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Abstract
Trypanosomatidae is a family of unicellular parasites belonging to the phylum Euglenozoa, which are causative agents in high
impact human diseases such as Leishmaniasis, Chagas disease and African sleeping sickness. The impact on human health and
local economies, together with a lack of satisfactory chemotherapeutic treatments and effective vaccines, justifies stringent
research efforts to search for new disease therapies. Here, we present in vitro trypanocidal activity data and mode of action data,
repositioning leishmanicidal [1,2,3]Triazolo[1,5-a]pyridinium salts against Trypanosoma cruzi, the aetiological agent of Chagas
disease. This disease is one of the most neglected tropical diseases and is a major public health issue in Central and South
America. The disease affects approximately 6–7 million people and is widespread due to increased migratory movements. We
screened a suite of leishmanicidal [1,2,3]Triazolo[1,5-a]pyridinium salt compounds, of which compounds 13, 20 and 21 were
identified as trypanocidal drugs. These compounds caused cell death in a mitochondrion-dependent manner through a bioener-
getic collapse. Moreover, compounds 13 and 20 showed a remarkable inhibition of iron superoxide dismutase activity of T. cruzi,
a key enzyme in the protection from the damage produced by oxidative stress.
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Introduction

Trypanosomatidae is a family of unicellular and uniflagellated
parasites that cause human diseases such as leishmaniasis,
American trypanosomiasis or Chagas disease (CD) and
African sleeping sickness. All are classified as neglected trop-
ical diseases (NTDs) caused by infection with insect-
transmitted protozoan parasites (WHO 2019). CD is a life-
long and life-threatening disease and is an important public
health issue in Central and South America. CD is a major
cause of morbidity and mortality in several endemic regions
(Moncayo and Silveira 2009; Hashimoto and Yoshioka 2012;
Bern 2015). In recent years, CD has become a recognised and
widespread parasitic disease due to increasedmigratorymove-
ments, particularly in the USA and Europe (Bern and
Montgomery 2009; Bern et al. 2011; L. et al. 2011; Pérez-
Molina et al. 2012; Requena-Méndez et al. 2015).

The aetiological agent of CD is the protozoan parasite
Trypanosoma cruzi, a parasite with a complex life cycle
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where four different morphological forms alternate be-
tween the triatomine vector and the mammalian host.
The main route of transmission is through these vectors,
although other routes such as oral, congenital, transplants
and transfusions are also important (Bastos et al. 2010;
Blanche t e t a l . 2014; Hernández e t a l . 2016) .
Trypanosoma cruzi is an obligate intracellular parasite in
mammalian hosts, and its infection is far from innocuous
(Kessler et al. 2017; Tyler and Engman 2001). During the
acute phase, T. cruzi is detected in the bloodstream and
spreads to tissues and organs, usually manifesting as a
mild febrile illness. Subsequently, the parasite burden be-
comes extremely low, and CD progresses to a long-lasting
asymptomatic phase (Cardillo et al. 2015; Tarleton 2015).
Finally, in approximately 30% of cases, the disease moves
to a symptomatic phase, where cardiomyopathy and di-
gestive tract mega-syndromes develop (Ribeiro et al.
2012; Cunha-Neto and Chevillard 2014; Pérez-Molina
and Molina 2018).

Despite affecting approximately 6–7 million people,
and causing 14 thousand deaths per year in Central and
South America, CD lacks effective vaccines; currently
approved treatments are still limited to two obsolete
nitroheterocyclic drugs, nifurtimox and benznidazole
(BZN) (Moncayo and Silveira 2009; Hashimoto and
Yoshioka 2012; Bern 2015). These drugs were developed
more than 50 years ago and frequently fail to treat the
disease (Sereno et al. 2004; Wilkinson et al. 2008; Mejia
et al. 2012). Moreover, they elicit harmful toxic side
effects and have extended treatment lengths (60–90 days)
(Molina et al. 2014; Gaspar et al. 2015; Morillo et al.
2015; Morillo et al. 2017; Aldasoro et al. 2018).
Therefore, the search for novel CD therapeutics is criti-
cal. The ideal target product profile (TPP) for CD in-
cludes (1) efficacy in both acute and chronic disease
stages, (2) superior safety to BZN, (3) efficacy against
all T. cruzi strains, (4) no drug interactions, and (5) af-
fective oral treatment for 30 days (DNDi, 2019).

Nowadays, drug repositioning is a valuable approach
for NTDs (Andrews et al. 2014). In this study, the
trypanocidal activity of 21 repositioned leishmanicidal
[1,2,3]Triazolo[1,5-a]pyridinium salts (Martín-Montes
et al. 2017) was tested against three morphological forms
of three different T. cruzi strains. The mode of action
(MoA) of the trypanocidal compounds, 13, 20 and 21,
was also evaluated, suggesting these compounds elicited
T. cruzi cell death in a mitochondrion-dependent manner,
through a bioenergetic collapse mechanism. In addition,
13 and 20 displayed significant selective inhibitors of
iron-containing superoxide dismutase (Fe-SOD) of
T. cruzi, a key enzyme in the elimination of reactive
oxygen species and the protection from the damage pro-
duced by oxidative stress.

Materials and methods

Chemistry

The studied compounds 2–8 and 10–21 (Scheme 1) were de-
scribed in our previous work (Martín-Montes et al. 2017).
These compounds were synthesized from [1,2,3]triazolo[1,5-
a]pyridine 1 and 3-methyl-[1,2,3]triazolo[1,5-a]pyridine 9
(Bower and Gramage 1957), prepared from commercial prod-
ucts, by reaction with the corresponding bromo compound.

In vitro trypanocidal activity assays

T. cruzi strains and culture

Epimastigote forms of three different T. cruzi strains—
MHOM/Pe/2011/Arequipa (discrete typing unit (DTU) V)
(Martín-Escolano et al. 2018), IRHOD/CO/2008/SN3 (DTU
I) (Téllez-Meneses et al. 2008) and TINF/CH/1956/Tulahuen
(DTU VI) (Martín-Escolano et al. 2018)—were cultured at
28 °C in Gibco® RPMI 1640 Medium supplemented with
10% (v/v) heat-inactivated foetal bovine serum (FBS),
0.03 M haemin and 0.5% (w/v) BBL trypticase (Kendall
et al. 1990).

Trypanocidal activity against extracellular epimastigote
forms

BZN and compounds to be tested were dissolved in 0.1%
(v/v) DMSO (Panreac, Barcelona, Spain) and then assayed
as nontoxic DMSO concentrations on cell growth.
Trypanocidal activity was tested in 96-well microtiter plates
as previously described (Martín-Escolano et al. 2018). Briefly,
parasites collected in the exponential growth phase were seed-
ed at 5 × 105 mL−1 after adding the tested compounds at dos-
ages ranged from 400 to 1 μM in 200 mL well−1 at 28 °C for
48 h. BZN and untreated growth controls were also included.
Thereafter, resazurin sodium salt (Sigma-Aldrich) was added
to be incubated for further 24 h. Finally, the trypanocidal
effect was determined by absorbance measurements (Sunrise
readerTM, TECAN), and the activity was expressed as the
IC50 (concentration required to result in 50% inhibition) using
GraphPad Prism 6 software. Each compound concentration
was tested in triplicate in four separate determinations.

Cytotoxicity test on Vero cells

Mammalian Vero cells (EACC No. 84113001) were cultured
at 37 °C in 95% humidified air and 5% CO2 atmosphere in
Gibco® RPMI 1640 Medium supplemented with 10% (v/v)
heat-inactivated FBS (Pless-Petig et al. 2012). Cytotoxicity
tests against Vero cells were performed in 96-well microtiter
plates as described previously (Martín-Escolano et al. 2018).
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Briefly, Vero cells were seeded at 1.25 × 104 mL−1, and after
24 h were treated by adding the tested compounds at dosages
ranged from 3000 to 50 μM in 200 mL well−1 at 37 °C for
48 h. BZN and untreated growth controls were also included.
Thereafter, resazurin sodium salt (Sigma-Aldrich) was added,
and after 24 h of incubation, the same procedure as described
to assess the trypanocidal activity in the epimastigote forms
was carried out to determine the cell viability. Each compound
concentration was tested in triplicate in four separate
determinations.

Trypanocidal activity against intracellular amastigote forms

Trypanocidal activity was determined in 24-well microtiter
plates using rounded coverslips according to the literature
(Martín-Escolano et al. 2019c). Briefly, culture-derived
trypomastigotes (obtained as previously described (Martín-
Escolano et al. 2018)) were used to infect 1 × 104 Vero cells
well−1 at a multiplicity of infection (MOI) ratio of 10:1 for
24 h. After that, the plates were washed of non-phagocyted
trypomastigotes and treated by adding the tested compounds
at dosages ranged from 50 to 1 μM in 500 mL well−1 at 37 °C
in 95% humidified air and 5%CO2 atmosphere for 72 h. BZN
and untreated growth controls were also included. Finally, the
trypanocidal effect was determined by counting the number of
amastigotes in 500 host cells randomly distributed in micro-
scopic fields in methanol-fixed and Giemsa-stained prepara-
tions. The activity was expressed as the IC50 using GraphPad
Prism 6 software. Each compound concentration was tested in
triplicate in four separate determinations.

Trypanocidal activity against bloodstream trypomastigote
forms

Bloodstream trypomastigotes obtained by cardiac puncture
from infected BALB/c mice during the parasitaemia peak in
a 7:3 blood/anticoagulant (3.2% sodium citrate) ratio were
used to perform this assay (Martín-Escolano et al. 2018).
Trypanocidal activity was tested in 96-well microtiter plates
according to the method previously described (Martín-
Escolano et al. 2019c) by seeding the parasites at 2 × 106

trypomastigotes mL−1 and treating at dosages ranged from
50 to 1 μM in 200 mL·well−1 at 37 °C in 95% humidified
air and 5% CO2 atmosphere for 24 h. BZN and untreated
growth controls were also included. Thereafter, resazurin so-
dium salt (Sigma-Aldrich) was added to be incubated for fur-
ther 4 h. Finally, the same procedure as described to assess the
trypanocidal activity in the epimastigote forms was carried
out. Each compound concentration was tested in triplicate in
four separate determinations.

MoA studies

1H nuclear magnetic resonance (NMR) analysis of excreted
metabolites

Epimastigotes of T. cruziArequipa strain were collected in the
exponential growth phase and cultured at 5 × 105 ml−1 in
25 cm2 cell culture flasks after adding the tested compounds
at IC25 concentrations in 5 mL flask−1 at 28 °C for 72 h.
Untreated controls were also included. Thereafter, centrifuged

Scheme 1 Synthesis of
compounds 2–8 and 10–21
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and filtered supernatants were used for the 1H NMR analysis
of the excreted metabolites using a NMR spectrometer
(VARIAN DIRECT DRIVE 500 MHz Bruker) as previously
described (Fernández-Becerra et al. 1997). Chemical shifts
were expressed in parts per million (ppm), and the binning
and normalisations were achieved using Mestrenova 9.0 soft-
ware, also using the human metabolome database (http://
www.hmdb.ca/) for this purpose (Fernández-Becerra et al.
1997).

Flow cytometry analysis of mitochondrial membrane
potential and nucleic acid levels

The untreated and treated epimastigotes of T. cruzi
Arequipa strain described in the NMR analysis were col-
lected, washed three times in PBS and stained with
10 mg mL−1 rhodamine 123 (Rho) (Sigma-Aldrich) or
acridine orange (AO) (Sigma-Aldrich) dyes in 0.5 mL
PBS at 28 °C for 20 min (Sandes et al. 2014). Non-
stained parasites and potassium cyanide (KCN)–treated
parasites (Abengózar et al. 2017) were also included.
After elapsed time, epimastigotes were immediately
washed twice in ice-cold PBS and dispersed in 1 mL of
cold PBS for the fluorescence analysis using a flow
cytometer (BECTON DICKINSON FACSAria III) and a
FACSDiva v8.01 software (BECTON DICKINSON)
(Martín-Escolano et al. 2018). Finally, the fluorescence
intensities of Rho (FITC-A) and AO (APC-A) were quan-
tified as described elsewhere (Sandes et al. 2014). The
alterations in the fluorescence intensities were expressed
as the index of variation (IV): IV = (TM–CM)/CM, where
TM and CM are the median fluorescence for treated and
untreated epimastigotes, respectively (Sandes et al. 2014).

Superoxide dismutase (SOD) enzymatic inhibition analysis

To obtain the Fe-SOD protein, epimastigotes of T. cruzi
Arequipa strain collected in the exponential growth phase
were cultured at 5 × 109 ml−1 in 75 cm2 cell culture flasks in
Gibco® RPMI 1640 Medium without FBS at 28 °C for 28 h.
Thereafter, centrifuged and filtered supernatant was processed
as described elsewhere (López-Céspedes et al. 2011). Finally,
the protein content was quantified using the Bradford reagent
(Sigma-Aldrich) (Bradford 1976) with bovine serum albumin
(BSA) as a standard.

The in vitro activities of either excreted Fe-SOD and
commercial Cu/Zn-SOD from human erythrocytes
(Sigma-Aldrich) exposed to the tested compounds at a
concentration range from 100 to 0.1 μM were deter-
mined using the method described elsewhere (Beyer
and Fridovich 1987).

Molecular docking study

The compounds protonation state at pH 7.4 was estimated by
the chemicalize web server (http://www.chemicalize.org/),
and afterwards, they were designed with the program
Avogadro (Hanwell et al. 2012). AM1 charges were calculat-
ed with the Chimera software (Pettersen et al. 2004). As tar-
gets for the docking, both the mitochondrial and cytosolic T.
cruzi Fe-SOD protein structures were used (PDB entries
4DVH and 2GPC, respectively). For the first one, the residue
numbering refers to that of Martinez et.al, i.e., without the
mitochondrial signal peptide (Martinez et al. 2014). The pro-
tein protonation state at pH 7.4 was obtained with the program
PDB2PQR (Dolinsky et al. 2007), and Gasteiger charges for
the protein were added with Autodock (Morris et al. 2010).
The docking study was performed with the Autodock4.0 pro-
gram, using the Lamarckian genetic algorithm (LGA) (Huey
et al. 2007), with a grid centred on the dimer interface, as
defined in a previous article by our group (Moreno-Viguri
et al. 2016).

Statistical analyses

SPSS software (v. 21, IBM) was used to perform the statistical
analyses. The t test for paired samples was used to verify
whether there were differences between the assays used:
p < 0.05, 95% confidence level.

Results and discussion

In vitro trypanocidal activity

The wide genetic diversity of T. cruzi and its variable drug
resistance to current treatments (Zingales et al. 2014; Zingales
2017) are important elements in the search for optimal
trypanocidal compounds, as established the DNDi (DNDi
2019). Therefore, three different strains—belonging to three
different DTUs, from different locations, hosts and
tropisms—with different genotypes and phenotypes (Martín-
Escolano et al. 2018) were used to evaluate the trypanocidal
activity of 21 [1,2,3]Triazolo[1,5-a]pyridinium salt com-
pounds. In addition, these compounds were tested against
the three morphological forms of this parasite. The replicative
extracellular and easy-to-handle epimastigotes were used as a
primary screening because of their ease of use and mainte-
nance in the laboratory. Potentially useful compounds were
identified and evaluated against amastigotes and
trypomastigotes, these being the relevant T. cruzi forms re-
sponsible for acute and chronic stages of CD in mammalian
hosts, respectively (Zingales 2017).

Trypanocidal activity, expressed as the IC50, is shown
(Table 1), together with data from the reference drug, BZN.
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Cytotoxicity in mammalian VERO cells was also included to
determine selectivity indices (SIs) of the compounds against
T. cruzi (SI = IC50 Vero cells/IC50 parasite) (Table 2).

According to the literature, potential anti-Chagas agents
must meet certain cut-off criteria: (1) IC50 ≤ 10 μM and SI >
10 (Don and Ioset 2014), (2) SI > 50 (Nwaka et al. 2011), and
(3) an efficacy non-inferior to BZN (DNDi 2019). Out of the
21 compounds screened this way, compounds 13, 20 and 21
were selected for screening in amastigote and trypomastigote
forms since they each exhibited IC50 values ranging from 7.7
to 23.4 μM, an SI > 50 and a higher trypanocidal efficacy than
BZN. All tested compounds exhibited no cytotoxicity against
VERO cells, with an IC50 > 1000.0 μM for most—
approximately 12 times less toxic than BZN (IC50 =
80.4 μM).

The compounds selected for this study have the nucleus
[1,2,3]triazolo[1,5-a]pyridine. Structurally, this heterocycle

is completely different from that found in BZN; it also does
not have any nitro groups implying less toxicity. The
triazolopyridine salts were selected based on their synthetic
accessibility and their solubility in water. To date, there are
no studies on the toxicity of these systems in vivo, except
those published by our group (Martín-Montes et al. 2017).
In addition, BZN has been proved to be teratogenic (Castro
et al. 2006), which stress on the development of alternative
drugs. The compounds of this study (trizolopyridinium salts)
are non-structurally related to BZN.

These three potential compounds were then tested against
amastigote and trypomastigote T. cruzi forms—the relevant
forms from a clinical point of view. These compounds contin-
ued to show trypanocidal activities better than BZN for at least
half the clinical forms in the three strains. The effects on the
BZN-resistant SN3 strain should be noted since the three com-
pounds exhibited IC50 values < 15 μM and SI > 74 against all

Table 1 Trypanocidal activity of benznidazole and compounds on the three developmental forms of Trypanosoma cruzi strains, and toxicity on
mammalian Vero cells

Compound Activity IC50 (μM)a Activity IC50 (μM)a Activity IC50 (μM)a Toxicity IC50 (μM)b

Vero cell
T. cruzi Arequipa strain T. cruzi SN3 strain T. cruzi Tulahuen strain

Epim. Am. Trypom. Epim. Am. Trypom. Epim. Ama. Trypom.

BZN 16.9 ± 1.8 8.3 ± 0.7 12.4 ± 1.1 36.2 ± 2.4 16.6 ± 1.4 36.1 ± 3.1 19.7 ± 1.7 10.0 ± 0.8 15.1 ± 1.3 80.4 ± 7.1

1 78.6 ± 5.9 nd nd 105.2 ± 9.9 nd nd 91.5 ± 7.2 nd nd 845.8 ± 57.9

2 86.4 ± 11.1 nd nd 124.3 ± 11.0 nd nd 101.2 ± 12.9 nd nd 1132.1 ± 84.0

3 46.5 ± 5.8 nd nd 118.6 ± 14.5 nd nd 51.6 ± 5.9 nd nd 1309.7 ± 91.8

4 123.8 ± 14.0 nd nd 253.6 ± 18.9 nd nd 187.7 ± 21.8 nd nd 727.0 ± 60.9

5 164.9 ± 18.7 nd nd 245.0 ± 25.7 nd nd 204.6 ± 25.1 nd nd 987.5 ± 74.0

6 126.1 ± 16.6 nd nd 235.8 ± 22.6 nd nd 122.9 ± 15.9 nd nd 1096.7 ± 91.2

7 116.9 ± 14.2 nd nd 157.4 ± 14.5 nd nd 184.3 ± 17.1 nd nd 1112.7 ± 68.1

8 139.4 ± 16.9 nd nd 166.3 ± 14.3 nd nd 173.9 ± 19.4 nd nd 2608.8 ± 134.3

9 61.4 ± 5.0 nd nd 95.9 ± 8.6 nd nd 121.8 ± 16.4 nd nd 699.2 ± 40.9

10 35.4 ± 3.8 nd nd 29.2 ± 1.7 31.2 ± 1.4 17.9 ± 1.6 21.2 ± 2.0 23.2 ± 1.0 16.8 ± 1.9 1396.6 ± 103.5

11 71.3 ± 8.1 nd nd 260.1 ± 22.2 nd nd 111.2 ± 14.3 nd nd 1289.1 ± 104.7

12 42.0 ± 3.7 nd nd 167.5 ± 19.0 nd nd 62.8 ± 4.9 nd nd 1214.3 ± 111.8

13 16.5 ± 2.2 19.6 ± 2.0 21.8 ± 1.9 7.7 ± 0.8 14.5 ± 2.7 13.9 ± 0.9 13.8 ± 1.0 18.1 ± 2.4 14.8 ± 1.1 1070.2 ± 94.3

14 206.9 ± 21.4 nd nd 141.9 ± 12.8 nd nd 378.2 ± 29.4 nd nd 387.3 ± 21.9

15 170.5 ± 14.9 nd nd 95.6 ± 10.1 nd nd 154.6 ± 10.9 nd nd 732.3 ± 57.9

16 91.8 ± 7.2 nd nd 80.9 ± 6.5 nd nd 140.2 ± 18.2 nd nd 1808.2 ± 201.2

17 60.6 ± 4.9 nd nd 50.0 ± 4.2 nd nd 65.3 ± 4.5 nd nd 1834.6 ± 141.3

18 122.4 ± 13.0 nd nd 100.4 ± nd nd 132.1 ± 15.4 nd nd 1513.4 ± 126.7

19 63.9 ± 7.8 nd nd 88.6 ± nd nd 180.6 ± 19.8 nd nd 1423.3 ± 109.4

20 14.2 ± 1.0 18.7 ± 1.8 15.9 ± 1.9 8.1 ± 1.1 12.3 ± 0.9 3.9 ± 0.5 11.4 ± 1.5 13.0 ± 1.7 8.2 ± 0.4 1537.5 ± 99.7

21 23.4 ± 3.1 24.3 ± 2.7 15.1 ± 1.3 8.8 ± 1.2 14.3 ± 1.5 6.2 ± 0.9 17.5 ± 2.7 19.5 ± 2.8 10.8 ± 0.7 1101.9 ± 91.2

Values are the means of three separate determinations ± standard deviation

BZN benznidazole, nd not determined
a Inhibition concentration 50 (IC50), concentration (μM) required to inhibit 50% population, determined using GraphPad Prism 6
b Towards Vero cells
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Table 2 Selectivity index for benznidazole and compounds on the three developmental forms of Trypanosoma cruzi strains

Comp. Selectivity indexa

T. cruzi Arequipa strain
Selectivity indexa

T. cruzi SN3 strain
Selectivity indexa

T. cruzi Tulahuen strain

Epim. Am. Trypom. Epim. Am. Trypom. Epim. Am. Trypom.

BZN 5 10 7 2 5 2 4 8 5

1 11 (2) nd Nd 8 (4) nd nd 9 (2) nd nd

2 13 (3) nd Nd 9 (4) nd nd 11 (3) nd nd

3 28 (6) nd Nd 11 (5) nd nd 25 (6) nd nd

4 6 (1) nd Nd 3 (2) nd nd 4 (1) nd nd

5 6 (1) nd Nd 4 (2) nd nd 5 (4) nd nd

6 9 (2) nd Nd 5 (2) nd nd 9 (1) nd nd

7 10 (2) nd Nd 7 (3) nd nd 6 (2) nd nd

8 19 (4) nd Nd 16 (8) nd nd 15 (8) nd nd

9 11 (2) nd Nd 7 (3) nd nd 6 (2) nd nd

10 39 (8) nd Nd 48 (24) 45 (9) 78 (39) 66 (17) 60 (8) 83 (17)

11 18 (4) nd Nd 5 (2) nd nd 12 (3) nd nd

12 29 (6) nd Nd 7 (3) nd nd 19 (5) nd nd

13 65 (13) 55 (6) 49 (7) 139 (70) 74 (15) 77 (39) 78 (20) 59 (7) 72 (14)

14 2 (0) nd Nd 3 (2) nd nd 1 (0) nd nd

15 4 (1) nd Nd 8 (4) nd nd 5 (1) nd nd

16 20 (4) nd Nd 22 (11) nd nd 13 (3) nd nd

17 30 (6) nd Nd 37 (19) nd nd 28 (7) nd nd

18 12 (3) nd Nd 15 (8) nd nd 11 (3) nd nd

19 22 (4) nd Nd 16 (8) nd nd 8 (2) nd nd

20 108 (22) 82 (8) 97 (14) 190 (95) 125 (25) 394 (197) 135 (34) 118 (15) 188 (38)

21 47 (9) 45 (5) 73 (10) 125 (63) 77 (15) 178 (89) 63 (16) 57 (7) 102 (20)

In brackets: number of times that compounds exceed the reference drug SI

nd not determined
a Selectivity index (SI), IC50 Vero cells/IC50 developmental forms of the parasite

Fig. 1 Variation among peaks of
catabolites excreted by
epimastigote forms of
Trypanosoma cruzi Arequipa
strain exposed to 13, 20 and 21 at
IC25 concentrations in
comparison to control (untreated)
parasites incubated 72 h. Values
constitute means of three separate
determinations ± standard devia-
tion. *Significant differences be-
tween untreated and treated para-
sites for α = 0.05
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clinical forms. Therefore, a combinatorial therapy approach
with BZN could avoid drug resistance and treatment failures.
It is accepted that the cross-resistance of current treatments are
based on BZN and nifurtimox, since both drugs must be acti-
vated by the same enzyme (i.e. mitochondrial type 1
nitroreductase) (Wilkinson et al. 2008; Mejia et al. 2012). A
combined therapy using BZN and these compounds will be a
multi-target therapy since these [1,2,3]Triazolo[1,5-a-
]pyridinium salts present a MoA different from BZN (see
below).

MoA studies

Catabolic alterations

MoA studies were performed at the glycolytic level, as
trypanocidal activities exhibited by the [1,2,3]Triazolo[1,5-a-
]pyridinium salts, 13, 20 and 21, could be derived from cata-
bolic alterations, as described for leishmanicidal activity
(Martín-Montes et al. 2017).

T. cruzi is unable to completely degrade glucose to CO2

under aerobic conditions, excreting partially oxidised acids
such as succinate or pyruvate, among others, into the medium
(Bringaud et al. 2006; Maugeri et al. 2011). Therefore, differ-
ent excreted metabolites were identified by 1H NMR, and the

spectra were measured and compared with metabolites from
untreated parasites to evaluate the effects of the
[1,2,3]Triazolo[1,5-a]pyridinium salts, 13, 20 and 21 at IC25

concentrations (Fig. 1).
Glycerol, ethanol (end-products of alternative catabolic

pathways) and succinate (one of the main glycolytic
pathway end-products) were the most disturbed excretions
for all tested compounds. These catabolic alterations are likely
to be the result of a decreased mitochondrial ATP synthesis
due to mitochondrial dysfunction, which is compensated for
by an increased activity of the glycolytic pathway (the so-
called Crabtree effect) (De Deken 1966). Alternative catabolic
pathways could be activated to make up for energy deficits,
thereby explaining alterations in glycerol and ethanol excre-
tions (Bringaud et al. 2006). In addition, succinate excretion
alterations could also be a consequence of redox stress, pro-
duced by Fe-SOD inhibition (Kirkinezos and Moraes 2001).

Mitochondrial dysfunction

To evaluate if catabolic alterations produced by the
[1,2,3]Triazolo[1,5-a]pyridinium salts, 13, 20 and 21, were a
consequence of mitochondrial dysfunction, parasites were
treated at IC25 concentrations, as previously mentioned.
Figure 2 shows flow cytometric analyses, including non-

Fig. 2 Mitochondrial membrane
potential from epimastigote forms
of Trypanosoma cruzi Arequipa
strain exposed to benznidazole
(BZN) and compounds at their
IC25 concentrations incubated
72 h: a blank, b untreated (con-
trol), c potassium cyanide (KCN),
d BZN, e 13, f 20, g 21. h
Inhibition, in percentage, on mi-
tochondrial membrane potential
with respect to untreated para-
sites. Values constitute means of
three separate determinations ±
standard deviation. Significant
differences between untreated and
treated parasites for α = 0.05
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stained parasites, non-treated parasites and parasites treated
with BZN and KCN. KCN-treated parasites—a 10 mM
KCN treatment for 40 min prior to Rho123 loading—were
included as control samples with fully depolarised mitochon-
drion (Abengózar et al. 2017).

The data showed a membrane depolarisation of approxi-
mately 35.4% for BZN-treated parasites. Currently, it is ac-
cepted that BZN is metabolized by type I nitroreductases into
glyoxal and other highly reactive metabolites (Hall and
Wilkinson 2012), causing respiratory chain inhibition and
the decrease in the mitochondrial membrane potential.
Parasite treated with the tested compounds showed consider-
able depolarisation in the mitochondrial membrane, highlight-
ing compound 21, which caused higher depolarisation

(47.0%) than BZN. As the mitochondrion plays mandatory
roles in cell death (Lee and Thévenod 2006), and disturbances
in mitochondrial membrane potential can cause imbalances in
NADH/NAD+ and ATP/ADP ratios, in addition to a reduction
of nucleic acid levels (Michels et al. 2006; Verma et al. 2007),
the cidal MoA of these compounds could be interpreted as a
bioenergetics collapse before cell death, in a mitochondrion-
dependent manner.

The decrease in ATP production due to the alteration of the
membrane potential can affect DNA and RNA levels.
Consequently, we determined nucleic acid levels in test para-
sites when compared with untreated controls, using flow cy-
tometry for detecting fluorescence intensities of AO (Fig. 3).
As expected, BZN-treated parasites showed a 22.4%

Fig. 3 Nucleic acids levels of
Trypanosoma cruzi Arequipa
strain exposed to benznidazole
(BZN) and compounds at their
IC25 concentrations incubated
72 h: a blank, b untreated (con-
trol), c BZN, d 13, e 20, f 21. g
Decrease, in percentage, in the
nucleic acids levels with respect
to untreated parasites. Values
constitute means of three separate
determinations ± standard devia-
tion. Significant differences be-
tween untreated and treated para-
sites for α = 0.05
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reduction in nucleic acids levels (Martín-Escolano et al.
2019a, b), whereas parasites treated with compounds 13, 20
and 21 showed greater reductions (approximately 50% for all
three). Since the decrease in nucleic acids could be also due to
random degradation due as a result of cell necrosis, the bio-
logical consequences of compounds were more than likely
due to a cidal MoA.

SOD inhibition

Since the cidal MoA of compounds could be interpreted as a
bioenergetic collapse in a mitochondrion-dependent manner,
Fe-SOD inhibition assays were performed (Kirkinezos and
Moraes 2001). Fe-SOD is a relevant therapeutic target for
CD because of a its protective effects against reactive oxygen
species (ROS) (Maes et al. 2004; Germonprez et al. 2005) and
b its structural and biochemical differences with the human
CuZn-SOD (Moreno-Viguri et al. 2016; Beltrán-Hortelano
et al. 2017).

SOD inhibition curves produced by the three compounds
are shown (Fig. 4). Considerable Fe-SOD inhibition was ob-
served for compounds 13 and 20, with no inhibitory effects on
human CuZn-SOD. In contrast, compound 21 produced no
inhibition on any SOD enzymes. Therefore, compounds 13
and 20 selectively inhibited Fe-SOD (IC50 values of 1.0 and
2.2 μM, respectively). Modelling studies were also performed
to further investigate this process (Fig. 5). In contrast, the
chance of multi-target compounds should not be rejected.

Compound molecular docking with T. cruzi Fe-SOD

While compounds 13, 20 and 21 generated acceptable
trypanocidal activities, only two inhibited Fe-SOD (13 and
20). To understand these different enzyme affinities, we per-
formed docking experiments on all three compounds, using a
previously published protocol by our group (Moreno-Viguri
et al. 2016). Here, we present the results on the mitochondrial
form, to help comparison with previous studies by us. Results
on the cytosolic protein were very similar and are presented in
Supplementary Figure S1. Our results showed similar binding
modes for 13 and 20 (Fig. 5), similar to previous compounds
(Moreno-Viguri et al. 2016; Martín-Escolano et al. 2018;
Paucar et al. 2019). Those compounds bind deep in a cavity
formed at the dimer interface, not far from the active site.
While they do not interact with this site, nor with the iron
metal, they could act by preventing substrate access to the
active site (Moreno-Viguri et al. 2016; Muñoz et al. 2009)
(Fig. 5d). The indol group binds to Phe123 of Fe-SOD and
could potentially perform π-stacking interactions with this
residue. The nitrogen group is involved in hydrogen bonds
with both the side chain of Arg177 and the backbone of
Asn122. The second indol group of compound 13, similar to
the phenyl of compound 20, binds close to Pro178. This loca-
tion was not observed in previous screens. However, we al-
ready showed that positioning of the second aromatic scaffold
was variable, and that it could be substituted to an aliphatic
group, without impacting on enzyme activity (Martín-
Escolano et al. 2018; Paucar et al. 2019). The hydrophobic
linker bound close to Trp165. Alternatively, compound 21
bound partially outside the cavity, far from Trp165 and
Glu166, performing potential interactions barely with

Fig. 4 In vitro inhibition (%) of Trypanosoma cruzi Fe-SOD (activity
42.0 ± 3.8 U mg−1) and human erythrocytes CuZn-SOD (activity 47.3
± 4.1 U·mg−1) for a 13, b 20 and c 21. Values constitute means of three
separate determinations ± standard deviation. In brackets: IC50 value
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Lys39 at one side, and with Pro178 and Asn175 at the other
side (Fig. 5). The big rigid linker connecting the two indol
groups did not allow for deeper binding inside the dimer in-
terface, lying most surely as a reason for the observed lack of
inhibition. Therefore, the activity of this compound (21) must
be explained by another, still unknown target.

It should be noted that compounds 13, 20 and 21 also were
identified as potential leishmanicidal candidates for the treat-
ment of leishmanisis. These compounds exhibited higher selec-
tivity indexes than those of the reference drug Glucantime for
the three Leishmania species evaluated: L. braziliensis,
L. infantum and L. donovani (Martín-Montes et al. 2017).
Moreover, these compounds showed to be selective inhibitors
of the Fe-SOD in both parasites. Therefore, we can hypothesise
that these [1,2,3]Triazolo[1,5-a]pyridinium salts are active
against all trypanosomatids, and trials against Trypanosoma
brucei should be conducted. Alternatively, assays using infect-
ed BALB/c mice will be performed in order to determinate the
in vivo activity of these [1,2,3]Triazolo[1,5-a]pyridinium salts.
If any of the compounds show in vivo activity, deeper investi-
gations about the MoA will be performed.

In conclusion, we identified the [1,2,3]Triazolo[1,5-
a]pyridinium salts, 13, 20 and 21, as cost-effective
trypanocidal compounds for the development of new anti-
Chagas therapeutic agents. In contrast to BZN, they had in-
creased parasitic activities, an increased spectrum of action
and lowered mammalian cytotoxicity. MoA analyses sug-
gested that cidal activities were due to mitochondrion-
dependent cell death via a bioenergetic collapse, caused by
mitochondrial membrane depolarisation and Fe-SOD
inhibition.
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�Fig. 5 Suggested binding mode for compounds 13 (a), 20 (b) and 21 (c),
as obtained by molecular docking on the Fe-SOD enzyme (PDB ID
4DVH). The figures were created using the software package Chimera.
In all the figures, one protomer is shown in yellow and the other in green.
Iron ions are shown as brown spheres. Compounds are shown as sticks
with carbon atoms in cyan (13), pink (20) and orange (21). d Hypothesis
of the mode inhibition as suggested by docking, with compounds (repre-
sented here by compound 13) binding in a cavity that seems to be the
access of substrates to the active site. The two active site irons and their
three coordinated histidines are shown. e In this image, all three com-
pounds are shown bound in the cavity, close to the active site. The protein
is shown as a surface, with the front plane removed to allow visualization
of the cavity, whose internal surface is seen in grey. We can see how
compounds 13 (cyan) and 20 (pink) bind deep, while compound 21
(orange) stays in the surface of the cavity. The images were created with
The PyMol Molecular Graphics System, Schrödinger, LLC
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