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Purpose: Tamoxifen (TAM) is a non-steroidal antiestrogen drug, used in the prevention and

treatment of all stages of hormone-responsive breast cancer. Simvastatin (SIM) is a lipid-

lowering agent and has been shown to inhibit cancer cell growth. The study aimed to

investigate the effect of the combination of TAM and SIM in the treatment of estrogen

receptor positive (ER+) breast cancer cell line, MCF-7, and in mice-bearing Ehrlich solid

tumors.

Methods: MCF-7 cells were treated with different concentrations of TAM or/and SIM for

72 hours and the effects of the combination treatment on cytotoxicity, oxidative stress

markers, apoptosis, angiogenesis, and metastasis were investigated using different techni-

ques. In addition, tumor volume, oxidative markers, and inflammatory markers of the

combined therapy were explored in mice bearing solid EAC tumors.

Results: The results showed that treatment of MCF-7 cells with the combination of 10 µM

TAM, and 2 µM SIM significantly inhibited the increase in oxidative stress markers, LDH,

and NF-kB induced by TAM. In addition, there was a significant decrease in the total

apoptotic ratio, caspase-3 activity, and glucose uptake, while there was a non-significant

change in Bax/bcl-2 ratio compared to the TAM-treated group. Using the isobologram

equation, the drug interaction was antagonistic with combination index, CI=1.18. On the

other hand, the combination regimen decreased VEGF, and matrix metalloproteinases, MMP

2&9 compared to TAM-treated cells. Additionally, in vivo, the combination regimen resulted

in a non-significant decrease in the tumor volume, decreased oxidative markers, and the

protein expression of TNF-α, and NF-κB compared to the TAM treated group.

Conclusion: Although the combination regimen of TAM and SIM showed an antagonistic

drug interaction in MCF-7 breast cancer, it displayed favorable antiangiogenic, anti-

metastatic, and anti-inflammatory effects.
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Introduction
Breast cancer is the most common female cancer worldwide.1 Estrogen receptor

positive (ER+) breast cancer represents more than 70% of all breast cancer patients.2

Tamoxifen (TAM) is the mainstay in the treatment and prevention of ER+ breast

cancer in both pre- and postmenopausal females. It reduces breast cancer recurrence

by 50% and the annual mortality rate by 31%. TAM exerts its antiproliferative effect

via binding competitively to estrogen receptor, thereby blocking the mitogenic effect

of estrogen.3 In addition, it induces apoptosis of cancer cells through several distinct

mechanisms including the modulation of signaling proteins, such as protein kinase C,

transforming growth factor-β (TGF-β), and the upregulation of p53.4,5 Despite this
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success, 20–30% of tumors develop resistance to tamoxifen

therapy after 3–5 years of its intake, in addition to its side-

effects.6

Obesity is a risk factor for (ER+) postmenopausal breast

cancer patients, attributed to increases in circulating insulin,

insulin-like growth factors, estrogen, and inflammatory

cytokines.7,8 Hypercholesterolemia, a comorbidity of obe-

sity, has been identified as an independent risk factor for

breast cancer.9,10 Statins, the 3-hydroxy-3-methylglutaryl

HMG CoA reductase (HMGCR) inhibitors, are among the

commonly approved drugs to decrease cholesterol levels

and prevent cardiovascular diseases. Beyond their cardio-

vascular effects, statins have been reported to have possible

benefits as immunomodulators in organ transplantation,

induction of bone marrow stimulation, and inhibition of

cancer progression.11–13 In addition, a potential role for

simvastatin as a radiosensitizer for aggressive breast cancer

has been suggested.14 This sensitizes the radioresistant eso-

phageal cancer cells and reversing epithelial-mesenchymal

transition (EMT) process via the PTEN-PI3K/AKT

pathway.15 Moreover, SIM was able to inhibit DNA repli-

cation licensing factor (MCM7), and dysfunction of tumor

suppressor retinoblastoma (Rb) is a common feature in

various tumors that contributes to cancer cell stemness

and drug resistance to cancer therapy. It reduced the Rb

signals and influenced the expression of cyclinD1 and p27

in tamoxifen resistant cells.16 Despite the convincing pre-

clinical evidence for the anticancer effects of statins, their

role in breast cancer recurrence and mortality is still not

conclusive. Some data support a beneficial role for their

uses in breast cancer management, other studies are less

promising and argue against their prescription in cancer

treatment.17–19 Moreover, all these studies were carried

out using statins alone, its effectiveness in combination

with TAM as neoadjuvant therapy in ER+ breast cancer

has not yet been explored. Therefore, it is worthwhile

examining whether SIM can potentiate the tumor response

of TAM, the conventional breast cancer therapy or not. The

importance of this interaction is intensified as TAM is

a pioneering medicine for the treatment and prevention of

breast cancer and confers dramatic reductions in breast

cancer recurrence and mortality. In addition, SIM may be

prescribed with TAM for breast cancer patients because of

hypercholesterolemia. Therefore, the current study was

designed to investigate the combined antitumor effect of

TAM and SIM in the ER+ breast cancer cell line, MCF-7, as

well as in mice bearing Ehrlich solid tumor as a model of

mammary carcinoma established in studying the effect of

chemotherapy in vivo.

Materials And Methods
Drugs
Tamoxifen (TAM citrate) and Simvastatin (SIM) were

obtained from Sigma Aldrich Chemical Co. (St. Louis,

MO). They were dissolved in dimethyl sulfoxide

(DMSO) to yield stock solution 1 mM and serially diluted

in RPMI-1640 supplemented medium immediately before

use to yield a concentration range of 10–60 μM for the

MCF-7 cell line. The final concentration of DMSO never

exceeded 0.1% (v/v) in both control and treated samples.

Simvastatin (SIM) was obtained from Sigma Aldrich

Chemical Co. (St. Louis, MO). This is obtained as white

powder soluble in DMSO to yield 1 mM then serially

diluted in RPMI-1640 supplemented medium immediately

before use to yield a concentration range of 0.5–2.5 μM
for MCF-7 cell line.

Chemicals
Dimethyl sulfoxide (DMSO), RPMI-1640 Medium, fetal

bovine serum (FBS), Penicillin/Streptomycin antibiotic,

trypsin-EDTA, Ellman’s reagent [5,5-Dithio-bis-(2-nitro-

benzoic acid)], reduced glutathione,1,1.3,3-tetramethoxy-

propane, trichloroacetic acid (TCA), thiobarbituric acid,

β-mercaptoethanol, sodium dodecyl sulfate (SDS), sodium

bicarbonate, methanol, and sulforhodamine B were all

purchased from Sigma-Aldrich Chemical Co. (St. Louis,

MO). Acetonitrile was obtained from Alliance Bio Co.,

USA. All other chemicals and solvents used were of the

highest purity grade available.

Human Cancer Cell Line
Human breast carcinoma cell line MCF-7 was obtained from

American Type Culture Collection (ATCC; Washington DC)

and stored frozen in liquid nitrogen (−180ºC). The tumor cell

line was maintained as monolayer cultures in RPMI-1640

supplementedwith 10%FBSand 1%penicillin- Streptomycin.

Animals
Female Swiss albino mice weighing 20–25 were obtained

from the animal facility of the National Cancer Institute

(NCI), Cairo University, Egypt. Animals were kept under

standard conditions and were allowed free access to

a standard requirement diet and water ad libitum. All the

procedures relating to animal care and treatments are
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strictly adhered to the Guide for the Care and Use of

Laboratory Animals published by the US National

Institute of Health (Publication No.85–23, revised 1996).

The protocol was approved by the research ethics commit-

tee of Animal Care, Faculty of Pharmacy, Cairo

University, Egypt (Permit Number: PT 1567).

In-Vitro Parameters
Cytotoxicity Assay

Cytotoxicity was determined using the sulforhodamine

B dye (SRB) method according to Skehan et al.20 Briefly

cells were seeded in 96-well microtiter plates at

a concentration of 3×103 cells/well. They were left to

attach for 24 hours before incubation with drugs. The

cells were treated with different concentrations of TAM

(10–60 μM), and SIM (0.5–16 μM) for 72 hours. For

designing an effective combination regimen for both

drugs, we used half the IC50 of TAM (10μM) with differ-

ent concentrations of SIM less than IC50 (0.5, 1, 1.5, 2,

2.5 μM) to choose the best inhibited concentration. The

optical density (OD) of each well was measured spectro-

photometrically at 570 nm using an ELISA microplate

reader (TECAN Sunrise™, Germany). The mean values

were estimated as a percentage of cell viability as follows:

(OD of treated cells/OD of control cells)×100. The IC50

value (the concentration that produces 50% inhibition of

cell growth) of each drug was calculated using dose

response curve-fitting models (Graph-Pad Prism software,

version 5).

Evaluation Of Drug Interaction

To assess the modulatory effect of SIM on the cytotoxicity

of TAM, the degree of interaction between the two drugs

was calculated using the combination index according to

the isobologram equation, according to Chou.21 The com-

bination index (CI)=1/1+2/2, where 1 and 2 signify the

respective concentrations of TAM and SIM used in com-

bination to produce a fixed level of inhibition, while 1 and

2 represent their concentrations that are alone able to

produce the same magnitude of effect. If the CI is <1,

the effect of combination is synergistic, or if it is equal to 1

or >1, the effect is additive or antagonistic.

Determination Of Lipid Peroxidation And Non-Protein

Reduced Thiols Content (Glutathione Content)

Cells were cultured in T75 flasks and treated with TAM,

SIM, and their combinations for 72 hours. Lipid peroxidation

products were determined by measuring malondialdehyde

(MDA) level in cell lysate using the method of MDA

content.22

Reduced glutathione (GSH) in the cell lysate was

determined according to the method of, it is based on the

reduction of Ellman’s reagent [5,5ʹ-dithio-bs-(2-nitroben-

zoic acid)] by SH groups to form 1 mole of 2-nitro-5-mer-

captobenzoic acid per mole of SH.23 The optical density

was measured at 412 nm against a reagent blank and the

results were expressed as μmol/mg protein.

Determination Of Superoxide Dismutase (SOD)

Activity And Nitrate/Nitrite (NOx) Content

Superoxide dismutase (SOD) activity was assayed using

a standard commercial SOD Assay kit (Sigma-Aldrich,

St. Louis, MO). Enzymatic activity was determined accord-

ing to the manufacturer’s instructions. The OD was read at

340 nm. The results were expressed in the form of U/mL.

Total nitrate/nitrite (NOx) was measured in the cell

culture media as stable end product, nitrite.According to

the method of Miranda et al,24 the assay is based on the

reduction of nitrate by vanadium trichloride combined with

detection by the acidic Griess reaction. The diazotization of

sulfanilic acid with nitrite at acidic pH is subsequent cou-

pling with N-(10-naphthyl) ethylenediamine to an intensely

colored product that is determined spectrophotometrically at

540 nm and expressed as nmol/mg protein

Determination Of Protein Concentration

Protein concentration was assessed in the medium and cell

lysate by using the Bradford method.25 The method is based

on the binding of Coomassie brilliant blue G-250 dye with

protein and forming a complex which can be detected

spectrophotometrically at 595 nm then the concentration

was determined using a standard calibration curve.

Determination Of Glucose Uptake And LDH Level

Glucose in media before and after treatment was determined

using a colorimetric assay kit (Randox, County Antrim, UK)

according to the manufacturer’s instructions. The OD was

read at 340 nm. The results were expressed as mg/dL.

LDH level was determined in cell culture supernatant

using a colorimetric assay kit (Randox) according to the

manufacturer’s instructions. The OD was read at 500 nm.

The results were expressed as U/L.

Determination Of The Enzymatic Activity Of

Caspase-3 And VEGF Level

Caspase-3 activity and VEGF level were measured in cell

culture supernatant using an ELISA kit (Sunlong Biotech,
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Hangzhou, China) according to the manufacturer’s proto-

col. The OD of each well was measured at 450 nm and the

results were expressed as pg/mL.

DeterminationOfmRNA ExpressionOf Bax And Bcl-2

The expression of Bax and bcl-2 in MCF-7 cells was quan-

tified using quantitative real-time PCR. Total RNA was

extracted from the control and treated with Trizol Reagent

(Invitrogen, Carlsbad, CA), and the quality and the quantity

of the RNA was determined using nanodrop (Thermo

Fisher, UK). Single-stranded RNAwas converted into com-

plementary DNA using cDNA Reverse Transcription Kit

(Applied Biosystems, Waltham, MA). Thermal cycling

was commenced using thermocycler (Biometra, Germany)

according to the following conditions: 25ºC for 10 minutes,

37ºC for 120 minutes, 85ºC for 5 minutes, and 4ºC for ∞.
Real-time PCR analysis was conducted using the thermo-

cycler Step One™ (Applied Biosystems). Each RT-reaction

served as a template in a 20 μL PCR reaction containing 0.2

μmol/L of each primer and SYBR green master mix

(Thermo Fisher Scientific, UK). Primer-set sequences are

described in Table 1. Real-time PCR reactions were per-

formed at 50ºC for 2 minutes, 95ºC for 10 minutes, followed

by 45 cycles at 95ºC for 15 minutes and 56ºC for 1 minute.

The mRNA levels of these genes were normalized to

GAPDH (ΔCT). The ΔCTwas calibrated against an average

of the control sample.

Annexin V Assay For The Assessment Of Apoptosis

MCF7 cells were plated (1x106 cells/well) in six-well

plates, allowed to attach overnight, and treated with

TAM or/and SIM for 72 hours of treatment. The adherent

and floating cells were collected, washed twice with (4°C)

PBS, and resuspended in 400 µL binding buffer. Annexin

V-FITC apoptosis detection kit (Beckman Coulter, Brea,

CA) was used as the manufacturer’s recommendation

using a Beckman Coulter Epics XL Flow Cytometer.

Determination of MMP-2 And 9 Activities By Gelatin

Zymography

MCF-7 cells were treated with TAM and/or SIM for 72

hours. Cells were harvested and protein concentrations of

each sample was determined by Bradford method. Briefly,

MMP-2 and MMP-9 enzymatic activities in collected med-

ium were determined by sodium dodecyl sulfate—polyacry-

lamide gel electrophoresis (SDS PAGE) gelatin

zymography.26 Gel was incubated for 15 minutes in the

renaturation buffer containing 2.5% Triton X-100 at room

temperature then it was incubated for 1 hour. The gel was

washed twice with water, then incubated overnight at 37°C in

developing buffer (50 mM Tris–HCl, pH 7.5, 0.2 M NaCl,

Triton-X 5 mL, and 5 mM CaCl2) and stained with

Coomassie brilliant blue R1 250 for 1 hour and de-stained

in a 10% methanol and 5% acetic acid solution. Enzyme

digested regions were observed as clear bands against a dark

blue background. Gel was scanned using an image Scanner

III LabScan6.0. To determine the mean intensity of each

band (mean pixel), the band densities were measured with

Scion Image Beta 4.0.2 (Scion Co., Frederick, MD) software.

Determination Of TAM Uptake Using Liquid

Chromatography-Tandem Mass Spectrometry

(LC/MS/MS) Analysis

To test if the addition of SIM affects the intracellular levels of

TAM, cells were seeded at a density of 2×104 cells/well in

24-well plates and left for 24 hours. Cells were incubated

with TAMalone andwith SIM,mediumwas then aspirated at

0, 2, 4, 6, 24, and 48 hours, centrifuged, and the supernatants

were used for assay. Two hundred microliters of the super-

natant were mixed thoroughly with 200 µL acetonitrile

(Alliance Bio, USA) and centrifuged at 1,400 rpm for 15

minutes at 4°C. The clear supernatant was injected into an

AB SCIEX LC/MS/MS system (AB SCIEX 3200 QTRAP,

Germany) adapting the method for TAM determination.27

The system is equipped with an electrospray ionization

(ESI) source and an Agilent 1260 affinity HPLC system,

consisting of a vacuum degasser, a binary pump, and an

autosampler to determine the concentration of TAM.

Analyst 1.5.2 software was used for data acquisition and

processing. The analytical column used was Agilent

Poroshell 120-C18 (50 mm×3 mm×2.7 µm, Agilent,

Germany) at 25°C. Themobile phase consists of 0.1% formic

acid/water (solvent A) and 0.1% formic acid/acetonitrile

Table 1 Oligonucleotides Used In The qPCR Analysis

GenBank Accession No. Forward Primer Reverse Primer Product

GAPDH J04038 GTGGAGTCCACTGGCGTCTT GCAAATGAGCCCAGCCTTC 106

BAX NM_004324.3 CCTTTTCTACTTTGCCAGCAAAC GAGGCCGTCCCAACCAC 122

BCL-2 NM_000633.2 ATGTGTGTGGAGAGCGTCAACC GCATCCCAGCCTCCGTTATC 136
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(solvent B), delivered at a flow rate of 0.5 mL/min. Mass

spectrometric analysis was performed in the positive ion

mode.

Immunohistochemical StainingOfNF-κB, Bax, And Bcl-2
For the detection of immunoreactive proteins in breast

cancer cells, MCF-7 was treated with 10 µM of TAM, 2

µM of SIM, and their combination, in addition to control

for 72 hours then cells were fixed with 4% paraformalde-

hyde and incubated for 30 minutes at room temperature in

blocking solution containing 5% bovine serum albumin in

Tris-buffered saline TBS. The cells were then incubated

overnight at 4°C with primary antibodies specific to

NF-κB, Bax, and bcl-2 (Abcam, Cambridge, UK) at

a concentration of 1 μg/mL. Thereafter, samples were

incubated at room temperature for 1 hour with goat anti-

rabbit secondary antibody, sections were then washed with

TBS and incubated in diaminobenzidine (DAB) solution

containing H2O2 and Counter stain was performed using

hematoxylin, and the slides were visualized using a digital

camera installed on a Leica DMLB2 light microscope

(Leica Microsystems, Germany).

In-Vivo Study
Determination Of Tumor Volume And Tumor Mass

Ehrlich carcinomas (EAC)-cells (2×106) were transplanted

subcutaneously in the right thigh of the lower limb mice.

Twenty-four mice with a palpable tumor mass (100 mm3)

that developed within 7 days after implantation were

divided into four groups each containing six animals.

Group I mice served as the control group. Group II animals

received TAM (2.5 mg/kg) by oral gavage.28 Group III mice

were given SIM (2 mg/kg) by oral gavage.29 Group IV mice

were treated by the combination of both TAM and SIM at

the pre-mentioned doses for a period of 8 days. The change

in tumor volume was measured every other day using

a Vernier caliper and calculated by the following formula.

Tumor volume (mm3) = 4(A/2)2 X (B/2)/3

where A and B denote the minor and the major tumor axis,

respectively. Mice were sacrificed on day 9, and tumors

were dissected and weighed.

Determination Of MDA, GSH, SOD Activity, And

NOx Level In Solid Tumor Tissue

Twenty-four hours after the last treatment, animals were

anesthetized by ketamine (100 mg/kg) (Keiran; EIMC

Pharmaceuticals Co., Cairo, Egypt), then sacrificed by

decapitation and the tumor was excised, weighed, and

then homogenized using a Branson sonifier (250, VWR

Scientific, Danbury, CT). The homogenates were centri-

fuged at 800 g for 5 minutes at 4°C to separate the nuclear

debris and then the supernatant was centrifuged again at

10,500 g for 20 minutes at 4°C. Levels of MDA, GSH,

SOD, and NOx were determined as previously described.

Histopathological Study

The samples were fixed in 10% neutral buffered formalin,

dehydrated through alcohols, cleared in xylene, and then

embedded in paraffin wax. Sections (5 mm thick) were

stained with haematoxylin and eosin.

Immunohistochemical DetectionOf TNF-αAndNF-κB
Paraffin embedded EAC sections were first rehydrated in

xylene and then in graded ethanol solutions. Primary anti-

bodies specific to NF-κB and TNF-α (Abcam, Cambridge,

UK) at a concentration of 1 μg/mL antibodies were used

and thereafter processed as detailed above.

Statistical Analysis
Differences between obtained values (mean±SD) were

carried out by one-way analysis of variance (ANOVA)

followed by the Tukey–Kramer multiple comparison test.

ANOVA with repeated and mixed model followed by

Bonferroni test for adjustment for multiple comparisons

was used for comparison between the two groups in TAM

uptake. A value of 0.05 or less was taken as a criterion for

a statistically significant difference.

Results
TAM, SIM, And Their Combination

Inhibited Cellular Proliferation Of Breast

Cancer Cell Lines MCF-7
Treatment of TAM for 72 hours produced a decrease in cell

survival in breast cancer cell lines with IC 50 of 20 µM in

MCF-7 (Figure 1A). On the other hand, the IC50 values of

SIMwere 2.05 μM inMCF-7 (Figure 1B). Our results showed

that the most effective concentration of SIM that impeded the

cell viability in the cell lines was 2 μM. Therefore, the follow-

ing regimen (10 μM TAM with 2 μM SIM) for MCF-7 were

used for all the following studies (Figure 1C).

The Combination Regimen Of TAM And

SIM Was Antagonistic In MCF-7 Cells
An evaluation of the drug interaction was carried out using

the isobologram analysis. An antagonistic drug interaction
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of 10 µM TAM and 2 µM SIM was detected in MCF-7

with combination index, CI=1.18 (Figure 1D).

The Combination Regimen Was Able To

Hinder The Oxidative Stress And

Improve The Drop-In Antioxidant

Markers In MCF-7 Cell Line
Treatment of TAM significantly increased the MDA

level (Figure 2A) accompanied by significant reduction

in the GSH content and SOD in MCF-7 breast cancer

cell lines (Figures 2C and D). On the other hand, SIM

alone showed a significant decrease in MDA (Figure

2A), accompanied with an increase in GSH and SOD

activity in MCF-7 compared to control (Figures 2C and

D). The combination of SIM and TAM produced sig-

nificant inhibition in the MDA and NOx level by 49.2%

and 23.1%, respectively, compared to TAM-treated cells

in MCF-7 (Figures 2A and B). The addition of SIM to

TAM increased significantly, the GSH content by

253.8% and SOD activity by 53.7% compared to TAM

treated cells (Figures 2C and D) in MFC-7cells.

SIM Decreased Significantly The Glucose

Uptake And LDH Induced By TAM In

MCF-7 Cell Line
Treatment of MCF-7 with TAM alone decreased the

glucose consumption of MCF-7 cells, while treatment

A B

C D

Figure 1 Cytotoxicity of treatment of TAM, SIM, and their combinations in MCF-7 breast cancer cell line after 72 hours. Surviving fraction of MCF-7 treated with different

concentrations of TAM (A). Surviving fractions of MCF-7 treated with different concentrations of SIM (B). Combined cytotoxicity effect of 10 μM TAM and different

concentrations of SIM (0.5–2.5 μM) in MCF-7 cells (C). Isobologram analysis of combination of TAM and SIM in MCF-7 cell line (D). Values are the means±SD of three

independent experiments performed in triplicate. Statistical significance of results was analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. (a)

Significantly different from the control group and (b) significantly different from the TAM-treated group at P˂0.05.
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Figure 2 Effect of treatment of TAM, SIM, and their combinations on oxidative stress markers, glucose uptake, and lactate dehydrogenase (LDH) in MCF-7 cells. MDA in

MCF-7 cell line (A), NO in MCF-7 (B), GSH level in MCF-7 cell line (C), SOD in MCF-7 cell line (D). Glucose uptake (E), LDH level in media (F). Data were expressed as

means±SD of three independent experiments. Statistical significance of results was analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. (a)

Significantly different from the control group, (b) significantly different from TAM, and (c) significantly different from SIM at P˂0.05.
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with SIM produced an insignificant difference from

untreated controls. Moreover, the combination of SIM

and TAM produced a significant decrease in glucose

uptake compared to the untreated control and TAM

treated groups (Figure 2E).

TAM alone significantly increased the released LDH

level in the media in the breast cancer cell line compared

to vehicle-treated cells. However, treatment with SIM sig-

nificantly decreased LDH compared to control. The com-

bination of TAM and SIM significantly decreased the LDH

level by 17.8% in MCF-7 cells when compared to the

TAM-treated group (Figure 2F).

The Combination Regimen Significantly

Inhibited Bax, Bcl2 MRNA Expression, And

Caspase-3 Activity In The MCF-7 Cell Line
Either TAM or SIM individually significantly increased

the expression of Bax and bcl-2 compared to control.

On the other hand, the combination regimen of TAM

and SIM caused a significant decrease in Bax and bcl-2

and nonsignificant Bax/bcl-2 compared to TAM

(Figures 3A and B). Treatment of MCF-7 cells with

TAM produced a significant decrease in caspase-3 activ-

ity by 3.2% compared to control, while its combination

Figure 3 Effect of treatment of TAM, SIM, and their combinations of mRNA expression of Bax, bcl-2, Bax/bcl-2 ratio, and caspase 3 activity in MCF-7 cells. Bax expression

(A), bcl-2 expression (B), Bax/bcl-2 ratio (C), Caspase 3 activity (D). Results are expressed as means±SD of two independent experiments performed in duplicate. Statistical

significance of results was analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. (a) Significantly different from the control group, (b) significantly

different from TAM, and (c) significantly different from SIM at P˂0.05.
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with SIM resulted in a significant decrease by 37.7% as

compared to the TAM treated group (Figure 3D).

Furthermore, SIM significantly increased caspase-3

activity by 11.9% in MCF-7 cells compared to the

TAM treated group (Figure 3D).

The Combination Regimen Significantly

Decreased The Total Apoptosis Ratio

Compared To TAM
Figure 4 shows the scatterplots and total apoptosis ratio

(early and late apoptosis) for untreated MCF-7 cells, cells

treated with TAM, cells treated with SIM, and cells treated

with both drugs using flow cytometry. Treatment of TAM

alone showed a significant increase in total apoptotic ratio,

reaching 12.3% cell death. While SIM resulted in

a significant increase (11.1%) in the apoptotic ratio. On

the other hand, treatment of both TAM and SIM produced

a significant decrease in apoptotic ratio (9.45%) compared

to TAM.

Protein Expression Of Bcl- 2, Bax, And

NF-κB, By Immunohistochemically
TAM increased MRNA expression of bcl-2, Bax, and the

ratio of Bax/bcl-2 compared to control. In addition, SIM

alone increased bcl-2 and Bax while there was an insig-

nificant difference of Bax/bcl-2 compared to control. The

combination treatment of TAM and SIM produced an

insignificant change in Bax/bcl-2 ratio compared to the

TAM treated group.

The protein expression of bcl-2 increased in TAM (++)

and SIM (+) treated cells, while the expression of Bax was

increased (+) in TAM and SIM (0) treated MCF-7. The

combination treatment produced a significant decrease in

both bcl-2 or Bax relative to TAM. Examination of MCF-7

cells showed strongly positive staining for NF-κB in the

TAM treated group (+++), while SIM and the combination

regimen showed weak staining (+) (Figure 5).

The Combination Regimen Inhibited

MMP-2 And 9, And VEGF In MCF7 Breast

Cancer Cell Line
Either TAM or SIM treatment increased activity of

MMP-2 and 9 in the MCF-7 cell line. However, the

combination of SIM and TAM inhibited the activity of

MMPs compared to TAM treated cells of the cell line

(Figure 6A).

Incubation of MCF-7 cells with TAM significantly

decreased in the level of VEGF by 82.2% compared to

the control treated group. SIM alone caused a significant

decrease in VEGF by 20%, while a combination with

TAM produced a significant decrease compared to the

TAM treated group (Figure 6B).
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Figure 4 Effect of treatment of TAM, SIM, and their combinations on total apoptotic ratio using flow cytometry in MCF-7 cells. Flow cytometry scatterplots for (A) control,

(B) TAM, (C) SIM, (D) combination, and (E) quantitative analysis of the total apoptosis rate. Results are expressed as means±SD of two independent experiments

performed in duplicate. Statistical significance of results was analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. (a) Significantly different from the

control group, (b) significantly different from TAM, and (c) significantly different from SIM at P˂0.05.
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SIM Did Not Affect Cellular Uptake Of

TAM In The Breast Cancer Cell Line
By studying the effect of time, a significant increase in

TAM uptake was shown in both TAM & TAM+SIM

treated groups up to 24 hours followed by a significant

drop at 48 hours in the MCF-7 cell line (P=0.013)

(Figure 7). By studying group interaction, although

MCF-7 showed higher levels of TAM in the TAM

+SIM group from 2 hours up to 24 hours (significant

only at 2 (P=0.012) and 6 hours (P=<0.001)), yet at 48
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Figure 5 Effect of TAM, SIM, and their combinations on the expression levels of NF-κB, Bax, and bcl-2 in MCF-7 cell lines. Immunohistochemical staining of NF-κB of

control non-treated group (A), TAM treated group (B), SIM treated group (C), and combination treated group(D). Immunohistochemical staining of Bax for control

group (E), TAM treated group (F), SIM treated group (G), and combination treated group (H). Immunohistochemical staining of bcl-2 for control group (I), TAM treated

group (J), SIM treated group (K), and combination group (L) (x160).
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hours a significant increase was shown in the TAM

group as compared to TAM+SIM (P=<0.001), but the

P-value for interaction was non-significant borderline

(p=0.09) (Figure 7).

In Vivo Result
In Vivo, SIM Did Not Significantly Reduce Tumor

Volume Induced By TAM

The volume of solid tumor was decreased by 59% in the

TAM treated group compared to the control group; how-

ever, the SIM treated group and the combination regimen

treated group were not significantly different from the

effect of the TAM treated group (Figure 8).

In Vivo, SIM Significantly Decreased The Oxidative

Stress Of TAM

TAM increased significantly MDA and NOx accompanied

by a significant decrease in GSH and SOD activity.

Compared to the TAM treated group, the combination

treatment caused a significant decrease in the level of

MDA by 30%, and NOx by 11.9%, while there was an

increase in SOD activity by 15.6% (Figure 9).

Immunohistochemical Results

Histopathological examination of the mouse solid tumor in

all the studied groups showed necrosis and apoptosis as

presented in solid EAC tumor of control mice (A). EAC

tumor-bearing mice treated with TAM (2.5 mg/kg) show-

ing severe necrosis and apoptosis (B), SIM (2 mg/kg) (C),

and combinations treated (TAM+SIM) showing moderate

necrosis and apoptosis (D) (Figure 10). All the treatment
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Figure 6 Effect of treatment of TAM, SIM, and their combinations on the levels of VEGF and MMP-2 and 9 using gelatin zymography on MCF-7 cells. MMP-2 and 9

represented as a percentage of control (A), Level of VEGF (B), the analysis of image was done by image j software. The results are expressed as the mean±SD of two

separate experiments. Statistical significance of the result was analyzed by one-way ANOVA followed by Tukey multiple comparison test. (a) Significantly different from its

respective control, (b) significantly different from TAM, and (c) significantly different from SIM at P˂0.05.

Figure 7 Effect of treatment of SIM on cellular uptake of TAM after different time

intervals in the MCF-7 cell line. The results are expressed as the mean±SD of two

separate experiments performed in duplicate. Statistical significance of the result

was analyzed by ANOVA with repeated and mixed model followed by Bonferroni

test for adjustment for multiple comparisons was used for comparison between

two groups in TAM uptake. A value of 0.05 or less was taken as a criterion for

a statistically significant difference.
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regimens lowered the level of TNF-α expression to differ-

ent extent when compared to the control group. Moreover,

in TAM and the combination treated groups, the expres-

sion of NF-κB was less than SIM treatment alone, as

shown in Figure 11.

Discussion
Tamoxifen is typically prescribed as an adjuvant therapy

for primary ER+ breast cancer and neoadjuvant endocrine

therapy for selected patients with hormonal-locally

advanced breast cancer.30 The results of this study showed

that TAM treatment inhibited cellular proliferation, by

a significant increase in ROS, and LDH leakage in

MCF-7. TAM has an anti-proliferative effect mediated by

inhibiting the activities of estrogen and/or by estrogen-

independent manners.31 The increase in oxidative stress

was suggested as a prerequisite leading to cell death, and

the reduction in antioxidant activity sensitizes the cells to

ROS-induced cell death.32 Moreover, the leakage of LDH

into the culture medium is a well-known indicator of

necrotic cell death or damage to the cell membrane

of BC cells treated with TAM.33 Our results registered

a significant decrease in apoptotic cell death manifested

by a decrease in caspase-3 activity and overexpression of

bcl-2 was recorded by TAM. It was disclosed that cells

with deficient caspase−3, such as MCF-7, can undergo

apoptosis.34 A form of programmed necrosis, called

necroptosis or inflammatory cell death, has been recog-

nized in a caspase-independent fashion as an alternative

form of programmed cell death. This modality of cell

death can be either triggered independently of apoptosis

or engaged under conditions of caspase inhibition.35 Both

necroptosis and necrosis can serve as a cell-death backup

to apoptosis when the apoptosis signaling is blocked by

endogenous or exogenous factors. Moreover, cancer cells

may depend on bcl-2, or related members to prevent

apoptosis that may modulate the sensitivity of BC cells.36

The enhanced glucose uptake is a well-known meta-

bolic hallmark of cancer cells.37 Data of the present study

displayed a decrease in glucose consumption, VEGF, and

NF-κB, while an increase in MMP2 & 9 in MCF-7 cells by

TAM was documented. Similar to our results, tamoxifen

decreased the rate of glucose consumption through inhibi-

tion of glycolysis in MCF-7 by inhibiting estrogen-

induced expression of glucose transporter-1.38 In addition,

TAM decreases glucose uptake and causes a significant

increase in glycated hemoglobin HbA1c in C57BL/6NTac

mice.39 In addition, VEGF and MMPs are critical markers

in malignant tumors for angiogenesis and metastases.40

TAM was reported to decrease angiogenic and metastatic

potential by diminished VEGF release.41 TAM was found

to significantly increased MMP-2/MMP-9 activity and

endostatin levels in human BC, suggesting a possible

role of MMP modulation associated with a generation of

anti-angiogenic fragments in the therapeutic effect of TAM

in BC.42,43 It was suggested that inhibition of NF-κB may

be an effective treatment strategy to limit the progression

of BC and development of resistance via activation of the

PI3K/Akt signaling pathway.44

Statins, the 3-hydroxy-3-methylglutaryl (HMG)–CoA

reductase inhibitors, reduce not only serum cholesterol

levels but also mevalonate synthesis. Mevalonate is

a precursor of several major products regulating the cell

cycle, signal transduction of several membrane proteins

involved in cell proliferation, differentiation, and

apoptosis.12,45 Our results showed that treatment of

MCF-7 cells with SIM significantly decreased the cell

survival accompanied with a significant increase in

Figure 8 Effect of TAM (2.5 mg/kg), SIM (2 mg/kg), and their combination on tumor

volume of EAC-bearing mice. Values were given as mean±SD of n=6. Statistical

significance of the result was analyzed by one-way ANOVA followed by Tukey

multiple comparison test.(a) Significantly different from the control group at P˂0.05.
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caspase-3, and LDH leakage while it inhibited oxidative

stress markers. Similarly, SIM was reported to increase the

apoptotic markers by blocking cell proliferation in the G0/

G1 phase, low expression of Ki 67, and by an increase in

the protein tyrosine phosphorylation leading to

apoptosis.45,46 Also, SIM induced inhibition in breast can-

cer cells due to apoptosis via involvement of JNK inde-

pendent of their ER or p53 expression status and necrotic

cell death.47 In addition, SIM downregulates the retino-

blastoma (RB) signals and alters the expression of cyclin

D1, p27, and MCM7 and upregulates γ H2AX, leading to

DNA damage in TAM resistant breast cancer cells by.16

Moreover, SIM reduces breast cancer cell proliferation by

deactivating NF-κB, inhibiting the expression of the anti-

apoptotic protein bcl-xl, while increasing transcription of

phosphatase and tensin homolog (PTEN), especially in cell

lines with constitutively active RAS or overexpressed

HER2.48,49 In accordance with our results, Taha et al50

described a significant increase in LDH release when

C2C12 cells were exposed to statins. It was documented

that SIM increases the cellular defense against ROS and

reduces ischemia–reperfusion-evoked LDH release

through its antioxidant effect.51,52 In addition, statin treat-

ment induced SOD and catalase activities in triple negative

breast cancer (TNBC) cells.53 Moreover it was demon-

strated that statins influenced disease free survival for

inflammatory breast cancer (IBC) patients.54 Contrary to

our results SIM caused the formation of superoxide, impli-

cating oxidative stress as a contributing factor in their

cytotoxic activity.47 Our data showed that, compared to
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Figure 9 Effect of TAM, SIM, and their combinations on oxidative stress markers of solid EAC of mice. MDA (A), GSH (B), SOD (C), and NOx (D). Results are expressed

as means±SD of tumor volume from six mice. Statistical significance of the result was analyzed by one-way ANOVA followed by Tukey multiple comparison test. (a)

Significantly different from the control group, (b) significantly different from the TAM group, and (c) significantly different from SIM, at P˂0.05.
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the TAM treated group, SIM did not affect glucose con-

sumption, while it decreased, NF-κB, MMP2 & 9, and

VEGV of MCF-7 cells. In clinical trials, statin was found

to impair cellular glucose uptake and induce

hyperglycemia.55 Malenda et al56 indicated that statins

could effectively inhibit glucose uptake by tumor cells,

thereby impairing adaptation of tumor cells to microenvir-

onmental conditions associated with tumor progression. It

was suggested that the statin inhibited invasion and metas-

tasis in the aggressive BC cell line MDA-MB 231 via

blockade of the mevalonate pathway, and inhibition of

both MMP-2 and MMP-9.57

The present data revealed that treatment of MCF-7 with

combination of SIM and TAM resulted in antagonistic drug

interaction. This antagonistic effect was in harmony with the

detected decrease in apoptotic markers, mainly caspase 3

activity, and the decrease in the protein expression of Bax

and bcl-2 compared to TAM-treated cells. Also in vivo study

displayed that the administration of the combination of TAM

and SIM resulted in an insignificant decrease in the tumor

A

C

B

D

Figure 10 Photomicrographs of solid tumor of EAC. Sections stained by H&E (x40). Sections taken from solid EAC tumor of control mice showing mild necrosis and

apoptosis (A), sections taken from solid EAC tumor-bearing mice treated with TAM (2.5 mg/kg) showing severe necrosis and apoptosis (B), SIM (2 mg/kg) (C), and

combinations (TAM+SIM) showing moderate necrosis and apoptosis (D).
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volume compared toTAMtreatedmice.On the other hand, and

contrary to our results, the combination of exemestane (an

aromatase inhibitor) and simvastatin generated synergistic

effects on MCF-7 ER+ breast cancer cells.58 Also, SIM in

combination with doxorubicin suppress the prosurvival

ERK1/2 pathway in a Ca2+independent and Ca2+ dependent

manner.59,60 Moreover, Liang et al61 found that the combina-

tion of SIM and TAM suppressed the growth, induced apop-

tosis, and inhibited xenograft growth and subsequently

inducing DNA damage in TAM-resistant breast cancer cells.

The authors concluded that the antitumor effect of SIM might

be contributed to mechanism dependent of blocking of the

hormonal receptor. The controversy between the results of

our study and the previous ones may be due to either differ-

ences in the drug in combination with TAM or in the cell line

type. In the first two studies, the authors used exemestane,58 an

aromatase inhibitor, or doxorubicin59 that are of different

classes and mechanisms from TAM. In the study of Liang

et al,61 the cell line was TAM resistant MCF-7, which is

biologically and metabolically different from the TAM-

sensitive one. It was reported that statins have an impact on

the outcomes of patients with aggressive triple negative breast

cancer.62 Breast cancer cells differ in their individual sensitiv-

ity to SIM, ER+ breast cancer cell lines, MCF-7, and T47 D,

had marginal cytotoxicity compared to 60% in the triple nega-

tive MDA-MB-231 and MDA-MB-468 breast cells. There

was upregulation of cholesterol limiting enzyme, HMGCR

mRNA, and protein expression by up to 6-fold in the statin-

resistant cells lines MCF7 and T47D, but no alteration of

HMGCR was detected in the statin-sensitive MDA-MB-231

and MDA-MB-468 cells.63 SIM can induce cleavage of the

sterol-regulatory element-binding protein (SREBP)-2,

a transcriptional activator of the HMGCR, in T47D and

MCF-7 cells leading to its resistance.64 Moreover, in parallel

to the increase in HMGCR, SIM significantly upregulates the

expression of oncogene SND1 mRNA in hepatoma cells that

interact with the genomic DNA leading to modulation of cell

growth, oncogenic transformation, viral infection, and meta-

bolic regulation.65 Moreover, statin may interfere with the

antiestrogenic effect of TAM and activates estrogen receptor

α (ERα) and therefore induces potential disruption of normal

endocrine function. It was uncovered that activation of

TNF-α NF- kB
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Figure 11 Effect of treatment of TAM, SIM, and their combinations on TNF-α and NF-κB expression in EAC solid tumor. Immunohistochemical staining of TNF-α in EAC

solid tumor sections (x40) control (A), TAM (2.5 mg/kg) (B), SIM (2 mg/kg) (C), and combination (D). Immunohistochemical staining of NF-κB in EAC solid tumor sections

(x40). Control (E), TAM (2.5 mg/kg) (F), SIM (2 mg/kg) (G), and combination (H).
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estrogen receptor α (ERα) enhances the in vitro proliferation,

invasion, and migration of neuroblastoma cells.66 SIM

increases estrogen receptor-alpha (ER-α) protein levels in

murine bonemarrow stromal cells.67 Therefore, the differences

in drug interaction between the different cell lines could be

attributed to the differences in biological functions, the proteins

involved in cell growth stimulation, anti-apoptosis mechan-

isms, and carcinogenesis between the different cell lines. Our

data showed that SIM in combination with TAM succeeded in

decreasing the oxidative stress, VEGF, MPP2 & 9, and LDH

leakage-induced by TAM. In addition, the treatment of mice

bearing EAC by the combination of TAMwith SIM resulted in

a significant decrease in MDA, TNF-α, NF-κB, and VEGF

compared to the TAM treatment group. SIM was reported to

have an antioxidant effect; it decreased free radical production

and increased the level of glutathione content.53 However,

Malenda et al56 and Nowis et al55 found statins impair glucose

uptake in tumor cells by inducing cholesterol dependent con-

formational changes in GLUTs.

The vascular endothelial growth factor is one of the impor-

tant angiogenic factors secreted by the tumor cells, which

stimulates tumor neo-angiogenesis and vascular

permeability.40 Recently, it has been recognized that urokinase

plasminogen activator is one of the key regulators of the

metastatic processes related to human cancer. It cleaves and

activates the matrix metalloproteinases (MMPs) that break

down the extracellular matrix (ECM) of cancer cells and, in

turn, promote the invasion and migration of human cancers.68

Our results are in agreement with Wang et al 51 and Coimbra

et al57, who found that statins inhibited angiogenesis and have

a direct effect on tumor AMP kinase signaling, which impedes

downstream hypoxia-inducible factor-1α (HIF-1α)-induced

angiogenesis.52 Matrix metalloproteinases (MMPs) play sig-

nificant roles in tumor growth, and metastasis by degradation

of collagen and other extracellular matrix components.69 SIM

inhibited MMP-9 expression in osteoblastic cells and HT1080

fibrosarcoma cells.70 In addition, Kang et al71reported that

SIM down-regulates H-Ras-induced MMP-9 expression and

suppressed MMP-9 but not MMP-2 expression in human

leukemia U937 and KU812 cells.72

In conclusion, the combination regimen of TAM and

SIM showed antagonistic drug interaction in MCF-7 breast

cancer cells and an insignificant change in tumor volume

of mice bearing EAC model. However, it displayed

a favorable effect against angiogenesis, metastasis, and

inflammation both in vitro and in vivo. No doubt that

further studies are required to confirm these results in

preclinical and clinical settings.
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