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Abstract

Iron is an essential nutrient for life. During infection, a fierce battle of iron acquisition occurs 

between the host and bacterial pathogens. Bacteria acquire iron by secreting siderophores, small 

ferric iron binding molecules. In response, host immune cells secrete lipocalin 2 (also known as 

siderocalin), a siderophore-binding protein, to prevent bacterial reuptake of iron-loaded 

siderophores. To counter this threat, some bacteria can produce lipocalin 2-resistant siderophores. 

This review discusses the recently described molecular mechanisms of siderophore iron trafficking 

between host and bacteria, highlighting the therapeutic potential of exploiting pathogen 

siderophore machinery for the treatment of antibiotic-resistant bacterial infections. As the latter 

reflect a persistent problem in hospital settings, siderophore-targeting or siderophore-based 

compounds represent a promising avenue to combat such infections.
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Siderophores: Important Virulence Factors and Promising Molecular 

Targets

Nosocomial infections (see Glossary), also known as hospital-acquired infections (HAI), 

are a rising health concern worldwide. In the United States alone, there were at least 721,800 

HAIs estimated in 2011 [1] caused by various pathogens. Gram positive Staphylococcus 
aureus (S. aureus) is of particular concern, estimated to be responsible for about 10% of all 

HAIs. The development of hyper-virulent and antibiotic-resistant strains makes treating 

these infections more difficult. For instance, carbapenemase-producing pathogens, such as 

Klebsiella pneumoniae and Escherichia coli, are resistant to the carbapenem-class of 
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antibiotics widely used to treat multidrug-resistant bacteria. Many HAIs can infect a variety 

of organs, including the gastrointestinal system and urinary tract, and may also infect 

surgical sites. These pathogens are becoming more widespread and constitute an immediate 

public health problem [2].

Virulence factors may aid pathogens in colonizing the host as well as enhance disease. These 

factors consist of a wide variety of substances including bacterial toxins, adherence factors, 

protective capsules, and, relevant to this review, siderophores. Iron is a necessary element in 

virtually all living organisms and is utilized to catalyze a wide variety of indispensable 

enzymatic reactions [3]. Early microorganisms were able to utilize soluble ferrous iron 

(Fe2+), abundant due to an oxygen-poor atmosphere; however, as oxygen-rich conditions 

arose, ferrous iron was oxidized to insoluble ferric iron (Fe3+), removing an easily 

bioavailable source of iron. Responding to this challenge, microorganisms evolved, utilizing 

siderophores which are small ferric iron (Fe3+) chelating molecules [4]. In a pathogenic 

context, microbes secrete siderophores to acquire and solubilize ferric iron from the host. In 

fact, comparisons of different Acinetobacter genomes have shown that the presence of genes 

involving siderophore biosynthesis is predictive of high or low virulence [5]. Consistently, in 

bacteria including Acinetobacter baumannii, siderophores were shown as necessary 

components for the development of surface attachment and extracellular polysaccharide 

synthesis (termed biofilm formation) [6–8] and the establishment of mutually-beneficial, 

iron-sufficient microbial communities [9]. Given that siderophores are involved in biofilm 

formation which promotes antibiotic resistance [10, 11], targeting siderophores by blocking 

siderophore synthesis or function provides a promising alternative antimicrobial approach.

Iron is also essential to host cells, and is tightly regulated under various physiological 

conditions [12]. Hosts utilize various major iron transport systems, such as iron-loaded 

transferrin, lactoferrin, and heme [3]. However, the affinities of bacterial siderophores to iron 

are generally much higher than those of host proteins/molecules [4], allowing pathogens to 

outcompete the host in iron acquisition. In response to the siderophore threat, mammalian 

immune cells (e.g. macrophages, neutrophils) can secrete a siderophore binding protein, 

lipocalin 2 (Lcn2) (a 24 kDa glycoprotein also known as siderocalin, 24p3, and NGAL 

(neutrophil gelatinase associated lipocalin)), to intercept bacterial uptake of iron-loaded 

siderophores (ferric-siderophores) [13]. This battle over limited iron is an important host-

pathogen interaction for survival during infections (Box 1).

Siderophores are becoming better appreciated for their role in virulence beyond simple iron 

chelation, acting as signals leading to a robust host defense, by inducing for instance, 

mitophagy, hypoxic responses, and cytokine production. This review discusses recent 

findings in siderophore biology, with highlights on the therapeutic potential of siderophore 

pharmacological targeting in microbial infections (e.g. S. aureus and A. baumannii) through 

the use of siderophore-antibiotic drug conjugates, gallium containing compounds, and 

siderophore biosynthesis inhibitors. We begin with a brief overview of nosocomial 

siderophore biology and import/export, followed by recent findings in host-pathogen 

interactions. Finally, we summarize recent advances in siderophore biology in an infection 

context, examining inhibitors of siderophore biosynthesis as novel antimicrobial 

therapeutics. Indeed, over the past few years, studies have revealed several components in 
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siderophore production and trafficking, exposing potential vulnerabilities that can be 

exploited clinically. Targeting such vulnerabilities could potentially allow clinicians to 

circumvent the problem of traditional antibiotic-resistance in their patients, ideally reducing 

the burden of HAIs and improving health outcomes.

Nosocomial Bacterial Siderophore Import and Export Mechanisms

Major pathogens that cause nosocomial infections and acquire multidrug resistance are 

summarized in Table 1. Gram-negative bacteria (e.g. Pseudomonas aeruginosa, Klebsiella 
pneumonia, A. baumannii; E. coli), Gram-positive bacteria (e.g. Staphylococcus aureus), and 

acid-fast bacilli (e.g. Mycobacterium tuberculosis) [14] all utilize siderophores as important 

augmenters of infection and commit an abundance of resources to their production. Utilizing 

metabolites such as proteogenic and nonproteogenic amino acids, chorismate, and citrate, 

bacteria create a diverse repertoire of molecules through a ribosomal independent process 

[15]. Siderophores may be classified according to their iron-binding moieties: catecholate, 

hydroxamate, phenolate, carboxylate, and mixed-type (containing more than one of the 

aforementioned moieties) (Fig. 1A). For example, staphyloferrin A, produced by S. aureus, 

is a carboxylate-type with four carboxylate (R-COO−) moieties for iron binding (Fig. 1B). 

More complicated structures also exist: pyoverdine, a mixed-type siderophore produced by 

P. aeruginosa, is composed of eight amino acids, including: D-Ser, L-Arg, L-hf-Orn (N5-

formyl-N5-hydroxyornithine), L-Lys, and L-Thr. Pyoverdine binds iron via two 

hydroxamate (O=CH-NROH) and one catecholate moiety (Fig. 1B). Following iron capture, 

ferric-siderophores are imported into bacteria through siderophore-specific receptors (Table 

1, Box 2) for utilization of iron in growth and colonization during infection.

Siderophore trafficking is different in Gram-positive bacteria, which have a single 

membrane, and Gram-negative bacteria, which have inner and outer membranes separated 

by a periplasmic space. Gram-negative bacteria, with dual membranes, require a multistep 

process for siderophore uptake. First, ferric-siderophores are recognized by a specific outer 

membrane receptor (OMR). After transport across the outer membrane, the ferric-

siderophore is trafficked to the inner membrane by a periplasmic binding protein (PBP) 

where the ferric-siderophore is directly pumped into the cytoplasm or the iron is removed 

and the iron-free siderophore recycled [16] (Box 2). In contrast, Gram-positive pathogens 

only have a single membrane and, therefore, possess a comparatively simple uptake 

mechanism involving a siderophore-binding protein (SBP) and an associated permease 

located on the cell membrane (Box 2).

In order to maintain a constant supply of iron for infection, siderophores need to be exported 

from the bacterium following biosynthesis to find and chelate environmental iron. 

Siderophore secretion requires the activity of at least one of the following efflux pump 

families: major facilitator superfamily (MFS), ATP binding cassette (ABC), and the Gram-

negative-specific Resistance-Nodulation-Cell Division (RND). In E. coli, for example, 

enterobactin secretion requires MFS- and RND-family proteins (Box 2).
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Host and Pathogens Alter Many Iron-regulated Pathways to Fight for 

Survival

Siderophore mediated iron uptake becomes imperative for many pathogens during infection, 

as ablation of this system significantly reduces a pathogen’s ability to colonize a host [4]. 

Recent findings have shown that siderophores have several pivotal effects on the host that go 

beyond the frontlines of the host-pathogen interface discussed in Box 1. Bacterial 

siderophores can elicit strong cellular effects on the host by disrupting organelle iron 

homeostasis, activating transcriptional pathways, and affecting cellular behavior. Recently, it 

was shown that iron chelation could trigger cells to undergo mitophagy, the controlled 

autophagy of mitochondria [17]. Mitophagy appears to be a positive adaptation during iron 

deficiency, contributing to overall mitochondrial integrity and increased lifespan in 

pathogenic yeast Candida glabrata [18] and the nematode Caenorhabditis elegans [19]. 

Pyoverdine, the P. aeruginosa siderophore (Fig. 1, Table 1), is toxic to mitochondria in C. 
elegans, resulting in mitochondrial fragmentation and loss of mitochondrial membrane 

potential, leading to cell and (if severe enough) organismal death; notably, C. elegans 
mortality is attenuated by pre-incubating pyoverdine with iron [20]. This suggests that 

pyoverdine-induced mortality is dependent on the ability of pyoverdine to sequester host 

iron. After pyoverdine exposure, C. elegans undergoes mitophagy to remove the damaged 

mitochondria [21]. Inhibition of mitophagy makes C. elegans more susceptible to P. 
aeruginosa infection and subsequent death, indicating that mitophagy is an important 

cellular defense process to ameliorate/prevent cell injury and death after infection [21]. 

Interestingly, it appears that mitophagy after iron depletion can occur in either a PINK1/
Parkin-dependent [21] or -independent [17] mechanism. PINK1 and Parkin encoded by the 

PARK6 and PARK2 genes, respectively, are the best characterized mediators of mitophagy, 

and mutations in these genes have been implicated in the development of Parkinson’s 

disease [22]. To date, however, no studies have been performed to investigate the effect of 

siderophores on mitophagy in mammalian systems.

In addition to causing mitophagy, bacterial siderophores can generate a hypoxic response in 

host cells, even in normoxic conditions, by stabilizing the host transcription factor hypoxia-
inducible factor 1α (HIF-1α) [20, 23, 24]. Under normal cellular conditions in mammals, 

HIF-1α is hydroxylated by oxygen- and iron-dependent HIF prolyl-hydroxylases, allowing 

for HIF-1α ubiquitylation by the E3 ubiquitin ligase von Hippel-Lindau (pVHL) and 

subsequent downstream proteasomal degradation [25]. In low oxygen and/or low iron 

conditions, HIF prolyl hydroxylases lack these critical co-factors and cannot function, 

leading to stabilization of HIF-1α and upregulation of HIF-1α target genes. HIF-1α 
upregulates a myriad of genes including those encoding immune effector molecules such as 

granule proteases, antimicrobial peptides, and inflammatory cytokines [26, 27]. This is a 

beneficial response as it allows the host cells to better combat infection. In cultured human 

lung epithelial cells, a combination of enterobactin and lipocalin 2 were shown to stabilize 

HIF-1α and lead to the upregulation of critical genes for host immunity, including 

interleukin-6 (IL-6) [24]. In addition, activation of HIF-1α signaling has been shown to 

increase bacterial phagocytosis by macrophages in a p38 MAPK-dependent manner, 

assisting in pathogen clearance during infection [28]. Another HIF-1α target, inducible 
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nitric oxide synthase (iNOS), is an important infection mediator that produces reactive 

nitrogen species (RNS) , and has been shown to be a critical factor in decreasing 

intracellular bacterial load during the early stages of mycobacterial infection in a zebrafish 

model [29]. Consistent with these findings, intestine-specific knockout of Hif-1α in mice 

results in worse animal survival following infection with Yersinia enterocolitica when 

compared to wild-type mice [23]. In addition, Hif-1-deficient C. elegans worms have been 

found to be more susceptible to P. aeruginosa pathogenesis when compared to wild-type 

worms [20]. Lack of intestinal HIF-1α likely prevents upregulation of important immune 

genes in response to siderophores [24, 25]. In summary, siderophores induce important host 

defense pathways, such as mitophagy and HIF-1α stabilization, both of which are critical for 

host survival.

Intracellular pathogens, such as Mycobacterium and Salmonella species, can infect and 

reside inside of macrophages. As discussed above and in Box 1, a “tug-of-war” develops 

between host and bacteria over the iron contents of the host cell, with the pathogen 

attempting to acquire as much iron as possible and the macrophage attempting to deny 

pathogen access to iron. To that end, infected macrophages upregulate the iron export 

protein ferroportin (Fpn) through iNOS-mediated NFE2-related factor 2 (Nrf2) signaling 

[30] (Key Figure, Fig. 2A, #1). Reduction of intracellular iron has two antibacterial effects: 

the removal of an essential nutrient (for pathogens) and enhanced interferon γ (IFNγ) 

pathway signaling [31, 32] (Key Figure, Fig. 2A, #2). IFNγ is an inflammatory cytokine that 

upregulates a suite of immune-related genes and activates macrophages for antibacterial and 

antiviral activity [33]. In response, pathogens can inhibit Fpn-mediated iron export by 

inducing hepcidin expression. Hepcidin, a mammalian peptide hormone mainly produced in 

the liver and in macrophages, binds to Fpn and induces Fpn degradation, decreasing iron 

export activity and conserving intracellular iron stores on target cells [34]. Salmonella can 

induce hepatic hepcidin production via inflammatory IL-6 signaling and downstream 

estrogen-related receptor γ (ERRγ) activation [35] (Key Figure, Fig. 2A, #3); this is 

beneficial for Salmonella, an intracellular pathogen, as it maintains the intracellular iron 

pool. Furthermore, Salmonella can stimulate macrophages to specifically phagocytose 

erythrocytes in an effort to acquire more iron [36] through Toll-like receptor 4 (TLR4) 

signaling [37] (Key Figure, Fig. 2A, #4). This is a particularly interesting response that is 

well-conserved throughout vertebrates in response to severe infection, and is speculated to 

have evolved as a countermeasure to prevent potentially lethal levels of inflammation [36, 

38]. In essence, the host will cede iron to the pathogen in order to prevent a worse outcome. 

Other pathogens, such as the extracellular P. aeruginosa, also upregulate hepcidin expression 

in macrophages through activation of TLR4 signaling [39] (Key Figure, Fig. 2B, #1), but 

this is a host defense response, as it removes an easily available source of iron for bacterial 

siderophores (Key Figure, Fig. 2B, #2).

In summary, bacterial siderophores have wide-ranging biological effects on both pathogen 

and host, simultaneously helping pathogens acquire iron and damage host cells (e.g. 

mitochondrial damage) while causing host compensatory reactions (e.g. mitophagy and 

upregulation of immune genes). However, there are several key questions about the 

physiological effects of siderophores that remain unanswered (see Outstanding Questions). 
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Further research will give a clearer portrait of the mechanisms by which siderophores alter 

host processes to benefit the pathogen and how the host responds in kind.

Using Siderophores to Combat Bacterial Infection

The emergence of multidrug-resistant bacteria is a major concern that has stimulated 

development of new antibiotics and approaches [40, 41]. Nosocomial pathogens appear to be 

particularly resilient, having spread across the world at an alarming rate [1] and causing 

many types of disease (see Table 1). For example, P. aeruginosa is intrinsically resistant to 

many antibiotics and easily develops acquired resistance during chronic lung infection in 

cystic fibrosis patients [42]. Novel treatment strategies have been investigated to combat 

these pathogens, including the use of non-ferrous metals to interrupt important metabolic 

functions. Siderophores have been envisioned as “Trojan horses” with a capacity to deliver 

therapeutic agents into drug-resistant bacteria, targeting siderophore biosynthesis pathways 

to deny pathogens access to iron.

Gallium (Ga3+) is used in combating bacterial infections because it can compete with iron 

(Fe3+) to bind siderophores, while being unable to participate in biologically necessary 

redox chemistry. In fact, gallium arrests metabolic processes that depend on iron-mediated 

redox reactions. Gallium compounds such as gallium maltolate have been evaluated as a 

potential therapeutic agents for methicillin-resistant S. aureus [43] which can cause 

pneumonia and other infections (summarized in Table 1). In addition, a commonly-used 

drug for hypercalcemia, Ganite ® (gallium nitrate), results in antimicrobial activity against 

A. baumannii (Table 1) in vivo and in vitro [44]. In these approaches, gallium compounds 

presumably outcompete iron to bind siderophores, and are subsequently taken up by bacteria 

(Figure 3, left).

Gallium-loaded siderophores present another approach for gallium-based therapeutics. 

Desferrioxamine (DFO, Desferal®), a siderophore produced by the Streptomyces pilosus, 

has been used for the treatment of iron overload in diseases such as hemochromatosis and 

β-thalassemia [45]. Gallium-DFO (Ga-DFO) was demonstrated to be therapeutic for P. 
aeruginosa infection, such as in septicemia and infected pressure ulcers (bed sores) (Table 

1), due to its bactericidal activity and prevention of biofilm formation [46]. Topical 

administration of Ga-DFO, in combination with gentamicin, also decreased the severity of P. 
aeruginosa infection in a rabbit cornea infection model [46]. In another study, pre-loading 

pyochelin -- a siderophore produced by P. aeruginosa (Table 1)-- with gallium, consistently 

led to a stronger inhibitory effect on P. aeruginosa growth than gallium nitrate in in vitro 
bacterial cultures [47], suggesting that treatment with gallium-siderophore complexes could 

be a more effective therapeutic option than using simple gallium salts (Figure 3, middle).

In a similar vein, conjugation of siderophores to antibiotics is an exciting treatment strategy. 

Siderophore moieties used for conjugation include catecholates and hydroxamates (Fig. 1) 

[48, 49]. Recently, several siderophores conjugated with β-lactam antibiotics have been 

evaluated in preclinical and clinical phases, including MC-1 (monocarbam), BAL30072 

(monosulfactam) [50], S-649266 (cephalosporin) [51, 52] and GSK3342830 

(cephalosporin), which target multidrug-resistant Gram-negative bacteria including A. 
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baumannii and P. aeruginosa (Figure 3, right). P. aeruginosa is a particularly challenging 

pathogen to treat as it is intrinsically resistant to many antibiotics and easily acquires 

resistance (Table 1) [42, 53]. Porin channels in the outer membrane of Gram-negative 

bacteria including P. aeruginosa are essential for the entry of antibiotics such as β-lactams 

[54]. However, the porin channels of P. aeruginosa are narrower than other pathogens, 

resulting in minimal antibiotic uptake and increased drug resistance [55]. Consequently, 

antibiotic-conjugated siderophores are used as a ‘Trojan horse’ [48, 49] exploiting the 

siderophore-uptake system instead of porin proteins to efficiently deliver antibiotics to P. 
aeruginosa [48].

The siderophore biosynthesis pathway is another attractive target for therapeutics. Multidrug 

resistance in M. tuberculosis, the well-known bacterium that causes tuberculosis (Table 1), is 

dramatically increasing [56]. The biosynthesis pathways of siderophores produced by M. 
tuberculosis, mycobactin and the carboxylated form carboxymycobactin (Table 1), are well-

understood and have been pharmacologically targeted [57]. The second step of mycobactin 

biosynthesis is mediated by 2,3-dihydroxybenzoate-AMP ligase (MbtA), an adenylate-

forming enzyme [58]. The MbtA inhibitor salicyl-AMS [5'-O-(N-salicylsulfamoyl) 

adenosine] has been shown to suppress the growth of M. tuberculosis in the lungs of 

Mycobacterium-infected mice [58]. Inhibitors of other steps in mycobactin biosynthesis, 

such as benzimidazole-2-thione 4 (inhibitor of salicylate synthase MbtI) have been identified 

by high-throughput screening of more than 100,000 commercial compounds [59], but any 

utility in a clinical setting remains to be investigated.

Mechanistic insight into other aspects of siderophore biology gives future direction to 

therapeutic studies. For example, inhibiting siderophore export by deleting MmpS4/S5 
(siderophore export proteins) in M. tuberculosis strains has been found to cause cytotoxicity 

upon exposure to mycobactin and carboxymycobactin [60]. Intracellular siderophore 

accumulation due to a defect in siderophore recycling seems to be the cause of toxicity, 

suggesting that MmpS4/S5 might be considered putative therapeutic targets against M. 
tuberculosis.

Inhibitors of siderophore biosynthesis have been tested in other pathogens as well. In S. 
aureus, although both staphyloferrin A and staphyloferrin B are produced (Table 1), 

staphyloferrin B appears to be more critical for survival in iron-limiting conditions [61]. A 

recent study revealed that SbnG is the citrate synthase responsible for supplying citrate for 

staphyloferrin B biosynthesis [62]. SbnG homologs are conserved across several pathogens, 

including P. aeruginosa. The structure of SbnG is more similar to bacterial class II aldolases 

than to the citrate synthase in the tricarboxylic acid (TCA) cycle [63], giving rise to the 

possibility of an inhibitor that can block SbnG citrate synthesis and subsequent 

staphyloferrin B production while not affecting the host TCA cycle. In addition, two 

molecules, baulamycin A and baulamycin B extracted from Streptomyces tempisquensis, 

have been identified as strong inhibitors of siderophore biosynthesis pathways in several 

bacteria, including S. aureus and E. coli [64]. Collectively, more understanding of 

siderophore biosynthesis might expand the lineup of potential targets for novel antimicrobial 

drugs.
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Concluding Remarks

Future Directions in Siderophore Biology

The field of siderophore biology is a growing and exciting field of research, and new 

siderophores are being discovered regularly. Siderophores, constitute a key component of 

pathogenicity in nosocomial infections, but require careful study. While much work remains 

to characterize the molecular mechanisms of bacterial siderophore metabolism (see 

Outstanding Questions and Box 3), the future of siderophore research lies in extending basic 

findings into medical applications. A greater mechanistic knowledge of the back-and-forth 

struggle for iron between pathogen and host will provide clinical targets for physicians to 

treat nosocomial infections, such as inhibiting siderophore metabolism (biosynthesis, 

secretion, import) or utilizing siderophore conjugates to specifically deliver antibiotics (or 

other therapeutic agents) to the pathogen.

Moreover, there is increasing evidence for the position of siderophores at the crux of many 

microbial cellular processes, rendering siderophores even more appealing antimicrobial 

targets. Rational drug design based on recent findings in siderophore biosynthesis and 

trafficking has resulted in the clever design of drugs that take advantage of siderophore 

bacterial dependence during infection. Novel drugs based on this approach will likely 

continue to be discovered, broadening the clinician’s arsenal in the fight against antibiotic 

resistant HAIs.
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Glossary

Chorismate
a metabolic precursor for many bacterial compounds, including some siderophores (e.g. 

enterobactin) and aromatic amino acids.

Hemochromatosis
Disease characterized by iron overload in organs such as heart and liver, which cause 

arrhythmias and cirrhosis.

Hypoxia-inducible factor 1α
a transcription factor that upregulates genes important for immune and hypoxic responses. 

HIF-1α is stabilized and activated by hypoxia or iron-deficiency.

β-lactam antibiotics
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Antibiotics characterized by beta-lactam ring structure including cephalosporins and 

carbapenems.

Mitophagy
the regulated and selective process where cells degrade mitochondria via enclosure by 

double membraned vesicles (autophagosomes) and their subsequent fusion with lysosomes.

MmpS4/S5
Mycobacterial inner membrane proteins exporting siderophores across the inner membrane 

to the periplasmic space.

Nosocomial infections
infections that result from pathogen exposure within the healthcare setting caused by 

bacteria, viruses, and fungi that are not present at the time of admission. Generally apparent 

clinically after 48 hours. Also known as hospital-acquired or healthcare-associated 

infections

Nrf2 (NFE2-related factor 2)
a transcription factor that upregulates genes important for immune responses and oxidative 

stress defense. Nrf2 is stabilized and activated by oxidative stress.

PINK1 and Parkin
two proteins that are the best-characterized mediators of mitophagy. Mutations in these 

genes are associated with Parkinson’s disease.

Siderophores
small, ferric iron (Fe3+) chelating molecules secreted by microorganisms in response to iron 

limitation

β-thalassemia
Blood disease characterized by loss or reduction of beta-globin, a component of hemoglobin 

in the blood.

Toll-like receptor 4 (TLR4)
a cell-surface receptor in humans that recognizes many bacterial products, including the 

bacterial cell wall component lipopolysaccharide. TLR4 activation initiates many host cell 

signaling pathways important for immune responses.
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Box 1. Siderophore-Lipocalin 2 Interface during Infection

One of the major challenges for pathogenic bacteria is acquiring sufficient iron during 

infection and post-infection inside the host. Competition between the host and pathogen 

for this coveted transition metal occurs at the host-pathogen interface, a conceptual 

framework describing the exchange of signals and battle for common resources between 

host and pathogen. The fight for iron represents a robust “tug-of-war” occurs, which 

begins with the host secreting iron-binding proteins such as lactoferrin to sequester any 

readily available iron (Fig. I, stage 1).

When deprived of an easy iron source, pathogens upregulate siderophore biosynthesis 

and iron trafficking pathways (Fig. I, stage 2). Siderophores have much higher affinity for 

iron [4] and can strip iron from lactoferrin and other host iron-binding proteins, restoring 

access to iron for pathogens. In response, host cells secrete lipocalin 2 (important in 

innate immunity). In neutrophils, Lcn2 is stored within granules and rapidly secreted as 

part of a “first-response” to infection. Infection also drives massive increases in de novo 
Lcn2 production through Toll-like Receptor (TLR) and cytokine signaling [65]. Lcn2 

complexes with ferric-siderophores and prevents reuptake by pathogens, once again 

denying bacterial iron acquisition (Fig. I, stage 3). The Lcn2 threat is so severe that some 

pathogens have evolved chemically-modified, Lcn2-resistant siderophores, expressing 

them in response to Lcn2 secretion [66]. The siderophore enterobactin produced in E. 
coli is readily bound by Lcn2, while glycosylated enterobactin (salmochelin) is not (Table 

1, Fig. 1B). These “stealth siderophores” (i.e. chemically modified and unable to bind 

Lcn2) are important tools for preventing host’s Lcn2 function (Box Fig. I, stage 4).

Beyond simply denying iron to pathogens, Lcn2 can maintain host immune protein 

function. Recent data show that enterobactin can inactivate host myeloperoxidase (e.g. in 

neutrophils), a critical, iron-containing enzyme that generates bactericidal hypochlorous 

acid from H2O2 and Cl− [67]. Enterobactin attacks the heme prosthetic group and 

inactivates myeloperoxidase; Lcn2 can preserve myeloperoxidase function by binding to 

enterobactin [67].

Another bacterial strategy is to produce siderophores that natively cannot be recognized 

by Lcn2, as in the case of K. pneumonia, which can cause major respiratory infections, 

and produces yersiniabactin (Table 1, Fig. 1B) [68]. it is becoming clear that the host 

environment plays an important role in Lcn2-mediated immunity. Alterations in urine pH 

and composition can have significant impacts on the ability of Lcn2 to combat E. coli in a 

urinary-tract infection context. Alkalinization of urine (elevated pH above 6.45) increases 

the ability of Lcn2 to restrict iron and, subsequently, inhibit the growth of E. coli [69]. 

Given that inducing urinary alkalinization in a clinical setting is trivial, modulating 

urinary chemistry may be an attractive option in combating uropathogenic E. coli 
infections and requires further investigation.
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Box 2. Siderophore Import and Secretion Mechanisms

In gram-negative bacteria, each ferric-siderophore complex is recognized by specific 

outer membrane receptor(s) (OMR) (Fig. II, top left, specific OMRs in Table 1). In E. 
coli, enterobactin is recognized by the OMR FepA. While OMRs are incredibly diverse, 

with different bacterial species and different siderophore classes having specific receptors 

(Table 1), in general, OMRs interact with the inner-membrane protein TonB to facilitate 

uptake of the ferric-siderophore complex. The current model (termed “Rotational 

Surveillance and Energy Transfer”, or ROSET) suggests that TonB, driven by the inner 

membrane proteins ExbB and ExbD as well as the electrochemical proton motive force 

generated in the periplasm during normal cellular respiration, physically rotates within 

the inner membrane, causing a conformational shift in the OMR. The conformational 

shift of TonB in the OMR promotes internalization of the ferric-siderphore complex [70]. 

Once enterobactin is transported across the outer membrane, the periplasmic binding 

protein (PBP) FepB shuttles it to the inner membrane, where a complex consisting of 

FepC, FepD, and FepG transport enterobactin into the cytoplasm (Fig. II, top left). Other 

siderophores may have slightly different uptake mechanisms.

Following uptake by the OMR, the ferric-pyoverdine complex in P. aeruginosa is split 

into its constituent components within the periplasm by the action of the PBPs FpvC and 

FpvF. The iron is pumped into the cytoplasm by the ABC transporter complex FpvDE 

and iron-free pyoverdine is secreted back into the environment to gather more iron 

(reviewed in [16]).

Gram-positive bacteria, such as S. aureus, have only a single membrane and therefore 

possess a simpler siderophore uptake system. In general, gram-positive bacteria express 

siderophore-binding protein (SBP), associated with permease. SPB binding to an 

extracellular ferric-siderophore causes a conformational change in a SBP-permease 

complex, allowing transport of the ferric-siderophore across the membrane into the 

cytoplasm. In S. aureus, carboxylate-type siderophores staphyloferrin A and 

staphyloferrin B are recognized by membrane-bound lipoproteins HtsA and SirA 

proteins, respectively. Upon staphyloferrin binding, these proteins undergo a 

conformational change that activates the permeases HtsBC or SirBC, allowing 

staphyloferrin to cross the membrane (Fig. I top right).

Siderophore secretion is a necessary step in bacterial iron acquisition. Perhaps the best 

characterized siderophore secretion pathway is enterobactin in E. coli, which is a multi-

step process. First, enterobactin is transported from the cytoplasm to the periplasm via 

EntS (MFS-class efflux pump). Next, the concerted action of one inner-membrane RND-

class efflux pump (AcrB, AcrD, or MdtABC) and the outer-membrane protein channel 

TolC transport enterobactin across the outer membrane [71] (Fig. I bottom).
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Box 3. The Clinician’s Corner

• Nosocomial infections, such as pneumonia, urinary tract infections, and 

surgical site infections, are on the rise and often result in high 

morbidity and mortality. Thus, novel approaches to controlling these 

infections are warranted.

• Many nosocomial infections are caused by antibiotic-resistant 

pathogens.

• Siderophores – small, pathogen-derived molecules utilized in iron 

acquisition – are important virulence factors for many pathogens.

• Several potential siderophore-related therapeutics are being 

investigated, including “Trojan horse” compounds, gallium-containing 

compounds, and siderophore biosynthesis inhibitors.
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Outstanding Questions

• What are the identities of the major candidate proteins in nosocomial 

pathogen siderophore biology (mycobactin OMR, siderophore 

biosynthetic enzymes, etc.)? Are they promising therapeutic targets?

• How else do pathogens modulate host pathways/processes to gain 

access to iron?

• What other host defense pathways are activated by siderophores?

• How effective are siderophore conjugates (gallium, antibiotics) in 

treating nosocomial infections in a clinical setting? How can their 

efficacy be improved?

• Do (currently controversial) mammalian siderophores really exist? If 

so, which compounds are they? What are their functions in host iron 

homeostasis? How do they differ from other siderophores in different 

organisms?
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Trends

• A “tug-of-war” for survival over available iron supplies can develop 

between a host and invading pathogens; bacteria attempt to acquire iron 

through ferric-siderophores, iron-bound transferrin, lactoferrin, and 

heme while the host can block pathogens to access ferric-siderophores, 

for instance, by forming a siderophore complex with lipocalin 2.

• Ferric-siderophore import into bacteria is mediated through specific 

receptors localized in the outer membrane.

• Secretion of siderophores from pathogens is mediated through efflux 

pumps including ABC transporters.

• Iron chelation by siderophores causes robust responses in host cells 

through gene expression changes involved in apoptosis, mitophagy, 

hypoxia, and production of inflammatory cytokines.

• Siderophore-conjugated compounds that limit the availability of iron to 

multi-drug resistant bacteria have recently emerged as new therapeutic 

approaches to contain nosocomial infections.

• Inhibitors of bacterial siderophore biosynthesis are also promising new 

antimicrobial agents.
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Figure 1. Siderophore Structure
A. Four moieties confer iron-binding capacity to siderophores: carboxylate (orange), 

phenolate (green), catecholate (red), and hydroxamate (blue). B. Siderophore structures from 

selected nosocomial pathogens are shown (see Table 1): Mixed-type siderophores contain 

more than one type of iron-binding moiety.
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Key Figure, Figure 2. Host and Pathogens Alter Many Iron-regulated Pathways to Fight for 
Survival
A. 1) In response to intracellular pathogens, host macrophages upregulate inducible nitric 

oxide synthase (iNOS) to stimulate ferroportin (Fpn) expression. Fpn is an iron exporter, 

denying the pathogen access to the intracellular iron pool. 2) The lowered intracellular iron 

concentration also activates interferon-γ (IFN-γ), a cytokine that stimulates expression of a 

suite of antipathogenic, immune-related genes. 3) Intracellular pathogens induce IL-6 in host 

macrophages, leading to Fpn inhibition and resulting in increased intracellular iron. 4) 
Intracellular pathogens activate Toll-like Receptor 4 (TLR4) to induce the host macrophage 

to phagocytose erythrocytes (red blood cells; RBCs) in an effort to increase the intracellular 

iron pool. B. 1) Extracellular pathogens activate TLR4 on the host macrophage, resulting in 

downregulation of Fpn and lessened extracellular iron access to the pathogen. 2) 
Extracellular pathogens secrete siderophores to acquire as much iron from the environment 

as possible.
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Figure 3. Novel Antimicrobials utilizing the Siderophore Import System
Both gallium (Ga) salts (Gallium maltolate and Gallium nitrate) and Ga-conjugated 

siderophores (Ga-DFO and Ga-pyochelin) are used to deliver Ga to bacterial cells through 

siderophore import machinery. Ga interrupts important metabolic processes by competing 

with iron in critical redox reactions. Antibiotics can also be conjugated to siderophores 

(MC-1, BAL30072, S-649266, and GSK3342830), allowing enhanced uptake utilizing 

siderophore import machinery to boost anti-bacterial effects.
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Box 1 Figure I. Iron: A Tug-Of-War
Host cells secrete iron-binding proteins, such as lactoferrin (stage 1), to prevent pathogens 

from acquiring iron. Pathogens respond by “stealing” iron from host proteins using high 

affinity siderophores (stage 2). Host cells secrete the siderophore-binding protein lipocalin 2 

(Lcn2) to neutralize the siderophore and prevent pathogen reuptake (stage 3). Pathogens can 

also produce “stealth siderophores” that cannot be sequestered by Lcn2 (stage 4).
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Box 2 Figure II. Siderophore Import and Secretion Mechanisms
Top, left. Siderophore import in Gram-negative bacteria is a multistep process, involving 

recognition of the ferric-siderophore by a specific outer membrane receptor (OMR), 

followed by TonB-dependent uptake into the periplasm. The ferric-siderophore is then 

trafficked by a periplasmic binding protein (PBP) to the inner membrane, where an ATP-

binding cassette (ABC) transporter pumps it into the cytoplasm. Top, right. Siderophore 

import in Gram-positive bacteria involves recognition by a siderophore binding protein 

(SBP) located on the cell membrane. An associated permease is responsible for ferric-
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siderophore transport across the membrane. Bottom. Enterobactin secretion in Gram-

negative bacteria involves transport from the cytoplasm to the periplasmic space through 

Major Facilitator Subtype (MFS) proteins. Transport across the outer membrane involves a 

TolC complex and an associated Resistance-Nodulated-Cell Division (RND) efflux pump.
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