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ABSTRACT

In the domain of brain malignancies, glioma, in particular the World Health Organization (WHO) Grade
IV Glioblastoma, persists as having one of the worst prognoses in modern medicine. Despite the
protocol leading to the convention of surgery with chemo-radiotherapy as the mainstay of treatment,
mean survival rarely exceeds 18 months. In this work, we tested the antiglioma potential of three
organochalcogenyl-benzoates containing an organoselenium group in their structure, obtained by
chemical synthesis: 3-(phenylselanyl)prop-2-yn-1-yl nicotinate, 3-(phenylselanyl)benzoate)prop-2-yn-
1-yl, and 3-((4-fluorophenyl)selanyl)prop-2-yn-1-yl benzoate. The tests were performed on a C6 rat
glioblastoma cell line, which was treated with the compounds for different times (24, 48, and 72 hours)
and concentrations (10-100 uM). After the treatments, MTT assays and cell counts were performed. All
compounds showed cytotoxic effects, decreasing cell viability and the number of cells. For compound
3-((4-fluorophenyl)selanyl)prop-2-in-1-yl benzoate—which showed the most pronounced cytotoxic
effects— analyses of cumulative population doubling, clonogenic ability, induction potential of
senescence, and lipid peroxidation were performed. The compound was only able to induce a significant
increase in lipid peroxidation, with no effect over the other parameters studied. The results presented
here are unprecedented and promising, introducing new compounds with antitumor potential for
glioma therapy.
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RESUMO

No dominio das malignidades cerebrais, o glioma, em particular o Glioblastoma Grau IV da Organizacdo
Mundial da Saude (OMS), persiste como tendo um dos piores prognésticos da medicina moderna.
Apesar do protocolo convencional de cirurgia com quimiorradioterapia como base do tratamento, a
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sobrevida média raramente ultrapassa 18 meses. Neste trabalho, testamos o potencial antiglioma de
trés organocalcogenil-benzoatos, contendo um grupo organoselénio em sua estrutura, obtidos por
sintese quimica: nicotinato de 3-(fenilselenil)prop-2-in-1-ila, benzoato de 3-(fenilselanil)prop-2-in-1-ila
e benzoato de 3-((4-fluorofenil)selenil)prop-2-in-1-ila. Os testes foram realizados em uma linhagem
celular de glioblastoma de rato C6, que foi tratada com os compostos por diferentes tempos (24, 48
e 72 horas) e concentra¢fes (10-100 pM). Apds os tratamentos, foram realizados ensaios de MTT e
contagem de células. Todos os compostos apresentaram efeitos citotéxicos, diminuindo a viabilidade
celular e o niumero de células. Para o benzoato de 3-((4-fluorofenil)selenil)prop-2-in-1-ila, que apresentou
os efeitos citotdxicos mais pronunciados, foram avaliados a duplicacdo cumulativa da populacdo,
capacidade clonogénica, potencial de inducdo de senescéncia e peroxidagdo lipidica. O composto sé foi
capaz de induzir aumento significativo na peroxidagao lipidica, sem efeito sobre os outros parametros
estudados. Os resultados aqui apresentados sao inéditos e promissores, introduzindo novos compostos
com potencial antitumoral para terapia de glioma.

Palavras-chave: Cancer; Glioblastoma; Selénio; Compostos organicos

1 INTRODUCTION

Cancer, or malignant neoplasm, is an invasive disease, especially when not
diagnosed at the first stage, and is among the leading causes of death in the world
(WHO, 2018). Malignant neoplasms are characterized as a tumor mass of cells that
have lost control over cell growth and proliferation, overcoming immune defense
mechanisms and cellular apoptosis (Rang et al., 2016). Among the neoplasms of the
central nervous system (CNS), gliomas stand out as the most common primary tumor,
representing about 40% to 60% of all tumors that affect the CNS (INCA, 2019).

Glioblastoma (GBM) is the most common and malignant glioma, with a high
rate of morbidity and mortality, with a mean survival of only 12 to 15 months after
diagnosis (Wen & Kesari, 2008). GBMs are mainly derived from glial cells, however,
there is evidence to suggest that they can arise from several cell types, especially those
with stem cell properties (Phillips et al., 2006).

Standard treatment for GBM usually includes maximal surgical resection,
followed by radiation and concurrent use of Temozolomide, an oral chemotherapy
agent (Ostrom et al., 2014). Extensive and complete surgical resection of GBMs is

difficult because they are often located in eloquent areas of the brain, such as speech
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control, motor functions and senses. Due to the high degree of invasiveness, radical
tumor resection is not curative, as tumor cells remain infiltrated within the surrounding
brain, leading to disease progression or recurrence later (Davis, 2016).

Despite maximal surgical resection and multimodal therapy, the percentage of
patients who survive five years after the diagnosis of GBM is usually less than 5%, with
about 70% of patients having disease progression within one year of diagnosis (Stupp
et al., 2015). Thus, much still needs to be done to better understand the molecular
characteristics of this disease, to increase the survival of these patients or even cure
them (Yamanaka & Saya, 2009).

The search for new substances that can give rise to more effective drugs
is constant, both in natural derivatives and in substances obtained by synthetic
processes. In the group of synthetic compounds, esters derived from benzoates and
organochalcogens deserve to be highlighted for their pharmacological and biological
properties, and for their extensive applicability in the industrial area, being present in
the structure of various drugs, for the most diverse pathologies (Kaushik et al., 2018;
Klein, 2016; Kubanek, 2005; WHO, 1997).

Considering the pharmacological potential of these compounds, the objective
of this work is to test the potential antitumor effect of benzoate derivatives containing
an organochalcogen group—more specifically organoselenium—in their structure in
a GBM cell line. The compounds tested here are new molecules, obtained through

synthetic processes, from precursor organic substances.

2 MATERIAL AND METHODS

2.1 Cell culture

For this work, a C6 rat glioma cell line, kindly donated by Dr. Guido Lenz,
professor of the Department of Biophysics at UFRGS and obtained from the American

Type Culture Collection (ATCC) was used. The cells were maintained at 37°C/5% CO, in a
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humidified atmosphere, in Dulbecco’'s Modified Eagle medium (DMEM) supplemented
with 5% fetal bovine serum, NaHCO, 3.7 g/L, HEPES 2 g/L, Penicillin/Streptomycin 1%

and Amphotericin 0.1%.
2.2 Compounds tested

Thiswork tested the antiglioma effect of 3-organochalcogenyl-benzoates, named
in the present work as compounds A, B and C. These compounds are new molecules,
developed and produced in the Organic Chemistry Laboratory at UFFS, through
coupling reactions catalyzed by copper iodide (Cul), between propargyl benzoates and
diorganyl diselenides, under mild reaction conditions, as fully described in Gritzenco

(2020). The compounds and their molecular characteristics are described in Chart 1.

Chart 1 - Organochalcogenyl Benzoates

Compound A Compound B Compound C
o o] o] F
Structural Formula fj)lxo/ﬁs{@ @AO\%@ @AO/\S;@/
N
3-(phenylselanyl) 3-(phenylselanyl) 3-((4-fluorophenyl)
Chemical Name prop-2-yn-1-yl prop-2-yn-1-yl selanyl)prop-2-yn-1-yl
nicotinate benzoate benzoate
Molecular Formula C,sH,,NO,Se C,¢H,,0,5e C,¢H,,FO.Se
Molecular Weight 316,2133 g/mol 315,2253 g/mol 333,2157 g/mol

Source: Authors (2022)

2.3 MTT assay

Seeking to analyze whether the compounds were decreasing cell viability, the
cells were plated in 96-well plates at a density of 5,000 cells/well, and treated with the
compounds for 24, 48, and 72 hours, at the following doses: 10 uM, 50 pM, and 100

MM. After treatment, cell viability was measured using the MTT assay [3-(4,5-dimethyl-
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2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, Sigmal], according to the protocol of
Mosmann (1983). As a control, treatment with the vehicle dimethylsulfoxide (DMSO) at

a maximum concentration of 0.5% was used.
2.4 Cell counting

To verify if the compounds were exerting the cytotoxic effect, the cells were
treated with compounds A, B and C, at concentrations of 10 uM, 50 yM, and 100
MM for 24, 48, and 72 hours. After the time had elapsed, the cells were counted in a

Neubauer chamber.
2.5 Cumulative population doubling (CPD)

To simulate the treatment cycle used in the clinic, which corresponds to 5 days
of treatment and 23 days without, cells were plated in 12-well plates at a density of
10,000 cells/well and exposed to 50 uM and 100 pM treatments (compounds B and C)
for 5 days. After this period, the cells were trypsinized, counted, and 1% of the volume
was replated and left for another 23 days without treatment. Whenever cells reached
80% confluence, they were counted and replated. At the end of the 28 days, the
population doubling (PD) rate was estimated with the following equation: PD= logN(t)
log (N(to)) / log 2, where N(t) is the number of cells per well at the time of passage, and
N(to) is the number of cells plated at the initial passage (Silva et al., 2016; Zamin et al.,
2009). The sum of PDs, described as a cumulative PD (CPD) was then plotted against

time of culture.
2.6 Clonogenic assay

To verify the ability of the treatments to decrease the formation of colonies, the
cells were plated at a density of 10,000 cells/well in a 12-well plate and treated with
Compound C at doses of 50 pM and 100 pM, for 5 days. Afterwards, the cells were
trypsinized, counted, and plated at a density of 100 cells per well in a six-well plate.

These cells were kept in culture medium without treatment for another 7 days; after
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this time, they were stained with 0.5% crystal violet, and manually quantified to define

the number of colonies formed (Franken et al., 2006).
2.7 Senescence assay

To verify whether the treatments induce cell senescence, the cells were plated
in 12-well plates, at a density of 10,000 cells/well and treated with Compound C at
doses of 50 uM and 100 pM, for 5 days. After this period, the cells were maintained
in DMEM medium without treatment for another 7 days. The cells were then washed
in phosphate buffered saline (PBS), fixed in 4% formaldehyde for 15 minutes at room
temperature, washed and incubated with a marker for 3-galactosidase activity staining
solution containing 1 mg/mL X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside,
Sigma), 40 mM citric acid/sodium phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5
mM potassium ferrocyanide, 150 mM NaCl, and 2 mM MgCl for 4-12 h at 37°C (Dimri
et al., 1995; Zamin et al., 2009). The cells were photographed under a microscope and

the results are presented as the ratio of B-galactosidase positive cells/total cells.
2.8 Thiobarbituric acid reactive substances (TBARS) assay

Malondialdehyde (MDA) is a breakdown product of the oxidative degradation of
cell membrane lipids, and it is generally considered an indicator of lipid peroxidation.
In this study, we evaluated lipid peroxidation induced by Compound C (100 pM) after
24 and 48 h incubation periods. Briefly, 2.5 x 10° cells per well were seeded in a six-
well plate and treated as indicated. After the incubation time, cells were detached and
counted in a hemocytometer, centrifuged, incubated with 500 pL of trichloroacetic
acid (TCA) 20%, and sonicated for 5 x 30 s intervals at 40 V over ice. Then, 250 pL of
TBA reagent was added to each sample and standard to be tested, and incubated at
95 °Cfor 45-60 min. Each sample and standard (100 pL) were loaded (in duplicate) into

a clear 96-well plate and the absorbance at 532 nm was recorded using a microplate
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reader. The content of MDA was calculated for each sample from a standard curve. The

results were expressed as nmol MDA content per 1 x 10 cells (Martinez et al., 2020).
2.9 Statistical analysis

The sample size was at least three independent experiments for each protocol
in triplicate. After obtaining the data, they were analyzed in a statistical program
(Bioestat), and One-way ANOVA followed by Tukey's test were performed. Results
were considered statistically different when they presented a p<0.05. The graphs were

made in GraphPad Prism and are presented with the mean and standard error.

3 RESULTS

To verify whether compounds A, B and C induced cytotoxicity, cell viability was
evaluated in the C6 cell line, using the MTT assay, after treatment for 24, 48, and 72
hours (Figure 1A, C and E). All tested compounds induced a significant reduction in cell
viability, mainly at 100 pM after 72 h of treatment. At a concentration of 10 pM, only
Compound A showed a significant reduction in cell viability after 72 hours of treatment.
At a dose of 50 uM, all compounds reduced cell viability within 72 hours of exposure
and Compound C also reduced cell viability within 48 hours of exposure.

To corroborate the results obtained with the cell viability test, a cell count test
was performed after treatment with compounds A, B and C (Figure 1B, 1D, and 1F,
respectively), after 24, 48, and 72 hours of treatment. The results obtained confirmed
the cytotoxicity of the compounds with a dose of 100 pM at all times of treatment,
which demonstrated the greatest effect. The concentration of 50 pM reduced the
number of cells in 48 hours of treatment with Compound B and in 24, 48, and 72 hours
with Compound C. The dose of 10 uM was not effective in reducing the number of cells
in compounds A and B, but it did reduce the number of cells in Compound C after 72

hours of treatment.
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Figure 1 - Cell viability and number of cells in C6 cell line
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The cells were treated with compounds A, B and C at the indicated doses: 10 uM, 50 uM, and 100 pM,
for 24, 48, and 72 hours each, followed by the MTT assay (A, C and E) and cell counting (B, D and F). Bars
represent mean + SEM. * p<0.05 and # p<0.01, in relation to the control

Source: Authors (2022)

To mimic the protocol used in the treatment of gliomas, a 5-day treatment cycle
was performed with compounds B and C, at concentrations 50 and 100 pM, since they
had the greatest cytotoxic effect (Figure 1). After this period, the cells were cultured

for 23 days without treatment and the CPD was evaluated (Figure 2). There was no
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significant difference in the rate of cell doubling over the experiment with compound
B (Figure 2A). However, Compound C showed a CPD reduction in the first 5 days of
treatment, and a modest reduction with no statistical significance at the end of the

experiment (Figure 2B).

Figure 2 - Cumulative population doubling (CPD) of C6 cell line treated with Compound
B (2A) and C (2B), at doses of 50 uM and 100 puM for 5 days, and cultured for another
23 days. Cells were counted in a Neubauer chamber on the indicated days. Results

represent the mean = SEM. ANOVA followed by Tukey. *p<0.05
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Source: Authors (2022)

To confirm this result, a clonogenic assay— the ability of cells to form colonies—
was performed with Compound C, which showed a higher effect in the CPD test. As
shown in Figure 3, there was no statistical significance of the treatments in relation to
the control group.

Trying to find a possible mechanism by which Compound C would be decreasing
the viability and the number of cells, the induction of senescence by the compound
was tested. As indicated by results presented in Figure 4, the compound was not able
to induce senescence. The blue dots in the figure indicate B-galactosidase positive
cells, pointing to cellular senescence. As can be seen in the photographs, there is no
significant difference in 3-galactosidase activity between the treatments. Senescent

cellshave a characteristic morphology, which includes a much larger size and a flattened
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shape in the culture (Hayflick, 1965). The treatments were not able to provoke these

morphological changes, corroborating non-occurrence of the senescence process.

Figure 3 - Colony formations in the C6 cell line treated for 5 days with Compound C,
at doses of 50 pM and 100 pM, and cultured for another 7 days, followed by staining
with crystal violet, and manually counted. Results represent the mean + SEM. ANOVA

follow by Tukey
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Figure 4 - (3-galactosidase activity observed in C6 cell line treated for 5 days with
Compound C, atdoses of 50 uM and 100 pM, and cultured for another 7 days. The image
above represents a cell stained with B-Gal. The bar graph represents the ratio of 3-gal-
positive cells to total cells of at least three fields of three independent experiments.

Results represent the mean + SEM

J B LT

Contral Compound C 50 pM Compound C 100 pM

Source: Authors (2022)

Figure 5 - TBARS assay. The C6 cell line was treated with Compound C, at 100 pM for
24 and 48 hours, and the lipid peroxidation was measured as an increase in MDA
production. Results represent the mean + SEM. ANOVA followed by Tukey. * p<0.05
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Organochalcogen compounds are known for their oxidative stress modulating
properties. Thus, the ability of Compound C (100 uM) to induce lipid peroxidation was
tested after 24 and 48 hours of treatment. The results indicate an increase in lipid

peroxidation after treatments (Figure 5).

4 DISCUSSION

The results presented in this study demonstrate cytotoxic effects of synthetic
Organochalcogenyl benzoates on glioma cells. As they are synthetic and new chemical
structures, there are few studies about the activity and pharmacological potential of
these compounds. The lipophilic characteristic of the molecule, given by the aromatic
rings presentin the structures, is a promising indication of greater facility of penetration
of the substance in the blood brain barrier (BBB), an essential characteristic for any drug
that proposes CNS effects (Rang et al., 2016). This molecular characteristic, associated
with the presence of selenium atoms (Se) in all structures, is what gives the direction
of this work to the investigation of antigliomagenic activity.

In general, all compounds showed an effect of reducing cell number and viability.
Compound C demonstrated the greatest cytotoxic effect, followed by compounds B and
A. Difference between the results observed for the 3 compounds relies on the chemical
structure, as shown in Chart 1. We observed that Compound B presents a more basic
molecule, while the complexity of the others increases, with the addition of a fluorine to
the fourth carbon of the second aromatic ring in Compound C, and the replacement of
the third carbon of the first aromatic ring by a nitrogen, in Compound A.

Among the substances used in this study, the cytotoxicity of Compound B was
tested in A172 human GBM cells by Gritzenco et al. (2021), after the development of
the molecule. Results found in Gritzenco’s work were similar to those obtained in this
research, with cell number reduction after 24 hours of treatment with 50 and 100 puM,

thus strengthening the antiglioma potential of this compound.
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As the greatest cytotoxic effect was observed after treatment with compounds
C and B, they were chosen for the CPD test to expand knowledge about its effects. In
this trial, we observed a significant reduction in cell counts as the concentration of
treatments increased (only in Compound C), in relation to the control. However, as the
days without treatment pass, the cells recover, and at the end of the trial the count
is uniform, with no significant difference between the control and the treatments.
This result is related to that observed in the clinical treatment of GBM, where there is
recovery of cell proliferation in the interval between treatments (Agani, 2018; Weller et
al., 2014). Finding ways to overcome this recurrence continues to be a constant search
in cancer research in general.

The clonogenic assay was used as a confirmation for PD. As can be seen, there
was no difference in colony formation between the control and the treatment with
Compound C, despite their impact on the initial cell count. This is another indication
that the cells can recover after treatment, or that some of them are refractory to the
cytotoxic effects of the compounds.

Seeking to verify a potential mechanism by which Compound C—the compound
which shows the higher cytotoxicity—would be affecting the viability and the number
of cells, the effect of this treatment on cellular senescence and lipid peroxidation
induction was investigated. Senescence describes metabolically active cells, without
proliferative capacity and in a stable state of cell cycle arrest, in response to some
type of stress (Ou et al., 2021). Senescence also works as a potent barrier to prevent
tumorigenesis and as a tumor suppressor mechanism, since bypassing the senescence
process is essential for the malignant transformation of the cell (Calcinotto et al.,
2019; Dimri et al., 1995). Thus, drugs that induce senescence have an increase in their
antitumor potential (Ou et al., 2021).

In this research no significant effect was found in the induction of this process
by the treatments with Compound C. The absence of positive results may be related

both to the fact that the compound is not capable of inducing cellular senescence,
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and to the fact that the concentration and times tested may have been insufficient to
induce the necessary effect.

The oxidative potential was verified using the TBARS test, which measures
substances reactive to thiobarbituric acid resulting from lipid peroxidation (Martinez
et al., 2020). A considerable increase in the peroxidation lipid index was observed with
the treatment, indicating a possible mechanism of action of Compound C in glioma
cells. However, it is necessary to analyze other parameters and conduct further assays
to elucidate this potential mechanism of action. Additionally, it would be necessary
to test normal cells to evaluate the effects of the compound on non-cancerous cells.
Tumor cells proliferate preferentially under conditions of oxidative stress. Therefore,
an ideal therapeutic approach would be to specifically target and destroy cancer cells
through oxidation of redox-sensitive proteins, without affecting cells with a normal
redox balance (Giles et al., 2003).

Giles et al. (2003), demonstrated the action of organochalcogenyl catalysts as
potential anticancer agents, whose activity is controlled by the redox environment,
and which are capable of mediating cell death only in the presence of oxidative stress.
Ebselen organoselenide was tested in PC-12 cells, in an environment under strong
oxidative stress, bringing encouraging results with effectiveness at low doses, and
absence of toxic effects in cells with normal redox balance (Giles et al., 2003; Giles et
al., 2021).

Benzoate derivatives and organochalcogens have an innate pharmacological
potential due to their structure and chemical composition, and some synthetic
substances are used as medicines, such as benzyl benzoate, bromophyllicide, and
lysine dendrimer (Kubanek et al., 2005; Hong et al., 2016; Rosa et al., 2018). In addition,
several studies suggest that Se has a modulating action in various conditions at the
level of the nervous system, and not only the ability to prevent neoplasms, but also
to act directly on the various tumorigenic processes and inflammatory activity (Klein,

2016; Li et al., 2015; Yakubov et al., 2014; Yakubov et al., 2021).
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The most prominent effect shown in this work by the treatment with Compound
C may result from the addition of the fluorine atom to the molecular structure.
Fluoride is a halogen widely distributed in nature which has been used for many
decades in dentistry for its preventive effect against caries. However, in recent years,
its derivatives have gained great importance in the field of medicinal chemistry,
being known as organofluor chemistry. The biological activity inherent to fluorine is
linked to its high electronegativity and its reduced atomic radius, which allows it to be
easily used as a substitute for the C-H bond. Fluorinated compounds can alter drug
absorption and delivery processes, and improve the metabolic stability of compounds.
Furthermore, its ability to modulate the physicochemical properties of molecules,
such as lipophilicity and basicity, can be used to improve the permeation of the
molecule through biomembranes and contribute to an increase in the bioavailability
of compounds, in addition to improving the binding affinity with target receptors
(Ferreira, 2013; Magalhaes, 2018; Thomas, 2006).

Bartusik-Aebisher et al. (2021) demonstrated these capabilities of fluorine in a
study performed with trastuzumab, where they developed a drug delivery system—
Trastuzumab-dendrimer-fluor—through the synthesis and characterization of a series
of fluorinated dendrimers. Trastuzumab is a monoclonal antibody, fundamental for
the treatment of breast cancer with overexpression of Her-2. Research has shown that
the drug delivery system was much more efficient than trastuzumab alone, with the
presence of molecules with smaller masses and increased lipophilicity being the main
reasons for this efficiency.

Fluorinated molecules can be found in several drug classes, such as anesthetics,
anti-inflammatories, antidepressants, cholesterol absorption inhibitors, antibacterials,
and antitumors. An example of a fluorinated drug, which is widely used in cancer
medicine, is 5-fluorouracil (5-FU) with the molecular formula C,H,FN.O,. 5-FU is a
fluoropyrimidine, which acts by inhibiting the synthetic enzyme nucleotide thymidylate

synthase, and incorrectly incorporating fluoronucleotides into RNA and DNA in cancer
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cells. It is widely used in the treatment of various types of cancer, such as breast, head,
and neck, having its greatest impact on colorectal cancers, and is sometimes combined
with other chemotherapeutic agents, such as leucovorin and methotrexate (Ferreira,

2013; Diasio & Harris, 1989; Longley, Harkin & Johnston, 2003).

5 CONCLUSIONS

The compounds tested in the present research are new synthetic structures,
providing a pioneering spirit for their antiglioma potential. Despite the lack of
pharmacological data due to the innovative nature of the compounds tested, the data
presented here shows promising evidence for Compound C on glioma treatment since

the compound induced cell number and viability decrease, in addition to oxidative stress.
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