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Iron should be restricted in acute infection
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1. ABSTRACT

The trace element iron plays important
roles in biological systems. Vital functions of both
host organisms and pathogens require iron. During
infection, the innate immune system reduces iron
availability for invading organisms. Pathogens
acquire iron through different mechanisms, primarily
through the secretion of high-affinity iron chelating
compounds known as siderophores. Bacterial
siderophores have been used clinically for iron
chelation, however synthetic iron chelators are
superior for treating infection because - in contrast to
siderophore-bound iron - bacteria are not able to
utilize iron bound to those molecules. Additionally,
utilizing siderophores-dependent iron uptake in a
“trojan horse” manner represents a potential option to
carry antibiotics into bacterial cells. Recently,
synthetic iron chelators have been shown to enhance
antibiotic effectiveness and overcome antibiotic
resistance. This has implications for the treatment of
infections through combination therapy of iron
chelators and antibiotics.
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2. INTRODUCTION

Iron plays important roles in biological
systems as a co-factor in multiple cellular pathways
including: DNA synthesis and repair, electron
transfer, oxygen transport and immune response (1—
4). Iron exists in the 2* (ferrous) as well as the 3*
(ferric) valence state and is absorbed by duodenal
enterocytes through active, enzymatic processes,
e.g. by divalent metal transporter 1 (DMT1). Iron is
exported into the plasma by the iron exporter
ferroportin (5). In the plasma, ferric iron is bound to
transferrin in order to circulate to sites of use (6). The
majority of iron is used in erythropoiesis. Erythroid
precursors express cell-surface transferrin receptors,
which act to take up iron by receptor mediated
endocytosis (7). Finally, 65-75% of iron in the body is
contained within the protoporphyrin ring of heme,
associated with hemoglobin (8). Excess iron can be
stored in enterocytes, hepatocytes, macrophages
and other cells by binding to ferritin (9). Macrophages
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are able to recycle iron by phagocytosis of aged or
damaged erythrocytes. In healthy individuals, the
availability of free iron is limited by tight regulation of
absorption, recycling and intracellular storage.
Hepcidin, a peptide hormone secreted by the liver,
has been shown to regulate iron homoeostasis by
binding to ferroportin causing it's internalization and
degradation, preventing extracellular iron efflux (10).
Transferrin receptor 1 and bone morphogenetic
protein 6 receptor are able to sense transferrin
saturation and tissue iron content. This allows for
regulation of hepcidin expression, communicating a
need for more or less iron (11).

Iron also catalyzes the production of reactive
oxygen species (ROS) such as highly reactive hydroxyl
radicals from the association of superoxide and
hydrogen peroxide, commonly known as the Haber-
Weiss reaction. The generation of ROS is one of the first
responses of immune cells to an infection in order to
destroy invading microbes  (12). However,
overproduction of ROS can lead to adverse effects on
host cells by damaging DNA, lipids and proteins (13). In
response to infection, the body reduces the availability
of iron in both the extracellular and intracellular space.
This host defense mechanism blocks iron availability for
invading microorganisms, restricting their ability to
proliferate and is mediated by hepcidin. In infection,
increased hepcidin  synthesis is induced by
inflammatory mediators, such as interleukin (IL)-6 and
IL-22 (10, 14, 15). Other proinflammatory stimuli such

as tumor necrosis factor a (TNF-a) and interferon-¥
have been linked to the upregulaton of DMT1
expression, resulting in an increased uptake of iron into
macrophages (16). Furthermore, IL-4, IL-10 and IL-13
increase the expression of ferritin, promoting iron
storage within monocytes and macrophages (17). In
summary, all of these pathophysiological mechanisms
of iron retention appear to be beneficial in fighting
infections by reducing levels of available iron for
microbes.

3. IRON RESTRICTION
3.1. Learning from microbes
Pathogens have developed various

strategies to acquire iron. The majority of bacteria
and fungi utilize high-affinity chelating compounds

to bind iron, so called siderophores. This area has
been extensively studied and hundreds of
siderophores have been discovered. Siderophores
are classified into three main structural families,
carboxylates, catecholates and hydroxamates
(18). Catecholate siderophores have the highest
affinity for ferric iron relative to carboxylate and
hydroxamate siderophores under physiological
conditions. Enterobactin, a catecholate
siderophore, exhibits the highest known affinity for
ferric iron, higher than that of the host iron binding
protein transferrin (18). Hydroxamate
siderophores are the most common group of
siderophores in nature (19). Some siderophores
from bacteria are used clinically for iron chelation.
Desferrioxamine (DFO) is a clinically approved
iron chelator originating from Streptomyces pilosus
(20). DFO has three bidentate hydroxamic acid
groups along the DFO backbone. The chain-like
molecules wrap around iron in a 1:1 Fe (3*)/DFO
complex manner (21). DFO has been used
clinically to mobilize excess iron to excretion in
patients with hemochromatosis and Dbeta-
thalassemia (22). However, DFO is not ideal as an
iron chelator in bacterial infections as many
bacterial species are able to utilize the iron
sequestered within DFO (23). Growth of
Microbacterium spp. has been shown to
essentially require DFO while the growth of other
bacteria (e.g., Gordonia, Paenibacillus and
Burkholderia) is significantly promoted by DFO
presence (24).

3.2. Restricting iron with synthetic iron
chelators

Synthetic iron chelators typically contain
oxygen, nitrogen or sulfur-donor atoms that form
bonds with iron. They are chemical diverse,
allowing for different binding capacities and
preference for ferric or ferrous iron. In order to be
used therapeutically, chelators must successfully
compete with biological iron binding substances.
Although DFO has been shown to effectively treat
iron overload, it requires prolonged infusions five
to seven days per week. Research has therefore
focused on developing superior, synthetic iron
chelators. A summary of different iron chelator
properties can be found in Table 1 (25).
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Table 1. Overview of selected iron chelators

(chelator:iron)

Properties Deferoxamine Deferiprone Deferasirox
Binding Hexadentate (1:1) Tridentate (3:1) Bidentate (2:1)
capacity

Route of
administration

Subcutaneous, intravenous

Oral tablet Oral tablet

Side Effects |Local skin reaction
Ophthalmological
Auditory

Allergic reaction

Gastrointestinal
Rash

Rise in creatinine
Ophthalmological

Agranulocytosis
Musculoskeletal
joint

Gastrointestinal

and
pains

Growth retardation Zinc deficiency Auditory
Neurological at high doses
Pulmonary at high doses
Half-life 47- 134 minutes 3-4 hours 8-16 hours
Structure

Based on (27)

Deferiprone (Ferriprox®; DFP) is an FDA-
approved oral iron chelator. DFP has comparable
efficacy to DFO but is more effective in removing iron
from the heart. It has a plasma half-life of 47-134
minutes and should therefore be taken three times
daily. Major toxic side effects of DFP include
agranulocytosis, musculoskeletal and joint pains,
gastric intolerance, and zinc deficiency. However,
these are considered to be reversible (26).

Deferasirox (Exjade®; DFX) is an FDA-
approved oral iron chelator with similar efficacy to
that of DFO in reducing liver iron levels. DFX has a
plasma half-life of 8 to 16 hours and should therefore
be taken once daily. Gastrointestinal disturbances
are the most common side effect of DFX but can be
improved by changing time of DFX administration.
Rare reports of hepatic failure and serum creatinine
increase have led to the suggestion that liver and
kidney function should be monitored monthly (27).

Iron withholding is a host defense mechanism
against invading pathogens. Synthetic iron chelation
intensifies the host defense strategy, possessing
antimicrobial potential. Recent studies suggest a
potential role for iron chelators in treating infection. The
impact of a novel iron chelator, DIBI, on bacterial
proliferation in a murine model of sepsis found a
significant decrease in bacterial counts in blood and
peritoneal lavage fluid (PLF) when DIBI was used in
combination with imipenem (28). Iron chelators have
also been shown as an effective therapy against
biofims formed by Pseudomonas aeruginosa. The
combination of DFO or deferasirox (DFX) with
tobramycin reduced established biofiims and viable
bacteria, as well as prevented the formation of new
biofilm on cystic fibrosis airway cells (29). Lastly,
combination therapy of DFX and vancomycin was
shown to reduce viability of methicillin-resistant and
vancomycin-intermediate strains of Staphylococcus
aureus in vitro (30).
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3.3. Other bacterial strategies for iron
acquisition as drug target for new
antibiotics

Further strategies for iron acquisition have
been extensively studied in Gram-negative bacteria,
few examples are known in regard to Gram-positive
bacteria (31). Several pathogenic bacteria secrete
hemolysins to lyse erythrocytes, and hemoglobin
proteases to degrade the protein (32). The
expression of hemolysins and other virulence factors
is under control of the accessory gene regulatory
(Agr) quorum-sensing two-component system (33).
The small molecule savarin has been shown to alter
binding of Agr to DNA and thereby prevent virulence
gene upregulation. Studies by Sully et al. found
savarin to be an effective treatment in murine S.
aureus skin infection models by inhibiting Agr quorum
sensing (34).

Gram-negative pathogens are able to
uptake heme directly through TonB-dependent outer
membrane (OM) receptors. Transport through the
periplasmic and inner membrane is then facilitated by
ABC transport system. Once in the cytoplasm heme
is degraded and the iron is stored (31). Gram-
negative bacteria are also able to acquire iron
through the secretion of hemophores which have the
ability to bind heme and heme-containing proteins.
These hemophores then deliver heme to OM
receptors (e.g., HasR) which allow heme to be
internalized (35). Pseudomonas aeruginosa acquires
heme via the hemophore, heme acquisition system A
(HasA) protein. Studies by Shirataki et al. showed the
crystal structure of the heme-loaded HasA and
concluded that other metal complexes could also fit
within the binding site. This knowledge allowed them
to use Fe-phthalocyanine (Fe-Pc), a synthetic metal
complex, to bind HasA and inhibit growth of P.
aeruginosa, even in the presence of heme-bound
HasA (36).

In  Gram-positive bacteria, the iron
regulated surface determinant (Isd) system of
Staphylococcus aureus is a widely studied
mechanism of iron acquisition from heme and
hemoglobin. The Isd system consists of nine iron
regulated proteins, IsdA, IsdB, IsdC, IsdH/HarA,
IsdD/E/F, IsdG and Isdl. Together, these proteins

interact with heme proteins to extract the heme
molecule and internalize it into the cytoplasm of
bacteria (37). Bacterial pathogens are also able to
acquire iron through sources of iron such as
transferrin, lactoferrin and ferritins through OM
receptors that directly recognize these proteins.
Neisseria utilizes transferrin-binding protein A
(TbpA), a Ton-B dependent receptor, for the uptake
of iron from human transferrin (38). It has been
demonstrated that E. coli of intestinal origin is
capable of using catecholamines in order to acquire
iron from lactoferrin and transferrin, stimulating the
growth of bacteria (39).

Bacteria utilize the ferric uptake regulator
(Fur) family of transcriptional activators in order to
control iron metabolism (40). Fur is a DNA-binding
repressor that uses ferrous iron as a co-factor. Under
normal iron conditions Fur binds to promotor regions
of iron-regulated gene to repress their expression.
During iron starvation, the complex dissociates from
DNA allowing transcription of iron-regulated genes
(32). However, fur has a higher affinity for zZn2*.
Consequently, studies by Klemm and colleagues
impaired the fur system by treating urinary tract E.
coli and K. pneumonia isolates with high levels of
Zn?*. This created competition for fur and effectively
reduced biofilm formation (41).

Bacteria with stronger iron acquisition
strategies have a growth advantage. Klebsiella
pneumoniae is known to cause a significant
number of community-acquired (CA) infections.
Studies by Holt et al. found isolates from CA
invasive infections to have additional siderophore
and iron-metabolism genes. They concluded this
enhanced ability to sequester host iron allowing K.
pneumoniae to cause disease in immunologically
competent human hosts (42, 43). Targeting the
nutritional immunity of invading microbes (i.e. iron
metabolism) has been shown to have impact on
virulence. Therefore, targeting the range of
different proteins involved in bacterial iron uptake
presents as a possible novel target for new
antibiotics. However, uptake mechanisms and
proteins vary across pathogens. This requires a
therapy with a carefully chosen target protein or
pathway, in contrast to a broad-range treatment
which may not be suitable.
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Table 2. Disease groups in which anemia of chronic
disease is common (49)

. Disease Groups

. Immune-mediated diseases
. Cancer

. Infections

. Inflammatory diseases

. Chronic kidney diseases

. Anemia of critical illness

. Congestive heart failure

. Obesity

. Anemia of the elderly

. Chronic pulmonary disease

3.4. Siderophores as gates for antibiotics

Bacterial structure plays a key role in

antibiotic resistance. The bacterial envelope,
consisting of an inner and outer membrane,
decreases antibiotic penetration. Utilizing

siderophore-dependent iron uptake in a “Trojan
horse” manner has been used as a strategy to
circumvent this barrier. This strategy assembles the
siderophore, linker and antibiotic into one conjugate
in order for the bacteria to attempt to make use of the
siderophore and in doing so, transport the antibiotic
across the outer membrane. Most conjugates are
unable to be transported across the inner membrane,
therefore the most successful utilize antibiotics with
periplasmic targets (44). Siderophore-antibiotic
conjugates have been developed for use against
Pseudomonas aeruginosa. Budzikiewicz —and
colleagues conjugated PVD to ampicillin and tested
its activity against P. aeruginosa. The conjugate had
high levels of antibacterial activity against ampicillin
resistant strains. When conjugated with PVD,
ampicillin was able to utilize the iron-uptake pathway
in order to reach its target in the periplasm and inhibit
synthesis of the peptidoglycan (45).

3.5. Iron chelation overcomes antibiotic
resistances

The rapid appearance of antibiotic
resistance is termed by the Centers for Disease

Control and Prevention (CDC) as a global crisis
requiring the development of new antibiotics and
novel approaches to the treatment of infections (46,
47). Recent evidence suggests iron chelators as
potential  treatment to overcome  antibiotic
resistances in both fungi and bacteria. Growth of
Candida albicans, an opportunistic pathogen with
developing resistance to antifungals, has been
shown to be inhibited when treated with DIBI at low
concentrations and in combination with fluconazole
(FLC) in vitro. Furthermore, combination treatment of
DIBI/FLC resulted in total growth inhibition in vitro of
FLC resistant C. albicans strain LP1158-07,
demonstrating the ability of iron chelation to
overcome antibiotic resistance (48). The ability of iron
chelators to overcome antibiotic resistance has also
been shown in Acinetobacter baumannii, a major
cause of hospital-acquired pneumonia. Mice infected
with ciprofloxacin (CIP)-resistant A. baumannii strain
LAC-4 were treated with CIP/DIBI combination in
vivo. DIBI was found to improve the treatment
efficacy of CIP and reduce bacterial burdens in the
lung, spleen and blood. In addition, DIBI enhanced
the efficacy of CIP for CIP-resistant LAC-4 isolates in
vitro (23). Results of these studies demonstrate the
potential of iron chelators to work in conjunction with
antibiotics, in order to improve their effectiveness of
and overcome antibiotic resistance.

4. LIMITATIONS OF IRON WITHOLDING

Decreased systemic iron levels reduce
erythropoiesis and are responsible for the so-called
anemia of chronic disease (ACD). ACD is considered
the second most prevalent anemia worldwide, after
iron deficiency anemia, and is linked to a wide range
of chronic infections and autoimmune diseases
(Table 2). In recent literature it remains unclear
whether ACD is marker of disease severity and
progression or a causative factor (49). In patients
suffering from ACD, the natural response of
increasing erythropoietin with decreasing levels of
hemoglobin is weakened and proliferation and
differentiation of erythroid precursors is diminished.
The resulting reduced hemoglobin levels can impact
morbidity and mortality (50). ACD results from the
bodies defense mechanism against invading
bacteria, therefore the best treatment is curing the
underlying inflammatory/infectious disease. In other
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clinical conditions, low plasma iron levels
characteristic of anemia are treated with oral or
intravenous iron supplementation. However, this
treatment is of concern in critically ill patients as iron
potentiates bacterial growth (51). Furthermore,
studies found intravenous administration of iron to be
associated with an increased risk of all cause
infection (52).

5. CONCLUSION

In conclusion, iron balance is necessary in
order to treat acute infections. Iron is crucial during
the host's innate immune response (i.e. ROS
production). However, iron restriction proves
effective in reducing bacterial proliferation. Bacteria
with enhanced iron uptake mechanisms (e.g.,
Klebsiella pneumoniae) have been shown to have
increased virulence. Therefore, methods for targeting
bacterial iron uptake present as a strategy to provide
bacterial iron starvation without depriving the host.
Synthetic iron chelators enhance the hosts innate
iron withholding mechanisms and have been shown
to reduce viability of bacteria. Recent studies
demonstrate the ability of iron chelators, in
combination with antibiotics, to not only improve the
effectiveness of antibiotics but to overcome antibiotic
resistance. Future studies could use this knowledge
to create combination therapies, using synthetic iron
chelators, to treat life-threatening infections.

6. REFERENCES

1. S Puig; L Ramos-Alonso; AM Romero;
MT Martinez-Pastor. The elemental role
of iron in DNA synthesis and repair.
Metallomics 9, 1483—-1500 (2017)

DOI: 10.1039/c7mt00116a

2. JB Neilands. Siderophores: Structure
and Function of Microbial Iron Transport
Compounds. J Biol Chem 270, 26723—
26726 (1995)

DOI: 10.1074/jbc.270.45.26723

3. P Ponka. Cellular iron metabolism.
Kidney Int 55, S2-S11 (2003)
DOI: 10.1046/j.1523-

678

10.

11.

1755.1999.055suppl.69002.x

ACG Chua; RM Graham; D Trinder; JK
Olynyk. The regulation of cellular iron
metabolism. Crit Rev Clin Lab Sci 44,
413-459 (2007)

DOI: 10.1080/10408360701428257

J Chifman; R Laubenbacher; S V. Torti. A
systems biology approach to iron
metabolism. Adv Exp Med Biol 844, 201—
225 (2014)

DOI: 10.1007/978-1-4939-2095-2_10

E Gammella; P Buratti; G Cairo; S
Recalcati. The transferrin receptor: The
cellular iron gate. Metallomics 1367—
1375 (2017)

DOI: 10.1039/c7mt00143f

NC Andrews; PJ Schmidt. Iron
Homeostasis. Annu Rev Physiol 69-85
(2006)
DOI:

10.1146/annurev.physiol.69.031905.164
337

NC Andrews. Iron homeostasis: Insights
from genetics and animal models. Nat
Rev Genet 1, 208-217 (2000)

DOI: 10.1038/35042073

N Nimeh; RC Bishop. Disorders of iron
metabolism. Med Clin North Am 64, 631—
645 (1980)

DOI: 10.1016/S0025-7125(16)31585-1

E Rossi. Hepcidin - the Iron Regulatory
Hormone. Clin Biochem Rev 26, 47-49
(2005)

DOI: 10.1093/jamia/ocw047

DM Zou; WL Sun. Relationship between
hepatitis C virus infection and iron
overload. Chin Med J (Engl) 130, 866—
871 (2017)

© 1996-2020


https://doi.org/10.1039/c7mt00116a
https://doi.org/10.1074/jbc.270.45.26723
https://doi.org/10.1046/j.1523-1755.1999.055suppl.69002.x
https://doi.org/10.1046/j.1523-1755.1999.055suppl.69002.x
https://doi.org/10.1080/10408360701428257
https://doi.org/10.1007/978-1-4939-2095-2_10
https://doi.org/10.1039/c7mt00143f
https://doi.org/10.1146/annurev.physiol.69.031905.164337
https://doi.org/10.1146/annurev.physiol.69.031905.164337
https://doi.org/10.1146/annurev.physiol.69.031905.164337
https://doi.org/10.1038/35042073
https://doi.org/10.1016/S0025-7125(16)31585-1
https://doi.org/10.1093/jamia/ocw047

Restricting iron in infection

12.

13.

14.

15.

16.

17.

18.

19.

DOI: 10.4103/0366-6999.202737

MA Torres; JDG Jones; JL Dangl.

Reactive oxygen species signaling in 20.

response to pathogens. Plant Physiol
141, 373-8 (2006)
DOI: 10.1104/pp.106.079467

JP Kehrer. The Haber-Weiss reaction
and mechanisms of toxicity. Toxicology
149, 43-50 (2000)

DOI: 10.1016/S0300-483X(00)00231-6

21.

DM Wrighting; NC Andrews. Interleukin-6
induces hepcidin expression through
STATS3. Blood 108, 3204—-3209 (2006)
DOI: 10.1182/blood-2006-06-027631

22.

AE Armitage; LA Eddowes; U Gileadi; S
Cole; N Spottiswoode; TA Selvakumar;
LP Ho; ARM Townsend; H Drakesmith.
Hepcidin regulation by innate immune
and infectious stimuli. Blood 118, 4129—

4139 (2011) 23.

DOI: 10.1182/blood-2011-04-351957

A Ruul; B Saar. Anaemia of chronic
disease. Eesti Arst 94, 538-546 (2015)
DOI: 10.1056/NEJMra041809

M Nairz; D Haschka; E Demetz; G Weiss.
Iron at the interface of immunity and
infection. Front Pharmacol 5, 1-10 (2014)

DOI: 10.3389/fphar.2014.00152 24.

M Ellermann; JC Arthur. Siderophore-
mediated iron acquisition and modulation
of host-bacterial interactions. Free Radic
Biol Med 105, 68-78 (2017)

DOl:
10.1016/j.freeradbiomed.2016.10.489

25.

M Saha; S Sarkar; B Sarkar; BK Sharma;
S Bhattacharjee; P Tribedi. Microbial
siderophores and their  potential
applications: a review. Environ Sci Pollut

679

Res 23, 3984-3999 (2016)
DOI: 10.1007/s11356-015-4294-0

JL Hamilton; MI Ul-haq; AL Creagh; CA
Haynes; JN Kizhakkedathu. Iron Binding
and Iron Removal Efficiency of
Desferrioxamine Based Polymeric Iron
Chelators: Influence of Molecular Size
and Chelator Density. Macromol Biosci
17, 1-12 (2017)

DOI: 10.1002/mabi.201600244

SJ Yawalkar. Milestones in the research
and development of desferrioxamine.
Nephrol Dial Transplant 8, 40-42 (1993)
DOI: 10.1093/ndt/8.suppl.40

R Codd; T Richardson-Sanchez; TJ
Telfer; MP Gotsbacher. Advances in the
Chemical Biology of Desferrioxamine B.
ACS Chem Biol 13, 11-25 (2018)

DOI: 10.1021/acschembio.7b00851

M del C Parquet; KA Savage; DS Allan;
MTC Ang; W Chen; SM Logan; BE
Holbein. 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 1-37 (2019)

DOI: 10.1128/AAC.00855-19

D Eto; K Watanabe; H Saeki; KI Oinuma,;
Kl Otani; M Nobukuni; H Shiratori-
Takano; H Takano; T Beppu; K Ueda.
Divergent effects of desferrioxamine on
bacterial growth and characteristics. J
Antibiot (Tokyo) 66, 199-203 (2013)
DOI: 10.1038/ja.2012.111

HC Hatcher; RN Singh; FM Torti; S V.
Torti. Synthetic and natural iron
chelators: Therapeutic potential and
clinical use. Future Med Chem 1, 1643—
1670 (2009)

© 1996-2020


https://doi.org/10.4103/0366-6999.202737
https://doi.org/10.1104/pp.106.079467
https://doi.org/10.1016/S0300-483X(00)00231-6
https://doi.org/10.1182/blood-2006-06-027631
https://doi.org/10.1182/blood-2011-04-351957
https://doi.org/10.1056/NEJMra041809
https://doi.org/10.3389/fphar.2014.00152
https://doi.org/10.1016/j.freeradbiomed.2016.10.489
https://doi.org/10.1016/j.freeradbiomed.2016.10.489
https://doi.org/10.1007/s11356-015-4294-0
https://doi.org/10.1002/mabi.201600244
https://doi.org/10.1093/ndt/8.supp1.40
https://doi.org/10.1021/acschembio.7b00851
https://doi.org/10.1128/AAC.00855-19
https://doi.org/10.1038/ja.2012.111

Restricting iron in infection

26.

27.

28.

29.

30.

31.

32.

DOI: 10.4155/fmc.09.121

C Vermylen. What is new in iron
overload? Eur J Pediatr 167, 377-381
(2008)

DOI: 10.1007/s00431-007-0604-y

E Poggiali; E Cassinerio; L Zanaboni; MD
Cappellini. An update on iron chelation
therapy. Blood Transfus 10, 411-422
(2012)

DOI: 10.2450/2012.0008-12

T Thorburn; M Aali; L Kostek; C
LeTourneau-Paci; P Colp; J Zhou; B
Holbein; D Hoskin; C Lehmann. Anti-
inflammatory effects of a novel iron
chelator, DIBI, in experimental sepsis.
Clin Hemorheol Microcirc 67, 1-10
(2017)

DOI: 10.3233/CH-179205

S Moreau-Marquis; GA O’Toole; BA
Stanton. Tobramycin and FDA-approved
iron chelators eliminate Pseudomonas
aeruginosa biofilms on cystic fibrosis
cells. Am J Respir Cell Mol Biol 41, 305—
313 (2009)

DOI: 10.1165/rcmb.2008-02990C

G Luo; B Spellberg; T Gebremariam; H
Lee; YQ Xiong; SW French; A Bayer; AS
Ibrahim. Combination therapy with iron
chelation and vancomycin in treating
murine staphylococcemia. Eur J Clin
Microbiol Infect Dis 33, 845-851 (2014)
DOI: 10.1007/s10096-013-2023-5

LJ Runyen-Janecky. Role and regulation
of heme iron acquisition in gram-negative
pathogens. Front Cell Infect Microbiol 3,
1-11 (2013)

DOI: 10.3389/fcimb.2013.00055

M Caza; JW Kronstad. Shared and
distinct mechanisms of iron acquisition by

680

33.

34.

35.

36.

37.

bacterial and fungal pathogens of
humans. Front Cell Infect Microbiol 3, 1—
23 (2013)

DOI: 10.3389/fcimb.2013.00080

U Bilitewski; JAV Blodgett; AK Duhme-
Klair;, S Dallavalle; S Laschat; A
Routledge; R Schobert. Chemical and
Biological  Aspects of  Nutritional
Immunity—Perspectives for New Anti-
Infectives that Target Iron Uptake
Systems. Angew Chemie - Int Ed 56,
14360-14382 (2017)

DOI: 10.1002/anie.201701586

EK Sully; N Malachowa; BO Elmore; SM
Alexander; JK Femling; BM Gray; FR
DeLeo; M Otto; AL Cheung; BS Edwards;
LA Sklar; AR Horswill; PR Hall; HD
Gresham. Selective Chemical Inhibition
of agr Quorum Sensing in
Staphylococcus aureus Promotes Host
Defense with Minimal Impact on
Resistance. PLoS Pathog 10, 1-14
(2014)

DOI: 10.1371/journal.ppat.1004174

C Wandersman; P Delepelaire.
Haemophore functions revisited. Mol
Microbiol 85, 618-631 (2012)

DOI: 10.1111/j.1365-2958.2012.08136.x

C Shirataki; O Shoji; M Terada; S| Ozaki;
H Sugimoto; Y Shiro; Y Watanabe.
Inhibition  of heme  uptake in
pseudomonas aeruginosa by its
hemophore (HasAp) bound to synthetic
metal complexes. Angew Chemie - Int Ed
53, 2862-2866 (2014)

DOI: 10.1002/anie.201307889

N Muryoi; MT Tiedemann; M Pluym; J
Cheung; DE Heinrichs; MJ Stillman.
Demonstration of the iron-regulated
surface determinant (Isd) heme transfer
pathway in Staphylococcus aureus. J Biol

© 1996-2020


https://doi.org/10.4155/fmc.09.121
https://doi.org/10.1007/s00431-007-0604-y
https://doi.org/10.2450/2012.0008-12
https://doi.org/10.3233/CH-179205
https://doi.org/10.1165/rcmb.2008-0299OC
https://doi.org/10.1007/s10096-013-2023-5
https://doi.org/10.3389/fcimb.2013.00055
https://doi.org/10.3389/fcimb.2013.00080
https://doi.org/10.1002/anie.201701586
https://doi.org/10.1371/journal.ppat.1004174
https://doi.org/10.1111/j.1365-2958.2012.08136.x
https://doi.org/10.1002/anie.201307889

Restricting iron in infection

38.

39.

40.

41.

42.

43.

Chem 283, 28125-28136 (2008)
DOI: 10.1074/jbc.M802171200

NL Parrow; RE Fleming; MF Minnick.
Sequestration and Scavenging of Iron in
Infection. Infect Immun 81, 3503-3514
(2013)

DOI: 10.1128/iai.00602-13

PP Freestone; PH Williams; RD Haigh;
AF Maggs; CP Neal; M Lyte. Growth
stimulation of intestinal commensal
Escherichia coli by catecholamines: A
possible contributory factor in trauma-
induced sepsis. Shock 18, 465-470
(2002)

DOI: 10.1097/00024382-200211000-
00014

MF Fillat. The fur (ferric uptake regulator)
superfamily: Diversity and versatility of
key transcriptional regulators. Arch
Biochem Biophys 546, 41-52 (2014)
DOI: 10.1016/j.abb.2014.01.029

V Hancock; M Dahl; P Klemm. Abolition
of biofilm formation in urinary tract
escherichia coli and klebsiella isolates by
metal interference through competition
for fur. Appl Environ Microbiol 76, 3836—
3841 (2010)

DOI: 10.1128/AEM.00241-10

K Dickson; S Liu; J Zhou; M Langille; BE
Holbein; C Lehmann. Selective sensitivity
of the gut microbiome to iron chelators in
polybacterial abdominal sepsis. Med
Hypotheses 120, 68-71 (2018)

DOI: 10.1016/j.mehy.2018.08.018

KE Holt; H Wertheim; RN Zadoks; S
Baker; CA Whitehouse; D Dance; A
Jenney; TR Connor; LY Hsu; J Severin; S
Brisse; H Cao; J Wilksch; C Gorrie; MB
Schultz; DJ Edwards; K Van Nguyen; TV
Nguyen; TT Dao; M Mensink; V Le Minh;

681

44.

45.

46.

47.

48.

NTK Nhu; C Schultsz; K Kuntaman; PN
Newton; CE Moore; RA Strugnell; NR
Thomson. Genomic analysis of diversity,
population structure, virulence, and
antimicrobial resistance in Klebsiella
pneumoniae , an urgent threat to public
health . Proc Natl Acad Sci 112, E3574—
E3581 (2015)

DOI: 10.1073/pnas.1501049112

GLA Mislin; 13 Schalk. Siderophore-
dependent iron uptake systems as gates
for antibiotic Trojan horse strategies
against Pseudomonas  aeruginosa.
Metallomics 6, 408—420 (2014)

DOI: 10.1039/c3mt00359k

O Kinzel;, R Tappe; | Gerus; H
Budzikiewicz. The  Synthesis and
Antibacterial Activity of two Pyoverdin-

ampicillin Conjugates, Entering
Pseudomonas aeruginosa via the
Pyoverdin-mediated Iron Uptake

Pathway. J Antibiot (Tokyo) 51, 499-507
(2012)
DOI: 10.7164/antibiotics.51.499

CL Ventola. The Antibiotic Resistance:
part 1: causes and threats. P T 40, 227—
83 (2015) Retrieved from
https://www.ncbi.nlm.nih.gov/pubmed/25
859123

CL Ventola. The antibiotic resistance
crisis: part 2: management strategies and
new agents. P T 40, 344-52 (2015)
http://www.pubmedcentral.nih.gov/article
render.fcgi?artid=PMC4422635

KA Savage; M del Carmen Parquet; DS
Allan; RJ Davidson; BE Holbein; EA Lilly;
PL Fidel. Iron restriction to clinical
isolates of candida albicans by the novel
chelator dibi inhibits growth and
increases sensitivity to azoles in vitro and
in vivo in a murine model of experimental

© 1996-2020


https://doi.org/10.1074/jbc.M802171200
https://doi.org/10.1128/iai.00602-13
https://doi.org/10.1097/00024382-200211000-00014
https://doi.org/10.1097/00024382-200211000-00014
https://doi.org/10.1016/j.abb.2014.01.029
https://doi.org/10.1128/AEM.00241-10
https://doi.org/10.1016/j.mehy.2018.08.018
https://doi.org/﻿10.1073/pnas.1501049112
https://doi.org/10.1039/c3mt00359k
https://doi.org/10.7164/antibiotics.51.499
https://www.ncbi.nlm.nih.gov/pubmed/25859123
https://www.ncbi.nlm.nih.gov/pubmed/25859123
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4422635
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4422635

Restricting iron in infection

vaginitis. Antimicrob Agents Chemother
62, 1-11 (2018)
DOI: 10.1128/AAC.02576-17

49. G Weiss; T Ganz; LT Goodnough.
Anemia of inflammation. Blood 133, 40—
50 (2019)
DOI: 10.1182/blood-2018-06-856500

50. J Cullis. Anameia of Chronic Disease.
Clin Med (Northfield 1l) 13, 193-196
(2013)

DOI: 10.7861/clinmedicine.13-2-193

51. AB Docherty; AF Turgeon; TS Walsh.
Best practice in critical care: anaemia in
acute and critical illness. Transfus Med
28, 181-189 (2018)

DOI: 10.1111/tme.12505

52. E Litton; J Xiao; KM Ho. Safety and
efficacy of intravenous iron therapy in
reducing requirement for allogeneic
blood transfusion: Systematic review and
meta-analysis of randomised clinical
trials. BMJ 347, 2-10 (2013)

DOI: 10.1136/bm|.f4822

Key Words: Review, Iron, Chelation, Acute
Infection, Antibiotics, Metabolism, Review

Send correspondence to: Dr. Christian
Lehmann, Dept. of Anesthesia, Pain
Management & Perioperative Medicine,
Dalhousie University, Sir Charles Tupper
Medical Building, Room 6H-1, 5850 College
Street, Halifax, NS B3H1X5, Canada, Tel.: 902-
494-1287, E-mail: chlehmann@dal.ca

682

© 1996-2020


https://doi.org/10.1128/AAC.02576-17
https://doi.org/10.1182/blood-2018-06-856500
https://doi.org/10.7861/clinmedicine.13-2-193
https://doi.org/10.1111/tme.12505
https://doi.org/10.1136/bmj.f4822
mailto:chlehmann@dal.ca

