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Introduction
The treatment of cancer with chemotherapeutic drugs is

frequently impaired or ineffective as a result of acquired re-
sistance of tumor cells.  This phenomenon is termed as multi-
drug resistance (MDR) and characterized by the over-ex-
pression of P-glycoprotein (P-gp) at the surface of cancer
cells.  As a 170 kDa protein, P-gp is encoded by MDR gene
and belongs to a membrane transporter of the ABC
superfamily.  It acts as an energy-dependent drug efflux pump
preventing adequate intracellular accumulation of a broad
range of cytotoxic drugs including anthracyclines, Vinca
alkaloids, epipodophyllotoxins, and taxanes[1–3].  P-gp is also
expressed in normal tissues such as the endothelial cells of
the blood brain barrier (BBB) capillaries[4].  The capillary
endothelial cells protect the brain against many exogenous
toxin injuries and sudden fluctuation in the levels of sys-
temic substances.  The hydrophobic agents, such as vinblas-
tine and doxorubicin and lipid-soluble compounds, such as
cyclosporin A, cannot accumulate in the brain[5-7].  P-gp ex-
pression in the  BBB capillaries is responsible for the extru-

sion of these compounds from the endothelial cells, and
thereby attenuates the accumulation of the drugs in the brain
leading to the failure of therapy for the brain disease.  There
are a variety of agents, such as verapamil (Ver) and cyclospo-
rine A for overcoming MDR[8,9].   However, vera-pamil and
cyclosporine A, are used as anti-arrhythmic agents and
immunosuppressants, respectively.  Therefore, they will
cause side effects when used as MDR-reversing agents.  In
light of these findings, the development of compounds spe-
cially inhibiting P-gp function in cancer cells or BBB may
contribute to the treatment of cancers and central nervous
system diseases.  Amlodipine, a calcium channel antagonist,
belongs to dihydropyridines family and is currently applied
in the treatment of hypertension[10].  A previous report has
revealed that amlodipine has an inhibitory effect on P-gp-
mediated transport of dauxorubicin and digoxin[11].  CJX1
and CJX2, the amlodipine derivatives, were synthesized by
substituting the hydrogen of the amino group on amlodipine
with 4,5-dihydro-imidazole and 4,5-dihydro-thiazole,
respectively. The aim of this study was to investigate the
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effects of CJX1 and CJX2 on the P-gp function in rat brain
microvessel endothelial cells (RBMEC).

Materials and methods
Materials  The cell line of human umbilical vein endot-

helial cells (HUVEC) was a gift from Prof Zhuang ZHANG
(Beijing University of Chinese Medicine); CJX1 (Mr 471)
and CJX2 (Mr 488) were obtained from Dr Yun-gen XU
(Novel Drug Research Centre, China Pharmaceutical
University). Rhodamine123 (Rh123) and verapamil were
purchased from Sigma Co (St Louis, USA).  Fetal calf se-
rum and DMEM/F12 (1:1) medium were purchased from
GIBCO (USA).  All other chemicals used in the experiments
were commercial products of reagent grade.

Culture of RBMEC  RBMEC were isolated according
to the method of Abbott et al[12] with minor modification.
Isolated cortex from ten rats was placed in ice-cold phos-
phate-buffered saline (PBS).  After removal of surface ves-

sels and meninges, cortex gray matter was minced and incu-
bated at 37 ºC for 25 min in D-Hanks’ solution containing
0.05% trypsin. The samples were filtered through a 150-µm
nylon mesh.  After centrifugation at 800×g for 5 min, the
pellet was re-suspended in PBS containing 20% bovine
serum albumin (BSA) and centrifuged at 2000×g at 37 ºC
for 5 min.  After removal of fat, cell debris, and myelin float-
ing on BSA, the pellet containing microvessels was resus-
pended and incubated in PBS containing 0.1% collagenase
II at 37 ºC for 30 min.  The microvessels were finally col-
lected by centrifugation at 800×g for 5 min, then the pellet
was washed twice with PBS and cultured in DMEM/F12
(1:1) medium supplemented with 20% fetal bovine serum at
37 ºC in a 5% CO2 humidified atmosphere.

Intracellular Rh123 accumulation assay  RBMEC were
seeded at a density of 5×107/L in 24-well plates.  After reach-
ing confluence, cell monolayers were exposed to Rh123 5
µmol/L in serum-free DMEM/F12 medium containing CJX1
and CJX2 at 1, 2.5, 5, and 10 µmol/L at 37 ºC for 90 min,
respectively.  Verapamil was used as a positive control for
an P-gp inhibitor.  After incubation, the medium was
removed, and all monolayers were washed three times with
ice-cold PBS and then dissolved in 1% Triton X-100.  Fluo-
rescence of Rh123 was measured using fluorescence spec-
trophotometer and concentration of Rh123 was calculated
from the fluorescence value on the Rh123 standard curve.
The amount of Rh123 in cell samples was normalized with
the amount of protein in each sample as described previ-
ously[13,14].

Rh123 uptake assay  RBMEC were seeded at a density
of 5×107/L in 24-well plates, and then incubated in DMEM/
F12 (1:1) medium containing Rh123 at 5 µmol/L in the pres-
ence or absence of CJX1 or CJX2 10 µmol/L at 37 ºC in a
humidified atmosphere of 5% CO2 for 10, 25, 45, 60, and 90
min, respectively.  After removal of the medium, the cell
monolayers were washed three times in ice-cold PBS and
dissolved in 1% Triton X-100.  The amount of Rh123 was
determined as described in the accumulation assay.  The
uptake constant (kup) was obtained by fitting the data to Ft=Fss

(1-e-kt), where Ft is the amount of Rh123 at time t, Fss is the
amount of Rh123 at 90 min.  The amount of intracellular
Rh123 was plotted  against time.

Rh123 efflux assay  The RBMEC were incubated in the
medium containing Rh123 5 µmol/L at 37 ºC in a humidi-
fied atmosphere of 5% CO2 for 90 min. After washing three
times in ice-cold PBS, RBMEC were  incubated in the  pres-
ence or absence of CJX1 and CJX2 1-10 µmol/L or verapamil
10 µmol/L at 37 ºC for 5, 10, 25, 30, 60, and 90 min, respec-
tively.  The amount of intracellular Rh123 was determined

Figure 1.  The chemical structure of amlodipine, CJX1, and CJX2.
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as described in the accumulation assay.  The efflux constant
(ke) of CJX1 and CJX2 10 µmol/L was obtained by fitting
the data to Ft=Fo e-kt, where Ft is the amount of Rh123 at
time t.  The amount of intracellular Rh123 was plotted against
time.

Persistence of CJX1 and CJX2 activity  The RBMEC
were incubated in the medium containing Rh123 5 µmol/L
in the presence or absence of CJX1 and CJX2 2.5 µmol/L or
verapamil 2.5 µmol/L in the humidified atmosphere of 5%
CO2 for 90 min at 37 ºC, respectively.  After washing three
times in rhodamine-free and drug-free medium, the amount
of intracellular Rh123 was measured after 10, 30, 60, 90,
and 120 min, respectively. The amount of Rh123 in cell
samples at different time points was determined as described
in the accumulation assay.  T0 represents the amount of Rh123
which was monitored immediately after incubation with
CJX1, CJX2 or verapamil.

Data analysis  All data were expressed as mean±SD and
analyzed by t-test.

Results
Effect of CJX1 and CJX2 on intracellular accumula-

tion of Rh123 After RBMEC were incubated with Rh123
for 90 min in the presence of CJX1 and CJX2 1-10 µmol/L,
the amount of intracellular Rh123 was greatly increased in a
concentration-dependent manner compared with the control
group (P<0.01).  Accumulation of Rh123 was not increased
in HUVEC.  The amount of intracellular Rh123 in CJX1 10
µmol/L-treated group was comparable to that of the
verapamil 10 µmol/L-treated group (Table 1).

Effect  of CJX1 and CJX2 on uptake of Rh123  After
the RBMEC were incubated in the presence of CJX1 and
CJX2 10 µmol/L, Rh123 was accumulated in a time-depen-
dent manner from 0-100 min.  The rate constants (kup) of the
uptake in CJX1 and CJX2-treated group was 0.0508 and
0.0495 respectively, and higher than those of control group
(0.0264) and verepamil-treated group (0.044) (Figure 2).

Effect of CJX1 and CJX2 on Rh123 efflux CJX1 and
CJX2 1-10 µmol/L inhibited the efflux of Rh123 from
RBMEC from 0 to 100 min (Figure 3). The inhibitory ef-
fects remained even at 120 min after removal of CJX1 or
CJX2 2.5 µmol/L from the medium (Figure 4).  This amount
suggested that the inhibitory effects of CJX1 and CJX2 on
P-gp function was reversible and that the inhibitory effects
of CJX1 on P-gp persisted longer compared with verapamil.
The efflux constants in CJX1 and CJX2 10 µmol/L-treated
groups was 0.0097 and 0.0127, respectively, and was lower
than those in control group (0.0312) and verapamil-treated
group (0.0131).

Discussion
Beaulieu et al showed that P-gp was localized in the lu-

minal membranes of RBMEC[15].  RBMEC was a valuable
tool for the study of BBB permeability in vitro[13]; however,
HUVEC was often used as a negative control and had no
detectable P-gp expressions[16,17].  The  efflux of fluorescent
dye Rh123 was known to be P-gp-dependent and conse-
quently was used extensively to determine the efflux rate
from the cells expressing P-gp and to screen novel effective
P-gp reversal agents[18].

The present study showed that before the RBMEC and
HUVEC were exposed to Rh123, the amount of intracellu-
lar Rh123 in RBMEC was lower than that in HUVEC.  After
CJX1 and CJX2 treatment,  intracellular accumulation of
Rh123 was elevated greatly in RBMEC in a concentration-

Table 1.  Effect of CJX1 and CJX2 on the accumulation of Rh123 in rat
brain microvessel endothelial cells (RBMEC) and human umbilical vein
endothelial cells (HUVEC).  n=3 experiments (each 4 wells).  Mean±SD.
cP<0.01 vs control group.  eP<0.05 vs verapamil group.

    Group/µmol·L-1                                Rh123/nmol·g-1 protein
                                                   RBMEC        HUVEC       Increasing
                                                                                                rate/%

Control   68±10 315±39
CJX1   1   91±6c   34.1

  2.5 197±30c 191.4
  5 282±44c 316.5
10 323±11ce 310±28 377.1

CJX2   1   85±12c   25.9
  2.5 161±31c 137.8
  5 220±28c 224.9
10 282±44c 320±19 317.2

Ver 10 269±50c 320±53 297.3

Figure 2.  Effect of CJX1 and CJX2 on the uptake of Rh123 in rat brain
microvessel endothelial cells.  n=3 experiments (each 4 wells).  Mean±SD.
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time points. This suggested that P-gp function recovered and
the inhibitory effect of CJX1 and CJX2 on P-gp was
reversible. The amount of Rh123 was less than 40% of base-
ment at 60 min after washout of verapamil and CJX2.  But in
the CJX1-treated group, there was about 40% Rh123 in
RBMEC at 90 min after washout of CJX1. This result showed
that the inhibitory effect of CJX1 persisted longer than that
of verapamil.

The inhibitory effect of CJX1 and CJX2 on P-gp func-
tion in RBMEC indicated that the two compounds may be
able to reverse MDR mediated by P-gp.  This study has been
performed on doxorubicin-resistant human myelogenous leu-
kemia (K562/DOX) cells in our laboratory and the results
will be published.  The effect of CJX1 and CJX2 on P-gp
function in vivo will be observed in our laboratory in the
near future.

In conclusion, CJX1 and CJX2 exhibited a potent effect
on the inhibition of P-gp function in vitro.  They may be-
come candidates of the effective P-gp reversal agents.
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