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1 Introduction 
 

The relevance of iron to nearly all living organisms is indisputable. Iron is a transition metal essential 

for all organisms and physiologically the most abundant required in various fundamental biological 

processes essential for life. Iron is critical to normal cellular function and works as a cofactor in many 

biological pathways, including oxygen transport, oxidation reduction reactions, ATP production, DNA 

biosynthesis and repair (Chifman et al., 2014). A common peculiarity among transition metals, including 

iron, is their ability of interconversions between the divalent cation or ferrous (Fe2+) and trivalent cation 

or ferric (Fe3+) states (Papanikolaou and Pantopoulos, 2005). The ability to accept and donate electrons 

makes it an essential component of oxygen-binding molecules (Hemoglobin and Myoglobin), 

cytochrome, in the electron transport chain and as a cofactor in a variety of enzymes (Papanikolaou and 

Pantopoulos, 2005). This property turns iron, at the same time, into an extremely harmful metal because 

under aerobic conditions, iron can readily catalyze the generation of toxic radicals through the Fenton 

reaction, in which hydrogen peroxide (H2O2) is converted to the highly reactive hydroxyl radical (·OH) 

which can damage membrane lipids, proteins and DNA and cause cell death and tissue damage 

(Gammella et al., 2016). 

Since body iron losses are not regulated, systemic iron balance is controlled on the one hand by dietary 

iron uptake, and on the other hand by iron release from recycling macrophage and hepatocytes (Dev and 

Babitt, 2017). 

 

1.1 Iron metabolism 

 

Iron intake, in form of heme and non-heme iron, occurs through the diet. Only 1-2 mg of iron are 

absorbed daily in the gut and the same amount is lost in the urine, feces, sweat and sloughed cells. A 

large amount of iron is destined to red blood cell haemoglobin (∼20-25 mg iron/day). The 

reticuloendothelial macrophages provide to recycled iron in the process of erytrophagocytosis; in these 

cells, as well as in hepactocytes, iron is mainly stored (Ganz, 2013) (Figure 1). 

Heme iron is introduced into the enterocyte via a Heme carrier protein 1 (HCP1), a heme receptor 

localized on the brush border of intestinal cells. Heme is broken up into free iron and biliverdin by heme 

oxygenase (HMOX). The released iron then enters the low-molecular weight pool and is transferred 

outside from the enterocyte in the same manner as inorganic non-heme iron. HCP1 and the major 

transport facilitator for feline leukemic virus, subgroup C (FLVCR), have been shown to export 
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cytoplasmic heme in human erythroid cells, suggesting that intact heme may also be transported out of 

the enterocyte (Chiabrando et al., 2014). 

Inorganic iron is absorbed by duodenal enterocytes via the Divalent Metal Transporter 1 (DMT1) 

(Andrews, 1999; Gunshin et al., 1997) after reduction of iron from ferric (Fe3+) to ferrous (Fe2+) by 

duodenal cytochrome b (DcytB) localized in the apical membrane of enterocytes (McKie, 2008). The 

fundamental role of DMT1 in intestinal iron intake has been proven by using animal models with 

intestine deletion of DMT1 that provoke postnatal anaemia and systemic iron reduction (Gunshin et al., 

2005).  

Depending on the body needs, in enterocytes, unused iron can be stored inside ferritin protein or exporter 

to bloodstream by Ferroportin (Fpn1), the only iron exporter (McKie et al., 2000). The exported ferrous 

iron is then oxidated to ferric iron by Hephaestin (HEPH), a membrane ferroperoxidase (Petrak and 

Vyoral, 2005) and binds to circulating plasma Transferrin (Tf) (Fuqua et al., 2012) (Figure 2). 

 

Figure 1: The iron cycle: pathways of iron traffic between human cells and tissues. Approximate daily fluxes of iron are 

also indicated. Iron losses result from sloughing of skin and mucosal cells as well as blood loss. Importantly, there exists no 

regulated excretion pathway to control systemic iron homeostasis (Camaschella et al., 2020) 

 

Holo-transferrin (Tf-Fe2+) binds to Transferrin Receptor 1 (TfR1) on the cell surface and is internalized 

through a receptor-mediated endocytosis. Iron in the endosome, is released from Tf and reduced by 

metalloreductase Steap3 (Six transmembrane epithelial antigen of the prostate 3) (Ohgami et al., 2005). 

After reduction, Fe2+ is transported into the cytosol by DMT1 or ZIP14 (ZRT, IRT-like protein) (Zhao 

et al., 2010). Both apo-Tf and TfR1 return to the cell surface, where the iron-depleted Tf is released 

allowing TfR1 to bind other iron-loaded Tf for another round of internalization. 
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Figure 2:  Intestinal iron intake: see text for details (Camaschella et al., 2020) 

TfR1 is important to maintain homeostatic intestinal epithelium, acting independently of its iron- 

absorption function (Chen et al., 2015a). Moreover, hepatocyte-specific ablation of TfR1 in mice models 

show that TfR1 is redundant at least in hepatocytes for basal iron supply, but it is essential to regulates 

Hepcidin (Hepc) responses according to the iron increase (Fillebeen et al., 2019).  

The homolog of TfR1, Transferrin receptor 2 (TfR2), mainly expressed in hepatocytes and erythroblasts, 

is able to bind Tf, even if with low affinity compared to TfR1(Kawabata et al., 1999). Indeed,  in iron 

overload condition, Tf-Fe2+ binds TfR2 causing Hepcidin (Hepc) upregulation in hepatocytes while in 

erythroid cells  TfR2 binds erythropoietin receptors, inducing an erythropoietin reduction (Camaschella 

et al., 2016). The opposite situation occurs during iron deficiency. 

 

1.2 Systemic iron homeostasis: Hepcidin-Ferroportin1 (Hepc-Fpn1) axis 

 

1.2.1 BMP/SMAD pathway 

 

The key regulator of systemic iron homeostasis is Hepcidin (Hepc) a small peptide of 25 amino acid, 

secreted by liver hepatocytes. Hepc secretion is regulated at the transcriptional level by different stimuli 

including systemic iron availability, hepatic iron stores, erythropoietic activity, hypoxia, and 

inflammatory/infectious states (Nicolas et al., 2002). Physiologically, during iron overload conditions 

Hepc is upregulated, displaying a regulatory response to iron overload, while during iron deficiency 

condition the Hepc synthesis is reduced. Hepc controls iron export to the plasma by inducing lysosomal 

degradation of the iron exporter Ferroportin1 (Fpn1) in enterocytes, macrophages and hepatocytes 

(Nemeth et al., 2004). The Hepc-Fpn1 interaction implies that when Hepc levels are low (iron-depleted 

states), Fpn1 and iron release by macrophages and duodenal crypt cells result up-regulated while when 

Hepc levels are high, Fpn1 and iron release by these cells are down-regulated (Figure 3). 
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Figure 3: Mechanisms of systemic iron homeostasis: See text for details: Fe (iron); Tf (Transferrin) (Papanikolaou and 

Pantopoulos, 2017) 

 

Different hemochromatosis proteins are involved in Hepc regulation: hereditary hemochromatosis 

protein (HFE), Transferrin receptor type 1 and 2 (TfR1 and TfR2), Hemojuvelin (Hjv), bone 

morphogenetic protein (BMP). These proteins coordinate the SMAD pathway signaling through the 

binding of Bone morphogenetic proteins to their receptors (Babitt et al., 2006) (Figure 4). 

In particular, Bone morphogenetic protein 2 (BMP2), BMP6 and two types of BMP receptors, type I 

(BMPRI) and type II (BMPRII) are involved in this pathway activation. BMP2 and BMP6, the iron 

dependent proteins, work as a heterodimer activating Hepc in vivo (Xiao et al., 2020). 

When iron levels are high, the BMP6 expression increases and bounds to BMP receptors, BMPR1-2, on 

the surface of hepatocytes in presence of the co-receptor Hemojuvelin (HJV). BMP6 activates the signal 

transduction through SMAD1/5/8 phosphorylation (pSMADs), the formation of a complex with 

SMAD4 (pSMADs/SMAD4) that translocates into the nucleus where it activates HEPC gene 

transcription (Daher and Karim, 2017). On the other hand, in conditions of low iron levels, Hepc 

expression is inhibited. Transmembrane serine protease matriptase 2, codified by TMPRSS6 gene (Du 

et al., 2008), is the key protein involved in this mechanism. It downregulates BMP/SMAD signaling to 

Hepc since it cleaves and forms a soluble form of Hjv, one of the Hepc positive regulators, inactivating 

it (Silvestri et al., 2008).  

Serum iron level can stimulate Hepc in a BMP6 independent way that involves saturated Tf, marker of 

increased iron availability. HFE, TfR1 and TfR2 are involved in this signal transduction too. 

When Transferrin saturation increases, the SMAD 1/5/8 phosphorylation is induced by a mechanism 

involving HFE protein (Corradini et al., 2011). Since HFE competes with Tf for binding to TfR1, when 

circulating holo-transferrin raises, HFE dissociates from TfR1 and it is able to interacts with TfR2 and 

HJV in order to induce BMP-SMAD signaling to Hepc (Core et al., 2014). 
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In addition to iron, the Hepc expression is induced, by inflammatory/infection situations. Interleukin-6 

(IL6)/Janus Kinase 2 (JAK2) pathway, is the main pathway that takes place in induction of Hepc 

promoter in inflammatory conditions (Daher and Karim, 2017). In addition, Hepc is controlled by 

negative regulators: Erythroferrone (Erfe) and Platelet-derived growth factor-BB (PDGF-BB) are 

candidate factors of Hepc inhibition exerted when erythropoiesis is compromised or in hypoxic 

conditions, respectively (Papanikolaou and Pantopoulos, 2017) (Figure 4). 

 

 

Figure 4: Regulatory pathways of hepcidin synthesis: schematic representation of Hepcidin production. HAMP refers to 

the HEPC gene encoding Hepcidin (Piperno et al., 2020). 

 

 

1.2.2 Transferrin receptor 2 (TfR2) 

 

As mentioned before, TfR2 physically forms a complex with hemochromatosis protein, HFE, in the cell 

membrane (Goswami and Andrews, 2006) and works as a component of the iron sensing machinery in 

hepatocytes aimed to control Hepcidin expression (Wu et al., 2014). In fact, TfR2 mutations cause a 

non-response of Hepc to iron overload and a rare form of hereditary hemochromatosis (HFE3) 

characterized by iron overload and low Hepc levels (Camaschella et al., 2000).  

TFR2 gene is transcribed in two different isoforms, alpha and beta (see TfR2 β paragraph). The alpha 

isoform has a predominant role compared to the beta one in hepatic and erythroid tissues. In this context 

TfR2 alpha is a partner of erythropoietin receptor (EpoR) in erythroid cells (Forejtnikovà et al., 2010). 

The mouse model with selective bone marrow TfR2 deletion, shows increased erythroblast 

erythropoietin (Epo) sensitivity and erythrocytosis (Nai et al., 2015). TfR2 and EpoR are co-expressed 

during the maturation process of erythroid progenitors and it is required for efficient EpoR expression 

and/or stabilization on the cell membrane (Forejtnikovà et al., 2010). As a sensor of iron-bound 
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transferrin, if on one hand erythroid TfR2 regulates erythropoiesis, hepatic TfR2 regulates Hepc 

synthesis, modulating iron uptake related to body needs. Indeed, TfR2 is also expresses in osteoclasts 

and osteoblasts as a regulator of bone homeostasis (Rauner et al., 2019), drawing a connecting line 

between iron metabolism, red cell production and bone turnover.  

After TFR2 cloning, different targeted mice have been created; Fleming and colleagues generated a 

germinal knockout (KO) introducing a premature stop codon (Y245X) (Fleming et al., 2002) in the 

murine TfR2 coding sequence. This mutation, is orthologous to the human mutation Y250X, responsible 

to type 3 hemochromatosis (Camaschella et al., 2000).  In addition to TfR2 total KOs, hepatocytes-

specific (TfR2 LCKO) knockout (Roetto et al., 2010; Wallace et al., 2007), double knockout for TfR2 

and other iron genes, for example HFE (Latour et al., 2016), have been generated (Table 1). The 

common feature of these models is inappropriate Hepc expression and a liver iron overload phenotype. 

Interestingly, TfR2 KO mice have milder iron overload compared to TfR2 LCKO (Roetto et al., 2010; 

Wallace et al., 2007) slightly higher Hemoglobin levels (Roetto et al., 2010) and moderate macrocytosis. 

Moreover, Roetto et al generated a floxed knock-in model (Tfr2 KI), specifically lacking the TfR2 beta-

isoform, that is known to be expressed in the spleen (Kawabata et al., 1999; Roetto et al., 2010), (see 

TfR2 β paragraph). 

 

 

Table 1: Hereditary hemochromatosis mouse model. Hfe total KO (Hfe -/-); Tfr2 total KO (Tfr2 -/-); Enterocyte-

specific KO (HfeVillinCre+); Hepatocyte-specific KO (HfeAlfpCre+); Macrophage-specific KO (HfeLysMCre+). 
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Furthermore, combined deletion of Hfe and TfR2 in mice models resulted in lower Hepc levels and 

more severe iron deposition compared to single Hfe or TfR2 knockout mice (Wallace et al., 2007). And 

what about macrophage-specific Hfe-TfR2 double knockout mouse? Preliminary studies conducted by 

Roetto et al in collaboration with Vujic et al show that double KO mice at 10 weeks of age do not have 

abnormal serum iron parameters and hepatic iron overload. Nevertheless, they present a reduction of 

Hepc expression in the spleen concomitant to an increased expression and production of Fpn1; this 

means, an increase of iron flux from the spleen. Since macrophages are the main cells involved in iron 

storage and release in spleen and bone marrow, splenic and bone marrow macrophages were analysed. 

Interestingly, they are found to abnormally introduce and retain iron, since the iron importer TfR1, is 

significantly increased in these cells while iron exporter Fpn1 is decreased (unpublished data). These 

findings demonstrate that Hfe and TfR2 explicate an extrahepatic function in iron metabolism 

regulation. 

The analysis of the wide amount of literature describing iron metabolism and its related proteins, TfR2 

in particular, in canonical organs as liver, heart but also in extrahepatic regions, gave me the opportunity 

to participate in the writing of a comprehensive and detailed review published during my PhD School 

and reported below. 

 

 Publication: The Functional Versatility of Transferrin Receptor 2 and Its Therapeutic Value 
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1.3  Intracellular iron metabolism 

 

1.3.1 The IRE/IRP system 

 

Cellular iron homeostasis is regulated by post-transcriptional feedback mechanisms controlling the 

expression of proteins involved in iron import, storage, utilization and export which are mainly regulated 

by the iron response element–iron regulatory protein (IRE–IRP) system. Several mRNAs involved in 

iron metabolism contain iron-responsive elements (IREs): stem-loop structures located in 5’- or 3’-

untranslated regions (UTRs) flanking their coding sequence (CDS). IRE elements are bound by two 

functionally similar iron regulatory proteins, IRP1 and IRP2 (Muckenthaler et al., 2008). Depending 

upon whether the IRE elements are located in the 5’-UTR or in the 3’-UTR, the IRE–IRP interaction 

has opposite effects on the target gene expression. IRE/IRP complexes within the 5′UTR of an mRNA 

(e.g., FTH1, FTL, ALAS2, ACO2, FPN1) inhibit translation, whereas IRP binding to IREs in the 3′UTR 

of TFR1 mRNA prevents its degradation.  

In low iron states, IRP1 and 2 increase iron uptakes by stabilizing TfR1 mRNA and blocking iron storage 

and export by suppressing Ferritin and Fpn1translation (Figure 5 on the left). This homeostatic response 

mediates raised cellular iron intake from Tf and prevents the formation of Ferritin, useless in iron 

deficiency. In iron-depleted cells, Fe/S clusters convert IRP1 to a cytosolic aconitase, able to 

interconverts citrate in isocitrate but unable to bind the IRE elements, while IRP2 is degraded in the 

proteasome in an iron-dependent manner (Figure 5 on the right). As a consequence, the above mentioned 

iron proteins half-life and stability return to normality (Wilkinson and Pantopoulos, 2014).  

It is important to note that IRP 1 and 2 deletion in mice is incompatible with life, while the loss of only 

the IRP2 form results in mild anaemia, erythropoietic protoporphyria and adult-onset neurodegeneration 

in mice (Zhang et al., 2014) and in patients (Costain et al., 2019), probably due to a functional iron 

deficiency. 

Hepcidin and iron disorders 

 

Figure 5: Mechanisms of intracellular iron metabolism. Intracellular iron homeostasis is predominantly maintained 

through the post-transcriptional control of several iron metabolism genes via the IRE–IRP system. The iron-sensitive IRE–

IRP interaction regulates the translation rate or mRNA stability of mRNAs depending upon the location of the IRE in the 5’ 

or 3’ -UTR (Papanikolaou and Pantopoulos, 2017). 
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1.3.2 Transferrin Receptor2-beta (TfR2-β) 

 

For years, it has been though that TfR1 was the only receptor able to bind Tf until in 1999 Kawabata et 

al cloned TfR1 homologous, termed Transferrin Receptor 2 (TfR2) (Kawabata et al., 1999). TFR2 gene 

is transcribed in two isoforms via alternative promoters: the full-length (α) and a shorter form (β) with 

different functions and cellular distribution (Kawabata et al., 1999). The TfR2 full-length sequence 

gives rise to the TfR2-α isoform, that codify for a transmembrane protein mostly expressed in 

hepatocytes and erythroid precursor cell. In contrast, the β isoform lacks exons 1–3 which encodes for 

the cytoplasmic, transmembrane and part of the extracellular domain of TfR2-α, suggesting that it may 

be a soluble, intracellular form of TfR2 (Kawabata et al., 1999) (Figure 6). 

 

 

Figure 6: Genomic structure of TfR2 gene. TfR2-α have 18 exons (black box); while Tfr2-β lacks exons 1-3. IC: 

intracellular domain; TM: transmembrane domain; EC: extracellular domain (Kawabata et al., 1999). 

 

TfR2-α works as an iron sensor and, in the liver, it is involved in the SMAD pathway activation that 

regulates Hepc expression (Hentze et al., 2010) while the β isoform have a central role in iron efflux in 

spleen reticuloendothelial cells (Roetto et al., 2010). Moreover, the β isoform is expressed ubiquitously 

(e.g., spleen, liver, heart, prostate) (Kawabata et al., 1999). TfR2-β function is unclear, but different 

studies suggest its involvement in iron metabolism, especially in monocytes/macrophages. An available 

mouse model with specific deletion of TfR2-β (KI), show a normal transferrin saturation, liver iron 

amount, Hepc and BMP6 levels but show a transient anaemia at the age between 14 days and 10 weeks. 

On the other hand, adult mice develop an evident splenic iron accumulation, with a moderate reduction 

of Fpn1 expression in the total spleen but significantly impaired in macrophages. These findings suggest 

a regulatory effect of TfR2-β on Fpn1 expression in this organ and these cell types (Roetto et al., 2010). 

In the same mouse model, TfR2-β deletion provokes an increased and immature splenic erythropoiesis 

compared to age-matched WT mice (Pellegrino et al., 2017).  

To corroborate these findings, mice lacking TfR2 in macrophages were developed (Rishi et al., 2016). 

Consistently, peritoneal macrophages of knockout mice had significantly decrease of Fpn1 expression 
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and production even if no systemic iron alterations were found (Rishi et al., 2016). Moreover, it has 

been shown that TfR2-β isoform is expressed in the heart, where its deletion leads to a cardio protection 

phenotype after ischemic/reperfusion damage via enhancing expression of Ferritin-H, Heme oxygenase 

1 and Hypoxia inducible factor (HIF)-2α (Boero et al., 2015). These findings suggest that TfR2-β 

modulation could have beneficial effects on tissue and cells iron metabolism and it could represent a 

therapeutic option for these damages.  

 

1.3.3 Ferritin Light and Heavy Chains (Ft-L and Ft-H) 

 

The major iron storage protein Ferritin plays a fundamental and decisive role to cope with iron 

deficiency, and that it is crucial in iron metabolism and iron-related toxicity, if not correctly coordinated. 

This protein allows to remove iron excess and it stores it in the cell in a safe way in order to reduce cell 

damage and oxidative stress. Ferritins was identified in 1937 from horse spleen by Laufberger who 

purified it crystallization with cadmium salts (Laufberger et al.,1937).  

Ferritins bind iron (Fe2+) and carry out two important functions: first, they sequester iron in a non-toxic 

form inside its large cavity that can be bind up to 4500 Fe atoms (Arosio et al., 2009); second, under 

condition of cellular iron demand, ferritins can release iron to be used for metabolic process (De 

Domenico et al., 2009) (Figure 7). Cytosolic ferritins are composed of 24 chains of Heavy (H), with 

ferroxidase activity, and Light (L) isoforms able to facilitate iron hydrolysis and mineralization and, 

vice versa, to accelerate iron passage from ferroxidase cavity to the iron core and optimizes iron 

sequestering process (Santambrogio et al., 1993). The chains of ferritin co-assemble to form 

heteropolymers with a specific ratio depending on the organ/tissue type: liver and spleen, the main iron 

storage organs, are rich in L-subunits while heart and brain, organs with high ferroxidase activity, are 

rich in H-subunits (Harrison and Arosio, 1996).  

 

Figure 7: Ferritin shell. (Plays et al., 2021). 
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While the interaction Ferritin-Fe2+ in vitro is direct, the iron transport to ferritin in vivo is a more 

complex mechanism. It has been studied and identified the cytosolic chaperon Poly (rC) binding protein 

1 (PCBP1), able to delivers iron to ferritin (Ryu et al., 2017). As a matter of fact, it has been 

experimentally proven that PCBP1 depletion in hepatoma cells fails ferritin iron incorporation; the 

opposite situation occurs if PCBP1 is overexpressed (Philpott et al., 2017). Moreover, Ft-L and H 

expression in mammals are regulated by intracellular iron through the IRE-IRP system as previously 

explained (Muckenthaler et al., 2008) and “the IRE/IRP system paragraph”. 

Inside the cells, ferritin degradation can occur through different way: ferritin is degraded in the lysosome 

under iron chelation stimulus (Deferasirox) (Dowdle et al., 2014) or in the proteosomal pathway induced 

by overexpression of Fpn1 (De Domenico et al., 2006) or through an evolutionarily conserved 

degradation pathway, with a selective process named “ferritinophagy” that involved the protein Nuclear 

receptor Coactivator 4 (NCOA4) (Dowdle et al., 2014; Mancias et al., 2014) (see Nuclear receptor 

Coactivator 4 paragraph).  

Since the interaction between NCOA4 and ferritin is Ft-H specific during ferritinophagy (Mancias et 

al., 2014), NCOA4 favors Ft-H-rich ferritin heteropolymers degradation over Ft-L polymers as 

demonstrated in wild-type mice brain during aging (Mezzanotte et al., 2021) (in revision). Thus, the 

expression of Ft-H and NCOA4 may have an impact on the rate of iron release in different tissues and 

organs. Moreover, data on transgenic mice expressing Ft-H from a tetracycline-inducible promoter 

showed that Ft-H expression can change according to iron amount, inducing an iron deficiency 

phenotype. This means that Ft-H regulates tissue iron balance (Wilkinson et al., 2006). 

A soluble form of ferritin is found in blood plasma, coming from macrophages (Cohen et al., 2010), 

mostly represented by Ft-L subunits (Wang et al., 2010). Serum ferritin amount is related to iron stores: 

when low, it is a marker of iron deficiency, while when its levels are high, it is a marker of iron overload 

and/or inflammation (Daru et al., 2017), reflecting de facto macrophage ferritin amount. Nevertheless, 

function and origin of serum ferritin is still unknown.  

 

1.3.4 Nuclear receptor Coactivator 4 (NCOA4) 

 

It has been recently demonstrated that, in condition of iron deficiency and/or increased iron 

requirement, cells can recover it, through ferritinophagy mediated by Nuclear receptor Coactivator 4 

(NCOA4) (Dowdle et al., 2014; Mancias et al., 2015). Protein NCOA4 interacts and co-activates 

different nuclear receptors and controls DNA replication origin preserving, in this way, genome stability 

(Bellelli et al., 2014).  
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In 2014, Mancias and collaborators identified NCOA4 on the surface of autophagosomes, where it binds 

ferritin and delivers it to autophagosomes via interacting with ATG8 like proteins (GABARAP and 

GABARAPL1), causing in this way the iron release in the cytoplasm, (Dowdle et al., 2014; Mancias et 

al., 2014). Moreover, biochemical experiments showed that NCOA4 interacts directly with Ft-H isoform 

via a conserved surface arginine (R23) on Ft-H and a conserved C-terminal domain in NCOA4 (Mancias 

et al., 2015).  

Interestingly, NCOA4 levels are regulated by intracellular iron status (Mancias et al., 2015) because:  

i) in cellular iron overload condition, NCOA4 levels are low, supporting ferritin accumulation and iron 

storage; ii) in cellular iron deficiency condition, NCOA4 levels are high to promote ferritinophagy and 

iron is released to be used by the cell (Mancias et al., 2014). Recent works showed that the amount of 

NCOA4 changes as a consequence of the interaction with an E3 ubiquitin protein ligase (HERC2) 

(Mancias et al., 2015; Quiles Del Rey and Mancias, 2019). Only when iron levels increase, HERC2 

binds to NCOA4 and leads it to degradation via ubiquitin-proteasome system increasing in this way the 

amount of ferritin proteins for iron storage (Mancias et al., 2015) (Figure 8). 

 

 

Figure 8: NCOA4-mediated ferritinophagy. Intracellular iron is regulated by ferritinophagy. During iron overload (on 

the left), NCOA4 is degraded by the binding with HERC2 and, as a consequence, ferritin degradation decreases. The opposite 

situation occurs during iron deficiency (on the right), where NCOA4 bind ferritin, thus activating ferritinophagy via 

lysosomal degradation. NCOA4 (Nuclear Receptor Coactivator 4); HERC2 (E3 ubiquitin protein ligase) LIP (Labile Iron 

Pool); ROS (Reactive oxygen species) (Mancardi et al., 2021). 

 

A systemic NCOA4 knockout mouse model designed by Bellelli (Bellelli et al., 2014) develops an iron 

overload phenotype with increased level of Tf saturation, serum Ft, liver Hepc and an increase of Ft 

deposits in the liver and spleen at least, reduced iron recycling and demonstrate increased susceptibility 

to iron-deficiency anaemia (Bellelli et al., 2016). Recently, an extra-hepatic function of NCOA4 was 
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demonstrated (Nai et al., 2021). The increase of NCOA4 expression in erythroblasts (Ryu et al., 2017) 

suggests a central role for ferritinophagy in hemoglobinization both in vitro (Ryu et al., 2017) and in 

vivo models (Gao et al., 2017).  

In the context of neurodegenerative disorders (NDs) imbalance in iron metabolism and autophagy are 

described (Li et al., 2019; Ndayisaba et al., 2019). It could be possible that these events are connected 

to the pathogenesis of NDs by NCOA4-mediated ferritinophagy, although there is not yet direct 

evidence of data correlation. 

Brain NCOA4 expression, functions and role is a field not yet fully explored. NCOA4 is expressed in 

the rats (Kollara and Brown, 2010) and the murine brain (Kollara and Brown, 2010; Mezzanotte et al., 

2021) (in revision) and the only study of NCOA4 function during aging demonstrated that, as a 

consequence of the increase in brain iron amount during physiological aging (Ward et al., 2014), brain 

cells increased NCOA4. In turns, it could be responsible for a selective Ft-H degradation, favouring the 

formation of Ft-L rich heteropolymers more suitable for iron storage to prevent neuronal cell death 

(Mezzanotte et al., 2021) (unpublished data). 

Since a constitutive and systemic NCOA4 deletion in mice showed an iron overload phenotype (Bellelli 

et al., 2016) we can hypothesize that NCOA4 overexpression could be associated, in terms of protection, 

with NDs. Clearly, additional studies are required to enlarge the understanding of the role of NCOA4 in 

the brain using murine models with NCOA4 targeted deletion in the brain cells.  

Many NDs, including Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Huntington’s Disease (HD) 

are associated with increased iron levels, disruption iron homeostasis and ROS production that lead to 

ferroptosis an iron dependent form of cell death (Kim et al., 2015; Ward et al., 2014). 

NDs model with genetic (Chen et al., 2015b) or pharmacological inhibition (Skouta et al., 2014) of 

ferroptosis shows that the block of ferroptosis decreases neuronal cells death.  

 

1.4 Iron dependent cell death 

 

1.4.1 Ferroptosis 

 

The balance of physiological processes is finely maintained and regulated by programmed cell death, 

but its deregulation contributes to the onset of various disorders. The pioneer of controlled cell death 

was apoptosis followed by necrosis and autophagy (Doll and Conrad, 2017). A new kind of programmed 

cell death, ferroptosis, an iron dependent, non-apoptotic, oxidative cell death (a Greek word “ptosis”, 

meaning “a fall”, and Ferrum or iron), was first described in 2012 by Dixon (Dixon et al., 2012). As the 

name suggests, iron is involved as a distinctive peculiarity of this phenomena of cell death (Dixon et al., 

2012). Ferroptosis gets involved in the onset and progression of lung, pancreas and gastrointestinal 
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tumors, nervous system diseases (including stroke and traumatic brain injury), ischemia-reperfusion in 

the liver, spleen and kidney injury (Li et al., 2020) (Figure 9). Biochemically, lipid peroxides cannot be 

metabolized, due to reduction of glutathione peroxidase 4 (GPX4) activity and intracellular glutathione 

depletion (GSH). As a consequence, iron (Fe2+) can oxidize lipids resulting in reactive oxygen species 

(ROS) accumulation triggering ferroptosis (Friedmann Angeli et al., 2014; Yang and Stockwell, 2008) 

with a dysregulation of mitochondrial structure/function.  

 

 

Figure 9: Ferroptosis involvement in different disease (Li et al., 2020) 

 

Indeed, morphologically, mitochondria appear smaller with increase membrane density and reduction 

of crista, but the cell membrane remains intact and normal size nucleus (Dixon et al., 2012; Yang and 

Stockwell, 2008).  

By Fenton reaction, the increase of iron in the cell supports lipid peroxidation and ROS production 

which triggers ferroptosis. The association between iron gene/metabolism and ferroptosis activation has 

been amply demonstrated. As matter of fact, TFRC silencing can inhibit erastin-induced ferroptosis, 

preventing labile iron pool (LIP) accumulation (Kwon et al., 2015). Moreover, silencing of iron-

responsive element-binding protein2 (IREB2) through shRNA causes the alteration of FT-H, FT-L and 

TFR1 expression, modifying iron intake and storage (Dixon et al., 2012). 

In the context of neurological diseases, ferroptosis covers an important role (Kenny et al., 2019) in 

dopaminergic neurons in PD and other NDs (Do Van et al., 2016). 

Dopaminergic neurons are rich on iron that take part in dopamine metabolism (Moreau et al., 2018) but 

iron imbalance causes dopamine oxidation and α-synuclein aggregation that induce dopaminergic 

neuron loss in PD (Guiney et al., 2017). Moreover, genetic variants of iron-related genes, Transferrin 
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(TF) and TfR2 have a role in PD. Explorative findings shown that PD patients with genetic variation in 

TF gene decreased risk of PD (Rhodes et al., 2014).  

Moreover, TfR2 mutations limit iron absorption by explicating a protection mechanism in PD (Rhodes 

et al., 2014). As ferroptosis is iron-dependent, in neurons iron accumulation could reduce GPX4 activity, 

which, in turn, leads to GSH depletion subsequently ROS accumulation membrane oxidation (Imai et 

al., 2017). 

To a greater extent damage attributable to ferroptosis are also found in the heart and liver: ferroptosis 

has been reported to play an essential role in the onset and development of cardiovascular (Huang et al., 

2021) and liver-related diseases mediated by an accumulation of lethal lipid hydroperoxides triggered 

by iron. Since hepatocytes are the major iron storage site, continually they tend to maintain iron 

homeostasis and ROS balance, known to induce hepatoxicity (Protchenko et al., 2021). Recently, the 

substantial contribution of ferroptosis has been identified among the other types of cell death (Aizawa 

et al., 2020). In the manuscript attached, we have explored the relevant literature to correlate common 

peculiarity between ferroptosis response in the heart and liver.  

 

 Publication: Iron Overload, Oxidative Stress, and Ferroptosis in the Failing Heart and Liver 
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1.5 Brain iron regulation 

 

Brain presents several peculiarities that make it a unique organ regarding iron metabolism. Brain iron 

is involved in a variety of neurological processes: myelination of axons, neuronal cells division and 

dopaminergic neurotransmitters synthesis in particular synthesis and signaling of dopamine, 

noradrenaline, adrenaline and serotonin. It acts as a cofactor for proteins such as phenylalanine 

hydroxylase, tyrosine hy-droxylase, and tryptophan hydroxylase (Hare et al., 2013). Iron is present 

in different brain cells types and regions: neurons, astrocytes, oligodendrocytes, in the interstitial 

space, in the soma and in the processes of nerve cells (Rouault, 2013). As in peripheral organs, 

increased iron levels in the brain work as a potent neurotoxin (Halliwell, 1987); iron produces toxic 

radicals which cause damage both at cellular and tissue levels (Nandar et al., 2013) that leads to 

Neurodegenerative Diseases (NDs) (Rouault, 2013). The brain, and in general the Central Nervous 

System (CNS), is susceptible to free radicals for two mains reasons: i) the brain is not particularly 

rich in compounds or enzymes with antioxidant activity; ii) it uses high oxygen levels and it contains 

a high concentration of oxidizable polyunsaturated fatty acids (Yu et al., 2011). Although the high 

iron concentration inside the brain, its reactivity is low, probably because of the efficient systems for 

its absorption, transport and storage. Iron enters into the brain crossing the blood-brain barrier (BBB) 

that it is also the principal protective physical barrier to avoid iron overload (Mills et al., 2010).  

Brain iron up-take occurs through Transferrin Receptor 1 (TfR1) that is expressed on the luminal side 

of brain capillaries. TfR1 binds circulating Tf-Fe2 to promote iron uptake into brain microvascular 

endothelial cells (BMVECs) through TfR1-mediated endocytosis mechanism (Mills et al., 2010). Iron 

is released into the cytoplasmic space and exported at the abluminal membrane level by unknown 

pathways that could involve Fpn1 (Donovan et al., 2000). 

Several other genes that regulate iron homeostasis are expressed in the murine CNS, including Iron 

Regulatory Protein (IRPs) (Leibold et al., 2001), Ferritin (Ft) (MacKenzie et al., 2008) Neogenin 

(Rodriguez et al., 2007) and Hepcidin (Hepc) (Zechel et al., 2006). 

Iron enters into neurons, microglial and choroid plexus’ cells bound to TfR1 and it has been shown 

that Hepc is present in the brain, in mature astrocytes, oligodendrocyte (Vela, 2018) and neurons both 

in human (Hänninen et al., 2009) and in mouse (Zechel et al., 2006), where it plays a role in iron 

amount control as well as the other iron regulatory proteins (Ward et al., 2014). It is not clear yet 

whether Hepc is directly produced by the brain or whether the Hepc that  acts on the brain-derived 

Fpn1 comes from liver (Vela, 2018). 
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Although the peptide size (Raha-Chowdhury et al., 2015) and its amphipathic cationic chemical 

structure (Bulet et al., 2004) would allow it to pass BBB, it has been shown that there is an 

endogenous cerebral Hepc expression and that it is regulated by the organ iron state (Pellegrino et al., 

2016). Similar to other Hepc regulatory proteins, Transferrin receptor 2 (TfR2) is expressed in total 

brain (Kawabata et al., 1999), in specific cerebral compartments, in brain tumour cell lines (Hänninen 

et al., 2009) or in specific neuronal subtypes (Rouault, 2013). Furthermore, Tf/TfR2-mediated iron 

transport pathway in the mitochondria of dopaminergic neurons has been studied. This Tf/TfR2 

pathway deliver Tf-Fe to mitochondria and to the respiratory complex I. Alteration of this Tf/TfR2-

dependent mechanism has been associated with Parkinson’s Disease (PD), highlighting the role of 

iron accumulation in this disorder (Mastroberardino et al., 2009). This hypothesis has been validated 

in a mouse models of PD with TfR2 deletion specifically in dopaminergic neurons. Authours found 

that TfR2 deletion carries out a neuroprotective mechanic against dopaminergic degeneration, against 

PD and aging related iron overload in a gender-dependent manner (Milanese et al., 2021). 

 

1.6 Brain iron accumulation during aging 

 

Brain iron balance should be carefully maintained in order to avoid neurotoxicity. However, several 

conditions which are typical of aging such as inflammation and BBB damage (Almutairi et al., 2016), 

cause iron redistribution and unbalance into the brain (Conde and Streit, 2006; Farrall and Wardlaw, 

2009). 

The physiological process of aging is a suitable model to study iron metabolism alteration found in 

neurodegenerative diseases (Hou et al., 2019; Wyss-Coray, 2016). Indeed, aged-dependent brain iron 

accumulation could be due to a change in iron proteins that impair its homeostasis. In this context, 

various researchers have confirmed that iron levels, Transferrin and Ferritin levels are altered during 

aging in human astrocytes and in oligodendrocytes (Connor et al., 1990). They found that there is a 

quite high level of heavy chain (H) ferritin compared to light chain (L) ferritin in younger individuals 

andferritins heteropolymers increase with age in the frontal cortex, caudate, putamen, substantia nigra 

and globus pallidus (Connor et al., 1995). The same results were obtained in rats’ brains (Roskams 

and Connor, 1994). Moreover, in the substantia nigra and locus coeruleus it was found that 

neuromelanin increases during aging acting as an iron chelator compound (Zecca et al., 2002; Zecca 

et al., 2004a; Zucca et al., 2017). Besides these quite dated papers, few data are available about the 
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mechanism of age-related iron accumulation. The brain vulnerability to iron increase during aging 

could explain why iron accumulation is a peculiarity of several neurodegenerative diseases. 

 

 

2 Aim of the study 
 

The main focus of my thesis was to unravel what are the mechanisms involved in iron handling in 

the Central Nervous System (CNS) in a murine model of Tfr2 germinal silencing and in a Wild-

Type (WT) mice during aging. My PhD work has developed into two different but interconnected 

studies.  

In the first study focused on brain iron metabolism, we aimed to clarify TfR2 functions in the brain 

using TfR2-KO mouse model (Roetto et al., 2010). We demonstrated that TfR2 is produced in a 

specific brain region, hippocampus, amygdala, hypothalamic paraventricular nucleus, and thalamic 

paraventricular nucleus, involved in the circuits of anxiety and stress. Our data show that TfR2 

silencing causes a blunting of brain Hepc response to the systemic iron increase, with altered iron 

mobilization and/or cellular distribution in the nervous tissue. Moreover, TfR2-KO mice present a 

selective over-activation of neurons in the limbic circuit and the emergence of an anxious-like 

behavior demonstrated by Elevated Plus Maze (EPM) test. The anxious behaviour was partially 

recovered in TfR2 KO mice treated with an iron-deficient diet (IDD) but it was absent in Wild Type 

(WT) mice treated with an iron-enriched diet (IED). We concluded that this altered demenor in TfR2 

KO mice is due to the increased iron amount caused by the blunting of Hepc response. Accordingly, 

we deduced that TfR2 is a key regulator of brain iron homeostasis and it is involved in anxiety 

regulation, an important behavioural feature in many neurodegenerative disorders. 

Likewise, in regions more vulnerable to age-dependent neurodegeneration, such as the Cerebral 

cortex (Ctx) and the Hippocampus (Hip), iron deposits were evidenced during the process of 

physiological aging, but the underlying mechanism it is not yet known. 

The aim of my second study was to investigate brain iron management in WT mice brain during 

aging. 

The obtained results give evidence that there is a progressive neuroinflammatory and oxidative states 

in the brain of WT mice during aging. These factors are involved in iron misregulation, together with 

a decrease of BBB integrity. In conditions of brain iron overload and inflammation, we demonstrated 
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for the first time, that the iron regulatory Hepcidin/Ferroportin1 pathway is activated even in the brain 

during physiologic aging. Moreover, we revealed that a new protein demonstrated to be involved in 

intracellular iron management in the liver, Nuclear receptor coactivator 4 (NCOA4), carries out its 

function in CNS as well. Lastly, we highlighted that iron handling in the brain is cell-specific, at least 

in the Ctx and Hip. This iron availability imbalance could cause oxidative damage, stress, and 

neurodegeneration. Altogether our data represent a starting point to clarify the mechanisms of brain 

iron dyshomeostasis in the elderly and in neurodegenerative disorders, these last representing 

important health and social problems. 

These two studies gave me the opportunity to publish one paper in 2016 and a second one uploaded 

to bioRxiv that is currently under editor’s decision for publication in Scientific Reports journal after 

revision.  

 

 

 

 Publication: Transferrin Receptor 2 Dependent Alteration of Brain Iron Metabolism 

Affect Anxiety Circuits in the Mouse 

 

 

 Publication: Activation of the Hepcidin-Ferroportin1 pathway in the brain and astrocytic-

neuronal crosstalk to counteract iron dyshomeostasis during aging 
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3 Other collaborations 
 

During the last year of my PhD School I was involved in a work, in collaboration with the Prof. 

Porporato group, aimed to study iron metabolism in the skeletal muscle both in cancer cachectic 

patients and in mice where cancer cachexia has been induced. Our results further strengthen the 

hypothesis that iron is a key element in a multitude of pathological situation including cancer 

associated cachexia. Indeed, we demonstrated that cancer drivers iron dyshomeostasis, in terms of 

iron deficiency, in cachectic muscle. Iron levels directly effect on functional alterations of the 

mitochondria, on myotube size in vitro and muscle mass in cachectic mice but iron supplementation 

allows muscle mass restoration via mitochondrial metabolism normalization. This work, attached 

below, was recently published in EMBO Reports. 

 

 Publication: Iron supplementation is sufficient to rescue cancer-induced muscle wasting 

and function. 
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4 Discussion 
 

It is well known that if on the one hand iron is essential for life, on the other hand, if badly managed, 

it can be harmful to organs, tissues and cells. This is partly due to its occurrence of interconversion 

between the reduced and oxidized state. The ability of each organ to manage and actively respond to 

iron variations ensures that the damage caused by overload and/or its deficiency are minimized but 

exogenous, endogenous and aging-related factors can alter this equilibrium. 

This equilibrium, in fact, is compromised in several genetic diseases (i.e hereditary hemochromatosis) 

leading to excessive iron deposition in the liver and, subsequently, to other parenchymal cells 

compromising organ functionality and, if not treated, patient’s life expectancies. 

During my PhD School, I have mainly focused my study on the Central Nervous System (CNS), that 

exhibits peculiar characteristics regarding brain iron management 

Systemic iron regulation is based on a complex protein regulatory system in which the hepatic 

Hepcidin (Hepc) plays a central role. Hepc is a small protein that reduced iron efflux from cells and 

leads to its intracellular accumulation (Hentze et al., 2010). Indeed, the modulation of Hepc 

expression by low or high iron availability determines de facto iron availability in the body 

(Muckenthaler et al., 2017). In the brain, iron homeostasis is regulated by the same proteins network 

that acts at the systemic level (Zecca et al., 2004b) and the Hepc regulatory system is active also in 

the CNS (Rouault, 2013). Indeed, Hepc is expressed by glial cells and neurons from different brain 

regions and, it is activated and it induces Fpn1 decrease under brain iron overload condition (Ding et 

al., 2011; Du et al., 2015; Moos and Morgan, 2004), even if it  is not clear yet whether this rely on 

brain or hepatic Hepc or both (Vela, 2018). Interestingly, iron overload selective localized in specific 

regions of the CNS has also been associated with and aging (Lozoff and Georgieff, 2006; Zecca et 

al., 2004a) and neurodegenerative diseases, such as Parkinson’s Disease (PD) and Alzheimer’s 

Diseases (AD), (Rouault, 2013).  

As known, Hepc expression is regulated by Transferrin receptor 2 (TfR2), in particular by the α-

isoform, the mainly transcribed isoform of the TFR2 gene, and the one that is expressed in the brain 

(Hänninen et al., 2009; Kawabata et al., 1999). Mutation on TFR2 gene are responsible of hereditary 

hemochromatosis type 3 (HFE3), which is characterized by systemic iron overload (Roetto et al., 

2018).  
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During my PhD, I worked on a project aimed to the molecular characterization of iron metabolism in 

mice brain in i) a murine model in which TfR2 has been systemically silenced and in ii) an aged Wild-

type (WT) model. 

In the TfR2 KO mouse model (Pellegrino et al., 2016) we demonstrated that TfR2-α is expressed in 

the neurite compartment of limbic areas involved in anxiety and stress response and its silencing 

causes an increase of iron circulating in specific brain regions due to the lack of response of neuronal 

hepcidin. In line with a high iron amount in TfR2 KO mouse, a global increase of the iron storage 

protein Ferritin (in particular Ferritin-H isoform) was found. This induction may reflect the need to 

counteract the deleterious effects of an enhanced iron-based Fenton reaction, which produces 

damaging hydroxyl radicals (Chelikani et al., 2004).  

It is interesting to note that the increase of iron in TfR2 KO mice brain, provokes behavioural changes 

associated with an anxious phenotype as demonstrated by the results of the Elevated Plus Maze test 

(EPM). 

According to behavioural results, TfR2 KO mice showed ad increased expression of markers of 

neuronal activity, cFos and Zif-268, (Sheng and Greenberg, 1990), proof of which limbic circuits 

controlling anxiety and stress responses were overactivated. Alterations and behavioural changes in 

TfR2 KO mice are accompanied with degenerative events in microglia, where the iron storage is 

increased. 

In conclusion, the control of anxious behaviours and the regulation of iron in the brain depends on 

Tfr2-dependent iron overload.  

The main focus of my PhD was to investigate how Hepc regulatory system respond to intracerebral 

iron increase during physiological aging. For this reason, we decided to study proteins expression 

involved in iron metabolism in WT mice during aging.  

We characterized the state of the brain at different ages in relation to brain iron content, BBB integrity, 

brain inflammation and oxidative state. 

We demonstrated that during healthy aging in physiological conditions, iron overload occurred in the 

brain that is selectively localized in the Cerebral cortex, Hippocampus, third ventricle and striatum. 

The increase of iron in the brain combined to a BBB altered permeability, demonstrated by a decrease 

of the protein levels of Zonula occludents 1 protein, marker of BBB integrity (Maiuolo et al., 2018). 

Although iron and inflammation are both regulators of Hepcidin expression, to investigate if the 

accumulation of iron in the brain could trigger an inflammatory process and if it could cause oxidative 
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stress, we respectively analysed, the two main markers of these biological processes: Serum amyloid 

A1 (SAA1) and Nuclear factor erythroid 2-related factor 2, (Nrf2). 

SAA1 is an acute-phase protein and it’s considered an accurate and sensitive indicator of 

inflammation (Erdembileg et al., 2015). We showed that its expression levels are significantly 

increased from M-A (6-12 months of age) and became more than 20 times higher in old animals 

compared to adults’ mice. 

The nuclear factor-erythroid 2 (NF-E2)-related factor 2 (Nrf2) is a redox-sensitive transcription 

factor, whose activation results in cellular antioxidant responses via modulation of several stress-

responsive proteins (Jiang et al., 2019). As we expected, Nrf2 expression levels appeared to be in a 

gradual but constant and significant increase in WT old mice brain. It has been demonstrated that, 

during aging neuroinflammation and astrocytes activation are evident (Ke and Gibson, 2004).  

Indeed, we also identified high astrocytes activation and an increased expression of microglia in both 

parenchymal regions of WT O mice, Ctx, and Hip, where iron accumulated.  

Since the cornerstone of iron metabolism regulation is Hepc/Fpn1 pathway activation, we 

demonstrated that in the context of increased iron amount and inflammation in the brain of WT old 

mice, Hepc gene expression significantly increased; while Fpn1 decreases. 

To better understand iron regulation in brain tissue, we also analysed iron deposits Ferritin (Ft) and 

Nuclear receptor coactivator 4 (NCOA4) protein, involved in ferritinophagy (Mancias et al., 2015). 

In particular, NCOA4 promotes autophagic ferritin degradation binding Ft-H isoform. We observed 

an increased amount of NCOA4 combined to an increase of Ft-L and a decrease of Ft-H isoform in 

the aged mice brains.   

These data demonstrated that in old mice brain inflammation, due to iron accumulation, induces Hepc 

expression and consequently Fpn1 degradation. The activation of the Hepc/Fpn1 pathway in the 

nervous tissue promotes iron retention; in turn, cells respond with an increase on NCOA4 levels that 

could be responsible for a selective Ft-H degradation, promoting in this way the formation of Ft-L 

rich ferritin heteropolymers, more effective for iron storage.  

Moreover, when we looked for Fpn1, Ft-L and Ft-H localization, we found that Fpn1 not only is 

increased in old mice Ctx and Hip of WT old mice, but also that its distribution is cell specific since 

it increases in cortical and hippocampal astrocytes and remains constant in neurons. On the contrary, 

Ft-L increase and Ft-H decrease were evident in cortical and hippocampal neurons but not in 

astrocytes. 

 



 
113 

 

 

These data revealed that aging-related brain iron accumulation is accompanied by neuroinflammation 

and Hepc/Fpn1 pathway activation. As a consequence, astrocytic activation occurs and Fpn1 amount 

increases, implying a higher iron export from these cells.  

As a protective mechanism, cortical and hippocampal neurons increase the amount of Ft-L isoform 

leading to the production of Ft-L enriched ferritins heteropolymers, more suitable to chelate free iron. 

Taken together, these data highlight an involvement of Hepc/Fpn1 axis in brain iron metabolism 

during aging as a response to a higher iron flux in CNS due to a BBB alteration. This, enhancing iron 

availability imbalance, could cause oxidative damage, stress and neurodegeneration.  

Additional studies could be conducted in order to understand if the response to the increased amount 

of iron in the brain during aging could be helpful for the understanding of mechanisms underlying 

neurodegenerative diseases  

 

5 Conclusion 
 

In conclusion, our work contributes to the understanding of the molecular mechanisms underlying 

brain iron overload.  

We could hypothesize then to perform iron chelation as a strategy to prevent neurotoxicity caused by 

free iron in the disorders associated with brain iron imbalance. 

However, iron chelation is a complex process: a chelator should be able to pass the BBB and to trap 

iron specifically in the regions where iron overload occurs, without depleting transferrin bound iron 

from the plasma and to transfer it to other proteins such as circulating transferrin. 

Three iron chelators have been approved by Federal Drug Administration (FDA) to symptomatic 

treatment in NDs: deferoxamine, deferasirox and deferiprone. But, while deferoxamine and 

deferasirox do not easily pass through the BBB and bind iron in a dose dependent manner, the 

molecular structure of deferiprone allow to pass BBB and it is the drug of choice in the majority of 

clinical trials for  neurodegenerative disorders (Jiang et al., 2006; Martin-Bastida et al., 2017; 

Sripetchwandee et al., 2016).  

Analyzing the three drugs more closely, the therapeutic effects of deferoxamine are promising in the 

treatment of AD; indeed in vivo study using APP/PS1 transgenic mice fed with iron-rich diet showed 

that after deferoxamine injection, tau phosphorylation iron-dependent is inhibited through the CDK5 

and GSK-3β pathways (Guo et al., 2013a). Moreover, deferoxamine injection in AD transgenic mice 

not only inhibits the formation of amyloid precursor protein (APP), but it can improve memory 

deficits (Guo et al., 2013b). 
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However, although deferoxamine has been approved by FDA, the clinical application is still tricky 

due to: i) its poor bioavailability; ii) low ability to cross the BBB; iii) ant its methods of administration 

through injection. It was proven that deferoxamine, as well as deferiprone, ameliorate BBB integrity, 

reducing brain iron overload and brain mitochondrial alteration (Sripetchwandee et al., 2016). 

Is iron overload in neurodegenerative disorders directly involved in the pathogenesis or is it a 

secondary effect of the disease? More fundamental research on models of neurodegeneration related 

also to the restoration of brain iron homeostasis is necessary to try to find mechanisms and new targets 

to cure neurodegenerative disorders that increasingly afflict the population, and represent not only a 

health but also a social problem.  
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