
Abstract. Backgroud: The effectiveness of chemotherapy is
limited by the emergence of multidrug resistance (MDR). MDR
is caused by the activity of various ATP binding cassette (ABC)
transporters that pump anticancer drugs out of the cells in an
ATP-dependent manner. Additionally some other cellular
mechanisms of MDR have been reported. The purpose of this
study was to investigate mechanisms of MDR in drug resistant
MCF-7 cell lines and to modulate P-glycoprotein (P-gp) and
MRP1-based MDR. Materials and Methods: Paclitaxel (MCF-
7/Pac), docetaxel (MCF-7/Doc), doxorubicin (MCF-7/Dox)
and vincristine (MCF-7/Vinc) resistant sublines were developed
from the parent MCF-7 cell line (MCF-7/S) by stepwise
selection in dose increments over two years. Flow cytometry,
MTT cytotoxicity assay, RT-PCR, caspase-3 activity assay and
checkerboard combination assay were performed to investigate
the degree of resistance developed in sublines and to reverse
drug resistance phenotype. Results: The flow cytometry
histograms of drug accumulation assays demonstrated that the
drug-resistant cell lines are P-gp and MRP1 positive. RT-PCR
results showed that the resistant sublines express both MDR1
and MRP1 genes. Resistance indices of each subline to each
anticancer drug were determined using the MTT cytotoxicity
assay and it was found that all the sublines were resistant to
their respective agents. Caspase-3 activities of the cell lines were
also determined. Caspase-3 activity is an important indicator of
apoptosis in the cell. The reversal of MDR was attempted by
two cinnamylidene ketone and two organosilicon compounds.
The results indicated that these compounds modulated P-gp
effectively, but they were not very effective at reversing MRP1
activity in the MCF-7 sublines. Four selective anticancer drugs

(paclitaxel, docetaxel, doxorubicin and vincristine) and four
synthetic MDR modulators [2-(2-methoxycinnamylidene)
indan-1-one (cinnamylidene-1), 2-(2- methoxycinnamylidene)-
3,4-dihydro-2H-naphthelen-1-one) (cinnamylidene-2), ALIS
409 and ALIS 421] were applied to the sublines in
combination. The fractional inhibitory indices illustrated that
combined applications of cinnamylidene ketones and
organosilicon compounds with paclitaxel, docetaxel or
vincristine exerted significant antiproliferative effects on the
resistant sublines. Conclusion: This report demonstrates the
development of rational models for drug resistance MCF-7 cell
lines and reversal of acquired drug resistance. 

Chemotherapy is one of the treatment strategies in cancer.
It is the administration of selective and specific cytotoxic
agents to the patients. Commonly patients, who are
refractory to chemotherapy show resistance to multiple
antineoplastic agents of different structure and mode of
action (1). In vitro studies demonstrated that cancer cells
may develop varying degrees of resistance to
chemotherapeutics through a variety of mechanisms (2).
These mechanisms lead to the development of a phenotype
exhibiting ‘multidrug resistance’ (MDR) (3). The most well-
known mechanism of drug resistance is via increased drug
efflux that results from the up-regulation of ATP binding
cassette (ABC) transporters, such as P-glycoprotein (P-gp),
multidrug resistance associated protein (MRP1), breast
cancer resistance protein (BCRP) or lung resistance protein
(LRP) (1, 4, 5). Down-regulation of the caspase cascade is
another proposed drug resistance mechanism. Earlier
studies have reported that resistance to apoptosis is
correlated with reduced caspase-3 activity in some tumor
cell lines (6). 

Paclitaxel and docetaxel are drugs of the taxoid group
that are used in the treatment of breast cancer. These
drugs, by binding to ‚-tubulin subunits prevent microtubule
depolymerization (7, 8). The vinca alkaloid vincristine is 
a microtubule inhibitor which prevents microtubule
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polymerization (9). Doxorubicin is an anthracycline drug
that intercalates DNA and inhibits DNA replication.
Applications of these drugs have been found to cause
development of MDR in several tumors (10, 11). The
MCF-7 cell line used in this study is a human
adenocarcinoma model cell line that retains several
characteristics of differentiated mammary epithelium,
including the ability to process estradiol via cytoplasmic
estrogen receptors (12). 

The activity of the membrane transporter proteins P-gp
and MRP1 can be separately inhibited in eukaryotic cells by
certain compounds (13, 14). The function of drug pumps can
be effectively inhibited by substrate analogs, inhibitors of
ATP binding or utilization, specific monoclonal antibodies
and by various agents with unknown mechanisms. Various
synthetic and natural compounds were studied on different
cell cultures to identify the most effective resistance modifiers
in earlier studies (15). Synthetic compounds, cinnamylidene
ketones and organosilicons were tested on different cancer
cell lines for resistance reversal effects (16, 17). 

This report demonstrates the development of resistant
MCF-7 sublines and an investigation of MDR reversal in
drug-adapted MCF-7 cell lines. The four resistant sublines,
MCF-7/Pac, MCF-7/Doc, MCF-7/Dox and MCF-7/Vinc
(resistant to paclitaxel, docetaxel, doxorubicin and
vincristine, respectively), were developed by the in vitro
culture of sensitive parental cells in the presence of
increasing selective agents, for two years. These anticancer
drug-resistant cells served as in vitro models for in vivo
breast cancer chemotherapy and development of natural
chemoresistance. The response of the cell lines to different
anticancer drugs was studied via cytotoxicity and gene
expression analysis, and drug accumulation and enzyme
activity assays. The acquired resistance that was based on 
P-gp or MRP1 was separately modified by selected
cinnamylidene ketone and organosilicon compounds. The
effect of the combined application of anticancer drugs and
modifier compounds were tested using a checkerboard
micro-plate method. 

Materials and Methods 

Chemicals. Paclitaxel (Sigma, St. Louis, MO, USA) and docetaxel
(Fluka, St. Gallen, Switzerland) were dissolved in DMSO to
prepare stock solutions. Vincristine and doxorubicin were obtained
from Gülhane Military Academy, School of Medicine, Ankara,
Turkey. Vincristine and doxorubicin were diluted in deionized
water. 3-[4,5-Dimethylthiazol-2-yl] 1-2,5-diphenyltetrazolium
bromide (MTT) and sodium dodecylsulfate (SDS) were purchased
from Sigma. Verapamil (Sigma), a known P-gp modulator, was
used as positive control for P-gp reversal and indomethacin
(Sigma) served as positive control for MRP1 reversal. The
accumulation of the fluorescent dyes rhodamine 123 (R123, Sigma)
and 2’,7’-bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl
ester (BCECF-AM, Sigma) were measured to determine drug

efflux through P-gp and MRP1 proteins, respectively. Two
cinnamylidene ketones, 2-(2-methoxycinnamylidene) indan-1-one
(cinnamylidene-1) and 2-(2-methoxycinnamylidene)-3,4-dihydro-
2H-naphthalene-1-one) (cinnamylidene-2) (16), and two patented
organosilicon compounds, ALIS 409 and ALIS 421 (18), were
tested for their modifier effects on drug accumulation in resistant
MCF-7 cell lines. 

Cell lines, development of resistant sublines. The MCF-7 cell line,
which is a model cell line for human mammary carcinoma, was
used as parental cell line (12). The cell line exhibits some features
of differentiated mammary epithelium and was donated by the SAP
Institute, Ankara, Turkey. MCF-7 cells were maintained as an
attached type monolayer culture in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum, 
L-glutamine and antibiotics. Incubation conditions at 37ÆC in a
humidified atmosphere of 5% CO2 were maintained in a Heraeus
incubator (Hanau, Germany). Paclitaxel, docetaxel, doxorubicin
and vincristine were applied separately in dose increments to the
MCF-7 cell line for stepwise selection of resistant cells. The
sublines resistant to paclitaxel (MCF-7/Pac), docetaxel (MCF-
7/Doc), doxorubicin (MCF-7/Dox) and vincristine (MCF- 7/Vinc)
from parental MCF-7 cell line (MCF-7/S) were developed by
increasing the dose, stepwise, from 0.1 nM to 120 nM for paclitaxel,
0.1 nM to 80 nM for docetaxel, 10 nM to 600 nM for doxorubicin
and 2 nM to 40 nM for vincristine. Developed sublines were tested
for activities of P-gp and MRP1 proteins using fluorescent dye
accumulation assays. In order to assay the efflux activity, parental
and resistant cell lines were trypsinized and the concentration of
cells was adjusted to 2x106 cells/mL. The cells were then suspended
in serum-free RPMI 1640 medium and distributed in 0.5 mL
aliquots into Eppendorf centrifuge tubes. Rhodamine-123 (5.2 ÌM)
was added to test drug efflux through P-gp, while
carboxyfluorescein (5.2 ÌM) was added to test efflux through
MRP1. The cells were incubated for 20 min at 37ÆC then
centrifuged, washed twice in 0.5 mL PBS and finally resuspended in
0.5 mL PBS. The fluorescence of the cell population was measured
using a flow cytometer (BD FACScan, Franklin Lakes, NJ, UK).
The cells were selected by dose increments until resistant sublines
were generated. The cell lines were named as resistant when the
drug accumulation assays resulted in single-peaked histograms in
the low fluorescence region. The resistant sublines served as
models and were used to investigate molecular mechanisms of
acquired drug resistance. 

Assay for antiproliferative effect. The effects of the chemotherapeutic
agents, MDR modulators and their combinations on the
proliferation of sensitive and resistant MCF-7 cell lines were tested
in 96-well microtiter plates, as previously described (17). The
compounds were diluted from high to low concentrations
horizontally in the plates. Cells were seeded to each well (1x104)
with the exception of medium control wells. The plates were
incubated at 37ÆC for 72 h, and then 20 ÌL of 5 mg/mL MTT
solution was added to each well. After incubation at 37ÆC for 4 h,
100 ÌL 10% SDS solution was added to each well. The plates were
further incubated at 37ÆC overnight to allow the dissolution of
formazan crystals that were produced by mitochondrial enzymes of
the living cells. The inhibition of cell proliferation was determined
by measuring the optical density of the chromogenic product at 550
nm with a Dynatech MRX vertical beam ELISA reader (Guernsey,
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GB). The inhibition of cell proliferation and IC50 values were
determined for each cell line. The resistance index of each cell line
to their own selective agents and to the other three anticancer
drugs were calculated to determine the degree of acquired
resistance of each cell line to its selective drug and the cross
resistance developed to the other three drugs. The resistance
indices were evaluated according to the following expression: 

IC50 resistant cell line 
R= [Equation 1] 

IC50 sensitive cell line 

A checkerboard micro plate method was applied to study the
effects of drug interactions between resistance modifiers and
anticancer drugs on resistant MCF-7 cell lines. The dilutions of
anticancer drugs (A) were made horizontally and the dilutions of
resistance modifiers (B) vertically in a microtiter plate in 100 ÌL.
The cells were distributed to each well in 50 ÌL (1x104 cells). The
cells were incubated for 72 h at 37ÆC in a CO2 incubator. The cell
growth was determined after MTT staining and the intensity of the
blue colored formazan crystals was measured on an ELISA reader.
Drug interaction was evaluated according to the following
expressions: 

FICA= IC50A in combination / IC50A alone [Equation 2]

FICB= IC50B in combination / IC50B alone [Equation 3]

where FIC is the fractional inhibitory concentration. 
The fractional inhibitory index,

FIX = FICA + FICB [Equation 4], 

demonstrates the effect of the combination of anticancer drug and
resistance modifier. It is accepted that if the FIX value is 0.51- 1.00,
it is an additive effect; if FIX value is less than 0.50, it is a
synergistic one. A FIX value between 1.00-2.00 is considered an
indifferent effect, while a value greater than 2 indicates an
antagonistic effect (19). 

RNA isolation and reverse transcription-polymerase chain reaction
(RT-PCR). RNA isolation from the MCF-7 cell line was performed
using the guanidium thiocyanide / phenol-chloroform single-step
RNA isolation method (20). Absorbance values (260 nm, 280 nm)
were measured for RNA quantification. RNA intactness was
checked on native agarose (1% w/v) gel electrophoresis (70V, 90
min). cDNA synthesis (reverse transcription) reaction was
performed with 5 Ìg of total RNA, 1 pmole gene specific primer, 40
units M-MuLV Reverse Transcriptase for each sample (37ÆC, 1 h),
according to the manufacturer’s instructions (MBI Fermentas,
Vilnius, Lithuania). cDNA was used as template for the PCR
reaction; 1 unit Taq DNA polymerase was used for 50 ÌL of reaction
volume; mdr1 and mrp1 specific primers were used for the
expression analysis; beta-2 microglobulin was used as an inner
standard. The primers were carefully selected from different exons
of the genes to prevent amplification of contaminating DNA. PCR
conditions were: initial denaturation at 94ÆC for 5 min,
denaturation at 94ÆC for 30 sec, annealing at 55ÆC for 30 sec (mrp1
and beta-2 microglobulin) or 56ÆC for 25 sec (mdr1), extension at
72ÆC for 30 sec and final extension at 72ÆC for 10 min. PCR cycles

were set as 30 for the mdr1 and beta-2 microglobulin primers and
25 for the mrp1 primers. PCR products were examined on native
agarose (2% w/v) gel electrophoresis (90 V, 60 min) and visualized
with ethidium bromide staining. The primer sets and amplicon sizes
are listed in Table I. 

Assay for the reversal of MDR in MCF-7 cell lines. Parental and
resistant cell lines were trypsinized and the cell concentration was
adjusted to 2x106 cells/mL. The cells were suspended in serum free
RPMI 1640 medium and distributed in 0.5 mL aliquots to
Eppendorf centrifuge tubes. Compounds to be tested were added
(40 Ìg/mL) and samples were incubated for 10 min at room
temperature (25ÆC). Rhodamine-123 (P-gp substrate) or
carboxyfluorescein (MRP1 substrate) fluorescent indicators were
added (5.2 ÌM final concentration) to samples, and cells were
incubated for 20 min at 37ÆC. The cells were centrifuged, washed
twice in 0.5 mL PBS and finally resuspended in 0.5 mL PBS for
assay. The fluorescence of the cell population was measured using
flow cytometry. Verapamil was used in the rhodamine-123
exclusion assays and indomethacin in the carboxyfluorescein
exclusion assays, as positive control modulator compounds. The
fluorescent activities for the treated MCF-7 cell lines were
calculated by comparing them with the fluorescent activities of the
untreated cells. The ratio was calculated using the following
expression (21) on the basis of the measured fluorescence
intensities (F): 

FMDR treated / FMDR control
FAR= [Equation 5]

Fparental treated / Fparental control

Compounds were judged to be active modulators if the ratios
(fluorescence activity ratio, FAR) were greater than 1.10 (22). 

Assay for caspase-3 activity. A caspase-3 colorimetric assay kit
(CASP-3-C; Sigma) was used to determine the caspase-3 activities
of parental MCF-7 and resistant sublines. The assay for caspase-3
is based on the hydrolysis of the peptide substrate, acetyl-Asp-Glu-
Val-Asp p-nitroaniline (Ac-DEVD pNA), by caspase-3, resulting in
release of the p-nitroaniline (pNA) moiety (23). The cell lysates
were prepared according to the manufacturer’s instructions. The
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Table I. Primer sets for RT-PCR. 

Primers Sequence Amplicon 
size (bp) 

mdr1
forward 5’ GAGCCTACTTGGTGGCACAT 3’ 
reverse 5’ AGGCTCAGTCCCTGAAGCAC 3’ 295 

mrp1
forward 5’ CTGGCATTCAAGACAAGGT 3’ 
reverse  5’ ACCGGAGGATGTTGAACAAG 3’ 217 

Beta-2 microglobulin 
forward 5’ TCTCTCTTTCTGGCCTGGAG 3’
reverse 5’ GGATGGATGAAACCCAGACA 3’ 122 



lysates from different cell lines were distributed to the wells of a 96-
well plate; reaction buffer and the Ac-DEVD-pNA was added to
each well separately. Finally, the caspase-3 inhibitor (provided by
Sigma CASP-3-C) was added to the well that served as a negative
control. The plate was incubated at 37ÆC overnight. The
concentration of pNA released from the substrate was calculated
from absorbance values at 405 nm. 

Results 

Development of resistant sublines. The original sensitive
culture contained only P-gp negative cells (Figure 1a). As the
cells developed resistance via the stepwise increments of
paclitaxel from 0.1 nM to 100 nM, docetaxel from 0.1 nM to
60 nM, doxorubicin from 10 nM to 400 nM and vincristine
from 2 nM to 30 nM in media, the culture was found to
contain both P-gp positive and negative cells when the
sublines were assayed (indicated by the rhodamine-123
fluorescence assay). The P-gp positive cell numbers were not
dominantly present, therefore, the histograms presented two
peaks (Figure 1b), one belonging to the P-gp negative and
the other to the P-gp positive cells. The continuing drug dose
increments (120 nM paclitaxel, 80 nM docetaxel, 600 nM
doxorubicin and 40 nM vincristine) resulted in resistant
MCF-7 sublines, of which a high percentage of the cells had
active P-gp. The portion of cells that had P-gp activity was
greater than the P-gp negative cells in number, so that the
histogram had a single peak of low fluorescence (Figure 1c).  

Similarly, carboxyfluorescein is a substrate for MRP1 and
is used to determine its efflux activity. Figure 2 represents
fluorescent intensities of the cell lines obtained from various
flow cytometry measurements. From the fluorescent activity
values, it is apparent that the parental MCF-7/S cells express

inherently the MRP1, but not the MDR1 gene. On the other
hand, the resistant sublines MCF-7/Pac (MCF-7/120nMPac),
MCF-7/Doc (MCF-7/80nMDoc), MCF-7/Dox (MCF-
7/600nMDox) and MCF-7/Vinc (MCF-7/40nMVinc) express
both of the genes so that they can efflux both rhodamine-123
and carboxyfluorescein from the cells effectively. The
rhodamine-123 efflux activity of P-gp is higher than the
carboxyfluorescein efflux activity of MRP1 in the drug
resistant sublines (Figure 2). In fact, the activity of MRP1
was already high in the original sensitive cells and did not
change significantly in resistant sublines. 
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Figure 1. Flow cytometry histograms of the rhodamine-123 accumulation assay: (a) sensitive MCF-7 cell line; (b) MCF-7 cell line with a non-uniform
cell population; (c) resistant MCF-7 subline. M1 represents high fluorescence (FL) region, M2 represents low FL region. 

Figure 2. The scheme illustrates the fluorescent dye accumulation in each
MCF-7 cell line. The shaded bars ( ) represent rhodamine-123
accumulation and the gray bars ( ) represent the carboxyfluorescein
accumulation in each cell line. SEM (standard error of the means) values
were derived from results of three independent experiments. 



Assay for antiproliferative effect. The results of MTT
cytotoxicity assays suggest that each cell line is mostly
resistant to its own selective agent. However, the cell lines
also developed varying degrees of cross-resistance to the
other three anticancer agents (Table II). The MCF-7/Pac
is 11.34-fold resistant to paclitaxel, MCF-7/Doc is 17.30-
fold resistant to docetaxel, MCF-7/Dox is 12.20-fold
resistant to doxorubicin and MCF-7/Vinc is 11.43-fold
resistant to vincristine, compared to the original cells.
According to the resistance indices in Table II, MCF-
7/Pac, MCF-7/Doc and MCF-7/Dox developed cross-
resistance to the other anticancer drugs at higher degrees
than did the MCF-7/Vinc cells. These results show that the
parent MCF-7 cell line acquired cross-resistance to
different anticancer drugs, at different degrees. Also it may
be proposed that each cell line may have developed
different drug resistance mechanisms. 

Expression levels of resistance genes in sensitive and resistant
cells. The RT-PCR results clearly indicate that the resistant
sublines express the MDR1 and MRP1 genes, while the
sensitive cells only have MRP1 gene expression (Figure 3).
The agarose gel photographs and the densitometric analysis
in Figure 3 illustrate that the MCF-7/Pac, MCF-7/Doc,
MCF-7/Dox and MCF-7/Vinc cell lines acquired resistance

mostly through MDR1 overexpression and all the sublines
overexpress the MRP1 gene. According to the densitometric
measurements, MCF-7/Dox subline acquired 1.71- and 2.05-
fold more MDR1 gene expression than MCF-7/Pac and
MCF-7/Doc sublines respectively. MCF-7/Vinc subline
acquired 1.41- and 1.70-fold more MDR1 gene expression
than MCF-7/Pac and MCF-7/Doc sublines respectively.
Additionally, MCF-7/Dox and MCF-7/Vinc sublines
acquired about 1.70-fold more MRP1 gene expression than
the MCF-7/Pac and MCF-7/Doc sublines. 

Assay for reversal of MDR in MCF-7 cell lines. Reversal of
drug resistance is studied by the application of MDR
inhibitory agents. The flow cytometry results demonstrate
that the separate inhibition of P-gp or MRP1 proteins
resulted in cellular accumulation of the fluorescent
substrates of these efflux proteins (Figures 2, 4, 5). The
fluorescent activity ratios demonstrate that cinnamylidene
ketone and organosilicon compounds were effective in
modulating P-gp on the resistant sublines (Table III). When
the fluorescent activity ratios are compared, the ALIS 409
and ALIS 421 seem to be better effective P-gp modulators
on the MCF-7 sublines than the verapamil control. Table IV
shows the modulation of MRP1 protein expression.
Fluorescence activity ratios demonstrate that the compounds
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Table II. Comparison of antiproliferative effects of anticancer drugs on
sensitive and resistant MCF-7 cell lines. 

Selecting Cell IC50±SEM*  Resistance 
agents lines (ÌM) index 

Paclitaxel MCF-7/S 2.50±0.23 1.00
MCF-7/Pac 28.30±4.21 11.34
MCF-7/Doc 20.76±1.77 8.31
MCF-7/Vinc 16.99±1.26 6.80
MCF-7/Dox 15.96±2.00 6.39

Docetaxel MCF-7/S 3.49±1.55 1.00
MCF-7/Pac 12.26±1.28 3.51
MCF-7/Doc 60.38±3.47 17.30
MCF-7/Vinc 24.71±4.80 7.08
MCF-7/Dox 31.15±1.28 8.92

Doxorubicin MCF-7/S 0.92±0.38 1.00
MCF-7/Pac 7.38±1.22 8.02
MCF-7/Doc 4.86±0.70 5.28
MCF-7/Dox 11.23±0.97 12.20
MCF-7/Vinc 6.43±0.44 6.99

Vincristine MCF-7/S 6.51±0.66 1.00
MCF-7/Pac 29.15±3.01 4.48
MCF-7/Doc 34.97±4.85 5.37
MCF-7/Dox 18.62±3.64 2.86
MCF-7/Vinc 74.35±1.36 11.43

*SEM were derived from the IC50 values of three independent
experiments. 

Table III. Modulation of P-gp in resistant MCF-7 sublines by different
cinnamylidene ketone and organosilicon compounds, assayed using
rhodamine-123. 

Cell lines Compounds Fluorescence 
(40 Ìg/mL) activity ratio 

MCF-7/Pac Verapamil 3.5
Cinnamylidene-1 1.7
Cinnamylidene-2 3.1
ALIS 409 10.9
ALIS 421 5.0

MCF-7/Doc Verapamil 4.3
Cinnamylidene-1 1.9
Cinnamylidene-2 2.0
ALIS 409 10.2
ALIS 421 4.7

MCF-7/Dox Verapamil 6.0
Cinnamylidene-1 2.5
Cinnamylidene-2 1.9
ALIS 409 9.1
ALIS 421 4.2

MCF-7/Vinc Verapamil 4.4
Cinnamylidene-1 2.7
Cinnamylidene-2 3.0
ALIS 409 9.2
ALIS 421 4.3



were not very effective in MRP1 reversal. The compounds
inhibited the efflux proteins P-gp and MRP1, and reversed
drug resistance to some degree, organosilicon compounds
being more effective than cinnamylidene ketones. 

Combination test by the checkerboard microplate method.
Paclitaxel, docetaxel, doxorubicin and vincristine were
applied in combination with cinnamylidene ketone and
organosilicon compounds and the combination effects on
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Figure 3. RT-PCR products on 2% (w/v) agarose gel with 50-1030 bp DNA ladder and densitometric measurements: (a) 295 bp mdr1 products; (b) 217
bp mrp1 products; (c) 122 bp beta-2 microglobulin (b2m) products; (d) schematic illustration of densitometric measurements of the RT-PCR products.
The shaded bars ( ) represent densitometric measurement ratio of mdr1 to b2m products; the gray bars ( ) represent densitometric measurement ratio
of mrp1 to b2m products. 

Table IV. Modulation of MRP1 protein in resistant MCF-7 sublines by
cinnamylidene ketone and organosilicon compounds, assayed using
BCECF. 

Cell lines Compounds Fluorescence 
(40 Ìg/mL) activity ratio 

MCF-7/Pac Indomethacin 2.5
Cinnamylidene-1 0.5
Cinnamylidene-2 0.8
ALIS 409 3.1
ALIS 421 2.6

MCF-7/Doc Indomethacin 2.2
Cinnamylidene-1 0.9
Cinnamylidene-2 1.1
ALIS 409 2.2
ALIS 421 2.1

MCF-7/Dox Indomethacin 2.6
Cinnamylidene-1 0.8
Cinnamylidene-2 1.2
ALIS 409 2.6
ALIS 421 2.7

MCF-7/Vinc Indomethacin 2.4
Cinnamylidene-1 0.5
Cinnamylidene-2 1.1
ALIS 409 3.2
ALIS 421 2.6

Table V. Effects of resistance modifier and anticancer drug interactions
on MCF-7 sublines. 

Cell lines Treatment IC50 values FIX± Comments 
(ÌM) SEM*

MCF-7/Pac Paclitaxel (+) 28.30
Cinnamylidene-1 183.53 0.45±0.11 Synergism
Cinnamylidene-2 80.41 0.40±0.05 Synergism
ALIS 409 11.58 0.44±0.04 Synergism
ALIS 421 5.65 0.49±0.02 Synergism

MCF-7/Doc Docetaxel (+) 60.38
Cinnamylidene-1 103.97 0.23±0.09 Synergism
Cinnamylidene-2 65.90 0.44±0.07 Synergism
ALIS 409 9.69 0.49±0.05 Synergism
ALIS 421 8.06 0.49±0.05 Synergism

MCF-7/Dox Doxorubicin (+) 11.23
Cinnamylidene-1 138.83 0.73±0.13 Additive
Cinnamylidene-2 77.28 0.73±0.16 Additive
ALIS 409 14.23 0.53±0.05 Additive
ALIS 421 5.56 0.56±0.02 Additive

MCF-7/Vinc Vincristine (+) 74.35
Cinnamylidene-1 115.38 0.17±0.02 Synergism
Cinnamylidene-2 41.01 0.44±0.04 Synergism
ALIS 409 8.06 1.94±0.31 Indifferent
ALIS 421 4.98 0.87±0.02 Additive

*SEM values were derived from the standard errors of the means of at
least three FIX values.



sublines were tested separately. The fractional inhibitory
indices of combined application of paclitaxel and
cinnamylidene ketone-1, cinnamylidene ketone-2, ALIS 409
and ALIS 421 to MCF-7/Pac are lower than 0.50. Docetaxel
also exerted synergistic effect when applied with the synthetic
modulating agents to MCF-7/Doc (FIX<0.50) (Table V).
The results show that combined effects of paclitaxel and
docetaxel with the modulating agents are significantly greater
than expected based on their independent effects when they
are used separately. Additionally, doxorubicin and the
combination of the four components exerted additive
antiproliferative effects when applied to MCF-7/Dox cells
(0.50<FIX<1.00). Cinnamylidene ketone compounds

exhibited synergism with vincristine and the effect was
additive to the MCF-7/Vinc subline when applied with ALIS
421. On the contrary, vincristine and ALIS 409 did not
enhance the antiproliferative effect when applied to the
MCF-7/Vinc subline in combination (FIX>1.00). 

Assay for caspase-3 activity. The results suggest that
continuous treatment of the cell lines with anticancer drugs
causes an increase in caspase-3 activity. However, as the
drug doses increased, the enzyme activity for each cell line
decreased (Figure 6). The decrease in caspase-3 activity may
be considered as another drug-resistance mechanism. At
low concentrations of drugs, caspase-3 activity is either the

Kars et al: Modulation of MDR in MCF-7 Sublines

4565

Figure 4. Flow cytometry histograms of the rhodamine-123 accumulation assay of modulated resistant MCF-7 cell lines: (a) resistant MCF-7 subline;
(b) cinnamylidene-2 modulated resistant MCF-7 subline; (c) ALIS 409 modulated resistant MCF-7 subline. 

Figure 5. Flow cytometry histograms of the carboxyfluorescein accumulation assay modulated resistant MCF-7 cell lines: (a) resistant MCF-7 subline;
(b) indomethacin modulated resistant MCF-7 subline; (c) ALIS 409 modulated resistant MCF-7 subline. 



same or lower compared to the sensitive cells, except for
paclitaxel when applied to MCF-7/Pac cells, where the
enzyme activity is higher at low doses of the drug. 

Discussion 

This study demonstrated that in vitro selection of the MCF-7
cell line with paclitaxel, docetaxel, doxorubicin and vincristine
constitutes a good model for the development of natural
chemo-resistance. Several studies have shown that these
anticancer drugs cause the development of acquired drug-
resistance in various tissue types during clinical chemotherapy
(24-26). Additionally, several other drug resistance
mechanisms have been proposed in various studies (2, 27). 

In this study, four different resistant sublines were
developed from an MCF-7 parental cell line to investigate
the possible mechanisms of drug resistance in mammary
carcinoma cell lines that were adapted to different
anticancer drugs in two years. The cytotoxicity assays
indicate that the sublines are at least 10 to 17 times more
resistant to the selective agents than is the parental cell line.
Additionally, the cell lines developed cross-resistance to the
other anticancer drugs tested. The parental cell line may
have become resistant to different drugs through diverse
mechanisms, so that the sublines responded differently. The
rhodamine-123 and carboxyfluorescein assays, and the RT-
PCR gene expression analysis indicate that the cell lines
acquired MDR1 gene expression. The MRP1 gene was

already expressed in the sensitive cell line individually and
its expression was also seen in resistant cell lines. Although
gene expression analysis showed that MRP1 gene expression
levels increased in the sublines, the drug efflux activity of
the MRP1 protein was not very effective in each subline.
These conflicting results may be due to post-translational
modifications that decrease the activity of the MRP1
protein. These results also explain how the cell lines became
cross-resistant to the other three anticancer agents. Stepwise
selection of the cell line with paclitaxel, docetaxel,
doxorubicin and vincristine separately caused MDR1 gene
induction and overexpression. Since all the drugs are P-gp
substrates, the cell lines naturally acquired cross-resistance
at different degrees to each drug. 

Reversal of P-gp or MRP1 modulated MDR is an area of
intense research. The fluorescent activity ratios in the
present study indicated that cinnamylidene ketone and
organosilicon compounds were effective as P-gp modulators.
However, these compounds were not as effective in MRP1-
mediated resistance reversal. The different degrees of
modulatory effects of these compounds in individual sublines
may be due to differences in cell membrane structure and in
P-gp and MRP1 conformations. When all the fluorescent
activity ratios are compared, ALIS 409 and ALIS 421 seem
to be active MDR modulators on the MCF-7 sublines. 

The combination of anticancer drugs with MDR
modulators may be particularly useful under controlled
conditions. Combined application is acceptable if the drug
interaction is synergistic, but not acceptable if the interaction
is antagonistic. A combination test using the checkerboard
micro plate method was used to test the effects of combined
application. Paclitaxel, docetaxel, doxorubicin and vincristine
were applied in combination with cinnamylidene ketone and
organosilicon compounds on the sublines. The fractional
inhibitory indices in Table V show that paclitaxel and
docetaxel acted in synergism with all four compounds
(FIX<0.50). Additionally, doxorubicin and the combination
of the four components exerted an additive antiproliferative
effect (0.50<FIX<1.00). Cinnamylidene ketone compounds
acted in synergism with vincristine, and this effect was also
additive when applied with ALIS 421 to the MCF-7/Vinc
subline. On the contrary, ALIS 409 did not enhance the
antiproliferative effect when applied in combination with
vincristine to the MCF-7/Vinc subline. So these results
demonstrate that the modulator compounds may be used
together with paclitaxel, docetaxel, doxorubicin and
vincristine. However, the vincristine-ALIS 409 combination
does not seem to exert any suitable antiproliferative activity
on the resistant subline. Different sensitivities of the sublines
to the modulator compounds and to their combined
applications with anticancer drugs can be explained by
cellular differences in the resistance mechanisms and
differences in the expression levels of the resistance related
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Figure 6. The effect of anticancer drug application on caspase-3 activity in
MCF-7 cell lines. SEM (standard error of means) values were derived
from results of three independent experiments. The shaded bars ( )
represent the caspase-3 activity of cell lines that were adapted to 15 nM
paclitaxel, 70 nM docetaxel, 140 nM doxorubicin and 10 nM vincristine;
the gray bars ( ) represent the caspase-3 activity of cell lines that were
adapted to 120 nM paclitaxel, 80 nM docetaxel, 600 nM doxorubicin and
40 nM vincristine, respectively. The empty bars (⎢⎢) represent the caspase-
3 enzyme activity of the negative control and the sensitive MCF-7 cell line,
respectively.



genes in the sublines. It seems that the cell lines acquired an
MDR phenotype of different forms at different levels. 

Different apoptotic pathways cause caspase-3 activation,
resulting in autocatalysis and cleavage of other caspases and
downstream substrates. Caspase-3 activation requires
several key cytosolic components including: apoptotic
protease activating factor-1 (Apaf-1), cytochrome c (Apaf-2)
and Apaf-3 (caspase-9). A decrease in caspase-3 activity has
been previously proposed as another mechanism of MDR
(6). It has also been proposed that the overexpression of P-
gp regulates the cytosolic levels of the upstream mediators
(such as caspase-8 and FADD) and causes a decrease in
caspase-3 activity in drug-resistant cells (28). In this study,
the caspase-3 enzyme activity assay results suggest that
treatment of the cell lines with anticancer drugs caused a
decrease in apoptotic enzyme (caspase-3) activity. A
decrease in caspase-3 activity and down-regulation of the
caspase cascade may be proposed as another form of MDR,
accounting, at least to some extent, for the resistance of the
MCF-7 cell lines acquired. This decrease may also be due
to the overexpression of P-gp and the regulation of cytosolic
components of caspase cascade by P-gp activity (28). Other
MDR related mechanisms are under investigation in order
to improve our understanding of the development of the
MDR phenotype. 
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