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A B S T R A C T   

Leishmania amazonensis and L. braziliensis are the main etiological agents of the American Tegumentary Leish-
maniasis (ATL). Taking into account the limited effectiveness and high toxicity of the current drug arsenal to 
treat ATL, novel options are urgently needed. Inspired by the fact that gold-based compounds are promising 
candidates for antileishmanial drugs, we studied the biological action of a systematic series of six (1)-(6) sym-
metric Au(I) benzyl and aryl-N-heterocyclic carbenes. All compounds were active at low micromolar concen-
trations with 50% effective concentrations ranging from 1.57 to 8.30 μM against Leishmania promastigotes. The 
mesityl derivative (3) proved to be the best candidate from this series, with a selectivity index ~13 against both 
species. The results suggest an effect of the steric and electronic parameters of the N-substituent in the activity. 
Intracellular infections were drastically reduced after 24h of (2)-(5) incubation in terms of infection rate and 
amastigote burden. Further investigations showed that our compounds induced significant parasites’ morpho-
logical alterations and membrane permeability. Also, (3) and (6) were able to reduce the residual activity of three 
Leishmania recombinant cysteine proteases, known as possible targets for Au(I) complexes. Our promising results 
open the possibility of exploring gold complexes as leishmanicidal molecules to be further screened in in vivo 
models of infection.   

Table of Abbreviations  

ATL American Tegumentary Leishmaniasis 
BMDM bone marrow-derived macrophages 
CC50 50% cytotoxic concentration 
CP cysteine protease 
DMAP dimethylaminopyridine 
EC50 50% effective concentration 
EtBr ethidium bromide 
FBS fetal bovine serum 
NHC N-heterocyclic carbenes 
NMR nuclear magnetic resonance 
NTDs neglected tropical diseases 
rCP recombinant cysteine protease 
SI selectivity index  

1. Introduction 

Neglected tropical diseases (NTDs) pose a great burden on more than 
1 billion people worldwide especially in poor and developing countries. 
Leishmaniasis is one of the leading examples of NTDs that affects 0.7 to 1 
million people in 98 countries [1,2]. The disease is caused by the 
intracellular stage of Leishmania protozoan parasites known as amasti-
gotes. During its life cycle, Leishmania is transmitted by sandflies vectors 
as extracellular promastigotes that are inoculated in the dermis of the 
vertebrate host. Mononuclear phagocytic cells will engulf infective 
promastigotes that encounter favorable conditions to differentiate into 
amastigotes. The replication and dissemination of these intracellular 
forms are crucial for the disease establishment. In this case, symptoms 
vary from spontaneously healing skin lesions to visceral organs 
impairment depending on the species, geographic location and the im-
mune status of the host [1,3]. 

In Brazil, American Tegumentary Leishmaniasis (ATL) is caused by 
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several species, being L. braziliensis the most relevant followed by 
L. amazonensis. ATL presents distinct clinical forms, such as localized, 
mucocutaneous, disseminated or diffuse leishmaniasis [4]. In all cases, 
chemotherapeutic options are limited due to long schemes of parenteral 
administration of very toxic drugs, including pentavalent antimonials, 
pentamidine, and paromomycin [5]. 

Considering that the first choice treatment currently used for leish-
maniasis is an antimony-based compound, a number of metals have been 
explored as leishmanicidal agents, such as copper [6], ruthenium [7], 
palladium [8], among others [9,10]. One of the greatest advantages of 
metallic compounds is that they may present more than one mode of 
action, reaching multiple targets or targets that are undruggable by 
organic compounds. For this reason they show great potential to hamper 
the selection of resistant parasite strains [11]. 

In this scenario, Au(I) complexes gained special attention due to its 
thiophilic feature and its anti-inflammatory, anticancer and antipara-
sitic activities. These complexes act on a multitude of targets due to the 
structural diversity of ligands and their resulting complexes, leading to 
several biological effects, including cell cycle alteration, generation of 
reactive oxygen species that can lead to mitochondrial and DNA dam-
age, inhibition of cysteine proteases, thioredoxin reductase and topo-
isomerase IB. The high affinity of gold compounds with selenoproteins 
and sulfur-rich proteins makes them powerful drug candidates and can 
interact with important enzymes involved in redox homeostasis in 
Leishmania [11,12]. 

N-heterocyclic carbenes (NHC) have emerged as potential pharma-
cological organometallic ligands for metals, especially Au(I), due to its 
strong σ donor and medium π-acceptor character, decreasing the extent 
of substitution reactions and promoting the stabilization of oxidation 
state. NHC are easily modulated, allowing chemical modification to 
achieve the biological performance required. Sterically hindered and 
electron donating groups bound to NHC by the nitrogen atoms can 
promote extra stabilization of the Au(I) compound [13]. On the other 
hand, additional physical chemical properties such as lipophilic/hy-
drophilic balance, pH sensitivity, and protein interaction can be fine- 
tuned by the chemical groups present in the NHC. As recently 
reviewed by our group, several Au(I)-NHC compounds had their leish-
manicidal activity investigated. Most of them focused on asymmetric 
NHC compounds or cationic bis-carbenes tested in L. major or L. infantum 
[11]. Very recently, Minori and colleagues found low EC50 values for 
cationic [AuI(1-benzyl-3,7,9-trimethylxanthine-8-ylidene)2]BF4 against 
L. amazonensis and L. braziliensis and significant decreases of intracel-
lular infection rates [14]. H. Gornitzka's research group has demon-
strated low EC50 for L. infantum axenic amastigotes when testing neutral 
and cationic asymmetric Au(I)-NHC bearing different functionalization 
[15,16]. 

Based on these biological effects induced by Au-complexes, we aimed 
to evaluate a series of six Au(I) symmetric benzyl or aryl-N-heterocyclic 
carbenes (1)–(6) to determine their activity against L. amazonensis and 
L. braziliensis with insights on potential mechanisms of action. The series 
was designed to evaluate the effect of the N-benzyl or N-aryl group in the 
heteroleptic [Au(I)Cl(NHC)] compounds by structure/activity under-
standing. Dimethylaminopyridine (DMAP) was used to design cationic 
heteroleptic complexes of formula [Au(I)(DMAP)(NHC)]+. DMAP was 
chosen as it has been demonstrated to slow down substitution reactions 
and increase water solubility as the binding constant with aryl-based 
amino acids (tryptophan, for example) [17]. Briefly, significant differ-
ences in leishmanicidal activity were observed depending on the N- 
group. Morphological alterations were observed for all compounds and 
significant differences provide insights on the structure/activity rela-
tionship. The best compounds promoted the permeabilization of mem-
brane and inhibition of recombinant Leishmania cysteine proteases. 

2. Experimental section 

2.1. Materials and equipments 

All chemicals used in this work were reagent grade. Except for ani-
line, which was purified according to described methodology [18], all 
chemicals were used without further purification. Chloro(tetrahy-
drothiophene)gold(I), [AuCl(tht)] was synthesized according to Uson 
et al. [19] from potassium tetrachloroaurate and tetrahydrothiophene 
(tht) (Sigma Aldrich, Brazil). The electrospray ionization mass spectra 
(ESI-MS) in the positive and negative mode were recorded with a 
Thermo Q Exactive Orbitrap Mass Spectrometer with Heated Electro-
spray Ionization (HESI-II) Probe. Solution 1H, and 13C, NMR spectra 
were acquired on a Bruker Avance III HD 250 MHz, Bruker Avance III 
400 MHz or Bruker Avance III 500 MHz multinuclear spectrometer as 
indicated, using tetramethylsilane as the reference for 1H and 13C NMR. 

2.2. Synthesis of compounds 

2.2.1. Synthesis of 1,3-diphenyl-1H-imidazolium tetrafluoroborate 
(IPh⋅HBF4) 

The synthesis of IPh⋅HBF4 followed an adapted procedure described 
by Murer et al. [20]. The product was precipitated from an aqueous 
solution using NH4BF4 instead of HBF4 described in the original pro-
cedure, producing a crystalline light orange powder. 1H NMR 
(DMSO‑d6, 400 MHz, ppm): 7.67 (m, 2H, pH-p), 7.73 (m, 4H, pH-m), 
7.92 (dd, 4H, pH-o), 8.59 (d, 2H, CH––CH, Im), 10.34 (s, 1H, N-CH-N, 
Im). ESI+ MS (m/z, monoisotopic): 221.10694, [C15H13N2]+ (calc. 
221.10732). Yield: 27%. 

2.2.2. Synthesis of 1,3-dibenzyl-1H-imidazolium tetrafluoroborate 
(IBn⋅HBF4) 

The synthesis of IBn⋅HBF4 was performed according to the procedure 
described by Moore et al. and Hans et al. [21,22]. 1H NMR (CDCl3, 400 
MHz, ppm): 5.31 (s, 4H, CH2), 7.16 (d, 2H, CH––CH, Im), 7.37 (m, 10H, 
Ar), 9.11 (s, 1H, N-CH-N, Im). ESI+ MS (m/z, monoisotopic): 
249.13974, [C17H17N2]+ (calc. 249.13863). Yield: 65%. 

2.2.3. Synthesis of 1,3-bis-(2,6-diisopropylphenyl)-1H-imidazolium 
chloride (IPr⋅HCl) 

The synthesis of IPr⋅HCl was performed as previously described 
[21,22]. 1H NMR (CDCl3, 250 MHz, ppm): 1.24 (d, 12H, CH(CH3)2), 
1.29 (d, 12H, CH(CH3)2), 2.45 (q, 4H, CH(CH3)2), 7.36 (d, 4H, m-Ar), 
7.58 (m, 2H, p-Ar), 8.12 (s, 2H, CH––CH, Im), 9.92 (s, 1H, N-CH-N, Im). 
ESI+ MS (m/z, monoisotopic): 389.29506, [C27H37N2]+ (calc. 
389.29513). Yield: 80%. 

2.2.4. Synthesis of 1,3-bis-(2,4,6-trimethylphenyl)-1H-imidazolium 
chloride (IMes⋅HCl) 

The synthesis of IMes⋅HCl was performed as previously described 
[21,22]. 1H NMR (CDCl3, 250 MHz, ppm): 2.13 (s, 12H, o-CH3), 2.36 (s, 
6H, p-CH3), 7.05 (s, 4H, m-CH), 7.57 (s, 2H, CH––CH, Im), 8.89 (s, 1H, 
N-CH-N, Im). ESI+ MS (m/z, monoisotopic): 305.20077, [C21H25N2]+

(calc. 305.20123). Yield: 80%. 

2.2.5. Synthesis of [AuCl(IPr)] (1) and [AuCl(IMes)] (3) 
The complexes (1) and (3) were synthesized adapting the method-

ology of Visbal et al. [23]. In round bottom flask [Au(tht)Cl] (0.35 mmol, 
0.1122 g) and IMesˑHCl (0.35 mmol, 0.1193 g) was dissolved in CH2Cl2 
(15 mL). After 15 min, K2CO3 (0.7 mmol, 0.967 g) was added and the 
reaction was kept under stirring for 1.5 h. The solvent excess was 
removed in a rotary evaporator, precipitating a solid that was collected 
by filtration. The solid was purified by recrystallization in dichloro-
methane at − 20 ◦C for 24 h. The crystals were collected and washed 
with diethyl ether. 

(1) Yield: 41% 1H NMR (500 MHz, CD3Cl, ppm): 1.24 (dd, 12H, CH 
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(CH3)2), 1.37 (d, 12H, CH(CH3)2), 2.57 (m, 4H, CH(CH3)2), 7.18 (d, 2H, 
CH––CH, Im), 7.27 (m, 4H, m-Ar, IPr), 7.51 (m, 2H, p-Ar, IPr). ESI+ MS 
(m/z, monoisotopic): 626.27868, [C27H37N2Au(CH3CN)]+ (calc. 
626.28040). 

(3) Yield: 91%. 1H NMR (500 MHz, CD3Cl, ppm): 2.11 (s, 12H, o- 
CH3), 2.35 (s, 6H, p-CH3), 7.00 (s, 4H, m-Mes), 7.10 (s, 2H, CH––CH, 
Im). ESI+ MS (m/z, monoisotopic): 542.18520, [C21H24N2Au(CH3CN)]+

(calc. 542.18650). 

2.2.6. Synthesis of [AuCl(IPh)] (2) and [AuCl(IBn)] (4) 
The complexes (2) and (4) were prepared according to adapted 

procedures from Visbal et al. and Collado et al. [23,24]. The respective 
tetrahydroborate imidazolium (IPh⋅HBF4 or IBn⋅HBF4, 0.40 mmol), 
[AuCl(tht)] (0.30 mmol) and tetramethylammonium chloride (2.00 
mmol) were dissolved in dichloromethane. The solution was kept under 
stirring for 30 min at room temperature, followed by addition of po-
tassium carbonate (6.02 mmol). The reaction was kept under stirring at 
room temperature for 2.5 h. The solid was filtered off over Celite® and 
the solvent removed under reduced pressure. The white solid was 
recrystallized in dichloromethane/ether, filtered, washed with ether and 
dried under reduced pressure. 

(2) Yield: 45%. 1H NMR (250 MHz, CD3Cl, ppm): 7.39 (s, 2H, 
CH––CH, Im), 7.51–7.59 (m, 6H, CH, m-Ph, p-Ph), 7.72–7.76 (m, 4H, o- 
Ph). ESI+ MS (m/z, monoisotopic): 458.09176, [C15H12N2Au(CH3CN)]+

(calc. 458.09260). 
(4) Yield: 28%. 1H NMR (500 MHz, CD3Cl, ppm): 5.40 (s, 4H, CH2, 

Bn), 6.87 (s, 2H, CH––CH, Im), 7.32–7.41 (m, 10H, CH, Bn). ESI+ MS 
(m/z, monoisotopic): 486.12274, [C17H16N2Au(CH3CN)]+ (calc. 
486.12390). 

2.2.7. Synthesis of [au(DMAP)(IBn)]NO3 (5) and [au(DMAP)(IPr)]NO3 
(6) 

The methodology to prepare (5) and (6) were adapted from Abbe-
hausen et al. [17]. In a flask complexes (1) or (4) (1 mmol) were dis-
solved in sufficient amounts of chloroform. An ethanolic solution 
containing 1 mmol of AgNO3 was prepared and added to the complex 
solution, precipitating AgCl which was removed by filtration over Cel-
ite® or using a 2 μm syringe filter. To the clear solution of the complex, a 
chloroform solution of 4-dimethylaminopyridine (DMAP) (1 mmol) was 
added and left under stirring overnight at room temperature and pro-
tected from the light. Then, the solvent was removed under reduced 
pressure forming a transparent film that was dissolved in acetone and 
refrigerated to − 20 ◦C, precipitating a crystalline white solid. 

(5) Yield: 44%. 1H NMR (500 MHz, CD3Cl, ppm): 3.13 (s, 6H, CH3, 
DMAP), 5.46 (s, CH2, Bn), 6.69 (d, 2H, m-CH, DMAP), 7.15 (d, 2H, 
CH––CH, Im), 7.37 (m, 10H, CH, Bn), 7.99 (d, 2H, o-CH, DMAP). ESI+
MS (m/z, monoisotopic): 567.17993, [C24H26N4Au]+ (calc. 567.18175). 

(6) Yield: 32%. (CDCl3, 250 MHz, ppm): 1.31 (dd, 24H, CH(CH3)2), 
2.58 (q, 5H, CH(CH3)2), 3.27 (s, 5.8H, CH3, DMAP), 6.76 (d, 2.0H, m- 
CH, DMAP), 7.19 (s, 1.8H, CH––CH, Im), 7.36 (d, 4.1H, m-Ar), 7.53 (t, 
2.2H, p-Ar), 8.22 (d, 2.1H, o-CH, DMAP). ESI+ MS (m/z, monoisotopic): 
707.33528, [C34H46N4Au]+ (calc. 707.33825). 

2.3. Parasites 

Leishmania (Leishmania) amazonensis (IFLA/BR/1967/PH8) and 
L. (Viannia) braziliensis (MHOM/BR/1994/H3227) promastigotes were 
grown at 25 ◦C in 25 cm2 tissue culture flasks containing M199 medium 
(Gibco-Invitrogen) supplemented as described [25]. L. braziliensis cul-
tures were supplemented with 2% male sterile human urine and 10% 
fetal bovine serum (FBS). Cultures were split every 5 days, after pro-
mastigotes reach late logarithmic growth phase. Axenic amastigotes of 
L. amazonensis were obtained as previously described [26] and kept in 
acidified M199 (pH 4.8) for up to two weeks with splits every three days. 

2.4. Extraction of primary host cells 

Bone marrow-derived macrophages (BMDM) were obtained after 
differentiation of precursor cells extracted from femurs and tibias of 
female Balb/C mice. The medullary cavities of the bones were washed 
with a 5 mL syringe and a 21G needle with Roswell Park Memorial 
Institute (RPMI 1640) medium (Gibco-Invitrogen) supplemented with 
20% FBS and 30% L929 fibroblast culture supernatant in 75 mm Petri 
dishes. Recovered cells were kept at 37 ◦C with 5% CO2 atmosphere. 
After 7 days, differentiated BMDM were collected with fresh RPMI 
medium after scraping the plate with a sterile cell scraper (Biofil®) [25]. 
The Ethics Committee on Animal Use of the University of Campinas 
(CEUA-UNICAMP) (protocol #5389–1/2019) approved all procedures 
using mice. 

2.5. Cell viability assays 

Cell viability was evaluated by the MTT ((3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide) assay [27] using log phase pro-
mastigote cultures (5 × 106 cells/well) or BMDM (4 × 105 cells/well) in 
96-well culture plates incubated with increasing concentrations of (1) to 
(6) for 24 h. All Au(I) complexes were freshly solubilized in pure sterile 
DMSO (Sigma Aldrich) at 25 mM stocks for each experiment. Briefly, 30 
μL of MTT (5 mg/mL) was added to each well and the plates were 
incubated for 2 h at 25 ◦C (for promastigotes) and 37 ◦C (for macro-
phages). Next, the reaction was stopped by addition of 30 μL of SDS 
20%. Absorbance reading was performed using a plate spectrophotom-
eter (reference and test wavelength of 690 and 595 nm, respectively). 
Optical density values were converted to percentages compared to un-
treated control groups incubated with medium only (100% viability) to 
determine the 50% effective concentrations (EC50 for parasites and CC50 
for macrophages) from sigmoidal regression of dose-response curves 
(GraphPad Prism6 software, USA). 

2.6. Thick smears for parasite's morphology evaluation 

Culture aliquots of 10 μL from cell viability assays were placed on 
glass slides for thick smears preparation. Next, the smears were dried at 
room temperature for 24 h, fixed with pure methanol for 1 min and 
stained with an InstantProv kit (NewProv, Brazil). At least 150 pro-
mastigotes were examined for each NHC complex tested by optical mi-
croscopy (100× oil immersion, Nikon Eclipse E200, Nikon Corp.). 
Parasite's morphology were classified as: ‘fusiform’, ‘replicating’, 
‘round’, ‘aberrant’ and ‘sperm-like’ and the frequency of each form (%) 
was calculated for each complex-treated and untreated cultures. 

2.7. In vitro infection assay 

To assess the viability of intracellular amastigotes, 4 × 105 BMDM 
were cultured per well containing 13 mm glass coverslip in 24-well 
plates. Next, cells were incubated with stationary phase promastigotes 
of L. amazonensis (5 parasites: 1 macrophage) and L. braziliensis (10:1) 
for 16 h at 34 ◦C and 5% CO2 and then exposed or not to increasing 
concentrations of the gold compounds for 24 h. Coverslips were fixed 
with pure methanol and stained with an Instant Prov kit (NewProv, 
Brazil). The number of infected cells and amastigotes per 100 BMDM 
were quantified microscopically by direct counting as described [14]. 
Infection rates (%) were determined as the proportion of BMDM con-
taining at least one intracellular parasite in a total of 100 infected and 
non-infected BMDM. Infectivity indexes (percentage of infected cells x 
amastigote number per infected cell) were also determined. 

2.8. Plasma membrane permeability assay 

The ability of NHC complexes to interfere with parasite's plasma 
membrane integrity was assessed using 5 × 106 promastigotes or 1 × 107 
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amastigotes of L. amazonensis incubated with medium only or with EC50 
or half- EC50 of (3) for different time points and exposed to 100 μM 
bromide (EtBr). Fluorescence signals were recorded using a HITACHI 
F2500 fluorimeter (excitation at 365 and emission at 580 nm). 
Maximum peaks of EtBr incorporation were obtained after the addition 
of 1.6 mM of digitonin [14]. 

2.9. Inhibitory activity of recombinant CPBs 

The enzymes (rCPB2.8, rCPB3.0 and rH84Y) were expressed and 
purified at the Interdisciplinary Center for Biochemical Research, ac-
cording to [28]. The final concentration of each enzyme was 15 nM. 
Enzymatic assays using L. mexicana recombinant CPBs (rCPB2.8, 
rCPB3.0 and rH84Y) were performed using 100 mM sodium acetate 
buffer, 20% glycerol, 0.01% Triton X-100, 5 mM DTT (1,4-dithio-
threitol) (pH 5.5) with enzyme preactivation for 5 min at 37 ◦C under 
constant agitation in a quartz cuvette with 1 mL final volume. The 
enzymatic activities were monitored in a spectrofluorometer (F2700; 
Hitachi, Japan) and the hydrolysis of Z-FR-MCA (carbobenzoxy-Phe- 
Arg-7-amide-4-methylcoumarin) substrate (Bachem, USA) was moni-
tored at ʎEx = 360 nm and ʎEm = 480 nm for samples that incubated or 
not with (3) and (6) at 10 and 50 μM. Enzymatic activity was recorded in 
AFU/min (Arbitrary Fluorescence Units per minute) considering 100% 
activity for the absence of the compound [28]. Assays were carried out 
in triplicates. 

2.10. Data analysis 

All tests were performed in triplicates and results were tested sta-
tistically compared to the control group. The results were presented as 
means ± standard deviation and were analyzed using GraphPad Prism6 
software, USA. Ordinary One Way ANOVA was applied comparing 
treated with untreated control groups. p values <0.05 were considered 
statistically significant. 

3. Results and discussion 

3.1. Selection of gold(I)-N-heterocyclic carbenes 

The series of symmetric gold(I)-aryl-N-heterocyclic carbenes and 

gold(I)-benzyl-N-heterocyclic carbenes was selected for a systematic 
study of the leishmanicidal activity of this class of compounds (Fig. 1). 
Bulky and electron donating substituents adjacent to the carbene carbon 
promote kinetic stabilization of M-NHC bond and for this purpose these 
symmetric carbenes were selected [13]. Two novel structures were 
prepared (5) and (6). They were characterized by 1H NMR and mass 
spectrometry. No single crystals were obtained for the compounds. The 
series are soluble in acetonitrile, DMSO, DMF and chloroform and the 
spectra of the compounds can be found in Supplementary material 
(Fig. S1-S30). The replacement of chloride by dimethylaminopyridine 
(DMAP) adds charge to the complex and increases solubility in polar 
solvents. Also, the planar nature of DMAP improves the ability of 
interaction with aromatic protein residues such as tryptophan and 
phenylalanine, as previously reported by our research group for 
[Ph3PAuDMAP]+ derivatives [17]. This is key for the interaction with 
proteins such as cysteine proteases and zinc fingers. 

3.2. In vitro activity of gold(I)-aryl-N-heterocyclic carbenes and gold(I)- 
benzyl-N-heterocyclic carbenes against Leishmania promastigotes, 
macrophages and intracellular amastigotes 

Next, L. amazonensis and L. braziliensis logarithmic phase promasti-
gotes were incubated with 100, 50, 25, 12.5, 6.3, 3.1, 1.6 and 0.8 μM of 
six gold benzyl and aryl-N-heterocyclic carbenes (1)–(6) for 24 h. 
Effective concentrations capable of inhibiting 50% of parasite (EC50) 
viability are presented in Table 1. Fifty % cytotoxic concentrations 
(CC50) for murine bone marrow-derived macrophages (BMDM) were 
established and ranged from 18.52 to 24.35 μM, allowing us to establish 
the selectivity index for each compound (SI = CC50/ EC50). Au(I)-NHC 
(3) presented the best SI in the series, followed by (4), while com-
pound (1) showed moderate to poor activity being ruled out from further 
in vitro evaluations. Sensitivity ranges varied minimally between Leish-
mania species, with being (2) slightly more active against L. amazonensis 
(Table 1). This uniform response leads us to speculate that the activity of 
(2)–(6) is possibly related to conserved targets for both species. 

Our systematic study offers the possibility to evaluate structure/ac-
tivity relationships of this gold(I) symmetric benzyl and aryl-NHC series. 
By comparing the EC50 of (1) and (6), we observe a significant decrease 
(close to 4.1- and 3,4-fold for L. amazonensis and L. braziliensis, respec-
tively) when chloride is replaced by DMAP (Table 1), suggesting that the 

Fig. 1. Structural formulas of the compounds evaluated in this study, iPr = isopropyl group.  
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relative lower solubility of (1) in polar solvents is perhaps impacting its 
leishmanicidal effect leading to a higher EC50. In parallel, the compar-
ison of (2), (3) and (4) SIs values suggests a progressive decrease of EC50 
by the increase of steric hindrance of substituent groups which is re-
ported to have a significant impact in the stability of metal N-hetero-
cyclic-carbenes in solution [29]. The presence of donating methyl 
groups in position 1,3,5 in the mesityl group of compound (3) could 
explain its promising result (SI > 13; Table 1) due to the improvement in 
solution stability [29]. Differentiation between (4) and (5), however, 
demonstrates that the replacement of chloride by DMAP in [Au(IBn)X] 
does not improve the leishmanicidal activity in a significant manner. 
None of the basic structural changes seems to have interfered with the 
cytotoxic activity against BMDM, as sensitivity remained similar with all 
tested compounds varying from 18.52 to 24.35 μM CC50. 

Al-Majid and collaborators tested the activity of cationic gold(I)-bis- 
NHC. Their results showed good activity of [Au(iPr)2]+ against L. major 
promastigotes (EC50 = 8.2 ± 0.24 μM) in the same micromolar range 
observed in our study, despite its more pronounced cytotoxicity against 
3T3-L1 fibroblasts (CC50 = 8.85 ± 0.25 μM) in comparison with PC-3, 

Hela and MCF-7 neoplastic cell lines [30]. Yet, the choice of fibro-
blasts and cancer cells for the cytotoxicity assay should not be assumed 
as the only options when investigating antileishmanial candidates as 
they are not primary host cells for the parasite [11]. 

Paloque et al. have synthesized and demonstrated the biological 
activity of new mononuclear cationic or neutral Au(I) complexes con-
taining quinoline functionalized N-heterocyclic carbenes against 
L. infantum promastigotes and amastigotes and J774A.1 macrophages. 
The best candidate that showed a SI of 6.19 was the only neutral com-
plex in the series [31]. Zhang et al. explored a series of neutral Au(I)- 
NHC against L. infantum showing the leishmanicidal activity for 50% 
of promastigote cultures of up to 10 μM for the majority of the complexes 
with SI ~ 3.0 [32]. 

There is a limited number of studies in the literature that report 
morphological alterations in Leishmania promastigotes induced by 
metallic compounds. In this sense, we have examined several images of 
Giemsa-stained parasites after 24 h incubation with Au(I)-NHC in order 
to identify possible structural changes on the typical promastigote form 
(Fig. 2). Increasing concentrations of (2)–(6) were tested and 

Table 1 
Antileishmanial activity and cytotoxicity of compounds (1)–(6) after 24 h.   

EC50 (μM)1 CC50 (μM)2 Selectivity index  

Promastigotes Macrophages  

L. amazonensis L. braziliensis BMDM L. amazonensis L. braziliensis 

(1) 25.99 ± 4.61 27.83 ± 4.22 nd nd nd 
(2) 2.11 ± 1.11 8.30 ± 0.88 21.65 ± 0.96 10.3 2.6 
(3) 1.57 ± 0.41 1.68 ± 0.36 21.81 ± 1.07 13.9 12.9 
(4) 1.65 ± 0.16 1.70 ± 0.42 18.52 ± 1.08 11.2 10.9 
(5) 1.96 ± 0.66 2.41 ± 1.62 21.23 ± 1.59 10.8 8.8 
(6) 6.35 ± 3.72 8.14 ± 1.79 24.35 ± 1.81 3.8 2.9 

1Means of EC50: Effective concentration for 50% of promastigotes ± standard deviation and 2 Means of CC50: Cytotoxicity concentration for 50% of BMDM ± standard 
deviation. Selectivity index = CC50/EC50. Viability assay using MTT was performed as described in the ‘Experimental Section’. 

Fig. 2. Quantification of the morphological 
aspects of L. amazonensis (A) and 
L. braziliensis (B) promastigotes (in percent-
ages) observed after 24 h of incubation with 
0.8; 1.6; 3.1; 6.3; 12.5 and 25 μM of (2)–(6). 
Photomicrographs of stained parasites are 
shown in the right column to exemplify 5 
morphotypes detected: Fusiform, Replicating, 
Round, Aberrant, and Sperm-like. The color 
for each image corresponds to the frequency 
of colored bars in the graph. At least 150 
promastigotes were counted for each condi-
tion. “0” in the x-axis corresponds to un-
treated control promastigotes.   
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promastigotes classified according to the frequency of the shapes 
detected, being the ‘fusiform’ and ‘replicating’ events considered typical 
for untreated control cells and ‘round’, ‘aberrant’ and ‘sperm-like’ 
assumed as atypical forms. 

Around 10 to 25% of the L. amazonensis promastigote population 
presented detectable morphological changes (round shape without 
visible flagellum) when incubated with 6.3 μM of (2)–(5) (Fig. 2A). Also, 
these compounds altered promastigote aspects in a more pronounced 
way at 12.5 μM with 75–90% of round cells. About 5–10% promasti-
gotes presented the atypical “sperm-like” aspect. At the highest con-
centration, 100% of cells treated with (2)–(5) showed morphological 
anomalies. Curiously, compound (6) led to ovoid-shape transformation 
of parasites (~70%), without more drastic changes such as ‘sperm-like’ 
promastigotes at 25 μM seen for (2)–(5), a fact that may reflect its lower 
leishmanicidal activity (Table 1). 

On the other hand, L. braziliensis showed lower percentages of 
dividing cells, both in control and NHC-incubated groups (Fig. 2B). In 
general, morphological patterns between species were similar, but some 
differences can be pointed out with (2) at 12.5 μM, for example, that led 
to less than 20% of L. braziliensis altered cells, a finding that may reflect 
lower sensitivity of this species in the cell viability assay (Table 1). 
However, (6) proved to be equally less efficient against L. braziliensis, 
inducing abnormal morphology only in ~30% of the cells at the highest 
concentration. 

Lorete-Terra and colleagues detected changes in shape and size of the 
cell body of L. amazonensis promastigotes, such as the occurrence of 
duplicate flagellum, invagination, rounding and aberrations in the cell 
body of the parasite when treated with Co(II) complexes [33]. Another 
study also demonstrated that L. amazonensis promastigotes showed a 

rounding cell body with “sperm-like” aspect upon 10 μM Auranofin 
exposure, suggesting that this gold-based drug is an inducer of 
apoptotic-like event in L. amazonensis promastigotes [34]. In fact, 
apoptosis-like cell death in Leishmania includes the cascade of several 
morphophysiological modifications, including cell rounding and 
shrinkage, changes in plasma membrane despite the maintenance of its 
integrity, mitochondrial alterations, chromatin condensation, and nu-
clear and DNA fragmentation [35]. 

After establishing the effects of our Au(I) complexes against pro-
mastigotes, we evaluated the ability of (2)–(6) to inhibit intracellular 
amastigotes in murine macrophages, relevant stages in the context of 
leishmaniasis. Fig. 3 shows the results of Au(I)-NHC-treated infections of 
BMDM with amastigotes assessed by the following parameters: infection 
rate (Fig. 3A), number of parasites per host cell (Fig. 3B), infectivity 
index (Fig. 3C) and the absolute number of amastigotes (Fig. 3D). In-
cubation with (2), (3) and (4) led to a more pronounced reduction of the 
infection rates and infectivity indexes for L. amazonensis, similar to our 
assays using promastigotes. Compound (3) showed to be the best com-
plex of this systematic series at the lowest concentration (5 μM), being 
able to reduce the infectivity index by 60% for L. amazonensis and ~ 40% 
for L. braziliensis. It is reasonable to speculate that differences observed 
between the activity against promastigotes and amastigotes may be 
related to the greater difficulty for molecules to access the para-
sitophorous vacuole in the interior of host cells, in addition to possible 
interactions that the complexes suffer with components of the culture 
media. Chaves et al. also pointed to the involvement of host cell- 
dependent mechanisms related to the action of the tested molecules, 
as they initially depend on the uptake/transport across the cell mem-
brane and the parasitophorous vacuole to target intracellular 

Fig. 3. BMDM infected with promastigotes of L. amazonensis at a ratio of 5:1 and L. braziliensis (10:1) and incubated with (2)–(6). Each bar refers to the percentage of 
reduction of the infection rate (A), parasite burden per macrophage (B) and infectivity index (C) in relation to untreated control infections (100%). (D): absolute 
number of amastigotes counted for the same fields examined for the infection rate and intracellular parasite burden. The results presented are representative of two 
independent assays performed in triplicate. Ordinary One Way ANOVA was applied as a statistical test comparing treated groups with the untreated control: * p <
0.05; ** p < 0.01; ***p < 0.001; **** p < 0.0001. 
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amastigotes [36]. Even so, we have included the quantification of the 
absolute number of amastigotes in order to show that concentrations 
capable of inhibiting 50% of the intracellular parasite burden remained 
below 10 μM for (2) and (3), especially for L. amazonensis (Fig. 3D), 
highlighting that these candidates show very good antileishmanial 
activity. 

3.3. Plasma membrane interference induced by (3) 

Due to the morphological changes (Fig. 2) and amastigote sensitivity 
characterized upon exposure to Au(I) complexes, mainly (3) against 
L. amazonensis, our next step was to determine whether (3) could be 
interfering with the permeability of the plasma membrane of 
L. amazonensis. In this case, promastigotes and axenic amastigotes were 
examined regarding possible effects on cell plasma membrane per-
meabilization after incubation with (3) at 0.78 μM (half- EC50) and 1.57 
μM (EC50) for 15 and 25 min (short time point) and 24 h (long time 
point) followed by EtBr exposure (Fig. 4). For promastigotes, compound 
(3) at the EC50 increased cell membrane permeability in 30% and 50% 
(compared to untreated parasites) after 15 and 25 min of incubation, 
respectively (Fig. 4A). After 24 h of incubation, a 20% and 86% increase 
in plasma membrane permeability was observed after incubation with 
half- EC50 and EC50, respectively (Fig. 4B). For amastigotes, ~ 9% and 
16% increase was observed after 15 min and 24 h, respectively, of in-
cubation with EC50 (Fig. 4C). Our results suggest that initial exposure of 
the parasites at low concentration of (3) is sufficient to disturb cell 
organization. 

Recently, Minori et al. showed an increase in membrane perme-
ability of L. amazonensis promastigotes and axenic amastigotes incu-
bated with Au(I) and Au(III) compounds, the most effective being an Au 
(III) complex coordinated to a bidentate N^N scaffold, which caused a ~ 
50% increase in permeability of promastigotes after 3 h. In general, all 
compounds were effective in destabilizing membrane permeability. 
Higher influxes of EtBr and similar results between 3 and 24 h of incu-
bation were also detected for amastigotes [14]. Moreover, Sharlow et al. 

demonstrated that L. amazonensis promastigotes became round after 5 h 
of Auranofin exposure. The authors argue that this phenotype can be 
attributed to trypanothione reductase inhibition and increased mem-
brane permeability, which lead to an apoptosis-like response. They also 
reported an increase in caspase 3/7-like activity and DNA fragmentation 
after exposure to Auranofin [34]. 

3.4. Inhibition of recombinant cysteine proteases by (3) and (6) 

Cysteine proteases (CP) are found in different species of Leishmania, 
being essential for 

parasite infectivity, evasion of the immune system, promastigote to 
amastigote transformation and nutrition. There are three classes of CP in 
L. mexicana known as CPA and CPB, both cathepsin-L-like, and CPC, a 
cathepsin-B-like [28,37,38]. The CPB gene comprises 14 copies and the 
CPB2.8 enzyme is stage-regulated and the most abundant of them. It 
contains Asn-60, Asp-61 and Asp-64 located in an α-helix, which is part 
of the wall of the catalytic site. The CPB3.0 enzyme has the variant 
residues Asp-60, Asn-61 and Ser-64. CPB18 contains Asp-60, Asn-61 and 
Ser-64 and also Try-84 and Asn-18 instead of His-84 and Asp-18, 
respectively in CPB2.8 [39]. These variations in positions 60, 61, 64 
and 84 between CPB2.8 and isoforms alter charge distribution causing 
significant changes in the electrostatic potential on the surface of iso-
enzymes. The mutated version rH84Y has His-84 replaced by Tyr-84, in 
an attempt to mimic the structure of CPB18, but keeping the Asp-18 
instead of Asn-18; interfering with the binding of molecules possibly 
thus changing the geometry of the catalytic site [37,40]. 

Knowledge in parasite biology has shown the involvement of en-
zymes in the replication, survival, and pathogenicity of Leishmania and 
Trypanosoma species. In this context, CP have been shown to be prom-
ising targets for drug discovery of antiprotozoal drugs [41]. As it is well 
established in the literature that metal complexes are potent inhibitors 
of Leishmania CP [8,42], we chose to evaluate whether the most and 
least active compounds against amastigote forms ((3) and (6), respec-
tively) would be able to directly inhibit rCPB2.8, rCPB3.0 and rH84Y 

Fig. 4. L. amazonensis plasma membrane permeability assay after incubation with (3). (A) 5 × 106 promastigotes were incubated for 15 and 25 min with (3) EC50 and 
(B) 24 h with half-EC50 and EC50 of (3). (C) 1 × 107 amastigotes were incubated for 15 min and 24 h with the EC50 of (3). Arrows show addition of ethidium bromide 
(EtBr) and digitonin. Scale bar shows fluorescence units (FU) by time (seconds). 
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activities at the mammalian host temperature (Fig. 5). The advantage of 
using recombinant L. mexicana enzymes relies on the fact that results can 
be easily extrapolated to L. amazonensis, extensively explored in our 
study, since the latter is a species that belongs to the mexicana complex 
[43]. 

The rCPB2.8 activity was more affected by compound (6) than (3) 
essentially at the lower dose. In contrast, rCPB3.0 variant responded 
similarly to (3) and (6) at 50 μM, while the mutated version rH84Y 
showed less sensitivity to both compounds, despite their residual ac-
tivities having been reduced significantly especially at the highest con-
centration. Metal complexes can inhibit these enzymes via a ligand 
substitution with the thiol of the active site cysteine [44]. In this way, 
the cyclopalladate complex [Pd(C2,N-DMPA)(DPPE)] is able to destroy 
L. amazonensis in vitro and by intralesional administration in vivo and to 
inhibit CP cathepsin-like at micromolar concentration [8]. Studies of 
Massai et al. [42] showed that a series of Au(I) and Au(III) complexes 
with a variety of ligands, including [Au(NHC)Cl], for which NHC is 1- 
butyl-3-methyl-2,3-dihydro-1H-imidazol-2-ylidene, were found to 
strongly inhibit human cathepsins (B and L) as well as L. mexicana 
rCPB2.8. 

Substitution of negative charges (Asp) at positions 61 and 64 of 
rCPB2.8 by Asn-61 and Ser-64 in rCPB3.0 was able to reduce the 
effectiveness of compounds (3) and (6) indicating that electrostatic in-
teractions promoted by residues 61 and 64 are important in the com-
pound enzyme interaction. Metal complex such as Au(I) could inhibit CP 
by ligand exchange with the thiol of active site because the reduced pK a 
of reactive Cys favors the interaction of thiophilic metal since gold has 
high affinity for thiolates with a low pKa [44]. Since the substitution of 
residues 60, 61 and 64 of rCB2.8 modify the pKa values of CPB enzymes 
[39], it could imply changes in the interactions of Au(I) compounds as 
observed in Fig. 5. Interestingly, it is observed that the mutation at 
position 84 with substitution of His (positive charge) by Tyr (hydro-
phobic) further reduced the inhibitory effectiveness of rH84Y by both 
compounds. His-84 is located in an outer loop on the surface of the 
enzyme and positioned near the Cys56-Cys101 disulfide bridge [40]. 
Perhaps, its substitution by Tyr may interfere in the structural function 
of Cys-56 – Cys-101 leading to structural changes to amino acids with 
important roles in the catalytic site such as Ser-61, Gly-65, Gly-66, Leu- 
67 and Met-68 (S2/S3 subsite residues) and consequently interfering in 
the binding of the compounds. 

4. Conclusions 

Symmetric Au(I) benzyl and aryl-NHC are stable molecules that are 
easily synthesized. From our series, with the exception of (1), all Au(I)- 
NHC complexes tested induced a concentration-dependent anti-
proliferative effect on promastigotes. The series allowed the investiga-
tion of the effects of N-substituents against two relevant Leishmania 
species. The bulkiest 2,4-diisopropylphenyl (1) substituent showed the 
lowest SI, followed by the phenyl derivative (2). Replacing chloride by 
DMAP slightly improved the SI for the 2,4-diisopropylphenyl derivative 
(6), suggesting that lipophilicity is playing a role in the effectiveness of 
these compounds. The best results found for (3) indicate that a balance 
of steric hindrance and electronic parameters of the NHC are significant. 
At sublethal concentrations, parasites showed substantial morphological 
changes. In mechanistic evaluations of the best candidate (3), the 
increased membrane permeability and inhibition of CP enzymatic ac-
tivity, which make up an extremely relevant arsenal of signaling mole-
cules of the parasite, point to possible targets that may explain the 
specificity of these compounds. In general, all compounds were shown 
to be active in reducing intracellular infection, with L. amazonensis being 
more sensitive to these compounds. However, (3) should be highlighted 
as an interesting chemotype for further developments. Our findings pave 
the way for further experimental treatment schemes with this mesityl 
derivative alone or in association with drugs used in clinical practice 
against ATL. 

Authorship statement 

None. 

Declaration of Competing Interest 

None. 

Acknowledgements 

This work was financially supported by São Paulo Research Foun-
dation (FAPESP) (#2014/02205-1, 2016/25112-4 and 2019/01678-7 
[WASJ], 2018/21120-8; 2019/16904-2 [CA], 2014/21129-4 [DCM]), 
Brazilian National for Scientific and Technological Development (CNPq) 
process# MCTIC/CNPq 28/2018 406444/2018-8 - CA and FAEPEX- 
PRP/Unicamp (#519.292 - DCM). LBR, RLAL and JVF received CAPES- 
DS Master scholarships. C.G. received a CNPq scholarship (#142280/ 
2017-8). We thank Dr. Fernanda R. Gadelha for her technical support 
and Ana J. Vincoletto for the assistance with promastigotes' morphology 
analysis. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jinorgbio.2022.111726. 

References 

[1] W. H. Organization, Control of Neglected Tropical Diseases. https://www.who.int 
/teams/control-of-neglected-tropical-diseases/overview, 2021 (accessed January 
2022). 

[2] D.C. Miguel, M.B.C. Brioschi, L.B. Rosa, K. Minori, N. Grazzia, The impact of 
COVID-19 on neglected parasitic diseases: what to expect? Trends Parasitol. 37 
(2021) 694–697. 

[3] E. Torres-Guerrero, M.R. Quintanilla-Cedillo, J. Ruiz-Esmenjaud, R. Arenas, 
Leishmaniasis: a review, F1000Res 6 (2017) 750. 

[4] J. Silva, A. Queiroz, I. Moura, R.S. Sousa, L.H. Guimarães, P.R.L. Machado, 
M. Lessa, E. Lago, M.E. Wilson, A. Schriefer, Dynamics of American tegumentary 
leishmaniasis in a highly endemic region for Leishmania (Viannia) braziliensis 
infection in Northeast Brazil, PLoS Negl. Trop. Dis. 11 (2017), e0006015. 
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