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Abstract. Bisphosphonates (BPs) are antiresorptive drugs that 
act as effective inhibitors of cancer cell proliferation. However, 
not all bisphosphonates are equally effective against breast 
cancer cells in vitro. The present study investigated the extent to 
which three BPs decrease the viability of MCF-7 human breast 
cancer cells, stimulate cell apoptosis and inhibit cell migration by 
modulating proteins in the mevalonate pathway. The three BPs 
exerted direct anticancer effects against MCF-7 cells in a dose- 
and time-dependent manner, with pamidronate demonstrating the 
highest efficacy. In addition, the BPs inhibited colony formation 
ability. The activity of BPs against MCF-7 cells was inhibited by 
the mevalonate product geranylgeranyl pyrophosphate, which 
was potentiated by doxorubicin. It was also identified that BPs 
modulated Ras-related C3 botulinum toxin substrate 1, Ras 
homolog gene family member A and cell division control protein 
42 homolog gene expression. Consistent with the observed 
growth inhibitory effects, BPs also inhibited the cell cycle by 
promoting G1 phase arrest and the downregulation of cyclin D1 
and upregulation of p21. Additionally, BPs were revealed to 
induce reactive oxygen species expression, caspase-3 activity 
and increase the mitochondrial transmembrane potential, which 
was associated with apoptosis. BP-induced cancer cell apoptosis 
was detected by acridine orange/ethidium bromide staining and 
flow cytometry analysis, and was identified to be associated with 
the induction of caspase-3 and cytochrome c protein expression. 
Furthermore, BPs significantly decreased cancer cell migration in 
a dose-dependent manner and reduced matrix metallopeptidase-9 
protein expression. In summary, the current study demonstrated 
that BPs exhibited a direct anticancer effect and an antimigratory 
effect on MCF‑7 cells. These findings suggest that BPs may be 
developed as a therapeutic option for breast cancer and may serve 
as sensitizing chemotherapeutic agents. 

Introduction

Bisphosphonates (BPs) are C-substituted pyrophosphate 
analogs used to treat and prevent osteoporosis, cancer and 
bone metastasis (1,2). BPs are divided into two classes based on 
differences in the structure of the R2 side chain, this includes 
non-nitrogen-containing BPs (non-N-BPs), including etidro-
nate and clodronate, and nitrogen-containing BPs (N-BPs), 
including alendronate, risedronate and pamidronate (3). 
Non-N-BPs are less potent antiresorptive agents compared 
with N-BPs; however, they exhibit other properties, including 
anticancer activities (4). These anticancer activities include 
inhibition of proliferation, induction of apoptosis, reduction of 
migration and invasion, and inhibition of angiogenesis (1,5). 
BPs have demonstrated in vitro anticancer activity against 
various cancer cell lines, including breast (6), prostate (7), 
lung (8), endometrium (9) and colon cancer (10). However, 
further studies are required to investigate the specificity of 
different BPs for various cancer cell types and to elucidate the 
precise mechanisms of the anticancer activity.

It is important to investigate direct anticancer effects of 
BPs on cancer cell death, apoptosis and migration. In the 
past decade, BPs have been identified to be potent inhibitors 
of important enzymes in the mevalonate pathway, including 
farnesyl pyrophosphate synthase (FPPS) (11). FPPS is 
a key enzyme that catalyzes the reaction of isopentenyl 
pyrophosphate (IPP) and dimethylallyl pyrophosphate to 
generate farnesyl pyrophosphate (FPP) (5). This results in 
an increase in geranylgeranyl pyrophosphate (GGPP), which 
plays an important role in the production of small GTPases, 
including Ras, Rac, Rho and cell division control protein 
42 homolog (CDC42) (11), and can subsequently control 
cancer cell proliferation. BPs strongly inhibit FPPS, which 
reduces the levels of FPP and GGPP and expression of small 
GTPases (5). Furthermore, BPs cause an accumulation of IPP 
that is converted to the cytotoxic adenosine 5'-triphoshpate 
analogue ApppI, which induces cancer cell death (12).

It has been suggested that BPs stimulate cancer cell death 
and apoptosis by inhibiting the mevalonate pathway and 
reducing the number of small GTPases (13,14). This inhibits 
integrin-mediated cancer cell adhesion to the bone (15), 
increase Rap1 unprenylation, reduce the growth of mesothe-
lioma cells (16) and deactivate Rho protein, which leads to 
inhibition of cancer cell migration (17). Small GTPases affect 
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cancer cell cycle progression and/or growth by modulating 
the transcription of certain genes, including cyclin D, which 
stimulates the G1 to S transition and cancer cell prolifera-
tion (18,19). The transcription of cyclin D1 is controlled by a 
number of transcription factors, including activator protein-1 
and nuclear factor-κB, the activity of which are regulated by 
small GTPases (18,19). Accordingly, direct inhibition of small 
GTPase activity induces cell cycle arrest and apoptosis in 
cancer cells by leading to decreased cell function and even-
tually programmed cell death (20). Zoledronic acid exhibits 
pronounced antiproliferative and proapoptotic effects in breast 
cancer MDA-MB-231 cells by increasing tumor necrosis 
factor‑related apoptosis‑inducing ligand (TrAIl) production 
and enhancing the TrAIl/osteoprotegerin (OPG) ratio, which 
affects cell integrity and survival (21).

The present study investigated the anticancer properties 
of three second-generation BPs, alendronate, risedronate 
and pamidronate, in MCF-7 human breast cancer cells using 
sulforhodamine B (srB), colony formation and flow cytometry 
assays. The mechanism of BP-induced apoptosis was also 
explored by analyzing expression levels of apoptosis-associated 
proteins, reactive oxygen species (ROS) production, caspase-3 
activity and mitochondrial function. Finally, effects of BPs on 
cancer cell migration were determined using a wound healing 
assay, gelatin zymography and by analyzing expression levels of 
genes associated with migration. The current study provides a 
valuable overview of the cytotoxic, apoptotic and antimigratory 
effects of different BPs on MCF-7 breast cancer cells.

Materials and methods

Chemicals and reagents. Alendronate, risedronate, pamidro-
nate, protease inhibitor cocktail, dihydroethidium (DHE), 
radioimmunoprecipitation assay (rIPA) lysis buffer, Caspase‑3 
Fluorometric assay kit, GGPP, doxorubicin and SRB were 
obtained from Sigma-Aldrich; Merck KGaA (Darmstadt, 
Germany). Primary antibodies against cyclin D1 (cat. no. 2992), 
p21 (cat. no. 2947), cytochrome c (cat. no. 4272), caspase-3 (cat. 
no. 9662) and the internal control β-actin (cat. no. 4967), and 
the anti‑rabbit IgG horseradish peroxidase (HrP)‑conjugated 
antibody (cat. no. 7074) were purchased from Cell Signaling 
Technology, Inc. (Danvers, MA, usA). All cell culture reagents 
were purchased from Gibco; Thermo Fisher scientific, Inc. 
(Waltham, MA, USA).

Cell lines, culture condition. The human breast cancer cell 
line MCF-7 was obtained from the American Type Culture 
Collection (Manassas, VA, USA) and maintained according to 
the manufacturer's protocol. The MCF-7 cell line was cultured 
in complete Dulbecco's modified eagle's medium (DMeM) 
consisting of 10% fetal bovine serum, 100 U/ml penicillin G 
and 100 mg/ml streptomycin, and maintained under an atmo-
sphere of 5% CO2 at 37˚C. The cells were subcultured every 
3 days or after cells reached 70‑80% confluence using 0.25% 
trypsin-EDTA. Cells were plated in new complete DMEM 
until required for future experiments.

Cell viability assay. A SRB assay was used to measure the 
effect of the BPs alendronate, risedronate and pamidronate 
on the viability of MCF-7 cells. The assay was performed as 

previously described (22). In brief, MCF‑7 cells were seeded 
into 96-well culture plates at 1x104 cells/well and allowed 
to attach for 24 h. Subsequently, cultured cells were treated 
with various concentrations of BPs (0-1,000 µM alendronate 
and risedronate, 0-250 µM pamidronate) for 24 and 48 h at 
37˚C. Cells were then washed, fixed with 10% ice‑cold trichlo-
roacetic acid for 30 min at 4˚C, stained with 0.4% srB for 
30 min at room temperature, washed with 1% acetic acid to 
remove unbound dye and the remaining protein-bound dye 
was then solubilized with 10 mM unbuffered Tris. The absor-
bance was measured at 540 nm using a microplate reader. Cell 
viability was expressed in terms of percentage of untreated 
control absorbance following subtraction of mean background 
absorbance. The IC50 concentrations were calculated from the 
dose-response curves. Assays were performed in triplicate.

The effects of GGPP and doxorubicin with or without BPs 
on the MCF-7 cell line were also determined by SRB assay. 
This involved seeding MCF-7 cells into 96-well culture plates 
at 1x104 cells/well, allowing cells to attach for 24 h and then 
treating the cells with 5 µM GGPP or 1 µM doxorubicin 
with BPs (250 µM alendronate and risedronate, and 100 µM 
pamidronate) or without BPs [0.25% dimethyl sulfoxide 
(DMsO)] at 37˚C for 24 h. Cell viability was measured using 
the aforementioned protocol for SRB assay.

Clonogenic assay. The clonogenic assay was performed as 
previously described (22). MCF-7 cell lines were seeded into 
six-well culture plates at 500 cells/well for 24 h and following 
cell attachment fresh DMEM was added with BPs (100 µM 
alendronate and risedronate, and 50 µM pamidronate) or 
without BPs (0.25% DMsO) at 37˚C for 24 h. The medium 
containing the BPs was subsequently removed from the culture 
plates, cells were washed with PBS, fresh DMEM was added 
and medium was renewed every 2 days. Following 2 weeks of 
treatment, the cell culture medium was removed for analysis and 
cells were washed with PBs. Cells were fixed in 100% methanol 
for 30 min at ‑20˚C. Colonies were stained at room tempera-
ture for 1 h with 0.5% crystal violet in 25% (v/v) methanol and 
excess dye was removed by washing several times with water. 
Following washing and drying, the colonies were captured using 
a Nikon camera and counted to contain >50 cells/colony. Colony 
formation was expressed as a percentage relative to untreated 
cells. The clonogenic assay was performed in triplicate.

Wound healing assay. A wound healing assay was performed 
as previously described (22). MCF-7 cells were seeded into 
24-well culture plates at 2.5x105 cells/well and allowed 
to attach for 24 h. Subsequently, monolayers of confluent 
cultures were scratched with a 0.2 ml pipette tip, cell debris 
was washed away with PBS, cells were treated with BPs 
(0-50 µM alendronate, 0-100 µM risedronate, 0-25 µM pami-
dronate) and without BPs (0.25% DMSO) and images of the 
scratched wound were obtained at 0 and 72 h using phase 
contrast microscopy (magnification, x40). The wound distance 
was determined as the width of the scratch and treated and 
untreated groups were compared. The wound healing assay 
was performed in triplicate.

ROS formation assay. A ROS formation assay was performed 
by oxidation of DHE to the ethidium cation, which binds 
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to intracellular rOs, as previously described (22). Briefly, 
MCF-7 cells were seeded into white 96-well culture plates at 
1x104 cells/well and allowed to attach for 24 h. Subsequently, 
cells were incubated with BPs (0-1,000 µM alendronate and 
risedronate, and 0-250 µM pamidronate) or without BPs 
(0.25% DMsO) and 25 µM DHe at 37˚C for 90 min in a 
5% CO2 incubator in the dark. ROS production was assessed 
by measuring the fluorescence intensity with 518 nm excitation 
and 605 nm emission wavelengths. Data are expressed as the 
percentage of ROS relative to the control groups. The ROS 
formation assay was performed in triplicate.

Caspase‑3 activity assay. Caspase-3 activity was measured 
using a caspase‑3 fluorometric assay kit, according to the manu-
facturer's instructions. Briefly, MCF‑7 cells were seeded into 
6-well culture plates at 2.5x105 cells/well and allowed to attach 
for 24 h. Cells were treated with BPs (0-250 µM alendronate 
and pamidronate, and 0-1,000 µM risedronate) or without BPs 
(0.25% DMSO) for 24 h, cells were then lysed with lysis buffer 
and the protein concentration was measured using Bradford 
reagent. Caspase-3 activity reactions comprised of cell lysates 
and buffer containing the caspase-3 substrate Ac-DEVD-AMC 
with the final volume being ~200 µl. The reaction mixture was 
incubated at 37˚C in the dark for 90 min and the fluorescence 
intensity was measured with 360 nm excitation and 460 nm 
emission wavelengths. Caspase-3 activity was calculated using 
fluorescent 7‑amino‑4‑methylcoumarin (AMC) as a standard. 
The caspase-3 activity assay was performed in triplicate.

Mitochondrial transmembrane potential assay. To measure 
alterations in the mitochondrial transmembrane potential, the 
fluorescent dye JC‑1 (JC‑1 mitochondrial membrane potential 
assay kit; cat no. 10009172; Cayman Chemical Company, 
Ann Arbor MI, usA) was used. In brief, MCF‑7 cells were 
seeded into black 96-well culture plates at 1x104 cells/well 
and allowed to attach for 24 h. Cells were then treated with 
BPs (0-1,000 µM alendronate and risedronate, and 0-250 µM 
pamidronate) or without BPs (0.25% DMSO) for 24 h and 
cells were incubated with JC‑1 dye for 30 min at 37˚C in the 
dark. Subsequently, cells were rinsed and incubated in 200 µl 
JC-1 assay buffer. Fluorescence intensity was measured with 
485 nm excitation and 535 nm emission wavelengths. Assays 
were performed in triplicate.

Acridine orange/ethidium bromide (AO/EB) staining. The 
AO/EB assay was performed as previously described (22). 
Briefly, MCF‑7 cells were seeded into 96‑well culture plates at 
1x104 cells/well and allowed to attach for 24 h. Subsequently, 
cells were incubated with or without BPs (0-1,000 µM alendro-
nate and risedronate, and 0-250 µM pamidronate) or without 
BPs (0.25% DMSO) for an additional 24 h. Cells were then 
washed with PBS and stained with 1 µg/ml AO and EB in 
PBs for 10‑15 min at room temperature in the dark. Images 
were obtained using an inverted fluorescent microscope with 
excitation and long‑pass emission filters of 480 and 535 nm 
(magnification, x200). subsequently, images were examined 
and the number of viable, apoptotic and necrotic cells in the 
same area were counted. Data are expressed as percentage 
values relative to the control. Assays were performed in 
triplicate.

Cell apoptosis by flow cytometry. MCF-7 cell apoptosis was 
measured by flow cytometry. MCF-7 cells were seeded in 
six-well culture plates at 2.5x105 cells/well and allowed to attach 
for 24 h. Cells were then exposed to BPs (0-250 µM alendronate 
and risedronate, and 0-50 µM pamidronate) or without BPs 
(0.25% DMSO) for 24 h prior to collection by trypsinization 
and washing with cold PBS. Cells were resuspended in 200 µl 
binding buffer. Annexin V‑fluorescein isothiocyanate (FITC) 
and propidium iodide (PI) staining was performed according 
to the manufacturer's protocol (FITC Annexin V apoptosis 
detection kit I; cat. no. 556547; BD Biosciences, san Jose, 
CA, usA). In brief, 5 µl Annexin V‑FITC (1 mg/ml) and 5 µl 
PI (2.5 mg/ml) were added to 100 µl of suspended cells and 
incubated at room temperature in the dark for 15 min prior to 
the addition of 400 µl assay buffer. Data are expressed as the 
percentage of cells in each quadrant, which represent different 
stages of apoptosis following BPs treatment. Analysis was 
performed using BD Accuri C6 software (BD Biosciences). 
Assays were performed in triplicate.

Cell cycle analysis by flow cytometry. The cell cycle phase of 
MCF‑7 cells was determined by flow cytometry. MCF‑7 cells 
were seeded in 6-well culture plates at 2.5x105 cells/well and 
allowed to attach for 24 h. Cells were then exposed to BPs 
(250 µM alendronate and risedronate, and 100 µM pamidronate) 
or without BPs (0.25% DMSO) for 24 h prior to collection and 
overnight fixation with 70% cold ethanol at ‑20˚C. Following 
washing three times with PBS, cells were resuspended in 
200 µl Guava Cell Cycle Reagent (cat. no. 4500-0220; Guava 
Technologies, Hayward, CA, USA) at room temperature 
in the dark for 30 min. The DNA content of the cells was 
analyzed using a flow cytometer and the percentage of cells 
in different phases of the cell cycle was calculated using the 
Guava EasyCyte system with Cytosoft software v2.0 (Guava 
Technologies). Assays were performed in triplicate.

Matrix metallopeptidase (MMP)‑9 expression by gelatin 
zymography. The effects of BPs on MMP-9 protein levels were 
assessed by gelatin zymography analysis. In brief, MCF‑7 cells 
were seeded in 24-well culture plates at 2.5x105 cells/well and 
allowed to attach for 24 h. DMEM containing various concen-
trations of BPs (250 µM alendronate and risedronate, and 
100 µM pamidronate) or without BPs (0.25% DMSO) was then 
added for 24 h at 37˚C. subsequently, the medium was collected 
and concentrated by centrifugation at 12,000 x g for 5 min 
using centrifugal filter units. The protein concentration was 
subsequently measured using Bradford's reagent. The proteins 
were mixed with 2X loading sample buffer [1.5 ml 0.5 M 
Tris-HCl (pH 6.8), 2.5 ml glycerol, 4 ml 10% (w/v) SDS, 0.1 ml 
1% bromophenol blue and 2.15 ml deionized water] for 20 min 
at room temperature in the dark. The 20 µg protein samples 
were loaded onto 10% SDS-PAGE gel containing 0.01% (w/v) 
gelatin and subjected to electrophoresis at 120 V for 90 min. 
The gel was then washed three times with 2.5% Triton X-100 
and incubated with developing buffer [50 mM Tris-HCl buffer 
(pH 7.45) and 10 mM CaCl2] overnight at 37˚C. subsequently, 
the gels were stained with 0.5% Coomassie Brilliant Blue 
R-250 for 1 h at room temperature with shaking and gels were 
washed with destaining buffer [methanol (25 ml), acetic acid 
(37.5 ml) and deionized water (437.5 mm)] until clear bands 
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were observed against an intensely stained background. The 
band intensity was calculated using ChemiDoc™ Touch 
Imaging system (Bio‑rad laboratories, Inc., Hercules, CA, 
USA). Assays were performed in triplicate.

Gene expression by reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). RT-qPCR was used 
to determine the effect of BPs on Ras-related C3 botulinum 
toxin substrate 1 (Rac1), Ras homolog gene family member A 
(RhoA), cell division control protein 42 homolog (CDC42), 
MMP‑2, MMP‑9, intracellular adhesion molecule 1 (ICAM1) 
and vascular endothelial growth factor A (VEGFA) gene 
expression. In brief, MCF‑7 cells were seeded in six‑well culture 
plates at 2.5x105 cells/well and allowed to attach for 24 h at 37˚C. 
MCF-7 cells were then treated with BPs (250 µM alendronate 
and risedronate, and 100 µM pamidronate) or without BPs 
(0.25% DMsO) at 37˚C for 24 h prior to the addition of 0.5 ml 
TrIzol® reagent (cat. no. T9424; Sigma-Aldrich; Merck KGaA). 
Subsequently, RNA was isolated and complementary DNA 
was prepared using the iScript™ cDNA synthesis kit (cat. 
no. 1708898; Bio‑rad laboratories, Inc.) at 42˚C for 60 min. 
PCr amplification was performed using primers for the target 
genes with β-actin used as an internal control. PCR primer 
sequences are presented in Table I and final reaction volume of 
20 µl was prepared containing SsoFast™ EvaGreen Supermix 
with low rox (Bio‑rad laboratories, Inc.), and primers for the 
target gene and the internal control β-actin. The PCR condi-
tions were as follows: Denaturation at 95˚C for 3 min and 
amplification by cycling 40 times at 95˚C for 15 sec and 60˚C 
for 30 sec. Expression was detected using a CFX96 Touch™ 
real‑time PCr detection system (Bio‑rad laboratories, Inc.). 
Differences in gene expression levels were calculated using 
the 2-ΔΔCq method (23) for relative quantification and expressed 
as the fold change relative to the untreated control. Assays 
assessing target gene expression were performed in triplicate.

Protein extraction and western blot analysis. Protein expression 
was assessed as described previously (22). In brief, MCF‑7 cells 
were seeded in 75 mm flasks, allowed to attach for 24 h at 37˚C 
and then treated with BPs (250 µM alendronate and risedronate, 
and 100 µM pamidronate) or without BPs (0.25% DMSO) at 
37˚C for 24 h. subsequently, pellets were collected and lysed 
with rIPA lysis buffer to extract the total protein, which was 
quantified using Bradford's reagent. equal samples of 20 µg 
protein were separated using 12% SDS-PAGE gels and trans-
ferred to polyvinylidene difluoride membranes. The membranes 
were blocked in 5% non-fat powdered milk/TBS/Tween-20 for 
1 h at room temperature with shaking and incubated overnight at 
4˚C with the relevant primary antibodies against p21 (1:1,000), 
cyclin D1 (1:1,000), cytochrome c (1:1,000), caspase-3 (1:1,000) 
and β-actin (1:2,500). This was followed by a 2 h treatment with 
HRP-conjugated secondary antibody (1:5,000) at room temper-
ature with shaking. Blots were washed and visualized using 
Clarity™ Western Enhanced Chemiluminescent Substrate (cat. 
no. 1705060; Bio‑rad laboratories, Inc.) and calculated using 
ChemiDoc™ Touch Imaging system (Bio‑rad, laboratories, 
Inc.). Assays were performed in triplicate.

Statistical analysis. Control and treatment groups were statis-
tically compared using Student's t-test or one-way analysis of 

variance followed by Tukey's post-hoc test using SigmaStat 
software version 3.5 (systat software Inc., san Jose, CA, usA) 
and values are expressed as the mean ± standard error of the 
mean of three experiments. P<0.05 was considered to indicate 
a statistically significant result.

Results

Effects of BPs on cell death and colony formation efficacy. 
The cytotoxic effect of the BPs alendronate, risedronate and 
pamidronate in MCF-7 human breast cancer cells and their 
ability to disrupt MCF-7 cell replication were assessed by 
SRB and colony formation assay. The results demonstrated 
that the BPs exerted a cytotoxic effect on MCF-7 cells in 
a concentration‑ and time‑dependent manner, with IC50 
values for alendronate, risedronate and pamidronate at 48 h 
calculated as 69.5±5.6, 248.0±10.4 and 22.9±1.5 µM, respec-
tively (Fig. 1A-D). Accordingly, pamidronate exhibited greater 
cytotoxicity compared with alendronate and risedronate 
against human breast cancer cells.

The effects of BPs on the longer term viability and replicative 
ability of MCF-7 cells was determined using a colony formation 
assay. It was identified that cells treated with BPs underwent 
a concentration-dependent decrease in colony forming ability 
(Fig. 1e‑H). A significant inhibitory effect was observed at 
doses >10, >25 and 50 µM for alendronate, risedronate and 
pamidronate, respectively. The greatest inhibition of replicative 
ability was by risedronate followed by alendronate and pamidro-
nate, with IC50 values of 15.2±1.2, 46.9±2.5 and 36.3±3.4 µM, 
respectively. In summary, these results indicate that BPs inhibit 
MCF-7 cell growth and induce MCF-7 cell death.

To determine if the effects of BPs on cell viability were 
inhibited by the mevalonate product GGPP, or if the BPs 
exerted any synergistic effects with the anticancer drug doxo-
rubicin, their combined effects were examined using a SRB 
assay. The results demonstrated that pretreatment of MCF-7 
cells with 5 µM GGPP in the absence of BPs slightly stimulates 
their growth but not significantly. The addition of GGPP in the 
presence of the BPs risedronate and pamidronate significantly 
reversed the effects of the BPs on cell viability (Fig. 2A). To 
determine if doxorubicin was potentiated by the BPs, MCF-7 
cell viability was assessed in the presence of the two types 
of drugs. By adding 250 µM of alendronate, 250 µM of rise-
dronate, or 100 µM of pamidronate to the culture medium 
containing 1 µM doxorubicin, the antiproliferative effects of 
doxorubicin were improved in all treatment groups (Fig. 2B).

Effects of BPs on Rac1, RhoA and CDC42 gene expression. 
Members of the Rho GTPase family, including RhoA, Rac1 
and CDC42, are involved in regulating a variety of normal 
and cancer cellular processes (24), and Rho GTPase genes are 
dysregulated in numerous types of cancer cells (25). Results 
from the present study revealed that treatment of MCF-7 
cells with BPs for 24 h resulted in altered expression levels 
of the Rac1, RhoA and CDC42 genes (Fig. 2C). Rac1 and 
rhoA levels were significantly upregulated in the alendronate 
and risedronate treatment groups, but significantly reduced 
in the pamidronate treatment group. Furthermore, all BPs 
significantly reduced CDC42 gene expression. In conclusion, 
the current results demonstrated that BPs may modulate 
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Rho GTPase gene expression in the mevalonate pathway. 
Therefore, it was suggested that BPs interrupted an important 

step of cholesterol synthesis, which may induce breast cancer 
cell death, however, additional studies are required.

Figure 1. Effect of BPs on MCF-7 cell proliferation and growth. MCF-7 cells were treated with (A) alendronate (0-1,000 µM), (B) risedronate (0-1,000 µM) 
and (C) pamidronate (0‑250 µM) for 24 and 48 h and cell proliferation was determined using a sulforhodamine B assay. (D) IC50 values determined for the BPs 
from the proliferation assay data. To investigate colony formation, MCF-7 cells were treated with (E) alendronate (0-100 µM), (F) risedronate (0-100 µM) and 
(G) pamidronate (0‑50 µM) for 24 h and following 14 days of culturing, cells were stained with crystal violet and the number of colonies was. (H) IC50 values 
determined for the BPs from the colony formation assay data. The results are presented as a percentage of control and as the mean ± standard error of the mean. 
*P<0.05 vs. control group. Alen, alendronate; Rise, risedronate; Pami, pamidronate.

Table I. Primer sequences for reverse transcription‑quantitative polymerase chain reaction.

Gene  Forward primer sequence (5'-3') Reverse primer sequence (5'-3')

Rac1 ATGTCCGTGCAAAGTGGTATC CTCGGATCGCTTCGTCAAACA
RhoA GGAAAGCAGGTAGAGTTGGCT GGCTGTCGATGGAAAAACACAT
CDC42 CCATCGGAATATGTACCGACTG CTCAGCGGTCGTAATCTGTCA
MMP-2 GATACCCCTTTGACGGTAAGGA CCTTCTCCCAAGGTCCATAGC
MMP-9 GGGACGCAGACATCGTCATC TCGTCATCGTCGAAATGGGC
ICAM1 GTATGAACTGAGCAATGTGCAAG GTTCCACCCGTTCTGGAGTC
VEGFA AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGA-TGGCA
β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

Rac1, Ras-related C3 botulinum toxin substrate 1; RhoA, Ras homolog gene family member A; CDC42, cell division control protein 42 
homolog; MMP, matrix metallopeptidase; ICAM1, intracellular adhesion molecule 1; VeGFA, vascular endothelial growth factor.
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Effects of BPs on MCF‑7 cell cycle progression and expression 
of proteins associated with cell cycle. To investigate whether 
BP-induced inhibition of MCF-7 cell growth was mediated via 
the alteration of the cell cycle progression, flow cytometry was 
used to determine the cell cycle phase distribution in MCF-7 
cells. The results demonstrated that BPs caused an increase in the 
percentage of cells in the G1 phase with significant effects occur-
ring at doses of 250 µM alendronate, 250 µM risedronate and 
100 µM pamidronate (Fig. 3A). Furthermore, BPs reduced the 
percentage of cells in the S and G2/M phases, which is consistent 
with G1 phase arrest. These data demonstrated that alendronate 
induced cell cycle arrest, particularly G1 phase arrest, in the 
MCF-7 cells to a greater extent compared with the other BPs.

To further investigate which molecules were affected by 
BPs, the expression levels of cell cycle-associated proteins 
were assessed by western blot analysis. The results demon-
strated that treatment with 250 µM alendronate, 250 µM 
risedronate and 100 µM pamidronate was associated with a 
significant decrease in the levels of cyclin D1 (Fig. 3B), with 
pamidronate inducing the greatest change. Furthermore, the 
BPs risedronate and pamidronate inhibited cancer cell prolif-
eration by significantly inducing the cyclin Dependent kinase 
inhibitor p21 (Fig. 3B). In conclusion, the results indicated that 
BPs inhibited cell proliferation by inducing MCF-7 cell arrest 
in the G1 phase, inhibiting cell cycle protein cyclin D1 and 
inducing cell cycle inhibitor p21 protein.

Effect of BPs on ROS formation, caspase‑3 activity and 
mitochondrial membrane potential. To investigate the mecha-
nism by which BPs induced MCF-7 apoptotic cell death and 

ROS formation, caspase-3 activity and mitochondrial trans-
membrane potential were assessed. A significant increase in 
ROS formation was induced by all BPs at a concentration of 
250 µM (Fig. 4A). A high concentration of alendronate and 
risedronate (1,000 µM) further induced a significant increase 
in rOs production compared with the control group. In addi-
tion, all BPs increased caspase-3 activity in a dose-dependent 
manner, with significant inductive effects observed with >50 µM 
alendronate, >50 µM pamidronate and 1,000 µM risedronate 
(Fig. 4B). It was also identified that BPs significantly decreased 
the mitochondrial transmembrane potential of MCF-7 cells 
compared with the control, with pamidronate exhibiting the 
most significant reduction in mitochondrial activity (Fig. 4C).

Effect of BPs on induction of apoptotic cell death. To deter-
mine the effect of BPs on the apoptotic cell death of MCF-7 
cells, AO/EB staining, flow cytometry and western blot 
analysis were performed. To investigate the mode of cell 
killing by BPs, BP-treated MCF-7 cells were stained with the 
fluorescent dye AO/EB. The results revealed that cells under-
went cell death, apoptosis and necrosis following incubation 
with the BPs for 24 h. The number of viable cells decreased 
in a dose-dependent manner following treatment with BPs, 
with necrotic cells increasing in number. notably, significant 
induction of apoptotic cell death was observed following treat-
ment with 250 µM alendronate, 250-1,000 µM risedronate and 
50-250 µM pamidronate (Fig. 5). Furthermore, high concen-
trations of the BPs also induced dose-dependent necrotic cell 
death following treatment with 500-1,000 µM alendronate, 
1,000 µM risedronate and 100-250 µM pamidronate. These 

Figure 2. Effect of GGPP and doxorubicin in combination with BPs on cell viability and Rho GTPase gene expression. MCF-7 cells were treated with 250 µM 
Alen, 250 µM Rise and 100 µM Pami with or without (A) 5 µM GGPP or (B) 1 µM Dox for 24 h and cell viability was measured by sulforhodamine B 
assay. (C) Cells were treated with 250 µM Alen, 250 µM Rise and 100 µM Pami for 24 h and Rac1, RhoA and CDC42 mRNA expression levels were 
determined by reverse transcription-quantitative polymerase chain reaction. Data are presented as the mean ± standard error of the mean. *P<0.05 vs. control 
group. #P<0.05 vs. BP-treated group. Alen, alendronate; Rise, risedronate; Pami, pamidronate; GGPP, geranylgeranyl pyrophosphate; Dox, doxorubicin; Rac, 
Ras-related C3 botulinum toxin substrate; Rho, Ras homolog gene family; CDC42, cell division control protein 42 homolog; BP, bisphosphonate.
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results indicate that BPs exhibit significant effects on breast 
cancer cell apoptosis and cell death.

To investigate whether apoptosis was involved in the action 
of BPs on MCF-7 cells, the proportion of apoptotic cells were 
determined using a flow cytometer by staining samples with 
PI and Annexin V‑FITC. significant BP‑induced apoptosis 
of MCF‑7 cells was identified, as demonstrated in Fig. 6A. 
Compared with the control group, the proportion of viable cells 
decreased and the proportion of early and late apoptotic cells 
significantly increased following 24 h incubation with the BPs.

To gain insight into the molecular mechanism by which 
BPs induced MCF-7 cell death, western blot analysis was 

performed. All BPs demonstrated a similar pattern of changes 
in the expression levels of apoptosis-associated proteins in 
MCF‑7 cells. The BPs significantly increased cytochrome c 
and caspase-3 protein expression levels compared with the 
untreated control group (Fig. 6B).

Effect of BPs on cell migration. To determine the effect of 
BPs on MCF-7 cell migration, a wound healing assay, gelatin 
zymography and RT-qPCR were performed. BPs were 
identified to significantly inhibit MCF‑7 cell migration in a 
dose-dependent manner (Fig. 7A). The inhibitory effects of 
risedronate and pamidronate on MCF-7 cell migration were 

Figure 3. Effect of BPs on cell cycle- and apoptosis-associated proteins in MCF-7 cells. MCF-7 cells were treated with 250 µM Alen, 250 µM Rise and 100 µM 
Pami for 24 h. (A) Cell cycle analysis was performed using flow cytometry and representative histograms and a summary table indicating the percentage of 
cells in each phase are presented. (B) Western blot analysis was performed to assess expression levels of cyclin D1 and p21 normalized to β-actin. Data are 
presented as the mean ± standard error of the mean. *P<0.05 vs. control group. Alen, alendronate; Rise, risedronate; Pami, pamidronate; BP, bisphosphonate.
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revealed to be markedly higher compared with alendronate. 
Risedronate and pamidronate also significantly inhibited 
MMP-9 protein expression levels in the culture medium to 
a greater extent compared with alendronate (Fig. 7B). In 
addition, treatment with BPs was associated with increased 
MMP‑2, MMP‑9, VeGFA and ICAM1 gene expression levels 
compared with the untreated control groups (Fig. 7C).

Discussion

BPs influence cell proliferation and programmed cell death in 
different cancer cell lines, possibly by inhibiting the produc-
tion of mevalonate products (3). However, not all BPs exhibit 
identical effects on breast cancer MCF-7 cells in vitro. The 
present study examined the BPs alendronate, risedronate and 
pamidronate for their capacity to inhibit MCF-7 breast cancer 
cell proliferation and suppress the metastatic potential of 
MCF‑7 cells. It was identified that pamidronate exhibited the 
most potent effects. In addition, the mevalonate product GGPP 
was revealed to reverse BP-induced cancer cell death. When 
the BPs were combined with the anticancer drug doxorubicin, 
an enhanced antiproliferative effect was observed compared 
with doxorubicin alone. The BPs were also identified to modu-
late the expression of the Rho GTPase family genes Rac1, 
RhoA and CDC42. Regarding the mechanism underlying the 
aforementioned effects on MCF-7 cells, the BPs were revealed 

to inhibit cell proliferation by inducing cell cycle arrest in the 
G1 phase, which was associated with a downregulation of 
cyclin D1 and an upregulation of p21. The BPs induced MCF-7 
cell death by increasing ROS formation, increasing caspase-3 
activity and reducing mitochondrial function. Furthermore, an 
alternative mechanism of BP-induced cell death was revealed 
to be associated with an increase in cytochrome c and caspase-3 
protein expression levels. Finally, the BPs inhibited cancer 
cell migration by reducing MMP-9 protein expression levels. 
Therefore, BPs may potentially be developed as drugs for the 
treatment or prevention of breast cancer, or for the potentiation 
of anticancer drugs that are currently in clinical use.

Results from the present study demonstrated that BPs 
reduce both cancer cell proliferation and cell growth. This was 
hypothesized to occur via interactions between BPs and cell 
cycle-associated proteins, which may lead to cell cycle arrest. 
Investigation of the effect of BPs on MCF‑7 cells indicated that 
BPs induce cell death and inhibit cell growth in a dose-depen-
dent manner. A previous study has demonstrated that BPs inhibit 
FFPS in the mevalonate pathway, causing a reduction of GGPP 
and FPP, and reducing the expression levels of Rho GTPase 
proteins, including Rac1, RhoA and CDC42 (26). Rho GTPases 
are important regulators of cell cycle progression and prolifera-
tion; they have been identified to be overexpressed in human 
tumors and their overexpression levels have been associated 
with cancer progression (27). The present study revealed that 

Figure 4. Effect of BPs on ROS formation, caspase-3 activity and mitochondrial transmembrane potential. (A) ROS formation was assessed in cells incubated 
with BPs at the varying concentrations and quantified by the dihydroethidium‑enhanced fluorescence method following incubation (90 min). (B) Caspase‑3 
activity was determined in cells treated with various concentrations of BPs. (C) Mitochondrial function was investigated in cells treated with BPs and stained 
with JC-1 dye. Data are presented as the mean ± standard error of the mean of three experiments. *P<0.05 vs. control group. ROS, reactive oxygen species; 
BP, bisphosphonate.
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BP-induced cancer cell death was reversed by GGPP treatment. 
It was also identified that BPs potentiated the effect of anti-
cancer drug doxorubicin and that BPs modulated Rho GTPase 
gene expression. Notably, pamidronate was demonstrated to be 
the most potent BP, as pamidronate significantly reduced the 

expression levels of small GTPases Rac1, RhoA and CDC42. 
However, rac1 and rhoA were significantly upregulated in 
the alendronate and risedronate treatment groups, which may 
explain why pamidronate exhibited the highest cytotoxic 
effects on MCF-7 cells.

Figure 5. Effect of BPs on MCF-7 cell apoptosis. MCF-7 cells were treated with various concentrations of BPs for 24 h prior to staining with acridine 
orange/ethidium bromide. (A) Images obtained by fluorescence microscopy (magnification, x200). (B‑D) The numbers of live, apoptotic, and necrotic cells 
after treatment with BPs. *P<0.05 vs. control group. Alen, alendronate; Rise, risedronate; Pami, pamidronate; BP, bisphosphonate.
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Furthermore, to determine the effects of BPs on the cell 
cycle and cell cycle‑associated proteins, flow cytometry analysis 
and western blot analysis were performed. The results revealed 
that BPs significantly increased the percentage of cells in the 
G1 phase and decreased the percentage of cells in the S and 
G2 phases. Alendronate exhibited the most potent activity. The 
effect of BPs on MCF-7 cells was associated with inhibition of 
cyclin D1 expression, induction of p21 expression and cell cycle 
arrest. p21 is a cell cycle dependent kinase inhibitor that regu-
lates the cell cycle (28). In addition, p21 serves an essential role 
in growth arrest following DNA damage and overexpression 

of p21 leads to G1 and G2 or S-phase arrest (29,30). Cyclin D1 
overexpression has also been demonstrated to induce cell prolif-
eration and has been be associated with genomic instability in 
breast cancer, which may contribute to oncogenesis (31,32). 
Therefore, sustained G1 arrest, which is initially triggered by 
downregulation of cyclin D1, depends on p21 expression (33). 
These results indicate that BPs inhibit MCF-7 cell growth via 
cell cycle arrest.

Apoptosis may be induced via several mechanisms, including 
alteration of the intracellular mitochondrial pathway (34). In 
the present study, BPs were identified to induce rOs formation, 

Figure 6. Effect of BPs on cell apoptosis and apoptosis-associated proteins in MCF-7 cells. MCF-7 cells were treated with 250 µM alendronate, 250 µM rise-
dronate and 100 µM pamidronate for 24 h. (A) Apoptosis rates were determined by flow cytometry and representative graphs and the percentage viable, early 
and late apoptotic cells are presented for the different treatment groups. (B) Following treatment, whole cell extracts were subjected to western blot analysis 
and expression levels of cytochrome c and caspase-3 were determined and normalized to β-actin. Data are presented as the mean ± standard error of the mean. 
*P<0.05 vs. control group. Alen, alendronate; rise, risedronate; Pami, pamidronate; FITC, fluorescein isothiocyanate; BP, bisphosphonate.
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increase caspase-3 activity and decrease mitochondrial func-
tion. Furthermore, apoptotic cell death, caspase-3 expression 
and cytochrome c expression were substantially increased 
following BP treatment. In summary, the results suggest that 

BP-induced antiproliferative effects and induction of apoptosis 
in MCF-7 cells may be caused by ROS formation, and associ-
ated DNA damage and alteration of mitochondrial function. 
Senaratne et al (35) have previously demonstrated that other 

Figure 7. Effects of BPs on MCF-7 cell migration. (A) MCF-7 cells were scratched using 0.2 ml pipette tips and treated with various concentration of BPs for 
72 h. Cell migration was monitored using phase contrast microscopy (magnification, x40). Quantified cell migration is presented as the percentage of wound 
closure at 72 h. (B) Effects of BPs on MMP-9 expression levels in conditioned media analyzed by gelatin zymography. (C) Cells were treated with 250 µM 
alendronate, 250 µM risedronate and 100 µM pamidronate for 24 h and MMP‑2, MMP‑9, VeGFA and ICAM1 mrnA expression levels were determined by 
reverse transcription-quantitative polymerase chain reaction. Data are presented at the mean ± standard error of the mean from three independent experiments 
with a duplicate in each experiment. *P<0.05 vs. control group. Alen, alendronate; Rise, risedronate; Pami, pamidronate; MMP, matrix metallopeptidase; 
VeGFA, vascular endothelial growth factor; ICAM1, intracellular adhesion molecule 1; BP, bisphosphonate.
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BPs significantly increase cell apoptosis in breast cancer cell 
lines. In this previous study, zoledronate was identified as 
the most potent BP, increasing the proportion of cells with 
morphological features characteristic of apoptosis, including 
fragmented chromosomal DNA, and it is associated with a 
downregulation of B-cell lymphoma 2 protein and proteolytic 
cleavage of poly (ADP-ribose) polymerase (35). Furthermore, 
Rachner et al (21) demonstrated that zoledronate induces 
breast cancer cell apoptosis by inducing TrAIl expression 
and enhancing the TrAIl/OPG ratio in TrAIl‑sensitive 
MDA-MB-231 cells. Ebert et al (36) identified that ApppI 
expression increases following treatment with zoledronate to a 
greater extent compared with risedronate and alendronate, and 
this increase may lead to cancer cell apoptosis in MDA-MB-231 
cells; however, BPs were revealed to suppress cell viability with 
minor effects on apoptosis. In summary, these studies indicate 
that BPs exert direct anticancer effects by inducing cancer 
cell apoptosis via several mechanisms; however, the precise 
mechanisms of BPs on cancer cell apoptosis require further 
investigation in future studies.

Cancer cell adhesion, invasion and metastasis are essential 
steps in the metastatic process, which enable cancer cells to 
establish persistence at the site of metastasis (37). Inhibition of 
the mevalonate pathway by statins and BPs is thought to impair 
the adhesive abilities of circulating cancer cells and thereby 
impact their metastatic potential (38). Treatment with statins 
has been demonstrated to cause a concentration-dependent 
decrease in cholangiocarcinoma KKU-100 cell migration (22). 
As cancer cell migration also requires digestion of the basement 
membrane by protease enzymes, this step in the metastatic 
cascade represents a potential target for reduction and/or inhibi-
tion (37). BPs inhibit the activity of several MMPs with IC50 

values in the range of 50-150 µM (39,40). The present study 
identified that the three tested BPs decreased cancer cell migra-
tion in a dose‑dependent manner. similar findings have been 
reported by Stearns and Wang (41), who demonstrated that 
alendronate reduces cellular secretion of MMP-2 and MMP-9 
in PC3 prostate cancer cells. Rac1 and CDC42 are both required 
by migrating cells, and they act downstream of the mevalonate 
pathway (42). Statin- and BP-induced inhibition of the meval-
onate pathway therefore inhibits cancer cell migration.

All three BPs tested in the present study exhibited cytotoxic 
activity against human breast cancer MCF-7 cells. This activity 
was partly attributed to cell cycle arrest and the induction of 
apoptosis. The BPs also inhibited breast cancer progression by 
inhibiting cyclin D1 expression and inducing p21, caspase-3 
and cytochrome c expression. Finally, the BPs were identified to 
induce breast cancer cell apoptosis by stimulating ROS forma-
tion and caspase-3 activity, and by decreasing mitochondrial 
function. Additionally, BPs inhibited cancer cell migration by 
suppressing MMP-9 expression in the culture medium. The 
aforementioned findings indicate that BPs possess promising 
activities against MCF-7 breast cancer cells and may represent 
a new approach for breast cancer therapy. Caution regarding 
the concentration of BPs used is required as permanent expo-
sure to high doses of BPs induces apoptosis in both tumor cells 
and osteogenic precursors (43). However, high concentrations 
are required as the cellular uptake of BPs is poor in cells other 
than macrophages and osteoclasts, which has been described 
for zoledronate in ovarian cancer cells (36,44).

In conclusion, alendronate, risedronate and pamidronate 
demonstrated cytotoxic and antimigratory activity against 
human breast cancer cells by inducing cell cycle arrest and 
increasing cancer cell apoptosis. All BPs suppressed breast 
cancer MCF-7 cell progression by inhibiting cyclin D1 
and inducing p21, caspase-3 and cytochrome c expression. 
Furthermore, BPs were identified to induce rOs formation 
and caspase-3 activity, and decrease mitochondrial function. 
BPs decreased cancer cell migration via a reduction of MMP-9. 
In summary, these results indicated that BPs may potentially 
serve as candidates for breast cancer therapy and deserve to be 
further investigated in future studies.
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