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Abstract Mounting evidence indicates that the lysosomeautophagy pathway plays a critical role in iron release
from ferritin, the main iron storage cellular protein, hence
in the distribution of iron to the cells. The recent identification of nuclear receptor co-activator 4 as the receptor for
ferritin delivery to selective autophagy sheds further light
on the understanding of the mechanisms underlying this
pathway. The emerging view is that iron release from
ferritin through the lysosomes is a general mechanism in
normal and tumour cells of different tissue origins, but it
has not yet been investigated in brain cells. Defects in the
lysosome-autophagy pathway are often involved in the
pathogenesis of neurodegenerative disorders, and brain
iron homeostasis disruption is a hallmark of many of these
diseases. However, in most cases, it has not been
established whether iron dysregulation is directly involved
in the pathogenesis of the diseases or if it is a secondary
effect derived from other pathogenic mechanisms. The recent evidence of the crucial involvement of autophagy in
cellular iron handling offers new perspectives about the
role of iron in neurodegeneration, suggesting that autophagy dysregulation could cause iron dyshomeostasis. In this
review, we recapitulate our current knowledge on the
routes through which iron is released from ferritin, focusing on the most recent advances. We summarise the cur-
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rent evidence concerning lysosome-autophagy pathway
dysfunctions and those of iron metabolism and discuss
their potential interconnections in several neurodegenerative disorders, such as Alzheimer’s, Parkinson’s and
Huntington’s diseases; amyotrophic lateral sclerosis; and
frontotemporal lobar dementia.
Keywords Ferritinophagy . Nuclear receptor co-activator 4 .
NCOA4 . Iron . Autophagy . Lysosome . Neurodegeneration
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Amyloid precursor
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Autophagy related 7
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Parkinson protein 7
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repeat protein 5
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iron-regulated transporter,
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Friedreich’s ataxia
Fused in sarcoma (FUS
RNA-binding protein)
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receptor-associated
protein
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receptor-associated
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receptor-associated
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folate transporter, member 1)
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Hephaestin

HF
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(HMOX1)
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Iron regulatory protein
1 (ACO1, aconitase 1)
Iron regulatory protein
2 (IREB2, iron-responsive
element-binding protein 2)
Lysosomal-associated
membrane protein 1
Lysosomal-associated
membrane protein 2
Microtubule-associated
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alpha (MAP1LC3A)
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Leucine-rich repeat kinase 2
Lysosomal storage disease
Microtubule-associated
protein tau
Mucolipin 1
Mouse embryonic fibroblast
Mitoferrin 1 (SLC25A37,
solute carrier family
25 member 37)
Mitoferrin 2 (SLC25A28,
solute carrier family 25
member 28)
Multiple system atrophy
Mechanistic target of rapamycin
Neurodegeneration
with brain iron accumulation
Neighbour of BRCA1 gene 1
Nuclear receptor co-activator 4
Nuclear dot protein 52
(CALCOCO2,
calcium binding and
coiled-coil domain 2)
Neurofibrillary tangles
Non-transferrin bound iron
Optineurin
Pantothenate kinase 2
Parkin
Poly rC-binding protein 1
Poly rC-binding protein 2
Parkinson’s disease
Profilin 1
Progranulin (GRN, granulin)
PTEN-induced putative kinase 1
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PLA2G6/PARK14
PSEN1
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RAB29/PARK16
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SG
SIGMAR1
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SNCA
SNCA/PARK1
SNCA/PARK4
SOD1
SOD2
SQSTM1
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STEAP3
TDP-43
TF
TFEB
TFR1
TIM2
TMEM106B
TMPRSS6
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UCH-L1/PARK5
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VAPB
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VPS35/PARK17
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Phospholipase A2 group VI
Presenilin 1
Presenilin enhancer
γ-secretase subunit
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RAB29 member RAS
oncogene family (PARK16,
Parkinson disease 16)
RAB38 member RAS
oncogene family
Reactive oxygen species
Stress granule
Sigma non-opioid intracellular
receptor 1
Stable isotope labelling
by amino acids in cell culture
α-Synuclein
α-Synuclein gene mutation
α-Synuclein gene multiplication
Superoxide dismutase 1
Superoxide dismutase 2,
mitochondrial
Sequestosome 1
Sterol regulatory
element-binding
transcription factor 1
STEAP family member 3,
metalloreductase
TAR DNA-binding
protein (TARDBP)
Transferrin
Transcription factor EB
Transferrin receptor 1
(TFRC, transferrin receptor)
T cell immunoglobulin and
mucin domain-2 (Timd2)
Transmembrane
protein 106B
Transmembrane
protease, serine 6
Ubiquitin
Ubiquilin 2
Ubiquitin carboxyl-terminal
esterase L1
Ubiquitin proteasome system
Untranslated region
VAMP-associated protein
B and C
Valosin-containing protein
Vacuolar protein sorting
35 (VPS35 retromer
complex component)
WD repeat domain 45

Introduction
Iron is a critical co-factor of several proteins involved in constitutive (cell proliferation and differentiation, DNA synthesis,
mitochondrial respiration) and specialised cellular functions
(oxygen binding and transport, myelination, drug metabolism,
synthesis of neurotransmitters). Both iron deficiency and iron
excess may have harmful effects and may be the cause of or
may modulate neurological diseases. Iron deficiency is involved in neurological manifestations, like restless leg syndrome, and, during development, can cause cognitive dysfunction [1]. On the other hand, iron overload is involved in
neurodegenerations with brain iron accumulation (NBIAs) [2,
3] and other neurodegenerative diseases. Several studies also
suggest that impaired iron metabolism may be—at least—a
modulator of neurodegeneration in several genetic or sporadic
neurodegenerative disorders, such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS) and multiple sclerosis [4].
Iron exists both as Fe2+ and Fe3+, being redox active and
cycling between the two states. Under aerobic conditions, the
redox cycling can generate highly reactive radicals by the
Fenton reaction, resulting in oxidative stress and damage of
cellular macromolecules. Therefore, iron availability must be
tightly controlled within cells. This is ensured by a complex
network of proteins that safely import, store, traffic and export
iron and finely regulate these pathways. When imported iron
is not immediately used by the cell, it is mainly retained and
stored in the shell of cytosolic ferritin (FT), a protein able to
compartmentalise this metal in a non-reactive form,
preventing the excess of harmful free iron in the cell. Several
studies indicate that the iron stored within cytosolic FT is
mobilised and released for cellular needs by routes that implicate the degradation of the protein, the lysosome-autophagy
and the ubiquitin-proteasome pathways [5]. In recent years,
the first has received greater attention from researchers. The
new identification of a specific cargo receptor mediating FT
autophagy (named Bferritinophagy^ by the authors) is further
evidence of the central role of this pathway [6].
Autophagy is widely believed to be a pro-survival pathway,
protecting cells under stress conditions, such as nutrient deprivation and loss of energy, and eliminating misfolded and
damaged proteins and organelles. These functions are of particular importance in post-mitotic cells like neurons. On the
other hand, autophagy is also strictly related to cell death
through cross-regulation with the apoptosis pathway. Abnormal aggregation of misfolded proteins is a common hallmark
of most neurodegenerative diseases. The impairment of autophagy is also emerging as an important pathological feature
in these diseases, strictly linked to protein aggregation.
This review provides an overview of how iron is mobilised
from FT, focusing in particular on the most recent progress in
this field. We also review the involvement of protein
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aggregation, autophagy dysfunction and iron homeostasis disruption in the most common neurodegenerative diseases. Finally, we discuss the possible implications of the dysregulation of these pathways and of their interconnections in neurodegeneration, proposing aberrant ferritinophagy as a plausible
link.

Iron Metabolism in Mammals
Given the importance of iron in cellular functions and its potential toxicity, organisms and their cells have devised a way
to utilise it safely and to maintain appropriate amounts of this
element. This delicate balance is regulated through several
strictly coordinated and controlled strategies. As the maintenance of iron homeostasis in mammals is described comprehensively in several excellent reviews, such as [7] and [8], we
are only going to describe the essential items.
In mammals, iron is absorbed in the intestine by
enterocytes through different mechanisms. Heme-iron is
internalised by heme carrier protein 1/solute carrier family
46, folate transporter, member 1 (HCP1/SLC46A1) and released into the cytosol by heme oxygenase 1 (HO1/HMOX1).
Inorganic iron is oxidised in the acidic environment of the
duodenum and reduced by the ferric reductase duodenal cytochrome b/cytochrome b reductase 1 (DCYTB/CYBRD1), before being acquired by divalent metal transporter 1/solute carrier family 11, proton-coupled divalent metal ion transporter,
member 2 (DMT1/SLC11A2). Within the cytosol of
enterocytes, iron is stored in the FT shell or exported to the
plasma by ferroportin 1/solute carrier family 40, ironregulated transporter, member 1 (FPN1/SLC40A1). Exported
iron is oxidised by hephaestin (HEPH) within the enterocyte
basolateral membrane and loaded onto transferrin (TF), the
plasma iron carrier which maintains iron in its redox inert
state, preventing the build-up of harmful non-transferrinbound iron (NTBI), and safely distributes iron to tissues and
cells throughout the body. The exit of iron from enterocytes
and its trafficking in the plasma are strictly controlled by the
iron regulatory hormone hepcidin (HAMP), which is mainly
derived from the liver. This hormone binds to FPN1, leading
to its phosphorylation and degradation, thereby blocking the
exit of iron and its uptake by TF (Fig. 1a).
Cells mainly acquire iron from plasma through the interaction of iron-loaded holo-TF with cell surface transferrin receptor 1/transferrin receptor (TFR1/TFRC) (Fig. 1b). The complex is internalised by endocytosis and iron is released within
the endosomes in the oxidised form, by acidification. The apoTF/TFR1 complex is recycled to the cell surface and then
dissociated: TFR1 remains within the membrane and TF is
recycled in the bloodstream. Released Fe3+ is then reduced
to Fe2+ by the metalloreductase STEAP family member 3
(STEAP3) and exported from the lysosomes to the cytosol

through DMT1 or mucolipin 1 (MCOLN1). NTBI can be
found in plasma in conditions of iron overload. This harmful
form of iron can enter mammalian cells through DMT1, localised on the plasmatic membrane.
Iron released from lysosomes to the cytoplasm or
internalised by DMT1 is either deposited within the iron storage protein FT or delivered to the cellular sites of iron
utilisation, such as mitochondria. The trafficking of iron
through the cytosol to the sites of storage and utilisation and
from there to the site of export on the cell surface is not well
known. Iron possibly forms an intermediate highly chelatable
labile iron pool (LIP), made up of both oxidised and reduced
atoms, perhaps bound to low molecular weight molecules like
citrate. While this pool is necessary for iron utilisation, it may
be a source of redox-active iron. Cytosolic iron could also be
trafficked and delivered to the sites of utilisation by molecular
chaperones, such as poly rC-binding proteins 1 and 2 (PCBP1
and PCBP2). Excess iron is deposited as bioavailable—while
non-reactive—iron oxide, within the cavity of FT, a 24subunit heteropolymer composed of heavy (FTH1, ferritin
heavy polypeptide 1) and light (FTL, ferritin light polypeptide) chains, which can accommodate up to 4500 iron atoms.
These subunits co-assemble to make a spherical shell, in ratios
that vary among the different tissues. FTL is more abundant in
iron-storing tissues, such as liver tissue, while FTH1 is prevalent in the FT polymer of tissues that mainly use iron, such as
those of the muscles and heart. FTH1 has ferroxidase activity,
which converts iron into its oxidised form, necessary for iron
deposition inside its cavity. FTL possesses a nucleation site, in
which ferric ions bind, facilitating the building of the FT core
as hydrated iron oxide nanocrystals of ferrihydrite. Both
chains then contribute to the safe sequestration of iron ions [9].
The only known mammalian iron exporter is FPN1, which
exports reduced iron atoms. Upon its release into the extracellular space, iron is oxidised by ferroxidases such as ceruloplasmin (CP) and HEPH. Iron export is required to prevent
excessive iron amounts within cells and to mobilise iron
stored in specialised cells like hepatocytes and macrophages,
in order to respond to the needs of the entire organism. The
exit of iron through FPN1 from those specialised cells and
perhaps most cells is regulated by the master regulator of
systemic iron homeostasis HAMP, which is mainly derived
from the liver. However, experimental evidence has demonstrated the expression of this peptide by several other cells,
such as cardiomyocytes [10], pancreatic β-cells [11] and adipocytes [12], where it was shown to act as an autocrine/
paracrine hormone, involved in the local regulation of cellular
iron. Alternative mechanisms of control of iron exit from cells
are not currently known.
Cellular iron homeostasis is mainly regulated through the
activity of the iron regulatory protein 1/aconitase 1
(IRP1/ACO1) and iron regulatory protein 2/iron-responsive
element-binding protein 2 (IRP2/IREB2), able to bind RNA
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Fig. 1 Iron trafficking in mammalian cells. a At the apical membrane,
enterocytes absorb iron derived from the diet as heme-iron through heme
carrier protein 1 (HCP1) and heme oxygenase 1 (HO1), which releases
Fe2+, and as inorganic iron through divalent metal transporter 1 (DMT1),
after its reduction to Fe2+ by the ferric reductase duodenal cytochrome b
(DCYTB). Enterocytes store iron as ferritin (FT) or export the metal
through the basolateral membrane towards the circulation through
ferroportin 1 (FPN1), whose function is mainly regulated by the master
regulator of iron homeostasis hepcidin (HAMP). Iron released through
FPN1 is oxidised by hephaestin (HEPH) and loaded onto transferrin (TF).
Holo-TF distributes iron to tissues and cells through the circulation. b
Most mammalian cells acquire iron from the circulation through the
interaction between holo-TF and the cell surface transferrin receptor 1
(TFR1). The complex is internalised by endocytosis and iron is
extracted and released to the cytoplasm as Fe2+. The complex formed
by apo-TF and TFR1 is recycled to the cell surface and dissociated,
TFR1 being used within the membrane for successive cycles and TF
being recycled in the circulation. Extracted iron is reduced within the
endosomes by the metalloreductase STEAP family member 3
(STEAP3) and released into the cytoplasm through DMT1 or mucolipin
1 (MCOLN1). Free iron can also enter cells through DMT1. Fe2+ released
into the cytoplasm in these ways enters a pool of cytosolic iron, named
labile iron pool (LIP), presumably bound to low molecular weight
intracellular molecules, like citrate or ATP. This pool contains harmful
redox-active iron but is needed by several cellular pathways and
organelles, mainly mitochondria. Iron enters mitochondria through
members of the SLC family, such as mitoferrin 1/solute carrier family
25 member 37 (MFN1/SLC25A37) and mitoferrin 2/solute carrier family
25 member 28 (MFN2/SLC25A28) and is used for the synthesis of heme
and iron-sulfur clusters in these organelles. Cytosolic iron is also
trafficked to the sites of utilisation by molecular chaperones, such as

poly rC-binding proteins (PCBPs). These chaperones also take Fe2+ to
cytosolic FT for iron storage. Like in enterocytes, iron exits the cell
through FPN1 and is oxidised in the extracellular space by ferroxidases
such as ceruloplasmin (CP) and HEPH. The exit of iron through FPN1 is
regulated by HAMP. c Cellular iron metabolism is mainly regulated posttranscriptionally, through the activity of iron regulatory proteins 1 and 2
(IRP1 and IRP2). In conditions of low amounts of iron in the cell, these
proteins recognise and bind RNA structures named iron-responsive
elements (IREs) within the untranslated regions (UTRs) of the regulated
mRNAs, thus decreasing iron storage within the FT shell and iron release
through FPN1 (binding the 5′-UTR of their mRNAs and blocking their
translation) and increasing iron uptake through the expression of TFR1
and DMT1 (binding the 3′-UTR of their mRNAs and making them more
stable). In iron excess conditions, both proteins are released from IREs,
resulting in increased FT iron storage and FPN1 iron export (the block of
translation in the 5′-UTR having been removed) and decreased iron
uptake (the degradation rates of mRNAs containing IREs in the 3′-UTR
having been increased). Besides ferritin heavy polypeptide 1 (FTH1),
ferritin light polypeptide (FTL), FPN1, TFR1 and DMT1, other genes
contain IREs in their 5′- or 3′-UTRs, such as 5′-aminolevulinate synthase
2 (ALAS2), which catalyses the first step in the heme biosynthetic
pathway, aconitase 2 (ACO2), which is the mitochondrial aconitase
catalysing a step of the Krebs cycle and containing an iron-sulfur
cluster, amyloid precursor protein (APP) and α-synuclein (SNCA).
IRP1 is also the cytosolic aconitase, which contains a complete ironsulfur cluster in conditions of high iron and functions as an enzyme.
During cellular iron starvation, the cluster is disassembled and the
protein modifies its activity, becoming able to bind IREs. In conditions
of high iron, IRP2 is ubiquitinated and degraded through the proteasome
under the control of the E3 ubiquitin ligase F-box and leucine-rich repeat
protein 5 (FBXL5), in turn regulated by iron

Author's personal copy
Mol Neurobiol

structures, called iron-responsive elements (IREs), within the
untranslated regions (UTRs) of regulated messenger RNAs
(mRNAs). In cellular iron starvation conditions, the IRPs bind
IREs, resulting in TFR1 mRNA stabilisation and inhibition of
FT mRNA translation. This binding then causes an increased
expression of TFR1 and iron uptake in the cell and a parallel
decrease in FT expression and, consequently, in FT iron storage, directing iron to the cellular sites that need the co-factor.
Conversely, in cellular iron excess conditions, the IRP1 RNA
regulatory activity is inactivated and the protein, accommodating a complete iron-sulfur cluster, restores its aconitase
activity, while IRP2 is ubiquitinated and degraded via the
proteasome pathway, under the control of the E3 UB ligase
F-box and leucine-rich repeat protein 5 (FBXL5), in turn regulated by iron. This results in the degradation of TFR1 mRNA
and the translation of FT mRNA, thus leading to decreased
iron uptake and increased storage. Several other mRNAs specifying proteins directly involved in iron homeostasis have
functional IREs, notably DMT1 and FPN1 mRNAs
(Fig. 1c). DMT1 and FPN1 mRNAs also exist as alternatively
spliced transcripts with no IREs, suggesting further levels of
regulation. Interestingly, among the IRP/IRE-regulated proteins, amyloid beta (A4) precursor protein (APP) [13] and
α-synuclein (SNCA) [14] are involved in neurodegenerative
diseases.

Iron Metabolism in the Brain
Iron homeostasis in the brain is less known than in other
tissues [4, 15]. Iron transfer from the blood into the brain
occurs through the endothelial cells of the blood-brain barrier
(BBB) and the choroid plexus epithelium, both characterised
by tight junctions, creating a physical barrier for molecule
exchange.
Iron uptake through the BBB depends on the endocytosis
of circulating holo-TF mediated by TFR1, which is highly
expressed on the luminal side of the polarised endothelial
cells. The endocytic vesicles containing TFR1 bound to
holo-TF traverse the cell and fuse with the abluminal membrane, releasing TF-bound iron or free iron into the extracellular space through exocytosis, thereby recycling TFR1 for
successive cycles of iron uptake and allowing apo-TF to recycle to the plasma. Alternatively, intracellular iron transport
occurs, as in other cells, through endosomal extraction of iron
from TF, release to the cytosol through DMT1 (although its
expression in BBB endothelial cells is controversial) or the
ubiquitously expressed endosomal iron channel MCOLN1,
and then through FPN1 or other unknown exporters on the
abluminal membrane. Released Fe2+ is rapidly converted to
Fe3+ by CP activity in the abluminal membranes. Abluminal
membranes are also in intimate contact with astrocytic endfeet, expressing membrane-linked CP, which contributes to

oxidising the iron exported through FPN1 to the extracellular
compartment. TF-independent mechanisms of iron uptake
from blood may be partly responsible for iron transport across
the BBB, since hypotransferrinaemic mice have normal levels
of iron in the brain [16]. NTBI could enter the endothelial cells
of BBB through luminal DMT1, as for other cell types.
Unlike those of BBB, the capillaries of the choroid plexus
are fenestrated. The polarised choroid epithelium, with its
tight junctions, forms the barrier between the blood and the
brain. The transport of iron through this barrier is similar to
that in the duodenal epithelial cells.
Iron released into the extracellular compartment or into the
cerebrospinal fluid binds to extracellular TF or low molecular
weight molecules like citrate, ascorbate and ATP, and is taken up
by brain cells. TF amounts are low in these compartments and
very little derived from serum TF crossing the BBB or choroid
plexus, being mainly secreted by oligodendrocytes and epithelial cells of the choroid plexus. Astrocytes release ATP, possibly
contributing to the circulation of safe iron inside the brain.
The different types of brain cells handle and use iron, according to their particular needs and functions, by different
pathways, which are not yet fully understood at this time.
Astrocytes form direct connections to both the abluminal
membrane of the BBB endothelial cells and the neurons, thus
playing a role in regulating neuronal iron uptake from the
circulation. Astrocytes do not express TFR1, although this is
a matter of debate, and acquire iron mainly as NTBI through
DMT1, particularly expressed in the end-feet associated with
the BBB. Astrocytes then redistribute iron to the extracellular
space through FPN1 coupled to CP. Neurons acquire iron
from the extracellular fluid through the TFR1-TF pathway
and handle endocytosed TFR1-TF complexes through the
endocytic pathway, releasing iron into the cytosol through
the MCOLN1 or DMT1 channels. Neurons can also take up
NTBI from the extracellular space through DMT1. They can
store iron as FT-bound iron; however, they utilise the metal for
their needs, storing small amounts of iron within the FT shell.
The excess iron is mainly exported by FPN1. Oligodendrocytes are the brain cells which acquire and utilise the largest
amounts of iron, mostly for myelination. They do not express
TFR1, possibly acquiring iron from interstitial FT through FT
receptor-mediated endocytic uptake [17]. Iron metabolism in
microglia is not well known; however, when microglia is activated, as in neuroinflammation, iron homeostasis is
perturbed, with increased iron uptake and decreased iron export. These cells produce HAMP, which can influence iron
retention in neurons or other brain cells (Fig. 2).
Iron-related protein amounts in brain cells are posttranscriptionally regulated by IRPs, like in most tissues, although IRP2 is more expressed in many brain cells. HAMP
is also expressed in the brain, where it may contribute to regulating iron entry through the BBB and the choroid plexus
[18, 19] and to cellular iron homeostasis. Most brain cells in
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Fig. 2 Iron entry into the brain through the blood-brain barrier (BBB)
and its metabolism in the brain. Diferric holo-transferrin (TF) is
recognised by the transferrin receptor 1 (TFR1) and internalised by
endocytosis in endothelial cells of the BBB. It is not clear if divalent
metal transporter 1 (DMT1) is expressed in these cells. Iron released
from TF within the endosomes can be exported into the extracellular
space independently of DMT1 through exocytosis of vesicles
containing free TFR1 or TFR1-apo-TF complexes. TFR1 is recycled
for successive cycles of iron uptake, while apo-TF is released by TFR1
mainly into the circulation and in a lesser amount in the brain extracellular
space. Alternatively, iron could be released from endosomes into the
cytoplasm through DMT1 or mucolipin 1 (MCOLN1) and exported to
the extracellular space through ferroportin 1 (FPN1). It is not well
understood if non-transferrin-bound iron (NTBI) enters the endothelial
cells through DMT1 as it does in other cells. Cytoplasmic Fe2+ traverses
the abluminal membrane towards the brain extracellular space through
FPN1 and is immediately converted into Fe3+ by ceruloplasmin (CP),
expressed both on the endothelial cells and on astrocytes. Iron released
in the brain extracellular space binds TF (derived from oligodendrocytes

and epithelial cells of the choroid plexus) or low molecular weight
molecules (citrate, ascorbate and ATP, the latter released by astrocytes).
Although all brain cells express most proteins involved in iron trafficking,
each type of cell handles iron in a different way, on the basis of functions
and needs. Astrocytes acquire iron through DMT1 and redistribute it to
neurons and other cells through FPN1 coupled to CP. Neurons acquire
iron from the extracellular space, through the TFR1-TF endocytic
pathway, releasing the metal into the cytosol through MCOLN1 or
DMT1, and can also uptake non-transferrin bound iron (NTBI) through
DMT1. Neurons use iron for their metabolic needs, storing only small
amounts of iron within ferritin (FT) and releasing the excess through
FPN1. CP or other ferroxidases, like hephaestin (HEPH) or amyloid
precursor protein (APP), convert Fe2+ into Fe3+. Oligodendrocytes use
large amounts of iron for myelination and acquire iron from interstitial FT
through a receptor, known as T cell immunoglobulin and mucin domain-2
(TIM2/Timd-2) in mice [17]. Microglia store iron as FT-bound iron and
produce hepcidin (HAMP). The handling of iron by these cells is not well
understood; however, inflammation was shown to alter the expression of
iron-related genes in these cells [21]

most areas of the brain are able to produce this hormone
[20–22], which possibly acts in an autocrine/paracrine manner, as it does in other tissues [23]. Simpson and colleagues
[24] recently proposed and elegantly provided evidence of a
feedback mechanism of brain iron uptake regulation based on
brain iron status and signalled by apo-TF and HAMP levels in
the cerebrospinal fluid, in which the endothelial cells of the
BBB play a fundamental role.

functions [25]. Cytosolic FT amount is mainly regulated by
the cytosolic LIP, being stimulated by the influx of iron into
the cell and decreased by iron starvation conditions. This
mainly occurs post-transcriptionally through IRP control, although a transcriptional level of regulation also exists [25]. FT
amount in the cytosol also depends on the balance between the
synthesis and the degradation of the protein, and the cytosolic
LIP level is most probably involved in this regulation, too
[26]. FT degradation may occur through both the ubiquitin
proteasome system (UPS) and the autophagy pathway.
The UPS is required for the targeted degradation of soluble
oxidised, damaged, misfolded or mutant cytosolic proteins. Its
target proteins are mostly covalently conjugated with multiple
ubiquitin (UB) molecules, although mono-ubiquitinated

How Iron Is Released from Ferritin
The main role of FT in the cytosol is to store excess iron in a
harmless manner, although there is evidence of several other
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proteins or substrates without ubiquitination can also be
targeted to the proteasome and degraded. Ubiquitination requires a series of ATP-dependent enzymatic steps. The UBactivating enzyme E1 binds UB, which is in turn attached to
the UB-conjugating enzyme E2 and transferred to the UB
ligase E3-substrate complex. Multiple E3 ligases exist, making the ubiquitination step specific, in that each enzyme isoform can only ubiquitinate certain substrates. Deubiquitinating enzymes can also remove UB from the substrates, thus decreasing UB signalling and regulating
ubiquitination activity. Ubiquitinated proteins are recognised
by the proteasome, unfolded, de-ubiquitinated and released
into its catalytic core, which contains the proteolytic activities
necessary to degrade the substrates through an ATPdependent process [27].
Autophagy is the process of Bself-eating^, by which cells
catabolise cellular substrates under starvation conditions to
generate energy and manage cellular waste materials, such
as damaged or long-lived macromolecules and organelles
[28]. Three types of autophagy exist: microautophagy,
chaperone-mediated autophagy (CMA) and macroautophagy.
In microautophagy, small portions of cytoplasm, containing
soluble proteins and organelles, are non-selectively incorporated into lysosomes by invagination of the lysosomal membrane and digestion within the lumen. In CMA, protein substrates containing a KFERQ motif are selectively recognised
by molecular chaperones and delivered to the surface of the
lysosome, where the protein substrate binds to lysosomal receptors, such as the lysosomal-associated membrane protein 2
(LAMP2), and translocate within the lysosome for degradation. Macroautophagy, hereinafter referred to as autophagy, is
the main mechanism by which eukaryotic cells sequester into
a double-membrane structure (autophagophore) and degrade
large amounts of cytoplasmic constituents, long-lived proteins
and damaged organelles, for cellular self-renewal or under a
variety of stress conditions, such as nutrient starvation. The
membrane source is unclear, although several studies suggest
that it originates from the endoplasmic reticulum, Golgi apparatus, mitochondria or plasmatic membrane. Once completely
formed through the vesicle nucleation and elongation steps,
the autophagic vesicle (autophagosome) is delivered to a late
endosome or a lysosome to form the amphisome or the
auto(phago)lysosome (maturation step). The luminal content
of the two original vesicles is mixed, proton pumps begin
acidification and activated lysosomal hydrolases initiate degradation. Several key proteins are required for the nucleation,
elongation and maturation steps and for their regulation [29].
The autophagosome membrane contains crucial proteins, such
as the microtubule-associated protein light chain 3 alpha
(LC3/MAP1LC3A), inserted in the membrane after lipidation
with phosphatidylethanolamine and involved in the extension
of autophagosomal membranes and fusion with lysosomes.
LC3 and its homologs, like GABA(A) receptor-associated

protein (GABARAP) or GABA(A) receptor-associated protein-like 1 and 2 (GABARAPL1 and 2), are also critical factors in cargo sequestration during so-called selective autophagy. Similarly to in CMA, also during autophagy, several substrates can be selectively delivered to the autophagophore by
autophagy receptors, in a process referred to as selective autophagy [30] and named according to the specific target/cargo,
such as mitochondria (mitophagy), pathogens (xenophagy),
aggregated proteins (aggrephagy) or fatty acids (lipophagy).
Autophagy receptors recognise a specific signal, mainly
ubiquitinated proteins, through their UB-binding domain,
and bring the ubiquitinated proteins to autophagosomes, binding to LC3/GABARAP family proteins through their LC3interacting region, thereby bridging the target/cargo and the
autophagosomal membrane. Sequestosome 1 (SQSTM1),
neighbour of BRCA1 gene 1 (NBR1), nuclear dot protein
52/calcium binding and coiled-coil domain 2 (NDP52/
CALCOCO2) and optineurin (OPTN) are known autophagy
receptors, and some other proteins like ubiquilin 2 (UBQLN2)
function as autophagy adaptors, indirectly binding the LC3/
GABARAP family of proteins. The source of the membrane
for autophagophore initiation could contribute to the selectivity of cargo recognition. Autophagy is also strictly linked to
non-degradative cellular pathways: exocytosis and the secretion pathway of proteins devoid of a conventional secretory
signal sequence; the endocytic pathway, in which endocytosed
material is delivered to early endosomes, which mature to late
endosomes and fuse with the autophagosomes; and other intracellular membrane trafficking pathways.
Although UPS and autophagy are two distinct quality control pathways, they share some essential components and several studies support the existence of cross-talk between them
[31].
Iron release from FT has been studied extensively in vitro.
Iron seems to diffuse out of FT through the hydrophilic threefold channels of the protein shell, which are also possibly
involved in iron entry [9]. Nevertheless, there is no evidence
that this occurs also in vivo. Experimental data support the
hypothesis that iron release from the FT nanocage must occur
within cells after the degradation of the protein (Fig. 3a). Like
for most proteins, the mechanisms by which FT could be
degraded are the UPS and the lysosome-autophagy pathway.
Several studies support both hypotheses, and both pathways
might be involved alternatively or in parallel in different cell
types or in different conditions in the same cell type, although
at present these mechanisms have not been investigated in
brain cells.
The role of the proteasome in FT degradation and iron
release is extremely controversial, although some evidence
has supported this hypothesis [32–35] (Fig. 3b). De Domenico
and colleagues [36, 37] demonstrated that in iron starvation
conditions (obtained through FPN1 overexpression in
HEK293 cells or by treatment with permeable iron chelators
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Fig. 3 Iron release from ferritin. Iron stored within cytosolic ferritin (FT)
is thought to be released into the cells by routes that implicate the
degradation of the protein. a There is currently no in vivo evidence that
iron could diffuse out of FT through the hydrophilic threefold channels,
involved in iron entry [9], but this cannot be excluded. b The role of
proteasome in iron release and FT degradation is supported by several
pieces of experimental evidence, but it is still controversial. Iron
starvation conditions, like those induced by ferroportin 1 (FPN1)
overexpression or by the use of membrane-permeable iron chelators
[36, 37], or, on the contrary, iron overload [56] or FT oxidation [35]
was shown to induce FT degradation through the proteasomal pathway.
Iron is most probably released from FT before degradation through an
unknown mechanism. Iron release results in an iron-poor FT,
(mono)ubiquitination of the assembled protein (most probably of FT
subunits), disassembly and proteasome degradation [37] (ubiquitin,
UB). c In cells starved with poorly permeable iron chelators, therefore
in the presence of iron chelators in lysosomes [36], or in primary cells in
iron-replete conditions [57], FT is delivered to lysosomes for degradation,
through an unknown route that seems to be independent from
(macro)autophagy or chaperone-mediated autophagy (CMA). d The
lysosome-autophagy pathway seems to be the prevalent way of FT
degradation and iron release. This could occur through selective
autophagy, in which the nuclear receptor co-activator 4 (NCOA4) acts

as the cargo autophagy receptor for FT [6, 59]. In this model, FT is
recognised by NCOA4 possibly through the interaction between the
autophagy receptor and the ferritin heavy polypeptide 1 (FTH1). Since
NCOA4 was identified by a proteomic approach screening for
ubiquitinated autophagy substrates [59], it is conceivable that NCOA4
could be able to recognise UB or, alternatively, to interact both with FTH1
and a co-receptor/adaptor recognising UB linked to FT. As other
autophagy receptors involved in selective autophagy, NCOA4 should
possess a region able to interact with the microtubule-associated protein
light chain 3 (LC3) or its homologs GABA(A) receptor-associated
protein (GABARAP) or GABA(A) receptor-associated protein like 1
and 2 (GABARAPL1 and 2), thereby bridging the cargo and the
autophagosomal membrane. e Alternatively, the complex formed by
NCOA4 and FT could also be selectively incorporated into
autophagosomes independently from LC3 recruitment, through a
currently unknown mechanism [60]. In both cases (d, e), after the
recruitment of the cargo-receptor complex, the phagophore develops
into the autophagosome, which fuses with lysosomes, giving origin to
the autophagolysosome. After the degradation of the autophagocytosed
material by lysosomal enzymes, iron extracted from FT is released into
the cytoplasm through mucolipin 1 (MCOLN1) [53] or divalent metal
transporter 1 (DMT1) and transferred to the cellular utilisation sites, such
as mitochondria

in HeLa cells), FT is degraded by the proteasome, although
iron is most probably extracted from FT prior to protein degradation. The authors also showed that the poor permeable
iron chelator deferoxamine, known to enter cells by endocytosis and to localise to the lysosomes and endosomes, induced
FT degradation by autophagy, although this effect was not
prevented by autophagy inhibition (Fig. 3c). Bulvik and colleagues [38] recently suggested proteasomal FT degradation
as a stress response involved in cardiac protection by ischaemic preconditioning, generating a rapid cytosolic iron release
that acts as a signal, leading to FT mRNA translation and rapid

sequestration of excess reactive iron released during
ischaemia.
The emerging view in the last few years, however, indicates
the lysosome-autophagy pathway as crucial for iron extraction
from FT and re-utilisation by most cells. The involvement of
autophagy was described extensively several years ago.
Fedorko and colleagues [39] showed that the phagocytosis
and digestion of erythrocytes by mouse peritoneal macrophages resulted in the strong increase of FT in the cytoplasm,
the appearance of cytoplasmic granules and the translocation
of cytoplasmic FT in these granules by autophagy. Similar
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findings were described by Marton [40] in
erythrophagocytosing bone marrow reticulum cells, by
Hernandez-Yago [41] in HeLa cells treated with FT trapped
in liposomes (the authors identified the granules as lysosomes)
and by Hultcrantz and Glaumann [42] in HeLa cells
microinjected with FT. In vitro, the release of iron from FT
is readily obtained by the use of reducing agents like ascorbate. In contrast, ascorbate was shown to stabilise FT-bound
iron and retard FT degradation in K562 cells, similarly to the
lysosomal inhibitors leupeptin and chloroquine. Bridges and
Hoffmann [43] demonstrated, by pulse-labelling experiments
followed by cell lysate fractionation, that FT was found first in
the cytosol and then in lysosomes and that ascorbate markedly
reduced the appearance of FT in these organelles. The same
effect was obtained treating cells with the autophagy inhibitor
3-methyladenine, while the lysosomal inhibitor leupeptin
seemed to allow FT entry in the lysosomes, but arrested its
degradation leading to its accumulation in the organelles [44].
Further evidence of the inhibiting effect of ascorbate was obtained in several cells such as human epithelial cells [45],
while Xu and colleagues [46] recently reported that ascorbate
increased or decreased FT autophagic degradation and iron
release in trabecular meshwork cells depending on the administered dose. All the above observations strongly suggest that
FT is degraded by the lysosome-autophagy pathway, and several others studies have confirmed the hypothesis. Cellular
iron starvation (therefore autophagy induction) was demonstrated to increase—and iron influx to decrease—FT degradation through the lysosome-autophagy pathway and the release
of its iron [26, 47]. Different chemical or genetic inhibitors of
autophagy or lysosomes were extensively shown to arrest or
reduce FT degradation and the parallel release of iron from the
protein shell in several cellular models [34, 48–53]. Interestingly, several studies by the group of Brunk and Kurz suggested that the autophagocytosis of FT and other iron-binding
proteins could be a cellular strategy to maintain the lysosomal
LIP at low levels and in a non-reactive form, protecting cells
from the oxidative stress, which could possibly derive due to
the high amounts of iron-containing proteins and organelles
delivered to the lysosomes [54, 55]. However, this could have
a potentially toxic effect in long-lived post-mitotic cells like
neurons. Mutations in the intracellular late endosomal and
lysosomal ion channel MCOLN1, recently described as an
endolysosomal iron release channel [53], are the cause of
mucolipidosis type IV, a lysosomal storage disease (LSD)
causing motor impairment, mental retardation and iron deficiency anaemia. Fibroblasts from patients with mucolipidosis
type IV interestingly exhibited an iron starvation phenotype,
with reduced cytosolic LIP, increased intralysosomal iron and
the accumulation of intralysosomal lipofuscin, an
autofluorescent ageing pigment composed of oxidised material, containing proteins, lipids, carbohydrates and iron, mainly found in post-mitotic cells like neurons.

More recently, Zhang and colleagues [56] examined cytosolic FT degradation and iron release from the protein cage in
the human non-small cell lung carcinoma TA-H1299 cell line,
in basal conditions or when induced to overexpress mitochondrial ferritin (FTMT). The overexpression of FTMT is known
to result in iron mobilisation from cytosolic FT and in a decrease in FT amounts. The authors provided evidence that the
treatment with the inhibitors of lysosomal proteases leupeptin
and E-64D, but not with the proteasome inhibitor lactacystin,
increased cytosolic FT stability, preventing its degradation and
decreasing its synthesis, and hampered iron release from cytosolic FT, in both the absence and presence of overexpressed
FTMT. They also showed that cytosolic FT, although mainly
dispersed within the cytosol, also co-localised in a punctate
pattern with the autophagosome protein LC3, suggestive of
FT presence in autophagosomes. In conditions of iron overload, the proteasome was also shown to be involved in FT
degradation [56]. Asano and colleagues [57] confirmed the
primary role of lysosomes in FT degradation and iron extraction from FT in both immortalised and primary mouse embryonic fibroblasts (MEFs) and in both iron-depleted and ironreplete conditions. The researchers firstly demonstrated that,
after loading cytosolic FT with iron and then exposing cells to
iron chelators (iron-depleted conditions), FT levels decreased
and the effect was suppressed by several lysosome inhibitors,
but not by the proteasome inhibitor lactacystin. MEFs overexpressing FPN1 (iron-depleted conditions) had reduced FT
amounts, and this decrease was inhibited by lysosome inhibitors, but not by lactacystin. Those observations mostly
contrasted with the findings of De Domenico et al. [36, 37]
in HEK293 cells, possibly because of the different cellular
model. Asano and colleagues [57] also demonstrated that, like
lysosomal inhibitors, the autophagy inhibitor 3methyladenine suppressed the iron chelator-mediated decrease in FT levels, too. Moreover, autophagy-deficient
MEFs, derived from autophagy-related proteins 5 or 7
(ATG5 or ATG7)-knockout mice, loaded with iron and then
exposed to iron chelators, showed decreased FT degradation
in comparison with wild-type MEFs, suggesting a primary
role of autophagy in iron-depleted conditions. The authors
also demonstrated that the acidic environment of lysosomes
is crucial for iron release from FT, showing that only
bafilomycin A1 decreased iron release from lysosomes in
iron-depleted conditions and that this inhibitor of the
vacuolar-type H+-ATPase induced the accumulation of Fe3+
in lysosomes. Furthermore, the authors showed that FT is
degraded in the lysosomes even under iron-replete conditions
in immortalised and primary MEFs, but through an
autophagy- and CMA-independent but 3-methyladeninesensitive unexplored pathway (Fig. 3c). Finally, the authors
proved that, under iron-depleted conditions, FT was degraded
through autophagy and lysosomes in cancer-derived cells, too,
such as cervical cancer HeLa cells, human breast cancer
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MCF7 cell line and mouse hepatoma Hepa 1-6 cell line. However, FT was not degraded under iron-replete conditions in
these cancer-derived cells.
In the last year, further convincing evidence has shed new
light on the comprehension of the mechanisms of FT degradation through the lysosome-autophagy pathway. Mancias
and colleagues [6] identified nuclear receptor co-activator 4
(NCOA4) as the cargo receptor mediating FT degradation by
the lysosome-autophagy pathway and named this type of selective autophagy Bferritinophagy^. A later study [58] demonstrated that the cytotoxic activity of artesunate, an antimalarial
drug with antitumour activity, is mediated by the degradation
of FT and the release of iron in the lysosomes. The authors
corroborated the results obtained by Mancias [6], showing that
NCOA4 silencing blocked FT degradation and protected
HeLa cells against cell death induced by artesunate. The function of NCOA4 was further confirmed by Dowdle and colleagues [59] (Fig. 3d).
Finally, Kishi-Itakura and colleagues [60], through the use
of MEFs and HeLa cells, made the interesting observation
that, when autophagy is genetically or chemically blocked,
FT accumulates at the autophagosome formation site as clusters of high-density particles in close proximity to, but distinct
from, aggregates of cargo receptor SQSTM1. The authors also
confirmed that in wild-type MEFs, lysosomal protease inhibitors increased co-localisation of FT with the lysosomalassociated membrane protein 1 (LAMP1), while this increase
was reduced in autophagy-deficient cells, suggesting that autophagy is crucial for FT delivery to the lysosomes. Finally,
they showed that in wild-type MEFs upon starvation, FT colocalised with and selectively incorporated into
autophagosomes, also independently from LC3 recruitment,
suggesting that FT is a selective autophagy substrate that is
possibly not directly recognised by the autophagosomal membrane through autophagy receptors or adaptors (Fig. 3e).

The Role of NCOA4
As described above, NCOA4 was recently identified by two
independent groups of researchers as the cargo receptor mediating FT degradation by the lysosome-autophagy pathway
[6, 59]. Both groups identified a previously unknown function
of a protein, which is well known as a co-activator of the
androgen receptor and of several other nuclear receptors, although additional functions have already been suggested [61].
Mancias and colleagues [6] used a quantitative proteomic
approach to identify novel autophagosome-enriched proteins,
with a special focus on cargo receptor pairs, using two human
pancreatic cancer cell lines (PANC-1 and PA-TU-8988T) and
the MCF7 breast cancer cell line, treated with the
phosphoinositide 3-kinase inhibitor wortmannin to suppress
autophagosome formation or the lysosomal inhibitor

chloroquine, to enhance the number of autophagosomes. By
combining stable isotope labelling by amino acids in cell culture (SILAC) with a density gradient separation protocol for
autophagosome enrichment and applying high stringency parameters to their analysis, they identified a cluster of proteins
that are intimately associated with autophagosomes, including
well known autophagy proteins and NCOA4. The protein had
previously been identified as an autophagosome-enriched protein by Dengjel and colleagues [62], but not further explored.
The identification of NCOA4 as a highly enriched
autophagosomal protein prompted the researchers to explore
its cellular localisation. They observed a diffuse localisation in
the cytoplasm of U2OS human osteosarcoma cells,
characterised by a low level of basal autophagy, while
NCOA4 accumulated in autophagosomes and co-localised
with autophagosome proteins LC3 and GABARAPL2 after
chloroquine treatment of those cells or in PA-TU-8988T cells,
conversely characterised by a high level of autophagy. Consistently, NCOA4 was shown to be enriched in purified
autophagosomes and protein amounts were increased by
blocking autophagy with lysosome inhibitors in PA-TU8988T cells. The authors then explored the role of NCOA4
in autophagy and identified FTH1 and FTL as NCOA4interacting proteins. NCOA4 and FT co-localised in autophagic puncta after stimulation of FT expression with iron in
U2OS and PA-TU-8988T cells. Mancias and colleagues then
clearly demonstrated that NCOA4 acts as an autophagy cargo
receptor for ferritinophagy in several cell lines and nontransformed cells, showing that (1) NCOA4 silencing followed by iron chelation completely abolished FT degradation and
co-localisation of NCOA4 and FT within the lysosomes, leading to a diffuse localisation pattern of FT, and (2) the lysosomal localisation of FT was rescued in NCOA4-silenced cells,
stably transfected with murine NCOA4 cDNA. Finally, the
authors demonstrated that both NCOA4 silencing and overexpression had effects on iron homeostasis. NCOA4 silencing
conferred resistance to oxidative stress and resulted in increased FT, IRP2 and TFR1 amounts, suggesting reduced iron
bioavailability and an iron starvation state, while NCOA4
overexpression reduced FT increase upon iron treatment, suggesting that overexpressed NCOA4 enhances ferritinophagy.
Moreover, iron loading decreased—and iron chelation increased—endogenous NCOA4 levels, further demonstrating
the link between the protein and iron metabolism.
Further evidence of the role of NCOA4 in ferritinophagy
derived from a more recent study in which PIK-III, a new
inhibitor of vacuolar protein sorting 34 (a protein of the autophagy machinery, involved in vesicle nucleation), was used
to screen for ubiquitinated autophagy substrates, using a proteomic approach [59]. PIK-III treatment of colorectal adenocarcinoma DLD1 cells increased the levels of known autophagy receptors and of NCOA4. Protein increase was confirmed
in cells in which autophagy was inhibited, while starvation
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decreased its levels, with no modifications in all cases of
mRNA. The authors also confirmed the strong interaction of
NCOA4 with FTH1 and FTL. They demonstrated the colocalisation of FT with the autophagosome proteins LC3 and
LAMP2 under basal conditions, which was enhanced after
bafilomycin A1 cell treatment. In NCOA4-deficient cells,
FTH1 and FTL were shown to increase and to lose colocalisation with LAMP2, while their decrease by starvation
was shown to be abolished. Interestingly, the authors showed
that in NCOA4-deficient cells, despite the increase of both
FTH1 and FTL, a faster-migrating FTH1 species disappeared
in western blot experiments. Through size-exclusion chromatography experiments, they concluded that (1) the fastermigrating FTH1 band is a lysosomal degradation product
(possibly haemosiderin), able to incorporate in high molecular
weight FT complexes; (2) NCOA4 interacts with these complexes; and (3) NCOA4 is required for FTH1 processing in the
lysosomes. Both FTH1 and FTL co-precipitated with NCOA4
in wild-type cells. Conversely, FTL did not co-precipitate with
NCOA4 in FTH1-deficient cells, while in FTL-deficient cells,
FTH1 co-precipitated with NCOA4, such as in wild-type
cells. The authors thus concluded that NCOA4 interaction
with FT is specific to FTH1. To further demonstrate the role
of NCOA4 in iron homeostasis, the authors also generated a
NCOA4-deficient chimaeric mouse. In this animal model,
they observed high intracytoplasmic iron deposits in splenic
macrophages.
A link between NCOA4 and iron homeostasis was
also established in two previous studies, demonstrating
that NCOA4 could be regulated by oxidative stress (like
FT). The knockdown of the mitochondrial superoxide
dismutase 2 (SOD2) gene in the androgen receptorexpressing human prostate cancer cell line LNCaP was
shown to induce NCOA4 gene transcription, while the
effect was reversed by treatment with the antioxidant Nacetylcysteine [63]. Furthermore, the antioxidant resveratrol was shown to inhibit the expression of NCOA4 in
LNCaP cells [64]. The study by Mancias [6] also demonstrated that NCOA4-depleted cells are more resistant
to oxidative stress. Although FT is mainly regulated by
iron, it is also transcriptionally and post-transcriptionally
induced by oxidants [25]. It is then conceivable that
NCOA4 could in turn be balanced by oxidative stress,
although further studies are needed to elucidate this
aspect.
The disruption of the NCOA4 gene in mice results in
abnormal FT iron deposits in splenic macrophages [59].
Iron homeostasis and macrophage functions are strictly
linked [65]. The mobilisation of iron from FT is of
particular importance in spleen and liver macrophages,
since they are involved in the phagocytosis and degradation of senescent erythrocytes and iron recycling for
erythropoiesis and other metabolic needs. Heme-derived

iron is used by macrophages for their needs, stored in
the FT shell or released into the circulation by FPN1,
on the basis of erythroid demand. In healthy conditions,
release through FPN1 is regulated by HAMP. Transgenic mice overexpressing HAMP develop anaemia with
iron-restricted erythropoiesis [66]. The increase of
HAMP is observed in several human disorders associated with iron restriction and anaemia. Inflammation, infections, chronic renal failure, obesity, autoimmune diseases, atherosclerosis and certain cancers, such as multiple myeloma, trigger the production of inflammatory
cytokines, which induce HAMP production [67]. In
iron-refractory iron deficiency anaemia, mutations in
the transmembrane protease serine 6 (TMPRSS6), a
negative regulator of HAMP, lead to the overexpression
of HAMP [68]. A new hormone, by the name of
erythroferrone, was recently shown to rapidly mediate
HAMP suppression and iron mobilisation from stores
during stress erythropoiesis and to contribute to recovery from anaemia of inflammation [69]. It is then possible to hypothesise that, in addition to dysfunctions of
HAMP or HAMP-regulating proteins, anaemia could also result from NCOA4 dysfunctions, which could ultimately reduce iron release from macrophages. This is
suggested by the identification of NCOA4 as a
haematopoietic transcription factor in zebrafish [70], also highly represented in human umbilical cord blood
and human adult blood reticulocyte transcriptome [71,
72]. Further studies are therefore needed to elucidate
the possible role of NCOA4 in anaemia conditions.
Iron influences macrophage polarisation. In response to
environmental and immune signals, macrophages polarise to
pro-inflammatory iron-sequestering cells (M1), in which iron
retention in the FT shell is strictly linked to the interaction
between the acute phase protein HAMP and the iron exporter
FPN1, or alternatively, to antiinflammatory cells (M2) that in
contrast actively export iron through FPN1, then presumably
actively degrade FT to release iron, and are involved in the
resolution phase of inflammation. It is then tempting to speculate that dysfunctions of NCOA4 could influence macrophage polarisation, directly modulating the rate of iron release
from FT and, as a consequence, of iron export through FPN1,
and possibly triggering inflammation and/or immune responses. This could be of importance in diseases such as atherosclerosis [73] and obesity [74] and in autoimmune disorders like multiple sclerosis [75], in which iron dysregulation
seems to be involved and the balance between the two macrophage types contributes to the progression or regression of
the diseases.
Finally, in a recent work, HAMP-knockout mice, fed an
iron-rich diet, were shown to develop hepatic injury,
characterised by lysosomal iron overload, suggesting that primary haemochromatosis could represent a form of LSD [76].
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It would be interesting to verify if NCOA4 is involved in some
way.

The Link with Neurodegenerations
While iron in the brain is prevalently found in oligodendrocytes and in much smaller amounts in neurons and astrocytes,
its levels vary in microglia, these cells being able to rapidly
release and accumulate the element. In healthy ageing, iron
accumulates by the third decade of life particularly in iron-rich
regions of the brain, such as the globus pallidus, putamen,
substantia nigra, caudate nucleus and red nucleus, though it
is not understood why this accumulation happens. Dysfunctions of the BBB could be a possible cause. Alternatively, iron
accumulation could derive from an increased proinflammatory state, typical of the elderly, or changes in iron
homeostasis and/or iron-related proteins, triggered by several
potential mechanisms. However, a healthy ageing brain accumulates iron in a safe way, mostly bound within
neuromelanin, a pigment found mainly in dopaminergic neurons of the substantia nigra as lysosome-related granules, and
within FT, which increases with ageing in correspondence
with iron levels (both FTH1 and FTL). On the other hand,
iron accumulation and iron homeostasis disruption in the
brain, often accompanied by alterations in FT amounts, are
hallmarks of several neurodegenerative disorders. The ironrich regions in the brain are more susceptible to neurodegenerative processes, often manifesting as movement disorders.
In most cases, it is not understood whether iron overload or
iron metabolism imbalance has a pathogenic or an exacerbating role in neurodegeneration, or whether they are simply
unrelated events, resulting from other pathogenic
mechanisms.
Little is known about NCOA4 expression in the nervous
system and in brain cells. Most studies regarding this protein
concern its role as a co-activator of nuclear receptors, particularly in prostate and breast cancer cells. Nonetheless,
NCOA4 was found to be expressed in murine and rat brain
[77–80]. Consulting expression databases on the web, it is
also evident that both NCOA4 mRNA and protein are thoroughly expressed in the human brain and brain-derived cell
lines [81, 82]. Furthermore, we have confirmed the expression
of both mRNA and protein in SH-SY5Y neuroblastoma cells
(unpublished data from our laboratory).
Autophagy is essential in the brain and specifically in neurons [83]. The crucial role of autophagy in neurons is
highlighted by the observation that many LSDs in humans
affect the brain. Neurons are indeed post-mitotic cells
characterised by a sustained protein and membrane turnover;
hence, the quality control pathways must be particularly efficient to avoid the harmful accumulation of damaged proteins,
organelles and waste materials. The rate of autophagy has

however been shown to decrease with age in the brain [84].
There is increasing evidence that an impairment of autophagy
is involved in several neurological diseases, although at different steps of the pathway [85]. Genetic inactivation of autophagy has been demonstrated to cause neurodegeneration in
animal models [86, 87], and a significant number of neurodegenerative diseases in humans are directly caused or modulated by mutations in genes involved in the lysosome-autophagy
pathway (Table 1). Several neurodegenerative pathologies,
with different aetiologies, are also characterised by the deposition of aggregated dysfunctional, misfolded or oxidated proteins in the nervous system. Protein aggregation may result
not only from increased protein production but also from decreased clearance. A dysfunction of the UPS and/or of autophagy has been described in most of these neurodegenerative
pathologies. For many of these neurological diseases, there
is also strong evidence that the modulation of autophagy,
hence the clearance of accumulated proteins, reduces the effect of proteotoxicity and ameliorates the pathologies.
Iron homeostasis dysfunction has also been described for
several of those neurodegenerative disorders, and, in our opinion, aberrant ferritinophagy could, at least in some cases, be
one possible link between this dysregulation and autophagy
impairment.
Alzheimer’s Disease
Both autophagy impairment, with neuronal accumulation of
autophagic vacuoles (AVs), and iron homeostasis dysregulation, mainly characterised by the accumulation of iron, FT and
haemosiderin in the brain, are extensively detailed for AD in
the literature. Moreover, proteins involved in the pathogenesis
of AD could have a critical role in the autophagy pathway or
in iron homeostasis. In this subsection, we are going to summarise the current state of knowledge of how autophagy and
iron metabolism are involved in the pathogenesis of AD.
AD is perhaps the best known among the neurodegenerative disorders characterised by brain accumulation of abnormal proteins. Two types of highly insoluble aggregates in the
frontal and temporal lobes are reported as defining hallmarks
of AD: extracellular amyloid plaques (APs) composed of Aβ
peptides (proteolytic fragments of APP), and intraneuronal
neurofibrillary tangles (NFTs) [hyperphosphorylated aggregates of the microtubule-associated protein tau (MAPT) and
of its fragments]. The progressive cognitive impairment strictly correlates with their accumulation, and several studies indicate that they are the primary cause of neuronal loss in AD.
Autophagy dysfunction has been extensively described in
AD, with the observation of accumulated AVs in dystrophic
neurites and axons, reduced retrograde trafficking of AVs
along defective microtubules to the neuron body, impaired
AV clearance by lysosomes and defective lysosomal proteolysis [88, 89]. Autophagy impairment is linked to MAPT
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Table 1

Neurodegenerative diseases directly caused or modulated by mutation in genes involved in the lysosome-autophagy pathway
Effects on autophagy
and related pathways

References

[92, 93]
[113]

PARK2

Impairment of lysosome acidification
Block of lysosome uptake of SNCA and other
protein substrates by CMA
Autophagy activation
Autophagy inhibition, mislocalisation of ATG9
and decreased formation of omegasome
Mitophagy impairment

[117]

PINK1/PARK6
DJ-1/PARK7

Mitophagy impairment
Mitophagy impairment

[117]
[117]

HTRA2/PARK13
LRRK2/PARK8

Mitochondrial stress, mitophagy impairment
Lysosome impairment, compromised autophagosome clearance
and defective CMA
Defective retromer associated protein sorting
Impairment of lysosome acidification and protein degradation

[118]
[119]

Disease

Causative or
susceptibility
gene mutations

AD
PD

PSEN1
SNCA/PARK1/PARK4

Modifying
genes

RAB29/PARK16
ATP13A2/PARK9
GBA1/GBA

Lysosome impairment, reduced protein degradation and lipid
homeostasis impairment
CMA inhibition
Mistrafficking of ATG9A, inhibition of
autophagosome formation and autophagy clearance
Defective lipogenesis and mitophagy impairment
Impairment of early endosome motility

UCH-L1/PARK5
VPS35/PARK17

HD

SREBF1
HTT

[120]
[121]
[122, 123]
[125]
[126]
[127]
[155]

Impairment of post-Golgi trafficking to lysosomes
Impairment of axonal retrograde autophagosome transport and
defective cargo degradation
Selective autophagy impairment

[156]
[157]

[159]
[190]

FUS
C9orf72

Interference with autophagy function ?
Impairment of endosome/autophagosome
fusion and endolysosomal trafficking
ER protein quality control associated defects
Autophagy activation, increased autophagic flux
Altered dynamics of stress granules
Altered dynamics of stress granules
Impairment of endosomal vesicle
formation, disruption of autophagosome
recruitment on damaged mitochondria,
disrupted aggrephagy
Impairment of endosome-lysosome and
autophagosome-lysosome fusion
Impairment of lysosome-autophagy pathway and
endolysosomal trafficking
Impairment of autophagy, aggrephagy and endosome pathways
Impairment of ubiquitin-mediated autophagy and aggrephagy
Defective protein degradation by autophagy, aggrephagy and ER
Defective clearance of stress granules
Defective homeostasis of stress granules ?
Dysregulation of ATG7 expression
Defective homeostasis of stress granules?
Defective homeostasis of stress granules?

PGRN/GRN

Defective endosomal trafficking, dysregulated
autophagosome formation
Accumulation of lipofuscin in neurons and microglia

ATG7
ALS

ALS2

ALS-FTLD

VAPB
DAO
ATXN2
PFN1
OPTN

CHMP2B
SIGMAR1
UBQLN2
SQSTM1
VCP
TDP43/TARDBP

FTLD

[115]
[116]

[158]

[191]
[192]
[197]
[196]
[178, 199, 200]

[202, 203]
[204]
[205]
[206]
[208]
[194]
[178, 210]
[213]
[178, 195]
[220]
[217, 218]
[222, 223]
[221]
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Table 1 (continued)
Disease

Causative or
susceptibility
gene mutations

MAPT

NBIA

Modifying
genes

Effects on autophagy
and related pathways

TMEM106B

Increased lysosomal biogenesis and lysosomal
gene expression in microglia
Dysregulation of lysosomal PGRN degradation

References

[225]

RAB38/CTSC ?

Dysregulation of autophagy acting on
microtubule assembly
Dysfunction of lysosomes?

[227]

PANK2
CoASY

Lipid dyshomeostasis and dysfunction of lysosomes ?
Lipid dyshomeostasis and dysfunction of lysosomes ?

[255, 256]
[255, 256]

PLA2G6/PARK14
FA2H

Lipid dyshomeostasis and dysfunction of lysosomes ?
Lipid dyshomeostasis and dysfunction of lysosomes ?

[255, 256]
[255, 256]

c19orf12

Lipid dyshomeostasis and dysfunction of lysosomes ?

[255, 256]

ATP13A2/PARK9

Impairment of lysosome acidification
and protein degradation
Low autophagic activity, aberrant accumulation
of early autophagic structures

[121, 255,
256]
[257]

WDR45

hyperphosphorylation and APP and MAPT processing, fragmentation and accumulation and contributes to the decreased
clearance of protein aggregates [90]. Of note, the γ-secretase
presenilin 1 (PSEN1), involved in APP processing and found
mutated in familial AD, co-localises with APP and other proteins of the γ-secretase complex in the outer membrane of the
lysosomes [91]. PSEN1 may also play a role in lysosome
acidification, hence in the activation of lysosomal proteases
during autophagy, and in the lysosomal turnover of autophagic and endocytic protein substrates, acting as a chaperone for
the vacuolar-type H+-ATPase used to acidify the lysosomal
lumen. Mutated PSEN1 increases lysosomal pH and impairs
autophagy in fibroblasts derived from patients with familial
AD and in neurons from PSEN1-knockout mice, while
reacidification recovered lysosome activity and improved
clearance by autophagy [92, 93]. Finally, several studies have
demonstrated that the stimulation of the autophagic clearance
of protein aggregates is a potential therapeutic strategy to rescue behavioural, learning and memory deficits and to limit
AD progression [94–98].
In conclusion, the lysosome-autophagy pathway seems to
be strongly involved in the pathogenesis of AD, playing a
pivotal role in the production and accumulation of APs and
NFTs.
There is an increasing body of evidence also supporting the
connection between iron metabolism and AD [4]. The 5′-UTR
of APP mRNA has a functional IRE, like FT mRNA. Consequently, cellular iron level regulates APP expression, although
this effect might be controlled in a different way in comparison with FT genes, APP-IRE being selectively bound by IRP1

[90]

[13]. APP could also have a function in regulating brain iron
levels, since it possesses ferroxidase activity, like FTH1 and
CP. APP may interact with FPN1 to remove iron from neurons, which lack CP, thus preventing Fe2+ accumulation. Ferroxidase activity of APP is indeed inhibited in the brain of AD
patients [99]. MAPT-knockout mice develop brain iron accumulation and neuronal loss, through decreased APP surface
trafficking and interaction with FPN1: therefore, the decrease
of soluble MAPT could account for iron accumulation in neurons [100]. Furthermore, iron directly influences the production of Aβ peptides by modulating the expression of furin, a
proconvertase involved in iron metabolism and that regulates
APP processing. Furin activity is reduced by excess iron, increasing the amyloidogenic processing of APP [101], and
furin levels are decreased in the brain of AD patients and in
the Tg2576 mouse [102]. Iron can also increase APP
amyloidogenic processing through the induction of FTL,
which interacts and stabilises presenilin enhancer γ-secretase
subunit (PSENEN), a protein of the γ-secretase complex
[103]. Evidence also suggests a modulation of AD progression by mutations in the haemochromatosis (HFE) ironrelated gene [104]. Moreover, several studies have demonstrated that iron chelation ameliorates AD pathology [105].
Excessive iron, increased levels of FT and haemosiderin
(an iron-protein complex thought to be derived from the lysosomal degradation of FT and containing poorly available
bound iron) were found in affected areas of the brain of AD
patients and in or around APs and NFTs and were implicated
in the aggregation of Aβ peptides, hyperphosphorylation of
MAPT and oxidative stress [4, 106–110]. What is interesting
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is that a dysfunctional FT, perhaps with altered ferroxidase
activity, was demonstrated in the AD brains. While iron is
prevalently stored in the FT core as hydrated iron oxide
nanocrystals of ferrihydrite (5Fe23+O3·9H2O) in the healthy
ageing brain, FT cores in AD brains prevalently contain two
cubic phases with higher amounts of harmful Fe2+, one mixed
Fe2+-Fe3+ magnetite-like form and a Fe2+ wüstite-like form,
similar to the wüstite in the haemosiderin of
haemochromatosis patients. These anomalous forms of FT
were not found in neurons, but in oligodendrocytes, and could
account for an increased free Fe2+ release and oxidative stress,
which may lead to myelin damage [109].
In conclusion, brain iron homeostasis could be altered
through several mechanisms in AD and iron seems to be directly involved in its pathogenesis.

Parkinson’s Disease
Several studies in the literature support a role of a lysosomeautophagy pathway dysregulation, particularly but not exclusively of the mitophagy pathway, in the pathogenesis of PD.
Furthermore, changes in brain iron and FT amounts and the
dysregulation of brain iron homeostasis have been extensively
reported in the literature. In this subsection, we are going to
summarise the most relevant findings in the field.
The primary neuropathological trait of PD is the selective
loss of dopaminergic neuromelanin-containing neurons in the
substantia nigra, strictly associated with the presence of protein
aggregates known as Lewy bodies. These inclusions are
characterised by the presence of SNCA, a natively monomeric
protein, with an intrinsic aggregation propensity, that can be
found in several aberrant and neurotoxic conformational states.
All SNCA point mutations (SNCA/PARK1) or gene multiplication (SNCA/PARK4) in familial PD; several post-translational
modifications, such as phosphorylation and oxidation; and the
exposure to environmental toxins, metals and pesticides can
generate aggregated neurotoxic forms of the protein [111].
Several studies strictly link the pathogenesis of PD to autophagy dysregulation. Physiological functions of SNCA are
not well defined, although the protein seems to be involved in
vesicular trafficking and dopamine release. In its native form,
SNCA is degraded by both the UPS and CMA. On the other
hand, inhibition of UPS, such as on exposure to pesticides and
environmental toxins, leads to the accumulation and aggregation of SNCA. Mutated SNCA impairs UPS activity and its
degradation by CMA, also interfering with the degradation of
other CMA substrates [112, 113]. Wild-type SNCA, modified
by dopamine, also blocks CMA. Unfolded or misfolded
SNCA (mutated or derived by post-translational modifications
or by contact with lipids) or overexpressed SNCA (as occurs
in gene multiplication) can form aggregates that can be cleared
only by autophagy [114]. Indeed, autophagy was shown to be

activated in PD patients [115]. In contrast, aberrant SNCA was
also shown to inhibit autophagy early in the pathway [116].
Several PD causative or associated mutations involve proteins whose functions are tightly related to autophagy [117].
PD-associated mutations in the genes encoding parkin
(PARK2), PTEN-induced putative kinase 1 (PINK1/PARK6),
parkinson protein 7 (DJ-1/PARK7) and HtrA serine peptidase
2 (HTRA2/PARK13) lead to deficits in mitochondrial homeostasis and in the mitophagy pathway [117, 118].
Leucine-rich repeat kinase 2 (LRRK2/PARK8) has been
found to localise in a large variety of membranes, such as
lysosomes, endosomes and autophagosomes. Mutations in
this gene, dominantly inherited in PD, were shown to result
in autophagy impairment with accumulation of AVs and compromised autophagosome clearance, as well as defective
CMA [119]. The protein specified by the candidate risk gene
for PD RAB29/PARK16 (RAB29 member RAS oncogene
family) was shown to interact with LRRK2 and to be involved
in some steps of autophagy and retromer-associated protein
sorting [120]. Kufor-Rakeb syndrome is a rare autosomal recessive form of juvenile-onset PD, caused by mutations in the
gene ATP13A2/PARK9 (ATPase type 13A2), encoding for a
lysosomal P-type 5 ATPase. This protein is involved in the
transport of cations across the lysosomal membrane, and its
mutations were shown to induce an impairment of lysosomal
acidification and proteolysis, accompanied by a decreased
lysosome-mediated clearance of autophagosomes and accumulation of SNCA [121]. Mutations in the gene encoding
the lysosomal glucocerebrosidase A1/glucosidase beta, acid
(GBA1/GBA) cause a LSD known as Gaucher disease and
are also a common genetic risk for PD. The loss of the lysosomal enzyme could lead to lysosome impairment and reduced lysosomal protein degradation through CMA [122],
resulting in increased SNCA aggregation. The reduced enzymatic activity could also lead to substrate accumulation and
impairment in lipid homeostasis, which could in turn disrupt
SNCA membrane binding, leading to increased aggregation
[123]. Ubiquitin carboxyl-terminal esterase L1 (UCH-L1) is a
deubiquitinating enzyme, highly expressed in neurons and
found with SNCA in Lewy bodies. The specifying gene is
mutated in a rare autosomal dominant form of PD, and the
protein was shown to interact with PARK2 [124] and with
components of the CMA pathway [125]. PD-associated mutations in the gene encoding for the vacuolar protein sorting
35/VPS35 retromer complex component (VPS35/PARK17)
were shown to result in the mistrafficking of autophagyrelated protein 9A (ATG9A), with the inhibition of
autophagosome formation and clearance of autophagy substrates [126]. Another candidate risk gene for PD encodes
for the sterol regulatory element-binding transcription factor
1 (SREBF1). Its loss could result in deficient lipogenesis, with
reduced stabilisation of PINK1 on the outer membrane of
mitochondria and the inhibition of mitophagy [127]. SNCA
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was shown to interact with lipid droplets and regulate triglyceride turnover [128], and SNCA aggregation was shown to be
modulated by sterol regulatory element-binding transcription
factor 2 activity in a recent work [129]. As mentioned above,
GBA1 mutations could result in impairment in lipid homeostasis. It is interesting to note that an interconnection between
the lysosome-autophagy pathway and lipid homeostasis has
recently been demonstrated [130]. Finally, like in AD, several
pieces of evidence have suggested the modulation of autophagy as a therapeutic tool to ameliorate PD pathology and restore neuronal function [131–133].
In summary, studies on the functions of most—if not all—
PD-related genes reveal that dysfunctions in the autophagy
pathway may play a crucial role in the neurodegenerative
process of this disease.
The role of iron in PD is highlighted in several studies in
the literature. An increase of harmful Fe2+ in the brain, especially in the basal ganglia, has been thoroughly demonstrated
[134, 135]. Iron overload in the substantia nigra could be
caused by excessive uptake by dopaminergic neurons and/or
microglia, due to the upregulation of DMT1, as shown in PD
patients and animal and cellular models [136, 137] or, alternatively to reduced degradation of DMT1 [138]. Curiously,
depletion of VPS35, whose specifying gene was found mutated in familial PD, resulted in mistrafficking of DMT1 during
its endosomal recycling [139]. Other contributing factors of
iron accumulation in dopaminergic neurons could be reduced
iron efflux due to the downregulation of FPN1 [140], or reduced CP ferroxidase activity [141].
Iron was found to directly bind SNCA, leading to its oxidation, unfolding and aggregation [142, 143]. Interestingly,
SNCA was shown to have ferrireductase activity and the overexpression of the wild-type or mutant protein in human neuroblastoma cells was shown to enhance this activity, also increasing cellular Fe2+ levels, suggesting that this effect is the
cause of the rise in harmful Fe2+ levels observed in PD [144].
SNCA expression can also be modulated by iron, like FT,
since its mRNA has been shown to possess an IRE in the 5′UTR [14]. Therefore, iron excess could upregulate SNCA and
at the same time cause its aggregation.
Impaired mitophagy has been indicated as a pathogenic
mechanism in PD. Curiously, iron chelators have been shown
to trigger PINK1/parkin-independent mitophagy in SH-SY5Y
neuroblastoma cells, suggesting that the accumulation of iron
observed in PD might prevent this type of selective autophagy
[145].
Although the increase of iron content in the substantia nigra
of PD patients is well documented in most studies, findings
are more contradictory with regard to the amounts of FT,
which was reported as having increased or decreased or with
decreased iron storage capacity, due to a reduced FTL ratio in
the FT shell and less safe storage of iron [134, 146].
Neuromelanin is a pigment produced by dopaminergic

neurons of the substantia nigra, found in granules and able
to bind harmful iron. Neuromelanin granules were recently
identified as iron storage lysosome-related organelles derived
from endosomal compartments and containing FTL [147].
These findings may provide a synergistic regulation of iron
homeostasis between neuromelanin and FT in order to minimise the effects of excess free iron.
Evidence for a role of iron in PD also comes from the
neuroprotective effect of iron chelation [135]. Furthermore, a
rare cause of parkinsonism derives from the mutation in the
phospholipase A2 group VI (PLA2G6/PARK14) gene [148].
Although mutations in this gene are also associated with a
form of infantile NBIA, the protein encoded by this gene is
involved in lipid metabolism, while a link with iron metabolism is not yet known. Mutations in ATP13A2/PARK9 are a
rare cause of PD, as mentioned above, and are also linked to a
form of NBIA. Iron accumulation is evident in the putamen
and caudate nucleus in patients with germ line mutations in
this gene [149]. The protein encoded by this gene is involved
in lysosomal acidification and protein degradation, but also in
the transport of cations across the lysosomal membrane [121].
At present, there is no evidence of any involvement of
ATP13A2 in the transport of iron across the lysosome membrane; nevertheless, it is interesting to note that lysosomal
acidification is essential for iron extraction from FT [57] and
the protein was recently shown to protect cells against ironinduced cytotoxicity [150].
In conclusion, the increased brain iron content in PD may
be attributable to several factors and iron excess may also
contribute to PD pathogenesis.
Huntington’s Disease
A lot of studies in the literature implicate the failure or the
activation of autophagy and an iron dysfunctional homeostasis in HD. In this subsection, we are going to outline the salient
points of these studies.
HD, an autosomal dominant neurodegenerative disease,
characterised by loss of motor control, loss of neurons in the
striatum and cortex and cognitive decline that may lead to
dementia, is caused by the repeat expansion of the CAG triplet
in exon 1 of the huntingtin gene (HTT). The triplet encodes a
polyQ repeat at the N-terminus of HTT which, in the case of
more than 35 repeats, promotes the formation of misfolded
protein, oligomers and protein aggregates. Wild-type HTT is
prevalently degraded by the UPS. However UPS is impaired
in HD patients and animal and cellular models of the disease
[151]. As occurs for other aggregate-prone proteins, mutant
aggregated HTT could be cleared by autophagy. Both autophagy and CMA have been shown to be either activated or
impaired in HD patients and animal models. Koga and coworkers [152] observed an increased CMA activity in different cellular and mouse models of HD. However, this increase
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did not seem to contribute towards the degradation of the fulllength mutant HTT, but only of the cytotoxic truncated forms
of HTT. The same authors observed decreased autophagic
activity and proposed that CMA activity increased in response
to this autophagy dysfunction. Conversely, Qi and colleagues
[153] reported the impairment of CMA. Experimental evidence has also suggested that autophagy could be activated
in HD [151]. However, it has also been demonstrated that,
although the autophagosomes are increased in number, autophagy was inefficient, since the AVs seemed unable to recognise cytosolic cargos and appeared empty. The defect of
autophagy resulted not only in the inefficient degradation of
mutant HTT but also in the reduced removal of cytosolic
organelles and impaired lipid metabolism [154].
Recent studies have demonstrated that wild-type HTT
plays a direct role in endocytosis and autophagy pathways,
suggesting a self-modulation of its autophagic clearance.
HTT interacts and co-localises with several proteins involved
in vesicle trafficking, such as the endosomal protein RAB5A
member RAS oncogene family [155] and OPTN and the protein RAB8A member RAS oncogene family in the Golgi apparatus [156], suggesting perturbations of these pathways
when the protein is mutated. HTT also seems to be involved
in the retrograde transport to the neuronal cell body of
autophagosomes generated at distal axons. In this way, mutant
HTT could impair the fusion between autophagosomes and
lysosomes and this could be the cause of its inefficient degradation, but also of altered degradation of other cytosolic components, such as damaged mitochondria [157]. Due to structural similarities with the yeast autophagy-related protein 11
(ATG11), functioning in selective autophagy, HTT was recently proposed as a scaffold for selective autophagy and
was shown to interact directly with several mammalian components of the autophagy machinery. Therefore, mutation in
HTT could be a direct cause of autophagy impairment in HD
[158].
Interestingly, a polymorphism in the ATG7 gene was
shown to modify age at onset in HD patients [159]. It is important to remember in this context that ATG7-knockout mice
show neurodegeneration and motor symptoms, with accumulation of polyubiquitinated proteins as inclusion bodies in neurons [87].
As for AD and PD, the positive modulation of autophagy
was shown to rescue mutant HTT aggregation, also restoring
most behavioural and motor functions in HD mouse models
[160–165].
In conclusion, autophagy dysfunction appears to play a
crucial role in HD pathogenesis and mutant HTT seems to
be directly involved in this dysfunction.
There are numerous studies in the literature examining the
potential role of a dysregulation of iron homeostasis in HD.
Neuroimaging studies have evidenced increased iron signal in
the basal ganglia (mostly in the striatum) of HD patients and

decreased iron in white matter and cortex. Iron accumulation
correlates with disease stage and severity [166, 167] and has
also been shown in presymptomatic subjects [168]. Iron excess has been confirmed by biochemical and histochemical
studies, and FT accumulation has been especially observed
in microglia in humans [169, 170]. Simmons et al. [169] confirmed the accumulation of FT in dystrophic microglia
throughout the brain and particularly in the striatum of the
R6/2 murine model, where oxidative damage was evident.
Chen and coworkers [171] observed iron accumulation in
the striatum of the same murine model, where the metal was
detected as non-heme ferrous iron in small puncta in the
perinuclear cytoplasm of striatal neuronal cell bodies, suggestive of lysosome structures. The authors also showed decreased levels of IRPs and TFR and increased levels of
FPN1 in striatal and cortical tissues, consistent with a compensatory response to the increase of intraneuronal free iron.
Confirming iron dysregulation, Lumsden and colleagues
[172] however found an iron starvation phenotype in a
zebrafish model of HD, with the upregulation of TFR1 and a
deficit in haemoglobin production. The upregulation of TFR1
was confirmed in embryonic stem cells derived from mice, in
which the HTT gene was inactivated [173]. In this work, the
authors also confirmed the role of HTT in vesicle trafficking,
linking this function to a proper regulation of the iron pathway
and also demonstrating that HTT is an iron-regulated protein.
Further evidence of the involvement of iron in HD came from
the finding that iron chelators mitigate the pathology [171,
174]. Of note, NBIA can mimic HD phenocopies, i.e. patients
with HD symptoms who are negative for the HTT mutation
[175].
In summary, several studies in the literature show that iron
and FT accumulate in the brain of HD patients and animal
models of the disease and suggest a link between HTT and
the cellular iron pathways.
Amyotrophic Lateral Sclerosis and Frontotemporal
Lobar Dementia
ALS is an adult-onset progressive motor neuron disease, involving both upper and lower motor neuron degeneration and
characterised by muscular spasticity, hyperreflexia, atrophy
and ultimately paralysis of respiratory muscles, rapidly leading to death.
Frontotemporal lobar dementia (FTLD) is a progressive
form of dementia, characterised by changes in behaviour and
personality, language dysfunctions and neurodegeneration in
the frontal and anterior temporal lobes of the brain [176].
FTLD can overlap with other neurodegenerative forms, in
particular with corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP), but above all with ALS. FTLD
often occurs in association with motor dysfunctions, meeting
the criteria of ALS. On the other hand, ALS patients can
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present with some features of FTLD. Patients with symptoms
of both diseases are diagnosed as FTLD-ALS. ALS and FTLD
are now recognised as a disease continuum, characterised not
only by clinical but also by pathological and genetic links.
They are proteinopathies characterised by the abnormal accumulation of protein aggregates in the affected regions of the
central nervous system. The aggregated proteins found in familial and sporadic FTLD patients are MAPT (FTLD-tau) and
ubiquitinated TAR DNA-binding protein (TDP-43/TARDBP)
(FTLD-TDP-43); in a small number of cases, the inclusions
contain the ubiquitinated fused in sarcoma (FUS) protein
(FTLD-FUS) or only UB (FTLD-U). Both ubiquitinated
TDP-43 (ALS-TDP-43) and ubiquitinated FUS (ALS-FUS)
can be found in degenerating motor neurons and
frontotemporal brain regions of ALS patients. In ALS, a third
type of inclusion contains superoxide dismutase 1 (SOD1)
protein (ALS-SOD), without evidence of TDP-43 and FUS
[177, 178]. Several genetic links are reported in the literature
between ALS and FTLD, and a change of phenotype from
FTLD to ALS or vice versa between generations was observed in some cases of familial ALS-FTLD [177, 178].
The involvement of autophagy dysfunction in the pathogenesis of ALS and FTLD is suggested by the presence of
ubiquitinated proteins in the inclusions found in motor neurons
and the brain of patients and animal models [178–180], and is
corroborated by the findings that several genes linked to ALS
and FTLD are engaged in this pathway. Furthermore, while dysregulation of iron homeostasis is extensively reported in ALS, it
is not thoroughly investigated in FTLD. Nonetheless, the strict
link between the two neurodegenerative disorders strongly suggests the need for further studies in this direction. In this subsection, we are going to recapitulate the most significant findings in
the literature, with regard to autophagy and iron homeostasis
dysfunctions in ALS and FTLD.
Although most knowledge comes from cellular and animal
models of ALS with mutations in the SOD1 gene, wild-type
SOD1 is not directly involved in autophagy. Mutations in the
SOD1 gene in ALS induce conformational changes in the
protein, leading to misfolding and aggregation. UPS impairment has been demonstrated in animal and cellular models,
and the misfolded mutant SOD1 has been shown to directly
impair the proteasome activity [179]. Conversely, autophagy
has been shown to be upregulated and hyperactive in motor
neurons of the spinal cord, motor nuclei of the brainstem and
muscles of mutated SOD1 models, where an increased number of AVs was found [181–184]. A substantial number of
studies have demonstrated that further activation of autophagy
in different ways can remove SOD1 aggregates, increases survival of motor neurons and reduces their loss, delays disease
onset and progression and prolongs lifespan in transgenic
models [185–188]. In contrast, Zhang and coworkers [189]
reported increased motor neuron degeneration following autophagy activation.

Most genes found mutated in familial ALS and FTLD have
functions in some way connected with autophagy. Amyotrophic lateral sclerosis 2, juvenile (ALS2) gene mutations, involved in a form of inherited juvenile-onset ALS, have been
shown to induce disturbances in the fusion between
endosomes and autophagosomes and in endolysosomal protein degradation [190]. The ALS-associated P58S mutation in
VAMP-associated protein B and C (VAPB) gene has been
shown to affect protein quality control and induce stress and
accumulation of ubiquitinated proteins in the endoplasmic reticulum [191]. The rare ALS-linked R199W mutation in the
D-aminoacid oxidase (DAO) gene was shown to activate autophagy in motor neurons, resulting in increased autophagic
flux [192]. Ataxin 2 (ATXN2) and profiling 1 (PFN1) genes
are involved in the dynamics of cytosolic complexes implicated in the modulation of gene expression during cellular stress
response and known as stress granules (SGs) (composed of
mRNAs, initiation factors and RNA-binding proteins) and as
P bodies (composed of mRNAs, translational repressors and
mRNA decay machinery) [193]. Autophagy could be involved in their clearance [194, 195]. Mutations in these genes
and associated with ALS have been shown to alter SG and P
body dynamics [196, 197]. OPTN is an autophagy adaptor
protein, binding ubiquitinated aggregates and LC3 and
directing protein aggregates to autophagosomes. It recognises
mutant SOD1 aggregates and facilitates their degradation
through the lysosome-autophagy pathway [198]. ALS mutations in OPTN have been shown to abolish endosomal vesicle
formation [199] and disrupt autophagosome recruitment on
damaged mitochondria [200]. Mutations in this gene were
also identified in two FTLD patients recently [201]. Charged
multivesicular body protein 2B (CHMP2B) gene mutations,
rarely found in both ALS and FTLD, may impair two protein
degradation pathways converging on the lysosome, the
endosome-lysosome pathway and autophagy [202, 203]. Sigma non-opioid intracellular receptor 1 (SIGMAR1) gene mutations, involved in inherited juvenile-onset ALS and FTLD,
have been shown to induce accumulation of autophagic material and various components of the lysosomal pathway, to
inhibit autophagy and to impair endosomal trafficking [204].
UBQLN2, found mutated in rare cases of ALS and FTLD,
regulates the recognition and transport of ubiquitinated proteins to the UPS and autophagy for degradation. Pathogenic
mutations in this gene result in UBQLN2 aggregation and
autophagy impairment in affected neurons of transgenic mice,
interfering also with the endosomal pathway [205]. Mutations
in the SQSTM1 gene result in the accumulation of protein
aggregates in motor neurons of ALS patients and the brain
of FTLD patients and map to regions of the protein involved
in the interactions with other autophagy receptors and with
LC3 [206]. In a zebrafish model, the knockdown of the
ortholog gene resulted in a locomotor phenotype with behavioural and axonal anomalies and increased levels of the
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mechanistic target of rapamycin (mtor), suggesting autophagy
dysfunction, while treatment with the autophagy inhibitor
rapamycin rescued the locomotor phenotype [207]. Valosincontaining protein (VCP), found mutated in both ALS and
FTLD, plays a role in the degradation of proteins by UPS
and in the selective maturation of UB-containing
autophagosomes to autolysosomes. Its mutations result in
disrupted autophagy and proteasomal degradation of proteins,
endoplasmic reticulum-defective degradation of proteins and
stress [208]. It is worth noting that UBQLN2, SQSTM1,
OPTN and VCP function in the selective degradation of
ubiquitinated and accumulated protein aggregates, although
at different steps of the pathway. This type of selective autophagy is also known as aggrephagy and it may be especially
important in several neurodegenerations [209].
Pathogenic mutations in VCP have also been found to impair the clearance of and induce the accumulation of SGs
[194]. Interestingly, TDP-43, FUS, ATXN2 and PFN1 mutations in ALS and FTLD also promote the accumulation of
SGs. Aggregates of TDP-43 and FUS proteins are found not
only in familial ALS and FTLD patients harbouring mutations
in these genes but also in sporadic patients and patients with
mutations in other causative genes. TDP-43 and FUS are
DNA- and RNA-binding proteins, mainly localised to the nucleus but continuously shuttling between the nucleus and the
cytosol. They function by regulating splicing and mRNA stability, RNA transport, microRNA processing and gene transcription [178]. Mutations in the genes specifying these proteins result in a change in their subcellular localisation, which
becomes prevalently the cytosol, and also induces their accumulation in the form of insoluble aggregates. Although both
proteins co-localise with SGs in neurons from ALS and FTLD
patients and in cellular models of the diseases [195, 210], the
role of both proteins in SG biology is still a matter of debate.
TDP-43 and FUS also share the presence of prion-like domains in their sequence, like several SG and P body proteins,
which possibly give them the intrinsic propensity to aggregate. TDP-43 aggregates co-localise with markers of autophagy and several autophagy activators have been shown to
reduce TDP-43 aggregation, also rescuing motor dysfunctions
in animal models [211, 212]. It has also been demonstrated
that TDP-43 directly and positively regulates autophagy,
stabilising ATG7 mRNA; therefore, a loss of TDP-43 function
could result in autophagy impairment, contributing to the accumulation of protein aggregates [213].
The most frequent mutation in familial ALS, FTLD and
ALS-FTLD involves the recently described gene chromosome 9 open reading frame 72 (C9orf72). The dominantly
inherited mutation corresponds to a hexanucleotide expansion
within a non-coding region of the gene [214, 215]. C9orf72
mutation-bearing patients have cytoplasmic aggregates of
TDP-43 and SQSTM1 in the brain or spinal cord [177, 178].
The hexanucleotide expansion does not affect the C9orf72

protein sequence, and its pathogenetic role is still a matter of
debate. Three main hypotheses exist. Firstly, abnormal
intranuclear RNA foci have been observed in the brains of
patients, strictly linking the mutation with the concept of
RNA dysregulation as a central theme within the ALSFTLD continuum [214]. Secondly, the repeat expansion was
also shown to promote RNA-DNA hybrids, the loss of fulllength transcripts and a reduced C9orf72 expression [215,
216]. Although it is not well understood, the function of the
protein specified by the C9orf72 gene could be linked to protein degradation pathways, intracellular membrane and protein trafficking, endocytosis and autophagy [217, 218]. A third
pathogenetic hypothesis is suggested by the observation that
the repeat expansion within C9orf72 mRNA can be translated
by an unconventional mechanism in both senses and on all
possible open reading frames, generating highly hydrophobic
insoluble dipeptides which accumulate in affected neurons
[219]. Recently, Tao et al. [220] also suggested that some
products of RAN translation localised to the nucleolus and
induced nucleolar stress, the suppression of rRNA synthesis
and the impairment of SG formation, again linking C9orf72
mutation to RNA dysregulation.
Loss-of-function heterozygous mutations in the
progranulin/granulin (PGRN/GRN) gene are a common
cause of familial FTLD-TDP-43. All lead to a severely reduced protein expression. PGRN is a secreted protein with
pleiotropic actions and is expressed in several tissues and
cells, including neurons and microglia. Its function in the
brain is largely unknown. PGRN localises in the lysosomes
in activated microglia and its deficiency in mice induces an
inflammatory response, characterised by the overexpression
of CD68, a marker of activated microglia and a lysosomal
protein, too, which is especially expressed in the cortex activated microglia of animal models of some LSDs [221].
Indeed, in mice, PGRN deficiency results in intraneuronal
accumulation of lipofuscin. Of note, neuronal ceroid
lipofuscinosis, a severe neurodegenerative LSD
characterised by the accumulation of lipofuscin, was observed in two siblings found homozygous for a mutation
in the PGRN gene [222, 223]. In mice, PGRN deficiency
increases lysosomal biogenesis, due to the activation of transcription factor EB (TFEB), but this results in impaired lysosomal degradation activity in neuronal and glial cells, with
the accumulation of lipofuscin in microglia and impaired
myelination in the cerebral cortex [221]. The pathogenetic
overlap between FTLD due to PGRN deficiency and neuronal ceroid lipofuscinosis has been confirmed both in murine
models and, more importantly, in neuronal ceroid
lipofuscinosis and FTLD patients [224]. As a further link
between the two diseases, animal models of both diseases
present increased expression of transmembrane protein 106B
(TMEM106B) [224], a lysosomal protein known as a risk
factor for FTLD-TDP-43 pathology and which associates
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with PGRN in endolysosomes in neurons, influencing the
rate of PGRN degradation [225].
As in AD and other taupathies, an aggregated protein frequently found in the FTLD brain is MAPT. Mutations in the
MAPT gene are also a genetic cause of FTLD. As described
for AD, several studies found that misfolded or phosphorylated MAPT could be degraded through the proteasome or
autophagy-lysosome pathway. The dysfunction of autophagy
contributes to the phosphorylation of MAPT and to the formation of MAPT aggregates. Furthermore, as its function is
associated with microtubule assembly, MAPT may regulate
the autophagy pathway, and therefore its aggregation and its
mutation could lead to autophagy dysregulation [90]. The enhancement of autophagy has been shown to contribute to the
clearance of phosphorylated and aggregated MAPT and to
rescuing neurodegeneration in several models of the disease
[95, 98, 226].
As a further link between FTLD pathogenesis and the lysosome pathway, Ferrari et al. [227] recently suggested the
possible involvement in FTLD of a novel locus at 11q14,
encompassing RAB 38 member RAS oncogene family
(RAB38)/cathepsin C (CTSC) genes, related to lysosomal
biology.
In conclusion, most—if not all—genes associated with
ALS and/or FTLD specify proteins directly or indirectly involved in the endosome-lysosome-autophagy pathway, suggesting its crucial role in the pathogenesis of both disorders.
While a disruption of iron homeostasis in ALS is well
documented in the literature, very little is known about a potential involvement of iron in FTLD pathogenesis.
Neuroimaging studies have evidenced an increased iron
signal in the brain and spinal cord of ALS patients
[228–232]. Iron accumulation in the motor cortex observed
by neuroimaging was strictly related to intracellular iron located in astrocytes, microglia and macrophages and most
probably sequestered in the FT cage [228, 230, 233].
Kasarskis et al. [234] observed an increased iron content in
the cytoplasm and nucleus of neurons from the ventral cervical spinal cord of ALS patients. Evidence of a disruption of
iron homeostasis in the spinal cord of ALS patients was also
shown by Offen et al. [235], with the observation of an increased mRNA expression of FTL, curiously along with some
lysosomal genes. The authors also found the same genes upregulated in the spinal cord of a Tg-SOD1-G93A mouse model of ALS, with FTL upregulation evident throughout life.
Olsen et al. [236] found a strong upregulation of both FTL
and FTH1 genes, prior to the end stage of the disease, but
preceded by changes in the expression of genes linked to glial
activation. In the same murine model, Jeong et al. [237] confirmed the upregulation of FTL and FTH1 in the spinal cord at
the end stage of the disease, also with an increased expression
of DMT1, however without concomitant iron accumulation.
The authors however demonstrated iron accumulation in

spinal cord neurons and grey and white matter glia of a TgSOD1-G37R mouse model of ALS. In neurons, the iron staining was detected at the final stage of the disease in small and
round cytoplasmic inclusions that did not contain FT, while in
glial cells, accumulated iron showed a diffuse labelling in the
cell body and was accompanied by the upregulation of FTH1
and FTL. The authors evidenced a caudal-to-rostral gradient
of increasing mRNA and protein expression of several ironrelated genes correlated with the caudal-to-rostral progression
of the pathology at the final stage of the disease, while at presymptomatic stage, they observed a reverse expression
gradient.
Recently, Winkler et al. [238] proposed an interesting hypothesis regarding the source of iron overload in ALS. The
authors assumed that the BBB and blood-spinal cord barrier
are damaged both in ALS patients and Tg-SOD1-G93A and
demonstrated that the vascular damage correlated with motor
neuron injury, increased oxidative stress, SOD1 oxidation and
levels of free iron in the mouse model, derived from accumulation of extravasated haemoglobin and erythrocytes. The authors also showed that restoring blood-spinal cord barrier integrity or reducing free iron by the use of iron chelators mitigated and delayed motor neuron injury. It is interesting to
underline that a similar pathogenetic mechanism for iron overload has been proposed for multiple sclerosis [239].
Furthermore, several researchers have reported abnormal
values of iron-related indices in the blood and cerebrospinal
fluid of ALS patients, although the clinical significance of
these findings is unclear [240–245]. Finally, the H63D mutation in the HFE gene was proposed as a genetic risk factor
increasing susceptibility to ALS [246]. Liu et al. [247] found
that SH-SY5Y neuroblastoma cells overexpressing the mutated human HFE and the transgenic mouse carrying the corresponding murine mutation H67D showed endoplasmic reticulum stress and increased neuronal vulnerability, further
supporting the hypothesis that this mutation could act as a
disease modifier in ALS [248]. Providing additional proof,
Nandar et al. [249] demonstrated that the mutation in the
HFE gene accelerated the progression of the disease, increased
motor neuron loss and decreased survival in the double transgenic mouse model Tg-SOD1-G93A/HFE-H67D.
It is also worth noting that some forms of NBIAs were
found to present clinically with ALS or ALS/FTLD symptoms
[250, 251]. Although ALS and FTLD are characterised by
clinical, pathological and genetic links, only a few studies
have suggested a link between FTLD and iron homeostasis
disruption. Schweitzer et al. [252] showed that FTL was upregulated in the frontal cortex of FTLD patients bearing
MAPT mutations, providing the first suggestion in the literature of the potential role of iron in the FTLD pathology. More
recently, by post-mortem magnetic resonance imaging, De
Reuck et al. [253] showed increased iron in the claustrum,
caudate nucleus, putamen, globus pallidus, thalamus and
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subthalamic nucleus of FTLD, with FUS and TDP-43 mutation-bearing patients presenting a higher iron load than MAPT
mutation-bearing patients. In contrast, no iron accumulation
was observed in this study in the same area of the brain in
ALS, PSP, vascular dementia and Lewy body disease patients
and in control subjects, with only a mild increase in the caudate nucleus of AD brains. Finally, we have recently demonstrated that the H63D mutation in the HFE gene could affect
the FTLD phenotype, fostering iron deposition in the basal
ganglia [254].
In conclusion, a disruption of iron homeostasis,
characterised by iron accumulation in the central nervous system, is clearly highlighted by numerous studies in ALS patients, animal models and in vitro cell models, while little is
actually known regarding iron metabolism in FTLD. Further
research is therefore needed in this direction.
Other Neurodegenerative Diseases
Autophagy and iron metabolism are described as altered in
several neurodegenerative diseases other than AD, PD, HD
and ALS. In this subsection, we are only going to mention
some of them, summarising the salient studies in the literature.
Brain iron excess is a hallmark of a group of diseases
known as NBIAs, for the majority of which a genetic cause
has been identified [255, 256]. Of the nine genes identified,
only two are directly involved in iron metabolism. In
aceruloplasminaemia, mutations in the CP gene cause marked
brain iron overload, particularly in the astrocytes of the basal
ganglia. The deficiency of ferroxidase activity of CP results in
an excess of Fe2+ in astrocytes and iron deficiency in neurons
[3]. In hereditary ferritinopathy (HF), mutations in the FTL
gene strongly reduce FT iron sequestration, resulting in excess
free iron, oxidative stress and FT overproduction, with extracellular and intracellular FT aggregation in some areas of the
brain. FT inclusions were shown to contain ubiquitinated proteins [2]. Five further forms of NBIA are caused by mutations
in genes involved in lipid metabolism, namely the pantothenate kinase 2 (PANK2), coenzyme-A synthase (CoASY),
PLA2G6, fatty acid 2 hydroxylase (FA2H) and chromosome
19 open reading frame 12 (C19orf12) genes. The reasons for
iron accumulation in these forms of NBIA are less clear; however, altered lipid membranes could cause dysfunctions in
organelles like mitochondria, which are particularly rich in
iron content, or lysosomes, which are intimately linked to iron
homeostasis. Other rare mutations in NBIA were found in
ATP13A2, a lysosomal protein involved in lysosomal pH
maintenance, which is essential for iron extraction from FT
[57], and in WD repeat domain 45 (WDR45), specifying a
protein directly involved in autophagy [257].
Friedreich’s ataxia (FRDA) is an autosomal recessive
disorder caused by the expansion of a GAA repeat in
the first intron of the frataxin (FXN) gene, involved in

mitochondrial iron handling [258]. It is characterised by
pathological changes, first in the dorsal root ganglia,
followed by degeneration in the spinal cord and pyramidal and spinocerebellar tracts. The disease may also
present with extraneurological symptoms, such as cardiomyopathy and diabetes mellitus. Iron accumulation
in mitochondria was found particularly in the heart,
while iron overload remains controversial in the brain
[259]. Reduced activity of succinate dehydrogenase
and few iron deposits have however been observed in
the spinal cord and some areas of the brain in FRDA
murine models [260]. Interestingly, an increased number
of autophagosomes and lysosomes, which at the final
stage of the disease appeared completely filled with
lipofuscin, as it occurs in FRDA patients, were observed
in the dorsal root ganglia in these animal models.
Multiple system atrophy (MSA) is a neurodegenerative
disease classified as an α-synucleinopathy, with parkinsonian,
cerebellar or pyramidal features. A neuropathological hallmark of MSA is the presence of oligodendroglial cytoplasmic
inclusions of SNCA, with microglia activation and reactive
astrogliosis. Brain iron deposition has been found by neuroimaging to be associated with neuronal loss, atrophy and
gliosis in the putamen, pons and cerebellum [261–263]. These
findings were corroborated by the observation of FT-bound
iron increase, FT deposition and FPN1 decrease in dysmorphic and activated microglia of the basis pontis, putamen and
rostral ventrolateral medulla, suggestive of a deficit in bioavailable iron [264, 265]. Curiously, autophagy dysfunction
was also found in the brain of MSA patients [266, 267].
PSP and CBD are neurodegenerative taupathies which
overlap with FTLD. Brain iron accumulation has been observed in PSP patients [110, 268–270]. Like in AD, in the
PSP brain, too, the composition of FT cores was found altered,
with iron cores assembled mainly in magnetite-like and
wüstite-like cores, containing more harmful Fe2+ [109]. Increased amounts of FTL in the microglia, oligodendroglia
and astrocytes of the caudate nucleus and motor cortex were
reported in both taupathies [271]. Although autophagy dysregulation has not yet been reported in these pathologies, the
aberrant accumulation of MAPT could suggest that, as in AD
and FTLD, the pathway could be affected.
LSDs are a group of inherited disorders due to mutations in
enzymatic and non-enzymatic lysosomal proteins leading to
dysfunctions in the endosome-lysosome-autophagy pathway,
with abnormal accumulation of macromolecular substrates. In
most LSDs, neurodegeneration in different brain regions is
common and characterised by the activation of the innate immune system and astrogliosis. Interestingly, altered iron homeostasis has been reported in some of those disorders [272].
Brain iron deficiency has been reported in mouse models of
gangliosidoses, accompanied by increased levels of circulating IL-6 and HAMP [273]. Due to mutations in the lysosomal
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ion channel MCOLN1, mucolipidosis type IV is characterised
by mental retardation and iron-deficiency anaemia. The protein has been demonstrated to function as an endolysosomal
iron release channel, and fibroblasts harbouring the mutation
showed an iron starvation phenotype in the cytosol with increased intralysosomal iron and accumulation of lipofuscin
[53].

Ferritinophagy Could Provide a Link
Between Autophagy Impairment and Iron
Homeostasis Dysfunction in Neurodegenerative
Disorders
As reviewed, altered iron homeostasis, with brain iron and FT
excess or deficiency, is a feature of several neurodegenerative
diseases. While very few disorders are directly generated by
mutations in iron-related genes, the cause of the dysregulation
is unknown for most of them. It is hard to believe that this
dysregulation could have a primary role in the pathogenesis
for all of them, at least in the first stages. More likely, iron
dyshomeostasis would be considered a secondary effect of the
primary cause, which however contributes in some way, and
perhaps with different mechanisms, to the development of
neurodegeneration, or it could simply be an epiphenomenon.
It is worth noting that protein aggregation and accumulation, with dysfunctions of protein degradation pathways (in
particular with regard to the endosome-lysosome-autophagy
pathway) and brain iron homeostasis disruption, are concurrently observed in several neurodegenerative disorders with
different aetiologies. It is also remarkable that, also in healthy
ageing, the rate of intracellular protein degradation pathways,
like autophagy, decreases in several cell types, including the
brain cells [84, 274], while brain iron accumulates [15].
In this context, we hereby propose that aberrant or dysfunctional ferritinophagy could be the link between autophagy
impairment and iron homeostasis dysfunction in several neurodegenerative disorders (Fig. 4). Impaired autophagy due to
primary causes (like a genetic mutation in genes related to the
endosome-lysosome-autophagy pathway) or secondary
causes (like aggregation of misfolded proteins) could directly
or indirectly also affect selective autophagy of FT, in turn
developing into a mishandling of iron in the brain cells. Most
probably, both excessive and defective ferritinophagy,
resulting in increased or decreased free iron in the cell or in
some organelles of the cell, could have deleterious effects and
could also be the trigger for the disruption of the delicate and
tight control of cellular iron bioavailability. This in turn could
contribute to a dysregulation of the numerous cellular functions in which iron is involved in the nervous system, from
myelination to neurotransmitter synthesis and mitochondrial
respiration, and/or could result in oxidative stress, a hallmark
of most neurodegenerative disorders.

An increase in FT and iron, most probably FT-bound iron,
has been observed in AD in some areas of the brain [4,
106–110]. The autophagy inhibition described in this disorder
could cause or at least contribute to this increase, by directly or
indirectly blocking ferritinophagy. This in turn could result in
excess FT and FT-bound iron, inducing a cytosolic iron starvation state. This condition could signal the induction of
ferritinophagy to release iron; however, ferritinophagy is
blocked due to inhibition of the autophagy machinery. Alternatively, the dysfunctional FT containing Fe 2+ -Fe 3+
magnetite-like and Fe2+ wüstite-like cores, observed in oligodendrocytes [109], could interact with NCOA4 in an incorrect
way and/or could be less susceptible to ferritinophagy, thus
inducing the accumulation of FT, FT-bound iron and/or harmless Fe2+ in the cytosol. As described above, excess FT and
FT-bound iron could result in an iron-deficient state in the
cytosol, which could induce ferritinophagy, which is however
inhibited by the dysfunction of FT. A similar scenario could
also occur in PSP [109]. The defective lysosomal acidification
and proteolysis observed in AD could also result in FT and FTbound iron excess, through the inhibition of intralysosomal
FT degradation or FT-bound iron extraction. These effects
could in turn also or alternatively generate a lysosomal iron
excess and haemosiderin accumulation and perhaps lysosomal
oxidative stress and neuronal death, particularly if FT with a
high degree of iron saturation is autophagocytosed [54, 55].
This effect could explain the accumulation of iron and FT
observed in AD, which could occur in the lysosomes. The
excess lysosomal iron could act as a signal to further inhibit
ferritinophagy, creating a vicious circle, or, alternatively, inducing a cytosolic iron starvation could—unsuccessfully—attempt to upregulate ferritinophagy.
While autophagy and lysosome impairments and the increase of Fe2+ in basal ganglia have been thoroughly described in PD, inconsistent findings about the amounts and
functionality of FT are reported in the literature [110, 134,
135, 146]. The excess of free Fe2+ could result from an excessively induced autophagy and as a consequence of an exaggerated ferritinophagy. This effect could be accompanied by a
reduction of FT in the basal ganglia, as described by some
authors. Alternatively, inhibition of autophagy, and therefore
of ferritinophagy, could explain the increased FT levels observed by other researchers. A reduced extraction of iron from
FT in the lysosomes, due to their impairment [121, 149], could
also result in incompletely degraded FT and iron accumulation
in lysosomes, with a decrease in cytosolic FT and FT-bound
iron and/or the accumulation of FT in the cytosol, as proposed
above for AD. In any case, iron excess in the lysosomes could
signal the inhibition of ferritinophagy, generating a vicious
circle. A reduced capacity of neuromelanin to sequester harmful iron in dopaminergic neurons could contribute to this iron
accumulation in cellular lysosome-like organelles in PD
[147]. Furthermore, a reduced iron storage capacity due to
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the decrease of FTL in the FT shell [146] could explain the
increase in iron in the basal ganglia but also influence the
interaction of NCOA4 with FT, resulting in increased levels
of FT.
In HD, a direct involvement of HTT as a scaffold protein
for selective autophagy was proposed recently. The iron

dysregulation observed in this disease [166–171] suggests
the need for further studies in this direction: it is tempting to
speculate that HTT could also be involved in the selective
autophagy of FT, by directly or indirectly interacting with
NCOA4 or with FT itself. An inefficient autophagy is well
documented in this neurodegenerative disease and is
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Fig. 4

Hypothetical model connecting aberrant autophagy with iron
dyshomeostasis through the dysfunction of ferritinophagy in neurodegenerative disorders. a Accumulation of misfolded and aggregated proteins in
brain cells, notably in neurons, may result in autophagy engulfment and
dysfunction. b Aberrant endocytic vesicle trafficking and/or autophagy
may cause an inefficient degradation of autophagosomal-lysosomal substrates, thus leading to protein accumulation in neurons or other brain cells
and creating a vicious circle. c Autophagy impairment and protein accumulation may also derive from loss-of-function mutations in genes related
to the endosome-lysosome-autophagy pathway, often associated with neurodegenerative disorders, as shown in Table 1. d Impaired vesicle trafficking and/or autophagy may result in aberrant ferritinophagy in several
neurodegenerative diseases. Both activation (e) and inhibition ( f ) of
ferritinophagy may lead to the dysregulation of iron homeostasis and, in
turn, of iron-related cellular functions in the brain cells, such as mitochondrial respiration, synthesis of heme and iron-sulfur clusters, myelination,
synthesis of neurotransmitters, macrophage and microglia polarisation,
hepcidin (HAMP) control of iron uptake from the circulation through
the endothelial cells of the blood-brain barrier or iron release from brain
cells. Dysregulated ferritinophagy, resulting in excess free iron, may also
cause oxidative stress both in the cytosolic and lysosomal compartments.
Moreover, defective ferritinophagy may be caused (g) by incorrect interaction between nuclear receptor co-activator 4 (NCOA4) and a dysfunctional ferritin (FT) or may derive (h) from free iron excess due to FT
dysfunction. (i) If reduced ferritinophagy results in cytosolic iron starvation, ferritinophagy could be induced in an effort to counteract the deficiency, but unsuccessfully. (l) Alternatively, if inhibition of ferritinophagy
results in lysosomal iron excess, ferritinophagy could be further inhibited
to avoid lysosomal oxidative stress, thus creating a vicious circle (AD
Alzheimer’s disease, PD Parkinson’s disease, HD Huntington’s diseases,
ALS amyotrophic lateral sclerosis, FTLD frontotemporal lobar dementia,
MSA multiple system atrophy, CBD corticobasal degeneration, PSP progressive supranuclear palsy, FRDA Friedreich’s ataxia, NBIAs
neurodegenerations with brain iron accumulation, LSDs lysosomal storage
diseases, HF hereditary ferritinopathy, ROS reactive oxygen species)

disorders, in most cases, we are far from understanding the
cause of this dysregulation and its role in the pathogenesis.
The recent body of strong evidence indicating the
lysosome-autophagy pathway as crucial in FT degradation
and iron extraction from its core and the demonstration that
this occurs through selective autophagy, involving NCOA4 as
a specific cargo receptor, offer new insights as to the possible
link between several neurodegenerative disorders with autophagy disturbance and imbalanced iron homeostasis.
Experimental research will be necessary to investigate in
this direction in order to establish if and how disturbed
ferritinophagy contributes to iron dyshomeostasis in neurodegenerative disorders and in the healthy ageing.
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