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Abstract

Recently, Simvastatin (SIM) is received notable attention due to its anti-cancer properties. However, the lipophilicity
feature of SIM restricted its application as a chemotherapy agent. This work aimed to investigate the Polycaprolactone—
Polyethylene Glycol (PCL-PEG) efficiency as the nano-carrier for SIM to enhance its anti-cancer properties. Dynamic
Light Scattering (DLS), field emission scanning electron microscopy (FE-SEM), and Fourier transform infrared (FTIR)
were used to characterize drug-loaded nanoparticles (NPs). To study apoptotic and anti-proliferative properties of drug-
loaded NPs, flow cytometry and MTT assays were utilized. The real-time PCR method measured the expression of
apoptotic genes Bcl-2, Bax, Fas and cell cycle regulating genes, p53, cyclin D, and Rb. MTT assay indicated that loading
SIM on PCL-PEG NPs increased cytotoxicity dose-dependently. In addition, a noticeable increase was found in the sub-
G1 population of treated cells with drug-loaded NPs than free SIM. The remarkable up-regulation of Bax, Fas and p53
genes was detected in treated MCF-7 cells with the decrease of Bcl2, Rb, and Cyclin D 1 gene expression in cells treated
with drug-loaded NPs than free SIM. Taken together, these results show that the polymeric PCL-PEG NPs systems
represent a promising new therapeutic approach for the treatment of breast cancer.
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Introduction

Breast cancer is one of the most prevalent invasive cancer
in adult women. Chemotherapy, radiation, and surgery are
the most famous treatments for breast cancer. However,
radiation therapy and chemotherapy have some limitations
due to unpleasant side effects [1]. Although chemotherapy
is a suitable approach, breast cancer cells have recently
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been indicated to be resistant to various chemotherapeutics
[2]. The standard gold treatment for breast cancer was
surgery supported by adjuvant therapy for a long time. In
recent years, neoadjuvant treatment has been the main
approach in cancer therapy [3]. The motility and metas-
tases of breast cancer cells generally happen because of
Rho proteins overexpression as major regulators of the
cytoskeleton and actin-dependent processes, including cell
polarity and migration in addition to cell-cycle progression
and gene expression [4].

Currently, various non-hazardous bioactive ingredients
like statins and their ability to reduce cancer relapse and
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improve treatment have been evaluated [5-7]. Statins, as
inhibitors of the mevalonate pathway, decrease the syn-
thesis of geranylgeranyl pyrophosphate (GGPP) and far-
nesyl pyrophosphate (FPP), the two key isoprenoid
metabolites in the mevalonate pathway [8]. Blocking the
prenylation of Rho proteins through inhibition of GGPP
and FPP production and decreasing their synthesis is
regarded as an effective chemoprevention strategy for
statins [9]. Accordingly, the use of statins is increasing due
to their potential anti-cancer activity and chemotherapeutic
effects. Statins, in particular, can permeate cell membranes
and directly affect cell functions in tumor cells [10].

SIM, a lipid-lowering drug, is an inhibitor of 3-hydroxy-
3-methyl glutaryl-coenzyme A (HMG-CoA) reductase that
blocks mevalonic acid biosynthesis which is a cholesterol
precursor [11]. It is confirmed that malignant breast cancer
cells possess a raised level of mevalonate [12]. Probably
high level of mevalonate synthesis in cancer cells occurs
due to increased requirements for a mevalonate-derived
metabolite in response to the rapid proliferation of tumor
cells. Hence, it is shown that SIM causes arrest of the cell
cycle in cancerous breast cells and even in cancerous stem
cells, which leads to triggering apoptosis [12].

Short half-life, low solubility, poor biological avail-
ability, low duration of stability in the bloodstream, and
rapid metabolism and degradation are the main limitations
of using pharmaceutical compounds such as SIM in med-
icine. A potential alternative strategy for overcoming these
drawbacks and enhancing its anti-cancer activity is using a
nanotechnology-based strategy that may improve the
chemo-preventive and chemotherapeutic effects [13].

Polymeric particles are a distinctive type of nanomate-
rials that have found many new applications in delivery
systems for in situ controlled release of therapeutic appli-
cations [14, 15]. Nanoparticle drug delivery supplies
numerous advantages due to high encapsulation efficiency,
a protected drug from degradation, improved bio-distribu-
tion, delivered, and controlled drug release [16—18]. One of
the most successful polymer nanoparticles is Polycapro-
lactone—Polyethylene Glycol (PCL-PEG). PEG is a useful
hydrophilic polymer for avoiding phagocytosis of reticu-
loendothelial system (RES) and prolong their cycling time
in vivo and PCL is a hydrophobic polymer that can be
couple with PEG to form amphiphilic copolymer
[19, 20].These copolymers are biocompatible and
biodegradable materials that have shown high potential in
drug-delivery systems [21]. They are non-toxic, non-im-
munogenic and also their degradation products can enter
the Krebs cycle or excrete by the urinary system. More-
over, PCL-PEG copolymers have a high drug-loading
capacity, high potential to enhance drug solubility, sus-
tained-release properties, prolonged systemic circulation
time, the ability to escape recognition by macrophages, and
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show high potential to be a success in the development of
new systems for drug delivery [22]. Hence, encapsulating
anti-cancer phytochemicals such as SIM in PCL/PEG
biodegradable nanoparticles may have many advantages
over other drug delivery systems.

In the current study, we aimed to encapsulate SIM
compound into PCL/PEG (nanoparticles) NPs and inves-
tigate its pro-apoptotic and anti-cancer activities on MCF-7
human breast cancer adenocarcinoma cells through mod-
ulating the expression of apoptotic and cell cycle genes, as
the important molecules involved in tumorigenesis.

Materials and Methods
Chemicals and Materials

Polyvinyl alcohol, dichloromethane, dimethyl sulfoxide,
stannous octoate, glycolide, DL-Lactide, PEG (MW2000)
were obtained from Sigma-Aldrich (Saint Quentin Falla-
vier, France) Roswell Park Memorial Institute (RPMI)
1640, fetal bovine serum (FBS), 3(4, 5-dimethylthiazol-2-
yl) 2, 5-diphenyltetrazolium bromide (MTT), 4°, 6-di-
amidino-2-phenylindole (DAPI), tetrazolium salt and pro-
pidium iodide (PI) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) Annexin V/PI was
obtained from eBioscience (San Diego, CA, USA).

Preparation of Copolymer

The copolymers were synthesized according to our previ-
ous report. It was synthesized by a ring opening polymer-
ization of e-caprolactone with PEG as initial molecule and
Sn (Oct), as catalyst. In brief, PEG (2 g) was added to a
dry three necked flask and heated at 120 °C under vacuum
for 3 h (h) to remove moisture. The g-caprolactone (4 g)
and Sn(Oct)2 (0.01 mmol) were introduced into the flask
under a nitrogen atmosphere and then the polymerization
reaction was performed at 120 °C with vigorous stirring for
12 h. After 12 h, the resulting copolymer was cooled at
room temperature, dissolved in chloroform and precipitated
in cold diethyl ether. The copolymer was dried under
vacuum at room temperature for 24 h.

Preparation of Drug-Loaded NPs

SIM loaded polymers were prepared by a double emulsion
technique (w/o/w). 1 mL aqueous solution of SIM with
known concentration 6 mg/mL was first poured dropwise
into the PCL- PEG copolymer solution in 2 mL chloroform
(25 mg/mL) under certain mixing rates (1500 rpm) to form
a w/o emulsion. The resulting emulsion was then injected
drop-wise into 20 mL of distillated water containing 0.4 wt
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Fig. 1 Schematic representation
of SIM loading process on the
PCL-PEG NPs
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% of poly (vinyl alcohol) under certain mixing rates
(1500 rpm). Then, the mixture stirring was continued
magnetically at room temperature until complete evapo-
ration of the organic solvent. Subsequently, evaporation of
the organic solvent in aqueous environment leads the
amphiphilic copolymers to self-associate and form the
nanoparticles. Finally, all of the samples were centrifuged
at 20,000 x g, and freeze-dried (at pressure of 14 Pa and -
78 0C) to remove all of the residual solvents and to produce
the final nanoparticle form (Fig. 1).

Drug Encapsulation Efficiency and Drug Loading

To determine the efficiency of drug encapsulation, after the
synthesis of drug-loaded NPs, the supernatant of the tube
was isolated, and the quantity of non-entrapped SIM
assessed was defined via Visible-UV spectrophotometer at
238 nm. In the following, the percent of (THE / AN)
entrapped drug (Encapsulation Efficiency; EE) and drug
loading (DL) were computed by employing the following
formulas:

_ Amount of drug entrapped
N Amount of NP

DL (%) x 100 (1)

Amount of drug entrapped
EE = 100 2
(%) Amount of drug added X @)

Characterization of NPs

The Dynamic Light Scattering (DLS) was utilized to ana-
lyze the NPs average size. The field emission scanning
electron microscopy (FE-SEM) (MIRA3 TESCAN, Czech)
was applied to determine NPs morphology. The structure
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confirmation of SIM-loaded NPs was investigated via
Fourier transform infrared (FTIR) spectroscopy (BRUKER
series). X-ray diffraction (XRD) measurements were
achieved by a Bruker D8 Advance diffractometer using
CuKao radiation (A = 1.542 A).

In Vitro Release Study

The 5 mg of SIM-encapsulated NPs were scattered in
30 ml phosphate-buffered solution (PBS) (pH = 5.5 and
7.4) and incubated with stirring at 37 °C. In various time
periods, 3 ml PBS removed and the concentration of the
released simvastatin measured using ultraviolet spec-
trofluorometric at the maximum absorption wavelength
(238 nm). Then, buffer solution was substituted with the
same volume of fresh PBS.

Cell Viability Assay

MCEF-7 cells (human breast cancer cell line) were cultured
in RPMI-1640 media containing 10% FBS (fetal bovine
serum) and 1% streptomycin/penicillin and incubated at
5% humidity in sterile flasks. MTT (3-(4, 5-dimethylthia-
zole-2-yl)-2,5-biphenyl tetrazolium bromide) assay was
utilized to study the viability of cells. Briefly, MCF-7 cells
(5000 /well) were plated in 96-well plates and the day after
treated with SIM, PCL-PEG, and SIM-loaded NPs
(0-30 mM) for 48 h. Next, MTT solution (0.5 mg/mL, 200
pL) was added to all wells and incubated for 4 h. The 200
pL of DMSO was applied to solubilize the violet crystals.
Plates were read using Beckmann Coulter ELISA plate
reader (BioTek) at 570 nm at the final step.
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DAPI Staining

The morphological features of apoptotic cells were asses-
sed by DAPI nuclear staining. Firstly, MCF-7 cells
(2 x 10° /well) were plated into 6-well plate and treated
with SIM and SIM-loaded PCL-PEG NPs for 48 h. The
cells were then fixed for 30 min with 4% ethanol, washed
with PBS twice, and incubated for 30 min with 1 mg/mL
DAPI at 37 °C. An inverted fluorescence microscope
observed the stained cells.

The Analysis of Cell Cycle

The cell cycle phase of MCF-7 cells was characterized
through flow cytometry. MCF-7 cells (2 x 10°/mL den-
sity) were harvested 48 h after the treatment with SIM and
SIM-loaded PCL-PEG NPs at different concentrations.
Subsequently, cells were washed with PBS twice and fixed
in 4 °C with ice-cold 70% ethanol for 24 h. Then, the fixed
cells were collected and stained according to the RNAse/
propidium iodide protocol. The cell cycle analysis was
performed through a FACS Calibur cytometer.

Flow Cytometry Analysis

Apoptosis assay was performed utilizing an Annexin V
Apoptosis Detection Kit (BD Bioscience). Briefly, MCF-7
cells (2 x 10%) seeded in six-well plates were treated with
SIM and SIM-loaded PCL-PEG NPs. Forty-eight hours
followed by treatment, the cells were washed with PBS and
harvested. Next, cells were suspended in a binding buffer
containing PI (5 pL) and Annexin V (5 pL), and the
mixture was incubated at room temperature in the dark for
15 min. Apoptotic cells were analyzed using flow
cytometry.

RNA Isolation and Real-Time PCR Analysis

MCEF-7 cells were plated into a 6-well plate and treated
with SIM and SIM-loaded PCL-PEG NPs for 48 h, and
then total RNA was extracted utilizing Trizol. Next, RNA
quality and quantity were measured. Total RNA was
changed to cDNA by Revert Aid First-strand cDNA syn-
thesis Kit (Fermentas, Germany). Real time PCR amplifi-
cation was conducted with a fluorescence thermal cycler
system using SYBR Green master mix kit (Am-
pligon; Odense, Denmark) with specific primers (Takapou
Zist Co., Iran) (Table 1). The program of the real-time PCR
was as follows; Initial denaturation in 95 °C for 5 min, 40
cycles of 95 °C for 15s, and 60 °C for 30 s. Relative
expression of each gene was normalized via housekeeping
gene (GAPDH) and quantified utilizing the 2~ 24" method.
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Statistical Analysis

Graph Pad Prism statistical software (USA, v.6.01) was
utilized for analysis. Data are reported as the means =+ s-
tandard deviation. The statistical significance was evalu-
ated using one-way and two-way analyses of variances.
p < 0.05 were considered as significant.

Results and Discussion

Synthesis of PCL-PEG Copolymer and FTIR
Spectroscopy

In recent decades, there has been increasing interest in the
preparation of drug-loaded polymers for a diversity of drug
delivery purposes. However, until the last few years, there
were very few published reports describing drug-conju-
gated nanoparticles [23, 24]. To the best of.

our knowledge, no study has yet been carried out on the
conjugation of SIM with biodegradable polymers such as
PCL-PEG for treatment of breast cancer cell line which can
be used as the best drug carrier because some unique
characteristics including improving the bioavailability as
well as inducing passive targeting capability in the in-vivo.

PCL-PEG-PCL copolymer was synthesized successfully
by ring-opening copolymerization of PEG and e-capro-
lactone. FT-IR of SIM, PCL-PEG copolymers, and SIM-
loaded PCL-PEG NPs is displayed in Fig. 2. The strong
bands at 1727 and 1103 cm ™" are assigned to the presence
of ether (C—O) and ester-carbonyl (C = O) groups. In FTIR
spectra of SIM an obvious absorption is observed at
3553 ¢cm™! that is related to free O—H stretching, bands at
3015, 2964, 2882 cm ™' are associated with C-H stretch-
ing, and a sharp peak at 1722 cm™' represents stretching
vibration of the lactone carbonyl group and ester. These
bands are distinct in the SIM-loaded PCL-PEG-PCL
copolymer; also, no main shifting indicated the successful
incorporation of SIM.

The Analysis of Morphology and Particle Size

Results of DLS showed that PCL/PEG NPs have uniform
dispersion with an average size of 210 nm, zeta potential
(ZP) of 26.5 £ 5.4 mV, and a polydispersity index (PDI)
of 0.145 £ 0.054. Moreover, it is found that SIM-loaded
PCL-PEG NPs showed an average size of 250 nm, ZP of
24.9 + 4.5 mV, and PI of 0.105 £ 0.100 (Table 2). The
obtained SEM images show that PCL/PEG NPs and PCL/
PEG NPs loaded with SIM had spherical and uniform
shapes (Fig. 3). According to the images, the average
diameter of PCL/PEG NPs loaded with SIM was found to
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Table 1 Primer sequences used

in real-time PCR technique Genes Primer Sequence PCR product size (bp)
Bax F: 5-GGTTGTCGCCCTTTTCTA-3' 108
R: 5- CGGAGGAAGTCCAATGTC -3’
bel-2 F: 5'- GATGTGATGCCTCTGCGAAG -3’ 93
R: 5'-CATGCTGATGTCTCTGGAATCT-3’
P 53 F: 5'- AGA GTC TAT 5 V-GCT CGA CGC TAG-3' 125
R: 5'-GAT CTG AC-3 V AGG CCC ACC CC-3’
Cyclin D 1 F: 5-AGACCTTCGTTGCCCTCTGT-3' 181
R: 5-CAGTCCGGGTCACACTTGAT-3'
pRb F: 5-GCA TCG TCT GTA GTC TCG CCA ATA C-3’ 176
R: 5-GCT CTG GGA TTT CTG CTT CTT CG-3'
Fas F: 5-TGAAGGACATGGCTTAGAAGTG -3’ 102
;le)}lfliipeizlirt;cL;(;h;;l:s;ential Formulation Particle size (nm)* if;odléfgjspersity Zeta potential (mV)*
of drug loaded PLGA-PEG NPs
PCL/PEG NPs 210 £ 1.13 0.145 £ 0.054 265 £54
SIM-loaded PCL/PEG NPs 250 £+ 5.26 0.105 £ 0.100 249 £ 45

“mean £ SD (n = 3)

000 3500 3000 2500 2000 1500 1000
Wavenumber (cur®)

Fig. 2 FTIR spectra of SIM, PCL-PEG, and SIM-loaded PCL-PEG
NPs

be approximately 250 nm. Considering the particle size
analysis, SIM-loaded PCL-PEG NPs had larger diameters
than blank PCL-PEG NPs, demonstrating that loading of

SIM significantly enhanced NPs diameter distribution. The
moderate deviation in diameter estimated through SEM
and DLS is related to differences in the samples’ surface
characteristics under the employed assay settings. For
example, NPs must be very dehydrated for analysis of
SEM, while they are entirely hydrated when examined by
DLS. The small size of NPs is necessary to escape from
tracing and removal through the reticuloendothelial system.

Moreover, it is suggested which almost all cells pref-
erentially internalize slightly positively charged NPs with a
size less than 400 nm [25]. Hence, it can be said which the
size range of SIM-loaded PCL-PEG NPs will be satisfac-
tory to obtain a long half-life time when systemic circu-
lation and also to target cancerous cells passively. The NPs
surface charge is one of the main factors that affected the
stability of NPs emulsion and their interaction with the cell
membranes [26]. Moreover, the PCL-PEG-PCL NPs loa-
ded with SIM can enhance the circulation time of drugs due
to the negative charge of — 5.58 mV on their surface.
Surface charge is also critical to determine whether NPs
will assemble in the bloodstream or interact with or bind to
the cell membrane with opposite charge [27]. The blood
cells and plasma contain a negative charge, and NPs with a
little negative charge on their surface may reduce non-
specific interactions with these elements by electrostatic
interactions [28].
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Fig. 3 Size distribution (a, ¢) and SEM images (b, d) where (a, b) PCL-PEG NPs; (¢, d) SIM-loaded PCL-PEG NPs. The microspheres are

uniform
Drug Loading and Entrapment Efficiency

The drug encapsulation efficiencies (EE) range was about
75.8 with a loading capacity of 11.4 &+ 1.3%, respectively.
The hydrophobic nature of SIM resulted in the high
encapsulation efficiency of these anti-cancer agents.

X-ray Diffraction Patterns
XRD is frequently used to analyze the degree of sample
crystallinity. The X-ray diffraction patterns of DHART

solid dispersions are presented in Fig. 4. This crystalline
Free DHART were characterized pattern with peaks at
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about 7.72, 10.61, 16.47, 17.12, 18.0, 21.28, 22.22, 26.0,
28.24, and 31.91 (2Theta). However, there was no clear
peak in the XRD pattern for the amorphous polymer. The
XRD pattern of the physical mixtures indicated that the
intensities of typical peaks for the intact drug were lowered
due to a dilution effect without a qualitative disparity in
drug diffractogram (Fig. 4).

In vitro Drug Release
To study the role of chemical and biochemical agents on

the SIM release from NPs, a work was applied on the NPs
loaded with SIM in neutral and acidified (pH = 5) PBS
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Fig. 4 Powder X-ray diffraction of SIM, SIM@PCL/PEG physical
mixture, and PCL-PEG/SIM NPs
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Fig. 5 Effect of different pH on drug release at 37 °C. Cumulative
drug release patterns of SIM from PCL-PEG NPs at pH 5 and 7.4
(mean = S.D., n = 3)

solution. Figure 5 shows the result of release patterns. As
presented in Fig. 3, both PHs show an initial burst dis-
charge during the first 4 h of incubation. Generally, the
initial fast release phase is attributed to the molecules of
the adsorbed drug on the NPs surface. According to Fig. 5,
the release of SIM from the NPs was raised by reducing pH
from 7.4 to 5. The released SIM in pH =5 was signifi-
cantly faster compared to in pH = 7.4 in simulated acidic
situations of lysosomal/endosomal compartments (the SIM
had a rapid release rate at pH 5 (mimicked acidic situations
of lysosomal/endosomal compartments) compared to pH
7.4). For instance, 83.56% of the total SIM amount was
released from NPs in pH 5 after the incubation 96 h, while
the percentage of SIM released at pH = 7.4 was 62.99.

Figure 5 also indicated that the maximum SIM released
from the NPs after incubation for 120 h, in pH values of 5
and 7.4 is 84.45% and 63.41%, respectively. The sustained
release of SIM probably is attributed to its encapsulation in
the NPs inner part. Hence, copolymeric NPs can be sig-
nificantly considered selective and sensitive nano-systems
to deliver hydrophobic drugs for various therapeutic
purposes.

In Vitro Cytotoxicity

As is clear from Fig. 6, MTT assay results indicated that
the viability of the MCF-7 cells was remarkably decreased
after treatment with SIM-loaded PCL-PEG NPs in dose-
dependently than to free SIM in all concentrations. After
incubation for 48 h, the ICsy values of free SIM were
obtained as 1.97 mM and for SIM-NPs as and 3.3 mM,
respectively. The ICsy, values certainly revealed the
excellent performance of SIM-NPs. The elevated cytotox-
icity of PCL-PEG NPs loaded with SIM against MCF-7
cells was because of the great intracellular concentrations
of SIM and its controlled release. It is proved that nano-
systems internalize the encapsulated drugs by using a
specific cellular pathway and release them as controlled,
while free drugs can easily diffuse by the cell membrane
[29]. So far, several studies were done to nanocapsule the
SIM to apply it in hyperlipidemia treatment [30, 31].
However, applying polymeric NPs to deliver the SIM into
cancer cells hasn’t still been widely studied. Wu and
coworkers assessed the efficiency of cholic Acid-Core Star-
Shaped PLGA NPs to deliver the SIM into breast cancer
cells (MDA-MB-231). The cytotoxicity assay data showed
that star-shaped CA-PLGA loaded with SIM has a higher
cytotoxicity effect than free SIM. Furthermore, results of
in vivo study performed in the MDA-MB-231 xenograft
tumor model indicated that star-shaped CA-PLGA loaded
with SIM could efficiently repress the tumor growth in a
greater period compared to free SIM [32].

120+

1004 — Control

- SIM

- SIM-PCL/PEG

Cell viability (%)

o

0 2 5 10 20 30
Dose (mM)

Fig. 6 In vitro cytotoxicity of SIM, and SIM-loaded PCL-PEG NPs

over a range of concentrations (0-30 mM) in MCF-7 cells for 48 h of
incubation (mean + S.D., n = 3)
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Detection of Chromosome Condensation using
DAPI Staining

Changes in nuclear morphology of apoptotic cells were
observed following DAPI staining after treatment with free
SIM, and PCL-PEG NPs loaded with SIM (Fig. 7). After
DAPI staining, the nucleus of untreated MCEF-7 cells
revealed homogeneous fluorescence color without any
segmentation and fragmentation. Treating the cells with
free SIM and PCL/PEG NPs loaded with SIM resulted in
the nuclei segregation into fragments, confirming the
breakdown in chromatin followed via condensation of
DNA. According to Fig. 7, the percentage of apoptotic
cells treated with PCL/PEG NPs loaded with SIM was
remarkably greater compared to free SIM, indicating that
SIM loaded on PCL/PEG NPs induced apoptosis in MCF-7
cells more efficiently than free SIM.

Cell Cycle Arrest Analysis

In Fig. 8, the effects of free SIM and PCL/PEG NPs loaded
with SIM against cell-cycle progress in MCF-7 cells. The
fundamental increase in the population of the MCF-7 cells
in the sub-G1 phase was observed followed by treating
with PCL/PEG NPs loaded with SIM than free SIM. As is
clear from Fig. 8, the treated MCF-7 cells with NPs loaded
with SIM for 48 h indicated a noticeable increase in the

Fig. 7 Morphological changes (a)
in the cells treated with free
SIM and SIM-loaded PCL-PEG
NPs that are detected using
fluorescence microscopy
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sub-G1 population (70.23%) than free SIM (51.3%)
(p < 0.05). The S and G2 phases’ population decreased
after an upsurge in the sub-G1 phase compared to free SIM.
The damage of DNA was proposed as a major reason for
the arrest of the cell cycle. The cells containing damaged
DNA tend to accumulate in the G1 or the G2/M phases,
whereas cells with irreversible damage are collected in the
sub-G1 phase [33]. The data obtained from the present
study showed that the effects of free SIM and loaded on
PCL-PEG NPs on apoptosis activation are associated with
changes in cell cycle progress via the increase in cells
entering the sub-G1 phase.

Pl/Annexin V Staining

To quantify the proportion of dead and apoptotic MCF-7
cells following treatment with SIM and SIM-loaded PCL-
PEG NPs, PI/Annexin V staining was utilized (Fig. 9).
Data showed that SIM results in the induction of cell death
in MCF-7 cells. The free SIM and loaded on NPs enhanced
the percentage of dead MCF-7 cells to 21.26 and 29.63%,
respectively than control. These results showed that cell
cycle progress and apoptosis probably are linked with
elevated endocytosis and release kinetics of encapsulated
SIM. There is increasing evidence that SIM could increase
apoptosis or reduce the proliferation of various cancer cells
like prostate cancer, medulloblastoma brain tumor, lung,

(b)

o
20 im
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Fig. 9 The induction of apoptosis in treated MCF-7 cells with IC50 concentrations of free SIM and SIM-loaded PCL-PEG NPs for 48 h

and cancer stem cells [5, 11]. In conformance to prior
reports, our study showed that free SIM and SIM-loaded
PCL-PEG NPs significantly suppressed breast cancer cells

proliferation. It has been suggested that SIM induced arrest
of the cell cycle via suppressing the STAT3/SKP2 axis and
activating the AMPK to promote the accumulation of p21
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and p27 in hepatocellular carcinoma cells [34]. Further-
more, a recent study on nasopharyngeal carcinoma showed
that treatment with SIM induced arrest of C666-1 cells in
the G1 phase by repressing the expression of cyclin D1 and
Cdk4 and improving the expression of p27 [35].

The Analysis of Gene Expression

To recognize the molecular mechanisms behind the anti-
proliferative properties of SIM-loaded NPs in MCF-7 cells,
the expression of genes involved in the apoptosis pathway
(Bcl-2, Bax, Fas) and cell cycle regulating genes (p53,
cyclin D, and pRb) were measured (Fig. 10). The real-time
PCR data exhibited that the expression level of apoptotic
genes Bax and Fas, also cell cycle-regulating genes p53,
was remarkably more up-regulated in treated MCF-7 cells
with SIM-loaded NPs than treated cells with treated cells
free SIM. Moreover, the mRNA expression level of Bcl-2,
cyclin D, and pRb genes was significantly more down-
regulated in SIM-NPs treated cells compared to treated
cells with free SIM. Apoptosis plays an important role in
cancer pathogenesis; therefore (THE / A) study of genes
involved in this pathway is important in research on the
initiation and progression of cancer.

Bcl-2 is an anti-apoptotic protein, while Bax protein
promotes cell death. The formation of Bcl2—Bax hetero-
dimer provokes a signal for the survival of cells. These
proteins are transcriptional targets for pS3, which cause the
induction of apoptosis in response to DNA damage [36].
Previous studies have shown that the Bcl-2/Bax ratio can
influence the progression of the tumor and its aggressive-
ness [37, 38].

The prenylation of Ras proteins is used for the growth,
signaling, and cycle of cells by cancer cells with up-reg-
ulated metabolism [39]. The cell cycle genes play a crucial
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role in keeping genomic stability and employ genetic
monitoring following exposure to damaging agents,
including oxidative stress, chemicals, and UV and gamma
radiation. Accordingly, to verify cells arrest in GO/G1
phase, the expression of TP53 gene, which induces cell
cycle arrest or apoptosis, CDKI1, which is known as
responsible for the progress of cell cycle, and CDKNI1A
(the cyclin-dependent kinase inhibitor), which acts as a
regulator of the cell cycle progression in G1, were evalu-
ated [39].

Our study assessed the induction level of apoptosis in
treated MCF-7 cells with free SIM and PCL/PEG NPs
loaded with SIM, and the results were proved prior studies.
Koyuturk et al. indicated that SIM induces apoptosis by the
JNK involvement in breast cancerous cells independent of
the situation of their p53 expression [40]. In MCF-7 cells,
SIM increased the fragmentation of DNA and at the
molecular level induced the Bax overexpression, a pro-
apoptotic gene, as well as the Bcl-2 suppression, the gene
that protects cells from apoptosis [41]. Moreover, investi-
gations by Sheikholeslami et al. indicated that apoptosis in
medulloblastoma brain tumor cell lines is controlled by
prenylation intermediates of the cholesterol metabolism
pathway. Also, they were demonstrated that SIM induces
the activity of caspases such as caspase 3, 7, 8, and 9, and
changes the expression of regulator proteins associated
with apoptosis, including Bcl-xl, Bcl-2, and Bax [5].
Consistent with our work, Karlic and colleagues reported
the influence of SIM on the proliferation and signaling of
cells in U-2 OS and MG-63 osteosarcoma cells, MDA-MB-
231 breast cancer, and PC-3 prostate carcinoma. Results
showed that SIM induced the cell cycle arrest in G1 in U-2
OS, MDA-MB-23, and PC-3 cells, while the arrest of the
cell cycle was more found in S-phase in MG-63 cells [42].
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Fig. 10 The expression levels of Bax, FAS, Bcl-2 (a), p53, Cyclin D1, and pRb genes (b), relative to reference gene (GAPDH) in MCF-7 cells

treated with free SIM and SIM-loaded PLC-PEG NPs
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Conclusion

In this study, NPs prepared by a double emulsion method
from copolymer PCL/PEG were used as carriers to deliver
SIM into MCF-7 cells for breast cancer chemotherapy.
Based on our results, PCL/PEG NPs loaded with SIM
could kill breast cancer cells more quickly than free SIM,
so potentially this strategy can reduce cytotoxicity and
patient side effects. Moreover, according to our results,
nano-formulation of SIM with PCL-PEG can suppress Bcl-
2, cyclin D, and pRb genes and induce apoptosis of human
breast cancerous MCF-7 cells more than free SIM; hence
this nanostructure of SIM has significant potential to use as
a complement drug for the treatment of breast cancer.
These results indicate that the loading of SIM in PCL-PEG
NPs as we have shown here, could lead to promising
candidates for breast cancer treatment with a specific final
goal of reducing drug resistance related to the current
clinically used therapeutics.
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