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The main goal of this study is to evaluate the efficacy of the paclitaxel (PTX) drug formulated with a liposomal
nanosystem (L-PTX) in a peritoneal carcinomatosis derived from ovarian cancer. In vitro cell viability studies
with the human ovarian cancer line A2780 showed a 50% decrease in the inhibitory concentration for L-PTX
compared to free PTX. A2780 cells treated with the L-PTX formulation demonstrated a reduced capacity to form
colonies in comparison to those treated with PTX. Cell death following L-PTX administration hinted at apoptosis,
with most cells undergoing initial apoptosis. A2780 cells exhibited an inhibitory migration profile when analyzed
by Wound Healing and real-time cell analysis (xCELLigence) methods after L-PTX administration. This inhibition
was related to decreased expression of the zinc finger E-box-binding homeobox 1 (ZEB1) and transforming
growth factor 2 (TGF-$2) genes. In vivo L-PTX administration strongly inhibited tumor cell proliferation in
ovarian peritoneal carcinomatosis derived from ovarian cancer, indicating higher antitumor activity than PTX. L-
PTX formulation did not show toxicity in the mice model. This study demonstrated that liposomal paclitaxel
formulations are less toxic to normal tissues than free paclitaxel and are more effective in inhibiting tumor cell

proliferation/migration and inducing ZEB1/TGF-p2 gene expression.

1. Introduction

Epithelial ovarian cancer (EOC) has a high incidence throughout the
world and is considered one of the most lethal cancers in women [1,2].
As an asymptomatic disease, about 60% of the patients with EOC are
diagnosed at an advanced stage, already facing peritoneal carcinoma-
tosis, with an overall 5-year survival rate of approximately 40% [3,4].

Regarding EOC progression, one of the critical moments is epithelial
to mesenchymal transition (EMT) which facilitates cancer cell migration
and invasion into other tissues. EMT is characterized by the absence of
the epithelial state in an undifferentiated migratory mesenchymal
phenotype [5-8]. During EMT, several biological events occur, such as
the increased expression of the zinc finger E-box-binding homeobox
(ZEB1/2) [9], and the transforming growth factor beta (TGFp) family
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[10], which initiates the EMT process. These pathways can activate
many genes involved in cell proliferation, differentiation, migration and
invasion, in addition to survival and apoptosis [11-14]. Therefore,
treatments targeting EMT control may benefit EOC patients.

Due to this complex biological behaviour, advanced EOC treatments
typically involve different therapeutic protocols, including cytoreduc-
tive surgery and adjuvant chemotherapy, predominantly based on
platinum and taxanes compounds. Paclitaxel, one of the taxanes drugs,
is an option for treating advanced EOC and peritoneal carcinomatosis
[15-17]. Paclitaxel binds to tubulin and promotes the assembly of
dysfunctional microtubules, thus preventing microtubule depolymer-
ization and triggering a block in the cell cycle, which in turn results in
the death of rapidly proliferating tumor cells [18,19]. Despite its wide
clinical use, paclitaxel has some severe adverse side effects, including
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induced myelosuppression, hypersensitivity reactions, neurotoxicity
and cardiotoxicity [20].

To improve the survival rate of patients with advanced EOC, several
studies have focused on developing new nanoformulation-based thera-
peutic approaches [21]. Liposomes have been proposed as a paclitaxel
carrier to reduce its adverse effects. Liposomes are nano-sized phos-
pholipid vesicles that afford a significant advantage over conventional
chemotherapy as carriers of chemotherapeutic agents [22]. They are
used for the controlled delivery of antineoplastic drugs to reduce cancer
treatment side effects and increase antitumoral activity. Many studies
have shown the advantages of using liposomes applied in ovarian cancer
treatment [23-26].

In the present study, we investigated the ability of a liposomal
paclitaxel (L-PTX) nanoformulation to inhibit EMT in vitro and the
antitumoral and toxicity control of A2780 cells in a nude mouse model.

2. Materials and methods
2.1. Liposomal Nanosystem

The liposomal nanosystem was formulated, characterized and the
percentage of encapsulation are described according to Barbosa et al.,
2015, and Ferreira et al., 2016 [27,28]. Briefly, the nanosystem was
produced using the lipid film hydration method for multilamellar vesicle
formation. The liposomes contained the chemotherapeutic agent pacli-
taxel (PTX) (Quiral Quimica do Brasil S/A, Juiz De Fora, MG, Brazil).

Liposome stability was evaluated by the dynamic light scattering
(DLS) method, using a 90-degree angle Zetasizer Nano (ZS90, Malvern
Instruments, USA) Samples were diluted 10-fold, with 100 uL liposomal
formulation added to 900 pL HEPES buffer. The data acquired repre-
sented the average of 3 readings for each sample, frequency of scattering
by scattered light intensity. Morphological analysis of the liposomal
system was performed by transmission electron microscopy (TEM).
Samples (0.5 mg / mL in distilled water) were pipetted onto a 300-mesh
copper grid, fixed, and stained with osmium vapor. After 24 h drying,
the material was analyzed with a TEM Jeol® 1011 C (Japan) at 80 kV.

2.2. Cell lines and tumor model

A2780 (BCRJ Code: 0031) human ovarian epithelial cancer was
obtained from the Rio de Janeiro Cell Bank, kindly provided by Dr. Sonia
Nair Béo from the Laboratory of Electronic Microscopy (Department of
Cell Biology, University of Brasilia). Ovarian cancer cells were cultured
in cell culture flasks using RPMI 1640 medium supplemented with 10%
FBS and 1.2% penicillin-streptomycin. We transformed the A2780 cell
line with lentiviral transduction of luciferase and GFP (green fluorescent
protein) conjugated (Firefly luciferase + eGFPLentifect™ Lentiviral
Particles - GeneCopoeia™) to produce the A2780-luc cell line. A2780-
luc cells were used to monitor the migration and proliferation of the
cells implanted in BALB/c nude mice. The animal facilities at the
Catholic University of Brasilia, Brazil provided 12-week-old female
BALB/c nude mice, weighing approximately 20 g. Animal experiments
were approved and performed in accordance with protocol number 60/
2017 approved by the Ethics Committee on the Use of Animals (CEUA —
University of Brasilia).

2.3. Cell viability test

Cells were seeded at 1 x 10* cells/well in 96-well plates and exposed
for 24 h to the free PTX (1% DMSO) or the L-PTX (1.5625 — 50 ng/mL’l).
The cells were removed after 24 h and incubated with 0.5 mg/mL MTT
in a RPMI 1640 culture medium for 3 h. The media containing MTT
solution was then discarded, and 150 uL. DMSO added to each well to
solubilize formazan crystals formed by the mitochondrial enzymes.
Formazan absorbance was then measured at a wavelength of 595 nm
using a spectrophotometer (SpectraMax M2, Molecular Devices, USA).
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Absorbance was used as a cell viability index, with the results expressed
as a percentage of viability in relation to the control group. Three in-
dependent experiments were performed using 6 different concentrations
of paclitaxel from a stock solution. The obtained ICsy (L-PTX and free
PTX, 19.51 + 6.1, and 24.69 + 5.25, respectively) values were used for
all subsequent in vitro tests.

2.4. Type of cell death evaluation by flow cytometry

A2780 cells were seeded at 6 x 10* cells/well in 12-well plates. After
24 h, 3 cell groups were prepared, each of them was administered a
different solution: 1) L-PTX (19.51 ng/mL™1), 2) PTX (24.69 ng/mL ™),
and 3) culture medium only (negative control). After 24 h exposure, cells
were trypsinized, washed and resuspended in binding buffer (0.1 M
HEPES pH 7.4; 1.4 M NaCl and 25 mM CacCly). Subsequently, 5 pL
Annexin V and 10 pL 7-AAD were added to the cell suspensions, which
were then incubated for 5 min at room temperature in the dark. The cells
were then analyzed by cytometer (BD FACSVerse™, USA), with 10,000
events counted per sample. Results were analyzed using the FlowJo®
v10.0.7 software. The quadrants are: lower left (Q4): viable cells (A-;
7AAD-); lower right (Q3): cells in initial apoptosis (A+; 7AAD-); upper
right (Q2): cells in late apoptosis (A+; 7AAD+), and upper left (Q1):
necrotic cells (A-; 7AAD+).

2.5. Clonogenic assay

A2780 cells were seeded (1 x10° per well) in 6-well plates and
treated with L-PTX (19.51 ng/mL ™) and PTX (24.69 ng/mL 1) for 24 h
to assess the ability of cells to proliferate and form colonies. Surviving
cells were deaerated and replated. Each group was counted, and 2 x 10°
cells were seeded in 6-well plates with RPMI medium (without FBS).
After 5 days, the wells were washed with PBS, colonies fixed with
methanol and stained with 0.5% crystal violet. The images of the col-
onies were photographed under a stereomicroscope Leica EZ4 Stereo
(Leica - Germany).

2.6. Wound healing assay

To assess the wound healing ability of L-PTX-treated A2780 cells, 1
x 10° cells/well were plated in 12-well plates and incubated at 37 °C for
24 h. A scratch was then made at the bottom of the wells with the tip of a
20 pL pipette, the cells were treated with: 1) L-PTX (19.51 ng/mL’l), 2)
PTX (24.69 ng/mL’l), and 3) culture medium (control), and incubated
at 37 °C for 24 h. Following incubation, the treatments were removed
and the medium renewed (1% FBS). The cells were maintained for
further 24 h. Scratch area images were obtained from each group and
analyzed at the 3 timepoints (time 0: when the scratch was made; time 1:
24 h after treatment; and time 3: 24 h after treatment was withdrawn)
using a phase-contrast EVOS FL microscope (Invitrogen, Carlsbad, CA,
USA). The areas were measured using the ImageJ 1.45 software (Na-
tional Institutes of Health, Bethesda, USA). The healing percentage was
calculated (% of scar = healing area x 100 / initial time area).

2.7. Real-Time Cell Analysis (RTCA) migration assay

RTCA was used to determine the migration of A2780 cells after L-
PTX treatment. First, the cells were seeded at 6 x 10* cells/well in 12-
well plates. The following treatments were then performed: 1) L-PTX
(19.51 ng/mLfl), 2) PTX (24.69 ng/mL’l), and 3) culture medium
(control). There was no treatment with free PTX as there was no dif-
ference in the previous wound healing test result. After 24 h treatment,
the cells were washed with 1X PBS, trypsinized, centrifuged, and
counted in a Neubauer chamber. 3 x 10* cells were plated in the upper
chamber of a CIM Plate without FBS, and the cells were analyzed for 72
h. The manufacturer’s xCELLigence® Real-Time Cell Analysis - CIM
Protocol (ACEA Biosciences, Inc.) was followed for this assay, and the
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resulting data analyzed using the GraphPad Prism 7.0 software.

2.8. Real-time quantitative reverse transcription PCR (RT-gPCR)

A2780 cells were seeded at 1 x 10° cells/well in 12-well plates. The
following treatments were then performed: 1) L-PTX (19.51 ng/mL’l),
and 2) culture medium (control). After 24 h treatment, the cells were
washed with 1X PBS, trypsinized, centrifuged, resuspended in serum-
free medium, and seeded in the upper compartment of a Transwell
membrane insert with 8 um pore size in a 24-well plate (Corning). A
medium containing 10% FBS was placed in the lower chamber as an
attractant. After 48 h, the cells were collected for RNA extraction. Total
RNA was extracted from cells using the illustra RNAspin Mini Kit (GE
Healthcare) in accordance with the manufacturer’s instructions and
quantified using a NanoDrop 2000 spectrophotometer (ThermoFisher
Scientific). Messenger RNA (mRNA) integrity was evaluated by elec-
trophoresis in 1% agarose gel stained with 0.5 pg/mL ™! ethidium bro-
mide. cDNA molecules were obtained using the High-Capacity RNA-to-
cDNA™ Kit (Applied Biosystems, CA, USA), following the manufac-
turer’s instructions. The amplification reactions were performed with
the TagMan™ Fast Advanced Master Mix (Applied Biosystems) in a
StepOne™ Real-Time PCR System (Applied Biosystems). The 10 uL
amplification reactions were performed on 96-well TagMan™ Array
Plates consisting of 5 uL. TagMan™ Fast Advanced Master Mix, 1 pL
cDNA template (Table 1), and 4 pL nuclease-free water. The probes are
listed in Table 1. The Amplification program: an initial denaturation step
at 95 °C for 20 s followed by 40 cycles at 95 °C for 3 min and 60 °C for 20
s. Relative quantification was achieved by the 2"t method, using the
mean values of 4 endogenous controls (18 S, GUSB, ACTB and PGK1).
Data were expressed as mean + SD and analyzed with the GraphPad
Prism version 6.0 software. Comparisons were made by ANOVA with the
Tukey post hoc test.

2.9. Standardization of the ovarian peritoneal carcinomatosis preclinical
model

The animals were divided into 4 groups. All animals received the
tumor cell transplantation. Each mouse received an intraperitoneal in-
jection (day 0) of 100 uL PBS containing 1 x 10% A2780-Luc cells. The
animals were observed on an IVIS® Lumina XR instrument (days: 1, 7,
14, 21, and 28) for tumor growth analysis and euthanized 7 days apart
for macroscopic metastasis visualization.

2.10. The in vivo antitumor effect

This stage of the study involved evaluating the antitumor activity of
treatments in animals with peritoneal tumors. Five animals per group
were treated intravenously in the tail vain with 100 uL L-PTX or PTX
3.0 mg/kg_l), or no treatment (tumor without treatment group). Four
doses of treatment were made at 752 h intervals (Fig. 1). For tumor
bioluminescence quantification, images were acquired 7 days apart

Table 1

Probes used in gene expression analysis by RT-qgPCR.
Assay ID Gene Symbol Gene Name
Hs00232783_m1 ZEB1 zinc finger E-box binding homeobox 1
Hs00361186_m1 TWIST1 twist family bHLH transcription factor 1
Hs00185584_m1 VIM vimentin
Hs01062014_m1 NOTCH1 notch 1
Hs00166432_m1 NOTCH3 notch 3
Hs00998133_m1 TGFB1 transforming growth factor-beta 1
Hs00234244_m1 TGFB2 transforming growth factor-beta 2
Hs00950344_m1 SNAI2 snail family transcriptional repressor 2
Hs00966585_m1 LAMAS laminin subunit alpha 5
Hs00230917_m1 BACH1 BTB domain and CNC homolog 1
Hs00765730_m1 NFKB1 nuclear factor kappa B subunit 1
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using an IVIS® Lumina Series III imaging system (PerkinElmer Inc.)
following intraperitoneal administration of 100 pL D-luciferin (Sigma)
at a concentration of 150 mg/kg, with animals anesthetized using 2%
isoflurane under oxygen in the imaging chamber. For A2780-Luc cell
bioluminescence images, the open emission filter was adjusted, and 20
images were collected at 60 s of exposure for 20 min. A kinetic lumi-
nescence curve was constructed, and the peak of the curve chosen as the
bioluminescence value. Data were collected using the Living Image 3.0
software (Caliper Life Sciences Inc., Alameda, CA).

2.11. Animal and Organ Weight Variation

The animals were weighed weekly, and the data compared between
groups. On day 30 post tumor treatment, the animals were euthanized
with a lethal intraperitoneal dose of Propofol (60 mg/kg) and the organs
collected (heart, lungs, liver, spleen, kidneys and brain). These organs
were weighed and finally stored in containers with 10% formalin solu-
tion and phosphate buffer (pH 7.0).

2.12. Hematological and biochemical analysis

Blood samples were collected by cardiac puncture and evaluated
using a hematimeter (LabTest, Brazil), to verify the changes induced by
the treatment. Briefly, 300 uL blood was transferred to an EDTA tube
suitable for reading on the equipment. The results were statistically
analyzed using the Prism 5.0 software, verifying the mean and standard
deviation of each group.

The blood was collected for biochemical analysis in tubes with
separator gel to obtain the serum and stored at — 20 °C until the moment
of analysis. The serum was analyzed using a Chem Well T automatic
analyzer, LabTest, Brazil) to determine the following concentrations:
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
creatinine K, alkaline phosphatase, LDH, and urea.

2.13. Statistical analysis

The results were analyzed using the GraphPad Prism 7.0 software
with a significant difference considered as 5%, p < 0.05. One-Way
ANOVA tests were used, with the Bonferroni post hoc test; and One-
Way ANOVA with Bonferroni post hoc test, and the unpaired T-test.

3. Results
3.1. Liposomal nanosystem characterization

The hydrodynamic diameter of the liposomes was 208 nm as deter-
mined by DLS. Liposomes displayed a zeta potential of - 5.18 mV, close
to neutrality. Morphological analysis of the TEM images showed that the
liposomes are spherical-shaped, monodisperse with a homogeneous
morphology and approximately 190 nm in diameter, slightly smaller
than observed using the DLS technique. Moreover, it was possible to
determine that the liposomes are formed by more than 6 bilayers
(Fig. 2). These data were comparable to those obtained in the reports by
Barbosa et al., 2015; Ferreira et al., 2016 [27,28].

3.2. Cell viability after treatment with L-PTX and mechanism of cell death

According to the viability test results, the 50% inhibitory concen-
tration (ICso) values were 19.51 +£ 6.1 when using L-PTX, and
24.69 + 5.25 for PTX. The subsequent tests were conducted based on the
ICsp values determined in this step. A2780 cells were treated for 24 h
and labeled with Annexin-V and 7-AAD to analyze the cell death profile
induced by L-PTX. The exposure of A2780 cells to L-PTX showed a sig-
nificant increase (p < 0.0001) in the number of Annexin labeled cells
(22.1%) compared to the control. Cell death profiles of L-PTX treatment
suggested apoptosis since most of the cells were present in an early
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Fig. 2. Transmission Electron Microscopy (TEM) of the liposomes.

apoptosis stage (Fig. 3).
3.3. Clonogenic assay

Fig. 4 shows that untreated cells (negative control) proliferated and
formed several colonies of various sizes. Treatment with free PTX ob-
tained a similar pattern to the negative control. It is worth noting that
during the treatment with free PTX there was no colony growth. How-
ever, colonies started to form after drug removal. The growth rates of the
negative control and free PTX-treated colonies were statistically
different (p < 0.001) from the growth rate of colonies treated with L-
PTX.

3.4. L-PTX inhibits cell migration

On analyzing the wound healing assay (two-dimensional assay), it is
possible to observe that after 24 h of treatment, the migratory capacity
of the untreated group (negative control) was higher than both of the
PTX and L-PTX treatment groups (p < 0.01) (Fig. 5). The migratory
capacity of the negative control group remained higher in the post-
treatment evaluation. However, cells treated with free PTX increased
their migratory capacity in a similar manner as the negative control
group. It was also possible to visualise that the L-PTX treated group
inhibited migration, and it was statistically different from the groups
treated with free PTX and the negative control (* p < 0.05 and **
p < 0.01, respectively) (Fig. 5a).

The xCELLigence device recorded the migrating information in
A2780 cells for 72 h (three-dimensional assay). The cellular index

represented the migratory ability of A2780 cells after treatment with L-
PTX and the negative control (Fig. 5b). After treatment with L-PTX, cell
migration was reduced compared to the negative control and PTX
treatment groups, maintaining the cell index at near 0 throughout the
experiment with a significant difference (p < 0.001). These results
demonstrated that A2780 cells exhibited a migration inhibitory profile
following liposomal paclitaxel treatment (L-PTX).

3.5. L-PTX downregulates ZEB1 and TGFB2 expression, altering the
migration capability

The expression of migration genes was also evaluated. The data was
analyzed using the 222%" method. A p-value < 0.05 was considered
statistically significant in the genes. The data are presented as mRNA
expression levels in Fig. 6. Considering the results, ZEB1 and TGFB2
were down-regulated (p < 0.001), while TGFB1 was up-regulated
(p < 0.05). All of the other genes studied did not differ from the control.

3.6. Standardization of the tumor model

Bioluminescence studies indicated the presence of tumor cells via the
reaction between the luciferase enzyme transfected in the A2780-Luc
cells and luciferin, by intraperitoneal injection. Five animals were
observed for tumor growth analysis using the IVIS® Lumina XR optical
imaging system (days: 1, 7, 14, 21, and 28) and euthanized 7 days apart
for macroscopic metastasis visualization. The in vivo analysis on the
IVIS Lumina system revealed that the best time to initiate treatment
would be 3 weeks post tumor cell inoculation. At this time, we observed
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Fig. 3. : (a) ICso values of A2780 cell line treated with free PTX and liposome L-PTX (1.5625 — 50 ng/ mL 1) for 24 hand determined by MTT; (b) Dot plot of the
evaluation of cell death type in A2780 ovarian tumor cells after treatment with L-PTX (19.51 ng. mL1). Cells were labeled with Annexin-V and 7AAD. Data are
representative of three independent experiments. Lower left quadrant (Q4): viable cells; lower right quadrant (Q3): early apoptotic cells, upper right quadrant (Q2):
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the presence of the characteristic and delimited metastatic nodules only
in the peritoneal region, with no cells present in other organs (Fig. 7).

3.7. Antitumor activity of L-PTX

Bioluminescence radiance analysis was measured 4 times in all 5
animals per group (Fig. 1). No statistical difference in bioluminescence
was observed 5 days after treatment initiation (T5). On day 10 post
treatment (T10), a statistically significant difference (p < 0.01) between
the PTX and L-PTX treated groups was observed indicating that animals
treated with L-PTX had significantly more tumor growth inhibition than
the PTX treated group (Fig. 8).

Analysis on day 15 post-injection (T15), revealed a statistically sig-
nificant difference between the PTX and L-PTX groups, showing that
animals treated with L-PTX had decreased tumor cell proliferation at the
end of the evaluation. These results showed that treatment with L-PTX
strongly inhibits tumor cell development and proliferation in ovarian
peritoneal carcinomatosis, indicating higher antitumor activity than free
PTX.

3.8. Reduced Toxicity using L-PTX

The animal’s blood count was evaluated at the end of the experiment
(Fig. 9a). The total leukocyte counts significantly decreased in animals

treated with L-PTX compared to animals with tumors without treatment
and free PTX treatment. Moreover, it significantly increased for animals
treated with free PTX compared to healthy animals. The same result for
free PTX was evaluated for platelet count. There was no statistical dif-
ference in red blood cell and hemoglobin counts between the groups.

Loss of body weight can be used to measure drug-induced toxicity.
Body weight variation was obtained/ from the animal weight data.
Analysis of decreased toxicity by bodyweight variation revealed high
antitumor activity when treated with the drug in the liposomal form
(Fig. 9b). It is possible to observe a statistical difference regarding ani-
mal weights between animals treated with free PTX and animals treated
with liposomal PTX (p < 0.05). These data indicated that animals
treated with L-PTX had weights much closer to healthy animals than
those treated with free PTX.

After euthanasia, the relative weight of selected organs (liver, lungs
and spleen) was also evaluated (Fig. 9c). A statistically significant dif-
ference was observed between the relative liver weight of animals
treated with free PTX, Healthy (control?) animals and those treated with
L-PTX. A similar observation was made for the relative weight of the
lungs from animals treated with free PTX and Healthy animals without
treatment (control) and those treated with L-PTX.

The blood was collected for biochemical analysis using a Chem Well
T automatic analyzer, (LabTest, Brazil) to determine the following
concentrations: alanine aminotransferase (ALT), aspartate
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Fig. 4. : Effect of treatment with PTX and liposomes on the colony-forming ability of A2780 cells. A2780 cells were treated with the ICsy concentration of free
paclitaxel and a liposomal paclitaxel formulation for 24 h, 24.69 and 19.51 ng/mL ", respectively. After this time, 2000 surviving cells were plated in 6-well plates
and cultured for 5 days. (a) Colony growth percentage data of PTX and L-PTX are presented as the mean =+ standard deviation of 3 wells in relation to the negative
control group (**** p < 0.001). (b) Images were obtained under a Leica EZ4 Stereo microscope.

aminotransferase (AST), creatinine K, alkaline phosphatase, LDH, and
urea. Our study found no significant difference among the different
groups for all variables evaluated.(Fig. 10).

Regarding the leukocyte differentiation parameters described in
Table 2, the value referring to the percentage of lymphocytes is low for
animals in the PTX treatment group (20.5%), compared with all other
groups (61.9%, 45.2%, and 42.7% for healthy, tumor control and L-PTX,
respectively), and is statistically different. The percentages of mono-
cytes, basophils, and eosinophils count data showed an increase of the
group treated with PTX (68.6%) compared to the other groups: healthy
(34.6%), tumor control (50.9%) and L-PTX (53.0%). In the neutrophil
value assessment. no statistical difference was observed between the
percentages of the different groups.

4. Discussion

This work evaluates antitumoral effects, together with the in vitro
and in vivo toxicity, of a liposome encapsulated PTX designed to treat
ovarian cancer using an experimental model of metastatic ovarian
cancer and peritoneal ovarian carcinomatosis. Results showed that the
concentration of liposome encapsulated PTX required to eliminate 50%
of the A2780 cells was not statistically different, but it was lower than
the free PTX concentration. These results are also correlated with the
reduction of cell viability and colony formation in the recovery test for 5
days. After 24 h of treatment, it was observed that the cells treated with
L-PTX were unable to proliferate, whereas cells treated with free PTX
rapidly returned to initial conditions and formed colonies. The ability of
cells to form colonies after treatment with PTX was also shown by
Gamarra-Luques and co-workers (2012). The authors demonstrated that

in clonogenic assays of OV2008, IGROV-1 and SK-OV-3 cells (ovarian
tumor lines) treated with cisplatin and free PTX remained viable after 21
days, and that therapy with PTX, cisplatin or both drugs together, did
not decrease cell proliferation. According to the aforementioned au-
thors, cells survival after chemotherapy treatment can be considered a
therapeutic failure. In this case, the remaining cells are scarce but still
worrying, as is typically the case for patients in the clinic who undergo
first-line treatment, as these cells can survive and proliferate, and in
many cases with greater capacities than untreated cells [29].

The results of our study (Fig. 4) corroborate those demonstrated by
Franco et al. (2019), who evaluated the colony formation capacity and
proliferation rate of MCF-7 cells (breast cancer cell line) and reported
reduced colony-forming capacity when these cells were previously
exposed to L-PTX. In contrast, cells treated with free PTX were able to
form colonies [30]. These results indicated that in different cell types,
liposomes play a vital role in PTX bioavailability inside the tumor cell,
preventing proliferation, that is, without the therapeutic failure that can
be observed in treatment with free PTX.

As drug nanocarriers, liposomes can modulate different aspects of
drug pharmacokinetics, including molecule dispersion and biological
fate, including subcellular distribution. In comparison to free drugs,
molecule dispersion is significantly improved when they are entrapped
within liposomes. This feature increases drug delivery to cells in vitro,
thus increasing the drug effect on cells. Moreover, even though we did
not measure subcellular distribution, we have already observed that
drugs have different intracellular fates when they are entrapped in
nanocarriers [31-33]. Considering that liposomes impact cellular dis-
tribution, we can suppose that different cellular components are not
equally affected by the different treatments. For instance, a previous
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Fig. 5. : (a) The Wound Healing test showed cell migration of A2780 after 24 h of treatment with ICso values of free paclitaxel and liposomal paclitaxel. Data are
presented as mean =+ standard deviation of 3 wells. (b) The xCELLigence RTCA DP system recorded and collected A2780 cell migration data at 1 h intervals for 72 h
following treatment with PTX or L-PTX. Differences in cell indices between the liposome-treated and control groups were significant. Data are presented as the mean

+ standard deviation of 3 wells (**** p < 0.001).

article [32] reported that doxorubicin can remain in the cytoplasm for
longer periods and translocate into the nucleus in a time-dependent
manner when entrapped within lipid nanoemulsions. In this situation,
structures present in the cytoplasm, such as the cytoskeleton, could be
preferentially affected, impacting cell motility and therefore cell
invasiveness.

It was also observed in the present study that the L-PTX treatment
significantly reduced cell migratory capacity, evaluated for 72 h, indi-
cating that L-PTX was able to inhibit migration of cells of the ovarian
lineage during and after treatment, both in the two-dimensional and
three-dimensional assays (Fig. 5). It is important to note that in the
treatment of A2780 cells with free PTX, it was not possible to observe the
continued anti-migratory effect after removing the drug; that is, the cells
were able to migrate again.

As previously mentioned, metastasis is the main problem relating to
cancer, with 90% of cancer patient deaths caused by metastasis [34]. In
epithelial ovarian cancer, metastasis leads to the appearance of perito-
neal carcinomatosis which is associated with a poor prognosis in pa-
tients [35]. As the migratory capacity of epithelial tumor cells is the
initial factor in the occurrence of implantation metastasis [36], we also
assessed whether a liposomal PTX system could reverse the migratory
capacity of the A2780 cell line. The results of this study corroborate
those of Franco et al. (2019) who reported a significant reduction in the
percentage of cell migration of MDA-MB-213 and MCF-7 cells (breast
tumor lines) treated with L-PTX when compared to the control group
[37]. These results provide strong evidence of the importance of the

liposomal nanocarrier in the cells’ PTX role/role of PTX in cells.

The acquisition of the migration ability by epithelial cells involves
changing morphology to a fibroblastoid format, indicating a loss of
expressing epithelial markers and a gain of expressing mesenchymal
markers. This phenotypic conversion is one of the events allowing
epithelial cells to migrate from primary tumors and form metastases in
distant tissues or organs. One of the molecular mechanisms involved in
this process includes signaling pathways mediated by members of the
TGF-p family [38-41]. Taking this into consideration, we evaluated the
expression of molecules involved in EMT via TGF-p activated cyto-
plasmic signaling. The results showed that treatment with L-PTX de-
creases TGF-B2 and ZEB1 gene expression and increases TGF-p1
expression (Fig. 6).

Based on these data, we believe that the inhibition of cell migration
after treatment with L-PTX observed in this study may be related to
decreased expression of the TGF-p2 and ZEB1 genes. This modification
in the expression of TGF-f in the development and metastasis of cancer is
similar to the physiological signaling during embryonic development, in
which EMT (epithelium-mesenchymal transition) generates and forms
new tissues [42,43]. This pathway participates in the pathogenesis of
many types of cancer, contributing to the induction of proliferation,
migration, invasiveness, and survival of tumor cells [10,11,44]. The
literature also showed that TGF-p plays a role in epithelial ovarian
cancer progression by overexpression in the tumor tissue and peritoneal
fluid of patients with ovarian cancer [45].

Wang et al. (2014) evaluated TGF-p2 gene expression after an



R.S. Faria et al. Biomedicine & Pharmacotherapy 142 (2021) 112000

1.5

El Negative Control
m L-PTX

Relative Gene Expression Level

ZEB1 TGFB1 TGFB2
1.5

1.01

0.54

Relative Gene Expression Level

0.0-
TWIST1 VIM NOTCH1 NOTCH3 SNAI2 LAMAS BACH1 NFKB1

Fig. 6. : qRT-PCR analysis of relative gene expression in A2780 cells without treatment and post treatment with L-PTX. The data were normalized by the AACt
method, using b-actin as housekeeping. Data are presented as mean =+ SD. Each sample was measured three times in three independent experiments (n = 3).

27101803 0054

M= 5. 7564
Maxe | 0706

Fig. 7. : Images of two of the five animals three weeks after receiving an A2780-Luc tumor cell injection. Bioluminescence of A2780-Luc cells in animals (a-b),
indicated the development of peritoneal ovarian carcinomatosis.

increase in the amount of proteinase PCSK6 in the KGN cell line (ovarian ovarian cancer. In addition, the authors also hypothesised that the
tumor line). This proteinase has a fundamental role in promoting the decrease in the TGF-p2 could be related to the promotion of apoptosis
progression of some tumors to a more aggressive stage, including [46]. Liu et al. (2015) observed that the increase in the proliferation and
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tumor growth of ovarian cancer in nude mice is associated with
increased TGF-p2 expression. Particularly in ovarian cancer, TGF-p2
contributes to tumor progression as it is involved in EMT by promoting
the loss of cell-cell contact and stimulating both migration and invasion
[47].

However, it is important to note that, in a tumor, TGF- is produced
and excreted by mesenchymal cells present in the tumor stroma. Thus,
the expression of TGF-p1 and TGF-f2 by untreated tumor cells may show
autocrine and paracrine signals. If so, it is plausible to believe that the
decrease in ZEB1 can result from the decrease in TGF-p2, since ZEB1 is
one of the transcription factors activated by TGF-f-mediated signaling.
Likewise, the increase in TGF-B1 could increase ZEB1, but this was not

) relative organ weight of BALB/c nude mice with ovarian peritoneal carcinomatosis
(a = difference with Healthy; b = difference with Tumor Without Treatment; ¢ =
initiation; * p < 0.05, ** p < 0.01, *** p < 0.001).

observed, probably because ovarian epithelial tumor cells may lose their
ability to respond to signals induced by TGF-p1 [48].

Yeung and colleagues showed that TGF-p1 is an important inhibitor
of epithelial cell growth on the normal ovarian surface and has limited
effects on ovarian cancer cells, indicating that its role in tumor growth is
dependent on genetic mutations in tumor cells and of the tumor
microenvironment [48]. Therefore, the increase in TGF-p1 observed in
this study is not related to the migratory activity previously seen in the
analysis of 2D and 3D migration. EMT is also characterized by increased
expression of CDH1 transcriptional repressors, such as ZEB1 and ZEB2,
and a consequent increase in mesenchymal cell marker expression,
including CDH2 and vimentin [9]. In the results presented in the present
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(PTX) drug or liposomal paclitaxel (L-PTX).

Table 2

Percentage of leukocyte lineage differentiation: lymphocytes, monocytes, ba-
sophils, eosinophils and neutrophils. Significant statistical difference: p < 0.05;
n = 5 animals per group. Percentage data and standard deviation.

Group Leukocytes (%)
Lymphocytes Monocytes Neutrophils
Basophils
Eosinophils
Animals without tumor 61.9 + 4.5***c  34.6 + 2.5***c 6.6 £ 2.7
Animals with tumor and 45.2 £12.4**¢  50.9 £12.9**¢ 47 +1.6
without treatment
PTX-treated animals with 20.5 +10.3 77.0 +£10.7 3.6+1.0
tumor
L-PTX-treated animals with 42.7 + 8.0%c 53.0+9.2%¢ 2.7+1.1
tumor

The data are expressed as mean =+ standard deviation. (*) indicates significant
differences detected between the PTX group: * p < 0.05, ** p < 0.01 and ***
p < 0.001.

study, there was negative regulation of the transcriptional repressor ZEB
1. According to Chen et al. (2013), the decrease in ZEBlexpression is
associated with the reduction of colony forming capacity and cell
migration in the ovarian cancer cell line, witnessed by researchers for
the SKOV-3 and H08910 lines [49]. Likewise, Sakata et al. (2017), when
evaluating whether silencing ZEB1 would lead to a reversal of metastatic
potential and reversion of chemoresistance, showed that silencing ZEB1
significantly decreased the migration and invasion of PTX-sensitive and
PTX-resistant cells [50].

Therefore, it can be inferred that the decrease in colony forming
capacity and migration of the A2780 cell line observed in this study may
be related to the negative regulation of ZEB1 promoted by the decrease
in TGF-p2. However, it must be considered that the transcription factor
ZEB1 is a repressor of E-cadherin gene expression [51,52], essential for
the acquisition of the mesenchymal phenotype. Thus, it was expected
that the decrease in ZEB1 would reflect an increase in the expression of
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CDH1, an E-cadherin gene, and a decrease in the CDH2 gene, which
encodes N-cadherin, a mesenchymal cell protein. However, this was not
observed. It is probable that the decrease in cell migration induced by
PTX in the liposomal system observed in this study may also be due to
other factors, such as the interaction of PTX with microtubules.

Another important process in regulating cell migration is the inter-
action in microtubule dynamics, present in the cell cytoskeleton [53,54].
The main structural component of microtubules is tubulin, a globular
GTP-binding protein found in all eukaryotic cells (classified in the a, f, v,
8 and e families). It is known that microtubule-stabilizing molecules,
such as PTX, inhibit cell migration by binding to p-tubulin in the
microtubule lumen [55,56]. Therefore, the entire migration process
requires the microtubules to function correctly and PTX may also have
been targeted by the inhibition of cell migration to f-tubulin.

In line with the in vitro results, L-PTX also inhibited tumor cell
proliferation in ovarian peritoneal carcinomatosis after 4 doses of
intravenous treatment, indicating an increase in antitumor activity
using the L-PTX formulation when compared to the PTX treatment
(Fig. 8). In this case, it is important to note that the use of a nanocarrier
was crucial for administration and was also effective in controlling the
progression of PTX cell proliferation in the intravenous treatment of
peritoneal ovarian carcinomatosis. According to Khalifa et al. (2019),
using a nanocarrier to deliver PTX represents a much more effective
treatment than free drug use in the bloodstream. The nanocarrier can
efficiently direct the delivery of PTX, improve dispersibility due to hy-
drophobicity, improve its pharmacokinetic profile, avoid rapid excre-
tion when using systemic administration, reduce systemic toxicity, and
increase drug accumulation in the tumor [57]. As shown by De Clercq
(2019), when gelatin-based microspheres were used as a carrier for the
delivery of PTX. In this work, there was efficient targeting and secretion
of PTX in the tumor microenvironment, prolonging the effect of
chemotherapy while reducing its toxic effects [58]. In the study by
Simén-Gracia (2016) with pH-sensitive PTX-loaded POEGMA-PDPA
polymersomes, using intraperitoneal administration in disseminated
gastric carcinoma, greater antitumor efficacy was observed, being
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obtained by targeting and specific penetration into peritoneal tumors.
The study indicated that the use of a drug carrier was essential for
improving the therapeutic index for PTX [59].

It is known that the combined action of several signaling pathways is
responsible for initiating the EMT process [60,61]. EMT regulators have
become attractive targets for the development of anti-metastatic thera-
pies, causing impaired cellular motility and consequently migration and
invasion. Therefore, we can infer that the liposome is probably accu-
mulating inside the cells and promoting more effective PTX delivery,
responsible not only for the antiproliferative and antitumor activity, but
also for the inhibition of migratory activity after the drug is removed.

Lee et al. (2007) studied the effects of a solid lipid nanoparticle
containing PTX (TM SLN) compared to Taxol®, a clinically approved
drug, in treating OVCAR-3 and MCF-7 cells (ovarian and breast cancer,
respectively). It was observed that the formulation of TM SLN results in a
slow and sustained release of the encapsulated drug, because TM SLN
and Taxol® presented similar cytotoxicity, however, only 25% of the
encapsulated PTX showed cytotoxic activity within the 24 h analyzed. It
is important to note that the authors stated that 75% of the PTX that was
encapsulated was not released within those 24 h. Lee emphasizes that it
is necessary to evaluate this controlled release in other tests, in addition
to elucidating the mechanisms involved [62].

It is noteworthy that PTX carried by the liposome not only improved
antiproliferative and anti-migratory actions but was also less toxic than
free PTX. The small variation in body weight compared to healthy ani-
mals, together with the comparison between organ weight and hema-
totoxicity analysis, showed that treatment with L-PTX showed results
closer to those found in healthy animals. Free PTX was more toxic than
L-PTX as it led to an increase in liver/lung weights and increased
leukocyte and platelet counts, very similar to the results found in the
group with the untreated tumor (Fig. 9).

Assessment of the immune system response to the tumor may play a
role in disease progression or suppression. Leukocytes are used as he-
matological prognostic markers in several types of tumor [63] (Table 2).
Many studies have shown that lymphocytes help prevent ovarian cancer
development [64,65]. Therefore, a decrease in the number of lympho-
cytes, lymphocytopenia, due to drug toxicity in the blood results in a
reduction of lymphocytes in the tumor region, indicating a weak anti-
tumor immune response [66]. In addition, the neutrophil/lymphocyte
ratio can be used as a systemic inflammation response index. The
decrease in lymphocytes leads to an increase in the ratio, representing a
poor prognosis and low treatment potential [63,67]. On the other hand,
monocytes, basophils, and eosinophils are related to cytokine produc-
tion, associated with excessive cell proliferation, angiogenesis of the
tumor region, and metastasis of tumor cells, which contribute to a poor
prognosis [68-70].

The toxic effects caused by chemotherapy, both during and after
treatment, are a limiting factor that significantly affect the patient’s
quality of life [37]. Studies demonstrate that using a drug nanocarrier
can protect the body from the drug, thus avoiding systemic toxic effects
[21], as observed here when using the L-PTX delivery system. These
results can be attributed to delivering a high concentration of PTX to
tumor cells with much-improved efficacy and a reduced systemic
toxicity profile compared to PTX.

Other studies have also investigated the incorporation of PTX in
several types of nanocarriers to improve its pharmacokinetic profile and
delivery to tumor cells [71-74]. Kim and Park (2017) developed a
Paclitaxel-loaded hyaluronan solid nanoemulsion (PTX-HSN) and eval-
uated the PTX delivery, antitumor activity and possible toxic effects. In
vivo toxicity and antitumor activity studies indicated that treatment
with PTX-HSN suppressed tumor growth by accumulating drugs in the
tumor region. However, the study did not rule out that the amounts of
the drug found in other organs (blood, liver, kidneys and lungs) could
result in systemic toxicity [75]. The main objective of the study by Yin
and collaborators (2016) was to avoid toxicity and optimize the phar-
macokinetic behavior and biodistribution of PTX using a formulation
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with albumin with a polyethylene glycol polymer, PTX-PEG-HSA. This
study by Yin et al. (2016) demonstrated that PTX-PEG-HSA was able to
circumvent possible toxicities of PTX therapy, compared to the com-
mercial formulations Abraxane™ and Taxol®, by promoting antitumor
efficacy improvement and administration security [76].

Ovarian cancer metastasis is the main concern of ovarian cancer and
is an indicator of poor prognosis. The results of this study showed that
the use of liposomal PTX leads to more effective control of tumor cell
proliferation both in vitro and in vivo, in addition to inhibiting migra-
tion and not inducing systemic toxicity.

5. Conclusion

The data obtained in this study corroborated that using a nanocarrier
to deliver paclitaxel improves the antitumor action of this drug. The
liposomal PTX improved cytotoxic activity against tumor cells,
decreasing the ICsy value compared to free PTX. A marked anti-
migratory response promoted by the decrease in TGF-f2 and ZEB1
was also observed. Inhibition of A2780 cell proliferation in the
abdominal region of the animal was observed, together with the
decreased adverse effects of chemotherapy, compared to the use of non-
encapsulated PTX. Collectively, the results of this liposomal encapsu-
lated paclitaxel nanosystem showed that this formulation potentially
represents a more effective treatment strategy than the free drug, war-
ranting further investigation for the treatment of metastatic ovarian
cancer.
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