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ABSTRACT In an effort to inhibit P-glycoprotein (P-gp) efflux function with greater activity and less
side effects, the combined effect of CJX2 and verapamil (Ver) was evaluated isobolographically in fixed
ratio combinations of 1:1, 1:2, 1:4, 1:8, and 1:10 in doxorubicin-resistant human myelogenous leukemia
(K562/DOX ) cells and rat brain microvessel endothelial cells (RBMEC). The results displayed that mixtures
of both drugs at the fixed ratios of 1:1, 1:2, 1:4, 1:8, and 1:10 exerted synergistic interactions, indicating
that when the two blockers that bind P-gp on separate membrane sites were combined, each contributes to
the overall interaction with P-gp, leading to the greater effect than that seen by either agent alone. Drug
Dev Res 70 : 445–449, 2009. r 2009 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
[Krishna and Mayer, 2000]. The key mechanism of the
acquired MDR phenotype in mammalian cells is an
enhanced expression of a 170-kDa plasma membrane-
associated glycoprotein, known as P-glycoprotein
(P-gp), coded by the MDR1 gene, which acts as an
active efflux pump for hydrophobic and cationic
anticancer drugs [Gottesman and Pastan, 1993]. P-gp
is widely expressed, not only in cancer drug-resistant
cells, but also in liver, kidney, intestine, and brain
where P-gp is expressed in the luminal membrane of
the brain capillary endothelium and has an important
role in limiting the distribution of various substances
into the brain to prevent neurotoxicity [Asperen et al.,
1997; Thiebaut et al., 1987]. It is likely that the
expression of P-gp in the blood-brain barrier also leads
to chemotherapy failure in brain cancer by limiting

access to many effective anticancer drugs. Therefore,
the strategy for improving clinical response during the
treatment of cancer has been a search for more
effective modulators. Another strategy has been to
investigate the use of pairs of P-gp inhibitor in the hope
of finding synergistic effects between them [Lehnert
et al., 1991; Hu et al., 1990]. Previous reports [Ji et al.,
2006; Ji and He, 2008] showed CJX2, an amlodipine
derivative, to have potent in vitro effects in inhibiting
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P-gp function. Moreover, kinetic analysis showed that
the binding sites of CJX2 and tetrandrine on P-gp were
either identical or partially overlapping, while CJX2
and Ver can bind P-gp on separate sites in K562/DOX
cells, indicating a possible cooperative interaction may
exist between CJX2 and Ver on P-gp efflux function. To
further assess this hypothesis, the effect of CJX2 in
combination with Ver on P-gp function in K562/DOX
cells and in RBMECs was evaluated.

MATERIALS AND METHODS

Materials

K562/DOX cells were purchased from the
Shanghai Institutes for Biological Science, Chinese
Academy of Sciences (Shanghai, China); CJX2 was
obtained from the School of Traditional Chinese
Pharmacy, China Pharmaceutical University (Nanjing,
China); Rhodamine123 (Rh123) and Ver were pur-
chased from Sigma (St. Louis, MO); and fetal calf
serum (FCS), RPMI-1640 medium, and DMEM/
F12(1:1) medium were purchased from Gibco (Grand
Island, NY). All other chemicals used in the experi-
ments were of reagent grade.

Cell Culture of K562/DOX Cells

Human doxorubicin-resistant myelogenous leu-
kemia (K562/DOX) cells were grown in RPMI 1640
medium supplemented with 10% FCS at 371C in a
humidified atmosphere of 5% CO2. K562/DOX cells
were cultured in the presence of 0.5mM doxorubicin
and grown in drug-free medium 2 weeks before the
experiments were carried out.

Isolation and Culture of RBMEC

RBMECs were isolated as previously described
with minor modifications [Abbott et al., 1992; He and
Ji, 2008]. Cortex was obtained from the brain of 10
Sprague-Dawley rats (d5) purchased from the animal
center of Henan province and placed in ice-cold
phosphate-buffered saline (PBS). After removal of the
surface vessels and meninges, cortical gray matter was
minced and incubated at 371C for 25 min in Hank’s
balanced salt solution containing 0.05% trypsin. Then,
the samples were filtered with 150-mm nylon mesh.
After centrifugation at 800 g for 5 min, the pellet was
resuspended in PBS containing 20% bovine serum
albumin (BSA) and centrifuged at 2000 g at 371C for
5 min. Fat, cell debris, and myelin floating on BSA were
removed and the pellet containing microvessels was
resuspended and incubated at 371C for 30 min in PBS
containing 0.1% collagenase II. Microvessels were
finally collected by centrifugation at 800 g for 5 min;
the pellet was then washed twice with PBS and
cultured in DMEM/F12 (1:1) medium supplemented

with 20% FBS at 371C in 5% CO2 humidified
atmosphere.

Rh123 Cellular Accumulation Assay in K562/DOX
Cells

K562/DOX cells at a density of 5� 104/ml in
exponential growth were used. Cells were incubated in
the presence or absence of various concentrations of
the agents with medium containing 5 mM Rh123 at
371C for 60 min. The intracellular mean fluorescence
intensity (MFI) associated with Rh123 was measured
with FACScan flow cytometry (Becton Dickinson).
Excitation was performed by an argon ion laser
operating at 488 nm; the emitted fluorescence was
collected through a 530-nm pass filter. Data analysis
was performed using Cell Quest software. Inhibition of
Rh123 accumulation (%) was calculated from the
obtained fluorescence value (F) obtained according to
the following formula:

Inhibition of Rh123 accumulation ð%Þ

¼ ðFdrug � FcontrolÞ=Fcontrol � 100%:

Rh123 Cellular Accumulation Assay in RBMEC

RBMECs were seeded at a density of 5� 104/ml
in 24-well plates. After reaching confluence, cell
monolayers were exposed to 5 mmol/L Rh123 in
serum-free DMEM/F12 medium containing various
concentrations of the agents at 371C for 90 min. After
incubation, the medium was removed, and monolayers
were washed three times with ice-cold PBS and then
dissolved in 1% TritonX-100. Fluorescence of Rh123
was determined using fluorescence spectrophotometry;
concentration of Rh123 was measured from the
fluorescence value by the Rh123 standard curve. The
amount of Rh123 in cell samples was normalized with
the amount of protein in each sample as described
previously [Fontaine et al., 1996; Sarver et al., 2002].

Inhibition of Rh123 accumulation (%) was
calculated from obtained fluorescence value (F)
obtained according to the following formula:

Inhibition of Rh123 accumulation ð%Þ

¼ ðFdrug � FcontrolÞ=Fcontrol � 100%:

Data Analysis and Statistics

Data from the experiments testing the role of
single CJX2 and Ver on the P-gp efflux function were
presented as the mean7SD and analyzed using
analysis of variance (ANOVA), followed by the q-test.
Statistical significance between the theoretical additive
value and the experimentally derived value was
evaluated by using Student’s t-test, Poo0.05 was
considered to indicate a significant synergistic
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interaction between the two agents according to
isobolographic analysis [Tallarida, 2000, 2001].

RESULTS

Effect of Single CJX2 and Ver on Cellular Rh123
Accumulation in K562/DOX Cells and RBMEC

K562/Dox cells and RBMECs were used to assess
the effect of CJX2 and Ver on the accumulation of
Rh123 by determining intracellular Rh123-associated
MFI and Fluorescence, respectively. As shown in
Figures 1 and 2, the amount of intracellular Rh123
was increased in a concentration-dependent manner,
the EC50 values (mM) for CJX2 were 1.4270.23 and
0.8570.03 in K562/DOX cells and RBMEC, respec-
tively, and for Ver were 2.2470.42 and 1.4270.12.
CJX2 was more potent than Ver in reversing P-gp efflux
function, consistent with previous reports [Ji et al.,
2006].

Effect of Combination of CJX2 and Ver on P-gp Efflux
Function in K562/DOX Cells and RBMEC

Isobolographic analysis of the inhibitory effect
offered by mixtures of CJX2 and Ver, at 5 fixed
drug–dose ratio combinations revealed that all the fixed
ratios tested were synergistic (Tables 1 and 2). The
experimentally derived EC50 mix values for the fixed
ratios of 1:1,1:2, 1:4, 1:8, and 1:10 were significantly
lower than the theoretically calculated EC50 add, and
thus, indicated synergistic interactions between CJX2
and Ver (Tables 1 and 2).

DISCUSSION

Considerable effort has been expended to find
ways to more effectively block the efflux action of P-
glycoprotein, the main mechanism for the multidrug
resistance in cancer therapy. Verapamil (Ver) and
Cyclosporin A (CsA) have been reported as agents for

Fig. 1. Effect of CJX2 and verapamil alone on cellular Rh123 accumulation in K562/DOX cells. �Significantly different from the control at
Po0.05 (ANOVA followed by a q-test). Each value represents the mean7SD from four experiments and was measured as described in Materials
and Methods.

Fig. 2. Effect of CJX2 and verapamil alone on the Rh123 cellular accumulation in RBMEC. Significantly different from the control at �Po0.05
(ANOVA followed by q-test). Each value represents the mean7SD from four experiments and was measured as described in Materials and
Methods.
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overcoming MDR [Twentyman, 1988]. However, Ver
and CsA are used as antiarrhythmic drug and
immunosuppressant, respectively, leading to the possi-
bility of side effects when these drugs are used as
MDR-reversing agents with antitumor agents.
Although the first P-gp inhibitor was found more than
20 years ago, to date no effect P-gp modulator is used
in cancer therapy. It is difficult to find potent, specific,
and safe agents able to inhibit the efflux activity of P-gp
[Van Zuylen et al., 2000]. It has therefore been
proposed that combinations of P-gp inhibitors, each
at a concentration below its toxic level, may overcome
the problems mentioned above [Ayesh et al., 1996].

P-gp has two binding sites—one for transport and
another for modulation—and it is possible that more
than three sites may exist for drug interactions on P-gp
[Martin et al., 2000]. Our previous report showed that
CJX2 inhibited Ver-stimulated P-gp ATPase activity in a
noncompetitive manner (unchanged Km and reduced
Vmax); a similar result was observed in the effects of
CsA on the CJX2-stimulated P-gp ATPase activity. In
contrast, CsA inhibited Ver-stimulated P-gp ATPase
activity in a competitive manner with unchanged Vmax

and increased Km [Ji and He, 2008], indicating a
possible synergistic interaction on P-gp function
between CJX2, Ver, or CsA. The present study revealed
that with CJX2 and Ver at five fixed dose ratios, the
experimentally derived EC50 mix values for the fixed

ratios of 1:1,1:2, 1:4, 1:8, and 1:10 were significantly
lower than the theoretically calculated EC50 add,
respectively, suggesting a synergistic inhibitory effect
on the P-gp efflux function in the K562/DOX cells and
RBMECs with no predominant action being found for
each agent. This approach may provide a valuable way
to inhibit P-gp function in tumor cells and in the BBB
with lower doses of individual agents leading to new,
better P-gp modulators. It might be possible to design a
modulator consisting of two or more modulator
molecules joined together that would be expected to
bind two or more sites to which single modulator
molecules bind, potentiating its affinity and reversing
activity.

In summary, the present report suggests that
when the two inhibitors that bind P-gp at separate sites
are combined, each contributes to the overall interac-
tion with P-gp, leading to synergy in modulating P-gp
function. Additional studies are ongoing to explore this
possibility.

REFERENCES

Abbott NJ, Hughes CC, Revest PA, Greenwood J. 1992. Develop-
ment and characterisation of a rat brain capillary endothelial
culture: towards an in vitro blood-brain barrier. J Cell Sci
103:23–37.

Asperen JV, Mayer U, Tellingen OV, Bbeijnen JH. 1997. The
functional role of P-glycoprotein in the blood-brain barrier.
J Pharm Sci 86:881–884.

TABLE 1. Isobolographic Analysis of Combined Effect of CJX2 and Verapamil on P-gp Efflux Function in K562/DOX Cells�

FR CJX2 1Ver 5 EC50 mix (mM) Nmix EC50 add (mM) 5 CJX2 1Ver Nadd

1:1 1.12 2.01 3.3370.55� 12 3.6670.45 1.42 2.24 12
1:2 0.87 3.35 4.2270.41� 12 5.970.62 1.42 4.48 12
1:4 0.65 5.21 5.8670.75� 12 10.3870.54 1.42 8.96 12
1:8 0.42 6.02 6.4470.74� 12 19.3470.96 1.42 17.92 12
1:10 0.36 6.87 7.2370.13� 12 23.8271.78 1.42 22.4 12

FR, fixed drug-dose ratio combination; Nadd, total number of samples calculated for the additive mixture of the agents examined; Nmix, total
number of samples used for the experimental mixture.
�Results are presented as median effective doses (EC507SD) for drug mixtures, either experimentally determined (EC50 mix) or theoretically
calculated (EC50 add). �Po0.05 vs. the respective EC50 add.

TABLE 2. Isobolographic Analysis of Combined Effect of CJX2 and Ver on P-gp Efflux Function in RBMEC�

FR CJX2 1Ver 5 EC50 mix (mM) Nmix EC50 add (mM) 5 CJX2 1Ver Nadd

1:1 0.74 1.22 1.9670.35� 12 2.2770.35 0.85 1.42 12
1:2 0.53 2.08 2.6170.40� 12 3.6970.24 0.85 2.84 12
1:4 0.42 2.85 3.2770.38� 12 6.5370.75 0.85 5.68 12
1:8 0.34 4.19 4.5370.55� 12 12.2170.3 0.85 11.36 12
1:10 0.29 4.88 5.1770.76� 12 15.0571.4 0.85 14.2 12

FR, fixed drug-dose ratio combination; Nadd, total number of samples calculated for the additive mixture of the agents examined; Nmix, total
number of samples used for the experimental mixture.
�Results are presented as median effective doses (EC507SD) for drug mixtures, either experimentally determined (EC50 mix) or theoretically
calculated (EC50 add). �Po0.05 vs. the respective EC50 add.

448 JI ET AL.

Drug Dev. Res.



Ayesh S, Shao YM, Stein WD. 1996. Co-operative, competitive and
non-competitive interactions between modulators of P-glycoprotein.
Biochim Biophys Acta 131:8–18.

Bian-Sheng Ji, Ling He, Liu G-Q. 2006. CJX2, an amlodipine
derivative, reverses p-glycoprotein-mediated multidrug-resistance
in doxorubicin-resistant human myelogenous leukemia (K562/
DOX) cells. Drug Dev Res 66:278–285.

Bian-Sheng Ji, Ling He. 2008. CJX2, an amlodipine derivative,
interacts with ATPase activity of human P-glycoprotein. Drug Dev
Res 69:42–47.

Fontaine M, Elmquist WF, Miller DW. 1996. Use of rhodamine 123
to examine the functional activity of P-glycoprotein in primary
cultured brain microvessel endothelial cell monolayers. Life Sci
59:1521–1531.

Gottesman MM, Pastan I. 1993. Biochemistry of multidrug
resistance mediated by the multidrug transporter. Annu Rev
Biochem 62:385–427.

Hu HF, Martin TJ, Bell DR. 1990. Combined used of cyclosporin A
and verapamil in multidrug resistance in human leukemia cell
line. Cancer Res 50:2593–2597.

Krishna R, Mayer LD. 2000. Multidrug resistance (MDR) in cancer
mechanisms, inhibitory using modulator of MDR and the role of
MDR modulators in the pharmacokinetics of anticancer drugs.
Eur J Pharmacol Sci 11:265–283.

Lehnert M, Dalton WS, Roe D, Emerson S, Salmon SE. 1991.
Synergistic inhibition by verapamil and quinine of P-glycoprotein-

mediated multidrug resistance in a human myeloma cell line
model. Blood 77:348–354.

Ling He, Bian-Sheng Ji. 2008. In vitro and in vivo study of CJY, an
isoflavone, on p-glycoprotein function in rats. J Chemother
20:361–367.

Martin C, Berridge G, Higgins CF, Mistry P, Charlton P, Callaghan R.
2000. Communication between multiple drug binding sites on P-
glycoprotein. Mol Pharmacol 3:624–632.

Sarver JG, Klis WA, Byers JP, Erhardt PW. 2002. Screening
of the differential effects of test agents on Hoechst
33342, rhodamine 123, and rhodamine 6G accumulation in breast
cancer cells that overexpress P-glycoprotein. J Biomol Screen
7:29–34.

Tallarida RJ. 2000. Drug synergism and dose–effect data analysis.
Boca Raton, FL: Chapman & Hall/CRC Press. p 57–71.

Tallarida RJ. 2001. Drug synergism: its detection and applications.
J Pharmacol Exp Ther 298:865–872.

Thiebaut F, Tsuruo T, Hamade H, Gottesman MM, Pastan I,
Willingham MC. 1987. Cellular localization of the multidrug
resistance gene product in normal human tissue. Proc Natl Acad
Sci USA 84:7735–7738.

Twentyman PR. 1988. Modification of cytotoxic drug resistance by
non-immuno-suppressive cyclosporins. Br J Cancer 57:254–258.

Van Zuylen L, Nooter K, Sparreboom A, et al. 2000. Development
of multidrug resistance converters: sense or nonsense? Invest
New Drugs 18:205–220.

449EFFECT OF CJX2, AN AMLODIPINE DERIVATIVE

Drug Dev. Res.


