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ABSTRACT: Chagas disease, caused by Trypanosoma cruzi, affects seven million people worldwide and lacks effective treatments.
Using bioactivity-guided fractionation, NMR, and electrospray ionization-high resolution mass spectrometry (ESI-HRMS) spectral
analysis, the indole alkaloid 6-bromo-2′-de-N-methylaplysinopsin (BMA) was isolated and chemically characterized from the marine
coral Tubastraea tagusensis. BMA was tested against trypomastigotes and intracellular amastigotes of T. cruzi, resulting in IC50 values
of 62 and 5.7 μM, respectively, with no mammalian cytotoxicity. The mechanism of action studies showed that BMA induced no
alterations in the plasma membrane permeability but caused depolarization of the mitochondrial membrane potential, reducing ATP
levels. Intracellular calcium levels were also reduced after the treatment, which was associated with pH alteration of acidocalcisomes.
Using matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF)/MS analysis, alterations of mass spectral signals were
observed after treatment with BMA, suggesting a different mechanism from benznidazole. In silico pharmacokinetic−
pharmacodynamic (PKPD) parameters suggested a drug-likeness property, supporting the promising usefulness of this compound
as a new hit for optimizations.

1. INTRODUCTION
Chagas disease is a neglected parasitic infection caused by
Trypanosoma cruzi. In Latin America and southern parts of the
United States of America, it has affected approximately seven
million people, with 70 million at risk of infection.1 Migratory
population movements have contributed to the spread of the
disease, resulting in an emergent worldwide public health
issue.2

T. cruzi infects humans during the blood meal of triatomine
bugs through the contact of the bite site with insect feces.1,3

The disease has an acute phase with peaks of parasitemia, but
most symptoms are absent or mild. A chronic phase is
stabilized when most parasites are inside the heart cells,
causing cardiomyopathy, and in digestive muscles, resulting in
the megacolon and megaesophagus in 30% of patients.
Additionally, chronic stages can also cause a neurological
disorder and death caused by heart failure.4,5 Considering the
elevated numbers of COVID-19 infections around the world,

the prognosis of Chagas disease (CD) patients could be highly
impacted. Recently, infections caused by SARS-CoV-2
(COVID-19) have also been shown to affect the cardiovascular
system,6 increasing the difficulties related to the clinical
treatment of CD patients.

Currently available drugs are two highly toxic nitro-
compounds, nifurtimox and benznidazole. Both have decreased
effectiveness in the chronic phase. Moreover, both drugs
require prolonged treatment with severe side effects, resulting
in different treatment success according to the parasite strain.7

In Brazil, benznidazole is the only available drug with an
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efficacy of 70% during the acute phase and 10−20% during the
chronic phase.2,8,9 The toxicity and poor efficacy of the current
treatment show the critical situation for CD and demonstrate
the urgency for new drugs.

Natural products from plants, microorganisms, and marine
invertebrates have served as an inspiration for the design of
several FDA-approved drugs. Between 1981 and 2019, drugs
and synthetic molecules based on natural products accounted
for over 50% of new drugs.10 Among the approved marine-
derived drugs, it is possible to include anticancer drugs,
antivirals, and drugs to treat neuropathic pain and hyper-
triglyceridemia.11−15

Tubastraea tagusensis is a coral (Order Scleractinia) that
produces a calcium skeleton for protection against other
animals. The invasion of these azooxantellate corals started in
the Campos Basin in Brazil in the 1980s. Currently, these
corals are spread over more than 3,500 km of the Brazilian
coast.16 Tubastraea spp. are a risk to local organisms and are
considered an invasive species. The production of toxins
contributes to this defense against predation by fish and other
organisms, usually competing for space and substrates.17 These
chemical compounds have considerable pharmacological
activities and include polyoxazole macrolides, anthraquinone
derivatives, fatty acid sterols, and alkaloids.17−20

In this work, the activity of the MeOH extract of T.
tagusensis was investigated against T. cruzi. Using bioactivity-
guided fractionation, the active compound was isolated and
chemically characterized by nuclear magnetic resonance
(NMR) and high-resolution electrospray ionization mass
spectrometry (ESI-HRMS) spectral analysis. The in vitro
potency, mammalian cytotoxicity, and lethal mechanisms
against the parasite were also investigated. Additionally, the
physicochemical properties and pharmacokinetic−pharmaco-
dynamic (PKPD) parameters were evaluated using an in silico-
based approach.

2. RESULTS
2.1. Chemical Characterization. NMR (1H and 13C) and

ESI-HRMS data (see the Supporting Information) of the
bioactive compound from T. tagusensis (purity of 99% by high-
performance liquid chromatography (HPLC)) were compared
with the literature,21,22 allowing for the identification of 6-
bromo-2′-de-N-methylaplysinopsin (BMA, Figure 1). Addi-
tionally, the stereochemistry of double bond at C-8/C-1′ was
determined as (E)- by the comparison of 13C NMR data of
both diastereomers previously reported in the literature.23

2.2. Antitrypanosomal Activity. To select bioactive
compounds, the bioactivity-guided fractionation of the
MeOH extract of T. tagusensis was performed. Initially, the
crude MeOH extract was partitioned using n-hexane, EtOAc,
and n-butanol and afforded a bioactive EtOAc phase. This
phase was chromatographed on a Sephadex LH-20 to afford six
groups (A−F) with bioactivity concentrated on fraction E.
This fraction was purified by HPLC to afford 6-bromo-2′-de-
N-methylaplysinopsin (BMA, Table 1). To conduct anti-
trypanosomal assays, trypomastigotes were incubated (150 μg/
mL) for 24 h, and the morphology was examined using
microscopy.

BMA was tested in trypomastigotes and intracellular
amastigotes and presented IC50 values of 62 and 5.7 μM,
respectively. Benznidazole resulted in IC50 values of 16.2 and
5.3 μM against trypomastigotes and intracellular amastigotes,
respectively. Mammalian cytotoxicity was analyzed with
NCTC clone 929 cells using the MTT method. The results
indicated no toxicity at the highest tested concentration of 200
μM (Table 2).

2.3. In Silico ADME/Physicochemical Analysis. Con-
sidering the activity against T. cruzi, BMA was evaluated in
silico, according to the chemical structure, using the
SwissADME platform. The analysis was performed to
investigate safety, pharmacokinetic/pharmacodynamic proper-
ties, and the drug-likeness profile. The ADMET properties are
presented in Table 3.

BMA presented a molecular weight of 319 g/mol with a
Log P of 1.7 and moderate water solubility. The pharmacoki-

Figure 1. Chemical structure of 6-bromo-2′-de-N-methylaplysinopsin
(BMA) isolated from T. tagusensis.

Table 1. Antitrypanosomal Activity of the Crude MeOH
Extract, Partition Phases, and Fractions of the Coral T.
tagusensis

tested material % death of trypomastigotes at 150 μg/mL

MeOH extract 0
n-butanol phase 0
EtOAc phase 100
n-hexane phase 0
fraction A* 0
fraction B* 0
fraction C* 0
fraction D* 0
fraction E* 100
fraction F* 0

*Fractions A−F are pooled fractions of the EtOAc extract applied to a
Sephadex LH-20 column.

Table 2. Evaluation of the 50% Inhibitory Concentration
(IC50) of BMA and the Positive Control Benznidazole
against T. cruzi and Cytotoxicity (CC50)

a

compound
IC50 ± SD (μM)
trypomastigotes

IC50 ± SD
(μM)

amastigotes
CC50 ±
SD (μM) SI

BMA 62.7 ± 8.1 5.7 ± 2.2 >200 >34.5
benznidazole 16.2 ± 3.7 5.3 ± 0.3 >200 >38.4

aCC50: 50% cytotoxic concentration in NCTC cells; IC50: 50%
inhibitory concentration in trypomastigotes and intracellular
amastigotes; selectivity index (SI), given by the ratio between CC50
and IC50 (amastigote); standard deviation (SD).
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netic parameters predicted high gastrointestinal absorption
with no permeation into the blood−brain barrier. BMA
showed that it was not prone to act as a substrate for P-
glycoprotein but can act as a possible inhibitor of two major
cytochrome P450 enzymes (CYP1A2 and CYP2C9). BMA
passed in all drug-likeness filters (Lipinski, Ghose, Egan, and
Muegge) with no violations.

2.4. Mechanism of Action (MoA) Studies. Trypomas-
tigotes were treated with BMA for up to 4 h to define the best
time and concentration for the mechanism of action (MoA)
assays. After 2 h of treatment, IC50 was defined as 130 μM.
Therefore, all MoA studies were carried out under these
conditions.

2.5. Effects of BMA on the Plasma Membrane. Sytox
Green was utilized to measure damages to the plasma
membrane integrity of trypomastigotes. The treatment with
BMA (at 130 μM) showed no alteration in plasma membrane
permeability, with fluorescence levels similar to those of
untreated parasites after 2 h of incubation (Figure 2). Triton
X-100 was employed as an internal control (p < 0.001).

2.6. Effects of BMA on the Mitochondrial Potential
(ΔΨm). Changes in the ΔΨm of trypomastigotes were verified
by the JC-1 probe. When compared to untreated parasites (1
and 2 h), significant depolarization of the parasite membrane
was observed (p < 0.01). CCCP was used as a positive control
and the untreated parasites were used as a negative control
(Figure 3).

2.7. Measurement of ATP Levels. The ATP determi-
nation kit was used to quantify ATP in trypomastigotes. The
treatment with BMA (130 μM) resulted in a significant
decrease in the ATP concentration (p < 0.001) after 2 h of
treatment when compared to untreated parasites. The control
CCCP (100 μM), an oxidative phosphorylation uncoupler, was
used for the maximum reduction in the ATP levels (Figure 4).

2.8. Measurement of Reactive Oxygen Species (ROS).
The analysis of ROS was carried out using the H2DCFDA dye.
BMA (130 μM) did not alter the ROS levels when compared
to untreated parasites at 1 and 2 h of incubation. Sodium azide
(10 mM) was used as a positive control (Figure 5).

2.9. Calcium (Ca2+) Evaluation. Cytosolic calcium was
measured in trypomastigotes using the Fluo-4 AM dye.
According to the data presented in Figure 6, the treatment
with BMA (130 μM) did not alter intracellular calcium levels
when compared to the untreated control. Ca2+ upregulation
was observed with Triton X-100 (control).

2.10. Acidocalcisomes. Alterations in the acidocalcisomes
of trypomastigotes were evaluated using the acridine orange
dye. BMA induced a reduction in the fluorescence after 1 h of
incubation, as a result of pH alteration of the acidocalcisomes.
After this period, the pH reverted to the basal levels observed
in the untreated parasites. Nigericin increased the fluorescence
after a rapid incubation period (Figure 7).

Table 3. In Silico Physicochemical and ADMET Parameters
of 6-Bromo-2′-de-N-methylaplysinopsin (BMA)a

parameters BMA

fraction of carbons sp3 0.08
no. of rotatable bonds 1
no. of H-bond acceptors 2
no. of H-bond donors 2
TPSA (Å2) 74.48
Log P 1.73
Log S −3.21
gastrointestinal absorption high
permeability in the blood−brain barrier ×
P-gp substrate ×
inhibitor CYP1A2 √
inhibitor CYP2C19 √
inhibitor CYP2C9 ×
inhibitor CYP2D6 ×
inhibitor CYP3A4 ×
Lipinski √
Ghose √
Veber √
Egan √
Muegge √
Leadlikness √

aCYP: cytochrome P450; P-gp: P-glycoprotein; TPSA: topological
polar surface area; √, Yes; ×, No.

Figure 2. Evaluation of plasma membrane permeability in
trypomastigotes of T. cruzi after 2 h of treatment with BMA using
the Sytox Green probe (485 nm excitation and 535 nm emission).
Untreated and 0.5% Triton X-100-treated parasites were used as
negative and positive controls, respectively. Fluorescence is reported
as a percentage relative to the positive control (Triton X-100) at 120
min (100% permeabilization). ***p < 0.001 relative to the negative
control.

Figure 3. Evaluation of the mitochondrial potential in trypomasti-
gotes after 1 and 2 h of treatment with BMA using the JC-1 probe
(488 nm excitation and 530/574 nm emission). CCCP was used as a
positive control and the untreated parasites as a negative control. Data
are reported as the ratio of 574 and 530 nm. **p < 0.01 relative to the
negative control.
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2.11. Mass Spectra Analysis of Trypomastigotes
Treated with BMA. The protein mass spectral profile was
evaluated using a Bruker MicroFlex MALDI-TOF/MS system.

Trypomastigotes were treated with BMA (130 μM) and with
the standard drug benznidazole (BZN, 40 μM) for 18 h. The
data obtained with BMA and BZN showed considerable
alterations in the mass spectra, demonstrating upregulation and
downregulation of the main peaks. The mass spectra of
untreated trypomastigotes were used as the control and
demonstrated an increased number of proteins in the range of
2000−20,000 m/z (Figure 8).

3. DISCUSSION
Chagas disease affects mainly poor countries, and today, only
two drugs are available; in Brazil, benznidazole is the only
therapy. Considering the problems related to the COVID-19
pandemic that exacerbated the conditions for neglected
tropical diseases, the introduction of innovative treatments is
urgently needed.

Several natural compounds have been evaluated as
antiparasitics, showing potent activities against these patho-
genic microorganisms.24,25 Particularly, marine metabolites
have shown promising activities and have proved to be
valuable sources of new drug candidates. Using bioactivity-
guided fractionation, we discovered an antitrypanosomal
indole alkaloid (BMA) in the marine coral T. tagusensis and
investigated its antiparasitic effect and lethal mechanisms for
the first time.

The alkaloid BMA demonstrated activity against the
extracellular forms of the parasite, trypomastigotes, that was
approximately 4-fold less active than benznidazole. Despite the
importance of intracellular amastigotes for drug discovery
studies, the Drugs for Neglected Disease Initiative (DNDi)
recommends that new candidates should also be effective
against trypomastigotes, which are efficient for sustaining
infections long after the clinical therapy. This fact makes
trypomastigotes an important target for new hit compounds.
Despite BMA being less effective against trypomastigotes, it
showed good potency against intracellular amastigotes
compared to benznidazole. Besides the potency, in vitro
selectiveness (mammalian cytotoxicity/activity against amasti-
gotes) has been one of the important topics for the criteria of
hit compounds.26 Don and Ioset26 suggested that new hits
against T. cruzi should present values of IC50 < 10 μM
(amastigotes) and selectivity indexes >10. BMA showed no
cytotoxicity in murine fibroblasts for the higher tested
concentration. It is worth mentioning that cytotoxicity has
been a limiting factor among promising natural compounds
with anti-T. cruzi activity.27−29 The isolated alkaloid (BMA)
fulfilled the DNDi criteria for a new hit compound and,
additionally, showed a promising drug-like profile in an in
silico medicinal chemistry platform.

In silico analysis for ADMET was performed using the
SwissADME webserver. According to DNDi, these studies are
crucial for the selection of hit compounds, considering that
poor pharmacokinetic and pharmacodynamic (PK/PD)
profiles are the main reasons for candidate failures in clinical
trials.30

Alkaloids are a highly structurally diverse group of
compounds and are widely distributed in the marine
environment, with many antiparasitic activities reported. The
alkaloid renieramycin A, isolated from the sponge Neopetrosia
sp., presented an IC50 of 0.35 μM against the protozoan
parasite Leishmania amazonensis. Nortopsentin A, an imidazole
alkaloid obtained from the sponge Sponhosorites sp., demon-
strated antimalarial activity with an IC50 of 0.4 μM, resulting in

Figure 4. Evaluation of the ATP levels in trypomastigotes of T. cruzi
after 1 and 2 h of treatment with BMA. CCCP was used as a positive
control and the untreated parasites as a negative control. ***p <
0.001 relative to the negative control.

Figure 5. Evaluation of ROS in trypomastigotes after 1 and 2 h using
H2DCFDA (485 nm excitation and 535 nm emission). Untreated and
sodium azide-treated parasites were the negative and positive controls,
respectively. **p < 0.01 when compared to the control.

Figure 6. Calcium in trypomastigotes after 2 h of treatment with
BMA using the Fluo-4 AM fluorophore (485 nm excitation and 535
nm emission). Untreated and 0.5% Triton X-100-treated parasites
were used as negative and positive controls, respectively. *p < 0.05
and ***p < 0.001 relative to the negative control.
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a selectivity of 14.31 Psammaplysin F, isolated from Hyatella
sp., showed an IC50 of 5.6 μM against T. cruzi, with a moderate
selectivity index.

Indole alkaloids are the biggest class and comprise more
than 4000 diversified members, with a bicyclic structure of a
six-membered benzene ring linked to a five-membered
nitrogen-containing pyrrole group. The marine bacterium
Bacillus pumilus, obtained from Antipathes sp., yielded three
indole alkaloids with IC50 values ranging from 19.4 to 26.9 μM.

In the early phases of drug discovery, the in silico analysis of
ADMET and drug-like properties have been widely used to
select promising hit compounds.26,30 Considering the potential
of BMA against T. cruzi, we investigated the adherence of the
compound to drug-like properties using the SwissADME web
platform. The predictions suggested that BMA has high
gastrointestinal absorption and good oral bioavailability.
Physicochemical analysis as Log P, which is defined as the
relationship between the compound concentration in the
organic phase and in the aqueous phase, demonstrated good
values for Log P (1.73), as well as other parameters associated

with the activity such as polarity (TPSA), molecular weight
(size), and flexibility. Optimal values for Log P range from
−0.7 to 5.0, and values higher than 5 will result in poor water
solubility. Compound BMA presented a low molecular weight
of 319 g/mol, which is in the optimal range between 150 and
500 g/mol.

For optimal flexibility, compounds should not exceed more
than nine rotatable bonds,32 and the predicted value of 1 for
BMA was adequate for this model. The polarity of BMA
resulted in a value of 74.48 Å, which is within the optimal
range between 20 and 130 Å. Solubility (Log S) resulted in a
value of −3.21; according to the ESOL model, the optimal
value should not be higher than 6. Saturation, which represents
the fraction of carbons in sp3 hybridization, showed a value of
0.08 for BMA, but this value was not in agreement with the
optimal value (≥0.25) described in the literature.

Pharmacokinetic parameters such as distribution are crucial
for the target delivery of the drug in a living system. The
compound BMA was not considered to be permeable through
the blood−brain barrier, which is good for avoiding toxicity.33

Figure 7. Alteration of the acidocalcisomes induced by BMA using the acridine orange dye (485 nm excitation and 535 nm emission). Nigericin
was used as a positive control and the untreated parasites as a negative control. *p < 0.05; **p < 0.01, and ***p < 0.001 relative to the negative
control.

Figure 8. Evaluation of the mass spectra of trypomastigotes treated with BMA and the standard drug BZN. (A) A representative mass spectrum
difference in the range of 3.000−6.000 m/z. Mass spectral data of BMA-treated trypomastigotes (red line) and those treated with BZD (blue lines).
Parasites without any drugs were used as a negative control (black line). (B) A representative virtual gel (based on mass spectra in the range of
2.000−20.000 m/z). The absolute intensities and masses of the ions are shown on the Y- and X-axis, respectively. m/z represents the mass-to-
charge ratio.
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However, BMA was not considered a P-glycoprotein (P-gp)
substrate, which generally prevents xenobiotics from entering
the brain and other barriers in mammals.34,35

Another parameter to be evaluated is the metabolization of
molecules by cytochrome P450 (CYP). This superfamily of
isoenzymes is responsible for drug elimination as a result of
metabolic biotransformation. CYP has five main isoforms that
interact with more than 90% of the approved drugs, i.e.,
CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4. When
these CYPs are inhibited, chemical compounds can induce
adverse effects and toxicity due to the accumulation in the
blood or even in cells.32,35 BMA was considered an inhibitor of
only two CYPs, i.e., CYP1A2 and CYP2C19, thus showing a
nonpromiscuous behavior.

This in silico analysis also provides access to five different
rule-based filters. These filters projected by big pharmaceut-
icals aim to increase the excellence of their compound libraries.
BMA did not violate any of the pharmaceutical filters tested,
such as Lipinski, Ghose, Veber, Egan, and Muegge. This is an
excellent parameter for the “go/no go” decisions in drug
discovery programs.

The study of MoA is important to select promising
candidates.36 The cellular membrane is critical for parasite
living, providing protection against the mammalian cell
defense, conferring shapes, and being responsible for trans-
porting nutrients and ions between the extracellular and
intracellular environments.37,38 The cellular membrane of T.
cruzi is composed of glycoconjugates, which are often absent in
mammals, making it an essential target to study. The activity of
BMA in the plasma membrane of trypomastigotes was
evaluated, and the compound did not alter the membrane of
the parasite.

Mitochondria are responsible for energy production and
many other processes such as calcium homeostasis and redox
balance. In Trypanosomatidae, mitochondria are unique,
making them an interesting target.39,40 After a short incubation
time, BMA produced significant depolarization (ΔΨm) in the
parasite. This potential is generated by proton pumps and is
essential for energy storage during oxidative phosphorylation.40

Using a luminescence assay with luciferin, we also detected a
significant reduction in the ATP levels of the parasite treated
with BMA. This mitochondrial imbalance may have resulted in
a respiratory chain collapse, affecting the ATP levels. ATP is a
mediator of the bioenergetic system and is considered the most
important energy source for cells.39,41,42 These alterations in T.
cruzi after treatment with BMA may have induced failures in
oxidative phosphorylation, leading to metabolic damages,
energy deficiency, and finally, death of the parasite.

ROS are generated by cells at minimal levels during ATP
production in mitochondria. If not scavenged by the cell, these
elevated ROS can accumulate, resulting in injury to DNA,
proteins, and lipids, resulting in cell death. The ROS generated
by mitochondria has a strong control, and the downregulation
can result in autophagy and affects cell growth and differ-
entiation.43,44 Considering the mitochondrial imbalance and
ATP variations, ROS levels were analyzed in trypomastigotes.
BMA induced no variations in these levels for up to 2 h of
treatment.

Besides their function in the energetic metabolism,
mitochondria also contribute to calcium (Ca2+) signaling and
act as reservoirs. Intracellular calcium is essential for cell
invasion and osmoregulation and also participates in the
regulation of apoptosis.45,46 Several Ca2+ channels were

described in the Trypanosoma spp. plasma membrane in
acidocalcisomes and in mitochondria. Ca2+ is also found in
binding proteins present in the flagellum membrane.46,47 In the
present study, BMA induced a reduction in Ca2+ levels in
trypomastigotes. This reduction can affect the parasite invasion
and interfere with osmoregulation and homeostasis, leading to
cell death.

Particularly, acidocalcisomes are electro-dense, membrane-
bounded organelles present in all species. These acidic
compartments are the major storage of phosphorus (poly P),
calcium, and other cations. Acidocalcisomes are also
responsible for the osmoregulation and maintenance of
intracellular pH, which are sustained by two vacuolar proton
pumps, pyrophosphatase and ATPase.48−50 In our studies, the
decreased fluorescence levels of the probe suggested the
accumulation of acidocalcisomes. This fact may be ascribed to
the intensification of the acidic environment, which might have
influenced the Ca2+ storage, reducing its abundance in the
cytoplasm of the parasite. The reduced levels of cytoplasmic
calcium could be detrimental to cellular homeostasis, leading
to the death of the parasite.

The metabolic alterations of the bioenergetic system of T.
cruzi induced by BMA could also have compromised the
metabolism of other macromolecules. Proteins are present in
all living beings and participate in every cellular process,
performing a range of functions in T. cruzi.51 Proteins are
required for DNA replication, evasion, and the virulence
mechanism, modulating the host invasion. Moreover, proteins
present in mitochondria are essential for most biosynthetic
pathways.52,53 In the present work, the mass spectra of T. cruzi
proteins were obtained by the MicroFlex MALDI-TOF/MS, a
system used for microorganism classification. Applying a
machine learning model, the protein profile of BMA-treated
parasites was compared to naiv̈e parasites (untreated group)
and those treated with the standard drug benznidazole. We
observed significant mass spectral alterations in the treated
parasites, demonstrating the imbalance of the protein
metabolism, similar to those observed in the bioenergetic
system. Van Oosten and co-workers (2020)54 proposed this
machine learning approach to select new antimicrobial
compounds with novel mechanisms of action. Our data also
revealed that BMA induced a different mass spectra profile
from that obtained after the benznidazole treatment, the
standard drug used for CD in Brazil. These data suggest that
BMA might have a different lethal effect on T. cruzi, opening
future possibilities of including BMA in combination therapy
studies with BZN.

4. CONCLUSIONS
The marine environment is a valuable source of small
molecules, offering compounds with promising activities
against human diseases.55 The antitrypanosomal activity of 6-
bromo-2′-de-N-methylaplysinopsin (BMA) was presented for
the first time against both forms of the parasite, leading to a
lethal action due to the imbalance of the bioenergetic system
and protein metabolism. Considering the lack of mammalian
cytotoxicity, the elevated potency, selectivity, and the
encouraging in silico drug-like profile, BMA should be used
as a new scaffold in future drug design studies. The synthesis of
new BMA derivatives could be useful in optimization studies
against Chagas disease.
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5. EXPERIMENTAL SECTION
5.1. Experimental Methods. Silica gel (230−400 mesh,

Merck) and Sephadex LH-20 (Aldrich) were applied in
column chromatography (CC), and silica gel 60 PF254
(Merck) was applied in thin layer chromatography (TLC).
1H (500 and 600 MHz) and 13C (125 and 150 MHz) NMR
spectra were documented on a Varian INOVA 500
spectrometer with CD3OD (Sigma-Aldrich) as the solvent
and tetramethylsilane (TMS) as the internal standard. ESI-
HRMS spectra were obtained with electrospray ionization in
the positive ion mode on a Bruker Daltonics MicroTOF QII
spectrometer. The equipment for high-performance liquid
chromatography was a ultra performance liquid chromatog-
raphy (UPLC) Prominence chromatograph (Shimadzu, Japan)
supplied with LC-20AT gradient pumps and a ultraviolet
(UV)−visible photodiode array detector (190−800 nm).
MALDI-TOF/MS was performed on a Bruker MicroFlex
spectrometer at a 20 kV accelerating voltage in the positive
mode (500 laser shots). The signals were collected in a range
between 2,000 and 20,000 m/z with the AutoXecute tool
(Bruker Daltonics).56

5.2. Marine Coral. The coral T. tagusensis was collected in
November 2021 in the Ilhabela region (São Paulo North Cost)
at locations S 23°49′40.7″ W 045°24′44.7″ and S 23°46′26.9″
W 045°21′19.0″ at the Centro de Biologia Marinha da
Universidade de São Paulo (USP, Brazil). The material was
gathered by scuba diving at 2−10 m deep and using sterile
plastic bags. The coral was immediately washed with filtered
seawater to remove epifauna and identified. The colonies were
separated from the sediment and then subjected to extraction
procedures.

5.3. Extraction and Isolation. Colonies of T. tagusensis
(1.8 kg) were macerated with MeOH (8 L). The solvent was
reduced using an evaporator and an equal volume of H2O was
added. This solution was partitioned using n-hexane, EtOAc,
and n-butanol. The activity against trypomastigotes of T. cruzi
was identified in the EtOAc extract (3.75 g), and a sample
(1.33 g) was applied to a Sephadex LH-20 (2.4 × 70 cm). The
material was eluted with MeOH/EtOAc 1:1 (v/v), resulting in
90 fractions (10 mL each), which were assembled in six groups
(A−F) after TLC analysis. After testing each obtained group,
bioactivity was observed in group E (100 mg). Part of this
material was analyzed by HPLC using an RP-ACE column
(C18, 25 × 0.46 cm2, 5 μm) and eluted with MeOH/H2O
15:85 to 100% MeOH for 28 min at 1.0 mL/min. This
procedure afforded the compound 6-bromo-2′-de-N-methyl-
aplysinopsin (BMA, 1.1 mg).

5.4. In Silico ADMET Studies. The drug-likeness profile of
BMA was in silico analyzed using the SwissADME platform.32

This tool is able to analyze not only multiple parameters such
as absorption, distribution, metabolism, excretion, and toxicity
(ADMET) but also physicochemical properties and drug-
likeness with Big-Pharma filters.

5.5. Cells. T. cruzi (Y strain) was kept in LLC-MK2
(ATCC) using an RPMI-1640 medium containing 2% FBS at
37 °C in a 5% CO2-humidified incubator. LLC-MK2 and
NCTC (ATCC) cells were cultured at 37 °C in a 5% CO2-
humidified incubator in an M-199 medium supplemented with
10% FBS. Peritoneal macrophages were obtained from BALB/
c mice and cultured at 37 °C.

5.6. Antitrypanosomal Activity. For the IC50 assay of
BMA, trypomastigotes were added at 1 × 106 cells/well in 96-

well microplates and treated (maximum concentration of 150
μM) for 24 h. Resazurin (0.011% in phosphate-buffered saline
(PBS)) was used to detect parasite viability.23 Untreated
trypomastigotes were used as 100% viability. The analysis was
performed at 570 nm using a spectrophotometer (FilterMax
F5, Molecular Devices). Benznidazole was applied as the
control drug.

The IC50 assay in the amastigote forms was obtained using
peritoneal macrophages in 16-well plates (Thermo) at 1 × 105

cells/well. Macrophages were infected with trypomastigotes
(1:10 ratio) for 2 h23 and treated with BMA (2.03−65.0 μM)
for 48 h. Giemsa was used for staining and the material was
analyzed with a digital microscope (EVOS M500, Thermo).
The infection index was obtained in 200 macrophages.
Benznidazole was used as the standard.57

5.7. Determination of Mammalian Cytotoxicity. The
50% cytotoxic concentration was obtained in NCTC at 6 × 104

cells/well in 96-well microplates. The compound BMA (1.56−
200 μM) was incubated for 48 h at 37 °C and the viability of
the cells was determined by the MTT probe.57 The optical
density was determined at 570 nm using a FilterMax F5
(Molecular Devices).

5.8. Plasma Membrane Evaluation after BMA Treat-
ment. The effect of BMA on the membrane of T. cruzi was
assessed spectrofluorimetrically using the Sytox Green probe in
a spectrofluorimeter.24 Trypomastigotes were treated with a 1
μM fluorescent probe for 5 min in HBSS and glutamine. Then,
BMA was added at 130 μM, and the fluorescence was observed
for 2 h. Triton X-100 (0.5% v/v) was utilized as a control.58

5.9. Effects of BMA on Mitochondrial Potential
(ΔΨm). The effects of BMA on ΔΨm were observed with
trypomastigotes (2 × 106 parasites/well) after treatment with
BMA for 1 and 2 h. The fluorescent probe JC-1 dye
(Molecular Probes) was included (10 μM) and trypomasti-
gotes were kept for 20 min. The results were obtained in an
Attune NxT flow cytometer (Thermo Fisher Scientific) at 488
nm (ex) and two emission filters of 530/574 nm. The ratio of
574 and 530 nm was used to obtain the mitochondrial
membrane potential.59 Carbonyl cyanide 3-chlorophenylhy-
drazone (CCCP) was used at 100 μM to obtain the maximum
depolarization.

5.10. Measurement of ATP Levels of T. cruzi. The ATP
levels of trypomastigotes were obtained after treatment with
BMA (130 μM). The parasites were added at 2 × 106

parasites/well incubated for 1 and 2 h. Negative and positive
controls were obtained with parasites without drugs and those
incubated with CCCP (100 μM), respectively. The parasites
were treated with 0.5% Triton X-100 (v/v) and incubated with
a buffer (ATP Kit, Molecular Probes).60 Luminescence
intensity was obtained using a microplate luminometer
(FilterMax F5 Multi-Mode, Molecular Devices).

5.11. Reactive Oxygen Species (ROS) Evaluation. The
ROS levels were determined in trypomastigotes (2 × 106

parasites/well) after treatment with BMA (130 μM) for 1 and
2 h. Then, H2DCFDA was added (5 μM), and the fluorescence
was determined using a spectrofluorimeter (FilterMax F5) at
485 (ex) and 520 nm (em). The positive control was obtained
with sodium azide (10 mM).59

5.12. Measurement of Intracellular Calcium Levels
(Ca2+) of T. cruzi. The calcium levels were studied in
trypomastigotes (2 × 106 parasites/well) after treatment with
BMA (130 μM). The parasites were pretreated with 5 μM
Fluo-4 AM for 40 min at 37 °C and incubated with BMA. The

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03395
ACS Omega 2022, 7, 28561−28570

28567

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fluorescence was detected at 5, 20, 60, and 120 min using a
spectrofluorimeter at 360 (ex) and 500 nm (em).61,62 Triton
X-100 (0.5% v/v) was used to obtain the maximum calcium
levels.

5.13. Acidocalcisome Analysis of T. cruzi. The pH
alterations of acidocalcisomes were studied in trypomastigotes
of T. cruzi (2 × 106 parasites/well). The parasites were
pretreated with acridine orange (4 μM) for 5 min and a basal
reading was obtained. BMA was added at 130 μM. The
fluorescence was monitored for 2 h using a spectrofluorimeter
at 485 (ex) and 535 nm (em). Nigericin (4 μM) was used to
obtain the maximum alkalinization levels.63

5.14. Mass Spectral Alterations of T. cruzi. Trypomas-
tigotes (1 × 107 parasites/well) were treated with BMA (130
μM) and benznidazole (40 μM) for 18 h in the RPMI
medium. After centrifugation, the pellet was resuspended in
300 μL of Milli-Q water, and 900 μL of 70% EtOH was added.
Untreated parasites were used as the control.55 The super-
natant was applied (1 μL) on a MALDI slide, followed by 1 μL
of cyano-4-hydroxy-cinnamic acid (CHCA).

5.15. Statistical Analysis. Sigmoidal dose−response
curves were obtained by GraphPad Prism 5.0 software. Data
were the mean ± standard error of two or three experiments.
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