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Abstract

Multidrug resistance (MDR) is one of the main obstacles limiting the efficacy of chemotherapy treatment of tumours. One of the
main causes of MDR is linked to the overexpression of P-glycoprotein (P-gp). This study aimed to characterise tetrandrine (Tet), a
potent inhibitor of P-gp mediated MDR. Cytotoxicity was determined by the tetrazolium (MTT) assay. A MCF-7/adr cell xeno-
graft model was established to investigate the effect of Tet on reversing MDR in vivo. Mechanistic experiments were conducted to
examine the uptake, efflux and accumulation of doxorubicin (Dox) and Fura-2, and to assess lipid membrane fluidity. Tet poten-
tiated the cytotoxicity of Dox; a 20.4-fold reversal of resistance was achieved in the presence of 2.5 pmol/l of Tet. Accumulation and
efflux studies with the P-gp substrates, Dox and Fura-2, demonstrated that Tet inhibited the P-gp-mediated drug efflux. In addition,
Tet lowered cell membrane fluidity in a concentration-dependent manner. In mice bearing the MDR MCF-7/adr cell xenografts,
coadministration of Tet potentiated the antitumour activity of doxorubicin without a significant increase in toxicity. Tet was an
extremely potent MDR modulator both in vitro and in vivo, without apparently enhancing the toxicity of the co-administered drugs.
Hence, Tet holds great promise as a MDR modulator for the treatment of P-gp-mediated MDR cancers. © 2002 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Multidrug resistance (MDR) is a major obstacle for
successful chemotherapy treatment, MDR is often the
result of overexpression of a 170 kD plasma membrane
glycoprotein known as P-glycoprotein (P-gp). P-gp
belongs to the superfamily of adenosine triphosphate
(ATP)-binding cassette (ABC) transporters and actively
pumps out a wide range of structurally and functionally
diverse amphipathic anticancer drugs from the inside of
tumour cells thereby decreasing their intracellular accu-
mulation [1]. Recent studies showed that tumour cells
expressing MDR-associated protein (MRP), lung resis-
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tant protein (LRP) and mutation of DNA topoisome-
rase II are likely to be MDR [2,3].

A plethora of agents are able to reverse the MDR
phenotype in vitro [4-6]. Many natural and synthetic
products of various structures, including calcium chan-
nel blockers (e.g. verapamil, nifedipine), calmodulin
antagonists (e.g. trifluoperazine, chlorpromazine), qui-
nolines (e.g. chloroquine, quinidine), immunosuppres-
sive drugs (e.g. cyclosporin A, rapamycin) and
yohimbine alkoids (e.g. reserpine, yohimbine) have been
shown to partly or competitively inhibit the function of
P-gp.

In vivo, combined therapy with MDR-related cyto-
toxins and modulators could shrink tumours and pro-
long the life-span in animal models. Unfortunately, the
data regarding clinical efficacy are not yet available from
the early clinical trials. Moreover, the MDR reversal
agent may expose the patient to unacceptable side-effects
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or toxicity at the doses required for effectiveness and/or
affect the pharmacokinetics of the anticancer drug [1,7].
These limitations have spurred on efforts to search for
new, more effective compounds. New drugs developed
specifically to inhibit P-gp and modulate MDR are cur-
rently one of the most important strategies in the field of
cancer chemotherapy.

Tetrandrine (Tet), one of the bisbenzylisoquinoline
alkaloids, has been used as an antifibrotic drug to treat
the lesions of silicosis in China since the 1960s. It is
relatively non-toxic to humans, even at the administra-
tion of 180 mg, intramuscularly (i.m.) three times daily
(t.i.d.) [8]. Our previous studies showed Tet was able to
reverse MDR in vitro [9]. The aim of this study was to
determine whether Tet can enhance the efficacy of
doxorubicin (Dox), both in vitro and in nude mice
bearing tumours, and to probe the mechanism of the
reversal of MDR.

2. Materials and methods
2.1. Materials

Tet was generously provided by Dr Pan XP (Kuming
Institute of Botany, Chinese Academy of Sciences). The
powder of Tet, C3gH4yO¢N», with a purity of >98%
was obtained by chromatography. Tet was freshly made
before use. Fura 2-AM, Fura 2, 1,6-diphenyl-1,3,5-hex-
atriene (DPH) and Dox were purchased from Sigma
Chemical Co. Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Gibco BRL.

2.2. Cell lines and cell culture

The MDR cell lines MCF-7/adr and the parental
sensitive cell line MCF-7 were generously provided by
Prof. Liu XY (from the National Cancer Institute,
USA). The MDR cell line MCF-7/adr and the parental
cell line MCF-7 were grown as adherent monolayers in
flasks in DMEM with 10% fetal bovine serum (FCS),
benzylpenicillin (50 KU/L), and streptomycin (50 mg/1)
at 37 °C in a humidified atmosphere of 5% CO,+95%
air. MCF-7/adr cells were approximately 48-fold resis-
tant to Dox, and overexpression of P-gp was the main
cause for the MDR.

2.3. MTT cytotoxicity assay

The cells were collected with trypsin and re-suspended
in a final concentration of 4x10° cells/ml, 0.18 ml ali-
quots were seeded in 96-well multiplates. 10 pl of mod-
ulator and 10 ul of anticancer drug were added after a
24 h incubation. After 68 h, 10 pl of 10 mg/ml dimethyl
thiazolyl-2,5-diphenyltetrazolium bromide (MTT) solu-
tion were added to each well, and the plate was incu-

bated for 4 h, allowing the viable cells to reduce the
yellow MTT into dark-blue formazan crystals, which
were dissolved in 150 pl of dimethyl sulphoxide
(DMSO). The cell growth inhibition was evaluated by
the MTT method using triplicate assays [10]. The con-
centrations required to inhibit growth by 50% (ICs
values) were calculated from the cytotoxicity curves
(Bliss’s software). The degree of resistance was calcu-
lated by dividing the ICso for the MDR cells by that for
the parental sensitive cells. The fold-reversal of MDR
was calculated by dividing the ICsy for cells to the
anticancer drug in the absence of the modulator by that
in the presence of the modulator.

2.4. Animals

Athymic nude mice were used for the MCF-7/adr xeno-
grafts. Mice were obtained from the Center of Experi-
mental Animals, Sun Yat-Sen University of Medical
Sciences, and maintained and brought up in the Center.
Animals were provided with sterilised food and water.
Male mice 5-7 weeks old, weighing 18-22 g, were used.

2.5. Reversal of MDR in the MCF-7/adr cell xenografts

Ullmann and colleagues established the model of
xenografts of MCF-7/adr in nude mice and proved that
like the MDR cells in culture, MCF-7/adr nude mice
xenografts are extremely resistant to Dox and retain the
characteristics of the MDR phenotype. In our experi-
ments, the model of xenografts of MCF-7/adr was
established as described by of Ullmann [11]. In detail,
transplantable MCF-7/adr cells were collected and sus-
pended at a concentration of 107/ml and transferred to
the mice for the chemotherapeutic studies. Mice
received a subcutaneous (s.c.) injection of the cells using
0.5 million cells/inoculation under the shoulder. After
s.c. implantation of the cells, when the s.c. tumour was
approximately 5x5 mm in size, mice were randomised
into treatment groups of four including controls and
groups receiving Dox alone (4 mg/kg), intraperitoneally
(i.p.) every 2 days (q2d), Tet alone (30 mg/kg), i.p. q2d,
or both Dox (4 mg/kg)+ Tet(30 mg/kg), i.p. q2d. The
animal’s weight was measured every 4 days for
modulation of the drug dosage. Each animal was tagged
in the ear and followed individually throughout the
experiments, with the animals receiving the desired drug
and dosage. We monitored tumour growth starting on
the first day of treatment and measured the volume of
the xenograft every 4 days. Tumour volume was mea-
sured in two perpendicular diameters (4 and B).
Tumour volume (V) was estimated according to the
formula:

V:E A+ B\*
6 2
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The curve of tumour growth was drawn according to
tumour volume and time of implantation. The mice
were anaesthetised and killed when the mean tumour
weights were over 1 g in the control group. Tumour tis-
sue was excised from the mice and its weight was mea-
sured. The rate of inhibition (IR) was calculated
according to the formula:

IR =1
Mean tumour weight of the experimental group
Mean tumour weight of the control group
x 100%

2.6. Fura 2-AM fluorescence measurements for detecting
the function of P-gp

Fura 2-AM is a substrate of the MDR transporter
(P-gp). Fura 2-AM shares several characteristics with
substrates for the outward transport system associated
with MDR. MDR cells showed impaired accumulation
of Fura-2, the accumulation of this dye was promoted
with modulators. Impaired accumulation of Fura-2 by
the multidrug resistant cells has suggested the use of this
highly fluorescent dye as a fluorescent probe for MDR
[12,13]. Actually, Fura 2-AM is a non-fluorescent and
highly lipid-soluble dye precursor that rapidly pene-
trates the plasma membrane of cells. Once inside the
cell, ester bonds are cleaved by endogenous esterases,
transforming Fura 2-AM into the hydrophilic and
intensely fluorescent Fura-2. Cells expressing high levels
of mdrl rapidly extrude non-fluorescent Fura 2-AM
from the plasma membrane, thereby reducing accumu-
lation of fluorescent Fura-2 in the cytosol. The amount
of P-gp activity is therefore inversely proportional to the
accumulation of intracellular Fura-2 fluorescence.
However, the extrusion of Fura 2-AM could be blocked
in MDR cells when the function of P-gp was decreased
or lost, therefore, increasing the cellular accumulation
of Fura-2 in the MDR cells. The measurement of the
accumulation of Fura-2 can therefore be used as a
method for studying P-gp function and screening
modulators of MDR induced by P-gp. In detail, the
cells were collected and incubated in the medium con-
taining Hepes-Na of 10 mmol/l (pH 7.4), NaCl of 120
mmol/l, KCI of 5 mmol/l, MgCl, of 0.4 mmol/l, CaCl,
of 0.04 mmol/l, NaHCO; of 10 mmol/l, glucose of 10
mmol/l, Na,HPO, of 5 mmol/l, with 2.5 umol/l of Fura
2-AM in the absence or presence of Tet for 20 min at
25 °C. The cells were centrifuged and washed with
phosphate-buffered solution (PBS) three times. The
values of fluorescence were measured (Aey: 340 nm, Aep:
500 nm) in the presence of CaCl, and 0.5% Triton
X-100.

2.7. Dox passive uptake, accumulation and efflux

To examine the accumulation of Dox in cells, loga-
rithmically growing MCF-7 cells and MCF-7/adr cells
were exposed to Dox of 10 umol/l in the absence or
presence of Tet of 2.5, 1.25, 0.625 umol/l at 37 °C for 3
h in the medium with PBS plus 10% FCS added with 10
mM glucose. The cells were then collected, centrifuged
and washed 3 times with cold PBS. The cells were
resuspended in HCI 0.3 mol/l in 60% ethanol. Follow-
ing centrifugation, the supernatant was removed and
assayed spectrofluorometrically at A., 470 nm and Ay,
590 nm [14]. Tet did not affect the absorbance or emis-
sion spectra of Dox. The accumulation of Dox was cal-
culated by the standard curve of Dox. The fold
accumulation of Dox was calculated by dividing the
value in the presence of Tet by that without Tet.

To determine the passive uptake of Dox, cells were
preincubated at 37 °C for 15 min with 15 mM sodium
azide (NaN3) plus 10 mM deoxyglucose in PBS (pH 7.4)
and 10% FCS. They were then incubated at 37 °C for 3
h with 10 umol/l of Dox in the same buffer in the
absence or presence of Tet of 2.5 pmol/l. The cells were
washed and the intracellular Dox content was quanti-
fied as described above.

To measure drug efflux, cells were incubated in
energy-supplied buffer and incubated with 10 pmol/l
Dox for 3 h at 37 °C. Each dish was washed once with
PBS, and energy-supplied buffer without Dox and with
or without Tet was added. Then the cells were incubated
for the indicated times at 37 °C and harvested, then
quantified as described above.

2.8. Plasma membrane lipid fluidity

The fluidity of the cell membrane was determined by
measuring the fluorescence polarisation of the hydro-
phobic probe, DPH, as previously described in Ref. [15].
In brief, an aliquot (25 pl) of a stock solution of DPH (2
mM in tetrahydrofuran) was diluted 1:2000 into the
suspension buffer with vigorous mixing. This dispersion
was mixed with the cell suspension and a given con-
centration of Tet in PBS, the final cell density being
1x10%/ml. Probe uptake was for 1 h at room temp-
erature in dark. The cells were washed by PBS, and re-
suspended by PBS. Fluorescence polarisation was mea-
sured in a fluorimeter (Ao, 362 nm, Aey,: 432 nm).

The intensity of the fluorescence that was parallel (1)
and perpendicular (/) to the direction of the vertically
polarised excitation light was determined by measuring
the emitted light through polarisers oriented vertically
and horizontally. The polarisation (P) was obtained
from intensity measurements using P= (I;,—GI,)/(I; + -
GI,) where G is a grating correction factor for the
monochromator’s transmission efficiency for vertically
and horizontally polarised light. The value is given by
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the ratio of the fluorescence intensities of the vertical to
horizontal components when the exciting light is polar-
ised in the horizontal direction. The polarisation was
expressed as the anisotropy (r=2P/(3—P)).

2.9. Statistic analysis

All experiments were repeated at least twice and dif-
ferences determined using the Student’s f-test. Sig-
nificance was determined at P <0.05.

3. Results

3.1. Tet itself inhibits cell growth in the MCF-7 and
MCF-7/adr cells

The cytotoxic effect of Tet after a 72-h treatment is
shown in Fig. 1. The ICs, of Tet to MCF-7 and MCF-7/
adr cells was 9.34+1.7 and 11.5£2.4 pmol/l, respec-
tively. Cell survival was more than 90% in both the
MCEF-7/adr cells and their parental sensitive MCF-7
cells using Tet concentrations of <2.5 umol/l. So Tet
concentrations of 2.5, 1.25, 0.625 pmol/l were used to
study the reversal of MDR.

3.2. Reversal of MDR in vitro by Tet

The cells were incubated with various concentrations
of Tet and a full range of concentrations of the chemo-
therapeutic agent. The aim of the experiments was to
see if Tet modulated the sensitivity of the cells to the
chemotherapeutic agent, Dox. It was clear that the sen-
sitivity to Dox was very different in the MCF-7 cells
from that in the MCF-7/adr cells. The ICs, of Dox for
the MCF-7/adr cells and MCF-7 cells were 16.13 and
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Fig. 1. Cytotoxicity effect of tetrandrine (Tet) on MCF-7 and MCF-7/
adr cells. Cytotoxicity was measured using a dimethylthiazolyl-2,5-
diphenyltetrazolium bromide (MTT) assay. The cells were cultured
with a full range of concentrations of Tet for 72 h. Data represent
means and standard errors of at least a triplicate determination.

0.33 pmol/l, respectively. So the MCF-7/adr cells in
these experiments were approximately 48-fold more
resistant to Dox compared with the parental drug-sen-
sitive MCF-7 cells (Fig. 2).

Tet concentrations of 2.5, 1.25, 0.625 pmol/l, that are
barely cytotoxic (more than 90% cell survival) to the
MCF-7 and MCF-7/adr cells, lowered the ICs, of Dox
to 0.79, 1.37 and 2.98 pmol/l in the MCF-7adr cells.
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Fig. 2. Effect of tetrandrine (Tet) on enhancing the sensitivity of
MCF-7 and MCF-7/adr cells to the chemotherapeutic agent in vitro.
Cytotoxicity was measured using a MTT assay. The cells were cultured
with a full range of concentrations of doxorubicin (Dox) in the pre-
sence or absence of Tet for 72 h. Data represent means and standard
errors of at least triplicate determinations: (a) cytotoxicity of Dox
alone in the MCF-7 and MCF-7/adr cells; (b) MCF-7 cells; (c) MCF-
7/adr cells.
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This gave a 20.4, 11.8 and 5.4-fold reversal respectively,
in MDR. These results suggested Tet was very effective
at reversing MDR in vitro. In the sensitive MCF-7 cells,
the ICso of Dox was 0.27, 0.29, 0.28 umol/l in the pre-
sence of Tet concentrations of 2.5, 1.25, 0.625 pumol/l,
respectively (Fig. 2, Table 1). These results suggested
that Tet had no effect on the Dox sensitivity of these
sensitive MCF-7 cells.

3.3. Reversal of MDR by Tet in xenografts

When MDR tumours were treated with the various
regimens, tumour growth suppression was observed.
Fig. 3 shows the curves of tumour growth in the nude
xenografts of the MCF-7/adr cells. Tumour growth was
much slower for the group given Dox and Tet compared
with the other groups. Tumour weights were 0.94+£0.33,
1.13£0.69, 0.98+£0.32 and 0.40+0.18 g in the control
group, Dox (4 mg/kg) alone, Tet (30 mg/kg) alone and
co-administration groups at day 32 after implantation,
respectively (Fig. 3, Table 2). Similar results are shown
in Table 2 for another independent set of experiments.
These show that neither Dox alone or Tet alone had any
anticancer action in the nude mice xenografts of MCF-

Table 1

7/adr cells in two independent experiments. However, the
combination of Dox and Tet significantly inhibited the
growth of the xenograft and the inhibition (versus the
control weight of tumour) was 52.8-57.5% (P <0.05 ver-
sus the control group, Dox alone or Tet alone). The results
demonstrated that Tet could reverse MDR in vivo.

Importantly, the regimen of the combination of Dox
and Tet did not cause any deaths in our experimental
system. The weights of the animals were more in the
post-experiments than in the pre-experiments in every
group (with the exception of the Tet alone group). Fur-
thermore, the weight of the animals was not sig-
nificantly decreased in the combination of the group of
Dox and Tet versus the control group. This suggests
that this regimen did not result in increased toxic side-
effects. Therefore, the toxicity co-administration of Dox
and Tet was tolerable (Table 2).

3.4. Tet inhibited the extrusion of Dox and enhanced the
accumulation of Dox and Fura-2 in the MCF-7/adr cells,
not in the MCF-7 cells

The decrease of cellular drug accumulation induced
by P-gp is thought to be one of the main causes of

Modulation by Tetrandrine (Tet) of the sensitivity to Dox of MCF-7 and MCF-7/adr cells

Group Concentration (pmol/l) 1Cso of Dox (umol/l)+S.D. Fold-reversal of MDR
MCEF-7/adr MCF-7 MCF-7/adr MCEF-7
Control 0 16.13+£2.18 0.33+£0.03 1.0 1.0
Tet 0.625 2.98+0.38* 0.28+0.03 5.4 1.2
1.25 1.37+£0.16%* 0.29+0.03 11.8 1.2
2.5 0.79£0.09** 0.27+0.03 20.4 1.2

Dox, doxorubicin; Tet, tetrandrine; MDR, multidrug resistance; 1Cs, concentration required to inhibit growth by 50%.
The ICs, of Dox was determined in the presence of various concentrations of Tet. Each value represents the mean=+standard deviation (S.D.) of
at least three independent experiments. The fold-reversal of MDR is defined as the ratio of the ICs, for Dox alone versus the ICsq for Dox in the

presence of the modulating agent.

**and * P<0.01 and P <0.05 respectively, for values versus those in the control group.

Table 2

Summary of two independent experiments on the effect of tetrandrine (Tet) on the reversal of multidrug resistance (MDR) in a xenograft model of

MCF-7/adr cells in nude mice

Group Pre-experiment Post-experiment Weight of Inhibition (versus control
tumour (g) weight of tumour) (%)

Animals weight (g) Animals weight (g)/change (%)

Control 5 20.7+1.2 5 219432 +5.8 0.9440.33

Dox 5 21.8+2.1 5 229+1.8 +5.0 1.13+0.69 —20.2

Tet 5 222+14 5 22.142.6 —0.5 0.98+0.32 —4.3

Dox + Tet 5 204+£1.3 5 21.5+1.5 +5.4 0.40+£0.18a,b 57.5

Control 7 19.74+2.8 7 21.0+2.6 +6.6 1.61£0.65

Dox 7 22.6+3.2 7 25.7+3.2 +13.7 1.71+£0.84 —6.2

Tet 7 21.0£2.6 7 23.3+1.6 +11.0 1.87+0.93 —16.1

Dox + Tet 7 21.8+3.3 7 239428 +9.6 0.76+0.36a,b 52.8

Two experimental results are shown in Table 2. Data represents the mean for each group +standard error. a P<0.05 for values versus those in the

control group. b P<0.05 for values versus those in the group of Dox.
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MDR. Fig. 4a illustrates the effect of Tet on the accu-
mulation of Dox in the MCF-7/adr and MCF-7 cells.
Dox accumulation was higher (5.2-fold) in the sensitive
MCEF-7 cells than in the MDR MCF-7/adr cells. There
was a high level of Dox accumulation in the drug-sen-
sitive MCF-7 cells that was unaffected by Tet (1.0, 1.1,
1.0-fold for 0.625, 1.25, 2.5 pumol/l of Tet). There was a
low level of accumulation in the MCF-7/adr cells and
Tet dose-dependently restored the level of Dox accu-
mulation. Cellular Dox accumulation of 1.9-, 2.9-, 3.8-
fold in the MCF-7/adr cells was observed in the pre-
sence of 0.625, 1.25, 2.5 umol/l of Tet, respectively.
However, intracellular Dox accumulation showed no
significant difference in the presence or absence of Tet in
energy-depleted MCF-7/adr cells that were treated with
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Fig. 3. Reversal of multidrug resistance (MDR) in vivo by tetrandrine
(Tet). The experiment was carried out using athymic mice implanted
subcutaneously (s.c.) with 107 MCF-7/adr cells. The treatments were
administered as indicated in the Materials and methods. (a) Data
represent the mean tumour size for each group+standard error in 5-7
experimental animals. *, statistically significant difference in mean
tumour size compared with the Dox alone. P<0.05. Similar results
were obtained in two independent experiments. (b) The pictures were
taken 32 days after implantation. The pictures show nude mice bearing
tumours and the tumour size.

NaN;/deoxyglucose (Fig. 4b). We examined whether
the increased accumulation of Dox in the MCF-7/adr
cells caused by Tet was due to inhibition of Dox efflux.
The time course of release of Dox after 2 h of accumu-
lation is shown in Fig. 4c. MCF-7/adr cells released a
higher percentage of accumulated Dox than MCF-7
cells. At 40 min, 56% of the accumulated Dox was lost
from the MCF-7/adr cells, whereas only 35% was lost
from MCF-7 cells. Tet of 2.5 umol/l apparently inhib-
ited the efflux of Dox from the MCF-7/adr cells, but not
so from the MCF-7 cells. This suggests that Tet inhibits
the efflux of Dox induced by P-gp rather than the pas-
sive uptake of Dox.

Similarly, Fig. 4d shows the effect of Tet on Fura-2
accumulation in MCF-7 and MCF-7/adr cells. The cel-
lular accumulation of Fura-2 was 4.2-fold in MCF-7
cells compared with that of MCF-7/adr cells. The cel-
lular accumulation of Fura-2 was enhanced 2.1-, 2.9-
and 3.5-fold in the MCF-7/adr cells in the presence of
0.625, 1.25, 2.5 pmol/l of Tet, respectively, but had no
effect on the MCF-7 cells. This demonstrates that the
function of P-gp for the extrusion of drug was decreased
in the presence of Tet.

3.5. Cell membrane lipid fluidity is decreased in the
presence of Tet

In an attempt to study the physical basis underlying
the Tet-mediated effects, we postulated that Tet might
affect membrane-fluidisation and that this might explain
any disruption of function of integral membrane pro-
teins such as P-gp. The measurement of the fluorescence
polarisation reflected the microviscosity or fluidity of
the lipid bilayers. So an increased fluorescence polarisa-
tion can be regarded as due to a decrease in the cell
membrane fluidity. Table 3 shows that Tet dose-depen-
dently increased the fluorescence polarisation and
decreased the cell membrane fluidity in both the MCF-7/
adr and MCF-7 cells. These results suggest the potentia-
tion of cytotoxicity by Tet in MDR cells might involve a
decrease in the lipid fluidity of the cell membrane.

Table 3
Effect of tetrandrine (Tet) on the anisotropy of cell membrane in
MCF-7/adr cells and MCF-7 cells

Concentration (umol/l) MCF-7 cells MCF-7/adr cells

Control 0.128£0.005 0.101£0.005

Tet 0.625 0.128+0.003 0.128+0.003*
1.25 0.137£0.008*  0.1330.005%*
2.5 0.157+£0.015**  0.139£0.011**

The experiments were conducted as described in Materials and meth-
ods. Data represents the mean for each group +standard error for at
least three independent experiments. *, **P<0.05, P<0.01 respec-
tively, for values versus those in the control group.
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4. Discussion

Simultaneous genetic knockout of mdria and mdrib
resulted in healthy mice, indicating that P-gp is not
essential for basic physiological functions [16]. This
suggested that the combination of anticancer drugs with
a non-toxic and potent P-gp inhibitor may be a pro-
mising approach to solve the problem of resistance. A
large number of compounds, such as verapamil and
cyclosporin A, can reverse the MDR phenotype medi-
ated by P-gp in vitro [17,18]. However, these agents are
relatively weak P-gp inhibitors, are often substrates for
P-gp, and exhibit dose-limiting side-effects that severely
restrict their clinical utility. To address the problems
described above, there has been considerable interest in
second-generation P-gp inhibitors. VX-710 [19] and
PSC833 [20] are 3- to 100-fold more potent than ver-
apamil in the reversal of MDR. However, an additional
problem with most of the second-generation P-gp inhi-
bitors is that they significantly alter the plasma phar-
macokinetics when co-administered with antitumour
agents, increasing blood levels by reducing clearance
and/or metabolism. For example, PSC833 [20] and VX-
710 [19] have been reported to produce significant
plasma pharmacokinetics interactions with agents such

as paclitaxel. This has necessitated significant reductions
in the dose of the chemotherapeutic agent and, although
feasible, interpatient variability in the metabolism and
plasma pharmacokinetic interaction make this approach
problematic. In addition, a requirement for dose reduc-
tion presents significant problems for the use of this
approach in up-front therapy to kill cells expressing
P-gp and/or to prevent the appearance of MDR after
first diagnosis. The effects of a MDR modulator on
drug transport proteins that causes alterations in the
excretion of the anticancer drug often leads to increased
anticancer drug exposure of healthy tissues and has
necessitated a dose reduction in many preclinical and
clinical studies. Changes in the dose or schedule of the
anticancer drug may be able to address toxicity or effi-
cacy alterations brought about by MDR modulators.
Thus, an ability to avoid such alterations in anticancer
drug clearance may be considered a significant advan-
tage in MDR modulation strategies. Third generation
P-gp inhibitors that exhibit potent action in the reversal
of MDR and lack significant PK interaction with antic-
ancer drugs have been reported, such as S9788 [21],
GF120918 [22], OC144-093 [23] and LY335979 [24].
Our experimental results showed Tet itself had a simi-
lar cytotoxicity in MCF-7 cells and in MCF-7/adr cells.
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This implies that Tet is not a substrate of P-gp. Tet
enhanced the sensitivity of the MCF-7/adr cells to Dox
in vitro using concentrations of Tet, which were not
cytotoxic by themselves. In vivo, neither Tet alone nor
Dox alone had any anticancer action (P>0.05 versus
the control group) in xenograft models of MCF-7/adr
cells. In contrast, the combination of Tet and the con-
ventional anticancer drug Dox had a potent inhibitory
action. The % inhibition was 52.8-57.5% (P <0.05 ver-
sus the groups given the anticancer drug alone or con-
trol or Tet alone) for the growth of the MCF-7/adr
xenografts. This suggests that Tet is a potent MDR
modulator not only in vitro, but also in vivo.

Furthermore, our experiments showed that the com-
bination of Tet and Dox did not cause deaths amongst
the animals and no decrease was seen in their body
weight. Therefore, there was no evidence of an increase
in Dox-associated toxicity induced by Tet.

Furthermore, Tet, a benzylisoquinoline alkaloid, has
been used in China as an antifibrotic drug to treat the
lesions of silicosis for over 30 years [8]. The dose of Tet
recommended in the clinic was 180 mg t.i.d. for adults.
Long-term treatment of Tet was safe for this recom-
mended dose. This data is encouraging as regards its use
in the clinic as a modulator of MDR.

Recently, the mechanism of action of P-gp has been
extensively investigated. It is thought that the decreased
cellular accumulation of anticancer drug is due to an
increase in the extrusion of the drug mediated by P-gp.
Thus, it is paramount that the accumulation of antic-
ancer drugs in MDR cells is improved if MDR is to be
reversed. In this study, the accumulation of Dox and
Fura-2 was greatly increased in the MCF-7/adr cells in
the presence of Tet. This demonstrates that the cir-
cumvention of MDR mediated by Tet is associated with
an increased accumulation of the anticancer drug.

Biological membranes adjust their physical properties
in order to function optimally [25]. The altered lipid
fluidity of the membrane may have potentially impor-
tant implications. Tet mediated membrane perturbations
that alter the membrane fluidity may result in inter-
ference with either the ATPase activity of P-gp and/or
with its drug-transport capability. This will conse-
quently lead to an increased intracellular level of cyto-
toxic agents (e.g. Dox), thereby leading to a
potentiation of the anticancer-drug cytotoxicity. Thus,
our data suggests that one of the pathways of modula-
tion of MDR by Tet resulted from the decrease of the
cell membrane lipid fluidity, which then blocked the
function of P-gp, caused a decreased extrusion of antic-
ancer drug and an increased accumulation of anticancer
drug in the cells.

In summary, MDR was partially reversed following
the co-administration of Tet and the conventional
anticancer drug Dox in vitro and in vivo. Tet may mod-
ulate MDR by increasing the intracellular drug accu-

mulation by inducing a decrease in the fluidity of the
cell membrane. These results therefore have potential
future clinical significance.
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