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Abstract Parkinson’s disease (PD) is caused by a lack of dopamine, causing an
imbalance in the cognitive and motor regions of the brain. Therefore, the search for
new inhibitors is important to increase the therapeutic possibilities. Thus, medicinal
plants are more studied because they have many substances with varied biological
activities. With Medicinal Chemistry, through in silico studies, it is possible to design
molecules with defined activity, then confirm this activity in in vitro and in vivo
tests. In this study, the animal model used was Danio rerio (zebrafish), due to the
similarities of its central nervous system with that of humans. Thus, the study aimed
to in silico drug design and evaluate the in vivo acute toxicity of molecules with
the prediction of MAO-B activity for the development of drugs that are candidates
for the treatment of PD. According to the results obtained in silico, it was possible
to identify Amburoside A as a promising bioligand from which the analogs PMCl1,
PMC2, PMC3 were obtained, the last being tested in zebrafish for acute toxicity test
with a negative result, indicating that it is a promising molecule to treat Parkinson’s
disease.
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1 Introduction

The diagnosis of neurodegenerative diseases is gradually increasing in the world
population, due to the growing number of people diagnosed. The most diagnosed
neurodegenerative disease is Alzheimer’s Disease, and the second most common is
Parkinson’s Disease (PD), which affects people aged 55-60 years [1]. And in Brazil,
there was an increase in the frequency of neurodegenerative diseases diagnosed in
individuals over the age of 60, including Parkinson’s disease. PD is a neurodegen-
erative disease caused by the death of dopaminergic neurons which are responsible
for the synthesis of the neurotransmitter dopamine (AD), affecting the cognitive and
motor regions of the brain [2]. The cause of neuron degradation has not yet been
discovered, but some hypotheses have emerged to explain the pathophysiology of
PD, one of which is the oxidative stress caused by monoamine oxidase B (MAO-B)
by degrading dopamine, releasing free radicals, in addition to decreasing the amount
of the neurotransmitter in the synaptic cleft [3, 4].

Given the relationship between MAO-B and the pathophysiology of PD, the focus
of many studies is on inhibiting this enzyme to decrease its activity and increase
AD in the synaptic cleft, in addition to reducing the production of free radicals.
However, this class of medication is not widely used in treatment due to its side
effects, and this causes patients to fail to adhere to treatment [5, 6]. Thus, there is a
growing number of studies with medicinal plants, considering their variety of natural
substances, in which they can assist in the development of drugs with better activities,
in addition to always seeking to reduce side effects, and there is also greater adherence
to the treatment by the Brazilian population when the medication is of natural origin.
Among the medicinal plants found in the Brazilian flora, there is Passiflora incarnata
and Amburama cearensis with a potent antioxidant and neuroprotective effect, from
which natural substances can be used to plan antiparkinsonian drugs [7, 8].

Since the 18th century, the discovery of new drugs was made at random based
on traditional knowledge, empirical practice of using natural products to treat
diseases. Although they have not been analyzed correctly, it was possible to identify
many molecules with important pharmacological activity. With the advancement of
computer technology, there was, consequently, an increase in structural databases
making the in silico study through molecular modeling, bioinformatics, and artificial
intelligence, more accessible and interesting for research, due to its quick access and
result with lower cost [9]. A widely used in silico approach is the virtual screening
process, based on in vitro and/or in vivo tests, several molecules are subjected to
computational tools to simulate various tests, such as pharmacokinetic and toxi-
cological properties, activity prediction and synthetic viability, among others, this
approach to drug discovery is called Medicinal Chemistry [10].

The choice of the animal model in the in vivo test depends on the objective of
the study and the pathology to be studied. In the case of PD, since the 1980s, the
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fish Danio rario, popularly known as Zebrafish, started to use, as this fish has many
important characteristics for carrying out various studies, such as rapid growth facil-
itating studies of reproductive toxicity, and lower financial cost for both purchasing
and maintaining the environment [11]. In addition, Zebrafish fish have anatom-
ical and functional characteristics similar to those of mammals, such as the brain
where dopaminergic neurons, Purkinje cells of the cerebellum and motor neurons are
found. Some studies have suggested that the neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) is metabolized in Zebrafish embryos and larvae by a
monoamine oxidase similar to mammalian MAO-B [12].

According to data obtained in the scientific literature, this study aimed to plan
MAQO-B inhibitor drug candidates from the prototype of natural origin, through
Medicinal Chemistry, using in silico planning, synthesis of analogs and evaluation
in vivo toxicity.

2 Results and Discussion

2.1 A Bibliographic Search of Natural Substances

In Fig. 1, the medication, used as a standard, and the natural substances described
in the literature and used in this study are observed, respectively: Selegiline (1),
Amburoside A (2), Harman (3), Harmaline (4), Harmalol (5), which were designed
in the ChemSketch 12.0 software [3, 4, 7, 12-14].

Selegiline was the first MAO-B inhibitor to be discovered. The molecule was
synthesized by Zoltan Ecseri at Chinoin Pharmaceuticals (Budapest, Hungary) in
1962, and its selective inhibitory effect of selegiline on one of the MAO isoforms
was identified by Knoll and Magyar (1972). Since then, this drug has been used
for the treatment of PD, as it is an irreversible inhibitor that in high doses has
antidepressant activity, it also has a neuroprotective action against MPTP (1-
methyl-4-phenyl-1,2,3, 6-tetrahydropyridine) and its sympathomimetic effects are
related to methamphetamine metabolites. However, due to its adverse effects such
as insomnia, dizziness, headache, bradykinesia, among others, patients abandon
treatment [4, 6, 15].

Of the various plants reported in the literature, two plants belonging to the
Brazilian flora Amburana cearensis, which is native to the Brazilian northeastern
region and Passiflora incarnata native to the Amazon, were found to enhance the
plants of the national flora, in which experimental studies with activity were reported
neuroprotective effects in induced PD models [8, 13, 16].

A. cearensis (sin. Torresea cearensis) is a plant belonging to the Leguminosea
family, popularly known by several designations, such as imburana of smell, cherry
and coumarou [16]. In a review study of Brazilian plants with inflammatory activity,
the natural substances isokaempferide (12.5, 25 and 50 mg/kg) and amburoside
A (25 and 50 mg/kg), isolated from the shells of A. cearensis, with considerable
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Fig. 1 Chemical structure of Selegiline (1), and of the natural substances Amburoside A (2),
Harman (3), Harmaline (4), Harmalol (5)

anti-inflammatory activity, as they inhibited the migration of neutrophils and leuko-
cytes and the production of TNF-a and prostaglandins E2 [17]. In another study, the
phenolic glycosides found in A. cearensis, Amburosideo A and B had their biolog-
ical activity evaluated in cell cultures exposed to the neurotoxin 6-hydroxydopamine
(6-OHDA), a hydroxylated derivative of dopamine that is possibly formed endoge-
nously in patients with PD, however, only amburoside A showed neuroprotection
[7,13].

P. incarnata popularly known as passion fruit, a word of indigenous origin (tupi),
is a herbaceous, climbing plant from northern South America. The main constituents
of P. incarnata leaves are flavonoids (0.25%), such as vitexin, isovitexin, orientin,
isoorientin, apigenin and kampferol. Alkaloids based on the 3-carboline ring system,
harman, harmin, harmaline and harmalol are said to be effective anti-Parkinson
compounds [15]. Flavonoids with potential antioxidant activity such as antiparkin-
sonian and for improving memory in the treatment of Alzheimer’s disease were also
evaluated in which the results showed a significant decrease in free radicals [8].
Other studies with P. incarnata, with the aqueous extract of dry leaves, evaluated the
effects of the extract in albino mice that were experimentally induced by neurolep-
tics to develop DP catalepsy, as this is an animal model used to screen for drugs and
obtained positive results in terms of activity [18].
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Fig. 2 Derivation of the pharmacophoric group of Selegiline and the 4 natural substances

2.2 Derivation of the Pharmacophoric Pattern

Pharmacophore is the set of electronic and steric characteristics that identifies one or
more functional groups or structural subunits, necessary for better molecular recog-
nition by the receptor and, therefore, for the desired pharmacological effect, these
are classified by a score [20]. Selegiline and the 4 substances of natural origin were
submitted to the webserver PharmaGist obtaining the pharmacophore. Figure 2 shows
the result of the pharmacophore with Selegiline as the pivot molecule, however, in
the grouping there was only the natural product Harmalina with the score of 4.825
showing the spatial characteristics: a hydrogen bond acceptor group (yellow sphere),
a hydrophobic group (sphere green) and an aromatic region (purple sphere). On the
basis of these results similar essential regions were identified in the other natural
substances.

Hagenow and collaborators [21] identified, for the MAO-B inhibitor, the phar-
macophoric pattern with a hydrophobic region, two acceptor regions and an
aromatic region. While Mathew et al. [22], find a model with a hydrogen acceptor,
a hydrophobic and two aromatic regions. In the present study, the aromatic,
hydrogen-accepting and hydrophobic regions were similar to previous studies.

2.3 Molecular Docking Study

For the study of docking simulation, the standard drug Selegiline (1) and the natural
substances Amburoside A (2), Harman (3), Harmaline (4), Harmalol (5) were consid-
ered as a ligand and, as an enzyme, MAO-B. For that, first, the selection was made
from the Protein Data Bank (PDB) database of the crystallographic structure of MAO-
B deposited in the form of a complex under the code 4A79, with the resolution of
1.89 A. The software used was GOLD 5.4, which uses the genetic algorithm for
the purpose of flexible ligand docking experiments within protein binding sites [23].
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Fig. 3 Result of the docking simulation with the lowest RMSD for the validation of the 4A79
complex

This was used to identify the MAO-B binding site so that the interaction between
the ligands and the enzyme can be simulated.

The validation of the docking simulation software consists of the replication of
the experimental result of the positions of the atoms of the ligand in relation to the
active site of the enzyme, acquired from the crystallographic complex, and through
the GOLD 5.4 software, several coupling tests were performed in an attempt to
obtain the same positions of the atoms of the experimental result. The most used
method to analyze if the software managed to reproduce the experimental result is
the calculation of the Mean Quadratic Deviation (RMSD) in which previous studies
showed that results smaller than 2 A have a high success rate for replicating the
experimental result [24]. Through the Discovery Studio Visualizer software [14] it
was possible to visualize the RMSD value of 1.381 A compared to the position of
the ligand from the experimental result of the 4A79 complex, shown in Fig. 3.

Hydrophobic interactions occur between nonpolar regions such as aromatic rings
and methyls. Conventional hydrogen bonds are characterized when a proton acceptor
region interacts with a proton donor region due to the difference in electronegativity.
This type of coupling occurs between electronegative atoms such as oxygen and
nitrogen [25]. Hydrogen bonds with a distance below or equal to 3 A are relevant
to affirm that there is interaction, while hydrophobic bonds have a distance below
or equal to 5 A so that there is an interaction between amino acids and the natural
binding product [26].

Figure 4 shows the possible interactions between the amino acid residues of
the active site that were selected as described in the literature: TYR398, TYR435,
PHE343, LEU171, TYR326, ILE316, PRO104, PRO104, ILE199, LEU171,
CYS172, TRP119 [27] and the standard medicine, Selegiline, along with the studied
natural substances. The analysis showed that the possible connections were mostly
hydrophobic interactions and had two amino acids in common LEU171 and CYS172,
and all the studied molecules had interaction with more than 3 amino acids among
the 12 of the active site.

Table 1 shows the results of the docking simulation with the possible interac-
tions for the standard molecule Selegiline (1), and the substances of natural origin
Amburoside A (2), Harman (3), Harmaline (4) and Harmalol (5).



In Silico Drug Design and in Vivo Acute Toxicity Assay ... 367

Fig. 4 Representation of the molecular docking simulation of the amino acid residues of the MAO-
B active site and the studied natural substances: Selegiline (1), Amburoside A (2), Harman (3),
Harmaline (4) and Harmalol (5)
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Table 1 Docking simulation between the studied molecules and the amino acid residues of the
MAO-B enzyme active site

Molecules Active site Atoms involved | Interaction Distance (A) Score
amino acids types
Selegiline PRO 104 Alkyl-H Hydrophobic | 3.99 64.54
LEU171 1343 C-Ph Hydrophobic | 4.24
CYS172 S-Ph Van der Waals |4.73
ILE199 Alkyl-C Hydrophobic | 4.22
ILE 316 Alkyl-C Hydrophobic | 4.64
Alkyl-C Hydrophobic | 4.84
TYR 326 Ph-C Hydrophobic | 5.28
Ph-Ph Hydrophobic | 5.46
Amburoside A | LEU 171 1343 C-Ph Hydrophobic | 3.97 105.20
CYS 172 H-O Hydrogen 2.65
interaction
S-Ph Hydrophobic | 5.06
ILE 199 Alkyl-Ph Hydrophobic | 3.83
Alkyl-Ph Hydrophobic | 4.89
TYR 398 O-H Hydrogen 2.11
interaction
TYR 435 OH-H Hydrogen 2.51
interaction
Harman LEU 171 C1343-Ph Hydrophobic | 4.52 64.01
CYS 172 S-Ph Hydrophobic | 4.83
TYR 398 Ph-Ph Hydrophobic | 4.51
Ph-Pirrol Hydrophobic | 5.36
Ph-C14 Hydrophobic | 4.06
TYR 435 Ph-C14 Hydrophobic | 3.84
O-H Hydrogen 2.09
interaction
Harmaline LEU 171 C1343-Ph Hydrophobic | 4.21 57.32
CYS 172 S-Ph Hydrophobic | 4.76
ILE 199 O-H Hydrogen 3.08
interaction
Alkyl-C11 Hydrophobic | 4.79
Alkyl-Ph Hydrophobic | 4.86
Alkyl-Ph Hydrophobic | 4.22
ILE 316 Alkyl-C11 Hydrophobic | 4.87
TYR 326 Ph-Ph Hydrophobic | 3.36
Harmalol LEU 171 C1343-Ph Hydrophobic | 4.19 57.50

(continued)
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Table 1 (continued)

Molecules Active site Atoms involved | Interaction Distance (A) Score
amino acids types
CYS 172 S-Ph Hydrophobic | 4.88
ILE 199 Alkyl-C11 Hydrophobic | 4.20
ILE 316 Alkyl-C11 Hydrophobic | 5.28
Alkyl-C15 Hydrophobic | 4.72
TYR 326 Ph-Ph Hydrophobic | 5.34
Ph-C15 Hydrophobic | 4.92

The docking simulation between Selegiline and the MAO-B amino acid residues
showed 8 interactions in 6 different amino acid residues from the active site:
CYS172, TYR326, PRO104, ILE316, ILE199 and LEU171. All interactions were
hydrophobic, with the exception of the interaction with the amino acid residue
CYS172 in which a van der Waals interaction was obtained between the sulfur atom
of the amino acid CYS172 and the resonance of the aromatic ring of the molecule
with a distance of 4.73 A. With the amino acid residue TYR326, two hydrophobic
interactions were observed, one between the resonance of the aromatic ring of the
amino acid and the carbon of the methyl radical of the molecule, and the other
between the aromatic rings of both the amino acid and the molecule, with distances
5.28 A and 5.46 A, respectively. With the amino acid residue PRO104, a hydrophobic
interaction was obtained between an alkyl group of the amino acid and the hydrogen
atom of the molecule with a distance of 3.99 A. With the amino acid residue ILE316,
two hydrophobic interactions were observed, between an alkyl group of the amino
acid and the carbon of the methyl radical, and another interaction between the alkyl
group of the amino acid residue and the tertiary carbon of Selegiline, with distances of
4.84 A and 4.64 A, respectively. With the amino acid residue ILE199, a hydrophobic
interaction was obtained between an alkyl group of the amino acid and the carbon
of the methyl radical of the molecule with a distance of 4.22 A. With the amino acid
residue LEU171, a hydrophobic bond was obtained between an alkyl group of the
amino acid and the aromatic ring of the molecule with a distance of 4.24 A, with a
score of 64.54.

The simulation between Amburoside A and the MAO-B amino acid residues
showed 7 bonds in 5 different amino acids: LEU171, CYS172, TYR398, TYR435
and ILE199. Most of the interactions are of the hydrophobic type (4), and there
have also been three interactions of hydrogen between the hydrogen (H) and oxygen
(O) atoms. With the amino acid residue LEU171, a hydrophobic interaction was
obtained between the alkyl group of the amino acid residue and the aromatic ring of
the natural substance with a distance of 3.97 A. The amino acid residue CYS172 had
two interactions, one of the hydrogen interaction type between the H of the amino
acid and O of the natural substance with a distance of 2.65 A, and the other of the
hydrophobic type between an alkyl group of the amino acid residue and the ring.
aromatic of the natural substance, with a distance of 5.06 A. With the amino acid
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residue TYR398, a hydrogen interaction was obtained between the O atoms of the
amino acid residue and the H atoms of Amburoside A with a distance of 2.11 A. The
amino acid residue TYR435 showed a hydrogen interaction between the hydroxyl O
of the amino acid and the H of Amburoside A with a distance of 2.51 A. The amino
acid residue ILE199 showed two hydrophobic interactions, between alkyl groups of
the amino acid residue and the aromatic ring of Amburoside A, with distances of
3.83 and 4.89 /0%, with a score of 105.20.

In the simulation between Harman and the MAO-B amino acid residues, 7 inter-
actions were observed in 4 different amino acids: TYR435, TYR398, LEU171
and CYS172. Most interactions are of the hydrophobic type and only one of the
hydrogen interaction type. With the amino acid residue TYR435, two interactions
were observed, one of the hydrogen interaction type between the O of the amino
acid residue and the H of Harman, and another of the hydrophobic type between the
aromatic ring of the amino acid residue and the alkyl group, with distances of 2.09 A
and 3.84 A, respectively. With the amino acid residue TYR398, three hydrophobic
interactions were observed, one between the aromatic rings of the amino acid residue
and the Harman, another between the aromatic ring of the amino acid residue and the
pyrrolidine ring of the Harman, and one between the aromatic ring of the amino acid
residue and the alkyl group of the Harman with distances 4.51 A, 5.36 A, 4.06 A,
respectively. The amino acid residue LEU171 showed a hydrophobic interaction
between the alkyl group of the amino acid residue and the aromatic ring of Harman
with a distance of 4.52 A. The amino acid CYS172 showed a hydrophobic interac-
tion between the alkyl group of the amino acid residue and the aromatic ring of the
Harman at a distance of 4.83 10\, with a score of 64.01.

In the simulation between Harmaline and the MAO-B amino acid residues, 8
interactions were observed in 5 different amino acids: ILE199, CYS172, TYR326,
ILE316 and LEU171. Most of the bonds were of the hydrophobic type, with only one
of the hydrogen interaction type. With the amino acid residue ILE199, a hydrogen
interaction was obtained between the O atoms of the amino acid residue and H of
Harmaline, and three hydrophobic interactions, one between the alkyl group of the
amino acid residue, and the three aromatic rings of the natural product, with distances
of 3.08 A, 4.79 A, 4.86 A and 4.22 A, respectively. With the amino acid residue
CYS172, an interaction was obtained between the sulfur atom (S) of the amino acid
and the aromatic ring of Harmaline with a distance of 4.76 A. With the amino acid
residue TYR326, a hydrophobic interaction was obtained between the aromatic rings
of the amino acid residue and the alkyl group of Harmaline with a distance of 3.36 A.
The amino acid residue ILE316 presented a hydrophobic interaction between alkyl
groups of the amino acid residue and the pyridine of Harmaline with a distance of
4.87 A. The amino acid residue LEU171 presented two hydrophobic interactions,
one between the alkyl group of the amino acid and the aromatic ring of Harmaline
with a distance of 4.21 A, with a score of 57.32.

In the simulation between Harmalol and the MAO-B amino acid residues, 7 inter-
actions in 5 different amino acids were observed. All interactions are hydrophobic.
With the amino acid CYS172, an interaction was obtained between the sulfur (S) of
the amino acid residue and the aromatic ring of Harmalol with a distance of 4.88 A.
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With the amino acid residue TYR326, two interactions were observed, one between
the aromatic rings of the amino acid residue, with the alkyl group of Harmalol, with
distances of 5.34 A and 4.92 A, respectively. With the amino acid residue LEU171,
an interaction was obtained between the alkyl group of the amino acid residue and the
aromatic ring of Harmalol with a distance of 4.19 A. The amino acid residue ILE199
showed an interaction between the alkyl groups of the amino acid and the pyridine
group of Harmalol with a distance of 4.20 A. The amino acid residue ILE316 showed
two interactions between the alkyl groups of the amino acid residue and the aromatic
ring of Harmalol with distances of 5.28 and 4.72 A, with a score of 57.50.

However, the standard molecule Selegiline an irreversible MAO-B inhibitor drug,
this irreversibility characteristic is associated with the adverse effects of the inhibitors
due to inactivating, totally or partially, the enzyme for a long period of time, in some
cases causing the destruction of some functional groups of the active site, in which it
is related to the type of bonds covalent, and in this case, it is assumed that the covalent
bond is between the sulfur atom of the CYS172 residue and the molecule, in addition
to being the only one that presented weak interaction with the amino acid residue
PRO104 but important for conformation and stabilization of the interaction, with it
is assumed that these two interactions may be the cause of the side effects of this
drug. For the docking results, Selegiline showed 8 interactions in six different amino
acids, being CYS172, TYR326, PRO104, ILE316, ILE199, LEU171, and the closest
result to the standard molecule was the natural product Harmaline for presenting 8
interactions with the same amino acids the which Selegiline also interacted, with the
exception of PRO104. Therefore, it can be deduced that Harmaline is more likely
among the four substances of natural origin to present inhibitory activity of the
MAO-B enzyme, in the same way as Selegiline, indicating irreversible inhibition.
However, the natural substance Amburoside A showed 7 possible interactions in
which 3 were with amino acids equal to which Selegiline interacted, and 2 different
amino acids belonging to the active site, and its score was higher (105.20) in relation
to the other molecules, indicating that probably the inhibitory action of Amburoside
A is different from Selegiline and may be reversible, a characteristic that is desired
in the planning of drugs with inhibitory action on MAO-B.

The study by Dhiman et al. [28]. presented the docking for the piperine, alkali
of Piper nigrum in which they demonstrated possible links with TYR326, TYR398,
PHE168, TRP119, PHE103, ILE199, CYS172, PHE343 and TYR188. Emphasizing
that the natural substances in the present study also showed interactions with these
amino acid residues, with Amburoside A being the highlight, out of the five amino
acid residues that interacted, three are present in the study by Dhiman et al. [29].

Hagenow and collaborators [21] docked two compounds for MAO-A and MAO-
B. With that, it was observed that the compounds had interaction with the amino
acid residues LEU164, PHE168, PRO102, GLN206 and CYS172, the latter also
interacting with the studied natural products.
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2.4 Prediction of Pharmacokinetics (ADME)
and Toxicological Properties

2.4.1 Prediction of Pharmacokinetic Properties

The in silico models of ADME properties, in comparison with traditional experi-
mental tests, have greater applicability to meet the huge demand generated in the
large-scale screening of new molecules. In addition, in vitro and in vivo tests have
disadvantages that limit their use on a large scale: they are complex and expensive
in terms of materials, infrastructure and qualified personal. Therefore, the in silico
study is used as a complementary tool in research, being more used in the screening
stage [29, 30].

For these reasons, there is great interest in the industry in the generation of ADME
models in silico that can quickly assist in the selection of promising molecules and
guide the elimination of compounds with an inappropriate pharmacokinetic profile.
On the other hand, the integration of ADME models (in silico, in vitro and in vivo)
seems to be an essential path to be followed in all stages of the drug discovery
process. For the pharmacokinetic properties, the QikProp program was used, in which
it predicts important parameters to be evaluated, mainly, in the absorption and distri-
bution of a certain molecule in comparison with 95% of other molecules already
known in the database. In addition, the program performs screening of molecules
with the potential to be orally administered drugs through the Lipinski rule [31].
In this study, the parameters included for evaluation were: Human Oral Absorp-
tion (HOA), Caco-2 cells, Madin-Darby canine kidney cells (MDCK), blood—brain
barrier (BBB), LogP, hydrogen donor, hydrogen acceptor. The results of the ADME
prediction of this study are shown in Table 2.

To estimate Human Oral Absorption (HOA), the QikProp software predicts
through the number of violations of Lipinski’s Rule of Five (ROS5) and the percentage
of HOA. The analysis of RO5 is made by the number of violations of this rule, being
allowed only one violation for the following parameters to be considered a molecule
with good bioavailability by oral route: less than 5 hydrogen donors, less than 10

Table 2 Pharmacokinetic properties of Selegiline (1) and natural substances: amburoside A (2),
Harman (3), Harmaline (4) and Harmalol (5)

Absorption Distribution
Molecules | AOH Donor | Acceptor |LogP |pCaco-2 |pMDCK |LogBB
(%) de H de H (nm/s) (nm/s) (Ceerebral/Colood)
1 100 1 1 6.41 |909.5 5376.77 0.291
2 28.757 |6 10 —2.51 |10.649 3.648 -3.76
3 100 1 1 —0.96 |4456.5 2487.91 —0.725
4 100 2 1 —2.08 [3375.0 1842.24 -33
5 78.236 |3 1 —0.45 336.8 168.814 | —0.051
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hydrogen acceptors, molecular weight less than 500 daltons and LogP less than 5 [32].
All the molecules under study, including the pivot, showed zero violations in relation
to ROS5, with the exception of Amburoside A, which presented only one violation, 6
hydrogen bonding donor groups, however, it continues to have a satisfactory result for
oral absorption. While for the percentage result, where >80% high absorption, 25—
80% medium and <25% low absorption, natural substances showed between medium
and high absorption. Therefore, both Selegiline (standard molecule) and substances
of natural origin present satisfactory results of physicochemical properties to be
considered good drugs for oral administration.

Caco-2 cells are useful for measuring parameters of cell permeability in vitro,
an important test to assess the intestinal absorption of drugs. In addition, in vitro
cell permeability is often also determined with Madin-Darby canine kidney cells
(MDCK), which have a shorter growth time than Caco-2 cells. Values above 500 nm/s
for both properties are considered ideal. For the permeability parameter in Caco-2
cells, the studied molecules showed results above 500 nm/s, with the exception of
Amburoside A and Harmalol that showed values below 500 nm/s, while the molecules
that showed results above 500 nm/s were Harman (3) and Harmaline (4), indicating
that most will probably be well absorbed in the body. For MDCK cells, most of the
studied molecules also showed satisfactory results with greater evidence for Harman
(3), Harmaline (4) and Harmalol (5) (Table 2).

The blood-brain barrier (BBB) is a complex structure consisting of cellular
elements and an extracellular matrix. It plays a fundamental role in determining
the types of molecules that can selectively act in the CNS, therefore, this is one of
the most important parameters for this study, considering that the studied molecules
and the proposed analogs must have an action in the CNS, that is, present good perme-
ability in the blood—brain barrier. The range indicating the possibility of crossing this
barrier is —3.0 and 1.2. And for this parameter, the studied molecules showed good
permeability, emphasizing that the natural substances Harman (3) and Harmalol (5)
presented better results of LogBB; (Table 2).

Dhiman et al. [28] performed the ADMET in the QiqProp software of compounds
derived from the alkaline piperine prediction of natural substances derived from
piperine that have potential inhibitory activity for MAO. In this study, natural
substances showed between medium and good results for the analyzed parameters,
and none showed more than one violation of Lipinski’s ROS. Jiang et al. [33] produced
a pharmacokinetic study of Harman and Harmaline in vitro and in vivo using the rat
animal model, with intravenous administration, natural substances were detected in
the striatum 300 min after administration, indicated that they have good blood—brain
barrier permeability, confirming the in silico result obtained in the present study.

According to the two studies mentioned above, natural substances with MAO-B
inhibitory activity have satisfactory results to be considered good in the absorp-
tion and distribution properties, for further research. Although the natural substance
Amburoside A has presented results that are not so satisfactory, it can be modi-
fied based on the pharmacophore and molecular docking, highlighting the result
obtained for this last parameter, to improve its pharmacokinetic characteristics, as
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in vitro results were quite satisfactory in the study by Ribeiro et al. [18] and Almeida
[7], indicating that it has potential activity.

2.4.2 Prediction of Toxicological Properties

In the planning and development of new drugs, the study of toxicological properties
is very important, since the relationship between damage and effectiveness is the
factor in choosing a drug for a given treatment [34].

The study of the mutagenic and carcinogenic properties of molecules is carried
out in animals to obtain results that they would probably have in humans. However,
the cost of researching toxicological properties is quite high when the study involves
several molecules, with which new tools and methodologies for the prediction of
these properties appear [35].

As an example, the DEREK software, which contains a subset of about 50 rules
that describe toxicophoric substructures responsible, for example, for skin sensi-
tization [36] and makes this prediction considering the presence of alkyl halides,
aldehydes, o, f compounds unsaturated, aromatic amines, phenols, hydroquinones,
isothiazolinones, alkyl sulfonates and aromatic nitro groups in the test molecules
[37]. Improvements are constantly being made to alerts and predictions are included,
such as alerts for 1,2-diketones and isothiazolinones improving the definition of the
toxicophoric group [38].

In the prediction of toxicological properties, only Amburoside A (2) presented a
toxic action of altering the chromosome responsible for human reasoning, indicating
the catechol group as the toxicophoric group, this group did not present interaction
in the molecular docking and is also not part of the pharmacophore, therefore, it can
be modified to not present more toxicity. And no natural substance showed warn-
ings about Genotoxicity, Mutagenicity and Carcinogenicity, irritation, reproductive
effects and neurotoxicity (Table 3).

Mathew et al. [22] carried out in vitro toxicity studies with chalcones that had
potential MAO inhibitory activity. The results showed that the majority of chalcones

Table 3 Toxicological properties of Selegiline (1) and natural substances: amburoside A (2),
Harmaline (3), Harman (4), Harmalol (5)

Molecules Human Mutagenicity in In vitro Chromosome
carcinogenicity bacteria in vitro mutagenicity damages human
Salmonella in vitro

typhimurium

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Catechol

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Absence of alert

Absence of alert

S e O I S

Absence of alert

Absence of alert

Absence of alert

Absence of alert
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did not show toxicity to liver cells at 1 WM. Upon increasing the concentration to
5 uM, some compounds exhibited moderate toxicity.

Is et al. [39] presented a study with MAO inhibitors in which the toxicological
properties were evaluated in silico, in which the two molecules were subjected to 26
different QSAR models of toxicity, such as mutagenicity, carcinogenicity, cytotoxi-
city, anemia, genotoxicity, hepatotoxicity, liver necrosis and neurotoxicity, presented
low probability and/or negative results for the QSAR models, indicating that they
are probably not toxic.

With the results of in silico toxicity of natural substances, it can be deduced that
the probability of these substances being toxic is minimal, mainly because they have
in silico studies of MAO-B inhibitors in which most of the molecules showed no or
moderate toxicity, confirming the study conducted in that research.

2.5 Structural Modifications, Activity Prediction
and Synthetic Viability

2.5.1 Structural Modifications

First, the bioligand Amburoside A was selected because it presented experimental
results for in vitro MAO-B inhibitory activity described in the literature and in the
present in silico study of molecular docking it presented quantities of interactions
similar to Selegiline (standard molecule) in some different amino acids, indicating
that it probably has an inhibitory action differently from Selegiline, and may be
reversible inhibition since it did not present covalent binding. With that, the modifica-
tions had the objective to improve the pharmacokinetic and toxicological properties
and to specify the biological activity. In general, based on the probable pharma-
cophore, glucose was removed and the radicals of the aromatic ring of the catechol
group were modified, in which it was identified as a probable toxicological region,
the ester group was removed to increase liposolubility to improve the passage in the
blood—brain barrier and thus, facilitating the synthetic process (Fig. 5).

The molecules obtained are from the chalcone family, in which they have an
open chain containing a phenyl ring attached to the carbonyl group and the other
benzene ring linked by a three-carbon enone fragment, that is, they are o, f- ketones
unsaturated, in which one aromatic ring is directly linked to carbonyl and the other to
carbon f of olefinic function, this family is widely used due to its various biological
activities such as cancer, inflammation and diabetes, with this, many drugs based on
chalcones have been approved for clinical use [40].

In the study by Tran et al. [41], chalcone analogs were synthesized for antibacterial
activity of methicillin-resistant Staphylococcus aureus. One of these synthesized
chalcones has the same structure as PMC1 and has low antibacterial activity. Another
study carried out with the synthesis of chalcones as potential antidiabetic agents, also
used the structure of PMC1, but it did not obtain results for antidiabetic activity [42].
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Fig. 5 Natural substance Amburoside A (2) and the three analogs entitled PMC1 (6), PMC2 (7),
PMC (8)

Salama et al. [43] carried out a study on the synthesis of new tetrazole deriva-
tives, in which one of these synthesized molecules has the same structure as PMC2.
However, no biological activity tests were performed, the study aimed to show
the possibility of synthesizing through the reaction of dienones with the reagent
tetrachlorosilane-sodium azide and its structural contribution of NMR.

In the study by Bai et al. [44], molecules were synthesized to assess antitumor
activity. Among these molecules, one has a chemical structure similar to PMC3,
however, it did not show antitumor activity in vitro.

In general, there are few in vivo studies of neuroprotective and antioxidant biolog-
ical activity, mainly in PD, with chalcones. In a study by Chen et al. [45], they obtained
a positive result for the cytoprotective activity of a chalcone, in which the cells were
subjected to a toxin that decreases the Parkin, Parkinl and DJ-1 proteins that are asso-
ciated with PD, and after the treatment with the synthesized chalcone was observed
a significant increase of these proteins. Therefore, using the chalcone family to treat
neurodegenerative diseases is very promising.

2.5.2 Activity Prediction

The activity prediction performed by the PASS web server is based on the structural
formula of the substance, with great precision for more than 3500 pharmacother-
apeutic effects, being the parameter of the probability of being active (Pa) and the
probability of being inactive (Pi) and it is only considered a molecule probably active
when Pa > Pi. If Pa > 0.7, the substance is very likely to exhibit activity in the experi-
ments, but the possibility that the substance is the analog of a known pharmaceutical
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agent is also high. If 0.5 < Pa < 0.7, the substance is likely to exhibit activity in
the experiments, but the probability is less, and it is different from the substance in
which the pharmaceutical action is known. If Pa < 0.5, they are unlikely to exhibit
activity in the substance test. However, if the presence of this activity is confirmed
in the experiment, the substance may be a new chemical entity [46, 47].

However, for the prediction of MAO-B inhibitory activity, analog 1 (PMC1)
presented the value of Pa 0.238, analog 2 (PMC2) presented the value of Pa 0.198
and analog 3 (PMC3) presented the value of Pa 0.282. These results demonstrate
great progress for the development of these molecules planned as potential MAO
inhibitors, specifically MAO-B, as they were compared with a variety of molecules
that already have activity, mostly, proven to inhibit MAO-B, indicating that the
planning is following the objective of the study (Table 4).

The SEA web server performs the prediction of biological activity indicating
the biological target based on chemical similarity, and can assume that a particular
molecule may have an affinity with a certain target. As in the study by McCarrol and
collaborators, who used SEA for a virtual screening in order to identify whether some
molecules would have action on targets other than the Zebrafish GABA receptor and
compare with the in vivo assay [48].

SEA mainly uses two values to perform the activity prediction by chemical simi-
larity. The E-value is the value of the expectation that the similarity is not random
between the sets, in which the values closer to zero or less than 1 x 10719 consider
that the activity prediction is not likely to be occurring by chance. While the Tanimoto
Coefficient (Tc) is the expected chemical similarity of value 1 [49].

For the PMC1 molecule, DP-related activities were obtained, represented by the
values of E-value 4.426e35 and Tc of 0.86 for human enzyme MAO-B, and the
values of E-value 2.509¢~!! and Tc of 0.69 for human MAO-A enzyme, indicating
that PMC1 has a greater affinity for the MAO-B enzyme and greater probability
of not being a random alignment. For PMC2, results were obtained for E-value
2.342¢24 and Tc 0.58 for human MAO-B enzyme, E-value 9.906e~% and Tc 0.29
for MAO-B mouse enzyme, and E- value 1.408¢%7 and Tc 0.57 for human MAO-
A enzyme, indicating that PMC2 has similar characteristics to interact with both
the human enzyme MAO-A and MAO-B. For PMC3, E-value 7.283e¢'% and Tc
1 were obtained for human MAO-A enzyme, E-value 2.505e"28 and Tc 0.73 for
human MAO-B enzyme, and E-value 2.683¢~% and Tc 0.35 for COMT rat enzyme,
indicating that PMC3 has a non-significant tendency towards MAO-A instead of

Table 4 Prediction of biological activity with the PASS webserver for Selegiline and the planned
molecules PMC1, PMC2 and PMC3

Molecules Pa Pi Activy

Selegiline 0.366 0.055 Inhibition of monoamine oxidase B
PMCl1 0.238 0.005

PMC2 0.198 0.007

PMC3 0.282 0.005
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T.able'S Pred'ic.tion 9f Molecules | E value Tanimoto Activity
biological activity with the coefficient (Tc)
SEA webserver for Selegiline
and the planned molecules Selegiline |4.213¢=3% | 1.00 MAO-B rat
PMCI, PMC2 and PMC3 3651e735 | 1.00 MAO-A rat
2.909¢~12 | 1.00 MAO-B human
3.929¢" 11 | 1.00 MAO-B bovine
2.838¢12 | 0.62 MAO-A human
5.504¢=97 | 0.33 MAO-A bovine
PMCI 44263 1 0.86 MAO-B human
2.509¢~11 10,69 MAO-A human
PMC2 2.342¢"2 | 0.58 MAO-B human
9.906e=% | 0.29 MAO-B mouse
1.408¢97 | 0.57 MAO-A human
PMC3 7.283¢~14 | 1.00 MAO-A human
2.505¢=2 | 0.73 MAO-B human
2.683¢% |0.35 COMT rat

MAO-B and still has a probable interaction with COMT thus deducing that its action
may be multi-target (Table 5).

2.5.3 Synthetic Viability

To predict the synthetic viability of the compounds, the SYLVIA software was used,
which verifies through calculations the levels of difficulty of synthesis scoring from
1 to 3 for compounds that are easy to synthesize with the background of the image
colored green, 3—6 for medium-sized ones with a yellow background and 6-10 for
compounds that are very difficult to synthesize with red background [50]. Analog 1
(PMC1) showed a value of 2.52 indicating it is easy to synthesize, analog 2 (PMC2)
showed a value of 3.74, that is, medium ease in synthesis, and analog 3 (PMC3) was
2.77, easily synthesized. The proposals are promising because they present biological
activity for MAO-B inhibitors and mainly because they are possible to synthesize.

2.6 Synthesis of Planned Molecules by Claisen-Schmidt
Reaction

The Claisen-Schmidt reaction is a classic reaction (Fig. 6), described by R. L. Claisen
and J. G. Schmidt, widely used in the synthesis of chalcones through the aldolic
condensation of an acetophenone with an aromatic aldehyde [51]. This reaction can
occur in both acidic and basic environments, generating an enol or enolate from
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Fig. 6 Claisen-Schmidt condensation of chalcone

the ketone, respectively, followed by the aldol addition and dehydration, resulting
in the aldol adduct. Despite being simple, the Claisen-Schmidt reaction has some
disadvantages, such as slow reaction, production of artifacts and most have low yield,
ranging from <10% to 100> conversion. To increase the likelihood of better yield,
aluminum chloride (AICI13) is also used as a Lewis acid for the synthesis of chalcone
[40].

Since it is a basic reaction for the synthesis of chalcones, with easily accessible
reagents and relatively simple protocol, it was decided to synthesize the analogs
proposed in this work to have their toxicities tested in Zebrafish. Molecules 6, 7 and
8, where synthesized with 15%, 46% and 5% yield, respectively. All molecules were
synthesized more than once to obtain the minimum amount of 1 g, to be used in the
biological experiments.

The structures of the synthesized products were confirmed using the techniques of
nucler magnetic resonance (NMR), infrared spectroscopy (IR), gas chromatography-
mass spectrometry (GC-MS) and melting point (m.p.). The 'H and '*C NMR spectra
of molecules 6 and 8 showed the characteristic signals expected for these compounds,
with emphasis on the 'H-'H coupling constant of 15,6 Hz, characteristic of double
bonds in the trans geometry with values close of to the expected value of 16 Hz.
For molecule 7 it was not possible to obtain the coupling constant for double
bonds because of the formation of multiplets, but the chemical shifts of 'H and 3C
confirmed the structure of the product. The analysis by mass spectrometry showed
the m/z for molecules 6, 7 and 8 equals to 224, 248 and 238 Da, consistent with the
calculated values for their molecular ions.

2.7 Pharmacological Activity in a Zebrafish Model

2.7.1 Subjects and Creation Procedure

The animals were kept on the Zebrafish Platform of the Drug Research Laboratory,
Biological Sciences and Health Department of the Federal University of Amapa
(UNIFAP), Brazil. At a temperature of 26 &= 2 °C with a light cycle of 10 h light/14 h
dark. Standardized water (ISSO 1996) was used for the maintenance of adult fish. For
the production of standardized water, deionized water was used and the following
salts were added: CaCl, x 2H,0 (117 mg/L), MgSOy4 x 7H,0 (49.3 mg/L), NaHCO;
(25.9 mg/L) and potassium chloride (2.3 mg/L) (Sigma Aldrich).
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The adult fish were fed with commercial feed and Artemia saline. These were
treated according to the guide for the care and use of experimental animals. The
behavior of the fish was assessed by a human observer and filmed, after a week
under normal conditions and treatment. This study was submitted and approved by
the Committee on Ethics in Animal Use—CEAU of UNIFAP, receiving protocol
number 013/2018.

2.7.2 Toxicity Test of the Studied Substance

The acute in vivo toxicity test in an animal model Danio rerio, known as Zebrafish,
has a lower cost and time, and can be performed at the beginning of preclinical devel-
opment, and this justifies the acceptance of this methodology by the drug regulatory
bodies [53].

Of the three synthesized molecules, PMC1, PMC2 and PMC3, PMC3 was chosen
for the toxicity test because it does not have scientific studies of activity in the central
nervous system, and in the prediction test of biological activity in silico it showed
possible inhibition in two enzymes that are related to the pathophysiology of PD.
For acute oral toxicity, the administration of a single dose of PMC3 is considered
in this study and observation after 24 h to identify whether there was death in the
groups, administering concentrations of 350, 750, 1500 and 2500 mg/kg, according
to the recommendations of the OECD protocol 236 [54] after the highest level of the
administered dose (2000 mg/kg) it is suggested that there is no mortality in the tested
population. Based on this methodology, the acute toxicity test was also performed
by the intraperitoneal route, to confirm the possible absence of toxicity of the PMC3
analog by both routes, in which for both routes there was no death or behavior change
of the 30 fish tested in total. The results are shown in Table 6.

Due to the chalcones not having good solubility in water, it was necessary to
add DMSO and Tween 80 to the distilled water to obtain a mother concentration of
200 mg/mL, so it was possible to dilute according to the bodyweight of each fish.
Soon after administration, it was noted that there was an increase in the swimming
activity of the fish in both routes, with the same behavior for the control group. The
fish were evaluated for 7 days and showed no significant differences in behavior and
had a mortality rate of 0%.

ggz?n?aggg?:ﬁfrr?;i killed Dose mg/Kg Number of dead animals | Percentage %
after treatment with PMC3 Control Group 0/3-3 0
orally and intrapenitorially at 350 033 .
doses of 350, 750, 1500 and
2500 mg/kg in zebrafish 750 0/3-3 0
1500 0/3-3 0
2500 0/3-3 0

N = 3 animals/intraperitoneal route and 3 animals/oral route
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3 Conclusion

This study was divided into three parts: molecular modeling, synthetic route and
acute toxicity in vivo, to obtain a drug candidate with MAO-B inhibitory activity
for the treatment of Parkinson’s Disease. Thus, the natural substances (Amburo-
side A, Harman, Harmaline and Harmalol) selected for the in silico study of the
pharmacophore, molecular docking, pharmacokinetic and toxicological properties
demonstrated satisfactory results indicating a greater probability of good absorption
and distribution, in addition to MAO inhibitory activity. —B due to interaction with
the active enzyme site provided by docking.

Based on these results, Amburosideo A was indicated as a bioligant to propose
the modifications, and thus 3 molecules of the chalcone family named PMC1, PMC2
and PMC3 were obtained, although they already exist in the virtual database, these
molecules do not have studies for the treatment of disease of the central nervous
system, and the majority being for antimicrobial activity in which they did not
show good results. Therefore, predictions of activity and synthetic viability were
also performed, in which the three molecules showed activity to inhibit MAO. The
PMC3 prediction for COMT inhibitory activity is also noteworthy, indicating that this
molecule probably has a multi-target action, in addition to presenting easy synthesis.
In the synthesis stage, it was possible to synthesize the three molecules with an
average yield of 40%, confirming the prediction of synthetic viability. Subsequently,
PMC3 was selected to perform the acute toxicity test on Zebrafish, due to its likely
multi-target action, and even with the highest dose (2000 mg/kg) administered, the
mortality rate in the study population was 0%, indicating the lack of toxicity in this
parameter. Thus, this study demonstrates the importance of Molecular Modeling in
decreasing the time and cost of research, in addition to proposing three new potential
drug candidates for the treatment of Parkinson’s Disease.

4 Experimental Session

4.1 Search for the Structures of Natural Substances

To propose new drug candidates with antiparkinsonian biological activity with the
inhibition of the monoamine oxidase B (MAO-B) enzyme for the treatment of
PD, first, an online database search was performed with the descriptors “medic-
inal plants”, “Antiparkinsonian activity” and “natural compounds”, to find natural
substances that are described in the literature with antiparkinsonian, antioxidant
or neuroprotective activity in vitro or in vivo experiments on animal models with
induced PD.
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4.2 Derivation of the Pharmacophoric Pattern

The pharmacophore represents the set of functional domains of the studied bioligands
through which the possible types of interaction that the ligands in common can make
with the receptor site are defined [55]. The pharmacophoric pattern was determined
from the online server PharmaGist (http://bioinfo3d.cs.tau.ac.il/PharmaGist/) [56]
and observed its image on the ZINCPharmer web server (http://zincpharmer.csb.pitt.
edu/pharmer.html).

4.3 Molecular Docking Study

Molecular docking is a computational method to identify the mode of interaction of
ligands at the enzyme or receptor binding site through specific key interactions and
to predict the binding affinity between protein-ligand complexes [57]. The GOLD
5.4 software (Genetic Optimization for Ligand Docking) was used to simulate the
interaction between the ligands and the MAO-B enzyme through calculations that
employs the genetic algorithm for flexible ligand docking experiments within protein
binding sites [17].

4.4 Prediction of Pharmacokinetics (ADME)
and Toxicological Properties

4.4.1 Prediction of Pharmacokinetic Properties (ADME)

For the pharmacokinetic properties, the parameters of human oral absorption (AOH),
cell permeability in Caco-2 and MDCK cells and the penetration of the blood—brain
barrier (pPBHE) were used, as well as the properties related to the rule of five (logP,
molecular mass, hydrogen donors, and hydrogen acceptors) for natural substances,
using the QikProp module of the Schrédinger software [58].

4.4.2 Prediction of Toxicological Properties

The natural substance toxicological properties were predicted using the DEREK
software (Deductive Estimate of Risk from Existing Knowedge) [34]. DEREK has a
system that makes predictions of toxicity, such as mutagenicity, carcinogenicity, skin
sensitization, irritation, reproductive effects, neurotoxicity, among others, through
the correlation rules implemented in the software [12, 28]
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4.5 Structural Modifications, Activity Prediction
and Synthetic Viability

The changes in the structure of the studied molecules were carried out based on
the study of docking, on the properties of significant pharmacokinetics and toxi-
cology. In addition, it was also possible to predict the activity of the proposed
new compounds using the PASS webserver (http://www.akosgmbh.de/pass/index.
html), which predicts with high accuracy (70-80%) up to 2000 biological activities
for chemical compounds. And SEA (http://sea.bkslab.org/) uses the protein-related
set of molecules similarity based on the chemical similarity established between
its ligands, by searching large compounds databases and creating cross-destination
similarity maps.

The prediction of synthetic viability was performed using the SYLVIA soft-
ware (http://www.molecular-networks.com/online_demos/sylvia/), in which it indi-
cates whether the molecule has characteristics of easy (green), medium (yellow), or
difficult (red) synthesis.

4.6 Synthesis of Planned Molecules by Claisen-Schmidt
Reaction

The search for organic compounds that show activity as MAO-B inhibitors for the
treatment of PD was based on chalcone nuclei. The chalcones were synthesized by
a Claisen-Schmidt reaction that describes a process in which a benzaldehyde and a
methyl ketone are condensed in the presence of catalysts, this reaction is considered
one of the most classic reactions in organic chemistry, with the catalysts being strong
or acid bases [52].

Typical procedure for PMC1 (6): In a 250 mL flask, 30 mL of ethanol, 4-
hydroxybenzaldehyde (5.1 mmol) and acetophenone (5.0 mmol) were stirring for
10 min, then added 6 M NaOH (5 mL) dropwise and remaining in magnetic stirring
for 24 h at room temperature. Small pieces of aluminum foil were added to reaction
in an attempt to increase the yield. After this period, the mixture was transferred to
a Beaker (500 mL) containing approximately 100 g of crushed ice and 10% HC1
(15 mL) in manual stirring with a glass stick until the formation of the precipitate.
Vacuum filtration was performed to obtain the precipitated solid 6.

Typical procedure for PMC2 (7): In a 250 mL flask, 30 mL of ethanol, cinnemalde-
hyde (5.1 mmol) and 4-methylacetophenone (5.0 mmol) were stirring for 10 min,
then added 6 M NaOH (5 mL) dropwise and remaining in magnetic stirring for
24 h at room temperature. Small pieces of aluminum foil were added to reaction in
an attempt to increase the yield. After this period, the mixture was transferred to
a Beaker (500 mL) containing approximately 100 g of crushed ice and 10% HCI
(15 mL) in manual stirring with a glass stick until the formation of the precipitate.
Vacuum filtration was performed to obtain the precipitated solid 7.
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Typical procedure for PMC3 (8): In a 250 mL flask, 30 mL of ethanol, 4-
hydroxybenzaldehyde (5.1 mmol) and 4-methylacetophenone (5.0 mmol) were stir-
ring for 10 min, then added 6 M NaOH (5 mL) dropwise and remaining in magnetic
stirring for 24 h at room temperature. Small pieces of aluminum foil were added
to reaction in an attempt to increase the yield. After this period, the mixture was
transferred to a Beaker (500 mL) containing approximately 100 g of crushed ice and
10% HCI (15 mL) in manual stirring with a glass stick until the formation of the
precipitate. Vacuum filtration was performed to obtain the precipitated solid 8.

All substances were characterized by 'H and '*C NMR, infrared spectroscopy, gas
chromatography—mass spectrometry and melting point (supplementary material).

4.7 Acute Toxicity in a Zebrafish Model

4.7.1 Subjects and Creation Procedure

The adult Zebrafish (approximately 0.3 g in weight) were created on the ZebraFish
Platform of the Pharmaceutical Research Laboratory, from the Federal University of
Amap4, following standard fish care and maintenance protocols [53]. The environ-
mental variance was maintained, at a minimum, for all behavioral experiments. The
adult Zebrafish were kept in deionized water containing 200 mg/L of salt. All animal
care procedures were submitted to the Animal Use Ethics Committee of the Federal
University of Amapa.

4.7.2 Acute Toxicity Test

This test consists of administering the studied molecule to the fish in a certain dose
and, if the fish survives at least 7 days, it indicates a high probability of the substance
not being toxic 60. To perform this test, two routes of administration were used,
both orally, due to the planned and synthesized substance being indicated as a drug
candidate by the oral route, and the intraperitoneal route because it is the route of
administration of the neurotoxin used in other studies. For the test, 12 adult fish were
used, divided into four groups, containing three fish in each group, and the substance
PMC3 fasted once in four different concentrations, 350, 750, 1500 and 2500 mg/kg,
with 0.250 g of PMC3 diluted in 900 pwg/mL of water, 90 pg/mL of DMSO and
10 pg/mL of Tween 80.
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5

Ethical considerations

The Ethics Committee on the Use of Animals of the Federal University of Amapa—
CEUA-UNIFAP is a deliberative and advisory body of the Higher Administration
of the University in normative and consultative matters, in questions about the use
of animals for teaching and research. This work was submitted and approved by
protocol 013/2018 by this Animal Use Ethics Committee (CEUA).
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