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Simvastatin potentiates doxorubicin activity
against MCF-7 breast cancer cells
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Abstract. Simvastatin is a low density lipoprotein-lowering
drug that is widely used to prevent and treat cardiovascular
disease by inhibiting the mevalonate pathway. Simvastatin
also exhibits inhibitory effects on a number of types of cancer.
In the present study, the effects of simvastatin on the activity
of doxorubicin in the breast cancer MCF-7 cell line, and the
mechanisms by which this interaction occurs were investi-
gated. The effect of simvastatin and doxorubicin treatment,
alone and in combination, on the growth of MCF-7 cells was
evaluated by a sulforhodamine B and colony formation assay.
To delineate the mechanisms of cell death, the following
parameters were measured: Reactive oxygen species (ROS)
production using the fluorescence probe dihydroethidium;
caspase 3 activity by the fluorometry method; gene expression
by quantitative polymerase chain reaction; and apoptotic- and
proliferative-related protein levels by western blotting. MCF-7
cell proliferation was significantly suppressed by 24-48 h
treatment with simvastatin alone. Doses of 10-50 M simv-
astatin also enhanced the cytotoxicity of doxorubicin against
MCEF-7 cells in a dose-dependent manner, and decreased the
colony-forming ability of MCF-7 cells. Simvastatin alone
or in combination with doxorubicin significantly increased
ROS levels. Combination treatment significantly decreased
expression of the cell cycle regulatory protein Ras-related
C3 botulinum toxin substrate 1 and numerous downstream
proteins including cyclin-dependent kinase (Cdk) 2, Cdk4 and
Cdk6. Additionally, simvastatin in combination with doxoru-
bicin significantly induced expression of the cyclin-dependent
kinase inhibitor p21, increased cytochrome c¢ and caspase 3
expression and reduced cyclin D1 expression. In conclusion,
simvastatin acts synergistically with the anticancer drug
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doxorubicin against MCF-7 cells, possibly through a down-
regulation of the cell cycle or induction of apoptosis. Although
additional studies are required, simvastatin and doxorubicin
combination may be a reasonable regimen for the treatment of
breast cancer.

Introduction

Breast cancer is the most common type of malignancy, and
the leading cause of cancer-associated female mortality, in
a number of countries (1,2) Chemotherapy with or without
resection of the tumor is the only known treatment strategy
for long-term survival, and survival is limited with standard
chemotherapeutic options (3). Breast cancer cells exhibit
intrinsic and acquired resistance to numerous anticancer
drugs (4), this is a major problem for the effective treatment of
breast cancer (5). Improved treatment protocols and alternative
chemotherapeutic strategies are therefore required.

Statins competitively inhibit 3-hydroxy-3-methylglu-
taryl-coenzyme A (HMG-CoA) reductase, the rate-limiting
enzyme in cholesterol biosynthesis (6), and are used to treat
hyperlipidemia by reducing serum lipids such as cholesterol
and triglycerides (7,8). This activity, combined with their
protective effects on the blood vessels and heart, allows statins
to be used in the treatment and prevention of cardiovascular
events (9,10). In addition, statins perform roles in immune
regulation (11), the inhibition of inflammation (12) and the
modulation of angiogenesis (13). Statins also exhibit anti-
cancer activities (14,15), decrease cellular proliferation (15-17)
and induce apoptosis (15,18,19) in breast, colorectal, lung,
prostate and pancreatic cancer (20). Notably, statins inhibit
cancer cell growth in vivo and decrease metastasis at clinically
therapeutic doses (21).

The suppression of HMG-CoA reductase results in the
reduction of several important cholesterol intermediates,
including mevalonate, geranylgeranyl pyrophosphate (GGPP)
and farnesyl pyrophosphate (FPP) (22). These proteins are
necessary for the post-translational modification of intracel-
lular G-proteins, including Rho, ras-related C3 botulinum toxin
substrate (Rac) and Ras, which regulate cellular mechanisms
including cytoskeletal reorganization and cellular transforma-
tion, migration, invasion and proliferation (23). Statins activate
cancer cell death, including apoptosis, via a reduction of GGPP
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and FPP levels. Additionally, Ras-related C3 botulinum toxin
substrate 1 (RAC1) regulates and modulates several signaling
pathways that control cellular proliferation (24), and direct
inhibition of RACI activity or gene expression induces cell
cycle arrest and apoptosis in breast cancer cells (25).

In clinical studies, the role of statins in cancer treatment
remains debatable, and appears to be dependent on the molec-
ular identity of the type of cancer. In order to better understand
the interaction between statins and breast cancer cells, the
ability of simvastatin to potentiate the doxorubicin-induced
inhibition of cellular proliferation and apoptosis using the
MCEF-7 cancer cell line was investigated. It was hypothesized
that simvastatin sensitizes MCF-7 cells to doxorubicin, and
may be a viable strategy for improving the efficacy of other
anticancer drugs against breast cancer.

Materials and methods

Materials.Dulbecco's modified Eagle's medium (DMEM), fetal
bovine serum and other cell culture reagents were purchased
from Gibco; Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). Simvastatin (cat. no. s6196), doxorubicin (cat.
no. D1515), protease inhibitor cocktail (cat. no. P8340), dihy-
droethidium (DHE; cat. no. D7008), radioimmunoprecipitation
assay (RIPA) lysis buffer (cat. no. R0278), sulforhodamine B
(SRB; cat. no. s1402) and a caspase 3 activity assay kit (cat.
no. CASP3F-1KT) were obtained from Sigma-Aldrich; Merck
KGaA (Darmstadt, Germany). The primary antibodies against
cyclin-dependent kinase inhibitor 1 (p21; cat. no.2947), caspase
3 (cat. no. 9662), cytochrome c (cat. no. 4272), cyclin D1 (cat.
no. 2922), -actin (cat. no. 4967) and the secondary anti-rabbit
immunoglobulin G horseradish peroxidase (HRP)-linked
antibody (cat. no. 7074) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). iScript reverse tran-
scription Supermix for reverse transcription quantitative
polymerase chain reaction (RT-qPCR; cat. no. 170-8841) and
SsoFast EvaGreen Supermix (cat. no. 172-5200) were supplied
by Bio-Rad Laboratories, Inc. (Hercules, CA, USA).

Cell line and cell culture. The human breast cancer
MCEF-7 cell line was obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA) and
maintained according to ATCC's recommendations at 37°C
and 5% CO, in DMEM medium supplemented with 10%
fetal bovine serum, 100 U/ml penicillin G and 100 pg/ml
streptomycin. The DMEM media was renewed every 2-3 days,
trypsinized with 0.25% trypsin-EDTA and subcultured in the
same media.

Cell viability assay. The SRB assay was used to determine
the effect of simvastatin and doxorubicin, alone and in combi-
nation, on the viability of MCF-7 cells. A 96-well plate was
seeded with 1x10* MCF-7 cells/well and incubated for 24 h
at 37°C. Subsequent to exposure to 0-100 uM simvastatin for
24-48 h, 0-10 uM doxorubicin for 24-48 h and in combination
(cells were treated with 0-100 M simvastatin with or without
1 uM doxorubicin for 24 h) at 37°C, the cultured cells were
fixed with ice-cold 10% trichloroacetic acid and stained with
0.4% SRB for 30 min at room temperature. Excess dye was
removed by rinsing several times with 1% acetic acid, and
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protein-bound dye was dissolved with 200 x1 10 mM Tris base
solution for the determination of absorbance with a microplate
reader with a filter wavelength of 540 nm.

Colony formation assay. Approximately 800 MCF-7 cells
were seeded in 6-well plates and allowed to grow for 24 h at
37°C. The cells were then treated with 0-50 xM simvastatin
and in combination of 0-50 #M simvastatin with or without
0.5 uM doxorubicin treatment for 24 h at 37°C. Following this,
the cells were washed with PBS and fresh medium was added.
The cells were then grown for another 14 days. Subsequently,
the DMEM medium was discarded, the cells were washed with
PBS buffer three times, fixed with 100% methanol at -20°C
for 1 h, stained with 0.5% crystal violet in 100% methanol
for 1 h at room temperature, washed with tap water, and the
colonies were then viewed and captured using a digital camera
(Nikon D3100, Nikon Corporation, Tokyo, Japan). Colonies
containing >50 individual cells were counted using Image-Pro
Plus software version 2.0 (Media Cybernetics, Inc., Rockville,
MD, USA).

Reactive oxygen species (ROS) production assay. Intracellular
ROS generation was measured using the cell-permeable fluo-
rescent probe, DHE. Black 96-well plates were seeded with
~1x10* MCF-7 cells/well and incubated for 24 h at 37°C. The
medium was discarded and the cells were washed with PBS.
The cells were then treated with 0-50 #M of simvastatin alone,
or 50 uM simvastatin in combination with 1 xM doxorubicin,
for 90 min. The cells were then assessed for ROS production
by incubation with 25 yM DHE in serum-free medium, in
a 5% CO, atmosphere, at 37°C, for 90 min, in the dark. The
fluorescence intensity was measured at a 518 nm excitation
and 605 nm emission wavelength on a fluorescence microplate
reader. The data were expressed as the percentage of ROS
relative to the untreated controls.

Caspase 3 activity assay. Caspase 3 activity was measured
using fluorimetric assay kits (Sigma-Aldrich; Merck KGaA)
according to the manufacturer's protocol. Subsequent to
treatment with the test compounds for 24 h, the medium
was removed, the cells were trypsinized and the cell pellet
was lysed with cell lysis buffer on ice for 10 min. The lysed
pellet was then centrifuged (10,000 x g, 4°C, 30 min), and
protein concentrations were measured with Bradford's reagent
(Bio-Rad Laboratories, Inc.), using albumin as a standard.
Briefly, 50 ul of cell protein or the albumin standard was mixed
with 200 pl Bradford reagent and incubated for 15 min at
room temperature in the dark. The absorbance at 620 nm was
measured with a spectrophotometer, and the protein concen-
tration was calculated using a standard. A total of 5 pul cell
lysates (0.5 mg/ml) were added to 195 pl of buffer containing
an Ac-DEVD-7-amino-4-methylcoumarin (AMC)-conjugated
substrate for caspase (Sigma-Aldrich; Merck KGaA). This
was followed by 90 min incubation at 37°C in the dark. The
concentration of the released AMC was calculated from the
fluorescence intensity, which was read using a fluorescence
plate reader with the excitation and emission wavelengths of
360 and 460 nm, respectively, and using AMC standard to
calculate caspase 3 activity. Data were adjusted according to
the protein content.
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Gene expression assay. The MCF-7 cells were seeded in 6
well-plates and allowed to grow for 24 h. Cells were treated
with the test compounds, and RNA was isolated using
TRIzol® reagent according to the manufacturer's protocol
(Sigma-Aldrich; Merck KGaA). Recovered RNA was quanti-
fied by using a spectrophotometer to measure the 260/280 nm
absorbance ratio. Complementary DNA (cDNA; 1 ug) was
prepared by reverse transcription of isolated RNA using
the iScript Reverse Transcription Supermix for RT-qPCR.
PCR amplification was performed using primers specific
for RACI, cdk2, cdk4 and cdk6, and using p-actin (ACTB)
as an internal control. The PCR primer sequences were
as follows: RAC1 (GenBank accession no. NM_018890)
forward, 5S'ATG-TCC-GTG-CAA-AGT-GGT-ATC3' and
reverse, 5'CTC-GGA-TCG-CTT-CGT-CAA-ACA3'"; Cdk2
(GenBank accession no. NM_001798) forward, 5'CCA-GGA-
GTT-ACT-TCT-ATG-CCT-GA3' and reverse, S TTC-ATC-
CAG-GGG-AGG-TAC-AAC3'"; Cdk4 (GenBank accession
no. NM_000075) forward, SATG-GCT-ACC-TCT-CGA-T
AT-GAG-C3' and reverse, 5'CAT-TGG-GGA-CTC-TCA-C
AC-TCT3'"; Cdk6 (GenBank accession no. NM_001145306)
forward, 5'GCT-GAC-CAG-CAG-TAC-GAA-TG3' and
reverse, 5'GCA-CAC-ATC-AAA-CAA-CCT-GAC-C3;
ACTB (GenBank accession no. NM_001101) forward,
5'CAT-GTA-CGT-TGC-TAT-CCA-GGC3' and reverse,
5'CTC-CTT-AAT-GTC-ACG-CAC-GAT3.

gPCR was carried out in a final reaction volume of
20 pul containing SYBR Green PCR Master mix (Bio-Rad
Laboratories, Inc.), 0.5 uM of each target gene and the internal
control. The expression of each gene was monitored using
an Applied Biosystems® StepOne™ real-time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) with
the following conditions: Denaturation at 95°C for 3 min,
then amplification by cycling 40 times at 95°C for 15 sec
and 60°C for 30 sec. The differences in gene expression
levels were calculated using the 27224 method for relative
quantification (26), and expressed as the fold change relative
to the untreated control. Data from 3 independent experiments
were normalized to the expression of ACTB mRNA, which
included on the same PCR array plate as the target genes.

Protein extraction and western blot analysis. The MCF-7
cells were lyzed with RIPA lysis buffer for 30 min on ice.
The lysates were collected, and the protein concentrations
were determined using Bradford's reagent, as described in the
caspase 3 activity assay. A total of 20 ug protein was sepa-
rated by 12% SDS-PAGE, and transferred to an Immobilon®
polyvinylidene fluoride membrane (EMD Millipore, Billerica,
MA, USA). The blots were blocked for 2 h at room temperature
with 5% (w/v) skimmed milk in Tris buffered saline containing
0.1% Tween-20 (TBST). The membrane was probed with
each primary antibody at 4°C overnight (dilution, 1:1,000).
Subsequent to washing with TBST, the blots were incubated
with the HRP-conjugated secondary antibody for 2 h at room
temperature (dilution, 1:2,500). The immunoactive bands were
detected using an Enhanced Clarity™ Western enhanced
chemiluminescence substrate (Bio-Rad Laboratories, Inc.).
Images of the specific protein bands were captured and analyzed
using the ImageQuant™ LAS-4000 and Image Gauge version
3.1 (GE Healthcare Life Sciences, Chalfont, UK).
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Statistical analysis. Statistical comparison between the control
and treatment groups was analyzed with an unpaired Student's
t-test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Effects of simvastatin and doxorubicin on MCF-7 cellular
viability and colony formation efficacy. To evaluate the
cytotoxicity of simvastatin with or without doxorubicin, the
MCEF-7 cells were exposed to simvastatin and doxorubicin
and assessed for viability by the SRB assay. The results
demonstrated that cell growth was inhibited after 24 and 48 h
of treatment, with simvastatin ICs, values of 44.8+3.8 uM at
24 h and 26.3£3.1 uM at 48 h (P<0.05, Fig. 1A), and doxo-
rubicin ICs, values of 5.2+0.2 uM at 24 h and 1.8+0.1 uM at
48 h (P<0.05, Fig. 1B) in a dose- and time-dependent manner.
The combination of simvastatin and doxorubicin significantly
enhanced cytotoxicity (Fig. 1C).

To determine the effect of simvastatin and doxorubicin
on the longer-term viability and replicative potential of the
MCF-7 cells, a colony formation assay was used. Treatment
with simvastatin alone caused a dose-dependent decrease
in the colony forming ability of the MCF-7 cells (Fig. 1D).
When simvastatin and doxorubicin were used in combination,
colony formation was significantly reduced compared with
simvastatin treatment alone (Fig. 1E and F; P<0.05). These
results indicated that simvastatin enhances the activity of
doxorubicin in breast cancer cells, and prompted the investi-
gation of the mechanism(s) by which this increase in activity
occurs.

Effects of simvastatin and doxorubicin on RACI1 and down-
stream gene expression. To investigate whether simvastatin
enhances the effects of doxorubicin on the cell cycle regulator
RACI1, mRNA expression of RACI, cdk2, cdk4 and cdk6
were measured. The treatment of cells with a combination of
simvastatin and doxorubicin decreased RAC1 mRNA expres-
sion significantly more than treatment with simvastatin or
doxorubicin alone (Fig. 2A; P<0.05). Cdk2 mRNA expression
was reduced by simvastatin and doxorubicin individually;
however, there was no additive effect when the two were used
in combination (Fig. 2B; P<0.05). Notably, it was observed that
simvastatin or doxorubicin treatment significantly reduced
cdk4 and cdk6, and that the combination treatment exhibited
an additive effect when compared with simvastatin or doxoru-
bicin treatment alone (Fig. 2C and D; P<0.05).

Effects of simvastatin and doxorubicin on ROS and caspase 3
activity. To establish the mechanism of action by which
simvastatin sensitizes MCF-7 cells to doxorubicin, the intra-
cellular accumulation of ROS was also monitored by the
DHE-enhanced chemiluminescence method. Simvastatin
induced intracellular ROS production in the MCF-7 cells
(Fig. 3A, P<0.05), and cells treated with simvastatin in combi-
nation with doxorubicin demonstrated higher ROS production
compared with those treated with simvastatin or doxorubicin
alone (Fig. 3B, P<0.05). The involvement of mitochondria in
simvastatin- and doxorubicin-induced cytotoxicity was investi-
gated by measuring the extent of caspase 3 activity. The results
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Figure 1. Effects of sim and DOX on MCF-7 cell growth. (A) Cells were treated with 0-100 yM sim, (B) 0-10 uM DOX for 24-48 h or (C) 10-50 #M sim
combined with 1 M DOX for 24 h. Subsequent to treatment, cell numbers were determined by the sulforhodamine B assay. Results are presented as the
percentage of the control. Cells were then grown in 6-well plates and treated with (D) 0-50 yM sim or (E and F) 0-50 uM sim with or without 0.5 xM DOX,
for 24 h. After 14 days, cells were stained with 0.5% crystal violet, imaged and counted. Figures are representative of 3 independent experiments. The graph
shows percentage colony formation relative to the control. Data are presented as the mean =+ standard deviation calculated from 3 independent experiments.

“P<0.05 vs. control. Sim, simvastatin; DOX, doxorubicin.

revealed that treatment with simvastatin increased caspase
3 activity (Fig. 3C, P<0.05), and that the combination of
simvastatin and doxorubicin increased caspase 3 activity, to a
greater extent than treatment with simvastatin alone (Fig. 3D,
P<0.05).

Effects of simvastatin and doxorubicin on protein-related
apoptosis. To understand how simvastatin may enhance
doxorubicin cytotoxicity in MCF-7 cells, the level of proteins
associated with cell survival and apoptosis, including p21,
cyclin DI, caspase 3 and cytochrome c, were assessed with
western blotting (Fig. 4A-E).

The results revealed that the level of p21 was significantly
altered in all treatment groups; p21 was increased following
treatment with doxorubicin, decreased following treatment
with simvastatin and increased by the combination of doxoru-
bicin with simvastatin, to a greater extent than treatment with
doxorubicin or simvastatin alone (Fig. 4B; P<0.05). Cyclin
D1 levels did not change significantly following treatment
with simvastatin; however, treatment with doxorubicin or the
combination significantly suppressed cyclin D1 levels (Fig. 4C;
P<0.05). Caspase 3 levels were not significantly altered
by treatment with doxorubicin alone; however, they were
significantly increased following treatment with simvastatin



| SPANDIDOS ONCOLOGY LETTERS 14: 6243-6250, 2017 6247

B
1.2

1 | . y 1.0 | ; ;
= 0.8 1 *
0.6 -
0.4
0.2 |
. 0.0 - .

- 0 -
Control DOX Sim  DOX+Sim Control  DOX Sim  DOX+Sim

-
L]

—
o

RAC1/B-actin
= (=]
o o

cdk2/B-actin

e o
LS T Y

o
o

@]
e

1.2 ; 1.2

1.0 | 1.0 |
c * £ ] * *
5 0.8 1 = g 0.8 T )
& 0.6 " & 0.6 ;
3 2

*x 2t ]

3 0.4 ] T 04

0.2 0.2

0.0 T N — 0.0 T N S

Control DOX Sim  DOX+Sim Control DOX Sim  DOX+Sim

Figure 2. Effects of sim and DOX on the gene expression of (A) RACI, (B) Cdk2, (C) Cdk4 and (D) Cdk6 in MCF-7 cells. Cells were treated with 50 M sim
and 1 M of DOX, alone and in combination for 24 h, and total RNA was prepared and analyzed by quantitative polymerase chain reaction. Data are presented
as the mean =+ standard deviation, calculated from 3 independent experiments. "P<0.05 vs. untreated control group; “P<0.05 vs. DOX group; 'P<0.05 vs. sim
group. Sim, simvastatin; DOX, doxorubicin; RACI, Ras-related C3 botulinum toxin substrate 1; Cdk, cyclin-dependent kinase.

é 140 | o E 200 -
= S 180 *#t
§ 120 % 160 - I
& ]
5 100 | T 5 140 . "
£ g . £ 120
5 5§ 100
g 60 - ‘g 80 |
S 40 S 60
40
w w
20 -
O O 20
0 . . 0 - : :
0 5 10 25 50 Control DOX Sim DOX + Sim
Sim (uM)
C 30 D 35, xnt
I
= 25 " z 30
kol > 2 ] * g
£% 20 £9 25 :
So _ s o 2.0
o E 1.5 ©
2 E 3E 151
83 1.0 1 23 40 |
® E gg 1
0L o5 0= 0.5 -
0.0 : . 0.0 . :
0 10 25 50 Control DOX Sim DOX + Sim
Sim (uM)

Figure 3. Effects of sim and DOX on ROS production and caspase 3 activity in MCF-7 cells. Cells were seeded in black 96-well culture plates for 24 h. Cells
were then treated with (A) 0-50 M sim or (B) 50 #M sim in combination with 1 xM DOX for 90 min and assessed for ROS production using 25 ¢M dihy-
droethidium. Cells were seeded, and treated (C) with sim doses 0-50 uM or (D) sim with, or without, I #M DOX, for 24 h. The total cell lysates were assayed
for caspase 3 activity using specific fluorogenic Ac-DEVD-7-amino-4-methylcoumarin substrates for caspase 3. Data are presented as the mean + standard
deviation, calculated from 3 independent experiments. “P<0.05 vs. untreated control group; “P<0.05 vs. DOX group; "P<0.05 vs. sim group. Sim, simvastatin;
DOX, doxorubicin; ROS, reactive oxygen species.


https://www.spandidos-publications.com/10.3892/ol.2017.6783
https://www.spandidos-publications.com/10.3892/ol.2017.6783
https://www.spandidos-publications.com/10.3892/ol.2017.6783
https://www.spandidos-publications.com/10.3892/ol.2017.6783

6248

BURANRAT et al: SIMVASTATIN POTENTIATES DOXORUBICIN ACTIVITY AGAINST MCF-7 BREAST CANCER CELLS

A

—-— e e

p21

Cyclin D1

_-"

Caspase-3

Cytochrome ¢

B-actin

(vy)
r
o

_£20 #t
a3 . :
S 2 1.6 ; =
- O
S o
o = 1.0 - * 4
s
06
0.0 - ' T
Control DOX Sim DOX+Sim

O

%* #

¢
g g20
© O *# +
Qwm© ;
2516 :
< 8 ;
° 1.0
E2

[°}
2T 05
<

0.0 -

Control DOX Sim DOX+Sim

(@

o =
L o

= #T

relative to B-actin
o o
i »
*
K

Amount of cyclin D1

0.2

0.0

Control DOX Sim DOX+Sim

3.6
3.0 *T
2.6 |
2.0 |
1.6
1.0 |
0.6 |
0.0

Amount of cytochrome ¢ m
relative to B-actin

Control DOX Sim DOX+Sim
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"P<0.05 vs. sim group. Sim, simvastatin; DOX, doxorubicin.

or the combination treatment (Fig. 4D; P<0.05) Cytochrome
¢ protein levels were significantly increased in all treatment
groups. The doxorubicin and simvastatin combination had a
significantly greater effect on cytochrome c levels than doxo-
rubicin or simvastatin alone (Fig. 4E; P<0.05).

The combination of doxorubicin with simvastatin stimu-
lated a significant increase in p21, cytochrome c and caspase 3
protein levels, and a significant reduction in cyclin D1 protein
level. It was also associated with a marked increase in MCF-7
cell death, confirming the potentiating effect of simvastatin
upon doxorubicin treatment of breast cancer cells.

Discussion

Simvastatin is one of the most frequently prescribed drugs due
to the efficacy and low toxicity when used to treat hyperlipid-
emia (27). Previously, statins have been identified to reduce
proliferation and induce apoptosis in several cancer cells (28).
In the present study, the mechanisms by which simvastatin
reduces the rates of cell proliferation and increases the rate
of cell death in the doxorubicin-treated breast cancer line
MCEF-7 cell line were investigated. The results suggest that
simvastatin potentiation of doxorubicin-induced cell death



is accompanied by a suppression of the cell cycle regulator
protein RACI signaling pathway. The enhanced cytotoxicity
of the combination treatment is possibly due to an induction in
intracellular ROS formation, leading to increased levels of p21,
cytochrome c, and caspase 3 and decreased cyclin DI levels.
This may be associated with the mechanism for MCF-7 breast
cancer cell sensitization to anticancer drugs and the induction
of cell death. Therefore, simvastatin may potentially be used in
the prevention and treatment of breast cancer.

Statins or HMG-CoA reductase inhibitors are drugs
commonly used for the treatment of hypercholesterolemia.
Additionally, statins exhibit a number of effects on cancer
cells (29) including inhibition of cancer cell growth, metastasis
and invasion, angiogenesis and the induction of apoptosis. By
inhibiting the mevalonic acid pathway, statins may reduce the
levels of the isoprenoid intermediates FPP and GGPP (22).
These intermediates are critical for post-translational modifi-
cation of the intracellular G-proteins, including Rho, Rac, and
Ras, which regulate the signal transduction of several proteins.
These proteins, in turn, are essential for the gene transcrip-
tion involved in cellular proliferation, differentiation and
apoptosis (29). RACI is overexpressed in a number of tumors
and serves a critical role in cytoskeleton reorganization, cell
migration and cell survival (24). An overexpression of RAC1
is associated with the progression, including the metastasis
and staging, of human breast cancer (30).

A role for RACI in the activation of extracellular
signal-regulated kinases (ERK) 1/2 and phosphoinositide
3-kinase/protein kinase B pro-survival signaling was also
identified and demonstrated to promote cell survival (30,31).
The direct suppression of RACI activity induces apoptosis and
cell cycle arrest in breast cancer cells (25). In the present study,
simvastatin significantly inhibited breast cancer cell prolif-
eration with ICs, values in the low micromolar range. This
result is concomitant with the data of previous studies (16,18).
Simvastatin stimulates cell cycle arrest and apoptosis in a
number of cancer cell types (32) via the intracellular signaling
mechanisms of RACI and the associated downstream pathway.
Cell cycle progression is controlled by Cdk activity (33). The
cyclin D1-Cdk4/6 complex also promotes G1 phase cell-cycle
progression by modulating the Cdk inhibitor p21 (34,35).RAC1
suppression may inhibit the cyclin-Cdk complex, leading to
the activation of p21 and inhibition of cellular proliferation.

The results of the present study indicate that treatment with
simvastatin or doxorubicin alone significantly inhibits RACI,
Cdk4 and Cdk6 mRNA expression after 24 h, whilst combi-
nation of the two drugs results in increased activity. Cdk?2 is
also inhibited by treatment with simvastatin or doxorubicin
alone, but in combination this inhibitory effect is not greater
compared with that observed with doxorubicin alone. Similar
to these observations, a previous study revealed that a blockade
of RACI activity induces cell cycle arrest or apoptosis in breast
cancer cells (25).

In addition to inhibiting the proliferation of MCF-7
cells, the ability of simvastatin to induce apoptosis has been
demonstrated. Simvastatin-induced apoptosis was charac-
terized by increased levels of caspase 3, cytochrome ¢ and
intracellular ROS. Several studies have revealed that ROS
are key signaling molecules in mammalian cells. An accu-
mulation of ROS is directly correlated with mitochondrial
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dysfunction and promotion of cell apoptosis (36). The results
of the present study suggest that simvastatin induced ROS
production in a concentration-dependent manner. In combi-
nation simvastatin and doxorubicin generated even larger
quantities of ROS, a result indicative of an additive effect.
This is potentially a key reason why MCF-7 cell apoptosis
is induced by simvastatin and doxorubicin. The observation
of the present study that a combination of simvastatin and
doxorubicin increased cytochrome c protein expression
and caspase 3 activity more compared with each drug indi-
vidually is consistent with the hypothesis that simvastatin
sensitizes MCF-7 cells.

The present study identified that simvastatin inhib-
ited MCF-7 cell proliferation and colony formation in a
dose-dependent manner and, notably, that it enhanced the
activity of doxorubicin. The effect on cell cycle progression
was also investigated in the present study by measuring p21
and cyclin D1 protein expression. Simvastatin and doxorubicin
treatment resulted in an increase in p21, and a decrease in
cyclin DI expression level. These data suggest that simvastatin
enhances doxorubicin-induced cancer cell death by inhibiting
cell cycle progression (37).

In conclusion, the present study has demonstrated that
simvastatin enhances doxorubicin cytotoxicity towards MCF-7
cells through an inhibition of the RAC1 pathway and induction
of caspase- and cytochrome c-dependent apoptosis in a process
involving oxidative stress. These data also reveal that the Cdk
inhibitor p21 is activated in the process of simvastatin-induced
cell death, leading to an inhibition of cell cycle progression.
These results contribute to the current understanding of the
molecular mechanisms of simvastatin, and provide a basis
for future studies seeking to validate the mevalonate pathway
as a novel therapeutic target. The inclusion of statins in anti-
cancer treatment regimens may potentially reduce the quantity
of anticancer drugs required to achieve therapeutic effects
and thereby reduce the side effects associated with cancer
treatment.
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