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Abstract: Elevated levels of iron occur in both cortical and subcortical regions of the CNS in patients
with Alzheimer’s disease. This accumulation is present early in the disease process as well as in
more advanced stages. The factors potentially accounting for this increase are numerous, including:
(1) Cells increase their uptake of iron and reduce their export of iron, as iron becomes sequestered
(trapped within the lysosome, bound to amyloid β or tau, etc.); (2) metabolic disturbances, such as
insulin resistance and mitochondrial dysfunction, disrupt cellular iron homeostasis; (3) inflammation,
glutamate excitotoxicity, or other pathological disturbances (loss of neuronal interconnections, soluble
amyloid β, etc.) trigger cells to acquire iron; and (4) following neurodegeneration, iron becomes
trapped within microglia. Some of these mechanisms are also present in other neurological disorders
and can also begin early in the disease course, indicating that iron accumulation is a relatively
common event in neurological conditions. In response to pathogenic processes, the directed cellular
efforts that contribute to iron buildup reflect the importance of correcting a functional iron deficiency
to support essential biochemical processes. In other words, cells prioritize correcting an insufficiency
of available iron while tolerating deposited iron. An analysis of the mechanisms accounting for iron
accumulation in Alzheimer’s disease, and in other relevant neurological conditions, is put forward.

Keywords: Alzheimer’s disease; axon; demyelination; diabetes; glutamate; habenula; inflammation;
insulin resistance; iron; lysosome; metabolic; microglia; mitochondria; MRI; traumatic brain injury

1. Introduction

A common pathological feature observed among numerous neurological disorders
is an elevated level of iron within the central nervous system (CNS). This increase in
iron occurs within cortical and/or subcortical CNS regions and has been observed in
Alzheimer’s disease, amyotrophic lateral sclerosis, multiple sclerosis, Parkinson’s disease,
and numerous other neurological diseases [1,2]. Iron is necessary for all living cells and is
used for a wide range of biochemical reactions including many with enrichment within
the nervous system, e.g., neurotransmitter metabolism, myelination, and mitochondrial
complex activity [3,4]. Common themes for CNS iron accumulation may be the need to
acquire extra iron to make up for a functional iron deficiency in order to maintain support
for essential biochemical reactions, or to address an increased requirement for iron, e.g., due
to an upregulation or alteration of metabolic processes. The former mechanism, a functional
iron deficiency, has been postulated to occur in Alzheimer’s disease as well as some other
neurological conditions [4–6], while the latter mechanism may occur as a corollary to
inflammation, development, insulin resistance, or diabetes. Thus, the reasons leading to
elevated levels of CNS iron may vary.

Iron has been directly or indirectly implicated in disease processes. Ascertaining
whether a functional iron deficiency advances disease, or the accumulated iron has detri-
mental effects, will allow a greater understanding of pathogenic mechanisms. Funda-
mental to this understanding is addressing the reasons why iron accumulates. Insights
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about the causes of increased iron levels in CNS diseases can be ascertained by consider-
ing the timing of iron accumulation relative to the development of various pathological
changes, as well as by examining the mechanisms of iron accumulation occurring in other
neurological disorders.

2. Pathogenic Processes Leading to a Functional Iron Deficiency

A functional iron deficiency can lead cells to perceive a low iron status, thereby causing
compensatory mechanisms [6]. Iron can become sequestered and unavailable for use by
multiple mechanisms resulting in a functional iron deficiency. Besides becoming trapped
in protein aggregates (e.g., amyloid β, tau, α synuclein), iron can become unavailable
by processing defects (e.g., impaired delivery of iron from the lysosome to the cytosol or
mitochondria), diminished recycling (e.g., disrupted mitophagy), decreased production
or altered metabolism of heme and iron-containing proteins, etc. [4,6–8] (Figure 1). In
addition, as a CNS disease advances, iron from degenerating cells can become sequestered
within reactive microglia [9–11], which accumulate ferritin [12–14]. Once iron becomes
unavailable, cells experience a functional iron deficient state that has similarities with
anemia [5]. Cells can respond to a functional deficiency of iron by taking up more iron
and exporting less iron [4,6]. Thus, the accumulation of iron is consistent with a functional
iron deficiency.
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Figure 1. Putative mechanisms that lead to the accumulation of iron in the CNS of patients with
Alzheimer’s disease. (A) Iron can become sequestered by being bound to amyloid or tau, accu-
mulating within plaques and tangles, and retained within lysosomes, astrocytes, microglia, and
structures (e.g., mitochondria, ferritin) that do not undergo proper recycling (Section 2). (B) Altered
metabolism can increase the uptake of iron. For instance, as the demand for energy increases (e.g., due
to demyelination causing virtual hypoxia), the energy requirements increase (e.g., to pump additional
ions across the axolemma). An increased uptake of iron can also be in response to insulin resistance
and mitochondrial dysfunction. Amyloid β can also activate cells to increase the expression of proteins
involved with iron transport and potentially increase the uptake of iron (Sections 3, 5 and 7). (C) Increased
iron uptake can be due to inflammation. Various cytokines (i.e., IL-1β, IL-4, IL-6, and TNFα) cause
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the upregulation of proteins involved with iron uptake. Some cytokines can also reduce the expression
of ferroportin (i.e., indirectly via upregulation of hepcidin), which is involved with iron export.
Lipopolysaccharides can also increase or decrease the expression of proteins involved with iron
uptake or export, respectively. Astrocytes can become activated (e.g., by IL-6) to secrete hepcidin,
while other cytokines increase the uptake of iron within the mitochondria of astrocytes. Damage
to the blood–brain barrier can cause extravasation of red blood cells and iron-containing proteins.
Activated microglia can phagocytose debris containing iron, and this iron may become unavailable
for use (Section 5). (D) As neurons degenerate, interconnections are lost between CNS regions. When
interconnections are lost in other neurological conditions (e.g., traumatic brain injury, axotomy), iron
can become deposited in CNS regions (e.g., thalamus), and the expression of proteins involved with
iron uptake or iron export can be increased or decreased, respectively. Loss of interconnections reduces
both retrograde and anterograde communications and causes loss of trophic support, metabolic
disturbances, and neurodegeneration (Section 10). (E) The cystine/glutamate transporter may be
increased in Alzheimer’s disease, and glutamate may play a role in increasing the uptake of iron. For
instance, activation of the NMDA receptor can increase both the uptake of iron and the expression of
proteins involved with iron uptake (Section 6).

Lysosomal acidification is necessary for the proper delivery of iron from the lysosome
to the cytosol and mitochondria [8]. In Alzheimer’s disease, this process can become
impaired due to disruptions in the assembly and function of v-ATPase, i.e., by amyloid pre-
cursor protein c terminal fragment or by mutations in presenilin 1, resulting in an elevated
lysosomal pH [6,15–19]. In addition, cultured astrocytes expressing the ε4 allele of APOE,
which increases the risk of sporadic Alzheimer’s disease, resulted in an increased lysoso-
mal pH and a decreased endosomal pH, while the cytoplasmic pH remained unchanged,
compared to astrocytes with the ε3 allele [20].

Besides becoming sequestered within lysosomes, iron binds to amyloid β and other
protein aggregates, e.g., α synuclein, tau [6]. As more amyloid β becomes deposited,
more iron can become sequestered (Figure 1A). Elevated amyloid β production can be
a consequence of altered proteolytic digestion of amyloid precursor protein in response
to a variety of stresses (e.g., inflammation, oxidative stress, and lower levels of oxygen,
2-oxoglutarate, or iron) or mutations in genes responsible for familial Alzheimer’s disease
(e.g., APP, PSN1, and PSN2) [6,21–23]. Additionally, overall levels of amyloid β can increase
if its clearance is decreased [23,24]. Thus, iron can become unavailable by mechanisms
occurring during early phases of the disease (e.g., due to sequestration within lysosomes,
binding to protein aggregates of amyloid β or tau accumulation) as well as by additional
mechanisms as the disease advances (e.g., due to sequestration of iron within microglia).

3. Processes Accounting for Increased Iron Accumulation

During Alzheimer’s disease, cells respond to pathological conditions by increasing
their acquisition of iron. Recently, it was shown that amyloid β lowers iron levels in
conditioned media from iPSC-derived astrocytes, which may have been due to greater iron
uptake by these cells and an elevation in their mitochondrial activity [25]. Furthermore,
the conditioned media had an increased percentage of apo-transferrin, which stimulated
endothelial cells to increase iron transport [25]. In support of this, the expression of
transcripts for transferrin was upregulated in the olfactory bulb of patients with early
Alzheimer’s disease compared to control subjects [5]. Amyloid β was also found to increase
the expression of divalent metal transporter 1 (DMT1), which is thought to mediate an
increased uptake of non-transferrin-bound iron in immortalized microglia [26] (Figure 1B).

Ceruloplasmin is a ferroxidase that together with transferrin is thought to facilitate
the uptake of iron [27]. The expression of the transcript for ceruloplasmin was upregulated
in the olfactory bulb across all stages of Alzheimer’s disease [5] as well as being increased
at the protein level in the CNS of patients with Alzheimer’s disease [28]. Notably, it has
been proposed that for aceruloplasminemia, astrocytes cannot export iron resulting in its
accumulation within astrocytes, and the diminished transfer of iron to neurons causes an
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iron insufficiency that contributes to neurodegeneration; this iron deficiency may occur
early in the disease course, after which iron-mediated oxidative damage from astrocytes
may be a factor [29–31].

Other data further support an increased effort to acquire iron during Alzheimer’s
disease. An analysis of the Mayo Clinic RNA-seq dataset (syn5550404, Synapse.org; https://
www.synapse.org/#!Synapse:syn5550404), which compared 134 patients with Alzheimer’s
disease and 130 control subjects, revealed a significant increase in transcripts for the
transferrin receptor (TFRC) in the temporal cortex of patients with Alzheimer’s disease [32].
In addition, there was a significant decrease in transcripts for ferritin light chain (FTL) and
ferritin heavy chain (FTH1) in the cerebellum of patients with Alzheimer’s disease, which
also had a significant reduction in ferroportin [32]. These changes are in line with expected
changes due to a perceived iron-deficient state, i.e., the increase in transcripts for TFRC
would facilitate more iron uptake, while the decreases in FTL and FTH1 reflect that there is
less available iron to put into storage.

In line with the effort to acquire more iron, the export of iron is diminished in the
CNS of patients with Alzheimer’s disease. Ferroportin functions as an iron exporter at
the cellular level [33]. The transcripts for ferroportin were downregulated in patients
with initial Alzheimer’s disease [5]. Hepcidin affects the availability of ferroportin, by
stimulating its internalization and degradation [33,34]. At the protein level, ferroportin
was reduced in a mouse model of Alzheimer’s disease and in the CNS of patients with
Alzheimer’s disease [35–37].

4. Timing of Iron Accumulation in Alzheimer’s Disease

Increased iron accumulation can occur across all phases of a disease. Studying iron
accumulation early in the course of disease has the advantage of having fewer and less pro-
nounced associated pathological changes that occur during advanced disease stages (e.g.,
extensive astrocyte gliosis, microgliosis, neurodegeneration, and atrophy) that can make
the interpretation of data more complex. As the disease progresses, the causes accounting
for the accumulation of iron likely change, i.e., as a result of secondary pathological events
such as inflammation and metabolic disturbances. In addition, the roles that different cell
types perform in relation to iron accumulation may also change with the advancement of
disease [31].

Let us examine the development of iron accumulation in Alzheimer’s disease, which
can highlight different underlying mechanisms. Enhanced iron deposition is present in
both Alzheimer’s disease and mild cognitive impairment, which is often considered a
precursor of Alzheimer’s disease [38–41]. In addition, higher R2* values (indicative of
iron accumulation) were observed in the basal ganglia of cognitively normal subjects
with cerebrospinal fluid (CSF) biomarkers of Alzheimer’s disease compared to cognitively
normal subjects without these biomarkers [42]. This presentation during early disease
activity might suggest that iron accumulation occurs prior to neurodegeneration. Indeed,
iron accumulation was observed within neurons, i.e., in association with tangles, in CNS
tissue samples from both patients with Alzheimer’s disease and from patients with mild
cognitive impairment [38,43,44]. Furthermore, as indicated above, many of the changes
at the transcription level favor iron uptake early in the course of disease [5]. However,
besides being a feature of established Alzheimer’s disease, neurodegeneration can occur in
mild cognitive impairment, which can include other neuropathological changes, such as
plaques, tangles, and astrocyte gliosis [45,46]. In addition to accumulating within neurons,
increased levels of iron were observed within astrocytes and plaques in mild cognitive
impairment [38]. As the disease advances, neurons degenerate and iron accumulates within
microglia (discussed below).

5. Inflammation and Iron Accumulation

The mechanisms accounting for iron accumulation occurring early in the disease
course may persist, but as the disease advances, additional processes come into play. Accu-
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mulation of iron within microglia is present late in the disease, but less is known about this
phenomenon in preclinical disease stages [47–49]. Microglia becoming enriched with iron
is possibly due to infiltrating microglia phagocytosing iron-containing debris following
neurodegeneration, which is accompanied by the increased expression of ferritin, and
downregulation of homeostatic markers, as microglia become activated [30,49,50]. In fact,
ferritin accumulates in microglia in Alzheimer’s disease and in its animal models [12–14,51].
Activated, iron-enriched microglia may further pathogenesis, e.g., by iron-mediated oxida-
tive damage or inflammasome activation, particularly in the presence of amyloid β [49].

The blood–brain barrier can become damaged in Alzheimer’s disease, which can
result in extravasation of iron-containing proteins and even some red blood cells [52].
This in turn may activate the innate immune response to potentially limit infection [52].
The sequestration of iron by microglia may function to reduce its availability to bacteria,
and together with microglial activation resulting in the secretion of various mediators,
help to limit infection [9]. Inflammation can also reduce the uptake of iron in the brain,
which may decrease iron availability, or cause cellular mis-localization of iron, such as the
accumulation of iron within mitochondria, triggering iron-related toxicity (e.g., oxidative
tissue damage) [9,10].

It has been proposed that neuronal iron accumulation is increased once microglia
become activated (e.g., due to lipopolysaccharide), and their release of IL-6 stimulates
astrocytes to secrete hepcidin [53] (Figure 1C). Hepcidin then downregulates ferroportin ex-
pression by neurons to reduce iron export resulting in the accumulation of iron in neurons,
which leads to their death via apoptosis [53]. Alternatively, the downregulation of ferro-
portin can be explained as neurons limiting their loss of iron since they are experiencing a
functional iron deficiency [4–6]. Lipopolysaccharide also increased the expression of DMT1
and the acquisition of non-transferrin-bound iron in cultured immortalized microglial
cells, while the anti-inflammatory cytokine IL-4 increased the expression of the transferrin
receptor and the uptake of transferrin-bound iron [26].

In ventral mesencephalic primary neuronal cultures, both IL-1β and TNFα induced
the expression of the transferrin receptor and DMT1, which are involved with iron uptake
and transport, and these cytokines were associated with a greater influx and decreased
efflux of iron [54]. Furthermore, IL-1β and TNFα increased the uptake of iron within
the mitochondria of primary cultured rat astrocytes [55]. In rat primary hippocampal
neuronal cultures, IL-6 and TNFα increased the uptake of iron, and this was associated
with increased expression of DMT1 and decreased expression of ferroportin, which is used
for cellular iron export [56,57]. Similar responses were observed in cortical microglial
cultures; also, hepcidin levels were increased in astrocyte and microglial cultures, which
may facilitate some of these changes that lead to the accumulation of iron [56]. Transferrin
receptor expression and iron uptake were also observed in epiplexus cells of the choroid
plexus following intraperitoneal injections of lipopolysaccharide or interferon γ [58].

In the autoimmune disease multiple sclerosis, or in its animal model experimental
autoimmune encephalomyelitis, numerous cytokines (including IL-1β, IL-6, and TNFα)
are elevated [59,60]. This raises the possibility that these cytokines are influencing the
uptake of iron in this disease by mechanisms similar to those described above [61,62]. Iron
accumulation in CNS structures begins early in the disease course of multiple sclerosis.
For instance, elevated iron levels are present in clinically isolated syndrome, which is
considered a precursor of multiple sclerosis [63,64], and as discussed previously, iron
deposition also occurs early in the course of Alzheimer’s disease, i.e., in mild cognitive
impairment or in subjects with CSF biomarkers of Alzheimer’s disease [38–42]. In both
clinically isolated syndrome and early multiple sclerosis, structural changes to the brain
are due to axonal transection, demyelination, blood–brain barrier disruption, inflammatory
cell infiltrates, etc. [65,66].

Besides inflammation, other mechanisms can contribute to an increased accumulation
of iron in multiple sclerosis, which may have cross-relevance for Alzheimer’s disease. Ax-
onal transection, or loss of neuronal interconnections, can lead to mechanisms accounting
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for iron accumulation (Figure 1D), as discussed below (Section 10. Reduced Connectivity
and Iron Accumulation). In addition, various forms of stress, such as oxidative damage or
inflammation, can cause iron dyshomeostasis and increased uptake of iron by mitochon-
dria [55,67,68]. Demyelination may account for the elevated levels of iron in deep gray
matter structures in multiple sclerosis by increasing the energy demand due to a greater
expenditure needed to pump ions across the axolemma of demyelinated axons, which has
been referred to as virtual hypoxia [62,69,70]. Elevated iron levels are also necessary during
both myelination and remyelination [70–72], and upregulation of the transferrin receptor
and elevated levels of iron observed in the marmoset model of multiple sclerosis have been
postulated to be in support of remyelination efforts [73]. Of note, demyelination and axonal
damage are relevant pathological features of Alzheimer’s disease [74], as are attempts
at remyelination [75,76]: This suggests that some mechanisms of iron accumulation in
multiple sclerosis overlap with those of Alzheimer’s disease.

6. Glutamate and Iron Accumulation

Glutamate excitotoxicity is a pathogenic mechanism of Alzheimer’s disease, particu-
larly as the disease advances [77]. Overactivation of extrasynaptic N-methyl-D-aspartate
(NMDA) receptors favors neuronal death while activation of synaptic NMDA receptors is
important for neuronal survival [77]. In primary cultured neurons, activation of the NMDA
receptors was found to increase the uptake of iron by both transferrin-mediated and non-
transferrin-bound iron pathways [78]. In rat spinal cord explants, glutamate excitotoxicity
(mediated by threohydorxyaspartate) increased expression of the iron transport proteins,
transferrin receptor and DMT1, and increased the accumulation of iron [79]. In PC12 cells,
treatment with glutamate increased the uptake of iron, which was accompanied by an
increase in DMT1 expression, and one day following intracerebroventricular injection of
glutamate in the rat, the iron content of the corpus callosum, hippocampus, and cerebellum
was increased and was associated with an increase in the expression of DMT1 in the latter
two regions, suggesting a non-transferrin-bound iron uptake mechanism [80] (Figure 1E).

Compared to cognitively normal subjects, immunoblotting of the medial temporal
cortex of patients with Alzheimer’s disease revealed increases in the expression of the
cystine/glutamate transporter, ceruloplasmin, ferritin light chain, and ferritin heavy chain,
and trends for decreases of ferroportin and DMT1, but no increase in the amount of
elemental iron [81]. There was also an increase in the glutamate-to-GABA ratio, but this
was mostly driven by a decrease in GABA [81]. In addition, there was a significant positive
correlation of the transferrin receptor with iron levels in patients with Alzheimer’s disease,
but not in cognitively normal individuals [81], possibly indicating a response to sequestered
iron in the former group. Together, these results support the role of glutamate in the uptake
of iron.

7. Insulin Resistance and CNS Iron Accumulation

Iron accumulation in the CNS has been linked with insulin resistance and reduced cog-
nitive performance in obese individuals [82] as well as with diabetes mellitus, aging, and
Alzheimer’s disease [83]. Some have suggested that insulin resistance increases iron levels
in the CNS which then facilitates the development of Alzheimer’s disease [84], while others
have proposed that iron accumulation facilitates insulin resistance and hyperphosphoryla-
tion of tau [85]. In cultured adipose cells, insulin was found to increase transferrin receptor
expression at the cellular surface and increase the uptake of iron [86,87]. Besides affecting
iron uptake, insulin resistance is thought to advance multiple other facets of Alzheimer’s
disease pathogenesis including metabolic and mitochondrial dysfunction [88,89].

In both mild cognitive impairment and Alzheimer’s disease, hypometabolism is seen
in numerous CNS structures [90]. Some CNS regions with hypometabolism in patients with
Alzheimer’s disease also displayed iron accumulation (temporal cortex, parietal cortex,
and hippocampus), but this association was not observed in other structures that displayed
only one of these features, i.e., hypometabolism (precuneus lobe, cingulate gyrus, occipital
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lobe) or iron accumulation (globus pallidus, caudate, putamen) [91]. It has been proposed
that the binding of heme to amyloid β reduces heme’s availability, resulting in diminished
mitochondrial function and compensatory mechanisms, including attempts at upregulation
of heme synthesis and iron accumulation [7]. More work is necessary to establish links
between insulin resistance, hypometabolism, and iron accumulation in Alzheimer’s disease.

8. Cortical vs. Subcortical Iron Accumulation

In conditions thought to lead to Alzheimer’s disease, and in the disease itself, iron
accumulates in both cortical and subcortical regions. For instance, when comparing cogni-
tively normal subjects with or without CSF biomarkers of Alzheimer’s disease, there were
elevated levels of iron (R2* values) in the basal ganglia in the former group [42], and in a
longitudinal cross-sectional study, iron levels (R2* values) in the basal ganglia of patients
with Alzheimer’s disease increased with time [92].

Elevated levels of iron were also observed in cortical regions, e.g., the temporal lobe,
of patients with Alzheimer’s disease and were associated with cognitive decline [92,93].
Furthermore, iron accumulation was modestly correlated with the amount of amyloid β ac-
cumulation in mild cognitive impairment and Alzheimer’s disease [39,93]. Besides amyloid
β, iron accumulation has also been associated with the aggregation of tau and neurodegen-
eration in patients with Alzheimer’s disease, particularly within the inferior temporal gyrus,
as measured by quantitative susceptibility mapping, Tau-PET, and structural MRI [94].

These findings raise the following questions: (1) Are the mechanisms of iron accumu-
lation the same among CNS regions (e.g., cortical vs. deep gray matter structures), are they
different between regions, or is there a mixture of mechanisms? (2) What is the interrelation-
ship of iron accumulation between different cell types? (3) What is the connection between
iron accumulation and neurodegeneration, and other pathological changes (e.g., amyloid β

and tau aggregates); in other words, is the accumulation of iron an effect of other pathologi-
cal changes, or is it the cause, or a mixture of cause and effect? To begin to address these
questions, we can examine the mechanisms of iron accumulation in other neurological
disorders and evaluate whether there are shared processes with Alzheimer’s disease. But
first, let us examine one brain region, the habenula, that may have a particularly relevant
role in iron uptake.

9. The Choroid Plexus, Habenula, and Iron Accumulation

The choroid plexus expresses numerous transcripts and proteins involved with iron
transport, and it has been proposed to have a role in iron uptake followed by iron export
into the ventricular CSF [95–100] (Figure 2A). The delivery of iron into the CSF by the
choroid plexus is supported by its production of ferroportin, transferrin, and ceruloplasmin,
and presumably the secretion of the latter two into the CSF [96–100]. Ferroportin is believed
to export ferrous iron, while ceruloplasmin oxidizes it to the ferric form, which allows it to
bind transferrin [101,102].
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ferrin receptor [104–107], and ferroportin is expressed in high levels within neuronal fibers 
and cell bodies at the medial habenula [99]. These results indicate that there is a lot of iron 
flux in this region [99], and this route could be relevant for iron delivery to subcortical struc-
tures, e.g., the thalamus (Figure 2B). Furthermore, regions with projections to the habenula 
may have elevated iron uptake [104]. Transferrin given via the peripheral blood or via in-
tracerebroventricular injection was detected in the habenula and other regions of the CNS 

Figure 2. The habenula is a putative hub for the uptake of iron from the ventricular CSF and delivery
of iron to subcortical structures (see Section 9). (A) Iron transport at the choroid plexus (brown):
Transferrin (with bound iron), delivered via fenestrated capillaries in the stroma, binds the transferrin
receptor on epithelial cells of the choroid plexus and undergoes clathrin-mediated endocytosis. The
export (yellow arrows) of ferrous iron into CSF of the ventricles (black) is mediated via ferroportin
on epithelial cells. These cells also produce ceruloplasmin and transferrin. Ceruloplasmin converts
ferrous iron to ferric iron, which then binds to transferrin. Note that other proteins involved with
iron transport are also produced by the choroid plexus. (B) At the habenula (blue), the uptake of iron
(yellow arrow) is via transferrin, in the ventricular CSF, binding to the transferrin receptor on habe-
nular cells. Other routes for iron uptake by habenular cells may apply. The habenula exports iron via
ferroportin for delivery to other CNS structures (white arrows), especially those with interconnections
to the habenula. (C) A low-power view of the structures depicted in A and B. Note the choroid plexus
(brown) adjacent to the hippocampus. (D) The pink line indicates the coronal plane of the section.
Bar = ~4.4 mm. Abbreviations: bLV—body of lateral ventricle; CaB—body of caudate; ccbc—body of
corpus callosum, caudal portion; ChoLV—choroid plexus of lateral ventricle; CLI—lateral division of
central lateral nucleus; CMI—lateral division of centromedian nucleus of thalamus; CMm—medial
division of centromedian nucleus of thalamus; fr—fasciculus retroflexus (habenuno-interpeduncular
tract); fvb—blood vessels of forebrain; fx-b—body of the fornix; IG—indusium griseum; LD—lateral
dorsal nucleus of thalamus; LHN—lateral habenular nucleus; MDc—parvocellular (central) division
of MD; MDd—densocellular (paralamellar) division of MD (mediodorsal nucleus of thalamus); MDI—
multiform (lateral) division of MD; MDm—magnocellular (medial) division of MD; MHN—medial
habenular nucleus; 3V—third ventricle; PeVA—periventricular area of thalamus; Pf—parafascicular
nucleus of thalamus; st—stria terminalis; szt—stratum zonale of thalamus; (THM)—thalamus; vip—
velum interpositum; VLCd—dorsal subdivision of VLC (caudal division of ventral lateral nucleus of
thalamus); VMb—basal ventral medial nucleus; VPMpc—parvocellular division of ventral posterior
medial nucleus (VPM). This figure was generated from materials available from the Allen Institute
for Brain Science at Interactive Atlas Viewer: Atlas Viewer (brain-map.org) [103].

The habenula, which is adjacent to the third ventricle, may have a prominent role
in iron uptake from the CSF (Figure 2B). The habenula has a high expression level of the
transferrin receptor [104–107], and ferroportin is expressed in high levels within neuronal
fibers and cell bodies at the medial habenula [99]. These results indicate that there is a lot of
iron flux in this region [99], and this route could be relevant for iron delivery to subcortical
structures, e.g., the thalamus (Figure 2B). Furthermore, regions with projections to the
habenula may have elevated iron uptake [104]. Transferrin given via the peripheral blood
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or via intracerebroventricular injection was detected in the habenula and other regions
of the CNS within hours after injection [108,109]. Besides the choroid plexus-to-CSF-to-
habenula-to-thalamus (or other interrelated subcortical structure, see below) route, other
mechanisms (e.g., uptake of transferrin across capillaries or delivery of transferrin from
oligodendrocytes) are also likely substantially involved in the delivery of iron [106,110].

The habenula is connected with numerous structures, with outputs largely via the
fasciculus retroflexus to the midbrain and inputs via the stria medullaris from the basal gan-
glia and limbic system [111,112]. Interconnected structures include the thalamus, putamen,
head of the caudate, globus pallidus internus, rostromedial tegmental nucleus, posterior
hippocampus, amygdalar nuclei, substantia nigra, interpeduncular nucleus, basal nucleus
of Meynert, dorsal raphe nuclei, septal nuclei, and medial prefrontal cortex [111,112]. Many
of these structures, i.e., those in the basal ganglia, have high levels of iron that tend to
increase with age [113].

Iron levels are also present at relatively high levels in the habenula [114,115], and
iron levels increase in the habenula during depression [116] and inflammation, i.e., in a
cerebral model of experimental autoimmune encephalomyelitis, which is likely tied to the
activation of hypoxia-inducible factor 1 [107,117,118]. Given these findings and the role
of the habenula in iron uptake [106], it raises the prospect that this structure is facilitating
some of the accumulation of iron that is observed in Alzheimer’s disease. Interestingly, in
subjects with frontotemporal dementia, the habenula volume decreased, and in fact, it had
the largest percentage decrease of all regions examined; but, in age-matched patients with
early-onset Alzheimer’s disease, the volume remained unchanged compared to control
subjects [119] suggesting that this putative mechanism for iron uptake can function while
Alzheimer’s disease progresses.

10. Reduced Connectivity and Iron Accumulation

Studying traumatic brain injury may further our understanding of iron accumulation
in Alzheimer’s disease. This may seem counterintuitive (for instance, due to edema and
hemorrhage in the former which might confound the interpretation of iron deposition),
but there are changes downstream from the impact that may overlap with some processes
involved with iron accumulation in Alzheimer’s disease. From an investigative standpoint,
traumatic brain injury has the advantage of having both a known starting point and site of
primary injury, to some degree, which are useful references for subsequent analyses.

In humans with traumatic brain injury, as well as in animal models, impairment can occur
in a range of cortical and subcortical structures, including the thalamus [120–124]. Changes to
the thalamus, secondary to cortical injury, include neurodegeneration, inflammatory events
such as microgliosis and astrocytosis, and iron accumulation [120,121,123,125,126]. Increased
iron deposition in deep gray matter structures, i.e., globus pallidus and thalamus, even
occurs in patients with mild traumatic brain injury (admittedly “mild” is a relative term
since this injury can still cause appreciable changes) [127,128]. The accumulation of iron and
persistence of other pathological changes in the thalamus do not appear to be a consequence
of hemorrhage since there was no evidence of hemorrhage in the thalamus during acute or
post-acute periods [120,121,129].

Within the thalamus, elevated levels of iron may arise from secondary responses
that are multifactorial. These include responding to the loss of interconnections [130–132],
which can affect both retrograde and anterograde communications and trigger both neu-
ronal and glial responses [129,133] including microgliosis, astrocytosis, and neuronal
changes (e.g., autophagy) that extend to neurodegeneration [120,121,123,134]. Changes
within thalamic neurons are numerous and include reduced nuclear volume, decreased
nuclear NeuN staining, shrunken size, swollen neuritic processes, increased expression
of amyloid precursor protein within axons, loss of staining for MAP-2, Nissl dissolution,
swollen or fragmented mitochondria, electron-dense structures, silver-stained damaged
neuritic processes, etc. [129,133,135,136]. Furthermore, profiles of metabolites indicating
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alterations to energy metabolism and excitatory neurotransmission were observed in the
thalamus following fluid percussion brain injury [137].

Some neurons will survive following the loss of interconnections, e.g., in the thalamus,
due to traumatic brain injury [129,136], while others will undergo neurodegeneration that
can extend over time, i.e., as a post-acute process [120,121,138,139]. If thalamic neurons
survive the loss of interconnection with cortical structures, then they could be attempting to
retain and increase their iron levels to accommodate an upregulation of metabolic changes
in response to the injury. Reduced trophic support can follow the loss of interconnections
and would cause cellular stress, e.g., mitochondrial impairment [140], which may trigger
cells to respond by increasing iron uptake [62].

It is worth considering alterations to iron homeostatic processes within surviving
neurons or within neurons that are undergoing changes that eventually lead to neurode-
generation. Unfortunately, there is insufficient data on the expression of proteins involved
in iron homeostatic processes in the thalamus after traumatic brain injury. However, in
the ipsilateral cortex of mice, traumatic brain injury led to iron accumulation, an increased
expression of transferrin receptor (used for iron uptake), and decreased expression of
ferroportin (used for iron export) one day after injury [141]. Similar responses for trans-
ferrin receptor 1 and ferroportin were seen in the rat cortex and hippocampus at 7 days
post-injury [142], and transferrin expression was elevated in a coronal section of the brain,
4 mm thick, at 28 days [143]. In mice with traumatic brain injury, the expression of trans-
ferrin receptor 1, detected by immunofluorescence, was significantly elevated at 12 and
24 h, but not at 48 and 72 h, in neurons of the ipsilateral cortex [144]. Immunoblotting of
the cortex at 12 h confirmed the elevation of transferrin receptor 1 and also showed an
elevation of transferrin [144,145]. Although the timing can vary somewhat, the responses
are occurring relatively close to the moment of primary injury, i.e., impact. In comparison,
it is relevant to recognize that the development of pathology and the loss of substantial
numbers of interconnections likely will occur more gradually in Alzheimer’s disease [146].
Since responses related to iron uptake take place over time in Alzheimer’s disease, only a
relatively limited number of cells may be responding at a given point in time, e.g., at the
time of tissue collection, and thus, may not be readily detected by immunoblotting or even
immunofluorescence.

Following brain injury in mice, ceruloplasmin levels increased in the ipsilateral hemi-
sphere at 6 and 24 h post-injury [147]. Ceruloplasmin is expressed by astrocytes [148],
which is thought to work with transferrin to promote iron uptake [27]. Consistent with
this view, ceruloplasmin-deficient mice had a decrease in total iron levels in the cortex
and striatum [149]. In contrast, the absence of ceruloplasmin was thought to lead to iron
accumulation in neurons following head injury [147], but it is possible that this latter study
was detecting a redistribution of stainable iron, e.g., due to increased autophagy [150].

Following axotomy of the sciatic nerve in rats, increased levels of transferrin receptor
were observed in Schwann cells, macrophages, and in regenerating neurites reaching
a peak by 4 days after injury and declining thereafter [151]. The level of iron uptake
was also dramatically increased following injury, which peaked at 3 days after injury,
with the accumulated iron predominately at the crush injury site, and uptake declining
thereafter [151]. Iron is used in support of the proliferation and maturation of Schwann
cells, and iron uptake is required for myelination [152,153].

In a transgenic mouse model of amyotrophic lateral sclerosis, both transferrin receptor
and iron levels were increased in the spinal cord compared to wild-type mice [154]. Simi-
larly, in regenerating rat motor neurons, both transferrin receptor levels and iron uptake
were increased [155]. Besides iron uptake via the transferrin receptor, transferrin can be
taken up by terminals of motor neurons in a nonspecific manner after an intramuscular
injection; the neurons then transport it retrogradely to the soma [156]. Intramuscular injec-
tions of iron and ferritin preparations were also found to undergo uptake and transport by
associated nerves and elevated levels of iron persisted in Schwann cells [157].
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Increased iron accumulation following traumatic brain injury was also associated
with increased activity by the mitochondrial calcium uniporter [141]. The link between
iron and the mitochondrial calcium uniporter may be relevant in other neurodegenerative
conditions, including Alzheimer’s disease [158–160]. Intermittent theta burst stimulation,
which may improve cognition in Alzheimer’s disease, was shown in APP/PS1 mice to
increase the expression of iron–sulfur cluster assembly 1, which is needed for proper
mitochondrial respiration [161].

Besides being present following traumatic brain injury [120,121,162,163], thalamic
atrophy is present in Alzheimer’s disease [164], and impaired thalamic interconnections
have been observed in both mild cognitive impairment and Alzheimer’s disease [165].
Furthermore, impaired functional connections, e.g., default mode network and executive
function, are altered following both traumatic brain injury and early stages of Alzheimer’s
disease [163,166,167]. Inflammation is also widespread in Alzheimer’s disease, including
within the thalamus [168]. Inflammation (e.g., microgliosis) together with atrophy has also
been seen in mouse models of Alzheimer’s disease [11,169]. Given that both Alzheimer’s
disease and traumatic brain injury cause the loss of interconnection and inflammation in
the thalamus, it is likely that some processes accounting for iron uptake in this structure
are similar between these conditions. But as stated previously, the responses tied to iron
uptake in Alzheimer’s disease would likely be operating at a lower and more sustained
level compared to that following the sudden impact of traumatic brain injury, although
associated post-acute changes would occur more slowly.

11. Conclusions

Iron has an essential role in numerous biochemical reactions, and cells have integrated
processes designed to meet their requirements for iron [170]. The total level of iron within
a tissue, however, does not necessarily reflect the amount of iron that is available for
use [4,6]. This can potentially occur during normal aging [4], which results in an increase
of iron within the brain [171]. In a disease state, where iron accumulates beyond that
observed due to normal aging, the accumulated iron can become trapped within the
lysosome, bound to protein aggregates, sequestered within microglia, etc., resulting in a
functional deficiency of iron [4,6]. When iron is unavailable, cells can respond by increasing
iron import and decreasing its export [4,6]. If the sequestered iron is combined with the
extra iron needed to make up for a functional deficiency, then the total level of iron can
increase while the amount of available iron for use is unchanged or decreases depending
on whether compensatory mechanisms are sufficient [4,6]. Thus, a functional deficiency of
iron is not mutually exclusive with iron accumulation [4,6]. Iron levels can also increase
if metabolic processes are upregulated, thereby increasing the requirements for iron, or
during inflammatory processes when iron is sequestered.

Although the mechanisms that have been discussed that are purported to lead to iron
accumulation in Alzheimer’s disease are supported by a variety of scientific findings, the
evidence for their relative contributions, and how they might change during the course of
the disease, is limited. This limitation highlights the need for further studies, particularly
those during the early stages of the disease. Iron deposition has been proposed to be a
biomarker of disease activity in a variety of neurological disorders, including Alzheimer’s
disease [42,172–174]. However, as the disease develops, the rate of iron accumulation
may reflect the dynamics of various pathological features and change accordingly [4]. For
instance, the accumulation of iron early in the disease course could be a response to a
functional deficiency of iron, while its persistence in more advanced stages of disease, e.g.,
following neurodegeneration and atrophy, could represent its redistribution, at least in
part, to microglia and astrocytes.

As iron builds up during a disease state, a question naturally arises: Is the accu-
mulated iron deleterious? Although iron can catalyze damaging oxidative reactions, its
sequestration, e.g., by amyloid or tau, may serve a protective function by limiting these
reactions [175,176]. Other defense mechanisms, e.g., antioxidants and related enzymes,
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can also limit the damaging effects of iron-catalyzed reactions. However, if these get
overwhelmed or depleted, then the accumulated iron has the potential to facilitate tissue
damage [177].

In summary, pathological events in Alzheimer’s disease cause the sequestration of iron,
and/or an elevated requirement for iron, leading to a perceived deficiency that triggers an
increased uptake and retention of iron resulting in a net increase in accumulated iron.

Funding: No external funding was received for this project.

Acknowledgments: I thank Brian Egan, Biomedical Writer in the Senior Associate Dean’s Office of
Research, School of Medicine, University of Kansas Medical Center, for editorial assistance. Figure 2
was generated from materials available from the Allen Institute for Brain Science at Interactive Atlas
Viewer: Atlas Viewer (brain-map.org) [103].

Conflicts of Interest: The author declares no conflict of interest.

References
1. Ravanfar, P.; Loi, S.M.; Syeda, W.T.; Van Rheenen, T.E.; Bush, A.I.; Desmond, P.; Cropley, V.L.; Lane, D.J.R.; Opazo, C.M.;

Moffat, B.A.; et al. Systematic Review: Quantitative Susceptibility Mapping (QSM) of Brain Iron Profile in Neurodegenerative
Diseases. Front. Neurosci. 2021, 15, 618435. [CrossRef]

2. Dusek, P.; Hofer, T.; Alexander, J.; Roos, P.M.; Aaseth, J.O. Cerebral Iron Deposition in Neurodegeneration. Biomolecules 2022,
12, 714. [CrossRef] [PubMed]

3. Tena-Morraja, P.; Riqué-Pujol, G.; Müller-Sánchez, C.; Reina, M.; Martínez-Estrada, O.M.; Soriano, F.X. Synaptic Activity Regulates
Mitochondrial Iron Metabolism to Enhance Neuronal Bioenergetics. Int. J. Mol. Sci. 2023, 24, 922. [CrossRef]

4. LeVine, S.M. The Azalea Hypothesis of Alzheimer Disease: A Functional Iron Deficiency Promotes Neurodegeneration. Neurosci-
entist 2023, 10738584231191743. [CrossRef] [PubMed]

5. LeVine, S.M.; Tsau, S.; Gunewardena, S. Exploring Whether Iron Sequestration within the CNS of Patients with Alzheimer’s
Disease Causes a Functional Iron Deficiency That Advances Neurodegeneration. Brain Sci. 2023, 13, 511. [CrossRef]

6. LeVine, S.M. Examining the Role of a Functional Deficiency of Iron in Lysosomal Storage Disorders with Translational Relevance
to Alzheimer’s Disease. Cells 2023, 12, 2641. [CrossRef] [PubMed]

7. Atamna, H.; Frey, W.H., 2nd. Mechanisms of mitochondrial dysfunction and energy deficiency in Alzheimer’s disease. Mitochon-
drion 2007, 7, 297–310. [CrossRef] [PubMed]

8. Yambire, K.F.; Rostosky, C.; Watanabe, T.; Pacheu-Grau, D.; Torres-Odio, S.; Sanchez-Guerrero, A.; Senderovich, O.; Meyron-Holtz,
E.G.; Milosevic, I.; Frahm, J.; et al. Impaired lysosomal acidification triggers iron deficiency and inflammation in vivo. eLife 2019,
8, e51031. [CrossRef]

9. Sfera, A.; Gradini, R.; Cummings, M.; Diaz, E.; Price, A.I.; Osorio, C. Rusty Microglia: Trainers of Innate Immunity in Alzheimer’s
Disease. Front. Neurol. 2018, 9, 1062. [CrossRef]

10. Urrutia, P.J.; Bórquez, D.A.; Núñez, M.T. Inflaming the Brain with Iron. Antioxidants 2021, 10, 61. [CrossRef]
11. Rejc, L.; Gómez-Vallejo, V.; Joya, A.; Arsequell, G.; Egimendia, A.; Castellnou, P.; Ríos-Anglada, X.; Cossío, U.; Baz, Z.;

Iglesias, L.; et al. Longitudinal evaluation of neuroinflammation and oxidative stress in a mouse model of Alzheimer disease
using positron emission tomography. Alzheimers Res. Ther. 2022, 14, 80. [CrossRef]

12. 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]

13. Lopes, K.O.; Sparks, D.L.; Streit, W.J. Microglial dystrophy in the aged and Alzheimer’s disease brain is associated with ferritin
immunoreactivity. Glia 2008, 56, 1048–1060. [CrossRef] [PubMed]

14. Fernández, T.; Martínez-Serrano, A.; Cussó, L.; Desco, M.; Ramos-Gómez, M. Functionalization and Characterization of Magnetic
Nanoparticles for the Detection of Ferritin Accumulation in Alzheimer’s Disease. ACS Chem. Neurosci. 2018, 9, 912–924. [CrossRef]
[PubMed]

15. Lee, J.H.; Yu, W.H.; Kumar, A.; Lee, S.; Mohan, P.S.; Peterhoff, C.M.; Wolfe, D.M.; Martinez-Vicente, M.; Massey, A.C.;
Sovak, G.; et al. Lysosomal proteolysis and autophagy require presenilin 1 and are disrupted by Alzheimer-related PS1 mutations.
Cell 2010, 141, 1146–1158. [CrossRef]

16. Lee, J.H.; McBrayer, M.K.; Wolfe, D.M.; Haslett, L.J.; Kumar, A.; Sato, Y.; Lie, P.P.; Mohan, P.; Coffey, E.E.; Kompella, U.; et al.
Presenilin 1 Maintains Lysosomal Ca2+ Homeostasis via TRPML1 by Regulating vATPase-Mediated Lysosome Acidification. Cell
Rep. 2015, 12, 1430–1444. [CrossRef] [PubMed]

17. Jiang, Y.; Sato, Y.; Im, E.; Berg, M.; Bordi, M.; Darji, S.; Kumar, A.; Mohan, P.S.; Bandyopadhyay, U.; Diaz, A.; et al. Lysosomal
Dysfunction in Down Syndrome Is APP-Dependent and Mediated by APP-βCTF (C99). J. Neurosci. 2019, 39, 5255–5268. [CrossRef]
[PubMed]

brain-map.org
https://doi.org/10.3389/fnins.2021.618435
https://doi.org/10.3390/biom12050714
https://www.ncbi.nlm.nih.gov/pubmed/35625641
https://doi.org/10.3390/ijms24020922
https://doi.org/10.1177/10738584231191743
https://www.ncbi.nlm.nih.gov/pubmed/37599439
https://doi.org/10.3390/brainsci13030511
https://doi.org/10.3390/cells12222641
https://www.ncbi.nlm.nih.gov/pubmed/37998376
https://doi.org/10.1016/j.mito.2007.06.001
https://www.ncbi.nlm.nih.gov/pubmed/17625988
https://doi.org/10.7554/eLife.51031
https://doi.org/10.3389/fneur.2018.01062
https://doi.org/10.3390/antiox10010061
https://doi.org/10.1186/s13195-022-01016-5
https://doi.org/10.1007/BF00334497
https://doi.org/10.1002/glia.20678
https://www.ncbi.nlm.nih.gov/pubmed/18442088
https://doi.org/10.1021/acschemneuro.7b00260
https://www.ncbi.nlm.nih.gov/pubmed/29298040
https://doi.org/10.1016/j.cell.2010.05.008
https://doi.org/10.1016/j.celrep.2015.07.050
https://www.ncbi.nlm.nih.gov/pubmed/26299959
https://doi.org/10.1523/JNEUROSCI.0578-19.2019
https://www.ncbi.nlm.nih.gov/pubmed/31043483


Cells 2024, 13, 689 13 of 19

18. Weber, R.A.; Yen, F.S.; Nicholson, S.P.V.; Alwaseem, H.; Bayraktar, E.C.; Alam, M.; Timson, R.C.; La, K.; Abu-Remaileh, M.;
Molina, H.; et al. Maintaining Iron Homeostasis Is the Key Role of Lysosomal Acidity for Cell Proliferation. Mol. Cell 2020, 77,
645–655.e7. [CrossRef]

19. Im, E.; Jiang, Y.; Stavrides, P.H.; Darji, S.; Erdjument-Bromage, H.; Neubert, T.A.; Choi, J.Y.; Wegiel, J.; Lee, J.H.; Nixon, R.A. Lyso-
somal dysfunction in Down syndrome and Alzheimer mouse models is caused by v-ATPase inhibition by Tyr682-phosphorylated
APP βCTF. Sci. Adv. 2023, 9, eadg1925. [CrossRef]

20. Prasad, H.; Rao, R. Amyloid clearance defect in ApoE4 astrocytes is reversed by epigenetic correction of endosomal pH. Proc.
Natl. Acad. Sci. USA 2018, 115, E6640–E6649. [CrossRef]

21. Tamagno, E.; Parola, M.; Bardini, P.; Piccini, A.; Borghi, R.; Guglielmotto, M.; Santoro, G.; Davit, A.; Danni, O.; Smith, M.A.; et al.
Beta-site APP cleaving enzyme up-regulation induced by 4-hydroxynonenal is mediated by stress-activated protein kinases
pathways. J. Neurochem. 2005, 92, 628–636. [CrossRef]

22. Ohta, K.; Mizuno, A.; Li, S.; Itoh, M.; Ueda, M.; Ohta, E.; Hida, Y.; Wang, M.X.; Furoi, M.; Tsuzuki, Y.; et al. Endoplasmic reticulum
stress enhances γ-secretase activity. Biochem. Biophys. Res. Commun. 2011, 416, 362–366. [CrossRef] [PubMed]

23. Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595–608. [CrossRef]
[PubMed]

24. Yoon, S.S.; Jo, S.A. Mechanisms of Amyloid-β Peptide Clearance: Potential Therapeutic Targets for Alzheimer’s Disease. Biomol.
Ther. 2012, 20, 245–255. [CrossRef]

25. Baringer, S.L.; Lukacher, A.S.; Palsa, K.; Kim, H.; Lippmann, E.S.; Spiegelman, V.S.; Simpson, I.A.; Connor, J.R. Amyloid-β exposed
astrocytes induce iron transport from endothelial cells at the blood-brain barrier by altering the ratio of apo- and holo-transferrin.
J. Neurochem. 2023, 167, 248–261. [CrossRef]

26. McCarthy, R.C.; Sosa, J.C.; Gardeck, A.M.; Baez, A.S.; Lee, C.H.; Wessling-Resnick, M. Inflammation-induced iron transport and
metabolism by brain microglia. J. Biol. Chem. 2018, 293, 7853–7863. [CrossRef]

27. Qian, Z.M.; Ke, Y. Rethinking the role of ceruloplasmin in brain iron metabolism. Brain Res. Rev. 2001, 35, 287–294. [CrossRef]
28. Bai, B.; Vanderwall, D.; Li, Y.; Wang, X.; Poudel, S.; Wang, H.; Dey, K.K.; Chen, P.C.; Yang, K.; Peng, J. Proteomic landscape of

Alzheimer’s Disease: Novel insights into pathogenesis and biomarker discovery. Mol. Neurodegener. 2021, 16, 55. [CrossRef]
29. Jeong, S.Y.; David, S. Age-related changes in iron homeostasis and cell death in the cerebellum of ceruloplasmin-deficient mice.

J. Neurosci. 2006, 26, 9810–9819. [CrossRef] [PubMed]
30. Rouault, T.A. Iron metabolism in the CNS: Implications for neurodegenerative diseases. Nat. Rev. Neurosci. 2013, 14, 551–564.

[CrossRef]
31. Miyajima, H. Aceruloplasminemia. Neuropathology 2015, 35, 83–90. [CrossRef] [PubMed]
32. Hin, N.; Newman, M.; Pederson, S.; Lardelli, M. Iron Responsive Element-Mediated Responses to Iron Dyshomeostasis in

Alzheimer’s Disease. J. Alzheimers Dis. 2021, 84, 1597–1630. [CrossRef] [PubMed]
33. Bai, X.; Wang, B.; Cui, Y.; Tian, S.; Zhang, Y.; You, L.; Chang, Y.Z.; Gao, G. Hepcidin deficiency impairs hippocampal neurogenesis

and mediates brain atrophy and memory decline in mice. J. Neuroinflamm. 2024, 21, 15. [CrossRef] [PubMed]
34. McCarthy, R.C.; Kosman, D.J. Glial cell ceruloplasmin and hepcidin differentially regulate iron efflux from brain microvascular

endothelial cells. PLoS ONE 2014, 9, e89003. [CrossRef] [PubMed]
35. Raha, A.A.; Vaishnav, R.A.; Friedland, R.P.; Bomford, A.; Raha-Chowdhury, R. The systemic iron-regulatory proteins hepcidin

and ferroportin are reduced in the brain in Alzheimer’s disease. Acta Neuropathol. Commun. 2013, 1, 55. [CrossRef] [PubMed]
36. Dong, X.-H.; Gao, W.-J.; Shao, T.-M.; Xie, H.-L.; Bai, J.-T.; Zhao, J.-Y.; Chai, X.-Q. Age-related changes of brain iron load changes in

the frontal cortex in APPswe/PS1∆E9 transgenic mouse model of Alzheimer’s disease. J. Trace Elem. Med. Biol. 2015, 30, 118–123.
[CrossRef]

37. 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]

38. Smith, M.A.; Zhu, X.; Tabaton, M.; Liu, G.; 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. Alzheimers Dis. 2010,
19, 363–372. [CrossRef] [PubMed]

39. van Bergen, J.M.; Li, X.; Hua, J.; Schreiner, S.J.; Steininger, S.C.; Quevenco, F.C.; Wyss, M.; Gietl, A.F.; Treyer, V.; Leh, S.E.; et al.
Colocalization of cerebral iron with Amyloid beta in Mild Cognitive Impairment. Sci. Rep. 2016, 6, 35514. [CrossRef]

40. Kim, H.G.; Park, S.; Rhee, H.Y.; Lee, K.M.; Ryu, C.W.; Rhee, S.J.; Lee, S.Y.; Wang, Y.; Jahng, G.H. Quantitative susceptibility
mapping to evaluate the early stage of Alzheimer’s disease. Neuroimage Clin. 2017, 16, 429–438. [CrossRef]

41. Kim, H.W.; Lee, S.; Yang, J.H.; Moon, Y.; Lee, J.; Moon, W.J. Cortical Iron Accumulation as an Imaging Marker for Neurodegen-
eration in Clinical Cognitive Impairment Spectrum: A Quantitative Susceptibility Mapping Study. Korean J. Radiol. 2023, 24,
1131–1141. [CrossRef]

42. Lin, Q.; Shahid, S.; Hone-Blanchet, A.; Huang, S.; Wu, J.; Bisht, A.; Loring, D.; Goldstein, F.; Levey, A.; Crosson, B.; et al. Magnetic
resonance evidence of increased iron content in subcortical brain regions in asymptomatic Alzheimer’s disease. Hum. Brain Mapp.
2023, 44, 3072–3083. [CrossRef] [PubMed]

43. Smith, M.A.; Harris, P.L.; 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]

https://doi.org/10.1016/j.molcel.2020.01.003
https://doi.org/10.1126/sciadv.adg1925
https://doi.org/10.1073/pnas.1801612115
https://doi.org/10.1111/j.1471-4159.2004.02895.x
https://doi.org/10.1016/j.bbrc.2011.11.042
https://www.ncbi.nlm.nih.gov/pubmed/22115781
https://doi.org/10.15252/emmm.201606210
https://www.ncbi.nlm.nih.gov/pubmed/27025652
https://doi.org/10.4062/biomolther.2012.20.3.245
https://doi.org/10.1111/jnc.15954
https://doi.org/10.1074/jbc.RA118.001949
https://doi.org/10.1016/S0165-0173(01)00056-X
https://doi.org/10.1186/s13024-021-00474-z
https://doi.org/10.1523/JNEUROSCI.2922-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/16988052
https://doi.org/10.1038/nrn3453
https://doi.org/10.1111/neup.12149
https://www.ncbi.nlm.nih.gov/pubmed/25168455
https://doi.org/10.3233/JAD-210200
https://www.ncbi.nlm.nih.gov/pubmed/34719489
https://doi.org/10.1186/s12974-023-03008-0
https://www.ncbi.nlm.nih.gov/pubmed/38195497
https://doi.org/10.1371/journal.pone.0089003
https://www.ncbi.nlm.nih.gov/pubmed/24533165
https://doi.org/10.1186/2051-5960-1-55
https://www.ncbi.nlm.nih.gov/pubmed/24252754
https://doi.org/10.1016/j.jtemb.2014.11.009
https://doi.org/10.1038/s41418-020-00685-9
https://www.ncbi.nlm.nih.gov/pubmed/33398092
https://doi.org/10.3233/JAD-2010-1239
https://www.ncbi.nlm.nih.gov/pubmed/20061651
https://doi.org/10.1038/srep35514
https://doi.org/10.1016/j.nicl.2017.08.019
https://doi.org/10.3348/kjr.2023.0490
https://doi.org/10.1002/hbm.26263
https://www.ncbi.nlm.nih.gov/pubmed/36929676
https://doi.org/10.1073/pnas.94.18.9866


Cells 2024, 13, 689 14 of 19

44. van Duijn, S.; Bulk, M.; van Duinen, S.G.; Nabuurs, R.J.A.; van Buchem, M.A.; van der Weerd, L.; Natté, R. Cortical Iron Reflects
Severity of Alzheimer’s Disease. J. Alzheimers Dis. 2017, 60, 1533–1545. [CrossRef] [PubMed]

45. Schipper, H.M.; Bennett, D.A.; Liberman, A.; Bienias, J.L.; Schneider, J.A.; Kelly, J.; Arvanitakis, Z. Glial heme oxygenase-1
expression in Alzheimer disease and mild cognitive impairment. Neurobiol. Aging 2006, 27, 252–261. [CrossRef]

46. Mufson, E.J.; Binder, L.; Counts, S.E.; DeKosky, S.T.; de Toledo-Morrell, L.; Ginsberg, S.D.; Ikonomovic, M.D.; Perez, S.E.;
Scheff, S.W. Mild cognitive impairment: Pathology and mechanisms. Acta Neuropathol. 2012, 123, 13–30. [CrossRef] [PubMed]

47. Zeineh, M.M.; Chen, Y.; Kitzler, H.H.; Hammond, R.; Vogel, H.; Rutt, B.K. Activated iron-containing microglia in the human
hippocampus identified by magnetic resonance imaging in Alzheimer disease. Neurobiol. Aging 2015, 36, 2483–2500. [CrossRef]
[PubMed]

48. Bulk, M.; Abdelmoula, W.M.; Nabuurs, R.J.A.; van der Graaf, L.M.; Mulders, C.W.H.; Mulder, A.A.; Jost, C.R.; Koster, A.J.; van
Buchem, M.A.; Natté, R.; et al. Postmortem MRI and histology demonstrate differential iron accumulation and cortical myelin
organization in early- and late-onset Alzheimer’s disease. Neurobiol. Aging 2018, 62, 231–242. [CrossRef]

49. Kenkhuis, B.; Somarakis, A.; de Haan, L.; Dzyubachyk, O.; IJsselsteijn, M.E.; de Miranda, N.F.C.C.; Lelieveldt, B.P.F.; Dijkstra, J.;
van Roon-Mom, W.M.C.; Höllt, T.; et al. Iron loading is a prominent feature of activated microglia in Alzheimer’s disease patients.
Acta Neuropathol. Commun. 2021, 9, 27. [CrossRef] [PubMed]

50. Kaneko, Y.; Kitamoto, T.; Tateishi, J.; Yamaguchi, K. Ferritin immunohistochemistry as a marker for microglia. Acta Neuropathol.
1989, 79, 129–136. [CrossRef]

51. Meadowcroft, M.D.; Connor, J.R.; Yang, Q.X. Cortical iron regulation and inflammatory response in Alzheimer’s disease and
APPSWE/PS1∆E9 mice: A histological perspective. Front. Neurosci. 2015, 9, 255. [CrossRef] [PubMed]

52. Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative
disorders. Nat. Rev. Neurol. 2018, 14, 133–150. [CrossRef] [PubMed]

53. You, L.H.; Yan, C.Z.; Zheng, B.J.; Ci, Y.Z.; Chang, S.Y.; Yu, P.; Gao, G.F.; Li, H.Y.; Dong, T.Y.; Chang, Y.Z. Astrocyte hepcidin is a
key factor in LPS-induced neuronal apoptosis. Cell Death Dis. 2017, 8, e2676. [CrossRef]

54. Wang, J.; Song, N.; Jiang, H.; Wang, J.; Xie, J. Pro-inflammatory cytokines modulate iron regulatory protein 1 expression and iron
transportation through reactive oxygen/nitrogen species production in ventral mesencephalic neurons. Biochim. Biophys. Acta
2013, 1832, 618–625. [CrossRef] [PubMed]

55. Mehindate, K.; Sahlas, D.J.; Frankel, D.; Mawal, Y.; Liberman, A.; Corcos, J.; Dion, S.; Schipper, H.M. Proinflammatory cytokines
promote glial heme oxygenase-1 expression and mitochondrial iron deposition: Implications for multiple sclerosis. J. Neurochem.
2001, 77, 1386–1395. [CrossRef] [PubMed]

56. Urrutia, P.; Aguirre, P.; Esparza, A.; Tapia, V.; Mena, N.P.; Arredondo, M.; González-Billault, C.; Núñez, M.T. Inflammation alters
the expression of DMT1, FPN1 and hepcidin, and it causes iron accumulation in central nervous system cells. J. Neurochem. 2013,
126, 541–549. [CrossRef]

57. Urrutia, P.J.; Mena, N.P.; Núñez, M.T. The interplay between iron accumulation, mitochondrial dysfunction, and inflammation
during the execution step of neurodegenerative disorders. Front. Pharmacol. 2014, 5, 38. [CrossRef] [PubMed]

58. Lu, J.; Kaur, C.; Ling, E.A. Expression and upregulation of transferrin receptors and iron uptake in the epiplexus cells of different
aged rats injected with lipopolysaccharide and interferon-gamma. J. Anat. 1995, 187 Pt 3, 603–611. [PubMed]

59. Göbel, K.; Ruck, T.; Meuth, S.G. Cytokine signaling in multiple sclerosis: Lost in translation. Mult. Scler. 2018, 24, 432–439.
[CrossRef]

60. Olcum, M.; Tastan, B.; Kiser, C.; Genc, S.; Genc, K. Microglial NLRP3 inflammasome activation in multiple sclerosis. Adv. Protein
Chem. Struct. Biol. 2020, 119, 247–308. [CrossRef]

61. Williams, R.; Rohr, A.M.; Wang, W.T.; Choi, I.Y.; Lee, P.; Berman, N.E.; Lynch, S.G.; LeVine, S.M. Iron deposition is independent of
cellular inflammation in a cerebral model of multiple sclerosis. BMC Neurosci. 2011, 12, 59. [CrossRef] [PubMed]

62. Williams, R.; Buchheit, C.L.; Berman, N.E.; LeVine, S.M. Pathogenic implications of iron accumulation in multiple sclerosis.
J. Neurochem. 2012, 120, 7–25. [CrossRef] [PubMed]

63. Al-Radaideh, A.M.; Wharton, S.J.; Lim, S.Y.; Tench, C.R.; Morgan, P.S.; Bowtell, R.W.; Constantinescu, C.S.; Gowland, P.A.
Increased iron accumulation occurs in the earliest stages of demyelinating disease: An ultra-high field susceptibility mapping
study in Clinically Isolated Syndrome. Mult. Scler. 2013, 19, 896–903. [CrossRef] [PubMed]

64. LeVine, S.M.; Bilgen, M.; Lynch, S.G. Iron accumulation in multiple sclerosis: An early pathogenic event. Expert Rev. Neurother.
2013, 13, 247–250. [CrossRef] [PubMed]

65. Kuhlmann, T.; Lingfeld, G.; Bitsch, A.; Schuchardt, J.; Brück, W. Acute axonal damage in multiple sclerosis is most extensive in
early disease stages and decreases over time. Brain 2002, 125 Pt 10, 2202–2212. [CrossRef] [PubMed]

66. Brownlee, W.J.; Miller, D.H. Clinically isolated syndromes and the relationship to multiple sclerosis. J. Clin. Neurosci. 2014, 21,
2065–2071. [CrossRef] [PubMed]

67. Mallikarjun, V.; Sriram, A.; Scialo, F.; Sanz, A. The interplay between mitochondrial protein and iron homeostasis and its possible
role in ageing. Exp. Gerontol. 2014, 56, 123–134. [CrossRef] [PubMed]

68. Gao, J.; Zhou, Q.; Wu, D.; Chen, L. Mitochondrial iron metabolism and its role in diseases. Clin. Chim. Acta 2021, 513, 6–12.
[CrossRef]

69. Campbell, G.R.; Mahad, D.J. Mitochondrial changes associated with demyelination: Consequences for axonal integrity. Mitochon-
drion 2012, 12, 173–179. [CrossRef] [PubMed]

https://doi.org/10.3233/JAD-161143
https://www.ncbi.nlm.nih.gov/pubmed/29081415
https://doi.org/10.1016/j.neurobiolaging.2005.01.016
https://doi.org/10.1007/s00401-011-0884-1
https://www.ncbi.nlm.nih.gov/pubmed/22101321
https://doi.org/10.1016/j.neurobiolaging.2015.05.022
https://www.ncbi.nlm.nih.gov/pubmed/26190634
https://doi.org/10.1016/j.neurobiolaging.2017.10.017
https://doi.org/10.1186/s40478-021-01126-5
https://www.ncbi.nlm.nih.gov/pubmed/33597025
https://doi.org/10.1007/BF00294369
https://doi.org/10.3389/fnins.2015.00255
https://www.ncbi.nlm.nih.gov/pubmed/26257600
https://doi.org/10.1038/nrneurol.2017.188
https://www.ncbi.nlm.nih.gov/pubmed/29377008
https://doi.org/10.1038/cddis.2017.93
https://doi.org/10.1016/j.bbadis.2013.01.021
https://www.ncbi.nlm.nih.gov/pubmed/23376588
https://doi.org/10.1046/j.1471-4159.2001.00354.x
https://www.ncbi.nlm.nih.gov/pubmed/11389189
https://doi.org/10.1111/jnc.12244
https://doi.org/10.3389/fphar.2014.00038
https://www.ncbi.nlm.nih.gov/pubmed/24653700
https://www.ncbi.nlm.nih.gov/pubmed/8586559
https://doi.org/10.1177/1352458518763094
https://doi.org/10.1016/bs.apcsb.2019.08.007
https://doi.org/10.1186/1471-2202-12-59
https://www.ncbi.nlm.nih.gov/pubmed/21699685
https://doi.org/10.1111/j.1471-4159.2011.07536.x
https://www.ncbi.nlm.nih.gov/pubmed/22004421
https://doi.org/10.1177/1352458512465135
https://www.ncbi.nlm.nih.gov/pubmed/23139386
https://doi.org/10.1586/ern.13.14
https://www.ncbi.nlm.nih.gov/pubmed/23448214
https://doi.org/10.1093/brain/awf235
https://www.ncbi.nlm.nih.gov/pubmed/12244078
https://doi.org/10.1016/j.jocn.2014.02.026
https://www.ncbi.nlm.nih.gov/pubmed/25027666
https://doi.org/10.1016/j.exger.2013.12.015
https://www.ncbi.nlm.nih.gov/pubmed/24394155
https://doi.org/10.1016/j.cca.2020.12.005
https://doi.org/10.1016/j.mito.2011.03.007
https://www.ncbi.nlm.nih.gov/pubmed/21406249


Cells 2024, 13, 689 15 of 19

70. Heidker, R.M.; Emerson, M.R.; LeVine, S.M. Intersections of pathways involving biotin and iron relative to therapeutic mechanisms
for progressive multiple sclerosis. Discov. Med. 2016, 22, 381–387.

71. Todorich, B.; Pasquini, J.M.; Garcia, C.I.; Paez, P.M.; Connor, J.R. Oligodendrocytes and myelination: The role of iron. Glia 2009,
57, 467–478. [CrossRef]

72. Stephenson, E.; Nathoo, N.; Mahjoub, Y.; Dunn, J.F.; Yong, V.W. Iron in multiple sclerosis: Roles in neurodegeneration and repair.
Nat. Rev. Neurol. 2014, 10, 459–468. [CrossRef]

73. Lee, N.J.; Ha, S.K.; Sati, P.; Absinta, M.; Nair, G.; Luciano, N.J.; Leibovitch, E.C.; Yen, C.C.; Rouault, T.A.; Silva, A.C.; et al. Potential
role of iron in repair of inflammatory demyelinating lesions. J. Clin. Investig. 2019, 129, 4365–4376. [CrossRef]

74. Nasrabady, S.E.; Rizvi, B.; Goldman, J.E.; Brickman, A.M. White matter changes in Alzheimer’s disease: A focus on myelin and
oligodendrocytes. Acta Neuropathol. Commun. 2018, 6, 22. [CrossRef]

75. Bartzokis, G. Alzheimer’s disease as homeostatic responses to age-related myelin breakdown. Neurobiol. Aging 2011, 32, 1341–1371.
[CrossRef]

76. Hirschfeld, L.R.; Risacher, S.L.; Nho, K.; Saykin, A.J. Myelin repair in Alzheimer’s disease: A review of biological pathways and
potential therapeutics. Transl. Neurodegener. 2022, 11, 47. [CrossRef]

77. Wang, R.; Reddy, P.H. Role of Glutamate and NMDA Receptors in Alzheimer’s Disease. J. Alzheimers Dis. 2017, 57, 1041–1048.
[CrossRef]

78. Cheah, J.H.; Kim, S.F.; Hester, L.D.; Clancy, K.W.; Patterson, S.E., 3rd; Papadopoulos, V.; Snyder, S.H. NMDA receptor-nitric oxide
transmission mediates neuronal iron homeostasis via the GTPase Dexras1. Neuron 2006, 51, 431–440. [CrossRef]

79. Yu, J.; Guo, Y.; Sun, M.; Li, B.; Zhang, Y.; Li, C. Iron is a potential key mediator of glutamate excitotoxicity in spinal cord motor
neurons. Brain Res. 2009, 1257, 102–107. [CrossRef]

80. Yu, P.; Zhang, M.; Ding, H.; Di, X.; Guan, P.; Wang, S.; Shi, Z.; Jiang, D.; Duan, X. Effect of glutamate on brain iron metabolism and
the regulation mechanism. J. Drug Metab. Toxicol. 2015, 6, 2.

81. Ashraf, A.; Jeandriens, J.; Parkes, H.G.; So, P.W. Iron dyshomeostasis, lipid peroxidation and perturbed expression of cys-
tine/glutamate antiporter in Alzheimer’s disease: Evidence of ferroptosis. Redox Biol. 2020, 32, 101494. [CrossRef]

82. Blasco, G.; Puig, J.; Daunis-I-Estadella, J.; Molina, X.; Xifra, G.; Fernández-Aranda, F.; Pedraza, S.; Ricart, W.; Portero-Otín, M.;
Fernández-Real, J.M. Brain iron overload, insulin resistance, and cognitive performance in obese subjects: A preliminary MRI
case-control study. Diabetes Care 2014, 37, 3076–3083. [CrossRef]

83. Yang, J.; Lee, S.; Moon, Y.; Lee, J.; Moon, W.J. Relationship Between Cortical Iron and Diabetes Mellitus in Older Adults With
Cognitive Complaints: A Quantitative Susceptibility Map Study. Investig. Magn. Reson. Imaging 2023, 27, 84–92. [CrossRef]

84. Grünblatt, E.; Bartl, J.; Riederer, P. The link between iron, metabolic syndrome, and Alzheimer’s disease. J. Neural Transm. 2011,
118, 371–379. [CrossRef]

85. Wan, W.; Cao, L.; Kalionis, B.; Murthi, P.; Xia, S.; Guan, Y. Iron Deposition Leads to Hyperphosphorylation of Tau and Disruption
of Insulin Signaling. Front. Neurol. 2019, 10, 607. [CrossRef]

86. Davis, R.J.; Corvera, S.; Czech, M.P. Insulin stimulates cellular iron uptake and causes the redistribution of intracellular transferrin
receptors to the plasma membrane. J. Biol. Chem. 1986, 261, 8708–8711. [CrossRef]

87. Tanner, L.I.; Lienhard, G.E. Insulin elicits a redistribution of transferrin receptors in 3T3-L1 adipocytes through an increase in the
rate constant for receptor externalization. J. Biol. Chem. 1987, 262, 8975–8980. [CrossRef]

88. de la Monte, S.M.; Tong, M. Brain metabolic dysfunction at the core of Alzheimer’s disease. Biochem. Pharmacol. 2014, 88, 548–559.
[CrossRef]
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