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A B S T R A C T   

Iron is an essential element for all microorganisms. Siderophores are low-weight, high-affinity iron chelating 
molecules produced in response to iron deficiency by Gram-positive and Gram-negative bacteria which also 
known as essential virulence factors of bacteria. Several studies have indicated that defective production and/or 
function of these molecules as well as iron acquisition systems in pathogens are associated with a reduction in 
pathogenicity of bacteria. Because of their potential role in various biological pathways, siderophores have been 
received special attention as secondary metabolites. Siderophores can detect iron levels in a variety of envi
ronments with a biosensor function. In medicine, siderophores are used to deliver antibiotics (Trojan horse 
strategy) to resistant bacteria and to treat diseases such as cancer and malaria. In this review, we discuss the iron 
acquisition pathways in Gram-positive and -negative bacteria, importance of siderophore production in patho
genesis of bacteria, classification of siderophores, and main applications of siderophores in medicine and 
industry.   

1. Introduction 

Iron is an essential element that plays a vital role in the cellular re
actions. This element is involved in the biological processes such as 
tricarboxylic acid cycle (TCA cycle), electron transfer chain, oxidative 
phosphorylation, nitrogen fixation, and biosynthesis of aromatic com
pounds. It also participates in the generation of metabolic products 
including porphyrins, toxins, antibiotics, cytochrome, pigments and 
siderophores, and the production of the mentioned substances is 
therefore, influenced by increasing or decreasing iron levels (Fardeau 
et al., 2011). Peroxidase, catalase, and certain forms of superoxide dis
mutase enzymes that contribute to the cell maintenance by eliminating 
harmful radicals also contain iron. Besides, the iron cations act as co
factors for several other enzymes which in turn affect cell composition. 
In case of iron deficiency, DNA and/or RNA synthesis is reduced and 
bacterial growth and sporogenesis are also inhibited leading to 
morphological changes in bacteria. For example, iron in Escherichia coli 
is required for the activity of B2 ribonucleotide phosphate reductase 

subunit which is responsible for the synthesis of deoxyribonucleotides 
and DNA synthesis. During iron deficiency, DNA and RNA synthesis is 
decreased in Mycobacterium smegmatis, and under severe iron deficiency, 
DNA synthesis is arrested causing structural changes of tRNA molecule 
in Bacillus subtilis (Messenger and Barclay, 1983). Iron has been shown to 
be involved in the virulence of pathogenic bacteria by the fact that 
several virulence factors are regulated by the iron level. Shiga toxin 
(Shigella), Shiga-like toxin (Enterohemorrhagic E. coli), Diphtheria toxin 
(C. diphtheriae) and exotoxin A (Pseudomonas aeruginosa) are directly 
regulated by iron concentration or through iron response regulators 
(Litwin and Calderwood, 1993). Bacteria show various phenotypical and 
genotypical changes in biofilm structure and thereby the concentration 
range of growth factors requirement, including iron, is different for 
growth in planktonic and biofilm states. In fact, they need less iron in the 
biofilm state than in the planktonic state both in vitro and in vivo 
(Weinberg, 2004). 

Furthermore, some studies have shown that iron is essential for the 
formation of bacterial biofilms, because it controls surface activities and 
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stabilizes the polysaccharide matrix (Chhibber et al., 2013). Under iron 
deficiency conditions, the hydrophobicity of microbial surface decreases 
and the composition of surface proteins changes leading to a restriction 
in the formation of biofilms (Simões et al., 2007). In an experiment 
performed by Massonet et al. (2006), the effect of iron on the expression 
of iron-related genes (sirR, sitABC operon), involved in the formation of 
biofilm structures in the planktonic and sessile conditions was studied 
on Staphylococcus epidermidis both in vitro and in vivo, and the results 
showed that in the planktonic form, the bacterium produces side
rophores in medium with limited iron and grows more slowly in this 
environment than in iron-rich environment. But at high concentrations 
of iron (25 μM FeCl3), sirR expression was increased in the early stages of 
bacterial incubation and the expression of sirR in the planktonic state 
was not different in vitro in the medium without Fe or with 1 μM FeCl3 
iron concentration. However, in the sessile form, in vitro sirR expression 
was high and not dependent on the iron concentration (Massonet et al., 
2006). In vitro studies have also shown that the expression of genes from 
sitABC operon in planktonic bacteria is affected by iron and manganese 
concentrations (Hill et al., 1998). In 2012, Lin et al. showed that PGG (1, 
2,3,4,6-Penta-O-galloyl-b-D-glucopyranose) could chelate iron and after 
the addition of iron to the medium containing PGG, the expression of 
iron-regulated genes was increased in S. aureus SA113 cells grown in the 
medium and they were able to form biofilm. These results indicated that 
iron is needed for the formation of biofilms by S. aureus SA113 (Lin et al., 
2012). Bacteria require nearly 10− 6 mol/L concentration of iron for their 
growth. In other words, 1μM or higher concentrations of iron are needed 
to support bacterial growth and reproduction (Raymond et al., 2003). 
The level of cytosolic free iron is adjusted to about 10 μM to be sufficient 
for cellular processes, since higher concentration is toxic to the cell 
(Keyer and Imlay, 1996). When bacteria uptake sufficient iron from the 
extracellular environment, they can have stored iron in intracellular 
iron-storage proteins (e.g. bacterioferritins, ferritins, and Dps proteins), 
and use it when they are in iron deficiency (Tosha et al., 2010). One of 
the major pathways for iron uptake and bacterial survival under 
iron-restricted conditions is the production of low-weight iron chelating 
molecules for iron absorption, which are called siderophores, as well as 
the expression of receptors with high affinity for uptake of iron or 
siderophore-iron complexes (Lankford and Byers, 1973). In bacterial 
cells, iron acquisition is regulated by Fur box (for ferric uptake regula
tion) in iron concentration-dependent process (Crosa et al., 2004). At 
high concentrations of iron, siderophore synthesis is ceased due to the 
binding of Fur protein to the promoter of siderophore-producing genes 
(Sandy and Butler, 2009). Whereas, at low concentrations of iron, Fur 
proteins are separated from the Fur box, and transcription and trans
lation processes are performed from genes involved in siderophore 
synthesis (De Serrano, 2017). Siderophores are low molecular weight 
molecules (600− 1000 Da) with high affinity for ferric ions (Fe3+) but 
low affinity for ferrous ions (Fe2+), which are produced by bacteria in 
response to iron deficiency and their production is suppressed in the 
presence of iron. Siderophores are produced extracellularly and turn 
iron into a soluble and absorbable form (Messenger and Barclay, 1983). 
Although the primary task of siderophores is to explore iron, but they 
can also complex with other essential elements such as Mo, Mn, Co, and 
Ni to make these metals available to microbes (Ahmed and Holmström, 
2014). Iron uptake by siderophores is even essential during infections 
caused by many pathogenic agents since the erosion of this system 
significantly reduces the ability of pathogens to colonize the host 
(Holden and Bachman, 2015). Siderophores not only contribute to iron 
uptake from insoluble hydroxide forms but also acquire iron from ferric 
citrate, ferric phosphate, ferric transferrin, iron bound to plant flavonoid 
pigments, sugars and glycosides (Winkelmann, 2002). Several reports 
have indicated a strong effect of Fe3+ concentration on the production of 
siderophores by Gram-positive bacteria such as Micrococcus luteus and 
Bacillus silvestris (Cabaj and Kosakowska, 2009). Microorganisms like 
Escherichia coli not only use their own siderophores but also take the 
advantage of the siderophores secreted by other microorganism e.g. 

fungi. Siderophores are involved in ligand exchange reaction, as re
ported in the case of Aeromonas hydrophila, in which iron is swapped 
from a ferric-siderophore to a receptor bound iron free siderophore. This 
mechanism of ligand exchange occurs at cell surface by siderophores 
(Stintzi et al., 2000). Different types of siderophores have been discov
ered in Gram-positive Actinobacteria. Streptomyces species as 
Gram-positive members of Streptomycetaceae produce Desferrioxamine 
G, B, and E, and Mycobacterium tuberculosis synthesizes extracellular 
siderophores such as carboxymycobacterin and exochelin (Winkelmann, 
2002). It should be noted that in addition to microorganisms, other or
ganisms such as phytoplanktons and cyanobacteria have the ability to 
generate siderophores (Ahmed and Holmström, 2014). 

2. Iron acquisition systems in Gram-positive and Gram-negative 
pathogenic bacteria 

Both Gram-positive and Gram-negative bacteria produce side
rophores under the iron deficiency conditions (Chu et al., 2010). 
Gram-negative bacteria have outer membrane protein receptors that 
detect specific Fe3+-siderophore complexes on the cell surface. 
Ferric-siderophore complexes are actively transported through the cell 
membrane, which is an energy-dependent system consisting of outer 
membrane siderophore protein receptors, periplasmic binding proteins, 
and inner membrane transport proteins (Winkelmann, 2002). As shown 
in Fig. 1, a common mechanism involves the recognition of 
iron-containing siderophores by β-barrel receptors on the outer mem
brane in Gram-negative bacteria. After ligand binding, the receptors 
undergo structural changes and the iron-bearing siderophore is trans
ported to the periplasmic space, a process supported by TonB complex 
which consists of TonB, ExbB, and ExbD proteins and supplies energy 
through proton motive force (PMF). The transfer of iron-containing 
siderophore to the cytosol, where iron reduction occurs, is typically 
mediated by ATP-binding cassette (ABC) transporters within the inner 
membrane (Faraldo-Gómez and Sansom, 2003; Krewulak and Vogel, 
2008; Schalk and Guillon, 2013). Although the TonB, ExbB, and ExbD 
proteins are found in many Gram-negative bacteria, they are best known 
in E. coli cells. In this bacterium, the energy transfer process requires 
direct contact between TonB and OM (outer membrane) receptors 
(Krewulak and Vogel, 2008; Garcia-Herrero et al., 2007). TonB has three 
domains. Residues 1–33 form the amino terminal domain and anchor to 
the inner membrane to act as an interaction site with ExbB-ExbD pro
teins. Residues 34–154 with Pro-Glu and Pro- Lys repeats form the 
central domain in the periplasm space, and residues 155–239 make the 
D-carboxyterminal domain located in the periplasm. Residues 155–239 
interact with the N-terminal region of ferric siderophore receptors on the 
outer membrane (Chakraborty et al., 2007). The expression level of 
TonB protein increases under the iron-restricted conditions (Wiener, 
2005). ExbB is a 26-KDa cytoplasmic membrane protein containing 
three transmembrane domains and its structure is not yet fully under
stood. ExbD is a 17-kDa protein that has topological similarity to TonB 
protein and has a transmembrane domain as well as a periplasmic 
domain with 90 amino acids (Krewulak and Vogel, 2008; Garcia-Herrero 
et al., 2007). Although E. coli has only one TonB-ExbB-ExbD system, 
some bacteria have more than one system. For example, Vibrio cholerae 
contains two TonB proteins: TonB1 and TonB2, which appear to show 
specificity for different OM receptors (Mey and Payne, 2001). It seems 
that outer membrane receptors enhance ferric-siderophore uptake, 
enabling bacteria to effectively search for ferric-siderophore in the 
surrounding environment (Braun et al., 1998; Furrer et al., 2002). The 
siderophore receptors on the outer membrane are generally expressed 
by iron starvation and are not typically present under the iron deficiency 
conditions. An important reason for this phenomenon may be the tar
geting of OM receptors as s gateway into bacterial cells by bacterio
phages, colicins and antibiotics. E. coli K-12 has at least six OM receptors 
that allow access to eight iron chelation complexes, from which four 
(coprogen, ferrichrome, ferrioxamine, and rhodotorulic acid) are 
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produced externally, i.e. by other organisms (Andrews et al., 2003). 
FeABC and fhuBCG belong to ABC superfamily transmit hydroxymate 
siderophores of Gram-negative bacteria (Chakraborty, 2013; Locher and 
Rosenbusch, 1997; Wyckoff et al., 2015). Diffusion of ferri-siderophore 
complex through periplasm and cytoplasmic membrane requires a spe
cific binding protein that acts as a shuttle. These binding proteins 
(including FhuD) collect the ferri-siderophore released from the outer 
membrane receptors and deliver it to a permease such as ABC permease 
in the inner membrane; two mechanisms have been described for the 
release of iron from ferric-siderophore complex in Gram-negative bac
teria. The first mechanism involves hydrolysis of the complex in E. coli so 
that with the introduction of ferri-siderophore complex, the ester bond 
in this complex is hydrolyzed by fes gene, releasing iron and producing 
dihydroxybenzoyl serine that acts as a weak siderophore (Stintzi et al., 
2000; Köster, 2001). The second mechanism includes the reduction of 
ferric iron to ferrous, which has lower affinity for the siderophore 
(Matzanke et al., 2004). At least five transporters in E. coli, namely 
FeoABC, SitABCD, MntH, EfeUOB, and ZupT are capable of importing 
ferrous iron (Snyder et al., 2004; Hantke, 2003; Kammler et al., 1993; 
Cao et al., 2007; Makui et al., 2000), among which the SitABCD system is 
specifically associated with UPEC (Uropathogenic Escherichia coli) 
virulence. Sit is present in two widely used model strains of UPEC 
(UTI89 and CFT073), and its expression increases during bladder 
infection in experimental models (Snyder et al., 2004). The Sit system is 
encoded by the genes present in Salmonella Pathogenicity Island 1 
(SPI-1) and is required to infect mice (Kehres et al., 2002). In the absence 
of oxygen there is iron in soluble form (Fe2+), which can be removed 
directly by the bacteria (Beauchene et al., 2017). When oxygen is pre
sent, iron is oxidized to an insoluble form (Fe3+) and the uptake of ferric 
iron requires the synthesis and secretion of chelator molecules such as 
siderophores. In fact, due to the effect of oxygen on the oxidation state of 
iron, Fur controls the expression of ferrous and ferric iron uptake 
pathways and the expression of Fur regulon is dependent on the input 
oxygen and is felt physiologically (Andrews et al., 2013; Beauchene 
et al., 2017). High concentrations of metals disrupt cellular functions, 
damage DNA and cell membrane, and alter enzymatic properties (Bruins 
et al., 2000). Genes encoding metal transporters must be highly regu
lated in bacteria via Fur box, because metals such as iron are toxic to 
bacteria at high concentration. The suppression of iron transport 

systems in environments with high concentrations of iron, is a good way 
to reduce the toxicity of this metal (Porcheron et al., 2013). The general 
changes in the expression of Fur regulon under anaerobic conditions 
with sufficient iron concentration, switch the expression of iron trans
port systems from Fe3+ to Fe2+ and allow E. coli to use the most 
appropriate physiological form of iron. Transfer of ferrous iron to bac
teria is associated with its growth under anaerobic, microaerophilic and 
low pH conditions (Beauchene et al., 2017). In Gram-negative bacteria, 
ferrous iron passes freely through the outer membrane purines. There
fore, ferrous iron can enter the periplasm and thus cytoplasm through 
various transport systems (Ge and Sun, 2012). Also, Fe2+ can be trans
mitted by inner membrane ATP-Binding Cassette (ABC) transporters 
(Klein and Lewinson, 2011). Accordingly, in the absence of siderophore, 
Fe2+ can be transported by ATP-Binding Cassette (ABC) transporters or 
outer membrane purines (please see the Fig. 1). Different systems are 
required to transfer ferrous iron, however, ferrous iron transfer systems 
are less well known than ferric iron (Lau et al., 2016). The FeoABC 
system was first discovered in E. Coli K-12 living in anaerobic conditions 
(Hantke, 1987). In a number of Gram-positive bacteria such as Bacillus 
anthracis, Staphylococcus aureus, and Listeria monocytogenes, homology to 
the FeoAB system (Fe2+ uptake) has been identified. But the function of 
this system in Gram-positive bacteria is less known (Ledala et al., 2010, 
2014). The enterobacterial ferrous iron transport system consists of 
three FeoABC genes. feoA is a small soluble cytoplasmic protein with 
SH2 domain in the cytosol. The feoB cytoplasmic membrane protein 
contains G protein domain in the N-terminal part as well as C-terminal 
domain in the inner membrane and consists of two Gate motifs 
responsible for transferring ferrous iron across the cytoplasmic mem
brane via active ATP/GTP transportation and indeed has a similar 
function to Fe2+ permease. feoC is a small protein that almost acts as an 
iron-dependent transcription repressor (Cartron et al., 2006). In 
microaerophilic H. pylori bacteria, feoB appears to provide the major 
route of iron uptake that is required for the colonization of H. pylori in 
gastric mucosa of mice as well as for normal growth and iron absorption 
under iron-limited conditions (Velayudhan et al., 2000). feoB is also 
required for the intracellular growth of Legionella pneumophila (Robey 
and Cianciotto, 2002). In Pseudomonas, iron uptake is mediated by FpvR, 
FpvA, and PvdS proteins (Lamont et al., 2002). After forming a 
ferri-pyoverdine complex, there is interaction with the cell surface 

Fig. 1. Iron acquisition systems with or without siderophore mediation in Gram-negative bacteria. Transfer of ferric-siderophores through fhuCDB / ViuPDGC / 
YtbPQ / fhuBCG-feuABC in Escherichia coli (FeoABC, SitABCD, MntH, EfeUOB, and ZupT are capable of importing ferrous iron), Serratia marcescens (heme transfer 
through HasA / HasR / HasB), and Pseudomonas aeruginosa (iron uptake is mediated by FpvR, FpvA, and PvdS proteins). 
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receptor of FpvA, part of which in turn interacts with the FpvR in the 
periplasm. In this way, PvdS triggers a signaling cascade and activates 
RNA polymerase. Transcription begins with pyoverdine, which again 
binds ferric iron. The activity of pvdS gene is controlled by Fur, an iron 
sensitive suppressor protein enabling pvdS transcription only in condi
tions of iron starvation (Cunliffe et al., 1995). Furthermore, bacteria can 
acquire heme iron from different media and transfer it to specific re
ceptors on outer membrane through the expression of outer membrane 
receptors and specific transport proteins for heme and/or the secretion 
of hemophores (specific bacterial proteins) (Tong and Guo, 2009). 
Recently, it has been reported that the crystalline structures of HasA 
hemophore from Serratia marcescens bind HasR protein receptors on the 
outer membrane (Krieg et al., 2009). Gram-negative bacteria, particu
larly Haemophilus influenzae, Neisseria meningitides, and Actinobacillus 
(Haemophilus) pleuropneumoniae, are able to receive iron directly from 
iron-bearing proteins of their hosts via expressing outer membrane 
protein receptors for lactoferrin and transferrin (Cornelissen, 2003; 
Ekins et al., 2004). 

Iron is taken from these proteins through direct contact between the 
bacterial surface and proteins binding the host iron. The binding of 
transferrin and lactoferrin is species-specific. For example, only human 
forms of these proteins are identified and used as a source of iron by 
Neisseria species (Gray-Owen and Schyvers, 1996). Yersinia pestis, on the 
other hand, obtains iron from hemoglobin and inorganic transporters 
using siderophores (Perry et al., 1999). In Gram-positive bacteria 
(Fig. 2), ferric-siderophore complexes are also detected by specific 
membrane protein receptors and transported to the cytoplasm by ABC 
transporter proteins (Brown and Holden, 2002). ViuPDGC and FhuCDB, 
from ABC transporter superfamily, transfer hydroxymate siderophores 
to Gram-positive bacteria (Miethke et al., 2006). YbtPQ and IrtAB 
transporter proteins from ABC transporter superfamily transfer carbox
ylate siderophores to Gram-negative and Gram-positive bacteria, 
respectively (van der Heide and Poolman, 2002). Chemical tests have 
shown that Staphylococcus species produce siderophores, especially 
under limited iron conditions. These siderophores include staphyloferrin 
A and B, and Staphylococcus aureus also produces a siderophore known 
as aurochelin (Courcol et al., 1997; Haag et al., 1994). Transferrin can be 
the main substrate of these siderophores during infection because 
staphyloferrin A removes iron from transferrin (Kuroda et al., 2001). In 
addition to producing siderophores, Staphylococcus aureus can use 
human transferrin as an iron source (Lindsay et al., 1995), and Neisseria 

species, Staphylococcus aureus and Staphylococcus epidermidis can 
directly bind transferrin to their cell walls (Modun et al., 1998). 
SstABCD, an ABC iron transporter in Staphylococcus aureus, is similar to 
ABC transporters for siderophore uptake in Gram-negative bacteria 
(Morrissey et al., 2000). A research has shown that Pia and Piu transport 
systems are needed for iron uptake by Streptococcus pneumoniae, indi
cating that they have a redundant function because the loss of one of 
them can be compensated by the other; however, the loss of both 
significantly affects the growth and virulence of bacteria (Brown et al., 
2001). 

Corynebacterium diphtheriae has at least three different iron uptake 
systems: a siderophore, an inorganic iron and a hemoglobin/hemin 
uptake mechanism. The use of transferrin by C. diphtheriae seems to be 
dependent upon the siderophore, whereas it is not reliant on the use of 
hemin and hemoglobin (Schmitt, 1997). In Listeria monocytogenes, direct 
binding to transferrin and ferric citrate as well as ferrous iron uptake 
have been reported (Adams et al., 1990; Hartford et al., 1993). A ferric 
reductase enzyme, reducing ferric iron to ferrous iron either outside the 
cell or at the bacterial surface, has been described in this bacterium 
(Cunliffe et al., 1995). This enzyme seems to be involved in the second 
step in acquiring iron from catecholamines, transferrin or other iron 
sources (Coulanges et al., 1997). Listeria monocytogenes can use cate
cholamines as a source of iron, an unusual ability that can explain the 
tropism of this pathogen for the central nervous system (Schmitt, 1997). 
The fate of siderophores after iron release is not well understood. In 
some cases, siderophores can be recovered through special recycling 
mechanisms (Imperi et al., 2009; Jones et al., 2014). 

3. The importance of siderophore production in the 
pathogenesis of bacteria 

Pathogenic factors encompass a wide range of substances such as 
bacterial toxins, adhesion factors, protective capsules, and siderophores 
that contribute to the colonization of pathogens in the host and increase 
the severity of disease (Soares and Weiss, 2015). Microbes have devel
oped strategies for obtaining Fe from their host (Weinberg, 2009; Cassat 
and Skaar, 2013), which involve the expression of siderophores taking 
Fe from proteins bound to the host Fe (Diaz-Ochoa et al., 2014; Con
treras et al., 2014). Deletion of genes regulating siderophore expression 
or other Fe harvesting systems is often associated with reduced virulence 
of pathogens, including infectious bacteria such as Salmonella and 

Fig. 2. Iron acquisition systems with or without siderophore mediation in Gram-positive bacteria. Transfer of ferric-siderophores through FhuCDB / ViuPDGC in 
Streptococcus pneumoniae (heme uptake is mediated by PiuA, PiuB-D, and PiuC proteins), and Staphylococcus aureus (transferrin transfer through SstD, A, B, and 
C proteins). 
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Staphylococcus (Cassat and Skaar, 2013; Andrews-Polymenis et al., 
2010). In fact, strains that can produce more siderophores are highly 
virulent (Russo et al., 2011), and those unable to synthesize and secrete 
siderophore are less capable of virulence and colonization during 
infection (Codoner et al., 2006; Caza et al., 2011). Both Gram-positive 
and Gram-negative bacteria produce siderophores under iron defi
ciency (Chu et al., 2010; Khan et al., 2018). Bacterial siderophores can 
have potent cellular effects on the host by disrupting the iron homeo
stasis of organelles, activating transcription pathways and influencing 
cellular behavior. Recently, it has been shown that iron chelation directs 
cells toward mitophagy, namely controlled mitochondrial autophagy 
(Allen et al., 2013). In addition to causing mitophagy, bacterial side
rophores can induce a hypoxic reaction in host cells even under nor
moxic conditions via stabilizing HIF-1α in the hos (Hartmann et al., 
2008). HIF-1α upregulates many genes including molecules affecting the 
immune system such as antimicrobial peptides and inflammatory cyto
kines, and is a major regulator of cellular responses to hypoxic condi
tions as well (Semenza, 2011; Palazon et al., 2014). 

Siderophores can act as a toxin and modulator of the immune system, 
but it is not known whether the activation of host pathways such as HIF- 
1α-regulated gene expression is eventually beneficial to the host or 
bacterium (Jin et al., 2018). In a 2020 study by Wang et al. concerning 
the effect of siderophores produced by Klebsiella pneumonia (enter
obactin, yersiniabactin, salmochelin, and aerobactin) on 
mitophagy-associated proteins (p62, LC3, TIMM23, and TOMM20), 
signaling proteins (BNIP3 and PINK1/Parkin) and apoptotic protein 
(caspase3) and ROS levels, the results showed that all four siderophores 
produced at 10μM concentration enhanced the expression of LC3-II, 
induced the expression of mitochondrial membrane proteins TOMM20 
and TIMM23 and increased ROS and caspase3 levels in platelets. 
Meanwhile, enterobactin siderophore has a significant effect on the in
crease of LC3-II and also activates mitophagy pathways in platelets 
(Wang et al., 2020). The production of siderophores can affect the 
anatomical site and infection pattern. In mouse models of pneumonia, 
the infection of wild-type mice with Ybt+ strains of Klebsiella pneumoniae 
(yersiniabactin) caused bronchopneumonia with moderate bacterial 
density in the lungs and spleen (Bachman et al., 2012). In bacteria such 
as Acinetobacter baumannii, siderophore is an essential compound for 
binding to surfaces and synthesis of extracellular polysaccharides for the 
formation of biofilms as well as microbial communities with sufficient 
iron mutualism (Harrison and Buckling, 2009; Gaddy et al., 2012). 
Pseudomonas aeruginosa produces two siderophores: pyoverdine and 
pyochelin. Pyochelin production is associated with biofilm formation, a 
feature of P. aeruginosa leading to chronic lung infections in patients 
with cystic fibrosis (Mossialos and Amoutzias, 2009). Pyoverdine, a 
Pseudomonas siderophore, is toxic to the mitochondria of Caenorhabditis 
elegans (a free-living transparent nematode), leading to mitochondrial 
fragmentation and loss of mitochondrial membrane potential, which 
causes cell and organ death (Kirienko et al., 2013). Siderophores can 
have protective effects against reactive oxygen species (ROS) caused by 
UV rays or antibiotic stresses (Gaddy et al., 2012). For example, pyo
verdine produced by Pseudomonas bacteria absorbs extracellular UV 
radiation, thereby reducing ROS generation (Burke et al., 1990). UPEC 
strains produce four different types of siderophores, including enter
obactin catecholate and salmochelin, aerobactin hydroxamate, and 
yersiniabactin (Henderson et al., 2009). The ability of E. coli to produce 
urinary tract infection (UTI) is significantly affected by siderophore. 
Competitive infection models in mice have revealed that 
non-catecholate siderophore receptors play an important role in the 
formation of bacterial colonies in progressive UT infections (Garcia 
et al., 2011). In UPEC, the salmochelin receptor IroN is involved in 
colonization of the urinary tract (Feldmann et al., 2007). and can be a 
factor invading urethral cells (Russo et al., 2002). Negre et al. (2004) 
showed that IroN is a key factor in the pathogenicity of Escherichia coli 
strains responsible for neonatal meningitis (Nègre et al., 2004). The 
production of salmochelin siderophore is mostly associated with urinary 

isolates and can be an important factor in the development of infection 
recurrence or resistance in urinary tract (Henderson et al., 2009). The 
production of aerobactin is a specific epidemiological indicator among 
UPEC strains, and studies have shown that the presence of aerobactin 
siderophore increases the progression of E.coli growth under limited iron 
conditions in serum and urine. Human UPEC strains causing symptom
atic UTIs express higher aerobactin levels (49 %≤) than peripheral and 
fecal isolates (Johnson, 1991). In the study conducted by Khasheii et al. 
(2016) on iron uptake of UPEC strains in M9 medium, the results showed 
that the UPEC strains, which had the siderophore-encoding genes for 
yersiniabactin (irp2) and aerobactin (iucA), were more capable of 
absorbing iron in the minimum medium and had a higher growth rate in 
that environment (Khasheii et al., 2016). Saha et al. in 2017 reported 
that enterobactin (Ent), the catecholate siderophore expressed by 
Escherichia coli, inhibited the PMA (phorbol myristate acetate) produced 
by reactive oxygen species (ROS) as well as neutrophil extracellular 
traps (NETs) in mouse and human neutrophils. Ent also reduces the 
degranulation of primary granules, and inhibits phagocytosis and anti
bacterial activity of neutrophils without affecting their migration and 
chemotaxis (Saha et al., 2017). In another study performed by Saha et al. 
in 2019, it was shown that enterobactin (Ent) chelator is an advantage 
for the survival of Salmonella, which can chelate LIP (labile iron pool) 
inside the cell, disturbing the effective iron-dependent mechanisms in 
macrophages (Saha et al., 2019b). Yersinia species such as Yersinia pestis, 
the causative agent of bubonic plague, produce yersiniabactin side
rophore (Chambers and Sokol, 1994). The yersiniabactin gene cluster is 
regulated by YbtA (a member of the AraC family of transcriptional 
regulators) and Fur repressor (ferric uptake regulator) (Rakin et al., 
2012; Anisimov et al., 2005). In an infectious model of pneumonic 
plague, the absence of Ybt reduced the virulence of intranasal infection 
by Yersinia pestis (Fetherston et al., 2010).). Deletion of both genes (psn 
or irp2) involved in yersiniabactin biosynthesis leads to the disappear
ance of Y. pestis virulence in mice, highlighting the role of siderophore in 
pathogenicity of this bacillus (Haag et al., 1993). Bacterial iron ho
meostasis is highly regulated to achieve sufficient iron levels and 
accordingly, the expression of iron absorption systems is limited to en
vironments in which there is no iron storage (Sheldon and Heinrichs, 
2015; Andrews et al., 2003). In the gastrointestinal tract, the main 
source of iron comes from the diet (Stein et al., 2010), there is a gradient 
of iron in the gastrointestinal tract and the maximum concentration of 
iron is found in the intestinal lumen that decreases towards the mucosa. 
In the large intestine, total iron concentrations have been reported to be 
4–5 times lower than the lumen contents (Li et al., 2015). Only 15 % (2 
mg) of dietary iron is absorbed in the duodenum, and the remainder is 
delivered to the large intestine, despite the high concentration of iron (~ 
25 mmol/L) in the large intestine, only a small part (~ 0.4 mmol) of it 
can be used by bacteria due to the limited solubility of inorganic iron in a 
non-acidic environment (Lund et al., 1998; Dev and Babitt, 2017). The 
presence of lactoferrin, transferrin, and defense proteins in the large 
intestine limits iron in this site. Therefore, bacteria have to synthesize 
siderophores and express membrane receptors to obtain iron from these 
proteins (Xiao et al., 2017). 

The amount of iron required for Vibrio varies depending on the cell 
physiology and metabolism. Concentrations between 0.1 and 0.5 μM of 
iron are sufficient for Vibrio growth in vitro (Ju et al., 2006). To obtain 
iron, Vibrio cholerae uses vibriobactin siderophore and transmits 
Vibriobactin via the outer membrane receptors ViuA (Butterton et al., 
1992; Henderson and Payne, 1994), or through direct heme uptake 
because of haemolysin production which lyses intestinal epithelial cells 
(Henderson and Payne, 1994). V. cholera has three heme receptors 
designated as HutA, HutR, and HasR (Mey and Payne, 2001). 

3.1. Classification of siderophores based on chemical structure 

More than 500 siderophores have been identified since the discovery 
of the first three siderophores, namely mycobactin, ferrichrome and 
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coprogen from 1949 to 1952 (Hider and Kong, 2010). Bacterial side
rophores are divided into three major families based on the chemical 
groups involved in iron binding (Fig. 3): catecholates, hydroxamates, 
and carboxylates (Crumbliss and Harrington, 2009), and siderophores 
with mixed ligands that are classified into four groups of catecholate 
hydroxymate, phenolate hydroxymate, citrate catecholate and citrate 
hydroxymate. All families use negatively charged oxygen atoms to bind 
ferric iron, but each family has different properties that affect its affinity 
for iron (Miethke and Marahiel, 2007). 

3.1.1. Catecholate type siderophores 
This type of siderophore is only found in bacteria (Paul and Dubey, 

2014). The main catecholate siderophores include enterobactin, bacil
libactin, and vibriobactin (Hider and Kong, 2010). Enterobactin is a 
cyclic trimer of 2,3-dihydroxybenzoyl-L-serine isolated from various 
intestinal and pathogenic bacteria like E. coli (Raymond et al., 2003). 
Salmochelin is the glycosylated form of enterobactin containing two 
glucose-bearing catecholes in C-5 position that is isolated from uropa
thogenic Escherichia coli and Salmonella enterica (Raymond et al., 2003; 
Bister et al., 2004). The catecholate group of siderophores also forms an 
hexadentate octahedral complex by taking two oxygen atoms to chelate 
iron (Saha et al., 2016). Bacillibactin, which is isolated from Bacillus 
subtilis and other Bacillus species, has a tri-ester ring with an L-threonine 
scaffold, each threonine amine is added to the glycine bound to 2,3-dihy
droxybenzoic acid (Dertz et al., 2006). 

3.1.2. Hydroxymate type siderophores 
This type of siderophore is mostly produced by fungi as well as by a 

number of filamentous Gram-positive bacteria such as Streptomyces. It 
has secondary C (= O) N- (OH) R groups, where R is an amino acid or its 
derivative that is responsible for chelating iron. Each hydroxymate 
group provides two oxygen atoms forming a two-way ligand with iron. 
The first group of these siderophores is ferrichrome produced by the 
fungus Ustilago sphaerogena (Messenger and Barclay, 1983). Other 
hydroxamate siderophores are hydroxamate, desferrioxamine B, E, and 
G (Dhungana et al., 2001), aerobactin (actually bearing citrate and 
hydroxymate groups), ferribactin released by Pseudomonas fluorescens, 
as well as gonobactin and nocobactin generated by Neisseria gonorrhea 

and Neisseria meningiditis. Desferrioxamine B (DFOB) is a desferriox
amine administered to treat iron overload diseases like beta-thalassemia 
major (Neilands, 1981). 

3.1.3. Carboxylate type siderophores 
These siderophores are a new class that is neither hydroxamate nor 

catecholate type, instead they have carboxylic structure and are pro
duced by both bacteria and fungi. The best example of this type of 
siderophores is the structure of rhizobactin, which is generated by 
rhizobium. It has ethylenediamine D-carboxylic acid and hydrox
ycarboxyl structure as an iron chelator. Staphyloferrin A is released by 
Staphylococcus hyicus and is a member of this family having D-ornithine 
and two citric acids connected by two amide bonds (Henderson and 
Payne, 1994; Schwyn and Neilands, 1987). At acidic pH, carboxylate 
siderophores are more successful at chelating ferric iron relative to 
catecholate and hydroxylate types; therefore, carboxylate siderophore is 
useful for microorganisms living in acidic environments. However, it is 
predicted that carboxylate siderophores are inhibited in competition 
with catecholate siderophores in exploration of iron in human blood and 
serum (Miethke and Marahiel, 2007). 

3.1.4. Mixed type siderophores 
Among the mixed siderophores having carboxylate-hydroxymate 

groups, aerobactin has been reported in pathogenic strains of E. coli, 
Shigella flexneri, and Klebsiella pneumoniae. Yersiniabactin has moderate 
affinity for iron and includes phenolate, thiazole, oxazoline, and 
carboxylate groups for binding to iron (Crumbliss and Harrington, 
2009). Parabactin and carboxymycobactin are mixed siderophores that 
contain oxazoline rings (Ratledge and Dover, 2000). 

4. Application of siderophores 

4.1. Use of siderophores in drug delivery 

Resistance to antibiotics is a global health concern and a threat to 
modern medicine and society (Cornelis and Andrews, 2010). The 
growing problem of bacterial antibiotic resistance necessitates discovery 
and production of new antibiotics (Schalk et al., 2012). Microorganisms 

Fig. 3. Structure of siderophores produced by Gram-positive and Gram-negative bacteria. Siderophores are divided into three main structural families: catecholate, 
hydroxamate and carboxylate. Binding groups in green (catechol), blue (hydroxymate), red (carboxylate), and orange (phenolate) in mixed siderophores (Crumbliss 
and Harrington, 2009). 
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such as Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterococcus 
faecium, Staphylococcus aureus, Acinetobacter baumannii, and Enterobac
teriaceae species are a serious threat to the health system (Pendleton 
et al., 2013). This group consists of Gram-positive and Gram-negative 
pathogenic bacteria that can cause antibiotic-resistant and potentially 
fatal infections (Tommasi et al., 2015). The cell wall of Gram-negative 
bacteria contains an additional outer membrane significantly prevent
ing permeability and efficacy of many antibiotics (Zgurskaya et al., 
2015). One approach to counteracting such resistance is to use iron 
transport systems of these bacteria (Anderson et al., 2012). Siderophores 
are particularly valuable for bypassing membrane-associated drug 
resistance using the iron transport capacity to deliver drugs into cells via 
siderophore-conjugated antibacterial agents with Trojan horse approach 
(Miller et al., 2009; Mollmann et al., 2009). 

As depicted in Fig. 4, the antibiotic molecule engages siderophore as 
a "Trojan horse" transporter and enters into microbial cell using the Fe- 
siderophore harvesting system. Conjugated drugs usually contain a 
linker to bind the drug to siderophore, which allows for controlled 
chemical or enzymatic release of the drug into the target bacterial cell. 
Once inside the cell, the drug-siderophore conjugate kills the cell by 
releasing the drug, acting as a complete antibacterial agent, or pre
venting further iron uptake (Nagoba and Vedpathak, 2011). 

The siderophore-antibiotic conjugate is of two types: natural and 
synthetic. Natural siderophore-antibiotic compounds are albomycin, 
ferrimycin, salmycin (isolated from Streptomyces and Actinomyces), and 
microcin (isolated from intestinal bacteria). For example, albomycin 
blocks protein synthesis via inhibiting t-RNA synthetases in E. coli. 
Synthetic siderophore-antibiotic compounds take advantage of anti
biotic with better cell permeability and weaken the resistance mecha
nisms. In the synthetic model, siderophores can bind potent antibiotics 
such as beta-lactam antibiotics (carbacephalosporins), erythromycin, 
sulfonamides, vancomycin, nalidixic acid, norfloxacin and so on. The 
findings show that these conjugates give better results and that the 
siderophore-mediated drug transfer is highly significant. Microbes 
identify siderophore as the transporter of iron, so the conjugated com
pound is absorbed, killing the bacterium because the conjugated com
pound is lethal to the microbe (Miethke and Marahiel, 2007; Ding et al., 
2008; Kinzel et al., 1998). Catecholate and hydroxymate siderophores 
are commonly used to deliver antibacterial drugs; however, carboxylate 
siderophores such as staphyloferrin can be a good choice for treatment 
regimens (Saha et al., 2016). The hydrophilic property of staphyloferrin 
A improves the rate of drug delivery to bacterial cells by increasing the 
water solubility (Milner et al., 2013). Recently, several siderophores 
conjugated to β-lactam antibiotics have been investigated in the 
pre-clinical and clinical stages, including MC-1 (monocarbam), 
BAL30072 (monosulfactam) (Coates et al., 2011), S-649,266 

(cephalosporin) (Ito et al., 2016), and GSK3342830 (cephalosporin), 
which target multidrug-resistant Gram-negative bacteria including Aci
netobacter baumannii and Pseudomonas aeruginosa (Santajit and Indra
wattana, 2016). 

Cefiderocol (S-649,266) is a cephalosporin-catechol conjugate that is 
currently in phase III clinical trial, which uses active iron-mediated 
transport and has been more potent against multi-drug resistant 
(MDRs) Gram-negative pathogens (Negash et al., 2019). In 2014, Zheng 
et al. showed that the synthesized enterobactin-beta-lactam antibiotics 
(ampicillin, amoxicillin) have 1000-fold higher antibacterial property 
against bacteria such as E. coli strain CFT073 (Zheng and Nolan, 2014). 
Ghosh et al. in 2017 indicated that the conjugate of fimsbactin side
rophore of Acinetobacter baumannii with daptomycin antibiotic has 
strong activity against drug-resistant Acinetobacter baumannii both in 
vivo and in vitro (Ghosh et al., 2017). In 2018, Liu et al. synthesized a 
siderophore-antibiotic conjugate with cephalosporin (as a linker) and 
oxazolidinone (as a toxic antibiotic), a conjugate compound that has 
been highly effective on clinical strains of beta-lactamase-producing 
Acinetobacter baumannii. In this compound, siderophore acts as a drug 
transporter across the membrane and bacterial beta-lactamase causes 
rapid hydrolysis of cephalosporin in the compound and efficient release 
of oxazolidinone in the bacterial cells. Furthermore, the results of this 
study showed that Gram-positive oxazolidinone can affect 
Gram-negative bacteria through beta-lactamase action (Liu et al., 2018). 
In 2011, Miller et al. reported that the synthesized 
mycobactin-artemisinin conjugate had potent effects against Mycobac
terium tuberculosis (TB) as well as antimalarial activity (Miller et al., 
2011). 

4.2. Use of siderophores in the treatment of cancer 

Compared to normal cells, cancer cells need more micronutrients 
because of continuous and rapid proliferation. Iron is one of the most 
essential nutrients for diverse cellular metabolic pathways, including 
oxygen transport, DNA synthesis, and ATP production (Richardson and 
Ponka, 1997; Lieu et al., 2001). Iron acts as an oxygen carrier in human 
body; nevertheless, excess iron can increase the risk of cancer by pro
ducing reactive oxygen species (Zacharski et al., 2008). Increased Fe 
requirement of tumor cells leads to higher expression of transferrin 1 
receptor (TfR1) for endocytotic uptake of Fe3+ (Corcé et al., 2016). 
Numerous studies have revealed that cancer cells express higher levels 
of TfR1 than normal cells (Prutki et al., 2006). Brookes et al. reported 
that the progression of colorectal cancer was associated with increasing 
expression of Fe-importing proteins such as DMT1 and TfR1 as well as 
decreasing expression of Fe-exporting protein (Fpn1), which leads to 
elevated labile iron pool (LIP) (Sutherland et al., 1981). Pinnix and 
colleagues showed that the frequency of Fpn1 is reduced in some inva
sive lines of breast cancer cells compared to healthy cells (Pinnix et al., 
2010). Therefore, given the essential role of iron in cell proliferation, 
iron chelators such as siderophores can be useful in the treatment of 
cancer (Wandersman and Delepelaire, 2004). Currently, several iron 
chelators such as Triapine (3-aminopyridine-2-carboxaldehyde thio
semicarbazone) (Gojo et al., 2007), Desferrioxamine, and Deferasirox 
are tested in pre-clinical and clinical studies as anticancer agents 
(Yamasaki et al., 2011; Lui et al., 2013). Desferrioxamine (DFO) is a 
hexadentate siderophore isolated from Streptomyces pilosus that is used 
as an iron chelator in clinical treatment of iron overload in patients with 
beta thalassemia major (Aouad et al., 2002) and is the first iron chelator 
tested as an anti-cancer agent (Kontoghiorghes, 2006). Previous clinical 
studies and trials have shown that invasive tumors, including Neuro
blastoma (NB) and leukemia, are susceptible to treatment with DFO iron 
chelator (Buss et al., 2003). DFO reduces oxidative stress in cells with 
iron overload and mitigates the symptoms associated with iron overload 
diseases (Olivieri and Brittenham, 1997). Deferasirox has been reported 
to completely cure a patient with chemotherapy-resistant acute mono
cytic leukemia, suggesting that this iron chelator may have effective 

Fig. 4. Trojan horse strategy for drug (antibiotic) delivery into the antibiotic- 
resistant bacterial cells. In this process, siderophore is linked to the drug by a 
linker and siderophore-drug conjugate enters the cell through membrane re
ceptors. After entering the cell, the linker is hydrolyzed and the drug is released 
into the cytoplasm and exerts its effects. 
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anti-leukemic effects (Fukushima et al., 2011). BE-32,030 and Ama
mistatins A–B, isolated from Nocardia spp. and Actinomycete, respec
tively, have been characterized as the first iron chelators with anticancer 
activity. Also, M. tuberculosis produces carboxymycobactins which 
inhibit growth of T47D-YB breast cancer (Dhusia et al., 2018). Ba et al. 
in 2011 found that iron deprivation by thiosemicarbazone-24 (TSC24) 
chelator suppresses liver cancer tumor growth by impairing iron ho
meostasis, reducing available iron and arresting the cell cycle and 
apoptosis without causing toxicity to the host (Ba et al., 2011). Nakouti 
et al. in 2013 reported that Desferrioxamine E generated by Actino
bacterium significantly reduced the survival of malignant melanoma 
cells (Nakouti et al., 2013). In 2017, Gokarn et al. examined the effect of 
three siderophores, namely exochelin-MS, mycobactin S, and desfer
rioxamine B on mammalian malignant and non-malignant cell lines, and 
their results showed that these siderophores significantly reduced the 
survival of malignant cells without remarkable effect on non-malignant 
cells (Gokarn et al., 2017). Saha et al. in 2019, showed that enterobactin 
as a bacterial iron chelator can stop proliferation of cancer cells in 
RAW264.7 and J774A.1 monocyte cell lines and cause apoptosis in these 
cells by two mechanisms: disrupting intracellular iron homeostasis and 
inhibiting ROS production in mitochondria (Saha et al., 2019a). Side
rophores are also useful in clearing serum non-transferrin-binding iron 
during cancer treatment with chemotherapy (Chua et al., 2003). 

4.3. Other applications of siderophores (treatment of malaria) 

Malaria is one of the most important parasitic diseases in the world, 
against which various treatment strategies have been employed, 
including antioxidant therapy, chemical drugs, and vaccine production 
(Dhusia et al., 2016; Isah and Ibrahim, 2014). The siderophore released 
by Streptomyces pilosus (Desferrioxamine B) and the siderophore pro
duced by Klebsiella pneumoniae (aerobactin) have been shown to possess 
anti-malarial activity against Plasmodium falciparum (Gysin et al., 1993; 
Nagoba and Vedpathak, 2011). Desferrioxamine B has also been 
demonstrated to inhibit the growth of Trypanosoma brucei, a protozoan 
parasite causing African trypanosomiasis in humans (Breidbach et al., 
2002). FBS0701, a newly identified industrial iron chelator, which in
hibits the early gametocyte stage in Plasmodium falciparum, has a 
potentially negative effect on the reproduction of Plasmodium falciparum 
gametocytes and acts as a blocking drug against the transmission of 
malaria (Slavic et al., 2016). 

4.4. Use of siderophores as biosensors 

A biosensor is a simple and integrated device capable of generating 
specific quantitative or semi-quantitative analytical information using a 

biological identifier element attached to a transducer (Gupta et al., 
2008). In recent years, scientists have used a variety of 
siderophore-based biosensors and nanosensors to detect a wide range of 
metal ion compounds (Gupta et al., 2008; Doorneweerd et al., 2010), 
antibiotics (Pawar et al., 2016), and pesticides to detect microorganisms 
(Doorneweerd et al., 2010) (Fig. 5). Siderophores can be used as 
potentially sensitive and selective detection systems mimicking biolog
ical processes (CCR de Carvalho et al., 2011). Among several 
siderophore-based methods for estimating metal ions, especially iron, 
fluorescent probes along with siderophores (or analogs) or fluorescent 
siderophores have been developed due to their rapid response rate and 
high sensitivity, which enable the detection of low concentrations of 
metals. Sensors use different electrochemical properties of siderophores 
as fluorescent probes to measure the amount of metals (Nosrati et al., 
2018). Simple, user-friendly siderophore-based biosensors are inex
pensive and rely solely on spectrophotometers (Gupta et al., 2008). 
Pyoverdine, which is produced by Pseudomonas aeruginosa, is a yellow 
and green water-soluble fluorescent siderophore that has previously 
been considered as a promising agent for making biosensors (Chiadò 
et al., 2013). N-methylanthranyl desferrioxamine (MA-DFB), a chemical 
derivative of DFB siderophore, has been shown to possess a potential 
role as an environmental chemosensor in natural waters (Palanché et al., 
1999). The concentration of iron in the ocean is measured using a 
siderophore secreted by Paracoccus denitrificans called parabactin 
(Chung Chun Lam et al., 2006). 

5. Conclusion 

Siderophores are promising biomarkers to be used in a variety of 
therapeutic and industrial purposes. The application of iron chelators 
and iron acquisition mechanisms of bacteria can be a promising option 
for the production of novel vaccines and antibiotics in the form of 
conjugates with siderophores (Trojan horse) to inhibit antibiotic- 
resistant bacteria, which are considered as health problems these days. 
Indeed, the products of bacteria can be used against themselves to 
inhibit treatment-resistant bacteria. Moreover, these wonderful mole
cules can open new horizons in treatment of various cancers without 
problems associated with the conventional chemicals used for cancer 
therapy. However, the study of iron uptake pathways and the mecha
nism of siderophores’ action as therapeutic agents need further in
vestigations in animal and human models, and the high potential of iron 
chelators can be exploited for specific therapeutic purposes and similar 
applications. 

Fig. 5. Schematic representation of siderophore-based biosensor performance. Siderophores act as markers in the interaction with iron analytes in vitro and the 
biotransmitter part converts the signal from the reaction of iron and siderophore into another signal which can be measured through an amplifier and a sensitive 
detector (Saha et al., 2016). 
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Köster, W., 2001. Abc transporter-mediated uptake of iron, siderophores, heme and 
vitamin b12. Res. Microbiol. 152, 291–301. 

Krewulak, K.D., Vogel, H.J., 2008. Structural biology of bacterial iron uptake. Biochimica 
et biophysica acta (bba)-biomembranes 1778, 1781–1804. 
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Palanché, T., Marmolle, F., Abdallah, M.A., Shanzer, A., Albrecht-Gary, A.-M., 1999. 
Fluorescent siderophore-based chemosensors: iron (iii) quantitative determinations. 
Jbic J. Biol. Inorg. Chem. 4, 188–198. 

Palazon, A., Goldrath, A.W., Nizet, V., Johnson, R.S., 2014. Hif transcription factors, 
inflammation, and immunity. Immunity 41, 518–528. 

Paul, A., Dubey, R., 2014. Characterization of protein involve in nitrogen fixation and 
estimation of co factor. Int. J. Adv. Biotechnol. Res. 5, 582–597. 

Pawar, M.K., Tayade, K.C., Sahoo, S.K., Mahulikar, P.P., Kuwar, A.S., Chaudhari, B.L., 
2016. Selective ciprofloxacin antibiotic detection by fluorescent siderophore 
pyoverdin. Biosens. Bioelectron. 81, 274–279. 

Pendleton, J.N., Gorman, S.P., Gilmore, B.F., 2013. Clinical relevance of the ESKAPE 
pathogens. Expert Rev. Anti. Ther. 11, 297–308. 

Perry, R.D., Balbo, P.B., Jones, H.A., Fetherston, J.D., Demoll, E., 1999. Yersiniabactin 
from Yersinia pestis: biochemical characterization of the siderophore and its role in 
iron transport and regulation. Microbiology 145, 1181–1190. 

Pinnix, Z.K., Miller, L.D., Wang, W., D’agostino, R., Kute, T., Willingham, M.C., 
Hatcher, H., Tesfay, L., Sui, G., Di, X., 2010. Ferroportin and iron regulation in breast 
cancer progression and prognosis. Sci. Transl. Med. 2, 43ra56-43ra56.  

Porcheron, G., Garénaux, A., Proulx, J., Sabri, M., Dozois, C.M., 2013. Iron, copper, zinc, 
and manganese transport and regulation in pathogenic enterobacteria: correlations 
between strains, site of infection and the relative importance of the different metal 
transport systems for virulence. Front. Cell. Infect. Microbiol. 3, 90. 

Prutki, M., Poljak-Blazi, M., Jakopovic, M., Tomas, D., Stipancic, I., Zarkovic, N., 2006. 
Altered iron metabolism, transferrin receptor 1 and ferritin in patients with colon 
cancer. Cancer Lett. 238, 188–196. 

Rakin, A., Schneider, L., Podladchikova, O., 2012. Hunger for iron: the alternative 
siderophore iron scavenging systems in highly virulent Yersinia. Front. Cell. Infect. 
Microbiol. 2, 151. 

Ratledge, C., Dover, L.G., 2000. Iron metabolism in pathogenic bacteria. Annual reviews 
in microbiology 54, 881–941. 

Raymond, K.N., Dertz, E.A., Kim, S.S., 2003. Enterobactin: an archetype for microbial 
iron transport. Proc. Natl. Acad. Sci. 100, 3584–3588. 

Richardson, D.R., Ponka, P., 1997. The molecular mechanisms of the metabolism and 
transport of iron in normal and neoplastic cells. Biochimica et biophysica acta (bba)- 
reviews on biomembranes 1331, 1–40. 

Robey, M., Cianciotto, N.P., 2002. Legionella pneumophila feoab promotes ferrous iron 
uptake and intracellular infection. Infect. Immun. 70, 5659–5669. 

Russo, T.A., Mcfadden, C.D., Carlino-Macdonald, U.B., Beanan, J.M., Barnard, T.J., 
Johnson, J.R., 2002. Iron functions as a siderophore receptor and is a urovirulence 
factor in an extraintestinal pathogenic isolate of Escherichia coli. Infect. Immun. 70, 
7156–7160. 

Russo, T.A., Shon, A.S., Beanan, J.M., Olson, R., Macdonald, U., Pomakov, A.O., 
Visitacion, M.P., 2011. Hypervirulent K. pneumoniae secretes more and more active 
iron-acquisition molecules than “classical” K. pneumoniae thereby enhancing its 
virulence. PLoS One 6, e26734. 

Saha, M., Sarkar, S., Sarkar, B., Sharma, B.K., Bhattacharjee, S., Tribedi, P., 2016. 
Microbial siderophores and their potential applications: a review. Environ. Sci. 
Pollut. Res. - Int. 23, 3984–3999. 

Saha, P., San Yeoh, B., Olvera, R.A., Xiao, X., Singh, V., Awasthi, D., Subramanian, B.C., 
Chen, Q., Dikshit, M., Wang, Y., 2017. Bacterial siderophores hijack neutrophil 
functions. J. Immunol. 198, 4293–4303. 

Saha, P., San Yeoh, B., Xiao, X., Golonka, R.M., Kumarasamy, S., Vijay-Kumar, M., 
2019a. Enterobactin, an iron chelating bacterial siderophore, arrests cancer cell 
proliferation. Biochem. Pharmacol. 168, 71–81. 

Saha, P., Xiao, X., Yeoh, B.S., Chen, Q., Katkere, B., Kirimanjeswara, G.S., Vijay- 
Kumar, M., 2019b. The bacterial siderophore enterobactin confers survival 
advantage to salmonella in macrophages. Gut Microbes 10, 412–423. 

Sandy, M., Butler, A., 2009. Microbial iron acquisition: marine and terrestrial 
siderophores. Chem. Rev. 109, 4580–4595. 

Santajit, S., Indrawattana, N., 2016. Mechanisms of antimicrobial resistance in eskape 
pathogens. Biomed Res. Int. 2016. 

Schalk, I.J., Guillon, L., 2013. Fate of ferrisiderophores after import across bacterial outer 
membranes: different iron release strategies are observed in the cytoplasm or 
periplasm depending on the siderophore pathways. Amino Acids 44, 1267–1277. 

Schalk, I.J., Mislin, G.L., Brillet, K., 2012. Structure, function and binding selectivity and 
stereoselectivity of siderophore–iron outer membrane transporters. Current Topics in 
Membranes. Elsevier. 

Schmitt, M.P., 1997. Utilization of host iron sources by Corynebacterium diphtheriae: 
identification of a gene whose product is homologous to eukaryotic heme oxygenases 
and is required for acquisition of iron from heme and hemoglobin. J. Bacteriol. 179, 
838–845. 

Schwyn, B., Neilands, J., 1987. Universal chemical assay for the detection and 
determination of siderophores. Anal. Biochem. 160, 47–56. 

Semenza, G.L., 2011. Oxygen sensing, homeostasis, and disease. N. Engl. J. Med. 365, 
537–547. 

Sheldon, J.R., Heinrichs, D.E., 2015. Recent developments in understanding the iron 
acquisition strategies of Gram positive pathogens. FEMS Microbiol. Rev. 39, 
592–630. 

Simões, L.C., Simões, M., Vieira, M.J., 2007. Biofilm interactions between distinct 
bacterial genera isolated from drinking water. Appl. Environ. Microbiol. 73, 
6192–6200. 

Slavic, K., Krishna, S., Lahree, A., Bouyer, G., Hanson, K.K., Vera, I., Pittman, J.K., 
Staines, H.M., Mota, M.M., 2016. A vacuolar iron-transporter homologue acts as a 
detoxifier in Plasmodium. Nat. Commun. 7, 1–10. 

Snyder, J.A., Haugen, B.J., Buckles, E.L., Lockatell, C.V., Johnson, D.E., Donnenberg, M. 
S., Welch, R.A., Mobley, H.L., 2004. Transcriptome of uropathogenic Escherichia coli 
during urinary tract infection. Infect. Immun. 72, 6373–6381. 

Soares, M.P., Weiss, G., 2015. The iron age of host–microbe interactions. EMBO Rep. 16, 
1482–1500. 

B. Khasheii et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0545
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0545
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0545
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0550
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0550
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0555
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0555
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0560
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0560
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0565
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0565
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0570
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0570
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0570
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0575
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0575
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0575
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0580
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0580
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0580
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0580
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0585
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0585
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0585
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0585
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0590
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0590
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0590
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0595
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0595
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0595
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0600
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0600
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0605
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0605
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0610
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0610
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0615
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0615
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0620
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0620
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0620
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0625
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0625
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0625
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0625
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0630
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0630
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0630
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0630
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0635
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0635
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0635
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0640
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0640
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0640
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0645
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0645
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0645
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0650
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0650
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0650
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0655
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0655
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0660
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0660
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0665
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0665
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0665
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0670
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0670
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0675
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0675
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0675
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0675
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0680
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0685
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0685
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0685
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0685
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0690
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0690
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0695
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0695
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0695
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0700
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0700
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0705
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0705
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0710
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0710
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0710
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0715
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0715
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0720
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0720
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0720
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0725
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0725
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0725
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0730
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0730
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0730
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0730
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0735
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0735
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0735
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0740
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0740
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0740
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0745
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0745
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0750
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0750
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0755
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0755
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0755
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0760
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0760
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0765
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0765
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0765
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0765
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0770
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0770
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0770
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0770
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0775
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0775
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0775
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0780
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0780
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0780
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0785
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0785
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0785
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0790
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0790
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0790
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0795
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0795
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0800
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0800
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0805
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0805
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0805
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0810
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0810
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0810
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0815
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0815
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0815
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0815
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0820
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0820
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0825
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0825
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0830
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0830
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0830
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0835
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0835
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0835
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0840
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0840
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0840
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0845
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0845
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0845
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0850
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0850


Microbiological Research 250 (2021) 126790

12

Stein, J., Hartmann, F., Dignass, A.U., 2010. Diagnosis and management of iron 
deficiency anemia in patients with IBD. Nat. Rev. Gastroenterol. Hepatol. 7, 599. 

Stintzi, A., Barnes, C., Xu, J., Raymond, K.N., 2000. Microbial iron transport via a 
siderophore shuttle: a membrane ion transport paradigm. Proc. Natl. Acad. Sci. 97, 
10691–10696. 

Sutherland, R., Delia, D., Schneider, C., Newman, R., Kemshead, J., Greaves, M., 1981. 
Ubiquitous cell-surface glycoprotein on tumor cells is proliferation-associated 
receptor for transferrin. Proc. Natl. Acad. Sci. 78, 4515–4519. 

Tommasi, R., Brown, D.G., Walkup, G.K., Manchester, J.I., Miller, A.A., 2015. ESKAPEing 
the labyrinth of antibacterial discovery. Nat. Rev. Drug Discov. 14, 529–542. 

Tong, Y., Guo, M., 2009. Bacterial heme-transport proteins and their heme-coordination 
modes. Arch. Biochem. Biophys. 481, 1–15. 

Tosha, T., Ng, H.-L., Bhattasali, O., Alber, T., Theil, E.C., 2010. Moving metal ions 
through ferritin− protein nanocages from three-fold pores to catalytic sites. J. Am. 
Chem. Soc. 132, 14562–14569. 

Van Der Heide, T., Poolman, B., 2002. Abc transporters: one, two or four 
extracytoplasmic substrate-binding sites? EMBO Rep. 3, 938–943. 

Velayudhan, J., Hughes, N.J., Mccolm, A.A., Bagshaw, J., Clayton, C.L., Andrews, S.C., 
Kelly, D.J., 2000. Iron acquisition and virulence in Helicobacter pylori: a major role 
for feob, a high-affinity ferrous iron transporter. Mol. Microbiol. 37, 274–286. 

Wandersman, C., Delepelaire, P., 2004. Bacterial iron sources: from siderophores to 
hemophores. Annu. Rev. Microbiol. 58, 611–647. 

Wang, W., Lu, Y., Wang, Y., Zhang, Y., Xia, B., Cao, J., 2020. Siderophores induce 
mitophagy-dependent apoptosis in platelets. Ann. Transl. Med. 8. 

Weinberg, E., 2004. Suppression of bacterial biofilm formation by iron limitation. Med. 
Hypotheses 63, 863–865. 

Weinberg, E.D., 2009. Iron availability and infection. Biochimica et biophysica acta 
(bba)-general subjects 1790, 600–605. 

Wiener, M.C., 2005. Tonb-dependent outer membrane transport: going for baroque? 
Curr. Opin. Struct. Biol. 15, 394–400. 

Winkelmann, G., 2002. Microbial siderophore-mediated transport. Biochem. Soc. Trans. 
30, 691–696. 

Wyckoff, E.E., Allred, B.E., Raymond, K.N., Payne, S.M., 2015. Catechol siderophore 
transport by Vibrio cholerae. J. Bacteriol. 197, 2840–2849. 

Xiao, X., San Yeoh, B., Saha, P., Tian, Y., Singh, V., Patterson, A.D., Vijay-Kumar, M., 
2017. Modulation of urinary siderophores by the diet, gut microbiota and 
inflammation in mice. J. Nutr. Biochem. 41, 25–33. 

Yamasaki, T., Terai, S., Sakaida, I., 2011. Deferoxamine for advanced hepatocellular 
carcinoma. N. Engl. J. Med. 365, 576–578. 

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., 2008. Decreased cancer risk after iron 
reduction in patients with peripheral arterial disease: results from a randomized 
trial. J. Natl. Cancer Inst. 100, 996–1002. 

Zgurskaya, H.I., Lopez, C.A., Gnanakaran, S., 2015. Permeability barrier of Gram- 
negative cell envelopes and approaches to bypass it. ACS Infect. Dis. 1, 512–522. 

Zheng, T., Nolan, E.M., 2014. Enterobactin-mediated delivery of β-lactam antibiotics 
enhances antibacterial activity against pathogenic Escherichia coli. J. Am. Chem. Soc. 
136, 9677–9691. 

B. Khasheii et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0855
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0855
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0860
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0860
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0860
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0865
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0865
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0865
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0870
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0870
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0875
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0875
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0880
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0880
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0880
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0885
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0885
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0890
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0890
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0890
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0895
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0895
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0900
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0900
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0905
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0905
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0910
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0910
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0915
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0915
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0920
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0920
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0925
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0925
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0930
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0930
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0930
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0935
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0935
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0940
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0940
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0940
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0940
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0945
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0945
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0950
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0950
http://refhub.elsevier.com/S0944-5013(21)00096-3/sbref0950

	Siderophores: Importance in bacterial pathogenesis and applications in medicine and industry
	1 Introduction
	2 Iron acquisition systems in Gram-positive and Gram-negative pathogenic bacteria
	3 The importance of siderophore production in the pathogenesis of bacteria
	3.1 Classification of siderophores based on chemical structure
	3.1.1 Catecholate type siderophores
	3.1.2 Hydroxymate type siderophores
	3.1.3 Carboxylate type siderophores
	3.1.4 Mixed type siderophores


	4 Application of siderophores
	4.1 Use of siderophores in drug delivery
	4.2 Use of siderophores in the treatment of cancer
	4.3 Other applications of siderophores (treatment of malaria)
	4.4 Use of siderophores as biosensors

	5 Conclusion
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Declaration of Competing Interest
	Acknowledgements
	References


