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1. ABSTRACT

The trypanosomatid-induced diseases are 
considered as neglected, because the countries 
where they kill people are not important markets for 
western big pharmaceutical companies. However, 
recently some effort has been made to translate the 
use of already known drugs to neglected infectious 
disease. Although many metals are essential to life, 
many disorders affecting metal homeostasis and 
bioavailability are responsible for several human 
diseases. Metals can be toxic even at very low 
concentrations and semimetals are classified as toxic 
and dangerous for the environment. However, metal- 
and metalloid-based therapeutic drugs have existed 
for centuries. Some of them, as antimony and arsenic 
compounds, are still the first line drugs used for the 
treatment of leishmaniasis and trypanosomiases in 
developing countries. Other metal complexes (as those 
of Ag, Pt, Pd and Au), already present in the market 
for cancer therapies or to cure bacterial infection or 
for anti-inflammatory treatments, have been proposed 
also against the vector-borne infections caused by 
trypanosomatids. The use of novel approaches based 
on nanotechnologies, allowing selective targeting, 
may represent a promising strategy to decrease the 
toxicity of these drugs. 

2. INTRODUCTION

Leishmaniasis, Chagas disease and HAT 
(Human African Trypanosomiasis) are vector-borne 
diseases caused by trypanosomatids. These are 
poverty-related diseases characterised by high 
morbidity deeply linked to malnutrition, complex 
humanitarian emergencies and environmental 
changes that affect vector biology (1). Leishmaniasis 
is caused by 20 species of Leishmania parasites and 
comprises three major clinical forms, namely visceral 
leishmaniasis, caused by Leishmania (L.) donovani 
and L. infantum, manifesting itself with fever, low red 
blood cell counts, enlarged spleen and liver and leads 
to death if left untreated; cutaneous leishmaniasis 
(caused by L. major and other parasite species), with 
skin ulcers that can heal spontaneously, often leaving 
disfiguring scars; mucocutaneous leishmaniasis, 
causing ulcers of the skin, mouth, and nose (2). 
Leishmaniasis is widespread in 22 countries in the New 
World and in 66 countries in the Old World and endemic 
regions have been spreading further over the last 10 
years with a sharp increase in the number of recorded 
cases. 2 million new cases are considered to occur 
annually, with an estimated 12 million people presently 
infected worldwide (3, 4). Chagas disease, also 
known as American trypanosomiasis, is a potentially 
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life-threatening illness caused by Trypanosoma 
(T.) cruzi affecting about 8 million people in Latin 
America, of whom 30–40% either have or will develop 
cardiomyopathy, digestive megasyndromes, or both 
(5). Human African Trypanosomiasis (HAT), also known 
as sleeping sickness, takes two forms, depending on 
the parasite involved, T. brucei gambiense found in 
western and central Africa, while T. brucei rhodesiense 
is found in eastern and southern Africa. HAT leads to 
a debilitating and progressive neurological disease 
that includes sleep disorders, coma and death in all 
untreated individuals. This killer disease is endemic to 
several countries, putting millions of people at risk with 
around 10,000 new cases developing every year (6). 

Despite these figures, the therapy of 
infectious diseases caused by protozoan parasites 
of the trypanosomatid family is a neglected area 
of research and drug development. Moreover, the 
treatments of these diseases are unsatisfactory in 
terms of safety and efficacy, which sharply contrasts 
with the therapeutic need in terms of people at risk, 
number of affected patients, and associated fatalities. 
This phenomenon is due to the prevalence of these 
diseases in tropical and subtropical poor countries 
with little research capacities and that are not 
attractive markets for the western big pharmaceutical 
companies. As a consequence, efficacious new 
drugs have not been developed, and the most 
used ones are metalloid-based drugs as arsenicals 
(Melarsoprol), used to treat the second stage of the 
African trypanosomiasis, and antimony-containing 
compounds (sodium stibogluconate or meglumine 
antimoniate) used against Leishmaniasis (3). 

The use of metal and metalloid-containing 
compounds in medicine dates back millennia: as an 
example, copper was used by Egyptians and gold 
was utilized by Chinese and Arabic practitioners. 
Hippocrates (400 BC) employed copper and mercury 
in the treatment of diseases, while Paracelsus (XVI 
century) used Sb, As and Mg salts. More recently, 
K(Au(CN)2) has been used against tuberculosis, while 
arsenic-based Salvarsan has been considered to be 
the mainstay for the treatment of syphilis for the first 
decades of the XX century (7). However, the potential 
of metal-based compounds has been fully appreciated 
only after the discovery of the anticancer activity of 
cisplatin, which has gone on to revolutionize cancer 
treatment rendering formerly fatal diseases such as 
testicular cancer, largely curable (8, 9). At present, 
metal- and metalloid-containing compounds are in use 
against several diseases, and are increasingly being 
studied by modern medicinal chemistry. Metals display 
unique features, including a wide range of redox states, 
charges, coordination geometries, thermodynamic 
and kinetic properties, which can empower the drug 
efficacy and therefore can be exploited in the design 
of metal-based compounds alternative to fully organic 

molecules (10, 11). Many metals are essential to life, 
and many disorders affecting metal homeostasis 
and bioavailability are responsible for several human 
diseases. However, metals can be toxic also at very 
low concentrations and metalloids are generally 
classified as poisons. Obviously, as already stated 
by Paracelsus, the right dose differentiates a poison 
from a medicine. Thus, the present challenge is to 
design active formulations for effective drug delivery 
minimizing the toxicity of metal- and metalloid-based 
drugs and as a consequence the side effects caused 
by the use of these drugs (12).

The aim of this review is to discuss the use of 
metal- and metalloid- based drugs against neglected 
tropical diseases and to discuss the recent studies that 
allowed the identification of new metal and metalloid 
based molecules which offer the opportunity to develop 
new and less toxic drugs against leishmaniasis and 
trypanosomiases.

3. METALLOID-BASED COMPOUNDS 
AGAINST NEGLECTED INFECTIOUS 
DISEASES

3.1. Boron-based compounds

Boron-based drugs are used against a 
number of infectious diseases: the polyether-macrolide 
antibiotic, boromycin (C45H74BNO15) is active against 
both gram-positive and gram-negative bacteria and 
was demonstrated to have a potent anti-HIV activity 
(13); the boric acid is a weak acid and has antiseptic, 
antifungal, and antiviral properties (14). Moreover, 
boron-based drugs have been used against different 
types of cancer. Indeed, it has been discovered that 
the chemotherapeutic agent Bortezomib (Molecular 
formula C19H25BN4O4) induces apoptosis in tumour 
cells in vitro, including those resistant to conventional 
chemotherapeutic agents and the first FDA approved 
therapeutic inhibitor of the 26S proteasome Velcade 
(bortezomib), is used to treat multiple myeloma and has 
reached FDA approval also to treat relapsed multiple 
myeloma (15). Boron-based drugs exhibit attractive 
properties and activities against a number of protozoans 
contributing to neglected tropical diseases. Recently, 
benzoxaboroles have been found to be effective 
against human African trypanosomiasis, malaria and 
Chagas disease (16). In particular, the presence of 
a boron atom in the heterocyclic core structure has 
been found essential for trypanocidal activity of orally 
active series of benzoxaborole-6-carboxamides in 
murine models of human African trypanosomiasis. The 
target of these class of compounds is still unknown but 
inhibition studies on T. brucei growth show that one of 
these compounds (SCYX-7158) (Figure 1) possesses 
the ability to kill efficiently the parasite (IC50=1.1.0±0.2.2 
µM) (17). SCYX-7158 (4-fluoro-N-(1-hydroxy-3,3-
dimethyl-2,1-benzoxaborol-6-yl)-2-(trifluoromethyl)



benzamide) has been identified as an effective, safe 
and orally active treatment for HAT; a phase I human 
clinical trial was concluded successfully in 2015 and 
now the compound is in phase IIb/III of clinical trials in 
the Democratic Republic of Congo.

The benzoxaborole scaffold was also used 
to explore the possibility to find new therapies against 
Chagas disease: compounds based on the 6-amino 
oxaborole scaffold elaborated vs. HAT show IC50 
values in the micromolar range. The HAT preclinical 
candidate most active against T. cruzi was found to be 
SCYX-6759 (IC50=1.1.5 µM) (16). 

3.2. Antimony-based compounds

Antimonials have been used against 
neglected tropical diseases since long time. Indeed, 
the use of antimony against leishmaniasis and 
schistosomiasis dates back to 14th century when 
the alchemist John of Rupescissa used it to treat his 
patients. The treatment of leishmaniasis with potassium 
antimony (III) tartrate (tartar-emetic) started in 1913. 
However, due to the discover of new, more efficacious 
and less toxic drugs as pentavalent antimonials for the 
treatment of leishmaniasis and the subsequent larger 
use of praziquantel against schistosomiasis, the use 
of trivalent antimonials was phased out in the 1970s. 

At the present, the most used drugs against 
leishmaniasis are still the pentavalent antimonials (i.e. 
complex of Sb(V) with N-methyl-D-glucamine (meglumine 
antimoniate or Glucantime®) or sodium gluconate (sodium 
stibogluconate or Pentostam®) (Figure 1) (18). 

Pentavalent antimonials are prodrugs: 
indeed Sb(V) is reduced to the more effective Sb(III) 
preferentially in the amastigotes, which have a lower 
intracellular pH and live at a higher temperature 
than promastigotes. Recent studies have suggested 
the participation of parasite-specific enzymes in 
the process of reduction of Sb(V) to Sb(III), as thiol-
dependent reductase (TDR1) and LmACR2 (19, 20). 

One of the mechanisms of action of 
antimonial drugs is the inhibition of trypanothione 
reductase (TR), the enzyme that keeps reduced 
the trypanothione molecule (T(SH)2) which allows 
the parasite to neutralize the ROS (reactive oxygen 
species) produced by macrophage during the 
infection. TR is an enzyme essential for the parasite 
survival inside the human host and for this reason is a 
good target to find drugs against leishmaniasis. Once 
reduced to Sb(III), the metalloid is able to inhibit TR 
with high efficiency (Ki=1.5. ± 0.4. µM). Based on the 
structural analysis of the TR complex with NADPH and 
Sb(III) in the reduced state, it was discovered that the 

Figure 1. Metalloid-containing compounds used (or under clinical evaluation) against diseases caused by trypanosomatids. The compounds were 
designed using Chemdoodle (https://web.chemdoodle.com/demos/sketcher/). The picture was generated by Gimp (https://www.gimp.org/).
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trivalent Sb(III) ion is able to inhibit the enzyme activity 
by engaging in a stable complex the residues involved 
in catalysis, namely the two catalytic cysteines (Cys52 
and Cys57), His461’ of the two-fold symmetry-related 
subunit (the residue that together with Glu466’ activates 
the Cys52 similarly to the cysteine proteases) and 
Thr335 (Figure 2). Binding of Sb(III) is only possible 
upon enzyme reduction because in the oxidized 
enzyme the two cysteine residues form a disulfide 
bridge (21, 22). Even if Sb(V) is less toxic than Sb(III), 
the pentavalent antimonials display severe side 
effects (see Table 1). Moreover, acquired resistance 
to antimonials has become a clinical threat during the 
last years especially in endemic countries as Bihar 
(India). To overcome the problem of drug resistance in 
Bihar the dosage of 10 mg/kg/day used with cure rates 
>90% in the early 20th century was doubled in the 
1970’s when treatment failure reached 30% (23). In 
2005, when the treatment failure reached 65% in Bihar 
and 24% in Nepal, the use of antimonial drugs was 
abandoned in the Indian subcontinent. Drug resistance 
development is due to different factors, which have 
created condition for a long and strong selective 

pressure: i. the hyper endemicity, with a cycle of 
epidemics every 15 years; ii. the anthroponotic nature 
of L. donovani transmission; iii. the variable dose and 
quality of antimonial drugs used; iv. socioeconomic 
factors as poverty and malnutrition; v. the arsenic 
contamination in the drinking water, quite common in 
Bihar (24). The main molecular mechanisms beyond 
the parasite resistance are: i. the intrachromosomal 
amplification of the H locus, containing among other 
the gene codifying for MRPA transporter, an ATP 
binding cassette family member, which binds the 
Sb(III) thiol complexes and transports them outside 
the cell (25); ii. the abolished functionality of the AQP1 
transporter responsible for the Sb(III) influx (26); iii. 
increase of surface N-acetyl-D-galactosamine leading 
to the overexpression of the macrophage’s MRPA and 
a consequent increased drug efflux (27); iv. a higher 
fitness of the resistant parasites also in the absence 
of drugs (28).

However, recent studies have shown 
that some peroxo-vanadate complexes used as 
antileishmanial agents have Sb(V)-resistance 

Figure 2. X-ray structure of trypanothione reductase (TR) of Leishmania infantum in complex with Sb(III), in the reduced state (PDB code 2W0H). A. 
Overall fold. The two monomers of the homodimer are colored in violet and blue. B. Sb(III) binding site. The Sb(III) ion is depicted as a blue sphere and 
the residues engaging Sb(III) in a stable complex formation are indicated as sticks. The picture was generated using PyMOL (The PyMOL Molecular 
Graphics System, Version 1.8. Schrödinger, LLC.)
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modifying ability in experimental infection with Sb(V)-
resistant L. donovani isolates in murine model. These 
findings suggested the use of vanadium compounds 
in combination with Sb(V) in the treatment of Sb(V) 
resistant cases of visceral leishmaniasis (23). To 
overcome the drug resistance phenomenon and 
increase the effectiveness of the therapy, in March 
2010, the World Health Organization Expert Committee 
on the Control of Leishmaniases recommended the 
sodium stibogluconate-paromomycin combination as 
first-line treatment for visceral leishmaniasis in East 
Africa. This kind of treatment is already being used in 
countries such as Sudan and South Sudan (29, 30).

3.3. Arsenic-based compounds

Arsenic exists in two oxidation states, As(III) 
and As(V). It is considered to be a paradox since it 
behaves as a poisoning and carcinogenic substance but 
it is also a therapeutic agent used by early physicians, 
such as Hippocrates and Paracelsus, and still used 
against some diseases. The first arsenic-based drug 
was Salvarsan (arsphenamine), that was put on the 
market in 1909 to cure syphilis, a sexually transmitted 
disease caused by the bacterium Treponema pallidum. 

It was the first important antisyphilitic agent, but it was 
phased out in the 1930s by better arsenical compounds 
(neoarsphenamine), and then by modern antibiotics.

Arsenic compounds are still used against 
sleeping sickness (African trypanosomiasis). The first 
drug used against late-stage Gambian (or West African) 
sleeping sickness caused by T. brucei rhodesiense is 
Melarsoprol, an organoarsenic compound, introduced 
in 1949 for its ability to cross the blood-brain barrier 
which make it particularly effective (31). It was initially 
administered as a very poorly tolerated non-aqueous 
solution. More soluble formulations of Melarsoprol 
(Melarsoprol with hydroxypropyl-β-cyclodextrin and 
randomly-methylated-β-cyclodextrin) have been 
employed as oral treatments for CNS-stage human 
African trypanosomiasis, delivering considerable 
improvements over current chemotherapy (32). The 
main target of this drug is the pyruvate kinase, an 
enzyme used from the parasite to produce ATP, but 
it is well known that As(III) may bind and inactivate up 
to 200 enzymes by binding to closely spaced protein 
thiols, forming stable cyclic dithioarsinite complexes 
in which both sulfur atoms are bound to arsenic. The 
formation of cyclic dithioarsinite complexes is mostly 

Table 1. Metal- and Metalloid-containing drugs used or under clinical trials against neglected tropical  
diseases

Drugs or lead 
compound

Metal or 
semi-metal

Mechanism of 
action

Actual therapeutic 
use

Potential therapeutic 
use against 
trypanosomatid-
induced diseases

Side effects

SCYX-7158 Boron inhibitor of the 26S 
proteasome

Under evaluation 
Phase IIb/III

HAT Under evaluation Phase IIb/III

Glucantime® Sb(III) Inhibitor of TR and 
in general of dithiol 
containing enzymes

Visceral 
Leishmaniasis

Visceral 
Leishmaniasis 

Pancreatic, renal, hepatic and cardiac 
disorders, reduced appetite, nausea, 
vomiting, diarrhoea, headache, 
tiredness, joint pains, muscle aches, 
dizziness, and anaphylaxis.

Pentostam® Sb(III) Inhibitor of TR and 
in general of dithiol 
containing enzymes

Visceral 
Leishmaniasis

Visceral 
Leishmaniasis

Pancreatic, renal, hepatic and cardiac 
disorders, reduced appetite, nausea, 
vomiting, diarrhoea, headache, 
tiredness, joint pains, muscle aches, 
dizziness, and anaphylaxis.

Arsobal® 
(Melarsoprol)

As(III) Inhibitor of pyruvate 
kinase, TR, GR and 
dithiol containing 
enzymes

HAT HAT Brain dysfunction, numbness, kidneys 
and liver problems.

Auranofin 
(Ridaura®)

Au (I) Inhibitor of TR Rheumatoid arthritis. Visceral 
Leishmaniasis, HAT 
and Chagas disease

Rash, mouth sores, persistent 
diarrhoea, indigestion, metallic taste, 
unusual bleeding or bruising, itching, 
blood in the urine, fainting.

SilvaSorb Ag(I), Ag(0) Inhibitor of TR and 
dithiol containing 
enzymes 

Protecting burns, 
cuts, scrapes, and 
other wounds from 
infections

Cutaneus 
Leishmaniasis

Breathing difficulty; tightness in the 
chest; swelling of the mouth, face, 
lips, or tongue; excessive or sudden 
bleeding, burning, itching, pain, 
redness, or swelling of the skin; fever.

SivrSTAT Ag(I), Ag(0) Inhibitor of TR and 
dithiol containing 
enzymes

Topical anti-infective; 
it is used to treat 
Dermatological 
Disorders 

Cutaneus 
Leishmaniasis

Breathing difficulty; tightness in the 
chest; swelling of the mouth, face, lips, 
tongue; excessive or sudden bleeding, 
burning, itching, pain, redness, or 
swelling of the skin; fever.

Metal/metalloid complexes as anti-trypanosomatid drugs

958 © 1996-2018



responsible for arsenic cytotoxicity. For this reason, 
Melasoprol is very toxic and causes brain dysfunction, 
numbness, and kidneys and liver problems. Even if the 
less toxic eflornithine should be usually preferred, in 
the very poor regions of the world where the disease is 
common, Melarsoprol is still the most used drug since 
it is provided for free by the World Health Organization.

Baiocco and coworkers have shown that 
As2O3 is able to inhibit also the trypanothione reductase 
of Leishmania infantum in the micromolar range but 
with an inhibition constant one order of magnitude 
higher that antimonials (Ki = 14 ± 4 µM) (21). 

4. METAL-BASED COMPOUNDS TARGETING 
NEGLECTED INFECTIOUS DISEASES

4.1. Gold-containing compounds

Gold(I) complexes such as auranofin 
(1-thio-β-D glucopyranosato-(triethylphosphine)
gold 2,3,4,6-tetraacetate) (Figure 3), gold sodium 
thiomalate, gold thioglucose and others have been 
used for decades against rheumatoid arthritis. These 
gold-thiol drugs act on multiple targets since they inhibit 
many enzymes as the serine esterases, elastase, 
cathepsin G, the first component of complement 
(C1), and lysosomal hydrolytic enzymes, such as acid 
phosphatases and ß-glucuronidase. Moreover, these 
compounds can reduce all classes of immunoglobulin 
and serum rheumatoid factors, and hamper 
lymphoblastogenesis in vitro by directly inhibiting 

mononuclear phagocytes (33). The ability of gold to 
bind to cysteine residues makes this metal a good 
candidate to be used to inhibit parasite enzymes. On 
this basis, Fricker et al. have developed various Au(III) 
compounds able to inhibit the cysteines proteases to 
find new lead compounds against trypanosomiases 
and leishmaniasis (34).

The ability of auranofin, a gold complex 
used as antirheumatic agent, to inactivate parasite 
detoxification enzymes has been recently investigated. 
Angelucci and coworkers solved the X-ray structure of 
the seleno-protein thioredoxin-glutathione reductase 
(TGR), a key enzyme in the pathway of Schistosoma 
mansoni for detoxification of reactive oxygen species, 
incubated with auranofin (35, 36). The structure shows 
that Au(I) binds to the catalytic cysteines (Cys154 and 
Cys159) over the FAD binding site thereby inhibiting 
TGR activity.

The ability to bind the cysteines makes 
auranofin able to inhibit also Leishmania infantum 
TR. Indeed, auranofin is able to inactivate the enzyme 
with high efficiency (Ki=0.155±0.35 µM) thereby killing 
the parasite in the promastigote stage (IC50=9.68 
± 1.02 µM). The low-resolution crystal structure of 
auranofin–TR complex allowed the comprehension of 
the molecular basis of this inhibition (37). As expected, 
the gold ion was found to be tightly bound to the two 
catalytic cysteines (Cys52 and Cys57) in the active 
site of the enzyme, thereby hampering hydride transfer 
from the protein to trypanothione (Figure 4A). 

Figure 3. Metal-containing compounds of potential use against diseases caused by trypanosomatids. The compounds were designed using Chemdoodle 
(https://web.chemdoodle.com/demos/sketcher/). The picture was generated by Gimp (https://www.gimp.org/).
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Differently from the TGR structure where the 
geometry of the Cys-gold-Cys array is linear, in TR the 
gold ion displays a planar-trigonal coordination, where 
the ligands are the two catalytic cysteine residues and a 
chloride ion. The thiosugar of auranofin also contributes 
to TR inhibition by occupying the trypanothione binding 
site within TR (Figure 4B). The X-ray structure of TR in 
complex with auranofin proved that Au(I) binds with high 
affinity to the TR active site, thereby causing pronounced 
TR inhibition, and prompted Colotti and coworkers 
(38) to consider more systematically TR inhibition 
by a group of structurally diverse gold-containing 
compounds. They measured the Ki of different Au(I) 
and Au(III) compounds and evaluated their toxicity, 
identifying the most appropriate candidates for further 
evaluation. Among the tested compounds, the most 
potent TR inhibitor is the (Cl2Au(III)(Pbi)Au(I)(PPh3))

(PF6) (Pbi= 2-(2’-pyridyl)benzimidazole) compound 
(GOLD I in Figure 3) which displays an apparent Ki 
value of 22±11 nM, much lower than that of Sb(III) (1.5 
µM). This compound is possibly the best candidate for 
further evaluation, since it displays also a low toxicity 
compared to other gold compounds, similar to that 
measured for auranofin which is a drug still present in 
the market (IC50=0.6 µM vs. 0.5 µM, measured against 
human ovarian carcinoma cell line).

4.2. Silver containing compounds

Silver has antibacterial action at very 
low concentrations, since it reacts very easily with 
protein carboxylates, hydroxyls, and thiols. Thus, 
silver compounds are used as antibacterial agents; 
SilvaSorb®, ionic silver in an amorphous hydrogel 

Figure 4. Complexes between TR and metal-containing compounds. A. TR-Au(I) complex. Blow-up of the gold binding site. The gold ion is represented 
as a yellow sphere, whereas the chloride ion is represented as a green sphere. The residues close to the gold ions are represented as sticks. B. TR-
auranofin complex. Zoom out of the gold binding site. The thio-sugar moiety of auranofin (3,4,5-triacetyloxy-6-(acetyloxymethyl) oxane-2-thiolate) is 
represented as sticks. The residues interacting with auranofin are indicated. C. TR-Ag complex. Blow-up of the silver binding site. The silver atom is 
represented as grey sphere. The residues coordinating silver are represented as sticks.
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base (Medline Industries, Inc.) and SilvrSTAT®, formed 
by metallic silver nanoparticles (Ag(0)) coated with 
tetrasilver tetroxide, are used as antimicrobial wound 
gels to prevent bacterial infections due to Gram-
negative Bacteria (Methicillin-resistant Staphylococcus 
aureus, Pseudomonas aeruginosa). 

In 2006, Navarro and co-workers have 
discovered that silver polypyridyl complexes are 
biologically active against Leishmania mexicana, since 
they can tightly bind DNA (39). 

Ferritin-based encapsulated silver 
nanoparticles are effective against Leishmania 
infantum, with an IC50 against promastigote stage 
of 2.18 ± 0.33 μM and an IC50 evaluated against 
amastigote in murine macrophages from Balb/c mice 
of 1.76 ± 0.24 μM. These values are lower than the IC50 
of antimonial drugs in free and encapsulated forms, 
which range from 30 to 900 μM (40). The ability to kill 
the parasite is due to the inhibitory effect of the metal 
in both main oxidative states Ag(0) and Ag(I), to inhibit 
TR activity. The X-ray structure of the TR in complex 
with Ag shows that the metal engages the two catalytic 
cysteines (Cys52 and Cys57) and the His461’ of the 
enzyme in the formation of a stable complex, similar to 
that observed with Sb(III): therefore the metal strongly 
inhibits TR activity (the inhibition constant calculated 
for Ag(0) and Ag(I) are 500±200 nM and 50±10 nM, 
respectively) (Figure 4C) (40). The effectiveness of 
silver nanoparticles against Leishmania parasites is 
higher than that of antimony in vitro. Although silver (as 
other metals, including antimony) displays toxicity, since 
it binds to the thiols of many proteins (including those 
of the human host), and selectivity issues could be 
raised, the use of a novel approach, based on protein-
encapsulated metals, may represent a promising 
strategy for the treatment of cutaneous leishmaniasis.

4.3. Platinum-, Palladium- and Ruthenium-
containing compounds

Platinum is used in compounds effective against 
cancer. Cisplatin, i.e., cis-diamminedichloroplatinum(II), 
a square planar compound containing Pt(II) complexed 
by anionic ligands, has been the first metal-based 
agent used to treat cancer, and is currently used either 
by itself or in combination with other drugs for treating 
lung, ovarian, bladder, testicular, head and neck, 
esophageal, colon, gastric, breast, prostate cancer and 
melanoma, being particularly effective against testicular 
cancer (41, 42). Toxicity and resistance issues have 
prompted the design and clinical approval of second 
and third generation of cisplatin analogues with lower 
toxicity profiles, namely carboplatin and oxaliplatin (12). 

A good correlation was found between 
antitumor and trypanostatic properties of platinum 

derivatives: cisplatin was used against T. brucei (43) 
and T. cruzi, where it gave different responses in 
different strains, depending on the level of expression of 
components of the DNA mismatch repair pathway (44). 

Platinum and palladium have been also used 
to produce complexes combining ligands bearing anti-
trypanosomal activity and pharmacologically active 
metals. This strategy takes advantage of the medicinal 
chemistry emerging drug discovery paradigm of 
developing agents that could modulate multiple targets 
simultaneously with the aim of enhancing efficacy or 
improving safety relative to drugs that address only a 
single target. Cis-platinum(II) pentamidine complexes 
are effective against T. brucei (45).

Platinum and palladium complexes with 
bioactive thiosemicarbazones show an elevated 
activity against T. cruzi in the epimastigote stage, 
with a five-fold activity increase with respect to the 
free ligand. These compounds act with a dual mode 
of action, targeting both reductive metabolism (with 
intra-parasite free radical production) and DNA (46, 
47). Organoruthenium complexes with ketoconazole, 
clotrimazole or benznidazole and nitric oxide are more 
effective than the compounds used alone against the 
parasite, but are non-toxic against human or murine 
cells (48–50).

Besides their ability to intercalate in the DNA, 
Pt(II) and Pd(II) complexes can react with cysteine and 
histidine residues of proteins. (2,2′:6′,2′′-terpyridine)-
Pt(II) complexes, active in vitro against L. donovani, 
T. cruzi, and T. brucei (51), are effective irreversible 
inhibitors of T. cruzi TR, and most of them are only 
weak reversible ligands of human GR (52).

In addition, cyclometallate complexes of 
gold(III) and palladium(II) are potent inhibitors of 
parasitic cysteine proteases, and in particular of 
cathepsin B (53, 54). 

5. CONCLUSIONS AND PERSPECTIVES

Despite millions of people are affected by 
Leishmaniasis, Chagas disease and HAT, these 
diseases only receive limited attention from authorities 
and private companies since they spread in poor 
tropical and subtropical countries. The arsenal of 
drugs available to control these diseases is limited and 
comprises also metal and metalloid containing drugs. 

Chemotherapy to treat Leishmaniasis 
currently relies on four main drugs: pentavalent 
antimonials, miltefosine, amphotericin B and 
paromomycin (55); Chagas disease is treated with 
benznidazole and nifurtimox (http://www.who.int/
mediacentre/factsheets/fs340/en/); only four drugs 
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are registered for the treatment of human African 
trypanosomiasis: pentamidine, suramin, melarsoprol 
and eflornithine, whereas a fifth drug, nifurtimox, can 
be used in combination under special authorizations 
(ht tp: / /www.who. int / t rypanosomiasis_afr ican/
diagnosis/en/). All the cited drugs are toxic, develop 
resistance and some of them display cost problem 
in endemic poor countries. For these reasons there 
is an urgent need to find new, less toxic and more 
affordable drugs.

Metals and metalloids range from the 
essential to the highly toxic. Metal- and metalloid-
containing drugs are used as chemotherapeutic 
agents to combat infectious diseases caused by 
pathogenic parasites as well as cancer, including acute 
promyelocytic leukemia. Moreover, the enhancement 
of activity of a therapeutic agent through metal 
complexation is known from decades, and metal-
drug synergism can be employed to identify powerful 
molecules with good therapeutic indices (56). Finally, 
metal- and metalloid-containing drugs display often a 
cost lower than that of the other drugs. As an example, 
in the very poor regions of the world where HAT is 
common, Melarsoprol is still the most used drug since 
it is provided for free by the World Health Organization 
instead of pentamidine, suramine, eflornithine which 
are the recommended drug in the HAT early stages in 
the western countries.

The major problem with using the metals and 
metalloids containing drug remains their toxicity related 
to their ability to bind and/or interact with many targets 
including host proteins. However, a good number of 
new metal- or metalloid-containing compounds active 
against the parasites and with low toxicity against 
mammalian cells have been recently identified. 
Moreover, the use of the nanotechnologies furnishes 
a powerful tool to design nano-carriers able to target 
the drugs directly to the parasite. Thus, the major 
challenges of the present and the future research in 
this field are to increase the efficacy of the metal and 
metalloid containing compounds, to lower their toxicity 
in order to identify new, cheaper more efficacious and 
safe treatments of the neglected diseases caused by 
trypanosomatids.

6. ACKNOWLEDGMENTS

We gratefully acknowledge CNCCS CNR 
(National Collection of Chemical Compounds 
and Screening Center 2016) to AI, MIUR PRIN 
20154JRJPP to GC.

7. REFERENCES

1. M. Boelaert, F. Meheus, J. Robays and 
P. Lutumba: Socio-economic aspects of 
neglected diseases: sleeping sickness 

and visceral leishmaniasis. Ann Trop Med 
Parasitol, 104(7), 535–42 (2010) 
DOI: 10.1.179/136485910X12786389891641

2. World Health Organization. Global Health 
Observatory Data – Leishmaniasis Available 
at: http://www.who.int/gho/neglected_dis-
eases/leishmaniasis/en/Global Health 
Observatory. (2016) 

3. P. J. Hotez, D. H. Molyneux, A. Fenwick, J. 
Kumaresan, S. E. Sachs, J. D. Sachs and L. 
Savioli: Control of neglected tropical diseas-
es. N Engl J Med, 357(10), 1018–27 (2007) 
DOI: 10.1.056/NEJMra064142

4. P. J. Hotez, J. H. Remme, P. Buss, G. Alleyne, 
C. Morel and J. G. Breman: Combating tropi-
cal infectious diseases: report of the Disease 
Control Priorities in Developing Countries 
Project. Clin Infect Dis, 38(6), 871–8 (2004) 
DOI: 10.1.086/382077

5. A. Rassi, Jr., A. Rassi and J. A. Marin-Neto: 
Chagas disease. Lancet, 375(9723), 1388–
402 (2010) 
DOI: 10.1.016/S0140–6736(10)60061-X

6. E. Willert and M. A. Phillips: Regulation and 
function of polyamines in African trypano-
somes. Trends Parasitol, 28(2), 66–72 (2012) 
DOI: 10.1.016/j.pt.2011.1.1.0.01

7. B. S. Sekhon: Metalloid compounds as 
drugs. Res Pharm Sci, 8, 145–158 (2013) 

8. L. C. Richardson, A. J. Neri, E. Tai and J. 
D. Glenn: Testicular cancer: a narrative re-
view of the role of socioeconomic position 
from risk to survivorship. Urol Oncol, 30(1), 
95–101 (2012) 
DOI: 10.1.016/j.urolonc.2011.0.9.0.10

9. B. Rosenberg, L. Vancamp and T. Krigas: 
Inhibition of Cell Division in Escherichia Coli 
by Electrolysis Products from a Platinum 
Electrode. Nature, 205, 698–9 (1965) 

10. P. C. Bruijnincx and P. J. Sadler: New trends 
for metal complexes with anticancer activity. 
Curr Opin Chem Biol, 12(2), 197–206 (2008) 
DOI: 10.1.016/j.cbpa.2007.1.1.0.13

11. M. Frezza, S. Hindo, D. Chen, A. Davenport, 
S. Schmitt, D. Tomco and Q. P. Dou: Novel 
metals and metal complexes as platforms 
for cancer therapy. Curr Pharm Des, 16(16), 
1813–25 (2010) 
DOI: 10.2174/138161210791209009

Metal/metalloid complexes as anti-trypanosomatid drugs

962 © 1996-2018

http://www.tandfonline.com/doi/abs/10.1179/136485910X12786389891641
http://www.nejm.org/doi/full/10.1056/NEJMra064142#t=article
https://academic.oup.com/cid/article/38/6/871/321006/Combating-Tropical-Infectious-Diseases-Report-of
http://www.thelancet.com/journals/lancet/article/PIIS0140-6736(10)60061-X/abstract
http://www.cell.com/trends/parasitology/abstract/S1471-4922(11)00187-5?script=true
http://www.sciencedirect.com/science/article/pii/S1078143911003140?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S136759310700169X?via%3Dihub
http://www.eurekaselect.com/71658/article


12. G. Colotti, A. Ilari, A. Boffi and V. Morea: 
Metals and metal derivatives in medicine. 
Mini Rev Med Chem, 13(2), 211–21 (2013) 
DOI: 10.2174/1389557511313020004

13. J. Kohno, T. Kawahata, T. Otake, M. 
Morimoto, H. Mori, N. Ueba, M. Nishio, 
A. Kinumaki, S. Komatsubara and K. 
Kawashima: Boromycin, an anti-HIV anti-
biotic. Biosci Biotechnol Biochem, 60(6), 
1036–7 (1996) 
DOI: 10.1.271/bbb.60.1.036

14. S. C. Harvey: Antiseptics and disinfectants; 
Fungicides; ectoparasiticides. In: Gilman AG, 
Goodman LS, Gilman A, editors. Goodman 
and Gillman’s: The Pharmacological Basis 
of Therapeutics. 6th ed. New York: McGraw-
Hill. p. 971. (1980) 

15. P. Bonvini, E. Zorzi, G. Basso and A. 
Rosolen: Bortezomib-mediated 26S pro-
teasome inhibition causes cell-cycle arrest 
and induces apoptosis in CD-30+ anaplas-
tic large cell lymphoma. Leukemia, 21(4), 
838–42 (2007) 
DOI: 10.1.038/sj.leu.2404528

16. R. T. Jacobs, J. J. Plattner and M. Keenan: 
Boron-based drugs as antiprotozoals. Curr 
Opin Infect Dis, 24(6), 586–92 (2011) 
DOI: 10.1.097/QCO.0b013e32834c630e

17. R. Brun, R. Don, R. T. Jacobs, M. Z. Wang 
and M. P. Barrett: Development of novel 
drugs for human African trypanosomiasis. 
Future Microbiol, 6(6), 677–91 (2011) 
DOI: 10.2.217/fmb.11.4.4

18. F. Frezard, C. Demicheli and R. R. Ribeiro: 
Pentavalent antimonials: new perspectives for 
old drugs. Molecules, 14(7), 2317–36 (2009) 
DOI: 10.3.390/molecules14072317

19. H. Denton, J. C. McGregor and G. H. 
Coombs: Reduction of anti-leishmanial pen-
tavalent antimonial drugs by a parasite-spe-
cific thiol-dependent reductase, TDR1. 
Biochem J, 381(Pt 2), 405–12 (2004) 
DOI: 10.1.042/BJ20040283

20. Y. Zhou, N. Messier, M. Ouellette, B. P. 
Rosen and R. Mukhopadhyay: Leishmania 
major LmACR2 is a pentavalent antimony 
reductase that confers sensitivity to the drug 
pentostam. J Biol Chem, 279(36), 37445–51 
(2004) 
DOI: 10.1.074/jbc.M404383200

21. P. Baiocco, G. Colotti, S. Franceschini and 
A. Ilari: Molecular basis of antimony treat-
ment in leishmaniasis. J Med Chem, 52(8), 
2603–12 (2009) 
DOI: 10.1.021/jm900185q

22. P. Baiocco, S. Franceschini, A. Ilari and 
G. Colotti: Trypanothione reductase from 
Leishmania infantum: cloning, expression, 
purification, crystallization and preliminary 
X-ray data analysis. Protein Pept Lett, 16(2), 
196–200 (2009) 
DOI: 10.2174/092986609787316306

23. A. K. Haldar, P. Sen and S. Roy: Use of anti-
mony in the treatment of leishmaniasis: cur-
rent status and future directions. Mol Biol Int, 
2011, 571242 (2011) 
DOI: 10.4.061/2011/571242

24. A. Hefnawy, M. Berg, J. C. Dujardin and 
G. De Muylder: Exploiting Knowledge on 
Leishmania Drug Resistance to Support 
the Quest for New Drugs. Trends Parasitol, 
33(3), 162–174 (2017) 
DOI: 10.1.016/j.pt.2016.1.1.0.03

25. K. El Fadili, N. Messier, P. Leprohon, G. Roy, 
C. Guimond, N. Trudel, N. G. Saravia, B. 
Papadopoulou, D. Legare and M. Ouellette: 
Role of the ABC transporter MRPA (PGPA) 
in antimony resistance in Leishmania infan-
tum axenic and intracellular amastigotes. 
Antimicrob Agents Chemother, 49(5), 1988–
93 (2005) 
DOI: 10.1.128/AAC.49.5.1.9.88–1993.2.005

26. H. Imamura, T. Downing, F. Van den Broeck, 
M. J. Sanders, S. Rijal, S. Sundar, A. 
Mannaert, M. Vanaerschot, M. Berg, G. De 
Muylder, F. Dumetz, B. Cuypers, I. Maes, M. 
Domagalska, S. Decuypere, K. Rai, S. Uranw, 
N. R. Bhattarai, B. Khanal, V. K. Prajapati, 
S. Sharma, O. Stark, G. Schonian, H. P. De 
Koning, L. Settimo, B. Vanhollebeke, S. Roy, 
B. Ostyn, M. Boelaert, L. Maes, M. Berriman, 
J. C. Dujardin and J. A. Cotton: Evolutionary 
genomics of epidemic visceral leishmaniasis 
in the Indian subcontinent. Elife, 5 (2016) 
DOI: 10.7.554/eLife.12613

27. R. Mukhopadhyay, S. Mukherjee, B. 
Mukherjee, K. Naskar, D. Mondal, S. 
Decuypere, B. Ostyn, V. K. Prajapati, 
S. Sundar, J. C. Dujardin and S. Roy: 
Characterisation of antimony-resistant 
Leishmania donovani isolates: biochemical  
and biophysical studies and interaction 

Metal/metalloid complexes as anti-trypanosomatid drugs

963 © 1996-2018

http://www.eurekaselect.com/106173/article
http://www.tandfonline.com/doi/abs/10.1271/bbb.60.1036
https://www.nature.com/leu/journal/v21/n4/full/2404528a.html
https://insights.ovid.com/pubmed?pmid=22001943
https://www.futuremedicine.com/doi/abs/10.2217/fmb.11.44
http://www.mdpi.com/1420-3049/14/7/2317
http://www.biochemj.org/content/381/2/405.long
http://www.jbc.org/content/279/36/37445.long
http://pubs.acs.org/doi/abs/10.1021/jm900185q
http://www.eurekaselect.com/83819/article
https://www.hindawi.com/journals/mbi/2011/571242/
http://www.sciencedirect.com/science/article/pii/S1471492216301970
http://aac.asm.org/content/49/5/1988.long
https://elifesciences.org/articles/12613


with host cells. Int J Parasitol, 41(13–14),  
1311–21 (2011) 
DOI: 10.1.016/j.ijpara.2011.0.7.0.13

28. M. Ouakad, M. Vanaerschot, S. Rijal, S. 
Sundar, N. Speybroeck, L. Kestens, L. Boel, 
S. De Doncker, I. Maes, S. Decuypere and J. 
C. Dujardin: Increased metacyclogenesis of 
antimony-resistant Leishmania donovani clini-
cal lines. Parasitology, 138(11), 1392–9 (2011) 
DOI: 10.1.017/S0031182011001120

29. L. H. Freitas-Junior, E. Chatelain, H. A. Kim 
and J. L. Siqueira-Neto: Visceral leishmani-
asis treatment: What do we have, what do 
we need and how to deliver it? Int J Parasitol 
Drugs Drug Resist, 2, 11–9 (2012) 
DOI: 10.1.016/j.ijpddr.2012.0.1.0.03

30. A. Musa, E. Khalil, A. Hailu, J. Olobo, M. 
Balasegaram, R. Omollo, T. Edwards, J. Rashid, 
J. Mbui, B. Musa, A. A. Abuzaid, O. Ahmed, A. 
Fadlalla, A. El-Hassan, M. Mueller, G. Mucee, 
S. Njoroge, V. Manduku, G. Mutuma, L. Apadet, 
H. Lodenyo, D. Mutea, G. Kirigi, S. Yifru, G. 
Mengistu, Z. Hurissa, W. Hailu, T. Weldegebreal, 
H. Tafes, Y. Mekonnen, E. Makonnen, S. 
Ndegwa, P. Sagaki, R. Kimutai, J. Kesusu, R. 
Owiti, S. Ellis and M. Wasunna: Sodium stibo-
gluconate (SSG) & paromomycin combination 
compared to SSG for visceral leishmaniasis in 
East Africa: a randomised controlled trial. PLoS 
Negl Trop Dis, 6(6), e1674 (2012) 
DOI: 10.1.371/journal.pntd.0001674

31. G. P. Bienert, M. D. Schussler and T. P. 
Jahn: Metalloids: essential, beneficial or tox-
ic? Major intrinsic proteins sort it out. Trends 
Biochem Sci, 33(1), 20–6 (2008) 
DOI: 10.1.016/j.tibs.2007.1.0.0.04

32. J. Rodgers, A. Jones, S. Gibaud, B. Bradley, 
C. McCabe, M. P. Barrett, G. Gettinby and 
P. G. Kennedy: Melarsoprol cyclodextrin 
inclusion complexes as promising oral can-
didates for the treatment of human African 
trypanosomiasis. PLoS Negl Trop Dis, 5(9), 
e1308 (2011) 
DOI: 10.1.371/journal.pntd.0001308

33. W. F. Kean and I. R. Kean: Clinical phar-
macology of gold. Inflammopharmacology, 
16(3), 112–25 (2008) 
DOI: 10.1.007/s10787–007-0021-x

34. S. P. Fricker: Cysteine proteases as targets 
for metal-based drugs. Metallomics, 2(6), 
366–77 (2010) doi:10.1.039/b924677k
DOI: 10.1.039/b924677k

35. F. Angelucci, A. A. Sayed, D. L. Williams, G. 
Boumis, M. Brunori, D. Dimastrogiovanni, A. 
E. Miele, F. Pauly and A. Bellelli: Inhibition 
of Schistosoma mansoni thioredoxin-glu-
tathione reductase by auranofin: structural 
and kinetic aspects. J Biol Chem, 284(42), 
28977–85 (2009) 
DOI: 10.1.074/jbc.M109.0.20701

36. F. Saccoccia, F. Angelucci, G. Boumis, 
D. Carotti, G. Desiato, A. E. Miele and A. 
Bellelli: Thioredoxin reductase and its inhib-
itors. Curr Protein Pept Sci, 15(6), 621–46 
(2014) 
DOI: 10.2174/1389203715666140530091910

37. A. Ilari, P. Baiocco, L. Messori, A. Fiorillo, 
A. Boffi, M. Gramiccia, T. Di Muccio and 
G. Colotti: A gold-containing drug against 
parasitic polyamine metabolism: the X-ray 
structure of trypanothione reductase from 
Leishmania infantum in complex with aurano-
fin reveals a dual mechanism of enzyme inhi-
bition. Amino Acids, 42(2–3), 803–11 (2012) 
DOI: 10.1.007/s00726–011-0997–9

38. G. Colotti, A. Ilari, A. Fiorillo, P. Baiocco, M. 
A. Cinellu, L. Maiore, F. Scaletti, C. Gabbiani 
and L. Messori: Metal-based compounds as 
prospective antileishmanial agents: inhibi-
tion of trypanothione reductase by selected 
gold complexes. ChemMedChem, 8(10), 
1634–7 (2013) 
DOI: 10.1.002/cmdc.201300276

39. M. Navarro, E. J. Cisneros-Fajardo and E. 
Marchan: New silver polypyridyl complex-
es: synthesis, characterization and bio-
logical activity on Leishmania mexicana. 
Arzneimittelforschung, 56(8), 600–4 (2006) 
DOI: 10.1.055/s-0031–1296758

40. P. Baiocco, A. Ilari, P. Ceci, S. Orsini, M. 
Gramiccia, T. Di Muccio and G. Colotti: 
Inhibitory Effect of Silver Nanoparticles 
on Trypanothione Reductase Activity and 
Leishmania infantum Proliferation. ACS 
Med Chem Lett, 2(3), 230–3 (2011) 
DOI: 10.1.021/ml1002629

41. L. Kelland: The resurgence of plati-
num-based cancer chemotherapy. Nat Rev 
Cancer, 7(8), 573–84 (2007) 
DOI: 10.1.038/nrc2167

42. B. Rosenberg, L. VanCamp, J. E. Trosko 
and V. H. Mansour: Platinum compounds: 
a new class of potent antitumour agents. 
Nature, 222(5191), 385–6 (1969) 

Metal/metalloid complexes as anti-trypanosomatid drugs

964 © 1996-2018

http://www.sciencedirect.com/science/article/pii/S0020751911002219?via%3Dihub
https://www.cambridge.org/core/journals/parasitology/article/increased-metacyclogenesis-of-antimonyresistant-leishmania-donovani-clinical-lines/54B5D2758478AE1289E4BCD993E663CD
http://www.sciencedirect.com/science/article/pii/S2211320712000048?via%3Dihub
http://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0001674
http://www.sciencedirect.com/science/article/pii/S0968000407002885?via%3Dihub
http://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0001308
https://link.springer.com/article/10.1007%2Fs10787-007-0021-x
http://pubs.rsc.org/en/Content/ArticleLanding/2010/MT/b924677k#!divAbstract
http://www.jbc.org/content/284/42/28977.long
http://www.eurekaselect.com/122501/article
https://link.springer.com/article/10.1007%2Fs00726-011-0997-9
http://onlinelibrary.wiley.com/doi/10.1002/cmdc.201300276/abstract
https://www.thieme-connect.com/DOI/DOI?10.1055/s-0031-1296758
http://pubs.acs.org/doi/abs/10.1021/ml1002629
https://www.nature.com/nrc/journal/v7/n8/full/nrc2167.html


43. K. E. Kinnamon, E. A. Steck and D. S. 
Rane: Activity of antitumor drugs against 
African trypanosomes. Antimicrob Agents 
Chemother, 15(2), 157–60 (1979) 
DOI: 10.1128/AAC.15.2.157

44. P. C. Campos, V. G. Silva, C. Furtado, 
A. Machado-Silva, W. D. Darocha, E. F. 
Peloso, F. R. Gadelha, M. H. Medeiros, C. 
Lana Gde, Y. Chen, R. L. Barnes, D. G. 
Passos-Silva, R. McCulloch, C. R. Machado 
and S. M. Teixeira: Trypanosoma cruzi 
MSH2: Functional analyses on different par-
asite strains provide evidences for a role on 
the oxidative stress response. Mol Biochem 
Parasitol, 176(1), 8–16 (2011) 
DOI: 10.1.016/j.molbiopara.2010.1.1.0.01

45. G. Dreyfuss, B. Penicaut, J. A. Nicolas, D. 
Craciunescu and P. Loiseau: Trypanocidal 
activity and platinum plasma kinetics of cis-
Pt pentamidine iodide in Trypanosoma bru-
cei sheep model. Trop Med Parasitol, 44(2), 
95–8 (1993) 

46. L. Otero, M. Vieites, L. Boiani, A. Denicola, 
C. Rigol, L. Opazo, C. Olea-Azar, J. D. Maya, 
A. Morello, R. L. Krauth-Siegel, O. E. Piro, 
E. Castellano, M. Gonzalez, D. Gambino 
and H. Cerecetto: Novel antitrypanosomal 
agents based on palladium nitrofurylthio-
semicarbazone complexes: DNA and redox 
metabolism as potential therapeutic targets. 
J Med Chem, 49(11), 3322–31 (2006) 
DOI: 10.1.021/jm0512241

47. M. Vieites, L. Otero, D. Santos, J. Toloza, 
R. Figueroa, E. Norambuena, C. Olea-Azar, 
G. Aguirre, H. Cerecetto, M. Gonzalez, 
A. Morello, J. D. Maya, B. Garat and D. 
Gambino: Platinum(II) metal complexes as 
potential anti-Trypanosoma cruzi agents. J 
Inorg Biochem, 102(5–6), 1033–43 (2008) 
DOI: 10.1.016/j.jinorgbio.2007.1.2.0.05

48. E. Iniguez, A. Sanchez, M. A. Vasquez, 
A. Martinez, J. Olivas, A. Sattler, R. A. 
Sanchez-Delgado and R. A. Maldonado: 
Metal-drug synergy: new ruthenium(II) com-
plexes of ketoconazole are highly active 
against Leishmania major and Trypanosoma 
cruzi and nontoxic to human or murine nor-
mal cells. J Biol Inorg Chem, 18(7), 779–90 
(2013) 
DOI: 10.1.007/s00775–013-1024–2

49. A. Martinez, T. Carreon, E. Iniguez, A. 
Anzellotti, A. Sanchez, M. Tyan, A. Sattler, 
L. Herrera, R. A. Maldonado and R. A. 
Sanchez-Delgado: Searching for new chem-
otherapies for tropical diseases: rutheni-
um-clotrimazole complexes display high in 
vitro activity against Leishmania major and 
Trypanosoma cruzi and low toxicity toward 
normal mammalian cells. J Med Chem, 
55(8), 3867–77 (2012) 
DOI: 10.1.021/jm300070h

50. R. Sesti-Costa, Z. A. Carneiro, M. C. Silva, 
M. Santos, G. K. Silva, C. Milanezi, R. S. 
da Silva and J. S. Silva: Ruthenium com-
plex with benznidazole and nitric oxide as a 
new candidate for the treatment of chagas 
disease. PLoS Negl Trop Dis, 8(10), e3207 
(2014) 
DOI: 10.1.371/journal.pntd.0003207

51. G. Lowe, A. S. Droz, T. Vilaivan, G. W. 
Weaver, L. Tweedale, J. M. Pratt, P. Rock, 
V. Yardley and S. L. Croft: Cytotoxicity of 
(2,2’:6’,2’’-terpyridine)platinum(II) complex-
es to Leishmania donovani, Trypanosoma 
cruzi, and Trypanosoma brucei. J Med 
Chem, 42(6), 999–1006 (1999) 
DOI: 10.1.021/jm981074c

52. S. Bonse, J. M. Richards, S. A. Ross, 
G. Lowe and R. L. Krauth-Siegel: 
(2,2’:6’,2”-Terpyridine)platinum(II) complex-
es are irreversible inhibitors of Trypanosoma 
cruzi trypanothione reductase but not of hu-
man glutathione reductase. J Med Chem, 
43(25), 4812–21 (2000) 
DOI: 10.1021/jm000219o

53. S. P. Fricker, R. M. Mosi, B. R. Cameron, 
I. Baird, Y. Zhu, V. Anastassov, J. Cox, P. 
S. Doyle, E. Hansell, G. Lau, J. Langille, 
M. Olsen, L. Qin, R. Skerlj, R. S. Wong, Z. 
Santucci and J. H. McKerrow: Metal com-
pounds for the treatment of parasitic dis-
eases. J Inorg Biochem, 102(10), 1839–45 
(2008) 
DOI: 10.1.016/j.jinorgbio.2008.0.5.0.10

54. S. Paladi Cde, I. A. Pimentel, S. Katz, R. 
L. Cunha, W. A. Judice, A. C. Caires and 
C. L. Barbieri: In vitro and in vivo activity 
of a palladacycle complex on Leishmania 
(Leishmania) amazonensis. PLoS Negl Trop 
Dis, 6(5), e1626 (2012) 
DOI: 10.1.371/journal.pntd.0001626

Metal/metalloid complexes as anti-trypanosomatid drugs

965 © 1996-2018

http://aac.asm.org/content/15/2/157.long
http://www.sciencedirect.com/science/article/pii/S016668511000277X?via%3Dihub
http://pubs.acs.org/doi/abs/10.1021/jm0512241
http://www.sciencedirect.com/science/article/pii/S0162013407003479?via%3Dihub
https://link.springer.com/article/10.1007%2Fs00775-013-1024-2
http://pubs.acs.org/doi/abs/10.1021/jm300070h
http://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0003207
http://pubs.acs.org/doi/abs/10.1021/jm981074c
http://pubs.acs.org/doi/abs/10.1021/jm000219o
http://www.sciencedirect.com/science/article/pii/S0162013408001384?via%3Dihub
http://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0001626


55. S. L. Croft and G. H. Coombs: Leishmaniasis-
-current chemotherapy and recent advanc-
es in the search for novel drugs. Trends 
Parasitol, 19(11), 502–8 (2003) 
DOI: 10.1016/j.pt.2003.09.008

56. R. A. Sanchez-Delgado, A. Anzellotti and L. 
Suarez: Metal complexes as chemothera-
peutic agents against tropical diseases: ma-
laria, trypanosomiasis, and leishmaniasis. 
Met Ions Biol Syst, 41, 379–419 (2004) 

Abbreviations: TR: Trypanothione reductase; HAT: 
Human African Trypanosomiasis; L.: Leishmania; 
T.: Trypanosoma; GR: Glutathione reductase; 
TGR: Thioredoxin-glutathione reductase

Key Words: Metals, Metalloids, Human 
African Trypanosomiasis, Chagas Disease, 
Leishmaniasis, Review

Send correspondence to: Andrea Ilari, CNR-
Institute of Molecular Biology and Pathology, c/o 
Department of Biochemical Sciences, Sapienza 
University of Rome, P.le A. Moro 5, 00185 
Roma, Italy, Tel: 0039-0649910910, Fax: 0039-
064440062, E-mail: andrea.ilari@uniroma1.it

Metal/metalloid complexes as anti-trypanosomatid drugs

966 © 1996-2018

http://www.sciencedirect.com/science/article/pii/S1471492203002484?via%3Dihub

