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Abstract: Anemia is a major health condition associated with chronic kidney disease (CKD). A key
underlying cause of this disorder is iron deficiency. Although intravenous iron treatment can
be beneficial in correcting CKD-associated anemia, surplus iron can be detrimental and cause
complications. Excessive generation of reactive oxygen species (ROS), particularly by mitochondria,
leads to tissue oxidation and damage to DNA, proteins, and lipids. Oxidative stress increase in
CKD has been further implicated in the pathogenesis of vascular calcification. Iron supplementation
leads to the availability of excess free iron that is toxic and generates ROS that is linked, in turn,
to inflammation, endothelial dysfunction, and cardiovascular disease. Histidine is indispensable to
uremic patients because of the tendency toward negative plasma histidine levels. Histidine-deficient
diets predispose healthy subjects to anemia and accentuate anemia in chronic uremic patients.
Histidine is essential in globin synthesis and erythropoiesis and has also been implicated in the
enhancement of iron absorption from human diets. Studies have found that L-histidine exhibits
antioxidant capabilities, such as scavenging free radicals and chelating divalent metal ions, hence the
advocacy for its use in improving oxidative stress in CKD. The current review advances and
discusses evidence for iron-induced toxicity in CKD and the mechanisms by which histidine exerts
cytoprotective functions.

Keywords: histidine; iron; anemia; oxidative stress; kidney

1. Introduction

Chronic kidney disease (CKD) is a generic term that includes the majority of renal disorders.
Anemia, an invariable consequence of CKD, is higher in patients with renal disease compared to
the unaffected population (15.4% vs. 7.6%, respectively) globally according to the 2014 outcome of
the National Health and Nutrition Examination Survey (NHANES) [1]. Judging by the glomerular
filtrate rate, CKD is classified in stages from 1-5, with 5 being the last stage, also known as end-stage
renal disease (ESRD) [2]. In the U.K,, the prevalence of stages 3-5 CKD is estimated to be 9% of
the adult population [3]. Approximately 50% of patients with CKD in the U.S. are reported to be
anemic [4]. Observational studies also reported a 13% increased risk of hospitalizations for patients
with low hematocrits [5,6], as well as 6% increased risk of cardiovascular events per 10 g/L decrease in
hemoglobin (Hb), for patients with anemia in CKD [7]. Data from patients with hemodialysis from five
European countries showed that lower hemoglobin levels are associated with increased morbidity and
mortality [8]. This result is of particular public health concern as anemia in CKD has been reported
to significantly reduce quality of life compared to the general population, with Hb levels as the
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predictive factor [9]. Oxidative stress and chronic inflammation are hallmarks of CKD; the magnitude
of the resultant adverse consequences ranges across the different stages of the manifestation of the
disorder and depends on the nature of the therapy employed. The origin of oxidative stress in CKD
is varied and includes toxicity induced by excess iron supplements, uremic toxins, and the burden
imposed by the hemodialysis process and the equipment employed. Consequently, the inflammation
that ensues is associated with elevated ferritin and hepcidin levels; the latter inhibits ferroportin,
which blocks iron efflux into circulation. This results in low iron availability for erythropoiesis and
hyporesponsiveness to iron and Erythropoietin Stimulating Agent (ESA) therapy. The complexity
inherent in inflammation-induced elevated serum ferritin and hepcidin levels poses complications
when setting predictive cut-off values for these biomarkers of iron deficiency anemia in CKD [10].
Hence, inflammatory confounders are a contentious issue attracting debate on consensus values
for international guidelines on biomarkers of ferritin and hepcidin levels, as well as for iron and
ESA dosage and routes of administration. Untreated anemia triggers several debilitating symptoms,
such as lethargy, muscle fatigue, and deterioration of renal function. These culminate consequently
in high prevalence of cardiovascular diseases, such as left ventricular hypertrophy and heart failure,
which constitute the main causes of death in patients with CKD [11,12].

2. Anemia of Chronic Kidney Disease (ACKD)

Anemia is a common complication in CKD that increases in prevalence as the disease
progresses [1]. Anemia is defined as Hb concentrations <13.0 g/dL in men and <12.0 g/dL in
women [13]. Suboptimal levels of Hb and hematocrit in CKD patients are associated with declining
survival rate [14,15]. This was evident in a population study that reported anemia as a critical factor in
the development of cardiovascular disease (CVD) in CKD patients [16]. Consequently, CVDs such as
heart failure and stroke have been implicated as major causes of mortality in CKD patients [11,12,17].
Anemia of CKD could also be due to multifactorial causes (Figure 1). Dysfunctional platelets,
the shortening life span of red blood cells, iron deficiency, and inflammation are some of the factors that
can trigger the onset of anemia [18]. The primary cause of anemia, however, is iron deficiency which
may, in turn, be caused by low iron intake, low iron absorption, or disruption of body iron regulation.
The damage that is caused to the kidney induces rapid activation of the immune system, and the
inflammatory response, which stimulates IL-6 signal enhancement of hepcidin in the liver [19,20].
Inflammation inhibits erythropoiesis, affects erythropoietin (EPO) hyporesponsiveness [21], and
reduces systemic circulation of iron levels by the production of hepcidin [22,23]. This response cascade
indirectly contributes to the development of iron deficiency anemia (IDA) [24]. Excess hepcidin
causes reduced circulation of iron in the plasma by a mechanism that involves the degradation of
ferroportin, the iron efflux protein. Subsequently, iron release into the circulation from enterocytes
and macrophages decreases [25,26] as shown in Figure 1. Levels of EPO decrease as a result of
kidney damage and this culminates in lower erythroid cell production in the bone marrow. Bleeding
during CKD causes loss of red blood cells leading to the development of anemia during CKD. Thus,
the etiology of ACKD is a spectrum that involves both absolute and functional iron deficiency. The latter
is compounded by an interplay of inflammation, tissue iron sequestration, and a hyporesponsiveness
to ESA therapy [27]. Hypoxia-Inducible Factors (HIFs) that are secreted in the kidney during hypoxia
can induce EPO production, and provide alternative therapy for (ACKD) [28]. Antibodies against
hepcidin have been proposed as alternative approaches to increase iron absorption and iron efflux
from the tissues [29].
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Figure 1. Iron metabolism in anemia of kidney disease. Hepcidin increases during inflammatory
conditions and its clearance decreases in dysfunctional kidney cells. Fpn1 is degraded by hepcidin and,
as a result, iron transport in the basolateral membrane of enterocytes reduces, as well as the mobilization
of iron in macrophages, resulting in lower plasma levels of iron. The hepcidin level decreases during
ineffective erythropoiesis and anemia by the actions of erythroid regulators erythroferrone (ERFE) and
growth differentiation factor 15 (GDF15). EPO: Erythropoietin; Fpnl: Ferroportin; DMT1: Divalent
Metal Transporter; and NTBI: Non-Transferrin Bound Iron.

3. Treatment of ACKD

Reduced production of red blood cell is proposed as the main cause of anemia in CKD patients.
This arises from damage to the peritubular cells of the kidney, which produce erythropoietin (EPO),
an essential hormone in erythropoiesis [30,31]. Erythropoietin induces the production and proliferation
of erythrocytes; hence, a disruption in normal EPO levels causes anemia [32], as shown in Figure 1.
Thus, the treatment for ACKD implies the administration of Erythropoiesis Stimulating Agents (ESAs).
Recombinant human EPO (rHuEPO) is medically prescribed and several guidelines for promoting its
efficacy in alleviating Hb levels have been reported [13,32,33].

The administration of rHuEPO is effective for correcting anemia and increasing hematocrit and
reticulocyte count, although a concomitant increase in hypertension among the patients has been
reported [34,35]. Currently, a Hb target range of 11.0 to 12.0 g/dL is recommended [36] because
full normalization (Hb > 13 g/dL), according to Correction of Hemoglobin and Outcomes in Renal
Insufficiency (CHOIR), is not prescribed due to increased cardiovascular events [37]. Additionally,
in a post-hoc analysis of the CHOIR trial [38], increased mortality was found to be significantly
associated with both the inability to achieve the Hb target and the use of high ESA doses. This was
confirmed by a meta-analysis of 24 randomized controlled trials (RCTs), in which higher Hb targets
resulted in increased hypertension risk (RR = 1.40, 95% confidence interval (CI) 1.11-1.75), stroke
(RR =1.73; 95% CI 1.31-2.29) and hospitalization (RR = 1.07, 95% CI 1.01-1.14) [6]. It was reported
that rHuEPO induces hypo-responsiveness at high doses [39], and causes a greater risk of death due
to the oxidative stress that exacerbates cardiovascular risk [40]. Recombinant HuEPO treatment is
furthermore associated with increased blood pressure and blood clotting [41,42]. rHUEPO therapy
is associated with iron deficiency as iron stores are largely transferred from the bone marrow to
the erythroid progenitor cells due to enhanced erythropoiesis. Iron deficiency is observed in most
hemodialysis patients arising from recurrent chronic blood losses. Thus, iron supplementation is often
required to optimise or complement rHuEPO administration in the treatment of anemia in patients
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with CKD [18]. Consequently, if iron therapy is used alongside ESAs, significant increases in Hb levels
and response are observed without the need to increase ESA dosage [43]. Thus, in practice, Kidney
Disease Improving Global Outcomes (KDIGO) guidelines recommended a trial of intravenous iron
to treat anemia in CKD, irrespective of ESA treatment [44]. In advanced stages of kidney disease,
intravenous (IV) iron in combination with EPO therapy is currently the most effective treatment [44,45].
In light of this, the use of high intravenous iron doses was adopted in the U.S., despite the concerns
raised by nephrologists regarding the resultant iron overload [46]. Supporting evidence from an
analysis of 32,435 hemodialysis patients showed increased mortality (hazard ratio (HR) = 1.13, 95% CI
1.00-1.27) and hospitalization (HR = 1.12, 95% CI 1.07-1.18) in those receiving above 300 mg/month of
intravenous iron compared to other patients receiving only 100 mg/month [47].

Although IV iron and rHuEPO led to improvement of hematological profiles, the risk of
toxicity caused by excess iron predisposes patients to oxidative stress, inflammation, and pathogenic
consequences [48,49]. Allergic reactions and anaphylactic shock, as well as oxidative stress that is
related to cardiovascular complications and tissue injury, have been reported during the administration
of IV iron supplementation [46,48,50]. The basis and mechanisms of the oxidative stress are not
completely understood; however, excess iron from IV administration could cause iron overload
and increase the levels of ROS in patients [12,51]. Also, IV iron supplementation raises levels of
malondialdehyde (MDA), a biomarker of lipid peroxidation [52].

Several iron compounds including iron isomaltoside, iron sucrose, iron dextran, iron gluconate,
or ferric carboxymaltose [53] are used for the treatment of ACKD. Intravenous iron formulations
are colloidal suspensions, composed of a core of iron (iron-oxyhydroxide/oxide) surrounded by a
carbohydrate shell [54]. The iron formulation varies in core size, affinity of bound iron to carbohydrate
excipient, and electrovalence of iron, all of which influence the reactivity of iron [55].

Exposure of CKD patients to high concentrations of iron supplementation thus poses a potential
risk of ROS generation with concomitant damage to DNA, proteins, or lipids [56]. Iron supplementation
in patients with ACKD can subsequently result in iron overload, characterized by a “spill over” into
hepatocytes if non-transferrin bound iron (NTBI) is present. Clinically relevant concentrations of NTBI
would be expected if the iron-carrying capacity of transferrin is saturated [57]. Recommendations for
iron management in CKD patient care are currently conflicting and is an ongoing process because of
limited research evidence. A number of randomized controlled trials (RCTs) and observational studies
have produced varying results on the effectiveness and adverse effects of iron or ESA supplementation.
Variability or confounders, mostly associated with study design, have been identified [58] including
type, dosage, duration or route of iron administration, population size, and the inherent variability
within the baseline hematological status of patients.

4. Iron, Oxidative Stress, and Anemia

Iron (Fe), when supplied in excess, leads to oxidative stress in the mitochondria. Iron molecules
trigger the initiation of the Fenton reaction and promote the formation of ROS, such as O,~, OH’, and
H,0,, as depicted in the equation: Fe?* + H,O, — Fe* + OH' + OH~ [59]. These reactive species bind
to macromolecules, such as lipids, proteins, and nucleic acids, causing lipid peroxidation and oxidative
modifications of proteins and DNA [60]. Peroxidation of membrane lipids results in loss of membrane
fluidity, elasticity, and disordered cellular functioning. Protein oxidation causes fragmentation of
amino acid residues leading to cross-linkage and loss of protein configuration and functions. Oxidative
damage of DNA causes mutation in DNA bases. These aberrations play major roles in cell death,
ageing, and in degenerative diseases [61]. Observations in clinical trials showed a significant increase
in the levels of MDA, a key oxidative stress marker, after IV iron infusion [62], and this is correlated
with markers of early atherosclerosis [63]. Patients with CKD have a reduced mitochondrial DNA copy
number, reduced energy production, and higher levels of stress markers [64]. Cytochrome c oxidase,
an enzyme of the oxidative chain, is reduced in patients suffering from CKD in the final stages [65,66].
In addition, there are increasing concerns regarding the risk of iron therapy in potentially exacerbating
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oxidative stress, inflammation, and adverse cardiovascular outcomes from excess iron deposition
in this population [11]. Atherosclerosis caused by oxidative damage, and evidenced by increased
circulating mononuclear superoxide production and vascular cell adhesion molecule-1 (VCAM-1) and
triggered by NADPH oxidase (NOx) and NF-kB activation in CKD patients, is associated with IV iron
administration [67-70]. Against this evidence, some studies on the role of iron in CKD pathogenesis
showed contradictory results [71]. Iron deposition in the liver of both humans [72] and rats [73] did not
develop into cirrhosis, possibly because of iron sequestration into innocuous ferritin L and H subunits.
Another mechanism that was proposed as a process that prevents iron overload in tissues such as
the liver is the secretion of iron-loaded ferritin [74], possibly by an iron-regulated exocytosis efflux
process [75] into blood circulation. However, other evidence revealed that high doses of iron were
associated with high mortality due to iron-induced oxidative stress [68,71].

CKD patients, apart from a dysregulated iron metabolism, often exhibit hyperphosphatemia,
which is associated with vascular calcification [69,76]. Paradoxically, heme iron, rather than being a
pro-oxidant, was found to prevent the calcification and osteoblastic differentiation of human aortic
smooth muscle cells (HSMCs) [77,78]. Evidence in this study attributed the inhibition of calcification
to the upregulation of ferritin in the cells, even in the presence of phosphate. Heme releases Fe, CO,
and biliverdin when catabolized. Thereby, iron performs the dual role of chelating phosphate and
inducing the transcription of ferritin [79], particularly H-ferritin that exhibits high ferroxidase activity.
Although the molecular mechanisms of vascular calcification require further investigation, emerging
evidence indicates that ferritin might also function as a transcriptional regulator of gene expression in
osteoblastic differentiation and 3-globin synthesis [80].

5. Cytoprotective Functions of Histidine against Iron Toxicity during the Treatment of ACKD

L-histidine, a conditionally essential amino acid in adults, was found at significantly lower
levels in patients with kidney disease and uremia [81,82]. Histidine, when administered orally or
intravenously co-supplemented with iron, showed a positive response as judged by anemia markers,
increased levels of plasma iron and Hb during anemia [83-85].

The beneficial effect of histidine is partly mediated by its ability to promote net nitrogen
synthesis [84], which prevents negative nitrogen balance and loss of protein in CKD patients.
Combined supplementation of IV iron with histidine rather than IV iron alone was more effective in
treating anemia in CKD patients [86]. Additional evidence supports the beneficial role of histidine
supplementation in uremic and dialysis patients, as a slight increase in Hb levels was triggered.
Low histidine levels were shown to be correlated with high mortality (HR = 1.55, 95% CI 1.02, 2.40,
p < 0.05), even after adjustments for age, sex, cardiovascular disease, inflammation, diabetes mellitus,
serum albumin, and amino acid supplementation [81]. Histidine administration was negatively
correlated (p < 0.05) with levels of 8-OHdG, an oxidative stress biomarker [81]. Histidine is known as
an efficient scavenger of ROS [87], and its antioxidant properties have been advocated in the prevention
of iron toxicity.

6. Antioxidant Function of Histidine against Oxidative Stress

The management of anemia of CKD presents a conundrum that arises from a role in the treatment
of iron deficiency and in improvement of the resultant toxicity of excess iron. Endogenous and dietary
antioxidants prevent, neutralize, and terminate chain reactions that produce ROS.

Studies by Halliwell and Wade identified that histidine could serve as an antioxidant as well as a
buffer, similar to albumin in the plasma [88,89]. Hence, histidine could function as a buffer regulating
free metal ion concentration, thereby providing a safe temporary transport for divalent metals before
they are metabolized. In cardiovascular studies, histidine afforded protection to the cardiovascular
system because of its ability to scavenge singlet oxygen and hydroxyl radicals in isolated hearts
tissues that are predisposed to oxidative stress [90]. The scavenging of singlet oxygen by histidine was
found to be significantly higher than that of tryptophan or methionine [89]. Moreover, histidine is
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suggested to be protective against oxidative stress in a drug model, reflected in its storage stability [91].
Histidine has been shown to have an inhibitory effect on HyO,-induced IL-8 secretion in Caco-2
and HT-29 cells [92]. Lipid peroxidation was considerably inhibited when histidine was added to
ferric iron in vitro [93], suggesting that histidine formed a complex with ferric iron and prevented the
formation of ferrous iron and the Fenton reaction [94]. Histidine quenches and scavenges hydroxyl
radicals and singlet oxygen [89]. The intracellular concentration of histidine is higher than found
in plasma [89,95], resulting in different cellular responses in the protection against ROS. Histidine
and its dipeptides have also been associated with increased expression of catalase and glutathione
peroxidase antioxidant enzymes [96,97]. Although histidine exerts a positive effect on the amino acid
pool within the cell, the deprivation of histidine could specifically induce a decrease in enzymatic
antioxidant defenses [98]. The use of histidine as a scavenger increases the defense of cells against
oxidative damage [99]. Histidine supplementation was shown to enhance the expression and the
activities of catalase and glutathione peroxidase (GPX), in response to ethanol-induced liver damage in
mice [100]. Consequently, the potential resides in histidine to enhance enzymatic antioxidant activity
during oxidative stress and inflammatory conditions in the cell [100-102].

A study of the cytoprotective effect of histidine on the nervous system was related to the
activity of histidine in the transport of glutamine into mitochondria during edema and inflammatory
conditions [97]. As L-histidine readily traverses the blood-brain barrier, supplementations with this
amino acid were shown to increase both total nitric oxide synthases (NOS) and total antioxidant
capacity, conferring protection against oxidative stress and encephalopathy in rats [103]. Moreover,
histidine was reported to be a scavenger of the hydroxyl radical in a study conducted on rabbits [104].
The scavenging of singlet oxygen by histidine was further confirmed in rats [105]. Histidine is,
therefore, regarded as an efficient scavenger of the both hydroxyl radical and singlet oxygen based
on its antioxidant abilities [87], as well as possessing the capacity to chelate divalent metals such as
iron [51,54,63].

Histidine was shown to protect against iron-induced oxidative stress in human embryonic kidney
(HEK-293) cells (Figure 2). Cells were pre-treated with histidine at 100, 250, and 500 1M concentrations
overnight, and then subjected to iron challenge with 20 uM of 8-hydroquinoline (8-HQ) and 50 M
of ferric ammonium citrate (FAC) for two hours. Histidine significantly protected cell viability in
cultured HEK-293 cells at all histidine concentrations [106]. This finding confirms earlier results from
the literature on the lowering of inflammation and oxidative stress by histidine in other cell culture
models [92]. The molecular mechanisms by which histidine exerts the protective function against iron
and oxidative stress require further investigation.
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Figure 2. Protective effect of histidine against iron-induced stress in HEK-293 cells. Cells were
treated with histidine (100-500 uM) overnight and subjected to 20 uM 8-hydroxyquinoline (8HQ) and
50 uM ferric ammonium citrate (FAC) for two hours, after which cell viability was performed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. *** p < 0.001 between 8HQ
+ FAC and the treatments, # p < 0.001 between the control and iron treatment.
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7. Metal Chelation Capacity of Histidine

Free histidine is an amino acid that is present in cells of the brain, skeletal muscle, and liver [100].
It has an imidazole ring that, in combination with the amino group, facilitates binding and chelation
of other compounds. Histidine is also a constituent of some dipeptides such as carnosine, anserine
and a precursor of the neurotransmitter histamine [89,96,107,108]. Notably, the iron-chelating property
of carnosine has been ascribed to the imidazole ring of histidine [96,102,108]. Histidine is a proximal
ligand of heme iron in the Hb molecule [109]. In equimolar solutions, divalent metals can interact
with histidine via the amino, imidazole, or carboxyl moiety (Figure 3). This is probably highly
specific and selective amongst different divalent metal ions. The formation and stability of most
histidine-divalent metal complexes are favored by slightly acidic pH (pH < 5). The histidine molecule
thus forms stable strong bonds with iron ions, displaying a bidentate and protonated activity on the
primary amino-group at pH 5. Tridentate metal chelate can also form with histidine via the imidazole
ring [110-112]. Histidine forms stable bidentate complexes in aqueous systems with Cu?*, Fe?*, and
NiZ* [112,113]. Incidentally, complexes of histidine with Zn%*, Cu?*, Ni%*, or Co?* have higher stability
constants than with Fe?*, and the binding stability is dependent on the binding moiety, temperature,
and pH of the solution [112]. Histidine-divalent metal (Cu?*, Zn?*, and Ni%*) complexes, in aqueous
solutions, form with the imidazole and amine group at pH 6 [111]. The iron chelating property of
histidine is therefore dependent on pH and the nature of the three possible interacting bonds with
ligands (Figure 3). The pKa values of histidine in proteins range between pH 6 and pH 8. Consequently,
side chains of histidine contribute to the buffering potentials of proteins such as Hb at the physiological
pH of blood. A simulation of the titration curve of histidine reacting with ferrous iron, presented in
Figure 4, shows that histidine at 1 mM forms a complex with iron at neutral pH; however, when the
concentration of histidine is lowered 10 fold, the formation of the complex decreases and peaks at pH
8. This speciation plot shows that, at neutral pH, histidine, at high concentrations, can bind iron with
high affinity; however, this reaction is not at the physiological concentration of histidine in tissues
or plasma.

Figure 3. Structure of the histidine molecule showing the imidazole ring, amino, carboxyl groups, and
metal ion (M) binding sites.

In vitro studies demonstrated that histidine is the most effective hydroxyl radical scavenger out
of the several amino acids that were investigated [114]. The scavenging ability of histidine seems
to involve a chelating mechanism that interferes with the redox reaction of metal ions producing
hydroxyl radicals [89]. Nair et al. [115] reported that histidine displays a strong binding affinity to
Fe3* ions, thereby reducing the amount of ROS generated via the Fenton reaction, and protecting
cells from damage due to iron overload [87]. In addition, histidine can interact directly with singlet
oxygen through its imidazole ring [89]. Some other studies have shown, in contrast, that histidine may
function as a pro-oxidant. Tachon reported that the enhancing effect of histidine on DNA degradation
by ferric ions is dependent on the chelator/metal ratio, and is likely mediated by an oxidant such as
ferrous-dioxygen-ferric chelate complex or a chelate-ferryl ion [116]. Evidence from studies to support
the protective effect of histidine against oxidative stress remains both fragmentary and contradictory.
This discrepancy is perhaps due to differences in experimental methodology and design; for example,
the types of established cell lines, and histidine dosage employed in the studies.
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Figure 4. Speciation plots of histidine and ferrous (Fe?*, Fe (II)) iron. Speciation plots with parameters
of 50 uM Fe (II) and (A) 1 mM histidine or (B) 100 uM histidine.

The chelating property of histidine has been correlated with some physiological functions such
as the capacity to increase iron uptake [117], as well as its ability to protect against ROS in the
nervous system [92]. Histidine has the capacity to bind divalent metal ions (including those of
copper, zing, and iron) and enhance iron absorption [117,118]. The ligand formed by histidine possibly
prevents iron precipitation, enhancing iron absorption in the intestine [118,119]. Histidine-containing
peptides chelated iron for enhanced iron absorption in the segments of rat intestine [120]. This is,
however, in contrast to an earlier finding in a human study in which histidine did not enhance iron
absorption [121]. The ratio of histidine content in different peptides has been contradictorily reported
regarding either its inorganic iron absorption or enhancing function [117].

Histidine has been associated with the capacity to chelate iron and enhance iron solubility in the
duodenum, as ferrous iron is poorly soluble at neutral pH. By binding to histidine and other chelating
compounds, the uptake of the metal increases [119]. The role of histidine in binding iron and increasing
its uptake is debatable; the positive evidence suggested that the co-supplementation of histidine doses
of about 100 mM could increase iron uptake in rats, and in combination with ascorbic acid, this could
doubly enhance the positive effect of ascorbic acid [122]. This was also observed in cultured Caco-2
cells [123]. However, another study on intestinal cells and on humans did not report such increases
of iron uptake upon histidine supplementation [121,124]. In food extracts, histidine has been found
to increase inorganic iron solubility; however, these results arose from vegetables and meat extracts
wherein the efficacy of histidine could have been confounded by the presence of other amino acids and
peptides [117,125,126]. Histidine undoubtedly has the capacity to bind iron; however, as this reaction
is pH-dependent, histidine might serve the important function of maintaining iron in soluble form
to enhance iron bioavailability. The presence of other compounds or stronger metal chelators could
influence the stability of the histidine-iron complex.

8. Anti-Inflammatory Potential of Histidine

As inflammation promotes iron disorders in anemia of chronic kidney disease, factors that
increase or inhibit inflammatory signals are important in the manifestation of the disease symptoms.
Inflammatory conditions or responses lead to the secretion of different cytokines, such as interleukin 6
(IL-6), interleukin 8 (IL-8), interleukin-1beta (IL-1b), as well as tumor necrosis factor-alpha (TNF-«) [92].
The physiological effects of histidine as an antioxidant have been associated with the inhibition of the
secretion of some of these pro-inflammatory biomarkers, particularly during chronic diseases [89].
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Liu et al. [100] reported that mice fed with histidine (at 0.5, 1, or 2 g/L) after the induction of
ethanol hepatotoxicity had lower levels of the inflammation markers IL-6, c-reactive protein (CRP), and
TNF-a. Histidine suppressed the accumulation of IL-6 and TNF-ae mRNA in a dose-dependent manner.
This indicates that histidine is not only a scavenger of ROS but could directly affect the regulation
of pro-inflammatory cytokines [100]. A similar effect was found in cultured cells, in which histidine
protected Caco-2 cells in a dose-dependent manner against hydrogen peroxide-induced damage [89].
Histidine, apart from reducing morphological damage in these cells, suppressed the secretion of
IL-8 as well. This outcome is presumably due to the inhibition of signals for TNF-a and NF-kf3 to
activate transcriptional regulation of IL-8 [92]. Down-regulation of IL-6 and TNF-a by histidine has
been reported in a diabetic mouse model [127]. The inhibition of pro-inflammatory cytokines by
histidine is linked to its potential to increase the amino acid pool and the antioxidant status of the
cells [107]. These changes contribute to the attenuation of ROS in tissues and organs. Histidine was
reported to alleviate clinical symptoms and protect mice from intestinal, nervous, and cardiovascular
damage [89]. These effects are possibly associated with the anti-inflammatory properties of histidine.
Consequently, histidine administration could be an option for reducing and preventing oxidative
stress in inflammatory conditions in chronic diseases. Dietary supplementation with histidine could
be protective against oxidative damage, arising from the scavenging activity and anti-inflammatory
effects of this amino acid in cells and tissues [127].

Arginine is another amino acid that exhibits antioxidant properties as a substrate in nitric oxide
(NO) biosynthesis and was shown to be beneficial to kidney functions in both in vivo and in vitro
models [128,129]. As well as other histidine dipeptides, carnosine also scavenges ROS and was
reported to be beneficial to CKD patients [130].

9. Conclusions

Anemia of chronic kidney disease is a worldwide public health problem, with a
constantly-increasing trend in both developed and developing countries. Iron supplementation
treatment of ACKD leads to oxidative damage that is associated with iron overload and
pro-inflammatory conditions. Co-supplementation with histidine, could have an ameliorating effect
against oxidative damage in chronic kidney disease. Histidine can protect against iron overload and
oxidative stress caused by CKD, as demonstrated with the Fenton substrate in the HK-2 cell model.
The molecular mechanisms of the cytoprotection conferred by histidine are based on its capacity and
potential as a metal chelator as well as its ability to scavenge oxygen radicals. Histidine can also
function intracellularly to induce enzymatic antioxidant and anti-inflammatory activities in tissues
and organs in different disorders [113,114]. The imidazole ring of histidine, as well as binding singlet
oxygen molecules, can bind divalent metal ions; however, the effects of pH and histidine concentration
that maintains iron in solution have only been clearly demonstrated in cultured cells and in animal
models. It remains for these effects to be demonstrated in human subjects. The iron quenching
capacity appears to be related to the reactive ability of the imidazole ring of histidine in extracellular
solutions. No clear evidence currently exists for the localization of histidine-iron bound complexes or
chelates intracellularly.

Further studies are required to clearly delineate the molecular mechanisms by which histidine
attenuates oxidative stress damage attendant upon iron toxicity in kidney cells and specific models
during the treatment of ACKD.
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Abstract: Iron is at the forefront of a number of pivotal biological processes due to its ability to
readily accept and donate electrons. However, this property may also catalyze the generation of
free radicals with ensuing cellular and tissue toxicity. Accordingly, throughout evolution numerous
pathways and proteins have evolved to minimize the potential hazardous effects of iron cations and
yet allow for readily available iron cations in a wide variety of fundamental metabolic processes.
One of the extensively studied proteins in the context of systemic and cellular iron metabolisms is
ferritin. While clinicians utilize serum ferritin to monitor body iron stores and inflammation, it is
important to note that the vast majority of ferritin is located intracellularly. Intracellular ferritin is
made of two different subunits (heavy and light chain) and plays an imperative role as a safe iron
depot. In the past couple of decades our understanding of ferritin biology has remarkably improved.
Additionally, a significant body of evidence has emerged describing the significance of the kidney in
iron trafficking and homeostasis. Here, we briefly discuss some of the most important findings that
relate to the role of iron and ferritin heavy chain in the context of kidney-related diseases and, in
particular, vascular calcification, which is a frequent complication of chronic kidney disease.

Keywords: iron; ferritin; acute kidney injury; chronic kidney disease; vascular calcification

1. The Superfamily of Ferritins

The ability of iron cations (the second most abundant element on earth) to change its valence
serves as a unique and central capacity to contribute in multiple biological pathways, yet underscores
its potential hazardous effects mainly by participating in Fenton’s reaction [1,2].

0,® + Fe¥*——0, + Fe?t
Fe?* + H,O,—Fe3* + HO® + OH™ (Fenton’s reaction)
0,® + Hy,Op——0, + HO® + OH~ (Haber-Weiss reaction)

The discovery of ferritin, a protein isolated from horse spleen, was a major step in our understanding of
iron metabolism [3]. This discovery was followed by numerous studies that examined this multifaceted
protein in various aspects of physiological and pathological conditions [4]. The highly conserved
structure of ferritin and its universal expression among species further highlights the importance of this
protein at the crossroads of multiple biological pathways that are mainly dictated by iron trafficking
and homeostasis [4—6]. Ferritin is a globular protein made up of 24 subunits with a spherical hollow
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shell that allows for the safe storage of up to 4500 atoms of Fe>*. These subunits are composed of heavy
(FtH) and light (FtL) chains and their proportional contribution to the hollow spherical shell depends
on the tissue and developmental stage of the organism [5,7]. For instance, while brain and heart ferritin
is primarily composed of FtH chains, the liver and spleen mainly possess FtL [7]. One intriguing
aspect of ferritin biology relates to serum ferritin that is predominantly composed of FtL chain, as
evidenced by immunological cross reactivity with anti-ferritin L antibodies [8-10]. Serum ferritin
is also relatively iron poor and its source was not completely understood until it was revealed by
Cohen and colleagues that macrophages are the primary source of serum ferritin [11]. It must be noted
that several investigators have reported that other cells, particularly hepatocytes, are also capable of
secreting ferritin [12-14]. The study by Cohen et al. elegantly confirmed the light chain predominance
of serum ferritin and its relatively low iron cations content, and provided evidence to support its
secretion through the non-classical lysosomal secretory pathway [11]. More recently, another study
reported that secretion of ferritin is mediated through two distinct non-classical pathways [15]. This
study also examined the release of iron-rich ferritin and demonstrated that such secretion occurs via the
multivesicular body-exosome pathway [15]. The release of iron-rich ferritin is particularly interesting
as it may serve as an iron cargo predominantly in a paracrine fashion. The receptors, precise mode of
uptake, and relevance of ferritin uptake by cells among species continues to be debated in the literature
and future studies are needed to unequivocally describe the nature and significance of these processes.

Serum ferritin has long been used by clinicians to assess body iron stores in humans. However,
it is also recognized that levels of serum ferritin rise in response to a number of clinical conditions
particularly during inflammatory states and injury models, such as AKI [16-18]. Such elevation in
response to inflammatory stimuli and the relatively iron-poor status of serum ferritin resulted in
investigations to examine other potential roles in health and disease that were reviewed by Wang and
colleagues [19]. More recently, an interesting pilot study examined the feasibility of measuring urinary
ferritin (FtL) as a non-invasive diagnostic approach to assess neonates and young children for iron
deficiency or iron overload [20]. This study was based on previous reports that confirmed the presence
of urinary ferritin in healthy individuals [21,22] and, despite some limitations, found a correlation with
paired serum ferritin. In contrast to FtL, the FtH subunit has crucial ferroxidase activity that converts
Fe?* to Fe3*, facilitating its safe storage in the form of mineral ferrihydrite within the inner wall of
the sphere [23,24]. Such functional properties have led to a significant amount of investigations into
this field, leading to the discovery of seminal findings into the role of this superfamily of proteins in
physiological processes and injury models [4,6,25,26].

The first description of a function for ferritin other than mere iron cation storage was reported
by Balla and colleagues [27]. This seminal manuscript described an anti-oxidant role for ferritin in
endothelial cells. In this study authors validated the cytotoxic properties of heme, but surprisingly found
that briefly pulsing cells with heme remarkably increased their resistance against oxidant-mediated
injury. While administration of apoferritin mimicked these beneficiary effects, a site-directed mutant
form of FtH with subsequent loss of ferroxidase activity failed to recapitulate such protection against
oxidative damage [27]. These findings generated significant interest in this field and were followed by
additional pivotal findings. For instance, while ferritin was traditionally regarded as a cytosolic protein,
others demonstrated its localization in other subcellular compartments, such as mitochondria [28,29]
and the nucleus [30-32]. This review is intended to briefly discuss some of the aspects of ferritin
in the context of kidney-related diseases and one of its major cardiovascular complications, namely
vascular calcification.

2. Role of Iron and Ferritin in Acute Kidney Injury

Acute kidney injury (AKI) is a common clinical syndrome characterized by a sudden decrement
in kidney function with ensuing derangements in multiple essential physiological parameters, such as
dysregulated volume and electrolyte homeostasis [33,34]. It is well documented that AKI increases
morbidity and mortality, particularly among critically ill patients [33,35,36]. Moreover, AKI incidence is

17



Pharmaceuticals 2019, 12, 96

on the rise and patients who survive AKI have an increased risk for the development of chronic kidney
disease (CKD) [37-39]. These detrimental clinical consequences have led to vigorous investigations to
better understand the individual and overlapping pathways that are involved in the pathogenesis of
AKI. Iron metabolism and trafficking has emerged as one such pathway. The kidney was not considered
a major organ involved in the regulation of iron homeostasis, mainly because of the lack of evidence of
its involvement in hereditary hemochromatosis and the assumption that transferrin bound iron cations
are not filtered by the glomerulus. However, along with other recent breakthroughs in the field of
iron metabolism, our understanding of the delicate and well-orchestrated iron regulatory machinery
in the kidney has evolved thanks to a number of pivotal observations. For example, the urinary
proteomic analysis of Fanconi syndrome, which is characterized by overall dysfunctional proximal
tubules and poor reabsorption capacity, demonstrates significantly elevated levels of transferrin in the
urine samples of subjects, confirming its filtration [40,41]. Transferrin can be reabsorbed in the tubules
via transferrin receptor-1 or cubilin-mediated endocytosis [42,43]. The kidneys also express high levels
of divalent metal transporter-1, which was first described by Gunshin et al. [44], and their importance
in renal iron handling under physiological and pathological conditions was subsequently confirmed by
other investigations [45-49]. Some other iron regulatory proteins that are expressed in kidneys include
neutrophil gelatinase-associated lipocalin [50], ferroportin [51,52], as well as hepcidin [53]. Additionally,
among other tissues, mouse kidney expresses the highest levels of iron regulatory protein-1 with
important functions in renal iron cations handling [54]. It must also be noted that the proximal tubules,
workhouse of nephrons, possess a significant amount of mitochondria that contain notable amounts of
heme, which encloses iron cations in its porphyrin ring. Based on the aforementioned evidence, it is
apparent that the kidneys, particularly proximal tubules, are heavily involved in iron trafficking under
both physiological and pathological conditions, and are accordingly more susceptible to injury [55]. In
fact, several lines of evidence suggest a role for iron cations-mediated kidney injury in both humans
and animal models of kidney disease [56-59]. The participation of iron cations in Fenton'’s reaction
and their ability to aggravate oxidative stress led to the hypothesis that their removal would prove
beneficial in kidney injury. In support of this premise, multiple investigations demonstrated that the
removal of iron cations via deferoxamine (DFO), a potent iron cations chelator, was protective against
AKI. These studies utilized DFO in the setting of glycerol-induced rhabdomyolysis [60], hemoglobin-
and myoglobin-induced AKI [61], gentamicin nephrotoxicity [62], and ischemia-reperfusion (I/R) [63].
Notably, these salutary effects were recapitulated by the administration of apotransferrin in a model of
I/R-mediated AKI [64]. The evidence to suggest iron as a main culprit and mediator of AKI has also
been demonstrated in human studies. Work by Leaf and colleagues focused on the association between
catalytic iron cations, non-transferrin bound iron cations, and the course of AKI in patients undergoing
cardiac surgery with cardiopulmonary bypass [65]. They reported that primary outcomes, defined as
in-hospital death or need for renal replacement therapy, AKI, and other adverse events post-operatively,
were directly associated with higher plasma catalytic iron cation levels on post-operative day one [65].
In another study, the same group examined such association in 121 critically ill patients admitted to
medical or surgical intensive care units [66]. Similarly, higher plasma catalytic iron cation levels were
associated with a greater risk of death/need for renal replacement therapy, AKI, and hospital mortality.
Importantly, the authors stated that these associations are independent of age, estimated glomerular
filtration rate, and number of packed red blood cell transfusions [66]. Others also evaluated the role
of plasma catalytic iron cations in relation to contrast-induced nephropathy. Their results confirmed
higher levels of catalytic iron cations were associated with a higher risk of contrast nephropathy, as
well as higher rates of mortality [67]. Other studies have suggested a role for catalytic iron cations in
the context of glomerulopathies and proteinuria. For instance, in a rat model of nephrotic syndrome, a
significant increase in the levels of glomerular catalytic iron cations was observed [68]. Importantly,
chelation of iron cations with DFO was associated with complete protection against proteinuria [68].
Another clinical study validated these findings, where deferiprone, an oral iron cation chelator, was
used in diabetic and non-diabetic glomerular disease [69]. While this study was rather small and
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non-randomized, iron cation chelation demonstrated a marked reduction of proteinuria in both groups
of patients with and without diabetic glomerular nephropathy.

The above-mentioned evidence led to further investigations to examine how the proximal
tubular expression of ferritin may affect the course of AKI. The importance and non-redundant
function of FtH and its ferroxidase activity was reported by Ferreira and colleagues [70]. They
demonstrated that global deletion of FtH in mice leads to embryonic lethality between 3.5 and
9.5 days of development [70]. Therefore, to understand the role of proximal tubule FtH expression
during AKI, we generated transgenic mice with conditional deletion of FtH in proximal tubules.
This was achieved by crossing FtH!%¥1X mice that were generated and characterized by Darshan
and colleagues [71] with phosphoenolpyruvate carboxykinase (PEPCK)-Cre mice [72]. Targeted
deletion of FtH in proximal tubules led to heightened rhabdomyolysis-induced AKI, as evidenced
by the higher rate of mortality, serum creatinine, and the higher expression of cleaved caspase-3, a
marker of apoptosis [18]. The protective nature of FtH expression in proximal tubules was further
supported by a histological analysis that revealed a greater number of tubular casts, necrotic tubules,
and more prominent loss of proximal tubule brush border in the absence of FtH expression. Notably,
rhabdomyolysis is primarily a heme-mediated injury model, given the significant amount of heme
present in myoglobin. Therefore, to investigate whether FtH may play a protective role in other
models of AKI that are not predominantly heme driven, cisplatin nephrotoxicity was used. These
results indicated that, irrespective of the model of injury, deletion of FtH led to worse renal function,
as evidenced by serum creatinine. Furthermore, the overall architecture of the kidneys was less
preserved in the absence of FtH [18]. These studies led to another interesting observation that FtH
deletion was accompanied by markedly higher levels of heme oxygenase-1 (HO-1) expression. HO-1
is a well-characterized anti-oxidant enzyme that has been shown to have protective effects against
a number insults and kidney injury models [73,74]. Aggravated AKI, despite such high levels of
HO-1, indicates that beneficial effects of HO-1 are co-dependent on FtH expression and this premise is
further supported in a model of rodent anti-thymocyte antigen-1-induced glomerulonephritis [75].
This study showed that inhibition of HO activity was accompanied with downregulation of FtH
expression and enhanced mesangial cell death. Additionally, while induction of HO-1 in cultured rat
mesangial cells augmented its resistance to oxidative stress, FtH knockdown by RNA interference
caused loss of such protective influences. Also of note, this study demonstrated adjacent expression of
HO-1 and FtH in inflammatory glomeruli of human lupus nephritis biopsies [75]. In another study,
Hatcher and colleagues examined FtH overexpression in a model of ischemia-reperfusion-induced
AKI[76]. Using a conditional tissue-specific doxycycline-inducible system, about 6.5-fold higher levels
of FtH expression was shown in mouse kidneys. Following injury, the authors demonstrated that
FtH overexpression was associated with lesser apoptosis and improved tubular viability [76]. It was
concluded that FtH overexpression protects the kidney via limiting oxidative stress induced by I/R.
Another line of evidence to support the role of FtH in protecting the kidney against injurious insults
comes from a more recent study by Scindia and colleagues [77]. In this study, the authors examined how
modulation of iron homeostatic pathways via hepcidin alters the course of I/R-induced AKI. Hepcidin,
a hormone produced primarily by hepatocytes [78], acts by directly binding to ferroportin, leading to
its internalization and subsequent degradation in lysosomes [79]. This eventually leads to decreased
iron cation absorption, as well as increased iron cation retention with subsequent upregulation of
intracellular ferritin. It was demonstrated that hepcidin, given 24-48 h before I/R, mitigated kidney
injury and reduced renal and systemic inflammation caused by I/R [77]. These effects were attributed
to increased FtH expression in the kidney and the spleen. These overall beneficial properties were also
corroborated in a model of hemoglobin-induced AKI, where hepcidin administration mitigated the
upregulation of urinary kidney injury markers (neutrophil gelatinase-associated lipocalin and kidney
injury molecule-1) and renal Interleukin-6 [80].

To further elaborate on the role of FtH and how its expression in different cells may contribute to
the course of kidney damage, effects of FtH expression in myeloid cells were further investigated [81].
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Using transgenic mice with conditional deletion of FtH in the proximal tubules or myeloid cells, it
was found that myeloid FtH deficiency did not affect activation or accumulation of macrophages in
the injured kidney compared with wild-type littermate controls. In contrast, a significant increase
in the number of pro-inflammatory macrophages accompanied FtH deletion in proximal tubules in
a model of unilateral ureteral obstruction (UUO). Moreover, while deletion of FtH in the myeloid
compartment resulted in lesser fibrosis in a UUO model of kidney injury, the lack of FtH expression
in proximal tubules exacerbated both inflammation and fibrosis [81]. These findings suggest a
central role for FtH expression in various compartments that underscores its importance in the
context of tubular-macrophage cross-talk during kidney injury. More recently, the effects of FtH
expression in myeloid cells during sepsis and its clinical sequelae, including sepsis-induced AKI, were
examined [82]. Results of this study demonstrated that the deletion of FtH in the myeloid compartment
was associated with marked protection in two models of sepsis, namely cecal ligation puncture and
lipopolysaccharide-induced endotoxemia. Deletion of FtH led to improved survival, reduced cytokine
levels, and more preserved renal function. Mechanistic studies revealed that the protective effects were
primarily mediated by the compensatory increase in circulating ferritin (FtL) in the absence of myeloid
FtH [82]. It must be noted that the main circulatory form of ferritin is FtL and macrophages have been
shown to be the primary source of serum ferritin [11]. Results also demonstrated that the protective
effects of FtL during sepsis are attributed to its inhibitory actions against the activation of the NF-«B
pathway. These findings not only provide a novel platform for future studies to better understand the
pathogenesis of sepsis but also shed light on the immunomodulatory roles of circulating FtL.

3. Ferritin: A Potent Inhibitor of Osteoblastic Activity

Cardiovascular-related diseases remain the foremost cause of death in patients with CKD and
those requiring renal replacement therapy [83-85]. About 10-15% of the U.S. population is estimated to
have CKD and more than 450,000 Americans require dialysis resulting in a major burden of morbidity,
mortality, and healthcare expenditure [86]. In this regard, vascular calcification (VC) is a common
complication of CKD and is recognized as a portentous contributing factor to cardiovascular death
in these patients [87-90]. The prevalence of VC is exceptionally high among patients with CKD
and can be observed even in very young dialysis patients [91,92]. Two distinct patterns of VC have
been described [93]. While intimal calcification occurs in atherosclerotic plaques, mineralization
of the medial compartment is a common pathological finding in aging patients and patients with
diabetes and advanced CKD [93,94]. The diffuse calcification that occurs in the medial layer of the
vasculature is an important marker for all-cause mortality in patients undergoing dialysis [87,88,95].
There are several detrimental hemodynamic consequences of VC, including loss of arterial elasticity,
increase in pulse wave velocity, development of left ventricular hypertrophy, and decrease in coronary
artery perfusion, ensuing in myocardial ischemia and failure [95,96]. Following the description of
VC as a tightly regulated cellular process where vascular smooth muscle cells (VSMC) transition
into “osteoblast-like” cells, major research efforts have identified various pathways and mechanisms
involved in the development and propagation of VC [97,98]. These proposed mechanisms include
elastin degradation, apoptosis of VSMC, release of exosomes loaded with microRNAs, and extracellular
vesicles that are rich in calcium and phosphate [99,100]. Nevertheless, multiple pivotal questions
remain unanswered and currently no therapies exist for the treatment or prevention of VC. To better
understand novel pathways that may be involved in the development and pathogenesis of VC, it was
important to examine how derangements in iron metabolism may be contributing to the development
of such detrimental pathological conditions. This principle was based on the fact that many patients
with advanced CKD are also predisposed to iron-restricted erythropoiesis. Several factors lead to the
development of anemia in patients with CKD and those requiring dialysis. These include decreased
erythropoietin production, frequent diagnostic testing, blood loss during hemodialysis, and cannula
puncture sites following hemodialysis, as well as a “functional iron deficiency state” [101-104]. This
process, also known as anemia of chronic disease, is principally a result of the increased synthesis and
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secretion of hepcidin, which is a common paradigm of chronic inflammatory states such as CKD [105].
It must be noted that other cytokines have been demonstrated to have additional effects and further
aggravate this state of functional iron deficiency [106]. Hepcidin leads to the internalization and
degradation of ferroportin (membrane iron transporter) and the overall outcome is the decreased iron
cation absorption from the small intestine along with the decreased egress of iron cations from the
reticuloendothelial system [105]. Accordingly, while macrophages are loaded with iron cations, other
cells within the body have a relatively lower iron cation content. It was therefore necessary to examine
whether the repletion of iron cations and the subsequent upregulation of ferritin in VSMC mitigates the
osteoblastic differentiation of these cells when exposed to high phosphate levels. Notably, increasing
levels of serum phosphorus manifest during advanced stages of CKD and such hyperphosphatemia is
a well-known risk factor for the development of VC [107-109]. Indeed, we found that the addition of
hemin was able to significantly arrest the calcification and osteoblastic transition of VSMC [110].

To identify the mediator of such a salutary effect, we examined products of the HO/ferritin system
that include biliverdin, bilirubin, carbon monoxide, and iron cations. It was demonstrated that iron
administration inhibited calcium deposition and led to about a five-fold increment in intracellular
ferritin levels. Subsequent studies using recombinant ferritin proteins confirmed the paramount role of
ferritin upregulation in this inhibitory process. Using exogenous recombinant FtH, FtL, and a mutant
form of FtH that lacks ferroxidase activity, we demonstrated the paramount role of FtH/ferroxidase
activity in the abrogation of VSMC mineralization and osteoblastic transformation [110]. Importantly,
the inhibitory role of FtH was not limited to the mere inhibition of hydroxyapatite deposition, but it
also prevented the expression of the core binding factor alpha-1 (cbfa-1), a key transcription factor in
osteogenesis [111].

Other studies have also suggested a potential inhibitory role for iron and iron-induced upregulation
of ferritin in the context of VC. For example, Rajendran et al. used various detection methods to
map the spatial distribution of the elements and quantify them simultaneously in atherosclerotic
rabbit arteries [112]. They demonstrated that within atherosclerotic plaques, iron cations (likely
sequestered within ferritin shell) and calcium exhibited a highly significant spatial inverse correlation.
Moreover, an adenine-induced model of CKD in rats was employed to investigate the role of PA-21, an
iron-based non-calcium phosphate binder in VC. They reported a higher degree of inhibition of VC
when compared to another frequently used phosphate binder, calcium carbonate [113]. Furthermore,
Seto et al. examined the role of iron loading on the progression of VC in an adenine diet-induced CKD
rat model [114]. It was demonstrated that iron loading resulted in the suppression of VC and attributed
these findings to the reduced expression of phosphate transporter (Pit-1) and cbfa-1. Others have also
reported the inhibition of high phosphate-induced VC using ferric citrate and attributed these results
to the suppression of apoptosis [115]. These results are interesting when taking into account a study
that was published in 1995 and reported the inhibition of calcium deposition in bioprostethic valves
when pre-treated with iron [116]. However, it is also noteworthy that some studies have failed to
recapitulate the overall inhibitory effects of iron during VC [117].

Based on these findings, we hypothesized that osteoporosis induced by iron overload states,
such as primary hemochromatosis [118,119], may be attributed to the increased expression of FtH in
osteoblasts secondary to excessive iron accumulation. Indeed, investigating the mechanism(s) leading
to decreased bone deposition in iron overload states, we were able to demonstrate the central role of
FtH in this process [120]. We showed that the administration of apoferritin or recombinant FtH (both
devoid of iron cations) markedly inhibited the mineralization and expression of osteoblastic specific
genes, such as osteocalcin, alkaline phosphatase, and cbfa-1 [120]. Overall these results confirmed
previous findings that increased iron cation levels mitigate calcification, but they also provided a novel
mechanism for this process and identified FtH upregulation as a main inhibitory factor in this regard.

The potential hazardous effects of excessive iron cations are well recognized, and their optimal
dosage and utilization frequency in CKD patients have been a major point of debate among
nephrologists [121-123]. Accordingly, based on the aforementioned evidence, we sought to identify
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other approaches to upregulate FtH expression in VSMC without using excessive iron and examine
how the pharmacological induction of ferritin may affect VC. To achieve this objective, we tested
the effects of 3H-1,2-Dithiole-3-thione (D3T), a well-known cancer chemopreventive agent [124] and
inducer of FtH expression [125], in a model of VSMC calcification. It was demonstrated that D3T
inhibited osteoblastic transition of VSMC in a dose-dependent manner [126]. However, the central role
of ferritin was further corroborated in experiments where the inhibitory effects of D3T on osteoblastic
transition were arrested during FtH knockdown by RNA interference [126]. The overall effect of
iron/D3T-induced FtH upregulation and inhibition of VSMC calcification is illustrated in Figure 1.

Ca/Pi
6 Ca/Pi Ca/Pi

ocC OC

Figure 1. Overall schematic of the proposed mechanism of the inhibition of VSMC calcification via
the upregulation of FtH. The figure depicts a vascular smooth muscle cell (VSMC) where elevated
levels of Pi (phosphorus) induce the upregulation of cbfa-1 (core binding factor alpha-1), leading
to the deposition of extracellular Ca/Pi (hydroxyapatite crystals) and the activation of osteoblastic
genes, including OC (osteocalcin) and ALP (alkaline phosphatase). This process can be exacerbated
by the deletion of FtH (ferritin heavy chain) or mitigated via D3T (3H-1,2-Dithiole-3-thione) and Fe
(iron)-induced FtH upregulation. There may still be novel genes and pathways modulated by FtH
expression that require further investigations.

More recently, similar inhibitory effects in mitigating the calcification of valvular tissues were
demonstrated [127]. Valvular calcification and stenosis (particularly aortic valve) is a common finding
in patients undergoing dialysis and the elderly population. In this study we showed that the induction
of FtH was associated with the decreased osteoblastic activity of valvular interstitial cells. This
inhibitory effect was attributed to the reduced nuclear accumulation of cbfa-1, and as a reciprocal effect,
its enhancement of the nuclear localization of transcription factor Sox9 (SRY [sex-determining region
Y]-box 9) [127]. These findings provide additional support to previous observations that identified
reduced Sox9 function as a potential culprit of calcific valvular disease [128] and further corroborate
the “anti-osteoblastic activity” of FtH. It must be emphasized that while a significant body of evidence
is emerging to support the role of intracellular FtH expression as an inhibitory mechanism against
calcification, additional targeted studies in animal models are required to unequivocally demonstrate
and confirm these results.

It is also noteworthy that the implication and functional significance of iron and ferritin in the
context of atherosclerosis and coronary artery disease continues to generate contradicting results and
is heavily debated in the literature. While we do not elaborate further on these studies in this review,
others have discussed these results in detail [129-134]
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In conclusion, it is evident that ferritin and its role in both cellular and systemic iron homeostasis,
as well as its participation in a number of pathways that are central to various pathological conditions,
is increasingly recognized. Future studies and additional genetic manipulations (for instance, the
targeted deletion of FtL or the over-expression of FtH) would be germane to pave the way for potential
therapeutic targets utilizing this intriguing, ancient, and almost ubiquitous superfamily of proteins.
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Abstract: Patients with chronic kidney disease (CKD) have significant cardiovascular morbidity
and mortality as a result of risk factors such as left ventricular hypertrophy (LVH), oxidative
stress, and inflammation. The presence of anaemia in CKD further increases the risk of LVH and
oxidative stress, thereby magnifying the deleterious consequence in uraemic cardiomyopathy (UCM),
and aggravating progression to failure and increasing the risk of sudden cardiac death. This short
review highlights the specific cardio-renal oxidative stress in CKD and provides an understanding of
the pathophysiology and impact of uraemic toxins, inflammation, and anaemia on oxidative stress.

Keywords: oxidative stress; anaemia; cardiovascular disease; chronic kidney disease; IV iron therapy

1. Introduction

Oxidative stress refers to an imbalance in the reactive oxygen species (ROS)
production/degradation ratio. ROS such as superoxide anions (O,°®), hydrogen peroxide (H>Oy),
and hydroxyl radicals (OH®) (by-products of mitochondrial respiration) are important for cell
signalling and immune response [1,2]. Inappropriate or excess generation of ROS can lead to
deleterious cellular consequences including damage to DNA, proteins, and cell membrane lipids [3].
To limit these damaging effects, cells are equipped with endogenous capacity comprising enzymatic
and non-enzymatic components to detoxify excess ROS. The latter consist of reductants such as
reduced glutathione (GSH), vitamin C, beta carotenes, and vitamin E. GSH can deactivate ROS through
its oxidation to the oxidised form (GSSG). Vitamin E, on the other hand, protects the cell membrane
by reacting with lipid radicals. The enzymatic components consist of superoxide dismutase (SOD),
glutathione peroxidase (GPx), glutathione reductase (GR), and catalase [4]. These enzymes together
catalyse the dismutation of O,° into water. Ineffective antioxidant capacity or excess generation of
ROS is implicated in the development and progression of renal and cardiovascular diseases [5,6].

The association between renal and cardiac oxidative stress in chronic kidney disease (CKD)
is poorly defined, and the impact of anaemia on the oxidant status of the kidney and heart is not
completely characterized. In addition, many of the clinical studies in uraemic patients are limited
to systemic oxidative stress, creating an information vacuum on cardiac oxidant status that must be
filled by studies using experimental uraemic cardiomyopathy (UCM) models. Moreover, given that
iron deficiency anaemia in CKD may exacerbate oxidative stress and worsen the poor cardiovascular
outcome, how can parenteral iron therapy which is employed in current clinical practice modify
oxidative stress at both the systemic and tissue level? This review aims to provide insight into these
questions and highlight research questions that need to be answered in the future.
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2. Oxidative Stress in Chronic Kidney Disease

The mechanism behind the oxidative stress in patients with chronic kidney disease is complex
and multifactorial and not fully elucidated [7]. Mainly, it results from an imbalance between
oxidant-antioxidant processes causing a pro-oxidant state [8]. Factors including decreased levels
of the antioxidants such as GSH, and ascorbic acid and enhanced ROS generation (arising from
uraemic toxins) in CKD predispose patients to potential oxidative damage [9]. In addition, by-products
of oxidative stress including peroxide lipid (see Figure 1) oxidise low density lipoproteins and lipid
radicals activate immune cells including monocytes and macrophages leading to inflammation and
further oxidative stress [10].

Free radical

LH AU —» LOO

LH LOOH

Figure 1. Reactive oxygen species (ROS)-induced lipid peroxidation. LH (lipid), LOOH (peroxide
lipid), L® (lipid radical), LOO® (peroxidised lipid radical).

2.1. Increased Pro-Oxidant Activity

Oxidative stress in uraemia may in part be due to increased pro-oxidant activities leading to
excessive ROS production. This argument is supported by evidence of increased nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activity or expression in models of renal dysfunction [11,12].
In diabetic nephropathy, elevated expression of renal NADPH oxidase and endothelial nitric oxide
synthase (eNOS) resulted in oxidative stress with elevated lipid peroxidation which was inhibited
following treatment with an angiotensin-converting enzyme inhibitor (ACEi) or an angiotensin receptor
blocker (ARB) agent in rat models [13]. Increased expression of NADPH mediated an increased
production of O,* which was attenuated through treatment with apocynin (an inhibitor of NADPH
oxidase) [14]. NADPH oxidases are a group of enzymes that reduce oxygen to O,° radical (see Figure 2),
which provides the starting point for the generation of other reactive oxidants including H,O,,
lipid peroxides, and peroxynitrites (ONOO?®) [15,16]. The NADPH oxidase family consists of five
isoforms (Nox1 to Nox5) with p22phox as a bridge between the Nox family and the p47phox organizer
factor [17,18]. Nox4 is expressed in vascular endothelial, smooth muscle cells, and renal proximal
tubules [19,20], thus explaining why pathological insults involving the kidney affect its expression
or activity.

Another possible source of ROS in CKD is xanthine oxidase whose activity can markedly increase
in uraemia [21]. With molecular oxygen as the electron acceptor, xanthine oxidase catalyses the
oxidation of hypoxanthine to uric acid, releasing ROS including O,°, OH®, and H,O; as by-products.
The metabolite uric acid is associated with CKD progression to renal failure and increased risk of
cardiovascular events [22]. Thus, targeting xanthine oxidase as a way of lowering oxidative stress
and uric acid levels (the increase of which causes severe joint pains such as gout) could be a putative
therapeutic strategy in CKD. The observation that enhanced uptake of indoxyl sulphate by Nox4
via organic anion transporter 1 (OAT1) and 3 (OAT3) induces the production of O,° radical [23] and
supports the argument that uraemic toxins in CKD are associated with oxidative stress.
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Other ROS
products

O O)—>

Figure 2. Schematic representation of NADPH oxidase-dependant ROS generation. NADPH under the
influence of the plasma membrane-bound NADPH oxidase donates an electron, which is accepted by
molecular oxygen to form the superoxide (O,°®) radical.

2.2. Uraemic Toxins

Impaired renal clearance in CKD leads to the accumulation of toxins of which p-cresol and indoxyl
sulphate have been most widely studied [24]. Indeed, the uraemic toxin indoxyl sulphate confers
an additional cardiovascular risk in CKD and upregulates the expression of intercellular adhesion
molecule-1 (ICAM) and monocyte chemotactic protein-1 (MCP-1) [25]. It also induces the activation of
NADPH oxidase and causes the production of ROS. p-Cresol sulphate, a conjugated form of p-Cresol,
is reported to induce ROS in a time- and concentration-dependent manner [26]. Concentrations of
indoxyl sulphate and p-Cresol sulphate have been shown to correlate inversely with GPx activity,
indicating toxin-associated reduction in antioxidant capacity [27]. Indoxyl sulphate- and p-Cresol
sulphate-mediated induction of oxidative stress are reported to occur through the activation of the
nuclear factor-kappaB (NF-«B) pathway [28]. This mechanism was supported by in vivo experimental
studies which demonstrated inhibition/reduction of oxidative stress following treatment with NF-«B
inhibitors [29] and antioxidants [30]. Furthermore, a dose-dependent decrease in indoxyl sulphate
through treatment with the drug AST-120 was found to significantly reduce oxidative stress in patients
with CKD [31] and uraemic rats [32]. Oxidative stress-dependent loss of NO was alleviated in
AST-120-treated CKD rats via the reduction of indoxyl sulphate [33]. This could explain the recently
revealed benefits of AST-120 on the progression and prognosis of pre-dialysis CKD, including the
reduction in the prevalence of dialysis requirement, mortality, and cardiovascular- and stroke-related
events in treated patients after three and five years relative to untreated patients [34]. The accumulation
of uraemic toxins in patients with CKD can also enhance inflammation, a potent inducer of oxidative
stress [35,36].

2.3. Inflammation

Patients with CKD are in a constant inflammatory state attributable to a number of
factors, including the uraemic state, malnutrition, chronic volume overload, increased infection,
metabolic acidosis, and autonomic dysfunction [37,38]. Inflammatory cells (e.g., phagocytes,
monocytes/macrophages, or polymorphonuclear leukocytes) release reactive substances such as
O,° at the site of inflammation causing oxidative stress and ROS that, in turn, can initiate intracellular
signalling cascade that activates pro-inflammatory gene expression [39]. For example, an increase in
ROS is associated with the induction of inflammation, consequently increasing the levels of mediators
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such as interleukin-6 (IL-6) and tumour necrosis factor § (TGF-) [40]. Thus, inflammation and
oxidative stress in CKD are interlinked, with synergy between them magnifying the deleterious
consequences associated with either of them alone (see Figure 3). Elevated concentrations of the
pro-inflammatory markers C-reactive protein (CRP) and IL-6 significantly correlated with protein
carbonyl (caused by oxidative damage to proteins) levels in early CKD [41]. The upregulation of
inflammatory markers (e.g., tumour necrosis factor-« and platelet-derived growth factor) in CKD [42]
are linked to NADPH oxidase activation leading to the generation of intracellular O,* and H,O, [43].
The inflammatory state in CKD can lead to activation/recruitment of polymorphonuclear neutrophils
and monocytes, causing the activation of myeloperoxidase (MPO) and triggering ROS production [44].

Oxidative stress

Cardiovascular
disease Inflammation

Immune cells
activation

Figure 3. Risks of oxidative stress in CKD.

2.4. Impaired Antioxidant System

Chronic deficiency in the antioxidant system, including the reduction of vitamin E, melatonin,
SOD, catalase, and activity of glutathione system, has been reported in patients with kidney
disease [45]. The reduction of SOD suggests the accumulation of O,°® radical causing increased lipid
peroxidation [46]. The reduction of the endogenous thiol tripeptidic GSH antioxidant [47] together
with the increased accumulation of GSSG due to the reduced GR activity [48] in patients with kidney
disease further explain the prevalence of oxidative stress in this patient population. In addition,
oxidative stress in CKD resulted from decreased catalase which compromised the conversion of H,O,
to H,O and O, [44].

Eight isoforms of GPx enzymes (GPx1-GPx8) thus far have been recognised in mammals [49].
Only five (GPx1-GPx4 and GPx6) are found to contain selenium and are called seleno-GPx [50].
The kidney is increasingly found to be a major source of GPx3 [51], although GPx3 is also found in
small concentrations in the liver, heart, and skeletal muscle. Thus, any kidney injury (acute and chronic)
could affect GPx3 expression and total GPx activity. A reduction in GPx activity has been reported
early during the development of CKD and continued to decrease with the severity of the disease [52].
This was in contrast to the observation that GPx activity negatively correlated with creatinine clearance
in CKD stage 1-5, although the authors also reported a progressively decreased activity at two- and
four-month follow-up in untreated patients with CKD at stage 3-5 [53]. Such discordance in the
literature highlights the need for further investigation into the role of antioxidants such as GPx in
CKD-related oxidative stress, a focus of our ongoing research. Decreased activity of SOD, catalase,
and GPx with concomitant accumulation of nitrotyrosine were observed in the blood of chronic kidney
failure patients [54]. Nitrotyrosine formation and other forms of ROS-mediated inactivation of nitric
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oxide (NO) may contribute to hypertension and its associated cardiac remodelling in uraemic patients
as a result of inhibited vasodilation. Evidentially, hypertension and increased oxidative stress in the
animal model of CKD were both attenuated by antioxidant therapy [55,56].

2.5. Anaemia and Oxidative Stress in CKD

Iron deficiency anaemia (IDA), a common complication in many chronic diseases including
CKD, is caused by iron and erythropoietin deficiencies and a decreased responsiveness to the
actions of erythropoietin [57,58]. Iron deficiency (ID) in CKD can be grouped into absolute and
functional deficiency. Absolute iron deficiency in this patient group can be caused by low iron
intake and complicated by impairment of dietary iron absorption in the gut, gastrointestinal
bleeding, and increased blood loss [59]. Functional iron deficiency, on the other hand, is mediated by
pro-inflammatory activation and hepcidin overproduction [60,61]. Hepcidin, which is produced by the
liver, binds to and induces the degradation of ferroportin on hepatocytes, duodenal enterocytes,
and reticuloendothelial macrophages, thereby inhibiting the absorption of dietary iron in the
intestines and the release of iron from storage [62]. Hepcidin is also regulated transcriptionally by the
inflammatory mediator IL-6 (known to be increased in CKD) via the STAT-3 signalling pathway [63,64].
Thus, enhanced inflammation in patients with CKD induces hepcidin production, causing iron
sequestration and hypoferraemia and resulting in ID anaemia (see Figure 4) and oxidative stress [65].

Iron deficiency anaemia reduces the lifespan of red blood cells (RBCs) through increased
premature RBC death [66] resulting from increased membrane stiffness and decreased deformability.
The death of RBCs liberates iron which enhances the risk of oxidative stress. Oxidative stress itself
can alter membrane properties of RBCs [67,68]. Indeed, exposure to HyO, has been shown to
increase lipid peroxidation and decrease cell deformability and membrane rigidity of erythrocytes [69],
thereby increasing RBC removal in the spleen. This enhanced susceptibility of RBCs to oxidative
damage [70] and the increased risk of ROS production in iron deficiency anaemia in CKD create
a vicious cycle culminating in greater RBC death, anaemia, and severity of oxidative stress [71].
The accompanying decrease in haemoglobin content in ID anaemia lowers the partial pressure of
oxygen similar to the hypoxic state. Under these conditions, hypoxia exacerbates oxidative stress
through auto-oxidation of haemoglobin to met-haemoglobin (metHb) and with the generation of
0,° [72,73]. Endogenous antioxidant proteins such as catalase and peroxidase are iron-containing
enzymes whose expression is affected in iron deficiency anaemia [74]. Iron deficiency adversely affects
selenium concentration [75], which may explain the reduction in activity of the selenium-dependent
enzyme GPx [76]. This evidence supports the argument that oxidative stress in iron deficiency
anaemia is partly mediated via the reduction of antioxidant capacity [77] and suggests that timely iron
replacement (via intravenous (IV) infusion rather than oral) and antioxidant therapies in clinical setting
could lead to improvement. ID anaemia is associated with an adverse outcome in CKD; it certainly
reduces the quality of life by increasing the risk of morbidity [78]. Hence, the management of anaemia
and the treatment of its underlying cause, such as ID, must be a high priority.

Iron replacement can be done via oral, intravenous, or intramuscular routes, the former best given
without food. Oral iron therapy is based on the premise that intestinal iron absorption is enhanced
during iron deficiency and declines upon correction of the deficiency and replenishment of iron stores.
Non-compliance among patients with CKD is complicated by the frequent side effects including
nausea, constipation, diarrhoea, or abdominal pain associated with oral iron [79]. Moreover, oral iron
therapy in advanced CKD is not recommended due to impaired intestinal iron absorption [80] as
a result of increased hepcidin production. Examples of oral iron supplements include ferrous sulphate,
ferrous fumarate, and ferrous gluconate. Unequivocally, IV iron therapy in CKD has been shown to be
more efficacious than oral iron administration in stimulating haemoglobin synthesis and replenishing
iron stores [81]. Intravenous iron regimes including iron dextran, iron sucrose, and ferric gluconate
release bioactive iron associated with oxidative stress and inflammation [82]. There are mixed reports
on the impact of IV iron on oxidative stress in patients with CKD. While some investigators associate IV
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iron with increased systemic oxidative stress [83], others see no effect [84]. It is increasingly becoming
clear that the oxidative stress impact of IV iron is dependent on the iron formulation, the stage of
CKD, the question of whether the patient is on dialysis, as well as the dose and time of investigation
post-therapy [85].
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Figure 4. Mechanism of iron deficiency anaemia (IDA) in CKD. Normally, liver hepcidin synthesis is
inhibited, allowing the uptake of dietary iron to replace the average 1-2 mg daily iron loss in adults
via divalent metal transporter 1 (DMT1) at the apical brush border of enterocytes. Ferric reductase
reduces the predominant Fe>* to Fe?* prior to DMT1 transport. Intracellular iron is stored as ferritin
in the enterocytes while basolateral iron is transported by ferroportin into the circulation, where iron
Fe3* (generated by oxidation of Fe?* by ferroxidases such as hephaestin) is loaded onto transferrin
to be transported to storage (e.g., liver) or utilization site (bone marrow). In CKD, the presence of
chronic inflammation with elevated cytokines such as IL-6 levels results in increased hepcidin secretion.
Consequently, the binding of hepcidin to the iron transporter ferroportin induces its endocytosis and
proteolytic destruction, thus preventing the transport of dietary iron into the circulation. Hepcidin
secretion prevents the release of iron from storage sites [62]. Additionally, the apparent loss of iron via
urine which is associated with kidney dysfunction may exacerbate IDA and reduce the efficacy of IV
iron in the late stages of CKD.
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Oxidative stress as evidenced by increased lipid and protein oxidation ensued following iron
sucrose administration [86]. This side effect may be attributed to “free” (labile) iron levels which
increase during iron therapy [87]. Free iron (biological active form) readily cycles between ferrous
and ferric oxidation states. This property enables iron to aid the catalysis of biochemical reactions
involved in the production of ROS, including hydroxyl radical, ferryl, and perferryl ion [88]. Hydroxyl
radicals from the iron-catalysed Haber-Weiss reaction contribute to mitochondrial lipid peroxidation.
Iron-induced lipid peroxidation is associated with intense mitochondrial damage [89] that may lead to
a decline in oxidative capacity. Despite the well-documented acute and systemic oxidative toxicity of
IV iron, not much is known of the long-term effect on the heart, skeletal muscle, and liver. Intravenous
iron therapy however may enhance the risk of bacterial infection. Bacterial pathogens utilise iron to
grow and increase virulence. Certain IV iron regimes such as ferric gluconate and iron sucrose reduce
chemotaxis and phagocytosis of polymorphonuclear leukocytes, decreasing the immune response to
bacterial infection [90]. However, the impact of IV iron therapy on cardiac mitochondrial function and
mitochondrial oxidative stress in CKD is poorly defined, but given the central role of mitochondrial
dysfunction in the development of heart failure, this may provide a major therapeutic strategy in
limiting cardiovascular damage in CKD.

3. Consequence of Oxidative Stress in CKD

Oxidative stress in CKD can affect a number of organ systems with far-reaching clinical
implications. It can both exacerbate kidney dysfunction and enhance progression and failure in other
organs such as the heart, inducing cardiac hypertrophy which is an independent risk factor for heart
failure (HF) and resulting in endothelial dysfunction. In considering the progression of CKD, part of
the mechanism is via oxidant-induced damage to glomerular basement membrane [91,92]. Glomerular
membrane integrity and thus glomerular ultrafiltration are compromised by oxidant-mediated
impairment of glomerular heparin sulphate proteoglycans. Renal dysfunction is associated with the
activation of the renin-angiotensin system (RAAS) [93], evidenced by the elevation of angiotensinogen
(Ang) in CKD [94] and the increased release of renin in diabetic nephropathy [95,96]. RAAS activation
is actively involved in the process of left ventricular (LV) remodelling partly through the induction of
hypertension. Renin released in response to increased Na* retention and local renal hypotension [97]
converts angiotensinogen to angiotensin I (Ang I), which is further cleaved to give Ang II by the
angiotensin converting enzyme (ACE). Ang II causes vasoconstriction and aldosterone release and
consequently aggravates Na* and water retention [98]. Thus, Ang II mediates haemodynamic
alterations that culminate into cardiac and vascular remodelling. Therefore, the treatment of patients
with LV dysfunction using ACE inhibitors such as captopril, enalapril, and Lisinopril has been
associated with improved outcome and attenuation of ventricular enlargement [99].

Moreover, Ang II and aldosterone elicit non-haemodynamic effects that lead to the activation of
mitogen-activated protein kinases (MAPKSs), Ki-ras2A, and c-Src pathways involved in inflammation,
ROS release (O,* and HyO,), and endothelial dysfunction [100]. Ang II mediates the formation of
O,° via activation of NADPH oxidases [101]. This is supported by the finding of NADPH-mediated
O,° production following Ang II infusion [102]. Similarly, the treatment of rat aortic vascular smooth
muscle cells (VSMCs) with Ang Il increased intracellular generated O,° by three-fold [103]. Increased
O,° resulted in increased protein kinase C (PKC) activity and NOS uncoupling causing impaired
NO/cGMP signalling [104]. Thus, oxidative stress can cause loss of vasodilation, a hallmark of
endothelial dysfunction. Cellular NO originates from NOS with tetrahydrobiopterin (BH4) as a cofactor.
Excess ROS can oxidise BH4 which modifies NOS activity from NO generation to an O,°®-producing
oxidase [105], decreasing NO concentration and vasodilation. Endothelial dysfunction mediated
by ONOO¢®-associated loss of vasodilation is implicated in hypertension, a unique contributor to
hypertrophic remodelling [106].

Oxidative stress also leads to left ventricular hypertrophy (LVH) in CKD [107]. Thus,
the co-existence of oxidative stress and LVH as independent complications of CKD further increases
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the risk of heart failure (HF) and cardiac events. ROS are pivotal in the initiation and propagation
of signal transduction pathways, including tyrosine kinase Src, GTP-binding protein Ras, PKC,
mitogen-activated protein kinase (MAPK), and Jun-nuclear kinase (JNK) implicated in hypertrophic
growth [108]. Oxidative stress caused by elevated NADPH oxidase activity was associated with
MAPK activation in a pressure overload model of LVH [109]. Similarly, NADPH oxidase-dependent
generation of ROS in «l-adrenoreceptor-stimulated hypertrophy in adult rat ventricular myocytes
(ARVMs) culture was associated with RAAS activation mediated through thiol oxidation [110].
The overexpression of thioredoxin-1 abolished the thiol oxidation and inhibited phosphorylation
of MEK1/2 and ERK1/2, causing the inactivation of RAAS and the prevention of cellular hypertrophy.

Both chronic and acute renal dysfunction are unequivocally associated with cardiac abnormalities.
In addition, mitochondrial targeted antioxidant therapy ameliorated cardiac hypertrophy and diastolic
dysfunction via the attenuation of oxidative stress in experimental studies [111], further indicating the
association between LVH and oxidative stress. Thus, antioxidant therapy in CKD could regress LVH
and lessen progression to heart failure.

4. Cardio-Renal Oxidative Stress

Relative to the general population, patients with CKD have an additional risk of
cardiovascular-related death [112]. Indeed, about 44-50% of deaths in the renal failure (RF) patient
population were from cardiovascular causes [113], a mortality that is 15-30 times higher compared to
the general population [114]. Likewise, congestive heart failure patients are associated with chronic
kidney dysfunction such that every 1-mL/min decrease in creatinine clearance increases the mortality
rate by 1% in this patient population [115]. These epidemiological data suggest synergistic effects
between heart and kidney dysfunction resulting in poorer outcomes relative to either disease alone.
This synergy gives rise to a clinical state known as cardio-renal syndrome. Cardio-renal syndrome
(CRS) refers to the coexistence of both heart and kidney diseases, whereby dysfunction in one organ
precipitates dysfunction in the other [116,117]. The unique interaction of the two clinical diseases
(HF and RF) could in part be attributed to the distinct but interdependent function of the two organs
and the existence of common causes, including hypertension and diabetes mellitus [118,119].

Invariably, oxidative stress in one organ induces injury in the other organ. The increased ROS
associated with uraemia can induce cardiac injury because the exposure of rat ventricular myocytes
to hydrogen peroxide resulted in cardiac remodelling with contractile dysfunction [120]. The role of
oxidative stress in the induction of cardiac dysfunction in renal patients was highlighted in the
Secondary Prevention with Antioxidants of Cardiovascular Disease in End-stage Renal Disease
(SPACE) trial. In this study, antioxidant therapy using high dose vitamin E was associated with reduced
cardiovascular disease endpoints in patients with kidney disease [121]. Moreover, increased NADPH
oxidase mRNA and protein expression in HF rats has been observed along with increased accumulation
of lipid peroxidation production and decreased endothelial NO synthase expression [122]. Conversely,
renal oxidative stress is found in several models of CKD associated with cardiac dysfunction. In diabetic
nephropathy, elevated expression of renal NADPH oxidase and eNOS resulted in oxidative stress with
elevated lipid peroxidation, which was prevented following treatment with an angiotensin-converting
enzyme inhibitor (ACEI) or an angiotensin receptor blocker (ARB) [13]. Similarly, diabetic nephropathy
in Sprague Dawley rats was associated with increased glomerular expression of the NADPH oxidase
subunit (p47phox), which is associated with enhanced oxidative stress [122-124].

Also, antioxidant therapy using the thiol-containing compound acetylcysteine reduced the risk
of primary cardiovascular endpoint (including fatal and non-fatal myocardial infarction) by 40% in
haemodialysis patients [125]. However, data from other clinical trials showed that antioxidant therapy
was ineffective in patients with heart failure without renal disease [40]. These data support the
argument that systemic oxidative stress in the uraemic milieu is central to the development of cardiac
disease in renal patients as compared to non-renal HF patients. The disparity in the literature regarding
the efficacy of antioxidant therapy on cardiovascular disease could partly be due to the differences
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in dosage, patient selection, and trial duration [40]. More importantly, this disparity highlights
fundamental differences in the causes and effects of oxidative stress in cardio-renal patients and HF
patients without renal dysfunction.

5. Future Questions

At what stage of CKD does remodelling of the oxidant-antioxidant system in the heart begin
and how does systemic oxidative stress predict cellular derailment in both the heart and kidney?
What associations exist between iron deficiency anaemia and mitochondrial dysfunction in CKD which
is linked to oxidative stress? Ongoing work in our lab is focusing on providing insight into these
important questions to allow us to develop therapies in the future.

6. Conclusions

Oxidative stress, anaemia, and LVH are complications in CKD which can individually contribute
to the adverse cardiovascular outcomes in this patient population. There remains a need to discover
viable and novel therapeutic regimes targeting the oxidative stress pathway early in CKD before the
onset of significant irreversible renal failure.
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Abstract: The lung presents a unique challenge for iron homeostasis. The entire airway is in direct
contact with the environment and its iron particulate matter and iron-utilizing microbes. However,
the homeostatic and adaptive mechanisms of pulmonary iron regulation are poorly understood.
This review provides an overview of systemic and local lung iron regulation, as well as the roles
of iron in the development of lung infections, airway disease, and lung injury. These mechanisms
provide an important foundation for the ongoing development of therapeutic applications.
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1. Introduction

Iron is an essential trace mineral for normal biological function in almost all organisms. Most of
the body’s iron is contained within the heme of hemoglobin, the vital oxygen carrier in blood. Iron is
also required for cell viability and proliferation as a catalytic constituent of iron-containing proteins
that are involved in DNA synthesis and repair, and cellular energy metabolism [1]. As expected, iron
deficiency results in the impairment of both systemic oxygen delivery and cellular function. Conversely,
an excess of iron also has deleterious effects for the host, leading to cellular toxicity via iron-generated
oxyradicals and peroxidation of lipid membranes [2]. Systemically, increased iron availability is also
associated with the increased virulence of multiple pathogens, including Yersinia enterocolitica [3],
Escherichia coli [4], and Klebsiella pneumoniae [5]. In order to maintain an appropriate iron balance,
organisms have evolved complex systemic homeostatic and cellular iron transport mechanisms [6].

Iron homeostasis in the lung faces unique challenges. The entire lung epithelium is exposed to
inhaled air containing iron particulate matter and infectious pathogens, and is also part of a delicate
air-blood interface whose gas exchange function is highly susceptible to impairment by cytotoxic injury.
Thus, lung iron bioavailability must be highly regulated to prevent its use by microbes during infection
and to ensure sequestration of catalytically active iron to prevent cytotoxicity. The terminal respiratory
unit, the alveolus, is composed of three major cell types, all of which are active in the maintenance
of lung iron homeostasis: types 1 and 2 alveolar epithelial cells, and alveolar macrophages. Alveolar
macrophages are a specialized subset of macrophages that defend against pulmonary infections,
and mediate damage and repair of the lung parenchyma [7]. However, the specific roles of these
cell types in basal iron regulation or in response to injury or infection is still poorly understood.
The purpose of this review is to explore recent scientific advances in understanding the role of iron
regulation in lung pathologies.
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2. Iron Regulation

2.1. Systemic Iron Homeostasis

A human adult requires ~25 mg/day of iron for baseline homeostasis and the replacement
of minor unregulated iron losses. The majority of this iron comes from the recycling of senescent
erythrocytes, while 1-2 mg is obtained from the absorption of dietary iron in the form of heme
or non-heme iron [8]. During times of stress erythropoiesis, iron utilization by the bone marrow
can increase 10-fold to accommodate the increased hemoglobin synthesis [9]. Thus, rapidly acting
compensatory mechanisms have evolved to increase dietary iron absorption and to allow the rapid
mobilization of iron from stores.

Hepcidin, a 25 amino acid peptide hormone produced primarily by hepatocytes [10], is the
key regulator of systemic iron homeostasis. Hepcidin acts by binding to the transmembrane
protein ferroportin (Fpn), the only known cellular iron exporter [11], causing its internalization
and degradation within lysosomes [11,12]. As Fpn is highly expressed on duodenal enterocytes,
macrophages, and hepatocytes, hepcidin controls the flow of iron from dietary gut absorption, recycling
of erythrocytes, and tissue iron stores. Hepcidin production is stimulated by increases in plasma iron
or iron stores, and during times of inflammation [13,14].

In addition to the mechanisms controlling systemic iron availability, each cell possesses regulatory
mechanisms to coordinate its iron uptake, storage, and export. Most cells acquire iron by importing
transferrin bound iron from blood via the membrane transferrin receptor (TfR1), after which iron is used
for basal cellular requirements or stored in the form of ferritin. Splenic and hepatic macrophages also
acquire iron through the phagocytosis of damaged or senescent erythrocytes, and this iron is similarly
stored as ferritin or utilized for basic cellular functions [15]. Cellular iron export occurs through Fpn,
which allows cells such as duodenal enterocytes and macrophages to release iron into circulation
and maintain systemic iron homeostasis. In addition, Fpn expression is increased in iron-overloaded
tissues and acts as a safety valve to export excess cellular iron to prevent oxidative damage.

Coordination of cellular iron acquisition and distribution is regulated post-transcriptionally in
response to changes in intracellular iron levels by the iron regulatory protein/iron responsive elements
(IRP/IRE) system [16-18]. The iron regulatory proteins, IRP1 and IRP2, bind to IREs, which are
untranslated regions of mRNA located at either the 5 or 3’ end. IREs at the 5’ end are associated
with genes involved in the storage or export of iron (ferritin, Fpn), while 3’ IREs are associated with
genes involved in iron uptake (TfR1, DMT1). Under conditions of cellular iron depletion, IRP1/IRP2
bind to IREs, preventing translation of mRNA containing 5’ IREs and stabilizing mRNA containing
3’ IREs. This leads to the increased expression of iron uptake proteins and decreased expression of
iron storage and export proteins. Conversely, in iron-loaded cells, IRP1 is converted to c-aconitase and
IRP2 is degraded, resulting in decreased IRP binding to IREs. This leads to increased expression of
iron storage and export proteins and decreased expression of iron uptake proteins.

2.2. Lung Iron Regulation

Iron regulation in the lung has not been well characterized, with only a few in vitro and in vivo
studies attempting to identify the iron transporters in pulmonary cells (Figure 1). TfR1 has been
identified as an importer of transferrin-bound iron in the alveolar epithelium and alveolar macrophages.
In response to systemic iron deficiency, TfR1 protein levels increased in whole rat lung. Conversely,
TfR1 protein expression in whole lung did not increase with intratracheally instilled iron oxide [19].
The DMT1 transporter, a principal importer of dietary non-heme iron and an importer of endosomal
iron from the Tf-TfR1 complex into cytoplasm, has also been shown to be expressed in both alveolar
epithelial cells and alveolar macrophages [20]. While respiratory DMT1 appears to be regulated by
the IRP/IRE system, there is inconclusive evidence on the effects of iron deficiency and overload
on the production of DMT1 mRNA and protein in the lung [19,21,22]. Multiple studies utilizing
DMT1 mutated murine models have implicated this iron transporter in the pathogenesis of lung
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injury. The Belgrade rat, an animal model of functional DMT1 deficiency, develops more severe lung
injury in response to lipopolysaccharide (LPS) and oil fly ash [23,24]. Similarly, mk/mk mice, also
defective in DMTT1, have increased bleomycin-induced lung injury compared to wild-type controls [25].
The mechanism of DMT1 attenuating the lung’s response to inflammatory stimuli is unclear, but these
descriptive studies demonstrate a link between DMT1 and the lung’s inflammatory response. Thus,
although iron importers are present in the lung, little is understood about their regulation and role in
specific cell types and under different pathophysiological conditions.
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Figure 1. Proposed scheme of lung iron homeostasis. Iron is taken up into the alveolar epithelial cells
through transferrin receptor (TfR1) and DMT1, and exported through ferroportin (Fpn), which was
reported to be localized on the apical/airway facing layer of the epithelium. Within the cells, iron is
stored in a non-reactive state in ferritin. Though hepcidin is mostly produced in the liver for systemic
circulation, local production of hepcidin has also been suggested to play a role in lung iron homeostasis.
Zip8 is highly expressed in the lung and facilitates iron intake, though its specific distribution remains
unknown. Inset depicts an alveolar macrophage. Macrophages phagocytose airway red blood cells to
recycle iron from heme. Solid arrows indicate direction of iron transport.

Fpn was reported to be localized on the apical layer of the airway epithelia of human lung [26] and
also expressed in alveolar macrophages [27]. While the liver is the predominant source of circulating
hepcidin, the hormone is also expressed at lower levels in human airway epithelial cells and alveolar
macrophages [28], raising the possibility that hepcidin has a paracrine role in the lung. One ex vivo
study showed that LPS-stimulated mouse alveolar macrophages increased the expression of hepcidin
mRNA and decreased Fpn mRNA. Iron treatment had no effect on hepcidin mRNA expression, but did
upregulate both Dmt1 and Fpn [29]. Interestingly, another in vitro study showed that Fpn in airway
epithelial cells did not internalize in response to hepcidin and that hepcidin itself had no significant
effect on iron transport in either airway epithelial cells or alveolar macrophages [30]. However,
Fpn levels do correlate with changes in iron status [27,31], suggesting that lung Fpn expression may be
controlled preferentially by the IRP/IRE regulatory system, rather than a purely hepcidin-dependent
mechanism. Additionally, the reported distribution pattern of Fpn on the apical layer of airway
epithelial cells suggests that Fpn may play a tissue-specific role of iron detoxification in lungs [26].

Recent studies in mouse models with genetic iron overload have begun characterizing the roles
of hepcidin and Fpn in lung iron homeostasis. Neves et al. investigated a murine disease model of
hereditary hemochromatosis type 4, created by a global C326S amino acid substitution in Fpn that
confers resistance to hepcidin binding and leads to systemic iron overload [32]. They reported that the
Fpn mutant mice develop increased iron levels in airway epithelial cells and bronchoalveolar lavage
(BAL) fluid [27]. Interestingly, while splenic and hepatic macrophages are predictably iron-depleted
from the increased Fpn protein exporting iron, a subset of alveolar macrophages showed iron overload.
The authors suggest that these differences could be partially due to the varying levels of Fpn expression
in alveolar macrophages.
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Deschemin et al. characterized the lungs in hepcidin knockout (HKO) mice, a mouse model of
severe genetic iron overload [31]. The lack of hepcidin results in increased gut iron absorption with
systemic iron overload, iron deposition in parenchymal tissues, and iron depletion of macrophages in
the liver and spleen. Iron content in the lung increased, which resulted in compensatory decreases in
Tfrc and Dmt1 mRNA expression, and increased levels of Fpn and ferritin mRNA and protein levels.
Specific examination of the alveolar macrophages also demonstrated increased levels of Fpn and
ferritin. However, similar to the paper by Neves et al., these macrophages were iron-loaded, which is
in stark contrast to the iron depletion of splenic macrophages. This is likely related to the much lower
expression of Fpn in the alveolar macrophages of HKO mice compared to the splenic macrophages.
While these genetic mouse models of iron overload clearly demonstrate some unique characteristics
of lung iron homeostasis, further studies are necessary to clarify the role of the hepcidin-Fpn axis in
the lung.

ZIP8, encoded by the SLC39A8 gene, is a member of the SLC39A transmembrane metal importer
family and is expressed many-fold higher in the lung than in any other organ system [33]. Initially
identified as a zinc transporter, recent studies have shown that Zip8 also imports iron into the cytosolic
space [33]. Early in vitro and animal studies consistently show that inflammatory stimulation with
LPS greatly increases Zip8 expression, suggesting that this iron importer has a function in host
defense [34,35]. As of yet, there have been no studies investigating the role of Zip8 in human lung
infections or lung injury.

3. Iron in Lung Pathology

3.1. Acute Lung Injury

Acute lung injury (ALI), clinically known as acute respiratory distress syndrome (ARDS), is an
acute inflammatory process with neutrophil infiltration, increased vascular permeability, and diffuse
alveolar damage [36]. ARDS can occur as a result of a direct insult to the lung, including pneumonia,
aspiration, and smoke inhalation, or a systemic inflammatory response, including sepsis, trauma,
burns, and transfusion-related ALI. The pathophysiology of ARDS is largely mediated by the release of
free radicals and reactive oxygen species and their injurious effects on endothelial integrity [37]. In the
presence of iron, peroxides are converted to damaging radicals and enhance cytotoxicity by the Fenton
reaction [38]. The relevance of iron in the development of ARDS has been evaluated with numerous
clinical studies, showing strong correlations with iron and iron-related proteins, as well as the presence
or severity of ARDS. One study found increased concentrations of BAL total iron and non-heme
iron in ARDS patients, as compared to healthy controls. Iron-related proteins, including hemoglobin,
transferrin, TfR1, lactoferrin, and ferritin, were also all elevated in BAL [39]. Future studies are needed
to examine whether these changes in BAL iron and iron-related proteins have a causal effect on lung
injury or are simply a byproduct of lung injury and increased vascular permeability. Serum ferritin has
also been investigated as a predictor of ARDS, and was found to predict the development of ARDS with
high sensitivity and specificity in one clinical study [40]. As ferritin is a known acute phase reactant
and could simply be rising as part of the inflammatory response, a second clinical study confirmed the
predictive value of serum ferritin for the progression to ARDS while also demonstrating no correlation
of ferritin with the degree of hypoxia, time of invasive ventilation, or mortality [41]. These studies
consistently illustrate a strong association between iron-related proteins and the development of lung
injury, but further clinical and basic mechanistic studies are necessary to delineate the causative effects
of iron on ARDS.

3.2. Lung Infections

Host defense of the lung organ system is particularly challenging as the entire epithelium is in
constant and direct contact with environmental air containing numerous potential infectious pathogens.
As the delicate single-cell-layer alveolar epithelium is responsible for vital air-blood gas exchange,
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non-cytotoxic nutrient deprivation mechanisms of host defense play an important role against lung
microbial pathogens. The biological relevance of iron in the pathology of infections has been established
through numerous clinical and animal studies. Iron overload has been associated with increased
incidence of bacteremia with hemodialysis [42], and increased virulence of multiple microbes, including
Yersinia enterocolitica [3], Escherichia coli [4], and Klebsiella pneumoniae [5]. One clinical study found
a significant correlation between high dietary iron and the development of active tuberculosis in a
high-risk population [43]. Another study of 137 iron-deficient Somali patients found that iron repletion
resulted in a significant increase in infection incidence, with the activation of pre-existing malaria,
brucellosis, and tuberculosis [44].

Both invading pathogens and their hosts have developed multiple mechanisms to control the
supply of iron necessary for microbial survival (Figure 2). One particularly effective and well-described
method of iron scavenging by microbes is through the siderophore-dependent pathways, in which
microbes secrete small compounds called siderophores that complex with iron for active uptake by the
microbe [45]. In response, the host circumvents this pathway with neutrophil gelatinase-associated
lipocalin (NGAL), otherwise known as siderocalin or lipocalin-2. Produced by neutrophil granules
and epithelial cells in response to inflammation, this innate immune protein acts by binding to,
and sequestering, iron-loaded bacterial siderophores [46]. One murine study showed that intratracheal
Escherichia coli instillation resulted in a strong induction of NGAL expression in bronchial epithelium
and type 2 pneumocytes [47]. An in vitro study of Mycobacterium tuberculosis found that recombinant
NGAL restricted the growth of the organism in broth media in an iron-dependent manner [48]. Another
major iron-binding protein in the airways is lactoferrin, a member of the transferrin gene family that is
found in nasobronchial epithelial secretions and neutrophil granules. Lactoferrin sequesters airway
iron away from microbes and is taken up by the lactoferrin receptor on lung epithelial cells and
macrophages for iron reabsorption. Levels of lactoferrin correlate with the severity of infectious
pneumonia, pulmonary tuberculosis, and sepsis [49]. Another iron transporter that is vital in host
defense is natural resistance-associated macrophage protein 1 (NRAMP1), a divalent metal transporter
expressed specifically in phagosomes. NRAMP1 reduces phagosomal iron availability and confers
resistance to several intraphagosomal microbes [50,51].
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Figure 2. Proposed scheme of lung iron regulation during infection and inflammation. Bacteria secrete
siderophores to capture host iron. The host combats this by increasing import of iron (lactoferrin (Lfn),
DMT1), decreasing export of iron through ferroportin (Fpn), and increasing iron stores through ferritin.
Secreted Lfn and NGAL bind free iron and siderophore-bound iron in the airway to prevent bacterial
iron uptake. Inset shows an alveolar macrophage during infection. Alveolar macrophages phagocytose
bacteria as a host defense response. NRAMP1 is expressed in macrophage phagosomes and transports
iron out of the phagosome to limit iron availability to pathogens. Solid arrows indicate direction of
iron transport.
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The hepcidin-Fpn axis also has a principal role in innate immunity. Hepcidin plays a role in host
defense by sequestering iron to hinder the growth and proliferation of invading pathogens [52]. During
times of infection and inflammation, there appears to be multiple mechanisms of hepcidin expression
regulation. The primary regulator of inflammation-induced hepcidin production is the inflammatory
cytokine IL-6. A single infusion of IL-6 into healthy human subjects increased hepcidin production
and decreased serum iron [13]. In an inflammatory state, increased IL-6 causes the activation of STAT3
(signal transducer and activator of transcription 3) and its binding to the hepcidin promoter [53].
In response to bacterial stimulation, myeloid cells have also been shown to upregulate hepcidin and
decrease Fpn expression in a Toll-like receptor 4 (TLR4)-dependent manner [54].

Recently, several transgenic murine studies have established the roles of hepcidin and iron
status in the morbidity and mortality of various pathogenic infections. Hepcidin knockout mice
developed hyperferremia with a profound susceptibility to bacteremia from Klebsiella pneumoniae,
Yersinia enterocolitica, and E. coli, and treatment with a hepcidin analogue restored hypoferremia,
decreased bacterial burden, and improved survival in each model of infection [5,55,56]. These studies
indicate that hepcidin has a protective effect against siderophilic pathogens by limiting the availability
of non-transferrin bound iron, a form of iron that is readily accessed by microbes. Another study
showed that cell-specific knockdown of hepcidin in airway epithelium increased lung bacterial
burden and injury in mice after cecal ligation and puncture, a model of polymicrobial sepsis [57].
By contrast, hepcidin—Fpn regulation may have a deleterious effect on the host during infections with
intracellular pathogens. For example, one in vitro study demonstrated that the intracellular growth
of Chlamydia psittaci, C. trachomatis, and Legionella pneumophila in macrophages is enhanced by the
addition of hepcidin. Accordingly, macrophages from flatiron mice, a mouse strain heterozygous with
a loss-of-function Fpn mutation (H32R), had increased bacterial proliferation that was unchanged by
the addition of exogenous hepcidin [58]. Another study used murine macrophages to show decreased
virulence of intracellular Salmonella enterica when Fpn expression was increased, and increased
virulence with hepcidin-induced Fpn downregulation [59].

3.3. Cystic Fibrosis

Cystic fibrosis (CF) is a genetic disorder caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene, and is characterized by the retention of thick airway secretions
and chronic pulmonary infections. Patients with CF also have increased levels of iron and iron-related
proteins in their lower respiratory tract [60], and these iron levels are strongly correlated with increases
in inflammatory cytokines [61]. A clinically important area of study in CF is the microbial pathogen
Pseudomonas aeruginosa, which is responsible for the majority of CF infectious exacerbations. This
pathogen forms biofilms that are more resistant to antibiotics than the free-floating (planktonic) state
and hinder the eradication of these bacteria. Construction of this biofilm is highly dependent on iron
availability, and Pseudomonas aeruginosa has developed sophisticated mechanisms to acquire iron from
the environment, including both siderophore-dependent and independent systems [62].

3.4. Chronic Obstructive Pulmonary Disease

Both cigarette smoking and chronic obstructive pulmonary disease (COPD) are associated with a
disruption of iron homeostasis in the lung. Regular cigarette smoking results in a great increase in
lung exposure to iron, estimated at 5.2-13.8 ug of iron daily in a subject smoking 20 cigarettes per
day [63]. Compared to nonsmokers, smokers have increased total non-heme iron and ferritin levels in
BAL fluid and in alveolar macrophages [64], as well as increased serum ferritin levels [65]. Smokers
also have increased redox-active iron levels in exhaled breath condensate [66].

Although cigarette smoking is the largest risk factor for the development of COPD, genetic
association studies have uncovered differentially expressed iron-related genes that indicate a role for
iron in the susceptibility to developing COPD. The most relevant is the iron-regulatory protein IRP2
that was discovered to be a major COPD susceptibility gene in a case—control study [67]. Notably,
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IRP2 is located within a cluster of genes on a chromosome that also includes several components
of the nicotinic acetylcholine receptor [68]. As in smokers, levels of iron and iron-binding proteins
are increased in the lung tissue, BAL fluid, and alveolar macrophages of COPD patients, and iron
levels are correlated with disease severity and with worsening lung function [64]. A recent study
used mouse models of COPD to investigate the mechanism of IRP2’s role in the development of
COPD [69]. The group showed that IRP2 increases mitochondrial iron loading and levels of cytochrome
c oxidase (COX), leading to mitochondrial dysfunction and COPD development. Frataxin-deficient
mice, which develop higher mitochondrial iron loading due to lack of the mitochondrial iron-sulfur
regulator frataxin, were shown to develop worse airway mucociliary clearance and higher pulmonary
inflammation at baseline. Conversely, mice with decreased COX synthesis were protected from
cigarette smoke-induced lung inflammation and impairment in mucociliary clearance. Mice treated
with the mitochondrial iron chelator deferiprone were protected from impaired mucociliary clearance,
pulmonary inflammation, and the development of COPD. Together, these data indicate that IRP2
functions as a COPD susceptibility gene by increasing mitochondrial iron overload and levels of COX,
leading to mitochondrial dysfunction and the development of COPD.

4. Potential Therapeutics

Due to the apparent importance of iron homeostasis in the development of many lung pathologies
and infections, there has been a lot of interest in manipulating iron availability for potential therapeutic
applications. Conventional means of reducing iron load in the body include dietary restriction [70],
phlebotomy, and chelators, including deferoxamine, deferiprone, and deferasirox [71]. However,
such systemic iron depletion can predispose patients to multiple adverse effects, including nutritional
deficiency, anemia, and infection. For example, systemic iron chelators such as deferoxamine have
been shown to eliminate Pseudomonas aeruginosa biofilms on a CF line in vitro [72], but deferoxamine
also functions as a bacterial siderophore and can paradoxically act as an iron supply to specific
microbes such as Rhizopus [73]. Newer synthetic iron chelators with fewer adverse effects are also
being considered for a broad range of oxidative stress-related conditions, ranging from cardiovascular
to inflammatory and malignant pathologies [74]. In addition, there has been early work examining the
therapeutic potential of modulating specific iron transporters, including DMT1 and Fpn [12,75]. Studies
in mice have shown that hepcidin mimetics are effective in lowering systemic iron and modulating
the virulence and mortality of gram-negative pneumonia [5,76]. Another approach in the field of
CF research is the use of an iron competitor. Interfering with iron uptake by Pseudomonas aeruginosa,
with the cationic metal gallium, has been shown to have antimicrobial and antibiofilm activity [77].
Another proposed, but undeveloped, therapeutic approach would be the local or regional delivery of
iron modulators, such as chelators, iron competitors, or hepcidin analogues.

While there have been substantial scientific advances in our understanding of systemic iron
regulation and the pathogenesis of different iron disorders in recent years, lung iron regulation and its
role in pulmonary pathology has been an understudied area. Future basic and translational studies
are clearly necessary to advance this field and to enable the development of clinical therapeutic
applications. On a mechanistic level, the field requires a systematic characterization of the roles and
regulation of the principal iron transporters and iron-related proteins in each of the major alveolar cell
types as well as the bronchial airway epithelium. Transgenic mice with lung-specific deletions of iron
transporters, and further mouse models of key pulmonary pathologies, could be utilized to study the
roles of specific iron-related proteins in the development of lung disease.
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Abstract: A strong mechanistic link between the regulation of iron homeostasis and oxygen sensing
is evident in the lung, where both systems must be properly controlled to maintain lung function.
Imbalances in pulmonary iron homeostasis are frequently associated with respiratory diseases,
such as chronic obstructive pulmonary disease and with lung cancer. However, the underlying
mechanisms causing alterations in iron levels and the involvement of iron in the development of lung
disorders are incompletely understood. Here, we review current knowledge about the regulation
of pulmonary iron homeostasis, its functional importance, and the link between dysregulated iron
levels and lung diseases. Gaining greater knowledge on how iron contributes to the pathogenesis of
these diseases holds promise for future iron-related therapeutic strategies.

Keywords: iron homeostasis; lung diseases; oxygen sensing; hypoxia

1. Introduction

Every cell requires sufficient oxygen to satisfy its demand for oxidative metabolism. Red blood
cells (RBCs) are in the center of this process by transporting oxygen from the lungs to every tissue.
Efficient oxygen transported by RBCs relies on the presence of hemoglobin, a protein containing four
heme groups that have the ability to bind oxygen through their central iron atom. To sustain adequate
erythropoiesis, approximately 2025 mg of iron are required daily [1]. In addition to hemoglobin
synthesis, iron is necessary for other fundamental metabolic processes, including DNA synthesis
and repair, transcription, and energy production in the mitochondria [2]. Therefore, iron is essential
for the biology of almost all organisms. Insufficient intracellular iron levels impair the activity of
iron-containing proteins, ultimately compromising cell function and viability. Iron’s critical role is
explained by its potential to fluctuate between oxidation states, mainly between divalent ferrous (Fe?*)
and trivalent ferric (Fe>*) iron [3]. However, this chemical property as a transition metal makes free
iron very reactive and potentially toxic. Iron catalyzes the production of reactive oxygen species (ROS)
via the Fenton and Haber-Weiss reactions [4]. Exposure to these highly reactive radicals damages
lipids, nucleic acids, and proteins, causing cell and thus tissue damage. To counteract its chemical
reactivity, iron in the body is mainly bound to prosthetic groups, such as heme in hemoglobin or
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myoglobin, and to proteins, such as the plasma iron transport protein transferrin or the intracellular
iron storage protein ferritin. This dual role of iron makes it essential to tightly control iron homeostasis
to meet the cellular and systemic metabolic needs while preventing detrimental iron overload. In other
words, like oxygen, iron represents a double-edge sword and thus requires exact regulation.

Adequate iron supply and homeostasis depends on systemic plasma availability. Under balanced
conditions, only 1-2 mg of iron from dietary sources are absorbed daily by duodenal enterocytes to
compensate for small iron losses (e.g., blood loss and desquamation of epithelial surfaces) or increased
demand (e.g., pregnancy or hypoxic exposure). Most of the iron required to sustain the body’s
metabolic needs is provided by reticuloendothelial macrophages that recycle iron from senescent
RBCs [5]. Hepatocytes in the liver are specialized for iron storage, acting as an iron buffer system. Since
nature has not come up with a regulated way to eliminate iron from the organism, the coordination of
iron fluxes from tissues to circulation is essential to maintain plasma iron levels within a physiological
range (10-30 uM) [6]. Plasma iron levels are mainly controlled by the hepcidin/ferroportin regulatory
system (Figure 1) [1]. The hepatic hormone hepcidin is secreted in conditions of high systemic
iron levels and binds to the only known cellular iron exporter ferroportin (FPN), thereby inducing its
ubiquitination, endocytosis, and lysosomal degradation [7,8]. This causes a decrease in iron export from
FPN expressing cell-types, such as duodenal enterocytes and iron-recycling macrophages, ultimately
leading to a decrease in plasma iron levels.

Iron storage & hepcidin production

in the liver
® .
Hepatocyte
® eme

[N, -
Iron stores & inflammation. Hepcidin
Iron absorption in

Hepcidin ( . ‘/

Red blood cell

Iron recycling and
storage in the spleen

Enterocyte

Ceruloplasmin ) Reticuloendothelial
macrophage

Blood vessel

Figure 1. The above image represents systemic iron homeostasis. Dietary iron absorption occurs at
the brush-border membrane of duodenal enterocytes. Ferric iron (Fe®*) is reduced to ferrous iron
(Fe2*) by duodenal cytochrome B (DCYTB) and is transported across the membrane via divalent metal
transporter 1 (DMT1). The export of iron through the basolateral membrane of enterocytes occurs
via ferroportin (FPN) and is coupled to the reoxidation of Fe?* to Fe?*, a process that is catalyzed by
hephaestin. Ferric iron circulates in the blood bound to transferrin (Tf-Fe;). Transferrin-bound iron can
be taken up via transferrin receptor 1 (TfR1) by every cell type in the organism, including hepatocytes
that store high amounts of iron in ferritin. Hepatocytes can also take up non-transferrin-bound iron
(NTBI) via ZRT/IRT-like protein (ZIP14). When required, iron can be exported from hepatocytes
via FPN back to circulation (a process combined with the re-oxidation of Fe?* to Fe>* mediated by
ceruloplasmin). Senescent erythrocytes are engulfed by reticuloendothelial macrophages. Iron is
released from heme by heme oxygenase (HO1) and it can be either stored in ferritin or exported
back to the circulation, depending on systemic iron requirements. Iron export from macrophages
via FPN is also coupled to the activity of ceruloplasmin. Hepcidin produced by hepatocytes has the
ability to decrease cellular iron export by binding to FPN and inducing its endocytosis and degradation.
The expression of hepcidin is controlled by several factors including body iron stores and inflammation.
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The lung is the major organ for gas exchange and like all other organs it is exposed to
circulating iron. Additionally, lung cells are directly exposed to exogenous iron sources via inhalation
(e.g., cigarette smoke). A disruption of iron homeostasis in the lung is frequently associated with
respiratory diseases, such as chronic obstructive pulmonary disease (COPD), acute respiratory distress
syndrome, and cystic fibrosis [9-11]. This review focuses on the regulation of pulmonary iron levels
and its functional importance as well as potential intrinsic and extrinsic factors modulating lung
iron homeostasis. We will further address the impact of iron in the pathogenesis of human lung
diseases as well as other diseases with a pathological lung phenotype associated with alterations in
iron metabolism.

2. Lung Iron Homeostasis

2.1. Balancing Lung Iron Homeostasis

Lungs are composed of numerous cell types that work together to ensure efficient gas exchange
between the atmosphere and the bloodstream. As every other cell, lung cells must acquire enough
iron to sustain metabolic demand, thus ensuring their survival and lung function. At the same time,
lung cells must prevent iron overload, oxidative stress, and resulting injury, which would ultimately
impair lung function. The risk of oxidative stress in the lung is increased due to the exposure to
physiologically high oxygen levels in the atmosphere. Lung cells are not only exposed to circulating
iron but also to iron present in inhaled particles, such as mineral aerosols generated by wind erosion
of soils or iron-rich air pollution particles [12,13]. In response to these challenges, the lung maintains
protective mechanisms to avoid oxidative damage. The epithelial surface of the respiratory tract is
covered by a thin layer of fluid containing high levels of antioxidant molecules, such as ascorbic
acid, reduced glutathione, and mucin [14]. Furthermore, human airway secretions contain transferrin
and lactoferrin, and glycoproteins are able to bind iron and maintain a chemically inert form [15,16].
Iron bound to transferrin or lactoferrin can be taken up by epithelial cells through their receptors,
namely transferrin receptor 1 (TfR1) and lactoferrin receptor (LfR), respectively, to be stored safely
bound to ferritin (Figure 2), a multimeric iron storage protein consisting of 24 subunits of heavy and
light chains capable of accommodating up to 4000 iron atoms [17-19]. Excess of pulmonary iron
caused by endogenous or exogenous factors can override these protective mechanisms and cause
pulmonary oxidative stress. Experimentally, this was tested by intravenously injecting iron-containing
compounds (e.g., iron dextran and ferric carboxymaltose) in rats that subsequently showed high levels
of pulmonary oxidative stress, indicated by increased levels of nitrotyrosine and protein carbonyl
modifications [20]. Likewise, pulmonary administration of Fe;O3 nanoparticles via inhalation also
generates ROS in the rat lung [21].
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Figure 2. The above image shows pulmonary iron homeostasis. Lung cells are exposed to iron
circulating in the bloodstream and to exogenous iron sources via inhalation. Epithelial cells likely
take up the iron required for their metabolic needs from the lung vasculature via TfR1. Additionally,
airway epithelial cells also take up iron from the airway space via TfR1, LFR, DMT1 (associated
with the reduction of Fe** to Fe?* by DCYTB), and possibly via ZIP14 or ZIP8. These cells store
iron intracellularly bound to ferritin or export it via FPN expressed at their apical surface. Alveolar
macrophages may take up free iron as well as iron bound to proteins from the alveolar space via
DMT1, TER1 or lactoferrin receptor (LFR). They might further take up inhaled iron-rich particles
via phagocytosis. Alveolar macrophages are believed to be crucial in the maintenance of lung iron
homeostasis by storing high amounts of iron intracellularly bound to ferritin. It is still not clear if
alveolar macrophages express FPN and export iron under physiological conditions.

2.2. Pulmonary Iron Modulation is a Potent Intrinsic Defense Strategy Against Respiratory Pathogens

Respiration not only provides oxygen to support life but also exposes the respiratory system
to external pathogens. Iron homeostasis and immune responses are tightly connected, likely
reflecting the essential role of iron in the survival, proliferation, and virulence of most pathogens [22].
A central host defense strategy is to limit iron availability for extracellular pathogens by intracellular
sequestration [23]. Inflammatory cytokines (e.g., IL6) induce the expression of the iron-regulated
hormone hepcidin that degrades the iron exporter FPN located in macrophages and duodenal
enterocytes, thereby reducing iron export to the circulation [24]. Additionally, transcription of FPN in
macrophages is reduced via the TLR4- or TLR2/TLR6-signalling pathways, further contributing to
inflammation-associated hypoferremia [25-27]. Indeed, failure to decrease systemic iron levels upon
infection strongly increases the susceptibility of hepcidin knock-out (KO) mice to some pathogens,
such as Vibrio vulnificus or Klebsiella pneumonia [28]. In line with this observation, individuals with
iron overload disorders, such as hereditary hemochromatosis, display a higher susceptibility to various
infectious diseases [29,30]. Moreover, supplementation of iron and folic acid in preschool children
increased the incidence of malaria and other infectious diseases in Pemba (Tanzania), an area with
high infectious burdens [31].
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As iron plays a critical role in the development of infectious diseases, the maintenance of
low iron levels in the lung is crucial not only to prevent oxidative stress but also to sustain the
pulmonary defense against inhaled pathogens. A positive correlation between sputum iron content
and P. aeruginosa levels in clinically stable cystic fibrosis patients supports this idea [10]. Iron is
a strong regulator of P. aeruginosa survival and behavior, as 6% of its transcribed genes respond
to iron [32]. The success of this Gram-negative bacterium in colonizing the airways is in part
due to its ability to form biofilms. Interestingly, several studies showed that iron is necessary for
P. aeruginosa biofilm formation and application of iron chelators impairs this process by sequestering
free iron [33,34]. Based on these findings, pulmonary administration of high-affinity iron chelators
via inhalation might emerge as a possible therapeutic approach to fight P. aeruginosa lung infections
in cystic fibrosis patients [32,34]. Consistently, the incidence of respiratory infections in children
with mild-to-moderate iron-deficiency was substantially lower compared to iron-depleted children in
Kilimanjaro (Tanzania) [35]. Finally, an association between increased dietary iron intake and increased
odds of developing active pulmonary tuberculosis was observed in individuals from Zimbabwe [36].

Patients who underwent lung transplantation showed increased pulmonary iron levels in the
allografts after transplantation that possibly contributed to the risk of oxidative stress and lung
injury [37,38]. In addition, high iron levels in a tracheal allograft mouse model increased the risk for
A. fumigatus invasion, a well-known pathogen causing common respiratory infectious disease in lung
transplant recipients [39].

During evolution, microorganisms developed high-affinity iron uptake systems, such as
siderophores, to acquire iron from the host [22]. The host fights back by increasing the expression of
lipocalin-2, a protein mainly produced by neutrophils that binds to the siderophore enterobactin and
prevents its uptake by the pathogen [22]. During infection, lipocalin-2 is not only secreted by recruited
neutrophils but also from lung epithelial cells [40]. The importance of lipocalin-2 in sequestering iron
in the lung is highlighted by the observation that pneumonia caused by intratracheal instillation of
E. coliis aggravated in lipocalin-2 knock-out mice [40]. Furthermore, lipocalin-2 binding is specific and
does not prevent iron uptake and consequent colonization by bacteria that produce modified forms of
enterobactin or other types of siderophores [41].

2.3. Molecular Regulation of Lung Iron Homeostasis

Iron uptake, utilization, storage, and export must be coordinated to maintain cellular iron
homeostasis in every organ. The iron-responsive element (IRE)/iron-regulatory protein (IRP) system
plays a central role in this process by controlling the expression of iron-related proteins in response to
intracellular iron levels (Figure 3) [42,43]. Iron regulatory protein 1 and 2 (IRP1 and IRP2) interact with
conserved hairpin structures named iron-responsive elements (IREs) present in the 5’ or 3’ untranslated
regions (UTRs) of mRNAs of iron-regulated genes (Figure 3). In iron-deficient cells, IRPs bind to the
IRE in the 5" UTR of ferritin light chain (FtL), ferritin heavy chain (FtH), FPN, and the transcription
factor HIF-2« (see below) mRNAs, inhibiting their translation [44—48]. Additionally, IRPs bind to
IREs located in the 3" UTR of TfR1 or Dmt1 (see below) mRNAs, blocking their degradation [49-51].
Subsequently, in conditions of cellular iron deficiency, iron uptake increases while iron storage and
export decrease, resulting in higher intracellular iron availability. On the other hand, in iron-loaded
cells, IRPs cannot bind to IREs. IRP1 is converted from its RNA-binding form to a cytoplasmatic
aconitase containing a 4Fe—4S cluster and IRP2 is targeted for proteasomal degradation [52-54]. As a
result, iron storage and export are increased and iron uptake decreased.
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Figure 3. Cellular iron homeostasis: iron responsive element (IRE)/ iron regulatory protein (IRP)
system. IRP1 and IRP2 bind to IREs present in either the 5" untranslated regions (UTR) or 3" UTR of
mRNAs and regulate their translation and stability, respectively. In iron-depleted cells, IRPs bind to
an IRE localized in the 5" UTR of mRNAs to repress translation, while IRP binding to IREs in the 3’
UTR stabilizes mRNAs. In iron-replete cells, IRP1 switches from its IRE-binding form to a Fe-S cluster
containing aconitase and IRP2 is degraded. The lack of IRP binding to IREs allows for the translation
of mRNAs containing an IRE in the 5 UTR and degradation of mRNAs containing IREs in the 3" UTR.
This mechanism counterbalances both cellular iron deficiency and iron overload. (Fpn—ferroportin;
FtL—ferritin light chain; FtH—ferritin heavy chain; HIF-2a—hypoxia-inducible factor-2x).

5

2.3.1. Control of Pulmonary Iron Uptake

Similar to most cells, lung cells express TfR1 and likely acquire transferrin-bound iron from
pulmonary vessels (Figure 2). Increased pulmonary iron levels in mouse models of iron overload are
associated with decreased pulmonary TfR1 mRNA levels, suggesting that the IRE/IRP regulatory
system controls the expression of iron-related genes in the lung [55,56]. In healthy humans,
approximately 30% of plasma transferrin is saturated with iron. In conditions of systemic iron
overload, which cause transferrin saturation to rise above 60%, non-transferrin-bound iron (NTBI)
accumulates. Exposure to high levels of systemic iron causes accumulation in different pulmonary cell
types, such as alveolar macrophages, epithelial cells, and vascular smooth muscle cells [55,56]. So far,
the exact iron uptake mechanisms are not understood. The lung expresses the NTBI importers DMT1,
ZIP14, and ZIP8, that may further contribute to the iron loading under high systemic and/or local
iron levels.

The divalent metal transporter 1 (DMT1) is localized at the brush-border membrane of duodenal
enterocytes and was first discovered due to its crucial role in dietary iron absorption (Figure 1) [57].
Dietary inorganic ferric iron (Fe3*) needs to be reduced to ferrous iron (Fe?*) by the ferrireductase
duodenal cytochrome B (DCYTB) before being transported from the duodenal lumen into the cytosol
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of enterocytes via DMT1 [58]. Airway epithelial cells express both DMT1 and DCYTB, and therefore
are likely able to take up NTBI from the airway space (Figure 2) [59,60]. How lung DMT1 expression
is regulated in response to pulmonary iron levels is unclear. Different Dmtl mRNA isoforms are
expressed in the lung, including one isoform harboring an IRE in the 3'UTR and another isoform
lacking the IRE [61,62]. Increased iron levels inactivate the IRE/IRP system and cause a decrease
in the mRNA levels of the IRE-containing DMT1 isoform (Figure 3). Consistently, lower mRNA
levels of this isoform are observed in the iron-loaded lung of a murine mouse model of hereditary
hemochromatosis type 4 [56]. In addition, lower pulmonary DMT1 mRNA and protein levels were
also reported in the iron-loaded lung of hepcidin deficient mice [55]. By contrast, DMT1 protein
levels remain unchanged upon lung iron loading via intraperitoneal injection of iron-saccharate [63].
Moreover, another group observed an increase in the non-IRE DMT1 isoform in the rat lung, following
instillation with ferric ammonium citrate, without differences in the levels of the IRE-containing DMT1
isoform [64]. Future studies are required to further dissect the molecular mechanisms regulating Dmt1
expression in the lung.

NTBI can also be taken up by cells via ZRT/IRT-like protein (ZIP) 14. Genetic inactivation revealed
that ZIP14 is a key player for NTBI uptake by hepatocytes under iron overload conditions [65]. Besides
hepatocytes, ZIP14 is expressed by cells in other tissues such as the pancreas and the heart [65,66].
In addition, ZIP14 is detected in airway epithelial cells, and protein levels were shown to increase in
the iron loaded murine lung [63]. In 2012, another ZIP protein able to transport iron, named ZIP8, was
reported. It is abundantly expressed in the human lung [66]. A disruption in both alleles of the mouse
ZIP8 gene causes lethality between the gestational day 18.5 and 48 hours postnatal [67]. Interestingly,
the newborns present with anemia and reduced iron levels in some tissues, including the lung [67].

Finally, in conditions of intravascular hemolysis, lung cells can also be exposed to hemoglobin
and heme-iron circulating in the bloodstream. When released from RBCs, hemoglobin forms a complex
with the glycoprotein haptoglobin in the plasma, which is mainly taken up by reticuloendothelial
macrophages; heme released from hemoglobin in the blood forms a complex with the glycoprotein
hemopexin and is taken up by liver parenchymal cells [68]. In vivo studies have shown that the uptake
of hemoglobin-haptoglobin and heme-hemopexin complexes by the lung is relatively low [69-72].
Nevertheless, alveolar macrophages express the haptoglobin receptor CD163 and the hemopexin
receptor CD91, and therefore are likely able to take up these complexes [73,74]. Alveolar macrophages
exposed to heme upregulate the expression of HO-1 that is responsible for heme degradation and
protection against the toxic effects of this prosthetic group [75,76].

2.3.2. Iron Storage in the Lung

Lung cells store iron intracellularly bound to ferritin, keeping it in a non-toxic ferric form and thus
preventing oxidative damage. Consistent with the role of the IRE/IRP system in controlling ferritin
expression, pulmonary ferritin levels increase upon lung iron loading in murine mouse models [55,56].
Higher levels of ferritin were also detected in the bronchoalveolar lavage fluid of individuals instilled
with iron-containing particles [77]. When needed, iron stored in ferritin can be made available to the
cell. In conditions of low levels of intracellular iron, NCOA4 (Nuclear Receptor Coactivator 4) targets
the ferritin complex to degradation in autolysosomes and iron is released into the cytoplasm [78,79].
Genetic inactivation of NCOA4 impairs iron mobilization from stores in several tissues such as the
liver and the spleen [80]. Future studies must address the possible role of NCOA4 in the mobilization
of ferritin-stored iron in lung cells.

2.3.3. Iron Export from the Lung

The only known iron exporter FPN is expressed in the lung, too, albeit at a much lower level
compared to the spleen, the key iron recycling site [55]. Using an in vitro model, it was shown that
polarized airway epithelial cells export iron through their apical surface [81]. FPN expression at this
site was confirmed using immunohistochemical analysis [55,81]. Additionally, several studies reported
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an association between increased pulmonary iron content and higher protein levels of FPN in this
organ [63,82]. Increased levels of FPN are likely a consequence of the inactivation of the IRE/IRP
system and an increase at the transcriptional level. Iron export via FPN is combined with iron oxidation
from Fe?* to Fe®*, mediated by ceruloplasmin (or hephaestin in the basal membrane of duodenal
enterocytes) (Figure 1) [83,84]. Interestingly, ceruloplasmin was detected in human bronchial lavage
fluid, suggesting that it might be involved in FPN-mediated iron export in the lung [15]. Note that
the pH of lung fluids (e.g., the alveolar lining fluid) may affect the complex process of spontaneous
oxidation of ferrous to ferric iron following a sigmoid shaped oxidation rate in relation to pH [85].
Therefore, changes in pH may alter the iron redox-states within the alveolar lining fluid, that in turn
would affect trans-epithelial iron uptake and intracellular iron availability.

2.3.4. Pulmonary Hepcidin Expression

Hepcidin is mainly produced and secreted by hepatocytes to control systemic iron levels [1].
Of note, low levels of hepcidin are also detected in other tissues, such as the heart, kidney, and
lung [55,86-88]. Hepatocyte-specific hepcidin knock-out mice recapitulate the hemochromatosis
phenotype observed in constitutive hepcidin deficient mice, indicating that extra-hepatic hepcidin
is not enough to maintain systemic iron homeostasis [89]. However, recent studies proposed the
existence of cell-type specific regulatory circuitries in some tissues. For example, through the analysis
of mice with cardiomyocyte-specific deletion of hepcidin, a cell-autonomous role for cardiac hepcidin
in maintaining cardiac iron homeostasis was identified [86]. It is still not clear whether there is a local
role of hepcidin in the lung. Some reported that the induction of pulmonary hepcidin expression
by bacterial lipopolysaccharide (LPS) instillation does not affect FPN protein levels in the lung [55].
Consistently, others showed that an increase in hepcidin expression in human bronchial epithelial
cells in vitro does not cause a decrease in FPN protein levels [90]. By contrast, an increase in lung FPN
protein levels was observed upon knocking down hepcidin in airway epithelial cells in a mouse model
of sepsis-induced acute lung injury [91]. Overall, future studies are necessary to fully understand the
potential role of lung hepcidin in pulmonary iron homeostasis.

2.3.5. Alveolar Macrophages

Alveolar macrophages frequently accumulate iron in lung diseases and conditions of iron
overload [11,55,56,63]. While splenic and liver macrophages are essential to recycle iron from aged
RBCs, the location of alveolar macrophages in the alveolar space suggests that at least in healthy
conditions these cells do not contribute to hemoglobin-derived iron recycling. Instead, alveolar
macrophages are expected to have a protective role by scavenging the excess of iron in the lung
(derived from inhaled iron particles or from plasma iron) thereby limiting its availability to induce
oxidative damage [92]. The expression of TfR, LfR, and DMT1 was reported in alveolar macrophages,
indicating that these cells might be able to take up iron-bound to proteins as well as ‘free’ iron from
the alveolar space, storing it intracellularly in ferritin (Figure 2) [55,93-95]. However, it is still not
known which iron-uptake mechanism is predominant under physiological conditions. It is further
possible that alveolar macrophages take up iron-rich particles from the alveolar space via phagocytosis.
Whether these macrophages express FPN under normal iron conditions is unclear. In earlier work,
we did not detect FPN in alveolar macrophages isolated from the bronchoalveolar lavage of wild-type
mice by immunocytochemical analysis [56]. Similarly, others reported very low protein levels of
FPN in these cells by western blot analysis [55]. In contrast, another group detected FPN at the cell
membrane of freshly isolated alveolar macrophages, that was significantly reduced in the presence of
hepcidin [93]. Consistent in most studies is the observation that higher levels of FPN were detected
in alveolar macrophages in murine and rat models under iron loading conditions [55,56,82]. Finally,
alveolar macrophages express hepcidin, which increases upon an inflammatory stimulus, but not upon
iron loading [55,93].
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2.4. Modulating Factors of Lung Iron Homeostasis

Pulmonary iron levels depend on plasma iron availability. Consequently, alterations in systemic
iron levels have an impact on lung iron content. Mice injected intraperitoneally with iron-saccharate
or rats maintained on a high iron diet increased lung iron levels compared to control animals [63,96].
Similarly, mice with genetic iron overload due to either hepcidin deficiency or a mutation in FPN
that confers resistance to hepcidin binding show pulmonary iron accumulation [55,56]. Interestingly,
high lung iron content was also observed in liver-specific hepcidin deficient mice [55]. This finding
strengthens the hypothesis that lung iron loading occurs as a consequence of increased plasma iron
levels and not due to the absence of a functional hepcidin/ferroportin system in the lung. By contrast,
an increase in lung iron content was not observed in HFE deficient mice with a less severe form of
hemochromatosis [87]. Note that HFE is a positive regulator of hepcidin and in its absence hepcidin
expression is attenuated [97].

Patients with thalassemia major are hallmarked with ineffective erythropoiesis and therefore
require frequent blood transfusions to ensure an adequate oxygen supply to the body [98]. Red blood
cells contain high amounts of iron (1 mg of iron per milliliter of erythrocytes [6]). As a consequence of
multiple transfusions and due to the absence of a regulated way to excrete iron, these patients develop
massive systemic iron overload [99]. Iron accumulation was detected in alveolar macrophages from
these patients further supporting the hypothesis that increased systemic iron levels elevates pulmonary
iron content [100,101].

On the other end of the spectrum, iron deficiency does not seem to alter pulmonary iron levels.
Iron deficiency induced by repeated bleeding of mice or a low iron diet (2025 ppm Fe versus
control diet with 200 ppm Fe) in rats caused decreased iron content in liver and spleen but not
in the lung [63,102]. Contrasting these studies, rats fed for three weeks on an iron-deficient diet
(5,9 ppm Fe) showed a reduction in lung iron levels compared with control animals fed on a diet
containing 128 ppm Fe [103]. Differences may reflect the degree of systemic iron deficiency achieved
in different studies, whereby the lung iron content may only be altered under conditions of severe iron
deficiency. It would be of interest to analyze pulmonary iron levels in mice with genetic iron deficiency,
such as Tmprss6 knock-out mice, an animal model with severely impaired iron uptake due to elevated
hepcidin levels [104]. Note that TMPRSS6 is a well-known negative regulator of hepcidin [105].

Approximately 60 to 70% of the body’s iron is localized in RBCs. The lung vasculature accommodates
the entire cardiac output, allowing almost all RBCs to pass through the alveolar capillaries in order
to be loaded with oxygen. Conditions that affect alveolar capillary integrity/permeability (e.g.,
Goodpasture’s disease) [106] can lead to hemorrhage into the alveolar space. These patients show
alterations in lung iron homeostasis with increased iron levels in alveolar macrophages, likely
resulting from hemoglobin-derived iron from phagocytosed RBCs [107]. Such cases are examples of
disorders that modulate lung iron homeostasis but are not a direct consequence of alterations in iron
regulatory mechanisms.

3. Environmental Factors that Impact Lung Iron Homeostasis

Environmental factors also affect systemic and lung iron homeostasis. For example, global air
pollution and exposure to cigarette smoke are well known to alter pulmonary iron homeostasis.
Another potent environmental factor is the exposure to high altitude, which is further exaggerated
when combined with physical activity, e.g., during mountaineering at high altitude or altitude training.
Pollutants from soil and drinking water (e.g., heavy metals) can significantly disrupt iron homeostasis
as well. Finally, thermal stress induced by extremely warm or cold environmental conditions may also
affect iron metabolism but are not within the scope of the present review.
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3.1. The Impact of Air Pollution and Cigarette Smoke on Iron Homeostasis

According to a recently released WHO news report [108], it is estimated that 9 out of 10 people
worldwide breathe polluted air, resulting in 7 million additional deaths each year. Fine particles from
polluted air penetrate the airways and subsequently reach the cardiopulmonary system causing a
variety of diseases such as stroke, heart disease, COPD, lung cancer, and pneumonia [108]. These
airborne fine particles, including iron-containing and iron-binding particles, accumulate in the lower
respiratory tract, e.g., within the bronchial epithelium. Several groups reported that instillation
of iron-containing particles in mice and rats induces increased cellular oxidative stress and lung
inflammation [21,109].

Apart from air pollution, cigarette smoke also causes fine (iron) particle exposure of the airways
and modulates lung iron homeostasis [110]. The cigarette smoke-induced lung injury was shown
to be particle related and is clinically associated with a loss of lung function, increased bronchial
hyper-responsiveness, and a pathological lung tissue transformation (e.g., emphysema, fibrosis) [111].
The tracheal lavage from rats exposed to cigarette smoke contained higher levels of iron, transferrin
and ferritin. Consistently, the lung non-heme iron content was increased. By contrast, serum iron
and transferrin concentrations were reduced in these exposed rats. Additionally, serum ferritin and
liver non-heme iron concentrations were increased, indicating a combined disturbance of lung and
systemic iron homeostasis [110]. A similar expression pattern in the bronchial lavage of smokers with
or without COPD was confirmed by the same authors.

Overall, the majority of cigarette smoke induced lung diseases are of inflammatory nature and
strongly depend on activated immune-modulatory signaling pathways [112]. It was suggested that
particle-induced ROS-driven mitochondrial dysfunction could have a key role in the pathophysiology
of air pollution/cigarette smoke related lung diseases [113]. Although the underlying molecular
mechanisms of how environmental fine particle exposure affects pulmonary cellular iron homeostasis
are not fully understood, there is a fundamental link to the most globally frequent and deadliest
respiratory diseases such as pneumonia, COPD, and lung cancer.

3.2. Does Environmental Pollution Alter Iron Homeostasis?

The environmental iron content depends on the soil iron content in given geographical regions
and often influences iron levels in the drinking water. For example, the Tibetan Plateau contains a
higher percentage of soil iron in comparison to the Chinese region [114]. As Tibetans often live from
farming and mining, this living habit suggests a higher exogenous exposure to iron. Unfortunately,
reports are not available as to whether this affects iron homeostasis and health in Tibetans. On the
other hand, it is well-known that other environmental pollutants derived from soil and drinking
water, such as persistent organic pollutants, heavy metals, and pesticides, significantly affect body iron
homeostasis with toxic effects on organic functions [115]. Finally, the habit of open-fire cooking has
to be considered as a source of iron pollution, too. As systemic iron availability directly affects lung
iron availability these environmental factors may also impact on lung function and health in exposed
individuals. Future research is needed to prove this assumption.

3.3. High-Altitude Exposure and Physical Exercise

More than 140 million people permanently live at altitudes of 2500 m above sea level and millions
of other people travel to high altitude every year [116]. Adequate iron homeostasis is essential
for oxygen uptake, transport, and delivery in the body, ultimately allowing aerobic metabolism.
Therefore, it is not surprising that iron metabolism and aerobic metabolism are strongly linked to
each other. Humans can, at least to a certain extent, adapt to high altitude and subsequently also to
reduced atmospheric oxygen partial pressure levels, as exemplified by the highest permanent human
settlements at altitudes of 5500 m above sea level at the Qinghai-Tibetan plateau in Asia [117]. On the
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other hand, exposure to high altitude can also lead to pathological maladaptations, which result in the
well-known acute and chronic forms of high-altitude-related diseases [118].

At the systemic level, the mechanisms by which the human body can adapt to high altitude by
altering iron acquisition have been recently discussed. This involves key organs of iron homeostasis
such as the liver, the bone marrow, and the small intestine (duodenum), as well as signaling molecules
such as erythropoietin, hepcidin, and erythroferrone that interact to control plasma iron levels [119].
Briefly, the recently discovered erythroid regulator erythroferrone (ERFE) [120] is released mainly from
erythropoietin (Epo)-stimulated erythroblasts to suppress hepcidin production in hepatocytes resulting
in increased iron absorption in the duodenum and iron export from reticuloendothelial macrophages.
This elevates systemic iron availability required for RBC synthesis [121]. Higher levels of circulating
RBCs improve tissue oxygenation by increasing blood oxygen transport capacity to compensate for
the reduced alveolar oxygen diffusion at high altitude.

Oxygen demand increases upon physical exercise at high altitude. As a consequence, the iron
turnover increases by a combination of an elevated iron demand due to exercise induced enlargement
of red blood cell volume and an enhanced iron loss due to exercise induced sweating, hemolysis,
hematuria, gastrointestinal bleeding, and, as recently reported, a modification of hepcidin levels [122].
Furthermore, iron deficiency is quite common in athletes, especially in females, and significantly
compromises exercise performance [123], especially when performing at high altitude [124]. A very
recent in vitro study found that iron chelator deferoxamine (DFO)-induced intracellular iron deficiency
reversibly compromises contractility and relaxation of human cardiomyocytes by a significant
impairment of mitochondrial respiration [125]. This indicates a direct impact of iron deficiency
on cardiac function.

At the pulmonary level, convincing evidence exists for a crucial role of iron homeostasis in the
maintenance of physiological lung function as well. This becomes particularly evident under stress
conditions, such as high-altitude exposure. Here, the functional units of the cardiopulmonary system,
namely the airways, the pulmonary vasculature, the respiratory control, the respiratory muscles, and
the heart must interact in a precise and integrative manner. Balanced iron availability is important
for every single functional compartment of the cardiopulmonary system to successfully adapt to
high altitude.

Apart from the previously mentioned impact of cellular iron scavenging on human cardiac muscle
cell function, other experimental studies showed that the chronic application of the iron chelator
ciclopirox olamine (CPX) negatively affected the acute hypoxic ventilatory response of rats [126,127].
This response is crucial for high altitude adaption and is primarily mediated by the carotid bodies, the
main arterial oxygen-sensing organs [128]. Of note, structural changes and altered HIF-1 expression
(see below) were found in the tissue of harvested carotid bodies of CPX-treated rats [129,130].

The airways and the pulmonary vasculature must also respond in an orchestrated manner to
optimize oxygen transfer and gas exchange within the lungs at high altitude and the functional
quality of this process is reflected by an improved ventilation/perfusion (V/Q) balance [131].
Physiological studies clearly demonstrated the importance of iron balance for the hypoxic pulmonary
vasoconstriction (HPV), also known as the Euler-Liljestrand reflex, and generally for the response of
the pulmonary vasculature to acute and sustained hypoxia [132]. By infusing iron or the iron chelator
DFO in healthy adults, the authors showed that iron infusion can abolish the HPV sensitization after
re-exposure to hypoxia. In contrast, DFO application increased the effect. An exaggerated HPV is
associated with high altitude-related diseases (see disease section). Notably, the ventilatory response of
the study subjects to acute hypoxia was also affected by the different treatment interventions [132,133].

Finally, the Tibetan highlanders living on the Tibetan plateau represent the most successful
human example of high-altitude adaption, having a unique setting of a potentially replenished iron
status [134], an increased pulmonary capacity, and a blunted hypoxic ventilatory response [135],
a naturally-selected and genetically-based hypo-responsive HIF-signaling system [136], and a superior
physical capacity at high altitude, which led to their nomination as ‘King of the mountains’ [137].
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4. The Role of Heterodimeric Hypoxia-Inducible Factors 1 and 2 (HIF-1 and HIF-2) in the Lung

During mammalian lung development, a close interaction between airway epithelium and
vascular endothelium occurs, which is driven by hypoxic stimuli. The HIF-VEGF-axis is essential
for this process. HIF-1 and HIF-2 are heterodimeric transcriptional key regulators of epithelial,
mesenchymal, and vascular lung morphogenesis, which are composed of an oxygen-regulated
a-subunit and a constitutively expressed 3-subunit, the latter also named ARNT. HIF-1«x expression is
known to dominate early lung development, while HIF-2& up-regulation starts at the saccular stage.
Although global deficiency of HIF-1« results in lethality at embryonic day 11 (E11) in mice, the deletion
of HIF-2ox causes defective lung development, decreased surfactant production, postnatal respiratory
distress, and neonatal lethality [138,139].

Several recent reviews have discussed the cellular interference between iron- and oxygen-sensing
within the lungs [133,135,140-142]. Mammalian cells seem to have multiple molecular structures for
sensing intracellular iron and oxygen levels of which some also act as metabolic sensors, while the
mitochondrion seems to be the central sensing organelle. The process of intracellular oxygen sensing
and signaling has been described in great detail recently [143-145] and thus these mechanisms will not
be repeated here.

Although the prolyl-hydroxylase domain (PHD)-HIF-oxygen-sensing cascade and the
IRP-IRE-signaling machinery are ubiquitously expressed within mammalian organs including the
lungs [146,147], the cellular interferences between the two pathways as shown in other organs
(e.g., liver and kidneys) have not yet been translated to the lungs. However, the responses of the
cardiopulmonary system to alterations of iron- and oxygen availability as reported previously, strongly
suggest their presence also within the lungs.

First of all, ferrous iron (Fe?*) is a critical co-factor apart from the presence of oxygen, ascorbate,
and 2-oxoglutarate (2-OGH) for the function of PHDs (PHD1-3), which act as intracellular oxygen
sensors that require iron to regulate HIF-degradation [143]. The PHD2-HIF2-signaling pathway
is believed to play an important role in the hypoxic response of the lungs [146] and is affected
by alterations in iron availability. In low oxygen conditions, IRP1 activity is reversible reduced
while IRP2 activity is increased, which suggests a different role of the two iron regulatory proteins
(IRPs) in this context [140]. It was shown that during hypoxic exposure HIF-1x can interact with
the hypoxia response elements (HREs) of the IRP1 5’-regulatory region and down-regulate IRP1
expression (HIF-1x-IRP1-axis) [148]. The increase in the levels of IRP2 upon hypoxic exposure is
caused by inhibition of its degradation mediated by the iron- and oxygen-dependent F-box and
Leucine Rich Repeat Protein 5 (FBXL5) [43,149]. As mentioned earlier, HIF-2oc mRNA has an IRE in
its 5" UTR, allowing the translational regulation of HIF-2« via IRPs, dependent on intracellular iron
availability [48]. The HIF-2«-IRE primarily interacts with IRP1 [150]. The IRP1-HIF-2«-signaling axis
is proposed to be one of the most important links between intracellular iron homeostasis and oxygen
sensing [151].

We and others [147] speculate that this mechanism also occurs in the lungs and is potentially
involved in the response of the pulmonary vasculature and the airways to acute and sustained
hypoxia. Early on, it was shown that the exposure of cells to the iron chelator DFO induces HIF-1«x
expression [152], suggesting that intracellular iron deficiency has an hypoxia-mimicking effect. It is
now well-known that several HIF target genes are involved in the regulation of iron homeostasis.
For example, HIFs activate the transcription of genes encoding for TfR1, DMT1, heme oxygenase 1
(HO-1), FPN, and ceruloplasmin [144]. Additionally, during hypoxia, HIF-1e induces the microRNA
miR-210, which represses the iron sulfur cluster units 1 and 2 (ISCU1/2), proteins that facilitate the
assembly of Fe-S clusters [153,154]. Thus, the miR-210-ISCU1/2-Fe-S cluster axis is proposed to be
another important interference pathway between intracellular iron homeostasis and oxygen sensing
within the lungs.
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5. Linking Lung-Related Diseases to Disrupted Lung Iron Homeostasis

A growing number of acute and chronic lung diseases as well as other diseases with a pathological
manifestation within the lung are associated with disrupted lung iron homeostasis, leading to either
iron deficiency or iron overload (summarized in Table 1). These diseases were also reviewed by other
research groups, albeit with a different primary focus [19,133,135,155-157]. Generally, the lungs are
not considered as a primary iron regulating/storing organ, especially in contrast to the liver, the
skeletal muscles, the duodenum, the reticuloendothelial system, and the bone marrow including the
RBC pool [2]. However, the regulation of iron homeostasis within the mammalian lungs is tightly
controlled (iron content range: 0.4-0.9 mg/g lung tissue according to [155]) in order to maintain proper
lung function and also to adapt to changes in iron needs upon changing body conditions, e.g., during
exposure to environmental stress as experienced at high altitude. Thus, the iron balance within the
lungs is crucial for health and disease. Below we mention selected lung and lung-related diseases
in which a link to disturbed iron homeostasis was established. It is beyond the scope of the current
review to mention all pulmonary diseases in which iron eventually plays a role.

Table 1. Lung diseases and other diseases with a pathological lung phenotype associated with disturbed
iron homeostasis.

. Primary Lun Systemic Iron Lung Iron
Disease Dysfglctiong Kvailability Availsability References
Asthma Obstructive ~tol J [156,158,159]
ARDS Shunt, V/Q mismatch “ T [9,19,156,157,160]
CF Obstructive ~tol T [19,156,161,162]
CMS V/Q mismatch —toll 11 [133,135,163,164]
COPD Obstructive ~tol T [155-157,165,166]
HAPE Diffusion Limitation ~tol 1 [167,168]
IPF Restrictive > T [156,169,170]
Lung CA N.A. ~tol T [156,157,171-176]
PAP Shunt “ 1 [19,156,177,178]
PH V/Q mismatch ~tol 1 [133,135,179-185]
™ Restrictive “tof! 11 [98,100,186-189]

ARDS: Acute respiratory distress syndrome; CF: Cystic fibrosis; CMS: Chronic mountain sickness; COPD: Chronic
obstructive pulmonary disease; HAPE: High-altitude pulmonary edema; IPF: Idiopathic pulmonary fibrosis; Lung
CA: Lung cancer; PAP: Pulmonary alveolar proteinosis; PH: Pulmonary hypertension; TM: Thalassemia Major;
V/Q mismatch: Ventilation/Perfusion mismatch; N.A.: Not applicable; <+ normal iron availability; | reduced iron
availability; 1 increased iron availability; 1 Treatment induced.

5.1. Acute High-Altitude Illnesses and High-Altitude Pulmonary Edema (HAPE)

The classical high-altitude illnesses are also comprised under the term ‘mountain sickness’. Acute
mountain sickness (AMS) is a common manifestation of high-altitude illness and related to a cerebral
intolerance to hypoxia. The same is the case in high-altitude cerebral edema (HACE), a severe and life
threating condition [167,190]. In the lungs, the development of high-altitude pulmonary edema (HAPE)
can occur in unacclimatized healthy individuals at high altitude (> 2500 m above sea level) within 1-5
days upon arrival [167,190,191]. The early clinical symptoms are excessive exertional dyspnea, mild
cough, chest tightness, and reduced exercise capacity, which can continue to worsen with dyspnea at
rest and cough as the edema progresses. In the advanced stage, it can lead to gurgling sounds in the
chest and pink frothy sputum. The chest radiograph shows a patchy to confluent edema distribution.
The bronchoalveolar lavage shows protein-rich exudate and mild alveolar hemorrhage. Although the
exact pathophysiology is not fully understood, it is widely accepted that HAPE is primarily induced
by hemodynamic changes within the pulmonary circuitry [167,190,191]. A recent field study reported
elevated serum hepcidin levels in HAPE patients exposed to high altitude in comparison to control
subjects, that was correlated with higher levels of IL6 [168]. Although no correlation between serum
iron levels and pulmonary arterial systolic pressure (PASP) was found in that study, the cellular iron
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availability within the lungs might have been altered in these HAPE patients, which is critical for
the hypoxic pulmonary vasoconstriction (HPV) response. Interestingly, the baseline PASP values
in the later HAPE patients were already significantly elevated when compared to healthy controls,
indicating a different pre-setting of the pulmonary vasculature tone. Of note, C-reactive protein (CRP)
levels were also significantly increased in HAPE patients at high altitude, which may have interfered
with serum ferritin levels but also other iron parameters and thus these values have to be interpreted
with caution [192]. Overall, an a priori iron status check before ascending to high altitude may help
mountaineers to optimize the acclimatization process leading to an increased exercise performance
and potentially prevent an iron depleted status with eventually negative health consequences at
high altitude.

5.2. Chronic Mountain Sickness (CMS)

CMS or Monge’s disease is a highly prevalent disease in high-altitude residents such as
the Andeans, with exception of Tibetans where CMS is very rarely seen [193]. The hallmark
characteristics of CMS are accentuated hypoxemia, excessive erythrocytosis (women: Hb > 190
g/L, men: Hb > 210 g/L), and pulmonary hypertension, which often results in right ventricular
enlargement and hypertrophy, and in the later disease stage, leads to chronic heart failure. Therapy
usually comprises of regular phlebotomy [163]. Iron deficiency itself, e.g., induced by the iron chelator
DFO, is associated with an elevated pulmonary vascular resistance (PVR), as observed during exposure
to hypoxia [194]. In this context, two randomized placebo-controlled trials were performed [164].
In the first trial, they showed that a single infusion of iron lead to 40% reduction of the pulmonary
hypertensive response in healthy sea-level residents after exposure to high altitude (4340 m above
sea level). In the second cross-over trial, they could show that repeated isovolemic venesection
(2 L of blood) was associated with a 25% increase in PASP in CMS patients. Although the subsequent
iron replacement did not acutely reverse the effect of iron deficiency on PASP in their setting, the
authors argued that the chosen time window might have been too short and further concluded that
careful adjustment of iron balance might be a promising strategy to ameliorate the severity in CMS.
In summary;, it still needs to be proven by future clinical trials whether tight iron status monitoring
eventually in combination with therapeutic iron correction improves disease severity and quality of
life in CMS patients.

5.3. Pulmonary Hypertension (PH)

PH is a complex pathophysiological state characterized by a mean pulmonary artery pressure
above 25 mmHg at rest, assessed by catheterization of the right heart. PH is currently subdivided
into five different groups [195] and can lead to pulmonary vascular remodeling, right ventricular
hypertrophy, and right heart failure (for further detailed clinical information, see [179,196]). A central
role of an imbalance between iron homeostasis and oxygen sensing in the pathophysiology of PH
was recently discussed [180,181]. The authors proposed a model of combined inflammation driven
(via the IL-6-STAT3-hepcidin axis) iron deficiency and exaggerated activation of HIFs. In line with
this, it was shown that IRP1”/~ mice develop polycythemia and PH via translational de-repression
of HIF-2« [182]. Moreover, the same authors also reported that the cultured pulmonary endothelial
cells of IRP1”/~ mice showed elevated HIF-2« expression levels. Additionally, rats fed on an iron
deficient diet have higher levels of HIF-1a and HIF-2« in the lungs, which was associated with an
increased pulmonary artery pressure (PAP) and pulmonary vascular resistance [197]. In humans,
it was reported that iron deficiency is quite common in idiopathic PH patients [183]. Recent association
studies between iron deficiency and PH prevalence suggest that the PH-subtype and eventually also
ethnicity may play role in this context [198,199]. These studies together, with the previously reported
applied lab studies [132] and clinical trials in humans [164,200], clearly suggest a protective effect of
iron against PH and hypoxia-related diseases.
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On the contrary, strong positive iron shifts, e.g., in iron overload conditions seem to induce
opposite effects, potentially via increased oxidative stress [201]. Indeed, a very recent animal
study found that chronic iron overload of rats via daily iron-dextran injections (i.p.) for 28 days
induced vascular hyperreactivity and inward remodeling of pulmonary arteries, as well as heart
dysfunction [202]. Interestingly, it was recently found that miR-210 was up-regulated in several
PH animal models and that the inhibition of mir-210 significantly reduced pulmonary pressure
and vascular remodeling in a PH animal model [203], further suggesting a significant role of the
miR210-ISCU1/2-Fe-S cluster axis in the PH pathophysiology [184]. Although the lungs seem to have
a well-balanced ‘buffer capacity’ for iron, an excessive disruption of iron balance in either direction
has detrimental consequences on cardiopulmonary function. Overall, iron homeostasis and HIF
oxygen-sensing seem to be crucial in the pathology of PH. Accordingly, therapeutic modifications of
these interacting signaling pathways hold great promise for PH patients.

5.4. Chronic Obstructive Pulmonary Disease (COPD)

COPD is meanwhile the third leading cause of death worldwide, inducing a significant global
socioeconomic burden. Tobacco smoking is the most well-known risk factor for the development of
COPD and also for lung cancer. COPD is typically marked by chronic respiratory symptoms and airflow
limitations, which are caused by small airways disease and parenchymal destruction (emphysema).
The key symptoms of COPD are shortness of breath and dyspnea, as well as chronic cough and
sputum [165,204]. COPD pathophysiology is complex, however chronic systemic inflammation
potentially triggered by cigarette-induced ROS formation is suspected to be a central aspect of it [205].
Considering the main cause (cigarette smoke) and patho-mechanism (chronic inflammation), it is
highly suggestive that COPD is also linked to a disturbance of iron homeostasis. The special setting
in COPD of local iron containing and non-containing particle load of airways and potential systemic
iron deficiency would suggest a shift towards a mixed iron status. Importantly, cigarette smoke not
only contains a certain quantity of iron particles but also over 4000 chemicals of which 100 are known
carcinogens and 900 suspected carcinogens. A recent large cohort study found that in both smokers
and non-smokers, certain markers of iron homeostasis, such as serum ferritin concentration, serum
iron concentration, and transferrin saturation, were associated with critical parameters of lung function
(e.g., positive correlation for all three markers in both groups combined with forced vital capacity and
forced expiratory capacity) [206]. Another indicator for the presence of disrupted iron homeostasis
is the high prevalence of anemia and systemic iron deficiency in COPD patients. The prevalence of
anemia in two different cohorts of COPD patients ranged between 23% to 33% [207,208]. In another
COPD patient cohort, it was found that iron deficiency was associated with an increased frequency of
self-reported exacerbations and reduced exercise capacity [209].

It has been recently proposed that in patients with COPD, pro-inflammatory cytokines (e.g., IL-6)
trigger increased hepatic hepcidin expression and secretion [155]. This causes FPN degradation
and subsequently reduces cellular iron export into the blood stream, likely resulting in the systemic
iron deficiency and anemia observed in these patients. On the other hand, alveolar macrophages
from COPD patients were shown to accumulate iron and the percentage of iron-loaded macrophages
increased with disease severity [11]. Another team demonstrated that IRP2/- mice were protected
from cigarette smoke-induced experimental COPD [166]. These authors also demonstrated that IRP2
increased mitochondrial iron content and concentrations of cytochrome c oxidase (COX), resulting in
impaired mitochondrial function and subsequently COPD in cigarette smoke-exposed mice. On the
contrary, mitochondrial iron chelator or a low-iron diet protected mice from cigarette-induced COPD.
Opverall, regular monitoring of iron status and eventual therapeutic modulation of local and systemic
iron homeostasis may avoid the negative consequences of lung iron overload and systemic iron
deficiency in COPD patients.
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5.5. Asthma

Asthma and COPD belong to the subgroup of obstructive pulmonary diseases [158]. The potential
role of a disrupted iron homeostasis in asthma was reviewed in great detail recently [159]. Briefly,
the author reported profound evidence of disturbed iron homeostasis in asthma by systematically
evaluating the known demographic (e.g., ethnicity), physiologic (e.g., exercise), and pathologic
(e.g., infections) asthma determinants in the context of iron availability and concluded a setting of
absolute or functional iron deficiency in asthma, which may have therapeutic implications in the future.

5.6. Cystic Fibrosis (CF)

CF is a severe genetic pulmonary disorder triggered by impaired function of the anion transporter
CF transmembrane conductance regulator (CFTR) that results in increased secretion of abnormally
viscous mucus and at the clinical level, CF is characterized by chronic bacterial airway infection
(e.g., Pseudomonas aeruginosa), prominent neutrophilic inflammation, mucus accumulation within the
airways, and progressive bronchiectasis (formation of irreversible airway enlargements). The structural
changes within the lungs can be visible early using chest imaging. The host-defense defect in the
airways of CF patients plays a central role in the disease pathophysiology and leads to chronic
airway infections with inflammatory driven airway remodeling [161]. Evidence of disturbed iron
homeostasis in CF was found in experimental CF models and also in humans suffering from CF;
a setting of systemic iron deficiency and abnormal local iron sequestration within the airway cells
were reported [156]. Indeed, elevated iron levels were found in the bronchoalveolar lavage, sputum,
macrophages, and in explanted lung tissue from CF patients compared to healthy controls [162].
Furthermore, an increased expression of ferritin, DMT1, and FPN was found in the lung tissue of these
patients. Overall, the reported disruption of host iron homeostasis within the lungs of CF patients
might be a therapeutic target, especially to reduce chronic airway infections [210]. Alternatively,
a recent study showed that it is also possible to directly target bacterial iron homeostasis to control
airway P. aeruginosa infections via the administration of the metal gallium [211]. Gallium is taken up by
bacteria instead of iron because bacterial uptake systems cannot differentiate between them. Gallium
is then incorporated into iron-containing proteins, but, since it cannot be reduced under physiological
conditions, it impairs their normal activity and therefore bacterial survival and proliferation.

5.7. Lung Cancer

As iron is an indispensable component for cell metabolism, proliferation, and growth, it is equally
crucial for tumor metabolism, tumor proliferation, and tumor growth [171]. In fact, population-based
studies suggest that higher levels of overall body iron are linked to a higher risk of developing
cancer [172]. In particular, subjects with transferrin saturation level above 60% were reported to have
increased risk to develop lung cancer [212]. It was proposed that cancer cells reprogram their cellular
iron metabolism towards an increase in cellular iron uptake and decrease of iron export [172]. Briefly,
cancer cells increase iron uptake by increasing the expression of TfR1 and also via increased secretion
of lipocalin-2. Tumour cells expressing TfR1 were detected in 88% of patients with non-small-cell
lung cancer (NSCLC), while TfR1 was not detected in the tumor stroma [173]. Furthermore, it was
shown that the microRNA miR-20a is inversely correlated with FPN expression in NSCLC cells and
that low cellular FPN expression stimulates tumor cell proliferation and colony formation, potentially
via increased cellular iron availability [174]. In parallel, a reduction in FPN protein levels in tumor cells
might also result from increased hepcidin expression in these cells, probably acting in an autocrine
manner [172]. Together, these modifications of cellular iron homeostasis lead to an increased labile
iron pool (LIP) within cancer cells.

The role of the IRE/IRP system in regulating intracellular iron levels in tumor cells is still
incompletely understood [172]. However, it is worth mentioning that IRP2 was suggested to have
pro-oncogenic activity in lung cancers based on tumor tissue microarray analyses [175]. Lung
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adenocarcinomas, as numerous other cancers, induce tumor-associated inflammation, a mechanism
that is triggered by activating central inflammatory pathways, such as the NFkB-signaling pathway.
NFkB signaling is important for tumor cell proliferation, apoptosis, metabolism, as well as for tumor
angiogenesis and metastasis. NF«B itself can induce the HIF-signaling pathway in both, normoxic and
hypoxic conditions. Conversely, HIFs can modulate NFkB-signaling in a bidirectional manner [213].

Overall, the strong iron dependency of lung cancer offers the opportunity for treatment
interventions that target iron availability (e.g., iron chelators); however, future pre-clinical and clinical
studies are needed to address this potential treatment. In a different perspective, iron modulation in
tumor-associated macrophages (TAMs) might also emerge as a possible therapeutic target. Recent
studies indicate that the iron loading of TAMs can differentiate them towards a pro-inflammatory
phenotype and inhibit tumour growth [176,214]. Supporting this idea, the presence of iron loaded
TAMs correlates with reduced tumor size in patients with non-small cell lung cancer [176].

5.8. Other Diseases

Acute respiratory distress syndrome (ARDS) is clinically characterized by severe hypoxemia
resulting from pulmonary gas exchange failure [160]. A potential source of iron in ARDS may
derive from ‘low grade bleeding” and hemorrhage, which might be present in certain subsets of this
heterogenous pathological lung condition [215]. Analysis of the bronchoalveolar lavage of patients
suffering from ARDS revealed the presence of higher levels of iron and iron-related proteins, such as
ferritin, lactoferrin, and transferrin, likely reflect disturbances in lung iron homeostasis [9]. Similarly,
patients with pulmonary alveolar proteinosis (PAP), a disease defined by severe accumulation of
surfactant in the airspaces and hypoxemia [177], also present higher concentrations of iron, ferritin,
transferrin, and lactoferrin in the bronchoalveolar lavage [178]. Finally, patients with idiopathic
pulmonary fibrosis (IPF), a restrictive lung disease with a prominent gas diffusion limitation [169], have
a higher frequency of HFE allelic variants associated with the iron overload disease hemochromatosis,
when compared to healthy controls [170]. Hemosiderin accumulation in alveolar macrophages was
increased in these patients. Whether these alterations in pulmonary iron homeostasis contribute to the
pathology of these diseases is still unknown.

Pulmonary dysfunction, in particular restrictive lung disease, is frequently observed in patients
with thalassemia major (TM), a disease characterized by severe iron accumulation [186-189]. It has
been speculated that abnormal lung function in those patients might be a consequence of chronic iron
overload [189]. Supporting this hypothesis, a restrictive pattern was observed in a mouse model of iron
overload, caused by a mutation in FPN that confers resistance to hepcidin binding [56]. In addition to
thalassemia, other hemolytic diseases, such as sickle cell disease, are also associated with increased
susceptibility to pulmonary diseases and abnormal lung function [216-218]. However, future studies
are needed to fully understand the impact of iron overload in lung function in humans and whether
additional factors such as hemoglobin and heme release in these hemoglobinopathies contribute for
the lung disorders observed in these patients.

6. Therapeutic Potential of Iron Modulation

The profound numbers of lung diseases associated with disrupted iron homeostasis offer a
great potential for the therapeutic careful use of iron modulators. Before corrective interventions
can be applied in patients, we require a better knowledge of iron’s role in pulmonary disease and
markers to properly evaluate the systemic and pulmonary iron status. Currently, dietary interventions,
phlebotomy, blood and iron infusions, as well as iron chelator treatment, are used to correct systemic
disturbances of iron homeostasis. For example, blood infusions and iron-chelation therapy are standard
in the treatment of hemolytic anemias. In PH patients, the therapeutic correction of the frequently
observed iron deficiency may ameliorate the disease outcome and clinical trials are ongoing to further
investigate this potential [180]. The first trial results seem to support this concept, however so far only
for the idiopathic PH-subtype [185].
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Future approaches will directly target regulatory molecules of iron metabolism by applying small
agonistic/antagonistic molecules. It is tempting to speculate that such molecules might be applied by
inhalation. For example, hepcidin as the major regulator of iron metabolism and its receptor FPN are
promising targets for future drug development [219]. Indeed, hepcidin agonists are currently under
development to treat iron overload diseases such as hereditary hemochromatosis. On the other hand,
hepcidin antagonists are developed to treat inflammation-induced anemias.

Moreover, diseases such as COPD that are characterized by systemic iron deficiency and lung iron
accumulation would benefit from a more specific strategy. For example, inhalation of chelators
(or iron sources, in case of lung iron deficiency) would have the potential to directly modulate
pulmonary iron homeostasis while hopefully having no or only a mild effect on systemic iron
homeostasis. Apart from direct targeting of regulators of iron metabolism, indirect targeting of
signaling pathways, such as the HIFs, may be an option [220,221]. In summary, therapeutic possibilities
to control iron metabolism are widespread, and the pros and cons of these novel therapeutic approaches
need to be carefully evaluated.

7. Conclusion and Outlook

In healthy conditions, pulmonary iron homeostasis is tightly controlled to maintain proper
lung function. In environmental (e.g., high-altitude exposure) and behavioral (e.g., exercise) stress
conditions it requires adaptation. Importantly, numerous acute and chronic respiratory diseases are
associated with disrupted iron homeostasis in the lungs. The close cellular interaction between iron
regulatory pathways via IREs/IRPs or hepcidin/ferroportin and the oxygen sensing pathway via
HIFs seems to be critical for healthy adaption but also for pathologic maladaptation within the lungs.
Enormous progress has been made in our molecular understanding of these pathways and their
suppression and/or enhancement. However, this knowledge currently needs to be applied to the lung.
An improved understanding of iron trafficking and storage in the lung and its role in lung disease
onset and progression will improve interventional modification of iron homeostasis within the lungs
via iron-modulators.
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Abstract: Inflammation, being a hallmark of many chronic diseases, including cancer, inflammatory
bowel disease, rheumatoid arthritis, and chronic kidney disease, negatively affects iron homeostasis,
leading to iron retention in macrophages of the mononuclear phagocyte system. Functional iron
deficiency is the consequence, leading to anemia of inflammation (AI). Iron deficiency, regardless of
anemia, has a detrimental impact on quality of life so that treatment is warranted. Therapeutic
strategies include (1) resolution of the underlying disease, (2) iron supplementation, and (3)
iron redistribution strategies. Deeper insights into the pathophysiology of Al has led to the
development of new therapeutics targeting inflammatory cytokines and the introduction of new
iron formulations. Moreover, the discovery that the hormone, hepcidin, plays a key regulatory role
in Al has stimulated the development of several therapeutic approaches targeting the function
of this peptide. Hence, inflammation-driven hepcidin elevation causes iron retention in cells
and tissues. Besides pathophysiological concepts and diagnostic approaches for Al, this review
discusses current guidelines for iron replacement therapies with special emphasis on benefits,
limitations, and unresolved questions concerning oral versus parenteral iron supplementation in
chronic inflammatory diseases. Furthermore, the review explores how therapies aiming at curing the
disease underlying Al can also affect anemia and discusses emerging hepcidin antagonizing drugs,
which are currently under preclinical or clinical investigation.

Keywords: Anemia of chronic disease; anemia of inflammation; hepcidin; anti-hepcidin therapy;
iron supplementation

1. Introduction

Iron has a crucial role in all living organisms. In humans, iron is essential for many biochemical
processes, including electron transfer reactions in mitochondria, the citric acid cycle, gene expression,
binding and transport of oxygen, regulation of cell growth and differentiation as well as the cellular
immune response [1]. From a systemic point of view, hepcidin, a liver-derived hormone, has been
found to be the master regulator of iron homeostasis, controlling cellular iron efflux [2]. Hepcidin binds
to the sole known iron exporter, ferroportin (FPN), mediating internalization and degradation of this
transporter [3,4]. As a further consequence, dietary iron absorption as well as iron release from cells,
such as macrophages, is prevented [5]. Hepcidin expression is regulated by different stimuli, such as
anemia, hypoxia, and inflammation [6]. Different molecular pathways involved in hepcidin expression
have been uncovered [7,8]. Among these, the bone morphogenetic protein (BMP)-SMAD signaling
pathway is the most critical. Liver endothelial cell-derived BMP6 and BMP2 have non-redundant

Pharmaceuticals 2018, 11, 135; doi:10.3390/ph11040135 84 www.mdpi.com/journal /pharmaceuticals



Pharmaceuticals 2018, 11, 135

roles to induce hepcidin expression. However, BMP6 is the dominant ligand and a threshold
signaling of BMP6 via the BMP-SMAD pathway is indispensable for sufficient and appropriate
hepcidin induction [9-12]. During inflammation, hepcidin expression is induced via the interleukin
(IL)6-JAK-STAT and Activin B-SMAD1/5/8 signaling pathways [2,13-15]. As FPN regulates iron
release from absorptive enterocytes in the duodenum and from iron recycling macrophages of
the mononuclear phagocyte system (MPS), elevated hepcidin levels during inflammation cause
diminished systemic iron availability [16]. While iron retention in the MPS appears to be beneficial for
host responses during infections, as it withholds this metal from invading extracellular pathogens,
anemia is an undesired, ultimate consequence of iron restriction in patients suffering from chronic
diseases [17-19]. Consequently, anemia of inflammation (AI) or anemia of chronic disease (ACD)
represents the most common disease-related complication in patients suffering from rheumatoid
arthritis (RA) inflammatory bowel diseases (IBD), cancer, infectious diseases, and chronic kidney
disease (CKD) [1,20-26].

Whereas the development and persistence of anemia in several diseases, including infections and
cancer, has been associated with a poor prognosis, the true impact of alterations in iron homeostasis
or anemia on the pathology of the underlying disease remains largely elusive [27]. However,
anemia negatively impacts on many aspects of the patients [28]. Moreover, iron exerts multiple
effects on immune cell differentiation, functionality, and plasticity, which has been studied in depth
toward the interconnection of iron homeostasis with the biology of M1 and M2 macrophages [29,30].
M1 macrophages, being either activated upon pathogen recognition or stimulated by cytokines (e.g.,
interferon-gamma (IFNy), tumor necrosis factor-alpha (TNF«), or IL1, IL6 and IL10), induce subtle
changes of transcellular iron fluxes, aiming to limit the availability of the essential nutrient iron for
circulating pathogens. Therefore, the term, “nutritional immunity”, has been proposed [31]. Thereafter,
cytokines directly or cytokine-inducible products, such as oxygen radicals and nitric oxide, regulate
the expression of critical iron transport and storage proteins [19,32-38]. Consequently, the accessibility
of iron for microbes is modulated and their growth and pathogenicity is impacted. Moreover, bacteria
can acquire iron from holo-transferrin. Therefore, limitation of circulating transferrin-bound iron levels
and mutations of the iron binding sites of transferrin were shown to be protective against infections
with circulating bacteria [39-41].

Of note, iron per se also affects immune effector pathways of macrophages and, subsequently,
T-cell differentiation by regulating IFNy activity, nitric oxide formation, or T-helper cell
plasticity [42-46]. Thus, local and systemic iron availability determines not only microbial growth,
but also the efficacy of anti-microbial immune effector pathways. It appears that the alterations
of systemic and macrophage-responsible iron fluxes are specifically regulated depending on the
nature and localization of the pathogen [19,32,33,39,47]. The hepcidin-FPN axis has attracted specific
attention regarding alterations of iron fluxes during infections. Hepatocytes produce large amounts
of hepcidin following challenge with circulating bacteria, resulting in iron retention with the MPS
and low circulating iron levels [17,18]. Moreover, autocrine formation of hepcidin by macrophages
further reduces cellular iron availability for circulating pathogens [19,39,48,49]. In contrast, invasion of
cells and macrophages with bacteria, such as Listeria, Mycobacteria, or Salmonella, induces alternative
mechanisms. Specifically, the upregulation of FPN by different mechanisms results in macrophage
iron efflux and limitation of bacterial growth [50-54]. In addition, M1 macrophages and other
immune cells produce several factors, such as lipocalin-2, lactoferrin, and calprotectin, which limit the
bacterial access to iron [55-57]. Of note, in addition to iron flux regulation by the FPN-hepcidin axis,
several hepcidin-independent mechanisms have been identified that control iron trafficking during
infection [33,50,58-61].

In contrast, M2 macrophages exert anti-inflammatory effects and these cells are highly specialized
for iron recycling from senescent erythrocytes via erythrophagocytosis, yielding approximately 90% of
the daily needs of iron for erythropoiesis [30]. Iron is released from heme by the anti-inflammatory
enzyme, heme oxygenase-1 [62,63]. The latter enzyme has attracted specific interest because it exerts
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immune regulatory effects, but, importantly, it also exerts disease tolerance during certain infections
by limiting tissue damage, thereby improving the outcome from sepsis [64,65].

While it has long been known that iron is essential for the production of hemoglobin of red
blood cells, our knowledge on the regulation of iron homeostasis under steady state conditions
and in association with different pathologies has dramatically expanded over the past centuries
thanks to the identification and characterization of numerous iron genes and associated regulatory
molecules [1]. Indeed, unbiased iron supplementation or withdrawal therapy via phlebotomy dates
to the middle ages. However, due to our expanding knowledge on iron metabolism regulation
during inflammation, targeted modulation of specific iron metabolic pathways, including the
hepcidin-FPN axis, has emerged only recently [3,66,67]. Although we have several established and
novel iron therapies at hand, there are still many unresolved questions and unmet needs when
treating imbalances of iron homeostasis in patients with inflammatory diseases. This includes
lack of gold-standard tests to properly distinguish between absolute versus functional ID, lack of
knowledge regarding safe and efficient therapeutic start and end points as well as complications of
iron redistribution and supplementation strategies towards the course of the diseases underlying Al

2. Diagnosis

The diagnosis of Al is based on several laboratory markers. Classically, hemoglobin levels are
decreased; markers of inflammation, such as C-reactive protein (CRP) or IL6, are increased; and
iron homeostasis is altered as follows: Circulating iron levels are low, transferrin saturation (Tf-Sat)
is reduced, and ferritin concentrations are normal or increased (Table 1) [68]. Diagnosis becomes
challenging if Al is associated with true ID (AI/ID), as there is still a lack of a gold standard for
differentiation between Al and AI/ID. However, as therapies to overcome anemia differ, proper
diagnosis and understanding of underlying pathophysiological regulations are necessary [69]. While
ferritin strongly correlates with the body’s iron stores in IDA, ferritin levels are not reliable during
inflammation. Thus, low ferritin levels (<30 mg/mL) in any case indicate true ID, but ferritin levels
are upregulated during inflammation largely independently of iron availability [70]. This fact has led
to corrections towards elevated cut-off values for ferritin during concomitant inflammation [71,72].
Until now, the gold standard for diagnosis of ID is still the microscopic evaluation of iron-stained bone
marrow aspirates, which is not routinely used due to its high invasiveness [73]. A recent study in
heart failure patients proposed to use serum iron and Tf-Sat instead of ferritin to diagnose true ID,
which was evaluated by bone marrow staining [74]. Compared to ferritin-based definition of ID (with
a sensitivity and specificity of 82% and 72%, respectively), the diagnosis of ID based on reduced Tf-Sat
(cut-off: <19.8%) and low serum iron (cut-off: <13 umol/L) had an improved sensitivity (94%) and
specificity (84% and 88%) in this specific group of patients. Although these findings need further
confirmation among other disease entities, it highlights that ferritin-based definitions of ID appear to
be suboptimal.

As erythrocytes are the main consumers of iron and thus most affected by ID, efforts have been
undertaken to establish markers that are related to red blood cell morphology and iron content of these
cells. Alongside the well-established classical hematological indices of the mean corpuscular volume
(MCV) and mean corpuscular hemoglobin (MCH), new parameters, such as the hemoglobin content of
reticulocytes, percentage of hypochromic red blood cells, and the soluble TfR (sTfR), were introduced
as indicators of iron availability for the erythron and/or efficacy of erythropoiesis [68,75,76]. Some
studies recommend the sTfR as an alternative biomarker to distinguish between absolute (or true) and
functional ID. In general, absolute ID and higher rates of erythroid output causes an up-regulation
of the TfR on erythrocytes, which then concomitantly leads to higher detectable forms of its cleaved
monomer, the sTfR, in the plasma [77]. As inflammation negatively impacts erythropoiesis and TfR
expression, sTfR values are also altered during inflammation [26,36]. Therefore, the use of this marker
led to unsatisfactory sensitivity and specificity (83% and 50%, respectively) for the detection of ID
compared to bone marrow findings in a cohort of 180 anemic children in Mozambique [78]. Attempts
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to correct this marker for inflammation, using a sTfR versus log ferritin ratio, did not classify patients
properly, thus limiting the diagnostic potential of this test [79]. While these parameters add additional
information on true iron availability for erythropoiesis in patients with Al, none of these measurements
are adjudged as efficient for distinguishing between Al and AI/ID.

A number of reports indicating that hepcidin is competent to distinguish between IDA and Al in
several diseases, including RA, anemia of cancer, anemia of critical illness, and IBD, have suggested
hepcidin to be a promising biomarker in the future [16,80-83]. Moreover, other reports also
exist suggesting that plasma hepcidin levels could predict the response to oral iron in different
settings [84-87]. However, there are also reports from studies in hemodialysis patients to the
contrary, highlighting the need for further detailed investigations [88-90]. Further discussion
on hepcidin is presented in Section 3.2.2. The measurements of molecules that affect hepcidin
expression under different conditions may turn out to be of diagnostic benefit. Erythroferron,
hypoxia inducible factors (HIFs), and platelet derived growth factor BB are all signaling peptides
induced by hypoxia and were found to impact directly or via modulation of hepcidin on iron
availability for erythropoiesis [91-93]. The biomarkers of hypoxia thus hold promise to better
identify subjects suffering from AI/ID and to predict the erythroid response in patients with Al
with and without ID, once commercially available ELISAs are available [94-96]. Of importance,
none of these tests is currently standardized, which is a necessity to make them a reliable routine
biomarker for the evaluation of iron status. Consequently, trials investigating these parameters cannot
be easily compared, making interpretations even more difficult. However, according to a recent report,
a hepcidin reference standard allows equivalence and comparability between hepcidin measurement
results [97].

Despite ongoing efforts to find and establish new biomarkers, a recently published study
conducted in a cohort of IBD patients revealed that differentiation between Al and iron deficiency
anemia (IDA) and the combination thereof was only possible in 22% of all anemic patients, because
only CRP, hemoglobin, and ferritin levels were available as diagnostic markers. [98]. This highlights
that improvement of diagnostic approaches to identify patients with true ID in the setting of
inflammation is urgently needed and is still a challenging field of investigation.

Table 1. Diagnostic markers for the diagnosis of different types of inflammatory anemia.

. Anemia of Inflammation
Anemia of

Marker . plus Iron Deficiency Limitations/Comments
Inflammation R
Anemia

e  Gold standard
Normal-Elevated Normal-Reduced e  Invasive method, not
routinely used

Bone marrow
iron staining

Serum Iron Low Low Underlies diurnal variations

e Most commonly used marker
e  Ferritin is an acute phase protein
and does not accurately reflect
Ferritin Elevated Reduced-Normal-Elevated iron status during inflammation
e  Ferritin < 30 ng/mL always
associated with true
iron deficiency

Transferrin Normal-Reduced Normal-High

Dependent on iron and

Tf-Sat Low Low transferrin levels

e  Good marker for needs of iron for
erythropoiesis in absence
sTfR Normal-Elevated Elevated of inflammation
e Values affected by inflammation
and ESA application
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Table 1. Cont.

. Anemia of Inflammation
Anemia of

Marker . plus Iron Deficiency Limitations/Comments
Inflammation .
Anemia
§TfR/log Ferritin Normal Elevated Used for dlfferentlatlog, but there is a
lack of a prospective study
e Expression is more affected by
iron deficiency (suppressing) than
by inflammation
Hencidi El d N |_Reduced e  Not standardized
epadin evate ormal=ieduce e Weak correlations in CKD patients
e  Possible predictive parameter for
success of iron and/or
ESA treatment
e  Not standardized
e  Higher ERFE levels in
CKD patients
Erythroferron Not known Not known o  Positively correlated with serum
erythropoietin and negatively
with hemoglobin
MCV/MCH Normal Normal-Reduced If reduced, indication of iron deficiency
Reticulocyte Hb Indicated lnSufflC}el’lt iron ava1l§blllty
Normal-Reduced Reduced for erythropoiesis, not prospectively
content .
studied
e  Related to MCV, as a sensitive
- h i marker for iron availability for
yp;cBCromlc Normal Normal-Elevated erythroid progenitors
e  Cut-off values are different
between different machines
e Non-specific inflammatory marker
Tron-ind, dent i
CRP Increased Increased N ron-in Aepen . en paréme et
e  Correlation with severity
of anemia
e Non-specific inflammatory marker
IL6 Increased Increased

e  Iron-independent parameter

3. Treatment Strategies

Treatment of ID and IDA is paramount as it is associated with several detrimental effects on quality
of life, exercise capacity, mental status, and activity of patients [99,100]. To this end, two strategies can
be pursued. First, treatment of the underlying disease; second, if a cure cannot be achieved, therapies
directly or indirectly addressing imbalances of iron homeostasis are indicated.

3.1. “First line”: Treatment of the Underlying Inflammation

If possible, treatment of the underlying disease is decidedly the pivotal approach to treat
Al Resolution of inflammation results in the normalization of hepcidin levels, leading to the
correction of macrophage iron retention and normalization of duodenal iron uptake. In addition,
the negative cytokine-mediated proliferative effects on hematopoiesis are abrogated, overall leading
to anemia improvement. One approach, which has been shown to be effective, is the neutralization
of inflammatory cytokines. Accordingly, targeted therapy using an anti-IL6 receptor antibody
(Tocilizumab) improved anemia in patients suffering from multicentric Castleman’s disease (MCD),
a lymphoproliferative disorder where IL6 was found to be the main cytokine contributing to its
pathogenesis [101,102]. Of note, IL6 is one major driver for hypoferremia in patients suffering from
Al [2]. Further work-up revealed that anemia amelioration due to IL6 receptor blockade is related to
down-regulation of hepcidin levels [103,104]. In parallel, a monoclonal anti-IL6 antibody (Siltuximab)
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has also been evaluated for its potential to decrease hepcidin plasma levels and consequently improved
anemia not only in patients suffering from MCD, but also in subjects with multiple myeloma and solid
tumors [105-107].

Of interest, not only systemic, but also autocrine hepcidin expression in macrophages has been
found to be of importance in Al and possibly also for iron distribution in cancer cells [48,108].
In patients with ovarian cancer, polarization towards an M1 phenotype and high IL6 levels were
associated with more profound anemia. Treatment with Tocilizumab resulted in the reversion of iron
restriction and improvement of anemia, supporting previous evidence that anti IL6-directed therapy
may be effective for anemia in cancer [108,109].

TNFa is also a target to treat the underlying complications and ameliorate anemia. Monoclonal
antibodies directed against TNF« (e.g., Infliximab, Adalimumab, Golimumab) are routinely applied
in patients suffering from RA and IBD. As TNF«'s contribution to Al is different from IL6,
the beneficial effect on anemia was ascribed to discontinuation of TNFa's negative impact on bone
marrow erythropoiesis or, likewise, erythrocyte’s half-life, without having direct effects on hepcidin
levels [15,110-114]. However, a study investigating two different TNF« inhibitors in IBD patients
found that the beneficial effect of anti-TNFo is indirect and it is mediated via down-regulation of
IL6 [115]. Anti-TNF therapy may also reduce intravascular radical formation, thereby preventing
the radical-mediated damage of erythrocyte membranes and increasing their circulating half-life.
Moreover, comparative evaluation of TNF« inhibitors and Tocilizumab revealed that IL6-mediated
therapy, directly affecting hepcidin levels, is more effective than TNF« inhibitors in respect to anemia
correction [116]. Furthermore, hematological response after one year of anti-TNFo treatment was only
observed in 34% of patients, even with oral iron supplementation [117].

Patients suffering from myeloproliferative neoplasms (MPN) have been shown to develop anemia,
in part as a consequence of elevated hepcidin levels [118]. As mutations related to the activity of Janus
kinase 2 (Jak2), resulting in constant activation, were found to be central to the pathogenesis of MPN,
Jak2 inhibitors became one treatment option However, erythropoietin (EPO) is an essential hormone
for sufficient production of red blood cells and also signals via the JAK2 pathway [119]. Consequently,
anemia dose-dependently developed in patients who were treated with a JAK2 inhibitor (Ruxolitinib)
and this was a dose-limiting adverse event [120,121]. In contrast, results from a phase II study for the
treatment of myelofibrosis with a different Jak2 inhibitor (Momelotinib) surprisingly resulted even
in an improvement of anemia [122]. Further dissection of the underlying mechanisms demonstrated
that Momelotinib not only effectively inhibited Jak2 signaling, but also blocked ACVR1/ALK2-driven
induction of hepcidin, resulting in an egress of iron from macrophages to sites of erythropoiesis [123].

Although these therapies are effective in lowering hepcidin levels and therefore ameliorate the
anemia seen in chronic diseases, these therapies are probably not be suitable for sole treatment of Al
because of potential side effects of these therapies, such as increased risk of infections due to impaired
host responses [124]. A compromise might be a combinatorial therapeutic approach to target both the
improvement of iron status and the treatment of infections.

3.2. Iron Supplementation and Iron Redistribution Therapies

Despite ongoing development of new treatment strategies and efforts towards personalized-based
medicine, diseases, such as cancer, chronic heart failure, autoimmune diseases, and end stage
kidney diseases, are proving unattainable because of persistent chronic inflammation. This being
the case, anemia must be addressed via different approaches. Besides direct iron supplementation,
iron redistribution strategies are emerging. The choice of the most appropriate therapy depends
on the categorization of anemia whether there is pure Al with functional ID versus Al in
combination with true ID. While iron replacement therapy appears to be mandatory in the latter
setting, iron supplementation is questionable in patients with pure Al and strategies aiming at iron
redistribution from macrophages to the circulation may be the more pragmatic approach.
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3.2.1. Iron Supplementation

In general, iron can be directly supplemented either via the oral or intravenous (i.v.) route.
However, this decision is based on several factors, including the availability and cost of drugs,
the underlying disease, the degree of inflammation, therapeutic efficacy, and side effects, but also
on patients’” compliance and convenience (Table 2). Oral iron may be used in ID and mild
to moderate anemia, specifically among patients with a stable disease or only a low grade of
inflammation [14,15,69,125]. Oral iron may also be effective in patients with Al and combined true ID
due to the fact that ID-mediated inhibition of hepcidin expression dominates over inflammation-driven
hepcidin induction [126,127]. Indications when i.v. iron therapy should be initiated are not that straight
forward, based on the low grade of available evidence, and heterogeneity between guidelines for
different disease entities [128]. However, i.v. iron may be used if oral iron therapy is ineffective,
causes therapy-related side effects, and in patients with impaired oral iron absorption (Table 2).
Of note, guidelines for recommendations whether to use oral or iv iron supplementation vary in
different countries, in particular with regard to CKD. Examples include the Canadian guidelines,
the Caring for Australians with Renal Impairment (CARI), the National Institute for Health and Care
Excellence (NICE), and the Kidney Disease: Improving Global Outcomes (KDIGO), with each of them
having their own guidelines and diagnostic algorithms, as well as choice of preferred administration
route (oral vs. i.v.) [129-132]. This situation is far from being satisfactory as it causes deterrence and
confusion among physicians and highlights the necessity of prospective clinical outcome data from
rigorously conducted randomized controlled trials.

Nevertheless, the importance of i.v. iron supplementation among CKD patients became clear when
the first human EPO preparation was licensed for use in dialysis-associated anemia nearly 30 years ago.
Patients who suffered from EPO hypo-responsiveness experienced resolution of this condition with
concomitant administration of i.v. iron. Hence, KDIGO guidelines propose that iron therapy should be
aimed to treat ID, increase iron stores prior to initiation of therapy with erythropoiesis stimulating
asgents (ESA), and enhance the response to these drugs [129].

In addition, within the last few years, concerns regarding the use of ESA (including EPO) for the
treatment of anemia in CKD patients have been raised [133,134]. This was because of increased risk of
adverse clinical outcomes, such as stroke and venous thromboembolic disease, culminating in high
mortality [113-116]. Indeed, the US Food and Drug Administration (FDA) released a black box warning
on the use of high EPO doses. Consequently, iron supplementation, either alone or in combination
with ESA agents, are recommended as front-line options [129-132]. The latter is also related to findings
of the TREAT (Trial to Reduce Cardiovascular Events with Aranesp® Therapy) study, which not only
emphasized the possible risks related to ESA therapy, but also revealed that iron therapy increases
hemoglobin levels and is capable of delaying the initiation need of ESA therapy [133,134]. Furthermore,
another multicenter, prospective, and randomized study, FIND-CKD (Ferinject® assessment in patients
with IDA and non-dialysis-dependent chronic kidney disease), reported that both i.v. and oral
iron supplementation were capable of maintaining hemoglobin levels, thus reducing the dosages of
ESA [135]. However, a recent randomized trial in non-dialyzed patients with CKD found that the use
of i.v. iron was associated with an increased risk for adverse cardiovascular events and infections
when compared to oral iron treatment [136].

Iron supplementation in patients with IBD is also still far from being consistent and many
questions are still open, including the value of iron supplementation in subjects without anemia, or the
preferred route of iron supplementation. Anemia seen in IBD is unique, as most patients suffer from
Al together with ID, which is the consequence of continuous blood loss by the inflammatory mucosa
and impaired iron intake as a consequence of malnutrition [125,137,138]. Lv. iron, as a sole treatment,
has been shown to correct anemia in more than 80% of patients [139]. According to the European
Crohn’s and Colitis Organisation (ECCO) guidelines published in 2015, iron supplementation is
recommended whenever IDA is present. In contrast to recommendations made for CKD patients,
iron supplementation aims to normalize hemoglobin levels in patients with IBD [140]. Lv. iron is
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recommended in patients with a clinically active disease, previous intolerance to oral iron, severe
anemia (Hb < 10 g/dL), and who have initiated combination therapy with an ESA. Otherwise,
oral iron therapy may be applied. However, several comparative studies, where i.v. versus oral
iron supplementation was investigated, revealed that in IBD patients with Al and true ID and low
disease activity, oral iron is as effective as i.v. iron to correct anemia [141-146]. Although Al is listed as
a common cause for “non-IDA” in IBD subjects, no guidelines are provided regarding the practice
of iron supplementation for these patients. Indeed, data from clinical trials on this issue are scarce.
However, in view of published evidence that IBD patients with anemia have higher CRP values and a
more active disease status, the necessity for further evaluation of this eventual relationship and its
clinical management is evident [147,148].

In conclusion, no matter which subtype of Al is present, today’s evidence and treatment
recommendations are based on altered biomarkers of haematology and inflammation and their
correction, while end-point data on the effects of iron therapies (e.g., death, survival and disease
resolution or progression) are almost completely lacking. Moreover, hardly any information from
prospective trials is available regarding optimal therapeutic targets (e.g., hemoglobin or ferritin
levels), which, however, may be different according to the underlying disease. One pioneering study
(PIVOTAL for Proactive IV Iron Therapy in Hemodialysis Patients) addressed some of these end-points
(risk of death, major adverse cardiovascular events, and infection) in patients undergoing hemodialysis
and has just been published [149,150]. A high-dose regimen of i.v. iron (400 mg of iron sucrose per
month, administered in a proactive fashion) was compared to a low-dose regimen (0 mg—400 mg of
iron sucrose per month, administered in a reactive fashion). While the high iron regimen led to a
reduced cumulative dose of administered ESA, there was no association with any of the end-points.
How this study will influence existing guidelines and iron supplementation strategies remains to
be seen.

Table 2. Characteristics of oral and intravenous iron therapy.

Indication(s) Benefits Limitations Uncertainties/Comments
e Identification of the
e High pill burden underlying cause
Low bioavailability Absorption defect must
. - High rate be excluded
e Trueiron deficiency
3 Low costs of non-responders No predictor for response
e  Combined true and A . X
y . Easy to apply Ineffective in the Oral iron as a trigger for
Oral iron functional iron Lo .
. N Effective if presence of high cancer or
deficiency with low lied iatel hepcidin levels i inal i i
grade inflammation applied appropriately peidir > intestinal inflammation
Gastro-intestinal Effects on gut microbiome
side effects Disease specific
Low compliance therapeutic start
and endpoints
Faster replacement of Long-te?m outcome on
iron stores than with underlying disease unclear
e True and functional oral iron Rare but possible life No Rredl.ctor ‘.)f response
iron deficiency Fewer gastro-intestinal threatening Possible iron-induced
e Absorption defects side effects anaphylactic reactions oxidative/nitrosative stress
Intravenous ®  Severe anemia New i.v. iron Route of application Unl.mown gfﬁcacy mn
iron e Intolerance to oral formulations allowing requires consultation patients with more

iron therapy
Lack of efficacy of
oral iron therapy

high single

dose administration
Effective in the presence
of inflammation

Better control

of compliance

of a physician
Higher costs
Hypophosphatemia

advanced inflammation
and/or high

hepcidin levels

Disease specific
therapeutic start

and endpoints

3.2.2. Hepcidin Modulation

As mentioned above, hepcidin is the master regulator of systemic iron homeostasis, as this
hormone is decisive for FPN expression, regulating iron efflux [151]. Thus, circulating levels of
hepcidin determine the transfer of iron from the diet via the duodenum and release of iron from
macrophages of the MPS. Since hepcidin is central to the pathophysiology of Al, several strategies
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that either modulate the synthesis of hepcidin or neutralize its activity have been developed [152,153].
The purpose of hepcidin modulation is to reverse iron retention in the MPS, thus enhancing iron
availability for erythropoiesis in AL. As multiple causes lead to Al (e.g., negative impact of cytokines
on erythropoiesis, impaired EPO activity), it needs to be investigated if increase of iron availability on
its own is sufficient to effectively restore hemoglobin levels. Alternatively, a combination with an ESA
could lead to a more favorable outcome [25,154-158].

The first approach that has been used were antibodies directed against hepcidin, which initially
were only effective to reverse anemia in animal models when combined with ESA, whereas a
subsequently developed human antibody modulated iron homeostasis in mice and cynomolgus
monkeys without concomitant ESA administration [159].

Another approach for hepcidin neutralization is based on the use of antichalins (bioengineered
lipocalin; small ligand-binding protein) or aptamers (also called Spiegelmer or Lexaptepid pegol
L-stereoisomeric RNA aptamer). Indeed, these compounds have also been proven to be effective in
preclinical models, and phase I trials have been successfully completed. In detail, positive data were
obtained from a phase I study for the anticalin PRS-080 thus a phase II study was initiated, which
is evaluating the effect of PRS-080 administration in anemic hemodialysis CKD patients (https://
clinicaltrials.gov/ct2 /show /NCT03325621) [160]. The outcomes of this clinical study on anti-hepcidin
treatment are awaited. In addition, details on the impact of this compound on iron metabolism in
cynomolgus monkeys has just recently been published [161]. In parallel, a placebo-controlled study on
the safety, pharmacokinetics, and pharmacodynamics of the spiegelmer NOX-H94 in healthy humans
demonstrated that hepcidin was inhibited dose-dependently, thus causing an increase in serum iron
and Tf-Sat [162]. Furthermore, clinical phase II studies for the treatment of Al in patients suffering
from multiple myeloma, low grade non-, or Hodgkin lymphoma, and ESA-hypo-responsive chronic
hemodialysis patients have shown favorable effects, but cohorts were small, so further assessment is
warranted [163,164].

As BMPs, specifically BMP2 and BMP6, are potent inducers of hepcidin, inhibition of the
BMP-SMAD pathway is an attractive therapeutic approach to control hepcidin production [10-12,165].
Since this pathway is highly complex, involving different players, many possible targets can be
contemplated [166]: First, BMP sequestration is one strategy. Therefore, BMP6 antibodies, a soluble
hemojuvelin—Fc fusion protein, and modified heparins have been developed [167-170]. A phase I
clinical trial of such a latter compound (Roneparstat, SST0001), which has competitive heparanase
inhibitor properties, has been conducted in patients suffering from multiple myeloma, regarding
its anti-myeloma effect, dosing, and safety profile (https://clinicaltrials.gov/ct2/show /record/
NCT01764880) [171]. Impacts on hepcidin and iron metabolism have not been published yet.

Representing one step further down the BMP/SMAD pathway, efforts have been undertaken
to target the BMP receptor (BMPR). TP-0184, a small-molecule inhibitor of ALK2 activity,
has entered a phase I study this year (https:/ /clinicaltrials.gov/ct2 /show /NCT03429218), after having
shown promising effects on hepcidin suppression in vitro and in preclinical mouse models [172].
Not only BMPR, but also BMP co-receptors, have been investigated as hepcidin lowering strategies.
Two monoclonal antibodies targeting hemojuvelin have been developed, and are still in preclinical
development [173].

A third reasonable approach to counteract hepcidin activity is to block hepcidin-induced
internalization of FPN. Even though a phase II trial for such a stabilizing FPN antibody has been
successfully completed in 2015, its further development has been stopped [174,175].

Notably, EPO at high doses can decrease hepcidin levels [176]. This effect is only of short duration
and seems to be indirect, as signals derived from expanding erythroid progenitors in the bone marrow
mediate this suppression [177,178]. Indeed, among CKD patients, no long-term effects of EPO on
hepcidin levels have been observed, which, however, may also be partly related to impaired urinary
hepcidin excretion [179]. In addition, HIF-prolyl hydroxylase inhibitors (HIF-PHIs), stabilizing HIFs,
and thus activating HIF-controlled pathways, such as intrinsic EPO expression, have been reported
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to impact on iron homeostasis [93,180]. However, these effects can be traced back to transcriptional
regulation, resulting in enhanced expression of specific iron transporters in the intestine (such as FPN
and divalent metal transporter 1), thereby promoting iron absorption. Table 3 gives an overview of the

drugs that directly or indirectly modulate hepcidin levels.

Table 3. Drugs impacting on hepcidin-mediated alteration of iron homeostasis.

Name(s) Primary Indication(s) Target Drug Type Mechanism
e Rheumatoid arthritis
e  Systemic juvenile
- idiopathic arthritis Humanized monoclonal o
Tocilizumab e  Giant cell arteritis IL6R antibody IL6 signaling inhibition
e MCD
e Cytokine release syndrome
Siltuximab ~ MCD IL6 Chimeric monoclonal IL6 binding
Antibody
. IBD (Crohn’s disease,
Ulcerative colitis)
o e Rheumatoid arthritis Chimeric monoclonal s
Infliximab . Psoriatic arthritis TNFx antibody TNFa« binding /blocker
e Ankylosing spondylitis
. Psoriasis
e IBD (Crohn’s disease,
Ulcerative colitis)
° Rheumatoid arthritis
. e Dsoriatic arthritis Humanized monoclonal o
Adalimumab . Ankylosing spondylitis TNFx antibody TNFa binding /blocker
e Psoriasis
. Hidradenitis suppurativa
Juvenile idiopathic arthritis
e Jakland
Momelotinib JAKT and Jak2 inhibition
GS-0387 Myelofibrosis JAK2 Small molecule e Blockig of hepcidin
CYT-387 production via
ALK2 inhibition
Cs)137 *  Hepeidin modulation BMP6 Antibod BMP6 binding /blocki
! e Anemia amelioration ntibody inding /blocking
SST0001
RO-82 e Myeloma therapy . X Lo
RO-68 i . BMP6 Modified heparin BMP6 binding
e Hepcidin modulation
NAc-91
NAcRO-00
e Antitumor activity in advanced
solid tumors o
TP-0184 e Hepcidin modulation ALK2 Small molecule ALK?2 inhibition
. Anemia amelioration
h5F9.23, . Hepcidin modulation . BMP Co-receptor binding
h5F9-AM8 e Anemia amelioration HJV/RGMe Antibody binding
Spiegelmer . Hepcidin modulation Lexaptepid pegol
Aptamers - P Hepcidin L-stereoisomeric RNA Hepcidin binding
° Anemia amelioration
NOX-H94H aptamer
Hepcidin modulation i i
PRS-080 ° peidin modut at Hepcidin | Antichalin, Hepcidin binding
e Anemia amelioration bioengineered lipocalin
Erythropoetin ~ Anemia EpoR Protein Induction of Erythroferron

and blockage of hepcidin

4. Perspectives

Anemia, being the final consequence of imbalances in iron homeostasis, in the setting of chronic
diseases must be recognized as a clinical condition contributing to the morbidity of patients and
awareness for ID must be improved. Indeed, due to the knowledge gap in clearly defining and
diagnosing this condition, IDA, Al, and combined AI/ID are often used mutually. However, ID itself
precedes anemia and should be detected, even outside the context of anemia. Efforts to counteract
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this common misconception have been made and a group of experts has proposed the following
overarching definition for ID: “Iron deficiency is a health-related condition in which iron availability
is insufficient to meet the body’s needs and which can be present with or without anemia” [181].
Of importance, ID is not only associated with anemia, but also higher morbidity and mortality
among certain chronic diseases, which could be alleviated after treatment [100,182-185]. For example,
in patients suffering from chronic heart failure, ID has been shown to adversely impact performance
status and quality of life, including prolonged hospitalizations independent of anemia [186-188].
Another significant upcoming challenge will be the management of anemia of the elderly, which
often has a heterogeneous and multifactorial etiology, but is also specifically related to age-related
changes [189].

Although Al is a condition that should be treated, there is also an evolutionary rational for iron
restriction during inflammation: Iron restriction is beneficial during acute infections, especially to
withhold iron from circulating microbes [19,39]. Malaria represents one of the best studied examples
in this context [65,190,191]. The fact that red blood cells are the host for plasmodia highlights their
dependency on iron metabolism. An important finding was just recently made to better understand
underlying pathomechanisms: FPN expression on red blood cells is critical to prevent detrimental
intracellular iron accumulation and hemolysis, all in all leading to a more severe course of malaria.
Of interest, these authors found that a human mutation in FPN (Q248H), which is unresponsive to
hepcidin-mediated degradation, has been positively selected in sub-Saharan African populations [192].
Thus, anti-hepcidin treatment strategies as listed above could be discussed as a treatment option for
malaria in the future. Despite anemia being associated with this infection, iron supplementation has
been shown to be detrimental. This is also in line with studies showing that iron supplementation in
children of developing countries resulted in higher morbidity and mortality from infections [193,194].

Moreover, there is increasing evidence for the role of iron availability for the gut microbiome
and oral versus i.v. iron have different effects on the composition of the microbiome [143,195,196].
This is of interest, because the composition of the gut microbiome was found to play decisive roles for
the progression of IBD and carcinogenesis in different mouse models [197]. Further workup in vitro
showed that certain iron formulations (ferric citrate and ferric ethylenediaminetetraacetic acid) also
bear the risk of exacerbation of colon cancer advancement in an amphiregulin-dependent fashion,
however, it needs to be defined whether or not the dosages used in such models are relevant for
humans [198].

Another issue of general importance are the effects of iron supplementation or hepcidin
targeting strategies on immune regulation. This is based on the observation that iron impacts on
the differentiation and proliferation of immune cells, but also directly impacts on immune effector
pathways either by promoting oxygen radical formation or inhibiting pro-inflammatory cytokine
production or anti-microbial immune effector pathways of macrophages [29,199,200]. Pre-clinical and
clinical models have shown that iron supplementation reduces TNFo formation in CKD patients while
negatively impacting on the host response in mammalian models of invasive fungal infection [44,201].
Thus, depending on the underlying disease, iron supplementation could have disease modifying
effects through its regulatory effects on the immune function [44,202].

5. Conclusions

Anemia and ID in the setting of chronic inflammatory diseases are leading causes of morbidity
worldwide. While we have gained significant knowledge on the mechanism underlying iron
misdistribution and development of Al, highlighting the role of immune mediators and the iron
hormone hepcidin, there is still the need for reliable biomarkers to evaluate iron homeostasis
in patients suffering from inflammatory diseases and to choose the best therapy or to predict
its efficacy. Specifically, distinction between Al versus Al combined with true iron deficiency is
of importance because these groups of patients may likewise need different iron redistribution
therapies. The development of new drugs (e.g., hepcidin antagonists) and the improvement of
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old drugs (novel formulation for oral and intravenous iron preparations) are the subject of future
investigations. Although there is good evidence that iron supplementation improves quality
of life, the effect of iron supplementation on the course of an underlying disease or associated
co-morbidities are poorly understood. There is only limited information on therapeutic start- and
end-points for iron supplementation and anemia correction in such patients. However, negligence
of anemia and iron deficiency may also exacerbate the underlying disease state and cause clinical
deterioration [203,204]. Thus, there is still a lot to learn to optimize and personalize treatment in
subjects with AL Therefore, investigations through pre-clinical models, but also through prospective
randomized trials, are urgently needed to gain more detailed insights into this clinically very frequent,
but poorly understood condition.
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Abbreviations

ACD Anemia of chronic disease
ACVR Activin A receptor

Al Anemia of inflammation

ALK Activin receptor-like kinase
BMP Bone morphogenic protein
BMPR Bone morphogenic protein receptor
CKD Chronic kidney disease

CRP C-reactive protein

EPO Erythropoietin

EPOR Erythropoietin receptor

ERFE Erythroferrone

ESA Erythropoiesis stimulating agent
FDA Food and drug administration
FPN Ferroportin-1 AKA SLC40A1

Hb Hemoglobin

HIFs Hypoxia inducible factors
HIF-PHD Hypoxia inducible factor prolyl hydroxylase inhibitors
IBD Inflammatory bowel disease

1D Iron deficiency

IDA Iron deficiency anemia

IFNy Interferon gamma

IL Interleukin

IL6R Interleukin 6 receptor

iv. Intravenous

JAK Janus kinase

MCD Multicentric Castleman’s disease
MCH Mean corpuscular hemoglobin
MCV Mean corpuscular volume

MPN Myeloproliferative neoplasms
MPS Mononuclear Phagocyte system
RA Rheumatoid arthritis

RBC Red blood cell
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SMAD Homologues of Sma and Mad (mothers against decapentaplegic) proteins

STAT

Signal transducer and activator of transcription

sTfR Soluble transferrin receptor

TR Transferrin receptor

Tf-Sat Transferrin saturation

TNF«x Tumor necrosis factor alpha
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Abstract: (1) Background: Treatment of patients with rheumatoid arthritis (RA) with an anti-IL-6
receptor (anti-IL-6R) monoclonal antibody (tocilizumab) has been found to influence iron metabolism.
The objective of the present study was to ascertain whether changes in iron metabolism induced
by anti-IL-6R biologic therapy were independently associated with an increased infection risk.
(2) Methods: A prospective longitudinal study of patients with RA treated with tocilizumab was
conducted. RA patients treated with an antitumor necrosis factor « monoclonal antibody were also
included as a control group. The primary outcome was occurrence of infection during the first
24 months of biologic therapy. (3) Results: A total of 15 patients were included, with a mean age
of 51.0 + 4,1 and 73.3% (n = 11) female. A multivariate survival regression model, adjusted for
confounding factors, was fitted for each of the iron metabolism variables. Hazard ratios for being
above the median of each parameter was considered. Transferrin saturation above the median value
(>32.1%) was associated with a higher infection risk (HR 4.3; 95%CI 1.0-19.69; p = 0.05). Similarly,
although non-significantly, higher serum iron was strongly associated with infection occurrence.
(4) Conclusions: This study identified a probable association between infection risk and higher serum
iron and transferrin saturation in patients with RA on anti-IL-6R biologic therapy. We suggest that
both these parameters should be considered relevant contributing factors for infection occurrence in
patients on anti-IL-6R therapy.

Keywords: iron; hepcidin; ferroportin; Interleukin-6; infection; rheumatoid arthritis

1. Introduction

Infection is a frequent complication during the natural clinical evolution of rheumatoid arthritis
(RA), contributing to disease-associated morbidity and mortality [1]. Age-adjusted mortality in RA
might be increased about twofold when compared to the general population, and infectious diseases
are one of the leading causes of death [2]. This infection risk has been found to be influenced by
several disease-related conditions, patient-associated comorbidities, and the immunomodulatory drugs
used. Scores of disease activity, such as the disease activity score 28 (DAS-28), have been found to
correlate with infection risk [1,3]. Corticosteroids, synthetic disease-modifying anti-rheumatic drugs
(DMARD:s), and biologic DMARDs may also suppress the immune response, which might translate
into an additional risk for infection [2,4].

In the complex pathophysiology of RA, interleukin-6 (IL-6) overproduction is of major relevance. IL-6
is a pleiotropic cytokine with a role in eliciting the acute-phase response in the liver, B-cell proliferation
and antibody production, and T-cell differentiation and cytotoxicity [5]. Chronic inflammatory states,
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such as the one present in RA, through increased levels of IL-6 and other cytokines, result in an increased
transcription of the HAMP gene in the liver, which encodes hepcidin [6]. After binding to its receptor
in hepatocytes, IL-6 induces a Janus kinase 1 (JAK1)-mediated phosphorylation of STAT3, which in
turn activates the transcription of the HAMP gene [6]. Hepcidin is an iron regulatory hormone [7]
whose best-documented activity is binding to and promoting endocytosis and degradation of ferroportin,
the only known iron exporter expressed in cells involved in iron metabolism [7-9]. High concentrations
of circulating hepcidin, characteristic of inflammatory states, results in low expression of ferroportin in
duodenal enterocytes, hepatocytes, Kupffer cells, and splenic macrophages, decreasing iron export to the
extracellular fluid and plasma [7,8]. The result, called hypoferremia of inflammation, has been proposed
to be evolutionarily advantageous [9]. Three adaptive functions have been proposed for the hypoferremia
of inflammation: inhibition of extracellular bacterial growth by sequestering available iron (considering
that most infectious agents need to scavenge iron from the host to multiply); protection from the toxicity
caused by high levels of iron and heme released during tissue necrosis and erythrocyte destruction;
and increased transferrin capacity to bind to iron released during infection and inflammation [6,8].

Considering the IL-6 overproduction observed in RA, one of the biologic DMARDs used
successfully for its treatment is tocilizumab, a humanized anti-IL-6 receptor (anti-IL-6R) monoclonal
antibody designed to block IL-6 signaling [10]. In patients with RA treated with tocilizumab, infection
is considered the most frequent adverse event and respiratory infections are the most frequently
documented [11-13]. Although clinical trials initially reported low infection rates associated with
tocilizumab therapy in patients with RA [11-13], some observational studies of real-life registries have
found higher infection rates [5]. Comparisons of infection rates between anti-IL-6R and antitumor
necrosis factor o (TNF«) therapy have also been conducted, with some observational cohort studies
finding a higher infection rate in tocilizumab [14,15].

The IL-6 signal blockade may suppress hypoferremia of inflammation [5]. It has been demonstrated
that blocking IL-6 or TNFo pathways with tocilizumab or anti-TNFa monoclonal antibodies resulted
in significantly lower serum hepcidin and significantly higher serum iron [16]. However, the effect
on hepcidin was noted to be stronger in patients treated with tocilizumab when compared with
patients treated with anti-TNFa monoclonal antibodies [16]. Analysis of the relationship between
these parameters and infection risk observed in this type of patients has never been evaluated before.

The objective of the present study was to ascertain whether changes in iron metabolism induced
by anti-IL-6R biologic therapy were associated with an increased risk of infection.

2. Results

This was a prospective longitudinal study of patients with a diagnosis of RA and treated with
an anti-IL-6R biologic. RA patients treated with an anti-TNF«x were also included as a control group.
Both groups had a 24-month follow-up, with serum samples collected every semester and any infections
during this period registered by clinical interview.

A total of 15 patients were included, with a mean age of 51.0 + 4.1 and 73.3% (n = 11) female. All patients
completed the follow-up time without censoring. Mean disease duration was 10.8 + 9.5 years. Regarding
biologic DMARD therapy, 10 patients were treated with an anti-IL-6R monoclonal antibody (tocilizumab)
and 5 with an anti-TNFx monoclonal antibody (either infliximab, golimumab, or adalimumab). Baseline
characteristics and additional drugs used at any time during follow-up are summarized in Tables 1 and 2,
respectively. Corticosteroid daily dosages were relatively low (median = 5 mg/day, IQR 5-10 mg/day,
maximum of 20 mg/day, in prednisolone-equivalent dosages).
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Table 1. Baseline characteristics.

All Anti-IL-6R  Anti-TNF«x

Baseline Characteristics (@ =15) @ =10) (=5 p-value
Patient-related characteristics
Age (years) 51.0 £ 4.1 51.1+5.7 51.0+5.4 0.9986
Female 11(733%) 7 (70%) 4 (80%) 0.6900
Disease-related characteristics
Disease duration (years) 10.8 £9.5 10,7 £9.7 109 +10.8 0.7815
First biologic therapy 8 (53.3%) 4 (40%) 4 (80%) 0.1573
Comorbidities
Hypertension 7 (46.7%) 5 (50%) 2 (40%) 0.7237
Diabetes mellitus 3 (20%) 2 (20%) 1 (20%) 1.0000
Structural lung disease 3 (20%) 2 (20%) 1 (20%) 1.0000
Urolithiasis 2 (13.3%) 2 (20%) 0 0.2994
Tympanic perforation 2 (13.3%) 2 (20%) 0 0.2994
Gastrectomy 1(6.7%) 1 (10%) 0 0.2994

Anti-IL-6R—anti-interleukin-6 receptor; anti-TNFa—antitumor necrosis factor «.

Table 2. Additional drugs used. !

All Anti-IL-6R  Anti-TNFx

Drugs =15 (=10 (n=5) p-value

Proton pump inhibitor 9 (60%) 6 (60%) 1 (60%) 1.0000
Corticosteroid 11 (73.3%) 8 (80%) 2 (60%) 0.4250
Methotrexate 11 (73.3%) 6 (60%) 5 (100%) 0.1106
Sulfasalazine 4 (26.7%) 1 (10%) 3 (60%) 0.0461

1 At any time during follow-up. Anti-IL-6R—anti-interleukin-6 receptor; anti-TNFa—antitumor necrosis factor a.

2.1. Iron Metabolism

Median serum iron levels were significantly higher in the anti-IL-6R group (131.3 ug/dL (IQR
112.0-135.3 ug/dL) vs. 91.0 ug/dL (IQR 77.8-109.0 ug/dL); p = 0.028). Median serum IL-6 levels
were also higher in the anti-IL-6R group (58.6 pg/mL (IQR 23.5-134.4 pg/mL) vs. 21.2 pg/mL (IQR
6.4-41.0 pg/mL); p = 0.090)—Figure 1a,b—which is consistent with the known mechanism of action
of tocilizumab and corroborates good patient adherence. The relationship between serum IL-6 and
hepcidin levels tended to be inverse (Figure 1c) and there was a direct positive relationship between
hepcidin and serum iron levels (p = 0.018)—Figure 1d.
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Figure 1. Iron metabolism. (a) Box plots showing median levels of serum iron in the two groups;
(b) box plots showing median levels of serum IL-6 in the two groups; (c) inverse relationship between
hepcidin and IL-6 levels; (d) positive correlation between serum iron and hepcidin, with the linear
regression line shown. Please see text for details.

2.2. Infection Risk

During follow-up, a total of 29 infections were registered, 89.66% (n = 26) in the anti-IL-6R
group and 10.34% (n = 3) in the anti-TNF« group. The types of infections are summarized in Table 3.
Definitive microbiological identification of the infectious agents was not extensively pursued. The type
of infectious agent (bacterial, viral, or fungal) was mainly presumptive considering clinical, analytical,
and epidemiological data. Three infections were considered serious, 1 in the anti-IL-6R group and 2 in
the anti-TNFo group. All serious infections were pneumonias requiring inpatient intravenous therapy.
None of the infections resulted in death.

Table 3. Type of infection in subgroups.

Anti-IL-6R 1 Anti-TNF« 2

Respiratory 9  Respiratory 3
Genitourinary 8 -
Skin and soft tissue 4 - -
3
1

Ear - -
Gastrointestinal

Eye 1 - -

126 infections in 8 patients. 23 infections in 1 patient. Anti-IL-6R—anti-interleukin-6 receptor; anti-TNFo—antitumor
necrosis factor a.
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A first non-adjusted analysis of mean serum iron levels and number of infections during follow-up
revealed an association between higher serum iron and a higher number of infections (Poisson
regression, p = 0.030)—Figure 2.
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Figure 2. Relationship between mean serum iron level and number of infections during follow-up of
patients both on anti-IL-6R (green squares) and anti-TNF«x (blue circles) subgroups. The Poisson regression
curve is depicted (dashed red), p = 0.030. Anti-IL-6R—anti-interleukin-6 receptor; anti-TNFoa—antitumor
necrosis factor o.

Next, a multiple failure-time survival analysis was performed through fitting of an Anderson-Gill
Cox proportional hazards regression model. Univariate analysis of patient’s characteristics identified
a higher risk of infection in the presence of diabetes mellitus and a lower risk of infection in the presence
of corticosteroid therapy—Table 4.

Table 4. Univariate survival analysis results.

Patient and Disease-Associated Variables =~ Hazard Ratio p-value 95% Confidence Interval
Constant baseline variables

Age 1.004915 0.800 0.9675943-1.043676
Male gender 0.2343794 0.124 0.0369132-1.488188

Disease duration 0.9324102 0.300 0.8169411-1.0642
Anti-IL-6R therapy 2.66909 0.335 0.3622716-19.66492
First-line therapy 0.9597915 0.955 0.2281255-4.038127
Hypertension 2.357254 0.295 0.4742625-11.71639

Diabetes mellitus 4.870464 0.023 1.249398-18.98629
Structural lung disease 1.031864 0.964 0.2653836—4.012092
Urolithiasis 2.224302 0.417 0.3229469-15.31991

Proton pomp inhibitor therapy 0.9087983 0.896 0.2176265-3.7951

Time-varying variables

DAS28 0.7218875 0.357 0.3610093-1.443513
Erythrocyte sedimentation rate (mm/1hr) 0.9997664 0.994 0.9405976-1.062657
Corticosteroids 0.2458265 0.073 0.0529271-1.141771
Prednisolone daily dose (mg) 1.100572 0.394 0.8829673-1.371804
Methotrexate 0.3458809 0.185 0.0719138-1.66357
Methotrexate weekly dose (mg) 0.9233559 0.159 0.8264177-1.031665
Sulfasalazine ! 0.3954318 0.353 0.0558712-2.798691

1 Sulfasalazine daily dose relative risk estimates were not calculated due to the low number of patients on this drug
(n = 4) and non-significant daily dose variation. DAS28—disease activity score 28.
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Considering the potential confounding variables identified in the univariate analysis, a multivariate
survival regression model, adjusted for the presence of diabetes mellitus and for corticosteroid therapy,
was fitted for each of the iron metabolism variables (Table 5, Figure 3). Hazard ratios for being
above the median of each parameter distribution was considered. Transferrin saturation above
the median value (>32.1%) was associated with a higher infection risk (HR 4.3; 95%CI 1.0-19.69;
p = 0.05). This result was similar when a sub-analysis was performed in the anti-IL-6R group (HR 6.46;
95%CI 1.05-39.72; p = 0.044). Ferritin above the median value (>72 mg/dL) presented as a protective
factor (HR 0.16; 95%CI 0.05-0.53; p = 0.003). As serum iron above the median value was, although
non-significantly, still strongly associated with a higher infection risk (HR = 3.2 for all patients),
we performed a quartile sub-analysis that showed a consistently higher risk of infection for each higher
quartile (Table 6, Figure 4).

Table 5. Multivariate survival analysis for iron metabolism parameters. Hazard ratios presented are

for being above the median for each variable (relative to being below the median).

Iron Metabolism Parameters Hazard Ratio  p-value 95% Confidence Interval
. All 3.163589 0.089 0.8386898-11.93325
Serum iron

Anti-IL-6R 2.570872 0.238 0.5356937-12.33799

. All 1.314897 0.637 0.4223613-4.09354

Transferrin

Anti-IL-6R 1.874245 0.447 0.3708102-9.4733

TIBC All 1.314897 0.637 0.4223613-4.09354

Anti-IL-6R 1.874245 0.447 0.3708102-9.4733

All 4.321854 0.050 0.999262-18.69222

Transferrin Saturation
Anti-IL-6R 6.461889 0.044 1.051171-39.72334
e All 0.600787 0.003 0.048141-0.5322946
Ferritin

Anti-IL-6R 0.2356835 0.112 0.0395527-1.404372

1 All 2.183736 0.465 0.2691971-1.71454

Hepcidin

Anti-IL-6R 9.408961 0.084 0.7420833-119.2973
L6 All 2.654745 0.271 0.4658854-15.12748
Anti-IL-6R 2.173225 0.335 0.4478064-10.54677

TIBC—Total iron binding capacity; anti-IL-6R—anti-interleukin-6 receptor.
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Figure 3. Kaplan-Meier survival curves for transferrin saturation (a) and ferritin (b) values above
(solid lines) or below (dashed lines) the median.
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Table 6. Multivariate survival analysis for quartile distribution of serum iron.

Hazard Ratio  p-value  95% Confidence Interval

Q1 © - -
All Q2 2.654559 0.363 0.3244244-21.72057
Q3 3.633011 0.221 0.4601984-28.6806
Q4 12.50757 0.085 0.7074825-221.1213
Q1 © - -
2 13731 .239 . 287-3.749
Anti-IL-6R Q! 0.1373109 0.23 0.0050287-3 356
Q3 0.6592579 0.596 0.1414934-3.071671
Q4 1,112208 0,909 0,1806099-6,849054
Q—Quartile; anti-IL-6R—anti-interleukin-6 receptor.
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Figure 4. Kaplan—-Meier survival curves for each quartile of serum iron values.
3. Discussion

This was a prospective longitudinal pilot study designed to evaluate whether changes in iron
metabolism induced by anti-IL-6R biologic therapy were independently associated with an increased
risk of infection in patients with RA. Higher infection risk was associated with higher serum iron and
transferrin saturation.

Baseline characteristics were as expected for a cohort of patients with RA. Gender, median age,
disease duration, and co-morbidities of patients on anti-IL-6R therapy did not differ when compared
with a subgroup of patients on anti-TNF«. Non-biologic DMARD therapy use was also similar, with
the exception of a significantly higher sulfasalazine use in the anti-TNF« group. Posterior analysis
did not find a higher relative risk of infection in sulfasalazine users, and this difference was not
considered relevant.

As expected, patients on anti-IL-6R monoclonal antibody therapy tended to have higher levels of
free serum IL-6 than patients on anti-TNF«. These data are in accordance with drug pharmacodynamics
and result from a diminished serum clearance of receptor-bound IL-6. The relationship between
serum IL-6 and hepcidin levels seemed to be inverse, most probably as a result of a reduced IL-6
receptor-JAK1-STAT3 signal for HAMP gene transcription due to the IL-6-receptor blockade. Therefore,
higher IL-6 serum levels (and consequently, a higher IL-6 receptor blockade) were associated with a lower
hepcidin concentration. This was expected to have resulted in less endocytosis and degradation of
ferroportin in duodenal enterocytes, hepatocytes, Kupffer cells, and splenic macrophages, higher iron
efflux and, consequently, higher serum iron levels in patients on anti-IL-6R therapy. However,
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an unexpected positive linear correlation between serum iron and hepcidin was obtained, and higher
levels of hepcidin were associated with higher levels of serum iron. This relationship may have been
affected by the presence of unmeasured confounding regulatory factors of hepcidin production or may
have derived from the stimulatory effect that serum iron has on hepcidin transcription in hepatocytes,
through a mechanism of extracellular iron sensing [6].

In the univariate analysis of patient and disease-related characteristics, diabetes mellitus was
the only statistically significant risk predictor for infection. The relationship between diabetes and
infection risk is well-known in the general population and is expected to be similar in patients on
biologic DMARD therapy. Corticosteroid therapy, on the other hand, tended to constitute a protective
independent factor for infection occurrence in this study. It is commonly accepted that corticosteroid
use increases infection risk [2], but it should be noted that the median daily dose per patient in our study
was 5 mg/day. Such low dosages may have an immunomodulatory rather than an immunosuppressive
effect, such that controlling chronic inflammation may translate into a lower infection risk. In light of
this, survival analysis was adjusted for these two variables.

The relationship found between higher serum iron levels and transferrin saturation, and a higher
infection risk was initially proposed and expected. Infective microorganisms use available iron as
a catalytic component of enzymes that mediate many redox reactions, making it crucial for energy
production and proliferation [6]. Concentration of iron in plasma and extracellular fluid decreases
dramatically within hours of infection or other inflammatory stimuli through a cytokine-driven increase
in hepcidin concentration [8]. This adaptative function of hepcidin is of particular importance when
most common extracellular infective microorganisms are considered [8]. For intracellular agents
(e.g., Legionella pneumophila and Mycobacterium tuberculosis) the hepcidin—ferroportin axis may play
an opposing role, as iron release from infected cells into plasma could deprive microorganisms of
the iron they need to grow [8]. Even without a definitive microbiologic identification, the infections
reported here have a very low probability of being caused by intracellular organisms, based on clinical
and epidemiological data. Furthermore, assistant physicians considered the majority of infections as
being caused by extracellular bacteria and treated them accordingly and successfully. Infections were,
as stated in previously published work [15], mainly respiratory, and none were considered serious.
Transferrin saturation presented as a significant predictive factor for infection occurrence when above
32.1% (median). Although not statistically significant, a very consistent and progressive increase in
the hazard ratio for each quartile of serum iron levels (when compared with the first quartile) was
obtained. The reduced number of patients included may have contributed to a loss of statistical
power. Additionally, a statistically significant protective effect of ferritin on infection risk was obtained.
Higher serum ferritin probably reflects higher cellular ferritin and iron storage as a consequence of
ferroportin degradation and lower serum iron availability.

This study has some limitations. Blood sampling was not performed before biologic therapy was
initiated, which limited the evaluation of the dynamic evolution of iron-related parameters. A small
number of patients were included, and the anti-TNFx control group was smaller than the anti-IL-6R
group, which might have limited statistical power. However, to the best of our knowledge, this
investigation is the first to evaluate the relationship between iron metabolism and infection risk in
patients with RA on anti-IL-6R biologic therapy, and it has consistently demonstrated that a trend in
iron metabolism for a higher extracellular iron availability predicts infection occurrence. Given its
intrinsically potent immunosuppressor effect, we would not suggest that elevated iron availability
is the only mechanism through which tocilizumab increases infection risk, but our results show that
it should be considered as a relevant contributing factor. Studies with larger cohorts are needed to
confirm these data.

115



Pharmaceuticals 2019, 12, 100

4. Materials and Methods

4.1. Study Design and Patient Eligibility

We conducted an observational prospective longitudinal study of patients with seropositive RA
treated at the Systemic Immune-Mediated Diseases Unit in Portugal, under biologic DMARD therapy
with either anti-IL-6R or anti-TNF«. All patients gave written informed consent for participation in
the study, which was conducted in accordance with the Declaration of Helsinki, and after approval
by the Ethics Committee of Hospital Professor Doutor Fernando Fonseca. Patients entered the study
at the start of biological therapy and were followed up for 24 months. All blood samples were
collected in the morning without fasting. Patients were 18 years old or older. Exclusion criteria were
pregnancy; chronic kidney disease KDIGO classification 4 or higher; chronic liver disease Child-Pugh
B or higher; cancer; transfusion therapy, iron or erythropoietin supplementation during or three
months before starting biologic therapy; primary or secondary immunodeficiency not related with the
immunomodulatory therapy; refusal or inability to sign informed consent.

4.2. Assessments

We collected demographic, clinical, and therapy-related data such as comorbidities, disease
activity, and type and time of exposure to additional non-biologic immunomodulatory therapy. Disease
activity was measured with the DAS28 score [17] at the time of each blood sample collection.

Hepcidin and IL-6 plasma concentrations were measured using commercial ELISA kits (DY8307 and
DY206, respectively—R&D systems, Minneapolis, MN, USA). All other biochemical and hematological
parameters were measured using standard laboratory techniques. Blood samples from infection episodes
were excluded.

4.3. Outcomes

The primary outcome was occurrence of infection during the first 24 months of biologic therapy.
Infections were identified through clinical interviews during each regular follow-up visit at our clinic.
Infections were grouped into respiratory (including upper and lower respiratory tract infections);
genitourinary (including cystitis), pyelonephritis, and vulvovaginitis; skin and soft tissue (including
cellulitis), erysipelas, abscesses, and wound infections; ear infections (including otitis media and
externa); gastrointestinal infections (including acute gastroenteritis); and eye infections (such as purulent
conjunctivitis). Serious infections were defined as requiring hospitalization or intravenous antibiotics.

4.4. Statistical Analysis

Differences in dichotomous variables between treatment groups were assessed by Spearman’s or
Chi-square tests as appropriate. Continuous variables were compared using t-tests or Mann-Whitney
tests as appropriate, judging normality by a Shapiro-Wilk test. As an initial analysis, the number
of infection events was counted and directly compared between patients, as all patients had the
same follow-up time (24 months), and the association with mean serum iron values was tested using
aPoisson’s regression. Next, a survival analysis considering multiple failure-time data, with all patients
starting follow-up at the start of biologic drug administration (time 0). No censoring events resulted in
all patients being followed until the end of the 24 months. An Anderson-Gill Cox regression model
was used to assess each independent covariate to the outcome of interest (infection rate) to check for
potential confounders. Variables with a p-value of <0,1 were selected for inclusion in the multivariate
model for each of the components of iron kinetics available. The association of each variable of interest
(serum iron, transferrin, transferrin saturation, total iron binding capacity, ferritin, hepcidin, and IL-6)
was performed by stratifying it to above/below the median. Kaplan-Meier survival curves were
developed for significant associations. Sub-analyses with a quartile stratification was also possible.
Analyses were conducted with the use of STATA software, version 14.0 (StataCorp).
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Abstract: Iron is an essential nutrient for almost all living organisms, but is not easily made available.
Hosts and pathogens engage in a fight for the metal during an infection, leading to major alterations
in the host’s iron metabolism. Important pathological consequences can emerge from the mentioned
interaction, including anemia. Several recent reports have highlighted the alterations in iron
metabolism caused by different types of infection, and several possible therapeutic strategies emerge,
based on the targeting of the host’s iron metabolism. Here, we review the most recent literature on
iron metabolism alterations that are induced by infection, the consequent development of anemia,
and the potential therapeutic approaches to modulate iron metabolism in order to correct iron-related
pathologies and control the ongoing infection.

Keywords: iron metabolism; infection; innate immunity; hepcidin; ferritin; anemia of inflammation;
pharmaceutical targets

1. Introduction

The virulence of a pathogen is directly related to its capacity to adapt to the environment present
within the host, and also its ability to escape or subvert the host’s immune response. Amongst all the
nutritional needs of the pathogens, the acquisition of iron is probably one of the major determinants
for their maintenance and proliferation within a host. Most pathogens synthesize small molecules,
called siderophores, which have a high affinity for iron, to ensure their iron acquisition. There are
several types of siderophores and the same bacterial species can produce different molecules [1].
Several pathogens also have heme uptake systems and are able to take up iron from transferrin or other
host iron-binding proteins [2]. Additional evidence for the importance of iron, during an infection,
comes from epidemiological studies which correlate between the host’s iron status and the clinical
outcome of several infections [3]. For instance, the iron status of the host, at the time of an HIV
infection diagnosis, modulates the risk for subsequent development of tuberculosis [4]. Additionally,
iron-supplementation programs increase the risk of malaria, diarrhea and respiratory infections in
endemic regions [5,6]. It is increasingly recognized that together with the other components of the
immune response, the host uses a variety of mechanisms and strategies to deprive pathogens of the
essential nutrients, such as iron, zinc, and copper [7]. This host response to infection has been coined
“nutriprive” or “nutritional immunity” and results from extensive fine-tuning throughout animal
evolution [8,9]. Nutritional immunity, and in particular iron deprivation, may be a valuable target
in the development of host-directed therapies against infection. However, this development would
require a deeper knowledge of the iron metabolic and distribution pathways, which are essential not
only for pathogens but also for the host.
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Animals are highly dependent on iron for fundamental processes such as DNA replication, oxygen
transport, and immune function. Conversely, iron’s high reactivity makes it highly toxic when left
in a free form. Therefore, iron acquisition, storage, and transport are tightly regulated processes [10].
An increasing amount of data shows that infections have an enormous impact on the host’s iron
metabolism and distribution, not only through the innate mechanisms of iron withholding but also by
the effects of the pathogen, the immune response, tissue damage or other indirect consequences of
an infection. The diverse effects seen in different infections may have host-protective as well as
host-deleterious consequences, the most well-known of which is anemia of infection.

Here, we will review the most recent evidence linking iron metabolism and infection, highlighting
studies that have been performed in vivo, which put in an evidence for systemic rather than
cell-intrinsic alterations. We will also address the mechanisms leading to anemia of inflammation,
which is an important co-morbidity associated with infections and iron availability. Finally, we will
discuss the potential modulation of these pathways to be used as therapeutic targets in the clinics.

2. Iron Homeostasis in Animal Hosts

Due to its high toxicity, the amount of iron in the body must be tightly regulated. There are no
known active iron excretion systems in mammals. Therefore, only small amounts of iron are normally
lost by bleeding, the sloughing of mucosal cells, the desquamation of skin cells, and in the urine.
Conversely, iron uptake from the diet is tightly regulated. In mammals, iron is absorbed mostly in the
proximal duodenum, either in the ferrous form, through the divalent metal transporter 1 (DMT-1) or in
the form of heme, presumably through the heme carrier protein 1 (HCP-1). However, the identity of the
transporter(s) involved is still a matter of debate [11,12]. Once inside the enterocytes, heme is degraded
by the enzyme heme oxygenase 1 (HO-1) into carbon monoxide, bilirubin, and iron. Absorbed
iron can be used by the body, stored intracellularly in ferritins, or exported through the ferroportin
1 (FPN1) and complexed with the transferrin in the serum. Most of the circulating iron reaches all
tissues being safely bound to transferrin, and most cells acquire iron through the receptor-mediated
endocytosis of iron-bound transferrin. However, in situations of iron overload, the amount of iron in
circulation may exceed the transferrin carrying capacity, and as a result, the metal is complexed with
low molecular-weight molecules, constituting the so-called non-transferrin bound iron (NTBI). NTBI
can be taken up by hepatocytes, astrocytes and T lymphocytes. Importantly, in some circumstances,
astrocytes and lymphocytes are capable of acquiring iron in the ferric form, suggesting the existence of
a selective NTBI carrier [13,14]. It is worthy of note that iron in the form of NTBI has a much higher
toxic potential [15].

In quantitative terms, the red blood cell (RBC) formation is the major consumer of iron in the
body [10]. An efficient recycling system ensures that the iron resulting from the degradation of aged
or damaged erythrocytes, degraded by the liver and spleen macrophages, is made available for all
the body needs. During erythrophagocytosis, RBCs are contained inside a phagolysosome, and upon
hemoglobin degradation, heme is transported to the cytoplasm by the protein heme-responsive gene,
the homolog 1(HRG-1) [16]. In the cytoplasm, heme is either exported through the heme exporter, the
feline leukemia virus subgroup C cellular receptor (FLVCR), [17] or catabolized into CO, biliverdin,
and iron by HO-1 [18,19]. The regulation of heme catabolism and its export after erythrophagocytosis
is important not only due to the toxicity of free heme but also because heme can be used by pathogens
as a source of iron. In this context, the serum protein hemopexin plays an important protective
role [20-22]. Hemopexin is responsible for heme-binding in the serum, protecting the cells from its
nefarious effects, and for the subsequent transport of heme to the sites of iron recycling.

The iron released from the heme degradation is either stored intracellularly in ferritin or exported
from the cell by FPN1, which is up-regulated during erythrophagocytosis [23,24]. FPN1 expression at
the cell membrane is regulated by hepcidin. Hepcidin is a small peptide (coded by the Hamp1 gene)
produced mainly in the liver, the expression of which is regulated by several stimuli, including tissue
iron levels, anemia, hypoxia and inflammatory cytokines [25].
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Macrophages are key players in both iron homeostasis and response to infections. On one hand,
macrophages are responsible for iron recycling and storage. On the other hand, they play fundamental
tasks in the immune response, by secreting different types of cytokines, directly killing phagocytosed
microbes or serving as the host cell for others. It was proposed that specific stimuli act on
macrophages, polarizing their activation towards M1 or M2 phenotypes [26]. Interferon gamma
(IENG), lipopolysaccharide (LPS), Tumor Necrosis Factor alpha (TNF) and Granulocyte-Macrophage
Colony-Stimulating Factor (GM-CSF) induce macrophage polarization towards an M1 phenotype, with
the production of pro-inflammatory cytokines and effector molecules, which mediate, for instance,
the clearance of intracellular pathogens. On the flip-side, cytokines like IL-4 and IL-13, among others,
activate macrophages towards an M2 phenotype, which facilitates tissue regeneration. This dichotomy
is not always clear and intermediate polarization of phenotypes may occur. Regarding the iron
metabolism, it has been described that M1 macrophages seem more prone to store iron whereas M2
macrophages seem keener in exporting iron [27]. On the other hand, high iron levels induce an M2
polarization, repressing the M1 phenotype [28]. These observations have important consequences in
the regulation of iron metabolism during pathological situations, such as infections.

3. Different Pathogens, Different Impacts on the Iron Metabolism of the Host

First identified as a liver-derived antimicrobial peptide [29], hepcidin is now considered the main
regulator of iron homeostasis in mammals. Hepcidin expression and release follow the pattern of acute
phase proteins, being induced by pro-inflammatory cytokines, namely IL-6 [30,31]. The main effect of
this peptide is to decrease the circulating iron levels, by binding and promoting the internalization
and degradation of the only known cellular iron exporter, FPN1 [32]. The induction of hepcidin
production by inflammatory mediators and microbial products, such as LPS, has been interpreted as a
nutriprive host strategy to fight infectious agents. However, the real impact of hepcidin production
and hepcidin-induced hypoferremia, in resistance to infection, has only recently been addressed,
experimentally. It is now apparent that hepcidin-mediated protection is limited to certain types of
pathogens [33,34].

Following the first studies showing a Toll-like receptor (TLR) 4-dependent induction of
hepcidin by LPS, in vivo mouse studies showed increased levels of hepcidin during infections
with Salmonella [35,36], Pseudomonas aeruginosa, group A Streptococcus [37], Vibrio vulnificus [38], and
Candida albicans or Influenza A virus [39]. Additionally, in humans, several types of infections,
including HIV, Salmonella, tuberculosis, sepsis, and malaria, have been reported to be accompanied
by increased levels of serum hepcidin [40—-44]. In marked contrast, the Hepatitis C virus inhibits
hepcidin production in humans, which contributes to the pathology of this disease [45]. Interestingly,
when infected with Vibrio vulnificus, Y. enterocolitica serotype O9 or Klebsiella pneumoni, a dramatic
increase in pathogen growth and host mortality occurred in mice that were genetically deficient in
hepcidin production [38,46,47]. Overall, data from these experiments showed that hepcidin decreased
the levels of circulating iron and especially NTBI, which is critical to avoid the proliferation of
highly siderophilic bacteria, such as V. vulnificus and particular strains of Y. enterocolitica, in the
blood. In the case of the animal model of pneumonia caused by Klebsiella pneumonia, hepcidin mostly
exerted a protective role also through an inhibition of the bacterial dissemination to the blood [46].
The host-protective role of hepcidin in these particular cases was further demonstrated by the
significant therapeutic effect of hepcidin mimics [38,46,47]. Hepcidin administration or overexpression
was also protective against the hepatic stage of Plasmodium infection, and may be implicated in the
natural resistance to hepatic infections seen in the blood-stage carrying individuals [48].

In contrast, studies in Hampl-knock-out (KO) mice showed that the lack of hepcidin had
no effect on host resistance against Yersinia enterocolitica serotype O8, Staphylococcus aureus or
Mycobacterium tuberculosis [47,49], presumably because these pathogens do not depend on an
abundance of the serum NTBI, for their proliferation.
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Another interesting observation made in the Hamp1-KO model was that LPS injection induces a
significant degree of hypoferremia by hepcidin-independent mechanisms [50]. One such mechanism is
the decrease in the transcription of the Fpn1 gene, with a subsequent decrease in cell iron export. In fact,
TLR4, but not TLR2 ligands were shown to induce hepcidin expression in myeloid cells, but both
caused a down-modulation of FPN1 expression in vitro [51]. In vivo, different TLR agonists induced
hypoferremia without a concomitant increase in the hepcidin expression but were accompanied by Fpn1
down-regulation [50,52]. The same effect was seen in mice during infections by Listeria monocytogenes,
a Gram-positive bacterium [35].

Most infections are thus accompanied by hypoferremia, which may result from the action of
hepcidin and/or FPN1 down-modulation. This hypoferremia is concomitant with iron accumulation in
the macrophages, which may favor the growth of intramacrophagic pathogens. This possible dilemma
has been extensively investigated in Salmonella enterica serovar Typhimurium, with conflicting results.

In vitro studies with cultured macrophages showed that overexpression of FPN1 increases iron
export and decreases the intracellular growth of Salmonella [53,54]. Furthermore, the treatment of
these cells with hepcidin increased the growth of the bacteria [54,55]. It was also found that infection
with Salmonella naturally induces FPN1 overexpression in macrophages, by an inducible nitric oxide
synthase and nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent pathway, resulting in an
increase of iron export [53]. FPN1 expression inversely correlates with the intracellular growth of
Salmonella and also of other intracellular bacteria, such as Legionella and Chlamydia [53,56].

In vivo experimental infections with S. Typhimurium, either by the intravenous or the oral route,
consistently resulted in an increased expression of hepcidin in the liver and spleen, hypoferremia, and
mild anemia [35,53,57]. However, contradictory results were reported with respect to the impact of
Salmonella infections on FPN1 expression in the liver and spleen, as well as on the tissue iron levels, in
these organs [35,53,57,58]. Interestingly, one study found that pharmacological inhibition of hepcidin
production had a protective effect, inducing lower bacterial burden and decreased mortality by
Salmonella infections [57,59], while in another study no differences were seen in bacterial growth
between wild-type (WT) and Hamp1-KO mice [60]. Further studies are needed in order to explain these
discrepancies, which may result from the different infection routes (intravenous, intraperitoneal or oral).
The levels of hepcidin produced, and the related consequences for the kinetics of the iron dysregulation
also need to be investigated. So far, the emerging picture is that although hepcidin is produced during
Salmonella infection, it has no host-protective role, being even a possible disease promoter.

Other paradigmatic intra-macrophagic infections are those caused by mycobacteria. Despite
extensive evidence of a link between host iron status and the severity of disease, in this particular
type of infections, hepcidin does not seem to play a critical role in the host-pathogen interaction. Mice
infected with Mycobacterium avium did not exhibit any significant alteration in hepcidin expression
in the liver, while in animals, infected with M. tuberculosis, hepcidin expression was repressed
at later time-points [49,61]. Moreover, hepcidin deficiency had no impact on susceptibility to M.
tuberculosis [49]. In both experimental models of infection, with M. avium and M. tuberculosis, FPN1
expression in the liver was up-regulated [49,61] This up-regulation of FPN1 is probably related to
expression in hepatocytes, rather than macrophages, since mice infected with M. avium exhibit iron
accumulation inside infected macrophages, in the liver granulomas [62].

Another consequence of mycobacteria infection and iron accumulation inside macrophages is
the induction of H-ferritin. Infection with M. avium or M. bovis BCG increased the expression of
H-ferritin, upon activation of TLR2 in macrophages, in an Iron Regulatory Proteins (IRP)- independent
manner [51,63]. Ferritins are iron storage proteins composed of a combination of 24 subunits of the H or
L types. Ferritins are mainly thought of as intracellular iron storage proteins. H-ferritin has an oxidase
activity, promoting the oxidation of Fe (II) to Fe (III), without which iron cannot be incorporated
inside the ferritin cages. L-Ferritin facilitates the nucleation and mineralization of the iron core [64].
The expression of both the H-ferritin and L-ferritin genes is regulated post-transcriptionally by the
IRPs. However, H-ferritin transcription is also responsive to inflammatory stimuli, including TNF
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and IL-2 [65-67]. Consequently, one of the iron-related hallmarks of the inflammatory response is
hyperferritinemia (rise in the serum levels of ferritin) [64,68,69]. Serum ferritin levels are higher,
for example, in the plasma of humans infected with Plasmodium vivax in comparison with non-infected
individuals [70]. Serum ferritin was shown to be mostly composed of L-subunits with a few H-subunits,
to have a low iron content, and to be derived from macrophages through a non-classical secretory
pathway [71]. The exact role of the serum ferritin, and the mechanism triggering its release into
circulation, during inflammatory conditions, are not known. Some controversy persists as to the role of
ferritin in inflammation, with some authors defending that ferritin has an anti-inflammatory effect and
others claiming that ferritin is pro-inflammatory [67,72].

Cell surface receptors for both subunits of ferritin have been described and are expressed in
immune cells and in the liver [73-75]. It has been hypothesized that ferritin serves as an alternative
source of iron but it may also be involved in the host’s strategy to overcome the potential cytotoxic
effects of iron, during infections. H-ferritin has been recently reported to interfere with Hypoxia
induced factor (HIF) 1a-mediated response to hypoxia [76]. In this regard, it is important to note
that H-ferritin confers tolerance to malaria and sepsis through the decrease in tissue damage and
independently from parasite load [70,77]. On the other hand, mice deficient in H-ferritin are more
susceptible to M. tuberculosis infection, having higher bacterial loads and exacerbated inflammatory
response [78]. These models highlight the importance of iron homeostasis, in the control of pathology,
during an infection. It is thus evident that iron sequestration and re-distribution by the host has a key
influence in the outcome of infectious processes, beyond its role in pathogen nutrient-deprivation.

In this context, another top contender in the host-pathogen interaction is heme. Heme is an
important source of iron but is also highly toxic, and is an important cause of tissue damage. Heme
transport and metabolism are, thus, handled very tightly within the host. It is increasingly evident
that several infections lead to hemolysis, even if at a low level. This leads to increased levels of
free hemoglobin and heme in the plasma, which in turn increases the production and release of
hemopexin and haptoglobin, and also increases the expression of HO-1 in several tissues. Whether
HO-1 activation is protective and / or detrimental for the host is a matter of discussion (reviewed in [79]).
HO-1 expression in macrophages is induced upon an infection by mycobacteria and salmonella,
both in vitro and in vivo. HO-1 induction has a protective role against these pathogens, being
associated with a decrease in bacterial growth and also in oxidative stress-associated pathology [80-82].
Additionally, in vitro experiments showed that HO-1 is necessary for IFNG-induced autophagy and
M. tuberculosis growth-arrest inside macrophages [83]. Moreover, the chemical induction of Hmox1
(the gene which codes for HO-1) reduces the pathogen load of macrophages infected with Trypanosoma
cruzi [84], and in vivo experiments with Hmox1-KO, or myeloid-specific Hmox1-deficient animals
showed that these are more susceptible to sepsis caused by E. coli or Listeria monocytogenes [85]. Heme
toxicity may be avoided by the binding of the molecule to proteins such as hemopexin and haptoglobin.
IL-22 produced during an immune response to enteric pathogens, elicits the expression of hemopexin to
scavenge the plasmatic heme [86]. This pathway reduces the growth of the bacteria, although it is
not clear whether this results only from the removal of iron from the pathogens or also from the
reduction of the cytotoxic effects of free plasma heme.

Contrasting results were obtained in different infection models. In mice, HO-1 induction
was associated with immunomodulation and exacerbation of infection by Fasciola hepatica [87].
Experiments with chemical HO-1 inhibitors suggested that HO-1 was detrimental to the host
infected with M. tuberculosis [88]. Interestingly, high levels of serum HO-1 were found in patients
with active pulmonary tuberculosis, in contrast with latent M. tuberculosis carriers or healthy
people [89,90]. Overall, these studies suggest that, although uniformly induced, HO-1 has specific
effects, depending on the type and localization of the invading pathogen. In humans, polymorphisms in
the promoter of Hmox1, associated with higher expression of the enzyme, correlate with a more severe
presentation of malaria [91]. Murine models of malaria have shown that the higher expression of
HO-1 correlated with higher hepatic parasite loads due to an attenuated inflammatory response,
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promoting the establishment of infections [92]. However, during the cerebral stage of malaria,
induction of HO-1 does not alter parasitemia but prevents the tissue damage associated with the
disease, maintaining the integrity of the blood-brain barrier and that of the brain microvasculature,
and preventing neuroinflammation [93,94].

The intricate relationship between the HO-1 and infections gets another level of complexity in
situations of co-infections. Malaria and other hemolytic disorders are often associated with non-typhoid
Salmonella septicemia. It is now understood that during malaria-induced progressive hemolysis, the
free heme resulting from the bursting erythrocytes is catabolized by the HO-1, releasing CO, biliverdin,
and iron, thus reducing the ROS production by the phagocytes, and facilitate the bacterial replication.
Therefore, in the context of co-infections, HO-1 mediates a protective response against malaria but
impairs the immune response to non-typhoid Salmonella infections [95,96].

4. Nutritional Inmunity and Infection-Induced Anemia

Infectious diseases, especially those with a chronic evolution, are often accompanied by anemia.
For a long time, anemia of infection and inflammation was considered to be a side effect of nutritional
immunity. According to this view, by lowering the levels of circulating iron in order to limit pathogen
growth, the host makes iron unavailable for the formation of new red blood cells. Anemia of
inflammation has thus been linked to hepcidin-mediated iron redistribution, lower levels of circulating
iron and increased iron storage in tissues [97]. Experimental models of anemia of inflammation
brought on by turpentine-induced sterile abscesses, caused systemic hypoferremia at the early
stages of inflammation but it resolved at the later stages. However, anemia persisted due to inefficient
development of erythrocyte maturation in the bone marrow [98]. Mice treated with heat-killed Brucella
abortus developed hypoferremia at early stages with subsequent development of anemia [36]. Despite
these observations linking hypoferremia to the development of anemia, the causal relationships
between hepcidin, hypoferremia, and anemia in the context of specific infections have not been
established and the mechanisms triggering anemia during infections are still not fully understood.

In some infections, systemic iron levels remain unchanged. For instance, M. avium infection
induces anemia independently of hepcidin induction and hypoferremia [61]. The dysregulation of
erythrocyte formation during infections may result from factors other than iron deficiency [99-102].
The inflammatory cytokine IFNG was implicated in the pathogenesis of several hematological
disturbances, during infections, through its impact on the turnover of hematopoietic stem cells
(HSC), either leading to their exhaustion or skewing their differentiation towards the myeloid
lineage in detriment to other lineages, like the erythroid [99,100]. IFNG was also implicated in
emergency erythropoiesis with reticulocytosis (i.e., increased circulating reticulocytes), in response to
infections by Plasmodium [103]. Other cytokines, like IL-6 produced by the bone marrow stromal
compartment, were shown to be involved in the impairment of erythropoiesis, during infections with
Toxoplasma gondii [104].

Interestingly, hepcidin- or IL-6-deficient mice still developed anemia in response to heat-killed
Brucella abortus injection. In this infection model, anemia had a multifactorial origin, including
erythropoiesis impairment and reduced erythrocyte lifespan [36,105]. In this context, it is important to
note that an increasing number of reports associate infectious diseases with the appearance of
hemophagocytic macrophages. Hemophagocytes are myeloid cells with increased avidity to engulf
erythrocytes and, in some instances, leukocytes. These cells are frequently observed during infections
by pathogens, such as Salmonella enterica, Brucella abortus, Epstein-Barr virus and M. tuberculosis [106—
109]. S. Typhimurium infections were shown to result in anemia and lead to the development of
hemophagocytic macrophages, related to IFNG and IL-12-induced iron efflux from tissues [58]. The
mechanisms activating the macrophage to engulf erythrocytes are not fully described, but there is
some evidence suggesting that pro-inflammatory cytokines produced by the immune response to the
ongoing infections, such as IFNG and TNF, stimulate macrophages to phagocytize erythrocytes, which
in turn causes the development of anemia and other hematologic disorders [110,111]. In the absence of
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infections, the prolonged infusion of IFNG led to the appearance of hemophagocytic macrophages and
the subsequent development of anemia [112,113]. Hemophagocytic macrophages that appeared in
response to infection, had markers of anti-inflammatory M2 phenotype [114]. Genetic mutations may
predispose patients to the development of hemophagocytes in response to infections [107,115].

The observation that during the inflammatory response, anemia may occur due to increased
degradation of erythrocytes rather than decreased formation, represents an alternative view of
anemia etiology and has important implications for the clinical management of infections and
infection-induced anemia.

Increased erythrocyte degradation may result from different triggering events depending on
the infectious agent. Two recent reports have demonstrated how the immune response itself
may induce anemia, by the production of auto-antibodies against erythrocyte intrinsic proteins,
during malaria [116]. The deposition of these auto-antibodies—purified from anemic malaria
patients—on the surface of non-infected erythrocytes, altered the dynamic fluidity of the erythrocytes
and led to their phagocytosis [117]. Type I interferons may also induce the exposure of
phosphatidylserine (PS) on the surface of erythrocytes and the expression of PS receptors on
myeloid cells, triggering erythrophagocytosis upon infection with lymphocytic choriomeningitis
virus (LCMV) [118]. Along with cytokines, activation of TLR4 also stimulates hemophagocytosis [119].
On the other side, the pathogen may also have an active role in inducing alterations in erythrocytes, to
cause their phagocytosis. Trypanosoma vivax produces and secretes enzymes that desialylate the host
RBC, causing their erythrophagocytosis [120]. S. Typhimurium resides within macrophages containing
phagocytized erythrocytes, which may benefit the acquisition of iron by the pathogen [121].

The engulfment of erythrocytes potentially increases the release of free heme, which as we
discussed before, is an important player for the host and for the pathogen. Heme itself has the
capacity to induce the differentiation of macrophages into an iron-recycling phenotype through
the induction of the gene SpiC, degradation of the transcription factor BACH1, and Nrf2-mediated
induction of HO-1, the high expression of which is a characteristic of hemophagocytic macrophages
during sepsis [122,123]. Heme released during erythrocyte engulfment may be detrimental for the
host response, besides providing iron for the pathogen, as it inhibits phagocytosis and the migration of
phagocytes, due to a disruption of the cytoskeletal dynamics [85]. It is possible that the host developed
a strategy to overcome these detrimental effects by the induction of ferroptosis in macrophages engaged
in hemophagocytosis [124]. Ferroptosis is a regulated form of cell death due to the iron-dependent
accumulation of lethal levels of lipid hydroperoxides [125]. Upon the death of ferroptotic macrophages,
circulating and bone-marrow-derived monocytes are recruited to the tissues, where they differentiate
into FPN1-expressing iron-recycling macrophages [126]. The development of this population of
macrophages during situations of heavy hemophagocytosis is dependent on the growth factor, Csf1,
and the transcription factor, Nrf2 [126]. Together, these observations suggest that iron induces
important changes in the immune populations during the response to infection, implying that
nutritional and immune responses are deeply interlinked and have to modulate each other, in order to
maintain the host homeostasis and the capacity to fight the ongoing infection. The understanding of
whether hemophagocytosis benefits the host immune response or the pathogen is important for the
design of adjuvant therapies to treat infection and the associated anemia.

5. Targets for Pharmacological Intervention

In the context of infection, iron metabolism is an important therapeutic target for several reasons:
(1) iron is needed by the pathogen; (2) iron dysregulation may lead to anemia; (3) iron may contribute to
the pathology. A deeper understanding of the impact of infection on the host’s iron metabolism is thus
needed in order to allow the planning of efficient therapeutic interventions. Some of the most recent
strategies proposed to target host iron metabolism during infections, are summarized in Table 1.

A wide range of chelators (molecules with high affinity for iron) have been extensively designed
and synthesized in the search for the treatment of diseases: from cardiac to neurodegenerative
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disorders and cancer [127,128]. As pathogens deeply need iron to survive, the introduction of chelators
seems a plausible strategy to treat infections and overcome the increasing resistance developed by
pathogens, to the available drugs. In vitro, the potential use of hexadentate iron chelators was shown to
control mycobacteria growth [129]. The action of these molecules was improved by the conjugation of
rhodamine fluorophores [130]. Iron chelators were shown to increase the efficacy of chemotherapeutic
agents against Candida albicans, Staphylococcus aureus and polymicrobial sepsis [131-133]. Given the
host’s need of iron for his own metabolic needs, one important concern related to iron chelation
therapies is the development of adequate cell-targeting strategies that may guarantee pathogen’s iron
depletion, without a concomitant iron deficiency in the host. Altogether, there is a huge potential for
medical applications of iron chelators and the beneficial effects of different iron chelators were already
shown in several experimental infections. However, chelators-based therapies have not been shown to
be sufficiently effective in the treatment of infections in clinical trials [134,135].

One alternative to the administration of iron chelators is to block pathogen’s iron acquisition
pathways. Lipocalin (Lcn)-1 and 2 are host proteins, with high affinity for iron-loaded microbial
siderophores that restrict microbial growth by inhibiting iron uptake. In a mouse model of fungal
corneal infection, the topical administration of Len-lor the inhibition of siderophore synthesis by
the fungus, had a therapeutic effect with respect to iron starvation [136]. In a different approach to
decrease the pathogen’s capacity to internalize iron, siderophores were successfully used as antigens
for the development of a vaccine against uropathogenic Escherichia coli [137]. In the same line, a vaccine
containing live Yersinia pestis was found to have a high potential therapeutic value, successfully
limiting pathogen proliferation and the progression of the disease, by inducing the production of
hemopexin and transferrin, with consequent iron sequestration [138]. The modulation of hepcidin
function during infections is another potential target to control pathogen growth, as suggested
by the observation that Plasmodium erythrocytic stages inhibit liver-stage superinfection, through
hepcidin induction [139]. The use of minihepcidins, synthetic hepcidin agonists, are known to bind
ferroportin and induce its internalization, was initially studied in iron overload disorders, such as
hemochromatosis [140]. The administration of hepcidin mimetics was then tested in experimental
models of infection and shown to clearly protect from Vibrio and Yersinia-induced mortality, by reducing
bacterial loads. These hepcidin mimetics were shown to be effective not only in preventing but also at
treating infections [38,46]. In the case of Salmonella infections, a therapeutic effect was seen with the
pharmacological inhibition of hepcidin production [57].

Regarding the correction of anemia associated with infections, it is important to distinguish the
cases involving hepcidin activity from those that do not. Several inhibitors of hepcidin production
have been successfully tested to correct anemia of inflammation [141], but their usefulness in the
context of infection awaits confirmation.

The above-mentioned examples show that pharmacological approaches to alter iron homeostasis
and iron trafficking, during infections, may make an important contribution to the anti-infective
therapeutic armamentarium. However, it should be kept in mind that different pathogens have
different strategies to acquire iron in the host and the same intervention may have positive results in
one case and negative or neutral consequences in others.

Table 1. Iron-targeted strategies to fight infection.

Approach Mechanism Reference
Iron chelators Direct reduction of available iron [129-134]
Vaccines Inhibition of iron uptake [137-139]
Hepcidin agonists Reduction of NTBI [38,47]
Hepcidin inhibitors ~ Reduction of hepcidin production [57]
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6. Conclusions

Infections lead to important alterations in the host’s iron metabolism, including iron redistribution
within the tissues. Different pathogens have different impacts, some of which favor pathogen growth
while others protect the host. We are still far from having a comprehensive picture of the pathways
involved. Therefore, it is imperative that basic research work continues to be developed in order to
gain a deeper understanding of the specific changes occurring in host iron homeostasis in response to
each specific pathogen.
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Abstract: Malaria and iron deficiency are common among children living in sub-Saharan Africa.
Several studies have linked a child’s iron status to their future risk of malaria infection; however,
few have examined whether malaria might be a cause of iron deficiency. Approximately a quarter
of African children at any one time are infected by malaria and malaria increases hepcidin and
tumor necrosis factor-« concentrations leading to poor iron absorption and recycling. In support
of a hypothetical link between malaria and iron deficiency, studies indicate that the prevalence of
iron deficiency in children increases over a malaria season and decreases when malaria transmission
is interrupted. The link between malaria and iron deficiency can be tested through the use of
observational studies, randomized controlled trials and genetic epidemiology studies, each of
which has its own strengths and limitations. Confirming the existence of a causal link between
malaria infection and iron deficiency would readjust priorities for programs to prevent and treat iron
deficiency and would demonstrate a further benefit of malaria control.

Keywords: malaria; iron deficiency; hepcidin; TNF; children; Africa

1. Introduction

Malaria and iron deficiency are important public health problems especially in developing
countries [1,2]. In 2016, malaria caused an estimated 216 million cases of sickness and 445,000 deaths
(91% in sub-Saharan Africa) [2]. Among African children under the age of five years, malaria caused
an estimated 292,000 deaths in 2015 [3]. The disease has remained persistent and widespread across
sub-Saharan Africa (SSA), affecting 24% of the population at any one time [4]. Similarly, iron deficiency
is common in SSA, where it affects more than half of children [5,6]. Iron deficiency is associated with
poor child growth including impaired brain development and long-term impairment of behavioral
and cognitive performance [7-9]. Furthermore, iron deficiency is the main cause of anemia and iron
deficiency anemia (IDA) is the leading cause of years lived with disability in children [1].

Iron supplements are inexpensive and widely used for the prevention and treatment of iron
deficiency in African children. However, there are long-standing concerns regarding the safety of iron
supplementation [10,11]. A large trial in Pemba, Tanzania reported an increased risk of malaria-related
events among the group supplemented with iron [12] and other trials have reported inconsistent
findings [13-16]. In 2016, a Cochrane review reported that iron supplementation was not associated
with an increased risk of clinical malaria when malaria prevention and management services were
provided [17]. Thus, the World Health Organization (WHO) updated its recommendations for iron
supplements and micronutrient powders in malaria endemic areas to include supplementation when
the prevalence of anemia is 40% or higher in conjunction with malaria control and management
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practices [18]. However, questions remain regarding how adequate malaria control and prevention
measures need to be before iron supplementation is deemed safe in resource-limited settings [3].
Moreover, prospective cohort studies have indicated that iron replete children may be at increased
risk from malaria infection [19-23]. In addition to the risk of malaria, iron supplements /fortification
may not be absorbed in children with malaria and hence would be ineffective [24] and have also been
associated with pathogenic gut microbiota and bacterial infection [25]. New strategies are therefore
needed to prevent and treat iron deficiency. In this paper we outline the hypothesis that malaria could
contribute to the burden of iron deficiency in children living in SSA.

2. The Malaria Iron Deficiency Hypothesis

We hypothesize that malaria may be causally linked to iron deficiency in African children by
increasing concentrations of the iron hormone hepcidin, as well as increasing inflammatory cytokines,
such as tumor necrosis factor-a (TNF-«). In SSA, up to 50% of children may be asymptomatically
infected with malaria and 24% have febrile malaria at any one time [4,26]. Asymptomatic individuals
carry malaria parasites but are unlikely to seek medical attention and there may be delays in the
treatment of febrile malaria and other illnesses in resource-limited settings. Many children are therefore
likely to have chronically up-regulated hepcidin, and inflammatory cytokines such as TNF-«, which in
turn block the absorption and recycling of iron. Indeed a study in Ivorian children showed that iron
absorption was halved in children with afebrile malaria and increased when malaria infection was
treated [24].

The iron hormone hepcidin may link malaria with iron deficiency. Both clinical and asymptomatic
malaria infections increase hepcidin concentrations. Clinical episodes of Plasmodium falciparum malaria
are associated with markedly increased hepcidin concentrations in African children [27-31]. Similarly,
even asymptomatic P. falciparum is associated with a doubling of hepcidin concentrations [31,32].
Treatment of malaria significantly reduces hepcidin concentrations [28,32,33]. Furthermore, the
up-regulatory effects of malaria on hepcidin concentrations appear to occur both in the presence
and absence of inflammation suggesting that malaria may further increase hepcidin independently
of inflammation [31]. The mechanisms through which malaria up-regulates hepcidin production are
not fully elucidated, but may include the bone morphogenetic protein (BMP)/sons of mothers against
decapentaplegic (SMAD) pathways [34].

Increased hepcidin concentrations due to frequent and chronic malaria parasitemia in children
with iron-poor diets may lead to iron deficiency. Hepcidin prevents iron absorption and recycling
by inhibiting the activity of ferroportin [35], the sole known iron exporter which is abundant in
macrophages [36,37], enterocytes and hepatocytes [36,38,39], as well as erythrocytes [40]. Hepcidin also
degrades and inhibits the transcription of divalent metal transporter 1 (DMT1), thus blocking iron
absorption through the duodenal enterocytes [41,42]. Furthermore, hepcidin blocks iron export from
red blood cells (RBCs) leading to accumulation of iron, oxidative stress and hemolysis [40]. This may
explain why both infected and uninfected RBCs burst during malaria infection leading to anemia (and
probably further spread of the malaria parasites). Figure 1 illustrates how malaria-induced hepcidin
might contribute to iron deficiency.

Malaria may also cause iron deficiency through increasing inflammatory cytokines such
as tumor necrosis factor-a (TNF-a). Uncomplicated and asymptomatic malaria significantly
raise TNF-« concentrations [43,44]. TNF-« blocks iron recycling from macrophages and inhibits
erythropoiesis [45,46]. In addition, TNF-«, independently of hepcidin, blocks intestinal iron absorption
by reducing DMT1 expression [47], increasing deposition of iron into ferritin and degrading
ferroportin [48]. In a cohort of Gambian children, the TNF_3p3 AA genotype (which is associated
with higher TNF-« transcription compared with TNF_3p3 AG and TNF_3p3 GG genotypes [49,50])
was strongly associated with increased risk of iron deficiency and IDA [51]. Interestingly, this
effect was observed at the end of a malaria season when the prevalence of clinical malaria was
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highest [51]. Furthermore, zinc protoporphyrin concentrations were significantly raised in the TNF_3(g
AA genotype indicating dyserythropoiesis [51].
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Figure 1. The malaria—iron deficiency hypothesis. (A) In healthy children without malaria (A1),
concentrations of hepcidin and TNF-c are low (A2) leading to increased absorption of iron through
enterocytes (A3), reduced hemolysis of RBCs and increased recycling of iron recovered from senescent
RBCs by macrophages (A4). More iron is thus available for the production of new RBCs (A5). (B) On
the other hand, during malaria infection, blood-stage malaria parasites (B1) elicit increased production
of hepcidin and TNF-« (B2), which, in turn, block absorption of iron through DMT1 and ferroportin
(FPN) on enterocytes (B3). Hepcidin also degrades ferroportin on both infected and uninfected RBCs
leading to accumulation of intracellular iron, oxidative stress, and consequently hemolysis. Hemolyzed
RBCs are taken up by the macrophage (B4). Hepcidin and TNF-« inhibit recycling of iron recovered
from hemolyzed RBCs back into the circulation leading to deficiency of the amount of biologically
available iron. Consequently, little iron is available to produce new RBCs by the bone marrow leading
to iron deficiency anemia (B5). Tf, transferrin.

Several studies support the hypothesis that malaria causes iron deficiency. A study in Kenyan and
Gambian children observed that the prevalence of iron deficiency and IDA was markedly higher at the
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end of a malaria season compared to the start [52]. Interruption of malaria transmission in the Kenyan
highlands with antimalarials and indoor residual spraying reduced the prevalence of iron deficiency
from 36% to 25% and more than halved the prevalence of IDA (from 27% to 12%) [53]. However, the
observational nature of these studies does not necessarily imply a causal relationship. Additionally, a
meta-analysis of intermittent preventive treatment (IPT) of malaria reported a 29% reduction of anemia
in children following treatment [54]. Moreover, in Ivorian children, treatment of asymptomatic malaria
significantly reduced hepcidin concentrations and inflammation and doubled iron absorption [24].

A key difficulty is distinguishing between uncomplicated IDA and the anemia of inflammation
(AI) among children living in sub-Saharan Africa where malaria and other infections are highly
prevalent. This challenge can be addressed by measuring a wide range of iron markers [55] including
hepcidin [56]. Hepcidin was demonstrated to be significantly lower in children with IDA compared
to those with AI [56]. Other markers of iron status that can be used to discriminate IDA and Al
include soluble transferrin receptors (sTfR) and total iron binding capacity (TIBC), which are elevated
during IDA compared to Al, or serum ferritin, which is normally decreased during IDA and increased
during Al [55]. However, the effects of inflammation or infection on iron status may obscure the true
prevalence of IDA in African children [57].

3. Testing the Hypothesis

How can the hypothesis be tested? Below, we look at potential study designs as well as their
strengths and limitations.

3.1. Observational Studies

Longitudinal cohort studies following up malaria exposed and unexposed children for iron status
would allow investigation of whether malaria causes iron deficiency. However, since individuals in
malaria endemic areas are likely to be exposed to malaria repeatedly and in varying degrees over
time [4], it would be difficult to group them as exposed or unexposed with certainty. Individuals who
are continuously exposed to malaria develop partial immunity to malaria and may be misclassified as
unexposed [58]. Moreover, it is difficult to specifically determine the degree of malaria exposure [59,60].
Another challenge is the fact that host iron status may also influence malaria risk making reverse
causality a possibility [19-21]. Pragmatic cohort studies would involve comparing iron deficiency
during the course of malaria seasons although many other factors may influence iron status during
that period [52]. For example, the nutritional status of children may improve during harvest seasons,
which may coincide with rainy seasons (or peak malaria transmission) thereby confounding a possible
effect of malaria on iron status.

Another approach would be to spatially and temporally map-out the distribution of malaria and
iron deficiency. If malaria causes iron deficiency, then areas or periods of high malaria transmission
would also be associated with higher prevalence of iron deficiency. Carefully gathered and mapped
epidemiological data of malaria in Africa, both in space and time, are available [4,61]. Likewise, a
number of iron deficiency studies have been conducted in African children over the years although
not mapped. However, this approach is limited by the fact that some markers of iron especially
ferritin and soluble transferrin receptors (which are commonly measured), are raised during malaria
infection [62-64]. Thus, malaria may obscure the true picture of iron deficiency so that children in
malaria regions may appear more iron replete. Social economic status may further confound the
geographical distribution of malaria and iron deficiency since both are more likely to occur in the
poorest communities.

3.2. Randomized Controlled Trials

Randomized controlled trials (RCTs) remain the gold standard study designs for investigating a
causal relationship. Individuals could be randomized to receive interventions known to be effective
against malaria such as antimalarials and insecticide-treated bed nets and then iron status could be
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assessed after a period of time. For example, children could be randomized to receive intermittent
preventive treatment (IPT) of malaria followed by assessment of iron status. A few previous trials
have reported a non-significant improvement in concentrations of ferritin [13,65] and a decrease in
sTfR [14] following IPT. However, both ferritin and sTfR are raised during malaria infection [62-64]
making interpretation of iron status difficult and thus they may not be the best indicators of the effect
of IPT on iron status. Transferrin saturation may be a good indicator of improved iron absorption
while reduced ZPP concentrations may indicate improved erythrocyte iron incorporation. However, it
may be difficult to justify large trials randomizing children to either malaria prevention/treatment
or none.

3.3. Mendelian Randomization Studies

Another approach is Mendelian randomization (MR) which utilizes genetic variants as proxies for
modifiable environmental exposures (or instrumental variables) to infer a causal relationship between
an exposure and an outcome [66]. This study design provides an alternative to RCTs since genetic
variants are unlikely to be confounded by environmental factors and reverse causality is eliminated
as genetic variants are allocated at conception [67]. MR also reflects a life-time of exposure, which is
important since age is a critical determinant of infectious risk. This approach has been successfully
employed in other disease processes and has helped to explain previous controversies [68-70].

Similarly, MR can be utilized to study whether malaria causes iron deficiency. There are known
genetic polymorphisms that are associated with resistance to malaria. For example, sickle cell trait
which results from inheritance of one abnormal allele of the beta-globin gene is associated with 50%
protection against uncomplicated clinical malaria and 86% protection against severe malaria [71].
Alpha- and beta-thalassemias, glucose-6-phosphodehydrogenase (G6PD), ABO blood group, and
glycophorins are additional genes known to be associated with resistance to severe malaria [72].
If malaria causes iron deficiency, then polymorphisms that protect from malaria would also be
associated with reduced risk of iron deficiency. However, the polymorphisms should only influence
iron status through malaria, thus the effect of the polymorphism(s) on iron status should only be
observed in populations at risk of malaria but not in malaria-free populations (i.e., there should be
no pleiotropy or independent effect of the polymorphisms on iron status). Additionally, each of the
protective polymorphisms should influence iron deficiency in the same direction [73,74]. Figure 2
illustrates the conceptual MR causal diagram for malaria and iron deficiency.

Potential confounders
(Example, nutritional status,

ii — = . .
(if) - age, sex, other infections)

Instrumental variable (i) Exposure Outcome

(Genetic variant) ) (Malaria) ) (Iron deficiency)
- P 4

~ -
~ -
~ //
\\ —
=~ — _—

(iii)
Figure 2. Conceptual MR causal inference framework. (i) Genetic variants reliably associated with
malaria are required, for example, the sickle cell trait. (ii) The genetic variant should not be associated

with any measured potential confounders. (iii) The genetic variant should influence iron deficiency
only in populations at risk of malaria. Adapted from Sheehan et al. [75].
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4. Implications of the Hypothesis

Since individuals in malaria-endemic regions are likely to have chronically up-regulated hepcidin
concentrations, the current efforts of iron supplementation in these populations may not address the
problem of iron deficiency. Raised hepcidin levels in malaria-infected individuals would not only
block iron absorption [24] but also utilization [76-78]. A systematic review of randomized controlled
trials evaluating the effect of iron supplementation on hemoglobin/anemia in children reported
limited gains in malarial hyperendemic areas [76]. Furthermore, unabsorbed iron due to malaria
infection may disturb gut microbiota leading to gastrointestinal disorders [79-81]. In the largest iron
supplementation trial in Pemba, Tanzania, increased risk of adverse events were reported among
children in the supplemented arm [12]. Thus, the effectiveness and safety of iron supplementation or
fortification in malaria-endemic regions has remained questionable.

If, indeed, malaria causes iron deficiency, then strategies aimed at malaria elimination may also
address iron deficiency. Causality in the malaria-iron deficiency relationship could be tested using
randomized trials of interventions that protect against malaria, such as IPT trials, or by Mendelian
randomization studies where randomization would be by genetic variants that protect from malaria,
such as the sickle cell trait. Advantages of Mendelian randomization are that genes confer life-long
protection against malaria and that it may be unethical to randomize children to not receive an
intervention of proven efficacy. Furthermore, our hypothetical concept could also be extended to
other causes of chronic infection, which may contribute to the burden of iron deficiency through
inflammation-induced up-regulation of hepcidin. Confirmation of a role of malaria and other infections
in causing iron deficiency could lead to a readjustment of priorities for public health programs to
prevent and treat iron deficiency in sub-Saharan Africa. Thus, we recommend further studies to test
the malaria-iron deficiency hypothesis and suggest that control of malaria and other infections could
be utilized as an additional strategy to improve the iron status of children living in Africa.
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Abstract: Early childhood is characterised by high physiological iron demand to support processes
including blood volume expansion, brain development and tissue growth. Iron is also required
for other essential functions including the generation of effective immune responses. Adequate
iron status is therefore a prerequisite for optimal child development, yet nutritional iron deficiency
and inflammation-related iron restriction are widespread amongst young children in low- and
middle-income countries (LMICs), meaning iron demands are frequently not met. Consequently,
therapeutic iron interventions are commonly recommended. However, iron also influences infection
pathogenesis: iron deficiency reduces the risk of malaria, while therapeutic iron may increase
susceptibility to malaria, respiratory and gastrointestinal infections, besides reshaping the intestinal
microbiome. This means caution should be employed in administering iron interventions to young
children in LMIC settings with high infection burdens. In this narrative review, we first examine
demand and supply of iron during early childhood, in relation to the molecular understanding of
systemic iron control. We then evaluate the importance of iron for distinct aspects of physiology and
development, particularly focusing on young LMIC children. We finally discuss the implications
and potential for interventions aimed at improving iron status whilst minimising infection-related
risks in such settings. Optimal iron intervention strategies will likely need to be individually or
setting-specifically adapted according to iron deficiency, inflammation status and infection risk, while
maximising iron bioavailability and considering the trade-offs between benefits and risks for different
aspects of physiology. The effectiveness of alternative approaches not centred around nutritional
iron interventions for children should also be thoroughly evaluated: these include direct targeting of
common causes of infection/inflammation, and maternal iron administration during pregnancy.

Keywords: iron; anaemia; infection; malaria; immunity; brain development; growth; microbiome;
hepcidin; ferritin; iron supplementation; infants; children; low and middle income countries

1. Introduction

Young children growing up in low- and middle-income countries (LMICs) are frequently exposed
to concurrent physiological challenges and environmental hazards that may influence both their current
health and future development. In such settings, a high infection risk often co-exists with nutritional
deficiencies, amongst which iron deficiency (ID) is of major importance. ID is best known for causing
anaemia, affecting hundreds of millions of young children, particularly in LMICs [1]. Iron deficiency
anaemia (IDA) affects over 1.2 billion people globally and was recently classified as the leading cause
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of years lived with disability (YLDs) in low/low-middle socioeconomic settings [2]. However, ID also
occurs frequently without manifesting anaemia, meaning the number of people affected globally will
be considerably higher. Importantly, the clinical and developmental impacts of iron deficiency also go
beyond anaemia [3].

In this narrative review, we discuss the biology of iron in early childhood, with a particular
focus on children living in settings with high burdens of infection, nutritional deficiency and anaemia.
We aim to identify research gaps, controversies and accepted principles from biological, nutritional and
epidemiological points of view. In the first section, we consider why iron is required during the early
years of life, how iron status is defined, and how iron handling is regulated. In the second section,
we examine the implications of iron status and therapeutic iron interventions for different physiological
and developmental processes of particular relevance in early childhood. The final section summarises
factors that should be accounted for when planning interventions aimed at adjusting iron status in
such populations.

2. Regulation of Iron Status during Early Childhood

2.1. Iron Demand in Early Childhood

Iron is widely used as a cofactor in cellular biochemistry owing to its ability to act as an electron
donor or acceptor. The numerous examples of proteins that use haem prosthetic groups or iron-sulphur
clusters as cofactors, or which directly coordinate iron for catalytic functions, demonstrate the wide
utility of iron in biology. Box 1 provides a far from exhaustive list of examples of how such proteins
are used across key cellular processes. An adequate supply of iron is thus required to support
normal physiology.

The daily requirement for iron is greater in early childhood than during adulthood [4,5]. Adulthood
requires a “steady-state” turn-over of iron to maintain tissue homeostasis while ensuring flexibility to
adapt iron handling according to changes in physiological or environmental circumstances (e.g., blood
loss, infection, pregnancy, nutritional limitations, changes in altitude) [6]. In contrast to adults, young
children must expand their blood volume, increase muscle and tissue mass, and are at a key stage in
terms of neurodevelopment and brain growth: growing tissues therefore require an absolute increase
in iron content to maintain a state of iron repletion.

Box 1. Examples of iron involvement in cellular biochemistry.

e The haem group of oxygen-transporting haemoglobins is the major and best-known destination of
absorbed iron, supporting adequate erythropoiesis, with an estimated two-thirds of body iron found within
erythrocyte haemoglobin.

e Haem moieties, in which iron is coordinated within protoporphyrin IX, also mediate oxygen-storage
by myoglobin in muscle, and are used by cytochrome P450 monooxygenases, and by cytochrome ¢ and
cytochrome c oxidase in the mitochondrial electron transport chain for oxidative ATP production.

e The final step of haem biosynthesis is itself iron dependent, catalysed by the Fe,-S,-containing
protein ferrochelatase.

. Iron-sulphur clusters are central as cofactors in energy production, being complexed within mitochondrial
aconitase in the tricarboxylic acid (TCA) cycle, and complexes I-1II in the electron transport chain. They are
used by DNA polymerases, DNA primase subunits, and DNA helicases reflecting involvement in DNA
replication and repair.

e Nucleotide biosynthesis provides the substrate for DNA replication and depends on ribonucleotide
reductase (RnR), a di-iron monooxygenase.

e Iron(Il)- and 2-oxogluatarate-dependent dioxygenases include the prolyl hydroxylases PHD-1, 2 and
3 which regulate the Hypoxia-Inducible Factor (HIF)-dependent response to hypoxia, and the TET
family of methylcytosine dioxygenases which are involved in histone demethylation and consequent
epigenetic regulation.

e Ironis centrally involved in the antimicrobial oxidative burst employed during neutrophil responses to
infection, involving the haem-dependent NADPH oxidase, and iron-dependent myeloperoxidase.
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2.2. Iron Supply in Early Childhood

2.2.1. The Maternal Iron Endowment

Neonates are born with an endowment of iron from their mother, estimated as approximately
75 mg/kg (approximately 260 mg total body iron) in a healthy full-term neonate [7]. The size of
the iron endowment is strongly influenced by gestational age, birthweight and timing of cord
clamping [7]. Maternal iron status does not appear to predict neonatal iron status during maternal
iron sufficiency [8,9] or in the presence of maternal iron-restricted erythropoiesis [10]. However,
several studies report compromised infant iron status following maternal iron deficiency anaemia
(e.g., [11,12]). This suggests that unless maternal iron is severely limited, foetuses tend to acquire
maternal iron efficiently during gestation irrespective of maternal iron status. The size of the maternal
iron endowment and its consumption rate vary between infants, with declines in iron status greater in
boys than girls [13,14]. A significant proportion of maternal-foetal iron transfer occurs during the final
weeks of gestation [9]. Consequently, pre-term infants are at high risk of earlier onset ID. Similarly,
since most of the iron is contained within haemoglobin, lower birthweight infants—who have a smaller
total blood volume—carry lower absolute body iron content and are at higher risk of ID [13]. Delaying
cord clamping, which can enable blood volume increases of ~40 mL/kg birthweight, is associated with
significantly improved iron status and lower ID risk during the first year (reviewed in [7]).

The maternal iron endowment is thought to sustain the iron requirements of an exclusively
breastfed healthy term infant for up to half of the first year [7]. Since iron is utilised to support growth
and development, the initial iron stores become depleted as infancy progresses, with steeper declines
in more rapidly growing infants [13,15-17]. This means iron must be obtained from exogenous sources
including complementary foods and via food fortification or supplementation [7]. Human breastmilk
is often considered to contain highly bioavailable iron but only in small quantities that are insufficient
to sustain iron requirements as infancy progresses [18-20]. Therefore, weaning diets must contain
adequate sources of bioavailable iron.

2.2.2. Dietary Iron: Differences between High- and Low-Income Settings

Two categories of dietary iron exist: haem iron, present in animal-source foods, is highly
bioavailable (~20-50% of ingested iron is absorbed); in contrast, non-haem iron, which accounts
for a higher proportion of dietary intake, has highly variable but typically substantially lower
bioavailability [21]. Absorption of non-haem iron, unlike haem iron, is influenced by the presence
of dietary enhancers (e.g., ascorbic acid (AA) and muscle protein) and inhibitors (e.g., phytates and
polyphenols) (Reviewed in [22]). Based on overall dietary composition, iron bioavailability can be
classified as poor (average fractional absorption (FA) <5%), intermediate (FA, 5-15%) or high (FA,
>15%). Bioavailability relates to the relative balance of unrefined cereals and pulses (high in inhibitory
phytates), fresh fruits and vegetables (sources of AA), refined cereals (lower in phytates), and meat,
fish and poultry (rich in haem iron and muscle protein). Weaning foods should possess high iron
bioavailability, as the iron/energy requirement ratio is particularly elevated in infancy. These factors
likely contribute to differences in iron status between young children from higher-income settings,
where fortification of weaning diets, cereals and meat-based diets are commonplace, compared with
those from LMICs where diets often contain lower absolute iron content, combined with lower dietary
bioavailability enhancer:inhibitor ratios.

The recommended nutrient intake (RNI) of iron for 7-12-month-old infants (i.e., required
quantity of absorbed iron) has been estimated as 0.69 mg/day (97.5th percentile, 1.07 mg/day) [5,23].
If bioavailability of dietary iron is below 10%, intake of >10.7 mg/day would be required to guarantee
reaching the 97.5th RNI percentile, which may present a challenge in resource-limited settings;
accordingly, children may frequently fail to meet the RNI, and ID may ensue [23]. Risk of nutritional
ID can be classified via markers of dietary exposure relating to both iron intake and overall iron
dietary bioavailability (reviewed in detail by the Biomarkers of Nutrition for Development (BOND)
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project [24]). However, dietary intake and bioavailability assessment remains challenging, with reliable
intake estimates requiring 7-10 days of weighed food records. Nonetheless, at the individual level,
dietary counselling and advice to increase iron intakes [25] and bioavailability may concomitantly
increase the likelihood of RNI being met [26]. Programmatic evidence for a benefit of such a strategy is
lacking yet would be highly desirable.

Differences between high- and low-income settings in intake of bioavailable iron could become
further accentuated over the coming decades in relation to anthropogenic increases in atmospheric CO,
concentrations. The absolute iron content of widely consumed crops, specifically C3 grasses (wheat and
rice) and legumes (field peas and soybeans), decreases with increasing CO; [27], and modelling suggests
this would translate to an increase in global iron deficiency prevalence, focussed particularly on LMIC
populations for whom these cereals constitute dietary staples [28]. Climate change is also predicted
to contribute significantly to a declining fish catch over the coming decades, reducing consumption
of highly bioavailable iron and increasing micronutrient deficiency in coastal communities, again
predominantly in LMIC settings [29].

As discussed below, iron uptake may also be inhibited by infection and inflammation for which
the burden is higher in LMICs compared to higher-income countries. Furthermore, young children
from LMIC populations are at higher risk of parasitic (most notably hookworm) infection, which
is associated with intestinal blood loss, and therefore additional iron depletion [30,31]. Together,
these factors illustrate the greater challenge faced by young children in LMIC settings in maintaining
adequate iron status to sustain growth and development, in comparison to children of similar age in
higher income settings.

2.3. Molecular Control of Iron Handling

In understanding the relationships between iron deficiency, iron absorption and inflammation,
and in seeking to develop safe and effective interventional strategies, it is important to appreciate the
molecular basis of iron control. While the redox properties of iron make it useful for cellular biochemistry,
unchaperoned iron can catalyse the generation of toxic free radicals. Iron transport and storage must
therefore be carefully regulated to ensure it is effectively targeted and employed in a controlled manner.
Details of cellular and systemic iron handling have been reviewed in detail recently [6]. It has been
long-established that systemic iron homeostasis is maintained through regulation of absorption, with
iron losses not specifically regulated [32]. Iron sensing mechanisms must ensure non-regulated losses
(e.g., through bleeding, intestinal cellular sloughing, or helminth infection) are replaced through
appropriate absorption. When control of iron absorption is lost, either iron loading or iron deficiency
may ensue: failures to prevent excess iron absorption, as in hereditary haemochromatosis or during
non-transfusion-dependent beta-thalassaemia, lead to gradual toxic iron accumulation in the liver
and other organs. Conversely, failure to absorb sufficient amounts of bioavailable iron eventually
leads to anaemia, as in dietary iron deficiency, during chronic inflammation, and in the rare heritable
iron-refractory iron deficiency anaemia (IRIDA) [6].

Iron balance must therefore be carefully maintained. This is achieved by coordinating cellular
and systemic iron homeostasis [33]. Posttranscriptional regulation by the IRE/IRP (iron response
element/iron regulatory protein) system is central in the control of cellular iron homeostasis. IRPs
are RNA binding proteins which, during cellular iron deficiency, either stabilise iron-related mRNAs
(e.g., TFR1, for iron acquisition) by binding 3'UTR IREs, or mediate translational repression of mRNAs
by binding 5"'UTRs (e.g., FPN1, for iron export; FTHI, FTL encoding ferritin heavy and light chains
respectively for iron storage) [6]. Systemic iron homeostasis on the other hand centres on the regulation
and activity of the iron regulatory hormone hepcidin [34].

2.3.1. The Hepcidin-Ferroportin Interaction

Hepcidin coordinates both iron uptake through duodenal enterocytes and iron recycling (primarily
derived from senescent erythrocytes) by reticuloendothelial macrophages. Hepcidin binds the
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iron exporter ferroportin, which is highly expressed on these cells, triggering its internalisation
and ubiquitin-mediated degradation; this prevents the export of cellular iron into circulation [35].
Hepcidin-binding also directly occludes the ferroportin ion channel, providing an additional inhibitory
mechanism [36]. Thus, when hepcidin concentrations are high, dietary iron uptake is inhibited, iron
becomes sequestered in ferroportin-expressing macrophages, and serum iron concentrations decline.
Hepcidin acts very rapidly: serum iron falls by ~80% within an hour of hepcidin injection into
mice [37]. The erythroid compartment also contributes to systemic iron homeostasis by returning iron
to circulation: hepcidin-sensitive ferroportin is expressed by erythroblasts and is found on mature
erythrocyte membranes [38,39]; erythroid-specific ferroportin knockout mice display mild serum iron
deficiency, consistent with a proportion of circulating iron being derived from the erythron [40].

Inherited disorders of iron homeostasis reveal the centrality of the hepcidin—ferroportin interaction
in maintaining iron balance. Iron overloading in haemochromatosis can be caused by mutation in
the gene encoding hepcidin (HAMP) itself. More frequently, it links to mutations in genes encoding
components of the signalling pathways mediating hepcidin upregulation in response to iron (including
HFE, H]V, TfR2, BMP6) [41,42]. Hepcidin insufficiency characterises each of these conditions. Likewise,
patients with “gain-of-function” ferroportin mutations (rendering ferroportin hepcidin-resistant)
develop iron overload [43,44]. Patients with “loss-of-function” ferroportin disease display a distinct
disordered iron phenotype (including macrophage rather than parenchymal iron loading) [45].
Contrastingly, IRIDA results from loss-of-function mutations in TMPRSS6, which encodes the protein
matriptase-2 that normally inhibits the production of hepcidin [46].

2.3.2. Hepcidin Regulation by Iron

Details of the molecular pathways regulating hepcidin have been reviewed extensively
elsewhere [34,47]. Broadly speaking, to maintain homeostasis, hepcidin is upregulated in hepatocytes
in response to sensing increased iron via the BMP-SMAD (Bone Morphogenetic Protein—Sons of
Mothers against Decapentaplegic) pathway [47]. Liver Sinusoidal Endothelial Cell (LSEC)-derived
BMP6 and BMP2 are key in this process [48-51]. BMP6 is more responsive than BMP2 to tissue iron
loading [52], although how iron sensing leads to BMP6 upregulation is yet to be described. Hemojuvelin
(HJV) is a key accessory receptor that enhances BMP-mediated signalling [53]. Sensing of acute changes
in serum iron concentration and transferrin saturation also converges on the BMP-SMAD pathway,
involving transferrin receptor 1 (TfR1/CD71), transferrin receptor 2 (TfR2), the haemochromatosis
protein HFE and BMP receptors (although not requiring BMP6 induction) (reviewed in [47]).

2.3.3. Hepcidin Regulation during Inflammation

Hepcidin is also induced during the acute phase response to inflammatory stimuli [54,55].
Upregulation is primarily mediated via the JAK-STAT3 (Janus Kinase—Signal Transducer and Activator
of Transcription proteins 3) pathway, most notably by interleukin-6 (IL-6) [56-58], but probably
also by other cytokines including IL-22, type I interferon, and IL-1beta [55,59-61]. Cross-talk with
BMP6/SMAD signalling is also required for the normal response to inflammatory stimuli, since loss
of HJV blunts the hepcidin response in this context [62]. Activin B, which also signals via SMAD
pathways, is induced during inflammation/infection and can upregulate hepcidin in vitro, although its
role in inflammatory hepcidin induction in vivo remains uncertain [63-67]. Hepcidin activity during
infection and inflammation leads to characteristic hypoferremia [68], shown to be protective against
extracellular siderophilic bacterial infections [69,70]; hepcidin-independent mechanisms including
the transcriptional downregulation of ferroportin expression also likely contribute [71]. Prolonged
inflammatory stimulation of hepcidin and consequent hypoferremia contributes to the pathogenesis of
anaemia of inflammation (AI) by limiting iron supply to the erythron [72].
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2.3.4. Hepcidin Suppression during Erythropoietic Demand

Erythropoiesis is highly iron-demanding, especially when expanded physiologically in response
to acute blood loss or when it is ineffective as during beta-thalassaemia. Erythropoietic expansion
is stimulated by erythropoietin signalling, whose activity induces the production of the hepcidin
suppressive hormone erythroferrone in erythroblasts [73]. Erythroferrone suppresses liver hepcidin
production through binding and inhibiting BMP6 and the related BMP family members, BMP5 and
BMP?7 [74] (Which themselves are upregulated by iron in the absence of BMP6 [75]). Iron consumption by
enhanced erythropoiesis also reduces the hepcidin-stimulatory signal from serum iron [76,77]. Similarly,
during hypoxia, hepcidin can be suppressed through the cAMP Response Element Binding protein
(CREB/CREB-H) pathways in response to high concentrations of Platelet-Derived Growth Factor-BB
(PDGEF-BB) activity [78]. Together, these mechanisms inhibit hepcidin production, liberating iron from
hepatic and macrophage stores and facilitating iron absorption to supply erythropoiesis. Moreover,
duodenal iron absorption is further promoted when hepcidin is low since ferroportin-dependent iron
flux through enterocytes leads to stabilisation of the hypoxia-inducible factor HIF-2alpha leading to
the upregulation of genes involved in iron absorption (Dcytb, Dmt1, and Slc40al—encoding ferroportin
itself) [79].

In summary, multiple signals derived from diverse physiological systems are integrated at the
level of hepcidin regulation to ensure adequate iron supply whilst mitigating against the dangers of
iron loading and, as discussed below, acute siderophilic infection.

2.4. Regulation of Hepcidin and Iron Status in Infancy and Early Childhood

Concentrations of hepcidin, although variable, are relatively high in the first few months of life,
when iron availability is not limited; this is consistent with the regulation of hepcidin operating in
infancy in response to iron status as in adults [17,80]. Evidence has been presented however that in the
first 6 months, absorption of iron supplements does not correlate with iron status, suggesting dietary
iron absorption may bypass hepcidin-mediated regulation at this point [18,19,81]. Nonetheless, most of
the iron entering circulation is derived from iron-recycling erythrophagocytic macrophages. An acute
hypoferremia in neonates occurs during the first 48 hours of life [82,83], which is associated with raised
hepcidin (Prentice, A.M.; et al., personal communication). This is consistent with hepcidin-mediated
control of macrophage iron release being functional even in neonates, despite potential differences in
intestinal iron absorption between early and later stages of infancy.

Studies in Gambian infants reveal profound reduction in serum iron concentration during the first
months of life [17], to levels well below those typical in infants from high-income settings [84]. Ferritin
decreases through the first year, more profoundly in males, as stores are consumed for expanding
the erythron and growth and development of tissues (as discussed below) [8,14]. Related decreases
in hepcidin also occur in African infants, again more notably in boys than girls [80,85,86], with the
extent of weight gain dominantly predicting the extent of hepcidin and ferritin decline [17]. Hepcidin
concentrations in African pre-school children are associated with other biomarkers of iron status,
inflammation and erythropoietic demand, suggesting hepcidin is regulated similarly in young children
and adults [87].

In contrast to the studies in African infants, declines in hepcidin during the first year were not
observed in two studies of European infants [88,89]. This may relate to higher contents of bioavailable
iron in typical European weaning diets. A recent study in Gambian infants (6-27 months) found
that respiratory infections and fever incidence (but not diarrhoea or faecal calprotectin—a marker of
intestinal inflammation) were strongly associated with raised hepcidin; inflammation (marked by CRP),
even if very low-grade, was the dominant predictor of hepcidin [90]. Chronic, even mild, inflammation
may therefore play a key role in inhibiting dietary iron uptake, contributing to the declining iron status
of early childhood in such settings.
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2.5. Classification of Iron Deficiency

Before discussing how low iron status influences key physiological processes in young LMIC
children, it is useful to review how iron status can be classified. Haemoglobin (Hb) is a standardized and
accessible marker whose concentration is directly proportional to oxygen carrying capacity. However,
it is a poor indicator of ID with low sensitivity (ability to identify iron deficiency when present) and
specificity (ability to correctly identify subjects without deficiency). This reflects anaemia being a late
manifestation of ID and having multiple aetiologies, especially in LMIC children. Thus, iron status
must be assessed using more sensitive and specific biomarkers. Ideally, these should identify different
degrees of iron status, ranging from depletion of iron stores, to iron-deficient erythropoiesis without
anaemia, to iron-deficiency anaemia [24].

The gold standard approaches for assessing ID are bone marrow iron (Prussian blue) staining and,
in the case of anaemia, evaluation of the haematological response to therapeutic iron [91]. Bone marrow
staining reveals absence of reticuloendothelial iron storage and therefore true ID. Neither of these are
appropriate for routine clinical or epidemiological assessment and, without an individually effective
biochemical biomarker of iron balance, classification of ID is challenging, especially in LMIC children.

2.5.1. Ferritin and Iron Stores

Serum ferritin is linearly predictive of iron stores in the absence of inflammation, with 1 pg/L
corresponding to 120 pg storage iron/kg body weight [92]. It reflects intracellular iron content
of macrophages and hepatocytes. The commonly used cut-off of 12-15 ug/L is diagnostic for iron
deficiency, but it has low sensitivity. Consequently, appropriate cut-offs for use in different settings
and purposes are commonly debated; for example, higher cut-offs may be advisable for confirming
a diagnosis (avoiding false negatives) compared to those used for population screening (where it is
desirable to avoid false positives) [91]. Moreover, ferritin is an acute phase protein, induced during
inflammation, infection and liver damage. Promising approaches that adjust ferritin values according
to concurrent inflammation have recently been proposed [93], but will require further validation. The
characteristics of iron metabolism in infancy and early childhood may return different thresholds
for defining deficiency especially in settings with high infectious disease pressure, and clearly more
evidence is required [94,95].

2.5.2. Markers of Iron-Restricted Erythropoiesis

The soluble transferrin receptor (sTfR1) represents a detectable circulating truncated form of the
cellular iron uptake receptor, TfR1, increasingly expressed once tissue iron supply becomes scarce.
Other than during the first few months of life, the bone marrow is the most avid iron consumer,
and sTfR1 concentration is generally thought to reflect iron demand from erythroid precursor cells.
It is less affected than ferritin by inflammation and infection, but may be modified by conditions
affecting erythropoiesis, including thalassaemia and sickle cell anaemia [96]. The ratio between sTfR
and log-ferritin (ferritin index) offers the advantage of combining two markers covering different
aspects in iron depletion, generally improving sensitivity and specificity compared to their individual
use [24]. Of note, paper-based smartphone-app-guided point-of-care assays for ferritin and sTfR show
promise in proof-of-principle studies, suggesting field measurement of these markers in children from
resource-limited settings may become feasible [97,98]. Other markers of iron-restricted erythropoiesis
are zinc protoporphyrin (ZPP) and the ZPP/haem ratio in red blood cells; ZPP accumulates in the
last step of haemoglobin synthesis when iron is lacking [99]. Certain red cell indices may also be
useful as markers of iron deficient erythropoiesis [24], among which reticulocyte haemoglobin content
(Ret-Hb/CHr) is prominent [100,101] and included in the American Academy of Pediatrics guidelines
for the evaluation of anaemia [24]. Red cell indices are reported to be more suitable than ferritin alone
in predicting response to intravenous iron in patients with chronic kidney disease [102], but their
performance in detecting nutritional anaemia in childhood has not been evaluated systematically [24].
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2.5.3. Serum Iron and Transferrin Saturation

Serum iron and transferrin saturation (Tsat, the proportion of iron-binding sites of the iron-transport
protein transferrin occupied by iron) reflect iron availability for tissues at any given moment, and thus
potentially provide information on peripheral iron delivery. However, they are affected by circadian
rhythm and decreased by inflammation and infection, rendering their interpretation challenging in
young children [24]. Nevertheless, extremely low serum iron concentrations described in concert with
low ferritin/hepcidin in African infants, well below the typical range in infants elsewhere, does likely
reflect a severe deficiency in iron supply for iron-requiring tissues [17,84].

2.5.4. Hepcidin

Hepcidin shows promise as a further reliable marker to identify ID (during which it is suppressed),
and to distinguish IDA from inflammatory anaemia in settings with high infection pressure [103].
It had moderate performance in predicting bone marrow ID in severely anaemic children in Malawi
when compared to ferritin index [104]. As the hormone that regulates iron uptake, it also predicts
oral iron responsiveness [103,105,106]. Like ferritin, hepcidin is an acute phase protein potentially
confounded by inflammation [54,55] but, unlike ferritin, hepcidin synthesis is directly suppressed by
expanded erythropoiesis. Hepcidin also shows diurnal variation [107]. High quality hepcidin assays
are increasingly available and accessible, with efforts being made towards their harmonisation and
standardisation [108,109]. With increased understanding of hepcidin biology and further analytical
refinements, hepcidin may become more frequently used in assessing iron status [110], including in
young children.

The extent to which these serum biomarkers indicate true iron deficiency must be considered.
A recent study assessed the performance of biochemical iron status markers in predicting bone
marrow ID in 1-5-year-old anaemic children in Mozambique, a setting with a high burden of
infection/inflammation. As expected, serum ferritin displayed poor sensitivity but 100% specificity
(zero false positives) in identifying bone marrow ID. In contrast, sTfR1 showed 83% sensitivity
and 50% specificity. Combining the two markers into the ratio, resulted in improved performance,
but overall, even the best-performing markers failed to identify ~25% of children with ID correctly [111].
The standardization of assays across different suppliers and instruments is an issue for all iron status
markers, in particular for sTfR1 and hepcidin. Further research to improve interpretation, accessibility
and analytics of current and experimental markers of iron status in settings with high infection pressure
is clearly a research priority.

3. The Importance of Iron Status for Different Physiological Systems in Early Childhood
3.1. Iron and Oxygen Delivery

3.1.1. Erythropoiesis in Early Childhood

Anaemia refers to a state in which the oxygen-carrying capacity of blood, mediated by haemoglobin,
falls below the level required to support normal physiological functions. In a healthy neonate,
approximately 70% of total body iron (estimated as 234-334 mg, depending on birthweight and cord
clamping time) is contained within haemoglobin, which is more concentrated in neonates than in adults
(typically ~170g/L, calculated to contain 155 mg iron in a 3.5 kg neonate) [4]. Higher haemoglobin
concentrations at birth reflect a relatively hypoxic environment in utero. The transition to a normoxic
environment after birth leads to a marked decline in erythropoietic output. Combined with shorter
erythrocyte lifespan and dilution effects related to growth, haemoglobin concentrations fall notably in
the first 1-2 months [112]. This “physiological anaemia of infancy” is accompanied by redistribution of
iron from senescent red cells to iron stores (indicated by ferritin concentrations) [113]. From 6-8 weeks,
erythropoietin concentrations and erythropoietic output increase, typically raising haemoglobin
concentrations modestly [112]. The daily iron demand for normal erythropoietic output requires

153



Pharmaceuticals 2019, 12, 59

considerably higher quantities than are absorbed each day, bearing in mind the low iron content of
breastmilk. Thus, most iron is supplied from iron stores derived from recycling of senescent red cells
by the reticuloendothelial system.

As infancy progresses into early childhood, failure to meet the iron demand of growth-related
blood volume expansion can lead to iron-restricted erythropoiesis. This is commonly observed in
young children from LMICs. Failure in iron supply can result from either nutritional iron deficiency,
or physiological restriction of macrophage iron recycling and iron absorption (functional iron deficiency),
or commonly both. Iron restriction is a feature of the response to infection and inflammation, relating
to elevated hepcidin concentrations and suppressed ferroportin activity. Erythropoietic suppression
and increased erythrocyte turnover rate also likely contribute to anaemia pathogenesis during
inflammation [72].

3.1.2. Molecular Interplay between Iron Handling and Erythropoiesis

Erythropoiesis is sensitive to decreased iron availability [114]. With decreasing transferrin saturation,
ex vivo erythroblast differentiation is diminished relative to granulopoiesis and megakaryopoiesis,
involving aconitase-mediated regulation [115]. Transferrin receptor 2 (TfR2) contributes to hepcidin
induction in response to circulating iron in hepatocytes but is also expressed on erythroblasts.
Erythroblast TfR2 interacts with the erythropoietin receptor (EpoR) to modulate sensitivity to Epo
signalling via interactions with Scribble, a key regulator of cellular trafficking and signalling [116-119].
Together, this provides a plausible mechanism by which erythropoietic output can be adjusted during
iron deficiency (reviewed in [120]). Moreover, as stated above, erythroblasts express hepcidin-sensitive
ferroportin (from a transcript (FPN1B) that is not subject to IRP-mediated regulation) [38,39].
Erythroid-specific ferroportin knockout mice displayed mild serum iron deficiency consistent with a
contribution of erythroid iron to the circulating iron pool [40]. During iron deficiency (when hepcidin
concentrations are low), this has been proposed as a safety mechanism to ensure supply of iron to
iron-sensitive tissues at the expense of erythropoiesis, also protecting erythrocytes from oxidative
stress [40].

3.1.3. The Burden of Anaemia in LMIC Children

Anaemia is typically defined by haemoglobin concentrations falling below specific thresholds.
The World Health Organisation (WHO) recommends thresholds of 100-109 g/L, 70-99 g/L and <70 g/L to
identify mild, moderate and severe anaemia respectively in children under 5 years of age [121]. However,
it should be noted that a re-evaluation of the use and interpretation of anaemia-defining haemoglobin
thresholds is underway [122]. Anaemia was estimated to affect 273 million children globally in 2011,
disproportionately exerting its burden in low-income settings [123]. Iron deficiency is often purported
to account for about half of the anaemia burden, yet estimates of the proportion of anaemia that is
iron responsive are lower than this (42% globally, and only 32% in Africa) [1,124]. These estimates
point to the diverse aetiologies of anaemia: other causes include inflammation and infection (notably
malaria), inherited erythrocyte disorders (e.g., sickle cell anaemia, thalassaemia, Glucose-6-phosphate
dehydrogenase (G6PD) deficiency), and other micronutrient deficiencies (e.g., Vitamin A, Vitamin B12).

Chronic but mild iron-deficiency anaemia may not manifest symptomatically, and could even
provide benefit in terms of reduced malarial risk (discussed further below) [125]. However, while
anaemia in young children could lead to lethargy, it may more importantly influence longer-term
developmental outcomes [126].

3.2. Iron and Neurological Development

Iron deficiency, both with and without anaemia, is associated with impaired cognitive, behavioural
and motor function development [3,127,128]. Consequently, low iron status may have long-term effects,
for example affecting educational attainment and career potential later in life [129]. Iron requirements
in the developing brain are considered spatially and temporally sensitive [130,131]. A “scaffolding”
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process during development has been suggested, where each developmental stage depends on
completion of the previous one [132]. This underlies the concern for ensuring adequate iron status
during the critical first 3 years of life [126].

As discussed above, erythropoiesis is sensitive to iron status. Based on animal models, it has been
suggested that erythroid iron is rechannelled back to circulation during iron limitation for prioritised
use by other tissues, including brain, [39,40]. However, other studies suggest that iron limitation may
lead to brain iron deficiency prior to the development of frank anaemia, suggesting erythropoiesis may
not be compromised first [100]. After iron deprivation, decreased brain iron that preceded anaemia
was reported in phlebotomized lambs [133], in human infants born from diabetic mothers [134], and in
sheep affected by intrauterine hypoxemia [135]. During repletion, decreased brain iron levels persisted
in infant rats [136] and haemoglobin repletion preceded brain iron accrual [137].

3.2.1. Roles for Iron in Brain Development

Normal neurological development involves an array of iron- and haem-dependent proteins. Studies,
primarily using rodent models, demonstrate links between ID and multiple neurodevelopmental
impairments. These range from decreased axon myelination and impaired monoamine and
gamma-aminobutyric acid (GABA) neurotransmitter system development to reduced hippocampal
function and compromised central nervous system (CNS) energy metabolism (reviewed in [3,100,138]).
The specific brain region or process affected is likely to depend on the timing of ID, with those
undergoing most rapid growth and development concurrent with ID principally affected [138].
IDA could also indirectly affect the CNS by impairing thyroid function [139] or by increasing the risk of
lead poisoning [140,141], both of which are associated with compromised neurological development.

Tools for investigating the impact of brain region-specific iron deficiency in the absence of
anaemia are emerging. For example, a mouse model with reversible (Tet-OFF) hippocampal TfR1
deficiency enables comparison of chronic hippocampal ID with reversed early-life hippocampal
ID [142]; restoration of hippocampal TfR1 expression at postnatal day 21 (heuristically corresponding to
~2 years of age in human infants) reversed some, but not all, of the gene expression changes associated
with ID [142]. This further points to lasting impact of early-life ID on neurodevelopmental phenotype,
and calls for further investigation into optimal timings of interventions aimed at restoring iron status
in infancy [143].

3.2.2. Iron Interventions and Cognitive Outcomes

In population studies, meta-analyses of the effect of iron supplementation on cognition in young
children have yielded ambiguous results. No significant collective detectable benefit was reported in
one recent meta-analysis (mean difference 1.65 [95% Confidence Interval (CI): —0.63, 3.94], p = 0.16;
6 trials; children aged 4-23 months) [144]. This could reflect a genuine lack of effect, or alternatively
the inability of the study designs to adequately detect a true effect. Assessing cognitive performance is
challenging in young children: test methods typically designed to detect “macroscopic” neurological
deficits during early perinatal life may lack sensitivity for subtle changes in performance [145].
In contrast, several studies indicate the benefits of iron supplementation on cognitive function in
older children [145-147], in particular following longer-term supplementation. Within this discussion,
it should also be borne in mind that iron-replete Chilean infants who received high iron formulas
displayed reduced cognitive performance at 10 years of age [148].

Together, these analyses highlight the general physiological importance of correcting ID for
cognitive development, while at the same time calling for further detailed investigation during early
perinatal life. Indeed, few high quality adequately-powered placebo-controlled trials in low-income
countries aimed at assessing the impact of iron interventions on cognitive function have been
performed [146]. Such data would be highly desirable for informing global health policies regarding
universal iron intervention in young children; one such trial —BRISC (“Benefits and Risks of Iron
interventionS in Children”)—is currently ongoing in Bangladesh [149].
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3.3. Iron and Growth

While more rapid growth is associated with greater decline in iron status [13,15-17], conflicting
evidence exists on the effect of iron status and supplementation on growth. Severe iron deficiency
impairs thyroid function [139], and as discussed below;, iron status may influence the likelihood of
acquiring growth-limiting infections. A limited number of studies, in particular in IDA populations,
have found positive effects of iron on growth [150,151] including a recent quasi-randomized study
in Ethiopia [152]. However, most studies find no effect [153], with several reporting detrimental
growth outcomes in iron-replete infants and children [151,154,155]. A recent meta-analysis reported no
overall effect of iron supplementation on length and length-for-age, but a detrimental effect on length
gain [144]. The physiological mechanisms underlying these observations require further research.
Iron supplementation could inhibit zinc absorption, resulting in reduced growth [19]. Unnecessary
supplementation in iron-replete children could also promote oxidative stress via non-transferrin bound
iron (NTBI) generation [156], or gut inflammation and dysbiosis (discussed further below) [157,158],
again possibly affecting growth. In summary, while growth rate clearly impacts upon iron status, iron
status and interventions are not reciprocally or straightforwardly associated with subsequent growth.
In particular, the possible relationship of iron interventions with reduced growth in initially iron-replete
infants should be investigated further and considered as a component of planning intervention
programmes [159].

3.4. Iron and Immunity

Vaccination programmes significantly contribute to reducing childhood mortality. However,
5.8 million (95% CI: 5.7, 6.0) under-5 year olds died in 2015, mostly in LMICs, with infections as
the major cause [160]. Despite the success of immunization, determinants of both immune system
development and efficacious immune responses in infants, especially those from LMICs, are not fully
understood. Immune responses to vaccines and natural antigen challenges may differ between lower
and higher income countries [161,162]. Understanding childhood immunity specifically in LMICs,
in comparison with more developed settings, is therefore of great importance. Inadequate nutritional
status, including iron deficiency, represents a plausible contributory factor to impaired immune function
in such contexts. Probing immune function in young LMIC children is challenging [163], yet for these
populations that are most susceptible to infection-related mortality, even modest enhancement of
immunity achieved through novel approaches could bring important benefits [164].

3.4.1. Iron and Immune Ontogeny

The early-life immune system is not static, or equivalent to the adult immune system, but
undergoes dynamic age-related changes during ontogeny [163]. This was recently shown with great
resolution in Swedish neonates using multidimensional mass cytometry analyses [165]. Non-heritable
environmental factors (including age, cytomegalovirus (CMYV) status, cohabitation) account for a large
part of the inter-individual variation in adult immune phenotypic profiles [166,167]; environmental
factors including nutritional status very likely influence early childhood immune development [164].
Iron status and iron supplementation may therefore constitute environmental determinants of immune
variation in infants, potentially influencing phenotypic profiles later in life. Effects of iron could be
direct (e.g., through affecting lymphopoiesis, which depends on TfR1 suggesting iron requirement [168])
or indirect through modifying the intestinal microbiota [169], which can influence systemic immune
phenotypes [170].

3.4.2. Iron and Innate Immune Responses

Altered cellular iron status impacts upon several aspects of the innate immune response [171]. Key
effector functions of innate cells such as neutrophils are iron dependent; for example, Saha, et al. recently
showed that the bacterial iron-binding siderophore Enterochelin impaired neutrophil antibacterial
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functions (neutrophil extracellular trap and reactive oxygen species (ROS) generation) by chelating
iron (see Box 1) [172]. Cellular iron status also influences macrophage polarization, response to
interferon-gamma, and microbicidal effector functions, reviewed in detail elsewhere (e.g., [173,174]).
Less precisely characterized is the influence of iron on adaptive immune responses.

3.4.3. Iron and the Adaptive Immune Response

Effective adaptive immune responses involve rapid proliferative expansion of antigen-specific
effector T and B cells, accompanied by characteristic metabolic changes that are influenced by nutrient
availability [175]. The role of nutrients such as amino acids in supporting normal lymphocyte responses
is well-appreciated (e.g., [176]). Key aspects of cellular proliferation and metabolic activity are iron
dependent. However, definitive conclusions regarding the precise role of iron in antigen-specific
adaptive immunity have remained scarce despite many reports over the last 50 years [177]. Insight
from experimental studies has been limited to crude responses to polyclonal stimuli or bulk IgG
production, rather than antigen-specific responses, and most studies lack the depth of insight now
attainable from more up-to-date immunological methodology. Furthermore, many clinical studies of
iron involvement in immunity are inadequately powered, poorly controlled, or potentially confounded
by co-morbidities of iron deficiency in resource-limited settings [177].

Iron restriction restricts the proliferation of lymphocytic cell lines in vitro and induces expression of
TfR1(CD71), consistent with increased cellular iron demand [178]. Correspondingly, antibody-mediated
blocking of TfR1 function inhibits lymphocyte proliferation [179]. Lymphocytes from iron-deficient
elderly individuals showed less proliferative capacity than those from iron-replete controls [180].
In other studies, ID has also been shown to influence T cell numbers, the response to mitogenic
stimulation and IL-2 production [181,182]. Conversely, iron supplementation has been associated with
restoration of T cell numbers in children [183]. In mice, ID limited T cell-mediated inflammatory liver
injury following Concanavilin-A administration [184]. Moreover, a recent study by Wang, et al. [185]
demonstrated that iron promoted proinflammatory cytokine expression in T cells by preventing the
degradation of the RNA-binding protein PCBP1, allowing stabilisation of RNAs encoding the cytokines
granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-2.

However, the most compelling evidence demonstrating the critical role of iron in adaptive
immunity comes from the recent characterization of a rare inherited combined immunodeficiency.
Jabara, et al. [186] described two families from Kuwait and Saudi Arabia in whom several affected
children presented with recurrent, in some cases fatal, infections. Haematological parameters including
lymphocyte counts were essentially normal, although several of the children displayed hypo- or
a-gammaglobulinaemia. The affected individuals shared a hypomorphic mutation in the gene encoding
TfR1 (TfrcY20HY20H) that caused impaired cellular iron acquisition as TfR1 internalization was abrogated.
This defect markedly inhibited T/B cell proliferation and antibody class-switching, accounting for the
immunodeficiency. Provision of non-transferrin-bound iron rescued lymphocyte proliferation ex vivo.
These data showed that adaptive immunity is highly compromised when lymphocytes are unable to
access iron [186].

This inherited combined immunodeficiency is rare; however, the low serum iron concentrations
observed during the first year of life in Gambian infants [17]—a time when several Expanded
Programme of Immunisation (EPI) vaccines are administered—may occur in millions of infants across
LMIC settings. Lack of available serum iron could analogously limit the ability of lymphocytes to acquire
iron to support clonal expansion and differentiation of adaptive responses. Whether this contributes
to impaired vaccine responses [161,162], and whether adaptive immune responses can be enhanced
through iron interventions around the time of vaccination should be investigated. More generally,
how iron status and iron interventions influence immune ontogeny during early life should also be
assessed, preferably in a variety of settings (urban, rural, malaria-endemic), ideally in combination
with long-term outcomes.

157



Pharmaceuticals 2019, 12, 59

3.5. Iron and Infection

While evidence that iron restriction may limit adaptive immune responses increases, strong
epidemiological, experimental and evolutionary evidence that iron limitation is a protective strategy
against some infections has accumulated (reviewed extensively elsewhere, e.g., [187-189]).

3.5.1. Iron Status and Malaria Risk

Nutritional ID in young children (the identification of which typically relies on the interpretation
of the acute phase protein serum ferritin) was found to be associated with reduced risk of subsequent
malaria in multiple studies from distinct malaria-endemic regions within Africa: namely Tanzania
(children aged 0-3 years; reduced parasitaemia, severe disease and mortality) [190], Malawi
(6-60 months; reduced parasitaemia and clinical malaria) [191], Uganda (1-5 years) and Kenya
(0-7 years; reduced risk of malaria episodes) [125], besides an earlier study in Kenya (8 months-8 years;
reduced clinical malaria risk) [192]. Ex vivo Plasmodium falciparum cultures show that erythrocytes from
iron-replete individuals are favoured for invasion compared to those from iron deficient individuals,
and that supplementation of individuals with ID makes their erythrocytes more permissive to invasion
in vitro [193]. This effect likely reflects the preferential invasion of reticulocytes and young erythrocytes
by Plasmodium falciparum merozoites: by definition, iron interventions that effectively correct anaemia
create such preferred targets for parasite invasion. Thus, it is plausible that a mild iron deficiency can
represent an adaptive state protecting against malaria and/or other infections.

Iron intervention trials in similar settings have found increased risk of malaria and mortality in
children administered therapeutic iron. The most prominent amongst these was a large trial in Pemba,
Tanzania, that was halted early due to increased deaths and hospital admissions, both malaria- and
non-malaria-related, among children given iron-containing supplements [194]. No such effect was
found in another supplementation trial in Nepal (an area without endemic malaria) [195], yet other
studies have also reported increased malaria risk in iron-supplemented iron deficient children [196,197].
The importance of the co-administration of malaria prophylaxis with iron interventions is revealed by
stratified analysis of a Cochrane review: although no overall effect of iron interventions on malaria
risk was found, malaria risk was increased if no control measures were available [198]. These findings
underlie the WHO recommendations that iron interventions should only be administered when
concurrent measures for diagnosis, prevention and treatment are in place (discussed in detail in [124]).

However, interactions between iron and infective agents are not restricted to malaria. Iron
administration was also associated with increased risk of respiratory infections, and of diarrhoea in
a large randomised controlled trial (RCT) in Pakistan [199]. Oral iron supplementation influences
intestinal microbiome composition, favouring the outgrowth of more pathogenic bacteria over
commensals, and driving inflammatory gut phenotypes.

3.5.2. Iron and the Microbiome

Similarly to brain and immune development, critical changes in microbiome development occur
during the first few years of life [169]. Indeed, it is becoming clear that these systems are not mutually
exclusive. For example, changes in microbiome composition can influence systemic immunity [170].
Variability in microbiome development in infancy is driven by factors including mode of delivery,
breast- versus formula-feeding, nature of weaning diets, exposure to antibiotics and geographic
setting [169].

Early studies assessing the efficacy of iron interventions tended not to include systematic
assessment of morbidity. However, an early systematic review and meta-analysis evaluating the effect
of iron supplementation and fortification on infectious diseases did identify increased diarrhoea risk
with interventions [200], corresponding to an extra 0.05 episodes/child year. Several more recent studies
have likewise reported increased diarrhoea risk with iron supplementation and provision of multiple
micronutrient powder (MNP, containing iron equivalent to 12-15 mg/day) in young children, notably
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in Bangladesh [201], Peru [202] and Ghana [203] (reviewed in [204]). The large study in Pakistan
described above similarly reported increases in diarrhoea and bloody diarrhoea prevalence in the
groups receiving iron-containing MNPs compared to control [199]. This study was blinded within the
two MNP groups (with and without zinc), but the control group was unblinded to the intervention
meaning the authors could not fully exclude reporter bias in collection of self-reported morbidity data.
Nonetheless, an increase in bloody diarrhoea incidence of ~0.08 episodes per child year was reported,
equivalent to approximately one additional bloody diarrhoea episode per year for every 12-13 children
administered MNPs containing iron [199,204]. Furthermore, a meta-analysis of studies also identified
that iron supplementation was associated with vomiting and fever [144].

Modification of the colonic microbiota ecosystem potentially underlies the iron-associated increase
in diarrhoea prevalence in LMIC settings [205]. Iron is a required nutrient for almost all microorganisms,
with a few notable exceptions (e.g., Lactobacillaceae, which utilize manganese) [206]. Bacteria that are
well-adapted for acquiring iron may experience a fitness advantage during iron supplementation,
as shown elegantly for the probiotic strain E. Coli Nissle, which effectively outcompetes Salmonella for
iron, displacing it from its ecologic niche [207]. Many conditional pathogenic bacterial species have
evolved elaborate iron acquisition mechanisms (e.g., siderophore production), enabling thriving at
low iron concentrations (e.g., 10-30 uM in blood). These mechanisms may similarly confer growth
advantages in environments richer in iron: faecal iron concentrations in adults and weaned infants
may reach 1800 uM [205]. In contrast, human milk typically contains <10 uM iron [7,204], meaning
iron concentrations in the gut in pre-weaning infants are likely considerably lower. At weaning, iron
concentrations are likely to increase, potentially affecting microbiota composition, and are associated
with barrier function and immune stimulating properties.

Within the intestinal microbiome, Bifidobacteria spp. and Lactobacilli spp. are generally associated
with increased short chain fatty acid production and improved gut barrier function (highly desirable in
infancy, particularly in resource-poor settings), while Enterobacteriaceae may include several potentially
pathogenic species. Several recent studies in African LMICs have found increases in Enterobacteriaceae
spp. with concurrent decreases in Lactobacilli spp. and Bifidobacteria spp. following provision of iron
interventions [157,158,208,209]. Zimmermann, et al. reported such effects together with increased
faecal calprotectin (marking gut inflammation) in Ivorian children receiving 20 mg Fe/day [209]. In
infants administered MNPs containing 12 mg Fe/day, Jaggi, et al. similarly observed raised faecal
calprotectin coupled with increased pathogenic E. coli abundance [157]. The effect on calprotectin
was not detected at a lower dose (2.5 mg Fe/day), or in a subsequent trial using 5 mg Fe/day [158].
However, the latter trial confirmed reduced Bifidobacterium spp. and Lactobacillus spp. abundance,
and also reported increased expression of virulence and toxin genes and fatty acid binding protein,
a marker of enterocyte damage, following iron administration [158].

The effects of iron on the microbiome may be strongly setting specific. In the Kenyan
study described above [157], baseline prevalence of potential enteropathogens (e.g., Bacillus cereus,
Streptococcus aureus, Clostridium difficile) was very high. In contrast, a study of iron interventions
to South African school children living an area with improved water supply, and generally better
hygiene and sanitation, did not observe effects on gut microbiota with high-dose therapeutic iron
(50 mg Fe/day) [210]. Similarly, the administration of iron drops to Swedish infants was associated
with decreased Bifidobacteria spp. and increased Clostridium spp. abundance, but no enhanced growth
of specific pathogenic bacterial strains, or any effect on faecal calprotectin; at the same time, provision
of high iron formula decreased Lactobacilli abundance [211].

More nuanced approaches for iron supplementation in resource-poor settings may be effective
and practicable. For example, provision of prebiotic fibres such as galacto-oligosaccharides (GOS,
reminiscent of human milk oligosaccharide (HMO) structures) may counteract iron-associated
perturbations of the gut microbiota [158]. This approach was also coupled with measures to improve iron
bioavailability such as the use of ascorbic acid, NaFeEDTA (ferric sodium ethylenediaminetetraacetate)
and an exogenous phytase enabling substantial reduction of iron dosing while maintaining efficacy [158].

159



Pharmaceuticals 2019, 12, 59

The remarkable effects of GOS on iron bioavailability [212] require further investigation; specifically,
how different structures and sources of fibers with similarities to GOS influence gut microbiota and
iron absorption in infants should be studied.

3.5.3. Iron and the Hepcidin Response to Infection/Inflammation

While baseline iron status and iron interventions may influence malaria risk and microbiome
profiles, perturbations in host iron homeostasis occur as part of the response to infection, with a central
role for hepcidin likely [114,213]. Hepcidin upregulation is observed during many important human
infections including uncomplicated malaria [67,214,215], HIV-1 [216], Mycobacterium tuberculosis [217]
and HIV-associated tuberculosis [218], and Salmonella Typhi [219] infections with accompanying
hypoferremia or anaemia. It is likely that childhood infections similarly encompass hepcidin induction.
Indeed, associations between elevated hepcidin and respiratory infection or fever, but not diarrhoea,
in young children were recently reported [90].

Various consequences of hepcidin induction during infection have been shown using mouse
models. Hepcidin-mediated iron redistribution during blood-stage parasitaemia in murine malaria
models limited susceptibility to secondary liver stage infections; modelling suggested that this effect
could explain why young children in areas of high malaria transmission tend to carry higher parasite
densities but with fewer parasite genotypes than older children [220]. Hepcidin-mediated limitation of
serum iron protects against extracellular siderophilic bacterial infections [69,70], most likely through
limiting availability of non-transferrin bound iron (NTBI) to the bacteria. In contrast, macrophage
iron retention due to hepcidin activity may favour the proliferation of intracellular macrophage-tropic
infections such as Salmonella Typhimurium, although not through limiting bacterial iron acquisition,
but by reduced generation of vacuolar antimicrobial ROS [221,222].

Another context where hepcidin upregulation may have a key protective role in the context of
infancy relates to physiological neonatal hypoferremia. Despite neonates typically being iron replete
and cord blood containing a high serum iron concentration, a significant hypoferremia is described
in the hours following birth, lasting for a couple of days, consistent with hepcidin activity [82,83].
Neonatal septicaemia is a major contributor to infant mortality, especially in resource-limited settings.
A recent study demonstrated significantly enhanced the growth of exemplar sentinel bacterial in sera
taken from adults 4 h post-iron-supplementation (2 mg/kg), compared to pre-supplementation, and
importantly that growth rate was strongly positively associated with transferrin saturation, irrespective
of supplementation status [223]. Thus, variations in the degree of hypoferremia induced immediately
after birth could influence the likelihood of septicaemic infections becoming established.

3.5.4. Infection and Inflammation, and Iron Utilisation

Recurrent or chronic infections, or other drivers of persistent inflammation, even if mild, may
also lead to raised hepcidin and relative inhibition of dietary iron absorption [90,106]. The specific
relationship between hepcidin upregulation and iron absorption may be context dependent. A recent
study found that an acute mild inflammatory response to vaccination is associated with raised hepcidin
and decreased serum iron, but no detectable difference in iron absorption in Moroccan women with
and without IDA [224]. It is conceivable that dietary iron absorption and macrophage iron release are
differentially sensitive to mildly raised hepcidin, or that during hypoferremia, enterocyte cellular iron
metabolism (IRP/IRE and/or HIF-2alpha) compensates for the inhibitory effect of hepcidin on mucosal
iron transport. Nevertheless, chronic (even mild) infection and inflammation are still likely to contribute
to the burden of iron deficiency through persistent hepcidin-mediated impairment of iron absorption.
In line with this principle, treatment of asymptomatic Plasmodium parasitaemia in Beninese women
and Ivorian school-age children reduced mild inflammation, normalised hepcidin concentrations,
with consequent increases in iron absorption [225,226]. Targeting infections, including malaria, and
limiting inflammation are therefore likely very important not only as ends in themselves, but also as
interventions for iron deficiency and adjuncts to effective oral iron-based interventions [124,227].
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4. Interventional Strategies: How and Should Iron Status Be “Improved”?

4.1. Risk-Benefit Assessments

To summarise the discussion above, iron is critical for erythrocyte function and oxygen carriage,
for brain development, in supporting immune function and, more generally, for numerous cellular
processes. Although treating or preventing iron deficiency gives clear haematological benefits, it may
concurrently increase risk of infections such as malaria, or those involving gastrointestinal and
respiratory systems. Furthermore, delivery of iron to iron-replete children may be associated with
reduced growth, and a risk of toxicity when iron is in excess. The issue of whether to administer iron at
preventive or therapeutic doses in LMIC settings with limited sanitary and health infrastructure
therefore presents a classic risk-benefit problem. Systematic risk-benefit assessments including
data-based simulations have been initiated [228], while large, rigorous randomised-controlled trials
such as BRISC (Benefits and Risks of Iron interventionS in Children) promise to provide further
insight towards guidelines for iron administration in young children [149]. Nonetheless, it may be
unlikely that a single recommendation will ever find global validity; approaches that are adapted to
the geographical settings the population and ideally at the individual level, are likely needed.

Iron supplementation, industrial food fortification with iron, and point-of-use fortification with
iron-containing multiple micronutrient powders are some of the approaches recommended to address
the anaemia burden. These interventions generally increase ferritin and haemoglobin concentrations
and reduce anaemia prevalence [229-233]. However, despite examples of efficacy of fortification
programs and MNP/iron-supplement interventions [234,235], anaemia persists as a global health
problem. The reasons are clearly multifactorial, including lack of political awareness and recognition,
programmatic limitations, uncertainty of the accuracy of population iron status assessment [236],
besides lack of efficacy in the presence of infection or inflammation, and because a large proportion of
anaemia is not iron-responsive in high-risk populations [1,124]. Moreover, caution should be employed
in administering high therapeutic iron doses in settings with high infection burden. In line with
principles for tackling anaemia of chronic disease [237], underlying infections should be treated first.
Indeed, this approach alone may increase erythropoiesis and haemoglobin levels even when iron itself
is not administered [124,225,238]. Correspondingly, raised haemoglobin and iron status was found to
correlate with a documented interruption in malarial transmission in highland Kenya [239].

4.2. Optimisation of Iron Intervention Strategies

Global recommendations for providing iron supplements have evolved from a view of
indiscriminately providing iron at high dosage (2 mg Fe/Kg body weight) to all infants and children if
anaemia prevalence at 1 year of age in a population exceeds a given threshold (e.g., 40%) [240]. Recent
recommendations stress the multifactorial nature of nutritional anaemia [241], recognising that control
programs need to include multiple components. Currently suggested supplementation regimens for
children aged 6-23 months are lower in iron dosages (10-12 mg/day, ~1.1-1.4 mg/Kg body weight [241])
than previously recommended. However, besides improving iron status, these doses have still been
associated with detrimental effects [194,199]. Approaches which integrate knowledge of local risk
factors with known biological, nutritional and epidemiological contributors to anaemia are needed,
including addressing the underlying causes of ID and anaemia.

Given that detrimental effects of iron may be dose dependent, lower or intermittent dose schemes
which have higher fractional bioavailability [105,242] may yield fewer side effects [243]. Lower dosing
has been shown to be effective in elderly patients and for maintaining iron status in regular blood
donors [244,245]. These approaches have been tested experimentally in high resource settings and
may similarly improve the safety and tolerability of therapeutic iron doses in lower-resourced settings.

Preventing ID onset through dietary approaches is highly desirable, and probably safer than
universal therapeutic supplementation because of the lower iron doses involved. Such approaches
should be promoted, recognising that diets with high iron bioavailability may not always be
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economically feasible in many LMICs. Fortification approaches with low yet bioavailable iron levels
may be a prudent and realistic approach, and some food-based examples pointing in this direction have
been recently published [246,247]. Alternative novel approaches to enhance iron bioavailability from
foods, such as the use of GOS described above, show promise, particularly when they also promote
the growth of barrier function bacteria [158,212]. Increasing consumption of ascorbic acid-rich foods
likewise improves iron status [248], suggesting that dietary approaches to improve iron status do not
necessarily need to include increased dietary iron content.

4.3. Maternal Iron-Based Interventions

Furthermore, prevention of childhood ID provides an additional rationale for investing in measures
aimed at preventing preterm births and increasing birthweight—including promotion of delayed cord
clamping and maternal iron supplementation to prevent IDA during pregnancy. As discussed, longer
gestation, higher birthweight and delayed cord clamping lead to reduced ID risk later in infancy [7].
An RCT of iron supplementation (60 mg daily) during pregnancy in a malaria-endemic setting in Kenya
found no increased risk of malaria infection when iron supplementation was given, but increased
birthweight and length of gestation; effects were more notable in women with baseline ID [249]. Similar
trends have also been reported across other trials of iron interventions during pregnancy [250]. Thus,
ensuring positive birth outcomes provides a further strategy for enhancing childhood iron status,
apparently without the same infection risks that are associated with early childhood therapeutic
iron administration.

5. Concluding Remarks

In conclusion, defining iron status in settings with high infection and inflammation remains a
challenge. Similarly, the biological understanding of optimal iron status for specified ideal functional
outcomes (neurological, immunological, physical) remains limited despite the rapid and substantial
advances in the understanding of iron biology experienced in the last two decades. Translating
markers of positive functional outcomes to clinically and field-suitable definitions of iron status,
balanced against known side-effects and risks of “improving” iron status in young children in such
settings, presents a challenge to be tackled by the iron and health community in the coming years
(Box 2). Programmatically, it will be desirable for iron interventions to be adapted to the local sanitary
and dietary circumstances and to contain iron levels appropriately targeted to the prevailing iron
status. While dietary and fortification approaches appear safer due to the lower iron levels involved,
higher-dose therapeutic and supplemental approaches may be appropriate in well-defined settings
of highly prevalent deficiency with developed/controlled sanitary conditions, and when they can
be individually targeted. In areas affected by high burdens of infection/inflammation and iron
deficiency, strategies aimed at improving iron status and anaemia prevalence without the necessity of
administering interventional iron to children should be thoroughly evaluated. These include direct
targeting of the causes of infection/inflammation, the use of enhancers of iron absorption, and through
maternal iron interventions during pregnancy which appear safer and should benefit both maternal
and infant outcomes.
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Box 2. Research questions and priorities.

Defining iron status in young children

Iron in key physiological processes of early childhood

Interventions aimed at adjusting iron status

Priority: standardisation of assays for hepcidin and sTfR.

Can point-of-care diagnostics for ferritin, sTfR and other analytes including hepcidin be developed,
optimised and made cost-effective for use in LMIC settings?

What is the optimal non-invasive definition of iron deficiency in infancy?

Can the mechanistic understanding of iron homeostasis in infancy and early childhood be harnessed to
define cut-offs of deficiency (e.g., haemoglobin, ferritin, hepcidin, erythrocyte markers such as MCV) in
infancy and early childhood?

Is hepcidin an optimal biomarker of iron absorption/utilisation in young children?

Is it more important to classify iron deficiency, or the ability to safely and efficiently absorb iron?

How is iron prioritised between the brain, bone marrow and other iron-demanding tissues during different
degrees of iron depletion, and at different stages of infancy/early childhood?

Is there a hierarchy of sensitivity of different cellular processes (e.g., mitochondrial function, nucleotide
synthesis) to cellular iron deficiency?

Are erythroferrone or other hepcidin-suppressive proteins involved in iron handling during the iron-demand
of early childhood?

What are the main drivers of low-grade inflammation in LMIC settings, and are these associated with
raised hepcidin and impaired iron utilisation?

Is there a beneficial effect of iron interventions on cognitive outcomes in infants in LMIC settings? Larger,
high quality trials are likely required to establish this, and the potential of supplementing iron early in
post-natal life should be considered.

Does iron reduce child growth when given to iron-replete infants and, if so, by what mechanism?

How does iron deficiency influence both innate and cell-mediated adaptive immune responses to infections
and vaccines?

Do iron-associated microbiome changes associate with changes in systemic phenotypes including immunity
and brain development?

Will higher resolution microbiome analysis of iron-associated changes yield useful information on specific
iron-related effects?

Can iron status be improved in LMIC settings in the absence of exogenous iron interventions? E.g.,
by treating infection/inflammation; by increasing bioavailability using absorption enhancers?

Is there an optimal combination of dietary components (e.g., phytase, ascorbic acid, organic acids, muscle
protein, GOS, other dietary fibres) that can enhance bioavailability while reducing iron dosage to facilitate
supplementation without microbiome-associated adverse effects?

Could strategies for delivering haem-iron therapeutically be broadly implemented?

Is there a role for intravenous iron in addressing disturbed iron status in LMIC settings?

Are antenatal iron interventions and perinatal interventions (e.g., delayed cord clamping) effective in
improving neonatal outcomes, including iron status later in infancy, across varied LMIC settings?

Can setting-specific recommendations be made for the likely relative risks and benefits of giving iron, and
the likely optimal mode of delivering iron?

Is there benefit from programmatically promoting dietary counselling relating to iron intake and
bioavailability enhancement?
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Abstract: Anemia in cancer patients is quite common, with remarkable negative impacts on quality
of life and overall prognosis. The pathogenesis is complex and typically multifactorial, with iron
deficiency (ID) often being a major and potentially treatable contributor. In turn, ID in cancer patients
can be due to multiple concurring mechanisms, including bleeding (e.g., in gastrointestinal cancers or
after surgery), malnutrition, medications, and hepcidin-driven iron sequestration into macrophages
with subsequent iron-restricted erythropoiesis. Indeed, either absolute or functional iron deficiency
(AID or FID) can occur. While for absolute ID there is a general consensus regarding the laboratory
definition (that is ferritin levels <100 ng/mL =+ transferrin saturation (TSAT) <20%), a shared
definition of functional ID is still lacking. Current therapeutic options in cancer anemia include iron
replacement, erythropoietic stimulating agents (ESAs), and blood transfusions. The latter should be
kept to a minimum, because of concerns regarding risks, costs, and limited resources. Iron therapy
has proved to be a valid approach to enhance efficacy of ESAs and to reduce transfusion need.
Available guidelines focus mainly on patients with chemotherapy-associated anemia, and generally
suggest intravenous (IV) iron when AID or FID is present. However, in the case of FID, the upper limit
of ferritin in association with TSAT <20% at which iron should be prescribed is a matter of controversy,
ranging up to 800 ng/mL. An increasingly recognized indication to IV iron in cancer patients is
represented by preoperative anemia in elective oncologic surgery. In this setting, the primary goal
of treatment is to decrease the need of blood transfusions in the perioperative period, rather than
improving anemia-related symptoms as in chemotherapy-associated anemia. Protocols are mainly
based on experiences of Patient Blood Management (PBM) in non-oncologic surgery, but no specific
guidelines are available for oncologic surgery. Here we discuss some possible approaches to the
management of ID in cancer patients in different clinical settings, based on current guidelines and
recommendations, emphasizing the need for further research in the field.

Keywords: iron deficiency; anemia; cancer; hepcidin; patient blood management

1. Anemia in Cancer: Prevalence, Pathophysiology and Prognostic Impact

Anemia is a common and potentially detrimental complication in cancer patients, that compromises
quality and expectancy of life. Prompt recognition and management has been associated with improvement
of clinical outcomes, favoring also a better tolerance and response to antitumoral therapy.

In a prospective epidemiological survey conducted in 34 European countries (European Cancer
Anemia Survey (ECAS)) involving about 15,000 subjects diagnosed with solid or hematological tumors
between 2001 and 2002, anemia (Hb <12 g/dL) was present in approximately 39% of patients at
enrolment, and the overall prevalence increased to 67% during the 6 months’ follow-up [1]. In most
cases anemia was mild (defined as Hb >10 g/dL according to the National Comprehensive Cancer
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Network guidelines [2]), but Hb values lower than 10 g/dL were detected in 10% of patients at
baseline and in 39.9% of patients during the follow-up. In another literature review published in 2004,
the prevalence of cancer anemia was highly variable (from 30% to about 90%), although this was
partially due to different cut-offs used for the diagnosis (Hb <9 versus <11 g/dL) [3]. Anemia occurs
more frequently in patients with tumor recurrence, at an advanced stage of disease (i.e., from 40% of
patients with early-stage colon tumors to nearly 80% of patients with advanced disease), and in those
receiving antitumoral treatment. Furthermore, its prevalence varies according to the type of cancer
and is higher in patients with hematologic malignancies, such as multiple myeloma and lymphoma.
Among solid tumors, the highest incidence of anemia has been reported among lung and breast tumors,
followed by gynecological and gastrointestinal malignancies [4].

The pathogenesis of cancer anemia is complex and multi-factorial and, even in the same
patient, different mechanisms can prevail at different times (e.g., after surgery or chemotherapy
(ChT)) [5]. Anemia can develop as a consequence of malnutrition and malabsorption (leading to
iron and other nutritional deficiency, e.g., folates or vitamin B12), acute and/or chronic bleeding,
systemic inflammation, metastatic infiltration of bone marrow, and therapy-related myelosuppression.
Less frequently, cancer anemia may derive from other mechanisms including hemolysis, hemophagocytosis,
and hypersplenism (Figure 1). However, not all causes are of equal importance in different cancers.
For example, overt or occult bleeding and iron deficiency are often prominent in gastrointestinal,
urogenital and gynecological tumors, while bone marrow replacement by metastases is relatively
frequent in breast and prostate cancer [6]. Anemia can also be attributed to a decline in endogenous
erythropoietin (EPO) production (e.g., during concurrent chronic kidney disease) or a reduction in
bone marrow response to EPO [7].

Cancer anemia may be associated with a broad spectrum of symptoms, depending on its
severity and rapidity of development. Fatigue is the most debilitating symptom [8,9], followed by
impaired mental capacity, confusion and depression, especially in elderly people. Nausea, loss of
appetite, dyspnea, syncope and falls can also occur, particularly in patients with comorbidities such as
cardio-pulmonary and renal dysfunctions. Of note, the decrease in quality of life (QoL) is particularly
evident when Hb drops between 11.5 and 10 g/dL, which is classically considered as mild anemia
and not perceived as a problem by most doctors [10]. Not infrequently, symptoms related to anemia
represent the first alarm sign of an occult neoplasm, as it is classically observed in patients with
colon cancer.

Anemia has been recognized as an independent predictor of poor prognosis in cancer patients.
In a comprehensive systematic review of 60 studies evaluating survival, there was a 65% overall
increase in the risk of mortality in cancer patients with anemia compared with those without anemia.
This ranged from 19% in subjects with lung neoplasia to near 75% in patients with head and neck
carcinoma or lymphoma [11]. The impact of anemia on survival has been related to delay in initiating,
or failure to complete, the ChT regimens. A poorer response to anticancer treatments has also
been evoked, as cytotoxicity induced by radiotherapy (RT) and some ChT agents require adequate
tissue oxygen levels. Moreover, a decrease in the oxygen (O;) transport capacity of the blood can
facilitate intra-tumoral hypoxia, with activation of Hypoxia Inducible Factors (HIFs). Indeed, HIFs are
considered master regulators of cancer progression [12-15] by up-regulation of target genes involved
in angiogenesis, immune evasion, and metabolic reprogramming of cancer cells [16], making them
resistant to ChT and RT [17,18].

Given the impact of anemia on QoL, disease progression and survival in cancer patients, adequate
treatment strategies appear of paramount importance. Several studies have shown that the treatment
of cancer anemia determines a marked improvement in QoL [19], particularly among patients with
mild-to-moderate anemia. It may also have the potential to improve anti-cancer treatment tolerability
and efficacy, with a possible impact on prognosis [9,20,21].
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2. Blood Transfusions and Erythropoietic Stimulating Agents: A Double-Edged Sword

Management of anemia in cancer patients often requires a multidisciplinary approach, aimed at
recognizing and treating the underlying cause (whenever possible) and at restoring hemoglobin
levels. The above-mentioned ECAS survey showed that anemia was treated in less than 40%
of patients, mainly with Erythropoietic Stimulating Agents (ESAs) and blood transfusions [1].
Indeed, until recently, blood transfusions have represented the most commonly employed treatment
for cancer anemia. Whilst effective in providing an immediate increase in Hb, the benefits of
transfusions are transient and concerns about their negative effects have prompted clinicians to
consider alternative treatment approaches. Indeed, transfusions are potentially associated with
important adverse effects, such as anaphylactic reactions, transfusion-related acute lung injury (TRALI),
circulatory overload, iron accumulation, infectious pathogens transmission, as well as an increased
susceptibility to infections because of transfusion-related immunosuppression [22]. Blood transfusions
have been independently associated to an increased risk for adverse outcomes also in cancer patients
undergoing surgery. Numerous studies and meta-analysis have observed that cancer patients receiving
transfusions during the perioperative period have an increased risk for mortality, morbidity and
tumor recurrence [23-26]. A systematic review has shown that restrictive transfusion regimens
(e.g., Hb thresholds set at 7-8 g/dL) in oncological surgery decrease blood utilization without
increasing mortality and morbidity [27]. However, whether or not a restrictive regimen in cancer
patients undergoing surgery is as safe as a liberal regimen remains debated, especially in critically
ill patients [28-30].

On the other hand, since the 1990s, the development of recombinant human erythropoietin
has represented an important alternative to blood transfusions for treating anemia. Earlier studies
indicated that ESAs reduced transfusion requirements in cancer patients [31,32], as well as relieved the
symptoms of anemia and improved QoL [32]. However, concerns on the use of ESAs in cancer patients
arose in the late 2000s. Meta-analyses suggested that use of ESAs was associated with an increased
risk of venous thromboembolism and mortality [33,34], particularly if target Hb levels exceeded 12
g/dL. An increase in mortality and/or disease progression were reported particularly in studies where
ESAs were used off-label, such as in anemic patients receiving RT only [35], or receiving neither
RT nor ChT [36,37]. The potential for ESAs to promote tumor progression or recurrence, possibly
by stimulation of EPO receptors expressed by tumor cells [38], has long been debated. However,
few studies have specifically addressed this issue, and the sparse preclinical and clinical data does not
appear to support a direct or indirect effect of ESAs on tumor growth and disease progression [39—41].
More recent studies have given reassuring data when use of ESAs is restricted to patients receiving
ChT with lower target Hb levels [42,43]. Anyway, at present there is a consensus that ESAs are not
indicated in anemic cancer patients who are not receiving ChT (except for low-risk myelodysplastic
syndromes) [44], while controversy remains in patients receiving ChT when cure is the goal.

Given the potential risks related to the use of blood transfusions and ESAs, and the growing
knowledge regarding iron pathophysiology and its implication in cancer anemia, IV iron administration
represents a promising, potentially valuable, therapeutic approach.

3. Iron Deficiency in Cancer Patients: A Common Problem, but Difficult to Define

3.1. Impaired Iron Stores and Ultilization in Cancer Patients

ID with or without anemia is a frequent complication in cancer patients: in a single center survey
involving >1500 patients with solid and hematological malignancies, the prevalence of ID (defined as
TSAT <20%) was approximately 42% [45]. Subjects with pancreatic, colorectal and lung tumors were
more frequently affected by ID, as well as patients with an advanced stage of disease or treated
with chemotherapeutic agents. ID by itself, even in the absence of anemia, may be associated with
impaired physical function, weakness, and fatigue, which can be ameliorated by iron therapy [46].
Cancer patients can have either functional or absolute iron deficiency (FID or AID, respectively). FID is
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most frequent [47] and represents a condition in which iron stores are apparently adequate, but there
is insufficient iron supply for erythropoiesis. FID is mainly due to the release of cancer-associated
pro-inflammatory cytokines (e.g., IL-6, IL-1, TNF-«, and interferon-y), that upregulate hepcidin
synthesis in the liver [48,49]. Hepcidin is a small peptide hormone that represents the central regulator
of systemic iron homeostasis. It acts by inhibiting the only known iron exporter—ferroportin, and hence
reducing iron flows into plasma from macrophages involved in recycling of senescent erythrocytes,
duodenal enterocytes involved in iron absorption from the diet, and hepatocytes iron stores [50]. FID is
one of the major contributors to the so-called anemia of chronic disease [4,51], including cancer [45].
It may also develop during increased erythropoiesis mediated by ESAs therapy and, not infrequently,
it is the cause of ESAs unresponsiveness.

On the other hand, AID is a condition in which iron stores are actually depleted. Nutritional
deficiencies (e.g., tumor-induced anorexia or malabsorption in gastric or pancreatic cancer; or after
resection of intestinal tumors) and, especially, blood losses (manifest or occult, e.g., in colon cancer or
after surgery) contribute to AID in cancer patients.

Chronic kidney disease is a relatively frequent comorbidity in cancer patients, which can
contribute to anemia not only through a reduction of EPO synthesis, but also through increased
hepcidin levels leading to iron trapping within the macrophages, and eventually to FID [52,53].

Figure 1 summarizes the main mechanisms leading to anemia and perturbation of iron metabolism
in cancer patients.
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Figure 1. Schematic illustration of the main mechanisms contributing to anemia and iron deficiency
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in cancer patients. Blood losses due to tumor growth (especially in gastrointestinal cancers) or after
surgery, possibly favored by concomitant coagulopathy, and inadequate iron intake due to cachexia
and malnutrition lead to absolute iron deficiency (ID). Inflammation increases hepcidin synthesis in
the liver, leading to functional ID. Treatment with erythropoiesis stimulating agents may contribute to
functional ID, determining a discrepancy between iron need for erythropoiesis and iron supply from
the stores. Other factors, such as bone marrow infiltration by tumor cells, myelosuppression caused
by chemo- or radio-therapy, and concomitant chronic kidney disease (CKD), often contribute to the
development of anemia in cancer patients.
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3.2. Characterization of Iron Status in Cancer Patients

In healthy individuals, ferritin reflects the status of iron stores, while various other parameters
such as TSAT, percentage of hypochromic erythrocytes (%HYPO), Hb-content of reticulocytes (CHr),
and soluble transferrin receptor (sTfR), reflect the amount of biologically available iron. Unfortunately,
most of these parameters are altered in cancer patients and the diagnosis of ID in this setting poses
multiple challenges. Notably, ferritin is an acute-phase protein and may not correlate with iron
stores during inflammatory states and liver disease, conditions that are relatively frequent in cancer
patients. Thus, with respect to AID, while in otherwise normal individuals a serum ferritin level of
<20-30 ng/mL is virtually diagnostic, in cancer patients a higher ferritin cut-off (e.g., <100 ng/mL)
appears more reliable [54], as suggested in other chronic inflammatory conditions such as kidney
disease or heart failure [55]. Moreover, some studies noted that a ferritin level of 100 ng/mL might be
a good threshold to identify patients better responsive to IV iron therapy [56,57].

On the other hand, the ferritin cut-off for defining FID or, in a more practical way, for deciding
whether or not iron supplementation should be considered in cancer patients, is much more debated
and still unresolved. Indeed, most experts [58] and the few guidelines available [2,54] recommend
testing both ferritin and TSAT, and considering FID when TSAT is <20% with variable ferritin levels
ranging from 100 up to 800 ng/mL. However, TSAT also has some limitations in cancer patients,
since reduced transferrin levels due to inflammation and/or malnutrition can result in falsely normal
to high values.

An increased sTfR and a reduced sTfR/log ferritin index have been reported as possible indicators
of FID [51], but sTfR lacks standardization [59] and the interpretation of this cumbersome equation in
clinical practice is far from ideal [47,50]. Finally, although %HYPO and CHr are cheap and theoretically
informative tests (with thresholds of >5% and <28 pg, respectively), only few laboratories provide
such data and most physicians overlook them.

Measurement of circulating hepcidin is a promising tool for assessing iron status [60].
While opposing stimuli can influence hormone levels, with inflammation increasing and ID decreasing
them, ID tends to prevail when both are present [61]. Indeed, low hepcidin has been proven effective
in distinguishing ID anemia from anemia of chronic disease in patients with different inflammatory
disorders, like rheumatoid arthritis [62] and inflammatory bowel diseases [63]. Similar results have
been reported in a small study on patients with cancer anemia [64], but further validation is needed.
Of note, low hepcidin levels may be useful not only for diagnosis of ID, but also for predicting response
to iron treatment [65]. This has been shown also in a study on patients with ChT-associated anemia
treated with darbepoetin [66]. Whether or not this may be true also in cancer patients not treated with
ESAs remains to be demonstrated. Currently, at international level, many laboratories are putting
efforts into harmonizing the heterogeneous hepcidin assays in order to define standardized cut-offs,
and hence allowing full implementation in clinical practice [60,67].

4. Evidence for Iron Treatment in Cancer Anemia

To date, the majority of clinical trials have investigated the effects of iron treatment in combination
with ESAs, demonstrating multiple benefits in term of hematological response (increase in Hb
levels) [68-74], improvement of QoL [68], reduction of transfusions requirements [71] and lowering
ESAs doses [69], as compared to treatment with ESAs only. A meta-analysis of eleven trials, including
more than 1600 cancer patients randomized to treatment with IV iron, confirmed the activity of iron
either as sole treatment or in combination with ESAs [75]. In particular, IV iron significantly increased
hematopoietic response and decreased the rate of blood transfusions in trials both with and without
ESAs. The increase in the hematological response rates correlated with total IV iron dose, regardless
of baseline iron status. Similar results emerged in another meta-analysis, showing an increase of
hematological response rates and a decrease of transfusion requirements with the addition of IV iron
to ESAs therapy. In contrast, treatment with oral iron was not effective [76]. Growing evidence seems
to confirm benefits of IV iron alone, particularly when the newer, third-generation compounds are
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used (for an extensive review on modern iron replacement therapy see [77]). Initially, three small
studies in gynecological cancer patients receiving chemo-radiotherapy showed significant reductions
of transfusion needs after IV administration of iron sucrose [78-80]. Subsequently, an observational
study with ferric carboxymaltose (FCM) (median dose 1000 mg), including more than 600 patients with
active malignancies and cancer anemia and/or ChT-induced anemia, revealed a similar hematological
response in patients treated with IV iron alone as compared to the combination with ESAs [56].
Hb increase was higher in patients with low initial Hb levels (<10 versus >10 g/dL) and in those
with serum ferritin levels <100 ng/mL. Noteworthy, patients with ferritin up to 500 ng/mL but
low transferrin saturation also benefited from FCM treatment, highlighting that cancer patients can
effectively respond to IV iron even when FID is present. In this line, a small prospective randomized
controlled trial evaluated FCM without ESAs for correction of anemia in lymphoma patients with FID
(defined as TSAT <20% and ferritin >40 ng/mL in men and >30 ng/mL in women). Patients in the
FCM arm had a mean Hb increase significantly higher as compared to controls at week 8 [81]. IV FCM
administration as monotherapy also effectively stimulated hematological response in a group of
patients with gastrointestinal malignancies [57]. In agreement with Steinmetz et al., this trial suggested
baseline ferritin levels <100 ng/mL as the predictor of response. Treatment with FCM has also been
associated with a significant increase of QoL in patients with various solid tumors [82].

At variance with IV iron, oral iron has not been associated with consistent clinical or hematological
improvement in cancer patients [68,70,75,76]. In cancer patients, concurrent inflammation, gastrointestinal
discomfort, polypharmacy, and malabsorption make oral iron a poorly suitable choice.

5. The Emerging Role of Patient Blood Management Programs in Oncologic Surgery and the
Contribution of Iron Treatment

In recent years, the increasing awareness on the possible adverse effects related to the use of
blood transfusions, especially in the perioperative period, led to the implementation of so-called
programs of Patient Blood Management (PBM). This term refers to patient-centered, multi-disciplinary
activities that promote safety, appropriateness, and evidence-based use of blood [83], with the aim of
reducing the short and long-term adverse consequences related to blood transfusions. The PBM pillars
include the optimization of erythropoiesis (e.g., by correcting ID) and hemostasis, as well as the use of
anesthetic/surgical technologies aimed at minimizing of blood loss.

Preoperative anemia is the major predictive factor for allogeneic blood transfusion in surgical
patients, therefore its optimal management represents one of the cornerstones of PBM programs [84]
and, from 2010, is recommended by the World Health Organization (WHO). Multiple studies
have demonstrated the effectiveness of preoperative anemia management, mainly through iron
supplementation in elective orthopedic [85] and cardiothoracic surgery [86], not only by limiting
blood transfusions, but also by reducing postoperative complications (such as acute kidney failure or
infection) and length of hospitalization. By contrast, robust evidence for a similar efficacy in oncologic
surgery is still lacking [87]. While in this setting the potential detrimental effects of transfusions
have been confirmed [23,88], it has some peculiarities, including the difficulties in defining ID
(see Section 3.2) and the need to minimize delay in elective interventions because of the time required
for anemia investigation and treatment. Nevertheless, a recent single-center retrospective study has
shown a significant decrease in blood transfusions and an increased 2-year overall survival in cancer
patients who underwent surgery after the implementation of a PBM program, as compared to the
previous period [89].

Patients with colorectal carcinoma requiring surgery have a particularly high prevalence of ID
and ID anemia, and have been more extensively studied. A systematic review of studies on iron
supplementation for preoperative anemia in this setting [90] showed a general decrease of blood
transfusion rate, but some discrepancies regarding the effect on Hb levels. Indeed, Hb significantly
increased in some studies [91], but not in others [92,93], with heterogeneity being possibly attributed
to different study design and iron doses. More recently, a multi-center observational study showed

182



Pharmaceuticals 2018, 11, 94

that preoperative treatment with FCM significantly reduced transfusion requirements and hospital
length of stay [94]. Similar results have been reported by a randomized controlled trial on FCM
for the management of preoperative anemia in major abdominal surgery, which mainly enrolled
cancer patients [95].

Overall, in line with the proven efficacy of iron for the management of preoperative anemia in
elective non-oncologic surgery, these studies suggest that the implementation of IV iron administration
protocols may be an effective and safe strategy even in oncologic surgery.

6. Possible Risks of Iron Treatment in Cancer Patients: Myth or Reality?

Data from epidemiological studies and animal models have raised some concerns regarding the
possible role of deregulated iron metabolism in certain cancer types [96,97], including promotion of
tumor growth and enhanced oxidative stress [98]. However, the relevance of such experimental data
for cancer patients is limited, since they were typically based on high iron doses, as well as injection
routes and iron formulations that are not used in the clinical setting [99].

On the other hand, data from prospective trials evaluating long-term outcomes of IV iron therapy
(alone or in combination with ESAs) in anemic cancer patients are relatively scarce. Short-term studies
are reassuring, having not revealed an increased tumor progression in patients treated with IV iron
and ESAs [54]. In 2015, a prospective randomized controlled trial evaluating treatment with IV iron
and ESAs in a small number of patients with hematological malignancies and median follow-up of
1.4 years, did not find any negative effect on long-term outcomes or survival [100]. More recently,
a retrospective cohort study, including patients who underwent surgery for colorectal carcinoma with
an extended follow-up (median 3.9 years), confirmed that overall and disease-free survivals did not
significantly differ in subjects treated with IV iron (FCM in the range of 1000-2000 mg) as compared to
a matched group not receiving IV iron [101].

Regarding the risk of infections, no alarming signal has emerged in cancer patients treated with
IV iron. Nevertheless, given the role of iron in immune response and microbial proliferation [102],
current guidelines prudentially advise to avoid IV iron administration in patients with even suspected
active infections [54].

7. Available Guidelines: Field of Action, Limitations and Uncovered Issues

Early this year, the European Society of Medical Oncology (ESMO) released updated Clinical
Practice Guidelines on the management of anemia and iron deficiency in patients with cancer [54].
Accordingly, IV iron is indicated in patients with anemia (Hb <11 g/dL) and AID (defined as serum
ferritin <100 ng/mL) or FID (defined as serum ferritin >100 ng/mL, but TSAT <20%) before or during
administration of ESAs [54]. The definition of FID is not entirely satisfying, since no upper limit
of ferritin is established. It has been argued that in patients with TSAT <20% and ferritin levels
>500 ng/mL, the decision regarding iron supplementation should be based on the risk-benefit
profile of individual patients, and treatment should be discontinued if ferritin increases above
800 ng/mL [47]. Indeed, the National Comprehensive Cancer Network guidelines suggest that IV
iron could be considered for ferritin levels up to 800 ng/mL. However, it has to be noted that such
guidelines are largely and explicitly limited to a specific clinical domain, that is patients receiving
ChT. To this end, the ESMO guidelines state that “iron therapy should be limited to patients receiving
chemotherapy” and discuss some specific conditions like patients receiving cardiotoxic ChT, in whom
iron administration should not be synchronous with the anticancer agent [54]. The reason for limiting
iron to patients receiving ChT lies on the absence of long-term pharmacovigilance studies in other
settings. However, the management of preoperative anemia (see above) represents a notable exception
to this prudential rule. Indeed, in this peculiar setting, the primary goal is not to relieve anemia-related
clinical symptoms, but rather to reach Hb level able to minimize the risk of blood transfusion. Thus,
even a mild preoperative anemia, e.g., Hb 11.5 g/dL in a male cancer patient, is worth being corrected,
irrespective of the presence of anemia-related clinical symptoms. Other substantial differences in

183



Pharmaceuticals 2018, 11, 94

the perioperative setting are: (1) ESAs should be used with caution, if not avoided, because of the
inherent thromboembolic risk temporarily increased by surgery itself; (2) regarding IV iron, it is likely
that it would be given just once before the intervention, with limited risk in the long-term follow-up.
Notwithstanding the clinical relevance of this peculiar setting (see Section 5), no specific guidelines
are available. In particular, no clear cut-off of iron biomarkers has been established to guide iron
supplementation. While there is a general agreement on giving IV iron to a cancer patient with even
a mild preoperative anemia and AID (again defined as ferritin <100 ng/mL), in cases of FID (defined as
TSAT <20%) no consensus exists on the upper ferritin levels at which IV iron should be reasonably
administered without risk. This represents a grey area, and there is a clear need of future high-quality
prospective trials in the field. Whether or not hepcidin could help in driving iron therapy in cancer
patients, as proposed in other settings [63,103], remains to be explored. At our hospital, an ongoing
project is evaluating the role of hepcidin in diagnosis and treatment of preoperative anemia in oncologic
surgery (Italian Ministry of Health research project no. CO-2016-02361206). Possible algorithms for the
diagnosis and treatment of ID in cancer patients, based on the most recent pathophysiological and
therapeutic advances in the field, are depicted in Figure 2.

Patients with hematological or solid tumors receiving ChT Patients with solid tumors undergoing surgery
Assess hemoglobin level Assess hemoglobin level ﬁ
Hb<7-8 g/dI Hb 8-11 g/dl or Hb<7-8 g/dI Hb 8-12° g/dl or
and/or hemodynamic Hb<8 g/dl without Hbs11 g/l and/or hemodynamic Hb<8 g/dl without Hb>12* g/l
instability or symptoms symptoms. instability or symptoms. symptoms
I | I N R N | L
|
Consider blood Assess iron status (S-ferritin and TSAT) Consider blood Assess iron status (S-ferritin and TSAT)
transfusions to rapidly s A No treatment transfusions to rapidly e No treatment
correct anemia correct anemia
TSAT<20% TSAT<20%
e Do i
SFerritin<100 ng/ml  S-Ferritin >100 ng/ml S-Ferritin<100 ng/ml  S-Ferritin >100 ng/ml
Hb<10 g/dI Hb 10-11 ;
AR Wiron (e.g.FCM 1g) || IV iron without ESAs is ek i i
FEcomment in combination with possible but it should be Aecommende ESAs*** should be
(eg.FCM1g) ESAs is indicated evaluated case-by-case (eg.FCM 1) oneiered
* With respect to treatment of FID, ESMO guidelines * Evidence from patients with preoperative anemia (Hb<12 g/dl) in non-
does not indicate the upper limit of ferritin oncologic setting suggests that treatment of ID with IV iron is safe and
* Based on multiple studies observing that patients
with FID and ferritin<500 ng/m had better response to ** As regard FID, in absence of specific guidelines for oncologic surgery,
IV iron, it has been argued that IV iron administration IV iron monotherapy is appropriate in subjects with Hb<12 g/dl,
in patients with TSAT<20% and ferritin>500ng/ml TSAT<20% and ferritin<500 ng/mi, it should be evaluate case-by-case if
should be based on the individual risk-benefit profile ferritin 500-800 ng/mi, and discontinued when ferritin>800 ng/mi
* NCCN guidelines suggest to discontinue IV iron when *** In cancer patients undergoing surgery, the use of ESAs should be
ferritin>800 ng/ml avoid due to the high thromboembolic risk, thus IV iron alone should be
considered irrespective of Hb level

Figure 2. Possible algorithms for the diagnosis and treatment of ID anemia in cancer patients.
The proposed algorithms are based on available guidelines for cancer anemia and the most recent
clinical evidence regarding preoperative anemia management in the oncologic surgery field. Grey areas
underline current uncovered issues.

8. Concluding Remarks

ID represents a major cause of cancer anemia, especially in patients with gastrointestinal tumors,
advanced disease, receiving ChT, and in the perioperative setting. Nevertheless, ID in cancer often
remains an overlooked and undertreated condition. This is partly due to difficulties in defining ID
based on traditional laboratory biomarkers. Increasing evidence suggests the effectiveness of IV iron
administration to treat anemia in cancer patients, alone or in combination with ESAs, in terms of
improvement of QoL and reduction of transfusion needs. Further studies on better biomarkers of ID
(including hepcidin) and on long-term safety of IV iron administration in this peculiar and challenging
condition are required.
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Abstract: Macrophages are sentinel cells of the innate immune system and have important functions
in development, tissue homeostasis, and immunity. These phylogenetically ancient cells also
developed a variety of mechanisms to control erythropoiesis and the handling of iron. Red pulp
macrophages in the spleen, Kupffer cells in the liver, and central nurse macrophages in the bone
marrow ensure a coordinated metabolism of iron to support erythropoiesis. Phagocytosis of senescent
red blood cells by macrophages in the spleen and the liver provide a continuous delivery of recycled
iron under steady-state conditions and during anemic stress. Central nurse macrophages in the
bone marrow utilize this iron and provide a cellular scaffold and niche to promote differentiation of
erythroblasts. This review focuses on the role of the distinct macrophage populations that contribute
to efficient iron metabolism and highlight important cellular and systemic mechanisms involved in
iron-regulating processes.

Keywords: macrophage; central nurse macrophage; red pulp macrophage; Kupffer cell;
iron metabolism; erythropoiesis; erythroblastic islands; erythrophagocytosis; inflammation

1. Introduction

Iron is a multifaceted metal that plays a versatile role in many basic cellular processes in the
body, including DNA synthesis, cellular metabolism and respiration, as well as cell growth and death
mechanisms through iron-containing and iron-sequestering proteins and enzymes [1,2]. Moreover,
iron is the main component of hemoglobin (Hgb) and is thus essential for oxygen transport within
erythrocytes. As a redox-active metal, it can be found in two main oxidation states in the body that
determine its features, functional roles, and toxicity. Whereas divalent ferrous iron (FeZ*) is the active
compound in Hgb and in many enzymes, it can cause cellular toxicity by means of intracellular
free radical production by Fenton reactions [3,4]. Therefore, iron is usually intracellularly stored or
systemically transported as oxidized trivalent ferric iron (Fe>*). Iron metabolism is tightly regulated
by a variety of redundant mechanisms that are often conserved throughout the mammalian kingdom
to adjust iron concentrations on systemic and cellular levels. In response to iron and red blood cell
(RBC) demand, an orchestrated interplay between iron-processing cells, including tissue macrophages,
hepatocytes, erythrocytes, and duodenal epithelial cells controls and maintains iron homeostasis.
In particular, macrophage populations play a key role as cellular components of iron metabolism
to maintain the balance between the availability of sufficient iron levels and the prevention of toxic
amounts of iron in the body. Tissue macrophages specialized for iron recycling include red pulp
macrophages (RPMs) in the spleen, central nurse macrophages in bone marrow (BM), and Kupffer
cells (KCs) in the liver. These macrophage populations have a tremendous ability to recycle between
90-95% of bodily iron and to maintain efficient erythropoiesis. Distortions in the equilibrium of iron
demand and supply are sensed and corrected by a network of macrophages in their niches.

Erythrophagocytic macrophages that are in direct contact with labile heme and iron developed
protective mechanisms to cope with their toxicity. On the contrary, erythropoiesis requires a
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continuous delivery of iron, supplied presumably through BM macrophages. In cases of blood loss,
menstrual bleeding, or pregnancy, a higher iron requirement is adjusted by increasing the intestinal
absorption, the only iron-regulatory process in which a role for macrophages is currently unknown.
Recent observations, however, suggested a potential role of intestinal macrophages to transiently
store iron [5]. Vertebrates do not possess active iron secretory mechanisms, but mainly lose iron
due to shedding and renewing of the intestinal cell layer. Distinct types of macrophages control
iron-processing mechanisms in interplay with other cellular components and environmental cues.
In fact, in adipose tissues a macrophage population with a high iron recycling gene expression profile
was identified [6]. In obesity, this macrophage population shows an impaired ability to handle iron
and adipogenesis is linked to tissue iron overload [6-8]. These findings suggest the possible general
importance of macrophages in tissue iron metabolism and the role of iron as a link to metabolic disease.

Here, we review the current knowledge of the cellular processes involved in iron metabolism and
the regulatory mechanisms in iron-processing macrophages.

2. Cellular Uptake and Metabolism of Iron in Macrophages

Macrophages are important regulators of iron metabolism by controlling cellular iron import
and export. While iron is taken up by macrophages in different forms, such as transferrin-bound
iron, heme iron, Hgb-bound iron, and as free iron, iron egress from macrophages occurs only through
ferroportin-1 (FPN1); encoded by the gene SLC40A1 (Figure 1).

Iron uptake mechanisms that are common to macrophages include the isolation of iron from
senescent erythrocytes after phagocytosis; the import of transferrin-bound iron via transferrin
receptor (TfR) or non-transferrin-bound iron (NTBI) via the divalent metal transporter 1 (DMT1),
as well as zinc transporter ZIP14 (SLC39A14). Heme-bound iron can be taken up via different
means. Heme-hemopexin (Hpx) complexes are internalized via its receptor CD91 (LDL receptor
related protein 1, LRP1) and Hgb-bound iron in complex with its scavenger haptoglobin (Hp) is
imported via its receptor CD163 (scavenger receptor cysteine-rich SRCR superfamily) (Figure 1).
Additional pathways of iron transport into macrophages include natural resistance-associated
macrophage protein 1 (NRAMP1/SLC11A1) and divalent cation transporter 1 (DCT1/NRAMP2) [9,10].
NRAMP1 is a divalent metal transporter that is expressed on the surface to mediate iron import,
as well as within late endosomes and phagolysosomes to support intracellular iron recycling
after erythrophagocytosis [11-13]. Other transporters that have been involved in cellular heme
transportation include the heme-carrier protein 1 (HCP1) and the feline leukemia virus group C
cellular receptor 1 (FLVCR1). HCP1 was first characterized as a cellular heme transporter, and later
studies identified it as a proton-coupled folate transporter (PCFT/SLC46A1) [14,15]. Because HCP1 is
abundantly expressed in macrophages and colocalizes with Hgb-Hp complexes, which are taken up
via CD163, indeed suggest its dual role in cellular transport of heme and folate [16]. Besides implicated
in heme uptake, other studies link FLVCR1 to cytoplasmic heme export that prevents intracellular
heme overload [17,18]. Furthermore, heme responsive gene 1 (HRG1/SLC48A1) enables the transport
of heme out of the phagolysosomes in erythrocyte-digesting macrophages. HRG1 is strongly expressed
in macrophages and colocalizes with NRAMP1 to erythrophagolysosomes [19-21].

Ferritin is the main iron storage complex in cells (see below), but it can also be found in plasma.
Two different ferritin receptors have been described that mediate uptake of ferritin-bound iron:
Heavy chain H-ferritin (FtH) receptor T cell immunoglobulin and mucin domain 2 (TIM2) and light
chain L-ferritin (FtL) receptor scavenger receptor, member 5 (Scara5) [22,23].
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Figure 1. Iron metabolism by macrophages. General steps of iron uptake, acquisition, storage and
release in the macrophage: In addition to iron extraction from red blood cells by erythrophagocytosis,
macrophages express a variety of receptors to acquire iron from different sources. Transferrin-bound
iron can be taken up by the transferrin receptor (TfR or CD71) and the complex is internalized by
clathrin coated endocytosis followed by iron release at a low endosomal pH. Empty apo-transferrin
and transferrin receptor complex are recycled again (grey arrows). Non-transferrin iron can be acquired
directly via divalent metal transporter 1 (DMT-1) that is associated with duodenal cytochrome B
(DcytB) (blue arrow). CD91 (LRP1) receptors scavenge hemopexin-bound heme (Hpx-Heme) iron,
whereas haptoglobin- hemoglobin (Hp-Hgb) complex is taken up through CD163 receptor (red arrows).
Iron transport across the endosomal membrane into the cytosol is accomplished through DMT1 after it
is reduced by the endosomal reductase six-transmembrane epithelial antigen of the prostate 3 (STEAP3).
The resulting intracellular free iron joins the labile iron pool (LIP), which is then either stored in ferritin
or utilized in cellular processes for example in mitochondrial iron metabolism as ISC [Fe-S] after being
transported through Mitoferrin 1/2 (Mfrn1/2). Iron can be exported through ferroportin 1 (FPN1) out
of the cell, supported by the ferroxidase ceruloplasmin (Cp). Iron is then loaded to transferrin in order
to be carried to the target cells.

After uptake, iron is liberated from the various iron-containing proteins via different mechanisms

(described below). Afterwards, ferrous iron (Fe?*) can be either translocated through the cytosol for
further utilization in cellular processes, transported from the cell into the circulation or stored. In the
cytosol iron becomes a part of a poorly described labile iron pool (LIP) [24,25]. Tt is assumed that the

LIP directly triggers iron-utilizing cellular processes when cellular iron levels increase.
Excess iron is stored mainly in hepatocytes and macrophages as ferritin—a multimeric

sphere-forming protein filled with up to 4500 iron atoms [26]. Ferritin consists of two distinct
subunits: FtH and FtL [27]. Due to the ferroxidase activity of FtH, cytosolic ferrous iron (Fe2*)
is oxidized into ferric iron (Fe3*) prior to storage in the ferritin cavity [28]. Furthermore, inside splenic
macrophages an iron deposition complex known as hemosiderin can be found; these deposits form
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paracrystalline structures and are surrounded by intralysosomal formations. It has been interpreted as
an aggregated form of partially digested ferritin, which may be only poorly available to supply iron
when needed [29,30].

Iron within the cytosol of macrophages is utilized as a cofactor in many different cellular
proteins that regulate energy production, hypoxic regulation, detoxification, and host defense and
inflammation [31]. These proteins contain iron as part of two main cofactors: Iron-sulfur clusters (ISC)
and heme groups. Both cofactors are synthesized in the mitochondria, where excess iron can also
be stored as mitochondrial ferritin (FtMt). Iron is transported across the mitochondrial membrane
in its ferrous form through mitoferrin 1 (Mfrnl) and Mfrn2 transporters [32]. Most complexes of
the electron transport chain contain several ISC proteins that drive energy production. Important
defense and inflammation-related proteins, such as myeloperoxidase, NADPH oxidase, indoleamine
2,3-dioxygenase, nitric oxide synthases or lipoxygenases that are produced by macrophages also
contain iron.

Under steady-state conditions, iron is released from the main iron stores by means of
FPN1, the only known iron exporter known until now. FPN1 is abundantly expressed on all
iron-metabolizing macrophages [2,33]. In individuals with an FPN1 mutation—as well as when FPN1
is inactivated genetically in mice—a macrophage-specific iron overload in the spleen and liver has been
observed [34-36]. These observations suggest a macrophage-specific release of iron through FPN1.

The function of FPN1 in iron-recycling macrophages is aided by a multicopper oxidase,
ceruloplasmin (Cp, IREG1), which is synthesized and secreted by the liver and macrophages [37].
The transport of iron across all biological membranes is requires the oxidation and reduction of iron.
Accordingly, different ferroxidases and ferroreductases are inevitable for iron transportation. Cp is
commonly present on macrophage membranes and is thought to mediate iron oxidation to facilitate its
export out of the cell by FPN1 [38]. Cp-deficient mice and humans with Cp mutations show hepatocyte-
and macrophage-specific iron accumulation and develop anemia indicating a critical role of Cp in the
process of iron release from macrophages [39-41]. Cp can be expressed both as a circulating plasma
protein and as a membrane-bound GPI-linked protein [42]. Interestingly, FPN1 internalization and
degradation are specifically performed in the absence of membrane-bound Cp; this may suggest that
Cp is involved in hepcidin-mediated iron regulation [39].

After oxidation to ferric iron (Fe3*) and cellular egress, it is presumed that iron is loaded
directly onto the glycoprotein transferrin, the main systemic iron transporter of ferric iron (Figure 1).
Transferrin-bound iron is mostly utilized by developing erythrocytes and nurse macrophages in the
BM to support erythropoiesis.

3. Systemic Iron Metabolism

Iron enters the body through epithelial cells of the duodenum and upper ilium in the small
intestine. Iron absorption is adjusted to iron demands and can be increased to maintain iron
requirements. The transfer of non-heme Fe3* iron from the lumen of the duodenum into the epithelium
is carried out by DMT1 (Figure 1).

Dietary ferric iron (Fe3*) is first reduced at the apical brush border of the epithelium to enter the
enterocytes; this relies on the activity of iron-reducing ferric reductase duodenal cytochrome B (Dcytb or
CYBRD1) [43]. DMTT1 is colocalized with Dcytb at the apical side of enterocytes when absorption
is elevated, and their expression is induced under iron-deficient conditions. This suggests that at
the apical surface of the epithelium, DMT1 and Dcytb serve as main transport coordinators [44,45].
As an important source of dietary iron, heme containing ferrous iron (Fe?*) can also enter enterocytes
through the heme transporter HCP1.

Once taken up, iron in the cytosol of the enterocytes might be transferred from the apical to the
basolateral site by means of vesicular trafficking [46]. An alternative mechanism is that iron transfer
might be mediated by “chaperones”, such as the calreticulin-like protein mobilferrin [47].
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The release of iron at the basolateral site of epithelium is facilitated by FPN1. The selective
inactivation of FPN1 in the intestine results in a marked iron accumulation in duodenal enterocytes
and systemic iron deficiency [48]. This confirms the essential function of FPN1 in the dietary iron release
into the circulation [34,49]. Of particular relevance is the contribution of iron-oxidizing ferroxidases
in FPN1-mediated egress of iron from the cellular environment. The membrane-bound ferroxidase
hephaestin (HEPH), a closely related homolog to Cp, is presumed to be responsible for iron oxidation
of FPN1-exported iron specifically in the enterocytes [50,51]. In addition, several studies have revealed
a significant role of Cp for iron absorption in enterocytes under iron-stress conditions, such as bleeding
and iron deficiency [52].

Interestingly, HEPH colocalizes with apo-transferrin in enterocytes [53]. This suggests a direct
transfer of iron to transferrin after its release from the intestinal epithelium. Upon binding of two
ferric iron (Fe>*) atoms, a holo-transferrin is formed, which enables a secure transport of ferric iron
(Fe**) through plasma. In healthy human individuals, approximately 30% of the total transferrin is
saturated [33]. Holo-transferrin can bind to its receptor TfR (CD71) on macrophages, erythrocytes,
and other cell types, which is then internalized through receptor-mediated endocytosis.

4. Systemic Iron Regulation by Hepcidin

Iron homeostasis is regulated at the systemic and the cellular level by several well-coordinated
mechanisms (Figure 2). Hepcidin is the main regulator of the systemic transportation of iron. It is a
peptide hormone expressed mainly in the liver by hepatocytes and undergoes proteolytic processing
to yield a bioactive molecule that is secreted into the bloodstream [31,54,55]. Hepcidin binds to FPN1
and mediates its phosphorylation, internalization and degradation. Thus, in FPN1-expressing cells,
such as macrophages, hepatocytes, and duodenal epithelial cells, iron export is blocked [34,56,57].

Hepcidin expression is regulated by iron and iron-sensing mechanisms. Accordingly, the synthesis
of hepcidin is increased by iron loading and decreased by anemia and hypoxia. In this manner,
an increase of systemic transferrin iron leads to hepcidin expression that causes iron retention
in the macrophages and blocks iron uptake in the enterocytes to avoid further systemic iron
accumulation [34,56,58].  Inappropriate low hepcidin expression due to mutations in the
hepcidin-encoding gene Hamp or mutations that impair hepcidin function are linked to hereditary
hemochromatosis and total body iron overload [56,59-62]. On the contrary, pathological hepcidin
excess caused by inflammatory disorders induces hypoferremia, anemia of inflammation, or anemia
of chronic disease [31,63,64]. Therefore, hepcidin-mediated regulation is essential in maintaining
iron homeostasis.

Hepcidin expression is controlled transcriptionally by various signals, such as transferrin
saturation, erythropoietic activity, hypoxia and inflammation, rendering it an important player in the
process of iron homeostasis. Organisms have evolved multitude mechanisms to sense iron and to
activate hepcidin expression (Figure 2).

The molecular mechanism by which transferrin iron serves as a sensor for hepcidin expression
is based on a coordinated interplay between TfR1 and TfR2 with the homeostatic iron regulator
HFE, a major histocompatibility complex class I integral membrane protein [65,66]. Circulating
transferrin-bound iron interacts with high affinity to TfR1, whereas TfR2 has a lower iron-binding
affinity. Accordingly, under low transferrin saturation only TfR1 is engaged to transferrin iron. In this
case only, HFE is able to associate with TfR1 and hepcidin expression is not induced, while TfR2 is
directed to a lysosomal degradation pathway [1,66,67]. When transferrin iron levels increase in plasma,
transferrin iron interacts also with TfR2, which leads to detachment of HFE from TfR1 and binding to
TfR2 to induce hepcidin transcription [68-70]. Consequently, the competitive interaction between HFE
and TfR1 or TfR2 determines iron regulation through hepcidin. In hemochromatosis patients with
HFE gene mutations or in HFE-deficient mice, hepcidin synthesis is inappropriately low that induces
systemic iron overload [65,71].
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Figure 2. Main regulatory mechanisms of iron. Regulation of iron metabolism through hepcidin,
the IRP/IRE, Spi-C/Bach1, and HIF/HRE. For details see text.

Furthermore, liver iron stimulates the bone morphogenetic protein (BMP) BMP6 signaling
pathway to trigger hepcidin production [72,73]. Hepcidin induction by classical BMP signaling is
dependent on the BMP co-receptor hemojuvelin (HJV or HFE2), a GPI-linked membrane protein.
HJV binds to BMP6 and activates the Smad family of transcription factors to stimulate Hamp
transcription [58].

Inflammatory mediators are major hepcidin-inducing factors. Lipopolysaccharide, interleukin-6
(IL-6), IL-1, or IL-22 induce hepcidin partially via signal transducer and activator of transcription
3 (STAT3) [64,74-76]. Hepcidin expression in response to infections rapidly lowers plasma iron to
prevent iron sequestration of microbes that need iron for growth [77]. Additionally, macrophages are
able to produce hepcidin locally in response to bacterial signals at the side of the infection to limit iron
bioavailability for pathogens [78,79]. Thus, iron regulation by macrophages is an important defense
mechanism during an infection [80].

On the contrary, hepcidin expression is blocked by hypoxia to stimulate iron mobilization and
erythropoiesis [81,82]. Other hepcidin inhibitory factors were identified, including members of
the growth factor beta (TGF-f) superfamily comprising growth differentiation factor 15 (GDF15),
transforming growth factor beta (TGF-f3), twisted gastrulation BMP signaling modulator 1 (TWSG1)
and erythroid factor erythropoietin (Epo) [83,84].
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5. Cellular Regulation of Iron by IRE/IRPs

Compared to the transcriptional regulation of hepcidin, many proteins involved in controlling
intracellular iron metabolism are governed by posttranscriptional mechanisms. The main cellular iron
uptake, transport, storage, utilization, and release processes are governed by the interplay of distinct
mRNA-binding iron-regulatory proteins (IRPs), which have been extensively studied in macrophages
and hepatocytes [1,85]. Two different IRPs are known: IRP1 and IRP2. IRPs bind to their target
transcripts that contain cis-regulatory iron-regulatory elements (IREs), conserved RNA stem loop
structures [86-88]. Besides iron status, the localization of IREs on transcripts determines whether a
given IRP-IRE interaction stimulates or suppresses protein translation (Figure 2).

In cellular iron deficiency, IRPs bind to IREs at the 5" untranslated region (UTR) of FPN1, FtH,
FtL, delta-aminolevulinate synthase 1 (ALAS1), aconitase 2 (ACO2), hypoxia-inducible factor 2
(HIF2) mRNAs to mediate the degradation of the transcripts of the IREs to decrease iron storage
and export [89]. In addition, the binding of IRPs to IREs at 3" UTR of TfR1 and DMT1 mRNA stabilizes
these transcripts and supports their translation to increase iron import [37,85].

Conversely, under cellular iron-replete conditions, IRP2 gets ubiquitinated and degraded by the
proteasome to inhibit binding to IREs [90-93]. IRP1 similarly loses its IRE-binding activity but acquires
an ISC [4Fe-4S] to obtain cytosolic aconitase activity that converts citrate to isocitrate in the citric acid
cycle [94]. Because the bi-functional IRP1 shifts between iron-regulation and metabolism-regulation,
this mechanism suggests an interesting link between iron and cellular energy metabolism [95-98].
IRP1~/~ and IRP2~/~ mice show massive impaired iron homeostasis suggesting that the IRP/IRE
system is critical in cellular iron control [95,98,99].

6. Transcriptional Regulation by Spi-C and HIF

Iron homeostasis on the cellular level is also regulated transcriptionally by the induction of the
transcription factors Spi-C and HIFs. Endogenous labile heme derived from e.g., hemolysis binds to and
liberates Spi-C from its repressor BTB domain and CNC homolog 1 (BACH1), which is subsequently
degraded by the ubiquitin—protein ligase HOIL-1 [100-103]. Unbound Spi-C can enter the nucleus and
directly stimulates important heme- and iron-regulating proteins, such as heme oxygenase 1 (HMOX1),
FPN1, NRAMP1, and HRGI. Spi-C-mediated control of iron genes in macrophages has been reported
to be particularly important when rapid iron metabolism is needed; for example, through increased
erythrophagocytosis or hemolysis [102,104]. Iron-driven Spi-C activation is a critical factor for the
development of iron-specific macrophages. Moreover, the number of BM macrophages and RPMs is
drastically reduced in Spic~/~ mice suggesting that Spi-C-mediated regulation is indispensable for
iron metabolism in these cells and for protection against iron toxicity [100,105].

Additionally, iron metabolism is regulated in response to oxygen by means of HIFlx and
HIF2«. 1If sufficient levels of ferrous iron (Fe?*) and oxygen are present, HIF1a and HIF2« are
hydroxylated by oxygen prolyl hydroxylases (PHDs) and are then degraded by Ligase E3 [106,107].
In contrast, low iron levels in cells, as well as hypoxia, induce an accumulation of HIF1x and HIF2x
in the nucleus and subsequently triggers the recruitment of HIF1p3. Accordingly, the HIFot/HIF(3
complex binds to hypoxia-responsive elements (HRE) and promotes transcription of genes that are
involved in iron metabolism such transferrin, TfR, DMT1, FPN1, Dcytb, Cp, and HMOX1 [108,109].
In line, the HIF1/2-HRE interaction in response to hypoxia and to low iron induces iron release from
macrophages [110,111]. This process is not only important in macrophages, but also induces RBC
generation and maturation through Epo [112]. HIF2«x contains IREs in its 5 UTR of mRNA and is thus
under control of IRP1. These findings show that iron homeostasis depends on complex, global and
cellular regulations at various levels of gene expression.
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7. Steady-State Erythrophagocytosis by Macrophages in the Spleen

The majority of iron (20-21 mg per day) is recycled from heme of erythrocytes in the spleen,
whereas only 1-2 mg of iron is absorbed by the diet. Macrophages extract iron from senescent
erythrocytes by disassembling Hgb. Approximately 1 billion iron atoms are extracted from
250-280 million Hgb molecules per erythrocyte [113]. Thus, almost all iron atoms pass through
macrophages for further cellular and systemic utilization.

The first signal that stimulates iron digestion in macrophages is the recognition of senescent RBCs and
the uptake of these cells by means of receptor-mediated erythrophagocytosis (Figure 3). The macrophage
surface is equipped with various scavenging receptor proteins to recognize the “eat me” signals from aged
RBCs [114,115]; these include, among others, signal-regulatory protein alpha (SIRP«), glucose-6-phosphate
dehydrogenase, phosphatidylserine (PS) receptors (such as TIM4 and TIM1), scavenger receptor type
A member I (SR-AI), and CD36. The most popular presenters of the “eat me” signals are CD47 and
PS, which are exposed to aging RBCs [10,116,117]. After internalization, RBCs-containing phagosomes
merge with lysosomal vesicles to form phagolysosomes, where the RBCs are digested. Hgb breaks
down into heme and heme is then transferred from the erythrophagolysosomes into the cytosol [21,118].
The transport of heme out of the erythrophagolysosome is facilitated by a heme transporter, known as
HRGI1, which is regulated posttranscriptionally by heme and iron [19]. HRG1 expression is high
in the macrophages of the spleen, liver, as well as BM, and it localizes in erythrophagolysosomes
one hour after erythrophagocytosis. In addition, the putative heme transporter HCP1 has been
suggested to transport heme into the cytosol [16]. In the cytosol of macrophages, iron is immediately
processed from the protoporphyrin ring of heme by means of HMOX1 [119]. Degradation of heme
by HMOX1 generates equivalent amounts of CO and biliverdin in addition to iron [120]. HMOX1 is
not present on the erythrophagocyte membrane, but has been located in the endoplasmic reticulum
with its active site directed to cytosol; this process supports the idea that iron is extracted in the
cytosol [19,121]. Moreover, HMOX1 expression can be detected immediately after erythrophagocytosis
or after hemolysis corroborating its crucial role in iron and heme detoxication [122,123]. The role
of HMOX1 is underscored by the finding that HMOX1 deficiency causes a depletion of RPM and
BM macrophages; suggesting that the survival and function of iron-metabolizing macrophages is
dependent on HMOX1. In addition, there is a second heme oxygenase HMOX2, which is involved
in removing intracellular heme. In contrast to HMOX1, which is inducible, HMOX2 is continuously
expressed in most tissues and is involved in extracting iron in different cell types [122,123].

Recently, NRAMP1 (SLC11A1) has been identified as an important iron transporter in the
macrophages, which is localized to erythrophagolysosomes after erythrophagocytosis [21,124].
NRAMP1-knockout mice retain iron in the macrophages, but release storage iron from hepatocytes to
compensate for the impaired iron efflux from macrophages [124].

Depending on erythropoietic activity and other iron-consuming processes, iron can be either
stored or released through FPNI1, and its expression increases in macrophages within an hour
after erythrophagocytosis [49,125]. Moreover, erythrophagocytosis-activated macrophages have
concomitant high levels of heavy (H-) and light (L-)ferritin content, even several hours after
erythrophagocytosis has occurred; this indicates that a substantial proportion of iron can be stored
intracellularly within ferritin after erythrophagocytosis in the liver and the spleen [29,126]. An increase
of cellular iron upon systemic hemolysis, when iron storage in KCs of the liver is saturated, iron has
been found to be transferred into hepatocytes for long-term storage [127].
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Erythrophagocytosis P Erythropoiesis

Figure 3. Macrophages in erythrophagocytosis and erythropoiesis. The majority of iron in a
macrophage is obtained during erythrophagocytosis. Splenic red pulp macrophages (RPMs) and
liver Kupffer cells (KCs) is the main source of iron in the body. Senescent red blood cells (RBCs) are
recognized by macrophages and digested in the lysosomes. Heme is extracted in the phagolysosomes
and transferred to the cytosol by heme transporters heme-carrier protein 1 (HCP1) and heme responsive
gene 1 protein (HRG1). Heme degradation by heme oxygenase 1 (HMOX1) in the cytosol provides
ferrous iron that enters the intracellular labile iron pool. Iron is either stored in ferritin or exported by
ferroportin 1 (FPN1) and ceruloplasmin (Cp). The transcription factor (Spi-C) protects iron processing
RPMs in the spleen and BM nurse macrophages. Central nurse macrophages in the bone marrow (BM)
promote erythropoiesis in the erythroblastic island niche. These macrophages ubiquitously express
transferrin receptors and thus, probably mainly utilize transferrin (Tf)-bound iron. Nurse macrophages
are important for the development of erythroblasts. This is mediated by adhesion molecules that control
proliferation and differentiation of erythroblasts, enable erythroblast nuclei ingestion, and control the
subsequent release of reticulocytes into the blood stream. Central macrophages are supposed to be
involved in supplying maturing erythrocytes with iron to trigger heme synthesis.

8. Stress-Induced Erythrophagocytosis and Iron Metabolism

Under steady-state conditions, heme iron is preferentially digested by RPMs in the spleen,
whereas, under stress conditions, macrophages in the liver become essential for erythrophagocytosis.
For example, during systemic hemolysis, Ly6C* monocytes migrate to the liver and, thereupon,
differentiate into iron-recycling macrophages, but not to KCs [127]. Interestingly, colony stimulating
factor 1 (CSF1) and nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor promote the
development of these iron-recycling FPN1*Tim4"8 macrophages from blood-borne monocytes in the
liver [127]. Moreover, iron recycling by RPMs in the spleen is not ameliorated to compensate for the
increased iron need. Hence, FPN1*Tim4"°8 iron-recycling liver handle and recycle heme and iron from
senescent and damaged RBCs after massive hemolysis [10].

Macrophages have developed further elaborate mechanisms to remove systemic heme during
hemolysis. The body responds immediately against toxic free Hgb and heme by producing the
Hgb-scavenging protein haptoglobin and the heme-binding serum protein hemopexin. Splenic RPMs
and liver KCs express the receptors CD163 and CD91: these are involved in the clearance of excessive
labile heme and, importantly, offer an acute protection mechanism [128,129]. Macrophages possess
ferroxidases (such as Cp and HEPH) and proteins promoting ferrireductase activity (such as FtH and
Dcytb); these enable the quick oxidation and reduction of iron, and ensure efficient transportation
and utilization of iron within a cell [130]. Additionally, as described above, heme-mediated Spi-C
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induction in monocytes promotes the differentiation of erythrophagocytosing RPMs in the spleen and
induces the expression of important heme- and iron-regulating proteins [100]. This facilitates a quick
heme and iron processing and inhibits iron-induced toxicity in the cells [21,29,100,101] (Figure 3).
Recently, it was demonstrated that labile heme released after massive hemolysis, following
bacterial infection, suppresses the phagocytosing function of macrophages [131]. It is conceivable that
the liberation of heme when erythrophagocytosis commences may function as a negative feedback
loop and impairs further erythrophagocytosis by macrophages as a protective mechanism to sustain

oxygen supply.
9. Bone Marrow Macrophages and Erythroblastic Islands

Erythropoiesis is a dynamic process that is regulated through environmental signals, nutrient
availability, and cellular interplay. Most of the transferrin-bound iron is utilized for heme synthesis
during definitive erythropoiesis in the BM. In the BM, CD169 (Sialoadhesin or Siglec881) is expressed on
certain macrophages—referred to as nurse macrophages. These form an erythroblastic island, in which
the central nurse macrophage is surrounded by erythroid progenitors at different developmental
stages and provides a niche for erythropoietic regulation [132-134] (Figure 3). Thus, the nursing
macrophage supports erythropoiesis at different stages through varying the stimulating and repressing
signals to control proliferation versus differentiation of erythroid progenitors, and to sustain survival
signals [134,135]. Depending on the developmental stage, different soluble factors, such as BMP4,
insulin-like growth factor 1 (ILGF1), IL-3, and granulocyte-macrophage colony-stimulating factor
(GM-CSF) are secreted from the central nurse macrophages and induce proliferative and differential
signals in erythroid progenitors [136,137]. In addition, negative regulators of erythropoiesis can be
released by BM macrophages, including GATA binding protein 1 (GATA1), TGF-f, interferon gamma
(IFNY), and tumor necrosis factor alpha (TNF«) [136,138].

Central nurse macrophages are thought to be involved in phagocytosing the extruded nuclei from
erythroblasts during their development. This process is based on recognition through PS exposure,
TIM4 and MER proto-oncogene tyrosine kinase (MerTK) [2,139]. Because developing erythroblasts
adhere to the central macrophage, it has also been hypothesized that BM macrophages regulate and
determine the release of mature reticulocytes into the blood circulation. Prominent adhesion molecules
that are involved in cell—cell interaction, signal transduction, and reticulocyte release controlled by
macrophages include erythroblast macrophage protein, vascular cell adhesion protein 1 (VCAM1)
and a4b1- or a4b5-integrins [136,137,140]. Ablation of macrophages, or one of the adhesion molecules,
delays proerythroblast proliferation and differentiation at different developmental stages and to
destroy the erythroblastic island [136,137,141]. Moreover, Spi-C-mediated signals are also essential for
erythropoiesis, since Spi-C ablation causes a reduction in erythroblastic island numbers and a delay
in RBC formation [100]. Interestingly, CD169+ macrophage ablation, which markedly reduces the
number of erythroblasts in the bone marrow, only leads to a mild reduction of erythroid cells without
overt anemia suggesting that erythropoietic compensatory mechanisms exist during homeostasis [141].
However, the induction of stress-induced anemia (for example, through phenylhydrazin treatment)
promoted more severe delays in erythropoietic recovery in CD169*-ablated animals. This indicates
that BM macrophages promote fast recovery responses to stress-induced erythropoiesis [132]. On the
contrary, pathological erythropoiesis in mouse models of polycythemia vera (PV) can be reversed
through the ablation of central macrophages [142].

10. Regulation of Iron Transfer by Central Nurse Macrophages

Transferrin-bound iron is the main iron source for erythropoiesis. Iron-bound transferrin and
its receptor are internalized by receptor-mediated endocytosis [143]. TfR expression on erythroblasts
increases during erythrocyte development, but is downregulated after the release of reticulocytes [144].
Loss of transferrin impedes erythropoiesis and leads to an accumulation of iron in the storage organs;
this indicates the importance of transferrin-bound iron as a crucial source for erythropoiesis [145].
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BM nurse macrophages contribute to iron-loading of the erythroblasts, which might be especially
pronounced during stress conditions. In the macrophage, iron atoms are released from transferrin
in the acidic condition within endosomes (pH 4.5), and transferrin, along with TfRs, is recycled
back onto the macrophage surface. Ferric irons (Fe**) in the endosomes are reduced to ferrous
irons (Fe?*) by six-transmembrane epithelial antigen of the prostate 3 (STEAP3)—an endosomal
ferrireductase located in endosomes [146]. Ferrous iron (Fe?*) is then transported by means of DMT1
through the endosomal membrane and is released into the cytosol. It is not entirely clear how iron
is subsequently translocated through the cellular cytosol and utilized for erythropoiesis. The high
expression of FPN1 on the nurse macrophages and the observation that FPN1 deletion leads to
an accumulation of iron in BM macrophages and a blockage of erythroblast development suggest
that iron is released from macrophages prior to being loaded into the erythroblasts [147,148]. It is
also possible that NRAMP1, which participates in iron transport in BM macrophages, is responsible
for FPN1-associated iron release during erythropoiesis [124,149]. Interestingly, in the absence of
transferrin-bound iron, macrophages utilize other forms of iron, such as secreted ferritin iron and
heme iron to support erythropoiesis [150,151]. However, the importance of these alternative pathways
in macrophage-dependent iron transfer remains to be determined.

11. Concluding Remarks

Efficient iron metabolism is a matter that decides between life and death and depends on complex
parallel, compensatory, and complementary networks to meet the iron demand for erythropoiesis,
as well as other cellular functions, but to prevent iron overload, which cause cellular and organismal
toxicity. Tissue macrophages take center stage in iron homeostasis and their regulatory mechanisms
are increasingly recognized. Except duodenal iron uptake, macrophages are implicated in every step
of iron recycling and metabolism. Future studies may identify new functions of macrophages that
regulate tissue-specific iron metabolism and contribute to metabolic disorders. One emerging theme
from knock-out mice suggests that macrophage-mediated iron metabolism is particularly important
during stress conditions. Whereas these mouse models show that under homeostatic conditions,
compensatory mechanisms exist that maintain systemic iron metabolism, macrophages may still
be the main iron regulators in unaltered wild-type mice. Evidence implicates the importance of
the central macrophages in erythropoietic regulation, however, it is not known how macrophages
sense erythropoietic need and whether macrophages coordinate erythropoiesis dependent on iron
availability and oxygen demand. The sensing of these factors is essential for the proper regulation of
RBC maturation. Thus, HIF-regulatory mechanisms may be an attractive candidate, because they can
sense both iron and oxygen. The understanding of cellular and systemic regulation of iron homeostasis
will help to develop novel therapeutic possibilities in anemic diseases and other conditions, such as
malaria, acute blood loss, hematopoietic stem cell transplantation, or chronic kidney disease.
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ACO2 aconitase 2

ALAS1 delta-aminolevulinate synthase 1
BACH1 BTB domain and CNC homolog 1
BM bone marrow

BMP Bone morphogenetic protein

Cp ceruloplasmin

DCT1 divalent cation transporter 1
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DcytB duodenal cytochrome B

DMT1 divalent metal transporter 1

E3 E3 ubiquitin ligase

Epo erythroid factor erythropoietin
FLVCR1 Feline leukemia virus group C cellular receptor 1
FPN1 ferroportin 1

FtMt Mitochondrial ferritin

FtH heavy chain H-ferritin

FtL light chain L-ferritin

GDF15 growth differentiation factor 15
GM-CSF granulocyte-macrophage colony-stimulating factor
Hamp hepcidin antimicrobial peptide

HEPH hephaestin

HCP1 heme-carrier protein 1

HFE homeostatic iron regulator

Hgb hemoglobin

HIF1a/HIF2x  hypoxia-inducible factor 1oc/20c

HJV hemojuvelin

HMOX1 heme oxygenase 1

Hp haptoglobin

Hpx hemopexin

HRE hypoxia-responsive element

HRG1 heme responsive gene 1 protein

ILGF1 insulin-like growth factor 1

IFNy interferon gamma

IRE iron-regulatory element

IRP1/IRP2 iron-regulatory proteinl/2

IsC iron-sulfur cluster

KC Kupffer cell

LIP Labile iron pool

Mfrnl/2 Mitoferrin 1/2

MerTK MER proto-oncogene tyrosine kinase
NTBI non-transferrin-bound iron

NRAMP1 natural resistance-associated macrophage protein 1
PHDs oxygen prolyl hydroxylases

PS phosphatidylserine

PV polycythemia vera

RBC red blood cell

RPM red pulp macrophages

SIRPo signal-regulatory protein alpha

Spi-C Spi-1/PU.1 related transcription factor
SR-AIL scavenger receptor type A member I
STAT3 activator of transcription 3

STEAP3 six-transmembrane epithelial antigen of the prostate 3
Tf transferrin

TfR1/2 transferrin receptor 1/2

TNF«x tumor necrosis factor alpha

TGF- transforming growth factor beta
TWSG1 twisted gastrulation BMP signaling modulator 1
VCAM1 vascular cell adhesion protein 1

UTR untranslated region
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Abstract: Iron is an essential element that is required for oxygen transfer, redox, and metabolic
activities in mammals and bacteria. Mycobacteria, some of the most prevalent infectious agents
in the world, require iron as growth factor. Mycobacterial-infected hosts set up a series of defense
mechanisms, including systemic iron restriction and cellular iron distribution, whereas mycobacteria
have developed sophisticated strategies to acquire iron from their hosts and to protect themselves from
iron’s harmful effects. Therefore, it is assumed that host iron and iron-binding proteins, and natural
or synthetic chelators would be keys targets to inhibit mycobacterial proliferation and may have
a therapeutic potential. Beyond this hypothesis, recent evidence indicates a host protective effect
of iron against mycobacterial infections likely through promoting remodeled immune response.
In this review, we discuss experimental procedures and clinical observations that highlight the role of
the immune response against mycobacteria under various iron availability conditions. In addition,
we discuss the clinical relevance of our knowledge regarding host susceptibility to mycobacteria in
the context of iron availability and suggest future directions for research on the relationship between
host iron and the immune response and the use of iron as a therapeutic agent.

Keywords: iron; mycobacteria; immunity

1. General Context

Mycobacterial infections in human populations are increasing worldwide and remain a major
cause of morbidity and mortality, making them a major public health concern. The emergence and
spread of multi-drug resistant (MDR) and extensively drug-resistant (XDR) mycobacterial strains
have shifted our interest to explore new therapeutic approaches. Iron plays a crucial role in the
pathophysiology of mycobacteria and should be of great interest for future therapeutic strategies.
In this context, the development of an effective iron-based therapy requires a detailed understanding of
the role of iron during mycobacterial infections as a target involved in the resistance and/or susceptibility
of host.

2. Mycobacteria: The Smart Pathogens

The genus Mycobacterium comprises more than 150 species that reside in a wide variety of
habitats [1]. These bacteria are typically characterized by the structure of their cell envelope (see Figure 1
representing the structure of mycobacterial envelope and for review [2]). Mycobacteria are divided into
three groups, the Mycobacterium tuberculosis complex (M. tuberculosis, M. africanum, M. bovis, M. canetti,
and M. microti), lepromatous mycobacteria (Mycobacterium leprae), and non-tuberculosis mycobacteria
(NTM), a group which contains only a few pathogenic species involved mostly in lung infection in
immunocompromised individuals [3,4].
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Figure 1. Schematic representation of the cell envelope of Mycobacterium tuberculosis (adapted
from [2]). The cell envelope of M. tuberculosis includes an inner cell membrane (CM), a network
of peptidoglycan (PG) with covalently attached macromolecules: AG, PIM,, PIMg, LM, and
Man-LAM; an outer membrane (OM) composed of mycolic acid (MA), attached to TDM, DAT,
PAT, PDIM, and SL-1; and an outmost layer of polysaccharides and proteins. AG: arabinogalactan;
DAT: diacyltrehalose; LM: lipomannan; Man-LAM: mannose-capped lipoarabinomannan;
PAT: poliacyltrehalose; PDIM: phthiocerol dimycocerosate; PIM;: phospho-nyo-inositol-dimannoside;
PIMg:  phospho-myo-inositol-hexamannoside; MmpL: mycobacterial membrane protein large;
TDM: trehalose dimycolate; SL-1: sulphoglycolipid.

Host immune systems have evolved antimicrobial strategies, whereas mycobacteria which are
facultative intracellular pathogens have developed new ways to survive in previously inaccessible
niches and hostile environment. The Mycobacterium tuberculosis complex species are mainly restricted
to macrophages as host cells and induce a chronic immunopathology. Macrophages internalize
mycobacteria by phagocytosis, but only pathogenic mycobacterial species can survive and proliferate
inside these cells. In hosts cells, mycobacteria are located in the phagosome and thus exposed
to hostile conditions, such as oxidative stress, hypoxia, and nutrient restriction also known as
nutritional immunity.

The pathogenic mycobacteria have adapted to the hostile environment of the phagosome by
entering into a dormant state. Indeed, during chronic infection, M. tuberculosis survives nutrient
starvation by using the 3-oxidation pathway, which allows fatty acids to be utilized as a unique carbon
source. Dormant M. tuberculosis cells are characterized by a distinct cell wall lipid content. Indeed the
[-oxidation pathway is a source of phthiocerol dimycocerosates (PDIM), glycolipids diacyltrehalose
(DAT), and polyacyltrehalose (PAT), and sulfolipid (SL-1) [2]. To establish residence in macrophages,
the pathogenic mycobacteria slow down their growth and can lay in a ‘dormant’ state for decades,
further limiting the risk of destroying their host macrophages and allowing them to survive harsh
living conditions.

2.1. Host Response to Mycobacteria Through Immune Cell Activation

The host sets up a complex immune response involving both innate and adaptive components
that are specific to persistent intracellular pathogens. The host often sequesters mycobacteria in
an organized structure named granuloma, composed of center of phagocytic cells surrounded by T
and B lymphocytes, that regulates the immune-mediated containment of the infection.
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Granulomas are hypoxic and nutrient-restricted hostile environments for mycobacteria that
contain the infection [5]. In most cases, granulomas do not develop into an active site of infection and
can resolve infection or support bacterial survival over long period of time. The resident macrophages
phagocytize and eradicate most infecting mycobacteria, preventing the mycobacteria colonization
and further mycobacterial infection. Indeed, activated macrophages can induce bacteriostatic and
bactericide effect on mycobacteria, but mycobacteria can reside within nondegradative macrophages.
Once infected, only 5-10% of immunocompetent humans exposed to M. tuberculosis develop disease.
For a successful infection, mycobacteria must not only avoid destruction and survive within phagosomes
but must also escape from the initially infected resident macrophage to spread to other areas and infect
growth-permissive monocytes to cause disease. This reactivation process depends on the presence
of metabolically active bacilli. M. fuberculosis infection can manifest as acute or chronic disease or be
clinically asymptomatic with the potential to emerge from a latent form to an active form of infection [6].
Phagocytic cells are key biological element involved in the control of mycobacterial infection, although
they also assist in their subsequent dissemination.

2.2. Host Response to Mycobacteria Through Oxidative Stress Induction: A Critical Role of Iron

Once stimulated, upon mycobacteria infection, TLRs promote the innate immune response and
the production of microbicidal effectors, such as reactive nitrogen intermediates (RNI) and reactive
oxygen species (ROS) produced by phagolysosomes from macrophages, and microbicidal peptides
such as lactoferricin and defensins [7].

Accumulating evidence suggests an important role of macrophage-derived nitric oxide (NO) in
protecting host cells against intracellular pathogens. Nitric oxide (NO) is a chemical mediator and
regulator that has physiological and pathophysiological roles in mammals as well as a significant role
in inflammation. NO is produced by the nitric oxide synthase (NOS) enzyme family, which catalyzes
the two-step conversion of L-arginine to L-citrulline and NO. The inducible nitric oxide synthase (iNOS
or NOS2), a form of NOS is transcriptionally induced in IFNy-activated macrophages, inducing high
production of NO [8]. NO possesses cytotoxic properties through interactions of reactive free NO
radicals with iron containing enzymes or molecular oxygen and superoxide anion to produce reactive
nitrogen species that cause massive oxidative injuries. NO is a powerful reactive molecule that plays
a major role in controlling mycobacterial infections. Indeed, mice deficient in NOS2 activity are highly
susceptible to acute and chronic M. tuberculosis infection compared to wild-type mice [9,10].

Phagocytes can eliminate invading pathogens via oxygen-dependent and oxygen-independent
mechanisms. The activated phagocytes induce the NADPH oxidase system, a membrane-bound
complex located in the plasma membrane and in the phagosomal membranes of phagocytic cells that
reduces O, to superoxide anion (O,°”) and triggers oxidative bursts [11]. Superoxide anion (O,°7)
spontaneously converts to hydrogen peroxide (H,0,), and H,O, can further undergo a Fenton reaction
in the presence of iron to yield highly reactive hydroxyl radicals (OH®) (Figure 2) [12]. The presence
of O,°~ and NO will further generate peroxynitrite (ONOO~/ONOOH), the most injurious reactive
nitrogen species (RNS), and other reactive free radicals (Figure 2) [13,14]. These molecules can
damage a variety of biomolecules, including DNA, which effectively kills the pathogen and inhibits its
dissemination [15]. Neutrophils are professional phagocytes that play protective roles in mycobacterial
infections through the release of preformed oxidants and proteolytic enzymes which are discharged
during the degranulation process [16,17]. Neutrophils contain cytoplasmic granules that contain large
amount of myeloperoxidase (MPO) that uses H, O to catalyze the production of highly toxic ROS like
hypochlorous acid (HOCI) in the presence of anion chloride (C17). The production of ROS, O,~, HyO,,
and HOCI by phagocytic cells in response to infection is a highly effective microbicidal mechanism
that is also referred to as a respiratory burst. In contrast to neutrophils, mature macrophages contain
much less concentrations of MPO and thus are unable to kill pathogenic intracellular microorganisms
by this system [18].
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In humans, genetic deficiency for one of the subunits of NADPH oxidase causes an inherited
immunodeficiency, chronic granulomatous disease (CGD), which is characterized by dysregulated
inflammation and recurrent infections with catalase-positive microorganisms, including M. tuberculosis
and M. bovis BCG [19]. Moreover, subjects with MPO deficiency have an increased susceptibility
to infection [20]. However, it has been demonstrated that MPO-loaded macrophages still ingest
M. tuberculosis and do not show a significant mycobactericidal activity despite a highly susceptibility of
mycobacteria to the system in vitro. This failure of peroxidase-loaded macrophages to kill M. tuberculosis
may result from the presence of efficient detoxifying mechanisms in the mycobacteria [18]. The lack of
granular MPO in mature macrophages may explain the tendency of mycobacteria to infect these cells
that favor the survival and proliferation of pathogenic intracellular microorganisms.
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Figure 2. Series of reactive oxygen species generated in response to intracellular mycobacteria infection.
Macrophages and neutrophils produce reactive oxygen species to kill intracellular microbes in a series
of reaction which can be initiated by the conversion of NADPH to NADP * via the NADPH oxidase
(NOX) and the production of superoxide O, in presence of O,. O, can enter in the phagosome and
later in the mycobacteria through porins or crosses the outer membrane that is partially permeabilized
by antimicrobial peptides. O, is a substrate for superoxide dismutase (SodCI, SodA) to produce
H,0, which can freely diffuse across membranes. The hydroxyl radical (OH®) is produced from
H,0, and superoxide via Fenton reaction. Mycobacteria produce the catalase KatG to detoxify H,O5.
The production of NO from arginine metabolism via nitric oxide synthase (NOS2) can generate nitric
oxide which in presence of O,~ produce ONOO™ and NO,~, which present some toxic proprieties
against mycobacteria.
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3. The Iron Tug-of-War Between Host and Mycobacteria

3.1. The Importance of Iron for Mycobacteria

Iron is a crucial nutrient for mycobacteria, as it represents an essential structural and catalytic
cofactor for many metabolic enzymes. In mycobacteria, iron is used as cofactor of enzymes
involved in amino acid and nucleic acid biogenesis, such as those with pyrimidine synthesis and
ribonucleotide reductase activities, as well as enzymes in the tricarboxylic acid cycle, superoxide
dismutase, 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase, and proteins participating in
electron transport. Specifically, in M. tuberculosis, iron is an obligate cofactor for at least 40 different
enzymes encoded in its genome [21].

In mycobacterial host mammals, iron is present in the cytoplasm of cells at a very low level in
a ferrous soluble, chelatable state that constitutes the labile iron pool. The labile iron pool is potentially
toxic as it can generate reactive oxygen species. Thus, most of the iron is sequestered in complexes
with iron binding proteins. In blood, the free iron concentration is approximately between 10718
and 10712 uM and that of total serum iron is 10-50 M and most iron circulates bound to transferrin
glycoprotein or to lactoferrin [22]. Macrophages are characterized by high iron flux due to recycling of
iron from senescent erythrocytes and the internalization of iron via specific cell surface receptors for
transferrin, lactoferrin, and hemoglobin-haptoglobin [23], and thus represent a favorable niche for
mycobacteria to acquire iron.

Granulomas are microenvironments in which mycobacteria brave starvation including iron
deprivation. However, virulent mycobacteria are capable of long-term persistence without growth.
Granulomas formation in response to M. tuberculosis infection are heterogeneous mainly characterized
by solid cellular granulomas, cavitary granulomas and necrotic caseous granulomas in advanced
tuberculosis infection [24]. Transcriptional analysis has indicated that solid cellular granulomas express
high levels of iron uptake genes such as heme binding proteins, hemoglobin receptor, and transferrin
receptor 1 encoded by TFRC; the cavity granulomas express high ferritin and heme oxygenase
suggesting a permissive iron environment. Besides, necrotic and cavity granulomas exhibit gene
expression of extracellular of iron, hemoglobin and heme sequesters such as transferrin, haptoglobin,
and hemopexin, in addition to lactoferrin, lipocalin and calprotectin indicating host iron restriction [25].

Inaprolonged iron starvation environment such as granulomas, M. tuberculosis stops the replication
process but remains metabolically active, with intact cell envelope, high expression of iron acquisition
mbt genes, reduced heme and iron-proteins synthesis and repressed oxidative phosphorylation [25].
Like all successful pathogens, mycobacteria have developed sophisticated mechanisms to compete
with host iron-scavenger proteins for iron acquisition, to transport and store iron and to acquire iron
from both extracellular transferrin, lactoferrin and intracellular iron pools [26].

3.1.1. Siderophores: The Mycobacteria Iron Scavengers

In iron-deficient environments, mycobacteria produce small iron-binding molecules called
siderophores. These molecules have a high affinity for iron and scavenge metal ions from host
insoluble and protein-bound iron. Mycobacterial siderophores can be divided into siderophores
from non-pathogenic and pathogenic mycobacteria. Exochelins are extracellular and hydrophilic
peptidic siderophores utilized mainly by non-pathogenic mycobacteria, such as M. smegmatis and
M. neoaurum. M. leprae, a pathogenic mycobacterium also utilizes the siderophore exochelin for iron
acquisition [27,28]. A structure of M. smegmatis exochelin siderophore showing its iron chelation
abilities is represented in Figure 3 [29].
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Figure 3. Structure of exochelin siderophore of M. smegmatis with its iron chelation proprieties.

The iron-chelating residues of exochelin with their interaction with iron molecule is shown in red circle
(adapted from [29]).

Mycobactins are derived from salicylic acid and include the mycobactin and carboxymycobactin
forms of siderophores isolated from pathogenic mycobacteria (Figure 4), such as M. tuberculosis,
M. bovis, M. bovis BCG, M. africanum and M. microti. Mycobactin is lipophilic and envelope-associated
while carboxymycobactin is an extracellular hydrophilic molecule [30,31]. Desferricarboxymycobactin
competes with host iron-binding proteins for iron; it chelates Fe3* iron bound to host transferrin
after phagosome fusion with early endosomes, as well as from lactoferrin and ferritin. In early
endosomal phagosomes, mycobacteria communicate with the endocytic iron uptake system of the
host macrophage and take advantage of this source of iron (Figure 5) [32,33]. Iron-siderophore
complexes ferricarboxymycobactins are transported through the Msp (Mycobacterium smegmatis porin)
family porins, a multisubunit transport system of the mycobacterial outer membrane. Subsequently,
ferricarboxymycobactin transfers iron to the cell-wall associated mycobactin or delivers it to
the inner membrane-bound iron-regulated transporter A and B (IrtAB). IrtAB, an ATP-binding
cassette transporter synthesized in iron limited condition, mediates the reduction of the iron
from internalized ferric-siderophore complexes into Fe?* and its release [31,34-37]. The export
and recycling of desferricarboxymycobactin through the inner membrane is carried out by the
MmpS4/MmpL4-MmpS5/MmpL5 transporter complex formed with mycobacterial membrane proteins
(Mmps). The recycling of desferricarboxymycobactin is critical for bacterial survival itself [38] (Figure 5).
Indeed, genetic disruption of the recycling process induces the accumulation of these molecules in
mycobacteria and poisons M. tuberculosis [38,39].
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Figure 4. Structure of mycobactin and carboxymycobactin siderophores of pathogenic mycobacteria.
This figure represents mycobactin and carboxymycobactin from M. tuberculosis with the iron-chelating
residues circled in red.

Mycobactins are produced by nonribosomal peptide synthetase enzyme system and requires
multiple enzymes encoded in two gene clusters mbtA-] and mbtK-N in M. tuberculosis [40,41]. Genetic
disruption of siderophores expression impairs the growth of M. tuberculosis in mice and macrophages,
demonstrating the essential role of iron acquisition for mycobacteria virulence [42]. The pathogenicity
of bacteria depends on secretion systems for an efficient transport of biomolecules known as virulence
factors. The secretion systems ESX, or Type VII systems, are specific to mycobacteria which required
specialized mechanisms for protein transport across the lipid-rich outer membrane barrier. The genes
encoding the ESX-1 system have been identified in the genome of the virulent M. tuberculosis strain
H37Rv, but these genes are absent from the genome of M. bovis BCG, which corresponds to the genomic
region of difference 1 (RD1) [43]. The ESX-3 system is crucial for iron acquisition in M. tuberculosis
and M. smegmatis contributing to growth and virulence. The esx-3 mutants display severe growth
defects in the presence of low concentrations of iron, which can be rescued by the addition of iron or
heme [44,45]. Indeed, esx-3 is expressed in response to iron deficiency, and mycobacterial esx-3 mutant
strains synthesize and accumulate dramatic amounts of mycobactin siderophores but are unable to take
up iron and grow poorly. In M. tuberculosis, the addition of mycobactin has been shown to rescue the
esx-3 mutant growth defect [46,47]. Further studies identified secreted PE5-PPE4 proteins encoded by
esx-3 as being crucial for iron acquisition, while the virulence phenotype correlates with the secretion
of EsxG-EsxH complex that impairs phagosomal maturation [47].

3.1.2. Mycobacteria Heme-Iron Acquisition Systems

Mycobacteria residing in macrophage phagosomes can also acquire heme as an iron source after
the phagocytosis of senescent red blood cells by macrophages, a process termed erythrophagocytosis.
Indeed, the attenuated growth of M. fuberculosis in low-iron medium or mycobactin-deficient mutant
can be rescued by heme supplementation [48]. Extracellular heme can be recovered by mycobacteria
through the secretion of hemolysin whose encoding gene (tlyA) has been identified in several strain of
mycobacteria (M. tuberculosis, M. bovis BCG, M. leprae, M. avium) [49]. Further, the heme-binding protein
Rv0203 [35,50] and membrane heme import proteins from mycobacterial membrane proteins large
family, MmpL3 and MmpL11 [50,51] might be involved in heme efflux to protect mycobacteria from
the toxicity of excess heme [52]. PPE37 (also named Rv2123), member of the proline—proline-glutamic
acid gene family restricted to virulent mycobacterial species, has been recently described as critical
for heme-iron acquisition [53]. Ppe37 gene deletion in M. tuberculosis severely attenuates heme-iron
acquisition and abrogates growth in a medium with hemin as the sole iron source [53,54]. PPE37 has
been identified as a factor of virulence; M. bovis BCG has been described recently as severely deficient
in heme-iron acquisition ability due to the lack of PPE37; importantly, M. bovis BCG exhibits heme iron
acquisition as efficient as that of M. tuberculosis when complemented with M. tuberculosis PPE37 [53].
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Once in mycobacteria cytosol, the heme degrading protein MhuD releases the iron from heme
(Figure 5) [51].
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Figure 5. Heme-iron and siderophore-mediated iron acquisition of Mycobacterium tuberculosis in
macrophage phagosome (adapted from [55]). M. tuberculosis has both heme and non-heme iron uptake
pathways. M. tuberculosis secretes and express on its outer membrane PPE36/37 which can bind to
heme and induce heme importation across the outer membrane. Then heme is linked to Rv0265¢ which
facilitate heme transport to the cytosol using an unknown heme importer. In the cytosol, heme is
degraded by the heme-degrading protein MhuD and iron is extracted from heme. It is also possible
than heme can also be exported from cytosol through MmpL3/11 transporters and then linked to
Rv0203 and later exported outside the bacteria. M. tuberculosis can also acquire iron through the
siderophore-mediated iron acquisition system. M. tuberculosis desferricarboxymycobactin competes
with host iron transferrin to acquire iron in phagosome. Iron is then bound to mycobactin which
transports iron across the inner membrane through the IrtAB transporter complex. Once in the cytosol,
iron is dissociated from mycobactin which is then exported from the cytosol through MmpS4/L4 and
MmpS5/L5 complex.

3.2. Mycobacteria Protection against the Harmful Effects of Iron, ROS and RNS

For efficient infection and persistence, pathogenic bacteria have evolved to adapt their metabolism
to the hostile environment of the phagosome to survive harmful antimicrobial host defense mechanisms
such as iron limitation and the production of toxic reactive oxygen and nitrogen species. Iron is
an essential structural and catalytic cofactor for many metabolic enzymes but is also a harmful
component due to its ability to generate spontaneously ROS through the Fenton reaction. Therefore,
bacterial intracellular iron homeostasis is closely linked to the response to oxidative stresses.

3.2.1. Protection against Excess of Iron

Once captured, iron can be utilized for various metabolic processes while specific proteins
are synthesized to store iron and avoid its toxic effects. M. tuberculosis encodes two iron storage
proteins, BfrA, a bacterioferritin, and BfrB, a ferritin-like protein [56]. Both proteins aggregate to
form macromolecular structures consisting of 24 subunits that can hold 600 to 2400 iron atoms per
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molecule [41]. BfrA is required for the efficient release of stored iron under low iron conditions,
while BfrB has a high capacity for iron storage and is a major defense protein under excessive iron
conditions [57]. BfrB deleted mutant showed drastic loss of viability during iron depletion indicating
that iron stored in ferritin is essential for M. tuberculosis to survive in iron depleted environment [25].
Several investigations using M. tuberculosis bfrA and bfrB mutant have demonstrated that these genes
are crucial for the ability of mycobacteria to grow and withstand oxidative stress in vitro, as this mutant
exhibits a marked reduction in survival inside human macrophages and is unable to establish successful
infection in guinea pigs [56,58]. Therefore, although iron is an essential nutrient for mycobacterial
growth, iron excess can be detrimental to these pathogens.

In mycobacteria, intracellular iron levels are regulated by controlling the transcription of genes
involved in iron uptake, transport and storage through the iron-dependent transcription factors IdeR,
anegative regulator and HupB, a positive regulator [59,60] Under high iron conditions in M. tuberculosis,
IdeR binds Fe?* and represses the transcription of siderophore synthesis by binding to the IdeR box in
promoter of mbt genes and iron transport genes as well as ppe37 gene while inducing the transcription
of the genes encoding iron storage BfrA and BfrB proteins [41,59,60]. The disruption of the ideR gene
in mycobacteria is lethal for these pathogens [59]. A conditional M. tuberculosis ideR mutant that is
unresponsive to iron under non-permissive conditions is unable to repress iron acquisition and displays
attenuated growth in vitro and in vivo, whereas increased cellular iron levels are associated with
a high sensitivity to NO and H,O, [61]. These results indicate that iron accumulation in mycobacteria
exacerbates oxidative stress, providing an additional link between iron homeostasis and virulence in
M. tuberculosis infection. A recent study has identified several inhibitors of IdeR which interestingly
attenuate M. fuberculosis growth in vitro [62].

Furthermore, the HupB DNA-binding histone-like protein, which is repressed by IdeR-Fe?*
complex under increased iron levels, exerts a positive regulatory role on the expression of mycobactins
by binding to the mbt promoter upon iron limitation [41,61]. The HupB protein is essential for
siderophore synthesis and deficient hupB (or Rv2986¢) fails to grow inside the macrophages and in an
axenic culture [61]. HupB plays a critical role in mycobacterial growth especially during exponential
growth. Besides its role as a positive regulator of iron acquisition, HupB is involved also in several
other biological functions such as cell wall assembly and immunoproliferation in M. tuberculosis [41].

3.2.2. Antioxidant Systems in Mycobacteria

The success of M. tuberculosis as pathogen is dependent on its ability to adapt to the harsh
environmental and stressful conditions in granulomas. Granulomas impose multiple stress factors,
such as NO, CO, and low O,, and these changes in redox balance cause M. tuberculosis to shift from
aerobic to anaerobic metabolic pathways, leading cells to transition from an actively growing state to a
dormant state. Mycobacteria express redox sensors during infection, allowing cells to sustain a redox
balance that neutralizes the toxic effect of ROS and plays a role in mycobacterial virulence. The DosR/S/T
system and the WhiB Fe-S cluster family of proteins are the two primary dormancy-induced signaling
pathways in mycobacteria.

The DosR/S/T dormancy regulon is widely distributed among mycobacterial genomes excepted
M. leprae which lacks DosR. This Dos regulon, essential for the long-term survival of mycobacteria
includes a response regulator (DosR) and two heme iron-containing sensor kinases (DosS and DosT),
which control roughly 50 genes that are essential for the establishment and maintenance of a dormant
anaerobic state. The Dos regulon responds to diatomic gases (NO, CO, and O,). The activation of
the DosR transcription factor is modulated by the DosS and DosT heme containing kinases that are
susceptible to the cellular redox state and the oxygen levels (Figure 6) [63]. In the presence of oxygen,
the heme iron in DosS and DosT are in the ferric form and are inactive, whereas iron deoxidization or
NO/CO binding promote their kinase activities [63]. Although, iron deprivation of M. tuberculosis does
not induce the dormancy regulon and dosR mutant survive to iron starvation [25].
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In addition to the DosR/S/T system, M. tuberculosis senses redox signals such as O, and NO via
the WhiB family of iron-sulfur (Fe-S) cluster-containing transcription factors. The whiB-like genes
are exclusive to actinomycetes, such as Mycobacterium and Streptomyces spp. M. tuberculosis genome
contains seven whiB-like genes (whiB1 to whiB7). WhiB3 has been described to contribute to the
persistence and virulence of M. tuberculosis. The WhiB3 Fe-S cluster senses changes in the intracellular
redox environment associated with hypoxia and regulates the metabolic switch for the use of fatty
acids as a carbon source, modulating the biosynthesis of the virulence-associated lipids PAT/DAT,
SL-1, PDIM, and lipid inclusion bodies (triacylglycerol TAG) (Figure 6). WhiB3 gene expression is
increased in mycobacteria residing in macrophages, enabling them to alleviate the potential harmful
effects of redox imbalance [64]. WhiB3 expression increases in vitro under conditions resembling the
phagosomal environment that act as signal for mycobacterial dormancy, such as acid-stress medium,
oxidant medium, or low-nutrient concentrations, while it decreases under low iron conditions [65].
WhiB3 binds NO and is degraded by O, and a M. tuberculosis whiB3-deletion mutant severely
impairs growth on nutrient-depleted medium that cannot be rescued by nutrient supplementation [66].
Furthermore, WhiB3 allows mycobacteria to adapt to low oxygen tensions through transcriptional
regulatory networks that maintain redox homeostasis.
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Figure 6. Mycobacterial stress sensors (adapted from [75]) Mammalian host cell generates radicals
and gases as a mechanism to counter mycobacterial infection. M. tuberculosis senses these potentially
damaging stresses and responds by adjusting its energy metabolism, physiology and signaling and
counters the damage by detoxification processes. M. tuberculosis possesses sensing mechanisms such as
the Dos dormancy regulon and the WhiB3 redox sensor detecting environmental gases and alterations
in its intracellular redox state. The Dos regulon senses O, NO, and CO through the DosS and DosT
heme proteins which transduce the signal to DosR leading to the induction of 48-member Dos dormancy
regulon. WhiB3 functions as a regulator of cellular metabolism, which responds to O, and NO through
its Fe-S cluster and integrates it with intermediary metabolic pathways. WhiB3 is an intracellular redox
regulator that dissipates reductive stress generated by utilization of host fatty acids through (3-oxidation.

Besides WhiB3, others WhiBs functions have been described in mycobacteria. WhiB4 is highly
sensitive to oxygen exposure regulating antioxidant systems as well as being required for the
virulence-associated formation of well-organized granulomas during M. marinum infection [67].

220



Pharmaceuticals 2019, 12, 75

The WhiB5 transcriptional regulator controls the expression of genes involved in M. tuberculosis
reactivation and aerobic/anaerobic metabolism that modulate the levels of mycobacterial infection,
granuloma formation and dissemination [68]. The WhiB6 regulator reacts with NO and regulates the
expression of genes associated with the ESX-1 secretion system and Dos dormancy genes, modulating
the virulence and granuloma formation as well as replication and dissemination of M. marinum [69].

In addition, mycobacteria express several oxidative response gene products that degrade
microbicidal oxidative metabolites and are crucial for mycobacterial survival in macrophages.
M. tuberculosis synthesizes the superoxide dismutase SodC that converts O~ to O, and H,0,
as well as the catalase-peroxidase KatG to degrade H,O, [70-73]. Under high iron conditions,
M. tuberculosis upregulates the expression of katG, bfrA, and bfrB indicating the importance of increasing
iron storage capacity and preventing oxidative damage that may be caused by excess iron. Other
molecules such as redox enzymes such as thioredoxin reductase (TPx), alkyl hydroperoxidase (AhpC),
and methionine sulfoxide reductases (MSRs), mycothiol and ergothioneine produced by mycobacteria,
and lipoarabinomannan (LAM) a cell wall component and potent oxygen radical scavenger in
M. tuberculosis and M. leprae species are also major virulence factors [74].

4. Implication of Iron in the Host Arsenal Defense against Mycobacterial Infection

Mammals have developed a series of strategies to fight pathogens by limiting nutrient access,
such as iron and zinc, as part of a nutritional immunity process. Limiting the delivery of essential
elements to microbes is a strategy to starve invading pathogens and inhibit pathogen growth and
subsequently disease progression [76]. In mammals, the levels of circulating iron and zinc rapidly
decrease with inflammation and during acute phase of infection, establishing the hypoferremia and
hypozincemia conditions in consequence of the expression of acute phase proteins such as cytokines,
cellular proteins, and hormones. The increase of acute phase protein restricts iron and zinc availability
suppressing then pathogenic multiplication.

4.1. Host Cellular Iron Metabolism during Mycobacteria Infection

The hostimmune response regulates the expression of a series of mMRNAs including iron metabolism
proteins that have antimicrobial properties by scavenging iron. Iron within macrophages is limited
through the activity of the immunomodulatory cytokine, interferon gamma (IFNy). IFNy-stimulated
monocytes have been shown to inhibit Legionella pneumophila multiplication, which is neutralized
by holo-transferrin, a source of iron [77]. In addition, lactoferrin, an abundant neutrophil-derived
protein released upon activation at sites of inflammation, possesses a greater iron-binding affinity
than transferrin and has a broad mycobacteriostatic activity, by sequestering iron; moreover,
congenital lactoferrin deficiency leads to recurring infection [78,79]. Thus, during inflammation,
the down-regulation of the transferrin receptor as well as the increase in lactoferrin iron-binding protein
levels, deplete iron from activated macrophages. This decrease of iron uptake can be related in some
studies by a decrease of intracellular iron-storage protein ferritin, although other investigations using
Mycobacterium avium have reported an induction of ferritin expression in macrophages by activating
toll-like receptor 2 [80].

In macrophages phagosomes, mycobacterial metabolism is influenced by the iron uptake system
of the host early endosomal system. Thus, the increase in iron-binding proteins in the host during the
immune response restricts iron bioavailability for intracellular pathogens. However, high iron levels
in addition to ferritin and lactoferrin have been noticed in M. paratuberculosis infected mononuclear
phagocytic cells compared to low levels observed in non-infected cells [81].

It is likely that siderophores efficiently capture iron from the host iron-binding proteins and
provide a source of iron to mycobacteria, promoting their intracellular growth. Recently, it has
been shown that mice lacking ferritin H in the myeloid-derived cell population rapidly succumb
to M. tuberculosis infection. This phenomenon is associated with an alteration of iron homeostasis
with an increased ferroportin expression in lung. Moreover, these cell-specific knockout mice exhibit,
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a strong Th-1 immune response upon infection with an upregulation of Arginase 1, an enzyme involved
in the conversion of arginine to ornithine thus depleting the Arginine substrate for the enzyme iNOS
to synthetize NO [82]. Thus, these observations highlight a role of iron distribution in the immune
response against mycobacterial infection.

Natural resistance-associated macrophage protein 1 (Nrampl or Solute carrier family 11A1)
was the first host genetic locus shown to confer resistance to several intracellular microorganisms.
The Slc11al gene encodes a protein primarily expressed in macrophages located within the late
endocytic compartment and that is recruited to the membrane of the phagosome upon phagocytosis [83].
Early during infection, inbred mice strains can be separated as being resistant (DBA/2, C3H, CBA,
and C.D2) or susceptible (C57BL/6 and BALB/c) to mycobacterial infection; these two different group
of mouse strains have showed differential capacities of host macrophages to neutralize phagocytized
mycobacteria and to control microbial replication in host cells [84-86]. Susceptible mouse strains
infected with M. avium develop a more severe anemia (BALB/c) compared to a resistant mouse strains
(C.D2) [87]. Slc11al transports divalent metals such as iron and manganese across phagolysosomal
membrane and the susceptibility is caused by a single substitution in Slc11al conferring a null allele.
Similarly, the Slc11al-deficient mouse strain showed an uncontrolled early phase of T cell-mediated
immunity with high intracellular bacterial replication, while the late phase was preserved [88-90].

The Slc11al metal transporter plays a role in the virulence of mycobacteria, however its function
is still controversial. Slc1lal could either transport metals into the phagosome and exert a protective
effect against intracellular mycobacteria by triggering the production of NO and hydroxyl radicals and
the acidification of the microbe-containing phagosome, or Slcl1al could transport metals out of the
phagosome, thus limiting the availability of essential metals [91]. In humans, a differential susceptibility
to mycobacterial infections, such as M. tuberculosis, is associated with SLC11A1 polymorphisms and
has been observed in a high-incidence community in South Africa [92-94].

4.2. Systemic Iron Homeostasis during Mycobacterial Infections

Hepcidin peptide, produced mainly by hepatocytes, is a master regulator of systemic iron
homeostasis [95,96]. Hepcidin binds to ferroportin, the sole known iron exporter, and induces
its internalization and degradation [97]. The increase in hepcidin reduces the level of ferroportin,
resulting in the inhibition of iron flux to blood circulation. The expression of the Hamp1 gene that
encodes hepcidin is upregulated by increased iron levels through TfR/HFE MHC class I-like protein
interactions and the Bmp/Smad pathway. Hepcidin is also upregulated upon inflammation through
LPS-induced stimulation and the IL-6 cytokine pathway [95,98] as well as by Smad signaling [95,98-103].
Other regulators of hepcidin have been identified, such as erythroferrone and heparin known as
negative regulators of hepcidin [104-106].

In mice, upon inflammation, high hepcidin levels decrease intestinal iron absorption and the release
of recycled iron from macrophages, inducing hyposideremia of acute inflammation that are associated
with low plasma iron and transferrin saturation [100,107]. Thus, upon inflammation, the increase in
hepcidin and lipocalin 2 levels promote hyposideremia and the development of anemia of inflammation
upon long-term infection or chronic disease [108]. The upregulation of hepcidin is an attempt to limit
iron bioavailability to pathogens and inhibit microbial growth. However, controversial results have
been observed regarding the expression of hepcidin during mycobacterial infection.

Macrophages infection with M. avium and M. tuberculosis, and mycobacterial components such
as Toll-like receptor agonists, have been shown to stimulate hepcidin expression in vitro [109,110].
However, in vivo, the levels of hepcidin mRNA have been observed to remain unchanged in wild-type
mice infected with M. avium while lipocalin 2 is upregulated. In mice, hepcidin mRNA levels even
decreases late post-infection in liver of wild-type mice infected with M. tuberculosis [111], while a study
of mice infected with M. bovis BCG indicated a late increase in hepcidin levels in liver [112].

Mycobacterial infection models using mice infected with M. tuberculosis, M. bovis BCG and
M. avium have revealed an increase in the expression of ferroportin mRNA [87,111,112]. Moreover,
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ferroportin overexpression in macrophages which promotes iron export leads to a lower mycobacterial
burden, lower iNOS production, and phagocytic ability compared to normal macrophages infected
with M. tuberculosis in vitro [113]. Mice given an iron rich diet and infected with M. bovis BCG
showed a lack of increase of ferroportin and higher iNOS expression compared to infected mice under
a replete diet [112]. These results suggest that a reduction in intracellular iron levels may interfere with
macrophage effector functions, such as NO production. Moreover, a human pilot study demonstrated
an association between polymorphisms in the ferroportin gene and tuberculosis susceptibility, providing
evidence of an interaction between iron distribution and mycobacterial growth [114].

4.3. Iron and Antimicrobial Peptides

The toll like receptor 4 agonist, LPS induces inflammation and a broad range of immune
mechanisms, including hypoferremia with low serum iron and transferrin saturation. In the late
1960s, Kochan et al showed that the serum from guinea pigs which received a LPS treatment has
a tuberculostatic effect in axenic culture [115]. Thus, it is likely that the synthesis of the iron regulatory
proteins hepcidin and lactoferrin upon inflammation play a dual role against mycobacterial infection
acting as an iron regulatory protein and an antimicrobial peptide.

Hepcidin was first isolated due to its antimicrobial properties [116,117]. Hepcidin is a peptide
that is structurally similar to B-defensin and exhibits a direct bactericidal effect against a broad
range of microorganisms, including mycobacteria [116,117]. Hepcidin is expressed at a basal level
from hepatocytes and upregulated by high levels of iron in the body; hepcidin expression is also
upregulated in hepatocytes and macrophages upon inflammation. Interestingly, hepcidin peptide has
been reported to be expressed and localized in mycobacteria-containing phagosomes and is associated
with a direct antibacterial activity against M. tuberculosis in vitro [109]. More recently, it has been
shown that M. bovis BCG infection in mice upregulates hepcidin in the liver and in macrophages [112].
The upregulation of hepcidin expression in macrophages may play a local role in iron distribution and
as an antimycobacterial defensin.

Some immune cells such as neutrophils have been described to contain important amounts of
antimicrobial peptides containing in granules such as antimicrobial peptides of the 3-defensin and
cathelicidin families, myeloperoxidase, lactoferrin, and lipocalin 2. The infiltration of neutrophils
on the sites of infection at the early stage of infection is critical for host defence against M. bovis
BCG and M. tuberculosis mycobacterial infections due the presence of antimycobacterial peptides in
these cells [17]. Importantly, some of neutrophils antimycobacterial peptides have also a role in iron
homeostasis. For instance, lipocalin-2 secreted mainly by neutrophils, but also by epithelial cells
and macrophages binds to siderophores including mycobacterial mycobactins [118] and neutralize
their activity. Lipocalin 2 is a bacteriostatic agent that enhances phagocytic bacterial clearance in
macrophages and causes iron restriction to inhibit extracellular bacterial and mycobacterial such as
M. bovis BCG and M. tuberculosis growth; importantly, tissue bacterial loads have been described as
severe in lipocalin 2 knock-out mice in comparison to wild type mice [87,118-122]. Moreover, lipocalin
2 promotes neutrophil recruitment, which contributes to innate immunity to M. tuberculosis, an activity
associated with their antimicrobial properties [17].

5. Future Therapeutic Use of Iron in Mycobacterial Infections: Iron, a Friend or Foe

Mycobacterial infections are particularly difficult to treat due to their intrinsic impermeability,
intracellular localization, and low growth rate. To aid in the fight against mycobacteria, it is of great
importance that the crucial steps of infection be targeted including growth and entry into dormancy
and reactivation. Indeed, the roles of iron acquisition such as siderophore and hemophore pathways,
iron storage such as bacterioferritin expression and iron regulatory systems such as iron-based sensors
and redox sensors in the mycobacterial proliferation and virulence may suggest that the modulation
of iron levels could strengthen the host defense strategy and be used to develop new drug targets
against mycobacteria.
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Because the availability of iron appears to be critical for the growth of mycobacteria,
the development of drugs to weaken mycobacterial iron acquisition systems may negatively influence
mycobacterial viability and dissemination. However, because iron-deficient conditions upregulate
the production of siderophores, this condition would favor mycobacteria dormancy and may be
detrimental to eradicating mycobacteria.

Iron can also influence the activity of immune cells and cell metabolism, such as the generation of
ROS/NO toxic oxygen metabolites. Because iron plays dual roles in host defense, the modulation of
the iron status may be either beneficial or detrimental. Iron-based defense strategies seem promising
but require that all the consequences that may occur during infection and immune response are taken
into account. A summary of our current knowledge on the effects of iron on mycobacteria is presented
from different aspects of experimental procedure and human analysis.

5.1. Investigation of the Effect of Iron on Mycobacterial Growth in Host Cell-Free Culture

Several studies have confirmed the role of iron in mycobacterial growth in host cell-free culture.
High iron levels promote mycobacterial growth, while iron restriction yields ambiguous results.
Iron supplementation in host cell-free culture media promotes the growth of mycobacteria with higher
increase in growth for fast growing mycobacteria such as M. smegmatis compared to slow growing
mycobacteria such as M. tuberculosis and M. bovis BCG respectively [112,123-126]. Human serum
containing low iron-saturated transferrin (30%) and low serum iron concentration inhibits the growth
of mycobacteria such as M. bovis BCG in vitro, whereas mycobacterial growth increases with high
transferrin iron saturation, either from mice sera (60%) or guinea pigs (84%) [115,127].

Synthetic iron chelators and bacterial siderophores effectively remove iron from culture media
and blood, such as the natural siderophore desferrioxamine (DFO) from Streptomyces pilosus used to
treat secondary iron overload in humans. However, chelating agents are less effective at inhibiting the
growth of mycobacteria in host cell-free culture. The natural siderophore DFO, as well as chemical
chelators such as N,N’bis (2-hydroxybenzyl)-ethylenediamine-N,N’-diacetic acid (HBED), and the
1-amino-3-(2-bipyridyl)isoquinoline derivative VUF-8514 have showed a modest mycobacteriostatic
effect on M. avium and M. tuberculosis in host cell-free culture [112,124,128], whereas phytosiderophore
from the root-exudate of Tephrosia purpurea has demonstrated a strong effect on M. tuberculosis
growth [129]. The efficiency of iron chelators may reflect their efficacy at chelating iron but also
the countered effect of the induction of mycobacterial iron-acquisition systems in response to a low
iron level, a stress signal which increased the capacity of the mycobacteria to acquire iron. Thus,
iron restriction can either be detrimental for mycobacteria growth by starving mycobacteria or beneficial
by promoting an efficient iron acquisition.

Therefore, future iron-based therapeutic approaches should be based on developing new
compounds that directly inhibit the enzymes involved in siderophore biosynthesis or involved
in the downregulation of siderophore genes (for review [130]) or the alteration of heme-iron acquisition
pathway [131] or promoting the induction of endogenous siderophore ligands such as lipocalin 2,
which acts as a siderophore antagonist by inhibiting mycobacteria growth.

Strategically, the siderophore-mediated iron uptake pathway of mycobacteria, as well as the
heme uptake pathway, could be used as vehicle for the delivery of bactericidal molecules inside
mycobacteria. These pathways represent an important opportunity to pass through the cell wall barrier
of mycobacteria to import antibiotics to kill bacteria, this strategy is known as “Trojan horse” approach
to gain access to mycobacteria. Based on this feature to overcome the cell wall barrier characteristic of
mycobacteria, novel drug vectors can be formulated.

5.2. Investigation of the Effect of Iron on Mycobacterial Growth in Macrophages

Macrophages, the main host-cells of mycobacteria, restrict the growth and virulence of
mycobacteria compared to host cell-free culture [126]. Both IFNy and LPS or a co-treatment activate
macrophages resulting in a decrease of mycobacteria growth [132], indicating that phagocytosis and/or
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cell immune response inhibits mycobacterial multiplication. The differential growth of mycobacteria
in cultured macrophages as a function of iron levels has been reported, but controversial results have
been observed.

Indeed, several studies have indicated that supplementation of mammal cell culture media
with free iron, ferrous sulfate or ferric ammonium citrate increases intracellular iron concentrations
and enhances the growth of the M. paratuberculosis, M. avium, M. bovis, and M. tuberculosis in
macrophages [112,126,128,132-134]. Similarly, to its effect on host cell-free culture, serum containing
apo-transferrin limits the growth of M. avium in macrophages, which can be prevented by transferrin
depletion or the addition of holo-transferrin (500 pug/mL) or iron (8-80 pg/mL of Fe?*) [135].
Other studies have showed that the supplementation of serum-free medium with apo-transferrin
(50-500 pg/mL; 1.7 mg/mL) or bovine lactoferrin (2 mg/mL; 0.5 mg/mL) inhibits M. avium, M. bovis,
and M. tuberculosis growth in macrophages [124,132,135]. Furthermore, the addition of the iron chelator
lactoferrin increases the mycobacteriostatic effect of IFNy-activated macrophages, while iron citrate
(5 uM) or holo-transferrin (1.7 mg/mL) supplementation abrogates the mycobacteriostatic effect of
IFNYy-activated macrophages [128,132]. This result is also supported by a study indicating that iron
loading influences macrophage polarization towards M2 phenotype [136]. Thus, multiple host and
pathogen immune factors with dynamic interactions during mycobacterial infection could exhibit
beneficial or detrimental activities for mycobacterial virulence.

The metabolism of macrophage is differentially influenced with iron level exhibiting different
outcome of macrophage response to mycobacteria. A treatment of macrophages cell culture medium
with a huge amount of iron (500 uM of FeSO4) increases intracellular M. tuberculosis viability by
compromising macrophage functions such as superoxide production [123]. In contrast, a moderate
concentration of ferric ammonium citrate (10 uM) correlates with the production of reactive oxygen
species, an impairment in the uptake of M. bovis BCG within macrophages and a decrease of
bacterial growth [112]. We and others recently showed that iron influences the M1/M2 balance [136—
138], which plays an important role in the polarization of the immune response. Furthermore,
iron downregulates monocyte responsiveness by reducing IFNYy signaling [139] but also decreases
TNF« production and restricts M. tuberculosis growth [140]. Therefore, the level of iron in the cell
culture medium influences intracellular iron levels and cell activities modulating ROS formation and
cellular activities.

Iron chelators display varying inhibitory effects against the growth of mycobacteria and in
macrophage host-cells activities. Both DFO and silybin iron chelators exert a mycobacteriostatic effect
by reducing the growth and viability of extracellular M. avium or virulent M. tuberculosis. However,
DFO suppresses the effects of excess iron on M. tuberculosis growth in macrophage culture, while silybin
fails to prevent the effects of excess iron [123,128,133]. Indeed, DFO which does not enter into the cells,
acts primarily as an iron chelator and has little influence on intracellular parameters, whereas silybin
which enters into the host cells, inhibits the formation of superoxide anion radicals and nitric oxide,
acting as an antioxidant and anti-inflammatory compound that could promote the transport of iron
into mycobacteria [123,128,133,141]. Therefore, the level of iron plays a major role in the intracellular
growth of mycobacteria as a nutrient and in the control of gene expression to alleviate iron restriction,
but it also has a prominent role in cell defense activities, likely by promoting subsequent chemical
reactions requiring iron.

Upon infection with M. avium, M. tuberculosis, and M. bovis BCG, macrophages upregulate
hepcidin expression [110,112]. Furthermore, IFNy-activated macrophages slightly upregulate hepcidin
expression, and IFNy and mycobacteria infection synergistically induce high levels of hepcidin
expression [110]. Ininfected macrophages, hepcidin has been localized into the mycobacteria-containing
phagosomes [109]. The production of hepcidin could locally affect iron distribution with subsequent
elevated macrophage iron levels that may either create an iron-favorable environment for pathogens or
impair macrophage cytotoxic activity, although it could also have local antimicrobial activity. Therefore,
both roles of hepcidin on macrophage defense activities, and mycobacterial viability should be assessed.
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5.3. Investigation of the Effect of Iron on Mycobacterial Growth In Vivo

Iron supplementation promotes mycobacterial growth in cell-free culture but gives controversial
results in macrophages. Iron is important for mycobacterial growth as well as for macrophage
cell properties. Invivo, a complex relationship between iron levels and immune defense against
mycobacteria likely results from additional regulation of iron gene expression and immune cell
activities. Host iron levels also influence the expression of protein-associated iron in circulating blood
and in tissues. Indeed, iron depletion would decrease the expression of hepcidin and ferritin and
increase that of the iron-transport protein transferrin. Conversely, iron supplementation increases the
expression of hepcidin and decrease the levels of the iron-transport protein transferrin. Interestingly,
the infection-induced-inflammation also controls iron metabolism-related genes through the expression
of proteins that naturally control iron distribution by increasing the expression of the hormone
hepcidin, the iron-binding protein lactoferrin, and the siderophore-binding protein lipocalin 2 and
by decreasing the levels of the iron-transport protein transferrin, all of which contribute to anemia of
chronic inflammation to maintain bactericidal conditions. Therefore, the scientific rationale behind the
current attempts to use iron as therapeutic agent will require a thorough understanding of interaction
between iron and the immune response.

5.3.1. Investigation of the Effect of Iron on Mycobacterial Growth in Mice

In mice, experimental iron overload can be generated either via the enteral route using
an iron-enriched diet or drinking water or via the intraperitoneal route, which is typically accomplished
by injecting single or multiple dose of iron-complex. In wild-type mice that received multiple
iron-dextran injections (10 injections at 1.2 mg per mouse), M. avium (intravenous route 10° CFU)
growth was increased in the livers, lungs, and spleens of mice [133]. Similarly, iron-loading mice via
polymaltose ferric hydroxide injections (6 injections at 1.25 mg per mouse) allowed for significantly
enhanced bacterial burden of virulent M. tuberculosis (intravenous route 7.2 x 10® CFU) in the lungs and
spleens of mice compared to mice infected without iron loading [142]. The parenteral administration of
a high iron dose increases serum iron levels, transferrin saturation and tissue iron deposits. Therefore,
circulating iron provides high levels of iron for mycobacterial growth, and the bacteriostatic effect of
hyposideremia induced during the first step of infection may be compromised in the presence of high
circulating iron. In addition, tissue iron deposition may be toxic and detrimental to the host impacting
thus, the host ability to respond efficiently to infection.

Iron deprivation induced by a low iron diet (6.7 mg/kg for 2 weeks before infection) restricts
the growth of M. avium (intravenous route infection at 10® CFU) in the livers, spleens and lungs of
immunocompetent mice and immunodeficient beige mice [128]. However, mice under dietary iron
restriction or severe iron restriction (2 or 6 weeks at 2-6 ppm iron respectively) prior to M. tuberculosis
aerosol infection does not reproducibly affect mycobacterial growth in the lungs and spleens of
mice [111]. Moreover, iron restriction induced by intraperitoneal administration of chelators DFO or
HBED in wild-type mice shows small effect on the inhibitory activity of M. avium in mice, possibly
because chelators have little impact on the iron status [128]. Similarly, extracellular iron depletion by
intranasal administration of lactoferrin (1 mg/mL twice a week) did not alter the M. tuberculosis burden
in wild type mice 22 days after infection [124]. Compared to wild-type mice, lipocalin 2-deficient
mice are highly susceptible to intratracheal M. tuberculosis infection, with increased bacterial growth
observed in alveolar epithelial cells indicating that lipocalin 2 efficiently reduces iron level and inhibits
the growth of mycobacteria [120].

An experimental iron overload mouse model generated by iron administration via drinking water
(25 mg/mL) and aerosol infection with M. tuberculosis has been shown to exacerbate mycobacterium
replication in tissues compared with infected control mice [124]. However, aerosol infection with
M. tuberculosis in mice after intraperitoneal iron dextran injection (20 mg), which causes high serum iron
levels and iron loading in parenchymal cells and macrophages, did not exhibit significant differences
in bacterial burdens in the lungs and spleens of mice [143]. Furthermore, mice fed with a mild
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iron-loaded diet over a long period of time, showed an increased transferrin saturation but mild tissue
iron deposits in hepatocytes, which was associated with a decreased mycobacterial burden in liver
after an intravenously infection with M. bovis BCG compared to uninfected mice [112]. Therefore,
the iron distribution and the level of iron overload, as well as the route of iron administration,
may yield contradictory results. For future therapeutic design, prospective studies are required
to separate the early and long-term effects of circulating iron increase and tissue iron increase on
mycobacteria virulence.

The lack of hepcidin which exhibited severe iron overload did not influence significantly
M. tuberculosis growth in vivo although, in wild-type mice, a decrease in hepatic hepcidin mRNA
levels was observed after M. tuberculosis aerosol infection [111]. Conversely, an upregulation of hepcidin
gene expression was observed after an intravenous M. bovis BCG infection [112], indicating that the
expression of hepcidin may depend on the route of infection, the level of mycobacteria inoculation and
the virulence of mycobacteria. Eventually, it was shown that hepcidin is selectively protective against
siderophilic extracellular pathogens but has no effect on intracellular pathogens [143].

The HFE gene encodes the « chain of the MHC class-I like molecule that associates
with the p-2-microglobulin chain, and HFE gene defects are the primary cause of hereditary
iron overload (hemochromatosis) in humans [99]. Due to the lack of hepcidin expression,
Hfe-deficient mice are characterized by iron deposit, notably in hepatocytes, but low iron levels
in monocytes was reported [95,144,145]. A more severe phenotype of iron loading is observed in
B-2-microglobulin-knockout mice [146]. Both Hfe and B-2-microglobulin knockout mice exacerbated
mycobacterial growth after infection compared to wild-type mice, although Hfe deficient mice exhibited
lower bacterial loads than -2m KO mice [124,146]. In addition, MHC-class I-knockout mice are
far less susceptible to M. tuberculosis than p-2-microglobulin-knockout mice [147], and the depletion
of CD8" T cells does not affect the susceptibility of Hfe-knockout mice to M. avium infection [146].
Furthermore, §-2-microglobulin-knockout mice treated with lactoferrin have decreased bacterial loads
after mycobacterial infection compared to wild-type and MHC-I-knockout mice [124]. The hypothesis
that iron overload increases the risk of active tuberculosis susceptibility is in contradiction with the
results obtained using hepcidin knockout mice in mouse model of M. tuberculosis infection [111,143].

The modulation of the T cell immune response plays a pivotal role in mycobacterial growth and
virulence. The activation of lymphocytes T CD4" Thl-polarised cells is important for the control of
intracellular mycobacteria, although CD8" cytotoxic T cells also play a role in the immunity against
mycobacteria. A recent study showed that infected mice with M. bovis BCG and fed moderately with
enriched iron diet exhibited enhanced CD8"-T cell recruitment to granulomas [112]. In this model,
despite an increase of iron levels, also present in macrophages unlike the hepcidin knockout mouse
model, the mycobacterial burden is affected. Thus, specific localization of iron in tissues may be crucial
to cell defense activities preventing the growth of mycobacteria in vivo.

5.3.2. Investigation of the Effect of Iron on Mycobacterial Growth in Human

In humans, several reports have highlighted the influence of iron levels in the body on the outcome
of M. tuberculosis infection. Iron overload or deficiency can have various causes in human populations,
and conflicting observations have been reported. Most of these reports have come from African
populations in which tuberculosis is highly prevalent. Studies of several cohorts revealed that high
iron levels in the body correlate with an increase of M. tuberculosis pathogenicity.

Iron overload resulting from an increased dietary intake is common in sub-Saharan African
adults in rural populations due to the intake of traditional fermented beverage with a high iron
content. This affliction is characterized by prominent iron depositions in both macrophages and hepatic
parenchymal cells, which is different to the parenchymal iron loading that is predominantly observed
in individuals with HFE hemochromatosis. The iron overload disorder in the sub-Saharan African
population is associated with a poor outcome in patients with tuberculosis [148,149]. In addition,
from postmortem analyses of adults from southern Africa, splenic iron overload was significantly
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associated with death from tuberculosis, with hepatic iron levels having a lower association, suggesting
that excess iron may impair the cytotoxic activity of macrophage [150].

Tuberculosis is a common opportunistic coinfection in human immunodeficiency virus
(HIV)-infected patients, especially in sub-Sahara African countries where HIV is highly prevalent.
A cohortstudy of uninfected or HIV-infected individuals from Zimbabwe, where dietary iron overload is
prevalent revealed that increased dietary iron with increased serum ferritin concentrations is associated
with a 3.5-fold increase in the estimated odds of developing active tuberculosis after adjusting for
HIV status while HIV seropositivity is associated with a 17.3-fold increases risk [151]. The impaired
function of T-cells in HIV-infected patients and the combination with dietary iron overload increase
the risk for developing virulent tuberculosis. Therefore, it appears that decreasing the prevalence of
dietary iron overload in African populations would be beneficial. However, a retrospective analysis
from an HIV-infected human cohort from Gambia revealed a significantly greater risk of developing
tuberculosis in patients having lower serum transferrin, iron, and hemoglobin, and higher levels of
ferritin and hepcidin [152]. In these patients, the elevated hepcidin levels and iron distribution may
result from chronic infectious and inflammatory conditions or dietary iron insufficiency, which are both
widespread in sub-Saharan African populations and considered as an important contributing factor to
anemia [153,154]. Iron supplementation in adult males with pulmonary tuberculosis associated with
mild to moderate anemia improves serum iron markers and accelerates the resumption of hematopoiesis
in the initial phases of treatment, although it has no influence in the growth of mycobacteria or the
clinical outcome of tuberculosis [154]. Therefore, iron supplementation to treat iron deficiency anemia
in malnutrition populations would unlikely increase the risk of developing tuberculosis.

Iron deficiency may restrict mycobacterial proliferation but be detrimental for the host. Nutritional
iron deficiency is the primary risk factor for developing iron deficiency, with or without concomitant
anemia and is highly prevalent in most developing countries but often obscured by infections and
inflammatory disorders that are common in the same populations. A study of a cohort from Tanzania
suggested that anemia and/or iron deficiency is positively associated with an increased risk of death
and tuberculosis recurrence. Indeed, iron deficiency without anemia was observed to be associated
with a 2.89-fold increase in the risk of death, while anemia without iron deficiency and iron deficiency
anemia was associated with 2.72-and 2.13-fold increased risk of death [155]. Malnutrition, especially
when associated with subsequent iron deficiency, modulates immune responses, and affects host
defenses against M. tuberculosis [156]. Iron is required for proper cell immune functions, and iron
deficiency has been shown to compromise cell-mediated immunity. Iron deficiency reduces the number
of T-cells and the T cell-induced proliferative response [157-159] which can be reversed by the oral
or parenteral administration of iron [157,160]. Iron status also modulates cytokine expression profile,
leading to immune system impairments and influencing immune response. Indeed, iron-deficient
patients show altered activation capability of T-cells and expression of cytokines, with decreased
production of IL-6, IL2, IL1, TNFe, IFNYy, and IL-12p40 and increased production of IL-4 and IL-10
compared to cells from healthy individuals [161-163]. A recent publication has shown that a mutation
in TFRC that hinders TfR1-mediated iron internalization, results in defective T and B cell proliferation
as well as an impairment of class-switching which is known to be critical for antibody production [164].
Therefore, future therapeutic design should take in consideration that iron modulation influences
macrophages polarization and Th1/Th2 cytokine balance. This therapeutic design should also consider
the influence of other factors such as the diet, co-infection consequences (co-infection with HIV and
malaria), inflammatory disease, other causes of anemia without iron deficiency, and even microbiota
which can influence significantly iron absorption [165].

6. Conclusions

To combat and eradicate mycobacteria, it is of great importance to tackle the critical paths
of a successful infection, including growth, the establishment of mycobacterial dormancy, and
mycobacterial escape of immune containment, which determine the outcome of the disease. Iron
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has either beneficial or detrimental roles in mycobacteria infection, as it is involved in mycobacterial
virulence and in the immune cell response of the host. The overall benefit of iron supplementation
or deprivation in combating mycobacterial infections may have significant implications for clinical
management of individuals at high risk of mycobacterial infection in many developing countries, in
coinfection situations, and in iron-deficient or iron overload populations. Conflicting data have been
reported on the influence of iron levels on mycobacterial infection outcomes in vivo, which may result
from factors affecting iron status, iron distribution and the efficiency of the immune response.

Diet iron supplementation could have a biphasic effect depending on the level of iron status in the
host and its distribution in the context of mycobacterial infection. After a thorough literature review,
we have identified and modelized in Figure 7 two different effects of iron supplementation on host
during mycobacterial infection. As shown in Figure 7, moderate iron supplementation in host could
exhibit an “iron benefit window” shown in green during mycobacterial infection. This short window
of the beneficial effect of iron supplementation is associated with a moderated reactive oxygen species
induction and an increased immune cell response that may attenuate inflammation and mycobacterial
burden. Another benefit of this treatment would be the promotion of local hepcidin production,
for which anti-mycobacterial proprieties have been described. It is clearly admitted in the literature
that a lack of iron may increase the chance of getting an infection, thus it is possible that having
anormal-high level of iron could be beneficial for the host in term of preventing mycobacterial infection
and having a boosted immune response against infection. Beyond the maximum threshold of the “iron
benefit window”, iron supplementation may be detrimental for the host and benefit mycobacteria
as shown in red in Figure 7. In this context, iron supplementation promotes bacterial growth and
inflammation in response to mycobacterial infection resulting in a poor outcome and a susceptibility of
host to infection.

IRON BENEFIT

WINDOW
FOR HOST

BASELINE OF HOST AND
MYCOBACTERIA RELATIONSHIP
DURING INFECTION

TRON BENEFIT
WINDOW FOR
MYCOBACTERIA

BENEFIT RATIO
HOST/MYCOBACTERIA
DURING INFECTION

IRON SUPPLEMENTATION

Figure 7. Suggested model of biphasic effect of iron supplementation during mycobacterial infection.
A moderate concentration of iron supplementation can have a benefit effect for host during mycobacterial
infection (shown in green). However, at high concentration of iron supplementation, iron can be
beneficial for mycobacteria promoting growth and virulence (shown in red).

The future therapeutic use of iron as a pharmaceutical tool to treat or prevent mycobacterial disease
will require delineation of the host iron benefit window in the context of infection. Iron treatment
should be designed based on the concentration that neither induces host tissue damage as iron overload
nor promotes mycobacterial growth. The host iron benefit window should be restrained, and its
effectiveness may depend on the level of mycobacterial burden, co-infections and diet habit of host.
It might be useful to design personalized co-treatment options against mycobacterial infections such
as the combination of iron treatment with traditional drugs used in tuberculosis treatment, such as
isoniazid/rifampicin, and determine whether iron status affects the efficacy of the chemotherapy.
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Abstract: Controlling the sources of Fe available to pathogens is one of the possible strategies that
can be successfully used by novel antibacterial drugs. We focused our interest on the design of
chelators to address Mycobacterium avium infections. Taking into account the molecular structure of
mycobacterial siderophores and considering that new chelators must be able to compete for Fe(III),
we selected ligands of the 3-hydroxy-4-pyridinone class to achieve our purpose. After choosing the
type of chelating unit it was also our objective to design chelators that could be monitored inside
the cell and for that reason we designed chelators that could be functionalized with fluorophores.
We didn’t realize at the time that the incorporation a fluorophore, to allow spectroscopic detection,
would be so relevant for the antimycobacterial effect or to determine the affinity of the chelators
towards biological membranes. From a biophysical perspective, this is a fascinating illustration of the
fact that functionalization of a molecule with a particular label may lead to a change in its membrane
permeation properties and result in a dramatic change in biological activity. For that reason we believe
it is interesting to give a critical account of our entire work in this area and justify the statement
“to label means to change”. New perspectives regarding combined therapeutic approaches and the
use of rhodamine B conjugates to target closely related problems such as bacterial resistance and
biofilm production are also discussed.

Keywords: fluorescent iron chelator; 3-hydroxy-4-pyridinone; fluorophore; rhodamine; membrane
interactions; bacteria; antibacterial activity

1. Introduction

1.1. Chelators and Iron

Numerous transition metal ions have proved to be essential for life, though it is well known that
transition metals can be toxic. Living organisms have resolved this paradigm by incorporating metal
ions in complex biological structures and by developing highly complex regulatory mechanisms to
keep the amounts of “free metal ion” available at any time very tiny, thus counteracting toxicity [1].

Chelation is a type of bonding normally used to bind metal ions to biomolecules, namely proteins
and nucleic acids, as well as to uptake and/or deliver metal ions. A chelator is a ligand (molecule or
anion; Lewis base) that has the capacity to bind a metal ion (Lewis acid) through at least two coordinate
bonds. The chemical entity that is formed upon chelation is designated a metal-chelate. There is a large
variety of molecules that can act as chelators and which use for chelation: (a) different types of atoms
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(O, N, S) providing different coordination spheres and (b) different number of atoms (2, 3, 4, 6, etc.)
being classified as having different denticity (bidentate, tridentate, tetradentate, hexadentate, etc.).

The affinity of a chelator for a selected metal ion, in a particular oxidation state, is defined by
the stability constant (Log ) of the respective metal-chelate measured in standard thermodynamic
conditions. The enhancement of stability, provided by replacement of ligands of lower denticity by
chelators of higher denticity is known as the chelate effect [1].

It is important to bear in mind that, upon chelation the redox potential of the metal ion and
protonation constants of the chelator are altered. In the case of iron (Fe), the first characteristic is
particularly important since it allows the fine-tuning of redox potentials by choosing the appropriate
ligands thus making it suitable to participate in electron transfer chains and providing an approach to
diminish toxicity.

Iron is one of the most abundant elements in Earth’s crust, and the most abundant transition metal,
being an essential micronutrient for all living organisms [2], with the exceptions of Lactobacilli and
Borrelia burgorferi [3-5]. Despite its abundance, the geological availability of Fe is compromised by the
fact that the element exists in insoluble chemical forms making its uptake extremely difficult to living
organisms. Bacteria and plants obtain iron from the environment by chelation, whereby the element is
chemically bound to another substance (siderophore) making the whole complex (Fe-chelate) soluble
and available.

Siderophores are chelators produced by living organisms to acquire Fe from the environment in
response to a need of the element. More than 500 siderophores have been described and the chemical
structure of approximately 260 siderophores is known [6]. Most siderophores are hexadentate chelators
bearing hydroxamate (such as desferrioxamine) or catecholate units (such as enterobactin) for which
the values of the Fe(III) stability constants are in the range 30 < (Log B) < 49. The latter values are ca 20
orders of magnitude higher than those regarding the corresponding Fe(II) chelates thus favouring the
release of the metal ion by reduction, a common step in the delivery of Fe into cells [7]. At this point
it must be mentioned that, in physiological conditions, judgement of the effectiveness of a chelator
to withdraw Fe(IlI) from the environment is better achieved by comparison of the respective pFe(III)
(-log[Fe(IIT)]) values, which are calculated considering pH 7.4, a total ligand concentration of 10~ M
and a total Fe(III) concentration of 10~® M [8] in opposition to the standard thermodynamic conditions
considered for the determination of the stability constant (Log B) [9].

Iron is a cofactor in metalloproteins, and is involved in essential biological functions, from DNA
biosynthesis and transcription to energy production and central metabolism [10]. The suitability of Fe
arises from its unique physico-chemical properties to act in electron transfer, namely the possibility
of existing in various oxidation states and the extreme variability of its redox potentials, which can
be fine-tuned upon chelation [11,12]. Nevertheless, this redox activity can also be pernicious if the
element exists in chemical forms with redox potentials that allow their participation in the generation
of reactive oxygen species (ROS) [13].

The maintenance of Fe homeostasis demands a tight control of intracellular and systemic iron
levels, which is achieved through sophisticated regulatory mechanisms [14]. Disruption of Fe
homeostasis has consequences in the physiopathology and clinical evolution of a significant number
of diseases in all medical areas. In clinical practice, and depending on the disease, various therapeutic
approaches are used to regain Fe homeostasis and chelation therapy is one of the currently available
choices [15-19].

The need to control Fe levels by chelation, in Fe unbalance related diseases, has prompted
chemists to synthesize several types of chelators and the increasing knowledge about Fe metabolism
and identification of specific targets, has been providing important feedback to the design of new and
more effective chelators.

Natural and synthetic Fe chelators have first been used to treat iron overload diseases and at
present three types of chelators (desferrioxamine (DFO), desferasirox (DFX) and deferiprone (DFP))
(Figure 1) are used in clinical practice [18,20-22]. The use of Fe chelators has been extended to address
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the control of Fe levels in other disease scenarios in which a disruption of Fe homeostasis has been
identified such as inflammation, infection, cancer, neurodegenerative processes and diabetes [23-25].

Although we recognize the importance of the use of chelation therapeutic approaches in many
diseases in this work we will focus on infection, particularly on mycobacterial infection.
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Figure 1. Iron chelators in clinical use: desferrioxamine B (DFO), deferasirox (DFX) and deferiprone (DFP).

1.2. Iron and Infection

The sharp control of transition metal ion concentration is of extreme importance in infection
scenarios since transition metals are also nutrients for the invading pathogens. As referred above,
living organisms counteract transition metal ion toxicity through mechanisms that maintain very
tiny amounts of free metal ion available for redox cycling. Similar mechanisms seem to be used by
living organisms to withhold nutrients from invading pathogens in a process, which has been termed
“nutritional immunity” [26,27].

In fact, it has been described that the withholding of Fe is one of the primary defence mechanisms
against pathogenic invaders [26,28]. The competition for Fe between pathogens and their hosts
is dramatic and pathogenic bacteria have developed survival strategies like residing in specific
intracellular niches within the host cell and the ability to use the host Fe sources. Mycobacteria,
namely M. tuberculosis and M. avium, are examples of intracellular pathogens, being able to inhibit the
maturation of phagosomes and taking profit of the host Fe acquisition mechanisms [29].

An increase in the susceptibility to infection was observed in patients suffering from Fe overload
related diseases [30]. Due to the high levels of iron available in Haemochromatosis, the disease
has been associated with an increased susceptibility to infection by several bacteria [27] such as
Yersinia enterocolitica [31] and Vibrio vulnificus [32]. High levels of iron acquired from the diet lead
to an exacerbation of M. tuberculosis infection symptoms in both humans and mice [33]. Moreover,
it has been shown that iron overloaded haemochromatosis protein (HFE) deficient mice are more
susceptible to M. avium infection [34]. These findings were reproduced in macrophages isolated from
mice and infected with M. avium [35]. Several studies correlate the iron status in AIDS patients and the
susceptibility to mycobacterial infections and experiments have shown that iron overload increases
mycobacterial growth in immune-deficient mice [35,36], and iron redistribution towards macrophages
in AIDS patients was shown to favour the progress of tuberculosis [37].

Taking advantage of the knowledge on the iron-related interplay between host and the pathogen
and the evidence of a nutritional immunity, the development of many different antibacterial approaches
based on the destabilisation of iron concentrations accessible for bacteria have been reported [26,38—40].

Amongst others, the process of iron acquisition represents one of the pathways, which can be
successfully targeted by new antibacterial drugs and restriction of Fe was shown to improve the
outcome of a number of infectious diseases including mycobacterial infections [29,41-44].

Considering that bacteria produce siderophores to gain access to iron from their environment one
of the obvious choices to intervene in Fe acquisition is the administration of synthetic chelators that
are able to compete with the natural ones. Preferably, from the chemical point of view the structure
of new antimicrobial agents should differ from that of natural siderophores in order to prevent the
recognition and uptake of the iron-chelate by the pathogens.
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1.2.1. Iron Chelation—A Therapeutic Tool to Tackle Microbial Infection?

Several reports have been produced, suggesting the application of chelation therapy for the
control of infections [29,38,45-48].

The effect of iron chelators in the treatment of bacterial infections has been extensively investigated
and one of the first molecules studied was 8-hydroxyquinoline and its related ligands [49]. Some
chelators such as EDHPA, EDTA and DTPA have shown activity against Gram-positive and
Gram-negative bacteria (reviewed in [50,51]). The effect of iron chelators against bacterial biofilms
has also been proved, for instance in the biofilms produced by Pseudomonas aeruginosa [52-55] or
Staphylococcus aureus [56].

The extensively used DFO and DFX have demonstrated antibacterial effect in a numerous range of
bacterial pathogens [57-60]. However, these ligands offer some drawbacks. DEX is a tridentate ligand
and consequently has lower iron affinity than most bacterial siderophores, which are hexadentate
ligands. DFO is a hexadentate natural siderophore and some pathogenic bacteria possess specific
receptors for capturing the iron loaded chelator and use the metal ion for their own growth [59,61,62].

To overcome these disadvantages, the antimicrobial activity of chelating units, which are not
present in natural siderophores, such as 3,4-HPO ligands, has been considered. DFP has shown
efficacy against several bacteria, such as S. aureus and P. aeruginosa [59,62-64]. Other 3,4-HPO, have
shown in vitro inhibitory activity against several Gram-positive and Gram-negative bacterial species,
including S. aureus, P. aeruginosa and Escherichia coli [40,65-70].

1.2.2. Mycobacterial Infections

Mycobacteria

Mycobacterium is a genus of bacteria that comprises several species, such as Mycobacterium
tuberculosis and Mycobacterium leprae, responsible for tuberculosis and leprosy. Other mycobacteria are
responsible for opportunistic infections in humans and other animals, namely Mycobacterium avium.
M. avium complex (MAC) includes M. avium and also the non-tuberculous mycobacteria, such as
Mycobacterium intracellulare.

Mycobacterium species can be classified in different groups, according to their growth rate, as
slow growers and fast growers. Both M. fuberculosis and M. avium are slowly growing mycobacteria
while other mycobacteria, such as M. smegmatis comprises the fast growers group [71]. Mycobacteria
can also be classified according to their morphotypes as smooth or rough, transparent or opaque.
The smooth transparent morphotype is usually related with virulence in mouse while the rough
opaque morphotypes was found in AIDS patients [72].

Both, the lipidic composition and the cell envelope architecture contribute to the pathogenicity of
these microorganisms [73]. Mycobacteria’s cell envelope is a unique and complex structure composed
by the plasma membrane, the cell wall and the capsule (Figure 2) [74].

The lipidic composition of the plasma membrane includes different phospholipids and glycolipids
embedded in the plasma membrane, Mycobacteria are unusual Gram-positive bacteria in which the
cell wall contains peptidoglycan covalently bound to arabinogalactan esterified with long chain
mycolic acids. The more external layer of the mycobacterial cell envelope, the capsule, is predominantly
composed by glycoproteins, arabinomannan and mannan derived polysaccharides [74,75]. The particular
characteristics of the cell envelope, mainly hydrophobicity and impermeability, contribute to the
virulence of mycobacteria, constituting a barrier that compromises the uptake of many antibiotics.
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Figure 2. Schematic representation of the cell envelope of pathogenic mycobacteria (A, adapted
from [74]); Structure of mycobacterial siderophores: Mycobactin T produced by M. tuberculosis (MB T);
Carboxymycobactin synthetized for M. avium, M. tuberculosis e M. bovis (n = 2-9); Exochelin MS
produced for M. smegmatis. (B, adapted from [76-78]).

Both M. tuberculosis and M. avium are facultative intracellular pathogens that reside primarily
inside mononuclear phagocytes, namely monocytes and macrophages. These pathogens grow
inside vacuoles, the phagosomes, and developed several strategies to survive and resist to host
defenses [79-81].

To ensure survival and replication inside the phagosome in infected macrophages, mycobacteria
developed strategies to retard phagosome maturation, namely by manipulating the host cell endocytic
pathways in order to prevent the fusion of the phagosome with late endosomes and lysosomes [79,82].
Thus, the mycobacteria-containing phagosomes remain with characteristics of an early endosome.
The levels of ATPase are low and the vacuole is not acidified (the neutral pH value is maintained).

Mycobacterial Siderophores

Mycobacteria have developed systems for sensing and regulating iron levels in the intracellular
medium. They produce siderophores for iron acquisition and transport and also synthesize proteins
to store the iron recruited from the host [83]. Mycobacteria differ from other bacteria by being able
to produce different types of iron ligands, namely lipophilic molecules restricted to the cell envelope
(mycobactins) and polar extracellular siderophores (carboxymycobactins and exochelins) [83,84] (Figure 2).
M. leprae is an exception, lacking the gene cluster (mbt) responsible for the synthesis o mycobactins [85].
Non-pathogenic species, such as Mycobacterium smegmatis and Mycobacterium neoaurum, produce
exochelins while pathogenic mycobacteria synthesize carboxymycobactins [86,87]. Mycobactins are
salicylate-containing siderophores, which are acylated with long chain fatty acids in order to remain
associated with the bacterial membrane. The extracellular siderophores are exochelins, which have a
peptide-based structure, and/or carboxymycobactins, in which the long alkyl chain of mycobactin
is substituted with a short carboxylated acyl chain (Figure 2). Mycobacterial siderophores are
hexadentate ligands possessing chelating units based on the phenyloxazolidine ring, ornithine- derived
hydroxamates and salycilates [86]. In addition to their specific siderophores, mycobacteria produce
salicylic and citric acids which may also play a role in iron acquisition [88].
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After production of siderophores and chelation of iron, mycobacteria uptake this element for
usage or storage and the mechanism of transport differs according to the type of siderophore and its
localization. Mycobactins, located in the membrane, provide high stability constants for the formation
of the Fe complex (Log B ~ 31) [89] and these siderophores are able to remove iron from host proteins,
such as transferrin and ferritin. However, due to their localization, the access to these proteins is
difficult sometimes compromising acquisition of such iron sources. Thus, mycobactins bind iron
previously bound by carboxymycobactins, which are extracellular siderophores, and then transfer the
element through the bacterial membrane [76,87].

Several mechanisms to acquire and transport iron bound to mycobactins have been proposed
and in an interesting study Groves et al. [83,90] suggest that mycobactins may diffuse into the
host macrophage and then mobilize iron available in the intracellular pools of the macrophage.
The ferri-mycobactins are then associated to lipid droplets and return to the phagosomes.

In the case of exochelins, these ligands are able to transport iron through the cell membrane [86,91].
Exochelins, like carboxymycobactins, may also transfer iron to mycobactins. Moreover, it is also
described in the literature that exochelins are taken up by active transport and access iron from ferritin,
Tf and Lf [76,92].

Iron Chelators to Control Mycobacterial Infection

The use of chelators to control mycobacterial infection by iron deprivation has been successfully
tested (reviewed in [16,42]). The use of chelators to restrict the iron available for mycobacterial growth
has been reported [87], namely for M. tuberculosis [43,93] and M. avium [42,89,94,95].

DFO has been used to inhibit Mycobacterium aurum growth [96] and another study suggested
that DFO in combination with silybin, an iron-chelating agent from plants, was able to reduce the
extracellular growth of M. tuberculosis. However, both of these chelators induced slightly effects on
the reduction of in intracellular growth of the pathogen [97], DFO also inhibited biofilm formation by
M. smegmatis and M. bovis BCG [98].

Other ligands, namely spiro pyridopyrrolizines, pyrrolidines [99] and 4H-pyrano|3,2-c]pyridine
derivatives [100], have been tested and the results have shown that the compounds are effective to
inhibit the in vitro growth of M. tuberculosis. Spiropiperidin-4-ones derivatives also inhibited the
growth of M. tuberculosis, both in vitro and in vivo [101]. 2-Hydrazinopyrimidin-4(3H)-one derivatives,
have been tested against M. tuberculosis and several molecules have shown antimycobacterial
activity [102].

The antimycobacterial activity of different chelators, namely DFO, HBED, dDFT and VUF-8514
against M. avium were investigated [42]. The results show that DFO, HBED e VUF8514 inhibit
mycobacterial growth in axenic conditions and HBED and DFO also inhibit M. avium intramacrophagic.
In vivo, the administration of DFO or HBED had small effect on the growth of the pathogen.
Considering that inhibition of mycobacterial growth was observed in mice fed with a low iron diet,
the authors assume that the limited effect of the chelation therapy is a consequence of a lack of efficacy
of currently available chelators, stressing the requirement for new molecules, which can target the
intracellular compartments where mycobacteria proliferate [73].

Also, the study of the effect of DFP and other 3,4-HPO, namely L1Net, LINPr and LINAIl in
in vitro studies revealed that the influence of the chelators in the replication of M. avium might depend
on the tested concentration. Chelators enhanced intracellular and extracellular growth of M. avium
at low concentrations. However, at high concentrations, they are effective in the control of M. avium
infections [103].

Functionalized tetrahydro-4(1H)-pyridinones have been synthesized and tested revealing in vitro
activity against M. fuberculosis [104]. These studies, although demonstrating the effectiveness of an
iron deprivation strategy to fight proliferation of mycobacteria also pointed out the necessity to design
chelators with physico-chemical properties which allow them to reach the infection targets.
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Moreover, at the starting point of our work little was known about the cellular distribution of
previously tested chelators thus suggesting the need to synthesize molecules that could be followed
inside the cell in order to monitor the chelators pathways inside the cells.

Our research group has designed 3,4-HPO chelators to address M. avium infection and performed
studies concerning their antimycobacterial activity, interaction with biological membranes and cellular
distribution. In this work we discuss the design of chelators, structure activity relationships, combined
therapeutic approaches and forthcoming perspectives regarding other bacterial infection scenarios.

2. Design of 3-Hydroxy-4-pyridinone Chelators to Address Mycobacterial Infections

2.1. Overview

The design of new antibacterial drugs with diverse modes of action is crucial to counteract
bacterial resistance [105-107]. Within this scope, several studies demonstrated that iron deprivation
induced by chelators could be a strategy to inhibit the proliferation of pathogenic bacteria but more
effective iron chelators able to reach the infection targets are needed.

We focused our interest in the design of chelators to address mycobacterial infection, in particular
infection by Mycobacterium avium. Considering the molecular structure of mycobacterial siderophores
and bearing in mind that in order to compete for Fe different chelating units, that originate chelators
with higher affinity for Fe(Ill) are necessary, we selected ligands of the 3-hydroxy-4-pyridinone class to
achieve our purpose. This class of chelators and their complexes have proved to be useful in several
fields of application [95,108-111]. In what concerns biomedical applications [112,113], Deferiprone
(1,2-dimethyl-3-hydroxy-4-pyridinone) is one of the ligands in clinical use to treat iron overload in
thalassemia major patients [114-117].

After choosing the type of chelating unit it was also our objective to design chelators that could be
monitored inside the cell and for that reason we designed chelators that could be functionalized with
fluorophores. We didn’t realize at the time that the incorporation a fluorophore would be relevant for
the antimycobacterial effect or determine the affinity of the chelators towards biological membranes.
From a biophysical perspective, this is a fascinating illustration of the fact that functionalization of
a molecule with a particular label, to allow spectroscopic detection, may lead to a change in the
membrane permeation properties of the molecule and result in a dramatic change in biological activity.

Interesting works calling the attention for the alterations introduced by fluorophore labelling have
been reported [118-125] for cell penetrating peptides (CPP) [123]. Two of the works [118,126] regard
the antibacterial properties of rhodamine B-conjugated gelsolin-derived peptides and describe the
importance of rhodamine B fluorophore on the interaction of the peptides with the bacterial membrane.
The authors demonstrate the existence of a positive correlation between the surface pressure activity
of the peptides and its antibacterial function, which is based on membrane disruption.

More recently, two elegant studies report the influence of fluorophore labelling on the cellular
distribution and cell viability of a set of CPPs [120] and on their interaction with biological
membranes [122]. The studies point out the importance of the fluorophore labeling on the alteration of
physicochemical properties and demonstrate the existence of correlations between: (i) physicochemical
properties and uptake and toxicity of the CPPs [120] and (ii) physicochemical properties and mode
and degree of interaction of CPPs with biological membranes [122]. In the latter study it has been
found that the most hydrophobic compounds are those that induce the highest membrane disturbance.
For the above reasons we believe it is interesting to give a critical account of our entire work in this
area and justify the statement “to label means to change”.

2.2. 3-Hydroxy-4-pyridinone (3,4-HPO) Chelators

3-hydroxy-4-pyridinones are N-heterocyclic compounds in which two adjacent carbonyl and
hydroxyl groups provide the two potential coordinating oxygen atoms that confer the characteristics of
a bidentate chelator (Figure 3). The 3,4-HPO ligands display superb chelating properties for M(III)
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and M(II) metal ions and form M(3,4-HPO); and M(3,4-HPO), neutral metal ion chelates. Since the
structure of 3,4-HPO ligands allows modification of their hydrophilic/lipophilic balance (HBL) without
significantly changing their metal ion affinity, these ligands are particularly suited for biomedical
applications. The variation of the HBL of the ligand is also reflected in their corresponding M-chelates.

The versatile chemical structure of 3,4-HPO bidentate chelators has prompted their extensive
use as chelating units to synthesize chelators with higher denticity (such as tetra- and hexadentate
chelators) [89,95,112,113,127,128].
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Figure 3. General formula of the 3,4-HPO bidentate chelating unit.
2.3. Anti(myco)bacterial Effect in Intramacrophagic Growth of M. avium

In order to perform a systematic study of 3,4-HPO chelators, and taking into account the results of
a previous study regarding the inhibition of intramacrophagic growth of M. avium [42], we organized
experiments to screen the influence of several properties of the chelators such as denticity, lipophilicity
and structure of anchor molecules used to produce hexadentate chelators.

The results showed that, like deferiprone, none of the seven N-alkyl and N-aryl bidentate chelators
was able to inhibit intramacrophagic growth of M. avium. Since the chelators tested exhibit variable
lipophilicity we ruled out or the influence of the substituents for this first group of chelators [94].
Hexadentate chelators were synthesized using three types of anchor to bind the chelating bidentate
units. One of the anchors (CP256, Figure 4) is based on a tetrahedral carbon atom thus providing an
extra binding site further functionalization. This possibility was ideal for the synthesis of fluorescent
chelators and being so, compounds labelled with rhodamine B (MRHY in Figure 4, referred as
CP777 in reference [94] and as ligand 4 in reference [89]) and fluorescein derivatives (CP851, CP852,
Figure 4) were synthesized and tested against M. avium intracellular infection of bone marrow-derived
macrophages (BMM).
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Figure 4. Formulae of 3,4-HPO chelators, CP256 (non-fluorescent ligand), CP851, CP852 (green ligands)
and MRHY (red ligand).

The results showed that the chelating unit CP256 did not affect M. avium growth inside BMM but
contrastingly the thodamine B labelled chelator had a clear and reproducible inhibitory effect. In order
to confirm that the effect of MRH7 was due to its capacity to chelate Fe we tested a parent chelator in
which the chelating units were chemically blocked and the Fe(IlI) complex of MRH7. Upon addition of
the latter compounds we observed no effect in M. avium growth. Comparison of the effect of chelators
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labelled with rhodamine B and fluorescein derivatives showed that, although all of them have a better
effect than the non-functionalized chelating unit the effect of MRH? is much better in particular for
lower concentrations [94].

The differences in anti(myco)bacterial effect observed between the hexadentate unit and the
rhodamine labelled chelator bearing the same chelating unit, were quite fascinating since both
compounds have the same affinity for iron (Log B (Fe**) = 34.4 and pFe®" = 29.8), values which
are greater than those of natural siderophores. The results demonstrate that a strong capacity to chelate
iron is indispensable but that characteristic alone is not sufficient to inhibit M. avium growth. Moreover,
the differences between chelators labelled with two types of fluorophore also suggest that the structure
of the fluorescent group may be significant.

At this stage, we hypothesized that the better anti(myco)bacterial effect of the rhodamine B
labelled chelator must also be associated with a special ability to penetrate the cell and to gain access to
its targets. In order to get insight on such differences we studied the permeation properties and cellular
distribution of chelators MRH7 (rhodamine B labelled) and CP852 (fluorescein labelled) [89]. The values
of partition coefficients (Log D7 4) and of partition constants (Kp) in liposomes showed that MRH? is
strongly lipophilic and has a strong affinity for lipid bilayers in contrast with CP852. The intracellular
distribution of the two chelators is markedly different. Upon 20 min of incubation, chelator MRH7
is widely distributed in the cell and accumulates in phagosomes while CP852 is localized in vesicles
and areas proximal to the plasma membrane but not inside phagosomes. The results suggest that the
structure of the rhodamine labelled chelator seems to be more suited to progress within the cell and
reach the niche that harbours M. avium.

To better understand the influence and consequence of the rhodamine B fragment we designed a
hexadentate chelator conjugated with another rhodamine derivative (5(6)-carboxy-tetramethylrhodamine)
and the corresponding bidentate chelators labelled with the same fluorophores [95] (Figure 5).
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Figure 5. Formulae of fluorescent 3,4-HPO chelators, MRHS8, MRB8 and MRB?. The abbreviation and
numbering of compounds was assigned according to chelator denticity (MRBi for bidentate and MRHi
for hexadentate) and fluorophore (i = 7, 8).

The results of this new experiment showed that: (a) 5(6)-carboxytetramethylrhodamine- labelled
chelators are capable to limit intracellular growth of M. avium; (b) administration of bidentate
fluorescent chelators also restricts intracellular M. avium growth as long as the concentration used is
corrected according to the stoichiometry of the Fe chelate; (c) the antibacterial effect is dependent on the
structure of the fluorescent label and (d) the inhibitory effect of the rhodamine B labelled compounds
(MRH? and MRBY) is significantly superior to that observed for the tetramethylrhodamine labelled
chelators (MRH8 and MRB8). This result points out the importance of the rhodamine B fluorophore
and the thiourea linkage, which has been introduced in the molecular framework by the use of the
reagent rhodamine B isothiocyanate in the synthetic procedure. For chelators MRH8 and MRBS the
rhodamine derivative used is 5(6)-carboxytetramethylrhodamine, which introduces an amide linkage.
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The type of linkage present in the chelators was not deliberate, but remarkably, the choice of different
types of reagents revealed that apart from the fluorophore, the linkage between chelating unit and
fluorophore must also be considered in the chelators “design. We consider the possible relevance
of the thiourea group since: (a) the more efficient chelators contain that type of linkage and (b) the
antibacterial properties of isothiocyanate groups against Gram(+) and Gram(—) bacteria, which have
been related to the capacity of the group to disorder the structure of the bacterial membrane, and are
well-known [129-131].

We speculate that the presence of the thiourea linkage in the structure of the chelators may allow
the targeting of the bacterial cell wall. This effect would not be related with the restriction of Fe
sources but might threat the survival of the pathogen. This hypothesis led us to consider the design
and testing of other compounds in which the thiourea linkage is now deliberately included in the
molecular framework.

To achieve that purpose we synthesized the set of compounds in Figure 6 and tested their activity
against M. avium in comparison with that of the lead chelator MRH?7 [109]. The results showed that
all the fluorescent chelators exhibit antimycobacterial effect and corroborated the relevance of the
thiourea linkage, the ethyl substituents on the amino groups of the xanthene ring and the advantage
of their associated inclusion in the molecular framework. The rhodamine B labelled chelator MRH7
proved to be the most active compound in controlling of the infection.
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Figure 6. Formulae of fluorescent 3,4-HPO chelators, MRH10 and MRB9. The abbreviation and
numbering of compounds was assigned according to chelator denticity (MRBi for bidentate and MRHi
for hexadentate) and fluorophore (i = 9-10).

In what concerns antimycobacterial infection we think that the next step is the use of combination
therapies involving iron chelators and classic antimycobacterial antibiotics in clinical. Such combination
allows intervention towards different targets and synergic effects are to be expected. The clinical
potential of the combination of iron chelators with other antibiotics has been demonstrated to fight
bacterial [39,40,57,58,70], fungal [132] and protozoal [133] infections.

In a first attempt, we investigated the combined administration of chelator MRH7 with the
antibiotic ethambutol [109]. Ethambutol, acts by inhibiting the biosynthesis of components of the
mycobacterial cell wall [134-136]. The compound is active against M. avium pathogens but high
doses are necessary thus suggesting the application of combined therapeutic approaches. The results
showed that the concomitant administration of chelator MRH7 and ethambutol is advantageous
since a higher antimycobacterial effect is achieved. The results imply that this combination allows
reduction of the amount of chelator used to obtain a significant biological effect and improves the
activity of ethambutol.
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2.4. Chelator Membrane Interactions

In parallel to the antibacterial investigations, biophysical studies regarding the partition and
distribution of fluorescein or rhodamine derived chelators have been performed in liposomes
membrane models [89,137-139].

Drug-membrane interactions have enormous importance in drug design and the understanding of
these interactions at a molecular level allows the development of more effective drugs [140-142]. In the
context of M. avium infection, the ability of drugs to interact with and cross barriers is particularly
important since M. avium is a facultative intracellular pathogen that resides within mammalian cells.

In our studies drug membrane interactions were assessed in liposome model membranes by
fluorescence spectroscopy and nuclear magnetic resonance (NMR) and by computational studies,
namely molecular dynamic (MD) simulations.

Steady-state fluorescence spectroscopy was used to determine partition constants (Kp) of chelators
MRH?7, MRB7, MRH8 and MRB8 in DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and DMPG
(1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) liposomes [89,137].

Although we recognize that octanol-water Log P and Log D values give important information
regarding the hydrophilic/lipophilic balance of a candidate drug, we believe that the values of
partitions constants determined in liposome membrane models are more realistic. The values of Kp
allow a quantification of the interaction of compounds with a lipid bilayer and reflect their preference
for the lipid or the aqueous phase. Preparation of liposomes, with lipids of different characteristics
allow a better understanding of surface interactions and permeation properties. The values of Log Kp
obtained for chelators with different fluorophores and linkages clearly indicate that compounds
incorporating N-ethyl substituents in the amino groups of the xanthene ring and a thiourea linkage,
have a greater affinity for the lipid phase (ca 10 times) than those bearing N-methyl substituents and
an amide linkage. The results demonstrate that the permeation and partition properties of rhodamine
labelled chelators can be tuned by choosing appropriate substituents of the rhodamine moiety.

NMR spectroscopy was also used to determine the affinity of MRB7 and MBRS for the
phospholipid bilayer of DMPC liposomes in order to complement/corroborate the fluorescence
studies. The permeation properties of the chelators were assessed by analysis of the alterations of NMR
parameters, such as chemical shifts, line shape, spin—lattice relaxation time (T1), and translational
diffusion coefficient of the lipids and the liposomes [138,139].

In a first study [138] we used a concentration of chelators within the range of those used in the
biological experiments and observed changes in the chemical shifts of the protons associated with the
different functional groups of the phospholipid. The latter can be related with a different distribution
and location of MRB7 and MRBS in the phospholipid bilayer of DMPC. The changes in the chemical
shift values imply that chelator MRB7 strongly interacts with the choline head groups at the surface
of the liposome sphere and is able to permeate deeper and reach the centre of hydrophobic area of
the phospholipid bilayer as demonstrated by the significant perturbations of the proton resonances
induced on the terminal protons of the acyl chains located in that area. In contrast, MRB8 molecules
strongly interact with the polar surface of liposomes and seem to be preferably located between
the polar interface and ester groups of the lipid bilayer thus justifying the non-perturbation of the
proton resonances belonging to the lipid acyl chains. The presence of N-ethyl groups in the xanthene
structure and the thiourea link in the structure of MRB7, as opposed to N-methyl groups in the
xanthene structure and an amide link in the structure of MRBS, seem to facilitate the affinity of MRB7
molecules to the liposome surface and their ability to penetrate deeper into the hydrophobic interior of
lipid bilayer.

A more extensive and detailed NMR analysis was performed using higher concentrations of
chelators to allow generation of NMR signals of appropriate intensity for measurements based
on the NMR resonance signals of the chelators [139]. This study revealed that these chelators,
in particular MRB7, might be able to induce alterations in the structure of the liposome. This result
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is quite relevant since it is indicative that these chelators may be able to disturb the structure of the
biological membranes.

MD simulation studies demonstrated that chelators interact with the lipid phases at different
levels of the bilayer and that the interaction seems to be reinforced for the compounds that contain
N-ethyl groups and a thiourea linkage (MRB7 and MRH?). The rhodamine B labelled chelator MRB7
seems to have a superior insertion and residence time in the hydrophobic region of the membrane
bilayer, in comparison to the tetramethylrhodamine labelled chelator MRB8. This observation is
consistent with the partition constants determined by fluorescence spectroscopy and mainly with
NMR results. Altogether, these results support the hypothesis that the effectiveness of the chelators as
anti(myco)bacterials is related to a greater ability to permeate lipid bilayers [95,138,139].

All the biophysical results are indicative that the more effective chelators are those that exhibit
higher affinity towards lipid bilayers and better permeation properties across biological membranes.
These results are in agreement with those obtained for cell penetrating peptides [118-126] thus
reinforcing the idea that the presence of groups that enhance the partition and permeation properties
within lipid bilayers is relevant in the design of new antibiotics.

2.5. Intracellular Distribution and Co-Localization Studies of Rhodamine Labelled Chelators in Macrophages

Comparison of the intracellular distribution patterns of a rhodamine B labelled chelator (MRH?)
and a fluorescein labelled chelator (CP851) in macrophages suggested that distinct uptake and
intracellular distributions are likely to account for different efficacy as anti(myco)bacterial agents.
To gain insight on the uptake by macrophages and cellular distribution of the set of rhodamine
labelled chelators under study we organized new confocal microscopy studies. The results obtained
showed that: (i) all the rhodamine labelled chelators are taken up by macrophages; (ii) experiments
performed with the same concentration of chelator provide images that suggest that the lipophilicity
of the chelators may limit the amount of chelator which is internalized in the cell; (iii) the
intracellular distribution and the interaction of the chelators with different cellular compartments
within macrophages are similar for all tested chelators; (iv) the rhodamine labelled chelators are able to
target the phagosome compartment (v) considering the similarity of the chelators” distribution patterns
in the macrophage and its subcellular compartments, the pathways of all chelators appear to be the
same although a considerably higher number of rhodamine B isothiocyanate derived chelators seems
to cross the membrane in the same time frame as illustrated in Figure 7.

The concurrent incorporation of N-ethyl substituents on the amino groups of the xanthene ring of
rhodamine and of a thiourea linkage between chelating unit and the fluorophore produces chelators
with enhanced permeation properties and which are superiorly up taken by macrophages. The latter
chelators proved to be the most efficient in inhibiting the intramacrophagic growth of M. avium.

® MRH7 or MRB7
©® MRHS or MRB8

Permeation Process

Figure 7. Scheme of a assumed mode of interaction and progress of the rhodamine labelled 3,4-HPO
chelators, MRH7 and MRB7 (red) and MRH8 and MRB8 (blue) through the biological membranes,
along the permeation process.
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2.6. Suggested Mechanism in M. avium Infection

The confocal microscopy studies are indicative that the rhodamine labelled chelators are able
to target the phagosome compartment and are likely to preferentially reside in lipid environments.
This result is quite relevant since the targeting of the phagosomal compartment was one of our goals.
Since we realized that the presence of the fluorophores on the chelators molecular framework is
crucial to target the phagosome we hypothesize that the role of rhodamine fluorophore is: (a) to
enhance the chelators uptake by the macrophage; (b) to allow access to the phagosome and (c) to
efficiently anchor the chelator in the outer and inner parts of the phagosomal membrane thus allowing
an efficient competition with natural siderophores and restrict the iron supplies compromising the
survival of bacteria (Figure 8). Considering this assumed role of the chelator fluorescent moiety,
the better results obtained for the rhodamine B isothiocyanate labelled chelators can be assigned to
their higher hydrophobicity and affinity for lipid bilayers.

Mycobacterium '
-~

)

S
‘O Phagosome
A\ 4

Macrophage

O tron () @ 3,4-HPO bidentate unit

Figure 8. Outline of a hypothetical mechanism for the ironing-out effect produced by the rhodamine
labelled 3,4-HPO chelators.

2.7. First Studies in a Different Infection Scenario

As previously referred there is an urgent need to develop new antibiotics that may act on different
targets to counteract bacterial resistance. Within this scope, we believe that the use of chelators that are
able to deprive bacteria from Fe, can be a choice since the antibiotics currently in use do not target
Fe metabolism.

Considering the results obtained in M. avium infection, we first investigated the activity of the
same set of rhodamine labelled 3,4-HPO chelators towards a selected set of Gram (+/—) bacteria [143].
The results obtained showed that the activity of the fluorescent chelators in this new scenario is quite
distinct from the observed in M. avium. We found that in Gram (+/—) bacteria only hexadentate
chelators have a significant effect.

Regarding the results obtained with the hexadentate chelators we found that MRH7, MRHS, and
MRH10 inhibit bacterial growth of Staphylococcus (S). aureus ATCC 25923 and S. epidermis ATCC 12228.
The hexadentate chelator MRHY is the only one that is able to inhibit the growth of Escherichia (E.) coli
ATCC 25922. The relevance of the type of fluorophore that provides the thiourea linkage and N-ethyl
substituents on the xanthene ring was confirmed. Curiously, MRH7 was the only chelator able to have
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an effect towards Gram (—). Chelator MRH7 exhibits the higher partition constant in liposomes and
proved to be able to permeate lipid bilayers [137].

At this point it is interesting to bear in mind the different complexity and composition of Gram
(+) or Gram (—) bacterial cell walls. Gram (—) bacteria may be less accessible for the penetration of the
chelators and the superior permeation properties like of MRH7 may be relevant to understand the
result. However, further studies are necessary to establish structure-activity relationships.

For the same type of bacteria, we also investigated the activity of a new 3,4-HPO bidentate chelator
labelled with a rosamine xanthene fluorophore (MRB20, Figure 9) in order to evaluate the effect of the
chelators” charge [144]. The rosamine fluorophore is structurally related with the previously described
rhodamine moieties but lacks one carboxylic acid substituent thus implying that the overall charge of
the chelator is positive, at pH = 7.4, in contrast with the neutral charge of rhodamine labelled chelators.
Chelator MRB20 revealed a promising antibacterial activity against Gram (+) strains including clinically
relevant species as S. aureus, S. epidermidis, Enterococcus (E.) faecium and E. faecalis [144].

MRB20

Figure 9. Formula of rosamine-derived 3,4-HPO chelator, MRB20.

3. Concluding Remarks and Future Perspectives

The challenge that gave rise to the work described was “to design Fe chelators to ironing out
mycobacteria”. We consider that the objective was achieved and the work gave a significant contribution
to produce chelators with adequate properties for macrophage uptake and distribution inside the cell.

The choice of the class of ligands seems to be adequate since the chelating units are able to compete
with mycobacterial siderophores. Although determinant, this chelating capacity is not sufficient to
achieve anti(myco)bacterial effect.

The labelling of the chelating unit with xanthene fluorophores proved to be crucial for the
anti(myco)bacterial activity. Moreover, we found that the type of linkage that binds fluorophores to
the chelating unit also seems to have an effect in anti(myco)bacterial activity . Fluorescein labelled
chelators proved to be much less effective than the rhodamine parent compounds. For the latter
group we found that the anti(myco)bacterial effect is dependent on the substituents of the xanthene
ring groups. For rhodamine labelled chelators the simultaneous presence of N-ethyl substituents
on the amino groups of the xanthene ring and a thiourea linkage between chelating unit and the
fluorophore, produces chelators with enhanced anti(myco)bacterial effect. The same chelators also
have the better permeation properties across biological membranes and are superiorly up taken by
macrophages. These results point out the significance of the conjugation of a rhodamine B label to
the chelator through a thiourea link and suggest that the high affinity of rhodamine B towards lipid
phases may be determinant to situate the chelator in a favourable position to successfully compete
with mycobacterial siderophores.

We conclude that the effectiveness of the chelators to inhibit the intramacrophagic growth of
M. avium is strongly dependant on its capacity to interact with and reside in the lipid bilayers.
This capacity seems to provide better conditions to deprive mycobacteria from Fe. Confocal microscopy
studies proved that rhodamine labelled chelators have access and are able to remain in to the
phagosomal compartment, thus corroborating our hypothesis.
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It may be relevant to refer that, even though we performed confocal microscopy studies with
genetically modified green mycobacteria we never observed co-localization of the red chelator MRH7
and the bacteria. The mode of action may not include the crossing of the bacterial cell-wall but its
function may be just ironing out the phagosome or create a gradient between the various macrophage
iron pools. However, as the fluorescence of MRHY is quenched upon chelation of Fe we cannot exclude
the possibility that the chelator reaches M. avium where it resides as a non-fluorescent Fe-chelate,
which we are not able to detect.

In order to complement the studies described herein and regarding M. avium infection, we
consider that we need to investigate the toxicity of these chelators in several conditions and also to test
the chelators in in vivo models. The first results obtained in Gram (+/—) infection scenarios encourage
the pursuit of further studies and point out the need to explore the variety of functional groups and
charge of the new molecules, as discussed in Section 2.7.

In the studied systems, it was found that chelators that presented a higher capacity to interact
with biological membranes also lead to an increased antibacterial effect. In Table 1 we summarize all
results regarding the antibacterial effect and partition properties in biological membranes obtained
with this set of chelators together with their structural features.

Our results corroborate the findings of other authors [120,122] regarding the modifications
induced by the introduction of fluorescent labels in the physico-chemical, biophysical and biological
properties of a molecule. Moreover, the results also point out that the choice of reagent derivatives
used in the synthesis of the fluorescent molecules may introduce functional groups that further enrich
the molecule. The results reviewed herein illustrate the consequence of small changes in the structure
of the biological relevant molecules and the influence that these modifications might have in drug-
membrane interactions and biological activity.

Table 1. Summary of the antibacterial activity, structural features and membrane interaction of
the fluorescent chelators. (0-no effect; +-low; ++ moderate; +++-high; ++++ very high effect;
nd-not determined).

chetn Structural Features Antibacterial Activity  ppooo .
elator Type of . Charge . Gram Interaction ef.
Fluorophore Linker (atpH =7.4) M. avium (+/—)
MRB7 - r Thiourea Neutral +H+ 0 ++
e
MRH7 ; e Thiourea Neutral o+ +++ ot
ned
a
MRBS8 Ve Amide Neutral + 0 +
ase el
_coon
MRH8 S Amide Neutral + + +
Hood
Do
MRB9 Q /OH Amide Neutral ++ 0 nd
T
NOOC/ b

\ |
Merers
MRH10 coon Thiourea Neutral +++ ++ nd
C]
-

Nes

7 g
e
MRB20 'i e Amide Positive 0 - nd c

COOH

(a) [95,137-139,143,144]; (b) [109,143]; (c) [144,145].
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Considering our results in conjunction with others described in the literature, namely those
related with rhodamine derived liposome tags [146], mitochondrial probes [147] and antimicrobial
peptides [118,120,122,123,126], some other topics can be further explored.

We believe it is worth to investigate the use of rhodamine B conjugates to target mycobacterial
infections and closely related problems such as bacterial resistance and biofilm production. Rhodamine
B has the advantage of being a fluorescent molecule whose properties are sensitive to its environment
thus allowing following its pathway within the cell. Also, it is well known that the formation of
biofilms is associated with a hydrated extracellular matrix composed by polysaccharides, nuclei acids,
lipids and metal ions. We think that the use of 3,4-HPO chelators could have an effect in the disruption
of biofilms produced by several bacterial strains and insight in this area are meaningful. A graphical
representation of past and future fields of application of rhodamine B conjugates is depicted in
Figure 10.

Inhibition of Antlml(froblal ' ' '
. el peptides Liposome tags Mitochondrial
growth T T / probes
[ successful use in ]
t
Rhodamine B
& ¥
! Z A
Ay
A A
< ?
t;:"\
&}'
N
l explore its use in
Mycobacterial Biofilm
Infection Gram.(ij). disruption
Chelators to induce susceptibility Chelators to induce
iron d_e;_zri\./atian_ur as Chelators to biofilm disruption
antibiotic carriers counteract resistance

Figure 10. A graphical representation of past and future fields of application of rhodamine B conjugates.
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Abstract: Iron deficiency is the most common nutritional disorder in the world. It is prevalent
amongst patients with cardiovascular disease, in whom it is associated with worse clinical outcomes.
The benefits of iron supplementation have been established in chronic heart failure, but data on
their effectiveness in other cardiovascular diseases are lacking or conflicting. Realising the potential
of iron therapies in cardiovascular disease requires understanding of the mechanisms through
which iron deficiency affects cardiovascular function, and the cell types in which such mechanisms
operate. That understanding has been enhanced by recent insights into the roles of hepcidin and
iron regulatory proteins (IRPs) in cellular iron homeostasis within cardiovascular cells. These studies
identify intracellular iron deficiency within the cardiovascular tissue as an important contributor to
the disease process, and present novel therapeutic strategies based on targeting the machinery of
cellular iron homeostasis rather than direct iron supplementation. This review discusses these new
insights and their wider implications for the treatment of cardiovascular diseases, focusing on two
disease conditions: chronic heart failure and pulmonary arterial hypertension.

Keywords: iron; hepcidin; iron regulatory proteins; cardiomyocyte; chronic heart failure; pulmonary
arterial smooth muscle cells; pulmonary arterial hypertension

1. Iron and Heart Function

Iron deficiency is defined as reduced iron availability due to depleted iron stores (e.g., pregnancy),
inadequate dietary iron intake (e.g., malnutrition), repressed iron absorption (e.g., inflammatory
setting), or iron loss (e.g., menstrual blood loss in women of reproductive age). It has a significant
negative impact on the quality of life. It affects intrauterine development, reduces physical and mental
exercise capacity, and increases morbidity when concurrent with cardiovascular diseases, such as
chronic heart failure (CHF), acute heart failure (AHF), pulmonary arterial hypertension (PAH), chronic
obstructive pulmonary disease (COPD), and abdominal aortic aneurysm (AAA) [1-8]. The aetiology
of iron deficiency in cardiovascular diseases is not entirely clear, but evidence supports the role of
inflammation, and particularly of the inflammatory cytokine interleukin-6 in blocking iron absorption
in the gut [9,10].

1.1. Effects of Iron Deficiency on Heart Function

In the heart, iron is present predominantly in ferritin and within the mitochondrial
compartment [11,12]. The latter is in the form of iron-sulphur clusters and heme functional groups [13].
Iron in iron-sulphur and heme groups is required for electron transfer and oxygen activation in
oxidative phosphorylation [14-16]. Additionally, labile-free iron is required for oxygen activation by
dioxygenases [17,18], and as a catalyst for the production of reactive oxygen species (ROS) which are
essential for redox signalling [19,20].

Iron deficiency is the most common cause of anaemia [21]. Anaemia indirectly affects cardiac
function by reducing muscle exercise capacity, and directly by limiting oxygen availability for use in
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oxidative phosphorylation within cardiomyocytes [22-24]. As well as limiting iron availability to the
bone marrow, iron deficiency also limits the iron that is available for uptake by non-erythroid tissues.
Recently, the direct effects of limited iron availability in cardiomyocytes were demonstrated in a series
of experimental models. These models were designed to generate iron deficiency in the heart while
maintaining intact systemic iron homeostasis. In a mouse model lacking cardiomyocyte transferrin
receptor 1 (TfR1), iron levels in the heart were severely reduced, resulting in fatal heart failure in the
second week of age, in part, due to failure of mitochondrial respiration [25]. Another mouse model of
cardiac iron deficiency, achieved through increased iron export in cardiomyocytes, also resulted in
heart failure, likely explained by a decrease in the activity of the electron transport chain [26]. Studies of
dietary iron restriction in animal models have also shown reduced cardiac contractility due to impaired
calcium handling in the iron-deficient hearts [27]. The effects of iron deficiency on calcium handling
recapitulated the changes induced by hypoxia in cultured cardiomyocytes, supporting the notion that
they are driven by reduced oxygen delivery in anaemic animals [27]. However, the direct effects of iron
deficiency on hypoxic signalling in the heart could also be important in this context. Indeed, oxygen
sensing by hypoxia-inducible factor (HIF) prolyl hydroxylase (PHD) is modified by intracellular iron
availability, due to the requirement of PHDs for iron as a co-factor [28]. In summary, iron deficiency
affects heart function through anaemia-dependent and anaemia-independent mechanisms. These
mechanisms involve changes in oxidative phosphorylation, calcium handling, and oxygen sensing.

1.2. Treating Iron Deficiency in Heart Failure—Current Approaches

Iron deficiency commonly co-exists with cardiovascular disease [4-8,29,30]. It is an established
co-morbidity in both chronic and acute heart failure [4,5]. Some studies have reported iron deficiency
in up to 50% of patients with heart failure [29,30]. Regardless of the presence or absence of anaemia,
iron deficiency is associated with higher mortality, adverse cardiovascular events, and reduced quality
of life in these patients [4,5,30]. In recent years, a number of trials have explored whether iron
supplementation could be beneficial in patients with chronic heart failure. Oral iron supplements
have had limited success, and this has been attributed to suboptimal absorption due to inflammation.
However, intravenous iron preparations have shown clear benefits. For instance, ferric carboxymaltose
and iron sucrose have both been shown to improve many outcomes in patients with chronic heart
failure, such as mortality, self-reported patient global assessment, exercise capacity, hospitalization due
to cardiovascular events, and mortality [31-33]. Consequently, intravenous iron replacement in chronic
heart failure is now recommended by the European Society of Cardiology [34]. The benefits of iron
supplementation in acute heart failure are less clear. One study reported that iron supplementation
within four days of myocardial infarction (MI) improved infarct healing, and left ventricular(LV)
remodelling at a three-month follow-up [35], while another found that high levels of serum iron
correlated with short-term mortality following MI [36]. These conflicting results may simply reflect
distinct and possibly opposing effects of iron availability on the extent of ischemia reperfusion injury
and on subsequent cardiac repair.

1.3. Treating Iron Deficiency in Heart Failure—New Approaches

The beneficial effects of intravenous iron supplementation in patients with chronic heart failure
likely depend on a combination of mechanisms, including an improvement in exercise capacity and
oxygen delivery to tissues. Animal studies have also shown that such interventions can directly
correct cardiac iron deficiency [26]. Myocardial iron content has been shown to be reduced in patients
with heart failure, where it is shown to be associated with reduced activity of the citric acid cycle
enzymes aconitase and citrate synthase [37]. Thus, correction of myocardial iron deficiency may well
constitute an additional mechanism through which iron interventions improve outcomes in CHE.
However, these iron preparations have been developed to correct anaemia. New approaches need
to be considered to directly target myocardial iron deficiency, using compounds that can safely and
efficiently replenish cardiomyocyte iron levels. In this context, avoidance of iron toxicity in the heart
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should be an important consideration. Indeed, the heart’s function is particularly sensitive to excess
iron accumulation, as demonstrated by the iron overload cardiomyopathy that occurs in patients with
iron overload conditions such as hemochromatosis and thalassemia [38,39]. In line with this, a mouse
model harbouring a cardiomyocyte-specific deletion of the iron export protein ferroportin (FPN) was
also found to develop fatal cardiomyopathy as a consequence of cardiomyocyte iron-overload [40].

An alternative approach to supplementing iron to the heart is to target the molecular machinery
of cellular iron homeostasis in cardiomyocytes. Like other cells in the body, cardiomyocytes utilise
the iron regulatory proteins (IRPs) to orchestrate iron uptake, utilisation, and storage. Mice with the
cardiac-specific deletion of IRPs fail to increase LV systolic function in response to the dobutamine
challenge and have worse LV dysfunction and higher mortality following myocardial infarction [41].
At the same time, IRP activity has been shown to be reduced in the failing human heart [41]. Together,
these findings support the notion that myocardial iron deficiency may develop as a consequence of
reduced IRP activity in the failing heart, and that this, in turn, impairs cardiac reserve and response
to injury. Enhancement of the IRP pathway, by increasing the expression or stability of IRPs, may,
therefore, present novel therapeutic strategies in heart failure. The advantage of such an approach
over systemically administered iron compounds is that it may enable a more measured correction of
intracellular iron levels within cardiomyocytes, reducing the risk of iron toxicity.

Recently, another mechanism of cellular iron homeostasis was identified, in which cardiomyocytes
utilise hepcidin, also known as human antimicrobial peptide (HAMP), in an autocrine manner to
regulate the iron export protein FPN. Despite maintenance of normal systemic iron levels, deletion of
hepcidin specifically in cardiomyocytes resulted in fatal LV failure in mice [26]. Cardiomyocyte-specific
knock-in of the FPN isoform C326Y, which retains its iron export function but loses its hepcidin
binding, also resulted in heart failure of a similar nature and time-course to that seen in animals lacking
cardiomyocyte hepcidin [26]. In both mouse models, increased FPN-mediated iron export caused
the depletion of iron from cardiomyocytes. Heart failure in cardiac hepcidin-knockouts could be
prevented by intravenous iron supplementation. Additionally, animals with hepcidin-deficient hearts
developed greater hypertrophic response to sustained dietary iron restriction than their littermate
controls, indicating that the cardiac hepcidin/FPN axis functions to protect the heart in the setting of
systemic iron deficiency [26]. These studies identify the cardiac hepcidin/FPN axis as a non-redundant
component of cellular iron homeostasis in cardiomyocytes, and further show that the control of the
intracellular iron pool in these cells is required for normal cardiac function [26]. Studies comparing
mice harbouring tissue-specific with those harbouring a ubiquitous disruption of the hepcidin/FPN
axis support the notion that intracellular iron levels within cardiovascular cells are the sum of fluxes
through both the systemic and the local hepcidin/FPN axes [26,40]. A clearer understanding of the
precise nature of the interplay between local and hepatic hepcidins in control of cardiovascular iron
homeostasis is necessary to enable the development of strategies that can safely correct cardiovascular
iron levels without impinging on systemic iron control. Such strategies, e.g., increasing cardiac hepcidin
or decreasing cardiac FPN, could present a novel approach for the correction of myocardial iron
deficiency. A number of human hepcidin agonists and FPN inhibitors are currently in clinical trials for
the treatment of iron overload in hemochromatosis and thalassemia. It would be important to explore
whether such compounds can correct myocardial iron deficiency in CHF patients. However, given the
systemic role of hepcidin in the control of iron absorption and recycling, it may be more advantageous
to target druggable differences between hepatic and cardiac hepcidins. Strategies for the treatment of
iron deficiency in cardiovascular disease are outlined in Figure 1.
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Figure 1. Mechanisms linking iron deficiency and cardiovascular disease.

Iron deficiency affects cardiovascular function through anaemia-dependent and anaemia-independent
pathways. Anaemia-independent pathways include direct effects of cardiac iron deficiency on metabolism,
oxygen sensing, and calcium handling in the heart, and of vascular iron deficiency on oxygen sensing and
vasoconstriction in the pulmonary arteries. Iron therapies for chronic heart failure and pulmonary arterial
hypertension could be devised to directly correct local iron deficiency, enhance iron uptake (by enhancing
local IRPs) and retention (by enhancing local HAMP, e.g., using bone morphogenetic protein receptor 2 (BMPR2)
ligands for PAH), or to correct downstream changes in metabolism, oxygen sensing (e.g., HIF inhibitors),
calcium handling, or vasoconstriction (e.g., endothelin-1 (ET-1) receptor antagonists).

2. Iron and the Pulmonary Vasculature

2.1. Effects of Iron Deficiency on the Pulmonary Vasculature

Systemic iron deficiency impinges on the pulmonary vasculature both in the context of normal
physiological responses and in the setting of disease, e.g., pulmonary arterial hypertension (PAH).
For instance, both clinical iron deficiency and acute infusion with the iron chelator deferoxamine
augment the pulmonary vasoconstrictive response to hypoxia [42—45]. Iron deficiency is also prevalent
in patients with PAH, in whom it is associated with reduced performance in the six-minute walk test
(6MWT), increased disease severity, and poor clinical outcome [46—48]. It is also associated with higher
pulmonary arterial pressure in other disease settings [49,50]. Rats made iron-deficient (and anaemic)
through dietary iron restriction also develop PAH [51]. The mechanistic links between iron deficiency
and PAH have remained unclear, due to the limitation posed by the existing experimental models,
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which do not discern the systemic effects of anaemia on tissue oxygenation and exercise capacity, from
the local effects of iron deficiency directly acting in the pulmonary vasculature. However, a direct
cause/effect relationship between vascular iron deficiency and PAH has recently been demonstrated in
mice [52]. It was shown that mice with a smooth muscle-specific knock-in of FPN C326Y develop PAH
as a consequence of intracellular iron deficiency in pulmonary arterial smooth muscle cells (PASMCs).
Iron deficiency directly exerted its effects on PASMCs by increasing the expression of the endogenous
vasoconstrictor endothelin-1 (ET-1) [52]. The roles of ET-1 in normal vascular responses to hypoxia and
in the aetiology of PAH have long been recognised. ET-1 is elevated in the lung and in the circulation of
PAH patients [53,54], and a number of trials have demonstrated the benefits of ET receptor antagonists
in this disease [55]. The ednl gene is also a known HIF-regulated gene. The regulation of edn1 by iron
represents another example of the interplay between oxygen and iron homeostasis, and suggests that
iron levels in the vascular bed may alter the magnitude of HIF-driven responses to hypoxia.

2.2. Targeting Iron Deficiency in Pulmonary Arterial Hypertension

Intravenous iron infusion has been shown to decrease the magnitude of the normal acute
hypoxic response in healthy individuals, attenuate the exaggerated hypoxic response in iron-deficient
individuals, and improve performance in the six-minute walk test (6MWT) in PAH patients [42-46,56,57].
The mechanisms underlying these effects are not entirely clear, but as with heart function, they likely
involve indirect effects via improved exercise capacity and tissue oxygenation, and direct effects on
iron-dependent pathways in the pulmonary vascular bed. The latter mechanism is supported by
the finding that intravenous iron replenishes intracellular iron levels in PASMCs in mice, decreasing
ET-1 release, and preventing and partially reversing the development of PAH [52]. The effects of
intracellular iron levels on ET-1 levels were further recapitulated in-vitro in human PASMCs, suggesting
a direct effect of iron on the expression of ednl, possibly involving blunting of the HIF pathway [52].
This “direct” mechanism is further supported by the finding that intravenous iron, administered
immediately before acute hypoxic exposure, blunts the magnitude of the rise in PAP, before any
changes in haemoglobin levels [43]. This is associated with an inhibition of the rise in serum ET-1 that
otherwise accompanies acute hypoxia exposure [52]. These data give rise to the notion that iron levels
in the pulmonary vasculature should be considered as a new target in the treatment of PAH. Existing
iron preparations in the clinic have been developed to correct anaemia, but it would be important to
explore whether such compounds can safely and efficiently replenish iron in the pulmonary vasculature
without causing iron toxicity in the long term.

An alternative approach to directly delivering iron to the vascular tissue would be to target the
molecular machinery of local cellular iron homeostasis. As with cardiomyocytes, IRPs appear to be
involved in intracellular iron homeostasis in PASMCs. Mice lacking IRP1 have been shown to develop
PAH through a mechanism involving the translational derepression of HIF-2« and subsequent increase
in its target gene ednl [58]. More recently, the cell-autonomous control of intracellular iron through
the autocrine action of the hepcidin/FPN axis was also demonstrated in PASMCs. The loss of such
regulation was sufficient to cause PAH [52]. This study also provided evidence that the deregulation of
this cell-autonomous pathway may be an aetiological factor in familial PAH. Indeed, PASMCs from
patients with mutations in bone morphogenetic protein receptor 2 (bmpr2), which cause heritable PAH,
were shown to have decreased hepcidin expression, increased FPN levels, reduced intracellular iron
levels, and increased levels of ET-1. All of these effects could be reversed in-vitro by treatment with
iron or exogenous hepcidin peptide [52]. These findings present an entirely novel mechanism through
which bmpr2 mutations may cause PAH. Therefore, targeting the hepcidin/FPN axis in PASMCs may
hold therapeutic potential in the treatment of PAH. This would require identification of druggable
differences between hepcidin derived from PASMC and hepatic hepcidin. One possibility is the
selective enhancement of BMPR2 signalling in PASMCs through the use of specific BMPR2 ligands,
which stimulate hepcidin in PASMCs without affecting hepatic hepcidin. Further studies are warranted
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to identify the mechanisms of hepcidin regulation downstream of BMPR2 in PASMCs. Strategies for
the treatment of iron deficiency in PAH are outlined in Figure 1.

3. Conclusions

Iron deficiency is a recognised co-morbidity in several cardiovascular diseases. In chronic heart
failure and pulmonary arterial hypertension, direct effects of iron deficiency within the cardiovascular
tissue have been demonstrated, highlighting local iron deficiency as a new therapeutic target in these
diseases. Some clinically used iron preparations appear to exert their benefits, in part, by the direct
replenishment of intracellular iron levels in the cardiovascular tissue. Recent insights into the molecular
machinery of cellular iron homeostasis in the heart and the pulmonary vasculature provide novel
therapeutic targets. These targets hold the potential to correct local iron deficiency in the cardiovascular
tissue without impinging on systemic iron control.
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Abstract: Bone homeostasis is a complex process, wherein osteoclasts resorb bone and osteoblasts
produce new bone tissue. For the maintenance of skeletal integrity, this sequence has to be tightly
regulated and orchestrated. Iron overload as well as iron deficiency disrupt the delicate balance
between bone destruction and production, via influencing osteoclast and osteoblast differentiation
as well as activity. Iron overload as well as iron deficiency are accompanied by weakened bones,
suggesting that balanced bone homeostasis requires optimal—not too low, not too high—iron levels.
The goal of this review is to summarize our current knowledge about how imbalanced iron influence
skeletal health. Better understanding of this complex process may help the development of novel
therapeutic approaches to deal with the pathologic effects of altered iron levels on bone.

Keywords: bone homeostasis; iron overload; iron deficiency; osteoclast; osteoblast; osteoporosis

1. Introduction

Bone is a metabolically active tissue that is continuously being remodeled, which enables growth
in childhood, as well as repair and adaptation of the skeleton in adults. During bone remodeling,
the adult skeleton is renewed approximately once every ten years. The two major cell types involved in
bone remodeling are the osteoclasts, with a function of resorption of bone tissue and osteoblasts, with a
role of new bone tissue formation. Osteoclasts originate from the monocyte/macrophage hematopoietic
lineage, whereas osteoblasts originate from multipotent mesenchymal stem cells. Differentiation and
activity of these two cell types must be tightly orchestrated in order to preserve skeletal health and
integrity throughout life.

Iron overload as well as iron deficiency are associated with weakened bones, suggesting that
balanced bone homeostasis requires optimal iron levels. Accumulating evidence suggests that both
high iron and low iron influence the differentiation and activity of osteoclast and osteoblasts in a way
that it promotes bone loss.

2. Bone Homeostasis

Bones are often stereotyped as simply a scaffold that holds the body together. But besides
supporting the body structurally, bones have many different functions [1]. For example, bones protect
our internal organs as well as the central nervous system from injury, and enable us to move.
Also, bones serve as a reservoir for phosphorus and calcium and they provide an environment
for hematopoiesis that occurs in the red bone marrow. Additionally, bones store energy in a form of
lipids in adipose cells present in the yellow marrow.

Despite the first impression, bone is a metabolically active tissue that is continuously being
remodeled, which is a process not only important for bone health and homeostasis of phosphorus
and calcium, but also because it allows for adaptation of the skeleton to meet changing mechanical
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needs [2]. In the cycle of bone remodeling, old bone tissue is digested by osteoclasts, and the new bone
tissue is made by osteoblasts in a tightly coordinated manner to assure similar rates of resorption and
formation thus sustaining skeletal integrity [2]. Bone remodeling is orchestrated by systemic regulators
including hormones (e.g., parathyroid-, growth-, and sex hormones), glucocorticoids, prostaglandins,
calcitriol, calcitonin, bone morphogenetic proteins (BMP), as well as local regulators including many
cytokines and growth factors [1].

2.1. Osteoclasts

Osteoclasts, the unique cells involved in bone resorption, originate from myeloid cells of the
monocyte/macrophage lineage. Osteoclastogenesis is a multistep process, in which first osteoclast
precursors differentiate into mononuclear pre-osteoclast, which then fuse into multinucleated mature
osteoclasts, on further differentiation [3]. Terminally differentiated osteoclasts are involved in the
resorption of bone tissue. They move on bone surfaces, seal the resorption bays, pump hydrogen ions
and secrete proteolytic enzymes into the resorption cavity, to dissolve the inorganic bone matrix and
degrade bone matrix proteins [4,5]. Mature osteoclasts are short-lived cells and undergo programmed
cell death within a few days following maturation.

Osteoclastogenesis is a tightly regulated process in which diverse cytokines, steroids and lipids
play pivotal roles [4,6]. Among them, both macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor kB ligand (RANKL) seem to be necessary to osteoclast differentiation.
This notion is sustained by the observations that the absence of a functional M-CSF in the op/op mouse
as well as RANKL deficiency are associated with a complete lack of mature osteoclasts resulting in
profound osteopetrosis [3,7-10]. The binding of RANKL to RANK triggers the recruitment of adaptor
molecules, such as tumor necrosis factor receptor-associated factor 6 (TRAF6) and eventually leads
to the activation of multiple downstream signal transduction pathways, including c-Jun N-terminal
kinase (JNK), p38, and extracellular signal-regulated kinase (ERK) pathways, nuclear factor-«B (NF-«B),
Src and Akt [11]. Importantly, RANKL/RANK signaling activates different transcription factors such
as NF-«B, microphthalmia transcription factor (MITF), c-Fos, and nuclear factor-activated T cells
cl (NFATc1) [11]. Among them, NFATc1 is considered to be the master transcription factor that
drives terminal differentiation of osteclasts via regulating numerous osteoclast-specific genes such as
tartrate-resistant acid phosphatase (TRAP), cathepsin K and calcitonin receptor [12,13].

Excessive osteoclastogenesis and bone resorption is prevented by osteoprotegerin (OPG) that
regulates RANK/RANKL signaling. OPG is a soluble decoy receptor that binds RANKL and thus
prevent its binding to RANK, therefore the RANKL-OPG ratio is an important regulator of bone mass
and skeletal integrity [8,14].

2.2. Osteoblasts

Osteoblasts, which are the unique bone forming cells, originate from multipotent mesenchymal
stem cells (MSCs). To accomplish their role, MSCs first need to migrate to the site of active bone
resorption, proliferate and differentiate into active osteoblasts. Migration of MSCs is regulated by
growth factors deposited within the bone matrix and liberated during bone resorption, such as
transforming growth factor beta 1 (TGF-f1), platelet derived growth factor (PDGF), BMP2 and
BMP4 [15,16]. Additionally, the activated osteoclast-derived chemokine sphingosine-1-phosphate also
plays a critical role in the recruitment of MSCs to the bone resorption cavity [17]. These mechanisms
ensure precise coupling of bone resorption and subsequent bone formation and therefore, contribute
to maintenance of skeletal integrity [16].

MSCs are able to change into various cell types including osteoblasts, chondrocytes and adipocytes.
The processes of commitment and differentiation of MSCs are driven by lineage-specific master
transcription factors. Osteogenic differentiation of MSCs is driven by runt-related transcription factor
2 (Runx2), the master osteogenic transcription factor. Importantly, Runx2 deficient mice die shortly
after birth because of impaired bone formation due to the absence of differentiated osteoblasts [18,19].
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Runx2 has a wide variety of targets that includes the key bone tissue specific proteins such as
osteopontin, osteocalcin (OCN), bone sialoprotein (BSP) and alkaline phosphatase (ALP) [20].

Runx?2 activation and subsequent osteogenic differentiation of MSCs is triggered by diverse
secreted differentiation factors, including TGF-31, fibroblast growth factor, and upstream signaling
pathways such as BMP, Wnt and hedgehog [21,22]. Additionally, recent evidence highlighted the key
role of reactive oxygen species (ROS) in osteogenesis as a common regulator of the diverse osteogenic
signaling pathways [23]. Results showed that rigorously balanced ROS levels are crucial in proper
osteogenic differentiation of MSCs [23].

3. Bone Homeostasis in Iron Overload

3.1. Iron Overload

Iron is a Janus face element, being both essential for life and dangerous, due to its
involvement in unfettered ROS production. Because of this, diverse proteins keep the uptake
(e.g., divalent metal transporter), the transfer (e.g., transferrin and serum ferritin), and the redistribution
(e.g., transferrin receptor, ferritin) of iron under strict control on both systemic and cellular levels [24].
Most of the body iron present in red blood cells associated with hemoglobin is in a form of heme,
therefore metabolism of heme via the action of heme oxygenase-1 (HO-1) is also an integral part of
systemic iron metabolism [25]. The second largest pool of iron is stored within ferritin is mostly in
hepatocytes and macrophages. When necessary, iron is liberated from ferritin via ferritinophagy and
efficiently recycled [26]. Systematic regulation of iron homeostasis relies on the interactions between
hepcidin and the iron exporter ferroportin, whereas cellular regulation of iron metabolism is carried out
through the actions of iron-regulatory proteins and iron-responsive elements in a post-transcriptional
way [27]. Determination of iron status relies on the measurement of serum indicators, mostly transferrin
saturation, soluble transferrin receptor and serum ferritin. Additionally, protoporphyrin content of
red blood cells also reflects iron status. Because of other influencing factors such as inflammation,
determination of iron status is often based on the combination of several indicators [28].

Genetic or acquired perturbations in iron metabolism can lead to excessive accumulation of iron
in the body. For example, hemochromatosis, characterized by increased dietary iron uptake and
subsequent tissue iron overload, is caused by mutations in diverse genes involved in iron metabolism.
In Caucasian population the most frequent type of hereditary hemochromatosis (HH) is due to a
mutation of the HFE gene (Cys282Tyr) [29,30]. Mutations of transferrin receptor-2 gene (TfR2) [31],
hemojuvelin gene (H]V) [32], hepcidin gene (HAMP) [33] and the ferroportin gene (SCL40A1) [34]
contribute to less frequent forms of hereditary hemochromatosis.

Red blood cell lysis is a common feature of inherited and acquired anemias such as thalassemias,
sickle cell disease and acquired refractory anemias. Massive intravascular hemolysis leads to the
release of large amounts of hemoglobin and subsequent deposition of iron and hemosiderosis in
diverse organs including heart, liver and kidney [35,36]. Allogeneic blood transfusion is frequently
used as the first therapeutic option for the treatment of inherited anemias which improves dramatically
the prognosis of these diseases, but repeated transfusions often cause secondary iron overload due to
the lack of active mechanisms to remove excess iron [24,37].

Hepcidin, the peptide hormone that regulates systemic iron metabolism is produced by the liver
therefore chronic liver diseases are frequently associated with iron overload. In line of this notion,
high iron levels are present in patients with nonalcoholic fatty liver disease, alcoholic liver disease as
well as hepatitis C viral infection [38].

Iron overload has been recognized as a potential hazard in postmenopausal women as well.
The New York University Women’s Health Study showed a more than two-fold increase in the mean
serum ferritin concentration in postmenopausal women as compared to premenopausal women [39].
Studies showed positive correlation between serum ferritin levels and age, menopausal status, body
mass index, cigarette smoking and non-white ethnicity [39,40]. Among dietary factors serum ferritin
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concentrations were associated positively with intake of meat, the use of multivitamins and alcohol
consumption [39,41]. Another study found that dietary habits characterized by low intake of eggs and
dairy products, high alcohol consumption, and increased intake of meat rich in heme iron is associated
with increased serum ferritin levels in postmenopausal women [42].

3.2. Bone Phenotype in Association with Iron Overload

Accumulating evidence suggest that iron overload conditions (HH, thalassemias, sickle cell
disease) are associated with bone weakening, which is represented as decreased bone mass,
osteoporosis osteopenia, altered bone microarchitecture and biomechanics, as well as frequent bone
fractures [43] (Figure 1A).

A
IRON METABOLISM BONE HOMEOSTASIS

IRON UPTAKE > IRON EXCRETION BONE RESORPTION > BONE FORMATION
IRON OVERLOAD BONE LOSS
IRON UPTAKE = IRON EXCRETION BONE RESORPTION = BONE FORMATION
IRON SUFFICIENCY BALANCED BONE HOMEOSTASIS
IRON UPTAKE < IRON EXCRETION BONE RESORPTION > BONE FORMATION
IRON DEFICIENCY BONE LOSS
B
M-CSF, RANKL Q0
@ —= _>7—> 00°
Iron Iron
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Increased bone
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C
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X
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Iron Iron
Mesenchymal YQEEULEL) Osteoprogenitor (QZELEED) Osteoblast
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Figure 1. Associations of iron metabolism and bone homeostasis. (A) Association between
iron metabolism and bone homeostasis. (B) The effect of iron overload on differentiation and
function of osteoclasts. Osteoclasts derive from myeloid cells of the monocyte/macrophage lineage.
Osteoclastogenesis is initiated by macrophage colony-stimulating factor (M-CSF). Bone-resorbing
multinuclear osteoclasts are formed from mononuclear osteoclast precursors via fusion. The process
is initiated by receptor activator of nuclear factor B ligand (RANKL). Iron excess triggers osteoclast
differentiation and activation and subsequent bone destruction. (C) Osteoblasts differentiate from
multipotent mesenchymal stem cells (MSCs). Iron attenuates osteogenic differentiation of MSCs
and function of mature osteoblasts. Weak bone phenotype observed in patients with systemic iron
overload is a consequence of increased bone resorption by osteoclasts and decreased bone formation
by osteoblasts.

There are several case reports and studies on small groups suggesting an association between HH
and osteoporosis [44—-47]. Based on these studies a positive correlation has been proposed between the
development of osteoporosis and the severity of iron overload [44—47]. The incidence of osteoporosis
in HH patients is about 25-34% and 40-80% of the patients suffer from osteopenia [46,48]. The largest
case-control study of the field, with the involvement of about 600 subjects (HH patients and controls),
confirmed the association between HH and increased prevalence of osteoporosis [49]. Osteoporosis
can lead to pathologic fractures which have been reported in HH patients [50,51]. These studies also
highlighted that the prevalence of fractures in HH patients is associated with the severity of iron
overload [50,51].
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Different mutations in the genes encoding the alpha and beta chains of hemoglobin (Hb) cause
hemoglobinopathies which are characterized by various degrees of anemia [52]. The most common
types of hemoglobinopathies are thalassemias and sickle cell disease (SCD). In case of severe or
persistent anemia, patients with hemoglobinopathies may receive blood transfusion therapy which
cause iron overload [52]. To avoid iron accumulation patients receive iron chelation therapy [53].
Unfortunately, regardless of iron chelation therapy, most patients with thalassemia suffer from iron
overload, which aggravates the development of end-organ damage associated with the disease.

Severe osteoporosis and pathologic fractures continued to be one of the most common
co-morbidity in patients with thalassemia [54-56]. Improvement of chelation therapy resulted that
the incidence of osteoporotic fractures decreased in thalassemia patients in recent decades [57-61].
On the other hand, due to efficient chelation regimen life expectancy of patients with thalassemia major
and intermedia increased which was unfortunately associated with increased prevalence of lifetime
fractures compared to control subjects [62]. Importantly, the risk of pathologic fractures correlates with
the severity of anemia and the regularity of blood transfusion in patients with thalassemia. Regardless
of optimal iron chelation, regimen bone mineral density (BMD) of thalassemia patients decreases
gradually by age, which leads to low BMD in more than half of the adult patients [62]. Besides bone
quantity, thalassemia has a detrimental effect on bone quality. In line with this notion, it was found that
trabecular bone score is decreased in thalassemia patients in comparison with healthy subjects [63].

Besides thalassemias, bone involvement is very frequent in SCD. More than 70% of adult
SCD patients have low BMD that can lead to osteoporetic fractures and vertebral collapse [64—69].
According to a recent study, low BMD in SCD is accompanied with a high rate of erythrocyte
lysis [70]. Iron status of SCD patients is not evident, iron overload as well as iron deficiency have been
described [71,72]. This controversy may be due to the huge individual differences in iron depositions
in patients with SCD and the abnormal distribution of iron that results in accumulation of iron in
diverse organs including the liver, spleen and the kidney, and concomitant iron deficiency in the bone
marrow [73]. Nevertheless, recently it has been shown that more than 70% of SCD patients with high
serum iron suffer from low BMD, suggesting a detrimental effect of high iron on bone homeostasis in
SCD [74].

Menopause is a complex process, characterized by hormonal alterations, such as a marked decline
of estrogen level. Interestingly, studies revealed a negative correlation between estrogen and serum
ferritin levels, and mounting evidence suggests that the 2-3-fold increase in iron/ferritin levels in
postmenopausal women influences their health [75-77]. About one-third of post-menopausal women
suffer from osteoporosis and subsequent osteoporotic fractures [78-80]. Recent studies addressed
whether increased iron stores effect bone health in women following menopause. They showed that
the rate of annual bone loss correlates to plasma ferritin levels highlighting that elevated total body
iron stores is an independent risk factor for enhanced bone loss in postmenopausal women [81,82].

Interestingly, a recent study revealed that the prevalence of low BMD is lower in elderly (>60 years)
people with high serum ferritin levels (<200 ng/mL). This finding warrants the need of further studies
to clarify the association between serum ferritin concentrations and BMD in different populations [83].

Animal models of iron overload provided further evidence regarding the harmful effect of iron
on bone health. Chronic administration of iron dextran to mice results in tissue iron overload in
different organs and osteoporosis [84]. Bone loss observed in this iron overload model was linked to
elevation of the production of ROS [84]. Inhibition of unfettered ROS formation partially prevented
bone loss in this model, emphasizing the key role of ROS in iron-overload associated bone loss [84].
Recently it has been shown that high iron stress induces rapid osteoporosis in zebrafish larvae and
adults [85]. Investigations carried out on hemochromatosis animal models (i.e., Hfe and hepcidin
deficient mice and hepcidin deficient zebrafish) also supported the detrimental effect of iron overload
on bone health [86-90]. Besides altered iron metabolism, abnormal distribution of heme seems to
influence skeletal health. In line of this notion, it was shown that the mice deficient of the cytoplasmic
heme exporter, feline leukemia virus, subgroup C, receptor 1 (FLVCR1), exhibit craniofacial and limb
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deformities [91,92]. Furthermore, several studies were performed to investigate the bone phenotype
in thalassemia and sickle cell disease mice. These studies revealed that thalassemia mice exhibit the
same weak bone phenotype as the thalassemia patients [93-95]. Similarly, sickle cell disease mice
are characterized by low BMD and harmful alterations in the microarchitecture and mechanics of
bones [96,97].

Additionally, chronic liver disease patients frequently suffer from osteoporosis [98,99].
The mechanism underlying chronic liver disease-associated osteoporosis is not entirely understood,
but studies suggested that low BMD is mainly due to decreased bone production in these patients.
Liver disease-associated osteoporosis seems to be multifactorial; retained substances such as bile acids
and bilirubin, elevated iron and pro-inflammatory cytokines are assumed to play a pathophysiological
role in low osteoblast activity [98,100].

Ovariectomy-induced menopause mice model was used to address whether elevation of body
iron stores play a pathophysiological role in postmenopausal osteoporosis [101]. These studies revealed
that excess iron does contribute to bone loss after menopause, through the generation of oxidative
stress [101,102].

4. Bone Homeostasis in Iron Deficiency

Iron deficiency is a common disease which affects almost 1.2 billion people worldwide [103].
The most frequent consequence of iron insufficiency is anemia, due to lack of iron for heme
biosynthesis. Besides its fundamental role in oxygen delivery, iron is involved in diverse enzymatic
systems throughout the body. Regarding bone physiology, iron is critically involved in 2 processes,
i.e., collagen production and metabolism of vitamin D and therefore iron deficiency is considered to
have a detrimental impact on bone homeostasis [104,105] (Figure 1A).

Bone tissue is rich in collagen type I, the synthesis of which involves hydroxylation of pro-collagen
on proline and lysine residues. The reactions of hydroxylation are catalyzed by prolyl-4-hydroxylase
and lysyl-hydroxylase, the enzymes of which require ferrous iron for their catalytic activities [106,107].

Active vitamin D plays an important role in bone homeostasis through regulating intestinal uptake
and tubular reabsorption of calcium and phosphate, the major inorganic components of bones [108].
Vitamin D activation is regulated by enzymes of the cytochrome P450 family which enzymes contain
heme as a prosthetic groups, therefore their activities are dependent on availability of iron [109].

The effect of iron deficiency on bone health was addressed in several animal studies [104].
These studies revealed that severe nutritional iron restriction causes unbalanced bone turnover,
leading eventually to bone weakening, characterized by low BMD and decreased bone mineral
content [110-112]. Besides iron, nutritional restriction of other trace elements such as copper and
selenium have been shown to compromise skeletal health [113].

On the other hand, we mostly lack information about the relevance of iron deficiency on bone
health in humans. In a small study with the involvement of about 100 young iron-deficient but
otherwise healthy women, the authors examined the relationship between bone metabolism and iron
status [114]. This study revealed that the aminoterminal telopeptide of collagen I, that is a biomarker
of bone resorption, negatively correlates to ferritin levels and concluded that iron deficiency is linked
to higher rate of bone resorption [114]. Pharmacological iron treatment reduced accelerated bone
remodeling in pre-menopausal women with iron-deficiency anemia [115].

5. Cellular Mechanisms Underlying Bone Loss in Iron-Overload

5.1. Iron Overload and Bone Resorption

Bone destruction is carried out by osteoclasts, the highly specialized cells originating from myeloid
cells of the monocyte/macrophage lineage. Mounting evidence show that excess iron facilitates
osteoclastogenesis and increases bone-resorbing activity of mature osteoclasts (Figure 1B).
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As it was previously discussed, the RANKL/OPG system is the central regulator of osteoclast
differentiation and activation [116]. It has been shown that iron promotes RANKL-induced osteoclast
differentiation of RAW264.7 cells, as well as bone marrow-derived macrophages [117]. Differentiation
of osteoclasts is associated with remarkable changes of cellular iron homeostasis promoting iron
uptake, utilization and reduced iron excretion. In line of this notion, it has been shown that expressions
of divalent metal transporter 1 (DMT1) and transferrin receptor 1 (Tfrl) are responsible for cellular
uptake of non-transferrin bound (NTB) and that transferrin-bound iron respectively are increased,
together with Steap4, an endosomal ferrireductase, that plays a key role in cellular iron utilization,
while the expression of ferroportin (FPN), the only known iron exporter, is downregulated at the initial
stages of osteoclast differentiation [118-122]. Additionally, a recent study showed that deletion of FPN
in myeloid cells in mice triggers accumulation of iron and stimulates osteoclastogenic differentiation
in vitro as well as in vivo [123]. Deficiency of the heme degrading enzyme HO-1 paradoxically results
in accumulation of non heme iron in diverse cells in both humans and mice [124,125]. Interestingly,
it has been shown that HO-1 upregulation by heme inhibits osteoclastogenesis leading to decreased
bone resorption [126]. Further investigation of this phenomenon revealed that HO-1 is involved in the
early stage of osteoclast differentiation induced by RANKL [127].

Osteoclasts are considered high energy demand cells as they actively pump out protons to the
absorption cavity to dissolve hydroxyapatite mineral, secrete proteolytic enzymes to degrade collagen,
meanwhile they need to maintain their motility [119,128,129]. This high energy demand of osteoclasts
requires much mitochondria [119,128,129]. Mitochondrial biogenesis is a process highly dependent on
the availability of iron, which could explain the high iron demand, and metabolic adaptation towards
increased iron uptake and reduced iron excretion of differentiating osteoclasts [119].

Iron participates in ROS generation, and some studies revealed that iron-induced accelerated
Production of ROS plays a central role in iron-mediated promotion of osteoclastogenesis [101,121].
A recent study showed that iron stimulates osteoclastogenesis of bone marrow-derived macrophages
in a mechanism dependent on ROS production and the activation of NF-«B signaling pathway [130].
Suppression of NF-«B signaling attenuates osteoclast differentiation [130].

Growing evidence suggests that iron not only affects osteoclastogenesis, but influences mature
osteoclast activity and bone resorption too. Mature osteoclasts highly express TRAP, an enzyme
that catalyzes the dephosphorylation of bone matrix proteins including bone sialoprotein and
osteopontin [131]. Inhibition of TRAP activity in osteoclasts abolishes bone resorption and TRAP
deficient mice have a mild osteopetrotic phenotype characterized by increased amount of bone tissue
and elevated mineral density [132,133]. TRAP is an iron-containing enzyme, the activity of which is
dependent on ferric iron [134,135]. Expression of TRAP is regulated by iron through an iron regulatory
element located at the TRAP 5’-flanking region [136].

Several in vivo studies concluded that bone-loss observed in iron-overload conditions is due to
accelerated bone destruction rather than decreased bone formation. Different mice models of iron
overload revealed that the osteoporotic phenotype is accompanied by elevation of osteoclast number
in the bone tissue [84,88]. Furthermore, the level of C-telopeptide of type-I collagen, a serum marker of
bone resorption was found to be elevated in hepcidin deficient mice, suggesting that elevated activity
of osteoclasts induces bone-loss in association with iron-overload [87].

5.2. Iron Overload and Bone Formation

Osteoblasts derive from multipotent mesenchymal stem cells (MSCs), under the control of
the master osteogenic transcription factor Runx2. Recently it has been shown that excess iron
inhibits osteogenic differentiation of MSCs through the downregulation of Runx2 [137] (Figure 1C).
The inhibitory effect of iron was dependent on the upregulation of ferritin, the key intracellular iron
storage protein [137]. Some other studies reported that superparamagnetic iron oxide nanoparticles also
impair osteogenesis of human MSCs, the effect of which is reversed by the iron chelator desferrioxamine
(DFO) [138,139]. Iron loaded fetal rat calvaria cells lose the capacity to form mineralized bone nodules
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and show decreased expressions of osteoblast phenotypic markers, suggesting that iron not only
attenuates osteogenic differentiation of MSCs, but disturbs mineralization of the extracellular matrix
of osteoblasts [140].

This phenomenon was further investigated and early studies showed that excess iron attenuates
proliferation as well as function of osteosarcoma cells [141]. Osteoblasts respond to iron overload
by fast and persistent down-regulation of transferrin receptor and up-regulation of ferritin light and
heavy chains (FtL and FtH) [140]. Parallel with these responses, suppression of osteoblast phenotype
gene markers occurs, eventually leading to a reduction in the number of mineralized nodules [140].
Recently it has been shown that excess iron downregulates the expression of Runx2 and its downstream
targets OCN and ALP in human osteoblasts, leading eventually to attenuation of extracellular matrix
mineralization in osteoblasts [142]. Increased expression of ferritin, and in particular, ferroxidase
activity of the FtH subunit, seems to play a critical role in the iron-mediated suppression of osteoblast
activity and the diminished extracellular matrix mineralization [142,143]. Further studies revealed
that excess iron inhibits extracellular matrix mineralization of BMP2-induced osteoblasts through a
mechanism dependent on HedgeHog signaling [144,145]. Additionally high iron inhibits extracellular
matrix mineralization triggered by a mixture of activated vitamin D3 and 3-glycerophosphate via the
upregulation of FtH [146].

In vivo studies revealed that decreased bone formation contributes to bone-loss in iron-overload
conditions such as in th3 thalassemia mice and hemizygous (3-globin knockout mice [93,95].
Additionally, Hfe deficiency is found to be associated with decreased numbers of active osteoblasts [89].
Decreased mRNA levels of osteoblast-specific proteins such as ALP, Runx2, osterix and OCN were
detected in the tibia of Townes transgenic sickle mice [97]. Hepcidin deficiency was associated with
decreased osteoblast activity characterized by low serum OCN level in mice and reduced mRNA levels
of Runx2 and osterix in zebrafish [90]. A recent study revealed that iron treatment induces a reduction
in Runx2 mRNA level in compact-bone resident osteoprogenitor cells in mice, suggesting that iron
negatively influences osteogenic commitment and differentiation, in vivo [137].

6. Effect of Iron Deficiency on Osteoclast and Osteoblast Differentiation and Function

As discussed before, iron overload undoubtedly increases osteoclast differentiation and activity,
while inhibiting osteoblast differentiation and function. The effect of iron deficiency on these cells has
not been fully addressed and remained somehow controversial.

6.1. Iron Deficiency and Bone Resorption

Several studies suggested that iron deficiency decreases differentiation as well as activity of
osteoclasts, which eventually leads to improvement of bone density. In line of this notion, it has
been shown that lactoferrin, an endogenous iron-binding glycoprotein inhibits osteoclastogenic
differentiation of monocytes, reduces the expression of RANKL, and improves bone density via
decreasing RANKL/OPG ratio [147,148]. Further in vitro studies showed that the iron chelators
clinoquinol and deferoxamine (DFO) inhibit osteoclast differentiation, as demonstrated by the
attenuation of osteoclasts formation and suppression of osteoclast specific genes expression [149,150].
A recent in vivo study investigated the effect of iron chelators on the remodeling of bioceramic bone
graft. The study revealed that local administration of iron chelators reduced graft resorption in
correlation with a marked decrease in the number of osteoclasts at the interface of bone and the
graft [151].

Ferric ion is needed for the activity of TRAP, therefore TRAP activity and osteoclast function is
inhibited by a ferric chelator [134,135].

On the other hand, hypoxia response also contributes to the overall effect of iron chelation on
osteoclast activity and bone resorption. Hypoxia response is regulated by the hypoxia inducible factor
(HIF), a heterodimer transcription factor composed by an inducible alpha subunit (HIF-1x) and a
constitutively expressed beta subunit (HIF-f). Under normoxic condition, HIF-1« is hydroxylated by
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prolyl-4-hydroxylase enzymes (PHDs) and degraded in proteosome. Reduced PHD enzyme activity
leads to HIF-1x accumulation, nuclear translocation, dimerization with HIF-f3, and binding to the
hypoxia-response element of genes under the transcriptional control of HIF [152]. Catalytic activities
of the PHDs require iron, and therefore, iron chelators inhibit hydroxylation of HIF-1cc and activate
HIF signaling [153]. It has been shown that HIF activation enhances bone resorption activity
of osteoclasts [154-156]. This mechanism might contribute to bone loss associated with chronic
iron-deficiency [104].

6.2. Iron Deficiency and Bone Formation

Although the negative influence of excess iron on bone formation is quite clear, we have conflicting
observations about how iron deficiency affects this process. Some studies describe a negative
effect of bone restriction on osteoblast function and bone formation in rats [157,158]. Other studies
found that iron chelation promotes osteogenic differentiation and osteoblast activity [142,159,160].
This discrepancy might be due to the different chelation procedures used in the different studies.
A recent detailed study revealed that the effect of low iron is biphasic; mild low iron increases
osteoblast activity, whereas very low levels of iron inhibits osteoblast activity [161]. Iron deficiency is
often associated with anemia. The effect of this condition on bone homeostasis was investigated in a
zebrafish model. Iron deficiency anemia was associated with defects in bone formation, assessed by
reduced number of calcified vertebrae and decreased expression of osteoblast specific genes [162].

7. Targeting Iron as a Therapeutic Approach to Treat Bone Loss in Association with Iron Ovreload

Because of the close association between iron overload and osteoporosis, different therapeutic
approaches to decrease iron level may have clinical potential for the prevention and/or treatment of
iron overload-associated osteoporosis. In clinical practice, systemic iron overload is treated with iron
chelators such as DFO, deferiprone, and deferasirox [163-165]. The effect of the iron chelation therapy
on bone health was addressed in several studies performed with the involvement of iron-overload
patients. Well-designed chelation therapy has been proved to prevent the occurrence of osteopenia
and/or osteoporosis in the first twenty years in in thalassemia patients [166]. Deferasirox therapy
prevented bone loss and decreased the prevalence of lumbar spine osteoporosis in adult 3-thalassemia
major patients [167]. In a recent study, the efficiency of the different iron chelators were compared in the
prevention of bone disease in (3-thalassemia major patients [168]. The authors found that deferasirox
significantly increased the mean BMD T-score and decreased the occurrence of osteoporosis, but DFO
or deferiprone alone or in combination, had no beneficial effects on the bones [168]. Despite the
fact that these studies suggested that properly designed iron chelation therapy is able to prevent
iron overload-associated bone abnormalities, bone disease remained an unsolved and caused quite
frequent complication in patients with iron overload [169]. This warrants further studies to optimize
the chelation regimen for different iron-overload conditions, and the search for alternative therapeutic
strategies for lowering iron. Hepcidin, the master regulator of iron homeostasis seems to be a promising
target in the treatment of iron overload-associated bone loss [170].

8. Concluding Remarks

There is an evident detrimental effect of iron excess or bone homeostasis which can manifest itself
in different ways, including low BMD, osteoporosis or osteopenia as well as altered microarchitecture
and biomechanics. These conditions increase the incidence of pathologic fractures in patients suffering
from diverse types of iron overload. The effect of iron deficiency on bone health is less clear, but some
studies suggest that this condition is also associated with weakened bones, highlighting that balanced
bone homeostasis requires optimal—not too low, not too high—iron levels.

Bone homeostasis involves bone destruction driven by osteoclasts, and bone formation by
osteoblasts, the processes of which are interconnected and tightly regulated, assuring the maintenance
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of skeletal health. Differentiation as well as cellular activity of both osteoclasts and osteoblasts is
influenced by excess iron resulting to a net effect on bone loss.

Osteocytes, the third cell type in bone tissue have an emerging role in bone homeostasis and
remodeling, but we lack complete information about whether iron excess or deficiency influences
their activity and function [171]. Additionally, further studies are needed to identify the signaling
mechanisms underneath the effect of iron excess and deficiency on the differentiation and function of
osteoclasts and osteoblasts.

Iron lowering therapeutic interventions could prevent or improve iron overload-associated bone
abnormalities. We need further studies to reveal that keeping serum iron concentration in the target
zone with the use of iron chelators can normalize bone homeostasis in patients with different forms of
iron overload. Additionally, trials are needed to investigate the efficiency of iron chelation therapy in
the treatment of postmenopausal osteoporosis.

Author Contributions: Conceptualization, V.J.; Writing, Original Draft Preparation, E.B. and V.J.; Writing, Review
and Editing, G.P. and V.J.; Supervision, V.J.; Funding Acquisition, G.P. and VJ].

Funding: This research was funded by the National Research, Development and Innovation Office
(NKFIH) grant number K116024 and by the European Union and the European Social Fund, grant number
GINOP-2.3.2-15-2016-00005.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Florencio-Silva, R.; da Silva Sasso, G.R.; Sasso-Cerri, E.; Simées, M.].; Cerri, P.S. Biology of Bone Tissue:
Structure, Function, and Factors That Influence Bone Cells. Biomed. Res. Int. 2015, 421746. [CrossRef]
[PubMed]

2. Hadjidakis, D.J.; Androulakis, I.I. Bone remodeling. Ann. N. Y. Acad. Sci. 2006, 1092, 385-396. [CrossRef]
[PubMed]

3. Soltanoff, C.S.; Chen, W.; Yang, S.; Li, Y.P. Signaling Networks that Control the Lineage Commitment and
Differentiation of Bone Cells. Crit. Rev. Eukaryot. Gene Expr. 2009, 19, 1-46. [CrossRef] [PubMed]

4.  Teitelbaum, S.L.; Ross, EP. Genetic regulation of osteoclast development and function. Nat. Rev. Genet. 2003,
4, 638-649. [CrossRef] [PubMed]

5. Ikeda, K.; Takeshita, S. The role of osteoclast differentiation and function in skeletal homeostasis. J. Biochem.
2016, 159, 1-8. [CrossRef] [PubMed]

6.  Amarasekara, D.S.; Yun, H.; Kim, S.; Lee, N.; Kim, H.; Rho, J. Regulation of Osteoclast Differentiation by
Cytokine Networks. Immune Netw. 2018, 18, e8. [CrossRef] [PubMed]

7. Kodama, H.; Yamasaki, A.; Nose, M.; Niida, S.; Ohgame, Y.; Abe, M.; Kumegawa, M.; Suda, T. Congenital
osteoclast deficiency in osteopetrotic (op/op) mice is cured by injections of macrophage colony-stimulating
factor. J. Exp. Med. 1991, 173, 269-272. [CrossRef] [PubMed]

8.  Yasuda, H.; Shima, N.; Nakagawa, N.; Yamaguchi, K.; Kinosaki, M.; Mochizuki, S.; Tomoyasu, A.;
Yano, K.; Goto, M.; Murakami, A.; et al. Osteoclast differentiation factor is a ligand for osteoprotegerin
osteoclastogenesis-inhibitory factor and is identical to TRANCE/RANKL. Proc. Natl. Acad. Sci. USA 1998,
95, 3597-3602. [CrossRef] [PubMed]

9. Takahashi, N.; Udagawa, N.; Suda, T. A new member of tumor necrosis factor ligand family,
ODEF/OPGL/TRANCE/RANKL, regulates osteoclast differentiation and function. Biochem. Biophys. Res.
Commun. 1999, 256, 449-455. [CrossRef] [PubMed]

10. Kong, Y.Y,; Yoshida, H.; Sarosi, I.; Tan, H.L.; Timms, E.; Capparelli, C.; Morony, S.; Oliveira-dos-Santos, A.J.;
Van, G.; Itie, A.; et al. OPGL is a key regulator of osteoclastogenesis, lymphocyte development and
lymph-node organogenesis. Nature 1999, 397, 315-323. [CrossRef] [PubMed]

11. Takayanagi, H. Osteoimmunology: Shared mechanisms and crosstalk between the immune and bone
systems. Nat. Rev. Immunol. 2007, 7, 292-304. [CrossRef] [PubMed]

12. Takayanagi, H.; Kim, S.; Koga, T.; Nishina, H.; Isshiki, M.; Yoshida, H.; Saiura, A.; Isobe, M.; Yokochi, T.;
Inoue, J.; et al. Induction and activation of the transcription factor NFATc1 (NFAT?2) integrate RANKL
signaling in terminal differentiation of osteoclasts. Dev. Cell 2002, 3, 889-901. [CrossRef]

281



Pharmaceuticals 2018, 11, 107

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kim, J.H.; Kim, N. Regulation of NFATc1 in Osteoclast Differentiation. J. Bone Metab. 2014, 21, 233-241.
[CrossRef] [PubMed]

Boyce, B.F.; Xing, L. Biology of RANK, RANKL, and osteoprotegerin. Arthritis Res. Ther. 2007, 9, S1.
[CrossRef] [PubMed]

Fiedler, J.; Roderer, G.; Giinther, K.P.; Brenner, R.E. BMP-2, BMP-4, and PDGF-bb stimulate chemotactic
migration of primary human mesenchymal progenitor cells. . Cell Biochem. 2002, 87, 305-312. [CrossRef]
[PubMed]

Tang, Y.; Wu, X.; Lei, W,; Pang, L.; Wan, C.; Shi, Z.; Zhao, L.; Nagy, T.R.; Peng, X.; Hu, J.; et al.
TGF-betal-induced migration of bone mesenchymal stem cells couples bone resorption with formation.
Nat. Med. 2009, 15, 757-765. [CrossRef] [PubMed]

Pederson, L.; Ruan, M.; Westendorf, J.J.; Khosla, S.; Oursler, M.]. Regulation of bone formation by osteoclasts
involves Wnt/BMP signaling and the chemokine sphingosine-1-phosphate. Proc. Natl. Acad. Sci. USA 2008,
105, 20764-20769. [CrossRef] [PubMed]

Otto, F; Thornell, A.P; Crompton, T.; Denzel, A.; Gilmour, K.C.; Rosewell, LR.; Stamp, G.W.H,;
Beddington, R.S.P.; Mundlos, S.; Olsen, B.R.; et al. Cbfal, a candidate gene for cleidocranial dysplasia
syndrome, is essential for osteoblast differentiation and bone development. Cell 1997, 89, 765-771. [CrossRef]
Komori, T.; Yagi, H.; Nomura, S.; Yamaguchi, A.; Sasaki, K.; Deguchi, K.; Shimizu, Y.; Bronson, R.T.;
Gao, Y.H.; Inada, M.; et al. Targeted disruption of Cbfal results in a complete lack of bone formation owing
to maturational arrest of osteoblasts. Cell 1997, 89, 755-764. [CrossRef]

Ducy, P; Zhang, R.; Geoffroy, V.; Ridall, A.L.; Karsenty, G. Osf2/Cbfal: A transcriptional activator of
osteoblast differentiation. Cell 1997, 89, 747-754. [CrossRef]

Hayrapetyan, A.; Jansen, J.A.; van den Beucken, ].J. Signaling pathways involved in osteogenesis and their
application for bone regenerative medicine. Tissue Eng. Part B Rev. 2015, 21, 75-87. [CrossRef] [PubMed]
Franceschi, R.T.; Xiao, G.; Jiang, D.; Gopalakrishnan, R.; Yang, S.; Reith, E. Multiple signaling pathways
converge on the Cbfal/Runx2 transcription factor to regulate osteoblast differentiation. Connect. Tissue Res.
2003, 44, 109-116. [CrossRef] [PubMed]

Atashi, F.; Modarressi, A.; Pepper, M.S. The role of reactive oxygen species in mesenchymal stem cell
adipogenic and osteogenic differentiation: A review. Stem Cells Dev. 2015, 24, 1150-1163. [CrossRef]
[PubMed]

Muckenthaler, M.U.; Rivella, S.; Hentze, M.W.; Galy, B. A Red Carpet for Iron Metabolism. Cell 2017, 168,
344-361. [CrossRef] [PubMed]

Vijayan, V.; Wagener, F.; Immenschuh, S. The macrophage heme-heme oxygenase-1 system and its role in
inflammation. Biochem. Pharmacol. 2018, 153, 159-167. [CrossRef] [PubMed]

Mancias, ].D.; Wang, X.; Gygi, S.P.; Harper, ] W.; Kimmelman, A.C. Quantitative proteomics identifies
NCOAA4 as the cargo receptor mediating ferritinophagy. Nature 2014, 509, 105-109. [CrossRef] [PubMed]
Hentze, M.W.; Muckenthaler, M.U.; Galy, B.; Camaschella, C. Two to Tango: Regulation of Mammalian Iron
Metabolism. Cell 2010, 142, 24-38. [CrossRef] [PubMed]

Pfeiffer, C.M.; Looker, A.C. Laboratory methodologies for indicators of iron status: Strengths, limitations,
and analytical challenges. Am. . Clin. Nutr. 2017, 106, 16065-1614S. [CrossRef] [PubMed]

McLaren, G.D.; Gordeuk, V.R. Hereditary hemochromatosis: Insights from the Hemochromatosis and Iron
Overload Screening (HEIRS) Study. Hematol. Am. Soc. Hematol. 2009, 2009, 195-206. [CrossRef] [PubMed]
Feder, ].N.; Gnirke, A.; Thomas, W.; Tsuchihashi, Z.; Ruddy, D.A.; Basava, A.; Dormishian, F; Domingo, R., Jr.;
Ellis, M.C.; Fullan, A; et al. A novel MHC class I-like gene is mutated in patients with hereditary
haemochromatosis. Nat. Genet. 1996, 13, 399-408. [CrossRef] [PubMed]

Camaschella, C.; Roetto, A.; Cali, A.; De Gobbi, M.; Garozzo, G.; Carella, M.; Majorano, N.; Totaro, A.;
Gasparini, P. The gene TFR2 is mutated in a new type of haemochromatosis mapping to 7q22. Nat. Genet.
2000, 25, 14-15. [CrossRef] [PubMed]

Papanikolaou, G.; Samuels, M.E.; Ludwig, E.H.; MacDonald, M.L.E.; Franchini, P.L.; Dubé, M.P.; Andres, L.;
MacFarlane, J.; Sakellaropoulos, N.; Politou, M.; et al. Mutations in HFE2 cause iron overload in chromosome
1g-linked juvenile hemochromatosis. Nat. Genet. 2004, 36, 77-82. [CrossRef] [PubMed]

Roetto, A.; Papanikolaou, G.; Politou, M.; Alberti, F; Girelli, D.; Christakis, J.; Loukopoulos, D.;
Camaschella, C. Mutant antimicrobial peptide hepcidin is associated with severe juvenile hemochromatosis.
Nat. Genet. 2003, 33, 21-22. [CrossRef] [PubMed]

282



Pharmaceuticals 2018, 11, 107

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pietrangelo, A. The ferroportin disease. Blood Cells Mol. Dis. 2004, 32, 131-138. [CrossRef] [PubMed]
ElAlfy, M.S.; Elsherif, N.HK.; Ebeid, ES.E.; Ismail, E.A.R.; Ahmed, K.A.; Darwish, Y.W.; Ibrahim, A.S.;
Elghamry, LR.E; Shokrey, N.A.; Alajeil, D.N. Renal iron deposition by magnetic resonance imaging in
pediatric beta-thalassemia major patients: Relation to renal biomarkers, total body iron and chelation therapy.
Eur. ]. Radiol. 2018, 103, 65-70. [CrossRef] [PubMed]

Ebert, E.C.; Nagar, M.; Hagspiel, K.D. Gastrointestinal and hepatic complications of sickle cell disease.
Clin. Gastroenterol. Hepatol. 2010, 8, 483-489. [CrossRef] [PubMed]

Allali, S.; de Montalembert, M.; Brousse, V.; Chalumeau, M.; Karim, Z. Management of iron overload in
hemoglobinopathies. Transfus. Clin. Biol. 2017, 24, 223-226. [CrossRef] [PubMed]

Milic, S.; Mikolasevic, L; Orlic, L.; Devcic, E.; Starcevic-Cizmarevic, N.; Stimac, D.; Kapovic, M.; Ristic, S.
The Role of Iron and Iron Overload in Chronic Liver Disease. Med. Sci. Monit. 2016, 22, 2144-2151. [CrossRef]
[PubMed]

Kato, I.; Dnistrian, A.; Schwartz, M.; Toniolo, P.; Koenig, K.; Shore, R.; Zeleniuch-Jacquotte, A.;
Akhmedkhanov, A.; Riboli, E. Risk of iron overload among middle-aged women. Int. |. Vitam. Nutr. Res.
2000, 70, 119-125. [CrossRef]

Cade, J.E.; Moreton, J.A.; O’'Hara, B.; Greenwood, D.C.; Moor, J.; Burley, V.J.; Kukalizch, K.; Bishop, D.T.;
Worwood, M. Diet and genetic factors associated with iron status in middle-aged women. Am. |. Clin. Nutr.
2005, 82, 813-820. [CrossRef]

Liu, J.M.; Hankinson, S.E.; Stampfer, M.].; Rifai, N.; Willett, W.C.; Ma, J. Body iron stores and their
determinants in healthy postmenopausal US women. Am. |. Clin. Nutr. 2003, 78, 1160-1167. [CrossRef]
[PubMed]

Milman, N.; Byg, K.E.; Ovesen, L.; Kirchhoff, M.; Jiirgensen, K.S.L. Iron status in Danish women, 1984-1994:
A cohort comparison of changes in iron stores and the prevalence of iron deficiency and iron overload.
Eur. J. Haematol. 2003, 71, 51-61. [CrossRef] [PubMed]

Jeney, V. Clinical Impact and Cellular Mechanisms of Iron Overload-Associated Bone Loss. Front. Pharmacol.
2017, 8, 77. [CrossRef] [PubMed]

Diamond, T; Stiel, D.; Posen, S. Osteoporosis in hemochromatosis: Iron excess, gonadal deficiency, or other
factors? Ann. Intern. Med. 1989, 110, 430-436. [CrossRef] [PubMed]

Sinigaglia, L.; Fargion, S.; Fracanzani, A.L.; Binelli, L.; Battafarano, N.; Varenna, M.; Piperno, A_; Fiorelli, G.
Bone and joint involvement in genetic hemochromatosis: Role of cirrhosis and iron overload. J. Rheumatol.
1997, 24, 1809-1813. [PubMed]

Guggenbuhl, P; Deugnier, Y.; Boisdet, J.E; Rolland, Y.; Perdriger, A.; Pawlotsky, Y.; Chalés, G. Bone mineral
density in men with genetic hemochromatosis and HFE gene mutation. Osteoporos. Int. 2005, 16, 1809-1814.
[CrossRef] [PubMed]

Angelopoulos, N.G.; Goula, AK. Papanikolaou, G.; Tolis, G. Osteoporosis in HFE2 juvenile
hemochromatosis. A case report and review of the literature. Osteoporos. Int. 2006, 17, 150-155. [CrossRef]
[PubMed]

Valenti, L.; Varenna, M.; Fracanzani, A.L.; Rossi, V.; Fargion, S.; Sinigaglia, L. Association between iron
overload and osteoporosis in patients with hereditary hemochromatosis. Osteoporos. Int. 2009, 20, 549-555.
[CrossRef] [PubMed]

Richette, P; Ottaviani, S.; Vicaut, E.; Bardin, T. Musculoskeletal complications of hereditary hemochromatosis:
A case-control study. J. Rheumatol. 2010, 37, 2145-2150. [CrossRef] [PubMed]

Eyres, K.S.; McCloskey, E.V.; Fern, E.D.; Rogers, S.; Beneton, M.; Aaron, J.E.; Kanis, J.A. Osteoporotic fractures:
An unusual presentation of haemochromatosis. Bone 1992, 13, 431-433. [CrossRef]

Duquenne, M.; Rohmer, V.; Legrand, E.; Chappard, D.; Barbot, N.W.; Basle, M.E; Audran, M.; Bigorgne, J.C.
Spontaneous multiple vertebral fractures revealed primary haemochromatosis. Osteoporos. Int. 1996, 6,
338-340. [CrossRef] [PubMed]

Weatherall, D.J. The thalassaemias. Br. Med. J. 1997, 314, 1675-1678. [CrossRef]

Bayanzay, K.; Alzoebie, L. Reducing the iron burden and improving survival in transfusion-dependent
thalassemia patients: Current perspectives. J. Blood Med. 2016, 7, 159-169. [CrossRef] [PubMed]

Dede, A.D.; Trovas, G.; Chronopoulos, E.; Triantafyllopoulos, .K.; Dontas, I.; Papaioannou, N.; Tournis, S.
Thalassemia-associated osteoporosis: A systematic review on treatment and brief overview of the disease.
Osteoporos. Int. 2016, 27, 3409-3425. [CrossRef] [PubMed]

283



Pharmaceuticals 2018, 11, 107

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Gaudio, A.; Morabito, N.; Catalano, A.; Rapisarda, R.; Xourafa, A.; Lasco, A. Pathogenesis of Thalassemia
Major-Associated Osteoporosis: Review of the Literature and Our Experience. ]. Clin. Res. Pediatr. Endocrinol.
2018. [CrossRef] [PubMed]

De Sanctis, V.; Soliman, A.T.; Elsefdy, H.; Soliman, N.; Bedair, E.; Fiscina, B.; Kattamis, C. Bone disease in beta
thalassemia patients: Past, present and future perspectives. Metabolism 2018, 80, 66-79. [CrossRef] [PubMed]
Exarchou, E.; Politou, C.; Vretou, E.; Pasparakis, D.; Madessis, G.; Caramerou, A. Fractures and epiphyseal
deformities in beta-thalassemia. Clin. Orthop. Relat. Res. 1984, 189, 229-233. [CrossRef]

Finsterbush, A.; Farber, I.; Mogle, P.; Goldfarb, A. Fracture patterns in thalassemia. Clin. Orthop. Relat. Res.
1985, 192, 132-136. [CrossRef]

Dines, D.M.; Canale, V.C.; Arnold, W.D. Fractures in thalassemia. J. Bone Joint Surg. Am. 1976, 58, 662—-666.
[CrossRef] [PubMed]

Fung, E.B.; Harmatz, P.R.; Milet, M.; Coates, T.D.; Thompson, A.A.; Ranalli, M.; Mignaca, R.; Scher, C.;
Giardina, P.; Robertson, S.; et al. Fracture prevalence and relationship to endocrinopathy in iron overloaded
patients with sickle cell disease and thalassemia. Bone 2008, 43, 162-168. [CrossRef] [PubMed]

Ruggiero, L.; De Sanctis, V. Multicentre study on prevalence of fractures in transfusion-dependent
thalassaemic patients. J. Pediatr. Endocrinol. Metab. 1998, 11, 773-778. [PubMed]

Vogiatzi, M.G.; Macklin, E.A.; Fung, E.B.; Vichinsky, E.; Olivieri, N.; Kwiatkowski, J.; Cohen, A.; Neufeld, E.;
Giardina, PJ. Prevalence of fractures among the Thalassemia syndromes in North. America. Bone 2006, 38,
571-575. [CrossRef] [PubMed]

Baldini, M.; Ulivieri, EM.; Forti, S.; Serafino, S.; Seghezzi, S.; Marcon, A.; Giarda, F.; Messina, C.; Cassinerio, E.;
Aubry-Rozier, B.; et al. Spine bone texture assessed by trabecular bone score (TBS) to evaluate bone health in
thalassemia major. Calcif. Tissue Int. 2014, 95, 540-546. [CrossRef] [PubMed]

Miller, R.G.; Segal, J.B.; Ashar, B.H.; Leung, S.; Ahmed, S.; Siddique, S.; Rice, T.; Lanzkron, S. High prevalence
and correlates of low bone mineral density in young adults with sickle cell disease. Am. . Hematol. 2006, 81,
236-241. [CrossRef] [PubMed]

Sadat-Ali, M.; Al-Elq, A.H.; Sultan, O.; Al-Turki, H.; Bukhari, R.; Al-Mulhim, E. Low bone mass due to sickle
cell anemia: Is it becoming a real issue? West Afr. ]. Med. 2008, 27, 218-223. [PubMed]

Sadat-Ali, M.; Al Elq, A.H. Sickle cell anaemia: Is it a cause for secondary osteoporosis? West Afr. |. Med.
2007, 26, 134-137. [PubMed]

Sarrai, M.; Duroseau, H.; D’Augustine, J.; Moktan, S.; Bellevue, R.; et al. Bone mass density in adults with
sickle cell disease. Br. ]. Haematol. 2007, 136, 666-672. [CrossRef] [PubMed]

Almeida, A.; Roberts, I. Bone involvement in sickle cell disease. Br. ]. Haematol. 2005, 129, 482—490. [CrossRef]
[PubMed]

Osunkwo, I. An update on the recent literature on sickle cell bone disease. Curr. Opin. Endocrinol.
Diabetes Obes. 2013, 20, 539-546. [CrossRef] [PubMed]

Baldanzi, G.; Traina, F.; Marques Neto, J.E; Santos, A.O.; Ramos, C.D.; Saad, S.T.; et al. Low bone mass
density is associated with hemolysis in Brazilian patients with sickle cell disease. Clinics 2011, 66, 801-805.
[CrossRef] [PubMed]

Koren, A.; Fink, D.; Admoni, O.; Tennenbaum-Rakover, Y.; Levin, C.; et al. Non-transferrin-bound labile
plasma iron and iron overload in sickle-cell disease: A comparative study between sickle-cell disease and
beta-thalassemic patients. Eur. |. Haematol. 2010, 84, 72-78. [CrossRef] [PubMed]

Koduri, PR. Iron in sickle cell disease: A review why less is better. Am. J. Hematol. 2003, 73, 59-63. [CrossRef]
[PubMed]

Natta, C.; Creque, L.; Navarro, C. Compartmentalization of iron in sickle cell anemia—An autopsy study.
Am. |. Clin. Pathol. 1985, 83, 76-78. [CrossRef] [PubMed]

Sadat-Ali, M.; Sultan, O.; Al-Turki, H.; Alelq, A. Does high serum iron level induce low bone mass in sickle
cell anemia? Biometals 2011, 24, 19-22. [CrossRef] [PubMed]

Milman, N.; Kirchhoff, M. Iron stores in 1359, 30- to 60-year-old Danish women: Evaluation by serum ferritin
and hemoglobin. Ann. Hematol. 1992, 64, 22-27. [CrossRef] [PubMed]

Zacharski, L.R.; Ornstein, D.L.; Woloshin, S.; Schwartz, L.M. Association of age, sex, and race with body iron
stores in adults: Analysis of NHANES III data. Am. Heart ]. 2000, 140, 98-104. [CrossRef] [PubMed]

Jian, J.; Pelle, E.; Huang, X. Iron and menopause: Does increased iron affect the health of postmenopausal
women? Antioxid. Redox Signal. 2009, 11, 2939-2943. [CrossRef] [PubMed]

284



Pharmaceuticals 2018, 11, 107

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Black, D.M.; Rosen, C.J. Postmenopausal Osteoporosis. N. Engl. |. Med. 2016, 374, 2096-2097. [CrossRef]
[PubMed]

Cummings, S.R.; Black, D.M.; Rubin, S.M. Lifetime risks of hip, Colles’, or vertebral fracture and coronary
heart disease among white postmenopausal women. Arch. Intern. Med. 1989, 149, 2445-2448. [CrossRef]
[PubMed]

Cummings, S.R.; Melton, L.J. Epidemiology and outcomes of osteoporotic fractures. Lancet 2002, 359,
1761-1767. [CrossRef]

Kim, B.J.; Lee, S.H.; Koh, ] M.; Kim, G.S. The association between higher serum ferritin level and lower bone
mineral density is prominent in women >45 years of age (KNHANES 2008-2010). Osteoporos. Int. 2013, 24,
2627-2637. [CrossRef] [PubMed]

Kim, B.J.; Ahn, S.H.; Bae, S.J.; Kim, E.H.; Lee, S.H.; Kim, H.K.; Choe, ].W.; Koh, ].M.; Kim, G.S. Iron overload
accelerates bone loss in healthy postmenopausal women and middle-aged men: A 3-year retrospective
longitudinal study. J. Bone Miner. Res. 2012, 27, 2279-2290. [CrossRef] [PubMed]

Babaei, M.; Bijani, A.; Heidari, P.; Hosseini, S.R.; Heidari, B. Serum ferritin levels and bone mineral density
in the elderly. Caspian J. Intern. Med. 2018, 9, 232-238. [PubMed]

Tsay, ].; Yang, Z.; Ross, EP.; Cunningham-Rundles, S.; Lin, H.; Coleman, R.; Mayer-Kuckuk, P.; Doty, S.B.;
Grady, R.W.; Giardina, PJ.; et al. Bone loss caused by iron overload in a murine model: Importance of
oxidative stress. Blood 2010, 116, 2582-2589. [CrossRef] [PubMed]

Zhang, W.; Xu, J.; Qiu, J.; Xing, C.; Li, X.; Leng, B.; Su, Y.; Lin, J.; Lin, J.; Mei, X.; et al. Novel and rapid
osteoporosis model established in zebrafish using high iron stress. Biochem. Biophys. Res. Commun. 2018, 496,
654-660. [CrossRef] [PubMed]

Shen, G.S,; Yang, Q.; Jian, J.L.; Zhao, G.Y.; Liu, L.L.; Wang, X.; Zhang, W.; Huang, X.; Xu, Y.J. Hepcidin1l
knockout mice display defects in bone microarchitecture and changes of bone formation markers.
Calcif. Tissue Int. 2014, 94, 632-639. [CrossRef] [PubMed]

Sun, L.; Guo, W.; Yin, C.; Zhang, S.; Qu, G.; Hou, Y.; Rong, H.; Ji, H.; Liu, S. Hepcidin deficiency undermines
bone load-bearing capacity through inducing iron overload. Gene 2014, 543, 161-165. [CrossRef] [PubMed]
Guggenbuhl, P; Fergelot, P.; Doyard, M.; Libouban, H.; Roth, M.P; Gallois, Y.; Chales, G.; Loreal, O.;
Chappard, D. Bone status in a mouse model of genetic hemochromatosis. Osteoporos. Int. 2011, 22, 2313-2319.
[CrossRef] [PubMed]

Doyard, M.; Chappard, D.; Leroyer, P.; Roth, M.P; Loreal, O.; Guggenbuhl, P. Decreased Bone Formation
Explains Osteoporosis in a Genetic Mouse Model of Hemochromatosiss. PLoS ONE 2016, 11, e0148292.
[CrossRef] [PubMed]

Jiang, Y; Yan, Y.; Wang, X; Zhu, G.; Xu, Y.J. Hepcidin inhibition on the effect of osteogenesis in zebrafish.
Biochem. Biophys. Res. Commun. 2016, 476, 1-6. [CrossRef] [PubMed]

Keel, S.B.; Doty, R.T.; Yang, Z.; Quigley, ].G.; Chen, J.; Knoblaugh, S.; Kingsley, P.D.; De Domenico, IL;
Vaughn, M.B.; Kaplan, J.; et al. A heme export protein is required for red blood cell differentiation and iron
homeostasis. Science 2008, 319, 825-828. [CrossRef] [PubMed]

Chiabrando, D.; Marro, S.; Mercurio, S.; Giorgi, C.; Petrillo, S.; Vinchi, F; Fiorito, V.; Fagoonee, S.;
Camporeale, A.; Turco, E.; et al. The mitochondrial heme exporter FLVCR1b mediates erythroid
differentiation. J. Clin. Investig. 2012, 122, 4569-4579. [CrossRef] [PubMed]

Vogiatzi, M.G.; Tsay, J.; Verdelis, K.; Rivella, S.; Grady, R.W.; Doty, S.; Giardina, PJ.; Boskey, A.L. Changes
in bone microarchitecture and biomechanical properties in the th3 thalassemia mouse are associated with
decreased bone turnover and occur during the period of bone accrual. Calcif. Tissue Int. 2010, 86, 484-494.
[CrossRef] [PubMed]

Thongchote, K.; Svasti, S.; Teerapornpuntakit, J.; Krishnamra, N.; Charoenphandhu, N. Running exercise
alleviates trabecular bone loss and osteopenia in hemizygous beta-globin knockout thalassemic mice. Am. J.
Physiol. Endocrinol. Metab. 2014, 306, E1406-E1417. [CrossRef] [PubMed]

Thongchote, K.; Svasti, S.; Teerapornpuntakit, J.; Suntornsaratoon, P.; Krishnamra, N.; Charoenphandhu, N.
Bone microstructural defects and osteopenia in hemizygous BIVS!65 knockin thalassemic mice:
Sex-dependent changes in bone density and osteoclast function. Am. ]. Physiol. Endocrinol. Metab. 2015, 309,
E936-E948. [CrossRef] [PubMed]

285



Pharmaceuticals 2018, 11, 107

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

Green, M.; Akinsami, I; Lin, A_; Banton, S.; Ghosh, S.; Chen, B.; Platt, M.; Osunkwo, I.; Ofori-Acquah, S.;
Guldberg, R.; et al. Microarchitectural and mechanical characterization of the sickle bone. J. Mech. Behav.
Biomed. Mater. 2015, 48, 220-228. [CrossRef] [PubMed]

Xiao, L.; Andemariam, B.; Taxel, P.; Adams, D.J.; Zempsky, W.T.; Dorcelus, V.; Hurley, M.M. Loss of Bone in
Sickle Cell Trait and Sickle Cell Disease Female Mice Is Associated with Reduced IGF-1 in Bone and Serum.
Endocrinology 2016, 157, 3036-3046. [CrossRef] [PubMed]

Guanabens, N.; Pares, A. Osteoporosis in chronic liver disease. Liver Int. 2018, 38, 776-785. [CrossRef]
[PubMed]

Van Wagner, L.B.; Rinella, M.E. Extrahepatic Manifestations of Nonalcoholic Fatty Liver Disease.
Curr. Hepatol. Rep. 2016, 15, 75-85. [CrossRef] [PubMed]

Ruiz-Gaspa, S.; Martinez-Ferrer, A.; Guanabens, N.; Dubreuil, M.; Peris, P; Enjuanes, A,
Martinez de Osaba, MLJ.; Alvarez, L.; Monegal, A.; Combalia, A.; et al. Effects of bilirubin and sera
from jaundiced patients on osteoblasts: Contribution to the development of osteoporosis in liver diseases.
Hepatology 2011, 54, 2104-2113. [CrossRef] [PubMed]

Xiao, W.; Beibei, F.; Guangsi, S.; Yu, J.; Wen, Z.; Xi, H.; Youjia, X. Iron overload increases osteoclastogenesis
and aggravates the effects of ovariectomy on bone mass. ]. Endocrinol. 2015, 226, 121-134. [CrossRef]
[PubMed]

Isomura, H.; Fujie, K.; Shibata, K.; Inoue, N.; lizuka, T.; Takebe, G.; Takahashi, K.; Nishihira, J.; Izumi, H.;
Sakamoto, W. Bone metabolism and oxidative stress in postmenopausal rats with iron overload. Toxicology
2004, 197, 93-100. [CrossRef] [PubMed]

Grosbois, B.; Decaux, O.; Cador, B.; Cazalets, C.; Jego, P. Human iron deficiency. Bull. Acad. Natl. Med. 2005,
189, 1649-1663. [PubMed]

Toxqui, L.; Vaquero, M.P. Chronic Iron Deficiency as an Emerging Risk Factor for Osteoporosis: A Hypothesis.
Nutrients 2015, 7, 2324-2344. [CrossRef] [PubMed]

Zofkova, I.; Davis, M.; Blahos, J. Trace Elements Have Beneficial, as Well as Detrimental Effects on Bone
Homeostasis. Physiol. Res. 2017, 66, 391-402. [PubMed]

Gorres, K.L.; Raines, R.T. Prolyl 4-hydroxylase. Crit. Rev. Biochem. Mol. Biol. 2010, 45, 106-124. [PubMed]
Tuderman, L.; Myllyla, R.; Kivirikko, K.I. Mechanism of the prolyl hydroxylase reaction. 1. Role of
co-substrates. Eur. J. Biochem. 1977, 80, 341-348. [CrossRef] [PubMed]

Goltzman, D. Functions of vitamin D in bone. Histochem. Cell Biol. 2018, 149, 305-312. [CrossRef] [PubMed]
Jones, G.; Prosser, D.E.; Kaufmann, M. Thematic Review Series: Fat-Soluble Vitamins: Vitamin D Cytochrome
P450-mediated metabolism of vitamin D. J. Lipid Res. 2014, 55, 13-31. [CrossRef] [PubMed]

Medeiros, D.M.; Stoecker, B.; Plattner, A.; Jennings, D.; Haub, M. Iron deficiency negatively affects vertebrae
and femurs of rats independently of energy intake and body weight. |. Nutr. 2004, 134, 3061-3067. [CrossRef]
[PubMed]

Katsumata, S.I.; Katsumata-Tsuboi, R.; Uehara, M.; Suzuki, K. Severe Iron Deficiency Decreases Both Bone
Formation and Bone Resorption in Rats. J. Nutr. 2009, 139, 238-243. [CrossRef] [PubMed]

Diaz-Castro, J.; Lopez-Frias, M.R.; Campos, M.S.; Lopez-Frias, M.; Alferez, M.].M.; Nestares, T.; Ojeda, M.L.;
Lopez-Aliaga, 1. Severe nutritional iron-deficiency anaemia has a negative effect on some bone turnover
biomarkers in rats. Eur. . Nutr. 2012, 51, 241-247. [CrossRef] [PubMed]

Medeiros, D.M. Copper, iron, and selenium dietary deficiencies negatively impact skeletal integrity: A review.
Exp. Biol. Med. 2016, 241, 1316-1322. [CrossRef] [PubMed]

Toxqui, L.; Perez-Granados, A.M.; Blanco-Rojo, R.; Wright, I.; de la Piedra, C.; Vaquero, M.P. Low iron status
as a factor of increased bone resorption and effects of an iron and vitamin D-fortified skimmed milk on bone
remodelling in young Spanish women. Eur. |. Nutr. 2014, 53, 441-448. [CrossRef] [PubMed]

Wright, I.; Blanco-Rojo, R.; Fernandez, M.C.; Toxqui, L.; Moreno, G.; Perez-Granados, A.M.; de la Piedra, C.;
Remacha, A.F.; Vaquero, M.P. Bone remodelling is reduced by recovery from iron-deficiency anaemia in
premenopausal women. J. Physiol. Biochem. 2013, 69, 889-896. [CrossRef] [PubMed]

Hofbauer, L.C.; Kuhne, C.A.; Viereck, V. The OPG/RANKL/RANK system in metabolic bone diseases.
J. Musculoskelet. Neuronal Interact. 2004, 4, 268-275. [PubMed]

Jia, P; Xu, YJ.; Zhang, Z.L.; Li, K;; Li, B.; Zhang, W.; Yang, H. Ferric ion could facilitate osteoclast
differentiation and bone resorption through the production of reactive oxygen species. J. Orthop. Res.
2012, 30, 1843-1852. [CrossRef] [PubMed]

286



Pharmaceuticals 2018, 11, 107

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

Ishii, K.A.; Fumoto, T.; Iwai, K.; Takeshita, S.; Ito, M.; Shimohata, N.; Aburatani, H.; Taketani, S.; Lelliott, C.]J.;
Vidal-Puig, A.; et al. Coordination of PGC-1§ and iron uptake in mitochondrial biogenesis and osteoclast
activation. Nat. Med. 2009, 15, 259-266. [CrossRef] [PubMed]

Roodman, G.D. Osteoclasts pump iron. Cell Metab. 2009, 9, 405-406. [CrossRef] [PubMed]

Gu, Z; Wang, H.; Xia, J.; Yang, Y; Jin, Z.; Xu, H.; Shi, J.; De Domenico, I.; Tricot, G.; Zhan, F. Decreased
ferroportin promotes myeloma cell growth and osteoclast differentiation. Cancer Res. 2015, 75, 2211-2221.
[CrossRef] [PubMed]

Zhou, J.; Ye, 5.Q.; Fujiwara, T.; Manolagas, S.C.; Zhao, H.B. Steap4 Plays a Critical Role in Osteoclastogenesis
in Vitro by Regulating Cellular Iron/Reactive Oxygen Species (ROS) Levels and cAMP Response
Element-binding Protein (CREB) Activation. J. Biol. Chem. 2013, 288, 30064-30074. [CrossRef] [PubMed]
Xie, WJ.; Lorenz, S.; Dolder, S.; Hofstetter, W. Extracellular Iron is a Modulator of the Differentiation of
Osteoclast Lineage Cells. Calcif. Tissue Int. 2016, 98, 275-283. [CrossRef] [PubMed]

Wang, L.; Fang, B.; Fujiwara, T.; Krager, K.; Gorantla, A.; Li, C.; Feng, ].Q.; Jennings, M.L.; Zhou, J.;
Aykin-Burns, N.; et al. Deletion of ferroportin in murine myeloid cells increases iron accumulation and
stimulates osteoclastogenesis in vitro and in vivo. J. Biol. Chem. 2018, 293, 9248-9264. [CrossRef] [PubMed]
Kawashima, A.; Oda, Y.; Yachie, A.; Koizumi, S.; Nakanishi, I. Heme oxygenase-1 deficiency: The first
autopsy case. Hum. Pathol. 2002, 33, 125-130. [CrossRef] [PubMed]

Kovtunovych, G.; Eckhaus, M.A.; Ghosh, M.C.; Ollivierre-Wilson, H.; Rouault, T.A. Dysfunction of the
heme recycling system in heme oxygenase 1-deficient mice: Effects on macrophage viability and tissue iron
distribution. Blood 2010, 116, 6054-6062. [CrossRef] [PubMed]

Zwerina, J.; Tzima, S.; Hayer, S.; Redlich, K.; Hoffmann, O.; Hanslik-Schnabel, B.; Smolen, J.S.; Kollias, G.;
Schett, G. Heme oxygenase 1 (HO-1) regulates osteoclastogenesis and bone resorption. FASEB J. 2005, 19,
2011-2013. [CrossRef] [PubMed]

Florczyk-Soluch, U.; Jozefczuk, E.; Stepniewski, J.; Bukowska-Strakova, K.; Mendel, M.; Viscardi, M.;
Nowak, W.N.; Jozkowicz, A.; Dulak, J. Various roles of heme oxygenase-1 in response of bone marrow
macrophages to RANKL and in the early stage of osteoclastogenesis. Sci. Rep. 2018, 8, 10797. [CrossRef]
[PubMed]

Lemma, S.; Sboarina, M.; Porporato, P.E.; Zini, N.; Sonveaux, P.; Di Pompo, G.; Baldini, N.; Avnet, S. Energy
metabolism in osteoclast formation and activity. Int. ]. Biochem. Cell Biol. 2016, 79, 168-180. [CrossRef]
[PubMed]

Arnett, T.R.; Orriss, LR. Metabolic properties of the osteoclast. Bone 2018, 115, 25-30. [CrossRef] [PubMed]
Wang, X.; Chen, B.; Sun, J.; Jiang, Y.; Zhang, H.; Zhang, P.; Fei, B.; Xu, Y. Iron-induced oxidative stress
stimulates osteoclast differentiation via NF-kB signaling pathway in mouse model. Metabolism 2018, 83,
167-176. [CrossRef] [PubMed]

Ek-Rylander, B.; Flores, M.; Wendel, M.; Heinegard, D.; Andersson, G. Dephosphorylation of osteopontin
and bone sialoprotein by osteoclastic tartrate-resistant acid phosphatase. Modulation of osteoclast adhesion
in vitro. J. Biol. Chem. 1994, 269, 14853-14856. [PubMed]

Zaidi, M.; Moonga, B.; Moss, D.W.; MacIntyre, I. Inhibition of osteoclastic acid phosphatase abolishes bone
resorption. Biochem. Biophys. Res. Commun. 1989, 159, 68-71. [CrossRef]

Hayman, A.R.; Cox, T.M. Tartrate-resistant acid phosphatase knockout mice. J. Bone Miner. Res. 2003, 18,
1905-1907. [CrossRef] [PubMed]

Hayman, A.R.; Warburton, M.J.; Pringle, J.A.; Coles, B.; Chambers, T.J. Purification and characterization of a
tartrate-resistant acid phosphatase from human osteoclastomas. Biochem. ]. 1989, 261, 601-609. [CrossRef]
[PubMed]

Hayman, A.R; Cox, T.M. Purple acid phosphatase of the human macrophage and osteoclast.
Characterization, molecular properties, and crystallization of the recombinant di-iron-oxo protein secreted
by baculovirus-infected insect cells. J. Biol. Chem. 1994, 269, 1294-1300. [PubMed]

Alcantara, O.; Reddy, S.V.; Roodman, G.D.; Boldt, D.H. Transcriptional regulation of the tartrate-resistant
acid phosphatase (TRAP) gene by iron. Biochem. ]. 1994, 298, 421-425. [CrossRef] [PubMed]

Balogh, E.; Tolnai, E.; Nagy, B., Jr.; Nagy, B.; Balla, G.; Balla, J.; Jeney, V. Iron overload inhibits osteogenic
commitment and differentiation of mesenchymal stem cells via the induction of ferritin. Biochim. Biophys.
Acta 2016, 1862, 1640-1649. [CrossRef] [PubMed]

287



Pharmaceuticals 2018, 11, 107

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Chang, Y.X; Liu, Y.P; Ho, ].H.; Hsu, S.C; Lee, O.K. Amine-surface-modified superparamagnetic iron oxide
nanoparticles interfere with differentiation of human mesenchymal stem cells. J. Orthop. Res. 2012, 30,
1499-1506. [CrossRef] [PubMed]

Chen, Y.C,; Hsiao, J].K,; Liu, HM.; Lai, LY., Yao, M.; Hsu, S.C.; Ko, B.S.; Chen, Y.C; Yang, C.S.;
Huang, D.M. The inhibitory effect of superparamagnetic iron oxide nanoparticle (Ferucarbotran) on
osteogenic differentiation and its signaling mechanism in human mesenchymal stem cells. Toxicol. Appl.
Pharmacol. 2010, 245, 272-279. [CrossRef] [PubMed]

Messer, ].G.; Kilbarger, AK.; Erikson, KM.; Kipp, D.E. Iron overload alters iron-regulatory genes and
proteins, down-regulates osteoblastic phenotype, and is associated with apoptosis in fetal rat calvaria
cultures. Bone 2009, 45, 972-979. [CrossRef] [PubMed]

Diamond, T.; Pojer, R; Stiel, D.; Alfrey, A.; Posen, S. Does Iron Affect Osteoblast Function—Studies In vitro
and in Patients with Chronic Liver-Disease. Calcif. Tissue Int. 1991, 48, 373-379. [CrossRef] [PubMed]
Zarjou, A.; Jeney, V.; Arosio, P; Poli, M.; Zavaczki, E.; Balla, G.; Balla, J. Ferritin ferroxidase activity: A potent
inhibitor of osteogenesis. |. Bone Miner. Res. 2010, 25, 164-172. [CrossRef] [PubMed]

Zarjou, A.; Jeney, V.; Arosio, P; Poli, M.; Antal-Szalmas, P.; Agarwal, A.; Balla, G.; Balla, J. Ferritin prevents
calcification and osteoblastic differentiation of vascular smooth muscle cells. J. Am. Soc. Nephrol. 2009, 20,
1254-1263. [CrossRef] [PubMed]

Doyard, M.; Fatih, N.; Monnier, A.; Island, M.L.; Aubry, M.; Leroyer, P.; Bouvet, R.; Chales, G.; Mosser, J.;
Loreal, O.; et al. Iron excess limits HHIPL-2 gene expression and decreases osteoblastic activity in human
MG-63 cells. Osteoporos. Int. 2012, 23, 2435-2445. [CrossRef] [PubMed]

Yang, Q.; Jian, J.; Abramson, S.B.; Huang, X. Inhibitory effects of iron on bone morphogenetic protein
2-induced osteoblastogenesis. . Bone Miner. Res. 2011, 26, 1188-1196. [CrossRef] [PubMed]

Becs, G.; Zarjou, A.; Agarwal, A.; Kovacs, K.E.; Becs, A.; Nyitrai, M.; Balogh, E.; Banyai, E.; Eaton, ].W.;
Arosio, P; et al. Pharmacological induction of ferritin prevents osteoblastic transformation of smooth muscle
cells. J. Cell. Mol. Med. 2016, 20, 217-230. [CrossRef] [PubMed]

Cornish, J.; Callon, K.E.; Naot, D.; Palmano, K.P,; Banovic, T.; Bava, U.; Watson, M.; Lin, ].M.; Tong, P.C.;
Chen, Q.; et al. Lactoferrin is a potent regulator of bone cell activity and increases bone formation in vivo.
Endocrinology 2004, 145, 4366-4374. [CrossRef] [PubMed]

Hou, ].M.; Xue, Y,; Lin, Q.M. Bovine lactoferrin improves bone mass and microstructure in ovariectomized
rats via OPG/RANKL/RANK pathway. Acta Pharmacol. Sin. 2012, 33, 1277-1284. [CrossRef] [PubMed]
Kang, H.; Yan, Y,; Jia, P; Yang, K; Guo, C.; Chen, H; Qi, J.; Qian, N.; Xu, X.; Wang, E; et al.
Desferrioxamine reduces ultrahigh-molecular-weight polyethylene-induced osteolysis by restraining
inflammatory osteoclastogenesis via heme oxygenase-1. Cell Death Dis. 2016, 7, 2435. [CrossRef] [PubMed]
Guo, J.P; Pan, ].X.; Xiong, L.; Xia, W.E; Cui, S.; Xiong, W.C. Iron Chelation Inhibits Osteoclastic Differentiation
in Vitro and in Tg2576 Mouse Model of Alzheimer’s Disease. PLoS ONE 2015, 10, e0139395. [CrossRef]
[PubMed]

Drager, J.; Sheikh, Z.; Zhang, Y.L.; Harvey, E.J.; Barralet, ].E. Local delivery of iron chelators reduces in vivo
remodeling of a calcium phosphate bone graft substitute. Acta Biomater. 2016, 42, 411-419. [CrossRef]
[PubMed]

Semenza, G.L. Regulation of mammalian O, homeostasis by hypoxia-inducible factor 1. Annu. Rev. Cell Dev.
Biol. 1999, 15, 551-578. [CrossRef] [PubMed]

Kaelin, W.G,, Jr.; Ratcliffe, P.J. Oxygen sensing by metazoans: The central role of the HIF hydroxylase
pathway. Mol. Cell 2008, 30, 393-402. [CrossRef] [PubMed]

Knowles, H.J.; Cleton-Jansen, A.M.; Korsching, E.; Athanasou, N.A. Hypoxia-inducible factor regulates
osteoclast-mediated bone resorption: Role of angiopoietin-like 4. FASEB J. 2010, 24, 4648-4659. [CrossRef]
[PubMed]

Hulley, P.A.; Bishop, T.; Vernet, A.; Schneider, J.E.; Edwards, J.R.; Athanasou, N.A.; Knowles, H.J.
Hypoxia-inducible factor 1-alpha does not regulate osteoclastogenesis but enhances bone resorption activity
via prolyl-4-hydroxylase 2. J. Pathol. 2017, 242, 322-333. [CrossRef] [PubMed]

Arnett, T.R.; Gibbons, D.C.; Utting, J.C.; Orriss, LR.; Hoebertz, A.; Rosendaal, M.; Meghji, S. Hypoxia is a
major stimulator of osteoclast formation and bone resorption. J. Cell. Physiol. 2003, 196, 2-8. [CrossRef]
[PubMed]

288



Pharmaceuticals 2018, 11, 107

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Parelman, M.; Stoecker, B.; Baker, A.; Medeiros, D. Iron restriction negatively affects bone in female rats and
mineralization of hFOB osteoblast cells. Exp. Biol. Med. 2006, 231, 378-386. [CrossRef]

Messer, J.G.; Cooney, P.T.; Kipp, D.E. Iron chelator deferoxamine alters iron-regulatory genes and proteins
and suppresses osteoblast phenotype in fetal rat calvaria cells. Bone 2010, 46, 1408-1415. [CrossRef] [PubMed]
Baschant, U.; Rauner, M.; Bulycheva, E.; Weidner, H.; Roetto, A.; Platzbecker, U.; Hofbauer, L.C. Wnt5a is
a key target for the pro-osteogenic effects of iron chelation on osteoblast progenitors. Haematologica 2016.
[CrossRef] [PubMed]

Qu, Z.H.; Zhang, X.L.; Tang, T.T.; Dai, K.R. Promotion of osteogenesis through beta-catenin signaling by
desferrioxamine. Biochem. Biophys. Res. Commun. 2008, 370, 332-337. [CrossRef] [PubMed]

Zhao, G.Y.; Zhao, L.P; He, Y.E; Li, G.E; Gao, C.; Li, K; Xu, Y.J. A comparison of the biological activities of
human osteoblast hFOB1.19 between iron excess and iron deficiency. Biol. Trace Elem. Res. 2012, 150, 487-495.
[CrossRef] [PubMed]

Bo, L.; Liu, Z.; Zhong, Y.; Huang, J.; Chen, B.; Wang, H.; Xu, Y. Iron deficiency anemia’s effect on bone
formation in zebrafish mutant. Biochem. Biophys. Res. Commun. 2016, 475, 271-276. [CrossRef] [PubMed]
Maggio, A.; Filosa, A.; Vitrano, A.; Aloj, G.; Kattamis, A.; Ceci, A.; Fucharoen, S.; Cianciulli, P.; Grady, RW.;
Prossomariti, L.; et al. Iron chelation therapy in thalassemia major: A systematic review with meta-analyses
of 1520 patients included on randomized clinical trials. Blood Cells Mol. Dis. 2011, 47, 166-175. [CrossRef]
[PubMed]

Fabio, G.; Minonzio, F; Delbini, P.; Bianchi, A.; Cappellini, M.D. Reversal of cardiac complications by
deferiprone and deferoxamine combination therapy in a patient affected by a severe type of juvenile
hemochromatosis (JH). Blood 2007, 109, 362-364. [CrossRef] [PubMed]

Kalpatthi, R.; Peters, B.; Kane, I.; Holloman, D.; Rackoff, E.; Disco, D.; Jackson, S.; Laver, ].H.; Abboud, M.R.
Safety and efficacy of high dose intravenous desferrioxamine for reduction of iron overload in sickle cell
disease. Pediatr. Blood Cancer 2010, 55, 1338-1342. [CrossRef] [PubMed]

Christoforidis, A.; Kazantzidou, E.; Tsatra, I.; Tsantali, H.; Koliakos, G.; Hatzipantelis, E.; Katzos, G.;
Athanassiou-Metaxa, M. Normal lumbar bone mineral density in optimally treated children and young
adolescents with beta-thalassaemia major. Hormones 2007, 6, 334-340. [CrossRef] [PubMed]

Casale, M.; Citarella, S.; Filosa, A.; De Michele, E.; Palmieri, F.; Ragozzino, A.; Amendola, G.; Pugliese, U.;
Tartaglione, L.; Della Rocca, E; et al. Endocrine function and bone disease during long-term chelation therapy
with deferasirox in patients with beta-thalassemia major. Am. |. Hematol. 2014, 89, 1102-1106. [CrossRef]
[PubMed]

Poggi, M.; Sorrentino, F.; Pugliese, P.; Smacchia, M.P,; Daniele, C.; Equitani, F; Terlizzi, F.; Guitarrini, M.R.;
Monti, S.; Maffei, L.; et al. Longitudinal changes of endocrine and bone disease in adults with
beta-thalassemia major receiving different iron chelators over 5 years. Ann. Hematol. 2016, 95, 757-763.
[CrossRef] [PubMed]

Vogiatzi, M.G.; Macklin, E.A.; Fung, E.B.; Cheung, A.M.; Vichinsky, E.; Olivieri, N.; Kirby, M.;
Kwiatkowski, J.L.; Cunningham, M.; Holm, I.A; et al. Bone disease in thalassemia: A frequent and
still unresolved problem. ]. Bone Miner. Res. 2009, 24, 543-557. [CrossRef] [PubMed]

Li, G.E; Pan, Y.Z,; Sirois, P; Li, K.; Xu, Y.J. Iron homeostasis in osteoporosis and its clinical implications.
Osteoporos. Int. 2012, 23, 2403-2408. [CrossRef] [PubMed]

Capulli, M.; Paone, R.; Rucci, N. Osteoblast and osteocyte: Games without frontiers. Arch. Biochem. Biophys.
2014, 561, 3-12. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

289



pharmaceuticals ml\l)\l’y
Z

Article

Iron Absorption in Iron-Deficient Women, Who
Received 65 mg Fe with an Indonesian Breakfast,
Is Much Better from NaFe(II)EDTA than from
Fe(II)SO4, with an Acceptable Increase of Plasma
NTBI. A Randomized Clinical Trial

Eka Ginanjar 1, Lilik Indrawati 2, Iswari Setianingsih 3 Djumhana Atmakusumah 4
Alida Harahap 3, Ina S. Timan ? and Joannes J. M. Marx >*

1 Department of Internal Medicine, Faculty of Medicine, University of Indonesia/Dr Cipto Mangunkusumo

Hospital, Jakarta 10430, Indonesia; ekginanjar@gmail.com

Department of Clinical Pathology, Faculty of Medicine, University of Indonesia/Dr Cipto Mangunkusumo
Hospital, Jakarta 10430, Indonesia; lilikindrawati.dr@gmail.com (L.L); ina_sutanto@yahoo.com (LS.T.)
Eijkman Institute for Molecular Biology, Jakarta 10430, Indonesia; ning@eijkman.go.id (I.S.);
alida@eijkman.go.id (A.H.)

Division of Hematology and Medical Oncology, Department of Internal Medicine, Faculty of Medicine,
University of Indonesia/Dr Cipto Mangunkusumo Hospital, Jakarta 10430, Indonesia; endjum@hotmail.com
Department of Medical Microbiology, University Medical Centre Utrecht, Heidelberglaan 100,

Utrecht 3584 CX, The Netherlands

*  Correspondence: jjmmarx@me.com

Received: 13 August 2018; Accepted: 7 September 2018; Published: 10 September 2018

Abstract: Plasma non-transferrin-bound iron (NTBI) is potentially harmful due to the generation
of free radicals that cause tissue damage in vascular and other diseases. Studies in iron-replete
and iron-deficient subjects, receiving a single oral test dose of Fe(II)SO4 or NaFe(III)EDTA with
water, revealed that FeSO, was well absorbed when compared with NaFeEDTA, while only the
Fe(Il) compound showed a remarkable increase of NTBI. As NaFeEDTA is successfully used for
food fortification, a double-blind randomized cross-over trial was conducted in 11 healthy women
with uncomplicated iron deficiency. All subjects received a placebo, 6.5 mg FeSOy, 65 mg FeSO,,
6.5 mg NaFeEDTA, and 65 mg NaFeEDTA with a traditional Indonesian breakfast in one-week
intervals. Blood tests were carried out every 60 min for five hours. NTBI detection was performed
using the fluorescein-labeled apotransferrin method. Plasma iron values were highly increased after
65 mg NaFeEDTA, twice as high as after FeSO4. A similar pattern was seen for NTBI. After 6.5 mg of
NaFeEDTA and FeSO,, NTBI was hardly detectable. NaFeEDTA was highly effective for the treatment
of iron deficiency if given with a meal, inhibiting the formation of nonabsorbable Fe-complexes,
while NTBI did not exceed the range of normal values for iron-replete subjects.

Keywords: iron deficiency anemia; nutrient iron; oral iron therapy; FeSO4 NaFeEDTA;
non-transferrin-bound iron (NTBI); developing countries; Indonesia

1. Introduction

Iron deficiency anemia (IDA) is a worldwide health problem, affecting about 2 billion people,
particularly in developing countries like Indonesia [1]. IDA has a large impact on productivity,
mental performance, child growth, immunity, and pregnancy outcome. About 20 years ago in
Indonesia, 25-30% of the population (50 to 70 million subjects) suffered from IDA [2]. The management
of iron deficiency by oral iron salts and food iron fortification were effective for raising plasma
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hemoglobin concentration in Indonesia as demonstrated by large family life surveys on anemia
prevalence, estimated in 1997, 2000, and 2008 [3]. The prevalence of anemia decreased in all groups
studied, e.g., in women >15 years from 36.0 to 26.6%. Nevertheless, iron deficiency anemia remains a
health problem in Indonesia due to insufficient nutrient daily intake [4].

Meanwhile, iron supplementation is commonly practiced by physicians in rural and urban areas.
Furthermore, the community has easy access to oral iron supplements for their own consumption.
Unfortunately, iron drugs are often consumed without a proper diagnosis of iron deficiency anemia,
and are even used to combat lethargy or to gain strength and vitality. Measures to prevent iron
deficiency should be specifically aimed at population groups at risk because actions to increase iron
intake and bioavailability in the general population can be harmful for subjects with undiagnosed
homozygous and heterozygous forms of iron overload diseases such as thalassemia intermedia [5].

Despite the fact that plasma-transferrin in iron-deficient patients has a large capacity of free
iron-binding sites, treatment with a standard oral dose of 200 mg FeSO, (ferrous sulfate, containing
65 mg of elementary iron) was observed to generate potentially toxic amounts of non-transferrin-bound
iron (NTBI) [6]. NTBI is the fraction of iron in plasma that is not tightly and safely bound to
transferrin, including a heterogeneous mixture of labile and stable molecular species. NTBI is
associated with oxygen radical formation and tissue damage in normal subjects and those with
iron overload diseases [7]. In addition, NTBI and many other human iron-containing molecules can be
utilized by microorganisms [8]. Therefore, the detection of NTBI after oral administration of regular
iron medication, even in subjects with iron deficiency, needs further investigation. As iron-deficient
subjects, with mainly free iron-binding sites on circulating transferrin, may be protected against
iron-catalyzed reactive oxygen species, it is not clear whether the detection of NTBI after oral iron
therapy can be harmful or is just associated with iron absorption physiology.

Not only should ferrous sulfate be investigated, being the standard treatment of iron deficiency,
but also the Fe(III) compounds that have been used since 1950 for food iron fortification. In particular,
NaFe(III)EDTA (Ferrazone, Akzo Nobel), recommended by the WHO as the preferred iron fortificant
for wheat and maize flour, which are staple foods used by the whole population. Layrisse and
co-workers described in 1977 that iron absorption from Fe(III)EDTA was about twice as high as that
observed from ferrous sulfate [9].

NaFeEDTA is widely used in Indonesia, not only as a food fortificant, but also for the treatment
of iron deficiency in children, which is recommended by the Pediatrician Association of Indonesia
(IDAI). It is available as a syrup, Ferrostrane® (Teofarma S.r.l., Pavia, Italy), with one teaspoon (5 mL)
containing 34 mg of iron. For adults, three to six teaspoons per day are recommended (102-204 mg
of iron).

In previous studies that investigated the iron absorption and generation of NTBI in subjects
receiving a single oral therapeutic dose of Fe(II)SO4 or NaFe(II[)EDTA with water, the absorption of
iron from FeSO4 was much better when compared with NaFeEDTA, while only the Fe(Il) compound
showed a remarkable increase of NTBI. This was found in iron-replete [10] and in iron-deficient
subjects [11].

In the present clinical crossover study in iron-deficient women (without signs or symptoms of
inflammation), the post-absorption values for plasma iron and NTBI were measured during five hours
from both a therapeutic elementary iron dose (65 mg) and a dose relevant for iron fortification (6.5 mg)
in the form of Fe(II)SO4 and NaFe(III)EDTA, all presented after a traditional Indonesian breakfast.

2. Results

2.1. Selection of Participants and Data Collection

After screening 63 apparently healthy female candidates, 11 were selected for a randomized
clinical trial as described in the Materials and Methods. All selected subjects fulfilled the criteria
for iron deficiency anemia with low values for hemoglobin (Hb), mean cellular volume (MCV),
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mean cellular hemoglobin (MCH), low seum iron (SI), and high total iron binding capacity (TIBC).
Mean transferrin saturation was 7.7% and serum ferritin was less than 20 p1g/L These basic data were
obtained from examination on minute 0 on the first day of the study when all subjects were only given
the test meal: Group A received FeSO, first, and Group B received NaFeEDTA first. There was no
significant difference between any of the laboratory characteristics of the subjects from both groups.

In some samples, taken before the consumption of the standard meal, a raised level of C-reactive
protein (CRP) (>10 mg/L) was found, which was interpreted as a sign of inflammation. As iron
absorption is decreased during inflammation [12], such episodes were removed from the final results.
We also decided to remove investigation episodes if hemolytic blood samples were identified in the
laboratory. The minimum number of episodes that could be analyzed, however, was never below six.
In all three subjects with increased CRP, of whom the results were removed from the study, serum iron
and NTBI curves after iron ingestion were flat, even after the administration of 65 mg Fe as NaFeEDTA,
and were no different from the 0 mg Fe placebo dose.

The complete set of data collected during this investigation is available in the Appendix. One table
indicates which data were excluded from further evaluation due to hemolysis of the blood sample or
CRP-values > 10 mg/L as a nonspecific sign of inflammation. If a test subject’s data for FeSO4 had to
be removed, data for NaFeEDTA for the same iron dose (6.5 or 65 mg) were also removed.

2.2. Results for Iron Absorption and NTBI Generation

Presented are the results of the increase of serum iron values (Figure 1A) and NTBI (Figure 1B)
after donation of one meal only and a meal with the addition of 6.5 or 65 mg iron as either FeSO,
or NaFeEDTA. Such simple values represent the dynamic processes after ingestion of the meal with
the specified test dose during migration through the stomach and upper intestine (all with a distinct
function in iron absorption), and the binding of iron to and the release from transferrin in plasma.

Accumulatively, the increase of serum iron and NTBI after the different oral doses of FeSO4
and NaFeEDTA is demonstrated in Table 1 with the area under the curve (AUC) according to
Conway et al. [13]. From the calculation of AUC, NTBI generation after 65 mg FeSO, and 65 mg
NaFeEDTA was far higher when compared to the placebo and iron supplement of a lower dosage.
NTBI generated after 65 mg NaFeEDTA was higher when compared to 65 mg FeSOj,.

Table 1. Area under the curve (AUC) of serum iron and NTBI during 300 min after ingestion.

Test Dose AUC Serum Iron (umol/L) AUC NTBI (umol/L)
Fe 0.0 mg (placebo) 100 3.0
6.5 mg FeSOy 89 —10.5
65 mg FeSO4 2017 203.7
6.5 mg NaFeEDTA 370 -1.8
65 mg NaFeEDTA 2968 324

With the method used, hardly any increase in serum iron and NTBI was observed after a meal
only (placebo 0 mg Fe), or 6.5 mg iron as either FeSO4 or NaFeEDTA. Additionally, no significant
difference could be seen for both parameters for all time points after the donation of 6.5 mg iron
between FeSO4 and NaFeEDTA.

There was a significant difference, however, in the increment of both serum iron and NTBI levels
(p < 0.05) in subjects given a standard therapeutic dose of 65 mg Fe of both FeSO4 and NaFeEDTA.
It was remarkable, however, that both iron absorption (estimated by an increase of plasma iron) and
the appearance of potentially harmful NTBI were about twice as high after the donation of NaFeEDTA
than after FeSO4.
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Figure 1. Increase of serum iron (A) and serum NTBI (B) after 6.5 and 65 mg iron administered after a
standard meal as Fe(II)SO, or as NaFe(III)EDTA.

In Table 2, more detailed data are presented for the NTBI values after the administration of 0 mg
(placebo) and the high, but therapeutically most relevant, dose of 65 mg FeSO4 and NaFeEDTA. In both
cases, a considerable increase of NTBI was observed.
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Table 2. NTBI (umol/L) generation after ingestion of a meal, followed by 0 mg Fe (placebo), 65 mg

FeSO,4 and 65 mg NaFeEDTA.
Minute Placebo 65 mg FeSO4 p-Value
0 0 0 -
60 —0.0034 £ 0.1798 0.6866 + 0.7498 0.002
120 0.0433 + 0.1565 0.8886 + 0.9156 0.012
180 —0.0031 + 0.1781 0.8412 + 0.7522 <0.001
240 0.0154 + 0.2372 0.6795 + 0.4329 0.001
300 0.0409 + 0.2194 0.5531 =+ 0.6003 0.020
Minute Placebo 65 mg NaFeEDTA p-Value
0 0 0 -
60 —0.0034 + 0.1798 0.8106 + 0.8073 0.007
120 0.0433 + 0.1565 1.0566 + 0.7181 0.002
180 —0.0031 + 0.1781 1.4695 + 0.7247 <0.001
240 0.0154 + 0.2372 1.4922 £ 0.7523 <0.001
300 0.0409 + 0.2194 1.1421 £ 0.7509 <0.001
Minute 65 mg FeSO4 65 mg NaFeEDTA p-Value
0 0 0 -
60 0.6866 + 0.7498 0.8106 + 0.8073 0.530
120 0.8886 + 0.9156 1.0566 + 0.7181 0.423
180 0.8412 + 0.7522 1.4695 + 0.7247 0.017
240 0.6795 + 0.4329 1.4922 + 0.7523 0.001
300 0.5531 =+ 0.6003 1.1421 £ 0.7509 0.011

2.3. Complications and Side Effects

Blood loss. Due to this study protocol, all participants had considerable blood loss. During each
of the five test episodes, there was 50 mL blood loss (10 mL at minute 0 min, then 5 times 8 mL)
with a total of 250 mL. During the test period, hemoglobin concentration decreased around 0.7 g/dL.
Therefore, at the end of the study protocol, all participants received iron supplement therapy.

Phlebitis in subject 11 after phlebotomy at the administration of 6.5 mg NaFeEDTA.
Topical heparin (Thrombophob®) was applied and resolved the problem after three days.

Nausea in subject 1 after the administration of 6.5 mg NaFeEDTA, in subject 4 after the
administration of 65 mg NaFeEDTA and in subject 10 after the administration of 6.5 mg FeSOj.
All three subjects were given one omeprazole 20 mg capsule and one domperidone 10 mg tablet.
The symptoms were resolved after 30 min.

Other side effects or complications were not observed.

3. Discussion

3.1. Comparison with Results from Studies Using Similar and Different Methodologies

Numerous clinical studies on the absorption of iron for the treatment or prevention of iron
deficiency have been published [14,15]. The method used in the present investigation is not able
to provide absolute quantitative values, but iron uptake from the gut after presenting different
compounds and amounts of iron can be compared. However, there is a limitation as small increases of
non-radiolabelled iron in plasma are undetectable if low iron doses are given.

In this study, iron uptake and the appearance of potentially harmful non-transferrin-bound iron
(NTBI) were investigated by administering doses relevant for iron therapy (65 mg Fe) and also for food
iron fortification (6.5 mg) to healthy, iron-deficient Indonesian females after an Indonesian standard
breakfast. The compounds were Fe(II)SO, (medication of choice for treatment of iron deficiency
anemia) and NaFe(III)EDTA (supplement of choice for the fortification of food products and therefore
for the prevention of iron deficiency anemia). Intestinal iron uptake was estimated by comparing the
serum iron concentration during six hours, and increase of serum NTBI [6]. We compared our results
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with investigations from Guatemala, published in 2012 [10] and 2013 [11], to try to answer similar
questions and use the same experimental approach, however, with a completely different outcome.
In all three studies, NTBI tests were performed in the same laboratory in Utrecht.

In the 2012 study [10], an oral supplement of a 0 mg Fe placebo dose in 200 mL water, a therapeutic
dose of 100 mg iron as FeSO4 (as a commercial syrup dissolved in 200 mL water) or 100 mg of iron as
770 mg of NaFeEDTA powder dissolved in 200 mL of water, was administered to healthy, iron-replete
males after at least eight hours of fasting. In this cross-over study, each subject served as his own
control. Venepuncture was performed at 0, 90, 180, and 270 min. In the 2013 study [11], the design was
identical, in particular, the donation of iron with water, but the test subjects were non-pregnant healthy
women with low ferritin values (<30 ng/mL). After 100 mg iron as FeSOy, a considerable increase of
serum iron was seen in men with adequate iron stores and normal CRP, and a much higher increase in
females with low iron stores and normal CRP. Iron uptake from 100 mg iron as NaFeEDTA in men was
identical to that from water. Additionally, in iron-deficient females, the serum iron values were only a
bit higher.

Troesch et al. [16] and Brittenham et al. [17] used stable isotopes to estimate the percentages of
iron absorption in post-absorption curves, and iron utilization by circulating erythrocytes 14 days after
ingestion of the labeled test doses. Troesch et al. investigated iron uptake from 6 mg iron as FeSO4 with
ascorbic acid (AA) and from 6 mg iron as NaFeEDTA. Hardly any increase was seen for both FeSO,
and NaFeEDTA when the serum iron values were measured. When labeled with stable isotopes, the
6 mg iron uptake curves were almost identical with those found by us after the uptake of 65 mg iron.
After 6 mg iron, the increase of serum iron was higher after FeSO4 with AA than after NaFeEDTA.

Brittenham studied women with replete and reduced iron stores, receiving a 6 mg or a 60 mg
iron dose as FeSO, with a standard meal. Red blood cell iron utilization was measured using stable
isotopes. With this approach, the values for real iron absorption could be calculated, which were
higher for iron-deficient than for iron-replete women. Of interest was the percentage of iron absorption
in iron-deficient women from the test dose given with a meal, which was 1.22 mg (20.4%) from the
6 mg dose, and 8.82 mg (10.0%) from the 60 mg dose. Peak values for NTBI were 0.1 umol/L after the
6 mg dose and 0.81 umol/L after 60 mg Fe. These values were almost identical with those from the
comparable doses in our study. After the donation of 65 mg Fe as NaFeEDTA, the mean peak NTBI
values were twice as high, but remained below 1.5 pumol /L.

Although the design of our study was similar to the two from Guatemala, there were crucial
differences. Most importantly, our iron test dose was not given after eight hours of fasting but directly
after ingestion of a standard breakfast. This resulted in a high uptake from 65 mg iron as NaFeEDTA,
even twice as high as that from 65 mg Fe as FeSO, (Figure 1A). The conclusion was that the absorption
of iron was much better if given with a meal than with water. The pattern for NTBI in plasma was
almost identical, suggesting that NaFeEDTA may be less safe than FeSO4 (Figure 1B). In addition to a
therapeutic dose of 65 mg Fe, we studied a fortification dose of 6.5 mg Fe. No NTBI could be detected
in the serum for both iron compounds. Serum iron values were marginally higher for NaFeEDTA.
The absolute NTBI values were low because all subjects were iron deficient.

3.2. Aspects of Iron Absorption

If iron is administered in an aqueous solution on an empty stomach, passage through the stomach
and upper intestinal tract is rapid. This is an advantage for the uptake of iron from ferrous sulfate
as Fe(Il) is directly available for transport by the divalent metal transporter (DMTT1) to the cytosol
of duodenal mucosal cells by simple diffusion [18]. Complexed Fe(III) like in NaFeEDTA must first
be reduced to Fe(Il) by the reductase duodenal cytochrome B (DcytB) in direct proximity of DMT1.
Fe(II) leaves the mucosal cells by ferroportin, mainly depending on the free iron binding sites for Fe(III)
on transferrin. Oxidation of Fe(Il) by hephestin (membrane) or ceruloplasmin (plasma) is needed
for binding to transferrin. The mucosal cell function in processing absorbable iron is summarized in
Figure 2.
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Figure 2. Processing of absorbable iron by the duodenal mucosal cells. DMT1 = divalent metal
transporter 1; DcytB = duodenal cytochrome B; HCP1 = hem carrier protein 1 HO1 = hem oxygenase-1;
Cp = ceruloplasmin; Trf = transferrin.

Plasma iron concentration is the resultant of iron transported to the plasma, free iron-binding
sites on transferrin, and iron demand for erythropoiesis, which is increased in iron deficiency and in
hemolytic anemias.

After the duodenum, the nonabsorbed Fe(Il) is oxidized in the intestinal lumen and forms
complexes with a variety of ligands in more distal parts of the intestinal tract before being removed
with the feces. While the results for FeSOy in the Guatemalan studies can be explained by normal
physiology, this was not the case with NaFeEDTA administered with water.

EDTA is a chelator that can combine with virtually every metal, depending on its stability
constant with the metal. This is influenced by pH, the molar ratio of the chelator to the metal ion,
and the presence of competing metal ions and other ligands. Ferric iron has the highest stability
constant with EDTA at 25.1 (optimum pH = 1), followed by ferrous iron (14.6) (optimum pH = 5) [19].
The intraluminal pH is rapidly changed from acidic in the stomach (empty state pH 4-5, after meal
pH 1.3) to about pH 6 in the duodenum. The pH gradually changes in the small intestine from pH 6 to
about pH 7.4 in the terminal ileum, 5.7 in the cecum, and pH 6.7 in the rectum [20].

The binding of EDTA to iron is favored by the acidic environment of the stomach (due to the
very high binding constant), but in the more alkaline surroundings of the duodenum, the iron is
exchanged in part for other metals. EDTA protects iron in the stomach from inhibitory dietary ligands
such as phytates and polyphenols and releases iron in the duodenum, where iron can be absorbed
after reduction by DcytB and transport by DMT1. Phytates, present in many cereals and legumes, are
powerful inhibitors of iron absorption. Some direct evidence of the ability of NaFeEDTA to prevent
their action was obtained in an experiment where bran, a rich source of phytates, was shown to reduce
the absorption of iron from ferrous sulfate eleven-fold. In contrast, no such inhibition occurred when
bran was fed with NaFeEDTA [21].

Fe(III) reaches the cecum in complexed forms. With EDTA, however, it will form a stable complex.
Nonabsorbed Fe as NaFeEDTA may reach the colon with a pH of 5.6 and a relatively low stability
constant for NaFe(I)EDTA. Iron absorption from the colon is possible [22]. Some DcytB has been
found to be expressed in the large intestine, while ferroportin and DMT1 are expressed at significant
levels and are increased in iron deficiency [23].
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3.3. Toxic Effects of NTBI in Plasma after Absorption of Iron

NTBI includes plasma iron that is not bound to transferrin or is a structural part of other proteins
in plasma including ferritin. While transferrin-bound iron is redox-inactive and safe, many forms of
NTBI are labile and able to exchange iron with other molecular species that can cause the formation
of toxic oxygen species and tissue damage. NTBI was first identified in 1978 in patients with beta
thalassemia major and intermedia [24]. For decades, NTBI was exclusively associated with (severe)
iron overload, although it was also associated with other pathological conditions.

After a publication on the appearance of NTBI in plasma after oral treatment with FeSO4 [6] and
in hereditary hemochromatosis (HH) heterozygotes [25], the general view was that in these conditions,
NTBI might also generate oxygen radicals. In a large epidemiological investigation, high mortality
due to myocardial infarction and stroke was detected in female HH heterozygotes, but only in those
reported with smoking and/or hypertension as combined risk factors [26]. In another large study
investigating the relation of NTBI, serum iron, transferrin saturation, and serum ferritin with the risk
of coronary heart disease (CHD) and acute myocardial infarction (AMI), the results did not show an
excess risk of CHD or AMI within the highest NTBI tertile when compared with the lowest, but rather
seemed to demonstrate a decreased risk [27]. The NTBI was measured with the same method as in the
present study, and the total range of NTBI concentrations was —2.06 to 3.51 umol/L.

As we wanted to compare the post-absorption curves of NTBI in this study, for all compounds
and Fe-doses, the 0-min NTBI was set to 0 with the appropriate correction of all NTBI values.
When reviewing the complete range of all time-points including the high dose of 65 mg Fe as FeSO4
and NaFeEDTA, the range of all values of NTBI was between —0.59 and 0.37 umol/L. This was very
low, and in agreement with the iron-deficient state of the test subjects.

As can be seen in Figure 1, only about 10% of the absorbed iron was identified as NTBL
Many molecular species in plasma can bind iron, however, with a much lower affinity than
apotransferrin. This was described in a review by Hider [28]. Most important are citrate and albumin.
The citrate level in plasma is 100-120 umol/L, representing a considerable iron binding capacity.
In our test subjects, the total iron binding capacity (TIBC) of transferrin was 45-73 umol/L. Citrate
forms a wide range of oligomeric iron(Ill) species, which are stable complexes. Transfer of iron
between an iron(I1I) citrate complex and desferrioxamine takes several hours to complete at pH 7.4 [29].
The rate-limiting step is the dissociation of iron from the polynuclear complex. Another molecule able
to bind large amounts of iron in plasma is albumin [28]. Its concentration is 34-50 g/L plasma, and
albumin possesses a large number of negative carboxylate sites on its surface that are able to bind
Fe(IIl). Absorbed iron bound to citrate or albumin cannot be considered as toxic labile NTBL

Our conclusion is that humans, after being exposed for a longer time to NTBI values in plasma
that can be reached after treatment with highly absorbable iron compounds with a rather moderate
increase of serum NTBI, remained healthy. These considerations may contribute to the discussion on
the maximum acceptable daily intake of EDTA for iron fortification and iron therapy [30].

3.4. Iron Therapy in Developing Countries

Iron is needed for microbial proliferation [8]. There is enormous diversity in the mechanisms of
iron uptake and of iron species that can be processed. A minority of pathogenic microorganisms are
able to use plasma NTBI, one important species being malaria parasites. This is a huge health problem
as malaria, together with iron deficiency anemia, is endemic in many regions of the world [31].

Thalassemia has a high prevalence along the Mediterranean coast, Africa, Middle East, India,
Burma, Southeast Asia including Indonesia, and Melanesia up to the Pacific Islands [32,33]. A total of
3-10% of the world’s population are (3 thalassemia carriers with the prevalence in Indonesia reaching
8% [34]. Thalassemia with iron overload and iron deficiency co-exists in the same population. Both are
microcytic anemias, and clinical symptoms of iron deficiency and thalassemia heterozygotes are
similar. Thalassemia patients frequently receive oral iron supplements for six months for up to two
years. This practice is based on screening difficulties between iron deficiency anemia and anemia in
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Thalassemia trait or intermedia. Apart from that, the public has access to hematinics that are sold
freely over the counter.

The result of this study, showing an increment of NTBI generation after the administration of oral
iron supplements may create awareness in healthcare providers to include sufficiently informative
laboratory tests before providing oral iron supplements for iron deficiency only and to exclude
iron-replete subjects and thalassemia heterozygotes.

4. Materials and Methods

This investigation was a randomized double-blind phase III clinical trial. After randomization, a
cross-over design was used. The trial was carried out at the Eijkman Institute Jakarta from November
2008 to April 2009. Laboratory tests were performed at the University of Indonesia/Dr Cipto
Mangunkusumo Hospital, Jakarta, Indonesia. NTBI values were measured in the laboratory of the
Department of Medical Microbiology, University Medical Centre Utrecht, Utrecht, The Netherlands.

4.1. Selection of Test Subjects

Inclusion criteria: (1) Female; (2) Age 15-60 years old; (3) Iron deficiency (serum Ferritin < 20 ug/mL);
and (4) Informed consent to be involved in the research.

Exclusion criteria: (1) Suffering from a chronic illness; (2) Currently having an acute or severe
chronic infection; (3) Currently under drug therapy or receiving an iron supplement in any form,
minimum one week prior to the clinical investigation; (4) Oral iron supplement allergy; (5) Suffering
from a disease or disorder of the alimentary tract; and (6) Pregnancy.

Eleven females were selected after screening 63 apparently healthy women: (1) students of the
Faculty of Medicine University of Indonesia who went for Thalassemia screening at the Eijkman
Institute for Molecular Biology of Jakarta who were found to have microcytic hypochromic anemia;
and (2) healthy women from several areas in Jakarta who were known to be iron deficiency patients
at the Hematology and Medical Oncology outpatient clinic in the department of Internal Medicine
RSCM. Eleven iron-deficient females were finally selected for this investigation.

The age range of the research subjects was between 15 and 34 years with a mean age of 24.18 years.
A major portion of the study subjects were of a low education level (seven persons) and nine persons
of low income, thus can be assumed to be of low socioeconomic level. A description of the selected
test subjects is provided in Table 3.

Table 3. Distribution characteristics of the selected subjects.

Characteristic Mean Reference Value
(n=11)

Age 24.18
Education

Low 7 subjects

Medium 3 subjects

High 1 subject
Income

Low 9 subjects

Medium 2 subjects

High -
Hemoglobin 109 12-14 gr/dL
MCV 749 82-92 f1
MCH 24.6 27-31pg
MCHC 32.9 32-36 g/dL
Serum Iron 48 6.6-26.0 pmol/L
TIBC 76.9 44.6-73.4 pumol/L
Transferrin Saturation 7.7 <15% = Iron Deficiency
Ferritin 6.2 20-300 ug/L
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4.2. Procedure of the Investigation

The selected subjects were asked to visit the Eijkman Institute five times with one-week intervals
to undergo the test procedure.

The subjects were divided into two groups of six (A) and five (B) subjects. A cross-over procedure
was used as shown in Scheme 1. The procedure sequence towards the subjects was determined
by double-blind randomization using a voting technique. Randomization and crossing-over were
performed to determine who would receive either FeSO4 or NaFeEDTA first. Each subject needed to
attend five times with a one-week interval as a wash-out period.

each group 1 week

fasting from

02.00 AM I 6 hours I

Cross Over

o | e |
TR L T g T

b = T <
meal only FeSOs 6.5 mg FeSO; 65 mg NaFeEDTA 6.5 mg NaFeEDTA 65 mg

6 patients A

—{ == = - -
meal only NaFeEDTA 6.5 mg NaFeEDTA 65 mg FeSO, 6.5 mg FeSO, 65 mg
5 patients B

Scheme 1. Iron supplement administration schedule and iron doses.

Before any test episode (with or without receiving an iron dose), the test subjects were not allowed
to take anything orally except plain water for at least six hours prior to the study. An intravenous
catheter (Veinplon®) with a saline lock method was applied to enable multiple blood drawings in all
subjects. A quantity of 10 mL blood was taken for the first venous blood drawing for Hb, MCV, MCH,
MCHC, NTBI, Ferritin, SI, TIBC, transferrin saturation, CRP, and hepcidin.

Next, subjects were asked to consume a meal of rice with coconut milk (nasi uduk) and omelet,
which is low in iron content, followed by the oral iron supplementation as shown in the table
(see Scheme 2).

The mean reason why a meal prior to supplementation was included in the protocol was the
reduction of side effects of oral iron supplementation like nausea, vomiting, epigastric pain, and
burning sensation in the chest. A placebo dose was included to see the influence of the standard meal,
and eventually circadian fluctuations of serum iron and NTBL

After each test dose of oral iron supplement, 8 mL venous blood was taken at 60th, 120th, 180th,
240th, and 300th min for the measurement of NTBI, SI, TIBC, and transferrin saturation. Subjects were
allowed to take anything orally after one hour of the test dose of oral iron supplement. Low iron
snacks were provided during the whole procedure because subjects were at the research area for about
six hours.
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S| ing of 63 clinically healthy with iron
Laboratory tests : CBC, ferritin
!

| 11 subjects selected according to inclusion and exclusion criteria |

{ R !
| Group A: 6 subjects start with FeSO, | | Group B: 5 subjects start with NaFeEDTA |
[ l J
| Fasting starts at 02.00 am; arrival at Eijkman Institute Jakarta at 08.00 am |
Phlebotomy (10 ml) at minute 0 for:
CBC, CRP, ferritin, NTBI, SI, TIBC, transferrin ion, pl Hb, haptoglobin, hepcidil

Directly after phlebotomy consumption of “nasi uduk” (| ian meal of ked rice
with coconut + fried egg) without or with test dose of iron supplement

‘ Phlebotomy (8 ml) at minutes 60, 120, 180, 240 and 300 for: ‘
NTBI, SI, TIBC, transferrin saturation, hepcidin

Data recording and data analysis

Scheme 2. Algorithm of the investigation.
4.3. Production of NaFeEDTA Capsules

Ferric sodium EDTA (CjoH12FeN;NaOg3H,0) MW = 421.1 was provided by Akzo Nobel,
The Netherlands, as Ferrazone®. The capsules were produced in the Pharmacy of Dr. Cipto
Mangunkusumo Hospital, Jakarta, Indonesia. One capsule with 65 mg elementary iron was composed
of 490 mg NaFeEDTA, and 110 mg lactose. One capsule with 6.5 mg elementary iron consisted of
49 mg NaFeEDTA and 600 mg lactose.

4.4. Composition of Test Meal

Before taking the test dose of the iron supplement, all subjects consumed “nasi uduk” (a standard
Indonesian meal of cooked rice with coconut + fried egg). This meal is free from fortified iron and has
a very low amount of natural iron. Composition of one portion of rice 100 g = 178 calories: protein:
6.8 g; fat: 0.7 g; carbohydrate: 78.9 g; and iron: 0.5 mg. One portion of fried egg (50 g) = 105.8 calories:
protein: 9.3 g; fat: 14.6 g; carbohydrate: 1.5 g; and iron: 2.7 mg.

4.5. Laboratory Test Methods

Routine laboratory tests were performed by the Laboratory of Clinical Pathology, Faculty of
Medicine, University of Indonesia/Dr Cipto Mangunkusumo Hospital.

Laboratory test methods included hemoglobin: cyanide-free sodium lauryl sulfate (SLS)
Sysmex XT-2000i; erythrocytes, leukocytes, hematocrit, MCV, MCH, MCHC: flow cytometry with
semiconductor laser hydrodynamic focusing (Sysmex XT-2000i); serum iron and total iron binding
capacity: Ferrozine (Cobas Integra 400, Roche Diagnostics, Risch-Rotkreuz, Switzerland) Transferrin
saturation %: SI/TIBC x %; C-reactive protein (CRP): turbidimetric (Cobas Integra 400)

Non-transferrin iron (NTBI): fluorescein-labeled apotransferrin (Fl-aTf) [35] was performed at
the Eijkman-Winkler Institute for Microbiology, Infectious Diseases, and Inflammation, University
Medical Centre Utrecht, The Netherlands. Frozen samples were sent from Jakarta to Utrecht.

4.6. Estimation of Iron Absorption

For the estimation of iron absorption from the gut, the most superior technique is a double isotope
method where iron is labeled with Fe> and a nonabsorbable substance (1 CrCl), while the accumulation
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of both radioactive isotopes in the body can be measured simultaneously with a whole-body counter
(WBC) [36]. As such methods, using in vivo radioactive material and very expensive equipment, are no
longer available, stable isotopes or chemical laboratory techniques are used for comparing iron uptake
from two different compounds. For a comparison of iron absorption from two non-labeled different
iron compounds, with or without a meal, in different iron-doses, either Fe(II) or Fe(IlI), a comparison
of serum iron curves is considered a reliable and powerful tool [13,37]. Absolute values for total iron
absorption, however, cannot be estimated with this method.

4.7. Data Management and Analysis

Research data were recorded in tested research questionnaires. Verified data were analyzed
and organized in text format, tables, or figures using SPSS version 16.0 and NCSS 2007 research
software. Multivariate analysis was carried out using one-way ANOVA parametric tests to see the
difference in NTBI level generation in each test dose of iron supplement and placebo every hour.
Normality tests were performed before using the Shapiro-Wilk method in view of the small number
of subjects (11 persons with n < 50). The result of the normality tests showed a slightly abnormal
distribution of data by which log10 transformation was carried out. However, in 6.5 mg FeSO, from
the 240th min, the distribution was still abnormal, thus a nonparametric Kruskal-Wallis test was
performed followed by a Mann-Whitney test to have a look at the significance between test doses in
the 240th min. One-way ANOVA was performed followed by post hoc analysis.

4.8. Ethical Assessment

Signed, informed consent was obtained from all test subjects before participation in the study.
The study was conducted in accordance with the Declaration of Helsinki. Ethical assessment of the
study protocol was conducted by the Ethical Committee of the Faculty of Medicine, University of
Indonesia/Dr Cipto Mangunkusumo Hospital and was approved on 13 October 2008. The Project
Identification Number is 338 /PT02.FK/ETIK/2008.

The original protocol also contained an investigation, similar to the iron-deficient subjects, in
apparently healthy females with nontransfused alpha thalassemia intermedia. This part of the study
was not approved as it implicated the donation of iron to a potentially endangered group of patients.

5. Conclusions

1.  In healthy iron-deficient females, intestinal iron uptake from NaFe(II)EDTA, provided as a
therapeutic dose of 65 mg Fe, was twice as high as that from Fe(II)SOy if ingested with a
traditional Indonesian meal.

2. Measured in the same samples, non-transferrin-bound iron (NTBI) also increased with an almost
identical time-related pattern.

3. When a 6.5 mg iron dose (representing iron fortification) was ingested, the post-absorption curves
and increase of NTBI of NaFeEDTA and FeSO, were almost flat, being below the detection level
of the method used. Such studies should be performed with stable isotopes, estimating red blood
cell iron utilization.

4. For NTBI the post-absorption concentration in plasma was representative for the whole
circulation being the dilution volume. If the NTBI values remain within the range considered to
be normal for iron-replete men after the therapeutic dose of 65 mg iron, then one should not fear
pathological side effects.

5. Although iron absorption from NaFeEDTA was almost zero if given with water, as was
demonstrated for iron-replete men and women, its absorption was excellent (and even much
better than that from FeSOy), if given with a meal as described in this study.

Supplementary Materials: Tables presenting a complete data set of serum iron and NTBI data. Annex 1: Complete
set of serum iron values. Annex 2: Complete set of NTBI values.
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Abstract: Iron is an essential trace mineral necessary for life, and iron deficiency anaemia (IDA)
is one of the most common haematological problems worldwide, affecting a sixth of the global
population. Principally linked to poverty, malnutrition and infection in developing countries,
in Western countries the pathophysiology of IDA is primarily linked to blood loss, malabsorption
and chronic disease. Oral iron replacement therapy is a simple, inexpensive treatment, but is
limited by gastrointestinal side effects that are not inconsequential to some patients and are of
minimal efficacy in others. Third generation intravenous (IV) iron therapies allow rapid and
complete replacement dosing without the toxicity issues inherent with older iron preparations.
Their characteristic, strongly-bound iron-carbohydrate complexes exist as colloidal suspensions
of iron oxide nanoparticles with a polynuclear Fe(IlI)-oxyhydroxide/oxide core surrounded by
a carbohydrate ligand. The physicochemical differences between the IV irons include mineral
composition, crystalline structure, conformation, size and molecular weight, but the most important
difference is the carbohydrate ligand, which influences complex stability, iron release and
immunogenicity, and which is a unique feature of each drug. Recent studies have highlighted
different adverse event profiles associated with third-generation IV irons that reflect their different
structures. The increasing clinical evidence base has allayed safety concerns linked to older IV irons
and widened their clinical use. This review considers the properties of the different IV irons, and how
differences might impact current and future clinical practice.

Keywords: adverse event profile; anaemia; bioengineering; labile iron; intravenous iron;
iron-carbohydrate complex; iron processing

1. Introduction

Iron, the most abundant element on earth, accounting for 35% of the earth’s mass, is an essential
trace mineral necessary for a myriad of metabolic reactions in the body. These include a role in
catalytic enzymes and proteins for DNA synthesis, transport of oxygen in haemoglobin and myoglobin,
mitochondrial cell respiration, oxidative phosphorylation and adenosine triphosphate (ATP) formation
in the tricarboxylic acid cycle [1-3]. The human body contains 3-5 g iron and is essential for life,
but iron acquisition and assimilation in humans is challenging as oxidised iron is poorly soluble
at neutral pH, and within the body, “free” iron is toxic through the promotion of reactive oxygen
species. Thus, multiple, complex systems have evolved in man to manage and retain iron, yet iron
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deficiency and iron deficiency anaemia (IDA) are common problems [4]. Oral iron therapy is a simple,
inexpensive treatment, but is limited by gastrointestinal side effects that are not inconsequential
to some patients and are of minimal efficacy in others [5]. Advances in our understanding of the
pathophysiology of iron metabolism and the development of new pharmaceutical technologies have
led to a better understanding of the need for and development of intravenous (IV) formulations for
iron replacement when oral iron preparations are not efficacious or cannot be used. This review
considers the properties of the different IV irons, and how differences might impact current and future
clinical practice.

2. Iron Deficiency Anaemia

Tron deficiency is the most common nutritional deficiency worldwide. IDA is one of the most
common haematological problems, and the most important cause of a microcytic, hypochromic
anaemia. Globally, 1.24 billion people are affected by IDA, which corresponds to about a sixth of
the global population [4]. The Global Burden of Disease project highlighted the significant public
health importance of IDA, with around 35,000,000 disability-adjusted life years globally attributable to
IDA, ranking it fourth in the top leading causes of disability [4]. It is associated with multiple disease
states, including chronic kidney disease (CKD), inflammatory bowel disease (IBD) and congestive
heart failure and contributes to loss of wellbeing and poor outcomes for patients [6,7]. From a health
system perspective, identification and correction of perioperative IDA reduces rates of transfusion
and mortality rates, as well as length of hospital stay [8,9]. Regardless of whether IDA is symptomatic,
all patients should be treated—both by addressing the underlying cause of the iron deficiency and
through adequate replenishment of iron stores. More recently, emerging data also suggest benefit in
the treatment of non-anaemic iron deficiency (NAID) with replacement iron [10,11].

2.1. Pathophysiology of IDA

Principally linked to poverty, malnutrition and infection in developing countries, in western
countries the pathophysiology of IDA is primarily linked to blood loss, malabsorption and chronic
disease (Table 1) [7]. Chronic blood loss occurs in a range of conditions that include peptic ulcer disease,
inflammatory bowel diseases, regular haemodialysis therapy, occult intestinal cancer and heavy
menstrual bleeding. Impaired iron absorption is often apparent after gastrectomy and in inflammatory
bowel diseases, and chronic diseases such as CKD are characterised by impaired erythropoiesis through
iron restriction. Loss of iron in the urine can occur through rare forms of intravascular haemolysis,
and IDA can be drug-related (proton-pump inhibitors, leading to impaired absorption due to increased
gastric pH) and genetic (iron-refractory iron-deficiency anaemia, IRIDA) [7].

Table 1. Main causes of iron deficiency in the western world [7].

Cause Details

Insufficient uptake Malnutrition or diet-related (low-iron, vegetarian, vegan)

Increased physiological | Rapid growth during infancy/adolescence, menstrual blood loss, pregnancy
demand (2nd /3rd trimesters)

Chronic blood loss Trauma, surgery, delivery, heavy menstrual bleeding

Kidney disease, heart failure, inflammatory bowel disease, gastritis, peptic ulcer,

Chronic disease . ; -
intestinal cancer and benign tumours

Glucocorticoids, salicylates, non-steroidal anti-inflammatory drugs, proton-pump

Drug-related D . . . .
rugrelate inhibitors, Hp-receptor antagonists, drug-induced haemolytic anaemia

Genetic Iron-refractory iron-deficiency anaemia, thalassaemia and sickle cell anaemia

IRIDA is caused by mutations/polymorphisms in the gene TMPRSS6 (transmembrane protease,
serine 6) [12]. This anaemia offers useful insights into the normal iron-control mechanisms in
humans. The consequence of TMPRSS6 loss of function mutations is constitutively high levels of the
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iron-regulatory hormone hepcidin, a 25-amino acid peptide that together with the sole iron exporter in
the body, ferroportin, control iron homeostasis (Figure 1). High levels of hepcidin result in ferroportin
loss from cell membranes and cessation of iron export to plasma. This explains the inability to absorb
intestinal iron in IRIDA cases and thus the muted response to treatment with oral iron preparations [13].
This can be partly overcome if sufficiently high quantities of oral iron are administered as demonstrated
in studies of the phosphate binder ferric citrate [14].
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Figure 1. A simplified overview of iron metabolism. The major flow of iron in the body is via
transferrin (TF), which transports iron from iron absorption in the enterocytes in the duodenum,
the recycling of iron from senescent erythrocytes within macrophages of the reticuloendothelial system,
and the mobilisation of iron storage within ferritin (FTN), that mainly resides within macrophages
and hepatocytes. Iron export to plasma is mediated via the sole iron exporter, ferroportin and
is controlled by its ligand, hepcidin, which is secreted into blood plasma mainly by hepatocytes.
Hepcidin binds to ferroportin and controls ferroportin concentration through promoting its endocytosis.
Almost all plasma iron is bound to TF, but after infusion of iron supplements, labile (unbound) iron
may appear in plasma. The molecular structure of third generation IV irons confers stability on
the iron complex, with the intention of limiting the amount of labile iron entering the plasma after
infusion and ensuring a controlled release of iron from the complex once taken up by macrophages.
How the different IV iron complexes are handled in the macrophage and the basis for their different
solubility is not well characterised, but will be dependent not only on pH, but the low molecular
weight molecules that are present in the lysosome and their different iron-binding affinities and on
macrophage polarisation/differentiation. Iron released from the iron-carbohydrate complex is either
stored as ferritin or transported out of the macrophage and bound to TE.

Hepcidin and iron regulatory proteins (IRPs) are essential for maintaining iron homeostasis [15].
Hepcidin production from the liver is increased in the presence of inflammation, in particular in
the presence of the inflammatory cytokine interleukin-6 and is an underlying mechanism of IDA
associated with chronic disease [16]. Chronic inflammation, for example related to CKD, increases
hepcidin production, in turn inhibiting both the uptake of dietary iron and the mobilization of stored
iron from the reticuloendothelial system to circulating transferrin [17]. This restricts the availability
of iron for erythropoiesis, which is often superimposed on underlying true iron deficiency and may,
therefore, be termed functional iron deficiency as there are sufficient iron stores but an inability to
access them due to elevated hepcidin [18,19].
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2.2. Iron Supplementation Strategies

Historically, oral iron replacement therapy to treat IDA in the form of iron salts dates to the 17th
century. Oral ferrous salts are the most commonly prescribed iron replacement therapy, reflecting
their efficacy and simplicity of dosing [6,7]. However, long-term treatment of up to 6 months is
usually required to adequately replete iron stores, and gastrointestinal side-effects that include nausea
and pain are common. A meta-analysis of 43 randomised, controlled trials of 6831 patients reported
gastrointestinal side-effects in up to 75% of patients [5]. These side effects can be underestimated
regarding their impact on patients and adherence can be challenging [20].

For those who do not respond to oral iron, understanding the hepcidin—ferroportin axis has
provided mechanistic insights into relative “iron resistance”. This points to a potential role for hepcidin
measurement in clinical practice, with a view to identifying patients most likely or least likely to
respond to oral iron therapy. Also, recent studies of NAID have shown that alternate-day dosing of
oral iron might optimise iron absorption, as the hepcidin levels fall in the alternate days without iron
consumption [10,11].

There is ongoing research interest in the development of original oral irons; in particular,
the utilisation of nanotechnology to create novel oral iron nanoformulations [21-25]. One of
the strategies proposed is to use the iron core of ferritin, the primary iron-storage protein in
cells, as a model. Ferritin has evolved to serve as a highly efficient iron storage protein that is
conserved across eukaryotes. Ferritin is composed of an iron oxide nanocore contained within a
globular heteropolymeric protein, from which iron release is restricted and controlled [26]. Recently,
a nanoparticulate mimetic of the ferritin core was proposed as a potentially side effect-free form
of supplemental iron [27] and a paediatric trial is ongoing (NCT02941081). Other trials are
on-going with many different oral iron formulations developed to improve absorption and/or
tolerability [14,23,28-30].

The first parenteral iron preparations to be used clinically in the early 20th century were colloidal
ferric hydroxide preparations, but toxicity linked to the release of large amounts of labile (“free”)
iron limited their use. This prompted the development of preparations composed of an iron core and
carbohydrate shell that prevented rapid release of the elemental iron [13,31]. The introduction of IV
iron saccharide in 1947 and high-molecular-weight dextran (HMWD) iron in 1954 signalled a major
change in perception of IV iron supplementation due to their efficacy and relative safety. Nonetheless,
cases of severe hypersensitivity reactions, in particular the well-documented dextran-induced anaphylactic
reactions, led to extreme caution within the medical community regarding the use of these IV irons [13,31].

In the 1990s, two new formulations—iron gluconate and iron sucrose—were developed that
used non-dextran carbohydrates complexed with the iron core and these were associated with
markedly fewer severe adverse events (SAE). It was shown that patients previously sensitive to HMWD
were unlikely to be sensitised to these newer irons [13,31,32]. Development of new pharmaceutical
technologies allowed the development of third generation IV irons in an attempt to circumvent
the toxicity issues inherent with earlier preparations and the posology limitations of iron sucrose
products. In the last ten years, three third-generation IV iron compounds were licensed for the
treatment of IDA [13,31]. Two are currently approved for use in Europe—ferric carboxymaltose and
iron isomaltoside 1000—and one in the United States—ferumoxytol [33].

3. Bioengineering and Metabolism of IV Iron

IV iron preparations are bioengineered as iron-carbohydrate complexes to deliver high doses of
iron in a stable, non-toxic form [34] and consist of colloidal suspensions of iron oxide nanoparticles with
a polynuclear Fe(Ill)-oxyhydroxide/oxide core surrounded by a carbohydrate ligand [13,31,35-39]
(Table 2). In essence, IV irons behave as prodrugs, retaining ionic iron until the iron-carbohydrate
complex is metabolised [35,36]. The physicochemical differences between the IV irons include
mineral composition, crystalline structure, conformation, size and molecular weight, but the key
point of difference between IV iron products is the carbohydrate ligand, which influences complex
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stability, iron release and immunogenicity, and is a unique feature of each drug [13,31,34-38] (Table 3).
Schematic models of a high molecular weight iron—carbohydrate complex (iron carboxymaltose) and a
low molecular weight complex (iron gluconate) are compared in Figure 2, which illustrates that these
are two different particles both in terms of overall size but also, and importantly, in terms of number of
iron atoms and how accessible these are to undergo chemical reactions. Iron carboxymaltose contains
around 110,000 iron atoms bound to 180,000 oxygen atoms in a dense structure with an approximate
core diameter of 18 nm. This makes it more difficult to break down once inside the cells, since the iron
atoms are less accessible to chelators or redox reactions, whereas iron gluconate is smaller with a 6 nm
diameter, is less compact and has fewer iron atoms (around 4200 iron atoms bound to 7000 oxygen
atoms) and, therefore, the kinetics of iron release from iron gluconate is faster than that of iron release
from iron carboxymaltose, meaning that iron gluconate is more labile than iron carboxymaltose.

Table 2. Clinical characteristics of currently available IV irons [13,33,39].

Iron Iron Low Molecular Iron Iron
Ferumoxytol Isomaltoside Weight Iron
Carboxymaltose Sucrose  Gluconate
1000 Dextran
Brand name Feraheme® Ferinject® Monofer® Cosmofer® Venofer®  Ferlixit®
Max"‘;‘:";mgle 510 mg 1000 mg 20 mg/kg 20 mg/kg 200mg  125mg
Minimum
administration time 15 15 15 60 30 30-60
(minutes)
Replacement dose
possible in a single No Yes Yes Yes No No

infusion

Table 3. Comparison of physicochemical characteristics and pharmacokinetics of IV irons [37-39].

Iron Iron Low Molecular Iron Iron
Ferumoxytol Carboxymaltose Isomaltoside Weight Iron Sucrose  Gluconate
1000 Dextran
M"‘ec‘(‘]‘;;)we‘ght 185,000 150,000 150,000 103,000 43000 37,500
Gluconate,
Carbohydrate Polyglucose sorbitol . i Dextran . loosely
ligand carboxymethylether Carboxymaltose  Isomaltoside polysaccharide Sucrose associated
sucrose
Relative stability
of iron . . . . .
carbohydrate High High High High Medium Low
complex
Reactivity ‘.mth Low Low Low Low Medium High
transferrin
R.elahve labile Low Low Low Medium High High
iron release
Plasma half-life 15 712 20 5-20 6 ~1

(hrs)

308



Pharmaceuticals 2018, 11, 82

Fe core Fe core
I
~6nm ~18 nm

Figure 2. Schematic illustration of the relative size and composition of iron gluconate (left,
low molecular weight, 37,500 Da) and iron carboxymaltose (right, high molecular weight,
150,000 Da). The models show iron-oxide cores, based on the neutron diffraction-derived structure of
ferrihydrite [40], surrounded by the relevant organic ligands. Oxygen is shown in red, hydrogen in
pink, carbon in black and iron in blue.

Upon 1V infusion, the volume of distribution of IV irons corresponds roughly to the plasma
volume. 1V irons are processed in macrophages and release functional iron from the carbohydrate
ligand [35,36]. The iron complex is endocytosed by macrophages within the reticuloendothelial
system, mainly in the liver, spleen and bone marrow, but the precise mechanism of recognition and
internalization is not fully defined [41]. Endosome-lysosome fusion creates an acidic endolysosome
and, combined with endogenous iron-binding due to citric acid and other iron-complexing agents
present in the lysosomes, drives iron release from the iron—carbohydrate complex [42]. This may be
distinct from the mechanism of iron release from ferritin. Early in-vitro stability analyses suggest that
the low pH of the endolysosome, the type and concentration of low-molecular-weight iron-ligands
present in the endolysosome and the stabilities of the different IV iron-carbohydrate structures, are all
important for iron liberation [42,43]. However, the precise mechanism of iron liberation is incompletely
understood. This is an area of current interest—IV iron metabolism is likely to vary depending on the
type and differentiation state of the macrophage processing the iron [44,45], and iron itself can alter
macrophage polarisation [46], so that the different characteristics of each iron-carbohydrate complex
may potentially affect macrophage function. The latter may well have relevance for the regulatory
authorities when defining the extent of similarity between iron-formulations of the same class.

Iron is subsequently transported into the labile iron pool in the macrophage cytoplasm, where it
can be stored, or exported into the plasma by ferroportin. The mechanism by which intracellular iron
is delivered to ferroportin for export is not well characterised [47]. Upon export, iron is immediately
oxidised by ferroxidases, and sequestered by plasma transferrin for transport to erythroid precursor
cells for incorporation into haemoglobin or to other iron-requiring cells, or for liver storage in the form
of ferritin [35-37] (Figure 1).

The stability of the iron—carbohydrate complex influences the amount of labile iron that is
present in the formulation [32,37]. Strongly-bound iron—carbohydrate complexes characterise the
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third-generation IV irons. These stable, robust complexes bind iron tightly and do not release large
amounts of labile, non-transferrin-bound iron (NTBI) into the blood before macrophage uptake.
As a result, the risk of infusion reactions caused by labile iron is diminished and are clinically
well-tolerated even at high doses [13,31,32,35,37,39,48,49]. This allows rapid, high-dose infusion
of doses of 1000-1500 mg, thus offering the potential for complete iron replacement in 15-60 min
(Table 2), although processing and distribution of the iron will obviously take longer. Comprehensive
biochemical quantification of the different IV irons preparations confirms differences in complex
stability and labile iron release (Figure 3) [32].

5 4 =500 mg
=200 mg
4
L 3
c
o
=
e 29
3
3
| - -
o NN ,
Ferric Ferumoxytol Iron isomaltoside Iron dextran Iron sucrose Iron gluconate
carboxymaltose

Figure 3. Invivo comparison of labile iron potential of IV iron preparations. Results of the
determination of detectable labile iron in human serum as a percentage of total dose given (200 mg and
500 mg), using the Ferrozine®-method (adapted from Jahn et al., 2011 [32]).

Compared with third-generation irons, the lower molecular weight iron sucrose complexes have
lower complex stability, are termed semi-robust, moderately strong, and release larger amounts of NTBI
into the blood [37]. As a result, maximal single doses are significantly lower with longer administration
times [33,37]. Ferric gluconate preparations contain variable amounts of low-molecular-weight
components (<18,000 Daltons), are characteristically labile and weak, and generate larger amounts
of labile NTBI [37]. Labile iron also has the potential for formation of highly reactive free radicals
causing oxidative stress [50]. Under normal physiological conditions, iron in the body exists in a
non-redox-active form, i.e., it is not able to repetitively complete coupled reduction and oxidation, as in
ferritin and transferrin. However, should iron infusions lead to complete or near-complete saturation
of transferrin, the subsequent high levels of labile, redox-active iron, particularly with high-dose
infusion, may contribute to formation of reactive oxygen species and reactive nitrogen species in an
uncontrolled way. These entities cause oxidative and/or nitrosative stress that upsets normal cellular
signalling mechanisms and has been shown to be involved in many diseases, including heart failure,
and Alzheimer’s disease, Friedreich’s ataxia and Parkinson’s disease [35,39].

A further consideration is the risk of dextran-related immune reactions and clinical
hypersensitivity reactions more generally. Dextran, given intravenously, can result in IgG-mediated
anaphylaxis [34]. Early IV formulations of high-molecular-weight iron dextran caused rare but serious
allergic reactions that led to anaphylaxis [13,31]. The formulation of iron dextran (lower molecular
weight) currently available is associated with markedly lower rates of adverse events [51-54].
For third-generation IV iron preparations, the carbohydrate component of the iron-carbohydrate
complex is responsible for immune recognition and eliciting hypersensitivity reactions. It is now
thought that a complement activation-related pseudo-allergy is likely a more common pathogenetic
mechanism in acute reactions to currently licensed IV iron than a response that is immunological and
IgE-mediated [55]. The response is likely triggered by iron nanoparticles and influenced by the unique
carbohydrate-iron complex of each IV iron.
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Thus, the structure and physiochemical characteristics of IV irons have implications for therapy,
impacting the maximum amount of iron that can be infused, the rate of infusion, the risk of minor
infusion reactions, the risk of immune-mediated hypersensitivity reactions, and wider negative effects
linked to the toxicity of labile iron.

Regqulatory View of IV Iron Formulations and Bioequivalence

The complexity of the IV iron formulations underlies the ongoing issue regarding approval of
generic copies of non-biologic complex drugs. The authorisation process for generic pharmaceuticals
is currently based on pharmaceutical equivalence which encompasses demonstration of ‘sameness’ of
the active pharmaceutical ingredient and bioequivalence to the listed reference product without the
need for efficacy studies and establishing a safety profile. With the availability of iron sucrose similars
in the European Union, differences in clinical efficacy and safety profiles to the originator drug have
been reported [56-63].

With this background, the regulators have taken notice of the complexity of IV iron formulations.
Both the Food and Drug Administration (FDA) and European Medicines Agency (EMA) acknowledge
that IV iron—carbohydrate nanoparticle preparations cannot be authorised by this well-established
generic approval paradigm for small molecules. The EMA and FDA have reflected on the data
requirements to define similarity and the possibility of interchanging or switching between
different IV iron formulations; these include stepwise in vitro, non-clinical and clinical testing as
a prerequisite [64—66]. The EMA has concluded that the stability of IV iron-carbohydrate complexes
and the physicochemical properties of both the iron and the carbohydrate impact the quality attributes
of the different drugs, which have the potential to influence both safety and efficacy [66]. This position
draws into question the view that IV irons are substitutable and interchangeable and suggests caution
should be exercised when switching between 1V irons, with appropriate efficacy and safety monitoring
put in place.

4. Clinical Use of IV Iron

The prescribing of IV irons across a broad range of indications reflects the breadth of conditions
that manifest IDA. IV iron use has dramatically increased, and the broad and increasing number
of conditions for which IV iron has been investigated is at least in part supported by their safety
profile. An extensive meta-analysis of >10,000 patients derived from 103 clinical trials offers important
insights into the overall safety profile and allows comparison between IV and oral iron [67]. IV iron
was not associated with an increase in serious AEs (SAE) when compared to oral iron and placebo
(RR, 1.04; 95% CI, 0.93-1.14). SAE were rare, estimated to occur in 1:200,000 doses with no fatal or
anaphylactic reactions reported [67]. Although the study confirmed that minor infusion reactions do
occur, the frequency of these adverse events must be considered in the context of the use of blood
transfusions. In many cases, transfusions are the only alternative to IV iron to correct IDA when oral
iron is ineffective or not tolerated or in acute situations when there is not enough time for oral iron to
replenish iron levels.

A limitation of the meta-analysis is the short-term nature of randomised clinical trials (RCTs),
with long-term adverse events not being tracked (67). For conditions such as CKD that are dependent
on ongoing long-term dialysis and frequent iron infusions, there are some concerns about the long-term
safety outcomes. This concern in part relates to the potential for oxidative stress linked to IV iron use,
especially in the context of the ongoing chronic inflammatory processes characteristic of CKD. A large,
clinical study (proactive IV iron therapy in haemodialysis patients, PIVOTAL, EudraCT number
2013-002267-25) has recently been completed and will report major adverse outcomes including major
cardiovascular events in CKD patients [68].

There is extensive clinical trial evidence supporting the efficacy of IV iron preparations in patients
with both non-dialysis-dependent and end-stage CKD [69-99] and patients with CHF [100-110],
IBD [28,111-120], women’s health (including abnormal uterine bleeding [121], peri and postpartum
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IDA [122-125], and prevention in pregnancy [126], and in various cancers [127-131], and in the
perioperative management of anaemia [132]. Several observational cohort studies further support the
efficacy and safety of IV iron in real-world clinical practice for IDA associated with CKD [133-142]
(including dialysis patients hospitalised for infection [139]), IBD [143-145], pregnancy [146] and
cancer [147,148].

Multiple clinical guidelines relating to the management of iron deficiency in various healthcare
fields including CKD, CHE, IBD, cancer and pregnancy note the benefit of IV iron as a treatment option
for CKD for whom oral iron is not an option (lack of response, non-compliance, or intolerance) and
for those patients with severe iron deficiency with the need for rapid iron replenishment [149,150].
As would be expected, the clinical evidence base underpinning these guidelines is strong. The 2018
European Society for Medical Oncology (ESMO) clinical practice guidelines for the management of
anaemia and iron deficiency in patients with cancer reflect the most recent clinical data and strongly
recommend IV iron in confirmed iron deficiency [151]. For chemotherapy-associated anaemia, IV iron
makes an important contribution to improved response to erythropoiesis stimulating agents. In dialysis
associated with CKD, IV iron is standard care practice [152].

Evolving Evidence Base Identifies Differences between Third-Generation IV Irons

Generally, reviews and meta-analyses provide valuable pooled results reporting the overall
efficacy and safety profile of the class. Direct comparison between different irons are few, but with the
increasing evidence pool and broadening of diseases assessed for IDA correction, some differences
between irons are beginning to become apparent that may impact clinical practice.

In heart failure, iron deficiency is linked to disease severity and is only partly related to anaemia
and is recognised as a marker of poor prognosis, independent of other prognostic factors [153-155].
IV iron improves patient well-being and New York Heart Association (NYHA) functional class,
as reported in the FAIR-HF trial (Ferinject Assessment in Patients with Iron Deficiency and Chronic
Heart Failure) in both anaemic and non-anaemic patients and exercise capacity over 24 weeks in
the CONFIRM-HEF trial (Ferric CarboxymaltOse evaluatioN on perFormance in patients with IRon
deficiency in coMbination with chronic Heart Failure) [107,156]. In light of the evidence derived
from trials of ferric carboxymaltose, the European Society of Cardiology guidelines for heart failure
management makes a specific recommendation that ferric carboxymaltose should be considered in
symptomatic patients to alleviate HF symptoms and improve exercise capacity and quality of life [150].
Whether other third generation irons have a similar impact is yet to be confirmed but is currently being
investigated with results expected in 2021 (NCT02642562) [157].

Iron deficiency is highly prevalent in IBD, occurring in more than two-thirds of patients with
Crohn’s disease and ulcerative colitis [158,159]. Inflammatory bowel disease is perhaps a unique
disease process with respect to IDA because of the multiple pathogenic mechanisms involved in
its pathophysiology. Chronically inflamed intestinal mucosa with blood loss and micronutrient
deficiency (iron and B12) are the primary mechanisms underlying the development of anaemia in IBD,
with chronic inflammation, haemolysis, and medication-induced myelosuppression also thought to
have roles [160]. A Bayesian network meta-analysis assessed the comparative efficacy and safety of
different IV irons in patients with IBD and anaemia. This meta-analysis included five trials involving
a relatively small number of patients (1 = 1143) treated with IV iron (IS, ferric carboxymaltose,
ferumoxytol, low-molecular-weight iron dextran, ferric gluconate, iron isomaltoside). Based on
response rate, defined as Hb normalisation and/or increase by >2 g/dL, ferric carboxymaltose alone
was shown to have superior efficacy than oral iron (OR = 1.9, 95% CI: 1.1; 3.2) [161].

From a safety perspective, the two main side effects associated with IV iron are
hypophosphataemia, apparent soon after infusion and lasting up to 2 weeks, and hypersensitivity
reactions, as previously noted. The occurrence of hypophosphataemia has been investigated further.
The underlying cause of the phenomenon is related to the expression of FGF-23, a hormone derived
from osteocytes, with the ultimate consequence of renal phosphate excretion. A head-to-head
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retrospective analysis of 81 patients who received ferric carboxymaltose or iron isomaltoside identified
hypophosphataemia almost exclusively in the ferric carboxymaltose-treated patients and caused by
increased concentrations of FGF-23 [162]. A more recent study, the FIRM study in 1997 participants
also demonstrated this difference in effect on phosphate when ferric carboxymaltose was compared
with ferumoxytol [163]. This side effect highlights a subtle but potentially important different
pharmacodynamic action of these two third generation IV irons. More data on hypophosphataemia is
accruing; it is currently thought to be generally mild and usually without clinical consequence, but rare
cases with clinical sequalae are apparent and this issue must be kept in consideration. The risk may be
increased in patients with other disturbances of phosphate metabolism, such as hyperparathyroidism.
A Danish retrospective analysis of 231 outpatients treated with IV iron infusions over a 2.5-year
period, during which ferric carboxymaltose was switched to iron isomaltoside and back to ferric
carboxymaltose in a stable cohort of patients largely with IBD [164], showed hypophosphataemia
events were markedly more frequent in patients treated with ferric carboxymaltose than iron
isomaltoside (64 vs. 9, p < 0.01). The study also reported that significantly more patients experienced
hypersensitivity reactions with iron isomaltoside than ferric carboxymaltose (2.5% vs. 10.7%, p < 0.01),
with no hypersensitivity crossover between the two drugs apparent. With the same amount of iron
delivered with both drugs, this study suggests the differences in side effect profile relate to the different
structures and properties of the two different IV iron drugs. More recent reviews have reassured
that at least in patients with renal disease, the prevalence of serious adverse reactions is relatively
low [49,67,165,166].

5. Conclusions

IDA is a clinically important complication associated in particular with chronic inflammatory
conditions, infection and other disease states and leads to chronic fatigue, reduced quality of life
(QOL), increased risk of complications and increased mortality. Treatment of iron deficiency falls into
two main categories, oral and IV iron formulations [167]. Clinical practice guidelines identify the
benefits of IV iron preparations as a treatment option for patients with IDA who lack a response to,
are non-compliant with, or are intolerant of oral iron treatment, as well as those who have severe iron
deficiency and require rapid replenishment of available iron and Hb levels. IV iron has an important
role in management of IDA perioperatively, particularly for emergency surgery, and there is now a
robust clinical trial evidence base supporting the efficacy and safety of IV iron preparations in CKD,
CHEF, IBD, women’s health and cancer.

The third generation of IV irons are characterised by unique carbohydrate ligands forming
strongly bound iron—carbohydrate complexes. Their complexity is reflected in the guidance from
regulators that generic formulations cannot be authorised by the generic approval process and goes
against the view that IV irons are substitutable and interchangeable. The risk of infusion reactions is
diminished compared with previous IV iron formulations, and these drugs are clinically well-tolerated
at high doses to allow rapid, high-dose infusion that offers the potential for complete iron repletion
in 15-60 min. As the evidence base and range of indications for which IV iron treatment is used
expands, it is valuable to define the differences between these agents, in particular adverse event
profiles, and reflect on how this might influence both the choice of iron and the decision to switch
between IV irons in clinical practice.
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