR-VCR-VCR-
ffff VCR+VCR+VCR+VCR+

ffff

F1F1F1F1 3,6,3’,4’-tetramethoxyflavone  9.6   45.5 >400.0  1.9  >210.5

F2F2F2F2 5,7,3’,4’,5’-pentametoxyflavone  9.9   -5.0 >400.0  0.4 >1000.0

F3F3F3F3 5,6,7,3’,4’-pentamethoxyflavone 10.1   26.2 >400.0  3.2  >125.0

F4F4F4F4
3,7-dihydroxy-3’,4’-dimethoxyflavon

e
10.4   30.3   7.4  6.3     1.2

F5F5F5F5 7,3’,4’-trimethoxyflavone 10.4   37.1   40.0  1.2   333.3

F6F6F6F6 5,6,7,3’,4’,5’-hexamethoxyflavone 10.8   36.0   64.7  0.9    71.9

F7F7F7F7 5,7,4’-trimethoxyflavone 10.9   19.6   72.6  1.4    51.9

F8F8F8F8 3’,4’-dimethoxyflavone 11.0   24.4  386.0  1.2   321.7

F9F9F9F9
3,5,7-trihydroxy-3’,4’,5’-trimethoxy-
flavone

24.5   69.0   12.6  3.2     3.9

F10F10F10F10 5,7,3’,4’-tetrahydroxyflavone 43.2   83.7   32.7 19.6     1.7

F11F11F11F11 3,5,7,3’,4’-pentamethoxyflavone 50.2   85.4   61.0 52.5     1.2

NACNACNACNAC N-acetyl-L-cysteine 13.2 -125.7

PDTCPDTCPDTCPDTC Pyrrolidine dithiocarbamate 15.2   82.5

Vit Vit Vit Vit CCCC Vitamin C 29.9  -20.8

Vit Vit Vit Vit EEEE Vitamin E 32.4   33.4

VPVPVPVP Verapamil   61.0  0.4   152.5
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FigureFigureFigureFigure    21. 21. 21. 21. DPPH DPPH DPPH DPPH free free free free radical-scavenging radical-scavenging radical-scavenging radical-scavenging activity activity activity activity of of of of flavonoids flavonoids flavonoids flavonoids and and and and antioxidants. antioxidants. antioxidants. antioxidants. Antioxidant activities of 

flavonoids and antioxidants were compared on the basis of the same molar concentration of 100 μM. 

Means ± SE (n = 3). *P < 0.05.    
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vitamin E. The antioxidant activities of 3,5,7-hydroxyl-3’,4’,5’-

methoxyflavone (F9) were comparable to that of vitamin C and 

vitamin E whereas antioxidant activities of other flavonoids 

(F1-F8) were comparable to those of the two chemically distinct 

antioxidants, N-acetyl-L-cysteine, pyrrolidine dithiocarbamate (Figure 

21). 

  In the DCFH assay, the antioxidant activities of 3,5,7,3’,4’-

hydroxylflavone (F11), 5,7,3’,4’–hydroxylflavone (F10) and 3,5,7-

hydroxyl-3’,4’,5’-methoxyflavone (F9) were similar to the results 

obtained using the DPPH assay whereas other flavonoids 

3,6,3’,4’-methoxyflavone (F1) and 5,7,3’,4’,5’-methoxyflavone (F2), 

N-acetyl-L-cysteine and vitamin C showed quite different results 

(Figure 22). As shown in Figure 22, the antioxidant activities of 

3,5,7,3’,4’-hydroxylflavone (F11) and 5,7,3’,4’–hydroxylflavone (F10) 

were comparable with that of pyrrolidine dithiocarbamate, and 

those of F3-F8 with that of vitamin E. The antioxidant activity of 

3,6,3’,4’-methoxyflavone (F1) increased to the comparable level 

with that of 3,5,7-trihydroxy-3’,4’,5’-methoxyflavone (F9). 

However, 5,7,3’,4’,5’-methoxyflavone (F2), N-acetyl-L-cysteine and 

vitamin C even increased the level of ROS generation in the 

DCFH assay, suggesting their possible roles as pro-oxidants.
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FigureFigureFigureFigure    22. 22. 22. 22. DCFH DCFH DCFH DCFH fluorescence-scavenging fluorescence-scavenging fluorescence-scavenging fluorescence-scavenging activity activity activity activity of of of of flavonoids flavonoids flavonoids flavonoids and and and and antioxidants. antioxidants. antioxidants. antioxidants. The scavenging 

activity of DCFH fluorescence (%) was calculated using the equation (Fluorescence control - 

Fluorescence sample) x 100 / Fluorescence control. Means ± SE (n = 3). 
*
P < 0.05. Other legends are the 

same as in Figure 18.
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2. 2. 2. 2. Cytotoxic Cytotoxic Cytotoxic Cytotoxic and and and and chemosensitizing chemosensitizing chemosensitizing chemosensitizing activities activities activities activities of of of of flavonoids flavonoids flavonoids flavonoids and and and and structure-structure-structure-structure-

activity activity activity activity relationshipsrelationshipsrelationshipsrelationships

  The chemosensitizing and cytotoxic activities were determined 

by the MTT assay in the presence or absence of vincristine, a 

good substrate for P-glycoprotein, respectively, using the 

AML-2/D100 cells. The AML-2/D100 cells overexpress MDR1 

mRNA and P-glycoprotein, confirmed by RT-PCR and Western 

blot analyses, which was responsible for the resistance to 

daunorubicin and decreased intracellular accumulation that could 

be inhibited by a P-glycoprotein inhibitor verapamil (Figure 23). 

Four flavonoids 3,6,3’,4’-tetramethoxyflavone (F1), 5,7,3’,4’,5’-

pentametoxyflavone (F2), 5,6,7,3’,4’-pentamethoxyflavone (F3) and 

7,3’,4’-trimethoxyflavone (F5) less than 400 μM did not show 

cytotoxicity and others showed differential cytotoxic activities 

(Table 3 and Figure 24). As shown in Table 3 and Figure 24, 

four flavonoids containing hydroxyl groups (F4 and F9-F11) have 

higher cytotoxic activity than others, suggesting an important role 

of the number of hydroxyl groups in cytotoxicity. However, two 

flavonoids with methoxy groups 5,6,7,3’,4’,5’-hexamethoxyflavone 

(F6) and 5,7,4’-trimethoxyflavone (F7) showed relatively high 

cytotoxicity. These results suggested the number and/or site of 

methoxy groups could be responsible for cytotoxicity, whose 

structure-activity relationships was not clear in this study. 

Flavonoids have been shown to have bifunctional interactions of 

their A and C rings at the ATP-binding site and the hydrophobic
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(A)(A)(A)(A)

(B)(B)(B)(B)

FigureFigureFigureFigure    23. 23. 23. 23. Reversal Reversal Reversal Reversal of of of of resistance resistance resistance resistance (A) (A) (A) (A) and and and and accumulation accumulation accumulation accumulation (B) (B) (B) (B) of of of of 

daunorubicin daunorubicin daunorubicin daunorubicin in in in in AML-2/D100 AML-2/D100 AML-2/D100 AML-2/D100 cells cells cells cells by by by by a a a a P-glycoprotein P-glycoprotein P-glycoprotein P-glycoprotein inhibitor inhibitor inhibitor inhibitor 

verapamil.verapamil.verapamil.verapamil. (A) MTT assay using AML-2/D100 cells was performed 
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or absence of verapamil (10 μM) as the function of danourubicin  

concentrations. (B) fluoresent intensity of intracellular danourubicin  

was determined by flow cytometry. Inserts show the profiles of 

P-glycoprotein expression in the AML-2/WT and AML-2/D100. 

Level of P-glycoprotein and its mRNA were determined using 

RT-PCR method and Western blot analysis, respectively. VP, 

verapamil. 
*
P < 0.05.
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FigureFigureFigureFigure    24. 24. 24. 24. Comparison Comparison Comparison Comparison between between between between ICICICIC50505050    values values values values in in in in the the the the absence absence absence absence of of of of 

vincristine vincristine vincristine vincristine and and and and DCFH DCFH DCFH DCFH fluorescence-scavenging fluorescence-scavenging fluorescence-scavenging fluorescence-scavenging activity activity activity activity of of of of the the the the 

flavonoids. flavonoids. flavonoids. flavonoids. IC50 values were obtained in the absence of vincristine 

using P-glycoprotein-overexpressing AML-2/D100 cells. DCFH 

fluorescence-scavenging activity was determined using AML-2/

DX100 cells as described in "Materials and Methods." VCR, 

vincristine.
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B-ring at a steroid-interacting hydrophobic sequence of 

P-glycoprotein (Conseil, et al., 1998). The chemosensitizing activity 

of flavonoids was determined using the AML-2/D100 cells in the 

presence of vincristine. 

  As shown in Table 3 and Figure 25, the IC50 values of 

5,7,3’,4’,5’-methoxyflavone (F2) and 5,7,4’-methoxyflavone (F7), 

0.4 μM and 1.4 μM, respectively. The IC50 values of 5,6,7,3’,4’-

methoxyflavone (F3) and 5,6,7,3’,4’,5’-methoxyflavone (F6), 3.2 μM 

and 0.9 μM, respectively. The IC50 values of 5,6,7,3’,4’,5’-

methoxyflavone (F6) and 5,7,3’,4’,5’-methoxyflavone (F2) were 

0.9 μM and 0.4 μM, respectively. In addition, IC50 values of 

flavonoids in the presence of vincristine were positively related to 

their DCFH scavenging activities (Table 3 and Figure 25).

3. 3. 3. 3. Screening Screening Screening Screening flavonoids flavonoids flavonoids flavonoids for for for for P-glycoprotein P-glycoprotein P-glycoprotein P-glycoprotein inhibition inhibition inhibition inhibition using using using using MTT MTT MTT MTT assayassayassayassay

  Flavonoids interact bifunctionally with the ATP-binding site and 

a steroid-interacting hydrophobic sequence of P-glycoprotein 

(Wacher, et al., 1998). The cytotoxicity and chemosensitizing 

activities of various hydroxy and/or methoxy flavonoids were 

determined by MTT assay in the presence or absence of 

vincristine in AML-2/D100 cells overexpressing P-glycoprotein 

(Figure 25). Eleven flavonoids with various methoxy and/or 

hydroxyl groups had already been screened for P-glycoprotein 

inhibition (Van Asperen, et al., 1997). Among the flavonoids 
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                    FigureFigureFigureFigure    25. 25. 25. 25. Comparison Comparison Comparison Comparison between between between between ICICICIC50505050    values values values values in in in in the the the the presence presence presence presence of of of of vincristine vincristine vincristine vincristine and and and and DCFH     DCFH     DCFH     DCFH     

                    fluorescence-scavenging fluorescence-scavenging fluorescence-scavenging fluorescence-scavenging activity activity activity activity of of of of the the the the flavonoids. flavonoids. flavonoids. flavonoids. IC50 values were obtained in the presence of 

     vincristine (100 ng/mL) using AML-2/D100 cells.
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screened for P-glycoprotein inhibition, 5,7,3’,4’,5’-methoxyflavone 

and 7,3’,4’-methoxyflavone exhibited the highest chemosensitizing 

indexes, > 1000 and > 333, respectively. In contrast, the chemo-

sensitizing index of the wellknown P-glycoprotein inhibitor 

verapamil was 152 (Figure 26). Thus, on the basis of their high 

chemosensitizing indexes, 5,7,3’,4’,5’-methoxyflavone and 7,3’,4’-

methoxyflavone were selected and further tested in paclitaxel 

transport in Caco-2 cells.

4. 4. 4. 4. Extraction Extraction Extraction Extraction and and and and determination determination determination determination of of of of paclitaxelpaclitaxelpaclitaxelpaclitaxel

  The extraction ratio of paclitaxel using the Cyano Bond Elut 

column was approximately 61%. The amount of paclitaxel was 

determined by high speed liquid chromatography (HPLC) using 

docetaxel as an internal standard (Figure 19). The standard curve 

was linear (R = 0.9985) and a chromatogram revealed good 

separation between paclitaxel (retention time = 9.867 min) and 

docetaxel (retention time = 10.867 min). The average coefficient 

of variance (CV) for triplicate samples was 15% for paclitaxel at 

250 pM. The detection limit was 50 ng of paclitaxel. These 

parameters guaranteed a good quantitative assay of paclitaxel.

5. 5. 5. 5. Effect Effect Effect Effect of of of of 5555,,,,7777,,,,4444’’’’----mmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee    on on on on bi-directional bi-directional bi-directional bi-directional transport transport transport transport of of of of 

paclitaxel paclitaxel paclitaxel paclitaxel in in in in the the the the Caco-2 Caco-2 Caco-2 Caco-2 systemsystemsystemsystem

  The transport of paclitaxel in the Caco-2 cell monolayer was 

linear over 3 hours (data not shown). This result is consistent 
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Figure Figure Figure Figure 26. 26. 26. 26. Cytotoxicity Cytotoxicity Cytotoxicity Cytotoxicity and and and and chemosensitization chemosensitization chemosensitization chemosensitization of of of of flavonoids flavonoids flavonoids flavonoids and and and and 

verapamil verapamil verapamil verapamil in in in in AML-2/D100 AML-2/D100 AML-2/D100 AML-2/D100 cells.cells.cells.cells. CI, chemosensitizing index = IC50 

(VCR-) / IC50 (VCR+) in AML-2/D100 cells VCR, vincristine (100 

ng/mL).
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with a report that paclitaxel flux across the Caco-2 cell 

monolayer was linear with time for up to 3 hours (Sparreboom, 

et al., 1997). In this study, paclitaxel transport across the 

Caco-2 cell monolayer was determined after incubation for 3 

hours in the presence and absence of 5,7,3’,4’,5’-methoxyflavone, 

5,7,4’-methoxyflavone, and verapamil in both AP-to-BL and 

BL-to-AP directions. 

  Since 5,7,3’,4’,5’-methoxyflavone unexpectedly decreased 

AP-to-BL paclitaxel transport, only 5,7,4’-methoxyflavone was 

compared to verapamil in terms of paclitaxel transport in this 

study. The BL-to-AP transport of paclitaxel was more than 

10-fold greater than its AP-to-BL transport (Figure 27). 5,7,4’-

methoxyflavone and verapamil increased the AP-to-BL transport 

of paclitaxel and decreased its BL-to-AP transport in a 

concentration-dependent manner (Figure 27).

  However, the effect of 5,7,4’-methoxyflavone on absorptive 

(AP-to-BL) or secretory (BL-to-AP) paclitaxel transport was 

lower than that of verapamil. The net effect (BL-to-AP - 

AP-to-BL) of 50 μM 5,7,4’-methoxyflavone on paclitaxel 

transport was comparable to that of 50 μM verapamil, although 

the net effect of 400 μM 5,7,4’-methoxyflavone was equivalent to 

that of 100 μM verapamil.
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Figure Figure Figure Figure 27. 27. 27. 27. Effect Effect Effect Effect of of of of 5555,,,,7777,,,,4444’’’’----mmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee    ((((TMF) TMF) TMF) TMF) on on on on paclitaxel paclitaxel paclitaxel paclitaxel transport transport transport transport across across across across the the the the Caco-2 Caco-2 Caco-2 Caco-2 monolayer.monolayer.monolayer.monolayer. 

Paclitaxel (50 μM) with and without P-glycoprotein inhibitors was added to the AP or BL chamber in 
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DMEM (without serum). After incubating the cells with drugs for 3 

hours, paclitaxel in the opposite chamber (chamber not initially 

loaded with paclitaxel) was extracted, and the amount was 

determined by HPLC. AP, Apical load; BL, Basolateral load. 
*
P < 

0.05.
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6. 6. 6. 6. Effect Effect Effect Effect of of of of 5555,,,,7777,,,,4444’’’’----mmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee    on on on on the the the the sensitivity sensitivity sensitivity sensitivity of of of of SK-MES-SK-MES-SK-MES-SK-MES-

1/PT4000 1/PT4000 1/PT4000 1/PT4000 to to to to paclitaxel paclitaxel paclitaxel paclitaxel in in in in the the the the Caco-2 Caco-2 Caco-2 Caco-2 systemsystemsystemsystem

  To further demonstrate the usefulness of 5,7,4’-methoxyflavone 

in increasing the chemosensitivity of paclitaxel resistant cancer 

cells, we selected a paclitaxel resistant lung cancer cell subline. 

As shown in Figure 28, SK-MES-1/PT4000 cells overexpressing 

P-glycoprotein are 87-fold more resistant to paclitaxel than 

SK-MES-1/WT that does not express P-glycoprotein (Figure 28, 

insert).

  I tested whether 5,7,4’-methoxyflavone could enhance the 

sensitivity of SK-MES-1/PT4000 cells to paclitaxel in the Caco-2 

system. As shown in Figure 29A, aliquots of media were 

obtained from the BL chamber after both 50 μM paclitaxel and 

5,7,4’-methoxyflavone were incubated in the AP chamber in order 

to simulate oral administration for 3 hours; these aliquots were 

then loaded on SK-MES-1/WT or /PT4000 cells in 96-well plates 

containing complete media. After a 3-day incubation, paclitaxel 

sensitivity was determined by MTT assay. 5,7,4’-methoxyflavone 

and verapamil both enhanced the sensitivity of SK-MES-1/

PT4000 cells to paclitaxel compared with control (Figure 29B).

  5,7,4’-methoxyflavone (200 μM) loaded in the AP chamber for 

3 hours increased the sensitivity of SK-MES-1/PT4000 cells to 

paclitaxel to that of SK-MES-1/WT cells. Since 50 μM paclitaxel 

decreased 50% in the growth of SK-MES-1/WT cells (Figure 

29B), the concentration of paclitaxel in the BL chamber could be 
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approximately estimated as 71 nM (IC50 value) (Figure 28).
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Figure Figure Figure Figure 28. 28. 28. 28. Sensitivity Sensitivity Sensitivity Sensitivity of of of of paclitaxel paclitaxel paclitaxel paclitaxel in in in in SK-MES-1 SK-MES-1 SK-MES-1 SK-MES-1 and and and and SK-MES-1/SK-MES-1/SK-MES-1/SK-MES-1/

PT4000 PT4000 PT4000 PT4000 cells.cells.cells.cells. Insert, mRNA levels; IC50, Concentration of paclitaxel 

required for 50% inhibition of cell growth.
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Figure Figure Figure Figure 29.29.29.29.    Effects Effects Effects Effects of of of of 5555,,,,7777,,,,4444’’’’----mmmmeeeetttthhhhooooxxxxyyyyffffllllaaaavvvvoooonnnneeee    ((((TMF) TMF) TMF) TMF) and and and and verapamil verapamil verapamil verapamil on on on on the the the the sensitivity sensitivity sensitivity sensitivity of of of of SK-MES-1/PT4000SK-MES-1/PT4000SK-MES-1/PT4000SK-MES-1/PT4000    

to to to to paclitaxel paclitaxel paclitaxel paclitaxel in in in in the the the the Caco-2 Caco-2 Caco-2 Caco-2 system.system.system.system. (A) Experimental procedure:    Aliquots of media were obtained from 
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the BL chamber after incubation with 50 μM paclitaxel and 

5,7,4’-methoxyflavone (TMF) in the AP chamber for 3 hours. (B) 

MTT assay data: Media samples were taken from the BL chamber 

after the AP loading and then loaded on SK-MES-1/WT or 

/PT4000 cells seeded in a 96-well plate containing complete 

media. After 3-day incubation, paclitaxel sensitivity was 

determined by MTT assay. The data are means ± SD, n = 3. 
*
P 

< 0.05, vs. 50 μM paclitaxel control. 
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ⅣⅣⅣⅣ. . . . DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION

  Flavonoids/phenolics can not only be antioxidative but also 

pro-oxidative, which suggests that the flavonoids can be 

potentially more of an oxidative risk than a benefit (Decker, 1997; 

Figure 30). However, the pro-oxidant effect of flavonoids may be 

a more important mechanism for their anticancer and apoptosis-

inducing properties than their antioxidant effect (Rahman, et al., 

1990; Hadi, et al., 2000). The antioxidant activities of N-acetyl-

L-cysteine (NAC) and vitamin C (Vit C) showed pro-oxidant 

activities in the 1,1-diphenyl-2-picrylhydrazyl (DPPH) were 

comparable to those of pyrrolidine dithiocarbamate (PDTC) and 

vitamin E (Vit E), respectively, in the DPPH assay. The former 

result is consistent with reports showing that Vit C or NAC 

behave as a prooxidant rather than an anti-oxidant (D'Agostini, 

2000; Kleinveld, 1992). Since the big difference between the both 

assays is with or without cells, the 2’,7’-dichlorofluorescein 

diacetate (DCFH) assay has the advantage in being able to 

interpret the permeability of the compounds through the plasma 

membrane of the cells. Thus, the DCFH assay represents the 

antioxidant activity of  intracellular amounts permeable across the 

membrane whereas the DPPH assay shows antioxidant activity 

itself. It is therefore thought that a combination of the DPPH and 
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Figure Figure Figure Figure 30.30.30.30.    Diagram Diagram Diagram Diagram representing representing representing representing the the the the balance balance balance balance between between between between antioxidant antioxidant antioxidant antioxidant 

and and and and pro-oxidant pro-oxidant pro-oxidant pro-oxidant characteristics characteristics characteristics characteristics of of of of flavonoids flavonoids flavonoids flavonoids and and and and other other other other dietary dietary dietary dietary 

phenolics.phenolics.phenolics.phenolics. The reduced forms of flavonoids or other dietary 

phenolics act as antioxidants; however, the oxidized forms 

(phenoxyl radicals or quinone/quinone methide intermediates) can 

have pro-oxidant activities (Galati and O'Brien, 2004).
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DCFH methods is more effective in elucidating the differences in 

the antioxidant activity than that alone. The propensity of a 

flavonoid to inhibit free-radical mediated events is governed by 

its chemical structure. The number and positions of the 

substitutes of the flavone-based compounds can influence the 

radical-scavenging activity (Heim, et al., 2002).

  Flavonoids used in this study are characterized by various 

combinations of hydroxyl and/or methoxy groups. 3,5,7,3’,4’-

hydroxylflavone (F11) showing the highest antioxidant activity was 

a just addition of 3-hydroxyl to 5,7,3’,4’-hydroxylflavone (F10), 

suggesting an important role of the number of hydroxyl and/or 

3-hydroxyl groups of the ring B in the antioxidant activity of 

flavonoid. With the exception of 3,7-hydroxyl-3’,4’-methoxy-

flavone (F4) with two hydroxyl groups, antioxidant activities of 

flavonoids (F9-F11) with more than three hydroxyl groups 

showed higher than those of other flavonoids, suggesting more 

positive roles of hydroxyl groups in the antioxidant activity than 

methoxy groups. These results are consistent with reports 

showing that multiple hydroxyl groups on the molecule have a 

substantial antioxidant activity and that methoxy groups introduce 

unfavorable steric effects and increased lipophilicity and 

membrane partitioning (Heim, et al., 2002). However, 3,7-hydroxyl-

3’,4’-methoxyflavone (F4) with 3,7-hydroxyl and 3’,4’-methoxy 

groups showed lower antioxidant activity than two analogues, 

7,3’,4’-methoxyflavone (F5) and 5,6,7,3’,4’,5’-methoxyflvone (F6) 
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without hydroxyl groups did.

  These results suggest that hydroxyl groups are not always 

related to the favorable antioxidant activity. The structure-activity 

relationships combining cytotoxicity with chemosensitization was 

created as follows. Firstly, flavonoids with the increased number 

of hydroxyl groups show the higher cytotoxicity. Secondarily, 

flavonoids with 3’-methoxy and/or 5’-methoxy groups play 

positive but 6-methoxy group negative roles in the 

P-glycoprotein inhibition. The latter suggests that 6-methoxy 

group might provide steric hindrance or steric repulsion by the 

walls of the P-gp pocket. This hypothesis could be supported 

not only by the finding that the CI values of three flavonoids 

(3,6,3’,4’-methoxyflavone (F1), 5,6,7,3’,4’-methoxyflavone (F3) 

and 5,6,7,3’,4’,5’-methoxyflvone (F6) with 6-methoxy group are 

less than those of tree flavonoids (5,7,3’,4’,5’-methoxyflavone 

(F2), 7,3’,4’-methoxyflavone (F5), and 3’,4’-methoxyflavone (F8)) 

without 6-methoxy group but also by a report that extensions at 

position 6 of ring A prevent the flavonoid from binding to the 

ATP site of P-glycoprotein (De Wet, et al., 2001). On the basis 

of the above structure-activity relationships, flavonoids containing 

3’-methoxy and/or 5’-methoxy groups without hydroxyl and 

6-methoxy group include 5,7,3’,4’,5’-methoxyflavone (F2), 

7,3’,4’-methoxyflavone (F5), and 3’,4’-methoxyflavone (F8), 

which are consistent with their high chemosensitization indexes. 

Finally, there was inverse relation between P-glycoprotein 
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inhibition and antioxidant activity (Figure 8).

  Taken together, these structure-activity relationships studies 

indicate that the hydroxyl derivatives of the flavonoids are more 

likely to have higher antioxidant and cytotoxic effects than their 

methoxy counterparts, and vise versa with respect to the 

chemosensitizing effect although there are a few exceptions. It is 

believed that these structure-activity relationships results can be 

taken into account for the development of flavonoids with high 

therapeutic index.

  Oral paclitaxel administration is preferred because this 

administration route is convenient to patients, reduces 

administration costs and facilitates the use of more chronic 

treatment regimens (Malingre, et al., 2001). Nevertheless, oral 

paclitaxel administration is not recommended due to low oral 

bioavailability. I searched for an ideal enhancer of paclitaxel 

bioavailability. Flavonoids are of interest in this regard because of 

their pharmacological advantages including their P-glycoprotein 

inhibitory activity and low toxicity. I screened various hydroxyl 

and/or methoxy flavonoids for P-glycoprotein inhibition before 

selecting 7,3’,4’-methoxyflavone as an enhancer of paclitaxel 

bioavailability. In this study, the BL-to-AP transport of paclitaxel 

was more than 10-fold greater than its AP-to-BL transport. This 

finding is consistent with the previous report that paclitaxel 

transport from the BL to the AP side was 4-10 times greater 

than that from the AP to the BL side (Walle and Walle, 1998). 
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We observed that both 7,3’,4’-methoxyflavone and verapamil 

increased AP-to-BL paclitaxel transport, and decreased its 

BL-to-AP transport; this decreased the net effect (secretory – 

absorptive transport) of paclitaxel transport. P-glycoprotein 

inhibition had previously been shown to decrease the BL-to-AP 

paclitaxel transport and increase the AP-to-BL transport (Xiao, et 

al., 2005).

  Therefore enhances paclitaxel transport to the BL side, at least 

in part, by inhibiting P-glycoprotein, which is located in the 

brush border membrane. Although involvement of other 

transporters and cytochrome P-450 was not ruled out in this 

study, it is demonstrated that methylated flavones are superior to 

unmethylated analogues with respect to metabolic stability and 

transport (Wen and Walle, 2006). The net effect of 7,3’,4’-methoxy-

flavone on paclitaxel transport was less than that of verapamil. 

However, considering the low toxicity of 7,3’,4’-methoxyflavone 

compared with that of verapamil, we could increase 7,3’,4’-methoxy-

flavone dose to further enhance paclitaxel biovailability. 

Unexpectedly, 5,7,3’,4’,5’-methoxyflavone, which had the highest 

chemosensitizing effect, did not inhibit BL-to-AP paclitaxel 

transport (data not shown), whose mechanisms remain to be 

determined.

  Taken together, these results indicate that 7,3’,4’-methoxyflavone, 

with its low toxicity, can be used not only as a P-glycoprotein 

inhibitor in patients with cancer cells that overexpress 
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P-glycoprotein, but also as an enhancer of oral paclitaxel 

bioavailability.
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ⅤⅤⅤⅤ. . . . SUMMERYSUMMERYSUMMERYSUMMERY

  Flavonoids have been used as antioxidants, chemopreventive or 

anticancer drugs and chemosensitizers. Flavonoids are considered 

to be a new class of chemosensitizers that interact with the 

cytosolic domains of P-glycoprotein as well as its ATP binding 

site. The current clinical formulation of paclitaxel is an important 

anti-cancer agent. Paclitaxel has poor bioavailability because of 

its high affinity for the membrane transporter P-glycoprotein 

(P-gp) in the gastrointestinal tract. In this study, eleven 

flavonoids containing hydroxyl (OH) and/or methoxy (OMe) 

groups along with four well-known antioxidants were compared 

for their in vitro antioxidant activity, cytotoxic and chemosensitizing 

effects and then their structure-activity relationships (SAR) were 

discussed. Thus, I screened flavonoids for P-glycoprotein inhibition 

and then tested whether they could not only enhance paclitaxel 

bioavailability in the Caco-2 system, but also increase the 

sensitivity of P-glycoprotein-overexpressing cancer cells to 

paclitaxel. 

  The antioxidant activity of 3,5,7,3’,4’–hydroxylflavone was higher 

than that of 5,7,3’,4’-hydroxylflavone. Flavonoids substituted with 

the various number of methoxy group decreased antioxidant 

activity. Flavonoids with 7-hydroxyl or 5,7-hydroxyl groups have 
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the highest cytotoxicity, and flavonoids with 5,7-methoxy group 

intermediate cytotoxicity. The IC50 values of 5,7,3’,4’,5’-methoxy-

flavone and 5,7,4’-methoxyflavone, 0.4 μM and 1.4 μM. The IC50 

values of 5,6,7,3’,4’-methoxyflavone and 5,6,7,3’,4’,5’-methoxy-

flavone, 3.2 μM and 0.9 μM, respectively, and those of 5,6,7,3’,4’,5’-

methoxyflavone and 5,7,3’,4’,5’-methoxyflavone were 0.9 μM

and 3.2 μM, respectively. Chemosensitizing indeces of 7,3’,4’-

trimethoxyflavone and verapamil was > 333 and 152, respectively. 

The basolateral (BL)-to-apical (AP) transport of paclitaxel was 

more than 10-fold greater than its AP-to-BL transport. 7,3’,4’-

trimethoxyflavone and verapamil increased the AP-to-BL transport 

of paclitaxel but decreased its BL-to-AP transport in a 

concentration-dependent manner. The net absorptive effect of

50 μM 7,3’,4’-trimethoxyflavone on paclitaxel transport was comparable 

to that of 50 μM verapamil. In addition, AP loading of 7,3’,4’-

trimethoxyflavone increased the paclitaxel sensitivity of paclitaxel 

resistant SK-MES-1/PT4000 cells overexpressing P-glycoprotein 

on the BL side. 

  These results suggest that flavonoids with 3-hydroxyl group 

play a positive role in antioxidant activities, flavonoids with 

5-hydroxyl and/or 7-hydroxyl groups show the higher cytotoxicity, 

and flavonoids with 3’-methoxy and/or 5’-methoxy groups play 

positive but 6-methoxy group negative roles in the P-glycoprotein 

inhibition. 7,3’,4’-trimethoxyflavone with low toxicity can be used 

as an enhancer of oral paclitaxel bioavailability and as a 
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P-glycoprotein inhibitor.
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