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Abstract: Chagas disease, a chronic and silent disease caused by Trypanosoma cruzi, is currently a
global public health problem. The treatment of this neglected disease relies on benznidazole and
nifurtimox, two nitroheterocyclic drugs that show limited efficacy and severe side effects. The failure
of potential drug candidates in Chagas disease clinical trials highlighted the urgent need to identify
new effective chemical entities and more predictive tools to improve translational success in the drug
development pipeline. In this study, we designed a small library of pyrazole derivatives (44 analogs)
based on a hit compound, previously identified as a T. cruzi cysteine protease inhibitor. The in vitro
phenotypic screening revealed compounds 3g, 3j, and 3m as promising candidates, with IC50 values
of 6.09 ± 0.52, 2.75 ± 0.62, and 3.58 ± 0.25 µM, respectively, against intracellular amastigotes. All
pyrazole derivatives have good oral bioavailability prediction. The structure–activity relationship
(SAR) analysis revealed increased potency of 1-aryl-1H-pyrazole-imidazoline derivatives with the Br,
Cl, and methyl substituents in the para-position. The 3m compound stands out for its trypanocidal
efficacy in 3D microtissue, which mimics tissue microarchitecture and physiology, and abolishment of
parasite recrudescence in vitro. Our findings encourage the progression of the promising candidate
for preclinical in vivo studies.

Keywords: Trypanosoma cruzi; pyrazole derivatives; trypanocidal activity; 3D culture model

1. Introduction

Chagas disease, caused by the protozoan Trypanosoma cruzi, is among the 20 neglected
tropical diseases combated by the World Health Organization [1]. This century-old dis-
ease, also known as American trypanosomiasis, remains endemic in 21 countries in Latin
America but has become globalized due to the migratory flow of infected individuals to
different continents [2]. Currently, it is estimated that this disease affects 6–7 million people
worldwide with 10,000 deaths per year and 75 million people at risk of contracting the
disease [3]. Acute T. cruzi infection, which lasts for 4–8 weeks, is usually asymptomatic
and undiagnosed, but mild symptoms such as fever, headache, anorexia, hepatomegaly,
splenomegaly and tachycardia may occur. The chronic phase is mostly asymptomatic
(indeterminate form) in 60–70% of cases. However, this silent disease may progress to
cardiomyopathy (30–40%) as well as digestive (megacolon and megaesophagus; 10%) and
neurological (10%) manifestations [4–6]. Heart failure and sudden death, caused by the
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damage of the heart muscle and its nervous system, are important outcomes of chronic
Chagas cardiomyopathy (CCC).

So far, little progress has been made in the treatment of Chagas disease, which remains
based on benznidazole (Bz) and nifurtimox (Nif). These drugs, discovered in the 1960s,
have partial efficacy in the acute phase (60–70% efficacy), due to T. cruzi natural resistant
strains, and low effectiveness in the chronic phase in addition to serious side effects [7].
The Benznidazole Evaluation for Interrupting Trypanosomiasis (BENEFIT) clinical trial
highlighted Bz′s failure to prevent chronic chagasic cardiomyopathy progression during
a five-year follow up [8]. A great expectation was projected on the potential of CYP51
inhibitors, such as posaconazole and ravuconazole prodrug (E1224) for the treatment of
the disease, but the results of Chagazol and Stop Chagas clinical trials have shown no
efficacy of posaconazole in monotherapy [9] or combined therapy with Bz [10] as also
reported for ravuconazole [11,12]. The Benznidazole New Doses Improved Treatment and
Therapeutic Associations (BENDITA) clinical trial shed light on the effectiveness of Bz at
lower concentrations and reduced treatment regimens [12], favoring treatment adherence
due to lower side effects. Despite the promising result of BENDITA, the search for safe and
effective drugs in both stages of the disease is still urgently needed.

In the last few decades, rational drug design has been intensified in an attempt to
identify more selective and effective compounds against T. cruzi. Although the compound
potency is considered an important driving force, other favorable features such as predic-
tion of the physicochemical and pharmacokinetic properties contribute to the success of
the optimization of the hit-to-lead process. Recently, we have reported 5-amino-1-aryl-4-
(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazoles derivatives as a potential T. cruzi cysteine
protease inhibitor [13]. Hydrophobic and hydrogen bond interactions of the pyrazole-
imidazoline derivatives within the active site of cruzipain, revealed by molecular docking,
induced more than 50% inhibition of T. cruzi cysteine protease. Cruzipain, a key enzyme
implicated in parasite invasion [14], intracellular replication and differentiation [15,16], as
well as host immune system evasion [17], is a relevant molecular target for anti-T. cruzi drug
design. Low tolerability in primates and dogs of the vinyl sulfone irreversible inhibitor of
cruzipain (K777), a promising candidate for Chagas disease treatment, led to discontinuity
of the preclinical assays [18]. The adverse reaction was controlled by neutralizing the pH
of the drug solution and allowed for the conclusion of the study with 28 days of treatment
with funding from the European Union, highlighting the potential of K777 in the treatment
of parasitic infections [19]. Several reversible cruzipain inhibitors, odanacatib analogs
containing a nitrile moiety, have shown potent in vitro anti-T. cruzi activity [20] and high
cure rates (90%) in a murine model of T. cruzi infection [21]. Phenotypic screening of
GlaxoSmithKline human African trypanosomiasis (HAT) and Chagas chemical boxes led
to the identification of novel cruzipain inhibitors scaffolds [22]. Moreover, based on drug
repurposing criteria, 3180 approved FDA drugs were virtually searched as a cruzipain
inhibitor, highlighting four selected drugs (etofylline clofibrate, piperacillin, cefoperazone,
and flucloxacillin) with potent in vitro antiparasitic activity but low efficacy in vivo [23].

Herein, we focus on drug optimization as a strategy for improving trypanocidal effec-
tiveness and drug-likeness of the pyrazole-imidazoline derivatives, previously identified
as hit compounds [13]. The introduction of more predictive experimental models in the
phenotypic screening platform, evaluating drug efficacy in the microtissue and parasite
recrudescence in vitro, contributed to the identification of a potential anti-T. cruzi candidate.

2. Results and Discussion
2.1. Drug Design and Synthesis

This study focused on the optimization of hit compounds, 5-amino-1-aryl-4-(4,5-
dihydro-1H-imidazol-2-yl)-1H-pyrazole, previously identified by the group [13], capable
of binding cruzipain and partially inhibiting (>50%) the cysteine protease activity of
T. cruzi. Changes in the hit compounds were designed based on the compound 3H5
(N-(1H-benzoimidazol-2-yl)-1,3-dimethyl-1H-pyrazole-4-carboxamide), identified in the
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Protein Data Bank (PDB) as a cruzipain inhibitor [24]. Considering that the carboxamide-
containing region (CONH2) of this compound interacts strongly with the active site of
cruzipain, the imidazoline ring of the hit compound was replaced by carboxamide, series
1(a–l) and 2(a–l), in attempt to potentiate the inhibition of cysteine protease and increase the
trypanocidal activity (Figure 1). The deaminated pyrazole-imidazoline derivatives 3(a–n)
were planned from the removal of the amine group bonded to pyrazole ring of the hit
compound (Figure 1). The best trypanocidal activity of the hit was achieved with m-chloro
substituted compounds: 3-Cl, 3,4-diCl, and 3,5-diCl [13]. Therefore, analog compounds
with methyl group were also outlined: series 4(a–c) and 5(a–c) (Figure 1).
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Figure 1. Rational planning of 1(a–l), 2(a–l), 3(a–n), 4(a–c), and 5(a–c) from the hit
previously published.

The optimization of the pyrazole-imidazoline compound with the addition of amino and
methyl substituents aimed to modulate the molecule polarity. Amines are highly reactive due
to their basicity and nucleophilicity and can also interfere with the compound water solubility.
Furthermore, the addition of 3-methyl to the pyrazole ring (series 4) or the imidazoline ring
(series 5) can improve the biological activity of the compounds, favoring their interaction with
hydrophobic domains at the protein binding site [25]. Finally, electron donor and acceptor
substituents, including halogens as well as methyl and methoxy groups, were inserted in
different positions of the benzene ring to modulate the electrostatic interactions that have
great relevance in molecular recognition (ligand-target biomolecule).

The pyrazole-carboxamides 1(a–l) and 2(a–l) were synthesized as previously reported
by our research group, except 1c, 1l, and 2c, which have been prepared for the first time,
using methodology quite similar [26]. Recently, the synthesis of pyrazole-imidazoline
3(a–n) was optimized and published by our group employing microwave irradiation [27].
The same methodology was utilized in this work. The new compounds 4(a–c) and 5(a–c)
were obtained in two steps (Scheme 1).
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Scheme 1. Synthetic route to obtain 4(a–c) and 5(a–c).

Firstly, arylhydrazine hydrochlorides reacted with sodium acetate, under reflux, for
20 min. After that, 1-ethoxyethylidenemalononitrile or ethoxymethylenemalononitrile
was added to give the corresponding key intermediates 6(a–c) and 7(a–c), respectively,
after 1–2 h, under reflux [28,29]. Compounds 6(a–c) were treated with ethylenediamine
and carbon disulfide, at 110–120 ◦C for 12–14 h, to give the targets 4(a–c), in 63–89%
yield. Finally, compounds 5(a–c) were synthesized through the reaction involving 7(a–c),
1,2-diaminopropane, carbon disulfide, at 110–125 ◦C for 14–18 h, in 24–80% yield [30].

2.2. Physicochemical Properties Prediction

Drug oral bioavailability, an important issue for the success of a potential therapeutic
agent, is highly influenced by physicochemical properties [31]. Thus, the prediction of
solubility and permeability among other physicochemical parameters contribute to the
drug development process. First, we assessed the compliance of the series of pyrazole
derivatives, 1(a–l), 2(a–l), 3(a–n), 4(a–c), and 5(a–c), with Lipinski’s criterion (Figure 2).
The in silico analysis revealed that all pyrazole derivatives obeyed Lipinski’s rule of
five (Ro5), including molecular weight (MW < 500), lipophilicity (LogP < 5), number of
hydrogen bond donors (HBD < 5), acceptors (HBA < 10), and topological polar surface area
(tPSA < 140 Å2), without any violation. A small variation in molecular weight was observed
among the 44 pyrazole derivatives, with MW intervals for series 1 of 187.2 ≤MW ≤ 266.09,
series 2 of 202.21 ≤ MW ≤ 281.11, series 3 of 212.25 ≤ MW ≤ 291.15, series 4 and 5 of
275.74 ≤MW ≤ 310.18 (Figure 2). Lipophilicity, referred to as LogP, has a relevant impact
on solubility and affects drug permeability and absorption, influencing pharmacokinetic
properties [32].

Most compounds (76.2%) have an optimum solubility characteristic with LogP val-
ues between 1 and 2.23, the number of hydrogen bond (1 ≤ HBD ≤ 4; 5 ≤ HBA ≤ 10)
and topological polar surface area (tPSA ≤ 96 Å2) fitting the Ro5 (Figure 2), suggesting
their potential for oral absorption with a low probability of adverse in vivo outcomes.
The oral bioavailability of the pyrazole derivatives was also predicted with the Swis-
sADME server [33], which analyzes, in an integrated way, six physicochemical properties:
lipophilicity, size, polarity, solubility, saturation, and flexibility. All pyrazole derivatives
fit the criteria for good oral bioavailability, with 3m, 3n, 4(a–c), and 5(a–c) matching all
parameters in the radar plot area (Supplementary Figures S1–S4).
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Figure 2. Physicochemical properties of pyrazole derivatives, 1(a–l), 2(a–l), 3(a–n), 4(a–c) and 5(a–c), were calculated us-
ing DataWarrior software. (A) Classification of compounds according to the lipophilicity (LogP), molecular weight
(MW), the fraction of sp3 carbon atoms (Fsp3; color scale) and the topological polar surface area (tPSA; label size).
(B) Distribution graph of compounds based on number of hydrogen bond donors (HBD) and acceptors (HBA), and
rotatable bonds (Rotatable B; colored circles).

Drug properties are a challenge faced in the development of new molecular entities
and efforts have been made to reach a good balance between physicochemical proper-
ties and pharmacokinetic/pharmacodynamic efficacy. Molecules with high lipophilicity
(LogP > 3) increase drug promiscuity and toxicity since they tend to bind to hydrophobic
targets instead of the main target [34]. On the other hand, low lipophilicity decreases
permeability and absorption. Thus, the identification of an ideal candidate requires the
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balance and integration of multiple physicochemical properties of the molecule sought in
the drug rational design.

2.3. Toxicity and Trypanocidal Effect of Pyrazole Derivatives

The cytotoxicity of the pyrazole derivatives was evaluated on mammalian cells, us-
ing Vero cells as a model. After the incubation (72 h) of cell monolayers with pyrazole
derivatives in the range of 15.62–500 µM, cell viability was analyzed by ATP quantification.
The results revealed the low toxicity of the pyrazole derivatives. A CC50 value > 500 µM,
similar to Bz, was evidenced in 23% of the compounds analyzed, while other analogs
showed CC50 values between 160.51 and 479.66 µM (Table 1).

Table 1. Cytotoxicity and trypanocidal effect of pyrazoles derivatives.

Compounds

Trypanocidal Activity (Mean ± SD µM) Cytotoxicity
(Mean ± SD µM)Trypomastigotes Intracellular Amastigotes

IC50 IC90 SI IC50 IC90 SI CC50

Series 1(a–l) >100 Nd Nd >50 Nd Nd >500
Series 2(a–l) >100 Nd Nd >70 Nd Nd >500

3a >100 Nd Nd 91.82 ± 2.03 >100 >5.44 >500
3b >100 Nd Nd 28.16 ± 1.81 86.60 ± 5.55 9.48 267.10 ± 28.15
3c >100 Nd Nd 56.64 ± 2.52 94.61 ± 3.61 7.21 408.69 ± 16.17
3d 66.30 ± 5.53 93.48 ± 1.56 5.78 54.91 ± 7.12 >100 6.99 383.83 ± 22.97
3e 64.86 ± 2.85 93.74 ± 0.73 7.39 76.52 ± 8.79 >100 6.26 479.66 ± 21.67
3f >100 Nd Nd 82.00 ± 2.52 >100 >6 >500
3g 64.60 ± 1.56 >100 4.27 6.09 ± 0.52 26.10 ± 14.31 45.52 277.24 ± 15.76
3h >100 Nd Nd 64.50 ± 3.81 >100 7.80 >500
3i >100 Nd Nd 64.12 ± 7.09 >100 7.80 >500
3j 57.71 ± 3.14 95.32 ± 5.43 5.36 2.75 ± 0.62 9.67 ± 0.30 112.48 309.33 ± 34.31
3k >100 Nd Nd 26.92 ± 2.19 72.85 ± 3.67 7.84 211.04 ± 31.68
3l >100 Nd Nd 71.76 ± 2.71 >100 >7 >500

3m 34.54 ± 8.32 >100 4.64 3.58 ± 0.25 21.37 ± 1.25 44.83 160.51 ± 16.13
3n >100 Nd Nd 24.68 ± 3.42 85.72 ± 5.03 13.86 342.17 ± 29.99
4a >100 >100 Nd >100 >100 >5 >500
4b >100 >100 Nd 90.67 ± 13.17 >100 >5.51 >500
4c >100 >100 Nd 93.83 ± 16.40 >100 3.78 355.4 ± 17.72
5a >100 >100 Nd >100 >100 Nd >500
5b >100 >100 Nd 32.95 ± 8.84 >100 >15.17 >500
5c >100 >100 Nd 34.33 ± 4.24 >100 >9.98 342.93 ± 37.0
Bz 18.71 ± 4.58 >100 >26.7 4.67 ± 0.22 >100 >107 >500

Mean values of IC50 and IC90 from three independent experiments ± standard deviation (SD); IC50: Concentration that inhibits parasite
proliferation by 50%; CC50: Concentration that reduces the viability of Vero cells by 50%; Nd = Not determined; Selectivity index
(SI) = CC50 of Vero cells/IC50 of trypomastigote and intracellular amastigote forms of T. cruzi.

The phenotypic screening showed that the pyrazole derivatives, series 1(a–l),
2(a–l), 3(a–n), 4(a–c), and 5(a–c), have low activity against trypomastigote forms of
T. cruzi compared to Bz (IC50 = 18.71 ± 4.58 µM), the reference drug, with only 11.4%
of the compounds with IC50 value < 100 µM (Table 1). Among the compounds analyzed,
3m (IC50 = 34.54 ± 8.32 µM) was the most active against trypomastigotes (Table 1). These
data diverge from the activity of the hit compound [13], which showed activity 2-fold
greater than Bz against trypomastigotes (IC50 = 9.5 ± 1.2 µM), reinforcing that a small
structural change drastically influence the biological activity of the derivatives.

Drug activities were also evaluated against the intracellular parasites. Low activity
of the pyrazole-carboxamide hybrids, series 1(a–l) and 2(a–l), was observed against in-
tracellular amastigotes, with IC50 values higher than 50 µM (Table 1). The replacement
of secondary amide in the 3H5 compound by primary amide may be responsible for the
loss of trypanocidal activity, probably hindering its proper insertion into the active site of
cruzipain. In the 3H5 compound, the carboxamide has a central position in its chemical
structure, between the pyrazole and benzimidazole rings. The nitrogen and oxygen atoms
of the carboxamide of this compound interact by hydrogen bonds with residues aspartate
161 (ASP161), serine 25 (SER25), and glycine 23 (GLY23) located in the active site cleft of
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cruzipain [24]. Therefore, in derivatives of series 1 and 2, the outermost positioning of the
carboxamide may interfere with the fit of pyrazole-carboxamide derivatives in the enzyme
cleft and influence the ligand-target binding affinity and biological activity.

Series 3(a–n), structurally similar to the hit compound (pyrazole-imidazoline hybrid)
without the amino group (NH2), showed three analogs (3g, 3j, and 3m) with high activity
against intracellular amastigotes (Table 1). Compounds 3j (IC50 = 2.75 ± 0.62 µM) and 3m
(IC50 = 3.58 ± 0.25 µM) were more active than Bz (IC50 = 4.67 ± 0.22 µM). The analysis
of the efficacy of the series 3 derivatives revealed that 50% of the analogs had IC90 values
lower than Bz (IC90 > 100 µM), with emphasis on 3j (IC90 = 9.67 ± 0.30 µM) and 3m
(IC90 = 21.37 ± 1.25 µM). It is also noteworthy the high selectivity 3g, 3j, and 3m, reaching
a selectivity index (SI) of 45.52, 112.48 and 44.83, respectively (Table 1). The insertion of
the methyl group in the pyrazole 4(a–c) or imidazoline 5(a–c) ring resulted in the loss of
trypanocidal effect, with IC50 values varying between 32.95 and 93.83 µM (Table 1) and,
therefore, less active than series 3 and Bz. Among the active derivatives, 3g, 3j, and 3m
were identified as the most promising against T. cruzi.

Selective activity for intracellular amastigotes was also evidenced in 3-methyl-1-
phenyl-1H-pyrazolo[3,4-b]pyridine-4-carbohydrazide derivatives. These analogs showed
little or no activity against trypomastigotes, with the loss of trypanocidal activity attributed
to the insertion of fluorine in C6, a strong electron-withdrawing group (EWG) [35]. More-
over, a similar phenomenon has been reported with posaconazole, an inhibitor of ergosterol
biosynthesis, which has excellent activity against intracellular amastigotes, in the nanomo-
lar range, but it is less effective against the non-replicative stage and low-replication cycle
amastigotes (dormant amastigotes), suggesting that replication and the speed of its cycles
may affect the efficacy of posaconazole [36].

2.4. Structure-Activity Relationship (SAR) of Pyrazole Derivatives

Series 1(a–l), 2(a–l), 3(a–n), 4(a–c) and 5(a–c) were synthesized to optimize the hit
compound by replacing the imidazoline ring with carboxamide (series 1 and 2), removing
the amino group (series 3) and addition of the methyl group in the pyrazole (series 4)
or imidazoline (series 5) ring. The distinct activity profile of pyrazole derivatives (series
1–5) against intracellular amastigotes highlights the importance of the molecule’s chemical
structure in the potency (pIC50) of bioactive compounds (Table 2).

Table 2. Structure-activity relationship (SAR) analysis of pyrazole derivatives (pyrazole-carboxamide
and pyrazole-imidazoline series).
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2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 3,4-diCl C(O)NH2 H <4.15

2f
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1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 4-Cl C(O)NH2 H <4.15
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Table 2. Cont.

Compounds Structures R1 R2 R3 R4
Intracellular
Amastigotes

pIC50

2g

Molecules 2021, 26, x      9  of  30 
 

 

1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 4-F C(O)NH2 H <4.15

2h
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1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 3-F C(O)NH2 H <4.15

2i
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1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 4-Br C(O)NH2 H <4.15

2j
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1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 3-Br C(O)NH2 H <4.15

2k
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1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 4-OCH3 C(O)NH2 H <4.15

2l

Molecules 2021, 26, x      9  of  30 
 

 

1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 

NH2 2,3-diCl C(O)NH2 H <4.15

3a
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1l 

 

H  2,3‐diCl  C(O)NH2  H  <4.3 

2a 

 

NH2  H  C(O)NH2  H  <4.15 

2b  NH2  3‐Cl  C(O)NH2  H  <4.15 

2c  NH2  2,4‐diCl  C(O)NH2  H  <4.15 

2d  NH2  3,5‐diCl  C(O)NH2  H  <4.15 

2e  NH2  3,4‐diCl  C(O)NH2  H  <4.15 

2f  NH2  4‐Cl  C(O)NH2  H  <4.15 

2g 

 

NH2  4‐F  C(O)NH2  H  <4.15 

2h 

 

NH2  3‐F  C(O)NH2  H  <4.15 

2i  NH2  4‐Br  C(O)NH2  H  <4.15 

2j  NH2  3‐Br  C(O)NH2  H  <4.15 

2k  NH2  4‐OCH3  C(O)NH2  H  <4.15 

2l 

 

NH2  2,3‐diCl  C(O)NH2  H  <4.15 

3a 

 

H  H  C3H5N2    H  4.03 H H C3H5N2 H 4.03

3b
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 3-Cl C3H5N2 H 4.55

3c
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 2,4-diCl C3H5N2 H 4.25

3d
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 3,5-diCl C3H5N2 H 4.26

3e
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 3,4-diCl C3H5N2 H 4.12

3f
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 2,6-diCl C3H5N2 H 4.09

3g
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 4-Cl C3H5N2 H 5.22

3h
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 4-F C3H5N2 H 4.19

3i
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 3-F C3H5N2 H 4.19
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Table 2. Cont.

Compounds Structures R1 R2 R3 R4
Intracellular
Amastigotes

pIC50

3j

Molecules 2021, 26, x      10  of  30 
 

 

3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 4-Br C3H5N2 H 5.56

3k
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 

3e  H  3,4‐diCl  C3H5N2  H  4.12 

3f 

 

H  2,6‐diCl  C3H5N2  H  4.09 

3g  H  4‐Cl  C3H5N2  H  5.22 

3h 

 

H  4‐F  C3H5N2  H  4.19 

3i 

 

H  3‐F  C3H5N2  H  4.19 

3j  H  4‐Br  C3H5N2  H  5.56 

3k  H  3‐Br  C3H5N2  H  4.57 

3l  H  4‐OCH3  C3H5N2  H  4.14 

3m  H  3‐Cl,4‐CH3  C3H5N2  H  5.45 

3n  H  2‐CH3,4‐Cl  C3H5N2  H  4.61 

4a  NH2  3‐Cl  C3H5N2  CH3  <4 

H 3-Br C3H5N2 H 4.57

3l
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3b  H  3‐Cl  C3H5N2  H  4.55 

3c  H  2,4‐diCl  C3H5N2  H  4.25 

3d  H  3,5‐diCl  C3H5N2  H  4.26 
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4b  NH2  3,5‐diCl  C3H5N2  CH3  4.04 

4c  NH2  3,4‐diCl  C3H5N2  CH3  4.03 

5a  NH2  3‐Cl  C4H7N2  H  <4 

5b  NH2  3,5‐diCl  C4H7N2  H  4.48 

5c  NH2  3,4‐diCl  C4H7N2  H  4.46 

Bz  ‐  ‐  ‐    5.33 

The reported values have a maximum standard deviation value of ± 0.75 based on at least 3 

experimental assays (n ≥ 3). pIC50 is the negative log of the IC50 value when converted to molar. 

Higher values of pIC50 indicate exponentially more potent inhibitors. 

The SAR analysis  showed  that  the  replacement of  the  imidazoline  ring of  the hit 

compound  by  carboxamide  (series  1  and  2)  impacted  the  trypanocidal  activity  and 

resulted in a drop in biological potency (pIC50 < 4.3) (Table 2). The removal of the amino 

group and addition of substituents, such as halogens  (Br, Cl and F), methyl  (CH3) and 

methoxy (OCH3) groups, in the benzene ring (series 3) caused a differential increase in the 

biological  activity  of  the  pyrazole‐imidazoline  3(b–n)  compared  to  the  unsubstituted 

derivative 3a (pIC50 = 4.03). Disubstituted analogues 3(c–f) with dichloro substituents in 

C2 (2,4‐Cl2 and 2,6‐Cl2) and C3 (3,4‐Cl2 and 3,5‐Cl2) showed low potency (4.09 ≤ pIC50 ≤ 

4.26). However, the replacement of the Cl atom by methyl in the para position of the 3,4‐

dichloro 3e, leading to the 3‐chloro‐4‐methyl 3m (pIC50 = 5.45), resulted in trypanocidal 

activity 21‐fold higher than 3e (pIC50 = 4.12). The improved activity was also evidenced 

when  the Cl  atom was  replaced by  the methyl group  in  the  ortho position of  the  2,4‐

dichloro 3c (pIC50 = 4.25), giving rise to the 2‐methyl‐4‐chloro 3n (pIC50 = 4.61). The Cl 

atom  in  the  ortho  position  appears  to  negatively  modulate  trypanocidal  activity. 

Compound 3f (2,6‐dichloro), for example, showed an even greater drop in potency (pIC50 

= 4.09), consistent with the observation that C2 is a suboptimal place for substitution. Loss 

of biological activity was evidenced in fluorinated derivatives in C4 (3h) and C3 (3i), both 

compounds with a pIC50 value of 4.19. The addition of the methoxy group in C4 (3l) also 

resulted in the loss of activity (pIC50 = 4.14). On the other hand, the introduction of Cl and 

Br  in  the para position, 3g  (pIC50 = 5.22) and 3j  (pIC50 = 5.56),  respectively,  increased 

trypanocidal activity (Table 2). In contrast, attempts to move the Cl (3b) and Br (3k) to the 

meta position led to a five‐ and 10‐fold drop‐in activity, respectively, compared to 3g and 

3j analogs, respectively (Table 1). Thus, only the structural changes of 3g, 3j, and 3m, with 

the introduction of the substituents Br, Cl and methyl in the para position induced a large 

increase in activity, with potency values similar to Bz (pIC50 = 5.33) (Table 2). These data 

differ from the meta position previously identified in hit compound (3,4‐ and 3,5‐diCl) as 

NH2 3,5-diCl C3H5N2 CH3 4.04

4c
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C2 (2,4‐Cl2 and 2,6‐Cl2) and C3 (3,4‐Cl2 and 3,5‐Cl2) showed low potency (4.09 ≤ pIC50 ≤ 

4.26). However, the replacement of the Cl atom by methyl in the para position of the 3,4‐

dichloro 3e, leading to the 3‐chloro‐4‐methyl 3m (pIC50 = 5.45), resulted in trypanocidal 

activity 21‐fold higher than 3e (pIC50 = 4.12). The improved activity was also evidenced 

when  the Cl  atom was  replaced by  the methyl group  in  the  ortho position of  the  2,4‐

dichloro 3c (pIC50 = 4.25), giving rise to the 2‐methyl‐4‐chloro 3n (pIC50 = 4.61). The Cl 

atom  in  the  ortho  position  appears  to  negatively  modulate  trypanocidal  activity. 

Compound 3f (2,6‐dichloro), for example, showed an even greater drop in potency (pIC50 
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compounds with a pIC50 value of 4.19. The addition of the methoxy group in C4 (3l) also 

resulted in the loss of activity (pIC50 = 4.14). On the other hand, the introduction of Cl and 

Br  in  the para position, 3g  (pIC50 = 5.22) and 3j  (pIC50 = 5.56),  respectively,  increased 

trypanocidal activity (Table 2). In contrast, attempts to move the Cl (3b) and Br (3k) to the 

meta position led to a five‐ and 10‐fold drop‐in activity, respectively, compared to 3g and 
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the introduction of the substituents Br, Cl and methyl in the para position induced a large 

increase in activity, with potency values similar to Bz (pIC50 = 5.33) (Table 2). These data 

differ from the meta position previously identified in hit compound (3,4‐ and 3,5‐diCl) as 

NH2 3,4-diCl C3H5N2 CH3 4.03
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The SAR analysis  showed  that  the  replacement of  the  imidazoline  ring of  the hit 

compound  by  carboxamide  (series  1  and  2)  impacted  the  trypanocidal  activity  and 

resulted in a drop in biological potency (pIC50 < 4.3) (Table 2). The removal of the amino 

group and addition of substituents, such as halogens  (Br, Cl and F), methyl  (CH3) and 

methoxy (OCH3) groups, in the benzene ring (series 3) caused a differential increase in the 

biological  activity  of  the  pyrazole‐imidazoline  3(b–n)  compared  to  the  unsubstituted 

derivative 3a (pIC50 = 4.03). Disubstituted analogues 3(c–f) with dichloro substituents in 

C2 (2,4‐Cl2 and 2,6‐Cl2) and C3 (3,4‐Cl2 and 3,5‐Cl2) showed low potency (4.09 ≤ pIC50 ≤ 

4.26). However, the replacement of the Cl atom by methyl in the para position of the 3,4‐

dichloro 3e, leading to the 3‐chloro‐4‐methyl 3m (pIC50 = 5.45), resulted in trypanocidal 

activity 21‐fold higher than 3e (pIC50 = 4.12). The improved activity was also evidenced 

when  the Cl  atom was  replaced by  the methyl group  in  the  ortho position of  the  2,4‐

dichloro 3c (pIC50 = 4.25), giving rise to the 2‐methyl‐4‐chloro 3n (pIC50 = 4.61). The Cl 

atom  in  the  ortho  position  appears  to  negatively  modulate  trypanocidal  activity. 

Compound 3f (2,6‐dichloro), for example, showed an even greater drop in potency (pIC50 

= 4.09), consistent with the observation that C2 is a suboptimal place for substitution. Loss 

of biological activity was evidenced in fluorinated derivatives in C4 (3h) and C3 (3i), both 

compounds with a pIC50 value of 4.19. The addition of the methoxy group in C4 (3l) also 

resulted in the loss of activity (pIC50 = 4.14). On the other hand, the introduction of Cl and 

Br  in  the para position, 3g  (pIC50 = 5.22) and 3j  (pIC50 = 5.56),  respectively,  increased 

trypanocidal activity (Table 2). In contrast, attempts to move the Cl (3b) and Br (3k) to the 

meta position led to a five‐ and 10‐fold drop‐in activity, respectively, compared to 3g and 

3j analogs, respectively (Table 1). Thus, only the structural changes of 3g, 3j, and 3m, with 

the introduction of the substituents Br, Cl and methyl in the para position induced a large 

increase in activity, with potency values similar to Bz (pIC50 = 5.33) (Table 2). These data 

differ from the meta position previously identified in hit compound (3,4‐ and 3,5‐diCl) as 

NH2 3-Cl C4H7N2 H <4
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Bz  ‐  ‐  ‐    5.33 

The reported values have a maximum standard deviation value of ± 0.75 based on at least 3 

experimental assays (n ≥ 3). pIC50 is the negative log of the IC50 value when converted to molar. 

Higher values of pIC50 indicate exponentially more potent inhibitors. 

The SAR analysis  showed  that  the  replacement of  the  imidazoline  ring of  the hit 

compound  by  carboxamide  (series  1  and  2)  impacted  the  trypanocidal  activity  and 

resulted in a drop in biological potency (pIC50 < 4.3) (Table 2). The removal of the amino 

group and addition of substituents, such as halogens  (Br, Cl and F), methyl  (CH3) and 

methoxy (OCH3) groups, in the benzene ring (series 3) caused a differential increase in the 

biological  activity  of  the  pyrazole‐imidazoline  3(b–n)  compared  to  the  unsubstituted 

derivative 3a (pIC50 = 4.03). Disubstituted analogues 3(c–f) with dichloro substituents in 

C2 (2,4‐Cl2 and 2,6‐Cl2) and C3 (3,4‐Cl2 and 3,5‐Cl2) showed low potency (4.09 ≤ pIC50 ≤ 

4.26). However, the replacement of the Cl atom by methyl in the para position of the 3,4‐

dichloro 3e, leading to the 3‐chloro‐4‐methyl 3m (pIC50 = 5.45), resulted in trypanocidal 

activity 21‐fold higher than 3e (pIC50 = 4.12). The improved activity was also evidenced 

when  the Cl  atom was  replaced by  the methyl group  in  the  ortho position of  the  2,4‐

dichloro 3c (pIC50 = 4.25), giving rise to the 2‐methyl‐4‐chloro 3n (pIC50 = 4.61). The Cl 

atom  in  the  ortho  position  appears  to  negatively  modulate  trypanocidal  activity. 

Compound 3f (2,6‐dichloro), for example, showed an even greater drop in potency (pIC50 

= 4.09), consistent with the observation that C2 is a suboptimal place for substitution. Loss 

of biological activity was evidenced in fluorinated derivatives in C4 (3h) and C3 (3i), both 

compounds with a pIC50 value of 4.19. The addition of the methoxy group in C4 (3l) also 

resulted in the loss of activity (pIC50 = 4.14). On the other hand, the introduction of Cl and 

Br  in  the para position, 3g  (pIC50 = 5.22) and 3j  (pIC50 = 5.56),  respectively,  increased 

trypanocidal activity (Table 2). In contrast, attempts to move the Cl (3b) and Br (3k) to the 

meta position led to a five‐ and 10‐fold drop‐in activity, respectively, compared to 3g and 

3j analogs, respectively (Table 1). Thus, only the structural changes of 3g, 3j, and 3m, with 

the introduction of the substituents Br, Cl and methyl in the para position induced a large 

increase in activity, with potency values similar to Bz (pIC50 = 5.33) (Table 2). These data 

differ from the meta position previously identified in hit compound (3,4‐ and 3,5‐diCl) as 

NH2 3,5-diCl C4H7N2 H 4.48
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group and addition of substituents, such as halogens  (Br, Cl and F), methyl  (CH3) and 

methoxy (OCH3) groups, in the benzene ring (series 3) caused a differential increase in the 

biological  activity  of  the  pyrazole‐imidazoline  3(b–n)  compared  to  the  unsubstituted 

derivative 3a (pIC50 = 4.03). Disubstituted analogues 3(c–f) with dichloro substituents in 

C2 (2,4‐Cl2 and 2,6‐Cl2) and C3 (3,4‐Cl2 and 3,5‐Cl2) showed low potency (4.09 ≤ pIC50 ≤ 

4.26). However, the replacement of the Cl atom by methyl in the para position of the 3,4‐

dichloro 3e, leading to the 3‐chloro‐4‐methyl 3m (pIC50 = 5.45), resulted in trypanocidal 

activity 21‐fold higher than 3e (pIC50 = 4.12). The improved activity was also evidenced 

when  the Cl  atom was  replaced by  the methyl group  in  the  ortho position of  the  2,4‐

dichloro 3c (pIC50 = 4.25), giving rise to the 2‐methyl‐4‐chloro 3n (pIC50 = 4.61). The Cl 

atom  in  the  ortho  position  appears  to  negatively  modulate  trypanocidal  activity. 

Compound 3f (2,6‐dichloro), for example, showed an even greater drop in potency (pIC50 

= 4.09), consistent with the observation that C2 is a suboptimal place for substitution. Loss 

of biological activity was evidenced in fluorinated derivatives in C4 (3h) and C3 (3i), both 

compounds with a pIC50 value of 4.19. The addition of the methoxy group in C4 (3l) also 

resulted in the loss of activity (pIC50 = 4.14). On the other hand, the introduction of Cl and 

Br  in  the para position, 3g  (pIC50 = 5.22) and 3j  (pIC50 = 5.56),  respectively,  increased 

trypanocidal activity (Table 2). In contrast, attempts to move the Cl (3b) and Br (3k) to the 

meta position led to a five‐ and 10‐fold drop‐in activity, respectively, compared to 3g and 

3j analogs, respectively (Table 1). Thus, only the structural changes of 3g, 3j, and 3m, with 

the introduction of the substituents Br, Cl and methyl in the para position induced a large 

increase in activity, with potency values similar to Bz (pIC50 = 5.33) (Table 2). These data 

differ from the meta position previously identified in hit compound (3,4‐ and 3,5‐diCl) as 

NH2 3,4-diCl C4H7N2 H 4.46

Bz

Molecules 2021, 26, x      11  of  30 
 

 

4b  NH2  3,5‐diCl  C3H5N2  CH3  4.04 

4c  NH2  3,4‐diCl  C3H5N2  CH3  4.03 

5a  NH2  3‐Cl  C4H7N2  H  <4 

5b  NH2  3,5‐diCl  C4H7N2  H  4.48 

5c  NH2  3,4‐diCl  C4H7N2  H  4.46 

Bz  ‐  ‐  ‐    5.33 

The reported values have a maximum standard deviation value of ± 0.75 based on at least 3 

experimental assays (n ≥ 3). pIC50 is the negative log of the IC50 value when converted to molar. 

Higher values of pIC50 indicate exponentially more potent inhibitors. 

The SAR analysis  showed  that  the  replacement of  the  imidazoline  ring of  the hit 

compound  by  carboxamide  (series  1  and  2)  impacted  the  trypanocidal  activity  and 

resulted in a drop in biological potency (pIC50 < 4.3) (Table 2). The removal of the amino 

group and addition of substituents, such as halogens  (Br, Cl and F), methyl  (CH3) and 

methoxy (OCH3) groups, in the benzene ring (series 3) caused a differential increase in the 

biological  activity  of  the  pyrazole‐imidazoline  3(b–n)  compared  to  the  unsubstituted 

derivative 3a (pIC50 = 4.03). Disubstituted analogues 3(c–f) with dichloro substituents in 

C2 (2,4‐Cl2 and 2,6‐Cl2) and C3 (3,4‐Cl2 and 3,5‐Cl2) showed low potency (4.09 ≤ pIC50 ≤ 

4.26). However, the replacement of the Cl atom by methyl in the para position of the 3,4‐

dichloro 3e, leading to the 3‐chloro‐4‐methyl 3m (pIC50 = 5.45), resulted in trypanocidal 

activity 21‐fold higher than 3e (pIC50 = 4.12). The improved activity was also evidenced 

when  the Cl  atom was  replaced by  the methyl group  in  the  ortho position of  the  2,4‐

dichloro 3c (pIC50 = 4.25), giving rise to the 2‐methyl‐4‐chloro 3n (pIC50 = 4.61). The Cl 

atom  in  the  ortho  position  appears  to  negatively  modulate  trypanocidal  activity. 

Compound 3f (2,6‐dichloro), for example, showed an even greater drop in potency (pIC50 

= 4.09), consistent with the observation that C2 is a suboptimal place for substitution. Loss 

of biological activity was evidenced in fluorinated derivatives in C4 (3h) and C3 (3i), both 

compounds with a pIC50 value of 4.19. The addition of the methoxy group in C4 (3l) also 

resulted in the loss of activity (pIC50 = 4.14). On the other hand, the introduction of Cl and 

Br  in  the para position, 3g  (pIC50 = 5.22) and 3j  (pIC50 = 5.56),  respectively,  increased 

trypanocidal activity (Table 2). In contrast, attempts to move the Cl (3b) and Br (3k) to the 

meta position led to a five‐ and 10‐fold drop‐in activity, respectively, compared to 3g and 

3j analogs, respectively (Table 1). Thus, only the structural changes of 3g, 3j, and 3m, with 

the introduction of the substituents Br, Cl and methyl in the para position induced a large 

increase in activity, with potency values similar to Bz (pIC50 = 5.33) (Table 2). These data 

differ from the meta position previously identified in hit compound (3,4‐ and 3,5‐diCl) as 

- - - 5.33

The reported values have a maximum standard deviation value of ±0.75 based on at least 3 experimental assays
(n ≥ 3). pIC50 is the negative log of the IC50 value when converted to molar. Higher values of pIC50 indicate
exponentially more potent inhibitors.

The SAR analysis showed that the replacement of the imidazoline ring of the hit
compound by carboxamide (series 1 and 2) impacted the trypanocidal activity and resulted
in a drop in biological potency (pIC50 < 4.3) (Table 2). The removal of the amino group
and addition of substituents, such as halogens (Br, Cl and F), methyl (CH3) and methoxy
(OCH3) groups, in the benzene ring (series 3) caused a differential increase in the biological
activity of the pyrazole-imidazoline 3(b–n) compared to the unsubstituted derivative 3a
(pIC50 = 4.03). Disubstituted analogues 3(c–f) with dichloro substituents in C2 (2,4-Cl2
and 2,6-Cl2) and C3 (3,4-Cl2 and 3,5-Cl2) showed low potency (4.09 ≤ pIC50 ≤ 4.26).
However, the replacement of the Cl atom by methyl in the para position of the 3,4-dichloro
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3e, leading to the 3-chloro-4-methyl 3m (pIC50 = 5.45), resulted in trypanocidal activity
21-fold higher than 3e (pIC50 = 4.12). The improved activity was also evidenced when
the Cl atom was replaced by the methyl group in the ortho position of the 2,4-dichloro
3c (pIC50 = 4.25), giving rise to the 2-methyl-4-chloro 3n (pIC50 = 4.61). The Cl atom
in the ortho position appears to negatively modulate trypanocidal activity. Compound
3f (2,6-dichloro), for example, showed an even greater drop in potency (pIC50 = 4.09),
consistent with the observation that C2 is a suboptimal place for substitution. Loss of
biological activity was evidenced in fluorinated derivatives in C4 (3h) and C3 (3i), both
compounds with a pIC50 value of 4.19. The addition of the methoxy group in C4 (3l) also
resulted in the loss of activity (pIC50 = 4.14). On the other hand, the introduction of Cl
and Br in the para position, 3g (pIC50 = 5.22) and 3j (pIC50 = 5.56), respectively, increased
trypanocidal activity (Table 2). In contrast, attempts to move the Cl (3b) and Br (3k) to the
meta position led to a five- and 10-fold drop-in activity, respectively, compared to 3g and 3j
analogs, respectively (Table 1). Thus, only the structural changes of 3g, 3j, and 3m, with
the introduction of the substituents Br, Cl and methyl in the para position induced a large
increase in activity, with potency values similar to Bz (pIC50 = 5.33) (Table 2). These data
differ from the meta position previously identified in hit compound (3,4- and 3,5-diCl) as
a potential activity regulator [13]. Although 3m (3-Cl,4-CH3) has similarities with the hit
compound, the substitution of the Cl atom by methyl in the para position, associated with
the subtraction of the amino group in the series 3 of the pyrazole derivatives, increased
by 3.8-fold the activity against intracellular amastigotes, probably giving the new analog
greater permeability by making the molecule slightly more lipophilic, facilitating the
interaction with the molecular target. Pyrazole N-ethylurea derivatives showed potent
activity against T. brucei brucei and T. cruzi, with a drastic reduction of parasitemia after
6 days of treatment and efficacy in the murine model of acute T. cruzi infection. The SAR
study for N-ethylurea pyrazole derivatives revealed that the meta position in the aromatic
ring substantially influences the trypanocidal activity, with the compounds with fluorine
and chlorine substituents being the most effective [37].

Six analogs were also prepared by inserting the methyl group in the pyrazole 4(a–c)
or imidazoline 5(a–c) ring containing the 3-Cl, 3,5- and 3,4-dichloro substituents based on
the good activity of the chlorinated derivatives, mainly dichlorinated, of the hit compound.
The introduction of the methyl group in the 5-amino-pyrazole-imidazoline compounds
did not result in a beneficial effect for the trypanocidal activity. The compounds with the
addition of methyl in the pyrazole ring showed an even greater decrease in potency with
pIC50 values of approximately 4.

2.5. Effect of Pyrazole Derivatives on Parasite Recrudescence

To address the question of whether the treatment with 3g, 3j, and 3m leads to par-
asite clearance, an intracellular T. cruzi washout assay was performed as a strategy for
monitoring the parasite recrudescence. In this approach, cultures of infected Vero cells
(Dm28c-Luc) were treated for 72 h at IC90 and 50 µM (2 to 5-fold de IC90) concentrations
of the promising compounds 3g, 3j, and 3m and, after washing the cell monolayers, the
cultures were kept for another 72 h without drug treatment. Both cell monolayers and their
supernatants were evaluated for the presence of viable parasites after luciferin addition.
All derivatives analyzed relapsed at the IC90 concentration (Figure 3). However, treatment
with 3g, 3j, and 3m led to a significant reduction in the parasite load, reaching a decrease of
4.5-, 1.9-, and 8.7-fold, respectively, when compared to untreated infected Vero cells cultures
(Figure 3). The emergence of trypomastigotes in the supernatant, at IC90 concentration,
was observed three days after removal of drug pressure, but with a significant reduction in
viable parasites compared to untreated cultures (Figure 3). Parasite recrudescence was not
seen in 100 µM Bz treatment (Figure 3).
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represented as arbitrary luminescence unit (ALU), of Vero cell cultures infected with T. cruzi treated
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supernatants. (B) Infection profile of Vero cell monolayers. (*) Statistically significant in relation to
the untreated group using the One-Way ANOVA test, being p < 0.05 (*) and p < 0.001 (***).

Treatment with 50 µM of 3g, 3j, and 3m (2–5 times IC90) revealed the efficacy of 3m,
which showed the same activity profile as 100 µM Bz (Figure 3). The effectiveness of
3m (50 µM) in eliminating intracellular amastigotes, such as Bz (100 µM), with inhibition
of trypomastigotes released in the culture supernatant is highlighted (Figure 3), being
identified as promising to advance in preclinical in vivo assays. Also, the prolonged drug
pressure or even adequacy of treatment concentrations, reflecting the therapeutic index
of promising derivatives, may improve their biological activity, especially of 3j, which
showed better potency (pIC50 = 5.56) and higher selective index (SI = 112.48). Furthermore,
the combination of the promising candidates of pyrazole derivatives (3g, 3j, and 3m) with
Bz could lead to a synergistic effect and potentiate the trypanocidal activity. These analyzes
will be subject to further investigation.

Pyrrolo-[2,3-b]pyridine nucleoside analogs, which have high in vitro (submicromolar)
trypanocidal activity, were able to suppress parasitemia and induce 100% survival in a
murine model of acute T. cruzi infection, but there was a reactivation of parasitemia after
immunosuppression, as predicted in the in vitro washout assay [38]. Evidence has also shown
that posaconazole and five new 3-pyridyl derivatives, identified as putative CYP51 inhibitors,
are not able to maintain sustainable trypanocidal activity in vitro, with reactivation of infection
after two days without compounds pressure [39]. These washout data supported the results of
the clinical trial with posaconazole and ravuconazole that suppressed parasitemia only during
the treatment period (60 days) [10,11]. Thus, the incorporation of a washout assay in the
drug screening platform is an important strategy to improve the in vivo translation, allowing
the ineffectiveness of candidate compounds to be identified in advance and preventing their
progression through the pipeline of new drug discovery for Chagas disease.
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2.6. 3D Culture Model as Potential Drug Efficacy Prediction

The application of 3D cell culture in the drug discovery has been of great interest since
3D culture mimics the physiological microenvironments in vivo, with cell–cell and cell–
extracellular matrix interaction similar to tissue architecture influencing the cell phenotype
and drug response, making it a more relevant and reliable system [40]. The cultivation
of Vero cells in agarose-coated plates, inhibiting cell adhesion to the substrate, favored
the three-dimensional intercellular interaction and the spheroid formation. Thus, T. cruzi-
infected spheroids were used to evaluate the effectiveness of 3g, 3j, and 3m in permeating
and eliminating the parasites in the microtissue. Intracellular amastigote nests, visualized
by DAPI staining (DNA dye), were mostly distributed in the outer layers of the untreated
spheroids, but parasites were also seen deep inside the microtissue (Figure 4). A drastic
reduction in microtissue infection was observed with all derivatives, as observed with Bz
(Figure 4). Rare parasites were observed in microtissues treated with Bz as well as in the
treatment with 3g, 3j, and 3m. Trypomastigotes transmigration through tissue seems to be
related to T. cruzi virulence, with only virulent strains having the ability to transmigrate
and infect deep cell layers in the microtissue [41].
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Figure 4. Effect of 3g, 3j and 3m on T. cruzi-infected microtissue. Brightfield microscopy images
of spheroids from untreated T. cruzi (Dm28c-Luc) infected Vero cells (A), treated with Bz (B) or
pyrazole-imidazoline derivatives (C–E). DAPI stained fluorescence images of untreated infected
spheroid (A–A2) and after 72 h-treatment with Bz (B–B2), 3g (C–C2), 3j (D–D2) and 3m (E–E2). High
magnification of the spheroid region marked in red (insert) (A–E2). Note the presence of intracellular
amastigote on microtissue (arrowheads).
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The viability of intracellular parasites in the microtissue was measured, by the ad-
dition of luciferin, after 3g, 3j, 3m, and Bz treatment (72 h). The luminescence inten-
sity data, represented as arbitrary luminescence unit (ALU), revealed a high parasite
load in untreated infected microtissues (ALU = 175,040 ± 24,826) (Figure 5). A sig-
nificant reduction in the viability of intracellular parasites was demonstrated with 3g
(ALU = 36,130 ± 5764), 3j (ALU = 39,001 ± 9952), and 3m (ALU = 12,683 ± 3976) com-
pared to the untreated infected microtissues (Figure 5). Among the compounds analyzed,
3m stands out for reducing microtissue infection by 93%, with a trypanocidal activity
profile like Bz (ALU = 18,858 ± 3726) (Figure 5).
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Figure 5. Biological activity of 3g, 3j and 3m in T. cruzi-infected microtissue. Determination of
intracellular parasite viability by luciferase enzyme activity (Arbitrary luminescence unit; ALU).
Treatment with pyrazole derivatives, with emphasis on 3m, and Bz induced a reduction of parasite
load in the microtissue. (***) Statistically significant in relation to the untreated group using the
One-Way ANOVA test, with p < 0.001 (***).

Posaconazole treatment of T. cruzi-infected cardiac microtissue, a 3D model that repro-
duces the cardiac fibrosis seen in Chagas′ cardiomyopathy [42], reduced the parasite load
by 50% at 5 nM, as well as the fibronectin and laminin expression, significantly reducing
cardiac fibrosis induced by T. cruzi infection [43]. The translational potential of the 3D
platforms has also been demonstrated for the liver stage of Plasmodium infection. Treat-
ment of P. berghei-infected HepG2 spheroids with DDD107498 (M5717) and atovaquone
demonstrated that the 3D model reproduces the in vivo response, highlighting this impor-
tant tool in identifying effective new drugs for malaria [44]. Microtissues have also been
widely employed in cancer therapy, showing the potential to increase the predictive value
of preclinical drug research. The comparison between 2D and 3D models of colorectal
cancer cell lines and their response to irradiation and chemotherapy with doxorubicin,
5-FU, mitomycin C, and cisplatin showed greater resistance of the 3D model to treatments,
reflecting more accurately the tumors in patients [45]. Further, three-dimensional cultures
models improve the preclinical prediction of safety and efficacy of the candidate compound
and are more reliable in vitro assays of human susceptibility to drug response.

2.7. ADMET Analysis

The pharmacokinetics of xenobiotics is dependent on the ADMET phenomenon
(absorption, distribution, metabolism, excretion and transport). Thus, considering 3g, 3j,
and 3m, which showed good activity against intracellular amastigotes (IC50 < 10 µM)
and similar efficacy to Bz in microtissue, as promising candidates to proceed for in vivo
pharmacokinetic and in vivo preclinical assays, their ADMET parameters were analyzed
in silico (Table 3). Derivatives 3g, 3j, and 3m showed a similar ADMET profile with
few peculiarities. As for absorption, all derivatives had a favorable absorption profile,
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demonstrating good absorption in the intestinal epithelium, Caco-2 cells and blood-brain
barrier, with the prediction of good oral bioavailability (Table 3), compatible with the data
on physicochemical properties. Furthermore, 3g and 3m are predictive of mitochondrial
localization while the 3j can be accumulated in lysosomes.

Table 3. In silico prediction of ADMET properties.

Properties
Compounds Result (Probability %)

Bz 3g 3j 3m

Absorption

Human Intestinal Absorption +0.95 +0.99 +0.99 +1.00
Caco-2 +0.74 +0.89 +0.83 +0.82

Blood-brain barrier +0.98 +0.99 +0.99 +0.99
Human oral bioavailability +0.73 +0.87 +0.84 +0.83

Distribution

Subcellular localization Mitochondria 0.77 Mitochondria 0.38 Lysosome 0.40 Mitochondria 0.47

Metabolism

P-glycoprotein inhibitor −0.96 −0.94 −0.95 −0.95
P-glycoprotein substrate −0.80 −0.70 −0.63 +0.61

CYP3A4 substrate −0.51 +0.55 −0.53 +0.58
CYP2C9 substrate −0.78 −1.00 −1.00 −0.79
CYP2D6 substrate −0.91 −0.90 −0.89 −0.91
CYP3A4 inhibition −0.82 −0.93 −0.88 −0.88
CYP2C9 inhibition −0.90 −0.67 −0.66 −0.66

CYP2C19 inhibition −0.82 −0.69 −0.71 −0.59
CYP2D6 inhibition −0.92 −0.82 −0.85 −0.75
CYP1A2 inhibition −0.80 +0.88 +0.88 +0.88

CYP inhibitory promiscuity −0.58 −0.66 −0.56 −0.54

Toxicity

Carcinogenicity (binary) −0.83 −0.89 −0.89 −0.87
Carcinogenicity (trinary) Warning 0.41 No 0.50 No 0.48 No 0.55

Ames mutagenesis +0.93 −0.79 −0.77 −0.80
hERG inhibition −0.65 +0.76 +0.76 +0.81
Hepatotoxicity +0.73 +0.88 +0.65 +0.63

Acute Oral Toxicity III 0.60 III 0.59 III 0.60 III 0.58

The acute oral toxicity of compounds was classified based on the EPA (US Environmental Protection Agency) criteria. Class III-LD50 from
500 mg/kg to 5000 mg/kg.

Overall, the pyrazole derivatives are not promiscuous inhibitors of cytochrome P450
(CYP450) enzymes, with only CYP1A2 inhibition, suggesting that the promising deriva-
tives undergo phase I biotransformation in the liver. The 3m derivative was also pre-
dicted as a substrate for P-glycoprotein (P-gp), a xenobiotic efflux pump located in the
plasma membrane, and CYP3A4 (Table 3). As a substrate for P-gp and CYP3A4, 3m
may induce the activity of this constituent of the ABC transporter family (P-gp) and the
CYP3A4 isoenzyme.

The toxicity profile of the promising compounds is also quite favorable. Derivatives 3g,
3j, and 3m are not carcinogenic, do not induce mutagenicity of AMES, but have a prediction
of hepatotoxicity and inhibition of hERG (voltage-dependent potassium channels type
hERG), which can cause disturbances in the electrical conduction of the heart (Table 3).
Thus, a more detailed analysis of the pharmacokinetics of promising pyrazole derivatives
would be essential for the determination of doses and treatment regimens within the
therapeutic index, avoiding adverse effects in preclinical in vivo assays.

2.8. Enzyme Activity

In an attempt to assess whether 3g, 3j, and 3m had properties of inhibiting cysteine
protease, as reported for the hit compound [13], the effect of the derivatives was evaluated
on an enzyme activity kinetic (0–1 h at 37 ◦C) in the presence of the fluorogenic substrate
Z-FR-AMC. Incubation of trypomastigote total protein extracts with promising pyrazole
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derivatives did not change the enzyme activity profile. The results revealed an inexpressive
inhibitory activity of the three derivatives analyzed (Figure 6).
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Figure 6. Inhibition of T. cruzi cysteine protease activity. Total protein extracts of trypomastigotes
(5 µg), was incubated at different concentrations (300–11.11 µM) of compounds E64 (black circle), 3g
(black triangle), 3j (black square) and 3m (white circle) in enzyme activation buffer pH 5.0, at 37 ◦C.
Enzyme activity was measured using a specific fluorogenic peptide substrate Z-FR-AMC (60 µM).
Results are presented as percentage of inhibition of enzyme activity (%) and represent the mean
and standard deviation (±) of three independent experiments. Hence, 100% of activity is relative to
0.22 µmol min−1 µg of protein−1.

In general, the maximum inhibition of enzymatic activity, approximately 26%, was achieved
with 300 µM for the analyzed pyrazole-imidazoline derivatives (Figure 6). The specificity of
the activity of cysteine proteases was evaluated by measuring the hydrolysis of the substrate
Z-FR-AMC in the presence of E-64, an irreversible and selective inhibitor of cysteine protease
(Figure 6), which revealed effective inhibition of the enzymatic activity, reaching inhibition rates
greater than 80% at compound concentrations≥ 11.11 µM (Figure 6).

The enzymatic activity data demonstrated that 3g, 3j, and 3m are weak inhibitors of
cysteine protease and, therefore, the improvement of trypanocidal activity against intracel-
lular parasites involves other mechanisms of action not yet elucidated. Evidence has shown
that, in addition to cruzipain, the iron-dependent superoxide dismutase (Fe-SOD) [46,47]
and CYP51 [48] are molecular targets implicated in the trypanocidal activity of the pyra-
zole derivatives. Thus, it is possible that the trypanocidal activity of promising pyrazole
derivatives is associated with mitochondrial dysfunction, as predicted by the pyrazole
derivatives distribution in the ADMET analysis, which will be a target of further analysis.

3. Materials and Methods
3.1. Compound Synthesis

All commercial raw materials and solvents were used as received. The progress of
reactions was monitored by thin-layer chromatography (TLC)on aluminum plates pre-
coated with F254 silica gel (Macherey-Nagel, Düren, Germany). The melting points were
determined on an Allerbest or a Fisatom 430 apparatus (Fisatom, São Paulo, SP, Brazil).
Fourier transform infrared (FT-IR) spectra were obtained on a Spectrum 100 instrument
(PerkilElmer, Waltham, MA, USA), equipped with ATR diamond-ZnSe system. Nu-
clear Magnetic Resonance (NMR) spectra were recorded on a Bruker Avance (500 or
400 MHz), at 25 ◦C, in CDCl3 or deuterated dimethyl sulfoxide (DMSO-d6) as solvent. The
High-Resolution Mass Spectrometry (HRMS) was performed using Micromass ZQ-4000
spectrometer with Electrospray Ionization (Waters, Milford, MA, USA). The 1H and 13C
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NMR spectra of all compounds, 1(a–l), 2(a–l), 3(a–n), 4(a–c), and 5(a–c), are available on
Supplementary Data (Figure S5).

1-aryl-1H-pyrazole-carboxamides 1(a-l) and 5-amino-1-aryl-1H-pyrazole-carboxamides 2(a–l)

The compounds 1(a–l) and 2(a–l) were synthesized according to the methodology
previously described by our research group [26]. The analytical results are shown below.

1-phenyl-1H-pyrazole-4-carboxamide (1a)

Yield: 72%; m.p.: 224–225 ◦C; FT-IR ν (cm−1): 3399–3110, 1647, 1617–1419; 1H NMR
(500 MHz, CDCl3) δ 8.43 (s, 1H), 7.97 (s, 1H), 7.70 (d, J = 7.7 Hz, 2H), 7.49 (t, J = 7.7 Hz,
2H), 7.37 (t, J = 7.7 Hz, 1H), 5.83 (br, 2H); 13C NMR (125 MHz, CDCl3) δ 164.6, 139.8,
139.2, 129.6, 129.3, 127.7, 119.6, 118.4; HRMS (ESI) m/z [M + Na]+ = 210.0634 (found),
[M + Na]+ = 210.0643 (calculated).

1-(3-chlorophenyl)-1H-pyrazole-4-carboxamide (1b)

Yield: 91%; m.p.: 202–204 ◦C; FT-IR ν (cm−1): 3392–3118, 1646, 1614–1433; 1H NMR
(500 MHz, CDCl3) δ 8.41 (s, 1H), 7.96 (s, 1H), 7.78 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.42
(t, J = 7.8 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 5.72 (br, 2H); 13C NMR (125 MHz, CDCl3) δ 163.9,
140.4, 140.2, 135.7, 130.9, 129.3, 127.8, 120.2, 117.5, 116.4; HRMS (ESI) m/z [M + Na]+ = 244.0246
(found), [M + Na]+ = 244.0254 (calculated).

1-(2,4-dichlorophenyl)-1H-pyrazole-4-carboxamide (1c)

Yield: 83%; m.p.: 184–186 ◦C; FT-IR ν (cm−1): 3351–3194, 1663, 1609–1424; 1H NMR
(400 MHz, DMSO-d6) δ 8.55 (s, 1H), 8.13 (s, 1H), 7.92 (d, J = 2.2 Hz, 1H), 7.74 (br, 1H),
7.67 (d, J = 8.6 Hz, 1H), 7.62 (dd, J = 8.6, 2.2 Hz, 1H), 7.21 (br, 1H);13C NMR (100 MHz,
DMSO-d6) δ 163.4, 141.2, 136.8, 134.4, 133.9, 130.5, 129.8, 129.5, 128.9, 120.5; HRMS (ESI)
m/z [M + Na]+ = 277.9854 (found), [M + Na]+ = 277.9864 (calculated).

1-(3,5-dichlorophenyl)-1H-pyrazole-4-carboxamide (1d)

Yield: 88%; m.p.: 240–242 ◦C; FT-IR ν (cm−1): 3341–3093, 1655, 1614–1423; 1H NMR
(400 MHz, DMSO-d6) δ 9.05 (s, 1H), 8.18 (s, 1H), 7.97 (d, J = 1.8 Hz, 2H), 7.70 (br, 1H), 7.61
(t, J = 1.8 Hz, 1H), 7.27 (br, 1H); 13C NMR (100 MHz, DMSO-d6) δ 163.1, 141.7, 141.3, 135.5,
130.8, 126.6, 121.8, 117.8; HRMS (ESI) m/z [M + Na]+ = 277.9852 (found), [M + Na]+ = 277.9864
(calculated).

1-(3,4-dichlorophenyl)-1H-pyrazole-4-carboxamide (1e)

Yield: 84%; m.p.: 190–192 ◦C; FT-IR ν (cm−1): 3403–3108, 1648, 1613–1429; 1H NMR
(500 MHz, CDCl3) δ 8.39 (s, 1H), 7.96 (s, 1H), 7.89 (s, 1H), 7.56 (s, 2H), 5.73 (br, 2H); 13C
NMR (125 MHz, CDCl3) δ 163.7, 140.3, 138.6, 134.1, 131.7, 131.5, 129.2, 121.6, 120.1, 118.5;
HRMS (ESI) m/z [M + H]+ = 256.0042 (found), [M + H]+ = 256.0044 (calculated).

1-(4-chlorophenyl)-1H-pyrazole-4-carboxamide (1f)

Yield: 86%; m.p.: 234–236 ◦C; FT-IR ν (cm−1): 3401–3109, 1646, 1619–1408; 1H NMR
(400 MHz, DMSO-d6) δ 8.92 (s, 1H), 8.14 (s, 1H), 7.88 (d, J = 9.0 Hz, 2H), 7.70 (br, 1H),
7.59 (d, J = 9.0 Hz, 2H), 7.22 (br, 1H); 13C NMR (100 MHz, DMSO-d6) δ 163.4, 141.3,
138.4, 131.5, 130.0, 129.9, 121.3, 120.8; HRMS (ESI) m/z [M + Na]+ = 244.0240 (found),
[M + Na]+ = 244.0254 (calculated).

1-(4-fluorophenyl)-1H-pyrazole-4-carboxamide (1g)

Yield: 85%; m.p.: 244–246 ◦C; FT-IR ν (cm−1): 3400–3107, 1645, 1617–1412; 1H NMR
(400 MHz, DMSO-d6) δ 8.87 (s, 1H), 8.12 (s, 1H), 7.88 (dd, J = 8.8, 4.7 Hz, 2H), 7.69 (br,
1H), 7.38 (t, J = 8.8 Hz, 2H), 7.21 (br, 1H); 13C NMR (100 MHz, DMSO-d6) δ 163.5, 161.1
(d, J = 243.6 Hz), 141.0, 136.2 (d, J = 2.7 Hz), 129.8, 121.3 (d, J = 8.6 Hz), 121.1, 116.8
(d, J = 23.1 Hz); HRMS (ESI) m/z [M + Na]+ = 228.0536 (found), [M + Na]+ = 228.0549
(calculated).
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1-(3-fluorophenyl)-1H-pyrazole-4-carboxamide (1h)

Yield: 93%; m.p.: 206–208 ◦C; FT-IR ν (cm−1): 3406–3113, 1648, 1602–1410; 1H NMR
(400 MHz, DMSO-d6) δ 8.97 (s, 1H), 8.16 (s, 1H), 7.76–7.71 (m, 3H), 7.60–7.54 (m, 1H),
7.23–7.19 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 163.4, 163.0 (d, J = 242.5 Hz), 141.3, 141.0
(d, J = 10.6 Hz), 132.0 (d, J = 9.3 Hz), 130.1, 121.4, 115.0 (d, J = 2.9 Hz), 114.0 (d, J = 21.1 Hz),
106.5 (d, J = 26.7 Hz); HRMS (ESI) m/z [M + H]+ = 206.0718 (found), [M + H]+ = 206.0730
(calculated).

1-(4-bromophenyl)-1H-pyrazole-4-carboxamide (1i)

Yield: 92%; m.p.: 242–244 ◦C; FT-IR ν (cm−1): 3392–3109, 1644, 1618–1405; 1H
NMR (400 MHz, DMSO-d6) δ 8.93 (s, 1H), 8.14 (s, 1H), 7.82 (d, J = 9.0 Hz, 2H), 7.72
(d, J = 9.0 Hz, 2H), 7.71 (br, 1H), 7.22 (br, 1H); 13C NMR (100 MHz, DMSO-d6) δ 163.4,
141.3, 138.8, 132.9, 129.8, 121.4, 121.1, 119.8; HRMS (ESI) m/z [M + Na]+ = 287.9729 (found),
[M + Na]+ = 287.9748 (calculated).

1-(3-bromophenyl)-1H-pyrazole-4-carboxamide (1j)

Yield: 81%; m.p.: 212–214 ◦C; FT-IR ν (cm−1): 3450–3105, 1654, 1611–1428; 1H NMR
(400 MHz, DMSO-d6) δ 8.98 (s, 1H), 8.15 (s, 1H), 8.08 (t, J = 2.0 Hz, 1H), 7.88 (ddd, J = 8.1,
2.0, 1.0 Hz, 1H), 7.69 (br, 1H), 7.56 (ddd, J = 8.1, 2.0, 1.0 Hz, 1H), 7.49 (t, J = 8.1 Hz, 1H),
7.23 (br, 1H); 13C NMR (100 MHz, DMSO-d6) δ 163.3, 141.4, 140.8, 132.1, 130.1, 130.0, 122.8,
121.7, 121.4, 118.1; HRMS (ESI) m/z [M + Na]+ = 287.9725 (found), [M + Na]+ = 287.9748
(calculated).

1-(4-methoxyphenyl)-1H-pyrazole-4-carboxamide (1k)

Yield: 88%; m.p.: 220–222 ◦C; FT-IR ν (cm−1): 3378–3109, 1645, 1613–1412; 1H NMR
(500 MHz, CDCl3) δ 8.32 (s, 1H), 7.93 (s, 1H), 7.60 (d, J = 8.9 Hz, 2H), 6.99 (d, J = 8.9
Hz, 2H), 5.73 (br, 2H), 3.86 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.2, 139.4, 129.3,
129.2, 121.8, 121.4, 115.0, 114.9, 55.8; HRMS (ESI) m/z [M + Na]+ = 240.0724 (found),
[M + Na]+ = 240.0749 (calculated).

1-(2,3-dichlorophenyl)-1H-pyrazole-4-carboxamide (1l)

Yield: 69%; m.p.: 220–224 ◦C; FT-IR ν (cm−1): 3459–3337, 1661, 1623–1425; 1H NMR
(400 MHz, DMSO-d6) δ 8.56 (s, 1H), 8.14 (s, 1H), 7.83 (d, J = 7.2 Hz, 1H), 7.74 (br, 1H),
7.63 (d, J = 7.2 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.22 (br, 1H); 13C NMR (100 MHz, DMSO-
d6) δ 163.4, 141.2, 139.5, 134.0, 133.3, 131.4, 129.3, 127.7, 127.6, 120.5; HRMS (ESI) m/z
[M + Na]+ = 277.9855 (found), [M + Na]+ = 277.9864 (calculated).

5-amino-1-phenyl-1H-pyrazole-4-carboxamide (2a)

Yield: 27%; m.p.: 148–150 ◦C; FT-IR ν (cm−1): 3370–3168, 1653, 1596–1440; 1H NMR
(500 MHz, DMSO-d6) δ 7.90 (s, 1H), 7.57–7.50 (m, 4H), 7.38 (t, J = 7.2 Hz, 1H), 7.37 (br, 1H),
6.84 (br, 1H), 6.36 (br, 2H); 13C NMR (125 MHz, DMSO-d6) δ 166.0, 149.1, 138.8, 138.1, 129.2,
126.8, 122.9, 97.4; HRMS (ESI) m/z [M + Na]+ = 225.0741 (found), [M + Na]+ = 225.0752
(calculated).

5-amino-1-(3-chlorophenyl)-1H-pyrazole-4-carboxamide (2b)

Yield: 83%; m.p.: 168–170 ◦C; FT-IR ν (cm−1): 3415–3192, 1656, 1612–1447; 1H NMR
(500 MHz, CDCl3) δ 7.64 (s, 1H), 7.61 (s, 1H), 7.49–7.43 (m, 2H), 7.39 (d, J = 7.2 Hz, 1H),
5.50 (br, 4H); 13C NMR (125 MHz, CDCl3) δ 166.4, 149.4, 138.8, 138.4, 135.8, 131.0, 128.4,
124.2, 121.7, 97.5; HRMS (ESI) m/z [M + Na]+ = 259.0346 (found), [M + Na]+ = 259.0363
(calculated).

5-amino-1-(2,4-dichlorophenyl)-1H-pyrazole-4-carboxamide (2c)

Yield: 75%; m.p.: 212–214 ◦C; FT-IR ν (cm−1): 3437–3236, 1641, 1607–1444; 1H NMR
(400 MHz, CDCl3) δ 7.64 (s, 1H), 7.60-761 (m, 1H), 7.42 (s, 2H), 5.35 (br, 4H); 13C NMR
(100 MHz, CDCl3) δ 166.1, 150.4, 138.5, 136.6, 133.2, 133.1, 130.7, 130.6, 128.5, 96.6; HRMS
(ESI) m/z [M + H]+ = 271.0155 (found), [M + H]+ = 271.0148 (calculated).
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5-amino-1-(3,5-dichlorophenyl)-1H-pyrazole-4-carboxamide (2d)

Yield: 78%; m.p.: 184–186 ◦C; FT-IR ν (cm−1): 3437–3236, 1641, 1607–1444; 1H NMR
(400 MHz, DMSO-d6) δ 7.96 (s, 1H), 7.64 (d, J = 1.8 Hz, 2H), 7.63 (d, J = 1.8 Hz, 1H),
7.46 (br, 1H), 6.94 (br, 1H), 6.64 (br, 2H); 13C NMR (100 MHz, DMSO-d6) δ 166.3, 150.3,
140.7, 140.4, 135.0, 126.7, 121.7, 98.4; HRMS (ESI) m/z [M + Na]+ = 292.9956 (found),
[M + Na]+ = 292.9973 (calculated).

5-amino-1-(3,4-dichlorophenyl)-1H-pyrazole-4-carboxamide (2e)

Yield: 74%; m.p.: 204–212 ◦C; FT-IR ν (cm−1): 3430–3204, 1645, 1607–1440; 1H NMR
(400 MHz, DMSO-d6) δ 7.94 (s, 1H), 7.83 (d, J = 2.5 Hz, 1H), 7.78 (d, J = 8.7 Hz, 1H), 7.59
(dd, J = 8.7, 2.5 Hz, 1H), 7.44 (br, 1H), 6.91 (br, 1H), 6.56 (br, 2H); 13C NMR (100 MHz,
DMSO-d6) δ 166.3, 150.2, 140.2, 138.5, 132.1, 131.6, 129.6, 125.0, 123.5, 98.2; HRMS (ESI) m/z
[M + Na]+ = 292.9948 (found), [M + Na]+ = 292.9973 (calculated).

5-amino-1-(4-chlorophenyl)-1H-pyrazole-4-carboxamide (2f)

Yield: 51%; m.p.: 196–200 ◦C; FT-IR ν (cm−1): 3467–3148, 1654, 1604–1490; 1H NMR
(400 MHz, DMSO-d6) δ 7.92 (s, 1H), 7.58 (s, 4H), 7.42 (br, 1H), 6.87 (br, 1H), 6.44 (br, 2H);
13C NMR (100 MHz, DMSO-d6) δ 166.4, 149.9, 139.7, 137.5, 131.6, 129.7, 125.2, 98.1; HRMS
(ESI) m/z [M + Na]+ = 259.0337 (found), [M + Na]+ = 259.0363 (calculated).

5-amino-1-(4-fluorophenyl)-1H-pyrazole-4-carboxamide (2g)

Yield: 69%; m.p.: 232–234 ◦C; FT-IR ν (cm−1): 3482–3128, 1648, 1610–1435; 1H NMR
(400 MHz, DMSO-d6) δ 7.89 (s, 1H), 7.58 (dd, J = 8.8, 4.9 Hz, 2H), 7.36 (t, J = 8.8 Hz, 2H),
7.35 (br, 1H), 6.85 (br, 1H), 6.35 (br, 2H); 13C NMR (100 MHz, DMSO-d6) δ 166.5, 161.1 (d,
J = 244.1 Hz), 149.8, 139.4, 135.0, 126.0 (d, J = 8.8 Hz), 116.5 (d, J = 22.9 Hz), 97.9; HRMS
(ESI) m/z [M + Na]+ = 243.0644 (found), [M + Na]+ = 243.0658 (calculated).

5-amino-1-(3-fluorophenyl)-1H-pyrazole-4-carboxamide (2h)

Yield: 51%; m.p.: 178–182 ◦C; FT-IR ν (cm−1): 3346–3196, 1656, 1612–1461; 1H NMR
(500 MHz, DMSO-d6) δ 7.93 (s, 1H), 7.58-7.54 (m, 1H), 7.45-7.41 (m, 3H), 7.24-7.20 (m, 1H),
6.88 (br, 1H), 6.51 (br, 2H); 13C NMR (125 MHz, DMSO-d6) δ 165.9, 162.0 (d, J = 244.3
Hz), 149.4, 139.6 (d, J = 10.5 Hz), 139.3, 130.9 (d, J = 9.2 Hz), 118.6 (d, J = 2.7 Hz), 113.5
(d, J = 21.0 Hz), 109.9 (d, J = 25.1 Hz), 97.6; HRMS (ESI) m/z [M + Na]+ = 243.0631 (found),
[M + Na]+ = 243.0658 (calculated).

5-amino-1-(4-bromophenyl)-1H-pyrazole-4-carboxamide (2i)

Yield: 38%; m.p.: 138–142 ◦C; FT-IR ν (cm−1): 3423–3172, 1653, 1607–1440; 1H NMR
(400 MHz, DMSO-d6) δ 7.92 (s, 1H), 7.71 (d, J = 8.8 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.45
(br, 2H), 6.78 (br, 2H); 13C NMR (100 MHz, DMSO-d6) δ 166.4, 149.9, 139.8, 138.0, 132.6,
125.4, 119.9, 98.1; HRMS (ESI) m/z [M + Na]+ = 302.9837 (found), [M + Na]+ = 302.9857
(calculated).

5-amino-1-(3-bromophenyl)-1H-pyrazole-4-carboxamide (2j)

Yield: 84%; m.p.: 138–142 ◦C; FT-IR ν (cm−1): 3424–3188, 1657, 1587–1443; 1H NMR
(500 MHz, CDCl3) δ 7.76 (s, 1H), 7.63 (s, 1H), 7.53 (pseudo-triplet, J = 8.8 Hz, 2H), 7.39
(t, J = 8.8 Hz, 1H), 5.50 (br, 4H); 13C NMR (125 MHz, CDCl3) δ 166.3, 149.4, 138.9, 138.4,
131.4, 131.2, 127.1, 123.5, 122.2, 97.5; HRMS (ESI) m/z [M + Na]+ = 302.9837 (found),
[M + Na]+ = 302.9857 (calculated).

5-amino-1-(4-methoxyphenyl)-1H-pyrazole-4-carboxamide (2k)

Yield: 26%; m.p.: 214–218 ◦C; FT-IR ν (cm−1): 3423–3173, 1635, 1597–1458; 1H NMR
(400 MHz, DMSO-d6) δ 7.85 (s, 1H), 7.43 (d, J = 9.0 Hz, 2H), 7.37 (br, 1H), 7.06 (d, J = 9.0 Hz,
2H), 6.81 (br, 1H), 6.21 (br, 2H), 3.80 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 166.6, 158.6,
149.6, 138.9, 131.5, 125.5, 114.9, 97.6, 55.9; HRMS (ESI) m/z [M + Na]+ = 255.0856 (found),
[M + Na]+ = 255.0858 (calculated).
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5-amino-1-(2,3-dichlorophenyl)-1H-pyrazole-4-carboxamide (2l)

Yield: 84%; m.p.: 160–164 ◦C; FT-IR ν (cm−1): 3356–3189, 1667, 1603–1435; 1H NMR
(500 MHz, DMSO-d6) δ 7.88 (s, 1H), 7.81 (dd, J = 7.9, 1.5 Hz, 1H), 7.52-7.47 (m, 2H), 7.35
(br, 1H), 6.79 (br, 1H), 6.30 (s, 2H); 13C NMR (125 MHz, DMSO-d6) δ 166.0, 150.6, 139.3,
136.9, 132.6, 131.4, 130.8, 129.1, 128.8, 96.0; HRMS (ESI) m/z [M + Na]+ = 292.9962 (found),
[M + Na]+ = 292.9973 (calculated).

1-aryl-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazoles 3(a–n)

The synthesis of 3(a–n) was carried out according to the methodology published by
our research group [27]. The analytical results are shown below.

4-(4,5-dihydro-1H-imidazol-2-yl)-1-phenyl-1H-pyrazole (3a)

Yield: 44%; m.p.: 149–150 ◦C; FT-IR ν (cm−1): 3142–3075, 2934–2848, 1630–1562;
1H NMR (500 MHz, DMSO-d6) δ 8.80 (s, 1H), 8.03 (s, 1H), 7.84 (d, J = 7.8 Hz, 2H), 7.53
(t, J = 7.8 Hz, 2H), 7.35 (t, J = 7.8 Hz, 1H), 3.56 (s, 4H); 13C NMR (125 MHz, DMSO-d6) δ
158.1, 140.5, 139.7, 130.1, 127.7, 127.2, 119.0, 116.6, 49.5; HRMS (ESI) m/z [M + H]+ = 213.1151
(found), [M + H]+ = 213.1140 (calculated).

1-(3-chlorophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3b)

Yield: 47%; m.p.: 120–124 ◦C; FT-IR ν (cm−1): 3198–3113, 2941–2873, 1633–1566; 1H
NMR (400 MHz, DMSO-d6) δ 8.91 (s, 1H), 8.06 (s, 1H), 7.95 (t, J = 2.0 Hz, 1H), 7.84 (dd,
J = 8.0, 2.0 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.42 (dd, J = 8.0, 2.0 Hz, 1H), 3.57 (s, 4H); 13C
NMR (100 MHz, DMSO-d6) δ 158.0, 141.0, 140.7, 134.5, 131.8, 128.3, 126.9, 118.7, 117.5, 116.8,
49.6; HRMS (ESI) m/z [M + H]+ = 247.0752 (found), [M + H]+ = 247.0750 (calculated).

1-(2,4-dichlorophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3c)

Yield: 70%; m.p.: 110–111 ◦C; FT-IR ν (cm−1): 3239–3110, 2935–2873, 1626–1483;
1H NMR (500 MHz, DMSO-d6) δ 8.49 (s, 1H), 8.08 (s, 1H), 7.92 (d, J = 1.8 Hz, 1H), 7.67
(d, J = 8.6 Hz, 1H), 7.62 (dd, J = 8.6, 1.8 Hz, 1H), 3.58 (s, 4H); 13C NMR (125 MHz, DMSO-d6)
δ 158.0, 140.6, 136.7, 134.3, 132.5, 130.5, 129.7, 129.5, 128.9, 115.2, 49.2; HRMS (ESI) m/z
[M + H]+ = 281.0357 (found), [M + H]+ = 281.0361 (calculated).

1-(3,5-dichlorophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3d)

Yield: 80%; m.p.: 83–84 ◦C; FT-IR ν (cm−1): 3174–3079, 2944–2870, 1629–1552; 1H
NMR (500 MHz, DMSO-d6) δ 8.99 (s, 1H), 8.08 (s, 1H), 7.97 (s, 2H), 7.60 (s, 1H), 3.57 (s, 4H);
13C NMR (125 MHz, DMSO-d6) δ 157.4, 140.9, 135.1, 128.4, 125.9, 117.2, 117.1, 116.7, 49.2;
HRMS (ESI) m/z [M + H]+ = 281.0363 (found), [M + H]+ = 281.0361 (calculated).

1-(3,4-dichlorophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3e)

Yield: 79%; m.p.: 185–186 ◦C; FT-IR ν (cm−1): 3200–3120, 2952–2862, 1628–1581;
1H NMR (500 MHz, DMSO-d6) δ 8.94 (s, 1H), 8.16 (d, J = 2.5 Hz, 1H), 8.07 (s, 1H), 7.88
(dd, J = 8.8, 2.5 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 3.57 (s, 4H); 13C NMR (125 MHz, DMSO-d6)
δ 157.3, 140.6, 138.7, 132.0, 131.4, 128.7, 128.0, 120.0, 118.4, 116.4, 49.0; HRMS (ESI) m/z
[M + H]+ = 281.0362 (found), [M + H]+ = 281.0361 (calculated).

1-(2,6-dichlorophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3f)

Yield: 76%; m.p.: 221–223 ◦C; FT-IR ν (cm−1): 3116–3069, 2941–2800, 1620–1550; 1H
NMR (500 MHz, DMSO-d6) δ 8.31 (s, 1H), 8.06 (s, 1H), 7.73 (d, J = 8.3 Hz, 2H), 7.62
(t, J = 8.3 Hz, 1H), 3.55 (s, 4H); 13C NMR (125 MHz, DMSO-d6) δ 157.4, 140.0, 135.3,
133.1, 132.2, 132.0, 128.9, 115.1, 49.0; HRMS (ESI) m/z [M + H]+ = 281.0373 (found),
[M + H]+ = 281.0361 (calculated).

1-(4-chlorophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3g)

Yield: 78%; m.p.: 214–216 ◦C; FT-IR ν (cm−1): 3151–3071, 2934–2878, 1629–1504; 1H
NMR (500 MHz, DMSO-d6) δ 8.83 (s, 1H), 8.04 (s, 1H), 7.88 (d, J = 8.9 Hz, 2H), 7.59
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(d, J = 8.9 Hz, 2H), 3.56 (s, 4H); 13C NMR (125 MHz, DMSO-d6) δ 157.5, 140.3, 138.0,
130.8, 129.5, 127.5, 120.1, 116.3, 49.1; HRMS (ESI) m/z [M + H]+ = 247.0749 (found),
[M + H]+ = 247.0750 (calculated).

4-(4,5-dihydro-1H-imidazol-2-yl)-1-(4-fluorophenyl)-1H-pyrazole (3h)

Yield: 87%; m.p.: 210–212 ◦C; FT-IR ν (cm−1): 3142–3105, 2934–2848, 1632–1516; 1H
NMR (500 MHz, DMSO-d6) δ 8.78 (s, 1H), 8.02 (s, 1H), 7.87 (dd, J = 9.0, 4.7 Hz, 2H), 7.37
(t, J = 9.0 Hz, 2H), 3.55 (s, 4H); 13C NMR (125 MHz, DMSO-d6) δ 160.5 (d, J = 243.6 Hz),
157.6, 140.0, 135.8 (d, J = 2.6 Hz), 127.5, 120.6 (d, J = 8.6 Hz), 116.3 (d, J = 23.1 Hz), 116.1,
49.9; HRMS (ESI) m/z [M + H]+ = 231.1040 (found), [M + H]+ = 231.1046 (calculated).

4-(4,5-dihydro-1H-imidazol-2-yl)-1-(3-fluorophenyl)-1H-pyrazole (3i)

Yield: 55%; m.p.: 164–167 ◦C; FT-IR ν (cm−1): 3170–3075, 2934–2852, 1631–1564; 1H
NMR (500 MHz, DMSO-d6) δ 8.88 (s, 1H), 8.05 (s, 1H), 7.75-7.72 (m, 2H), 7.59-7.55 (m, 1H),
7.21-7.18 (m, 1H), 3.56 (s, 4H); 13C NMR (125 MHz, DMSO-d6) δ 162.5 (d, J = 244.0 Hz),
157.5, 140.6 (d, J = 10.6 Hz), 140.4, 131.5 (d, J = 9.4 Hz), 127.8, 116.4, 114.3 (d, J = 2.6 Hz),
113.3 (d, J = 21.1 Hz), 105.8 (d, J = 26.7 Hz), 49.3; HRMS (ESI) m/z [M + H]+ = 231.1048
(found), [M + H]+ = 231.1046 (calculated).

1-(4-bromophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3j)

Yield: 65%; m.p.: 228–230 ◦C; FT-IR ν (cm−1): 3144–3110, 2931–2863, 1632–1565; 1H
NMR (500 MHz, DMSO-d6) δ 8.83 (s, 1H), 8.04 (s, 1H), 7.81 (d, J = 8.8 Hz, 2H), 7.72
(d, J = 8.8 Hz, 2H), 3.56 (s, 4H); 13C NMR (125 MHz, DMSO-d6) δ 157.5, 140.3, 138.4,
132.4, 127.5, 120.4, 119.0, 116.4, 49.1; HRMS (ESI) m/z [M + H]+ = 291.0256 (found),
[M + H]+ = 291.0245 (calculated).

1-(3-bromophenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3k)

Yield: 61%; m.p.: 116–120 ◦C; FT-IR ν (cm−1): 3178–3099, 2936–2867, 1627–1551;
1H NMR (500 MHz, DMSO-d6) δ 8.91 (s, 1H), 8.07 (t, J = 1.8 Hz, 1H), 8.06 (s, 1H), 7.88
(d, J = 8.1 Hz, 1H), 7.55 (d, J = 8.1 Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 3.58 (s, 4H); 13C NMR
(125 MHz, DMSO-d6) δ 157.5, 140.5, 140.3, 131.6, 129.4, 127.9, 122.3, 121.1, 117.4, 116.1, 49.0;
HRMS (ESI) m/z [M + H]+ = 291.0253 (found), [M + H]+ = 291.0245 (calculated).

4-(4,5-dihydro-1H-imidazol-2-yl)-1-(4-methoxyphenyl)-1H-pyrazole (3l)

Yield: 57%; m.p.: 196–197 ◦C; FT-IR ν (cm−1): 3142–3101, 2934–2844, 1631–1518;
1H NMR (500 MHz, DMSO-d6) δ 8.68 (s, 1H), 7.98 (s, 1H), 7.74 (d, J = 9.0 Hz, 2H), 7.07
(d, J = 9.0 Hz, 2H), 3.80 (s, 3H), 3.55 (s, 4H); 13C NMR (125 MHz, DMSO-d6) δ 158.4, 158.2,
140.0, 133.3, 127.6, 120.6, 116.1, 115.1, 55.9, 49.6; HRMS (ESI) m/z [M + H]+ = 243.1255
(found), [M + H]+ = 243.1246 (calculated).

1-(3-chloro-4-methylphenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3m)

Yield: 92%; m.p.: 168–170 ◦C; FT-IR ν (cm−1): 3199–3122, 2941–2879, 1627–1564;
1H NMR (500 MHz, DMSO-d6) δ 8.85 (s, 1H), 8.02 (s, 1H), 7.92 (d, J = 2.2 Hz, 1H), 7.74
(dd, J = 8.3, 2.2 Hz, 1H), 7.50 (d, J = 8.3 Hz, 1H), 3.55 (s, 4H), 2.36 (s, 3H); 13C NMR
(125 MHz, DMSO-d6) δ 157.5, 140.2, 138.2, 134.0, 133.7, 132.1, 127.6, 118.6, 117.0, 116.2, 49.2,
19.0; HRMS (ESI) m/z [M + H]+ = 261.0929 (found), [M + H]+ = 261.0907 (calculated).

1-(4-chloro-2-methylphenyl)-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (3n)

Yield: 37%; m.p.: 174–176 ◦C; FT-IR ν (cm−1): 3108, 2962–2869, 1621–1547; 1H NMR
(500 MHz, DMSO-d6) δ 8.35 (s, 1H), 8.02 (s, 1H), 7.54 (s, 1H), 7.42 (s, 2H), 3.56 (s, 4H), 2.21
(s, 3H); 13C NMR (125 MHz, DMSO-d6) δ 157.6, 139.5, 137.9, 135.0, 132.6, 131.2, 130.8, 127.3,
126.6, 114.7, 48.8, 17.5; HRMS (ESI) m/z [M + H]+ = 261.0927 (found), [M + H]+ = 261.0907
(calculated).
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5-amino-1-aryl-3-methyl-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazoles 4(a–c)

In the first step, the corresponding arylhydrazine hydrochloride (0.01 mol) was stirred
with sodium acetate (0.02 mol) in ethanol (20 mL), under reflux. Then, 1-ethoxyethylidenem-
alononitrile (0.01 mol) was added and, after further stirring for 1 h under reflux, the
mixture was poured into cold water, and the precipitate was filtered out and recrystallized
from ethanol/water. The key intermediates 5-amino-1-aryl-3-methyl-1H-pyrazoles 6(a–c)
were obtained in good yields: 80-93%. After that, a mixture of 6(a–c) (0.001 mol) and
ethylenediamine (2 mL) was stirred and kept at room temperature. CS2 (0.004 mol) was
added dropwise, and the mixture was heated at 110–120 ◦C for 12–14 h. The product was
filtered out and washed with cold water to yield 4(a–c) (63–89%).

5-amino-1-(3-chlorophenyl)-3-methyl-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (4a)

Yield: 89%; m.p.: 116–120 ◦C; FT-IR ν (cm−1): 3409–3267, 2963–2875, 1594–1409; 1H
NMR (400 MHz, CDCl3) δ 7.61 (t, J = 2.0 Hz, 1H), 7.47 (ddd, J = 8.0, 1.8, 1.2 Hz, 1H), 7.40
(t, J = 8.0 Hz, 1H), 7.31 (ddd, J = 8.0, 1.8, 1.2 Hz, 1H), 3.69 (s, 4H), 2.41 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 161.2, 148.3, 146.9, 139.2, 135.4, 130.6, 127.4, 123.6, 121.0, 93.8, 49.8, 14.5;
HRMS (ESI) m/z [M + H]+ = 276.1011 (found), [M + H]+ = 276.1016 (calculated).

5-amino-1-(3,5-dichlorophenyl)-3-methyl-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (4b)

Yield: 63%; m.p.: 193–194 ◦C; FT-IR ν (cm−1): 3433–3257, 2984–2867, 1605–1427; 1H
NMR (400 MHz, CDCl3) δ 7.53 (d, J = 1.8 Hz, 2H), 7.30 (t, J = 1.8 Hz, 1H), 3.68 (s, 4H), 2.40
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 161.0, 148.5, 147.4, 140.0, 135.9, 127.0, 121.2, 94.2,
49.6, 14.5; HRMS (ESI) m/z [M + H]+ = 310.0618 (found), [M + H]+ = 310.0626 (calculated).

5-amino-1-(3,4-dichlorophenyl)-3-methyl-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (4c)

Yield: 64%; m.p.: 221–224 ◦C; FT-IR ν (cm−1): 3438–3285, 2970–2859, 1602–1439; 1H
NMR (400 MHz, CDCl3) δ 7.73 (d, J = 2.4 Hz, 1H), 7.54 (d, J = 8.6 Hz, 1H), 7.45 (dd, J = 8.6,
2.4 Hz, 1H), 3.68 (s, 4H), 2.40 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 161.1, 148.4, 147.1,
137.5, 133.6, 131.2, 131.1, 125.0, 122.0, 94.1, 49.8, 14.5; HRMS (ESI) m/z [M + H]+ = 310.0616
(found), [M + H]+ = 310.0626 (calculated).

5-amino-1-aryl-4-(4(5)-methyl-4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazoles 5(a–c)

The first step is similar to the methodology to synthesize 6(a–c). Arylhydrazine
hydrochloride (0.01 mol) was stirred with sodium acetate (0.02 mol) in ethanol (20 mL),
under reflux. In the next step, 1ethoxymethylenemalononitrile (0.01 mol) was added and
the mixture was kept under reflux for 1 h. Thereafter, it was poured into cold water, the
precipitate was filtered out and recrystallized from ethanol/water. The intermediates
5-amino-1-aryl-3-methyl-1H-pyrazoles 7(a–c) were synthesized in good yields: 85–92%.
Finally, a mixture of 7(a–c) (0.001 mol) with 1,2-diaminopropane (2 mL) was stirred without
heating. CS2 (0.004 mol) was added dropwise and the reaction was kept at 110–125 ◦C for
14–18 h. The solid was filtered out and washed with cold water to give 5(a–c) (24–80%).

5-amino-1-(3-chlorophenyl)-4-(4-(5)-methyl-4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (5a)

Yield: 24%; m.p.: 169–172 ◦C; FT-IR ν (cm−1): 3347–3235, 2966–2851, 1605–1425; 1H
NMR (400 MHz, CDCl3) δ 7.63 (t, J = 1.9 Hz, 1H), 7.54 (s, 1H), 7.50 (ddd, J = 8.0, 2.0, 1.2 Hz,
1H), 7.43 (t, J = 8.0 Hz, 1H), 7.34 (ddd, J = 8.0, 2.0, 1.2 Hz, 1H), 4.04 (s, 1H), 3.84 (s, 1H), 3.29
(s, 1H), 1.27 (d, J = 6.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 158.8, 147.1, 139.3, 138.0,
135.4, 130.6, 127.7, 123.6, 121.1, 95.1, 21.9; HRMS (ESI) m/z [M + H]+ = 276.1007 (found),
[M + H]+ = 276.1016 (calculated).

5-amino-1-(3,5-dichlorophenyl)-4-(4-(5)-methyl-4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (5b)

Yield: 46%; m.p.: 189–192 ◦C; FT-IR ν (cm−1): 3313–3236, 2963–2864, 1611–1429; 1H
NMR (400 MHz, CDCl3) δ 7.56 (d, J = 1.8 Hz, 2H), 7.54 (s, 1H), 7.34 (t, J = 1.8 Hz, 1H), 4.05
(s, 1H), 3.85 (s, 1H), 3.29 (s, 1H), 1.27 (d, J = 6.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ
158.6, 147.2, 140.0, 138.4, 136.0, 127.4, 121.3, 95.5, 21.9; HRMS (ESI) m/z [M + H]+ = 310.0614
(found), [M + H]+ = 310.0626 (calculated).
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5-amino-1-(3,4-dichlorophenyl)-4-(-4(5)-methyl-4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole (5c)

Yield: 80%; m.p.: 191–193 ◦C; FT-IR ν (cm−1): 3397–3255, 2963–2856, 1608–1426; 1H
NMR (400 MHz, CDCl3) δ 7.75 (d, J = 2.4 Hz, 1H), 7.56 (d, J = 8.6 Hz, 1H), 7.54 (s, 1H), 7.48
(dd, J = 8.6, 2.4 Hz, 1H), 4.05 (s, 1H), 3.84 (s, 1H), 3.29 (s, 1H), 1.27 (d, J = 6.3 Hz, 3H); 13C
NMR (100 MHz, CDCl3) δ 158.7, 147.2, 138.2, 137.6, 133.7, 131.5, 131.2, 125.1, 122.1, 95.4,
21.9; HRMS (ESI) m/z [M + H]+ = 310.0611 (found), [M + H]+ = 310.0626 (calculated).

3.2. Cell Culture
3.2.1. Two-Dimensional Culture (2D)

Vero cells, obtained from the Rio de Janeiro Cell Bank (BCRJ code 0245), were cultured
in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and 1 mM L-glutamine,
as previously described [49]. Vero cells were used for drug screening assays and to obtain
trypomastigote forms of T. cruzi.

3.2.2. Three-Dimensional Culture (3D)

Vero cells were seeded at a density of 2 × 105 cells/well in a 96-well U-bottom
plate previously coated with agarose (1%). The 3D cultures, adapted from [42], were
cultivated for 4 days in RPMI 1640 medium supplemented with 10% FBS and L-glutamine
for complete 3D microtissue formation. The 3D culture model was used as a tool to
evaluate the effectiveness of promising derivatives in eliminating intracellular parasites in
the microtissue.

3.3. Parasites and Culture Infection

T. cruzi Dm28c clone genetically modified to express luciferase, kindly provided by
Dr. Cristina Henriques from Oswaldo Cruz Institute–Fiocruz, was used in the drug as-
says [50]. Trypomastigotes were harvested from T. cruzi-infected Vero cultures supernatants
at 4th days post-infection (dpi) and used in the phenotypic screening assay. For intracel-
lular amastigotes assays, Vero cells (2D and 3D cultures) were infected at a ratio of 10:1
parasites/host cells.

3.4. Cytotoxicity In Vitro Assay

Vero cells were used as a cellular model to analyze the toxic effect of pyrazole deriva-
tives, series 1(a–l), 2(a–l), 3(a–n), 4(a–c), and 5(a–c), and Benznidazole (Bz) on mammalian
cells. Briefly, the cells, plated on 96-well white opaque microplate (1.5 × 104 cells/well),
were treated for 72 h at 37 ◦C with a wide range concentration (500–1.95 µM) of the pyra-
zole derivatives [13]. The cell viability was determined by measuring ATP levels using
the CellTiter Glo Kit (Promega Corporation, Madison, WI, EUA) followed by reading the
luminescent signal on the Glomax-Multi Detection plate reader (Promega Corporation,
Madison, WI, EUA)). All treatments and controls were performed at a low concentration
of DMSO (≤1%). The 50% cytotoxic concentration values (CC50; the concentration of
the compound that reduces 50% of the cell viability) were estimated by linear regression
analysis. Three independent assays were performed in duplicate.

3.5. Anti-T. cruzi Compound Screening

The phenotypic compound screening was performed using transgenic T. cruzi parasites
expressing the firefly luciferase (Dm28c-Luc). Trypomastigotes (1 × 106 parasites/well)
were treated for 24 h at 37 ◦C with the pyrazole derivatives and Bz (0.04–100 µM), followed
by incubation with luciferin substrate (300 µg/mL) to determine parasite viability through
luciferase activity [13]. The concentration that reduces the number of viable parasites
by 50% (IC50) or 90% (IC90) was calculated by linear regression. The luminescent signal
was read on a Glomax-Multi Detection plate reader (Promega Corporation, Madison, WI,
EUA)). At least three independent assays were performed in duplicate.

The effect of the pyrazole derivatives against intracellular amastigotes was also
evaluated after 72 h treatment (37 ◦C) with compound concentrations ranging from
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0.04–100 µM [13]. Parasite viability, measured by luminescent signal, was determined
after luciferin (300 µg/mL) addition. IC50 and IC90 values were calculated by linear re-
gression. Selectivity index (SI) was calculated as the ratio of the CC50 to IC50 values. The
non-toxic concentration of DMSO (less than 1% v/v) was used in all assays. A minimum of
three independent assays was carried out in duplicate.

The 3D-microtissue-based phenotypic screening was performed with the promising
pyrazole derivatives. T. cruzi-infected spheroids (24 h) were treated for 72 h at 37 ◦C with
promising compounds at concentrations of IC90 and 2 × IC90. At the end of the treatment,
the 3D cultures supernatants were removed, and luciferin (300 µg/mL) was added to
the spheroids. The luminescent signal was read on the Glomax-Multi Detection reader
(Promega Corporation, Madison, WI, USA). Bz (100 µM) and DMSO (≤1%) were used
as positive and negative control, respectively. The IC50 value was calculated by linear
regression. At least three independent assays were performed in quadruplicate.

3.6. Fluorescence Microscopy

Infected microtissues, treated or not with promising pyrazole derivatives or Bz, were
fixed for 20 min at 4 ◦C with 4% paraformaldehyde in PBS. After washing, the spheroids
were stained with 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI; 10 µg/mL),
a DNA dye, and observed under the Zeiss Axio Imager M2 fluorescence microscope
(Carl Zeiss, Baden-Württemberg, Germany).

3.7. Reversibility Assay (Washout)

The washout assay, adapted from [36], was performed to evaluate the promising
compounds efficacy. Monolayers of Vero cells infected with T. cruzi (24 h) were treated for
72 h at 37 ◦C with the promising pyrazole derivatives at the concentration of IC90 and 2-fold
the IC90 concentration. After successive washing, the cultures were maintained for an
additional 72 h at 37 ◦C in RPMI 1640 medium supplemented with 10% SFB in the absence
of the compound. Luciferin (300 µg/mL) was added separately to the culture supernatant,
previously removed, and the cell monolayer. The luminescent signal was read on the
Glomax-Multi Detection reader (Promega Corporation, Madison, WI, USA). Bz (100 µM)
and DMSO (≤1%) were used as positive and negative reaction controls, respectively.

3.8. Enzyme Activity in Solution

Total protein extract from trypomastigotes (Dm28c-Luc; 108 parasites/mL) were ex-
tracted with lysis buffer [13]. Cysteine protease activity of extracts (5 µg) was measured in
acetate buffer using fluorogenic peptide substrate (60 µM of 7-Amino-4-Methylcoumarin
hydrochloride, CBZ-L-Phenylalanyl-L-Arginine amide (Z-FR-AMC) [13]. Total protein ex-
tracts were incubated for 45 min at room temperature with the compounds and changes in
relative fluorescence units monitored using a SpectraMaxM2e spectrophotometer (Molec-
ular Devices, Sunnyvale, CA, USA) for 1 h with excitation at 370 nm and emission at
460 nm. The inhibition assays were performed by coincubation with different compounds
(3g, 3j, and 3m) and concentrations (300–11.11 µM) and transepoxysuccinyl-L-leucylamido-
(4-guanidino) butane (E-64). Additional control was carried out with DMSO (≤1%). En-
zymatic activity was expressed in µmol/min/mg of protein and the residual activity
in percentage.

3.9. Physicochemical and ADMET Prediction

Physicochemical properties associated with compounds were calculated using
Datawarrior software version 4.7.3 [51] and FAFDrugs4 [52]. For target search, Datawarrior
was used to retrieve molecules within the ChEMBL database annotated to target T. cruzi
proteins. Compounds were filtered by IC50 and potency (≤10 µM), and any duplicity was
removed. Then, fragments of pyrazole-imidazoline and pyrazole-tetrahydropyrimidine
were queried against the small library of compounds. ADMET parameters (adsorption,
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distribution, metabolism, elimination, and toxicity) were acquired by inserting compounds′

molecular structures in the ADMETsar platform [53].

4. Conclusions

Five series of pyrazole derivatives, pyrazole-carboxamide (series 1(a–l) and 2(a–l))
and pyrazole-imidazoline (3(a–n), 4(a–c) and 5(a–c)), were designed based on the hit
compound [13], which has cruzipain as a target, aiming to optimize the activity against
Trypanosoma cruzi. In silico analyzes of physicochemical properties revealed a good oral
bioavailability profile, without violating Lipinski′s rule. Pyrazole derivatives showed
no cytotoxicity, reaching values of CC50 > 160 µM. The phenotypic screening demon-
strated that, in general, the synthesized pyrazole derivatives have low activity against
trypomastigotes (IC50 > 34 µM), but three pyrazole-imidazoline analogs (3g, 3j, and 3m)
showed activity against intracellular amastigotes similar to Bz (IC50 = 4.67 ± 0.22 µM),
reaching IC50 values between 2.75 and 6.09 µM and high selectivity index (SI > 40). SAR
analysis revealed that the introduction of substituents, such as Cl, Br, and methyl, in the
para position of the benzene ring causes an increase in the potency of the compounds,
with 3j (pIC50 = 5.56) and 3m (pIC50 = 5.45) having greater potency than the Bz (pIC50
= 5.33). Furthermore, the ortho position of the benzene ring appears to be a suboptimal
domain for substitutions. The washout assay demonstrated that all derivatives induced a
significant reduction in the parasite load, but only 3m had similar efficacy to Bz (100 µM),
without parasitism recrudescence at a concentration of 2 times the IC90 value (50 µM). The
activity of promising pyrazole derivatives was also evaluated in the 3D model of Vero
cells, mimicking the three-dimensional organization and physiology of tissues. The 3g, 3j,
and 3m derivatives caused a significant reduction in the parasitic load, highlighting 3m
analog, which presented an effect similar to Bz, with an evident reduction in parasitism in
the microtissue.

The prediction of ADMET properties demonstrates that the promising compounds
have good absorption, may undergo biotransformation, show no mutagenic or carcinogenic
profile, but present hepatotoxicity and hERG inhibition. Finally, the enzymatic activity
analysis, using a fluorogenic substrate, demonstrated that the analogs 3g, 3j, and 3m are not
potent cysteine protease inhibitors, with a maximum value of 26% inhibition of this enzyme.
Together, the data reinforce the trypanocidal potential of the pyrazole-imidazoline hybrid,
whose structural changes benefited the activity against intracellular amastigotes in 2D and
3D culture models, suggestive of good tissue permeability. Compound 3m stands out for its
sustainable trypanocidal activity, without the recrudescence of the parasitism in vitro. New
optimization proposals will be developed in order to enhance the trypanocidal activity and
advance to pre-clinical in vivo trials, contributing to the identification of compounds with
potential to continue in clinical trials for the therapy of Chagas disease.

Supplementary Materials: The following are available online. Figures S1–S4: Bioavailability radar
charts; Figure S5: NMR spectra of the compounds.

Author Contributions: Conceptualization, G.C.L., M.S.d.S. and M.C.S.P.; data curation, M.C.S.P.;
formal analysis, G.C.L., L.M.R.O., L.d.S.L., M.S.d.S. and M.C.S.P.; funding acquisition, M.S.d.S.
and M.C.S.P.; methodology, L.M.R.O., G.C.L., L.d.S.L., B.S.F., C.N.P., R.C.S., M.S.d.S. and M.C.S.P.;
project administration, M.S.d.S. and M.C.S.P.; resources, M.S.d.S. and M.C.S.P.; supervision, M.C.S.P.;
validation, M.C.S.P.; writing—original draft, M.C.S.P.; writing—review & editing, G.C.L., L.d.S.L.,
M.S.d.S. and M.C.S.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Oswaldo Cruz Institute-Fiocruz, Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq) (grant 424015/2018-8 to M.C.S.P.), Fundação de
Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ) (grant E26/010.101050/2018 to M.C.S.P.).
This work is a collaboration research project of members of the Rede Mineira de Química (RQ-MG)
supported by FAPEMIG (Project: CEX–RED-00010-14 and Programa Primeiros Projetos CEX-APQ-
01014-14 to M.S.d.S.).



Molecules 2021, 26, 6742 26 of 28

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Ethics Committee of Oswaldo Cruz
Institute (protocol code L-015-2017-A2, approved at 14 May 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data not contained within the article can be found in the attached
Supplementary Materials.

Acknowledgments: The authors thank the Multi-user Research Facility of Bioassay and flow cytom-
etry Platform and The Program for Technological Development in Tools for Health-RPT of Instituto
Oswaldo Cruz, Fiocruz, Rio de Janeiro, Brazil and Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior-Brasil (CAPES)-Finance Code 001.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds 1(a–l), 2(a–l), 3(a–n), 4(a–c) and 5(a–c) are not
available from the authors.

References
1. World Health Organization. Neglected Tropical Disease. 2020. Available online: https://www.who.int/neglected_diseases/

diseases/en/ (accessed on 21 September 2021).
2. Antinori, S.; Galimberti, L.; Bianco, R.; Grande, R.; Gali, M.; Corbellino, M. Chagas disease in Europe: A review for the internist in

the globalized world. Eur. J. Intern. Med. 2017, 43, 6–15. [CrossRef]
3. World Health Organization. Chagas Disease. 2020. Available online: https://www.who.int/news-room/fact-sheets/detail/

chagas-disease-(american-trypanosomiasis) (accessed on 21 September 2021).
4. Rassi, A., Jr.; Rassi, A.; Marin-Neto, J.A. Chagas disease. Lancet 2010, 375, 1388–1402. [CrossRef]
5. Rassi, A., Jr.; Rassi, A.; Marcondes de Rezende, J. American trypanosomiasis (Chagas disease). Infect. Dis. Clin. N. Am. 2012, 26,

275–291. [CrossRef]
6. Lidani, K.C.F.; Andrade, F.A.; Bavia, L.; Damasceno, F.S.; Beltrame, M.H.; Messias-Reason, I.J.; Sandri, T.L. Chagas disease: From

discovery to a worldwide health problem. Front. Public Health 2019, 7, 166–179. [CrossRef] [PubMed]
7. Petravicius, P.O.; Costa-Martins, A.G.; Silva, M.N.; Reis-Cunha, J.L.; Bartholomeu, D.C.; Teixeira, M.M.G.; Zingales, B. Mapping

benznidazole resistance in trypanosomatids and exploring evolutionary histories of nitroreductases and ABCG transporter
protein sequences. Acta Trop. 2019, 200, 105161–105171. [CrossRef]

8. Morillo, C.A.; Marin-Neto, J.A.; Avezum, A.; Sosa-Estani, S.; Rassi, A., Jr.; Rosas, F.; Villena, E.; Quiroz, R.; Bonilla, R.; Britto, C.;
et al. Randomized trial of benznidazole for chronic Chagas’ cardiomyopathy. N. Engl. J. Med. 2015, 373, 1295–1306. [CrossRef]

9. Molina, I.; Prat, J.G.; Salvador, F.; Treviño, B.; Sulleiro, E.; Serre, N.; Pou, D.; Roure, S.; Cabezos, J.; Valerio, L.; et al. Randomized
trial of posaconazole and benznidazole for chronic Chagas’ disease. N. Engl. J. Med. 2014, 370, 1899–1908. [CrossRef] [PubMed]

10. Morillo, C.A.; Waskin, H.; Sosa-Estani, S.; Del Carmen Bangher, M.; Cuneo, C.; Milesi, R.; Mallagray, M.; Apt, W.; Beloscar, J.;
Gascon, J.; et al. Benznidazole and posaconazole in eliminating parasites in asymptomatic T. cruzi carriers. J. Am. Coll. Cardiol.
2017, 69, 939–947. [CrossRef]

11. Torrico, F.; Gascon, J.; Oritz, L.; Alonso-Veja, C.; Pinazo, M.J.; Schijman, A.; Almeida, A.C.; Alves, F.; Strub-Wourgaft, N.;
Ribeiro, I.; et al. Treatment of adult chronic indeterminate Chagas disease with benznidazole and three E1224 dosing regimens: A
proof-of-concept, randomised, placebo-controlled trial. Lancet Infect. Dis. 2018, 18, 419–430. [CrossRef]

12. Torrico, F.; Gascón, J.; Barreira, F.; Blum, B.; Almeida, I.C.; Alonso-Vega, C.; Barboza, T.; Bilbe, G.; Correia, E.; Garcia, W.; et al. New
regimens of benznidazole monotherapy and in combination with fosravuconazole for treatment of Chagas disease (BENDITA): A
phase 2, double-blind, randomised trial. Lancet Infect. Dis. 2021, 21, 1129–1140. [CrossRef]

13. Monteiro, M.E.; Lechuga, G.; Lara, L.S.; Souto, B.A.; Viganó, M.G.; Bourguignon, S.C.; Calvet, C.M.; Oliveira, F.O.R., Jr.;
Alves, C.R.; Souza-Silva, F.; et al. Synthesis, structure-activity relationship and trypanocidal activity of pyrazole-imidazoline and
new pyrazole-tetrahydropyrimidine hybrids as promising chemotherapeutic agents for Chagas disease. Eur. J. Med. Chem. 2019,
182, 111610–111623. [CrossRef]

14. Scharfstein, J.; Schmitz, V.; Morandi, V.; Capella, M.M.; Lima, A.P.; Morrot, A.; Juliano, L.; Muller-Esterl, W. Host cell invasion by
Trypanosoma cruzi is potentiated by activation of bradykinin B(2) receptors. J. Exp. Med. 2000, 192, 1289–1300. [CrossRef]

15. Meirelles, M.N.; Juliano, L.; Carmona, E.; Silva, S.G.; Costa, E.M.; Murta, A.C.; Scharfstein, J. Inhibitors of the major cysteinyl
proteinase (GP57/51) impair host cell invasion and arrest the intracellular development of Trypanosoma cruzi in vitro. Mol.
Biochem. Parasitol. 1992, 52, 175–184. [CrossRef]

16. Santos, C.D.; Caldeira, J.C.; Toldo, M.P.A.; Prado, J.C. Trypanosoma cruzi: Effects of repetitive stress during the development of
experimental infection. Exp. Parasitol. 2005, 110, 96–101. [CrossRef]

17. Doyle, P.S.; Zhou, Y.M.; Hsieh, I.; Greenbaum, D.C.; McKerrow, J.H.; Engel, J.C. The Trypanosoma cruzi protease cruzain mediates
immune evasion. PLoS Pathog. 2011, 7, e1002139. [CrossRef]

https://www.who.int/neglected_diseases/diseases/en/
https://www.who.int/neglected_diseases/diseases/en/
http://doi.org/10.1016/j.ejim.2017.05.001
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
http://doi.org/10.1016/S0140-6736(10)60061-X
http://doi.org/10.1016/j.idc.2012.03.002
http://doi.org/10.3389/fpubh.2019.00166
http://www.ncbi.nlm.nih.gov/pubmed/31312626
http://doi.org/10.1016/j.actatropica.2019.105161
http://doi.org/10.1056/NEJMoa1507574
http://doi.org/10.1056/NEJMoa1313122
http://www.ncbi.nlm.nih.gov/pubmed/24827034
http://doi.org/10.1016/j.jacc.2016.12.023
http://doi.org/10.1016/S1473-3099(17)30538-8
http://doi.org/10.1016/S1473-3099(20)30844-6
http://doi.org/10.1016/j.ejmech.2019.111610
http://doi.org/10.1084/jem.192.9.1289
http://doi.org/10.1016/0166-6851(92)90050-T
http://doi.org/10.1016/j.exppara.2005.03.009
http://doi.org/10.1371/journal.ppat.1002139


Molecules 2021, 26, 6742 27 of 28

18. DNDi. K777 (Chagas). 2014. Available online: https://dndi.org/research-development/portfolio/k777/ (accessed on
21 September 2021).

19. McKerrow, J.H. Update on drug development targeting parasite cysteine proteases. PLoS Negl. Trop. Dis. 2018, 12, e0005850.
[CrossRef]

20. Beaulieu, C.; Isabel, E.; Fortier, A.; Massé, F.; Mellon, C.; Méthot, N.; Ndao, M.; Nicoll-Griffith, D.; Lee, D.; Park, H.; et al.
Identification of potent and reversible cruzipain inhibitors for the treatment of Chagas disease. Bioorg. Med. Chem. Lett. 2010, 20,
7444–7449. [CrossRef] [PubMed]

21. Ndao, M.; Beaulieu, C.; Black, W.C.; Isabel, E.; Vasquez-Camargo, F.; Nath-Chowdhury, M.; Massé, F.; Mellon, C.; Methot, N.;
Nicoll-Griffith, D.A. Reversible cysteine protease inhibitors show promise for a Chagas disease cure. Antimicrob. Agents Chemother.
2014, 58, 1167–1178. [CrossRef]

22. Salas-Sarduy, E.; Landaburu, L.U.; Karpiak, J.; Madauss, K.P.; Cazzulo, J.J.; Aguero, F.; Alvarez, V.E. Novel scaffolds for inhibition
of cruzipain identified from high-throughput screening of anti-kinetoplastid chemical boxes. Sci. Rep. 2017, 7, 12073–12085.
[CrossRef] [PubMed]

23. Palos, I.; Lara-Ramirez, E.E.; Lopez-Cedillo, J.C.; Garcia-Perez, C.; Kashif, M.; Bocanegra-Garcia, V.; Nogueda-Torres, B.; Rivera,
G. Repositioning FDA drugs as potential cruzain inhibitors from Trypanosoma cruzi: Virtual screening, in vitro and in vivo studies.
Molecules 2017, 22, 1015. [CrossRef] [PubMed]

24. Tochowicz, A.; Mckerrow, J.H.; Craik, C.S. Crystal Structure Analysis of Cruzain with Fragment 1 (N-(1H-benimidazole-2-
yl)-1,3-dimethyl-pyrazole-4-carboxamide). Available online: https://www.wwpdb.org/pdb?id=pdb_00004w5b (accessed on
21 September 2021).

25. Leung, C.S.; Leung, S.S.F.; Tirado-Rives, J.; Jorgensen, W.L. Methyl effects on protein-ligand binding. J. Med. Chem. 2012, 55,
4489–4500. [CrossRef]

26. Ferreira, B.S.; Silva, R.C.; Souto, B.A.; Santos, M.S. Synthesis of pyrazole-carboxamides and pyrazole-carboxylic acids derivatives:
Simple methods to access powerful building blocks. Lett. Org. Chem. 2021, 18, 335–343. [CrossRef]

27. Rosa, G.S.; Souto, B.A.; Pereira, C.N.; Teixeira, B.C.; Santos, M.S. A convenient synthesis of pyrazole-imidazoline derivatives by
microwave irradiation. J. Heterocycl. Chem. 2019, 56, 1825–1830. [CrossRef]

28. Santos, M.S.; Bernardino, A.M.R.; Pinheiro, L.C.S.; Canto-Cavalheiro, M.M.; Leon, L.L. An efficient synthesis of new 5-(1-Aryl-1H-
pyrazole-4-yl)-1H-tetrazoles from 1-Aryl-1H-pyrazole-4-carbonitriles via [3 + 2] cycloaddition reaction. J. Heterocycl. Chem. 2012,
49, 1425–1428. [CrossRef]

29. Faria, J.V.; Santos, M.S.; Bernardino, A.M.R.; Becker, K.M.; Machado, G.M.C.; Rodrigues, R.F.; Canto-Cavalheiro, M.M.; Leon, L.L.
Synthesis and activity of novel tetrazole compounds and their pyrazole-4-carbonitrile precursors against Leishmania spp. Bioorg.
Med. Chem. Lett. 2013, 23, 6310–6312. [CrossRef]

30. Santos, M.S.; Oliveira, M.L.; Bernardino, A.M.; de Léo, R.M.; Amaral, V.F.; de Carvalho, F.T.; Leon, L.L.; Canto-Cavalheiro, M.M.
Synthesis and antileishmanial evaluation of 1-aryl-4-(4,5-dihydro-1H-imidazol-2-yl)-1H-pyrazole derivatives. Bioorg. Med. Chem.
Lett. 2011, 21, 7451–7454. [CrossRef]

31. Bunally, S.B.; Luscombe, C.N.; Young, R.J. Using physicochemical measurements to influence better compound design. SLAS
Discov. 2019, 24, 791–801. [CrossRef]

32. Chandrasekaran, B.; Abed, S.N.; Al-Attraqchi, O.; Kuche, K.; Tekade, R.K. Computer-aided prediction of pharmacokinetic
(ADMET) properties. In Advances in Pharmaceutical Product Development and Research: Dosage form Design Parameters; Tekade, R.K.,
Ed.; Academic Press: Cambridge, MA, USA, 2018; Volume 2, pp. 731–755.

33. Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717–42730. [CrossRef] [PubMed]

34. Peters, J.U.; Schnider, P.; Mattei, P.; Kansy, M. Pharmacological promiscuity: Dependence on compound properties and target
specificity in a set of recent roche compounds. Chem. Med. Chem. 2009, 4, 680–686. [CrossRef] [PubMed]

35. Salvador, R.R.S.; Bello, M.L.; Barreto, I.R.L.; Vera, M.A.F.; Muri, E.M.F.; Albuquerque, S.D.E.; Dias, L.R.S. New carbohydrazide
derivatives of 1H-pyrazolo[3,4-b]pyridine and trypanocidal activity. An. Acad. Bras. Cienc. 2016, 88, 2341–2348. [CrossRef]

36. MacLean, L.M.; Thomas, J.; Lewis, M.D.; Cotillo, I.; Gray, D.W.; Rycker, M. Development of Trypanosoma cruzi in vitro assays
to identify compounds suitable for progression in Chagas’ disease drug Discovery. PLoS Negl. Trop. Dis. 2018, 12, e0006612.
[CrossRef]

37. Varghese, S.; Rahmani, R.; Russel, S.; Deora, G.S.; Ferrins, L.; Toynton, A.; Jones, A.; Sykes, M.; Kessler, A.; Eufrásio, A.; et al.
Discovery of potent N-ethylurea pyrazole derivatives as dual inhibitors of Trypanosoma brucei and Trypanosoma cruzi. ACS Med.
Chem. Lett. 2019, 11, 278–285. [CrossRef] [PubMed]

38. Lin, C.; Hulpia, F.; Silva, C.F.; Batista, D.G.J.; Hecke, K.V.; Maes, L.; Caljon, G.; Soeiro, M.N.C.; Calenbergh, S.V. Discovery
of pyrrolo[2,3-b]pyridine (1,7-Dideazapurine) Nucleoside analogues as anti-Trypanosoma cruzi agents. J. Med. Chem. 2019, 62,
8847–8865. [CrossRef]

39. Sykes, M.L.; Avery, V.M. 3-pyridyl inhibitors with novel activity against Trypanosoma cruzi reveal in vitro profiles can aid
prediction of putative cytochrome P450 inhibition. Sci. Rep. 2018, 8, 4901–4913. [CrossRef]

40. Langhans, S.A. Three-Dimensional in vitro cell culture models in drug discovery and drug repositioning. Front. Pharmacol. 2019,
9, 1–14. [CrossRef] [PubMed]

https://dndi.org/research-development/portfolio/k777/
http://doi.org/10.1371/journal.pntd.0005850
http://doi.org/10.1016/j.bmcl.2010.10.015
http://www.ncbi.nlm.nih.gov/pubmed/21041084
http://doi.org/10.1128/AAC.01855-13
http://doi.org/10.1038/s41598-017-12170-4
http://www.ncbi.nlm.nih.gov/pubmed/28935948
http://doi.org/10.3390/molecules22061015
http://www.ncbi.nlm.nih.gov/pubmed/28629155
https://www.wwpdb.org/pdb?id=pdb_00004w5b
http://doi.org/10.1021/jm3003697
http://doi.org/10.2174/1570178617999200728215322
http://doi.org/10.1002/jhet.3557
http://doi.org/10.1002/jhet.928
http://doi.org/10.1016/j.bmcl.2013.09.062
http://doi.org/10.1016/j.bmcl.2011.09.134
http://doi.org/10.1177/2472555219859845
http://doi.org/10.1038/srep42717
http://www.ncbi.nlm.nih.gov/pubmed/28256516
http://doi.org/10.1002/cmdc.200800411
http://www.ncbi.nlm.nih.gov/pubmed/19266525
http://doi.org/10.1590/0001-3765201620160087
http://doi.org/10.1371/journal.pntd.0006612
http://doi.org/10.1021/acsmedchemlett.9b00218
http://www.ncbi.nlm.nih.gov/pubmed/32184957
http://doi.org/10.1021/acs.jmedchem.9b01275
http://doi.org/10.1038/s41598-018-22043-z
http://doi.org/10.3389/fphar.2018.00006
http://www.ncbi.nlm.nih.gov/pubmed/29410625


Molecules 2021, 26, 6742 28 of 28

41. Rodríguez, M.E.; Rizzi, M.; Caeiro, L.D.; Masip, Y.E.; Perrone, A.; Sánchez, D.O.; Búa, J.; Tekiel, V. Transmigration of Trypanosoma
cruzi trypomastigotes through 3D cultures resembling a physiological environment. Cell. Microbiol. 2020, 22, e13207. [CrossRef]

42. Garzoni, L.R.; Adesse, D.; Soares, M.J.; Rossi, M.I.D.; Borojevic, R.; Meirelles, M.N.L. Fibrosis and hypertrophy induced by
Trypanosoma cruzi in a three-dimensional cardiomyocyte-culture system. J. Infect. Dis. 2008, 197, 906–915. [CrossRef] [PubMed]

43. Nisimura, L.M.; Ferrão, P.M.; Nogueira, A.R.; Waghabi, M.C.; Meuser-Batista, M.; Moreira, O.C.; Urbina, J.A.; Garzoni, L.R. Effect
of posaconazole in an in vitro model of cardiac fibrosis induced by Trypanosoma cruzi. Mol. Biochem. Parasitol. 2020, 238, 111283.
[CrossRef]

44. Arez, F.; Rebelo, S.P.; Fontinha, D.; Simão, D.; Martins, T.R.; Machado, M.; Fischli, C.; Oeuvray, C.; Badolo, L.; Carrondo, M.J.T.;
et al. Flexible 3D cell-based platforms for the discovery and profiling of novel drugs targeting Plasmodium hepatic infection. ACS
Infect. Dis. 2019, 5, 1831–1842. [CrossRef]

45. Koch, J.; Monch, D.; Maa, A.; Gromoll, C.; Hehr, T.; Leibold, T.; Schlitt, H.J.; Dahlke, M.; Renner, P. Three-dimensional cultivation
increases chemo- and radioresistance of colorectal cancer cell lines. PLoS ONE 2021, 16, e0244513. [CrossRef]

46. Reviriego, F.; Olmo, F.; Navarro, P.; Marín, C.; Ramírez-Macías, I.; García-España, E.; Albelda, M.T.; Gutiérrez-Sánchez, R.;
Sánchez-Moreno, M.; Arán, V.J. Simple dialkyl pyrazole-3,5-dicarboxylates show in vitro and in vivo activity against disease-
causing trypanosomatids. Parasitology 2017, 144, 1133–1143. [CrossRef] [PubMed]

47. Sánchez-Moreno, M.; Marín, C.; Navarro, P.; Lamarque, L.; García-España, E.; Miranda, C.; Huertas, O.; Olmo, F.; Gómez-
Contreras, F.; Pitarch, J.; et al. In vitro and in vivo trypanosomicidal activity of pyrazole-containing macrocyclic and macrobicyclic
polyamines: Their action on acute and chronic phases of Chagas disease. J. Med. Chem. 2012, 55, 4231–4243. [CrossRef]

48. Fiuza, L.F.A.; Peres, R.B.; Simões-Silva, M.R.; Silva, P.B.; Batista, D.G.J.; Silva, C.F.; Gama, A.N.S.; Reddy, T.R.K.; Soeiro, M.N.C.
Identification of Pyrazolo[3,4-e][1,4]thiazepin based CYP51 inhibitors as potential Chagas disease therapeutic alternative: In vitro
and in vivo evaluation, binding mode prediction and SAR exploration. Eur. J. Med. Chem. 2018, 149, 257–268. [CrossRef]
[PubMed]

49. Ammerman, N.C.; Beier-Sexton, M.; Azad, A.F. Growth and Maintenance of Vero Cell Lines. Curr. Protoc. Microbiol. 2008, 11,
A.4E.1–A.4E.7. [CrossRef] [PubMed]

50. Henriques, C.; Castro, D.P.; Gomes, L.H.F.; Garcia, E.S.; de Souza, W. Bioluminescent imaging of Trypanosoma cruzi infection in
Rhodnius prolixus. Parasites Vectors 2012, 5, 214–229. [CrossRef] [PubMed]

51. Sander, T.; Freyss, J.; von Korff, M.; DataWarrior, R.C. An open-source program for chemistry aware data visualization and
analysis. J. Chem. Inf. Model. 2015, 55, 460–473. [CrossRef] [PubMed]

52. Lagorce, D.; Sperandio, O.; Baell, J.B.; Miteva, M.A.; Villoutreix, B.O. FAF-Drugs3: A web server for compound property
calculation and chemical library design. Nucleic Acids Res. 2015, 43, W200–W207. [CrossRef] [PubMed]

53. Yang, H.; Lou, C.; Sun, L.; Li, J.; Cai, Y.; Wang, Z.; Li, W.; Liu, G.; Tang, Y. admetSAR 2.0: Web-service for prediction and
optimization of chemical ADMET properties. Bioinformatics 2019, 35, 1067–1069. [CrossRef] [PubMed]

http://doi.org/10.1111/cmi.13207
http://doi.org/10.1086/528373
http://www.ncbi.nlm.nih.gov/pubmed/18279074
http://doi.org/10.1016/j.molbiopara.2020.111283
http://doi.org/10.1021/acsinfecdis.9b00144
http://doi.org/10.1371/journal.pone.0244513
http://doi.org/10.1017/S0031182017000415
http://www.ncbi.nlm.nih.gov/pubmed/28367781
http://doi.org/10.1021/jm2017144
http://doi.org/10.1016/j.ejmech.2018.02.020
http://www.ncbi.nlm.nih.gov/pubmed/29501946
http://doi.org/10.1002/9780471729259.mca04es11
http://www.ncbi.nlm.nih.gov/pubmed/19016439
http://doi.org/10.1186/1756-3305-5-214
http://www.ncbi.nlm.nih.gov/pubmed/23013827
http://doi.org/10.1021/ci500588j
http://www.ncbi.nlm.nih.gov/pubmed/25558886
http://doi.org/10.1093/nar/gkv353
http://www.ncbi.nlm.nih.gov/pubmed/25883137
http://doi.org/10.1093/bioinformatics/bty707
http://www.ncbi.nlm.nih.gov/pubmed/30165565

	Introduction 
	Results and Discussion 
	Drug Design and Synthesis 
	Physicochemical Properties Prediction 
	Toxicity and Trypanocidal Effect of Pyrazole Derivatives 
	Structure-Activity Relationship (SAR) of Pyrazole Derivatives 
	Effect of Pyrazole Derivatives on Parasite Recrudescence 
	3D Culture Model as Potential Drug Efficacy Prediction 
	ADMET Analysis 
	Enzyme Activity 

	Materials and Methods 
	Compound Synthesis 
	Cell Culture 
	Two-Dimensional Culture (2D) 
	Three-Dimensional Culture (3D) 

	Parasites and Culture Infection 
	Cytotoxicity In Vitro Assay 
	Anti-T. cruzi Compound Screening 
	Fluorescence Microscopy 
	Reversibility Assay (Washout) 
	Enzyme Activity in Solution 
	Physicochemical and ADMET Prediction 

	Conclusions 
	References

