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Abstract: Background: Pyrvinium Pamoate (PP) is an old drug approved by the FDA for the treatment of pin-
worm infections. Recently, it has been introduced as an anti-tumor agent, however, low aqueous solubility
severely limits its potential effects. In this study, we developed a liposomal formulation of pyrvinium pamoate
to investigate its in vitro cytotoxicity and in vivo efficacy against melanoma cells.

Materials & Methods: As drug carriers, liposomes were fabricated using the thin-film method. PP was encapsu-
lated within the liposomes using a remote loading method. We evaluated the morphology, particle size, and Ze-
ta potential of the liposomes. Additionally, High-Performance Liquid Chromatography (HPLC) was employed
for qualitative and quantitative analysis. Then we investigated our liposomal PP for its in vitro cytotoxicity as
well as the tumor growth inhibition in C57BL/6 mice bearing B16F0 melanoma tumors.

Results: Based on the analytical result, the liposomal drug delivery system is a homogeneous and stable colloi-
dal suspension of PP particles. The images of Atomic force microscopy and particle size data showed that all
the prepared nanocarriers were spherical with a diameter of approximately 101 nm. According to both in vitro
and in vivo studies, nanoliposomal PP exhibited an improved anti-proliferative potential against BI6F10 me-

lanoma tumor compared to free PP.

@ CrossMark

Conclusion: Liposomal encapsulation improves the water solubility of PP and enhances its anti-cancer activity.

Keywords: Pyrvinium, cancer, nanotechnology, drug delivery, melanoma, nanoliposomes.

1. INTRODUCTION

Repurposing of non-cancer medications for cancer treatment is
a rapidly expanding field in oncology research. When new anti-
cancer potentials are proposed for an already existing drug, be-
cause of its well-defined kinetic, dynamic, and safety profiles, it
can be introduced into the clinic more rapidly than novel anti- can-
cer agents. Within this context, Pyrvinium Pamoate (PP) is an
FDA-approved anthelmintic drug, which has been used against a
variety of parasitic infections for more than fifty years. In recent
years, various studies have reported its significant anti-tumor ef-
fects. According to the literature, PP treatment significantly delays
growth and reduces the proliferation of cancer cells in leukemia,
melanoma, breast, urothelial, colorectal, pancreas, and lung cancer
[1-6]. It has also been shown to significantly inhibit colony forma-
tion, cell viability, proliferation and autophagy, migration and inva-
sion capacity, and it also induces apoptosis in malignant cells [6,

7.

Recently, more studies have been carried out on PP to eluci-
date its anti-cancer mechanism of action; experimental results have
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confirmed that it exerts anti-cancer effects through multiple path-
ways. One of its interesting mechanisms of action is the inhibition
of mitochondrial oxidative phosphorylation [8]. On the other hand,
in a hypoxic condition, which is more similar to cancer microenvi-
ronment, it inhibits NADH-Fumarate reductase, an important en-
zyme for anaerobic metabolism [9], approved by FDA for its an-
thelmintic properties and therapeutic function against animal-like
protists, such as Cryptosporidium parvum and Plasmodium falci-
parum, in the 1950s. In the last 10 years, several studies have
shown the novel activity of pyrvinium in tumor therapy. Some in-
vestigations have indicated that pyrvinium could delay or inhibit tu-
mor cell proliferation in cancer models, including colon, breast,
and lungs.

Whnt/B-catenin pathway is another recognized target of PP,
which plays a critical role in malignant proliferation and is now
considered as an attractive cancer therapeutic target. It has been re-
ported, at least in some cancers that it suppresses Wnt/B-catenin
pathway at multiple levels [2, 6, 10, 11]. Moreover, PI3K/AKT/m-
TOR is another key pathway aberrantly activated in malignant
cells, the suppression of which can be achieved through PP treat-
ment [12, 13].

One of the most interesting findings of PP is its potential
against cancer stem cells [6, 14, 15]. It has been evaluated in 8 dif-
ferent tumor types (breast, ovarian, prostate, lung, pancreatic, me-
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lanoma, and glioblastoma); It has also been reported to successful-
ly inhibit tumor-sphere forming ability in all 10 tested cell lines
within nanomolar ranges [8]. However, despite all these potential
capacities, the systemic application of PP is encountering serious
limitations, and in order to advance this drug into the clinic, it like-
ly requires some modifications.

Although, PP has shown a good safety profile even in doses as
high as 35 mg/kg, when administered orally, it has very low bioa-
vailability and is not absorbed to a clinically significant level [16].
In a clinical study, a single oral dose with 250 mg, in healthy volun-
teers resulted in a maximum value of 7.4 ng/ml (12.9 nM) in plas-
ma [16]. Here, in order to improve its pharmacokinetic profile, we
aimed to develop a novel delivery strategy and then investigated its
efficacy both in vitro and in vivo on an experimental model of me-
lanoma.

2. MATERIALS AND METHODS

Pyrvinium pamoate was purchased from Shanghai Boylechem
(Shanghai, China). Hydrogenated Soy Phosphatidylcholine (H-
SPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy (polyethylene glycol)-2000] (PEG-DSPE2k) were
purchased from Lipoid (Alabaster, Alabama, USA). RPMI 1640
and cholesterol culture medium were purchased from Sigma-Al-
drich (St. Louis, MO); and MTT [3-(4,5-dimethylthiazol-2-yl)-2,
diphenyltetrazolium bromide was obtained from Promega (Madi-
son, WI). All other solvents and reagents were used as a chemical
grade. Commercially available PEGylated liposomal doxorubicin
(Doxil”) was purchased from Behestan Darou Company (Tehran,
Iran).

2.1. Preparation of Liposomes

A mixture of HSPC, cholesterol, and PEG DSPE (55, 40, 5-
mole ratio) was dissolved in chloroform. The solvent was removed
under vacuum, generated by a rotary evaporator vacuum pump
(Heidolph, Schwabach, Germany), and subsequently lyophilized
by a freeze dryer. A thin film was generated and hydrated with the
preheated ammonium sulfate (250 mM) solution at 65°C. Large
Unilamellar Vesicles (LUV) were formed by the extrusion, done
11 times, through polycarbonate filters (100 to 400 nm pore size),
using an extruder device (Burnaby, BC, Canada).

2.2. Generation of the Ion Gradient and Drug Loading

The remote loading method was used to encapsulate PP into
the liposomes. The external solution (ammonium sulfate) of lipo-
somes was exchanged into isotonic buffer solution (10 mM HEP-
ES, 10% sucrose, pH 8.5) using a dialysis tube (12 - 14 kD). Subse-
quently, an acidic DMSO solution containing PP (15mg/ml) was
added (50pl) to the empty liposomal dispersion. The drug entrap-
ment process was performed at 65°C for 1 hr. The residual unload-
ed drug was removed through the dialyzation against 10 mM histi-
dine 5% dextrose (pH 6.5).

2.3. Characterization of Liposomal Pyrvinium Pamoate

The particle profile size, surface charge, and surface morpholo-
gy of nanoparticles were characterized. The particle size distribu-
tion and zefa potential of liposomal suspension were analyzed by
differential light scattering technique (Malvern Instruments Ltd,
Malvern, UK). A small droplet of the liposomal solution was
placed on a glass slide and dried under a nitrogen stream. The sur-
face morphology of the prepared sample was evaluated with an
Atomic Force Microscopy (AFM) instrument (JPK-NanoWizard II;
Berlin, Germany).
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2.4. Determination of Pyrvinium Pamoate

The concentration of PP in the liposomes was determined by a
fluorometric method at A, =477 nm and A, = 579 nm. The PP so-
lutions at different concentrations were prepared in acidic DMSO.
The emissions of samples with a spectrofluorometer (Perkin Elmer
Is 45, Waltham, Massachusetts, United States) were obtained, and
the calibration curve was plotted. The PP content of the liposomes
was calculated using the standard calibration curve.

2.5. In Vitro Drug Release Study of Pyrvinium Pamoate Load-
ed Liposome Nanoparticles

The in vitro drug release profile was evaluated from a dialysis
membrane (12 - 14 kDa) containing liposomal PP at pH 7.4 in
Phosphate-Buffered Saline (PBS). 1 ml of the liposomal solution
containing PP was added into the dialysis tube, and the outer part
was filled with 200 ml of PBS (pH 7.4). The dialysis devices were
gently stirred (100 r.p.m at 37°C) during release evaluation by a
magnetic stirrer. At intervals of predesignated time (3, 6, 9, 12, 24,
36 and 48h), 1 ml of outer media was withdrawn and replaced with
1 ml of fresh PBS. In the obtained sample, the concentration of PP
was determined by the Spectrofluorometric method.

2.6. In Vitro Cytotoxicity Assay

The MTT assay was performed on the melanoma cancer cell
lines (B16-F10) to assess the inhibitory properties of liposomes
containing PP on cell proliferation and cell viability. After incubat-
ing cell lines with drug and MTT, the absorbance of purple for-
mazan solution was measured using a plate reader (BioTek, Syner-
gy 2 plate reader, VT, USA). In this work, the B16-F10 cells were
cultured to a 96-well plate and treated with liposomal PP in the
range of 0.005 to 30 uM. 48 hours after exposure, the MTT process
was stopped, and growth retardation was calculated and compared
to those in the PBS group. In this study, all experiments were car-
ried out in triplicates and were repeated twice for statistical analy-
sis; The results are shown as the mean + S.D.

2.7. Cell Culture

The mouse melanoma cell (B16-F10) was cultured and main-
tained in Dulbecco’s Modified Eagle's Medium (DMEM) supple-
mented with 10% (v/v) FCS, 2 mM L-glutamine, 100 IU/mL peni-
cillin and 100 mg/mL streptomycin and the cells were incubated at
37°C in a humidified incubator with a 5% CO, atmosphere.

2.8. Animals

Female C57BL/6 mice (4 - 6 weeks old) were housed in cages
(5 animals/cage). For therapeutic tumor experiments, A total of
3x10° melanoma cells were injected subcutaneously into the flank
of the mice and randomly distributed into 4 groups, including 1)
PBS, 2) commercial liposomal doxorubicin (15mg/kg), single-
dose, intravenous, 3) liposomal PP (1mg/kg/ twice a week) intrave-
nous for 4 weeks and 4) free PP (1mg/kg/twice a week for 4 week-
s). Body weight variation was recorded, and the tumor size was
measured with the digital calipers during the study. The tumor vol-
ume was calculated using the modified ellipsoid formula: volume
(mm®) = (length x width®)/2. The study protocol was approved by
the institutional review board and the ethics committee of the Mash-
had University of Medical Sciences (Mashhad, Iran) in accordance
with the Animals (Scientific Procedures) Act 1986 Amendment
Regulations (SI2012/3039).

2.9. Statistical Analysis

Statistical analyses were carried out using Prism 8 (Graph Pad
Prism Software, version 8, San Diego, CA). Tumor growth curves
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were analysed by one-way ANOVA, followed by Tukey’s post-hoc
test. Survival curves were plotted using the Kaplan-Meier tech-
nique and analysed using the log-rank test. P-values of < 0.05 were
considered to be statistically significant.

3. RESULTS

3.1. Fabrication of Pyrvinium Pamoate Loaded Liposome Nano-
particles

Pyruvicum was accumulated into liposomes composed of
HSPC, DSPE-peg (2000) and cholesterol (% molar 55/5/40). Lipid
components present in the liposomes were selected based on their
physico-chemical stability, high phase-transition temperature, and
the ability to provide long terminal elimination half-life. Effective
drug entrapment was performed using a strong ammonium sulfate
to drive the generation of an ion gradient. The drug was loaded into
the aqueous liposome core using the formation of ammonium sul-
fate ion gradient across the liposome membrane.

A) Size Distribution by Intensity
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Fig. (1). The particle size analysis of empty liposomes (A) and liposomal
pyrvinium pamoate (B); No significant difference was observed between
the two preparations. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

Table 1. Characteristics of pyrvinium pamoate nanoliposomes

Formulation | Size (nm) PDI Zeta potential (mV)
Liposomal PP |101.6 +0.53] 0.16 + 0.01 -11
Empty liposome| 98.8 + 0.15 [0.069 + 0.01 -9.6

3.2. Dynamic Light Scattering Experiments

After liposomal synthesis and drug encapsulation, the size of
empty liposome and liposome containing PP was determined using
a light scattering instrument. The results of this examination are
summarized in Fig. (1A, B) and Table 1. The result showed that
the mean diameter and Polydispersity Index (PDI) of empty lipo-
some and drug-loaded liposomes were 98.8 + 0.15 and 101.6 +
0.53 nm and 0.069 £+ 0.01, 0.16 £ 0.01, respectively (Fig. 1 and
Table 1). These values demonstrate that the sizes are consistent.
The zeta potential analysis showed that the surface charge of the
empty liposome and liposomal PP were -9.6 and -11 mV, respec-
tively.
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3.3. Surface Morphology of Liposome Nanoparticles

The AFM images (Fig. 2) show that liposomes appear to be
spherically shaped, as confirmed by the DLS data.

4.232 nm

slow (um)
1.0

1.0
fast (um)

Fig. (2). AFM image of liposomal pyrvinium pamoate. (4 higher resolution
/ colour version of this figure is available in the electronic copy of the arti-
cle).

3.4. Encapsulation Efficacy

The calculated encapsulation efficacy values showed that
greater than 98% of the added PP was entrapped into the liposomes
within 1h at 65°C.

3.5. In Vitro Drug Release Studies

The in vitro drug release profile for the remotely loaded liposo-
mal PP found that the release rate was very slow for a long time at
pH 7.4 (Fig. 3).

3.6. Cell Viability

Several attempts have been made to investigate the anti-cancer
effects of PP and they have shown that pyrvinium significantly in-
hibited the development of cancers, including colon and melanoma
[2, 13, 17-19]. By considering these cases, growth-inhibitory ef-
fects of pyrvinium pamoate were evaluated on cell viability of me-
lanoma (B16-F0) cell lines. Carefully examinion of the data re-
vealed that both liposomal and free pyrvinium pamoate at various
concentrations of drug (3 - 8 umol/L) could significantly reduce
the cell viability of B16-FO0 cells lines compared to the medium
with only PBS in a dose-dependent manner during 48h exposure
(Fig. 4A, B). The results showed that liposomal and free PP could
exert cytotoxic effects with IC,, values of 8.3 and 3.2 uM, respec-
tively.
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Fig. (3). In-vitro release profile of liposomal pyrvinium pamoate; No signifi-
cant difference was observed between the release profiles in the tested me-
dia. (4 higher resolution / colour version of this figure is available in the
electronic copy of the article).
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Fig. (4). Dose-response curves show % viability of B16-F0 cells treated by
liposomal (A) and free (B) Pyrvinium Pamoate. (4 higher resolution /
colour version of this figure is available in the electronic copy of the
article).

3.7. In Vivo Anti-tumor Effect of Injectable Liposomal PP in
B16-F0 Melanoma-bearing Mice

Therapeutic efficacy of liposomal PP and free PP was assessed
following intravenous administration in B16-FO melanoma-bearing
mice. The mean tumor volume (mm3) was plotted against time and
illustrated in Fig. (5A). A snapshot of Kaplan-Meier analysis
curves is presented in Fig. 5B; Median Survival Time (MST), TTE
and %TGD are summarized in Table 2. The result of tumor growth
curves and animal survivals illustrated that liposomal PP and lipo-
somal doxorubicin were effective in inhibiting tumor growth com-
pared to PBS (p < 0.02). The obtained results showed that TTE val-
ues of melanoma-bearing mice treated by liposomal PP, free PP,
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Doxil, and PBS were 23 £ 1.8, 19 £+ 2.3, 25+ 2.1, and 17 £ 3.3
days (Table 2), respectively. The TGD values of mice obtaining li-
posomal PP, free PP, and Doxil were directly compared with the
PBS group, and the experimental results revealed that tumor
growth rates were significantly reduced by 35.2, 11.7 and 47%, re-
spectively (Table 2). The MST values of mice treated with liposo-
mal PP, free PP, Doxil, and PBS groups were 23, 20, 25 and 14
days, respectively (Table 2). In comparison with PBS mice, the
ILS values of mice treated with liposomal PP, free PP and Doxil
were 64, 46 and 78%, respectively.
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£ - Free PP
Z 20004 ree
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= 10004
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0 T T 1
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E E * —— Liposomal PP
4 3 —-
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O rrrrr T T T T
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Fig. (5). In vivo anti-cancer effect of the formulation after a single injection
in C57BL/6 mice bearing B16-F0; (A) Tumor volume (mm’) of B16-F0 me-
lanoma was measured every 3 days. All values are reported as the mean +
SD (n = 5 per group). (B) Kaplan-Meier curves exhibit the survival rate of
treatment and control groups. * reveals that the difference between the con-
trol group with liposomal PP and Doxil groups was statistically significant
(p <0.004). (4 higher resolution / colour version of this figure is available
in the electronic copy of the article).

Table 2. Therapeutic efficacy data of different treatments in C5S7BL/6
mice bearing B16-F0 melanoma.

Group TTE (days £ SD) TGD (days) |MST (days) [ILS (%)
Control 17+33 - 14 -
Liposomal PP 23+1.8 352 23 64

Free PP 19+23 11.7 20 46
Doxil 25+2.1 47 25 78

4. DISCUSSION

Poor solubility of PP decreases absorption across the gastroin-
testinal tract and, consequently, the pharmacological activity of this
drug [20]. For overcoming the formulation challenges of hydropho-
bic drugs, nanocarriers, especially nanoliposomes, are appropriate
tools. The main limitation in the widespread use of liposomal for-
mulations is the physical and chemical instability [21, 22]. Howev-
er, high chemical stability and transition temperature lipids can min-
imize drug leakage and enhance liposomal stability [23, 24]. Lipo-
somes with high transition temperature lipids, such as phosphatidyl-
choline can provide highly stable liposomal carriers for drugs with
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low solubility [23, 24]. Another convenient and frequently used
strategy to enhance liposomal stability in vivo is PEGylation,
which prevents binding to plasma proteins and reduces the rate of
blood clearance by both glomerular filtration and Reticuloendothe-
lial System (RES), therefore, lasting longer in circulation [24, 25].
Accordingly, we developed a novel and stable liposomal nano-drug
carrier containing HSPC / cholesterol / DSPE-PEG, which served
as a liposomal carrier for low soluble PP.

In addition to stability, a perfect drug delivery system should
have a high drug-loading capacity. Although, classical liposome en-
capsulating, such as passive loading, cannot provide maximum
drug encapsulation, active “remote” drug loading methods can in-
crease intraliposomal hydrophobic drug concentrations [21, 22].
Lipophilic drugs are mostly encapsulated into the lipid bilayer of
the liposomes. However, intraliposomal drug encapsulation into
the aqueous space of the liposome enhances the stability of a drug.
Here, we were able to prepare a stable PEGylated-liposome and re-
motely load PP into the hydrophilic core via the generation of am-
monium sulfate ion gradient.

Quantitative analysis indicated that, using remote loading, hy-
drophobic PP was entrapped in the inner aqueous core with high ef-
ficiency (95%). Size distribution analysis is a key indicator of sta-
bility and uniformity. We observed that our PP-encapsulated lipo-
somes were around 101 nm with high uniformity in the size distri-
bution (PDI ~ 0.1). Here, we observed that PEGylated-liposomal
PP exerted cytotoxic effects against B16-FO melanoma cells with
an IC50 of 8.3 pM. Previous reports have also shown a relatively
wide range of IC, within 0.1 - 10 pM for PP suppressing malig-
nant cells of colon, breast, myeloma, and pancreas cancer [26-28].
The difference in the observed behavior between in vitro and in
vivo experiments can be attributed to the barrier function of PEGy-
lated liposomes that reduces in vitro cellular uptake of liposomal
PP. However, PEGylation enhanced the in vivo pharmacokinetics
of PP and increased the anti-tumor activity by protecting it against
degradation and passive drug targeting through Enhanced Permea-
bility and Retention (EPR) effect in the tumor [24, 25]. Notably,
our PEGylated-liposomal PP demonstrated a marked improvement
in in vivo effects compared to free PP with significantly higher
TTE, TGD%, as well as increased survival and lifespan in treated
mice (Fig. 5 and Table 2).

CONCLUSION

In summary, this novel study shows that, using PEGylated lipo-
somes containing HSPC lipid, we can efficiently load poorly wa-
ter-soluble PP by using drug-remote loading, and this significantly
enhances in vivo anti-tumor activity of PP against melanoma. The
promising results of our study, overcoming one of the main barri-
ers for clinical application of PP, highlights its potential applicabili-
ty and calls for further investigations for the exploration of the in-
hibitory effects of liposomal PP on other cancer models, especially
metastatic and drug-resistant ones.
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