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Abstract Multidrug resistance (MDR) is the main obstacle
in breast cancer chemotherapy, a reversal reagent with high
reversal effect but low toxicity is the hotpot issue at present.
The antidepressant fluoxetine (FLX) is a new highly effec-
tive chemosensitizer; however, the possible mechanism of
FLX in reversal of MDR is unclear. In this study, the effect
of FLX on MDR mediated by apoptosis was researched in
resistant/sensitive breast cancer cells, which treated by FLX/
adriamycin (ADM)/paclitaxel (PTX) alone or FLX–ADM,
FLX–PTX combination. Apoptosis assay demonstrated that
FLX combined with ADM enhanced the proportion of ap-
optosis remarkably in MCF-7/ADM but not MCF-7 cells;
however, increased the apoptosis rates in both cells when
FLX–PTX combination. Results of apoptosis proteins assay
showed a upgrade of p53 and a downgrade of Bcl-2 level by
FLX–ADM or FLX–PTX combinations in both cells. Our
findings indicated that by synergism with anticancer drugs,
FLX modulation of apoptosis via targeting p53 and Bcl-2
expression, FLX reverse the breast cancer cell’s resistance
and enhance the chemosensitivity to ADM and PTX.
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Introduction

Multidrug resistance (MDR) includes intrinsic and acquired
drug resistance. The mechanism of MDR involves many
aspects [1–3]. It has been demonstrated that in addition to
the overexpression of ABC transporters, other phenotypes,
such as altered apoptotic response due to altered p53 expres-
sion and function or altered expression of Bcl-2 protein may
lead to MDR [4, 5]. p53 is an anticancer gene; normal p53
protein is activated in response to various cell injuries and its
alterations result in cell cycle arrest or apoptosis [6]. p53
mutant frequently in tumor cells refrains cells from apoptosis
or arrests in a certain period of cell cycle, which develops
MDR [7, 8]. Bcl-2 is an oncogene which contributes to tumor
occurrence due to inhibition of apoptosis. Overexpression of
Bcl-2 contributes to MDR, while reduced its expression sen-
sitizes the tumor cells to apoptosis [9–11]. Furthermore, Bcl-2
protein is able to inhibit the apoptosis induced by p53 in
response to genotoxic stress [12]. MDR is a major barrier
for breast cancer chemotherapy [13]. The enhancement of
chemotherapy sensitiveness is a key to overcome MDR.

Besides MDR in cancer patients, mental disorder as a
serious complication of cancer also merits attention. With
the increase incidence of breast cancer these years, more and
more breast cancer patients suffer from mental stress [14],
which result in serious depression. Fluoxetine (FLX), the
selective serotonin reuptake inhibitors (SSRI) was used to
treat depression effectively in clinical, could improve cancer
patients’ immunity, life quality and extend their live time
[15–17]. Furthermore, FLX was reported to be a new highly
effective chemosensitizer [18]. A drug not only improves
the depression of cancer patients but also acts as a chemo-
sensitizer, which made the research is of great interest for
cancer therapy. Considering the regulatory role played by
FLX on the apoptosis pathway [19, 20], the aim of this work
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was to study the possible mechanism involved in apoptosis
of FLX modulates MDR and enhancement chemotherapy
sensitivity in breast cancer cells.

Materials and methods

Chemicals and reagents

Adriamycin (ADM) was purchased from Shenzhen Main
Luck Pharmaceuticals Inc (Shenzhen, China). Paclitaxel
(PTX) was from Hainan Chuntch Pharmaceutical Co. Ltd.
(Haikou China). FLX was obtained from Sigma (St. Louis,
MO, USA). Materials for cell culture were from Gibco (Life
Technologies, USA). 3-(4,5-Dimethylthiazol-2-yl)-2, 5-
diphenyl-tetrazolium bromide (MTT) was purchased from
Sijiqing Biological Co. (Hangzhou, China). Rabbit mono-
clonal anti-p53, Bcl-2 antibodies were purchased from Cell
Signaling Technology Co. The second antibody goat anti-
rabbit IgG was obtained from Merck.

Cell lines

Human breast cancer cell line resistance MCF-7/ADM was a
kind gift from the Cancer Center of Sun Yat-Sen University,
Guangzhou, China. Sensitive MCF-7 was passaged in our
laboratory. Cells were cultured in DMEM medium, supple-
mented with 10 % fetal bovine serum (FBS), 100 units/ml
penicillin, 100 μg/ml streptomycin at 37 °C in 5 % CO2.

Cytotoxicity assay

The viability of the MCF-7/ADM andMCF-7 cells was quan-
tified by using MTT assay. Cells were seeded into 96-well
plates and treated with various doses of FLX (2.5–80 μg/ml in
both cell lines)/ADM (2.5–80 μg/ml in MCF-7/ADM cells;
0.125–4 μg/ml in MCF-7 cells)/PTX (0.5–16 μg/ml in both
cells) alone or FLX–ADM FLX–PTX (5 μg/ml FLX with
various concentrations of ADM or PTX the same as it treated
alone) combination for 72 h. Next, 20 μl of 5 mg/ml MTTwas
stained to each well and incubated at 37 °C for 4 h. Subse-
quently, the culture medium was removed and 150 μl of
dimethyl sulfoxide (DMSO; Sigma) was added and mixed
for 10 min. Finally, optical densities (ODs) were measured
by the spectrometric absorbance at 570 nm on a microplate
reader (Bio-Rad). Results were plotted as percent of survival
and concentration–response curves were fitted in order to
determine the 50 % effective concentration (IC50).

Flow cytometry (FCM) analysis of apoptotic cells

MCF-7/ADM and MCF-7 cells were seeded into 6-well
plates and treated with 5 μg/ml FLX, various concentrations

of ADM–PTX alone or FLX–ADM, FLX–PTX combina-
tion for 24 h. Cells were collected and washed by PBS
twice, stained with Annexin V-FITC and PI (Sigma). Samples
were analyzed on an EPICS XL flow cytometry (Beckman
Coulter, Bren, CA, USA). Annexin V-FITC positive and PI
negative cells were considered as apoptotic cells.

Western blotting assay for p53, Bcl-2 proteins expression

MCF-7/ADM or MCF-7 cells were treated the same as
above for 72 h, collected and washed by PBS. The total
protein was extracted using cell lysis buffer. The extract
(40 μg) was run on SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and electrophoretically blotted onto polyvinyli-
dene difluoride membrane (PVDF; Millipore Corp., Bedford,
MA, USA). The blots were blocked with 50 g/l nonfat milk
in TBST buffer at room temperature for 2 h, then incubated
with antibodies at 4 °C overnight. All antibodies were
diluted in TBST according to the manufacturer’s instruc-
tions. The blots were washed with TBST buffer five times
(5 min each time) at room temperature, then labeled with
peroxidase-conjugated secondary antibodies, respectively,
at room temperature for 2 h. Protein bands were detected
using an enhanced chemiluminescence (ECL) detection kit
(Pierce).

Statistical analysis

Data were processed with the SPSS 13.0 for Windows
software package. The results were presented as means ±
standard deviation (SD). Experiments were done three times
with different passages of cells. Statistical differences
between the two groups were calculated using unpaired
Student’s t-test; and the differences among more than two
groups were tested by one-way ANOVA. Results were
considered to be statistically significant at P<0.05.

Results

Proliferation inhibited by drugs

To assess the level of MCF-7/ADM resistance and to eval-
uate the ability of FLX to modulate its reversal, we studied
responses of these cells to treatments by ADM or PTX alone
or with FLX. Cells were exposed to FLX alone over the
concentration range of 2.5–80 μg/ml. Inhibition rates of FLX
in MCF-7 and MCF-7/ADM were less than 10 % (5.43±
2.12 % and 7.52±1.24 %, respectively) at a concentration of
5 μg/ml, so we chose 5 μg/ml as the combination concentra-
tion. The concentration–survival curves (Fig. 1) showed that
FLX enhancement the inhibition rate of ADM and PTX in the
two cell lines, especially at the low concentrations. Concretely,
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with ADM less than 20 μg/ml in MCF-7/ADM cells and
2 μg/ml in MCF-7 cells, PTX under 4 μg/ml in the two
cell lines, combination with FLX showed a significantly
increase in the proliferation inhibit rates.

The IC50 value and the reversal fold (RF) of ADM/PTX
in the two cells are shown in Table 1. The data indicated that
MCF-7/ADM cells were 26-fold more resistant to ADM
than MCF-7 cells. The ADM combination treatment with
FLX (Fig. 1a) generated a statistically significant 5.03-fold
reduction in IC50, but had slight effect on MCF-7 (Fig. 1b).
The FLX–PTX combination had statistical differences of
reversal effect on the two cell lines (Fig. 1c).

Apoptosis enhancement induced by FLX combination

We next investigated whether FLX or FLX–ADM, FLX–
PTX decreases cell viability through the induction of apo-
ptosis by flow cytometry.

The results shown in Fig. 2 demonstrated that FLX alone
had little effect on cell apoptosis (3.17±0.70 % and 3.84±
0.31 %, respectively), while the apoptosis rate significantly
increased with FLX–ADM or FLX–PTX combination. In

MCF-7/ADM cells, apoptotic proportion increased from
5.63±0.07 % to 19.15±3.35 % when treated by 5 μg/ml
ADM with the presence of 5 μg/ml FLX; from 35.53±
1.65 % to 49.00±6.05 % when treated by 20 μg/ml ADM
and FLX combination; increased 5.73 % and 21.90 %,
respectively, by treatment with 1 μg/ml or 4 μg/ml PTX
and FLX combination (Fig. 2a). A similar increase was also
observed in MCF-7 cells (Fig. 2b).

Levels of p53, Bcl-2 proteins expression modulated by FLX

To determine whether FLX causes an alteration in p53, Bcl-
2 proteins expression at the translation level, we evaluated
the effect of ADM or PTX with the absence or presence of
FLX on the level of p53, Bcl-2 proteins expression by
Western blot (Fig. 3). Compared with the control group,
FLX (5 μg/ml) alone just increased p53 levels in MCF-7
cells, but had no effect on the expression of Bcl-2 protein.

As shown in Fig. 3a, in MCF-7/ADM cells, treatment
with ADM alone up-regulated the expression of p53 in a
concentration-dependent manner, regretfully that FLX-
ADM just showed a tendency of inducing p53 but did not

Fig. 1 Concentration–survival curves, MTT analysis for cells vitality.
The cells were treated with varying concentrations of adriamycin
(ADM)/paclitaxel (PTX) alone or in the presence of 5 μg/ml fluoxetine
(FLX). a Survival rate of MCF-7/ADM cells treated by ADM alone or
with FLX (the concentration of ADM range from 2.5 to 80 μg/ml). b

Survival rate of MCF-7 cells treated by ADM alone or with FLX (the
concentration of ADM in the range of 0.125–4 μg/ml). c Survival rate
of MCF-7/ADM and MCF-7 cells treated by PTX alone or with
FLX (the concentration of PTX changed from 0.5 to 16 μg/ml in
the two cell lines)

Table 1 Reversal fold of FLX combination with ADM or PTX in MCF-7/ADM and MCF-7 cells

Cell line Fluoxetine IC50 (μg/ml) alone Adriamycin Paclitaxel

IC50 (μg/ml) RF IC50 (μg/ml) RF

Alone +FLX Alone +FLX

MCF-7/ADM 25.34±1.3 13.62±1.44 2.71±0.42** 5.03 3.35±0.12 2.59±0.11* 1.29

MCF-7 17.56±0.98 0.53±0.12 0.45±0.04 1.18 2.11±0.37 1.26±0.16* 1.67

*P<0.05 versus control cells without FLX

**P<0.01 versus control cells without FLX
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Fig. 2 Results of early
apoptosis rate. Cells were
treated by ADM or PTX alone
at two different concentrations.
According to the results of
MTT analysis, we chose 1,
4 μg/ml as the low (PTX(l)),
high (PTX (h)) combination
concentration of PTX in
MCF-7/ADM and MCF-7 cells;
5, 20 μg/ml as the low
(ADM(l)), high (ADM (h))
concentration of ADM in
MCF-7/ADM cells, 0.5,
2 μg/ml as the low (ADM(l)),
high (ADM (h)) concentration
of ADM in MCF-7. In order
to assess the effect of a
combination of FLX, cells
were exposed to an equivalence
concentration of ADM or PTX
in addition with 5 μg/ml of
FLX. a and c Apoptosis rate of
MCF-7/ADM cells resulted
from various concentrations of
ADM, PTX alone or with FLX.
b and d Apoptosis rate of
MCF-7 cells resulted from
various concentrations of
ADM, PTX alone or with FLX.
(**P<0.01,*P<0.05 versus the
control cells with ADM or PTX
treatment alone; ##P<0.01,
#P<0.05 versus untreated
control group)
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Fig. 3 Effect of FLX on
apoptotic proteins activation. a,
b Expression of p53, bcl-2
proteins in MCF-7/ADM and
MCF-7 cells. (i), (ii) Relative
p53, bcl-2 expression in
MCF-7/ADM and MCF-7 cells,
respectively. Drugs treatment
manner were the same as
apoptosis assay. Western blot
for β-actin was used as an
internal control. Relative
proteins levels normalized
against β-actin expression in
MCF-7/ADM cells and MCF-7
cells. The ratios of p53, bcl-2 to
β-actin are shown on the y-axis,
respectively. (**P<0.01,
*P<0.05 versus the control
cells with ADM or PTX
treatment alone; ##P<0.01,
#P<0.05 versus untreated
control group)
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reach statistical significance. Much better results were
obtained by treatment with PTX alone or FLX–PTX com-
bination (Fig. 3a(i)). Bcl-2 level induced no change by
treatment with ADM alone but decreased by FLX–ADM
combination. Interestingly, Bcl-2 level rose to more than 2-
fold when treated by PTX alone, but decreased sharply to
less than 50 % compared with the control group when
treated by FLX–PTX combination (Fig. 3a(ii)).

Next, we examined whether FLX regulates the expres-
sion of p53, Bcl-2 in MCF-7 cells. Similar results were
obtained by treatment using ADM–PTX with the absence
or presence of FLX, but the result not so pronounced as it
was in MCF-7/ADM cells (Fig. 3b).

Discussion

MDR reversal agents come to the third generation at pres-
ent, from first generation such as calcium ion channels
blocker Verapamil, PKC inhibitor, Tamoxifen to second
generation (Dexverapamil, Dexniguldipine, PSC833) and
to third generation such as Tetrandrine [3, 21]. Although
so many reversal agents have been certified to reverse
MDR, clinical application is limited due to serious adverse
drug reactions and toxicity. Therefore, research and devel-
opment on new MDR reversal agents is a hotspot in cancer
pharmacology [22]. In this study, we evaluated the efficacy
of FLX as a potent chemosensitizer to overcome the MDR
of MCF-7/ADM cells, and the possible molecular mecha-
nism involved in FLX–ADM, FLX–PTX-induced apoptosis
in MCF-7 and MCF-7/ADM cells.

There is dispute on the relationship between FLX and
cancer [23, 24]. On one hand, a clinical dose of FLX was
reported to accelerate the growth of mammary tumors in
rodents, whereas recent studies revealed that FLX inhibits
proliferation of several cancer cell lines, including MCF-7
cells. Our data tended to support the latter (Table 1, tier 2).
In 2004, FLX was first reported to be a new highly effective
chemosensitizer by slowing-down drug efflux, increasing
drug accumulation in both inherent and acquired MDR
cells. The combination treatment (FLX–ADM) restrained
tumor progression in vivo. Therefore, FLX was considered
as the fourth-generation chemosensitizer because it reversed
MDR at a low safe dose [18, 25, 26]. In our research, FLX
when used alone had little effect on cytotoxicity, but had
remarkable effects when combined with other drugs —
FLX–ADM and FLX–PTX combinations — especially in
resistance cells (Fig. 1). In a previous study, stealth lipo-
some coencapsulating ADM and FLX (ADM–FLX-SL) was
reported to circumvent MDR. Synergism was demonstrated
at specific ADM/FLX ratios of between 0.09 and 0.5 (molar
ratio) in MCF-7 cells, but across all drug ratios in MCF-7/
ADM cells. Pharmacokinetic studies also revealed that

ADM–FLX-SL effectively prolonged drug-circulation time
and reduced tissue biodistribution [27]. Synergism with
chemotherapy drugs revealed a reversal and sensitization
effect on resistance and sensitive cell lines, respectively
(Table 1). However, sensitization to PTX was less than that
to ADM in MCF-7/ADM cells, thereby showing a cross-
resistance to PTX.

FLX alone can inhibit the growth of many cancer cell
lines by inducing apoptosis such as rat glioma cell lines,
human neuroblastoma cell lines and Burkitt lymphoma cells
[28–30]. Our data indicated that 24 h after FLX treatment
alone (at 5 μg/ml concentration) had slight effect on apo-
ptosis, while treatment with FLX–ADM or FLX–PTX com-
bination induced apoptosis in a concentration-dependent
manner in both cells (Fig. 2). Interestingly, a considerable
intensity apoptosis effect was obtained in MCF-7 cells trea-
ted by the same concentration of PTX alone or with FLX. It
thus appears that MCF-7 cells had more sensitivity than
MCF-7/ADM to PTX at the same concentrations. However,
the sensitization effect was much notable in MCF-7/ADM
cells by treatment with FLX–ADM compared with MCF-7
cells, exerting a reversal effect of FLX on resistance cells.

Apoptosis is triggered via the intrinsic pathway inasmuch
as caspases are activated: Bax was oligomerized and cyto-
chrome c released. FLX induced cell apoptosis through
inhibition of ERK1/2 kinases, followed by changes of gene
expression of cell cycle regulating genes, anti-apoptosis
Bcl-2 proteins family [19, 20, 31–33]. According to Western
blot, FLX alone hardly affected the protein expression
except for inducing p53 expression in MCF-7 cells. We
speculated that it might be associated with the concentra-
tions we used. At the concentration of 5 μg/ml, FLX just
improved the influence of anticancer drugs. In the protein
level, FLX activated the p53 protein and suppressed Bcl-2
protein expression, leading to the sensitization of cells to
anticancer agents.

Interestingly, although p53 and Bcl-2 expression trended
to unification, a difference existed yet. Protein assay results
revealed that FLX–PTX was more sensitized than FLX–
ADM in inducing p53 expression (Fig. 3a(i), b(i)), but had
the opposite effect in reducing Bcl-2 (Fig. 3a(ii), b(ii)). We
conjectured that it is related to survivin, that is, survivin’s
expression negative correlation with PTX chemotherapy
sensitivity, as well as p53 [34]. However, it is unclear
whether FLX inhibits the expression of survivin through
an unknown pathway. The expression of p53 and Bcl-2 is
a positive correlation [35], which led Bcl-2 to decrease
retardation in FLX–PTX groups.

A chemosensitizer is expected to improve the effect of
anti-cancer drugs on drug-resistant or drug-sensitive cells,
while at the same time have no effect on cell viability. In our
research, we also validated that FLX acts as a chemosensi-
tizer and that FLX–ADM or FLX–PTX combination
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increased cytotoxicity; in addition, we revealed synergism
with chemotherapy drugs in MCF-7/ADM cells, in agree-
ment with the studies mentioned above. However, the sen-
sitization mechanism is a little different. In the previous
studies, FLX increased drug accumulation as well as pre-
vented its excretion to increase the intracellular concentra-
tion so as to improve the effect of anticancer drugs [18,
25–27]. The reason was that FLX is a substrate and a partial
inhibitor of ABCB1 (P-gp) [36]. In this study, we conjec-
tured that by inhibiting P-gp to stop drug effusing from
intracellular, to increase the intracellular concentration of
anticancer drugs, FLX increased apoptotic cell death asso-
ciated with changes in levels of apoptosis-related proteins
p53 and Bcl-2 after 72 h incubation of MCF-7/ADM and
MCF-7 cells. We thus confirmed that by synergism with
anticancer drugs ADM and PTX, FLX modulated MDR and
enhanced chemotherapy sensitivity in breast cancer cells.

In addition, FLX has a very wide safety range; serious
adverse events in humans may occur only when FLX is
administered at doses 75 times of the therapeutic doses
[37]. In this work, FLX was used at a low concentration,
thus evoking less cytotoxicity. Based on the results above,
we suggest that FLX can be used in combination treatment
for resistant cancer patients with depression and for sensi-
tive cancer patients; however, the dose of anticancer drugs
need to be modulated.
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