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Abstract

Selenium (Se) is an essential trace element for human health and plays an important role in the development and mainte-
nance of central nervous system functions. Se deficiency has been associated with cognitive decline and increased oxida-
tive stress. The increase in oxidative stress is one of the hypotheses for the emergence and worsening of neurodegenerative
diseases, such as Alzheimer’s disease (AD). To investigate the neuroprotective effects of organic Se compounds in human
neuroblastoma cells (SH-SY5Y) differentiated into cholinergic neurons-like. The SH-SY5Y cells were differentiated into
cholinergic neuron-like with retinoic acid (RA) and brain-derived neurotrophic factor (BDNF). AD was mimicked expos-
ing the cells to okadaic acid (OA) and beta-amyloid protein (AB). The neuroprotective effect of organic Se compounds,
selenomethionine (SeMet) and Ebselen, was evaluated through cell viability tests, acetylcholinesterase and antioxidant
enzyme activities, and detection of reactive oxygen species (ROS). None of the SeMet concentrations tested protected
against the toxic effect of OA+Ap. On the other hand, previous exposure to 0.1 and 1 uM Ebselen protected cells from
the toxic effect of OA+Ap. Cell differentiation induced by RA and BDNF exposure was effective, showing characteristics
of neuronal cells, and pointing to a promising model of AD. Ebselen showed a protective effect, but more studies are
needed to identify the mechanism of action.
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Introduction

Alzheimer’s disease (AD), described by Alois Alzheimer
in 1907, is the most prevalent cause of dementia in the
elderly population [1]. AD is characterized by severe and
progressive loss of memory, with a progressive and sequen-
tial decline in cognition [2, 3]. Depression, apathy, and hal-
lucinations are symptoms primarily observed in the early
stages of AD [4]. On the other hand, in the advanced stages
of AD, the subjects have a decline in motor function and a
significant loss of language, ability to perform tasks, and
name people and objects [5, 6]. Psychiatric and behavioral
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changes, such as agitation, irritability, delusions, and hallu-
cinations are present in up to 75% of AD cases [2, 7].

In AD, neuronal loss occurs due to the deposition of amy-
loid B (AP) in extracellular senile plaques and tau hyper-
phosphorylation in intracellular neurofibrillary tangles
contributing to neurodegeneration [8]. Current AD treat-
ments, for example, cholinesterase inhibitors, e.g., done-
pezil, rivastigmine, and galantamine, are useful in delaying
the AD progression but may cause side effects (e.g., nau-
sea, vomiting, anxiety, agitation, tremors, drowsiness, and
seizures) [9]. Treating dementia before the onset of clini-
cal symptoms is as important as developing therapeutics for
post-diagnostic treatment.

Trace elements are essential for normal health, suggest-
ing that diet and lifestyle can reduce the risk of pathologies.
Some trace elements have shown potential neuroprotec-
tive effects [10, 11]. Selenium (Se) is a trace element with
antioxidant properties due to the selenol group present in
selenoproteins [12—16]. It has been observed that the lev-
els of Se in the brain tend to decrease during aging and are
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related to cognitive decline [17]. In vitro and in vivo studies
indicate that Se is important for reducing oxidative stress
and other harmful agents in AD [8]. Sufficient Se intake and
adequate body Se levels may be related to decreased AD
risk [2, 18]. Recently, our group [19] demonstrated, through
a systematic review and meta-analysis, that Se supplemen-
tation improves the Se levels in plasma, erythrocytes, and
cerebrospinal fluid, as well as improves the glutathione per-
oxidases activity, an important antioxidant selenoprotein, in
AD and mild cognitive impairment (MCI) individuals.

Se can be found in organic (e.g., selenomethionine
(SeMet), methyl selenocysteine, selenocysteine, and sele-
nocystine) and inorganic (e.g., selenate and selenite) chemi-
cal forms [13]. Research on natural and synthetic organic
Se compounds is increasing. Organic Se compounds have
been targeted due to their greater bioavailability of Se and
lower toxicity compared to inorganic Se molecules. SeMet
and Ebselen are examples of natural and synthetic organic
Se compounds, respectively, that demonstrate great pharma-
cological potential [13—16, 20, 21]. Studies conducted with
animal models of AD have demonstrated that SeMet treat-
ment reduces tau hyperphosphorylation [22] and Ebselen
reverses memory impairment [23].

The difficulty of in vitro models that resemble the bio-
chemical and molecular AD findings makes the search for
new treatments arduous. In this context, in vitro models
with cholinergic neuron-like cells are becoming important
tools to evaluate the potential of new drugs. The SH-SY5Y
human neuroblastoma cells are derived from metastatic
neuroblastoma and are in immature stages of development
[24, 25]. Medeiros et al. [26] demonstrated that this cell
line can be differentiated into choline-producing cells using
retinoic acid (RA) and brain-derived neurotrophic factor
(BDNF). In the same study, after cholinergic differentiation,
to mimic AD, neurotoxins such as okadaic acid (OA) and
AP were used resulting in decreased neurite densities and
cell viability. Thus, to contribute to research on the effects
of Se on AD, this in vitro study investigated the neuropro-
tective effects of organic Se in human neuroblastoma cells
(SH-SY5Y) differentiated into cholinergic neuron-like cells,
analyzing cell viability and biochemical parameters.

Fig. 1 Cholinergic differentiation
protocol. Adapted from Medeiros
et al. [26] and Lopes et al. [27].
10 uM RA; 50 ng/mL BDNF

Materials and Methods
SH-SY5Y Cell Line

SH-SYS5Y (neuroblastoma) was acquired at the cell bank of
Rio de Janeiro, Brazil. SH-SY5Y is a neuroblastic-type cell
[24].

Cell Cultivation

SH-SYSY cells were cultured with culture medium Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM-F12) (Sigma-Aldrich®, USA), supplemented with
10% fetal bovine serum (FBS) (Sigma-Aldrich®, USA),
and 1% penicillin/streptomycin (Sigma-Aldrich®, USA).
Cells were kept in a 75 cm? culture flask at 37 °C in an atmo-
sphere with 5% CO, until a minimum confluence of 80%.
The medium was replaced 2-3 days a week.

SH-SY5Y Cholinergic Differentiation

The cholinergic differentiation was performed according
to Medeiros et al. [26] and Lopes et al. [27]. Briefly, SH-
SYSY cells were seeded at 6 or 48-well plates at a density of
5% 10* or 1x 10’ cells per well, depending on the analysis
performed, in a culture medium with DMEM-F12 supple-
mented with 10% of FBS and 1% penicillin/streptomycin.
After 24 h, neuronal differentiation was induced by reduc-
ing FBS to 1% and adding 10 uM RA (Santa Cruz Biotech-
nology, USA). On the fourth day of differentiation, 50 ng/
mL of BDNF was added. The treatment was replaced every
three days for seven days (Fig. 1).

Immunocytochemistry

For immunofluorescence analysis, cells were seeded in
48-well plates at a density of 5x10* and cholinergic dif-
ferentiation was performed. Subsequently, the cells were
fixed with 4% paraformaldehyde for 20 min at room tem-
perature and then washed three times with phosphate buffer
saline (PBS). After fixation, the cells were permeabilized
with a PBS solution containing 3% Triton X-100 and 10%
FBS for 5 min at room temperature and washed three times
with PBS. The plates were incubated for 24 h (overnight) at

* 10% FBS 1% FBS +

* 1% FBS +
BDNF +RA

* 1% FBS +
BDNF +RA
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4 °C with the primary antibody Anti-B Tubulin III (Sigma-
Aldrich®, USA); after that, the cells were washed three
times with PBS and incubated at room temperature with
the corresponding secondary antibody conjugated to FITC
(anti-mouse) (Sigma-Aldrich®, USA). To stamp the cell
nucleus, Hoechst 33,342 (2’-[4-ethoxyphenyl]-5-[4-methyl-
1-piperazinyl]-2,5’-bi-1 H-benzimidazole trihydrochloride
trihydrate) (Sigma-Aldrich®, USA) was used [28]. The
control was performed using undifferentiated SH-SYS5Y
cells. The reading was performed using an inverted fluores-
cence microscope and the images were obtained using the
InCell Analyzer 2000. Reading analyses were performed
using Fiji (ImageJ).

Neuroprotector Effects of Se
Selection of Concentration

To determine the toxicity of the AP,-4, protein fragment
(Sigma-Aldrich®, USA) and OA (Sigma-Aldrich®, USA),
a concentration curve of the compounds was performed
(ABy-42: 0, 0.05, 0.1, 0.15, and 0.2 pM; OA: 0, 0.5, 1, 1.5,
and 2 uM). On the other hand, to select the concentrations
with pharmacological potential, SeMet (Cayman Chemical
Company, USA) and Ebselen (Sigma-Aldrich®, USA) were
testedat 0,0.1,0.3, 1, 3, 10, and 30 uM. The SH-SYS5Y cells
were seeded at 48-well plates at a density of 1x 10> and,
after seven days of differentiation, the cholinergic neuron-
like cells were exposed to the compounds for 24 h. After, the
cytotoxicity assay was performed as described in the cyto-
toxicity assay topic.

Selenium Pre-Treatment and OA + A Exposure

After differentiation, the cholinergic neuron-like cells were
pre-treated with SeMet or Ebselen for 24 h. After, the cells
were exposed to OA + AP for 24 h. After that, the cytotox-
icity and biochemical analyses were performed (Fig. 2).

Fig. 2 Selenium pre-treatment
and OA + AP exposure protocol.
SeMet (0, 0.1,0.3, 1, 3, 10, or
30 uM), Ebselen (0, 0.1, 0.3 or 1
uM), and OA (2 uM)+APB (0.2
nM)

Day 0 to 7

* Cholinergic
differentiation
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Day 8

» Ebselen or SeMet
exposure

Cytotoxicity Assay

After the exposure of cholinergic neuron-like cells to com-
pounds as described selection of concentration and sele-
nium pre-treatment and OA + AP exposure topics, the
culture medium was replaced by 1 mg/mL 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT;
Invitrogen®, USA) solution, prepared in complete culture
medium. After 3 h of incubation, at 37 °C, all MTT solution
was removed and 200 pL of dimethylsulfoxide (DMSO;
Exodo Cientifica, Br) was added. The absorbance was
read spectrophotometrically at 595 nm [27]. Results were
expressed as the percentage of control.

Biochemical Analyses
Sample Preparation

To perform the biochemical analysis, cholinergic neuron-
like cells exposed to compounds as described in the selenium
pre-treatment and OA + AP exposure topic were previously
prepared. All the culture medium was collected, wells were
washed two times with PBS, and cells were harvested by
trypsin. To inactivate the action of trypsin, DMEM-F12 sup-
plemented with 10% FBS and 1% penicillin/streptomycin
was added. Samples were centrifuged at 400 g for 5 min, the
supernatant was discarded, and the pellet was washed two
times with PBS. The samples were resuspended in PBS, and
the aliquots were stored at -80 °C for thirty minutes before
the biochemical analyses.

Acetylcholinesterase

Acetylcholinesterase (AChE) activity was measured by the
method described by Ellman et al. [29]. In a 96-well plate,
25 pL of the sample (prepared as described in the sample
preparation topic), 0.75 mM 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB; Sigma-Aldrich®, USA), and 10 mM acetyl-
thiocholine (Sigma-Aldrich®, USA) were added. The
absorbance was measured spectrophotometrically at 405 nm
once a minute for 5 min. The activity was expressed as nmol
ACh/min/mg of protein.

Day 10

* AO+A[P exposure * Cytotoxicity assay
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Glutathione S-Transferase

The activity of the enzyme glutathione S-transferase (GST)
was evaluated by the method described by Keen et al. [30].
Briefly, 20 pL of the sample (prepared as described in the
sample preparation topic) and 180 pL reaction solution (3.0
mM 1-chloro-2,4-dinitrobenzene (CDNB; Sigma-Aldrich®,
USA), 3.0 mM reduced glutathione (GSH; Sigma-Aldrich®,
USA), and 0.1 M phosphate buffer, pH 6.5) were added in
a 96-well plate. Absorbance was measured spectrophoto-
metrically at 340 nm once a minute for 4 min. The activity
was expressed as nmol/min/mg of protein.

Superoxide Dismutase

The analysis of superoxide dismutase (SOD) activity was
performed according to the method proposed by Gao et al.
[31]. Briefly, 40 uL of the sample (prepared as described in
the sample preparation topic), 1 M Tris (Sigma-Aldrich®,
USA), 5 mM ethylenediaminetetraacetic acid (EDTA; VWR
Life Science®, USA) buffer, pH 8.0, and 15 mM pyrogallic
acid (Labsynth®, Br) were added in a 96-well plate. After
30 min of incubation at room temperature, 1 N hydrochloric
acid (Sigma-Aldrich®, USA) was added to stop the reac-
tion. The absorbance was measured spectrophotometrically
at 440 nm. The results were expressed as U of SOD/mg of
protein.

Glutathione Peroxidase

Glutathione peroxidase (GPX) activity was performed using
the method of Paglia and Valentine [32]. In a 96-well plate,
10 uL of the sample (prepared as described in the sample
preparation topic) and 130 pL of reaction solution 1 (0.1 M
PBS, pH 7.0, 3.08 mM sodium azide (Labsynth®, Br), 0.31
mM NADPH (Sigma-Aldrich®, USA), 3.08 mM GSH, and
1.54 U/mL glutathione reductase (Sigma-Aldrich®, USA))
were added into the wells. After 2 min at room tempera-
ture, 60 pL of reaction solution 2 (5 mM hydrogen peroxide
(Sigma-Aldrich®, USA) and 0.1 M sodium phosphate buf-
fer, pH 7.0), were added to the wells. The plate was incu-
bated at room temperature for 5 min. The absorbance was
measured spectrophotometrically at 340 nm once a minute
for 5 min. The GPX activity was expressed in nmol/min/
mg protein.

Protein Quantification

Total protein was quantified as described by Bradford [33].
Briefly, 10 pL of the sample (prepared as described in the
sample preparation topic) and 250 puL of Bradford reagent
(Thermo Scientific®, USA) were pipetted into the 96-well

plate. A standard curve of bovine serum albumin (BSA;
Sigma-Aldrich®, USA) was prepared (0-500 mg BSA/mL).
The absorbance was measured spectrophotometrically at
595 nm. Results are expressed in mg protein/mL.

Reactive Oxygen Species

After the exposure of cholinergic neuron-like cells to com-
pounds as described in the selenium pre-treatment and
OA + AP exposure topic, the cell medium was collected,
the wells were washed twice with PBS, and the cells were
harvested by trypsin. Samples were centrifuged at 400 g
for 5 min, the supernatants were discarded, and the pel-
lets were washed two times with PBS. After that, the pel-
lets were resuspended with a PBS solution containing 10
uM 2',7'-dichlorofluorescein diacetate (DCFH-DA; Sigma-
Aldrich®, USA) and incubated for 15 min in the dark at
room temperature (Adapted from Tetz et al. [34]). Reading
was performed by flow cytometry (FACS Canto II- Becton
Dickinson) and analyzed by Flowing software version 2.5.0.
The reading was performed in the EP channel and results are
expressed as median fluorescence intensity (MFI).

Statistical Analysis

For all tests, at least, three independent experiments were
carried out. The data was statistically analyzed using the
Prisma Graphpad software, version 6.0, using the Kruskal-
Wallis test followed by Dunn’s test or Mann-Whitney U test;
and presented as median =+ interquartile interval. Results
were considered statistically different when p <0.05.

Results
SH-SY5Y Cholinergic Neuron-Like Differentiation

After microscopic analysis (400x magnification), it was
observed that the treatment with RA and BDNF for seven
days induced neural characteristics in SH-SYSY cells
(Fig. 3A and B). It was possible to observe the cell body
with a pyramidal form and the extension of the neurites
(Fig. 3B).

The immunocytochemistry showed that the Anti-f Tubu-
lin III (represented by the green color) markers were greater
in SH-SYS5Y differentiated to cholinergic neuron-like cells
when compared to undifferentiated SH-SYSY cells (Fig. 4A
and B). Moreover, the Mann-Whitney U test indicated that
cholinergic neuron-like cells had a statistically significant
increase in the AChE activity (U=0; p=0.014). In fact, the
ACHhE activity was 3.6 times high in cholinergic neuron-like
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Fig. 3 Cholinergic differentiation.
(A) undifferentiated SH-SYSY
cells; (B) SH-SYS5Y cells differ-
entiated to cholinergic neuron-
like. Magnification: 400x

cells when compared to undifferentiated SH-SYSY cells
(Fig. 4C).

Cell Viability: Selection of Concentrations
OA + AP Concentration

After cell differentiation, a concentration curve was per-
formed to analyze the concentration of OA+Ap that made
at least more than 20% of the cells unviable. The Kruskal-
Wallis test revealed an effect of OA+AB on cholinergic
neuron-like cells viability (H(4)=7.205; p=0.0382). In
fact, cholinergic neuron-like cells exposed to 2 pM OA and
0.2 pM AP had a statistically significant decrease in their
viability (~46%) when compared to the control cells (non-
exposed cells) (Fig. 5), therefore, these concentrations were
chosen to the AD mimetic experiments.

SeMet and Ebselen Concentration

The Kruskal-Wallis test showed the absence of SeMet effects
on the cholinergic neuron-like cell viability (Fig. 6A). On
the other hand, the Kruskal-Wallis test revealed the effect of
Ebselen (H(6)=16.98; p=10.0045) exposure on the viability
of cholinergic neuron-like cells (Fig. 6B). Ebselen (10 and
30 pM) exposure caused a statistically significant reduc-
tion (~ 50%) in the viability of cholinergic neuron-like cells.
Even though the concentration of 3 pM did not cause a sta-
tistically significant reduction in cell viability, a decrease of
approximately 50% was observed. Thus, all the SeMet con-
centrations and 0.1, 0.3, and 1 uM Ebselen were used in the
neuroprotection tests, as they did not alter the cholinergic
neuron-like cells viability.

Cell Viability: Neuroprotection
The analysis of the neuroprotective effect of SeMet and
Ebselen against the toxic effects of OA+AR is depicted in

Fig. 7A and B. The Kruskal-Wallis test showed the absence
of effects of the SeMet pre-treatment in the viability of

@ Springer

cholinergic neuron-like cells challenged with OA+Ap
(Fig. 7A). On the other hand, the Kruskal-Wallis test
revealed an effect of Ebselen pre-treatment (H(4)=28.890;
p=0.0144) on the viability of cholinergic neuron-like
cells challenged with OA+AP (Fig. 7B). In fact, previous
exposure to 0.1 and 1 uM Ebselen, protected cells from
the toxic effect of OA+ AP, increasing the cell viability by
approximately 40% compared to cells that were exposed to
OA+AB. Due to the absence of SeMet protective effects,
the biochemical tests were performed only with Ebselen.

Biochemical Analysis
Acetylcholinesterase

The AChE assay was performed on the cholinergic neuron-
like cells pre-treated with Ebselen and challenged with
OA+AB (Fig. 8A). The Kruskal-Wallis test demonstrated
the effect of the treatment (H(4)=11.05; p=0.0114) on the
ACHhE activity of cholinergic neuron-like cells. In fact, cho-
linergic neuron-like cells exposed to OA+Ap had a statis-
tically significant increase in the AChE activity (~48.5%)
compared to the non-exposed cells. The pre-treatment with
Ebselen had no protective effect.

Superoxide Dismutase

The SOD activity was performed on the cholinergic neu-
ron-like cells pre-treated with Ebselen and challenged with
OA+AB (Fig. 8B). The Kruskal-Wallis test demonstrated
the effect of the treatment (H(4)=8.318; p=0.0055) on the
SOD activity of cholinergic neuron-like cells. Only the cho-
linergic neuron-like cells pre-treated with 0.1 uM Ebselen
and challenged with OA+AB had a statistically significant
increase in the SOD activity (~180%) when compared to
the control (non-exposed cells).
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Fig. 4 B Tubulin III immunocytochemistry and acetylcholinesterase cells differentiated to cholinergic neuron-like. The results were ana-
activity. (A) undifferentiated SH-SYS5Y cells (x100) and (B) SH-SY5Y lyzed by the Mann-Whitney U test and presented as a median + inter-
differentiated to cholinergic neuron-like (x100); blue: Hoechst (DAPI; quartile interval (n=3). * Means statistically different from undiffer-
nucleus) and green: fluorochrome FTIC (f Tubulin III). (C) Acetylcho- entiated cells (SH-SYS5Y).
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Fig.5 Cytotoxicity analysis of 200+
cholinergic neuron-like cells
exposed for 24 h to OA+AP.

The results were analyzed by the
Kruskal-Wallis test followed by
Dunn’s post-test and presented

as median + interquartile interval
(n=3). * Means statistically
different from control (unexposed
cells; dashed line)
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Fig.6 Cytotoxicity analysis of
cholinergic neuron-like cells
exposed for 24 h to SeMet (A)
and Ebselen (B). The results were
analyzed by the Kruskal-Wallis
test followed by Dunn’s post-test
and presented as median + inter-
quartile interval (n=4). * Means
statistically different from control
(unexposed cells; dashed line)
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Fig. 7 SeMet and Ebselen neuroprotection. Cholinergic neuron-like
cells were treated for 24 h with SeMet (A) or Ebselen (B) and chal-
lenged with OA+ Ap. The results were analyzed by the Kruskal-Wallis
test followed by Dunn’s post-test and presented as median + interquar-

Fig. 8 Enzymatic activity of
cholinergic neuron-like cells
treated for 24 h to Ebselen and
challenged with OA+AP. (A)
AChE, (B) SOD, (C) GST, and
(D) GPX activity. The results
were analyzed by the Kruskal-
Wallis test followed by Dunn’s
post-test and presented as the
median + interquartile interval.
(n=6 AChE/n=3 SOD, GST,
and GPX). *Means statistically
different from control cells (non-
exposed cells)
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Glutathione S-Transferase

The GST activity was performed on the cholinergic neu-
ron-like cells pre-treated with Ebselen and challenged with
OA+AB (Fig. 8C). The Kruskal-Wallis test demonstrated
no effect of the treatment on this enzyme activity.

Glutathione Peroxidase Activity

The GPX activity was performed on the cholinergic neu-
ron-like cells pre-treated to Ebselen and challenged with
OA+AB (Fig. 8C). The Kruskal-Wallis test demonstrated
no effect of the treatment on this enzyme activity.

Reactive Oxygen Species

The reactive oxygen species (ROS) was measured on the
cholinergic neuron-like cells pre-treated to Ebselen and
challenged with OA+ApP (Fig. 9). The Kruskal-Wallis test
demonstrated no effect of the treatment on ROS produc-
tion. Although not significant, OA+Ap increased reactive
species (~57.51%) when compared to non-exposed cells,
and when the cells were pre-treated with Ebselen there was
a decrease in these ROS levels (~13.69%) compared to
OA +AB challenged cells.

Discussion

Several studies have been carried out searching in vitro
models to study neurodegenerative diseases, including AD
[25-27]. SH-SYS5Y neuroblastoma cell line has been used
as an in vitro model to study neurodegenerative diseases,
this cell can differentiate into dopamine, choline, and adren-
ergic neuron-like cells [25]. Based on previous studies of

3000-

= 2000- R

=

[72]

o

& 1000-

0- -'-'-I'-'- -

2UMOA+02uMAR - + + +

Ebselen [uM]

Fig. 9 ROS production in cholinergic neuron-like cells exposed for
24 h to Ebselen and challenged with OA+Ap. The results were ana-
lyzed by the Kruskal-Wallis test followed by Dunn’s post-test and pre-
sented as the median + interquartile interval (n=3)

Medeiros et al. [26] and Jams4 et al. [35], we sought to stan-
dardize SH-SYS5Y cell differentiation with RA and BDNF
to cholinergic neuron-like cells. RA has been used to induce
cell differentiation impeding cell cycle progression, increas-
ing expression of cyclin-dependent kinase inhibitors, p21
and p27Kipl, and anti-apoptotic Bcl-2 and Bcel-xL proteins,
and enhancing PI3K/AKT activity, which plays a role in
neurite development and differentiation [36]. Conversely,
BDNF is an important regulator of the expression of the
axonal marker, tau, and dendritic microtubule-associated
protein-2 (MAP2), as well as is involved in the activation
of TrkB and in the stimulation of signaling pathways for the
establishment and conservation of neural polarization [37].
Pretreatment with RA points to a better response of BDNF
[38]. In our study, to prove cell differentiation through RA
and BDNF, we demonstrated the presence of  Tubulin III,
which is generally expressed in neurons and is involved in
neurogenesis [39], as well as an increase in the AChE activ-
ity, which is highly expressed in cholinergic neurons [1].

The mixture OA+Ap has been used in models to mimic
AD symptoms, i.e., the biochemical and molecular altera-
tions. Medeiros et al. [26] showed in an in vitro model of AD
disease using OA+ AP an increase in the phosphorylated tau
and decrease of neurite density. Kamat and Nath [40] sug-
gested that OA may alter several biochemical and molecular
events, causing tau hyperphosphorylation, cholinergic alter-
ations, cell death, synapse dysfunction, and neuroinflamma-
tion. AP exposure causes severe cellular stress, indicated
by lysosomal and mitochondrial deficits [41]. In animal
models, OA leads to AP deposition and neuronal degenera-
tion, synaptic loss, and memory impairments, characteristic
of AD progression [40—43]. Furthermore, Kamat and Nath
[40] suggest that OA leads to AP deposition, with subse-
quent neuronal degeneration, synaptic loss, and memory
impairment, which are marks of AD progression.

Se has been shown to have beneficial effects in neurode-
generative diseases due to its antioxidant properties linked
to the activity of selenoproteins [2]. SeMet attenuates tau
hyperphosphorylation and AP deposition, reduces glial acti-
vation, attenuates neuroinflammation, decreases neuronal
death, and reverses synaptic deficit in vitro and in vivo [44,
45]. Conversely, Ebselen has anti-inflammatory and anti-
oxidant properties [45, 46]. Studies have shown that this
compound reduces hippocampal oxidation, and improves
apoptosis, cell proliferation, and memory in animal AD
models [47].

However, there are few studies that analyze the in vitro
effects of organic Se compounds in AD. In your study, we
observed the absence of SeMet effects on cell viability at
relatively high concentrations (up to 100 uM), this may
be due to its essential role in cellular metabolism, which
has been demonstrated by other studies [48-52]. In fact,
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Costa et al. [53] demonstrated that the half maximal inhibi-
tory concentration (ICs,) of SeMet in a non-tumor breast
cell line (MCF-10 A), was approximately 441.76 puM, on
the other hand, the ICs, of Ebselen in the same cell line
was approximately 82.07 uM. The cellular metabolism of
SeMet and Ebselen may explain the differences regarding
cell toxicity. SeMet is metabolized to selenide and is used
in the selenoproteins turnover, and only in the situation of
selenoproteins saturation, the selenide will be metabolized
to the MeSe” (methylselenyl radical), which is toxic [2].
Meanwhile, Ebselen interacts with intracellular thiols, and
a concentration higher than 10 uM can deplete important
thiol-containing molecules, such as GSH, and lead to cell
death [21]. Indeed, Shi et al. [54] observed that Ebselen
exposure induced GSH depletion and cell death in C6 gli-
oma cells.

Although some AD animal models demonstrated that
SeMet treatment ameliorates AD symptoms [55, 56], in
our study, the SeMet pre-treatment did not have a protec-
tive effect on cell viability, this could be due to the con-
centrations tested. Based on our results, only the Ebselen
effects were explored in the biochemical analysis. Xie et
al. [57] demonstrated that Ebselen exposure reduced Af
levels in AD neurons and mouse brains, showing a signifi-
cant improvement in animals’ spatial learning and memory.
Recently, Li et al. [58] pointed out that probably Ebselen’s
therapeutic effect is related to the regulation of mitochon-
drial function in AD animal models.

ACHhE catalyzes the hydrolysis of the neurotransmitter
acetylcholine and is present in synapses to hydrolyze ace-
tylcholine and stop the propagation of nerve impulses [59].
Patients with AD have biochemical changes, such as dete-
rioration of cholinergic neurons in the brain with a reduction
in acetylcholine synthesis, for this, the inhibition of AChE
activity is one of the therapeutic strategies to increase cho-
linergic levels in the brain [1]. In our study, the exposure to
OA +AB increased the cholinergic neuron-like AChE activ-
ity. Farzi et al. [60] observed that rats exposed to Ap had an
increase in cerebral AChE activity. In humans, Campanari
et al. [61] observed in postmortem AD brains that AChE
levels were increased in the zone of senile plaques and neu-
rons with neurofibrillary tangles. Seems that AP stimulates
AChE synthesis [62], and this increase may be related to
oxidative stress [63]. In fact, Melo et al. [63] demonstrated
that the enhancement of AChE activity, in retinal cells,
induced by AP was mediated by oxidative stress. Although,
in our study, Ebselen did not show a protective effect in the
ACHhE activity increase induced by OA + Af exposure, Mar-
tini et al. [64] demonstrated that Ebselen inhibited the puri-
fied (Electrophorus electricus) and cerebral (Wistar rats)
ACHE activity in vitro (IC5y~29 pM).
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SOD is an enzyme that is part of the antioxidant defense
system and converts the superoxide radical to hydrogen per-
oxide. In our analysis, it was possible to observe that SOD
activity increased in cells pre-treated with 0.1 uM Ebselen
pointing to an increase in the cell antioxidant responses.
Aras et al. [65] showed that rats treated with Ebselen had an
increase in cerebral SOD activity and an improvement in the
symptoms of ischemia/reperfusion injury. The increase of
antioxidant enzymes in AD patients is important, once Mar-
cus et al. [66] observed that these patients had high levels of
oxidative stress markers and reduced activity of antioxidant
enzymes, such as SOD.

GST protects cells against oxidative stress, this enzyme
acts in the detoxification process of xenobiotics by catalyz-
ing the conjugation reaction between a GSH molecule and a
given xenobiotic [67]. There is an association between GSH
depletion and AD, with a significant decrease in GST activ-
ity in the brain and the cerebrospinal fluid [68]. However, in
our study, GST activity inhibition was not observed. Simi-
larly, Ianiski et al. [69] and Wilhelm et al. [70] observed no
alteration in cerebral GST activity of rodents exposed to A
and Ebselen, respectively.

The GPX is an intracellular antioxidant enzyme that
reduces hydrogen peroxide to water [71]. Li et al. [58],
in a study in Wild-type murine neuroblastoma Neuro-2 A
(N2A) cells, and Unsal et al. [72], in a rodent AD model,
observed that Ebselen exposure increased the GPX activ-
ity. Again, the increase in antioxidant enzymes induced by
Ebselen is pivotal in the context of AD disease, for instance,
Garlet et al. [73] observed that GPX activity in the blood
of patients with AD was decreased when compared to the
control group.

An important factor in the neurodegeneration process
is the formation of ROS. In our study, OA+ AP caused an
increase in ROS levels, and Ebselen has shown to have an
effect by reducing these levels (not significant). Martorell et
al. [74] carried out a study on Caenorhabditis elegans which
showed that AP exposure increased the ROS levels. Simi-
larly, Taniski et al. [69] observed that mice exposed to Ap
presented an increase in cerebral ROS levels. In agreement
with our findings, Xie et al. [57] observed that Ebselen treat-
ment significantly decreased ROS levels in N2a-SW cells.

Conclusion

Cholinergic differentiation induced by RA and BDNF was
effective, showing characteristics of neuronal cells of the
cholinergic type, and the proposed model to mimic AD
reduced cell viability. Ebselen showed a protective effect,
pointing to an increase in cell viability and a tendency to
increase the activity of antioxidant enzymes, but more
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studies need to be carried out to identify Ebselen’s mecha-
nism of action and whether a longer treatment time would
have a better effect.
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