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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 (Fe?*) and trivalent cation
or ferric (Fe®) 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 (H20>) 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




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 (Fe*) to ferrous (Fe?*) by
duodenal cytochrome b (DcytB) localized in the apical membrane of enterocytes (McKie, 2008). The
fundamental role of DMTL1 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 (Fpnl), 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).
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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-Fe?*) 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, Fe?" 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.




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-Fe?* 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-Ferroportinl (Hepc-Fpnl) 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 Ferroportinl (Fpnl) in enterocytes, macrophages and hepatocytes
(Nemeth et al., 2004). The Hepc-Fpn1 interaction implies that when Hepc levels are low (iron-depleted
states), Fpnl and iron release by macrophages and duodenal crypt cells result up-regulated while when

Hepc levels are high, Fpnl 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 |
(BMPRI) and type 1l (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/SMADA4) 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).




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).
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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 B 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 (Forejtnikova 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 (Forejtnikova 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 Kl), specifically lacking the TfR2 beta-
isoform, that is known to be expressed in the spleen (Kawabata et al., 1999; Roetto et al., 2010), (see
T{R2 B paragraph).

Classification
of hereditary
e I Mouse Genotype Mouse phenotype
mouse models
Hfe -/- Increased body iron, splenic iron retention, decreased
hepcidin
HfeAlfpCre+ Increased plasma iron and liver iron, decreased
spleen iron
s Low hepcidin expression, increased duodenal iron
Hfe KO HfeVillinCre + labsotption
No significant changes (10 weeks old mice)
Decreased liver Hepc mRNA expression (45 weeks)
HfeLysMCre+ Increased Fpn1 expression in isolated macrophages
(45 weeks)
T2 -/- Reduced hepatic hepcidin levels and liver iron

overload

Tfr2 KO

Reduced hepatic hepcidin levels and more severe iron

Tfr2AprCre+ overload in the liver
Lower hepcidin levels and more severe iron deposition
Hfe -/- Tfr2 -/- compared to single Hfe or Tfr2 KO mice
Hfe-Tfr2 Double KO
Hfe-Tfr2 LysMCre + ?

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+).




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 Fpnl; 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 Fpnl 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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Abstract: Iron homeostasis is a tightly regulated process in all living organisms because this metal
is essential for cellular metabolism, but could be extremely toxic when present in excess. In
mammals, there is a complex pathway devoted to iron regulation, whose key protein is hepcidin
(Hepc), which is a powertul iron absorption inhibitor mainly produced by the liver. Transferrin
receptor 2 (Tfr2) is one of the hepcidin regulators, and mutations in TFR2 gene are responsible for
type 3 hereditary hemochromatosis (HFE3), a genetically heterogeneous disease characterized by
systemic iron overload. It has been recently pointed out that Hepc production and iron regulation
could be exerted also in tissues other than liver, and that Tfr2 has an extrahepatic role in iron
metabolism as well. This review summarizes all the most recent data on Tfr2 extrahepatic role,
taking into account the putative distinct roles of the two main Tfr2 isoforms, Tfr2oc and Tfr2p.
Representing Hepc modulation an effective approach to correct iron balance impairment in
common human diseases, and with Tfr2 being one of its regulators, it would be worthwhile to
envisage Tfr2 as a therapeutic target.

Keywords: Tfr2; iron metabolism; hepcidin; erythropoiesis; SNC

1. Tfr2 Gene and Proteins

Tfr2 is a type II transmembrane glycoprotein, a member of the transferrin receptor family and
homologous to Tfrl [1].

It is encoded by TFR2, a 2471 bp long gene localized on the long arm of human chromosome 7
(7q22.1) that consists of 18 exons, and gives origin to two main variants regulated by different
specific promoters: Tfr2oc and Tfr23 (Figure 1).

Tfr2« results from the transcription of all exons, and is prevalently and highly expressed in
hepatocytes and erythroid cell lines. Tfr2a ¢cDNA is 2.3 kb long (AF067864), and the Tfr2« is a
protein of about 89 kDa encompassing 801 amino acids [2]. As Tfrl, Tfr2a has a short cytoplasmic
tail (aa 1-80) that contains a consensus sequence YQRYV for endocytosis, a transmembrane domain
(aa 81-104) with four cysteines (aa 89-98 and 108-111), involved in disulphide bonds, likely
responsible for TFR2 homodimerization, and a large extracellular domain (aa 105-801) comprising a
protease-associated domain and two RGD muotifs that bind di-ferric Tf (Fe2Tf). Furthermore, an
N-terminal mitochondrial targeting sequence (MTS) has been found in Tfr2 intracellular domain [3].
In vitro analysis demonstrated that Tfr2a on cell membranes can be shed and give origin to a soluble
form, and that this process is inhibited by Fe2Tf [4]; however, this form could not be found in animal
or human sera.

Tfr2« transcription is upregulated in mouse embryonic fibroblast cells (NIH3T3) by erythroid
GATA1, EKLF, and cEBP/a transcriptional factors, while FOGl seems to inhibit GATA1l

Pharmaceuticals 2018, 11, 115; doi:10.3390/ph11040115 www.mdpi.com/journal/pharmaceuticals
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enhancement [5]. Also, hepatic Hnf4a stimulates Tfr2a transcription, since it is significantly
decreased in liver-specific HNF4a-null mice [6]. There is no Tfr2a IRE/IRP-dependent
post-transcriptional regulation [7], while the hepatic tetraspanin CD8]1 is able to interact with Tfr2a
and induce its degradation [8].

Tfr23 has an in-frame transcription start site in exon 4, so the Tfr23 cDNA (NM_001206855.1)
transcript lacks exons 1-3, and presents 142 additional untranslated base pairs at its 5" end. Tfr2(3 is
ubiquitously expressed at low level, and mostly expressed in spleen, heart, and brain. The resulting
protein lacks the cytoplasmic and the transmembrane domain [2]. Since no signal peptide involved
in the secretory pathway could be evidenced in Tfr2[3 isoform, it is supposed to be a cytosolic 60 kDa
protein identical to the Tfr2o extracellular domain. At the moment, no transcriptional/translational
regulatory pathway is known for Tfr2(3 isoform (Figure 1).
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Figure 1. Schematic representation of: (A) TFR2 gene structure. TFR2 18 exons are in bright yellow,
TFR2ar promoter is shown upstream of the gene, and transcriptional factors binding sites are
highlighted by black arrows. 5’ untranslated region (142 bp long) of TFR2p transcript is shown in
orange; (B) the two main transcripts and of Tfr2ac and Tfr2f isoforms, that are identical in the

T1r2p isoform | 1

common sequence, and the two protein localizations, on the cell surface or in the cytosol,
respectively.

1.1. Tfr2 and HFE3

Inactivating mutations of TFR2 gene (OMIM: 604720) lead to type 3 hereditary
hemochromatosis (TFR2-HHC or HFE3), a rare recessive disorder characterized by increased
transferrin saturation and serum ferritin concentration and iron overload [9].

HFE3 is one of the 5 different forms of hereditary hemochromatosis, a genetically
heterogeneous disorder due to the deregulation of iron protein hepcidin (Hepc) [10] (Table 1).
TFR2-HHC presents an earlier age of onset than type 1 hereditary hemochromatosis (HFE-HHC),
and some pediatric patients have been reported so far. However, the majority of the affected
individuals are young adults with abnormal serum iron indices [11].

Most of the mutations involved in HFE3 pathogenesis cause an inactivation of both Tfr2
isoforms, but some of them, occurring in exons from 1 to 3, impair the production of the Tfr2a
isoform only [12-14]. Three patients with homozygote mutation M172K, that impairs Tfr23
translation initiation codon, were identified, all presenting typical hemochromatosis symptoms
(cirrhosis, hypogonadism, cardiomyopathy, arthritis) at an average age of 38 + 5 years [13,15].

Unfortunately, few clinical data are available on patients with these mutations to allow an
exhaustive genotype/phenotype analysis.
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Table 1. Hereditary hemochromatosis (HHC types) and their relationship with hepcidin.

HHtype Acronym Inheritance  Gene Protein Function
HFE1 HFE-HHC AR HFE Hfe Hepc regulator
HFE2a  HJV-HHC AR HJV Hemojuvelin Hepc regulator
HFE2b HEPC-HHC AR HAMP Hepc Fe absorption inhibitor
HFE3  TER2-HHC AR TFR2 Ttr2 Hepc regulator
HFE4  FPNI1-HHC AD SLC40A1 Fpnl Hepc receptor

1.2. Systemic Iron Metabolism: The Hepc-Fpnl Axis and the Proteins Involved in Hepc Regulation

In mammals, the hepatocyte-secreted hormone Hepc regulates systemic iron homeostasis [16].
Hepcis codified by HAMP gene, which encodes for an 84 amino acids precursor protein, from which
active 20-25 amino acids peptides are generated [17]. It is expressed primarily in the liver, although
low levels of Hepc transcripts have been also reported in other organs [18].

How HAMP gene expression is regulated is mostly unknown. There are no IRE elements in its
transcript, but the transcriptional factor CCAAT/enhancer binding protein-a is highly expressed in
the liver, and seems to stimulate HAMP expression, while the hepatocyte nuclear factor 4-a (HNF-4)
represses Hepc expression [19].

The molecular processes involved in hepatic Hepc regulation are quite complex. Basal Hepc
expression is regulated through the bone morphogenetic protein 6 (Bmp6) and Smad protein
signaling pathway. In iron excess condition, Bmp6, produced and secreted by liver sinusoidal
endothelial cells (LSECs) [20], binds to bone morphogenetic protein receptors, ALK2 and/or ALK3
[21], activin receptor type 2A (Actr2a) [22], Hemojuvelin (Hjv) and Neogenin [23]. The protein
complex activates signals transducers Smad1/5/8, leading to their interaction with the common
mediator Smad4. As a consequence of this interplay, Smad4 translocates into the nucleus and
promotes Hepc transcription [16].

More recently, it has been demonstrated that bone morphogenetic protein 2 (Bmp2), expressed
in LSECs, can also trigger Hepc transcription increase [24].

A second Hepc regulatory pathway involves di-ferric Tf (Fe2Tf) as the signaling of increased
iron availability, transferrin receptor 1 (Tfrl), hemochromatosis type 1 protein (Hfe), and transferrin
receptor 2 (Tfr2). It has been demonstrated that Fe2Tf competes with Hfe for binding Tfrl then,
when circulating, Fe2Tt increases as a consequence of iron raising, Hfe dissociates from Tfrl and
binds Ttr2 [25]. Hfe/Tfr2 complex is then responsible for Hepc response to iron increase, through the
activation of Erkl/2 and MAPK cascade that has been proposed to potentially converge on the
Bmps/Smad1/5/8-mediated pathway [26].

The hierarchy of the two pathway activations, and their relationship, are still not completely
defined. In vitro data support the hypothesis that the complex Hfe/Tfr2 interacts with membrane
Hjv (mHjv) on cell surface, thereby, the link between the two signaling pathways occurs [27]. It has
been found, in vivo, that both Hfe and Tfr2 knock-out (KO) mice present lower pErk1/2 [28] and
pSmadl/5/8 proteins [29,30], meaning that these two proteins regulate both signal translation
pathways. Hepatic Hepc upregulation is inhibited by matriptase 2 (MT-2 or Tmprss6), that acts as
Hepc inhibitor cleaving mHjv expressed on the plasma membrane [31]. TMPRSS6 gene expression
has been found to be induced by chronic dietary iron loading and Bmp6 injection [32], and its
interaction with Neogenin facilitates mHjv cleavage and inactivation in transfected cells [23] (Figure
2).

On the contrary, in iron deficient conditions, this signaling pathway is inhibited by soluble Hjv
(sHjv) and Tmprss6, which physically interacts with mHjv, causing its fragmentation.

12
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Hepc expression in hepatocytes is systemically regulated by multiple signals: body iron
availability, such as iron-loaded transferrin and hepatic iron stores, erythropoietic activity, hypoxia,
and inflammation [33]. Hepc secreted by hepatocytes regulates iron release from duodenal
enterocytes, splenic macrophages, and hepatocytes, which are responsible for dietary iron
absorption, contain large amounts of iron from erythrocyte recycling, and act as an iron reservoir
and export iron when needed, respectively. Hepc exerts its function, binding the iron exporter
ferroportin 1 (Fpn1) [34] and stimulating complex internalization and degradation, leading, de facto,
to cellular retention of iron [35]. Elevated plasma Hepc, as in inflammatory state, downregulates iron
efflux from several cell types, and this leads to an overall reduction in plasma iron. On the contrary,
low Hepg, as seen in iron-depleted or erythropoietic expansion conditions, causes an increased iron
release by macrophages and by the basolateral site of villi duodenal cells.

A potent Hepc inhibitor signal is iron demand for erythropoiesis, mediated by three Hepc
modulators (Gdf15, Twgsl, Erfe). Their roles and precise mechanisms in Hepc regulation are still not
completely clear, but Erfe, in particular, has emerged as a potent Hepc negative regulator in
conditions of acute erythropoietic demand, acting in conjunction with erythropoietin (Epo)
signaling, as well as in anemia of inflammation (Al) condition [36].

Fpnl

Figure 2. Graphic representation of the hepatic Hepc pathway in conditions of systemic iron
increase. The iron signaling proteins (Fe2Tf and Bmps) interact with iron sensors (Tfr1, Hfe, Tfr2,
BmpRs) and their co-activator (mHjv) to promote Hepc production. Hepc, secreted by hepatocytes, is
transported in plasma and binds iron exporter Fpnl on duodenal and reticuloendothelial cell
surfaces causing its internalization and intracellular degradation. As a consequence, iron remains
entrapped in these cells, systemically reducing the metal availability.

HAMP expression is induced by inflammation and infection. This acute phase response
involves a different pathway from the ones described above, and is mainly mediated by interleukin
6 (IL-6) inflammatory cytokine, and requires the signal transducer and activator of transcription 3
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(STAT3) activation, and the binding of STAT3 to a STAT3-binding motif in the Hepc promoter [37].
In addition, cytokine IL-22, involved in immunological response to extracellular infections, as well
as Toll-like receptor 5 (TLR5) agonist flagellin, seem to upregulate Hepc, strengthening the
hypothesis of a possible Hepc role in innate immunity [38].

Conversely, HAMP expression is repressed by hypoxia both in vitro and in vivo in animal
models [33] and humans [39,40]. The mediator of Hepc response to hypoxia seems to be the hypoxia
inducible factor (HIF), even though it is not clear if it acts directly or indirectly on Hepc regulation
[16]. The fact that Hepc inhibitor, Tmprss6, presents a hypoxia responsive element (HRE) in its
promoter [41] might make Tmprss6 the linking protein between hypoxia and iron homeostasis.

Mutations in HAMP gene and in genes codifying for Hepc regulatory proteins (HFE, TFR2, and
HJV) cause the lack of upregulation of Hepc as a response to increased liver iron stores. In fact,
inappropriately low levels of liver Hepc are observed in patients and mouse models of hereditary
hemochromatosis [42,43]. These conditions promote a continuous dietary iron absorption that leads
to iron overload. On the contrary, inappropriately high Hepc has been found in animal models and
patients with iron resistant iron deficient anemia (IRIDA), a genetic disorder due to mutations in
TMPRSS6 gene [44-46].

2. Tfr2 in Liver

In the liver, Tfr2a is a sensor of circulating iron, but the knowledge about the Tfr2a hepatic
function is still incomplete. It is known that Tfr2a localizes in caveolar microdomains [47],
membrane structures involved in the recruitment of receptors that can be activated by ligand
binding [48]. Also, Tfr2a localizes in lipid raft domains on the exosomal cell membrane, where it is
internalized by clathrin-mediated endocytosis, if transferrin saturation (TS) is low [49].

Tfr2a protein regulation occurs mainly through its stabilization on the cell membrane as a
consequence of the binding to Fe2Tf [50,51]. An in vitro study showed that, in the presence of Fe2Tf,
Tfr2ac has an increased half-life and is recycled, while in presence of apo-Tf membrane, Tfr2a is
mainly subjected to lysosomal degradation [52]. It has been recently demonstrated that CD81 is also
able to induce Tfr2« degradation, but the correlation between this Tfr2« regulatory route and Hepc
pathway is still obscure [8].

Therefore, increased TS has an opposite effect on the two Tfrs via two different mechanisms: it
causes a decrease of Tfrl, regulated by the IRE/IRP system, but a stabilization of Tfr2« on the cell
surface [1].

This supports the hypothesis that Tfr2« exerts its function(s) as a signaling receptor more than
as an iron importer.

According to the available in vitro data, hepatic Tfr2« interacts, on the cell membrane, with two
main iron proteins, Tfr1l and Hfe.

The current model assumes that Tfr2«, in conjunction with HFE and Tfrl, is a partner of a
sensor complex of circulating iron that activates Hepc in response to elevated TS [53]. In
physiological conditions (TS 30-35%) Hfe and the complex Tt/Tfrl are bound on the plasma cells;
when TS increases in response to increased iron availability, loaded Tf impairs Hfe binding to
Ttr1/Tf complex, leading it to bind Tfr2«, that is stabilized on the membrane by the same Fe2Tt. The
resulting complex Tfr2«/Fe2Tt/Hfe causes the activation of Hepc transcription [25]. On the HuH7
hepatoma cell surface, this Tfr2a/HFE interaction occurs within a multiprotein complex, that also
includes mHjv [27]. It remains to be demonstrated if this complex activates the intracellular
signaling to upregulate Hepc expression, also, in vivo.

In the presence of Fe2Tf, Tfr2c is able to activate Erk1/2 and p38 MAPK kinase signaling
transduction pathway [47], since Tfr2 KO mice present a decrease of pErkl1/2 [28]. Furthermore, the
Smadl/5/8 pathway also seems to be involved in Tfr2a-mediated signal transduction, since
pSmad1/5/8 is decreased in Tfr2 KO animals, as well [29].

Erk 1/2 phosphorylation could be increased also by Hfe overexpression, and both Tfr2 and Hfe
cause an increase of the pro-hormone convertase furin [29], previously demonstrated to be involved
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in Hepc regulation [54]. Whether it is the sole and/or the main Tfr2 dependent Hepc regulatory
pathway is still not clear.

3. TFR2 Mouse Models

The first Tfr2 KO animal model was generated by targeted mutagenesis, introducing a
premature stop codon (Y245X) in the murine Tfr2 coding sequence [55]. This mutation is
homologous to the Y250X variant, originally detected in humans and responsible for HFE3 [9]. Even
young homozygous Y245X mice maintained on a standard diet had high liver iron concentration, in
agreement with the observation of early iron overload in HFE3 patients [11]. As in humans,
heterozygous animals were normal. The histological distribution of iron resembles the features of
HFE3, with the typical liver periportal accumulation.

Subsequently, different murine models of Tfr2 inactivation were developed, including Ttr2
total (Tfr2 KO) and liver-specific (Tfr2 LCKO) knockouts [56,57] as well as a Tfr2/Hfe double KO
[28]. All these models are characterized by an inadequate hepatic Hepc expression and liver iron
overload with variable severity. However, when generated in the same genetic background, Tfr2 KO
mice were shown to have a more severe iron overload than Hfe KO, although less severe than the
Tfr2/Hfe double KO [58]. These observations are in agreement with the model of Tfr2/Hfe proteins’
cooperation in the liver.

In a double Tfr2/Hjv KO mouse model, plasma Hepc and Hepc transcription was lower than in
Ttr2, and similar to Hjv single KOs, respectively. The same was true for the Tfr2/Hfe double KO [59].
Also, a recent study on a mouse model with inactivation of both Bmp6 and Tfr2 (Tfr2/Bmp6 double
KO) demonstrated that loss of functional Tfr2 further represses Hamp expression, Smad5
phosphorylation, and plasma Hepc amount in Bmp6 KO mice. The same results were obtained in the
Hfe/Bmp6 double KO, and the Hfe/Bmp6/Tfr2 triple KO [60]. All these data support the hypothesis
that Tfr2 and Hfe act downstream Bmp6 and upstream Hjv in Hepc regulatory pathway.

Last, Tfr2 germinal vs liver-specific KO animals highlighted a distinct function of Tfr2 outside
the liver in maintaining iron balance. In fact, Tfr2 KO mice have less severe iron overload, slightly
higher hemoglobin (Hb) levels [57,61], and moderate macrocytosis than Tfr2 LCKO [56,57].

To study the specific function of Tfr23 isoform in iron metabolism, a specific mouse model was
generated, introducing the M167K substitution in the Tfr2 protein [57]. This mutation, homologous
to the one found in naturally mutant individuals with HFE3, substitutes the start codon methionine
of the Tfr2(3 isoform, with a lysine. Interestingly, this knock-in mouse model (Tfr2 KI), specifically
lacking the Tfr2@-isoform (acf?), is characterized by normal transferrin saturation, liver iron
concentration, Hepc, and Bmp6 levels, but shows transient anemia at a young age. In addition, adult
Ttr2 KI animals accumulate iron in the spleen, due to a significant reduction of iron exporter Fpnl
mRNA, thus suggesting a possible regulatory effect of Tfr2f isoform on splenic Fpnl expression.
These data are further supported by the results obtained in Tfr2 macrophage-specific KO mouse
model. These animals present normal systemic iron parameters, but lower Fpnl transcript and
protein in peritoneal macrophages [62]. Recent studies demonstrated that Tfr2(3 is well expressed in
reticuloendothelial cells of different tissues, where it exerts its role in modulating iron availability in
these tissues, acting on Fpnl transcription (see below). Since Fpnl protein has several regulatory
systems both at the transcriptional [63,64] and post-transcriptional level through IRE/IRP system [7],
and origins from different Fpnl transcripts with or without IREs [65], it remains to be clarified how
and when Tfr2f3 acts on Fpnl regulation.

4. Tfr2 in Extrahepatic Tissues

4.1. Tfr2 in the Erythropoietic Compartment

A Tfr2« erythropoietic role was firstly hypothesized in genome-wide association studies that
identified Tfr2a polymorphisms affecting hematologic parameters [66,67]. These data were further
strengthened by the identification of Tfr2a as a component of the erythropoietin receptor (EpoR)
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complex in erythroid progenitor cells. Tfr2a was shown to be crucial for efficient transport of EpoR
to the cell surface and for its terminal differentiation, since human erythroid progenitors with
silenced Tfr2a showed a delayed differentiation [68]. Another hint was provided by the increased
Hb content present only in Tfr2 germinal KO, but not in liver-specific KO mice. Since both mouse
models manifest comparable iron overload, the lack of enhanced hemoglobinization in Tfr2 LCKO
mice suggests that the erythroid function of Tfr2a is preserved [68]. Also, double Tmprss6/Tfr2 KO
mice develop erythrocytosis while, in double Tmprss6/Tfr2 LCKO mice, where Tfr2a is functional in
erythroid cells, red blood cells (RBC) number is normal [61].

Recently, a mouse model lacking Tfr2 in bone marrow cells (Tfr28M¥0) was developed injecting
BM cells from Tfr2 KO mice in lethally irradiated C57/BL6 mice. Tfr22¥¥0 mice manifest reduced
mean corpuscular value (MCV) and low Hepc levels as a typical response to iron deficiency, but an
enhanced terminal erythropoiesis, demonstrated by increased RBC and Hb content [69].
Interestingly, erythropoiesis and Epo level in these mice do not change in a mild dietary restriction
setting, as happens for WT animals, where the Epo level is drastically increased.

As a whole, these data suggest that the lack of Tfr2 confers increased Epo sensitivity to
erythroid progenitor cells, a hypothesis that is further supported by the induction of Epo target
genes, like Hamp regulator Erfe [70], in these animals.

A similar animal model was recently developed crossing Tfr2 floxed mice with Vav-Cre
expressing mice to obtain Tfr2 silencing in erythroid compartment [62]. Results differed from
previous work since decreased RBC and splenomegaly were observed, but these discrepancies
might be explained by the different procedures used to create the two mouse models since, in the
first case, Tfr2 is silenced in all bone marrow (BM) cell lines after a BM transplant procedure while,
in the latter, only the erythroid cell lines are Tfr2null.

In another study, Tfr2 erythropoietic role was further investigated studying the erythropoiesis
of two Tfr2 mice with one or both Tfr2 isoforms silenced (Tfr2 KI and Tfr2 KO), and with normal or
increased iron availability [57]. The evaluations were performed in bone marrow and spleen, in
young and adult animals to unravel the erythropoietic role of Tfr2 isoforms at different ages, and in
the two main erythropoietic organs. It resulted that the lack of Tfr2 in Tfr2 KO mice leads to
macrocytosis with low reticulocyte number and increased Hb value, together with an anticipation of
erythropoiesis in young mice both in BM and in the spleen [71], probably because the increased
systemic iron amount present in these animals allows them to reach mature erythropoiesis even at a
young age.

Although different animals and approaches were used in these studies, and partially
contradictory results were obtained, they all demonstrate that erythropoiesis is impaired by a lack of
Tfr2 in BM, independently from its activity in hepatic tissues.

Moreover, results obtained studying Tfr2 KI (a*3°) mice [57] demonstrated, for the first time,
the involvement of Tfr2( in favoring iron availability for erythropoiesis. In fact, the sole lack of
Tfr2p, in normal systemic iron condition, causes an increased but immature splenic erythropoiesis
seen only in young mice, as if they had insufficient iron availability during animal growth, that is
normalized in animal adult age. Decreased iron availability for erythropoiesis in Tfr2 KI young mice
is demonstrated by increased ferritin (Ft) and decreased divalent metals transporter 1 (DMT1) in
their splenic monocyte, the increase of Erfe transcription in BM and spleen, and the low hepatic
Hepc transcription that could, in turn, be responsible for the increased splenic Fpnl amount in these
animals [71].

This effect, due to Tfr2(3 absence, in aged matched Tfr2 KO (a°f°) mice, was compensated by the
increased amount of circulating iron available that may be used for erythrocyte production (Figure
3A).
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Figure 3. Schematic model illustrating Tfr2f function in regulation iron export from
reticulo-endothelial (REL) cells. Lack of Tfr2f causes an increased iron retention in REL cells that (A)
causes the onset of an immature erythropoiesis in the spleen, and (B) induces a cardioprotection
against the effect of the reperfusion of oxygenated solutions after an ischemic event in heart (see
text).

4.2. Tfr2p in the Heart

The cardiac muscle is a major site of oxygen consumption, so an adequate intracellular iron
pool is essential to its aerobic activity. This is demonstrated by the finding that deletion of cardiac
Ttrl in mice causes fatal energetic failure in cardiomyocytes [72]. Cardiomyocytes express relatively
high levels of Hepc and Fpnl, despite the fact that these cells have no role in systemic iron control
[73].

Studies on mouse models demonstrated that the cardiac Hepc/Fpnl axis is essential for heart
cells’ autonomous control of the intracellular iron pool that guarantees a normal cardiac
functionality [73], and that Hepc/Fpnl appears to protect the heart from the effects of systemic iron
deficiency [74].

On the other side, cardiomyocytes are particularly susceptible to ROS-mediated damage
because they are rich in mitochondria and consume large amounts of oxygen [75]. Therefore, when
labile iron pool (LIP) expansion occurs, oxidative stress can affect cardiac functions, as it happens in
severe juvenile HHC forms [10].

Although ubiquitously expressed, Tfr23 is highly transcribed in heart [2], such that a role for
Ttr2( isoform in cardiac iron management has been postulated.

Indeed, in the hearts of two Tfr2@ null mice with normal or increased systemic iron amount,
Ttr2 KI and Tfr2 LCKO [57], the silencing of Tfr23 induces a selective activation of different proteins
involved in cell survival, antioxidant enzymes, and kinases involved in cardioprotective pathways
that are usually activated by stressful stimuli.

In particular, Tfr2 KI and Tfr2 LCKO mice develop a greater resistance against acute
ischemia/reperfusion (I/R) challenge, irrespective of animals’ systemic iron content, via the
activation of the RISK or SAFE/GSK3p cardioprotective pathways, respectively. The iron imbalance
present in these mice hearts was demonstrated by the finding that both models present the
activation of antioxidant proteins, pro-apoptotic markers, and catalase, even before I/R [76]. They
also have a slightly increased synthesis of cardiac ferritins, similarly to what happens in ischemic
preconditioning, in which a small increase of ferritin protects cardiac cells from iron-mediated
oxidative damage associated with ischemia/reperfusion injury [77].

Since previous data demonstrated a significant decrease of Fpnl, and an increased iron deposit
in splenic macrophages in Tfr2B-null mice [57,71], one might hypothesize that Tfr23 isoform
inactivation, in the heart, causes an iron retention in cardiac reticuloendothelial cells that is able to
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induce cardioprotective pathways activation and to reduce iron availability to form free oxygen
radicals during the reperfusion phase (Figure 3B).

4.3. Tfr2 in the Central Nervous Systen (CNS)

Iron levels in the brain vary during life. The iron amount increases with aging in the striatum
and the brain stem [78] and it is present in most CNS cell types: neurons, oligodendrocytes,
microglia, and astrocytes [79]. A well-regulated iron homeostasis is important for brain
development and function. Iron deficiency negatively impacts neurodevelopmental processes [80],
and is also implicated in a number of psychiatric and neurological conditions, learning disabilities,
attention deficit hyperactivity disorder (ADHD), and pediatric restless legs syndrome (RLS) [81,82].
On the contrary, brain iron overload is present in Alzheimer’s and Huntington’s neurodegenerative
disorders, as well as in Parkinson’s disease (PD) [83]. Nevertheless, the exact role of iron in these
diseases” onset/worsening is still debated, and it remains to be clarified whether brain iron overload
is directly involved in their pathogenesis, or it is a secondary effect that contributes to their clinical
symptoms’ progression.

The main sites of brain iron uptake are the brain vascular endothelial cells (BVECs) present in
the blood-brain barrier (BBB) [84]. As in other organs, there are two main pathways responsible for
CNS cells’ iron uptake, the Tf-Tfr1 pathway, and the NTBI transport pathway. Traditionally, Tf-Tfrl
is considered a major pathway, and works as in all the other cell types of the organism, through a
receptor-mediated endocytosis of plasma Tf circulating in the ventricles [85].

The NTBI transport pathway has been recently revaluated as a significant way to introduce iron
in CNS, and it could be done through vesicular or non-vesicular mechanism. In the first case, Tt
homologues, such as lactoferrin and melanotransferrin, might be involved in Tfr-mediated iron
transport; moreover, the newly characterized Ft receptors, Tim 2 and Scarad, can introduce iron
inside the cells through a Ft-FtR pathway. Non-vesicular iron uptake can be exerted by iron importer
DMT], that is present in endothelial cells of the brain microvasculature, as well as other importers
like IN4/5/6 [86].

In CNS, the iron exporter Fpnl is found in BVECs, neurons, oligodendrocytes, astrocytes, the
choroid plexus, and ependymal cells and microglia, together with ceruloplasmin (CP) or hephaestin
(Hp), the two ferroxidases that cooperate with Fpnl to facilitate iron export [87]. Fpnl could be the
main protein responsible for iron release from CNS cells, even if other proteins and mechanisms
have been brought into play for these processes [86].

Inside brain cells, the majority of iron is bound to ferritin heteropolymers (Ft H/L) [88]. Their
cellular distribution and ratio varies with iron status, age, and disease conditions [89].

CNS iron homeostasis is intracellularly modulated by (IRE/IRPs) system [90], and by local and
systemic Hepc. Injection of Hepc into the mouse lateral cerebral ventricle decreases Fpnl protein
levels and treatment of primary cultured rat neurons with Hepc decreases Fpnl expression and
reduces these cells release of iron [91]. More recently, it was demonstrated that injection of
adenovirus expressing Hepc (ad-hepcidin) in brain ventricles reduces brain iron in iron-overloaded
rats through the downregulation of iron transporter [92]. This data indicates that Hepc/Fpnl axis is
present and acts in CNS, as in the other districts of the organism.

It remains a matter of debate whether Hepc acting in brain is locally produced or comes from
the systemic circulation crossing the BBB or both [93].

Similar to other Hepc regulatory proteins, Tfr2 gene expression has been shown in total brain
extracts [2,94], in brain tumor cell lines [95], or in specific neuronal subtypes as dopaminergic
neurons [3]. Furthermore, a transcriptome study on Tfr2-null mice revealed that several genes
involved in the control of neuronal functions are abnormally transcribed [96]. Of note, the same
experimental approaches, applied to Hfe-null mice, revealed that a consistent percentage of
transcripts are modified in the same way in the two models [96]. This highlights the possibility of a
cooperation between Tfr2« and Hfe protein in CNS iron regulation, as in the rest of the organism.
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Immunofluorescence studies using a Tfr2a-specific antibody demonstrate that the protein is
signiticantly produced in mouse hippocampus, amygdala, central nucleus, and in the hypothalamic
paraventricular nucleus [97].

A recent study assessed the situation of iron in the brain of Tfr2 KO mouse model vs WT sib
pairs subjected to an iron-enriched diet (IED). They both are iron overloaded animals, so one could
distinguish the effects of Tfr2 silencing from those due to Tfr2-independent iron load modifications.

It has been demonstrated that Tfr2 causes a lack of brain Hepc response to the systemic rise of
iron levels, with altered iron mobilization and/or cellular distribution in the nervous tissue [98].

Moreover, Tfr2 KO mice present a selective over activation of neurons in the limbic circuit and
the emergence of an anxious-like behavior.

Also, microglial cells showed sensitivity to iron perturbations of Tfr2 KO mice, being more
reactive, dystrophic, and with a high level of apoptosis [97]. In light of these data, Tfr2 appears to be
a key regulator of brain iron homeostasis, and could have a role in the regulation of the brain regions
that are involved in the anxiety onset, mainly, the basolateral and central nucleus subregions of the
amygdala [98].

5. Tfr2 in Intracellular Iron Trafficking

Itis still under debate if Tfr2« contributes to iron introduction inside the cells. When the protein
was characterized, it was reported that, in vitro, it was able to introduce iron inside cells [2], but its
contribution to intracellular iron amount in vivo seems to be quite negligible, since Tfrl-deficient
mice present severe iron deficiency not compensated by the presence of Tfr2 [1].

Conversely, Tfr2a seems to have a role in intracellular iron trafficking, at least in specific cell
types. The first evidence about it was found in dopaminergic neurons, where a novel
Tt/Tfr2a-mediated iron transport pathway to the mitochondria has been reported [3]. Disruption of
this Tf/TfR2a-dependent system has been associated with PD, and this finding highlights the role of
iron accumulation in this movement disorder [3]. In this regard, a protective association between
some Tf and TfR2a genetic haplotypes and PD was reported, suggesting that Tf or a Tf/TfR2«
complex may play a role in the etiology of these disorders [99].

More recently, a similar TfR2a function in iron delivery to mitochondria has been convincingly
demonstrated in erythroid cells. In an intermediate stage of human erythroid cell maturation, Tfr2a
was present in cytoplasmic multi-organellar complexes, formed by lysosomes surrounded by
mitochondria, and found to be co-regulated with several proteins, among which, ionic channels and
proteins involved in lysosomal modification and in mitochondrial membrane contacts to other
intracellular organelles [100]. Therefore, Tfr2cx in lysosomes has been proposed to be involved in
iron delivery from these organelles to mitochondria, for Hb synthesis. Considering the
abovementioned evidence about a specific role for Tfr2a in erythropoiesis, this data might represent
one of the molecular processes at the basis of Tfr2a erythropoietic function/s (Figure 4).

In light of the above data, Tfr2« involvement in iron delivery to the mitochondria, notably,
seems to work at least in the two compartments in which this protein is significantly produced: brain
and bone marrow. Although a similar mechanism has been evidenced also in cell lines derived from
other organs (HeLa and hepatoma cell lines) [52,101], it remains an open question if this TfR2«
function is present also in other cell types.

19



Phanmnaceuticals 2018, 11, 115 11 of 20

Figure 4. Schematic model illustrating the putative intracellular Tfr2« role in erythroid cells.
Ttr2a—together with ATPVOC, a V-ATPase that contributes to vesicular acidification and lysosomal
activity; Mcolnl, a lysosomal divalent cation channel; lysosomal cathepsin B (CTSB); and iron
importer DMT1—could be involved in iron delivery from lysosome to mitochondria, with the
collaboration of Mitofusin-2 (MFN-2), a mitochondrial outer membrane protein involved in
mitochondria—endoplasmic reticulum contacts.

6. Tfr2 in Other Diseases

Being a “regulator of the iron regulator” hepcidin, Tfr2 transcriptional analysis was attempted
to unravel if the Tfr2 isoforms could be reliable markers for some disorders in which iron
perturbations occur.

6.1. Tfr2 in Cancer

Cancer cells need an increased amount of iron for their growth, and iron importers
upmodulation confer a selective advantage to these cells.

Since its characterization, the significant transcription of TFR2 gene appeared evident in BM
cancer cells, in particular, erythroid leukemic cells [5], but also in myeloid malignant cells [2], while
Ttr2(3 seemed much more prevalent than the TfR2a isoform in chronic B cells lymphocytic leukemia
(B-CLL) cells [102].

Due to high TFR2 expression in erythroid lineage, and to its functional relationship with the
erythropoietin receptor (EpoR) [68], TFR2 transcription was evaluated in patients with
myelodysplastic syndromes (MDS), a hematopoietic disorder with a variable risk to evolve in acute
myeloid leukemia (AML), and in which chronic anemia can be corrected by Epo injection [103]. It
has been found that Tfr2a and Tfr2f3 isoforms, as well as EPOR transcript, have a lower level of
transcription in BM from high risk MDS patients, such as RAEB2, compared to controls and low risk
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MDS cells [104]. Likewise, AML patients with high level of Tfr2a and Tfr2f3 present an increased
survival [105]. Therefore, Tfr2 isoforms might represent good predictive markers for MDS/AML
prognosis.

Calzolari et al. 2007 [106] demonstrated TFR2 expression in colon and ovarian cancer cell lines,
as well as in lymphoma and glioblastoma (GBM). Moreover, in glioblastoma TB10 cell line under
hypoxic condition, a marked increase of TFR2 transcription was observed. In these cell lines, TFR2
high expression is probably correlated with cell proliferation, since Tfr2 silencing inhibited GMB cell
growth. Surprisingly, tumor cells from GBM patients with high TFR2 transcriptional levels present a
better prognosis compared to patients with low transcripts. Although, this is probably due to the fact
that Tfr2-expressing cells have a highly increased proliferation, so they are more sensitive to
temozolomide, the anti-proliferative drug used in GBM therapy, more than to a direct involvement
of Tfr2 in the disease course [107].

6.2. Tfr2 in Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is another common degenerative disorder in which iron perturbation
has been demonstrated [108].

A recent genetic study from 116 AD patients has found that a Tfr2 single nucleotide
polymorphism (rs 7385804) and a Tfr2 haplotype, composed by two SNPs (rs 7385804 and rs
4434553) are associated with a decreased AD susceptibility [109].

In the same study, a significant decrease of Tfr2 transcription was found in peripheral blood
mononuclear cells (PBMC) from AD patients, compared to healthy controls (p <0.001) [110].

7. Tfr2 as a Therapeutic Target

In our opinion, three might be the major application of Tfr2« as a therapeutic target: (a) as Hepc
regulator, it could be a target in disorders in which Hepc amount is, in some way, inadequate to
body iron availability; (b) since Tfr2a production is selective in specific organs and cell types, it
could represent a selective target to correct iron perturbation in these organs; (c) Tfr2, being a
membrane protein that is able to bind plasma Tf and to be internalized with it, this property could be
utilized as a vector for drugs.

As mentioned above, TfR2« is involved in regulation of Hepc and, in consequence, in iron
modulation according to body/organs needs. Among the Hepc-related disorders there are all the
hereditary hemochromatosis forms (Table 1) and the secondary iron overload disorders, like
hemoglobinopathy, where abnormally low Hepc amounts lead to iron overload.

In this regard, just published data demonstrate that Tfr2 KO BM transplantation in
beta-thalassemia intermedia (3-TI) mouse models significantly improved these animals’
erythropoiesis, opening a new way to the therapy of this very common disorder [111].

In IRIDA and anemia of chronic disease (ACD), where abnormally high Hepc causes the onset
of an iron deficiency condition [111], Tfr2 downmodulation might be beneficial to decrease Hepc
hyperproduction. A preliminary study on mice revealed that Tfr2 silencing, through small
interfering RNAs (Tfr2-siRNA) in a single dose, led to a significant Hepc downmodulation, and
increased transferrin saturation within 24 h post-administration, persisting for more than two
weeks, and to a recovery from anemia in animal models of ACD [112].

Beside the liver, in brain, Tfr2 regulates the production of local Hepc and iron amount in the
CNS, since Tfr2 KO mice brain have a blunted Hepc response to brain iron overload [97]. In recent
time, it has emerged that brain Hepc production is altered in several neurodegenerative disorders:
downmodulated in Alzheimer’s and Parkinson'’s disease [113,114] and upmodulated in restless legs
syndrome (RLS) [115]. It might be worthwhile to further investigate if Tfr2 is involved in these Hepc
variations, and consider using anti Tfr2 antibodies or siRNA-based therapy to rescue Hepc
physiologic values in RLS. Nowadays, siRNA delivery to brain is quite difficult, due to the presence
of the BBB, but the ongoing studies on nanoparticles” use, to target siRNA in specific sites, could
allow an increase in the efficacy of this therapy [116].
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An alternative therapeutic approach aims to deliver blocking antibody in the brain, exploiting
the BBB physiologic activities. This is based on the use of anti-Tfrl antibodies, since Tfrl is well
expressed in BBB endothelial cells and is involved in receptor-mediated transcytosis. Indeed, it has
been demonstrated that the bispecific Tfrl/BACE1 (-amyloid cleaving enzyme-1) antibody resulted
in being effective in decreasing 3-amyloid concentration in the brain [117].

Due to high Tfrl/Tfr2 homology and the common cellular internalization through a
receptor-mediated endocytosis pathway, one could hypothesize a parallel Tfr2-based approach for
CNS, blocking antibody delivery. Nevertheless, it should be further confirmed, the presence of Tfr2
on BBB endothelial cells and its involvement in transcytosis.

Recent studies have aimed at exploiting the Tfrl as a vehicle for drug delivery inside the cells
through endocytosis, often utilizing Tfrl natural ligand, Tf, conjugated with different synthetic
molecules [1]. Moreover, since Tfrl is able to bind and internalize FtH also [118], FtH nanocages
conjugated with a PARP inhibitor, olaparib, were developed for breast cancer therapy [119].

Due to its strict homology to Tfrl, one might hypothesize that Tfr2« could also be utilized to
deliver drugs inside cells. This approach would be particularly useful for two main Tfr2« features;
Ttr2a-selective expression in particular tissues (hepatic, erythroid, and in CNS) and Tfr2a high
expression in several tumor cells, sometimes with Tfrl and sometimes without it. High expression of
Ttrl and Tfr2oe were, in fact, detected in tumor and para-cancerous normal liver tissues collected
from 41 patients with hepatocellular carcinoma (HCC) [120]. Tfr2« is also highly expressed in brain
tumor cells in several cases of anaplastic astrocytoma and glioblastoma, but not in normal brain or
endothelial brain cells [121].

Furthermore, in the light of the new data on Tfr2a function in delivery iron to mitochondria,
Tfr2o could, possibly, represent a good vehicle for drug delivery in these organelles [122], paving
the way to tailored therapies for mitochondrial iron disorders, notably Friedreich’s ataxia [123].

Unfortunately, too few functional data are available at the moment on Tfr23 isoform to foresee
possible therapeutic applications.

8. Conclusions

The process of body iron homeostasis is complex, and since there is no apparent significant
excretory pathway, the amount of iron absorbed from mature duodenal enterocytes and that is
recycled by macrophages needs to be tightly regulated. From the last decades, iron pathways have
been enriched of new regulatory proteins whose functions remains to be elucidated from the
molecular point of view. Each of them could represent a potential target for a focused
pharmacological therapy of disorders with iron unbalance, that still represents the most prevalent of
diseases all around the world.
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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 S'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 Fpnltranslation (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.
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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-p)

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 (o) and a shorter form () with
different functions and cellular distribution (Kawabata et al., 1999). The TfR2 full-length sequence
gives rise to the TfR2-a isoform, that codify for a transmembrane protein mostly expressed in
hepatocytes and erythroid precursor cell. In contrast, the B isoform lacks exons 1-3 which encodes for
the cytoplasmic, transmembrane and part of the extracellular domain of TfR2-a, suggesting that it may
be a soluble, intracellular form of TfR2 (Kawabata et al., 1999) (Figure 6).
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Figure 6: Genomic structure of TfR2 gene. TfR2-a have 18 exons (black box); while Tfr2-f lacks exons 1-3. IC:
intracellular domain; TM: transmembrane domain; EC: extracellular domain (Kawabata et al., 1999).

TfR2-0 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 B isoform have a central role in iron efflux in
spleen reticuloendothelial cells (Roetto et al., 2010). Moreover, the  isoform is expressed ubiquitously
(e.g., spleen, liver, heart, prostate) (Kawabata et al., 1999). TfR2-p 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-B (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 Fpnl expression in the total spleen but significantly impaired in macrophages. These findings suggest
a regulatory effect of TfR2-p on Fpnl expression in this organ and these cell types (Roetto et al., 2010).
In the same mouse model, TfR2-4 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 Fpnl expression

e
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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-f 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)-2o (Boero et al., 2015). These findings suggest that TfR2-
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 (Fe?*) 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).
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Figure 7: Ferritin shell. (Plays et al., 2021).
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While the interaction Ferritin-Fe?* 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 Fpnl (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
GABARAPLL1), 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
etal., 2015).

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

i) in cellular iron overload condition, NCOAA4 levels are low, supporting ferritin accumulation and iron
storage; ii) in cellular iron deficiency condition, NCOAA4 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 NCOAA4 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).
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Figure 8: NCOA4-mediated ferritinophagy. Intracellular iron is regulated by ferritinophagy. During iron overload (on
the left), NCOA4 is degraded by the binding with HERC?2 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
e
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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 NCOAA4. 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 NCOAA4 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.
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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 a-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
etal., 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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Abstract: Iron accumulation is a key mediator of several cytotoxic mechanisms leading to the impair-
ment of redox homeostasis and cellular death. Iron overload is often associated with haematological
diseases which require regular blood transfusion/phlebotomy, and it represents a common complica-
tion in thalassaemic patients. Major damages predominantly occur in the liver and the heart, leading
to a specific form of cell death recently named ferroptosis. Different from apoptosis, necrosis, and
autophagy, ferroptosis is strictly dependent on iron and reactive oxygen species, with a dysregula-
tion of mitochondrial structure/function. Susceptibility to ferroptosis is dependent on intracellular
antioxidant capacity and varies according to the different cell types. Chemotherapy-induced car-
diotoxicity has been proven to be mediated predominantly by iron accumulation and ferroptosis,
whereas there is evidence about the role of ferritin in protecting cardiomyocytes from ferroptosis
and consequent heart failure. Another paradigmatic organ for transfusion-associated complication
due to iron overload is the liver, in which the role of ferroptosis is yet to be elucidated. Some studies
report a role of ferroptosis in the initiation of hepatic inflammation processes while others provide
evidence about an involvement in several pathologies including immune-related hepatitis and acute
liver failure. In this manuscript, we aim to review the literature to address putative common features
between the response to ferroptosis in the heart and liver. A better comprehension of (dys)similarities
is pivotal for the development of future therapeutic strategies that can be designed to specifically
target this type of cell death in an attempt to minimize iron-overload effects in specific organs.

Keywords: oxidative stress; heart failure; hepatic failure; iron; ferroptosis

1. Introduction

Iron is a pivotal element for cell metabolism and a key regulator of several cellular
functions mainly through enzymatic activity modulation. The biological importance of iron
is largely attributable to its chemical properties; as an element belonging to the transition
metals, it promptly undertakes oxidation/reduction reactions between its ferric-reduced
(Fe**) and ferrous-oxidized (Fe?*) states. Iron is an essential component of haemoproteins
such as myoglobin, haemoglobin, cytochrome p450, iron—-sulphur proteins, and several
other proteins that are involved in many aspects of cellular metabolism [1]. Under physi-
ological conditions, there is no specific mechanism for iron excretion from the body, and
iron metabolism is strictly influenced by its absorption through the diet (1-2 mg Fe/day),
to compensate for nonspecific losses of the metal (mainly through cellular desquamation,
menstrual bleeding, or other occasional blood loss) (Figure 1). Iron trafficking is a dynamic
process: Transferrin mediates the transport among sites for absorption, recycling, stor-
age, and utilization. Iron released by duodenal enterocytes and splenic macrophages is
transferred to bone marrow where it is used to produce RBCs and to the liver where it is
stored (Figure 1).
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Figure 1. (A,B) Iron homeostasis and distribution. Summary of the main iron accumulation sites in the human body. In

parenthesis the amount of the metal in each compartment. Iron trafficking is a dynamic process: transferrin is used to

transport iron. Total iron together with myocytes (3%) and other minor types (2%) cover just one tenth of the total. Major
contribution to iron storage capacity comes from Red Blood Cells (RBCs, 70%) and hepatocytes (20%). Macrophages remove

senescent erythrocytes, clear haemoglobin-derived heme via hemeoxygenases (HO-1 and HO-2), and export the remaining

Fe?* to plasma via Ferroportin (Fpn1), the sole cellular iron exporter. Hepatocytes store excess of body iron within ferritin,
the iron storage protein. RBCs: Red Blood Cells; RECs: Reticuloendothelial Cells.

Iron absorption is controlled via a negative feedback regulatory mechanism, that
involves the iron-regulator Hepcidin (Hepc) [2]. In some organs, including the heart, liver,
duodenum and bone marrow, iron metabolism is finely regulated.

2. Iron Balance

The adult human body content of iron is approximately 3-5 g, corresponding to
~55 mg/kgin males and ~44 mg/kg in females [3,4], differently distributed according to
cell type (Figure 1B).

Nutritional iron is absorbed by two main sources: inorganic iron and heme iron,
derived from red meat, this last having a higher bioavailability. The pathways involved
in heme iron metabolism have been recently elucidated with a deeper understanding on
the role of heme importers and exporters mediating the trafficking through the plasma
membrane [5]. Similarly, the mechanism leading to inorganic iron absorption is quite
well described [6], involving reduction of Fe3* to Fe?* by ferric reductases (such as Dcytb)
or other reducing agents (such as ascorbate) in the small intestine lumen. Absorption is
facilitated by transport across the apical membrane of enterocytes via the Divalent Metal
Transporter 1 (DMT1). Internalized Fe?* is subsequently transferred to the basolateral
membrane by a rather unknown mechanism and exported to interstitial fluid and plasma
via Ferroportin 1 (Fpn1). The externalization of Fe?* is associated with its re-oxidation to
Fe3* by either the soluble or membrane-bound multicopper ferroxidases ceruloplasmin or
hephaestin, respectively (Figure 2) [7].

The highest amount of iron is consumed by erythropoiesis although it is largely
recycled from phagocytosis of senescent RBCs, mainly by splenic reticuloendothelial
macrophages. The modulation of erythropoiesis is, in turn, adjusted by a pleiotropic
regulator of iron metabolism, Hepcidin (Hepc, described below) together with Hepc newly
described modulators (Gdf15, Twgsl, Erfe) although the precise mechanism of action has
not yet been completely clarified [8].
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Blood

Fe3*-Transferrin

Figure 2. Dietary iron absorption. The iron ingested with the diet can be inorganic (ferric iron,
Fe3+) or incorporated in heme. Ferric iron is converted in its ferrous state (Fe?*) by Dcytb, a ferric
reductase enzyme on the brush border of the enterocytes. Fe?* is then transported within the cell
through DMT1, a transporter placed in the apical membrane of the enterocytes. Once inside the
cell, the absorbed inorganic iron can be used for immediate biologic processes, stored in ferritin
or released into circulation through Fpnl, the main iron exporter positioned in the basolateral
membrane of enterocytes. To be bound to transferrin, Fe?* must be re-oxidized in its ferric state
by HEPH or CP. Intestinal heme is possibly incorporated through HCP1 or FLVCR?2 transporters.
Within the enterocyte, heme can be released unmodified into circulation or it can be degraded in
endosomes/lysosomes by HO. The liberated iron follows the same fate of the absorbed inorganic iron.
Dcytb: Duodenal cytochrome b; DMT1: Divalent Metal Transporter 1; LIP: Labile Iron Pool; Fpn1:
Ferroportin 1; HEPH: Hephaestin; CP: Ceruloplasmin; ABCG2: ATP-Binding Cassette Subfamily
G Member 2; FLVCR1A: Feline Leukaemia Virus subgroup C cellular Receptor 1A; HO: Heme
Oxigenase; HCP1: Heme Carrier Protein 1; FLVCR2: Feline Leukaemia Virus subgroup C cellular
Receptor 2.

Myocytes are the second major site of iron utilization, used to produce myoglobin [9]
even though the mechanism of iron incorporation for myoglobin production is not well
described. On the other hand, hepatocytes are the principal reservoirs for iron deposition
and storage, but when the body content of iron is re-established, macrophages of the liver,
spleen, and bone marrow also contribute to storing it. The iron amount in hepatocytes
and macrophages can be mobilized to meet erythropoietic and cellular demands when
body iron levels are low. An active mechanism for the excretion of iron is missing and
only a very small amount is present each day in the urine or faeces [10]. Iron is also lost
in females with blood during menstruation and childbirth, however iron loss from sweat
and desquamated skin cells is negligible even during intense physical exercise [11,12]. As
mentioned before, most of the iron in the human organism is retrieved from senescent red
blood cells through the RECs of the spleen and the Kupffer cells of the liver.
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3. Physiopathology Iron-Related in Heart and Liver

In several clinical scenarios, including primary hemochromatosis and secondary iron-
overload, iron metabolism is chronically altered causing, in combination with confounding
environmental factors, increased morbidity and mortality. Most interestingly, patients af-
fected by iron-overload associated diseases (i.e., hemoglobinopathy and hemochromatosis)
can manifest signs of organ dysfunction often degenerating in liver and heart failure. In
iron-overload conditions, serum levels of iron are typically higher than the transferrin
iron-binding capacity, leading to the increase of the content of iron non-transferrin-bound,
which has a higher reactivity. It is well established that iron can enter the cells by two main
mechanisms: either bound to the transporter protein Transferrin (Tf), through Transfer-
rin/Transferrin receptor 1 (Tfr1) or, in form of non-transferrin-bound iron (NTBI), through
Divalent Metal Ionic Transporter (DMT) which is associated with metallo-reductases Dcytb
and the STEAP3 proteins [13]. Recently, new players have been shown to be involved
in iron uptake, namely the neutral pH transporters ZIP8 and ZIP14 as well as a group
of cytochrome-dependent oxido-reductases that shuttle reducing equivalents across the
plasma membrane according to the plasma membrane electron transport (PMET) mech-
anism [13]. On the contrary, iron export from cells occurs through Fpnl, associated with
different ferroxidases (ceruloplasmin, hephaestin, and zyclopen (HEPHL)) (Figure 3) [14].
Excessive NTBI uptake, along with ineffective iron excretory pathways, lead to a significant
increase of the so-called labile intracellular iron pool (LIP), as well as the formation of
highly reactive oxygen free radicals, augmenting detrimental peroxidation of membrane
lipids and diffuse oxidative damage to cellular proteins [15]. Due to its potential toxicity
(see above), intracellular iron is managed to allow a minimal amount of free iron within the
cytoplasm. For this reason, it is essentially associated with the iron deposit protein, Ferritin
(Ft) or utilized in cytoplasmic and mitochondrial iron requiring proteins. Mitochondria, in
particular, use a consistent amount of cellular iron as a cofactor in several proteins involved
in oxidation/reduction reactions of the respiratory chain [16].

Cellular iron homeostasis is regulated post transcriptionally by the so-called IRE/IRP
system that involves the iron regulatory protein 1 (IRP1) and 2 (IRP2) (also known as
ACO1 and IREB2, respectively) and two iron-sulphur (Fe-S) RNA-binding proteins that
are able to bind to a cis-regulatory hairpin structures known as IRE (Iron Regulatory
Element), located in the 5’ or 3’ untranslated regions (UTRs) of target mRNAs. In the
condition of cellular iron deprivation, either of the two IRPs binds to the 5" UTR IREs
of target RNA, impeding the transcription initiation complex to exert its function and
inhibiting the RNAs translation [17]. On the contrary, IRPs binding to the 3" UTR IRE
motif elements present in specific mRNAs prevent their endonucleolytic cleavage and
subsequent degradation [18]. Consistently, other studies report the involvement of other
elements of the IRE/IRP regulatory network including the human cell division cycle 14A
mRNA [19] and human MRCKalpha [20] (See Table 1).

Table 1. List of the main genes submitted to IRE/IRP post-transcriptional regulation. Localization of
the IRE element (5’ or 3’ untranslated regions (UTRs)) is reported for each gene mRNA; arrow down
indicates the translation block caused by the IRPs binding to IRE sequence and diminished effect,
arrow up indicates mRNA stabilization due to the IRPs binding to IRE sequence and augmented effect.

RNA Protein 5UTR 3'UTR Translation Effect Refs.
FtH/L Ferritin " ! + “;;‘;:;age N7
DMT1 DiT‘i :f;g:;al Vv + 1 Iron import [17]
TfR1 T;-:;Se’:gi_n Vv 1t 1 Iron import [17]
Fpnl Ferropotin 1 N4 { 1 Iron export [17]
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Table 1. Cont.

RNA Protein 5UTR 3'UTR Translation Effect Refs.
Mitochondrial 3
ACO2 Aconitise2 Vv 1 | TCA cycle [17]
Hypoxia- :
HIF2«x Inducible Factor Vv 1 +Hypoxda [17]
reponse
2
A- | Heme
ALAS2 Aminolevulinate Vv 1 bi thesi [17]
Synthase 2 10Synihests
Cell cycle
CDE1LA phosphatase var.1 v T ) Bl
Myotonic
dystrophy
CDC42BPA kinase-related v 1 1 Tfrl [19]
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kinase «
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Figure 3. Non-heme iron absorption. Iron can be absorbed by the cells following two pathways:
Transferrin /Transferrin Receptor 1 (Tf/Tfrl, on the left) or non-transferrin-bound iron (NTBI, on
the right). The blood circulating diferric transferrin (diferric-Tf) binds to Tfrl, a membrane-bound
receptor. The complex is transferred within the cells into endosomes; here, the acidic pH generated
by proton pumps, results in the release of the ferric iron from the complex. Fe?* is reduced in its
ferrous state by Steap3 and released into the cytosol through DMT1. The Tf/Tfr1 complex is recycled,
while the free cytosolic ferrous iron follows the same fate as mentioned in Figure 2. The uptake of
the NTBI pool seizes on carriers such as DMT1 or the most recently studied zinc transporters ZIP8
and ZIP14. NTBIL Non-Transferrin-Bound Iron; Tf: Transferrin; Tfrl: Transferrin receptor 1; DMT1:
Divalent Metal Transporter 1; LIP: Labile Iron Pool; Fpnl: Ferroportin 1; Steap3: Six-transmembrane
epithelial antigen of prostate 3; HEPH: Hephaestin; CP: Ceruloplasmin; ZIP8: Zrt-Irt-like Protein 8;
ZIP14: Zrt-Irt-like Protein 14, Apo-TF: iron-free Tf.

42



Antioxidants 2021, 10, 1864

60f18

4. Iron Metabolism in the Heart

Cardiac myocytes are major oxygen consumers, and a commensurate intracellular iron
pool is necessary to sustain this aerobic activity. The high metabolic demand of the heart
and its dependency on iron is confirmed by the finding about the deletion of heart Tfr1 in
amurine model which causes detrimental energetic failure in cardiac myocytes, even in
the presence of normal systemic iron levels [21]. Normally, cardiomyocytes have relatively
high levels of Hepc and Fpnl, although they have not been proved essential in controlling
systemic iron accumulation and metabolism [22,23]. Most recently, the cardiac role of
Hepc and Fpn1 has been investigated with animal models characterized by cardiomyocyte-
specific downregulation of the Hepc/Fpn1 axis. Interestingly, cardiac specific deletion
of Fpnl encoding gene prompted mice to develop fatal dysfunction of the left ventricle
by the third month of age. The dysfunction was associated with a threefold increase in
iron levels within cardiac myocytes. It is worthy of note, that Tfrl downregulation does
not counteract ferroportin 1 deficiency to prevent iron overload in these hearts, indicating
that iron release, mediated by ferroportin 1, is essential for iron homeostasis in the heart,
along with other iron intake mechanism(s) [23]. In the same model of Fpnl deficient heart,
iron was predominantly stored in the cardiomyocytes, whilst in the hemochromatosis
murine model, a major part of the iron was in the extracellular compartment, consistent
with a significant increase in cardiomyocyte Fpnl. Therefore, ferroportin 1 is not only
crucial for iron homeostasis in the heart, but it also responsible for deposition of iron in
the heart in the conditions characterized by systemic iron overload. In fact, ferroportin 1
may be held responsible for the severity of cardiac dysfunction determined by iron de-
position [23]. On the other side, specific deletion of Hepc in the heart of mice leads to
a fatal dysfunction of the left ventricle between 3 and 6 months of age, even if systemic
iron levels are maintained in a normal range. All these results together, suggest that the
myocardial hepcidin/ferroportin 1 pathway is pivotal for the autonomous control of the
intracellular iron stores which are required for physiological cardiomyocytes functions.
The same cardiac hepcidin /ferroportin 1 axis has been also proven to be important to
protect the myocardium from the consequences of systemic iron deficiency. Cardiac levels
of Hepc protein were increased instead of decreased after dietary iron restriction in in vivo
models and by iron chelation in in vitro experiments. Moreover, animal models with
cardiac depletion of hepcidin have increased chances to develop hypertrophy in response
to a sustained dietary iron restriction when compared to their littermate controls [22].

Although all cell types forming the heart are sensible to injury triggered by increased
ROS production, cardiomyocytes have been shown to be particularly affected [23,24]. The
high metabolic demand of the myocardium, in fact, is matched by a peculiar abundance in
mitochondria with a consequent elevated oxygen consumptionand a detrimental deficiency
in antioxidant enzymes [25]. Unbalance of cardiomyocytes iron content is regulated by
the expression of Tfrl [26] and iron overload becomes critical when NTBI/LPI is exceeded
due to the saturated binding capacity of Tf [27]. The exact mechanism for NTBI to enter
cardiomyocytes is still largely undescribed although some studies report an involvement of
L-type or T-type calcium channels in iron uptake under overload conditions and suggesting
calcium channel blockers as a potential therapeutic tool to mitigate cardiac effects of iron
overload [15]. This evidence is supported by ex vivo studies which demonstrated that
L-type Ca?* channels downregulation can reduce iron uptake under chronic overload
condition [28]. In case of iron overload, therefore, L-type channels mediate the increased
ferrous iron uptake which leads to an over production of ROS that triggers, among others,
an excitation-contraction uncoupling with an impaired systolic and diastolic function, a
typical sign of iron-overload cardiomyopathy [29]. Another iron carrier has been proposed
to be potentially involved in the developing of heart failure, lipocalin-2 [30]. It has been
reported that lipocalin-2 induces apoptosis in in vitro settings while the reported in vivo
effects include acute inflammatory response and cardiac remodelling [31].

On the other hand, for the oxygen to react with intracellular molecules a catalyst
is needed, one of the most potent being iron, and when LIP increases, oxidative stress
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can pose a cytotoxic trigger mediated by accelerating the reaction between oxygen and
biomolecules. Typically, the increased ferritin expression leads to a safe cytosolic stored
iron as a part of the response to a pro-oxidative environment [32].

Most interestingly, oxidative stress in the heart plays a double role as a mediator of
both protection and generation of the ischemia/reperfusion injury [33]. In addition, cardiac
ferritin is enriched in H subunit [25], undergoing an iron-based mechanism in the ischemic
preconditioning phenomenon [34]. In the regulation of intracellular iron, exporting excess
could represent a way to counterbalance an exceeding entry of NTBI. Basal expression
of H-ferritin cannot cope with iron overload and regulation of its expression is necessary
for a rapid chelation of LIP to prevent oxidative stress [35] and these findings suggest a
putative role for transcriptional regulation of iron transporters and ferritin subunits in
the heart [36]. Paradoxically, Hepc levels can be decreased in  thalassemia-mediated
cardiomyopathy as well as other iron overload-mediated conditions, where erythropoiesis-
dependent downregulation of Hepc should prevail and these low levels of circulating
Hepc are believed partially responsible for the ferroportin 1 expression and export activity,
thereby concurring to limit iron accumulation in the heart [25].

5. Iron and Oxidative Stress in Cardiomyocytes and Hepatocytes

While it seems clear that iron externalization is almost solely regulated by ferroportin 1,
the degree of internalization is synergistically determined by several transporters, some of
which are tissue-specific and others are ubiquitous.

The estimated iron concentrations in the major cellular compartments (~6 uM cy-
tosol [37], ~16 uM mitochondria [38], ~7 uM nuclei [39], and ~16 uM lysosomes [39]) are
finely regulated by specific transporters. Under excessive extracellular iron, cardiac cells
can uptake Fe>* or Fe?* through L-type and T-type Ca* channels [40], although in some
models verapamil and amlodipine, but not efonidipine (all calcium-channel blockers),
could mitigate iron uptake. In mitochondria, where iron is critical for several reasons,
including the production of heme- and iron-sulphur-cluster proteins of the electron trans-
port chain, a putative role has been shown for the calcium uniporter: blocking the activity
of this specific transporter, leads to the preservation of mitochondrial structure and func-
tion after iron overload of cardiomyocytes [41]. On the other hand, two nuclear-encoded
proteins, Mitoferrinl (Mfrn1) and Mitoferrin2 (Mfrn2) have been shown to mediate inter-
nalization of iron [42] suggesting a multifactorial regulation of iron levels in mitochondria.
Genetic deletion of Mfrnl induces severe impairment of heme synthesis and is lethal
during early embryonic development while its transcription, promoted by GATA1, is
upregulated during erythropoiesis [43]. When Mfrnl expression is experimentally blunted
during adulthood, the phenotype is vital with defects in erythroid cells resulting in severe
anaemia [44]. Most interestingly, mRNA for Mfrnl is detectable in non-erythropoietic cell
lines with lower levels compared to Mfrn2, which is ubiquitously expressed in virtually all
tissues [43]; nevertheless, Mfrn1 absence is not shown to affect the development of heart,
liver, or muscle [44]. With its ability to shift between two redox states, non-bound iron is
highly reactive, leading to oxidative stress which is a pivotal trigger of tissue and organ
failure [15]. The key step for the excessive production of radicals is the Fenton reaction,
which has been demonstrated to play a fundamental role in the physiopathology of several
diseases, including heart failure [45], liver failure [46], renal disease [47], and different types
of neurodegeneration [48-50]. Cardiomyopathies related to iron-overload represent one
of the major causes of mortality and comorbidity in patients with secondary and primary
hemochromatosis, respectively [15,51-53]. Aside from direct ROS-mediated damage, iron
overload has been shown to impair synthesis and function of respiratory subunits through
mitochondrial DNA (mtDNA) alteration [54]. Full length mtDNA is accessed to verify
the integrity of the mitochondrial genome and it is substantially reduced by 300 um of
extracellular iron [54].
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6. Ferroptosis in Heart Failure

Numerous cardiovascular diseases are characterized by cardiac and vascular cell loss
trough necrosis, apoptosis, and autophagy. As a novel type cell death, ferroptosis has been
reported to play a pivotal role in the onset and development of various cardiovascular
diseases mediated by an accumulation of lethal lipid hydroperoxides triggered by iron [55].
In the heart, several mechanisms are critical for the triggering of ferroptosis, including iron
metabolism, glutamine metabolism, and lipid peroxidation, while recent studies suggest
that myocardial dysfunction induced by ferroptosis can be inhibited by iron chelators
and antioxidants [56]. In hemochromatosis patients, there is a significant deterioration of
electro-mechanical coupling of cardiomyocytes mediated by ROS formation, while major
cardiotoxic effects of doxorubicin have been proven to be ferroptosis-mediated [57]. Most
interestingly, doxorubicin cytotoxicity on myocytes can be decreased through inhibition of
ferroptosis induced by over expression of GPX4 and activation of Keap1 (Kelch-like ECH-
associated protein 1)/Nrf2 signalling [57]. The involvement of ferroptosis in chemotherapy-
induced cardiomyopathy, is confirmed by transgenic mouse models in which sequestration
of Keap1 grants cardiac protection from doxorubicin-induced ferroptosis [58]. Consistently,
other reports provide evidences about the role of Acyl-CoA thioesterase in preventing
myocardial injury in doxorubicin-treated murine hearts [59].

Being characterized by the death of post-mitotic cardiomyocytes, heart failure (HF)
is an irreversible condition for which an early prevention of cell loss is of paramount
importance. Independently of the type of cell death to be targeted, retarding progres-
sion of heart failure is fundamental to preserve cardiac function as shown by a report
describing a ferroptotic pathway in an animal model of HF induced by left ventricular
pressure overload [60]. The interplay between HF and iron metabolism is complex and
rich in negative feedback mechanisms leading to a general worsening of patient condi-
tions. Anaemia, for instance, is often found in HF patients and prognosis is generally
poorer according to blood haemoglobin content [61]. Among the pathogenic mechanisms
linking anaemia and HF there is iron deficiency, although it is not clear which one may
be held primarily responsible for the vicious loop [62] despite the abundance of reports
describing iron-deficiency anaemia in patients with severe HF [63]. Some insights come
from experimental models of HF in which a down-regulated duodenal iron transporter
leads to iron deficiency and impaired liver expression of hepcidin [64]. In this study,
the same outcomes in terms of iron-transporters and hepcidin expression, were achieved
through an iron-deficient diet indicating that a diminished iron absorption is present in HF
models [64]. Experimental data, therefore, suggest that iron supplementation may offer a
clinical advantage in treating patients with HF and anaemia and three clinical trials have
proven the beneficial outcomes in terms of exercise capacity in HF patients but failed to
ameliorate HF-iron deficient patients [65]. The answer to these conflicting results may rely
on the animal model, demonstrating a reduced absorption of iron in HF and the consequent
inefficacy of oral supplementation. Consequently, a later large clinical trial investigated the
effects of iron supplementation given intravenously but results and long-term safety for i.v.
supplementation still need clarification [66].

There is evidence that Transferrin Receptor 2 (TfR2), a protein that plays a role in iron
metabolism in different tissues [67], may be involved in erythroid iron trafficking through
a mediation of lysosomes and a subsequent transfer to mitochondria [68]. Others suggest
that the release of Fe?* from lysosomes is mediated by Transient Receptor Potential Mu-
colipin 1 (TRPML1) and the mechanism can be considered, at least in part, responsible for
haematological and degenerative symptoms in mucolipidosis type IV disease patients [69].
Once Fe?* has reached the mitochondria, some sort of feedback is generated between the
mitochondria and cytosol compartments although, when heme synthesis is impaired, iron
continues to be incorporated by mitochondria probably due to poor uncoupling which
leads to a positive feedback to restore heme synthesis [70].

A small mitochondrial protein, Frataxin (FXN) is involved in iron-sulphur clusters
(Fe-S) formation essential for the mitochondrial respiratory chain complexes, aconitase and
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other mitochondrial enzymes [71]. FXN is mostly expressed in organs with high metabolic
demand as liver, kidney, neurons, and heart [72]. FXN functions can be diverse and act
as: (i) iron chaperone during cellular heme production [73]; (ii) iron storage protein [74];
(iii) buffer of oxidative damage directed to aconitase Fe-S clusters; (iv) protective factor
against oxidative damage [75]. FXN gene mutation has been shown to be responsible for
the onset of an inherited autosomal recessive neurodegenerative disorder known as Friedre-
ich’s ataxia disease (FRDA) [76]. FRDA is characterized by mitochondrial dysfunction [77],
iron accumulation in mitochondria, ROS accumulation and lipid peroxidation [78]. All
these metabolic alterations draw a connection line between this disease and ferroptosis.
The heart is the main organ affected by mitochondrial alteration [79] and is important to
note that patients with this neurological syndrome develop a progressive hypertrophic
cardiomyopathy [80]. Since the constitutive inactivation of frataxin causes embryonic
lethality in mice [81] a specific striated muscle frataxin-deficient murine model and a neu-
ron/cardiac muscle frataxin-deficient line were generated [82]. This model recapitulates
the pathophysiological and biochemical peculiarity of the human disease.

7. The Role of Ferroptosis in Liver Failure

Several physiopathological pathways concur in the development of hepatocytes dys-
function and may lead, in the long term, to chronic liver failure. Being the second largest
storage site in the body after RBCs (Figure 1), hepatocytes are constantly battling to
maintain iron homeostasis and ROS balance [83]. While ROS overproduction is a well-
established inducer of hepatotoxicity, only recently has the substantial contribution of
ferroptosis been recognised among the other types of cell death. Indeed, most triggers
commonly involved in liver failure are mediated by iron overload and consequent cell
death [84]. In the drug-induced liver disease scenario, a recent study reports a prominent
role of ferroptosis in a murine model of acute liver failure, induced with an overdose of
acetaminophen (APAP), suggesting that this type of cell loss may represent a putative
therapeutic target [85] whereas other authors disagree on the importance of the ferroptotic
mechanism in this model [86]. There is consensus, however, regarding the involvement
of the inhibition of ferroptosis in sorafenib resistance in the treatment of hepatocellular
carcinoma [87] with a recognised role for ACSL4 (acyl-CoA synthetase long-chain family
member 4), a known mediator of ferroptosis [88]. ACSL4 has been pharmacologically
targeted in a mouse model of ferroptosis with a class of antidiabetics (thiazolidinediones),
unveiling its role as inhibitor of ferroptosis, posing a potential therapeutic target [89].
Hepatic iron overload is often associated with hemochromatosis and intriguing results
demonstrate that solute carrier family 7, member 11 (Slc7all), an established ferroptosis-
related gene, is up-regulated in iron-overloaded cells, again pointing at ferroptosis as a
potential target for the treatment of hemochromatosis-induced tissue injury [90]. More-
over, in alcoholic liver steatosis and disease, ferroptosis has been proven to be increased
through the deacetylase SIRT1 in mice with ethanol-induced liver injury [91] as well as in
the progression of non-alcoholic steatohepatitis [92]. Non-alcoholic fatty liver disease, of
which the aetiology remains largely unclear, is often associated with a high serum level
of ferritin [93] and ROS-triggered ferroptosis which can be inhibited by the Keap1/Nrf2
signalling cascade [94].

Paradoxically, also when liver disease requires organ transplantation, ferroptosis must
be taken into consideration, because of its role in the ischemia /reperfusion injury related
to surgical procedures [95]. Not surprisingly, ACSL4 is also activated during intestinal
ischemia/reperfusion and contributes to the development of ferroptosis-mediated cell
loss [96] and similar mechanisms have been described in renal failure [97,98], cardiomy-
opathy [99], as well as in heart transplants [100].

Concluding, over the last decade it has become clearer how iron-induced toxicity
is at the root of several physiopathological mechanisms and ferroptosis can, therefore,
be considered a valid therapeutic target to mitigate liver failure. However, the precise
molecular mediators have been identified in few cases, as for Glutathione Peroxidase 4
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(GPX4) [101] and the cystine-glutamate antiporter system [102]. As a consequence, most of
the data are from basic research studies whilst randomized clinical trials are still attempting
to confirm results from in vivo and in vitro models.

8. What Is behind the Ferroptosis Scenario

According to recent findings, the main mechanism behind ferroptosis is ROS-dependent
regulated cell death. Ferroptosis is triggered by intracellular iron accumulation, lipid per-
oxidation, and oxidation of polyunsaturated fatty acid-containing phospholipids (PUFA-
PLs) [103]. The presence of iron in the cytosol causes the formation of ROS through the
Fenton reaction, by which H>O; is transformed in hydroxyl radicals that, in turn, cause
lipid peroxidation to play an essential role in ferroptosis [103].

ROS increase can be modulated by the quenching action of GPX4, an enzyme convert-
ing reduced glutathione (GSH) into glutathione disulphide (GSSG) that utilizes hydrogen
ions to reduce hydrogen peroxide as well as lipid peroxides [104]. GPX4 can be therefore
considered a type of GSH peroxidase, representing the main intracellular antioxidant en-
zyme acting against ROS. In fact, it prevents iron dependent formation and accumulation
of ROS, producing lipid alcohols (R-OH) from lipid hydroperoxide (R-OOH) with GSH as
a cofactor. This metabolic process is cytoprotective against Fe>*-dependent formation and
accumulation of ROS [103,105].

Beside the central role of GPX4 in maintaining ROS low levels, a corollary of different
pathways is necessary to support the efficiency of GPX antioxidant activity. First, the
so-called System Xc ™, a heterodimeric antiport system that imports cystine and exports
glutamate, formed by two subunits named SLC3A2 and SLC7A11 [106]. The imported
cystine is further transformed in cysteine and then into GSH, in order to maintain redox
homeostasis thus protecting cells from ferroptosis [107]. System Xc™ is the main mechanism
supporting the efficiency of GPX antioxidant activity through the inhibition of a series
of events triggering the reduction of GSH levels, lipid peroxidation, and consequent
ferroptosis [103].

The second pathway that cooperates with GPX is composed of a protein complex in-
volved in the enzymatic cascade that leads to the hydro peroxidation of lipid-polyunsaturated
fatty acids (PL-PUFA-OOH), which represent the substrate for GPX4 to be oxidized and
transformed into lipid-polyunsaturated fatty acids alcohols (PL-PUFA-OH). Several en-
zymes involved in the production of PL-PUFA-OOH are important in ferroptosis processes
due to their regulation being associated with this particular type of cell death, namely
ACSL4, LPCAT3, LOX [108].

In this particular case, ferroptosis depends on reduced detoxification of lipid peroxides
through the action of the enzymatic activity of GPX4 [109] and, most recently, it was
reported that its sensitivity can be also regulated by Nuclear Receptor Coactivator 4
(NCOA4) [110], a cargo protein involved in autophagic ferritin degradation [111]. Cytosolic
ferritins work as iron storing molecules and are composed of 24 subunits of H (heavy) and
L (light) chains that co-assemble in different proportion to form heteropolymers with a
tissue specific distribution combined to functions: Ft heteropolymers present in organs
designated to iron storage, as liver and spleen, are richer in L-subunits, while those present
in heart and brain, that have a high ferroxidase activity, are richer in H-subunits [112]. The
FtH subunit has enzymatic activity and oxidizes Fe?* to Fe3* to be incorporated into the
protein shell. As a whole, Ft polymers are involved in iron detoxification, storage, and
recycling [112]. The upregulation of ferritin can limit ferroptosis; the opposite effect occurs
if the protein is downregulated [113]. The binding between NCOA4 and ferritin is FtH
specific [114] and, as a consequence of it, FtH is carried into lysosomes, degraded, and iron
is released to be used by the cells, modulating in this way the intracellular iron amount,
in a process termed “ferritinophagy” [111,113]. Consistently, NCOAA4 levels are regulated
by intracellular iron status [115] and recent works showed that the amount of NCOA4
changes according to the interaction with an E3 ubiquitin protein ligase, HERC2 [115,116];
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during iron overload condition, NCOA4 is degraded by HERC2, whose activation is in

turn iron dependent (Figure 4) [113].

IRON OVERLOAD

@ o

IRON DEFICIENCY

'HERCZ

NCOA4 NCOA4

Attenu NCOA4

NC.QA‘ ferritinophagy

Figure 4. NCOA4-mediated ferritinophagy. Intracellular iron is regulated by a process known as
ferritinophagy. In conditions of iron overload (on the left), NCOA4 is degraded by the binding
with HERC2, an ubiquitin ligase protein, leading to the reduction in ferritin degradation. On the
contrary, during iron deficiency (on the right), NCOA4 molecules stabilize being able to bind ferritin,
thus activating ferritinophagy via lysosomal degradation. NCOA4: Nuclear Receptor Coactivator 4;
HERC2: HECT and RLD domain Containing E3 Ubiquitin Protein Ligase 2; LIP: Labile Iron Pool.

Since intracellular iron regulation depends on NCOA4-mediated ferritinophagy, the
lack of NCOA4 in a murine model induced systemic iron overload congruent to increased
level of transferrin saturation, serum ferritin, liver hepcidin and ferritin deposits with
decreased iron availability [117].

It is known that ferroptosis is a form of autophagic cell death [118]; autophagy pro-
motes ferroptosis leading to ferritin degradation via ferritinophagy mediated by NCOA4
with an increase of labile iron pool (LIP), which promotes ROS accumulation, the main
driver of the ferroptotic mechanism [118]. On the other hand, NCOA4 inhibition limits
ferritin degradation and blocks the ferroptosis process; the opposite effect is triggered if
NCAOH4 is overexpressed [113].

The activation of cell defence mechanisms which enhance the detoxification of cells
is also mediated by Nrf2 [119]. Nrf2 is a redox-sensitive transcription factor, whose ac-
tivation results in cellular antioxidant responses modulating several stress-responsive
proteins and phase II detoxification [119,120]. In normal conditions, Keap1 stimulates
Nrf2 ubiquitination and its proteasomal degradation in order to keep its levels low; on the
contrary under oxidative stress condition, Nrf2 disassociates from Keap1, translocates to
the nucleus where it binds to antioxidant response element (ARE) located in the promoter
region of target genes, and regulates/activates the transcription of heme oxygenase-1
(HO-1), NAD(P)H, quinone oxidoreductase (NQO1), glutathione S-transferase (GST), and
glutathione peroxidase (GPx), favouring several cellular defence mechanisms and amplify-
ing detoxification [119,121]. Nrf2 works as a ferroptosis suppressor since it promotes the
expression of antioxidants or iron metabolism genes involved in iron import, as Transfer-
rin receptor 1 (Tfrl) and iron storage protein ferritin [112,122]. The perturbation in iron
metabolism during the process of import, export and storage of iron may influence the cell
hypersensitivity to ferroptosis. Data has shown that pseudolaric acid B (PAB) treatment
of glioma cells causes upregulation of Tfrl and the resulting increased iron entry into
the cells activates Nox4 leading to production of H>O; and lipid peroxides, all signs of
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ferroptotic process activation, [123]. Following the same rationale, using prominin2, a
pentaspan protein involved in regulation of lipid metabolism, in mammary epithelial and
breast carcinoma cells, improves ferroptosis resistance by promoting ferritin export [124].

It has been demonstrated that both the Nrf2 genetic inactivation in knockdown mouse
Hepal-6 and its pharmacological inhibition using erastin and sorafenib, trigger ferroptosis
events in vivo [122]. This confirms that the loss of Nrf2 improves the ferroptosis process
through the consequent reduction of the anti-ferroptosis gene transcription including FtH,
HO-1, and NADPH quinone oxide-reductase, EC. 1.6.99.2 (NQO1) [122]. Furthermore,
Nirf2 is able to upregulate a large number of other anti-ferroptotic genes such as glutamate—
cysteine ligase catalytic subunit (GCLC), glutathione synthetase (GSS) and GPX4 to enhance
GSH synthesis and function [125].

In this context, the chaperones protein HSB1 (Heat Shock protein Beta-1), protects cells
against harmful stimuli [126]. It has also been demonstrated that, after erastin treatment,
HSB1 is upregulated to inhibit ferroptosis by reducing cellular iron uptake through the
inhibition of Tfrl and lipid ROS production, in different cancer cells [127].

9. Conclusions

Similar to many other elements, iron is both detrimental and indispensable for life.
The subtle balance between too low and too much iron, is regulated at the level of both
the entire organism and the single cell. Moreover, iron continuously changing between
the reduced and oxidised forms, adds complexity to its trafficking between the intra- and
extracellular compartments because selective carriers are needed for its transport even
inside cell organelles [128]. Perhaps the best model to study the mechanisms for iron import
and export, are the enterocytes where iron assumed with the diet, is both internalised and
externalised in the apical and basolateral membrane, respectively [129]. Nevertheless, it
is important to unravel how every organ is able to manage and respond to iron variation
to minimize the adverse effects that iron overload or deficiency could cause in that spe-
cific compartment. A typical example is represented by the central nervous system that,
even in the condition of systemic anemia, maintains constant its own iron quantity [130].
As for iron overload, independent of the cause, it triggers detrimental processes within
cells and the type of cell death induced by iron accumulation has been named ferropto-
sis [131]. While it is true that all cell types are affected by iron unbalance, two organs
are paradigmatic in the ferroptosis scenario; the heart is one of the principal utilisers of
iron while the liver is principally responsible for iron handling. Iron level alterations are
detrimental in both directions as proved by the poor prognosis of heart failure patients
with commonly associated iron deficiency [132]. Accordingly, iron mishandling has been
proposed to be a major trigger for severe injury to cardiomyocytes and hepatocytes and
therefore an important player in developing heart and liver failure [55,133]. On the other
hand, while iron overload has been demonstrated as being associated with several cardiac
diseases, its essential role in mediating ischemic preconditioning cardioprotection has been
proposed [55]. These reports are in accordance with studies demonstrating the double
role of ROS in mediating both injury and protection to the heart, ROS production being
strictly related to iron activity inside the cell [134]. With the surge of results confirming the
pivotal role of ferroptosis in developing heart and liver diseases, some recent studies have
demonstrated how targeting the ferroptotic pathway can be beneficial in inhibiting cell
death induced by iron overload. For instance, the use of both iron chelator and antioxidants
have been proposed as therapeutic tools in the treatment of myocardial infarction and
in preconditioning the hearts of patients undergoing reperfusion manoeuvres [135]. In
liver, several physiopathological pathways can be affected by impaired iron homeostasis
including alcohol-induced hepatotoxicity [136], acute liver failure [85], drug-induced liver
injury [137], and hepatic fibrosis [138]. Thus, clarifying the subtle mechanisms that regulate
iron balance within hepatocytes is of paramount importance in the attempt to mitigate the
clinical outcome of the above-mentioned pathologies.
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Although the main focus of this review is cardiac and hepatic ferroptosis, it is worth
to briefly mention that ferroptosis emerged as a pivotal and broad mechanism responsible
for cell death occurring in several other cell types. Consistently, ferroptotic cell death has
been described as being implicated in a broad spectrum of disorders including, but not
limited to, cancer, diabetes, acute kidney injuries and neurodegenerative disorders, and
sometimes also associated with the progression of diseases like leukaemia, psoriasis, and
haemolytic disorders [139].
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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-Fez 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 Fpnl (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 (H&nninen 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

Fpnl 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 (Hanninen
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/Ferroportinl 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 (NCOAA4), 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-Ferroportinl pathway in the brain and astrocytic-
neuronal crosstalk to counteract iron dyshomeostasis during aging
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© TheTransferrin Receptor 2 (Tfr2) modulates systemic iron metabolism through the regulation of

i iron regulator Hepcidin (Hepc) and Tfr2 inactivation causes systemic iron overload. Based on data
demonstrating Tfr2 expression in brain, we analysed Tfr2-KO mice in order to examine the molecular,
histological and behavioural consequences of Tfr2 silencing in this tissue. Tfr2 abrogation caused an
accumulation ofiron in specific districts in the nervous tissue that was not accompanied by a brain Hepc
response. Moreover, Tfr2-KO mice presented a selective overactivation of neurons in the limbic circuit
andthe emergence of an anxious-like behaviour. Furthermore, microglial cells showed a particular

| sensitivity toiron perturbation.We conclude thatTfr2 is a key regulator of brain iron homeostasis and
propose a role for Tfr2 alpha in the regulation of anxiety circuits.

. Body iron amount and availability is finely regulated by Hepcidin (Hepc), a peptide produced mainly by the liver,
. that acts on the cellular iron exporter Ferroportin 1 (Fpnl), causing its degradation and decreasing de facto the
i amount of serum iron'. A complex protein network is involved in hepatic Hepc regulation according to the body
iron needs, causing Hepc decrease in iron demand conditions (anaemia, hypoxia, ineffective erythropoiesis) and,
¢ on the contrary, a Hepc increase when a sufficient iron amount is present in the body or during inflammatory
i processes®. Dysfunction of most Hepc regulatory proteinsis responsible of hereditary disorders of iron metabolism®%.
. Among these regulators, Transferrin receptor 2 (Tfr2) is codified by a gene whose mutations are responsible fora
. rare form of hereditary haemochromatosis named HFE3°¢. The TFR2 gene is transcribed in two main isoforms,
i Tfr2 alpha and Tfr2 beta. Tfr2 alpha is highly produced in the liver and works as an iron sensor that regulates
¢ serum Hepc level. Accordingly, Tfr2 targeted animals show iron overload due to an inappropriately low level
of Hepc”*. The Tfr2 beta isoform, instead, appears to play a specific role in the regulation of iron export from
reticulo-endothelial cells®.

In the central nervous system (CNS), iron levels need to be tightly controlled to appropriately regulate key
functions such as neurotransmission and myelination as well as neural cell division'®. Iron overload in defined
CNS areas associates with neurodegeneration in Parkinson’s and Alzheimer’s diseases''~"*, suggesting a role
for iron overload in circuit malfunctioning and damage. Furthermore, studies in animal models in which iron

: amount was experimentally increased show an alteration of the main iron-related proteins Ferritin (Ft) and
i Transferrin Receptor 1 (Tfr1) in the brain'*-'%, revealing perturbation of iron brain homeostasis.
It is generally accepted that iron enters neurons'?, microglial'”** and choroid plexi cells'” bound to Tfr1 and
. it has been shown that the iron hormone Hepc is expressed in the brain®*-%, similar to other Hepc regulatory
: proteins'. Yet, it is still unclear how iron levels and localization are regulated in cerebral compartments. Similarly,
¢ it remains to be fully understood whether the iron protein regulatory network in the CNS is the same operating
in the rest of the body and how systemic and cerebral iron regulation are interconnected.
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Similar to other Hepc regulatory proteins, Tfr2 gene expression has been shown in total brain extracts®, in
defined cellular compartments of specific neuronal subtypes® and in brain tumor cell lines***. Furthermore, a
transcriptome study on Tfr2 null mice revealed that several genes involved in the control of neuronal functions
are abnormally transcribed'®.

In this study we aimed to clarify Tfr2 functions in the brain by examining a mouse model in which both
Tfr2 isoforms are inactivated (Tfr2-KO)°. To distinguish the effects of Tfr2 abrogation from those due to
Tfr2-independent iron load modifications, we also examined WT sib pairs subjected to an iron enriched diet
(IED) and WT or Tfr2-KO mice upon an iron deficient diet (IDD).

Results show that Tfr2 silencing determines an increased brain iron availability that associates with
anxious-like behaviours.

Materials and Methods

Animals. Ten weeks old Tfr2-KO male mice® maintained on 129X 1/sv] strain were analyzed and compared
to wild type (WT) sex and age matched sib pairs. Animal housing and all the experimental procedures were per-
formed in accordance with European (Official Journal of the European Union 1276 del 20/10/2010, Vol. 53, p.
33-80) and National Legislation (Gazzetta Ufficiale n® 61 del 14/03/2014, p. 2-68) for the protection of animals
used for scientific purposes. Groups of 4-5 mice were housed in transparent conventional polycarbonate cages
(Tecnoplast, Buggirate, Italy) provided with sawdust bedding, boxes/tunnels hideout as environmental enrich-
ment and striped paper as nesting material. Food and water were provided ad libitum; environmental conditions
were 12 h/12h light/dark cycle, room temperature 21 °C = 1°C and room humidity 55% = 5%. Experimental pro-
cedure was preventively approved by the Ethical Committee of the University of Turin.

Experimental conditions. Tfr2-KO mice were fed with a standard diet (SD) (GLOBAL DIET 2018,
Mucedola SrL, Italy, 0, 2 g iron/Kg food). Age and sex matched animals in SD were used as WT controls.
Subgroups of mice were further kept on:

a) iron deficient diet (IDD) to induce anaemia in WT mice and to decrease iron amount in Tfr2-KO mice, by
feeding mice with a purified diet without added iron (Mucedola SrL, Italy) starting from weaning until sacrifice
(8 weeks of treatment);

b) iron enriched diet (IED) to trigger secondary iron overload in WT animals by feeding them with a 2% iron
enriched standard diet from weaning until sacrifice (8 weeks of treatment).

IED was preferred to parenteral iron injection because it resembles iron overload occurring in chronic haemo-
chromatosis. Furthermore, since it has been demonstrated that an iron enriched diet for a short period of time
does not cause changes in iron regulating proteins®, we decided to submit animals to 8 weeks of IED. On the
other hand, IDD treatment was chosen to avoid the side-effects of acute iron deprivation obtained by extensive
phlebotomies that, by causing inflammation, influence the Hepc pathway?"%.

At the end of the experiments, mice were given an anaesthetic overdose (see below) and sacrificed. Blood,
brain and liver were collected for subsequent analysis.

For behavioural analyses, 8WT and 9 Tfr2-KO naive mice in SD were tested in the Morris water maze and
elevated plus maze (EPM) tests. Subsequently, 199WT and 13 Tfr2-KO naive mice in SD, 12 WT and 17 Tfr2-KO
naive mice in IDD and 5WT naive mice in IED were tested in EPM.

A subset of Tfr2-KO and WT mice was transcardially perfused with 0.12 M phosphate buffer (PB) pH 7.2-7.4
(50 ml, 15 min) to remove blood from brain tissue before Western Blot analysis and the measurement of brain
iron content (see below). Perfusions were carried out under deep general anaesthesia (ketamine, 100 mg/kg;
Ketavet, Bayern, Leverkusen, Germany; xylazine, 5 mg/kg; Rompun; Bayer, Milan, Italy).

Molecular biology analyses. Frozen dissected regions or total brains from WT mice were utilized for
quantitative PCR while only total brain of Tfr2-KO and WT animals was used for Western Blot analysis.

Real time quantitative PCR analysis. ~For reverse transcription, 1pg of total RNA, 25 pM random hexamers,
and 100 U of reverse transcriptase (Applied Biosystems) were used. Gene expression levels were measured by
real-time quantitative PCR in a CFX96 Real-Time System (BIO-RAD). For Tfr2 alpha, Tfr2 beta and BDNF,
SYBR Green PCR technology (EVAGreen, BIO-RAD, Italy) was used utilising specific primers whose sequences
are reported in Supplemental Informations. Gus (3-glucuronidase) gene was utilized as housekeeping control®*.
The results were analysed using the AA ., method*. All analyses were carried out in triplicate; results showing a
discrepancy greater than one cycle threshold in one of the wells were excluded.

Western Blot analysis. 'WB experiments were done with at least 6 animals for each experimental group. Fifty pg
of total brain lysates were separated on an 8-15% SDS polyacrylamide gel and immunoblotted according to stand-
ard protocols. Antibodies against the following proteins were used: Transferrin (Tf) (E-8), Tfr1 (CD71 H-300),
Divalent Metal Transporterl (DMT1) (H-108), Fpn1 (G-16) and 8-Actin (C-4) (Santa Cruz Biotechnology); Tfr2
alpha and Hepc (Alpha Diagnostic International). Antibodies against the two Ferritins (Ft-H and Ft-L) were
kindly provided by Sonia Levi, University of Vita Salute, Milan, Italy. Data from WB quantification (Image Lab
Software, BIO-RAD, Italy) were normalized on levels of 3-Actin bands and expressed as fold increase relative to
the mean value obtained from WT mice.

Liver and brainiron content. Iron concentration on livers (Liver Iron Content, LIC) and brains (Brain Iron
Content, BIC) freshly dissected was assessed according to standard procedures® using at least 20 mg of dried total
tissue. For histological assessment of non-heme iron deposition, brain slices of perfused animals were stained
with DAB-enhanced Prussian blue Perls’ staining™.
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Histological and immunofluorescence procedures. For histological analyses experimental animals
were perfused with 4% paraformaldehyde in PB. Brains were removed and post-fixed for 24 h at 4 °C, cryopro-
tected in 30% sucrose in 0.12 M phosphate buffer and processed according to standard protocols®. Brains were
cut in 30 pm thick coronal sections collected in PBS and then stained to detect the expression of different anti-
gens: Glial fibrillary acidic protein (GFAP) (1:1000, Dakopatts); Ibal (1:1000, Wako); cFos (1:1000, Santa Cruz
Biotechnology); Zif-268 (1:1000, Santa Cruz Biotechnology); vGlutl (1:1500, Synaptic System); vGlut2 (1:1500,
Synaptic System); Tfr2 alpha (1:500, Alpha Diagnostics); hepcidin/pro-hepcidin (1:1000 with amplification with
tyramide kit, see below, Alpha Diagnostics). Incubation with primary antibodies was made overnight at 4°C
in PBS with 0.5% Triton-X 100. The sections were then exposed for 2 h at room temperature (RT) to secondary
Cy3- (Jackson ImmunoResearch Laboratories, West Grove, PA) and Alexafluor- (Molecular Probes Inc, Eugene
Oregon) conjugated antibodies®. 4,6-diamidino-2-phenylindole (DAPI, Fluka, Milan, Italy) was used to counter-
stain cell nuclei. After processing, sections were mounted on microscope slides with Tris-glycerol supplemented
with 10% Mowiol (Calbiochem, Lajolla, CA). For colabelling of primary antibodies developed in the same spe-
cies, the high sensitivity tyramide signal amplification kit (Perkin Elmer, Monza, Italy) was utilized according to
the manufacturer’ instruction®. Myelin Gallyas staining was performed as documented?*.

Image Processing and Data Analysis. Histological specimens were examined using an E-800 Nikon
microscope (Nikon, Melville, NY) connected to a colour CCD Camera and a Leica TCS SP5 (Leica Microsystems,
Wetzlar, Germany) confocal microscope. Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA) was used to adjust
image contrast and assemble the final plates. Quantitative evaluations (densitometry of staining intensities, cell
densities) were performed on confocal images followed by Neurolucida- (MicroBrightfield, Colchester, VT)
and Image]- (Research Service Branch, National Institutes of Health, Bethesda, MD; available at: http://rsb.info.
nih.gov/ij/) based analyses. For the analysis of microglia in the cerebral cortex, we routinely scanned the entire
cortical grey matter included in slices from Bregma 1.10 mm to Bregma-2.00 mm. Analyses were performed
on slices from Bregma-1.50 mm to Bregma-2.00 mm for the dorsal hippocampus; from Bregma-2.50 mm to
Bregma-3.00 mm for the ventral hippocampus; from Bregma1l.50 mm to Bregma 2.20 mm for the medial prefron-
tal cortex (mPFC); from Bregma-1.20 mm to Bregma-1.60 mm for the basolateral and central amygdala (BLA and
CeA); from Bregma-0.70 mm to Bregma-1.00 mm for the hypothalamic periventricular nucleus (PVN). When
the high density of cFos/Zif-268-positive cells impaired the easy recognition of individual nuclei (i.e., in Cornu
Ammonis 1, CA1 and medial prefrontal Cortex, mPFC), the mean cFos/Zif-268 staining intensity (with back-
ground subtraction) over the whole area of the region of interest was evaluated. Measurements derived from at
least 3 sections per animal. At least three animals were analysed for each experimental condition.

Behavioural tests. The Morris water maze®* and EPM? tests were performed to evaluate learning and
anxious-like behaviours, respectively. Data were recorded automatically from the digitized image by using a com-
puterized video tracking software. Details about the procedures can be found in Supplemental Information.

Serum Collection and Analysis. Blood samples were collected, centrifuged, and serum was frozen
at —20°C until analysis. Serum was assayed for corticosterone levels by using commercially available kits
(Corticosterone 3H RIA, MP Biomedicals, Italy). All the blood samples were collected at the same time in the
morning to minimize the physiological variations.

Statistical analysis. Statistical analyses were carried out by GraphPad Prism (San Diego California, USA)
or SPSS software packages (Bangalore, India, www.spss.co.in). In most cases we used Unpaired t-test or one-way
ANOVA followed by Bonferroni's post hoc analysis. As regards behavioural data, repeated-measures two-way
ANOVA followed by Bonferroni’s post hoc analysis was performed to evaluate Morris water maze performances
during days. Mann-Whitney U test was assessed to evaluate the statistical significance for Accuracy Ratio (AR)
and path length in Morris water maze test. One-way ANOVA followed by Bonferroni’s post hoc analysis was used
to evaluate the EPM performances. In all instances, P < 0.05 was considered as statistically significant. Data were
expressed as averages & standard error of the mean. Only statistically significant results vs WT and vs Tfr2-KO
were shown in the figures while all statistically significant P and F values as well as outputs of post hoc analyses
were included in Table 1S. Statistically not-significant results were omitted.

Results

Tfr2 alpha expressionin anxiety and stress-related circuits. A transcriptional analysis on WT mice
major brain compartments revealed that Tfr2 alpha mRNA is expressed, although less than in the liver, in all
analysed areas, and reaches the highest level in the hippocampus (Fig. 1A).

Conversely, real time analysis, performed with primers of similar efficiency, showed a low and homogeneous
level of Tfr2 betamRNA expression in the same brain areas that, also in this case, was lower compared to the liver
(Fig. 1A). Based on these data, we concluded that Tfr2 alpha is the main Tfr2 isoform in the brain and conse-
quently we focused on Tfr2 alpha for the next experiments.

Tfr2 alpha protein in total brain extracts showed a trend to decrease in WT IDD mice compared to WT mice,
while it did not vary in WT IED animals (Fig. 1B). These data are in line with the role of Tfr2 as an iron sensor
contributing to iron homeostasis and with previous data demonstrating that Tfr2 protein is stabilized on plasma
membranes by iron loaded Transferrin (Fe-Tf)*.

Immunofluorescence labelling with an anti-Tfr2 alpha specific antibody showed elongated thin structures
occurring either as tightly associated fascicles or isolated fibers (Fig. 1C,G). In grey matter nuclei, a dense punc-
tate staining was occasionally seen (Fig. 1E,EH). Both patterns are consistent with labelling of neurites or fiber
tracts. Interestingly, anti-Tfr2 alpha labelling was prominent in brain circuits controlling anxiety and stress***
including the hippocampus (where Mossy fibers, Mf; were strongly stained, Fig. 1C,D), the amygdala (namely
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Figure 1. Tfr2 alpha expression in the adult telencephalon. (A) Tfr2 alpha and beta isoforms transcription
pattern in major brain compartments of WT SD mice. CRTX, cortex; HIP, hippocampus; CRBL, cerebellum;
STR, striatum; transcription amount of both Tfr2 isoforms in the liver was used as comparison. Number in
parenthesis under each column indicates the number of animals compartments analysed. The expression level
of the two Tfr2 isoforms was normalized to levels of GUS housekeeping gene as described in the MM section.
In order to perform a double comparison of the same genes in different brain compartments and of the two
Tfr2 isoforms in the same compartment we normalized all data on the value of Tfr2 alpha in the cerebral
cortex (CRTX). (B) Western blot analysis and quantification of brain Tfr2 alpha protein. Results are shown
asaverages + standard error of the mean of 3 independent experiments. All the statistically significant results
are reported in Table 1S. a.u. arbitrary unit; SD standard diet, IDD iron deficient diet; IED iron enriched diet.
(C-H) Immunofluorescence localization of Tfr2 alpha in brain. In WT brains Tfr2 alpha positivity is found in
fibers of the dentate gyrus of the hippocampus and their terminal region in the CA3/CA2 areas (D). A dense
dotted staining is also detected in the CeA (E), PVN (F), LHb (H) and PVN (H) grey matter nuclei. Sparse axon
fibers are labelled for Tfr2 alpha in the cerebral cortex (G). Absence of staining in Tfr2-KO mice confirms the
antibody specificity (C’). Scale bars: 100 pm. DG, dentate gyrus; CA, Cornus Ammonis; CeA, central nucleus
of the amygdala; PVN, paraventricular nucleus of hypothalamus; CTX, neocortex (primary M1 motor cortex);
LHDb, lateral habenula; PVTN, paraventricular nucleus of thalamus; Mf, mossy fibers; V, ventricle.

the central nucleus, CeA; Fig. 1E) and the hypothalamic paraventricular nucleus (PVN; Fig. 1F). Scattered Tfr2
alpha-positive (4) fiber-like structures were also found in the in the cerebral cortex (Fig. 1G) and in thalamic par-
aventricular and habenular nuclei (Fig. 1H). Absence of labelling in Tf72-KO mouse brain testified the specificity
of anti-Tfr2 alpha staining (Fig. 1C’).

Increased iron amount in Tfr2-KObrain.  All mice were examined at 10 weeks of age, when tissue alter-
ations have been observed in other mouse models of iron loading**!. Tfr2-KO showed a significant increase in
total brain iron amount compared to WT mice (Table 1). However, this increase was attributable to circulating
iron, since brains of Tfr2-KO mice in which blood was removed though tissue perfusion, have a BIC (Brain Iron
Content) similar to WT (Table 1). Interestingly, aged-matched WT IED mice, despite being iron overloaded in

CIENTIFIC REPORTS | 6:30725 | DOI: 10.1038/srep30725 4

63



www.nature.com/scientificre ports/

BIC (pg/g dry tissue) 237.3+£308 189.8 £17.4™ 2402 +30.5° 317.8 £81.9%* 1757 £25.3%°%

BICA (ug/g dry tissue) 1545+ 183 ND ND 178.1£21.7 ND
LIC (ug/g dry tissue) 48021167 | 246.1£34.5°° 1099.2+ 87.2° 1839.3£448.9%%* | 326.2:+ 1054°°
hepatic Hepc (AACt mean) 1£0.152°° | 0.003£0.001%** | 278 40.360%%* 04244£0.174%% | 0.002£0.003%**

Table 1. Brain and liver iron amount and hepatic Hepc transcription. WT, wild type; SD, standard diet;
IDD, iron deficient diet; IED, iron enriched diet; ND, not determined; 7, perfused brain. * significance vs WT;
° significance vs Tfr2-KO. Only statistically significant results vs WT and Tfr2 KO are shown. All the other
statistically significant results are reported in Table 18.

the liver (Table 1) and in the serum (Transferrin saturation: 49,8 +4.45% vs 26 +4.95% P < 0,05), did not display
evidence of global iron increase in the brain. In both Tfr2-KO and WT mice in IDD, BIC decreased below con-
trols levels (Table 1).

To assess possible localised changes iniron levels or distribution, we performed histochemical analysis in PFA
perfused brains by DAB-enhanced Prussian blue Perls’ staining. Tfr2-KO brains sections showed an increased
number of brown positive precipitates compared to control mice (Fig. 2) in defined parenchymal regions
such as the hippocampal CA1 and CA3 regions (Fig. 2C-F), the PVN (Fig. 2I-J) and the striatal white matter
(Fig. 2G,H). We also observed DAB-positive small cells, mostly resembling microglia (insets in 2G and H), that
were more frequently detected in Tfr2-KO brains (Fig. 2A,B,I-J’). Increased iron was also highlighted by intense
staining of both choroid plexi and ependyma in mutant mice (Fig. 2A,B,L,]). These results show that iron accumu-
lates in the nervous tissue when Tfr2 is abrogated.

Brain Hepc levelsiniron overloaded Tfr2-KOmice. Since Tfr2 is a regulator of Hepc production® in the
liver, we asked whether its deletion also affected Hepc amount in the brain. In agreement with its role of negative
regulator of iron availability, in liver and brain of WT mice Hepc production changed according to the different
systemic iron amount: it decreased in animals on IDD and increased in animals on IED (Table 1, Fig. 3A). On the
contrary, in Tfr2-KO mice, despite increased systemic and circulating iron, cerebral Hepc was significantly lower
than in WT mice (Fig. 3A). Furthermore, while liver Hepc transcription significantly decreased in Tfr2-KO IDD
mice (Table 1) brain Hepc transcription increased in consequence of IDD, reaching WT IDD levels (Fig. 3A) and
suggesting a deregulated expression of Hepc in the KO brain. In order to distinguish the contribution of the cir-
culating protein to the Hepc level found in Tfr2-KO brain, Hepc quantification was repeated in brains of perfused
animals. Despite iron accumulation in KO brains, there is no obvious dysregulation of brain-derived Hepc. These
data are consistent with lack of overexpression of Hepc in perfused Tfr2-KO brain (Fig. 15).

To further corroborate these data with an independent approach, we examined anti-Hepc immunostaining on
brain slices. Consistently with previous data*?, Hepc positive cells in the cerebral cortex and hippocampus mainly
displayed neuronal morphologies (Fig. 3B,C,EG). In these areas no relevant differences were observed in the
Hepc expression pattern or in the densities of positive cells of WT and Tfr2-KO mice, although the latter seems to
have a slight decrease in overall staining. Conversely, and in line with systemic Hepc regulation?, WT IED mice
had a marked increase in the number of Hepc + cells in the cortex and in the hippocampal dentate gyrus (DG)
(Fig. 3E-1). Surprisingly, and on the contrary to what occurs in the liver, where Hepc transcription significantly
decreases (Table 1), the pattern and the density of brain Hepc +-cells in Tfr2-KO IDD mice remains comparable
to WT (Fig. 3B-D,F-H), confirming the result of WB analysis.

Brain iron regulatory proteins are altered in Tfr2-KO mice. Transcriptional analysis of main Hepc
regulatory genes, Hfe and Hjv* did not reveal significant variations in the brain of Tfr2-KO mice compared to WT
animals (not shown). Total brain production of the Hepc target protein Fpn1*, resulted to be modulated in the
different WT experimental groups with an opposite trend compared to cerebral Hepc amount, even if results did
not reach statistical significance (Fig. 3L). Inverse relationship between the two proteins in WT animals is further
evidenced by a very good fitting in regression analysis, while an apparent opposite trend, despite not statistically
different from the WT pattern, could be observed in Tfr2-KO mice (Fig. 25).

To molecularly analyse the increased amount of intracellular iron in the brain parenchyma, we evaluated the
three main iron proteins responsible of cellular iron storage (Ft subunits Hand L) and transport (Tf). They all
resulted modulated. While in Tfr2-KO mice brain both Ft-H and Ft-L were higher, in WT IED mice only Ft-L
was significantly increased (Fig. 3M,N). Iron transport protein Tf was incremented in IDD mice, as expected on
the basis of its capability to supply with iron tissues in which iron amount is decreased**** (Table 1). Surprisingly,
also Tfr2-KO mice presented an overall higher Tf amount, while this was not true for WT IED mice (Fig. 30).

Again to verify that these proteins amount was not due to blood presence in non-perfused brains, Fts and Tf
were analysed in brain of perfused animals. Blood removal in Tfr2-KO brains seems to cause a decrease of the
three proteins amount. While an overall increase for Fts was confirmed, Tf displayed levels similar to WT brains,
indicating a major role of circulating Tf in measurements in non-perfused brains (Fig. 1S).

As regards the main proteins responsible of cellular iron import, no significant variations were found for Tfr1
levels in all the experimental groups (Fig. 3P). A lower amount of DMT1 protein was instead observed in Tfr2-KO
brains compared to WT controls (Fig. 3Q). This result supports the hypothesis that the higher iron amount
in Tfr2-KO mouse brains triggers a decrease in DMT1 protein according to the IRE/IRP pathway**. The same
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Figure 2. Ironaccumulation in Tfr2-KO mouse brain. Iron in sections of the brain of WT and Tfr2-KO

mice (A,B) DAB-enhanced Prussian Blue staining revealed iron accumulation in the choroid plexi (Cp) and
ependyma (arrows) of Tfr2-KO mice (B,]’) compared to WT controls (A,I'). Higher magnification analysis also
showed increased density of brown precipitates in the CA1and CA3 of the mutant hippocampus (E,F), striatum
(H) and periventricular nucleus (J,]') compared to WT tissues (C-T). (G,H,I'T"). Iron labelling also decorates
small glial cells that appeared more frequent inTfr2-KO mice. This pattern was confirmed on 3 Tfr2-KO and
WT mice. Scale bars: (A,B,I-]"): 100 um; (B-G): 50um. CA1, Cornus Ammonis 1, CA3, Cornus Ammonis 3,
Cp, choroid plexus, PVN, paraventricular nucleus, 3v, third ventricle.

regulatory mechanism accounts for DMT1 increase in WT IDD mice compared to WTT, as well as in Tfr2-KO IDD
animals compared to Tfr2-KO (Fig. 3Q).

In conclusion, Tfr2 silencing associates with changes in both CNS iron import and storage proteins, in line
with an altered cellular distribution and availability of the metal in the brain of these mice.

Tfr2-KOmice exhibit increased anxiety. Based on high expression of Tfr2 in the hippocampus and lim-
bic circuits, we examined learning abilities and anxiety in the Tfr2-KO mice by behavioural tests. In the Morris
water maze test no differences were found between WT and Tfr2-KO mice in the initial performance (day 1)
(Fig. 4A). Furthermore, both WT and Tfr2-KO mice were able to improve their performance across days without
differences (Fig. 4A). In the probe trial, the mean accuracy ratio (AR) did not show any significant difference
between WT and Tfr2-KO mice, although Tfr2-KO mice spent about 2 fold more time in the target quadrant
compared to wild type mice (Fig. 4B). Also in swim velocity and distance there were no differences between
WT and Tfr2-KO mice (mean velocity + SE, WT = 23.1 + 1.4cm/s, Tfr2-KO = 26.4 + 0.8 cm/s; mean travelled
distance + SE, WT = 1380 £ 83.9 cm, Tfr2-KO = 1582 =+ 48.4cm; Mann-Whitney U; P > 0.05). Thus, Tfr2-KO
mice do not show impairments of hippocampal-related spatial memory tasks. However, the trend for a stronger
preference for the probe quadrant in Tfr2-KO mice (Fig. 4B) led us to measure the path length after mice reached
the target zone. An increased path length outside the target zone, after reaching the original location of the plat-
form, would suggest increased flexibility in an attempt to look for a new location of the platform. On the contrary,
longer path length in the target zone would suggest persistency possibly related to increased anxiety*. Tfr2-KO
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Figure 3. Hepcidin production and iron transport/storage proteins quantification in the brain. (A)
Western blot analysis and quantification of Hepcidin (Hepc) production changes. (B-I) Immunofluorescence
with Anti-Hepc antibody in the neocortex. Scale bars: 100 jum. Western blot analysis and quantification of (L)
Ferroportin (Fpn1) (M) Ferritin H (Ft-H) (N) Ferritin L (Ft-L) (O) Transferrin (Tf) (P) Transferrin receptor 1
(Tfr1) (Q) DMT1. Results are shown as averages 4 standard error of the mean. Symbols refer to a statistically
significant difference: *P <0.05, **P < 0.01, ***P < 0.001. For reasons of clarity, only statistically significant
results vs WT and Tfr2 KO are shown in the figure. All the other statistically significant results are reported in
Table 1S. Vertical dotted lines indicate images taken from different gels. WT, wild type; KO, Tfr2-KO;

IDD, iron deficient diet; IED, iron enriched diet; a.u., arbitrary unit; DG, dentate gyrus; HIP, hippocampus;
CTX, neocortex (primary M1 motor cortex).

mice displayed a significantly longer path length in the target zone after reaching the original position occupied
by the platform compared with their WT sib pairs (Fig. 4C,D).

Furthermore, to avoid confounding effects due to changes in mutants of innate preference for swimming in
defined areas of the maze*, we calculated the distance travelled and the time spent in the centre zone of the pool
versus the periphery region on the first trial of the first day, when the spatial location of the platform was com-
pletely unknown to the mice. WT and Tfr2-KO mice did not show significant differences in the percentages of
travelled distances and time spent in the centre of the pool (mean percentage of distance travelled in centre + SE,
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Figure 4. Overt anxiety-like behaviour in Tfr2-KO mice. (A,B) Performance in Morris water maze test.
Both WT (n=8) and Tfr2-KO (n=9) mice improve their performance across days and during the probe trial
without differences between genotypes. (C,D) Path length in Morris water maze test. Measures of the total
distance (cm) covered by WT mice and Tfr2-KO mice after they reached the target zone in the probe trial.

(C) Tfr2-KO mice showed longer path length in the target quadrant (Q') compared to WT mice. No differences
are found in quadrants outside the target zone (Q', Q% Q). (E-G) Performance in EPM test. Tfr2-KO (n=22)
mice reveal anxiety levels higher than WT SD mice (n=27). In IDD, Tfr2-KO mice (n =17) show a rescue in
anxious behaviors and perform similarly to WT mice (n=12). AR, accuracy ratio; EPM, elevated plus maze;
SD, standard diet, IDD; iron deficient diet, IED, iron enriched diet; Q; target quadrant; error bars, standard
error of the mean. Asterisks refer to statistically significant differences: *P < 0.05, **P < 0.01, ***P < 0.001.
Statistically significant results are reported in Table 18.
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WT=7.1+3.4, Tfr2-KO = 7.1+ 2.2; mean percentage of time spent in centre+SE, WT =5.442.5cm,
Tfr2-KO = 5.8 +2.0 Mann-Whitney U; P > 0.05) thus showing that both WT and Tfr2-KO mice have the same
innate preference for swimming in distinct areas of the maze.

Finally, we further assessed anxiety in the EPM. Notably, Tf#2-KO mice showed increased anxiety as expressed
by a dramatically low frequency of entries in the open arms of the EPM (Fig. 4E). Consistently, they spent a little
time in the open arms of the EPM (Fig. 4F) compared with WT siblings. Also, the total number of entries was
reduced in Tfr2-KO mice (Fig. 4G). Then, we asked whether such anxious-like behaviour depends on iron levels
by examining mice subjected to IDD and IED. Reductions in the frequency and time spent in open arms and in
total entries were reverted to control values by IDD in Tfr2-KO mice (Fig. 4E,EG). Notably, neither IDD nor IED
affected the anxious behaviour of WT mice (Fig. 4E,F). Altogether, these data show that loss of Tfr2 associated
with iron overload promotes the occurrence of anxious behaviours.

Higher levels of activation of the anxiety circuitry in Tfr2-KO mice. The marked anxious behaviour
in Tfr2-KO mice suggests that Tfr2 deletion in combination with iron overload might cause an abnormal activa-
tion of the anxiety system. We therefore investigated the expression pattern of cFos and Zif-268, the immediate
early genes frequently used as markers for neuronal activity”, in brain nuclei belonging to the anxiety circuitry,
including the hippocampus, the medial prefrontal cortex (mPFC), the basolateral (BLA), and central (CeA) amyg-
dala and the hypothalamic paraventricular nuclei (PVN). Interestingly, in the hippocampus of Tfr2-KO mice the
two activity markers were highly upregulated in CA3 (Fig. 5A,B,L,P) and CA1 neurons (Fig. 5A,B,EG,I,M,Q),
while their expression in the dentate gyrus (DG) did not differ from that of WT mice (Fig. 3SB and not shown).
Of note, in Tfr2-KO mice fed with IDD anti-cFos and Zif-268 staining decreased to the levels of the WT mice in
both CA3 and CA1 subregions (Fig. 5C,H,K,L,M,PQ). The medial prefrontal cortex (mPFC) is one of the main
targets of the hippocampal neurons and contributes to the anxiety control and stress responses by projecting
to the BLA and, indirectly, to the PVN?’. The levels of both cFos and Zif-268 increased significantly in this area
of Tfr2-KO mice compared to WT or Tfr2-KO IDD mice (Fig. 5N,R). Consistently, both transcription factors
appeared significantly upregulated in the BLA of the Tfr2-KO mice (Fig. 50,5). Furthermore, anti-cFos/Zif-268
immunostainings did not reveal differences in activity levels of neurons included either in the PVN (Fig. 5D,E)
and CeA (or in other areas unrelated to anxiety control) (not shown). In line with the maintenance of WT activa-
tion levels in the CeA and PVN, the corticotropin-releasing factor (CRF) immunostaining in the PVN of Tfr2-KO
mice did not differ from that of WT mice (Fig. 4SA,B), showing that, despite being associated with a pronounced
anxious behaviour, Tfr2 deletion does not alter CRF release into the hypothalamo-hypophyseal portal system?.
Accordingly, we did not find differences in corticosterone levels in Tfr2-KO serum compared to WT (Fig. 4SC).
We further tested whether the altered activity pattern of Tfr2-KO was associated with changes in levels of BDNF, a
key-regulator of synaptic plasticity and hippocampal activity, whose alterations were associated with iron changes
and anxiety*s. However, we did not find changes of BDNF mRNA levels in hippocampus of Tfr2-KO mice com-
pared to WT animals (Fig. 4SD). Of note, IED in WT animals also triggered a response that promoted a diffuse
and aspecific upregulation of cFos throughout most brain areas (Fig. 3S). Thus, iron alterations due to Tfr2 defi-
ciency positively and specifically modulate neuronal activation in the CA3-CA1-mPFC-BLA circuitry, while they
do not alter the neuroendocrine compartment implicated in anxiety regulation.

Given the high levels of expression of Tfr2 alpha in the Mossy fiber pathway, we further hypothesized that the
activation of the anxiety circuitry were triggered by altered signals conveyed by Mf to CA3 neurons. Therefore, we
investigated possible changes in the density of glutamatergic vGlut1/2+ terminals in CA3. While no difference
was observed in the number of VGlutl+ puncta, the density of anti-VGlut2 positivity significantly increased at
this site, suggesting incremented excitation and terminal remodelling (Fig. 5T,U,V). Collectively, these data are
consistent with a role of Tfr2 alpha in the regulation of both the Mf output and the activity of the anxiety system.

Increased microglia reactivity, dystrophic changes and death in Tfr2-KO mice. Recent findings
indicate that microglia alterations are frequently associated with increased stress and anxiety**. Although immu-
nohistological analyses did not reveal alterations of the gross anatomy of the Tfr2-KO mouse brain (Fig. 55),
in Tfr2-KO we found a decrease in the density of microglial cells identified by labelling for the ionized
calcium-binding adaptor molecule 1 (Ibal), (Fig. 6A,B). This decrease occurred throughout the brain and was
quantified in Tfr2-KO mouse cerebral cortex (Fig. 6A,B,F) and hippocampus (Fig. 6G,H).

Here, the density of both reactive (i.e showing hypertrophy and very thick short processes Fig. 6C) or degen-
erating (i.e. bearing fragmented or dystrophic processes and a pyknotic nucleus; Fig. 6D-E’) Ibal+ cells appeared
significantly increased compared to WT mice (Fig. 6G,H), suggesting that reactive and degenerative events occur
in parallel and that the latter changes dominate, thereby resulting in the reduction of the microglial pool in the
Tfr2-KO mice.

In order to understand the correlation of the Tfr2-KO microglial phenotype with iron overload and/or anxiety,
we looked at microglia in Tfr2-KO IDD and WT IED mice. Despite recovering a physiological density of Ibal+
cells in the cerebral cortex, (Fig. 6F), KO IDD mice still displayed some microglia activation and degeneration in
the examined areas (Fig. 6G,H). Low iron levels in these mice (Table 1) indicated that such microglial alterations
might not be due to iron overload per se. Yet, the decrease in microglial density could be a factor participating in
the behavioural abnormalities found in Tfr2-KO mice. However, in WT IED animals microglia are also dimin-
ished in the absence of anxiety signs (Fig. 6F). Moreover, microglial reactivity and degeneration occurred in both
Tfr2-KO IDD (Fig. 5) and WT IED mice (Fig. 6S) in the absence of an anxious phenotype, indicating that these
features are also not directly linked to anxiety. Interestingly, we found signs of ongoing inflammation (as moni-
tored by levels of the Serum Amyloid A1 (SAA1) acute phase protein®; Fig. 7S) in the brain of WT IED mice but
not in those of Tfr2-KO animals, suggesting that Tfr2 may be implicated in the regulation of the inflammatory
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Figure 5. Activity-related immediate early genes in anxiety circuits. The immediate early genes cFos (A-H)
and Zif-268 (I-K) are upregulated in neurons of the CA1 (F,G) and CA3 (A,B) areas of Tfr2-KO mice compared
to WT brains, while no increase in positive cells occurs in the PVN (D,E). Quantifications of the number

of positive nuclei over the area of the corresponding layers show that cFos+- or Zif-268+ cells significantly
increased in mutant mice in standard conditions while they return to control levels in mutant fed with IDD
diet (H,K,L,M,P,Q). This very same trend is found in the mPFC and BLA (N,O,R,S). (T-V) Quantifications

of glutamatergic terminals in CA3 (red in (U,V)) show that vGlut2+ puncta are higher in number in Tfr2-KO
mice, while vGlut1+- ones do not differ from WT. Asterisks refer to statistically significant differences:

*P < 0.05, **P < 0.01, ***P < 0.001. Scale bars: 100jum, IDD, iron deficient diet; IED, iron enriched diet; PVN,
periventricular hypothalamic nucleus; mPFC, medial prefrontal cortex; BLA, basolateral amygdala; error bars,
standard error of the mean. Statistically significant results are reported in Table 1S.
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Figure 6. Microglial phenotypes in Tfr2-KO and WT mice. Immunofluorescence (A-E’) and quantification
(F) of microglial cells using Ibal marker in total brain. Quantification of reactive (G) and degenerating (H) cells
in cortex (Ctx) and hippocampus (Hip). Arrowheads indicate Ibal+ microglia density (A,B). Arrows indicate
reactive morphologies (C), signs of degeneration (yellow arrows, D) and pyknosis (arrows in (E), E’). Asterisks
refer to statistically significant differences: *P < 0.05, **P < 0.01. Statistically significant results are reported in
Table 1S. CTX, neocortex (primary M1 motor cortex); HIP, hippocampus; IDD, iron deficient diet; IED, iron
enriched diet; error bars, standard error of the mean. D; E; single optical slices. Scale bars: 20 pm.

profile of these cells. Thus, microglia appear to strongly respond to alteration of iron metabolism but they do not
play a specific role in the behavioural alterations of Tfr2-KO.

Discussion

In this work we show that Tfr2 germinal silencing affects brain iron homeostasis. Furthermore, we reveal that
Tfr2 alpha is highly expressed in neurites of brain circuits of anxiety and stress disorders. This pattern, together
with the prominent anxious behaviour of Tfr2-KO mice, strongly suggests a role for Tfr2 alpha in the regulation
of anxiety circuits. Finally, our results further highlight a particular sensitivity of microglia to perturbations of
iron metabolism, even when peripheral iron accumulation is moderate and does not associate with behavioural
alterations.

Tfr2 alpha is the mainly transcribed isoform of the TFR2 gene, whose mutations are responsible of a form of
hereditary hemochromatosis named HFE3°. Hereditary haemochromatosis is a genetically heterogeneous disease
due to functional impairment of the iron hormone Hepc and of several Hepc regulating proteins®.

Tfr2 alpha s a key iron sensor that, in liver, triggers a signal transduction cascade that activates the expression
of Hepc, a small protein that reduces iron efflux from cells and leads to its intracellular accumulation®. Tfr2 beta
isoform is instead known to exert a role in iron efflux in spleen reticuloendothelial cells®. So far, several papers
reported a Tfr2 alpha expression in the nervous tissue**** that was proposed to be restricted to specific brain
regions****. Our transcriptional and immunohistological analyses validated in Tfr2-KO mice, showed relevant
Ttr2 alpha expression in the nervous tissue and revealed Tfr2 alpha protein distribution in the neurite compart-
ment of limbic areas implicated in anxiety and stress response. This expression pattern is not fully consistent with
those previously reported in human tissues?, that described Tfr2 expression only in the cerebellum. While this
discrepancy may be due to species-specific factors, open access transcriptome data published on GEO Profiles
indicate that in both humans and rodents Tfr2 is not exclusively expressed in the cerebellum and is detected in
hippocampus, cerebral cortex, basal ganglia and amygdala (Profile: GDS2678/40311_at/, Brain regions of humans
and chimpanzees; Profile: GDS1406/160674_at/Tfr2, Brain regions of various inbred strains). Further, a low and
ubiquitous Tfr2 alpha expression in mouse neural cells and brain endothelium below the sensitivity of the detec-
tion approach applied in this study may occur. Indeed, the diffuse upregulation of Hepc in WT IED brains sup-
ports the presence of a more widespread Tfr2 alpha expression.
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Based on the key role of Tfr2 in regulating liver iron load, one obvious expectation was to find an increased
iron amount in the parenchymal nervous tissue upon Tfr2 deletion. Indeed, in total brain extracts of Tfr2-KO
including circulating blood, BIC was significantly higher than that of both WT and WT IED, underscoring that
in these animals brain parenchyma is exposed to a higher iron amount. Moreover, Perls’ staining on brains from
Tfr2-KO perfused mice revealed that iron accumulates in some of the brain regions where we found relevant Tfr2
expression (hippocampal CA1 and CA3, PVN) as well as in compartments, such as the choroid plexi, which are
sites of iron trafficking between systemic circulation and the brain environment®'.

Yet, despite iron deposition, no changes in Hepc protein levels were observed in the nervous tissue, as detected
by WB and immunofluorescence. Thus, the strong Hepc reduction in samples containing circulating blood
reflects essentially peripheral/systemic Hepc blunting in the absence of Tfr2.

In line with an increased iron amount in Tf2-KO brain, levels of the iron storage protein ferritin globally
increase. Ferritin H subunit in particular, is specifically increased in Tfr2-KO mice. This induction may reflect
the need to counteract the deleterious effects of an enhanced iron-based Fenton reaction, which produces dam-
aging hydroxyl radicals®. Tf protein is overexpressed in both WT IDD and Tfr2-KO IDD brain, as expected in
condition of iron deprivation***, Unexpectedly Tf displays an increase, although not statistically significant, also
in Tfr2-KO brains from non-perfused mice, while it is comparable to WT levels in brains from perfused animals.
These results are consistent with the additional presence of blood Tf in non-perfused brains.

There is a tendency to decrease for the iron importer DMT1 in Tfr2-KO brains, in agreement with a higher
iron content, at least in defined cell type(s) of the brain tissue. Moreover, its increase both in Tfr2-KO IDD and
in WT IDD mice brain is a correct response to iron deprivation based on the activation of the intracellular iron
regulatory IRE/IRP response system**. Overall these alterations are consistent with a Tfr2 alpha-dependent dys-
functional iron handling in the brain, even though we cannot exclude that over time an exacerbation of the iron
burden in WT IED animals could eventually lead to a phenotype overlapping that of Tfr2-KO mice.

From the behavioural point of view, iron increase in Tfr2-KO mice was accompanied by anxious-like behav-
iour as assessed by the EPM, where Tfr2-KO SD mice spent proportionally less time in the anxiogenic arm com-
pared to other genotypes and conditions. Anxiety-like behaviours were dependent on iron increase, because they
were reverted by IDD in Tfr2-KO mice. Despite in this study we cannot definitively dissect the contribution of
systemic vs. parenchymal iron overload to the anxious phenotype, lack of anxiety signs in WT IED mice that are
systemically overloaded but with normal brain iron content - as notably detected without perfusion to wash away
the contaminating blood-, suggests that increased parenchymal iron deposits play a prominent role in promoting
behavioural alterations. However, the lower systemic iron load in WT IED mice compared to Tf#2-KO mice may
take part in the absence of the phenotype. In former studies both iron deficiency and iron overload during critical
developmental windows or at adult ages have been shown to affect emotional behaviour in rodents**. However,
the biological mechanisms mediating the effect of iron level alterations at early or mature stages are likely to be
distinct. While precocious actions are plausible to rely on abnormal circuit formation, here we find changes of
circuit activity, possibly accompanied by some degree of remodelling (see below). In line with our findings, a
former study on the effects of experimental brain iron overload (i.p. injections of 3 mg/kg of ferrous sulphate
for 5 consecutive days) also reported anxiety in rats, though in association with defects in spatial learning™.
Moreover, iron-deficiency was also shown to lead to anxiety in mutant mice, likely due to the iron requirement
in the synthesis of serotonin and noradrenaline*. Since WT IDD mice in this study did not show a brain-specific
iron decrease, they are not expected to show behavioural alterations associated with brain iron deficiency. Finally,
no data are known about brain iron metabolism in the few HFE3 iron overloaded patients available and no sign of
neurological alterations has been evidenced so far. Nevertheless, it must be taken into account that these patients
nowadays undergo early diagnosis and efficient phlebotomy until serum iron parameters normalization.

Consistent with behavioural data, in Tfr2-KO mice we found a specific and selective overactivation of the
limbic circuits controlling anxiety and stress responses, as demonstrated by increased expression of cFos and
Zif-268 (Fig. 8S). Surprisingly, also IED in WT mice promoted cFos/Zif-268 upregulation in the brain, but that
was far more broad and intense compared to Tfr2-KO animals, suggesting that distinct mechanisms account for
the induction in the two experimental models. These data provide in-depth explanation to former hints indi-
cating that alterations of iron homeostasis affect expression of neurotransmitters and trophic factors'®!¢264853,
Importantly, in Tfr2-KO cFos/Zif-268 upregulation declined in IDD, thereby showing dependence on iron levels.
Notably, in Tfr2-KO mice all the limbic stations displayed enhanced activity, with the exception of areas belong-
ing to the neuroendocrine stress axis, whose functioning appears unaffected as shown by absence of alterations
in PVN CRF and blood corticosterone (Fig. 4S). Moreover, we report an increased V-Glut2 positivity compared
to control levels in the CA3 Mf terminal field suggesting that Tfr2 deletion may affect the final output of the Mf
pathway by inducing terminal remodeling or promoting immature traits in these fibers, in line with restriction of
V-Glut2 during immature developmental stages™. Several studies have shown a positive correlation between Mf
sprouting and increased anxiety-like behaviour in rodents*¢->?, suggesting that the Mf system may contribute to
modulation of anxiety-like responses. Thus, collectively data are consistent with a model where Tfr2-dependent
alterations in iron homeostasis affect the activity of the main brain areas responsible for the neural control of
emotional behaviour, and promote anxiety. Further, high Tfr2 alpha expression along Mf and in nuclei of the
limbic circuit suggests a specific role for this isoform in the regulation of the anxiety circuits.

It is interesting to note that activity alterations and behavioural abnormalities in Tfr2-KO mice are not due to
degenerative events in neurons or astrocytes. We found degeneration only in microglia, that also display increased
iron storage in KO mice, as detected by Perls’ staining. This suggests that iron-mediated challenge may be com-
pensated in other neural cells. Yet, microglial loss and alterations were also found in WT IED brains that did not
show behavioural alterations, ruling out their role in the detected anxious-like traits. Nevertheless, microglial
cells were clearly affected in the Tfr2-KO mice and displayed reactivity, dystrophic changes and death. These find-
ings are in line with their known action as buffering elements that counteract disturbances in iron regulation®.
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However, in our study, microglial alterations are detected not only in Tfr2-KO SD but also in WT IED mice,
thereby excluding their specific dependence on Tfr2 abrogation and supporting the hypothesis that either the
altered or increased iron processing is responsible for the observed dystrophic modifications and degeneration
in microglia.

Taken together, these data add to the growing body of evidence that alterations of systemic iron loading affect

brain homeostasis and functioning, and reveal a specific role for Tfr2-dependent iron overload in the control of
iron regulatory network in the brain tissue as well as in the control of anxious behaviours.
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ABSTRACT

During physiological aging, iron accumulates in the brain with a preferential distribution in regions
that are more vulnerable to age-dependent neurodegeneration such as the cerebral cortex and
hippocampus. In the brain of aged wild-type mice, alteration of the Brain Blood Barrier integrity,
together with a marked inflammatory and oxidative state lead to increased permeability and
deregulation of brain-iron homeostasis. In this context, we found that iron accumulation drives
Hepcidin upregulation in the brain and the inhibition of the iron exporter Ferroportinl. We observed
a NCOA4-dependent ferritinophagy of ferritin heavy-chain isoform which determines the increase of
light-chain enriched ferritin heteropolymers, more efficient as iron chelators. Interestingly, in cerebral
cortex and hippocampus, Ferroportinl is mainly expressed by astrocytes, while the iron storage
protein ferritin light-chain by neurons. This differential distribution suggests that astrocytes mediate
iron shuttling in the nervous tissue and that neurons are unable to metabolize it. Our findings highlight
for the first time that Hepcidin/Ferroportinl axis and NCOA4 are directly involved in iron metabolism
in mice brain during physiological aging as a response to a higher brain iron influx.

Keywords: Aging / Blood Brain Barrier / Hepe / Iron / Neurodegeneration
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Introduction

Iron is essential in many cellular and biological processes but it can also generate Reactive Oxidative
Species (ROS) by Fenton reaction, contributing to the pathophysiology of many diseases !. Iron
homeostasis is guaranteed by the action of proteins involved in iron import: Transferrin (Tf),
Transferrin Receptors (TfR1), and Divalent Metal Transporter 1 (DMT1); iron export: Ferroportin 1
(Fpnl) ? and iron storage: cytosolic ferritin (Ft) heteropolymer, composed of 24 subunits of ferritin
heavy (Ft-H) and light (Ft-L) chains . However, the regulator of iron content and availability in the
body is Hepcidin (Hepc), a peptide mainly produced by hepatocytes, that regulates iron levels by
interacting with Fpn1. When body iron increases, Hepc rises as well and this causes Fpnl degradation
and, consequently, iron retention by the cells. So, Hepc lowers the amount of iron in the serum !,
controlling intestinal iron uptake and release from splenic macrophages *, according to the body’s
needs. The opposite situation occurs in iron deficiency conditions (i.e. anemia, hypoxia, ineffective
erythropoiesis) *°.

A new protein involved in iron metabolism is the Nuclear Receptor Coactivator 4 (NCOA4), a cargo
protein able to promote selective autophagic ferritin degradation °. After NCOA4 binding to Ft-H,
ferritin is carried to the lysosome and degraded and iron is released in the cytoplasm, modulating
intracellular iron regulation, via “ferritinophagy” 7. NCOA4 levels are in turn regulated by
intracellular iron status 7 and by the interaction with HERC2, an E3 ubiquitin-protein ligase ’%. In a
NCOA4 knockout mouse model, it has been shown an iron phenotype with increased levels of Tf
saturation, serum Ft and liver Hepc and an increase of Ft deposits in the liver and spleen °. Recently,
an extra-hepatic function of NCOA4 was demonstrated '°. However, up to now, no data are available
on brain NCOA4 and Hepc/Fpnl expression and function during aging or neurodegeneration.

In the brain, iron regulates important functions such as neurotransmission, myelination and division
of neuronal cells !!. Iron reaches the brain crossing the Blood Brain Barrier (BBB) 2. Iron up-take is
then mediated by TfR1 expressed on the luminal side of brain capillaries 3. Once inside the cell, iron
is released into the cytoplasmic space and exported through the abluminal membrane by unknown
mechanisms in which Fpnl and other transporters may be involved 4.

It has been shown that Hepc is present in the brain, in mature astrocytes and oligodendrocytes °,
where it plays a role in the control of iron amount together with its own iron regulatory proteins 4.
However, it is not yet clear whether the Hepc acting on Fpnl in the brain is the one produced in the
liver or not !°. Although the peptide size and its amphipathic cationic structure ¢ would allow hepatic
Hepc to pass the BBB, it has been shown that there is an endogenous cerebral Hepc expression !” and
that it responds to brain iron state !,

Several conditions which are typical of aging such as inflammation, BBB damage due to the release
of inflammatory mediators, free radicals and vascular endothelial growth factor ! cause iron
redistribution and unbalance in the brain .

With age, iron accumulates in the cerebral cortex (Ctx) and in the hippocampus (Hip), regions which
are involved in neurodegenerative disorders 2, but the underlying mechanism it is not yet known.
Here we demonstrated that NCOA4, Hepc and Fpnl are activated in WT mice brain during
physiological aging as a consequence of iron accumulation and that they participate to brain response
to increased iron entry. Furthermore, we assessed the astrocytic-neuronal crosstalk and we found that
the iron exporter Fpnl co-localizes with astrocytes, while neurons are enriched in the iron deposit Ft-
L heteropolymers, both in the Ctx and Hip. These data suggest that, while glial cells enhance iron
export in the nervous tissue, neurons accumulate it, triggering neurodegenerative processes.

2
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Results

Iron amount and distribution in the brain during aging correlates to the level of BBB
permeability. Brain Iron Content (BIC) increases during aging at each experimental time point (Fig.
1A) in different brain areas as shown by histochemical analysis with DAB-enhanced Prussian blue
Perls’ staining (Fig. 1B). WT O mice show an increased number of brown precipitates compared to
WT A mice in specific parenchymal region such as Ctx, Hip CA regions, third ventricle (3V) and
striatum. Similarly, we also observed an age-dependent increase in the levels of iron in liver and in
serum of old mice indicating a general perturbation of iron metabolism with physiological aging
(Suppl. Fig. 1S). Since progressive BBB damage is occurring not only in neurodegeneration 2! but
also during aging, we analysed ZO-1 protein, whose role is to maintain the compactness of BBB
acting as a bridge connecting Claudin and Occludin proteins to the actin cytoskeleton in order to
stabilize the tight junction (TJ) structure 2. ZO-1 levels significantly decrease during aging (Fig. 1C),
therefore, we can hypothesize that age-dependent BBB altered permeability, could contribute,
together with age-dependent metal dyshomeostasis, to iron accumulation in specific areas of the brain
during physiological aging.

Increased inflammatory and oxidative stress state during brain aging. The two main markers of
neuroinflammation and oxidative stress, SAA1 23 and N1f2 4, are overexpressed in aged brains. SAA1
expression levels is more than 20 times higher in WT O animals compared to WT A (Fig. 2A) and
Nrf2 expression levels are constantly increasing during aging (Fig. 2B).

Moreover, we performed immunohistochemistry to selectively label reactive intermediate filament
protein (GFAP)-positive astrocytes. In fact, GFAP is an indicator of neuroinflammation in the CNS
25 and it is also involved in the progression of neurodegeneration in ischemia, AD, MS, Amyotrophic
Lateral Sclerosis (ALS) and PD 22 In addition, we also checked the expression of IBA-1, a
microglia/macrophage-specific calcium-binding protein which is also a key molecule in
proinflammatory processes 2°. We identified high astrocytes activation and an increased expression
of microglia in both parenchymal regions of WT O mice where iron accumulated, Ctx and Hip,
compared to those of WT A (Fig. 2C and D).

These data show that iron accumulation in the brain is accompanied by the neuroinflammatory and
antioxidative stress response.

Hepc/Fpnl activation and ferritins response to iron accumulation during brain aging via
ferritinophagy. In order to evaluate if the Hepc/Fpnl axis has a role during brain physiologic aging,
we measured both Hepc and Fpnl in the whole brain of aged mice. Interestingly, we observed that
Hepc gene expression significantly increases in WT M-A and WT O mice brain (Fig. 3A), while Fpnl
protein decreases (Fig. 3B). To investigate how neuronal cells responded to the increase of iron
amount, we analysed in the total brain also the iron deposit protein ferritins (Ft) and separately
evaluating the two polymers: ferritin light-chains (Ft-L) and ferritin heavy-chains (Ft-H). As
expected, we observed a significant increase in Ft-L amount (Fig. 3C), but a 40% reduction of Ft-H
in WT O animals' brains compared to the WT A (Fig. 3D). To verify if these differences could be
caused by the action of the ferritinophagy inductor NCOA4, we checked for its levels of transcription
and translation in the brain. NCOA4 gene results to be highly transcribed in the brain and its
expression is comparable to that of the liver (Ct values 25+1 and 24+1.5 respectively) (Fig. 3E and

9).
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Furthermore, NCOA4 protein amount is also significantly increased in WT O mice brain compared
to WT A (Fig. 3F).

Altogether, these results demonstrate that in old mice brain iron accumulation together with the
inflammatory condition (Fig. 2A-C and D) induces Hepcidin expression and, consequently, Fpnl
degradation; therefore, activation of the Hepc/Fpnl pathway in the brain promotes cellular iron
retention. Furthermore, our results show for the first time that NCOA4 is transcribed in the brain
during aging in response to iron accumulation and suggest that NCOA4 can promote the formation
of Ft-L heteropolymers, more suitable to iron storage, acting specifically on Ft-H degradation.

Cellular distribution of iron deposits and export proteins in Ctx and Hip. Due to the presence of
important deposits of iron in the Ctx and Hip (Fig. 1B), we decided to analyse Fpnl expression in
that specific brain compartments. Even tough, we observed a decrease of global Fpnl levels after
Hepc induction in the total homogenates, immunofluorescence experiments revealed a localized
increase of the protein specifically in WT M-A and WT O mice Ctx and Hip compared to the same
WT A mice areas (Fig. 4A). We hypothesized that the Fpnl reversal distribution could be due to a
differential expression and activity of Hepc/Fpnl at the cellular level. Therefore, we co-labelled Fpnl
with a specific astrocytic and neuronal marker, GLAST and VGLUT], respectively. We found that
Fpnl increases with aging and co-localizes with astrocytes in the Ctx and Hip, while it remains
constant in neurons compared to WT A mice areas (Fig. 4B).

Additionally, to discriminate if the accumulation of iron occuired specifically inside neurons and/or
astrocytes, we co-stained Ft-L and Ft-H with MAP-2 and GFAP, respectively. Compared to WT A,
in WT O mice brains we observed a specific and marked increase of Ft-L deposits in cortical and
hippocampal neurons but not in astrocytes (Fig. 4C). Ft-H isoform was also identified in the soma of
cortical and hippocampal neurons (Fig. 4D), and resulted to be less abundant than Ft-L isoform in
these cells. These results demonstrate that there is an “iron cross-talk” between astrocytes and neurons
but they are participating differently in the process of iron distribution and metabolism/accumulation.

Discussion

During aging and in neurodegenerative diseases with old age onset such as PD and AD, an increase
in iron content was observed in multiple brain regions 33!, In pathological conditions, it was
demonstrated to be the cause of motor deterioration '? and of proteins aggregation > leading to cellular
stress 33, Parallel to deposition of iron in the brain, in the periphery, systemic iron levels decrease and
old subjects are subjected to anemia 3.

Systemic iron regulation is based on a complex protein regulatory system in which the hepatic
Hepcidin (Hepc) plays a major role. Indeed, the iron dependent modulation of Hepc expression
determines de facto iron availability in the body *. In the brain, iron homeostasis is regulated by the
same proteins network that acts at the systemic level ** and the Hepc regulatory system is active also
in the CNS 3!. Indeed, Hepc is expressed by glial cells and neurons from different brain regions and,
under brain iron accumulation, it is activated and it induces Fpnl decrease *¢*7. However, it is not
clear yet whether this rely on brain or hepatic Hepc °. Moreover, it is not known how this regulatory
system respond to intracerebral iron increase during aging. Intrigued by this question, we studied the
brain expression of proteins involved in systemic iron homeostasis in wild type (WT) mice during
aging.

We characterized the state of the brain at different ages by studying BBB integrity, brain
inflammation and oxidative state, all key features related to the process of aging and that influence
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iron homeostasis (Figures 1 and 2). It is known that BBB mitigates iron entry from the blood to the
brain through highly regulated and selective systems: iron crosses the BBB bound to Tf through TfR-
mediated endocytosis *¥and brain vascular endothelial cells (BVECS) export intracellular iron using
Fpnl, whose activity is conditioned by the iron ferroxidases ceruloplasmin and hephaestin **. Finally,
iron is acquired by nervous cells through iron transporter proteins, as DMT1, and released from these
cells through Fpn1 3.

It is also known that iron accumulation in the brain, triggers the release of pro-inflammatory
cytokines, determining an environment prone to neurodegeneration *°.

Indeed, we demonstrated the progressive accumulation of iron during physiological aging in the
Ctx, Hip, third ventricle and striatum and the parallel decrease of the BBB integrity. As a consequence
of iron accumulation, the transcription of SAA-1, a protein related to acute inflammation and marker
of neuroinflammation, **! described also in AD as able to stimulate the release of cytokines and
chemokines 2>*!, increases up to 1000 times in old mice brain. Moreover, the transcription of N1f2, a
redox-sensitive transcription factor 2*, is also increased, supporting the evidence of a stressful
condition in WT O mice brain.

During aging, a consistent activation of astrocytes and a generalized neuroinflammation are evident

42 In line with these findings, in both Ctx and Hip of WT O mice we observed high astrocytic and
microglial activation.
Interestingly, in this context of increased iron deposition and inflammation in the brain, we found the
activation of the Hepc/Fpnl pathway: brain Hepc transcription increases and brain Fpnl amount
gradually decreases during aging. These observations are in line with what Sato and colleagues
observed in the cerebral cortex and in mitochondria isolated from the brain of aged mice **. To better
decipher the mechanism of the regulation of iron content in neuronal tissue during physiological
aging, we also analyzed the iron deposit protein Ft and a newly characterized protein, NCOA4 since
it is involved in Ft degradation and its inactivation in mice causes iron accumulation in the liver °.
Specifically, NCOA4 promotes autophagic ferritin degradation through its binding to Ft-H subunit
74 Ferritin levels are enhanced in a cellular model (HeLa cells) in which NCOA4 is silenced,
suggesting that ferritin is constantly degraded by an NCOA4-dependent pathway °. Surprisingly, in
old mice's brains we found an increased amount of NCOA4, contrary to what happens in the liver °.
Furthermore, specifically evaluating the ferritin polymers, we observed an increase of Ft-L and a
decrease of Ft-H chains in the aged mice brains. These data demonstrated that a differential Ft chains
degradation occurs in both cortical and hippocampal neurons of old animals. We can suppose that Ft-
L enriched heteropolymers are more efficient in iron chelation * and are also more abundant in cortical
and hippocampal neurons since Ft-H is selectively degraded by NCOA4.

Interestingly, when we analysed by immunofluorescence the specific areas in which there is the
highest iron amount, Ctx and Hip, we found that Fpnl is increased in old mice contrary to what
happens in the total brain homogenates. This could be due to 1) a differential and local regulation of
brain iron, i) a dilution of Ctx and Hip region in the total brain homogenate or iii) a misregulation of
Hepc and/or Fpnl transcription and translation due to abnormal iron amount in the cells of these
regions. Indeed, we showed that Fpnl amount in old mice brain is cell specific.

Since it increases in cortical and hippocampal astrocytes and remains unchanged in neurons, all this
regardless of the relevant Hepc increase (30x) in total brain. This could be due to: 1) a different
detoxifying mechanism carried out by neurons and astrocytes, aimed to store or remove iron excess,
respectively; i1) an impairment of the Hepc/Fpnl physiologic metabolism of cortical and hippocampal
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neurons and astrocytes due to the selective increase of iron amount in these regions; iii) the fact that
Fpnl expressed in these cells could be one of the different and already characterized isoforms, which
is not responsive to Hepc or modulated through different mechanisms *6. On the contrary, Ft-L
increase and Ft H decrease were evident in cortical and hippocampal neurons close to the soma, but
not in astrocytes.

On the whole, this data revealed that aging dependent brain iron accumulation compromises the cells
specific response: astrocytes, which are less susceptible than neurons to iron deposits-related toxicity
47 and which play a protective role towards neurons **, have an increased iron export, while, neurons
increase the metal storage in Ft-L rich heteropolymers. These deposits could trigger the neuronal
death in Ctx and Hip evidenced during aging and even more during neurodegeneration *°.

Furthermore, we showed that brain cells respond to higher intracellular iron amount by increasing

NCOAA4, that could be responsible for a selective degradation of Ft-H, promoting in turn the formation
of Ft-L rich heteropolymers, more effective for iron storage.
In conclusion, we demonstrated that even during physiologic aging, iron accumulates in the brain and
that its accumulation, selectively localized in the Ctx and Hip, triggers neuroinflammation and the
modification of the Hepc/Fpnl pathway, all this enhancing iron availability imbalance and oxidative
stress that could lead to neurodegeneration (Fig. 5).

In perspective, since NDs are characterized by inappropriate Hepc production *%, a therapeutic
approach aimed at modifying the Hepc response could be taken in consideration. Different strategies
could be used, such as mini-Hepc and Hepc agonists *>*° by the stimulation/inhibition of Hepc
production by targeting its regulators *>#%°1*  Additional research studies in animal models of NDs
are required to clarify the CNS response to the increased iron aimed to exploit the results for the
prevention and clinical management of patients with these diseases.

Methods

Animals. C57BL/6J mice (WT) used for the study were purchased from the Jackson Laboratory and
subdivided for age according to its classification (https://www.jax.org): until 2 months of age mice
are considered Young (WT Y n=5); from 2 to 6 months of age Adult (WT A n=7); from 6 to 12
months of age Middle-aged (WT M-A n=5) and from12 months of age (between 18-24 months of
age) Old (WT O n=5) (Table 1S). Since from a pilot analysis on potential gender-related issues, no
gender bias was observed (Suppl. Fig. 2S), both male and female mice were analysed and grouped
according to their age. Mice were housed in polycarbonate cages (Tecnoplast, Buggirate, Italy)
provided with sawdust bedding, boxes/tunnels hideout as environmental enrichment. Food and water
were provided ad libitum; environmental conditions were 12h/12h light/dark cycle, room
temperature 24 °C + 1 °C and room humidity 55% + 5%. Each group of mice was fed with a Standard
Diet (SD) (VRFI1, Special Diets Services, Essex, United Kingdom). Mice were anaesthetized
(ketamine, 100 mg/kg; Ketavet, Bayern, Leverkusen, Germany; xylazine, 5 mg/kg; Rompun; Bayer,
Milan, Italy) and sacrificed by cervical dislocation. To performed histological analysis, a subset of at
least n=5 WT A and WT O mice were transcardially perfused with 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS). Animals housing and all the experimental procedures were
performed in accordance with European (Official Journal of the European Union L276 del
20/10/2010, Vol. 53, p. 33-80) and National Legislation (Gazzetta Ufficiale n°® 61 del 14/03/2014, p.
2-68) for the protection of animals used for scientific purposes and the experimental procedure was
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approved by the Ethical Committee of the University of Turin and conducted according the ARRIVE
guidelines.

Real-time quantitative PCR. Total RNA from whole brain was extracted with TRIzol reagent. For
reverse transcription, 2 pg of total RNA, 25 uM random hexamers and 100 U of reverse transcriptase
(Applied Biosystems, California, USA) were used. Gene expression levels were measured using Real-
time quantitative PCR in a CFX96 Real-time System (Bio-Rad, California, USA). For Nuclear factor
erythroid 2-related factor 2 (Nfi2) and NCOA4 gene analysis, SYBR Green PCR technology
(EVAGreen, Bio-Rad, California, USA) was used with specific primers (Suppl. Table 2S). For Hepc
and Serum Amyloid A1 (SAA1) genes analysis, Tagman PCR method was used (Assays-on-Demand,
Gene Expression Products, Applied Biosystems, California, USA). B-glucuronidase (Gus-f§) was used
as housekeeping control. Real-time quantitative PCR of the animals’ transcripts was carried out

making duplicates of each n (n per group= min 3). The results were analyzed using the AACt method
54

Immunoblotting. The Fpnl, Ft-H, Ft-L, NCOA4 and Zonula occludens-1 (ZO-1) proteins’ amount
in the whole brain homogenates was evaluated by Western Blotting using specific antibodies. 50 pg
of total brain lysates were separated on 6-12% SDS polyacrylamide gel and immunoblotted >°.
Primary antibodies Fpnl (G-16), B-Actin (C-4), NCOA4 or ARA 70 (H-300) (Santa Cruz
Biotechnology, Dallas, Texas, USA), ZO-1 (GeneTex, California, USA) and Vinculin
(Invitrogen, Massachusetts, USA) were used. Antibodies used to detect Ft-H and Ft-L were provided
by Sonia Levi, University of Vita Salute, Milan, Italy. Data were normalized on B-Actin or Vinculin
amount in the same samples (Image Lab 4.0.1 Software, Bio-Rad, California, USA) *¢. Complete
reference to all the antibodies is reported in Suppl. List 1.

Immunofluorescence. Animals were perfused, brains were removed, post-fixed in PFA for 24h at
4°C and cryoprotected in 30% sucrose in 0.12 M phosphate buffer *”. Brains were cut in 30 um thick
coronal sections collected in PBS and then stained to detect: Fpnl (G-16, Santa Cruz Biotechnology,
Dallas, Texas, USA), Ft-L, Ft-H (S. Levi, University of Vita Salute, Milan), Glial Fibrillary Acidic
Protein (GFAP) (Dako, California, United States), Microtubule-Associated Protein 2 (MAP-2)
(Merck Millipore Burlington, Massachusetts, United States), Vesicular Glutamate Transporter 1
(VGLUTI1) (Merck Millipore Burlington, Massachusetts, United States), Glutamate Transporter
(GLAST) (Thermo Fischer Scientific Waltham, Massachusetts, United States) and Ionized calcium-
binding adaptor molecule 1 (IBA-1) (Abcam, Cambridge, United Kingdom). After overnight
incubation at 4°C in PBS with 2% normal donkey serum (NDS) *®, sections were exposed to Cy2-,
Cy3- (Jackson ImmunoResearch Laboratories, West Grove, PA) and 647 Alexa Fluor-conjugated
secondary antibodies (Molecular Probes Inc, Eugene Oregon) for 1 h at room temperature. DAPI
(4,6-diamidino-2-phenylindole, Fluka, Italy) was used to counterstain cell nuclei. After processing,
sections were mounted with Tris-glycerol supplemented with 10% Mowiol (Calbiochem, LaJolla,
CA). The samples were examined by a Leica TCS SP5 confocal laser scanning microscope (Leica,
Mannheim); z-stacks images were taken at 40X and 63X magnification.

Iron parameters. Brain nonheme iron content (BIC) was evaluated using 20 mg of dissected and
dried murine whole brains *°. Perfused brains were stained for nonheme ferrous iron by Prussian blue
Perl’s using a commercial kit (Bio-Optica, Milan, Italy). To improve the sensitivity, an intensification
step with DAB (3-3’-diaminobenzidine tetrahydrochloride) %° was performed. Images were taken at
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10X magnification using a Leica DM4000B automated microscope with IM50 program for
acquisition (Leica Microsystems, Wetzlar, Germany).

Statistical analysis. One-way ANOVA followed by Bonferroni’s post hoc analysis or two-tailed
Student’s t-test were applied according to the experimental group’s number. P values of <0.05 were
considered as statistically significant. Analyses were performed with Image Lab 4.0.1 and GraphPad
Prism 7.00. Data were expressed as average = SD of the mean. Significance was defined as *P< 0.05,
**P<0.01 and ***P<0.001. WT adult (A) mice were used as normalizer. The number of samples in
each experimental condition is indicated in the figure legends. In each Western Blotting experiment,
we reported 3 samples per group.
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Figure Legends

Figure 1. Iron accumulation in WT mice brain and impaired permeability of blood brain
barrier (BBB).

(A) Brain Iron Content (BIC) from mice total brain at different ages. (B) Sections of mice brain
stained with DAB-enhanced Prussian Blue staining in cerebral cortex (Ctx), hippocampus (Hip), third
ventricle (3v) and Striatum during aging. Scale bars:10X. Results on Liver Iron Content (LIC),
Prussian Blue staining and serum iron are shown in Suppl. Fig. 1S. (C) Western blotting analysis and
quantification of Zonula occludens-1 (ZO-1). Vertical black lines indicate image taken from different
gels. Full length ZO-1 blot with a positive control (HeLa cells) is shown in Suppl. Fig. 3S.
*Statistically significant vs WT A control group *P <0.05; **P <0.01 ***P <0.001 using two-tailed
Student’s t-test. Number of analyzed mice: WT Y n=5, WT A n=7, WT M-A n=5 and WT O n=5.

Figure 2. Iron-dependent inflammatory response and oxidative stress during aging.
(A) Real-time PCR of Serum amyloid A1 (SAAL1) in total brain from all genotypes. (B) Nuclear factor
erythroid 2-related factor 2 (N1f2) mRNA expression levels in total brain. The expression levels of
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the two genes were normalized to levels of B-glucuronidase (Gus-f) housekeeping gene (material and
methods section). (C) Immunofluorescence anti-GFAP (green) and anti-IBA1 (pink) antibodies in
cerebral cortex (Ctx) and hippocampus (Hip); 4,6 diamidino-2-phenylindole (DAPI) (blue) was used
to counterstain cell nuclei. Scale bars:40X. *Statistically significant vs WT A control group *P <0.05;
**P <0.01 ***P <0.001 using OneWay ANOVA followed by Bonferroni’s post hoc analysis. Number
of analyzed mice: Fig. A-B: WT Y n=5, WT A n=7, WT M-A n=5 and WT O n=5; Fig. C-D: WT A
n=5 and WT O n=5.

Figure 3. Hepcidin expression and iron transport/storage proteins quantification in mice brain.
(A) Hepcidin (Hepc) transcription pattern. (B) Western blotting analysis and quantification of
Ferroportin (Fpnl). (C) Ferritin-L (Ft-L) and (D) Ferritin-H (Ft-H). in mice total brain. (E) Real-time
PCR of Nuclear receptor coactivator 4 (NCOA4) in total brain. The expression levels of NCOA4
were normalized to the levels of B-Glucuronidase (Gus-f) housekeeping gene (material and methods
section) and (F) Western blotting analysis and quantification of NCOA4. Vertical black lines in blots
images indicate that they are taken from different gels. Full length blots are presented in Suppl.
Fig.4S. The full length blot with a positive control (liver) for Fpnl is presented in Suppl. Fig. 5S.
*Statistically significant vs WT A control group *P <0.05; **P <0.01 ***P <0.001 using OneWay
ANOVA followed by Bonferroni’s post hoc analysis or two-tailed Student’s t-test. Number of
analyzed mice: WT Y n=5, WT A n=7, WT M-A n=5 and WT O n=5.

Figure 4. Ferroportin 1, Ferritin L. and H chain protein cellular allocation in Ctx and Hip.

(A) Immunofluorescence anti-Fpnl antibody (red) in cerebral cortex (Ctx) and hippocampus (Hip).
Arrows indicate Fpnl expression and localization. (B) Immunofluorescence of neuronal and
astrocytic cells using anti-GLUT1 (green), anti-GLAST (red) and anti-Fpnl antibodies in cerebral
cortex (Ctx) and hippocampus (Hip). (C-D) Immunofluorescence of astrocytic and neuronal cells
using anti-GFAP (green), anti-MAP?2 (red), anti-Ft-L and anti-Ft-H antibodies in cerebral cortex (Ctx)
and hippocampus (Hip). 4,6-diamidino-2-phenylindole (DAPI) (blue) was used to counterstain cell
nuclei. Scale bars: 63X. Number of analyzed mice: WT Y n=5, WT A n=5, WT M-A n=5 and WT O
n=3. Specifically, neuronal (MAP2) and Ferritins (Ft-L and Ft-H) localization are shown in Suppl.
Fig. 6S.

Figure S. Iron regulation in the brain during aging.

Schematic representation illustrating iron metabolism in old mice brains vs adults (see text for
details). Fe: iron; Hepc: Hepcidin; Fpn 1: Ferroportin 1; Ft-L: Ferritin-L; Ctx: cerebral cortex; Hip:
hippocampus.
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Fig. 1 Ironamountand distribution in the brain during aging correlates to the level of BBB permeability
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Fig. 2 Increased inflammatory and oxidative stress state duringbrain aging
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Fig. 3 Hepc/Fpn1 activation and ferritins response to iron overload during brainaging via ferritinophagy
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Fig. 4 Cellular distribution of iron deposits and export proteins in Ctxand Hip
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Fig. 5 Schematic representation of iron regulationin brain aged
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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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Abstract

Cachexia is a wasting syndrome characterized by devastating skel-
etal muscle atrophy that dramatically increases mortality in vari-
ous diseases, most notably in cancer patients with a penetrance of
up to 80%. Knowledge regarding the mechanism of cancer-
induced cachexia remains very scarce, making cachexia an unmet
medical need. In this study, we discovered strong alterations of
iron metabolism in the skeletal muscle of both cancer patients and
tumor-bearing mice, characterized by decreased iron availability in
mitochondria. We found that modulation of iron levels directly
influences myotube size in vitro and muscle mass in otherwise
healthy mice. Furthermore, iron supplementation was sufficient to
preserve both muscle function and mass, prolong survival in
tumor-bearing mice, and even rescues strength in human subjects
within an unexpectedly short time frame. Importantly, iron supple-
mentation refuels mitochondrial oxidative metabolism and energy
production. Overall, our findings provide new mechanistic insights
in cancer-induced skeletal muscle wasting, and support targeting
iron metabolism as a potential therapeutic option for muscle
wasting diseases.
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Introduction

In healthy humans, skeletal muscle makes up to 40% of the total
body mass (Janssen et al, 2000), of which 20% are constituted by
proteins. Massive skeletal muscle atrophy is the hallmark of a multi-
organ wasting disorder known as cachexia, which causes severe
asthenia and intolerance to therapies in patients with chronic dis-
eases such as cardiac failure, COPD, and notably cancer, leading to
poor clinical outcomes (Fearon et al, 2011; Porporato, 2016).
Indeed, the prevalence of cachexia reaches 80% in advanced-stage
cancer patients and has been estimated to directly cause at least
20% of all cancer-related deaths (Tisdale, 2002).

In cancer cachexia, systemic alterations contribute to the uncon-
trollable decrease in quality of life, insulin resistance, liver dysfunc-
tion, chronic inflammation, and even altered gut microbiota and
nutrient absorption (Porporato, 2016). Remarkably, iron deficiency
is diagnosed in more than half of patients afflicted with colorectal,
lung, and pancreatic cancers, which are also associated with high
prevalence of cachexia (Ludwig et al, 2013). Chronic inflammation
hampers iron absorption from the diet and causes iron retention in
reticuloendothelial cells, which results in insufficient iron availabil-
ity to meet the body’s needs. Iron is indeed a versatile cofactor
essential to a multitude of vital metabolic processes including oxy-
gen supply, DNA synthesis, redox homeostasis, or energy metabo-
lism. Energy production directly depends on the availability of iron.
It is indispensable for the activity of several mitochondrial enzymes
involved in the TCA cycle and the electron transport chain, where
iron is found under the form of heme or iron-sulfur cluster (ISC).
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Moreover, iron has been shown to directly regulate mitochondrial
biogenesis, highlighting the sensitivity of these organelles to iron
availability (Rensvold et al, 2016). Notably, both iron accumulation
and iron deficiency are detrimental to mitochondrial function. Cellu-
lar iron homeostasis is thus a tightly regulated process involving a
broad variety of proteins responsible for its transport (transferrin),
uptake (transferrin receptor/TFR1), storage (ferritin/FT), and export
(ferroportin/FPN1). The fine tuning of intracellular iron metabolism
is made possible by the Iron Responsive Element/Iron Responsive
Protein (IRE/IRP) system exerting a major control on the translation
of several key iron-related proteins.

In the skeletal muscle, iron is particularly needed to support the
high metabolic activity required for ATP generation, a requisite for
contraction and movement. While mitochondrial dysfunction (in
particular, decreased oxidative capacity, inefficient energy produc-
tion, and altered mitochondrial dynamics) has been proven to pro-
mote skeletal muscle wasting in cachexia (Boengler et al, 2017;
Abrigo et al, 2019), little is known about the consequence of altered
iron levels on skeletal muscle function and mass. Importantly, iron
deficiency is present in the vast majority of cancer patients and has
been associated to advanced stage and poor prognosis (Ludwig et
al, 2013). Hence, we decided to investigate the role of iron metabo-
lism in cancer cachexia-related muscle wasting.

Results
Iron deficiency induces skeletal muscle atrophy

Iron deficiency is highly prevalent in cancer patients and has been
associated to advanced stage and poor prognosis (Ludwig et al,
2013). To assess the effects of cancer-induced iron deficiency on skel-
etal muscle metabolism, we analyzed the transcript levels of the main
cellular iron importer, transferrin receptor 1 (TFR1) in a cohort of
cancer patients presenting body weight loss and anemia (Fig 1A and
B). During iron deficiency, cells normally increase iron import
through TFR1 to maintain homeostasis (Camaschella et al, 2020).
Surprisingly, the patients displayed decreased TFR1 (Fig 1C). To

Figure 1. Iron deficiency induces skeletal muscle atrophy.

Elisabeth Wyart et al

simulate the condition of iron-deficient anemia typical of cancer
patients, we induced severe anemia in mice by combined phlebotomy
and iron-free diet (Fig EV1A). This treatment resulted in muscle atro-
phy (Figs 1D and EV1B), supporting the hypothesis of an involve-
ment of iron homeostasis in the onset of cancer-associated muscle
wasting. As expected, iron deficiency promoted TFR1 upregulation in
liver (Fig 1E), presumably to ensure the necessary supply of iron to
the organ (Camaschella et al, 2020). However, TFR1 was downregu-
lated in skeletal muscle of iron-deficient mice (Figs 1F and EV1C),
suggesting a different response of this tissue to iron deprivation. To
study the role of TFR1 expression on muscle mass, we transfected
TFR1-silencing or TFR1-overexpressing plasmid by electroporating
the tibialis anterior of healthy mice. TFRI silencing was sufficient to
induce fiber atrophy (Figs 1G and EV1D), while TFR1 overexpression
triggered hypertrophy in the positive fibers (Fig 1H). Coherently,
inhibition of iron import by silencing TFR1 induced significant
myotube atrophy in vitro and decrease of the labile iron pool (Figs 11
and EVIE and F). Similarly, blocking intracellular iron mobilization
by silencing NCOA4 (a cytoplasmic protein that mediates autophagic
degradation of ferritin (Bellelli et al, 2016)), also caused significant
myotube atrophy (Figs 1J and EV1G). Furthermore, to assess the
direct impact of iron deficiency on muscle, we evaluated the effect of
iron chelation on murine and human myotubes. Treatment with dif-
ferent iron chelators, namely deferoxamine (DFO), bathophenanthro-
line disulfonic acid (BPS), and apotransferrin (Apo-Tf), which is
known to decrease transferrin saturation, led to a reduction in C2C12
myotube diameter and labile iron pool (Figs 1K and EV1H). Consis-
tently, iron chelation by DFO exerted the same atrophic effect on
human myotubes (Figs 1L). In summary, we found that cachectic
cancer patients have decreased muscular TFR1 expression, and
decreased iron availability is sufficient to induce skeletal muscle atro-
phy in vivo and myotube diameter reduction in vitro.

Altered iron metabolism in the skeletal muscle is a feature of
cancer-induced cachexia

To confirm the link between cancer cachexia and iron metabolism
in the skeletal muscle, we recreated cancer cachexia in mice using

A, B Hemoglobin (A) and hematocrit (B) levels of healthy subjects and cachectic cancer patients presenting a body weight loss superior to 10% of initial body weight (19

healthy subjects, 17 cachectic patients).

TFR1 mRNA levels in muscle biopsies from cancer patients of late stage cachexia with at least 10% total body weight loss (19 healthy subjects, 17 cachectic

TFR1 mRNA levels in the gastrocnemius of mice subjected to iron deprivation by feeding with an iron- deficient diet (IDD) combined to a phlebotomy (PHL) (n = 5-
Cross-sectional area of skeletal muscle fibers transfected with shSCR (scramble) and shTFR1 (n = 3-4) and representative picture of shTFR1 transfected fibers. Scale

Cross-sectional area of skeletal muscle fibers transfected with TFR-pHuji (n = 4) and representative picture of TFR-pHuji transfected fibers. Scale bar = 50 um.

C
patients).
D  Gastrocnemius weight in mice subjected to iron deprivation by feeding with an iron-deficient diet (IDD) combined to a phlebotomy (PHL) (n = 5-6).
E  TFR1 mRNA levels in the liver of mice subjected to iron deprivation by feeding with an iron-deficient diet (IDD) combined to a phlebotomy (PHL) (n = 5-6).
F
6).
G
bar = 50 pm.
H
1,]  Diameter of TFR1 (I) or NCOA4 () knocked down C2C12 myotubes at day 3 post-transfection (n = 7 and n = 3 respectively).
K Diameter of C2C12 myotubes after 48 h treatment with Deferoxamine (DFO), bathophenanthroline disulfonate (BPS), or apo-transferrin (Apo-Tf).
L

Representative pictures and diameter measurements of human myoblast-derived myotubes after 48 h treatment with DFO (n = 3). Scale bar = 50 pm.

Data information: For all data, n represents the number of biological replicates. Statistical significance was calculated by unpaired, two-tailed Student’s t-test. Data are

mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.
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the C26-colon cancer model in Balb/C mice, which led to significant
hematocrit reduction, total body weight loss, and muscle mass
reduction (Figs 2A and EV2A-C). In line with the human data,
cachectic mice showed a drastic reduction of TFR1 in the skeletal
muscle (Fig 2B and C) despite no change in liver TFR1 or hepatic
iron content (Fig EV2D and E), suggesting that the regulation of iron
metabolism is organ-specific. Muscle TFR1 downregulation was

Elisabeth Wyart et al

further confirmed in two different murine cachexia models, namely,
LLC (Lewis Lung Carcinoma) and BaF3 (murine interleukin 3-
dependent pro-B cell line) (Fig EV2F-K). Moreover, we assessed
iron-sensing RNA-binding proteins mediating post-transcriptional
regulation of iron metabolism in mammalian cells (Meyron-Holtz
et al, 2004; Wang et al, 2020). We observed a decrease in cytosolic
aconitase activity (hence a switch to iron-regulatory protein/IRP1)
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Figure 2. Altered iron metabolism in the skeletal muscle is a feature of cancer-induced cachexia.

A Gastrocnemius weight normalized to tibial length in C26 tumor-bearing mice on day 12 post C26-injection (n = 6-7).

B TFR1 mRNA levels normalized to 18s (n = 6-7).

C TFR1 protein expression and densitometric quantification in mouse gastrocnemius (n = 5).

D Cytosolic aconitase activity in mouse quadriceps (n = 4) measured following subcellular fractionation (n = 4).

E  Representative Western blot of IRP2 in mouse gastrocnemius and densitometric quantification (n = 5).

F  Binding of IRE-BPs to the ferritin IRE. The biotin-labeled IRE probe was incubated with cytosolic gastrocnemius extracts from mice, in native or reducing conditions
(with EDTA and DTT) (n = 3).

G Representative protein carbonylation blot and densitometric quantification in mouse quadriceps (n = 6-7).

H Representative Western blot of ferritin in mouse gastrocnemius and densitometric quantification (n = 4).

]

ICP-MS quantification of total (I) and protein-bound ()) iron in mouse quadriceps (n = 4-5).

Data information: For all data, n represents the number of biological replicates. Statistical significance was calculated by unpaired, two-tailed Student’s t-test. Data are

mean =+ SEM. *P < 0.05, **P < 0.01, ***P < 0.001
Source data are available online for this figure.

(Fig 2D), and an upregulation of iron-regulatory protein 2 (IRP2)
(Fig 2E), indicating an iron-deficient state in the skeletal muscle of
tumor-bearing mice. As IRP activity should drive TFR1 expression
via iron-responsive element (IRE), we measured the activity of the
IRE-IRP system in cachectic muscles by RNA electrophoretic mobil-
ity shift assay (REMSA). Despite the decreased aconitase function of
IRP1 and the overexpression of IRP2, we observed a lower RNA-
binding activity to the IRE site of ferritin (FT) in cachectic samples
compared to control in native conditions (Figs 2F and EV2L). The
phenotype appeared to be linked to protein oxidation. Indeed, by
performing the assay in reducing condition, we evidenced the oppo-
site pattern, with cachectic samples presenting a higher IRE-binding,
suggesting an oxidative damage, which is known to negatively regu-
late IRP2 activity (Gehring et al, 1999). The oxidative stress in skele-
tal muscle of C26 tumor-bearing mice was further confirmed by
upregulated protein carbonylation (Fig 2G). In addition, we
observed an overexpression of FT (Fig 2H), which is in line with
impaired IRP activity (Cairo et al, 1996). Coherently, cachectic mus-
cles showed significantly increased protein-chelated iron despite no
change in total iron content (Fig 2I and J).

Cachectic muscles are characterized by mitochondrial iron
deficiency and impaired oxidative metabolism

In most cells, a major amount of iron is taken up by mitochondria
for the production of ISCs and heme. In the skeletal muscle of C26
tumor-bearing mice, we found a significant reduction of mitochon-
drial iron and total heme content (Fig 3A and B), as well as upregu-
lated levels of mitochondrial iron importer mitoferrin 2 (MFRN2)
and of the rate-limiting enzyme of heme synthesis aminolevulinic
acid synthase 2 (ALAS2) (Fig 3C and D) (Barman-Aksozen et al,
2019). Given that iron is essential for several enzymes involved in
the TCA cycle and mitochondrial oxidative metabolism (OXPHOS)
(Xu et al, 2013), we assessed the enzymatic activity of two iron-sul-
fur proteins, aconitase (ACO) and succinate dehydrogenase (SDH),
and found a 50% reduction in the activity of both enzymes in
cachectic muscles (Fig 3E and F). Along with these alterations, we
observed a drop in mitochondrial ATP (Fig 3G) and increased
AMPK phosphorylation, denoting mitochondrial dysfunction in
cachectic muscles (Zhao et al, 2016) (Fig 3H). In summary, tumor-
bearing mice display remarkable alterations in muscle iron metabo-
lism coupled with mitochondrial dysfunction, which has been
linked to muscle atrophy.

2022 The Authors. Published under the terms of the CC BY 4.0 license
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Iron supplementation prevents mitochondrial dysfunction and
atrophy in vitro

In line with the in vivo data, we found considerably decreased mito-
chondrial DNA and proteins in myotubes treated with C26 condi-
tioned medium (CM) (Fig 4A and B). To verify the hypothesis that
cancer-associated iron shortage could cause mitochondrial dysfunc-
tion, a known feature of muscle atrophy (Liu et al, 2016), we supple-
mented atrophic C2C12-myotubes with iron. Iron supplementation
fully rescued the C26 CM-induced reduction of the oxygen consump-
tion rate (OCR) (Fig 4C-F), while showing no effect on control
myotubes (Fig EV3A). Moreover, microscopic analysis confirmed that
iron supplementation prevents C26-induced diameter decreased in
both murine and human myotubes in vitro (Fig 4G and H). Notewor-
thy, although iron substantially increases the diameter of C26-treated
myotubes over time, we observed no change in the fusion index,
excluding a potential effect on myogenesis (Fig EV3B and C). Consis-
tently with the C26 model, iron supplementation prevented other can-
cer CM- and activin A (ActA)-induced atrophy (Zhou et al, 2020) in
murine myotubes (Fig EV3D and E). Similarly, normalization of iron
levels using the iron-ionophore hinokitiol (Grillo et al, 2017) also res-
cued myotube atrophy induced by TFR1-silencing or C26 CM (Fig
EV3F and G). Importantly, low-dose rotenone (complex 1 inhibitor)
caused a mild atrophy that cannot be rescued by iron, indicating that
the protective effects of iron are mediated by mitochondrial function
(Fig 41). Altogether, these data demonstrate that C26 CM treatment
recapitulates the mitochondrial dysfunction observed in vivo (Fig 3),
which can be fully rescued in vitro by iron supplementation.

Iron supplementation rescues skeletal muscle mass and
mitochondrial function

To assess if iron supplementation could prevent cancer-induced
muscle atrophy in vivo, C26 tumor-bearing mice were i.v. treated
with ferric carboxymaltose (FeCM) every 5 days post C26 injection.
Remarkably, intravenous injections of iron resulted in healthier
(smooth fur, no orbital discharge, no humpback) and more physi-
cally active mice that survived far beyond the usually fatal 2 weeks
(Fig 5A and B). Of note, iron improved notably the grip strength
within 24 h (Fig EV4A) and the protection was preserved until the
end-point of the experiment (Fig 5C), without affecting hematocrit
(Fig EV4B). In addition, the loss of body weight and muscle mass
occurring at day 12 after C26 injection was prevented in FeCM-

EMBO reports e53746(2022 5 0of 18
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Figure 3. Cachectic muscles are characterized by mitochondrial iron deficiency and impaired oxidative metabolism.

mRNA levels of mitochondrial iron importer MFRN2 (C) and the rate limiting enzyme of heme synthesis ALAS2 (D) normalized to 18s in mouse gastrocnemius

Succinate Dehydrogenase activity staining in transversal sections of mouse gastrocnemius and corresponding intensity quantification (n = 3-4). Scale

A ICP-MS quantification of mitochondrial iron in mouse quadriceps (n = 6-8).
B Gastrocnemius heme content quantified by fluorescent heme assay (n = 4-6).
CD
(n=4-5.
E Aconitase activity in mouse quadriceps lysates normalized to protein content (n = 6-8).
F
bar = 50 pm.
G Mitochondrial ATP content in mouse quadriceps (n = 5-9).
H

Representative Western blot and densitometric quantification of phospho-AMPK and total AMPK in mouse gastrocnemius (n = 6).

Data information: For all data, n represents the number of biological replicates. Statistical significance was calculated by unpaired, two-tailed Student’s t-test. Data are

mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.

treated mice (Figs SD-F and EV4C). Noteworthy, iron supplementa-
tion downregulated TFR1 in the tumor without affecting tumor
growth (Figs SE and EV4F). Consistently, immunostaining for myo-
sin heavy chain revealed larger muscle fibers in the gastrocnemius
of FeCM-treated mice, especially in the fast-twitch fibers, the most
susceptible to atrophy (Fig 5G, in green). The protection from atro-
phy was further confirmed by the cross-sectional area (CSA) distri-
bution, showing a shift toward bigger areas in FeCM-treated mice
compared to C26 tumor-bearing, untreated animals, and the average
CSA (Figs 5G and H, and EV4D and E). These findings were further
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reinforced by a significant drop of FBX032 (ATRO1), TRIM63
(MURF1), and DDIT4 (REDD1) mRNA levels, which are indicators
of skeletal muscle atrophy (Fig 5I1-K).

Iron supplementation refuels mitochondrial oxidative
metabolism and energy generation

Since our findings in vitro indicate that iron can refuel mitochondrial

metabolism and maintain myotube mass, we sought to validate our
hypothesis in vivo. After verifying the replenishment of mitochondrial

© 2022 The Authors. Published under the temms of the CC BY 4.0 license
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Figure 4. Iron enhances mitochondrial function and prevents cancer-induced myotube atrophy.

A qPCR analysis of mitochondrial DNA (mtDNA) on nuclear DNA (nDNA) in C2C12 myotubes treated for 48 h with C26 CM and ferric citrate (n = 6).

B Western blot of mitochondrial OXPHOS respiratory complexes in C2C12 myotubes treated for 48 h with C26 CM and ferric citrate (n = 3).

C-F Profile of oxygen consumption rate OCR (C), basal OCR (D), maximal OCR (E), and OCR used for mitochondrial ATP production (F) in C2C12 myotubes after 48 h
treatment with C26 CM and ferric citrate supplementation. Data normalized to protein content (n = 9-12).

G H

Representative microscopic pictures and diameter of C2C12 myotubes stained for myosin heavy chain (G) or human myoblast-derived myotubes (H) after 48 h

treatment with C26 CM and ferric citrate (n = 3 per condition). Scale bars = 50 and 100 pm, respectively.
| Diameter of C2C12 myotubes treated with rotenone and ferric citrate (n = 3).

Data information: For all data, n represents the number of biological replicates. Statistical significance was calculated by unpaired, two-tailed Student’s t-test (D-E), or
one-way Anova with Bonferroni's correction (F-G). Data are mean + SEM. **P < 0,01, ***P < 0.001 compared to control and ##P < 0.01, ###P < 0001 compared to

(€26 CM-treated group.
Source data are available online for this figure.

ironin skeletal muscle (Fig 6A), we measured the activity of aconitase
and succinate dehydrogenase and observed a significant recovery of
enzymatic functionality following iron injection (Figs 6B and C, and
EV4G). In agreement with these findings in mice showing restored
mitochondrial metabolism upon iron treatment, we also found a sig-
nificant increase in mitochondrial ATP content (Fig 6D) and coher-
ently a drop in AMPK phosphorylation (Fig 6E). As AMPK drives fatty
acid oxidation (FAO), which has been functionally linked to the
cachectic process (Fukawa et al, 2016), we next evaluated the effect of
iron injection on FAO. Consistently, iron supplementation reduced
the C26-induced upregulation of FAO genes (Fig 6F-H). Altogether,
these data indicate that iron supplementation of tumor-bearing mice
mitigates energetic stress and catabolic pathways, which mediate the
increase in muscle functionality and mass.

Iron supplementation improves muscle strength in
cancer patients

Based on the results obtained in the pre-clinical model of cancer-
associated muscle wasting, we measured the handgrip force in can-
cer patients with severe anemia, who reported muscle weakness,
before and after FeCM injection (Table EV1). Improved strength
was observed in the dominant hand of all patients, while more than
half showed also increased force in the non-dominant hand (Fig 7A
and B) as short as 3 days after the injection. Together with our data
reporting TFR1 downregulation in the skeletal muscle of cachectic
patients (Fig 1C), these findings indicate that altered iron metabo-
lism may contribute to muscle weakness in cachectic patients. Con-
sequently, these results highlight the contribution of iron on both
muscle mass and functionality and suggest a new promising thera-
peutic strategy to counteract cancer-induced skeletal muscle
wasting. Altogether, our findings show that iron supplementation
prevents cancer-induced cachexia through a recovery of mitochon-
drial function (Fig 7C).

Discussion

Our study indicates iron as a key element of skeletal muscle mass
homeostasis through the maintenance of mitochondrial function. In
particular, we evidenced that cancer causes striking iron dysregula-
tion in cachectic muscle, and that muscle wasting is reversible by
iron supplementation. Despite being the biggest tissue in the human
body, the involvement of skeletal muscle in systemic iron
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homeostasis has been generally neglected. Nevertheless, skeletal
muscle holds a substantial pool of iron that can be mobilized, as
demonstrated by its ability to support erythropoiesis in healthy
humans during high-altitude hypoxia (Robach et al, 2007). Since
iron deficiency and anemia are common in cancer patients (Ludwig
et al, 2013) and are associated with several features of cachexia,
such as impaired physical function, weakness, and fatigue, we
hypothesized a link between altered iron metabolism and muscle
wasting. We found that iron deficiency, either cancer-induced or
obtained with iron chelators, disrupts iron homeostasis in the skele-
tal muscle and leads to muscle atrophy in different murine models.
Surprisingly, atrophic muscle paradoxically downregulate the iron
importer TFR1 despite the lack of iron, highlighting the role of skele-
tal muscle as an expendable body compartment. Similarly, we found
a consistent decrease of TFR1 in late-stage anemic cancer cachexia
patients while it has also been reported that chemotherapy nega-
tively affects TFR1 levels in the skeletal muscle (Hulmi et al, 2018).
TFR1 emerges as a direct player in muscle mass homeostasis, as we
show that its expression is sufficient per se to regulate myofiber size
in vivo. These data are also supported by previous work on muscle-
specific TFR1 KO mice which displayed severe systemic metabolic
dysfunction (Barrientos et al, 2015). Intriguingly, skeletal muscle
from C26 tumor-bearing mice combine typical hallmarks of iron
deficiency (i.e., IRP2 upregulation, decrease in both cytosolic and
mitochondrial aconitase activity, and mitochondrial iron) with the
ones of iron overload (i.e., TFR1 downregulation, increase in ferri-
tin, and in protein-bound iron). Such discrepancy can be explained
by the impaired IRE-IRP system, due to a significant oxidative dam-
age, which can be reversed by reducing conditions ex vivo (Cairo et
al, 1998; Mikhael et al, 2006). Consequently, cachectic muscles
sequestrate intracellular iron, downregulate its import despite the
need for iron. This phenotype matches the observations reported in
several IRP2 knockout models (Meyron-Holtz et al, 2004; Galy et al,
2010; Li et al, 2018). To understand whether the resulting inade-
quate levels of iron impact muscle fitness, we focused on the in vitro
myotube model (both murine and human). Importantly, iron depri-
vation in myotubes, induced by TFR1 or NCOA4 knockdown,
apotransferrin, DFO, or BPS treatment was sufficient to trigger atro-
phy, whereas iron replenishment proved to be protective against
conditioned medium-induced atrophy. Thus, we speculated that
iron availability directly influences muscle mass. To this aim, we
used ferric carboxymaltose (FeCM), a clinically approved supple-
ment (Scott, 2018) known to enter in cells regardless of TFRI
(Marone et al, 1986). Surprisingly,

expression intravenous
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administrations of FeCM rescued body mass, muscle mass and func-
tion, and even increased the viability of tumor-bearing mice, in
accordance with a previous study demonstrating that preventing
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muscle loss in cachexia resulted in longer survival (Zhou et al,
2010). From the mechanistic standpoint, our in vitro data shows
that iron supplementation refuels mitochondrial function. The
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Figure 5. Iron supplementation prevents cancer-induced cachexia.
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Representative images of C26 tumor-bearing mice receiving saline solution (left) or FeCM 15 mg/kg IV. injection (right) taken at day 12 after C26 injection.
Kaplan-Meier depicting the survival of C26 tumor-bearing mice after L.V. injection of saline or iron every 5 days post C26-injection (3-month-old Balb/C, n = 8-11).
Grip strength of mice measured at day 12 post C26 injection, normalized to average strength of the control group (n = 5-9).
Final body weight of C26 tumor-bearing mice after iron supplementation at day 12 post C26 injection (n = 5-12).
Final weight of total tumor mass extracted from mice after sacrifice (n = 17).
Gastrocnemius weight normalized to tibial length of C26 tumor-bearing mice after iron supplementation at day 12 post C26 injection (n = 5-12).

, H Immunofluorescent staining of myosin heavy chain fast (green) and slow (red) of transversal sections of gastrocnemius (midbelly) with corresponding frequency

distribution (G) and average cross-sectional areas (H) (n = 3-5). Scale bar = 100 pm.
I-K  mRNA levels of Murf 1 (1), Atrogin 1 (J), and REDD1 (K) normalized to GAPDH in gastrocnemius (n = 5-14).

Data information: For all data, n represents the number of biological replicates. Statistical significance was calculated by one-way Anova with Bonferroni's correction, or
chi-square test for the survival curves (B). Data are mean + SEM. *P < 0.05 and ***P < 0.001 compared to control and #P < 0.05, ##P < 0.01, ###P < 0.001 compared

to C26-untreated group.
Source data are available online for this figure.

upregulation of MFRN2 and ALAS2 could be interpreted as a com-
pensatory response of the skeletal muscle to mitochondrial iron defi-
ciency. In particular, ALAS2 overexpression has been associated to
muscle weakness and atrophy in transgenic mice (Peng et al, 2021).
Indeed, mitochondrial dysfunction has been functionally linked to
wasting, both in pathological conditions (Romanello et al, 2010)
and aging (Tezze et al, 2017; Palla et al, 2021), while an increasing
pool of data associates declined oxidative metabolism with muscle
myopathies (Dziegala et al, 2018). Notably, cardiac iron concentra-
tion inversely correlated with disease severity in non-ischemic heart
failure patients (Hirsch et al, 2020). Of note, iron is essential for
mitochondrial function (Levi & Rovida, 2009) as it catalyzes several
bioenergetic processes and its deprivation causes impaired mito-
chondrial biogenesis, enhanced mitophagy as well as metabolic dys-
function (Allen et al, 2013; Rensvold et al, 2013; Bastian et al,
2019).

We specifically found in cachectic mice that reduced mitochon-
drial iron content impairs mitochondrial activity and promotes
AMPK phosphorylation, reflecting increased catabolism. The oxida-
tive stress generated by dysfunctional mitochondria might reinforce
iron dysregulation via IRPs inhibition, creating a vicious cycle. Fur-
thermore, mitochondrial dysfunction is known to trigger catabolic
pathways, notably FAO (Romanello & Sandri, 2015) that has been
widely associated with skeletal muscle wasting (Brown et al, 2017;
Abrigo et al, 2019). Our results pointed at two major ISC proteins of
the TCA cycle and electron transport chain that have strongly
reduced enzymatic activities, aconitase, and SDH, corroborating
with the decreased oxidative capacities and energetic inefficiency as
features of cachexia (Argiles et al, 2014; Neyroud et al, 2019). This
confirms and extends studies showing that iron deficiency decreases
ISC proteins, cytochrome content, and total oxidative capacity in
cancer cachexia (Maguire et al, 1982; Oexle et al, 1999; Leermakers
et al, 2020). Our data indicate that adequate iron supply restores
mitochondrial function, as reflected by ATP production increase,
AMPK deactivation, and FAO reduction.

Noteworthy, iron-induced muscle protection was independent
from tumor growth, as iron supplementation did not alter tumor
volume. This observation is in line with the fact that C26 tumors do
not show iron addiction and respond to iron supplementation by
downregulating the iron-import machinery.

Of note, consistent with the in vitro data of rapid mitochondrial
metabolism rescue, the beneficial effects of iron injection in vivo
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were unexpectedly fast as muscle strength was improved within
24 h. The rescue is therefore unlikely due to muscle stem cell differ-
entiation/regeneration or erythropoiesis. In line with this hypothe-
sis, anemia remained after iron supplementation in C26 tumor-
bearing mice.

Although we found that iron supplementation can restore muscle
mass homeostasis, both in vitro and in vivo, we do not exclude
other systemic effects of iron repletion, for example liver (Klempa et
al, 1989) and adipose tissue function (Gao et al, 2015), or immune
system modulation (Serra et al, 2020), which might contribute to
the increased survival but require further studies. However, our in
vivo electroporation data show that TFR1 levels can directly influ-
ence myofiber size in healthy mice, without confounding systemic
factors such as inflammation. Coherently, our preliminary data from
iron-deficient patients demonstrated an improvement of handgrip
strength within a few days after iron treatment, excluding the poten-
tial involvement of erythropoiesis, while previous data on cardiac
failure patients showed beneficial effects after long-term treatment
(Jankowska et al, 2016). Nevertheless, this is a very preliminary
study on a limited number of patients who required iron supplemen-
tation because of iron-deficiency anemia; hence they lack a placebo
group. Further studies will be essential to better define the impact of
short-term iron treatment on patients, including a control group, as
well as the impact on blood parameters a few days following
supplementation.

Our findings corroborate with the assumption that iron defi-
ciency causes metabolic dysfunction and energy insufficiency in
skeletal muscle (Dziegala et al, 2018). Indeed, both iron deficiency
(Leermakers et al, 2020) (Higashida et al, 2020) and iron overload
(Alves et al, 2021) are detrimental to muscle physiology. Previous
work suggested that excessive iron could underlie muscle loss in
sarcopenic gastric cancer patients (Zhou et al, 2020). However, our
study indicates that the distribution of iron rather than its total
amount influences muscle homeostasis. Notably, we show that the
total amount of iron is not changed in cachectic muscle compared
to healthy controls in our C26 model, but it is mostly sequestrated
in the cytosol and lacking in the mitochondria. While we con-
firmed the phenotype of altered iron metabolism in several wasting
models (related to cancer or not), the beneficial effects of iron sup-
plementation remain to be validated in other cancer models given
that some cancer types would rely more on iron than others (Hsu
et al, 2020).

© 2022 The Authors. Published under the temms of the CC BY 4.0 license
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Figure 6. Iron supplementation rescues mitochondrial function.

Mitochondrial iron quantified by ICP-MS in quadriceps of C26 tumor-bearing mice after FeCM supplementation (n = 7-8).

Aconitase activity of quadriceps lysates normalized to protein content (n = 3-7).

Succinate Dehydrogenase activity staining of gastrocnemius transversal sections and resulting intensity quantification (n = 3-7).

Mitochondrial ATP content determined by luminescence assay in quadriceps (n = 3-9).

Representative Western blot and densitometric quantification of phospho-AMPK and total AMPK (stripped and re-blotted) in the gastrocnemius of C26 tumor-
bearing mice after iron carboxymaltose supplementation (n = 6).

F-H mRNA levels of ACOT 1 (F), MCD (G), and CPT1B (H) normalized to GAPDH in gastrocnemius (n = 5-10).

Data information: For all data, n represents the number of biological replicates. Statistical significance was calculated by unpaired, two-tailed Student’s t-test. Data are
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control and #P < 005, ##P < 001, ###P < 0001 compared to C26-untreated group.
Source data are available online for this figure.
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Figure 7. Iron supplementation improves muscle function in iron deficient cancer patients.

A, B Grip force of dominant or non-dominant arm in iron-deficient cancer patients, expressed in percentage of baseline force (A) and absolute values normalized to

height (B) before/after single dose of iron carboxymaltose (15 mg/kg, 7 subjects).

C Working model: C26 tumor-bearing mice present alterations of key iron metabolism proteins such as the downregulation of TFR1 and the upregulation FT in the
skeletal muscle. Decreased cytosolic aconitase activity and the stabilization of IRP2 indicate a low iron status. However, IRP activity is hampered by oxidative stress
and is no longer able to regulate TFR and FT (indicated by dashed lines). As a consequence, mitochondrial iron loading is low, and the decrease activity of iron-
dependent enzymes negatively affect the TCA cycle and the electron transport chain, resulting in decreased ATP production, AMPK activation, and muscle atrophy.
Iron supplementation replenishes the mitochondrial iron pool and prevents mitochondrial dysfunction. Notably, it restores TCA cycle and electron transport chain
activity resulting in higher ATP production, deactivation of AMPK, and preserved muscle mass.

Data information: For all data, n represents the number of biological replicates. Statistical significance was calculated by paired, one-tailed Student’s t-test. Data are
mean + SEM. *P < 0.05. In graph (A), the boxes represent the range of values with the median value being the central band and whiskers the SEM.

In conclusion, our findings establish a direct role of iron availabil-
ity in the control of skeletal muscle mass. Therefore, iron supple-
mentation restores skeletal muscle homeostasis via mitochondrial
metabolism normalization, paving the way for a new therapeutic
strategy to fight muscle atrophy in cachectic patients, but also in
non-cancer conditions presenting iron deficiency as co-morbidity,
such as COPD and chronic cardiac failure.
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Materials and Methods
Human skeletal muscle biopsies
The study enrolled patients (age > 18 years) with pancreatic can-

cer surgically treated at the 3rd Surgical Clinic of Padova Univer-

sity Hospital. Cancer patients were classified as severely
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cachectic in cases of > 10% weight loss in the 6 months preced-
ing surgery.

The study also enrolled control, healthy donors undergoing elec-
tive surgery for non-neoplastic and non-inflammatory diseases.
Patients with signs of infection were excluded. All patients joined
the protocol according to the guidelines of the Declaration of Hel-
sinki and the research project has been approved by Ethical Com-
mittee for Clinical Experimentation of Provincia di Padova (protocol
number 3674/A0/15). Written informed consent was obtained from
participants. From all patients a blood sample was retrieved prior to
any surgical manipulation and the biopsies were performed during
elective surgery within 30 min of the start of the surgery by cold
section of a rectus abdominal fragment of about 0.5-1 cm. The frag-
ment was immediately frozen and conserved in liquid nitrogen for
gene expression analysis.

Human handgrip strength

Participants with either an absolute iron deficiency (AID) or a func-
tional iron deficiency (FID) were included in the clinical study. AID
is defined by an iron-saturation of transferrin (TSAT) < 20% and
serum ferritin level < 30 ng/ml. FID is defined by a TSAT < 20%
and serum ferritin levels above 30 ng/ml. Patients were treated with
a single infusion of 1,000 mg of iron intravenously (ferric
carboxymaltose).

The participants were asked to perform two handgrip tests to
measure their strength using a hand dynamometer. The first hand-
grip test (HG1) was conducted prior to iron administration. The sec-
ond handgrip test (HG2) was conducted within 2-12 days after the
iron IV administration.

The hand dynamometer was calibrated and the measurements
have an accuracy of +/— 5%. The test-retest reliability is good
(r > 0.80) and the inter-rater reliability is excellent (r = 0.98).

The handgrip test required the participants to be seated, position-
ing their forearm of their hand in a 90° angle with their body. The
arm should not be pressed to the body or supported by an armrest
and the shoulders should be relaxed. The grip of the hand dyna-
mometer was adjusted to the hand size of the participant. The hand
dynamometer was placed in the dominant hand and the participant
was asked to squeeze the hand dynamometer as hard as possible
until the strength indicator was stabilized (this took approximately
3-5 s). This was repeated three times, in between each measure-
ment the participant was given 30 s to relax the arm and hand
muscles.

All participants gave written informed consent to participate in
the study and the study was approved by the Antwerp University
Hospital ethical committee in accordance with the ethical standards
established by the 1964 Declaration of Helsinki.

Animal experimentation

All animal experiments were authorized by the Italian Ministry of
Health and carried out according to the European Community guid-
ing principles in the care and use of animals. The BaF experiments
performed in Belgium were approved by and performed in accor-
dance with the guidelines of the local ethics committee from the
UCLouvain, Belgium. Housing conditions were as specified by the
Belgian Law of 29 May 2013, regarding the protection of laboratory

2022 The Authors. Published under the terms of the CC BY 4.0 license

EMBO reports

animals. In all experiments, female littermates of 8-10 weeks were
assigned randomly to experimental groups. Cancer cell lines (C26
colon murine adenocarcinoma and LLC Lewis lung carcinoma,
1 x 10° cells/mouse) were injected subcutaneously in the flank of 8-
weeks-old female mice (BALB/C for C26, C57 BL/6 for LLC). Baf3
cachexia was induced as previously reported (Bindels et al, 2012),
injecting Ber-Abl-transfected Baf3 intravenously in 6-weeks-old
Balb/C mice. LLC (Lewis Lung Carcinoma) tumor-bearing mice
were necropsied at day 24. For C26, to compare the various treat-
ment all mice were necropsied at day 12, except for the survival
experiment. Electroporation experiments were performed as previ-
ously described (Sartori et al, 2021) on tibialis anterior muscle with
pHuji-TFR1 plasmid (Addgene 61505) or shTFR-GFP plasmid using
BLOCK-iT Polll miR RNAi expression kit (Thermo Fisher K493600).
Ferric carboxymaltose (Ferrinject 15 mg/kg, Vifor Pharma) or
saline solution (NaCl 0.9%) was injected in the tail vein every
5 days starting from day 5 post-C26 inoculation. Blood was col-
lected by cardiac puncture, and perfusion with PBS after anesthesia
was performed to obtain samples for iron quantification. For the
phlebotomy experiment, retroorbital bleeding (400 ul of blood) was
performed under anesthesia, and mice were fed with iron-deprived
diet (Mucedola) for 11 days before sacrifice. To measure strength,
mice were held by the middle part of the tail and allowed to grab
the metal grid of a dynamometer (2Biol) in a parallel position before
being gently pulled backward. The maximal force generated by the
grip was recorded, and the measure was repeated six times. To
quantify muscle wasting, gastrocnemii and quadriceps were freshly
isolated, weighted, and normalized to the respective tibial length.

Cell culture and in vitro treatments

C2C12 myoblasts were purchased from ATCC and cultured in
DMEM with 10% fetal bovine serum (FBS). After reaching full
confluency, differentiation was induced by switching to 2% horse
serum (HS) DMEM for 4 days. Human myoblast cell line, originated
from the quadriceps of a 38-year-old male donor. The cells were cul-
tured in Skeletal Muscle Cell Basal Medium (PromoCell, Heidelberg,
Germany) containing 5% FBS and supplemented with hbFGF, hEGF,
fetuin, insulin, and dexamethasone. Differentiation was induced by
switching to DMEM containing 10 pg/ml insulin, gentamicin 1%
(Gibco) for 7 days.

Conditioned medium (CM) was prepared as previously described
(Wyart et al, 2018). Briefly, cancer cells were grown to high
confluency, then conditioned in serum-free DMEM for 24 h,
medium was harvested and centrifuged at 500 g for 10 min. Super-
natant was collected and used as CM at 10% final concentration.
Deferoxamine (DFO, Sigma D9533) and bathophenanthroline disul-
fonic acid (BPS, Sigma 146617) were used at 100 uM. Apotrans-
ferrin (Sigma T0178), Hinokitiol (HNK, Sigma 469521), and ferric
citrate (Sigma F3388) were used at 400 pg/ml, 5 uM, and 250 nM,
respectively. Activin A (RnD Sytem 338-AC) and Dexamethasone
(DEXA, Sigma D4902) were used at 1 nM and 1 uM, respectively.
Rotenone was used at 20 nM. Myotubes were treated for 48 h for all
compounds. For cell transfection, C2C12 myoblasts were differenti-
ated for 3 days prior to transfection with esiTFR1, esiNCOA4, or
esiGFP (250 ng/ml) using Lipofectamine 2000 (Invitrogen
11668019). Myotubes were photographed and lysed at 72 h post-
transfection. For myotube diameter quantification, pictures of
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myotubes were taken with phase contrast microscopy (Zeiss) at 20
magnification, and myotube diameter was measured using the soft-
ware JMicroVision as previously described (Murata et al, 2018).

Western Blotting

Frozen gastrocnemius samples were lysed in RIPA lysis buffer
(150 mM of NaCl, 50 mM of Tris-HCI, 0.5% sodium deoxycholate,
1% Triton X-100, 0.1% SDS, and 1 mM of EDTA) supplemented
with protease and phosphatase inhibitor cocktail (Roche). Protein
concentration was determined using BCA assay (Thermo Fisher Sci-
entific). Fifteen or thirty micrograms of protein from cell or gastroc-
nemius lysates, respectively, were loaded per well on Mini-Protean
TGX Stain-Free precast polyacrylamide gels (Bio-rad) for SDS-PAGE.
Stain-Free imaging was performed using Chemidoc MP imager in
order to visualize total protein patterns. Proteins were then trans-
ferred onto PVDF membranes prior to immunoblotting analysis.
Blots were probed with the following primary antibodies: P-Thr172-
AMPK (Cell Signaling 2535), Total-AMPK (Cell Signaling 2532), Fer-
ritin (Sigma F5012), IRP2(PA-116544), Transferrin Receptor 1 (Santa
Cruz sc65882), NCOA4 (Santa Cruz C-4), OxPhos cocktail (Thermo-
fisher 8199), Ferroportin (Novus NBP1-21502), Vinculin (Cell Sig-
naling 4650). Protein carbonylation was assessed by measuring the
levels of carbonyl groups using the OxyBlot protein oxidation detec-
tion kit (Sigma-Aldrich S7150). Quantification analysis of blots was
performed with Image Lab software (BioRad).

Iron quantification and Heme assay

Iron content in skeletal muscle was quantified by ICP-MS (Element-
2; Thermo-Finnigan, Rodano, Italy) using medium mass resolution
(M/AM ~4,000). Fifty to hundred milligrams of freshly excised and
snap-frozen quadriceps were submitted to overnight dialysis. Sam-
ples were collected before and after dialysis to assess total and
protein-bound iron, respectively. Additionally, iron content was also
measured in isolated mitochondria from quadriceps. All samples
were digested overnight in 0.5 ml of concentrated HNO; (70%) and
mineralized by microwave heating for 6 min at 150°C (Milestone,
Ethos Up Microwave Digestion System). A natural abundance iron
standard solution was analyzed in parallel in order to check for
changes in the systematic bias. The calibration curve was obtained
using four iron standard solutions (Sigma-Aldrich) in the range of
0.2-0.005 pg/ml. For liver and spleen iron, samples were heated at
180°C overnight and mineralized in 10 ml of HC1 3 M/ 10% trichlor-
oacetic acid per gram of dry tissue overnight at 65°C with gentle
shaking. 10 ul of supernatants were mixed with a solution of 1.7 % of
thioglycolic acid (TGA), 84.7% of sodium acetate acetic acid pH 4.5,
13.6% of BPS (Sigma 146617). After 1 h of incubation at 37°C, absor-
bance was measured at 535 nm. Iron content was determined using
a standard curve of ferrous ammonium sulfate. Heme concentration
was determined by fluorescence assay as previously described (Sin-
clair et al, 2001). Saturated oxalic acid solution was added to 40 ug
of proteins from gastrocnemius lysates prior to heating at 95°C for
30 min. Samples were loaded in triplicates and fluorescence was
measured at 400 nm excitation and 662 nm emission wavelengths.
Intracellular labile iron pool was measured as previously
described with modifications (Schoenfeld et al, 2017). Briefly,
C2C12 cells were treated with 500 nM Calcein AM (Sigma 56496)
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for 15 min and fluorescence intensity was measured using a micro-
plate reader. Cells were then incubated for 15 min with 100 um of
2',2'-Bipyridyl (BIP) prior to the second measurement of fluores-
cence. The LIP was calculated as following : LIP (A.U) = MFI after
BIP — MFI before BIP. The obtained value were normalized on DAPI
fluorescence intensity.

Mitochondria isolation and metabolic assays

Mitochondria were isolated from snap-frozen quadriceps by Mito-
check Mitochondrial Isolation kit (Cayman chemical 701010). ATP
content was quantified in 20 pg of fresh isolated mitochondria by
CellTiter-Glo® Luminescent Cell Viability Assay (Promega G7570).
Aconitase activity was measured in quadriceps homogenates by
enzymatic assay (Cayman Chemical 705502). Oxygen Consumption
Rate (OCR) measurements were conducted using a Seahorse XFe96
analyzer according to manufacturer’s protocol. C2C12 cells were
directly differentiated in XFe96 cell culture plates and treated with
10% C26 CM, ferric citrate 250 nM, or the combination of both for
48 h and incubated in 5% CO, at 37°C. One hour prior to analysis,
growth medium was replaced with assay medium (DMEM without
phenol red and sodium bicarbonate (Corning 90-013-PB) that was
supplemented with 1 mM of pyruvate, 2 mM of r-glutamine, and
10 mM of glucose, pH 7.4) and incubated in a non-CO, incubator.
During assay, 1 uM of oligomycin (Sigma 495455), 1 uM of FCCP
(Sigma C2920), and 0.5 uM of rotenone/antimycin A (Sigma R8875
and A8674) were sequentially injected into each well in accordance
with standard protocols. Absolute rates (p moles/min) were normal-
ized to pg of protein determined by Bradford Assay (BioRad
5000006).

Histology

Extracted gastrocnemii were immediately frozen in isopentane
cooled in liquid nitrogen and stored at —80°C. Transversal sections
of 5 um thickness were cut at the midbelly with a cryostat. Sections
were fixed for 10 min in PFA 4%, then blocked with 0.1% triton x-
100, 1% BSA in PBS before incubating with primary antibodies
against fast/slow isoforms of myosin heavy chain and laminin
(Abcam 91506, Abcam M8421, Santa Cruz 59854), followed by incu-
bation with the corresponding secondary antibodies (Alexa-488,
Alexa-568). For the electroporation of tibialis anterior with reporter
plasmids, 8 pum cryosections were stained with AlexaFluor 555-
conjugated Wheat Germ Agglutinin (WGA, Thermo Fisher Scientific
W32464) and DAPIL. Pictures were taken with a fluorescent micro-
scope and fiber areas were measured with ImageJ software (more
than 500 fibers were analyzed per animal). The enzymatic activity
of succinate dehydrogenase (SDH) was assessed on cryosections
using the Succinic Dehydrogenase Stain (Bio-Optica, 30-30114LY)
according to manufacturer’s instructions.

RNA isolation and quantitative PCR

Total RNA was isolated from snap-frozen tissue samples using
TRIzol reagent (Invitrogen 15596026) according to the manufac-
turer’s guidelines. 1 ug of total RNA was reverse-transcribed using
the High Capacity cDNA Reverse Transcriptase kit (Applied Biosys-
tems 4374966). cDNA was analyzed by Real Time Quantitative PCR
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(ABI PRISM 7900HT FAST Real-Time PCR system, Applied Biosys-
tems) using the Luna Universal Probe qPCR master mix (NEB
M3004) and the Universal Probe Library system (Roche Applied Sci-
ence), or with SYBR Green master mix (Applied Biosystems
A25741). Relative mRNA levels were calculated using the 2-AACT
method and normalized to GAPDH or 18s mRNA (Eukaryotic 18s
rRNA Endogenous Control, Thermo Fisher 4310893E), respectively.
For human skeletal muscle biopsies, 500 ng of RNA was reverse
transcribed using SuperScript IV Reverse Transcriptase (Thermo
Fisher 18090010). Human data were all normalized to Actb gene
expression. The following primers were used:

Gene Forward sequence (5'-3) Reverse sequence (5'-3')
Human TFR1 aggaaccgagtctccagtga atcaactatgatcaccgagt
Human ACTB gggaaatcgtgcgtgaca ggactccatgeccagga
mTFR1 tctttecttgeatattctgg ccaaataaggatagtctgcatcc
mMFRN2 tgtgtggcgacattacttcat geatcctctgettgacgact
mMALAS2 ctcaccgtctttggttcgtc ggacaggaccgtagcaacat
mATRO1 agtgaggaccggctactgtg gatcaaacgcttgcgaatct
mMURF1 tgacatctacaagcaggagtgc tegtettegtgttecttge
mREDDL ccagagaagagggcectiga ccatccaggtatgaggagtctt
mCPT1B aagagaccccgtagecatcat gacccaaaacagtatcccaatca
mACOT1 caactacgatgacctcccca gagccattgatgaccacage
mMCD geacgtccgggaaatgaac gectcacactcgetgatett
mCAPDH aggtcggtgtgaacggatttg tgtagaccatgtagttgaggtca

RNA electrophoretic mobility shift assay (REMSA)

The fractionation method described by Rothermel et al (2000) was
adopted with minor modification to extract the cytosolic protein frac-
tions from gastrocnemius muscle. Briefly, after removal of connec-
tive tissues, muscle samples were homogenized for 1 min in ice-cold
lysis buffer (25 mM of Hepes pH 8, 5 mM of KCl, 0.5 mM of MgCl,,
1% NP-40, 1x protease inhibitors) using a tight-fitting Teflon pestle
attached to a Potter S homogenizer (Sartorius Stedium) set to
1,000 rpm. Following centrifugation at 800 g for 15 min at 4°C to
pellet the nuclei and cell debris, the supernatants were collected,
subjected to further centrifugation three times at 500 g for 15 min at
4°C to remove residual nuclei and used for the REMSA as nuclei-free
total cytosolic protein fractions. The IRP-IRE interactions were
performed using the LightShift Chemiluminescent RNA Electropho-
retic mobility shift assay kit (REMSA, Thermo Fisher 20148). Briefly,
20 pl of reaction containing nuclease-free water, 5xREMSA Binding
Buffer (50 mM of Tris-HCl pH 8.0, 750 mM of KCI, 0.5% Triton-X
100, 62.5% glycerol), tRNA (Thermo Fisher 20158), 6 ug of muscle
cytosolic extracts, biotinylated and unlabeled ferritin probe 5
UCCUGCUUCAACAGUGCUUGGACGGAAC-3' and where indicated,
0.5 mM of EDTA and 1 mM of DTT, were incubated for 30 min at
room temperature. Afterward, the samples were carefully mixed
with 5 pl of 5XREMSA Loading Buffer and resolved on 6% polyacryl-
amide gel and transferred on to nylon membrane (Roche Diagnos-
tics, Indianapolis, IN). After the membrane was cross linked with
UV-light, the IRP-IRE complexes were visualized by the chemilumi-
nescent nucleic acid detection module (Thermo Fisher 20158).
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mtDNA copy number analysis

Briefly, DNA was isolated from C2C12 myotubes using phenol-chlo-
roform method as reported in (Quiros et al, 2017). Approximately
50 ng total DNA was used for quantitative analysis of mtDNA level
by qPCR using SYBR Green master mix. The relative copy number
of mtDNA was determined using mitochondrial-specific primers for
ND1 and 16S and nuclear specific Hexokinase 2 (HK2):

Gene Forward sequence (5-3) Reverse sequence (3-5)

16S CCGCAAGGGAAACATGAAAGAC  TCGTTTGGTTTCGGGGTTTC
rRNA

ND1 CTAGCAGAAACAAACCGGGC CCGGCTGCGTATTCTACGTT

HK2 GCCAGCCTCTCCTGATTTTAGTGT  GCGAACACAAAAGACCTCTTCTCG

Quantitative analysis was carried out using the following reac-
tion conditions; the pre-amplification step was carried out at 95°C
for 3 min, followed by 40 cycles at 95°C for 10 s, annealing was
performed at 58°C for 30 s and final extension was carried out at
72°C for 30 s. After obtaining the Ct values, the mtDNA copy num-
ber was calculated using the following formula: ACt = Ct(mtDNA
gene) —Ct(nDNA gene).

Fusion index

After 48 h treatment with C26CM and FeCM as described previ-
ously, cells were fixed in 4% PFA, permeabilized and stained for
Myosin Heavy Chain (Sigma M4276) and nuclei were stained with
DAPL The fusion index was determined as followed : (fusion
%) = (number of nuclei per myotube)/(total number of nuclei in
the field. At least 6 random fields (10% magnification) were ana-
lyzed per condition using the ImageJ Software.

Quantification and statistical analysis

All graphs show mean + SEM. N represents the total number of
independent experiments. Statistical significance was tested as indi-
cated in figure legends with GraphPad Prism (version 6.0, GraphPad
Software). Statistical significance was tested using two-tailed Stu-
dent’s t-test for comparisons of two groups, one-way Anova
followed by Bonferroni correction for comparisons of multiple
groups with one variable, or two-way Anova followed by Tukey’s
multiple comparison test. Significance of survival rate difference
was determined by Chi-square test. Non-parametric Mann-Whitney
test was used for human grip strength data. Significance was defined
as *P < 0.05, **P < 0.01, and ***P < 0.001.

Data availability

No data requiring public database deposition have been generated.
Expanded View for this article is available online.
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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 Fpnl 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 a-
isoform, the mainly transcribed isoform of the TFR2 gene, and the one that is expressed in the brain
(Hanninen 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, | 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-a 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
Al (SAA1L) and Nuclear factor erythroid 2-related factor 2, (Nrf2).

SAALl 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/Fpnl 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 Fpnl 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 Fpnl degradation. The activation of the Hepc/Fpnl pathway in the
nervous tissue promotes iron retention; in turn, cells respond with an increase on NCOAA4 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 Fpnl, Ft-L and Ft-H localization, we found that Fpnl 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.

112



These data revealed that aging-related brain iron accumulation is accompanied by neuroinflammation
and Hepc/Fpnl pathway activation. As a consequence, astrocytic activation occurs and Fpnl 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/Fpnl 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-3p 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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