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RESUMO

O glioblastoma multiforme (GBM) € o tumor primario maligno mais prevalente do
sistema nervoso central (SNC). As células de GBM séo caracterizadas por rapida
proliferacdo e migracdo. Ha uma forte demanda por novas terapias para o tratamento
desse tumor, em virtude das limitacGes terapéuticas atuais. Derivados de quinona de
plantas tém recebido maior interesse como potenciais drogas antiglioma, devido as
suas diversas atividades farmacolégicas, como inibicdo do crescimento celular,
invasdo tumoral, acdo anti-inflamatéria e promocdo da regressdo tumoral. A erva
Eleutherine plicata, conhecida popularmente como Marupazinho, possui ampla
utilizacdo na medicina popular devido as suas propriedades farmacologicas,
possuindo derivados de quinonas, mais especificamente, naftoquinonas. Estudos
anteriores demonstraram que a atividade antiglioma da Eleutherine plicata esta
relacionada a trés compostos principais de naftoquinonas — eleutherine, isoeleutherine
e eleutherol — contudo, seu mecanismo de acdo permanece indefinido. Assim, o
objetivo do trabalho é investigar o potencial efeito citotéxico e antiproliferativo da
eleuterina em modelo in vitro de glioblastoma (linhagem C6). A citotoxicidade in vitro
foi avaliada pelo ensaio MTT,; alteracbes morfologicas foram avaliadas por
microscopia de contraste de fase. Apoptose foi determinada pelo ensaio de anexina
V-FITC-iodeto de propidio e os efeitos antiproliferativos foram avaliados pelo ensaio
de formacdo de coldnias. A expressdo da proteina cinase B (AKT/pAKT) foi
determinada por western blot, e 0 mMRNA da transcriptase reversa da telomerase foi
medido por reacdo quantitativa em cadeia da polimerase em tempo real (QRT-PCR).
Os resultados obtidos indicaram que a eleuterina, isolada a partir da fragdo Hexanica,
apresentou efeito citotéxico na linhagem C6. Foram observadas alteracdes estruturais
pela captura de imagem, com uma reducdo expressiva da formacao de colbnias,
induc&o de apoptose, inibicdo de pAKT e reducdo da expressdo de telomerase apos
o tratamento. Dessa forma, nosso estudo mostrou que a molécula eleuterina

apresenta atividade citotoxica em glioma de linhagem CB6.

Palavras-chave: glioma C6; Eleutherine plicata; eleuterina; efeito citotoxico.



ABSTRACT

Glioblastoma multiforme (GBM) is the most prevalent malignant primary
tumor of the central nervous system (CNS). GBM cells are characterized by rapid
proliferation and aggressive migration. There is growing demand for new
therapies to treat this tumor, due to current therapeutic limitations. Quinone
derivatives from plants have received increased interest as potential antiglioma
drugs due to their diverse pharmacological activities such as inhibition of cell
growth, inflammation, tumor invasion and promotion of tumor regression. The
herb Eleutherine plicata, popularly known as Marupazinho, is widely used in
popular medicine due to its pharmacological properties, containing quinone
derivatives, more specifically naphthoquinones. Previous studies have
demonstrated the antiglioma activity of Eleutherine plicata, which is related to
three main naphthoquinone compounds - eleutherine, isoeleutherine and
eleutherol — but mechanism of action remains unclear. Thus, the objective of this
study was to investigate the potential cytotoxic and antiproliferative effect of
eleutherin in an in vitro model of glioblastoma (C6 lineage). In vitro cytotoxicity
was assessed by the MTT assay; Morphological changes were assessed by
phase contrast microscopy. Apoptosis was determined by the annexin V-FITC-
propidium iodide assay, and antiproliferative effects were assessed by the
colony formation assay. Protein kinase B (AKT/pAKT) expression was measured
by western blot, and telomerase reverse transcriptase mRNA was measured by
guantitative real-time polymerase chain reaction (qRT-PCR). The results
obtained indicated that eleutherin, isolated from the Hexanic fraction, had a
cytotoxic effect on the C6 lineage. Structural changes were observed by image
capture, with a significant reduction in colony formation, induction of apoptosis,
inhibition of pAKT and reduction in telomerase expression after treatment. Thus,
our study showed that the eleuterin molecule has cytotoxic activity in C6 lineage
glioma.

Keywords: C6 glioma; Eleutherine plicata; eleutherine; cytotoxic effect



SUMARIO

1. VISAO INTEGRADORA DO PROBLEMA ........cccoooiiiiiieieeseese et

2. ARTIGO: (EFEITOS CITOTOXICOS in vitro E MECANISMOS DE ACAO DA
ELEUTHERINE ISOLADA DO BULBO DE Eleutherine plicata EM CELULAS DE
GLIOMA CB DE RATO) ..ottt

3. CONCLUSOES INTEGRADORAS ... oo ee e es e es e enanana,
4. REFERENCIAS ..o e ettt et e e et e e s et e e er e er e er s



1. VISAO INTEGRADORA DO PROBLEMA

Glioma é uma doenca maligna fatal derivada da linhagem de células gliais.
Essas células apresentam diversos perfis, oligodendrocitomas, astrocitomas e
glioblastomas (gliomas de grau V). Embora menos prevalentes que outras neoplasias,
60% sao representados por gliomas de alto grau (grau 1V), que apresentam padréo
agressivo e envolvem migracdo e infiltram fortemente o parénquima cerebral
(SCHWARTZBAUM et al, 2006; WEN et al, 2008; CAMPOS et al, 2016;
COLQUHOUN, 2017; RHUN, et al, 2019). Apesar das diferentes estratégias de
tratamento para o glioma dependerem do tamanho, localizac&o e subtipos distintos do
tumor, a terapéutica atual envolve a intervencéo cirargica, com a radioterapia e a
qguimioterapia. Em geral, a quimioterapia para o glioma inclui Nimotuzumabe, terapia
com anticorpos (temozolomida), entretanto esses pacientes apresentam prognostico
reservado, pela quimioterapia apresentar baixa eficacia, haja vista que o glioblastoma
possui diversos mecanismos de escape, envolvendo principalmente steam cells
(ALVES et al, 2021). Além disso, o glioma rapidamente desenvolve resisténcia a
diversas drogas (COLQUHOUN, 2017). Portanto, existe a necessidade de
desenvolvimento de novos agentes antitumorais para tratar este cancer. Desse modo,
estdo em curso diversos estudos para identificar moléculas mais eficientes e com

propriedades biologicamente ativas para inibir a progressao do tumor.

Eleutherine plicata, da familia Iridaceae, é popularmente conhecida na regido
Amazonica como Marupazinho. Ribeiro (2008) identificou a presenca de aculcares
redutores, fendis e taninos, esterbéides e terpendides, azulenos, carotendides e
derivados cumarinicos nas folhas de Eleutherine plicata, e, nos bulbos, a presenca de
componentes como: esteroides, triterpenos, azulenos, saponinas, antraquinonas,
naftoquinonas, fendis, taninos, agucares redutores e derivados cumarinicos
(MALHEIROS, 2015), além de antraguinonas do tipo crisofanol e esteroide saponina.
Apesar dos numerosos componentes derivados de Eleutherine plicata, as atividades
biolégicas desta planta tém sido relacionadas principalmente a presenca de quinonas,
mais especificamente, naftoquinonas (MALHEIROS, 2015; BARBOSA, 2012; VALE et
al., 2020) sobretudo isoeleuterina e eleuterina. O extrato aquoso (EA) dos bulbos
secos desta erva contém eleuterina, a qual é capaz de gerar diversos efeitos
biolégicos, como estresse oxidativo pela liberacdo de espécies reativas de oxigénio,

anti-inflamatério e apoptose (BORGES, 2012) e propriedades antitumorais em

(Victéria Mae Tsuruzaki Shinkai) Mestrado em Farmacologia e Bioquimica — Pag. 1



diferentes linhagens celulares de cancer, como em células de U-251 (glioma humano),
MCF-7 (mama), NCI/ADR-RES (ovario que expressa multi-drogas fendtipo de
resisténcia), 786-0 (rim), NCI-H460 (pulméo, ndo pequenas células), HT-29 (cdlon) e
K562 (leucemia) (CAMPOS et al 2016; GOMES et al, 2021). Além disso, sabe-se que
eleuterina é um inibidor catalitico reversivel da atividade da topoisomerase Il humana,
gue estabiliza o complexo DNA-enzima na presenca de ATP (KRISHNAN E BASTOW,
2000). Assim, ao inibir a atividade desta enzima, eleuterina pode causar a quebra
transitoria da fita dupla do DNA e estar envolvida em processos oxidativos biolégicos
(ANDOH e ISHIDA, 1998; PEREYRA et al, 2019). Alguns estudos sugerem que as
naftoquinonas podem exercer suas atividades reguladoras nas células, agindo em
diferentes proteinas da familia das vias de sinalizacdo, como fosfatidilinositol-3-
guinase/AKT e MAPK, que séo relevantes em diversos processos fisiopatoldgicos,

principalmente o cancer.

Outras naftoquinonas com potencial antiproliferativo e antitumoral foram
identificadas, como isoeleuterina, isoeleuterol, eleuterinona e seus efeitos bioldgicos
sdo comparados em diversos estudos (MALHEIROS et al., 2015; GALUCIO, 2014,
ZAMAN et al., 2014; CAMPOS et al., 2016; CHEN et al., 2018). Segundo Campos et
al (2016) realizaram testes de citotoxicidade com eleterina e isoeleuterina, derivados
do extrato metandlico, em cepas de glioma (U251) e cancer de mama (MCF-7), nos
quais eleuterina teria efeito citotoxico mais potente em comparacao a isoeleuterina.
Isso pode ser explicado por esses compostos serem isbmeros epiméricos e possuirem
uma porcado 1,4-naftoquinona com apenas uma diferenca estrutural, o grupo B-metil
metil para eleuterina e o grupo a-metil para isoeleuterina. Os resultados indicam que a
melhor atividade da eleuterina esta relacionada a quiralidade em seu anel pirano com
o grupo B-metil (CAMPOS et al., 2016). Por conta disso, a molécula isolada de
eleuterina foi escolhida neste trabalho para avaliar o possivel mecanismo de acédo da

molécula.

O presente estudo teve como objetivo investigar a atividade antitumoral de
eleuterina obtida de Eleutherine plicata contra as propriedades proliferativas,
migratdrias e invasivas, apoptose e mecanismo relacionado da linhagem celular de
glioma C6 in vitro. Tendo isso em vista, este trabalho foi realizado com o objetivo de
identificar uma das possiveis vias envolvidas no efeito antiproliferativo e citotdxico da

eleuterina em células de glioblastoma.
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Abstract: Gliomas are the most common primary malignant brain tumors in adults, and have a
poor prognosis, despite the different types of treatment available. There is growing demand for
new therapies to treat this life-threatening tumor. Quinone derivatives from plants have received
increased interest as potential anti-glioma drugs, due to their diverse pharmacologic activities, such as
inhibiting cell growth, inflammation, tumor invasion, and promoting tumor regression. Previous
studies have demonstrated the anti-glioma activity of Eleutherine plicata, which is related to three main
naphthoquinone compounds—eleutherine, isoeleutherine, and eleutherol—but their mechanism
of action remains elusive. Thus, the aim of this study was to investigate the mechanism of action
of eleutherine on rat C6 glioma. In vitro cytotoxicity was evaluated by MTT assay; morphological
changes were evaluated by phase-contrast microscopy. Apoptosis was determined by annexin V-
FITC-propidium iodide staining, and antiproliferative effects were assessed by wound migration and
colony formation assays. Protein kinase B (AKT/pAKT) expression was measured by western blot,
and telomerase reverse transcriptase mRNA was measured by quantitative real-time polymerase chain
reaction (qRT-PCR). Eleutherine reduced C6 cell proliferation in a dose-dependent manner,
suppressed migration and invasion, induced apoptosis, and reduced AKT phosphorylation and
telomerase expression. In summary, our results suggest that eleutherine has potential clinical use in
treating glioma.

Keywords: glioma C6; rat brain tumor; Eleutherine plicata; eleutherine; cytotoxicity
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1. Introduction

Glioma is a fatal malignancy derived from the glial cell lineage with a high recurrence
rate. Although less prevalent than other neoplasms, 60% are aggressive high-grade gliomas
(grade IV), which migrate and strongly infiltrate the brain parenchyma [1-5]. Gliomas, in
general, are responsible for approximately 38% of primary brain tumors, and represent
more than 70% of all central nervous system (CNS) tumors, the most frequent and malig-
nant being glioblastoma multiforme [6,7]. Glioblastomas have the highest proportion of
malignancy and the worst prognosis of CNS tumors. Only 5.5% of patients usually survive
for 5 years after diagnosis [8] and have a 1-year survival rate because of the limitations of
treatment’s approaches [9].

Treatment strategies for glioma differ, depending on tumor size, location, and distinct
tumor subtype, and involve a combination of surgery, radiotherapy, and chemotherapy.
Typically, glioma chemotherapy includes the antibody nimotuzumab and temozolomide,
but their efficacy is low, and these tumors have poor prognosis [10-14]. In addition,
gliomas develop resistance to numerous drugs [15-19]. Therefore, there is a real need for
new antitumor agents to treat this deadly cancer, and efforts are ongoing to identify more
efficient and active molecules to regulate the tumor’s progression.

Several plants, such as Eleutherine plicata, Eleutherine americana, and Cipura paludosa,
are important sources of chemicals and contain high levels of naphthoquinones, a class of
natural products with diverse biological activities. Aqueous extracts of the dried bulbs of
these herbs have been described to generate oxidative stress by inducing the deleterious
endogenous formation of a bioactive oxygen-derived species that inhibits inflammation,
promotes apoptosis, and exhibits important anticancer properties in different cancer cell
lines, such as glioma (U-251), breast (MCF-7), ovary (NCI/ADR-RES), kidney (786-0), lung
non-small cell (NCI-H460), colon (HT-29), HepG2 cells, and leukemia (K562) [20,21].

These effects are mainly related to the presence of naphthoquinones, more specifi-
cally eleutherine, isoeleutherine, and eleutherol (Figure 1) [20,22]. Previous works have
demonstrated the antiproliferative effect of eleutherine and isoeleutherine isolated from
a methanolic extract of Cipura paludosa bulbs in glioma (U251) and breast cancer (MCE-7)
lines [20]. The results indicate that eleutherine is more cytotoxic than isoeleutherine.
These compounds are epimeric isomers and have a 1,4-naphthoquinone moiety with only
one structural difference, the f-methyl group of eleutherine and the x-methyl group of
isoeleutherine. Thus, it follows that the higher activity of eleutherine is related to the
chirality of its pyran ring with the 8-methyl group [20].

S0 OoH "o o S0 o
1 | 1
X\ X o)
| 0 ]
= g = “,
o o o o o
eleutherol eleutherine isoleutherine

Figure 1. Chemical structures of eleutherol, eleutherine, and isoeleutherine.

Some studies suggest that naphthoquinones may exert their regulatory activities in
cancer cells by acting on different signal transduction pathway family proteins, such as
phosphatidylinositol-3-kinase/ AKT and MAP kinase (MAPK) [23-25]. In addition, it is
known that eleutherine reversibly inhibits the catalytic activity of human topoisomerase II
by stabilizing the DNA-enzyme complex in the presence of ATP [26]. Thus, by inhibiting
the activity of this enzyme, eleutherine can cause transient double-strand breakage in DNA
and contribute to biological oxidative processes [27,28].

These activities open new opportunities for pharmacotherapy, especially for cancer [20,29,30].
However, eleutherine’s mechanism of action remains elusive. Thus, isolated eleutherine
was used in this work to elucidate a possible mechanism of its action on C6 glioma cells.
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2. Results
2.1. Characterization of the Compound Isolate

The compound isolated from Eleutherine plicata bulbs was obtained as a brownish
yellow crystal. Starting from 3 g of the lyophilized ethanolic extract yielded over 49 mg of
the pure compound, with 95% relative concentration (Figure 2, see Supplementary Figures
S1 and S2), with MS (70 eV, EI) 272 (42), 257 (100), 243 (52), 214 (32),157 (10), and 121 (25),
and the probable molecular formula was deduced as C14H1,04. The melting point was of
144-146 °C. The IR spectrum showed the presence of characteristic peaks, such as -C-Hgpy
(2974 cm™1), -C-Hyps (2913), -C=0 (1777 cm™!), of benzene ring (1582cm™~!) absorptions.
The molecular characterization data were compared with those in the literature [31].
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Figure 2. Chromatogram of eleutherine isolated from the bulbs of Eleutherine plicata. Peak area
(95.03%) and retention time at 33.10 min.

2.2. Cytotoxic Effect of Eleutherine Treatment on C6 Cells

Eleutherine presented a cytotoxic effect on C6 cells. After 6 and 12 h of treatment,
cell death was observed at 1 uM with ICsy of 32.33 uM (+1.25) and 28.46 uM (+1.85),
respectively (Figure 3A,B). During 24 h of treatment, a cytotoxic effect was observed
at a concentration range of 0.05-100 uM, with an ICs; of 4.98 uM (40.22) (Figure 3C).
Thus, eleutherine reduced cell viability in a concentration- and time-dependent manner
(Figure 3D).

2.3. Morphological Changes in C6 Cells after Eleutherine Treatment

No structural changes were observed in the control, which was characterized by the
presence of fusiform cells and monolayer cells. Cells treated with eleutherine at 1 uM
presented small morphological changes. However, cells treated at 20 and 40 uM showed
structural changes characteristic of apoptosis, such as large and round cells and irregularly
shaped cells with cytoplasmic shrinkage (white arrow). Treatment with eleutherine at
100 uM resulted in cell death (black arrow) (Figure 4).

2.4. Eleutherine Reduces Colony Formation by C6 Cells

Treatment with eleutherine at 20, 40, and 100 uM for 12 h resulted in decreases in
colony formation (52.44%, 94.52%, and 99.18%, respectively) compared with that observed
in the untreated group. No reduction in colony formation was observed at 1 uM eleutherine
(Figure 5).
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Figure 3. Eleutherine reduced the viability of glioblastoma cells as measured by the MTT assay.
Cells were treated with different concentrations of eleutherine for 6 h (A), 12 h (B), and 24 h (C).
(D) Cell viability curve showing the concentration and time-dependence of eleutherine’s effect. Data
are presented as the mean + SEM of three independent trials. Here, * p < 0.05, *** p < 0.001, and
4 p < 0.0001 vs. untreated control (ANOVA, Tukey’s post hoc test); C, control; V, vehicle.

Figure 4. Morphological alterations in untreated C6 cells and after treatment with eleutherine at
different concentrations (1, 20, 40, and 100 uM) for 12 h. Cells were examined using a phase-contrast
microscope (Leica DMI6000B). White arrow indicates irregularly shaped cells with cytoplasmic
shrinkage and black arrow indicates cell death. Images were taken using a 63x objective; C, control;
V, vehicle.
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Figure 5. Eleutherine reduces colony formation in C6 cells. (A) C6 cells stained with crystal violet
after eleutherine treatment for 12 h. (B) Graphic quantification of the colony numbers. Data are
presented as the mean + SEM of three independent trials. Here, **** p < 0.0001 vs. untreated control
(ANOVA, Tukey’s post hoc test).

2.5. Eleutherine Induces C6 Cell Apoptosis

The annexin V-PI assay was used to confirm apoptotic cell death caused by eleutherine.
The C6 cells were treated with different concentrations of eleutherine (1 uM, 20 uM, and
40 uM) and displayed increased numbers of apoptotic cells, mainly in the late stages of
apoptosis, as follows: at 1 uM, 57%; at 20 uM, 44.4%; and, at 40 uM, 77%, compared with the
control and positive control (camptothecin), as shown in Figure 6. Our results demonstrate
that eleutherine induces apoptosis in a dose-dependent manner to a level higher than that
observed in the positive control.
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Figure 6. Eleutherine induces apoptosis in C6 cells. The cells were treated with eleutherine (1, 20,
and 40 uM) for 24 h. (A) Cells were stained with annexin V-FITC and propidium iodide (PI) and
subjected to flow cytometry analyses. Early apoptotic cells were in the Q4 quadrant and late apoptotic
cells were in the Q2 quadrant. (B) Quantification of the percentage of early and late apoptotic C6
cells. (C) Quantification of the percentage of total apoptotic C6 cells. Here, * p < 0.05, *** p < 0.01,
***% p < 0.0001 compared with untreated control (ANOVA, Tukey’s post hoc test); C, control; C+,
positive control (camptothecin at 5 uM).
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2.6. Eleutherine Reduces the Expression of pAKT in C6 Cells

The expression of phosphorylated AKT was reduced after treatment with eleutherine
by 48.84% at 20 uM and by 39.27% at 40 uM (Figure 7). Thus, the PI3K/AKT pathway in
the glioma cells must be inhibited by the action of eleutherine.
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Figure 7. Eleutherine treatment reduced AKT phosphorylation in Cé cells. The expression of pAKT
and AKT, and of GAPDH as the control protein, was detected by western blotting. The pAKT:AKT
ratio is expressed as a percentage. The eleutherine treatment groups (20 and 40 uM) showed a greater
reduction in AKT phosphorylation than was observed in the untreated group. Data are presented as
the mean + SEM of three independent trials. Here, **** p < 0.0001 vs. untreated control (ANOVA,
Tukey'’s post hoc test); C, control; V, vehicle.

2.7. Eleutherine Reduces Telomerase (TERT) mRNA Expression
Eleutherine treatment reduced TERT expression in a dose-dependent manner at 1 uM
(17.1%), 20 pM (37.3%), and 40 uM (45.8%). The results suggest that after treatment of
glioma cells with eleutherine there was a loss of telomerase activity that may have induced
cell death (Figure 8).
100

O

<

1uM

20 uM

40 pM

TERT mRNA

Figure 8. Heat map correlating eleutherine treatment with TERT mRNA expression in glioma cells.
The color of each rectangle indicates the value of the Pearson correlation coefficient (p) between the
eleutherine-treated groups and TERT mRNA expression.
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3. Discussion

Naphthoquinones are significantly cytotoxic to different types of tumor cell lines.
Recent evidence indicates that the antiproliferative activity of Eleutherine plicata is due
the presence of the three main naphthoquinones, namely eleutherine, isoeleutherine,
and eleutherol [21]. Treatment of C6 cells with eleutherine resulted in a dose- and time-
dependent change in cell viability. As expected, the IC5q decreased with the treatment time,
reaching 4.98 uM in cells exposed up to 24 h, demonstrating the effectiveness and potency
of eleutherine. These findings are similar to those obtained with other naphthoquinone
derivatives in primary cultures of cancer cells [30]. Eleutherine and isoeleutherine isolated
from the bulbs of C. paludosa exhibited promising cytotoxicity against glioma (U-251), with
1Cs) values between 2.6 and 13.8 mg/mL [20].

The ICs value obtained in our experiment is comparable to those reported in the
literature. In addition, it was possible to verify that eleutherine does not have cytotoxic
effects on normal glial cells (see Supplementary Figure S3), thus, proving its therapeutic
potential and its safety in regard to healthy cells. From these results, we highlight the
significant cytotoxic effect of eleutherine on C6 cells reported here.

Cancer cells, such as glioma cells, cause the failure of efficient cellular response and
disable the inhibition of apoptosis. Our data indicate that eleutherine was able to induce
apoptosis in C6 cells. Treatment resulted in increases in the apoptosis rates when analyzed
by FITC-Annexin V/PI staining. The C6 cells treated with 40 uM eleutherine showed an in-
creased rate of apoptosis, similar to a previous study with another naphthoquinone [32,33].
These data support the hypothesis that there is a correspondence between the ICsy and the
inhibition of proliferation and a high apoptosis rate.

Phase-contrast microscopy revealed structural changes produced by eleutherine. Cells
treated with 20 uM, 40 uM, and 100 uM eleutherine retracted, decreased in size, and
underwent significant cytoplasmic shrinkage, similar to cells undergoing apoptosis. These
results clearly indicate that decreased cell size and cytoplasmic shrinkage may be related to
cell death [34].

Moreover, through the colony formation assay, it was possible to observe the antipro-
liferative effect of eleutherine on cultured cells. The cells treated with 20 uM eleutherine
formed significantly fewer colonies, and treatment with 40 uM and 100 pM eleutherine
almost completely inhibited the formation of colonies. Interestingly, the ability to form
colonies is a sensitive indicator of undifferentiated cancer stem cells [35,36]. These results
indicate that eleutherine can act on stem cells, a therapeutic strategy which prevents cancer
from relapsing.

Treatment with eleutherine inhibited the migration of glioblastoma cells in comparison
with the untreated control group and the vehicle group. With 1 uM eleutherine, it was
possible to observe a reduction in the proliferation of cells and, at 20 uM, the cells showed
changes in morphology, suggesting apoptosis. The morphology was totally altered in a
dose-dependent way at 12, 24, and 48 h. These findings corroborate the results of the cell
viability assay, highlighting the considerable antitumor potential of eleutherine, similar to
other naphthoquinones, in an in vitro model of glioblastoma [23-25,32,33,37,38].

The AKT pathway is important in the genesis of several types of cancer, being over-
expressed and playing critical roles in the survival, proliferation, invasion, and migration
of cancer cells. This pathway is vital in the development of glioma cells and related to
metabolism, epithelial-mesenchymal transition, and angiogenesis, allowing the glioma to
acquire a high degree of invasiveness and malignancy by bypassing the mechanisms of
apoptosis [37,39-41]. In our study, we found that eleutherine decreased the expression of
p-Akt and inhibited the PI3K/AKT pathway, resulting in glioblastoma cell death.

Itis known that TERT is a component of telomerase, a reverse transcriptase ribonucle-
oprotein complex that maintains telomere length in cells with high proliferative ability, and
that it plays a key role in cancer formation. Telomere maintenance is affected by TERT gene
amplification and epigenetic changes, such as DNA methylation, TERT promoter germ
line and somatic mutations, and TERT structural variants [42,43]. Catalytic inhibitors of
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topoisomerases act either by inhibiting the binding of the enzyme to DNA or by preventing
it from cleaving the DNA, compromising its cellular repair capacity [44,45]. Our results
suggest that eleutherine, as with other naphthoquinones, reduces the telomerase activity
that is critical to glioma cells growth [38].

More recent studies confirm the interaction of the telomerase with various intracellular
signaling pathways including the PI3K/AKT/mTOR pathway, which mainly participates
in inflammation, the epithelial-to-mesenchymal transition, and tumor cell invasion and
metastasis [46,47]. Thus, a decrease in phosphorylated AKT expression inhibits hTERT
expression, thereby reducing proliferative capacity, altering the cell cycle, and promoting
apoptosis in glioma cells.

The results indicate that eleutherine treatment reduced the expression of phosphory-
lated AKT and TERT in a dose-dependent manner. These mechanisms directly influence
the cell cycle and cells’ ability to undergo apoptosis, which are of great interest in research
on new antineoplastic therapies.

4. Materials and Methods
4.1. Plant Material

The specimens of Eleutherine plicata used in this study were obtained from a private
medicinal plant plot in the city of Palmas, Tocantins, Brazil. The exicata is deposited in the
Herbarium of the Federal University of Tocantins under the code number 8214.

4.2. Production of Raw Extract

For the preparation of extracts, Eleutherine plicata of an average size of 5 cm were
ground in a blender with 2 mL of distillated water and subjected to decoction for 2 min,
under agitation, according to Baliza et al. (2022) [48]. The mixture was distributed in
extraction funnels, and hexane was added to the desired final volume. The funnel mixture
was homogenized and allowed to sit until phase separation occurred. The hexane fraction
was subjected to rotary evaporation to concentrate the extract in the flask. The flask was
washed with hexane to loosen the evaporate that had stuck to the flask wall, and the
concentrated extract was distributed among smaller flasks, which were left open in an
exhaust hood for final evaporation and further concentration of the extract. After cooling,
the material was filtered through No. 4 Whatman filter paper.

4.3. Extraction and Isolation

Initially, the ethanol extract was fractionated according to Tewierik et al. (2006) [30].
It was resuspended in 50 mL of a methanol /water solution (1:1) for 24 h, and was then
subjected to a liquid /liquid partition, using solvents of increasing polarities in the order
hexane, chloroform, and ethyl acetate. Sequentially, the fractions were analyzed by gas
chromatography coupled to a mass spectrometer (GC-MS). Considering the results of
this analysis, the isolation of the main compounds was carried out through separation by
column chromatography, using silica gel as a stationary phase and hexane/ethyl acetate
(90:10, 90:20, 85:15, and 80:20) as the mobile phase.

Next, the isolated compounds were characterized by gas chromatography coupled to a
mass spectrometer (GC-MS), in a Shimadzu/GC 2010 device with a Shimadzu/AOC-
500 auto-injector and a MS2010 plus mass detector with electronic impact ionization
(IE, 70 and V), equipped with a DB-5MS fused silica column (Agilent J&W Advances
30 m x 0.25 mm X 0.25 pm), with helium at 65 kPa as the carrier gas. The conditions were
as follows: oven temperature started at 100 °C for 2 min, increased to 290 °C at 4 °C min~!
and held for 6 min; injector and interface temperature was maintained at 250 °C; splitless
1 pL injection; helium was used as the carrier gas at a constant flow 0.75 mL min~?, and
the run time was 30 min. The scan range was m/z 80-400. Retention times was 33 min.
The final characterization was performed by infrared spectroscopy, using a Shimadzu
IRAffinity-1 spectrometer operating with Fourier transform.
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4.4. Cell Culture

Rat C6 glioblastoma cells (CCL-107™, ATCC) were cultured in DMEM supplemented
with 10% fetal bovine serum and maintained in an incubator at 37 °C with 5% CO,, with
the medium changed every 2 days. To perform the experiments, cells were washed with
PBS and dissociated with 0.05% trypsin-EDTA, followed by centrifugation (1500 rpm for
3 min). After counting, cells were resuspended in culture medium and used to carry out
the proposed assays.

Primary cultures of Miiller cells were obtained from 9-day-old embryos. Retinal tissue
was collected, and cells were distributed in 24-well plates (1 x 106 cells/well). Cultures
were grown for 10 days in DMEM supplemented with 10% fetal bovine serum and kept in
an incubator at 37 °C with 5% CO,.

4.5. Cell Cytotoxicity Assay

Cells were plated (2 x 10 cells/well) in 96-well plates and treated with eleutherine at
different times and concentrations (0.5-50 pM for 6 h and 12 h, and 0.025-50 uM for 24 h).
After the treatment period, the cells were incubated for 2 h with 0.5 mg/mL MTT solution
(thiazolyl blue tetrazolium bromide—M2128, Sigma-Aldrich, St. Louis, MO, USA) in serum-
free DMEM. Absorbance was measured with a microplate reader (BioRad, Hercules, CA,
USA) at 570 nm. The results obtained were plotted with the mean and standard deviation
of samples expressed as a percentage of the control value. We used GraphPad Prism
9 software to calculate the ICs.

4.6. Morphological Analysis of Eleutherine-Treated C6 Glioma Cells

Morphological alterations of C6 glioma cells were examined with a phase-contrast
microscope (Leica DMI6000B). Cells were seeded in 12-well plate and incubated for 12 h
with eleutherine at different concentrations (1 uM, 20 uM, 40 uM, 100 uM). Images were
taken using a 63 x objective.

4.7. Wound Healing/Scratch Migration Assay

A 12-well plate cell migration assay was performed to estimate the effect of eleutherine
on C6 migration capacity. After 12 h of cell culture, a transverse lesion was made in the
central surface of each well. Cells were treated with eleutherine at different concentrations
(1 uM, 20 uM, 40 M, and 100 uM). Cell migration to the injured area was followed by
image capture using a digital camera coupled to an inverted microscope (Leica DMI6000B),
using a 10x objective, at 0, 12, 24, and 48 h of treatment.

4.8. Colony Formation Assay

A colony formation assay was performed to evaluate the effect of eleutherine on cell
proliferation. The C6 cells were used to seed a 12-well plate. After 24 h of culture, they
were treated with eleutherine (1, 20, 40, and 100 uM) for 12 h. Cells were washed with
PBS and dissociated with trypsin-EDTA (700 uL, 5 min). Quantification was made in a
Neubauer chamber (1:1) in a 0.4% trypan blue solution. An aliquot of 1000 viable cells
from each group was used to seed a 6-well plate and cultured for 7 days, with the medium
changed every 2 days. Cultures were then washed with PBS and stained with 0.25% crystal
violet/50% ethanol for 30 min.

4.9. Annexin V-FITC—Propidium Iodide (PI) Assay

Apoptosis/necrosis analysis was performed with the annexin V-FITC kit (Invitrogen).
Cells were cultivated in a 12-well plate and treated with eleutherine (1, 20, and 40 pM)
for 12 h. After that, cells were treated according to the manufacturer’s protocol. In each
sample, 1 pL of annexin V-FITC and 2.5 pL of PI (250 ug/mL) were added and incubated
for 10 min in an ice bath protected from light. The volume was made up to 250 uL with
binding buffer and analyzed using a flow cytometer (BD FACSCanto II). Camptothecin
(Sigma-Aldrich) was used as positive control (5 uM). The samples were analyzed using the
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flow cytometer with BD FACSDiva software, and a total of 10,000 events were collected
for each sample and analyzed using the Flowing Software 2.5.1 (Turku, Finland). The final
results were analyzed by cell percentage in each quadrant.

4.10. Western Blotting

The C6 cells were treated with eleutherine (1, 20, and 40 uM) for 12 h, after which cell
lysates were prepared. Each lysate (60 ug of protein) was submitted to 10% SDS-PAGE gel
electrophoresis. Gels were electrotransferred to nitrocellulose membranes (Hybond ECL,
GE Healthcare, Uppsala, Sweden) by use of a membrane transfer system (Bio-Rad). Mem-
branes were blocked with 5% skim milk at room temperature for 1 h, followed by overnight
incubation with primary antibodies anti-AKT (cat.no.9272, Cell Signaling Technology) and
anti-phospho-AKT (Ser473) (cat.no.9271, Cell Signaling Technology, Danvers, MA, USA)
in 1:1000 dilution, and anti-GAPDH (C terminus) (SAB2500450, Sigma-Aldrich), dilution
1:500. After washing, the membranes were incubated with the secondary antibodies goat
anti-mouse IgG, peroxidase conjugated in 1:2500 dilution, and horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG antibody used at 1:2500 (NIF824, GE Healthcare)
for 1 h. Protein expression was detected using a chemiluminescent substrate kit (Merck
Millipore, Burlington, MA, USA), and the images were captured by a ChemiDoc system
(Bio-Rad, Hercules, CA, USA).

4.11. Real-Time Quantitative PCR Assay

Total RNA was extracted with TRI reagent (Applied Biosystems, Waltham, MA, USA),
following the manufacturer’s instructions. The RNA concentration and quality were
determined using a NanoDrop spectrophotometer (Kisker Biotech, Steinfurt, Germany) and
1% agarose gels. Complementary DNA was synthesized using high-capacity cDNA archive
(Applied Biosystems, Waltham, MA, USA). The TERT mRNA expression (Rn01409457_m1)
was evaluated by quantitative reverse transcription PCR (QRT-PCR) with primers and
TagMan probes purchased as Assays-on-Demand Products for Gene Expression (Applied
Biosystems, Waltham, MA, USA). The GAPDH gene (Rn01462662_g1) was selected as
an internal control for RNA input and reverse transcription efficiency. All real-time qRT-
PCR reactions were performed in triplicate for the h\TERT and GAPDH genes. Data were
previously analyzed with the 2—ACt method and subsequently by relative quantification
of the genes’ expression, which was calculated according to Livak and Schmittgen (2001)
and Arocho et al. (2006) [49,50].

4.12. Ethics Statement

This study was approved by the Committee of Ethics of Animal Experiments of the
Federal University of Para (CEUA /UFPA 9381260919). We followed the guidelines found
in the NIH Guide for the Care and Use of Laboratory Animals, and the experiments
were carried out in compliance with the National Council for the Control of Animal
Experimentation (CONCEA, Brazil).

4.13. Statistical Analysis

The data are expressed as the means 4+ SEM. The ANOVA followed by Tukey’s post
hoc method using the statistical program GraphPad Prism 9. The significance levels are
indicated as * p < 0.05, *** p < 0.01, and **** p < 0.0001.

5. Conclusions

In conclusion, our results suggest that eleutherine has cytotoxic and antiproliferative
activity in glioma cells and induces their death by inhibiting the PI3K/AKT/telomerase
pathway. This opens the important possibility that eleutherine is a viable cancer treatment,
which should be further tested and studied in an in vivo model.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com /article/10.3390/molecules27248850/s1, Figure S1: Spectrum of mass (70 eV)
of eleutherine isolated from the bulbs of Eleutherine plicata; Figure S2: Spectrum of FT-IR (KBr)
of eleutherine isolated from the bulbs of Eleutherine plicata; Figure S3: Eleutherine is nontoxic to
nonneoplastic (glial) cells as analyzed by MTT assay.
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3. CONCLUSOES INTEGRADORAS

O tratamento com eleuterina apresentou efeito citotoxico e atividade
antiproliferativa nas células de glioma e induziu morte celular por mecanismo de
inibicdo da via PI3K/AKT/telomerase. Assim, a molécula eleuterina foi identificada
como o principal composto relacionado a inducdo da morte celular observada nesta

linhagem tumoral.

Portanto, os resultados sugerem que eleuterina pode conter um potencial efeito
antitumoral em células de glioblastoma. Varios estudos apontam para o papel
essencial da investigacdo de compostos e derivados naturais como farmacos e
adjuvantes na abordagem farmacolégica de diferentes tipos de tumores. Dessa forma,
abre-se a possibilidade da molécula eleuterina como uma opc¢éao viavel de tratamento
do céancer, na qual novos estudos e testes em modelo in vivo sdo de extrema

importancia clinica e cientifica.
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