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Despite ongoing efforts, the available treatments for Chagas’ disease are still unsatisfactory, especially in the chronic phase of the
disease. Our previous study reported the strong trypanocidal activity of the dibenzylideneacetones A3K2A1 and A3K2A3 against
Trypanosoma cruzi (Z. Ud Din, T. P. Fill, F. F. de Assis, D. Lazarin-Bidéia, V. Kaplum, F. P. Garcia, C. V. Nakamura, K. T. de Ol-
iveira, and E. Rodrigues-Filho, Bioorg Med Chem 22:1121-1127, 2014, http://dx.doi.org/10.1016/j.bmc.2013.12.020). In the present
study, we investigated the mechanisms of action of these compounds that are involved in parasite death. We showed that A3K2A1 and
A3K2A3 induced oxidative stress in the three parasitic forms, especially trypomastigotes, reflected by an increase in oxidant species
production and depletion of the endogenous antioxidant system. This oxidative imbalance culminated in damage in essential cell
structures of T. cruzi, reflected by lipid peroxidation and DNA fragmentation. Consequently, A3K2A1 and A3K2A3 induced vital
alterations in T. cruzi, leading to parasite death through the three pathways, apoptosis, autophagy, and necrosis.

hagas’ disease was discovered more than 100 years ago (1), but

the available treatments are still restricted to only two nitro-de-
rivative compounds: benznidazole and nifurtimox. These com-
pounds have limited efficacy, especially in the chronic phase of the
disease, and serious side effects (2). Chagas’ disease is caused by the
protozoan parasite Trypanosoma cruzi, with an estimated 6 to 7 mil-
lion people infected worldwide, mainly in 21 Latin America coun-
tries. However, cases of the disease have been increasingly detected in
the United States, Canada, Europe, and Western Pacific countries (3).

The search for new active compounds that are more effective
against Chagas’ disease and devoid of serious side effects is in-
creasing (4, 5). Few studies have reported the efficacy of trypano-
cidal compounds against the three forms of T. cruzi (6, 7), and
little is known about their mechanisms of action. The scarcity of
such studies and lack of effective and selective compounds against
T. cruzi can be explained by the complex life cycle and distinct
morphological and functional forms of this parasite (8, 9).

Dibenzylideneacetones (DBAs) are a class of compounds that
have an acyclic dienone attached to aryl groups in both 3-positions.
Some studies have demonstrated the chemotherapeutic properties of
DBAs, including antiplasmodial (10) and anticancer (11, 12, 13, 14)
effects. Our research group recently tested a library of new DBAs
against T. cruzi and Leishmania amazonensis and reported inter-
esting results (15). (1E,4E)-2-Methyl-1-(4-nitrophenyl)-5-phe-
nylpenta-1,4-dien-3-one (A3K2A1) and (1E4E)-2-methyl-1,
5-bis(4-nitrophenyl)penta-1,4-dien-3-one (A3K2A3) were the
most active compounds against 7. cruzi.

Considering the trypanocidal activity of A3K2A1 and A3K2A3,
the present study sought to characterize the biochemical and mor-
phological alterations induced by these compounds in the three par-
asitic forms of T. cruzi and elucidate the mechanisms of action that
are involved in the cell death of this parasite.

Our results provided insights into the mechanisms of action of
A3K2A1 and A3K2A3 and strongly suggest that these compounds are
effective against the three main parasitic forms of T. cruzi. Altogether,
our results indicate that the effects of A3K2A1 and A3K2A3 are re-

890 aac.asm.org

Antimicrobial Agents and Chemotherapy

lated to an increase in oxidant species production and depletion of the
endogenous antioxidant system, leading to parasite death.

MATERIALS AND METHODS

Chemicals. Actinomycin D, antimycin A (AA), bovine serum albumin,
carbonyl cyanide m-chlorophenylhydrazone (CCCP), digitonin, di-
methyl sulfoxide (DMSO), diphenyl-1-pyrenylphosphine (DPPP), 5,5'-
dithio-bis(2-nitrobenzoic acid) (DTNB), 2',7'-dichlorodihydrofluores-
cein diacetate (H,DCFDA), monodansylcadaverine (MDC), Nile red,
penicillin, rhodamine 123 (Rh123), thiobarbituric acid, and wortmannin
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s
modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
obtained from Invitrogen (Grand Island, NY, USA). Annexin V-fluores-
cein isothiocyanate (FITC), 4-amino-5-methylamino-2',7’-difluorofluo-
rescein diacetate (DAF-FM diacetate), the mitochondrion-targeted probe
3,8-phenanthridinediamine-5-(6-triphenylphosphoniumhexyl)-5,6-
dihydro-6-phenyl (Mitosox), propidium iodide (PI), and RNase were ob-
tained from Invitrogen (Eugene, OR, USA). Streptomycin was obtained
from Gibco BRL-Life Technologies (Grand Island, NY, USA). The protein
assay kit was obtained from Bio-Rad (Hercules, CA, USA). All other re-
agents were of analytical grade.

Synthesis of compounds. The compounds (1E,4E)-2-methyl-1-(4-
nitrophenyl)-5-phenylpenta-1,4-dien-3-one (A3K2A1l) and (1EA4E)-2-
methyl-1,5-bis(4-nitrophenyl)penta-1,4-dien-3-one (A3K2A3) were
synthesized as previously described by Ud Din et al. (15). The molecular
structures of the compounds are shown in Fig. 1.
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FIG 1 Structures of dibenzylideneacetones (1E,4E)-2-methyl-1-(4-nitrophe-
nyl)-5-phenylpenta-1,4-dien-3-one (A) and (1E,4E)-2-methyl-1,5-bis(4-ni-
trophenyl)penta-1,4-dien-3-one (B).

Stock solutions of A3K2A1 and A3K2A3 were prepared aseptically in
DMSO and diluted in culture medium so that the DMSO concentration
did not exceed 1% in the experiments.

The three forms of T. cruzi were treated with the compounds at con-
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centrations that correspond to the IC;,s (concentrations that inhibited
50% of the parasites) previously determined (15). Epimastigotes were
treated at 28°C with 3.5 puM A3K2A1 and 1.8 M A3K2A3. Amastigotes
were treated at 37°C with 3.9 uM A3K2A1 and 1.2 uM A3K2A3. Trypo-
mastigotes were treated at 37°C with 17.5 uM A3K2A1 and 15.4 pM
A3K2A3.

Parasites and cell cultures. All of the experiments were performed
using the Y strain of T. cruzi. Epimastigotes were axenically maintained at
28°C with weekly transfers in liver infusion tryptose (LIT) medium sup-
plemented with 10% heat-inactivated FBS, pH 7.4 (16). Trypomastigotes
and amastigotes were obtained from the supernatants of previously in-
fected monolayers of LLCMK, cells (i.e., monkey [Macaca mulatta] kid-
ney epithelial cells; CCL-7; American Type Culture Collection, Rockville,
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FIG 2 Cell membrane integrity assay of Trypanosoma cruzi treated with A3K2A1 or A3K2A3 for 24 h at concentrations corresponding to IC,,s using PI staining.
(A) Typical histograms for trypomastigotes (a, d, and g), amastigotes (b, e, and h), and epimastigotes (c, f, and i). (a, b, and ¢) Untreated parasites; (d, e, and f)
A3K2A1-treated parasites; (g, h, and i) A3K2A3-treated parasites. The percentages of PI-positive cells are shown in the upper right and left quadrants. The
percentages of PI-negative cells are shown in the lower right and left quadrants. (B) PI-positive cells in trypomastigotes (a), amastigotes (b), and epimastigotes
(). Asterisks indicate significant differences relative to the control group (P < 0.05).
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FIG 3 Mitochondrial O, ™ production in Trypanosoma cruzi treated with
A3K2A1 or A3K2A3 for up to 24 h at concentrations corresponding to 1Css
using the fluorescence probe Mitosox. Asterisks indicate significant differences
relative to the control group (P = 0.05).

MD, USA) in DMEM supplemented with 2 mM r-glutamine and 10%
FBS and buffered with sodium bicarbonate in a 5% CO,-air mixture at
37°C (17). Trypomastigotes and amastigotes were separated by differen-
tial centrifugation at 850 X g for 5 min. The trypomastigote forms were
harvested from the supernatant, and the amastigote forms were collected
from the pellet.

Cell membrane integrity assay. The parasites were treated with
A3K2A1 or A3K2A3 for 24 h and then washed and incubated with 0.2 pg/ml
PI for 10 min. Digitonin (40.0 uM) was used as a positive control. Data
acquisition and analysis were performed using a FACSCalibur flow cytometer
equipped with CellQuest software. A total of 10,000 events were acquired in
the region that was previously established as the one that corresponded to the
parasites. Alterations in the fluorescence of PI were quantified as the percent-
age increase in fluorescence compared with the control (untreated parasites).

Detection of mitochondrial-derived superoxide anions. The para-
sites were loaded with 5 wuM Mitosox for 10 min at 22°C and then washed
with Krebs-Henseleit (KH) buffer (pH 7.3) that contained 15 mM
NaHCO;, 5 mM KCl, 120 mM NaCl, 0.7 mM Na,HPO,, and 1.5 mM
NaH,PO,. The parasites were then treated with A3K2A1 or A3K2A3 for
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FIG 4 Total ROS in Trypanosoma cruzi treated with A3K2A1 or A3K2A3 for
24 h at concentrations corresponding to ICs,s using the nonfluorescent probe
H,DCFDA. (A) Trypomastigotes. (B) Amastigotes. (C) Epimastigotes. Aster-
isks indicate significant differences relative to the control group (P = 0.05).
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up to 24 h. The fluorescence was measured in a Victor X3 spectrofluoro-
meter (PerkinElmer) at an excitation wavelength (A.,) of 510 nm and an
emission wavelength (\.,,) of 580 nm (18). Oxidized Mitosox becomes
highly fluorescent upon binding to nucleic acids. AA (10.0 wM) was used
as a positive control.

Detection of reactive oxygen species production. The parasites were
treated with A3K2A1 or A3K2A3 for 24 h and then loaded with 10 uM
H,DCFDA in the dark for 45 min. The fluorescence was determined by
oxidation of H,DCFDA to the fluorescent product 2',7'dichlorofluores-
cein (DCF) in a Victor X3 spectrofluorometer at an A, of 488 nm and an
Nemn 0f 530 nm (19).

Detection of nitric oxide. The parasites were treated with A3K2A1 or
A3K2A3 for 24 h and then loaded with 1 uM DAF-FM diacetate in the
dark for 30 min. Afterward, the parasites were washed, resuspended in
phosphate-buffered saline (PBS), and incubated for an additional 15 min.
Fluorescence was determined in a fluorescence microplate reader (Victor
X3; PerkinElmer) at an N\, of 495 nm and an \_, of 515 nm. DAF-FM
diacetate, which is deacetylated to DAF-FM by intracellular esterases,
emits fluorescence when it reacts with nitric oxide (NO).

Evaluation of reduced thiol levels. In the trypanothione system,
trypanothione (T) is reduced to a dithiol, T(SH),, by trypanothione re-
ductase (TR). The inhibition of TR decreases total reduced-thiol levels
(19). The parasites were treated with A3K2A1 or A3K2A3 for 3, 24, and 48
h. Afterward, the cells (1 X 107 cells/ml) were centrifuged, resuspended in
10 mM Tris-HCI buffer (pH 2.5), and sonicated. Acidic pH was used
during sonication to prevent the oxidation of free thiol groups. Cellular
debris was removed by centrifugation, and 100 wl of the supernatant and
100 pl of 500 mM phosphate buffer (pH 7.5) were taken from each mi-
crotiter well, followed by the addition of 20 wl of 1 mM DTNB to each
well. Absorbance was measured at 412 nm.

Mitochondrial membrane potential assay. The parasites were treated
with A3K2A1 or A3K2A3 for 24 h and then incubated with 5 ug/ml Rh123
for 15 min to verify the AWm. CCCP (100.0 pM) was used as a positive
control. The data acquisition and analysis were performed using a
FACSCalibur flow cytometer equipped with CellQuest software. A total of
10,000 events were acquired in the region corresponding to the parasites.
Alterations in Rh123 fluorescence were quantified using an index of vari-
ation (IV) that was obtained from the equation (M — M)/M, where
M is the median fluorescence for the treated parasites and M, is the
median fluorescence for the control parasites. Negative IV values corre-
spond to depolarization of the mitochondrial membrane.

Lipid peroxidation assay. The extent of lipid peroxidation was deter-
mined as the amount of thiobarbituric acid-reactive substances (TBARS)
in terms of malondialdehyde (MDA) and using the probe DPPP. For the
MDA assay, the parasites were treated with A3K2A1 or A3K2A3 for 24 h.
After incubation, the samples were heated in a solution that contained
0.37% thiobarbituric acid, 15% trichloroacetic acid, and 0.25 N HCI for
45 min at 95°C. After cooling, absorbance was read at 532 nm, and the
TBARS concentration was calculated based on an € value of 153,000 M !
cm” ! (20).

For the DPPP assay, the parasites were treated under the conditions
described above. Afterward, parasites were loaded with 50 wM DPPP for
15 min at 22°C, and fluorescence was determined in a fluorescence mi-
croplate reader (Victor X3; PerkinElmer) at an A, of 355 nm and an A\,
of 460 nm. DPPP is essentially nonfluorescent until it is oxidized to a
phosphine oxide (DPPP-O) by peroxides (21).

Cell cycle analysis. Amastigotes and epimastigotes were treated with
A3K2A1 or A3K2A3 for 24 h and then fixed in 70% cold methanol-PBS at
4°C for 1 h. Afterward, the parasites were washed in PBS, and 10 wl PI-
RNase A was added, followed by incubation at 37°C for 45 min. The data
acquisition and analysis were performed using a FACSCalibur flow cy-
tometer equipped with CellQuest software. A total of 10,000 events were
acquired in the region that corresponded to the parasites. The percentages
of cells in each stage of the cell cycle were determined (22).
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FIG 5 Nitric oxide in Trypanosoma cruzi treated with A3K2A1 or A3K2A3 for
24 h at concentrations corresponding to I1Cs,s using the fluorescent probe
DAF-FM diacetate. (A) Trypomastigotes. (B) Amastigotes. (C) Epimastigotes.

Asterisks indicate significant differences relative to the control group (P =
0.05).
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TABLE 1 Reduced thiol levels in Trypanosoma cruzi treated with A3K2A1 or A3K2A3 for up to 48 h using DTNB staining

Thiol level (%) after treatment time®

Parasitic form Compound Concn (uM) 3h 24h 48 h
Trypomastigotes Control 100.00 = 0.003 100.00 = 0.008 100.00 = 0.018
A3K2A1 17.5 95.58 £ 0.006 89.67 £ 0.271 59.06* = 0.005
A3K2A3 15.4 95.86 £ 0.004 89.88 £ 0.001 53.85* = 0.005
Amastigotes Control 100.00 %= 0.005 100.00 %= 0.006 100.00 %= 0.008
A3K2A1 3.9 96.90 £ 0.004 96.78 £ 0.003 80.68* = 0.008
A3K2A3 1.2 99.85 * 0.001 94.94 * 0.001 73.90* = 0.004
Epimastigotes Control 100.00 * 0.012 100.00 * 0.003 100.00 * 0.005
A3K2A1 3.5 99.93 £ 0.002 98.08 £ 0.009 88.62* = 0.002
A3K2A3 1.8 97.48 £ 0.004 98.08 £ 0.002 88.49* * 0.004

@ Data are expressed as percentages. *, significant differences relative to the control group (P = 0.05).

Evaluation of lipid bodies. The parasites were treated with A3K2A1 or
A3K2A3 for 24 h and then incubated with 10 pg/ml Nile red for 30 min at
22°C. The fluorescence was observed under an Olympus BX51 fluores-
cence microscope (Olympus, Tokyo, Japan), and the images were re-
corded with an Olympus UC30 camera (Olympus, Tokyo, Japan). Addi-
tionally, fluorescence was measured in a fluorescence microplate reader
(Victor X3; PerkinElmer) at an A, of 485 nm and an A, of 535 nm (23).

Phosphatidylserine exposure. The parasites were treated with
A3K2A1 or A3K2A3 for 24 h and then washed and resuspended in 100 .l
of binding buffer (140 mM NaCl, 5 mM CaCl,, and 10 mM HEPES-Na,

pH 7.4), followed by the addition of 5 ul of annexin V-FITC, a calcium-
dependent phospholipid-binding protein, for 15 min at room tempera-
ture. Binding buffer (400 pl) and 50 pl of PI were then added. AA (125.0
M) was used as a positive control. Data acquisition and analysis were
performed using a FACSCalibur flow cytometer equipped with CellQuest
software. A total of 10,000 events were acquired in the region that was
previously established as the one that corresponds to the parasites. Cells
that were stained with annexin V (PI positive or negative) were considered
apoptotic, and cells that were positive only for PI were considered necrotic
(24).
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FIG 6 Mitochondrial membrane potential assay in Trypanosoma cruzi treated with A3K2A1 or A3K2A3 for 24 h at concentrations corresponding to IC;,s using
Rh123 staining. (A and D) Trypomastigotes. (B and E) Amastigotes. (C and F) Epimastigotes. Asterisks indicate significant differences relative to the control

group (P = 0.05).
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TABLE 2 Mitochondrial membrane potential assay in Trypanosoma
cruzi treated with A3K2A1 or A3K2A3 for 24 h using Rh123 staining

Concn Median
Parasite form Compound (nM) fluorescence” ve
Trypomastigotes Control 774.05 0.00
A3K2A1 17.5 136.39* —0.82
A3K2A3 15.4 129.44* —0.83
Amastigotes Control 1,816.50 0.0
A3K2A1 3.9 359.70* —0.80
A3K2A3 1.2 272.02* —0.85
Epimastigotes Control 2,722.82 0.0
A3K2A1 3.5 894.25* —0.67
A3K2A3 1.8 762.66* —0.72

IV = (M — M¢)/M, where M is the median of the fluorescence for treated
parasites and M. is that for control parasites.
b, significant difference relative to the control group (P < 0.05).
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Cell volume determination. The parasites were treated with
A3K2A1 or A3K2A3 for 24 h and then washed twice in PBS, resus-
pended in PBS, and analyzed using fluorescence-activated cell sorting
and a FACSCalibur flow cytometer. Actinomycin D (20.0 mM) was
used as a positive control. A total of 10,000 events were acquired in the
region that was previously established as the one that corresponded to
the parasites. Histograms were generated, and the analysis was per-
formed using CellQuest software. Forward light scatter (FSC-H) rep-
resents the cell volume.

Evaluation of autophagic vacuoles. The parasites were treated with
A3K2A1 or A3K2A3 for 24 h and then incubated with 0.05 mM MDC, a
fluorescent probe that accumulates in autophagic vacuoles (25, 26), in
PBS for 15 min. After incubation, the cells were washed twice in PBS.
MDC staining was analyzed using an Olympus BX51 fluorescence micro-
scope, images were captured using a UC30 camera, and fluorescence in-
tensity was evaluated by Image] 1.440. In parallel experiments, before the
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induction of autophagy, the cells were pretreated with 0.5 uM wortman-
nin, a potent inhibitor of PI3 kinase, an enzyme involved in autophagy
regulation (27).

Statistical analysis. The data are expressed as the means and standard
deviations from at least three independent experiments. The data were
analyzed using one- and two-way analysis of variance (ANOVA), with
significant differences among means identified by Tukey and Bonferroni
post hoc tests, respectively. Values of P of =0.05 were considered statisti-
cally significant. The statistical analyses were performed using Prism 5
software (GraphPad, San Diego, CA, USA).

RESULTS

A3K2A1 and A3K2A3 cause cell membrane disruption in T.
cruzi. Both compounds caused a significant alteration of cell
membrane integrity in the three parasite forms compared with
untreated cells (Fig. 2). The histograms show an increase in the
intensity of PI fluorescence in trypomastigotes (48% for A3K2A1
and 70% for A3K2A3) (Fig. 2Ba), amastigotes (37% for A3K2A1
and 49% for A3K2A3) (Fig. 2Bb), and epimastigotes (approxi-
mately 20% for both compounds) (Fig. 2Bc). The positive control,
digitonin, increased fluorescence by 92.4%, 44.6%, and 29.2% in
trypomastigotes, amastigotes, and epimastigotes, respectively.

A3K2A1 and A3K2A3 increase mitochondrion-derived O, ™
production in T. cruzi. The treatment with both compounds
caused a similar and significant time-dependent increase in the pro-
duction of mitochondrial O, ™ in the three forms of T. cruzi com-
pared with the control group. This increase was more pronounced
in trypomastigotes (approximately 120%) (Fig. 3A) than in amas-
tigotes (approximately 90%) (Fig. 3B) and epimastigotes (approx-
imately 55%) (Fig. 3C). The positive control, AA, also induced
97%, 84%, and 48% increases in mitochondrial O, ~ production
in trypomastigotes, amastigotes, and epimastigotes, respectively.

A3K2A1 and A3K2A3 increase total reactive oxygen species
in T. cruzi. The treatment with both compounds led to similar
and significant increase in total reactive oxygen species (ROS)
after 24 h treatment compared with the control group (Fig. 4).
A3K2A1 and A3K2A3 caused total ROS increases, of, respectively,
157% and 169% for trypomastigotes (Fig. 4A), 149% and 162%
for amastigotes (Fig. 4B), and 91% and 99% for epimastigotes
(Fig. 4C).

A3K2A1 and A3K2A3 increase nitric oxide in T. cruzi. The
compounds caused a significant increase in NO after 24 h treat-
ment compared with control group (Fig. 5). This increase was
more noticeable for trypomastigotes (105% and 312% for
A3K2A1 and A3K2A3, respectively) (Fig. 5A), followed by amas-
tigotes (86% and 112%) (Fig. 5B) and epimastigotes (65% and
45%) (Fig. 5C).

A3K2A1 and A3K2A3 decrease reduced thiol levels of T.
cruzi. Both compounds caused a decrease in total reduced thiol
levels that were significantly lower than the control group, only
after 48 h treatment in the three parasite forms (Table 1). Trypo-
mastigotes were the most sensitive parasite form with approxi-
mately 40% decrease while for amastigotes and epimastigotes, the
decreases ranged from 10% to 26%.

A3K2A1 and A3K2A3 induce mitochondrial depolarization
of T. cruzi. Both compounds caused a marked decrease in total
Rh123 fluorescence intensity in the three parasite forms after
treatment for 24 h, indicating mitochondrial depolarization (Fig.
6; Table 2). The loss of A¥'m was more pronounced in trypomas-
tigotes and amastigotes (about 70%) (Table 2). The positive con-
trol, CCCP, induced 89.7%, 74.4%, and 90.5% changes in the
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FIG 8 Cell cycle of Trypanosoma cruzi treated with A3K2A1 or A3K2A3 for 24
h at concentrations corresponding to IC5s. (A) Amastigotes. (B) Epimastig-
otes. Asterisks indicate significant differences relative to the control group
(P =<0.05).

AW¥m in trypomastigotes, amastigotes, and epimastigotes, respec-
tively.

A3K2A1 and A3K2A3 induce lipid peroxidation in T. cruzi.
Figure 7 shows that treated parasites exhibited a significant in-
crease in lipid peroxidation compared with the control group. In
both, MDA and DPPP assays, the increase was more pronounced
for trypomastigotes (Fig. 7A and B), followed by amastigotes (Fig.
7C and D) and epimastigotes (Fig. 7E and F).

A3K2A1 and A3K2A3 induce cell cycle arrest in the sub-
G,/G, phase in T. cruzi. The compounds caused a significant
increase in the sub-G,/G, cell population (i.e., cells that undergo
the fragmentation of nuclear chromatin by DNases, a typical fea-
ture of apoptosis [28]) and a decrease in the G,/M phase (DNA
duplication) compared with the control group (Fig. 8). The in-
crease in the sub-G/G; cell population was observed in amasti-
gotes (42% and 53% for A3K2A1 and A3K2A3, respectively) (Fig.
8A) and in epimastigotes (36% and 46%) (Fig. 8B).

A3K2A1 and A3K2A3 increase lipid bodies in T. cruzi. Figure
9 shows increases in lipid bodies in treated parasites. This increase
was significant and more pronounced in amastigotes (215% and
264% for A3K2A1 and A3K2A3, respectively) (Fig. 9B), followed
by trypomastigotes (62% and 107%) (Fig. 9A) and epimastigotes
(24% and 31%) (Fig. 9C).

A3K2A1 and A3K2A3 induce phosphatidylserine exposure
in T. cruzi. Figure 10 shows that both compounds caused in the
parasites a significant increase in annexin V fluorescence intensity
compared with untreated parasites, with the exception of epimas-
tigotes treated with 3.5 pM A3K2A1. Phosphatidylserine expo-
sure was more pronounced in trypomastigotes (approximately
50%) (Fig. 10Ba) than in amastigotes (approximately 40%) (Fig.
10Bb) and in epimastigotes (approximately 12%) (Fig. 10Bc). The
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positive control, actinomycin D, increased phosphatidylserine ex-
posure by 32%, 28%, and 8% in trypomastigotes, amastigotes, and
epimastigotes, respectively.

A3K2A1 and A3K2A3 decrease the cell volume of T. cruzi. As
shown in Fig. 11, a significant decrease in cell volume was ob-
served after treatment of the three parasite forms with each com-
pound compared with the control group. The decrease in cell
volume was more pronounced in trypomastigotes (75% and 83%
for A3K2A1 and A3K2A3, respectively) (Fig. 11A and D) than in
amastigotes (70% and 37%) (Fig. 11B and E) and epimastigotes
(35% and 39%) (Fig. 11C and F). The positive control, actinomy-
cin D, also decreased the cell volume by 39%, 69%, and 28% in
trypomastigotes, amastigotes, and epimastigotes, respectively.

A3K2A1 and A3K2A3 induce the formation of autophagic
vacuoles in T. cruzi. Figure 12 shows the presence of fluorescence
in rounded structures in treated parasites, indicating the forma-
tion of autophagic vacuoles compared with untreated parasites.
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This effect could be partially prevented by wortmannin pretreat-
ment. This increase in the formation of autophagic vacuoles was
significant and more pronounced in amastigotes (90% and 105%
for A3K2A1 and A3K2A3, respectively) (Fig. 12C), and trypomas-
tigotes (84% and 102%) (Fig. 12B) than epimastigotes (67% and
71%) (Fig. 12D).

DISCUSSION

Several studies have been conducted over the past 100 years to
discover new trypanocidal agents (4, 29). However, no substitute
has yet been developed for the nitro compounds benznidazole and
nifurtimox. The development of new synthetic molecules con-
taining a nitroaromatic moiety is an interesting approach (30);
however, their potential toxicity should be very carefully ad-
dressed (31, 32). In a previous study, the DBAs A3K2A1 and
A3K2A3, characterized by the presence of nitro groups attached
directly to an aromatic ring, showed selective activity against T.
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FIG 10 Phosphatidylserine exposure in Trypanosoma cruzi treated with A3K2A1 or A3K2A3 for 24 h at concentrations corresponding to IC,,s using annexin
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cruzi (15). The present study sought to investigate their mecha-
nism of trypanocidal action.

We initially focused our studies on investigating alterations in
the plasma membrane by staining the parasites with PI. The three
parasite forms, especially trypomastigotes (i.e., the infective
bloodstream form in the mammalian host), exhibited marked al-
terations in plasma membrane integrity.

The literature reports that the bioactivity of nitro compounds
is related to reduction of the nitro group (30). As A3K2A1 and
A3K2A3 are nitro compounds, we also investigated their effects on
the production of reactive species in T. cruzi. We observed an
increase in the production of ROS in treated parasites. Reactive
oxygen species are molecules that are derived from the incomplete
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one-electron reduction of molecular oxygen, and high concentra-
tions might induce oxidative damage (33). These compounds also
increase reactive nitrogen species (RNS) as evidenced by the pro-
duction of NO, a short-lived free radical than can react with pro-
teins and nucleic acids (34). Thus, A3K2A1 and A3K2A3 may
induce oxidative imbalance in T. cruzi, attributable to an increase
in ROS/RNS. Oxidative stress is a result of enhanced free-radical
formation and/or a defect in antioxidant defenses (35). Here, we
observed a decrease in reduced thiol levels in the three parasite
forms. Thiols are the main functional group of trypanothione, an
antioxidant molecule that is central to the unique thiol-redox sys-
tem that acts in trypanosomatids. In these parasites, the enzymatic
regeneration of the thiol pool appears to depend on TR. Similar to
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the glutathione system that is found in the mammalian host, the
trypanothione system protects the parasite from oxidative damage
(36). Interestingly, we found that trypomastigotes were more sus-
ceptible to the action of A3K2A1 and A3K2A3. Trypomastigotes
are the T. cruzi form with higher trypanothione levels in the thiol-
redox system (37), which prompted us to speculate that both com-
pounds are especially active against the trypanothione-dependent
antioxidant systems. Similar results were obtained previously for
T. cruzi by using another trypanocidal compound (38). Increases
in oxidant species induce mitochondrial dysfunction, such as al-
terations in the AWm (39). The AWm is essential for maintaining
the physiological function of the respiratory chain, and a signifi-
cant loss of AWm depletes cells of energy, with subsequent death
(40). In the present study, Rh123 staining revealed marked reduc-
tions of the AWm, especially in trypomastigotes. Trypomastigotes
exhibit reductions of A¥m as a result of remodeling during the
life cycle of T. cruzi (41). Several studies of trypanocidal com-
pounds that target T. cruzi mitochondria have been published (7,
38, 42). The mitochondrion in T. cruzi is deficient in the detoxifi-
cation of ROS/RNS and thus especially susceptible to oxidative
stress (43).

Increases in reactive species can damage cell structures, includ-
ing lipids, nucleic acids, and proteins (34, 35). We found that the
three forms of T. cruzi treated with A3K2A1 and A3K2A3 induced
lipid peroxidation (MDA and DPPP assays), which interferes with
the functional and structural integrity of cell membranes, induc-
ing membrane leakage (44). We also found that A3K2A1 and
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A3K2A3 induced DNA fragmentation in both proliferative forms
of T. cruzi, reflected by an increase in the population of cells in the
sub-Gy/G, phase. DNA fragmentation might impair cell duplica-
tion, leading to cell cycle arrest, followed by apoptosis (45).
A3K2A1 and A3K2A3 also led to lipid body formation, a hallmark
of cellular stress that results from mitochondrial deregulation,
revealed here by Nile red. The formation and fast accumulation of
lipid bodies constitute a characteristic of apoptotic cell death (46,
47). Other studies have reported an increase in lipid body forma-
tion in trypanosomatids under stress conditions (23, 48).

All of the biochemical and morphological alterations induced
by A3K2A1 and A3K2A3 led to cumulative damage through a
cascade of events that are incompatible with cell survival. We
found that both compounds might induce parasite death through
different pathways. We believe that apoptosis reflected here by
mitochondrial depolarization, DNA fragmentation, lipid body ac-
cumulation, phosphatidylserine exposure (a distinct set of bio-
chemical changes in cells that undergo apoptosis [49]), and re-
duced parasite volume might be the preferential mechanism of
cell death, even considering all the controversial published data
concerning apoptosis in parasitic protozoa (50, 51, 52). Based on
the presence of autophagic vacuoles, revealed by MDC labeling,
autophagy may also be a pathway of T. cruzi cell death, mainly
induced by the increases in cellular ROS levels (53). In addition to
apoptosis and autophagy, the plasma membrane disruption, re-
vealed by PI labeling, suggests cell death by necrosis. Evidence
indicates that a key event in the transition from apoptosis to au-
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tophagy or necrosis is excessive mitochondrial oxidant species
production (54, 55).

One issue is whether the increase in oxidant species forma-
tion induced by A3K2A1 and A3K2A3 is a cause or conse-
quence of mitochondrial dysfunction. Mitochondrial dysfunc-
tion may lead to an increase in ROS/RNS; conversely, an
increase in ROS/RNS may induce mitochondrial dysfunction
(56). Based on our results, our hypothesis is that the mecha-
nism of action of A3K2A1 and A3K2A3 involves an increase in
ROS/RNS production, followed by mitochondrial depolariza-
tion. This hypothesis is based on the early increase in O,
(after 3 h treatment) compared with late A¥m depolarization
(after 24 h treatment). An excess of oxidant species might act
on any membrane of T. cruzi, including the mitochondrial mem-
brane, which can further impair mitochondrial function and in-
duce more ROS/RNS production (57, 58). Moreover, an excess of
reactive species might induce depletion of the endogenous anti-
oxidant system (demonstrated here by a decrease in reduced thiol
levels after 48 h treatment), which further exacerbates the condi-
tion of oxidative stress (59) (Fig. 13). This possibility is also sup-
ported by the chemical structures of the nitro compounds
A3K2A1 and A3K2A3 (30). We believe that the increase in ROS/
RNS is a cause of mitochondrial dysfunction.

All of the effects induced by A3K2A1 and A3K2A3 are closely
related to their structure-activity relationship. Several studies have
reported the efficacy of compounds that possess one or more nitro
groups against many pathogens (60, 61, 62). Thus, as expected,
A3K2A3, which contains two nitro groups in its structure, had
better trypanocidal activity than A3K2A1, which contains only
one nitro group.

In conclusion, the present findings demonstrated that A3K2A1
and A3K2A3 act as strong activators of T. cruzi death by disrupting
redox system homeostasis. A3K2A3 was more effective, inducing
parasite death with expressive alterations in T. cruzi machinery
components and their function. Both trypomastigotes and amas-
tigotes are infective forms of T. cruzi that are present in the mam-
malian host, and they were more susceptible to the actions of these
nitro compounds. Our results support further studies and may
open the way for the development of new chemotherapeutic
agents against T. cruzi.
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