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Abstract

During aging, iron accumulates in brain’s regions vulnerable to neurodegeneration: the cerebral
cortex and the hippocampus. However, the mechanism of iron regulation in the brain remains scarce.
Here, we demonstrated for the first time the involvement of the Hepcidin/Ferroportinl pathway in
brain iron metabolism during aging.

We demonstrated the alteration of BBB integrity, that leads to increased iron permeability and
deregulation of iron homeostasis during aging. We found that brain iron overload drives Hepcidin
upregulation and, consequently, the inhibition of the iron exporter Ferroportinl, neuroinflammation
and oxidative stress. Moreover, both in the cerebral cortex and hippocampus Ferroportinl colocalizes
with astrocytes, while the iron storage protein ferritin light-chain with neurons. This differential
distribution suggests that astrocytes mediate iron shuttling and neurons are unable to metabolize it.
Furthermore, we observed NCOA4-dependent ferritinophagy of ferritin heavy-chain isoforms
determining the increase of light-chain enriched ferritin heteropolymers that are more efficient as iron
chelators. Altogether, these data highlight the involvement of the Hepcidin/Ferroportinl axis and
NCOA4 during mice aging as a response to a higher iron influx to the brain.
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Introduction

Iron is an essential metal in many cellular and biological processes: oxygen transport, oxidation-
reduction reactions, ATP production, DNA biosynthesis and repair. Conversely, it can generate
Reactive Oxidative Species (ROS) by Fenton reaction, contributing in this way to the
pathophysiology of many diseases characterized by iron overload (Ganz 2012).

Cells need a balance between iron availability for several biochemical processes, and iron deposits.
This homeostatic situation is guaranteed by the action of different proteins involved in iron transport
into the cells: Transferrin (Tf), Transferrin Receptors (TfR1) and Divalent Metal Transporter 1
(DMT1); iron export, through the action of the main cellular iron exporter Ferroportin 1 (Fpnl)
(Ginzburg 2019) and storage, carried out by cytosolic ferritin (Ft) heteropolymer, composed of 24
subunits of ferritin heavy (Ft-H) and light (Ft-L) chains that can store up to 4500 iron atoms (Arosio
2009; Morello 2009).

Nonetheless, iron trafficking is a dynamic process where Tf plays a major role in iron relocation
between sites of absorption, recycling and storage and sites of utilization. Transferrin-iron (Tf-Fe2)
complex binds to Transferrin Receptor 1 (TfR1), which is ubiquitously expressed in all cells.
However, the highest concentration of TfR1 is detected in erythroid precursors since hemoglobin
producing cells request the highest amount of iron in the body (Ginzburg 2019).

Iron content and availability in the body are regulated by Hepcidin (Hepc), a peptide produced mainly
by hepatocytes. Hepc interacts with the cellular iron exporter Fpnl, causing its degradation, and iron
retention inside the cells (Sangkhae 2017). Consequently, Hepc decreases the amount of iron in the
serum (Ganz 2013), it controls intestinal iron uptake and its release from splenic macrophages
according to the body need (Sangkhae 2017). In iron deficiency conditions (i.e. anemia, hypoxia,
ineffective erythropoiesis) Hepc level decreases; on the contrary, its expression increases when the
content of iron in the organism is sufficient or during inflammatory processes (Sangkhae 2017; Roetto
2018).

In the brain, iron is essential for different metabolic processes and it regulates important functions
such as neurotransmission, myelination and division of neuronal cells (Moos 2007). Iron enters into
the brain crossing the Blood Brain Barrier (BBB), which is the pivotal protective filter to avoid
inappropriate levels of iron in the brain (Mills 2010; Thirupathi 2019). Iron shuffling into the brain is
mediated by the same transporters that are acting in the peripheral tissues; iron up-take is mediated
by TfR1 that is expressed on the luminal side of brain capillaries (Bien-Ly 2014; McCarthy and
Kosman 2014) where it binds circulating Tf-Fe2 to promote iron uptake into brain microvascular
endothelial cells (BMVECSs) through coated pits endocytosis (Mills 2010). Iron is released into the
cytoplasmic space and exported through the abluminal membrane by unknown mechanisms in which
Ferroportinl may be involved (Donovan 2000) as well as other transporters (Ward 2010).

Several other genes that regulate iron homeostasis are expressed in the murine Central Nervous
System (CNS), including Iron Regulatory Proteins (IRPs) (Leibold 2001), Ft (Moos 1996), neogenin-
1 (NEO-1) (Rodriguez 2007). Indeed, iron enters into neurons, microglial and cells of the choroid
plexus bound to TfR1. It has been shown that Hepc is also present in the brain, both in mature
astrocytes and oligodendrocytes (Vela 2018), where it plays a role in the control of iron amount
together with its own iron regulatory proteins (Ward 2010). It is not yet clear whether all the Hepc
acting on Fpnl in the brain could have been produced in the liver (Vela 2018). Although the peptide
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size and its amphipathic cationic chemical structure (Bulet 2004) would allow hepatic Hepc to pass
the BBB, it has been shown that there is an endogenous cerebral Hepc expression (Zechel 2006) and
that it responds to brain iron (BI) state (Pellegrino 2016).

Moreover, in vivo studies showed that synthetic Hepc injection in rats’ brains caused a decrease in
Fpnl levels, demonstrating that Hepc/Fpnl axis works also in the brain (Raha- Chowdhury 2015).
As in other organs, Bl balance should be carefully maintained in order to avoid neurotoxicity induced
by excessive concentrations of free iron (Ward 2010). It was shown that an increase in Bl levels could
be due to several conditions such as inflammation, iron redistribution inside the brain, iron unbalance
(Conde 2006; Farrall 2009) and, consequently, BBB permeability increases because of the release of
inflammatory mediators, free radicals, vascular endothelial growth factor, matrix metalloproteinases
and microRNAs (miRNAs) (Almutairi 2016). Interestingly, the processes of aging could also be
responsible for misregulated iron metabolism (Ward 2010). Indeed, it is known that iron amount
increases during aging and that several neurodegenerative disorders (NDs), such as Parkinson’s
disease (PD), Alzheimer’s disease (AD) and Multiple Sclerosis (MS), are associated with
inappropriate iron accumulation and oxidative stress that can quicken ferroptosis, an iron-dependent
form of cell death (Rouault 2013; Santana-Codina 2018, Quiles Del Rey 2019). During the
physiological process of aging, iron accumulation is found in different brain regions, known to be
more vulnerable to age-dependent neurodegeneration (Mills 2010).

Different studies suggested that cerebral cortex (Ctx) iron increase would have a significant impact
on cerebral functioning: indeed iron has been proposed as a marker of neurodegeneration (Biasiotto
2016; Buijs 2017).

Recently, a new protein named Nuclear Receptor Coactivator 4 (NCOA4) which is involved in iron
metabolism has been identified: it is a cargo protein which promotes selective autophagic ferritin
degradation (Mancias 2014). As a consequence of NCOA4 binding to Ft-H, ferritin is carried to the
lysosome where it is degraded and iron is released in the cytoplasm, modulating in this way
intracellular iron regulation, in a process termed “ferritinophagy” (Mancias 2015; Santana-Codina
2018). Interestingly, NCOA4 levels are regulated by intracellular iron status (Mancias 2015) and
recent works showed that the amount of NCOA4 changes according to the interaction with another
protein, HERC2, an E3 ubiquitin protein ligase (Mancias 2015; Quiles Del Rey 2019). Moreover,
Bellelli et al. described an iron overload phenotype in a NCOA4 knockout mouse model with
increased level of Tf saturation, serum Ft, liver Hepc and an increase of Ft deposits (Bellelli 2016).
Recently, an extra-hepatic function of NCOA4 was demonstrated (Nai 2021).

However, up to now, no data are available on NCOA4 and Hepc/Fpnl expression levels and their
functions in the brain during aging and/or neurodegeneration.

In the present study we investigated Hepc, Fpnl and NCOA4 expression in a murine model during
aging to unravel their possible involvement in Bl overload.

Results

Iron amount and distribution in WT mice brain during aging

To verify Bl amount, we evaluated BIC at each experimental time point (Fig.1A). Actually, BIC
gradually increases during aging (Fig.1B).

In order to confirm and visualise the increase of iron in the brain and to investigate if iron deposition
varies in different brain areas, we performed histochemical analysis with DAB-enhanced Prussian

3


https://doi.org/10.1101/2021.07.01.450665
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450665; this version posted July 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

blue Perls’ staining. Indeed, the brain sections of WT O mice show an increased number of brown
positive precipitates compared to WT A mice in specific parenchymal region such as Ctx, Hip CA
regions, third ventricle (3V) and striatum (Fig.1C).

These results demonstrate that iron accumulates in the nervous tissue during physiological aging in
specific areas of the brain.

Iron-dependent inflammatory response and oxidative stress during aging

To investigate if the accumulation of iron in the brain led to a neuroinflammatory processes and if it
could cause oxidative stress, we analysed the two main markers of these biological processes, SAA1
(Jang 2019) and Nrf2 (Jiang 2019) respectively.

SAAL1 expression levels significantly become more than 20 times higher in WT O animals compared
to WT A mice (Fig. 2A). Nrf2 expression levels also appear to constantly increase during aging (Fig.
2B).

Moreover, since it is known that i) the expression of the intermediate filament protein (GFAP) is a
morphological characteristic of astrocytes (O'Callaghan 2005) and ii) its activation is one common
indicator of neuroinflammation in the CNS and it is involved in the progression of neurodegeneration
in ischemia, Alzheimer’s disease (AD), Multiple Sclerosis (MS), Amyotrophic Lateral Sclerosis
(ALS) and Parkinson’s disease (PD) (Mosley 2006; Glass 2010; Block and Hong 2005; Hirsch and
Hunot 2009; Vezzani 2013), we performed immunohistochemistry to selectively label reactive
GFAP-positive astrocytes. Moreover, we also checked the expression of IBA-1, a
microglia/macrophage-specific calcium-binding protein which is also a key molecule in
proinflammatory processes (Lier 2019). Indeed, we identified high astrocyte activation and an
increased expression of microglia in both iron overloaded parenchymal regions of WT O mice, Ctx
and Hip, compared to those of WT A mice (Fig. 2C and 2D).

These data show that the increase of iron in the brain triggers the neuroinflammatory and antioxidative
stress response to iron transition from the systemic circulation to the brain.

Hepcidin/Ferroportinl pathway response to iron increase during aging

In order to evaluate the role of Hepc/Fpn1 axis and to verify if this pathway is also active during brain
aging to promote iron retention into the cells, we measured both Hepc and Fpnl levels in mice brain
at different ages. We observed that Hepc gene expression significantly increases in WT M-A and WT
O mice brain (Fig. 3A), while Fpn1l, the target of Hepc, decreases (Fig. 3B). Due to the iron selective
localization in the Ctx and Hip (Fig. 1C), we decided to confirm Fpnl decrease in the same brain
compartments. On the contrary of what happened in total brain, we found that Fpnl increases during
aging in both Ctx and Hip. In particular, immunofluorescence experiments demonstrated a clear
increase of the protein in WT M-A and WT O mice Ctx and Hip compared to the same WT A mice
areas (Fig. 3C).

To further investigate this Fpnl reversal distribution and to better understand Hepc/Fpnl correlation
at the cellular level, we co-labelled Fpn1 with a specific astrocytic and neuronal marker: GLAST and
VGLUTL1 respectively. We found that Fpnl increases with aging and co-localizes with astrocytes in
the Ctx and Hip, while it remains constant in neurons (Fig 3D); the same co-localization is present
also in WT A mice (Fig 1S). These results demonstrate that neurons and astrocytes respond differently
to iron excess.
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Ferritin response to aging, iron increase and NCOA4-mediated modification of ferritin
heteropolymers

To investigate how neuronal cells responded to the increase of iron amount, we analysed the iron
deposit protein Ft in the total brain evaluating separately the two polymers Ft-L and Ft-H. As
expected, we observed a significant increase in Ft-L amount (Fig. 4A), but a 40% reduction of Ft-H
polymers in WT O animals' brains compared to the WT A ones (Fig. 4B).

To verify if these differences were caused by the action of the ferritinophagy inductor NCOA4, we
investigated NCOA4 transcription and translation in the brain. Indeed, NCOA4 gene results to be
highly transcribed in the brain and its expression level is comparable to that of the liver (Ct values
251 and 24+1.5 respectively) (Bellelli 2016 and Fig 2S). More importantly, NCOAA4 protein amount
is significantly increased in WT O mice brain compared to WT A one (Fig. 4C). To discriminate if
the accumulation of iron specifically occurred inside neurons and/or astrocytes, we co-stained Ft-L
with MAP-2 and GFAP, respectively. Compared to WT A mice, in WT O mice brains’ sections we
observed a specific increase of Ft-L deposits in cortical and hippocampal neurons compared to
astrocytes (Fig. 4D).

To date, no data concerning NCOA4 expression levels, function and role in the brain during aging
were available. Our results show for the first time that NCOA4 has a considerable transcription in the
CNS and that brain cells respond to higher iron amounts increasing NCOA4 production. We
hypothesize that NCOA4, acting specifically on Ft-H degradation, can promote the formation of Ft-
L rich heteropolymers, more suitable to iron storage.

Blood Brain Barrier (BBB) permeability increases during animal aging

To verify if the higher iron flux in the CNS is due to an increase of BBB permeability, we analysed
ZO-1 protein, a marker of BBB integrity. The role of ZOs proteins is to maintain the compactness of
BBB since they act as a bridge connecting the cytoplasmic tails of Claudin and Occludin to the actin
cytoskeleton in order to stabilize the tight junction (TJ) structure (Dobrogowska 2004; Maiuolo
2018). We found that the ZO-1 levels of expression significantly decrease during aging (Fig. 5A).
We can argue that BBB altered permeability, due to physiological aging, could be responsible for the
increase of iron flux from systemic circulation to the brain; this could in turn lead to iron
accumulation.

Discussion

The CNS exhibits peculiar characteristics in Bl management (Zecca 2004). Although iron content
should remain roughly stable in the brain during life, an increase in iron content was observed in
multiple brain regions during aging (Zecca 2004; Lozoff 2006) and in neurodegenerative diseases
with old age onset such as PD and AD (Rouault 2013). In particular, iron overload in motor area,
such as basal ganglia, may explain the motor deterioration (Mill 2010) and it may trigger the
aggregation of proteins such as a-synuclein (Yamamoto 2002) and the formation of inclusion bodies
containing damaged or aggregated proteins that could cause endoplasmic reticulum stress (Liu 2012).
Furthermore, in glial cells, the main sensors of neuronal homeostasis alteration, it is iron accumulation
which triggers the release of pro-inflammatory cytokines, determining a pro-inflammatory
environment which promotes the neurodegenerative process (Ndaysaba 2019).
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The major protective barrier against iron overload in the brain is the Blood Brain Barrier (BBB).
Indeed, the BBB mitigates iron entry from the blood through highly regulated and selective transport
systems; iron is acquired by neurons and glial cells through iron transporter proteins, and released
from these cells through the iron export protein Ferroportin 1 (Fpnl) (Rouault 2013). Data show that
iron crosses the BBB, which is formed by cerebrovascular endothelial cells (or brain vascular
endothelial cells, BVECs), bond to Tf through TfR-mediated endocytosis (Moos 2004; Leitner 2012).
BVECs export intracellular iron using Fpnl, whose export activity is conditioned by the action of the
iron ferroxidases ceruloplasmin and hephaestin (Rouault 2013).

It is now clear that systemic iron regulation is based on a complex protein regulatory system focused
on the hepatic Hepcidin (Hepc) production under different stimuli, such as the low or the high iron
availability, hypoxia or inflammation, and on its blocking action on the exporter Fpnl (Muckenthaler
2017). This complex regulatory system is active also in the CNS (Rouault 2013). Data show that
Hepc is expressed in different brain regions, located in both glial cells and neurons, and under Bl
overload condition, an increase of Hepc corresponds to a Fpnl decrease (Wang 2010; Ding 2011; Du
2015). However, it is not clear yet whether the source of Hepc in the brain is only local or if hepatic
Hepc can pass the BBB and regulate CNS iron availability as well (Vela 2018). Moreover, how does
this regulatory system respond to intracerebral iron increase during physiological aging process? To
answer to this question, we studied the expression of some proteins that play a central role in
maintaining systemic iron homeostasis in C57BL/6 mice brain at different animal ages.

We demonstrated that the progressive increase in iron content that we observed in animals’ brain
during aging triggers the onset of an neuroinflammatory condition, measured by an increased
expression of SAA-1 (Serum Amyloid protein Al), a protein expressed in acute inflammatory phase
and a reliable marker of neuroinflammation (Yu 2019). During acute neuroinflammation, in fact,
SAA-1 increases up to 1000 times and can stimulate the release of cytokines and chemokines (Jang
2019). Interestingly, the same protein has been found to be overexpressed in the brain of AD patients,
as well as in the AD mouse model APP/SAA, that recapitulates the disease (Jang 2019). Moreover,
the increase in transcription of Nrf2, a redox-sensitive transcription factor whose activation results in
cellular antioxidant responses via modulation of several stress-responsive proteins (Jiang 2019),
supports the evidence of an oxidative stressful condition in our WT O mice brain.

It is known that astrocytes are less susceptible than neurons to the toxicity stimulated by iron
accumulation (Kress 2002); indeed, they play a protective role towards neurons in thiamine
deficiency-induced neurodegeneration (Ke 2004) during the early stage. Conversely, in the late stage
of neurodegeneration, consistent astrocytes activation is visible, demonstrated by the progressive
increase of GFAP, together with increased neuroinflammation and neurodegeneration (Ke 2004).
Indeed, in line with these findings, in both iron overloaded parenchymal regions of our WT O mice,
Ctx and Hip, we observed high astrocytic activation and microglial expression, as a clear sign of
neuroinflammation leading to progressive neurodegeneration.

Moreover, as a response to the increased iron amount and/or neuroinflammation in WT M-A and WT
O mice, we found an increase of 8-10 fold of Hepc transcription, while Fpnl amount decreases, even
if more gradually compared to Hepc in the whole brain. However, when we restrain the observation
to the areas in which iron overload is mainly localized, we found that Fpn1l is increased specifically
in WT O mice Ctx and Hip. We can hypothesize that this could be related to the rise of Hepc levels
in the other brain regions in which there is no iron overload.
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Furthermore, we showed that during animals aging Fpnl amount in the brain is cell-specific. Indeed,
Fpnl protein increases during aging in cortical and hippocampal astrocytes, but not in neurons, all
this regardless of the relevant Hepc increase (30x) in total brain.

This could be due to: i) a detoxifying mechanism carried out by neurons and astrocytes, aimed to
store or remove iron excess respectively; ii) an impairment of the Hepc/Fpn1 physiologic metabolism
of cortical and hippocampal neurons and astrocytes due to the selective increase of iron amount in
these specific brain regions. It could also be hypothesized that the Fpnl expressed in these cells is
one of the different isoforms already characterized, for example an isoform not responsive to Hepc
or modulated through different regulatory mechanisms (Drakesmith 2015).

To evaluate the regulation of the increase of iron content in neuronal tissue, we analyzed the iron
deposit protein Ft and a recently identified protein, Nuclear Receptor Coactivator 4 (NCOA4).
NCOAM4 is involved in Ft degradation and i) its inactivation in mice causes a hepatic iron overload
phenotype (Bellelli 2016); ii) Ft levels are enhanced in cellular models in which NCOA4 is silenced,
suggesting that ferritin is constantly degraded by an NCOA4-dependent pathway (Fujimaki 2019);
iii) NCOA4 promotes autophagic ferritin degradation through its binding to Ft-H subunit (Dowdle
2014; Mancias 2015). Surprisingly, we found an increased amount of NCOA4 in WT O mice's brains,
contrary to what happens in the liver, where iron overload is associated with NCOA4 silencing
(Bellelli 2016). Furthermore, evaluating separately the two ferritin polymers Ft-L and Ft-H, we
observed an increase of Ft-L and a decrease of Ft-H during mice aging. The same Ft-L increase was
evidenced in cortical and hippocampal neurons, but not in astrocytes, in immunofluorescence
analysis. This data further supports the hypothesis that there is a cells specific response to increased
iron amount: neurons store the metal in Ft-L rich heteropolymers while astrocytes increase iron export
through Fpnl. Also, we hypothesize 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, which are more effective for iron storage.
Neurodegenerative disorders (NDs) are characterized by the impairment of the BBB integrity and,
more precisely, by the alteration of the expression of junction proteins (Luissint 2012). Moreover, the
onset of NDs can be promoted by iron accumulation that in turn induces oxidative stress (Skjorringe
2012). To verify if the abnormal flux of iron in the CNS during aging was due to an increase of BBB
permeability, we analysed the Zonula occludens-1 protein (ZO-1), a marker of BBB integrity. ZOs
are cytoplasmic membrane-associated accessory proteins to maintain the TJ structure and are
considered sensitive indicators of normal or altered functional states of BBB (Dobrogowska 2004).
The significant decrease in ZO-1 levels that we found in WT O animals supports the hypothesis that
iron accumulation in the brain during mice aging is due to a BBB permeability alteration.

As resumed in Fig. 5B, the altered permeability of the BBB observed in our murine model during
physiological aging allows increased iron passage from systemic circulation to the brain. Iron
overload, selectively localized in the Ctx and Hip, triggers a neuroinflammatory response that in turn
activates Hepc/Fpnl pathway. As a consequence of this, an astrocytic activation and an increased
Fpnl amount occur, this implying an increased iron export from these cells. In order to protect
themselves, Ctx and Hip neurons increase the expression of ferritin-L (Ft-L) heteropolymers leading
to the production of Ft-L enriched ferritins, more suitable to chelate free iron. This iron availability
imbalance could cause oxidative damage, stress and could even cause neurodegeneration.

It is well known that NDs are characterized by inappropriate Hepc production (Qian 2020), so a
therapeutic approach aimed at modifying Hepc response could be taken in consideration for
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treatment. Mini-Hepc and Hepc agonists were already injected into mouse models of transfusion
dependent thalassemia (TDT), an iron overload condition characterized by high level of
erythroferrone, an Hepc inhibitor (Kautz 2014), and low serum Hepc. These drugs allowed an
increase in Hepc levels in the serum that determined, de facto, a decrease in iron concentration in
serum, spleen, liver and a reduction of erythroferrone levels (Casu 2020).

Another strategy could be to stimulate or inhibit Hepc production by targeting positive or negative
regulators such as Bone Morphogenetic Protein 6 (BMP6), an in vivo inducer of systemic Hepc
(Muckenthaler 2017), and Transmembrane Serine Protease 6 (TMPRSS6), a potent Hepc inhibitor
(Blanchette 2016). Indeed, stimulators and inhibitors of Hepc were used in cultured cells and animal
model also to recover from brain damage (Qian 2020) by blocking inflammatory pathways (Huang
2018) and by reducing oxidative stress and consequently Hepc expression (Zhao 2018).

Even though the dyshomeostasis in iron metabolism in some NDs was a secondary event, the finding
that iron-related oxidative damage in AD is an early event in the disease process (Ashraf 2020)
suggests that the control of iron levels in the brain remains a worthwhile therapeutic target (Bonda
2011). Some clinical studies on Parkinson's, Alzheimer's, Huntington's and Friedreich's ataxia
patients have already been done to reduce Bl amount using iron chelators, although with controversial
results (Nunez 2018).

In addition, another protein on which it could be theoretically possible to act is NCOA4, the cargo
receptor involved in intracellular iron metabolism. Since a constitutive and systemic NCOA4
depletion showed an iron overload phenotype (Bellelli 2016), we can assert that NCOA4 upregulation
could be protective in the context of NDs. Obviously, it is essential to expand the understanding of
the detailed role of NCOAA4 in the brain through the generation of murine models with targeted
deletion of NCOA4 in the brain or using other selective gene silencing techniques (Czarnek 2016).
Taken together, these data highlight for the first time the involvement of the Hepc/Fpnl axis and
NCOA4 in Bl increase during mice aging as a response to a higher iron flux in CNS consequent to a
BBB alteration.

Additional research in animal models of NDs are required to study the response to the increased
amount of iron in the brain in order to exploit the results for the prevention and clinical management
of patients with these diseases.

Materials and Methods

Animals

The C57BL/6 mice (from now on indicated with the acronym WT) used for the study were purchased
from the Jackson Laboratory. Both male and female mice and at least three animals for each
experimental group were analysed and grouped according to their age. To classify them we used “The
Jackson Laboratory” classification (https://www.jax.org). Mice are grouped as follows: until 2
months of age mice are considered Young (WT Y); from 2 to 6 months of age Adult (WT A); from
6 to 12 months of age Middle-aged (WT M-A) and from12 months of age (between 18-24 months of
age) Old (WT O) (Fig. 1A). Mice were housed in transparent conventional 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
12 h/12 h 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) (VRF1, Special Diets Services, Essex, United Kingdom).
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Mice were anaesthetized (ketamine, 100 mg/kg; Ketavet, Bayern, Leverkusen, Germany; xylazine, 5
mg/kg; Rompun; Bayer, Milan, Italy) and sacrificed by cervical dislocation. A subset of 3 WT A and
3 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 approved by the Ethical Committee
of the University of Turin.

Real-time quantitative PCR

The brain tissues of the mice were homogenized in TRIzol reagent, separated with chloroform and
the total RNA was precipitated with isopropanol. After washing with 70% ethyl alcohol, RNase free
water was added to dissolve RNA. 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 in the total brain using Real-time quantitative PCR in a CFX96
Real-time System (Bio-Rad, California, USA). For Nuclear factor erythroid 2-related factor 2 (Nfr2)
and NCOA4 gene analysis, SYBR Green PCR technology (EVAGreen, Bio-Rad, California, USA)
was used with specific primers designed (sequences are reported in Supplemental Material) (Table
1S). For Hepc and Serum Amyloid Al (SAA1) genes analysis Tagman PCR method was used
(Assays-on-Demand, Gene Expression Products, Applied Biosystems, California, USA). In both
cases, B-glucuronidase (Gus-P) gene was used as housekeeping control. The results were analyzed
using the AACt method (Livak 2001). Real-time quantitative PCR of all the transcripts were carried
out in duplicate.

Immunoblotting

The Fpnl, Ft-H, Ft-L, NCOA4 and Zonula occludens-1 (ZO-1) proteins amount in the brain was
evaluated by Western Blotting (WB) analysis using specific antibodies and normalized to B-Actin
protein. 50 pg of total brain lysates were separated on 6-12% SDS polyacrylamide gel and
immunoblotted according to standard protocols (Boero 2015). The following antibodies were used to
detect the different proteins: Fpnl (G-16), B-Actin (C-4) and NCOA4 or ARA 70 (H-300) (Santa
Cruz Biotechnology, Dallas, Texas, USA); ZO-1 (GeneTex, California, USA). Antibodies used to
specifically detect the two ferritin isoforms, Ft-H and Ft-L, were gently provided by Sonia Levi,
University of Vita Salute, Milan, Italy. Data from each protein quantification (Image Lab 4.0.1
Software, Bio-Rad, California, USA) were normalized on B-Actin amount in the same samples.

Immunofluorescence

To perform histological analysis, animals were perfused, brains were removed and post-fixed in PFA
for 24h at 4°C, cryoprotected in 30% sucrose in 0.12 M phosphate buffer and processed according to
standard protocols. Brains were cut in 30 um thick coronal sections collected in PBS and then stained
to detect the expression of Fpnl (G-16, Santa Cruz Biotechnology, Dallas, Texas, USA), Ft-L (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 (VGLUTL1) (Merck Millipore
Burlington, Massachusetts, United States), Glutamate Transporter (GLAST) (Thermo Fischer
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Scientific Waltham, Massachusetts, United States) and lonized calcium-binding adaptor molecule 1
(IBA-1) (Abcam, Cambridge, United Kingdom). Incubation with primary antibodies was made
overnight at 4°C in PBS with 2% normal donkey serum (NDS) (D’Errico 2013). The sections were
then exposed to secondary Cy2-, Cy3- (Jackson ImmunoResearch Laboratories, West Grove, PA)
and 647 Alexa Fluor-conjugated antibodies (Molecular Probes Inc, Eugene Oregon) for 1 h at room
temperature (RT). DAPI (4,6-diamidino-2-phenylindole, Fluka, Italy) was used to counterstain cell
nuclei. After processing, sections were mounted on microscope slides 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); for each image z-stacks were taken
at 40X and 63X magnification.

Iron parameters

Brain tissues nonheme iron content (BIC) was performed according to standard procedure. Iron
amount was evaluated using a colorimetric technique utilizing 20 mg of dissected and dried murine
whole brains (Roetto 2010).

For staining of perfused brains nonheme ferrous iron Prussian blue Perl’s staining was performed
using a specific commercial kit (Bio-Optica, Milan, Italy). To improve the sensitivity of Perls’
method, an intensification step with DAB (3-3’-diaminobenzidine tetrahydrochloride) (Meguro 2007)
was performed.

Images were taken at 10X magnification using a Leica DM4000B automated vertical microscope and
the IM50 program for image acquisition (Leica Microsystems, Wetzlar, Germany).

Statistical analysis

To verify if the differences of MRNA expression and protein production were statistically significant,
one-way ANOVA followed by Bonferroni’s post hoc analysis or unpaired T-test were applied
according to the experimental group’s number. In both cases, the 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 * standard error of the mean. WT adult (A) mice were used as
normalizer.
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Figure Legends

Figure.1 Bl amount and accumulation in specific brain compartments during aging.

(A) The Jackson Laboratory classification (https://www.jax.org): WT Y, Young; WT A, Adult; WT
M-A, Middle-Aged; WT O, Old.; (B) Brain Iron Content (BIC) from mice total brain at different
ages; (C) Sections of mice brain stained with DAB-enhanced Prussian Blue staining in cerebral cortex
(Ctx), hippocampus (Hip), third ventricle (3v) and Striatum during ageing. Scale bars:10X;
*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 unpaired T-test.
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Figure.2 Inflammatory response activation and oxidative stress during aging.

(A) Real-time PCR of Serum amyloid A1 (SAAL) in total brain from all genotypes. (B). Nuclear
factor erythroid 2-related factor 2 (Nrf2) mRNA expression levels in total brain. The expression levels
of SAA1 (A) and Nfr2 (B) were normalized to levels of B-glucuronidase (Gus-f) housekeeping gene
(material and methods section); (C-D) Immunofluorescence anti-GFAP (green) and anti-IBA1 (pink)
antibodies in cerebral cortex (Ctx) and hippocampus (Hip); 4,6diamidino-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.

Figure.3 Hepc/Fpnl pathway activation during aging.

(A) Hepcidin (Hepc) transcription pattern, (B). Western blotting analysis and quantification of
Ferroportin (Fpnl) in mice total brain during aging. (B) Immunofluorescence anti-Fpnl antibody
(red) in cerebral cortex (Ctx) and hippocampus (Hip); 4,6-diamidino-2-phenylindole (DAPI) (blue)
was used to counterstain cell nuclei. Arrows indicate Fpnl expression and localization. (D)
Immunofluorescence of neuronal and astrocytic cells using anti-GLUTL1 (green), anti- GLAST (red)
and anti-Fpnl antibodies in cerebral cortex (Ctx) and hippocampus (Hip). 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.

Figure.4 Ferritin's response to ageing iron increase and NCOA4 involvement.

(A) Western blotting analysis and quantification of Ferritin-L (Ft-L), (B) Ferritin-H (Ft-H), and (C)
Nuclear receptor coactivator 4 (NCOA4). (D) Immunofluorescence of astrocytic and neuronal cells
using anti-GFAP (green), anti-MAP2 (red), and anti-Ft-L 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 unpaired T- test.

Figure.5 Blood brain barrier (BBB) altered permeability.

(A) Western blotting analysis and quantification of Zonula occludens-1 (ZO-1). * statistically
significant vs WT A control group (N=3 at least) *P <0.05; **P <0.01 ***P <0.001 using unpaired
T-test. (B) Schematic model 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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