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A B S T R A C T   

The currently available treatment options for leishmaniasis are associated with high costs, severe side effects, and 
high toxicity. In previous studies, thiohydantoins demonstrated some pharmacological activities and were shown 
to be potential hit compounds with antileishmanial properties. 

The present study further explored the antileishmanial effect of acetyl-thiohydantoins against Leishmania 
amazonensis and determined the main processes involved in parasite death. We observed that compared to 
thiohydantoin nuclei, acetyl-thiohydantoin treatment inhibited the proliferation of promastigotes. This treat
ment caused alterations in cell cycle progression and parasite size and caused morphological and ultrastructural 
changes. We then investigated the mechanisms involved in the death of the protozoan; there was an increase in 
ROS production, phosphatidylserine exposure, and plasma membrane permeabilization and a loss of mito
chondrial membrane potential, resulting in an accumulation of lipid bodies and the formation of autophagic 
vacuoles on these parasites and confirming an apoptosis-like process. In intracellular amastigotes, selected 
acetyl-thiohydantoins reduced the percentage of infected macrophages and the number of amastigotes/macro
phages by increasing ROS production and reducing TNF-α levels. Moreover, thiohydantoins did not induce 
cytotoxicity in murine macrophages (J774A.1), human monocytes (THP-1), or sheep erythrocytes. In silico and in 
vitro analyses showed that acetyl-thiohydantoins exerted in vitro antileishmanial effects on L. amazonensis pro
mastigotes in apoptosis-like and amastigote forms by inducing ROS production and reducing TNF-α levels, 
indicating that they are good candidates for drug discovery studies in leishmaniasis treatment. Additionally, we 
carried out molecular docking analyses of acetyl-thiohydantoins on two important targets of Leishmania ama
zonensis: arginase and TNF-alpha converting enzyme. The results suggested that the acetyl groups in the N1- 
position of the thiohydantoin ring and the ring itself could be pharmacophoric groups due to their affinity for 
binding amino acid residues at the active site of both enzymes via hydrogen bond interactions. These results 
demonstrate that thiohydantoins are promising hit compounds that could be used as antileishmanial agents.   
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1. Introduction 

According to the World Health Organization (WHO), neglected 
tropical diseases cause more than one billion human deaths annually 
worldwide [1]. Leishmaniasis is a parasitic infection caused by proto
zoan parasites of the genus Leishmania. Leishmaniasis is considered an 
important neglected disease and is endemic in 90 tropical countries, 
where 13 million people are infected; it is closely associated with 
poverty and has a very large impact on human health [2]. Leishmaniasis 
has different clinical manifestations, with symptoms varying from 
cutaneous lesions to fatal visceral forms [1]. Leishmania amazonensis is 
the main species that causes American Tegumentary Leishmaniasis 
(ATL), which leads to severe forms of cutaneous leishmaniasis, specif
ically localized, mucocutaneous, disseminated or diffuse forms, and 
possesses high epidemiological and medical importance [3]. 

The current treatment for leishmaniasis involves antileishmanial 
drugs, such as amphotericin B, pentavalent antimonials, pentamidine, 
paromomycin, and miltefosine, but these drugs have several disadvan
tages, such as high cost, long-term treatment, severe side effects, and 
toxicity, which can lead to mortality [3]. Due to difficulties in treating 
leishmaniasis, novel efficient, low cost, and safe alternatives for anti
leishmaniasis therapies are greatly needed. The efficacy of several syn
thetic compounds has been investigated in the treatment of this disease 
[4–6]. 

In this context, thiohydantoins have emerged as an important class of 
compounds since they have a wide range of biological activities, such as 
fungicidal [7], antimutagenic [8], anticancer [9], antihypertensive [10], 
antibacterial [11], antiviral [12], antimicrobial [13] and 
anti-inflammatory [9]. Regarding the antiparasitic activity of thio
hydantoins, previous in vitro studies demonstrated their activity against 
Trypanosoma brucei [14], Plasmodium falciparum [15], L. donovani [16] 
and L. amazonensis [17]. Their efficacy was also demonstrated in an 
acute mouse model of trypanosomiasis [14]. 

In our ongoing search to discover new antileishmanial agents, we 
evaluated the antileishmanial activity of twelve thiohydantoins (Ia-l) 
derived from amino acids [18] that demonstrated promising results, 
showing IC50 and SI values ranging from 9.31 to 10.4 μM and 3.9 to 5.3, 
respectively. These findings encouraged us to synthesize and investigate 
the antileishmanial potential of a series of acetyl-thiohydantoins (1a-e), 
aiming to verify the influence of the acetyl group at the N1-position of 
the thiohydantoin ring on the biological activity. After a preliminary 
screening with the promastigote forms of L. amazonensis, we performed 
other specific biological assays to elucidate the mechanisms of parasite 
death in the presence of the most active compounds. Based on these 
results, we chose two molecular targets, arginase (ARG) and TNF-alpha 
converting enzyme (TACE), to perform molecular docking studies in 
order to analyze the possible molecular interactions between our ligands 
and these important targets. 

2. Materials and methods 

2.1. General procedure for the synthesis of acetyl-thiohydantoins (1a-e) 

Ammonium thiocyanate (13.3 mmol) and L-amino acids (13.3 mmol) 
were placed in a round-bottomed flask, and then, acetic anhydride (79.3 
mmol) was added; the mixture was incubated at 100 ◦C for 30 min under 
magnetic stirring. After the solution cooled to room temperature, cold 
water (20 mL) was added, and the final solution was stored at 5 ◦C for 
one day. The formed crystals were removed by vacuum filtration, and 
the crude product was purified by recrystallization in water [13]. 

2.2. Nuclear magnetic resonance (NMR) of acetyl-thiohydantoins (1a-e) 

1-Acetyl-5-propanamide-2-thioxoimidazolidin-4-one (1a): Yield 
106.48 mg (43%); white solid; Mp 220–222 ◦C; 1H NMR (400.13 MHz, 
DMSO‑d6) δ 1.91–2.34 (m, 4H), 2.70 (s, 3H), 4.77 (dd, J1 = 2.15, J2 =

6.10 Hz, 1H), 7.32 (s, 1H), 12.66 (s, 1H); 13C NMR (100.61 MHz, 
DMSO‑d6) δ 25.31 (CH3), 27.77 (CH2), 29.18 (CH2), 62.48 (CH), 170.27 
(C––O), 172.99 (C––O), 173.54 (C––O), and 183.05 (C––S). 

1-Acetyl-5-isobutyl-2-thioxoimidazolidin-4-one (1b): Yield 255.93 
mg (90%); white solid; Mp 125–127 ◦C; 1H NMR (400.13 MHz, 
DMSO‑d6) δ 0.85 (dd, J1 = 6.12, J2 = 8.06 Hz, 6H), 1.69–1.91 (m, 3H), 
2.71 (s, 3H), 4.71 (dd, J1 = 3.04, J2 = 8.01 Hz, 1H), 12.65 (s, 1H); 13C 
NMR (100.61 MHz, DMSO‑d6) δ 22.42 (CH3), 23.60 (CH3), 24.23 (CH2), 
27.80 (CH), 61.84 (CH), 170.20 (C––O), 174.06 (C––O), and 183.00 
(C––S). 

1-Acetyl-5-(2-(methylthio)ethyl)-2-thioxoimidazolidin-4-one 
(1c): Yield 261.66 mg (85%); white solid; Mp 93–94 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 2.01 (s, 3H), 2.50 (br, 4H), 2.72 (s, 3H), 4.81 
(d, J = 3.60 Hz, 1H), 12.67 (s, 1H); 13C NMR (100.61 MHz, DMSO‑d6) δ 
14.87 (CH3), 27.83 (CH3), 28.09 (CH2), 28.56 (CH2), 61.99 (C), 170.47 
(C––O), 173.55 (C––O), and 183.12 (C––S). 

1-Acetyl-5-((benzyl)methyl)-2-thioxoimidazolidin-4-one (1d): 
Yield 234.00 mg (70%); white solid; Mp 160–162 ◦C; 1H NMR (400.13 
MHz, DMSO‑d6) δ 2.70 (s, 3H), 3.13 (dd, J1 = 2.67, J2 = 13.90 Hz, 1H), 
3.38 (dd, J1 = 5.93, J2 = 13.90 Hz, 1H), 5.00 (dd, J1 = 2.67, J2 = 5.93 
Hz, 1H), 6.97–6.99 (m, 2H), 7.23–7.30 (m, 3H), 12.43 (s, 1H); 13C NMR 
(100.61 MHz, DMSO‑d6) δ 27.80 (CH3), 34.90 (CH2), 63.98 (CH), 
127.73 (CH), 128.91 (CH), 129.71 (CH), 134.63 (CH), 170.49 (C––O), 
173.02 (C––O), and 182.78 (C––S). 

1-Acetyl-5-((1H-indol-3-yl)methyl)-2-thioxoimidazolidin-4-one 
(1e): Yield 218.68 mg (57%); yellow solid; Mp 163–165 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 2.68 (s, 3H), 3.33 (dd, J1 = 2.51, J2 = 14.78 
Hz, 2H), 3.55 (dd, J1 = 5.63, J2 = 14.78 Hz, 1H), 4.99 (dd, J1 = 2.56, J2 
= 5.52 Hz, 1H), 6.95–7.08 (m, 3H), 7.35 (dd, J1 = 7.67, J2 = 16.32 Hz, 
2H), 10.97 (s, 1H), 12.30 (s, 1H); 13C NMR (100.61 MHz, DMSO‑d6) δ 
27.93 (CH3), 64.14 (CH2), 106.78 (CH), 111.91 (CH), 118.46 (CH), 
119.09 (CH), 121.49 (CH), 124.62, 127.80 (C), 136.31 (C), 170.54 
(C––O), 173.67 (C––O), and 182.92 (C––S). 

2.3. Culture of Leishmania (Leishmania) amazonensis 

Promastigote forms of L. (L.) amazonensis (MHOM/BR/1989/ 
166MJO) were maintained in culture medium 199 (Gibco, Invitrogen, 
New York, USA) supplemented with 10% fetal bovine serum FBS 
(Gibco), 1 M HEPES buffer, 1% human urine, 1% L-glutamine, strepto
mycin and penicillin (Gibco), and 10% sodium bicarbonate. The para
sites were maintained in B.O.D. at 24 ◦C in 25-cm2 culture flasks. All the 
experiments were performed with the promastigote forms in the sta
tionary growth phase (five-day culture). 

2.4. Experimental animals 

BALB/c mice weighing 20–25 g and aged 6–12 weeks were obtained 
from Carlos Chagas Institute/Fiocruz-PR, Curitiba, Brazil. The mice 
were maintained under sterile conditions in a controlled and disinfected 
environment and provided with sterile water, food, and shavings. Ani
mals were used according to a protocol approved by the Ethics Com
mittee for the Use of Animals of the State University of Londrina 
(24299.2017.66), to generate bone marrow-derived macrophages 
(BMDMs). 

2.5. Murine macrophage and human monocyte cultures 

J774A.1 murine macrophages (TIB-67; ATCC, Manassas, VA, USA) 
and bone marrow-derived macrophages (BMDMs), generated as previ
ously described [19], were used as murine macrophages. To evaluate 
human monocytes, THP-1 cells (TIB-202; ATCC, Manassas, VA, USA) 
were used. J774 and THP-1 cells were grown in RPMI 1640 medium, and 
BMDMs were grown in DMEM supplemented with 1% L-glutamine, 10% 
sodium bicarbonate, 10% FBS, 10 U/ml penicillin, and 10 μg/ml 
streptomycin (Gibco). The cells were maintained in an incubator (37 ◦C, 
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5% CO2) in 25-cm2 culture flasks. 

2.6. Viability of murine macrophages and human monocytes 

To evaluate whether thiohydantoins affect the viability of THP-1 
human monocytes, J774A.1 murine macrophages or BMDMs, an MTT 
assay was performed as described in Ref. [20]. THP-1 cells, BMDMs and 
J774A.1 cells (3 × 104 cells/ml) were incubated with thiohydantoins I, 
1a, 1b, 1c, 1d and 1e at concentrations of 2, 10, 20 and 40 μM for 24 h 
(37 ◦C, 5% CO2) in 96-well plates. The cells were washed, and MTT 
(0.03 mg/ml) was added and incubated for 4 h. The MTT product 
(formazan crystals) was diluted with 100 μl of DMSO (Sigma-Aldrich, St 
Louis, MO, USA) and analyzed with a spectrophotometer (Thermo 
Fisher Scientific, Multiskan GO, Waltham, MA, USA) at 550 nm. The 
results are expressed as the percentage of viability compared to the 
control group according to the following formula: % (viable macro
phages) = (treated thiohydantoins sample/sample untreated sample) 
OD x 100. The concentration that caused cytotoxicity in 50% of the cells 
(CC50) of each cell line was calculated by nonlinear regression to the 
dose-response curve using GraphPad Prism 6.01 software. Cells cultures 
in RPMI or DMEM medium without treatment or with 0.1% DMSO 
(vehicle) were used as a negative control, and hydrogen peroxide (H2O2 
0.4%) was used as a positive control. 

2.7. Antipromastigote activity 

For the initial screening, L. amazonensis promastigote forms (106 

cells/ml) were treated with different thiohydantoins I, 1a, 1b, 1c, 1d, 
and 1e at concentrations of 2, 10, 20, and 40 μM and maintained in a B. 
O.D. at 24 ◦C for 24 h. Subsequently, XTT solution was added, the 
samples were incubated at 25 ◦C for 2 h, and the samples were analyzed 
in a spectrophotometer at 450 nm. The concentration that inhibited 50% 
of parasites (IC50) was calculated using GraphPad Prism software as 
previously described. For the selection of the best compounds, the 
selectivity index (CC50 J774/IC50) was calculated. For the anti
proliferative activity, promastigotes (106 cells/ml) were treated with 
thiohydantoin I and acetyl-thiohydantoins 1a and 1e at concentrations 
of 2.5, 5, and 10 μM, and then, the promastigotes were maintained in a 
B.O.D. at 24 ◦C. After 24, 48, and 72 h of treatment, viable parasites 
(determined by form and movement) were counted in a Neubauer 
chamber. M199 culture medium without treatment or with 0.1% DMSO 
(vehicle) was used as a negative control, and amphotericin B (AmB) (1 
μM) was used as a positive control. The results are expressed as the 
percentage of reduction compared to the control group (considered 
100%) according to the following formula: % (viable parasites) =
(treated thiohydantoins parasites/control - untreated parasites) × 100. 

2.8. Hemolytic assay 

To assess erythrocyte viability, we performed a hemolytic assay. 
Blood was collected from sheep [Ethics Committee for animal experi
mentation of State University of Londrina: 82,862,016.60] with heparin, 
and the erythrocytes were washed three times with PBS (centrifugation 
at 1000 rpm for 10 min). A 2% erythrocyte suspension was prepared 
with PBS. Thiohydantoin I and acetyl-thiohydantoins 1a and 1e (2, 10, 
20, and 40 μM) were incubated in a total volume of 200 μl with a 2% 
erythrocyte suspension (ratio of 1:1) in a 96-well plate for 3 h at 37 ◦C in 
5% CO2. PBS was used as a negative control, and Triton X was used as a 
hemolysis positive control. The plates were centrifuged at 1000 rpm for 
10 min, and the supernatants were collected and analyzed by reading 
the absorbance at 550 nm. 

2.9. Effects of thiohydantoins on Leishmania cell cycle progression 

Analysis of the effect of thiohydantoin treatment on cell cycle pro
gression was performed as previously described [21]. Promastigote 

forms (106 cells/ml) were treated with acetyl-thiohydantoins 1a (IC50 8 
μM and 2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) for 24 h, 
and the parasites were subjected to centrifugation at 2000 RPM for 7 
min and then resuspended in PBS. Subsequently, a binding buffer solu
tion with 50 μg/ml propidium iodide (PI) was added and incubated for 
30 min in the dark and on ice. The fluorescence of propidium iodide was 
estimated using a BD Accuri™ C6 Plus personal flow cytometer, and 10, 
000 events were collected. The DNA content was analyzed, and the 
percentages of parasites in different phases of the cycle (G0/G1, S, and 
G2/M) were determined. 

2.10. Determination of parasite cell size 

To determine parasite cell volume, promastigote forms (106 cells/ 
ml) were untreated or treated with acetyl-thiohydantoins 1a (IC50 8 μM 
and 2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) and incubated 
for 24 h at 24 ◦C. Subsequently, the parasites were analyzed using a BD 
Accuri™ C6 Plus personal flow cytometer (BD Biosciences, San Jose, CA) 
[20,22]. Histograms were generated based on the forward scatter 
(FSC-A) parameter, which represents the cell size, and side scatter 
(SSC-A), which represents the complexity of the cells. A total of 10,000 
events were acquired in the region corresponding to the parasites. 
Vehicle (DMSO 0.1%) was used as a negative control. 

2.11. Morphological and ultrastructural analyses of promastigotes by 
scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) 

SEM was performed to analyze morphological changes in cell surface 
topography. L. amazonensis promastigotes (106 parasites/mL) were 
treated with acetyl-thiohydantoins 1a (IC50 8 μM and 2x IC50 16 μM) and 
1e (IC50 6 μM and 2x IC50 12 μM) for 24 h at 25 ◦C. After the treatment, 
the parasites were fixed with 2.5% glutaraldehyde in 0.1 M sodium 
cacodylate buffer and allowed to adhere to coverslips coated with poly- 
L-lysine for 60 min. Then, the parasites were dehydrated with increasing 
ethanol concentrations (30–100%), subjected to a critical point drying 
(Baltec SCD-030), and coated with gold for visualization with a high- 
resolution FEI SCIOS double-beam electron microscope. 

To evaluate the ultrastructural changes in the acetyl-thiohydantoin- 
treated parasites by TEM, the promastigotes were treated and fixed as 
described above. Then, the samples were postfixed with 1% OsO4, 0.8% 
potassium ferrocyanide, and 10.0 mM CaCl2 in 0.1 M sodium cacodylate 
buffer for 1 h at room temperature in the dark. The samples were washed 
in 0.1 M sodium cacodylate buffer and dehydrated with increasing 
concentrations of acetone (50–100%). The entire acetone content was 
gradually replaced with EPON™ epoxy resin by cell diffusion, and after 
72 h at 60 ◦C, the resin was polymerized. Nanoscale slices (60–70 nm) 
were cut with an ultramicrotome (PowerTomer BMC - Germany) and 
contrasted with 5% uranyl acetate and 2% lead citrate. Finally, the 
samples were analyzed on a JEOL USA JEM 1400 transmission electron 
microscope. L. amazonensis promastigotes maintained in M199 culture 
medium without treatment or with 0.01% DMSO (vehicle) were used as 
negative controls. 

2.12. Reactive oxygen species (ROS) generation in promastigotes and 
infected macrophages 

ROS generation was evaluated by the conversion of nonfluorescent 
H2DCFDA to the highly fluorescent 2′,7′-dichlorofluorescein (DCF) in 
L. amazonensis promastigote forms (106 cells/ml) treated with acetyl- 
thiohydantoins 1a (IC50 8 μM and 2x IC50 16 μM) and 1e (IC50 6 μM 
and 2x IC50 12 μM) and infected macrophages treated with 1a (IC50 8 μM 
and 2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) as described 
[20]. Untreated parasites and infected cells were used as a negative 
control, and H2O2 (0.4%) was used as a positive control. ROS production 
was measured with excitation/emission wavelengths of 488/530 nm on 
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a fluorescence microplate reader (Victor X3, PerkinElmer, Turku, 
Finland). 

2.13. Determination of mitochondrial membrane potential 

To determine the mitochondrial membrane potential, promastigote 
forms (106 cells/ml) were treated for 24 h with acetyl-thiohydantoins 1a 
(IC50 8 μM and 2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) at 
24 ◦C. Tetramethyl rhodamine ethyl ester (TMRE) (Sigma, St. Louis, MO, 
USA) staining was used to assess the inner mitochondrial membrane 
potential, according to Ref. [22]. Untreated parasites were used as a 
negative control, and carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP) was used as a positive control. The results were analyzed at 
excitation/emission wavelengths of 480/580 nm on a fluorescence 
microplate reader (Victor X3). 

2.14. Determination of phosphatidylserine exposure and cellular 
membrane integrity 

Promastigotes (106 cells/ml) were treated with acetyl- 
thiohydantoins 1a (IC50 8 μM and 2x IC50 16 μM) and 1e (IC50 6 μM 
and 2x IC50 12 μM) for 24 h at 24 ◦C, phosphatidylserine exposure was 
detected using Annexin-V FITC (Invitrogen, Eugene, USA), and cellular 
membrane integrity was detected with propidium iodide (PI) (0.50 μg/ 
ml) (Sigma, St. Louis, MO, USA) [20]. Data acquisition was performed at 
excitation/emission wavelengths of 488/520 nm for Annexin-V and 
excitation/emission wavelengths of 480/580 nm for PI on a fluorescence 
microplate reader (Victor X3). 

2.15. Detection of lipid body accumulation 

To determine lipid body accumulation, promastigotes of 
L. amazonensis (106 cells/ml) were treated with acetyl-thiohydantoins 
1a (IC50 8 μM and 2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 
μM) for 24 h. Subsequently, parasites were labeled with 10 μg/mL Nile 
red (Sigma-Aldrich, St. Louis, MO, USA) for 30 min [23] and analyzed in 
a Perkin-Elmer Victor X3 Fluorimeter using wavelengths of 530 nm and 
635 nm for excitation and emission, respectively. Untreated parasites 
were used as a negative control, and PBS treatment was used as a pos
itive control. 

2.16. Quantification of autophagic vacuoles 

To evaluate lipid body accumulation, promastigote forms (106 cells/ 
ml) treated for 24 h with acetyl-thiohydantoins 1a (IC50 8 μM and 2x 
IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) were labeled with 
monodanzilcadaverine (MDC, 50 μM; Sigma-Aldrich, St. Louis, MO, 
USA) for 1 h at 24 ◦C [24] and analyzed on a Perkin-Elmer Victor X3 
Fluorimeter using wavelengths of 380 nm and 525 nm for excitation and 
emission, respectively. Untreated parasites were used as a negative 
control, and PBS treatment was used as a positive control. 

2.17. Antiamastigote assay 

To evaluate the percentage of infected macrophages and the number 
of amastigotes/macrophages, an antiamastigote assay was performed as 
previously described by Refs. [22,25]. J774 macrophages (105 cells/ml) 
were infected with L. amazonensis promastigotes (106 parasites/ml) 
overnight. After infection, the noninternalized promastigotes were 
removed, and the infected cells were treated with acetyl-thiohydantoins 
1a and 1e (IC50 and 2x IC50), DMEM (negative control), 1 μM AmB 
(positive control), and 0.1% DMSO (vehicle) for 24 h (37 ◦C, 5% CO2). 
Subsequently, the cells were stained with Giemsa (Laborclin, Pines-PR 
Brazil), and 20 fields were analyzed by optical microscopy (Olympus 
BX41, Olympus Optical Co., Ltd., Tokyo, Japan) (1000x magnification) 
to determine the percentage (%) of infected macrophages and the 

number of amastigotes per macrophage. 

2.18. Determination of nitrite as an estimate of NO levels and TNF-α 
measurement 

Nitric oxide (NO) levels in antiamastigote assay supernatants were 
determined through the Griess method according to Refs. [22,25]. The 
supernatants of the antiamastigote assay were used to measure cytokine 
tumor necrosis factor-alpha (TNF-α) levels by enzyme-linked immuno
sorbent assay (ELISA) according to the manufacturer’s instructions 
(eBiosciences®, USA). Plates were read at 450 nm using an ELISA plate 
reader (Thermo Scientific, Multiskan GO). 

2.19. Statistical analysis 

The data are expressed as the mean ± standard error of the mean 
(SEM). Three independent experiments were performed, each with 
duplicate datasets. The data were analyzed using GraphPad Prism sta
tistical software (GraphPad Software, Inc., USA, 500.288). Significant 
differences between the groups were determined through t-test and one- 
way ANOVA followed by Tukey’s test for multiple comparisons. Dif
ferences were considered statistically significant when p ≤ 0.05. 

2.20. In silico study of thiohydantoins by molinspiration and admetSAR 
analyses 

For the in silico study, the structures of thiohydantoin I and acetyl- 
thiohydantoins 1a and 1e were analyzed with the Molinspiration Prop
erty Calculator program (www.molinspiration.com), and the parame
ters related to oral bioavailability were determined according to 
Lipinski’s rule of five (Ro5) [26] followed by the additional rule pro
posed [27]. In addition, we analyzed the pharmacological parameters of 
thiohydantoins through the online database admetSAR (http://lmmd. 
ecust.edu.cn/admetsar1) [28]. 

2.21. Molecular modeling 

2.21.1. Preparation of proteins and ligands 
The structural model of arginase from L. amazonensis was con

structed by homology modeling using the crystal structure of arginase 
from Leishmania mexicana as a template [29] (PDB ID: 4ITY, resolution: 
1.95 Å) as described by Ref. [17]. TNF-α converting enzyme from Homo 
sapiens was selected from the Protein Data Bank (PDB) (Code: 3L0V, 
Resolution: 1.75 Å) [17]. The 3D structures of acetyl-thiohydantoins (1a 
and 1e) were constructed in ChemDraw, and geometry optimization was 
performed using the MM2 force field implemented in ChemBio3D v.12.0 
(PerkinElmer Informatics) [30]. 

2.21.2. Molecular docking Procedures 
Molecular docking was performed using GOLD v. 2020.1 (Genetic 

Optimization for Ligand Docking) applying the ChemPLP scoring func
tion [31]. The hydrogen atoms were added to the proteins based on 
ionization inferred by the program, and other parameters were set to 
default. For ARG, we performed clustering analysis to identify the 
probable best-scored pose results [32]. The ligands were subjected to 50 
iterative runs, and the binding site was point centered between man
ganese ions at x: 15.141, y: 15.125, z: 5.40, within a 25 Å radius. For 
TACE, the method was validated by redocking with root-mean-square 
deviation (RMSD) calculation pose result <2.00 Å [33]. The ligands 
were subjected to 10 iterative runs. The region of interest was centered 
on atomic zinc metal in the active site at x: 9.103 y: 12.706, z: 24.147, 
with a 12 Å radius. The analysis of intermolecular interactions for both 
targets was carried out using Discovery Studio Visualizer (Dassault 
Systèmes BIOVIA, Discovery Studio Modeling Environment, Release 
2017, San Diego: Dassault Systèmes, 2016). 
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3. Results 

3.1. Chemistry 

The synthesis and characterization of thiohydantoin I (derivative of 
the amino acid glycine) were reported previously by Ref. [13]. Here, this 
compound was used as a control to compare the influence of the acetyl 
group in the N1-position of the heterocyclic ring. In addition, five 
acetyl-thiohydantoins (1a-e) were synthesized (Schemes 1 and 2 and 
Table 1) by treatment of the corresponding L-amino acids (glutamine, 
leucine, methionine, phenylalanine, and tryptophan) with acetic anhy
dride and ammonium thiocyanate to produce the corresponding com
pounds with great yields of 43–90% [34]. 

Thiohydantoins 1b-c derived from amino acids with nonpolar side 
chains showed the best yields (85–90%), followed by the phenylalanine 
derivative 1d with a yield of 70%. Poor yields were observed for the 
tryptophan derivative 1e and the glutamine derivative 1a, which 
showed yields of 57 and 43%, respectively. All detected 1H and 13C NMR 
signals were compared with data published in the literature. The 1H 
NMR spectra showed the characteristic signal for the NH proton at 
12.3–12.7 ppm, and the 13C NMR spectra showed the signals for C––O 
and C––S endocyclic carbon resonances at 172.9–174.3 and 
179.1–183.1 ppm, respectively. The signals corresponding to the CH3 
protons and C––O of the acyl group were observed at 2.68–2.71 ppm in 
the 1H NMR spectra and at 156.76–170.54 ppm in the 13C NMR spectra, 
respectively. Furthermore, the other signals were consistent with the 
presence of the corresponding aliphatic or aromatic group in each 
compound of the series. 

3.2. Thiohydantoins cause low cytotoxicity in monocytes, murine 
macrophages, and erythrocytes 

We investigated whether treatment with thiohydantoin nuclei 
(compound I) and five acetyl-thiohydantoins (1a-e) alters the viability 
of human monocytes, murine macrophages, and sheep erythrocytes by 
MTT assay and hemolytic test. The CC50 of thiohydantoins ranged be
tween 27 and > 40 μM for THP-1 cells, 30.5–37 μM for BMDMs, and 
30–36 μM for J774 cells (Table 2). In addition, in the hemolytic assay, 

Scheme 1. Synthetic route for preparation of acyl-thiohydantoins (1a-e).  

Scheme 2. Structure of acetyl-thiohydantoins compounds 1a and 2c-g.  

Table 1 
Results for the synthesis of acyl-thiohydantoins (1a-e).  

L-amino acid Thiohydantoin Radical Yield (%) 

Glutamine 1a Propylamide 43 
Leucine 1b Isobutil 90 
Methionine 1c (CH2)2SCH3 85 
Phenylalanine 1d Benzyl 70 
Tryptophan 1e CH2-3-indole 57  

Table 2 
CC50 in THP-1, BMDM, and J774; IC50 in promastigote forms and Thiohydantoin 
selectivity index.   

Thiohydantoins 
THP-1 
CC50 

μM 
(±SEM) 

BMDM 
CC50 

μM 
(±SEM) 

J774 
CC50 

μM 
(±SEM) 

Promastigotes 
IC50 

μM (±SEM) 

SI 
μM 
(±SEM) 

I 28 
(±0.08) 

31 
(±0.06) 

30 
(±0.02) 

ND ND 

1a 30 
(±0.12) 

34 
(±0.09) 

32 
(±0.02) 

8 (±0.05) 4 

1b 32 
(±0.04) 

34 
(±0.12) 

31 
(±0.01) 

12 (±0.11) 2.58 

1c >40 
(±0.90) 

31 
(±0.04) 

33 
(±0.01) 

15 (±0.08) 2.20 

1d 33 
(0.02) 

30.50 
(±0.03) 

34 
(±0.09) 

11.50 (±0.23) 2.95 

1e 27 
(±0.13) 

37 
(±0.04) 

36 
(±0.01) 

6 (±0.06) 6 

Human leukemic monocytes (THP-1), murine bone marrow-derived macro
phages (BMDM), murine macrophages (J774) (3 × 104) and promastigotes 
forms (L. amazonensis) (1 × 106) were treated with different thiohydantoins I, 
1a, 1b, 1c, 1d and 1e (2, 10, 20, 40 μM) for 24 h and analyzed by MTT or XTT 
assays. CC50: Cytotoxic concentration for 50% of cells, IC50: 50% inhibitory 
concentration of parasites, SI: Selectivity index, where CC50 J774/IC50, ND: Not 
determined. The values represent the mean ± SEM of three independent ex
periments performed in duplicate. 

Table 3 
Thiohydantoin hemolytic assay.   

% Hemolysis (±SEM) 

Concentration (μM) I 1a 1e 

2 NH NH NH 
10 NH NH NH 
20 0.2 (±0.09) 0.1 (±0.12) 0.1 (±0.08) 
40 0.3 (±0.11) 0.2 (±0.11) 0.3 (±0.15) 

NH: non hemolytic. 
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the thiohydantoins with higher selective indexes, 1a (SI 4), 1e (SI 6) and 
nucleus I, which were selected for comparison, did not cause hemolysis 
(NH - nonhemolytic) at 2 and 10 μM, while at 20 and 40 μM, they 
showed 0.1–0.3% hemolysis on average (Table 3); these low values 
confirm the low toxicity of the compounds. 

3.3. Calculation of the drug similarity of thiohydantoins 

A molecule that has the potential to be an oral drug generally follows 
Ro5+Veber rules. Thiohydantoins I, 1a, and 1e satisfied the rules with 
no violations, indicating the likelihood that they are good drug candi
dates (Table 4), and they showed good hydrophilicity/lipophilicity ra
tios with adequate intestinal absorption, demonstrating bioavailability 
and metabolic stability. Additionally, according to the admetSAR rules, 
thiohydantoins I, 1a, and 1e are neither carcinogenic nor mutagenic, 
have high intestinal absorption, permeate Caco-2 cells, penetrate the 
blood-brain barrier, have high solubility, are not hERG inhibitors and 
are not inhibitors of cytochrome P450 isoforms (Table 5). 

3.4. Thiohydantoins exert a leishmanicidal effect on promastigote forms 

We investigated the direct effect of the thiohydantoin nucleus (I) and 
5 acetyl-thiohydantoins against promastigote forms of L. amazonensis for 
24 h. The thiohydantoin nucleus (I) did not show leishmanicidal activity 
within 24 h, although acetylation at the N1-position of the ring and 
modification of the side chains (position C5) contributed to potential 
activity because of the observed leishmanicidal effect on all modified 
thiohydantoins. Lower IC50 values were obtained for acetyl- 
thiohydantoins 1e (IC50 6 μM ± 0.05) and 1a (IC50 8 μM ± 0.05), fol
lowed by acetyl-thiohydantoins 1d (11.50 μM ± 0.23), 1b (12 μM ±
0.11) and 1c (15 μM ± 0.08) (Table 2). We selected thiohydantoin de
rivatives with higher selective indexes: 1a (SI = 4) and 1e (SI = 6). The 
thiohydantoin nucleus (I) was selected for the comparison of 

antiproliferative promastigote activity. We observed that I did not show 
leishmanicidal activity in 24 h compared to the control (untreated 
parasites), so I was not chosen for experiments, even though it inhibited 
more than 50% of parasites in 48 h and 72 h at 2.5 μM, 5 μM, and 10 μM 
(p ≤ 0.0001) (Fig. 1A). Thiohydantoin 1a treatment for 24 h at a con
centration of 10 μM was able to reduce parasite numbers by 60% (p ≤
0.001), and after 48 h, treatment with concentrations of 2.5 μM, 5 μM 
and 10 μM reduced parasite numbers by more than 50%, while at 72 h, 
we observed that concentrations of 2.5, 5 and 10 μM caused reductions 
of 42.86%, 51.24% and 63.06%, respectively (p ≤ 0.0001) (Fig. 1B). 
Finally, thiohydantoin 1e at concentrations of at 5 and 10 μM reduced 
parasite numbers by 46% and 65% in 24 h, respectively (p < 0.01). At 
48 h, concentrations of 2.5, 5 and 10 μM caused decreases in promas
tigote numbers of 53.25%, 58% and 68.43% (p < 0.0001), respectively, 
and at 72 h, we observed that treatment with 2.5, 5 and 10 μM caused 
reductions of 41.88%, 47.3%, 48.77% (p < 0.0001), respectively 
(Fig. 1C). Vehicle (DMSO 0.1%) exerted no leishmanicidal effect at any 
time tested, and AmB (1 μM), as a positive control, inhibited 100% 
(±0.0) of L. amazonensis. 

3.5. Acetyl-thiohydantoins induce cell cycle arrest at the G2/M phase in 
promastigotes 

Cell cycle analysis by flow cytometry indicated that promastigotes 
treated with acetyl-thiohydantoins 1a (IC50 8 μM and 2x IC50 16 μM) 
presented decreases in the subpopulations of cells in the G0/G1 phase 
and increases in the subpopulations of cells in the S and G2/M phases 
(Fig. 2B) compared to the control (untreated parasites) (Fig. 2A) (p ≤
0.0001). Furthermore, the population of cells in the sub-G0 phase was 
not increased by thiohydantoin treatment. 1e (IC50 6 μM and 2x IC50 12 
μM) increased number of cells in the G0/G1 and S phases and decreased 
the numbers of cells in the G2/M phase (p ≤ 0.0001) (Fig. 2C) compared 
to the control (untreated parasites) (Fig. 2A). 

3.6. Acetyl-thiohydantoins reduce the cell volume of promastigote forms 

After 24 h of treatment with acetyl-thiohydantoins 1a (IC50 8 μM and 
2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM), we observed a 
reduction in the cell volume of parasites in relation to the control (un
treated parasites) according to flow cytometer analysis (Fig. 3A and B), 
and these results were statistically significantly different (p ≤ 0.0001). 

3.7. Acetyl-thiohydantoins induce morphological and ultrastructural 
changes in promastigotes 

SEM and TEM were performed to determine the morphological 
(Fig. 4) and ultrastructural (Fig. 5) changes, respectively, induced by 
thiohydantoin treatment in promastigotes. Untreated parasites (Fig. 4A, 
B, 5A, 5B) and vehicle-treated parasites (0.1% DMSO) (Fig. 4C, D, 5C, 
5D) exhibited normal characteristics, such as elongated bodies, flagella 
proportional to body size, smooth and intact cell surfaces, and well- 
preserved structures. However, promastigotes treated with acetyl- 
thiohydantoins 1a and 1e at the IC50 and 2x the IC50 showed morpho
logical and ultrastructural changes, such as rounded shapes, reduced cell 

Table 4 
Molinspiration bioactivity score data of the Thiohydantoins.  

Thiohy- 
dantoins 

Melting point Veber’s Rules Lipinski’s Rules   

H-Acc + H-Don (≤12) RB (≤10) tPSA (≤140◦Å2) MW (g.mol− 1) 
(≤500) 

miLog P (≤5) nON (≤10) nOHNH (≤5) N◦ Violations 

I 204-206 ◦C 5 0 41.12 116.14 − 0.53 3 2 0 
1a 220-222 ◦C 9 3 92.50 229.26 − 1.66 6 3 0 
1e 196.2–204.8 ◦C 7 2 65.20 287.34 1.02 5 2 0 

MW: molecular weight; Log P: Log of partition-coefficient; H-Acc/nON: number of Hydrogen bond acceptor; H-Don/nOHNH: number of Hydrogen bond donor; RB: 
number of rotatable bonds; tPSA: molecular polar surface area. 

Table 5 
Prediction of pharmacological parameters evaluation of Thiohydantoin using 
the admetSAR toolbox.  

ADMET Properties I 1a 1e References 

Carcinogenicity N N N Lagunin et al., 2009 
AMES toxicity N N N Hansen et al., 2009 
Human intestinal absortion H H H Shen et al., 2010 
Caco-2 permeability H H H Pham The et al., 2011 
Blood-brain barrier penetration Y Y Y Shen et al., 2010 
Predicted aqueous solubility Y Y Y Wang et al., 2007 
hERG inhibition N N N Marchese Robinson et al., 2011 
CYP2C9 Inhibitor N N N Cheng et al., 2011 
CYP2D6 Inhibitor N N N Cheng et al., 2011 
CYP3A4 Inhibitor N N Y Cheng et al., 2011 
CYP1A2 Inhibitor N N Y Cheng et al., 2011 
CYP2C19 Inhibitor N N N Cheng et al., 2011 
CYP inhibitory promiscuity L L H Cheng et al., 2011 

Predictions based on: admetSAR online database developed by Cheng et al., 
2012. 
N: No; H: High; Y: Yes; L: Low. 
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Fig. 1. Antiproliferative effect caused by thiohydantoins on L. amazonensis promastigotes. Promastigote forms of L. amazonensis were treated with different thio
hydantoin compounds A) I, B) 1a and C) 1e (2.5, 5 and 10 μM), negative control (medium 199), vehicle control (0.1% DMSO), and positive control (amphoterecin B 
[AmB], 1 μM), and parasite proliferation was evaluated at 0, 24, 48 and 72 h. The values represent the mean ± SEM of three independent experiments performed in 
duplicate. * Significant difference compared to the control group (p ≤ 0.05), ** (p < 0.005), **** (p ≤ 0.0001). 

Fig. 2. Effect of acetyl-thiohydantoins on L. amazonensis cell cycle progression. Cell cycle distribution of L. amazonensis promastigotes after treatment with acetyl- 
thiohydantoins 1a (IC50 and 2x IC50) and 1e (IC50 and 2x IC50) for 24 h was analyzed by flow cytometry with representative histograms showing DNA content plotted 
against cell numbers (B). Medium 199 was used as the control (A). Quantitative analysis of promastigotes at different stages of the cell cycle was performed (C). The 
values represent the mean ± SEM of three independent experiments performed in duplicate. * Significant difference compared to the control group (p ≤ 0.05), ** (p 
≤ 0.01). 
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body size, cell surface roughness, plasma membrane damage, cyto
plasmic content leakage (Fig. 4E–T), intense accumulation of lipid- 
storage bodies, more autophagic vacuoles, mitochondrial swelling, 
and multiple flagella and nuclei (Fig. 5E-X). 

3.8. Acetyl-thiohydantoins induce an increase in reactive oxygen species 
production, a loss of mitochondrial integrity, a loss of phosphatidylserine 
exposure, and a loss of plasma membrane integrity in promastigotes 

The direct effect of acetyl-thiohydantoins on L. amazonensis pro
mastigote forms was observed, and we then decided to explore the 
mechanism involved in parasite elimination. After treatment of parasites 
with acetyl-thiohydantoins 1a (IC50 8 μM and 2x IC50 16 μM) and 1e 
(IC50 6 μM and 2x IC50 12 μM), we observed an increase in ROS gen
eration (Fig. 6A) (p ≤ 0.01) and a loss of mitochondrial integrity through 
decreased TMRE fluorescence intensity (Fig. 7B) (p ≤ 0.0001) in relation 
to the control. Additionally, it was demonstrated that the treated para
sites exhibited increased staining with annexin V (Fig. 6C) and PI 
(Fig. 6D) (p ≤ 0.0001) compared to the control parasites. 

3.9. Acetyl-thiohydantoins induce lipid body and autophagic vacuole 
formation in promastigotes 

Promastigote forms treated with acetyl-thiohydantoins 1a (IC50 8 μM 
and 2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) revealed the 
increased presence of lipid bodies in relation to the control through 
staining with Nile red, a fluorescent dye with a high affinity for neutral 
lipids, demonstrating that thiohydantoins induce lipid body accumula
tion in parasites (Fig. 7A) (p ≤ 0.0001). MDC is a fluorescent probe that 
accumulates in autophagic vacuoles, and acetyl-thiohydantoins 1a (IC50 
8 μM and 2x IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) increased 
the intensity of MDC fluorescence in relation to the control (Fig. 7B) (p 
≤ 0.05). 

3.10. Acetyl-thiohydantoins exert leishmanicidal activity on intracellular 
amastigotes 

To determine whether acetyl-thiohydantoins have a leishmanicidal 
effect on L. amazonensis-infected macrophages, we performed an anti
amastigote assay. Our results showed that 24 h post infection, the con
trol and DMSO groups consisted of 75.33% (±4.00) and 75.66% (±3.00) 
infected macrophages, respectively, which indicates that the groups did 
not differ from each other. Acetyl-thiohydantoin 1a treatment at IC50 
and 2x IC50 resulted in 12.09% (±1.00) and 7.17% (±0.59) infected 
macrophages, representing reductions of 63.24% (±1.00) and 68.16% 
(±0.59), while treatment with 1e resulted in 17.86% (±0.44) and 7.88% 
(±0.65) infected cells, representing reductions of 57.47% (±0.44) and 
67.45 (±0.65) compared to the controls, respectively (Fig. 8A). In 
addition, the number of amastigotes per macrophage in the control and 
DMSO groups was 1.71 (±0.05) and 1.67 (±0.05), and it was also 
reduced by acetyl-thiohydantoin 1a treatment at IC50 and 2x IC50 by 
0.93 (54.40% ± 0.01) and 0.81 (47.40% ± 0.02), while 1e treatment 
reduced these numbers by 1.21 (70.76% ± 0.01) and 0.93 (54.40% ±
0.01) (Fig. 8B) in relation to the controls, respectively. Interestingly, our 
data showed that the effect of 1a and 1e treatment at 2x IC50 had effects 
similar to those of AmB (positive control) in terms of the percentage of 
infected cells. 

3.11. Acetyl-thiohydantoins did not alter NO levels but induced ROS 
production and reduced TNF-α levels in L. amazonensis-infected 
macrophages 

To verify the production of the main microbicidal molecules and 
cytokines produced by macrophages, we assessed the levels of nitrite (as 
an indirect estimate of NO production), ROS and TNF-α. Our results 
showed that infected macrophages treated with 1a (IC50 8 μM and 2x 
IC50 16 μM) and 1e (IC50 6 μM and 2x IC50 12 μM) did not exhibit altered 
NO levels (Fig. 9A) but exhibited increased ROS production (Fig. 9B) (p 
≤ 0.0001) and reduced TNF-α levels compared to the control (Fig. 9C) 

Fig. 3. Cell size of L. amazonensis promastigote forms 
after acetyl-thiohydantoin treatment for 24 h. 
L. amazonensis-promastigote forms treated with 1a 
(IC50 8 μM and 2x IC50 16 μM) and 1e (IC50 6 μM and 
2x IC50 12 μM) (A) and quantitative analysis of cell 
volume (B). FSC-A was considered a function of cell 
size. The black line corresponds to the control (un
treated parasites), and the red and blue areas indicate 
the parasites treated with IC50 and 2x IC50. Repre
sentative histograms of at least three independent 
experiments are shown. The values represent the 
mean ± SEM of three independent experiments per
formed in duplicate. ** Significant difference 
compared to the control group (p ≤ 0.01), *** (p ≤
0.001), **** (p ≤ 0.0001). (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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(p ≤ 0.01). 

3.12. Acetyl-thiohydantoin molecular docking studies 

Clustering analysis of the docking simulation of the ARG ligand 
complexes (1a and 1e) showed the best pose results, common hydrogen- 
bonding interactions of the compounds mainly with Asp141 and His154 
residues, and coordination with the metal Mn2+ at 2.46 Å (Fig. 10A and 
B). The redocking simulation of the TACE complex with its cocrystal
lized hydantoin ligand exhibited an RMSD value = 0.58. The docking 
results for compounds 1a and 1e showed common hydrogen-bonding 
interactions mainly with His405, His409 and His415, which are 
described as important residues in the active site, and showed coordi
nation with the Zn2+ metal at 1.67–2.54 Å (Fig. 11A-C). 

4. Discussion 

The current pharmacotherapy for leishmaniasis presents some limi
tations due to its high toxicity, poor tolerability, difficult administration, 
systemic side effects and high cost [3]. Additionally, treatments have 
become less effective due to increasing drug resistance. Moreover, there 
are no efficient vaccines against leishmaniasis [35,36]. 

Thiohydantoin is a synthetic and heterocyclic compound that pre
sents microbicidal properties and potential characteristics and has 
become a candidate for drug development [37]. In silico studies 
demonstrated that acetyl-thiohydantoins present good intestinal ab
sorption, metabolic stability, and bioavailability according to Lipinski’s 
and Veber’s rules [26,27]. Furthermore, the molecules are not carci
nogenic or mutagenic according to the admetSAR rules [28], and thus, 
they have a high probability of being good drug candidates since poor 
ADMET properties are one of the reasons drug candidates fail during 
clinical trials [38]. 

Previous studies demonstrated that thiohydantoins did not present 
cytotoxicity in J774 [16], HepG2 [39], and Vero [40] cells. Our findings 
showed a similar effect for the nucleus and the six 
acetyl-thiohydantoins, which did not alter the viability of bone 
marrow-derived macrophages (BMDMs) or murine macrophage (J774), 
and human monocyte (THP-1) cell lines and did not cause the hemolysis 
of ovine erythrocytes. 

In the search for antileishmanial agents, we initially screened the 
nucleus and the five acetyl-thiohydantoins on promastigote forms. Our 
results showed that the nucleus (I) does not have an antipromastigote 
effect, and all acetyl-thiohydantoins were capable of inhibiting the 
proliferation of the promastigote forms of L. amazonensis, but only 1a 

Fig. 4. Morphological alterations of promastigotes of L. amazonensis treated with IC50 and 2x IC50 of 1a and 1e for 24 h, analyzed by scanning electron microscopy 
(SEM). (A, B) Untreated promastigotes; (C, D) promastigotes treated with vehicle (DMSO 0.01%); (E–H) promastigotes treated with IC50 of 1a; (I–L) promastigotes 
treated with 2x IC50 of 1a; (M–P) promastigotes treated with IC50 of 1e; (Q–T) promastigotes treated with 2x IC50 of 1e. (white arrow) Leakage of cytoplasmic 
contents, (white arrowhead) plasma membrane damage. Scale bars = 5 μm (A-E, H, J, K, M, O-R, and T), 4 μm (F, G, I, and N), 2 μm (L, M′, and S) and 1 μm (H′

and K′). 
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and 1e had a good (high) selectivity index. Comparable effects were 
described against T. brucei [14], P. falciparum [15], L. donovani [16] and 
L. amazonensis [17]. Confirming these results, the cell cycle analysis 
demonstrated that thiohydantoin 1a was capable of decreasing the 
subpopulation in the GO/G1 phase and increasing the subpopulation in 
the G2/M phase, negatively influencing the growth and DNA synthesis 
of parasites and resulting in deleterious effects on cytokinesis [41–43]. 
On the other hand, 1e showed a different effect on the cell cycle, 
increasing the subpopulations in the GO/G1 and S phases and 
decreasing the subpopulation in the G2/M phase. With this alteration, 
the cells possess one copy of DNA, exhibit a reduction in DNA replica
tion, and do not undergo DNA synthesis and mitosis. Similarly, cell cycle 
arrest at the G0/G1 phase has been correlated with apoptosis-like cell 
death [44], and similar effects on the cell cycle were observed with 

semicarbazone derivatives against L. amazonensis promastigotes (Cav
alcanti de Queiroz et al., 2019) and salisylaldoxime and trans-
dibenzalacetone against L. donovani promastigotes [45,46]. 

Additionally, we observed that acetyl-thiohydantoins 1a and 1e can 
reduce L. amazonensis promastigote cell size, leading to morphological 
and structural changes such as reduction in the cell body, damage and 
blebbing of the plasmatic membrane, leakage of cytoplasmic contents, 
mitochondrial dysfunction, irregular flagellation, and nuclear alter
ations. These events are characteristic of apoptosis, and similar effects 
were observed with other compounds [20,47]. 

In unicellular parasites, such as Leishmania, different types of cell 
death, including apoptosis, which is a form of programmed cell death 
that can control pathogen dissemination, occur [48]. In addition to 
microscopic analysis, biochemical methods were used to confirm this 

Fig. 5. Ultrastructural alterations of promastigotes of L. amazonensis treated with IC50 and 2x IC50 of 1a and 1e for 24 h, analyzed by transmission electron mi
croscopy (TEM). (A, B) Untreated promastigotes; (C, D) promastigotes treated with vehicle (DMSO 0.01%); (E–J) promastigotes treated with IC50 of 1a; (K–N) 
promastigotes treated with 2x IC50 of 1a; (O–S) promastigotes treated with IC50 of 1e; (T–X) promastigotes treated with 2x IC50 of 1e. (f) flagellum; (k) kinetoplast; 
(k*) mitochondrial swelling in the kinetoplast region; (m) mitochondria; (m*) mitochondrial swelling; (n) nucleus; (n*) nuclear disorganization; (arrow) blebbing of 
plasma membrane; (*) lipid-storage bodies ( ); autophagic vacuole. Scale bars = 1 μm (C, E, I, L, and N), 0.5 μm (A, B, D, F, G, K, M, O, P, Q, S, T, and V), 0.2 μm (U 
and W) and 100 nm (H, J, R, and X). 

Fig. 6. Mechanism underlying the death of 
L. amazonensis promastigote forms induced by acetyl- 
thiohydantoins. Promastigote forms were treated or 
not for 24 h with thiohydantoins 1a and 1e (IC50 and 
2x IC50) and reactive oxygen species production was 
evaluated with a 2′,7′-dichlorofluorescein (DCF) 
probe (A), mitochondrial membrane integrity was 
evaluated by tetramethylrhodamine ethyl ester 
(TMRE) assay (B), phosphatidylserine exposure was 
evaluated by Annexin V labeling (C) and plasma 
membrane integrity was evaluated by propidium io
dide staining (D). The data represent the mean ± SEM 
of three independent experiments performed in 
duplicate. ** Significant difference compared to the 
control (p ≤ 0.01), **** (p ≤ 0.0001). Untreated 
parasites were used as a negative control, and H2O2 
and CCCP were used as positive controls for ROS and 
mitochondrial depolarization, respectively.   

Fig. 7. Effect of thiohydantoins on lipid body accu
mulation and autophagic vacuole formation in 
L. amazonensis promastigote forms. Promastigote 
forms were treated for 24 h with thiohydantoins 1a 
and 1e (IC50 and 2x IC50) and lipid body and auto
phagic vacuole formation was evaluated by labeling 
with Nile red (A) and monodansylcadaverine (B). 
Untreated parasites were used as a negative control, 
and PBS was used as a positive control. The data 
represent the mean ± SEM of three independent ex
periments performed in duplicate. * Significant dif
ference compared to the control (p ≤ 0.05), ** (p ≤
0.01), *** (p ≤ 0.001), **** (p ≤ 0.0001).   
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phenomenon. Thiohydantoins are capable of inducing ROS production 
and altering the plasma membrane and phosphatidylserine exposure in 
L. amazonensis promastigotes [17], and it was observed in our study that 
promastigotes treated with acetyl-thiohydantoin exhibited cell 
shrinkage, changes in the plasma membrane, phosphatidylserine expo
sure, and mitochondrial depolarization, which are classic apoptotic 
phenotypes. We also found an increase in ROS generation and mito
chondrial depolarization in acetyl-thiohydantoin-treated parasites. ROS 
are formed during normal metabolism or are associated with the erad
ication of invading parasites. These molecules act on parasites, dis
rupting the unique parasite mitochondria, which defines their 
functionality, via oxidative phosphorylation. These events can lead to 
the execution of apoptosis [49], and one of the hallmarks of apoptosis, 
the dysfunction of mitochondria, causes cellular stress for parasite 
functions, resulting in lipid body formation [50–52]; this phenomenon 

was observed with acetyl-thiohydantoins 1a and 1e treatments. 
Autophagy in trypanosomatids is a biological process involved in the 

maintenance of the parasite life cycle, removal of damaged cellular 
components and modulation of host immunity through the formation of 
structures named autophagic vacuoles; this process can be activated 
during cellular stress, which is caused by an increase in ROS production 
[53,54]. Acetyl-thiohydantoins were capable of increasing autophagic 
vacuole formation, as seen in the fluorimeter assay and TEM analyses, 
and the exacerbation of this autophagic pathway can also lead to 
regulated cell death in parasites [55]. 

Some pharmacological properties of synthetic compounds include 
antimicrobial, antioxidant, anticancer, anti-inflammatory, and anti
parasite properties, making them important scaffolds in medicinal 
chemistry [37]. Acetyl-thiohydantoins 1a and 1e are effective against 
L. amazonensis amastigote forms by reducing the percentage of infected 

Fig. 8. Effect of acetyl-thiohydantoins on 
L. amazonensis-infected macrophages. L. amazonensis- 
infected macrophages were treated for 24 h with 
acetyl-thiohydantoins 1a and 1e (IC50 and 2x IC50), 
and the percentage of infected macrophages (A) and 
the number of amastigotes per macrophage (B) were 
evaluated. Control (infected macrophages), DMSO 
0.01% (vehicle) and 1 μM AmB (positive control) 
were included. The values represent the mean ± SEM 
of three independent experiments performed in 
duplicate. **** Significant difference compared to the 
control (p ≤ 0.0001).   

Fig. 9. NO and ROS production and TNF-α levels in 
L. amazonensis-infected macrophages treated with 
acetyl-thiohydantoins. Infected macrophages were 
subjected to 24 h of treatment with acetyl- 
thiohydantoins 1a and 1e (IC50 and 2x IC50). A) The 
Griess method was used to evaluate the nitrite levels 
in the supernatants of cultured cells, B) the fluores
cent probe DCF was used to measure the reactive 
oxygen species levels, and C) the TNF-α levels were 
measured by ELISA. H2O2 was used as a positive 
control for ROS production. The values represent the 
mean ± SEM of three independent experiments per

formed in duplicate. ** Significant difference compared to the control (p ≤ 0.01), *** (p ≤ 0.001), **** (p ≤ 0.0001).   

Fig. 10. Interaction diagrams of the docking pose 
results of acetyl-thiohydantoins 1a (A) and 1e (B) in 
the active site of ARG. Residues interacting via H- 
bonds are represented by sticks, and those interacting 
via hydrophobic interactions are represented by lines. 
The dashed black lines represent the H-bonding in
teractions with residues, and the metal coordination 
is shown as green lines. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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macrophages and the number of amastigotes/macrophages. Similar re
sults were observed with other synthetic compounds, such as 4-arylox
y-7-chloroquinoline derivatives against L. donovani amastigotes [56], 
semicarbazone derivatives against L. amazonensis amastigotes (Cav
alcanti de Queiroz et al., 2019), and 1,2-dioxanes against L. donovani 
amastigotes [57]. 

Acetyl-thiohydantoins 1a and 1e are capable of inducing the pro
duction of ROS, which are important microbicidal molecules produced 
by macrophages against pathogens such as Leishmania; ROS production 
culminates in parasite death via direct oxidative damage or via a variety 
of innate and adaptive mechanisms, resulting in infection resolution 
[58,59]. 

To obtain new insights into acetyl-thiohydantoin-induced ROS pro
duction, we performed molecular docking studies on arginase (ARG; E. 
C. 3.5.3.1, L-arginine aminohydrolase). ARG is a metalloenzyme 
expressed in Leishmania spp. that is involved in regulating the growth of 
the parasite, among other processes, due to its important role in the urea 
cycle (Garcia et al., 2019). Docking simulations of acetyl-thiohydantoins 
and ARG targets were previously described by our research group [17], 
so we decided to investigate whether the addition of an acetyl group in 
the N1 position of the thiohydantoin ring could contribute to the binding 
affinity of these compounds. We observed that the oxygen atom from the 
side chain of compound 1a engaged in coordination with the Mn2+ ion, 
while the oxygen atom from the acetyl group contributed positively to 
hydrogen-bonding interactions with His154 (to 1a), which is an 
important residue for enzyme stabilization during catalytic activity 
[17], and Asn143 (to 1e). Our studies demonstrated that the 1a and 1e 
compounds are capable of binding to the active site of ARG, suggesting 
that they could inhibit this target. 

TNF-α is an important proinflammatory cytokine that enhances the 

activity of macrophages, leading to a type 1 T helper (Th1) immune 
response, and microbicidal action is required to control infection by 
most Leishmania strains, leading to protection. On the other hand, TNF-α 
causes tissue damage and loss of splenic architecture in experimental VL 
and is associated with tissue pathology in CL [60–62]. 
Acetyl-thiohydantoins 1a and 1e reduced the TNF-α levels in 
L. amazonensis-infected macrophages and are related to 
anti-inflammatory effects [9]. Additionally, thiohydantoins belong to a 
class of compounds with a hydantoin substructure. Hydantoins have the 
capacity to inhibit TNF-α converting enzyme (TACE), a zinc metal
loprotease of the ADAM family that blocks the formation of the soluble 
form (17 kDa) from the membrane-bound form (26 kDa) of TNF-α [37]. 
Some hydantoin compounds are TACE inhibitors that are able to act as 
effective anti-inflammatory drugs based on their ability to decrease 
levels of soluble TNF-α (17 kDa) [63,64]. 

Therefore, we also performed molecular docking studies on TACE (E. 
C. 3.4.24.86, ADAM 17 endopeptidase), which is a zinc metalloprotease 
of the ADAM family that blocks the formation of the soluble form (17 
kDa) from the membrane-bound form (26 kDa) of TNF-α [37]. The 
docking results were successfully validated by redocking, showing an 
RMSD value of 0.58. The docking simulations for compounds 1a and 1e 
on TACE showed common hydrogen-bonding interactions, mainly with 
His405, His409 and His415, which are described as important residues 
in the active site [63], and the docking simulations showed coordination 
with metal Zn2+ at 1.67 Å by a sulfur atom from the thiohydantoin ring 
of 1a and at 2.54 Å by an oxygen atom from the acetyl group of 1e. 
Compound 1a showed more hydrogen bonds in the binding site of TACE 
than 1e, which in turn was closer to the Zn2+ ion (1.67 Å). This prox
imity could be explained by the interaction of the NH group of the 
imidazole ring present in the side chain of 1e with the Tyr436 residue, 

Fig. 11. Interaction diagrams of the docking pose results of (A) acetyl-thiohydantoin 1a, (B) acetyl-thiohydantoin 1e and (C) redocking (yellow) of the hydantoin 
cocrystallized ligand (gray) in the active site of TACE (PDB 3L0V). Residues interacting via H-bonds are represented by sticks, and those interacting via hydrophobic 
interactions are represented by lines. The dashed black lines represent the H-bonding interactions with residues, and the metal coordination is shown as green lines. 
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which contributed to this binding pose. Our studies demonstrated that 
1a and 1e could bind to the active site of TACE, inhibiting this target and 
contributing to anti-inflammatory activity in conjunction with anti
leishmanial activity. 

5. Conclusion 

In conclusion, thiohydantoin analogs are more promising than nu
clear thiohydantoin (I). Among the six thiohydantoins, two acetyl- 
thiohydantoins (1a and 1e) exert a potential leishmanicidal effect on 
promastigote forms via an apoptosis-like mechanism, and in 
L. amazonensis-infected macrophages, these acetyl-thiohydantoins 
increased ROS production and decreased TNF-α levels, culminating in 
the elimination of intracellular parasites. These compounds have 
important characteristics and may be potential candidates for anti- 
leishmaniasis drug development. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors gratefully acknowledge Dr. Juliano Bordignon, Dr. 
Iriane Egler, and Dr. Letusa Albrecht for the corrections and suggestions 
about this article. The authors would like to thank the Spectroscopy 
Laboratory (LABSPEC) NMR-UEL/FINEP for the NMR experiments and 
Wagner Nagib de Souza (ICC/Fiocruz-PR) for the final art of the 
graphical abstract. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cbi.2021.109690. 

Funding 

WRP (301594/2018-0) is a CNPq fellow. 

References 

[1] WHO; World Health Organization, Leishmaniasis. https://www.who.int/news 
-room/fact-sheets/detail/leishmaniasis, 2019. (Accessed 13 September 2019) 
accessed. 

[2] A.S. Nagle, S. Khare, A.B. Kumar, F. Supek, A. Buchynskyy, C.J.N. Mathison, N. 
K. Chennamaneni, N. Pendem, F.S. Buckner, M.H. Gelb, V. Molteni, Recent 
developments in drug discovery for leishmaniasis and human African 
trypanosomiasis, Chem. Rev. 114 (2014) 11305–11347, https://doi.org/10.1021/ 
cr500365f. 

[3] S. Sundar, J. Chakravarty, An update on pharmacotherapy for leishmaniasis, Expet 
Opin. Pharmacother. 16 (2015) 237–252, https://doi.org/10.1517/ 
14656566.2015.973850. 

[4] A. Cavalcanti de Queiroz, M.A. Alves, E.J. Barreiro, L.M. Lima, M.S. Alexandre- 
Moreira, Semicarbazone derivatives as promising therapeutic alternatives in 
leishmaniasis, Exp. Parasitol. 201 (2019) 57–66, https://doi.org/10.1016/j. 
exppara.2019.04.003. 

[5] M. Ortalli, S. Varani, C. Rosso, A. Quintavalla, M. Lombardo, C. Trombini, 
Evaluation of synthetic substituted 1,2-dioxanes as novel agents against human 
leishmaniasis, Eur. J. Med. Chem. 170 (2019) 126–140, https://doi.org/10.1016/j. 
ejmech.2019.02.070. 

[6] G. Serban, Future prospects in the treatment of parasitic diseases: 2-amino-1,3,4- 
Thiadiazoles in leishmaniasis, Molecules 24 (2019) 1557, https://doi.org/ 
10.3390/molecules24081557. 
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