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Abstract: Infections caused by resistant microorganisms often fail to respond to conventional therapy, resulting in prolonged illness, 
increased treatment costs and greater risk of death. Consequently, the development of novel antimicrobial drugs is becoming more 
demanding every day since the existing drugs either have too many side-effects or they tend to lose effectiveness due to the selection of 
resistant strains. In view of these facts, a number of new strategies to obstruct vital biological processes of a microbial cell have emerged; 
one of these is focused on the use of metal-chelating agents, which are able to selectively disturb the essential metal metabolism of the 
microorganism by interfering with metal acquisition and bioavailability for crucial reactions. The chelation activity is able to inhibit the 
biological role of metal-dependent proteins (e.g., metalloproteases and transcription factors), disturbing the microbial cell homeostasis 
and culminating in the blockage of microbial nutrition, growth and development, cellular differentiation, adhesion to biotic (e.g., 
extracellular matrix components, cell and/or tissue) and abiotic (e.g., plastic, silicone and acrylic) structures as well as controlling the in 
vivo infection progression. Interestingly, chelating agents also potentiate the activity of classical antimicrobial compounds. The 
differences between the microorganism and host in terms of the behavior displayed in the presence of chelating agents could provide 
exploitable targets for the development of an effective chemotherapy for these diseases. Consequently, metal chelators represent a novel 
group of antimicrobial agents with potential therapeutic applications. This review will focus on the anti-fungal and anti-protozoan action 
of the most common chelating agents, deciphering and discussing their mode of action. 

Keywords: Alternative chemotherapy, antimicrobial activity, chelating agents, growth, differentiation, fungi, Interaction, opportunistic 
infections, pathogenesis, protozoa, virulence. 

1. INTRODUCTION 

Microorganisms are the cause of many infectious diseases in 
both immunosuppressed and immunocompetent individuals. In the 
category of pathogenic microorganisms are included bacteria, fungi 
and protozoa. Natural or human-triggered changes in the 
environment might upset the natural balance between living 
organisms. These new environmental conditions may benefit 
microbial pathogens, allowing them to multiply rapidly and 
increase the risk of exposing humans who share that environment. 
Infections with resistant microorganisms cause high rates of 
morbidity and mortality and also increase health care treatment 
costs [1-3]. Antimicrobial resistance is a persistent worldwide 
healthcare concern. In this context, the development of novel 
antimicrobial agents is needed to treat and/or improve the clinical 
outcome of microbial infected patients. This theme is more 
problematical regarding the infections caused by both protozoa and 
fungi, whose clinical treatment is extremely difficult due to the 
eukaryotic architecture of these microorganisms, which are similar 
to host cells. 

Several diseases and physiological disorders are frequently 
related with the excess or accumulation of certain essential metals 
in the organism, including some microbial infections [4, 5]. 
Specific metals are active constituents of many essential 
biomolecules (e.g., metalloproteins) for the normal functioning of 
the organism and the correct activity of all its metabolic and 
physiological processes, controlling the cellular homeostasis. In this 
sense, transition metal ions like iron, copper, zinc, manganese, 
cobalt and nickel are essential nutrients to all forms of life,  
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presenting unique chemical and physical properties that make them 
attractive molecules for use in biological systems. Besides, several 
other metals like sodium, potassium, magnesium and calcium are 
essential components of a variety of biological systems, 
participating in a plethora of crucial functions in a cell [6]. 
Although metals all have a specific biological functions essential 
for life, lack of regulation of intracellular metal pools can lead to 
toxicity often through the formation of oxygen radicals (including 
the hydroxyl radical) via the Fenton series of reactions [6]. 
Therefore, chelation therapies may be especially useful and 
adequate for the treatment of imbalances such as these. Specifically 
iron deficiency is the most frequent nutritional problem; however, 
iron overload is the most common metal toxicity condition and has 
the highest mortality rate worldwide [7-9]. Iron overload is known 
to exacerbate many infectious diseases, such as microbe infections 
[10, 11]. In microorganisms, the importance of well-defined 
amounts of iron for the survival and cell growth is well established 
[12]. To cause infection, protozoa, fungi and bacteria must 
sequester growth-essential iron from their hosts [13-15]. Moreover, 
iron is important for the virulence of the majority of 
microorganisms, and the function of the genes regulating iron 
uptake is coupled with the manifestations of the virulence 
phenotype [14, 16, 17]. Most microorganisms produce small 
molecules, the siderophores, which have a high affinity for 
iron(III). These specific chelators are synthesized by microbes for 
the uptake and transfer of essential iron from the environment or the 
host cells. The main classes of siderophores are the hydroxamate 
siderophores, including deferrioxamine B (DFO) and the catechol 
siderophores [18]. The iron chelating proteins (transferrin and 
lactoferrin) have been evolved for the iron acquisition in 
mammalian cells via specific pathways, and these may prevent the 
growth of microbial pathogens and their proliferation in host cells 
[19, 20]. Iron chelating agents and other drugs with chelating 
properties (tetracyclines, anthracyclines, salicylates and 
hydroxyurea) can affect the iron uptake by microbial pathogens 
and, accordingly, can either inhibit or promote microbial growth 
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and proliferation [21]. Considering infections, findings available in 
the literature show that either iron deficiency may favor the 
proliferation of parasites, once such deficiency leads to damage of 
the immune system, or alternatively, iron deficiency may favor the 
control of infection, as it limits the amount of iron available to the 
parasite, illustrating a delicate balance between iron availability and 
microorganism infection [22-26]. Moreover, iron chelation alone, 
or combined with classical antimicrobial drugs, may be useful for 
prevention and treatment of microbial infection.  

Chelation therapy is approved for treating lead poisoning and 
heavy metal toxicity (e.g., aluminum, mercury and cadmium) [27, 
28] by the United States of America Food and Drug Administration 
(FDA).For instance, exposure to Al3+ ions can cause renal failure 

and aluminum metal dust gives rise to respiratory and central 
nervous system symptoms. The recommended chelation treatment 
is DFO and 1,2-dimethyl-3-hydroxypyrid-4-one [27]. Acute 
inhalation of cadmium metal dust promotes respiratory and 
gastrointestinal disorders. Lung, liver and kidney damage arises 
from exposure to relatively small quantities of Cd2+ ions. Although 
there is no proven benefit, some clinicians recommend chelation 
therapy with CaNa2EDTA [28]. For patients chronically exposed to 
cadmium administration of dimercaprol and substituted 
dithiocarbamates seems beneficial [28]. Chronic inhalation of 
mercury vapor and ingestion of mercury compounds causes severe 
neurological effects, interstitial pneumonitis and death. Amongst 
the sulfur-containing ligands that are recommended for treatment 
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Fig. (1). Molecular structure of the chelating ligands: BAL; EGTA; EDTA; DFO; DPA;PHEN; 3,4,3-LICAMC; MiADMSA; DMSA and DMPS.  
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are 2,3-dimercaptopropane-1-sulphonic acid (DMPS) and 2,3-
dimercapto-1-propanol (British-Anti-Lewisite, BAL). Additionally, 
this therapy is known to be effective in reducing the toxic build-up 
of metal ions arising from physiological disorders such as Wilson’s 
disease (copper) [29-31] and thalassemia (iron) [32]. Common 
chelating agents for detoxification after metal poisoning are shown 
in Fig. (1). including (i) ethylenediaminetetraacetic acid (EDTA) 
that is known to effectively detoxify Ca2+ and Pb2+ [33], (ii) BAL 
following Hg2+, As3+, Sb3+ and Ni2+ exposure [34], (iii) DFO for 
detoxification of Fe3+ and Al3+ [35], (iv) D-penicillamine (DPA) 
[36] for coordination to both Cu2+ and Hg2+, and (v) 3,4,3-LICAMC 
[37] for treatment following exposure to the radionuclide Pu4+ [38, 
39]. 

The main goal of chelation treatment is to transform the 
offending toxic metal ion that is ligated by biological ligands, into a 
new, non-toxic complex, which can be safely excreted from the 
organism [28, 40]. For example, the treatment of Wilson's disease, 
resulting from an excess build-up of copper in the body, involves 
the use of the chelating agent DPA (Fig. 1) which forms a soluble 
complex with copper ions that is colored an intense purple and, 
surprisingly, has a molecular mass of 2600 amu [36]. Another 
surprising finding is that the complex will not form unless chloride 
or bromide ions are present and the isolated complex always 
contains a small amount of halide. These puzzling facts were 
explained when the X-ray crystal structure was characterized (Fig. 
2), where the structure consists of a central halide ion surrounded 
by eight Cu+ atoms bridged by sulfur ligands. These are in turn 
coordinated to six Cu2+ atoms surrounded by the chelating amino 
groups of the DPA ligand. The profile of a successful chelating 
drug includes high affinity for the toxic metal(s) but low affinity for 
essential metals, minimal toxicity, lipid solubility and good 
absorbability. Age-related differences in efficacy of chelation 
therapy should also be considered [37, 41]. Further applications for 
chelation therapy have also been postulated as potential alternatives 
in the prevention/treatment against cardiovascular disease [42, 43], 
autism [44, 45], diabetes [46], osteoporosis [47, 48], atherosclerosis 
[49, 50], Parkinson's disease [51, 52] and certain types of cancer 
[53, 54]. Metal ion chelation has also been suggested as a 
prospective therapy for several microbial infections [55-57].  

Herein, we review the ability of chelating agents to block 
essential eukaryotic microbial (fungi and protozoa) physiological 
processes like nutrition, growth and development, cellular 

differentiation, adhesion to both biotic and abiotic structures, as 
well as their capacity to control the in vivo infection progress in 
animal models. The synergistic action of chelating agents and 
classical antimicrobial compounds will also be presented and 
discussed. 

2. ANTI-TRYPANOSOMATIDAL ACTION OF CHELATING 
AGENTS  

Diseases caused by human trypanosomatids, such as 
leishmaniases (etiologic agents: Leishmania spp.), sleeping sickness 
(Trypanosoma brucei complex) and Chagas’ disease (Trypanosoma 
cruzi), continue to pose a serious threat to human health around the 
world [58]. Furthermore, the current therapeutic arsenal against the 
human pathogenic trypanosomatids is clearly inadequate, extremely 
limited and all current treatments suffer from significant drawbacks 
including parenteral route of administration, length of treatment, 
toxicity and/or cost, which limits their utilization in disease 
endemic areas and emphasizes the urgent need to develop new 
effective, safe and cost-effective drugs [59]. 

2.1. Iron Chelators 

Iron is vital for all trypanosomatid parasites and plays a 
significant role in pathogenesis and immune control of these 
organisms. In this sense, depletion of this essential nutrient in 
trypanosomatids rapidly decreases the rate of DNA synthesis, 
increases the oxidative stress levels via loss of superoxide 
dismutase and ascorbate-dependent peroxidase activity, blocks the 
J-base synthesis and stops electron transfer to the alternative 
oxidase, leading inexorably to the death of the protozoan [23]. 
Various studies have established that administration of DFO in T. 
cruzi infection modifies the course of Chagas’ disease, reducing 
parasitemia and mortality [60-65].  

The first reports of a correlation between iron levels and the 
development of infection by T. cruzi were published by Lalonde 
and Holbein [62] and Loo and Lalonde [61]. Those authors 
observed that the depletion of iron stores in the liver of C57BL/6 
mice that had been treated with DFO on the 5th/6th day post-
infection or maintained on an iron-deficient diet reduced the 
parasitemia and mortality of the infection. Furthermore, Lalonde 
and Holbein [62] demonstrated that no significant changes occurred 
in the serum iron levels of non-infected mice that had been either 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). Molecular structure of the copper complex of D-penicillamine. The [Cu+

8Cu2+
6 (penicillaminate)12Cl] ion: (A) the central cluster of Cu and ligating 

atoms only; (B) the entire ion with the central cluster oriented as in (A). 
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treated with DFO, while treated/T. cruzi-infected animals presented 
iron supplies that were sufficient to maintain a normal immune 
response.  

Subsequently, Pedrosa and co-workers [63] evaluated the 
effects of iron deficiency on the evolution of experimental T. cruzi 
infection in CFW mice and observed a strain-dependency. 
Compared to the control group, mice infected with the YuYu strain 
developed a less severe form of the disease when treated with DFO 
at a dose of 10 mg/mouse on the 5thday post-infection, but no 
differences were observed in mice infected with Y and CL strains. 
In this sense, these first studies concerning the effect of DFO on the 
development of T. cruzi infection have typically involved short-
term treatments. Nonetheless, considering that DFO is rapidly 
cleared from the circulation [66], it is suggested that a longer period 
of treatment with this chelator could give rise to a more pronounced 
effect on the development of T. cruzi infection. In order to test this 
hypothesis, Arantes and co-workers [64] showed that Swiss male 
mice experimentally infected with T. cruzi Y strain and submitted 
to a DFO prolonged treatment (from 14 days before infection until 
the 14th or 21stday post-infection) gained in a powerful protection 
against infection, leading to attenuation of parasitemia and 
reduction of the mortality rate in the infected mice. Interestingly, 
infected/treated mice presented lower levels of iron in the liver 
compared with treated/non-infected and control animals, while the 
serum iron levels of the infected/non-treated group were higher on 
the 21st day post-infection in comparison with control and 
infected/treated groups, which may suggest that decrease of iron in 
the host leads to T. cruzi infection attenuation. In addition, the 
reduced concentration of iron found in the liver of infected mice 
was probably associated with the regulation of iron within the 
organism as a response to infection by T. cruzi. The lower serum 
iron levels in the infected/treated group compared with the 
infected/non-treated group after 21 days would then correlate with 
the chelation of plasma iron by DFO. 

While the results obtained, using a murine model, have shown 
that there were reductions in both the number of circulating 
parasites and in mortality, it was also observed that the animals did 
not suffer from anemia [64, 65]. It was concluded, therefore, that 
DFO had a direct effect on the parasite and not on the reduction of 
iron supply in the host. In this sense, Francisco and co-workers [67] 
showed that DFO possesses the capacity to enhance antioxidant 
activity in T. cruzi-infected Swiss male mice, particularly by up-
regulating superoxide dismutase levels, but it also increases 
oxidative stress, which exerts pressure on the parasite, over a long 
period of time. This indicates that the mode of action of the drug 
involves a positive contribution to the host together with an effect 
that is not beneficial to the parasite, which may represent a possible 
mechanism in the reduction of parasitemia. 

In a distinct approach, the effects of benznidazole (BZ) therapy, 
the only drug currently available in Brazil for the treatment of 
Chagas’ disease, in combination with DFO on the development of 
infection in Swiss male mice inoculated with T. cruzi Y strain have 
been investigated [65]. Therapy with BZ for 21 days promoted a 
decrease in parasitemia levels and in mortality rates irrespective of 
the presence of DFO, but BZ in combination with DFO treatment 
for 35 days (BZ/DFO-35) gave a 100% survival level, suggesting 
that iron levels could influence the course of infection. All infected 
groups presented lower levels of iron in the liver, but serum iron 
concentrations were greater in DFO-35 and BZ/DFO-35, whereas 
hemoglobin levels were higher in BZ/DFO-35 and lower in DFO-
35 compared with other treated groups. The percentage cure, 
determined from negative hemoculture and polymerase chain 
reaction results in animals that had survived for 60 days post-
infection, was 18% for BZ and BZ/DFO-35, 42% for BZ combined 
with DFO for 21 days, and 67% for DFO-35, which reveals that, 
when employed in combination with BZ, the chelator DFO is more 
effective if administered for a shorter period of time. The fact that 

the DFO-35 group showed a 67% cure rate is strong evidence of the 
protective effect of DFO in the surviving animals. These results 
demonstrated in a quantitative manner the effectiveness of 
combination therapy with both drugs in comparison with DFO 
treatment alone. In summary, the findings of Pedrosa and co-
workers [63], Arantes and co-workers[64] and Francisco and co-
workers[67] suggest that the effect of DFO is dependent on whether 
the therapy is initiated pre- or post-infection and on the length of 
time over which administration is continued. 

One different group of iron chelator that has activity in vitro 
against T. cruziare the aminothiol ligands, which have a predicted 
ability to bind iron, are lipophilic and have anti-oxidant properties. 
The anti-trypanosomal activity of three aminothiol derivatives have 
been examined: diethyl and dimethyl forms of ethane-1,2-bis (N-1-
amino-3-ethylbutyl-3-thiol) (BAT-TM and BAT-TE), which are 
tetradentate ligands; and N´,N´,N´-tris(2-methyl-2-mercaptopropyl) 
1,4,7-triazacyclononane (TAT), a hexadentate ligand [68]. TAT had 
an IC50value of 52 µM against epimastigote forms, while BAT-TM 
and BAT-TE were inhibitory only at concentrations of>250 µM. 
The inhibitory activity of TAT against epimastigotes in this assay 
was less than that of the control drug, pentamidine, but greater than 
that reported for other iron chelators, including N-alkyl derivatives 
of 2-ethyl-and 2-methyl-3-hydroxypyrid-4-ones, N,N´-bis(o-hydro-
xybenzyl)-(±)-trans-1,2-diaminocyclohexane, cyclotetrachromotro-
pylene and carboxy derivatives of pyridine, pyrazine and pyrazole 
[69].  

In T. cruzi-infected Swiss mice, BAT-TE and BAT-TM had no 
anti-trypanosomal activity in doses up to 200 mg/kg, whether the 
route of administration was intraperitoneal or oral. Interestingly, 
BAT-TE at a concentration of 270 µM completely arrested the 
growth of trypomastigote forms in mouse blood stored at 4oC for 24 
h (IC50= 67.7 µM), while BAT-TM arrested growth at 630 µM 
(IC50= 158 µM) and TAT at concentrations >800 µM (IC50 =415 
µM). In addition to the 24h experiment, parasites were cultivated in 
the presence of 60 µM concentrations (25 mg/ml) of either BAT-TE 
or BAT-TM for 3 weeks. The samples of infected stored mouse 
blood were totally free of trypomastigotes by the end of the 
experiment. The discrepancy observed in the activity pattern of 
BATs and TAT against different stages of the parasite may reflect 
the fact that TAT, in contrast to the less lipophilic BAT derivatives, 
tends to precipitate at 4oC, the temperature at which the 
experiments with trypomastigotes in stored blood were performed. 
The trypanocidal activity of BAT derivatives in blood stored at 4oC 
makes these compounds potential candidates for the purpose of 
clearing donated blood of trypomastigotes [68]. 

The degree of inhibition found for TAT against T. cruzi 
epimastigote forms is comparable with the results obtained 
previously by Rodrigues and co-workers [70] for some metal 
chelators. In the latter study, the selection of the chelating agent for 
testing against T. cruzi epimastigotes was based on the structural 
factors that govern the ease with which chelating agents can gain 
access to intracellular sites. The screening experiments revealed 
that all the dithiocarbamates (or carbodithioates) that contain only 
nonpolar substituents attached to the nitrogen of the 
dithiocarbamate function were active, and in some cases the ability 
to inhibit growth greatly exceeded by far the action of BZ (46% 
inhibition at 5 µg/ml). Similar results were found for thiuram 
disulfides, which were selected for inclusion because of their partial 
in vivo transformation to dithiocarbamates. Treatment of 
epimastigotes with sodium diethyldithiocarbamate has been shown 
to increase the concentration of both the superoxide ion and 
hydrogen peroxide by more than 10-fold [71], which suggests a 
possible common mode of action of both the dithiocarbamates and 
the thiuram disulfides via inactivation of the superoxide dismutase 
after removal of the iron ions that are essential to its activity. The 
resultant increase in both of the reactive oxygen species is thought 
to be responsible for the inhibition observed. In addition, the 
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pronounced trypanocidal activity (higher than 70%) of N,N,N'N'-
tetrakis(2-pyridylmethyl) ethylenediamine is attributed to the 
combination of a considerable degree of lipophilicity with its high-
stability constants with essential metal ions, which enable it to both 
penetrate cellular membranes and tie up iron, zinc and copper 
within thermodynamically stable complexes.  

An interesting approach concerning the effects of iron chelators 
in Leishmania spp. was explored by Zarley and co-workers [72]. 
After macrophage phagocytosis, it is well documented that, in order 
to successfully establish an infection, promastigotes must survive 
despite the local production of toxic oxidant species, such as 
superoxide and hydrogen peroxide [73]. Hydrogen peroxide can be 
converted to the hydroxyl radical (.OH) through the Fenton reaction 
in the presence of a source of iron: H2O2 + Fe2+→.OH + OH- + 
Fe3+. The .OH is a highly toxic species and has been implicated in 
the killing of microorganisms by phagocytes, as well as phagocyte-
associated inflammation and tissue injury [73]. As a means of 
investigating a possible role of .OH in H2O2-mediated killing of 
Leishmania chagasi, promastigotes were pre-incubated in different 
concentrations of DFO before exposure to H2O2. Increasing 
concentrations of DFO resulted in increasing protection from H2O2-
mediated toxicity, which suggests that the increased resistance was 
indeed due to the iron-chelating capacity of DFO. 

One of the first studies employing DFO against Leishmania 
spp. was performed in vitro against Leishmania donovani 
promastigotes. It was found that DFO was inactive at 50 µg/ml for 
3 days. On the other hand, 44% and 60% of amastigotes were 
eliminated when macrophages infected with L. donovani were 
exposed to 50 µg/ml of free or liposome-encapsulated DFO, 
respectively [74]. Treatment of BALB/c mice with intraperitoneal 
injections of DFO resulted in a slight delay of the development of 
cutaneous lesions by Leishmania major. In contrast, systemic iron 
delivery in the form of intraperitoneal injections of iron-dextran, at 
early time points of parasite delivery, significantly limited footpad 
pathology [75]. The effect of iron supplementation appears to be 
due to its effect on the immune response of the host, rather than to 
any direct effect on the parasite [75, 76]. In the later stages, there is 
activation of NF-κB and an increased number of interferon (IFN)-γ 
positive CD4+ T-cells are recruited to the draining lymph node. 
Thus, in this system iron probably mediates its effect via reactive 
oxygen species signaling through NF-κB, leading to a sustained 
TH1response against the parasites [75, 76]. 

The effect of DFO and hydroxypyridin-4-ones in Leishmania 
infantumand L. majorgrowth in vitro was compared by Soteriadou 
and co-workers [77]. The results demonstrated that iron chelators of 
different chemical classes inhibit the growth of Leishmania spp. 
promastigotes, and of particular interest was the finding that 
hydroxpyridin-4-ones are more potent inhibitors of Leishmania 
growth than DFO: the IC50 values were 150 µM, 75 µM and 50 µM 
for DFO, 1,2-dimethyl-hydroxypyridin-4-one (L1) and 1,2-diethyl-
hydroxypyridin-4-one (CP94), respectively. Taking into 
consideration that the ligand:metal ratio in the L1/Fe and CP94/Fe 
complexes is 3:1 and that of DFO/Fe is 1:1, it appears that L1 and 
CP94 are approximately 12 and 18 times, respectively, more 
inhibitory than DFO. This might imply that the degree of 
lipophilicity of the compound is an important factor in determining 
the extent to which the iron chelator crosses cell membranes and 
mobilizes iron from cells.  

Malafaia and co-workers [52] evaluated the effect of iron 
deficiency, induced by DFO, on the course of the infection by L. 
chagasi in BALB/c mice. A significant decrease in hemoglobin 
blood levels were found in infected/treated animals in comparison 
to infected/non-treated groups after 4 and 6 weeks of infection. In 
addition, DFO was able to provoke a significant reduction of liver 
and spleen parasitic load when the evaluations were performed 4 
and 6 weeks after infection, respectively, which coincides with the 

peak of parasitism in each organ. Significant differences were not 
observed in the production of IFN-γ and interleukin (IL)-4 among 
the experimental groups. The lowering of the parasite numbers 
suggested that iron deficiency may contribute to control the murine 
infection with L. chagasi. 

Iron has also been implicated in the activity of leishmanicidal 
drugs. Using DFO, Mehta and Shaha [78] showed that iron 
depletion inhibits changes in the mitochondrial membrane potential 
and ATPase activity produced by antimonial or arsenical drugs. 
This inhibition can be reversed if the DFO is saturated with iron 
prior to incubation with the parasites, showing that the effect is 
dependent on iron chelation. In addition, it has been demonstrated 
that DFO can reduce the level of cell death induced by treatment 
with SbIII or AsIII, whereas addition of iron causes a slight 
exacerbation of cell death. The drug-induced death of Leishmania 
spp. may involve activation of their programmed cell death 
(apoptosis-like process) at the mitochondrial level, and 
exacerbation of this process by iron is likely to reflect increased 
oxidative stress resulting from .OH generated by the superoxide-
driven Fenton reaction. 

Unlike T. cruzi and Leishmania spp., Trypanosoma brucei(the 
causative agent of African trypanosomiasis or sleeping sickness in 
humans) lives and multiplies extracellularly in the blood and tissue 
fluids of the mammalian host. Like all living organisms, T. brucei 
requires iron for growth [79].In the case of bloodstream forms of T. 
brucei, iron is delivered by host transferrin, the uptake of which is 
mediated by a transferrin receptor [80, 81]. The effect of DFO on 
culture-adapted bloodstream forms of T.brucei TC 221 was studied 
in comparison with that on mouse myeloma HyAg8 cells and 
human HL-60 cells [82]. Compared with these mammalian cells, 
bloodstream forms of T. brucei are 10-fold more sensitive to iron 
depletion. The primary target of the chelator is obviously the 
intracellular iron, as the toxicity of DFO was abolished by addition 
of iron-saturated chelator and/or the presence of holotransferrin. To 
identify probable target sites, the effect of DFO on ribonucleotide 
reductase, alternative oxidase and superoxide dismutase, three iron-
dependent enzymes in bloodstream-form trypanosomes, was also 
studied. Incubation of the parasites with the chelator leads to 
inhibition of DNA synthesis and lowers oxygen consumption, 
indicating that DFO may affect ribonucleotide reductase and 
alternative oxidase. The compound does not inhibit the 
holoenzymes directly but probably acts by chelating cellular iron, 
thus preventing its incorporation into the newly synthesized 
apoproteins. Treatment of the parasites with DFO for 24 h has no 
effect on the activity of superoxide dismutase, which may be due to 
the long half-life of the enzyme. DFO applied intraperitoneally to T. 
brucei-infected mice at a daily dosage of 300 mg/kg up to the 
26thday post-infection had only a slight effect on the course of 
parasitemia compared with infected control mice. The failure of 
DFO to clear the parasites from the blood of the host is probably 
due to its short half-life in vivo [82].  

In another study, the effect of 13 metal chelators on the growth 
of T. brucei, Trypanosoma congolense (the causative agent of 
nagana cattle disease) and human HL-60 cells was tested in vitro 
[83]. With the exception of 5-sulfosalicylic acid and 
dimethylglyoxime, all other chelators exhibited anti-trypanosomal 
activities, with IC50 values ranging between 2.1-220 µM. The most 
trypanocidal chelators were DFO, 1,10-phenanthroline and its 4,7-
diphenyl derivative (an iron chelator) and 2,9-dimethy-4,7-diphenyl 
derivative (bathocuproine, a copper chelator) and the iron chelator, 
8-hydroxyquinoline, with IC50 values in the micromolar range. 
Generally, T. congolense was somewhat less susceptible to the 
compounds tested than T. brucei. Except for bathocuproine and 
quercetin, all other chelators that were active against trypanosomes 
also displayed cytotoxicity towards human HL-60 cells, with IC50 
values ranging from 6.2 µM to 97 µM. Therefore, the IC50 ratios of 
cytotoxic/trypanocidal activity (selectivity index) were found to be 
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in a modest range for all compounds. Only DFO and 4,7-diphenyl-
1,10-phenanthroline gave IC50 ratios between 10 and 30. For 
comparison, commercially available drugs used for treatment of 
sleeping sickness and nagana have significant higher selectivity 
indices (1944 for suramin and 692 for diminazene aceturate). It 
seems that the lipophilicity of iron-chelating agents is the crucial 
factor and may be taken into consideration in the selection of novel 
anti-trypanosomal drugs. 

When the structural and cell biological characterization of the 
three monothiol glutaredoxins (1-C-Grx) in the different life and 
growth stages of African trypanosomes was performed, the 
essential role of the mitochondrial 1-C-Grx1 in the iron metabolism 
of these parasites was determined [84]. The protein 1-C-Grx1 can 
coordinate one [2Fe-2S] center/protein dimer using glutathione as 
the non-protein ligand. Overexpression of an ectopic copy of 1-c-
grx1 resulting in a 5–10-fold concentration, compared with the 
authentic protein, did not affect the proliferation rate and 
morphology of bloodstream cells when grown under optimal 
conditions. Interestingly, overexpression of 1-C-Grx1 in T. brucei 
resulted in an increased sensitivity of the parasite toward the DFO. 
The unphysiologically high concentration of 1-C-Grx1 may 
augment the depletion of the “free iron” pool due to an increased 
synthesis of iron-sulfur cluster proteins and/or to iron sequestration 
in the form of the [Fe-S]-1-C-Grx1 complex. The 2-fold down-
regulation of 1-C-Grx1 in wild-type bloodstream parasites upon 
treatment with DFO could thus be a compensatory mechanism to 
balance the cellular iron levels. Overexpression of 1-C-Grx1 also 
sensitized trypanosomes against H2O2-mediated oxidative stress: 
exposure of these cells to H2O2, but not to iron, impaired cell 
growth, while treatment of wild-type bloodstream parasites with 
H2O2 caused a 2-fold up-regulation of 1-C-Grx1. Although the 
underlying molecular mechanisms are not yet known, it is clear that 
overexpression of 1-C-Grx1 lowers the capacity of bloodstream 
cells to withstand an exogenous H2O2 challenge. In this sense, the 
authors provided strong evidence that mitochondrial 1-C-Grx1 is an 
abundant protein that plays a crucial role in the iron and redox 
homeostasis of the parasite [84]. 

2.2. Zinc Chelators 

The in vitro effects of 1,10-phenanthroline on the ultrastructure 
and growth of T. cruzi Y strain were investigated [85]. 1,10-
Phenanthroline effectively inhibited the proliferation of T. 
cruziepimastigote forms at concentrations as low as 2.5 µg/ml. 
Epimastigotes displayed swelling and electron-dense deposits in the 
kinetoplast, mitochondrion and cisternae of the endoplasmic 
reticulum. These morphological alterations were dose-dependent 
and first appeared at a concentration of 5 µg/ml. Analytical electron 
microscope examination indicated that the metallic portion of the 
electron-dense deposits was predominantly calcium. Natural 
populations of T. cruzi are very heterogeneous in biological, 
biochemical, immunological and molecular features [86]; 
consequently, different strains from endemic areas might be 
responsible for distinct clinical manifestations and chemotherapy 
response [87]. Take this into consideration, we tested the effect of 
1,10-phenanthroline in three strains belonging to distinct 
phylogenetic lineages of T. cruzi: Dm28c (TCI), Y (TCII) and 4163 
(Z3). All these strains had their cellular growth powerfully inhibited 
by 1,10-phenanthroline after 96 h of incubation (Fig. 3A). 

Inhibition of metalloproteases by 1,10-phenanthroline occurs by 
removal and chelation of the metal ion required for catalytic 
activity, leaving an inactive apoenzyme. 1,10-Phenanthroline 
targets mainly zinc-metalloproteases, with a much lower affinity for 
calcium [88, 89]. Lowndes and co-workers [90] reported for the 
first time the expression of a complex array of metalloproteases in 
T. cruzi, showing considerable qualitative and quantitative variation 
in different strains and developmental stages of the parasite. 

Metalloproteases inhibited by 1,10-phenanthroline were already 
reported in T. cruzi, including: a family of gp63 genes [91, 92] 
homologous to the gp63 of Leishmania spp. that are important for 
host cell infection [93],two metallocarboxypeptidases belonging to 
the M32 family previously found only in prokaryotes [94] and 
matrix metalloprotease-9-like proteins [95]. It is possible to detect 
metalloprotease activity in cellular extracts derived from T. cruzi 
epimastigotes by gelatin-containing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 3). Due to 
its high biochemical diversity, T. cruzi strains produced different 
amounts of metalloproteases sensible to 1,10-phenanthroline (Fig. 
3B). 

Bonaldo and co-workers [96] investigated the role of 1,10-
phenantholine, among other protease inhibitors, upon T. cruzi 
metacyclogenesis. In order to do so, clone Dm28c epimastigotes 
were incubated in chemically defined conditions in which 
epimastigotes transform into metacyclic trypomastigotes. In the 
presence of the metal chelator, cells displayed a normal mobility, 
but differentiation was blocked in a dose-dependent manner, 
reaching 85% inhibition when the chelator was added at 10 µM.  

 
Fig. (3). Effect of PHEN on the growth of different phylogenetic strains of 
Trypanosoma cruzi: TCI (Dm28c), TCII (Y) and Z3 (4163) lineages. (A) 
Epimastigotes were grown for 96 h in the presence of different 
concentrations (0, 1, 10 and 100 µM) of PHEN. For experimental details see 
Sangenito and co-workers [282]. (B) Gelatin-SDS-PAGE showing the 
alkaline cellular protease profiles of T. cruzi strains after incubation the gels 
in the absence or presence of PHEN. Numbers on the left indicate the 
relative molecular mass of the markers. Note the presence of a 40 kDa 
protease that corresponds to the major cysteine protease (cruzipain) 
produced by this trypanosomatid and metalloproteasesin the range of 60-70 
kDa. For experimental details see Fampa and co-workers [283] and Santos 
and co-workers [284]. 
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Fig. (4). Detection of the major metalloprotease (gp63) in Leishmania braziliensis and effects of PHEN on the parasite development. (A) Optical (a) and 
immune fluorescence (b) microscopies evidencing the surface location of the gp63 molecules after probing the promastigotes with an anti-gp63 antiserum. In 
sequence, gelatin-SDS-PAGE showing the alkaline protease profiles observed in the whole parasite extract obtained after lisys with SDS, in the membrane-rich 
fraction obtained after Triton X-114 extraction and in the cell-free culture supernatant. The gel strips were incubated in the absence (c) or presence of PHEN. 
(B) The treatment of L. braziliensis promastigotes with PHEN resulted in arrested growth, in the reduction of the gp63 secretion and in the blockage of the 
interaction with macrophages. Note: white arrows indicate that untreated parasites display normal growth, secrete molecules (including gp63) into the 
extracellular environment as well as interact with macrophages; however, black lines (PHEN) indicate the blockage of these crucial processes. (C) 
Morphological alterations were clearly observed after the treatment of promastigotes with 1 mM PHEN including parasites becoming short and round, which 
indicates a possible osmotic stress caused by the chelating agent. For experimental details see Lima and co-workers [99] and Cuervo and co-workers [285]. 

Results presented by Seay and co-workers [97], McGwire and 
co-workers [98] and Lima and co-workers [99] suggested that zinc-
dependent metalloproteases participate in several crucial processes 
of Leishmania spp. life cycle. The best characterized Leishmania 
metalloprotease is a zinc-dependent glycoprotein of 60-66 kDa, 
named leishmanolysin or gp63, and which is abundantly expressed 
on the metacyclic promastigote surface (Fig. 4A) and is involved in 
several steps of parasite-host interaction and virulence, including a 
protective role against the parasite degradation within macrophage 
phagolysosomes [93]. The spontaneous release of cell surface gp63 
from metacyclic promastigotes was significantly reduced when the 
proteolytic activity of the protein was inactivated by site-specific 
mutagenesis or inhibited by zinc chelation with 1,10-phenanthroline 
(Fig. 4B), suggesting that release involves autoproteolysis. The 
finding of a proteolytically active, extracellular gp63 produced by 
multiple Leishmania isolates suggests a potential role of the 

extracellular enzyme in substrate degradation relevant to their 
survival in both the mammalian host and the insect vector [98]. 

In L. amazonensis, the in situ inhibition of gp63 proteolytic 
activity inside Leishmania-infected macrophage phagolysosomes 
with targeted delivery of 1,10-phenanthroline selectively eliminated 
intracellular Leishmania amastigotes, suggesting the importance of 
this protease in the phagolysosomal survival of the parasite [97]. 
That inhibition of gp63 activity is the mode of killing of targeted 
1,10-phenanthroline was further substantiated by the destruction of 
gp63-coated avirulent cells by 1,10-phenanthroline. This inhibition 
was not due to the non-specific chemical interaction of 1,10-
phenanthroline with some other molecules but probably to its 
ability to chelate zinc, as shown by the ability of this metal to 
reverse the inhibitory effect of 1,10-phenanthroline. 

As it is known that many virulence factors may have their 
expression decreased over several passages of parasites in vitro 
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[100], Lima and co-workers [99] confirmed that gp63 was mainly 
produced by L. braziliensis virulent promastigotes in comparison 
with avirulent promastigotes, and this proteolytic activity was 
drastically reduced after several in vitro passages of freshly isolated 
parasites from hamster lesions. 1,10-phenanthrolineand ethylene-
glycoltetraacetic acid (EGTA) arrested the growth of a L. 
braziliensis virulent strain in a dose-dependent manner. Also, 
thepre-treated of promastigotes with 1,10-phenanthroline promoted 
a significant reduction in the interaction index with mouse 
peritoneal macrophages (Fig. 4B). The promastigote growth was 
decreased even at the lowest concentration used (0.1 µM). 
Morphological alterations were detected in the virulent strain, 
including parasites becoming short and round (Fig. 4C). 
Conversely, these chelating agents did not affect either the 
proliferation, cell morphology or the cellular interaction of the 
avirulent, laboratory-adapted strain. Moreover, the spent culture 
medium from the virulent strain significantly enhanced the 
association index, in a dose-dependent manner, between avirulent 
strain and macrophages, and this effect was reversed by 1,10-
phenanthroline.  

The inhibitory mechanism of 1,10-phenanthroline against 
metalloproteases is also seen against gp63 homologues detected in 
distinct trypanosomatids. For instance, one of the T. bruceigp63 
gene families is involved in the proteolysis process related to 
release of variant surface glycoprotein from the surface of 
transgenic procyclic parasites and this mechanism was inhibited by 
different zinc chelator compounds, including 1,10-phenanthroline 
[101, 102]. Homologues of the gp63 metalloprotease participate in 
relevant steps of the interaction of the insect trypanosomatid 
Herpetomonas samuelpessoai with murine macrophage cells, based 
on the reduction of the association index caused by 1,10-
phenanthroline [103]. As similarly demonstrated in Leishmania 
species, 1,10-phenanthroline-treated H. samuelpessoai cells showed 
a considerable reduction in the release of surface gp63-like 
molecules to the extracellular medium [104], suggesting a similar 
mechanism of secretion in this trypanosomatid. In addition, Pereira 
and co-workers [105] demonstrated an augmentation in the 
secretion of gp63-like molecules (around 2-fold) by H. 
samuelpessoai cells during the contact with explanted guts of Aedes 
aegypti in comparison to parasites in axenic cultures, suggesting the 
possible participation of secreted gp63 molecules in the interaction 
process with invertebrate host. In contrast, H. samuelpessoai cells 
pre-treated with 1,10-phenanthroline and then allowed to interact 
with guts did not release detectable gp63-like molecules and 
presented considerable reduction by approximately 60% in the 
association index [105]. Furthermore, H. samuelpessoai 
differentiation (transformation of promastigotes into 
paramastigotes) was decreased in the presence of 1,10-
phenanthroline [106]. Phytomonas serpens, a tomato 
trypanosomatid, also presents gp63 homologues [107]. EDTA, 
EGTA and 1,10-phenanthroline were able to arrest the growth of P. 
serpens with a distinct pattern of inhibition, with 1,10-
phenanthroline being the most effective compound [107]. 

2.3. Calcium Chelators 

 In a series of studies, Mbati and co-workers [108] verified 
the effects of EGTA and EDTA against L. donovani. When 
promastigotes were treated with various concentrations of EDTA 
for 7 days, concentrations of up to 1 mg/ml produced no significant 
reduction in the promastigote population, while concentrations 
between 0.05 and 0.1 mg/ml did not significantly affect the viability 
of BALB/c mouse peritoneal macrophages. L. donovani parasites 
engulfed in macrophages were exposed to various concentrations of 
EDTA within the acceptable toxic levels for macrophages, with 
highest rates of parasite clearance at 0.1 mg/ml. The length of time 
(in days) which infected macrophages were treated contributed 
significantly to a decline in the level of parasite loads. Levels of 

calcium, magnesium and iron were virtually unchanged in the 
supernatant of cell cultures, while manganese levels were higher in 
EDTA-treated cultures as compared to the control [108]. 

Exposure of L. donovani promastigotes to EGTA 
concentrations from 0.2 to 1.6 mg/ml significantly inhibited their 
growth, while EGTA concentrations of 0.05 and 0.1 mg/ml were 
non-toxic to mouse macrophages in vitro [109]. In concentrations 
of 0.05, 0.1 and 0.2 mg/ml, EGTA contributed significantly to a 
decline in L. donovani amastigote loads within macrophages. 
However, when L. donovani-infected Syrian hamsters were treated 
intraperitoneally with 0.23 mM/kg/day of EGTA, EDTA, HEEDTA 
(hydroxy-2-ethylenediaminetriacetic acid) and 100 mg/kg/day of 
Pentostam R for 30 days, 5 out of 6 Pentostam-treated animals had 
negative spleen cultures, but all the chelator-treated animals yielded 
parasites. While all the Pentostam-treated animals had negative 
bone marrow cultures, only 1 out of 6 HEEDTA-treated hamsters 
yielded parasites [110]. Spleen, liver and bone marrow parasite 
loads calculated from chelator-treated animals were consistently 
higher than for Pentostam-treated animals, which suggest that 
although metal ion chelators had some antileishmanial potential, the 
in vivo activity against L. donovani was low compared to 
Pentostam. 

The effects of EGTA treatment was also determined in T. 
brucei bloodstream forms incubated in a calcium-free medium 
containing 10 µM EGTA and the calcium ionophore, A23187 
[111]. Under these conditions, calcium depletion led to the 
polymerization of additional microtubules in an extension of the 
endoplasmic reticulum at the flagellar attachment site as well as to a 
retraction of the endoplasmic reticulum extension from its usual 
position and nucleolus segregation. These data suggested that 
intracellular calcium regulation might be important for specific 
depolymerization/polymerization reactions during the course of cell 
division and the formation of functional ribosomes in T. brucei. 

The effects of the co-administration of EDTA and diminazene 
aceturate (DA), the most widely used drug against nagana cattle 
disease, was investigated on the level of parasitemia, parasite 
clearance, packed cell volume (PCV) and post-infection survival 
time (PIST) in albino mice infected with DA-resistant T. brucei 
[112]. The co-administration of EDTA and DA led to a slight 
potentiation of DA, as seen by a decreased parasitemia, 
improvements in PCV and a marginally higher PIST when 
compared to DA-treated mice. The administration of EDTA alone 
significantly enhanced the resistance of the infected mice, since 
EDTA-treated, infected mice presented a significantly lower level 
of parasitemia, improved PCV and higher PIST than infected, non-
treated mice.  

In order to study the possible role of the intracellular calcium 
level in the regulation of T. cruzi infectivity, the capacity of 
trypomastigote forms of this organism to invade mammalian cells 
was measured after treatments which decrease or elevate 
cytoplasmic calcium levels [113, 114]. In parasites loaded with 
either bis-(o-aminophenoxy)-ethane-N,N,N′,N′ tetraacetic acid 
(BAPTA) or 2-{[2-bis(carboxymethyl)-amino-5-methylphenoxy] 
methyl}-6-nethoxy-8-bis(carboxymethyl)aminoquinoline (Quin-2) 
at 50 µM to chelate calcium, a decrease in both the proportion of rat 
heart myoblasts invaded by the parasite in vitro and the number of 
trypanosomes penetrating these host cells was observed, in a 
process that was dose-dependent. Consistent with these findings, 
parasites pretreated with the calmodulin-binding phenothiazines, 
trifluoperazine and chlorpromazine, or with felodipine, a 
chemically different type of calmodulin antagonist, also presented 
decreased infectivity. In contrast, pretreatment with the calcium 
ionophore, ionomycin, which elevated calcium levels in T. cruzi, 
significantly enhanced the infective capacity of the parasite, which 
pointed to the existence of a calcium-dependent mechanism that 
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regulates the invasive capacity of T. cruzi, as reviewed by Yoshida 
and Cortez [115]. 

3. ANTI-PLASMODIUM ACTION OF CHELATING AGENTS 

More than 125 species of Plasmodium are able to infect 
reptiles, birds and mammals. Usually, four of them are able to 
infect human and cause malaria: Plasmodium falciparum, 
Plasmodium malariae, Plasmodium vivax and Plasmodium ovale 
[116]. In 1965, it was described the first human infection by 
Plasmodium knowlesi. From that time on, others cases were 
reported [117-120]. Known since antiquity, malaria still remains 
one of the main hazards to human health. Half of the world’s 
population is at risk of malaria and likely one million deaths occur 
due to the disease each year. The goal of malaria control is to 
reduce the morbidity of and mortality from the disease [121]. In this 
context, antimalarial medicines are one of the great tools in malaria 
control by ending patient malaria infection, thus contributing to the 
reduction of the transmission of the disease. During the past years, 
there has been a wide occurrence of drug-resistant parasites in 
many areas where malaria occurs [122]. P. falciparum strains 
resistant to chloroquine [123, 124], a drug allowed almost a century 
for malaria control, was first reported in Malaya in 1962. It did not 
take long for most of the strains of P. falciparum became resistant 
to quinolones and others medicines such as sulfadoxine-
pyrimethamine. It was also reported, in some countries, resistance 
of P. vivax to chloroquine [125-129]. This scenario has led to the 
increasing of efforts to search for new effective antimalarial 
therapies. In the 1980s two classes of antimalarials were 
discovered: endoperoxides and iron chelators [130]. The 
antimalarial action of iron chelators is based on three factors: their 
capacity in binding iron(III), penetrating much faster into 
parasitized erythrocytes and egress from parasites after treatment 
[131]. Clinical studies showed that the iron supplementation to 
iron-deficient individuals causes exacerbation of malaria [132]. 
Unlike mammalian cells that obtain their iron primarily from 
transferrin [133], parasites mobilize iron from the infected red 
blood cells [134-136]. 

DFO has been shown to suppress malaria parasite growth both 
in vitro [134, 135, 137] and in vivo [138, 139]. DFO diminished the 
parasitemia caused by P. falciparum and P. vivax in humans, but 
recrudescence occurred after the initial clearance [140, 141]. 
Cerebral malaria was prevented by DFO in mice infected with P. 
berghei [142], but in human cerebral malaria therapy, its effect was 
not clear. It has been reported that DFO may quickness the 
clearance of parasitemia and increase recovery from deep coma in 
children with cerebral malaria [138]. However, drug efficacy is 
dependent on many factors like immune modulation responses 
[144]. In this context, a combination of quinine with DFO increased 
the serum concentrations of the stable end products of nitric oxide 
(NO), nitrite and nitrate in Zambian children with cerebral malaria 
compared with those group given placebo and quinine. In addition, 
IL-6 and IL-10 levels were raised initially and decreased 
considerably in both groups over 3 days. Accordingly, DFO could 
support the Th1-mediated immune effector function involving 
increased production of NO in children with cerebral malaria [145].  

DFO is markedly slower in permeating membranes [146, 147] 
and affects primarily trophozoite/schizont stages [148]. In vitro, 
DFO is known to be active against P. falciparum with IC50s 
extending from 10 to 30 µM [149-152] in rodents [153] and in 
humans [154, 155]. Due to its short half-life in plasma (5-10 min) 
and poor absorption following oral administration, DFO application 
in malaria therapy is very limited [156]. So, two subfamilies of 
lypophilic iron(III) chelators, capable in penetrating easily in the 
membrane of red blood cells were designed [157, 158]. These 
compounds are hydroxamate-based, similar to DFO, named 

reversed siderophores [157]. RSFileum2, a reversed siderophore, 
affected the development of parasite and mammalian cells by 
chelating intracellular iron(III) [159]. Although cellular energy 
production depends on iron-containing enzymes, both RSFileum2 
and DFO promoted only 30% reduction of ATP synthesis in 
malaria parasites in infected red blood cells. In the ring stage, DNA 
synthesis was irreversibly inhibited by RSFileum2 in a great scale 
compared to that observed by DFO, but during trophozoite stage the 
inhibition effect was greater with DFO [148]. This was probably 
due to the different permeation properties at these two development 
stages of the parasite and the retention of the drug inside parasites 
after its removal [160]. 

Several other classes of iron(III) chelators have been under 
consideration for malaria chemotherapy. The N4-nonyl,N1,N8-
bis(2,3-dihydroxybenzoyl) spermidine hydrobromide, FR160 (R = 
C9H19), was the first iron-chelating compound developed 
particularly for antimalarial action [161]. It is a catecholate 
siderophore derived from spermidine that affected the parasites at 
considerably faster rates and at all stages of parasite growth [162]. 
FR160 is 14-fold more potent than DFO, and also more potent than 
the majority of the reversed siderophores tested in vitro, with IC50s 
ranging from 3 to >100 µM [163-165]. FR160 was most effective in 
trophozoite and young schizont stages, but also affected rings and 
schizonts. The mode of action of FR160 seems to be bygenerating 
radical species and improvement of heme-catalyzed oxidation of 
lipid membranes, different from those used as antimalarial drugs. 
Additionally, the ribonucleotide reductase of P. falciparum, a key 
iron-dependent enzyme in pyrimidine de novo synthesis, could be a 
target for FR160, as for DFO[161]. Pradines and co-workers [165] 
showed the synergic effects of FR126 with doxycycline or 
atovaquone that favors the use of both in combination for 
increasing the antimalarial activities. Besides, the effects of FR160 
on mammalian cells in culture were minimal compared with those 
obtained with human malaria parasites [164]. 

Like iron, copper is an essential element for organisms in 
general. It acts as a cofactor of various enzymes and as a reduction-
oxidation reactive metal, which can generate toxic free ionic copper 
that is sequestered by particular mechanisms [166, 167]. Like iron 
chelators, several copper chelators have antimalarial properties in 
vitro [167-169]. Extracellular chelation of copper by 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthrolinedisulphonic acid disodium salt 
(BCS) did not inhibit parasite growth, indicating that Plasmodium 
did not need to obtain copper from serum, but can rely on 
erythrocytes sources [167]. Cu, Zn superoxide dismutase is 
supposed to be a source of copper to the Plasmodium parasite 
because it is the most abundant copper-containing enzyme in 
erythrocytes. It has been demonstrated that copper sulfate at 5 µM 
inhibits more than 50% of parasite growth, which is overturned by 
200 µM diethylenetriaminepenta-acetic acid, an impermeant metal 
chelator [170]. An intracellular copper chelator, neocuproine (2,9-
dimethyl-1,10-phenanthroline), prevented parasite growth 
specifically at ring-trophozoite stage transition and reduced the 
intraparasitic levels of both Cu and Zn superoxide dismutase and 
catalase [167]. 

4. ANTIFUNGAL ACTION OF CHELATING AGENTS  

Fungal infections are an increasing cause of morbidity and 
mortality in hospitalized patients in the last three decades, 
especially in immunocompromised individuals [171]. Many fungi 
can cause invasive diseases, with Aspergillus spp. and Candida spp. 
being the most prevalent fungal pathogens infecting susceptible 
patients. During the past few years, rare molds like zygomycetes 
(Mucor spp. and Rhizopus spp.),Fusarium spp., Scedosporium spp. 
and many other less frequent fungal pathogens have come into 
focus as the cause of devastating clinical diseases[172, 173]. The 
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management of invasive fungal disease in immunocompromised 
hosts is complex due to several aspects, such as the limitation of 
potent and non-toxic antifungal drugs [174].  

4.1. Iron Chelators 

Iron acquisition is essential for the growth and virulence of 
Aspergillusspp. [175]. Iron chelators were able to modulate 
Aspergillus fumigatus conidial growth behavior in different ways: 
lactoferrin (IC50 = 105 ± 9 nM), ciclopirox (IC50 = 4.22 ± 0.18 µM) 
and deferiprone (IC50 = 1.29 ± 0.2 mM) significantly inhibited, 
while DFO enhanced fungal growth. By means of checkerboard 
assays, antifungal synergy against conidia was observed for 
combinations of ketoconazole with ciclopirox or deferiprone, 
lactoferrin with amphotericin B, and fluconazole with deferiprone 
[176].  

Transfusional siderosis and iron overload in malignancy and 
liver and stem cell transplantation are associated with an increased 
risk of aspergillosis [177-179]. Ibrahim and co-workers [180] 
reported that deferasirox, the first orally available iron chelator 
approved by the FDA, with an indication for the treatment of 
transfusion-related iron overload [181],had a modest but significant 
effect against A. fumigatusin vitro, presenting cidal action and a 
minimum inhibitory concentration (MIC) and minimum fungicidal 
concentration (MFC) of 25 and 50 mg/L, respectively. Deferasirox 
monotherapy modestly prolonged survival of mice with invasive 
pulmonary aspergillosis, but a combination of deferasirox (at 10 
mg/kg twice a day) and liposomal amphotericin B (LAmB, at 3 
mg/kg/day) therapy synergistically improved survival and reduced 
lung fungal burden compared with either monotherapy alone [180]. 
Holbein and Mira de Orduña [182] reported the influence of the 
exogenous chelating agents, lactoferrin, deferiprone, DFO, 
bathophenanthroline sulphonate and a novel chelator with a 
hydroxypyridinone-like Fe-ligand functionality (named DIBI) on 
Candida albicans growth. The results demonstrated that C. albicans 
was resistant to lactoferrin at physiologically relevant 
concentrations and DFO, but was inhibited by low concentrations 
(0.25 g/l) of DIBI for 24 h and displayed very weak growth 
thereafter. Recent studies of the role of iron in candidiasis have 
revealed that this element is important not only for the normal 
function of host immunity but also for pathogenic Candida owing 
to the fact that absence of this metal resulted in reduced virulence 
and hence reduced yeast invasion of the host epithelium [183]. In 
addition, iron deprivation is a mechanism by which drug 
susceptibility is enhanced in Candida cells by increasing the 
membrane fluidity (lowering ergosterol content), which in turn 
leads to enhanced passive diffusion of drugs [184].It is well known 
that C. albicans causes endothelial cell injury both in vitro and in 
vivo. In parallel, iron is critical for the induction of injury in many 
types of host cells. With this task in mind, Fratti and co-workers 
[185] found that the pretreatment of endothelial cells with DFO 
protected them from candidal injury, even though the organisms 
germinated and grew normally. The cytoprotective effects of iron 
chelation were likely due to the reduced phagocytosis of this fungus 
by endothelial cells [185].Ciclopirox inhibited the growth of C. 
albicans yeasts as well as their transformation into germ tubes, in a 
dose-dependent fashion [186]. The treatment with ciclopirox did 
not cause cell membrane damage or change in intracellular levels of 
ATP. Conversely, ciclopirox induced intracellular glucose-6-
phosphatedehydrogenase, reduced catalase and did not influence 
superoxide dismutase activity. Finally, the transcriptional profiling 
pattern of drug-treated C. albicans cells strongly resembled iron-
limited conditions [186]. 

The growth of Cryptococcus neoformans under solid minimum 
medium containing low amount of iron (<0.5 µM) was inhibited by 
100-200 µg/ml (0.28-0.56 mM) of the metal-free iron chelator 
ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDA) [187]. 

This medium supported good growth at pH 6.0 but poor growth at 
pH 7.5, presumably because iron(III) ions are less soluble at neutral 
pH [187]. Similarly, the iron(II) ion chromophore bathophenan-
throline sulphonate (BPDS) inhibited the growth of C. neoformans 
in iron-limited media [188]. The yeasts also acquired iron as 
[59Fe3+]-citrate and [59Fe3+]-pyrophosphate, while BPDS reduced 
the acquisition of iron(III) ions by these ligands around 50% [189]. 
Ciclopirox showed fungistatic activity against C. neoformans in 
concentrations ranging from 0.25 to 1 µg/ml and fungicidal activity 
in concentrations from 0.5 to 4 µg/ml [190]. Agh-Atabay and co-
workers [191] described the synthesis of a series of 
bisbenzimidazole-derived chelating agents which displayed 
effective action against C. neoformans. These ligands included 1,2-
bis(2-benzimidazyl)-1,2-ethanediol; 1,4-bis(2-benzimidazyl)-1,2,3, 
4-butanetetraol; 1,3-bis(2-benzimidazyl)-2-thiapropane; 1,3-bis(2-
benzimidazyl)-2-thia-propane-dihydrochloride; 1,5-bis(2-benzimi-
dazyl)-3-thiapentane and 1,5-bis(2-benzimidazyl)-3-thiapentane 
dihydrochloride. 

DFO, at concentrations of 0.5 and 1 mM, inhibited the in vitro 
growth of Histoplasma capsulatum yeast cells. However, 0.1 
mMDFO had only a slight inhibitory effect [192]. In addition, the 
treatment of mouse peritoneal macrophages with DFO (0.1-1 mM) 
inhibited the intracellular growth of the yeasts in a dose-dependent 
manner, suggesting that the intracellular development of H. 
capsulatum is dependent on iron [192]. Newman and co-workers 
[193] reported that the iron chelator, VUF 8514, a 2,2’-bipyridyl 
analog, effectively inhibited the growth of H. capsulatum yeasts in 
both culture medium (IC50 = 30 nM) and within human 
macrophages (IC50 = 520 mM).  

Clinical and animal data indicate that the presence of elevated 
available serum iron (like in diabetic ketoacidosis and other 
systemic acidosis) predisposes the host to mucormycosis by 
inducing dissociation of iron from sequestering proteins, resulting 
in elevated available serum iron [194-196]. In addition, patients 
treated with DFO have a markedly increased incidence of invasive 
mucormycosis, which is associated with a mortality of >80% [197]. 
For example, DFO predisposes patients to Rhizopus infection by 
acting as a siderophore, which supplies previously unavailable iron 
to the fungus [198]. Rhizopus obtains iron from the iron-DFO 
complex by intracellular transport of the reduced iron without DFO 
internalization [199]. On the other hand, Ibrahim and co-workers 
[200, 201] reported that deferasirox induced an effective iron-
starvation response in Rhizopus oryzae. Also, deferasirox showed 
fungicidal activity in vitro against 28 of 29 (97%) clinical isolates 
of Mucorales (Mucor spp., non-oryzae Rhizopus spp. and R. oryzae) 
at concentrations (MICs90 = 3.12-6.25 µg/ml) well below clinically 
achievable serum levels. The in vivo efficacy of deferasirox was 
tested in diabetic ketoacidotic mice infected with spores of R. 
oryzae, mimicking a disseminated model of murcomicosis. When 
administered orally twice daily for 7 days (starting the day after 
infection), deferasirox at 1, 3 or 10 mg/kg significantly improved 
survival, in which a dose-response trend was observed, with more 
surviving animals in higher-dose groups, as well as decreased tissue 
fungal burden, with an efficacy similar to that of liposomal 
amphotericin B [200]. In addition, deferasirox was able to cure 
mice infected intranasally with R. oryzae, showing its efficacy to 
control pulmonary mucormycosis. Deferasirox treatment promoted 
an enhancement in the host inflammatory response to 
mucormycosis, with high levels of IFN-γ. Most importantly, 
deferasirox synergistically improved survival and reduced tissue 
fungal burden when combined with liposomal amphotericin B 
[200]. Corroborating these findings, Chamilos and co-workers 
[202] demonstrated that using Drosophila melanogaster as a model 
host, deferasirox significantly protected wild-type flies infected 
with R. oryzae when compared with placebo-treated flies. 
Interestingly, deferasirox was successfully used as a salvage 
therapy to treat a patient with rhinocerebral mucormycosis, who 
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was failing months of polyene treatment [203].Deferiprone (1,2 
dimethyl-3-hydroxy-4(1H)-pyridinone, also known as L1, CP20, 
Ferriprox or Kelfer) is a member of the α-ketohydroxypyridine 
class of iron chelators and is approved for use in iron overload 
conditions in India and Europe [204, 205], but is not approved by 
the USA FDA for use in humans. Deferiprone demonstrated static 
activity against R. oryzae at 24 h, but showed fungicidal activity at 
48 h of incubation. Deferiprone was as effective as LAmB at 
improving survival and decreasing brain fungal burden, and both 
drugs were more effective than placebo in non-iron-overloaded 
animals [206].  

DFO strongly inhibited the in vitro growth of Penicillium 
marneffei in a dose-dependent manner. As expected, this inhibition 
was reversed by adding an inorganic (FeCl3) or an organic (hemin) 
iron source [207].DFO also significantly reduced the lung fungal 
counts in a rat model of acute Pneumocystis carinii pneumonia, in a 
dose-dependent manner, when it is given either as a daily bolus 
dosage or by continuous infusion [208-212]. Similarly, Weinberg 
and Shaw [213] showed that DFO suppressed the growth of P. 
carinii in an established human embryonic lung fibroblast cell 
lineage at concentrations safely achievable in human serum (5-15 
µg/ml, corresponding to 7.6-22.8 µM). In this same line, Weinberg 
[214] described that the hydroxypyridinone iron chelators, which 
are administered orally to humans, showed the ability to inhibit the 
in vitro growth of P. carinii, which was correlated with alterations 
in P. carinii morphology, as viewed by transmission electron 
microscopy. In an elegant work conducted by Clarkson and co-
workers [215], it was demonstrated that DFO was able to penetrate 
P. carinii, causing irreversible cell damage, thus indicating a 
different mode of action. This chelating agent also caused a 
reduction in P. carinii cytoplasmic free iron. Furthermore, the 
authors reported the complete efficacy of weekly aerosol delivery 
of DFO to the lungs of P. carinii-infected rats using an 
experimental design intended to deliver an amount of DFO to the 
lungs equivalent to that delivered by an intraperitoneal injection of 
1000 mg/kg, a dose that had previously been shown to be effective 
if given every day for 21 days [210, 215]. The results revealed that 
the once-a-week aerosol treatment of rats was 100% effective both 
as a prophylactic and as a curative treatment in a rat model of P. 
carinii pneumonia [215]. Daphnetin (7,8-dihydroxycoumarin), a 
known iron chelator, demonstrated to exhibit in vitro activity 
against P. carinii in a short-term axenic culture system [216]. The 
compound was found to suppress the growth of P. carinii in a dose-
dependent manner at concentrations between 1 and 20 µM. As 
determined by transmission electron microscopy, the reduction of 
P. carinii numbers after treatment with daphnetin correlated with 
morphological changes in the fungal cells. 

4.2. Zinc and Calcium Chelators 

Autophagy is the major cellular pathway for bulk degradation 
of cytosolic material and is required to maintain viability under 
starvation conditions [217]. The disruption of the A. fumigatus atg1 
gene, which encodes a serine/threonine kinase required for 
autophagy, showed abnormal conidiophore development and 
reduced condition, although the defect could be bypassed by 
increasing the nitrogen content of the medium [218]. EDTA 
induced autophagy in A. fumigatus even in the presence of abundant 
carbon and nitrogen, and the ∆Afatg1 mutant was severely growth-
impaired under these conditions. The stimulation of autophagy by 
EDTA suggested that autophagy has a role in protecting the 
organism from the deleterious consequences of divalent cation 
depletion [218]. These data establish a role for autophagy in 
starvation-associated foraging and provide an unanticipated link 
between autophagy and metal ion homeostasis [219]. 

Analysis of the combined effects of different drugs is clinically 
important since synergistic combinations of drugs may be more 

efficacious and less toxic than single agents [220, 221]. With this 
task in mind, Hachem and co-workers [222] described that EDTA is 
an adjunct antifungal agent for invasive pulmonary aspergillosis in 
a rodent model. Immunosuppressed rats were infected with A. 
fumigatus and then treated with amphotericin B lipid complex (5 
mg/kg of body weight/day for 7 days), EDTA (30 mg/kg/day for 7 
days) or a combination of both compounds. The mortality rate was 
reduced, the duration of survival was increased, fewer A. fumigatus 
organisms were recovered from the lungs, and less-severe lung 
lesions and minimal angioinvasion were seen histopathologically in 
the rats receiving the combination treatment than in the rats 
receiving either the antifungal agent or EDTA alone. These findings 
suggest that the two drugs have an additive effect and that 
concurrent therapy with EDTA and amphotericin B lipid complex 
may be of value in patients with hematologic malignancies, 
especially in patients with persistent neutropenia. All of the tested 
animals showed normal levels of both serum calcium and creatinine 
at different times during the therapy. Furthermore, no tissue damage 
was seen in the histopathologic specimens that could be attributed 
to the EDTA. It was concluded that EDTA potentiates amphotericin 
B lipid complex without additional toxicity [222]. 

Several well-known virulence factors produced by Aspergillus 
spp. are inhibited by chelating agents, justifying their potent 
antifungal action. For example, (i) an immunogenic 40 kDa 
secreted metalloprotease (named MEP) of A. fumigatus, which is 
able to cleave collagen, was totally inhibited by 1 mM EDTA and 1 
mM 1,10-phenanthroline [223]; (ii) an elastinolytic neutral 
metalloprotease of 43 kDa, which was expressed during the 
invasion of neutropenic mouse lungs, was fully inhibited by EDTA 
and 1,10-phenanthroline (at 1 mM) [224]; (iii) a 33 kDa serine 
protease of A. fumigatus with elevated elastastinolytic activity is 
also inhibited by 5 mM EDTA (100%) and 10 mM 1,10-
phenanthroline (30%), suggesting a requirement for divalent cations 
[225, 226]; (iv) a nuclease composed of three subunits of 80 kDa, 
50 kDa and 25 kDa of A. sydowii was inactivated by EDTA and 
EGTA [227]; (v) Cu,Zn superoxide dismutases from A. fumigatus, 
A. flavus, A. niger, A. nidulans and A. terreus were inhibited by 
1,10-phenanthroline and EDTA at concentrations from 5 to 30 mM 
[228]; (vi) EDTA at 50 mM inhibited the binding (30%) of live 
conidia of A. fumigatus to human Langerhans cells via a lectin of 
galactomannan specificity [229]. 

Several published works have demonstrated that the metal-free 
1,10-phenanthroline and a number of transition metal complexes 
incorporating this chelating ligand were extremely active, in vitro at 
37◦C, against C. albicans. For instance, metal-free 1,10-phenan-
throline and the copper(II) and manganese(II) phenanthroline 
complexes (general formulae: [M(phen)2(H2O)n]2+; M = Cu or Mn) 
were potent growth inhibitors of C. albicans at 20 µg/ml [230]. 
Also, complexes which were active against C. albicans also proved 
effective against C. glabrata, C. tropicalis and C. krusei with the 
manganese complexes retaining superior activity [230]. The 
antifungal properties and the mechanisms of action of 
phenanthroline derivatives have been investigated. In this sense, the 
potent copper(II) complex, [Cu(phen)2(mal)].2H2O; (malH2 = 
malonic acid), induced significant cellular oxidative stress, 
decreased reduced:oxidized glutathione ratios (GSH:GSSG), 
increased levels of lipid peroxides [231], caused damage 
mitochondrial function (reducing respiratory function and the levels 
of cytochromes b and c in the cells) and reduced the levels of 
ergosterol [232]. Exposure of C. albicans to 
[Mn(phen)2(mal)].2H2O or [Ag2(phen)3(mal)]. 2H2O resulted in 
DNA degradation, whereas exposure to 1,10-phenanthroline or 
[Cu(phen)2(mal)].2H2O did not. An inspection by transmission 
electron microscopy revealed that all these compounds induced 
extensive changes to the internal structure of yeast cells including 
retraction of the cytoplasm, nuclear fragmentation and disruption of 
the mitochondrion [233]. Using the insect Galleria mellonella as a 
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model to test the antifungal efficacy of phenanthroline derivatives, 
Rowan and co-workers [234] reported that insect larvae pre-
inoculated with either [Ag2(mal)(phen)3]) or 1,10-phenanthroline 
were protected from a subsequent lethal infection by C. albicans, 
while larvae inoculated 1 and 4 h post-infection showed 
significantly increased survival in comparison to control larvae 
[234]. In addition, several metallo-type enzymes produced by C. 
albicans are targets for 1,10-phenanhroline inhibition, including 
different zinc-metallo-type proteases [235-238]. 

Two particular ways for EDTA to show its antifungal activities 
are anti-colonization and anti-growth properties. In this sense, Odds 
[239] suggested that there is a direct relation between adherence of 
C. albicans and its ability to colonize and cause disease. The 
presence of calcium ions has been shown to have a critical role in 
the control of morphogenesis [240] and the adherence capacity of 
C. albicans to various extracellular matrix proteins [241]. By 
chelating calcium ions in the medium, EDTA prevents binding of 
C. albicans to these proteins in a dose-dependent manner. In the 
second process, EDTA reduces the growth of C. albicans by 
removing calcium ions from the cell walls and causing collapses in 
the cell wall as well as inhibiting enzymatic reactions [242]. 
Treatment with EDTA, EGTA and 1,10-phenanthroline also 
reduced the cell viability of C. parapsilosis, in a dose-dependent 
manner, altering its membrane permeability to propidium iodide 
(Fig. 5A).   

1,10-phenanthroline completely inhibited the transformation of 
24- to 48-hour stationary phase singlet cells of C. albicans into 
mycelia as well as restricting the bud formation (around 10%) at 
minimal concentrations of 50 µM and 230 µM, respectively. As 
expected, the inhibition profiles of both phenotypes could be 
reversed completely by the addition of 200 µM of ZnSO4 [243]. 
The yeast into hyphal development in C. albicans was blocked by 
EDTA and this effect was not due to a general growth inhibition, 
since the chelator did not affect either protein or DNA synthesis. 
Corroborating this finding, recovery of mycelial growth was 
observed when EDTA-grown cells were incubated in an EDTA-free 
medium. High-molecular-weight mannoproteins (HMWM) that are 
mycelium-specific wall components, and particularly a 260 kDa 
species (HMWM-260), were absent in the wall of cells grown under 
germination conditions in the presence of EDTA. Synthesis of the 
HMWM-260 species was not inhibited but its incorporation 
(secretion) into the wall structure seemed to be blocked in EDTA-
treated cells [244]. The surface mannoproteins are directly linked to 
the adhesive properties of C. albicans [245]. In this sense, EDTA 
and EGTA modified the attachment of blastoconidia of C. albicans 
to platelets, suggesting a cation-dependent linkage. In contrast, the 
fixation of C. glabrata and C. tropicalis was not modified by 
chelating agents [246]. Similarly, the treatment of C. parapsilosis 
yeasts with either EDTA or EGTA or 1,10-phenanthroline did not 
perturb the interaction process with epithelial cells (HEp-2) (Fig. 
5B). 

Candida albicans can readily form biofilms on both inanimate 
and biological surfaces. Candida biofilms have innate resistance 
and/or tolerance to hard surface disinfectants, metal ions and 
antifungal drugs in comparison to planktonic suspensions of fungal 
cells [247]. Corroborating this finding, the hyphal wall protein 
HWP1 gene expression was reduced in EDTA-treated planktonic 
and biofilm samples. These results suggest that EDTA inhibits C. 
albicans biofilm formation most likely through its inhibitory effect 
on filamentation [248]. Yeast into germ tube differentiation was 
totally inhibited by EDTA even at the lowest concentration of 0.1 
µM, while EGTA and 1,10-phenanthroline arrested this cellular 
transformation in a lower extension and in a typically 
concentration-dependent manner (Fig. 6A). As expected, chelating 
agents also suppressed the biofilm formation in C. albicans (Fig. 
6B). Harrison and co-workers [249] reported that EDTA, at 
concentrations of ≥2 mM, killed approximately 90–99.5% of the 

biofilm cell populations. Notably, a small fraction (around 0.5–
10%) of biofilm cells was able to withstand the highest 
concentration (16 mM) of this chelating agent. Furthermore, C. 
albicans survivors from EDTA exposure that were propagated in 
vitro gave rise to biofilms with unchanged susceptibility to this 
agent. These data suggest that a subpopulation of C. albicans 
biofilm cells is innately recalcitrant to the fungicidal action of 
organic metal ion chelators [249]. The combination of different 
compounds presenting antifungal action can solve this question. In 
this regard, Raad and co-workers [250] demonstrated that the 
EDTA (30 mg/ml)-minocycline (0.1 mg/ml) combination acted 
synergistically against free-floating C. albicans and C. parapsilosis 
in a suspension. Similarly, a flush solution consisting of 
minocycline and EDTA was also highly efficacious in preventing 
catheter-related colonization by C. albicans and C. parapsilosis 
cells embedded in biofilm on both in vitro and ex vivo models of 
silicone catheter colonization [251-253]. Similarly, EDTA- 
acetylsalicylic acid (aspirin)combination promoted an effective 

 
Fig. (5). Effect of chelating agents on the proliferation rate and on the 
interaction process with epithelial cell by Candida parapsilosis. (A) Yeasts 
(106) were incubated for 24 h in the absence or presence of different 
concentrations of PHEN, EDTA or EGTA. Fungal viability was measured 
by propidium iodide incorporation through flow cytometry analysis. (B) For 
the interaction assay, initially the C. parapsilosis yeasts (106) were 
incubated for 1 h in the presence of different concentrations of the chelating 
agents. After this treatment, the viability of the yeasts was not affected as 
judged by propidium iodide staining (data not shown). Subsequently, the 
yeasts were stained for 10 min with 0.5 mg/ml fluorescein isothiocyanate 
(FITC; Sigma) and then interacted for 2 h with epithelial cells (HEp-2 
lineage) (10 fungi per epithelial cell). After removal from the plastic 
surface, the cells were analyzed by flow cytometry. For experimental details 
see Chaka and co-workers [286]. 
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action against established biofilm of C. albicans [254]. Besides, 
EDTA enhanced the antifungal activity of amphotericin B lipid 
complex against C. albicans and C. parapsilosis embedded in 
biofilm [255]. 

 
Fig. (6). Effect of chelating agents on the germination (yeast into germ tube 
transformation) and on the capability of biofilm formation by Candida 
albicans. (A) Germination was performed by incubating the yeasts in fetal 
bovine serum for 3 h at 37oC in the presence of PHEN, EDTA and EGTA at 
different concentrations. The germination of fungal cells incubated in the 
absence of chelating agent was taken as 100%. For experimental details see 
Braga-Silva and co-workers [287]. (B) Yeasts were plated to adhere to the 
polystyrene substrate in the absence (control) or presence of chelating 
agents at 0.1 mM and then the systems were incubated for 48 h at 37oC. 
Biofilm formation was quantified by crystal violet staining. P values of 0.05 
or less were considered statistically significant in relation to the control (, 
Student’s t-test). For experimental details see Braga-Silva and co-workers 
[288] and Braga-Silva and Santos [289]. 

Antimicrobial lock solutions may be needed to salvage 
indwelling catheters in patients requiring continuous intravenous 
therapy [252]. Several groups of investigators have demonstrated 
that EDTA solutions can be used to prevent catheter-related 
infections by clinically relevant microorganisms, including C. 
albicans. In this sense, Percival and co-workers [256] found that 
EDTA, at a concentration of 40 mg/ml, and applied for 21-25 h 
reduced the biofilm colonization of C. albicans on central venous 
catheter segments. EDTA also proved active against biofilms in 
catheters with significant reductions in biofilm viable counts after it 
was used to treat of hemodialysis catheters for 3 h [257]. In an 
interesting report, Devine and co-workers [258] showed that an 
EDTA solution efficiently disinfected toothbrushes and discs of 
polymethyl methacrylate (a denture base compound), eradicating 
biofilms derived from salivary inocula or pure cultures of C. 
albicans. In another study centered on irrigants for root canals, Sen 

and co-workers [259] evaluated the antifungal effect of EDTA on 
C. albicans, comparing it to various disinfectants and common 
antifungal agents. The authors reported that a 17% solution of 
EDTA showed the highest antifungal activity in comparison with 
routine antifungal drugs (nystatin and ketoconazole) and other 
solutions (sodium hypochlorite, chlorhexidine, hexetidine, 
benzalkonium chloride and povidone-iodine). 

The anti-C.albicans activity of human salivary mucin MUC7 
12-Mer-L peptides (which corresponds to amino acids 40 to 51 of 
the parent MUC7, the low-molecular-mass human salivary mucin) 
was enhanced by the addition of 1 mM EDTA to human clarified 
and unclarified saliva [260]. This was due to the chelation of 
divalent cations present in the saliva, which are known to inhibit the 
antifungal activity of the peptides. EDTA also improved the 
antifungal action of three other salivary antimicrobial peptides: 
MUC7 12-Mer-D (that contains all-D-amino-acid isomer), Hsn5 12-
mer (corresponds to histatin 5) and magainin-II. In addition, EDTA 
is able to restrain the cell-associated collagenolytic activity 
produced by C. albicans [261]. 

Morphological transitions are fundamental steps during the 
infective process of dematiaceous fungi, such as Exophiala 
dermatitidis, Cladophialophora carrionii, Phialophora verrucosa 
and Fonsecaea pedrosoi. These are denominated as polymorphic 
fungi. C. carrionii, P. verrucosa and F. pedrosoipresent a soil 
saprophytic phase, in which conidial and mycelial forms are found, 
and a parasitic stage, consisting of spherical, brownish-yellow cells 
with thick, deeply pigmented walls known as sclerotic 
cells/bodies[262], while the parasitic phase of E. dermatitidisis 
composed of budding yeasts [263]. The production of large 
numbers of sclerotic bodies occur when fungal cells were incubated 
at 37oC in a chemically defined growth medium, at very low pH 
(around 2.5) and 0.1 mM Ca2+ions [263, 264].In contrast, higher 
concentrations of Ca2+ions reversed this tendency and promoted 
maintenance of hyphal growth. Addition of EGTA to the same 
medium, buffered at pH 6.5,also induced sclerotic bodies, but in a 
more concentration-dependent fashion: EGTA at 0.5-1.0 mM 
induced maximum numbers of sclerotic bodies in C. carrionii, 
while EGTA at 2 and 8 mM was required for the same results in F. 
pedrosoi and P. verrucosa, respectively [263, 264].Phenotypic 
switching in E. dermatitidis between polarized growth processes 
leading to yeast budding or hyphal apical extension and 
nonpolarized processes leading to isotropically enlarged forms that 
may become multicellular is a cellcycle-related phenomenon. In 
addition, EGTA at concentration ranging from 5 to 10 mM arrested 
isotropic cellular growth, mitosis, septation and polarized yeast 
budding and hyphal apical extension, corroborating that all these 
relevant biological events are Ca2+-dependent processes in E. 
dermatitidis [265]. 

Fonsecaea pedrosoi conidial cells were able to release a 
metallo-type protease into the extracellular environment when 
grown in complex culture medium [266]. This secreted 
metalloprotease was active over a broad pH range, encompassing 
both acidic and alkaline values, it cleaved a wide range of 
substrates, including important human serum proteins (e.g. albumin 
and immunoglobulin G) and extracellular matrix components (e.g. 
fibronectin and laminin), and was sensitive to 1,10-phenanthroline 
and EGTA. The in vitro growth of F. pedrosoi conidial forms was 
strongly abrogated by 10 mM of each of the following chelating 
agents: 1,10-phenanthroline (95%), EGTA (85%) and EDTA (60%) 
(Fig. 7A) [266]. Also, 1,10-phenanthroline at 1 mM concentration 
blocked the differentiation process from conidia into mycelia (Fig. 
7B) [266], an essential step during the F. pedrosoi life cycle [262]. 

EDTA, EGTA and 1,10-phenanthroline,in a concentration of 
0.1 mM, powerfully arrested the in vitro growth of C. neoformans 
along of 96 h of cultivation in minimum medium (Fig. 8A). After 
growth on a medium containing EDTA, the urease activity of the 



14    Current Medicinal Chemistry,  2012 Vol. 19, No. 1 Santos et al. 

isolates of C. neoformans var. gattii was suppressed, while that of 
isolates of C. neoformans var. neoformans variety was not. This 
phenomenon is another biological distinction between the two 
varieties of C. neoformans [267]. EDTA, monovalent ions or 
excessive concentrations of Ca2+ions were capable of reducing the 
viscosity of the major virulence factor expressed by this fungus, the 
capsule, supporting the role of divalent metals on polysaccharide 
capsular aggregation in C. neoformans [268].In this sense, EDTA-
treated C. neoformans yeast cells had their capsule size 
considerably reduced in comparison with the untreated yeasts (Fig. 
8A, inset). Tesfa-Selase and Hay [269] purified and characterized a 
manganese-containing superoxide dismutase in C. neoformans, 
which was inhibited by SDS, sodium azide, 1,10-phenanthroline 
and EDTA, in descending order of activity. Chelating agents also 
perturb the adhesion properties of C. neoformans yeast cells, 
diminishing its capability to form biofilm in a plastic support (Fig. 
8B). 

Deprivation of calcium ions by the addition of EGTA to culture 
media inhibited the growth of H. capsulatum mycelial cells in a 
dose-dependent fashion, but had no effect on yeast growth in vitro 
in a calcium-poor medium. The simultaneous addition of equimolar 
amounts of EGTA and CaCl2 allowed normal growth of the mold 
form. Curiously, only the yeast form was able to release a calcium-
binding protein [270]. Extracellular collagenolytic metalloprotease 
was reported in H. capsulatum, which presents an inhibition profile 
by EDTA [271]. In a minimal basal medium with glucose at pH 4.0 
and 25°C, a lowering of the magnesium and zinc ion concentrations 
or an increase in calcium ion concentration of the medium favored 
the yeast-into-mycelium transition in Sporothrix schenckii. 
Corroborating these results, the addition of EDTA (5 mM) or 
EGTA (20 mM) to the culture medium delayed germ tube 
formation in S. schenckii [272]. 

1,10-Phenantroline at 0.5 µM induced a delay in the initiation 
of growth of the yeast and almost total inhibition of the mycelium 
of Paracoccidioides brasiliensis [273]. The dimorphic transition 
from mycelium into yeast is triggered by a temperature shift from 
25°C to 37°C and is critical for P. brasiliensis to establish the 
disease [274]. Intracellular Ca2+ion levels increased in hyphae 
immediately after temperature-induced dimorphism. The increase 
of cytoplasmic free Ca2+ions induced the activation of calcineurin, 
which is a Ca2+/calmodulin-dependent, serine/threonine-specific 
phosphatase essential for adaptation to environmental stresses, 
growth, morphogenesis and pathogenesis in many fungal species 
[275]. The chelation of Ca2+ion with extracellular (EGTA ranging 
from 0.1to 10 mM) or intracellular (BAPTA at 5 µM) calcium 
chelators inhibited temperature-induced dimorphism, whereas the 
addition of extracellular Ca2+ accelerated the dimorphism process 
[276, 277]. 

Silva and co-workers [278] examined the effect of chelating 
agents on the S. apiospermum growth behavior under the condition 
of varying cell density. The treatment of 102–106 conidia with 10 
µM EGTA did not significantly alter the growth of S. apiospermum 
compared with that of non-treated cells. Similarly, no modification 

 
Fig. (7). Effect of PHEN on the development of Fonsecaea pedrosoi. 
Conidia (106) were incubated in the absence (control) or presence of 1 mM 
PHEN. (A) These mixtures were incubated for 20 h and then inoculated in 
fresh solid medium. Image digitalization of the plates was shown. (B) 
Optical microscopy of the F. pedrosoi cells after chelating treatment. Note 
the presence of few conidia (arrows) and many mycelia (arrowheads), 
showing the well-known differentiation process in vitro, in chelating-
untreated cells. By contrast, PHEN inhibited the growth as well as the 
transformation of conidia into mycelia. For experimental details see 
Palmeira and co-workers [266]. 

 
Fig. (8). Effect of chelating agents on the growth behavior, on the capsule 
size and on the biofilm formation by Cryptococcus neoformans. (A) Yeasts 
(105) were incubated up to 96 h in the absence (control) or presence of 0.1 
mM of the following chelating agents: PHEN, EDTA or EGTA. The inset in 
(A) shows the images of the most-representative capsule size-related events 
observed in untreated cells (very large capsules) and EDTA-treated cells. 
(B) In order to measure the biofilm formation, yeasts were plated to adhere 
to the polystyrene substrate in the absence (control) or presence of different 
chelating agents at 0.1 mM and then the systems were incubated for 48 h. 
Biofilm formation was quantified by crystal violet staining. P values of 0.05 
or less were considered statistically significant in relation to the control (, 
Student’s t-test). 
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Fig. (9). Action of chelating agents on the viability of Scedosporium apiospermum. Conidia (106) were incubated for 24 h in the absence (living cells) or 
presence of PHEN, EDTA or EGTA. Fungal viability was measured by propidium iodide incorporation through flow cytometry analysis. Autoclaved conidia 
were used as control of fungal death. For experimental details see Silva and co-workers [278]. 

in the cell number was observed when 103–106 conidia were pre-
incubated with EDTA and 1,10-phenanthroline. Conversely, growth 
was completely inhibited when 102 conidia were incubated with 10 
µM 1,10-phenanthroline, while EDTA inhibited the growth by 
approximately 65%, showing a fungicidal action which was 
dependent on the cell number. The membrane permeability of S. 
apiospermum conidia (106 cells) was evaluated after incubation for 
20 h with these chelating agents. The results showed that only 1,10-
phenanthroline at 10 mM was able to induce a higher incorporation 
of propidium iodide (around 80%) by conidial cells, as judged by 
flow cytometry analyses (Fig. 9). In addition, treatment of S. 
apiospermum with chelating agents, especially 1,10-phenanthroline 

and EDTA, reduced significantly the amount of ergosterol in the 
fungal membrane (Fig. 10A,B), which must be related to changes in 
the membrane fluidity. These distinct chelating agents were also 
able to arrest the transformation of S. apiospermum conidia (106 

cells) into hyphae in different ways; 1,10-phenanthroline 
completely blocked this process at 10 µM, while EDTA and EGTA 
only partially inhibited the differentiation at up to 10 µM [278]. At 
this cellular density the chelating agents did not inhibit the conidia 
viability, showing a direct effect on blockage of differentiation. 
During the conidia into mycelia differentiation process, several 
proteins ranging from 15 to 100 kDa were released into the culture 
medium by S. apiospermum. Interestingly, the pre-treatment of 
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conidia with 10 µM 1,10-phenanthroline totally inhibited the 
secretion of polypeptides, while EDTA partially blocked this 
process. Conversely, EGTA-treated conidia were able to release 
polypeptides into extracellular surroundings similarly to the 
untreated cells [278]. Mycelial cells of S. apiospermum were able to 
release metallo-type proteases (28 and 35 kDa) restrained by 1,10-
phenanthroline during their in vitro growth (Fig. 10C, inset) [279, 
280]. Additionally, cell-associated metalloproteases were detected 
in both conidial and mycelial extracts [281].Quantitative protease 
assay, using soluble albumin, showed a higher metalloprotease 
production in mycelial cells in comparison with conidia. In this 
sense, conidia synthesized a single protease of 28 kDa, while 
mycelia yielded 6 distinct metalloproteases in the range 28-90 kDa 
[281]. The regulated expression of zinc-dependent metalloproteases 
in the different morphological stages of S. apiospermum represents 
a potential target for the action of 1,10-phenanthroline in order to 
block the differentiation process as well as the fungal nutrition 
capability. Corroborating these findings, the 28- and 35-kDa 
metalloproteases were able to cleave different soluble proteinaceous 
substrates such as extracellular matrix components (laminin and 

fibronectin), sialylated proteins (mucin and fetuin) and serum 
proteins (albumin, hemoglobin and immunoglobulin G) (Fig. 10C) 
[280], which may help the fungus to escape from natural human 
barriers and defenses. 

5. CONCLUSIONS 

Interfering in ion-dependent processes in fungi and protozoa 
may be an interesting approach to defeat these microorganisms. 
Iron is crucial for all living organisms since it is involved in a wide 
variety of important metabolic processes and pathogenesis. 
Therefore, a successful pathogen, among several characteristics, 
must also be able to effectively uptake iron to achieve success in 
the highly iron-restricted environment of the host's tissues and body 
fluids. Additionally, the metalloenzymes, which usually requires 
zinc, magnesium or calcium for activity, are widely distributed and 
play crucial roles in a diverse range of biochemical pathways and 
processes, thus a number of potential antimicrobial enzyme targets 
have been described. It should be taken on account that metal ions 
are crucial in every cellular system, including the host. Therefore, 

 
Fig. (10). Effect of chelating agents on the expression of sterol and on the hydrolytic activity of metalloproteases secreted by Scedosporium apiospermum. (A) 
Conidia (106) were incubated for 24 h in the absence () or presence of 1 mM of the following compounds: PHEN (), EDTA ()or EGTA (). The sterol 
content was chemically extracted and partitioned according to Folch and co-workers [290]. The lower phase, containing neutral lipids, was recovered for 
analysis by high-performance thin-layer chromatography (HPTLC). A mixture of two sterol standards (ergosterol and lanosterol) were applied into the same 
plate (). (B) Densitometrical analyses of the ergosterol-corresponding bands, expressed in arbitrary units. (C) Effect of chelating agents on the cleavage of 
soluble human serum albumin (HSA) by S. apiospermum mycelial-derived extracellular metalloproteases. Concentrated supernatant was incubated in the 
absence (CTR) or presence of different concentrations of EDTA, EGTA and PHEN. A control (line HSA) in which the HSA was supplemented only with 
buffer (pH 5.5) was used. The numbers on the left indicate apparent molecular mass of standard proteins (MM). The inset in (C) shows the secreted proteases 
by S. apiospermum mycelia evidenced by SDS-PAGE containing HSA as the co-polymerized substrate. For experimental details see Silva and co-workers 
[279, 280]. 
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Fig. (11). Anti-microbial mechanisms of chelating agents. These compounds disturb the crucial metal metabolism of the microorganism by interfering with 
metal acquisition and its bioavailability for crucial reactions. In general, the chelating agents are able to inhibit the functions of metal-dependent molecules 
(e.g., metalloproteins), disturbing the microbial cell homeostasis and culminating in the blockage of primordial biological events such as nutrition, proliferation, 
differentiation, adhesion, invasion, dissemination and infection. 

an intervention aiming to treat an infection through ion 
sequestration must deal with the delicate balance between positive 
and negative effects both in the pathogen and on the host. Future 
work should focus on the development of non-toxic ion chelators 
with prolonged biological half-lives and selectivity for 
microorganism uptake. Such compounds may provide a new class 
of anti-protozoan or anti-fungal drugs specifically interfering with 
the critical ions metabolism of the pathogen. In this sense, several 
studies have shown that metal-chelating agents are able to inhibit 
essential biological process of several eukaryotic microbial cells 
such as nutrition, growth, proliferation, differentiation as well as 
relevant pathological events like adhesion to host structures, 

adhesion to abiotic surfaces, evasion of host immune response and 
the up-regulation of virulence factors. So, the use of chelating 
agents to control the in vitro and in vivo microbial development is a 
plausible chemotherapeutic alternative. Moreover, ion chelators 
may be of interest for combination therapy with existing anti-
protozoan or anti-fungal compounds. Therapeutic strategies 
involving combinations of selective chelators and other classical 
antimicrobial drugs may possibly prove beneficial in the treatment 
of infections. The use of a combination of chelating agents has been 
shown its usefulness and may reduce the incidence of chelating 
agent toxicity and also delay the emergence of drug resistance. 
Collectively, all these data support clinical investigation of 



18    Current Medicinal Chemistry,  2012 Vol. 19, No. 1 Santos et al. 

adjunctive chelation therapy to improve the poor outcomes with 
current therapy used to combat both fungal and protozoan 
infections. 

In this sense, several studies have shown that metal-chelating 
agents are able to inhibit essential biological process of several 
eukaryotic microbial cells such as nutrition, growth, proliferation, 
differentiation as well as relevant pathological events like adhesion 
to host structures, adhesion to abiotic surfaces, evasion of host 
immune response and the up-regulation of virulence factors (Fig. 
(11)). 
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ABREVIATIONS 

1-C-Grx = monothiol glutaredoxins 
BAL = British-Anti-Lewisite (dimercaprol) 
BAPTA = bis-(o-aminophenoxy)-ethane-N,N,N′,N′ 

tetraacetic acid  
BAT-TM/BAT-TE = diethyl and dimethyl forms of ethane-1,2-

bis (N-1-amino-3-ethylbutyl-3-thio) 
BCS = 2,9- dimethyl-4,7-diphenyl-1,10-phenant-

hrolinedisulphonic acid disodium salt  
BPDS = bathophenanthroline sulphonate 
BZ = benznidazole 
CP94 = 1,2-diethyl-hydroxypyridin-4-one 
DA = diminazene aceturate 
DFO = deferrioxamine B 
DPA = D-penicillamine  
EDDA = ethylenediamine-di(o-hydroxyphenylacetic 

acid) 
EDTA = ethylenediaminetetraacetic acid 
EGTA = ethyleneglycoltetraacetic acid 
FDA = Food and Drug Administration  
FR160 = N4-nonyl,N1,N8-bis(2,3-dihydroxyben-

zoyl) spermidine hydrobromide 
HEEDTA = hydroxy-2-ethylenediaminetriacetic acid 
HMWM = high-molecular-weight mannoproteins  
IFN-γ = interferon-γ 
IL = interleukin 
L1 = 1,2-dimethyl-hydroxypyridin-4-one  
LAmB = liposomal amphotericin B  
MFC = minimum fungicidal concentration  
MIC = minimum inhibitory concentration  

NO = nitric oxide 
PCV = packed cell volume  
PIST = post-infection survival time 
Quin-2 = 2-{[2-bis(carboxymethyl)-amino-5-

methylphenoxy]methyl}-6-nethoxy-8- 
bis(carboxymethyl)aminoquinoline  

SDS-PAGE = sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis 

TAT = N´,N´,N´-tris(2-methyl-2-mercaptopropyl) 
1,4,7-triazacyclononane  

REFERENCES 

[1] Wilkinson, S. R.; Kelly, J. M. Trypanocidal drugs: mechanisms, resistance 
and new targets. Expert. Rev. Mol. Med., 2009, 11, e31.  

[2] Fraimow, H. S.; Tsigrelis, C. Antimicrobial resistance in the intensive care 
unit: mechanisms, epidemiology, and management of specific resistant 
pathogens. Crit. Care Clin., 2011, 27, 163–205.  

[3] Miceli, M. H.; Díaz, J. A.; Lee, S. A. Emerging opportunistic yeast 
infections. Lancet Infect. Dis., 2011, 11, 142–151.  

[4] Scott, L. E.; Orvig, C. Medicinal inorganic chemistry approaches to 
passivation and removal of aberrant metal ions in disease. Chem. Rev., 2009, 
109, 4885–4910.  

[5] Baran, E. J. Chelation therapies: a chemical and biochemical perspective. 
Curr. Med. Chem., 2010, 17, 3658–3672.  

[6] Valko, M.; Morris, H. Metals, toxicity and oxidative stress. Curr. Med. 
Chem., 2005, 12, 1161–1208.  

[7] Kontoghiorghes, G. J.; Eracleous, E.; Economides, C.; Kolnagou, A. 
Advances in iron overload therapies. Prospects for effective use of 
deferiprone (L1), deferoxamine, the new experimental chelators ICL670, 
GT56-252, L1NA11 and their combinations. Curr. Med. Chem., 2005, 12, 
2663–2681.  

[8] Heli, H.; Mirtorabi, S.; Karimian, K. Advances in iron chelation: an update. 
Expert. Opin. Ther. Pat., 2011, 21, 819–856.  

[9] Muñoz, M.; García-Erce, J. A.; Remacha, A. F. Disorders of iron 
metabolism. Part II: iron deficiency and iron overload. J. Clin. Pathol., 2011, 
64, 287–296.  

[10] Pieracci, F. M.; Barie, P. S. Iron and the risk of infection. Surg. Infect., 2005, 
6, S41–S46.  

[11] Singh, N.; Sun, H. Y. Iron overload and unique susceptibility of liver 
transplant recipients to disseminated disease due to opportunistic pathogens. 
Liver Transpl., 2008, 14, 1249–1255.  

[12] Cairo, G.; Bernuzzi, F.; Recalcati, S. A precious metal: Iron, an essential 
nutrient for all cells. Genes Nutr., 2006, 1, 25–39.  

[13] Kornitzer, D. Fungal mechanisms for host iron acquisition. Curr. Opin. 
Microbiol., 2009, 12, 377–383.  

[14] Huynh, C.; Andrews, N. W. Iron acquisition within host cells and the 
pathogenicity of Leishmania. Cell. Microbiol., 2008, 10, 293–300.  

[15] Weinberg, E. D.; Moon, J. Malaria and iron: history and review. Drug 
Metab. Rev., 2009, 41, 644–662.  

[16] Payne, S. M. Iron and virulence in Shigella. Mol. Microbiol., 1989, 3, 1301–
1306.  

[17] Jung, W. H.; Kronstad, J. W. Iron and fungal pathogenesis: a case study with 
Cryptococcus neoformans. Cell. Microbiol., 2008, 10, 277–284.  

[18] Hider, R. C.; Kong, X. Chemistry and biology of siderophores. Nat. Prod. 
Rep., 2010, 27, 637–657.  

[19] Ueta, E.; Tanida, T.; Osaki, T. A novel bovine lactoferrin peptide, 
FKCRRWQWRM, suppresses Candida cell growth and activates 
neutrophils. J. Pept. Res., 2001, 57, 240–249.  

[20] Artym, J. The role of lactoferrin in the iron metabolism. Part II. 
Antimicrobial and antiinflammatory effect of lactoferrin by chelation of iron. 
Postepy. Hig. Med. Dosw., 2010, 64, 604–616.  

[21] Kontoghiorghes, G. J.; Kolnagou, A.; Skiada, A.; Petrikkos, G. The role of 
iron and chelators on infections in iron overload and non iron loaded 
conditions: prospects for the design of new antimicrobial therapies. 
Hemoglobin, 2010, 34, 227–239.  

[22] Weinberg, E. Iron depletion: a defense against intracellular infection and 
neoplasia. Life Sci., 1992, 50, 1289–1297.  

[23] Taylor, M. C.; Kelly, J. M. Iron metabolism in trypanosomatids, and its 
crucial role in infection. Parasitology, 2010, 137, 899–917.  

[24] Marquis, F. F.; Gros, P. Intracellular Leishmania: your iron or mine? Trends 
Microbiol., 2007, 15, 93–95.  

[25] Huynh, C.; Andrews, N. W. Iron acquisition within host cells and the 
pathogenicity of Leishmania. Cell. Microbiol., 2008, 10, 293–300.  

[26] Das, N. K.; Biswas, S.; Solanki, S.; Mukhopadhyay, C. K. Leishmania 
donovani depletes labile iron pool to exploit iron uptake capacity of 
macrophage for its intracellular growth. Cell. Microbiol., 2009, 11, 83–94.  

[27] Blanusa, M.; Varnai, V. M.; Piasek, M.; Kostial, K. Chelators as antidotes of 
metal toxicity: therapeutic and experimental aspects. Curr. Med. Chem., 



Effects of Chelating Agents on Pathogenic Microorganisms Current Medicinal Chemistry,  2012 Vol. 19, No. 1      19 

2005, 12, 2771–2794.  
[28] Sinicropi, M. S.; Amantea, D.; Caruso, A.; Saturnino, C. Chemical and 

biological properties of toxic metals and use of chelating agents for the 
pharmacological treatment of metal poisoning. Arch. Toxicol., 2010, 84, 
501–520.  

[29] Bull, P. C.; Thomas, G. R.; Rommens, J. M.; Forbes, J. R.; Cox, D. W. The 
Wilson disease gene is a putative copper transporting P-type ATPase similar 
to the Menkes gene. Nat. Genet., 1993, 5, 327–337.  

[30] Brewer, G. Wilson’s disease: a clinician’s guide to recognition, diagnosis 
and management, Boston, Kluwer Academic Publishers, 2001.  

[31] Daniel, K. G.; Harbach, R. H.; Guida, W. C.; Dou, Q. P. Copper storage 
diseases: Menkes, Wilson's, and cancer. Front. Biosci., 2004, 9, 2652–2662.  

[32] Cappellini, M. D.; Piga, A. Current status in iron chelation in 
hemoglobinopathies. Curr. Mol. Med., 2008, 8, 663–674.  

[33] Abu-Dari, A.; Hahn, F. E.; Raymond, K. N. Lead sequestering agents. 1. 
Synthesis, physical properties, and structures of lead thiohydroxamato 
complexes. J. Am. Chem. Soc., 1990, 112, 1519–1523.  

[34] Kozzowski, H; Brown, D. R.; Valensin, G. Metallochemistry of 
neurodegeneration, Chapter 12. Chelating agents in metal neurotoxicity. The 
Royal Society of Chemistry, Cambridge, UK, 2006.  

[35] Kaim, W.; Schwederski, B. Bioinorganic chemistry: inorganic elements in 
the chemistry of life. Chapter 17. The bioinorganic chemistry of the 
quintessentially toxic metals. John Wiley and Sons, New York, 2001.  

[36] Birker, P. J. M. W. L.; Freeman, H. C. Structure, properties, and function of 
a copper(1)-copper(11) complex of D-penicillamine: pentathallium(I) p. 8-
chloro-dodeca(D-penicillaminato)-octacuprate(I)hexacuprate(11)n-hydrate. 
J. Am. Chem. Soc., 1977, 99, 6890–6899.  

[37] Blanusa, M.; Varnai, V. M.; Piasek, M.; Kostial, K. Chelators as antidotes of 
metal toxicity: therapeutic and experimental aspects. Curr. Med. Chem., 
2005, 12, 2771–2794.  

[38] Boyle, N. C.; Nicholson, G. P.; Piper, T. J.; Taylor, D. M.; Williams, D. R.; 
Williams, G. A Review of plutonium(IV) selective ligands. Appl. Radiat. 
lsot., 1997, 48, 183–200.  

[39] Fukuda, S. Chelating agents used for Plutonium and Uranium removal in 
radiation emergency medicine. Curr. Med. Chem., 2005, 12, 2765–2770.  

[40] Kontoghiorghes, G. J.; Pattichis, K.; Neocleous, K.; Kolnagou, A. The 
design and development of deferiprone (L1) and other iron chelators for 
clinical use: targeting methods and application prospects. Curr. Med. Chem., 
2004, 11, 2161–2183.  

[41] Kostial, K.; Kargacin. B.; Arezina, R.; Landeka, M.; Simonović, I. Factors 
influencing the efficiency of chelation therapy. J. Hyg. Epidemiol. Microbiol. 
Immunol., 1991, 35, 337–350.  

[42] Rozema, T. C. The protocol for the safe and effective administration of 
EDTA and other chelating agents for vascular disease, degenerative disease, 
and metal toxicity. J. Adv. Med., 1997, 10, 5–100.  

[43] Ernst, E. Chelation therapy for coronary heart disease: An overview of all 
clinical investigations. Am. Heart J., 2000, 140, 139–141.  

[44] Bernard, S.; Enayati, A.; Roger, H.; Binstock, T.; Redwood, L. The role of 
mercury in the pathogenesis of autism. Mol. Psychiatry., 2002, 7: S42–S43.  

[45] Weber, W.; Newmark, S. Complementary and alternative medical therapies 
for attention-deficit/hyperactivity disorder and autism. Pediatr. Clin. North 
Am., 2007, 54, 983–1006.  

[46] Gamberini, M. R.; De Sanctis, V.; Gilli, G. Hypogonadism, diabetes 
mellitus, hypothyroidism, hypoparathyroidism: incidence and prevalence 
related to iron overload and chelation therapy in patients with thalassaemia 
major followed from 1980 to 2007 in the Ferrara Centre. Pediatr. 
Endocrinol. Rev., 2008, 6, 158–169.  

[47] Gaudio, A.; Morabito, N.; Xourafa, A.; Macrì, I.; Meo, A.; Morgante, S.; 
Trifiletti, A.; Lasco, A.; Frisina, N. Bisphosphonates in the treatment of 
thalassemia-associated osteoporosis. J. Endocrinol. Invest., 2008, 31, 181–
184.  

[48] Terpos, E.; Voskaridou, E. Treatment options for thalassemia patients with 
osteoporosis. Ann. N. Y. Acad. Sci., 2010, 1202, 237–243.  

[49] Cranton, E. M. A Textbook on EDTA chelation therapy, 2nd ed. Hampton 
Roads Publish. Co.; Charlottesville, VA, 2001.  

[50] Zhang, W. -J.; Wei, H.; Frei, B. The iron chelator, desferrioxamine, reduces 
inflammation and atherosclerotic lesion development in experimental mice. 
Exp. Biol. Med., 2010, 235, 633–641.  

[51] Perez, C. A.; Tong, Y.; Guo, M. Iron chelators as potential therapeutic agents 
for Parkinson’s disease. Curr. Bioactive Compounds, 2008, 4, 150–158.  

[52] Budimir, A. Metal ions, Alzheimer's disease and chelation therapy. Acta 
Pharm., 2011, 61, 1–14.  

[53] Zacharski, L. R.; Chow, B. K.; Howes, P. S.; Shamayeva, G.; Baron, J. A.; 
Dalman, R. L.; Malenka, D. J.; Ozaki, C. K.; Lavori, P. W. Decreased cancer 
risk after iron reduction in patients with peripheral arterial disease: results 
from a randomized trial. J. Natl. Cancer Inst., 2008, 100, 996–1002.  

[54] Khan, G.; Merajver, S. Copper chelation in cancer therapy using 
tetrathiomolybdate: an evolving paradigm. Expert Opin. Investig. Drugs, 
2009, 18, 541–548.  

[55] Neupane, G. P.; Kim, D. -M. Comparison of the effects of deferasirox, 
deferiprone, and deferoxamine on the growth and virulence of Vibrio 
vulnificus. Transfusion, 2009, 49, 1762–1769.  

[56] Spellberg, B.; Ibrahim, A. S. Recent advances in the treatment of 
mucormycosis. Curr. Infect. Dis. Rep., 2010, 12, 423–429.  

[57] Malafaia, G.; Marcon, L. N.; Pereira, L. F.; Pedrosa, M. L.; Rezende, S. A. 

Leishmania chagasi: effect of the iron deficiency on the infection in BALB/c 
mice. Exp. Parasitol., 2011, 127, 719–723.  

[58] Hotez, P. J.; Molyneux, D. H.; Fenwick, A.; Kumaresan, J.; Sachs, S. E.; 
Sachs, J. D.; Savioli, L. Control of neglected tropical diseases. N. Engl. J. 
Med., 2010, 357, 1018–1027.  

[59] Dujardin, J. C.; González-Pacanowska, D.; Croft, S. L.; Olesen, O. F.; Späth, 
G. F. Collaborative actions in anti-trypanosomatid chemotherapy with 
partners from disease endemic areas. Trends Parasitol., 2010, 26, 395–403.  

[60] Kushner, J. P.; Porter, J. P.; Olivieri, N. F. Secondary iron overload. 
Hematol. Am. Soc. Hematol. Educ. Program., 2001, 1, 47–61.  

[60] Zannineli, G.; Glickstein, H.; Breuer, W.; Brissot, P.; Hider, R. C.; 
Cabantchik, Z. I. Chelation and mobilization of cellular iron by different 
classes of chelators. Mol. Pharmacol., 1997, 51, 842–852.  

[61] Loo, V. G.; Lalonde, R. G. Role of iron in intracellular growth of 
Trypanosoma cruzi. Infect. Immun., 1984, 45, 726–730.  

[62] Lalonde, R. G.; Holbein, B. E. Role of iron in Trypanosoma cruzi infection 
of mice. J. Clin. Invest., 1984, 23, 470–476.  

[63] Pedrosa, M. L.; Silva, M. E.; Silva, M. E.; Silva, M. E. C.; Nicoli, J. R.; 
Vieira, E. C. The effect of iron deficiency and iron overload on the evolution 
of Chagas’ disease produced by three strains of Trypanosoma cruzi in CFW 
mice. Comp. Biochem. Physiol., 1990, 97, 235–243.  

[64] Arantes, J. M.; Pedrosa, M. L.; Martins, H. R.; Veloso, V. M.; de Lana, M.; 
Bahia, M. T.; Tafuri, W. L.; Carneiro, C. M. Trypanosoma cruzi: treatment 
with the iron chelator desferrioxamine reduces parasitemia and mortality in 
experimentally infected mice. Exp. Parasitol., 2007, 117, 43–50.  

[65] Francisco, A. F.; Vieira, P. M. A.; Arantes, J. M.; Pedrosa, M. L.;Martins, H. 
R.; Silva, M.; Veloso, V. M.; de Lana, M.; Bahia, M. T.; Tafuri, W. L.; 
Carneiro, C. M. Trypanosoma cruzi: effect of benznidazole therapy 
combined with the iron chelator desferrioxamine in infected mice. Exp. 
Parasitol., 2008, 120, 314–319.  

[66] Brittenham, G. M. Iron chelating agents. Curr. Ther. Hematol. Oncol., 1988, 
3, 149–153.  

[67] Francisco, A. F.; Vieira, P. M. A.; Arantes, J. M.; Silva, M.; Pedrosa, M. L.; 
Elói-Santos, S. M.; Martins-Filho, O. A.; Teixeira-Carvalho, A.; Araújo, M. 
S. S.; Tafuri, W. L.; Carneiro, C. M. Increase of reactive oxygen species by 
desferrioxamine during experimental Chagas’disease. Redox Rep., 2010, 15, 
185–190.  

[68] Deharo, E.; Loyevsky, M.; John, C.; Balanza, E.; Ruiz, G.; Muñoz, V.; 
Gordeuk, V. R. Aminothiol multidentate chelators against Chagas disease. 
Exp. Parasitol., 2000, 94, 198–200.  

[69] Singh, P. K.; Jones, M. M.; Lane, J. E.; Nesset, A.; Zimmerman, L. J.; 
Ribeiro-Rodrigues, R.; Richter, A.; Stenger, M. R.; Carter, C. E. Synthesis 
and in vitro trypanomocidal activity of some novel iron chelating agents. 
Arzneimittelforschung, 1997, 47, 311–315.  

[70] Rodrigues, R. R.; Lane, J. E.; Carter, C. E.; Bogitsh, B. J.; Zimerman, L. J.; 
Molenda, J. J.; Jones, M. M. Chelating agent inhibition of Trypanosoma 
cruzi epimastigotes in vitro. J. Inorg. Biochem., 1995, 60, 277–288.  

[71] Giulivi, C.;Turrens, J. F.;Boveris, A. Chemiluminescence enhancement by 
trypanocidal drugs and by inhibitors of antioxidant enzymes in Trypanosoma 
cruzi. Mol. Biochem. Parasitol., 1988, 30, 243–251.  

[72] Zarley, J. H.; Britigan, B. E.; Wilson, M. E. Hydrogen peroxide-mediated 
toxicity for Leishmania donovani chagasi promastigotes - role of hydroxyl 
radical and protection by heat shock. J. Clin. Invest., 1991, 88, 1511–1521.  

[73] Solbach, W.; Laskay, T. The host response to Leishmania infection. Adv. 
Immunol., 2000, 74, 275–317.  

[74] Segovia, M.;Navarro, A.; Artero, J. M. The effect of liposome-entrapped 
desferrioxamine on Leishmania donovani in vitro. Ann. Trop. Med. 
Parasitol., 1989, 83, 357–360.  

[75] Bisti, S.;Konidou, G.;Papageorgiou, F.;Milon, G.;Boelaert, J. R.;Soteriadou, 
K. The outcome of Leishmania major experimental infection in BALB/c 
mice can be modulated by exogenously delivered iron. Eur. J. Immunol., 
2000, 30, 3732–3740.  

[76] Bisti, S.; Soteriadou, K. Is the reactive oxygen species-dependent- NF-κB 
activation observed in iron-loaded BALB/c mice a key process preventing 
growth of Leishmania major progeny and tissue-damage? Microbes Infect., 
2006, 8, 1473–1482.  

[77] Soteriadou, K.; Papavassiliou, P.; Voyiatzaki, C.; Boelaerr, J. Effect of iron 
chelation on the in vitro growth of Leishmania promastigotes. J. Antimicrob. 
Chemother., 1995, 35, 23–29.  

[78] Mehta, A.; Shaha, C. Mechanism of metalloid-induced death in Leishmania 
spp. : role of iron, reactive oxygen species, Ca2+, and glutathione. Free 
Radic. Biol. Med., 2006, 40, 1857–1868.  

[79] Steverding, D. Bloodstream forms of Trypanosoma bruceirequire only small 
amounts of iron for growth. Parasitol. Res., 1998, 84, 59–62.  

[80] Schell, D.; Borowy, N. K.; Overath, P. Transferrin is a growth factor for the 
bloodstream form of Trypanosoma brucei. Parasitol. Res., 1991, 77, 558–
560.  

[81] Steverding, D. The transferrin receptor of Trypanosoma brucei. Parasitol. 
Int., 2000, 48, 191–198.  

[82] Breidbach, T.; Scory, S.; Krauth-Siegelb, R. L.; Steverding, D. Growth 
inhibition of bloodstream forms of Trypanosoma brucei by the iron chelator 
deferoxamine. Int. J. Parasitol., 2002, 32, 473–479.  

[83] Merschjohann, K.; Steverding, D. In vitro growth inhibition of bloodstream 
forms of Trypanosoma brucei and Trypanosoma congolense by iron 
chelators. Kinetoplastid Biol. Dis., 2006, 5, 1–5.  



20    Current Medicinal Chemistry,  2012 Vol. 19, No. 1 Santos et al. 

[84] Comini, M. A.; Rettig, J.; Dirdjaja, N.; Hanschmann, E. M.; Berndt, C.; 
Krauth-Siegel, R. L. Monothiol glutaredoxin-1 is an essential iron-sulfur 
protein in the mitochondrion of African trypanosomes. J. Biol. Chem., 2008, 
283, 27785–27798.  

[85] Lane, J. E.; Bogitsh, B. J.; Ribeiro-Rodrigues, R.; Kral, M. V.; Jones, M. M.; 
Carter, C. E. Ultrastructural effects of the chelating agent 1, 10-
phenanthroline on Trypanosoma cruzi epimastigotes in vitro. Parasitol. Res., 
1998, 84, 399–402.  

[86] Miles, M. American trypanosomiasis (Chagas disease). In: G Cook, A 
Zumula (eds), Manson Tropical Disease. Elservier Science, London. 2003, 
1325–1337.  

[87] Andrade, S. G. Trypanosoma cruzi: clonal structure of parasite strains and 
the importance of principal clones. Mem Inst Oswaldo Cruz., 1999, 94, 185–
187.  

[88] Sammes, P. G.; Yahioglu, G. Y. 1, 10-Phenanthroline: a versatile ligand. 
Chem. Soc. Rev., 1994, 23, 327–334.  

[89] Salvesen, G. S.; Nagase, H. Inhibition of proteolytic enzymes. In: Proteolytic 
enzymes: a practical approach, 2nd, 2001, pp. 105–130.  

[90] Lowndes, C. M.; Bonaldo, M. C.; Thomaz, N.; Goldenberg, S. Heterogeneity 
of metalloprotease expression in Trypanosoma cruzi. Parasitol., 1996, 112, 
393–399.  

[91] Cuevas, I. C.; Cazzulo, J. J.; Sánchez, D. O. GP63 homologues in 
Trypanosoma cruzi: surface antigens with metalloprotease activity and a 
possible role in host cell infection. Infect. Immun., 2003, 71, 5739–5749.  

[92] Kulkarni, M. M.; Olson, C. L.; Engman, D. M.; McGwire, B. S. 
Trypanosoma cruzi GP63 proteins undergo stage-specific differential 
posttranslational modification and are important for host cell infection. 
Infect. Immun., 2009, 5, 2193–2200.  

[93] Yao, C. Major surface protease of trypanosomatids: one size fits all?Infect. 
Immun., 2010, 78, 22–31.  

[94] Niemirowicz, G.; Parussini, F.; Agüero, F.; Cazzulo, J. J. Two 
metallocarboxypeptidases from the protozoan Trypanosoma cruzi belong to 
the M32 family, found so far only in prokaryotes. Biochem. J., 2007, 15, 
399–410.  

[95] Nogueira de Melo, A. C.; de Souza, E. P.; Elias, C. G.; Santos, A. L. S.; 
Branquinha, M. H.; d'Avila-Levy, C. M.; dos Reis, F. C.; Costa, T. F.; Lima, 
A. P.; de Souza Pereira, M. C.; Meirelles, M. N.; Vermelho, A. B. Detection 
of matrix metallopeptidase-9-like proteins in Trypanosoma cruzi. Exp. 
Parasitol., 2010, 125, 256–263.  

[96] Bonaldo, M. C.; d'Escoffier, L. N.; Salles, J. M.; Goldenberg, S. 
Characterization and expression of proteases during Trypanosoma cruzi 
metacyclogenesis. This article is not included in your organization's 
subscription. However, you may be able to access this article under your 
organization's agreement with Elsevier. Exp. Parasitol., 1991, 73, 44–51.  

[97] Seay, M. B.; Heard, P. L.; Chaudhuri, G. Surface Zn-proteinase as a 
molecule for defense of Leishmania mexicana amazonensis promastigotes 
against cytolysis inside macrophage phagolysosomes. Infect. Immun., 1996, 
64, 5129–5137.  

[98] McGwire, B. S.;O'Connell, W. A.;Chang, K. P.;Engmann, D. M. 
Extracellular release of the glycosylphosphatidylinositol (GPI)-linked 
Leishmania surface metalloprotease, gp63, is independent of GPI 
phospholipolysis: implications for parasite virulence. J. Biol. Chem., 2002, 
277, 8802–8809.  

[99] Lima, A. K. C.; Elias, C. G. R.; Souza, J. E. O.; Santos, A. L. S.; Dutra, P. 
M. L. Dissimilar peptidase production by avirulent and virulent 
promastigotes of Leishmania braziliensis: inference on the parasite 
proliferation and interaction with macrophages. Parasitology, 2009, 136, 
1179–1191.  

[100] Segovia, M.; Artero, J. M.; Mellado, E.; Chance, M. L. Effects of long-term 
in vitro cultivation on the virulence of cloned lines of Leishmania major 
promastigotes. Ann. Trop. Med. Parasitol., 1992, 86, 347–354.  

[101] Bangs, J. D.; Ransom, D. A.; Nimick, M.; Christie, G.; Hooper, N. M. In 
vitro cytocidal effects on Trypanosoma brucei and inhibition of Leishmania 
major GP63 by peptidomimetic metalloprotease inhibitors. Mol. Biochem. 
Parasitol., 2001, 114, 111–117.  

[102] Lacount, D. J.; Gruszynski, A. E.; Grandgnett, P. M.; Bangs, J. D.; Donelson, 
J. E. Expression and function of the Trypanosoma brucei major surface 
protease (GP63) genes. J. Biol. Chem., 2003, 278, 24658–24664.  

[103] Pereira, F. M.; Santos-Mallet, J. R.; Branquinha, M. H.; d’Avila-Levy, C. 
M.; Santos, A. L. S. Influence of leishmanolysin-like molecules of 
Herpetomonas samuelpessoai on the interaction with macrophages. Microbes 
Infect., 2010, 12, 1061–1070.  

[104] Elias, C. G. R.; Pereira, F. M.; Silva, B. A.; Alviano, C. S.; Soares, R. M. A.; 
Santos, A. L. S. Leishmanolysin (gp63 metallopeptidase)-like activity 
extracellularly released by Herpetomonas samuelpessoai. Parasitology, 
2006, 132, 37–47.  

[105] Pereira, F. M.; Dias, F. A.; Elias, C. G.; d'Avila-Levy, C. M.; Silva, C. S.; 
Santos-Mallet, J. R.; Branquinha, M. H.; Santos, A. L. S. Leishmanolysin-
like molecules in Herpetomonas samuelpessoai mediate hydrolysis of protein 
substrates and interaction with insect. Protist, 2010, 161, 589–602.  

[106] Santos, A. L. S.; Batista, L. M.; Abreu, C. M.; Alviano, C. S.; Angluster, J.; 
Soares, R. M. A. Developmentally regulated protein expression mediated by 
dimethylsulfoxide in Herpetomonas samuelpessoai. Curr. Microbiol., 2001, 
42, 111–116.  

[107] d’Ávila-Levy, C. M.; Santos, L. O.; Marinho, F. A., Dias, F. A.; Lopes, A. 

H.; Santos, A. L. S.; Branquinha, M. H. Gp63-like molecules in Phytomonas 
serpens: possible role in the insect interaction. Curr. Microbiol., 2006, 52, 
439–444.  

[108] Mbati, P. A.; Abok, K.; Mwaniki-Kagai, J.; Ndemwa, P.; Koech, D. K. In 
vitro experimental antileishmanial potential of ethylenediamine tetraacetic 
acid, disodium salt. East Afr. Med. J. , 1992, 69, 327–332.  

[109] Mbati, P. A.;Abok, K.;Orago, A. S.;Anjili, C. O.;Githure, J. I.;Koech, D. K. 
Ethyleneglycol-Bis-(-aminoethyl ether) N, N, N’, N’, -Tetraacetic acid 
(EGTA) inhibits Leishmania donovani in vitro. Afr. J. Health Sci., 1994, 1, 
160–164.  

[110] Mbati, P. A.; Abok, K.; Anjili, C. O.; Orago, A. S.; Kagai, J. M.; Githure, J. 
I.; Koech, D. K. Screening of metal ion chelators against Leishmania 
donovani-infected Syrian hamsters. Afr. J. Health Sci., 1995, 2, 223–227.  

[111] Selzer, P. M.; Webster, P.; Duszenko, M. Influence of Ca2+ depletion on 
cytoskeleton and nucleolus morphology in Trypanosoma brucei. Eur. J. Cell 
Biol. , 1991, 56, 104–112.  

[112] Ihedioha, J. I.; Ochioguy, I. S.; Ihediohaz, T. E. Co-administration of Na-
EDTA and diminazene Aceturate (DA) to mice infected with DA-resistant 
Trypanosoma brucei. J. Comp. Path., 2007, 136, 206–211.  

[113] Moreno, S. N. J.; Silva, J.; Vercesi, A. E.; Docampo, R. Cytosolic-free 
calcium elevation in Trypanosoma cruzl isrequired for cell invasion. J. Exp. 
Med., 1994, 180, 1535–1540.  

[114] Yakubu, M. A.; Majumder, S.; Kierszenbaum, F. Changes in Trypanosoma 
cruzi infectivity by treatments that affect calcium ion levels. Mol. Biochem. 
Parasitol., 1994, 66, 119–125.  

[115] Yoshida, N.; Cortez, M. Trypanosoma cruzi: parasite and host cell signaling 
during the invasion process. Subcell Biochem., 2008, 47, 82–91.  

[116] Garnham, P. C. C. Malaria parasites and others Haemosporida. Oxford 
Blackwell Scientific, London. 1996.  

[117] Thomas, A. W.; Conway, D. A large focus of naturally acquired Plasmodium 
knowlesi infections in human beings. Lancet, 2004, 363, 1017–1024.  

[118] Cox-Singh, J.; Davis, T. E. M.; Lee, K. S.; Shamsul, S. S. G.; Matusop, A.; 
Ratnam, S.; Rahman, H. A.; Conway, D. J.; Singh, B. Plasmodium knowlesi 
malaria in humans is widely distributed and potentially life threatening. Clin. 
Infect. Dis., 2008, 46, 165–171.  

[119] Vythilingam, I.; NoorAzian, Y. M.; Huat, T. C.; Jiram, A. I.; Yusri, Y. M.; 
Azahari, A. H.; NorParina, I.; NoorRain, A.; LokmanHakim, S. Plasmodium 
knowlesi in humans, macaques and mosquitoes in peninsular Malaysia. 
Parasite Vectors, 2008, 1, 26.  

[120]  Jongwutiwes, S.; Putaporntip, C.; Iwasaki, T.; Sata, T.; Kanbara, H. 
Naturally acquired Plasmodium knowlesi malaria in human, Thailand. 
Emerg. Infect. Dis., 2008, 10, 2211–2213.  

[121]  WHO, 2008. Global malaria control and elimination: report of a technical 
review. Geneva, Switzerland.  

[122] Wellems, T. E.; Plowe, C. V. Chloroquine - resistant malaria. J. Infect. Dis., 
2001, 184, 770–776.  

[123] Trape, J. F.; Pison, G.; Preziosi, M. P.; Enel, C.; Desgrées du Loû, A.; 
Delauney, V. Impact of chloroquine resistance on malaria mortality. C. R. 
Acad. Sci. II, 1998, 321, 689–697.  

[124] Wernsdorfer, W. H. The development and spread of drug-resistant malaria. 
Parasitology, 1991, 7, 297–303.  

[125] Schuurkamp, G. J., Spicer, P. E.; Kereu, R. K.; Bulungol, P. K.; Rieckmann, 
K. H. Chloroquine-resistant Plasmodium vivax in Papua New Guinea. Trans. 
R. Soc. Trop. Med. Hyg., 1992, 86, 121–122.  

[126] Rieckmann, K. H.; Davis, D. R.; Hutton, D. C. Plasmodium vivax resistance 
to chloroquine?Lancet, 1989, 2, 1183–1184.  

[127] Baird, J. K.; Basri, H.; Purnomo Bangs, M. J.; Subianto, B.; Patchen, L. C.; 
Hoffman, S. L. Resistance to chloroquine by Plasmodium vivax in Irian Jaya, 
Indonesia. Am. J. Trop. Med. Hyg., 1991, 44, 547–552.  

[128] Murphy, G. S.; Basri, H.; Purnomo Andersen, E. M.; Bangs, M. J.; Mount, 
D. L.; Gorden, J.; Lal, A. A.; Purwokusumo, A. R.; Harjosuwarno, S. 
Plasmodium vivax malaria resistant to treatment and prophylaxis with 
chloroquine. Lancet, 1993, 341, 96–100.  

[129] Tjitra, E.; Baker, J.; Suprianto, S.; Cheng, Q.; Anstey, N. M. Therapeutic 
efficacies of artesunate-sulfadoxine-pyrimethamine and chloroquine-
sulfadoxine-pyrimethamine in vivax malaria pilot studies: relationship to 
Plasmodium vivax dhfr mutations. Antimicrob. Agents. Chemother., 2002, 
46, 3947–3953.  

[130] Weinberg, E. D. The role of iron in protozoan and fungal infectious diseases. 
J. Eukaryot. Microbiol., 1999, 46, 231–238.  

[131] Cabantchik, Z. I. Iron chelators as antimalarials: the biochemical basis of 
selective cytotoxicity. Parasitol. Today, 1995, 11, 74–78.  

[132] Oppenheimer, S. J.; Gibson, F. D.; Macfarlane, S. B. Iron supplementation 
increases prevalence and effects of malaria: report on clinical studies in 
Papua New Guinea. Trans. R. Soc. Trop. Med. Hyg., 1986, 80, 603–612.  

[133] Pollack, S. Receptor-mediated iron uptake and intracellular iron transport. 
Am. J. Hematol., 1992, 39, 113–118.  

[134] Peto, T. E. A.; Thompson, J. L. A reappraisal of the effects of iron and 
desferrioxamine on the growth of Plasmodium falciparumin vitro: the 
unimportance of serum iron. Br. J. Haematol., 1986, 63, 273–280.  

[135] Hershko, C.; Peto, T. E. Deferoxamine inhibition of malaria is independent 
of host iron status. J. Exp. Med., 1988, 168, 375–387.  

[136] Hider, R. C.; Liu, Z. The treatment of malaria with iron chelators. J. Pharm. 
Pharmacol., 1997, 49, 59–64.  

[137] Raventos-Suarez, C.; Pollack, S.; Nagel, R. L. Plasmodium falciparum: 



Effects of Chelating Agents on Pathogenic Microorganisms Current Medicinal Chemistry,  2012 Vol. 19, No. 1      21 

inhibition of in vitro growth by desferrioxamine. Am. J. Trop. Med. Hyg., 
1982, 31, 919–222.  

[138] Gordeuk, V. R.; Thuma, P. E.; Brittenham, G. H.; Zulu, S. Iron chelation 
with desferrioxamine B in adults with asymptomatic Plasmodium falciparum 
parasitemia. Blood, 1992, 79, 308–312.  

[139] Mabeza, G. F.; Biemba, G.; Gordeuk, V. R. Clinical studies of iron chelators 
in malaria. Acta. Haematol., 1996, 95, 78–86.  

[140] Bunnag, D.; Poltera, A. A.; Viravan, C.; Looareesuwan, S.; Harinasuta, K. 
T.; Schindléry, C. Plasmodicidal effect of desferrioxamine B in human vivax 
or falciparum malaria from Thailand. Acta Trop., 1992, 52, 59–67.  

[141] Gordeuk, V. R.; Thuma, P. E.; Brittenham, G. M.; Biemba, G.; Zulu, S.; 
Simwanza, G.; Kalense, P.; M'Hango, A.; Parry, D.; Poltera, A. A.; 
Aikawaal, M. Iron chelation as a chemotherapeutic strategy for falciparum 
malaria. Am. J. Trop. Med. Hyg., 1993, 48, 193–197.  

[142] Golenser, J.; Domb, A.; Teomim, D.; Tsafack, A.; Nisim, O.; Ponka, P.; 
Eling, W.; Cabantchik, Z. I. The treatment of animal models of malaria with 
iron chelators by use of a novel polymeric device for slow drug release. J. 
Pharmacol. Exp. Ther., 1997, 281, 1127–1135.  

[143] Gordeuk, V. R.; Thuma, P. E.; Brittenham, G. M. Effect of iron chelation 
therapy on recovery from deep coma in children with cerebral malaria. N. 
Engl. J. Med., 1992, 327, 1473–1477.  

[144] Golenser, J.; Domb, A.; Mordechai-Daniel, T.; Leshem, B.; Luty, A.; 
Kremsner, P. Iron chelators: correlation between effects on Plasmodium spp. 
and immune functions. J. Parasitol., 2006, 92, 170–177.  

[145] Weiss, G.; Thuma, P. E.; Mabeza, G.; Werner, E. R.; Herold, M.; Gordeuk, 
V. R. Modulatory potential of iron chelation therapy on nitric oxide 
formation in cerebral malaria. J. Infect. Dis., 1997, 175, 226–230.  

[146] Loyevsky, M.; Lytton, S. D.; Mester, B.; Libman, J.; Shanzer, A.; 
Cabantchik, Z. I. The antimalarial action of desferal involves a direct access 
route to erythrocytic (Plasmodium falciparum) parasites. J. Clin. Invest., 
1993, 91, 218–224.  

[147] Lytton, S. D.; Mester, B.; Dayan, I.; Glickstein, H.; Libman, J.; Shanzer, A.; 
Cabantchik, Z. I. Mode of action of iron(III) chelators as antimalarials: I. 
Membrane permeation properties and cytotoxic activity. Blood, 1993, 81, 
214–221.  

[148] Lytton, S. D.; Mester, B.; Libman, J.; Shanzer, A.; Cabantchik, Z. I. Mode of 
action of iron(III) chelators as antimalarials: II. Evidence for differential 
effects on parasite iron-dependent nucleic acid synthesis. Blood, 1994, 84, 
910–915.  

[149] Basco, L. K.; Le Bras, J. In vitro activity of chloroquine and quinine in 
combination with desferrioxamine against Plasmodium falciparum. Am. J. 
Hematol., 1993, 42, 389–312.  

[150] Loyevsky, M.; Cabantchik, Z. I. Antimalarial action of hydrophilic drugs: 
involvement of aqueous access routes to intracellular parasites. Mol. 
Pharmacol., 1994, 45, 446–412.  

[151] Pattanapanyasat, K.; Thaithong, S.; Kyle, D. E. Flow cytometric assessment 
of hydroxypyridone iron chelators on in vitro growth of drug-resistant 
malaria. Cytometry, 1997, 27, 84–91.  

[152] Cabantchik, Z. I.; Moody-Haupt, S.; Gordeuk, V. R. Iron chelators as anti-
infectives; malaria as a paradigm. FEMS Immunol. Med. Microbiol., 1999, 
26, 289–298.  

[153] Fritsch, G.; Treumer, J.; Spira, D. T. Plasmodium vinckei: suppression of 
mouse infections by desferrioxamine B. Exp. Parasitol., 1985, 60, 171–174.  

[154] Traore, O.; Carnevale, P.; Kaptue-Noche, L. Preliminary report on the use of 
desferrioxamine in the treatment of Plasmodium falciparum malaria. Am. J. 
Hematol., 1991, 37, 206–212.  

[155] Mabeza, G. F.; Biemba, G.; Gordeuk, V. R. Clinical studies of iron chelators 
in malaria. Acta. Haematol., 1996, 95, 78–86.  

[156] Catbanchik, Z. I.; Glickstein, H.; Golenser, J. Iron chelators: mode of action 
as antimalarials. Acta. Haematol., 1996, 95, 70–77.  

[157] Shanzer, A.; Libman, J.; Lytton, S. D.; Glickstein, H.; Cabantchik, Z. I. 
Reversed siderophores act as antimalarial agents. Proc. Natl. Acad. Sci. U. S. 
A., 1991, 88, 6585–6589.  

[158] Lytton, S. D.; Cabantchik, Z. I.; Libman, J.; Shanzer, A. Reversed 
siderophores as antimalarial agents. II. Selective scavenging of Fe(III) from 
parasitized erythrocytes by a fluorescent derivative of desferal. Mol. 
Pharmacol., 1991, 40, 584–590.  

[159] Golenser, J.; Tsafack, A.; Amichai, Y.; Libman, J.; Shanzer, A.; Cabantchik, 
Z. I. Antimalarial action of hydroxamate- based iron chelators and 
potentiation of desferrioxamine action by reversed siderophores. Antimicrob. 
Agents Chemother., 1995, 39, 61–65.  

[160] Weinberg, E. D.; Moon, J. Malaria and iron: history and review. Drug 
Metab. Rev., 2009, 41, 644–662.  

[161] Pradines, B.; Ramiandrasoa, F.; Basco, L. K. In vitro activities of novel 
catecholate siderophores against Plasmodium falciparum. Antimicrob. 
Agents. Chemother., 1996, 40, 2094–2012.  

[162] Pradines, B.; Millet, J.; Henry, M. Chelation du fer dans la thérapie 
antipaludique. Med. Trop., 2003, 63, 119–124.  

[163] Pradines, B.; Rolain, J. M.; Ramiandrasoa, F. Iron chelators as antimalarial 
agents: in vitro activity of dicatecholate against Plasmodium falciparum. J. 
Antimicrob. Chemother., 2002, 50, 177–112.  

[164] Pradines, B.; Ramiandrasoa, F.; Rolain, J. M.; Rogier, C.; Mosnier, J.; 
Daries, W. In vitro potentiation of antibiotic activities by a catecholate iron 
chelator against chloroquine-resistent Plasmodium falciparum. Antimicrob. 
Agents. Chemother., 2002, 46, 225–228.  

[165] Pradines, B.; Tall, B.; Ramiandrasoa, A.; Spiegel, F.; Sokhna, C. In vitro 
activity of iron-binding compounds against Senegalese isolates of 
Plasmodium falciparum. J. Antimicrob. Chemother., 2006, 57, 1093–1099.  

[166] O'Halloran, T. V.; Culotta, V. C. Metallochaperones, an intracellular shuttle 
service for metal ions. J. Biol. Chem., 2000, 275, 25057–25060.  

[167] Rasoloson, D.; Shi, L.; Chong, C. R.; Kafsack, B. F.; Sullivan, D. J. Copper 
pathways in Plasmodium falciparum infected erythrocytes indicate an efflux 
role for the copper P-ATPase. Biochem. J., 2004, 381, 803–811.  

[168] Scheibel, L. W.; Rodriguez, S. Antimalarial activity of selected aromatic 
chelators V. Localization of 59Fe in Plasmodium falciparum in the presence 
of oxines. Prog. Clin. Biol. Res., 1989, 313, 119–149.  

[169] Meshnick, S. R.; Scott, M. D.; Lubin, B.; Ranz, A.; Eaton, J. W. Antimalarial 
activity of diethyldithiocarbamate. Potentiation by copper. Biochem. 
Pharmacol., 1990, 40, 213–216.  

[170] Marva, E.; Cohen, A.; Saltman, P.; Chevion, M.; Golenser, J. Deleterious 
synergistic effects of ascorbate and copper on the development of 
Plasmodium falciparum: an in vitro study in normal and in G6PD-deficient 
erythrocytes. Int. J. Parasitol., 1989, 19, 779–785.  

[171] Alangaden, G. J. Nosocomial fungal infections: epidemiology, infection 
control, and prevention. Infect. Dis. Clin. North. Am., 2011, 25, 201–225.  

[172] Castagnola, E.; Faraci, M.; Fioredda, F.; Amoroso, L.; Risso, F.; Franceschi. 
A.; Bandettini, R.; Magnano, G. M.; Pini Prato, A.; Gardella, C.; Arrigo, S.; 
Gattorno, M.; Piaggio, G.; Ciucci, A.; Lorenzi, I.; Loy, A.; Haupt, R. 
Invasive mould infections in newborns and children. Early. Hum. Dev., 2011, 
87, S67–S69.  

[173] Miceli, M. H.; Díaz, J. A.; Lee, S. A. Emerging opportunistic yeast 
infections. Lancet. Infect. Dis., 2011, 11, 142–151.  

[174] de Pauw, B. E.; Viscoli, C. Managing invasive fungal infections: relying on 
clinical instincts or on a rational navigation system? J. Antimicrob. 
Chemother., 2011, 66, i55–i58.  

[175] Hissen, A. H.; Wan, A. N.; Warwas, M. L.; Pinto, L. J.; Moore, M. M. The 
Aspergillus fumigatus siderophore biosynthetic gene sidA, encoding L-
pornithine N5-oxygenase, is required for virulence. Infect. Immun., 2005, 73, 
5493–5503.  

[176] Zarember, K. A.; Cruz, A. R.; Huang, C. Y.; Gallin, J. I. Antifungal activities 
of natural and synthetic iron chelators alone and in combination with azole 
and polyene antibiotics against Aspergillus fumigatus. Antimicrob. Agents 
Chemother., 2009, 53, 2654–2656.  

[177] Alexander, J.; Limaye, A. P.; Ko, C. W.; Bronner, M. P.; Kowdley, K. V. 
Association of hepatic iron overload with invasive fungal infection in liver 
transplant recipients. Liver Transpl., 2006, 12, 1799–1804.  

[178] Altes, A.; Remacha, A. F.; Sarda, P.; Sancho, F. J.; Sureda, A.; Martino, R.; 
Briones, J.; Brunet, S.; Canals, C.; Sierra, J. Frequent severe liver iron 
overload after stem cell transplantation and its possible association with 
invasive aspergillosis. Bone Marrow Transplant., 2004, 34, 505–509.  

[179] Kontoyiannis, D. P.; Chamilos, G.; Lewis, R. E.; Giralt, S.; Cortes, J.; Raad, 
I. I.; Manning, J. T; Han, X. Increased bone marrow iron stores is an 
independent risk factor for invasive aspergillosis in patients with high-risk 
hematologic malignancies and recipients of allogeneic hematopoietic stem 
cell transplantation. Cancer, 2007, 110, 1303–1306.  

[180] Ibrahim, A. S.; Gebremariam, T.; French, S. W.; Edwards, J. E. Jr.; 
Spellberg, B. The iron chelator deferasirox enhances liposomal amphotericin 
B efficacy in treating murine invasive pulmonary aspergillosis. J. 
Antimicrob. Chemother. 201065, 289–292.  

[181] Brittenham, G. M. Iron-chelating therapy for transfusional iron overload. N. 
Engl. J. Med., 2011, 364, 146–156.  

[182] Holbein, B. E.; Mira de Orduña, R. Effect of trace iron levels and iron 
withdrawal by chelation on the growth of Candida albicans and Candida vini. 
FEMS Microbiol. Lett., 2010, 307, 19–24.  

[183] Spacek, J.; Jilek, P.; Buchta, V.; Forstl, M.; Hronek, M.; Holeckova, M. The 
serum levels of calcium, magnesium, iron and zinc in patients with recurrent 
vulvovaginal candidosis during attack, remission and in healthy controls. 
Mycoses, 2005, 48, 391–395.  

[184] Prasad, T.; Chandra, A.; Mukhopadhyay, C. K.; Prasad, R. Unexpected link 
between iron and drug resistance of Candida spp. : iron depletion enhances 
membrane fluidity and drug diffusion, leading to drug-susceptible cells. 
Antimicrob. Agents Chemother., 2006, 50, 3597–3606.  

[185] Fratti, R. A.; Belanger, P. H.; Ghannoum, M. A.; Edwards, J. E. Jr.; Filler, S. 
G. Endothelial cell injury caused by Candida albicans is dependent on iron. 
Infect. Immun., 1998, 66, 191–196.  

[186] Sigle, H. C.; Thewes, S.; Niewerth, M.; Korting, H. C.; Schäfer-Korting, M.; 
Hube, B. Oxygen accessibility and iron levels are critical factors for the 
antifungal action of ciclopirox against Candida albicans. J. Antimicrob. 
Chemother., 2005, 55, 663–673.  

[187] Jacobson, E. S.; Petro, M. J. Extracellular iron chelation in Cryptococcus 
neoformans. J. Med. Vet. Mycol., 1987, 25, 415–418.  

[188] Griffiths, E. Iron in biological systems. In: Bullen, J. J.; Griffiths, E. (eds). 
Iron and Infection. New York, NY: John Wiley and Sons, 1987, 1–25.  

[189] Vartivarian, S. E.; Cowart, R. E.; Anaissie, E. J.; Tashiro, T.; Sprigg, H. A. 
Iron acquisition by Cryptococcus neoformans. J. Med. Vet. Mycol., 1995, 33, 
151–156.  

[190] Oliveira, P. C.; Medeiros, C. S.; Macêdo, D. P.; Andrade, S. L.; Correia, M. 
T.; Mesquita, S. D.; Lima-Neto, R. G.; Neves, R. P. Ciclopirox olamine: an 
antifungal alternative against cryptococcosis. Lett. Appl. Microbiol., 2010, 
51, 485–489.  



22    Current Medicinal Chemistry,  2012 Vol. 19, No. 1 Santos et al. 

[191]  Agh-Atabay, N. M.; Dulger, B.; Gucin, F. Synthesis and investigation of 
antimicrobial activity of some bisbenzimidazole-derived chelating agents. 
Eur. J. Med. Chem., 2003, 38, 875–881.  

[192] Lane, T. E.; Wu-Hsieh, B. A.; Howard, D. H. Iron limitation and the gamma 
interferon-mediated antihistoplasma state of murine macrophages. Infect. 
Immun., 1991, 59, 2274–2278.  

[193] Newman, S. L.; Gootee, L.; Stroobant, V.; van der Goot, H.; Boelaert, J. R. 
Inhibition of growth of Histoplasma capsulatum yeast cells in human 
macrophages by the iron chelator VUF 8514 and comparison of VUF 8514 
with deferoxamine. Antimicrob. Agents Chemother., 1995, 39, 1824–1829.  

[194] Artis, W. M.; Fountain, J. A.; Delcher, H. K.; Jones, H. E. A mechanism of 
susceptibility to mucormycosis in diabetic ketoacidosis: transferrin and iron 
availability. Diabetes, 1982, 31, 1109–1114.  

[195] Spellberg, B.; Edwards, J.; Jr.; Ibrahim, A. Novel perspectives on 
mucormycosis: pathophysiology, presentation, and management. Clin. 
Microbiol. Rev., 2005, 18, 556–569.  

[196] Spellberg, B.; Ibrahim, A. S. Recent advances in the treatment of 
mucormycosis. Curr. Infect. Dis. Rep., 2010, 12, 423–429.  

[197] Boelaert, J. R.; Van Cutsem, J.; de Locht, M.; Schneider, Y. J.; Crichton, R. 
R. Deferoxamine augments growth and pathogenicity of Rhizopus, while 
hydroxypyridinone chelators have no effect. Kidney Int., 1994, 45, 667–671.  

[198] Boelaert, J. R.; de Locht, M.; Van Cutsem, J.; Kerrels, V.; Cantinieaux, B.; 
Verdonck, A.; Van Landuyt, H. W.; Schneider, Y. J. Mucormycosis during 
deferoxamine therapy is a siderophore-mediated infection. In vitro and in 
vivo animal studies. J. Clin. Invest., 1993, 91, 1979–1986.  

[199] de Locht, M.; Boelaert, J. R.; Schneider, Y. J. Iron uptake from ferrioxamine 
and from ferrirhizoferrin by germinating spores of Rhizopus microsporus. 
Biochem. Pharmacol., 1994, 47, 1843–1850.  

[200] Ibrahim, A. S.; Gebermariam, T.; Fu, Y.; Lin, L.; Husseiny, M. I.; French, S. 
W.; Schwartz, J. Skory, C. D.; Edwards, J. E. Jr.; Spellberg, B. J. The iron 
chelator deferasirox protects mice from mucormycosis through iron 
starvation. J. Clin. Invest., 2007, 117, 2649–2657.  

[201] Ibrahim, A. S.; Spellberg, B.; Edwards, J. Iron acquisition: a novel 
perspective on mucormycosis pathogenesis and treatment. Curr. Opin. Infect. 
Dis., 2008, 21, 620–625.  

[202] Chamilos, G.; Lewis, R. E.; Hu, J.; Xiao, L.; Zal, T.; Gilliet, M.; Halder, G.; 
Kontoyiannis, D. P. Drosophila melanogaster as a model host to dissect the 
immunopathogenesis of zygomycosis. Proc. Natl. Acad. Sci. U. S. A., 2008, 
105, 9367–9372.  

[203] Reed, C.; Ibrahim, A.; Edwards, J. E. Jr.; Walot, I.; Spellberg, B. 
Deferasirox, an iron-chelating agent, as salvage therapy for rhinocerebral 
mucormycosis. Antimicrob. Agents Chemother., 2006, 50, 3968–3969.  

[204] Porter, J. B.; Morgan, J.; Hoyes, K. P. Relative oral efficacy and acute 
toxicity of hydroxypyridin-4-one iron chelators in mice. Blood, 1990, 76, 
2389–2396.  

[205] Hoffbrand, A. V.; Cohen, A.; Hershko, C. Role of deferiprone in chelation 
therapy for transfusional iron overload. Blood, 2003, 102, 17–24.  

[206] Ibrahim, A. S.; Edwards, J. E. Jr.; Fu, Y.; Spellberg, B. Deferiprone iron 
chelation as a novel therapy for experimental mucormycosis. J. Antimicrob. 
Chemother., 2006, 58, 1070–1073.  

[207] Taramelli, D.; Brambilla, S.; Sala, G.; Bruccoleri, A.; Tognazioli, C.; 
Riviera-Uzielli, L.; Boelaert, J. R. Effects of iron on extracellular and 
intracellular growth of Penicillium marneffei. Infect. Immun., 2000, 68, 
1724–1726.  

[208] Clarkson, A. B. Jr.; Sarić, M.; Grady, R. W. Deferoxamine and eflornithine 
(DL-alpha-difluoromethylornithine) in a rat model of Pneumocystis carinii 
pneumonia. Antimicrob. Agents Chemother., 1990, 34, 1833–1835.  

[209] Merali, S.; Chin, K.; Grady, R. W.; Weissberger, L.; Clarkson, A. B. Jr. 
Response of rat model of Pneumocystis carinii pneumonia to continuous 
infusion of deferoxamine. Antimicrob. Agents Chemother. 1995, 39, 1442–
1444.  

[210] Merali, S.; Chin, K.; Del Angel, L.; Grady, R. W.; Armstrong, M.; Clarkson, 
A. B. Jr. Clinically achievable plasma deferoxamine concentrations are 
therapeutic in a rat model of Pneumocystis carinii pneumonia. Antimicrob. 
Agents Chemother., 1995, 39, 2023–2026.  

[211] Merali, S.; Chin, K.; Grady, R. W.; Clarkson, A. B. Jr. Trophozoite 
elimination in a rat model of Pneumocystis carinii pneumonia by clinically 
achievable plasma deferoxamine concentrations. Antimicrob. Agents 
Chemother., 1996, 40, 1298–1300.  

[212] Chin, K.; Merali, S.; Sarić, M.; Clarkson, A. B. Jr. Continuous infusion of 
DL-alpha-difluoromethylornithine and improved efficacy against a rat model 
of Pneumocystis carinii pneumonia. Antimicrob. Agents Chemother., 1996, 
40, 2318–2320.  

[213] Weinberg, G. A.; Shaw, M. M. Suppressive effect of deferoxamine on the 
growth of Pneumocystis carinii in vitro. J. Protozool., 1991, 38, 223S–224S.  

[214] Weinberg, G. A. Iron chelators as therapeutic agents against Pneumocystis 
carinii. Antimicrob. AgentsChemother., 1994, 38, 997–1003.  

[215] Clarkson, A. B. Jr.; Turkel-Parrella, D.; Williams, J. H.; Chen, L. C.; 
Gordon, T.; Merali, S. Action of deferoxamine against Pneumocystis carinii. 
Antimicrob. Agents Chemother., 2001, 45, 3560–3565.  

[216] Ye, B.; Zheng, Y. Q.; Wu, W. H.; Zhang, J. Iron chelator daphnetin against 
Pneumocystis cariniiin vitro. Chin. Med. J. (Engl)., 2004, 117, 1704-1708.  

[217] Yang, Z.; Klionsky, D. J. An overview of the molecular mechanism of 
autophagy. Curr. Top. Microbiol. Immunol., 2009, 335, 1–32.  

[218] Richie, D. L.; Fuller, K. K.; Fortwendel, J.; Miley, M. D.; McCarthy, J. W.; 

Feldmesser, M.; Rhodes, J. C.; Askew, D. S. Unexpected link between metal 
ion deficiency and autophagy in Aspergillus fumigatus. Eukaryot. Cell, 2007, 
6, 2437–2447.  

[219] Richie, D. L.; Askew, D. S. Autophagy: a role in metal ion homeostasis? 
Autophagy, 2008, 4, 115–117.  

[220] Ostrosky-Zeichner, L. Combination antifungal therapy: a critical review of 
the evidence. Clin. Microbiol. Infect., 2008, 14, 65–70.  

[221] Segal, B. H.; Steinbach, W. J. Combination antifungals: an update. Expert 
Rev. Anti-Infect. Ther., 2007, 5, 883–892.  

[222] Hachem, R.; Bahna, P.; Hanna, H.; Stephens, L. C.; Raad, I. EDTA as an 
adjunct antifungal agent for invasive pulmonary aspergillosis in a rodent 
model. Antimicrob. Agents Chemother., 2006, 50, 1823–1827.  

[223] Monod, M.; Paris, S.; Sanglard, D.; Jaton-Ogay, K.; Bille, J.; Latgé, J. P. 
Isolation and characterization of a secreted metalloprotease of Aspergillus 
fumigatus. Infect. Immun., 1993, 61, 4099–4104.  

[224] Markaryan, A.; Morozova, I.; Yu, H.; Kolattukudy, P. E. Purification and 
characterization of an elastinolytic metalloprotease from Aspergillus 
fumigatus and immunoelectron microscopic evidence of secretion of this 
enzyme by the fungus invading the murine lung. Infect. Immun., 1994, 62, 
2149–2157.  

[225] Monod, M.; Togni, G.; Rahalison, L.; Frenk, E. Isolation and 
characterization of an extracellular alkaline protease of Aspergillus 
fumigatus. J. Med. Microbiol., 1991, 35, 23–38.  

[226] Frosco, M.; Chase, T. Jr.; Macmillan, J. D. Purification and properties of the 
elastase from Aspergillus fumigatus. Infect. Immun., 1992, 60, 728–734.  

[227] Ito, K.; Hara, C.; Matsuura, Y.; Minamiura, N. Molecular states of fungal 
nuclease composed of heterogeneous subunits as estimated from the effects 
of urea and chelating agents. Arch. Biochem. Biophys., 1995, 317, 25–32.  

[228] Holdom, M. D; Hay, R. J.; Hamilton, A. J. The Cu, Zn superoxide 
dismutases of Aspergillus flavus, Aspergillus niger, Aspergillus nidulans, and 
Aspergillus terreus: purification and biochemical comparison with the 
Aspergillus fumigatus Cu, Zn superoxide dismutase. Infect. Immun., 1996, 
64, 3326–3332.  

[229] Persat, F.; Noirey, N.; Diana, J.; Gariazzo, M. J.; Schmitt, D.; Picot, S.; 
Vincent, C. Binding of live conidia of Aspergillus fumigatus activates in 
vitro-generated human Langerhans cells via a lectin of galactomannan 
specificity. Clin. Exp. Immunol., 2003133, 370–377.  

[230] Geraghty, M.; Cronin, J. F.; Devereux, M.; McCann, M. Synthesis and 
antimicrobial activity of copper(II) and manganese(II) α, ω-dicarboxylate 
complexes. Biometals, 2000, 13, 1–8.  

[231] McCann, M.; Geraghty, M.; Devereux, M.; O'Shea, D.; Mason, J.; 
O'Sullivan, L. Insights into the mode of action of the anti-Candida activity of 
1, 10-phenanthroline and its metal chelates. Metal-Based Drugs, 2000, 7, 
185–193.  

[232] Coyle, B.; Kavanagh, K.; McCann, M.; Devereux, M.; Geraghty, M. Mode 
of anti-fungal activity of 1, 10-phenanthroline and its Cu(II), Mn(II) and 
Ag(I) complexes. Biometals, 2003, 16, 321–329.  

[233] Coyle, B.; Kinsella, P.; McCann, M.; Devereux, M.; O'Connor, R.; Clynes, 
M.; Kavanagh, K. Induction of apoptosis in yeast and mammalian cells by 
exposure to 1, 10-phenanthroline metal complexes. Toxicol. In Vitro, 2004, 
18, 63–70.  

[234] Rowan, R.; Moran, C.; McCann, M.; Kavanagh, K. Use of Galleria 
mellonella larvae to evaluate the in vivo anti-fungal activity of 
[Ag2(mal)(phen)3]. Biometals, 2009, 22, 461–467.  

[235] el Moudni, B.; Rodier, M. H.; Barrault, C.; Ghazali, M.; Jacquemin, J. L. 
Purification and characterisation of a metallopeptidase of Candida albicans. 
J. Med. Microbiol., 1995, 43, 282–288.  

[236] Costa, E. M. B.; Santos, A. L. S.; Cardoso, A. S.; Portela, M. B.; Abreu, C. 
M.; Alviano, C. S.; Hagler, A. N.; Soares, R. M. A. Heterogeneity of metallo 
and serine extracellular proteinases in oral clinical isolates of Candida 
albicans in HIV-positive and healthy children from Rio de Janeiro, Brazil. 
FEMS Immunol. Med. Microbiol., 2003, 38, 173–180.  

[237] Santos, A. L. S.; Carvalho, I. M.; Silva, B. A.; Portela, M. B.; Alviano, C. S.; 
Soares R. M. A. Secretion of serine peptidase by a clinical strain of Candida 
albicans: influence of growth conditions and cleavage of human serum 
proteins and extracellular matrix components. FEMS Immunol. Med. 
Microbiol., 2006, 46, 209–220.  

[238] Klinke, T.; Rump, A.; Pönisch, R.; Schellenberger, W.; Müller, E. C.; Otto, 
A.; Klimm, W.; Kriegel, T. M. Identification and characterization of 
CaApe2-a neutral arginine/alanine/leucine-specific metallo-aminopeptidase 
from Candida albicans. FEMS Yeast Res., 2008, 8, 858–869.  

[239] Odds, F. C. Candida and candidosis. 2nd ed. London: Baillière Tindall, 1988.  
[240] Holmes, A. R.; Cannon, R. D.; Shepherd, M. G. Effect of calcium uptake on 

Candida morphology. FEMS Microbiol. Lett., 1991, 77, 187–194.  
[241] Klotz, S. A.; Rutten, M. J.; Smith, R. L.; Babcock, S. R.; Cunningham, M. D. 

Adherence of Candida albicans to immobilized extracellular matrix proteins 
is mediated by calcium-dependent surface glycoproteins. Microbiol. 
Pathogen., 1993, 14, 133–147.  

[242] Pugh, D.; Cawson, R. A. Calcium, sequestering agents and nystatin-
interactions on cell wall morphology and fungistasis of Candida albicans. 
Sabouraudia, 1980, 18, 157–159.  

[243] Bedell, G. W.; Anderson, R. V. Inhibition of the differentiation of Candida 
albicans by the chelator 1, 10-phenanthroline. Mycopathology, 1985, 92, 
161–167.  

[244] Gil, M. L.; Casanova, M.; Martínez, J. P. Changes in the cell wall 



Effects of Chelating Agents on Pathogenic Microorganisms Current Medicinal Chemistry,  2012 Vol. 19, No. 1      23 

glycoprotein composition of Candida albicans associated to the inhibition of 
germ tube formation by EDTA. Arch. Microbiol., 1994, 161, 489–494.  

[245] Sundstrom, P. Adhesion in Candida spp. Cell. Microbiol., 2002, 4, 461–469.  
[246] Robert, R.; Nail, S.; Marot-Leblond, A.; Cottin, J.; Miegeville, M.; 

Quenouillere, S.; Mahaza. C.; Senet, J. M. Adherence of platelets to Candida 
species in vivo. Infect. Immun., 2000, 68, 570–576.  

[247] Chandra, J.; Kuhn, D. M.; Mukherjee, P. K.; Hoyer, L. L.; McCormick, T.; 
Ghannoum, M. J. Biofilm formation by the fungal pathogen Candida 
albicans: development, architecture, and drug resistance. J. Bacteriol., 2001, 
183, 5385–5394.  

[248] Ramage, G.; Wickes, B. L.; López-Ribot, J. L. Inhibition on Candida 
albicans biofilm formation using divalent cation chelators (EDTA). 
Mycopathologia, 2007, 164, 301–306.  

[249] Harrison, J. J.; Turner, R. J.; Ceri, H. A subpopulation of Candida albicans 
and Candida tropicalis biofilm cells are highly tolerant to chelating agents. 
FEMS Microbiol. Lett., 2007, 272, 172–181.  

[250] Raad, I.; Buzaid, A.; Rhyne, J.; Hachem, R.; Darouiche, R.; Safar, H.; 
Albitar, M.; Sherertz, R. J. Minocycline and ethylenediaminetetraacetate for 
the prevention of recurrent vascular catheter infections. Clin. Infect. Dis., 
1997, 25, 149–151.  

[251] Raad, I.; Chatzinikolaou, I.; Chaiban, G.; Hanna, H.; Hachem, R.; Dvorak, 
T.; Cook, G.; Costerton, W. In vitro and ex vivo activities of minocycline 
and EDTA against microorganisms embedded in biofilm on catheter 
surfaces. Antimicrob. Agents Chemother., 2003, 47, 3580–3585.  

[252] Raad, I.; Hanna, H.; Maki, D. Intravascular catheter-related infections: 
advances in diagnosis, prevention, and management. Lancet Infect. Dis., 
2007, 7, 645–657.  

[253] Sherertz, R. J.; Boger, M. S.; Collins, C. A.; Mason, L.; Raad, I. Comparative 
in vitro efficacies of various catheter lock solutions. Antimicrob. Agents 
Chemother., 2006, 50, 1865–1868.  

[254] Al-Bakri, A. G.; Othman, G.; Bustanji, Y. The assessment of the antibacterial 
and antifungal activities of aspirin, EDTA and aspirin-EDTA combination 
and their effectiveness as antibiofilm agents. J. Appl. Microbiol., 2009, 107, 
280–286.  

[255] Raad, I.; Hachem, R. Y.; Hanna, H. A.; Fang, X.; Jiang, Y.; Dvorak, T.; 
Sherertz, R. J.; Kontoyiannis, D. P. Role of ethylene diamine tetra-acetic acid 
(EDTA) in catheter lock solutions: EDTA enhances the antifungal activity of 
amphotericin B lipid complex against Candida embedded in biofilm. Int. J. 
Antimicrob. Agents, 2008, 32, 515–518.  

[256] Percival, S. L.; Kite, P.; Eastwood, K.; Murga, R.; Carr, J.; Arduino, M. J.; 
Donlan, R. M. Tetrasodium EDTA as a novel central venous catheter locks 
solution against biofilm. Infect. Control. Hosp. Epidemiol., 2005, 26, 515–
519.  

[257] Kite, P.; Eastwood, K.; Sugden, S.; Percival, S. L. Use of in vivo-generated 
biofilms from hemodialysis catheters to test the efficacy of a novel 
antimicrobial catheter lock for biofilm eradication in vitro. J. Clin. 
Microbiol., 2004, 42, 3073–3076.  

[258] Devine, D. A.; Percival, R. S.; Wood, D. J.; Tuthill, T. J.; Kite, P.; 
Killington, R. A.; Marsh, P. D. Inhibition of biofilms associated with 
dentures and toothbrushes by tetrasodium EDTA. J. Appl. Microbiol., 2007, 
103, 2516–2524.  

[259] Sen, B. H.; Akdeniz, B. G.; Denizci, A. A. The effect of ethylenediamine-
tetraacetic acid on Candida albicans. Oral Surg. Oral Med. Oral Pathol. Oral 
Radiol. Endod., 2000, 90, 651–655.  

[260] Wei, G. X.; Bobek, L. A. Human salivary mucin MUC7 12-mer-l and 12-
mer-d peptides: antifungal activity in saliva, enhancement of activity with 
protease inhibitor cocktail or EDTA, and cytotoxicity to human cells. 
Antimicrob. Agents Chemother., 2005, 49, 2336–2342.  

[261] Nishimura, M.; Nikawa, H.; Yamashiro, H.; Nishimura, H.; Hamada, T.; 
Embery, G. Cell-associated collagenolytic activity by Candida albicans. 
Mycopathologia, 2002, 153, 125–128.  

[262] Santos, A. L. S.; Palmeira, V. F.; Rozental, S.; Kneipp, L. F.; Nimrichter, L.; 
Alviano, D. S.; Rodrigues, M. L.; Alviano, C. S. Biology and pathogenesis of 
Fonsecaea pedrosoi, the major etiologic agent of chromoblastomycosis. 
FEMS Microbiol. Rev., 2007, 31, 570–591.  

[263] Mendoza, L.; Karuppayil, S. M.; Szaniszlo, P. J. Calcium regulates in vitro 
dimorphism in chromoblastomycotic fungi. Mycoses, 1993, 36, 157–164.  

[264] Szaniszlo, P. J.; Karuppayil, S. M.; Mendoza, L.; Rennard, R. J. Cell cycle 
regulation of polymorphism in Wangiella dermatitidis. Arch. Med. Res., 
1993, 24, 251–261.  

[265] Karuppayil, S. M.; Szaniszlo, P. J. Importance of calcium to the regulation of 
polymorphism in Wangiella (Exophiala) dermatitidis. J. Med. Vet. Mycol., 
1997, 35, 379–388.  

[266] Palmeira, V. F.; Kneipp, L. F.; Alviano, C. S.; Santos, A. L. S. The major 
chromoblastomycosis fungal pathogen, Fonsecaea pedrosoi, extracellularly 
releases proteolytic enzymes whose expression is modulated by culture 
medium composition: implications on the fungal development and cleavage 
of key's host structures. FEMS Immunol. Med. Microbiol., 2006, 46, 21–29.  

[267] Kwon-Chung, K. J.; Wickes, B. L.; Booth, J. L.; Vishniac, H. S.; Bennett, J. 

E. Urease inhibition by EDTA in the two varieties of Cryptococcus 
neoformans. Infect. Immun., 1987, 55, 1751–1754.  

[268] Nimrichter, L.; Frases, S.; Cinelli, L. P.; Viana, N. B.; Nakouzi, A.; 
Travassos, L. R.; Casadevall, A.; Rodrigues, M. L. Self-aggregation of 
Cryptococcus neoformans capsular glucuronoxylomannan is dependent on 
divalent cations. Eukaryot. Cell, 2007, 6, 1400–1410.  

[269] Tesfa-Selase, F.; Hay, R. J. Superoxide dismutase of Cryptococcus 
neoformans: purification and characterization. J. Med. Vet. Mycol., 1995, 33, 
253–259.  

[270] Batanghari, J. W; Goldman, W. E. Calcium dependence and binding in 
cultures of Histoplasma capsulatum. Infect. Immun., 1997, 65, 5257–5261.  

[271] Okeke, C. N.; Müller, J. Production of extracellular collagenolytic 
proteinases by Histoplasma capsulatum var. duboisii and Histoplasma 
capsulatum var. capsulatum in the yeast phase. Mycoses, 1991, 34, 453–460.  

[272] Alsina, A.; Rodríguez-Del Valle, N. Effects of divalent cations and 
functionally related substances on the yeast to mycelium transition in 
Sporothrix schenckii. Sabouraudia, 1984, 22, 1–5.  

[273] Arango, R.; Restrepo, A. Growth and production of iron chelants by 
Paracoccidioides brasiliensis mycelial and yeast forms. J. Med. Vet. Mycol., 
1988, 26, 113–118.  

[274] Franco, M. Host-parasite relationships in paracoccidioidomycosis. J. Med. 
Vet. Mycol., 1987, 25, 5–18.  

[275] Stie, J.; Fox, D. Calcineurin regulation in fungi and beyond. Eukaryot. Cell, 
2008, 7, 177–186.  

[276] de Carvalho, M. J.; Amorim, J. R. S.; Daher, B. S.; Silva-Pereira, I.; de 
Freitas, S. M.; Soares, C. M.; Felipe, M. S. Functional and genetic 
characterization of calmodulin from the dimorphic and pathogenic fungus 
Paracoccidioides brasiliensis. Fungal Genet. Biol., 2003, 39, 204–210.  

[277] Campos, C. B.; Di Benedette, J. P.; Morais, F. V.; Ovalle, R.; Nobrega, M. P. 
Evidence for the role of calcineurin in morphogenesis and calcium 
homeostasis during mycelium-to-yeast dimorphism of Paracoccidioides 
brasiliensis. Eukaryot. Cell, 2008, 7, 1856–1864.  

[278] Silva, B. A.; Souza-Gonçalves, A. L.; Pinto, M. R.; Barreto-Bergter, E.; 
Santos, A. L. S. Metallopeptidase inhibitors arrest vital biological processes 
in the fungal pathogen Scedosporium apiospermum. Mycoses, 2011, 54, 105–
112.  

[279] Silva, B. A.; Santos, A. L. B.; Barreto-Bergter, E.; Pinto, M. R. Extracellular 
peptidase in the fungal pathogen Pseudallescheria boydii. Curr. Microbiol., 
2006, 53, 18–22.  

[280] Silva, B. A.; Pinto, M. R.; Soares, R. M.; Barreto-Bergter, E.; Santos, A. L. 
S. Pseudallescheria boydii releases metallopeptidases capable of cleaving 
several proteinaceous compounds. Res. Microbiol., 2006, 157, 425–432.  

[281] Pereira, M. M.; Silva, B. A.; Pinto, M. R.; Barreto-Bergter, E.; Santos, A. L. 
S. Proteins and peptidases from conidia and mycelia of Scedosporium 
apiospermum strain HLPB. Mycopathology, 2009, 167, 25–30.  

[282] Sangenito, L. S.; Ennes-Vidal, V.; Marinho, F. A.; da Mota, F. F., Santos, A. 
L. S.; d'Avila-Levy, C. M.; Branquinha, M. H. Arrested growth of 
Trypanosoma cruzi by the calpain inhibitor MDL28170 and detection of 
calpain homologues in epimastigote forms. Parasitology, 2009, 136, 433–
441.  

[283] Fampa, P.; Lisboa, C. V.; Jansen, A. M.; Santos, A. L. S.; Ramirez, M. I. 
Protease expression analysis in recently field-isolated strains of 
Trypanosoma cruzi: a heterogeneous profile of cysteine protease activities 
between TCI and TCII major phylogenetic groups. Parasitology, 2008, 135, 
1093–1100,  

[284] Santos, A. L. S.; Soares, R. M. A.; Alviano, C. S.; Kneipp, L. F. 
Heterogeneous production of metallo-type peptidases in parasites belonging 
to the family Trypanosomatidae. Eur. J. Protistol., 2008, 44, 103-113.  

[285] Cuervo, P.; Santos, A. L. S.; Alves, C. R.; Menezes, G. C.; Silva, B. A.; 
Britto, C.; Fernandes, O.; Cupolillo, E.; de Jesus, J. B. Cellular localization 
and identification of gp63 homologous metalloproteases in Leishmania 
(Viannia) braziliensis strains. Acta Trop., 2008, 106, 143–148.  

[286] Chaka, W.; Scharringa, J.; Verheul, A. F.; Verhoef, J.; Van Strijp, A. G.; 
Hoepelman, I. M. Quantitative analysis of phagocytosis and killing of 
Cryptococcus neoformans by human peripheral blood mononuclear cells by 
flow cytometry. Clin. Diagn. Lab. Immunol., 1995, 2, 753–759.  

[287] Braga-Silva, L. A.; Santos, A. L. S.; Portela, M. B.; Souto-Padrón, T.; 
Soares, R. M. A. Effect of suramin on the human pathogen Candida 
albicans: implications on the fungal development and virulence. FEMS 
Immunol. Med. Microbiol., 2007, 51, 399–406.  

[288] Braga-Silva, L. A.; Mogami, S. S.; Valle, R. S.; Silva-Neto, I. D.; Santos, A. 
L. S. Multiple effects of amprenavir against Candida albicans. FEMS Yeast 
Res., 2010, 10, 221–224.  

[289] Braga-Silva, L. A.; Santos, A. L. S. Aspartic protease inhibitors as potential 
anti-Candida albicans drugs: impacts on fungal biology and virulence. Curr. 
Med. Chem., 2011, 18, 2401–2419.  

[290] Folch, J.; Lees, M.; Sloane Stanley, G. H. A simple method for the isolation 
and purification of total lipids from animal tissues. J. Biol. Chem., 1957, 226, 
497–509. 

 
 


