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Purpose: Female breast cancer is the most prevalent cancer worldwide. Emerging evidence 
shows that simvastatin (SIM) has promising anticancer activities. However, the underlying 
mechanisms are not fully elucidated. Increasing reports imply statins can modulate ferroptosis 
through disrupting reactive oxygen species (ROS) and glutathione peroxidase enzyme (GPX4) 
levels. However, whether ferroptosis contributes to SIM anticancer activity, especially regarding 
GPX4 is unclear. Moreover, poor aqueous SIM solubility hinders its delivery in adequate levels 
to tumor sites. Meanwhile, cubosomes are biocompatible nanocarriers that enhance lipophilic 
drug delivery. Therefore, in this study, we formulated a novel SIM-loaded cubosome (SIM-CB) 
and analyzed its cytotoxic activity on MCF-7 cancer cells in comparison with free SIM.
Methods: The present study tested the cytotoxic activity of SIM-CB on MCF-7 cells, in 
comparison with SIM using sulphorhodamine assay. We analyzed SIM-CB effect on apop-
tosis and cell cycle using flowcytometry, and investigated its effect on Bcl-2, caspase 3, 
ROS, reduced glutathione (GSH), lipid peroxides and GPX4 enzyme. Finally, we tested the 
persistence of SIM-CB apoptosis and ferroptosis activities on MCF-7 cells in presence of 
vitamin E, a potent antioxidant and ferroptosis inhibitor.
Results: SIM-CB was successfully formulated at the nano size. SIM-CB significantly 
increased simvastatin therapeutic activity, with IC50 of SIM-CB 52% lower than SIM. 95% 
CI [1.8, 2.7], SD = 0.34 for SIM-CB, and [4.1, 5.2], SD = 0.45 for SIM. Compared with free 
SIM, SIM-CB doubled total deaths and increased apoptosis (p < 0.05). Moreover, SIM-CB 
remarkably increased caspase-3, ROS, and lipid peroxide levels but decreased antiapoptotic 
Bcl-2 protein, GSH, and GPX4 compared with free SIM. Notably, SIM-CB elicited a high 
distinguished resistance against the inhibitory effects of vitamin E.
Conclusion: To the best of our knowledge, this study is the first to present SIM-CB as 
a promising means to enhancing the therapeutic potential of simvastatin against breast cancer 
cells, through potentiating both apoptosis and ferroptosis.
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Introduction
Female breast cancer is the most prevalent cancer type and one of the top three deadliest 
cancers worldwide.1 Despite the remarkable progress in breast cancer treatment, 
considerable number of cases still suffer from prompt recurrence, poor prognosis and 
metastasis.2 Therefore, extensive efforts are ongoing to integrate novel agents that can 

Correspondence: Nermeen Z Abuelezz  
Biochemistry Department, College of 
Pharmaceutical Sciences and Drug 
Manufacturing, Misr University for 
Science and Technology, Giza, Egypt  
Tel +20 1005677429  
Email nermeenzak01@gmail.com

Breast Cancer: Targets and Therapy 2021:13 675–689                                                       675
© 2021 Elakkad et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Breast Cancer: Targets and Therapy                                                     Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 6 September 2021
Accepted: 29 November 2021
Published: 14 December 2021

http://orcid.org/0000-0002-7775-2281
mailto:nermeenzak01@gmail.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


tackle these challenges. Statins are drugs widely used to 
control hypercholesterolemia, through inhibiting the rate 
limiting (HMG-COA reductase step) of cholesterol synth-
esis. Recent studies spot the distinguished potential of lipo-
philic statins, against different cancer types.3,4 In agreement, 
simvastatin (SIM) use is reported to decrease the risk of 
breast cancer progression to higher stages.5,6 While other 
basic studies reveal that SIM potentiates the cytotoxic effects 
of anticancer drugs against MCF-7 cells.7 The cytotoxic 
potential of SIM has been explained mostly by its ability to 
induce apoptosis and modulate protein cascades that regulate 
the apoptotic pathway in tumor cells.8–10 However, to date, 
the mechanisms underlying SIM cytotoxic activity are not 
fully clarified. Ferroptosis is currently emerging as 
a significant type of programmed cell death that encounters 
cancer progression and possible anticancer activity.11 Where, 
on the molecular level, the proper levels and functionality of 
reduced glutathione (GSH) and subcellular phospholipid 
hydroperoxide glutathione peroxidase (GPX4) enzyme are 
the core of keeping ferroptosis in check. Whereas ferroptosis 
inducers act to reduce or destabilize GPX4 enzyme and 
deplete GSH stores.12 Such changes consequently enhance 
the membranous lipid peroxidation and cause the accumula-
tion of reactive oxygen species (ROS), which elevate ferrous 
ion oxidation (Fe2+), eventually increasing ferroptosis.13 

Increasing evidence strongly suggests the ferroptotic poten-
tial of lipophilic statins through inhibiting mevalonate path-
way and increasing cellular lipid peroxidation.14,15 

Remarkably, the upregulation of mevalonate pathway is 
repeatedly reported in breast cancer.16,17 Therefore, given 
these observations, modulating ferroptosis can constitute an 
additional potent mechanism for the anticancer activity of 
simvastatin. However, to date, limited data are available 
about the effect of SIM on GPX4 level in breast cancer, 
and whether this probable ferroptosis activity contributes to 
the anticancer potential of SIM against breast cancer. 
Additionally, to exert an anticancer activity, a high dose of 
statins is often needed. However, the poor aqueous solubility 
and rapid elimination of oral free SIM often hinders its 
proper delivery to the tumor sites in adequate concentrations 
and also decreases its bioavailability.18,19

In this regard, the incorporation of poor water-soluble 
drugs in nano vesicular structures presents an innovative way 
to enhance the delivery and efficacy of lipophilic anticancer 
drugs, while reducing their side effects, controlling their 
release and increasing their bioavailability.20,21 Non-lamellar 
liquid crystalline lipid phase (LCP) nanoparticles like cubo-
somes, have multiple advantages over planner structures and 

liposomes in this aspect. Cubosomes provide larger membrane 
surface area to nanoparticle volume and therefore permit high 
loading capacity of drugs due to their enormous lipid-water 
interface which increases the delivered dose and bioavailabil-
ity of lipophilic drugs.22 Cubosomes are also less viscous 
suspensions, which makes ease their handling and delivery 
to the appropriate tumor sites. Among lipid nanoparticles, 
cubosomes have a distinguished ability to release the loaded 
drugs in a controlled and a sustained release pattern. 
Compared with liposomes, cubosomes exert a higher stability 
and a larger ratio of bilayer area to particle volume, which 
facilitates the interaction with the lipid bilayer structure of 
cells.23 Interestingly, cubosomes maintain a stable three- 
dimensional structure under a range of physiologically rele-
vant conditions which provide a highly efficient penetration 
power in cancerous cells.24 Therefore, in the present study, we 
formulated a novel biocompatible SIM-loaded cubosome 
nanoparticle (SIM-CB), in attempt to enhance the anticancer 
potential of SIM, and maximize the advantage of SIM lipo-
philicity as a promising ferroptosis inducer. Secondly, we 
analyzed the apoptosis and ferroptosis activity of both free 
simvastatin (SIM) and the formulated SIM-CB on MCF-7 
breast cancer adenoma cells. Finally, we investigated the per-
sistence of apoptotic and ferroptotic activities of SIM and 
SIM-CB in the presence of vitamin E which is a potent anti-
oxidant and a ferroptosis inhibitor.25–27 Clarifying the cyto-
toxic properties of SIM-loaded cubosome may consequently 
provide a good opportunity to further optimize the off-label 
activity of SIM-CB as a promising systemic (intravenous) 
anticancer agent against persistent breast cancer.

Materials and Methods
Chemicals
Simvastatin was a kind gift from Amriya Pharmaceutical 
Company (Egypt). Glyceryl mono oleate (GMO) and 
Pluronic F127 were obtained from Sigma Aldrich 
Chemie GmbH, (Switzerland). Deionized water was 
obtained from Arab Company for Pharmaceutical and 
Medicinal plants (MEPACO-MEDIFOOD, Egypt). 
Absolute ethyl alcohol, methyl alcohol, potassium dihy-
drogen phosphate and disodium hydrogen phosphate were 
obtained from El Nasr Pharmaceutical Chemicals (Egypt). 
All used chemicals were of analytical grade.

Cell Line
Human breast carcinoma cell line MCF-7 was obtained 
from American Type Culture Collection (ATCC, Chicago, 
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IL, USA) and cultured using Dulbecco’s modified Eagle’s 
medium (DMEM) with glutamine (Lonza, EU), supple-
mented with 10% heat-inactivated fetal bovine serum 
(FBS) (Lonza, EU) and 1% Penicillin-Streptomycin 
(Lonza, EU). Cells were maintained in humidified, 5% 
CO2 at 37°C and passaged upon reaching 70–80% con-
fluency, using a mixture of 0.25% Trypsin- 0.53 mM 
EDTA (Lonza, E.U.). Cultured cells at third to fifth pas-
sages were used for analysis.

Formulation of Simvastatin Cubosome 
Nano Dispersion (SIM-CB)
Cubosomes were prepared with reference to the established 
method,28,29 using glyceryl monooleate (GMO) as the struc-
ture-forming lipid and Pluronic F127 as the emulsifier and 
surfactant stabilizing the cubosome dispersion. For breast 
cancer cells, a formula of size less than 200 nm, high drug 
entrapment efficiency, high zeta potential and homogenous 
mono dispersion of polydispersity index (PDI) less than 0.3 
would constitute preferable criteria.30,31 Accordingly, differ-
ent ratios of GMO to Pluronic F 127 (W:W) were tried to 

reach the targeted criteria. GMO and Pluronic F127 were 
mixed and molten using magnetic stirrer hot plate at 60°C. 
For drug encapsulation, simvastatin was added to the molten 
mixture of lipid and surfactant to give a 0.5% (w/w) concen-
tration in all tried formulas and stirred continuously until 
complete dissolution. The lipid phase was then dispersed in 
deionized water preheated at 60°C in drop wise manner with 
continuous stirring. The dispersion was maintained under 
stirring at room temperature for 2 hours to solidify the lipid 
droplets. The dispersion was then homogenized at 
13,000 rpm for 1 min. using homogenizer (GLH850, Omni 
Inc, USA.) and the nano-formulation was finally stored at 
4°C in glass vials. A Flowchart of the formulation steps and 
choice of the best prepared formula is illustrated in Figure 1.

Characterization of the Formulated 
Simvastatin Cubosome (SIM-CB)
Particle Size and Zeta Potential Measurements
Mean diameter, Zeta potential and polydispersity index 
(PDI) (size range of particles) of the cubosomal dispersion 
were determined using Malvern Zetasizer (Malvern 

Figure 1 Flowchart of nano cubosome formulation steps and choice of the best prepared formula.
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Instruments Ltd., UK). Samples were diluted (10-fold) 
with deionized water and measured at 25±0.5°C. The 
results were reported as the mean of three determinations.

Transmission Electron Microscope Examination
Morphological examination of the formulated (SIM-CB) 
was performed using transmission electron microscope 
(TEM) (JEM-1230, JOEL, USA). A droplet of cubosomes 
dispersion was placed on a carbon-coated copper grid, and 
the excess fluid was removed by an absorbent filter paper. 
The samples were stained with 1% sodium phospho tung-
state solution. After removing the excess stain, the stained 
sample was dried and studied using TEM.

Fourier-Transform IR Spectroscopy (FT-IR)
Physical loading of SIM into cubosome was confirmed 
using (FTIR) spectroscopy (Shimadzu, Japan). Samples 
were prepared in potassium bromide (KBr) discs. IR spec-
tra for free simvastatin (SIM) and Simvastatin-loaded 
cubosome (SIM-CB) were obtained in the spectral region 
450–4000 cm−1.

Determination of the Drug Content
1 mL of (SIM-CB) dispersion was diluted with 9 mL 
methanol. The solution was sonicated for 2 min. and 
filtered through 0.45 μm syringe filter, followed by dilu-
tion and analysis at wavelength of 238 nm using UV- 
visible spectrophotometer (Shimadzu UV-1700, Japan). 
The experiments were performed in triplicates and the 
mean was considered.

Drug content = (amount of drug obtained/amount of 
drug added) ×100.32

Entrapment Efficiency (EE %)
Estimation of Free Drug 
The free amount of SIM was estimated by placing 1mL 
dispersion in a dialysis bag (cellulose membrane: average 
flat width 9 mm (0.35 inch; Sigma, USA)) which was tied 
and placed in 100 mL of phosphate buffer (pH 7.4): 
ethanol (60:40) and kept at 37°C in a shaking water bath 
(50 rpm). Samples were analyzed by measuring the absor-
bance at 238 nm using a UV-visible spectrophotometer 
(Shimadzu UV-1700) after suitable dilution. The experi-
ment was performed in triplicates and the mean was 
reported.

Estimation of Encapsulated Drug 
Meanwhile, the encapsulated SIM amount was estimated 
by obtaining the formulation residue in the dialysis 

membrane after estimation of the free SIM content. The 
quantity left behind in the dialysis membrane was added 
with methanol to dissolve the nano dispersion and filtered 
using a 0.45 µm syringe filter. The samples were analyzed 
at 238 nm after suitable dilution. The experiment was 
performed in triplicates, and the mean percentage was 
reported. The percentage of drug entrapment was calcu-
lated as follows:

% Drug entrapment = (Amount of encapsulated drug 
present/Total amount of drug present) × 100.33

In vitro Drug Release
One milliliter of freshly made cubic nanoparticle suspen-
sion (equivalent to 0.92 mg SIM) was added to a dialysis 
bag, suspended in a flask containing 100 mL phosphate 
buffer (pH 7.4):ethanol (60:40), and kept at 37 ±0.5°C in 
a shaking water bath at 50 rpm. A total of 5 mL medium 
was withdrawn at specific time periods (0.5, 1, 2, 3, 4, 5, 6, 
8, 10, and 12 h). The withdrawn samples were filtered 
through a 0.22 µm membrane filter (Whatman Inc., USA), 
and 5 mL filtrate was prepared in up to 100 mL phosphate 
buffer. The samples were analyzed by measuring the 
absorbance at 238 nm to calculate the percentage of cumu-
lative SIM release. The experiment was performed in 
triplicates, and the mean was calculated.

Cytotoxicity Assay
Cell viability was assessed using sulphorhodamine assay 
(SRB), as previously established.34 Briefly, MCF-7 cell 
suspension (5x103) was aliquoted in a 96-well plate and 
incubated in complete medium for 24 h to ensure the 
attachment of cells. The cells were then incubated with 
100 µL logarithmic dilutions of SIM and SIM-CB contain-
ing SIM concentrations of 0.01–100 µmol for 48 h at 
37°C. The same procedure was performed using 100 µL 
logarithmic dilutions of equivalent volumes of vacant 
cubosome dispersion to check its cytotoxic effect. All 
treated cells were then fixed by replacing the media with 
150 µL 10% TCA and incubation at 4°C for 1 h. The TCA 
solution was removed, and the cells were washed 5 times 
with distilled water. Aliquots of 70 µL SRB solution (0.4% 
w/v) were added, and the cells were incubated in darkness 
at room temperature for 10 min. The plates were washed 
with 1% acetic acid and allowed to air-dry overnight. 
Then, 150 µL TRIS (10 mM) was added to dissolve the 
protein-bound SRB stain. Absorbance was measured at 
540 nm using BMG LABTECH®-FLUOstar Omega 
microplate reader (Ortenberg, Germany). The mean value 
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of three samples for each compound at each concentration 
was determined as the percentage of cell viability: (optical 
density (OD) of treated cells/OD of control cells) ×100. 
The half-maximal inhibitory concentration (IC50) and con-
fidence interval (CI) of each compound were then calcu-
lated using dose-response (inhibitory) curve-fitting models 
(GraphPad Prism software, version 9.1).

Apoptosis Detection by Flowcytometry
MCF7 cells were plated (1x106 cells/well) in six-well 
plates and allowed to attach overnight. Cells were then 
incubated with SIM, SIM-CB at IC50 doses or either 
compound plus Vitamin E (100μM), for 48 hours for 
analysis of apoptosis stages. Annexin V-FITC apoptosis 
detection kit (Abcam, CA, USA) was used according to 
the manufacturer’s protocol. Briefly after treatment, adher-
ent and floating cells were collected, washed with phos-
phate-buffer saline (PBS) and resuspended in 100  μL 
binding buffer. Then, 5  μL FITC Annexin V and 10  μL 
PI (propidium iodide) were added to cell suspensions, and 
incubated in darkness (20 min., room temperature). 400  
μL binding buffer was added to cells which were analyzed 
by flow cytometry. Novocyte benchtop flow cytometer 
(ACEA, USA) and Novocyte express software were used 
to analyze the data. Apoptotic and necrotic cells were 
analyzed, and apoptotic stages were determined. Labeling 
patterns identified different cell populations; where FITC 
negative and PI negative cells denoted viable cells; FITC 
positive and PI negative denoted early apoptotic cells; 
FITC positive and PI positive denoted late apoptotic cells 
and FITC negative, PI positive represented necrotic cells.

Cell Cycle Analysis
Cell cycle arrest was also analyzed by flow cytometry. 
Briefly, MCF-7 cells were seeded in six-well plates over-
night. Then, the cells were treated with SIM or SIM-CB at 
IC50 doses or with either compound plus vitamin E for 48 
h. The cells were then trypsinized, washed with PBS, and 
fixed by storage in ice-cold 70% ethanol overnight at 
−20°C. After fixation, the cells were washed and incubated 
in 500 µL PBS, DNase free RNAse A (20 µg/mL final 
concentration), and PI (50 µg/mL final concentration) for 
40 min in darkness at room temperature. Finally, the cells 
were analyzed using a NovoCyte flow cytometer (Acea 
Biosciences, USA). Cell cycle phases were investigated by 
measuring the cell uptake of PI.

Determination of Apoptotic Activity: 
Caspase 3 and Bcl-2 Activity
MCF-7 cells (5x105) were cultured in 6-well plates and 
treated with IC50 doses of SIM, SIM-CB or either compound 
with vitamin E for 48 hours. Cells were then trypsinized and 
centrifuged (3000 rpm, 15 min.). The cell pellet was lysed 
using cell lysis buffer (Invitrogen, USA) with protease inhi-
bitor at 4°C for 1hr, followed by centrifugation (3000 rpm for 
20 min). Lysates were used to determine the levels of apop-
totic markers by ELISA technique: Caspase-3 (Sinogeneclon, 
Catalog number:SG-10396, China. Intra-assay CV < 8% and 
Inter-assay precision CV < 10%) and Bcl-2 (Sinogeneclon, 
Catalog number:SG-1040, China, Intra-assay CV < 8% and 
Inter-assay precision CV < 10%) following manufacturer’s 
protocol. Absorbance was measured at 450 nm using 
a microplate reader (BioTek Synergy, USA).

Detection of Ferroptosis Potential: 
Determination of GPX4 Enzyme Level
To test the ferroptosis activity of the formulated SIM-CB, 
Human glutathione peroxidase 4 (GPX4) enzyme was 
detected by ELISA technique using the kit (Bt- 
Laboratory, China, catalog number: E6887Hu, Intra-assay 
CV < 8% and Inter-assay precision CV < 10%) following 
manufacturer’s protocol. Briefly, MCF-7 cells (5x105) 
were cultured in 6-well plates and incubated with the 
compounds: SIM, SIM-CB at IC50 doses or with either 
compound plus vitamin E for 48 hours. Cells were then 
collected and centrifuged at 3000 rpm for 15 min. The cell 
pellet was lysed as previously mentioned and cell lysate 
was used to detect GPX4 level by measuring the optical 
density at 450 nm within 10 minutes after adding the stop 
solution using a microplate reader (BioTek synergy, USA).

Detection of Intracellular Reactive 
Oxygen Species (ROS) Level
Levels of intracellular ROS were measured using the dichloro 
dihydro fluorescein diacetate (DCFH-DA) detection kit 
(Sigma, St. Louis, MO, USA, catalog number: MAK145) 
according to the manufacturer’s protocol. MCF-7 cells were 
seeded in 96-well plates at a density of 5×103 and treated with 
SIM, SIM-CB or either of the two compounds plus vitamin 
E for 48 hours. After treatment, medium was removed and 
cells were incubated with 10 µM of DCFH-DA and 100 µL 
Hank’s buffered salt solution (HBSS, Lonza, E.U.) for 30 min 
at 37°C. ROS levels were measured using a microplate reader 
(BioTek Synergy, Ex: 490 nm, Em: 570 nm).
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Quantification of Malondialdehyde (MDA) 
and Reduced Glutathione (GSH) Levels
MCF-7 cells (5x105) were cultured in 6-well plates and 
incubated with the treatments: SIM, SIM-CB, or either 
compound plus vitamin E for 48 hours using IC50 doses. 
The cells were collected and lipid peroxidation was quan-
tified by detecting Malondialdehyde (MDA) levels in 
MCF-7 control (untreated) and treated cell lysates accord-
ing to the established colorimetric method.35 Intracellular 
GSH level was determined according to Ellman’s 
method.36 Briefly, MCF-7 cells (5x105) were cultured in 
6-well plates and incubated with the treatments for 48 
hours. The absorbance was measured at 412 nm using 
Shimadzu RF 6000 spectrophotometer. The protein con-
tent of MCF-7 cells was determined using Pierce BCA 
protein assay kit (Thermo scientific, USA, catalog number: 
23227) following manufacturer’s protocol.

Statistical Analysis
Data analysis was performed using one-way analysis of 
variance (ANOVA) or two-way ANOVA followed by post- 
hoc Tukey’s test to compare the means of multiple groups. 
A p-value less than 0.05 was considered statistically sig-
nificant. All experiments were performed in triplicates and 
results were presented as; mean ± standard deviation (SD) 
for continuous variables and mean with confidence inter-
val CI for the IC50 doses. Statistical analysis was per-
formed using GraphPad Software (San Diego, California 
USA version 9.1.0.)

Results
Formulation and Characterization
Particle size detection showed that SIM-loaded cubosomes 
(SIM-CB) were successfully formulated in the nano size 
range. Formulations ranged from 109.3 ± 0.51nm to reach 
a size of around 154.3 ± 0.58 nm in formula F3, which suited 
the targeted size. All prepared formulas exhibited a negative 

zeta potential from −5.08 ± 0.27 mv in F1 and reaching to −21 
± 0.52 mv in formula F3, which denotes the highest stability. 
PDI examination of the three formulas revealed a particle size 
distribution of less than 0.2, which indicates the homogenous 
mono dispersion of the prepared formulations. Based on these 
results, Formula F3 of SIM-CB (1:10 w/w GMO: Pluronic 
F127) achieved the targeted size, homogeneity, and the high-
est stability of the dispersion. This result also agrees with 
previous studies that have found that cubosomes of this com-
position ratio have acceptable physicochemical properties and 
efficiently enhance the solubility and activity of poorly 
absorbed drugs.37 Moreover, F3 of SIM-CB exhibited the 
highest EE (92% ± 1.4%). Consequently, formula F3 SIM- 
CB was the formula used in all the following experiments. 
Table 1 presents the detailed data of the used compositions 
and the resulting physical properties of all the formulas.

Morphology of SIM-CB
TEM analysis confirmed the cubosome was in the nano 
size with a smooth surface and uniform size distribution. 
Magnification of a single particle showed an internal cage- 
like cubosome structure where drug molecules are dis-
persed uniformly throughout the polymer matrix as 
shown for the selected formula F3 in Figure 2.

FT-IR Analysis
FT-IR spectra of pure simvastatin showed characteristic 
peaks at 3545 cm−1 and 3749 cm−1 denoting (O−H stretch 
vibration), 2960 cm−1 (C−H stretch vibration) and 
1730 cm−1, 1164 cm−1 and 1066 cm−1denoting (stretch 
vibration of −C−O and −C=O functional groups). FT-IR 
analysis of SIM-CB showed the characteristic spectrum 
peaks of Pluronic F-127 at 1200–1000 cm-1 range denoting 
stretching vibration at the C-O-C region. Most importantly, 
it showed the preserved peaks of SIM, but with a slight shift 
and decreased peak intensity of the OH group of simvastatin, 
while the peak of C=O group disappeared, denoting 

Table 1 Composition and Observed Characteristics of Simvastatin-Loaded Cubosomes

Formula Components Characterization

GMO: Pluronic F 127 
Ratio

SIM% Water % Particle 
Size

PDI Zeta 
Potential

E.E.%

F1 3:1 0.5% To 100% 109.3±0.51 0.12 −5.58±0.31 64.3±0.65

F2 5:1 143.6±1.55 0.119 −5.08±0.27 72.4±0.9

F3 10:1 154.3±0.58 0.159 −21±0.52 92±1.4
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successful interaction between O-H of GMO and the C=O of 
Simvastatin. This confirms that GMO shows a remarkable 
tendency to interact with Simvastatin (Figure 3A).

Entrapment Efficiency& in vitro Drug 
Release
The formulated cubosomes showed variation in simvasta-
tin entrapment, with entrapment efficiency starting from 

64.3 ± 0.65 in F1 and peaked in Formula (F3) which 
exhibited the highest EE (92% ± 1.4%), due to the high 
concentration of the lipid component. Meanwhile, the 
in vitro release profiles for the raw crystalline SIM and 
formula F3 with SIM-CB were notably different 
(Figure 3B). Raw SIM was rapidly released in the first 
hours to be almost completed after 8 hours. Whereas, 
SIM-CB revealed a remarkable gradual and controlled 
release of simvastatin, compared to free SIM. Where 
nearly 42% of SIM release was achieved after 6 hours 
then the drug release was gradually increased to reach 
92% by 12 hrs (Figure 3B). This release pattern is 
expected due to the high affinity of SIM with the hydro-
phobic domain in cubosomes, consuming more time to 
escape from the nanoparticles and thus allowing 
a sustainable effect without rapid total release. Moreover, 
this cumulative release is satisfactory, considering the 
known poor solubility of SIM.

Cytotoxicity
SRB assay confirmed the cytotoxic activity of both free SIM 
and SIM-CB. Where the IC50 of SIM was 4.8 μM, 95% CI 
[4.1, 5.2] SD = 0.45. Interestingly, the cubosome formulation 
F3, SIM-CB exhibited a significant improvement in cyto-
toxic activity (p<0.05), where compared to free SIM, the IC50 

of SIM-CB was reduced by more than 50% to reach 2.3 μM, 

Figure 2 Transmission electron microscope photo micrographs of SIM-CB.

Figure 3 Analysis of SIM-CB (A) FTIR of free SIM and SIM-CB with arrows denoting preserved chemical entities and slight shift due to successful dispersion in cubosome 
system. (B) In vitro drug release profile of SIM and SIM-CB, showing rapid uncontrolled release of free SIM and gradual sustained release of simvastatin from SIM-CB. Blue 
line denotes SIM-CB and Black line denotes SIM.
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95% CI [1.8, 2.7], SD = 0.34. As expected, the vacant 
cubosome showed approximately no cytotoxicity as more 
than 60% of cell viability was still maintained at 1000 μM 
concentration. Illustration of the cytotoxic activity of free 
SIM and SIM-CB is shown in Figure 4A. Meanwhile, micro-
scopic examination of the untreated cells and cells incubated 
with vacant cubosomes confirmed the cell viability 
(Figure 4B and C). Whereas cells treated with SIM-CB 
manifested gradual change in morphology with cell shrink-
age (Figure 4D) and progressive increase in apoptotic cells 
by the end of treatment (Figure 4E).

Apoptosis Analysis
Flow cytometric analysis of apoptosis stages revealed that 
after 48 hours, SIM and SIM-CB significantly increased total 
deaths of MCF-7 cells by nearly 4- and 9-fold increase 
respectively, compared with the untreated control cells. Two- 
way ANOVA analysis showed that SIM-CB significantly 
increased total deaths by nearly the double (13.7 ± 0.4%), 
compared to free SIM (6.4 ± 0.21%) (p < 0.001), with 
increase in total apoptosis (p < 0.05) and significant elevation 
of late apoptosis stage by nearly 5 folds(p < 0.0001). Vitamin 
E had a moderate significant inhibitory effect on total deaths 
of SIM-CB, however, even when vitamin E was added, SIM- 
CB remained significantly more cytotoxic than free SIM 
alone (p < 0.001). Moreover, there was no significant differ-
ence between SIM-CB alone and SIM-CB with vitamin E, 
regarding total apoptosis and late apoptosis stages, which 

supports that vitamin E can affect total death by 
a mechanism other than apoptosis alone. Detailed 
Illustrations of apoptosis and the corresponding statistical 
analysis are shown in Figure 5.

Cell Cycle Analysis
Control untreated cells showed quick proliferative stages 
with percentage values of 47.3% ± 1.38, 27% ± 1.1 and 
19.48% ± 0.9 for G1, S and G2 phases, respectively. Two- 
way ANOVA analysis showed that SIM treatment 
decreased S phase (24.3% ± 0.9) and G2 phase (12.8% ± 
2.2) but the decrease was not significant from that of 
control cells. Interestingly, treatment with the formulated 
SIM-CB caused significant changes in cell cycle phases, 
where it caused significant accumulation in G1 phase 
(68.6% ± 1.4) that was significantly higher than that of 
control and free SIM (p < 0.05). Also, it caused significant 
reduction in S phase (13.2% ± 1.02) when compared to 
control and free SIM (p < 0.001) and significant reduction 
in G2 phase (9.6% ± 0.68) as compared to control. Vitamin 
E did not significantly alter the activities of SIM-CB 
except in the G2 phase which was decreased. Detailed 
Illustrations of cell cycle stages and the corresponding 
statistical analysis are shown in Figure 6.

Effect on Caspase 3 and Bcl-2 Enzymes
SIM and SIM-CB significantly increased the apoptotic 
enzyme Caspase 3 level as compared to control. One-Way 

Figure 4 Cytotoxicity Assessment (A) Cytotoxicity analysis of Free SIM (SIM), vacant Cubosome (CB) and SIM- loaded cubosome (SIM-CB) on MCF-7 cell line after 48 
hours: values are means of three independent experiments for each concentration. p < 0.05 was considered statistically significant. ap Denotes statistical significance versus 
SIM. bp Denotes statistical significance versus vacant cubosome. (B and C) Photomicrographs showing normal spindle shaped MCF-7 cells of Control untreated cells and 
after treatment with vacant cubosome (NC) denoting absence of cytotoxicity of vacant cubosome (Magnification X40). (D and E) Photomicrographs showing MCF-7 cells 
after treatment with SIM-CB. (D) Cells manifested progressive altered morphology to become smaller in size, with cell and cell membrane shrinkage and (E) increased 
damaged apoptotic cells after 48 hours of treatment with SIM-CB. (Magnification ×100).
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Figure 5 Apoptosis analysis using Annexin V/Propidium iodide apoptosis assay: (A) Control untreated cells (B) Free SIM treated cells (C) SIM-CB treated cells (D) SIM and 
Vitamin E treated cells (E) SIM-CB and Vitamin E treated cells. (Q2-3 denotes viable cells; Q2-4 denotes cells at early apoptotic stage; Q2-2 denotes late apoptotic stage and 
Q2-1 denotes necrotic cells. (F) Comparative statistical analysis of apoptosis and total cell deaths using Two- way ANOVA followed by post-hoc Tukey’s test. Data are 
represented as mean ± SD (* significant difference at p < 0.05, **Significance at p < 0.01, ***Significance at p < 0.001, ****Significance at p < 0.0001). Tests were repeated in 
Triplicates. 
Abbreviation: ns, not significant.

Figure 6 Cell cycle analysis using Propidium iodide assay: (A) Control untreated cells (B) Free SIM treated cells (C) SIM-CB treated cells (D) SIM and Vitamin E treated cells 
(E) SIM-CB and Vitamin E treated cells. (F) Comparative statistical analysis of cell cycle phases using Two- way ANOVA followed by post-hoc Tukey’s test. Data are 
represented as mean ± SD (* denotes significance at p < 0.05, **Significance at p < 0.01, ***Denotes significance at p < 0.001). Tests were repeated in Triplicates. 
Abbreviation: ns, not significant.

Breast Cancer: Targets and Therapy 2021:13                                                                                   https://doi.org/10.2147/BCTT.S336712                                                                                                                                                                                                                       

DovePress                                                                                                                         
683

Dovepress                                                                                                                                                          Elakkad et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ANOVA test showed remarkable changes upon treatment 
with SIM and SIM-CB. SIM-CB significantly increased cas-
pase 3 level (7.5 ± 0.33 ng/mL) compared to free SIM (4.2 ± 
0.21 ng/mL) (p < 0.0001). The addition of vitamin E to either 
drug did not significantly decrease their effect, however the 
stimulatory effect of SIM-CB on caspase enzyme remained 
more significantly active compared to SIM plus vitamin E at 
p < 0.0001 (Figure 7A). Meanwhile, both SIM and SIM-CB 
significantly decreased the antiapoptotic Bcl-2 protein. 
However, treatment with SIM-CB had significantly more 
powerful inhibitory effect on Bcl-2 (2.35 ± 0.12 ng/mL) 
compared to free SIM (3.51 ± 0.23 ng/mL) at p < 0.0001. 
This effect was not altered by vitamin E (Figure 7B).

Effect on Glutathione Peroxidase 4 
Enzyme (GPX4)
ANOVA test revealed remarkable effects of treatments, 
where SIM-CB significantly decreased GPX4 level (3.3 ± 
0.13 ng/mL) compared to treatment with free SIM (4.2 ± 
0.14 ng/mL) at p < 0.01. Vitamin E decreased the inhibi-
tory effect of simvastatin on GPX4 level in free SIM (4.9 
± 0.25 ng/mL) and SIM-CB (3.6 ± 0.14 ng/mL), respec-
tively. However, SIM-CB formula was more resistant to 
vitamin E effect, where treatment with SIM-CB caused 
significantly more inhibitory effect on GPX4, compared to 
either SIM alone or SIM with vitamin E at (p < 0.001) 
(Figure 7C).

Effect on Reactive Oxygen Species (ROS)
SIM-CB significantly caused a twofold increase in ROS 
level compared to untreated cells and a significant 50% 
increase compared to treatment with free SIM (p < 
0.0001). Vitamin E caused significant 30% decrease of 
ROS levels compared to treatment with Free SIM or SIM- 
CB alone. However, despite the addition of vitamin E, 
SIM-CB formula remained significantly more powerful 
to generate ROS compared to free SIM (p < 0.0001). 
Figure 8A.

Effect on Intracellular MDA and GSH 
Levels
SIM-CB formula caused a significant fourfold increase in 
MDA levels compared with untreated cells and around 
1.5-fold increase compared to free SIM (p < 0.0001). 
Adding vitamin E significantly decreased MDA by around 
50% and 30% when added with SIM and SIM-CB for-
mula, respectively. However, SIM-CB remained signifi-
cantly more powerful to induce lipid peroxidation 
compared to SIM (p < 0.0001) (Figure 8B). In coordina-
tion, SIM-CB significantly decreased intracellular GSH 
level (2.1 ± 0.1 μmole/mg) as compared to free SIM (2.6 
± 0.14 μmole/mg) (p < 0.05). Meanwhile, vitamin 
E slightly increased the GSH levels. However, its effect 
on GSH level was not significantly different from each 
treatment alone (Figure 8C).

Figure 7 Effect of different treatments on (A) Caspase3 levels (B) Bcl-2 levels (C) GPX4 level in MCF-7 cell line: Statistical analysis was performed using One-way ANOVA 
followed by post-hoc Tukey’s test. Data are represented as mean ± SD (*p Denotes significance at p < 0.05, **Denotes significance at p< 0.01, ***Denotes significance at p< 
0.001, ****Denotes significance at p < 0.0001. Tests were repeated in triplicates). 
Abbreviation: ns, not significant.
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Discussion
Chemotherapy is often hindered by multidrug resistance. 
Therefore, a continuous search for new agents that with-
stand this challenge is highly needed. The off-label antic-
ancer activity of statins is increasingly reported in different 
cancer types.38 However, the wide mechanistic investiga-
tion and application of SIM as an anticancer agent are still 
limited by its poor aqueous solubility, rapid metabolism, 
and excretion, which drastically affect the delivery and 
persistence of adequate concentrations in tumor sites.19 

The incorporation of nanotechnology introduces remark-
able solutions for the improvement of solubility, absorp-
tion, and stability of different agents.31,39 Moreover, this 
process enhances the therapeutic activity of promising 
compounds through improving their solubility and ade-
quate delivery.22,40

Therefore, in this study, we formulated SIM in a SIM- 
CB formula. We tested the cytotoxic activity of free SIM 
and SIM-CB on MCF-7 cells and investigated ferroptosis 
as a possible additional mechanism contributing to SIM 
anticancer actions. In the present study, cubosome formu-
lation was intentionally selected because cubosomes are 
biocompatible and highly stable. They have a uniquely 
large hydrophobic volume which enables efficient loading 
of lipophilic drugs such as SIM.21 In addition, in cancer-
ous cells, the large surface area of cubosomes allows for 
larger drug payload and controllable release, improving 
drug concentrations and avoiding premature leakage.29 

The carrier size, shape, and zeta potential are crucial 
criteria to accomplishing the successful delivery of drugs 

to the targeted tumor type without compromising the sta-
bility, non-specific entrapment in other cells, or the pha-
gocytic system.41 Accordingly, we modulated the GMO: 
Pluronic F127 ratios, and an evident relation was observed 
between the increase in GMO amount and improvement in 
particle size, PDI, and zeta potential to meet our needed 
model. The suitable formula was accomplished in formula 
F3. Transmission electron microscopy analysis confirmed 
the successful formulation of cubosomes of around 154 
nm. This size accomplishes multiple advantages because 
particles less than 200 nm are ideal to avoid capture and 
clearance by the mononuclear phagocytic system.42 

Likewise, this size selectively fits in the leaky large 
pores of breast tumor (200 nm) while preventing passage 
through normal blood vessels,43 thus reducing the formula 
toxicity. Additionally, this size accomplished a diminished 
electrostatic repulsion due to the small ratio of cubosome 
to the pore size of vessel wall.44 The PDI was less than 
0.2, which is a favorable value for uniform distribution 
and homogeneity45 and highly acceptable for lipid-based 
carriers.46 Simultaneously, a zeta potential higher than −20 
mv guarantees stability and the ease of dispersion.47 The 
best zeta potential was achieved in SIM-CB F3, denoting 
a high stability while ensuring prevented aggregation. 
Meanwhile, Fourier-transform infrared analysis showed 
preserved peaks of SIM in SIM-CB, in agreement with 
previous literature.48

Moreover, formula F3 of SIM-CB showed the highest 
EE, with the GMO concentration providing a suitable envir-
onment to entrap SIM in adequate levels. These results agree 

Figure 8 Effect of different treatments on (A) ROS levels (B) MDA levels (C) GSH level in MCF-7 cell line: Statistical analysis was performed using One-way ANOVA 
followed by post-hoc Tukey’s test. Data are represented as mean ± SD (* p denotes significance at p < 0.05, **Denotes significance at p < 0.01, ***Denotes significance at p< 
0.001, ****Denotes significance at p < 0.0001. Tests were repeated in triplicates). 
Abbreviation: ns, not significant.
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with those of previous studies.8,49 Correspondingly, the SIM- 
CB formula showed a gradual and controlled release of SIM, 
which was almost depleted after 12 h, denoting the high 
dispersion of SIM in the lipid matrix. This finding agrees 
with that of previous studies49 and is acceptable given the 
extreme poor solubility of SIM. Moreover, this event proves 
the sustained-release capability of the formulated SIM-CB.

Upon testing the cytotoxic activity of SIM-CB, cyto-
toxicity test confirmed the significant improvement of the 
therapeutic potential of SIM-CB, and its IC50 was less than 
half that of the free SIM. Meanwhile, the absence of 
cytotoxicity for vacant cubosomes supports the biocompat-
ibility of the novel formula. Notably, this result accounts 
for multiple advantages of SIM-CB because it denotes the 
magnification of SIM cytotoxic activity at low drug con-
centrations while minimizing the chance of unwanted 
adverse effects.

In the analysis of the cytotoxic mechanisms of SIM-CB, 
the present study showed that SIM-CB drastically increased 
the total, apoptotic, and necrotic deaths. Compared with the 
free SIM, SIM-CB caused the significant accumulation of 
cells in the G1 phase, preventing cellular transition to the 
S and G2 checkpoint phases, which caused remarkable 
increases in the late and total apoptosis.50 The enhanced 
cytotoxic activity of SIM-CB can be attributed to the 
remarkable improvement of SIM solubility and its con-
trolled release from the cubosomes. These results agree 
with those of the recent study of Shen et al,51 which illu-
strated the effect of SIM on cell cycle and apoptosis.

The inhibitory effect of vitamin E against anticancer 
agents was recently spotted.52,53 Vitamin E decreases cellular 
ROS generation to interact with oxidative stress responses 
and the consequent signaling pathways in tumor cells.50,51 In 
this study, vitamin E partially halted the death activity of free 
SIM and SIM-CB. However, the SIM-CB formula signifi-
cantly resisted the effect of vitamin E compared with free 
SIM. SIM-CB showed significantly higher total deaths, late 
apoptotic signals, and cell arrest than SIM alone or SIM plus 
vitamin E. This efficacious effect of SIM-CB may be par-
tially attributed to the improved interaction with the phos-
pholipid cell membranes54 due to the presence of lipophilic 
moiety in cubosomes, allowing the prolonged interaction 
with the cell membranes.

Cancer progression primarily depends on the balanced 
levels of proapoptotic proteins, such as Bcl-2-associated 
X protein, and antiapoptotic proteins, including Bcl-2.55 

Meanwhile, the caspase cascade complements the apopto-
sis process via activating the caspase-3 to execute the final 

steps of apoptosis. In the present study, SIM and SIM-CB 
remarkably activated caspase-3 and reduced the Bcl-2 
levels. However, the apoptotic activity of SIM-CB was 
significantly high. Moreover, it elicited a significantly 
high resistance to the inhibitory effect of vitamin 
E. These results are in line with those of recent studies, 
which revealed the apoptotic activity of SIM via modulat-
ing caspase 3 and Bcl-2 levels.51,56

In addition to apoptosis, increasing reports imply that 
lipophilic statins are ferroptosis inducers.57,58 Ferroptosis 
majorly depends on creating imbalance between lipid hydro-
peroxide detoxification mechanisms and lipid ROS accumu-
lation. Pushing this balance in favor of lipid hydroperoxide 
accumulation, activates ferroptosis and cell death. 
Simultaneously, proper functionality of glutathione peroxi-
dase 4 (GPX4) is the core of keeping ferroptosis checked. 
Where GPX4 uniquely reduces phospholipid hydroperoxides 
and cholesterol hydroperoxides to interrupt lipid peroxida-
tion chain reaction and ferroptosis, whereas inhibiting GPX4 
expression or levels activates ferroptosis.15

Emerging evidence suggests that statins can induce fer-
roptosis through reducing GPX4 levels and/or activity.59,60 

However, to the best of our knowledge, there are little data 
about the effect of SIM on GPX4 enzyme in breast cancer. 
Indeed, the present study confirmed that SIMreduces GPX4 
levels in MCF-7 cells, where the inhibitory effect of SIM-CB 
was significantly higher than that of free SIM. Proper GPX4 
function requires an adequate supply of reduced GSH to 
provide thiol group as an electron donor, and subsider of 
ROS effect.61 Hence, GSH depletion inhibits GPX4 activity 
and increases intracellular lipid peroxides, resulting in 
increased ferroptosis. The results of the present study go in 
line with this theory where both SIM and SIM-CB signifi-
cantly depleted GSH levels, and drastically increased ROS 
and MDA production. In coordination, the effect of SIM on 
MDA, ROS and GSH levels in tumor cells has been repeat-
edly reported by previous studies.9,50 Additionally, GPX4 
synthesis depends on the presence of isopentenyl pyropho-
sphate (IPP), a product of mevalonate pathway, which is 
critical for GPX4 synthesis and maturation. Hence, 
decreased level of IPP results in decreased GPX4 synthesis 
and activated ferroptosis.58,62 It is established that statins 
inhibit mevalonate pathway, leading to decreased production 
of IPP, which supports the presented data regarding SIM 
effect on GPX4 enzyme.

Finally, vitamin E was applied as a potent antioxidant 
and ferroptosis inhibitor to confirm the activity of SIM and 
SIM-CB on MCF-7 cells. In the present study, vitamin 

https://doi.org/10.2147/BCTT.S336712                                                                                                                                                                                                                                

DovePress                                                                                                                                            

Breast Cancer: Targets and Therapy 2021:13 686

Elakkad et al                                                                                                                                                          Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


E significantly inhibited the ROS production, reducing the 
effect of SIM and SIM-CB on MDA and GPX4 levels. 
Interestingly, SIM-CB was evidently significantly more 
resistant to vitamin E compared with the free SIM. This 
persistent activity of SIM-CB against vitamin E may be 
attributed to the improved and prolonged release and 
hence, the cumulative concentration of SIM.

Conclusion
In conclusion, the present study showed the promising and 
potent antitumor activity of SIM-loaded cubosomes (SIM- 
CB) on MCF-7 cells in vitro, compared to free SIM. The 
study also highlights ferroptosis as a vital contributing 
mechanism of SIM anticancer activity, besides apoptosis 
and proliferative arrest. These findings open the field for 
future further analysis of SIM-cubosomes in vivo, to fully 
unleash statins potential as anticancer agents.
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