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Abstract

Several ortho-naphthoquinones (o-NQs) have trypanocidal activity against Trypanosoma
cruzi, the aetiological agent of Chagas disease. Previously, we demonstrated that the aldo-
keto reductase from this parasite (TcAKR) reduces o-NQs, such as β-lapachone (β-Lap)
and 9,10-phenanthrenequinone (9,10-PQ), with concomitant reactive oxygen species (ROS)
production. Recent characterization of TcAKR activity and expression in two T. cruzi strains,
CL Brener and Nicaragua, showed that TcAKR expression is 2.2-fold higher in CL Brener than
in Nicaragua. Here, we studied the trypanocidal effect and induction of several death pheno-
types by β-Lap and 9,10-PQ in epimastigotes of these two strains. The CL Brener strain was
more resistant to both o-NQs than Nicaragua, indicating that greater TcAKR activity is
unlikely to be a major influence on o-NQ toxicity. Evaluation of changes in ROS production,
mitochondrial membrane potential, phosphatidylserine exposure and monodansylcadaverine
labelling evidenced that β-Lap and 9,10-PQ induce different death phenotypes depending on
the combination of drug and T. cruzi strain analysed. To study whether TcAKR participates in
o-NQ activation in intact parasites, β-Lap and 9,10-PQ trypanocidal effect was next evaluated
in TcAKR-overexpressing parasites. Only β-Lap was more effective and induced greater ROS
production in TcAKR-overexpressing epimastigotes than in controls, suggesting that TcAKR
may participate in β-Lap activation.

Introduction

The current treatment of Trypanosoma cruzi infection is based on the nitro-heterocyclic com-
pounds benznidazole or nifurtimox (Sosa-Estani et al. 2009). However, the need of safer and
more effective drugs against this parasite has stimulated the search for alternative Chagas dis-
ease chemotherapies. In this regard, several studies have reported that either natural, modified
or synthetic naphthoquinones (NQs) are active against T. cruzi by producing free radicals and
affecting mitochondrial function (de Castro et al. 2011; Salas et al. 2011 for Review). NQs are
compounds widely distributed in plants with known anticancer, antibacterial, antimalarial and
fungicide activities exerted by reactive oxygen species (ROS) generation after their intra-
cellular reduction (Koyama, 2006). The β-lapachone (β-Lap) is an ortho-NQ (o-NQ) isolated
from the heartwood of trees of the Bignoniaceae family found to be trypanocidal and cytotoxic
to a variety of human cancers. The trypanocidal action of β-Lap is mediated by generation of
ROS through formation of the semiquinone radical, leading to lipid peroxidation and inhib-
ition of nucleic acid and protein synthesis (Docampo et al. 1977; Goijman and Stoppani, 1985;
Molina Portela et al. 1996). On the other hand, it has been demonstrated that the effect of
β-Lap in cancer cells depends on the expression and activity of the NAD(P)H:quinone
oxidoreductase-1 (NQO1), an enzyme with elevated levels of expression in a variety of
tumours. The NQO1 reduces β-Lap which undergoes a futile redox cycle resulting in cell death
by programmed necrosis (Ahn et al. 2013; Park et al. 2014).

We have previously described a novel NADPH-dependent aldo-keto reductase from T.
cruzi (TcAKR) which has quinone oxido-reductase (QOR) activity specific to o-NQs,
among them β-Lap, with concomitant generation of free radicals (Garavaglia et al. 2010).
Here, we characterized the trypanocidal effect of two o-NQs which act as TcAKR substrates,
β-Lap and 9,10-phenanthrenequinone (9,10-PQ), and studied the participation of this enzyme
in their mechanism of action. In order to achieve these aims, we evaluated trypanocidal activ-
ity and death phenotypes induced by these compounds using two approaches: (i) two T. cruzi
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strains with differential TcAKR expression, CL Brener and
Nicaragua, and (ii) TcAKR-overexpressing epimastigotes. In
order to learn about cell death mechanisms induced by these
drugs in T. cruzi, we evaluated the following death phenotypes
in CL Brener and Nicaragua epimastigotes: ROS production,
mitochondrial membrane potential, phosphatidylserine expos-
ition and the presence of autophagosomes. Our results showed
that monodansylcadaverine (MDC)-positive cytoplasmic
vacuoles, which is indicative of autophagy, were the common
phenotype induced by these o-NQs. Regarding TcAKR, we con-
cluded that although TcAKR is unlikely to be a major influence
on susceptibility to o-NQs, it seemed to be involved in the mech-
anism of action of β-Lap, which may lead to ROS production and
mitochondrial membrane depolarization. By contrast, TcAKR did
not seem to participate in 9,10-PQ metabolism and the trypano-
cidal effect of this drug was not necessarily associated with ROS.

Materials and methods

Trypanosoma cruzi strains and culture conditions

Trypanosoma cruzi epimastigote forms from CL Brener (DTU
VI), Nicaragua (DTU I) (Grosso et al. 2010) and Adriana
(DTU I) transfected with plasmids pLEW13 (Taylor and Kelly,
2006) and pTcIndex-TcAKR (Garavaglia et al. 2016) were cul-
tured at 28 °C in BHT medium (33 g L−1 Brain Heart Infusion
medium, 3 g L−1 bacto tryptose, 0.3 g L−1 glucose, 5.4 mM KCl,
28.2 mM Na2HPO4, 0.002% (w/v) hemin) supplemented with
10% (v/v) of fetal bovine serum (FBS). Additionally, transfected
Adriana stock was cultured with 200 µg mL−1 G418 and hygro-
mycin. TcAKR overexpression was induced by the addition of 5
µg mL−1 tetracycline (Garavaglia et al. 2016).

Trypomastigote forms of the Nicaragua isolate were main-
tained in Vero cells monolayers cultured in RPMI medium con-
taining 10% (v/v) FBS.

o-NQ toxicity assays on T. cruzi epimastigotes

Assays to determine the sensitivity to o-NQs of epimastigote
forms were performed according to Garavaglia et al. 2016.
Briefly, epimastigotes (5 × 106 cells mL−1) were seeded into
BHT-10% FBS in 96-well culture flasks (200 µL well−1) in the
presence of increasing amounts of drugs (0–12 µM for β-lap and
0–6 µM for 9,10-PQ) and cultured for 72 h. To induce TcAKR
overexpression in transfected parasites, 5 µg mL−1 of tetracycline
were added one day before the start of the assay. Parasite number
was determined by optical microscopy counting in a Neubauer
chamber. Parasite growth in the absence of o-NQs was considered
as 100% and the concentration of drug that produces death to
50% of parasites (IC50) was calculated by a dose–response curve
using non-linear regression analysis carried out with Prism 5.0
Software (GraphPad, San Diego, CA, USA). The final IC50 value
for each drug comes from at least three independent survival
curves performed in duplicate.

Effect of o-NQs in T. cruzi infection of Vero cells

To evaluate the o-NQ effect on trypomastigote and amastigote
forms, Vero cells were seeded on 12 mm cover slips in 24-well tis-
sue plates (5000 cells/well) in RPMI-10% FBS 3 h before the infec-
tion. Two protocols of treatment were performed: (i)
trypomastigotes were treated with 9,10-PQ or β-Lap (1 µM) 3 h
prior to and during the overnight (ON) infection step and (ii)
9,10-PQ or β-Lap (1 µM) was added after the infection step and
maintained until the end of the experiment. In all cases, infection
was carried out ON with 5 × 104 trypomastigotes of Nicaragua

strain per well. Unattached trypomastigotes were then removed
by washing with phosphate-buffered saline (PBS) and cells were
kept in RPMI-10% FBS for additional 72 h. Afterwards, glass
cover slips were removed, cells were fixed in methanol and stained
with Giemsa. The number of infected cells and the number of
amastigotes per cell were quantified using optical microscopy.
An average of 300 cells, from at least six randomly selected micro-
scopic fields, was counted per cover slip. Each sample was tested
in two to four replicates, in at least two independent experiments.

Intracellular ROS and mitochondrial membrane potential
(Ψm) detection

After 72 h of treatment with o-NQs, epimastigotes were washed
and pellets were resuspended in PBS with 3% glucose. To evaluate
intracellular ROS, cells were incubated with 10 mM dichlorodihy-
drofluorescein diacetate (H2DCF-DA) and to evaluate the ΔΨm,
cells were incubated with 10 mgmL−1 rhodamine 123 (Rho
123) for 30 min at 28 °C. Hydrogen peroxide (0.5 mM) and 20
µM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) were
used as positive controls for ROS production and Ψm detection,
respectively. Fluorescence was detected in a flow cytometer
(FACSCalibur, Becton Dickinson & Co., NJ, USA) and Cyflogic
software Version 1.2.1 was used for the data analyses. A total of
10 000 events were acquired in the region previously established
as the one that corresponded to the parasites. Results come
from at least three independent experiments performed in dupli-
cate (for H2DCF-DA) or triplicate (for Rho 123).

Annexin V and propidium iodide labelling

After 24 h of treatment with o-NQs, epimastigotes were washed,
resuspended in BHT medium and were double-stained for
annexin V (AV)-fluorescein isothiocyanate and propidium iodide
(PI) using the ‘Annexin-V Apoptosis Detection Kit I’ (BD
Pharmingen™) according to manufacturer’s instructions.
Treatment of epimastigotes with 5 mM hydrogen peroxide for
1 h at room temperature was used as positive control.
Representative quadrant dot plot analysis of positive control sam-
ples yielded the following percentage of cells average: AV+/PI−:
1.2%, AV−/PI+: 2% and AV+/PI+: 0.65%. Fluorescence was
detected in a flow cytometer (FACSCalibur, Becton Dickinson
& Co., NJ, USA) and Cyflogic software Version 1.2.1 was used
for the data analyses. A total of 10 000 events were acquired in
the region previously established as the one that corresponded
to the parasites. Results come from at least three independent
experiments performed in duplicate.

MDC labelling

After 24 h of treatment with o-NQs, epimastigotes were washed
in PBS and incubated with 150 µM MDC for 15 min, at room
temperature before examination. Stained parasites were visua-
lized using an Olympus BX51 fluorescent microscope at a mag-
nification of 1000×. Images were taken with a digital camera and
analysed with NIH-ImageJ software. MDC+ parasites were
quantified in an average of 150 cells from 10 randomly selected
microscopic fields per sample from at least three independent
experiments.

TcAKR expression in pTcIndex-TcAKR transfected parasites

TcAKR overexpression in pTcIndex-TcAKR transfected epimasti-
gotes was induced with 5 µg mL−1 tetracycline for 72 h. As previ-
ously described, TcAKR expression in non-induced and
tetracycline-induced epimastigotes was evaluated by Western
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blot using a mouse anti-recombinant TcAKR serum. Equivalence
in protein loading was controlled by immunodetection of the 19
kDa cyclophilin (TcCyp19). The relative intensity was calculated
as follows: intensity of the signal obtained with anti-TcAKR
serum/intensity of the signal obtained with anti-TcCyp19 serum
(Garavaglia et al. 2016).

AKR enzymatic activity

AKR activity was determined in reaction mixtures of 0.25 mL
containing 5–150 µg of the soluble fraction from epimastigote
lysates in 100 mM Tris–HCl buffer, pH 6.5, with 1 mM 4-nitroben-
zaldehyde (4-NBA) and 0.2 mM NADPH. NADPH oxidation was
measured at 340 nm (ε = 6270M−1 cm−1) at 30 °C in a Beckman
Coulter DU-640UV instrument.

Statistical analysis

Statistical analysis was conducted with GraphPad Prism 5 soft-
ware (GraphPad Software, Inc., San Diego, CA, USA). Normally
distribution of the data and homogeneity of variances were ana-
lysed by Kolmogorov–Smirnov and Bartlett tests, respectively.
Once the parametric assumption was satisfied, the comparison
between untreated, β-Lap- and 9,10-PQ-treated groups was per-
formed by one-way analysis of variance (ANOVA). Survival
curves of non-induced and tetracycline-induced transfected para-
sites were analysed by two-way ANOVA. Differences between
groups were assessed with Tukey’s post-test. Quantitation of
MDC-labelled parasites was analysed by the non-parametric test
Kruskal–Wallis and Dunn’s as post-test. Comparisons between
the data obtained in CL Brener and Nicaragua strains and the
IC50 values from non-induced and tetracycline-induced parasites

Fig. 1. Susceptibility of CL Brener and Nicaragua epimastigotes to TcAKR o-NQ substrates. Representative survival curves of epimastigotes of CL Brener and
Nicaragua strains of Trypanosoma cruzi cultured for 72 h in the presence or absence of different concentrations of β-Lap (A) or 9,10-PQ (B). A survival rate of
100% corresponds to the mean number of duplicate samples of untreated epimastigotes.

Table 1. Susceptibility to o-NQ substrates of TcAKR of two Trypanosoma cruzi strains with differential expression of TcAKR

Value for the parameter by strain

DRUG Parameter CL Brener (DTU VI) Nicaragua (DTU I)

TcAKRa* (nmol NADPH/min/mg) 365.37 ± 25.64 137.31 ± 8.72

β-Lap IC50
b (μM)* 4.57 ± 0.87 1.09 ± 0.11

ROSc (RFU) 2.45 ± 0.23** (8 µM)d 2.20 ± 0.39** (2 µM)

Ψme (RFU) 0.61 ± 0.05** (8 µM) 0.77 ± 0.14 (2 µM)

AV+/PI−f 1.61 ± 0.15** (8 µM) 1.06 ± 0.10 (2 µM)

MDC+g 3.97 ± 0.39** (8 µM) 3.73 ± 0.30** (3 µM)

9,10-PQ IC50 (μM)* 3.48 ± 0.57 1.25 ± 0.18

ROS (RFU) 2.33 ± 0.04** (6 µM) 0.91 ± 0.04 (1.5 µM)

Ψm (RFU) 0.75 ± 0.029 (6 µM) 0.88 ± 0.11 (1.5 µM)

AV+/PI− 1.61 ± 0.16** (6 µM) 1.07 ± 0.08 (1.5 µM)

MDC+ 4.90 ± 0.39** (6 µM) 4.56 ± 0.35** (1.5 µM)

aNADPH-dependent AKR enzymatic activity using 4-NBA as a substrate (data from Garavaglia et al. 2016).
bIC50s calculated by linear regression analysis of the plot of the growth constant vs drug concentration.
cDetection of intracellular ROS production by flow cytometry using the H2DCF-DA probe. Values correspond to the relative fluorescence units (RFU) calculated as the median fluorescence
intensity (MFI) of o-NQ-treated parasites/MFI of untreated parasites.
dDrug concentration used in the assay.
eMeasurement of change in mitochondrial membrane potential (ΔΨm) by flow cytometry using rhodamine 123. Values correspond to RFU calculated as MFI of NQ-treated parasites/MFI of
untreated parasites.
fPhosphatidylserine exposure measured by double staining with annexin-V-fluorescein (AV) and propidium iodide (PI) after 24 h of treatment. Values correspond to the ratio between % AV+/PI− in
o-NQ-treated and untreated epimastigotes.
gAutophagosomes evaluated by MDC staining. Values correspond to the ratio between % of MDC+ in NQ-treated and untreated epimastigotes.
*P < 0.05, for the difference between results with CL Brener and Nicaragua.
**P < 0.05 with respect to untreated controls.
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were performed by Mann–Whitney test. Differences with P < 0.05
were considered as statistically significant.

Results

Trypanocidal activity and mechanism of action of o-NQ
substrates of TcAKR

We have previously shown that TcAKR reduces o-NQs such as
β-Lap and 9,10-PQ with concomitant ROS generation. With the
aim to evaluate whether there is a direct relationship between the
trypanocidal effect of these o-NQs and TcAKR activity, we assessed
the effect of these compounds in two T. cruzi strains with differen-
tial TcAKR expression, CL Brener and Nicaragua, of which CL
Brener has 2.2-fold higher TcAKR expression than Nicaragua
(Garavaglia et al. 2016). Epimastigote survival curves after 72 h of
treatment with different concentrations of this TcAKR o-NQ sub-
strates showed that CL Brener had higher IC50 values to β-Lap and
9,10-PQ than Nicaragua (Fig. 1 and Table 1). The fact that CL
Brener which has higher TcAKR levels than Nicaragua is more
resistant to these compounds indicates that greater TcAKR activity
is unlikely to be a major influence on o-NQ toxicity. This suggests

either this enzyme may not activate o-NQs in intact parasites or its
activity may not be relevant in o-NQs metabolism.

With the aim to gain knowledge about the mechanism of action
of these TcAKR o-NQ substrates, different parameters associated
with cell death were evaluated in epimastigotes of CL Brener and
Nicaragua strains after treatment with these drugs: (i) ROS produc-
tion and decrease of mitochondrial membrane potential (ΔΨm),
(ii) exposition of phosphatidylserine residues on plasma membrane
surface and (iii) presence of autophagosomes. (i) ROS production
and ΔΨm measured by flow cytometry using specific probes
showed that β-Lap induced ROS production in both strains at
the rather same extent but a decrease of Ψm potential only in
CL Brener strain. On the other hand, 9,10-PQ induced ROS in
CL Brener but not in Nicaragua and no Ψm change was detected
in either of the strains (Fig. 2 and Table 1). (ii) Phosphatidylserine
exposition was evaluated by double staining with AV and PI and
analysed by flow cytometry. Treatment with β-Lap and 9,10-PQ
induced an increase in the percentage of epimastigotes AV+/PI−
(representative of early apoptosis), AV+/IP+ (representative of
late apoptosis or necrosis) and AV−/IP+ (characteristic of a type
of necrosis with exaggerated membrane damage) only in the CL
Brener strain (Fig. 3 and Table 1). (iii) Autophagosomes were

Fig. 2. ROS production and loss of mitochondrial membrane potential (ΔΨm) of Nicaragua and CL Brener epimastigotes treated with TcAKR o-NQ substrates.
Measurement of ROS generation and ΔΨm after o-NQs treatment for 24 h using H2DCF-DA and Rho123, respectively, in epimastigotes of Nicaragua (A) and CL
Brener (B) strains. Shown are representative histograms corresponding to fluorescence analysis. The grey histograms represent untreated parasites; the dotted
line corresponds to a positive control performed with either H2O2 (0.5 mM) for ROS production or CCCP (20 µM) for ΔΨm detection. The black line corresponds
to parasites treated with β-lap (2 µM for Nicaragua and 8 µM for CL Brener) and the grey line corresponds to parasites treated with 9,10-PQ (1.5 µM for
Nicaragua and 6 µM for CL Brener).
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detected with MDC labelling, a fluorescent probe that accumulates
in autophagic vacuoles (Biederbick et al. 1995), and analysed by
fluorescence microscopy. An increase in MDC-positive cytoplasmic
vacuoles was induced by both o-NQs in CL Brener as well as
Nicaragua strain (Fig. 4 and Table 1). Altogether, these results indi-
cate that TcAKR o-NQ substrates induce several death phenotypes
which may vary depending on the combination of drug and
T. cruzi strain used. Among these death phenotypes, cytoplasmic
vacuoles were common to all combinations.

Effect of TcAKR o-NQ substrates in T. cruzi infection of Vero
cells

The lack of enough information in the literature related to trypa-
nocidal activity of 9,10-PQ prompted us to evaluate its effect
against the mammalian stages of the parasite. Treatment of trypo-
mastigotes with 9,10-PQ, 3 h prior to and during the infection of
Vero cells, caused a decrease in the number of infected cells indi-
cating this drug may affect trypomastigote viability and/or infect-
ivity. On the other hand, when trypomastigotes were treated with
β-Lap, a greater reduction of infected cells was observed (Fig. 5),
endorsing the inhibitory effect of β-Lap on trypomastigote viabil-
ity described by others (Lopes et al. 1978; Salas et al. 2008). It is
important to note that an average of 25 amastigotes per cell were
observed after 72 h of infection with untreated trypomastigotes as
well as with 9,10-PQ- and β-Lap-treated trypomastigotes.

To further evaluate whether these o-NQs are able to affect the
intracellular form of T. cruzi, Vero cells were treated after the
infection process for 72 h. Treatment of infected cells with

9,10-PQ did not modify either the percentage of infected cells
or the number of amastigotes per cell with respect to untreated
infected controls (Fig. 5). As it has been demonstrated that
9,10-PQ can enter the cell (Taguchi et al. 2007; Matsunaga
et al. 2009), this result suggests that 9,10-PQ cannot affect amas-
tigote replication, at least in the concentration used in this assay.
Conversely, when infected Vero cells were treated with β-Lap, no
infected cells were found after 72 h of treatment (Fig. 5), even
using doses as low as 0.5 µM. This result suggests that β-Lap can
inhibit trypomastigote intracellular differentiation and/or amasti-
gote replication. It is worth mentioning that doses of both drugs
used in these experiments did not affect viability of Vero cells,
evaluated by thiazolyl blue tetrazolium bromide (MTT) assay
and microscopic observation (data not shown).

Trypanocidal effect of the o-NQ substrates of TcAKR on
TcAKR-overexpressing epimastigotes

In order to evaluate if TcAKR participates in o-NQs activation
in vivo, the effect on survival of β-Lap and 9,10-PQ was tested
in epimastigotes transfected with the recombinant plasmid
pTcIndex-TcAKR (Garavaglia et al. 2016). These transfected para-
sites overexpressed this enzyme about 2.5-fold after 72 h of tetra-
cycline induction (Fig. 6A). TcAKR-overexpressing parasites were
more susceptible to β-Lap, showing a significant decrease in the
IC50 value with respect to non-induced controls (Fig. 6B and C).
However, no changes were observed in survival between non-
induced and tetracycline-induced epimastigotes after treatment
with 9,10-PQ (Fig. 6C).

Fig. 3. Annexin V (AV) and propidium iodide (PI) labelling of CL Brener epimastigotes after treatment with TcAKR o-NQ substrates. Phosphatidylserine exposition
was measured by double staining with AV and PI in CL Brener epimastigotes treated with β-Lap or 9,10-PQ for 24 h. (A) Flow cytometry dot plots of a representative
experiment. (B) Relative quantification of epimastigote phenotypes. The bars represent the mean and S.E.M. of three independent experiments. Relative units were
calculated for each quadrant as follows: % of epimastigotes in o-NQ-treated samples/% of epimastigotes in untreated samples. **P < 0.001 with respect to
untreated controls.

Parasitology 5

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0031182018000045
Downloaded from https://www.cambridge.org/core. IP address: 190.104.205.226, on 07 Feb 2018 at 14:37:08, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0031182018000045
https://www.cambridge.org/core


As these results suggest that TcAKR participates, at least, in
β-Lap activation, ROS production and ΔΨm were evaluated in
non-induced and tetracycline-induced TcAKR-transfected epi-
mastigotes after treatment with the o-NQ substrates of TcAKR.
Treatment with β-Lap induced a greater ROS production and
Ψm decrease in TcAKR-overexpressing parasites than in non-
induced controls (Fig. 7A and B), endorsing the putative partici-
pation of this enzyme in the metabolism of β-Lap. On the other
hand, treatment with 9,10-PQ did not induce changes in neither
ROS nor ΔΨm in transfected parasites, either non-induced
or tetracycline-induced ones (Fig. 7A and B). In addition to
survival curves results, the lack of ROS induction in TcAKR-
overexpressing parasites indicates that TcAKR does not partici-
pate in 9,10-PQ activation in vivo. Otherwise, these results
strengthen the fact that 9,10-PQ may not necessarily use a mech-
anism of action involving ROS. It is worth to note that transfected
epimastigotes belong to the same lineage as Nicaragua strain,
DTU I, in which no ROS and ΔΨm induction by 9,10-PQ was
observed (Table 1).

Discussion

We have previously identified TcAKR from T. cruzi, a
NADPH-dependent reductase specific for o-NQs (Garavaglia
et al. 2010) which has been recently described to be involved in
benznidazole resistance (Garavaglia et al. 2016; González et al.
2017). β-Lap and 9,10-PQ are o-NQs that can be reduced by
TcAKR with concomitant production of free radicals (Garavaglia
et al. 2010) and whose trypanocidal activity has been previously
documented by others. While the effect of β-Lap against T. cruzi
has been extensively studied (Docampo et al. 1977; Goijman and
Stoppani, 1985; Molina Portela et al. 1996; Pieretti et al. 2013;
Ogindo et al. 2016), as far as we know, only one publication has
reported the trypanocidal effect of 9,10-PQ (Silva et al. 1992).
Based on this knowledge, the main goal of this work was to eluci-
date whether TcAKR participates in o-NQ mechanism of action. In
order to achieve this aim, we firstly characterized the trypanocidal
effect of the o-NQ substrates of the TcAKR β-Lap and 9,10-PQ
in two T. cruzi strains with differential expression of this enzyme:
CL Brener (DTU VI) and Nicaragua (DTU I). We have previously

Fig. 4. Detection of autophagosomes by the probe monodansylcadaverine (MDC). (A) Fluorescence microscopy of MDC-labelled Nicaragua and CL Brener epimas-
tigotes. Controls (untreated) present poorly and diffusely labelling showing only bright stain of kinetoplast (thin arrows). β-Lap- and 9,10-PQ-treated parasites
display numerous and often closely apposed strongly labelled compartments (thick arrows). (B and C) Quantitation of parasites displaying MDC-labelled compart-
ments by fluorescence microscopy. Data represent the mean and S.E.M. of a representative experiment using Nicaragua (B) and CL Brener (C) epimastigotes. (****P <
0.0001 with respect to untreated controls).
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established, by Western blotting and by measuring AKR and
QOR NADPH-dependent enzymatic activities, that CL Brener
has higher TcAKR levels than Nicaragua strain (Garavaglia et al.
2016). Here, we showed that CL Brener was more resistant than
Nicaragua to both o-NQs. Therefore, we may infer that TcAKR is
unlikely to be a major influence on o-NQ susceptibility and
hypothesize that other reductases may overcome its QOR activity.
In this regard, it has been documented that NQs act as subversive
substrates of several T. cruzi redox enzymes such as old yellow
enzyme, trypanothione reductase and lipoamide dehydrogenase
(Salmon-Chemin et al. 2001; Kubata et al. 2002; Ramos et al. 2009).

The characterization of cell death phenotypes induced by
β-Lap and 9,10-PQ in CL Brener and Nicaragua strains of
T. cruzi showed that these o-NQs promoted different phenotypes
depending on the combination of drug and strain analysed. Some
of the phenotypes we studied here, such as ROS production,
changes in mitochondrial membrane potential and exposition of

phosphatidylserine in the outer leaflet of an intact plasma mem-
brane (cells stained A+/IP−), are considered features of apoptosis
(Smirlis et al. 2010). o-NQ treatment of parasites for evaluation of
these parameters was performed at drug concentrations corre-
sponding to an average of 1.6 of the IC50 value at 72 h. In these
conditions, β-Lap and 9,10-PQ were able to induce these apop-
totic characteristics mainly in CL Brener strain. By AV and PI
staining, an elevated percentage of cells AV+/IP−, characteristic
of early apoptosis, as well as AV+/IP+ and AV−/IP+ were
detected only in CL Brener strain. It is important to note that
IP-positive staining implies loss of plasma membrane integrity,
a characteristic which is associated with necrotic mechanisms
(Jamison et al. 2002; Zong and Thompson, 2006; Silva, 2010).
Placing the focus on ROS production, β-Lap induced ROS in all
of the evaluated T. cruzi strains while 9,10-PQ only did it in CL
Brener strain. This finding indicates that, unlike β-Lap, 9,10-PQ
trypanocidal effect was not necessarily associated with ROS pro-
duction and suggests that the high toxicity of 9,10-PQ in
Nicaragua and Adriana strains may be mediated by other
mechanisms. The decrease in the mitochondrial potential was
another parameter which varied according to the drug and T.
cruzi strain analysed. In this case, β-Lap induced ΔΨm in CL
Brener and Adriana and not in Nicaragua, whereas 9,10-PQ in
neither of the evaluated strains. Studies with different drugs sug-
gested that the increase in ROS is both a cause and a consequence
of mitochondrial dysfunction (Lazarin-Bidóia et al. 2013). In this
regard, it has been documented that triazolic NQ derivatives are
able to induce an increase in ROS levels without Ψm alterations
(Fernandes et al. 2012), which is coincident with the effects pro-
duced by β-Lap in Nicaragua strain. Altogether these results sug-
gest that the T. cruzi strains evaluated here may have different
targets for β-Lap and 9,10-PQ and/or different detoxification
enzymes for each of semiquinone-free radicals. On the other
hand, conversely to the variability observed in the induction of
apoptotic and necrotic features, the strong increase in MDC label-
ling after treatment with both o-NQs suggests that autophagy may
be a common death mechanism used by β-Lap and 9,10-PQ.
Although various trypanocidal drugs, including NQs, have
shown to trigger autophagy-like processes (Menna-Barreto et al.
2009; Sengupta et al. 2011; Veiga-Santos et al. 2012; Salomão

Fig. 5. Effect of TcAKR o-NQ substrates on T. cruzi infection of Vero cells. Monolayers
of Vero cells were infected with trypomastigotes of Nicaragua strain. Treatment with
o-NQs was performed according to two protocols: (1) trypomastigotes were incu-
bated 3 h prior to and during the infection process with 9,10-PQ or β-Lap (1 µM),
then drugs were washed away and infection was allowed to continue for 72 h (grey
bars) and (2) 9,10-PQ or β-Lap (1 µM) was added to Vero cells after the infection
and maintained for 72 h (black bars). Infection of Vero cells in the absence of
drugs was used as control (white bar). Three days post-infection, cells were fixed,
stained with Giemsa and the number of infected cells was counted by optical micros-
copy. Results are expressed as the mean and S.E.M. of a representative experiment.
*P < 0.05 and **P < 0.01 compared to the untreated control.

Fig. 6. Effect of o-NQ substrates of TcAKR on the survival of TcAKR-overexpressing epimastigotes. Non-induced and tetracycline-induced
pTcIndex-TcAKR-transfected parasites were cultured for 72 h in the presence or absence of different concentrations of β-Lap or 9,10-PQ. (A) Semiquantitative ana-
lysis of TcAKR expression in untreated parasites evaluated by Western blot with a mouse anti-recombinant TcAKR serum. RI, relative intensity. (B) Survival curve of
β-Lap-treated epimastigotes. Parasite growth in the absence of drug was considered a survival rate of 100%. (C) IC50 values (μM) calculated by the dose–response
curves using non-linear regression analysis. *P < 0.05 and ***P < 0.001, for results in non-induced vs tetracycline-induced epimastigotes.
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et al. 2013; Dos Anjos et al. 2016), ultrastructural and functional
studies using specific inhibitors of the process have to be further
investigated to confirm that autophagy is responsible of parasite
death induced by these TcAKR o-NQ substrates.

In the second part of the work, we studied whether TcAKR
participates in o-NQ activation in vivo by evaluating the effect
of these drugs in TcAKR-overexpressing epimastigotes. We have
previously shown that a 2.5-fold increase in TcAKR expression
was enough to shift the IC50 value for benznidazole from 9.90
to 17.45 µM suggesting this enzyme is involved in Bz detoxifica-
tion (Garavaglia et al. 2016). Recently, it has been described
that TcAKR is upregulated in clones of T. cruzi naturally resistant
to benznidazole and its expression is increased 1.7-fold in an
induced resistant clone (González et al. 2017), thus validating
our previously obtained results with TcAKR-transfected epimasti-
gotes. TcAKR-overexpressing parasites treated with β-Lap evi-
denced the following changes with respect to non-induced
controls: (i) enhanced susceptibility (decrease in the IC50 value),
(ii) increased intracellular ROS production and (iii) decreased Ψm.
None of these parameters varied when TcAKR-overexpressing para-
sites were treated with 9,10-PQ. Therefore, these results suggest that
TcAKR is involved in β-Lap but not 9,10-PQ activation. These
findings let us hypothesize that TcAKR participation in β-Lap
activation may be comparable to NQO1 role in cancer cells
(Pink et al. 2000). However, unlike NQO1 whose expression
was found to be a principal determinant of therapy response,
our studies in two T. cruzi strains with differential TcAKR expres-
sion suggest that this enzyme is unlikely to be a major influence
on susceptibility to β-Lap. In this sense, it is important to note
that previous studies regarding resistance to benznidazole using
the same strains of T. cruzi, CL Brener and Nicaragua, also con-
cluded that the action of TcAKR was not a determinant of resist-
ance to this drug in wild-type strains (Garavaglia et al. 2016). By
contrast, TcAKR showed to be a relevant enzyme in benznidazole
resistance when studies were performed on clones derived from a
natural T. cruzi population resistant to benznidazole (González
et al. 2017). A possible explanation for these contradictory results
may arise from the nature of these strains, since whereas CL
Brener is a clone coming from the CL strain (Zingales et al.
1997), Nicaragua is an isolate recently obtained from a
Triatomine bug in which may co-exist parasites with different
genetic background (Grosso et al. 2010).

Given the emergence of parasite isolates resistant to currently
used drugs to treat T. cruzi infection, benznidazole and nifurti-
mox, and the controversy about their efficacy during the chronic
phase of the infection, it is important to characterize new

trypanocidal compounds in order to find alternative chemother-
apeutic drugs. In this context, the following conclusions achieved
in this work indicate that β-Lap could be a good candidate: (i)
Nicaragua strain that is moderately resistant to benznidazole
(Grosso et al. 2010; Garavaglia et al. 2016) was highly sensitive
to β-Lap and 9,10-PQ, (ii) β-Lap affected trypomastigote infectiv-
ity and amastigote replication and (iii) TcAKR, an enzyme with
no counterpart in normal mammalian cells, may be involved in
β-Lap activation. Furthermore, experience taken from phase I/II
clinical trials of β-Lap in cancer field (Gerber et al. 2014; Beg
et al. 2017) may facilitate the implementation of β-Lap chemo-
therapy for other pathologies.
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