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INTRODUCTION

Resistance to chemotherapy is an important issue in the management of breast cancer patients.

The occurrences of multidrug resistance (MDR) phenotype in patients treated with

chemotherapeutic drugs, and sometimes even in their first treatment, limit the therapeutic

efficacy. MDR is primarily responsible for the insensitivity of anticancer drugs in metastatic

breast cancer (Gottesman 1993). Resistance may be due to pharmacological, cancer multicellular

and unicellular mechanisms. One of the cellular mechanisms is the regulation of the ability of the

anticancer agent to reach its intracellular target and its intracellular accumulation operated via

efflux mechanisms by a group of transporter proteins. Among these proteins, P-glycoprotein (P-

gp) represents the one most thoroughly studied, which is implicated in MDR in-vitro and in-vivo

(Leonessa & Clarke 2003)

Doxorubicin, a drug of choice for the treatment of breast cancer, has dose limiting cardiotoxicity

and its repeated administration may lead to pleiotropic drug resistance in patients. Various

agents such as verapamil have been used to overcome the doxorubicin resistance in various

clinical studies unsuccessfully. We have previously shown that long-circulating (stealth)

monensin liposomes (SML) could enhance the cytotoxicity of anticancer drugs (Singh et. al.,

1999, 2001). In order to increase the entrapment of monensin in SML, we had modified our

previous method by using pH-gradient method (Shaik et. al., 2001) and we also reported that

SML prepared by pH-gradient method potentiated the cytotoxicity of doxorubicin, paclitaxel and

etoposide in both doxorubicin sensitive and resistant human breast tumor MCF-7 cells (Singh et.

al., 2002). The mechanism(s) by which SML enhances the cytotoxicity of doxorubicin in

doxorubicin resistant human breast adenocarcinoma, MCF-7/dox cells was not well studied.

Recently our data indicate that drug resistance may be attributed to the expression of one or more

multidrug resistance genes such as multidrugresistance-Pgp (MDR-1), multidrugresistance-

associated protein (MRP-1) and breast cancer resistance protein (BCRP) in MCF-7/dox cells

(Leonessa&Clarke, 2003, Doyle et. al., 1998). Earlier we have reported that the enhancement of

doxorubicine by SML may be mediated via apoptosis and SML-mediated reduction in the

expression of multidrugresistance (MDR) genes. Therefore the purpose of this study was to

further confirm our observations by performing alternative apoptosis assays to TUNEL studies

and also repeating the animal in vivo experiments.

4



BODY

In our earlier progress report we had described the preparation of stealth monensin liposomes

(SML) by pH-gradient method and their characterization for particle size and entrapment

efficiency as described by Shaik et al 2001 (3). We have also reported the effect of the SML on

induction of apoptosis in resistant MCF-7 cells and expression of MDR1 and MRP1 in the MCF-

7/dox cells. We now have published our work in the journal of Pharmacy and Pharmacology

(Shaik et. al., 2004). For the data to be publishable, we had to repeat several experiments and

also perform some additional experiments which have been described below.

Enhancement of the cytotoxicity of anticancer drugs by monensin liposome in MCF-7/dox

cells:

The effect of monensin liposomes on enhancement of anticancer drug activity was studied by

crystal violet dye uptake method. Briefly, MCF-7/dox cells were seeded at a density of 10,000

cells per well in 96-well plates and incubated overnight. Subsequently, they were treated with

various concentrations of doxorubicin/paclitaxel/etoposide alone and in combination with a fixed

non-toxic concentration of monensin liposomes (20x1 08 M). Upon treatment, the cells were

incubated for 72 hours and the cytotoxicity was assayed by crystal violet dye uptake method by

measuring the absorbance at 540 nm (Shaik et al 2001a, 2001b).

Table 1 shows the IC 50 (inhibitory concentration to produce 50% cell kill) values for the

anticancer drugs alone and their combination with monensin liposomes. It is evident from Table

1 that MCF-7/dox cell line employed in our study showed 23.3, 2.9 and 132-fold drug resistance

(expressed as the ratio of IC 50 in resistant cell line to its parental cell line) to paclitaxel,

etoposide and doxorubicin, respectively as compared to its parental MCF-7 cell line. The

combination of monensin liposomes (20x1 08 M) with anticancer drugs increased the cell kill

resulting in a 2.8, 5.6 and 16.5-fold increase in the cytotoxicity of paclitaxel, etoposide and

doxorubicin, respectively against MCF-7/dox cells (Table 1). These results are in agreement

with our previous study (Singh et al 1999) in which long-circulating monensin liposomes

prepared by conventional method have been shown to increase the cytotoxicity of doxorubicin in

MCF-7/dox cells. The current study differs from our previous study in two aspects: (a) MCF-

7/dox cells used in the current study have significantly increased resistance to doxorubicin as
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compared to our previous study (Singh et al 1999) and (b) the monensin liposomes employed in

the present study were prepared by pH-gradient method.

Table 1: Reversal of drug resistance in MCF-7/dox cells by monensin liposomes and MDR

inhibitors

Drug treatment IC50  Drug resistance reversal

concentration

(pg/ml)

Paclitaxel 4.2 0

Etoposide 61.1 0

Doxorubicin 26.4 0

Paclitaxel with monensin liposomes 1.5 2.8

(20 x10"8 M)

Etoposide with monensin liposomes 10.9 5.6

(20 x10 8 M)

Doxorubicin with monensin 1.6 16.5

liposomes (20 x10 8 M)

Assessment of apoptosis in MCF-7/dox cells by caspase-3 assay

One million MCF-7/dox cells in 10 ml of MEM were plated in 25 cm 2 flask and incubated

overnight. Subsequently, they were treated with doxorubicin (2.5 Pig/ml), monensin liposomes

(20x10-8 M) and doxorubicin (2.5 tg/ml) with monensin liposomes (20x10-8 M) for 48 hours.

Finally, the specific activity of caspase-3 was estimated using CaspACETM Assay system,

colorimetric (Promega Corporation, Madison, WI) as per the manufacturer's protocol.

The specific caspase-3 activity (pmol pNA liberated/h/ýtg protein) in control, doxorubicin (2.5

[tg/ml), monensin liposomes (20 x 10-8 M) and the combination of doxorubicin with monensin

liposomes treated cells was found to be 4.9±0.7, 9.9+1.2, 3.9+1.2 and 20.6±4.0, respectively (Fig

1). Thus, there was a 2.1 fold increase in the caspase-3 activity in the cells treated with the
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combination of doxorubicin with monensin liposomes as compared with doxorubicin only

treated cells. The caspase-3 activity in the cells treated with doxorubicin with monensin

liposomes was significantly different (P<0.05) as compared with control, doxorubicin and

monensin liposomes treated cells. There was no significant difference in the caspase-3 activity

among control, doxorubicin and monensin liposomes treated cells.

25
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Fig 1. Caspase 3 activity after monensin liposome, doxorubicin and their combination

treatments.

Effect of monensin liposomes on fluorescence visualization of doxorubicin in MCF-7/dox

cells

To study the enhanced cellular accumulation of doxorubicin in MCF-7/dox cells by monensin

liposomes, one million MCF-7/dox cells were plated in each well of a chamber slide and

incubated overnight. The cells were then treated with doxorubicin (10 ýig/ml) alone and in

combination with monensin liposomes (20x10 8 M) for 30 min. Subsequently, they were washed

with cold PBS and examined by fluorescence microscopy (Olympus BX 40). In another set of

experiment, the PBS washed cells as described above were again incubated in MEM for another

30 min. Finally, the cells were washed with cold PBS and observed under fluorescent

microscope (Kiatzono et al 1999). Studies were also performed using verapamil (15 ýIg/ml) as a

chemosensitizer in place of monensin liposomes essentially in the same way as described above.

We exploited the fluorescent properties of doxorubicin to visually demonstrate the effect of

monensin liposomes on doxorubicin accumulation in MCF-7/dox cells, as demonstrated by
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Kitazone et al (1999). The cells treated with doxorubicin and monensin liposomes (Figure 2B)

had considerably higher fluorescence as compared with doxorubicin-alone treated cells (Figure

2A). We observed an increase in the doxorubicin fluorescence in MCF-7/dox cells treated with

doxorubicin and verapamil (Figure 2C). After the initial doxorubicin uptake study and further

incubation of the cells for 30min in the fresh medium (without doxorubicin), we could still

observe the fluorescence (Figure 2D) in cells initially treated with doxorubicin and monensin

liposomes (during the initial loading time). However, we could not detect any fluorescence in the

doxorubicin-only treated MCF-7/dox cells after 30min of incubation in drugfree medium. These

observations suggested that monensin liposomes increased the cellular accumulation of

doxorubicin from MCF-7/dox cells. We had shown previously that the combination of

doxorubicin with monensin liposomes increased the doxorubicin uptake by more than threefold

in a doxorubicin-resistant human promyelocytic leukaemia, HL-60/dox cell-line, as compared

with doxorubicin-treated cells at 30-min period during uptake studies. Furthermore, at post 30-

min period in the efflux study, there was a threefold decrease in the doxorubicin efflux from cells

treated with monensin liposomes and doxorubicin as compared with doxorubicin alone (Singh et

al 1999).



Fig 2. Doxorubicin fluorescence in MCF-7/dox cells exposed to 10 ptgm/ml doxorubicin (A), 10

ptgm/ml doxorubicin with 20x10 8 M monensin liposomes (B), 10 [igm/ml doxorubicin with 15

ýtgm/ml verapamil (C) for 30 min. After the initial loading of cells with doxorubicin for 30 min,

the cells were washed with cold PBS and again incubated in minimum essential eagle medium

for 30 min. We observed no fluorescence in cells treated with doxorubicin only, whereas the

cells treated with doxorubicin and monensin liposomes showed considerable fluorescence even

after 30 min of efflux in MEM (D). Original magnification: 40x.

Effect of SML on the in-vivo cytotoxicity enhancement of doxorubicin:

In-vivo experiments were conducted at the Dr. Agrawal's laboratory at the School of Medicine,

Tulane University, New Orleans, LA. Female nu/nu mice (6-8 weeks old) were xenografted with

MCF-7 cells and once the tumor reached approximately 100 mm3, the mice were given

doxorubicin 5 mg/kg i.v on days 3 and 5. Another group of tumor bearing mice were

administered with doxorubicin (5 mg/kg) with SML (0.1 ml of 10-6 M given i.p.) and the control

mice were given the vehicle. The tumor dimensions were monitored over a period of 8 weeks.

Our initial observations showed that there was no statistical difference in tumor volumes after

treatment with doxorubicin or doxorubicin and SML. These experiments were repeated again

and similar results were observed. This led to the following possibilities:

a. SML formulation had no effect on potentiation of doxorubicin in vivo and was acting as

a placebo

b. The dose of SML needs to be increased for it to show potentiation for doxorubicin.

Possibly the dose of monensin in liposomes is not sufficient for it to lead to a potentiation

of doxorubicin as was seen in the in vitro studies.

Since it took a long time to establish the animal studies and the data after several trials was

inconclusive, it was deemed necessary to pursue the project further with modifications in

protocols with another grant application either for an R01 grant or a similar proposal in
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collaboration with Dr. Agarwal. Presently this is being developed using some modifications in

the protocol.
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Key Research Accomplishments

1. SML prepared by pH-gradient method were found to overcome the doxorubicin

resistance in MCF-7/dox cells.

2. SML was found to enhance the cytotoxicity of anticancer drugs like doxorubicin,

paclitaxel and etoposide in MCF-7/dox cells.

3. Apoptosis could be induced in MCF-7/dox cells by using non-toxic concentrations of

SML with 1/50-1/10 th IC 5 0 concentration of doxorubicin.

4. The enhancement of apoptotic response by the combination of SML with doxorubicin

was confirmed by caspase-3 assay.

5. The enhancement of cellular localization of doxorubicin by SML was visualized by using

fluorescence techniques.

6. The fluorescence studies also indicated that SML lowered the efflux of doxorubicin from

the cells.

7. Animal in vivo experiments were repeated with nu/nu mice bearing xenografted MCF-7

tumors. Animals treated with doxorubicin as well as doxorubicin+ SML did not show any

statistical differences in inhibition of tumor volume. Thus, the repeated in vivo study

rendered inconclusive data. But the findings were effective in helping redesign the

animal experiments which is going to become a future project.
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REPORTABLE OUTCOMES

1. Shaik MS, Chatterjee A, Singh M. (2004) Effects of monensin liposomes on the
cytotoxicity, apoptosis and expression of multidrug resistance genes in doxorubicin-
resistant human breast tumour (MCF-7/dox) cell-line. J Pharm Pharmacol. 56(7):899-
907.

2. Mandip Singh, MS Shaik, K. Primus, GA. Salama. Enhancement of the in-vitro
cytotoxicity of anticancer drugs against sensitive and resistant human breast tumor MCF7
cells by stealth monensin liposomes. Presented at the 9 3rd Annual Meeting of the
American Association for Cancer Research (AACR) held at San Francisco, CA, April,
2002.

3. Mandip Singh, MS Shaik, K. Primus, GA. Salama. Enhancement of the in-vitro
cytotoxicity and apoptotic response of doxorubicin in resistant MCF-7 cells by stealth
monensin liposomes. Presented at the Era of Hope 2002, Department of Defense Breast
Cancer Research Program Meeting held at Orlando, FL, September, 2002.

4. Two different doxorubicin resistant human breast tumor MCF-7 cell lines were
developed. Using the two cell lines, molecular biology techniques such as apoptosis
assays, Western blotting and RT-PCR were acquainted which are now routinely used in
our laboratory to explore the molecular mechanisms associated with antitumor activities
of cyclooxygenase inhibitors.

5. The in vivo nude mice xenograft MCF-7 tumor model established in Dr. Agrawal's
laboratory, New Orleans was successfully transferred to the laboratory of Dr. Sachdeva,
Florida A&M University and is routinely in use now. This also established the basis of
developing other malignancy xenograft tumor models. We are also in the process of
planning new experiments with this model with new dosage regimens of SML and
doxorubicin in an effort to overcome the problems experienced in the current project.
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CONCLUSIONS

SML treatment enhanced the cytotoxic activity of anticancer drugs like doxorubicin, paclitaxel

and etoposides. Nontoxic concentrations of SML enhance the apoptotic response of doxorubicin

in MCF-7/dox cells as evidenced by the caspase-3 assay. SML treatments also increased the

cellular distribution of doxorubicin as evidenced by fluorescence studies. Apart from increasing

the influx, SML also decreased doxorubicin efflux from the cells. A tumor model with MCF-7

cells was developed and the tumor bearing animals were treated with SML either alone or in

combination with doxorubicin. There was significant reduction in tumor size but there were no

statistical differences between SML+doxorubicin and doxorubicin treated mice. The in vivo

studies are being currently further expanded but our in vitro experiments did clearly demonstrate

that SML+doxorubicin treatment reverted doxorubicin resistance and increased apoptosis in

MCF-7/dox cells by lowering MDR-1 and MRP-1 expressions.
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Abstract

We have evaluated the effects of monensin liposomes on drug resistance reversal, induction of

apoptosis and expression of multidrug resistance (MDR) genes in a doxorubicin-resistant human breast
tumour (MCF-7/dox) cell line. MCF-7/dox cells were treated with various anticancer drugs (doxorubicin,
paclitaxel and etoposide) alone and in combination with monensin liposomes. The cytotoxicity was
assessed using the crystal violet dye uptake method, The induction of apoptosis in MCF-7/dox cells was

assessed by established techniques such as TUNEL (terminal deoxynucleotidyl transferase-mediated
nick end labelling) staining and caspase-3 assay. The effect of monensin liposomes on doxorubicin

accumulation in MCF-7/dox cells was monitored by fluorescent microscopy. Finally, the expression of
MDR genes (MDRI and MRP1) in MCF-7/dox cells following the exposure to doxorubicin alone and in

combination with monensin liposomes was evaluated by semi-quantitative reverse transcriptase-poly-
merase chain reaction (RT-PCR). Our results indicated that monensin liposomes overcame drug resis-

tance in MCF-7/dox cells to doxorubicin, etoposide and paclitaxel by 16.5-, 5.6- and 2.8-times,
respectively. The combination of doxorubicin (2.5ligmL-

1
) with monensin liposomes (20 x 10-8M)

induced apoptosis in approximately 40% cells, whereas doxorubicin (2.5pg mL 1) or monensin lipo-
somes (20 x 10- 8 M) alone produced minimal apoptosis (<10%) in MCF-7/dox cells. Fluorescent micro-

scopy revealed that monensin liposomes increased the accumulation of doxorubicin in MCF-7/dox cells.
RT-PCR studies demonstrated that the expression of MDR1 and MRP1 was increased by 33 and 57%,
respectively, in MCF-7/dox cells following treatment with doxorubicin (2.5pg mL-1) for 72h as com-

pared with control MCF-7/dox cells. Furthermore, the levels of MDRI and MRP1 in MCF-7/dox cells

exposed to both doxorubicin and monensin liposomes showed a modest decrease as compared with

MCF-7/dox cells treated with doxorubicin alone. In conclusion, the delivery of monensin via liposomes
provided an opportunity to overcome drug resistance.
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Several drugs have been studied to sensitize MDR cells to Therefore, we have evaluated the utility of long-circu-
chemotherapy, which include calcium channel blockers, cal- lating monensin liposomes prepared using a pH-gradient
modulin inhibitors, ciclosporins and steroid hormones (Ford method (Shaik et al 2001 a, 2003) in overcoming doxoru-
& Hait 1990). The mechanisms that have been postulated for bicin resistance. We have studied the role of monensin
MDR modulators include direct binding to P-gp and coin- liposomes on the induction of apoptosis and expression
petitive inhibition of transport ofeytotoxins (Safa 1988).and of MDR genes (MDRI and MRPI mRNA levels) in
interference with expression and inhibition of P-gp function MCF-7idox cells.
(Ahmad et al 1994; Muller et al 1995; Li etal 2001).

Monensin, a metabolite of Streptonn'ces einnamonen-
sis, is a monovalent carboxylic polyether, which regulates Materials and Methods
Na+/H+ exchange across cell membranes (Mollenhauer
et al 1990). Monensin has been shown to potentiate the in- Materials
vitro cytotoxicity of immunotoxins (Derbyshire et al 1992 [

van Horssen etal 1999), ribonuclease (Newton etal 2001), [3H]Monensin (sp. act. 5Cimmo1-) was obtained from
and overcome the drug resistance (Ling etal 1993; Wood American Radiolabeled Chemicals Inc. (St Louis, MO).

et al 1996). However, the lipophilicity and short half-life of Monensin, n-mannitol, l-((+)-trehalose, dipalmitoylphos-

monensin precludes its use and therefore, a suitable drug phatidylcholine. cholesterol. stearylamine, doxorubicin,

delivery system is needed to obtain the desired in-vivo etoposide. paclitaxel, ciclosporin and all tissue culture
effects. Our laboratory has been involved with the devel- media were obtained from Sigma Chemical Company

opment of delivery systems for monensin such as long- (St Louis, MO). Distearoyl glycerophospho-ethanolamine-
circulating liposomes (Singh etal 1999, 2001; Shaik etal polyethyleneglycol 2000 was obtained from Avanti Polar

200(la) and nanoparticles (Shaik et al 200t1b). Our studies Lipids, Inc. (Alabaster, AL). The human breast tumour

have shown that the delivery of monensin via long-circu- cell line MCF-7 (doxorubicin sensitive) was obtained

lating nanoparticles increases the in-vitro cytotoxicity of from American Type Culture Collection (Rockville,

anticancer drugs and immunotoxins (Shaik etal 2001b). MD). MCF-7/dox cell line was kindly provided by

We have also shown that long-circulating monensin lipo- Dr K.C. Agarwal (Department of Pharmacology, Tulane
somes overcome the doxorubicin resistance in human University School of Medicine, New Orleans,. LA).

breast adonocarcinoina (MCF-7/dox) cells (Singh etal Acridine Orange Stain Dropper solution was obtained
1999). Recently, we reported a modified method for from Becton Dickinson and Company (Sparks, MD).

increasing the entrapment of monensin in liposomes DeadEnd Colorimetric Apoptosis Detection System and

using a pH-gradient method (Shaik etal 2001a). Such CaspACE Assay System colorimetric kits were obtained
liposomes have been shown to improve the in-vivo anti- from Promega Corporation (Madison, WI). Indornetacin,
tumour activity of an immunotoxin in severe combined probenecid and (±)-verapamil hydrochloride were pur-
immunodeficient mice (Shaik et al 2003). chased from MP Biomedicals, Inc. (Aurora, OH).

Previous studies showed that chemosensitizers modu-
lated the expression of MDR genes in various drug resis- Preparation and characterization of
tant tumour cells. Herzog etal (1993) showed that P-gp long-circulating monensin liposomes
antagonists such as verapamil, nifedipine and ciclosporin
increased the MDRI mRNA levels in drug-resistant colon Monensin liposomes were prepared using a pH-gradient
carcinoma cells, whereas another P-gp antagonist, quini- method and characterized for their particle size (BI 90
dine had no effect on MDR1 mRNA levels. However, Particle sizer, Brookhaven Instruments, New York, NY)
Muller etal (1995) showed that verapamil reduced and monensin content (by scintillation counting) essen-
MDRI gene expression in two leukaemic multidrug resis- tially as described elsewhere (Shaik et al 2001a).
tant cell lines. Beketic-Oreskovic et al (1995) reported that
selection of human MES-SA sarcoma cells with doxoru- Reversal of drug resistance in MCF-7/dox cells by
bicin and PSC 833 suppressed the emergence of MDR1 monensin liposomes/MDR1 and MRP1 inhibitors
mutants. Nielsen etal (2002) showed that the selection of
the wild-type Ehrlich ascites tumour cell line (EHR2), MCF-7/dox cells were seeded at a density of 10000 per
adapted to grow in the presence of daunorubicin and a well in 96-well plates and incubated overnight. Sub-
combination of daunorubicin with chemosensitizers (ver- sequently, they were treated with various concentrations
apamil and ciclosporin), resulted in a significant decrease of doxorubicin/paclitaxel/etoposide alone and in combi-
in the levels of MDRla mRNA and P-gp, as compared nation with a fixed non-toxic concentration of monensin
with cells selected with daunorubicin alone. Li et al (2001) liposomes (20 x 10-8 m). Upon treatment, the cells were
have reported that the treatment of MCF-7/dox cells with incubated for 72h and the cytotoxicity was assayed by
nomegestrol showed a time-dependent decrease in the crystal violet dye uptake assay by measuring the absorb-
expression of MDRI mRNA levels with a maximum ance at 540nm (Shaik etal 2001a,b). For experiments
decrease observed on the third day, followed by a gradual using known MDRI inhibitors (verapamil and ciclo-
increase to its normal levels by the tenth day. However, so sporin) and MRPI inhibitors (indometacin and pro-
far there has been no report on the effect of monensin on benecid), the same procedure was followed except that
the expression of MDR genes. the MDRI/MRPI inhibitors were employed at their
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non-toxic concentrations and used in combination with liposomes (20 x 0-s M) or 2.5 ig nmL' doxorubicin with
doxorubicin against MCF-7idox cells. 20 x 10-\M monensin liposomes for 72h and the total RNA

was eluted using the Eppendorf Perfect RNA Mini Kit
(Brinkman Instruments, Westbury, NY). Reverse

Assessment of apoptosis in MCF-7/dox cells by transcription was performed with Moloney-murine leukaemia
the combination of doxorubicin with monensin virus reverse transcriptase (MuLV-RT) (Applied Biosystem,
liposomes by acridine orange and TUNEL CA) according to the manufacturer's protocol with some
((terminal deoxynucleotidyl transferase-mediated modifications. The PCR reaction was performed with
nick end labelling) staining MDRI (sense, 5' CCA TCA TTG CAA TAG CAG G 3';
MCF-7/dox cells were plated into each well of a chamber antisense. 5' GAG CAT ACA TAT GTf CAA ACT T 3'),

MCF-/doxcels wee phtedMRPI (sense 5' GGA CCT GGA CTT CGT TCT CA 3';
slide (Nunc Lab-Tek II) at a concentration of 50 000 cells in ( 5' GT CCA GACTT C TC CG 3')

1 mL minimum essential medium (MEM) and allowed to antisense
grow overnight. Subsequently, cells were treated with dox- i-actin (sense, 5' GATCATGTTTGAGACCTTC 3';

orubicin (2.5 pg mL- 1), monensin liposomes (20 x 10-s s), antisense, 5' GTCAGGCAGCTCGTAG 3') primer pairs
-) with monensiu and ATAQ DNA polymerase (Applied Biosystem) at 94"C

or oxorubicin (2.5gmL )wi nin liposotes
(20 x 10- -), and incubated for 72h. The cells were fixed for 2 rin. 30 cycles of94'C, 60.C/52'C for MDRI/MRPI

with 0.25" Xv/v glutaraldehyde and the chamber slidc and 72`C (I min each), and then 10min at 72'C before

was studied for TUNEL staining using a DeadEnd holding at 4°C. The 126bp for MDRI and 252bp for

Colorimetric Apoptosis Detection System kit (Promega) MRPI PCR products were separated in a 1.5% agarose

as per the manufacturer's instructions. Finally, the slide gel and the band intensities were normalized with respect to

was observed for apoptotic cells under an Olympus BX40 ý3-actin using Scion Image Software (Beta 3b version, Scion

microscope equipped with a computer-controlled digital Corporation, Frederick, MD).

camera (Qimaging, Burnaby, BC, Canada).
Statistical analysis

Assessment of apoptosis in MCF-7/dox cells One-way analysis of variance followed by Tukey's multiple
by caspase-3 assay comparison test was performed to determine the signifi-

cance of difference in the caspase-3 activity and expression
One million MCF-7/dox cells in 10mL MEM were plated levels ofMDRI and MRPI in MCF-7/dox cells subjected to
in a 25 cm 2 flask and incubated overnight. Subsequently, various treatments. Statistical analysis was performed using
they were treated with doxorubicin (2.5prg mL-1), monen- GraphPad Prism (version 3.0) software (San Diego, CA).
sin liposomes (20 x 10-"M), or doxorubicin (2.5 jg mL-')
with monensin liposomes (20 x 10-8 M) for 48 h. Finally, the
specific activity of caspase-3 was estimated using CaspACE
Assay system, colorimetric (Promega Corporation, Results
Madison, WI) as per the manufacturer's protocol.

Enhancement of the cytotoxicity of anticancer

Effect of monensin liposomes on fluorescence drugs by monensin liposomes

visualization of doxorubicin in MCF-7/dox cells Table I shows the 1C50 (inhibitory concentration to pro-
duce 50% cell kill) values for the anticancer drugs alone

One million MCF-7/dox cells were plated in each well of a and their combination with monensin liposomes. It was
chamber slide and incubated overnight. The cells were then evident that the MCF-7/dox cell line showed 23.3-, 2.9-
treated with doxorubicin (10ligmL-1) alone and in combi- and 132-fold drug resistance (expressed as the ratio
nation with monensin liposomes (20 x 10-aM) for 30rmin. of IC50 in resistant cell line to its parental cell line) to
Subsequently, they were washed with cold phosphate-buf- paclitaxel, etoposide and doxorubicin, respectively, as
fered saline (PBS) and examined by fluorescence microscopy compared with its parental MCF-7 cell line (Table 1).
(Olympus BX 40). In another set of experiments, the PBS The combination of monensin liposomes (20 x 10-- M)
washed cells as described above were incubated in MEM for with anticancer drugs increased the cell kill resulting
a further 30 min. Finally, the cells were washed with cold PBS in a 2.8-, 5.6- and 16.5-fold increase in the cytotoxicity
and observed under fluorescent microscope equipped with a of paclitaxel, etoposide and doxorubicin, respectively,
520-550 nm excitation and 580 nin emission filter (Kitazono against MCF-7/dox cells (Table 1). These results were in
etal 1999). Studies were performed also using verapamil agreement with our previous study (Singh etal 1999) in
(15 /pgmL-') as a chemosensitizerin place ofmonensin lipo- which long-circulating monensin liposomes prepared by a
somes, essentially in the same way as described above, conventional method were shown to increase the cytotoxi-

city of doxorubicin in MCF-7/dox cells. This study dif-

Influence of monensin liposomes on the fered from the previous one in two aspects: MCF-7/dox
expression of MDR1/MRP1 in MCF-7/dox cells cells used in this study had significantly increased resis-

tance to doxorubicin as compared with the previous study
MCF-7/dox cells (I x 106 in 25 cm2 flask) were treated with (Singh etal 1999), and the monensin liposomes employed
MEM (control), doxorubicin (2.5 pgmL-1), monensin in this study were prepared by a pH-gradient method.
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Table 1 Reversal of drug resistance in MCF-7/dox cells by monensin liposornes and MDR inhibitors.

Treatment IC50 value (jig mL I) Drug resistance reversal*

Paclitasxel 4.2 ±0.6 0
Etoposide 61.1 ± 10.1 0
Doxoruhicini 26.4 ± 7.4 0
Paclitaxel with nionensin liposornes (20 x 10-",m) 1.5 ± 0.6 2.8
Etoposide with monenisin liposonies 10.9 ± 1.0 5.6
Doxorubicin with mionenisin liposonies 1.6+±0.6 16.5
Doxorubicin with ciclosporin 1.) ± (0.2 26.4
DoxorUhicin with verapamnil 4.2 ± 0.3 6.3
Doxorrubicin with indomletacin 9.5+±0.5 2.8

Doxorubicin with prohenecid 4.1 +0.3 6.4

Tlte 1C50 values were expressed ats menan ± s.d. of three independent experiments. *Dru.g resistance reversal I C50 value

for drug alone'lC50 value for drug with drugLt resistance muoddier. For combination experiments using mionensin
li posornes and M DR inhibitors, the following non-toxic concentrations were used: tisonensin ii iposoles ý20 X 10 'w
ciclosporin 6/igtnL 1; veraparnil 15 jig ntL 1; indomectacin 40lpgn. mL pmobenecid ISO jig mL 1. The lC50 values for

paclitaxel, etoposide and doxorubicin against doxorubicin sensitive parental MCF-7 cell line were found tu be 0. 18 ± 0.08.

20.9 ± 2.4, (0.2.10.05 jig iL ',respectively- The relative drug, resistance to paclitaxel, etoposide and doxorubicin in

MCF-7 ' dox cells was 23.3-. 2.9- and 132-fold, respectively, as compared with MCF-7 cells (expressed ats the ratio of
IC50 in MCF-7/dox cells to IC50 in MCF-7 cells).

Induction of apoptosis in MCF-7/dox cells IC50 value. Figure I shows the TUNEL staining of MCF-

We studied the induction of apoptosis in MCF-7 '/dox cells 7/dox cells treated with MEM (control), monensin lipo-
by the combination of monensin liposonses (20 x 10- 8m) somes (20 x 10~ "m), doxorubicin (2.5jig mL- ) and the
with doxorubicin at a concentration much lower thatn its combination treatment of doxotubicin (2.SisgimL7') with

Figure 1 TUNEL staining ofMCF-7/dox cells treated with MEM control (A), 20 x 10-8 
m moniensin liposomies (B), 2.5 jg mL

1
- doxorubicin

(C) and 2.5 jg rL' doxoruhicin +20 x 10-8 
N monensin liposomnes (D) for 72 Ii. Arrows indicate apoptotic cells. The control, monensin

liposomes or doxoruhicin-treated cells showed negligible apoptosis whereas the cells treated with doxorsibicin with nsonesnsin liposornes
exhibited significant apoptosis. Simnilar results were observed with acridine orange staining (data not shown). Original magnification: 40x.
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monensin liposomes (20 x 10 8m). There was no signifi- doxorubicin-alone treated cells (Figure 2A). We observed
cant apoptosis (< 10%) in the control, doxorubicin and an increase in the doxorubicin fluorescence in MCF-7/dox
monensin liposome-treated cells (Figure I). On the other cells treated with doxorubicin and verapamil (Figure 2C).
hand, the combination treatment produced apoptosis After the initial doxorubicin uptake study and further incu-
in 40% cells. The specific caspase-3 activity (pmol pNA bation of the cells for 30min in the fresh medium (without
liberated h-I (pig protein)--I) in control. doxorubicin doxorubicin), we could still observe the fluorescence (Figure
(2.5 pg mL 1), monensin liposomes (20 X 10- 5 M) and the 2D) in cells initially treated with doxorubicin and monensin
combination of doxorubicin (2.5 pgmL-') with monensin liposomes (during the initial loading time). However, we
liposomes (20 x 10-- M) treated cells was found to be could not detect any fluorescence in the doxorubicin-only
4.9±0.7, 9.9±1.2, 3.9± 1.2 and 20.6±4.0, respectively, treated MCF-7idox cells after 30min of incubation in drug-
Thus, there was a 2.1-fold increase in the caspase-3 activity free medium. These observations suggested that monensin
in the cells treated with the combination of doxorubicin liposomes increased the cellular accumulation of doxorubi-
with monensin liposomes as compared with doxorubicin- cin from MCF-7idox cells. We had shown previously that
only treated cells. The caspase-3 activity in the cells treated the combination of doxorubicin with monensin liposomes
with doxorubicin with monensin liposomes was signifi- increased the doxorubicin uptake by more than threefold in
cantly different (P < 0.05) as compared with control, dox- a doxorubicin-resistant human promyelocytic leukaemia,
orubicin and monensin liposornes treated cells. There was HL-60idox cell-line, as compared with doxorubicin-treated
no significant difference in the caspase-3 activity among cells at 30-min period during uptake studies. Furthermore,
control, doxorubicin and monensin liposomes treated cells, at post 30-minm period in the efflux study, there was a three-

fold decrease in the doxorubicin effhix from cells treated
with monensin liposomes and doxorubicin as compared

Enhanced cellular accumulation of doxorubicin with doxorubicin al cigear9)
in MF-7/ox ellsby onenin iposmeswith doxorubicin alone (Singh et al 1999).

in MCF-7/dox cells by monensin liposomes

We exploited the fluorescent properties of doxorubicin to Effect of monensin liposomes on MDR1 and
visually demonstrate the effect of monensin liposomes on MRP1 mRNA expression in MCF-7/dox cells
doxorubicin accumulation in MCF-7/dox cells, as demon-
strated by Kitazone etal (1999). The cells treated To study the effect of monensin liposomes on genes
with doxorubicin and monensin liposomnes (Figure 2B) related to the MDR expression, we studied the mRNA
had considerably higher fluorescence as compared with expression levels of MDRI and MRPI in MCF-7/dox

Figure 2 Doxorubicin fluorescence in MCF-7idox cells exposed to 101pgmL- doxorubicin (A), 10 jig mL doxorubicin with 20 x 10-' m
monensin liposomes (B), 101,gmL-I doxorubicin with 15pigmL-l verapamil (C) for 30min. The cells were washed with cold PBS and
observed for doxorubicin fluorescence without fixing the cells. After the initial loading of cells with doxorubicin for 30min, the cells were
washed with cold PBS and again incubated in minimum essential eagle medium for 30 min. We observed no fluorescence in cells treated with
doxorubicin only, whereas the cells treated with doxornbicin and monensin liposomes showed considerable fluorescence even after 30 nin of
efflux in MEM (D). Original magnification: 40x.
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cells treated with doxorubicin (2.51pgmLU--), monen- compared with doxorubicin alone (Figure 3). The relative
sin liposornes (20 x I0-s M) and the combination of expression levels of MDRI and MRPI in doxorubicin
doxorubicin (2.5tigmL-I) with monensin liposomes with monensin combination treated cells as compared
(20 x 10. M) by reverse transcriptase-polymerase chain with the control cells were 110 and 124%, respectively,
reaction (RT-PCR). We chose monensin and doxorubicin as compared with 133 (MDRI) and 157% (MRPI) of
at these concentrations because doxorubicin or monensin expression observed with doxorubicin alone. Thus, the
at their studied concentrations were nontoxic to cells and combination treatment reduced the doxorubicin-induced
did not induce apoptosis, whereas their combination pro- elevated expression of MDRI and MRPI by 70 and 42%,
duced a significant apoptotic response (Figure 1). It was respectively, in MCF-7/dox cells. These results indicated
evident from Figure 3 that MCF-7/dox cells expressed that monensin liposomes could inhibit the doxorubicin
both MDR1 and MRPI, whereas their expression was induced elevated expression of MDR genes.
negligible in the parental MCF-7 cells (data not shown).
Semi-quantilative analysis of band intensities followed by F/fect oq 'MDR inhibitors on doxorobicin cvtotoxicity
normalization to f3-actin levels, we observed that the expo- in A'ICF-7/dox cells
sure of MCF-7/dox cells to doxorubicin increased the To confirm the functional relevance of MDR1 and
expression of MDRI and MRPI by 33% (0.62 in control MRPI, we studied the role of known MDRI inhibitors
vs 0.83 in doxorubicin-treated cells) and 57% (0.67 in (verapamil and ciclosporin) and MRPI inhibitors (indo-
control vs 1.05 in doxorubicin treated cells), respectively. metacin and probenecid) in overcoming the doxorubicin
Monensin liposomes by themselves showed a modest resistance in MCF-7/dox cells. We employed MDR inhi-
decrease of 10 and 24% in the expression of MDRI and bitors at concentrations which produced cell kill of < 15%
MRPI, respectively (Figure 4). The combination treat- and as shown in Table I, all the known MDR inhibitors
ment of doxorubicin with monensin liposomes did not were able to enhance the doxorubicin cytotoxicity by
decrease the expression of MDRI or MRPI below its 2.8--26.4-fold in MCF-7!dox cells. The results indicated
control levels (Figure 3). However, we observed a statisti- that the expression of both MDRI and MRPI contrib-
cally significant difference. in the expression levels of uted to the drug resistance in MCF-7/dox cells and it was
MDRI and MRPI in MCF-7idox cells treated with the possible to sensitize these cells to doxorubicin by both
combination of doxorubicin and monensin liposomes as MDR] and MRPI inhibitors. However, we observed a
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Figure 3 Seimi-quantitative RT-PCR analysis of MDR1 and MRPI m-RNA expression in MCF-7!dox cetis. Lane 1, control cells; lane 2,
20 x 10-• m monensin liposontes; lane 3, 2.5p#gmL-' doxoruhicin; lane 4, 2.5,ttgmL-' doxorubicin-+20 x l0-ss monensin liposotnes. The
bar graphs indticaie the relative abundance of MDRI and MRPI expression normalized to /3-actin. Lipo: monensin liposomes; DXR:
doxorubicin; Lipo --I- DXR: monensin liposomes with doxorubicin combination. OP < 0.05. compared witls control cetls. *P < 0.05, compared
witht doxorubicin-treated cells.
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greater effect with MDRI inhibitors as compared with P-gp via transfection of MDRI in MCF-7 cells has been
MRP1 inhibitors in the compounds tested. shown to significantly decrease the apoptotic response to

doxorubicin as compared with its effect in wild-type
MCF-7 cells (Li etal 2003). In this study, we demon-

Discussion strated that it was possible to induce apoptosis in
MCF-7/dox cells by employing doxorubicin at one-tenth

In recent years enormous efforts have been directed to of its IC50 value in combination with monensin lipo-
find drug transport-modulating agents to circumvent P- somes (Figure 1). Caspase-3 activation is an early event
gp and MRP-mediated drug resistance. Compounds such in the apoptosis cascade, whereas its activation triggers
as verapamil, ciclosporin, qunidine, resperpine and other PARP cleavage, which is parallel to apoptosis detection by
compounds have been shown to overcome MDR in-vitro. DNA degradation and TUNEL assays (Li etal 2001).
However, most of these compounds have disappointing Accordingly, caspase-3 estimation was carried out early
results in animal studies because of toxicity considera- at 48 h as compared with the TUNEL assay performed at
tions. Accordingly, new agents with low toxicity and 72h after drug treatment. Our data supports the theory
high reversal activity are being actively evaluated (Li that monensin liposomes can sensitize the MCF-7/dox
etal 2001; Toppmeyer eta! 2002). The carboxylic iono- cells to doxorubicin and induce apoptosis via caspase-3
phore monensin has been shown to overcome drug resis- activation. However, the molecular mechanisms leading
tance in several tumour cell lines (Sehested etal 1988). The to apoptosis needs to be elucidated further.
short half-life and lipophilicity of monensin precluded We reported (Singh etal 1999) that monensin lipo-
its further use in in-vivo studies. Other workers have somes increased the doxorubicin uptake and decreased
attempted to synthesize various monensin derivatives its efflux in HL-60'dox cells. In this study, we have
(Dosio etal 1996) or monensin conjugates (Colombatti shown morphological evidence for the increased cellular
etal 1990). Our laboratory pursued a drug delivery accumulation of doxorubicin in MCF-7/dox cells treated
approach for monensin to overcome its shortcomings with doxorubicin and monensin liposomes (Figure 2).
and developed long-circulating nanoparticulate and lipo- Previous studies have shown that monensin (101om)
somal formulations of monensin (Singh etal 1999: Shaik increased the uptake of anthracycline antibiotics in drug
et a! 2001a,b). Recently, we demonstrated the potential of resistant cells (Wood etal 1996; Cleary etal 1997). We
long-circulating liposomes in enhancing the in-vivo cyto- have consistently observed enhancement of doxorubicin
toxicity of anti-My9-bR immunotoxin (Shaik et al 2003). cytotoxicity and altered cellular kinetics in MCF-7/dox

The MCF-7/dox cells employed in our study were made cells at a significantly much lower concentration (200t nM)
resistant to doxorubicin by growing them in the presence of by delivering monensin in the form of liposomes as corn-
doxorubicin (600 ngmL-1). The 1C50 value for doxorubi- pared with the concentrations ofmonensin delivered as a
cin against MCF-7/dox cells was 26.5 tigmL-', which was solution (Singh etal 1999; Shaik etal 2001b). Studies by
1.5-fold the reported value for a similar type of doxorubi- Naito et al (1991) showed that ionophores such as mon-
cin-resistant MCF-7 cell employed by Li etal (2001). ensin inhibited the binding of vincristine to plasma mem-
Consistent with the reported findings that cells made resis- brane isolated from resistant K562 cells and reduced the
tant to a particular drug also acquire resistance to other photoaffinity labelling of P-gp by azidopine. Wood etal
classes of drug. we observed that our MCF-7/dox cells (1996) proposed that the drug resistance modification by
exhibited 2.9-23.3-fold resistance to etoposide and pacli- monensin might be due to its binding to P-gp, rather than
taxel, respectively, as compared with the parental MCF-7 interfering with vesicular traffic. In the light of recent
cells. As shown in Table 1, monensin liposomes were able studies demonstrating the modulation of various MDR
to increase the sensitivity of MCF-7/dox cells not only for genes by chemosensitizing agents (Li etal 2001), we stu-
doxorubicin but also to paclitaxel and etoposide. One died the expression of MDRI and MRPI genes in MCF-
advantage of using monensin liposomes was that they 7/dox cells. We observed that MCF-7/dox cells expressed
worked in-vitro at fairly low concentrations (20 x 10-M both MDRI and MRPI genes by RT-PCR. Significant
or 200 riM) as compared with other reported chemosensiti- expression of both MDR1 and MRP1 in MCF-7/dox cells
zers, which work in various drug resistant human breast had been reported by Chauvier et al (2002). We found that
and other tumour cell lines. Chemosensitizers such as monensin liposomes alone had a moderate effect, whereas
nomogestrol, megestrol, droloxifen and verapamil work at doxorubicin treatment alone had significantly increased
201dM (Li etal 2001), whilst VX-710 works at 0.5-2.5pM the expression of MDR genes. However, the combination
(Germann etal 1997). Another chemosensitizer MS-209 of doxorubicin with monensin liposomes showed a
works at 1-101iM (Naito etal 2002), and PSC 833 works decrease in the expression of both MDRI and MRPI
at 1-31tM (Warmann etal 2002). Previously, we reported gene expression as compared with doxorubicin alone
the potential of monensin liposomes in overcoming dox- (Figure 3). Warmann et al (2002) reported that doxorubi-
orubicin resistance in a human promyelocytic leukaemia cin treatment increased the expression of MDRI in hepa-
cell line, HL-60/dox (Shaik et al 200 1c). toblastoama Hep TI cells. However, their data showed no

Recent studies suggested that the occurrence of MDR alteration in MDRI expression in cells treated with dox-
in cancer cells may be the result of a decrease in the ability orubicin in the presence of chemosensitizers such as
of the cancer cells to initiate apoptosis in response to verapamil or PSC 833 as compared with doxorubicin
cytotoxic agents (Jones eta! 2002). Over-expression of alone. Borrel etal (1994) reported that monensin formed
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lipophilic neutral complexes with metal ions and such Bekctic-Oreskovie, L., Duran, G. E.. Chen, G., Dumontet, C.,
complexes inhibited the P-gp mediated drug efflux, appar- Sikic, B. 1. (1995) Decreased mutation rate for cellular resistance
ently by altering the lipid environment in membranes. Our to doxorubicin and suppression of mdrl genc activation by the

results suggested that monensin liposomes partially in- cyclosporin PSC 833.1. Nail. Cancer Inst. 87: 1593.1596
ninduced elevated exp n Borrel. M. N., Pereira. E., Fiallo, M., Garnicr-Suillerot, A.

o the adMRi in -7du cedells.ted expressin (1994) Mobile ionophores are a novel class of P-glycoprotein
ofdMDR l and MRPI in MCF-7idox cellso inhibitors. The effects of ionophores on 4'-O-tctrahvdropyra-

Thus, the delivery of monensin via liposomes increased nyl-adriamycin incorporation in K562 drug-resistant cells.
the sensitivity and apoptotic response to doxorubicin at a Eur. J. Biochem. 223: 125-133
significantly lower concentration. These results were in Bosch, I., Dunussi-Joannopoulos, K., Wu, R. L., Furlong, S. T.,
agreement with our previous studies (Singh et al 1999) Creep, J. (1997) Phosphatidylcholine and phosphatidyletha-
and with other reported findings such as enhanced in- nolamine behave as substrates of the human MDRI P-glyco-
vitro therapeutic effect of liposomal delivery of anticancer protein. Biochemiistry 36: 5685--5694
drugs in resistant cells (Sadava et al 2002; Briz et al 2003). Briz, 0., Macias, R. I., Vallejo, M.. Silva, A., Serrano, M. A._
The mechanisms responsible for the increased sensitivity Marin, J. J. (2003) Usefulness of liposomes loaded with cyto-

of resistant cells to liposomal anticancer drugs have not static bile acid derivatives to circumvent chemotherapy resis-
tance of enterohepatic tumors. Mol. Pharmacol. 63: 742-750been clearly elucidated. It has been reported that lipo- Chauvier, D., Kegclacr. G., Morjani, H.. Manfait, M. (2002)

somnes alter the P-gp function by direct interaction and Reversal of multidrug resistance-associated protein-mediated
membrane stabilization according to their lipid composi- daunorubicin resistance by camptothecin. j. Pharm. Sci. 91:
tion (Poujol et al 1999). Recent studies suggested that P-gp 1765-1775
carried out both drug transport and lipid translocation by Cleary, I., Doherty, G.. Moran. E., Clynes, M. (1997) The multi-
the same path (Romsicki & Sharom 2001) and phospho- drug-resistant human lung tumor cell line. DLKP-10,
lipids have been shown to be P-gp substrates (Bosch et al expresses novel drug accumulation and sequestration systems.
1997). Liposomes have been thought to interact with cells Bicichem. Pharontacol. 53: 1493-1502
via intermembrane transfer, adsorption, fusion and endo- Colombatti, M., Dell'Arcipretc, L.. Chignola, R., Tridentc, G.

cytosis (Pagano & Weinstein 1978). Based upon these (1990) Carrier protein-monensin conjugates: enhancement of
immunotoxin cytotoxicity and potential in tumor treatment.

studies, Lo (2000) proposed that liposomal formulations Cancer Res. 50: 1385-1391
may function as a substrate for MDRI and/or MDR3 P- Derbyshire, E. J., Henry, R. V., Stahel, R. A., Wawrzynczak. E. J.
gp upon entry into cells via endocytosis or other mechan- (1992) Potent cytotoxic action of the irnmunotoxin SWAI I-
isms leaving less P-gp available for pumping out the drug ricin A chain against human small cell lung cancer cell lines.
from inside the cells. Alternatively, the liposomal formu- Br. .1. Cancer 66: 444-451
lations may induce changes in the composition and fluid- Dosio, F., Franceschi, A., Ceruti, M., Brusa. P., Cattel, L.,
ity of the cell membranes, resulting in the modulation of Colombatti, M. (1996) Enhancement of Ricin Toxin A Chain
P-gp activity. These alterations in the cell membrane by immunotoxin activity: synthesis, ionophoretic ability, and

liposomes are thought to influence the activity of the other in vitro activity of monensin derivatives. Biochem. Pharnacol.

membrane pumps such as MRP, LRP and cananilicular 52:157-166
multispecific organic anion transporter (cMOAT). The Ford, J. M., Hait, W. N. (1990) Pharmacology of drugs that alter

mnultidrug resistance in cancer. Pharmacol. Rev. 42: 155-199
liposomal approach has been extended to various chemo- Germann. U. A., Shlyakhter, D.. Mason, V. S., Zelle, R. E.,
sensitizers such as ciclosporin (Lo etal 2001a) and PSC Duffy, J. P., Galullo, V., Armistead, D. M., Saunders, J. 0.,
833 (Lo et al 2001 b) and such liposomal formulations have Boger, J., Harding, M. W. (1997) Cellular and biochemical
been found to overcome drug resistance in-vitro. Our data characterization of VX-710 as a chemoscnsitizer: reversal
indicated that the use of monensin liposomes in combina- of P-glycoprotein-mediated multidrug resistance in vitro.
tion with doxorubicin in MCF-7/dox cells increased the Anticancer Drugs 8: 125--140
drug sensitivity as well as its apoptotic response, which Gottesman, M. M. (1993) How canccr cells evade chemotherapy.

may be attributed to the alterations in the drug cellular Cancer Res. 53: 747-754
kinetics. The liposomal delivery of a chemosensitizer such Herzog, C. E.. Tsokos, M., Bates, S. E., Fojo, A. T. (1993)

Increased mdr-l/P-glycoprotein expression after treatment of
as monensin may alter the activity and or expression of human colon carcinoma cells with P-glycoprotein antagonists.
membrane-associated MDR pumps. J. Biol. Chem. 268: 2946-2952

In conclusion, monensin liposomes potentiated the in- Jones, K. H., Liu, J. J., Rochm, J. S., Eckel, J. J., Eckel, T. T,,
vitro cytotoxicity of anticancer drugs in MCF-7/dox cells Stickrath, C. R., Triola, C. A., Jiang, Z., Bartoli, G. M.,
and offered an effective solution to overcome drug resis- Cornwell, D. G. (2002) Gamma-tocopheryl quinonc stimulates
tance in-vitro. However, further in-vivo studies are needed apoptosis in drug sensitive and niultidrug-resistant cancer
to confirm these in-vitro findings, cells. Lipids 37: 173-184

Kitazono, M., Sumizawa, T., Takebayashi, Y., Chen, Z.-S.,
Furukawa, T., Nagayama, S., Tan), A., Takashi, T., Takashi, A.,
Akiyama, S.-I. (1999) Multidrug resistance and the lung

References resistance-related protein in human colon carcinoma SW-620
cells. J. Natl. Cancer hist. 91: 1647-1653

Ahmad, S., Safa, A R., Glazer, R. 1. (1994) Modulation of P- Leonessa. F., Clarke, R. (2003) ATP binding cassette transpor-
glycoprotein by protein kinase C oc in a baculovirus expression ters and drug resistance in breast cancer. Endtor. Relat. Cancer
system. Biochemistry 33: 10313-10318 10: 43-73



Effect of liposomal monensin on multidrug resistance 9

Li, D., JaneL, S. F.. Kim. J., Wientjcs, M. G., Au, J. L. (2003) Roimsicki, Y., Sharom, F. J. (200I1) Phospholipid flippasc activity
Enhanced drug induced apoptosis associated with P-glycopro- of the reconstituted P-glycoprotcin mnultidrug, transporter.
tein ovcrexpression is specific to antimicrotubule agents. Biocleiei~str 40: 6937-6947
P/tarot Res. 20: 45 50 Sadava, D., Coleman. A., Kane, S. E. (2002) Liposomial daunor-

Li. M.. Wiu, X., Xii, X.-C. (2001) Induction of apoptosis by ubibjin overcomes drug resistance in humnan breast, ovarian
cyclooxygenasc-2 inhibitor NS398 through a cytoebrome C- and sing carcinoma cells. J1. Liposomue Res. 12: 301-309
dcpenident pathway in esophiageal cancer cells. lInt. J. Cancer Safa. A. R. (198S) Photoaff'inity labeling of the multidrug-
93: 218 223 resistance related P-glycoprotein with photoactive analogas

Li, J., Xii. L-Z.. Hie, K-L.. Guo, W.-J.. Zheng, Y.-H, Xia. P.. of verapamil. Proc. Nlatl. Acad. Sci. USA 85: 7187-7191
Chen, Y. (2001) Reversal effects of nomegestrol acetate on Schesmed, M ., Skovsgaard, T., Roed, H. (1988) The carboxylic
multidrue resistance in adriansycin-rCSistant MCF7 breast can- ionophore monensin inhibits active drug efIuIX and modulates
cer cell line. Breast Cancer Res. 3: 253.263 in vitro resistance in daunorubicin resistant Ehrlich ascites

Ling, Y. Hf., Priebe. WV., Perez-Soler, R. (1993) Intrinsic cytotoxi- tumor cells. Biocheni. Phuarnicl. 37: 3305 3310
city and reversal of multidrug resistance by mionensin in KB Shaik, MA S.. Ikediobi, 0.. Turnage. V. D.. McSwccn, J..
parent and MDR cells. Intt. J. Oncal. 3: 971--977 Kanikkannan. N., Singh. M. (2001a) Long-cireulating maon-

La, Y. L. (2000) Phospholipids as multidrug resistance modula- enain nanoparticles far the potentiation of' immunotoxin and
tars of the transport of epirubicin in human intestinal epithe- anticancer drugs. J. Pharin. Pharinacal. 53: 617--627
lial Caco-2 cell layers and everted gut sacs of rats. Biocheja. Shaik, M. S., Kanikkasnnan, N.. Singh. M. (201)1) ) Conjuigation
P/tarmtacol. 60: 1381 1390 of anti-My9 antibody to stealth mionensin lipasomes and the

Lo. Y. L., Liu, F. L.. Yanig. J. M., Chcrng, J. Y. (2001a) Reversal effect ofeconjuigated liposomes onl thc cytatoxicity of immruno-
of multidrug resistance to epirsibicin by cyclosporin A in lipo- toxin. .1. ('anralled Release 76: 285--295
somes or ititralipid. Anticancer Re~s. 21: 445-450 Shaik. MI. S., Kanikkannan. N., Singh, M. (2001c) Enhancement

Lo, Y., Liu, F., Cherng. J. (2001 b) Effect of PSC 833 liposomes of the cytotoxicity of doxoruibicin by the delivery ofm-oncnisin
and Intralipid on the transport of cpirubicin in Caco-2 cells throwugh stealth nanoparticles and liposomrcs. .4APS Pliarin
and rat intestines. J. Conitrolled Release 76: 1-10 Sci. 3:???-?7)?

Molleishauer, H. H., Morre, D. J., Rowe, L. D. (1990) Alteration Shaik, M. S., Jackson. T. L., Singh, MI. (2003) Effect ofmnonensin
ofintraccllular traffic by nuonensin: mechanism, specificity and liposomes an the cytotoxicity of anti-My9-bR immunotoxin.
relationship to toxicity. Biochini. Biop/avs. Acta 1031: 225-246 J. Pharmn. Pltaroacol. 55: 819-825

Muller. C.. Gaubin, f., Ferrandia, E.. Cornil-Scharwtz. 1L, Singh, M., Ferdlous, A. J., Jackson, T. L. (1999) Stealth man-
Bailly. J. D., Bordier. C., Benard. J., Sikic. B. L., Laurent. G. ensin liposomes as a potentiator of adriamvcin in cancer treat-
(1995) Evidence for transcriptional control of human mdrl ment. .1. Controlled Release 59: 43 -53
genec expression by verapamnil in multidrug-rcsistant leukemic Singh, M., Ferdous, A. J., Kanikkannan, N., Faulkner. G. (2001)
cells. It'ol. P/tarnical. 47: 51-56 Stealth mioncnsin immunoliposamecs as potentiator of mmlim-

Murren, J. R. (2002) Modulating multidrsig resistance: can we notoxins in-vitro. Fur. .1. Pharmi. Biapliarn. 52: 13 320
target this thcrapy? C/in. Cancer Res. 8: 633 635 Toppinsyer. D., Scidiuan, A. D.. Pollak, M., Russell, C.,

Naito, M.. Hoahino. T., Matsushita. Y., H-irai, R., Tsunto, T. Tkaczuk, K., Vcrma. S., Ovcrmioyer, B., Garg. V., Ette.
(1991) Two types of interaction between P-glycoprotcin and E., Harding, M. W., Demectri, G. D. (2002) Safety and
tonophore antibiotics. .T. Cell Phar~nacol. 2: 263 -267 eff-icacy of the multidrUg resistance inhibitor Inel (birico-

Naito, M., Matsuba. Y., Sato, S., Hirata, H., Tsuruo, T. (2002) dar; VX-7 10) in combination with paclitaxel for advanced
MS-209, a quinioline-type reversal agent, potentiates antitutmor breast cancer refractory to paclitaxel. Cliii. Cancer Res. 8:
efficacy of docetaxel in msiltidruii-resistant solid tumor xeno- 670-678
graft models. Cliii. Cancer Res. 8: 582-588 van Horssen, P. J.. van Oosterhout, Y. V., Evers, S., Backus, H.

Newton, D. L., Hansen, H. J., Mikulski. S. M., Goldenberg. D. M., H., van Gijets, M. G., Bongaerts, R., dc Witte, T., Preilers, F.
Rybak, S. M. (2001) Potent anid specific antitumor effects W. (1999) Influence of cytotoxicity enhancers in combination
of an anti-CD22-taretetd ribonuelease: potential for the treat- with human serumn on the activity of CD22-rceombinanit ricin
ment of non-Hodgkin lymphoma. Blood 97: 528 535 A against B cell lines, chronic and acute lymphiocytie leukemia

Nielsen, D., Eriksen, J., Maare. C., Friche., E., Skovsgaard, T. cells. Leukemia 13: 241- 249
(2002) lInfluene ofclicnmosenisitizers on resistance mechanisms Wariuann, S., Gobring. G.. Teichmnann, B., Geerlings, H.,
in daunorubicin-resistant Ehrlich ascites tumor cells. Ceaicer Fuchs. J. (2002) MDR I modulators improve the ehemnother-
Cheinatler. P/iarnacol. 49: 453-460 apy response of human heptatoblastonsa to daxonibicits in

Pagano, R. E., Weinstein. J. N. (1978) Interactions of liposomes vitro. J. Pediatric Surgery 37: 1579-1584
with mammalian cells. Ann. Rev. B/op/u's. Bioeuig. 7: 435-468 Wood, D. J., Rumsby. M. 0., Warr, JI R. (1996) Monensin and

Poukjol, S., Tilleul, P., Astre, C., Martel, P., Fabbro. M., Pinquet, F. verapamil do not alter intracellular localization of daunonibi-
(1999) Effect of mitoxantrone liposomes on niultidrug-resis- cin in multidruig resistant human KB cells. Cancer Lett. 108:
tant breast cancer cells. Anticancer Res. 19: 3327-3331 41-47


