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Abstract: Due to the lack of approved vaccines against human leishmaniasis and the limitations of
the current chemotherapy inducing side effects and drug resistance, development of new, effective
chemotherapeutic agents is essential. This study describes the synthesis of a series of novel
oxadiazoles and indolizine-containing compounds. The compounds were screened in silico using
an EIIP/AQVN filter followed by ligand-based virtual screening and molecular docking to parasite
arginase. Top hits were further screened versus human arginase and finally against an anti-target
battery to tag their possible interactions with proteins essential for the metabolism and clearance
of many substances. Eight candidate compounds were selected for further experimental testing.
The results show measurable in vitro anti-leishmanial activity for three compounds. One compound
with an IC50 value of 2.18 µM on Leishmania donovani intramacrophage amastigotes is clearly better
positioned than the others as an interesting molecular template for further development of new
anti-leishmanial agents.

Keywords: Leishmania; arginase; in silico; anti-target; in vitro; anti-leishmanial inhibitors; anti-target

1. Introduction

The leishmaniases are a group of diseases caused by the trypanosomatid protozoan parasite of
the genus Leishmania through the bite of infected phlebotomine sandflies, endemic to 97 countries in
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parts of the tropics, subtropics, and in Southern Europe [1]. An estimated 700,000 to 1 million new
cases of leishmaniases and 20,000–30,000 deaths occur annually. In 2017, 94% of new cases reported
to the WHO occurred in seven countries: Brazil, Ethiopia, India, Kenya, Somalia, South Sudan,
and Sudan [2]. The three main clinical syndromes of leishmaniasis include cutaneous leishmaniasis
(CL), muco-cutaneous leishmaniasis (MCL), and visceral leishmaniasis (VL) [3].

Leishmaniasis is one of the most neglected diseases in terms of drug development [4,5]. Without
any effective vaccine against leishmaniasis in humans at present, the control of these parasites relies
solely on chemotherapy [6]. The current chemotherapies suffer from several drawbacks due to toxicity,
long-term treatment, severe adverse effects, high cost, invasive administration routes, low effectiveness,
and commonly, drug resistance [4,7,8]. Therefore, there is an urgent need for novel compounds with
substantial antileishmanial effect and low toxicity to the host.

Leishmania and all members of the Trypanosomatidae family depend on polyamines (PA) for growth
and survival [9,10]. The first enzyme involved in PA biosynthesis that hydrolyses arginine into
ornithine and urea is arginase [11]. Arginase inhibition can lead to oxidative stress in parasite cells
owing to a deficiency in trypanothione production that neutralizes reactive macrophage-derived
oxygen and nitrogen species [12], consequently leading to infection control [13]. Arginase is important
for parasite survival: deleting the arginase gene is auxotrophic for polyamines [14]. Being arginase
distinct from the mammalian target [11] and absolute necessity of the enzyme for survival of the
pathogen, it represents a key parasite drug target [15].

Oxadiazoles have been reported as potent anti-leishmanial agents [16,17]. Potent antimicrobial
and anti-leishmanial activity are also documented for indolizine-containing compounds [18,19].
The MetIDB database was screened in previous work with in silico procedures and ten promising
flavonoids were proposed as anti-leishmanial candidates [20]. In this study, a series of novel oxadiazoles
and indolizine containing compounds were synthesized, screened in silico with the Electron Ion
Interaction Potential/Average Quasi Valence Number (EIIP/AQVN) filter, followed by ligand-based
virtual screening and molecular docking to Leishmania arginase. In addition, the top hits were virtually
screened against human arginase and anti-targets. The best selected candidates for anti-leishmanial
compounds were subjected to experimental testing. The experimental results show measurable in vitro
anti-leishmanial activity for three compounds.

2. Results

2.1. Chemistry

2.1.1. Synthesis of 1,2,4-Oxadiazoles

N-acylhydrazones are important and versatile scaffolds. They can be obtained by conventional [21] or
non-conventional methods [22,23]. They can be considered either as final products with important
biological properties or stable intermediates in the design and construction of other motifs like
1,2,4-oxadiazoles. In our hands, as N-acylhydrazones 1–5 were prepared on an automated platform,
we conducted synthesis by refluxing an equimolar mixture of hydrazide and aldehyde in ethanol
with a catalytic amount of hydrochloric acid (Scheme 1). Purifications by filtration of the solid
compounds were parallelized and we were able to isolate about 200 compounds in four batches.
The five compounds used in this work are shown in Table 1.Molecules 2019, 24, x FOR PEER REVIEW 3 of 18 
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Table 1. Isolated acylhydrazones.

Compound Hydrazide Aldehyde Yield (%) Purity 1 (%)

1
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1,2,4-Oxadiazoles can be considered as one of the most important 5-membered heteroaromatic
rings found in many pharmaceutical compounds. Among the various synthetic approaches reported
in the literature [24], one concerns reaction under conventional or non-conventional methods of
amidoximes with suitably activated acid derivatives [25].

Synthesis of the 3-[3,4-(methylenedioxy)phenyl)]-5-(methoxymethyl)-1,2,4-oxadiazole 8 was
achieved in two steps and 90% total yield by the reaction of 3,4-(methylenedioxy)benzonitrile with
hydroxylamine to afford quantitatively amidoxime 6 followed by the reaction with methoxyacetyl
chloride under microwave irradiation (Scheme 2). This compound was prepared during a small
molecule library synthesis program, and the protocols established to allow the automation and the
parallelization of reactions. The first step of the procedure was applied to 3-nitrobenzonitrile, affording
also in quantitative yield the corresponding 3-nitrobenzamidoxime.
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2.1.2. Synthesis of Indolizines

The 1,3-dipolar cycloaddition reaction of azomethine ylide containing nitrogen in a 6-membered
ring such as pyridine and isoquinoline was applied for the synthesis of the target compounds. In that
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respect, 1-((5-nitro-1H-benzo[d]imidazol-2-yl)methyl)pyridin-1-ium chloride 9 and 2-((5-nitro-1H-
benzo[d]imidazol-2-yl)methyl)isoquinolin-2-ium chloride 10(2), (Scheme 3), which were prepared
from the reaction of pyridine/isoquinoline with 2-(chloromethyl)-5-nitro-1H- benzo[d]imidazole
(Scheme 3), as described previously [26,27], undergo a dehydrohalogenation reaction in the presence
of triethylamine in chloroform to give the corresponding pyridinium 9/isoquinolinium 10 ylide in 75%
and 95% yield, respectively. The reaction of the latter (Scheme 4) with DMAD or methyl propiolate at
room temperature and overnight afforded, after workup and column chromatography, the indolizine
11 (25% yield), and benzindolizines 12 and 13 (28% and 27%, respectively). The obtained compounds
were fully characterized by 1H, 13C NMR, mass spectra, and IR.
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2.2. Virtual Screening

2.2.1. EIIP Filtering

We used the previously developed average quasi valence number/electron ion interaction
potential (EIIP/AQVN) criteria for selection of Leishmania arginase compounds [20].

2.2.2. 3D QSAR Filtering

39 molecules were obtained after filtering with EIIP criteria and were subjected to prediction
of their activity using the above described arginase 3D-quantitative structure-activity relationship
(3D-QSAR) model. The two criteria for selection were: (1) partial least square (PLS) scores in the
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vicinity of compounds from the model (Figure 1); and (2) best ranking by predicted IC50 values.
This filtering gave 10 candidates that were used for docking into the Leishmania arginase structure
model, human arginase crystal structure, and off-target (anti-target) affinity calculation.
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Figure 1. Partial least squares (PLS) scores of 39 candidate molecules (red dots) and training set (black
dots). The best candidate compound, 2, is marked (PICA052).

2.2.3. Arginase Docking

Ten compounds were docked into both the parasite arginase model structure and the crystal
structure of human arginase. Docking scores of the best-docked conformations, along with
experimental measurements are presented in Table 2. Although PLS prediction and docking score
results were promising, the experiments showed significant activity of six compounds. However,
due to their toxicity, only one candidate, compound 2, is acceptable thanks to its selectivity index (SI,
CC50 for macrophage/IC50 for promastigotes)≥ 2, with an IC50 value on intramacrophage amastigotes
< 5 µM. The highest ranked docking conformation of this compound in the Leishmania arginase model
is presented in Figure 2.
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Table 2. Compounds selected from QSAR PLS scores, with calculated EIIP descriptor values, predicted activity, docking scores, and experimental data.

No Code AQVN EIIP Structure Pred.
pIC50

Autodock Score
(kcal/mol)

Leishmania
Arginase

Autodock Score
(kcal/mol)

Human
Arginase

Leishmania
donovani LV9 axenic
Amastigotes Forms

IC50 ± SD (µM)

Leishmania donovani
Intramacrophage

Amastigotes Forms
IC50 ± SD (µM)

Toxicity on RAW
264.7 Macrophages
CC50 ± SD (µM)

17 1 3.28 0.125
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2.2.4. Anti-Target Interaction Matrix

The top eight compounds from the filtering were then assessed against the anti-target battery.
The results of the docking of all the final compounds against the battery of five anti-targets are shown
in Figure 3 (full table of docking scores Table 3).
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Figure 3. Interaction matrix between proposed ligands and anti-targets. Color code: black = 1.0;
grey = 0.5, white = 0.0. Columns: PXR = pregnane-X-receptor; SULT = sulfotransferase; CYP 2a6 =
cytochrome P450 cam 2a5; CYP 2c9 = cytochrome P450 cam 2c9; CYP 3a4 = cytochrome P450 cam 3a4;
Total = PXR + SULT + CYP 2a6 + CYP 2c9 + CYP 3a4.

Table 3. In vitro anti-leishmanial activity and cytotoxicity of compounds selected by virtual screening.

Compound
Leishmania donovani LV9

Axenic Amastigotes
IC50 ± SD (µM)

Leishmania donovani LV9
Intramacrophage Amastigotes

IC50 ± SD (µM)

Cytotoxicity on RAW
264.7 Macrophages
CC50 ± SD (µM)

SI = CC50/IC50
Intramacro. Amas.

2 1.09 ± 0.12 2.18 ± 0.12 4.87 ± 0.39 2.2
3 >100 >100 >100 /
4 12.50 ± 0.62 11.22 ± 0.62 16.34 ± 1.42 1.4
5 61.52 ± 5.99 55.22 ± 4.77 > 100 >1.8
1 11.89 ± 1.87 6.25 ± 1.89 13.86 ± 2.11 2.2
8 59.86 ± 6.45 51.26 ± 4.35 >100 >1.9
7 51.21 ± 4.98 47.24 ± 3.12 >100 >2.1

12 >100 >100 >100 /
AmB 0.20 ± 0.08 0.11 ± 0.09 5.36 ± 0.52 48.7

There was broad general agreement between the five anti-targets. None of the compound’s
docking score surpassed that of the threshold for CYP P450 2a6, 2c9, or 3a4, which may be an
indication of the relative size of the ligands. There were more interactions found with the anti-targets
PXR and SULT. Compounds 3 and 5 had the highest combined score of 1.0 for all anti-targets combined,
while most compounds had even lower interactions.

All of the compounds had zero PAINS flags, passed Lipinksi’s rule-of-five, and were predicted
to be soluble or moderately soluble, have high gastrointestinal absorption, and potential (using a
support-vector-machine) CYP 2a6 binding for 2, 3, 4, 5, and CYP 3a4 for 8, according to filters [28].

2.2.5. In vitro Evaluation of Anti-Leishmanial Activity

Finally, we selected eight hit compounds for experimental testing. Since isolated arginase was
not available, the selected compounds were assayed for their in vitro inhibition activity against axenic
amastigote and intramacrophage amastigote forms of Leishmania donovani (Table 3). A broad range of
activities against axenic and intramacrophage amastigotes forms of Leishmania donovani was found
with IC50 values in the range between 1–2 and 55–61 µM. The compounds exhibited similar activities
on both axenic amastigotes and intramacrophage amastigotes. The most potent inhibitors were also
slightly toxic with CC50 values in the range from 4 to 16 µM.
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Regarding structure–activity relationships, the replacement of a thiophene group (compound 4) by
a pyridine group (compound 5) was responsible for a loss of activity by a factor of five and also a strong
reduction of cytotoxicity. Among the tested compounds, one compound, 2, is the most active despite
having a not negligible toxicity. Its chemical structure has two thiophene groups. The replacement
of a thiophene group (compound 2) by a furan group (compound 3) led to a total loss of activity and
cytotoxicity. The replacement of the bromothiophene group (compound 2) by a benzothiazole group
(compound 4) was responsible for a five-fold reduction of the anti-leishmanial activity and four-fold
reduction of cytotoxicity. The replacement of bromothiophene (compound 3) by a methylbenzothiazole
group (compound 1) enhanced both the antileishmanial activity and cytotoxicity. In the phenotypic
based screening, the most promising compound 2 (Table 3) has an IC50 value of 2.18 µM, 20 times
higher than that of amphotericin B, the reference compound. Regarding the selectivity index (SI)
values, compound 2 has an SI of 2, whereas amphotericin B had an SI of 48 against Leishmania axenic
amastigotes. It is also less than four times higher than the reference drug miltefosine (0.31 µM) [29].
The obtained in vitro results clearly require additional pharmacomodulations to reduce the cytotoxicity
and enhance the antileishmanial activity in order to achieve better selectivity index values.

3. Discussion

Inhibition of enzymes of the polyamine–trypanothione metabolism including arginase is
considered as one of the best options for the treatment of Leishmania since many of these enzymes
passed both target validation and chemical validation [10]. In the quest for potential treatment
options against leishmaniasis, increasing interest has been shown for N-acylhydrazone, oxadiazole,
and indolizine containing compounds. These types of compounds targeting arginase represent an
interesting strategy in the search for a new anti-leishmanial treatment.

In our hands, N-acylhydrazones were prepared on an automated platform where reaction
conditions and purifications by filtration of the solid compounds were parallelized for 50 compounds
in each run (about 200 compounds synthetized in four batches). In that respect, reaction conditions
were generalized, and for some of the compounds, yields are not optimum. The same is also true for
the 1,2,4-oxadiazoles where the reaction conditions were chosen in order to prepare a small-molecule
library (150 compounds synthetized). The reaction conditions first afforded the amidoxime compounds
quantitatively, then the reaction with activated acid furnished in good yield the 1,2,4 oxadiazoles,
where one example is used in the current study. Concerning the indolizine compounds, the azomethine
ylide prepared in situ by 1,3 dipolar cycloaddition was chosen. The yields obtained for compounds
11–13 are poor, varying between 25–28% after careful purification. The insolubility of the chloride
salts could be the reason for the low yields. As one of the research programs of the group concerns
1,3 dipolar cycloadditions using this type of ylides, efforts are currently oriented to the synthesis
of indolizine-bearing derivatives under non-conventional methods in order to obtain focused small
libraries of these compounds.

The compounds thus obtained for this study were subsequently screened. The ten selected
compounds from our study with favorable in silico interaction profiles with arginase and against
the anti-targets were favorable for further experimental testing and represent better initial points
than screening compounds at random. Three compounds were found to be active against Leishmania
donovani. One product, compound 2, is better than the others as an interesting molecular template for
further development of new anti-leishmanial agents due to its observed experimental activity against
parasite amastigotes, better selectivity index, and predicted interactions with targets and anti-targets.
Interestingly, the compound that had the best selectivity index, the most promising compound 2, had a
docking score that was approximately 0.8 kcal/mol stronger for the parasite arginase than for human
arginase. This may also indicate that a larger degree of selectivity for a compound may be picked up
by the procedure carried out here.

Considering the mechanism of action of both chemical series, the results obtained in this paper
prompt us to develop further pharmacomodulations in order to diminish the cytotoxicity and enhance
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the anti-leishmanial activity. In any case, despite the level of cytotoxicity of compound 2 being in a
similar range to that of the reference compound AmB, the obtained results justify the determination
of the maximal tolerated dose in mice, and then, the in vivo evaluation of compound 2 on the
L. donovani/BALB/c mice model.

4. Materials and Methods

4.1. Chemistry and Physico-Chemical Analyses

Melting points (m.p.) were determined using a Mettler Toledo MP50 system and were uncorrected.
1H and 13C NMR spectra were recorded in CDCl3 and/or DMSO-d6 using a Bruker AC 300 (1H) or
75 MHz (13C) instruments, except for compounds 1, 2, 4, 6, and 7: 13C-NMR analyses were conducted
with a Bruker AVANCE500 at 298 K (125.75 MHz). Chemical shifts are given in δ parts per million
(ppm) and referenced to external TMS.

Automated syntheses were carried out on an Accelerator SLT-106 workstation from Chemspeed
and microwave assisted reactions on a SWave workstation from Chemspeed equipped with a Biotage
Initiator reactor.

High-resolution mass spectra (MS) were recorded on a GCT Premier Mass Spectrometer (Waters,
MA, USA). Liquid Chromatography/Mass Spectrometry (LC/MS) analyses were performed on an
Autopurif system from Waters (PDA 2996, MS 3100, Pump 2545, MA, USA) with a Gemini-NX column
(5, C18, 110A, 50 × 4.6 mm) from Phenomenex. Analyses were done with 1 mL/min flow and a
gradient of water/acetonitrile containing 0.05% of formic acid (0.0 to 1.0 min: 90/10; 1.0 to 5.0 min:
90/10 to 0/100; 5.0 to 6.5 min: 0/100; 6.5 to 7.0 min: 0/100 to 90/10; 7.0 to 12.0: 90/10) and purities
were determined at 254 nm.

4.1.1. General Procedure for the Automated Synthesis of Compounds 1–5:

Aldehyde (1.00 mmol), hydrazide (1.00 mmol), ethanol (4.0 mL) and 50 µL of aqueous 1M HCl
were added in a 13 mL double jacket reactor from Chemspeed equipped with condenser. The mixture
was shaken at 700 rpm for 4 h at 80 ◦C, then cooled down to 20 ◦C. The precipitate was filtrated and
successively washed with 2 mL of ethanol and 2 mL of ethyl ether to obtain the product.
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LC purity (254 nm): 92%. 1H-NMR (300 MHz, DMSO) δ ppm: 12.22 (s, 1H), 8.62 (s, 1H), 8.00–7.93 (m,
1H), 7.41–7.33 (m, 2H), 6.73 (dd, J = 3.3, 1.5 Hz, 1H), 2.39 (d, J = 0.9 Hz, 3H). 13C-NMR (125.75 MHz,
DMSO) δ ppm: 163.72, 157.80, 154.60, 153.93, 142.57, 116.86, 116.21, 115.16, 112.74, 112.38, 17.14. HRMS
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N’-[(5-Bromo-2-thiophenyl)methylene]thiophene-2-carbohydrazide (2): Light yellow solid, yield: 72%, m.p.:
195–198 ◦C. LC purity (254 nm): 99%. 1H-NMR (300 MHz, DMSO) δ ppm: 11.89 (s, 1H), 8.58 and 8.20
(2 broad singlets, 1H), 8.05–7.93 (m, 1 H), 7.88 (br, 1H), 7.33 (dd, J = 4.5, 0.6 Hz, 1H), 7,27 (d, J = 3.9 Hz,
1H), 7,22 (dd, J = 5.1, 3.9 Hz, 1H). 13C-NMR (125.75 MHz, DMSO) δ ppm: 161.58, 158.40, 142.42, 141.41,
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141.24, 138.50, 138.15, 135.65, 135.26, 133.46, 132.47, 131.98, 129.51, 128.60, 127.14, 115.25. HRMS (ES,
TOF) m/z: [M + H]+ calc. for C10H8N2OS2Br: 314.9261. Found: 314.9250.
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N’-[(2-Benzothiazolyl)methylene]thiophene-2-carbohydrazide (4): Light yellow solid, yield: quant., m.p.:
231–234 ◦C. LC purity (254 nm): 99%. 1H-NMR (300 MHz, DMSO) δ ppm: 12.37 (s, 1H), 8.74 and 8.42
(2 br, 1H), 8.20-8.12 (m, 1H), 8.12–7.87 (m, 3H), 7.55 (ddd, J = 14.7, 7.5, 1.5 Hz, 1H), 7.50 (ddd, J = 15.9,
7.5, 1.5 Hz, 1H), 7.27 (dd, J = 4.8, 3.6 Hz, 1H). 13C-NMR (125.75 MHz, DMSO) δ ppm: 165.52, 164.86,
161.86, 158.45, 153.62, 142.24, 138.56, 135.87, 134.63, 130.34, 128.77, 127.17, 127.04, 123.76, 123.00. HRMS
(ES, TOF) m/z: [M + H]+ calc. for C13H10N3OS2: 288.0265. Found: 288.0277.
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4.1.2. General Procedure for the Automated Synthesis of Compounds 6 and 7:
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3-[3,4-(Methylenedioxy)phenyl)]-5-(methoxymethyl)-1,2,4-oxadiazole (8): Light tan solid, m.p.: 56–57 ◦C.
LC purity (254 nm): 98%. 1H-NMR (300 MHz, DMSO) δ ppm: 7.58 (dd, J = 8.1, 1.8 Hz, 1H), 7.45
(dd, J = 1.5, 0.3 Hz, 1H), 7.09 (dd, J = 8.1, 0.3 Hz, 1H), 6.14 (s, 2H), 4.80 (s, 2H), 3.42 (s, 3H). 13C-NMR
(75 MHz, DMSO) δ ppm: 176.5, 167.2, 150.1, 148.0, 122.1, 119.6, 109.0, 106.6, 101.9, 64.4, 58.8. HRMS
(DCI-CH4, TOF) m/z: [M + H]+ calc. for C11H11N2O4: 235.0719. Found: 235.0712.

4.1.4. General Procedure for the Synthesis of Compounds 11–13:

Compounds 1-((5-nitro-1H-benzo[d]imidazol-2-yl)methyl)pyridin-1-ium chloride 9 and
2-((5-nitro-1H-benzo[d]imidazol-2-yl)methyl)isoquinolin-2-ium chloride 10 were prepared as
previously reported and gave the same experimental characteristics. A mixture of pyridinium/
isoquinolinium salt (1 mmol, 1.0 eq.) and alkyne (1.1 mmol, 1.1 eq.) in chloroform was stirred at 0 ◦C.
Triethylamine (1.3 mmol, 1.3 eq.) was added dropwise and the mixture was further stirred at room
temperature for 24 h. The reaction medium was evaporated under reduced pressure and the obtained
residue was purified by flash chromatography.

99 mg of compound 11 were obtained (25% yield).
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Dimethyl 3-(5-nitro-1H-benzo[d]imidazol-2-yl)indolizine-1,2-dicarboxylate (11): m.p.: 234 ◦C. Rf: 0.6
EP/EtOAc (7:3 v/v). 1H-NMR (300 MHz, CDCl3) δ ppm: 11.65 (s, 1H), 10.30 (d, J = 7.2, Hz, H5), 8.72
(d, J = 2.1 Hz, H4′), 8.32–8.18 (m, H6′ + H8), 7.59 (d, J = 8.8 Hz, H7′), 7.38 (dd, J = 9.0, 6.7 Hz, H7), 7.11
(dd, J = 7.2, 6.7 Hz, H6), 4.08 (s, 3CH3), 4.00 (s, 3CH3). 13C-NMR (75 MHz, DMSO) δ ppm: 169.2, 163.7,
148.2, 147.5, 147.3, 143.9, 142.6, 137.0, 173.0, 131.9, 128.4, 126.1, 119.3, 119.0, 115.2, 110.9, 107.9, 53.6, 51.8.
HRMS (ES, TOF) m/z: [M + H]+ calc. for C19H14N4O6: 395.0992. Found: 395.0988. IR (ATR) (cm−1):
3347, 3117, 2954, 1716, 1702, 1503, 1215, 749.
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125 mg of compound 12 were obtained (28% yield).
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Dimethyl 3-(5-nitro-1H-benzo[d]imidazol-2-yl)pyrrolo[2,1-a]isoquinoline-1,2-dicarboxylate (12): m.p.:162 ◦C.
Rf: 0.6 EP/THF (1:4 v/v). 1H-NMR (300 MHz, CDCl3) δ ppm: 11.75 (s, NH), 8.98 (d, J = 7.5 Hz, H5),
8.59 (s, H4′), 8.35–8.26 (m, H10), 8.17 (d, J = 8.9 Hz, H6′), 7.86-7.83 (m, H7+H7′), 7.65-7.62 (m, H8+H9),
7.33 (d, J = 7.5 Hz, H6), 4.00 (s, CH3), 3.85 (s, CH3). 13C-NMR (75 MHz, DMSO) δ ppm: 166.9 (CO),
164.1 (CO), 146.9 (C5′), 143.4 (C2), 129.0 (CH8 + CH9), 128.9 (C11), 128.7 (C), 128.2 (CH7), 123.9 (C),
123.9 (CH10), 123.8 (CH5), 119.3 (C), 118.7 (CH6′), 117.5 (C3), 115.4 (CH7′), 115.3 (CH6), 113.1 (CH4′),
111.0 (C), 53.3 (CH3), 53.0 (CH3). HRMS (ES, TOF) m/z: [M + H]+ calc. for C23H17N4O6: 445.1148.
Found: 445.1127. IR (ATR) (cm−1): 3399, 3109, 2990, 1727, 1686, 1519, 1340, 1210, 734.

195 mg of compound 13 were obtained (27%)
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used to perform the conformational search. 
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Methyl 3-(5-nitro-1H-benzo[d]imidazol-2-yl)pyrrolo[2,1-a]isoquinoline-1-carboxylate (13): m.p.: 280 ◦C. Rf:
0.4 EP/EtOAc (4:1 v/v). 1H-NMR (300 MHz, CDCl3) δ ppm: 13.60 (s, NH), 10.03 (d, J = 7.5 Hz, H5),
9.78–9.73 (m, H4′), 8.54–8.51 (m, H10), 8.23 (s, H2), 8.14–8.08 (m, H6′), 7.93–7.89 (m, H7′), 7.70–7.63
(m, H7,H8,H9), 7.52 (d, J = 7.5 Hz, H6), 3.93 (s, CH3). 13C-NMR (75 MHz, DMSO) δ ppm: 164.7, 143.1,
139.5, 131.7, 129.5, 129.2, 128.0, 127.5, 127.2, 127.0, 126.1, 125.2, 124.7, 124.5, 120.3, 119.0, 116.4, 115.4,
115.1, 52.1. HRMS (ES, TOF) m/z: [M + H]+ calc. for C21H24N4O4: 387.1067. Found: 387.1070. IR (ATR)
(cm−1): 2920, 2851, 1708, 1521, 1341, 1202, 760.

4.2. Ligands

The source for data was internal libraries of synthetized oxadiazoles and indolizine-containing
compounds.

4.3. Virtual Screening

Starting with a filter based on EIIP/AQVN values and subsequently, 3D QSAR filtering,
and arginase docking, hit compounds were docked into anti-targets involved in the metabolism
of compounds in order to tag their possible interactions.

4.3.1. EIIP/AQVN

AQVN and the EIIP can give indication on long-range biomolecule interaction (over 0.5 nm) [30],
based on the general model pseudopotential [31]

EIIP = 0.25 Z* sin(1.04 π Z*)/2π, (1)

where Z* is the average quasi-valence number (AQVN):

Z* = ∑m(ni Zi / N), (2)
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where Zi is the valence number of the ith atomic component, ni is the number of atoms of the ith
component, m is the number of atomic components in the molecule, and N is the total number of
atoms. EIIP values are calculated according to equations 1 and 2 are expressed in Rydberg units (Ry).

Similarity in AQVN and EIIP values may give a clue on a common therapeutic target, thus setting
up criteria for virtual screening of molecular libraries for compounds with similar therapeutic
properties [20].

4.3.2. 3D QSAR

We used our previously reported 3D QSAR model of Leishmania amazonenzis [20].

4.4. Arginase

The crystal structure of Leishmania mexicana with ABH (4iu0.pdb) was used to generate a model
for L. amazoniensis. Docking was performed with Autodock 4.6.2. The Lamarckian GA method was
used to perform the conformational search.

4.5. Anti-Targets

The docking for the anti-targets was carried out with Glide XP [32] and proteins with resolution
≤ 2.6 Å (1m13, 2a3r, 1z10, 1og5, 1tqn) [33,34]. The thresholds for determining a strong interaction
were set to −7.7, −6.3, −7.6, −8.7, and −7.5 kcal/mol. An estimate of the binding was changed to
interaction codes:

Score = 0.0 if ∆G − ∆Gref > 0.5, (3)

Score = 0.5 if |∆G − ∆Gref| ≤ 0.5, (4)

Score = 1.0 if ∆G − ∆Gref < −0.5, (5)

where ∆Gref is the docking score of the protein with co-crystallized active reference ligand, and ∆G is
the docking score for a ligand bound to that protein binding site. Shades were then set to white, grey,
and black.

4.6. Biological Evaluation

4.6.1. Cultures for Parasites and Cells

Leishmania donovani promastigotes (MHOM/ET/67/HU3/LV9) were cultured with 5% CO2 in
M199 complete medium containing M199 medium supplemented with 100 µM adenosine, 0.5 mg/L
hemin, 40 mM Hepes pH 7.4 and 10% heat inactivated fetal bovine serum (HIFBS) in the dark at 26 ◦C.
Late log promastigotes diluted at 1 × 106/mL in M199 complete medium acidified at pH 5.5 and
cultured at 37 ◦C with 5% CO2 provided the cultures of axenic amastigotes of L. donovani.

4.6.2. Macrophage

RAW 264.7 macrophages were grown with 5% CO2 in DMEM complete medium containing
Dulbecco’s Modified Eagle’s Medium (DMEM) with 100 U/mL penicillin-streptomycin, and 10%
HIFBS at 37 ◦C.

4.6.3. In Vitro Anti-Leishmanial Compound Testing on Axenic and Intramacrophage Amastigotes:

Previously described protocols [35] were adapted for evaluation of compounds on L. donovani.
For axenic amastigotes, two-fold serial dilutions of the compounds were done in 96-well microplates
with 100 µL of complete medium (see above). Axenic amastigotes were then added to each well at a
density of 106 mL in a 200 µL final volume. After 72 h of incubation with 5% CO2 at 37 ◦C, 20 µL of
resazurin (450 µM) was added to each well and further incubated with 5% CO2 at 37 ◦C for 24 h in
the dark. Resazurin is reduced to resorufin in living cells and can be then monitored by measuring
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OD570nm (resorufin) and OD600nm (resazurin; Lab systems Multiskan MS). Compound activity was
expressed as IC50 (µM). The drug used for reference was Amphotericin B (AmB).

For intramacrophage amastigote testing, RAW 264.7 macrophages were incubated with 5% CO2

at 37 ◦C for 24 h after being plated in 96-well microplates at a density of 2 × 104 cells per well. Axenic
amastigotes were differentiated as described above, centrifuged at 2000 g for 10 min, re-suspended in
DMEM complete medium, and added to each well to reach a 16:1 parasite to macrophage ratio. 24 h
of infection with 5% CO2 at 37 ◦C proceeded, and extracellular parasites were removed. This was
followed by addition to each well of DMEM complete medium (100 µL) containing two-fold serial
dilutions of the compounds from a maximal concentration of 100 µM. The medium was removed
following treatment of 48 h and replaced by Direct PCR Lysis Reagent (100 µL; Euromedex) before 3
freeze-thaw cycles at room temperature, addition of 50 µg/mL proteinase K, and a final incubation at
55 ◦C overnight to allow cell lysis. 10 µL of each cell extract was then added to 40 µL of Direct PCR
Lysis reagent containing Sybr Green I (0.05%; Invitrogen). Mastercycler® realplex (Eppendorf) was
used to monitor DNA fluorescence. Compound activity was expressed as IC50 (µM). The drug used
for reference was Amphotericin B (AmB).

4.6.4. Cytotoxicity Tests

RAW 264.7 macrophages were used for cytotoxicity testing. Cells were plated in 96-well
microplates at a density of 2 × 104 cells per well. Twenty-four hours of incubation with 5% CO2

at 37 ◦C followed, and then the medium was removed and to each well, 100 µL of DMEM complete
medium containing two-fold serial dilutions of the compounds were added. This was followed by 48 h
of incubation with 5% CO2 at 37 ◦C, after which 10 µL of resazurin (450 µM) was added to each well,
and further incubated with 5% CO2, in the dark for 4 h at 37 ◦C. Cell viability was then monitored as
above. Compound cytotoxicity was expressed as CC50 (Cytotoxic Concentration 50%: concentration
inhibiting the macrophages growth by 50%).

5. Conclusions

There is a growing and urgent need for new chemical compounds for the treatment of several
leishmaniases given the lack of vaccines and the side-effects and lack of efficacy of presently-used
chemicals. Four different series of compounds were synthetized and tested as potent anti-leishmanial
compounds. While the indolizine compound does not present good activity, and the aldoxime
and 1,2,4-oxadiazole tested are both equally moderately active, N-acylhydrazones presented much
better activities. Among them, compound 2 is better than the others and could be considered as
an interesting molecular template for further development of new anti-leishmanial agents due to
its observed experimental activity against parasite Leishmania donovani axenic and intramacrophage
amastigotes, better selectivity index, and predicted interactions with targets and anti-targets. It has a
selectivity index of 2.2. Further work may be carried out to improve the toxicity and potency profiles
of these compounds.

Author Contributions: M.B., A.T.G.-S., and S.G. conceived and designed the study; A.T.G.-S., M.S., M.D., C.M.,
R.B., S.C., S.S., and A.B. performed experiments; A.T.G.-S., P.M.L., M.B., M.S., K.N., S.G., and S.S. analyzed the
data; A.T.G.-S., M.B., P.M.L., S.G., and M.S. wrote the paper; all authors read and approved the final manuscript.

Funding: This research was funded by the Ministry of Education, Science and Technological Development of the
Republic of Serbia (Grant no. 173001) and the Haridus- ja Teadusministeerium (Grant IUT34-14).

Acknowledgments: The authors would like to gratefully acknowledge the EU COST Action CM1307 “Targeted
chemotherapy towards diseases caused by endoparasites” for traveling and publishing costs in open access. The
NMR Facility (ICT, Toulouse, France, http://ict.ups-tlse.fr/?RMN-103) is gratefully acknowledged for carrying
out the NMR analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

http://ict.ups-tlse.fr/?RMN-103


Molecules 2019, 24, 1282 15 of 16

References

1. WHO, Leishmaniasis: Situation and Trends. World Health Organization, 2017. Available online: https:
//www.who.int/gho/neglected_diseases/leishmaniasis/en/ (accessed on 19 February 2019).

2. WHO Fact Sheet. 2018. Available online: http://www.who.int/en/news-room/fact-sheets/detail/
leishmaniasis (accessed on 19 February 2019).

3. Chappuis, F.; Sundar, S.; Hailu, A.; Ghalib, H.; Rijal, S.; Peeling, R.W.; Alvar, J.; Boelaert, M. Visceral
leishmaniasis: What are the needs for diagnosis, treatment and control? Nat. Rev. Microbiol. 2007, 5, 873–882.
[CrossRef] [PubMed]

4. Machado-Silva, A.; Guimarães, P.P.; Tavares, C.A.; Sinisterra, R.D. New perspectives for leishmaniasis
chemotherapy over current anti-leishmanial drugs: A patent landscape. Expert Opin. Ther. Pat. 2015, 25,
247–260. [CrossRef] [PubMed]

5. Rajasekaran, R.; Chen, Y.P. Potential therapeutic targets and the role of technology in developing novel
antileishmanial drugs. Drug Discov. Today 2015, 20, 958–968. [CrossRef] [PubMed]

6. De Menezes, J.; Guedes, C.; Petersen, A.; Fraga, D.; Veras, P. Advances in development of new treatment for
Leishmaniasis. Biomed. Res. Int. 2015, 2015, 815023. [CrossRef] [PubMed]

7. Ponte-Sucre, A.; Gamarro, F.; Dujardin, J.C.; Barrett, M.P.; López-Vélez, R.; García-Hernández, R.;
Pountain, A.W.; Mwenechanya, R.; Papadopoulou, B. Drug resistance and treatment failure in leishmaniasis:
A 21st century challenge. PLoS Negl. Trop. Dis. 2017, 14, e0006052. [CrossRef]

8. Rahman, R.; Goyal, V.; Haque, R.; Jamil, K.; Faiz, A.; Samad, R.; Ellis, S.; Balasegaram, M.; Boer, M.D.;
Rijal, S.; et al. Safety and efficacy of short course combination regimens with AmBisome, miltefosine and
paromomycin for the treatment of visceral leishmaniasis (VL) in Bangladesh. PLoS Negl. Trop. Dis. 2017,
11, e0005635. [CrossRef]

9. Rogers, M.; Kropf, P.; Choi, B.S.; Dillon, R.; Podinovskaia, M.; Bates, P.; Müller, I. Proteophosophoglycans
regurgitated by Leishmania-infected sand flies target the L-arginine metabolism of host macrophages to
promote parasite survival. PLoS Pathog. 2009, 5, e1000555. [CrossRef]

10. Ilari, A.; Fiorillo, A.; Genovese, I.; Colotti, G. Polyamine-trypanothione pathway: An update. Future Med. Chem.
2017, 9, 61–77. [CrossRef]

11. Da Silva, E.R.; Castilho, T.M.; Pioker, F.C.; Tomich de Paula Silva, C.H.; Floeter-Winter, L.M. Genomic
organisation and transcription characterisation of the gene encoding Leishmania (Leishmania) amazonensis
arginase and its protein structure prediction. Int. J. Parasitol. 2002, 32, 727–737. [CrossRef]

12. Bocedi, A.; Dawood, K.F.; Fabrini, R.; Federici, G.; Gradoni, L.; Pedersen, J.Z.; Ricci, G. Trypanothione
efficiently intercepts nitric oxide as a harmless iron complex in trypanosomatid parasites. FASEB J. 2010, 24,
1035–1042. [CrossRef]

13. Colotti, G.; Ilari, A. Polyamine metabolism in Leishmania: From arginine to trypanothione. Amino Acids 2011,
40, 269–285. [CrossRef]

14. Reguera, R.M.; Balaña-Fouce, R.; Showalter, M.; Hickerson, S.; Beverley, S.M. Leishmania major lacking
arginase (ARG) are auxotrophic for polyamines but retain infectivity to susceptible BALB/c mice.
Mol. Biochem. Parasitol. 2009, 165, 48–56. [CrossRef]

15. Chawla, B.; Madhubala, R. Drug targets in Leishmania. J. Parasit. Dis. 2010, 34, 1–13. [CrossRef] [PubMed]
16. Lepesheva, G.I.; Hargrove, T.Y.; Rachakonda, G.; Wawrzak, Z.; Pomel, S.; Cojean, S.; Nde, P.N.; Nes, W.D.;

Locuson, C.W.; Calcutt, M.W.; et al. VFV as a New Effective CYP51 Structure-Derived Drug Candidate for
Chagas Disease and Visceral Leishmaniasis. J. Infect. Dis. 2015, 212, 1439–1448. [CrossRef] [PubMed]

17. Cottrell, D.M.; Capers, J.; Salem, M.M.; DeLuca-Fradley, K.; Croft, S.L.; Werbovetz, K.A. Antikinetoplastid
activity of 3-aryl-5-thiocyanatomethyl-1,2,4-oxadiazoles. Bioorg. Med. Chem. 2004, 12, 2815–2824. [CrossRef]
[PubMed]

18. Sharma, V.; Kumar, V. Indolizine: A biologically active moiety. Med. Chem. Res. 2014, 23, 3593–3606.
[CrossRef]

19. Jaisankar, P.; Pal, B.; Manna, R.K.; Pradhan, P.K.; Medda, S.; Basu, M.K.; Giri, V.S. Synthesis of
antileishmanial(5R)-(-)-5-carbomethoxy-3-formyl-5, 6-dihydroindolo-[2, 3-a]-indolizine. ARKIVOC 2003, ix,
150–157.

20. Glisic, S.; Sencanski, M.; Perovic, V.; Stevanovic, S.; García-Sosa, A.T. Arginase Flavonoid Anti-Leishmanial
in Silico Inhibitors Flagged against Anti-Targets. Molecules 2016, 21, 589. [CrossRef] [PubMed]

https://www.who.int/gho/neglected_diseases/leishmaniasis/en/
https://www.who.int/gho/neglected_diseases/leishmaniasis/en/
http://www.who.int/en/news-room/fact-sheets/detail/leishmaniasis
http://www.who.int/en/news-room/fact-sheets/detail/leishmaniasis
http://dx.doi.org/10.1038/nrmicro1748
http://www.ncbi.nlm.nih.gov/pubmed/17938629
http://dx.doi.org/10.1517/13543776.2014.993969
http://www.ncbi.nlm.nih.gov/pubmed/25530084
http://dx.doi.org/10.1016/j.drudis.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25936844
http://dx.doi.org/10.1155/2015/815023
http://www.ncbi.nlm.nih.gov/pubmed/26078965
http://dx.doi.org/10.1371/journal.pntd.0006052
http://dx.doi.org/10.1371/journal.pntd.0005635
http://dx.doi.org/10.1371/journal.ppat.1000555
http://dx.doi.org/10.4155/fmc-2016-0180
http://dx.doi.org/10.1016/S0020-7519(02)00002-4
http://dx.doi.org/10.1096/fj.09-146407
http://dx.doi.org/10.1007/s00726-010-0630-3
http://dx.doi.org/10.1016/j.molbiopara.2009.01.001
http://dx.doi.org/10.1007/s12639-010-0006-3
http://www.ncbi.nlm.nih.gov/pubmed/21526026
http://dx.doi.org/10.1093/infdis/jiv228
http://www.ncbi.nlm.nih.gov/pubmed/25883390
http://dx.doi.org/10.1016/j.bmc.2004.03.054
http://www.ncbi.nlm.nih.gov/pubmed/15142541
http://dx.doi.org/10.1007/s00044-014-0940-1
http://dx.doi.org/10.3390/molecules21050589
http://www.ncbi.nlm.nih.gov/pubmed/27164067


Molecules 2019, 24, 1282 16 of 16

21. Sreekanth Thota, S.; Rodrigues, D.A.; Murteira Pinheiro, P.S.; Lima, L.M.; Fraga, C.A.M.; Barreiro, E.J.
N-Acylhydrazones as drugs. Bioorg. Med. Chem. Lett. 2018, 28, 2797–2806. [CrossRef]

22. Andrade, M.M.; Barros, M.T. Fast synthesis of N-acylhydrazones employing a microwave assisted neat
protocol. J. Comb. Chem. 2010, 12, 245–247. [CrossRef] [PubMed]

23. Oliveira, P.F.M.; Guidetti, B.; Chamayou, A.; André-Barrès, C.; Madacki, J.; Korduláková, J.; Mori, G.;
Orena, B.S.; Chiarelli, L.R.; Pasca, M.R.; et al. Mechanochemical synthesis and biological C. evaluation of
novel isoniazid derivatives with potent antitubercular activity. Molecules 2017, 22, 1457. [CrossRef]

24. Bora, R.O.; Dar, B.; Pradhan, V.; Farooqui, M. 1,2,4-Oxadiazoles: Synthesis and Biological applications.
Mini-Rev. Med. Chem. 2014, 14, 355–369. [CrossRef] [PubMed]

25. Barros, C.J.P.; Rufino de Freitas, J.J.; De Oliveira, R.N.; De Freitas Filho, J.R. Synthesis of amidoximes using
an efficient and rapid ultrasound method. J. Chil. Chem. Soc. 2011, 56, 721–722. [CrossRef]

26. Charlson, A.J.; Harington, J.S. The anti-inflammatory and analgesic activity of some benzimidazoles, and
their ability to protect erythrocytes from hemolysis by silica powder. Carbohydr. Res. 1975, 43, 383–387.
[CrossRef]

27. Alcalde, E.; Pérez-García, L.; Miravitlles, C.; Rius, J.; Valentí, E. Heterocyclic Betaines. 13. Synthesis,
Electronic and Molecular Structures of Methylenepyridinium and Methylenimidazolium Azolate Inner Salts.
J. Organ. Chem. 1992, 57, 4829–4834. [CrossRef]

28. 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. [CrossRef]

29. Bolognesi, M.L.; Lizzi, F.; Perozzo, R.; Brun, R.; Cavalli, A. Synthesis of a small library of
2-phenoxy-1,4-naphthoquinone and 2-phenoxy-1,4-anthraquinone derivatives bearing anti-trypanosomal
and anti-leishmanial activity. Bioorg. Med. Chem. Lett. 2008, 18, 2272–2276. [CrossRef] [PubMed]

30. Veljkovic, V. A Theoretical Approach to Preselection of Carcinogens and Chemical Carcinogenesis; Gordon & Breach:
New York, NY, USA, 1980.

31. Veljkovic, V.; Slavic, I. Simple general-model pseudopotential. Phys. Rev. Lett. 1972, 29, 105–107. [CrossRef]
32. Virtual Screening Workflow; Schrödinger, LLC: New York, NY, USA, 2018.
33. García-Sosa, A.T.; Sild, S.; Maran, U. Docking and virtual screening using distributed grid technology.

QSAR Comb. Sci. 2009, 28, 815–821. [CrossRef]
34. García-Sosa, A.T.; Maran, U. Improving the use of ranking in virtual screening against HIV-1 integrase with

triangular numbers and including ligand profiling with Antitargets. J. Chem. Inf. Model. 2014, 54, 3172–3185.
[CrossRef] [PubMed]

35. Balaraman, K.; Vieira, N.C.; Moussa, F.; Vacus, J.; Cojean, S.; Pomel, S.; Bories, C.; Figadère, B.; Kesavan, V.;
Loiseau, P.M. In vitro and in vivo antileishmanial properties of a 2-n-propylquinoline hydroxypropyl
β-cyclodextrin formulation and pharmacokinetics via intravenous route. Biomed. Pharmacother. 2015,
76, 127–133. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bmcl.2018.07.015
http://dx.doi.org/10.1021/cc9001444
http://www.ncbi.nlm.nih.gov/pubmed/20050700
http://dx.doi.org/10.3390/molecules22091457
http://dx.doi.org/10.2174/1389557514666140329200745
http://www.ncbi.nlm.nih.gov/pubmed/24678879
http://dx.doi.org/10.4067/S0717-97072011000200022
http://dx.doi.org/10.1016/S0008-6215(00)83505-3
http://dx.doi.org/10.1021/jo00044a014
http://dx.doi.org/10.1038/srep42717
http://dx.doi.org/10.1016/j.bmcl.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18353643
http://dx.doi.org/10.1103/PhysRevLett.29.105
http://dx.doi.org/10.1002/qsar.200810174
http://dx.doi.org/10.1021/ci500300u
http://www.ncbi.nlm.nih.gov/pubmed/25303089
http://dx.doi.org/10.1016/j.biopha.2015.10.028
http://www.ncbi.nlm.nih.gov/pubmed/26653559
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Chemistry 
	Synthesis of 1,2,4-Oxadiazoles 
	Synthesis of Indolizines 

	Virtual Screening 
	EIIP Filtering 
	3D QSAR Filtering 
	Arginase Docking 
	Anti-Target Interaction Matrix 
	In vitro Evaluation of Anti-Leishmanial Activity 


	Discussion 
	Materials and Methods 
	Chemistry and Physico-Chemical Analyses 
	General Procedure for the Automated Synthesis of Compounds 1–5: 
	General Procedure for the Automated Synthesis of Compounds 6 and 7: 
	Procedure for the Synthesis of Compound 8: 
	General Procedure for the Synthesis of Compounds 11–13: 

	Ligands 
	Virtual Screening 
	EIIP/AQVN 
	3D QSAR 

	Arginase 
	Anti-Targets 
	Biological Evaluation 
	Cultures for Parasites and Cells 
	Macrophage 
	In Vitro Anti-Leishmanial Compound Testing on Axenic and Intramacrophage Amastigotes: 
	Cytotoxicity Tests 


	Conclusions 
	References

