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Background: Tarin, purified from taro (Colocasia esculenta), promotes anticancer effect against glioblastoma cells, a heterogeneous
and aggressive primary central nervous system tumor and one of the most challenging tumors for oncotherapy. If able to overcome the
blood-brain barrier (BBB), tarin may comprise a natural defense against glioblastomas in a context of the development of novel drugs
to control these malignant cell proliferations.

Methods: The anticancer effects of nano-encapsulated tarin were tested against U-87 MG cells and the molecular mechanisms
involved in cell proliferation control were assessed by flow cytometry and transmission electron microscopy (TEM) analyses. The
scratch assay was performed to investigate cell migration capacity, while nano-encapsulated tarin transport across the BBB was tested
on the hCMEC/D3 endothelial cell line.

Results: Nano-encapsulated tarin induced autophagy in U-87 MG cells, characterized by the presence of autophagosomes as revealed
by TEM and corroborating the flow cytometry analysis employing acridine orange. Additional ultrastructural changes, such as
mitochondrial swelling, were also observed. The presence of apoptotic cells and caspase 3/7 activation indicate that nano-
encapsulated tarin may also induce cell death through apoptosis. Glioblastoma cell proliferation was arrested in the G2/M cell
cycle phase, and cell migration was delayed. Reduced cell proliferation and glioblastoma cell migration inhibition were significant, as
tarin was efficiently transported across the BBB during in vitro assays.

Conclusion: Nano-encapsulated tarin may be effectively employed to inhibit glioblastoma cell proliferation and migration, as this
novel formulation can overcome the BBB and induces carcinoma cell apoptosis and autophagy. Furthermore, nano-encapsulated tarin
may comprise a novel chemotherapeutic agent against different tumoral lines, as it is able to control glioblastoma tumor proliferation
by the same molecular mechanisms previously reported for breast adenocarcinomas. Additional studies should be carried out to clarify
if nano-encapsulated tarin has a general effect on distinct carcinoma lines.

Keywords: Colocasia esculenta, GNA-related lectin, cell cycle arrest, caspase 3-7 activation, antitumoral lectin, transendothelial
permeability

Introduction

Glioblastoma (GBM), a tumor arising from glial cells in the central nervous system (CNS), brain or spinal cord, is very
aggressive, grows quickly and can invade and destroy surrounded healthy tissues. Glioblastoma prognoses comprise an
average survival rate from 12 to 15 months. This prevalent and malignant brain tumor contains self-renewing,
tumorigenic cancer stem cells that contribute to chemoresistance, heterogeneity (referring to the fact that different

regions within a single glioblastoma tumor can present different molecular and genetic profiles) and infiltrative patterns,
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making complete tumor resection very difficult.' ™ The molecular biology underlying glioblastomas is characterized by
an intricate network of biochemical processes, highlighting the pressing need for developing targeted therapeutic
approaches to overcome tumoral proliferation control challenges. In this context, the dysfunction of multiple molecular
signaling pathways, including the epidermal growth factor receptor (EGFR)/AKT/phosphatase and tensin homolog
(PTEN), protein kinase C (PKC), tumor suppressor protein p53 (P53), retinoblastoma protein (pRB), and vascular
endothelial growth factor (VEGF) pathways, among others, are significant glioblastoma pathogenesis aspects. The
interaction of these mechanisms amplified by the blood-brain barrier (BBB), which restricts access of chemotherapy
agents to the tumor core, and cancer stem-like cells, recognized for their intrinsic resistance to chemotherapy and
radiotherapy, are very challenging to overcome, and, may contribute significantly to malignant glioblastoma progression
and recurrence.” '’

Glioblastoma treatments are one of the most challenging oncology therapeutics, as this tumor is considered mostly
incurable, with no available treatment to slow its growth or reduce symptoms. The current therapeutic regimens for this
tumor include surgery for tumoral tissue removal, although its invasive characteristics make surgery resection very
difficult. Glioblastoma is also resistant to radiotherapy, and despite the different ways of administering chemotherapeutic
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drugs glioblastoma locations beyond the BBB limit drug penetration and effectiveness, making these tumors resistant to
these treatments.'''® Currently the first-line chemotherapy drug for glioblastoma is temozolomide (TMZ),
a monofunctional alkylating agent whose therapeutic efficacy is far from optimal, as it is highly toxic and has difficulty
in penetrating the BBB.'”'> TMZ resistance is noted due to several molecular mechanisms, including DNA repair,
multidrug transporters, epigenetic modifications, microRNAs, extracellular vesicles, and autophagy.”’

Innovative therapeutic interventions for glioblastoma proliferation control have emerged, in addition to conventional

2122 which consists in local chemotherapy, of low-

chemotherapy and radiotherapy, such as carmustine wafers (Gliadel®),
intensity alternating electric fields (Optune® therapy), implanted directly into the intracranial tissue.”>2° To effectively
bypass the BBB and deliver compounds specifically targeting glioblastoma cells, a promising class of nanocarrier,
liposomes, has been considered for glioblastoma therapy, as the lipophilic nature of this molecules facilitates the
penetration of both hydrophilic- and hydrophobic-loaded drugs across the BBB, delivering them directly to glioblastoma
cells. The inclusion of polyethylene glycol (PEG) in nanoliposome formulations gives these molecules the ability to
easily cross the endothelial barrier and accumulate in tumoral tissues, making this the best choice of active antitumori-
genic agent. Additionally, pegylated nanoliposomes offer a considerable advantage by avoiding their recognition by
macrophages, slowing their bloodstream clearance and prolonging the stay of this pharmacological agent in the blood-
stream, minimizing pharmacological compound losses over time.*”*® Numerous studies have been carried out aiming at
the formulation of liposomal delivery systems for cancer therapy since the approval of the first liposome formulation for
passively targeting carcinoma cells occurred in early 1995,*® with some of them already being employed in clinical
glioblastoma treatment trials. Studies have focused not only on the use of nano-encapsulating therapeutic agents, but also
on their ability to specifically target the tumoral cells. In this sense, the Doxil®”, Myocet™, Depocyt™, NL CPT-11 (Phase
I trial),”*>° 2B3-101 (phase I/Il - NCT01386580) and C225-ILs-Dox (phase I - NCT03603379) formulations are
evaluated for glioblastoma chemotherapy.®!-*?

Natural products have been shown to influence multiple oncogenic signaling pathways simultaneously by modulating
the activity or expression of their molecular targets. They generate intracellular signals that inhibit cell proliferation by
arresting of the cell cycle and trigger events that lead to cancer cell death, such as apoptosis. Natural products can both
inhibit migration/invasion, and difficult angiogenesis. Natural chemotherapy substances can be used in cases where
cancer is resistant to conventional treatment. Furthermore, the high costs of conventional chemotherapy drugs and the
increasing incidence of cancer have challenged researchers to research more cost-effective and environmentally friendly
alternatives. In this context, natural products are highly advantageous, due to their chemical diversity, low toxicity, safety,
and availability, making them an attractive and affordable alternative to synthetic products.**** One approach to improve
the delivery of natural substances is the use of drug nano carriers, which provide protection to the transported substances
while also offering the potential for increased drug concentrations at target sites. One of the most extensively studied and
widely employed compound in drug delivery systems comprises liposomes, spherical structures whose wall is formed by
a bilayer of amphiphilic phospholipids surrounding an aqueous core.”®*>

Tarin, a member of the GNA-lectin family, is a four-subunit hetero-tetrameric 47 kDa protein purified to over 90%
purity obtained from taro (Colocasia esculenta L. Schott).**>” Its crystallographic structure has been determined*® and it
displays antitumorigenic and immune-modulatory activities, as demonstrated previously by our research group.*®****
Tarin also exhibits an expanded binding site for complex mannose-rich N-glycan chains - 49, 212, 213, 358, 465, and
477- found on the surface of antigens, displays recognized biocidal activities against viruses and insects.*® #1374
Previous studies employing microarray analyses have revealed that tarin reversibly interacts with specific high mannose
and complex N-glycans found in glycoproteins and glycolipids present in cancerous cells, including paucimannose and
their corresponding fucosylated forms, found in U-87 MG cells, thus proposing tarin as a GBM biomarker.*”*® These
plant lectin family members also bind to tumor glycan cells and promote cell death by modulating apoptotic and
autophagic signaling pathways.*>*”*’ These findings encouraged us to investigate the anticancer activity of tarin when
nano-encapsulated in pegylated liposomes. This novel formulation exhibits a nano size of 150 nm and can release tarin in
a controlled manner at pH conditions ranging from 4.6 to 7.4, found in various physiological environments, allowing it to
probably be able to overcome the BBB, a significant hurdle in treating central nervous system tumors and exerting its
effects. 43
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We have previously demonstrated that nano-encapsulated tarin exhibits promising anticancer properties against
human mammary adenocarcinoma (MDA-MB-231) and glioblastoma U-87 MG cells, explained by the aforementioned
eclectic tarin-carbohydrate interaction.’”***> The anticancer mechanisms of both cell lines have been investigated in
parallel. The anticancer efficacy of nano-encapsulated tarin against MDA-MB-231 includes apoptosis induction, with
caspase-3/7 activation, cell cycle arrest at GO/G1, cell migration inhibition and the promotion of ultra-structural
alterations compatible with autophagy-dependent cell death.*” Herein, we report the anticancer mechanisms triggered
by tarin loaded in nanoliposomes against U-87 MG, following a similar methodology to elucidate if tarin exhibits
a common pattern model of action and if it can cross an in vitro BBB. The convergence of findings indicates that tarin
may not only inhibit GBM proliferation and migration but also potentially act as a natural chemotherapeutic molecule
against other carcinoma types, as already demonstrated for human mammary adenocarcinoma, suggesting a broader
relevance of our research. This could position nano-encapsulated tarin as a versatile candidate for the development of
novel chemotherapeutic drugs.

Materials and Methods

Tarin Purification

Colocasia esculenta (L). Schott corms were purchased at a local market in Rio de Janeiro, Brazil, and a voucher
specimen of a taro plant was deposited (RFA-39.962) at the RFA Herbarium (https://specieslink.net/col/RFA) belonging
to the Biology Institute’s Botany Department at the Federal University of Rio de Janeiro (Rio de Janeiro, RJ, Brazil).

A crude taro extract was prepared as previously described® and purified through affinity chromatography by fast-
performance liquid chromatography (FPLC) to over 90% homogeneity, employing an Akta purifier 10 (GE Healthcare,
IL, USA) coupled to a 3GA Cibacron Blue column (Sigma-Aldrich Co, MO, USA).?° The tarin fraction was freeze-dried
(Liobras, SP, BRA), and protein concentrations were estimated using the Total Protein Kit, Micro Lowry, Peterson’s
Modification employing bovine serum albumin (BSA) (Sigma-Aldrich Co) as the external standard.

Tarin-Loaded Nanoliposome Preparation

Liposomes about 150 nm in size and with a polidispersity index (PdI) of 0.168 + 0.03 evaluated by dynamic light
scattering (DLS) (Zetasizer Malvern Panalytical, Almelo, NLD) were prepared according to the methodology described
in our previous study.’* DOPE (1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine); MPEG 2000-DSPE 1.2-distearoyl-sn-
glycer-3-phosphoethanolamine-N-[amino (polyethylene glycol)-2000] (Lipoid GMBH) and cholesteryl hemisuccinate
(CHEMS) (Sigma-Aldrich Co) were dissolved in chloroform, comprising the solvent resulting in the best lipid film
solubilization, according to our previous study.>” After removing the organic solvent using a rotary evaporator (Buchi,
SP, BRA), the resulting thin lipid film was rehydrated in 0.3 M ammonium sulfate pH 7.4, containing 1 mg/mL tarin.*’
The tarin-loaded nanoliposomes were then collected by ultracentrifugation at 150,000 x g for 90 min at 4 °C (Beckman
Coulter, IN, USA). Nano-encapsulation efficiency was determined by quantifying non-encapsulated tarin in the super-
natant using the Total Protein Kit. Protein quantification as carried out according to the Peterson methodology, the most
suited for lipid-rich samples. Sample blanks and controls were prepared in the same way, to avoid interference.

Human Cell Lines and Culture Conditions
Human U-87 MG glioblastoma cells (ATCC HTB-14) and human brain hCMEC/D3 line microvessels (BCRJ code 0401)
were obtained from the Rio de Janeiro Cell Bank (BCRJ, RJ, BRA), available at https://bcrj.org.br/.

The U-87 MG cells were seeded at 1.0x10° cells/mL in a DMEM high glucose Dulbecco medium supplemented with
10% fetal bovine serum (FBS) (Gibco Life Technologies, NY, USA). Cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO, in 75 cm?” culture flasks until reaching a semi-confluent layer and trypsinized with the

TrypLE™ express enzyme (Gibco Life Technologies) for 5 min at 37 °C followed by centrifugation at 200 % g for
10 min, transfer to 24-well plates at a density of 1.0x10° cells per well and culturing for an additional 24 h. The culture
medium was then replaced by a fresh one containing free or nano-encapsulated tarin (160 pg/mL), or the equivalent
volume of empty liposomes, etoposide (2 uM), TMZ (33 pg/mL), or cytochalasin (5 uM) (Thermo Fisher Scientific, MA,

5576 https: International Journal of Nanomedicine 2025:20


https://specieslink.net/col/RFA
https://bcrj.org.br/

Cardoso et al

USA) and incubated for 24 h and 48 h. The cells were then used to investigate cell migration capacity through the scratch
assay, assess ultrastructural morphology tumor cell changes by transmission electron microscopy (TEM), elucidate cell
death mechanisms through autophagy and apoptosis assessments, and evaluate caspase activation and cell cycle changes
employing flow cytometry. The ability of nano-encapsulated tarin to cross the BBB was investigated through the BBB
assay, as described in the following sections.

The hCMEC/D3 cells used in the BBB assays were seeded at 1.0x10° cells/mL in EBM-2 medium (Lonza, BS, CHE)
supplemented with 5% FBS, chemically defined, lipid concentrated (diluted at 1/100), 5 pg/mL ascorbic acid, 1 ng/mL
fibroblast growth factor (bFGF), HEPES 10 mm and 1.4 uM hydrocortisone. Before seeding, 75 cm?” culture flasks were
pre-coated with 0.1 mg/mL type I rat tail collagen (Thermo Fisher Scientific, MA) for 1 h at 37 °C. The cells were then
added and incubated at 37 °C in a humidified atmosphere containing 5% CO, until reaching a semi-confluent layer. These
cells were used to perform the BBB assay in 24-transwell plates.

In vitro Transport of Nano-Encapsulated Tarin Across the BBB Model

The hCMEC/D3 cells were seeded on transwell filters (0.4 um pore size) pre-coated with type I collagen (Thermo Fisher
Scientific) in 24-well plates at a density of 5.0x10* cells/cm? using supplemented EBM-2 medium (Lonza). The transport
assay was carried out for twelve days after seeding, with medium replacement every four days. During this period, the
cell monolayer was inspected under a microscope and transendothelial electrical resistance (TEER) was monitored with
a Millicell ERS-2 Epithelial Volt-Ohm meter (Millipore, MA, USA). Simvastatin (1 nM) (Sigma-Aldrich Co) was added
to the supplemented EBM-2 medium 24 h prior to the beginning of the transport assay. Monolayer permeability was
tested using 20 uM of lucifer yellow (Sigma-Aldrich Co). After complete monolayer formation (12 days), the nano-
encapsulated tarin (160 pg/mL) or an equivalent volume of empty liposomes were added to the upper chamber containing
20 uM of lucifer yellow, and permeabilities were calculated.’’ The plates were incubated under standard conditions (5%
CO, and 37 °C), at predetermined times of 60, 120 or 180 min, and 100 pL aliquots were collected from the bottom
chamber and analyzed using a Victor™ X microplate reader (PerkinElmer Inc., MA, USA) at an excitation wavelength of
430 nm and emission wavelength of 535 nm for lucifer yellow detection. The nano-encapsulated tarin was monitored
employing a UV-Vis spectrophotometer (Shimadzu, JPN) at 300 nm.

Nano-Encapsulated Tarin-Treated U-87 MG Cell Migration Patterns

Cell migration was assessed through the wound healing assay.>” After reaching a semi-confluent layer in the 24-well
plates, a linear scratch was performed using a sterile 200 pL-pipette tip followed by careful cell washing with phosphate-
buffered saline (PBS) at pH 7.4. Subsequently, a serum-free DMEM High Glucose medium containing 40, 80, 160 pg/
mL of free or nano-encapsulated tarin or the equivalent volume of empty liposomes, were added to the wells. The
concentrations employed in the present study are based on previous studies that determined the antitumoral ICs, of nano-
encapsulated tarin against U-87 MG cells.* TMZ (33 pg/mL), or cytochalasin D (5 uM), or the culture medium alone
was added to the wells. Cell migration in every well was monitored under an inverted optical microscope (Biofocus, MG,
BRA) for 24 h and 48 h. The cell-free area after each treatment and time period was estimated using the Image
J software, available at https://imagej.nih.gov/ij/download.html) (National Institutes of Health — NIH, MD, USA) and
compared to the initial area.

Morphological Analysis of U-87 MG Subcellular Structures Following Exposure to

Nano-Encapsulated Tarin

The ultrastructural morphology of U-87 MG cells treated with free tarin (160 pg/mL), nano-encapsulated tarin (160 pg/
mL), or the equivalent volume of empty liposomes for 24 h and 48 h, were examined by TEM, as described previously.>
Treated cells were fixed with 2.5% glutaraldehyde in a 0.1 M sodium cacodylate buffer pH 7.4 for 1 h at room
temperature, post-fixed in a 1% osmium tetroxide (Sigma-Aldrich Co) and 0.8% potassium ferrocyanide solution and
dehydrated with increasing acetone concentrations of 70%, 90%, and 100% (Sigma-Aldrich Co), embedded in Epon resin
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and polymerized at 60 °C. Ultrathin sections (60—70 nm thickness) were stained with 5% uranyl acetate (EMS) and lead
citrate and the micrographs were recorded employing an HT7800 RuliTEM microscope (Hitachi, TKY, JPN).

Investigation of U-87 MG Cell Death Mechanisms - Apoptosis and Autophagy - Upon

Treatment by Nano-Encapsulated Tarin
Cell apoptosis was assessed by using Annexin V FITC/propidium iodide (PI) Apoptosis Kit (Thermo Fisher Scientific),
according to the manufacturer’s instructions. Following treatment, U-87 MG cells were harvested from 24-well plates by
trypsinization followed by centrifugation at 200 X g for 10 min and washed twice with ice-cold PBS at pH 7.4. Cells were
then resuspended in 100 pL of Annexin V binding buffer containing 5 pL of FITC Annexin V and 1 pL of 100 pg/mL
propidium iodide (PI), incubated in the dark for 15 min at room temperature and analyzed employing a BD Accuri C6
flow cytometer (BD Bioscience, NJ, USA) using the FL-1 and FL-3 channels, for Annexin V-FITC and PI, respectively.
Results were expressed as the percentage of viable cells and/or early apoptotic, late apoptotic, dead/necrotic cells.
Acidic autophagic vacuoles in U-87 MG cells were investigated through acridine orange staining, which glows green
in unaffected cellular compartments and red in acidic ones, such as the mature/late autophagosomes.’* Briefly, U-87 MG
cells were harvested from the 24-well plates by trypsinization, followed by centrifugation at 200 x g for 10 min, washing
with PBS pH 7.4 and treatment t with acridine orange at 1 pg/mL (Sigma-Aldrich Co) for 15 min at room temperature in
the dark. Stained cells were analyzed on an Accuri C6 BD plus flow cytometer (BD Bioscience, NJ, USA) using the FL-1
and FL-3 channels to detect red and green fluorescence, respectively, and the results were expressed as R/GFIR ratio
intensities.

Activation of Caspase-3 and Caspase-7 in U-87 MG Cells Exposed to

Nano-Encapsulated Tarin

The green Caspase-3/7 Detection Kit™ (Thermo Fisher Scientific) following the manufacturer’s instructions was used to
investigate caspase-3 and caspase-7 activation. The U-87 MG cells treated by nano-encapsulated tarin (160 pg/mL) were
harvested from the 24-well plates and washed, as described previously. The cell pellets were resuspended in 250 pL of
the caspase-3/7 detection reagent and incubated at 37 °C for 30 min in the dark and analyzed by flow cytometry using the
same apparatus as reported previously, on the FL-1 channel.

Nano-Encapsulated Tarin-Treated U-87 MG Cell Cycle Analysis

The U-87 MG cells harvested from the 24-well plates by trypsinization were centrifuged at 200 x g for 10 min, and
resuspended in cold 70% ethanol, followed by overnight incubation at —20 °C. After ethanol removal by centrifugation at
800 x g for 5 min., the cell pellets were resuspended in PBS containing propidium iodide (50 pg/mL), Triton X-100
(0.1%, v/v) and RNase-free DNase (1 pg/mL) for 1 h at 37 °C.>> The cell cycle profiles (GO/G1, S, and G2/M) were then
determined using the BD Accuri C6 plus software.

Statistical Analysis

All experiments were performed in triplicate and the results were expressed as the means and standard deviations. Data
were compared by a one-way or two-way Analysis of Variance (ANOVA) followed by multiple comparisons using the
Tukey’s post-hoc test or the multiple #-test followed by the Holm-Sidak method post-test. The GraphPad Prism version 7
software (GraphPad, CA, USA) was used for all statistical analyses, considering p < 0.05 as significant.

Results and Discussion
Nano-Encapsulated Tarin Inhibits U-87 MG Cell Migration

Nano-encapsulated tarin at 160 pg/mL inhibited the migration of human U-87 MG glioblastoma cells early after the first
24 h of treatment, with the effects lasting up to 48 h (Figure 1A-D). The nano-encapsulated tarin was not, however,
effective in inhibiting glioblastoma cell migration at lower concentrations (40 pg/mL or 60 pg/mL) (Figures 1B and C,
S1 and S2). As expected, TMZ at 33 pg/mL and cytochalasin D at 5 uM completely inhibited U-87 MG cell migration
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Figure 1 U-87 MG migration following nano-encapsulated tarin treatment over 48 h. (A). Representative photomicrography of the scratch assay depicting U-87 MG cells
migration patterns at 0 h, 24 h and 48 h after treatment with nano-encapsulated tarin (160 pg/mL), free tarin (160 ug/mL) or the equivalent volume of empty liposomes, TMZ
(33 pg/mL) or cytochalasin D (5 uM). (B) Wound area percentages over time and after challenging the cells with nano-encapsulated tarin at 40 pug/mL, (C) 80 pg/mL and (D)
160 pug/mL. Wound area was calculated using the Image) software and considering the initial (0 h) wound area as 100%. Data are presented as means + SD. *p <0.05, ns- not
significant. Scale bars indicate 200 nm.

(Figure 1B-D). Free tarin at 160 pg/mL promoted a similar inhibitory effect on U-87 MG migration compared to nano-
encapsulated tarin (Figure 1A-D). In contrast, the empty liposomes had no effect on cell migration at all doses, like the
control group, evidencing no encapsulating agent interference on cell migration inhibition (Figure 1A-D).

Cytochalasin D binds with high affinity to the growing ends of actin filament cores (F-actin), inhibiting both the
polymerization and depolymerization of its subunits and consequently affecting numerous cellular activities including
cell migration, explaining the observed cell inability to migrate to wounding area.’®>” TMZ is a first-line drug with
proven efficacy against glioblastomas, with previously reported effectiveness in inhibiting cell growth and glial cell
migration.”® ©® Altogether, cytochalasin D, TMZ and nano-encapsulated tarin exerted inhibitory migration effects and
promoted morphological changes in U-87 MG cells.

Cell migration is one the initial cancer metastasis stages, imputing a putative role to tarin in controlling U-87 MG cell
metastasis.®'®* Moreover, nano-encapsulated tarin was shown to be non-cytotoxic to healthy human fibroblast cell lines
(HFF-1) at 160 pg/mL. Cells were not affected at concentrations ranging from 106.62 pg/mL to 217.5 pg/mL after 24
and 48 h of exposure.***? These results reinforce that the effective tarin concentration can be safely used to control GBM
cells.
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Autophagosomes Formation in U-87 MG Cells Challenged with Nano-Encapsulated

Tarin

The U-87 MG cell morphology from TEM analyses revealed the presence of autophagic vacuoles after 24 h of exposure
to nano-encapsulated or free tarin, both at 160 pg/mL. Cytoplasmic structures, such as mitochondria, delimited by
endoplasmic reticulum (ER) membranes were observed (Figure 2e-h). Besides autophagosome formation after 48 h of
treatment, multivesicular bodies were also routinely observed in U-87 MG cells (Figure 2e—h). Mitochondrial swelling
was also detected in cells treated with nano-encapsulated tarin at 24 h and 48 h, and observed later, after 48 h of
exposure, in free tarin-treated cells (Figure 2g and h). Both cells treated with empty liposomes and untreated cells
exhibited well-preserved mitochondria and nucleus, similar to other subcellular structures (Figure 2a—d), corroborating
findings described in previous migration assays, reinforcing the non-toxic nature of the nano-liposomes used as
encapsulating agents to load tarin.

Mitochondrial swelling has been associated with ER stress in Huh-7 cells treated with curcumin, a phenolic
compound with well-established antioxidant properties.**®> Similarly, as reported for other bioactive compounds, stress
conditions cause calcium release by the ER, which is rapidly absorbed by mitochondria through the mitochondrial
calcium uniporter, resulting in mitochondrial swelling. This increased mitochondrial calcium opens permeability transi-
tion pores (PTP), leading to the release of cytochrome c from the mitochondrial membrane and subsequent caspase

pathway activation, culminating in cell death.*¢%¢7

24 h 48 h

Figure 2 Ultrastructure of U-87 MG cells treated with nano-encapsulated tarin at 160 pg/mL for up to 48 h evaluated by transmission electron microscopy. Untreated U-87
MG cells (a - b, a’ - b’), cells treated with empty liposomes (c — d, ¢’ — d’), cells treated with free tarin (160 pg/mL) (e —f, " — f’); cells treated with nano-encapsulated tarin
(160 pg/mL) (g — h, g — h’). Arrows indicate autophagosome formation and multivesicular bodies, *marks mitochondria swelling.

Abbreviations: N - nucleus, Nu - nucleolus; M - mitochondria, GC - Golgi Complex.
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Figure 3 Autophagy induced by free or nano-encapsulated tarin. U-87 MG cells were treated with free or nano-encapsulated tarin (160 pg/mL), TMZ (33 pg/mL), or
etoposide (2 uM) for 24 h (A) or 48 h (B). Cells were stained with acridine Orange to reveal acidic vacuolar organelles (AVOs) and data were expressed as the green/red
fluorescence intensity ratio (R/GFIR). All experiments were performed in triplicate, where *represents a significant difference compared to the control group, and # in
comparison to the same group at 24 h, considering p < 0.05.

Autophagy induction enhances the number of acidic vacuolar organelles (AVOs) due to an increase in autolysosomes,
estimated by increasing R/GFIR ratios, indicating higher red fluorescence compared to the green fluorescence of acridine
orange.”* Autophagosome formation induced by tarin in both its free or nano-encapsulated forms was corroborated by
acridine orange treated glioblastoma cell staining and AVOs estimations through R/GFIR ratios (Figure 3A and B). After
48 h of exposure to nano-encapsulated tarin at 160 pg/mL, the treated U-87 MG cells exhibited high numbers of AVOs,
comparable to those triggered by TMZ or etoposide (Figure 3B), while no effect was observed at 24 h (Figure 3A). On
the other hand, a significant AVOs increase was detected early in the 24 h-exposure of U-87 MG to free tarin at 160 g/
mL, persisting for up to 48 h (Figure 3A and B).

The presence of autophagosomes is characteristic of the cell autophagy process, which can be triggered by tarin as
a mechanism to escape cell death and may also contribute to apoptosis. GNA-related lectins usually cause cancer cell
autophagy effects, like noted for various antitumoral drugs, as an anti-tumorigenic cell death mechanism. In these cases,
cell death may either occur jointly by both autophagy and apoptosis activation, or apoptosis may be caused by autophagy
only. Although autophagy can be considered a survival mechanism inhibiting cell death, when excessive, irreversibly
culminates in cell death.”®*®*"7® Thus, although autophagy can comprise a therapeutic target during cancer treatment as

a cytoprotective mechanism, it can also be considered a therapy-induced signal to trigger tumor cell death.”*”*

Apoptosis and Caspase 3/7 Activation in U-87-MG Cells Challenged with

Tarin-Loaded Nanoliposomes

To assess whether exposure to nano-encapsulated tarin at 160 pg/mL would induce cell death by apoptosis, a double
labeling with Annexin V-FITC and PI was performed, and flow cytometry analyses were conducted after 24 h and
48 h (Figure 4).

Late apoptotic cells were detected in U-87 MG cultures after 24 h-exposure to both free or nano-encapsulated tarin
followed by a decrease (14.2%) in viable cells (Figure 4, upper panel). An increase (9.2%) in dead/necrotic cells was also
observed in U-87 MG cultures treated with nano-encapsulated tarin (Figure 4, upper panel). This outcome increased
(29.8%) after 48 h of exposure, when higher percentages of dead/necrotic and late apoptotic cells were observed
(Figure 4, bottom panel), indicating a prolonged and sustained nano-encapsulated tarin treatment effect. On the other
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Figure 4 Apoptosis assessment in U-87 MG cells challenged with nano-encapsulated tarin. U-87 MG cells exposed to free or nano-encapsulated tarin at 160 pg/mL, TMZ
(33 pg/mL) or etoposide (2 uM) for 24 h and 48 h treatments. Percentages of dead/necrotic, early or late apoptotic and live cells were estimated by flow cytometry analyses
following annexin V-FITC and PI staining. Percentages are displayed in the left panel while representative dot-plots are shown in the right panel. Quadrant plots display
necrotic cells in QI-UL, late apoptotic cells in QI-UR, live cells at QI-LL and early apoptotic cells in QI-LR* Indicates significant results compared to control cells,
considering p <0.05.

hand, free tarin triggered a slight increase in late apoptotic cells after 24 h (4.5%) and in early apoptotic cells at
48 h (9.4%) (Figure 4). The free tarin form promoted a lower extension rate effect, which suggests that prolonged and
sustained nano-liposome delivery to the intracellular media can boost tarin intensity and duration effects. Further
experiments, such as the uptake assay, should be conducted to clarify the endocytosis mechanism responsible for
internalizing and releasing tarin from nanoliposomes. Proteomic analyses are in progress and should also help identify
proteins and/or peptides involved in endocytic mechanisms, as well as in anti-tumoral mechanisms activated upon
treatment by nano-encapsulated tarin.

To evaluate caspase 3 and 7 activation, U-87 MG cells treated with free or nano-encapsulated tarin,TMZ or etoposide
were labelled with DEVD, a four-amino acid peptide conjugated to a nucleic acid-binding dye, to investigate apoptosis
activation (Figure 5). An increase in the percentage of cells harboring activated caspase 3/7 was observed after 24 h cell
exposure to nano-encapsulated tarin at 160 pg/mL. No activation was observed after treatments with free tarin, etoposide
or TMZ (Figure 5, upper panel). On the other hand, after 48 h, nano-encapsulated tarin boosted the effect, reinforcing the
controlled and sustained release of tarin loads. An increase in caspase activation was also detected after treatment with
TMZ or etoposide. Again, free tarin did not promote any detectable caspase 3/7 activation (Figure 5, bottom panel),
corroborating the discrete observed increase in the amount of late and early apoptotic cells (Figure 4).
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Figure 5 Caspase 3/7 activation in U-87 MG cells treated with nano-encapsulated tarin. U-87 MG cells were exposed to free and nano-encapsulated tarin (160 pug/mL), TMZ
(33 pg/mL) or etoposide (2 uM) for 24 h and 48 h. The percentage of cells presenting caspases 3/7 activation was inferred using a fluorogenic tetrapeptide substrate (DEVD)
conjugated to a nucleic acid-binding green dye (left panel). Histograms were obtained through a flow cytometer in the FL-1 channel (right panel). Experiments were
performed in triplicate, where * represents significant differences compared to the control group with p < 0.05. ns — non-significant. Cells with non-activated caspases are on
the VI-L side and those with activated caspases, on the VI-R side.

Altogether, the results reported herein suggests that exposure to nano-encapsulated tarin triggers mitochondrial
swelling that, in turn, impairs mitochondria homeostasis, which might be caused by ER stress, as noted in the TEM
results following tarin treatment (Figure 2). The ER stress may, in turn, lead to an influx of calcium ions to the cytoplasm,
which triggers the release of cytochrome ¢ and activates the caspase cascade.®*”®”” Cytochrome c released from
mitochondria into the cytosol binds to Apaf-1, the apoptotic protease activating factor 1, forming an apoptosome
complex that, in turn, activates caspase 9, cleaving and activating caspase-3/7 and, finally, triggering apoptosis.’’
Once again, the results reported herein evidence that tarin release from nanocapsules takes place in a controlled manner,
which should be considered a promising strategy for glioblastoma chemotherapy. Furthermore, nano-encapsulation may
increase tarin half-life in the bloodstream, confer protection against proteases and avoid unspecific interactions, resulting

in reduced tarin clearance and reinforcing its anticancer effect with no cytotoxicity.”®”®

The U-87 MG Cell Cycle Is Affected by Exposure to Nano-Encapsulate Tarin

The treatment of U-87 MG cells by nanoencapsulated tarin promoted changes in cell cycle phases, perceived after the
first 48 h by labelling the cells with PI (Figure 6). A significant increase in the percentage of cells in G2/M was noted
following exposure to nano-encapsulated tarin in a similar way to etoposide, which is recognized cause of G2/M cell

80,81

cycle arrest (Figure 6, bottom panel). The increased number of cells in the G2/M phase was accompanied by
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Figure 6 Effect of nano-encapsulated tarin on the cell cycle profile of U-87 MG cells over 48 h. Cells were challenged for 24 h or 48 h with free or nano-encapsulated tarin
(both at 160 pg/mL), TMZ (33 ug/mL) or etoposide (2 mm), followed by PI staining and cell evaluation at every cycle phase by flow cytometry. The percentage of cells in the
GO/GI (dark blue), S (pink) and G2/M(green) phases are presented in bars on the left panel and representative histograms are shown in the right panel. * Indicates significant
results compared to control cells, considering p <0.05.

a reduction in cells in the GO/G1 and S phases, reinforcing cell cycle arrest in the G2/M phase (Figure 6, bottom panel).
This contrasts with what was observed in our previous study for a breast adenocarcinoma cell line (MDA-MB-231) in
which cell cycle arrest also occurred, but in the GO/G1 phase.** No cell cycle changes were detected after exposing U-87
MG cells to free tarin (Figure 6, upper panel). TMZ caused a discrete accumulation of cells in the GO/G1 phase at both
time points (Figure 6, upper panel). These data indicate that the U-87 MG cell growth and proliferation inhibition
previously reported by our group may result from cell cycle arrest, avoiding mitosis conclusion in human glioma cell

lines. %42

Evaluation of Nano-Encapsulated Tarin Permeability to the Blood-Brain Barrier

To assess the ability of nano-encapsulated tarin to cross the blood-brain barrier, an in vitro BBB model was developed
using a human brain microvascular endothelial cell line (hCMEC/D3) (Figure 7A and B and Table 1). A confluent cell
monolayer was prepared and its transendothelial electrical resistance (TEER) was monitored periodically until reaching
64 Qcm 2 (12 days), as reported previously.’' Nano-encapsulated tarin (160 pg/mL) was then added to the culture
medium and permeability was assessed over 180 min. In addition to TEER, monolayer permeability was monitored using
lucifer yellow to ensure that the monolayer formed tight junctions. The nano-encapsulated tarin displayed a higher
permeability coefficient (Pe) through the BBB model (8.66x 10 cm/min) compared to lucifer yellow (2.98 x 10 cm/
min), as lipophilic molecules are able to cross the hCMEC/D3 monolayers to a much greater extent than hydrophilic
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Figure 7 Transendothelial permeability of nano-encapsulated tarin. An in vitro blood-brain barrier was constructed using hCMEC/D3 cells and the transport of nano-
encapsulated tarin was monitored over 180 min to determine the permeability coefficient (Pe) (A) and percentage of nano-encapsulated tarin recovered in the bottom
chamber of the transwell plate (B). All experiments were conducted in triplicate.

ones®” (Figure 7A and Table 1). Lucifer yellow was used as a permeability indicator and, although slightly higher
permeability was noted compared to those reported by Markoutsa, Pampalakis, Niarakis, Romero, Weksler, Couraud,
Antimisiaris,’' the data confirmed an adequate barrier for the analyses. Concerning the nano-encapsulated tarin, the
transport rate or permeability-surface area product (PS) over time was 4.07x10> mL/min, corresponding to a gradual
accumulation in the bottom chamber, reaching 20% at 180 min (Figure 7B and Table 1). Transport rates for daunor-
ubicin-loaded liposomes ranging from 8.47% to 24.91% in 24 h were described by Ying, Wen, Lu, Du, Guo, Tian, Men,
Zhang, Li, Yang,*> who observed increased transport when liposomes were functionalized with p-aminophenyl-a-
D-manno-pyranoside and transferrin. Liposome functionalization/modification by the inclusion of macromolecules
such as peptides, antibodies and polymers, can improve drug transport across the BBB.>’ The transport of nano-
encapsulated tarin across the BBB model can, thus, be enhanced by nanocapsule liposome functionalization.

Therefore, considering that the hCMEC/D3 line is a well-characterized human endothelial brain cell line that gives
rise to a BBB model, exhibiting all the characteristics required for good predictive transendothelial permeability and
mimicking most of the basic physiological BBB characteristics,**** the results indicate that nano-encapsulated tarin can
overcome the BBB and reach targeted cancer cells, activating the molecular antitumoral response mechanisms reported
herein.

In addition, it is important to note that, in our previous study, similar antitumoral mechanism patterns were observed
for nano-encapsulated tarin against the MDA-MB-231 breast adenocarcinoma line.** Mitochondrial swelling, ER stress,
cell cycle arrest, cell migration inhibition, caspase 3/7 activation, autophagosome formation and apoptosis activation
were all part of both carcinoma cellular responses to nano-encapsulated tarin, indicating that nano-encapsulated tarin
demonstrates a mode of action that follows a consistent pathway (Figure 8).

Moreover, other plant lectins have also been successfully tested in different human-derived glioma cell lineages (U-87
MG, GBM-1, SF-295). The mechanisms by which these lectins exert their effects on these cells are similar to those
observed in the present study, including the induction of autophagic and apoptotic processes, activation of caspases 3—7

Table | Permeabillity Coefficient (Pe) and Permeability-Surface Area
Product (PS)

Sample PS x 1073 (mL/min) | Pe x 1073 (cm/min)
Nano-encapsulated tarin 4.07 £ 1.9 8.66 + 4.1
Lucifer yellow .61 +0.6 298 + 1.2

Abbreviations: PS, Permeability-surface area product; Pe, Permeability coefficient.

International Journal of Nanomedicine 2025:20 hetps: 5585



Cardoso et al

® Tarin Astrocyte
Tarin-loaded
nanoliposomes § PEG Blood-brain
(L)) Liposome barrier ol

Gliobastoma

(U-87 MG)
“, i Endothelial cell
® Blood
- 0;31 stream Pericyte

Tarin-loaded
nanoliposomes

B ""”Mammary
adenocarcionoma
(MDA-MB-231)

Proposed intracelular
mechanisms

I

PLA2 Released = Stressed
l Tarin Swollen g R

Arachdonic acid coH - mitochondria PO e ~ ]

e N CHs

™+ (PGH2
PG synthasek> l % APAF1 [ Nucleus
1 oligomerization {
( PGE2 )T ! ' fAutophagosomes \%\,’ (AW

()
o | | [ 3
v Caspase-9

° © Cell cycle arrest
Migration inhibition

. )

P [T repepa—

}.....

= - Apoptosome
@D PI3K-Akt -
: v -

P
Caspase-3
Caspase-7

Apoptosis

PGE2 - -l - | .
S il

Immunosupression
P CD8+T Natural

killer
cell

Dendritic cell

Figure 8 Proposed intracellular mechanisms triggered following the systemic administration of nano-encapsulated tarin in human glioblastoma and breast carcinoma lines.
Tarin released from nanoliposomes activates intracellular signalization resulting in cell death by apoptosis by yet unraveled mechanisms. Red lines with line ends indicate
previously reported tarin mechanisms, including reduced COX2 gene expression and a consequent decrease in the PGE2-mediated inflammatory response. Dashed red
arrows indicate mechanisms already described for GNA-related lectins, but not yet proven for nano-encapsulated tarin. Red text includes the cancer cell effects described
herein following treatment with nano-encapsulated tarin, comprising mitochondrial swelling, ER stress, cell cycle arrest, cell migration inhibition, caspase 3/7 activation,
autophagosome formation and apoptosis activation. The proposed molecular mechanisms can be applied for both U-87 MG and MDA-MB-231 cells following treatment with
nano-encapsulated tarin.

and cell cycle arrest.*® The lectin isolated from Abelmoschus esculentus (AEL) potentiates ROS-induced apoptotic cell
death mediated by caspases 3 and 7 in U-87 MG glioma cells, also promoting cell cycle arrest in the GO/G1 phases and

inhibiting cell migration.®® Autophagic cell death in U-87 MG cells, also detected by acridine orange staining, was
observed for the lectin obtained from Dioclea violacea (DVL), attributed to a probable dephosphorylation of Akt-
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mTORCI1 pathway and consequent signaling suppression. Furthermore, this lectin was able to inhibit the migration and
proliferation of U-87 MG glioma cells,*” which was also observed in our studies. Considering the specific interaction
between plant lectins and carbohydrates, several glycan targets were suggested as being involved in the antitumoral
activity of plant lectins against glioma lineages, including matrix metalloproteinases, Epidermal Growth Factor Receptor
(EGFR), CD98hc, AMPA Receptor, soluble form of CD73.%> These molecules can provide abundant high N- and
O-glycosylation targets connected to intracellular signaling involved in cell death through apoptosis and autophagy
processes. Galanthus nivalis agglutinin, which belongs to the same family than tarin, can bind with high affinity to the
soluble form of human CD73, which contributes to tumor progression and immunosuppression.®>-*®

Aberrant glycosylation patterns are a common event associated with tumorigenesis, playing critical roles in tumor
progression, aggressiveness and therapeutic resistance.® In a previous study by our group, tarin was shown to bind to
high affinity to high-mannose N-glycans and complex N-glycans, including paucimmanose, Lewis” epitope and antigen
H2, which are abundantly present on the surface and in the intracellular compartment of cancerous cells.?’ Interestingly,
paucimannosidic glycoepitopes have been proposed as a GBM biomarker. This epitope has been detected in high levels
in aggressive human glioma U-87 MG cells and in a less aggressive line, U-138 MG, where it was proven to be involved
in the negative control of cell proliferation, migration and invasion. The treatment of these cells with Manitou, an
antibody that specifically binds paucimmannose, triggered decreases in cell proliferation, migration, invasion and
adhesion, alongside the increase of paucimannose expression in both lines. It is believed that specific Manitou binding
may activate unknown intracellular signaling that culminates in paucimannose upregulation and a consequent antitumoral
response.”’ Interestingly, our previous study demonstrated that tarin can bind with higher affinity to fucosylated
paucimannose, which is also present in U-87 MG cells and was associated with tumor progression in lung cancer.*®
Hence, it is possible that the tarin effects observed herein could be a result of the specific interaction with paucimannose
glycoepitopes, but further studies should be conducted to investigate this hypothesis.

Conclusion

The results reported herein indicate that tarin, the lectin purified from taro (Colocasia esculenta), exhibits notable anti-
cancer and anti-metastatic properties against glioblastoma cells, one of the most aggressive and invasive CNS tumors.
Nano-encapsulated tarin administration at 160 pg/mL for up to 48 h to U-87 MG cells demonstrated significant efficacy
in inducing apoptosis, as evidenced by the presence of apoptotic cells and caspase 3/7 activation. Furthermore, nano-
encapsulated tarin disrupted cell regulation in the G2/M cell cycle phase and delayed tumor cell migration. Autophagy
induction was also observed in U-87 MG cells, characterized by the presence of autophagosomes and ultrastructural
changes, such as mitochondrial swelling. The efficiency of nano-encapsulated tarin crossing the BBB was demonstrated
using the hCMEC/D3 endothelial cell line, a BBB model. Altogether, the results highlight nano-encapsulated tarin as
a promising candidate for oncotherapy and eligible for systemic administration against glioblastomas, justifying future
investigations, including cell uptake assay and proteomic analyses, to elucidate underlying molecular mechanisms, as
well as animal model studies to evaluate the efficacy and safety of nano-encapsulated tarin. Moreover, the effect of
nanoliposome-loaded tarin should be explored in animal models presenting tarin-sensitive tumors, as indicated by the
presence of epitopes in tumoral cells that enable tarin recognition. This would provide deeper insights into the dual
mechanisms triggered by tarin when protected by liposomal encapsulation. Experimental evidence suggests that, in vivo,
tarin simultaneously inhibits cell carcinoma proliferation while enhancing the immune response against cancer, support-
ing ancient claims of taro’s use in treating various diseases, which may not be associated to a single molecular
mechanism.
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