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Abstract

Chagas Disease has been considered
“the most neglected among the neglected dis-
eases.” Only two very toxic drugs developed in
the 1960s have been approved to control the
disease in its acute phase and are infective in
the chronic stage of the illness. It is imperative
to find new molecules that can act against the
causative parasite, Trypanosoma cruzi. BZ-97
is a synthetic product derived from the benzim-
idazole scaffold. It was tested against other hu-
man parasites, showing the best activity (IC50
= 0.76 yM) towards T. cruzi intracellular stages.
The effects of BZ-97 on epimastigotes of the Y
strain were analyzed. Signs of changes in the
parasite homeostasis were evident by acido-
calcisomes alkalinization, calcium mobilization,
changes in their morphology and some signs of
apoptotic events with a lack of ROS production,
which is a crucial advantage over the behavior
of the reference drug, benznidazole. Acidocal-
cisomes alkalinization was evidenced through
fluorescence microscopy analysis and the use
of 5-[N-ethyl-N-isopropyl] amiloride (EIPA), an
inhibitor of the TcNHE pump, confirmed the in-
volvement of this proton pump in the BZ-97-me-
diated acidocalcisome alkalinization. BZ-97 is

* Both authors Milixza M Botacio and Maria F. Alves-Rosa contributed
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presented as a potential lead compound against
T. cruzi that is worthy of further studies in the
future.

Keywords: Trypanosoma cruzi, anti trypanoso-
matid, acidocalcisome, benzimidazole scaffold

Introduction

Trypanosoma cruzi is the causative
parasite of American Trypanosomiasis, better
known as Chagas Disease. This ailment af-
fects approximately 7-8 million people in Latin
America (1). An annual incidence of 30,000 new
cases and 10,000 deaths has been reported (2).
However, as it is a silent disease, the number
of infected people and deaths associated with
this disease is probably imprecise and underes-
timated (3, 4). As a consequence of large waves
of migration, a large percentage of people car-
ry the infection to non-endemic areas such as
North America (5).

CD has two phases: an initial acute
phase, which is usually asymptomatic, and a
lifelong chronic phase, which in 60 to 70% of
patients is clinically silent, but 20 to 30% of them
will develop in years or decades heart problems
(20 to 30%), digestive problems, or a combina-
tion of both (10 to 15%). Neurological symptoms
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are also seen in a small proportion of patients
(5%) (6).

To Kkill the parasite, CD can be treated
with Benznidazole (BNZ) or Nifurtimox (NFX),
both developed over 40 years ago. Both com-
pounds are currently the only drugs available for
treating CD and remain as therapeutic options
showing certain efficacy in the treatment of CD
(7). While both, NFX and BNZ, are effective in
treating the acute stages of infection, their effi-
cacy is limited in the chronic phase and varies
by geographical location (3).

Furthermore, the frequency of drug side
effects is higher in older patients, further limiting
their benefits. The treatment regimen with both
compounds is long, and many adverse effects
can occur, compromising the continuity of the
treatment. Regarding the common adverse ef-
fects of BNZ, they include allergic dermatitis,
nausea, vomiting, anorexia, weight loss, insom-
nia, and dose-dependent peripheral sensitive
neuropathy, among others (8-10). Rare but se-
rious events include neuropathy and bone mar-
row depression.

In the absence of effective and less
toxic chemotherapies against Chagas Disease,
new, safer, and more efficient drugs are urgently
needed against this disease.

Nitroimidazoles are a well-known class
of active compounds that have shown high ac-
tivity against T. cruzi (11). The incorporation of
a nitro group into the imidazole ring has been
widely studied, as in Benznidazole (N-ben-
zyl-2-(2-nitroimidazol-1-il)acetamide); on the
other hand Benzimidazoles (BZ), that is, organ-
ic compounds that have a benzene ring linked
to an imidazole ring in positions 4 and 5 have
shown very interesting biological activities. BZ
rings are considered good scaffolds for the de-
velopment of new promising candidates against
Chagas disease.

The structure of BZ is related to that of
imidazole; however, taking into account their
physicochemical properties, the former are

weaker bases than the latter due to the ben-
zene ring that can help delocalize electrons
from the imidazole nitrogen through a variety
of resonance conformations. BZ derivatives as
the 2-aminoBZ type represent a group of com-
pounds with interesting biological activity (12),
and some of them are drugs of clinical uses as
antifungal or anthelmintic properties (e.g. alben-
dazole) among others (Figure 1).

Figure 1. Structures of Benzimidazole (left), Al-
benzadole (center), and Benznidazole (right)
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In lieu of the above, a number of new de-
rivatives of BZ were synthesized and screened
against tropical human parasites, including Try-
panosoma cruzi. This report details the screen-
ing and characterization of the biological activity
of one such derivative, BZ-97, against T. cruzi,
the causative agent of Chagas Disease.

Materials and Methods
Chemical compounds

Compound BZ-97 was used in a previ-
ous study describing their synthesis (13). The
derivative was kept as a lyophilized product
that, when ready to be used, was prepared in
stock solutions (5 mM) in 100% dimethyl sulf-
oxide (DMSO; Sigma-Aldrich®). It was stored
at 4 °C until the day of the experiment when it
was taken to the corresponding concentration in
the plate by diluting it in culture media (13). In
the study presented here, compound BZ-1 was
tested against Trypanosoma cruzi parasites
with the code BZ-97.

Parasites and bioactivity assays

Intracellular antitrypanosomal bioas-
says were carried out on the recombinant Tula-
huen clone C4 lacZ of T. cruzi trypomastigotes
(American Type Culture Collection (ATCC),
Manassas, VA, USA), which expresses the
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B-galactosidase enzyme as a reporter of viabil-
ity (14, 15). Vero cells (ATCC, Manassas, VA)
were grown for 24 hours prior to performing
the experiment. On the day of the experiment,
cells were infected, and BZ-97 was dissolved
in DMSO and added to the medium at a single
dose of 10 uM for screening purposes (Fig. 2)
or at 10, 2, 0.4, and 0.1 uM, for the determina-
tion of its IC50. Infected cells were incubated for
five days and maintained in RPMI-1640 at 37 °C
under a 5% CO, atmosphere with L-glutamine,
4-(2-Hydroxyethyl)-piperazine-1-ethanesulfonic
acid buffer, NaHCO,, 10% FBS and 1% peni-
cillin/streptomycin as supplements. To deter-
mine the anti-trypanosomal activity, chlorophe-
nol-red-pB-D-galactopyranoside (Roche Applied
Science) was used as the substrate of living

parasites 3-galactosidase, which was allowed
to act for 4.5 h. Benznidazole was used as a
positive control using 10, 1, and 0.1 pg/ml to de-
termine its IC50. Absorbance was measured at
570 nm using a plate reader (Sinergy HT, BioTek
Instruments Inc, Winooski, VT, USA).

For epimastigote assays, the Y strain
of T. cruzi, grown in LIT medium, was used, as
it was chosen as the reference strain for drug
discovery programs against Chagas Disease
(15,16). Parasites at 5x10° epimastigotes/
mL were incubated at 28 °C in 96-well plates,
adding the compound BZ-97 at the concentra-
tions described for the trypomastigote assays.
Benznidazole and untreated parasites were
used as positive and negative controls, respec-
tively. The antiparasitic activity was evaluated
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after 72 h of incubation using the MTT method.

Figure No.2 . Diagram of the screening proto-
col used for the analysis of active compounds
against T. cruzi of the Tulahuen strain (clon C4
lacZ) or Y.

Cytotoxicity determination

For cytotoxicity assays, Vero cells were
cultivated in 96-well plates with RPMI-1640 me-
dium (Sigma- Aldrich, USA) supplemented with
1% penicillin/streptomycin and 10% fetal bovine
serum (FBS) (Gibco, Invitrogen, Carlsbad, CA,
USA). Cells were allowed to adhere to the bot-
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tom of the flask for 24 h before incubating them
with the compound for five days. DMSO, the
vehicle for BZ-97, was used as a negative con-
trol. To obtain the IC50 of the drugs, BZ-97 was
assayed at the same concentrations used in the
anti-trypanosomal assay, and benznidazole was
analyzed with 7 concentrations ranging from 500
to 7.8 pg/ml (1,921 to 30 uM). After incubation,
MTT (3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-di-phe-
nyl-tetra-zoliuM bromide) at 2.5 pg/ml was add-
ed to each well. Absorbance was determined 4
h later at 570 nm, using a color plate reader, as
described earlier by Mosmann et al, 1983 (16)
and modified for T. cruzi by Muelas-Serrano et
al, 2000 (17).

All bioassays were performed in dupli-
cates and some in triplicates. The IC50 of Adria-
mycin, calculated from using 1, 10, and 100 nM
concentrations, was used as a positive control
for cytotoxicity assays.

Detection of reactive oxygen species

Measurement of intracellular reac-
tive oxygen species (ROS) was evaluated
through ROS-dependent 5-(and-6)-chlorometh-
yl-2',7'-dichlorodihydrofluorescein diacetate
(CM-H2DCFDA) (Molecular Probes®, Eugene
OR, USA) oxidation. The amount of oxidized
DCF indicates the level of intracellular ROS
production. Briefly, 10x6 epimastigotes were
cultured in a 96-well plate and incubated with
LIT medium (control), (20 uM) BZ-97, or (40 pM)
BNZ for 3h at 28°C h. After that, parasites were
loaded with CM-H2DCFDA (10 uM) and incu-
bated in the dark for 30 min at room tempera-
ture. Intracellular ROS production was detected
in a fluorometer (Biotek Synergy HT). Excitation
was performed at 495 nm, and fluorescence
emission was detected at 530 nm. 200 uM Hy-
drogen peroxide (H,O,)-treated epimastigotes
were used as a positive control. Untreated par-
asites were used as a negative control. Intra-
cellular ROS production was measured with a
fluorometer.

Mitochondrial membrane potential (AYM)
changes

Mitochondrial membrane potential
(AWYM) changes were evaluated using 3,3'-di-
hexyloxacarbocyanine iodide (DiOC6), a lipo-
philic, permeable dye that emits green fluores-
cence and demonstrates selectivity towards the
mitochondria of living cells when used at low
concentrations (18). DIOC6 accumulates in the
mitochondria proportionally to the AWm values.
The experiments were performed using 5x10°
epimastigotes cultured in a 96-well plate and
incubated with LIT medium (control), 20 uM BZ-
97, or 40 uM BNZ for 3h, 6h and 9 h at 28°C.
After that, cells were stained with 10 nM DiOCG6
and incubated in the dark for 20 min at 28°C h.
After staining, the parasites were washed and
suspended in 200 pl of phosphate-buffered sa-
line (PBS) and analyzed immediately by flow cy-
tometry. 5x10° epimastigotes were treated with
50 uM CCCP, a compound known to disrupt
mitochondrial membranes, acting as a positive
control for depolarization of the mitochondrial
membrane.

Fluorescent microscopy

All epimastigote images were acquired
after a drop of living parasites was placed on a
clean glass slide, covered with a coverslip, and
sealed. Epimastigotes were visualized with the
appropriate lasers with an Olympus FV3000
confocal microscope (Olympus Corporation,
Osaka, Japan). A 100 X objective was used to
obtain the images.

Alkalinization of acidocalcisomes detection
using acridine orange (AO)

Changes in the pH of the acidocalci-
somes of epimastigotes were monitored by AO
staining, a weak base that accumulates in acid-
ic compartments. lts nonionized form dominates
in neutral to alkaline environments, emitting
green fluorescence and easily diffusing across
membranes. In acidic environments, its ionized
form prevails, emitting orange fluorescence and
being membrane-impermeable (19). Thus, AO
accumulation in acidic compartments can be
detected as a bright green fluorescence (530
nm) when excited by a 488 nm laser. Thus,
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5x10° epimastigotes cultured in a 96-well plate
and incubated with LIT medium (control), 20
UM BZ-97; 40 yM BNZ, 5 yM Mannitol, 20 yM
BZ-97 plus 5 pyM 5-[N-ethyl-N-isopropyl] ami-
loride (EIPA); 40 uM BNZ plus 5 uM EIPA, or
1 M Mannitol plus 5 yuM EIPA for 3h at 28°C
in 96-well plates. Subsequently, parasites were
stained with 5 yM AO, which served as a probe
for alkalinization and was then analyzed by fluo-
rometry using a BioTek Sinergy HT fluorometer
using the Gen 5 software.

In another set of experiments, 1x10°
epimastigotes were cultured in a 96-well plate
and incubated with LIT medium (control) or
20 pyM BZ-97 for 24 h at 28°C. Parasites were
stained with 5 yM OA for 20 minutes in the dark
and washed twice with 200 pl of PBS. A488 nm
laser was used to excite the stain.

Alkalinization of acidocalcisomes de-
tection using LysoSensor™

The LysoSensor™ dye is an acidotrop-
ic probe that accumulates in acidic organelles
due to protonation. This pH-dependent process
also causes the fluorescence quenching of the
dye by its weak base side chain to be released,
leading to higher fluorescence intensity. Lyso-
Sensor staining was performed according to the
protocol described by Albrecht et al, 2020 (20),
with minor modifications. Briefly, 5x10° epimasti-
gotes were incubated with LIT medium (control),
20 uM BZ-97, 40 uM BNZ, or 20 uM BZ-97 plus
5 uM EIPA for 24 h at 28°C in 96 well plates.
After this period of time, the medium containing
the stimulus was carefully removed, and 1 yM
LysoSensor was added with a freshly tempered
LIT medium and incubated for 30 min at 28°C.
Subsequently, epimastigotes were washed 3
times with cold PBS (200 pl per wash), mount-
ed on slides, and sealed with a coverslip. The
cell-associated green fluorescence (excited
with a 488 nm laser) was analyzed in a fluores-
cent microscope. A comparative analysis of flu-
orescence intensity was done with the ImageJ
software (NIH, USA).

Fluorescence microscopy image processing

Fluorescence microscopy images were
processed and analyzed through the Image pro-
cessing free download software ImageJ 1.x de-
veloped by the National Institutes of Health and
the Laboratory for Optical and Computational
Instrumentation (LOCI, University of Wisconsin)
(https://imagej.net/software/imagej).

The data were expressed as the fluo-
rescence intensity value of compound-treated
epimastigotes (FI) over baseline (control, LIT
medium-treated epimastigotes).

Propidium iodide (Pl) staining

Cell membrane damage in epimastig-
otes can be assayed by quantifying the level of
Pl incorporated inside treated cells. Briefly, 10x°
epimastigotes were cultured in a 96-well plate
and incubated with LIT medium (control), 20 uM
BZ-97 or 40 uM BNZ for 3 h at 28°C in 96-well
plates. Cells were washed once with PBS, and
parasites were then resuspended in PBS con-
taining 1 uM PI. Untreated parasites were used
as the negative control. As a positive control of
cellular damage, epimastigotes were subjected
to a high temperature 80 °C in a thermostatic
bath for 30 min. Each sample’s mean fluores-
cence intensity (MFI) was determined using the
535 nm laser of a ParteQ CyFlow cytometer
(Germany). The experiment was repeated twice
in quadruplicates.

Changes in cell viability through apoptosis
or necrosis

Apoptosis/ necrosis cellular death was
evaluated by flow cytometry using FITC-labeled
Annexin V and red-fluorescent propidium iodide
(PI) staining (Alexa Fluor™ 488 annexin V/Dead
Cell Apoptosis Kit, from Invitrogen™). The as-
say was performed according to manufacturer
instructions with minor modifications. Briefly, 5 x
10° epimastigotes were treated with LIT medium
(control), 20 uM BZ-97, 40 uM BNZ, or 1 uyM
staurosporine for 6 and 24 h at 28°C in 96-well
plates. Then, the cells were rinsed once with LIT
medium, gently resuspended in 100 yL Annex-
in V reagent, and incubated in the dark for 15
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minutes at 28°C h. The reaction was stopped
by adding 200 pL of 1X binding buffer, and cells
were analyzed by flow cytometry within one hour
for maximum signal. The mean fluorescence in-
tensity (MFI) of FL2 (PI) and FL1 (Annexin V) of
each sample was determined using the 535 nm
laser of a flow cytometer. All experiments were
repeated at least twice in quadruplicates.

Statistical analysis

All experiments were repeated at least
twice in quadruplicates. Flow cytometry data
are representative of three independent exper-
iments unless otherwise stated. Graphical and
One-way ANOVA with Bonferroni’s post hoc sta-
tistical analysis were performed using Graph-
Pad Prism version 6.04 for Windows, GraphPad
Software, (www.graphpad.com)

Results and Discussion
Anti-trypanosomal activity

During screening of possible antipara-
sitic compounds, BZ-97 performed well in the
low micromolar levels against three parasites:
Leishmania donovani, Trypanosoma cruzi, and
Plasmodium falciparum. The best action was
directed against T. cruzi, with sub micromolar
values (Table I).

Table |. Effect of BZ-97 on intracellular human
parasites

INTRACELLULAR BIOASSAYS Selectivity

BZ-97 €50 (uM) Index for T.
L. donovani T.cruzi  P.falciparum \Vero cells cruzi
1.33 0.76 1.02 11.5 15.1

Given the results obtained in the BZ-97
intracellular IC50 assays, we decided to further
study this molecule’s effects against T. cruzi. A
head-to-head anti-T. cruzi test was performed
to evaluate the effect of this compound on the
death of the epimastigotes, comparing it with
benznidazole (BNZ), the reference compound.

Both BZ-97 and BNZ seem to be less potent
against epimastigotes than they were against
intracellular forms of the parasite (Table Il)

Table Il. IC50 of compounds on T. cruzi epimas-
tigotes

BZ-97 IC50 (uM) Selectivity
T. cruzi epimastigotes Vero cells Index
BZ-97 2.03+1.17 11.5+1.8 5.1
Benznidazol 4.5910.70 47170 10.3

Effect of BZ-97 on reactive oxygen species
production

It is known that ROS production is a
marker of alterations in the parasite’s homeo-
stasis caused by various factors, including pH
fluctuation, stress, hypoxia, and the presence of
heme. The data depicted in Figure 3 show that
epimastigotes treated with 20 yM BZ-97 for 3
h do not differ significantly in ROS production
from non-treated cells. On the contrary, 40 yM
BNZ-treated epimastigotes show an 8-fold in-
crease in ROS synthesis compared with para-
sites not challenged with any external stimulus.
The addition of 200 uM H,O, serves the purpose
of verifying the integrity of the reagents and an-
alytics used in this experiment.
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Figure 3. Effect of BZ-97 on epimastigote ROS
production.

T. cruzi epimastigotes were cultured in
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the presence of LIT medium (control), 20 uyM
BZ-97, 40 uM BNZ, or 200 uM H,O, for 3 h prior
to detection of ROS production by flow cytome-
try. Samples were measured with four replicates
in each of three independent experiments. MFI:
Mean Fluorescence Intensity. One-way ANOVA
and Bonferroni’s Multiple Comparison Test were
used to measure significant variation compared
to the untreated control at each time point; *** p
<0.001; ns: not significant.

Effect of BZ-97 on mitochondrial transmem-
brane potential

Viable epimastigotes were treated with
LIT medium (control), 20 yM BZ-97 or 40 uM
BNZ for 3, 6 and 9 h and changes in the trans-

membrane potential were analyzed by flow cy-
tometry. Results depicted in Figure 4 indicate
that while BNZ induces a depolarization of the
mitochondrial membrane, at 3 and 6 h, reflected
by a decrease in the DIOC6 mean fluorescence
intensity (MFI), BZ-97 does not exhibit signifi-
cant changes at the same time points. The ef-
fect of BNZ is reversed at 9 h, showing no signif-
icant differences in the DIOC6 MFI compared to
either BZ-97 or untreated cells. In these exper-
iments, the low MFI exhibited by CCCP-treat-
ed epimastigotes, an inhibitor of mitochondrial
oxidative phosphorylation, indicates complete
and irreversible depolarization (CCCP-treated
vs untreated epimastigotes MFI, *** p< 0.0001).
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Figure 4. Effects of BZ-97 on the Mitochondrial Membrane Potential in T. cruzi epimastigotes.

Epimastigotes from T. cruzi strain Y were incu-
bated with LIT medium (control), 20 yM BZ-97
or 40 uM BNZ for 3, 6 and 9 h before evalu-
ating changes in mitochondrial membrane po-
larization by flow cytometry. 50 yM CCCP was
used as the positive control. MFI: Mean Fluo-
rescence Intensity. One-way ANOVA and Bon-
ferroni’s Multiple Comparison Test were used.

*kk

p <0.001; ns: no significant difference.

Effect of BZ-97 on the acidity of acidocalci-
somes

To evaluate the effect of BZ-97 treat-
ment on epimastigote acidocalcisomes, we
further assessed changes in the acidity of this
organelle caused by treatments for 3 h using
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acridine orange (AO) staining. Fluctuations in
the organelle’s proton (H+) content are reflected
by changes in the AO fluorescence at 530 nm
emission.

Figure 5 shows that 20 uyM BZ-97-treat-
ed epimastigotes exhibit a highly significant in-
crease in AO absorbance, indicative of acido-
calcisome alkalinization; similar results were
observed in 40 yM BNZ-treated cells. In addi-
tion, both compounds show no significant differ-
ences in their AO absorbance levels.

EIPA abrogates the effect of BZ-97 and
BNZ on acidocalcisomes, resulting in absor-
bance values similar to those of control cells.
Additionally, 5 yM Mannitol strongly induces ac-
idocalcisome alkalinization, and this effect is not
prevented by EIPA.
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Figure 5. Effect of BZ-97 on acidocalcisomes of
epimastigotes.

T. cruzi epimastigotes were treated with
LIT medium (control), 20 uM BZ-97, 40 uM BNZ
or 5 uM Mannitol (positive alkalinization control)
with or without 5 uM EIPA for 3 h. 5 uM OA was
added to all groups, and their fluorescence was
analyzed by fluorometry. Fl 530 nm = Fluores-
cence Intensity at 530 nm One-way ANOVA and
Bonferroni’'s Multiple Comparison Test were
used. *** p <0.001; ns: no significant difference.

Fluorescence microscopy (FM) of acidocal-
cisomes of BZ-97-treated epimastigotes

To verify if the observed effect of BZ-97
on the alkalinization of acidocalcisomes persists
over time, viable epimastigotes were grown at
exponential phase and then treated with LIT

medium (control), 20 yM BZ-97, 20 yM BZ-97 +
5 uM EIPA or 40 uM BNZ for 24 h.

Results obtained from FM using Lyso-
Sensor™ as an acidic organelle detector probe
are depicted in Figure 6. In control epimastig-
otes, these organelles are visualized as clear-
ly defined green points with high fluorescence
intensity (Fig 6A). In contrast, acidocalcisomes
from BZ-97- treated epimastigotes show spots
with blurry boundaries and lower fluorescence
intensity, indicative of acidocalcisome alkalini-
zation (Fig 6B).

BNZ treatment also induces chang-
es in the fluorescence signal similar to BZ-97
(Fig 6C), while incubation of epimastigotes with
BZ-97 and EIPA (an inhibitor of primarily Sodi-
um-Hydrogen Exchangers (NHEs) abrogates
the effect of BZ-97 (Fig 6D) showing well-de-
fined high fluorescent intracellular spots.

Fluorescence

BZ+97 BNZ Untreated

BZ-97 + EIPA

Figure 6. Fluorescence Microscopy of acidocal-
cisomes of BZ-97-treated epimastigotes using
LysoSensor Green probe.
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Changes in the pH of acidic organelles
of live epimastigotes of T. cruzi were assayed
using the LysoSensor Green probe. Untreated
epimastigotes (A), epimastigotes treated with
20 uM BZ-97 (B), 20 uM BZ-97 + 5 uM EIPA (C),
or 40 uM BNZ (D) incubated for 24 h are shown.
Inset images have been subjected to digital pro-
cessing to enhance visualization of parasites.
Brightness, exposure, and contrast adjustments
were applied solely to improve clarity of these
specific regions. All insets received identical
image correction parameters to maintain con-
sistency. DIC: differential interference contrast.
Pictures are representative of more than 15
fields of one experiment.

These results were also confirmed us-
ing acridine orange (AO)-stained epimastigotes.
AO is a fluorescent dye that can selectively
stain acidic organelles. Untreated epimastig-
otes exhibited discrete tiny spots throughout the
parasite cytoplasm indicative of the presence of
acidocalcisomes, and this feature is much less
intense after BZ-97 treatment (Figure 7).

Untreated BZ+97

Figure 7. Fluorescence Microscopy (FM) of ac-
idocalcisomes of BZ-97-treated epimastigotes
using acridine orange (AO) staining.

Changes in the pH of acidic organelles
of live epimastigotes of T. cruzi were assayed
using acridine orange (AO). Untreated epimas-
tigotes and epimastigotes treated with 20 pM
BZ-97 for 24 h were subjected to 5 yM acridine
orange (AO) staining. Pictures are representa-
tive of more than 15 fields of one experiment.
Bar =30 uym.

FM images were processed and ana-
lyzed through the Image processing software
Imaged 1.x Figure 8. Statistical analysis sup-
ports the conclusions driven from the FM assay.
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Figure 8. FM image processing analysis.

Epimastigotes of T. cruzi strain Y were
treated with LIT medium (control), 20 uM BZ-97,
20 uyM BZ-97 + 5 pM EIPA or 40 yM BNZ for
24 h and were assayed using the LysoSensor
Green probe. FM Image processing and analy-
sis was performed using ImageJ software. Each
data is expressed as a Fl over baseline (control,
LIT medium- treated epimastigote). One-way
ANOVA and Bonferroni’'s Multiple Comparison
Test were used. *** p <0.001; ns: no significant
difference.

Intracellular calcium mobilization induced
by BZ-97

This study investigated the initial re-
sponse (first few minutes) of T. cruzi epimastig-
otes to BZ-97, and compared it to the reference
drug BNZ. The release of calcium ions into the
cytoplasm, a key signaling event, was moni-
tored using the calcium-binding dye Cal-520 for
a period of 2.5 h (Figure 9).
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Figure 9. Cytosolic Calcium Changes.
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T. cruzi epimastigotes were incubated
with either 20 uM BZ-97 or 40 yM BNZ. Acridine
Orange (5 uM) was subsequently added before
fluorescence measurements were taken every
60 seconds for the initial 50 minutes following
treatment. Thereafter, readings were collected
at less frequent intervals. The data presented
represent fold-changes relative to the baseline.

Both BZ-97 and BNZ induce a rapid
rise in cytoplasmic calcium levels in T. cruzi epi-
mastigotes. While BZ-97 exhibits a faster initial
increase compared to BNZ, this effect appears
transient. Following the initial peak, the calci-
um levels induced by BZ-97 progressively de-
crease, reaching a similar level of that observed
with BNZ for over the next 30 minutes. In par-
asites treated with BNZ, however, the levels of
mobilized calcium continue augmenting until it
is almost double that of control parasites at the
final measured time point.

Effect of early BZ-97 exposure on epimastig-
otes apoptosis induction.

Given that a significant effect on acido-
calcisomes acidity is detected as soon as 3 h of
BZ-97 treatment, we evaluated the effect of this
compound on the induction of apoptosis at this
time point. Apoptotic cells can be distinguished
from necrotic cells using propidium iodide (PI),
as Pl can enter necrotic cells with damaged
membranes.

Viable epimastigotes were treated with
20 uyM BZ-97 or 40 uM BNZ for 3 h prior to PI
staining, and changes in their fluorescence
were assessed using flow cytometry. Figure 10
shows no significant differences between un-
treated and treated epimastigotes, indicating
no signs of apoptosis as early as 3 hours af-
ter exposure to these compounds. Heating the
parasites to 800C, a very aggressive treatment
for the membranes, shows a high fluorescence
increment (incorporation of PlI).
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Figure 10. Effect of early BZ-97 exposure on
epimastigote apoptosis.

Epimastigotes of the Y strain of T. cruzi
were treated with 20 uM BZ-97, 40 yuM BNZ for
3 h, or submitted to heating at 80 °C for 30 min.
Pl was added to all groups, and their fluores-
cence was analyzed using flow cytometry. MFI:
Mean Fluorescence Intensity. One-way ANOVA
and Bonferroni’s Multiple Comparison Test were
used. ns: not significant.

Effect of long-lasting exposure to BZ-97 on
the induction of epimastigote apoptosis

In order to assess whether BZ-97 treat-
ment for 6 and 24 h induces changes in epimas-
tigote viability through apoptosis or necrosis,
additional experiments were conducted using
the Alexa Fluor® 488 Annexin V/Dead Cell
Apoptosis assay. Cells were classified accord-
ing to these conditions: Annexin V+/PI- (early
apoptotic cells), Annexin V+/Pl+ (Late apoptot-
ic/ necrotic cells), Annexin V-/PI- (Viable cells)
and Annexin V-/Pl+ (necrotic cells).

Viable epimastigotes were treated with
20 yM BZ-97, 40 uM BNZ or 1 uM staurosporine
for 6 and 24 h and changes in Pl uptake and
Annexin V cell-associated fluorescence were
assessed using flow cytometry.

Data obtained at 6 hours post-incuba-
tion indicates that staurosporine induces a mild
but significant shift towards Annexin V-/Pl+ epi-

Botacio et al



Current Trends in Biotechnology and Pharmacy

1755

Vol. 18(2) 1745-1764, April 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

DOI: 10.5530/ctbp.2024.2.23

mastigotes (necrotic cells) as follows: untreat-
ed (0.12% = 0.02%), staurosporine (4.16%
+ 0.08%), BNZ (0.11% % 0.05%), and BZ-97
(0.17% % 0.05%). Thus, staurosporine vs BZ-
97-treated, BNZ-treated, or untreated parasites
show significance (p < 0.001). BZ-97-treated,
BNZ-treated, and untreated epimastigotes do
not differ significantly from each other (ANO-
VA and Bonferroni’s Multiple Comparison Test).
Figure 11 shows a representative 2D dot plot of
FL1 (Annexin V) vs FL2 (PI) obtained from the
flow cytometry analysis of epimastigotes sub-
jected to treatment.
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97 (11.43 = 2.18 %). The difference between
staurosporine and untreated cells is highly sig-
nificant (p < 0.001), whereas no significant dif-
ferences were observed between BZ-97-treat-
ed, BNZ-treated or untreated cells (ANOVA and
Bonferroni’'s Multiple Comparison Test). See
Figure 11 for a representative sample.

Annexin V+/Pl+ epimastigotes (late
apoptotic/necrotic cells) also show differences
as follow: untreated (1.08% % 0.66 %), stauros-
porine (11.48 + 3.9 %), BNZ (4.17 = 1.59 %),
and BZ-97 (8.51 £ 0.8 %). For the comparison
between staurosporine vs untreated parasites,
the difference between staurosporine and the
untreated trypanosomatids is highly signifi-
cant (p< 0.001), whereas no significant differ-
ences were observed between BZ-97-treated,
BNZ-treated or untreated cells. staurosporine
vs BZ-97 or BNZ did not show significant differ-
ences suggesting that both imidazoles exert a
mild but significant pro-apoptotic effect (ANOVA
and Bonferroni’s Multiple Comparison Test).

Figure 12 shows a representative 2D
dot plot of FL1 (Annexin V) vs FL2 (PI) obtained
from the flow cytometry analysis of epimastig-
otes treated for 24 h.
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Figure 11. Changes in Fluorescence intensi-
ty on epimastigote population following 6 h of
staurosporine, BNZ or BZ-97 treatment.

Representative 2D scatter plots (FL1 vs
FL2) obtained from flow cytometry analysis of T.
cruzi epimastigotes strain Y treated for 6 h with
culture medium (A), 1 uM staurosporine (B), 40
MM BNZ (C) or 20 uM BZ-97 (D). Values in each
quadrant represent the percentage (%) of para-
sites analyzed which fall on each one of them.

Data obtained at 24 hours post-incuba-
tion show significant differences in Annexin V-/
Pl+ epimastigotes (necrotic cells) as follows:
untreated (3.15% * 1.51 %), staurosporine
(50.36 £ 8.8 %), BNZ (2.793 £ 1.03 %), and BZ-
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Figure 12. Changes in Fluorescence intensity
on epimastigote population following 6h of stau-
rosporine, BNZ or BZ-97 treatment.
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Representative 2D scatter plots (FL1
vs. FL2) obtained from flow cytometry analysis
of T. cruzi epimastigotes treated with culture
medium (A), 1 uM staurosporine (B), 40 uM
BNZ (C), or 20 uM BZ-97 (D) for 24 h. Values in
each quadrant represent the percentage (%) of
parasites, from the total acquired, in each one of
the quadrants.

Effect of treatments on epimastigote struc-
ture and morphology

Figure 13 depicts the results of flow cy-
tometry analysis, where epimastigotes exposed
to various treatments are represented as a dot
plot based on their fluorescence intensity in two
channels (FL1: Annexin V, FL2: PI). Quadrant
Q2 encompasses parasites positive for both An-
nexin V and Pl (Annexin V+/Pl+). Notably, stau-
rosporine and BZ-97 treatment resulted in the
highest proportion of cells in Q2, suggesting a
promotion of apoptosis.

We also assessed the impact of these
compounds on parasite cellular complexity us-
ing flow cytometry, with FSC (forward scatter)
and SSC (side scatter) serving as measures of
cell size and granularity, respectively.

After 6 h of treatment, epimastigotes
treated with staurosporine exhibited signifi-
cant changes in parasite complexity. This was
indicated by the appearance of a new cellu-
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lar sub-population in the lower left quadrant,
demonstrating notable differences in both size
(FSC, forward scatter) and granularity (SSC,
side scattering) compared to the control. Ex-
perimental epimastigotes create a new popu-
lation as follows: untreated (6.37 % * 0.42 %),
staurosporine- (29.87 + 0.89 %), BNZ- (6.17 £
0.14 %), and BZ-97- treated (7.65 £ 0.67 %).
The difference between staurosporine and BZ-
97-treated and BNZ-treated or untreated cells is
highly significant (p<0.001), whereas no signifi-
cant differences were observed between BZ-97-
treated, BNZ-treated or untreated cells. (ANO-
VA and Bonferroni’s Multiple Comparison Test).

After 24 h of treatment, the percentage
of cells in the lower left quadrant increased dra-
matically in all groups, to finish as follows: un-
treated (31.7 £ 4.85 %), staurosporine (64.7 +
0.81%), BNZ (62.17 £ 10.2%), and BZ-97 (64.38
1 0.63%). The difference between untreated epi-
mastigotes vs those treated with staurosporine,
BZ-97 or BNZ is highly significant (p<0.001).
No significant differences between treated cells
were observed (ANOVA and Bonferroni’'s Multi-
ple Comparison Test).

Figure 12 shows representative 2D
scatter dot plots (FSC vs SSC) reflecting epi-
mastigote complexity after being subjected to
treatment for 6 h and 24 h.
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Figure 13. Changes in the complexity of the epimastigote population following BZ-97, BNZ, or stau-

rosporine treatment for 6 and 24 h.
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Representative 2D scatter dot plots
(FSC vs SSC) reflecting epimastigote complex-
ity were obtained by flow cytometry data analy-
sis. Dot plots from T. cruzi epimastigotes treat-
ed with culture medium, 1 uM staurosporine, 40
MM BNZ, or 20 uM BZ-97 for 6 h (Figures A, B,
C, and D, respectively) and for 24 h (Figures
E, F, G, and H, respectively) were divided into
four quadrants (Q1-Q4). Q1 and Q2 represent
the upper left and right quadrants, respectively,
while Q3 and Q4 represent the lower left and
right quadrants, respectively. This division was
performed to evaluate the percentage of cells in
each quadrant (A-F).

Given the observed changes in the
morphological complexity of epimastigotes in
the SSC vs FSC Lower Left Quadrant after 24
h of treatment, we proceeded to evaluate cell
death parameters. After establishing the role of
acidocalcisomes in BZ-97 treatment, we study
the type of death the parasites were being driv-
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en with its treatment, in this specific population.

The results are depicted in Figure 14
and show that the treated epimastigote popula-
tion predominantly consisted of viable cells (An-
nexin V-/Pl-) except when exposed to stauros-
porine, which significantly reduced cell viability.

Staurosporine treatment also led to a
notable increase in the percentage of necrot-
ic cells (Annexin V-/Pl+), whereas BZ-97 or
BNZ did not markedly affect this form of cell
death. Regarding the late apoptotic/necrotic
cell population, approximately 10% of stauros-
porine-treated epimastigotes underwent this
type of cell death. BZ-97 exhibited a mild effect,
showing no significant differences from BNZ.
Additionally, while the percentage of early apop-
totic cells was generally low, it was higher in the
group treated with BZ-97 compared to the other
treatments.
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Figure 14. Morphology changes after drug treatment.
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Epimastigotes were treated with 1 uM
staurosporine, 40 uM BNZ or 20 uM BZ-97. Af-
ter 24 h of incubation they were stained with
Annexin V and Propidium lodide and analyzed
by flow cytometry with the use of quadrants: An-
nexin V+/PIl- (early apoptotic parasites): V+/Pl+
(late apoptotic or necrotic parasites);: Annexin
V-/Pl- (viable parasites); Annexin V-/Pl+ (ne-
crotic parasites). * p< 0.05, *** p< 0.001. One-
way ANOVA and Bonferroni’s Multiple Compari-
son Test were used. ns: not significant.

Discussion

Chagas disease (CD), caused by the
hemoflagellate Trypanosoma cruzi parasite,
is a neglected tropical disease endemic to the
Americas, affecting over six million individuals
(21) (CDC, 2022). While originally confined to
this region, migration and environmental chang-
es have propelled CD to a global public health
concern (22).

Despite continuous exploration of new
treatment possibilities (23), only nitrofurans like
nifurtimox (NFX) and the 2-nitroimidazole de-
rivative benznidazole (BNZ), discovered in the
early 1960s, remain the mainstay of therapy
(22).

Following a 2010 stakeholders’ summit
in Rio de Janeiro, Brazil, researchers estab-
lished criteria for further evaluation of Chagas
disease drug candidates. These criteria includ-
ed having an IC50 (concentration inhibiting
50% of parasite growth) equal to or lower than
BNZ and a selectivity index (ratio of cytotoxic-
ity to antiparasitic activity) above 10 (16). The
benzimidazole derivative BZ-97 fulfilled both
criteria in the antiparasitic intracellular assays,
warranting further investigations into the com-
pound’s mechanism of action against T. cru
Zi.

Given the well-documented association
between various drug treatments and the induc-
tion of reactive oxygen species (ROS) synthesis
as a result of oxidative stress, we first examined
the effects of BZ-97 on ROS generation within

its target. In fact, ROS production is a marker
of alterations in the parasite’s homeostasis,
i.e., anti- T. cruzi treatments (24), hypoxia (25),
heme presence as a consequence of heme re-
lease during blood digestion (26, 27), starvation
and pH stress (28). Elevated ROS production
triggers metabolic adaptations in T. cruzi. For
instance, hypoxia reduces mitochondrial func-
tion and energy production, leading to a further
increase in ROS (29). Reactive species, thus,
can act as a double-edged sword. Studies have
demonstrated its diverse effects on the para-
site: triggering self-cleaning (autophagy), pro-
grammed cell death (apoptosis), or even pro-
liferation (28). Interestingly, when ROS signals
proliferation, the parasite’s ability to transform
into its infective form (metacyclogenesis) is si-
multaneously suppressed (25).

Our findings indicate that, unlike BNZ,
treatment with BZ-97 for 3 hours does not sig-
nificantly alter the levels of ROS or the mito-
chondrial membrane potential in T. cruzi epi-
mastigotes. This suggests that BZ-97 does not
substantially disrupt the mitochondrial electron
transport chain, a known source of ROS gener-
ation. In contrast, BNZ treatment rapidly induc-
es a significant increase in ROS production and
alters the mitochondrial membrane potential
within 3 hours. These observations suggest dis-
tinct mechanisms of action for these structurally
similar imidazole derivatives.

Acidocalcisomes are small, mostly
spherical, acidic organelles with an average di-
ameter ranging from 0.2 to 0.6 um (30). These
organelles have several functions including
cation and phosphorus storage (31), autopha-
gy, osmoregulation (32), pH homeostasis, and
pathogenesis (33). Recent studies have estab-
lished the role of these organelles not only in
phosphate utilization and calcium ion signaling
but also on bioenergetics (32) (Docampo et al,
2022). In fact, being the main intracellular reser-
voir of calcium and phosphate, acidocalcisomes
can contribute to signaling in specific processes
like pH, homeostasis, and other metabolic pro-
cesses (32,34,35). It is well known that Ca2+
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in the acidocalcisome is bound to a polyanionic
matrix of poly P, and can be released after alka-
linization of the organelle. This pivotal role un-
derscores their importance in cellular function.

Our data indicate that BZ-97 is able to
induce acidocalcisome alkalinization in a similar
way as BNZ, which was previously reported as
deprotonating the organelle (36). As a control
in our experiments, epimastigotes were also
subjected to hyperosmotic stress induced by 5
MM Mannitol, leading to alkalinization of acidic
vacuoles via a Na+/H+ exchanger (NHE). The
BZ-97 and BNZ effects were both blocked by 5-
(N-ethyl-N-isopropyl)amiloride (EIPA), an NHE
inhibitor, demonstrating the involvement of this
pump in the effects caused by the imidazole de-
rivatives.

Differently, the effect of Mannitol was
only partially reversed by EIPA. It is important
to note that these latter results are not in agree-
ment with those reported by Usorach et al, 2021
(37).

After establishing the role of acidocalci-
somes in BZ-97 treatment, we investigated the
type of death the parasites were being driven
with its treatment. Thus, we used the combina-
tion of Annexin V binding and PI uptake, as it
is one of the most commonly used assays to
measure apoptosis (38). The technique uses
double staining with Annexin V, which binds to
phosphatidylserine when exposed to the out-
side of the cytoplasmic membrane as a sign of
apoptosis, and P, since this dye can enter ne-
crotic cells but not early apoptotic cells.

Epimastigotes were analyzed for PI
uptake and Annexin V cell-associated fluores-
cence by flow cytometry at 6 and 24 h. Stauros-
porine, a protein kinase inhibitor often used to
induce apoptosis, was used as a positive control
for this process. The use of quadrants helped
divide the parasites studied into four possible
combinations: Annexin V+/PI- (early apoptotic),
Annexin V+/Pl+ (late apoptotic), Annexin V-/PI-
(viable), Annexin V-/Pl+ (necrotic).

Data obtained at 6 hours post-incuba-
tion with all drugs indicates that only staurospo-
rine induces a mild but significant shift towards
Annexin V-/Pl+ epimastigotes indicating that
some necrosis is taking place, only with that
treatment.

When analyzing the results of the An-
nexin V+/Pl+ epimastigotes (late apoptotic/
necrotic cells) at t= 6 h, BNZ-treated parasites
show very little apoptosis induction. As for BZ-
97, even though the difference is not significant,
it already seems to induce more apoptosis than
BNZ, once again suggesting a different route
of action for both molecules when acting on T.
cruzi epimastigotes.

Staurosporine, used as a positive con-
trol, demonstrated the highest percentage of
Annexin V+/Pl+ cells, highlighting its significant
pro-apoptotic effect. Both BZ-97 and BNZ also
increased the proportion of Annexin V+/Pl+ but
to a lesser extent, compared to the untreated
control. Furthermore, no significant differences
were observed between BZ-97 and BNZ treat-
ments, indicating that both imidazoles induce a
moderate but comparable increase in late-stage
apoptosis. It is worth considering several factors
that must be taken into account when monitor-
ing the detection of apoptotic markers: (i) Para-
site life cycle: T. cruzi cell cycle extends beyond
24 hours. The peak apoptotic response induced
by BZ-97 and BNZ might occur after this time-
frame. (ii) Atypical PS translocation: Imidazoles
like BZ-97 and BNZ could potentially trigger al-
ternative apoptotic pathways that do not involve
substantial phosphatidylserine (PS) exposure
on the cell surface. (iii) Limitations of the as-
say: As demonstrated by Menna-Barreto et al.
(2009), Annexin V/PI staining might not always
be sensitive enough to detect apoptosis in T.
cruzi epimastigotes, even when other apoptotic
markers are present.

The lack of a strong phosphatidylserine
(PS) signal in this study does not necessarily
exclude apoptosis as a cell death mechanism.
In this context, the more detailed information
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provided by flow cytometry analysis is worth an-
alyzing, as described below.

Flow cytometry analysis was done to
analyze the parasite cellular complexity using
epimastigotes exposed to various treatments
which were represented as dot plots where
FSC (forward scatter) and SSC (side scatter)
served as measures of cell size and granularity,
respectively. After 6 h of treatment, epimastig-
otes treated with staurosporine showed signif-
icant changes in parasite complexity. This was
evidenced by the emergence of a new cellular
subpopulation in the lower-left quadrant, char-
acterized by noticeable differences in both size
(FSC, forward scatter) and granularity (SSC,
side scattering) compared to the control. Exper-
imental epimastigotes fell into a new population
where the staurosporine-treated epimastigotes
formed the majority of them, with a minor and al-
most equal representation from the other three
groups. The difference between staurosporine
and BZ-97-treated, BNZ-treated, and untreated
cells is highly significant (p<0.001), whereas no
significant differences were observed between
the latter three groups. By t=24 h, however, the
shift to the lower left quadrant is notorious. This
suggests that the treatments’ effects have im-
pacted the morphology of the parasites, making
them smaller and/or less complex.

Further analysis of the cells in this
quadrant using FL1 (Annexin V) and FL2 (PI)
revealed that approximately 80% of the BZ-
97- or BNZ-treated population exhibited mor-
phological changes while remaining viable.
This suggests that these drugs primarily induce
structural alterations without immediately caus-
ing cell death. The precise mechanism under-
lying these morphological changes in BZ-97-
treated cells remains unclear and cannot be
definitively determined based solely on the cur-
rent experiments presented here. While micro-
scopic observations also revealed altered para-
site shapes, further investigation is required to
elucidate the specific pathways involved.

In addition, the increase of untreated
epimastigotes in Q3 indicates that around 30%
of the epimastigotes die as a result of an effect
not attributable to these compounds.

Our findings suggest that while BZ-
97 shares various mechanisms of action with
BNZ, it likely targets distinct cellular processes,
leading to divergent effects. This is supported
by the lack of significant ROS production and
the minimal disruption of mitochondrial function
observed upon BZ-97 treatment, as discussed
below.

Only BNZ appears to alter mitochon-
drial oxidative phosphorylation, as evidenced
by the increased production of reactive oxygen
species observed in parasites stimulated by this
compound. On the other hand, both BZ-97 and
BNZ induce a clear effect on the alkalinization
of acidocalcisomes. This is confirmed by studies
using acridine orange and LysoSensor, the lat-
ter being a probe capable of interacting with the
parasite’s acidic compartments.

BZ-97 would deliver a pro-apoptotic
effect, rather than a necrotic one, on epimas-
tigotes subjected to its treatment. This effect
becomes evident after 24 hours of treatment,
providing an indication of when the treatment’s
effect becomes apparent, despite indications
that BZ-97, like BNZ, begins to exert effects on
the parasite’s physiology in the early stages (3
or 6 h) of treatment. This observation is a rele-
vant issue for it would mean that this compound
is capable of causing death on the parasite with-
out giving rise to inflammatory processes that
result from necrosis.

It is worth noting that in microscopy
studies, epimastigotes treated with BZ-97 ex-
perienced morphological changes, appear-
ing more “stout” with rounder, less elongated
bodies (data not shown). This morphological
change is reflected in flow cytometry studies on
cellular complexity. There, it is observed that at
24 hours, cellular subpopulations of smaller size
and lower granularity appear. These changes
are not necessarily accompanied by a decrease
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in cell viability, as Annexin V/PI studies on these
cells indicate that the majority of cells are viable,
with only a small percentage undergoing early
apoptosis (around 4%) and even fewer under-
going late apoptosis/necrosis (less than 10%).
Similar results are observed with BNZ, with both
being significantly different from those obtained
from epimastigotes treated with staurosporine.

Itis worth noticing that all the effects ob-
served with BZ-97 occur at a dose twice as low
as that of BNZ. The fact that this compound can
exert a similar effect to one of the treatments
considered the gold standard to tackle Chagas
Disease deserves further investigation and con-
sideration as a potential therapeutic option for
the future.
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