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Abstract

Alzheimer's disease is a worldwide health issue, and there are currently no treatments that can stop this
disease. Oxidized graphene derivatives have gained prominence in use in biological systems due to their
excellent physical-chemical characteristics, biocompatibility and ability to overcome the blood-brain
barrier. Other substances highlighted are those of natural origin from the Amazon biome, such as tucuma,
a fruit whose oil has been widely studied in therapeutic applications. Thus, the aim of this study was to
investigate the action of graphene oxide, reduced graphene oxide and tucuma oil, isolated and combined,
as an alternative for treatment of Alzheimer's disease through studies in silico, in vitro, in vivo and ex vivo.
Computational simulation via docking was used to verify the affinity of the substances with the proteins
B-amyloid and acetylcholinesterase, in which the reduced graphene oxide was the one that showed the
most favorable interaction. The results of the ab initio simulation showed that the synergism between the
nanostructures and the oil occurs through physical adsorption. The experimental results revealed that the
substances and their combinations were nontoxic, both at the cellular and systemic level. In general, all
treatments had positive results against induced memory deficit, but reduced graphene oxide was the most
prominent, as it was able to protect against memory damage in all behavioral tests performed, with
anticholinesterase activity and antioxidant effect. In conclusion, the reduced graphene oxide is, among
the treatments studied, the one with great therapeutic potential to be investigated in the treatment of
this disease.
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1. Introduction

Recently, carbon derived nanocompounds has emerged as a nanomaterial with numerous potential
applications in the most diverse areas (Fraczek-Szczypta et al., 2018). Graphene can be defined as a
monolayer of carbon atoms with sp? hybridization, having a honeycomb-like shape (Georgakilas et al.,
2015). This nanostructure has excellent electrical, thermal and mechanical properties, being the thinnest
and strongest material known until now (Chen et al., 2012). Despite these unique characteristics, graphene
tends to aggregate and is extremely hydrophobic, limiting its use in biological systems (Reina et al., 2017et;
Servant et al., 2014). In this context, hydrophilic nanomaterials derived from graphene, such as graphene
oxide (GO) and reduced graphene oxide (rGO), arise as a potential alternative for biomedical applications
(Viana et al., 2019; Mendonca et al., 2016).

From the oxidation and chemical exfoliation of graphite, graphene oxide (GO) is obtained, a process in which
some carbon atoms with sp? hybridization are converted to sp® hybridization through the addition of oxygenated
groups (Salles et al., 2020). The presence of these oxygenated functional groups makes the GO surface
more electronegative, turning unique and completely different properties from other allotropic carbon
materials and giving to GO an insulating character (Singh et al., 2018). To increase the conductivity,
reduction reactions on this material can be performed, obtaining its reduced form i.e. rGO (Dreyer et al.,
2010). rGO has a smaller number of oxygenated functional groups when compared to GO, which gives
good electrical, thermal and mechanical conductivity, similar to graphene, although with high dispersion
capacity in aqueous solutions, analogous its oxidated form (Dreyer et al., 2010). Recent studies have
concluded that rGO is able to pass through the blood brain barrier (BBB) leaving it temporarily open, with
no apparent toxicity to the organism (Mendonga et al., 2015). Mendongca and collaborators also
demonstrated that the rGO managed to reach the hippocampus, which is one of the places most affected by
Alzheimer's disease (AD) (Nobili et al., 2017). In addition, there is evidence that both rGO and GO can be
applied as substrates in tissue engineering, highlighting the application of these nanostructures to support
neural regeneration (He et al., 2016; Reddy et al., 2018; Shin et al., 2016). These indications point out that
GO and rGO can be a promising tool to treat neurodegenerative diseases. Despite the excellent properties,
issues related to the toxicity of carbon nanomaterials still do not have a consensus (Bianco, 2013; Guo &
Mei, 2014).

Substances of natural origin have also attracted a lot of interest, as is the case with tucuma
(Astrocaryum vulgare). Tucuma is a native fruit of the Amazon biome that has great nutritional relevance
(Yuyama et al., 2008). From the pulp, an orange oil rich in properties can be extracted and used in several
applications, such as in the production of edible oil, soap, cosmetics and herbal medicines (Shanley; Serra;
Medina, 2010). This oil consists of 74.4% unsaturated fatty acids and 25.6% saturated fatty acids (Aguiar,
1996). Among these fatty acids are predominantly oleic acid (©9), palmitic acid, linolenic acid (®3), stearic
acid and linoleic acid (w6), respectively (Nascimento et al., 2019; Baldissera et al., 2017).
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Expressive amounts of carotenes have also been identified in tucuma oil (TO), mainly beta-carotene
(De Rosso; Mercadante, 2007; Ferreira et al., 2008; Yuyama et al., 2008). Furthermore, in the oil extracted
from the tucuma relays the highest concentrations of beta-carotene when compared to the other parts of
this fruit (Ferreira et al., 2008). Carotenoids are precursors of vitamin A, so TO is an important source of
this vitamin (Nascimento et al., 2019). In addition to its excellent nutritional consistency TO can be
considered an excellent natural antioxidant and anti-inflammatory (Bony et al., 2012). Baldissera et al.
(2017) also demonstrate the hypoglycemic effect of TO in a model of diabetes, where there was an
improvement in insulin levels in the body. In this context, the oil extracted from the tucuma can represent
a potential effect on human health and a possible alternative for the use in the treatment of various diseases
that cause oxidative stress, however, the toxicological profile of this substance needs to be most studied.

AD is the most common form of dementia that currently affects more than 40 million people
worldwide and is among the epidemic trends for the coming years due to population aging (Poirier;
Gauthier, 2016). AD remains unresolved, although there are treatments aimed at improving the quality of
life. These treatments consist in the use of drugs that improve cognition and delay brain degeneration,
nevertheless, causing adverse and toxic effects to the body with no reverse the brain damage already caused
by the disease (Masoumi et al., 2018). One of the major challenges related to the treatment of AD, as well
as other neurodegenerative diseases, is the administration of substances that manage to pass through the
BBB (Serlin et al., 2015). In this sense, the use of graphene-derived nanostructures as carriers of the
bioactive substances in TO can be a promising treatment alternative.

In this way, firstly we attempted to elucidate how nanomaterial and TO interact with proteins
involved in the AD through an in silico and cytotoxicity in vitro study. Furthermore, another purpose of
this study was to examine the effect of nanomaterial (GO and rGO) and TO, isolated and/or combined, in
learning and memory impairment in a sporadic Alzheimer’s disease model in mice, as well as the
mechanisms involved in their pharmacological actions. Finally, we investigated if the treatments may
cause cytotoxicity, even as renal and hepatic damage in mice.

2. Materials and Methods

2.1 In silico experiments
2.1.1 First Principles Simulation

The molecular structures used for GO and rGO were based on the model by Rosas et al. (2011).
The 3D molecules of the major structures of TO were obtained from the PubChem website (Wang et al.,
2016). To evaluate the energetic, structural and electronic properties of the major structures of TO (09, ®3,
6, palmitic acid, stearic acid, retinoic acid and beta-carotene) interacting with graphene oxide and reduced
graphene oxide the SIESTA program (Spanish Initiative for Electronic Simulations with Thousands of
Atoms) was used (Soler et al., 2002), which is based on the density functional theory (DFT) using self-
consistent Kohn-Sham equations and the local density approximation (LDA) to describe the exchange and
correlation potential. In all simulations, a double base C plus a polarized function (DZP) was used. The
binding energies were calculated using the following expression:
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E= (Enano+oil) — Enano — Eoir

Where,E is the binding energy given in eV, E,  .0+0i1 1S the total energy of the system, E, 4,0 1S
the energy of the isolated nanostructure (GO or rGO) and E,;; is the energy of the isolated TO component.
Afterwards, the electronic properties were analyzed through the difference between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The value of the isosurface
used for the load plot in HOMO and LUMO was 0,001 e”/Bohr?.

2.1.2 Molecular docking

The molecular docking procedure was performed to verify the interactions between B-amyloid
(AB42) and acetylcholinesterase (AChE) proteins with GO, rGO, ®3, 6, ®9, palmitic acid, retinoic acid
and beta-carotene, as a preliminary study for the application of nanostructures and TO in the treatment of
AD. The molecular structures of proteins were obtained from the Protein Data Bank (Ap42 - PDB ID:
2BEG; AChE - PDB ID: 4EY6) (Bermam et al., 2000). The docking study was carried out using the
AutoDock Vina® program (Trott; Onson, 2010). The center of the box for each protein was predicted using
the DeepSite® software (freely available at www.playmolecule.org, accessed on 05 April 2021) (Jiménez
et al., 2017). The dimensions for the docking box were previously determined according to Feinstein and
Brylinski (2015). All coupling experiments were carried out with an exhaustivity parameter of 8 (Forli et
al., 2016). The strength of the interactions is calculated from a free energy of binding (FEB), given in
kcal/mol.

Atoms with a distance less than 7 A were interacting atoms (Silveira et al., 2009). Docking is not
favorable when the FEB is greater than or equal to 0 kcal/mol or when there is a complete lack of for the
exchange and correlation term. Briefly, the verification of the conformation and structure of better affinity
was given based on two criteria: (i) most negative FEB value; and (ii) root mean square deviation (RMSD)
with a maximum value of 2 A and different from zero (Durruthy et al., 2017). The more negative the FEB
value, the stronger the receptor-ligand link will be. The RMSD measurement is used to test the accuracy
of a docking method (Forli etal., 2016; Trott and Olson, 2010). The analysis of non-covalent intermolecular
interactions of the macromolecule-ligand complex was performed using 2D diagrams automatically plotted
by LigPlot v.4.5.3 (Laskowski; Swindells, 2011).

2.2 Chemicals

GO and rGO were obtained commercially from the Sigma-Aldrich®. For the cell culture experiment,
the nanostructures were diluted in ultrapure water Milli-Q (Millipore Corporation®) (5 mg/mL) with the
aid of ultrasonic bath. The TO was prepared at a concentration of 16000 pg/mL, where the oil was diluted
in surfactants and ultrapure water under magnetic stirring and temperature of 40 °C, according to previous
studies by the group (Nascimento et al., 2019). For the in vivo experiments, GO and GO were previously
solubilized in distilled water (1 mg/mL). The TO was administered to animals in its pure form (10 ml/kg).

Streptozotocin (STZ) was obtained from Sigma (St. Louis, MO) and it was dissolved in sterile
filtered water. All the other chemicals used in this experiment were of the highest purity and obtained from
standard commercial suppliers.
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2.3 In vitro experiments
2.3.1 Cell culture and treatments

HFF-1 human fibroblast cells (ATCC® SCRC-1041™) were used, commercially acquired from the
Rio de Janeiro Cell Bank. The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Sigma®), supplemented with 10% (v/v) inactivated fetal bovine serum (Sigma®) and 1%
penicillin/streptomycin (Sigma®), in a humid atmosphere 5% de CO2 at 37 °C.  The medium was changed
every 2 days and the cells were trypsinized when reaching 90% confluence. The concentration of 2x10°
cells/mL was obtained by counting in Neubauer's chamber with Trypan blue dye (0.4%). The cells were
maintained in 96-well microplates for a period of 24 h for fixation. The cytotoxicity of the treatments was
evaluated for 24 h: GO and rGO (1, 3, 10, and 30 pg/mL), TO (10 pg/mL) (Nascimento et al., 2019) and
GO or rGO (1, 3, 10, and 30 pg/mL) + TO (10 pg/mL) association, according to the laboratory protocol.
The negative control of the experiment was constituted by cells and culture medium, and the positive
control by cells, culture medium and hydrogen peroxide (10 uM) as a damage inducer. Table 1 shows the
experimental groups of the in vitro study and their composition.

Table 1. Qualitative and quantitative composition of the experimental groups of the in vitro study.

Cells Culture medium Treatment H20;
Groups
(nL) (pL) (pL) (uL)
GO 50 130 20 -
rGO 50 130 20 -
Treatmens
TO 50 130 20 -
GOorrGO+TO 50 110 20/20 -
Negative control 50 150 - -
Positive control 50 100 - 50

2.3.2 Evaluation of cell viability

The cytotoxicity assay was performed using the MTT technique (3- (4,5-dimethylthiazol-2-yl) -2,5-
diphenyl tetrazolium bromide), following the methodology described by Krishna et al. (2009). The MTT
reagent (Sigma®) was dissolved in phosphate buffered saline (0.01 mol/L; pH 7.4; 5 mg/mL). 20 pL of this
solution was added to each well, incubating for another 4 hours (37 °C and 5% CO2). Afterwards, the plates
were centrifuged, and the supernatant was removed so that there was no interference, especially with
respect to the nanostructures. The cells were resuspended in dimethylsulfoxide (DMSO) (Sigma®).
Absorbance was measured at 560 nm in an Elisa Anthos® 2010 plate reader (Labtec, Austria) and cell
viability was expressed as a percentage of the negative control value. The experiment was carried out in
triplicate.
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2.4 In vivo experiments
2.4.1 Animals

Male adult Swiss mice (25-35 g) from the Federal University of Pelotas, Brazil were used in this
study. The animals were maintained at a constant temperature (22 + 1 °C), on a 12 h dark/light cycle (with
lights on at 6:00 a.m.), with free access to food and water. Animal care and all experimental procedures
were conducted in accordance with the Committee on Care and Use of Experimental Animal Resources,
Federal University of Pelotas, Brazil (CEEA 1974/2016) and in compliance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals (NIH publications no. 80-23, revised in 1996)
(National Research Council, 1996). Every effort was made to minimize the number of animals used and
their discomfort.

2.4.2. Experimental protocol

Mice were randomly divided into 10 experimental groups (6 animals/group) (Table 2). Thirty
minutes before initiating induction, mice received the intragastrically (i.g.) treatments via gavage as
described in Table 2. After treatments, mice belonging to the V, VI, VII, VIII, IX and X groups were
induced with STZ (2 pL of 2.5 mg/ml solution, intracerebroventricular (i.c.v.)), while I, II, Ill and 1V
groups received saline solution (vehicle) (2 pL, i.c.v.). The i.c.v. infusions of STZ or saline were
administered using a microsyringe with a 28-gauge, 3.0 mm long stainless-steel needle (Hamilton)
according to a previous report (Haley and Mccormick, 1957, Fronza et al. 2019). STZ injected i.c.v.
(glucosamine-nitrosourea compound) mimics AD in mice (Grieb 2016; Martini et al. 2019; Pinz et al.
2021). On the third day of experimental protocol, i.c.v. injections were repeated. All animals were
anesthetized with isoflurane before i.c.v. injections. During the dissection of the animal brain, the success
of the injection was examined macroscopically, discarding animals whose injection occurred in an
inappropriate place or caused cerebral hemorrhage.

Experimental Mice received treatments by i.g. route every day, until the tenth day of the
experimental protocol. On the ninth day of experimental protocol, behavioral tests were initiated. An
observer blinded to the study plan performed all observations. On the eighteenth day, mice were
anaesthetized by inhalation of isoflurane for blood collection by cardiac puncture. Later, livers, kidneys
and brains were removed for ex vivo experiments. The experimental protocol is demonstrated in Fig.1.

Table 2. Experimental groups.

Group Treatment

| — Sham Distilled water 10 mL/kg (i.g.) + Saline (i.c.v.)
I1-GO GO 1 mg/kg (i.g.) + Saline (i.c.v.)

I -rGO rGO 1mg/kg (i.g.) + Saline (i.c.v.)

IV-TO TO 10 mL/kg (i.g.) + Saline (i.c.v.)
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V-STZ Distilled water 10 mL/kg (i.g.) + STZ (i.c.v.)

VI -GO+STZ GO 1 mg/kg (i.g.) + STZ (i.c.v.)

VIl - rGO+STZ rGO 1 mg/kg (i.g.) + STZ (i.c.v.)

VIl - TO+STZ TO 10 mL/kg (i.9.) + STZ (i.c.v.)

IX-GO+TO+STZ GO 1mg/kg (i.9.) +TO 10 mL/kg (i.g.) +STZ (i.c.v.)

X-rGO+TO+STZ rGO 1 mg/kg (i.g.) + TO 10 mL/kg (i.g.) +STZ (i.c.v.)

Animals were treated intragastrically (i.g.) with graphene oxide (GO), reduced graphene oxide (rGO),
tucuma oil (TO) and distilled water 30 minutes before intracerebroventricular (i.c.v.) streptozotocin (STZ)
or i.c.v. saline infusion. On day three of the experimental protocol, the i.c.v. induction with STZ or saline
was repeated. The i.g. treatments were performed every day, until the seventeenth day of the experimental
protocol. The number of mice tested was 6 each group.

STZ
i.c.v.
Y maze test
T maTIe es SDIAT
| | ORT 1 -Euthanasia
m ! E] 1 17/118|—*| -Exvivo
l l l L 1 1 3 experiments
— | 1| Days
15{(16
OFT
|Trcatmenls

GO rGO TO GO+TO rGO+TO
Img/kg (i.g.) per day

Fig. 1. Scheme of experimental protocol. Thirty minutes after intragastric (i.g.) treatments, mice received
streptozotocin (STZ) or vehicle (saline) intracerebroventricularly (i.c.v.). On day three of the experimental
protocol the i.c.v. injections were repeated. The i.g. treatments were performed every day, until the
seventeenth day of the experimental protocol. Behavioral tasks started on the nine day of the experimental
protocol. On the ninth day the Y-maze task was performed. On the fifteenth day the open-field test (OFT)
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and object recognition task (ORT) was performed. On the sixteenth day ORT was performed. On the
seventeenth and eighteenth days the step-down inhibitory avoidance task (SDIAT) was performed. On the
eighteenth day, after the SDIAT test, the mice were sacrificed.

2.4.2 Behavioral tests
2.4.2.1 Open field test (OFT)

The OFT was carried out to identify locomotors disabilities, which might influence other tasks. This
test evaluated the spontaneous locomotor and exploratory behaviors of mice (Walsh and Cummins, 1976).
The OFT apparatus was made of plywood and surrounded by 30 cm-high walls. The floor of the open-field
(40 cm long x 40 cm wide) was divided into 9 squares (3 rows of 3). Each animal was placed at the center
of the open field and observed for 4 min to record the locomotor (hnumber of segments crossed with the
four paws) and exploratory (number of readings on the hind limbs) activities. The OFT test was performed
on the fifteenth day of experimental protocol (Fig. 1).

2.4.2.2 Y-maze task

The Y-maze task was performed as described by Sarter et al. (1988) and it was used as a measure
of working memory. The Y-maze apparatus consisted of a three-arm horizontal maze (40 cm long and 3
cm wide with walls 12 cm high) in which the three arms at 120° angles to each other, radiated out from a
central point. The Y-maze task was performed on the ninth day of experimental protocol (Fig. 1). Mice
were initially placed within one arm (A), and the arm entry sequence (e.g. ABCCAB, where letters indicate
arm codes) and the number of arm entries were recorded manually for each mouse over an 8 min period.
Alternation was determined from successive entries into the three arms on overlapping triplet sets in which
three different arms are entered. An actual alternation was defined as entries into all three arms
consecutively (i.e. ABC, CAB or BCA but not BAB). An entry was defined as placing all four paws within
the boundaries of the arm.

2.4.2.3 Object recognition tasks

ORT was used to assess the short-term (STM) and long-term (LTM) memories of mice. ORT was
performed in an open-field apparatus according to Stangherlin et al. (2009). On the day of the task (fifteenth
day of experimental protocol) (Fig. 1), each animal was submitted to a habituation session in the absence
of objects for 5 min. Subsequently, four objects were used: Al, A2, B and C. All objects were made of
plastic, measuring 10 x 10 cm (length x height). During the training, on the fifteenth day of the experimental
protocol, the animals were placed in the arena containing two identical objects (objects Al and A2) for 5
min. Exploration was defined when the animal directed its nose within 2 cm of the object while looking,
sniffing, or touching it. The STM of mice was evaluated 1.5 h after training in the presence of a familiar
object (A1) and a new object (B), and the total time spent in exploring each object was determined during
5 min to measure the learning and recognition memory. The LTM was performed 24 h after training, on
the sixteenth day of the experimental protocol, where mice were placed to explore a familiar object (A1)
and a new object (C) for 5 min and the total time spent in exploring each object was determined. Data were
expressed as a percentage of the exploratory preference and calculated as follows:
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IR = (ﬁ ) x 100
STM = (m) x 100
LTM = (m) x 100

2.4.2.4 Step-down inhibitory avoidance task (SDIAT)

SDIAT was performed to evaluate aversive and non-spatial LTM as described by Sakaguchi et al
(2006). During the training session (on the seventeenth day of the experimental protocol) (Fig. 1), each
mouse was placed on the platform. When it stepped down and placed its four paws on the grid floor, an
electric shock (0.5 mA) was delivered for 2 s. Twenty-four hours after the training session, the mice were
tested under the same conditions without electric shock. Each mouse was placed again on the platform, and
the transfer latency time (i.e., time taken to step down from the platform) (seconds) was measured as in the
training session. The maximum transfer latency time (seconds) was 300 s.

2.5 EX vivo assays
2.5.1 Brain sample preparation

The cerebral cortices and hippocampus (n = 6 for each experimental group) were separated in order
to submit each sample to all neurochemical determinations. The cerebral structures (cerebral cortices and
hippocampus) were washed with cold saline solution (0.9 %). The samples were homogenized in 0.25 M
sucrose buffer (1:10, w/v) to determine AChE activity and 50 mM Tris-HCI, (1:10, w/v) to determine
thiobarbituric acid reactive (TBARS) and reactive species (RS) levels, and superoxide dismutase (SOD)
activity. Thus, homogenates were centrifuged at 900 xg for 10 min at 4 °C to obtain supernatant fraction
(S1).

2.5.2 AChE activity

The AChE enzymatic assay was performed according to the method of Ellman et al. (1961), with some
modifications, using acetylthiocholine as substrate. The method is based on the formation of the yellow
anion, 5-thio-2-nitro-benzoic acid, measured by absorbance at 412 nm during 2 min incubation. Results
were expressed as pmol/(acetylthiocholine) AcSCh/h/mg protein.

2.5.3 SOD activity

The SOD activity was assayed spectrophotometrically as described by Misra and Fridovich (1972).
This method is based on the capacity of SOD in inhibiting autoxidation of epinephrine to epinechrome.
The color reaction was measured at 480 nm. Aliquots of S1 were added in a 50 mM sodium carbonate
(Na2COg) buffer pH 10.3 and the enzymatic reaction was initiated by adding epinephrine. One unit of
enzyme was defined as the amount of enzyme required to inhibit the rate of epinephrine autoxidation by
50 % at 26 °C. The enzymatic activity was expressed as units (U SOD)/mg protein.
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2.5.4 RS levels

The RS quantification was determined by a spectrofluorimetric method, using 2'.7'-
dichlorofluorescein diacetate (DCHF-DA) assay as described by Loetchutinat et al. (2005). The S1 was
incubated with DCHF-DA (1 mM). The oxidation of DCHF-DA to fluorescent dichlorofluorescein (DCF)
was measured for the detection of intracellular RS. The DCF fluorescence intensity emission was recorded
at 520 nm (with 480 nm excitation), 15 min after the addition of DCHF-DA to the medium. The results
were expressed as arbitrary units of fluorescence (UF).

2.5.5 TBARS levels

The lipid peroxidation was evaluated by TBARS formation (Ohkawa et al., 1979). An aliquot of S1
was added to the reaction mixture containing: thiobarbituric acid (0.8 %), sodium dodecyl sulfate (SDS)
(8.1 %), and acetic acid (pH 3.4) and incubated at 95 °C for 2 h. The absorbance was measured at 532 nm.
Results were expressed as nmol malondialdehyde (MDA) /mg protein.

2.5.6 Plasma glucose levels

Plasma glucose levels were determined to further confirm that 2 pL of 2.5 mg/mL of STZ is a
subdiabetogenic dose. After collection of heparinized blood, the samples were separated by centrifugation
at 900 xg for 15 min and glucose levels were determined by an enzymatic colorimetric method using a
commercial kit (Bioclin, Brazil). Glucose levels were expressed as mg/dL.

2.5.7 Toxicological analysis

Samples of livers and kidneys were collected and homogenized in 50 mM Tris/HCI pH 7.5, (1:10,
w/v) and centrifuged at 900 xg for 10 min at 4 °C to yield S1. TBARS levels were assayed by the method
of Ohkawa et al. (1979) described above (item 2.5.5). The RS levels were assayed by the method of
Loetchutinat et al. (2005) described above (item 2.5.4). These dosages were determined for the evaluation
of oxidative damage in the livers and kidneys of mice after treatments. Heparinized bloods were collected,
and plasma samples were obtained by centrifugation at 900xg for 10 min and used for biochemical assays.
Biochemical assays were performed using commercial kits. Alanine (ALT) and aspartate (AST)
aminotransferase activities were used as biochemical markers for early acute hepatic damage, and they
were determined by the colorimetric method (Reitman and Frankel, 1957). The values were expressed as
U/l. Renal function was analyzed by determining plasma urea and creatinine (MacKay and MacKay, 1927).
The values were expressed as mg/dL.

2.5.8 Protein determination
The protein concentration was measured by the Bradford method (1976), using bovine serum
albumin as the standard.

2.6 Statistical analysis
The data are expressed as mean = standard error of the mean (SEM). Data were analyzed by Graphpad
Prism® 5 and the normality of data was evaluated by the D'Agostino and Pearson omnibus normality test.
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Statistical analysis was performed using one-way ANOVA followed by the Newman-Keuls test. Values of
p < 0.05 were considered statistically significant.

3. Results

3.1 Insilico results

In Fig. 2 we show the active sites for the macromolecules AB42 and AChE and the respective sites
where the simulation box was designed for the molecular docking study with the ligands. As can be
observed in figure 2A, the APB42 protein receptor sites are located at a specific point in the macromolecule
structure, whereas for AChE (Fig. 2C), the active sites are in a concentrated portion of its structure. From
the coordinates obtained from the active sites, the structure of the simulation box was designed for both
proteins (Fig. 2B and Fig 2D), with X =-8.7 A, Y=1.0 A and Z=0.7 A for AB42 protein and X = 13.7 A,
Y =43.9 Aand Z =27.9 A for AChE. Table 3 shows the box size for each of the binders. Table 3 shows
the box size for each of the binders.

Binding Site Prediction

B)

: Center: [-8.7; 1.0; 0.7]

\/

Center: [-13.7: 43.9: 27.9]

Fig. 2. (A) Representation of the predicted binding sites for f-amyloid protein (AB42). (B) Representation
of the docking box simulation set for the most probable binding site of for B-amyloid protein (Ap42)
according with the maximum score in the DeepSite. (C) Representation of the predicted binding sites for
acetylcholinesterase (AChE). (D) Representation of the docking box simulation set for the most probable
binding site for acetylcholinesterase (AChE) according to the maximum score in the DeepSite.
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Table 3. Docking box dimensions for each of the studied binders.

Ligand Box dimensions (A)

GO (27.983; 27.983: 27.983)
rGO (27.895; 27.895; 27.895)
o3 (15.999; 15.999; 15.999)
06 (18.612; 18.612; 18.612)
®9 (19.080; 19.080; 19.080)

Palmitic acid  (27.710; 27.710; 27.710)
Stearic acid (31.076; 31.076; 31.076)
Retinoic acid  (21.750; 21.750; 21.750)

Beta-carotene (42.835; 42.835; 42.835)

Afterward, molecular docking approaches were carried out to assess the interaction between protein
binding and different ligands. Table 4 shows the values of free energy of binding or affinity (kcal/mol)
obtained for the best docking complexes with values of RMSD <2 A.

Table 4. Affinity and RMSD values obtained for the best fit configurations based on the free binding energy
between the ligands and the B-amyloid (AP42) and acetylcholinesterase (AChE) proteins, highlighting the
best affinity ligand with the symbol (*).

Ligand Ap42 AChE
Affinity RMSD Affinity RMSD
(kcal/mol)  (A)  (kcal/mol)  (A)

GO -13.7 1.077 -10.4 1.606
rGO* -15.8 1.656 -11.9 1.834

®3 -4.1 1.743 -7.0 1.344

®6 -3.8 1.797 -6.6 1.479

®9 -3.6 1.749 -6.4 1.211
Palmitic acid -4.8 2.216 -6.0 1.551
Stearic acid -4.5 1.188 -5.2 1.438
Retinoic acid -6.2 1.495 -9.3 1.279
Beta- 74 1.531 -9.9 1.402

carotene
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Figure 3 shows the types of interactions and the relevant target residues involved in docking between
the protein AB42 and rGO, which was the system of greatest affinity among those studied.
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Fig. 3. Interaction between reduced graphene oxide (rGO) and P-amyloid protein (AB42): (A)
representation of the best fit configuration and (B) 2D diagram of the types of interactions involved in the
system.

The interactions and the relevant target residues involved between the rGO and AChE complex were
also analyzed. Figure 4 shows the diagram of the interactions of this system.
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Fig. 4. 2D diagram of interactions between acetylcholinesterase (AChE) and reduced graphene oxide
(rGO).

In addition to molecular docking studies, calculations of first principles were performed to assess
the interaction between nanostructures (GO and rGO) and the major components of TO. Interactions were
made in different arrangements between the molecules according to the most susceptible regions through
the interactions observed in the analysis of the isolated molecules. Table 5 shows the values of the shortest
distance between atoms, binding energy (Elig), difference HOMO-LUMO (AHL) and charge transfer (Aq)
only for the most stable configurations of GO/rGO+TO systems. The images of the molecular structures
optimized for each of these systems can be seen in Supplementary Material as Fig. S1.

Table 5. Initial distance, final distance, binding energy (Eiig), difference HOMO-LUMO (AHL) and charge
tranfer from tucuma oil components (TO) to nanostructures (Aq) for graphene oxide (GO)/reduced
graphene oxide (rGO) + major components of TO.

- o AHL  Aq(e

System Initical distance (A) Final distance (A) Eig(eV) V) )
GO+palmitic acid 2.00 (He1-Hais7) 1.45 (H134-Hi3o) -2.05 0.18 +0.04
GO-+stearic acid 2.00 (He1-H1s6) 1.70 (H137-Haiss) -1.76 0.16 +0.25
GO+m3 2.00 (He1-Ha17s) 1.95 (His7-Hi72) -2.28 0.16 +0.18
GO+m6 2.00 (H1ss-Hass) 1.56 (H134-H13s) -1.77 0.14 +0.06
GO+m9 2.00 (H137-Ha17e) 1.27 (Hsg-O139) -2.87 0,13 +0,03
GO+retinoic acid 2,00 (H137-Haes) 1,85 (He1-Haso) -2,26 0,17 +0,14
GO+beta-carotene 2,00 (He1-H227) 1,99 (His7-H222) -2,01 0,08 -0,13
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rGO+palmitic acid
rGO+stearic acid
rGO+m3
rGO+m6
rGO+m9
rGO+retinoic acid
rGO+beta-carotene

2.00 (C20-Ha47)
2.00 (C2s-Hie2)
2.00 (C20-Hars)
2.00 (C22-Haeo)
2.00 (Ca7-Hae1)
2.00 (Cs-Hass)
2.00 (H120-Hao1)

2.54 (Ce5-H173)
2.30 (H120-H130)
1.90 (Hss-Ha77)
2.07 (Hss-Hu7s)
1.29 (Hss-O130)
1.30 (Hss-O130)
1.99 (H120-H191)

-1.28
-1.43
-1.59
-1.35
-2.20
-1.86
-1.57

0.10
0.11
0.09
0.09
0.07
0.02
0.06

Vol:-10 No-3, 2022

+0.30
+0.31
+0.33
+0.33
+0.06
+0.04
-0.09

Figure 5 shows the energy levels and the electronic charge distribution for the GO+w9 (Fig. 5A)
and rGO+®9 interactions (Fig. 5B), which were the most stable.
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Fig. 5. Energy levels and local charge density for systems A) graphene oxide+®9 (GO+®9) and B) reduced
graphene oxide+®9 (rGO+ ®9).
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3.1 Cytotoxicity

The effects of GO are isolated and combined with TO on the cell viability of fibroblasts shown in
figure 6. The treatment of cells with GO for a period of 24 hours showed that this nanostructure did not
affect cell viability in any of the tested concentrations (1, 3, 10, 30 mg/mL), being statistically equal to the
negative control (CN) (CN: 100%; [1]: 109.40%; [3]: 119.11%; [10]: 100.31%; [30]: 89.93%) (Fig. 6A).
The association of TO with GO also did not cause cell death and all tested concentrations were shown to
be proliferative (Fig. 6B). In addition, it can be noted that there is no significant difference in cell viability
between the tested concentrations ([1]: 134.19%; [3]: 142.92%; [10]: 158.97%; [30]: 149.14%). The
positive control consisting of hydrogen peroxide at 10 uM, which was the damage pattern used in the test,
showed low cell viability, around 50%.

A GO B GO +TO
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o
\.‘\ k’\ (,0

Treatments (ug/mL)

Fig. 6. Effect of graphene oxide (GO) (A) and synergism between graphene oxide (GO) and tucuma oil
(TO) (B) on the viability of human fibroblast cells by reducing MTT within 24 hours of incubation. Results
expressed as percentage of the negative control (100%). Data were expressed as mean + standard error of
the mean (SEM). Analyzes were performed by one-way ANOVA followed by Dunnett's test (n=3). Values
with p <0.05 were considered statistically significant, being * p <0.05, ** p <0.01 and *** p <0.001.

The possible cytotoxic effects of treating cells with rGO alone and combined with TO were also
investigated (Fig. 7). The results showed that treatment with rGO for a period of 24 hours did not affect
cell viability at any of the tested concentrations (Fig. 7B). The concentration of 30 mg/mL demonstrated
cell proliferation and there was no significant difference in relation to CN (CN: 100%; [1]: 100.14%; [3]:
92.55%; [10]: 94.57 %), indicating absence of cytotoxicity. The synergism of rGO with TO also did not
cause cell death and all tested concentrations were shown to be proliferative, with no significant difference
between them ([1]: 180.59%; [3]: 188.58%; [10]: 200.06%; [30]: 189.56%) (Fig. 7B).
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Fig. 7. Effect of reduced graphene oxide (rGO) (A) and synergism between reduced graphene oxide (rGO)
and tucuma oil (TO) (B) on the viability of human fibroblast cells by reducing MTT within 24 hours of
incubation. Results expressed as percentage of the negative control (100%). Data were expressed as mean
* standard error of the mean (SEM). Analyzes were performed by one-way ANOVA followed by Dunnett's
test (n=3). Values with p <0.05 were considered statistically significant, being * p <0.05, ** p <0.01 and
*** n <0.001.

3.2 In vivo experiments

3.2.1 GO, rGO, TO and STZ did not cause any significant change in locomotor and exploratory activities
The one-way ANOVA followed by Newman-Keul’s test demonstrated that treatments did not cause

any significant change in the number of rearings (ANOVA: Foso = 2.184, p= 0.0390) or crossings

(ANOVA: Fos0 = 0.6109, p= 0.4744) (Fig. 8A and Fig. 8B).
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Fig. 8. Effect of graphene oxide (GO), reduced graphene oxide (rGO), tucuma oil (TO) isolated and combined, and/or
streptozotocin (STZ) on the open-field test (OFT) on the (8A) number of rearings and (8B) number of crossings.
Data are reported as mean + standard error of the mean (SEM) of six animals per group (one-way analysis of
variance/Newman-Keuls test).

3.2.2 GO, rGO and TO protect against cognitive and memory impairment induced by i.c.v. injections of
STZ

The one-way ANOVA followed by Newman-Keul’s test demonstrated that STZ reduced the
spontaneous alternation behavior in the Y-maze task, when compared with the Sham group (Fig. 9A). GO,
rGO and TO, prevented the reduction of spontaneous alternation behavior, when compared with the STZ
group (ANOVA: Fg,50 =5.114, p< 0.0001) (Fig. 9A). Also, synergisms of GO+TO and rGO+TO, prevented
the reduction of spontaneous alternation behavior, when compared with the STZ group, but did not cause
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any significant change when compared to their respective groups (GO+STZ, rGO+STZ and TO+STZ) (Fig.
9A). The treatments did not cause any significant change in the number of arm entries (ANOVA: Fg 50 =
0.984, p=0.4648) (Fig. 9B) in the Y-maze task.

The one-way ANOVA followed by Newman-Keul’s test revealed that there was no difference in
the exploratory preference of objects among groups in the training phase (ANOVA: Foso0 = 0.9968, p=
0.4549) (Fig. 9C) in the ORT. STZ reduced the exploratory preference of the new object in the STM (Fig.
9D) and LTM (Fig. 9E), when compared with the Sham group. Treatments with GO, rGO and TO were
able to prevent these reductions in the STM (Fig. 9D) and LTM (Fig. 9E), when compared with the STZ
group (ANOVA: Foso = 2.421, p= 0.0228 for STM; ANOVA: Fos0 = 3.254, p= 0,0035 for LTM) in the
ORT. Also, synergisms of GO+TO and rGO+TO, prevented the reduction in the exploratory preference of
the new object in the STM (Fig. 9D) and LTM (Fig. 9E), when compared with the STZ group, but did not
cause any significant change when compared to their respective groups (GO+STZ, rGO+STZ and TO+STZ
groups) (Fig. 9D and Fig. 9E).

In the training phase of SDIAT, there was no difference in the transfer latency time among groups
(ANOVA: Fg,50 = 2.072, p= 0.0502) (Fig. 9F). In the test phase, STZ decreased the transfer latency time,
when compared with the Sham group (Fig. 9F). GO, rGO and TO treatments significantly prevented this
reduction (ANOVA: Feso = 8.172, p<0.0001), when compared with the STZ group (Fig. 9G). Synergism
of GO+TO did not prevent the reduction in the transfer latency time, while synergism rGO+TO had effect
in preventing this parameter, when compared with the STZ group (Fig. 9F). Also, synergism rGO+TO did
not cause any significant change when compared with rGO+STZ and TO+STZ groups, but synergism of
GO+TO was different when compared with GO+STZ and TO+STZ groups (Fig. 9F).
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Fig. 9 Effect of graphene oxide (GO), reduced graphene oxide (rGO), tucuma oil (TO), isolated and combined
and/or streptozotocin (STZ) on the memory and cognition tests of mice. Spontaneous alternation behavior
(9A) and number of arm entries (9B) in the Y-maze task; training (9C), first trial (percentage of time spent
exploring the novel object, test carried out 1.5 h after training) (9D) and second trial (percentage of time
spent exploring the novel object, test carried out 24 h after training) (9E) in the object recognition task
(ORT); training (latency (s) to fall from the platform) (9F) and test (latency (s) to fall from the platform)
(9G) in the step-down inhibitory avoidance task (SDIAT). Data are reported as mean + standard error of
the mean (SEM) of six animals per group (one-way analysis of variance/ Newman-Keul’s test). (¥) p <
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0.05, (**) p <0.01, (***) p < 0.001 as compared with the sham group. (#) p < 0.05, (##), p < 0.01, (###),
p < 0.001, (####), p < 0.0001 as compared with the STZ group. (&&&), p < 0.001, (&&&&), p < 0.0001
as compared with the GO+TO+STZ group.

3.2.3 rGO and TO treatments protects against increase in AChE activity induced by i.c.v. injections of
STZ

Figure 10A demonstrated that no alteration was observed in the AChE activity in the cerebral
cortices of mice (ANOVA: Fos0 = 2.092, p= 0.0480).

STZ administration promoted a significant increase in the AChE activity in the hippocampus of
mice, when compared with the Sham group (Fig. 10B). rGO and TO treatments, but not GO treatment,
significantly prevented the increase in the AChE activity caused by STZ in the hippocampus of mice
(ANOVA: Fgs50 = 8.551, p<0.0001) (Fig. 10B). Synergism of GO+TO did not prevent the increase in the
hippocampus AChE activity, while synergism rGO+TO had effect in preventing this parameter, when
compared with the STZ group (Fig. 10B). Also, synergism rGO+TO did not cause any significant change
when compared with rGO+STZ and TO+STZ groups, but synergism of GO+TO was statistically different
from TO+STZ group and similar to GO+STZ group (Fig. 10B).
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Fig. 10 Effect of graphene oxide (GO), reduced graphene oxide (rGO), tucuma oil (TO) isolated and
combined, and/or streptozotocin (STZ) on the acetylcholinesterase (AChE) activity in cerebral cortex (10A)
and hippocampus (10B) of mice. Data are reported as mean * standard error of the mean (SEM) of six
animals per group (one-way analysis of variance/ Newman-Keul’s test). (*) p < 0.05, (**) p < 0.01, (¥**)
p < 0.001 as compared with the sham group. (#) p < 0.05, (##) p < 0.01, (###) p < 0.001 as compared with
the STZ group. (&&&) p < 0.001 as compared with the GO+TO+STZ group.

3.2.4 GO, rGO and TO treatments modulates oxidative stress induced by i.c.v. injections of STZ

STZ administration promoted a significant increase in RS levels in the cerebral cortices (Fig.11A)
and hippocampus (Fig.11B) of mice, when compared with the Sham group. GO and TO treatments
significantly prevented the increase of RS levels caused by STZ in the cerebral cortices (ANOVA: Foso =
2.64, p=0.0139) (Fig. 11A). Synergism of rGO+TO did not prevent the increase in the RS levels, while
synergism GO+TO had effect in preventing this parameter, when compared with the STZ group (Fig. 11A).
Also, synergisms did not cause any significant change when compared to their respective groups (GO+STZ,
rGO+STZ and TO+STZ groups) in the cerebral cortices of mice (Fig. 11A). Figure 11B showed that rGO
treatment significantly prevented the increase of RS levels caused by STZ in the hippocampus, while GO
and TO did not have effect (ANOVA: Fos0 = 2.092, p= 0.0480). Synergism GO+TO and rGO+TO, caused
a significant decrease in the RS levels in the hippocampus of mice, when compared with the STZ group,
but did not cause any significant change when compared to their respective groups (GO+STZ, rGO+STZ
and TO+STZ groups) in the hippocampus of mice (Fig. 11B).

For TBARS levels, the one-way ANOVA followed by Newman-Keul’s test showed that STZ
increased the TBARS levels in the cerebral cortices (Fig. 11C) and hippocampus (Fig. 11D) of mice, when
compared with the Sham group. The treatments with GO, rGO and TO reduce the STZ -induced increase
in the TBARS levels in the cerebral cortices (ANOVA: Fg, 50 = 2.794, p= 0.0098) (Fig. 11C). Synergism
GO+TO and rGO+TO, caused a significant decrease in the TBARS levels in the cerebral cortices of mice,
when compared with the STZ group, but did not cause any significant change when compared to their
respective groups (GO+STZ, rGO+STZ and TO+STZ groups) (Fig. 11C). GO, rGO and TO did not reduce
the STZ-induced increase in the TBARS levels in the hippocampus (ANOVA: Fg, 50 = 3.841, p= 0.0010)
of mice (Fig. 11D). Synergisms GO+TO and rGO+TO cause a significant decreased in the TBARS levels,
when compared with the STZ group in the hippocampus of mice although did not cause any significant
change when compared to their respective groups (GO+STZ, rGO+STZ and TO+STZ groups) (Fig. 11D).

Figure 11E demonstrated that no alteration was observed in the SOD activity in the cerebral cortices
of mice (ANOVA: Fg, 50 = 2.079, p= 0.0494). Figure 11F showed that STZ increased the SOD activity in
the hippocampus of mice, when compared with the Sham group. GO, rGO and TO treatments significantly
prevented the increase in hippocampus SOD activity induced by STZ (ANOVA: Fo4s = 3.128, p= 0.0048)
(Fig. 11F). Synergism GO+TO and rGO+TO, caused a significant decrease in the SOD activity in the
hippocampus of mice, when compared with the STZ group, but did not cause any significant change when
compared to their respective groups (GO+STZ, rGO+STZ and TO+STZ groups) (Fig. 11F).
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Fig. 11 Effect of graphene oxide (GO), reduced graphene oxide (rGO), tucuma oil (TO) isolated and

combined, and/or streptozotocin (STZ) on the oxidative stress.
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cortex (11E) and hippocampus (11F) of mice. Data are reported as mean + standard error of the mean
(SEM) of five-six animals per group (Due to lack of hippocampi samples in GO and rGO+STZ groups to
SOD test) (one-way analysis of variance/ Newman-Keul’s test) (*) p < 0.05, (**) p <0.01, (***) p <0.001,
(****) p < 0.0001, as compared with the sham group. (#) p < 0.05, (##) p < 0.01, (###) p < 0.001, (####)
p < 0.0001 as compared with the STZ group.

3.2.5 GO, rGO and TO treatments did not induce toxicity

The oral administrations of GO, rGO and TO (1 mg/kg/per day) did not cause death of exposed
mice. In table 6, administrations of GO, rGO and TO did not alter ALT (ANOVA: Foss = 0.6437, p
=0.7541) and AST (ANOVA: Fos0 =0.4774, p =0.8829) activities, as well as urea (ANOVA: Fg50 = 1.165,
p= 0.3377) and creatinine (ANOVA: Fg49 =0.8642, p =0.5626) levels. Additionally, no alteration was
observed in the RS and TBARS levels in the liver (ANOVA: Fgs0 = 1.412, p= 0.2083 and ANOVA: Fg 50
= 1.095, p= 0.3833, respectively) (Fig. 12A and Fig. 12B, respectively) and kidney (ANOVA: Fog, 50 =
0.7364, p= 0.6738 and ANOVA: Fo, 50 = 0.4455, p= 0.9033, respectively) (Fig. 12C and Fig. 12D,
respectively) of mice, when compared to the control group.

Table 6. Effect of graphene oxide (GO), reduced graphene oxide (rGO), tucuma oil (TO) and/or
streptozotocin (STZ) on the plasma biochemical markers in mice.

Group AST ALT Urea (mg/dL) Creatinine (mg/dL)
(U/L) (U/L)

Sham 229.2+18.08 96.7+7.78 70.60 +4.60 0.40 +0.04
STZ 230.2+23 943+6.13 73.1+311 0.45+0.03
GO 206.2+23 983+506 71.6+2091 0.46 £ 0.02
GO+STZ 204 +10.47 96.1+525 74.6+4.55 0.39+£0.02
rGo 203.2+23.28 943+9.34 64.6+3.85 0.42 +0.03
rGO+STZ 225.6 +12.48 99.8+7.19 71.1+265 0.42 +0.02
TO 197.8+10.38 82.1+3.98 67.4+1.98 0.39+0.04
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TO+STZ 2255+2422 88.8+6.61 63.6+3.55 0.47 £0.03
GO+TO+STZ 216.1+16.91 925+6.19 69.6 +3.06 0.41+0.03
rGO+TO+STZ 2326+21.95 925+7.37 651+3.77 0.38 £0.02

Data are reported as mean + standard error of the mean (SEM) of six animals per group. Statistical analysis
was performed using one-way ANOVA followed by the Newman-Keuls test. Abbreviations: Aspartate
(AST) and alanine (ALT) aminotransferases.

AN

nmol malondialdchyde/mg protein

<V

nmol malondialdehyde/mg protein

= RN

D N O N O NNV
& 4 (.* AN NS
o T SPCPC
o é' ~ xﬁ N
QO
(O

Fig. 12 Effect of graphene oxide (GO), reduced graphene oxide (rGO), tucuma oil (TO) isolated and
combined, and/or streptozotocin (STZ) on the toxicity parameters. Reactive species (RS) levels in liver
(12A) and kidney (12C) of mice. Thiobarbituric acid reactive species (TBARS) levels in liver (12B) and
kidney (12D) of mice. Data are reported as mean + standard error of the mean (SEM) of five-six animals
per group (one-way analysis of variance/ Newman-Keul’s test).
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4. Discussion

In this study we showed, for the first time, through in silico, in vitro, in vivo and ex vivo analyses
with GO, rGO and TO isolated and in synergism to verify the safety of use as well as the effectiveness of
these substances in the treatment of mice submitted to the model of dementia sporadic Alzheimer's type
induced with STZ. This study provided evidence that GO, rGO and TO are not cytotoxic and protected
against STZ-induced learning and memory impairment, which was accompanied by modulation of AChE
activity and oxidative damage in the brain structures of mice. Moreover, no changes were observed in
plasma markers of kidney and liver damage, in addition to oxidative markers in these tissues.

Initially, a computer simulation study was carried out to evaluate the molecular mechanisms of
interaction of GO, rGO and TO with biomolecules related to AD. In addition, the effects of synergism
between nanostructures and major components of TO were also investigated. In fact, computer simulation
in studies with nanomaterials is highly relevant, since the low dimensionality of these structures generates
qguantum effects that can be predicted in silico. Computational methods are a potential alternative to
significantly reduce the use of animals, in addition to being a fast and low-cost method (Graham; Prescott,
2015; Passini et al., 2017).

Our results showed an interaction of nanostructures and major components of TO with protein Ap42,
demonstrating that all molecules had an affinity for the protein, except palmitic acid, which had an RMSD
value higher than 2 A. It was also possible to observe that GO and rGO showed an affinity greater than -
13 kcal / mol, which indicates a high attraction of these nanostructures for protein Ap42, with rGO being
the substance with the best result. The fatty acids present in the TO were those that obtained the lowest
affinity for the protein.

The best complexation between rGO and AB42 occurred through the interaction of the functional
groups of the nanostructure with the amino acid’s isoleucine, valine, glycine and methionine. The
methionine amino acid residue is largely responsible for the toxicity of the peptide, so its interaction with
the nanostructure is promising in the toxicity reduction (Varadarajan et al., 2001). It can also be noted that
there was a 3.1 A hydrogen bonding interaction between the glycine 37 of the protein A chain and the
oxygen atom of the hydroxyl functional group of the nanostructure, which indicates a strong interaction
between the protein and rGO. There is also a tendency for covalent bonding between isoleucine 41 in chain
B and the oxygen atom of the carboxyl group, methionine 35 in chain C with carbons 63 and 71 and between
valine 39 in chain A and carbon 53 in the nanostructure. In addition, there are weak interactions of the
hydrophobic bond type between protein residues and rGO atoms. It is important to highlight that in a
receptor-ligand complexation, a combination of strong and weak interactions occurs, which indicates that
rGO, theoretically, has great possibilities to inhibit the AB42 protein.

The docking study was also carried out with the enzyme AChE, in which the highest values of
affinity obtained were in interactions with the nanostructures. The molecule with the lowest affinity for the
enzyme AChE was palmitic acid. The key active sites for AChE enzyme inhibition are tyrosine 337,
histidine 447, glutamate 202 and serine 203 residues (Cheung et al., 2012). As can be seen, the AChE
inhibitory drug interacts with these amino acids through hydrophobic interactions, with histidine 447,
glutamate 202 and serine 203, and through hydrogen bonding with tyrosine 337, which is the main AChE
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inhibitory site (Cheung et al., 2012). The rGO, despite having an extremely strong interaction with the
enzyme (-11.9 kcal/mol) and presenting hydrogen bonds and hydrophobic interactions, does not interact
with the fundamental enzyme inhibition residues known until today, and may act for some other type of
mechanism still unknown.

In the docking study, it was observed that all the ligands analyzed had a good interaction for the
protein AP42, and the rGO that showed the highest affinity for this protein. Although no experimental tests
involving the AP protein have been performed, the simultaneous analysis of the theoretical and
experimental results suggests that rGO has a great chance of acting on the AP protein and possibly reversing
its activity in the brain, since this nanostructure was able to protect against the DA damage induced in mice
in all in vivo tests performed and interacted with the main residue involved in the neurotoxicity of this
protein in silico (Varadarajan et al., 2001).

Starting with the simulation of first principles, the most stable configuration found for the GO+TO
system was with the GO interacting with 9, since this system presented the highest binding energy in
module (-2.87 eV). In this interaction, the charge transfer was 0.03 electrons and occurred from ®9 to GO.
For the rGO+TO system, the most stable configuration was also observed in the interaction with the ®9
molecule, with - 2.20 eV binding energy and 0.06 electron charge transfer, occurring from ®©9 to the
nanostructure. These results indicate that both nanostructures in contact with TO interact preferentially
with ®9. In the analysis of the energy levels of the most stable configurations, it is possible to notice that
there is an overlap of the levels of ®9 with GO in the GO+®9 interaction, as well as with ®9 and rGO in
the rGO+®9 interaction. The overlap in energy levels indicates that there is no change in the electronic
properties of the systems in relation to the isolated structures, i.e., the properties of each of the structures
are preserved in the interaction. The high binding energy of these systems observed in table 5 is related to
the high number of interactions involved in the system, since there is a total contact of @9 with the surface
of the nanostructures. Evaluating the charge density plots of both interactions, we see a concentration of
charges only in the nanostructures, both in LUMO and HOMO. Despite the image of the molecular
structures of these interactions, apparently having a chemical bond between the carboxyl group of the
nanostructures and the carboxyl group of ®9, there is no formation of this type of bond between the systems.
The shortest distance found for the two systems is greater than 1.10 A, which is one evidence for the lack
of bindings. In addition, the concentration of charges in LUMO and HOMO in only one of the structures
is a characteristic of the formation of physical bonds in these systems. Thereby, the results demonstrate
that the systems preserve their own characteristics and there is weak interaction between the structures,
characterized as physical adsorption type. Thus, the synergism of nanostructures with TO does not alter
their intrinsic characteristics, and, furthermore, GO and rGO can be candidates that are considered
promising for the transport of substances present in TO.

The MTT assay was performed to investigate whether the nanostructures isolated and combined
with the TO have any cytotoxic effect on human fibroblast cells. These cells are located in tissues and
organs throughout the body, so they are an important indicator for in vitro toxicity tests (Dick; Limaiem,
2019). In addition, considering the purpose of this study which is the administration of treatment orally. A
non-invasive administration has advantages such as greater safety and convenience to the patient, where
the fibroblasts would come into direct contact with the substances (Yildirimer et al., 2011). As defined in
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ISO 10993-5 of 2009, which provides for in vitro cytotoxicity tests, a substance is considered cytotoxic
when the result of in vitro tests has a cell viability of less than 75%. Based on the norm, the treatments with
the nanostructures and their synergisms with the TO were not cytotoxic since they showed cell viability
greater than 75%. However, treatment with rGO showed cell proliferation at a concentration of 30 mg/mL.
This can be justified by the characteristic electrical conductivity of rGO allowing support for cell growth,
since proliferation is influenced by the conductivity of its substrate (Reddy et al., 2018). As insulating
nanomaterial, GO did not show this proliferative behavior in any of the tested concentrations. However,
the synergism of GO and rGO with TO showed cell proliferation for all concentrations, indicating that the
chemical matrix of TO has an influence on this obtained proliferation. This influence can be explained due
to the presence of retinoic acid in the composition of the oil, since retinoids can regulate the expression of
genes through different cell receptors, which are essential in inducing cell proliferation and differentiation
(Baldissera et al., 2017). Based on the results obtained in silico and in vitro analyzes, we investigated the
effect of GO, rGO and TO, as well as their synergisms, in a model of STZ-induced sporadic Alzheimer's
disease in mice. As expected, STZ caused learning and memory impairment in animals, without changing
blood glucose in accordance with Pinz et al. 2021. Indeed, we confirmed that STZ caused a loss of working
memory, STM, LTM, and aversive memory and non-spatial LTM. Accordingly, memory and learning loss
has been reported as the main symptom of Alzheimer's disease (Masoumi et al., 2018). Importantly, one of
the main findings of this study was the protection of GO, rGO and TO against learning and memory
impairment induced by STZ in mice. Except for aversive memory and non-spatial LTM (where treatment
with GO+TO was harmful) the effects of synergism were not different from the effects of treatments alone
in other types of memory. These findings need to be better elucidated with additional studies, considering
that in the theoretical calculations of GO+TO synergism, no evidence was found to explain this behavior.

In this study, we observed that STZ caused an increase in the AChE activity in the hippocampus of
mice. This result is supported by other relevant studies (Fronza et al. 2019; Martini et al. 2019). Importantly,
we showed that GO, rGO and TO protected against the increase in the AChE activity. This result is of great
importance, given that AChE terminates the cholinergic transmission by hydrolyzing acetylcholine (ACh).
It is known AChE inhibitors are the most popular treatments for AD symptoms and these treatments aim
to restore ACh neurotransmitter levels (Mokrani et al. 2019). Our results probably indicate that the
modulation of AChE by GO, rGO and TO promotes an increase in ACh levels in the synaptic cleft of
neurons, contributing to the improvement in memory and learning caused by these treatments. However,
treatment with GO associated with TO increase the AChE activity. The exact mechanism to explain this
increase remains unclear. This finding corroborates and explains the result observed in aversive memory
and non-spatial LTM, but we were unable to xplain why synergism of GO + TO did not affect other
behavioral tests. In addition, we suggested that the neurotransmitter ACh might play a more prominent role
in this memory specifically. Synergism of rGO with TO was not different from the effects of treatments
alone in AChE activity.

In order to investigate the mechanism in which GO, rGO and TO exert an effect to prevent
behavioral changes caused by STZ, we studied the possible modulation of oxidative stress. In fact,
oxidative damage has been implicated in the progression and pathogenesis of Alzheimer’s disease
(Butterfield and Halliwell 2019). In the present study, we proved that STZ caused an increase in the
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oxidative stress in the cerebral structures of mice. We observed an increase in the RS levels and lipid
peroxidation (as demonstrated by TBARS levels) induced by STZ in cerebral cortices and hippocampus of
mice. Treatments with the nanostructures or TO, isolated or combined, presented a different effect
depending on the analyzed cerebral structure. In the cerebral cortex, most treatments had an effect in
reducing the RS levels and TBARS levels induced by STZ, except for combination from rGO together with
TO, which had no protective effect on the RS levels in this cerebral structure. In the hippocampus, in
general, the combinations, GO+TO and rGO+TO showed to be effective in reducing RS and TBARS levels.
Regarding the isolated treatments, only rGO demonstrade an effect on the RS levels increased by STZ in
the hippocampus of mice. Notwithstand the difficulty to explain the reasons for these differences, we can
suggest that the effect of treatments, isolated or combined, in reducing oxidative damage may be related,
at least in part, to their effect in improving the different types of memory studied.

SOD, another oxidative stress marker, is an enzyme responsible for biochemical processes in order
to limit the impact of RS on essential cellular components. In this study, we believed that an increase in the
SOD activity in the hippocampus occurred due to oxidative damage, as demonstrated by increase in the RS
and TBARS levels, caused by STZ. All treatments, isolated or combined, normalized the SOD activity,
probably by controlling the oxidative damage.

Concerning signs of hepatic and renal toxicity, GO, rGO, TO, isolated or combined, did not change
plasma biochemical parameters and oxidative markers in these tissues. Hepatotoxicity is one of the main
side effects found in the drugs available for the treatment of Alzheimer’s disease, thereby the great
relevance substances that treat this disease without this adverse effect on the body (Lima, 2008). These
results of toxicity in mice agree with the results obtained in vitro, where treatments did not cause
cytotoxicity. In addition, the absence of an unspecified behavior of GO, rGO, TO, isolated or combined,
was proved in the OFT, since no animal showed alteration in the locomotor and exploratory activities.

5. Conclusion

In this study, we evaluated the molecular interaction in silico, the safety profile in vitro and ex vivo
and the effects of GO, rGO and TO isolated and in synergism in the learning and memory impairment of
mice submitted to a model of sporadic dementia induced with STZ. The results showed that the
nanostructures showed a better interaction in silico with the protein f-amyloid and with AChE than the
components of the oil, which in fact was observed in vitro, in vivo and ex vivo. Computer simulation also
demonstrated that nanostructures can be considered promising carriers for TO. In addition, all treatments
were non-toxic at both the cellular and systemic level. Positively, all substances, in general, present positive
results, although the effects observed with rGO were sensibly superior. This nanostructure was able to
protect against memory and learning deficits in all behavioral tests performed and had positive effects in
decreasing the levels of RS and in AChE activity in the hippocampus. Thus, indicates that this nanostructure
is a molecule with multiple targets and can be considered neuroprotective, antioxidant and
anticholinesterase. The initial results obtained with this work are promising and stimulate further studies
to understand the mechanisms involved in the observed neuroprotective effect. The combination of in
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silico, in vitro, in vivo and ex vivo reveals a remarkable tool to select out and demonstrating rGO as a
promising candidate to be widely investigated in the treatment of Alzheimer's disease.
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