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Abstract Leishmaniasis is a neglected tropical dis-
ease that affects millions of people worldwide. Current
therapies mainly rely on antimonial drugs that are inad-
equate because of their high toxicity and increased drug
resistance. An urgent need exists to discover new, more
effective, more affordable, and more target-specific drugs.
Pathways that are associated with apoptosis-like cell death
have been identified in unicellular eukaryotes, includ-
ing protozoan parasites. In the present study, we studied
the mechanism of cell death that is induced by A3K2A3
against L. amazonensis. A3K2A3 is a dibenzylideneac-
etone that has an acyclic dienone that is attached to aryl
groups in both B-positions, which is similar to curcumi-
noids and chalcone structures. This compound was pre-
viously shown to be safe with regard to cytotoxicity and
active against the parasite. Biochemical and morphologi-
cal approaches were used in the present study. The results
suggested that A3K2A3 caused mitochondrial dysfunction
in L. amazonensis promastigotes, leading to mechanisms
of cell death that share some common phenotypic features
with metazoan apoptosis, such as an increase in reactive
oxygen species production, a decrease in the adenosine
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triphosphate ratio, phosphatidylserine exposure, a decrease
in cell volume, caspase production, and DNA fragmenta-
tion. Altogether, these findings indicate that apoptosis can
indeed be triggered by chemotherapeutic agents.
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Introduction

Leishmaniasis remains endemic in several parts of the
world and is a serious health problem in numerous devel-
oping countries. It occurs as a complex and clinically
diverse illness that is caused by protozoan Leishmania
species that are transmitted through the bite of sandflies.
Despite recent advances, the treatment of leishmaniasis is
still problematic because of the high toxicity and adverse
side effects of therapeutic drugs. The need to identify new
molecular targets to improve therapy is clearly justified.
Target-identification and mechanism-of-action studies
play important roles in drug discovery. The putative target
should be either absent in the host or markedly different
from the host homolog so that it can be exploited as a drug
target [1].

Interestingly, programmed cell death in protists appears
to share some morphological features with apoptosis in
multicellular organisms, including cell shrinkage, the loss
of mitochondrial membrane potential, and the externaliza-
tion of phosphatidylserine [2, 3]. A better understanding of
the mechanistic machinery of apoptosis-like programmed
cell death in protists would thus prove immensely beneficial
in the design of rational chemotherapeutic interventions in a
target-dependent manner [4].
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1,5-Diarylpentanoid dibenzylideneacetone is the parent
compound of a class of compounds that have an acyclic
dienone that is attached to aryl groups in both B-positions.
These structures resemble those of curcuminoids (1,7-dia-
rylheptanes) and chalcones (1,3-diarylpropanes), which
are very important bioactive natural compounds that are
found in many plant species [5]. Dibenzylideneacetones
(DBAs) and their analogues have antiproliferative, antiin-
flammatory, and apoptotic effects through the regulation
of multiple signaling pathways in cancer cell lines [6—
10]. Dibenzylideneacetone has been reported to enhance
TRAIL-induced (cytokine tumor necrosis factor (TNF)-
related apoptosis-inducing ligand) apoptosis by regulating
cell-survival proteins and pro-apoptotic proteins through
the activation of reactive oxygen species (ROS) and CHOP
(C/EBP homologous protein) in colon cancer cells [11].
The good bioavailability of some dibenzylideneacetones
and their derivatives, which is required for bioactivity, and
their mode of cross linking have raised chemists’ interest in
their synthesis [5].

Our previous study reported the anti-leishmanial and
anti-trypanosomal effects of A3K2A3 (2d) [5]. Consider-
ing its anti-leishmanial activity and selectivity for parasites,
the aim of the present study was to better characterize the
biochemical alterations that are induced by this compound
against promastigote forms of L. amazonensis and eluci-
date the possible mechanism of action of A3K2A3 that is
involved in the cell death of this protozoan.

Materials and methods
Chemicals

Actinomycin D, antimicyn A, bovine serum albumin,
carbonyl cyanide m-chlorophenylhydrazone (CCCP),
digitonin, dimethylsulfoxide (DMSO), rhodamine 123
(Rh123), 2',7'-dichlorofluorescin diacetate (H,DCFDA),
and Nile Red were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fetal bovine serum (FBS) was
obtained from Invitrogen (Grand Island, NY, USA).
Annexin-V FITC and propidium iodide (PI) were
obtained from Invitrogen (Eugene, OR, USA). Diphenyl-
1-pyrenylphosphine (DPPP), the APO-BrdU terminal
deoxynucleotidyl transferase enzyme mediated dUTP
end labeling (TUNEL) Assay Kit, and the EnzChek Cas-
pase-3 Assay Kit were purchase from Molecular Probes
(Eugene, Oregon, USA). CellTiter-Glo was obtained
from Promega (Madison, WI, USA). All of the other
reagents were of analytical grade.
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Synthesis and preparation of A3K2A3

A3K2A3 was synthesized as previously described by Ud
Din et al. [5]. Stock solutions were aseptically prepared in
DMSO and diluted in culture medium so that the DMSO
concentration did not exceed 1% in the experiments. The
concentrations of A3K2A3 that were used in the assays were
3.4 and 9.3 uM, representing the ICs, and I1Cy, respectively,
as described previously [5].

Parasites

Leishmania amazonensis promastigotes (MHOM/BR/
Josefa) were maintained at 25°C in Warren’s medium
(brain—heart infusion plus hemin and folic acid; pH 7.2)
supplemented with 10 % heat-inactivated FBS.

In vitro antiproliferative assay

Promastigotes in the logarithmic phase (1x 10° parasites/
ml) were grown in 24-well culture microplates at 25°C in
Warren’s medium supplemented with 10% FBS. Parasites
were then incubated in the presence of different concentra-
tions of A3K2A3 (1-100 uM). Anti-leishmanial activity
was determined by directly counting free-living parasites in
a Neubauer chamber daily until 72 h of incubation, and the
concentration vs. percentage of growth inhibition was plot-
ted each day, in order to determine de inhibition concentra-
tion of 50 % of parasites (ICsy).

Activity against intracellular amastigotes

Peritoneal macrophages were collected from BALB/c mice
by washing with cold phosphate-buffered saline (PBS)
supplemented with 3% FBS. The animal protocol was
approved by the Ethical Committee of the State University
of Maringé (approval no. 029/2014). Sterile glass coverslips
were placed in the wells of a 24-well microplate, and 5 x 10°
cells/ml were added to each well in RPMI 1640 medium
supplemented with 10 % FBS. The microplate was incubated
for 2 h at 37°C in a 5% CO,-air mixture to adhere macro-
phages. The macrophage monolayer was infected with pro-
mastigote forms at a 7:1 (parasite: macrophage) ratio. After
4 h of interaction at 34°C in a 5% CO,-air mixture, the
microplate was washed with RPMI 1640 medium to remove
non-interiorized parasites. Afterward, the infected macro-
phages were treated with A3K2A3 at different concentra-
tions (1, 2.5, 5.0, and 10 uM) and incubated for 48 h. The
percentage of infected macrophages was evaluated after
Giemsa staining by microscopically counting the number of
amastigotes per macrophage [12].



Apoptosis (2017) 22:57-71

59

Hemolytic activity

Another way to assess the safety of a drug is to measure its
hemolytic activity. Defibrinated sheep blood was washed in
glycosylated saline to remove any free hemoglobin from the
defibrinization process. Red blood cells were inoculated in
96-well plates at 3% in glycosylated saline with different
concentrations of A3K2A3 (10-2000 pM). The plates were
incubated for 3 h at 37°C, and the supernatant was read at
550 nm. To calculate the percentage of hemolysis, 1% Tri-
ton X-100 was used as a positive control [13].

Transmission electron microscopy

For the ultrastructural analysis, promastigote forms were
treated for 72 h at 25°C with concentrations of A3K2A3
that corresponded to the ICs, and ICy,,. After washing with
PBS, the parasites were fixed in 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer at 4°C and post-fixed in a
solution that contained 1% osmium tetroxide, 0.8 % potas-
sium ferrocyanide, and 5 mM calcium chloride. The para-
sites were dehydrated in an acetone series and embedded in
Epon resin for 72 h at 60 °C. Ultrathin sections were stained
with 5% uranyl acetate and lead citrate and examined in a
JEOL JEM 1400 transmission electron microscope.

Detection of cytoplasmic lipid bodies by Nile Red
staining

Promastigote forms of L. amazonensis were treated with
concentrations of A3K2A3 that corresponded to the ICy,
and IC,, as described previously in the antiproliferative
assay. The treated parasites were then harvested, washed
twice in PBS, and directly stained with 10 pg/ml Nile Red
(Sigma-Aldrich, St. Louis, MO, USA) for 30 min at room
temperature. Cytoplasmic lipid bodies in the parasites were
detected with an epifluorescence microscope (Olympus
BX51) equipped with a WG filter. Parasites were photo-
graphed using an Olympus UC30 camera. The samples
were also analyzed in a fluorescence microplate reader (Vic-
tor X3, PerkinElmer, Finland) at an excitation wavelength
of 515-560 nm and emission wavelength >590 nm.

Determination of mitochondrial transmembrane
potential (A¥m)

Promastigotes (1x 107 cells/ml) were treated with 3.4 and
9.3 uM A3K2A3 for 24 h at 37°C, harvested, and washed
with PBS. The parasites were incubated with 1 ml (5 mg/
ml in ethanol) of Rh123, a fluorescent probe that accumu-
lates in mitochondria, for 15 min, resuspended in 0.5 ml

PBS, and incubated for an additional 30 min. The assay was
conducted according to the manufacturer’s instructions.
The parasites were analyzed using a BD FACSCalibur flow
cytometer and CellQuest Pro software (Becton Dickinson;
Franklin Lakes, NJ, USA). A total of 10,000 events were
acquired in the region that corresponded to the parasites.
CCCP (100 uM) was used as a positive control [14].

Measurement of reactive oxygen species

Promastigotes (1x 107 cells/ml) were treated or untreated
with 3.4 and 9.3 uM A3K2A3 for 24 h, centrifuged, washed,
and resuspended in PBS, pH 7.4. Afterward, these parasites
were loaded with 10 uM of the permeant probe H,DCFDA
in the dark for 45 min [15]. Reactive oxygen species were
measured as an increase in fluorescence that is caused by
the conversion of the nonfluorescent dye to highly flores-
cent 20,70-dichlorofluorescein. Parasites were analyzed
using a BD ACCURI™ C6 flow cytometer with a total of
10,000 events acquired in the pre-determined region that
corresponded to the parasites. Additionally, fluorescence
was also measured in a microplate reader (Victor X3, Perki-
nElmer, Finland) at an excitation wavelength of 488 nm
and emission wavelength of 530 nm. Hydrogen peroxide
(20 mM) was used as a positive control.

Estimation of lipid peroxidation by diphenyl-1-
pyrenylphosphine assay

Promastigote forms of L. amazonensis (1x10° cells/ml)
were treated with 3.4 and 9.3 uM A3K2A3 for 24 h at
25°C. The cells were washed twice, resuspended in PBS,
and loaded with DPPP [16] for 15 min. During the labeling
procedure, the cell suspension was kept in the dark. After
incubation, fluorescence intensities of the samples were
measured with a fluorescence microplate reader (Victor
X3, PerkinElmer, Finland) at an excitation wavelength of
355 nm and emission wavelength of 460 nm. Hydrogen per-
oxide (200 uM) was used as a positive control.

Intracellular adenosine triphosphate determination

Promastigotes of L. amazonensis (1x10° cells/ml) were
treated with 3.4 and 9.3 uM A3K2A3 for 24 h. After incuba-
tion at 25 °C, the promastigotes were centrifuged, washed,
and resuspended in PBS. In white 96-well plates, equal vol-
umes of CellTiter-Glo reagent and an aliquot of each sample
were added, mixed, and incubated for 10 min. The lumines-
cence intensity was quantified using a luminescence micro-
plate reader (VICTOR X3, PerkinElmer). CCCP (100 uM)
was used as a positive control.
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Determination of cellular membrane integrity

Promastigotes (1x 107 cells/ml) were treated with 3.4 and
9.3 uM A3K2A3 for 24 h at 32°C, harvested, and washed
with PBS. The parasites were incubated with 50 pl of 2 mg/
ml PI for 5 min according to the manufacturer’s instruc-
tions. Immediately thereafter, the parasites were analyzed
using a BD FACSCalibur flow cytometer equipped with
CellQuest software. A total of 10,000 events were acquired
in the region that corresponded to the parasites. Digitonin
(40.0 uM) was used as a positive control [17].

Promastigotes and intracellular amastigotes scanning
electron microscopy

Promastigotes (1 x 10° cells/ml) and peritoneal macrophages
adhered to the surface of small glass coverslips previously
infected with promastigotes for 4 h at 34 °C (as described in
2.4. item) were prepared. After the infection period plates
were incubated at 34°C for 24 h, and just then cells were
treated with 3.4 and 9.3 uM A3K2A3 for 48 h and 24 h at
the same temperature, in order to assess the morphological
alterations in promastigotes and intracellular amastigotes,
respectively. After treatment cells were fixed in 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer for 1-3 h.
Subsequently, they were dehydrated in increasing con-
centrations of ethanol and critical-point dried in CO,. For
intracellular amastigotes observation, the slides were placed
in an appropriate apparat and infected macrophages were
fractured with adhesive tape. All samples were coated with
gold, and observed in a Shimadzu SS-550 (Japan) scanning
electron microscope [18, 19].

Determination of cell volume of parasites

Promastigotes (1x 107 cells/ml) were treated with 3.4 and
9.3 uM A3K2A3 for 24 h at 25°C, harvested, and washed
with PBS. Subsequently, the parasites were analyzed using
a BD FACSCalibur flow cytometer and CellQuest Pro soft-
ware. Histograms were generated, and FSC-H represented
the cell volume. A total of 10,000 events were acquired in
the region that corresponded to the parasites. Actinomycin
D (20.0 mM) was used as a positive control [18].

Determination of phosphatidylserine exposure

Promastigotes (1 10°® cells/ml) were treated with 3.4 and
9.3 A3K2A3 for 24 h at 25°C. Afterward, the parasites
were washed and resuspended in 100 pl of binding buf-
fer (140 mM NacCl, 5 mM CaCl,, and 10 mM HEPES-Na,
pH 7.4), followed by the addition of 5 ul of the calcium-
dependent phospholipid binding protein annexin-V FITC
for 15 min at room temperature. Binding buffer (400 ul) was
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then added. Antimycin A (125.0 uM) was used as a positive
control. Data acquisition was performed using a fluores-
cence microplate reader (Victor X3, PerkinElmer, Finland)
at an excitation wavelength of 488 nm and emission wave-
length of 520 nm. Additionally, cells were counterstained
with PI (0.2 pg/mL) and images were acquired by an epiflu-
orescence microscope (Olympus BX51) using an Olympus
UC30 camera. Cells that were stained with annexin-V were
considered apoptotic [20].

Caspase detection

Caspase-3/7 protease activity was measured using the
EnzChek Caspase-3 Assay Kit (Molecular Probes). The
assay was performed according to the manufacturer’s
instructions with the following minor modifications. Briefly,
10° parasites were incubated with 3.4, 9.3, and 18.6 uM
A3K2A3 for 24 h, washed, and lysed with Triton X-100 in
1% PBS for 30 min, followed by the addition of kit reagents
(i.e., reaction buffer, dithiothreitol, and 5 mM Z-DEVD-
AMC substrate) and incubation for 30 min. When the reac-
tions were completed, the increase in fluorescence, which
is indicative of cleavage of the Z-DEVD-AMC substrate,
was fluorometrically read at excitation and emission wave-
lengths of 342 and 441 nm, respectively. The reactions were
performed with and without the Ac-DEVD-CHO inhibi-
tor (1 mM). Camptothecin (20 pM) was used as a positive
control.

Determination of DNA fragmentation

In addition to determining DNA fragmentation and nucle-
ase activity, treated L. amazonensis promastigote cells were
fixed with 4% paraformaldehyde and incubated with 0.2 %
Triton X-100 for 10 min for permeabilization and then lay-
ered with a TdT reaction mixture that contained BrdUTP
for 2 h at 37 °C according to the manufacturer’s instructions
with minor modifications (APO-BrdU TUNEL Assay Kit,
with Alexa Fluor 488 Anti-BrdU). Cells that were linked
with BrdU were detected using a green-fluorescent Alexa
Fluor 488 dye-labeled anti-BrdU antibody for 30 min. Flu-
orescence was fluorometrically quantified in a microplate
reader at an excitation wavelength of 485 nm and emission
wavelength of 520 nm. Camptothecin (10 uM) was used as
a positive control.

Statistical analysis

The data that are presented in the graphs are expressed as
the mean +standard deviation (SD) of at least three inde-
pendent experiments. The data were analyzed using one-
and two-way analysis of variance (ANOVA). Significant
differences among means were identified using the Tukey
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or Bonferroni post hoc test. Values of p<0.05 were con-
sidered statistically significant. The statistical analyses were
performed using Prism 5 software (GraphPad, San Diego,
CA, USA).

Results

In a previous study, A3K2A3 (2k) presented interesting
activity against promastigotes of L. amazonensis, with an
ICs, of 3.4 +0.07 uM, demonstrating its effects against this
protozoan parasite. In the present study, we further investi-
gated this activity and mechanism of action.

To confirm the previously reported effects of A3K2A3
(Fig. 1) on the cellular proliferation of L. amazonensis,
daily parasite counts were performed, and growth inhibi-
tion curves were constructed for each day of the experiment.
A3K2A3 inhibited the growth of promastigotes at a similar
ICsy (2.6+0.3 pM) after 72 h of treatment. Interestingly,
with 24 h incubation, A3K2A3 had an ICs, 0£2.7+0.7 uM,
indicating potent activity even after only a few hours of
incubation (Fig. 2). For intracellular amastigotes, A3K2A3
also presented potent activity, with an ICs, 0f 2.9+ 0.5 uM.

The cytotoxicity effects of A3K2A3 on J774Al
macrophages were tested as described previously

NO,

Fig.1 Chemical structure of (1E,4E)-2-methyl-1,5-bis(4-nitrophenyl)
penta-1,4-dien-3-one (A3K2A3)
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Fig. 2 Effect of A3K2A3 on promastigote forms of Leishmania ama-
zonensis. Promastigotes were treated with 1, 5, 10, 50, and 100 pM
A3K2A3 and counted daily in a Neubauer chamber until 72 h of incu-
bation. The graph of concentration vs. percentage growth inhibition
was plotted each day, and inhibitory concentrations were determined.
Symbols represent the mean + standard deviation of at least two inde-
pendent experiments, which were performed in duplicate

(CCs5y=43.0+4.24 uM). To corroborate its non-cytotoxic
profile, the hemolytic activity of this substance was assayed.
A3K2A3 up to a concentration of 2000 pM did not present
hemolytic activity. The percentage of hemolysis was less
than 6 % (data not shown).

To further investigate and identify the organelles that
might be potential targets of A3K2A3 in promastigotes,
transmission electron microscopy (TEM) was performed
as described previously. A3K2A3 caused significant ultra-
structural alterations (Fig. 3), including the disorganization
of Golgi complex (disintegration of the slacks of cisternae
and formation of clusters of tubules and vesicles dispersed in
the cytoplasm) and nuclei and accumulation of cytoplasmic
lipid bodies. A3K2A23 also caused severe damage in para-
site mitochondria, reflected by extensive swelling and dis-
organization of the inner mitochondrial membrane, intense
cytoplasmic vacuolization, and the presence of concentric
membrane structures inside the organelle. These changes
were observed in greater proportions when the cells were
treated with the ICy, of A3K2A3. Control parasites had an
apparently normal ultrastructure (Fig. 3a).

To confirm the accumulation of lipid bodies in treated
promastigotes that was observed by TEM, we evaluated
the existence of this structure by Nile Red staining, which
stains neutral lipids. Fluorescence microscopy revealed an
increase in the presence of lipid bodies in promastigotes
after treatment with the ICs, and IC,y, of A3K2A3 for 24 h
(Fig. 4) compared with non-treated cells. This finding was
confirmed by fluorimetry, with a 2.7-fold increase in fluo-
rescence in cells that were treated with the ICy; of A3K2A3
compared with control cells (i.e., without treatment).

Transmission electron microscopy also revealed a pro-
nounced effect of A3K2A3 on L. amazonensis mitochon-
dria. Therefore, the A¥m was evaluated by flow cytometry
in treated parasites. Histograms showed a marked decrease
in total Rh123 fluorescence intensity in promastigotes after
24 h treatment at all of the concentrations tested compared
with the control group, indicating mitochondrial depolar-
ization (Fig. 5). This loss of A¥m was higher at the 1Cy,
(40.11 %) than at the ICy, (27.00%). The positive control,
CCCP, induced a 72.96 % decrease in A¥m.

Given the A¥Ym results, to investigate possible oxidative
damage that is caused by A3K2A3 in promastigotes, the
production of total ROS was investigated using the fluores-
cent probe H,DCFDA, which primarily detects H,O, and
hydroxyl radicals [21]. A3K2A3 increased total ROS pro-
duction at all of the concentrations tested compared with the
control group (Fig. 6a), with 12.00 and 45.87 % increases
at the ICs, and ICy, of A3K2A3, respectively. The posi-
tive control (H,0,) increased the fluorescence intensity by
89.74%. These results were also confirmed by flow cytom-
etry analysis (Fig. 6b), by which it was possible to identify
that at a populational level, 93.8 and 98.9 % of the analyzed
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Fig. 3 Ultrathin sections

of Leishmania amazonensis
promastigotes without treat-
ment that presented a normal
ultrastructure (a) and promas-
tigotes that were treated with
A3K2A3 at concentrations that
corresponded to the IC, (b—d)
and 1Cy, (e—f). White arrows
indicate swollen mitochondria.
Black arrows represent lipid-
storage bodies. Black arrow-
heads indicate the presence

of vesicles inside the flagellar
pocket. White arrowheads
indicate DNA disorganization
in nuclei. The star indicates
the presence of concentric
membranous structures. The
asterisk indicates Golgi com-
plex disorganization. n nucleus,
m mitochondrion, £ kinetoplast,
fflagellum, fp flagellar pocket.
Scale bar 0.5 pm

cells presents some evidence of oxidative stress after I1Cs,
and IC,, treatment, respectively, against only 3.98 % of pos-
itivity at untreated populations.

Our previous experiment showed that A3K2A3 caused
mitochondrial damage and oxidative imbalance in L. ama-
zonensis, leading to enhanced ROS production. Thus, we
expected that A3K2A3 may trigger molecular and structural
alterations in the parasite through oxidative reactions. Lipid
peroxidation was assessed by measuring total fluorescent
lipid peroxidation products in leishmanial cells after treat-
ment with A3K2A3 using DPPP, which stoichiometrically
reacts with lipid hydroperoxides to yield the fluorescent

@ Springer

product DPPP oxide. A3K2A3 treatment significantly
increased lipid peroxides after 24 h of treatment at both con-
centrations tested (Fig. 7).

Because the disruption of mitochondrion function trans-
lates into a reduction of ATP generation, the levels of ATP
were measured after exposure to A3K2A3, using CellTiter-
Glo reagent, which is detected by luminescence. A gradual
decrease in ATP levels was observed as the A3K2A3 con-
centration increased after 24 h of treatment (Fig. 8).

To determine the possible mechanism of cell death that
is triggered by A3K2A3, alterations in cell membrane integ-
rity were evaluated using PI staining. A3K2A3-treated,
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Fig. 4 a Differential interference contrast microscopy (DIC) and fluo-
rescence microscopy with Nile Red staining of Leishmania amazonen-
sis promastigotes without treatment (a, b) and treated with A3K2A3 at
concentrations of 3.4 uM (¢, d) and 9.3 uM (e, f) for 24 h. In treated
promastigotes, images suggest accumulation of lipid-storage bod-
ies in the cytoplasm (b, d, f). Scale bar 10 um. b Accumulation of

PI-labeled promastigotes did not exhibit significant permea-
bilization of the plasma membrane compared with untreated
parasites. A3K2A3 at concentrations of 3.4 and 9.3 uM
showed 4.75 and 6.16 %, respectively, of the cells PI-posi-
tive. The negative control showed a PI fluorescence intensity
of 4.15 %, and digitonine (i.e., the positive control) showed a
PI fluorescence intensity of 57.12 % (data not shown).
Scanning electron microscopy of promastigotes was used
to investigate the mechanism of cell death by identifying
morphological alterations that were induced by A3K2A3 in

lipid-storage bodies in promastigote forms of L. amazonensis treated
with A3K2A3 at the IC;, and ICy, for 24 h using the fluorescent probe
Nile Red. The data are expressed as the mean fluorescence (in arbi-
trary units) + SD of at least three independent experiments. *p <0.05,
significant difference compared with the negative control group (i.e.,
untreated parasites)

the parasite. The photomicrographs showed that untreated
protozoa exhibited typical characteristics, with an elon-
gated shape and terminal flagellum. In contrast, A3K2A3
dose-dependently altered the size and shape of the para-
sites, including a rounding and overall reduction of the cell
body (Fig. 9). Alterations were also observed in intracel-
lular amastigote forms treated with both concentrations of
A3K2A3 in scanning electron mycroscopy, damage and dis-
ruption to the amastigotes cell membrane and a reduction in
amastigotes number per cell (Fig. 10).
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Fig. 5 Mitochondrial membrane potential assay in promastigote

forms of L. amazonensis treated with A3K2A3 at concentrations of

3.4 uM (b) and 9.3 pM (c) for 24 h and stained with Rh123, which

accumulates in mitochondria. a Positive control (CCCP). The gray
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Fig. 6 a Total ROS production in promastigote forms of L. amazonen-
sis treated with A3K2A3 at concentrations of 3.4 and 9.3 uM for 24 h
using the fluorescent probe H,DCFDA. The data are expressed as the
mean fluorescence (in arbitrary units) +SD of at least three indepen-
dent experiments. Hydrogen peroxide (20 mM) was used as a posi-
tive control (PC). *p <0.05, significant difference compared with the
negative control group (i.e., untreated parasites). b Flow Cytometry

Additional experiments were performed to evaluate
cell shrinkage, a hallmark of apoptotic death. As shown in
Fig. 11 decrease in cell volume was observed in cells that
were treated with 3.4 and 9.3 uM A3K2A3 after 24 h and
analyzed by flow cytometry, with reductions of 22.26 and
27.66 %, respectively. The positive control, actinomycin D,
decreased cell volume by 47.20 %.

To determine whether the mechanism of cell death that
is triggered by A3K2A3 involves apoptosis, we evaluated
the externalization of phosphatidylserine, an apoptotic
marker that is present in the outer leaflet of plasmalemma
[22], in promastigotes that were treated with A3K2A3
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histograms showing the total ROS production in promastigote forms
of L. amazonensis treated with A3K2A3 at concentrations of 3.4 and
9.3 uM for 24 h using the fluorescent probe H,DCFDA. Control
untreated cells: light gray filled area, 3.4 uM treated cells: dashed-
line surrounded gray filled area; 9.3 uM solid-line surrounded gray
filled area

for 24 h and stained with FITC-conjugated annexin-V.
As shown in Fig. 12, A3K2A3 increased the annexin-
V fluorescence intensity more than 8 times at both the
ICs, and ICy, compared with the negative control group,
indicating phosphatidylserine exposure. Moreover,
fluorescence microscopy revealed parasites labeled by
annexin-V-FITC after treatment with both concentrations
of A3K2A3 (3.4 and 9.3 pM). At the higher concentra-
tion (9.3 uM) of drug tested, it is also possible to identify
some PI staining at the nucleus, indicating some compro-
mise of cell membrane integrity, probably due to a later
apoptotic process.
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Fig. 7 Formation of hydroperoxides in promastigotes treated with
the ICy, and 1C,, of A3K2A3. DPPP-labeled cells were evaluated by
measuring the fluorescence intensity after 24 h of treatment. Hydrogen
peroxide (200 uM) was used as a positive control (PC). The data are
expressed as the mean + SD of at least three independent experiments
in triplicate. *p <0.05, significant difference compared with the nega-
tive control group (i.e., untreated parasites)
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Fig. 8 Determination of the level of intracellular ATP using CellTiter-
Glo reagent after treatment with A3K2A3 at concentrations of 3.4 and
9.3 uM for 24 h. CCCP (100 pM) was used as a positive control. The
data are expressed as the mean + SD of three independent experiments.
*p <0.05, significant difference compared with the negative control
group (i.e., untreated parasites)

A major feature of apoptotic death is the involvement
of cysteine aspartate proteases (caspases) that mediate
events downstream of the mitochondria, most notably
the executioners caspase 3 and 7 [23, 24]. To further
substantiate the existence of these proteases in L. ama-
zonensis, a fluorometric assay using EnzChek Caspase-3
Assay Kit was performed. The substrate DEVD-AFC was
added to this extract, and the release of AFC was used
as a measure of mature caspase-3-like protease activity
in A3K2A3-treated cells. A significant increase in these
proteases was observed after treatment with A3K2A3 for
24 h compared with untreated cells. This effect was more
pronounced in promastigotes that were treated with the
IC,, (Fig. 13).

The TUNEL assay detects apoptosis at the single-cell
level and thus permits a better evaluation of the apoptotic
cell fraction [22]. As shown in Fig. 14, promastigotes that
were treated with different concentrations of A3K2A3
and subjected to the TUNEL assay exhibited a significant
increase in fluorescence intensity at both concentrations
tested. The ICs, (3.4 uM) promoted a less than twofold
increase in fluorescence compared with untreated parasites
(i.e., the negative control), thus indicating DNA fragmenta-
tion. Camptothecin, the positive control, caused increase of
more than ninefold in fluorescence intensity.

Discussion

Drug therapy for leishmaniasis has not significantly
advanced since the beginning of the twentieth century, and
adequate treatment remains a problem. There continues to
be an urgent need to develop more rational and effective
therapeutic drugs [25].

Dibenzylideneacetone derivatives are a class of sub-
stances that have an acyclic dienone that is attached to
aryl groups in both B-positions, with a broad spectrum of
biological activity, especially antitumor activity [11, 26].
A3K2A3 has been previously reported to have interesting
anti-trypanosomal and anti-leishmanial activity, and it has
been shown to be more selective to parasites than to mam-
malian and macrophage cells [5]. A better understanding of
the mechanism of cell death would be helpful for develop-
ing therapeutic interventions against parasites. In the pres-
ent study, we evaluated the anti-leishmanial activity of
A3K2A3 to delineate its putative mechanism of action.

This compound at low micromolar concentrations pre-
sented significant activity against promastigote and intracel-
lular amastigote forms of L. amazonensis and did not affect
the viability of red blood cells. These results are very inter-
esting because amastigote forms of Leishmania are respon-
sible for clinical manifestations in the vertebrate host. These
amastigotes are the major target of chemotherapy for leish-
maniasis [27].

Unicellular kinetoplastid parasites have special organ-
elles that are involved in essential metabolic pathways, with
steps that differ from their mammalian counterparts, thus
making them attractive targets for new chemotherapeu-
tic agents. Ultrastructural studies can be very helpful for
achieving this goal [4, 28]. To obtain information about the
mechanism of action of A3K2A3 against L. amazonensis,
promastigotes were analyzed by TEM. Photomicrographs
of A3K2A3-treated cells exhibited important ultrastructural
alterations, such as lipid body accumulation and Golgi com-
plex disorganization. Extensive degradation of the Golgi
complex and endoplasmic reticulum that is caused by the
accumulation of intracellular lipid bodies in the cytoplasm,
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Fig. 9 Scanning electron microscopy images of promastigote forms of L. amazonensis incubated in the absence (A) or presence of A3K2A3 at
concentrations of 3.4 uM (B) and 9.3 pM (C) for 72 h. Scale bar 20 pm (a—¢) and 5 pm (a—c)

indicated by fluorescence microscopy and fluorimetry (Nile
Red staining), may indicate alterations in phospholipids and
sterol content and may also be related to exocytic activity
and autophagy. Some studies have reported that this exo-
cytic activity might occur as a result of the secretion of
abnormal lipids into this region, which accumulate as a con-
sequence of drug action or might indicate a process of exac-
erbated protein production by the cells [29-31].

Furthermore, ultrastructural analyses of the treated para-
sites revealed that the mitochondrion was one of the most
affected organelles, which could also be related to possible
alterations in lipid composition. Therefore, we focused on
investigating mitochondrial alterations and their conse-
quences, especially with regard to parasite death. A3K2A3
may exert its anti-leishmanial activity by affecting mito-
chondrial function in the parasite, demonstrated by TEM,
a decrease in A¥m, and an increase in mitochondrial ROS
production.

Electrons move through the mitochondrial respiratory
chain during oxidative phosphorylation, and a proton gra-
dient is established across the inner mitochondrial mem-
brane as an energy source for ATP. A decrease in Rh123
fluorescence intensity suggests an increase in proton per-
meability across the inner mitochondrial membrane, which
can decrease ATP synthesis and result in parasite death [13,
32, 33], especially because the parasite depends mainly on

@ Springer

oxidative phosphorylation for ATP production [34]. The
depletion of ATP levels was observed after treating the pro-
mastigotes with A3K2A3. For organisms with a single mito-
chondrion, such as Leishmania, there is no possibility of
compensating for injured mitochondria. Therefore, survival
depends on the proper functioning of a single organelle [35].

Our results are consistent with a previous study that
reported that ATP levels gradually decreased after the loss of
A¥m during treatment with H,0, [36]. Adenosine triphos-
phate is a key molecule for chromatin condensation, nuclear
fragmentation and regulation, and the maintenance of ion
homeostasis during apoptosis. Therefore, we can assume
that ATP levels were generated prior to the loss of A¥Ym,
and ATP that was supplied by glycolysis was sufficient to
perform these cellular activities and propagate programmed
cell death in leishmanial cells [37].

We also found a significant increase in ROS production
after A3K2A3 treatment in promastigotes. Mitochondrial
ROS formation is essential for various signaling processes
and strongly involved in the degenerative process through
damage to macromolecules, mainly proteins, lipids, and
DNA [38-40]. Promastigotes that were treated with A3K2A3
exhibited an increase in the ratio of lipid peroxidation. Ear-
lier studies found that Camptothecin induced the formation
of ROS inside leishmanial cells and also increased the level
of lipid peroxidation [22].
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Fig. 10 Scanning electron microscopy images of intracellular amastigotes forms of L. amazonensis incubated in the absence (a and d) or presence
of A3K2A3 at concentrations of 3.4 uM (b and e) and 9.3 pM (¢ and f) for 72 h. Scale bar 10 um (a—f)
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Fig. 11 Cell volume in promastigote forms of L. amazonensis treated
with A3K2A3 at concentrations of 3.4 uM (b) and 9.3 uM (c) for 24 h.
Actinomycin D (20.0 mM) was used as a positive control (a). FSC-H

In multicellular and unicellular organisms, mitochon-
dria serve as an important cellular source of ROS, which
are critical for the induction of apoptosis. The production
of ROS during the early phase of apoptosis usually follows
an imbalance in cellular redox homeostasis [41]. Indeed,
previous studies have shown that antimony exerts its anti-
leishmanial effect by generating ROS and depleting thiols
within both parasites and macrophages [42—44].

A3K2A3 treatment also induced the externalization of
phosphatidylserine, which was visualized by annexin-V stain-
ing. The translocation of phosphatidylserine from inside the

was considered a function of cell size. The gray area corresponds to
the negative control group (i.e., untreated parasites). Typical histo-
grams of at least three independent experiments are shown

plasma membrane to the outer layer is a common alteration
that occurs during programmed cell death [45—47]. In addition
to biochemical alterations, apoptosis also causes morphologi-
cal alterations [48]. Based on this, we evaluated cell shrinkage
(i.e., a hallmark of apoptotic death). Our SEM observations
revealed swelling and overall rounding of A3K2A3-treated
cells, which was also confirmed by flow cytometry. Mem-
brane integrity was also evaluated, but it was not significantly
altered by A3K2A3 treatment, reflected by a low ratio of PI
staining. Therefore, we could exclude the possibility that
necrosis was the main pathway of cell death.
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Fig. 12 a Phosphatidylserine exposure in promastigote forms of
L. amazonensis treated with A3K2A3 at concentrations of 3.4 and
9.3 uM for 24 h using annexin V-FITC. Negative control (NC; i.e.,
untreated parasites). Antimycin A (125.0 pM) was used as a positive
control (PC). A typical graph of at least three independent experiments
is shown. b Differential interference contrast microscopy (DIC) in

The apoptotic process is associated with signaling
cascades that involve mitochondria (intrinsic pathway)
or death receptors (extrinsic pathway) [49]. Stimula-
tion of the intrinsic mitochondrial apoptotic pathway by
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a.l, b.1, c.1 and fluorescence microscopy of Leishmania amazonen-
sis promastigotes after Annexin-V-FITC (a.2; b.2 and ¢.2) and Prop-
idium Iodide staining (a.3; b.3 and ¢.3). Control parasites were kept
untreated (a) and the treated were incubated with A3K2A3 at concen-
trations of 3.4 uM (b) and 9.3 puM (c¢) for 24 h. Bars 10 pm

ROS and mitochondrial DNA damage promotes outer
membrane permeabilization and the mitochondrion-
to-cytosol translocation of cytochrome c¢, AIF (apop-
tosis-inducing factor), and Smac/Diablo, which trigger
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Fig. 13 Activity of caspase-3/7-like proteases in promastigotes that
were treated with A3K2A at concentrations of 33.4 and 9.3 uM for
24 h using the fluorescent EnzCheck Caspase-3 Assay kit. Camptoth-
ecin (20 puM) was used as a positive control (PC). The specificity of
activity was tested by preincubating the cells with a caspase-3-spe-
cific inhibitor prior to the analysis of caspase-3/7 activity. The data
are expressed as the mean +SD from three independent experiments.
*p <0.05, significant difference compared with the negative control
(NC) group (i.e., untreated parasites)
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Fig. 14 DNA fragmentation in promastigotes treated with A3K2A3
at the ICy;, and IC,, for 24 h using the TUNEL assay. Camptothecin
(20 uM) was used as a positive control (PC). The data are expressed as
the mean + SD from three independent experiments. *p <0.05, signifi-
cant difference compared with the negative control (NC) group (i.e.,
untreated parasites)

caspase-dependent or caspase-independent cytosolic
signaling events [50].

Immediately after the loss of AWm, protons are released
into the cytosol from mitochondria, and this contributes to
intracellular acidification in leishmanial cells, similar to
mammalian cells [51]. Changes in pH modulate the apoptotic
responsiveness of the cell and amplify the apoptotic program
by regulating the activity of caspase-like proteases [35].

It is well known that caspases (i.e., a family of cysteine
proteases) are involved in orchestrating apoptosis in meta-
zoan. Caspase homologues known as metacaspases (MCAs)

in Trypanosoma and Leishmania have been reported to play
distinct roles in Programmed Cell Death [52, 53]. The role
of MCAs is subject to debate: roles in cell cycle control,
in cell death or even in cell survival have been suggested.
It was shown, using a Leishmania major MCA-deficient
strain, that L. major MCA (LmjMCA) not only had a role
similar to caspases in cell death but also in autophagy and
this through different domains [54].

In caspase-independent programmed cell death, the
increase in intracellular calcium increases mitochondrial
calcium and causes further mitochondrial membrane depo-
larization, the generation of ROS, and the activation of
endonucleases [55]. In the present study, we observed an
increase in caspase-3/-7-like protease levels in cells fol-
lowing A3K2A3 exposure. Pretreatment with the caspase-3
inhibitor Ac-DEVD-CHO diminished cellular caspase-3/-7-
like protease activity. Oligonucleosomal DNA fragmenta-
tion represents a late event of this programmed cell death
pathway, leading to the passive release of DNA in the cyto-
plasm of apoptotic cells [56]. This also occurred in promas-
tigotes that were treated with A3K2A3. Thus, DNA nicking
in promastigotes strongly suggests that the anti-leishmanial
effect is mediated by apoptosis-like cell death.

Conclusion

In conclusion, the present study found that the anti-leish-
manial effect of A3K2A3 appears to be a consequence of
the induction of apoptosis-like cell death that is caused by
an increase in ROS levels inside cells. This increase is likely
responsible for the collapse of mitochondrial membrane
potential and depletion of ATP levels. A3K2A3 treatment
also triggered apoptosis-like changes in L. amazonensis
promastigotes, characterized by phosphatidylserine exter-
nalization, cell shrinkage, caspase activation, the induction
of DNA fragmentation, and an increase in the number of
cytoplasmic lipid droplets. This work provides some clues
regarding the pathway by which Leishmania undergoes
apoptosis and may pave the way for designing chemothera-
peutic compounds against leishmaniasis.
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