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Abstract: Iron is a crucial element for mammalian cells, considering its intervention in several
physiologic processes. Its homeostasis is finely regulated, and its alteration could be responsible for
the onset of several disorders. Iron is closely related to inflammation; indeed, during inflammation
high levels of interleukin-6 cause an increased production of hepcidin which induces a degradation
of ferroportin. Ferroportin degradation leads to decreased iron efflux that culminates in elevated
intracellular iron concentration and consequently iron toxicity in cells and tissues. Therefore, iron
chelation could be considered a novel and useful therapeutic strategy in order to counteract the
inflammation in several autoimmune and inflammatory diseases. Several iron chelators are already
known to have anti-inflammatory effects, among them deferiprone, deferoxamine, deferasirox, and
Dp44mT are noteworthy. Recently, eltrombopag has been reported to have an important role in
reducing inflammation, acting both directly by chelating iron, and indirectly by modulating iron
efflux. This review offers an overview of the possible novel biological effects of the iron chelators in
inflammation, suggesting them as novel anti-inflammatory molecules.
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1. Introduction

Iron is an important element involved in different physiologic and pathologic mecha-
nisms in mammalian cells [1]. Its body content varies according to sex, health and nutrition
and is about 3-5 g in adults. It could be present in two forms into cells, ferrous (Fe?*) and
ferric (Fe3*), and it is a constituent of several metalloproteins, for example in heme as or-
ganic cofactor, and in different function groups as an inorganic cofactor, such as iron-sulfur
clusters [2].

Iron participates to cellular metabolism, DNA synthesis and repair, cell growth and
death [3]. Although iron is important for life processes, its excess is highly toxic because
it activates the Fenton reaction, during which iron reacts with hydrogen peroxide and
generates hydroxyl radicals. These toxic free radicals are responsible for cellular proteins,
lipids, and nucleic acids damage [3,4]. Moreover, iron homeostasis is also involved in
the regulation of immune system by modulating the activities of innate and adaptive
immunity cells, among them T and B cells, neutrophils, macrophages [1]. For these reasons
its metabolism is finely regulated, and its alteration is responsible for the onset of several
diseases [1]. In particular, several iron-processing cells and tissues are involved in regulation
of iron homeostasis and also the hepcidin/ferroportin axis plays a crucial role in this
regulation. Alterations of iron import and export can determine the onset of different
disorders [3].

There are several biomolecules which modulate iron homeostasis, contributing to its
import and export in cells, and also to its peripheral transport to target cells [1,5].
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Transferrin (Tf) is an important glycoprotein responsible for the transport of circulating
iron in its inert state [6]. The Transferrin Receptor-1 (TfR-1) and the Divalent Metal Trans-
porter 1 (DMT1) are the main iron importers, located on cell surface, responsible for iron
internalization in cells. TfR-1 recognizes and internalizes the complex Tf-ferric iron (Fe3*)
into cells, where iron is released [6,7], while DMT1 binds and internalizes reduced iron
(Fe?*). Once iron has entered the cell, it can be used by the mitochondrion for metabolic
reactions or it can be bound in its inert form by ferritin, the main iron storage protein
capable of binding up to 4500 atoms of iron [6,8]. Then, excess iron is released by the cell
through the only known iron efflux protein ferroportin 1 (FPN1) [8,9] (Figure 1).
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Figure 1. Iron metabolism. Several biomolecules modulate iron metabolism, contributing to its
import and export in cells. Transferrin (Tf) is an important glycoprotein responsible for the transport
of circulating iron in its inert state. The Transferrin Receptor-1 (TfR-1) and the Divalent Metal
Transporter 1 (DMT1) are the main iron importers, located on cell surface, responsible for iron
internalization in cells. TfR-1 recognizes and internalizes the complex Tf-ferric iron (Fe3*) into cells,
where iron is released, while DMT1 binds and internalizes reduced iron (Fe?*). Once iron has entered
the cell, it can be used by the mitochondrion for metabolic reactions, or it can be bound in its inert
form by ferritin. Then, excess iron is released by cell through the only known iron efflux protein
ferroportin-1 (FPN-1).

In conclusion, iron metabolism is finely regulated so that its intracellular and circulat-
ing concentration falls within the physiological ranges. Otherwise, dysregulation of iron
metabolism can induce an increase of intracellular iron concentration which plays a key
role in inflammatory processes, and is the cause of the onset of several inflammatory and
immune diseases [10-12].

2. Iron Homeostasis Alteration in Inflammation

Iron homeostasis can be regulated at two different levels: cellular and systemic lev-
els [8]. Iron regulatory proteins (IRPs), IRP1 and IRP2, are involved in the regulation of
iron homeostasis at cellular levels, by modulating the levels of DMT1, TfR-1, FPN1 and
ferritin [8]. When there are low levels of iron in cells, IRP1 and IRP2 recognize and bind the
iron responsive elements (IREs) located in the untranslated regions (UTRs) of the messenger
RNAs (mRNAs) encoding various proteins involved in iron metabolism, modulating their
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translation [5,13]. Conversely, when iron levels are high in cells, IRPs are not able to bind
IREs in UTR of these mRNAs [5,13].

The peptide hormone hepcidin is mainly responsible for the regulation of iron home-
ostasis at a systemic level. It is an 84-amino-acid long prepropeptide produced by hep-
atocytes after different stimuli: when iron concentration reaches high levels in serum,
during systemic inflammation (in particular, when interleukin (IL)-6 levels are increased) or
during hypoxia [8,14,15]. Pre-prohepcidin is cleaved at level of 24-amino-acid N-terminal
signal peptide to obtain prohepcidin, constituted by 60 amino acids. Mature hepcidin
(25-amino-acid form) is obtained after furin-like prohormone convertases cleavage at level
of pro-region [14]. Mature hepcidin includes:

- A C-terminus characterized by four highly conserved disulphide bonds, which creates

a B-hairpin; and
- An unstructured N-terminus essential for FPN1 interaction [14].

The interaction between hepcidin and FPN1 plays a key role in regulation of iron
homeostasis [14]. In particular, Hepcidin causes FPN1 degradation, by binding, internal-
izing it into cell, and eventually degrading it, thus inhibiting iron release by cells and
contributing to its accumulation in cells [14-16].

Hepcidin expression is mainly regulated by the bone morphogenetic protein/Sma
mothers against the decapentaplegic (BMP/SMAD) pathway [14]. The ligand BMP6 is
considered the main BMP responsible for hepcidin transcription [17]. More in detail, high
levels of body iron stimulate liver BMP6 expression, which recognizes membrane-bound
BMP receptors (BMPRs), binding it together with hemojuvelin [14]. After the binding
between BMP6 and BMPRs, a phosphorylation of intracellular SMAD1/5/8 occurs, and the
phosphorylated form migrates into the nucleus and binds to the hepcidin gene promoter at
level of BMP-responsive elements (BMP-RE), promoting hepcidin expression [14].

An alteration of the hepcidin-FPN1 axis is responsible for the onset of several iron
disorders. Increased levels of hepcidin inhibit iron release by cells resulting in a reduc-
tion of circulating iron levels. Conversely, the reduction of hepcidin levels determines
a major iron release by cells causing an iron overload [18]. Hepcidin levels are closely
dependent on inflammation, in particular on IL-6 levels. Indeed, during acute and chronic
inflammation, high levels of IL-6 determine an increase in hepcidin levels which are not
only responsible for reduction of circulating iron, but also of iron accumulation in cells
which are unable to release it because of FPN1 degradation by hepcidin [19,20]. Free iron
accumulation is highly toxic for cells given its capability to both accept and release electrons
switching between the Fe?* and Fe3* forms and participating in the generation of reactive
free radicals in aerobic organisms [10,12]. In particular, the cellular labile iron pool (LIP),
constituted by redox-active iron (Fe?*), is responsible for production of reactive oxygen
species (ROS) which cause damage to DNA, proteins and lipids causing senescence, cell
death, inflammation, and leading to the onset of several diseases [11]. Excessive ROS pro-
duction is involved in inflammatory processes by inducing an increase in pro-inflammatory
cytokine production and release [21]. Indeed, it has been reported that oxidative stress
increases the level of pro-inflammatory cytokines such as tumor necrosis factor-o« (TINF-cx)
and IL-6 and also upregulates nuclear factor-kappa B (NF-«B), leading to an increase of
the inflammatory state responsible for the onset of several inflammatory and autoimmune
diseases [21,22] (Figure 2). Therefore, the alteration of iron metabolism causes an impair-
ment of cell metabolism, by promoting ROS accumulation. In turn, ROS, produced by the
electron transport chain, could be involved in Fe?* and Fe3* release, causing mitochondrial
stress [23]. Mitochondrion is the main target of iron-mediated oxidative stress [24]. Indeed,
mitochondria functions are principally dependent on iron uptake, using it for formation of
iron-sulfur clusters, heme synthesis, and its storage in mitochondprial ferritin [25]. There-
fore, the impairment of iron homeostasis or mitochondrial iron metabolism could induce
cellular stress, causing an inflammatory state, which is the basis of several autoimmune and
inflammatory diseases [26]. In particular, it has been demonstrated that the mitochondria
impairment caused by the alteration of iron homeostasis is implicated into pathogenesis of
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systemic lupus erythematosus (SLE), leading to a chronic inflammatory state [23]. More-
over, in coronavirus disease 2019 (COVID-19), a severe systemic inflammatory disease [27],
a lot of complications are closely related to intracellular iron accumulation which is conse-
quently responsible for mitochondria function alteration, determining free radicals, ROS,
and pro-inflammatory factors release [28]. Another subcellular organelle damaged by iron
metabolism impairment is represented by the lysosome. It is an acidic digestive organelle
in which most of the iron recycling occurs [29]. An anomalous absorption of iron could
worsen oxidative tissue damage in different inflammatory lung disorders [30]. In particular,
the redox-active iron contained in the lysosomes is the main responsible for these organelles’
impairment due to oxidative stress. Interestingly, it has been demonstrated that lysosomal
iron chelation in respiratory epithelial cells avoids lysosomal damage and, consequently,
cell death [30]. An alteration of iron metabolism is reported in Inflammatory Bowel Dis-
eases (IBD), Crohn’s disease (CD), ulcerative colitis (UC), which are chronic inflammatory
disorders of the gastrointestinal tract [31]. It has been revealed that iron accumulation alters
gut microbial homoeostasis, worsening intestinal inflammation both in a murine model
and in a DSS-induced colitis rat model [32]. An excess of ROS production is reported in
UC and, interestingly, it has been demonstrated that the administration of iron induces a
decrease of ROS production, reducing colonic symptoms in IBD [32]. Xu and collaborators
proposed a relationship between IBD and ferroptosis observing that high levels of iron in
the intestine are responsible for ROS generation, lipid peroxidation, oxidative stress, and
cell death [32]. Ferroptosis is reported to be involve in both clinical UC patients and in
murine experimental colitis [33,34]. Ferroptosis is a type of regulated cell death dependent
on iron concentration, whose accumulation causes lipid damage [35]. It is characterized
by an iron-related peroxidation of phospholipid membranes rich in polyunsaturated fatty
acids (PUFAs), which determines cell death [36]. Iron is involved in lipid peroxide accumu-
lation and, consequently, in ferroptosis. Therefore, iron metabolism is closely responsible
for ferroptosis regulation [35]. Dixon and collaborators in 2012 first introduced the term
ferroptosis, referring to a newly identified mechanism of programmed cell death mediated
by iron-dependent lipid peroxidation of cell membranes and distinct from other known
forms of programmed cell death [37]. The events triggering ferroptosis are erastin-mediated
glutathione (GSH) depletion and phospholipid peroxidase glutathione peroxidase 4 (GPX4)
inactivation [37,38]. GPX4 is a crucial molecule responsible for conversion of potentially
toxic lipid hydroperoxides in non-toxic lipid alcohols, therefore its inactivation causes
lipid peroxidation responsible for cell death [35]. Mitochondrial voltage-dependent anion
channels (VDACs) play an important role in ferroptosis. Indeed, the opening of these
channels caused by erastin induces iron entry into the mitochondria, ROS production,
and, consequently, an increase of both mitochondrial potential and oxidative stress, pro-
cesses involved in ferroptosis [39]. Ferroptosis-related cell death could be inhibited by
the depletion of PUFAs, and the administration of lipid peroxidation inhibitors, lipophilic
antioxidant, and iron chelators [35]. In recent years, it has been demonstrated that there is
a relation between ferroptosis and inflammation. Several pro-inflammatory cytokines are
involved in ferroptosis by regulation of GPX4 levels and activity in cancer cells [40,41]. A
strong downregulation of GPX4 was observed in these cells treated with TNEF, inducing
ferroptosis initiation [42]. Moreover, it is reported that in mice with hemochromatosis the
pro-inflammatory IL-6/hepcidin signaling has a crucial role in promoting ferroptosis and
that the administration of the anti-inflammatory drug auranofin could inhibit ferropto-
sis [40]. Considering the involvement of iron in inflammation and the relation between
inflammation and ferroptosis, chelating iron could be considered an interesting therapeutic
approach to reduce the inflammatory state, which is particularly compromised in several
autoimmune and inflammatory disorders. These drugs could act directly on inflammation
by chelating iron ions, and also indirectly by counteracting ferroptosis.
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Figure 2. Iron homeostasis alteration in inflammation. During inflammation high levels of interleukin-
6 (IL-6) cause an overexpression of Hepcidin responsible for ferroportin (FPN1) degradation and
consequently for intracellular iron accumulation. Free iron accumulation is highly toxic for cells,
causing reactive oxygen species (ROS) production which causes damage of mitochondria, lysosomes,
DNA, proteins and lipids causing senescence, cell death, and inflammation. Oxidative stress increases
the level of pro-inflammatory cytokines and also upregulates nuclear factor-kappa B (NF-«B) leading
to an increase of the inflammatory state responsible for the onset of several chronic diseases.

IBD chronic inflammation is also responsible for the onset of osteoporosis (OP) in
these patients. In particular, high levels of pro-inflammatory cytokines in CD and UC
alter bone metabolism inducing bone resorption by determining an increase of the ratio
of receptor activator of NF-«B ligand (RANK-L)/Osteoprotegerin (OPG) [31,43]. It has
been demonstrated that an alteration of iron metabolism is involved in IBD pathogenesis,
with an accumulation of intracellular iron and a reduction of circulating iron [31,44]. The
dysregulation of iron metabolism in IBD depends on the overactivation and production of
hepcidin, derived by the increased levels of inflammatory state in IBD and, in particular, by
high concentration of IL-6 [31,35,39].

Also in celiac disease, an autoimmune disorder, an alteration of iron metabolism
caused by its impaired inflammatory state is reported [45]. A prevalence of M1 pro-
inflammatory macrophages together with an excess of intracellular iron concentration
could be involved in celiac disease pathogenesis, contributing to inflammation [45].

Inflammation-related iron accumulation and the consequent ROS production are also
involved in the pathogenesis of inflammatory skin disease [46]. Indeed, skin is very suscep-
tible to these inflammatory stimuli due to its polyunsaturated fatty acids composition and
its exposure to ultraviolet light, which participate in ROS production [46]. Interestingly, it
has been reported that iron accumulation in macrophages is responsible for an excessive
stimulation of pro-inflammatory macrophages in chronic venous disease (CVD) [47]. More-
over, intracellular iron accumulation in macrophages, due to alteration of hepcidin/FPN1
signaling alteration, is also responsible for impairment of wound healing [47].
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It is known that iron overload is responsible for osteoclast (OC) overactivation, con-
tributing to bone resorption [48]. Rossi et al. demonstrated that iron overload induced an
increased expression of OC marker tartrate-resistant acid phosphatase (TRAP), determining
OC overactivity, bone resorption, and consequently OP onset [36].

Iron overload is also responsible for development of atherosclerosis. Indeed, hepcidin
inhibition during early- to mid-stage plaques reduced pro-inflammatory macrophages
activities [3].

Since iron is involved in inflammatory conditions, targeting iron metabolism and
chelating iron could be considered a novel potential approach in order to counteract
inflammation in several disease. This review offers an overview of the possible novel
biological effects of the iron chelators in inflammation, suggesting them as novel anti-
inflammatory drugs.

3. Iron Chelators as Anti-Inflammatory Drugs

The accumulation of iron due to its impaired homeostasis can be particularly dan-
gerous. The iron toxicity is caused by its potential to induce oxidative stress thought
ROS production and consequently inflammation [49]. ROS can affect DNA, protein and
lipid integrity damaging cellular functionality [50]. Iron-mediated inflammation depends
on the pro-inflammatory nature of the excessive free iron and of the iron bound to the
storage protein, ferritin [51,52]. The cellular free iron promotes inflammation through
the NF-kB pathway inducing IL-1§3 secretion and NLRP3 inflammasome stimulation in
human monocytes [51]. Equally, ferritin acts as a local cytokine inducing an increase of
pro-inflammatory cytokines such as IL-1p [52]. Moreover, inflammation itself induces iron
accumulatio in tissues such as liver upregulating hepcidin [53] and thus reducing FPN1
causing the establishment of a vicious circle, where iron-mediated inflammation generates
in turn an increase of intracellular iron levels which consequently induces oxidative stress
and iron-mediated inflammation [49].

A multivariate analysis revealed a strong association between high levels of iron in
the blood and reduced health span [54]. Iron-mediated oxidative stress induces inflam-
mation and mitochondrial dysfunction playing a critical role in the progression of several
inflammatory diseases [55]. Immune cells, such as macrophages, developed mechanisms
to reduce iron availability during inflammation [1]. In healthy conditions, macrophages
degrade hemoproteins and export iron, while during inflammation they retain cytoplas-
mic iron, reducing extracellular iron concentration. However, at the same time, iron-rich
macrophages have a strong inflammatory capability, which contributes to the chronic
inflammatory state typical of iron overload conditions [56]. Iron overload is an inevitable
consequence of blood transfusions in patients affected by haemoglobinopathies. Therefore,
the iron chelation therapy (ICT) is necessary to prevent the consequences of hemosiderosis
in these patients and to restore the body iron content [57]. Currently, three iron chelators,
approved by the Food and Drug Administration to prevent iron accumulation in patients
affected by haemoglobinopathies [57], are available: deferoxamine (DFO), deferiprone
(DFP) and deferasirox (DFX). These chelators differ in molecular weight and in intestinal
absorption profile [58]. DFO binds to iron in a 1:1 ratio and is administered subcutaneously
or intravenously. DFP bind to iron in a 3:1 ratio and it was the first oral chelator proposed.
DEX forms complexes with iron in the ratio of 2:1 and it is administered once-daily, offering
an important advantage for compliance when compared to the parenterally administered
DFO and the thrice-daily orally administered DFP [59,60]. Moreover, they also differ in
mechanism of action. DFP and DFX exert their action by targeting cytosolic iron to prevent
its incorporation into ferritin, DFO induces ferritin entrance into lysosomes [61-63]. Iron
homeostasis strongly affects bone metabolism [64]. Several diseases such as hemochromato-
sis, hemosiderosis, 3-thalassemia, sickle cell disease and liver diseases characterized by
iron overload are frequently accompanied by OP [65,66]. Iron overload directly promotes
bone resorption and inhibits bone formation inducing osteopenia and OP [67]. Excess
iron increases osteoclastogenesis and bone resorption [68] while leading to a significant
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reduction in osteoblast differentiation [69]. Bone loss caused by iron accumulation is also
associated with the apoptosis of Bone Marrow Mesenchymal Stem Cells (BM-MSCs) ca-
pable of differentiating into osteoblasts [70]. Therefore, the reduction of iron has been
suggested as a potential therapeutic approach for OP treatment. In 2014, Rossi et al.
demonstrated that iron overload induces osteoclast (OC) overactivation in 3 Thalassemia
Major patients and that OCs activity can be reduced with a chelation therapy. They tested
the effects of DFO, DFP and DFX demonstrating the stronger effect of DFX in reducing
OCs activity [36]. A few years later, Punzo et al. tested Eltrombopag (ELT), an agonist
at Thrombopoietin receptor with chelating properties, in combination with DFX in iron
overloaded OCs from thalassemic patients demonstrating that also ELT is able to reduce
bone mass loss [71]. Recently, also the iron chelator di-2-pyridylketone-4,4-dimethyl-3-
thiosemicarbazone (Dp44mT) has been proposed as an anti-inflammatory drug [72]. The
role of iron chelators as possible anti-inflammatory agents has been investigated in both
in vitro and in vivo experiments as reported in the following paragraphs. The studies
reported provide insight into the potential anti-inflammatory protective effects of these
iron chelators, in several inflammatory conditions. However, further studies on the safety
and efficacy of the chelators are needed for the clinical application.

3.1. Deferoxamine and Deferiprone

DFO and DFP anti-inflammatory properties have been investigated in several inflam-
matory conditions. Recently, it has been demonstrated the capability of DFO to modulate
inflammation in a common inflammatory disease, osteoarthritis (OA) by reducing chon-
drocyte inflammation and matrix destruction both in vitro and in vivo [73]. A specific
relationship between chondrocyte ferroptosis and OA has been proposed. Ferroptosis
occurred in chondrocytes induced by IL-1 that is known to induce inflammation and
chondrocyte destruction. Guo et al. demonstrated that DFO exerts a protective effect on
chondrocytes and slows OA progression by inhibiting chondrocyte ferroptosis [73]. It is
known that alteration of iron homeostasis contributes to the pathophysiology of obesity
and insulin resistance. Circulating markers of iron overload are positively associated with
visceral and subcutaneous fat depots [74]. Moreover, elevated iron concentrations in the
body predispose to obesity-associated comorbidities [75,76]. Therefore, the removal of iron
excess in obese patients could be an important therapeutic strategy for the management
of obesity and the associated comorbidities. The effects of iron chelators have been amply
studied in adipose tissue. Wang et al. investigated the anti-inflammatory effect of DFO on
lipopolysaccharide (LPS)-induced inflammatory responses in RAW264.7 macrophage cells.
They proved that the production of TNF-«, IL-1§3, nitric oxide (NO) and prostaglandin E2
(PGE2) induced by LPS and the activation of mitogen-activated protein kinases (MAPKs)
and NF-«B signaling pathways was significantly inhibited by DFO administration [77].
In agreement, recently, Yan et al. demonstrated that DFO reduces inflammatory marker
(TNFe, IL-2, IL-6, and Hepcidin) secretion and the hypertrophic adipocytes size of ob/ob
mice [78]. Moreover, an in vitro study proved that DFO is able to inhibit IL-6 induced
by iron in human pre-adipocytes but it is not able to alter the adiponectin release [79]. It
has been hypothesized that iron accumulation in the liver can induce the progression of
steatosis to the next phase of NAFLD such as steatohepatitis, fibrosis and cirrhosis [80].
Xue et al. observed that DFO reduces hepatic cell apoptosis modulating Bcl-2, Bax and
cleaved caspase-3 proteins expression, hepatic inflammatory markers (IL-1§3, IL-2, and
IL-6) and also oxidative stress [81]. In agreement, Mohammed et al. demonstrated an
antifibrotic effect for DFO in acute hepatotoxicity. They proved that DFO reduces lipid
peroxidation, increased SOD and glutathione peroxidase and reduced fibrosis markers and
the activation of the stellate cells which produce tumor growth factor- (TGF-$3) [82]. As
regards DFP, Zou et al. demonstrated its protective effects in Diabetic cardiomyopathy
(DC), a chronic and low-level inflammation disease, by the regulation of inflammatory
signal pathways [83]. In particular, they demonstrated that DFP, reduces the levels of
inflammatory and fibrosis relevant factors, such as NF-kB, COX2, tenascin C and collagen



Int. J. Mol. Sci. 2022, 23,7977

8 of 17

IV exerting an important protective effect on myocardial damage in DC rats [83]. Recently,
Ramezanpour et al. evaluated the potential anti-inflammatory effect of DFP suggesting it as
a possible compound to limit hypertrophic scar tissue formation. They analyzed fibroblast
and epithelial cell migration, collagen production and ROS activity, demonstrating the capa-
bility of the iron chelator to inhibit fibroblasts migration and their collagen production and
to reduce pro-inflammatory cytokines release, such as IL-6 and also ROS production [84].
Moreover, DFP exerts anti-inflammatory properties also by inhibiting the formation of
advanced glycation end products (AGEs) [85], known to directly stimulate inflammatory
responses in innate immune cells [86].

3.2. Deferasirox

Deferasirox (DFX, Exjade, ICL670) is an FDA-approved iron chelating agent that
offered better patient compliance to ICT compared with deferoxamine in patients with
beta-thalassemia and sickle cell disease [87]. The iron overload in 3-thalassemia causes
OP [65,66]. In 2014 it has been demonstrated that DFX, through its iron chelating effects,
plays a key role in counteracting OP in thalassemic patients by determining a decrease
of OC activity [36]. Adel et al. investigated the potential antifibrotic effect of DFX in a
model of liver fibrosis [88]. Liver fibrosis is characterized by an excess of extracellular
matrix proteins produced by activated hepatic stellate cells (HSCs) which produce ROS and
inflammatory mediators including TNF-¢, interferon-y (IFN-y), and inducible nitric oxide
synthase (iNOS), thus further increasing the fibrogenesis process [89]. DEX administration
counteracts this inflammation by reducing inflammatory mediator levels and also by
inhibiting NF-«B activation and HSCs proliferation. The DFX effect on NF-kB pathway
has been demonstrated also by other authors. Meunier et al. demonstrated that DFX
inhibits the expression of two target genes involved in the inflammatory response of NF-«B,
interleukin 1 receptor type 1 (IL1R1) and Toll-like Receptor 4 (TLR4) [90].

Recent studies indicate that iron regulates Wnt signaling, and that the iron chelator
DFX can inhibit Wnt signaling [91]. Wnt activation is known to enhance inflammatory
processes [92], therefore it is implicated in the pathogenesis of several diseases [49]. The
relation between iron excess and the alteration of Wnt signaling has been investigated in
neurodegenerative disorders. Wu et al. investigated the ability of DFX in the treatment of
abnormal Wnt signaling in a model of posthemorrhagic chronic hydrocephalus (PHCH),
characterized by an increase of iron in cerebral spinal fluid (CSF) and of ferritin in the brain.
They revealed that DFX, chelating iron in CSF and brain, normalizes the up-regulation of
Wnt/ 3-catenin signaling, improving PHCH severity [93]. Recently, Nazari et al. confirmed
the effects of iron chelators on adipose tissue, demonstrating that DFX is able to activate
beige fat differentiation and metabolic activity, thus suggesting it as a potential therapeutic
strategy to treat obesity and to prevent its metabolic complications. Interestingly, in C57Bl/6
mice, placed on high-fat diet and treated or not with DFX, they analyzed the inguinal fat, a
classically brown or beige fat store in mice, observing an increase in UCP1 positive cells
after DFX administration [94].

It is known that inflammatory processes are involved in cancer development, con-
tributing to neoplastic cell transformation [95]. Interestingly, osteosarcoma (OS) progression
is dependent on iron metabolism, indeed an alteration of this one is reported in OS. In
recent years it has been demonstrated that DFX also plays a key role in counteracting OS
progression, through its iron chelating properties [96].

3.3. Dp44mT

Di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT) is another important
iron chelator, recently discovered to have anti-tumor properties resulting in a reduction of
proliferation and an increase in apoptosis of several cancer cells [72]. It is known that cancer
and inflammation are closely associated [97]. In particular, chronic inflammation is involved
in cancer development, determining neoplastic cell transformation [95]. For this reason,
targeting inflammation could be an innovative and useful strategy in order to counteract
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cancer progression and to prevent cancer development [97]. Nam et al. demonstrated
that Dp44mT exerted anti-inflammatory properties on activated mast cells by modulating
mainly NF-kB, MAPK, and hypoxia-inducible factor-1oc (HIF-1«) pathways [72]. Dp44mT
significantly induced both a strong reduction of pro-inflammatory cytokines release, among
them IL-6, and also of HIF-1« activation. This interesting Dp44mT capability led the
researchers to suggest it as anti-inflammatory molecule and, consequently, as anti-cancer
drug, given the closely relation between cancer and inflammation [72]. Moreover, in 2017 it
has been revealed that Dp44mT exerted anti-allergic inflammatory effects in both in vivo
and in vitro models [72,98]. Recently, it has been reported an anti-inflammatory effect of
Dp44mT also in severe COVID-19 infection, by modulating and containing the cytokine
storm [99].

Interestingly, Lim and collaborators reported that Dp44mT had anti-inflammatory prop-
erties by modulating NF-kB pathways in macrophages activated with bacterial LPS [100].
Macrophages are the main cells involved in immune and inflammatory processes and also
in iron metabolism [100,101]. When activated with LPS, they showed pro-inflammatory
activities by producing several release factors involved in inflammation, among them
IL-6, TNF-«, and NO, all involved in the onset of several inflammatory and immune
diseases [100,102]. The administration of Dp44mT induced a reduction of these pro-
inflammatory cytokines release in macrophage-mediated inflammatory processes by down-
regulating NF-«B activation, thus exerting anti-inflammatory effects [100].

4. Eltrombopag as an Anti-Inflammatory Molecule

Eltrombopag (ELT) is an orally available thrombopoietin receptor agonist responsible
for the stimulation of platelet production, currently approved for the treatment of chronic
immune thrombocytopenia when both first-line therapy and splenectomy fail [101,103,104].
It is also used in refractory aplastic anemia, and in patients with thrombocytopenia sec-
ondary to hepatitis C during treatment with interferon [104]. Although it has been demon-
strated that ELT is effective in patients with myelodysplastic syndromes, it is not yet
approved for this disease [104].

ELT is also known to be an immunomodulating drug, able to improve T and B
regulatory cells activity and to inhibit T-cell responses to platelet auto-antigens [101,105]. It
has also the capability to induce monocytes inactivation by determining a reversion of Fcy
receptors toward an inhibitory phenotype, reducing their phagocytic capacity [101,105,106].

In recent years, it has been proved that ELT is also able to bind the main intracellular
iron form Fe3", showing iron chelating properties [71,96,101,103,107,108]. In particular, in
2017 Vlachodimitropoulou et al. demonstrated in both human hepatoma cells (HuH7) and
rat cardiomyocytes (H9C2) that ELT is a powerful iron chelator responsible for intracellular
iron concentration reduction and iron mobilization when it was combined with other
chelators, through a shuttling mechanism [108]. ELT administration resulted in a reduction
of ROS and consequently in a decrease of ROS-related cell damage and an improvement
of cell functions [108]. Effectively, the use of ELT as an iron chelator is encouraged due
to its lipophilicity and low molecular weight which allow its cellular uptake and high
chelator efficacy [108]. In the literature, the iron chelating properties of ELT are widely
discussed. These properties seem to mediate the newly investigated anti-tumor properties
of ELT. It is reported that it induces anti-proliferative and pro-apoptotic effects in leukemia
cells by binding labile iron and reducing its intracellular concentration [109-111]. Argen-
ziano et al. suggested a possible synergism between ELT and cytarabine in pediatric acute
myeloid leukemia (AML) cell line (THP1), observing an increase of cancer cell apoptosis,
a decrease of their viability and proliferation, and also an arrest of cell cycle progression
when drugs were co-administered. These effects were probably due to iron chelating
properties of ELT [107]. Anti-cancer effects of ELT mediated by its iron chelating properties
are reported also in other cancers, among them Ewing sarcoma tumors [111], hepatocellular
carcinoma [112].
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Recently, it has been proven that ELT also exhibits interesting anti-inflammatory
properties acting directly on cells involved in inflammation and indirectly by modulating
iron metabolism. In 2020 it has been demonstrated that ELT administration induced a
macrophage switch from M1 pro-inflammatory phenotype towards M2 anti-inflammatory
one in immune thrombocytopenia (ITP), ameliorating the impaired inflammatory state of
patients with ITP [101]. ELT was able to modulate directly inflammatory cytokine concen-
tration by inducing both a reduction of pro-inflammatory cytokine levels and an increase of
anti-inflammatory cytokine concentration, thus inducing macrophage polarization towards
the M2 phenotype and consequently counteracting inflammation (Figure 3).

ELT

DMT:I' @ DMT1

H Iron®
.

M1 Macrophages

/1N /1N
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e o @ [ 3N [
e ‘oo’ s i
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Figure 3. Eltrombopag effect on macrophages switch. Eltrombopag (ELT) administration induces a
macrophage switch from the M1 pro-inflammatory phenotype towards the M2 anti-inflammatory
one, by reducing intracellular iron concentration, divalent metal transporter 1 (DMT1) expression
levels and pro-inflammatory cytokine release (Interleukin-6 (IL-6), tumor necrosis factor-o« (TNF-x),
and interferon-y (IFN-y)), thus counteracting inflammation.

The anti-inflammatory effects of ELT were also investigated in mesenchymal stromal
cells (MSCs) obtained from ITP patients [103]. In particular, it not only determined a reduc-
tion of inflammatory status by decreasing pro-inflammatory cytokine levels and increasing
anti-inflammatory cytokine concentration, but also by acting on iron metabolism [103]. As
discussed above, inflammation is responsible for iron accumulation in cells and, when
in high concentration, it causes cell damage by determining ROS production [18,113].
IL-6 plays a key role in iron metabolism: it causes an increase of hepcidin concentration
and activation, which induces FPN1 degradation and, consequently, iron release inhibi-
tion [18,114]. Interestingly, we already proposed another mechanism of action underlying
ELT anti-inflammatory properties. They demonstrated that ELT administration not only
reduced iron concentration in ITP MSCs through its iron chelating properties, but also by
modulating the levels of both TfR-1 and FPN1 [103]. ELT induced a reduction of TfR-1
levels, inhibiting iron uptake by cells and an increase of FPN1 expression levels, allow-
ing iron release from cells. In this way, ELT by modulating iron efflux is responsible for
an intracellular iron concentration decrease, thus contributing to the amelioration of the
inflammatory state, which is more compromised in ITP.
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Moreover, it could be interesting to evaluate the effects of ELT also on ferroptosis,
known to be associated with iron concentration and to be also involved in inflammation.

Considering iron involvement in inflammation and ELT iron chelating properties to-
gether with its interesting ability to modulate iron metabolism by reducing its concentration,
the use of ELT can certainly be suggested and recommended to counteract the alteration of
the characteristic inflammatory state of several immune and inflammatory diseases.

In conclusion, increasingly frequent off-label use of ELT as an anti-inflammatory and
immunomodulatory drug is desirable in the future, given its already known iron chelating
properties along with the recently discovered properties of modulating iron metabolism.
The heterogeneity of iron-related inflammatory and autoimmune diseases and the use of
glucocorticoids, commonly administered in these diseases but with several side effects,
make necessary the identification of a novel and safety therapeutic strategy. Therefore, the
use of ELT could be very promising in its off-label employment.

5. Conclusions

Iron is a crucial element for mammalian cells. It is involved in several vital mechanisms.
In particular, it is the main constituent of several biomolecules essential for life, for example
in the heme group of hemoglobin. Iron participates in cell growth, and proliferation [1].

Although it plays an important biologic role in cells, its excess causes the onset of
several disorders [18]. Indeed, high levels of intracellular iron could be responsible for
cell damage because it takes part in Fenton reactions, which catalyze the production of
ROS. ROS accumulation induces lipid, protein, and nucleic acid injury, thus determining
an alteration of cellular functions [5-7].

It is known that increased ROS production participates in inflammatory events, and
also induces an increase of iron concentration, thus contributing to inflammation and
establishing a vicious circle. Therefore, the maintenance of iron homeostasis equilibrium is
of crucial importance for cells [5].

Several proteins participate in iron homeostasis, contributing to the regulation of
intracellular iron concentration. TfR-1 and DMT1 are the main iron importers, responsible
for iron intake in cells. FPN1 is the only known iron exporter involved in iron release by
cells. Iron efflux is finely regulated both at cellular and systemic levels. At the cellular level,
the iron regulatory proteins (IRPs), IRP1 and IRP2 are the main protagonists, participating
in the modulation of DMT1, TfR-1, FPN1 and ferritin levels [15]. Instead, at the systemic
level, hepcidin plays an important role. Hepcidin is a protein hormone responsible for
FPN1 degradation, thus inhibiting iron release by cells and determining iron accumulation
in cells [15,20].

Hepcidin activation is also dependent on inflammatory status. In particular, increased
levels of pro-inflammatory cytokine IL-6 induce an increase of hepcidin levels and acti-
vation, resulting in a degradation of FPN1. In this way, cells cannot release iron. The
accumulation of iron in cells causes cell damage and, consequently, the onset of several
disorders. This mechanism is reported in several autoimmune and inflammatory diseases,
so targeting iron and proteins involved in its metabolism regulation could be considered
an innovative and useful strategy in order to better manage inflammation [18].

In the recent years, more attention is paid to iron chelators. In particular, it has been
already reported an important role of DFO, DFP, DFX, and Dp44mTD as anti-inflammatory
drugs [75,77,83,98]. These iron chelators are able to reduce pro-inflammatory cytokines
release in several common inflammatory diseases, by both modulating NF-kB signaling
pathway and chelating iron, known to be involved in inflammation.

Interestingly, ELT has recently been shown to play an important role as an anti-
inflammatory molecule [101,103]. It is a thrombopoietin receptor agonist, approved for
treatment of chronic ITP, responsible for stimulation of platelet production [105]. It has
been demonstrated that it is also an immunomodulatory drug, involved in modulation
of B and T regulatory cells and in inhibition of B cells. In recent years, more interest
has been turned to its new emerging iron-chelating properties. It has been shown that
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ELT is able to modulate the impaired inflammatory state in different types of cancer and,
in particular, in ITP [101,103]. It performs this task not only by acting directly on iron,
chelating it and therefore reducing its intracellular concentration, but also indirectly by
acting on the proteins responsible for modulation of its metabolism. Therefore, it could
be very interesting to investigate these innovative anti-inflammatory effects of ELT in
inflammatory and autoimmune diseases, highlighting its novel mechanism of action in
regulation of inflammatory responses by modulation of iron metabolism. In this way, ELT
could be proposed as a novel anti-inflammatory molecule.

Definitely, iron chelation seems to have an important role during inflammation thanks
to its useful properties. Indeed, since iron accumulation leads to inflammation, the use
of iron chelators could be suggested as a novel and interesting therapeutic strategy in
order to counteract the impaired inflammatory state of several autoimmune and inflamma-
tory diseases.

Author Contributions: All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by VALERE19 “In-CHICAS”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

Abbreviations

Tf Transferrin

TfR-1 Transferrin Receptor-1
DMT1 Divalent Metal Transporter 1
FPN1 Ferroportin 1

IRPs Iron regulatory proteins
IREs Iron responsive elements
UTRs Untranslated regions
mRNAs messenger RNAs

LIP Labile iron pool

ROS Reactive oxygen species
TNF-o Tumor necrosis factor-o

IL Interleukin

NF-«B Nuclear factor-kappa B

or Osteoporosis

ocC Osteoclast

OCs Osteoclasts

ITP Immune Thrombocytopenia
BMP Bone morphogenetic protein
SMAD Sma mothers against decapentaplegic
BMPRs BMP receptors

BMP-RE BMP-responsive elements
LIP labile iron pool

ROS Reactive oxygen species

IBD Inflammatory Bowel Diseases
CD Crohn’s disease

ucC ulcerative colitis

PUFAs polyunsaturated fatty acids
GSH glutathione

GPX4 glutathione peroxidase 4
VDACs voltage-dependent anion channels

RANK-L Nuclear factor-kappa B ligand
OPG Osteoprotegerin
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CVD chronic venous disease

BM-MSCs  Bone Marrow Mesenchymal Stem Cells
DFO deferoxamine

DFP deferiprone

DEFX deferasirox

ELT eltrombopag

TGF-3 tumor growth factor-3

AGEs advanced glycation end products

IFN-y interferon-y

iNOS inducible nitric oxide synthase

IL1R1 interleukin 1 receptor type 1

TLR4 Toll-like Receptor 4

Dp44mT Di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone
PHCH posthemorrhagic chronic hydrocephalus
CSF cerebral spinal fluid

COVID-19  coronavirus disease 2019

LPS lipopolysaccharide
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