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Background: Ezetimibe, initially recognized as a cholesterol-lowering agent, has recently attracted attention due to its potential
anticancer properties. We aimed to explore an innovative approach of enhancing the drug anticancer activity through the development
of drug nano-formulations.

Materials and Methods: Fifteen different nano-micelles formulations were prepared utilizing D-a-tocopherol polyethylene glycol
1000 succinate (TPGS) and pluronic F127. The prepared formulations were characterized for size, polydispersity index (PDI), zeta
potential, and entrapment efficiency (EE). The formulations were morphologically characterized using light and transmission electron
microscopies and the drug-binding mode with the active site was investigated using the molecular docking. Cell viability against
MCF-7 and T47D was studied. Apoptosis and cell cycle were assessed.

Results: The prepared formulations were in the nano-size range (34.01 + 2.00-278.34 = 9.11 nm), zeta potential values were very
close to zero, and the TPGS-based micelles formulations showed the highest ezetimibe EE (94.03 + 1.71%). Morphological study
illustrated a well-defined, spherical nanoparticles with a uniform size distribution. Molecular docking demonstrated good interaction of
ezetimibe with Interleukin-1 Beta Convertase through multiple hydrogen bonding, covalent bond, and hydrophobic interaction. TPGS-
based nano-micelle formulation (F5) demonstrated the lowest ICsq against MCF-7 (4.51 pg/mL) and T47D (8.22 pg/mL) cancer cells.
When T47D cells were treated with ICsq concentrations of F5, it exhibited significant inhibition with late apoptosis (43.9%),
a response comparable to T47D cells treated with an ICs, dose of ezetimibe. Cell cycle analysis revealed that both ezetimibe and F5-
treated T47D cells exhibited an increase in the subG1 phase, indicating reduced DNA content and cell death.

Conclusion: These findings suggest that F5 could serve as a proficient drug delivery system in augmenting the cytotoxic activity of
ezetimibe against breast cancer.

Keywords: czetimibe, TPGS, pluronic, micelles, anticancer activity, MCF7, T47D

Introduction

Cancer remains a global health concern and a leading cause of mortality worldwide. The development of effective
therapies for combating cancer is a critical area of research, necessitating the exploration of novel drug candidates and
repurposing existing medications. Ezetimibe is primarily known for its role as an inhibitor of intestinal cholesterol
absorption through its interaction with the Niemann-Pick Cl-like 1 (NPCILI1) transporter.'” However, emerging
preclinical and clinical data have suggested that ezetimibe may exhibit pleiotropic effects beyond its cholesterol-
lowering activity, including potential anticancer properties. Recent in vitro and in vivo studies have demonstrated that
ezetimibe exerts inhibitory effects on cancer cell proliferation, migration, and invasion. Moreover, it has been observed
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that ezetimibe can induce apoptosis, arrest the cell cycle, and inhibit angiogenesis in various cancer models.>* These
findings indicate a potential role for ezetimibe as an adjuvant therapy or a standalone treatment option in cancer
management.> On the other hand, ezetimibe is characterized by its poor aqueous solubility (0.008 mg/mL) and low
bioavailability. The drug undergoes significant metabolism in the intestine and liver before entering systemic circulation.
Its bioavailability was reported to be around 35-65% due to extensive first-pass metabolism.” To enhance its solubility
and bioavailability, various nanoformulations of ezetimibe have been investigated. Nanoformulations aim to improve
drug delivery, absorption, and efficacy. Nanosuspensions,® nanoemulsions,’ lipid-based nanoparticles,® and polymeric
nanoparticles,” made from biodegradable polymers, such as poly(lactic-co-glycolic acid) or chitosan, have been utilized
to overcome ezetimibe limitations or drawbacks associated with the drug. Although these nanoformulations of ezetimibe
may have addressed certain limitations, there may still be a demand to enhance the overall efficacy of ezetimibe.

The mechanism underlying the anticancer activity of ezetimibe is not yet fully understood. It has been proposed that
ezetimibe may affect cancer cell growth by modulating signaling pathways, including the Wnt/B-catenin pathway, which
is crucial for cellular proliferation and survival. Additionally, ezetimibe’s ability to inhibit the mevalonate pathway,
involved in cholesterol biosynthesis and protein prenylation, may contribute to its anticancer effects.* Furthermore, the
potential immunomodulatory properties of ezetimibe have been investigated,'® suggesting a role in enhancing antitumor
immune responses. In recent years, several studies have explored the therapeutic potential of ezetimibe in various cancer
types, including breast, colorectal, lung, and pancreatic cancer.”'''* These investigations have demonstrated promising
results, suggesting that ezetimibe could be an effective therapeutic strategy for a broad range of malignancies. However,
further research is necessary to elucidate the specific mechanisms and optimize treatment regimens to maximize its
anticancer efficacy.

Effective drug delivery is crucial for optimizing therapeutic outcomes in various disease conditions. Over the years,
considerable efforts have been made to develop novel drug delivery systems that can enhance drug solubility, stability,
bioavailability, and therapeutic activity. Among these systems, micelles have emerged as versatile carriers with the
potential to overcome numerous challenges associated with conventional drug formulations. D-a-tocopheryl polyethylene
glycol succinate (TPGS), a water-soluble derivative of vitamin E, has gained significant attention in recent years due to
its unique properties, including amphiphilicity, biocompatibility, and surfactant-like behavior.'> TPGS can self-assemble
into micelles in aqueous media, forming a hydrophobic core and a hydrophilic shell. This unique structure enables the
encapsulation of poorly soluble drugs within the core, improving their solubility and stability.'® Moreover, TPGS
possesses inherent antitumor and chemo-sensitizing properties, making it an attractive carrier for anticancer drugs.'
Pluronic copolymers, comprising poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
triblock structures, are another class of widely investigated micellar carriers.'” These copolymers exhibit temperature-
responsive sol—gel transition behavior, allowing them to undergo reversible micelle formation at body temperature. This
property is advantageous for drug delivery applications, as it facilitates controlled drug release at the target site. Pluronic-
based micelles have demonstrated promising results in enhancing drug solubility, improving cellular uptake, and
prolonging drug circulation time.'®

In this manuscript, we aimed to investigate the molecular mechanisms underlying ezetimibe’s effects on cancer cells
and explore the potential anticancer activity of ezetimibe loaded TPGS/Pluronic mixed micelles compared to single-
component micelles against two human hormone-dependent breast cancer cell lines.

Materials and Methods

Materials

Ezetimibe was kindly gifted by the Saudi Arabian Japanese Pharmaceuticals Co. Ltd (SAJA) (Jeddah, KSA). Pluronic
F127 was obtained from Xi’an Lyphar Biotech Co., Ltd (Xi’an, China). Ethanol and D-a- tocopherol polyethylene glycol
1000 succinate (TPGS) were purchased from Sigma-Aldrich (St. Louis, MI, USA). DMEM high glucose, fetal bovine
serum (FBS), and cell culture antibiotics were obtained from Gibco, ThermoFisher Scientific (Waltham, MA, USA).
Trypan blue, Thiazolyl Blue Tetrazolium, and Propidium Iodide were provided by Merck & Co., Inc. (West Point, PA,
USA). The Annexin V-FITC Apoptosis Kit was given by Creative Biolabs (Shirley, NY, USA).
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Preparation of Ezetimibe-Loaded Micelles/Mixed Micelles Formulations

The composition of the prepared polymeric micelles and mixed micelles formulation is illustrated in Table 1. Drug-to-
polymer ratios of 1:10, 1:15, and 1:20 were used. TPGS and pluronic F127 1:1 molar ratio was utilized as previously
described by Grimaudo et al'®

To prepare pluronic F127 micelles formulation, the calculated amount of the polymer was dissolved in distilled water
under continuous agitation using a magnetic stirrer to ensure uniform dispersion. Simultaneously, ezetimibe was
solubilized in a minimal volume of ethanol, to prepare an ethanolic drug solution. The obtained ethanolic drug solution
was added to the polymeric aqueous solution, and the mixture was left stirring overnight at room temperature until the
complete evaporation of the organic solvent “ecthanol”. Finally, the obtained aqueous dispersion was subjected to
filtration using a 0.22 pm pore size Millipore filter to remove un-entrapped drug and other impurities, resulting in a well-
defined and stable pluronic F127 micelles formulation.

For TPGS micelles formulation, the drug and the polymer “TPGS” were dissolved in a minimal volume of ethanol.
The obtained polymeric drug mixture was added to a specified volume of distilled water on a magnetic stirrer. Stirring
continued overnight until complete evaporation of ethanol, and the mixture was filtered as described above.

For pluronic F127/TPGS mixed micelles formulation, a pluronic F127 aqueous solution and an ethanolic TPGS drug
mixture were prepared as described above. The latter was added to the former, and the organic solvent “ethanol” was
completely evaporated. Finally, the mixture was subjected to filtration.

Non-medicated nanocarrier formulations were also prepared for comparison purposes and to serve as a negative control
in the cell line experiments. These formulations were assigned the same number followed by the letter “c” (Flc-F15c).

Characterization of the Prepared Formulation

Size, Polydispersity Index (PDI), and Zeta Potential

Malvern Zetasizer Nano ZSP of Malvern Panalytical Ltd. (Malvern, UK) was used to measure the size, PDI, and zeta
potential of the prepared polymeric micelles and mixed micelles formulations. All measurements were conducted in
triplicate without further dilution. Measurement of zeta potential was conducted at a scattering angle of 13° while
maintaining a constant temperature of 25°C. To ensure accuracy, a 300-second equilibration period was allowed before
the measurements. The entire process, including the number of runs, scan settings, voltage selection, and attenuation
selection, was meticulously controlled and automated.

Table | Formulation Composition and Characterization of the Prepared Ezetimibe Nano-Micelles

Composition Characterization

Run # | Drug (mg) | TPGS (mg) | PF-127 (mg) | Polymer (%) Size (nm) PDI ZP (mV) EE (%)

FI 50 500 | 92.34+6.56 0.4240.11 | —0.39+0.03 | 13.89 £ 0.29
F2 50 750 1.5 99+6.93 0.36£0.03 | —0.09+0.14 | 25.32 + 0.28
F3 50 1000 2 101.47£7.01 | 0.35+0.12 | —7.23+1.13 | 27.86 * 0.68
F4 50 2000 4 149.23422.34 | 0.74+0.23 | —2.16+£0.04 | 90.87 + 4.19
F5 50 3000 6 181.90£5.53 | 0.3620.01 | —1.49+0.31 | 94.03 £+ .71
Fé 50 500 | 34.01+2.00 0.3740.26 | —0.28+0.14 | 0.55 + 0.14
F7 50 750 1.5 39.30+1.85 0.70+0.25 | —2.60+0.83 1.14 £ 0.02
F8 50 1000 2 42.49+5.30 0.62+0.21 | —0.3520.17 | 1.25 + 0.05
F9 50 2000 4 49.71£1.51 0.43+0.01 | —2.24+0.55 | 2.23 +0.33
FI10 50 3000 6 64.23+3.65 0.48+0.05 | —1.49+0.31 | 6.47 + 0.24
Fll 50 53.6 446.4 | 153.73£7.23 | 0.40£0.08 | —9.84+0.65 | 6.07 + 0.08
Fl12 50 80.4 669.6 1.5 198.13+17.09 | 0.26+0.02 | —5.93+0.76 | 10.73 + 0.06
FI3 50 107.2 892.8 2 224.22+10.07 | 0.17+0.06 | —0.42+0.26 | 14.99 % 0.07
Fl4 50 2144 1785.6 4 241.05+8.98 | 0.31+0.03 | —1.32+0.90 | 184l  I.I5
FI5 50 321.6 2678.4 6 278.34+9.11 | 0.46+0.07 | —2.29+0.13 | 23.21 + 3.44

Notes: Non-medicated formulations were also prepared and assigned the same number followed by the letter “c” (Flc-FI5c). Polymer; TPGS and/or PF-127.
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Entrapment Efficiency

To determine the percentage of entrapment efficiency (EE) for ezetimibe in the prepared formulations, the known volume
of each formulation was taken and placed in a rounded bottom flask. The aqueous medium was completely evaporated
under reduced pressure using Buchi Rotavapor R-200; BUCHI Labortechnik AG (Flawil, Switzerland) at 50°C until
formation of a dried film. Ten millilitres of ethanol were added to each sample that was thoroughly mixed and kept
rotated in the Buchi Rotavapor for 10 minutes. Finally, each sample was measured spectrophotometrically at 235.4 nm
against a blank of ethanol. The % EE was calculated using the following equation:

Amount of ezetimibe analyzed inthe sample

% EE =

= x 100
Theoritical amount of ezetimibe in the same sample

Morphological Studies Using Light and Transmission Electron Microscopies

Light microscopy and transmission electron microscopy (TEM) were used to study the morphological characteristics of
the prepared nano-micelles formulations. Leica DM300 optical microscope (Wetzlar, Germany) equipped with HTC M8
digital camera was used. Photographs for the samples were taken at 40,000x magnification power. For TEM analysis,
each studied formulation was mounted on a carbon coated grid and excess sample was removed using a filter paper. Each
sample was left to dry and investigated using a high-resolution transmission electron microscopy of JEOL, JEM- 2100
(Tokyo, Japan).

Docking

Protein Preparation

The crystal structure of the human Interleukin-1 Beta Convertase with a peptide-based inhibitor, (3s)-
N-Methanesulfonyl-3-({1-[N-(2-Naphtoyl)-L-Valyl]-L-Prolyl} Amino)-4-Oxobutanamide, was obtained from the
Protein Data Bank (PDB ID: 1BMQ).?° To prepare the protein for further analysis, we used the Protein Preparation
Wizard in Maestro Schrédinger.”' This involved adding missing hydrogen atoms to the residues, correcting metal
ionization states, and removing water molecules beyond 5 A. Additionally, appropriate charges were assigned to the
protein, and restrained minimization was performed using the OPLS4 force field.

Ligand Preparation

For this study, we used Schrodinger’s LigPrep tool™ to dock the native reference, (3s)-N-Methanesulfonyl-
3-({1-[N-(2-Naphthoyl)-L-Valyl]-L-Prolyl} Amino)-4-Oxobutanamide (PDB ID: MNO), and Ezetimibe. The OPSL3
force field was employed to energy-minimize the 3-dimensional structures of the compounds. Epik was used to generate

]22

all possible ionization states and tautomeric forms for each compound at a pH range of 7.0 + 0.2, and hydrogen atoms
were added accordingly. Furthermore, PROPKA was utilized to optimize hydrogen bonds, and water molecules located
more than 3 A away from the HET groups were excluded from consideration. These steps ensured the accuracy and
reliability of our results while minimizing potential sources of error.

Covalent Docking

The Covalent Docking Tool in the Schrodinger suite™ was employed to predict the reaction between 1BMQ and
Ezetimibe. Cyc285 was selected as the reactive residue, allowing the ligand to react with it. The native ligand, MNO,
was chosen to define the grid box. The type of reaction between Cyc285 and MNO was identified as a Michael reaction,
which guided the selection of the reaction type when covalently docking Ezetimibe in 1BMQ.

Cell Viability Assay

MCF-7 and T47D cell lines were purchased from the American Type Culture Collection (Manassas, Virginia, USA) by
King Fahd Medical Research Centre at KAU. Subsequently, these cells were generously donated to the Tissue Culture
Unit within the Department of Biochemistry, Faculty of Science at KAU for conducting the cell line experiments in this
study, following approval granted by the faculty’s research ethics committee for their use. The selected human cell lines
were cultured in DMEM media supplemented with 10% fetal bovine serum (FBS) and maintained in a CO, incubator at
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37°C. When the cells reached 70-90% confluence, 5 mL of 0.25% trypsin was added to aid in cell detachment. The cells
were then counted using Trypan blue staining, and the cell concentration was adjusted to 10° cells/mL. Subsequently, 100
pL of this cell suspension was added to each well of a 96-well plate, and the plate was incubated for 24 hours. The media
in each well were then replaced with media containing different concentrations of ezetimibe, as well as formulations of
nano-micelles labelled as F5, F10, and F15. The concentrations of ezetimibe ranged from 3.125 to 100 pg/mL, including
both the free form and the form encapsulated within the nano-micelles. The corresponding amount of nano-micelle
formulation without ezetimibe was used as a control and marked F5c¢, F10c, and F15c¢. In addition, various concentrations
of cisplatin were used as positive controls. Each concentration was tested in triplicate. After 48 hours of further
incubation at 37 °C, the media in each well was replaced with 100 pL of a 0.5 mg/mL MTT solution and incubated in
the dark for 4 hours at 37°C. Following this, the MTT solution was replaced with 100 uL of dimethyl sulfoxide (DMSO),
and the plate was allowed to sit for 15 minutes to dissolve the formazan crystals. The absorbance of each well was then
measured at 595 nm using an ELISA reader (Japan- Bio-RAD microplate reader) to assess cell viability and determine
the effects of the different treatments.***

The morphological alterations observed in the studied cell lines after treatment with the prepared formulations were
studied using Nikon ECLIPSE Ti-S microscope, Nikon Instruments Inc. (Melville, NY, USA).

Evaluation of Apoptosis

Following the procedure outlined in the previous section, T47D cells were cultured for 24 hours and then detached using
trypsin, which was subsequently neutralized with medium. The cells were counted, and each well of a 6-well plate was
filled with 2 mL of medium containing 2 x 10° cells. The plate was allowed to incubate for 24 hours to enable the cells to
proliferate and attach. The medium was then replaced with a new medium containing the ICso concentration of
ezetimibe, nano-micelles encapsulated with ezetimibe (F5), and nano-micelles loaded ezetimibe (F5c¢). After another 24-
hour incubation time, 0.5 mL of 0.25% trypsin was added to each well of the plate. The plate was incubated for 5 minutes
at 37°C, and the cells were collected and centrifuged. The pellets were washed twice with PBS. The pellet was suspended
with 200 uL of binding buffer, and 25 pL. Annexin V-FITC/propidium iodide (PI) of. The tubes were then allowed to
incubate for 15 minutes. The cells were analyzed using a flow cytometer (Applied Biosystems, USA) with software that
could detect apoptotic and necrotic cells.”®

Evaluation of Cell Cycle

The T47D cells were treated in the same manner as stated in section 2.6, but with a higher number of cells (1 x 10° cells
per well) added in a 6-well plate. The medium was replaced with a solution containing the ICsq level of ezetimibe, F5,
and F5c. After 24 hours, the cells were taken from each well and washed with PBS twice. The cells were suspended in
300 pL of PBS and gradually treated with 0.7 mL of 100% ethanol before being placed at —20°C for at least an hour.
Subsequently, the pelleted cells were treated with 25 pL of 50 pg/mL PI solution and 100 pL of PBS and left for one hour
in the dark. PI attaches to DNA and forms cell aggregates at each stage of the cell cycle. The cells were then run through
a flow cytometer (Applied Biosystems, USA) to determine the percentage of cells in each phase of the cell cycle.?’

Statistical Analysis

The results are presented as an average with standard deviation in order to examine the formula properties and the
viability of the treated cells. GraphPad Prism Software (version 9.0) was employed to determine the ICs, of the drug, and
all data was subjected to statistical analysis. The flow cytometry software from Applied Biosystems was used to
determine the percentage of cells in each phase, as well as the number of apoptotic and necrotic cells.

Results and Discussion

In this study, two different polymers were employed to develop the drug loaded formulations. Pluronic F12 which is
a temperature-responsive polymer and TPGS which is a water-soluble form of vitamin E were used as they have been
previously used to prepare nano-micelles formulations with different classes of hydrophobic drugs.'”'?**>! Selection of
the minimum polymer concentration and the drug-to-polymer ratio were based on the critical micelle concentration
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(CMC) for each polymer (pluronic F127 or TPGS) and that of the mixed micelles. Grimaudo et al mentioned a CMC for
TPGS and pluronic F127 of 0.091 mM and 0.456 mM, respectively.'® Also, they mentioned a CMC of mixed micelles for
both polymers of 0.110 mM. Ahmed et al reported the same finding for TPGS micelles loaded with vinpocetine.®'

Characterization of the Prepared Formulation

In the current study, the characterization of the prepared formulation was carried out meticulously using a range of
essential parameters, namely size, polydispersity index (PDI), and zeta potential. These parameters are critical in
evaluating the physical and chemical properties of the nano-formulation, and their assessment is pivotal in understanding
the stability and performance. Size determination provides insights into the dimensions of the nanoparticles, helping us
gauge their suitability for specific applications. The polydispersity index allows us to assess the uniformity or dispersity
of particle sizes within the formulation, which is essential for ensuring consistent and reliable outcomes. Additionally, the
zeta potential measurement offers valuable information on the surface charge of the nanoparticles, which plays a pivotal
role in their stability and interactions with biological systems. Together, these characterizations provide a comprehensive
understanding of the quality and potential of the prepared formulations for biomedical applications.

Results of the particle size revealed that all the prepared formulations were in the nano-size range (34.01 + 2.00-
278.34 + 9.11) as illustrated in Table 1. Non-medicated formulations were slightly smaller in size than the corresponding
medicated ones (data not shown). Pluronic-based formulations were smaller in size than TPGS-based formulations.
Pluronic and TPGS have different HLB values, with Pluronic typically having a lower HLB than TPGS. Surfactants with
lower HLB values tend to form smaller micelles due to their greater affinity for the hydrophobic core of the micelles.
Moreover, Pluronic can form micelles more easily due to its block copolymer structure. The PEO blocks help solubilize
hydrophilic compounds in the aqueous phase, while the PPO blocks form a hydrophobic core, resulting in smaller
micelles. On the other hand, TPGS, although capable of micelle formation, may require a higher concentration or
different conditions to achieve similar micelle sizes, as its structure combines a hydrophilic PEG chain with a lipophilic
portion, which can impact self-assembly behavior. Alexandridis and Yang reported a similar explanation for micelle
formation using pluronic block copolymer.*?

The zeta potential of the prepared formulations was very close to zero, —0.09 + 0.14 to —9.84 + 0.65, which is
attributed to the non-ionic nature of the polymers used to develop the formulation as previously mentioned.'® It has been
previously mentioned that a PDI value greater than 0.7 is an indication of a very broad particle size distribution.*® The
obtained PDI values were in the range 0.17 + 0.06—0.74 £ 0.06 which indicate homogeneity of the particles and that the
particle size distribution may vary. The lower end of the range (0.17) indicates a relatively narrow size distribution and
a higher degree of homogeneity, while the higher end (0.74) suggests a wider distribution or less uniformity.

Entrapment efficiency was ranged from 0.55 + 0.14-94.03 £+ 1.71%. TPGS-based micelles formulations showed the
highest ezetimibe EE%, while pluronic F127-based micelles formulations were the lowest. TPGS/pluronic F127 mixed
micelles illustrated intermediate drug EE%. An explanation for this behaviour is the fact that while Pluronic F127 can
form micelles, its structure and properties may not be as conducive to efficient encapsulation of ezetimibe when
compared to TPGS. Moreover, the hydrophilic—lipophilic balance (HLB) of Pluronic F127 may not be as well suited
to ezetimibe’s hydrophobic nature, resulting in a lower drug EE%. Also, the bulky inner core of TPGS micelles
formulation facilitates better retention of the drug inside the micelle core as previously mentioned.* Suksiriworapong
et al reported a similar finding for diazepam-loaded polymeric micelles.*> Combining TPGS and Pluronic F127 in
a mixed micelle system can offer a balance between their individual properties. The mixture can potentially improve the
solubilization and encapsulation of ezetimibe compared to using Pluronic F127 alone. This intermediate EE% indicates
that the combination of TPGS and Pluronic F127 may optimize drug encapsulation to some extent, but it may not reach
the high EE% achieved with TPGS alone. Islam et al reported an increase in the EE of ebastine from drug loaded
poloxamer-188 and TPGS mixed micelles upon increasing the concentration of the micelles forming components. They
also mentioned that the drug EE was in the range 26-82.1%.°
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Morphological Studies

Figure 1 illustrates results for both transmission electron microscopy (TEM) and optical microscope images of micelles
and mixed micelles formulations. Both techniques provide insights into the structural characteristics of these nanos-
tructures. In TEM images, the micelles and mixed micelles formulation appear as well-defined, spherical nanoparticles
with a uniform size distribution, indicative of their stable and homogeneous formation. On the other hand, optical
microscope images provide valuable information regarding the overall appearance and spatial arrangement of these
micelles, offering a complementary perspective to their structural analysis. These results collectively underscore the
importance of precise characterization techniques in elucidating the properties and potential applications of this kind of
formulation. It must be mentioned that since micelles are dynamic system and so accurate size determination is

a complicated process as previously mentioned.*”

Covalent Docking Studies
Following the preparation of Ezetimibe, we successfully performed covalent docking of its 3D structure into Interleukin-
1 Beta Convertase (PDB ID: 1BMQ).

Notably, the native reference molecule (MNO) exhibited multiple hydrogen bonding interactions between the
aldehyde and methyl sulfonyl amide groups with Cyc285 (2.02 A ), Gly238 (2.54 A ), and His237 (1.94 A ).
Furthermore, a covalent bond formed between the thiol group of Cyc285 and the aldehyde group of the reference
molecule (1.85 A ). Additionally, hydrophobic interactions were observed between MNO and the amino acids Ala284
and Cyc285 as illustrated in Figure 2.

Figure 3 displays the interaction of ezetimibe with the active protein. Ezetimibe displayed similar interactions
as the native reference molecule with His237. However, Ezetimibe demonstrated additional interactions compared
to MNO, including Pi—Pi stacking and Pi—cation interactions. Specifically, three hydrogen bonds were identified
between the phenol, hydroxypropyl, and sulfanol groups of Ezetimibe with the amino acids Prol177 (1.68 A ),
GIn283 (1.93 A ), and Argl79 (2.8 A ), respectively. Moreover, the imidazole group of His237 exhibited Pi—Pi
stacking with the hydroxyphenyl group of Ezetimibe (4.15 A ), while the guanidino group of Argl79 interacted
with the fluorophenyl part of Ezetimibe through a Pi—cation interaction. Cyc285 successfully formed a covalent
bond with the azetidinol group of Ezetimibe (1.82 A ), mirroring its interaction with the native reference

molecule.

TEM

Optical
Microscope

Figure | Transmission electron microscope and optical microscopic images for the prepared micelles and mixed micelles formulations.
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Figure 2 The binding mode of the native agonist, (3s)-N-Methanesulfonyl-3-({I-[N-(2-Naphthoyl)-L-Valyl]-L-Prolyl}Amino)-4-Oxobutanamide (PDB-ID: MNO), in the active
site of Interleukin-1 Beta Convertase (PDB-ID: IBMQ) is depicted. Panel (A) shows the 3D representation of the complex between |BMQ and MNO, with MNO displayed
as Orange sticks. The figure also highlights hydrogen bonds (yellow dotted lines) and ionic bonds (blue dotted lines). Panel (B) presents a 2D depiction of the same complex.
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Figure 3 The proposed binding mode of Ezetimibe in the active site of Interleukin-1 Beta Convertase (PDB-ID: IBMQ) is depicted. Panel (A) showcases the 3D
representation of the complex between |BMQ and Ezetimibe, with Ezetimibe represented as Orange sticks. The figure also illustrates hydrogen bonds (depicted as yellow
dotted lines) and ionic bonds (represented by blue dotted lines). Panel (B) presents a 2D depiction of the same complex.

Anti-Tumour Activity

The ICsy of free ezetimibe and ezetimibe encapsulated in nano-micelles against MCF-7 and T47D cell lines was
determined. The percentage of cell viability was evaluated after treating the studied cells with different concentrations
of both free and loaded ezetimibe for 48 hours. The viability of the cells treated with ezetimibe and the prepared
formulations were compared with those treated with cisplatin as a positive control. ICsy values of ezetimibe for MCF-7
and T47D were found to be 17.6 and 19.5 pg/mL, respectively. When compared to cisplatin, the ICs, values of ezetimibe
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were 2.7 and 3.3 times higher in MCF-7 and T47D, respectively. Different preparations of nano-micelles (F5, F10, and
F15) encapsulating ezetimibe showed ICs, values of 4.5, 6.16, and 12.96 pg/mL in MCF-7, and 8.2, 16.7, and 34.9 pg/
mL in T47D, respectively. In MCF-7, the ICso values of F5, F10, and F15 were reduced by 2.9, 4.2, and 2.1 folds in
comparison to the formulations without ezetimibe (F5c, F10c, and F15¢, respectively). In T47D, the IC50 values of F5,
F10, and F15 were also decreased by 4.2, 1.6, and 1.2 folds, respectively, in comparison to their corresponding
formulations without ezetimibe. Furthermore, the 1Cso value of F5 in MCF-7 was 1.44 times less than the ICsy of
cisplatin, while in T47D, it was 1.4 times higher (Figures 4 and 5, Table 2).

Ezetimibe is mostly known as an oral medicine used to treat high blood cholesterol levels. Ezetimibe suppresses
cancer cell growth and proliferation via affecting the cholesterol metabolism. The blockage of the mevalonate pathway,
which is necessary for cell growth and survival, is how ezetimibe exerts its anticancer impact.* Ezetimibe has the
potential to limit cancer formation and progression by anti-angiogenesis, anti-inflammation, and immunological
boosting.”> Niemann-Pick C1-Like 1 (NPCILI) is a transmembrane protein that is required for cholesterol absorption
in the intestine. Ezetimibe inhibits the expression of this protein (NPCI1L1). Increased NPCIL1 expression has been
linked to colorectal cancer (CRC) formation and serves as a biomarker for CRC, and ezetimibe may lessen the risk of
CRC.?® Several laboratory and human clinical trials carried out in the last ten years have offered additional evidence
supporting the idea that ezetimibe could be a viable alternative for cancer therapy and prevention. However, there is
currently a lack of data demonstrating ezetimibe-specific effects on cancer human cell lines, including its efficacy in
causing programmed cell death and phases of the cell cycle.

The ICs5y of MCF-7 and T47D breast cancer cells treated with ezetimibe formulated in TPGS nano-micelles was
shown to be the lowest when compared to treatment with ezetimibe alone, drug-loaded PF127 micelles, or drug-loaded
TPGS and PF127 mixed micelles. This formulation “drug loaded TPGS micelle” was shown to be the most successful in
eliciting anticancer activity in MCF-7 (ER+) and T47D (ER+ and PR+) cells, therefore it was chosen for further
investigation of the percentage of apoptotic cells and cell cycle phases in T47D treated with ezetimibe alone or ezetimibe
encapsulated in TPGS. Accordingly, successful ezetimibe release from the prepared drug-loaded nanocarrier formulation
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Figure 4 Cell viability of MCF-7 and T47D after treatment with varying concentrations of cisplatin (A) and viability of MCF-7 treated with ezetimibe and nano-micelles
formulations F5 and F5c (B), FI0 and FI0c (C), and FI5 and Fl5c (D).
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Figure 5 Cell viability of T47D after treatment with various doses of with ezetimibe-loaded nano-micelles formulations F5 and F5c (A), F10 and F10c (B), and FI5 and F15c (C).

was indicated from the marked reduction in the percentage of cell viability obtained from this formulation when

compared to the pure drug and non-medicated nanocarrier formulation as shown in Figure 4. Targeting the tumour

cells and avoiding direct effect on normal tissues will be the focus of our upcoming study by investigating various

Table 2 ICsy of Ezetimibe and the Prepared Nano-Micelle Formulations on Human
Breast Cell Lines (MCF-7 and T47D) After 48 Hours

Cells MCF-7 cell line T47D cell line

Treatment Range (ug/mL) | Value (ug/mL) | Range (ug/mL) | Value (ug/mL)
Cisplatin 5.797-7.245 6.48 4.909-6.984 5.855
Ezetimibe 14.61-21.20 17.6 17.26-22.04 19.51

F5 3.621-5.617 451 6.325-10.68 8218

F10 5.113-7.421 6.16 14.34 —19.48 16.71

FI5 11.59-14.49 12.96 30.09—40.44 34.89

F5c 6.866—11.47 8.873 14.11-20.08 16.83
Floc 22.07-31.50 26.37 24.04-31.51 27.52
Fl5c 21.11-35.73 27.46 35.51-47.78 41.19
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strategies that enhance the specificity of drug release to tumor cells, such as incorporating targeting ligands or utilizing
the unique microenvironment of tumors (eg, acidic pH or overexpressed receptors).

Apoptosis and Necrosis of T47D Treated Cells

In this experiment, we selected ICs, values for ezetimibe, F5, and F5c, with doses of 20 pg/mL, 10 pg/mL, and a volume
equivalent to 35 pg/mL, respectively. The percentage of T47D cells in late apoptosis after treatment with ezetimibe, F5,
and F5c was found to be 40%, 43.9%, and 34.9%, respectively. No early apoptosis was observed in T47D cells treated
with ezetimibe, F5, or F5c. The percentage of necrosis in T47D cells treated with ezetimibe, F5, and F5c¢ was ranged
from 7.9% to 11% (Figure 6).

Cell Cycle Analysis of T47D-Treated Cells

Unlike the untreated T47D cells that were arrested in sub G1 (8.5%), GO/G1 phase (48.5%), S phase (20.3%), and G2/M
(22.7%), respectively, T47D cells treated with ezetimibe at a dose of 20 pg/mL showed an increase in sub G1 (27.9%),
a decrease in GO/G1 phase (33.4%), and nearly the same in S phase (22.1%) and a decrease in G2/M (16.1%) as
illustrated in Figure 7A and B, Figure 8.

T47D cells treated with 10 pg/mL of ezetimibe loaded nano-micelle (F5) and a volume equivalent to 35 pg/mL of the
non-medicated nano-micelle showed a significant increase in sub G1 (14.8%, 14.8%), a slight decrease in G1/GO (46.8,
46.3%), nearly the same in S phase (22.1, 20.1%), and also nearly the same in G2/M phases (18.0 and 20.8%) when
compared to untreated T47D cells (Figure 7C and D, Figure 8).

It has been previously reported that ezetimibe arrests cells in the GO/G1 phase by inhibiting the production of cyclin
D1, a protein linked to cancer growth. This is accomplished by inhibiting the MAPK signalling system, which controls
gene expression, cell proliferation, and survival. If MAPK signalling is uncontrolled, it can lead to uncontrolled cell
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Figure 6 T47D staining with Annexin V/7-Pl; control (A); cells treated with 20 pg/mL ezetimibe (B); cells treated with 5 ug/mL ezetimibe formulated in nano-micelles [F5]
(C); and cells treated with an equivalent ICsq volume of non-medicated formulation [F5c] (D).

Notes: % of viable cells in the first quarter (lower left); the second quarter (upper left) represents the percentage of necrosis; the third quarter (lower right) represents the
percentage of early apoptosis; and the fourth quarter (upper right) represents the percentage of late apoptosis.
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cells treated with an equivalent ICso volume of non-medicated formulation [F5c] (D).
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Figure 8 Percentage of cells across different phases of the cell cycle in T47D cells treated with EZ, F5, and F5c.

growth and apoptosis resistance.>” Ezetimibe, F5, and F5c cause an increase in the proportion of cells undergoing
apoptosis, leading to the accumulation of cells in the subGO phase of the cell cycle.

Cell Morphology of T47D-Treated Cells

Figure 9 illustrates the morphological changes in T47D cells. Treatment of the cells with ezetimibe resulted in a change
in shape and a reduction in the number of the studied cells when compared to untreated cells. Marked changes in the cell
morphology and in the number of surviving cells were noticed following treatment with F5 despite using the lowest
concentration of this formulation. These microscopic observations deepen our understanding of the cellular responses to
the treatments (Figure 9). Similar finding was reported for the change in the morphology of HepG2 cells following
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C(F5) D (F5c)

Figure 9 Morphology of the untreated T47D cells (A) and cells treated with 20 pg/mL ezetimibe (B), cells treated with 5 pg/mL ezetimibe formulated in nano-micelles [F5]
(C), and cells treated with an equivalent IC5q volume of non-medicated formulation [F5c] (D). The cells were observed at 20x magnification power.

treatment with pure 6-mercaptopurine, drug loaded self-nanoemulsifying drug delivery system formulation, and non-

medicated formulation.*’

Conclusion

The potential of ezetimibe, a well-established cholesterol-lowering drug, as an emerging candidate for enhancing anticancer
activity through the development of drug TPGS/Pluronic F12 nano-micelle formulations has been explored. Molecular
docking study illustrated proposed binding mode of ezetimibe in the active site of Interleukin-1 Beta Convertase. Ezetimibe
encapsulated in the TPGS micelles formulation demonstrated promising anticancer activities due to its capacity to arrest cell
cycle at subG1 due to DNA damage causing apoptosis in the lowest of ICsq of both human breast cell carcinoma (MCF-7 and
T47D). A comprehensive formulation and characterization study including stability testing aimed at developing an optimized
ezetimibe dosage form, such as injectable, transdermal, and oral dosage forms, integrated with the promising TPGS nano-
micelles formulation is crucial. Furthermore, investigating the pharmacokinetics of this newly formulated dosage form is
imperative. This systematic approach will be pivotal in comprehensively understanding and optimizing the potential of the
TPGS nano-micelles as a delivery system for ezetimibe, ultimately contributing to the development of an advanced and
effective pharmaceutical formulation. Finally, more research is required to determine the signaling pathways that reduce the
inhibitory effects of ezetimibe encapsulated TPGS on human cancer cell lines and models in rats.
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