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A B S T R A C T

The synthesis and evaluation of the biological activity of a series of 5-nitroimidazole hybrids is described. The 
structures of the synthesized hybrids were confirmed by spectral analysis FT-IR, 1H NMR, 13C NMR, MS, and by 
Elemental Analysis. The toxicity (ADME/Tox) assessment study were carried out to predict the molecular 
properties associated with pharmacokinetic aspects of novel compounds. The trypanocidal and leishmanicidal 
activities of all synthesized hybrids were evaluated, compounds 7a and 8b were active against the epimastigote 
form of T. cruzi. Compound 10b showed marginal activity against the promastigote form of L. donovani. Sulfonyl 
derivative 8b was the most promising compound with IC50: 9.58 ± 2.02 μM and with a selectivity index (SI) 
greater than 31.31, that justifies the description as a promising hit for further study as a possible antichagasic 
agent.

1. Introduction

Millions of people around the world are affected by trypanosomatids, 
parasites that cause serious illnesses in those who suffer from them. In 
The Americas, these kinetoplastids cause Chagas disease (CD) (Trypa
nosoma cruzi) and Leishmaniasis is caused by over 20 Leishmania species. 
These Neglected tropical diseases (NTDs) limit human potential and are 
especially harmful to vulnerable populations [1].

Both T. cruzi and Leishmania share the characteristic of being heter
oxenic parasites, developing their life cycles between an invertebrate 
vector and a vertebrate host (Fig. 1). Throughout their complex life 
cycles, they develop morphological stages whose susceptibility to drugs 
varies depending on their location in the host. Epimastigotes and met
acyclic trypomastigotes are found in the intestinal tract of the Tri
atominae vector of T. cruzi (Fig. 1a), while procyclic and metacyclic 

promastigotes are found in the midgut of the Phlebotominae vector of 
the Leishmania genus (Fig. 1b) [2,3]. Furthermore, both parasites 
progress to intracellular amastigote forms in the vertebrate host, which 
in T. cruzi give rise to blood trypomastigote forms.

CD or American trypanosomiasis transmitted by blood-sucking tri
atomine bugs, is endemic in 21 countries, affects an estimated 8–10 
million people worldwide, 30 % of whom will develop chronic Chagas 
cardiac disease, and as a consequence will cause approximately 14000 
deaths each year [4]. However, and despite these alarming numbers, 
there are only two drugs available for treating Chagas disease: benzni
dazole (Bzn) and nifurtimox (Nfx) (Fig. 2). Although these drugs are 
effective in the initial phase, they are limited in their effectiveness for 
chronic infections, and both drugs are restricted because of their toxic 
effects [5,6].

Fexinidazole (Fx) represents an important advance in CD drug 
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discovery. In October 2017, a new phase II study was initiated with Fx 
using shorter, lower-dose treatment regimens. The study was completed 
in 2019 and the results were available in 2022. Fx effectively eliminated 
parasitemia in all patients, but it was discontinued due to safety con
cerns related to adverse events (Fig. 2) [7,8].

Leishmaniasis, caused by different species of the genus Leishmania 
and transmitted by sand flies, currently affects around 12 million people 
globally and it is spreading rapidly with 0.7–1 million new cases and 
around 30000 deaths annually [9]. The disease comprises three major 
syndromes: cutaneous, mucocutaneous and visceral leishmaniasis. The 
visceral form is known to cause a 95 % death rate among the poorest 
people in the world. The main chemotherapy for the treatment of 
leishmaniasis has been based for over 60 years on the use of pentavalent 
antimonial drugs being meglumine antimoniate (Glucantime™) or so
dium stibogluconate (Pentostam™) the first-choice drugs, which are 
highly toxic. Amphotericin B (Aph-B) and miltefosine (Mtf) are both 
second-line drugs that are used when antimonial drugs fail to work for 
patients (Fig. 3). However, use in endemic areas is limited due to their 
toxicity, significant drawbacks like the length of treatment, complicated 
route of administration, the rise of drug resistance, and costs [10–12].

The challenges of chemotherapy in treating CD and leishmaniasis 
have prevented the preclinical phase from examining new molecules, 
this has encouraged various research groups to conduct diverse studies 
that seek to repurpose and hybridize drugs for other diseases, and their 
adaptability to treat CD and leishmaniasis [13–17]. In our quest for new 
chemical entities that have leishmanial and antitrypanosomal proper
ties, we wanted to examine whether metronidazole (Mtz) hybridized 
with certain pharmacophores, could be a potential candidate for treat
ment of these diseases. The first 5-nitroimidazole drug introduced to 
human therapy, MTZ, was used to treat trichomoniasis, followed by its 
use to treat infections caused by a range of anaerobic and micro
aerophilic bacteria, including Giardia lambia, Tricomonas vaginalis, 
Entamoeba histolitica and blastocystis sp protozoa including C. difficile, for 
which it is still prescribed today despite a range of adverse effects [18]. 
However, Mtz has not shown effectiveness when assessed against these 
two parasites [19]. Mtz behaves as a prodrug, it is bioreduced by type I 
nitroreductases in anaerobic or microaerophilic intracellular environ
ments, resulting in radical nitro anions that are harmful to protozoa [20,
21]. A chemical structure with the core of the 5-nitroimidazole and 
pharmacophoric groups such as esters or amides could allow us to design 
new hybrid molecules with a biological potential against the parasites 
that cause pathologies such as leishmaniasis and CD. In the literature, 

there are reports of Mtz-hybrids with different groups of pharmaco
phores with promising results against these trypanosomatids [22–24].

Based on our own experiences, in this work we report the synthesis of 
hybrid structures formed by the nucleus of Mtz with ester and amide 
groups, where we are using a fragment of mercaptoacetic acid or mer
captoethanol as a bridge group, a strategy widely used by our group to 
generate bioactive molecules [19,25–27]. In-silico profiling of absorp
tion, distribution, metabolism, excretion, and toxicity (ADME/Tox) was 
also performed to predict the molecular properties associated with 
pharmacokinetic aspects of novel compounds.

2. Results and discussion

2.1. Chemistry

The sulfanyl and sulfonyl-tethered functionalized benzoate de
rivatives featuring a 5-nitroimidazole moiety 7a-d and 8a-c, respec
tively, were prepared by previously described methods [25]. Using 
metronidazole™ 1 as starting material, compounds 10a-h were pre
pared as shown in Scheme 1. The primary alcohol of 1 was replaced by a 
chlorine atom following known procedures upon reaction with thionyl 
chloride, 1 was converted into the corresponding hydrochloride salt, 
which was then treated with water and Et3N until pH 11, to obtain the 
1-(2-Chloroethyl)-2-methyl-5-nitroimidazole 2 with a yield of 96 % [19,
25]. Treatment of 2, using sodium iodide in refluxing anhydrous 
acetone, gave the iodinated compound 3 in 96 % yield [19,25,28]. Next, 
the compounds 5 was prepared from derivative 3 by iodine nucleophilic 
substitution in the aliphatic portion using methyl thioglycolate in 83 % 
yield [19]. Compound 6 was obtained from 5 through modified exper
imental protocol using LiOH in a mixture of methanol:water 1:1 at room 
temperature (rt) with an even better yield in 97 %. Compounds 10a-h 
were synthesized by a modified version of the Steglich esterification 
reaction at rt, between acid 6 with aniline respectives 9a-h, in the 
presence of EDCI and DMAP in CH2Cl2 [29]. The title compounds were 
isolated in good-to-excellent yield (60–93 %) after purification by col
umn chromatography (Scheme 1).

All these compounds were characterized based on their IR, NMR, 
mass spectra data, and their purity was ascertained by microanalysis. In 
general, the 1H NMR spectrum showed a single signal ranging from δ H 
7.9–8.2 ppm, which was assigned to the H-4 of the imidazole ring. The 
aromatic region of the 1H NMR spectra featured signal patterns ranging 
from δH 6.6–7.4 ppm, characteristic of the substitution pattern of each 

Fig. 1. The clinically relevant life-cycle stages of (a): T. cruzi and (b): L. donovani.
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aromatic ring. The aliphatic signals expected at upfield shifts were found 
from δH 3.0–4.5 ppm and confirmed by COSY experiments.

The 13C NMR spectrum showed characteristic signals of the 5-nitro
imidazole core, with one signal resonating at δC 140–165 ppm, attrib
uted to C-5, as well as two signals observed in the δC 138–152 and 
124–140 ppm regions, assigned to C-2 and C-4, respectively. For the 
carboxyl group, another characteristic signal was observed further 
downfield around δC 165–166 ppm. Aliphatic carbons were unequivo
cally confirmed by the DEPT 135◦ and HETCOR experiments (Supple
mentary information).

Using mass spectrometry, the formation of each final product was 
corroborated. The EI-MS of compounds 10a-h exhibited the molecular 
ion peaks [M+] at m/z 350.10, 364.07, 348.10, 382.08, 427.90, and 
410.14 for C15H18N4O4S, C15H16N4O5S, C16H20N4O3S, C16H19ClN4O3S, 
C16H19BrN4O3S, and C17H22N4O6S molecular formulas, respectively, 
with the exception of compound 10e, where the molecule undergoes a 
different fragmentation pattern with a peak at m/z 227.02 [M+ −

C8H10N3O3S] (Supplementary information). Peaks with 100 % abun
dance are attributed to the removal of the aromatic ring from [M+].

The infrared (IR) spectra of the compounds show one characteristic 
intense stretching band between 1624 and 1683 cm− 1, for carbonyl of 
amide (R-CO-NHAr) present in all compounds (Supplementary infor
mation). The analytical data for compounds are summarized in the 
experimental section.

2.2. In silico analysis

Using SwissADME, drug-likeness descriptors were calculated ac
cording to Lipinski and Veber rules [30,31]. These descriptors and re
sults indicating non-violation of Lipinski’s rule of five could predict good 
absorption or permeation of each molecule, however, some exceptions 
to the "rule of five" for certain drug classes (e.g., vitamins, antifungals, 
antibiotics, and cardiac glycosides). Table 1 summarizes these results. 
With exception of compounds 8a–c, in general, the compounds did not 
violate these rules according to these criteria.

In the BOILED-Egg illustration (Fig. 4), compounds 4, 6, 7d, 10a-g, 
and Mtz are predicted to demonstrate high gastrointestinal (GI) ab
sorption; however, compouns 7a-c, 8a-c, and 10h are predicted to 
demonstrate low GI absorption. The data predict that the reported 
compounds do not cross the blood-brain barrier. Except compounds 7a, 
7b, 8a-c, all compounds demonstrated a TPSA value < 140 Å2, thus 
indicating their good oral bioavailability.

Fig. 5 summarizes the main ADME parameters in the radar repre
sentations for compounds Mtz, 7a, 8a, and 8b, including properties such 
as lipophilicity, size, polarity, solubility, saturation, and flexibility. The 
colored zone represents the suitable physicochemical space for oral 
bioavailability, and the red bold line represents values of the calculated 
properties of the analyzed molecule. Mtz exhibited all of the properties 
characteristic of orally available drugs (see Fig. 5).

Motivated by the fact that the prediction values for GI absorption and 
bioavailability are low for the most active compounds in vitro 7a, 8a, and 
8b, we decided to determine the solubility in water for each of these 
compounds using the SwissADME program. Water solubility is a factor 
related to the route of administration, absorption, and pharmaceutical 
form. To predict water solubility, the program uses two topological 
methods: the ESOL (Estimated SOLubility) model [32] and a model 
incorporating the effect of topographical polar surface area [33], as well 
as a third predictor for solubility developed by SILICOS-IT. All predicted 
values are shown as decimal logarithms of the molar solubility in water 
(log S). Table 2 shows the calculated values for 7a, 8a, and 8b de
rivatives (log S (ESOL) of − 3.62, − 2.91, and − 2.91, respectively). An 
antiparasitic compound needs to reach the target to produce a positive 
effect. Thus, these values achieved by compounds 7a, 8a, and 8b help us 
predict that the intraperitoneal route should be the best way to achieve a 
positive antiparasitic effect.

Several molecular descriptors complementing our in silico evaluation 
were calculated using pkCSM-pharmacokinetics, including the percentage 
of compounds 4, 6, 7a-d, 8a-c, and 10a-h absorbed through the human 
intestine (%HIA). Appropriate values were considered in the range of 
62.46 %–96.43 %. A molecule with an absorption of less than 30 % is 

Fig. 2. Drugs in clinical use against Chagas disease.

Fig. 3. Drugs in clinical use against leishmaniasis.
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considered poorly absorbed. In this study, the descriptors fraction un
bound compound (FU) and total clearance (CLtot) were used to predict 
the distribution [34–36]. The effectiveness of a drug can be affected by 
the degree to which it binds to proteins within the blood, as increased 
binding reduces its ability to cross cell membranes efficiently. In this 
study, compounds 4, 6, 7a-d, 8a-c, 10a-h, and Mtz had FU values be
tween 0.222 and 0.658. The most active compounds 8a, b had a value of 
about 50 % of the Mtz. Drug clearance occurs primarily as a combination 
of hepatic and renal clearance. It is related to bioavailability and is 
important for determining dosing rates to achieve steady-state concen
tration. The total clearance (CLtot) descriptor ranged from 0.344 to 

0.819 ml/min/kg, for compounds 7a, 8a, and 8b showing values of 
0.686, 0.344, and 0.373 ml/min/kg, respectively.

The hepatotoxicity and oral toxicity LD50 values of compounds 4, 6, 
7a-d, 8a-c, 10a-h, and Mtz were predicted [34,37]. A compound is 
classed as hepatotoxic if it has at least one pathological or physiological 
liver event which is strongly associated with disrupted normal function 
of the liver. Predictions for the most active compounds 7a, 8a, and 8b 
indicate that they are not hepatotoxic and with respect to LD50, they are 
less lethal than Mtz.

The possibility that compounds 4, 6, 7a-d, 8a-c, 10a-h, and Mtz are 
substrates or inhibitors of selected human transporters was analyzed. 

Scheme 1. Synthesis of the 2-{[2-(1H-imidazole-1-yl)ethyl]sulfanyl or sulfonyl}ethyl benzoate derivatives 7a-d, 8a-c and 2-{[2-(1H-imidazole-1-yl)ethyl]thio} 
acetamide derivatives 10a-h.
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The targets can be P-glycoprotein, which is vital in cell distribution and 
excretion. The ADMET Predictor software pkCSM-pharmacokinetics 
revealed that all compounds are P-glycoprotein substrates. Concerning 
inhibitory action, the most actives compounds 7a, 8a, 8b, and Mtz 
examined are inhibitors of P-glycoprotein I, however against P-glyco
protein II, only compound 7a is an inhibitor, while compounds 8a, 8b, 
and Mtz are not inhibitors. This effect is related to the bile salt export 
pump (BSEP), expressed almost exclusively in the liver, whose inhibition 
is associated with hepatotoxicity. BSEP inhibition can result in the 
accumulation of bile salts in the liver, leading to the induction of liver 
injury. In our case, the most active compounds do not exhibit possibil
ities to inhibit BSEP and thus induce potential hepatotoxicity, except for 
compound 7a.

Regarding the influence of the studied compounds on the inhibition 
of CYP450 enzymes, there is a prediction of interference in the meta
bolism of xenobiotics processed by the isoforms CYP1A2, CYP2C19, 
CYP2C9, CYP3A4, and CYP2D6. With the exception of compounds 4, 6, 
7b, 7c, 10b, and Mtz, the others could act as inhibitors of at least one of 
these enzymatic isoforms, thus reducing the metabolism of their sub
strates (Table 3, Supplementary information). The inhibition of the CYPs 
isoforms may lead to inefficient or toxic effects of drugs. The metabolism 

Table 1 
In silico evaluation of physicochemical properties of compounds 4, 6, 7a–d, 8a–c, and 10a–h.

No Log P MW Hba Hbd Rotb Viol LogSw %HIA FU CLtot LD50

4 0.46 231.27 4 1 6 0 − 1.28 83.483 0.566 0.741 1.762
6 0.38 245.26 5 1 6 0 − 1.53 62.462 0.584 0.399 1.696
7a 2.26 425.46 8 0 12 0 − 3.62 81.12 0.293 0.686 2.378
7b 0.92 383.38 8 3 9 0 − 2.91 70.947 0.386 0.664 2.229
7c 1.38 367.38 7 2 8 0 − 3.11 80.396 0.373 0.711 1.941
7d 2.1 365.40 6 0 10 0 − 3.40 91.238 0.222 0.742 2.278
8a 1.35 427.43 6 0 11 1 − 2.91 90.634 0.385 0.344 2.381
8b 1.34 427.43 6 0 11 1 − 2.91 93.676 0.385 0.373 2.442
8c 1.08 457.45 10 0 12 1 − 2.62 85.364 0.366 0.408 2.455
10a 1.34 350.39 5 1 9 0 − 2.90 89.045 0.288 0.666 2.433
10b 1.32 350.39 5 1 9 0 − 2.90 86.121 0.315 0.701 2.406
10c 1.3 364.38 6 1 8 0 − 3.08 96.434 0.272 0.813 1.738
10d 2.13 348.42 4 1 8 0 − 3.43 91.272 0.261 0.670 1.802
10e 2.51 389.26 4 1 8 0 − 4.02 88.355 0.251 0.470 1.865
10f 2.59 382.87 4 1 8 0 − 4.03 91.267 0.253 0.741 1.825
10g 2.7 427.32 4 1 8 0 − 4.34 91.200 0.250 0.819 1.829
10h 1.4 410.44 7 1 11 0 − 3.20 80.210 0.376 0.669 2.306
Mtz − 0.1 171.15 4 1 3 0 − 1 92.759 0.658 0.48 1.759

Log P, partition coefficient; MW, molecular weight; Hba, hydrogen bond acceptors; Hbd, hydrogen bond donors; Rotb, rotatable bonds; Viol, Lipinski’s violations; 
LogSw: water solubility; HIA, human intestinal absorption; FU, fraction unbound; CLtot, total clearance; LD50, oral rat acute toxicity; Mtz: Metronidazole.

Fig. 4. BOILED-Egg compounds 4, 6, 7a-d, 8a-c, 10a-h, and Mtz.

Fig. 5. Bioavailability radar of the compounds Mtz, 7a, 8a, and 8b. In bioavailability radar, the pink area represents the optimal range for each property for oral 
bioavailability. Lipophilicity (LIPO): XLOGP3 between +1.38 and + 2.62, Mtz − 0.02, molecular weight (SIZE): MW between 425 and 427, Mtz 171 g/mol, polarity 
(POLAR) TPSA between 142 and 150, Mtz 83 Å2, solubility (INSOLU): log S not higher than 1, saturation (INSATU): fraction of carbons in the sp3 hybridization not 
less than 0.40, Mtz 0.50, and flexibility (FLEX): no more than twelve rotatable bonds.
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was estimated using the web tool pkCSM-pharmacokinetics [34,38,39]. It 
should be noted that some of the properties calculated by these pro
grams do not always match real experiment values and are only used as 
indicators in early development work.

2.3. Biology

The biological activity of compounds 7a-d, 8a-c, and 10a-h was 
determined by measuring their inhibitory capacity on the proliferation 
of T. cruzi epimastigotes, amastigotes and L. donovani promastigotes in 
vitro using the MTT technique, the results are reported in Table 3. It is 
evident that the sulfanyl and sulfonyl benzoate 5-nitroimidazole adducts 
7a, 8a, and 8b are more potent trypanocidals against epimastigotes of 
T. cruzi than the parent drugs Mtz, Bnz, and Nfx. The most active ad
ducts, with the best selectivity, were found to be 7a (IC50 7.63 μM, SI >
39) and 8b (IC50 10.88 μM, SI > 26) compared to Bnz (IC50 1.81 ± 0.45 
μM, SI 8.07). The spacer between the phenyl ring and 5-nitroimidazole 
core, as well as the presence of methoxy groups appears to have a sig
nificant impact on activity. Additionally, the position of the electron- 
donor substituent on the aromatic ring influences activity, with ortho 
and meta positions being more favored. The incorporation of an amide 
functional group as a binding group between 5-nitroimidazol and the 
phenyl group decreases potency in the evaluated pathologies. However, 
the presence of two methyl groups in the phenyl ring favors a moderate 
leishmanicidal effect, as exemplified by compound 10b (IC50 21.9 μM, 

SI > 200) compared to Aph (IC50 0,33 ± 0.02 μM, SI > 250). The 
presence of an oxidized sulfur atom together with the incorporation of 
two methoxy groups in the orto-meta positions of the phenyl ring pro
duces a moderate leishmanicidal effect as observed for compound 8b 
(26.31 μM, SI > 11.4).

Considering the effective inhibition of compound 7a and 8b on the 

Table 3 
Antiproliferative activity (%) of compounds 7a–d, 8a–c, 10a–h, Mtz, Bnz, Nfx, and Aph-B (50 μM) after 72 h of incubation with T. cruzi epimastigotes and L. donovani 
promastigotes, IC50 μM, and toxicity CC50 μM Vero cells for compounds more actives.

No T. cruzi L. donovani IC50 μM IC50 μM CC50 (μM) SI*

T. cruzi L. donovani Vero cells

% Inhibition ±SD

7a 78.42 ± 2.31 48.54 ± 10.67 7.63 ± 2.32 nd >300 >39.31
7b 28,60 ± 2.42 25.69 ± 11.55 nd nd nd ​
7c 40,50 ± 2.02 67,87 ± 6,77 nd 50.37 ± 6.77 nd ​
7d 58,57 ± 11.72 35.59 ± 9.75 nd nd nd ​
8a 93,43 ± 1.62 40.86 ± 5.97 33.86 ± 8.35 nd nd ​
8b 100.0 ± 0.00 71.54 ± 5,15 10.88 ± 1.71 26.31 ± 5.15 >300 >27.57
8c 34.28 ± 3.44 40.29 ± 9.39 nd nd nd ​
10a 7.57 ± 1.01 26.1 ± 16.63 nd nd nd ​
10b 47.52 ± 2.73 57.41 ± 5.99 nd 21.9 ± 5.99 >200 ​
10c 42.71 ± 11.52 34.25 ± 14.0 nd nd nd ​
10d 47.29 ± 5.45 23.98 ± 4.93 nd nd nd ​
10e 36.57 ± 3.23 20.16 ± 4.13 nd nd nd ​
10f 23.71 ± 10.90 16.88 ± 6.02 nd nd nd ​
10g 10.29 ± 2.02 24.61 ± 5.03 nd nd nd ​
10h 1.39 ± 0.61 6.70 ± 4.79 nd nd nd ​
Mtz 12,18 ± 5,30 – nd nd nd ​
Bnz 45,39 ± 6,21 – 35,72 ± 1.91 – >200 ​
Nfx 83,00 ± 1,60 – 1,81 ± 0.45 – 8.07 ​
Aph – 62,44 ± 6,6 – 0,33 ± 0.02 >250 ​

IC50: Half maximal inhibitory concentration (n = 3); CC50: Half maximal cytotoxicity concentration; SD: Standard deviation; nd: Not determined. SI*: Selectivity index 
epimastigote forms of T. cruzi.

Fig. 6. Effect of 7a and 8b on T. cruzi amastigotes proliferation. 
IC50: Half maximal inhibitory concentration; SD: Standard deviation. 
SI: CC50 Vero cells/IC50 amastigote forms of T. cruzi.

Table 2 
Water solubility of compounds 7a, 8a, and 8b.

Solubility Predictor 7a 8a 8b

Log S (ESOL) − 3.62 − 2.91 − 2.91
Solubility 2.41 x 10− 4 M 1.22 x 10− 3 M 1.22 x 10− 3 M
Class Soluble Soluble Soluble
Log S (Ali) − 5.27 − 4.15 − 4.15
Solubility 5.35 x 10− 6 M 7.04 x 10− 5 M 7.04 x 10− 5 M
Class Moderately Soluble Moderately soluble Moderately soluble
Log S (SILICOS-IT) − 4.88 − 4.56 − 4.56
Solubility 1. x 10− 5 M 2.75 x 10− 5 M 2.75 x 10− 5 M
Class Moderately soluble Moderately soluble Moderately soluble

Log S (ESOL): Estimated SOLubility; Log S (Ali): Topological method; Log S.
(SILICOS-IT): Fragmental method calculated FILTER-IT program.

M.A. Rodríguez et al.                                                                                                                                                                                                                          



European Journal of Medicinal Chemistry Reports 13 (2025) 100248

7

extracellular stage of T. cruzi, their antiparasitic activity was assessed 
using infected Vero cells. Following a 96-h incubation with these com
pounds, the percentage of infected cells significantly decreased 
compared to the non-infected control. Compound 8b was more active 
against intracellular amastigotes, had the highest SI (31.31) and lower 
IC50 value (9.58 ± 2.02 μM) and 7a exhibit an IC50:16.30 ± 1.99 μM 
with a selectivity index (SI) greater than 18.40 (Fig. 6). A critical 
requirement in chemotherapeutic research is the absence of host cell 
toxicity. The most promising derivatives, 7a, 8b, and 10b, exhibited no 
cytotoxic effects on Vero cells at concentrations that effectively elimi
nated 50 % of the parasites.

According to the established criteria of the GHIT Fund [40], which 
requires a half-maximal inhibitory concentration (IC50) <10 μM against 
intracellular Trypanosoma cruzi and an SI > 10, compound 8b would be 
considered a hit compound and a potential lead compound candidate.

2.4. Osmoregulation assay

T. cruzi responds to hypoosmotic stress by regulating its cell volume 
through the contractile vacuole complex (CVC). This process involves 
the efflux of various ions and osmolytes, followed by water release 
through the contractile vacuole complex [41].

After treating T. cruzi epimastigotes and L. donovani promastigotes 
with the most bioactive compounds at IC50 concentrations, we evaluated 
their effect on cellular volume regulation. The parasites were subjected 
to osmotic changes, and absorbance variations were measured over time 
as an indicator of cellular volume fluctuations. The results demonstrate 
an increase in cellular volume when these parasites are exposed to 
hypoosmotic stress (150 mOsm/L), as evidenced in Fig. 7. Analysis of 
the recovery rate between 100 and 400 s revealed significant differ
ences: epimastigotes treated with 7a failed to recover their normal 
volume even after 600 s, maintaining a residual volume change of 
approximately 16 %. Parasites treated with 8b recovered their cellular 
volume within 200 s, similar to the control group (Fig. 7A). In contrast, 
promastigotes treated with this compound did not recover their cellular 
volume, showing a maximum change of approximately 23 % compared 
to the control group’s 17 % change. Those treated with 10b successfully 
recovered their initial volume, matching the hypoosmotic control 
(Fig. 7B). From a morphological perspective, it should be noted that an 
oncotic cell is undergoing necrotic cell death, though additional markers 
are necessary for confirmation.

3. Conclusions

Among the fifteen new 5-nitroimidazole hybrids being reported, two 
compounds 7a and 8b were active against the epimastigote form of 
T. cruzi. Compound 10b showed marginal activity against the promas
tigote form of L. donovani. Considering the effective inhibition of com
pound 7a and 8b on the extracellular stage of T. cruzi, their antiparasitic 

activity was assessed using infected Vero cells. Of the two most active 
compounds, sulfonyl derivative 8b was the most promising compound, 
with good potency (IC50: 9.58 ± 2.02 μM) and with a selectivity index 
(SI) greater than 31.31, that justifies the description as a promising hit 
for further study as a possible antichagasic agent. Initial observations on 
SARs suggested that, among the compounds prepared, the one con
taining an ethyl sulfonyl benzoate, with positions 2,3 occupied with 
methoxy groups, is the most active, while its analogous amides exhibit 
marginal activity as trypanocides and leishmanicides. The hypothesis 
could be related to the ability of the amide and hydroxyl groups to favor 
a strong binding to proteins that may be reducing the ability of these 
molecules to cross the membranes of the parasites efficiently, a deduc
tion that is made from the theoretical values obtained for the descriptor 
of total clearance (CLtot) of the synthesized compounds ranged from 
0.344 to 0.819 ml/min/kg, being the one presented for compound 8b of 
0.373 ml/min/kg. Value achieved of log S (ESOL) of − 2.91 by com
pound 8b help us predict that the intraperitoneal route should be the 
best way to achieve a positive antiparasitic effect. ADME/Tox analysis 
predicted for more active compound 8b, indicate that it is not hepato
toxic and with respect to LD50, it is less lethal than Mtz. From the 
morphological point of view, it must be taken into account that an 
oncotic cell is suffering a necrotic death, in the case of the treatment of 
L. donovani promastigotes with compound 8b, however in the case of 
T. cruzi treatments with 8b the same behavior was not observed. Addi
tional markers will be needed for confirmation. Compounds 5-nitroimi
dazole hybrids were obtained, each from a five-steps synthetic pathway, 
from commercially available precursors with overall yields of up to 60 % 
in most cases. All compounds were characterized by IR, 1HNMR, 
13CNMR, Mass spectrometric analysis, and by elemental analysis.

4. Experimental

4.1. Chemicals and instrumentation

FTIR spectroscopy was determined on a PerkinElmer™ Spectrum 
two using a Diamon/ZnSe attenuated total reflectance (ATR) sampling 
accessory. Readings were taken at rt, 64 scans/min per analysis, reso
lution of 0.5 cm− 1, range from 4000 to 450 cm− 1. The 1H and 13C NMR 
spectra were performed using a spectrometer Nanalysis™ 100 MHz PRO 
Benchtop and a JEOL™ Eclipse 270 spectrometer (at 100 and 270 MHz 
for 1H and 25.8 and 67.9 MHz for 13C) using CDCl3 as the solvent, and 
are reported in ppm downfield from the residual CHCl3 δ 7.25 for 1H 
NMR and 77.0 for 13C NMR, respectively. Mass spectra were recorded 
with an Agilent™ GCMS model 5977C spectrometer in EI (70 eV) 
coupled directly to na Angilet™ model 8860 gas chromatograph. 
Elemental analyses were achieved using a Perkin Elmer™ 2400 CHN 
elemental analyzer, and the results were within ±0.4 % of the predicted 
values. Melting points were determined on a Fisher-Johns™ fusiometer 
and are not corrected. Thin-layer chromatography (TLC) was carried out 

Fig. 7. A. Effects of 7a (red curve) and 8b (blue curve) on regulatory volume decrease in T. cruzi epimastigotes. B. Effects of 10b (green curve) and 8b (blue curve) on 
regulatory volume decrease in L. donovani promastigotes.
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on Merck™ silica F254 0.255-mm plates, and spots were visualized by 
UV fluorescence at 254 nm. Chemical reagents were obtained from 
Aldrich Chemical Co™, USA. All solvents were distilled and dried in the 
usual manner. Compounds 3, 4, 6, 7a-d, and 8a-c were reported pre
viously [19,25,28].

4.1.1. General procedure for synthesis of final compounds 2-{[2-(2-methyl- 
5-nitro-1H-imidazole-1-yl)ethyl]thio}-N-phenylacetamide derivatives 10a- 
h

A mixture of 0.03 mmol of 6 in 5 mL of dry dimethylformamide 
(DMF) was stirred to rt for 10 min, then 1-Ethyl-3-(3-dimethylamino
propyl)carbodiimide hydrochloride (EDCI) 0.03 mmol was added, the 
resulting mixture was stirred at 0 ◦C for 30 min, then 4-dimethylamine 
pyridine (DMAP) 5 % and corresponding aniline 9a-h 0.03 mmol dis
solved in 2 mL of dry DMF were added. The reaction mixture was left 
under an inert atmosphere at rt and constant agitation for 12 h. After this 
time, a portion of 10 mL of distilled water and 10 mL of saturated 
NaHCO3 solution were added, extracted with two portions of 50 mL of 
AcOEt. The organic layers were joined and washed with two 50 mL 
portions of distilled water, one 50 mL portion of saturated NaCl solution, 
and dried with anhydrous Na2SO4, filtered and removed solvent at 
reduced pressure. The resulting solid was washed with 10 mL of ethyl 
ether and dried in a vacuum oven at 40 ◦C for 24 h. The compounds of 
interest were obtained by purifying them by column chromatography 
(Cyclohexane:EtOAc 1:1).

4.1.1.1. N-(3-methoxyphenyl)-2-{[2-(2-methyl-5-nitro-1H-imidazole-1- 
yl)ethyl]thio}acetamide 10a. Yellow solid; yield 76 %; mp. 128–130 ◦C; 
IR cm− 1: 3206, 3153, 3064, 2923, 1673, 1613, 1595, 1563, 1532, 1466, 
1422, 1370; 1H RMN (CDCl3, 270 MHz) δ: 2.50 (s, 3H, CH3), 2.98 (t, 2H, 
H7, J = 7 Hz), 3.34 (s, 2H, H9), 3.78 (s, 3H, OCH3), 4.51 (t, 2H, H6, J = 7 
Hz), 6.66 (d, 1H, H4’, J = 8 Hz), 6.99 (d, 1H, H6’, J = 8 Hz), 7.19 (d, 1H, 
H5’, J = 8 Hz), 7.25 (s, 1H, H2’), 7.99 (brs, 1H, NH), 8.20 (s, 1H, H4). 13C 
NMR (CDCl3, 67.9 MHz) δ 14.2 (2CH3), 32.2 (C7), 36.9 (C9), 45.5 (C6), 
55.4 (OCH3), 105.7 (C2’), 110.7 (C4’), 111.9 (C6’), 129.9 (C5’), 138.3 
(C5), 166.5 (C=O); (EI) m/z (%): 350.10 [M+] (3.3), 195.03 [M+ −

C9H10NO2S] (4.9), 165.08 [M+ − C9H11NO2] (53), 123.06 [M+ −

C7H9NO] (100). Anal. Calcd for C15H18N4O4S: C, 51.42; H, 5.18; N, 
15.99. Found: C, 51.40; H, 5.23; O, 16.27.

4.1.1.2. N-(4-methoxyphenyl)-2-{[2-(2-methyl-5-nitro-1H-imidazole-1- 
yl)ethyl]thio}acetamide 10b. Yellow solid; yield 65 %; mp. 124–126 ◦C; 
IR cm− 1: 3239, 3187, 3036, 1667, 1608, 1550, 1535, 1511, 1469, 1389, 
1362; 1H NMR (CDCl3, 270 MHz) δ: 2.51 (s, 3H, CH3), 2.98 (t, 2H, H7, J 
= 7 Hz), 3.34 (s, 2H, H9), 3.77 (s, 3H, OCH3), 4.52 (t, 2H, H6, J = 7 Hz), 
6.85 (d, 2H, H3’,5’, J = 9 Hz), 7.40 (d, 2H, H2’, 6’, J = 9 Hz), 7.92 (s, 1H, 
H4), 8.11 (brs, 1H, NH). 13C NMR (CDCl3, 67.9 MHz) δ: 14.4 (CH3), 32.2 
(C7), 36.8 (C9), 45.5 (C6), 55.6 (OCH3), 114.4 (C3’,5’), 121.8 (C2’,6’), 
130.4 (C1’), 133.3 (C4), 138.5 (C5), 150.5(C2), 157.0 (C4’), 166.3 (C=O). 
(EI) m/z (%): 350.10 [M+] (8.2), 195.04 [M+ − C9H10NO2S] (15), 
165.07 [M+ − C9H11NO2] (40), 123.06 [M+ − C7H9NO] (61), 108.04 
[M+ − C7H8O] (100). Anal. Calcd for C15H18N4O4S: C, 51.42; H, 5.18; N, 
15.99. Found: C, 51.47; H, 5.31; O, 16.18.

4.1.1.3. N-(benzo[d] [1,3]dioxol-5-yl)-2-{[2-(2-methyl-5-nitro-1H-imid 
azole-1-yl)ethyl]thio}- acetamide 10c. Brown solid; yield 82 %; mp. 
132–134 ◦C; IR cm− 1: 3263, 3222, 3075, 1671, 1641, 1569, 1535, 1488, 
1379, 1368; 1H NMR (CDCl3, 270 MHz) δ: 2.51 (s, 3H, CH3), 2.98 (t, 2H, 
H7, J = 7 Hz), 3.32 (s, 2H, H9), 4.51 (t, 2H, H6, J = 7.2 Hz), 5.93 (s, 2H, 
OCH2O), 6.72 (d, 1H, H5’, J = 8 Hz), 6.79 (dd, 1H, H6’, J = 8, 2 Hz), 7.20 
(d, 1H, H2’, J = 2 Hz), 7.92 (s, 1H, H4), 8.16 (brs, 1H, NH). 13C NMR 
(CDCl3, 67.9 MHz) δ: 14.4 (CH3), 32.2 (C7), 36.8 (C9), 45.5 (C6), 101.4 
(O-CH2-O), 102.7 (C2’), 108.1 (C6’), 113.2 (C5’), 131.5 (C1’), 133.3 (C4), 
138.5 (C5), 144.8 (C4’), 148.0 (C3’), 150.5(C2), 166.3 (C=O). (EI) m/z 
(%): 364.07 [M+] (8.4), 209.03 [M+ − C9H8NO3S] (18.3), 179.05 [M+

− C9H9NO3] (44.7), 137.05 [M+ − C7H7NO2] (100 %). Anal. Calcd for 
C15H16N4O5S: C, 49.44; H, 4.43; N, 15.38. Found: C, 49.63; H, 4.41; N, 
15.27.

4.1.1.4. N-(3,5-dimethylphenyl)-2-{[2-(2-methyl-5-nitro-1H-imidazole-1- 
yl)ethyl]thio}acetamide 10d. White solid; yield 93 %; mp. 133–135 ◦C; 
IR cm− 1: 3305, 3211, 3153, 3064, 3022, 1673, 1613, 1563, 1532, 1466, 
1422, 1381, 1370. 1H NMR (CDCl3, 270 MHz) δ: 2.28 (s, 6H, 2 x CH3), 
2.51 (s, 3H, CH3), 2.98 (t, 2H, H7, J = 7 Hz), 3.34 (s, 2H, H9), 4.52 (t, 2H, 
H6, J = 7 Hz), 6.77 (s, 1H, H4’), 7.13 (s, 2H, H2’, 6’), 7.92 (s, 1H, H4), 8.06 
(brs, 1H, NH). 13C NMR (CDCl3, 67.9 MHz) δ: 14.4 (CH3), 21.4 (2 x CH3), 
32.2 (C7), 37.0 (C9), 45.5 (C6), 117.6 (C2’,6’), 126.7 (C4’), 133.2 (C4), 
137.1 (C1’), 139.0 (C3’,5’), 150.5 (C2), 166.3 (C=O). (EI) m/z (%): M+

348.10 [M+] (1.9), 193.04 [M+ − C10H12NOS] (4), 163.09 [M+ −

C10H12NO] (37), 121.09 [M+ − C8H10N] (100). Anal. Calcd for 
C16H20N4O3S: C, 55.16; H, 5.79; N, 16.08. Found: C, 55.08; H, 5.83; N, 
15.97.

4.1.1.5. N-(3,5-dichlorophenyl)-2-{[2-(2-methyl-5-nitro-1H-imidazole-1- 
yl)ethyl]thio}acetamide 10e. Yellow solid; yield 74 %; mp. 187–189 ◦C; 
IR cm− 1: 3242, 3217, 3022, 2992, 1683, 1608, 1587, 1535, 1459, 1435, 
1368. 1H NMR (CDCl3, 270 MHz) δ: 2.53 (s, 3H, CH3), 2.98 (t, 2H, H7, J 
= 7 Hz), 3.35 (s, 2H, H9), 4.52 (t, 2H, H6, J = 7 Hz), 7.12 (s, 1H, H4’), 
7.49 (s, 2H, H2’,6’), 7.95 (s, 1H, H4), 8.19 (s, 1H, NH). 13C NMR (CDCl3, 
67.9 MHz) δ: 14.4 (CH3), 32.3 (C7), 36.8 (C9), 45.4 (C6), 118.0 (C2’,6’), 
124.9 (C4’), 133.2 (C4), 135.5 (C3’,5’), 139.0 (C5), 167.2 (C=O). (EI) m/z 
(%): 227.02 [M+ − C8H10N3O3S] (5), 199.03 [M+ − C7H10N3O2S] (5), 
186.04 [M+ − C6H8N3O2S] (6), 155.04 [M+ − C6H8N3O2] (100), 140.05 
[M+ − C5H6N3O2] (30.1). Anal. Calcd for C14H14Cl2N4O3S: C, 43.20; H, 
3.63; N, 14.39. Found: C, 43.29; H, 3.61; N, 14.22.

4.1.1.6. N-(4-chloro-2,6-dimethylphenyl)-2-{[2-(2-methyl-5-nitro-1H- 
imidazole-1-yl)ethyl]thio}-acetamide 10f. Yellow solid; yield 63 %; mp. 
139–141 ◦C; IR cm− 1: 3218, 3172, 3123, 1625, 1587, 1528, 1487, 1425, 
1383, 1361. 1H NMR (CDCl3, 270 MHz) δ: 2.16 (s, 6H, 2 x CH3), 2.53 (s, 
3H, CH3), 3.05 (t, 2H, H7, J = 7 Hz), 3.37 (s, 2H, H9), 4.55 (t, 2H, H6, J =
7 Hz), 7.04 (s, 2H, H3’,5’), 7.63 (brs, 1H, NH), 7.94 (s, 1H, H4). 13C NMR 
(CDCl3, 67.9 MHz) δ: 14.4 (CH3), 18.3 (2 x CH3), 32.4 (C7), 35.8 (C9), 
45.4 (C6), 128.3 (C3’,5’), 131.9 (C4’), 133.0 (C2’,6’), 133.2 (C4), 137.1 
(C1’), 150.5 (C2), 166.9 (C=O). (EI) m/z (%): 382.08 [M+] (1.9), 228.02 
[M + − C10H11ClNOS] (5), 197.05 [M + − C10H11ClNOS] (26), 155.04 
[M + − C8H9ClN] (100). Anal. Calcd for C16H19ClN4O3S: C, 50.19; H, 
5.00; N, 14.63. Found: C, 50.32; H, 4.98; N, 14.85.

4.1.1.7. N-(4-bromo-2,6-dimethylphenyl)-2-{[2-(2-methyl-5-nitro-1H- 
imidazole-1-yl)ethyl]thio}-acetamide 10g. Brown solid; yield 60 %; mp. 
128–130 ◦C; IR cm− 1: 3218, 3120, 3019, 1625, 1587, 1528, 1469, 1426, 
1361, 1305. 1H NMR (CDCl3, 270 MHz) δ: 2.15 (s, 6H, 2 x CH3), 2.53 (s, 
3H, CH3), 3.04 (t, 2H, H7, J = 7 Hz), 3.36 (s, 2H, H9), 4.55 (t, 2H, H6, J =
7 Hz), 7.20 (s, 2H, H3’,5’), 7.65 (s, 1H, NH), 7.94 (s, 1H, H4). 13C NMR 
(CDCl3, 67.9 MHz) δ: 14.4 (CH3), 18.2 (2 x CH3), 32.4 (C7), 35.8 (C9), 
45.4 (C6), 121.2 (C4’), 131.2 (C3’,5’), 132.4 (C1’), 133.3 (C4), 137.1 
(C2’,6’), 166.9 (C=O). (EI) m/z (%): 427.90 [M+] (2), 272.94 [M + −

C10H11BrNOS] (10), 241.00 [M + − C10H11BrNO] (20), 224.99 [M + −

C9H9BrNO] (24), 224.99 [M + − C9H9BrNO] (24), 198.99 [M + −

C8H9BrN] (90), 120.07 [M + − C8H9N] (100). Anal. Calcd for 
C16H19BrN4O3S: C, 44.97; H, 4.48; N, 13.11. Found: C, 45.09; H, 4.47; N, 
12.91.

4.1.1.8. 2-{[2-(2-methyl-5-nitro-1H-imidazole-1-yl)ethyl]thio}-N-(3,4,5- 
trimethoxyphenyl)-acetamide 10h. Brown solid; yield 68 %; mp. 
152–154 ◦C; IR cm− 1: 3244, 3203, 3118, 3049, 1678, 1606, 1541, 1506, 
1447, 1365, 1309. 1H NMR (CDCl3, 270 MHz) δ: 2.52 (s, 3H, CH3), 2.99 
(brs, 2H, H7), 3.35 (s, 2H, H9), 3.80 (s, 3H, 4′OCH3), 3.84 (s, 6H, 2 x 
OCH3), 4.53 (t, 2H, H6, J = 7 Hz), 6.84 (s, 2H, H2’, 6’), 8.02 (brs, 1H, NH), 
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8.10 (s, 1H, H4). 13C NMR (CDCl3, 67.9 MHz) δ: 14.4 (CH3), 32.1 (C7), 
36.9 (C9), 45.4 (C6), 56.3 (2 x OCH3), 61.0 (4′OCH3), 97.8 (C2’,6’), 133.4 
(C4), 135.4 (C4’), 153.6 (C3’,5’), 166.3 (C=O). (EI) m/z (%): 410.14 [M+] 
(22.4), 255.06 [M + − C10H14NO4S], (10), 225.11 [M + − C10H14NO4] 
(37), 210.07 [M + − C10H12NO4] (18), 183.08 [M + − C9H12NO3] (14), 
168.07 [M + − C9H11NO3] (100). Anal. Calcd for C17H22N4O6S: C, 
49.75; H, 5.40; N, 13.65. Found: C, 49.75; H, 5.43; N, 13.78.

4.1.2. ADME/Tox profile prediction
To predict the pharmacokinetic and physicochemical properties, 

toxicity, and drug-likeness of the synthesized molecules were used the 
SwissADME program and pkCSM-pharmacokinetics, free online programs 
available at http://www.swissadme.ch/and http://structure. bioc.cam. 
ac.uk/pkcsm (accessed on August 17, 2024) [30,34].

4.1.3. In vitro anti-parasitic assay
Trypanosoma cruzi epimastigotes (Y strain (TCII)) were used [42], 

culture in axenic conditions in liver infusion tryptose (LIT) medium 
supplemented with 10 % inactivated fetal bovine serum. Cultures were 
maintained at 28 ◦C with subcultures performed every week into 25 cm2 

flask. Parasites were harvested in the logarithmic growth phase prior to 
experiments.

Leishmania donovani promastigotes (LD51 strain) were grown in liver 
infusion tryptose medium (LIT), with 100 % inactive fetal bovine serum. 
Parasites were collected in the logarithmic phase of growth before to the 
experiments.

4.1.4. In vitro evaluation of the effect of derivatives 7a-d, 8a-c, and 10a-h 
on the proliferation of T.cruzi epimastigotes byMTT assay

Epimastigotes (2 x 105 per well) were seeded in 96-well plates and 
incubated at 28 ◦C for 24 h, the compounds to be evaluated, dissolved in 
DMSO (0.1 % final concentration), were then added at a single con
centration of 50 μM. A drug-free control (negative control) was 
included, and benznidazole and nifurtimox were used as positive con
trols. After 72 h of incubation with the test compounds, MTT (5 mg/mL 
in PBS) was added and incubated for 4 h in the dark. Finally, cells were 
lysed with DMSO, and the absorbance was measured at 570 nm using a 
spectrophotometer [43,44].

4.1.5. In vitro evaluation of the effect of derivatives 7a-d, 8a-c, and 10a-h 
on the proliferation of L. donovani promastigotes by MTT assay

Promastigotes (4 x 105 per well) were seeded in 96-well plates and 
incubated at room temperature for 24 h. The compounds to be evalu
ated, dissolved in DMSO (0.1 % final concentration), were then added at 
a single concentration of 50 μM, a drug-free control (negative control) 
was included, and amphotericin B was used as leishmanicidal control. 
After 72 h of incubation with the test compounds, MTT (5 mg/mL in 
PBS) was added and incubated for 4 h in the dark. Finally, the cells were 
lysed with DMSO, and the absorbance was measured at 570 nm using a 
spectrophotometer [44].

4.1.6. Estimation of half maximal inhibitory concentration (IC50) of 
derivatives 7a, 8a-b againts T. cruzi epimastigotes and L. donovani 
promastigotes

T. cruzi epimastigotes (2x105 parasites per well) or L. donovani pro
mastigotes (4x105 per well) were seeded in 96-well plates and incubated 
at 28 ◦C for 24 h. Compounds 7a, 8a and 8b as well as the reference 
drugs, benznidazole, nifurtimox and amphotericin B, dissolved in DMSO 
(0.1 % final concentration were tested in triplicate at concentrations 
ranging from 10 to 100 μM. Growth inhibition was assessed after 72 h of 
incubation in the presence of the compounds using MTT (5 mg/mL in 
PBS), incubated for 4 h in the dark. Finally, parasites were lysed with 
DMSO, and the absorbance was measured at 570 nm using a 
spectrophotometer.

4.1.7. In vitro evaluation of derivatives 7a and 8b effects on T. cruzi 
intracelular amastigotes proliferation

For the intracellular amastigote experiment, Vero E6 cells (ATCC No. 
CRL-1586) were cultured in 12-well plates (4x105 cells/mL) containing 
coverslips in DMEM supplemented with 10 % fetal bovine serum, and 
incubated at 37 ◦C in a humidified 5 % CO2 atmosphere. Subsequently, 
the cells were infected with T. cruzi trypomastigotes (10:1 ratio, para
site/cell). After 12 h of infection, cells were washed with PBS to remove 
non-internalized parasites. Compounds 7a and 8b, dissolved in DMSO 
(0.1 % final concentration), were tested in triplicate at concentrations 
ranging from 5 to 150 μM. Nifurtimox was used as reference drugs at 
concentration range from 0.5 to 8 μM. Plates were incubated for 96 h at 
37 ◦C in in a humidified 5 % CO2 atmosphere. Coverslips were analyzed 
under light microscopy, and the number of infected cells were deter
minate. The results were expressed as the percentage of amastigotes 
proliferation compared to that of untreated control wells, the 50 % 
inhibitory concentration (IC50) was calculated using non-linear regres
sion in Prism (GraphPad).

4.1.8. Host cell totoxicity assay
To determine the potential toxic effects of the compounds on the host 

cells, uninfected Vero cells were used. Cells were maintained in DMEM 
supplemented with 10 % fetal bovine serum, and incubated at 37 ◦C in a 
humidified 5%CO2 atmosphere. Cells were counted in suspension using 
a Neubauer chamber and seeded at 2 x 104 cells/well in 96-well plate. 
After 24 h, compounds were added. Cells viability was measured after 
48 h using the MTT [3-(4,5-Dimethyl-2-thiazolyl)-2,5-Diphenyl-2H- 
tetrazolium bromide] colorimetric assay. MTT (5 mg/mL) was added 
and incubated in darkness for 4 h. After this time, DMSO was added, and 
the absorbance was measured at 540 nm using a Synergy HT spectro
photometer (Biotek). The assay was performed in triplicate at different 
concentrations: 5, 15, 25, 50, 100, 200 and 300 μM, including untreated 
cells and reference drug controls [44].

4.1.9. Cell volume regulation assay
The assays were performed according to the method reported by 

Schoijet et al. [45], with minor modifications. Epimastigote cultures 
were centrifuged at 5000 g and washed twice with isotonic chloride 
buffer (ISO-Cl buffer: 137 mM NaCl, 4 mM KCl, 1.5 mM KH2PO4, 8.5 mM 
Na2HPO4, 20 mM HEPES, 11 mM glucose, 1 mM CaCl2, 0.8 mM MgSO4, 
pH 7.4). The buffer osmolarity was adjusted to 300 ± 5 mOsm. Subse
quently, parasites were resuspended in ISO-Cl buffer at a density of 1 x 
108 parasites/mL. The parasites were then dispensed into 96-well plates 
at a concentration of 1 x 108 parasites/mL/well in a total volume of 100 
μL/well, in triplicate. To evaluate the effect of the compounds on cell 
volume regulation capacity, hypoosmotic stress was induced by adding 
100 μL of sterile deionized water to each well. Changes in absorbance, 
proportional to cell swelling, were measured every 5 s for 10 min at 550 
nm using an ELISA plate reader.

CRediT authorship contribution statement

Miguel A. Rodríguez: Methodology, Investigation. Ali Mijoba: 
Methodology, Investigation. Nereida J. Parra-Giménez: Validation, 
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