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Abstract:

QA3 is a derivative of the substituted 1,3-dimethyl-1H-quinoxalin-2-ones, which are compounds that may selectively antagonize P-

glycoprotein (P-gp) in multidrug resistance (MDR) cancer cells. Our previous work identified QA3 as a candidate compound for re-

versing MDR in cancer cells. In the present study, we found that QA3 significantly decreases the intracellular level of ATP, stimu-

lates ATPase activity in membrane microsomes and decreases protein kinase C (PKC) activity. These results indicated that QA3

inhibits P-gp activity by blocking ATP hydrolysis and ATP regeneration. Furthermore, QA3 triggered and increased adriamycin-

induced K562/A02 cell apoptosis as evidenced by Annexin V-FITC plus PI staining. Western blot analysis showed that the levels of

cleaved caspase-9 and cleaved caspase-3 proteins increased, and similarly, the levels of procaspase-9 and procaspase-3 decreased af-

ter QA3 treatment. Consequently, poly ADP-ribose polymerase (PARP) activity increased as evidenced by the presence of the PARP

cleavage product in K562/A02 cells. QA3 also enhanced the potency of adriamycin against K562/A02 cells as demonstrated by in-

creased apoptosis and activation of caspase-9,-3 and PARP. These data support the observation that P-gp activity is inhibited after

QA3 treatment. Moreover, these results indicate that QA3 is a novel MDR reversal agent with potent inhibitory action against P-gp

MDR cancer cells.
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Abbreviations: DMSO – dimethyl sulfoxide, MDR – mul-

tidrug resistance, MRP – multidrug resistance-associated pro-

teins, NBDs – nucleotide-binding domains, PARP – poly

ADP-ribose polymerase, P-gp – P-glycoprotein, PKC – protein

kinase C, Rh123 – rhodamine 123, RLU – relative lumines-

cence units, RT-PCR – reverse transcriptase-polymerase chain

reaction, SDS-PAGE – sodium dodecyl sulfate-polyacrylamide

gel electrophoresis, TM – transmembrane

Introduction

P-glycoprotein (P-gp; ABCB1), a member of the

ATP-binding cassette (ABC) superfamily, exports

structurally diverse hydrophobic compounds from

cells through a process driven by ATP hydrolysis.

High expression and activity of P-gp has been linked

to the efflux of chemotherapeutic drugs in cancer

cells, leading to multidrug resistance (MDR). Inhibi-

tion of P-gp can restore the sensitivity of MDR cancer

cells to such drugs, and therefore, the development of

antagonists of P-gp has received considerable atten-

tion [2]. Initial attempts to develop MDR inhibitors

focused on verapamil and cyclosporin A [23, 26].

These drugs demonstrated excellent in vitro reversal

of MDR but failed to achieve clinical success due to

their intrinsic toxicity and/or their alteration of phar-

macokinetics of co-administered anti-cancer drugs

[26, 30, 37].

Topology studies have shown that P-gp consists of

two homologous halves that form a “doughnut” shape

[10, 20, 27]. The central pore is shaped like an in-

verted cone and is accessed from the plasma mem-

brane via “gates” that are formed between the two

transmembrane (TM) domains. The efflux occurs as

a consequence of ATP hydrolysis when substrates

bind with nucleotide-binding domains (NBDs) [10,

13, 20, 21, 27]. These observations have provided

helpful clues for structure-based design strategies for

developing novel P-gp inhibitors.

Substituted quinoxalinone compounds were de-

signed based on the structure of P-gp for blocking the

doughnut-shaped pocket [14]. Structure-activity stud-

ies indicate that a quinoxalinone core with carbonyl

substitutions (e.g. ester, amide, or ketone moieties)

have superior antagonism of P-gp over multidrug

resistance-related protein-1 (MRP-1) [14, 16]. For ex-

ample, the substituted quinoxalinone compound

PGP-4008 selectively inhibits the function of P-gp,

indicating that this compound blocks the doughnut-

shaped pocket. PGP-4008 does not alter the plasma

distribution of concomitantly administered anti-

cancer drugs and does not cause systemic toxicity as

observed for cyclosporin A in vivo [15, 16]. These re-

sults indicate that substituted quinoxalinone com-

pounds may be effective MDR modulators in a clini-

cal setting [14–16].

In our previous study, we designed and synthesized

a series of the substituted 1,3-dimethyl-1H-quino-

xalin-2-ones [18]. We found that the compound

termed QA3 displays a potential reversal effect on

MDR in adriamycin-induced resistant human myelo-

genous leukemia K562/A02 cells [41]. The results

showed that QA3 significantly increases the accumu-

lation of intracellular adriamycin and Rh123, and

blocks P-gp transport. These data suggested that the

reversal effect of QA3 is due to the inhibition of P-gp

activity. In this study, we describe the modulation of

P-gp activity in K562/A02 cells by the substituted

1,3-dimethyl-1H-quinoxalin-2-one compound QA3.

Materials and Methods

Chemicals

The compound, substituted 1,3-dimethyl-1H-quino-

xalin-2-one QA3, was synthesized through a sequence

of acylation, nitration, reduction, intramolecular alky-

lation, oxidation, and N-methylation as described pre-

viously [18, 41]. The compound was dissolved in di-

methyl sulfoxide (DMSO, Sigma-Aldrich, USA) for

the in vitro assay.

Cell lines and P-gp determination

The human myeloid leukemia cell line K562, and its

MDR counterpart K562/A02, were obtained from the

Department of Pharmacology, the Institute of Hema-

tology of Chinese Academy of Medical Sciences (Ti-

anjin, China). K562/A02 cells were maintained in

RPMI-1640 medium containing 3.45 µmol/l adriamy-

cin (Wanle, Shenzhen, China) at 37°C in a humidified

air atmosphere of 5% CO2. P-gp expression was de-

termined by Western blot analysis as described else-

where [4]. A mouse monoclonal antibody against

amino acids 1040-1280 of MDR of human origin (sc-
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13131, Santa Cruz Biotechnology Inc., USA) was

used to probe the expression of P-gp in K562/A02 and

K562 cells. P-gp bands were quantified by densitome-

try using an electrophoresis image analysis system

(FR980, Furi Science & Technology, China).

ATP assay

K562/A02 and K562 cells (1 × 104 per well) seeded

in 96-well plates were treated with QA3 (10.42–

52.10 µmol/l) for 48 h. The cells were then washed

with ice-cold PBS and the number of cells in each

well was counted. The intracellular level of ATP was

determined using CellTiter-Glo® luminescent cell vi-

ability assay (ATP assay) (Promega Corporation,

USA) in opaque-walled plates according to the stan-

dard procedure [36, 39]. One hundred µl of ATP rea-

gent was added to each well. The opaque-walled plate

was placed on an orbital shaker for 2 min, then equili-

brated at room temperature for 10 min, and read at

492 nm in a multilabel plate reader (PerkinElmer,

USA). The intracellular level of ATP in 1 × 104 cells

was expressed as the intensity of the emitted lumines-

cence (relative luminescence units, RLU) [36, 39].

Samples were measured in triplicate, and values are

given as the mean ± SD.

Preparation of membrane microsomes

After treatment with QA3 for 48 h, K562/A02 and

K562 cells (3 × 105 per well) were washed with cold

PBS and resuspended in 10 ml of homogenization

buffer [HEPES, 50 mM (pH 7.4); EDTA, 5 mM;

MgCl2, 2 mM and DTT, 1 mM at 25°C] containing

protease inhibitors (phenylmethylsulfonyl fluoride,

0.1 mM). All subsequent steps were performed at

4°C. Nuclei and mitochondria were sedimented by

centrifugation at 4,000 × g for 10 min. The microso-

mal membrane fraction was then sedimented by cen-

trifugation at 100,000 × g for 60 min. The pellet was

resuspended in 0.25 M sucrose buffer [10 mM Tris-

HCl, 1 mM EDTA (pH 7.5)] and homogenized using

a Potter-Elvehjem homogenizer [42]. Total protein

levels in the microsomal membrane fraction were de-

termined using Bradford method [32]. Aliquots of

membrane microsomes were stored at –80°C until

analysis.

Determination of ATPase activity in membrane

microsomes

ATPase activity in membrane microsomes of

K562/A02 and K562 cells was measured by the re-

lease of inorganic phosphate from consumption of

ATP using a luciferin-luciferase reaction assay [1, 28,

42]. Membrane microsomes (30 µg of protein) were

incubated at 37°C in a 96-well plate with reaction

buffer [0.05 M Tris-HCl (pH 7.4), 0.2 M sucrose,

1 mM MgCl2, 5 mM sodium azide, 1 mM ouabain,

1 mM EGTA, 3 mM ATP, and an ATP-regenerating

system of 5 mM phosphoenol pyruvate and 3.6

units/ml of pyruvate kinase] in a total volume of 100 µl

for 90 min. The release of orthophosphate (Pi) was

detected by the addition of 100 µl of Fiske and Subba-

row solution to each well [1] and read at 690 nm in

a multilabel plate reader (PerkinElmer, USA). The

amount of orthophosphate (Pi) released was calcu-

lated from a standard curve. Samples were measured

in triplicate, and values are given as the mean ± SD.

PepTag assay for nonradioactive detection

of PKC activity

The PKC activity assay was carried out according to

the instructions of the PepTag non-radioactive protein

kinase C assay kit (Promega, Madison, USA) [40].

The PepTag assay utilizes a brightly colored, flores-

cent peptide substrate that is highly specific for PKC.

Phosphorylation by PKC changes the net charge of

the substrate from +1 to –1, thereby allowing the

phosphorylated and nonphosphorylated version of the

substrate to be separated on an agarose (0.8%) gel.

The phosphorylated peptide migrates toward the cath-

ode (+), while the nonphosphorylated peptide migrates

toward the anode (–). Briefly, aliquots of 60 µg protein

of membrane microsomes were incubated with PepTag

PKC reaction buffer containing PepTag® C1 peptide

in a final volume of 25 µl for 30 min at room tempera-

ture. The reactions were stopped by heating at 95°C

for 10 min. Samples were stored at 4°C in the dark

then loaded onto an agarose gel (0.8% agarose in

5 mM Tris-HCI, pH 8.0). The phosphorylated peptide

in the band was visualized under UV light.

Quantitation of PepTag assay results

by spectrophotometry

Immediately after photographing the gel (within

10 min), the negatively charged phosphorylated bands
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were excised using a razor blade, placed in a gradu-

ated microcentrifuge tube, and heated at 95°C to melt

the gel slice. The agarose gel (125 µl) containing

phosphorylated peptide was transferred to a tube con-

taining 75 µl of gel solubilization solution and 50 µl

of glacial acetic acid. The mixture was transferred to

a well in a 96-well plate and the absorbance was read

at 570 nm in a multilabel plate reader (PerkinElmer,

USA). Liquefied agarose without the PepTag® Pep-

tide as a blank for the absorbance, and the number of

units of PKC activity in each slice of agarose gel was

calculated [40]. Samples were measured in triplicate,

and values are given as the mean ± SD.

Detection of apoptosis

K562/A02 cells (5 × 105 per well) were seeded in 6-

well plates and treated with QA3 alone or in combina-

tion with adriamycin for 48 h. The cells were washed

and the surface exposure of phosphatidylserine in

apoptotic cells was quantitatively measured using An-

nexin V/FITC and PI apoptosis detection kit by a flow

cytometer (Becton-Dickinson, USA). At least 10,000

events/sample were acquired. Annexin V-positive,

PI-negative cells were scored as apoptotic. Double-

stained cells were considered either as necrotic or as

late apoptotic [9].

Western blot analysis

K562/A02 cells were treated with QA3 alone or in

combination with adriamycin as stated above. The

cells were lysed in lysis buffer [50 mM Tris-HCl (pH

7.6), 150 mM NaCl, 0.1% SDS, 1 mM dithiothreitol,

10 mM �-mercaptoethanol, 1 µg/ml leupeptin, 1 µg/ml

aprotinin] and centrifuged at 10,000 × g. Supernatant

was collected and total protein was determined using

the Bradford method [32]. Cell lysates (30 µg of pro-

tein per lane) were separated by 10% SDS-PAGE and

then electrotransferred onto nitrocellulose mem-

branes. After blocking with TBST buffer (20 mM

Tris-buffered saline and 0.1% Tween-20) containing

5% (w/v) nonfat dry milk for 1 h at room temperature,

the membranes were incubated with primary antibod-

ies for 2 h, followed by three washes and exposure to

HRP-conjugated secondary antibodies (Santa Cruz

Biotechnology, Inc., USA) for 1 h at room tempera-

ture [4]. The primary antibodies included rabbit anti-

bodies against a synthetic peptide (KLH-coupled)

corresponding to residues surrounding the cleavage

site of human caspase-3 (#9662), rabbit antibodies

against a synthetic peptide (KLH-coupled) corre-

sponding to residues surrounding aspartic acid 315 of

human caspase-9 (#9502), rabbit antibodies against

a synthetic peptide (KLH-coupled) corresponding to

carboxy-terminal residues surrounding Asp214 in hu-

man PARP (#9541, Cell Signaling Technology Inc.

USA). The bound antibodies were visualized using an

ECL system (Amersham Pharmacia Biotech, Piscata-

way, USA) and quantified by densitometry using an

electrophoresis image analysis system (FR980, Furi

Science & Technology, China).

Statistical analysis

Data are presented as the mean ± SD, and analyzed by

Student’s two-tailed t-test. The limit of statistical signifi-

cance was p < 0.05. Statistical analysis was done with

SPSS/Win11.0 software (SPSS, Inc., Chicago, Illinois).

Results

High expression of P-gp in K562/A02 cells

Western blot analysis was used to determine the ex-

pression of P-gp in multidrug-resistant K562/A02 and
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parental K562 cells (Fig. 1A). K562 cells showed low

levels of P-gp as probed using an anti-P-gp mono-

clonal antibody, while K562/A02 cells exhibited

a strong signal corresponding to P-gp (Fig. 1B), indi-

cating that K562/A02 cells express high levels of

P-gp. This result was consistent with our previous ob-

servation using immunofluorescence flow cytometry

[38].

Decrease of ATP in intracellular K562/A02 cells

K562/A02 and K562 cells were treated with QA3

(10.42–52.10 µmol/l) and intracellular ATP levels

were examined using the CellTiter-Glo® luminescent

cell viability assay. As shown in Figure 2, treatment

of K562/A02 cells with QA3 resulted in a significant

and dose-dependent decrease in intracellular ATP lev-

els. At concentrations of 10.42, 20.84, 31.26, 41.68,

and 52.10 µmol/l of QA3, the relative luminescence

units (RLU) of ATP in 1 × 104 cells were significantly

reduced by 17.3, 46.7, 58.02, 60.2, and 62.5%, re-

spectively, when compared with DMSO control. QA3

did not significantly decrease the level of ATP in

K562 cells at low concentrations (10.42–31.26

µmol/l, p > 0.05), but this reached significance at high

concentrations (41.68 and 52.10 µmol/l, p < 0.05, Fig.

2). A significant difference was seen in cell responses

(K562/A02 and K562) and in dose responses (10.42

to 52.10 µmol/l) to QA3 treatment (p < 0.05 between

K562/A02 and K562).

Stimulation of ATPase activity in K562/A02

cells

ATPase activity in the membrane microsomes of

K562/A02 and K562 cells was estimated by measur-

ing the release of inorganic phosphate (Pi) from the

consumption of ATP using the luciferin-luciferase re-

action. The activity of ATPase in membrane micro-

somes of K562/A02 cells was markedly stimulated af-

ter QA3 treatment. As shown in Figure 3, released Pi
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levels were significantly and dose-dependently in-

creased from 0.001 to 0.772 nmol Pi/min/mg protein,

when compared to DMSO control. The significance

of stimulation on ATPase activity in K562 cells was

not observed after QA3 treatment (p > 0.05 vs. vehicle

DMSO control).

Decrease of PKC activity in K562/A02 cells

PKC activity in membrane microsomes of K562/A02

and K562 cells was evaluated by the addition of a spe-

cific PKC substrate, and PKC activity was estimated

by measuring the amount of phosphorylated peptide.

Figure 4A shows the bands of the phosphorylated

peptides on an agarose gel. QA3 treatment inhibited

PKC activity in both K562/A02 and K562 cells, and

the inhibitory effect was more pronounced in

K562/A02 cells. Figure 4B shows PKC activity

(nmol/min/ml) determined at 570 nm in a PerkinEl-

mer plate reader. QA3 treatment significantly and

dose-dependently decreased PKC activity in the

membrane microsomes of K562/A02 cells. The per-

centage inhibition at individual concentrations of

QA3 was calculated from PKC activity (nmol/min/

ml) of treated cells vs. DMSO control cells. At con-

centrations of 10.42, 20.84, 31.26, 41.68, and

52.10 µmol/l, PKC activity decreased by 50.1, 41.7,

55.0, 66.7, and 87.5%, respectively, in K562/A02
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cells and 3.5, 5.7, 14.5, 50.0, and 78.5%, respectively,

in K562 cells. There was a significant difference in in-

hibition of PKC activity in cell responses (K562/A02

and K562) and in dose responses (10.42 to 52.10

µmol/l) to QA3 treatment (p < 0.05 between

K562/A02 and K562).

Induction of apoptosis associated with

activation of caspases

The degree of apoptosis in K562/A02 cells, and the

activation of associated proteins were estimated.

FITC-Annexin V/PI staining showed that QA3 in-

duced early apoptosis in K562/A02 cells. As is seen

in Figure 5 (A–F), a low dose of adriamycin

(6.90 µmol/l) alone did not induce K562/A02 cell

apoptosis (B, p > 0.05, vs. vehicle DMSO control). At

concentrations of 10.42, 31.26 and 52.1 µmol/l of

QA3, apoptosis was increased by 4.4%, 7.1%, and

17.5%, respectively (31.26 and 52.1 µmol/l, p < 0.05

vs. vehicle DMSO control). When adriamycin

(6.90 µmol/l) was combined with QA3 (10.42

µmol/l), the mean apoptotic population of K562/A02

cells was markedly increased by 23.4% (p < 0.05,

compared to QA3 alone).

To determine whether QA3-induced apoptosis was

mediated by the activation of the caspase pathway,

K562/A02 cells were treated with QA3 alone or in

combination with adriamycin. Antibodies for

caspase-9 and caspase-3 were used to analyze the ac-

tivation of the P-gp associated-apoptotic proteins.

Caspase-9 and caspase-3 were activated in response

to QA3 treatment or in combination treatment as de-

termined by Western blot analysis. As shown in Fig-

ure 6, adriamycin alone (6.90 µmol/l) weakly in-

creased the levels of cleaved caspase-9 and cleaved

caspase-3 (p > 0.05 vs. vehicle DMSO control). QA3

(10.42 µmol/l) significantly induced the activation of

caspase-9 and caspase-3 as demonstrated by the ap-

pearance of the distinctive cleavage products, as well

as a decrease in the amount of procaspase-9 and

procaspase-3. When adriamycin (6.90 µmol/l) was

combined with QA3 (10.42 µmol/l), the levels of

cleaved caspase-9 and caspase-3 in K562/A02 cells

were increased by 78.7% and 126.8%, respectively

(Fig. 6). Consistently, PARP, a substrate of caspase-3,

was significantly increased in response to QA3 treat-

ment. Adriamycin (6.90 µmol/l) increased the level of

cleavage product of PARP by 19.5%. Expression was

increased by 82.6% upon treatment with QA3

(10.42 µmol/l) and 120.5% upon combination treat-

ment (Fig. 6). These results revealed that QA3 induces

caspase-dependent apoptosis, as well as enhances the

potency of adriamycin against K562/A02 cells.

Discussion

K562/A02 cells are resistant to adriamycin, as charac-

terized by high levels of P-gp expression in the mem-

brane and increased mRNA level [6, 17, 38, 41]. In

our previous study, we demonstrated that QA3 re-

verses MDR in K562/A02 cells but does not decrease

P-gp expression levels [41]. In this study, we aimed to

evaluate the efficacy of QA3 on the modulation of

P-gp activity in K562/A02 cells. We measured intra-
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cellular ATP levels using K562/A02 and K562 cells.

Intracellular ATP levels were significantly decreased

after QA3 treatment. Because of the high levels of

P-gp in the membranes of K562/A02 cells, P-gp was

enriched in isolated membrane microsomes of

K562/A02 cells [5, 8, 28]. We isolated the membrane

microsomes of K562/A02 and K562 cells to examine

the activity of ATPase and PKC. QA3 significantly

and dose-dependently stimulated ATPase activity, in-

dicating that QA3 reverses MDR in cells via inhibi-

tion of ATP-driven P-gp activity. PKC activity in the

P-gp-enriched membrane microsomes was inhibited

by QA3 in a dose-dependent manner. The modulation

of P-gp activity by QA3 was more pronounced in

K562/A02 cells than in K562 cells, indicating that the

compound selectively inhibited P-gp activity in MDR

cancer cells [14–16, 41]. Furthermore, we evaluated

QA3 involvement in apoptosis by measuring the

modulation of P-gp activity-related apoptotic pro-

teins, such as caspases-3, caspases-9 and PARP. Be-

cause QA3 did not inhibit mdr1 expression (data not

shown), the reversal effect of QA3 might be due to the

modulation of P-gp activity.

An early proposal suggested that P-gp might func-

tion as a drug flippase, moving hydrophobic mole-

cules from the inner to the outer leaflet of membrane

[10, 13, 20, 21, 27]. The energy from ATP hydrolysis

has been proposed to drive drug transport via relaxa-

tion of a high-energy intermediate, with the hydroly-

sis of one ATP for each drug molecule translocation

[10, 13, 20, 21, 27]. The binding and hydrolysis of

ATP are two key steps for the drug transport process.

ATP hydrolyzes and releases energy derived from the

synergistic action of drug binding sites and NBDs,

which helps P-gp to transport a wide variety of com-

pounds across the cell membrane [7]. The efflux oc-

curs as a consequence of ATP binding and hydrolysis

in P-gp [10]. Blockage of ATP binding to NBDs and

inhibition of ATP hydrolysis may be an effective strat-

egy to reverse MDR [34]. Substituted quinoxalinone

compounds were designed based on the structure of

P-gp in order to block the doughnut-shaped pocket

[14, 18]. This led us to hypothesize that QA3 binds to

NBDs of P-gp and blocks ATP hydrolysis and ATP re-

generation. Moreover, protein phosphorylation is the

most characterized post-translational modification, and it

is known to regulate enzyme activity as well as mediate

signal processes in the efflux of MDR cancer cells [24].

Accumulating evidence suggests that PKC activa-

tion plays a role in the P-gp-mediated MDR pheno-

type of cancer cells [11, 31]. The phosphorylation of

P-gp is dependent on PKC activity [24]. Activated

PKC can induce high levels of expression of P-gp

mdr1 in cancer cells [6]. PKC activation is also asso-

ciated with P-gp phosphorylation at Ser/Thr sites

[40]. Three Ser residues in the linker region of P-gp

were identified as likely PKC phosphorylation sites,

and two other Ser residues in that region were defini-

tively identified as major PKC phosphorylation sites

[12]. Therefore, PKC inhibition is considered an ef-

fective strategy to reverse drug resistance. In this

study, QA3 inhibition of PKC activity was more pro-

nounced in MDR cells than in drug sensitive cells, in-

dicating that PKC is involved in the efflux of P-gp,

and the abrogation of PKC activity could reverse

MDR in cancer.

Drugs and modulators affect ATPase activity in

MDR cancer cells in a complex manner [3]. QA3 was

found to stimulate ATPase activity in P-gp-enriched

membranes of K562/A02 cells. This result was simi-

lar to previous findings that ATPase activity is stimu-

lated by verapamil in Caco-2 cells [28], biochanin A

increases [3H] daunomycin accumulation by increas-

ing the activity of ATPase in MDA435/LCC6MDR1

cells, and morin and silymarin inhibit P-gp ATPase

activity in the cells [44]. However, overexpression of

ATPase in P-gp of MDR cells could not induce the ef-

flux chemotherapeutic drugs [44]. What is the mo-

lecular mechanism that could explain these observa-

tions? Loo’s study showed that conformational

changes in P-gp mediate the coupling of energy de-

rived from ATP hydrolysis to transmembrane move-

ment of drugs [22]. Furthermore, a possible working

hypothesis suggested by Higgins [10] and Sauna [35]

is that the drug-dependent ATPase activity is related

to two active enzyme forms, an uncoupled form and

a coupled form that transports drugs. In the absence of

drugs, the entire enzyme exists in the uncoupled form,

leading to basal ATPase activity. However, as drugs

are added and bind to the enzyme, more and more en-

zymes are recruited to the transport-competent cou-

pled form at the expense of the uncoupled form [29].

This hypothesis correlates well with other observa-

tions that drugs that stimulate ATPase activity in

MDR cancer cells elicit conformational changes that

“engage” catalytic sites by bringing Walker A resi-

dues of NBD1 closer to LSGGQ motif Ser residues of

the neighboring NBD2, and vice versa [29].

The inhibition of P-gp activity induced by QA3 is

also demonstrated by the measurement of K562/A02
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apoptosis and related molecules. Many studies have

shown that P-gp is involved in anti-apoptotic defense

in MDR cells. High P-gp activity is related to the

overexpression of the anti-apoptotic Bcl family of

proteins [43] and protects MDR cells from caspase-

dependent apoptosis [25]. On the other hand, apopto-

sis is an energy requiring process [33]. Decreased

ATP levels have been proposed to enhance apoptosis

[33]. Some reversal agents with tight binding affinity

to P-gp, such as cyclosporine A and TRAIL receptor

DR5, could trigger P-gp-dependent BC-19 cell apop-

tosis via stimulation of P-gp ATPase activity and sub-

sequent depletion of cellular ATP, in association with

activation of initiator caspases and executioner cas-

pases [33]. Moreover, activated caspase-3 can de-

crease the activity and cleave of P-gp [45]. Activated

caspase-3 increases the cleavage of PARP and mito-

chondrial depolarization in MDR cells [19]. In the

present work, Western blot analysis revealed that QA3

activated caspase-9, caspase-3 and PARP, indicating

that pharmacological targeting of P-gp can increase

chemotherapy-induced apoptosis in MDR cancer cells.

Conclusion: A range of assays that indicate P-gp

activity was used to evaluate the inhibitory capacity

of compound QA3. QA3 effectively modulated P-gp

activity in K562/A02 cells. These results provide sup-

port for developing QA3 as a potential candidate for

reversing MDR in cancer.
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