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KEYWORDS Abstract The biological activities of Eleutherine plicata Herb. have been linked to isoeleutherin
Genotoxicity; and eleutherin naphthoquinones. However, there are few reports in the literature regarding the
Mutagenicity; cytotoxic and genotoxic potential of these compounds. There are reports in the literature that
Naphthoquinones the inhibition of topoisomerase II (TOPO II) is involved in the toxicity of these compounds, as

it causes damage to cellular DNA. In this study, we evaluated the genotoxicity and mutagenicity
of these compounds using a bioassay on Allium cepa and micronuclei. We also performed an in sil-
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ico evaluation of the toxic potential of these molecules using the PreADMET server. Finally, to
assess whether binding to TOPO 1I influences toxicity, we used molecular docking and molecular
dynamics (MD) simulations. In silico studies of prediction have demonstrated the identical toxicity
profiles and mutagenicity for Algae, Daphnia, and fish. However, eleutherin proved to be more
genotoxic, increasing the mitosis index, aberration index, and micronucleus, bud, and bridge were
observed during metaphase. The results of docking and MD simulations demonstrated that the
compounds were able to interact with the residues present in the enzyme binding pocket. Through-
out the MD trajectories, the compounds showed molecular stability and the free energy results
prove that the compounds formed a stable complex with TOPO II. These results provide new
insights into the genotoxic and mutagenic potential of isoeleutherin and eleutherin.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

E. plicata is a native American plant also found in different
tropical countries (Prameela et al., 2018). Phytochemical stud-
ies conducted with E. plicata suggest that isoeleutherin
(Fig. 1A) and eleutherin (Fig. 1B) are the major naphtho-
quinones produced by the species, and may serve as chemical
markers (Malheiros et al., 2015; Paramapojn et al., 2008).

This plant has been popularly used to treat malaria, dis-
eases in the gastrointestinal tract, and diseases caused by bac-
teria, fungi and other parasites (Couto et al., 2016). The
biological activities of this plant have been related to naphtho-
quinones such as isoeleutherin and eleutherin. (Hara et al.,
1997; Le et al., 2013; Vale et al., 2020).

The mechanism of action of naphthoquinones involves the
formation of reactive oxygen species (ROS) such as hydrogen
peroxide (H»>O,), superoxide radical anion (O3), and hydroxyl
radical (HO") induced by the bioreduction of the quinonic
complex, resulting in the oxidative stress of cells or induction
of apoptosis by inhibiting the topoisomerase complex. As a
consequence, cells lose their ability to repair, determining the
potential of these compounds to cause DNA damage by break-
ing single and/or double strands. There are studies that signal
intercalation in the double helix of DNA and alkylation of the
nucleotides (Campos et al., 2012; Da Silva et al., 2003). How-
ever, studies on human hepatoma (HepG?2) cells have shown
that isoeleutherin has a low genotoxic potential (Sunassee
et al., 2013).

Eleutherin has TOPO II inhibitory activity. Substances that
inhibit topoisomerase, in general, bind to two receptors
(Wang, 1996), stabilizing the enzyme-DNA complex after the
cutting stage and before the DNA is recomposed, preventing
the continuation of normal functions and leading to death cel-
lular (Bamford et al., 2000; Da Silva et al., 2003).

As stated earlier, some mechanisms may be involved in the
toxicity of naphthoquinones, such as oxidative stress and inhi-
bition of TOPO II. Reactive oxygen species can cause severe
DNA damage to cells and may lead to chromosomal changes
(Bamford et al., 2000). Studies with Alium cepa and micronu-
cleo can show this damage. In addition, in silico studies can
assess the role of TOPO II in the toxicity of these compounds.

In this study, we used the Allium cepa bioassay and
micronuclei to assess the genotoxic and mutagenic potential
of isoeleutherin and eleutherin. To assess the toxicity of these
compounds, we used an in silico approach with the PreAD-
MET server. Finally, we evaluated the likely mechanism of

interaction of molecules with TOPO II by means of molecular
docking and molecular dynamics simulations.

2. Material and methods

2.1. General experimental procedures

Nuclear magnetic resonance (NMR) spectra were measured
using a Bruker Brucker Advance DPX 400 MHz NMR spec-
trometer (Karlsruhe, Germany). Chromatographic column
was prepared using silica gel 60 (0.063-0.200 mm, 70-230
mesh, Merck, Germany). Hexane, dichloromethane, ethyl
acetate, and methanol (Isofar, Brazil) were used as the mobile
phase. Ethanol 96°G (Santa Cruz®) for the preparation of the
ethanolic extract. Allium cepa (Baia Periforme, ISLA®), Petri
dish (Global plast 90 x 15 mm), filter paper (Unifil 90 mm),
colchicine powder (Merck C9754-100 mg), slides (Global
Glass), optical microscope (Nikon E200), deionized water
(Milli-Q® IQ 7003), Carnoy fixative (Dinamica®), Schiff reac-
tive PA orcein dye (Exodo®) were used in the Allium cepa
assay. RPMI-1640 (Gibco, Thermo Fisher Scientific, USA)
and fetal bovine serum (Laborclin, BRA), streptomycin
(Sigma, USA), penicillin (Sigma, USA), CO, incubator (Labo-
ven, BRA) were used for cell culture HepG2 and Doxorubicin
(Sigma, USA), cytochalasin-B (Sigma, USA), KCI (Merck S/
A, DE), Methanol (Merck S/A, DE), acetic acid (Merck S/
A, DE), formaldehyde (Merck S/A, DE), Giemsa 5% (Merck
S/A, DE), slides (Global Glass), optical microscope (Nikon
E200) for the Micronucleus Test with cytokinesis block.

2.2. Experimental procedures

2.2.1. Plant material and extraction procedure

E. plicata bulbs were collected in the municipality of Tracua-
teua - PA, BR 308, Lat. —1.1436, Long. —46.9511 west, in
June 2015. The botanical identification was carried out by
Dra. Marlia Regina Coelho Ferreira, and the exsiccata was
deposited at the Herbario Jodo Murga Pires (MG) of the Para-
ense Museum “Emilio Goeldi” under the MG record. 202631.

The bulbs were washed, dried in a forced air oven, ground,
and extracted with 96° ° GL ethanol, followed by concentra-
tion in a rotary evaporator, and the ethanolic extract (EEEP)
was obtained. This was subjected to re-extraction under reflux
(Vale et al., 2015) and the dichloromethane fraction was frac-
tionated in a column, with isoeleutherin and eleutherin iso-
lated, identified by nuclear magnetic resonance, obtaining the
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Fig. 1

(G) (H)

Chemical constituents isolated from Eleutherine plicata.: (A) isoeleutherin; (B) eleutherin; (C) eleutherol; (D) eleutherinone; (E)

(R) —4-Hydroxyeleutherine; (F) eleuthrone; (G) isoeleuthoside C; (H) eleutherinol-8-O-B-D-glucoside.

spectra described below. The extract, dichloromethane frac-
tion, and the isolated products were monitored using TLC (sil-
ica gel) eluted with n-hexane: ethyl acetate (8: 2) and developed
with sulfuric anisaldehyde.

Isoeleutherin - "H NMR 400 MHz (CDCls): § 1.32 (3H, d,
J = 8.0 Hz, Me-3), § 1.52 (3H, d, J = 8.0 Hz, Me-1), § 2.22
(1H, dg, J = 4.0; 16.0 Hz, H4-ax), J 2.68 (1H, dd, J = 4.0,
16.0 Hz, H-4 eq), ¢ 3.99 (3H, s, OMe-9), 0 4.99 (1H, m, H-
1), 6 7.27 (1H, d, J = 8.0 Hz, H-6), 6 7.63 (1H, t, J = 8.0;
16 Hz, H-7), 6 7.72 (1H, d, J = 8.0 Hz, H-8). '*C NMR
100 MHz (CDCly): ¢ 19.93 (Me-3), 6 21.67 (Me-1), &
29.98C-4), 6 56.62 (OMe-10), 6 62.64 (C-3), 6 67.58 (C-1), ¢
117.99 (C-8), 6 119.28 (C-7), 6 119.93 (C-4a), 6 134.26 (C-
11a), 6 134.87 (C-11a), ¢ 139.54 (C-5a), & 148.23 (C-9a), o
159.90 (C-9), 6 182.90 (C-5), § 184.42 (C-10) (Fig. S1)

Eleutherin - 'H NMR 400 MHz (CDCl;): 6 1.36 (3H, d,
J = 8.0 Hz, Me-3), 6 1.53 (3H, d, J = 8.0 Hz, Me-1), § 2.19
(1H, dq, J = 4.0; 16.0 Hz, H4-ax), 6 2.74 (1H, dt, J = 4.0;
16.0 Hz, H-4 eq), ¢ 3.58 (1H, m, H-3), § 3.99 (3H, s, OMe-
9), 6 4.85 (1H, m, H-1), 6 7.27 (1H, d, J = 8.0 Hz, H-6), ¢
7.63 (IH, t, J = 8.0, 16 Hz, H-7), ¢ 7.72 (1H, d,
J = 8.0 Hz, H-8). 3C NMR 100 MHz (CDCls): § 20.92
(Me-3), 6 21.38 (Me-1), 6 30.05 (C-4), 6 56.59 (C-9), é 68.70
(C-3), 0 70.40 (C-1), 6 117.93 (C-8), 6 119.12 (C-7), 6 134.66
(C-6), 0 120.46 (C-4a), 134.15 (C-11a), ¢ 140.08 (C-5a), o
148.83 (C-9a), 6 159.54 (C-9), 6 183.84 (C-5), 0 184.15 (C-11)
(Fig. S2).

2.2.2. Test Allium cepa

The seeds of the species Allium cepa were used for the evalua-
tion of the genotoxic and mutagenic effects of the samples. The
seeds were placed in petri dishes lined with filter paper and
then germinated in deionized water until the roots reached
1-1.5 cm in length. After this procedure, the roots were trans-
ferred to other petri dishes, each one containing different con-
centrations of the test samples, the colchicine solution (positive
control), and Milli-Q water (negative control), for 24 h. After
this time period (24, 48, and 72 h), the roots were fixed in Car-
noy solution (3 parts of absolute ethanol to 1 part of glacial
acetic acid — v:v), for 6 to 18 h at room temperature, and later

stored in a refrigerator, in freshly prepared Carnoy solution,
until use (Bianchi et al., 2015).

The previously fixed roots were washed in three baths of
distilled water for 5 min each and treated with Schiff’s reactive
P.A orcein dye. With the meristems stained and washed in run-
ning water, the slides were prepared using the common crush-
ing method, for chromosomal aberrations (genotoxicity test),
micronuclei (mutagenicity test), cell death, and mitotic index
(cytotoxicity test). A total of 1000 cells per slide were analyzed,
totaling 5000 cells per treatment. The observation was made
under light microscopy at 400x magnification (Bianchi et al.,
2015). Genetic analysis of the test samples in the 4. cepa cells
was also performed, where the presence of micronuclei was
observed (Bagatini et al., 2007).

2.2.3. Cell culture and Cytokinesis-Block Micronucleus Test
(CBMN)

HepG?2 cells were cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum — FBS, 100 pg/mL strep-
tomycin and 60 pg/mL penicillin. This strain was grown in
culture bottles, stored in a CO, gas incubator, at 37 °C in a
humid atmosphere with 5% CO,.

For the Micronucleus Test with cytokinesis block, 2 x 10°
cells/mL were seeded in a 12-well plate, and after 20 h in cul-
ture, the cells were treated with isoeleutherin (15.55 pg/mL,
7.77 pg/mL and 3.88 pg/mL). Negative control (cells and cul-
ture medium) and positive control (0.02 pg/mL doxorubicin)
were used. After 24 h, 3 pg/mL of cytochalasin-B (CitB) was
added. After 24 h with CitB (72 h of incubation after the begin-
ning of the culture), the cells were trypsinized and centrifuged
at 1000 rpm for 5 min. Then, 5 mL of cold hypotonic solution
(KC1 0.075 M) was added, and homogenization and centrifu-
gation at 1000 rpm for 5 min was performed. The supernatant
was discarded and 5 mL of 5:1 fixative (5 parts of methanol: 1
part of acetic acid) freshly prepared and 3 drops of formalde-
hyde were added. The contents were centrifuged at 1000 rpm
for 5 min, the supernatant was discarded, and the slides were
prepared. The slides were stained with Giemsa 5% for 5 min
(Fenech and Morley, 1985). Finally, the analysis of several
parameters such as the conventional micronucleus and the
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Nuclear Division Index (NDI) was performed using a light
microscope under 1000x magnification.

For the analysis of the micronucleus and calculation of the
Nuclear Division Index (IDN), the criteria of Fenech, 2000
were used (Fenech, 2000). The statistical analysis was per-
formed using ANOVA followed by the Tukey test for multiple
comparisons. P values less than or equal to 0.05 were consid-
ered statistically significant.

2.3. In silico methodology

2.3.1. In silico prediction of toxicity

For toxicological predictions using the PreADMET software,
a software package for prediction of various properties based
on designed structure of chemical compounds (Lee et al.,
2002), the toxicity in algae, microcrustacean Daphnia sp.,
medaka and minnow fish, the mutagenicity (Ames test), car-
cinogenicity, and changes in rats and mice were considered.
The following parameters were used as criteria for assessing
toxicity: Toxicity to Algae: Toxic: <1 mg/L; Non-toxic:
>1 mg/L (Costa et al., 2008); Toxicity to Daphnia sp: Toxic:
<0.22 pg/mL; Non-toxic: >0.22 pg/mL (Guilhermino et al.,
2000); Toxicity to Medaka and Minnow fish: Very toxic: <1
mg/L; Toxic: 1-10 mg/L; Harmful: 10-100 mg/L; Non-toxic:
>100 mg/L (Zucker, 1985).

2.3.2. Molecular docking

The initial complexes of type TOPO II interacting with
eleutherin and isoeleutherin were obtained through molecular
docking using the Molegro Virtual Docker (MVD) 5.5 soft-
ware (Thomsen and Christensen, 2006). For docking, the Mol-
Dock score function at a grid resolution of 0.30 and the
MolDock SE algorithm were used. MolDock Score is a scoring
function to rank the poses of ligands that have the greatest
affinity with the active site of proteins. The structure of TOPO
IT was obtained from the Protein Data Bank (PDB) (PDB ID:
1ZXM) (Wei et al., 2005). The molecular structure of the com-
pounds was designed with GaussView 5 (Dennington et al.,
2009), the structures were optimized with Gaussian 16 using
density functional theory, with the B3LYP/6-31G * basis sets
(Becke, 1993; Lee et al., 1988).

2.3.3. Molecular Dynamics (MD) simulation

The starting structures for the MD simulations were obtained
from the results of molecular docking. The MD simulations
were run with an explicit solvent using the Amber 16 package
(Aratjo et al., 2020; Neto et al., 2020; Salomon-Ferrer et al.,
2013). TOPO II protein was treated with the 14SB force field
(Maier et al., 2015). The protonation status of its residues
was evaluated at neutral pH using the PROPKA server
(Dolinsky et al., 2004; Li et al., 2005). The atomic charge of
the eleutherin and isoeleutherin ligands was calculated using
the Restrained Electrostatic Potential (RESP) protocol, with
the HF/6-31G* basis sets (Cornell et al., 1993). The parameters
of the ligands were created using the Antechamber module
(Wang et al., 2006) and General Amber Force Field (GAFF)
(Wang et al., 2004). Protein-ligand systems were built using
tLEaP. These systems were immersed in a truncated octahe-
dron periodic box containing water molecules described by
the TIP3P model (Jorgensen et al., 1983). Counter-ions were
added to neutralize the partial load of the systems.

We used the sander. MPI for the four stages of energy min-
imization. In each of these stages, it took 2000 cycles using the
steepest descent method and 4000 cycles using the conjugate
gradient algorithm. In the first stage the hydrogen atoms of
the water molecules were optimized; then, the ions and the
water molecules were minimized; in the third stage, the hydro-
gen atoms of the protein and in the last step the solute and the
solvent underwent the process of energy minimization. Three
heating steps were used for a total time of 800 picoseconds
to raise the system temperature to 300 K using NVT ensemble.
To equilibrated the systems, we performed 2 ns simulations
with NPT ensemble. Finally, for each system, we performed
100 ns of MD of production.

Particle Mesh Ewald (Darden et al., 1993) method was used
for the calculation of electrostatic interactions. Bonds involv-
ing hydrogen atoms were restricted with the SHAKE
(Ryckaert et al., 1977) algorithm. Temperature control was
performed with the Langevin thermostat (Lzaguirre et al.,

2001) within collision frequency of 2 ps~'.

2.3.4. Binding affinities calculations

To estimate the Ay receptor-ligand affinity energy was calcu-
lated with Molecular Mechanics/Generalized Born Surface
Area (MM/GBSA) method (Kollman et al., 2000; Neves
Cruz et al., 2020). For our calculations we used 500 snapshots
of the last 5 ns of MD simulation.

The free energy was estimated according to Eq. (1):

AGping = AEym + AGyoy — TAS (1)

AGying 18 the affinity energy resulting from the sum of the
total energy in the gas phase (AEyv), free energy of solvation
(AGso1y) and entropy (TAS).

AEny is the sum of AEjnemar (connections, angles and
dihedra), AEjccirostatic (€lectrostatic contributions) and AE,qw
(van der Waals contributions), according to Eq. (2):

AEMM = AEimemal + AEeleCtrostalic + AEvdw (2)
AGg,, can be obtained from the resolution of Eq. (3):
AG;ory = AGgg + AGgasa (3)

where the polar contributions (AGgp) is calculated using either
the GB model and the non-polar contributions (AGgasa) are
determined from the calculation of the solvent accessible sur-
face area (SASA).

3. Results and discussions

3.1. Phytochemical studies and isolation

The ethanol extract was fractionated by reflux, obtaining three
fractions (data not shown), of which the dichloromethane frac-
tion was used for fractionation. Fig. 2 shows the bands
obtained, together with their retention factor values (Rf),
showing the isolation of the isoeleutherin products
(Rf = 0.40, Fig. 2E) and eleutherin (Rf = 0.50, Fig. 2D).
These molecules were identified using nuclear magnetic reso-
nance, and the peak displacement values were compared with
data from the literature confirming the isolation of the isomers
of these naphthoquinones that had previously been identified
in the plant species (Hara et al., 1997; Malheiros et al., 2015).
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Fig. 2 Chromatographic profile obtained from E. plicata.
Chromatographic conditions: stationary phase-silica gel (TLC);
Mobile phase: n-hexane: ethyl acetate (8:2); revealed with sulfuric
anisaldehyde. A — ethanol extract of E. plicata; B — E. plicata
dichloromethane fraction; C — fraction 15; D — eleutherin; E —
isoeleutherin.

3.2. Toxicity studies

The in silico toxicity study performed with the PreADMET
software suggests that isoeleuterin and eleutherin are toxic to
algae and Daphnia, and extremely toxic to medaka and min-
now. Regarding cytotoxicity to hERG, the two compounds
presented a medium risk and appeared to be carcinogenic only
for rats (Table 1).

Studies on the toxicity of naphthoquinones in marine
organisms are still scarce. However, a study demonstrated
that, in concentrations of 0.8 to 31.2 mg/L, 14-
naphthoquinone (2- (2,4-dimethoxyphenyl) naphthalene-1,4-

dione (8), 2-(2 , 4,6-trimethoxyphenyl) naphthalene-1,4-dione
(9), and N- [4-(1,4-dioxo-1,4-dihydronaphthalen-2-yl) —3-met
hoxyphenyl]acetamide) was not toxic to zebrafish (Janeczko
et al., 2018), however the 1,4-naphthoquinones in this study
were very toxic to medaka and minnow fish, and toxic to other
marine organisms, differences that can be explained by the dif-
ferences between the compounds, but further studies are
needed to verify these differences.

Campos et al. (2016) evaluated the cytotoxicity of these
molecules in different tumor and normal cell lines, observing
that the cytotoxic effect varies according to the line used,
and eleutherin was more cytotoxic for the glioma lines
(U251, IC50 = 2.8 pg/ug/mL) and breast cancer cell lines
(MCF-7, IC50 = 4.8. pg/mL) compared to isoeleutherin; how-
ever, a similar profile was observed in the leukemia strain
(Campos et al., 2016). Isomers are known to show significant
differences in the toxicity and biological activities.

In the comet assay, it was observed that the damage index
(ID) by isoeleutherin was high (ID = 2.07), but was slightly
lower than that by doxorubicin (ID = 2.22). This suggests that
the damage caused by isoeleutherin can be repaired.

The Allium cepa test was performed in order to understand
the genotoxic effects of isoeleutherin and if stereoisomeric
changes interfere with genotoxicity. In this test, changes in
the mitotic index (MI), abnormalities in the mitotic cycle,
multinucleated cells, linked nuclei, and the aberration index
(TA) were evaluated.

Isoeleutherin, at all concentrations evaluated, did not sig-
nificantly interfere with the mitotic index and did not cause
anomalies in the mitosis cycle, and no micronucleated cells
were observed. However, there were aberrations, and the expo-
sure time interfered with the aberration index (Table 2). The
aberrations occurred mainly in anaphase, with bridges, multi-
nucleated cells, and mitotic irregularities. This fact may be
related to the occurrence of interactions and/or inhibitions of
essential structures that play a role in the formation of the
mitotic spindle, preventing the succession of the cell division
process, culminating in chromosomal abnormalities.

There was a pronounced increase in MI over 72 h in
eleutherin. The indices of aberrations caused by eleutherin at
concentrations of 12.5 and 25.0 pg/mL were higher than the
indices of isoeleutherin (Table 2). Unlike isoeleutherin, cells
treated with eleutherin (25 pg/mL) showed micronucleus,
bud, and mitotic irregularities during metaphase (Fig. 3). In
contrast, in anaphase, changes similar to those caused by iso-
eleutherin were observed. These results reinforce the hypothe-
sis that eleutherin has a greater toxic potential than
isoeleutherin.

Table 1 In silico toxicity of isoeleutherin and eleutherin.

Molecule CL59 (mg/L) DL50 (mg/L) Cytotoxicity Mutagenicity Carcinogenicity
Algae Daphinia Medaka Minnow hERG +TA100 NA TA 100 RLI Rats Mouse

Isoeleutherin T T MT MT MR ¥ - ¥ -

Eleutherin T T MT MT MR + - 4+

T — Toxic; NT — non-toxic; MT — very toxic; MR — medium risk; BR — low risk; + positive; — negative; TA 100 NA — Salmonella typhimurium
hisG46 mutation without the addition of fraction S9; TA 100 RLI — Salmonella typhimurium clone hisG46 mutation with the addition of S9

fraction
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Table 2 Determination of mitotic index and aberrations of cells treated with eleutherin and isoeleutherin.

Samples Mitotic index (MI %) Aberration index (TA %)

24 h 48 h 72 h 24 h 48 h 72 h
H,0 3.99 NA 2.16 0.02 NA 0.15
Colchicine
1.6 pg/mL 1.59 2.66 2.93 0.05 0.24 0.34
3.12 pg/mL 6.79 6.20 6.98 0.35 0.66 0.34
6.25 pg/mL 591 5.66 2.84 1.32 0.78 0.41
12.5 pg/mL NA 5.28 5.83 ND 0.85 0.95
25 pg/mL 5.74 3.48 ND 0.95 0.92 NA
Eleutherin
1.6 pg/mL 3.71 3.66 3.43 0.09 0.09 0.07
3.12 pg/mL 4.13 3.16 3.61 0.05 0.11 0.09
6.25 pg/mL 3.93 3.27 4.06 0.21 0.13 0.19
12.5 pg/mL 4.90 3.89 6.54 0.21 0.11 1.21
25 pg/mL 4.64 422 10.05 0.76 0.65 1.43
Isoeleutherin
1.6 pg/mL ND 2.73 3.02 ND 0.08 0.07
3.12 pg/mL 3.00 3.38 3.30 0.03 0.09 0.05
6.25 pg/mL 2.94 3.55 ND 0.07 0.05 NA
12.5 pg/mL 3.75 3.67 3.33 0.21 0.09 0.15
25 pg/mL 4.05 3.58 3.54 0.09 0.17 0.15

NA: Not evaluated.

Fig. 3 Phenomena found in the Allium cepa test after treatment with eleutherin. 1: bridge; 2: micronucleus; 3: multinucleated cell; 4-8:

mitotic irregularities.

Due to the fact that isoeletherin is less genotoxic than
eleutherin, we decided to do the micronucleus test with this
sample, as it is more promising. Table 3 shows the result, in
which the percentage of micronuclei in the HepG?2 strain was
concentration-dependent and the same occurs with the nuclear
division index. Previous studies showed that quinones, frac-
tions and extracts containing this metabolite have the potential
to induce cytogenetic damage (Babula et al., 2006; Kiran
Aithal et al., 2009; Kumar et al., 2009; SivaKumar et al.,
2005). In general, this damage index/micronucleus percentage
has a direct relationship with the sample concentration, and
the formation of micronuclei by Isoeleutherin was less than
that of the positive control (p < 0.05).

Because it is a naphthoquinone, isoeleutherin has the ability
to induce the formation of reactive oxygen species (ROS) and
the depletion of glutathione (GSH) in MCF-7 cells, and subse-

Table 3 Determination of micronuclei and nuclear division
index of isoeleutherin and their respective standard deviations

(SD).

Sample Concentration  Frequency of Nuclear
(ng/mL) micronuclei (%)  Division

Index

Isoeleutherin  15.55 4.03 £ 0.25 1.36 £+ 0.16
7.77 2.90 £ 0.20 1.39 £ 0.15
3.88 2.10 £ 0.36 1.51 + 0.14

Negative - 2.40 £+ 0.56 1.94 £ 0.01

control

Doxirrubicin  0.02 36.07 £ 1.36 1.87 £+ 0.05
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quent cell death (Lin et al., 2007), corroborating the hypothesis
that cytotoxicity and genotoxicity may be related to oxidative
stress.

Another study (Gibson et al., 2007; Hara et al., 1997;
Krishnan and Bastow, 2000) demonstrated that eleutherin
inhibits human TOPO II activity, stabilizing the complex
DNA enzyme in the presence of ATP. In order to understand
whether the greatest toxicity of eleutherin, in relation to isoe-
leutherin, is related to stabilizing the TOPO II-DNA complex,
docking of the two molecules was carried out.

The difference between eleutherin and isoeleutherin
observed in our study is due to the fact that they are optical
isomers, and when they interact with molecular target, they
do it differently due to the chiral carbon, generating an asym-
metry, and thus differences in complementarity with the recep-
tor, what happened with thalidomide, which in its isomeric
form R (R-(+)Thalidomide) has a pharmacological effect,
while its S (S-(-)-Thalidomide) isomer has the toxic effect,
responsible for cases of teratogeny (Nemer and Khalil, 2019).

Fig. 4 The structure obtained by redocking (yellow), and
overlapping the crystallographic structure (red) of TOPO II-
bound complex.
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:] Carbon Hydrogen Bond
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3.3. Molecular docking and M D simulation results

To validate our docking methodology, we attempted to
demonstrate that the conformation of the interaction between
the co-crystallized ligand and TOPO II can be reproduced in
silico. For this, the co-crystallized compound AMPPNP (phos-
phoaminophosphonic acid-adenylate ester) was redocked in
the protein binding pocket using MVD 5.5. The fitness evalu-
ation of each redocked pose was evaluated by considering the
present root mean square deviation (RMSD) values and dock-
ing scores. According to literature, the binding mode predic-
tion using docking should present a RMSD value <2.0 A
when superimposed on the crystallographic pose of the ligand
(Aratjo et al., 2020; dos Santos et al., 2020; Ledo et al., 2020;
Mascarenhas et al., 2020; Santos et al., 2020) (see Fig. 4).

The docking methodology has been successfully used to
investigate the interaction of naturally occurring compounds
with different molecular targets (Aratjo et al., 2020; Costa
et al., 2020; Lima et al., 2020; Pinto et al., 2019; Santana de
Oliveira et al., 2020). After validating the docking methodol-
ogy, the interaction mode and the connection affinity of
eleutherin and isoeleutherin with TOPO II were investigated.

The interaction affinity between the ligand and the molecu-
lar target is essential for biologivl processes, since the interac-
tions established at the protein binding site are capable of
determining biological recognition at the molecular level.
Thus, the search for ligands with high affinity is essential for
the selection of new inhibitors. Therefore, our docking results
suggest that naphthoquinones are able to interact with TOPO
Il in a favorable way; that is, they are capable of forming
stable complexes. Isoeleutherin and eleutherin were able to
favorably interact with the molecular target with results of
affinity energy (MolDock Score) of —93.41 and —90.21,
respectively.

The interactions between ligands and residues of the cat-
alytic cavity are essential for understanding their binding and
inhibition mechanisms; therefore, the nature of each interac-
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Fig. 5 Molecular interactions established between (A) Isoeleutherin and (B) eleutherin with the TOPO II binding pocket.
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Fig. 6 RMSD plots. (A) RMSD plots for the complex established with isoeleutherin and (B) complex formed with eleutherin.

Table 4 Binding energy values and energy components. AEvdW, contributions by van der Waals interactions; AEele, electrostatic
energy; AGGB, polar solvation energy; AGnp, nonpolar solvation energy; AGbind, binding affinity.

Inhibitor AEVqu AEeleu AC}I,UILl AC}nonIm]u AGbind“
Isoeleutherin —44.13 = 0.05 —12.66 + 0.06 25.80 £ 0.04 —5.52 —36.52 + 0.05
Eleutherin —46.18 + 0.06 —10.94 + 0.05 20.48 £+ 0.04 —5.16 —41.81 = 0.07

# Values in kcal/mol.

tion of the compounds with TOPO II has been investigated
and described.

In Fig. 5, we have the interactions established between iso-
eleutherin and eleutherin with the residues belonging to the
binding pocket of TOPO II.

The main interactions established in the two complexes
were hydrophobic in nature. Isoeleutherin established a pi-
sigma interaction with the Asn91 residue. With Ilel4l,
Alal67, and Phel42, alkyl type interactions were formed. Pi-
alkyl interactions were formed with Ile125. Van der Waals
interactions were established with the residues of Thrl47,
Lys168, 11e88, I1e217, Ala92, and Asn95. Eleutherin formed a
hydrogen bond with Asnl120, while with Thel47, Lys168,
Ile217, Thr515, and Asn95, van der Waals interactions were
formed. Ile125 formed a pi-sigma interaction with eleutherin,
and the residues of Ile141, Phel42, and Alal67 established
interactions of the alkyl type.

MD simulations were performed using the complexes
obtained through molecular docking as a starting point. To
evaluate the conformational changes of the complex, the tra-
jectories of 100 ns were evaluated using the graphs of Root
Mean Square deviation (RMSD). To plot the protein back-
bone graph, C alpha, C, O, and N atoms were used, while
all heavy atoms were used to plot the ligand RMSD. In
Fig. 6, we can see the RMSD graphs of the two complexes.

The RMSD graphs show that the ligands showed confor-
mational stability along the MD trajectories. Both the ligands
continued to interact with the protein until the end of the
molecular dynamic simulations. In addition, the binders also
showed values of free energy of favorable interaction with a
value of —36.52 for isoeleutherin and —41.81 for eleutherin
(Table 4).

4. Conclusions

The present study demonstrated that in silico, which isoeleuter-
ine and eleuterine, have the same toxicity profile for marine
organisms, hERG, mutagenicity and carcinogenicity. How-
ever, in the Allium cepa model, eleutherin caused a higher per-
centage of chromosomal aberrations than isoeleutherin, when
compared to the positive control (12.5 pg/mL in 72 h),
eleutherin caused a higher rate of chromosomal aberrations.
In order to evaluate the low genotoxic potential of isoe-
leutherin, the micronucleus assay was performed, in which a
low micronucleus frequency was verified, validating the results
of the Allium cepa. The results of docking and MD simulations
showed that the compounds interacted with the residues of the
TOPO 1II binding pocket through hydrophobic interactions.
Along the trajectories, the ligands remained in the active site
of the protein and presented favorable values of affinity energy
for the formation of the receptor-ligand complex. Thus, this
study provides information for a better understanding of the
genotoxicity and mutagenicity of isoeleutherin and eleutherin,
in addition to demonstrating the interaction of these com-
pounds with TOPO II.
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