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ARTICLE INFO ABSTRACT

Keywords: Metformin (MET), an oral antidiabetic drug, was reported to possess promising anticancer effects. We hypoth-
Metform.in esized that MET encapsulation in unique nanospanlastics would enhance its anticancer potential against HEP-2
SPanlaSU_CS cells. Our results showed the successful fabrication of Nano-MET spanlastics (d = 232.10 + 0.20 nm; PDI = 0.25
g;‘;‘_);’e:;fllses + 0.11; zeta potential = (—) 44.50 + 0.96; drug content = 99.90 + 0.11 and entrapment efficiency = 88.01 +

2.50%). MTT assay revealed the enhanced Nano-MET cytotoxicity over MET with a calculated ICso of 50 pg/mL
and > 500 pg/mL, respectively. Annexin V/PI apoptosis assay showed that Nano-MET significantly decreased the
percentage of live cells from 95.49 to 93.70 compared to MET and increased the percentage of cells arrested in
the GO/G1 phase by 8.38%. Moreover, Nano-MET downregulated BCL-2 and upregulated BAX protein levels by
1.57 and 1.88 folds, respectively. RT-qPCR revealed that Nano-MET caused a significant 13.75, 4.15, and 2.23-
fold increase in caspase-3, —8, and — 9 levels as well as a 100 and 43.47-fold decrease in cyclin D1 and mTOR
levels, respectively. The proliferation marker Ki67 immunofluorescent staining revealed a 3-fold decrease in
positive cells in Nano-MET compared to the control. Utilizing the combined Pathway-Enrichment Analysis (PEA)
and Reactome analysis indicated high enrichment of certain pathways including nucleotides metabolism, Nudix-
type hydrolase enzymes, carbon dioxide hydration, hemostasis, and the innate immune system. In summary, our
results confirm MET cytotoxicity enhancement by its encapsulation in nanospanlastics. We also highlight, using
PEA, that MET can modulate multiple pathways implicated in carcinogenesis.

Reactome analysis

1. Introduction

Drug repurposing is the process of finding new therapeutic uses for
already approved or investigational drugs beyond the scope of their
original medical indication (Pushpakom et al., 2019). It offers numerous
advantages including low risk of failure, reduction in the drug devel-
opment time frame, significantly lower costs, and known safety profiles
of the repurposed drugs (Pushpakom et al., 2019). Drug repurposing is

particularly encouraged in diseases where conventional therapies fail to
accomplish the promised therapeutic outcomes to fulfill the ever-
growing clinical needs. Of these diseases, cancer is one of the top pri-
orities as it is a major health concern and the second leading cause of
death worldwide (Yu et al., 2019). Surgical resection, radiation, and
chemotherapy are the standard of care for the treatment of cancer,
nonetheless, emergence of resistance remains a challenge (Yu et al.,
2019).
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Most of the diagnosed head and neck malignancies, known as head
and neck squamous cell carcinoma (HNSCC), originate from the mucosal
epithelium of the oral cavity, pharynx, and larynx (Johnson et al., 2020).
This aggressive tumor has a fatal prognosis despite the use of numerous
treatment protocols (Rego et al., 2017). One of the most prevalent
HNSCC is laryngeal squamous cell carcinoma (LSCC) with an estimated
184,615 newly diagnosed cases and mortalities of 99,840 patients in
2020 (Missale et al., 2023). Usually, stage I tumors have the most
favorable prognosis, unlike advanced stage LSCC which has a very low
survival rate (Missale et al., 2023). The five-year rate of survival has
decreased from 66% to 63% over the past 40 years. In the ongoing fight
against head and neck malignancies, greater emphasis is now being
placed on developing novel therapeutic strategies (Heng et al., 2023).

Metformin (MET), an oral hypoglycemic drug that is considered the
first-line therapy for type 2 diabetes mellitus (Sanchez-Rangel and
Inzucchi, 2017), represents an exciting candidate for drug repurposing
owing to its efficacy, safety, and affordability. The anticancer potential
of MET has been extensively studied and it was shown to limit cancer
cell growth in multiple cancer types, including gastric, pancreatic,
uterine, prostate, colon, and breast cancers (Ugwueze et al., 2020). MET
inhibits protein synthesis and cell proliferation by activating various
proteins, e.g., adenosine monophosphate-activated kinase (AMPK), en-
zymes ataxia telangiectasia mutated (ATM) and liver kinase B1 (LKB1)
(Ke et al., 2018; Tawfik et al., 2022). Of great interest is the enhance-
ment of AMPK activity, which is an enzyme responsible for cellular
energy regulation and change in the ATP: AMP ratio. AMPK stimulates
other additional essential processes such as glucose uptake, glycolysis,
beta-oxidation of fatty acids, and mitochondrial biogenesis, while it
inhibits other pathways to reserve ATP such as protein, sterol, and
glycogen synthesis (Ke et al., 2018). AMPK activation also reduces
mTOR action and activates P53, resulting in autophagy and apoptosis
(Krishan et al., 2015). The lowering of insulin and insulin-like growth
factors, the blocking of endogenous reactive oxygen species (ROS), and
the suppression of chronic inflammation are all hypothesized as addi-
tional AMPK-independent possibilities for its anticancer activity (Saraei
et al., 2019; Ugwueze et al., 2020).

Despite the promising results obtained with MET, targeted drug de-
livery remains one of the main challenges hindering the development of
safe and well tolerated anticancer therapies. New medication delivery
methods based on nanotechnology are being used to improve the effi-
cacy of cancer therapy while decreasing adverse effects (Calixto et al.,
2014; Hashemzadeh et al., 2021; Vahidfar et al., 2021). By encapsu-
lating medications in non-toxic and biodegradable nano delivery sys-
tems, multiple advantages could be achieved. For instance, less side
effects, longer half-life in the bloodstream, enhanced medication phar-
macokinetics, and more patient compliance (Calixto et al., 2014).

One of the most promising and exciting new nanoformulations
currently being investigated is spanlastics. They offer many advantages
such as enhanced therapeutic efficacy, improved drug bioavailability
and less toxic side effects of the formulated drug (Ansari et al., 2022).
Spanlastics are surfactant-based nanovesicles consisting of a non-ionic
surfactant and an edge activator (Badria and Mazyed, 2020). Span-
lastics are biodegradable systems that possess many unique properties
such as: elasticity, deformability, non-immunogenicity, minimum
toxicity and compatibility with the biological membranes owing to the
presence of non-ionic surfactants (Sharma et al., 2020). The elastic na-
ture of spanlastics is particularly advantageous as they are capable of
squeezing themselves through the biological membranes without
causing disruption or being disrupted themselves (Mazyed et al., 2021).

Recently, considerable studies have adopted various powerful
methods to forecast adverse reactions, clarify dangerous toxicity prob-
lems, and reveal drug resistance mechanisms for a wide range of ther-
apeutics (Bezerianos et al., 2017). Among these high-throughput
methods, pathway-enrichment analysis (PEA), Reactome-mining, and
their combination (PEA-Reactome mining) have proved their effective-
ness in providing mechanistic insight of high-throughput omics data
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aided with interactive visualization, interpretation, and mapping of
pathway knowledge at the systems biology level (Cheng et al., 2009).
Reactome maps illustrate how different biological entities such as
nucleic acids, proteins, complexes, and other molecules are included in
multiple biological pathways such as metabolism, signaling, adapted
and innate immunity, apoptosis, transcriptional regulation, and various
diseases (Kao et al., 2017). Therefore, utilizing the PEA-Reactome
approach could help identify and test candidate drugs for treating
various cancers in the pharmaco-genomic analysis context and correlate
with drug sensitivity (Cheng et al., 2009; Haider et al., 2018).

Given the benefits of MET as a safe and well-tolerated oral antidia-
betic agent, it represents an exciting candidate for repurposing as an
anticancer agent. The aim of the current study was to evaluate the hy-
pothesis that the encapsulation of MET in nanospanlastics will enhance
its anticancer potential against HEP-2 laryngeal cancer cells. We tested
our hypothesis using several functional assays and further evaluated the
molecular markers implicated in the enhanced cytotoxicity of MET
nanospanlastics. In addition, we performed an in-depth PEA-Reactome
analysis for MET to understand the pathways that the drug targets and
the molecular complexities of each pathway.

2. Materials and methods
2.1. Materials

Human HEP-2 cell line was purchased from Nawah Scientific (Cairo,
Egypt). MET was a kind gift from Nile Pharmaceuticals and Chemical
Industries (Cairo, Egypt). Fetal bovine serum (FBS) and Dulbecco’s
modified Eagle’s medium (DMEM) were purchased from Gibco®,
Thermo Fisher Scientific, USA. The antibiotic-antimycotic mixture
consisting of 100 U/mL of penicillin, 0.1 U/mL streptomycin and 0.25
pg/mL of Amphotericin B was obtained from Lonza®, USA. Transcutol®
P was a kind gift from Gattefossé, France. Ethanol was bought from
Fisher Scientific (UK). Span 60 and dialysis tubing cellulose membrane,
with molecular weight cut off of 12,000-14,000 Da, were obtained from
Sigma-Aldrich (St Louis, MO, USA).

2.2. Methods

2.2.1. Preparation of MET-loaded nanospanlastics (Nano-MET)

MET-loaded nanospanlastics (Nano-MET) were formulated by using
the ethanol injection method (Fahmy et al., 2018). Two nanospanlastics
formulations were prepared: S1 and S2. Each formulation contained
Span® 60 as well as Tween® 80 as an edge activator (EA) with or
without Transcutol® P as a penetration enhancer. S1: 300 mg Span® 60
and 100mg of Tween® 80 (3:1 weight ratio) and S2: 300 mg of Span®
60, 100mg of Tween® 80, and 100 mg Transcutol® P (3:1:1 weight
ratio). The encapsulation process started by dissolving the drug (MET)
along with Span 60 in 2mL ethanol and the mixture was injected drop-
by-drop into a hot (60°C) Tween® 80 solution with or without Trans-
cutol® P (in deionized water). Each formulation contained 10 mg of
MET, with a total volume of 10 mL. The hydroalcoholic solution that
resulted was constantly stirred for 30 min at 800 rpm on a magnetic
stirrer to completely evaporate any remaining ethanol and form Nano-
MET dispersions. Subsequently, sonication was performed using an ul-
trasonic water bath (Crest ultrasonics Corp., Trenton, NJ, USA) for 5 min
to acquire a suitable particle size. Nano-MET dispersions were washed
twice by centrifugation at 12,000 rpm for 2 h with deionized water to
eliminate the unentrapped drug from the nanoparticles surface. Nano-
particles were then re-dispersed in the same volume of the deionized
water. The vesicular dispersions were stored at 4°C until further
investigation. Composition of the prepared nanovesicles is displayed in
Table 1.
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Table 1
Composition of the prepared nanospanlastics loaded with MET.

Formulae Code Span 60 (mg) Tween 80 (mg) Transcutol® P (mg)

S1 300 100 -
S2 300 100 100

2.2.2. Characterization of the prepared Nano-MET

2.2.2.1. Particle size (PS), Polydispersity index (PDI), and Zeta potential
(ZP) measurement. The prepared formulations’ PS, PDI, and ZP were
measured using a Malvern Zetasizer (Malvern Instruments Ltd., UK)
using the dynamic light scattering technique at 25 °C after proper
dilution using deionized water (Shaaban et al., 2019).

2.2.2.2. Drug content (DC) and Entrapment efficiency percent (EE%).
Methanol was utilized to breakdown the nanovesicles and release the
drug (Fahmy et al., 2018). The whole DC (unentrapped + entrapped) of
the fabricated formulae was assessed by dissolving 1mL of nano-
spanlastics dispersion in 25 mL methanol and then measuring the UV
absorbance via UV-Vis spectrophotometer (V-630, Jasco, Tokyo, Japan)
at Amax 233nm (Mokale et al., 2016). The EE% was determined by the
centrifugation method. Nanovesicles were centrifuged for 2h (h) at
12000rpm at 4°C, the clear supernatant was withdrawn and the
absorbance was measured at Ay, 233 nm (Mokale et al., 2016) in order
to assess the amount of free drug spectrophotometrically. The following
equation was employed to calculate the EE% (Badawi et al., 2022).

Total MET concentration — Free MET concentration
EE% = x 100

Total MET concentration

2.2.2.3. Transmission electron microscopy. Transmission electron mi-
croscopy (TEM) (Jeol JEM1230, Tokyo, Japan) was used to examine the
morphological appearance of the selected Nano-MET after proper dilu-
tion. Before TEM observation, one drop of the chosen formulation was
applied to a copper grid and allowed to air dry for 10 min at room
temperature. (Elsherif et al., 2017).

2.2.2.4. Fourier transform infrared (FTIR) spectroscopy. Using the FTIR
spectrophotometer VERTEX 70 (Bruker Corporation, Germany),
infrared spectra of the pure drug MET, medicated selected formula, and
plain formula (without drug) were obtained (Fissa et al., 2021). The
spectra were examined in the range of 500 to 4000cm™!. Before
analyzing each sample, the spectrum of air was utilized as a background.
Sample spectra and the background were collected at 22-24 °C and
spectral resolution of 4cm™!. For each assessment, 32 scans were
performed.

2.2.2.5. Invitro dissolution studies. The in vitro drug release of MET from
the selected formulation was assessed through the dialysis bag technique
and compared with free MET in order to show the change in the release
profile of the drug following encapsulation into the nanospanlastics
(Badawi et al., 2022; Mazyed et al., 2021). Firstly, the cellulose dialysis
bag was presoaked in distilled water for 12 h. Next, nanospanlastics
dispersion equivalent to 1 mg of MET were weighed and an equal
amount of free MET was resuspended in phosphate buffer solution (PBS)
at pH 7.4 and then vortexed for 2 min. The solutions were placed in the
presoaked dialysis bag and the ends were firmly tied before being
immersed in 50 mL PBS at pH 7.4 (mimicking the receptor cell at
physiological conditions) (Badawi et al., 2022; Mazyed et al., 2021) in a
shaking water bath at 37 + 0.5 °C and 100 rpm. At time intervals
ranging from 1 to 24 h, aliquots were taken from each receptor cell and
substituted with equivalent volumes of fresh release medium. Samples
were then spectrophotometrically analyzed against PBS as a blank at
Amax 233 nm (Mokale et al., 2016). The average concentration was
determined after measuring the samples three times.
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2.2.3. Cell culture

HEP-2 cells were cultured to 80% confluency in a humidified incu-
bator at 37 °C and 5% CO, in DMEM high glucose medium supple-
mented with 10% FBS and 1% antibiotic/antimycotic mixture. HEP-2
cells were tested for mycoplasma contamination and were found to be
negative. All cell culture procedures were conducted inside a class II
laminar flow hood and incubations were done at 37 °C inside the
incubator, unless otherwise specified.

2.2.4. Cancer cytotoxicity, hemocompatibility and cellular uptake of
nanospanlastics

Using the MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazo-
lium bromide) test, the cytotoxicity of MET and Nano-MET on HEP-2
cancer cells was evaluated. In a 96-well plate, 10* cells were seeded in
0.2 mL of medium per well and left overnight to attached inside the
incubator. Next day, cells were treated with serial dilutions of MET and
Nano-MET formulation (500 pg/mL - 3.9 pg/mL). After 72 h, the culture
medium was substituted with 100 pL/well of 5 mg/mL MTT solution
prepared in fresh DMEM medium. The cells were incubated for 2 h
before the supernatant was removed and replaced with 100 pL/well of
DMSO to dissolve the formed formazan crystals. At wavelength of 570
nm, absorbance was determined using a microplate reader (Thermo
Scientific Multiscan GO, USA). Subsequently, the 50% inhibitory con-
centrations (ICso) of the treatments were obtained using the non-linear
regression analysis (Abdollah et al., 2023) via GraphPad Prism software.

To assess the Nano-MET formulation hemocompatibility in vitro,
erythrocytes hemolysis assay (Mazzarino et al., 2015) was performed
using three different concentrations of nanospanlastics including the
ICs0 (50 pg/mL) as well as 25 pg/mL and 100 pg/mL (see Supplementary
data A.1 for full details).

For the determination of Nano-MET cellular uptake, HEP-2 cells
were incubated with 50 pg/mL of Nano-MET for 72 h. Cells were washed
twice to remove uninternalized nanospanlastics, cells were then fixed
using 3% glutaraldehyde for 3 h followed by staining with osmium te-
troxide for transmission electron microscope (TEM) imaging. The sam-
ples were dehydrated using increasing concentrations of ethanol then
infiltrated with increasing concentrations of embedding resin. All sam-
ples were put in an oven to ensure resin complete polymerization, then
trimmed and mounted on a microtome to slice the samples into 50-70
nm thick sections and then placed on carbon-coated copper grid for TEM
imaging (Talos™ F200i TEM, Thermo Scientific, USA) using 200 kV.

2.2.5. Annexin V/ propidium iodide (PI) apoptosis assay and cell cycle
analysis

For both the detection of apoptosis and the study of the cell cycle
progression following drug treatments, 2 x 10° cells were seeded in T-75
flasks and allowed to adhere overnight. The next day, cells were treated
for 72 h with MET and Nano-MET at 50 pg/mL. Fresh medium served as
the control. The treated cells were collected by the addition of trypsin
followed by washing twice with cold PBS by centrifugation at 280 xg for
5 min. The pellet was then resuspended in cold PBS and kept on ice until
analysis by flow cytometry technique.

For the apoptosis assay, 100 pL of the cell suspension of each sample
was incubated for 15 min in the dark with 5 pL of Annexin V-FITC and 1
uL of PIstock (100 pg/mL). Each sample was then treated with 400 pL of
1x Annexin binding buffer and analyzed on a CytoFlex flow cytometer
(Beckman Coulter, CA, USA) as per the manufacturer’s guidelines. A
minimum of 10,000 events were recorded, and data was analyzed using
CytExpert software (Beckman Coulter, CA, USA).

For the analysis of cell cycle progression, cells were fixed by resus-
pending the pellets in 2 mL solution of 60% ice-cold ethanol for 1 h at
4 °C followed by washing twice with PBS. Cells were then resuspended
in 1 mL nucleic acid staining mixture (10 pg/mL PI and 50 pg/mL
RNAase A in PBS) for 20 min in the dark at 37 °C. Cell cycle distribution
was calculated using CytExpert software (Beckman Coulter, CA, USA)
and at least 10,000 events were acquired.
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Table 2
Sequence of the primers used in RT-qPCR experiments.

Genes Sequence

Forward CAAGAAGCTGAGCGAGTGTCT

BAX Reverse CAGTTGAAGTTGCCGTCAGA
BCL-2 Forward GATTGTGGCCTTCTTTGAG
Reverse CAAACTGAGCAGAGTCTTC
Caspase-3 Forward TCGGTCTGGTACAGATGTCG
Reverse GGCTCAGAAGCACACAAACA
Caspase-8 Forward CATAGAGATGGAGAAGAGGGTCA
Reverse GGACTTCCTTCAAGGCTGCT
Caspase-9 Forward AAAATGGTGCTGGCTTTGCT
Reverse CACAATCTTCTCGACCGACAC
Gyelin D1 Forward TGGTGAACAAGCTCAAGTGG
Reverse ATGGAGGGCGGATTGGAAAT
mTOR Forward CCCTACTTTGCTTGAGGTGC
Reverse TGGATTCTGACAGGCTGACA
. Forward AGCACAGAGCCTCGCCTTT
B-actin

Reverse CACGATGGAGGGGAAGAC

2.2.6. Quantitative analysis of apoptosis and proliferation related markers
using real time quantitative polymerase chain rection (RT-qPCR)

Apoptosis-related markers BAX, BCL-2, caspase-3, caspase-8 and
caspase-9 together with cell cycle and proliferation regulatory protein
cyclin D and mammalian target of rapamycin (mTOR) were determined
using RT-qPCR. Briefly, cells (7 x 10°) were seeded in triplicates into T-
25 flasks and treated with MET and Nano-MET at 50 pg/mL for 72 h.
Cells incubated with normal culture medium served as the control
group. Cells were then harvested, and RNA extraction was performed on
cell pellets using a QIAGEN RNA extraction kit (QIAGEN, Hilden, Ger-
many) as per the manufacturer’s procedures. Reverse transcription and
complementary DNA (cDNA) synthesis was then performed using
RevertAid First Strand cDNA Synthesis Kit (Thermoscientific, MA, USA).
Finally, amplification and quantification of cDNA were performed using
SYBR Green Supermix (Bio-Rad) on an RT-qPCR system (Bio-Rad). The
expression of mRNA was normalized against p-actin as a reference
housekeeping gene. Analysis of data was performed using the (2744
method. All samples were measured in triplicates (n = 3), and the
experiment was repeated three times. Results are expressed as fold
change relative to the control (Alhazmi et al., 2023; Saber et al., 2023).
The sequence of the primers used are listed in Table 2.

2.2.7. Analysis of BAX and BCL-2 proteins by Western blotting

Briefly, 2 x 10° cells were seeded in triplicates into T-75 flasks and
left to adhere overnight before being treated for 72 h with MET and
Nano-MET at 50 pg/mL. Next, cells were harvested and treated with
RIPA lysis buffer supplemented with a protease inhibitor (Thermo Sci-
entific, USA,) as per the manufacturer’s protocol. Total protein con-
centration was measured using the standard BCA protein assay (Thermo
Scientific, USA) as per the manufacturer’s protocol and samples were
stored at —80 °C until further processing.

For Western blotting, 20 pg of purified protein was loaded per well
onto an 8% SDS-PAGE gel and subsequently transferred to a PVDF
membrane and blocked with 5% blocking buffer. Page Ruler Unstained
Protein Ladder was used (cat no: 26614, Thermo Scientific, USA). The
membrane was either probed with anti-BCL-2 antibody (cat no:
PA5-27094, Thermo Scientific, USA), anti-BAX antibody (cat no:
PA5-116541, Thermo Scientific, USA) or GAPDH antibody (Thermo
Scientific, USA) which act as a loading control. The primary antibodies
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were used at a concentration of 1:500 and were incubated overnight on a
shaking platform. Next day, the membranes were treated with the sec-
ondary antibody: goat anti-rabbit IgG (H + L), Biotin-XX (lot.
n0.1305936, Thermo Scientific, USA) and left overnight on a rocking
platform. Then the substrate Qdot R 625 streptavidin conjugate (cat no.
W10142, Thermo Scientific, USA) was further incubated with the
membrane overnight on a rocking platform. Finally, the membrane was
visualized at 340 nm using UVP Transilluminator gel documentation
system (Analytik Jena, USA). The protein ratio was calculated as the
ratio of protein concentration relative to that of the internal control
protein (GAPDH) using the Analytica Jena software.

2.2.8. Immunofluorescence expression of Ki67

To determine the effects of Nano-MET and MET on HEP-2 cell pro-
liferation, the cells were tested for Ki67 protein expression. Briefly, cells
were treated for 72 h with MET and Nano-MET at 50 pg/mL before being
fixed using warm 4% formaldehyde. Then, rabbit anti-Ki67 primary
antibody (Invitrogen; Thermo Scientific, Hilden, Germany) was added to
the fixed cells and incubated at 4 °C overnight. The cells were then
washed with PBS followed by the addition of goat anti-rabbit IgG sec-
ondary antibody (Invitrogen; Thermo Scientific, Hilden; Germany). The
slide was mounted with Prolong Gold Antifade Reagent (Abcam, Cam-
bridge, UK) at room temperature overnight. Slides were imaged using a
fluorescence microscope (LABOMED LX400, USA). To grade the
strength of the immunofluorescence (IF) staining, a four-point scale was
used as follows: 0 for no staining, 1 for faint staining, 2 for moderate
staining, and 3 for severe staining (Turashvili et al., 2009). Each sam-
ple’s H-score was determined by adding the intensity values (from 0 to
3) and the positive cell percentage (from 0% to 100%). The median
value of H-score was calculated.

2.2.9. Target prediction, pathway enrichment analysis and reactome-
mining

The Swiss Target Prediction online tool (http://www.swiss
targetprediction.ch) was used to initially project all the biological tar-
gets for MET as an anticancer drug for target prediction analysis. The
online DisGeNET hub (https://www.disgenet.org, accessed on 21 March
2023) was utilized to collect the available gene-disease association for
laryngeal carcinoma. A Venn diagram was plotted using the Inter-
actiVenn online toolbox (Heberle et al., 2015). Then, pathway enrich-
ment analysis was done by the Cytoscape 3.8.2 toolbox to explore all
potential target-functions relationships (Shannon et al., 2003). Finally,
the fuzzy logic simulation model was employed to mimic Boolean-
network dynamic behavior and generate a FoamTree graph based on
the Voronoi tessellation analysis for MET’s top predicted gene targets.
This modeling, mapping, and visualization analysis was accomplished
using the Cytoscape-based ReactomeFIViz software for all possible
drug-target interactions (Blucher et al., 2019).

2.2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware version 6.0. All results are presented as mean =+ standard deviation
(SD). Statistical analysis was done by One-way ANOVA followed by post-
hoc Tukey’s test. For all results, p-value <0.05 was considered signifi-
cant. Each experiment was repeated at least 3 times with 3 to 6 replicates
per treatment, representative data is shown.

Table 3
Characterization results of the prepared nanospanlastics loaded with MET.
Formulae code PS (nm) PDI ZP (mV) DC% EE%
S1 264.90 + 1.20 0.34 £ 0.02 (—) 36.40 + 0.82 98.73 £ 0.33 85.03% + 1.24
S2 232.10 £+ 0.20 0.25 £ 0.11 (—) 44.50 + 0.96 99.90 + 0.11 88.01% + 2.50
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3. Results
3.1. Preparation and characterization of MET nanospanlastics

MET-loaded nanospanlastics were successfully fabricated by ethanol
injection method. The formulae composition and the results of the
characterization measurements are listed in Table 1 and Table 3,
respectively.

The different formulae were evaluated using DLS to measure particle
size (PS), polydispersity index (PDI) and zeta potential (ZP). The results
(Table 3) showed that the nanospanlastics without Transcutol® P
formulation (S1) exhibited a size of 264.90 + 1.20 nm and PDI value of
0.34 4 0.02. While, S2 formulation (with Transcutol® P) had a size of
232.10 + 0.20 nm and PDI value of 0.25 + 0.11. ZP was evaluated for S1
and S2 as it is crucial in understanding how the nanovesicles behave
since charged vesicles resist fusion and aggregation unlike their un-
charged counterparts (Elmowafy et al., 2019). The prepared nano-
spanlastics were all negatively charged, ranging from (—) 36.40 + 0.82
mV to (—) 44.50 + 0.96 mV (all exceeding (—) 30 mV) indicating their
great stability.

As shown in Table 3, the drug content (DC%) measurements were
98.73 £ 0.33% and 99.90 + 0.11% for S1 and S2, respectively, which
were in the acceptable range. The ability of a nanocarrier to encapsulate
drugs is one of its most important requirements, an ideal nanocarrier
should load higher content of drugs (Barani et al., 2019). Entrapment
efficiency percent (EE%) values for S1 and S2 were 85.03 + 1.24% and
88.01 + 2.50%, respectively, indicating the successful loading of MET
into the nanovesicles in both formulations.

As per the abovementioned results, S2 formulation was selected for
further investigation due to its smaller PS, PDI in addition to higher ZP
and EE%. S2 will be referred to as Nano-MET in the next set of findings.

Morphological analysis done using Transmission Electron Micro-
scopy (TEM) (Fig. 1) of the selected formula S2 (Nano-MET) showed
smooth spherical shaped nanovesicles with relatively uniform size dis-
tribution. The size of the nanovesicles attained from TEM examination
was in good harmony with the PS analysis.

4.tif
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The overlay Fourier transform infrared (FTIR) spectra of pure MET,
void formula, and selected S2 formulation (Nano-MET) is shown in
Fig. S1. MET characteristic bands are the amine N—H group at 3339,
3274 crn_l, C—N, C=Nat 1562, 1634 em! wavenumbers, respectively,
and the C—H bending at 1494 em™! (Salem et al., 2022). Span 60
spectra showed the O—H group at wave number 3410 cm ™!, alkanes, in
addition to 1745 ecm~! (C=O0 stretch of ester), and aromatic rings at
wavenumber 1449 c¢cm ™! (Mekkawy et al., 2022; Salem et al., 2022).
FTIR spectrum of Nano-MET showed that the characteristic absorption
peaks of Span 60, while that of the MET disappeared indicating the drug
encapsulation within the nanovesicles. In addition, the peaks of the S2
formula and the plain drug free formula were identical which confirms
that MET was successfully encapsulated in the nanovesicles (Fissa et al.,
2021).

The in vitro release of MET from the selected S2 nanospanlastics
formulation compared to pure MET was measured in physiological
release medium of phosphate buffered saline (PBS) (Fig. 2). The free
MET exhibited a higher % of drug released which was 100 + 0.02% after
1 h and this result confirm that the drug could diffuse easily through the
dialysis membrane without being hindered, thus, the sink condition was
successfully attained (Mazyed et al., 2021). In contrast, MET loaded into
the nanospanlastics showed only 15.60 + 0.70% after 1 h and demon-
strated a controlled release profile reaching 80.80 + 2.60% after 24 h.

3.2. Evaluation of cancer cytotoxicity, hemocompatibility and cellular
uptake of nanospanlastics

To examine the effect of MET and Nano-MET formulation on HEP-2
cancer cell viability, cells were treated with serial dilutions of both
treatments (500-3.9 pg/mL) for 72 h and cell viability was evaluated
with MTT assay. Treatment of cells with MET did not cause any signif-
icant reduction in cell viability with the used drug concentrations
(500-3.9 pg/mL). On the other hand, treatment with Nano-MET
significantly reduced HEP-2 cell viability in a dose-dependent manner
with a calculated ICsg value of 50 pg/mL (Fig. 3A). All subsequent assays
in the present study were conducted using 50 pg/mL of both MET and
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Fig. 1. Transmission electron microscopy (TEM) of the selected MET loaded spanlastics (S2, Nano-MET).



S.N. Raafat et al.

120

100

80

Cumulative MET released (%)
3

20

Fig.

e

P Aot NP
Size | Exp Mag
2048 500 ms | 4300x | 5

Spot | HT

International Journal of Pharmaceutics: X 6 (2023) 100215

L et

| e===Nano-MET
=s=MET

0 S 15 20 25 30

Time (hours)

2. In vitro drug release of the free MET and the selected MET loaded spanlastics (S2, Nano-MET).

1501

100

% Viabili

50+

-~ Nano-MET
- MET

-

MET IC50 > 500 pg/ml
Nano-MET ICs0 = 50 pg/ml

~ | Pixel size
200 kV | 6.856 nm

Fov

14.04 ym

'Spot | HT Pixel size | Fov 500 nm
200 kV | 1.652 nm | 3.383 pm Ceta

Size | Exp Mag
2048 | 500 ms | 17500x |5

Fig. 3. (A) MTT assay showing the effect of MET and Nano-MET on HEP-2 cell viability. HEP-2 cells were exposed to serial dilutions of both treatments (500-3.9 pug/
mL) for 72 h. Data are presented as a percentage of the untreated control. The error bars represent the standard deviation (SD) (n = 6). (B) TEM micrographs of HEP-2
cells following 72 h incubation with Nano-MET showing cells embedded in resin and imaged on a grid. (C) Nano-MET vesicles of around 200 nm seen entrapped

inside the cancer cells.
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Nano-MET formulation.

To ensure the safety of the Nano-MET formulation on blood cells,
erythrocyte hemolysis test (Mazzarino et al., 2015) was performed. The
results showed that the Nano-MET formulation was hemocompatible at
concentrations of 25 pg/mL, 50 pg/mL and 100 pg/mL (Supplementary
data A.1).

In addition, uptake of Nano-MET was confirmed using TEM imaging.
As shown in Fig. 3B and C, nanovesicles of a diameter around 200 nm
were seen entrapped inside HEP-2 cells.

3.3. Apoptosis assay and cell cycle analysis

To assess the role of apoptosis in the cytotoxic effects exerted by MET
or Nano-MET on HEP-2 cells, Annexin V/PI staining was employed as
previously described. Results (Fig. 4) showed that the treatment with
Nano-MET induced significant cell death when compared to treatment
with MET as well as the control (p < 0.001). Cells co-cultured with MET
at a concentration of 50 pg/mL showed significant increase in the per-
centage of cells in the early apoptosis phase and significant decrease in
the live cells. The percentage of viable cells, early apoptotic, late
apoptotic, and necrotic cells in the MET group were 95.49 + 0.27, 3.22
+ 0.21, 0.39 £ 0.05, 0.90 + 0.16, respectively. In comparison, treat-
ment of cells with Nano-MET at the same concentration significantly
increased percentage of cells in early and late apoptosis phases causing
more significant decrease in the percentage of live cells. The percentages
of viable cells, early apoptotic, late apoptotic, and necrotic cells in the
Nano-MET group were 93.70 + 0.27, 5.5 £+ 0.17, 0.76 + 0.07, 0.33 +
0.07, respectively.
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Next, we investigated the progression of the cell cycle following
treatment with MET and Nano-MET. Results (Fig. 5) revealed that cells
co-cultured with Nano-MET had a significantly higher cell count in the
GO0/G1 phase and a significantly lower cell count in the S phase than
cells co-cultured with MET, which exhibited no significant changes
compared to the control group. A 72-h treatment of HEP-2 cells with
Nano-MET increased the total number of cells in the GO/G1 phase by
8.38% (P < 0.001 vs. control), accompanied by approximately same
percentage of reduction in S phase (p < 0.001 vs. control).

3.4. RT-qPCR results of apoptosis markers, Cyclin DI and mTOR

Results (Fig. 6) revealed that cells treated with MET showed higher
expression of apoptosis-related markers including BAX, caspase-3, cas-
pase-8, and caspase-9 compared to the control group with mean fold
change values of 1.52 + 0.13 vs. 1.05 + 0.08, 9.94 + 1.03 vs. 1.13 +
0.08, 1.63 + 0.14 vs. 1.05 + 0.06 and 1.47 + 0.09 vs. 1.05 + 0.06,
respectively. Cells treated with MET showed a decrease in the anti-
apoptotic marker BCL-2 expression (p < 0.001) compared to the con-
trol group with mean values of 0.93 + 0.26 vs. 1.07 + 0.08, respec-
tively. Cells treated with Nano-MET showed the most significant
increase of the apoptosis-related markers (BAX, caspase-3, —8, and —9)
with mean values of 1.94 + 0.22 (p < 0.05), 13.75 + 1.39 (p < 0.01),
4.15 + 0.56 (p < 0.001) and 2.23 + 0.20 (p < 0.01), respectively. In
addition, a decrease in the anti-apoptotic marker BCL-2 expression with
a mean value of 0.03 £ 0.01 (p < 0.001) was observed when compared
to the control and MET groups. Furthermore, MET and Nano-MET
caused a significant decrease in the expression of cyclin D1 (p < 0.01)
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Fig. 4. Annexin V/PI apoptosis assay showing the effect of Nano-MET and MET on the percentage of apoptosis in HEP-2 cells. (A) Dot plots (Annexin V-FITC versus
PI) showing the population of viable cells (LL), early apoptotic cells (LR), late apoptotic cells (UR), and necrotic cells (UL) after treatment with Nano-MET or MET for
72 h. (B) Bar chart showing the percentage of cells in each phase. Nano-MET triggered a higher percentage of cells in early and late apoptosis in HEP-2 cells than
MET. Results are presented as mean + SD. One-way ANOVA and Tukey’s post-hoc statistical analyses were employed.
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Fig. 5. Analysis of cell cycle progression of HEP-2 cells following treatment with MET and Nano-MET for 72 h. (A) Histograms showing the distribution of the cell
population in the different cell cycle phases. (B) Bar chart showing the percentage of cells in each cell cycle phase. Nano-MET showed the highest percentage of cells
arrested in the GO/G1 phase. Results are shown as mean =+ SD. Statistical analysis was done using One-way ANOVA followed by Tukey’s post-hoc test.

compared to the control group with mean values of 0.31 + 0.07 and
0.011 + 0.003 vs. 0.97 + 0.11, respectively. Finally, MET caused a
decrease in mTOR mRNA levels compared to the control group with
mean values of 0.23 & 0.04 vs. 0.97 + 0.10, respectively. While Nano-
MET significantly (p < 0.05) decreased mTOR levels to 0.02 + 0.01.

3.5. The expression of apoptosis related genes BAX and BCL-2 using
Western blotting

Results (Fig. 7) showed that the expression of BAX was significantly
(p < 0.001) increased in cells co-cultured with Nano-MET when
compared with the MET and control groups. In contrast, the anti-
apoptotic gene BCL-2 decreased significantly in the Nano-MET group,
when compared to MET and control groups. Our data revealed that BCL-
2 was downregulated by approximately 1.57 folds and BAX was upre-
gulated by approximately 1.88 folds after treatment with Nano-MET,
compared to the control. Cells co-cultured with MET showed
decreased expression of BCL-2 and increased expression of BAX as well,
however, these changes were not statistically significant.

3.6. Immunofluorescence staining of the proliferation marker Ki67

Results (Fig. 8) showed that the untreated HEP-2 cells possessed a
homogeneous intense expression of Ki67 with high fluorescence in-
tensity (+++) and membranous localization. A reduction in both the
percentage of Ki67 positive cells as well as the intensity of staining
(yellow arrows) was observed in cells co-cultured with MET and Nano-
MET. However, Nano-MET treated cells showed marked reduction of
Ki67 protein expression. Staining quantification results showed that
HEP-2 cells co-cultured with Nano-MET possessed the lowest proportion

of positively stained Ki67 cells (p < 0.01) compared to cells co-cultured
with MET and the control. The proportion of Ki67-positive cells with
MET and Nano-MET treatment is significantly (p < 0.001) lower than
the control by 2.46 and 3.15 folds, respectively (Fig. 8B).

3.7. Molecular Target Prediction and Pathway Enrichment Analysis

MET protein targets were initially predicted and classified with the
aid of Swiss Target Prediction (Table 4). After that, with the help of the
DisGeNET hub, four hundred and fifty-two genes were recognized as
laryngeal carcinoma-associated genes (C0595989). The Venn diagram
plot showed that the shared genes between MET gene targets and
laryngeal carcinoma-associated genes included EGFR, ESR2, NOS3, and
S100B (Fig. S2).

Toward better dissection at the genome-wide level of MET target-
function interactions, Boolean network modeling and pathway enrich-
ment analysis were performed. Based on the Voronoi tessellation anal-
ysis, a FoamTree reactome map was constructed to illustrate the top
pathways affected in response to MET (Fig. S3).

The pathway enrichment analysis results revealed that the 49 gene
targets stimulated by MET were identified in 879 reactome pathways,
hit by at least one of them. Among the top 25 significantly major
enriched pathways are; (A) metabolism (specifically, nucleotide, purine,
and pyrimidine metabolism, Nudix-type (NUDT) hydrolase enzymes and
carbon dioxide hydration), (B) hemostasis (specifically, dissolution of
fibrin clot), and (C) innate immune system (specifically, neutrophil
degranulation) with a false discovery rate (FDR) of <0.00001% (Fig. 9,
Table 4).
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Fig. 6. Bar charts showing the fold change in mRNA levels of key apoptotic proteins, mTOR and cyclin D1 (measured with RT-qPCR and calculated using 24T
method) of HEP-2 cells following treatment with MET and Nano-MET. (A) Bax, (B) BCL-2, (C) Caspase-3, (D) Caspase-8, (E) Caspase-9, (F) Cyclin D1 and (G) mTOR.
Results are shown as mean =+ SD. Statistical analysis was done using One-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05 compared to the control group; #p
< 0.05 compared to the MET group. All samples were done in triplicates (n = 3) and the experiment was repeated three times.

4. Discussion

Head and neck squamous cell carcinoma (HNSCC) is considered a
major public health concern, thus, an urgent need for novel treatment
approaches is required in order to achieve organ preservation, higher
survival rates and more efficient therapies (Busch et al., 2015). Since
MET is widely used in the treatment of type II diabetes mellitus (Rena
et al.,, 2017) in addition to its safety, tolerability, and availability, it
became an excellent candidate for drug repurposing. The most
intriguing is its potential use as an anticancer agent. A pharmaco-
epidemiological study conducted in 2005 revealed a significantly
reduced cancer risk in diabetic patients receiving MET (Evans et al.,
2005). In addition, several clinical trials confirmed the promising anti-
neoplastic potential of MET (Chae et al., 2016; De Flora et al., 2016),
however, its exact mechanism of action is still to be fully unraveled
(Huynh et al., 2022). It was reported that one of the main targets of MET
in cancer cells is the activation of the cellular energy sensor, AMPK (Guo
etal., 2016; Han et al., 2013; Salani et al., 2012; Wang et al., 2015). MET
influences mitochondrial respiration and alters the ratio of ATP/AMP
due to a decrease in ATP levels, resulting in the activation of AMPK
(Tawfik et al., 2022). Upon activation, AMPK inhibits mTOR, a key
regulator for the energy consuming cellular processes and cellular
growth. The combination of increased phosphorylation of AMPK and
inhibition of mTOR inhibits cellular proliferation and growth (Jang
et al.,, 2014). AMPK is also capable of directly inhibiting raptor, the
mTOR-associated regulatory protein, that regulates cell growth,

proliferation, and metabolism (Meng, 2014).

The use of nanocarriers as platforms to formulate MET could achieve
various benefits including: prolonged duration of action, increased
cellular uptake, and accumulation in tumor tissues as well as increased
potency against different types of cancer (Chen et al., 2020). As a result,
MET-encapsulated nano-drug delivery systems were repeatedly reported
to possess enhanced therapeutic efficacy against many types of neo-
plasms including liver, colon, lung, and breast cancers (Arafa et al.,
2018; Kumar et al., 2015; Osama et al., 2020; Shukla et al., 2019). The
work presented herein utilized spanlastics, a new nanoformulation drug
delivery system, to encapsulate MET.

MET-loaded nanospanlastics were fabricated by ethanol injection
method using Span® 60 which is a nonionic lipophilic surfactant (HLB
=4.7). Span® 60 possesses saturated and lipophilic alkyl chains that
promote the formation of mono and/or multi-lamellar vesicles. The
fabricated nanovesicles also contain an edge activator (Tween® 80) with
or without a surfactant permeation enhancer (Transcutol® P), that we
named S2 and S1, respectively. Both promote vesicle elasticity, resulting
in systems with disrupted packing that can squeeze through skin pores
or the cell membranes (Fahmy et al., 2018). Similar to our study, Fahmy
et al. loaded haloperidol into spanlastics using the ethanol injection
method, they used Span® 60 and Tween® 80 as edge activators. Their
haloperidol-loaded penetration enhancer-containing spanlastics
(PECSs) showed increased transdermal permeation with sustained
release of the drug.

Next, we fully characterized the synthesized MET spanlastics and
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Table 4
Top 25 pathways for MET targets resulting from the pathway enrichment analysis.
Pathway name Entities Reactions
Found Ratio p-value FDR* Found Ratio
Nucleotide catabolism 10/ 46 0.002 3.33e-16 3.06e-13 18 /63 0.004
Metabolism of nucleotides 12 /161 0.009 7.64e-14 3.51e-11 26 /142 0.01
Purine catabolism 7/28 0.001 4.0le-12 1.23e-09 14 /33 0.002
Phosphate bond hydrolysis by NUDT proteins 4/11 5.85e-04 4.50e-08 1.04e-05 7/17 0.001
Reversible hydration of carbon dioxide 4/12 6.38e-04 6.36e-08 1.17e-05 4/8 5.65e-04
Histamine receptors 3/4 0.005 2.79e-07 4.06e-05 5/7 4.95e-04
Amine ligand-binding receptors 6 /88 2.13e-04 3.10e-07 4.06e-05 10/ 36 0.003
Nitric oxide stimulates guanylate cyclase 4/23 0.001 8.38e-07 9.64e-05 2/7 4.95e-04
Pyrimidine catabolism 3/12 6.38e-04 7.40e-06 7.55e-04 4/17 0.001
Defective HEXA causes GM2G1 2/2 1.06e-04 1.80e-05 0.002 3/3 2.12e-04
Dissolution of Fibrin Clot 4 /51 0.003 1.90e-05 0.002 18 /21 0.001
Nucleotide salvage 3/25 0.001 6.51e-05 0.005 4/22 0.002
Hyaluronan uptake and degradation 3/29 0.002 1.01e-04 0.007 3/10 7.07e-04
Hyaluronan metabolism 3/34 0.002 1.61e-04 0.01 3/13 9.19e-04
Metabolism 26 / 4364 0.232 1.63e-04 0.01 74 / 2268 0.16
ROS and RNS production in phagocytes 3/36 0.002 1.90e-04 0.01 1/45 0.003
Highly sodium permeable postsynaptic acetylcholine nicotinic receptors 2/7 3.72e-04 2.18e-04 0.01 2/2 1.41e-04
Defective factor VIII causes hemophilia A 2/7 3.72e-04 2.18e-04 0.01 2/8 5.65e-04
Highly calcium permeable nicotinic acetylcholine receptors 2/9 4.78e-04 3.5%-04 0.017 2/2 1.41e-04
Tetrahydrobiopterin (BH4) synthesis, recycling, salvage and regulation 2/10 5.32e-04 4.42e-04 0.019 3/16 0.001
Highly calcium permeable postsynaptic nicotinic acetylcholine receptors 2/11 5.85e-04 5.34e-04 0.022 2/2 1.41e-04
Neutrophil degranulation 2/13 6.91e-04 6.08e-04 0.024 6/10 7.07e-04
Presynaptic nicotinic acetylcholine receptors 2/12 6.38e-04 6.34e-04 0.024 4/4 2.83e-04
Keratan sulfate degradation 2/13 6.91e-04 7.43e-04 0.024 2/7 4.95e-04

results revealed the successful synthesis of spanlastics in the nanosized
range with acceptable size distribution and low PDI values. Particle size
is an important factor in drug delivery systems, influencing drug
loading, release rates and absorption (Badawi et al., 2020). The nano-
metric range of a drug delivery system could ensure the successful de-
livery of a nanocarrier to the tumor site (Barani et al., 2019). In addition,
the PDI is a measurement of the formulation’s width of size distribution
and always ranges between 0 and 1. The higher the PDI, the less vesicle
size uniformity in the formulation (Elsherif et al., 2017). PDI < 0.3
corresponds to an intense and narrow peak in size distribution profile of
particles (Barani et al., 2019) which was observed in both S1 and S2
MET spanlastics with S2 showing a smaller PDI value. The surfactants of
choice for our spanlastics were Tween® 80 with or without Transcutol®
P. Tween® 80 was deemed the most appropriate edge activator as it can
produce smaller nanovesicles owing to its reduced bulkiness and unsa-
turation. These properties ensure its incorporation into the nanovesicles
and leads to improved chain bending and consequently smaller nano-
particles (Elmowafy et al., 2019). The outcomes also revealed that
adding the permeation enhancer surfactant (Transcutol® P) in S2
resulted in reduction in the particle size and PDI with a more negative
zeta potential and higher DC and EE%. These favorable properties could
be accredited to a decreased interfacial tension caused by increasing the
surfactant concentration which aids particle partition and consequently
the formation of smaller nanovesicles (Shamma et al., 2019). Our
findings are in agreement with previously published data by Shamma
et al. that reported the fabrication of retinoic acid (RA) loaded span-
lastics containing Span 60, Tween 20 with or without Transcutol®. RA-
spanlastics prepared with Transcutol showed a smaller PS, a more
negative ZP and most importantly a 2-fold improvement of skin depo-
sition in newborn mice compared to their non-Transcutol® counterparts
and the clinically used commercial drug (Acretin®) (Shamma et al.,
2019). In our study, both spanlastics (S1 and S2) were negatively
charged due to the presence of Span 60 which possess partial negative
polar heads directed toward the aqueous dispersion medium (Elmowafy
et al.,, 2019). Moreover, the addition of the surfactant permeation
enhancer (Transcutol® P) in the formulation S2 resulted in a more
negative ZP due to its smaller hydrodynamic diameter and thus a slower
migration velocity (Mekkawy et al., 2022).
Furthermore, DC and EE% analyses both

revealed that
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nanoformulations were able to encapsulate a reasonable amount of
MET. This could be attributed to the length of the chain as well as the
size of the hydrophilic head group of the nonionic surfactant. As pre-
viously reported, the presence of Span 60, a long-chain surfactant,
produces high entrapment efficiency in nanovesicles (Teaima et al.,
2020) in addition to the long alkyl chain and the large hydrophilic
moieties of Tween® 80 (Almugbil et al., 2022). We also observed a more
sustained release of MET from spanlastics compared with the free drug,
this could be explained by the elevated transition temperature and the
long-chain of Span 60 that leads to the formation of a more rigid and a
less permeable bilayer (Abdelbari et al., 2021). In addition, the attrac-
tive forces within the phospholipid bilayer cause a more delayed drug
release from spanlastics (Alaaeldin et al., 2021). Our findings agree with
previously published data that reported the sustained release profiles of
spanlastics compared to the free drugs (Abdelrahman et al., 2017;
Fahmy et al., 2018; Mekkawy et al., 2022). Abdelrahman et al. formu-
lated the anti-psychotic drug, risperidone, into nanospanlastics
composed of Span and polyvinyl alcohol. The risperidone-spanlastics
achieved a delayed drug release, better nasal permeation and
enhanced brain distribution (Abdelrahman et al., 2017). Furthermore,
Mekkawy et al. proposed a new combination therapy for breast cancer
using the non-steroidal aromatase inhibitor (letrozole) and polyphenolic
flavonoid (quercetin) by loading them into spanlastics using edge acti-
vators (such as Brij 35, Tween 80 and Cremophor RH40). The drug
loaded spanlastics showed sustained drug release, enhanced permeation
through rat skin and increased cytotoxicity on MCF-7 breast cancer cells
(Mekkawy et al., 2022).

Subsequently, we conducted a number of proof-of-concept biological
studies using the S2 Nano-MET formulation due to its smaller PS and PDI
as well as higher EE% and ZP. First, we used the standard MTT cell
viability assay to evaluate the cytotoxicity of Nano-MET compared to
MET on HEP-2 laryngeal cancer cells. MET exhibited an ICsy value
higher than the highest tested concentration of 500 pg/mL. Interest-
ingly, Nano-MET produced a significantly more potent ICsy value of 50
pg/mL, demonstrating an enhanced anti-proliferative potency of the
nanospanlastics formulation compared to the free drug. The stronger
cytotoxic effect of MET spanlastics could be due to the protective role
and the unique properties of the nanospanlastics that offer higher cell
membrane permeability and elasticity provided by the edge activators
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(Alaaeldin et al., 2021; Kanaani et al., 2017). Edge activators increase
the bilayer fluidity and deformability of the vesicle facilitating their
diffusion through the cell membrane and augmenting the cellular
accumulation of the drug (Alaaeldin et al., 2021). Previous studies also
reported the enhanced cellular uptake and improved cancer cytotoxicity
of Span 60 containing nanoformulations (Fatemizadeh et al., 2022;
Shaker et al., 2015) such as the work of Mehanna et al. They prepared
thymoquinone-loaded nanoparticles with enhanced anticancer effect
and improved ability of internalization into cancer cells (Mehanna et al.,
2020). We also showed that the formulated Nano-MET was hemocom-
patible and was indeed taken up by HEP-2 cells as observed with TEM.

Afterwards, we examined the effect of MET and Nano-MET on the
cell cycle. The uncontrolled progression of the cell cycle is one of the
hallmarks of cancer. Consequently, its inhibition represents a main
therapeutic target (He et al., 2021). The results of our study showed that
Nano-MET treatment led to a cell cycle arrest in the GO/G1 phase as well
as a significant decrease in the S phase compared to the untreated
control. This was in accordance with previous studies which demon-
strated that MET caused the accumulation of cells in the G0/G1l
(Kobayashi et al., 2013; Queiroz et al., 2014; Zhao et al., 2022) which is
thought to be regulated through oxidative stress along with AMPK
activation and cyclin D suppression (Yenmis et al., 2021; Zhao et al.,
2022). Cyclin D1 combines with CDK2 and CDK6 to form a complex,
driving cancer cells from the G1 phase to the S phase and thus promoting
cell proliferation (Zhao et al., 2022). Our results showed a significant
decrease in cyclin D1 mRNA levels in cells treated with MET and Nano-
MET as measured with RT-qPCR. Nano-MET caused a significant 100-
fold decrease in cyclin D1 levels compared to the control while MET
alone showed a 3.33-fold decrease. Our findings are consistent with
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previously published data that reported the downregulation of cyclin D1
expression by MET (Zhao et al., 2022).

Consequently, we assessed the effect of MET and Nano-MET in the
apoptosis Annexin V/PI assay as well as on the expression of the key
apoptosis regulatory proteins (BAX, BCL-2, caspase-3, —8, and — 9).
BCL-2 protein family (such as, BAX and BCL-2 proteins) plays a critical
role in maintaining the mitochondrial membrane integrity and thus the
regulation of apoptosis. BAX induce apoptosis via the disruption of the
mitochondrial membrane while the anti-apoptotic BCL-2 has an oppo-
site effect (Zhao et al., 2022). The caspase family of proteins plays a vital
role in the induction of apoptosis via both the intrinsic and extrinsic
pathways (Van Opdenbosch and Lamkanfi, 2019). In the present study,
treatment of HEP-2 cells with Nano-MET induced significant cell death
when compared to treatment with MET or the control. Furthermore, the
expression of the proapoptotic BAX was upregulated, unlike the anti-
apoptotic BCL-2, which was downregulated following treatment with
Nano-MET as confirmed with both RT-qPCR and Western blotting
analysis. MET and Nano-MET caused a 9.94 and 13.75-fold increase in
the levels of the apoptotic executioner, caspase-3 as measured with RT-
gPCR. While caspase-8, a key player in the extrinsic apoptosis pathway
(Van Opdenbosch and Lamkanfi, 2019), was increased by 1.63 and 4.15
folds with MET and Nano-MET, respectively. Interestingly, the intrinsic
pathway regulator (caspase-9) was also elevated by 1.47 and 2.22 folds
with MET and Nano-MET, respectively. Our results are in agreement
with the findings of Shukla et al. that developed MET liposomal vesicles
that exhibited enhanced cytotoxicity at reduced doses against breast
cancer (Shukla et al., 2019). These effects were caused by increased
expression of caspase-3 leading to profound apoptosis in cells treated
with liposomal MET compared to the free drug and the control (Shukla
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et al., 2019). The study also reported that cells treated with liposomal
MET possessed high levels of p-AMPK and reduced levels of p-mTOR as
compared to MET (Shukla et al., 2019). In addition (Wang et al., 2021b)
also reported the downregulation of mTOR and p-mTOR in oral squa-
mous cell carcinoma (OSCC) cells treated with MET. Similarly, we also
showed that the expression of mTOR was significantly reduced by MET
and nano-MET by 4.34 and 43.47 folds, respectively, as measured using
RT-qPCR.

Finally, we evaluated one of the key proliferative markers, Ki67
(Morse et al., 2019) using immunofluorescent staining done on HEP-2
cells. Our results revealed a significant reduction in the expression of
Ki67 in cells treated with MET and Nano-MET compared to the control
with a stronger downregulation observed with Nano-MET. Our results
were similar to Zhao et al. that reported a significant downregulation of
Ki67 in OSCC tumor xenografts following treatment with MET (Zhao
et al., 2022).

The combined pathway enrichment analysis-Reactome mining fa-
cilitates the capture of the connections in a computable data model
between genes, proteins, and small molecules affected by MET treat-
ment. Therefore, in an attempt to investigate the different possible
pathways implicated in MET’s anticancer effect on the cells, pathway
enrichment analysis was performed. The PEA-Reactome mining coupled
approach revealed high enrichment of several pathways as a result of
treatment with MET including metabolism: specifically, nucleotide,
purine and pyrimidine metabolism, as well as the implicated Nudix-type
(NUDT) hydrolase enzymes and carbon dioxide hydration, in addition to
other pathways such as hemostasis and the innate immune system.

Deranged nucleotide metabolism is a pan-cancer metabolic depen-
dence that significantly impacts almost all malignant cell activities
across many cancer types. Nucleotides fuel a wide range of processes
that are active more frequently in cancer cells in addition to their ca-
nonical function as substrates for nucleic acid synthesis. As a result,
nucleotide synthesis inhibitors have a lot of untapped potential as
components of combination therapy plans (Mullen and Singh, 2023). In
general, metabolic reprogramming is intensified during cancer to sup-
port cell survival and proliferation in the face of alterations to the in-
ternal and external milieu. For example, it is common knowledge that
cancer cells seek to alter their metabolism to increase the flux of purine
and pyrimidine syntheses to maintain aggressive growth (Schiliro and
Firestein, 2021). Metformin was previously reported to alter nucleotide
metabolism thus affecting susceptibility of OSCC cancer cells to different
anticancer nucleoside analogs (Mynhardt et al., 2018). MET induced
resistance to 5-fluorouracil (5-FU) via the increased expression of
thymidine kinase 1 and thymidylate synthase (key players in 5-fluoro-
uracil (5-FU) resistance). On the contrary, MET enhanced the cytotox-
icity of gemcitabine by elevating the expression of deoxycytidine kinase
(DCK) (Mynhardt et al., 2018). DCK is a key player in the nucleoside
salvage pathway and also catalyzes the phosphorylation and activation
of gemcitabine (Aksoy et al., 2008).

Since purine nucleotides are essential and required for tumor cell
growth, tumor cells have increased levels of purines and enzymes for the
de novo purine synthesis pathway. Meanwhile, purines function as
strong regulators of the immune cells’ responses and cytokine release via
various receptor subtypes, which is crucial for oncogenesis and tumor-
igenesis. Targeting purine degradation has been utilized to treat cancer
because increased purine degradation reduces the amount of purines
available for nucleotide synthesis, which prevents cancer cells from
proliferating (Yin et al., 2018). Pyrimidine metabolic remodeling also
promotes the growth of tumors and creates metabolic vulnerabilities
that can be addressed in the treatment of cancer (Wang et al., 2021a).
Shatova et al. reported that MET significantly alters purine catabolism in
breast cancer (Shatova et al., 2016). MET treated breast cancer patients,
despite the increased activity of adenosine deaminase enzyme in tumor
tissues, its substrate (adenosine) levels were not sufficiently reduced
unlike the products (hypoxanthine and inosine) which were signifi-
cantly increased (Shatova et al., 2016).
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On another side, Nudix-type (NUDT) hydrolase enzymes are also key
players in cancer progression and were identified as an independent
prognostic factor in several types of cancer (Wang et al., 2020; Wang
et al., 2017). It was previously shown that their expression levels are
associated with cancer aggressiveness (Wright and Beato, 2021).
Moreover, their knockdown in cancer cells decreased cell proliferation
(Iyama et al., 2010). To the best of our knowledge this pathway has not
been linked to MET before which highlights the importance of unrav-
eling these unstudied pathways using the PEA-reactome analysis pre-
sented herein.

One of the main pathways found to be affected by MET in the PEA-
Reactome mining coupled approach is the carbon dioxide hydration.
Previous reports indicate the relationship between pH regulation and
tumor cell survival and proliferation. These reports show the direct
implication of carbonic anhydrases in these processes (Mboge et al.,
2018). Carbonic anhydrase is induced by hypoxia and is implicated in
tumor invasiveness and drug resistance (Pastorekova and Gillies, 2019).
It is a poor prognostic factor in breast cancer (Rezuchova et al., 2023).
Metformin was previously reported to inhibit carbonic anhydrase ac-
tivity thus affecting pH and inducing cancer cell death (Ismail and
Amodu, 2016).

Of the other pathways that were found to be affected by MET in our
pathway enrichment analysis are those involved with the innate im-
mune system. Neutrophils are essential for the activation and control of
both innate and adaptive immunity as well as infection defense. Tumor-
associated neutrophils have become a significant part of the tumor
microenvironment in cancer. They can do two jobs in this situation.
These neutrophils can contribute to inflammation that promotes tumor
growth by stimulating angiogenesis, extracellular matrix remodeling,
metastasis, and immunosuppression. Neutrophils, on the other hand,
can also mediate antitumor responses by directly destroying tumor cells
and taking part in cellular networks that promote antitumor resistance.
The dual potential of the tumor-associated neutrophils in the tumor
microenvironment is supported by neutrophil variety and plasticity
(Jaillon et al., 2020). Current research shows that increased neutrophil-
to-lymphocyte ratios are a marker of poor overall survival in cancer,
thus pointing to neutrophils as a possible therapeutic target and
biomarker for cancer disease status (Mollinedo, 2019). In patients with
diabetes and polycystic ovarian disease, MET has been demonstrated to
lower neutrophil counts and neutrophil-lymphocyte ratios, respectively
(Cameron et al., 2016; Ibanez et al., 2005). It was also reported to in-
crease neutrophil chemotaxis and degranulation (Park et al., 2013).

Hemostasis pathways were also of the main pathways affected by
MET. The end result of the blood coagulation cascade is fibrin. Fibrin
clots do not occur naturally, but they are associated with a number of
pathological diseases, including infarctions of the heart (Silvain et al.,
2011) or brain (Skaf et al., 2005), traumas (Drew et al., 2001), acute
inflammation (Levi et al., 2004), cancer invasion (Idell et al., 1995), and
metastasis (Im et al., 2004). It is known that tumor vascular perme-
ability and tumor-induced blood coagulation, which cause the deposi-
tion of insoluble fibrin in various cancer tissues (Colpaert et al., 2003;
Dvorak, 2002; Hisada et al., 2013; Nagy et al., 2012; Shoji et al., 1998)
involve both intrinsic (Matsumura et al., 1988) and extrinsic (Dvorak,
2002) coagulation systems. It is now understood that tissue factor (TF),
the main catalyst for extrinsic blood coagulation, is crucial for the
growth, invasion, and metastasis of tumors. Most human cancer cells
have high levels of TF expression on their surfaces (van den Berg et al.,
2012), and this expression is associated with a worse prognosis in a
number of cancers (Nitori et al., 2005; Seto et al., 2000; Ueno et al.,
2000).

Several studies demonstrated the effect of MET on fibrin clot for-
mation. Standeven et al, showed that MET affect thrombin activity,
fibrin formation and polymerization (Standeven et al., 2002). Xin et al.,
also demonstrated that it inhibits platelet activation thus preventing
thrombosis (Xin et al., 2016). In a recent study, MET was proven to
reduce tissue factor activity which was previously associated with poor
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cancer prognosis (Witkowski et al., 2021).
5. Summary and conclusions

To the best of our knowledge, the encapsulation of MET into the
unique spanlastics nanoformulations is a poorly investigated area
especially in HNSCC which highlights the importance of our study. To
sum up, the results presented herein showed that the encapsulation of
MET in uniform nanosized spanlastics was successful and possessed
unique anticancer properties compared to the free drug. This could be
attributed to the unique properties of spanlastics that led to: (a)
enhanced drug permeability; (b) improved cell membrane diffusion and
(c) increased accumulation of the drug within the cells. Nano-MET
possessed a significantly more potent cytotoxic effect on HEP-2 cells
and caused cell cycle arrest at the GO/G1 phase. In addition, Nano-MET
induced apoptosis through enhanced expression of proapoptotic protein
markers (BAX, caspase-3, —8, and — 9), downregulation of anti-
apoptotic BCL-2 and the proliferative proteins (Ki67, cyclin D, and
mTOR). To characterize the role of MET as an anticancer drug, reactome
analysis was also performed. The results revealed high enrichment of
several pathways including nucleotides (purine and pyrimidine) meta-
bolism, Nudix-type (NUDT) hydrolase enzymes, and carbon dioxide
hydration, as well as additional pathways like hemostasis and the innate
immune system. These pathways were previously reported to be
involved in cancer cell growth and proliferation.

In conclusion, the promising findings of our proof-of-concept study
could pave the way for future research into the encapsulation of the
repurposed MET into spanlastics for the treatment of many cancers.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijpx.2023.100215.
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