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Abstract: The emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) infec-
tions is one of the most crucial challenges currently faced by the scientific community. Developments
in the fundamental understanding of their underlying mechanisms may open new perspectives
in drug discovery. In this review, we conducted a systematic literature search in PubMed, Web
of Science, and Scopus, to collect information on innovative strategies to hinder iron acquisition
in bacteria. In detail, we discussed the most interesting targets from iron uptake and metabolism
pathways, and examined the main chemical entities that exhibit anti-infective activities by interfering
with their function. The mechanism of action of each drug candidate was also reviewed, together with
its pharmacodynamic, pharmacokinetic, and toxicological properties. The comprehensive knowledge
of such an impactful area of research will hopefully reflect in the discovery of newer antibiotics able
to effectively tackle the antimicrobial resistance issue.

Keywords: antimicrobial resistance; virulence factors; metallostasis; immunity; siderophores

1. Introduction

The evolution and spread of antimicrobial resistance (AMR) have become major issues
for global health and healthcare systems, causing almost 700,000 deaths/year. This number
is expected to rise to 10 million by 2050, with an estimated cost for the global economy of
100 trillion dollars if no action is taken [1,2]. Furthermore, although several efforts have
been made to increase global awareness and encourage best practices, AMR continues to
rapidly emerge and spread, sometimes shortly after the introduction of a novel drug in
clinical practice [3]. The AMR crisis has also been accelerated by the COVID-19 pandemic,
mainly due to the increased use of antimicrobials in SARS-CoV-2 co-treatment. Moreover,
the disruptions in healthcare systems and the slowdown of monitoring and treatment
programs have contributed to worsening the situation [4].

There are several and different causes for the development of AMR, but the main
determinant is most likely the misuse or overuse of antimicrobials, not only in healthcare,
but also in agriculture and livestock. Bacteria have evolved different mechanisms that allow
to develop drug resistance [5-7]. Moreover, many of the AMR mechanisms are probably
“innate” to microorganisms and independent of contact with the antimicrobial agent [8].
This would explain the rapid emergence of resistance to new antibiotics, which would
merely arise from pre-existing resistance factors within the microbial genome [9]. In this
context, it is noteworthy that several genetic determinants for AMR are mobile and can be
subjected to intra- and inter-species horizontal transfer [10]. This, together with the fact
that antimicrobials usually target essential pathways, imposing a selective pressure that
favors resistance, further promotes the spread of antibiotic resistance genes (ARGs) [11].
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Another issue of AMR refers to the dissemination and transmission of ARGs from
hotspots to the environment. These hotspots are not limited to medical settings, but include
several other anthropogenic sources, such as wastewater systems, manufacturing plants,
aquaculture, and breeding facilities [12], leading to the need of reliable surveillance and
risk assessment procedures [13,14].

Therefore, several approaches are needed to fight AMR, including the development
of novel antibiotics or vaccines, and the design of alternative strategies [15]. A promising
option among these innovative solutions is the anti-virulence therapy, which is the use of
compounds targeting pathways that are non-essential for microbial growth, but required
for pathogenesis [16]. Most notably, because this approach aims to prevent the attack of a
pathogen rather than kill it, anti-virulence compounds do not exert a selective pressure,
thus preventing resistance phenomena [17].

Within this review, we will focus our attention on strategies aimed at targeting bacterial
iron metabolism or iron uptake mechanisms, which represent promising targets for the
development of innovative anti-virulence and antimicrobial agents.

2. Bacterial Mechanisms of Iron Uptake

Being an important cofactor for enzymes involved in fundamental cellular processes,
iron is essential for bacteria; however, despite its relative abundance, it has a relatively low
bioavailability. In detail, iron is usually present in its oxidized form (Fe**), which is quite
insoluble at neutral or slightly basic pHs. Moreover, in humans iron is prevalently bound to
iron-storage or -transport proteins, such as ferritin, lactoferrin and transferrin, or complexed
with hemoproteins or enzymes [18]. As a result, bacteria, and particularly pathogenic
bacteria, have evolved several mechanisms for its acquisition from the environment [19].
Indeed, one of the first host defense strategies is the limitation of iron and other essential
nutrients, an innate process known as nutritional immunity [20].

The most common iron acquisition strategies include the uptake of organic compounds
binding iron, such as heme or citrate, and the production of siderophores or hemophores.
Siderophores are secondary metabolites secreted into the external environment, where they bind
Fe*, forming soluble complexes that are then internalized through specific receptors [21]. Some
bacteria can also scavenge heme iron from the host through the production of hemophores
and/ or specific transport systems for both heme-binding proteins and free heme [22].

The biosynthesis of siderophores occurs mainly through non-ribosomal peptide syn-
thetases and/or polyketide synthase domains that work in concert, although there are
few cases of molecules synthesized by other pathways [19]. To maintain cellular iron
homeostasis, the synthesis of siderophores, as well as their release and uptake mechanisms,
are tightly regulated. The most common control element is the ferric uptake regulator Fur.
This transcriptional repressor forms a complex with cytosolic Fe?* in non-limiting iron
conditions, and then binds to the promoter of genes associated to siderophore biosynthesis
or regulatory activators, repressing their transcription. In iron starvation, the repression by
Fur is removed, thus allowing for the synthesis of siderophores [23].

According to their chemical nature, siderophores can be classified into catecholates, hy-
droxamates, and mixed-type siderophores, which can have different chemical groups including,
among others, carboxylates, quinones, oxazolines, and imidazoles (Figure 1) [24,25]. These
molecules show a higher affinity for ferric (Fe**) iron compared to ferrous (Fe?*) iron or
other bivalent and trivalent metal ions. In detail, iron in siderophores is usually coordi-
nated by oxygen atoms, in an octahedral geometry, which allows for the arrangement of six
ligands around the Fe center. In some cases, the octahedral conformation is distorted, in oth-
ers, the coordinating groups contain nitrogen or sulfur atoms; however, these derivatives
generally show lower affinity for Fe3* [24].

Siderophores are produced by both Gram-positive and Gram-negative bacteria, which
possess different mechanisms for its uptake. In Gram-positive bacteria, the internaliza-
tion of the siderophore—iron complexes is achieved by a membrane anchored protein
and an ATP-binding cassette (ABC) transporter. The transport system in Gram-negative
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bacteria usually consists of an outer membrane receptor, the TonB system, which shut-
tles the siderophore—iron complex into the periplasmic space. Here, it binds to a specific
periplasmic-binding protein and is moved to the cytoplasm through an inner membrane
ABC transporter [24].

A on B

Figure 1. Chemical structures of representative siderophores: (A) catecholate enterobactin (PubChem
CID:34231); (B) hydroxamate mycobactin (PubChem CID: 3083702); (C) mixed-type pyoverdine
(PubChem CID: 57012495). The moieties involved in iron chelation are represented in red.

Mycobacteria are peculiar because they possess two siderophores, the relatively solu-
ble carboxymycobactin and the insoluble mycobactin [25]. These molecules are exported
across the inner membrane through MmpL4/MmpS4 and MmpL5/MmpS5 proteins. Then,
mycobactins remain anchored to the outer membrane or into the cell wall, while carboxymy-
cobactins are exported extracellularly to scavenge iron from the host iron-containing pro-
teins. Carboxymycobactins can transfer iron to mycobactins, which transport it across
the cell wall. Subsequently, thanks to periplasmic-binding proteins, the metal is shuttled
through the periplasmic space to the inner membrane, and finally transferred into the
cytoplasm by the IrtA/IrtB ABC-transporter [25].

Therefore, given the essentiality of iron for pathogenic bacteria, and the peculiarity
of the mechanisms evolved for its uptake, which usually involves enzymes and proteins
absent in humans, its metabolism has been considered for the development of novel
antimicrobial and anti-virulence compounds.

3. Antimicrobial Strategies Involving Iron Metabolism

Different strategies, directly or indirectly, involving iron metabolism can be exploited
to develop antimicrobial compounds. These approaches are based on the depletion of
the environmental iron, the use of mimetic metals iron competitors, such as gallium, the
inhibition of enzymes involved in siderophore biosynthesis and/or environmental iron-
sensing mechanisms, and the exploitation of iron uptake systems for delivering drugs into
the cell.
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3.1. Depleting Environmental Iron

An effective strategy to inhibit bacterial growth could be the limitation of iron avail-
ability using chelators. The first evidence of the possibility of inhibiting microbial growth
through this approach arose from the studies by Snow on mycobactins [26]. In detail, it
was found that the mycobactins produced by a mycobacterium can antagonize the growth
of other mycobacterial species. For instance, mycobactin S, produced by M. smegmatis, can
inhibit M. tuberculosis, which instead produces mycobactin T [26]. Interestingly, the two
siderophores differ only for one stereogenic center [27].

There are several iron chelators, such as deferoxamine, deferiprone, and deferasirox,
which are currently used for the treatment of iron overload in patients with thalassemia.
Therefore, these drugs have been investigated for a potential repurposing as antimicrobials,
but without significant results [28]. Moreover, these chelators present toxicity issues,
mainly due to their lack of selectivity for extracellular iron. As a result, they can also access
the intracellular iron pool of the host, causing side effects [28]. Other small molecules
able to chelate iron with high affinity were synthesized, but all of them showed only a
low-to-moderate antimicrobial activity [29-31].

To overcome these issues, Ang and co-workers designed a 9 kDa 3-hydroxypyridin-
4-one polymer, named DIBI (Figure 2) [32]. The idea was that a high-molecular-weight
polymer could be conceivably less internalized in host cells, thus limiting the toxic effects.
Moreover, the large polymeric chelator around Fe®* ion would create a spatial barrier,
reducing the accessibility of iron to bacterial siderophores.

HO 0

/
N’

@)
N,
Figure 2. Chemical structure of the 3-hydroxypyridin-4-one of DIBI.

DIBI was synthesized to selectively coordinate three Fe3* ions. It was highly soluble
in water and showed good antimicrobial activity against different Gram-positive bacteria,
such as Staphylococcus aureus and methicillin-resistant S. aureus (MRSA) strains, [33-35] and
against the Gram-negative Acinetobacter baumanii [36].

Following a similar approach, Abbina and co-workers synthesized a series of very-
high-molecular-weight Fe3* chelators, by conjugating the hexadentate chelator, N,N-bis(2-
hydroxybenzyl)ethylenediamine-N,N-diacetic acid (HBED), with high-molecular-weight
polyglycerol (HPG) [37]. Exploiting the characteristics of HPG (high water solubility, bio-
compatibility, and numerous functional end-moieties), they obtained different 100-200 kDa
HPG-HBED conjugates, bearing a high number of chelating groups, ranging from 25 to 244.
This characteristic led to an improved solubility of the macrochelator and to a significantly
lower toxicity, with respect to the native HBED. Despite HBED-HPGs not showing any ac-
tivity against Pseudomonas aeruginosa, a promising bacteriostatic activity was found against
Staphylococcus aureus [37].

3.2. Gallium as an Iron Mimetic

Another interesting strategy to deprive bacteria of iron is the use of a metal that
can act as an iron competitor. In this context, a good candidate is gallium. The physico-
chemical properties of Ga3* are very similar to those of Fe3*. As a result, it shows a good
affinity for iron-dependent enzymes, but it cannot be reduced in physiological conditions.
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Therefore, being unable to participate in redox reactions, Ga** leads to the inhibition of
several enzymes, interfering with essential bacterial pathways [38].

Gallium compounds can be divided into three groups: first, second, and third gen-
eration (Figure 3) [39]. Gallium nitrate (GaN, Figure 3A), the first Ga®* compound that
entered clinical trials, is a representative of the first generation. In second-generation
compounds, Ga salts were attached to specific ligands, such as maltolate (GaM, Figure 3B),
to increase their bioavailability. Finally, in third-generation compounds, gallium was
complexed with different ligands, such as pyridine, hydrazones, thiosemicarbazones, and
protoporphyrins [39].
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Figure 3. Chemical structures of gallium compounds belonging to the three different groups:
(A) first-generation gallium nitrate; (B) second-generation gallium maltolate; (C) third-generation
gallium protoporphyrin IX.

In particular, Ga-(IlI)-protoporphyrin IX (GaPPIX, Figure 3C) has been deeply studied
as a heme mimetic for the development of antimicrobial molecules. This complex was
conceived to be internalized by the pathogen and interfere with the pathways involving
heme. Interestingly, these derivatives proved to be particularly effective as antimicrobial
compounds [40,41].

As previously mentioned, the repurposing of gallium compounds as antimicrobials
exploits the fact that iron is required by most pathogenic bacteria. For instance, gallium
can compete with iron for siderophores, thus inhibiting iron uptake and/or internalization.
Moreover, gallium could interfere with the regulation of iron acquisition, repressing the
transcriptional regulators for the biosynthesis of siderophores [42,43].

Several studies have recently demonstrated the activity of gallium compounds against
different Gram-negative and Gram-positive bacteria, including ESKAPE species (Enterococ-
cus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species), the most common nosocomial-infection-causing bac-
teria [41,44-47]. These molecules have also proved to be effective against opportunistic
pathogens that cause lung infections in patients with cystic fibrosis or chronic obstructive
pulmonary disease [41,42,44-51], including mycobacteria [40,52].

In detail, a pilot human study demonstrated the efficacy of intravenous gallium nitrate
in patients with cystic fibrosis suffering from a chronic P. aeruginosa infection [49]. However,
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in an in vivo rat model, intravenously-administered GaN, showed poor pharmacokinetic
properties and was associated with side effects, such as nephrotoxicity [53]. Hence, the
possibility of intratracheal administration was suggested to directly deliver gallium into
the lungs [53]. To this end, different methods to formulate inhaled gallium have been de-
veloped, such as the use of 3-cyclodextrin/Ga(IlI) nanocarriers, obtained by encapsulating
Ga-protoporphyrins into B-cyclodextrin [45,54], or the encapsulation Ga3* in hyaluronic
acid/chitosan nanoparticles [51], which were very promising in terms of bioavailability,
efficacy, and tolerability.

The antimicrobial potential of gallium-containing compounds has also been exploited
to develop hydrogels for the treatment of infected wounds [55-57]. Hydrogels are increas-
ingly considered as attractive wound dressings materials for their ability to provide an
adequate porosity for tissue repair, as well as a high biocompatibility and degradability.
In this context, hydrogels can be useful for the topical delivery of antimicrobials, even at
high dosages, directly to the infection site, increasing their efficacy [55]. A first example
was the incorporation of Ga-protoporphyrins in a surgical hydrogel, together with the
iron chelator, defeniprone [55]. This hydrogel showed a significant antimicrobial activity,
as well as an antibiofilm effect against different bacteria, including S. aureus and MRSA
clinical isolates, Staphylococcus epidermidis, P. aeruginosa, and Acinetobacter johnsonii. [55].
Different types of hydrogels and gallium compounds have been combined, with the aim to
improve the efficacy of these antibacterial wound dressings. For instance, the combination
of Ga(NO3); and silk fibroin hydrogel showed a good efficacy in an in vivo P. aeruginosa
murine infection model [56], while another group demonstrated the in vivo efficacy of
alginate-Ga3* hydrogels against E. coli and S. aureus infections [57].

3.3. Inhibiting Siderophore Biosynthesis

Another efficient way to inhibit bacterial iron uptake is to block the production and
export of siderophores by interfering directly with their biosynthesis or regulation systems.

This approach has been particularly applied for the development of antimycobacterial
compounds, particularly against M. tuberculosis, targeting the peculiar biosynthetic pathway
of mycobactins [58].

The first enzyme involved in the biosynthesis of mycobactins is a salicylate synthase
(Mbtl in M. tuberculosis) that converts chorismic acid into salicylic acid, which then becomes
the substrate of the mixed non-ribosomal peptide synthase-polyketide synthase MbtA-N.
MDbtA activates salicylic acid via an acyl adenylate intermediate, catalyzing its transfer to
the N-terminal thiolation domain of MbtB (Figure 4). MbtB and MbtE attach the serine and
lysine residues and then, together with MbtC and MbtD, the two malonyl CoA residues.
Finally, the terminal lysine is incorporated by MbtF, and further modified by MbtK and
MbtG, to give the final mycobactin scaffold [25,58]. The first two enzymes of this path-
way, Mbtl and MbtA, are the most investigated, with to the aim of developing specific
inhibitors [25,58].

The majority of mycobactin biosynthesis inhibitors target MbtA. This bifunctional
enzyme converts salicylate to Sal-AMP, which is subsequently loaded on the phosphopan-
tetheinylation domain of MbtB [59].

Most of the known MbtA inhibitors are designed to mimic the structure of Sal-AMP,
with the aim to block the adenylation activity. The first reported analog was 5'-O-N-
salicylsulfamoyl adenosine (Sal-AMS), in which a sulfonamide linkage replaced the phos-
phate ester group [60] (Figure 5A). Sal-AMS displayed a potent inhibition of MbtA and
a promising activity against M. tuberculosis in iron-limiting conditions. Moreover, this
compound showed good efficacy in a murine model, but its pharmacokinetic profile
demonstrated a poor oral bioavailability [61]. Nevertheless, based on the good in vivo
activity, several drug discovery campaigns were launched to improve the pharmacokinetic
profile of Sal-AMS. In detail, the salicylate residue [62—-65], the sugar moiety [52,66], and
the purine group [67,68] were investigated through different analogs.
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Figure 4. The first two reactions of the biosynthesis of mycobactins, namely the conversion of
chorismate to salicylate (catalyzed by Mbtl), and the activation of salicylate by adenylation and its
subsequent transfer to MbtB (catalyzed by MbtA), are the most exploited for the development of
inhibitors of this pathway.
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Figure 5. Chemical structures of MbtA inhibitors with antitubercular activity: (A) 5-O-N-
salicylsulfamoyl adenosine, with the salicylate moiety in blue, the sugar in green, and the nucleobase
in red; (B) 5-hydroxy-indol-3-ethylamino-(2-nitro-4-trifluoromethyl)benzene obtained by whole-cell
screening, combined with a target-based approach; (C) 3-(2-hydroxyphenyl)-5-(aryl)-pyrazolines
derived from the mycobactin structure by rational design.

B

F3

These studies led to several derivatives with improved features, both in terms of
antitubercular activity and oral bioavailability. Among the attempted substitutions, the re-
placement of the aromatic hydroxyl group of the salicylate residue with a fluoro-substituted
cinnolone moiety [65], the difluorination of the ribose group [66], and the incorporation
of bulky phenyl rings at the adenine unit [68], led to the greatest improvement of the
pharmacokinetic profile.
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However, because most of Sal-AMS analogs showed poor drug-like properties, further
studies were focused on the identification of non-nucleoside-based MbtA inhibitors. For
this purpose, different approaches were adopted. For instance, by combining phenotypic
screening and target-based drug discovery, Ferguson and co-workers identified 5-hydroxy-
indol-3-ethylamino-(2-nitro-4-trifluoromethyl)benzene (Figure 5B) as a high-affinity ligand
of MbtA, having a good antimycobacterial activity [69]. Another study, which exploited
a rational design based on the mycobactin structure, led to the disclosure of novel 3-(2-
hydroxyphenyl)-5-(aryl)-pyrazolines (Figure 5C), active against M. tuberculosis and non-
tuberculous mycobacteria (NTM), and with very good pharmacokinetic properties [58].

The other most studied enzyme involved in mycobactin biosynthesis is the magnesium-
dependent salicylate synthase Mbtl, which catalyzes the conversion of chorismate to sal-
icylate (Figure 4). The first inhibitor that was developed was the transition-state analog,
5-(2-carboxyallyl)-4,6-dihydroxycyclohex-1-ene-1-carboxylic acid (Figure 6A), which ex-
hibited a promising activity against the isochorismate synthase [70]. On this basis, several
efforts were dedicated to the synthesis of different transition-state analogs bearing the
same scaffold (Figure 6B,C) [71,72], or the trihydroxybenzoate (gallate) (Figure 6D) [73-75],
3-phenylacrylate (Figure 6E) [74], or chromane (Figure 6F) [76] moieties. However, none of
them displayed improved activity against MbtlL.
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Figure 6. Chemical structures of the most active inhibitors of MbtlI: transition-state analogs (A-F) and
non-transition-state derivatives, namely benzimidazole-2-thione (G) and phenylfuran carboxylate
(H) compounds.

Contextually, several non-transition-state inhibitors were disclosed by different approaches.
For instance, using a high-throughput screening, based on the enzymatic activity of Mbtl, Vasan
and colleagues identified several benzisothiazolones, diaryl sulfones, and benzimidazole-2-
thiones, with the latter being the most active class of compounds (Figure 6G) [77]. Similarly,
an in silico virtual screening of a commercially available library led to the identification
of a 5-phenylfuran-2-carboxylate compound, highly active against Mbtl, and showing a
moderate antitubercular activity in iron-depleted conditions, associated to a reduction
in siderophore production [78]. Subsequent structure-activity relationship investigations
were performed on this structure [79-83], leading to the identification of a series of 3-
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cyanophenyl derivatives with improved antimycobacterial properties. Most notably, some
of them were also active against the homolog enzyme of the non-tuberculous opportunistic
pathogen, M. abscessus (Figure 6H) [82,83].

Chorismic acid is also the precursor of other siderophores, produced by different bacte-
rial pathogens through non-ribosomal peptide synthetases. A notable example is pyochelin,
a siderophore produced by P. aeruginosa and by several members of the Burkholderia cepacia
complex (Bcc) [84,85]. Differently from mycobacteria, the first step, namely the conversion
of chorismate to salicylate is catalyzed by two different enzymes, the isochorismate syn-
thase PchA and the isochorismate pyruvate lyase PchB. Then, PchD activates the salicylate
by adenylation and transfers it to the thiol moiety of the phosphopantetheinyl group of
PchE, the first enzyme of the non-ribosomal peptide synthetase complex [84]. PchD belongs
to the same family of the adenylating enzyme MbtA. Very recently, its crystal structure
in complex with salicyl-AMS has been solved, paving the way for the design of novel
inhibitors [86].

Regarding PchA, to our knowledge, no inhibitors have been reported so far. By
contrast, a high-throughput screening against PchB disclosed three compounds inhibiting
the isochorismate pyruvate lyase activity in the sub-micromolar range (Figure 7). However,
its efficacy against P. aeruginosa, in iron-limiting conditions, was only in the millimolar
range [86]. Interestingly, some of these compounds were also active against the salicylate
synthase, Irp9 from Yersinia enterocolitica, and against the chorismate mutase, EcCCM from E.
coli, suggesting the potential suitability of these scaffolds for the development of specific
antimicrobials [87].
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Figure 7. Chemical structures of compounds active against P. aeruginosa isochorismate pyruvate lyase
PchB. Compound (A) was also active against E. coli chorismate mutase EcCM, compound (B) against
the Yersinia enterocolitica salicylate synthase Irp9, and compound (C) against all these enzymes.

Another important siderophore from the Pseudomonas species is pyoverdine, which
consists of a dihydroquinoline-type chromophore, with a variable peptide tail. Besides
being a siderophore, pyoverdine is a key virulence determinant involved in the regulation
of several virulence factors important for infection, such as exotoxin A, a translational
inhibitor, and the protease PrpL [88]. Interestingly, it has been demonstrated that the
inhibition of pyoverdine production strongly diminishes the virulence of P. aeruginosa in
animal models of infection [89,90]. In this context, one of the first successful examples was
a drug-repurposing approach that exploited a specific biosensor for pyoverdine inhibitors
to screen a library of marketed drugs. In this study, 5-fluorocytosine (Figure 8A) was
shown to repress the production of pyoverdine, leading to a significant reduction of the
pathogenicity [90].
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Figure 8. Chemical structures of the principal pyoverdine inhibitors: (A) the biosynthesis inhibitor
5-fluorocytosine; (B-D) n-alkylboronic acid, biaryl nitrile and quinazolamide PvdQ inhibitors; (E,F)
pyoverdine quenchers.

The biosynthetic pathway of pyoverdine is very complex, involving at least four non-
ribosomal peptide synthetases and 10 other enzymes, either cytoplasmic or periplasmic [91].
In detail, the precursor ferribactin is produced in the cytoplasm, acylated and exported
to the periplasm. Here, acylated ferribactin is deacylated by the hydrolase PvdQ, and
then converted into dihydropyoverdine through an oxidative cyclization, catalyzed by
PvdP [91]. These two enzymes are of particular interest because they represent the two
main targets of pyoverdine biosynthesis inhibitors [92-96]. For instance, a rational design
of transition-state analogs led to the identification of potent n-alkylboronic acid inhibitors
of PvdQ (Figure 8B), active in the nanomolar range on the enzyme, and showing good
activity against P. aeruginosa in iron-limiting conditions [94].

Other interesting PvdQ inhibitors with different scaffolds were identified through high-
throughput screening studies (Figure 8C,D), although their efficacy against the enzyme
was lower than that of n-alkylboronic acids [95,96]. Moreover, they exhibited a decreased
antimicrobial activity due to them being substrates of efflux pumps [96].

Interestingly, pyoverdine itself was found to be druggable; hence, several small
molecules have been developed to directly target this siderophore. Interestingly, its chro-
mophore core has a characteristic fluorescence at 460 nm, upon excitation at 405 nm, which
is rapidly quenched when pyoverdine binds iron. This feature has thus been exploited
for the high-throughput screening of potential binders, leading to the identification of
molecules able to significantly reduce the virulence of P. aeruginosa in in vivo models, and
showing synergistic effects with other antimicrobials (Figure 8E,F) [97-99]. In another
study, to better understand how the quencher bound the siderophore, NMR spectroscopy
was employed to identify the ligand-binding site [99]. Through molecular docking and
molecular dynamic simulations, this investigation allowed for constructing a structural
model of pyoverdine in complex with a ligand, useful for the development of more potent
and specific inhibitors [98].

Most notably, it was recently reported that the inhibition of pyoverdine biosynthesis
has synergistic effects with gallium nitrate, further confirming the efficacy of interfering
with iron metabolism at different levels to reduce virulence and pathogenicity [99].

3.4. Exploiting Siderophore Uptake Systems to Deliver Antimicrobials

Common issues of antimicrobials are their low permeability across bacterial mem-
branes and potential cytotoxicity against human cells. In this context, the use of suitable
delivery vectors could significantly help in optimizing the efficacy of antibiotics [100].
Since human cells do not use siderophores, the specific bacterial uptake systems could be
exploited to selectively internalize antibiotics inside the pathogens, by conjugating them
to specific siderophores [100]. This strategy is naturally exploited by some microorgan-
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isms, such as Streptomyces and Actinomyces, that produce sideromycins, i.e., siderophores
conjugated with an antimicrobial moiety, to compete with other species.

On this basis, different siderophore—drug conjugates (SDGs), targeting different bac-
teria, have been synthesized [101]. The most exploited drugs are 3-lactams, particularly
cephalosporins, but other classes of compounds have also been considered. For instance,
several groups synthesized siderophores conjugated with fluoroquinolones [102-104] or
macrolides [105] active against Pseudomonas and Burkholderia spp., as well as with gly-
copeptides [106] and lipopeptides [106,107], displaying good antimicrobial activity against
Acinetobacter baumanii.

SDG may have either a non-cleavable or a cleavable linker between the drug and
the siderophore, which can confer advantages, but also lead to some disadvantages. For
example, a non-cleavable linker is resistant to the activity of 3-lactamases, which, in some
cases, may be unwanted; at the same time, the bulky molecules could have difficulties
crossing the cell membrane. By contrast, a cleavable linker is useful to release the drug in
situ, but may suffer from a premature cleavage before reaching the target site [108].

Among the siderophore-{3-lactam conjugates, the most promising is the catecholate
siderophore—cephalosporin Cefiderocol (Figure 9A), which showed a significant antibacte-
rial activity against different Gram-negative bacteria (P. aeruginosa, Acinetobacter baumannii,
Klebsiella pneumoniae, E. coli) in vitro, [109] multi- and extensively drug-resistant E. coli
strains [110], carbapenem-resistant Enterobacterales [111], and Burkholderia pseudomallei
clinical isolates [112]. Most notably, Cefiderocol exhibited a significant in vivo efficacy
against MDR P. aeruginosa in a mouse infection model [109], and displayed good safety
and pharmacokinetic profiles [113]. Cefiderocol has been recently authorized by the FDA
and is currently undergoing phase 3 clinical trials for the treatment of severe infections
(pneumonia, bloodstream infections, complicated urinary tract infections, and sepsis),
caused by carbapenem-resistant Gram-negative pathogens [114]. Moreover, a phase 3 trial
(APEKS-NP) demonstrated that Cefiderocol was non-inferior to high-dose meropenem
for the outcome of day-14 all-cause of mortality in patients with Gram-negative pneu-
monia, suggesting its potential efficacy for the treatment of nosocomial infections [115].
However, the (CREDIBLE-CR) phase 3 trial evidenced a higher number of deaths in pa-
tients with Acinetobacter spp. infections, limiting the treatment options of Cefiderocol [116].
Different studies are ongoing to explore the efficacy of possible combinations with other
antimicrobials [117,118].

Other cephalosporin-siderophore conjugates are currently under investigation. Among
them, GT-1, a novel siderophore-dihydroxypyridone conjugated to a modified aminothia-
zolylglycyl cephalosporin (Figure 9B), showed a strong potency towards different Gram-
negative pathogens, including MDR E. coli, K. pneumoniae, and Acinetobacter spp. isolate
strains [119]. Furthermore, GT-1 proved to be resistant to the hydrolytic activity of differ-
ent bacterial 3-lactamases and carbapenemases. Moreover, the combination of CT1 with
GT-055, a 3-lactamase inhibitor, enhanced the efficacy of the compound against the tested
strains, including those that were resistant to GT-1 [119].

Artificial siderophores have also been implemented to exploit iron uptake systems
as delivery tools for drugs [109,120,121]. The 1,3,5-N,N’,N”-Tris-(2,3-dihydroxybenzoyl)-
triaminomethylbenzene (MECAM) siderophore, for example, has been conjugated through
cleavable and non-cleavable linkers to different molecules (ampicillin, daptomycin, amoxi-
cillin), potentiating their effect on different bacteria, such as E. coli, S. aureus, A. baumanii,
and E. faecium [122], with the best compound showing MIC values in the nanomolar range
against the considered strains. Interestingly, a study on E. coli showed that MECAM may
exploit three different catechol receptors to reach the periplasm, namely FepA, CirA, and
Fiu, and that only a triple mutant of the three proteins may confer resistance to the con-
jugate. This observation further highlighted the suitability of artificial siderophores to
develop a Trojan Horses strategy to fight AMR [122].

Siderophore-conjugated compounds have also proven to be quite promising in drug-
repositioning efforts [123]. Good examples are siderophore-methotrexate conjugates [124].
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Methotrexate is an anticancer drug that inhibits human dihydrofolate reductase (DHFR),
an essential enzyme in nucleotide biosynthesis. This compound was also found to be
active against several bacterial DHFR, sometimes with an even higher affinity compared to
the human isoform. However, its low permeability across bacterial membranes, as well
as its cytotoxicity against human cells, prevented its use as an antimicrobial agent. To
overcome this issue, methotrexate was conjugated with an analog of the hydroxamate
siderophore, ferrichrome, using different non-cleavable linkers. The best conjugate ex-
hibited considerable activity against Streptococcus pneumoniae and Y. enterocolitica, with an
MIC in the nanomolar range. Moreover, it did not show toxicity against mammalian cells.
Interestingly, the compound was not active against other Gram-negative and Gram-positive
bacteria, such as Acinetobacter baumannii, Staphylococcus epidermidis or Salmonella enterica,
suggesting the possibility of developing narrow-spectrum antibiotics targeting a specific
bacterium [124].
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Figure 9. Chemical structures of the siderophore—cephalosporin conjugates, Cefiderocol (A) and GT-1 (B).

4. Conclusions and Future Outlook

Virulence factors play important roles in the pathogenic process of microorganisms,
mediating bacterial adhesion and colonization, host immune suppression, and immune
escape. Hence, anti-virulence treatments, aimed at reducing the pathogenicity, while
sparing the bacterium for its eventual elimination by the immune system or other therapies,
may have significant advantages over traditional approaches. Most notably, the reduced
selective pressure on bacteria would limit the emergence of AMR. Therefore, considering
the ever-increasing spread of drug-resistant strains, anti-virulence therapy is expected to
become a crucial tool to fight infections and, as such, worthy of extensive research. In this
review, we focused on new potential pharmacological targets involved in the pathways of
iron acquisition and metabolism. For each class, we reported the most interesting molecules
that have been developed to interfere with these mechanisms, highlighting their biological
activity and pharmacokinetic/toxicological profile.

Among the different strategies, the ability of gallium to act as an iron competitor has
emerged as a particularly promising option. Ga(Ill)-based treatments have shown effec-
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tive antimicrobic properties against different Gram-negative and Gram-positive bacteria,
including ESKAPE species. Most notably, they have also exhibited antibacterial action
against resistant strains. However, some limitations to their use still exist, including the
low bioavailability and uncontrolled release. Hence, current research is focused on the
optimization of the delivery. In this context, nanomaterials have yielded very promising
results so far.

Another very effective approach is to hinder iron acquisition by interfering with the
production of siderophores. Considering that these molecules are absent in humans, they
are ideal targets for the design of safe antimicrobial drugs. In M. tuberculosis, this strategy
has produced interesting results, with several effective compounds being developed as
inhibitors of MbtA and Mbtl. In detail, furan-based inhibitors of Mbtl have proven to be
particularly attractive for their activity in both M. tuberculosis and M. abscessus, an emerging
NTM. In Pseudomonas spp., the investigation of the siderophore pyoverdine has allowed
the discovery of various inhibitors acting by different mechanisms, able to significantly
reduce the bacterial virulence. Moreover, siderophores may also be exploited to enhance
the internalization of antibiotics inside bacteria by the development of conjugates. Of
note, the catecholate siderophore—cephalosporin, Cefiderocol, has recently obtained the
FDA approval and is currently undergoing phase 3 clinical trials for the treatment of
severe infections caused by carbapenem-resistant Gram-negative pathogens. Artificial
siderophores have also been implemented to design more effective conjugates, exploiting
this Trojan Horse strategy.

Overall, this review demonstrates that iron homeostasis is a very promising source of
innovative molecular targets for the development of anti-virulence compounds against a
variety of bacterial species. Although there are still many gaps in our knowledge of these
systems, the fundamental understanding of iron acquisition and metabolism in bacteria
should enable new, well-reasoned approaches to develop better therapeutic strategies to
fight AMR.

Author Contributions: Conceptualization, S.V., EM. and L.R.C.; writing—original draft prepara-
tion G.S. and M.C.; writing—review and editing, G.S., M.C.,, M.M,, S.V,, EM. and L.R.C.; funding
acquisition, S.V., EM. and L.R.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was funded by the University of Milan (Linea B) and by Fondazione Ricerca
Fibrosi Cistica Onlus (grant number: FFC#5/2022). The authors would like to thank the supporting
groups that adopted the project: Gruppo di sostegno FFC Ricerca “Miriam Colombo”—Ospedaletti;
Gruppo di sostegno FFC Ricerca di Grado—Gorizia; Gruppo di sostegno FFC Ricerca di Benevento;
Delegazione FFC Ricerca di Monterotondo Roma; Delegazione FFC Ricerca di Vigevano; Delegazione
FFC Ricerca di Trieste; Delegazione FFC Ricerca di Sassari Castelsardo; Delegazione FFC Ricerca di
Moncalvo; and Delegazione FFC Ricerca di Lecce.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Review on Antimicrobial Resistance. Available online: https://www.amr-review.org (accessed on 15 February 2023).

2. World Health Organization. Antimicrobial Resistance. Available online: https:/ /www.who.int/publications/i/item /9789240062
702 (accessed on 15 February 2023).

3. Munk, P; Brinch, C.; Meller, ED.; Petersen, T.N.; Hendriksen, R.S.; Seyfarth, A.M.; Kjeldgaard, J.S.; Svendsen, C.A.; van Bunnik,
B.; Berglund, F; et al. Genomic analysis of sewage from 101 countries reveals global landscape of antimicrobial resistance. Nat.
Commun. 2022, 13, 7251. [CrossRef] [PubMed]


https://www.amr-review.org
https://www.who.int/publications/i/item/9789240062702
https://www.who.int/publications/i/item/9789240062702
http://doi.org/10.1038/s41467-022-34312-7
http://www.ncbi.nlm.nih.gov/pubmed/36456547

Int. . Mol. Sci. 2023, 24, 6181 14 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

Pan American Health Organization. Antimicrobial Resistance, Fueled by the COVID-19 Pandemic—Policy Brief. November 2021.
Available online: https:/ /www.paho.org/en/documents/antimicrobial-resistance-fueled-COVID-19-pandemic-policy-brief-
november-2021 (accessed on 15 January 2023).

Bothra, A.; Arumugam, P; Panchal, V.; Menon, D,; Srivastava, S.; Shankaran, D.; Nandy, A.; Jaisinghani, N.; Singh, A.; Gokhale,
R.S.; et al. Phospholipid homeostasis, membrane tenacity and survival of Mtb in lipid rich conditions is determined by MmpL11
function. Sci. Rep. 2018, 8, 8317. [CrossRef] [PubMed]

Arumugam, P; Shankaran, D.; Bothra, A.; Gandotra, S.; Rao, V. The MmpS6-MmpL6 operon is an oxidative stress response system
providing selective advantage to Mycobacterium tuberculosis in stress. J. Infect. Dis. 2019, 219, 459-469. [CrossRef] [PubMed]
Arora, G.; Bothra, A.; Prosser, G.; Arora, K.; Sajid, A. Role of post-translational modifications in the acquisition of drug resistance
in Mycobacterium tuberculosis. FEBS ]. 2021, 288, 3375-3393. [CrossRef] [PubMed]

Uddin, T.M.; Chakraborty, A.].; Khusro, A.; Zidan, B.RM.; Mitra, S.; Emran, T.B.; Dhama, K.; Ripon, M.K.H.; Gajdécs, M.;
Sahibzada, M.U.K,; et al. Antibiotic resistance in microbes: History, mechanisms, therapeutic strategies and future prospects. J.
Infect. Public Health 2021, 14, 1750-1766. [CrossRef]

D’Costa, V.M,; King, C.E.; Kalan, L.; Morar, M.; Sung, WW.; Schwarz, C.; Froese, D.; Zazula, G.; Calmels, F.; Debruyne, R.; et al.
Antibiotic resistance is ancient. Nature 2011, 477, 457—-461. [CrossRef]

Von Wintersdorff, C.J.; Penders, J.; van Niekerk, ].M.; Mills, N.D.; Majumder, S.; van Alphen, L.B.; Savelkoul, P.H.; Wolffs, P.F.
Dissemination of Antimicrobial Resistance in Microbial Ecosystems through Horizontal Gene Transfer. Front. Microbiol. 2016, 7,
173. [CrossRef]

Dickey, S.W.; Cheung, G.Y.C.; Otto, M. Different drugs for bad bugs: Antivirulence strategies in the age of antibiotic resistance.
Nat. Rev. Drug Discov. 2017, 16, 457-471. [CrossRef]

Kunhikannan, S.; Thomas, C.J.; Franks, A.E.; Mahadevaiah, S.; Kumar, S.; Petrovski, S. Environmental hotspots for antibiotic
resistance genes. Microbiologyopen 2021, 10, €1197. [CrossRef]

Berendonk, T.U.; Manaia, C.M.; Merlin, C.; Fatta-Kassinos, D.; Cytryn, E.; Walsh, F,; Birgmann, H.; Serum, H.; Norstrom, M.;
Pons, M.N,; et al. Tackling antibiotic resistance: The environmental framework. Nat. Rev. Microbiol. 2015, 13, 310-317. [CrossRef]
Mitobedzka, A.; Ferreira, C.; Vaz-Moreira, I.; Calderén-Franco, D.; Gorecki, A.; Purkrtova, S.; Bartacek, J.; Dziewit, L.; Singleton,
C.M.; Nielsen, PH.; et al. Monitoring antibiotic resistance genes in wastewater environments: The challenges of filling a gap in
the One-Health cycle. J. Hazard. Mater. 2022, 424, 127407. [CrossRef]

Buroni, S.; Chiarelli, L.R. Antivirulence compounds: A future direction to overcome antibiotic resistance? Future Microbiol. 2020,
15,299-301. [CrossRef]

Czaplewski, L.; Bax, R.; Clokie, M.; Dawson, M.; Fairhead, H.; Fischetti, V.A.; Foster, S.; Gilmore, B.F.; Hancock, R.E.; Harper, D.;
et al. Alternatives to antibiotics-a pipeline portfolio review. Lancet Infect. Dis. 2016, 16, 239-251. [CrossRef]

Fleitas Martinez, O.; Cardoso, M.H.; Ribeiro, S.M.; Franco, O.L. Recent advances in anti-virulence therapeutic strategies with a
focus on dismantling bacterial membrane microdomains, toxin neutralization, quorum-sensing interference and biofilm inhibition.
Front. Cell. Infect. Microbiol. 2019, 9, 74. [CrossRef]

Barber, M.E,; Elde, N.C. Buried treasure: Evolutionary perspectives on microbial iron piracy. Trends Genet. 2015, 31, 627-636.
[CrossRef]

Kramer, J.; Ozkaya, O.; Kiimmerli, R. Bacterial siderophores in community and host interactions. Nat. Rev. Microbiol. 2020, 18,
152-163. [CrossRef]

Sargun, A.; Gerner, R.R.; Raffatellu, M.; Nolan, E.M. Harnessing iron acquisition machinery to target enterobacteriaceae. J. Infect.
Dis. 2021, 223, S307-5313. [CrossRef]

Klebba, PE.; Newton, S.M.C.; Six, D.A.; Kumar, A.; Yang, T.; Nairn, B.L.; Munger, C.; Chakravorty, S. Iron Acquisition Systems of
Gram-negative Bacterial Pathogens Define TonB-Dependent Pathways to Novel Antibiotics. Chem. Rev. 2021, 121, 5193-5239.
[CrossRef]

Wandersman, C.; Delepelaire, P. Bacterial iron sources: From siderophores to hemophores. Annu. Rev. Microbiol. 2004, 58, 611-647.
[CrossRef]

Troxell, B.; Hassan, H.M. Transcriptional regulation by Ferric Uptake Regulator (Fur) in pathogenic bacteria. Front. Cell. Infect.
Microbiol. 2013, 3, 59. [CrossRef]

Barry, S.M.; Challis, G.L. Recent advances in siderophore biosynthesis. Curr. Opin. Chem. Biol. 2009, 13, 205-215. [CrossRef]
[PubMed]

Chao, A.; Sieminski, PJ.; Owens, C.P.; Goulding, C.W. Iron Acquisition in Mycobacterium tuberculosis. Chem. Rev. 2019, 119,
1193-1220. [CrossRef] [PubMed]

Snow, G.A. Mycobactins: Iron-chelating growth factors from mycobacteria. Bacteriol. Rev. 1970, 34, 99-125. [CrossRef] [PubMed]
Miller, M.J.; Liu, R. Design and Syntheses of New Antibiotics Inspired by Nature’s Quest for Iron in an Oxidative Climate. Acc.
Chem. Res. 2021, 54, 1646-1661. [CrossRef] [PubMed]

Holbein, B.E.; Ang, M.T.C,; Allan, D.S.; Chen, W.; Lehmann, C. Iron-withdrawing anti-infectives for new host-directed therapies
based on iron dependence, the Achilles” heel of antibiotic-resistant microbes. Environ. Chem. Lett. 2021, 19, 2789-2808. [CrossRef]
Zhou, YJ.; Liu, M.S.; Osamah, A.R.; Kong, X.L.; Alsam, S.; Battah, S.; Xie, Y.Y.; Hider, R.C.; Zhou, T. Hexadentate 3-hydroxypyridin-
4-ones with high iron(IIl) affinity: Design, synthesis and inhibition on methicillin resistant Staphylococcus aureus and Pseudomonas
strains. Eur. . Med. Chem. 2015, 94, 8-21. [CrossRef]


https://www.paho.org/en/documents/antimicrobial-resistance-fueled-COVID-19-pandemic-policy-brief-november-2021
https://www.paho.org/en/documents/antimicrobial-resistance-fueled-COVID-19-pandemic-policy-brief-november-2021
http://doi.org/10.1038/s41598-018-26710-z
http://www.ncbi.nlm.nih.gov/pubmed/29844505
http://doi.org/10.1093/infdis/jiy526
http://www.ncbi.nlm.nih.gov/pubmed/30203030
http://doi.org/10.1111/febs.15582
http://www.ncbi.nlm.nih.gov/pubmed/33021056
http://doi.org/10.1016/j.jiph.2021.10.020
http://doi.org/10.1038/nature10388
http://doi.org/10.3389/fmicb.2016.00173
http://doi.org/10.1038/nrd.2017.23
http://doi.org/10.1002/mbo3.1197
http://doi.org/10.1038/nrmicro3439
http://doi.org/10.1016/j.jhazmat.2021.127407
http://doi.org/10.2217/fmb-2019-0294
http://doi.org/10.1016/S1473-3099(15)00466-1
http://doi.org/10.3389/fcimb.2019.00074
http://doi.org/10.1016/j.tig.2015.09.001
http://doi.org/10.1038/s41579-019-0284-4
http://doi.org/10.1093/infdis/jiaa440
http://doi.org/10.1021/acs.chemrev.0c01005
http://doi.org/10.1146/annurev.micro.58.030603.123811
http://doi.org/10.3389/fcimb.2013.00059
http://doi.org/10.1016/j.cbpa.2009.03.008
http://www.ncbi.nlm.nih.gov/pubmed/19369113
http://doi.org/10.1021/acs.chemrev.8b00285
http://www.ncbi.nlm.nih.gov/pubmed/30474981
http://doi.org/10.1128/br.34.2.99-125.1970
http://www.ncbi.nlm.nih.gov/pubmed/4918634
http://doi.org/10.1021/acs.accounts.1c00004
http://www.ncbi.nlm.nih.gov/pubmed/33684288
http://doi.org/10.1007/s10311-021-01242-7
http://doi.org/10.1016/j.ejmech.2015.02.050

Int. . Mol. Sci. 2023, 24, 6181 15 0f 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Workman, D.G.; Hunter, M.; Dover, L.G.; Tétard, D. Synthesis of novel Iron(Ill) chelators based on triaza macrocycle backbone
and 1-hydroxy-2(H)-pyridin-2-one coordinating groups and their evaluation as antimicrobial agents. J. Inorg. Biochem. 2016, 160,
49-58. [CrossRef]

Novais, A.; Moniz, T.; Rebelo, A.R; Silva, AM.G.; Rangel, M.; Peixe, L. New fluorescent rosamine chelator showing promising
antibacterial activity against Gram-positive bacteria. Bioorg. Chem. 2018, 79, 341-349. [CrossRef]

Ang, M.T.C.; Gumbau-Brisa, R.; Allan, D.S.; McDonald, R.; Ferguson, M.].; Holbein, B.E.; Bierenstiel, M. DIBI, a 3-hydroxypyridin-
4-one chelator iron-binding polymer with enhanced antimicrobial activity. Medchemcomm 2018, 9, 1206-1212. [CrossRef]
Parquet, M.D.C.; Savage, K.A.; Allan, D.S.; Davidson, R.J.; Holbein, B.E. Novel Iron-Chelator DIBI Inhibits Staphylococcus aureus
Growth, Suppresses Experimental MRSA Infection in Mice and Enhances the Activities of Diverse Antibiotics in vitro. Front.
Microbiol. 2018, 9, 1811. [CrossRef]

Allan, D.S.; Parquet, M.D.C.; Savage, K.A.; Holbein, B.E. Iron Sequestrant DIBI, a Potential Alternative for Nares Decolonization
of Methicillin-Resistant Staphylococcus aureus, Is Anti-infective and Inhibitory for Mupirocin-Resistant Isolates. Antimicrob. Agents
Chemother. 2020, 64, €02353-19. [CrossRef]

Nocera, EP,; Iovane, G.; De Martino, L.; Holbein, B.E. Antimicrobial Activity of the Iron-Chelator, DIBI, against Multidrug-
Resistant Canine Methicillin-Susceptible Staphylococcus pseudintermedius: A Preliminary Study of Four Clinical Strains. Pathogens
2022, 11, 656. [CrossRef]

Parquet, M.D.C,; Savage, K.A; Allan, D.S.; Ang, M.T.C.; Chen, W.; Logan, S.M.; Holbein, B.E. Antibiotic-Resistant Acinetobacter
baumannii Is Susceptible to the Novel Iron-Sequestering Anti-infective DIBI In Vitro and in Experimental Pneumonia in Mice.
Antimicrob. Agents Chemother. 2019, 63, 00855-19. [CrossRef]

Abbina, S.; Gill, A.; Mathew, S.; Abbasi, U.; Kizhakkedathu, J.N. Polyglycerol-Based Macromolecular Iron Chelator Adjuvants for
Antibiotics To Treat Drug-Resistant Bacteria. ACS Appl. Mater. Interfaces 2020, 12, 37834-37844. [CrossRef]

Chitambar, C.R. Gallium and its competing roles with iron in biological systems. Biochim. Biophys. Acta 2016, 1863, 2044-2053.
[CrossRef]

Chitambar, C.R. The therapeutic potential of iron-targeting gallium compounds in human disease: From basic research to clinical
application. Pharmacol. Res. 2017, 115, 56-64. [CrossRef]

Choi, S.R.; Switzer, B.; Britigan, B.E.; Narayanasamy, P. Gallium Porphyrin and Gallium Nitrate Synergistically Inhibit Mycobacte-
rial Species by Targeting Different Aspects of Iron/Heme Metabolism. ACS Infect. Dis. 2020, 6, 2582-2591. [CrossRef]

Hijazi, S.; Visaggio, D.; Pirolo, M.; Frangipani, E.; Bernstein, L.; Visca, P. Antimicrobial Activity of Gallium Compounds on
ESKAPE Pathogens. Front. Cell. Infect. Microbiol. 2018, 8, 316. [CrossRef] [PubMed]

Frangipani, E.; Bonchi, C.; Minandri, F.; Imperi, F; Visca, P. Pyochelin potentiates the inhibitory activity of gallium on Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 2014, 58, 5572-5575. [CrossRef] [PubMed]

Kaneko, Y.; Thoendel, M.; Olakanmi, O.; Britigan, B.E.; Singh, PK. The transition metal gallium disrupts Pseudomonas aeruginosa
iron metabolism and has antimicrobial and antibiofilm activity. J. Clin. Investig. 2007, 117, 877-888. [CrossRef] [PubMed]

Choi, S.R.; Britigan, B.E.; Narayanasamy, P. Dual Inhibition of of Kiebsiella pneumoniae and Pseudomonas aeruginosa Iron Metabolism
Using Gallium Porphyrin and Gallium Nitrate. ACS Infect. Dis. 2019, 5, 1559-1569. [CrossRef]

Choi, S.R;; Britigan, B.E.; Narayanasamy, P. Iron/Heme Metabolism-Targeted Gallium(III) Nanoparticles Are Active against
Extracellular and Intracellular Pseudomonas aeruginosa and Acinetobacter baumannii. Antimicrob. Agents Chemother. 2019, 63,
e02643-18. [CrossRef]

Hijazi, S.; Visca, P; Frangipani, E. Gallium-Protoporphyrin IX Inhibits Pseudomonas aeruginosa Growth by Targeting Cytochromes.
Front. Cell. Infect. Microbiol. 2017, 7, 12. [CrossRef]

Centola, G.; Deredge, D.J.; Hom, K.; Ai, Y.; Dent, A.T.; Xue, F,; Wilks, A. Gallium(III)-Salophen as a Dual Inhibitor of Pseudomonas
aeruginosa Heme Sensing and Iron Acquisition. ACS Infect. Dis. 2020, 6, 2073-2085. [CrossRef]

Baker, ].M.; Baba-Dikwa, A.; Shah, R.; Lea, S.; Singh, D. Gallium protoporphyrin as an antimicrobial for non-typeable Haemophilus
influenzae in COPD patients. Life Sci. 2022, 305, 120794. [CrossRef]

Goss, C.H.; Kaneko, Y.; Khuu, L.; Anderson, G.D.; Ravishankar, S.; Aitken, M.L.; Lechtzin, N.; Zhou, G.; Czyz, D.M.; McLean, K,;
et al. Gallium disrupts bacterial iron metabolism and has therapeutic effects in mice and humans with lung infections. Sci. Transl.
Med. 2018, 10, eaat7520. [CrossRef]

Visaggio, D.; Frangipani, E.; Hijazi, S.; Pirolo, M.; Leoni, L.; Rampioni, G.; Imperi, F.; Bernstein, L.; Sorrentino, R.; Ungaro, E; et al.
Variable Susceptibility to Gallium Compounds of Major Cystic Fibrosis Pathogens. ACS Infect. Dis. 2022, 8, 78-85. [CrossRef]
Costabile, G.; Mitidieri, E.; Visaggio, D.; Provenzano, R.; Miro, A.; Quaglia, F.; d’Angelo, I.; Frangipani, E.; Sorrentino, R.; Visca,
P; et al. Boosting lung accumulation of gallium with inhalable nano-embedded microparticles for the treatment of bacterial
pneumonia. Int. J. Pharm. 2022, 629, 122400. [CrossRef]

Choi, S.R.; Britigan, B.E.; Narayanasamy, P. Synthesis and in vitro analysis of novel gallium tetrakis(4-methoxyphenyl)porphyrin
and its long-acting nanoparticle as a potent antimycobacterial agent. Bioorg. Med. Chem. Lett. 2022, 62, 128645. [CrossRef]
Mitidieri, E.; Visaggio, D.; Frangipani, E.; Turnaturi, C.; Vanacore, D.; Provenzano, R.; Costabile, G.; Sorrentino, R.; Ungaro, E;
Visca, P; et al. Intra-tracheal administration increases gallium availability in lung: Implications for antibacterial chemotherapy.
Pharmacol. Res. 2021, 170, 105698. [CrossRef]


http://doi.org/10.1016/j.jinorgbio.2016.04.018
http://doi.org/10.1016/j.bioorg.2018.05.013
http://doi.org/10.1039/C8MD00192H
http://doi.org/10.3389/fmicb.2018.01811
http://doi.org/10.1128/AAC.02353-19
http://doi.org/10.3390/pathogens11060656
http://doi.org/10.1128/AAC.00855-19
http://doi.org/10.1021/acsami.0c06501
http://doi.org/10.1016/j.bbamcr.2016.04.027
http://doi.org/10.1016/j.phrs.2016.11.009
http://doi.org/10.1021/acsinfecdis.0c00113
http://doi.org/10.3389/fcimb.2018.00316
http://www.ncbi.nlm.nih.gov/pubmed/30250828
http://doi.org/10.1128/AAC.03154-14
http://www.ncbi.nlm.nih.gov/pubmed/24957826
http://doi.org/10.1172/JCI30783
http://www.ncbi.nlm.nih.gov/pubmed/17364024
http://doi.org/10.1021/acsinfecdis.9b00100
http://doi.org/10.1128/AAC.02643-18
http://doi.org/10.3389/fcimb.2017.00012
http://doi.org/10.1021/acsinfecdis.0c00138
http://doi.org/10.1016/j.lfs.2022.120794
http://doi.org/10.1126/scitranslmed.aat7520
http://doi.org/10.1021/acsinfecdis.1c00409
http://doi.org/10.1016/j.ijpharm.2022.122400
http://doi.org/10.1016/j.bmcl.2022.128645
http://doi.org/10.1016/j.phrs.2021.105698

Int. . Mol. Sci. 2023, 24, 6181 16 of 19

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Choi, S.R.; Talmon, G.A.; Britigan, B.E.; Narayanasamy, P. Nanoparticulate 3-Cyclodextrin with Gallium Tetraphenylporphyrin
Demonstrates in Vitro and in Vivo Antimicrobial Efficacy against Mycobacteroides abscessus and Mycobacterium avium. ACS Infect.
Dis. 2021, 7, 2299-2309. [CrossRef] [PubMed]

Richter, K.; Thomas, N.; Claeys, J.; McGuane, J.; Prestidge, C.A.; Coenye, T.; Wormald, PJ.; Vreugde, S. A Topical hydrogel
with deferiprone and gallium-protoporphyrin targets bacterial iron metabolism and has antibiofilm activity. Antimicrob. Agents
Chemother. 2017, 61, €00481-17. [CrossRef] [PubMed]

Zheng, H.; Huang, Z.; Chen, T,; Sun, Y.; Chen, S.; Bu, G.; Guan, H. Gallium ions incorporated silk fibroin hydrogel with
antibacterial efficacy for promoting healing of Pseudomonas aeruginosa-infected wound. Front. Chem. 2022, 10, 1017548.
[CrossRef] [PubMed]

Qin, J.; Li, M,; Yuan, M; Shi, X.; Song, ]J.; He, Y.; Mao, H.; Kong, D.; Gu, Z. Gallium(III)-mediated dual-cross-linked alginate
hydrogels with antibacterial properties for promoting infected wound healing. ACS Appl. Mater. Interfaces 2022, 14, 22426-22442.
[CrossRef] [PubMed]

Shyam, M.; Shilkar, D.; Verma, H.; Dev, A.; Sinha, B.N.; Brucoli, F.; Bhakta, S.; Jayaprakash, V. The Mycobactin Biosynthesis
Pathway: A Prospective Therapeutic Target in the Battle against Tuberculosis. |. Med. Chem. 2021, 64, 71-100. [CrossRef]

De Voss, ].].; Rutter, K.; Schroeder, B.G.; Su, H.; Zhu, Y.; Barry, C.E. The salicylate-derived mycobactin siderophores of Mycobac-
terium tuberculosis are essential for growth in macrophages. Proc. Natl. Acad. Sci. USA 2000, 97, 1252-1257. [CrossRef]

Ferreras, ].A.; Ryu, ].S.; Di Lello, E; Tan, D.S.; Quadri, L.E. Small-molecule inhibition of siderophore biosynthesis in Mycobacterium
tuberculosis and Yersinia pestis. Nat. Chem. Biol. 2005, 1, 29-32. [CrossRef]

Lun, S.; Guo, H.; Adamson, J.; Cisar, ].S.; Davis, T.D.; Chavadi, S.S.; Warren, ].D.; Quadri, L.E.; Tan, D.S.; Bishai, W.R. Pharmacoki-
netic and in vivo efficacy studies of the mycobactin biosynthesis inhibitor salicyl-AMS in mice. Antimicrob. Agents Chemother.
2013, 57, 5138-5140. [CrossRef]

Somu, R.V,; Boshoff, H.; Qiao, C.; Bennett, EM.; Barry, C.E.; Aldrich, C.C. Rationally designed nucleoside antibiotics that inhibit
siderophore biosynthesis of Mycobacterium tuberculosis. |. Med. Chem. 2006, 49, 31-34. [CrossRef]

Qiao, C.; Gupte, A.; Boshoff, H.IL; Wilson, D.J.; Bennett, E.M.; Somu, R.V,; Barry, C.E.; Aldrich, C.C.5'-O-(N-acyl)sulfamoyl]adenosines
as antitubercular agents that inhibit MbtA: An adenylation enzyme required for siderophore biosynthesis of the mycobactins. J. Med. Chem.
2007, 50, 6080-6094. [CrossRef]

Engelhart, C.A.; Aldrich, C.C. Synthesis of chromone, quinolone, and benzoxazinone sulfonamide nucleosides as conformationally
constrained inhibitors of adenylating enzymes required for siderophore biosynthesis. J. Org. Chem. 2013, 78, 7470-7481. [CrossRef]
Dawadi, S.; Boshoff, HI.M.; Park, S.W.; Schnappinger, D.; Aldrich, C.C. Conformationally Constrained Cinnolinone Nucleoside
Analogues as Siderophore Biosynthesis Inhibitors for Tuberculosis. ACS Med. Chem. Lett. 2018, 9, 386-391. [CrossRef]

Dawadi, S.; Viswanathan, K.; Boshoff, H.I.; Barry, C.E.; Aldrich, C.C. Investigation and conformational analysis of fluorinated
nucleoside antibiotics targeting siderophore biosynthesis. J. Org. Chem. 2015, 80, 4835-4850. [CrossRef]

Neres, ].; Labello, N.P.; Somu, R.V.; Boshoff, H.I.; Wilson, D.]J.; Vannada, J.; Chen, L.; Barry, C.E.; Bennett, E.M.; Aldrich, C.C.
Inhibition of siderophore biosynthesis in Mycobacterium tuberculosis with nucleoside bisubstrate analogues: Structure-activity
relationships of the nucleobase domain of 5'-O-[N-(salicyl)sulfamoyl]adenosine. J. Med. Chem. 2008, 51, 5349-5370. [CrossRef]
Nelson, K.M.; Viswanathan, K.; Dawadi, S.; Duckworth, B.P,; Boshoff, H.I.; Barry, C.E.; Aldrich, C.C. Synthesis and Pharma-
cokinetic Evaluation of Siderophore Biosynthesis Inhibitors for Mycobacterium tuberculosis. J. Med. Chem. 2015, 58, 5459-5475.
[CrossRef]

Ferguson, L.; Wells, G.; Bhakta, S.; Johnson, J.; Guzman, J.; Parish, T.; Prentice, R.A.; Brucoli, F. Integrated Target-Based and
Phenotypic Screening Approaches for the Identification of Anti-Tubercular Agents That Bind to the Mycobacterial Adenylating
Enzyme MbtA. ChemMedChem 2019, 14, 1735-1741. [CrossRef]

Kozlowski, M.C.; Bartlett, P.A. Synthesis of a potential transition-state analog inhibitor of isochorismate synthase. J. Am. Chem.
Soc. 1991, 113, 5897-5898. [CrossRef]

Liu, Z; Liu, F; Aldrich, C.C. Stereocontrolled Synthesis of a Potential Transition-State Inhibitor of the Salicylate Synthase MbtI
from Mycobacterium tuberculosis. J. Org. Chem. 2015, 80, 6545-6552. [CrossRef]

Zhang, X.K,; Liu, E; Fiers, W.D.; Sun, WM.; Guo, J.; Liu, Z.; Aldrich, C.C. Synthesis of Transition-State Inhibitors of Chorismate
Utilizing Enzymes from Bromobenzene cis-1,2-Dihydrodiol. J. Org. Chem. 2017, 82, 3432-3440. [CrossRef]

Manos-Turvey, A.; Bulloch, E.M.; Rutledge, PJ.; Baker, E.N.; Lott, ].S.; Payne, R.J. Inhibition studies of Mycobacterium tuberculosis
salicylate synthase (MbtI). ChemMedChem 2010, 5, 1067-1079. [CrossRef]

Manos-Turvey, A.; Cergol, KM.; Salam, N.K; Bulloch, E.M.; Chi, G.; Pang, A.; Britton, W.J.; West, N.P; Baker, E.N.; Lott, J.S.; et al.
Synthesis and evaluation of M. tuberculosis salicylate synthase (Mbtl) inhibitors designed to probe plasticity in the active site. Org.
Biomol. Chem. 2012, 10, 9223-9236. [CrossRef] [PubMed]

Cazzaniga, G.; Mori, M.; Chiarelli, L.R.; Gelain, A.; Meneghetti, F; Villa, S. Natural products against key Mycobacterium tuberculosis
enzymatic targets: Emerging opportunities for drug discovery. Eur. . Med. Chem. 2021, 224, 113732. [CrossRef] [PubMed]

Pini, E.; Poli, G.; Tuccinardi, T.; Chiarelli, L.R.; Mori, M.; Gelain, A.; Costantino, L.; Villa, S.; Meneghetti, F; Barlocco, D.
New Chromane-Based Derivatives as Inhibitors of Mycobacterium tuberculosis Salicylate Synthase (Mbtl): Preliminary Biological
Evaluation and Molecular Modeling Studies. Molecules 2018, 23, 1506. [CrossRef] [PubMed]

Vasan, M.; Neres, J.; Williams, ].; Wilson, D.J.; Teitelbaum, A.M.; Remmel, R.P,; Aldrich, C.C. Inhibitors of the salicylate synthase
(MbtI) from Mycobacterium tuberculosis discovered by high-throughput screening. ChemMedChem 2010, 5, 2079-2087. [CrossRef]


http://doi.org/10.1021/acsinfecdis.0c00896
http://www.ncbi.nlm.nih.gov/pubmed/34314150
http://doi.org/10.1128/AAC.00481-17
http://www.ncbi.nlm.nih.gov/pubmed/28396543
http://doi.org/10.3389/fchem.2022.1017548
http://www.ncbi.nlm.nih.gov/pubmed/36385992
http://doi.org/10.1021/acsami.2c02497
http://www.ncbi.nlm.nih.gov/pubmed/35533377
http://doi.org/10.1021/acs.jmedchem.0c01176
http://doi.org/10.1073/pnas.97.3.1252
http://doi.org/10.1038/nchembio706
http://doi.org/10.1128/AAC.00918-13
http://doi.org/10.1021/jm051060o
http://doi.org/10.1021/jm070905o
http://doi.org/10.1021/jo400976f
http://doi.org/10.1021/acsmedchemlett.8b00090
http://doi.org/10.1021/acs.joc.5b00550
http://doi.org/10.1021/jm800567v
http://doi.org/10.1021/acs.jmedchem.5b00391
http://doi.org/10.1002/cmdc.201900217
http://doi.org/10.1021/ja00015a073
http://doi.org/10.1021/acs.joc.5b00455
http://doi.org/10.1021/acs.joc.6b02801
http://doi.org/10.1002/cmdc.201000137
http://doi.org/10.1039/c2ob26736e
http://www.ncbi.nlm.nih.gov/pubmed/23108268
http://doi.org/10.1016/j.ejmech.2021.113732
http://www.ncbi.nlm.nih.gov/pubmed/34399099
http://doi.org/10.3390/molecules23071506
http://www.ncbi.nlm.nih.gov/pubmed/29933627
http://doi.org/10.1002/cmdc.201000275

Int. . Mol. Sci. 2023, 24, 6181 17 of 19

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Chiarelli, L.R.; Mori, M.; Barlocco, D.; Beretta, G.; Gelain, A.; Pini, E.; Porcino, M.; Mori, G.; Stelitano, G.; Costantino, L.; et al.
Discovery and development of novel salicylate synthase (MbtlI) furanic inhibitors as antitubercular agents. Eur. J. Med. Chem.
2018, 155, 754-763. [CrossRef]

Chiarelli, L.R.; Mori, M.; Beretta, G.; Gelain, A.; Pini, E.; Sammartino, J.C.; Stelitano, G.; Barlocco, D.; Costantino, L.; Lapillo, M.;
et al. New insight into structure-activity of furan-based salicylate synthase (Mbtl) inhibitors as potential antitubercular agents. J.
Enz. Inhib. Med. Chem. 2019, 34, 823-828. [CrossRef]

Mori, M.; Stelitano, G.; Gelain, A.; Pini, E.; Chiarelli, L.R.; Sammartino, J.C.; Poli, G.; Tuccinardi, T.; Beretta, G.; Porta, A.; et al.
Shedding X-ray light on the role of magnesium in the activity of M. tuberculosis Salicylate Synthase (Mbtl) for Drug Design. J.
Med. Chem. 2020, 63, 7066-7080. [CrossRef]

Mori, M.; Stelitano, G.; Chiarelli, L.R.; Cazzaniga, G.; Gelain, A.; Barlocco, D.; Pini, E.; Meneghetti, F; Villa, S. Synthesis,
Characterization, and Biological Evaluation of New Derivatives Targeting Mbtl as Antitubercular Agents. Pharmaceuticals 2021,
14, 155. [CrossRef]

Mori, M.; Stelitano, G.; Griego, A.; Chiarelli, L.R.; Cazzaniga, G.; Gelain, A ; Pini, E.; Camera, M.; Canzano, P.; Fumagalli, A.; et al.
Synthesis and Assessment of the In Vitro and Ex Vivo Activity of Salicylate Synthase (Mbti) Inhibitors as New Candidates for the
Treatment of Mycobacterial Infections. Pharmaceuticals 2022, 15, 992. [CrossRef]

Mori, M.; Stelitano, G.; Cazzaniga, G.; Gelain, A.; Tresoldi, A.; Cocorullo, M.; Roversi, M.; Chiarelli, L.R.; Tomaiuolo, M.; Delre, P;
et al. Targeting Siderophore-Mediated Iron Uptake in M. abscessus: A New Strategy to Limit the Virulence of Non-Tuberculous
Mycobacteria. Pharmaceutics 2023, 15, 502. [CrossRef]

Ronnebaum, T.A.; Lamb, A.L. Nonribosomal peptides for iron acquisition: Pyochelin biosynthesis as a case study. Curr. Opin.
Struct. Biol. 2018, 53, 1-11. [CrossRef]

Tyrrell, J.; Whelan, N.; Wright, C.; Sa-Correia, I.; McClean, S.; Thomas, M.; Callaghan, M. Investigation of the multifaceted iron
acquisition strategies of Burkholderia cenocepacia. Biometals 2015, 28, 367-380. [CrossRef]

Shelton, C.L.; Meneely, K.M.; Ronnebaum, T.A ; Chilton, A.S,; Riley, A.P; Prisinzano, T.E.; Lamb, A.L. Rational inhibitor design
for Pseudomonas aeruginosa salicylate adenylation enzyme PchD. |. Biol. Inorg. Chem. 2022, 27, 541-551. [CrossRef]

Meneely, KM.; Luo, Q.; Riley, A.P; Taylor, B.; Roy, A.; Stein, R.L.; Prisinzano, T.E.; Lamb, A.L. Expanding the results of a high
throughput screen against an isochorismate-pyruvate lyase to enzymes of a similar scaffold or mechanism. Bioorg. Med. Chem.
2014, 22, 5961-5969. [CrossRef]

Lamont, I.L.; Beare, P.A.; Ochsner, U.; Vasil, A.L; Vasil, M.L. Siderophore-mediated signaling regulates virulence factor production
in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 2002, 99, 7072-7077. [CrossRef]

Kirienko, N.V.; Kirienko, D.R.; Larkins-Ford, J.; Wahlby, C.; Ruvkun, G.; Ausubel, EM. Pseudomonas aeruginosa disrupts
Caenorhabditis elegans iron homeostasis, causing a hypoxic response and death. Cell Host Microbe 2013, 13, 406—416. [CrossRef]
Imperi, F.; Massai, F; Facchini, M.; Frangipani, E.; Visaggio, D.; Leoni, L.; Bragonzi, A.; Visca, P. Repurposing the antimycotic drug
flucytosine for suppression of Pseudomonas aeruginosa pathogenicity. Proc. Natl. Acad. Sci. USA 2013, 110, 7458-7463. [CrossRef]
Ringel, M.T,; Briiser, T. The biosynthesis of pyoverdines. Microb. Cell 2018, 5, 424-437. [CrossRef]

Wibowo, J.P.; Batista, F.A.; van Oosterwijk, N.; Groves, M.R.; Dekker, EJ.; Quax, W.J. A novel mechanism of inhibition by
phenylthiourea on PvdP, a tyrosinase synthesizing pyoverdine of Pseudomonas aeruginosa. Int. J. Biol. Macromol. 2020, 146, 212-221.
[CrossRef]

Waurst, ].M.; Drake, E.J.; Theriault, ].R; Jewett, L.T.; VerPlank, L.; Perez, ].R.; Dandapani, S.; Palmer, M.; Moskowitz, S.M.; Schreiber,
S.L.; et al. Identification of inhibitors of PvdQ, an enzyme involved in the synthesis of the siderophore pyoverdine. ACS Chem.
Biol. 2014, 9, 1536-1544. [CrossRef]

Clevenger, K.D.; Wu, R.; Liu, D.; Fast, W. n-Alkylboronic acid inhibitors reveal determinants of ligand specificity in the quorum-
quenching and siderophore biosynthetic enzyme PvdQ. Biochemistry 2014, 53, 6679—-6686. [CrossRef] [PubMed]

Kirienko, D.R.; Kang, D.; Kirienko, N.V. Novel Pyoverdine Inhibitors Mitigate Pseudomonas aeruginosa Pathogenesis. Front.
Microbiol. 2018, 9, 3317. [CrossRef] [PubMed]

Kang, D.; Kirienko, N.V. High-Throughput Genetic Screen Reveals that Early Attachment and Biofilm Formation are Necessary
for Full Pyoverdine Production by Pseudomonas aeruginosa. Front. Microbiol. 2017, 8, 1707. [CrossRef] [PubMed]

Kirienko, D.R.; Revtovich, A.V,; Kirienko, N.V. A High-Content, Phenotypic Screen Identifies Fluorouridine as an Inhibitor of
Pyoverdine Biosynthesis and Pseudomonas aeruginosa Virulence. mSphere 2016, 1, e00217-16. [CrossRef]

Wang, X.; Kleerekoper, Q.; Revtovich, A.V.; Kang, D.; Kirienko, N.V. Identification and validation of a novel anti-virulent that
binds to pyoverdine and inhibits its function. Virulence 2020, 11, 1293-1309. [CrossRef]

Kang, D.; Revtovich, A.V.; Deyanov, A.E.; Kirienko, N.V. Pyoverdine Inhibitors and Gallium Nitrate Synergistically Affect
Pseudomonas aeruginosa. mSphere 2021, 6, €0040121. [CrossRef]

Pham, T.N.; Loupias, P; Dassonville-Klimpt, A.; Sonnet, P. Drug delivery systems designed to overcome antimicrobial resistance.
Med. Res. Rev. 2019, 39, 2343-2396. [CrossRef]

Page, M.G.P. The role of iron and siderophores in infection, and the development of siderophore antibiotics. Clin. Infect. Dis. 2019,
69 (Suppl. 7), S529-5537. [CrossRef]

Souto, A.; Montaos, M.A; Balado, M.; Osorio, C.R.; Rodriguez, J.; Lemos, M.L.; Jiménez, C. Synthesis and antibacterial activity of
conjugates between norfloxacin and analogues of the siderophore vanchrobactin. Bioorg. Med. Chem. 2013, 21, 295-302. [CrossRef]


http://doi.org/10.1016/j.ejmech.2018.06.033
http://doi.org/10.1080/14756366.2019.1589462
http://doi.org/10.1021/acs.jmedchem.0c00373
http://doi.org/10.3390/ph14020155
http://doi.org/10.3390/ph15080992
http://doi.org/10.3390/pharmaceutics15020502
http://doi.org/10.1016/j.sbi.2018.01.015
http://doi.org/10.1007/s10534-015-9840-1
http://doi.org/10.1007/s00775-022-01941-8
http://doi.org/10.1016/j.bmc.2014.09.010
http://doi.org/10.1073/pnas.092016999
http://doi.org/10.1016/j.chom.2013.03.003
http://doi.org/10.1073/pnas.1222706110
http://doi.org/10.15698/mic2018.10.649
http://doi.org/10.1016/j.ijbiomac.2019.12.252
http://doi.org/10.1021/cb5001586
http://doi.org/10.1021/bi501086s
http://www.ncbi.nlm.nih.gov/pubmed/25290020
http://doi.org/10.3389/fmicb.2018.03317
http://www.ncbi.nlm.nih.gov/pubmed/30687293
http://doi.org/10.3389/fmicb.2017.01707
http://www.ncbi.nlm.nih.gov/pubmed/28928729
http://doi.org/10.1128/mSphere.00217-16
http://doi.org/10.1080/21505594.2020.1819144
http://doi.org/10.1128/mSphere.00401-21
http://doi.org/10.1002/med.21588
http://doi.org/10.1093/cid/ciz825
http://doi.org/10.1016/j.bmc.2012.10.028

Int. . Mol. Sci. 2023, 24, 6181 18 of 19

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Fardeau, S.; Dassonville-Klimpt, A.; Audic, N.; Sasaki, A.; Pillon, M.; Baudrin, E.; Mullié, C.; Sonnet, P. Synthesis and antibacterial
activity of catecholate-ciprofloxacin conjugates. Bioorg. Med. Chem. 2014, 22, 4049-4060. [CrossRef]

Loupias, P; Laumaillé, P.; Morandat, S.; Mondange, L.; Guillier, S.; El Kirat, K.; Da Nascimento, S.; Biot, F; Taudon, N;
Dassonville-Klimpt, A.; et al. Synthesis and study of new siderophore analog-ciprofloxacin conjugates with antibiotic activities
against Pseudomonas aeruginosa and Burkholderia spp. Eur. |. Med. Chem. 2023, 245, 114921. [CrossRef]

Poras, H.; Kunesch, G.; Barriére, ]J.C.; Berthaud, N.; Andremont, A. Synthesis and in vitro antibacterial activity of catechol-
spiramycin conjugates. |. Antibiot. 1998, 51, 786-794. [CrossRef]

Ghosh, M.; Miller, P.A.; Méllmann, U.; Claypool, W.D.; Schroeder, V.A.; Wolter, WR.; Suckow, M.; Yu, H.; Li, S.; Huang, W.; et al.
Targeted Antibiotic Delivery: Selective Siderophore Conjugation with Daptomycin Confers Potent Activity against Multidrug
Resistant Acinetobacter baumannii Both in Vitro and in Vivo. J. Med. Chem. 2017, 60, 4577-4583. [CrossRef]

Ghosh, M.; Lin, YM.; Miller, P.A.; Méllmann, U.; Boggess, W.C.; Miller, M.]. Siderophore Conjugates of Daptomycin are Potent
Inhibitors of Carbapenem Resistant Strains of Acinetobacter baumannii. ACS Infect. Dis. 2018, 4, 1529-1535. [CrossRef]

Boyce, ]. H.; Dang, B.; Ary, B.; Edmondson, Q.; Craik, C.S.; DeGrado, W.E; Seiple, I.B. Platform to Discover Protease-Activated
Antibiotics and Application to Siderophore-Antibiotic Conjugates. J. Am. Chem. Soc. 2020, 142, 21310-21321. [CrossRef]

Aoki, T.; Yoshizawa, H.; Yamawaki, K.; Yokoo, K.; Sato, J.; Hisakawa, S.; Hasegawa, Y.; Kusano, H.; Sano, M.; Sugimoto, H.; et al.
Cefiderocol (S5-649266), A new siderophore cephalosporin exhibiting potent activities against Pseudomonas aeruginosa and other
gram-negative pathogens including multi-drug resistant bacteria: Structure activity relationship. Eur. J. Med. Chem. 2018, 155,
847-868. [CrossRef]

Zalas-Wiecek, P.; Plachta, K.; Gospodarek-Komkowska, E. Cefiderocol against Multi-Drug and Extensively Drug-Resistant
Escherichia coli: An In Vitro Study in Poland. Pathogens 2022, 11, 1508. [CrossRef]

Kaye, K.S.; Naas, T.; Pogue, ].M.; Rossolini, G.M. Cefiderocol, a siderophore cephalosporin, as a treatment option for infections
caused by carbapenem-resistant Enterobacterales. Infect. Dis. Ther. 2023, in press. [CrossRef]

Burnard, D.; Robertson, G.; Henderson, A.; Falconer, C.; Bauer, M.].; Cottrell, K.; Gassiep, I.; Norton, R.; Paterson, D.L.; Harris,
PN.A. Burkholderia pseudomallei clinical isolates are highly susceptible in vitro to Cefiderocol, a siderophore cephalosporin.
Antimicrob. Agents Chemother. 2021, 65, €00685-20. [CrossRef]

Saisho, Y.; Katsube, T.; White, S.; Fukase, H.; Shimada, ]J. Pharmacokinetics, Safety, and Tolerability of Cefiderocol, a Novel
Siderophore Cephalosporin for Gram-Negative Bacteria, in Healthy Subjects. Antimicrob. Agents Chemother. 2018, 62, €02163-17.
[CrossRef]

Wu, J.Y,; Srinivas, P.; Pogue, ].M. Cefiderocol: A Novel Agent for the Management of Multidrug-Resistant Gram-Negative
Organisms. Infect. Dis. Ther. 2020, 9, 17—40. [CrossRef] [PubMed]

Wunderink, R.G.; Matsunaga, Y.; Ariyasu, M.; Clevenbergh, P.; Echols, R.; Kaye, K.S.; Kollef, M.; Menon, A.; Pogue, ].M.;
Shorr, A.F; et al. Cefiderocol versus high-dose, extended-infusion meropenem for the treatment of Gram-negative nosocomial
pneumonia (APEKS-NP): A randomised, double-blind, phase 3, non-inferiority trial. Lancet Infect. Dis. 2021, 21, 213-225.
[CrossRef] [PubMed]

Bassetti, M.; Echols, R.; Matsunaga, Y.; Ariyasu, M.; Doi, Y.; Ferrer, R.; Lodise, T.P.; Naas, T.; Niki, Y.; Paterson, D.L.; et al.
Efficacy and safety of cefiderocol or best available therapy for the treatment of serious infections caused by carbapenem-resistant
Gram-negative bacteria (CREDIBLE-CR): A randomised, open-label, multicentre, pathogen-focused, descriptive, phase 3 trial.
Lancet Infect. Dis. 2021, 21, 226-240. [CrossRef] [PubMed]

Marner, M.; Kolberg, L.; Horst, J.; Bohringer, N.; Hiibner, J.; Kresna, .D.M.; Liu, Y.; Mettal, U.; Wang, L.; Meyer-Biithn, M.; et al.
Antimicrobial Activity of Ceftazidime-Avibactam, Ceftolozane-Tazobactam, Cefiderocol, and Novel Darobactin Analogs against
Multidrug-Resistant Pseudomonas aeruginosa Isolates from Pediatric and Adolescent Cystic Fibrosis Patients. Microbiol. Spectr.
2023, 11, €0443722. [CrossRef]

Maraki, S.; Mavromanolaki, V.E.; Stafylaki, D.; Scoulica, E. Activity of newer (-lactam/(-lactamase inhibitor combinations,
cefiderocol, plazomicin and comparators against carbapenemase-producing. J. Chemother. 2023, 1-5. [CrossRef]

Nguyen, L.P; Pinto, N.A; Vu, T.N,; Lee, H.; Cho, Y.L.; Byun, ].H.; D’Souza, R.; Yong, D. In Vitro Activity of a Novel Siderophore-
Cephalosporin, GT-1 and Serine-Type beta-Lactamase Inhibitor, GT-055, against Escherichia coli, Klebsiella pneumoniae and
Acinetobacter spp. Panel Strains. Antibiotics 2020, 9, 267. [CrossRef]

Liu, R.; Miller, P.A.; Vakulenko, S.B.; Stewart, N.K.; Boggess, W.C.; Miller, M.]. A Synthetic Dual Drug Sideromycin Induces
Gram-Negative Bacteria To Commit Suicide with a Gram-Positive Antibiotic. ]. Med. Chem. 2018, 61, 3845-3854. [CrossRef]

Ji, C.; Miller, M.]. Chemical syntheses and in vitro antibacterial activity of two desferrioxamine B-ciprofloxacin conjugates with
potential esterase and phosphatase triggered drug release linkers. Bioorg. Med. Chem. 2012, 20, 3828-3836. [CrossRef]

Pinkert, L.; Lai, Y.-H.; Peukert, C.; Hotop, S.-K.; Karge, B.; Schulze, L.M.; Grunenberg, J.; Bronstrup, M. Antibiotic Conjugates
with an Artificial MECAM-Based Siderophore Are Potent Agents against Gram-Positive and Gram-Negative Bacterial Pathogens.
J. Med. Chem. 2021, 64, 15440-15460. [CrossRef]


http://doi.org/10.1016/j.bmc.2014.05.067
http://doi.org/10.1016/j.ejmech.2022.114921
http://doi.org/10.7164/antibiotics.51.786
http://doi.org/10.1021/acs.jmedchem.7b00102
http://doi.org/10.1021/acsinfecdis.8b00150
http://doi.org/10.1021/jacs.0c06987
http://doi.org/10.1016/j.ejmech.2018.06.014
http://doi.org/10.3390/pathogens11121508
http://doi.org/10.1007/s40121-023-00773-6
http://doi.org/10.1128/AAC.00685-20
http://doi.org/10.1128/AAC.02163-17
http://doi.org/10.1007/s40121-020-00286-6
http://www.ncbi.nlm.nih.gov/pubmed/32072491
http://doi.org/10.1016/S1473-3099(20)30731-3
http://www.ncbi.nlm.nih.gov/pubmed/33058798
http://doi.org/10.1016/S1473-3099(20)30796-9
http://www.ncbi.nlm.nih.gov/pubmed/33058795
http://doi.org/10.1128/spectrum.04437-22
http://doi.org/10.1080/1120009X.2023.2170906
http://doi.org/10.3390/antibiotics9050267
http://doi.org/10.1021/acs.jmedchem.8b00218
http://doi.org/10.1016/j.bmc.2012.04.034
http://doi.org/10.1021/acs.jmedchem.1c01482

Int. . Mol. Sci. 2023, 24, 6181 19 of 19

123. Pushpakom, S.; Iorio, F,; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.
Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug. Discov. 2019, 18, 41-58. [CrossRef]

124. Zhao, S.; Wang, Z.P; Lin, Z.; Wei, G.; Wen, X,; Li, S.; Yang, X.; Zhang, Q.; Jing, C.; Dai, Y.; et al. Drug Repurposing by Siderophore
Conjugation: Synthesis and Biological Evaluation of Siderophore-Methotrexate Conjugates as Antibiotics. Angew. Chem. Int. Ed.
Engl. 2022, 61, €202204139. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/nrd.2018.168
http://doi.org/10.1002/anie.202204139

	Introduction 
	Bacterial Mechanisms of Iron Uptake 
	Antimicrobial Strategies Involving Iron Metabolism 
	Depleting Environmental Iron 
	Gallium as an Iron Mimetic 
	Inhibiting Siderophore Biosynthesis 
	Exploiting Siderophore Uptake Systems to Deliver Antimicrobials 

	Conclusions and Future Outlook 
	References

