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Abstract

Background and Objective: Statins are antihyperlipidemic drugs which reported with its high cytotoxicity. Micelles are identified for their
potential in drug delivery of cytotoxic agents. Thus, the purpose of this study was to determine the potential enhancement of simvastatin
cytotoxicity activity in MCF-7 breast cancer cells via its formulation in micelles. Materials and Methods: Simvastatin was formulated in
micelles using a thin-film hydration technique. Particle size, shape, and release studies were used to characterize the formula. Results:
Simvastatin micelles exhibited enhanced /n vitrodrug release. Further, it exhibited enhanced cytotoxicity against breast cancer cells. Cell
cycle analysis indicated the accumulation of cells challenged with simvastatin micelles in G2/M and pre-G1 phases. Staining of cells with
annexin V indicated a significant elevation of percentage cells with early and late apoptosis as well as total cell death. Besides, the
formulation significantly disturbed mitochondrial membrane potential and cellular content of caspase 3. Besides, the intracellular release
of Reactive Oxygen Species (ROS) was enhanced by simvastatin micelles. Conclusion: The prepared formula of simvastatin significantly
potentiates its cytotoxic activities against MCF-7cells. This is mediated, at least partly, by enhanced simvastatin cellular permeation and
apoptosis.
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INTRODUCTION

Statins are antihyperlipidemic drugs that inhibit the
pathway of cholesterol biosynthesis. Statins are 3-hydroxy -3-
methylglutaryl coenzyme A (HMGCoA) reductase inhibitors.
Cholesterol is essential for cell membrane structure,
hormones, vitamin D and other physiological processes'.
Statins are key for reducing the incidence of cardiovascular
disease®>. On the other hand, compounds that contribute to
the depletion of cholesterol from the body affect various
cellular events. Statins inhibit cholesterol synthesis through
the inhibition of HMG-CoA reductase. The reductase enzyme
is responsible for catalyzing HMG-CoA conversion to
mevalonate.

The role of statins is not restricted to their lipid-lowering
effects, reports have shown statins improve endothelial
function, immune modulation, antioxidant activity, anti-
inflammatory and can be used as anti-cancer drugs ¢°. These
properties, along with a high safety profile, have made statins
more appealing and continue to be a commonly prescribed
medication. The statin's other cholesterol-independent or
pleiotropic effects are related to cellular proliferation and
differentiation''2, Previous reports have indicated statins
were to reduce proliferation and induce apoptosis in several
cancer cells™,

Simvastatin (SMV) is one of the most frequently
prescribed statin drugs to treat hyperlipidemia®'®. Reports
have indicated the chemo-preventive effects of SMV!1117.18,
SMVinhibits cancer cell growth, metastasis, angiogenesis and
induce apoptosis'®22. SMV reduces the levels of the isoprenoid
intermediates Farnesyl Diphosphate (FPP) and Geranylgeranyl
Diphosphate (GGPP) which are critical for post-translational
modification of the intracellular G-proteins that are essential
for gene transcription involved in cell proliferation and
apoptosis'>?,

Micellar systems are important for solubility
enhancement, controlled drug delivery and drug targeting. D-
a-tocopherol polyethylene glycol 1000 succinate (vitamin E
TPGS or TPGS) is a natural hydrophobic (water-insoluble)
vitamin E (a-tocopherol) conjugated with the hydrophilic
(water-soluble) polyethylene glycol 1000. TPGS is nonionic and
widely used in drug delivery as polymeric micelles for
solubilization and absorption enhancement in drug
formulations?*?7. TPGS was used formulation and delivery of
anticancer drug paclitaxel?®. TPGS acts as a stabilizing factor,
contributing significantly to the stability of TPGS-coated
structures, such as nanoparticles?3°. Also, TPGS has shown
enhancement of drug transport across biological membrane
barriers such as brain endothelium and to modify biological

response by inhibiting P-glycoprotein (P-gp) that is
responsible for decreasing efflux of the drugs from the cells®'.
Based on the above, this study aimed to investigate the
augmentation effect of TPGS polymeric micelles on the
function of SMV in cancer cell growth inhibition, which shows
the drug's ability to induce apoptosis. The study investigates
the cytotoxicity of SMV against breast cancer cells MCF-7.
Particle size, shape, and release studies were used to
characterize the prepared SMV-TPGS formula.

MATERIALS AND METHODS

Study area: Part of this study was carried out in the Faculty of
Pharmacy, King Abdulaziz University, Saudi Arabia, and the
other part was carried out in the National Cancer Institute,
Cairo University, Egypt during the period between 2018-2020.

Drug and chemicals: SMV was a kind gift from Jamjoom
pharmaceuticals (Jeddah, Saudi Arabia), Vitamin E TPGS and
Ethanol were purchased from Sigma Aldrich (MO, USA).

Preparation of SMV-TPGS: SMV loaded TPGS micelles were
prepared by thin-film hydration method*. Firstly, SMV and
TPGS (1: 10 w/w ratio) were dissolved in ethanol. The ethanolic
solution was evaporated by a rotary evaporator (BUCHI
Labortechnik AG, Flawil, Switzerland) to form SMV-TPGS thin
film. The formed film was then hydrated water to form
SMV-TPGS micelles. After that, the dispersion was centrifuged
at 30,000 rpm at4°C for 45 min. The supernatant was filtered,
and the residue was lyophilized for 48 h and stored at -20°C.

Encapsulation efficiency: SMV encapsulation within SMV-
TPGS micelles was determined by dissolving in ethanol then
diluted with mobile phase (water: methanol: acetonitrile:
orthophosphoric acid (60:30:10:1). SMV was analyzed by a
modified reversed-phase HPLC method®. HPLC column
(250X4.6 mm i.d. Symmetry-C18, 5 um column) with a flow
rate of 1.0 mL min~" at 25°C and an injection sample volume
of 10 uL. The detection wavelength was at A, 262 nm.
Following formulais used for calculation of SMV encapsulation
efficiency:

SMYV weight micelles
Weight of SMV feed

100

SMV encapsulation efficiency (%) =

Vesicle size measurement: SMV-TPGS vesicle size was
determined by dynamic light scattering technique (DLS) using
Malvern Zetasizer Nano ZSP, Malvern Panalytical Ltd (Malvern,
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United Kingdom). Theinvestigated samples were dispersed in
deionized water before measurements of the size. Data
represent the average of five measurements.

Transmission electron microscopy: Transmission electron
microscope JEOL-JEM-1011 (JEOL-Tokyo, Tokyo, Japan) was
used to explore the prepared SMV-TPGS micelles. The micelles
sample was suspended in distilled water and one drop of the
sample was spread on a carbon-coated grid. Also, 1%
phosphotungstic acid was used for negative staining of the
sample. Then, the sample was dried at ambient temperature
for 15 min before visualization®.

In vitro drug release of SMV-TPGS micelles: The prepared
SMV-TPGS micelles were assessed for SMV release by dialysis
bag method?°. SMV-TPGS micelles (equivalent to 2 mg of SMV)
were placed in a dialysis bag (12 kDa cut off) and then
submerged into phosphate buffer saline (pH 7.4) with stirring
at 100 rpm at 37°C. At each time interval, 5 mL of sample was
withdrawn and SMV concentration was determined by the
HPLC method as discussed earlier®,

Cell culture and determination of IC;, using MTT assay:
MCF-7 were cultured in Roswell Park Memorial Institute (RPMI)
Medium 1640 (1 X) supplemented with 10% fetal calf serum
(FCS), 1Xnon-essential amino acids (Sigma-Aldrich, Irvine, UK),
100 yL mL=" (v/v) penicillin-streptomycin, 1 mM sodium
pyruvate (Sigma-Aldrich), and 1 pL mL=' bovine insulin
(Sigma-Aldrich). MCF-7 Cell lines were maintained in a
humidified incubator at 37°C with 5% CO,. Cells were
passaged using 0.05% trypsin-Ethylenediaminetetraacetic acid
(EDTA) (1X). All experiments were carried out with cell lines
no more than 10 passages apart to ensure biological repeats
and limit the mutational effect of passaging. Cell lines were
not synchronized before experimentation. For determining
IC50values, 1X 10° cells were seeded into a 96-well plate. The
seeded MCF-7 cells were then incubated for 24 hat 37°Cin a
5% CO, incubator. The cells were then incubated with SMV-M,
SMV-raw, and plain-M for 24 h. Different samples equivalent
to different concentrations of SMV ranging from 0.1 to
1000 pM were tested. IC50 values were determined using
Thiazolyl Blue Tetrazolium Bromide (MTT) assay using a
commercially available kit (ABCAM, Cambridge, UK). The
experiments were carried out in triplicate,

Cell cycle analysis: Cell cycle analysis was studied by flow
cytometry experiments following reported method **. The cells
were incubated with the samples: SMV-TPGS micelles formula
(SMV-M), SMV-raw, and blank TPGS micelles formula (plain-M).

A control sample with cells alone was also included in the
study. The samples were incubated for 24 h. After incubation
with the samples, separation of cells was carried out by
centrifuging the samples. The cells were then fixed with 70%
cold ethanol. The cells were again separated by centrifugation
and their washing was carried out with PBS buffer. The cells
were then stained using propidium iodide (in PBS buffer) and
RNAse staining buffer before carrying out flow cytometry
analysis.

Annexin V staining: The dual staining technique was
performed to assess apoptosis as previously published. Cells
were incubated with the samples, SMV-M, SMV-raw, and plain-
M in a 6-well plate with a cell density of 1 X103 cells per well.
A control sample with cells alone was also included in the
study. The staining was carried out using a commercially
available kit (BD Bioscience, San Jose, CA, USA). After
incubation for 24 h, the cells were collected by centrifugation.
The cells were then resuspended in 500 pL of 1X binding
buffer. Then, 5 pL each of Annexin V-Fluorescein
isothiocyanate Fluorescein FITC and propidium iodide (BD
Bioscience) was added and incubated at room temperature for
5 min in the dark. Flow cytometry (FACS Calibur, BD
Bioscience) was carried out for the analysis. The data were
studied using the Multicycle software (Phoenix Flow System:s,
San Diego, CA, USA)%,

Caspase-3 assay: The caspase-3 content of the SMV-M was
determined using a ready-to-use kit available commercially
(BD Biosciences). For evaluation of the caspase-3 activity, the
MCF-7 cells (5% 10* cells per well) were incubated with the
samples. SMV-M, SMV-raw, and plain-M. A control was studied
along with a control sample with cells alone. Caspase-3
content in the samples was determined by assessing the
absorbance of the cell lysate at 405 nm?,

Statistical analysis: Data are presented as the Mean=£SD.
Statistical tests were carried out using IBM SPSS® statistics
software, version 25 (SPSS Inc., Chicago, IL, USA). Analysis of
Variance (ANOVA) followed by Tukey’s post hoc test was used
to compare means. p<0.05 indicated statistical significance.

RESULTS

Preparation and characterization of SMV-TPGS micelles:
Particle size results of the prepared SMV-TPGS formulation
showed average vesicle size of (75£9.2 nm) as measured by
Zetasizer Nano ZSP. TEM micrograph of the prepared
SMV-TPGS micelles (Fig. 1) further confirmed the particle size
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Fig. 1: Transmission electron microscope image of SMV-TPGS micelles (X 30,000)
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Fig.2: /nvitro release profile of SMV-M compared to SMV-raw
in phosphate-buffered saline (PBS) buffer pH 7.4 at
3710.5°C

Results are presented as Mean+SD, n =3

100
80
s
S
=] 60
g
E
§ 40 -
=]
15)
@]
20 # $
I——-——| #
0 T T 1
Plain-M SMV-raw SMV-M

Fig. 3: Cytotoxicity of SMV-M in MCF-7 cells
*Significantly different from plain-M at p<0.05, *Significantly different
from SMV-raw at p<0.05

analysis result obtained by the dynamic light scattering
technique. The micelle vesicles appeared nearly spherical. The
smaller particle size observed in the TEM image in comparing
with SMV-TPGS micelles measured by Zetasizer Nano ZSP is
attributed to drying process during TEM imaging which lead
to shrinkage of the micelles.

In vitro Release of SMV-TPGS formula: The /n vitro release
profile of raw-SMV and optimized SMV-Mis shown in Figure 2.
It was evident that micelles could enhance the dissolution of
SMV. Although a burst release of SMV was observed in both
profiles, the release was much higher from the raw SMV. After
2 h, around 70% of SMV was released from micelles, whereas
the release of the SMV-raw was around 20%. Thus, at 2 h, the
drug release was more than double from the micelles as
compared to the SMV-raw. At the end of 12 h, SMV release was
almost complete from micelles compared to SMV-raw release
of only 65%.

Determination of IC;,values: The IC;, values obtained for the
samples are shown in Fig. 3. SMV-M had the least IC;, value
which amounted to 4.87 pM, whereas SMV-raw had an 1Cs,
value of 9.34 uM. Thus, there was a reduction to about half of
the ICs, value of SMV when loaded in the micelles.

Cell cycle analysis: The results of cell cycle analysis are shown
inFig.4. Asignificant difference in the cell cycle was observed.
From the observations, the SMV-TPGS micelles (SMV-M) was
found to perform as expected in all phases. There was no
significant effect of plain-M on the GO-G1 phase. The percent
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Fig. 4: Flow cytometry analysis results for cell cycle analysis

*Significantly different from control at p<0.05, *Significantly different from plain-M at p<0.05, *Significantly different from SMV-raw at p<0.05
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Fig. 5: Assessment of MCF-7 cell death using flow cytometric analysis after annexin V staining
*Significantly different from control at p<0.05, *Significantly different from plain-M at p<0.05, *Significantly different from SMV-raw at p<0.05
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Fig. 6: Effect of SMV-M on caspase-3 content in MCF-7 cells
*Significantly different from control at p<0.05, *Significantly different
from plain-M at p<0.05, *Significantly different from SMV-raw at p<0.05

of cells in the G2-M phase showed marked enhancement on
incubation with SMV-M. These effects were more significant
than other samples. A similar effect was observed with pre-G1
apoptosis.

Annexin V staining: Annexin V-FITC apoptosis detection kit
was used to study the apoptosis determination by flow
cytometry.Figure 5 shows that SMV-M exhibited a distinctand
much higher early, late, and total cell apoptosis as well as
necrotic cell death when compared with other treatments.

Caspase-3 assay: The data in Fig. 6 indicate that SMV-M
caused a significant enhancement in caspase-3 content
amounting to an approximately two-fold increase from that of
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the SMV-raw-treated cells. Also, Plain-M induces caspase-3
content as compared to control value.

DISCUSSION

Our data indicated that both SMV-raw and SMV -M
possess the potent antiproliferative activity and in this regard
SMV -M showed significant potentiation of SMV cytotoxicity
against MCF-7 cells. In general, statins were shown to inhibit
the mevalonate pathway®*. This leads to the mevalonate
pathway intermediates, farnesyl pyrophosphate and
geranylgeranyl pyrophosphate, to be depleted®*. The
depletion of mevalonate pathway intermediates leads to the
disturbance of Rho protein prenylation and this disruption
could explain the cytotoxic effects?’. The outcome of this study
showed similar findings with the previously reported
investigations for SMV cytotoxicity. These reports include
investigation of SMV cytotoxic effects against myeloma U266
cells®®*', the breast cancer 47D, SKBR3 and MCF-7 cells'4>%,
prostate PC-3 cells* and green monkey kidney GMK cells*,

Cell cycle phase analyses of results revealed that MCF-7
cells treated with either SMV- raw or SMV-M showed a
significant accumulation in G2 M and pre-G phases. This
accumulation indicated the proapoptotic activity of SMV. This
finding in accordance with previous reports of SMV apoptotic
activity in lipoma LipPD1 cells®, osteosarcoma AXT cells?
neuroblastoma SK-N-AS cells* prostate cancer PC3 and DU
145 cells*®, medulloblastoma brain tumor D283 and D341
cells'2224546 The results of SMV (SMV- raw or SMV-M)
proapoptotic activity are also confirmed by the application of
annexin V staining and caspase 3 cellular content. Our results
revealed a significantenhancement of early and late apoptosis
as well as caspase 3 content in MCF-7 breast cancer cells.
Previous studies have indicated the ability of SMV to reduce
colon cancer tumors. Treatment of animals with SMV showed
a reduction in tumor sizes, increased necrotic areas and
increased apoptosis scores when compared to control animal
groups*#, Finally, Micelles' formulation of SMV significantly
enhances its cytotoxic activities against MCF-7 cells.

CONCLUSION

The thin-film hydration technique was successfully used
to formulate SMV-M with minimized vesicle size. The
formulated micelles were almost spherical. /n vitrorelease of
SMV from micelles was markedly higher than the SMV-raw,
predicting a better presentation to the tumor cells. Micelles
formulation of SMV significantly enhances its cytotoxic
activities against MCF-7 cells. This is mediated, at least partly,

by enhanced apoptosis as evidenced by cell cycle analysis,
annexin V staining, and determination of caspase 3 which
improved cytotoxicity of SMV-M.

SIGNIFICANCE STATEMENT

This study revealed the importance of TPGS micelles
formula as a nanocarrier system for improved delivery and
augment the effect of SMV in cancer therapy. The results
indicated the improved cytotoxic effects of SMV loaded TPGs
micelles when compared with raw SMV. This can be beneficial
for the treatment of breast cancer with minimum side effects
as SMVis approved as a safe drug. This study will shed light on
researchers and oncologists to identify the importance of
nano carriers in cancer therapy.
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