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Iron is a central role in a variety of essential cellular functions as oxygen transport and exchange, being the metal
component of many intracellular enzymes. Its ability to react with oxygen also makes it a toxic compound, able to
generate reactive oxygen species (ROS) that can damage DNA, phospholipids and proteins. It is therefore of utmost
importance, for both the cells and the organisms, to maintain iron homeostasis, ensuring iron supply and preventing
accumulation of iron excess.
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| 1. Introduction

Several disease states are characterised by aberrant iron handling. Abnormal iron homeostasis has been detected in
hemochromatosis, anaemia, atherosclerosis, and in neurological diseases, such as Parkinson’s, Alzheimer’s,
Huntington’s, Friedreich’s ataxia and the eating disorder pica 2IRBI4IBIEIIEIS]10]1]

Increasing evidence also points to a causal role of iron in diabetes. Iron is essential for insulin secretion 12131 yet jts
accumulation is an important determinant of pancreatic islet inflammation and is considered a biomarker of diabetes risk
and mortality 141,

The link between iron and diabetes first emerged considering pathological conditions as hemochromatosis and beta
thalassemia [LS16IL7IA8] i which an involvement of iron overload in both beta-cell failure and insulin resistance was
highlighted.

In addition, in type 2 diabetes mellitus (T2DM) subjects, increased levels of ferritin 12, a biomarker of increased body iron
stores, and reduced levels of hepcidin, the hepatic hormone responsible for the systemic iron homeostasis, have been
detected in the blood, highlighting the systemic alteration of iron metabolism 29,

| 2. Iron-Homeostasis in Beta-Cells

Due to its chemical nature and its possible harmful effects, cells have developed a complex system to handle iron: carriers
and receptors bind and transport the ion across the membranes, enzymes and buffering proteins control its redox state
and free level and iron regulatory proteins modulate the expression of iron-binding proteins, according to the ion level.
Pancreatic beta-cells possess several of these proteins, although some specific players of this relevant process are not
yet completely defined (Figure 1).
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Figure 1. Overview of iron homeostasis in beta-cells. (a) Iron uptake in beta-cells is mediated by endocytosis of the
transferrin-transferrin receptor complex and its release from endosomes by the divalent metal ion transporter DMT1. As
non-transferrin-bound iron (NTBI), it can also be imported by the zinc transporter ZIP14 transporter. Being toxic as a free
ion, Fe?* is then readily distributed for storage, bound to ferritin, or for utilisation by chaperoning proteins as PCBPs and
lipocalin. Iron efflux is mediated by ferroportin, a process regulated by hepcidin and hephaestin. LIP: labile iron pool. (b)
Within the cell, the major site of utilisation is the mitochondria, where the ion is transported via DMT1 and mitoferrin
(Mfrn1, Mfrn2) and inserted into heme and Fe/S cluster prosthetic groups. Mitochondria iron efflux is probably mediated
by the ATP-binding cassette (ABC) transporter ABCB7. (c) Beta-cells, together with insulin, release IAPP and hepcidin,
involved in a possible modulation of iron metabolism by an autocrine mechanism, via regulation of ferroportin.

2.1. Iron Influx through the Plasma Membrane

Uptake of iron in beta-cells is performed by two different systems: a receptor-mediated transport for the transferrin-bound
iron (TBI) and a non-transferrin-bound iron (NTBI) transport. The first mechanism is based on the interaction of transferrin-
bound iron with the specific cell surface transferrin receptor 1 (TfR1) L3l21 The complex is then internalised in endocytic
compartments in conjunction with the divalent metal ion transporter DMT1 (or SLC11A2) and the metalloreductase six
transmembrane epithelial antigen of the prostate family member 3 (STEAP3) [22,

Internalised vesicles then fuse with lysosomal compartments, and the acidic milieu prompts the conformational change of
Tf-Fe complex and the release of Fe3*, enabling its reduction to the ferrous form by STEAP3. Fe?" is extruded in the

cytoplasm through DMT1, exploiting the H* gradient created by the vacuolar H*-ATPase (v-ATPase) as the driving force
[23],

Recently, a non-transferrin-bound iron (NTBI) uptake has also been described in the human beta-cell line Blox5 24, The
chemical nature of plasma NTBI is not known but is believed to mainly exist in ferric citrate and other low-molecular-
weight species 22261 |n some pathological conditions, higher molecular weight NTBI plasma fractions have been
detected, suggesting the possible binding of Fe2* and Fe3* to proteins [28 and the existence of different NTBI pools,
depending on the iron overload conditions [24. NTBI can be observed in the blood of patients with iron overload conditions
when transferrin is saturated 28, although its presence has also been detected at not fully saturated transferrin levels 2,
Interestingly, in diabetic subjects NTBI is already present at transferrin saturations below 60% 9. In primary human islets,
NTBI uptake is mediated by the zinc transporter ZIP14 (SLC39A14), which localises to the plasma membrane of beta-
cells, where iron loading is restricted. Chronic (24 h) high glucose levels upregulate the transporter expression, thus
confirming the functional relevance of ZIP14 and suggesting possible consequences in iron homeostasis B, However,
siRNA-mediated ZIP14 knockdown determined only a 50% reduction of NTBI uptake, suggesting that other transport
systems may be involved as well. A role of L-type or T-type calcium channels seems unlikely due to the lack of iron
overload in murine beta-cells expressing them 2,

2.2. Iron Efflux through the Plasma Membrane

The exit of iron from beta-cells is controversial: ferroportin/lregl (FPN1, SLC40A1) so far is the only known exporter for
iron B34 and islets show a very low immunoreactivity for this transporter 22, although they express hephaestin. This
protein is responsible for the membrane stabilisation of ferroportin and the oxidation of Fe2* to Fe3* required for the
interaction with transferrin (221,

Interestingly, beta-cells, together with insulin, also release hepcidin that is known to bind ferroportin and induce its
internalisation B8E7 thus suggesting a positive feedback mechanism in iron regulation during glucose-stimulated insulin
secretion, mediated by ferroportin control 28],

Another possible modulator of ferroportin is the islet amyloid polypeptide (IAPP) B2, which is released together with
insulin and plays a role in glucose homeostasis 49 and in the control of food intake (4142l Although its role in iron
homeostasis in beta-cells has not yet been established, it could suggest a parallelism with neurons, in which the amyloid
polypeptide APP stabilises ferroportin at the plasma membrane and stimulates iron release through ferroxidase activity 3]
(44][45][46][471[48] thys preventing iron overload and oxidative stress.

2.3. Iron Binding Proteins

By a tight control of iron homeostasis, cells avoid excess of harmful free iron. Once inside the cell, iron forming the
cytoplasmic labile pool (LIP) is sequestered by ferritin, the exclusive cytosolic iron-storage protein. Both H and L chains
are expressed in beta-cells and modulated at the translational level by iron overload: when iron increases, ferritin



synthesis increases as well as iron storage 9. By sequestering the element, ferritin play a role in iron detoxification and
functions as an iron reserve protein. Although the presence of a cytoplasmic labile iron pool consisting of chelatable iron
has been detected in the past, concerns have been raised that iron, once internalised in cells, is delivered to ferritin via
direct protein-protein interactions in a hydrophobic microenvironment, since LIP does not seem to have the chemical
characteristics of an intermediate iron pool Y. Chaperone proteins, such as poly r(C)-binding proteins (PCBPs) Bl are
involved in this process.

All four known PCBP isoforms can bind and deliver iron to the cytosolic ferritin 252 byt they show different abilities as
iron chaperones. For example, only PCBP2 can bind to the carrier systems DMT1 and FPN1 in an iron-dependent way 23]
(B4l Both PCBP1 and PCBP2 can deliver iron to ferritin, but only PCBP1 is fundamental in ferritinophagy, an iron recycling
process 531 in which the iron-ferritin complex is captured by the nuclear receptor coactivator-4 (NCOA4) and directed into
the autophagosome 581,

The expression of both PCBP1 and PCBP2 has been documented in beta-cells, but their specific role in iron handling and
whether they are also involved in iron delivery to intracellular organelles and Fe-S proteins remains to be elucidated in this
cell type.

2.4. Iron Exchange with Organelles

Although iron has been detected in almost all intracellular organelles, mitochondria are the main station of cellular iron
metabolism. They are indeed a site of iron storage and utilisation. Vital synthesis of heme and iron-sulphur (Fe-S) clusters
for electron transport proteins take place within them.

The iron exchange with mitochondria is thought to be mediated by DMT1 and the classical mitochondrial iron transporters
mitoferrin (Mfrn) 1 and 2 B2, being the second more specific for non-erythroid cells 28], Lipocalin (LCN) protein 2 is also
involved in this process as a chaperon protein L3I59 |n HEK293 cells, permanently expressing DMT1, the transporter is
present at the outer mitochondrial membrane (OMM) 2 and found to be involved in Fe2* and Mn?* uptake €11, Mfrn1 and
2 ensure the iron transport across the inner mitochondrial membrane, where the element is utilised for heme synthesis
and Fe-S clusters biogenesis or is sequestered by mitochondrial ferritin (MTFT).

Fe-S cluster biogenesis requires frataxin, an iron mitochondrial chaperone expressed in islets and beta-cells and
stimulated by hyperglycaemic conditions 2. Individuals affected by Friedreich's ataxia (FRDA), a neurodegenerative
disorder caused by frataxin deficiency, also develop non-neurological symptoms, such as diabetes or glucose intolerance
(8 to 32% incidence) 3], In these patients, iron overload and increased beta-cell apoptosis have been observed, thus
further supporting a link between iron dyshomeostasis and diabetes.

Considering the exit of iron from the mitochondrial matrix, the ATP-binding cassette (ABC) transporter ABCB7 is believed
to export iron in the form of Fe-S clusters. This hypothesis is based on the activity of the yeast orthologue Atm1 4] that
can transport glutathione-coordinated Fe-S clusters, connecting the mitochondrial and cytosolic Fe-S cluster assembly
systems [65l66] Recently, Pearson et al. confirmed this substrate specificity, highlighting the role of Mg-ATP in the
transport process €. An additional mechanism for the exit of iron from the mitochondrial matrix could be the export of
heme by specific transporters (€8],

Iron can also be delivered to mitochondria by direct communication with other organelles. In developing erythroid cells,
requiring a very efficient delivery of iron to mitochondria for heme synthesis, a direct delivery of iron from endosomes to
mitochondria by a “kiss and run” mechanism [£9) has also been described, in which the transfer of the cation would be
mediated by the docking of mitochondria and transferrin-loaded endosomes through the voltage-dependent anion channel
1 (VDAC1) or DMT1 BUIZ9 pye to the relevant role played by iron in insulin release (see below), similar mechanisms of

iron delivery could also be envisaged for beta-cells, considering that the same process has been described in epithelial
cells [,

Contact sites between mitochondria and lysosomes, not related to mitophagy or lysosomal degradation of mitochondrial
vesicles, have also been described by high-resolution microscopy Y24, Supporting the functional relevance of such a
contact in iron transport, in erythroid progenitors, where the TfR2 isoform mediates the delivery of lysosomal transferrin to
mitochondria, TfR2 deficiency reduced mitochondrial size and heme production 3. Furthermore, in fibroblasts of patients
affected by neurodegeneration with brain iron accumulation, mitochondrial function abnormalities and reduced lysosomal
proteolytic activity have been observed 74, suggesting a further mechanism of intracellular iron trafficking based on the
interaction between mitochondria and lysosomes.



Mitochondrial-associated ER membranes (MAMs) could be also implicated in cell iron homeostasis. Deficiency of Cisd2
(CDGSH iron sulphur domain 2), an Fe-S protein localised on MAMSs, leads to mitochondrial dysfunction and disturbance
of intracellular Ca?* homeostasis, resulting in insulin insensitivity in adipocytes 2. Interestingly, in yeast, loss of the
protein complex ERMES (endoplasmic reticulum mitochondria encounter structure) connecting the two organelles,
determines an iron-deficiency response even in iron-repleted conditions, causing iron excess in the cell 8. Furthermore,
dominant mutants of the vacuolar protein sorting 13 (VSP13p) rescue ERMES mutants, suppressing the iron deficiency
response. No transporters for the delivery of iron to endoplasmic reticulum (ER) have been identified so far. The 2Fe-2S
protein iron sulphur domain 2 (Miner 1) that localises to ER in other cell types and is relevant for ER integrity [ZAlZ8 could
be involved in this function 22,

2.5. Iron Metabolism Regulatory Proteins

As both iron deficiency and overload can be detrimental, in beta-cells, iron-genes are post-transcriptionally regulated by
the iron regulatory proteins (IRPs), based on iron availability BYBLIE2] These are RNA-binding proteins that, by binding to
IRE sequences present on mRNAs of iron handling proteins, modulate their translation. In particular, in conditions of iron
deficiency, IRP binds to TfR1, DMT1, and ferritin mMRNAs and promotes their translation, thus increasing cellular iron
absorption and iron storage 8. At the same time, IRPs suppress FPNL1 translation, thus reducing cellular iron release 2!,
Both IRP1 and IRP2 are expressed in beta-cells, and IRP2 knockout mice develop diabetes due to misregulation of iron
metabolism. Pro-insulin translational fidelity in pancreatic beta-cells requires the activity of the Fe-S cluster enzyme
CDKALL. This enzyme is responsible for the adenosine methylthiolation in the tRNA for lysine, a modification necessary
to maintain the accuracy of codon recognition during protein translation. CDKAL1 dysfunction causes a misreading of the
codon and impaired proinsulin processing and release. Mice lacking IRP2 protein develop diabetes because the
consequent iron deficiency leads to a reduced function of CDKAL1 [84],
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