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Abstract: Reactive oxygen species (ROS) play a key role in the neurodegeneration processes. Increased
oxidative stress damages lipids, proteins, and nucleic acids in brain tissue, and it is tied to the loss of
biometal homeostasis. For this reason, attention has been focused on transition metals involved in
several biochemical reactions producing ROS. Even though a bulk of evidence has uncovered the role
of metals in the generation of the toxic pathways at the base of Alzheimer’s disease (AD), this matter
has been sidelined by the advent of the Amyloid Cascade Hypothesis. However, the link between
metals and AD has been investigated in the last two decades, focusing on their local accumulation in
brain areas known to be critical for AD. Recent evidence revealed a relation between iron and AD,
particularly in relation to its capacity to increase the risk of the disease through ferroptosis. In this
review, we briefly summarize the major points characterizing the function of iron in our body and
highlight why, even though it is essential for our life, we have to monitor its dysfunction, particularly
if we want to control our risk of AD.
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1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia, defined as a group of
symptoms [1]. Major neurodegenerative dementias are a significant unmet medical burden
and a growing global health challenge. Dementia afflicts about 55 million individuals
worldwide, with almost 10 million new cases each year (WHO 2021). AD impacts thinking,
memory, and independence. It represents 60–80% of all types of dementia (Alzheimer’s
Association. 2021 Alzheimer’s Disease Facts and Figures) and is typified by extracellular
amyloid-β (Aβ) peptide formations that create the amyloid plaques and by phosphorylated
tau protein (P-tau) accumulation making neurofibrillary tangles [2,3]. In 2019, people
suffering from AD had been estimated at 50 million [4]. Based on the onset of clinical
symptoms, AD can be referred to as early- or late-onset (<65 years old, or >65 years
old, respectively) and it is also distinguished in familial (<5%), and sporadic, with a
multifactorial complex disease etiology. The early-onset familial AD is identified in the
presence of mutations in Amyloid Precursor Protein (APP), Presenilin1 (PSEN1), or Presenilin2
(PSEN2) genes [5].
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Old age, having relatives with AD, and genetics (APOE4 gene encoding the apolipopro-
tein E4) are the most significant risk factors for late-onset AD [1]. A gradual loss of cognition
characterizes the disease course, eventually leading to dementia and death. As per the 2018
National Institute on Aging—Alzheimer’s Association (NIA-AA) Research Framework [6],
a syndromal cognitive staging scheme including cognitive unimpaired (normalcy), mild
cognitive impairment (MCI) and dementia can be distinguished. The final stage of dementia
can be further divided into mild, moderate, and severe stages. The International Working
Group (IWG) and the US National Institute on Aging–Alzheimer’s Association in 2014
defined new criteria for AD diagnosis [7] based on recent advances in neuroimaging and
biomarkers including: increased tracer retention on amyloid positron emission tomography
(PET) or decreased Aβ 1–42 together with increased total-tau (T-tau) or phosphorylated (P-
tau) in cerebrospinal fluid (CSF). The hallmark of AD are deposits of amyloid plaques and
neurofibrillary tangles in the brain. Neurofibrillary tangles are aggregates of the modified
protein tau in the intracellular space that undergo hyper-phosphorylation (P-tau), which
causes the proteins to aggregate and break down neuron architecture.

Amyloid plaques are aggregates of protein fibrils that form insoluble aggregates in the
extracellular space, around neurons or glial cells. Their core is mainly made of Aβ, a 4 kDa
peptide of 39 to 43 amino acids, derived from the APP, a transmembrane protein that is
highly expressed at cerebral cortex synapses. APP is cut on the extracellular side by the
enzyme α-secretase and γ-secretase, but it can also be cleaved by β-secretase resulting in the
Aβ peptide release in the extracellular space, which then aggregates in senile plaques [8].

In the last two decades, it has become well established that oxidative stress affects
brain functionality. This line of research has uncovered the vital role of transition metals
involved in several biochemical reactions producing free radicals. Iron and copper are well
known to take part in Fenton-type reactions which generate reactive oxygen species (ROS)
that damage and destroy cellular compartments [9]. A bulk of evidence has uncovered the
role of metals in the generation of the toxic pathways at the base of AD. However, metals,
as potential drivers of AD, have been side-lined starting from the 1990s. The advent of the
Amyloid Cascade Hypothesis [8,10] obscured all the other research fronts, albeit potentially
explanatory of some of the most important deficits or abnormalities that characterize at
least subsets of AD patients [11]. Herein, we will discuss iron involvement in AD, with the
aim of providing the reader with a concise description of the fundamental role played by
the metal in the pathogenesis of AD—and in particular by its’ cross talking’—with copper
and with a logic summary of the reasons urging researches to monitor its homeostasis in
relation to the risk of AD.

2. Essentiality of Iron

Iron is a d-block transition metal typified by Fe2+ (divalent ferrous) and Fe3+ (triva-
lent ferric) oxidation states. It is the most abundant transition metal present in the body
and participates in several functions that are essential for our life. Iron is a constituent
of hemoglobin (which is important for supplying oxygen to cells), myoglobin, and cy-
tochromes. Myoglobin delivers oxygen to muscle tissue and stores it there; further-
more, iron is involved in catalases’ and peroxidases’ function encompassing in oxygen
metabolism, as well as of cytochromes in the mitochondrial respiration chain and electron
transport. Fe is involved in myelin and neurotransmitters biosynthesis; it participates in
the immune system and DNA synthesis and gene regulation. This metal is essential even
though it is poorly bioavailable. Furthermore, it is potentially toxic. As a consequence, cells
have evolved high complex mechanisms to handle iron absorption. Hepcidin is a peptide
hormone that controls dietary iron absorption and systemic iron traffic in mammals by
modulating the levels of ferroportin on the cell surface which facilitates iron efflux from the
cell. At cell level, iron uptake, storage, and utilization are regulated by the iron responsive
element/iron regulatory protein (IRE/IRP). A concise description of the more relevant
regulatory pathways operating at the systemic and cellular levels is reported herein (for
specialized review, refer to [12]).
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AD is linked to iron proteins, hepcidin, ferritin, and pro-inflammatory biomarkers
such as interleukin-1β (IL-1β), IL-6, and ApoE ε4 allele. Hepcidin, ferritin, and IL-6
participate significantly in host defense mechanisms associated with neuroinflammation in
AD. Hepcidin was found elevated in AD serum patients, indicating its correlation with the
disease [13].

2.1. Iron Absorption and Distribution

There is no physiological mechanism in the human organism for expelling iron, which
is minimally eliminated by the death of enterocytes, or by peeling of the skin, or in the case
of small bleeding, such as during menstruation in women.

A common Western diet provides a quantity of iron equal to about 15 mg/day, but of
this quantity our body absorbs only 1–2 mg/day. That is the quantity it needs [14]. The
human body always contains 3–5 g of iron of which 2.5 g are present in hemoglobin, about
600 mg in reticuloendothelial macrophages, another 300 mg are used by proteins to carry
out certain cellular processes, 3–4 mg bind to transferrin, and the remainder is stored as
ferritin [15].

Serum ferritin is an iron storage protein and has large variations from individual to
individual. Only major deficiencies have effects on physiology. Ferritin is high in people
with hemochromatosis and other excess iron storage disorders. Ferritin is an acute phase
reactant and can be increased in inflammation states: ferritin sequesters iron and inhibits
microbial iron scavenging. Its synthesis is cytokine responsive and regulated at both the
transcriptional and translational level primarily in hepatocytes and macrophages. It is
regulated by TNF-α and IL-1α and by IRP1 or IRP2 [16].

In general, circulating iron is bound to transferrin. Its levels are controlled by hepcidin.
Hepcidin is a hormone that is biosynthesized in the liver and controls the degradation rate
of ferroportin in: (1) the enterocyte membrane, and consequently, the rate of iron export
from the enterocyte to the blood; (2) the hepatocytes, to control the transport stored iron;
and (3) macrophages, to control the transport recycled iron, and, that as a whole, control
systemic iron homeostasis.

The body uses clever reduction and oxidation processes to regulate iron absorption.
Virtually all dietary iron is in the ferric oxidation state (Fe3+) and must be first reduced
to Fe2+ to be considered for transport through the apical surface of the enterocytes in the
duodenum. In fact, the divalent metal transporter 1 (DMT-1), which binds only divalent
iron, facilitates Fe2+ transport [17].

Various ferric-reductases are expressed on the enterocyte’s apical surface, such as the
Cytochrome b558 ferric/cupric reductase [18] and Steap2 [19] that perform this reduction.
In addition, Prion protein (PrPC) has been reported to function as a ferrireductase. It
seems to facilitate iron transport across duodenal enterocytes, as shown in PrPKO mice
whose systemic iron homeostasis is abnormal. Specifically, a functional role of PrP in iron
metabolism has been reported, which might explain the imbalance of iron homeostasis in
prion disease as a result of a loss of PrP function [20]. After reduction, DMT-1 channels
Fe2+ into the enterocyte thanks to an electrochemical gradient of H+ (from outside to inside
of the cell) [17,21] (Table 1, Figure 1).

Table 1. Iron absorption and distribution.

ENTEROCYTE
IRON

Enzyme/Protein Protein Function

Cell apical epithelium

non heme
CYBRD1

cytochrome b558 ferric/cupric reductase
Steap2

Redox reduction of Fe3+ to Fe 2+
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Table 1. Cont.

ENTEROCYTE
IRON

Enzyme/Protein Protein Function

Cell Membrane

non-heme
DMT-1

Channelling of Fe2+ via
electrochemical gradient

heme
HCP-1 Import of heme iron

Cytosol

non-heme
ferritin Storage

heme
heme oxygenase Cutting part of heme

Cell basolateral membrane Ferroportin Fe2+ is transported from the cytosol to the
blood circulation

Cell basolateral outer epithelium Hephaestin Redox oxidation of
Fe2+ to Fe3+

Control Peptide hormone hepcidin Iron excess: hepcidin controls ferroportin
degradation and iron storage.

Plasma
Transferrin (holo/apo Tf) Tf binds and transports 2 atoms of Fe3+

Hemoglobin Erythropoiesis
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Figure 1. Iron absorption through the enterocyte. Reductases reduced Fe3+ before entering in the 
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then re-oxidizes Fe2+ into Fe3+ which binds to apotransferrin (apo Tf) forming holotransferrin (Tf), 

Figure 1. Iron absorption through the enterocyte. Reductases reduced Fe3+ before entering in the
enterocyte. DMT1 (divalent iron transporter) is a Fe2+ transporter that exploits an electrochemical
gradient (not shown). The divalent iron can also be absorbed as part of the heme through the heme
carrier protein 1 (HCP1) which is also present on the apical surface of the enterocyte. A heme-
oxygenase cleaves heme and allows the release of Fe2+, then stored in ferritin. Ferroportin facilitates
iron transfer to the portal plasma on the basolateral enterocyte surface. The ferroxidase hephaestin
(HP) then re-oxidizes Fe2+ into Fe3+ which binds to apotransferrin (apo Tf) forming holotransferrin
(Tf), capable of transporting iron in the blood. Excess iron is exported from the intestine by hepcidin
through ferroportin internalization and degradation.
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There is also a secondary mechanism, not completely understood, by which iron
primarily derived from meats enters the enterocytes as part of a heme, so as divalent iron,
through the heme carrier protein 1 (HCP-1), which is also present on the enterocyte’s apical
surface. At this point, the iron is released by the action of a heme oxygenase and joins the
Fe2+ pool delivered by DMT1 [22] (Table 1, Figure 1).

Once inside the enterocyte, iron undergoes further absorption control processes. Any
iron ‘in excess’ inside the cell is stored into ferritin, a huge 450 kDa protein that can store
up to 4500 atoms of iron, where it will remain until the death of the enterocyte when it
is recycled or partially secreted through the microvilli [23]. A controlled amount of iron
travels instead to the enterocyte’s basolateral surface, which is transferred by ferroportin to
the portal plasma [24–26]. This is the only portion of iron absorbed. On the basolateral outer
surface, the ferroxidase hephaestin re-oxidizes Fe2+ into Fe3+, which is the only iron form
capable of binding transferrin and be finally taken into circulation [27] (Table 1, Figure 1).

A key regulating role is played by the peptide hepcidin (for an exhaustive review,
see [28]). When the liver detects an excess of the transferrin-bound iron, it responds
by increasing the synthesis of hepcidin, which binds to ferroportin on the enterocytes’
basolateral surface, causing its internalization into the cell, where ferroportin is rapidly
degraded [29]. This causes more iron to remain inside the enterocyte and stored into ferritin,
thus reducing the amount of iron available for transport by transferrin and released in
general circulation. Decreased levels of ferritin (hypoferritinemia and low iron levels) can
also occur during inflammation states linked to inflammation-driven increases in hepcidin
concentrations [30]. Hepcidin acts to decrease the absorption and availability of iron,
despite acute phase increases in iron-binding proteins, such as ferritin that results in a
functional iron deficiency. States of iron deficiency are also characterized by low iron levels,
high transferrin/iron-binding capacity (TIBC), and low % transferrin saturation. In fact,
transferrin is a negative acute phase protein that decreases during inflammation.

Human homeostatic iron regulator protein (HFE) is a protein within the membrane of
diverse cell types including enterocytes that controls the absorption of iron by controlling
the affinity of TfRs on cell membranes. Mutations in the HFE gene cause HFE hereditary
hemochromatosis by facilitating the absorption of iron from the diet and its consequent
over-deposition in the liver, brain, and other organs. Hemochromatosis has a mendelian
transmission. It is inherited as an autosomal recessive trait that is associated with the major
histocompatibility complex, located on chromosome 6 [31].

Once outside the enterocyte and re-oxidized into Fe3+, iron binds transferrin, an
80 kDa glycoprotein synthesized by the liver, by which it is transported in circulation.
Transferrin provides a further regulation step. Each transferrin protein binds two Fe3+

ions (holo-transferrin) with an affinity that is very high but also pH-dependent [32]. The
liver’s transferrin production is adjusted to bind and transport only the percentage of
absorbed iron needed by the body. When special conditions arise, the liver modulates
transferrin synthesis. For example, in situations of iron deficiency, the liver produces
more transferrin, increasing the blood’s total TIBC. On the contrary, when iron is high,
such as in hemochromatosis, the liver reduces the production of transferrin to reduce the
blood’s TIBC.

An effective way to evaluate the percentage of bound iron is by measuring the so-called
transferrin saturation (TSAT), which expresses the ratio of the amount of iron present in the
serum to TIBC (multiplied by 100). Measuring TIBC is easier than measuring transferrin
directly and provides an accurate measure of the latter. Normal transferrin saturation
ranges are 20–45%. Transferrin is also an upstream regulator of hepcidin [33]. For an
extensive review on the role of transferrin in iron metabolism see [34].

The majority of absorbed iron is immediately taken by transferrin to the bone marrow
to participate in erythropoiesis by building hemoglobin, the oxygen transport protein, and
a constituent of red blood cells.
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2.2. Iron Metabolic Control Unit: The Hepatocyte

Iron not involved in erythropoiesis reaches the liver to join hepatocytes and reticulo-
endothelial cells that allow the recycling of iron by ingesting the old red blood cells,
breaking down their hemoglobin and releasing the iron content that will be reused [35].

The uptake of iron by hepatocytes occurs through a receptor-mediated endocyto-
sis. This mechanism occurs when a transferrin 1 receptor (TfR1) located on the cell
surface [36,37] binds to a holotransferrin, for which it has a high affinity [38] (Table 2,
Figure 2).

Table 2. Iron metabolism in the liver.

Hepatocyte
Iron

Enzyme/Protein Protein Function

Apical surface TfR1
Holo-Tf

Fe forms complexes with TfR1/Holo-Tf for internalization:
Biosynthesis of acidified endosome

Cytosol

Reductases
DMT1

Through an electrochemical gradient Fe3+ is reduced to to Fe2+

Channelling of Fe2+ outside of endosome

Ferritin
Citrate, AMP, ATP

Storage of
Labile pool

Interface with bile canaliculus

Basolateral outer membrane
Ferroportin Fe2+ is transported from the cytosol to blood circulation

Ceruloplasmin Fe2+ is oxidized to Fe3+

Control IRE/IRP Iron is uptaken into the cell for utilization, storage, and transport

Circulation
Transferrin (holo/apo Tf) Binding and transport of 2 atoms of Fe3+

Ferritin Iron storage protein

An adenosine triphosphate (ATP) proton pump acidifies the endosome after the
complex endocytosis, allowing the Fe3+ detachment from the holo-transferrin. Fe3+ is
then reduced to Fe2+ by a reductase to enable them to pass through DMT1 [16,39]. Once
inside, iron is believed to loosely bind to citrate, ATP, adenosine monophosphate (AMP),
or other compounds [40,41]. In these complexes, Fe2+ reaches mitochondria where heme
and clusters of iron-sulfur are biosynthesized or it is stored in ferritin [23,42–44] (Table 2,
Figure 2).

All cell types have ferritin stores, but they are most numerous in the bone marrow,
liver, and spleen. The stores in the liver, in particular, are the most abundant reservoir
of iron. Women use more of their stores since they have to integrate the iron losses
due to menstruation and sometimes their stores may be as low as 500 mg. Fe2+ excess
traveling to the blood is facilitated by transferrin. Fe2+ is then oxidized into Fe3+ by
ceruloplasmin (which acts in the same way hephaestin does in enterocytes) and it is loaded
into transferrin. Iron metabolism is complex and strictly regulated by post-transcriptional
processes including the IRE/IRP system. The IRE/IRP system is vital since it controls
cellular iron uptake as well as its utilization, storage, and transport [45] (Table 2). IREs are
an evolutionary conserved mRNA sequence with stem-loop structures of 25–30 nucleotides.
During iron deficiency conditions, IRPs bind to target IRE regions, stabilizing the mRNA of
TfR1 and steric inhibition of ferritin mRNA translation. TfR1 synthesis promotes cellular
iron uptake from circulating transferrin.

Conversely, if ferritin biosynthesis is inhibited, this prevents iron storage and allows
metal mobilization. When iron is in excess, IRPs are inactivated, leading to the degradation
of the TfR1 mRNA and ferritin mRNA translation. This regulation reduces additional iron
internalization via TfR1 and facilitates its loading in cytosolic ferritin [46].
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Figure 2. Iron metabolism in the hepatocyte. Iron is taken up by hepatocytes through an endocytosis
mediated by the transferrin receptor1 (TfR1): TfR1 is located on the cell surface and binds to a
holotransferrin (Fe-TfA) proton ATPase pump acidifies the endosome after the endocytosis, allowing
Fe3+ release from the holo-Tf. Fe3+ are then reduced to Fe2+ by a reductase: Fe2+ can then pass
through DMT-1. Iron is thought to form labile bonds with citrate adenosine triphosphate (ATP),
adenosine monophosphate (AMP), or other peptides (labile pool) once inside into the endosome,
and to reach the mitochondria. In the mitochondria, iron is used for the biosynthesis of heme and
iron-sulfur clusters. It can be also stored in ferritin (the main source of reserve iron). Ferroportin
accompanies excess iron, as Fe2+, into the blood, where ceruloplasmin (holo-Cp) oxidizes it to Fe3+

facilitating the loading onto transferrin (Tf).

2.3. Iron Uptake from the Systemic Circulation to the Brain

Even though crucial for life and brain function, the mechanisms of metal acquisition
within the central nervous system (CNS) in humans are still almost elusive. Transferrin
transports Fe3+ in the circulation, and through the brain’s capillaries. In the capillaries,
the brain capillary endothelial cells (BCEC) are tightly joined and constitute the Blood-
Brain-Barrier (BBB). On the luminal surface of the BCEC, the complex of transferrin loading
iron is taken by the receptor TfR1 (Figure 3A,B), and the transferrin/TfR1 is internalized
into an endosome. Inside the endosome, iron is detached from the complex and remains
there while the TfR1 travels through the cytoplasm. The endosome then reaches the
BCEC’s abluminal side, and it fuses with the cell membrane. This exposes Fe3+ that is
released to the extracellular interstitial space. The apo-transferrin stays attached to TfR1
and undergoes endocytosis again to travel back to the BCEC luminal side. Here, the apo-
transferrin is released into the capillaries, and it is ready to start another cycle of Fe3+ ions
binding [47–51]. It has been also reported that macrophages are involved in the passage of
Fe-proteins between the brain parenchyma and the peripheral circulation, thus playing a
crucial role in Fe homeostasis [13].
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capillaries by transferrin. The brain capillary endothelial cells (BCEC) form the Blood-Brain-Barrier
(BBB). On the luminal surface of the BCEC, the Transferrin R1 receptor (TfR1) captures the iron-
loaded transferrin, and the transferrin/TfR1 is then internalized into an endosome. The endosome
moves through the intracellular space and reaches the abluminal side of the BCEC. After that, the
endosome fuses with the outer membrane. This exposes Fe3+ that is released into the interstitial
space. Apo-transferrin still binds the TfR1 and undergoes endocytosis again to return to the luminal
side BCEC. At this point, the apo-Tf is released. (B): The complex of Fe3+ transferrin travels through
the extracellular space and reaches a neuron. The TfR1 on the neuron surface begin the endocytosis.
Neuronal membrane exhibits DMT1 at difference from the BCEC. This wraps around the endosome
and enters with it. Presynaptic vesicles bear ferroportin (not shown), suggesting that Fe2+ can
travel via the synaptic vesicles to the inter-synaptic space, where Fe2+ is released after vesicle fusion.
Thus, there is free iron in the pre- and postsynaptic cleft. On the outside of the tip of astrocytes,
Glycosylphosphatidylinositol (GPI)-anchored ceruloplasmin (Cp-GPI) facilitates the oxidation of Fe2+

to Fe3+, allowing iron uploading into apo-transferrin. The intracellular and extracellular mechanisms
can work synergistically to transfer iron to the neuronal cells.

Iron seems to enter the brain in this way, mostly. However, experiments on hy-
potransferrinemic mice have demonstrated that iron can travel to the brain also via a
Transferrin-independent mechanism [52]. For details on this mechanism, see Mills and
colleagues [53].

The BCEC luminal side is in contact with the astrocytes and does not appear to be
directly connected with neurons. In the space between the astrocyte and BCEC, Fe3+ can
bind apo-transferrin or ATP and citrate, as well as other low-weight elements. These
complexes are present everywhere in the extracellular space of the brain, but they appear
mainly concentrated in the space between the astrocyte and the BCEC side.

Transferrin iron, through the extracellular fluid, can easily reach the area of a neuron,
on whose membrane the TfRs are present. Moreover, astrocytic foot processes surrounding
the neuron surface express both ferroportin [54] and a Cp-GPI- [55], suggesting an alter-
native path. Fe3+ possibly bound to ATP or citrate can be internalized into the astrocyte.
At this point, it could be transported through the astrocyte, reduced by a yet unidentified
ferrireductase and transferred outside from the end foot of the astrocyte via ferroportin.
Here, ceruloplasmin might catalyze the oxidation of Fe2+ into Fe3+ (see below), facilitating
iron uploading on apo-transferrin. The mechanisms described are not mutually exclusive
but can undoubtedly work together to bring iron to the neuron (Figure 3B).

Similarly, to the BCEC, the membrane of the neuron has TfRs that can again initiate
endocytosis. The critical variation between the BCEC and the surface of the neuron is
that the latter has DMT-1 which becomes engulfed in the endosome and sinks with it [51]
(Figure 3B).

Furthermore, ferroportin can also be expressed in presynaptic vesicles [54]. This
is in favor of the hypothesis that Fe2+ may be released in the inter-synaptic space via
presynaptic vesicles. The free Fe2+ in the inter-synaptic space may trigger oxidative stress
in the interface between the pre-and post-synaptic membranes.

2.4. The Key Ceruloplasmin Function as a Copper and Iron Crosstalk Protein

As already mentioned, ceruloplasmin biosynthesis occurs mainly in hepatocytes. The
copper pump ATP7B protein transfers six atoms of copper into apo-ceruloplasmin. This
allows the ceruloplasmin folding as an active holo-ceruloplasmin that is then delivered
into general circulation. Ceruloplasmin is also synthetized endogenously by cells of the
CNS and is strongly expressed by astrocytes in the vicinity of neurons [55] in a Cp-GPI
form. Ceruloplasmin catalyzes the oxidation of Fe2+ to Fe3+ via the following vital reaction
in our physiology:

4 Fe2+ + 4 H+ + O2 → 4 Fe3+ + 2 H2O (1)
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This reaction has the effect to reduce the bioavailability of Fe2+. The metal is bussed to
various tissues and organs by transferrin, which loads only Fe3+ [56,57]. Mostly, ceruloplas-
min detoxifies potentially toxic iron since the by-product of equation 1 is simply water.

Ceruloplasmin has another essential role that is to scavenge H2O2 [58], thus pre-
venting the generation of oxygen radicals. This is because non-enzymatic oxidation of
Fe2+—that could take place at physiological pH—could trigger dangerous Fenton reactions.
Ceruloplasmin can then also prevent lipid peroxidation.

The amount of copper available in the liver regulates the synthesis of holo-ceruloplasmin.
The lower the copper, the lower the ceruloplasmin. [59]. Furthermore, reduction in copper
bioavailability produces a certain amount of apo-ceruloplasmin, which has no ferroxi-
dase activity and is quickly degraded in plasma. Mutations of the ATP7B gene result in
low holo-ceruloplasmin levels, as exemplified in Wilson’s disease, which is the paradig-
matic disease of non-ceruloplasmin copper toxicosis or accumulation in both the liver
and brain [60,61]. In addition, functional single nucleotide polymorphisms in the ATP7B
gene can result in alteration of ceruloplasmin activity or specific activity reduction mainly
associated with AD. Instead, a mutation in the CP gene, encoding for ceruloplasmin results
in aceruloplasminemia (Reviewed in [62]).

Decreased levels of ceruloplasmin determine a reduction of ferroxidase activity that
results in more free Fe2+ available to catalyze Fenton reactions. For this reason, aceruloplas-
minemia results in severe iron overload. Apoceruloplasmin is thought to be a disorder of
iron homeostasis. It shares symptoms with hemochromatosis. To avoid misdiagnosis, the
measurement of transferrin saturation may be of help as transferrin saturation is low in
aceruloplasminemia and high in hemochromatosis. A complication of aceruloplasminemia
is an increased lipid peroxidation and an impaired fatty acid oxidation.

Ceruloplasmin is a determinant for establishing the iron oxidation rate of serum.
Oxidation is needed for bussing iron from tissue storage to general circulation [63–65].
Ceruloplasmin thus represents a crosstalk protein between iron and copper metabolism.
Experiments made in the sixties on perfused liver preparations showed that the addition
of ceruloplasmin markedly facilitates iron release in blood circulation. This suggests that
ceruloplasmin is critical for iron mobilization [65]. Thus, ceruloplasmin is a complex protein
playing such an important role in antioxidant defense (Figure 4), and consequently, involved
in the molecular mechanisms of liver diseases and neurodegenerative disorders [66,67].

2.5. When and How Does Iron Become Toxic?

As we have seen so far, the body undergoes a sophisticated sequence of diverse pro-
cesses to strictly regulate the absorption of iron since any deregulation of the physiological
balance can quickly generate free radicals, which in turn cause disruption of essential
protein processes, tissue damage and abnormal accumulations, generating by the over-
all oxidative stress [68,69]. Free radicals are molecules with unpaired valence electrons,
making them highly reactive [70]. Oxygen produces some of the most active radicals, i.e.,
ROS. Oxidative stress is defined as the harmful impact on cellular function or viability as a
consequence of the loss of balance between ROS and antioxidants in the cellular environ-
ment. An excess of ROS can induce damage to biomolecules, including proteins, DNA, and
the nucleotide pool. The 8-oxo-7,8-dihydro-2′-deoxyguanosine (oxo8dG) is the prevalent
oxidized form of the base modification produced by the reaction with the hydroxyl radical
at the C8 position of the 2′-deoxyguanosine (dG) incorporated into DNA or Guanine incor-
porated into the nucleotide pool, in triphosphate forms (dGTP or GTP). Among the most
important ROS is the superoxide anion O2

− produced naturally by metabolic processes
or artificially by irradiation. O2

− is important since it interacts with other molecules via
enzyme- or metal-catalyzed processes to generate ROS further. For example, our immune
system produces superoxide anions and nitric oxide in response to inflammation processes.
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The two easily react with each other to produce the peroxynitrite anion which is known to
cause lipid oxidation and DNA fragmentation.

NO• + O2
− → ONOO− (2)
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ceruloplasmin (holo-Cp) is illustrated in yellow as a crosstalk protein that links iron and cop-
per metabolism. The ATP7B copper pump in the hepatocyte uploads six copper atoms into apo-
ceruloplasmin (apo-Cp). This allows the correct holo-Cp folding necessary for its ferroxidase activity:
oxidation of Fe2+ to Fe3+ which can be then transfer to transferrin (Tf).

The superoxide anion also reduces Fe3+ to Fe2+ by via the reaction:

Fe3+ + O2
− → Fe2+ + O2 (3)

where Fe2+ is highly dangerous since it can quickly enter a Fenton reaction, which produces
the hydroxyl radical •OH, one of the most reactive of all ROS species.

Fe2+ + H2O2 → Fe3+ + •OH + OH− (4)

Moreover, the above reaction easily proceeds as follows:

Fe3+ + H2O2 → Fe2+ + •OOH + H+ (5)

which can again proceed as in Equation (3). In other words, the encounter of Fe2+ with
peroxide can trigger a cyclical production of vicious ROS species. This is the reason
why our body effectively tries to minimize the circulation of iron in its Fe2+ form, as
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can be gathered from the mechanisms of absorption and distribution described in the
preceding paragraphs.

Noteworthy also copper is involved in Fenton reaction in an identical manner:

Cu+ + H2O2 → Cu2+ + •OH· + OH− (6)

One of the reasons why radicals such as •OH are vicious is that they promote perox-
idation of polyunsaturated fatty acids: the initiation phase removes hydrogen from the
unsaturated lipid and produces a lipid radical R(•)

R(H) + •OH→ R(•) + H2O (7)

This propagates as
R(•) + O2 → R(OO•) (8)

which reacts with another unsaturated lipid, terminating the fatty acid peroxidation and by
producing an additional lipid radical:

R(OO•) + R(H)→ R(OOH) + R(•) (9)

However, the lipid radical R(•) can engage a chain peroxidation at this point by
participating again in the reaction (8).

2.6. Metals in Neurological Disorders

In the last 20 years, the number of neurologic studies on metals has increased ex-
traordinarily. Transition metals have shown essential functions in neurobiology because
they alter the redox state of the cellular environment, catalyze redox reactions [71] bio-
logically, and disrupt neuronal architecture [69]. In particular, iron, copper, and also zinc
contribute to diverse neurologic processes, including energy metabolism (iron, copper);
antioxidant defense (copper, zinc); myelination (iron); DNA synthesis (iron, zinc); neuronal
cytoskeleton integrity (zinc); and neurotransmitter synthesis (iron, copper, and zinc) [72].
Genetic studies of inherited metal metabolism disorders have provided insights into some
metal-related altered pathways, resulting in brain dysfunction, helping to understand the
role of metal homeostasis in brain functionality [64,73].

Inherited diseases related to iron metabolism are more common and more numerous
than those related to copper and some of them show neurologic phenotypes. Aceruloplas-
minemia results in progressive dementia, dysarthria, and dystonia which are secondary to
basal ganglia iron accumulation [74]. Studies on patients with HFE hereditary hemochro-
matosis highlighted the presence of iron accumulation in the cerebral cortex, hypothalamus,
lentiform nucleus, dentate nucleus, basal ganglia, substantia nigra and in the red nu-
cleus, suggesting that HFE mutations modify the risk of developing neurodegenerative
disorders [75]. Patients with neuroferritinopathy show basal ganglia nuclei with cavitary
degeneration, neuronal loss, and microglia with the inclusion of iron and ferritin [64].
Genetic variants of the HFE gene, notably, the H63D variant have been reported to act as a
potential risk factor for AD patients [76,77]. Lehmann et al. revealed that HFE 282Y in com-
bination with TF C2, and possibly also HFE 63HH with TF–2AA might lead to iron overload
and eventually oxidative stress generation in the preclinical phase of AD [78]. It has been
proposed that APOE4 and age influence the former and the latter combination, respectively.
Notably, at the cellular level, the HFE mutant protein formed from the HFE H63D gene
variant has been found to link with iron dyshomeostasis, enhanced oxidative stress, glu-
tamate release, tau phosphorylation, and variation in inflammatory response, which has
been considered as contributing factors for the onset of neurodegenerative diseases.

Friedreich’s ataxia is associated with sensory neuron and cerebellar degeneration
due to the effect of impaired mitochondrial iron homeostasis on neuronal survival [79].
Mutations in gene encoding for other regulatory proteins (i.e., PANK2, PLA2G6, FA2H,
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ATP13A2, DCAF17) have been correlated with basal ganglia iron accumulation which results
in different neurologic symptoms (e.g., dystonia, dysarthria, pigmentary retinopathy) [64].

When neurodegenerative diseases, e.g., AD, Parkinson’s disease (PD), and multiple
sclerosis (MS) are studied in relation with these inherited metal-metabolic disorders and,
specifically, to their main neurological traits, it seems that several of their typical signs
resemble those of the inherited mental disorders. In other words, neurodegenerative
diseases have a complex etiology and share enough traits with inherited metal-metabolic
disorders, to assume genetic similarities between them (Table 3).

Table 3. Shared traits of inherited metal-metabolic diseases and neurodegenerative disorders.

Metal Gene Monogenic Disorder Linked to Iron Metabolism Neurodegenerative Diseases with a Complex
Etiology Linked to Iron Metabolism

CP Aceruloplasminemia Parkinson’s Disease

Iron

HFE Hereditary Hemochromatosis
Alzheimer’s Disease
Parkinson’s Disease

Amyloid Lateral Sclerosis

Ferritin H-Ferritin Related Iron Overload -

TF Atransferrinemia Alzheimer’s Disease

DMT-1 DMT-1 deficiency Alzheimer’s Disease
Amyloid Lateral Sclerosis

IREB2 - Alzheimer’s Disease
Parkinson’s Disease

TFR Non-HFE hereditary hemochromatosis -

The role of metal biology and iron accumulation has been claimed to be involved in
PD as well [80]. CP gene variants have been related to PD [81]. Specifically, some authors
demonstrated that increased iron deposits can be seen in the brain’s substantia nigra by
transcranial ultrasonography (hyperechogenicity). These deposits were associated with CP
gene variants [81]. However, studies on humans indicated a high heterogeneity among the
results on systemic variations in metals between PD patients and healthy controls.

The involvement of metal disarrangements in neurodegenerative disorders has made
them an emerging target for studies on early diagnosis [75,82,83], environmental expo-
sures [84–86], prevention strategy, and therapeutic interventions [87].

2.7. AD and the Role of Iron

Hepcidin, Ferritin, and IL-6 participate significantly in host defense mechanisms asso-
ciated with neuroinflammation in AD. Hepcidin was found elevated in AD serum patients,
indicating its correlation with the disease [13]. Several studies reported metal homeostasis
abnormalities in AD patients’ brain, blood, and CSF. In a cohort of 94 participants, ferritin,
both in plasma and CSF was shown to have the potential to discriminate AD in the pre-
clinical phase, classified into low and high neocortical Aβ load groups, prior to cognitive
impairment [88]. The rise in ferritin levels suggests increasing iron levels in CSF and brain
that can be associated with ferroptosis, an iron-dependent cell death that results from a
build-up of lipid peroxides and is regulated by Glutathione peroxidase 4 (reviewed in [89]).
In addition, transferrin levels have been revealed to increase the risk of AD, decreasing the
protein associated with a 12% risk of AD [90].

In addition, ceruloplasmin has been shown to predict cognitive decline and brain
atrophy in people with underlying Aβ pathology [91] when evaluated in the CSF or when
measuring ceruloplasmin specific activity in serum [90]. Consistent with these findings,
our previous results showed that AD patients with a severe burden of medial temporal
atrophy had increased systemic concentrations of iron and an increased percentage of
TSAT, at a difference from frontotemporal lobar degeneration patients [92]. Furthermore,
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AD patients exhibited the activation of the ceruloplasmin-transferrin (Cp-Tf) system [93].
Studies in the early 1980s claimed the Cp-Tf system as the primary antioxidant system
acting in plasma [94]. Some authors [94] clearly demonstrated that the Cp/Tf ratio can
reflect the combined antioxidant activity of ceruloplasmin bonding a copper in the oxidized
state (Cu2+) [95] and of the apotransferrin [96], both measured as Electron Paramagnetic
Resonance (EPR) spectrometry. The Cp/Tf ratio resulting from the measure of concentra-
tion units can reasonably represent the Cp-Tf system’s functionality, which is otherwise
expensive to be monitored by EPR spectrometry [94]. Some studies in experimental hyper-
cholesterolemia showed that the activation of the Cp-Tf system can reduce lipid peroxi-
dation [94]. The activation of the Cp-Tf system suggests an increased oxidative stress in
AD patients that afflicts patients as a systemic condition [93]. Consistent with these results,
ceruloplasmin, peroxides, and Cp/Tf were elevated in AD patients and correlated inversely
with Mini-Mental State Examination (MMSE) scores [93,97], while medial temporal atrophy
correlated negatively with serum levels of iron and positively with Cp/Tf [93]. AD patients
have also been reported to exhibit lower albumin, longer prothrombin time, and higher
transaminases ratio (Aspartate/Alanine transaminases, AST/ALT) values than healthy
controls. This indicates a liver hypofunction, along with a reduction of transferrin and an
increase in serum ferritin levels [82]. AD carriers of H63D mutation in the HFE exhibited
increased levels of iron and decreased levels of transferrin and ceruloplasmin, resembling
hemochromatosis, which was not found in H63D non-carrier AD patients, suggesting that
carrying the H63D mutation seems not to be itself sufficient to increase the risk of AD.
Rather, it is a synergy between more factors together: a condition of liver dysfunction,
H63D genetic mutation, and an iron increase that might boost the risk of AD [82]. These
findings are consistent with the recent formulation of the hypothesis of iron involvement in
AD, depicting abnormalities of iron homeostasis as a central driver of the AD risk [98], as it
will be discussed in Section 2.9.

2.8. Neuroimaging Studies of Iron in AD

As discussed in detail, iron stored in ferritin or hemosiderin in the brain is highly
indispensable for critical physiological processes; however, iron overload can promote the
free radical generation and oxidative damage. Consistently, it has been demonstrated that
an age-related increase in stored iron can promote common medical conditions such as
diabetes and vascular disease which are associated with an increased probability for AD
development by magnifying the redox-active iron pool in brain cells. The increase of iron
uptake in the AD brain may be due to the generation of a more stable IRE/IRP1 complex
which is expected to enhance the stability of TfR1 mRNA [99]. Moreover, intracellular iron
storage in ferritin may be altered in the AD brain [80,99–101].

Increased stored iron due to high iron load and impaired iron storage/detoxification
could aggravate Fenton reaction-mediated oxidative stress/free radical damage in vulnera-
ble neurons, a critical sign of early change in AD. Moreover, iron-induced oxidative stress
and impaired cell signaling could favor phosphorylation of microtubule-associated protein
tau. Neuritic plaques and neurofibrillary tangles are considered the main histological
features of AD. At the same time, elevated iron levels have been linked with an increased
formation of Aβ peptides which are the basic components of neuritic plaques. Thus, el-
evated levels of brain iron have been correlated with an increased risk of AD; however,
it is not clear whether iron deposition in the brain is a major cause of AD. Consistent
with this fact, several studies have tried to monitor the spatial distribution and alterations
in iron levels to understand the pathogenesis of AD. Previous studies have observed an
association of iron with plaque in post-mortem studies using magnetic resonance imaging
(MRI) transverse relaxation of brain slices [102] and histochemistry [103].

A similar pattern of results is also found in the brains of APP/PS1 mice using X-ray
fluorescence [104]. Ayton et al. have demonstrated that high brain iron is associated with
longitudinal cognitive decline and Aβ burden in living AD patients using mixed-modality
MRI and PET imaging studies [105]. The same research group has recently shown that
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CSF ferritin level is longitudinally connected with worse cognitive performance and might
facilitate Aβ deposition in subjects with biomarker-determined AD pathology [106]. It
has been proposed that ferritin levels might be influenced by apolipoprotein E4 [107],
which is suggestive of an increased interactions between Aβ and iron [108], responsible for
oxidative stress and Aβ aggregation [109,110]. Moon et al. and Du et al. have also reported
an increased brain iron deposition in the putamen and caudate nucleus of AD patients
using MRI and quantitative susceptibility mapping (QSM), showing specific interest in
association with AD [102,111].

The possible reason may be related to iron accumulation in the brain that is closely cor-
related to the neurofibrillary tangles and Aβ fibrils. In addition, endogenous iron and zinc
may facilitate the aggregation of Aβ fibrils and/or an existence of iron-responsive elements
in the mRNA encoding APP. An in vivo study has demonstrated that iron deposits with
different morphology and magnetic/oxidation states seem to be integral to the plaque-like
regions. Using an integrative set of advanced electron analytical microscopy, mineralized
iron was present as iron oxide (Fe3O4) magnetite nanoparticles within amyloid plaque
cores (APC) from post-mortem cases of AD, providing evidence of association between
iron accumulation and Aβ aggregation in AD [112].

Consistently, Telling and colleagues have revealed the presence of high amounts of
reduced ferrous (Fe2+) iron and magnetite deposits co-localized with amyloid structures in
the cortex of the APP/PS1 mouse model of AD by applying advanced X-ray microscopy
techniques [113]. Notably, there were very few iron deposits in cortical sections of wild
type mice. The enrichment of Fe2+ may act as a potential source of free radical generation
including highly reactive hydroxyl radical by Fenton reaction. It is believed that Aβ in the
plaque may induce redox cycling Fe3+ into a pure Fe2+ and thereby dynamically participate
in the mineral deposition [114]. Moreover, the deposition of iron can potentially favor the
aggregation of Aβ which has been already shown by previous in vitro [114] and in vivo
studies [115,116]. A pilot study conducted by Sternberg and colleagues revealed that iron
and iron-related protein levels were high in the upper 50% as compared to controls after
patient stratification based on clinical dementia, indicating that iron dyshomeostasis could
aggravate cognitive impairment. Moreover, pure AD subjects display three times higher
serum hepcidin levels than controls. Hence, both hepcidin and iron-related proteins are con-
sidered as a group of serum biomarkers that relate to diagnosis and progression of AD [117].
A recent study has observed a heterogeneous magnetite/maghemite distribution pattern
across AD and cognitively normal brains from northern England using superconducting
quantum interference device (SQUID) magnetometry [118].

2.9. Genetics of Iron in AD Pathogenesis

Biometals, such as iron, copper, and zinc, are finely regulated in the brain. Their
neurotoxic effects are not merely due to increased exposure but rather to disarrangement
in their homeostasis and related compartmentalization in oxidative stress or processes
of excitotoxicity. Deregulation of brain metal metabolism is supposed to be caused by
non-genetic as well as genetic factors. It may also arise at different levels (i.e., uptake and
release, storage, intracellular metabolism, and regulation) [119].

The increased knowledge about the human genetic variation allowed us to discover
several Loss-of-Function (LoF) variants in genes encoding for regulatory proteins of metal
metabolism, permitting us to validate the interest in metallobiology of neurodegenerative
diseases as initially described by biochemical criteria [120]. In fact, some neurological
disorders with a complex disease etiology seem to share traits that typically distinguish
inherited metal disorders, as described previously. In this paragraph, we will discuss
this matter, specifically addressing the topic of metal genes, their inherited disorders,
and AD. Both overload and deficiency have been claimed to cause neuronal dysfunction
concerning iron metabolism. In the brain, the proteins mostly involved in iron homeostasis
are: HFE, ferritin, transferrin, TfR, IRP, DMT1, and ceruloplasmin [75]. By using the
power of genetics, a number of studies have explored the role of these iron-related LoF
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variants in neurodegenerative disorders and specifically in AD [75,121]. One of the most
investigated hypotheses concerns mutations in the HFE gene, which accounts for the iron
increased deposits reported in AD. HFE is a protein that regulates the absorption of iron.
Mutations in the HFE gene cause hemochromatosis typified by an increased absorption of
iron from the diet and accumulation in tissues and organs, including brain [31]. Although
HFE protein is expressed in different brain regions and influences brain iron uptake, the
relationship between HFE mutations and neurodegenerative disorders did not receive
attention until 2000. According to this hypothesis, the first report on HFE mutations and
AD risk was published [122]. The authors showed that frequencies of the HFE mutation
were increased in men affected by familial AD and among non-carriers of the APOE4 allele
with respect to healthy aged men. Then, a number of studies followed that explored the
role of HFE mutations in AD risk, reporting significant associations with AD features,
for example, disease onset [123,124], cognitive symptoms [125], the severity of clinical
deficits [126], markers in the CSF [76], and conversion from mild cognitive impairment
(MCI) to AD [125]. However, the diverse studies did not reach univocal results depicting a
conflicting picture likely related to inter-ethnic differences in HFE allele frequencies and
the interaction with genetic, environmental, and demographic factors that may confound
the genetic association [75].

Additional studies that investigated other iron-related genes (TFR, DMT1, and IREB2),
found positive associations with some of them with AD phenotypes [78,127]. Moreover,
a common protein variant of HFE, H63D HFE, has been recognized as a modifier of multiple
neurological disorders [128]. Nevertheless, as for HFE gene also for these regulatory genes,
further studies are needed to confirm the association and determine if the gene variants
analyzed have a functional effect on iron storage and deposition. Finally, studies in mouse
models have demonstrated that defects in FTH1 (encoding for ferritin), CP, and TFR genes
were associated with the typical signs of neurological disorder phenotypes [129]. Even
though these outcomes highlight that LoF in iron related genes may have effects on the
pathogenesis of AD, additional genetic association studies on humans are necessary to
confirm their role.

Despite the fact that several studies have analyzed copper concentration in diverse
human matrices—for example, serum, plasma, CSF, brain, liver, concerning neurodegenera-
tive diseases and AD specifically [130]—information about the direct role of copper related
genes in AD is still scanty, and limited to the ATP7B gene [131].

To date, no Genome-Wide Association Studies (GWAS) on AD have found a significant
variant in genes related to metal regulation [132] or metallome-dependent pathways [133]
(www.alzgene.org, accessed on 29 August 2022). This situation can be due to the complexity
of metal homeostasis regulation, in which genetic and environmental components strongly
interact with each other. Therefore, a candidate gene approach coupled with biochemical
and environmental investigations may help understand the role of metal regulatory genes
in AD pathogenesis. Supporting this, a direct connection between iron homeostasis and
regulation of APP processing has been revealed. APP has an IRE in the 5′-untranslated
region of the APP transcript that promotes the translation of APP in response to iron [134].

2.10. Ferroptosis a New Neurodegenerative Process Involved in AD

With a deep focus on iron involvement in AD, a recent longitudinal study [98] evalu-
ating iron in AD brains confirmed that tissue iron load could affect NFT formation, at least
in the inferior temporal cortex, even if the results did not show an association between
iron load in bulk tissues and Aβ plaques. Three brain areas were primarily affected in AD:
the anterior cingulate cortex, the mid-frontal cortex, and the inferior temporal cortex, as
well as the comparatively spared cerebellar cortex. A total of 645 post mortem AD brains
were investigated to test for the association between brain iron and pathological and ante
mortem clinical changes in AD [98]. The study revealed that the burden of iron in the
brain was modestly associated with the clinical diagnosis and neuropathology of AD but
showed a strict association with the rate of cognitive decline in the decade that preceded

www.alzgene.org
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patient’s death. The results argue for an additional downstream role for iron as an effector
of neurodegeneration, independently of tau or amyloid pathologies.

These data inspired a new formulation of the Metal Hypothesis of AD [135], which
posited that iron promotes plaque and tangle formation by promoting APP and tau pro-
duction as well as aggregation of Aβ and P-tau. The new hypothesis posits that iron
has an additional role downstream of proteinopathy, by influencing the susceptibility of
neurons to die due to ferroptosis. Ferroptosis is a unique identified non-apoptotic cell
death, characterized by glutathione depletion and lipid peroxidation. The occurrence of
ferroptosis is not related to the increase of iron to toxic levels but, instead, iron becomes
activated during ferroptosis by lipid peroxidation to induce toxicity. Iron, therefore, acts as
a moderator of susceptibility, and the cell death occurs once ferroptosis is activated. Recent
studies have shown that ferroptosis is closely associated with pathophysiological processes
of many diseases, such as AD, PD, and amyotrophic lateral sclerosis (ALS) [136,137].

Until now, research on the topic of iron in AD has investigated the metals’ role in
promoting hallmark pathology. The discovery of ferroptosis provided a new explanation
for the neurodegeneration in AD, which occurs after the appearance of the proteinopathy.

Currently, reports have started emerging for the role of ferroptosis in AD [138]. If
confirmed by further clinical evidence, this hypothesis could have significant implica-
tions not only for the understanding of the pathophysiology of iron in AD but above
all for the possibility of providing new therapeutic opportunities that could target iron
pathways [139,140].

Ferroportin1 (Fpn), the only mammalian non-heme iron exporter identified, is down
regulated in the brains of APPswe/PS1dE9 mice as a mouse model of Alzheimer’s and
AD patients. Genetic deletion of Fpn in neurons of the neocortex and hippocampus by
breeding Fpn (fl/fl) mice with NEX-Cre mice led to phenotypic characteristics of AD as
the hippocampal atrophy and presence of memory deficits. Ferroptosis was observed in
both Fpn (fl/fl/NEXcre) and AD mice. Gene set enrichment analysis (GSEA) of ferroptosis-
related RNA-seq data showed that the differentially expressed genes in ferroptosis were
highly enriched in AD-related gene sets. The main functions of the enrichment genes
were distributed in several important pathways relative to the function as ROS metabolic
processes and amyloid beta formation, supporting the important role of ferroptosis in AD
pathogenesis [138]. New evidence suggests that iron chelators can suppress ferroptosis [140]
or prevent it by inducing a lipid repair system involving glutathione and glutathione
peroxidase 4 that converts lipid hydroperoxides to lipid alcohols [141].

2.11. Fe and APP/Aβ System Metabolism

It is well known that the AD brain’s hallmark is the presence of Aβ plaques and
neurofibrillary tangles, respectively, outside and inside the neuronal space. As mentioned
in the Introduction, the amyloidal aggregations’ major constituent is Aβ, a 39–43 amino-
acid peptide, produced from the cleavage of the APP. More specifically, it has been reported
that APP can be processed into two separate pathways: the non-amyloidogenic and the
amyloidogenic. In the non-amyloidogenic pathway, APP is cut at two sites placed in
the extracellular space and within the transmembrane domain, α-secretase and then by
γ-secretase, respectively, releasing a truncated P3 fragment. In the amyloidogenic pathway,
APP is first cleaved by β-secretase at a site placed outside the cell surface, generating a
C-terminal fragment that is subsequently cleaved by γ-secretase at a site placed within
the transmembrane domain. The product of this cleavage is Aβ [reviewed in 8] (Figure 5).
APP is virtually ubiquitous and has been reported to have a role in iron export by binding
ferroportin on the plasma membrane [142].

Furthermore, the mRNA APP transcript has an IRE sequence in the 5′-UTR. When
cellular iron conditions are low, IRP 1 binds the IRE of APP mRNA. APP mRNA is then
not translated into APP protein, thus down regulating APP-mediated stabilization of
ferroportin that further inhibits iron efflux [143]. Additional evidence in this regard, comes
from the preclinical model of AD showing that APP knockout mice display accumulation of
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brain iron [144], indicating that in the healthy brain, APP may take part in iron homeostasis.
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Figure 5. Pathway of Aβ production: the link with metals. The main constituent of amyloid
aggregates is Aβ, a peptide of 39-43 amino acids, resulting from the cleavage of APP a transmembrane
protein. More specifically, it has been reported that APP can be processed into two separate pathways.
In the amyloidogenic pathway, APP is first cleaved by β-secretase at a site outside the cell surface.
This generates a C-terminal fragment that is subsequently cleaved by γ-secretase at a site within the
transmembrane domain. The product of this cleavage is Aβ. In the non-amyloidogenic pathway, APP
is initially cut by α-secretase and then by γ-secretase, releasing a truncated P3 fragment. It was found
that APP has specific copper and zinc-binding domains that catalyze redox activity, determining Aβ

precipitation in plaques even at minimal concentrations. Copper and zinc domain in the Aβ peptide
bind equimolar amounts of the two metals (Me2+). However, under acidosis conditions, Aβ zinc is
copper completely displaced by copper.

The current hypothesis in the literature is that iron promotes plaque and tangle forma-
tion by promoting APP and tau production as well as Aβ and phospho-tau aggregation.
Accordingly, new evidence from 645 post mortem brains confirmed that tissue iron con-
centration might impact neurofibrillary tangles formation, at least in the inferior temporal
cortex. This investigation of bulk tissue iron levels did not support a relationship between
bulk tissue iron concentration and amyloid formation. Moreover, it is suggested that the
loss of tau function could cause neuronal iron accumulation [145].

When it became clear that a significant contribution to pathological amyloidal deposi-
tion comes from oxidative stress—generated by excessive ROS activity [146] and indirectly
by the products of lipid peroxidation [147]—the attention of AD researchers started to be
focused on transition metals; they take part in a variety of chemical reactions that generate
uncontrollable ROS, capable of damaging and destroying molecular and cellular compart-
ments [9]. It is now established that APP is a copper protein with copper and zinc-binding
domains, which mediate redox activity, also involved in Aβ aggregates formation [148,149].
Aβ too has selective copper and zinc domains that bind equimolar quantities of the two
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metals in normal conditions. However, Aβ zinc is completely displaced by copper during
acidosis [150].

According to several studies that have demonstrated increased concentrations of iron
related to the presence of Aβ plaques: (1) Enhanced concentrations of both iron and copper
have been reported within Aβ plaques and neurofibrillary tangles [151,152]; (2) Deposits
or increased concentrations of iron have been found in the basal ganglia [153,154], in the
CSF [155], and in other brain areas affected in AD [98]; and (3) The hippocampus chiefly
and the brain cortex secondarily, are affected by Aβ-metal toxicity.

By now, this view has become accepted as a possible explanation for the toxic proper-
ties gained by Aβ, supporting a general agreement on the existence of a link between AD
and oxidative stress phenomena, triggered by transition metals as a possible pathway of
AD pathogenesis (Metal Hypothesis of AD [136]).

3. Current Perspectives of the Therapeutic Options Targeting Iron Chelation in AD

Mounting evidence has reported that about half of all proteins are needed to bind with
metals and form metalloproteins for effective functions. As previously discussed, metal ions
in the brain are required in the appropriate functioning of enzymes, neurotransmission, and
aging [72]. On the other hand, there are also accumulating studies which link biometal (iron,
copper, zinc) dyshomeostasis and metal-amyloid interactions to various neurodegenerative
diseases including AD [112]. Accordingly, AD is suggested to be an ailment of protein
aggregation. Yet, it is also considered as a disease of metal dyshomeostasis. There is a
common consequence of the binding of copper, iron, and zinc to APP. Copper (and iron) can
bind to the amyloid protein and enhance the risk of oxidative damage by generating ROS
which directly overcomes the antioxidant defense system in the neurons [156]. Additionally,
zinc is known to bind both APP and Aβ. The binding of zinc to APP occurs at the Lys16
which may affect the cleavage activity of α-secretase and thus reduce the assembly of
soluble APPα and enhance Aβ production [157]. However, brain zinc levels are very
strictly controlled and the major consequence of zinc therapy overdosage (zinc toxicity) or
long-term consumption of excessive zinc is copper deficiency. On the other hand, raised
levels of iron in the neuropils of an AD brain are intensely associated to pathology via the
generation of ROS [156].

However, since the role of biometals in the development and progression of AD is very
complex, it is still controversial whether AD is associated with excess or deficiency of iron.
Both less and excess levels of metals have been linked with neurological disorders including
AD [158,159]. Excess levels of biometals such as copper, iron, and zinc accumulate in
amyloid plaques of AD patients with up to 5.7, 2.9 and 2.8 folds, respectively, in comparison
to normal brains [160]. Conversely, Brewer et al., have observed lower serum levels of zinc
in AD patients as compared to the control group [158]. There is also evidence for the claim
of iron dyshomeostasis in AD, including alterations in iron, ferritin, and transferrin [89,90].
Low brain iron levels are associated with motor neuron deficits, altered dopamine activity,
and aberrations in myelinogenesis [161]. As evident from the literature, iron can bind with
hyperphosphorylated tau and thereby facilitate its aggregation and lead to the formation of
NFTs [145]. In contrast, several in vitro studies found that iron decreases Aβ aggregation
and neuritic plaque formation [162]. However, excess levels of iron pose a threat to
the brain especially due to its redox activity. As already discussed, iron participates in
Fenton reactions and promotes the generation of hydroxyl and superoxide radicals that
interact with proteins, lipids, and DNA [68,69]. Hence, extremely evolutionarily conserved
mechanisms are required to preserve brain iron homeostasis.

Since the role of biometal ions and their interaction with amyloid are critical to the
pathogenesis of AD, the assessment of high-affinity metal-neuronal protein interactions
may favor identifying novel therapeutic approaches for the treatment of AD and other
neurodegenerative diseases. Recently, chelating agents have been reported to dislodge
interactions between metal ions and proteins which thereby reduce oxidative stress and
may improve cognition [163]. Some recent evidence revealed that chelators of copper,
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iron, and zinc effectively inhibit Aβ fibrils aggregation [163–166]. Certainly, metal chela-
tion treatment deals with defense against acute as well as occasionally chronic oxidative
damage and impedes protein aggregation. Fasae and his colleagues have discussed the
clinical use of metal (copper, iron, zinc) chelators in AD [166]. Deferoxamine (DFO) is a
trihydroxamic acid, a chelating agent that displays a high affinity for Fe(III) in compari-
son to other metals and is considered a precise chelator for iron overload ailments such
as thalassemia. Deferiprone (L1) (1,2-dimethyl-3-hydroxypyrid-4-one) and Deferasirox
(4-[3,5-bis(2- hydroxyphenyl)-1,2,4-triazol-1-yl]-benzoic acid (Exjade, ICL-670) are offered
alternatives to DFO with high plasma life, more gut tolerance, and patient compliance [167]
which treat transfusion iron overload effectively as compared to DFO [168]. According
to a previous study, a remarkable improvement of AD patients has been observed after
receiving DFO (125 mg i.m. 2× daily/5 times/week for 2 years) in comparison to the
placebo group [169]. However, there is no recent data available regarding competent iron
chelators in AD. Various studies have revealed the pharmacology and therapeutic poten-
tials of oral iron chelators (Deferoxamine, Deferiprone and Deferasirox) in both human
and rat models [170,171]. EDTA (ethylenediaminetetraacetic acid), a polydentate chelator
has a high affinity for divalent and trivalent metal ions such as calcium, magnesium, iron,
zinc, and manganese. Klang and colleagues have recently observed that administration of
calcium disodium EDTA (CaNa2EDTA) reversed the protein aggregation and neurotoxicity
caused by iron, copper, and zinc in C. elegans and also improved the lifespan of the nema-
todes [172]. Moreover, the combination of DFO, EDTA and DPA showed an improvement
of survival and locomotor activity in flies exposed to iron, copper, and manganese [173].
Multifunctional compounds (MCs) are classified based on their chelating group moieties
as bidentate chelators or tridentate chelators [174]. For example, tris (DOP) derivative
L1h6 (benzene-1,3,5-tricarboxylic acid tris-2-(3, 4-dihydroxyphenyl)-ethyl]-amide) possess
promising geometric arrangement on coordination to Fe3+ ion [175]. Tris (DOP) derivative
compounds display antioxidant properties and thereby retard oxidative stress-mediated
toxicity [176]. The chemically modified lipophilic ferrichrome and tris-hydroxamate chela-
tors are reported to bind iron and decrease iron overload 25-fold compared to DFO [177,178].
Apart from these natural compounds such as flavonoids, natural antioxidants are known to
possess iron and copper-chelating abilities. Quercetin [179] and curcumin [180] have been
observed to be structurally advantageous to the chelation process as well as in the treatment
of animal models and AD patients [181]. Other compounds such as native neuronal pep-
tides such as neuroprotective peptide (NAP) bind to hydroxamate or 8-hydroxyquinoline
moieties and forms complexes with Fe2+, Cu2+ and Zn2+ at physiological pH in the wa-
ter [182]. Furthermore, nanoparticles were also discovered for their capability to cross the
BBB via receptor-mediated systems and their achievement in drug delivery [183]. Chelator–
nanoparticles were also seen to carry chelator– iron complexes out of the brain reducing
the iron ions’ toxicity [184]. There is also evidence that nanoparticle-chelator complexes
have been shown to sequester iron or its storage protein such as ferritin from AD brain
tissues [185].

Most chelation agents also display several mild or serious side effects and limitations
by holding/displacing functional essential metal ions, altering metalloenzyme function,
resulting in a poor clinical recovery as well as pro-oxidant activity. However, with regard
to another metal, copper, which is also strongly associated with AD, the use of zinc therapy
might have beneficial effects. As discussed extensively in [186], zinc therapy acts as a
copper competitor and decreases copper concentrations in the body by stimulating the
expression of metallothionein, thus preventing direct chelation of the metal. With regard to
Wilson’s disease, zinc therapy could have positive effects in counteracting cognitive decline
without the occurrence of serious adverse events caused by chelation therapy. A clinical
trial (ZINCAID, EudraCT 2019-000604-15) on mild cognitive impairment is still ongoing.



Biomolecules 2022, 12, 1248 21 of 28

4. Conclusions

From the above-described work, we can conclude that an iron disarrangement occurs
in AD. Iron regulation is linked to the amyloid formation and tau proteinopathies of AD.
The metal can be a causal factor in the onset of disease by promoting ferroptosis or oxidative
stress via Fenton reactions, and in association with Tau, APP, and APOE metabolism that
have been implicated in physiological iron homeostasis. The findings that iron levels
within the normal range are associated with an increased risk of AD—and with disease
progression when the proteinopathy is already present—suggest that the metal might
also be involved in downstream processes of neurodegeneration. Additional research is
warranted to explore these issues in the attempt to set up new therapeutic interventions to
contrast AD onset and progression.

Author Contributions: R.S. conceptualized and designed the study. A.P., G.C. and I.R. wrote the
draft of manuscript. I.R. drew the figures. A.L., M.V. and M.R. read, revised, and gave critical
comments. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported and funded by the Italian Ministry of Health (Ricerca Corrente;
RS). The study is also funded by the Alzheimer’s Association Part the Cloud: Translational Research
Funding for Alzheimer’s disease (PTC) PTC-19-602325, EudraCT 2019-000604-15 (RS).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Alzheimer’s disease (AD)
Apolipoprotein E (APOE4)
Amyloid-beta (Aβ)
Amyloid precursor protein (APP)
Cerebral amyloid angiopathy (CAA)
Magnetic resonance imaging (MRI)
Reactive oxygen species (ROS)
Divalent metal transporter 1 (DMT-1)
Cytochrome C oxidase assembly homolog (COX17)
Antioxidant protein 1 homolog (ATOX1)
Copper chaperone for SOD (CCS)
Superoxide dismutase1 (SOD1)
Iron responsive element/iron regulatory protein (IRE/IRP)
Transferrin receptor (TfR)
Hereditary haemochromatosis (HFE)
Transferrin saturation (TSAT)
Metallothioneins (MT)
Zn transporters (ZnT)
Zinc-regulated and iron-regulated transporter proteins (ZIP family)
Pantothenate kinase 2 (PANK2)
Phospholipase A2 group VI (PLA2G6)
Fatty acid 2-hydroxylase (FA2H)
ATPase type 13A2 (ATP13A2)
DDB1 and CUL4 associated factor 17 (DCAF17)
Endothelial cells (BCEC)
Blood-Brain-Barrier (BBB)
blood-cerebrospinal fluid-barrier (BCB)
Cerebrospinal fluid (CSF)
Central nervous system (CNS)
Multiple sclerosis (MS)
Parkinson’s disease (PD)
Wilson’s disease (WD)
Loss-of Function (LoF)
Mini Mental State Examination (MMSE)
Mild cognitive impairment (MCI)



Biomolecules 2022, 12, 1248 22 of 28

Semicarbazide-sensitive amine oxidases (SSAOs)
Vascular dementia (VaD)
Antioxidant capacity (TAS)
Long-term-potentiation (LTP)
Genome-Wide Association Studies (GWAS)
Single nucleotide polymorphisms (SNPs)
Methylenetetrahydrofolate reductase (MTHFR)
Electroencephalographic (EEG)

References
1. Alzheimer’s Association. Alzheimer’s Disease Facts and Figures. Alzheimer Dement. 2020, 16, 391–460. [CrossRef]
2. Gouras, G.K.; Tsai, J.; Naslund, J.; Vincent, B.; Edgar, M.; Checler, F.; Greenfield, J.P.; Haroutunian, V.; Buxbaum, J.D.; Xu, H.; et al.

Intraneuronal Abeta42 accumulation in human brain. Am. J. Pathol. 2000, 156, 15–20. [CrossRef]
3. Lee, V.M.; Goedert, M.; Trojanowski, J.Q. Neurodegenerative tauopathies. Annu. Rev. Neurosci. 2001, 24, 1121–1159. [CrossRef]

[PubMed]
4. Alzheimer’s Association. Alzheimer’s disease facts and figures. Alzheimer Dement. 2021, 17, 327–406.
5. Alzheimer’s Association. 2019 Alzheimer’s disease facts and figures. Alzheimer Dement. 2019, 15, 321–387. [CrossRef]
6. Jack, C.R., Jr.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, F.;

Karlawish, J.; et al. NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. Alzheimer Dement. 2018,
14, 535–562. [CrossRef]

7. Dubois, B.; Feldman, H.H.; Jacova, C.; Hampel, H.; Molinuevo, J.L.; Blennow, K.; DeKosky, S.T.; Gauthier, S.; Selkoe, D.;
Bateman, R.; et al. Advancing research diagnostic criteria for Alzheimer’s disease: The IWG-2 criteria. Lancet Neurol. 2014, 13,
614–629. [CrossRef]

8. Paroni, G.; Bisceglia, P.; Seripa, D. Understanding the Amyloid Hypothesis in Alzheimer’s Disease. J. Alzheimer’s Dis. 2019, 68,
493–510. [CrossRef]

9. Atwood, C.S.; Perry, G.; Zeng, H.; Kato, Y.; Jones, W.D.; Ling, K.Q.; Huang, X.; Moir, R.D.; Wang, D.; Sayre, L.M.; et al. Copper
mediates dityrosine cross-linking of Alzheimer’s amyloid-beta. Biochemistry 2004, 43, 560–568. [CrossRef]

10. Hardy, J.; Selkoe, D.J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road to Therapeutics.
Science 2002, 297, 353–356. [CrossRef]

11. Sensi, S.L.; Granzotto, A.; Siotto, M.; Squitti, R. Copper and Zinc Dysregulation in Alzheimer’s Disease. Trends Pharmacol. Sci.
2018, 39, 1049–1063. [CrossRef] [PubMed]

12. Pantopoulos, K.; Porwal, S.K.; Tartakoff, A.; Devireddy, L. Mechanisms of Mammalian Iron Homeostasis. Biochemistry 2012, 51,
5705–5724. [CrossRef] [PubMed]

13. Raha, A.A.; Ghaffari, S.D.; Henderson, J.; Chakraborty, S.; Allinson, K.; Friedland, R.P.; Holland, A.; Zaman, S.H.; Mukaetova-
Ladinska, E.B.; Raha-Chowdhury, R. Hepcidin Increases Cytokines in Alzheimer’s Disease and Down’s Syndrome Dementia:
Implication of Impaired Iron Homeostasis in Neuroinflammation. Front. Aging Neurosci. 2021, 13, 653591. [CrossRef]

14. Board I.O.M.F.A.N. National Dietary Reference Intakes for Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum,
Nickel, Silicon, Vanadium, and Zinc 2001; Academy Press: Washington, DC, USA, 2001.

15. Andrews, N.C. Disorders of iron metabolism. N. Engl. J. Med. 1999, 341, 1986–1995. [CrossRef] [PubMed]
16. Kernan, K.F.; Carcillo, J.A. Hyperferritinemia and inflammation. Int. Immunol. 2017, 29, 401–409. [CrossRef] [PubMed]
17. Gunshin, H.; MacKenzie, B.; Berger, U.V.; Gunshin, Y.; Romero, M.F.; Boron, W.F.; Nussberger, S.; Gollan, J.L.; Hediger, M.A.

Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature 1997, 388, 482–488. [CrossRef]
[PubMed]

18. Knöpfel, M.; Solioz, M. Characterization of a Cytochrome b558 Ferric/Cupric Reductase from Rabbit Duodenal Brush Border
Membranes. Biochem. Biophys. Res. Commun. 2002, 291, 220–225. [CrossRef]

19. Ohgami, R.S.; Campagna, D.R.; McDonald, A.; Fleming, M.D. The Steap proteins are metalloreductases. Blood 2006, 108, 1388–1394.
[CrossRef]

20. Singh, A.; Kong, Q.; Luo, X.; Petersen, R.B.; Meyerson, H.; Singh, N. Prion Protein (PrP) Knock-Out Mice Show Altered Iron
Metabolism: A Functional Role for PrP in Iron Uptake and Transport. PLoS ONE 2009, 4, e6115. [CrossRef]

21. Sacher, A.; Cohen, A.; Nelson, N. Properties of the mammalian and yeast metal-ion transporters DCT1 and Smf1p expressed in
Xenopus laevis oocytes. J. Exp. Biol. 2001, 204 Pt 6, 1053–1061. [CrossRef]

22. Shayeghi, M.; Latunde-Dada, G.O.; Oakhill, J.S.; Laftah, A.H.; Takeuchi, K.; Halliday, N.; Khan, Y.; Warley, A.; McCann, F.E.;
Hider, R.C.; et al. Identification of an Intestinal Heme Transporter. Cell 2005, 122, 789–801. [CrossRef] [PubMed]

23. Arosio, P.; Ingrassia, R.; Cavadini, P. Ferritins: A family of molecules for iron storage, antioxidation and more. Biochim. Biophys.
Acta (BBA)-Gen. Subj. 2009, 1790, 589–599. [CrossRef]

24. Abboud, S.; Haile, D.J. A Novel Mammalian Iron-regulated Protein Involved in Intracellular Iron Metabolism. J. Biol. Chem. 2000,
275, 19906–19912. [CrossRef]

http://doi.org/10.1002/ALZ.12068
http://doi.org/10.1016/S0002-9440(10)64700-1
http://doi.org/10.1146/annurev.neuro.24.1.1121
http://www.ncbi.nlm.nih.gov/pubmed/11520930
http://doi.org/10.1016/j.jalz.2019.01.010
http://doi.org/10.1016/j.jalz.2018.02.018
http://doi.org/10.1016/S1474-4422(14)70090-0
http://doi.org/10.3233/JAD-180802
http://doi.org/10.1021/bi0358824
http://doi.org/10.1126/science.1072994
http://doi.org/10.1016/j.tips.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30352697
http://doi.org/10.1021/bi300752r
http://www.ncbi.nlm.nih.gov/pubmed/22703180
http://doi.org/10.3389/fnagi.2021.653591
http://doi.org/10.1056/NEJM199912233412607
http://www.ncbi.nlm.nih.gov/pubmed/10607817
http://doi.org/10.1093/intimm/dxx031
http://www.ncbi.nlm.nih.gov/pubmed/28541437
http://doi.org/10.1038/41343
http://www.ncbi.nlm.nih.gov/pubmed/9242408
http://doi.org/10.1006/bbrc.2002.6423
http://doi.org/10.1182/blood-2006-02-003681
http://doi.org/10.1371/journal.pone.0006115
http://doi.org/10.1242/jeb.204.6.1053
http://doi.org/10.1016/j.cell.2005.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16143108
http://doi.org/10.1016/j.bbagen.2008.09.004
http://doi.org/10.1074/jbc.M000713200


Biomolecules 2022, 12, 1248 23 of 28

25. Donovan, A.; Brownlie, A.; Zhou, Y.; Shepard, J.; Pratt, S.J.; Moynihan, J.; Paw, B.H.; Drejer, A.; Barut, B.; Zapata, A.; et al.
Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter. Nature 2000, 403, 776–781. [CrossRef]
[PubMed]

26. McKie, A.T.; Marciani, P.; Rolfs, A.; Brennan, K.; Wehr, K.; Barrow, D.; Miret, S.; Bomford, A.; Peters, T.J.; Farzaneh, F.; et al.
A Novel Duodenal Iron-Regulated Transporter, IREG1, Implicated in the Basolateral Transfer of Iron to the Circulation. Mol. Cell
2000, 5, 299–309. [CrossRef]

27. Vulpe, C.; Kuo, Y.-M.; Murphy, T.L.; Cowley, L.; Askwith, C.; Libina, N.; Gitschier, J.; Anderson, G. Hephaestin, a ceruloplasmin
homologue implicated in intestinal iron transport, is defective in the sla mouse. Nat. Genet. 1999, 21, 195–199. [CrossRef]

28. Ganz, T.; Nemeth, E. Hepcidin and Disorders of Iron Metabolism. Annu. Rev. Med. 2011, 62, 347–360. [CrossRef]
29. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.V.; Ganz, T.; Kaplan, J. Hepcidin Regulates Cellular

Iron Efflux by Binding to Ferroportin and Inducing Its Internalization. Science 2004, 306, 2090–2093. [CrossRef]
30. Litton, E.; Lim, J. Iron Metabolism: An Emerging Therapeutic Target in Critical Illness. Crit. Care 2019, 23, 81. [CrossRef]
31. Phatak, P.D.; Ryan, D.H.; Cappuccioab, J.; Oakesb, D.; Bragginsa, C.; Provenzanoa, K.; Eberlyb, S.; Shamab, R.L. Prevalence and

Penetrance of HFE Mutations in 4865 Unselected Primary Care Patients. Blood Cells Mol. Dis. 2002, 29, 41–47. [CrossRef]
32. Aisen, P.; Leibman, A.; Zweier, J. Stoichiometric and site characteristics of the binding of iron to human transferrin. J. Biol. Chem.

1978, 253, 1930–1937. [CrossRef]
33. Lin, L.; Valore, E.V.; Nemeth, E.; Goodnough, J.B.; Gabayan, V.; Ganz, T. Iron transferrin regulates hepcidin synthesis in primary

hepatocyte culture through hemojuvelin and BMP2/4. Blood 2007, 110, 2182–2189. [CrossRef] [PubMed]
34. Gkouvatsos, K.; Papanikolaou, G.; Pantopoulos, K. Regulation of iron transport and the role of transferrin. Biochim. Biophys. Acta

(BBA)-Gen. Subj. 2012, 1820, 188–202. [CrossRef]
35. Wang, J.; Pantopoulos, K. Regulation of cellular iron metabolism. Biochem. J. 2011, 434, 365–381. [CrossRef]
36. Aisen, P. Transferrin receptor 1. Int. J. Biochem. Cell Biol. 2004, 36, 2137–2143. [CrossRef]
37. Ponka, P.; Lok, C.N. The transferrin receptor: Role in health and disease. Int. J. Biochem. Cell Biol. 1999, 31, 1111–1137. [CrossRef]
38. Young, S.P.; Bomford, A.; Williams, R. The effect of the iron saturation of transferrin on its binding and uptake by rabbit

reticulocytes. Biochem. J. 1984, 219, 505–510. [CrossRef]
39. Bali, P.K.; Zak, O.; Aisen, P. A new role for the transferrin receptor in the release of iron from transferrin. Biochemistry 1991, 30,

324–328. [CrossRef]
40. Kakhlon, O.; Cabantchik, Z.I. The labile iron pool: Characterization, measurement, and participation in cellular processes(1). Free

Radic. Biol. Med. 2002, 33, 1037–1046. [CrossRef]
41. Kruszewski, M. Labile iron pool: The main determinant of cellular response to oxidative stress. Mutat. Res. Mol. Mech. Mutagen.

2003, 531, 81–92. [CrossRef]
42. Lill, R. Function and biogenesis of iron–sulphur proteins. Nature 2009, 460, 831–838. [CrossRef] [PubMed]
43. Ponka, P. Tissue-specific regulation of iron metabolism and heme synthesis: Distinct control mechanisms in erythroid cells. Blood

1997, 89, 1–25. [CrossRef] [PubMed]
44. Ryter, S.W.; Tyrrell, R.M. The heme synthesis and degradation pathways: Role in oxidant sensitivity: Heme oxygenase has both

pro- and antioxidant properties. Free Radic. Biol. Med. 2000, 28, 289–309. [CrossRef]
45. Muckenthaler, M.U.; Galy, B.; Hentze, M.W. Systemic Iron Homeostasis and the Iron-Responsive Element/Iron-Regulatory

Protein (IRE/IRP) Regulatory Network. Annu. Rev. Nutr. 2008, 28, 197–213. [CrossRef]
46. Pantopoulos, K. Iron Metabolism and the IRE/IRP Regulatory System: An Update. Ann. N. Y. Acad. Sci. 2004, 1012, 1–13.

[CrossRef]
47. Abbott, N.J.; Ronnback, L.; Hansson, E. Astrocyte-endothelial interactions at the blood-brain barrier. Nat. Rev. Neurosci. 2006, 7,

41–53. [CrossRef]
48. Bradbury, M.W.B. Transport of Iron in the Blood-Brain-Cerebrospinal Fluid System. J. Neurochem. 2002, 69, 443–454. [CrossRef]
49. Jefferies, W.A.; Brandon, M.R.; Hunt, S.V.; Williams, A.F.; Gatter, K.C.; Mason, D.Y. Transferrin receptor on endothelium of brain

capillaries. Nature 1984, 312, 162–163. [CrossRef]
50. Ke, Y.; Qian, Z.M. Brain iron metabolism: Neurobiology and neurochemistry. Prog. Neurobiol. 2007, 83, 149–173. [CrossRef]
51. Moos, T.; Nielsen, T.R.; Skjørringe, T.; Morgan, E.H. Iron trafficking inside the brain. J. Neurochem. 2007, 103, 1730–1740. [CrossRef]
52. Beard, J.L.; Wiesinger, J.A.; Li, N.; Connor, J.R. Brain iron uptake in hypotransferrinemic mice: Influence of systemic iron status.

J. Neurosci. Res. 2005, 79, 254–261. [CrossRef]
53. Mills, E.; Dong, X.-P.; Wang, F.; Xu, H. Mechanisms of brain iron transport: Insight into neurodegeneration and CNS disorders.

Future Med. Chem. 2010, 2, 51–64. [CrossRef]
54. Wu, L.J.-C.; Leenders, A.G.M.; Cooperman, S.; Meyron-Holtz, E.; Smith, S.; Land, W.; Tsai, R.Y.L.; Berger, U.V.; Sheng, Z.-H.;

Rouault, T.A. Expression of the iron transporter ferroportin in synaptic vesicles and the blood–brain barrier. Brain Res. 2004, 1001,
108–117. [CrossRef]

55. Patel, B.N.; David, S. A Novel Glycosylphosphatidylinositol-anchored Form of Ceruloplasmin Is Expressed by Mammalian
Astrocytes. J. Biol. Chem. 1997, 272, 20185–20190. [CrossRef]

56. Attieh, Z.K.; Mukhopadhyay, C.K.; Seshadri, V.; Tripoulas, N.A.; Fox, P.L. Ceruloplasmin Ferroxidase Activity Stimulates Cellular
Iron Uptake by a Trivalent Cation-specific Transport Mechanism. J. Biol. Chem. 1999, 274, 1116–1123. [CrossRef]

57. Mukhopadhyay, C.K.; Attieh, Z.K.; Fox, P.L. Role of Ceruloplasmin in Cellular Iron Uptake. Science 1998, 279, 714–717. [CrossRef]

http://doi.org/10.1038/35001596
http://www.ncbi.nlm.nih.gov/pubmed/10693807
http://doi.org/10.1016/S1097-2765(00)80425-6
http://doi.org/10.1038/5979
http://doi.org/10.1146/annurev-med-050109-142444
http://doi.org/10.1126/science.1104742
http://doi.org/10.1186/s13054-019-2373-1
http://doi.org/10.1006/bcmd.2002.0536
http://doi.org/10.1016/S0021-9258(19)62337-9
http://doi.org/10.1182/blood-2007-04-087593
http://www.ncbi.nlm.nih.gov/pubmed/17540841
http://doi.org/10.1016/j.bbagen.2011.10.013
http://doi.org/10.1042/BJ20101825
http://doi.org/10.1016/j.biocel.2004.02.007
http://doi.org/10.1016/S1357-2725(99)00070-9
http://doi.org/10.1042/bj2190505
http://doi.org/10.1021/bi00216a003
http://doi.org/10.1016/S0891-5849(02)01006-7
http://doi.org/10.1016/j.mrfmmm.2003.08.004
http://doi.org/10.1038/nature08301
http://www.ncbi.nlm.nih.gov/pubmed/19675643
http://doi.org/10.1182/blood.V89.1.1
http://www.ncbi.nlm.nih.gov/pubmed/8978272
http://doi.org/10.1016/S0891-5849(99)00223-3
http://doi.org/10.1146/annurev.nutr.28.061807.155521
http://doi.org/10.1196/annals.1306.001
http://doi.org/10.1038/nrn1824
http://doi.org/10.1046/j.1471-4159.1997.69020443.x
http://doi.org/10.1038/312162a0
http://doi.org/10.1016/j.pneurobio.2007.07.009
http://doi.org/10.1111/j.1471-4159.2007.04976.x
http://doi.org/10.1002/jnr.20324
http://doi.org/10.4155/fmc.09.140
http://doi.org/10.1016/j.brainres.2003.10.066
http://doi.org/10.1074/jbc.272.32.20185
http://doi.org/10.1074/jbc.274.2.1116
http://doi.org/10.1126/science.279.5351.714


Biomolecules 2022, 12, 1248 24 of 28

58. Bielli, P.; Calabrese, L. Structure to function relationships in ceruloplasmin: A ‘moonlighting’ protein. Experientia 2002, 59,
1413–1427. [CrossRef]

59. Roeser, H.P.; Lee, G.R.; Nacht, S.; Cartwright, G.E. The role of ceruloplasmin in iron metabolism. J. Clin. Investig. 1970, 49,
2408–2417. [CrossRef]

60. Hoogenraad, T. Wilson’s Disease; Intermed Medical Publishers: Amsterdam, The Netherlands, 2001.
61. Scheinberg, I.H.; Sternlieb, I. Wilson’s Disease. Annu. Rev. Med. 1965, 16, 119–134. [CrossRef]
62. Kono, S. Aceruloplasminemia: An update. Int. Rev. Neurobiol. 2013, 110, 125–151. [PubMed]
63. Harris, Z.L.; Klomp, L.W.; Gitlin, J.D. Aceruloplasminemia: An inherited neurodegenerative disease with impairment of iron

homeostasis. Am. J. Clin. Nutr. 1998, 67 (Suppl. 5), 972S–977S. [CrossRef] [PubMed]
64. Madsen, E.; Gitlin, J.D. Copper and Iron Disorders of the Brain. Annu. Rev. Neurosci. 2007, 30, 317–337. [CrossRef] [PubMed]
65. Osaki, S.; Johnson, D.A. Mobilization of liver iron by ferroxidase (ceruloplasmin). J. Biol. Chem. 1969, 244, 5757–5758. [CrossRef]
66. Healy, J.; Tipton, K. Ceruloplasmin and what it might do. J. Neural Transm. 2007, 114, 777–781. [CrossRef]
67. Vassiliev, V.; Harris, Z.L.; Zatta, P. Ceruloplasmin in neurodegenerative diseases. Brain Res. Rev. 2005, 49, 633–640. [CrossRef]
68. Bush, A.I. Metals and neuroscience. Curr. Opin. Chem. Biol. 2000, 4, 184–191. [CrossRef]
69. Lovell, M.A. A Potential Role for Alterations of Zinc and Zinc Transport Proteins in the Progression of Alzheimer’s Disease.

J. Alzheimer’s Dis. 2009, 16, 471–483. [CrossRef]
70. Gutteridge, J.M. Lipid peroxidation and antioxidants as biomarkers of tissue damage. Clin. Chem. 1995, 41 Pt 2, 1819–1828.

[CrossRef]
71. Wright, R.O.; Baccarelli, A. Metals and Neurotoxicology. J. Nutr. 2007, 137, 2809–2813. [CrossRef]
72. Jones, L.C.; Beard, J.L.; Jones, B.C. Genetic analysis reveals polygenic influences on iron, copper, and zinc in mouse hippocampus

with neurobiological implications. Hippocampus 2008, 18, 398–410. [CrossRef]
73. Jomova, K.; Vondrakova, D.; Lawson, M.; Valko, M. Metals, oxidative stress and neurodegenerative disorders. Mol. Cell. Biochem.

2010, 345, 91–104. [CrossRef]
74. Kono, S.; Miyajima, H. Molecular and pathological basis of aceruloplasminemia. Biol. Res. 2006, 39, 15–23. [CrossRef]
75. Nandar, W.; Connor, J.R. HFE Gene Variants Affect Iron in the Brain. J. Nutr. 2011, 141, 729S–739S. [CrossRef]
76. Pulliam, J.F.; Jennings, C.D.; Kryscio, R.J.; Davis, D.G.; Wilson, D.; Montine, T.J.; Schmitt, F.A.; Markesbery, W.R. Association of

HFE mutations with neurodegeneration and oxidative stress in Alzheimer’s disease and correlation with APOE. Am. J. Med.
Genet. 2003, 119B, 48–53. [CrossRef]

77. Connor, J.R.; Lee, S.Y. HFE mutations and Alzheimer’s disease. J. Alzheimer’s Dis. 2006, 10, 267–276. [CrossRef] [PubMed]
78. Lehmann, D.J.; Schuur, M.; Warden, D.R.; Hammond, N.; Belbin, O.; Kölsch, H.; Lehmann, M.G.; Wilcock, G.K.; Brown, K.;

Kehoe, P.G.; et al. Transferrin and HFE genes interact in Alzheimer’s disease risk: The Epistasis Project. Neurobiol. Aging 2012, 33,
202.e1–202.e13. [CrossRef]

79. Lill, R.; Dutkiewicz, R.; Elsasser, H.-P.; Hausmann, A.; Nets, D.J.A.; Pierik, A.J.; Stehling, O.; Urzica, E.; Muhlenhoff, U.
Mechanisms of iron-sulfur protein maturation in mitochondria, cytosol and nucleus of eukaryotes. Biochim. Biophys. Acta 2006,
1763, 652–667. [CrossRef] [PubMed]

80. Zecca, L.; Youdim, M.B.H.; Riederer, P.; Connor, J.R.; Crichton, R.R. Iron, brain ageing and neurodegenerative disorders. Nat. Rev.
Neurosci. 2004, 5, 863–873. [CrossRef]

81. Hochstrasser, H.; Tomiuk, J.; Walter, U.; Behnke, S.; Spiegel, J.; Krüger, R.; Becker, G.; Riess, O.; Berg, D. Functional relevance of
ceruloplasmin mutations in Parkinson’s Disease. FASEB J. 2005, 19, 1851–1853. [CrossRef]

82. Giambattistelli, F.; Bucossi, S.; Salustri, C.; Panetta, V.; Mariani, S.; Siotto, M.; Ventriglia, M.; Vernieri, F.; Dell’Acqua, M.L.;
Cassetta, E.; et al. Effects of hemochromatosis and transferrin gene mutations on iron dyshomeostasis, liver dysfunction and on
the risk of Alzheimer’s disease. Neurobiol. Aging 2012, 33, 1633–1641. [CrossRef] [PubMed]

83. Squitti, R.; Polimanti, R. Copper Hypothesis in the Missing Hereditability of Sporadic Alzheimer’s Disease: ATP7B Gene as
Potential Harbor of Rare Variants. J. Alzheimer’s Dis. 2012, 29, 493–501. [CrossRef]

84. Brewer, G.J.; Danzeisen, R.; Stern, B.R.; Aggett, P.J.; Deveau, M.; Plunkett, L.; Chambers, A.; Krewski, D.; Levy, L.S.;
McArdle, H.J.; et al. Letter to the Editor and Reply: Toxicity of Copper in Drinking Water. J. Toxicol. Environ. Health Part B 2010,
13, 449–459. [CrossRef]

85. Miyake, Y.; Tanaka, K.; Fukushima, W.; Sasaki, S.; Kiyohara, C.; Tsuboi, Y.; Yamada, T.; Oeda, T.; Miki, T.; Kawamura, N.; et al.
Dietary intake of metals and risk of Parkinson’s disease: A case-control study in Japan. J. Neurol. Sci. 2011, 306, 98–102. [CrossRef]

86. Ramsaransing, G.S.; Mellema, S.A.; De Keyser, J. Dietary patterns in clinical subtypes of multiple sclerosis: An exploratory study.
Nutr. J. 2009, 8, 36. [CrossRef]

87. Badrick, A.C.; Jones, C.E. Reorganizing metals: The use of chelating compounds as potential therapies for metal-related
neurodegenerative disease. Curr. Top. Med. Chem. 2011, 11, 543–552. [CrossRef]

88. Goozee, K.; Chatterjee, P.; James, I.; Shen, K.; Sohrabi, H.R.; Asih, P.R.; Dave, P.; Manyan, C.; Taddei, K.; Ayton, S.J.; et al. Elevated
plasma ferritin in elderly individuals with high neocortical amyloid-beta load. Mol. Psychiatry 2017, 23, 1807–1812. [CrossRef]

89. Acevedo, K.; Masaldan, S.; Opazo, C.M.; Bush, A.I. Redox active metals in neurodegenerative diseases. JBIC J. Biol. Inorg. Chem.
2019, 24, 1141–1157. [CrossRef]

http://doi.org/10.1007/s00018-002-8519-2
http://doi.org/10.1172/JCI106460
http://doi.org/10.1146/annurev.me.16.020165.001003
http://www.ncbi.nlm.nih.gov/pubmed/24209437
http://doi.org/10.1093/ajcn/67.5.972S
http://www.ncbi.nlm.nih.gov/pubmed/9587138
http://doi.org/10.1146/annurev.neuro.30.051606.094232
http://www.ncbi.nlm.nih.gov/pubmed/17367269
http://doi.org/10.1016/S0021-9258(18)63623-3
http://doi.org/10.1007/s00702-007-0687-7
http://doi.org/10.1016/j.brainresrev.2005.03.003
http://doi.org/10.1016/S1367-5931(99)00073-3
http://doi.org/10.3233/JAD-2009-0992
http://doi.org/10.1093/clinchem/41.12.1819
http://doi.org/10.1093/jn/137.12.2809
http://doi.org/10.1002/hipo.20399
http://doi.org/10.1007/s11010-010-0563-x
http://doi.org/10.4067/S0716-97602006000100003
http://doi.org/10.3945/jn.110.130351
http://doi.org/10.1002/ajmg.b.10069
http://doi.org/10.3233/JAD-2006-102-311
http://www.ncbi.nlm.nih.gov/pubmed/17119292
http://doi.org/10.1016/j.neurobiolaging.2010.07.018
http://doi.org/10.1016/j.bbamcr.2006.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16843540
http://doi.org/10.1038/nrn1537
http://doi.org/10.1096/fj.04-3486fje
http://doi.org/10.1016/j.neurobiolaging.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21514009
http://doi.org/10.3233/JAD-2011-111991
http://doi.org/10.1080/10937404.2010.499732
http://doi.org/10.1016/j.jns.2011.03.035
http://doi.org/10.1186/1475-2891-8-36
http://doi.org/10.2174/156802611794785181
http://doi.org/10.1038/mp.2017.146
http://doi.org/10.1007/s00775-019-01731-9


Biomolecules 2022, 12, 1248 25 of 28

90. Siotto, M.; Simonelli, I.; Pasqualetti, P.; Mariani, S.; Caprara, D.; Bucossi, S.; Ventriglia, M.; Molinario, R.; Antenucci, M.;
Rongioletti, M.; et al. Association Between Serum Ceruloplasmin Specific Activity and Risk of Alzheimer’s Disease. J. Alzheimer’s
Dis. 2016, 50, 1181–1189. [CrossRef]

91. Diouf, I.; Bush, A.I.; Ayton, S.; Alzheimer’s Disease Neuroimaging Initiative. Cerebrospinal fluid ceruloplasmin levels predict
cognitive decline and brain atrophy in people with underlying beta-amyloid pathology. Neurobiol. Dis. 2020, 139, 104810.
[CrossRef]

92. De Luca, A.; Fostinelli, S.; Ferrari, C.; Binetti, G.; Benussi, L.; Borroni, B.; Rossi, L.; Rongioletti, M.; Ghidoni, R.; Squitti, R. Iron
Serum Markers Profile in Frontotemporal Lobar Degeneration. J. Alzheimer’s Dis. 2020, 78, 1373–1380. [CrossRef]

93. Squitti, R.; Salustri, C.; Siotto, M.; Ventriglia, M.; Vernieri, F.; Lupoi, D.; Cassetta, E.; Rossini, P.M. Ceruloplasmin/Transferrin
Ratio Changes in Alzheimer’s Disease. Int. J. Alzheimer’s Dis. 2011, 2011, 231595. [CrossRef]

94. Kozlov, A.V.; Sergienko, V.I.; Vladimirov, I.A.; Azizova, O.A. The antioxidant system of transferrin-ceruloplasmin in experimental
hypercholesterolemia. Bull. Exp. Biol. Med. 1984, 98, 668–671. [CrossRef]

95. Park, Y.; Suzuki, K.; Taniguchi, N.; Gutteridge, J.M. Glutathione peroxidase-like activity of caeruloplasmin as an important lung
antioxidant. FEBS Lett. 1999, 458, 133–136. [CrossRef]

96. Gutteridge, J.M.C.; Paterson, S.K.; Segal, A.W.; Halliwell, B. Inhibition of lipid peroxidation by the iron-binding protein lactoferrin.
Biochem. J. 1981, 199, 259–261. [CrossRef] [PubMed]

97. Squitti, R.; Barbati, G.; Rossi, L.; Ventriglia, M.; Forno, G.D.; Cesaretti, S.; Moffa, F.; Caridi, I.; Cassetta, E.; Pasqualetti, P.; et al.
Excess of nonceruloplasmin serum copper in AD correlates with MMSE, CSF -amyloid, and h-tau. Neurology 2006, 67, 76–82.
[CrossRef]

98. Ayton, S.; Portbury, S.; Kalinowski, P.; Agarwal, P.; Diouf, I.; Schneider, J.A.; Morris, M.C.; Bush, A.I. Regional brain iron
associated with deterioration in Alzheimer’s disease: A large cohort study and theoretical significance. Alzheimer’s Dement. 2021,
17, 1244–1256. [CrossRef] [PubMed]

99. Piñero, D.J.; Hu, J.; Connor, J.R. Alterations in the interaction between iron regulatory proteins and their iron responsive element
in normal and Alzheimer’s diseased brains. Cell. Mol. Biol. 2000, 46, 761–776.

100. Grundke-Iqbal, I.; Fleming, J.; Tung, Y.-C.; Lassmann, H.; Iqbal, K.; Joshi, J.G. Ferritin is a component of the neuritic (senile)
plaque in Alzheimer dementia. Acta Neuropathol. 1990, 81, 105–110. [CrossRef]

101. Connor, J.R.; Snyder, B.S.; Arosio, P.; Loeffler, D.A.; LeWitt, P. A Quantitative Analysis of Isoferritins in Select Regions of Aged,
Parkinsonian, and Alzheimer’s Diseased Brains. J. Neurochem. 1995, 65, 717–724. [CrossRef]

102. Du, L.; Zhao, Z.; Cui, A.; Zhu, Y.; Zhang, L.; Liu, J.; Shi, S.; Fu, C.; Han, X.; Gao, W.; et al. Increased Iron Deposition on Brain
Quantitative Susceptibility Mapping Correlates with Decreased Cognitive Function in Alzheimer’s Disease. ACS Chem. Neurosci.
2018, 9, 1849–1857. [CrossRef]

103. Smith, M.A.; Harris, P.L.R.; Sayre, L.M.; Perry, G. Iron accumulation in Alzheimer disease is a source of redox-generated free
radicals. Proc. Natl. Acad. Sci. USA 1997, 94, 9866–9868. [CrossRef]

104. James, S.A.; Churches, Q.I.; de Jonge, M.D.; Birchall, I.E.; Streltsov, V.; McColl, G.; Adlard, P.A.; Hare, D.J. Iron, Copper, and
Zinc Concentration in Aβ Plaques in the APP/PS1 Mouse Model of Alzheimer’s Disease Correlates with Metal Levels in the
Surrounding Neuropil. ACS Chem. Neurosci. 2017, 8, 629–637. [CrossRef]

105. Ayton, S.; Diouf, I.; Bush, A. Evidence that iron accelerates Alzheimer’s pathology: A CSF biomarker study. J. Neurol. Neurosurg.
Psychiatry 2018, 89, 456–460. [CrossRef]

106. Ayton, S.; Faux, N.G.; Bush, A.I. Ferritin levels in the cerebrospinal fluid predict Alzheimer’s disease outcomes and are regulated
by APOE. Nat. Commun. 2015, 6, 6760. [CrossRef]

107. Christensen, D.Z.; Schneider-Axmann, T.; Lucassen, P.J.; Bayer, T.A.; Wirths, O. Accumulation of intraneuronal Abeta correlates
with ApoE4 genotype. Acta Neuropathol. 2010, 119, 555–566. [CrossRef]

108. Huang, X.; Moir, R.D.; Tanzi, R.E.; Bush, A.I.; Rogers, J.T. Redox-active metals, oxidative stress, and Alzheimer’s disease pathology.
Ann. N. Y. Acad. Sci. 2004, 1012, 153–163. [CrossRef]

109. Earley, C.J.; Connor, J.R.; Beard, J.L.; Malecki, E.A.; Epstein, D.K.; Allen, R.P. Abnormalities in CSF concentrations of ferritin and
transferrin in restless legs syndrome. Neurology 2000, 54, 1698–1700. [CrossRef]

110. Kuiper, M.A.; Mulder, C.; Van Kamp, G.J.; Scheltens, P.; Wolters, E.C. Cerebrospinal fluid ferritin levels of patients with Parkinson’s
disease, Alzheimer’s disease, and multiple system atrophy. J. Neural Transm. Park. Dis. Dement. Sect. 1994, 7, 109–114. [CrossRef]

111. Moon, Y.; Han, S.-H.; Moon, W.-J. Patterns of Brain Iron Accumulation in Vascular Dementia and Alzheimer’s Dementia Using
Quantitative Susceptibility Mapping Imaging. J. Alzheimer’s Dis. 2016, 51, 737–745. [CrossRef]

112. Plascencia-Villa, G.; Ponce, A.; Collingwood, J.; Arellano-Jiménez, M.J.; Zhu, X.; Rogers, J.; Betancourt, I.; José-Yacamán, M.;
Perry, G. High-resolution analytical imaging and electron holography of magnetite particles in amyloid cores of Alzheimer’s
disease. Sci. Rep. 2016, 6, 24873. [CrossRef]

113. Telling, N.D.; Everett, J.; Collingwood, J.F.; Dobson, J.; van der Laan, G.; Gallagher, J.J.; Wang, J.; Hitchcock, A.P. Iron Biochemistry
is Correlated with Amyloid Plaque Morphology in an Established Mouse Model of Alzheimer’s Disease. Cell Chem. Biol. 2017, 24,
1205–1215.e3. [CrossRef] [PubMed]

114. Huang, X.; Atwood, C.S.; Hartshorn, M.A.; Multhaup, G.; Goldstein, L.E.; Scarpa, R.C.; Cuajungco, M.P.; Gray, D.N.; Lim, J.;
Moir, R.D.; et al. The A beta peptide of Alzheimer’s disease directly produces hydrogen peroxide through metal ion reduction.
Biochemistry 1999, 38, 7609–7616. [CrossRef] [PubMed]

http://doi.org/10.3233/JAD-150611
http://doi.org/10.1016/j.nbd.2020.104810
http://doi.org/10.3233/JAD-201047
http://doi.org/10.4061/2011/231595
http://doi.org/10.1007/BF00802940
http://doi.org/10.1016/S0014-5793(99)01142-4
http://doi.org/10.1042/bj1990259
http://www.ncbi.nlm.nih.gov/pubmed/7337708
http://doi.org/10.1212/01.wnl.0000223343.82809.cf
http://doi.org/10.1002/alz.12282
http://www.ncbi.nlm.nih.gov/pubmed/33491917
http://doi.org/10.1007/BF00334497
http://doi.org/10.1046/j.1471-4159.1995.65020717.x
http://doi.org/10.1021/acschemneuro.8b00194
http://doi.org/10.1073/pnas.94.18.9866
http://doi.org/10.1021/acschemneuro.6b00362
http://doi.org/10.1136/jnnp-2017-316551
http://doi.org/10.1038/ncomms7760
http://doi.org/10.1007/s00401-010-0666-1
http://doi.org/10.1196/annals.1306.012
http://doi.org/10.1212/WNL.54.8.1698
http://doi.org/10.1007/BF02260965
http://doi.org/10.3233/JAD-151037
http://doi.org/10.1038/srep24873
http://doi.org/10.1016/j.chembiol.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28890316
http://doi.org/10.1021/bi990438f
http://www.ncbi.nlm.nih.gov/pubmed/10386999


Biomolecules 2022, 12, 1248 26 of 28

115. Becerril-Ortega, J.; Bordji, K.; Fréret, T.; Rush, T.; Buisson, A. Iron overload accelerates neuronal amyloid-β production and
cognitive impairment in transgenic mice model of Alzheimer’s disease. Neurobiol. Aging 2014, 35, 2288–2301. [CrossRef] [PubMed]

116. Sripetchwandee, J.; Wongjaikam, S.; Krintratun, W.; Chattipakorn, N.; Chattipakorn, S.C. A combination of an iron chelator
with an antioxidant effectively diminishes the dendritic loss, tau-hyperphosphorylation, amyloids-β accumulation and brain
mitochondrial dynamic disruption in rats with chronic iron-overload. Neuroscience 2016, 332, 191–202. [CrossRef]

117. Sternberg, Z.; Hu, Z.; Sternberg, D.; Waseh, S.; Quinn, J.F.; Wild, K.; Jeffrey, K.; Zhao, L.; Garrick, M. Serum Hepcidin Levels, Iron
Dyshomeostasis and Cognitive Loss in Alzheimer’s Disease. Aging Dis. 2017, 8, 215–227. [CrossRef]

118. Hammond, J.; Maher, B.A.; Ahmed, I.A.M.; Allsop, D. Variation in the concentration and regional distribution of magnetic
nanoparticles in human brains, with and without Alzheimer’s disease, from the UK. Sci. Rep. 2021, 11, 9363. [CrossRef]

119. Duce, J.; Bush, A.I. Biological metals and Alzheimer’s disease: Implications for therapeutics and diagnostics. Prog. Neurobiol.
2010, 92, 1–18. [CrossRef]

120. Rogers, J.T.; Lahiri, D.K. Metal and inflammatory targets for Alzheimer’s disease. Curr. Drug Targets 2004, 5, 535–551. [CrossRef]
121. Gregory, A.; Hayflick, S.J. Genetics of neurodegeneration with brain iron accumulation. Curr. Neurol. Neurosci. Rep. 2011, 11,

254–261. [CrossRef]
122. Moalem, S.; Percy, M.E.; Andrews, D.F.; Kruck, T.P.; Wong, S.; Dalton, A.J.; Mehta, P.; Fedor, B.; Warren, A.C. Are hereditary

hemochromatosis mutations involved in Alzheimer disease? Am. J. Med. Genet. 2000, 93, 58–66. [CrossRef]
123. Percy, M.; Moalem, S.; Garcia, A.; Somerville, M.J.; Hicks, M.; Andrews, D.; Azad, A.; Schwarz, P.; Zavareh, R.B.; Birkan, R.; et al.

Involvement of ApoE E4 and H63D in Sporadic Alzheimer’s Disease in a Folate-Supplemented Ontario Population. J. Alzheimer’s
Dis. 2008, 14, 69–84. [CrossRef]

124. Robson, K.J.H.; Lehmann, D.J.; Wimhurst, V.L.C.; Livesey, K.J.; Combrinck, M.; Merryweather-Clarke, A.T.; Warden, D.R.;
Smith, D. Synergy between the C2 allele of transferrin and the C282Y allele of the haemochromatosis gene (HFE) as risk factors
for developing Alzheimer’s disease. J. Med. Genet. 2004, 41, 261–265. [CrossRef]

125. Berlin, D.; Chong, G.; Chertkow, H.; Bergman, H.; Phillips, N.A.; Schipper, H.M. Evaluation of HFE (hemochromatosis) mutations
as genetic modifiers in sporadic AD and MCI. Neurobiol. Aging 2004, 25, 465–474. [CrossRef]

126. Sampietro, M.; Caputo, L.; Casatta, A.; Meregalli, M.; Pellagatti, A.; Tagliabue, J.; Annoni, G.; Vergani, C. The hemochromatosis
gene affects the age of onset of sporadic Alzheimer’s disease. Neurobiol. Aging 2001, 22, 563–568. [CrossRef]

127. Coon, K.D.; Siegel, A.M.; Yee, S.J.; Dunckley, T.L.; Mueller, C.; Nagra, R.M.; Tourtellotte, W.W.; Reiman, E.M.; Papassotiropoulos, A.;
Petersen, F.F.; et al. Preliminary demonstration of an allelic association of the IREB2 gene with Alzheimer’s disease. J. Alzheimers
Dis. 2006, 9, 225–233. [CrossRef]

128. Kim, Y.; Connor, J.R. The roles of iron and HFE genotype in neurological diseases. Mol. Asp. Med. 2020, 75, 100867. [CrossRef]
129. Altamura, S.; Muckenthaler, M.U. Iron toxicity in diseases of aging: Alzheimer’s disease, Parkinson’s disease and atherosclerosis.

J. Alzheimers Dis. 2009, 16, 879–895. [CrossRef]
130. Ventriglia, M.; Brewer, G.J.; Simonelli, I.; Mariani, S.; Siotto, M.; Bucossi, S.; Squitti, R. Copper in Alzheimer’s disease:

A meta-analysis of serum, plasma, and cerebrospinal fluid studies. J. Alzheimers Dis. 2011, 24, 175–185. [CrossRef]
131. Squitti, R.; Siotto, M.; Arciello, M.; Rossi, L. Non-ceruloplasmin bound copper and ATP7B gene variants in Alzheimer’s disease.

Metallomics 2016, 8, 863–873. [CrossRef]
132. Kunkle, B.W.; Grenier-Boley, B.; Sims, R.; Bis, J.C.; Damotte, V.; Naj, A.C.; Boland, A.; Vronskaya, M.; Van Der Lee, S.J.;

Amlie-Wolf, A.; et al. Genetic meta-analysis of diagnosed Alzheimer’s disease identifies new risk loci and implicates Aβ, tau,
immunity and lipid processing. Nat. Genet. 2019, 51, 414–430. [CrossRef]

133. Scholefield, M.; Unwin, R.D.; Cooper, G.J.S. Shared perturbations in the metallome and metabolome of Alzheimer’s, Parkinson’s,
Huntington’s, and dementia with Lewy bodies: A systematic review. Ageing Res. Rev. 2020, 63, 101152. [CrossRef]

134. Rogers, J.T.; Randall, J.D.; Cahill, C.M.; Eder, P.S.; Huang, X.; Gunshin, H.; Leiter, L.; McPhee, J.; Sarang, S.S.; Utsuki, T.; et al.
An Iron-responsive Element Type II in the 5′-Untranslated Region of the Alzheimer’s Amyloid Precursor Protein Transcript.
J. Biol. Chem. 2002, 277, 45518–45528. [CrossRef] [PubMed]

135. Bush, A.I.; Tanzi, R.E. Therapeutics for Alzheimer’s disease based on the metal hypothesis. Neurotherapeutics 2008, 5, 421–432.
[CrossRef] [PubMed]

136. Conrad, M.; Angeli, J.P.F.; Vandenabeele, P.; Stockwell, B.R. Regulated necrosis: Disease relevance and therapeutic opportunities.
Nat. Rev. Drug Discov. 2016, 15, 348–366. [CrossRef] [PubMed]

137. Masaldan, S.; Bush, A.I.; Devos, D.; Rolland, A.S.; Moreau, C. Striking while the iron is hot: Iron metabolism and ferroptosis in
neurodegeneration. Free Radic. Biol. Med. 2019, 133, 221–233. [CrossRef] [PubMed]

138. Bao, W.-D.; Pang, P.; Zhou, X.-T.; Hu, F.; Xiong, W.; Chen, K.; Wang, J.; Wang, F.; Xie, D.; Hu, Y.-Z.; et al. Loss of ferroportin
induces memory impairment by promoting ferroptosis in Alzheimer’s disease. Cell Death Differ. 2021, 28, 1548–1562. [CrossRef]
[PubMed]

139. Gleason, A.; Bush, A.I. Iron and Ferroptosis as Therapeutic Targets in Alzheimer’s Disease. Neurotherapeutics 2021, 18, 252–264.
[CrossRef]

140. Stockwell, B.R.; Angeli, J.P.F.; Bayir, H.; Bush, A.I.; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascón, S.; Hatzios, S.K.; Kagan, V.E.; et al.
Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 2017, 171, 273–285. [CrossRef]

http://doi.org/10.1016/j.neurobiolaging.2014.04.019
http://www.ncbi.nlm.nih.gov/pubmed/24863668
http://doi.org/10.1016/j.neuroscience.2016.07.003
http://doi.org/10.14336/AD.2016.0811
http://doi.org/10.1038/s41598-021-88725-3
http://doi.org/10.1016/j.pneurobio.2010.04.003
http://doi.org/10.2174/1389450043345272
http://doi.org/10.1007/s11910-011-0181-3
http://doi.org/10.1002/1096-8628(20000703)93:1&lt;58::AID-AJMG10&gt;3.0.CO;2-L
http://doi.org/10.3233/JAD-2008-14107
http://doi.org/10.1136/jmg.2003.015552
http://doi.org/10.1016/j.neurobiolaging.2003.06.008
http://doi.org/10.1016/S0197-4580(01)00219-6
http://doi.org/10.3233/JAD-2006-9301
http://doi.org/10.1016/j.mam.2020.100867
http://doi.org/10.3233/JAD-2009-1010
http://doi.org/10.3233/JAD-2012-120244
http://doi.org/10.1039/C6MT00101G
http://doi.org/10.1038/s41588-019-0358-2
http://doi.org/10.1016/j.arr.2020.101152
http://doi.org/10.1074/jbc.M207435200
http://www.ncbi.nlm.nih.gov/pubmed/12198135
http://doi.org/10.1016/j.nurt.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18625454
http://doi.org/10.1038/nrd.2015.6
http://www.ncbi.nlm.nih.gov/pubmed/26775689
http://doi.org/10.1016/j.freeradbiomed.2018.09.033
http://www.ncbi.nlm.nih.gov/pubmed/30266679
http://doi.org/10.1038/s41418-020-00685-9
http://www.ncbi.nlm.nih.gov/pubmed/33398092
http://doi.org/10.1007/s13311-020-00954-y
http://doi.org/10.1016/j.cell.2017.09.021


Biomolecules 2022, 12, 1248 27 of 28

141. Ursini, F.; Maiorino, M.; Valente, M.; Ferri, L.; Gregolin, C. Purification from pig liver of a protein which protects liposomes and
biomembranes from peroxidative degradation and exhibits glutathione peroxidase activity on phosphatidylcholine hydroperox-
ides. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1982, 710, 197–211. [CrossRef]

142. Wong, B.X.; Tsatsanis, A.; Lim, L.Q.; Adlard, P.A.; Bush, A.I.; Duce, J.A. β-Amyloid Precursor Protein Does Not Possess
Ferroxidase Activity but Does Stabilize the Cell Surface Ferrous Iron Exporter Ferroportin. PLoS ONE 2014, 9, e114174. [CrossRef]

143. Cho, H.-H.; Cahill, C.M.; Vanderburg, C.R.; Scherzer, C.R.; Wang, B.; Huang, X.; Rogers, J.T. Selective Translational Control of the
Alzheimer Amyloid Precursor Protein Transcript by Iron Regulatory Protein-1*. J. Biol. Chem. 2010, 285, 31217–31232. [CrossRef]

144. White, A.R.; Reyes, R.; Mercer, J.F.; Camakaris, J.; Zheng, H.; Bush, A.I.; Multhaup, G.; Beyreuther, K.; Masters, C.L.; Cappai, R.
Copper levels are increased in the cerebral cortex and liver of APP and APLP2 knockout mice. Brain Res. 1999, 842, 439–444.
[CrossRef]

145. Lei, P.; Ayton, S.; Finkelstein, D.I.; Spoerri, L.; Ciccotosto, G.D.; Wright, D.K.; Wong, B.X.W.; Adlard, P.A.; Cherny, R.A.;
Lam, L.Q.; et al. Tau deficiency induces parkinsonism with dementia by impairing APP-mediated iron export. Nat. Med. 2012, 18,
291–295. [CrossRef] [PubMed]

146. Mecocci, P.; MacGarvey, U.; Beal, M.F. Oxidative damage to mitochondrial DNA is increased in Alzheimer’s disease. Ann. Neurol.
1994, 36, 747–751. [CrossRef]

147. Praticò, D.; Uryu, K.; Leight, S.; Trojanoswki, J.Q.; Lee, V.M.-Y. Increased Lipid Peroxidation Precedes Amyloid Plaque Formation
in an Animal Model of Alzheimer Amyloidosis. J. Neurosci. 2001, 21, 4183–4187. [CrossRef]

148. Bush, A.I.; Pettingell, W.H.; De Paradis, M.; Tanzi, R.E.; Wasco, W. The amyloid beta-protein precursor and its mammalian
homologues. Evidence for a zinc-modulated heparin-binding superfamily. J. Biol. Chem. 1994, 269, 26618–26621. [CrossRef]

149. Bush, A.I.; Pettingell, W.H.; Multhaup, G.; Paradis, M.D.; Vonsattel, J.-P.; Gusella, J.F.; Beyreuther, K.; Masters, C.L.; Tanzi, R.E.
Rapid induction of Alzheimer A beta amyloid formation by zinc. Science 1994, 265, 1464–1467. [CrossRef]

150. Atwood, C.S.; Huang, X.; Khatri, A.; Scarpa, R.C.; Kim, Y.S.; Moir, R.; Tanzi, R.E.; Roher, A.E.; Bush, A. Copper catalyzed oxidation
of Alzheimer Abeta. Cell. Mol. Biol. 2000, 46, 777–783.

151. Good, P.F.; Perl, D.P.; Bierer, L.M.; Schmeidler, J. Selective accumulation of aluminum and iron in the neurofibrillary tangles of
Alzheimer’s disease: A laser microprobe (LAMMA) study. Ann. Neurol. 1992, 31, 286–292. [CrossRef]

152. Lovell, M.A.; Robertson, J.D.; Teesdale, W.J.; Campbell, J.L.; Markesbery, W.R. Copper, iron and zinc in Alzheimer’s disease senile
plaques. J. Neurol. Sci. 1998, 158, 47–52. [CrossRef]

153. Bartzokis, G.; Sultzer, D.; Cummings, J.; Holt, L.E.; Hance, D.B.; Henderson, V.W.; Mintz, J. In Vivo Evaluation of Brain Iron in
Alzheimer Disease Using Magnetic Resonance Imaging. Arch. Gen. Psychiatry 2000, 57, 47–53. [CrossRef] [PubMed]

154. Bartzokis, G.; Tishler, T.A. MRI evaluation of basal ganglia ferritin iron and neurotoxicity in Alzheimer’s and Huntingon’s disease.
Cell. Mol. Biol. 2000, 46, 821–833. [PubMed]

155. Smith, M.A.; Zhu, X.; Tabaton, M.; Liu, G., Jr.; McKeel, D.W., Jr.; Cohen, M.L.; Wang, X.; Siedlak, S.L.; Dwyer, B.E.; Hayashi, T.; et al.
Increased Iron and Free Radical Generation in Preclinical Alzheimer Disease and Mild Cognitive Impairment. J. Alzheimer’s Dis.
2010, 19, 363–372. [CrossRef]

156. Kozlowski, H.; Janicka-Klos, A.; Brasun, J.; Gaggelli, E.; Valensin, D.; Valensin, G. Copper, iron, and zinc ions homeostasis and
their role in neurodegenerative disorders (metal uptake, transport, distribution and regulation). Coord. Chem. Rev. 2009, 253,
2665–2685. [CrossRef]

157. Boom, A.; Authelet, M.; Dedecker, R.; Frédérick, C.; Van Heurck, R.; Daubie, V.; Leroy, K.; Pochet, R.; Brion, J.-P. Bimodal
modulation of tau protein phosphorylation and conformation by extracellular Zn2+ in human-tau transfected cells. Biochim.
Biophys. Acta 2009, 1793, 1058–1067. [CrossRef] [PubMed]

158. Brewer, G.J.; Kanzer, S.H.; Zimmerman, E.A.; Molho, E.S.; Celmins, D.F.; Heckman, S.M.; Dick, R. Subclinical zinc deficiency in
Alzheimer’s disease and Parkinson’s disease. Am. J. Alzheimer’s Dis. Other Dement. 2010, 25, 572–575. [CrossRef]

159. Matheou, C.J.; Younan, N.D.; Viles, J.H. Cu2+ accentuates distinct misfolding of Aβ(1–40) and Aβ(1–42) peptides, and potentiates
membrane disruption. Biochem. J. 2015, 466, 233–242. [CrossRef]

160. Dong, J.; Atwood, C.S.; Anderson, V.E.; Siedlak, S.L.; Smith, M.A.; Perry, G.; Carey, P.R. Metal binding and oxidation of
amyloid-beta within isolated senile plaque cores: Raman microscopic evidence. Biochemistry 2003, 42, 2768–2773. [CrossRef]

161. Connor, J.R.; Menzies, S.L.; Burdo, J.R.; Boyer, P.J. Iron and iron management proteins in neurobiology. Pediatr. Neurol. 2001, 25,
118–129. [CrossRef]

162. Mantyh, P.W.; Ghilardi, J.R.; Rogers, S.; DeMaster, E.; Allen, C.J.; Stimson, E.R.; Maggio, J.E. Aluminum, iron, and zinc ions
promote aggregation of physiological concentrations of beta-amyloid peptide. J. Neurochem. 1993, 61, 1171–1174. [CrossRef]

163. Kim, N.; Lee, H.J. Redox-Active Metal Ions and Amyloid-Degrading Enzymes in Alzheimer’s Disease. Int. J. Mol. Sci. 2021,
22, 7697. [CrossRef] [PubMed]

164. Jakob-Roetne, R.; Jacobsen, H. Alzheimer’s Disease: From Pathology to Therapeutic Approaches. Angew. Chem. Int. Ed. 2009, 48,
3030–3059. [CrossRef] [PubMed]

165. Revi, M. Alzheimer’s Disease Therapeutic Approaches. Adv. Exp. Med. Biol. 2020, 1195, 105–116.
166. Fasae, K.D.; Abolaji, A.O.; Faloye, T.R.; Odunsi, A.Y.; Oyetayo, B.O.; Enya, J.I.; Rotimi, J.A.; Akinyemi, R.O.; Whitworth, A.J.;

Aschner, M. Metallobiology and therapeutic chelation of biometals (copper, zinc and iron) in Alzheimer’s disease: Limitations,
and current and future perspectives. J. Trace Elem. Med. Biol. 2021, 67, 126779. [CrossRef]

http://doi.org/10.1016/0005-2760(82)90150-3
http://doi.org/10.1371/journal.pone.0114174
http://doi.org/10.1074/jbc.M110.149161
http://doi.org/10.1016/S0006-8993(99)01861-2
http://doi.org/10.1038/nm.2613
http://www.ncbi.nlm.nih.gov/pubmed/22286308
http://doi.org/10.1002/ana.410360510
http://doi.org/10.1523/JNEUROSCI.21-12-04183.2001
http://doi.org/10.1016/S0021-9258(18)47062-7
http://doi.org/10.1126/science.8073293
http://doi.org/10.1002/ana.410310310
http://doi.org/10.1016/S0022-510X(98)00092-6
http://doi.org/10.1001/archpsyc.57.1.47
http://www.ncbi.nlm.nih.gov/pubmed/10632232
http://www.ncbi.nlm.nih.gov/pubmed/10875443
http://doi.org/10.3233/JAD-2010-1239
http://doi.org/10.1016/j.ccr.2009.05.011
http://doi.org/10.1016/j.bbamcr.2008.11.011
http://www.ncbi.nlm.nih.gov/pubmed/19111579
http://doi.org/10.1177/1533317510382283
http://doi.org/10.1042/BJ20141168
http://doi.org/10.1021/bi0272151
http://doi.org/10.1016/S0887-8994(01)00303-4
http://doi.org/10.1111/j.1471-4159.1993.tb03639.x
http://doi.org/10.3390/ijms22147697
http://www.ncbi.nlm.nih.gov/pubmed/34299316
http://doi.org/10.1002/anie.200802808
http://www.ncbi.nlm.nih.gov/pubmed/19330877
http://doi.org/10.1016/j.jtemb.2021.126779


Biomolecules 2022, 12, 1248 28 of 28

167. Kalinowski, D.S.; Richardson, D.R. The Evolution of Iron Chelators for the Treatment of Iron Overload Disease and Cancer.
Pharmacol. Rev. 2005, 57, 547–583. [CrossRef]

168. Piga, A.; Galanello, R.; Forni, G.L.; Cappellini, M.D.; Origa, R.; Zappu, A.; Donato, G.; Bordone, E.; Lavagetto, A.;
Zanaboni, L.; et al. Randomized phase II trial of deferasirox (Exjade, ICL670), a once-daily, orally-administered iron chelator, in
comparison to deferoxamine in thalassemia patients with transfusional iron overload. Haematologica 2006, 91, 873–880.

169. McLachlan, D.R.C.; Kruck, T.; Kalow, W.; Andrews, D.; Dalton, A.; Bell, M.; Smith, W. Intramuscular desferrioxamine in patients
with Alzheimer’s disease. Lancet 1991, 337, 1304–1308. [CrossRef]

170. Xia, S.; Zhang, W.; Huang, L.; Jiang, H. Comparative Efficacy and Safety of Deferoxamine, Deferiprone and Deferasirox on Severe
Thalassemia: A Meta-Analysis of 16 Randomized Controlled Trials. PLoS ONE 2013, 8, e82662. [CrossRef]

171. Kontoghiorghes, G.J.; Kolnagou, A.; Peng, C.-T.; Shah, S.V.; Aessopos, A. Safety issues of iron chelation therapy in patients with
normal range iron stores including thalassaemia, neurodegenerative, renal and infectious diseases. Expert Opin. Drug Saf. 2010, 9,
201–206. [CrossRef]

172. Klang, I.M.; Schilling, B.; Sorensen, D.J.; Sahu, A.K.; Kapahi, P.; Andersen, J.K.; Swoboda, P.; Killilea, D.W.; Gibson, B.W.;
Lithgow, G.J. Iron promotes protein insolubility and aging in C. elegans. Aging 2014, 6, 975–988. [CrossRef]

173. Navarro, J.A.; Schneuwly, S. Copper and Zinc Homeostasis: Lessons from Drosophila melanogaster. Front. Genet. 2017, 8, 223.
[CrossRef]

174. Guzior, N.; Wieckowska, A.; Panek, D.; Malawska, B. Recent Development of Multifunctional Agents as Potential Drug Candidates
for the Treatment of Alzheimer’s Disease. Curr. Med. Chem. 2015, 22, 373–404. [CrossRef]

175. Zhang, Q.; Jin, B.; Shi, Z.; Wang, X.; Lei, S.; Tang, X.; Liang, H.; Liu, Q.; Gong, M.; Peng, R. New tris(dopamine) derivative as an
iron chelator. Synthesis, solution thermodynamic stability, and antioxidant research. J. Inorg. Biochem. 2017, 171, 29–36. [CrossRef]
[PubMed]

176. Zhang, Q.; Jin, B.; Feng, S.; Zheng, T.; Wang, X.; Guo, Z.; Peng, R. New hexadentate tris(dopamine) as iron chelating agent:
Synthesis, solution thermodynamic stability and antioxidant activity studies. Polyhedron 2019, 160, 261–267. [CrossRef]

177. Yavin, E.; Kikkiri, R.; Gil, S.; Arad-Yellin, R.; Yavin, E.; Shanzer, A. Synthesis and biological evaluation of lipophilic iron chelators
as protective agents from oxidative stress. Org. Biomol. Chem. 2005, 3, 2685–2687. [CrossRef]

178. Meijler, M.M.; Arad-Yellin, R.; Cabantchik, Z.I.; Shanzer, A. Synthesis and Evaluation of Iron Chelators with Masked Hydrophilic
Moieties. J. Am. Chem. Soc. 2002, 124, 12666–12667. [CrossRef]

179. Richetti, S.; Blank, M.; Capiotti, K.; Piato, A.; Bogo, M.; Vianna, M.; Bonan, C. Quercetin and rutin prevent scopolamine-induced
memory impairment in zebrafish. Behav. Brain Res. 2011, 217, 10–15. [CrossRef]

180. Dong, S.; Zeng, Q.; Mitchell, E.; Xiu, J.; Duan, Y.; Li, C.; Tiwari, J.K.; Hu, Y.; Cao, X.; Zhao, Z. Curcumin Enhances Neurogenesis
and Cognition in Aged Rats: Implications for Transcriptional Interactions Related to Growth and Synaptic Plasticity. PLoS ONE
2012, 7, e31211. [CrossRef]

181. Weinreb, O.; Mandel, S.; Youdim, M.B.; Amit, T. Targeting dysregulation of brain iron homeostasis in Parkinson’s disease by iron
chelators. Free Radic. Biol. Med. 2013, 62, 52–64. [CrossRef]

182. Blat, D.; Weiner, L.; Youdim, M.B.H.; Fridkin, M. A Novel Iron-Chelating Derivative of the Neuroprotective Peptide NAPVSIPQ
Shows Superior Antioxidant and Antineurodegenerative Capabilities. J. Med. Chem. 2008, 51, 126–134. [CrossRef]

183. Cui, Z.; Lockman, P.; Atwood, C.S.; Hsu, C.-H.; Gupte, A.; Allen, D.D.; Mumper, R.J. Novel d-penicillamine carrying nanoparticles
for metal chelation therapy in Alzheimer’s and other CNS diseases. Eur. J. Pharm. Biopharm. 2005, 59, 263–272. [CrossRef]
[PubMed]

184. Liu, G.; Men, P.; Harris, P.L.; Rolston, R.K.; Perry, G.; Smith, M.A. Nanoparticle iron chelators: A new therapeutic approach
in Alzheimer disease and other neurologic disorders associated with trace metal imbalance. Neurosci. Lett. 2006, 406, 189–193.
[CrossRef] [PubMed]

185. Hegde, M.L.; Bharathi, P.; Suram, A.; Venugopal, C.; Jagannathan, R.; Poddar, P.; Srinivas, P.; Sambamurti, K.; Rao, K.J.;
Scancar, J.; et al. Challenges Associated with Metal Chelation Therapy in Alzheimer’s Disease. J. Alzheimer’s Dis. 2009, 17,
457–468. [CrossRef] [PubMed]

186. Squitti, R.; Pal, A.; Picozza, M.; Avan, A.; Ventriglia, M.; Rongioletti, M.C.; Hoogenraad, T. Zinc Therapy in Early Alzheimer’s
Disease: Safety and Potential Therapeutic Efficacy. Biomolecules 2020, 10, 1164. [CrossRef]

http://doi.org/10.1124/pr.57.4.2
http://doi.org/10.1016/0140-6736(91)92978-B
http://doi.org/10.1371/journal.pone.0082662
http://doi.org/10.1517/14740330903535845
http://doi.org/10.18632/aging.100689
http://doi.org/10.3389/fgene.2017.00223
http://doi.org/10.2174/0929867321666141106122628
http://doi.org/10.1016/j.jinorgbio.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28364616
http://doi.org/10.1016/j.poly.2018.12.053
http://doi.org/10.1039/b507385p
http://doi.org/10.1021/ja027013s
http://doi.org/10.1016/j.bbr.2010.09.027
http://doi.org/10.1371/journal.pone.0031211
http://doi.org/10.1016/j.freeradbiomed.2013.01.017
http://doi.org/10.1021/jm070800l
http://doi.org/10.1016/j.ejpb.2004.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15661498
http://doi.org/10.1016/j.neulet.2006.07.020
http://www.ncbi.nlm.nih.gov/pubmed/16919875
http://doi.org/10.3233/JAD-2009-1068
http://www.ncbi.nlm.nih.gov/pubmed/19363258
http://doi.org/10.3390/biom10081164

	Introduction 
	Essentiality of Iron 
	Iron Absorption and Distribution 
	Iron Metabolic Control Unit: The Hepatocyte 
	Iron Uptake from the Systemic Circulation to the Brain 
	The Key Ceruloplasmin Function as a Copper and Iron Crosstalk Protein 
	When and How Does Iron Become Toxic? 
	Metals in Neurological Disorders 
	AD and the Role of Iron 
	Neuroimaging Studies of Iron in AD 
	Genetics of Iron in AD Pathogenesis 
	Ferroptosis a New Neurodegenerative Process Involved in AD 
	Fe and APP/A System Metabolism 

	Current Perspectives of the Therapeutic Options Targeting Iron Chelation in AD 
	Conclusions 
	References

