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ABSTRACT P-glycoprotein-mediated drug efflux can yield a multidrug-resistance (MDR) phenotype
that is associated with a poor response to cancer chemotherapy. Development of safe and effective MDR-
reversing agents is an important approach in the clinic. The aim of this study was to observe the effects of
CJX2, an amlodipine derivative, on the inhibition of P-gp function and P-gp-mediated MDR in K562/DOX
cells and parental K562 cells. Based on the flow cytometric technology, the uptake, accumulation, and
efflux of rhodamine123 (Rh123) were detected in these cells by measuring Rh123-associated mean
fluorescence intensity (MFI). The effects of CJX2 on the doxorubicin cytotoxicity were evaluated by
assaying for MTT (3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide) reduction and the reversal
fold (RF) values. The DNA content, percentage of apoptosis, and cell cycle analysis were monitored with
flow cytometry. Intracellular accumulation of doxorubicin was also assessed by the determination of
doxorubicin-associated MFI. Verapamil was employed as a comparative agent. Incubation of K562/DOX
cells with CJX2 caused a marked increase in accumulation, uptake, and a notable decrease in efflux of
Rh123. No such results were found in parental K562 cells. The inhibitory effect of the agent on P-gp
function was reversible, but it persisted at least for 90 min after removal of 2.5 mM CJX2 from incubation
medium. The doxorubicin-induced cytotoxicity, apoptosis, and cell cycle perturbations were significantly
potentiated by CJX2. The intracellular accumulation of doxorubicin was enhanced in the presence of
various concentrations of CJX2. The CJX2 exhibited potent effects in vitro in the reversal of P-gp-mediated
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MDR, suggesting that the compound may become a candidate for an effective MDR-reversing agent in
cancer chemotherapy. Drug Dev. Res. 66:278–285, 2006. �c 2006 Wiley-Liss, Inc.
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INTRODUCTION

A serious problem associated with cancer che-
motherapy is the development of multidrug-resistant
(MDR) tumor cells during the course of treatment.
An important mechanism of acquired MDR phenotype
in mammalian cells is the enhanced expression of a
170-kDa plasma membrane associated glycoprotein,
known as p-glycoprotein (P-gp) [Gottesman and
Pastan, 1993]. P-gp is coded by the MDR1 gene and
functions as an energy-dependent multidrug mem-
brane transporter that rapidly extrudes a variety of
hydrophobic anticancer drugs from target cancer cells
and thereby prevents the drugs from exerting cytotoxic
effects. Initial physiological and pharmacology studies
with multidrug-resistant mutant cell lines correlated
resistance as being attributable to reduced accumula-
tion of drugs within the cell as a result of increased
efflux or decreased influx [Gottesman and Pastan,
1993]. Because the efflux pump is an ATP-dependent
transport system [Horio et al., 1991], agents that inhibit
the ATP-dependent drug transport should inhibit the
efflux of hydrophobic drugs from resistant cells and
increase cellular accumulation. Chemotherapeutic
agents such as doxorubicin can select for mutation
leading to increased expression of P-gp and appearance
of MDR in tissue culture models. Coadministration
of P-gp inhibitor was found to suppress activation
of MDR 1 gene expression and decrease resistance
to doxorubicin [Chen et al., 1994; Page et al., 2000].
In light of these findings, it appears that the most
effective way to use chemotherapeutic agents that are
P-gp substrates will be in conjunction with a P-gp
inhibitor at the time of tumor treatment. Accordingly, a
variety of agents including verapamil (Ver), cyclosporin
A (CysA), and others have been reported as agents for
overcoming MDR [Twentyman, 1988]. However, Ver
and CysA are used as an antiarrhythmic drug and
an immunosuppressant, respectively. Therefore, side
effects are expected to arise when these drugs are used
as MDR-reversing agents with antitumor agents.
Accordingly, the development of safe and effective
MDR reversing agents without other pharmacological
activities is eagerly required. Amlodipine, which
belongs to dihydropyridines, is a calcium channel anta-
gonist and is currently applied in the treatment of
hypertension [Ohbayashi et al., 2003]. A previous

report has shown that amlodipine could exhibit an
inhibitory effect on P-gp-mediated transport of
daunorubicin and digoxin [Katoh et al., 2000]. The
aim of this study was to investigate the effects of CJX2,
a derivative of amlodipine, on the P-gp function and
P-gp-mediated MDR in human myelogenous leukemia
(K562) cells and K562/DOX cells.

MATERIALS AND METHODS

Materials

K562 cells and K562/DOX cells were purchased
from Shanghai Institutes for Biological Science,
Chinese Academy of Sciences; CJX2 was obtained
from the School of Traditional Chinese Pharmacy,
China Pharmaceutical University; Doxorubicin (DOX)
was obtained from Wanle Pharmaceutical Co Ltd,
Shenzhen, China; Rhodamine123 (Rh123), 3-(4,5-
dimethylthiazol)-2, 5-diphenyltetrazolium bromide
(MTT), propidium iodide (PI), RNase, and verapamil
were purchased from Sigma (St. Louis, MO); Fetal calf
serum and RPMI-1640 medium were purchased from
Gibco, Gaithersburg, MD). All other chemicals used
in the experiments were commercial products of
reagent grade.

Cell Culture

Human myelogenous leukemia K562 cells and
their doxorubicin-resistant variant K562/DOX cells
were grown in RPMI 1640 medium supplemented
with 10% fetal calf serum at 371C in a humidified
atmosphere of 5% CO2. K562/DOX cells were cultured
in the presence of 0.5mM doxorubicin and were grown
in drug-free medium 2 weeks before the experiments.

Intracellular Rh123 Accumulation Assay

The K562 cells and K562/DOX cells at a density
of 5� 105/ml in exponential growth were used for the
test. Cells were incubated in the presence or absence
of various concentrations of CJX2 with medium
containing 5 mM Rh123 at 371C for 1 h. Verapamil
was used as a positive control for an MDR-inhibitory
agent. The intracellular mean fluorescence intensity
(MFI) associated with Rh123 was measured with
FACScan flow cytometry (Becton Dickinson, San Jose,
CA). Excitation was performed by an argon ion laser
operating at 488 nm and the emitted fluorescence was
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collected through a 530-nm pass filter. Data analysis
was performed using Cell Quest software.

Rh123 Uptake and Efflux Assay

In the uptake study, K562 cells and k562/DOX
cells were incubated with medium containing 5 mM
Rh123 in the presence or absence of 10mM CJX2 and
verapamil at 371C for 10, 25, 45, 60, and 90 min,
respectively. The rate constant (K) was obtained from
fitting the data to Ft 5 Fss(1-e-kt), where Ft is the
Rh123-associated MFI at time t, Fss is the MFI at time
90. In the efflux study, K562/DOX cells were first
incubated with medium containing 5 mM Rh123 at
371C for 90 min, washed three times with Rh123-free
medium, and then incubated in the presence or
absence of 10mM CJX2 and verapamil at 371C for
5, 10, 25, 30, 60, and 90 min, respectively. The
rate constant (K) was obtained from fitting data to
Ft 5 F0e-kt, where Ft is the Rh123-associated MFI at
time t. The MFI was measured as described for
the accumulation assay. Graphs were plotted of cell-
associated MFI against time.

Persistence of Activity

K562/DOX cells were incubated with medium
containing 5 mM Rh123 in the presence or absence of
2.5 mM CJX2 and verpamil at 371C for 90 min, and
washed three times with rhodamine-free and drug-free
medium. At subsequent time points as indicated, the
ability of the cells to accumulate Rh123 was assessed.
Graphs were plotted of cell-associated MFI against
time, where T0 represents the end of the modulator
incubation phase.

Cytotoxicity Assay

The ability of CJX2 to potentiate doxorubicin
cytotoxicity was evaluated in K562/DOX cells and K562
cells by the conversion of MTT to a purple formazan
precipitate as previously described [Morten et al.,
1998]. Cells were seeded into 96-well plates at 5� 104/
well. Various concentrations of doxorubicin and CJX2
were subsequently added and incubated for 48 h. IC50

values for doxorubicin (concentration resulting in 50%
inhibition of cell growth) were calculated from plotted
results using untreated cells as 100%. The reversal fold
(RF) values, as potency of reversal, were obtained from
fitting the data to RF 5 IC50 of cytotoxic drug alone/
IC50 of cytotoxic drug in the presence of a modulator.

Intrinsic Cytotoxicity Assay

K562 cells and K562/DOX cells were seeded into
96 well plates at 5� 104/well, 50mM CJX2 was added,
cells were incubated for 48 h, and the intrinsic
cytotoxicity of CJX2 was determined as previously
described.

Flow Cytometric Apoptosis Assay
and Cell Cycle Analysis

The K562/DOX cells at a density of 5� 105/ml in
exponential growth were exposed to 10mM doxorubicin
in the presence or absence of various concentrations of
CJX2 at 371C in a humidified atmosphere of 5%CO2

for 24 h, then the cells were collected, fixed with 70%
ethanol (�201C), and stored at �201C for 24 h. The
internuleosomally fragmented DNA were removed
from apoptotic cells by incubation in 0.2M citrate-
phosphate buffer (pH 7.8) containing 0.2 mg/ml RNase
for 30 min, and then 100 mg/ml propidium iodide was
added. The remaining DNA content was measured
using FACScan flow cytometry (Becton Dickinson)
[Gong et al., 1994]. Data acquisition and analysis were
controlled by Modifit software.

Intracellular Doxorubicin Accumulation

The K562/DOX cells at a density of 5� 105/ml in
exponential growth were exposed to 10mM doxorubicin
in the presence or absence of various concentrations of
CJX2 for 1 h. The intracellular doxorubicin-associated
MFI was measured with FACScan flow cytometry.
Excitation was performed by an argon ion laser
operating at 488 nm and the emitted fluorescence was
collected through a 615-nm pass fitter. Data analysis
was performed using Cell Quest software.

Data Analysis

All data were presented as mean7SD and
analyzed using Student’s t-test or analysis of variance
(ANOVA) followed by q test.

RESULTS

Effect on the Uptake and Intracellular
Accumulation of Rh123

We used K562/DOX cells and the parental K562
cells to study the effects of CJX2 on P-gp function by
determining intracellular Rh123-associated MFI. As
shown in Figure 1, in the uptake study, after K562 cells
were incubated with Rh123, the MFI increased in a
time-dependent manner over a 90-min period. In
contrast, untreated K562/DOX cells did not accumu-
late the substrate over this same time period. After the
same cells were incubated in the presence of CJX2, it
accumulated Rh123 in a manner similar to that of
untreated K562 cells. The rate constant (K) for the
uptake in CJX2-treated K562/DOX cells was compar-
able to that in control and that in verapamil-treated
K562/DOX cells (Table 1). While CJX2 enhanced
Rh123 accumulation in a concentration-dependent
manner, no such increase in MFI was observed in
CJX2-treated K562 cells (Fig. 2).
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Inhibition of Rh123 Efflux and Persistence
of Modulatory Activity

Figures 3 and 4 illustrated clearly that 10mM
CJX2 inhibited the efflux of Rh123 from K562/DOX
cells and that the inhibitory effect remained even
after 2.5mM CJX2 was removed from the medium
for 120 min, suggesting that the inhibitory effect of
the agent on P-gp function was reversible and the
CJX2 had a longer duration of action compared with
verapamil. The rate constant (K) for the efflux in CJX2-
treated K562/DOX cells was less than that in control
and in verapamil-treated K562/DOX cells (Table 1).

Effect on Doxorubicin Cytotoxicity

The activity of CJX2 to reverse resistance of
K562/DOX cells to doxorubicin is shown in Table 2.
CJX2 gave a significant reversal of resistance to doxoru-
bicin at a concentration as low as 1 mM. The RF of
10mM CJX2 23.02 was comparable to that of verapamil
14.45. No such activity was found in K562 cells.

Intrinsic Cytotoxicity

Although CJX2 reversed P-gp-mediated MDR
at the concentration of 1 mM, the compound was
noncytotoxic by itself at a concentration up to 50mM
in K562/DOX cells and parental K562 cells (data
not shown).

Effect on Doxorubicin-Induced Apoptosis
and Cell Cycle Perturbations

As shown in Figure 5, the exposure of K562/DOX
cells to 10mM doxorubicin in the presence of various
concentrations of CJX2 was associated with an
enhancement of internucleosomal DNA fragment.
The CJX2 elevated the doxorubicin-induced apoptosis
in a concentration-dependent manner. The reduction
of cells in the G1 phase and the accumulation of cells in
the G2/M phase were also observed after the cells were
exposed to 10mM doxorubicin in the presence of CJX2.
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Fig. 1. Effect of CJX2 on the uptake of Rh123 in K562 cells and K562/DOX cells. K562 cells and K562/DOX cells were incubated with medium
containing 5 mM Rh123 in the presence or absence of 10mM CJX2 at 371C for 10, 25, 45, 60, and 90 min, respectively. The Rh123-associated MFI
was measured as described in Materials and Methods. Each point represents the mean7SD from four experiments.

TABLE 1. Influence of CJX2 on the Rate Constant (K) for the Uptake
and Efflux of Rh123 in K562/DOX Cells

Group Kuptake (min�1) Kefflux (min�1)

Control 0.03270.0012 0.024470.0017
CJX2 (10mM) 0.05370.0014�� 0.008970.00045��

Verapamil (10mM) 0.04870.0034� 0.011170.0015�

Each value represents the mean 7 SD from four experiments and was
measured as described in Materials and Methods.
Significantly different from control at �Po0.05 (analysis of variance
[ANOVA] followed by a q test).
Significantly different from verapamil at D��Po0.05 (analysis of
variance [ANOVA] followed by a q test).
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Effect on Intracellular Accumulation of Doxorubicin

The ability of CJX2 to inhibit the P-gp function
was also evaluated by determining the intracellular
doxorubicin-associated MFI in K562/DOX cells. As
shown in Figure 6, the MFI was increased in the
presence of various concentrations of CJX2, which can
explain the enhanced effects of CJX2 on doxorubicin
cytotoxicity in K562/DOX cells.

DISCUSSION

Flow cytometric technology has proven to be
invaluable for the discovery and characterization of
agents capable of altering the MDR phenotype. The
doxorubicin-resistant human myelogenous leukemia
(K562/DOX) cells that were reported overexpressing
p-glycoprotein by the Western blotting method are

extremely useful in studying the MDR phenotype and
the effects of P-gp inhibitor [Tatu et al., 1997; Ikegawa
et al., 2000, 2002]. In the present report, based on the
flow cytometric technology, we investigated the effects
of CJX2 on the P-gp function and the reversal of
P-gp-mediated MDR in doxorubicin-resistant human
myelogenous leukemia (K562/DOX) cells.

The efflux of fluorescent dye Rh123 is known to
be P-gp-dependent and consequently has been used
extensively to determine efflux rate from drug-resistant
cell lines expressing P-gp [Green et al., 2001]. After
K562 cells and K562/DOX cells were incubated with
Rh123, the intracellular Rh123-associated MFI in
K562/DOX cells was lower than that in parental K562
cells and notably increased by CJX2 and verapamil, but
was not affected in K562 cells. The uptake of Rh123 in

*

*
*

*

*

(B) K562/DOX
cells

(A) K562 cells

Fig. 2. Effect of CJX2 on the intracellular accumulation of Rh123 in K562 cells and K562/DOX cells. The K562 cells and K562/DOX cells were
incubated with medium containing 5 mM Rh123 in the presence or absence of various concentrations of CJX2 and 10mM verapamil at 371C for
1 h. Each bar represents the mean7SD from four experiments. Significant differences from the control were determined by using analysis of
variance (ANOVA) followed by q test (�Po0.05); Significant differences from the verapamil were determined by using analysis of variance
(ANOVA) followed by q test (DPo0.05).

Fig. 3. Effect of CJX2 on the efflux of Rh123 from the K562/DOX
cells. Cells were first incubated with medium containing 5 mM Rh123
at 371C for 90 min, washed three times with Rh123-free medium, and
then incubated in the presence or absence of 10mM CJX2 and
verapamil at 371C for 5, 10, 25, 30, 60, and 90 min, respectively. Each
point represents the mean7SD from four experiments.

Fig. 4. Persistence of modulatory activity. K562/DOX cells were
incubated with medium containing 5 mM Rh123 in the presence or
absence of 2.5mM CJX2 and verpamil at 371C for 90 min, washed with
rhodamine-free and drug-free medium for three times. At subsequent
time points as indicated, the Rh123-associated MFI was measured.
Each point represents the mean7SD from four experiments.
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the uptake time-course is the result of passive inward
diffusion and active efflux. The rate constant for the
uptake and efflux of Rh123 in CJX2-treated K562/DOX
cells was determined and compared with that in the
verapamil-treated K562/DOX cells. It was shown
clearly that the rate constant for the uptake of Rh123
in K562/DOX cells co-incubated with CJX2 was greater
than that with verapamil. In contrast, in the Rh123 efflux
assay, there was a decreased efflux rate, and the rate

constant for the efflux of Rh123 in K562/DOX cells co-
incubated with CJX2 was reduced significantly. These
results indicated that the CJX2 could inhibit P-gp-
mediated transport of Rh123 and the inhibitory effect of
CJX2 on P-gp function was more potent than that of
verapamil. The persistence of activity assay showed that
the CJX2 had a longer duration of action compared with
verapamil. The compound inhibited P-gp function in
K562/DOX cells in excess of 120 min after a short

TABLE 2. Effect of CJX2 on Doxorubicin Cytotoxicity in K562 Cells and K562/DOX Cells

Group IC50 (mM) (K562 Cells) IC50 (mM) (K562/DOX cells) RF (K562/DOX cells)

DOX 0.5170.10 19.870.25
DOX 1 CJX2 (1mM) 0.5070.07 9.9070.34 2.0

(2.5mM) 0.5170.06 5.6970.93 3.47
(5mM) 0.5270.09 3.4070.59 5.82
(10mM) 0.5070.09 0.8670.09D* 23.02D�

DOX 1 Verapamil (10mM) 0.5170.06 1.3770.10 14.45

Each value represents the mean 7 SD from four experiments and was measured as described in Materials and Methods.
Significantly different from doxorubicin plus verapamil at D: Po0.05 (analysis of variance [ANOVA] followed by a q test). � refers to the IC50 and
RF for the DOX +10mM CJX2 were significantly different from doxorubicin plus verapamil.
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Fig. 5. Effect of CJX2 on doxorubicin-induced apoptosis and cell cycle perturbations in K562/DOX cells

283P-GLYCOPROTEIN-MEDIATED MULTIDRUG-RESISTANCE

Drug Dev. Res. DOI 10.1002/ddr



exposure to 2.5mM CJX2 and subsequent removal from
the incubation medium.

The inhibitory effect of CJX2 on P-gp function
indicated that this compound might be able to reverse
P-gp-mediated MDR in tumor treatment. Therefore,
the ability of CJX2 to reverse P-gp-mediated resistance
to doxorubicin, a widely applied topoisomerase II
(TOPOII) inhibitor, was further evaluated with K562/
DOX cells. TOPOII is an essential nuclear enzyme
involved in DNA replication and gene transcription by
regulating the topological status of DNA. TOPOII acts
by passing a double-stranded DNA helix through a
transient double-strand break site and then religating
the strand break. There are two TOPOII isoforms,
a and b, encoded by the distinct genes that mediate
TOPOII activity [Drake et al., 1989; Chung et al.,
1989]. It has recently been shown that TOPOIIb
is transiently distributed to the cytoplasma during
the mitotic stage, while TOPOIIa is associated tightly
with chromosomes constantly throughout the cell cycle
[Heck et al., 1988; Nakano et al., 1996]. TOPOII is
also a crucial intracellular target of several clinical
important anticancer agents. In fact, the anthracycline
doxorubicin can inhibit the rejoining action of the
enzyme by covalent binging to it, thereby stabilizing
the DNA-enzyme complex, resulting in DNA double-
strand breaks and apoptosis. However, the sensitivity
of these two isoforms of TOPOII against anthracyclines
is not fully understood. Although there are other
mechanisms of resistance to anthracyclines [Nielsen
et al., 1996], P-gp is still a major obstacle to successful
treatment of cancer. The present results showed that
the decreased IC50 and increased RF values were

found to be concentration-related, and no cytotoxicity
was observed after K562/DOX cells and K562 cells
were exposed to 50mM CJX2 for 48 h, suggesting that
CJX2 could reverse P-gp-mediated MDR in a con-
centration-dependent manner.

Previous studies have demonstrated that P-gp can
protect leukemia cells against doxorubicin-induced
caspase-dependent cell death [Johnstone et al., 1999].
Doxorubicin can activate undefined intrinsic apoptotic
stimuli (i.e., cellular stress), and then excite acid
sphingomyelinase (aSMase) [Weisburg et al., 1996],
thereby generating ceramide, which putative down-
stream targets to induce apoptosis include the mito-
chondria, resulting in release of cytochrome C and
apoptosis-inducing factor (AIF), and the stress-
activated protein kinase/c-JUN N-terminal kinase
(SAPK/JNK) signaling pathway that has been reported
to be one of a number of parallel death-signalling
pathways to the central caspase pathway [Xia et al.,
1995]. P-gp, as an antiapoptotic molecule, can mediate
movement of sphingomyelin (SM) out of the inner
leaflet of the plasma membrane and decrease ceramide
production by reducing the availability of SM to be
acted on by either acid sphingomyelinase (aSMase) or
neutral sphingomyelinase (nSMase) [Bezombes et al.,
1998]. In addition, expression of P-gp correlates with
an increased in pHi (intracellular pH) and this has
been proposed to result in a state of caspase-inactivity
and decreased free drug concentration due to altered
transmembrane partitioning or intracellular sequestra-
tion [Gottlieb et al., 1996; Belhoussine et al., 1999].
Moreover, the drug-induced cell cycle perturbations
such as decrease in the G1 phase fraction and increase
in the S phase and/or the G2/M phase fraction have
been reported to correlate with a response to
chemotherapy and depend on the cell line studied,
the drug itself, the exposure time, and the dosage
[Briffod et al., 1992; Sorenson and Eastman, 1988].
G2/M is a crucial period for further cellular prolifera-
tion. Irreversible drug-induced G2/M arrest is asso-
ciated with DNA double-strand breaks and extensive
chromosome damage [Sorenson and Eastman, 1988].
In contrast, a lack of cell cycle perturbations was found
to indicate chemoresistance. In the present report,
after K562/DOX cells were exposed to 10mM doxor-
ubicin in the presence of CJX2 for 24 h, there was a
pronounced increase in both the apoptosis rate and the
fraction of cells in the G2/M phase. In contrast, a
remarkable reduction in the fraction of cells in the G1
phase was found. Our results also showed that the
intracellular MFI associated with doxorubicin, a
substrate of P-gp, was elevated after incubation with
various concentrations of CJX2, which can explain the
enhanced effects of CJX2 on doxorubicin cytotoxicity in

*

*

**

*

µ µ µ µµ

Fig. 6. Effect of CJX2 on the intracellular accumulation of doxor-
ubicin in K562/DOX cells. The cells were exposed to 10mM
doxorubicin in the presence or absence of various concentrations of
CJX2 for 1 h. The doxorubicin-associated MFI was measured as
described in Materials and Methods. Each bar represents the
mean7SD from four experiments. Significant differences from the
control were determined by using analysis of variance (ANOVA)
followed by q test (�Po0.05); Significant differences from the
verapamil were determined by using analysis of variance (ANOVA)
followed by q test (DPo0.05).
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K562/DOX cells. Taken together, these data suggest
that, as a result of inhibition of P-gp function, CJX2
could greatly potentiate doxorubicin cytotoxicity and
elevate doxorubicin-induced apoptosis and G2/M block
in K562/ DOX cells. The effects of CJX2 on the
caspases activities and the intracellular doxorubicin
distribution as well as on the P-gp function in vivo will
be tested in our laboratory.

In conclusion, the present results showed that
CJX2 exhibited potent effects in vitro in the inhibition
of P-gp function and the reversal of P-gp-mediated
MDR. It may become a candidate for an effective
MDR reversing agent in cancer chemotherapy.
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