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Abstract

Diabetes is a disease linked to pathologies, such as chronic inflammation, neuropathy, and pain. The synthesis by the Claisen—
Schmidt condensation reaction aims to obtain medium to high yield chalconic derivatives. Studies for the synthesis of new
chalcone molecules aim at the structural manipulation of aromatic rings, as well as the replacement of rings by heterocycles,
and combination through chemical reactions of synthesized structures with other molecules, in order to enhance biological
activity. A chalcone was synthesized and evaluated for its antinociceptive, anti-inflammatory and hypoglycemic effect in
adult zebrafish. In addition to reducing nociceptive behavior, chalcone (40 mg/kg) reversed post-treatment-induced acute and
chronic hyperglycemia and reduced carrageenan-induced abdominal edema in zebrafish. It also showed an inhibitory effect
on NO production in J774A.1 cells. When compared with the control groups, the oxidative stress generated after chronic
hyperglycemia and after induction of abdominal edema was significantly reduced by chalcone. Molecular docking simula-
tions of chalcone with Cox -1, Cox-2, and TRPA1 channel enzymes were performed and indicated that chalcone has a higher
affinity for the COX-1 enzyme and 4 interactions with the TRPA1 channel. Chalcone also showed good pharmacokinetic
properties as assessed by ADMET.
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Introduction

Diabetes mellitus (DM) is a severe chronic metabolic disor-
der, categorized into two types: DM-I, which is generated
by pancreatic B-cell dysfunction, while DM-II is caused by
impaired insulin secretion due to resistance to insulin and
disturbances in glucose homeostasis occur (Rammohan et al.
2020). In this sense, DM-II, associated with insulin resist-
ance and obesity in adults, is approximately nine times more
common than DM-I, commonly diagnosed in children (Ran-
jan and Sharma 2020). This disease affects approximately
100 million people, and treatments for it are considered
inadequate, mainly due to the lack of understanding of the
pathophysiological mechanisms of the disease. Diabetes can
even lead to organ or tissue damage due to multiple compli-
cations, including an increase in the level of reactive oxy-
gen species (ROS) (Asmat et al. 2016). Notably, the disease
is also linked to pathologies such as chronic inflammation,
neuropathy, and pain (Grosick et al. 2017).

In light of this, several recent studies have advanced
understanding of the role of TRP channels in pain and type
2 diabetes (DM2), particularly how TRP-targeted drugs
may become valuable alternatives to current pharmaceuti-
cal treatments for these diseases. TRP channels are a family
of cation channels involved in various cellular and sensory
signaling pathways. In mice and zebrafish, formalin, for
example, is a chemical that can deactivate TRPA1 (McNa-
mara et al. 2007; Silva et al. 2020; Jaqueline et al. 2021) and
promotes a biphasic nociception response, which it divides
into neurogenic and inflammatory responses as a result of
tissue reactions caused by inflammation (Barr 1998).

Administration of carrageenan (Cg) is commonly used
to cause inflammation in rodents. Several animal stud-
ies have shown that exposure to Cg causes inflammation,
which is characterized by increased vascular permeability,
which leads to extravasation of plasma fluids and migra-
tion of leukocytes to the inflamed area (Winter et al. 1962;
Cunha et al. 2016). Inflammation is widely recognized as an
important etiologic factor that plays a vital role in develop-
ing insulin resistance, significantly contributing to DM2. In
addition, it aids in the prevention of diabetes complications.
This hypothesis was proposed based on the findings of sev-
eral studies that focused on the link between the develop-
ment of type 2 diabetes, an increase in circulatory levels of
inflammatory markers in the acute phase, and insulin resist-
ance (Halim and Halim 2019). In this way, inflammatory
responses may establish a causal relationship with the onset
of DM2, which further contributes to insulin resistance, or
they may increase due to a hyperglycemic state, which leads
to the complications of DM2 (Cruz et al. 2013).

Despite the medications currently approved and used for
the treatment of type 2 diabetes, the scientific community
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is working to develop more effective, safe, and afford-
able natural and/or synthetic antidiabetic agents that can
overcome the side effects of current medications, such as
metformin (a drug commonly used to treat type 2 diabetes)
which causes gastrointestinal disturbances, such as diar-
rhea, nausea, and abdominal discomfort, and Vitamin B12
deficiency in some patients (Arslanian et al. 2013). Chal-
cones have shown promising antidiabetic activity through
the modulation of various molecular targets (Adelusi et al.
2021). Owing to the number and positions of various sub-
stituents, including hydroxy, methoxy, methyl, prenyl,
geranyl, lavandulyl, pyran, furan, and glycosyl derivatives,
chalcones have a central scaffold of 1,3-diaryl-2-propen-
1-one with great structural diversity (Ferreira et al. 2021).
The chalcone synthesized in this study is a heterocyclic
chalcone, and these are considered promising because they
have heterocyclic rings, as well as in the drugs developed,
such as captopril and diazepam (DZP), and when observ-
ing the chemical structure of the drugs used in therapies,
approximately 62% of them are heterocyclic (Qadir et al.
2022).

Zebrafish is a model that has been widely used to under-
stand the pathophysiological mechanisms of the inflamma-
tory process (Belo et al. 2021; Rebougas et al. 2021), Diabetes
(Lakstygal et al. 2019; Coutinho et al. 2022), pain (Silva et al.
2020; Jaqueline et al. 2021) and other pathologies. Nearly
all human DM-related genes have zebrafish orthologs, with
an average genetic homology of nearly 70% across species
(Lakstygal et al. 2019). Furthermore, the ease of exposure to
the drug by immersion in water Gleeson et al. (2007) allows
inducing MD-like states in zebrafish by housing the fish in
a solution of glucose (Rammohan et al. 2020) and sucrose
(Rebougas et al. 2021).

Regarding the fish nociception model, the nociceptive
physiology is well established and similar to that of mam-
mals (Sneddon 2002; Esancy et al. 2018). Zebrafish have
receptors for histamine (Peitsaro et al. 2000), opioids (Gon-
zalez-Nunez et al. 2013), transient receptor potential cation
channels (TRPs; TRPV1 e TRPA1) (Gau et al. 2013). Thus,
zebrafish have the necessary cellular components to respond
to various noxious stimuli. The present study evaluated a new
synthetic chalcone for its antinociceptive, anti-inflammatory,
and hypoglycemic effect in adult zebrafish. In addition, in
silico studies were conducted with specific molecular targets
of diabetes, inflammation and pain to assess possible structural
interactions of chalcone with these targets.



3 Biotech (2023) 13:276 Page3of21 276
Scheme 1 Synthesis of chal- OH O 0 OH O
cone
H 3(0 " s I'JaOH 50}0 H;(O / S
I Y/ EtOH ! 4
H;CO OCH, H;CO OCH,

Materials and methods
Drugs and reagents

Formaldehyde, acetic acid (Dynamics, Brazil); Dime-
thyl sulfoxide (DMSO; Dynamic®); Morphine (Cristalia).
2'/7'-dihydrodichlorofluorescein diacetate (DCHF-DA,
Sigma-Aldrich).

Synthesis and chemical characterization of chalcone

A description of the procedure for the synthesis of chal-
cone is shown in Scheme 1. (E)-1-(2-hydroxy-3,4,6-
trimethoxyphenyl)-3-(thiophen-2-yl) prop-2-en-1-one
was synthesized using a Claisen—Schmidt condensation
reaction in a basic medium. First, an ethanol solution of
2-hydroxy-3,4,6-trimethoxyacetophenone isolated from
Croton anisodontus (2 mmol) was added to a solution of
thiophene-2-carbaldehyde (2 mmol), followed by the addi-
tion of 10 drops of 50% w/v aqueous NaOH and stirred
for 48 h at 32 °C (Scheme 1). Chalcone was then filtered
under reduced pressure, washed with cold water, dried, and
recrystallized from ethanol. The structure of the heterocyclic
chalcone was confirmed by analyzing the 'H, '3C and infra-
red spectra (Figs. S1-S4, Supplementary material), which
were obtained using a Bruker DPX-300 Platform operat-
ing at frequencies of 300 MHz for hydrogen and 75 MHz
for carbon. The infrared absorption spectrum was obtained
using a Bruker vacuum spectrometer (VERTEX 70 V). A
chromatographic evaluation was performed by HPLC (Agi-
lent 1260 Infinity, Germany).

Biological evaluation
Toxicity in adult Zebrafish (ZFa)

The test was based on the (Arellano-Aguiar et al. 2015)
methodology with adaptations. The Zfa (n =6 group) were
treated with the intraperitoneal chalcone (i.p.; 20 uL) at
doses (4, 20, and 40 mg/kg.). Dimethyl sulfoxide (DMSO
3%; 20 uL, i.p.) was used as a negative control. After 24,
48, 72, and 96 h, the number of animals killed was counted,
and the data were subjected to statistical analysis using the
Trimmed Spearman—Karber method with 95% confidence
intervals, where the lethal dose to kill 50% was estimated
(LDsq) of animals.

Locomotor activity

Animals (n = 6/group) were pretreated (20 uL; i.p.) with the
chalcone in the same doses analyzed in Sect. 2.3.1. Diaz-
epam (Dzp; 40 mg/kg) or vehicle (DMSO 3%) were used as
positive and negative controls, respectively. After 30 min
of the treatments, the animals were added individually to
glass Petri dishes (10 x 15 cm; with quadrants at the bottom
of the plate) containing the same water from the aquarium
(Magalhaes et al. 2017). A group without treatments (Naive)
was included. The number of line crossings was recorded
during O to 5 min.

Behavioral antinociceptive activity

Nociceptive agents (5 mL; i.m (intramuscular)) and antago-
nists (20 mL; i.p) were used, as well as the time of analysis
of the nociceptive behavior (Batista et al. 2018; Silva et al.
2020), formalin (0 0.1%; transient receptor potential of sub-
family A member 1 cation channel [TRPA1], an agonist) and
camphor (30.4 mg/kg; TRPA1 antagonist). After treatment
with chalcone, 30 min before nociceptive application, the
animals were placed in a glass Petri dish (10X 15 cm), and
the response to the nociceptive behavior was observed in
the neurogenic phase (0-5 min) and the inflammatory phase
(15-30 min). The animals' behavior was recorded and ana-
lyzed by experimenters unaware of the treatment.

Formalin-induced nociceptive behavior

Adult zebrafish (n=6/) were pretreated (20 uL; i.p) with
the synthesized chalcone (4, 20 or 40 mg/kg), morphine
(8 mg/kg; positive control) and vehicle (negative control).;
3% DMSO0), 30 min before the intramuscular injection of
formalin applied to the animals' tail. A naive group (n=6;
untreated) were also included. The number of crosses in
the open field was counted both in the neurogenic phase
(0—5 min) and in the inflammatory phase (15-30 min) (Silva
et al. 2020). Em seguida, os animais foram pré-tratados
intraperitonealmente com a canfora antagonista (30,4 mg/
kg; 20 pL; ip), 15 min antes da chalcona (40 mg/kg; 20
uL; i.p), para verificar possivel envolvimento de o sistema
TRPALI.

In vitro In vitro toxicity on PCI2 cells: To explore the
potential of this compound as a therapeutic agent for the
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treatment of diseases related to the nervous system, such as
diabetic neuropathy, chronic pain, and neurodegenerative
inflammatory conditions, we used the PC12 cell line, as it
has been used as a model in several studies in the evaluation
of neurotoxicity (Yang et al. 2017; Wiatrak et al. 2020). For
in vitro assays, the stock solution (0.2 M) of the chalcone
was prepared with sterile DMSO, and working solutions
were diluted with sterile PBS to guarantee a maximum of
0.5% DMSO concentration in experimental groups.

Cytotoxicity of chalcone in PC12 cells was assessed by
MTT assay, as described elsewhere (Mosmann 1983a).
Briefly, 10° cells/mL were plated in 96-well plates with 10%
FBS DMEM (Dulbecco’s Modified Eagle Medium) over-
night at 37 °C and 5% CO, atmosphere. After, cells were
treated with Cth (1000-15.6 uM) for 24 h. Then, experimen-
tal groups were incubated with MTT (2.5 mg/mL) for 4 h,
and DMSO was added to dissolve the formazan salt. The
absorbance was measured at 570 nm. DMSO 0.5% and PBS
were used as the negative control.

Cell culture: The murine macrophage lineage J774A.1,
obtained from the Rio de Janeiro Cell Bank (BCRIJ), was
used for cell culture. Cells were cultured in DMEM (Dul-
becco's Modified Eagle's Medium) supplemented with 10%
fetal bovine serum (FBS), containing 100 U/mL of penicillin
and 100 pg/mL of streptomycin, in a humidified atmosphere
at 37 °C and 5% of CO,.

Sample dilution and sample number: The samples were
previously solubilized in supplemented DMEM containing
1% DMSO (vehicle), following the necessary dilutions to
obtain the concentrations recommended in each test. All
assays were performed in experimental triplicate (n =6).

Cell viability assay by the MTT method: Cell viability
was assessed using the MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium) assay. (Mosmann 1983b). J744A.1
cells were seeded at a density of 1 X 10 5 cells/well, in a
96-well plate and incubated for 24 h. Cells were treated
with chalcone (0.24-250 pM) for 24 h. MTT (1 mg/mL)
was added to each cell well and incubated for 4 h at 37 °C.
Then, the medium was removed, and DMSO (150 pL) was
added to each well. After 30 min of incubation, the absorb-
ance was measured at 570 nm using a microplate reader
(Asys UVM 340, Biochrom, USA). The percentage of cell
viability inhibition was calculated compared to the vehicle
group (100% viability).

Evaluation of the inhibition of nitric oxide (NO) pro-
duction stimulated by LPS: The concentration of nitrate/
nitrite in the medium was measured as an indicator of NO
production according to the Griess reaction. J744A.1 cells
were seeded at a density of 5x 105 cells/well, in a 96-well
plate and treated with chalcone at different concentrations
(0.24-3.91 pM) for 1 h and then stimulated with LPS (1 pg/
mL) at 37 °C for 24 h. Dexamethasone (40 uM) was used as
a positive control. For analysis, the culture supernatant was
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collected and mixed with an equal volume of Griess reagent
(1% sulfanilamide, 0.1% N-[1-naphthyl]-ethylenediamine
dihydrochloride, 5% phosphoric acid), and the absorbance
measured at 540 nm, using a microplate reader (Asys UVM
340, Biochrom, USA). The amount of nitrate/nitrite in the
samples was calculated from a standard curve of sodium
nitrite (De Brito et al. 2021).

Statistical analysis: The results were expressed as
mean + standard deviation of mean (S.D.). All data were
evaluated under their normal distribution using the Kolmog-
orov—Smirnov test. One-way ANOVA was used for multiple
comparisons of parameters, with the level of significance
between the groups determined by Tukey's post test. Values
of p <0.05 were considered statistically significant. All data
were analyzed using GraphPad Prism® 5.03 software (San
Diego, Califérnia, EUA).

In vivo Toxicity in adult Zebrafish (ZFa): The test was
based on the (Arellano-Aguiar et al. 2015) methodology
with adaptations. The Zfa (n=6 group) were treated with
the intraperitoneal chalcone (i.p.; 20 pL) at doses (4, 20,
and 40 mg/kg.). Dimethyl sulfoxide (DMSO 3%; 20 uL, i.p.)
was used as a negative control. After 24, 48, 72, and 96 h,
the number of animals killed was counted, and the data were
subjected to statistical analysis using the Trimmed Spear-
man—Karber method with 95% confidence intervals, where
the lethal dose to kill 50% was estimated (LDs;) of animals.

Locomotor activity: Animals (n = 6/group) were pre-
treated (20 pL; i.p.) with the chalcone in the same doses
analyzed in Sect. 2.3.1. Diazepam (Dzp; 40 mg/kg) or vehi-
cle (DMSO 3%) were used as positive and negative controls,
respectively. After 30 min of the treatments, the animals
were added individually to glass Petri dishes (10X 15 cm;
with quadrants at the bottom of the plate) containing the
same water from the aquarium (Magalhaes et al. 2017). A
group without treatments (Naive) was included. The number
of line crossings was recorded during O to 5 min.

Behavioral antinociceptive activity: Nociceptive agents
(5 mL; i.m (intramuscular)) and antagonists (20 mL; i.p)
were used, as well as the time of analysis of the nociceptive
behavior (Batista et al. 2018; Silva et al. 2020), formalin
(0.1%; transient receptor potential of subfamily A member 1
cation channel [TRPA1], an agonist) and camphor (30.4 mg/
kg; TRPA1 antagonist). After treatment with chalcone,
30 min before nociceptive application, the animals were
placed in a glass Petri dish (10 X 15 cm), and the response
to the nociceptive behavior was observed in the neurogenic
phase (0-5 min) and the inflammatory phase (15-30 min).
The animals' behavior was recorded and analyzed by experi-
menters unaware of the treatment.

Formalin-induced nociceptive behavior: Adult zebrafish
(n=6/) were pretreated (20 uL; i.p) with the synthe-
sized chalcone (4, 20 or 40 mg/kg), morphine (8 mg/
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kg; positive control) and vehicle (negative control).; 3%
DMSO), 30 min before the intramuscular injection of for-
malin applied to the animals' tail. A naive group (n = 6;
untreated) were also included. The number of crosses in
the open field was counted both in the neurogenic phase
(0-5 min) and in the inflammatory phase (15-30 min)
(Silva et al. 2020). Em seguida, os animais foram pré-
tratados intraperitonealmente com a cianfora antagonista
(30,4 mg/kg; 20 pL; ip), 15 min antes da chalcona (40 mg/
kg; 20 pL; i.p), para verificar possivel envolvimento de o
sistema TRPA1.

Anti-inflammatory activity: Abdominal edema was
induced by carrageenan in adult zebrafish (Batista et al.
2018). Adult animals (n = 6) received chalcone (40 mg/kg;
20 pL; i.p.) vehicle (Control, 3% DMSO; 20 pL; i.p.) or
ibuprofen (positive control, 100 mg/kg; 20 pL i.p.), after 1 h
before the treatments received injection of 1.5% carrageenan
(20 pL; i.p.). The animals were weighed before the treat-
ments and 4 h after the carrageenan application. The fish
were sacrificed in an ice bath (4°C) after the experiment,
and the liver tissues were removed for analysis of oxidative
stress (Sect. 2.3.6.5.1).

Levels of reactive oxygen species (ROS): The assay
used 2',7" dihydrodichlorofluorescein diacetate (DCHF-
DA). Liver tissues from three animals (in duplicate) were
macerated in Tris—HCI-EDTA followed by centrifuga-
tion (10,000 gx 10 min). 50 ul of the supernatant was col-
lected and mixed with 5 ul of DCHF-DA. The oxidation of
DCHF-DA to fluorescent dichlorofluorescein was measured
to detect ROS. The emission of fluorescence intensity from
DCF was recorded at 520 nm (with excitation of 480 nm) 2 h
after adding DCHF-DA to the sample. Protein concentration
was determined using the UV—VIS light spectrophotometry
method at 280 nm and a standard curve of bovine serum
albumin (BSA) (Loetchutinat et al. 2005).

Hypoglycemic effect of chalcone Sucrose-induced acute
hyperglycemia: Acute hyperglycemia was established
using 20 pL by intraperitoneal (i.p.) injection of sucrose
(2.5 g/kg body weight) in adult zebrafish (CEUA-UECE,;
n°® 04983945/2021). First, groups of animals (n = 6/group)
were treated intraperitoneally with sucrose (2.5 mg/kg; 20
pL). Then, 30 min later, the hyperglycemic groups were
treated with 3% DMSO (20 pL), insulin (1 IU; subcutane-
ous—SC), and metformin hydrochloride (200 mg/kg, 20
uL; i.p.). An untreated group was included (Naive). After
1 h and 30 min of treatments, the animals were euthanized
by inducing hypothermia with water and ice at O and 3 °C.
Blood glucose readings were taken by placing a glucom-
eter test strip (Active, Accu Check) directly on the severed
tail of each animal. The results were expressed as mean val-
ues + standard error of the mean and submitted to analysis
of variance (one-way ANOVA), followed by Tukey's test.

Sucrose-induced chronic hyperglycemia: The induction
of hyperglycemia in adult zebrafish was performed based
on the methodology of Ranjana and Sharma (2020) with
modifications. Animals (n =6 / group) were immersed in
sucrose solution (83.25 mM/L) in dechlorinated water in
5 L glass aquaria for seven days. The sucrose solution was
changed every day at the same time. On the 8th day, the
animals were removed from the glucose solution and kept
until the 11th day in dechlorinated water. (There were no
animal deaths during the induction of hyperglycemia).

The groups of animals (n = 6/group) that spent the seven
days submerged in sucrose were pretreated orally (using
an automatic 20 pL pipette) after 12 h of fasting for four
days (at the same time) with the chalcone (40 mg/kg; 20
pL). Other groups of animals (n =6 / group) were treated
with controls—Acarbose (300 mg/kg; 20 uL; positive con-
trol), Metformin (200 mg/kg; 20 uL; positive control), or
3% DMSO. (Drug Diluent; Negative Control). A group of
untreated zebrafish was included (Naive).

Blood glucose levels were measured on the fourth
day after 4 h of treatments. Before blood collection, the
animals were euthanized (by inducing hypothermia with
water and ice at 0 and 3 °C), then blood glucose readings
were taken by placing a glucometer test strip (Active, Accu
Check) directly on each animal's severed tail (Coutinho
et al. 2022).

Reactive oxygen species (ROS) levels in the liver and
brain of hyperglycemic Zebrafish: Oxidative stress was
evaluated in the treated animals during the four days
(described above). Groups of animals (n = 6/group)
sacrificed for glycemic testing had their liver and brain
removed. The assay used 2', 7' dihydrodichlorofluorescein
diacetate (DCHF-DA). Liver and brain tissues from two
animals (in triplicate) were macerated in Tris—HCI-EDTA
followed by centrifugation (10,000 g X 10 min). The super-
natant was collected (50 ul) and mixed with 5 ul of DCHF-
DA. The oxidation of DCHF-DA to fluorescent dichloro-
fluorescein was measured to detect ROS. The emission of
fluorescence intensity from DCF was recorded at 520 nm
(with excitation of 480 nm) 2 h after adding DCHF-DA to
the sample. Protein concentration was determined using
the UV light spectrophotometry method at 280 nm using a
standard curve of bovine serum albumin (BSA) (Loetchu-
tinat et al. 2005).

Statistical analysis: The results were expressed as
mean values + standard error of mean for each group of
6 animals. After confirming the normality of distribution
and homogeneity of the data, the differences between the
groups were submitted to analysis of variance (one-way
ANOVA), followed by Tukey's test. All analyzes were per-
formed using GraphPad Prism v. 8.0. The level of statisti-
cal significance was set at 5% (p < 0.05).
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Molecular docking

To carry out the simulations, the codes used
were: Autodocktools ™, AutoDockVina ™ (Trott and Olson
2010b), Avogadro ™ (http://avogadro.cc/) (Hanwell et al.
2012), Discovery studio visualizer ™ viewer (Biovia 2016),
Gabedit 2.5.0 (Allouche 2011), Gaussian 09 software (Frisch
etal. 2016), Marvin ™ 19.8, 2020, (http://www.chemaxon.
com), Pymol (DeLano 2020) and UCSF Chimera ™.

Ligand preparation and optimization

The Chalcone molecule was geometrically optimized
using the Density Functional Theory (DFT) method at the
B3LYP/6-311 + + G(d,p) computational level (Ditchfield
et al. 1971; Lee et al. 1988; Becke 1992) in the gas phase
using the Gaussian 09 software (Frisch et al. 2016). From
the optimized geometry, the molecular electrostatic potential
was computed at the same level of theory, and the isosurface
was rendered (isovalue =0.01) with the Gabedit 2.5.0 soft-
ware (Allouche 2011).

General docking procedures

To carry out the molecular docking studies of hypoglyce-
mic activity, the enzyme maltase-glucoamylase C-terminal
subunit (CtMGAM) was selected as a target. CtIMGAM is
involved in the production of glucose in the human lumen,
being considered an excellent target for the study of drug
development for type 2 diabetes (Ren et al. 2011). To obtain
the three-dimensional coordinates of the CtMGAM, the data
available in the Protein Data Bank-RCSB repository was
used (https://www.rcsb.org/). The structure of CtIMGAM
(PDB-codex 3TOP) was resolved by X-ray diffraction, and
the crystal was obtained with a resolution of 2.88 A, classi-
fied as a hydrolase/hydrolase inhibitor from the Homo sapi-
ens organism, being expressed in the Komagataella pastoris
system (Ren et al. 2011). CtMGAM was co-crystallized with
the a-acarbose inhibitor (PRD_900007) which was subjected
to a re-docking procedure.

For the studies of the anti-inflammatory activity, the
enzymes Cyclooxygenase-1 (COX-1) that is deposited in
the Protein Data Bank—RCSB (https://www.rcsb.org/)
with the title “Crystal Structure of Cyclooxygenase-1 in
Complex with Flurbiprofen”, with code 3N8Z, being clas-
sified as a nonmutant oxidoreductase from the organism ovis
aries expressed in the Spodoptera frugiperda system. The
structure of COX-1 was resolved by X-ray diffraction, with
a Resolution of 2.90 A(Sidhu et al. 2010). Another enzyme
used in the molecular docking study of the anti-inflamma-
tory potential was Cyclooxygenase-1 (COX-1) which is
deposited in the Protein Data Bank—RCSB (https://www.
rcsb.org/) under the title “The Structure of Vioxx Bound
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to Human COX-2”, with code SKIR, being classified as a
nonmutant oxidoreductase from the organism Homo sapi-
ens expressed in the Spodoptera frugiperda system. The
structure of COX-2 was resolved by X-ray diffraction, with
a Resolution of 2.70 A(Orlando and Malkowski 2016).

For studies of antinociceptive activity, the structure of the
transient potential receptor of ankyrin 1-TRPA1 was chosen,
which was obtained from the Protein Data Bank (https://
www.rcsb.org/), identified as “Structure of human TRPA1 in
complex with agonist GNES551” (PDB 6X2J). The structure
was deposited in the Protein Data Bank with a resolution of
3.00 A, being determined by electron microscopy, classi-
fied as membrane protein/agonist, Homo sapiens organism,
Spodoptera frugiperda expression system (Liu et al. 2021).

To carry out the molecular docking simulations, the code
was chosen. AutoDock Vina (Trott and Olson 2010a), is con-
figured to run the Lamarckian Genetic Algorithm—LGA. The
grid boxes were centered to encompass all protein chains to
determine the simulation space. For CtMGAM, the grid box
was centered at coordinates — 45,828, 21,487, and 17,927
for the x, y, and z axes respectively with size parameters
126 A(x), 82 A(y) and 124 A(z).

For COX-1 enzymes, the grid box was centered at coor-
dinates — 30,781, 56,507, and — 11,092 for the x, y, and z
axes, respectively, with size parameters 114 A(x), 100 A(y),
and 126 A(z). For COX-2, the grid box was centered at coor-
dinates 29,926, 11,772, and 35,311 for the x, y, and z axes,
respectively, with size parameters 112 A(x), 80 A(y), and
90 A(z). For TRPA1 the grid box was centered on the entire
enzyme with parameters 108Ax108Ax126A and dimensions
(x,y,2)=(161,851, 161,738, 157,285). Both Grids were
centralized so that the protein chain was entirely within the
computational simulation space. As criteria for preparing the
protein structure, the methodology proposed by Yan et al.
(2014), was used, where all water molecules were removed,
and Gasteiger charges and essential hydrogen atoms were
added. Preparation was performed using the ADT-Auto-
Docktools code (Morris et al. 2009).

Following the docking methodology proposed by
Marinho et al. (2020), 50 independent simulations were
performed, making it possible to obtain 20 poses per simu-
lation both for docking and re-docking simulations and to
improve the partial refinement of the individual calculations.
of the couplings, the Exhaustiveness criterion was set to 64,
keeping the protein structure was kept rigid, while all ligand
bindings and twists were set to rotate (Nguyen et al. 2017).
As a criterion for selecting the best pose, the statistical
parameter RMSD (Root Mean Square Deviation) was used,
with ideal values below 2 A (Yusuf et al. 2008).

To evaluate the stability of the complexes formed in the
simulations, the affinity energy (AG) was used, which has
ideality parameters values lower than — 6.0 kcal/mol (Shi-
tyakov and Forster 2014). Using the affinity energy values,
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the values of the inhibition constant (K1) (Eq. 2) of each
complex were calculated (Kadela-tomanek et al. 2021).

AG = —RTLnK (1)

Ki = e(A6/RD) 2)

AG is the binding free energy in KJ.mol-1, T is the
absolute temperature, 298 K, R is the gas constant, 8.32 J.
mol~! K™!, and Ki is the inhibition constant. To evaluate the
strength of the H-bonds, the parameters proposed by Imberty
et al. (1991), were used, which were based on the values of
the distances between the donor and acceptor atoms, where
the interactions were between 2.5 and 3.1 A are classified as
Strong, between 3.1 and 3.55 A are considered Average and
Weak those with a distance greater than 3.55 A.

To validate the simulations, the re-docking technique
was used. For the hypoglycemic activity, the co-crystallized
a-acarbose ligand (PubChem CID: 445421) and the drugs
Metformin (PubChem CID: 445421) and Miglitol (PubChem
CID 441314) were used. For the anti-inflammatory activ-
ity, the co-crystallized ligands Flurbiprofen and Rofecoxib
for COX-1 and COX-2 enzymes, respectively, and the drug
Diclofenac (PubChem CID: 3033). The camphor antagonist
(PubChem CID: 2537) was used as a reference for antinocic-
eptive activity. All simulations of docking of reference drugs
and re-docking of co-crystallized ligands were submitted to
the same criteria and simulation conditions as the Chalcone.

In silico study of the pharmacokinetic properties
of chalcone

Acidity, lipophilicity, and solubility

The two-dimensional structure of Thiophene Chalcone was
designed to calculate ionization properties (pKa), partition
coefficient (logP), distribution (logD) and solubility (logS)
in Marvin JS, ChemAxon software (https://chemaxon.com/
products /marvin), as a method for predicting acidity, lipo-
philicity, and solubility attributes.

Multiparameter optimization (MPO) of ADMET Criteria

The physicochemical properties of molecular weight (MW),
lipophilicity (logP), hydrogen bond acceptors, and donors
and gyratory bonds (RB) were calculated using Marvin JS,
ChemAxon software (https://chemaxon.com/products/mar-
vin), and applied to the “rule of five” (Ro5) criteria updated
by Lipinski in 2015 for space limitation of drugs with good
oral bioavailability and interaction with biological targets
(Lipinski 2016).

Physicochemical properties within the optimal drug-
likeness threshold were converted into a quantitative

estimation drug-likeness (QED) score built into the
ADMETlIab 2.0 server (https://admetmesh.scbdd.com/)
(Xiong et al. 2021), according to Eq. 3.

QED = exp<% Y lndi> 3)

where the score ranges from 0 (poor toughness) to 1 (excel-
lent toughness) for n properties evaluated within the ideal
limit (d;) (Bickerton et al. 2012).

The desirability of the permeability, efflux, and meta-
bolic clearance pharmacokinetic parameters were esti-
mated by the multiparameter optimization (MPO) tech-
nique inserted in the Marvin JS software, ChemAxon
(https://chemaxon.com/products/marvin), based on the
contributions of logP, logD, MW, polarity (TPSA), HB,,,,,
and basic centers (pKa), converted to scores ranging from
0 (low desirability) to 6 (high desirability) (Wager et al.
2016).

Prediction of ADMET properties

To conduct the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) calculations, based on
the methodology of Rocha et al. (2021), the molecule was
subjected to the in silico filter of Brain Or Intestinal. Esti-
mateD permeation (BOILED-Egg), built into the Swis-
SADME server (http://www.swissadme.ch/), to predict
intestinal and cerebral passive permeability through the
lipophilicity (WlogP) and polarity (TPSA) descriptors, as
well as P-glycoprotein (Pgp) substrates and nonsubstrates
(Daina and Zoete 2016). While numerical parameters of
apparent permeability (Papp) of colorectal adenocarci-
noma cell (Caco2) and Madin—Darby canine renal cell
(MDCK) cell models, plasma protein binding (PPB) and
plasma—brain distribution (Cbrain/Cblood) were predicted
by the in vitro and in vivo models of the PreADMET
server (https://preadmet.bmdrc.kr/adme/).

The phase I metabolism of Chalcona was predicted by
consensus testing of cytochrome P450 (CYP450) isoen-
zyme inhibitor and noninhibitor models (CYP450) from
SwissADME and PreADMET servers. Although the pos-
sible CYP450 substrate sites were predicted on the SOMP
Online server (http://www.way2drug.com/SOMP/) (Rudik
et al. 2015).

For prediction of toxic effects, the main Chalcone
microspecies and the metabolite formed by first-pass
metabolism were submitted to the PASS Online server
(http://way2drug.com/PassOnline/) (Filimonov et al. 2014)
for acidosis models metabolism, sensitization, hepatotox-
icity and liver damage.
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ALARM NMR screening

Structural contributions were detected through the high-
throughput screening method (HTS) of a La assay to detect
reactive molecules by nuclear magnetic resonance (ALARM
NMR), built into the ADMETIab 2.0 web server (https://
admetmesh.scbdd.com/) (Xiong et al. 2021).

Inhibition of target classes, biological activity, and acute
oral toxicity

The substance was submitted to the QSAR applicability
domains of the GUSAR Online server, Way2Drug (http://
www.way2drug.com/gusar/index.html), to predict the inhibi-
tion of models of biological receptors, enzymes and active
transporters and determination of the lethal dose (LD50)
through quantitative regression of the electrotopological
neighborhood of atoms (QNA). While biological and micro-
bial activities were predicted by similarity testing of the
in vivo animal test dataset from the PASS Online server
(http://way2drug.com/PassOnline/) (Lagunin et al. 2011;
Filimonov et al. 2009).

Results and discussion

With emphasis on the structure of chalcone and the number
of replaceable hydrogens, the possibility opens up for deriv-
ative synthesis with different functional groups that result
in various biological activities such as anticancer (Chavan
et al. 2023), antidiabetes (Rocha et al. 2020), anxiolytic (Fer-
reira et al. 2020) and anticonvulsants (Ferreira et al. 2018;
Mendes et al. 2022). The synthesis by the Claisen—Schmidt
condensation reaction aims to obtain medium to high yield
chalconic derivatives (Bandeira et al. 2019; Kumar et al.
2022), and still uses environmentally-friendly solvents
(Clarke et al. 2018). Aiming at the application as a possible
drug, the well-defined synthesis of the compound is neces-
sary for use on a large scale.

'"H NMR showed peaks at &y 3.92 (s), and 4,03 (s) for
synthesized chalcone, these peaks corresponding to hydro-
gen atoms from three methoxy groups. The peak at 6 5.97
(s), and 6.08 (s) is due to the only hydrogen atom bound to
the aromatic ring for both chalcones. In addition, the peaks
7.78 (d, J=15.3 Hz), and 8.01 (d, /J=15.3 Hz) were attrib-
uted to doublets referring to o, p unsaturated hydrogens. 1*C
NMR revealed in ring A five aromatic quaternary carbon
atoms with peaks at 8 159.6 (C-4"), 158.6 (C-6’), 158.8
(C-2’), and 131.1 (C-3’) and 107.0 (C-1"), and only one
aromatic methine carbon at 87.3 (C-5”). In addition, it was
possible to observe a signal concerning to o, § unsaturated
carbonyl at 8¢ 192.7 ppm. The olefinic carbons are observed
at 126.6 (Ca) and 131.8 (CP), respectively. The signals at
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Fig.1 Effect of chalcone on zebrafish locomotion in the open field
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Fig.2 Chalcone cytotoxicity in PC12 cells by MTT assay. Results are
expressed as the percentage of damaged cells+S.E.M. *p <0.05 vs.
control group; V — vehicle group (DMSO 0.5%)

O 56.1-61.0 refer to the carbons of the methoxy groups
and the peaks at 8¢ 141.3 (C-1), 135.6 (C-5), 131.7 (C-4)
and 128. 6 (C-3) refer to the carbons of the thiophene ring.
Chalcone was not toxic in adult zebrafish during the 96 h
analysis (LDs,>40.0 mg/kg). Furthermore, it did not change
the locomotion of adult zebrafish in the open field test, as
all doses showed locomotor activity significantly (p ~ 0.05),
similar to that of the naive group (Fig. 1). In the previous
works, it weas showed that other chalcones, also from the
same natural product, did not show toxicity under the same
conditions used in this work (Ferreira et al. 2021).
According to Fig. 2, chalcone showed no cytotoxicity in
the concentration range from 15.6 to 62.5 uM. However, at
higher concentrations, there was a reduction in the percent-
age of viability of PC12 cells, differing statistically from
the control with (p>0.0001). In experimental models of
neurotoxicity and neuroprotection in vitro, PC12 cells are
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widely used due to their good correlation with in vivo assay
(Yang et al. 2017; Chen et al. 2022). These results are in
agreement with the findings by Mendes et al. (2022), which
showed that a heterocyclic chalcone (E)-3-(furan-2-yl)-
1-(2hydroxy-3,4,6-trimethoxyphenyl)prop-2-en-1-one),
derived from same acetophenone also showed low toxicity.
Therefore, our results indicate that this molecule has a low
cytotoxic effect, which makes it viable to be explored in new
experiments. After performing the toxicological tests, the
pharmacological tests continued.

The zebrafish has emerged over the past 3 decades as an
ideal animal model for studying the basic events that lead to
embryonic development and for modeling human disease.
Thus, animal models of nociception are critical to under-
standing the biological processes associated with pain and
their significant effects on behavior, as highlighted by Costa
et al. (2022) when addressing behavioral phenotypes related
to nociception in adult zebrafish. In the formalin-induced
nociception model, it was observed that chalcone at the dose
(10 mg/kg) and morphine reduced (p <0.0001 vs. Control)
the number of formalin-induced nociceptive behaviors in
the neurogenic phase (Fig. 3A), while all doses of chalcone
as well as morphine inhibited (p < 0.0001 vs. Control) the
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behavior of animals in the inflammatory phase (Fig. 3B).
When investigating the mechanism of antinociceptive action,
camphor was used, which acts on the transient ankyrin
receptor potential 1 (TRPA1) channel preventing analgesia.
Therefore, it was possible to notice a decrease in the locomo-
tor behavior of the animals at the dose of 40 mg/kg only in
the second phase (****p <0.0001 vs. control; Fig. 3B). And
so, it was deduced that chalcone could modulate the TRPA1
channel in the inflammatory phase. Previous findings show
that the nociceptive effect was also reversed by 3,4-dihy-
droxychalcone (Heidari et al. 2009) and natural dimeric
chalcones extracted from Myracrodruon urundeuva (Viana
et al. 2003).

When performing Molecular docking simulations of the
chalcone with the TRPA1 channel (Fig. 4), it was possible
to observe that all simulations presented RMSD (Root Mean
Square Deviation) value within the ideal parameter, less than
2A (Yusuf et al. 2008), in the case of chalcone it presented
a value of 1581 A and camphor antagonist in the order of
1892 A. The Chalcone—TRPA1 complex presented energy in
the order of — 6.0 kcal/mol and the camphor—TRPA1 com-
plex in the order of — 5.4 kcal/mol. The inhibition constants
were 3979 x 107> (pKi=4.40), 1096 x 10~ (pKi=15.72) for
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Fig.3 A Antinociceptive activity of chalcone by formalin model in adult zebrafish (Danio rerio). B Antinociceptive mechanism of action of

chalcone induced by formalin in adult zebrafish (Danio rerio)
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Fig.4 Human TRPA1 receptor interaction complex with ligands (A); Interaction maps of camphor antagonist (B) and chalcone ligand (C)

the Chalcone—TRPA1 and camphor—TRPA1 complexes,
respectively (Table S1, supplementary material). Analyzing
the chalcone—TRPA1 complex, four interactions are veri-
fied: two hydrophobic with residues Asp 1503 B (3.81 A)
and Asp 2060 C (3 82 A) and two H- bond with residues
Asp 915 A (2.64 A) and Asn 2619 D (3.07 A) Notably, the
complex formed by the antagonist camphor with TRPAT is
formed by six hydrophobic interactions involving residues
Tle 803 A (3.64 and 3.96 A), Leu 863 A (3.54 A), Glu 864
A (3.65 A), Leu 867 A (3.20 A) and Phe 1535 B (3.71 A)
(Table S2, supplementary material).

Given the reversal of the nociceptive behavior of animals
in the inflammatory stage after pre-treatment with chalcone,
the anti-inflammatory activity of chalcone was investigated
in vitro through its ability to inhibit the production of nitric
oxide (NO), stimulated by lipopolysaccharide (LPS), in
J744A.1 macrophages. In this sense, it is worth mention-
ing that NO is involved in critical physiological processes
such as neurotransmission, mitochondrial respiration,
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gastric motility, and inflammation (Lo Faro et al. 2014).
However, NO overexpression contributes to inflammatory
processes promoting vascular permeability and leukocyte
infiltration (Nagy et al. 2008). The results showed that the
effect of chalcone on the viability of J774A.1 murine mac-
rophage cells showed cytotoxicity with ICy, values between
12.91 +1.32 pM. In addition, chalcone was evaluated for
its inhibitory effect on NO production in LPS-activated
J774A.1 cells (Fig. 5). Thus, chalcone effectively inhibited
NO production. However, it was not possible to calculate
the ICs, value of the samples against the inhibition of the
production of NO by the results found, where there was no
difference in response between the concentrations used.

In zebrafish, the anti-inflammatory activity of chalcone
was performed by the carrageenan-induced abdominal
inflammation model. As shown in Fig. 6, the anti-inflam-
matory effect of chalcone (40 mg/kg) reduced (P <0.01)
abdominal edema corresponding to the positive control ibu-
profen (P <0.001; 100 mg/kg). In terms of structure—activity
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Fig.5 Effect of chalcone on the 15079 A
viability of J744A.1 cells (A).
Effect of chalcone on the inhibi-
tion of NO production in LPS-
stimulated J744A.1 cells (B)
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Fig.6 Liver oxidative stress after induced inflammation in zebrafish

activation of inflammatory cells, the secretion of pro-inflam-
matory cytokines and the release of different inflammatory
mediators, including PGE, and COX-2. For example, COX-2
is involved in the production of the inflammatory media-
tor PGE,, which results in the symptoms of inflammation,
such as redness, swelling, fever, and pain. (Ou et al. 2019).
Carrageenan-induced abdominal edema in adult zebrafish
is a well-defined model of inflammation for the study of
natural and synthetic anti-inflammatory products (Batista
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et al. 2018; Huang et al. 2014). The recent research has indi-
cated that chalcones derivatives may inhibit the secretion of
phospholipase A2, COX, and pro-inflammatory cytokines
(Tang et al. 2020).

In an inflammatory condition, immune cells release ROS
leading to oxidative stress (Hussain and Harris 2007; Reuter
et al. 2010). Regarding the effect of chalcone on oxidative
stress in liver tissue after induction of abdominal edema,
a reduction in ROS levels of liver tissue from swollen
zebrafish can be observed (* p <0.05, vs. control; Fig. 7).
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This result indicates that the inflammatory response induced
by Carrageenan was closely related to the reduction of anti-
oxidant enzyme activities and the generation of free radicals
and lipid peroxidation, which has been shown to control the
redox state in the liver after inflammation (Lai et al. 2009).
In view of these results, molecular docking simulations were
used to study the probable binding mode of chalcone at the
active site of COX-1 and 2.

Coupling simulations with Cyclooxygenase-1 (COX-
1) and 2 (COX-2) indicated that chalcone has a greater
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Fig. 7 Anti-inflammatory effect of chalcone on adult zebrafish (Danio rerio) (A); Effect of chalcone on liver tissue oxidative stress induced by

abdominal edema (B)
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affinity for the COX-1 enzyme (Fig. 8), as it presented
affinity energy in the order of — 7.1 kcal/mol for Cox-1 and
-5.8 kcal/mol for COX-2. What can be seen is that the chal-
cone—COX-1 complex, when compared with the Flurbipro-
fen—COX-1 complex calculated by re-docking (— 6.5 kcal/
mol), also showed a higher affinity, which is also valid when
compared with o the energy of the Diclofenac—COX-1 com-
plex (— 5.9 kcal/mol). This affinity can be better analyzed
through ki and pKi, where it can infer that chalcone will
need a lower concentration than diclofenac and flurbiprofen
to inhibit COX-1 (Table S1, supplementary material). Fur-
thermore, regarding the positioning of the ligands in COX-1,
it can infer that chalcone, flurbiprofen and diclofenac cou-
ple in different regions. Moreover, when analyzing the for-
mation of the Chalcone—COX-1 complex, it is possible to
highlight two hydrophobic interactions, one in the order of
3.97 A with the side chain of the aliphatic residue Leu 152B
and another in the order of 3.47 A with the basic residue
LYS468B.

The hydrophobic interactions between chalcone and the
amino acid residues of the COX protein occur because of the
molecular skeleton of carbon (the phenyl ring, the thiophene
ring, and the olefin double bond) have a partial negative
charge spread over them. Therefore these & electrons can be
donated to the residue, or they can be used to accept the elec-
tron density of the residue using the empty n* antibonding
molecular orbitals. Analyzing the structure of the molecule,
the importance of oxygen atoms is also highlighted, which
contribute as acceptors, resulting in two H-bond atoms, one
of 2.09 A with an important acidic H-bond chain Gln 461B
and the other on the order of 3.00 A with the side chain of
the polar residue Cys 47B. Furthermore, as seen in Fig. 7,
oxygen atoms have a higher concentration of negative charge
that can be used to form strong H bonds (Table S3, supple-
mentary material).

When comparing the complex formed by the chalcone
with the COX-2 enzyme and the co-crystallized ligand
(Rofecoxib) and the reference drug (diclofenac), it can be
observe that the complex Rofecoxib-COX-2 and Diclofenac-
COX-2 present a more favorable affinity energy than the
Chalcone—COX-2 complex, indicating that a higher con-
centration of chalcone will be required than diclofenac
and Rofecoxib to inhibit COX-2 (Table S4, supplementary
material). Furthermore, by observing the coupling site, it
is possible to observe that Diclofenac couples in the same
region as Rofecoxib, inferring that the action of diclofenac
is preferential via COX-2 (Fig. 7B).

Inflammation is already proven to be a major risk fac-
tor for type 2 diabetes, atherosclerosis, cancer and other
chronic diseases (Kaur and Singh 2022; Rohm et al.
2022). Inflammatory responses may establish a causal
relationship in the onset of DM2, which further contrib-
utes to insulin resistance, or may increase through the

hyperglycemic state that leads to the complications of
DM2. (Halim and Halim 2019). In order to evaluate the
hypoglycemic effect of chalcone, acute and chronic hyper-
glycemia was induced by sucrose.

To date, this is the first work with a model of sucrose-
induced acute hyperglycemia, which in turn caused
(****p <0.0001 vs Naive) an increase in the acute glycemic
index in animals (Fig. 9A). This hyperglycemic effect was
reduced (¥***p <0.0001 vs Control) by insulin at baseline
levels similar to the Naive (no treatment) group. The drug
metformin hydrochloride did not reduce acute hyperglyce-
mia. Chalcone (40 mg/kg) reversed (**p <0.01 vs Control)
sucrose-induced acute hyperglycemia. Thus, this result
shows that the model allows the investigation of the impact
of acute hyperglycemia in animals to study the physiological
processes altered by this disorder.

The previous research shows hyperglycemia induced by
high sucrose concentration (83.25 mM) for 14 days, and
the effects analyzed were related to learning and memory
in zebrafish (Ranjan and Sharma 2020). It was observed
that sucrose caused hyperglycemia in Zebrafish from the
fourth day of induction. Therefore, the same procedure was
performed to induce hyperglycemia in adult Zebrafish by
immersion in sucrose at 83.25 mM for seven days. With
sucrose withdrawal after four days, the persistence of hyper-
glycemia (***p <0.001 vs Naive) was observed after 12 h
of fasting in the control group (3% DMSO) (Fig. 9B.). The
persistence of sucrose-induced hyperglycemia was signifi-
cantly reduced (**p <0.01 vs Control) by chalcone (40 mg/
kg) (Fig. 9B), an effect similar to positive control groups
(Sugar—Acarbose and Met—Metformin) that reduced
(**p<0.01; ***p <0.001 vs Control) hyperglycemia to
baseline levels in animals.

The basal fasting blood glucose level in zebrafish is
approximately 50-75 mg/dL (Jorgens et al. 2012), a result
similar to that obtained in this study with untreated animals
(Naive) after 12 h of fasting. Capiotti et al. (2014) induced
hyperglycemia in adult Zebrafish with glucose at 111 mM
for 14 days and observed the persistence of hyperglycemia
after seven days of glucose withdrawal, suggesting that
exposure of these animals to high concentrations of glucose
is capable of inducing persistent metabolic changes, likely
determined by a hyperinsulinemic state and impaired periph-
eral glucose metabolism.

Sucrose-induced hyperglycemia increased (***p < 0.001
vs Naive) the levels of reactive oxygen species in the liver
of the animals. However, oxidative stress was significantly
reduced (*p < 0.05 vs Control) by chalcone (Fig. 9C), an
effect similar to positive control groups (Sugar—Acarbose
and Met—Metformin; *p <0.05 vs Control). Therefore,
the results showed that the persistence of sucrose-induced
hyperglycemia was significantly reduced (**p <0.01 vs Con-
trol) by chalcone.
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The literature shows that chalcones have a hypoglycemic
effect by acting on different targets, such as: inhibiting car-
bohydrate digestion, aldose reductase to increase GSH syn-
thesis, inhibiting cellular sorbitol-mediated osmotic pressure
and reducing the production of end products of advanced
glycation (AGEs), activate the transactivation potential of
erythroid-derived nuclear factor 2 (Nrf2) to enhance antioxi-
dation, detoxification, and cytoprotection, inhibit Sodium-
Glucose Co-Transporter (SGLT-2) reabsorption, and ulti-
mately mimic insulin, thereby lowering the blood glucose
level (Adelusi et al. 2021). The antidiabetic properties of
chalcones have been well reported (Rocha et al. 2020).

The high glycemic content in diabetes mellitus 2 stimu-
lates the generation of ROS, which still play a vital role in
developing comorbid conditions, such as insulin resistance,
hyperlipidemia, inflammation, and oxidative stress (Rout
et al. 2021). This is due to a decrease in the decomposition
and/or an increase in the production of antioxidants such
as catalase (CAT—enzymatic/nonenzymatic), superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px).
As a result, changes in the levels of these enzymes make
tissues susceptible to oxidative stress, leading to diabetic
complications (Lipinski 2004). It is for this reason that the
persistence of chronic hyperglycemia after sucrose with-
drawal caused oxidative stress in the liver and brain tissue
of the animals (Fig. 9C). However, treatment for four days
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with chalcone (40 mg/kg) protected liver tissue from ROS
produced by sucrose-induced hyperglycemia. Chalcones are
known for their free radical scavenging properties through
the hydrogen atom transfer (HAT) mechanism. Their ability
to remain stable after donating these hydrogen atoms is due
to the delocalized = electrons hovering around their aromatic
structures (Adelusi et al. 2021).

One of the strategies explored by chalcones and other
natural products on diabetes and its complication is the inhi-
bition of carbohydrate digestion. Pancreatic a-amylase and
intestinal a-glucosidase are the two key enzymes responsible
for carbohydrate digestion, and their ultimate effect is post-
prandial hyperglycemia. As a result, complex carbohydrate
starches are hydrolyzed by pancreatic a-amylase into oli-
gosaccharides, while these oligosaccharides are hydrolyzed
into monosaccharides by intestinal a-glucosidase, thereby
increasing the blood glucose level (hyperglycemia) — a
condition closely linked to diabetes (Adelusi et al. 2021).
This is why postprandial glucose levels are controlled by
a-glucosidase inhibitors, a class of antihyperglycemic drugs
that are often given to individuals with type 2 diabetes (Ade-
lusi et al. 2021). Therefore, using the computer simulation
technique (molecular docking), it was possible to obtain a
structural view of the mechanisms of inhibition of ligands
on a-glucosidase, identifying the modes of interaction of the
ligand with the active site of the protein.
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After choosing the best pose, with the lowest RMSD
value and affinity energy as parameters, it was possible to
observe that chalcone has more favorable energy than the
reference drugs miglitol and metformin, as it presented
lower affinity energy (— 6.2 kcal/mol). However, it was less
favorable when compared with a-acarbose, which presented
energy in the order of — 7.9 kcal/mol. This analysis can be
refined when evaluating the inhibition constant (Ki) and pKi,
where it can be inferred that the lower the Ki value, and the
higher pKi, the greater the affinity of the ligand for the pro-
tein and, consequently, the lower the concentration of ligand
required to inhibit enzyme activity (Kadela-tomanek et al.
2021). From this perspective, it is possible to infer that chal-
cone will need a lower concentration to inhibit CtMGAM
than miglitol and metformin, since it presented lower ki, in
the order of 2.893 %107, a higher pKi value (4.54), and a
higher concentration when compared with the co-crystal-
lized inhibitor (a-acarbose) which presented Ki and pKi in
the order of 1.904 x 107° and 5.72 respectively (Table S1,
supplementary material).

However, it can be observed that the chalcone—CtMGAM
complex is formed by four H-bonds, two of which are mod-
erate, involving the chalcone oxygen atoms (acceptors)
with the nitrogen (donor) present in the primary amino
acid residue of the ARG1730 of the A chain, and two bonds
involving the oxygen atoms (acceptor) of the chalcone with
H-bond—bond donor atoms of the residues GLN 1731 A
and TYR 1787 A. The chalcone still forms a hydrophobic
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interaction with the residue HIS 1730 A and a n-Stacking
involving the side chain of residue HIS 1727 A. Further-
more, it is observed that metformin complexes in the same
region of the a-acarbose site, where the interaction with resi-
due ASP 1526 A stands out, forming salt bridges with the
metformin and H-bond with a-acarbose. Also noteworthy is
the residue ARG 1510 A, which forms a strong H-bond with
metformin and the a-acarbose ligand. It can be observed that
miglitol complexes in a different region from metformin and
chalcone, complexing with H-bond bonds, where the acidic
side chain residue GLU1400A stands out, which interacts
forming five strong interactions, with a distance varying
from 2.27 to 3.04 A (Table S2, supplementary material).
Therefore, when is analyzed the formation of complexes, it
is possible to observe that chalcone complexes in a different
site from metformin and a-acarbose, which are complex in
the same region (Fig. 9B) and from miglitol, indicating that
chalcone does not compete by the site of interaction of these
drugs, thus indicating the possibility of synergistic use of
chalcone with these reference drugs (Fig. 10).

The use of computational techniques in the prospec-
tion of new drugs can reveal those with better therapeutic
efficacy. A study was carried out by the ADMET profile
(Adsorption, Distribution, Metabolism, Excretion, and
Toxicity), which provides results that can be channeled to
further studies, whether in vitro, in vivo or clinical stud-
ies. Regarding the main microspecies, lipophilicity and
solubility of the molecule: The most acidic pKa value
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----- Hydrophobic Interaction
— Hydrogen Bond
Salt Bridge

Fig. 10 Interaction complex of the enzyme CtMGAM with the ligands (A); Interaction maps of the ligand miglitol (B), chalcone (C), the drug

metformin (D) and the co-crystallized inhibitor alpha-acarbose (E)
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Fig. 11 A Distribution of microspecies, B distribution and solubility coefficients as a function of pH variation, C Bioavailability radar with
physicochemical limits and D Boiled egg graph for intestinal prediction (HIA) and cerebral permeation (BBB) of chalcone

evaluated at 7.76, a value compatible with other hydroxyl
groups, suggests the presence of an ionized molecular
fraction at physiological pH (approximately 7.4), with an
approximate concentration of 30% as shown in the graph
of Fig. 11A. This is an essential finding for oral bioavail-
ability since hydrogen donor groups decrease the chalcone
volume of distribution. The graph in Fig. 11B shows a
decrease in the Chalcona distribution coefficient, which
shifts the chemical equilibrium towards increasing solu-
bility. Thus, it is possible to observe the variation in the
lipid solubility of the substance with the decrease in the
molecular volume of the neutral microspecies as a func-
tion of the pH variation. The calculated value of logD in
the order of 3.52 suggests that the levels of lipophilicity of

jllate ¢llodl ay .
des Shevis @) Springer

the molecule guarantee a balance between solubility and
permeability (Fichert et al. 2003).

An analysis of the physicochemical properties of chal-
cone on the bioavailability radar of Fig. 11C shows that the
substance is within the limits of size (MW < 500), lipophi-
licity (log P <5) and flexibility (Ngg < 10) established by
the criteria of Ro5, satisfying the conditions established for
its use as an oral medication. As a general rule of thumb, a
substance has good oral bioavailability when it is uncharged
and not as lipophilic (Salah et al. 2016; Khan et al. 2018).
The evolution of Lipinski’s “rule of five” (Ro5) in 2015
considers a space of physicochemical properties where
there is a probability that a compound has good oral bio-
availability, and that coincides with structural limitations of
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interaction with protein targets, which include: MW <500 g/
mol, logP <5, hydrogen bond acceptors (HB, ) < 10, hydro-
gen bond donors (HBpy,,) <5 and spinner bond number < 10
(Lipinski 2016). Optimal properties within established limits
are converted into a quantitative estimate of drug-likeness
(QED) score, as per Eq. 1. Higher values (on a scale of O to
1) are associated with better plasma clearance, plasma free
fraction, half life and elimination, as key pharmacokinetic
attributes (Bickerton et al. 2012).

It is interesting to note that chalcone exceeds unsaturation
levels (Fsp3 <0.25), with 2 aromatic rings, while the pres-
ence of a hydrogen donor atom, associated with phenolic
hydroxyl, suggests the formation of ionized microspecies in
specific ranges of physiological pH, factors that limit its drug
ability. However, the QED value evaluated at 0.65 suggests
that most of the physicochemical properties of Chalcona sat-
isfy the ideal drugability parameters. At the same time, the
CNS MPO score in the order of 4.65 indicates a high per-
meability, low passive efflux and low probability of access
to CNS, favorable pharmacokinetic attributes for good oral
bioavailability (Table S5, supplementary material).

An essential application of desirable pharmacokinetic
indices is associated with multiparameter optimization of
central nervous system drugs (CNS MPO). The limits of six
of these parameters include logP < 3, logD <2, MW <360,
HB,,, <1, TPSA <90, and the most basic pKa <8, which
guarantee a physical—chemical space that favors the three
fundamental attributes of ADMET: high permeability,
low passive efflux and low metabolic clearance, as well as
ensuring safe access to the central nervous system. Thus,
CNS MPO scores > 4 are associated with compounds well
absorbed in the human intestine, and blood—brain barrier
(BBB) permeability tends to approach 6 (Wager et al. 2016)
(Wager et al. 2010).

As physicochemical properties are dependent on molecu-
lar size and the presence of hydrogen acceptors and donors,
the evaluated lipophilicity and polarity profiles of Chalcone
plotted on the BOILED-Egg plot in Fig. 11D show that the
substance has high passive gastrointestinal permeability, as
it is within the limit formed by the TPSA intervals lower
than 142 A% and logP between—2.3 and 6.8, with a Papp
coefficient in the order of 3.32 x 107° cm/s, and is not a sub-
strate of Pgp, which guarantees a good bioavailability after
human intestinal absorption (HIA) (Yee 1997). However,
the substance does not have activity in the central nervous
system (CNS), as the TPSA >79 A? and the Papp coefficient
in the order of 1.13x 107 cm/s suggest a low passive per-
meability in the BBB, where the percentage of binding with
plasma proteins on the order of 90.27% result in a Cy,;,/
Cil00q distribution of only 0.01 (Silverman and Holladay
2014) (Table S6, supplementary material).

In the prediction of first-pass metabolism, the servers
pointed to a potential inhibition of Chalcone to the CYP2C19

and CYP2C9 isoenzymes, suggesting an increase in the con-
centration of the substance in the blood plasma, as well as an
ambiguous behavior with the CYP3A4 isoform (Table S6,
supplementary material). The predictions also showed that
the methyl group of p-OCH3 is likely to be a substrate site of
CYP2D6 with a probability of approximately 80%, through a
hydroxylation reaction followed by demethylation, resulting
in a p-OH type substitution as shown in Scheme S1 (sup-
plementary material). Consequently, the formed metabolite
has a decreased probability of metabolic acidosis, sensitiza-
tion and liver toxicity, and an increased probability of liver
toxicity to the generic structure. All evaluated side effects
have a probability of less than 50%, reflecting the low toxic
risk by metabolic activation.

As the primary mediators of redox drug reactions,
cytochrome P450 (CYP450) isoenzymes are responsible for
forming metabolites and the plasma concentration of sub-
stances after first-pass metabolismo (Eitrich et al. 2007).
Thus, it was possible to correlate the SwissADME server
dataset with the in vitro parameters of the Pre ADMET server
for inhibitors and noninhibitors of CYP 2C19, 2C9, 2D6 and
3A4, while the SOMP Online platform identified the pos-
sible Chalcone substrate sites for these due enzymes (Rudik
et al. 2015). Then, the biological activity spectrum predic-
tion method (PASS) identified the possible toxic hazards
of the main Chalcone species and the possible metabolites
formed by first-pass metabolism (Filimonov et al. 2014).

Pharmacophores were screened using a high-throughput
screening mechanism (HTS) of the NMR ALARM rule,
which identified carbonyl-associated structural alerts (C=0)
adjacent to delocalized unsaturations, forming a strong
nucleophilic region capable of covalently binding with pro-
teins. Furthermore, the detected fragments of phenol and
thiophene present significant biological activity in the Chal-
cona project since phenolic groups are potential antioxidant
agents, and the thiophene ring constitutes a potential antimi-
crobial agent (Figure S5, supplementary material) (Stevens
et al. 2003; Mishra et al. 2018). HTS is based on a series
of extensive collections of compounds that constitute filters
that identify possible molecular fragments with a specific
biological activity. The screening technique of a La assay
to detect reactive molecules by nuclear magnetic resonance
(ALARM NMR) constitutes a library of reactive molecular
fragments based on compounds characterized by Dithio-
threitol-dependent '*C NMR (DTT) as a screening method
for molecular fragments with activity biological (Rishton
1997; Huth et al. 2005).

Antitarget effect prediction showed that chalcone is a
potential inhibitor (-log,y[value] > 5.0) of serotonin (5-HT)
receptors 1B, 2A, and 2C and dopamine 1A coupled to nerve
cells, as well as adrenergic receptors alB and a2A types
and androgen (AR) and estrogen (ER) hormone receptors.
In addition, the test also showed that the ligand is a potential
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inhibitor of the enzyme monoamine oxidase A (MAOA) and
ion transporters such as SLC6A1 and SLC6A3 (Fig. S6, sup-
plementary material). Despite being a protein precipitator,
chalcone is likely to have significant anti-inflammatory (Cor-
roborating with the in vitro and in vivo results) (P,>0.5),
antimicrobial, antiparasitic (P, 0.49) and antiprotozoal
activity of the Leishmania model (P, 5.0) of the dataset.
In addition, antioxidant, antiviral (Influenza model), and
antibacterial activities have activity probabilities between
0.30<P,<0.45 (Fig. S6, supplementary material). From the
evaluated toxic effects, the QNA—QSAR regressions showed
that Chalcone has a predicted LDs, value of 977.4 mg/kg,
belonging to class 4 oral toxicity, which means that the sub-
stance can be toxic by ingestion and requires a control of the
oral dose administered (Diaza et al. 2015).

The degree of structural complexity of new bioactive
compounds has been emphasized by medicinal chemists in
the recent years. These complexities are often associated
with unfavorable fitting or nonfitting to biological targets
(van Laarhoven et al. 2011; Emig et al. 2013). Thus, the
regression of the QSAR models of the GUSAR Antitar-
gets tool estimates K; and IC, values (— log,,[value]) for
receptors, enzymes, and transporters. In contrast, the PASS
Online tool, used in the GUSAR Online server, estimates the
probability of activity (P,) and biological and antimicrobial
inactivity (P;) by tracking similarity with the in vivo animal
test dataset. At the same time, the quantitative regression
of the electrotopological neighborhoods of atoms (QNA)
of the GUSAR Acute Rat Toxicity tool was applied to pre-
dict the lethal dose value (LDs,) and the toxicity class by
oral administration (Filimonov et al. 2009; Lagunin et al.
2011; Zakharov et al. 2012). The calculated physicochemi-
cal properties indicate the possibility of its use as an oral
medication, while the pharmacokinetic and toxicological
properties suggest an active pharmacological principle of
anti-inflammatory, antioxidant, and antimicrobial activity
with oral dosage control.

Conclusion

In summary, the synthesis of a new chalcone derived from
a natural compound was reported and evaluated for antino-
ciceptive, anti-inflammatory, and hypoglycemic effects in a
zebrafish model. The absence of toxicity and low cytotox-
icity up to specific dosages show the nonclinical safety of
chalcone. In addition, evidence was provided that chalcone
had an analgesic effect without causing sedative effects and/
or locomotor impairment mediated by the TRPA1 system,
based on the molecule's strong interactions with the TRPA1
channel. Chalcone has also shown a higher affinity for the
COX-1 enzyme and excellent pharmacokinetic proper-
ties in silico. Together, these efforts provide an essential
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pharmacological foundation that points to this chalcone as a
drug candidate or in possible formulations for treating pain,
inflammation and diabetes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-023-03696-8.
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