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Abstract

The increasing bacterial resistance from antibiotic overuse has fostered the search for novel antimicrobial strategies. In
particular, bacterial systems involving iron (Fe) uptake are studied to develop new therapeutics against infectious diseases,
because iron is crucial for bacterial growth and is a main virulence factor for infection. Iron assimilation is commonly based
on the production of siderophores, which are iron chelators produced to facilitate iron uptake. Siderophores are thus crucial
for bacterial pathogenicity. Here we review the antimicrobial and therapeutic potential of siderophores. There are three main
approaches for siderophore application in antimicrobial therapy: siderophore-mediated drug delivery, inhibition of sidero-
phores biosynthesis and iron starvation by competitive chelation. Major advances on the use of siderophores as therapeutic

agents for disease treatment are also presented.
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Introduction

The increased resistance of bacterial pathogens against the
available panel of antibacterial agents is contributing for a
growing number of untreatable infections (Fischbach and
Walsh 2009; Andersson and Hughes 2011). Therefore, new
and efficient therapeutics are required, and the iron acquisi-
tion mechanisms could be an attractive target. Iron is crucial
for microbial growth and survival. Under iron-deprived con-
ditions, microorganisms survive through the production of
siderophores, which are low molecular weight compounds
with high affinity for ferric iron (Schalk et al. 2011; Javvadi
et al. 2018). Siderophore-mediated drug delivery, a Trojan
Horse strategy, is an ideal approach to circumvent mem-
brane-associated drug resistance. Inhibition of the biosyn-
thesis of siderophores that are crucial for bacterial survival
under iron-limited conditions represents another promis-
ing approach. Depriving pathogenic bacteria from iron is
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another potential antimicrobial strategy (Ferreras et al. 2005;
Miller et al. 2009).

This review outlines some recent results on the develop-
ment of antimicrobial drugs that can disturb the assimila-
tion of iron by bacteria, interfering with iron metabolism
through mechanisms different from the current antibiotics.
This article is an abridged version of the chapter published
by Ribeiro and Simdes (2019) in the series Environmental
Chemistry for a Sustainable World (https://www.springer.
com/series/11480).

Siderophore iron uptake system

Iron is a transition metal that can exist in two oxidation
states: Fe(Ill) and Fe(Il) (Hider and Kong 2010; Saha et al.
2016). This metal has a significant role in some of the most
vital enzymatic processes such as oxygen metabolism, DNA
and RNA synthesis as well as in the biosynthesis of porphy-
rins, antibiotics, toxins, cytochromes, siderophores and aro-
matic compounds (Schalk et al. 2011; Saha et al. 2016). In
the environment, under the presence of oxygen and at neutral
pH, bacteria are faced with the problem of iron-deficient
conditions due to fast oxidation of Fe(II) to Fe(IlII), caus-
ing the insolubility of Fe(IIl). Therefore, to overcome these
barriers many bacteria can produce specific low molecular
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weight iron (III) chelators named siderophores, to sequester
and solubilize iron (Fig. 1) (Chu et al. 2010; Glick et al.
2010; Hider and Kong 2010; Schalk et al. 2011; Chatterjee
and O’Brian 2018).

Both Gram-positive and Gram-negative bacteria produce
siderophores under iron-deprived conditions (Neilands 1995;
Krewulak and Vogel 2008; Chu et al. 2010). Fe(III)—sidero-
phore complexes bind to highly specific receptor proteins.
Then, they are transported into the cytoplasm, which is dif-
ferent for Gram-positive and Gram-negative bacteria (Fuku-
shima et al. 2013). While Gram-positive bacteria just have
a single membrane, Gram-negative bacteria have inner and
outer membranes separated by a periplasmic space (Ahmed
and Holmstrom 2014). The mechanisms for trafficking of
siderophores are significantly different between Gram-pos-
itive and Gram-negative bacteria, as shown in Fig. 2.

Antimicrobial applications of siderophores

Siderophore iron uptake systems are recognized as a promis-
ing antimicrobial approach due their crucial role for bacterial
survival and pathogenicity (Miethke and Marahiel 2007).
One of the most important applications of these systems
is selective drug delivery, a Trojan Horse strategy, mainly
focused in antibiotic-resistant bacteria. Several factors can
dramatically upsurge bacterial resistance, including the
outer membrane permeability barrier, target alteration and
drug inactivating enzymes (Ferreras et al. 2005; Miller et al.
2009). This strategy can help overcoming membrane-medi-
ated resistance in which siderophores can act as transport
vectors of drugs to the inner parts of the cell. In addition,

Fig.1 Siderophore-mediated
iron uptake by bacteria. Under
iron restriction, many bacte-
ria can produce specific low
molecular weight iron (I1I)
chelators named siderophores, ‘
to sequester and solubilize iron
(Chu et al. 2010; Glick et al.
2010; Hider and Kong 2010;
Schalk et al. 2011)

other different approaches such as inhibition of siderophore
biosynthesis and iron starvation via competitive chelation
are strategies of potential relevance (Ferreras et al. 2005;
Miller et al. 2009).

Siderophore-mediated drug delivery

Siderophores are especially valuable to circumvent mem-
brane-associated drug resistance using their iron transport
capacity to bring drugs into cells by conjugates of sidero-
phores and antimicrobials by the Trojan Horse approach
(Miller et al. 2009; Mollmann et al. 2009). The drug that is
unable to cross the bacterial membrane barrier is linked to a
siderophore. Then, the Fe(IIl)-siderophore complex is rec-
ognized by the cognate receptor and transported across the
outer membrane with the drug attached (Roosenberg et al.
2000; Miller et al. 2009; Mollmann et al. 2009). Sidero-
phore—drug conjugates are constituted by four components:
iron; a siderophore for iron binding; a linker for attaching the
drug to the siderophore; and the drug (Fig. 3). All the com-
ponents serve a vital function. When the siderophore—drug
conjugate reaches the cytoplasm, the microorganism may
be killed by several means: drug release; action as a whole
antibacterial agent; blocking of iron assimilation (Ding et al.
2008; Miller et al. 2009; Mollmann et al. 2009).

Bacteria have siderophore receptor proteins that precisely
recognize the iron complexes of their native siderophores,
and as first approach these natural siderophores coupled to
antibiotics have been used as proof of concept. Some of
these naturally occurring siderophore—antibiotic conjugates,
recognized as sideromycins, include salmycins, ferrimycin
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Fig.2 Siderophore trafficking in Gram-positive and Gram-negative
bacteria. In Gram-positive bacteria, due to the absence of a periplas-
mic space, Fe(Ill)-siderophore complexes are bound by periplasmic
siderophore-binding proteins, which are anchored to the cell mem-
brane (Krewulak and Vogel 2008; Chu et al. 2010; Fukushima et al.
2013; Ellermann and Arthur 2017). Then, the complex is transported
through ATP-dependent transporters to the cytoplasm according to
the ATP-binding cassette transport systems (Chu et al. 2010; Fuku-
shima et al. 2013; Ellermann and Arthur 2017). In Gram-negative
bacteria, the process in the cytoplasmic membrane is similar. How-
ever, iron uptake in these cells is more complicated due to the pres-
ence of an additional lipid bilayer—the outer membrane (Ahmed
and Holmstrom 2014). This outer membrane is essential to provide
improved resistance to antibiotics, detergents, degradative enzymes
and host—defense proteins (Faraldo-Gomez and Sansom 2003). Nev-
ertheless, this outer membrane forms a permeable barrier for large
nutrients, preventing their transport into the cytoplasm. The transport
of small nutrients, like amino acids or glucose, across the membrane
is typically mediated by small pores present in the outer membranes

and albomycins (Miethke and Marahiel 2007; Braun et al.
2009). It has been reported that albomycin exhibits in vitro
and in vivo antibacterial action against both Gram-positive
and Gram-negative bacteria (Braun et al. 2009). Albomycin
synthesized by Actinomyces subtropicus is constituted by a
hydroxamate siderophore, similar to ferrichrome, linked to a
thioribosyl pyrimidine antibiotic through a serine spacer, and
it is recognized by the outer membrane ferrichrome receptor
protein FhuA. When albomycin reaches the bacterial cell,
antibiotic release by enzymatic cleavage occurs causing the
cell death (Ferguson et al. 2000; Braun et al. 2009; Page
2013). Albomycins have shown to be very effective in mouse

(Faraldo-Gomez and Sansom 2003; Krewulak and Vogel 2008; Chu
et al. 2010). Nevertheless, for ferric—siderophores and other large
nutrients these transport systems are insufficient, requiring their own
outer membrane transporters (Krewulak and Vogel 2008; Chu et al.
2010). Gram-negative bacteria have Ton-B-dependent outer mem-
brane receptors able to identify the Fe(II)-siderophore complexes
(Krewulak and Vogel 2008; Ahmed and Holmstrom 2014). After the
binding of the Fe(Ill)-siderophore complex to the outer membrane
receptor, it crosses the membrane by an energy-dependent system,
which comprises the outer membrane receptor proteins, periplasmic
binding proteins and inner membrane transport proteins (Faraldo-
Gomez and Sansom 2003; Krewulak and Vogel 2008). Subsequently,
this complex, which is bound by a high-affinity periplasmic binding
protein, is released into the periplasmic space, transported across the
cytoplasmic membrane through an ATP-binding cassette transport
system, and finally, it reaches the cytoplasm (Fig. 2) (Faraldo-Gomez
and Sansom 2003; Krewulak and Vogel 2008; Noinaj et al. 2010;
Ahmed and Holmstrom 2014)

infection models (Braun et al. 2009). Likewise, salimycins
have a trihydroxamate siderophore linked to an aminogly-
coside antibiotic through a dicarboxylic acid (Braun et al.
2009). Salimycins have shown strong and selective antibac-
terial activity against Gram-positive bacteria, even against
antibiotic-resistant strains (Braun et al. 2009). Similar to
albomycins, this potent antibacterial effect is due to active
transport of the salmycins through hydroxamate siderophore
membrane transport proteins (Bunet et al. 2006). Ferrimy-
cin, another naturally occurring sideromycin, has attached
a moiety with antibiotic activity to ferrioxamine B by an
amide link (Pramanik and Braun 2006).
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Fig.3 The Trojan Horse strategy. Siderophore—drug conjugates are
constituted by four components consisting of iron, a siderophore for
binding the iron, a linker for attaching the drug to the siderophore,
and the drug

The occurrence of natural siderophore—antibiotic has
opened the way to produce synthetic Trojan Horses. A
series of synthetic siderophore—drug conjugates have been
designed, synthesized and biologically evaluated. A con-
jugate consisting of a mixed ligand catechol-hydroxam-
ate siderophore linked to Loracarbef, a synthetic f-lactam
antibiotic of the carbacephem class for oral administration,
presented a 2000-fold increase in antibacterial action (Ghosh
et al. 1996). Functionalized enterobactin—f-lactam conju-
gates were synthesized and exhibited al000-fold increase in
the antibacterial activity (Zheng and Nolan 2014). A conju-
gate composed by a hydroxypyridinone-based iron chelator
and a monosulfactam antimicrobial, currently undergoing
clinical trials, has presented powerful action against several
Gram-negative bacteria (Page et al. 2010; Russo et al. 2011).
An interesting point is that this approach can also be used to
adapt antibiotics only active against Gram-positive bacteria
for an uptake into the periplasm of Gram-negative bacteria.
Ghosh et al. (2017) designed and synthesized a novel conju-
gate based on daptomycin and a mixed ligand analog of the
natural Acinetobacter baumannii selective siderophore, to
actively transport daptomycin into Gram-negative bacteria.
Daptomycin is an antibiotic exclusively active against Gram-
positive bacteria as its large size and polyanionic character
unable penetration through Gram-negative bacterial outer
membranes. These authors observed that the resulting con-
jugate presented potent activity against multidrug-resistant
strains of A. baumannii both in vitro and in vivo, even the
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antibiotic being larger than the transporting siderophore
component circumventing the normal permeability compli-
cations in Gram-negative bacteria (Ghosh et al. 2017).

Although catecholate and hydroxamate siderophores have
been used as antimicrobials delivery vehicles, carboxylate
siderophores, as, for instance, staphyloferrin A, can be an
effective choice in topical applications. This siderophore
type exhibited improved iron chelating properties in acidic
environments when compared to catecholate and hydroxa-
mate siderophores (Milner et al. 2013; Saha et al. 2016).
The hydrophilic characteristic of staphyloferrin A enhances
water solubility of its conjugates and improves the drug
transport rate to the bacterial cell (Milner et al. 2013; Saha
et al. 2016). Several staphyloferrin-based Trojan Horse con-
jugates have been synthesized, and their antimicrobial prop-
erties were assessed (Milner et al. 2013).

In general, the Trojan Horse strategy using siderophore
uptake pathways has been emerging as a promising approach
to fight antimicrobial resistance. Moreover, the large vari-
ety in siderophores chemical structures allows to obtain a
valuable chemical collection for the development of specific
siderophore—antibiotic conjugates (Schalk and Mislin 2017).

Siderophore—Trojan Horse systems have also been used
as a medical diagnostic tool. Early and accurate diagnosis is
a crucial factor for successful therapy, underlining the press-
ing need for precise and sensitive diagnostic tools. Neverthe-
less, current diagnostic methods like computer tomography
and laboratory tests possess some limitations, particularly in
sensitivity and specificity (Signore and Glaudemans 2011;
Auletta et al. 2016; Mills et al. 2016; Petrik et al. 2017).
Molecular imaging procedures can offer a more robust, non-
invasive, selective and sensitive diagnosis for infections dis-
eases, improving clinical decisions and outcomes (Signore
and Glaudemans 2011; Auletta et al. 2016; Mills et al. 2016;
Petrik et al. 2017). Siderophores in Trojan Horse systems
can be used for diagnosis in such a way that siderophores are
not meant to target and kill bacteria but as a vehicle (No€l
et al. 2011; Szebesczyk et al. 2016). A siderophore—diagnos-
tic probe conjugate is composed by the siderophore, which
will transport the diagnosis probe to target the bacterial cell
without affecting mammalian cells. This happens because
siderophore biosynthesis and uptake systems in mammalian
cells are absent (Szebesczyk et al. 2016). The preparation
of labeled siderophores can be made by the insertion of the
radiometal to the natural iron—siderophore complex through
the exchange of iron or artificially by the alteration of the
natural siderophore with a chromophore appropriate for
optical imaging (Ouchetto et al. 2005; Petrik et al. 2017).
Radiolabeled siderophores may be highly specific means
for infection imaging in which the energy-dependent active
uptake of siderophores allows their accumulation in the tis-
sue of interest, with the advantage that these siderophores are
not used by mammals (Szebesczyk et al. 2016; Petrik et al.



Environmental Chemistry Letters (2019) 17:1485-1494

1489

2017). Furthermore, the low molecular weight of sidero-
phores as well as their hydrophilic character allows rapid dif-
fusion from the circulation into infected tissues and at same
time rapid clearance from nontarget tissue and elimination
via renal excretion (Petrik et al. 2018). Petrick et al. (2012)
used triacetylfusarinine (TAFC) and ferrioxamine E (FOXE)
labeled with %8Ga for the imaging of invasive pulmonary
aspergillosis caused by Aspergillus fumigatus. Ga-68 is a
positron emitter with comparable physicochemical proper-
ties to those of iron (III) and binds with high affinity to sev-
eral siderophores (Petrik et al. 2012). It was observed that
in normal mice (°®)Ga-TAFC and (°®)Ga-FOXE presented
rapid renal excretion with high metabolic stability. In the
rat infection model, both (°®)Ga-TAFC and (68)Ga—FOXE
showed highly selective accumulation in infected lung tissue
and good correlation with severity of the infection (Petrik
et al. 2012). More recently, Petrick el at (2018) evaluated
pyoverdine PAO1 (PVD-PAO1), a siderophore secreted
by Pseudomonas aeruginosa, radiolabeled with Ga-68 for
specific imaging of P. aeruginosa infections, which is an
increasingly prevalent opportunistic pathogen associated
with a diversity of life-threatening nosocomial infections,
using positron emission tomography (PET). ®Ga-PVD-
PAO1 presented hydrophilic properties, low protein binding
and high stability in human serum. These authors observed
through in vitro studies that ®Ga-PVD-PAO1 uptake was
highly dependent on the type of microorganism. In in vivo
assays, %Ga-PVD-PAOI showed excellent pharmacokinetic
properties with rapid renal elimination from nontarget tis-
sue, great specific accumulation in infected tissues and high
sensitivity allowing to detect Pseudomonas infection. Fur-
thermore, PET imaging in infected animal models showed
better distribution of %*Ga-PVD-PAO1 compared to radi-
opharmaceuticals clinically used: '®F-fluorodeoxyglucose
and “®Ga-citrate (Petrick et al. 2018).

Inhibition of siderophore biosynthesis

Siderophore biosynthesis may be inhibited through com-
pounds that have the capacity to prevent bacterial growth
under iron-limiting conditions (Cornelis 2010; Youard et al.
2011; Lamb 2015). Bacteria that have acquired numerous
iron acquisition routes may be more resistant to antimicro-
bial agents that were developed to fight a single siderophore
system. P. aeruginosa is an example of a bacterium possess-
ing molecular mechanisms to synthesize two siderophores:
pyoverdine (extremely effective but metabolically expensive)
and pyochelin (not efficient but metabolically inexpensive)
(Cornelis 2010; Youard et al. 2011; Dumas et al. 2013;
Lamb 2015). Pyoverdine may be an interesting target for
antivirulence compounds as this is critically involved in bac-
terial virulence (Visca et al. 2007; Kang and Kirienko 2017).
The PvdS factor is responsible for expression of pyoverdine

biosynthesis genes when iron is limiting, and also promotes
the expression of key virulence factors, including exopro-
teases and exotoxin A (Imperi et al. 2013; Granato and Kiim-
merli 2017). Flucytosine, a synthetic fluorinated pyrimidine,
is shown to have an essential role in the inhibition of pvdS
gene expression, triggering down-regulation of virulence
genes including these involved in pyoverdine biosynthesis
(Imperi et al. 2013).

Staphylococcus aureus is recognized as one of the major
nosocomial human pathogens and is known to produce two
citrate-based siderophores, staphyloferrin A and staphylofer-
rin B. Staphyloferrin B appear to have a more critical role for
survival under iron-deprived conditions (Dale et al. 2004;
Cheung et al. 2012; Miao et al. 2017). The biosynthesis inac-
tivation of this siderophore reduced S. aureus virulence in a
mouse infection model (Dale et al. 2004).

Baulamycin A and baulamycin B, two molecules
extracted from the filamentous bacterium Streptomyces
tempisquensis, presented high ability for siderophore bio-
synthesis inhibition in numerous bacteria, including some
Gram-negative and Gram-positive pathogens (Tripathi et al.
2014).

Iron starvation via competitive chelation

Biofilms are the leading example of antimicrobial resistance,
and biofilm formation and development are strongly depend-
ent on iron availability (Simdes 2011; Banin et al. 2006).
Therefore, iron chelation may be an encouraging and novel
approach to control biofilms. Non-metabolizable iron che-
lators can diminish iron available for microbial growth and
biofilm setup (Raymond et al. 2003; Wandersman and Del-
epelaire 2004; Moreau-Marquis et al. 2009). Through host
proteins, including transferrin, lactoferrin or ferritin, which
act as iron chelators, the natural host defenses maintain a
low level of existing circulating iron inside microorganisms
(Raymond et al. 2003; Wandersman and Delepelaire 2004;
Moreau-Marquis et al. 2009).

Very effective chelators may deprive pathogenic micro-
organisms from the iron essential for growth. Thus, iron
chelators can be used as therapeutic compounds. Numer-
ous compounds have been subject of study to evaluate
their ability to avoid biofilm formation or disrupt estab-
lished biofilms on abiotic surfaces. The iron-binding pro-
tein lactoferrin, present in airway secretions, was able to
inhibit P. aeruginosa biofilm formation (Singh et al. 2002).
The metal chelator EDTA, disodium salt of ethylenedi-
aminetetraacetic acid, is recognized to have antimicrobial
action against biofilms of Gram-positive pathogens (Raad
et al. 2003), being also a potent disruptor of P. aeruginosa
biofilms (Banin et al. 2006). It was also observed that the
combination of tobramycin, the main antibiotic used to
treat cystic fibrosis lung infections, with deferoxamine or
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deferasirox, two FDA-approved iron chelators, reduced
established biofilm biomass and prevented P. aeruginosa
biofilm formation on cystic fibrosis airway cells. Further-
more, it was observed that none of these three compounds
alone presented such a pronounced effect, suggesting
that the combination of tobramycin and deferoxamine or
deferasirox may be a good strategy to treat patients with
cystic fibrosis as well as other lung diseases (Moreau-
Marquis et al. 2009).

It has also been known that gallium, due to its chemical
similarities to iron, can replace iron in several biological
systems and disrupt iron-dependent processes (Kaneko et al.
2007). Unlike Fe(III), Ga(III) cannot be reduced. Therefore,
disrupting bacterial iron metabolism by gallium can lead to
biofilm control (Banin et al. 2008; Bonchi et al. 2014). The
mode of action of gallium is based on the decrease in bacte-
rial iron uptake and the interference with iron signaling by
the pvdS gene (Kaneko et al. 2007). Antimicrobial effects
have been also observed against multidrug-resistant iso-
lates of A. baumannii, which is considered one of the most
resistant pathogens among Gram-negative bacteria (Peleg
and Hooper 2010; Antunes et al. 2012; de Leseleuc et al.
2012). It was demonstrated that gallium (IIT) exerted a strong
in vitro and in vivo activity against A. baumannii, suppress-
ing the growth of genotypically diverse multidrug-resist-
ant A. baumannii strains. The inhibitory effect of gallium
(IIT) was counteracted by iron, showing that gallium (III)
in A. baumannii acts in the disruption of iron metabolism
(Antunes et al. 2012). Olakanmi et al. (2013) assessed the
ability of gallium administration to inhibit Mycobacterium
tuberculosis growth in vivo using murine models of pulmo-
nary tuberculosis infection. The authors observed inhibition
of M. tuberculosis growth and consequently a significantly
increased survival rate in gallium-treated mice (Olakanmi
et al. 2013).

The similarities between gallium and iron allow it to bind
to specific iron-binding proteins. This gallium—iron com-
petition in biological systems is relevant for antimicrobial
purposes. Nevertheless, it is important to take in account its
toxic effects on mammalian cells (Chitambar 2016). In the
work developed by Olakanmi et al. (2013), the concentration
of gallium administered was considered safe for use in mam-
malian cells. Ga(NO;); is a FDA-approved formulation of
gallium for use in humans, presenting an established safety
prolife (Olakanmi et al. 2013). Qiu et al. (2014) evaluated
the cytotoxicity of titanium—gallium alloys containing 10%
of gallium on L.929 fibroblasts and MG63 osteosarcoma cells
and observed no significant toxic effects (Qiu et al. 2014).
A study based on the development of a nanocomposite con-
sisting of hydroxyapatite and gallium nanoparticles showed
strong antibacterial properties against P. aeruginosa and
low in vitro cytotoxicity for human lung fibroblasts (Kurt-
jak et al. 2016).
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Other applications of siderophores

Siderophores can also be used in the treatment of numerous
diseases, such as scavenging of iron in rapidly proliferation
cancerous cells for cancer therapy, malaria disease, as well
as for vaccine development (Ba et al. 2011; Miller et al.
2011; Mike et al. 2016; Khan et al. 2018).

Cancer therapy using siderophores

The iron chelation ability of siderophores is being recently
explored as a therapeutic option against cancer. It is well
known that high proliferative cancer cells require higher iron
concentrations than normal cells for their growth (Gokarn
et al. 2017; Khan et al. 2018). The association of increased
iron load with several human cancer types may be due to
numerous mechanisms including catalyzing the formation
of mutagenic hydroxyl radicals, regulating DNA replication,
repair and cell cycle progression, affecting signal transduc-
tion in cancer cells, and acting as a vital nutrient for pro-
liferating these cells (Zhang and Zhang 2015). Numerous
studies have been developed exploring the role of iron and
cancer, particularly in breast cancer (Jiang et al. 2010), ovar-
ian cancer (Basuli et al. 2017), colorectal cancer (Brookes
et al. 2006), prostate cancer (Choi et al. 2008), bladder
cancer (Torti et al. 1998), hepatocellular cancer (Ba et al.
2011), melanoma (Whitnall et al. 2006) and hematologi-
cal malignancies (Noulsri et al. 2009; Song et al. 2011). Ba
et al. (2011) found that iron deprivation by a thiosemicarba-
zone-24 (TSC24) iron chelator suppressed human hepatocel-
lular carcinoma tumor growth by disrupting iron homeosta-
sis, reducing available iron and triggering cell cycle arrest
and apoptosis without any apparent host toxicity (Ba et al.
2011). Several iron chelators are currently being tested in
preclinical and clinical studies as anticancer agents such as
Triapine (3-aminopyridine-2-carboxaldehyde thiosemicar-
bazone) (Gojo et al. 2007), deferoxamine (Yamasaki and
Terai 2011) and deferasirox (Lui et al. 2013). Deferasirox
was reported to induce a complete remission in a patient
suffering chemotherapy-resistant acute monocytic leukemia,
indicating that this iron chelator may have an effective anti-
leukemic effect (Fukushima et al. 2011).

Antimalarial and antituberculosis activity of siderophores

Tuberculosis and malaria are the two most prevalent and
deadly infectious diseases occurring in the world, where
around one-third of the world’s population is currently
infected with the causative pathogen of tuberculosis, Myco-
bacterium tuberculosis, and 40% is affected by malaria
(Miller et al. 2011; Zumla et al. 2016). Current therapeutic
treatments of both tuberculosis and malaria are ineffective
(Miller et al. 2011). However, some siderophores have been
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found to be effective in the treatment of malaria, represent-
ing a potential approach for drug development. Miller et al.
(2011) demonstrated that a conjugate of artemisinin, which
itself is not active against tuberculosis, and a mycobacte-
rial-specific siderophore analogue induced a significant and
selective antituberculosis action and potent antimalarial
activity (Miller et al. 2011).

Siderophores as vaccines

Other potential medical application of siderophores is based
on the development of vaccines, a viable option to prevent
and/or treat multidrug-resistant infections, in which the
rates of antibiotic resistance have progressively risen over
the past few decades. One of these paradigms are the uri-
nary tract infections (UTIs), where half of all women experi-
ence a symptomatic UTT in their lifetime and are routinely
treated with antibiotic therapy, including trimethroprim—sul-
famethoxazole (TMP-SMX) and ciprofloxacin (Barber et al.
2013; Mike et al. 2016). Mike et al. (2016) investigated the
potential of siderophores as protective vaccine antigens. For
that, the authors immunized mice with siderophores conju-
gated to an immunogenic carrier protein and found that the
siderophore—protein conjugates caused an adaptive immune
response that targeted bacterial stealth siderophores and pro-
tected against UTT (Mike et al. 2016).

Conclusion

We are facing a scenario where the current arsenal of anti-
biotics is no longer effective. Therefore, novel treatment
options are required in a post-antibiotic era. Targeting iron
metabolism has been demonstrating potential in control-
ling bacterial growth. This metal is essential for bacte-
rial survival, being in some cases a major virulence fac-
tor throughout the establishment of an infection. To date,
three main strategies have been evaluated on the interfer-
ence with several levels of bacterial iron metabolism. The
Trojan Horse approach using siderophores has the capacity
to deliver antibacterial drugs inside the cells, overcoming
permeability-related resistance through the delivery of the
drug via the iron uptake systems. The use of inhibitors of
siderophore biosynthesis also holds considerable potential
as an antimicrobial approach, preventing bacterial growth
under iron-limited conditions. The use of iron chelators to
decrease iron availability may be another effective strategy.
The potential of exploiting siderophore machinery for the
treatment of many other diseases also represents a promising
avenue for their use as therapeutic agents.
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