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1 | INTRODUCTION

No disease modifying drugs have been approved for Alzheimer's disease despite
recent major investments by industry and governments throughout the world. The
burden of Alzheimer's disease is becoming increasingly unsustainable, and given the
last decade of clinical trial failures, a renewed understanding of the disease mecha-
nism is called for, and trialling of new therapeutic approaches to slow disease progres-
sion is warranted. Here, we review the evidence and rational for targeting brain iron in
Alzheimer's disease. Although iron elevation in Alzheimer's disease was reported in
the 1950s, renewed interest has been stimulated by the advancement of fluid and
imaging biomarkers of brain iron that predict disease progression, and the recent dis-
covery of the iron-dependent cell death pathway termed ferroptosis. We review
these emerging clinical and biochemical findings and propose how this pathway may
be targeted therapeutically to slow Alzheimer's disease progression.
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which causes toxicity by inducing a cascade of changes in the brain.

However, despite massive public and private investment, and scores

A major health care problem worldwide is that current treatments for
neurodegenerative diseases such as Alzheimer's disease (AD) are lim-
ited to symptomatic benefit, and there are no drugs that affect the
underlying disease process. In recent years, there has been a major push
by industry and governments throughout the world to develop new dis-
ease modifying drugs for AD. Drug development for AD has largely
been directed at the amyloid-B (AB) peptide, owing to the dominant
hypothesis of the field that posits AR as the principal driver of disease,

Abbreviations: ACSL4, acyl-CoA synthase 4; AD, Alzheimer's disease; APOE,
apolipoprotein E; APP, amyloid precursor protein; AB, B-amyloid plaque; BBB,
blood brain barrier; CDKS5, cyclin dependent kinase 5; GPx4, glutathione
peroxidase 4; GSK, glycogen synthase kinase; MCI, mild cognitive impairment;
NAC, n-acetylcysteine; PUFA, polyunsaturated fatty acids; QSM, quantitative
susceptibility mapping

of large-scale trials, there has yet to be a disease modifying drug
approved for AD. Indeed, after another recent setback, an editorial from
the New England Journal of Medicine (Murphy, 2018) concluded that

We may very well be nearing the end of the amyloid-
hypothesis rope, at which point one or two more

failures will cause us to loosen our grip and let go.
And that
... the field is clearly in need of innovative ideas.

Here, we outline the landscape of AD as a backdrop for considering
the potential for iron to contribute to disease pathogenesis. Although
the connection between iron and AD is not new, indeed it was first
described in 1953 by Goodman, there have been several recent
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advances that have stimulated renewed interest in this topic. The
development of fluid and imaging biomarkers for brain iron have pro-
vided a new insight into the role of iron in the clinical progression of
AD. Additionally, the recent discovery of the iron-dependent cell
death process termed ferroptosis has introduced a new framework
to understand mechanistically how iron could drive neurodegenera-
tion in this disease. We review these emerging topics with the view
to describing how this pathway could be targeted with drugs to
achieve a disease modifying benefit for patients.

2 | CANONICAL AD PATHOLOGY

Research into the pathogenesis of AD has focused on abnormal and
abundant proteinaceous deposits of extracellular AR plaques and
intracellular neurofibrillary tangles. AB is considered a parent pathol-
ogy of tangles in AD because tangles are observed in the absence of
AB in several neurodegenerative diseases including progressive
supranuclear palsy, whereas AB plaque, once thought to be an
AD-specific pathology and now increasingly observed in a range of
neurodegenerative diseases, is always accompanied by the presence of
tangles at the symptomatic stage of the disease (Robinson et al., 2018).

Plague deposition occurs slowly and insidiously in AD. AR
deposits occur over approximately a 30-year window in the presymp-
tomatic phase of the disease (Villemagne et al., 2013), resulting in a
large number of community dwelling asymptomatic people with accu-
mulating amyloid burden, indeed approximately 30% of cognitively
normal individuals over the age of 65 have above-threshold amyloid
deposition in their brain identified by PET imaging (Villemagne et al.,
2013). Individuals with elevated AB deposition and cognitive perfor-
mance in the normal range go on to develop cognitive decline and pro-
gression towards dementia, but at a rate that is variable between
subjects (Lim et al., 2014).

Neurofibrillary  tangles, which predominantly consist of
phosphorated tau protein, deposit in the brain in a pattern more con-
sistent, both temporally and spatially, with neurodegeneration in AD.
Whereas AR deposition begins 30 years prior to disease, tangles
develop approximately 5 years before diagnosis, which accompanies
preclinical hippocampal volume loss (Jack et al., 2013). The extent
of tangle burden is more closely associated with cognitive decline
than that of the extent of AR burden (Nelson et al., 2012). This
reflects what occurs at the anatomical level, whereas AB pathology
begins in precuneus and frontal cortical structures before spreading
inward over time, tangle pathology begins in the entorhinal and hip-
pocampus regions before extending to neocortical structures later in
the disease—a pattern that is more consistent with the neurodegen-
eration in AD (Braak & Braak, 1991). Indeed, AB plaques only develop
in the hippocampus very late in the disease despite this area being
among the first and most affected brain structures of AD. If AB is
the major instigator of AD pathogenesis, it is unclear why the pathol-
ogy of AD is not generally observed in the major area affected in the

disease.
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3 | CLINICAL TRIAL SETBACKS FOR DRUGS
THAT TARGET AB

AB has been the most pursued drug target for AD; however, after now
scores of clinical trials, a drug has not yet been identified that convinc-
ingly slows disease progression or modifies the course of the disease.
The first approach to remove amyloid was active immunotherapy,
using AN-1792. Immunization against Ap prevented and rescued the
AD behavioural and pathological phenotypes of an AD mouse model
(Schenk et al., 1999), which led to future clinical development. In
extended analysis of the Phase | clinical trial of AN-1792 that exam-
ined the brain of treated patients at autopsy, in the treatment group
plague was reduced or completely removed, but the cognitive presen-
tation during life was not different between the groups (Holmes et al.,
2008). The development of AN-1792 was haltered when, in a Phase 2
trial of mild to moderate AD, 6% of patients reported severe side
effects including four with aseptic meningoencephalitis (Hock et al.,
2003). In that Phase 2 trial, subjects that responded to immunization
had improved cognition and attenuated brain volume loss compared
with placebo patients (Vellas et al., 2009). ACC-001 was subsequently
tested in clinical trials; however, this was suspended in 2008 due to
the development of vasculitis in a single patient, and exploratory anal-
ysis showed no beneficial effect of the vaccine (Pasquier et al., 2016).
Passive immunotherapy for AB has been a more favoured
approach, with several antibodies having now undergone advanced
testing in multiple Phase 3 studies. Solanezumab and bapineuzumab
were the two earliest passive immunotherapy drugs and have
progressed furthest in clinical development. Solanezumab was shown
to increase A4, in CSF (indicating target engagement) in Phase 2 clin-
ical trials, but this was not accompanied by improvement in cognition
(Farlow et al., 2012). In two Phase 3 trials, solanezumab had no overall
benefit to cognition; however, secondary analysis of a subgroup of
mild AD patients that were pooled from both trials revealed a slowing
of decline associated with treatment (Doody et al., 2014). This
prompted a further Phase 3 trial of mild AD cases, where the drug
had no impact on disease progression (Honig et al., 2018).
Bapineuzumab was also an antibody approach that proved effec-
tive in lowering AB burden in two Phase 2 studies (Rinne et al., 2010),
and, although it had no overall effect on cognition, there appeared to
be a treatment effect in people who did not express the APOE €4 risk
allele (Salloway et al., 2009). On the basis of this, four Phase 3 trials com-
menced; two of the completed trials failed to show a clinical improve-
ment, and the other trials were discontinued (Salloway et al., 2014).
Despite these setbacks of the immunotherapy front-runners,
there are several more antibodies that have been tested or are still
currently being tested. Ponezumab targets the C-terminus of AB4o
but a Phase 2 trial showed that ponezumab had no effect on cognition
(Landen et al., 2017) and the development of ponezumab was
discontinued. Gantenerumab, another AR immunotherapy, showed
evidence of target engagement in a Phase 3 study, but an interim futil-
ity analysis halted the study early because of lack of clinical efficacy
(Ostrowitzki et al., 2017). Crenezumab (Cummings et al., 2018) and
aducanumab (Sevigny et al., 2016) are two additional antibodies that
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have shown target engagement in early studies and are currently
undergoing testing in larger clinical trials.

In addition to immunization approaches, small molecules that aim
to inhibit the possessing of the amyloid precursor protein (APP) into
the AB species have also been developed. AB is generated by the pro-
teolytic processing by B-secretase and y-secretase. The y-secretase
inhibitor, semagacestat, was shown to reduce AB in a Phase 2 trial
(Fleisher et al., 2008); however, the Phase 3 trial was halted when
an interim analysis revealed that the drug worsened cognition and
increased the incidence of skin cancer (Doody et al., 2013). The
increased risk of cancer may relate to notch protein, a tumour sup-
pressor and also a substrate for y-secretase. This prompted the devel-
opment of y-secretase inhibitors that were selective for APP over
notch, such as avagacestat. Clinical trials of avagacestat were aban-
doned because of poor tolerability, including gastrointestinal and der-
matological adverse events, and worsening of cognition in mild to
moderate AD patients (Coric et al., 2012). The y-secretase modulator,
tarenflurbil, was subsequently developed, and in a Phase 2 study of
people with mild to moderate AD, there was no overall effect on cog-
nition; however, secondary analysis revealed that mild AD subjects on
a higher dose appeared to have a small benefit to cognitive perfor-
mance (Wilcock et al., 2008). This lead to a Phase 3 study; however,
no clinical benefit was observed, and further development of this drug
was abandoned (Green et al., 2009).

Inhibitors of B-secretase have more recently undergone develop-
ment. Verubecestat, a potent B-secretase inhibitor, was the front-
runner and has undergone the most advanced testing. The drug
reduced AB concentration in plasma, CSF, and brain in animal models
of AD and also lowered CSF AB in AD patients (Kennedy et al.,
2016). However, a Phase 3 clinical trial showed no benefit to cognition
despite lowering amyloid load (Egan et al., 2018). Several other B-
secretase inhibitors are currently in clinical trials, such as elebecestat,
CNP520, and LY3202626, or abandoned because of toxicity or lack
of efficacy, such as atabecestat and lanabecestat.

4 | COPATHOLOGIES OF AD—
ALTERNATIVE DRUG TARGETS?

There have now been multiple large-scale clinical trials using different
strategies that lower AB but have not been effective in slowing clinical
disease progression. There are multiple reasons why this could be the
case: that the drugs were treated too late in the disease, that AB does
not contribute to disease progression, or that other pathologies also
contribute to disease progression. In additional to the canonical plaque
and tangle pathology, it is increasingly recognized that AD often pre-
sents with protein pathology characteristic of other neurodegenerative
diseases. Indeed, the a-synuclein containing Lewy body—most com-
monly associated with Parkinson's disease, can be found in 30-50%
of Alzheimer's cases (Robinson et al., 2018). Similarly, cytosolic deposi-
tion of transactive response DNA-binding protein of 43 kDa (TDP-43),
most commonly associated with amyotrophic lateral sclerosis and

frontotemporal dementia, is present in 20% to 30% of AD patients.

Iron is also found to be elevated in AD. Although this was an early
identified pathology, first described in 1953 (Goodman, 1953), the con-
tribution of iron to disease progression has only recently been demon-
strated. The potential for iron to contribute to neurodegeneration in
AD is demonstrated by the class of diseases termed neurodegeneration
with brain iron accumulation (NBIA), where excess brain iron caused by
genetic mutations is the principal driver of disease (Schneider et al.,
2013). If iron can cause neurodegeneration in NBIA, then it is plausible
that iron elevation in AD could also contribute to disease progression in
AD. Here, we will review the literature describing the iron changes in
AD brain, how this occurs, to what degree iron impacts on disease pro-
gression, by what mechanisms iron could drive neurodegeneration,

and, importantly, how iron can be therapeutically targeted.

5 | IRON PATHOLOGY IN AD

Iron is the most abundant transition metal in the brain and is utilized
for neurotransmitter synthesis (such as 5-HT, noradrenaline and
dopamine), myelin production, and neuron development among many
other cellular functions. Iron levels in the brain accumulate with age
(Aquino et al., 2009), which may engender risk of disease. In AD, cor-
tical iron levels are elevated beyond the already high levels that occur
during age, as measured by various methods in post-mortem tissue
(Andrasi, Farkas, Scheibler, Reffy, & Bezur, 1995; Bulk et al., 2017;
Bulk et al., 2018; Collingwood et al., 2005; Connor, Menzies, St
Martin, & Mufson, 1992; De Reuck et al., 2014; Duce et al., 2010;
Galazka-Friedman et al, 2011; Goodman, 1953; Hallgren &
Sourander, 1960; Smith et al., 2010; Smith, Harris, Sayre, & Perry,
1997; van Duijn et al., 2017).

The amount of iron (Bulk et al., 2018) and ferritin (the major iron-
binding protein of the cell; Kwiatek-Majkusiak et al., 2015) in brain tis-
sue is associated with the extent of amyloid deposition. As well as
being elevated in neuronal tissue, iron is enriched in the amyloid
plaque itself (Meadowcroft, Peters, Dewal, Connor, & Yang, 2014),
where the iron is observed to be found in a mineralized magnetite spe-
cies in humans and mice models (Ayton, James, & Bush, 2017; Everett
et al., 2018; Plascencia-Villa et al., 2016; Telling et al., 2017). Magne-
tite is not a normal feature of brain tissue, so it is likely that this iron
species was deposited by an abnormal pathological process. Possibly,
AB itself could drive the mineralization of iron, because iron-mineral
nanoparticles can be induced in vitro using the AB peptide (Tahirbegi,
Pardo, Alvira, Mir, & Samitier, 2016).

Advancements in MRI imaging have allowed for new imaging
sequences that are sensitive to iron to detect iron levels in living
patients. Similar to the post-mortem findings, MRI measures of iron
have been shown to be elevated in living people with clinical AD
(Acosta-Cabronero et al., 2013; Ayton, Fazlollahi, et al., 2017; Hwang
et al,, 2016; Luo et al., 2013; Qin et al., 2011; Raven, Lu, Tishler,
Heydari, & Bartzokis, 2013; Rodrigue, Daugherty, Haacke, & Raz,
2013; van Rooden et al., 2014) and associated with the extent of
plaque pathology as measured by PET AB imaging (Ayton, Fazlollahi,
et al., 2017; Tiepolt et al., 2018; van Bergen et al., 2016; van Bergen
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et al., 2018; Zhao et al., 2017). Therefore, iron has been shown to be
enriched in AD brains and directly associated with amyloid plaque

both in vivo and ex vivo.

6 | MECHANISMS OF IRON ELEVATION IN
AD

How does brain iron increase in AD? It is unlikely that iron is ele-
vated due to factors that affect body iron load such as diet, or
peripheral disorders of iron metabolism such as haemochromatosis,
because the blood brain barrier (BBB) causes a dissociation between
brain and peripheral pools of iron leading to a poor relationship
between iron in the body and iron in the brain (Ayton, Faux, et al.,
2015; Pirpamer et al., 2016). Although it has been reported that
blood biomarkers of iron during midlife are inversely proportional to
later life cognitive performance (Andreeva et al., 2013), this associa-
tion has not yet been directly linked with the development of AD.
It is also not yet established whether iron changes in AD are a con-
tributing factor or consequence of other disease processes such as

vascular changes and neuroinflammation.

6.1 | Vascular pathology in AD

Vascular risk factors and vascular disease are strongly linked with AD
pathogenesis; 80% of AD patients have vascular pathology and 32%
of AD patients suffer from cerebrovascular disease at death (Toledo
et al., 2013). Vascular lesions result in microbleeds that deposit iron
in the brain—indeed the MRI method for detecting microbleeds takes

FIGURE 1 The neuronal iron pathway in
health and AD. In health, iron is imported by
the transferrin receptor (TfR) and divalent
metal iron transporter 1 (DMT1) endocytic
pathway. The transferrin protein binds two
iron atoms (holo-TF) and this is endocytosed
into the cell via TfR1, and the iron is released
into the cytosol for use by the cell. Excess iron
is exported via ferroportin, which uses the
ferroxidase, ceruloplasmin to oxidize the iron
for transferrin loading. APP acts to stabilize
the surface presentation of ferroportin to
facilitate iron export. Tau protein supports the
trafficking of APP to the cell surface. In AD,
tau is phosphorylated and aggregated, leading
to less tau to function to facilitate APP
transport to the surface where it acts to
promote ferroportin-mediated iron efflux,
leading to intraneuronal iron accumulation
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advantage of the paramagnetic properties of iron containing hemosid-
erin to detect the lesion (Liu et al., 2012). It is possible that accumulat-
ing vascular burden leads to iron deposition in AD.

6.2 | Neuroinflammation

The AD brain is characterized by activated microglia and evidence of
neuroinflammation (Heneka, Carson, et al., 2015). Inflammation is a
condition that can markedly alter iron homeostasis. Inflammation sig-
nals to the cell to take up and retain iron so that pathogens lack
access to iron for their growth (Wessling-Resnick, 2010). Iron eleva-
tion in AD could therefore lie downstream of neuroinflammation in
AD. But the inappropriate sequestration of iron in a situation with-
out an infection but where the neuroinflammatory apparatus is acti-
vated could lead to secondary iron toxicity that propels the

neurodegenerative process.

6.3 | Iron and AD biochemistry

The neuronal iron pathway has been reviewed extensively previously
(Figure 1; Ayton, Lei, & Bush, 2013); here, we focus on how the major
proteins involved in AD: tau, the APP (which is cleaved to generate
AB), and apolipoprotein E (APOE) have recently been shown to impact
on brain iron homeostasis. Altered metabolism of this pathway may
therefore contribute to iron elevation in AD. For example, tau knock-
out mice were shown to induce age-dependent iron accumulation that
resulted in neurodegeneration accompanying cognitive and motor

impairment that can be rescued by iron chelation (Lei et al., 2012;
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Lei et al., 2014; Lei et al., 2015; Lei et al.,, 2016; Tuo et al., 2017).
Intoxication of pathogenic species of AB in mice also resulted in tau-
dependent iron elevation (Li et al., 2015).

Loss of tau was shown to prevent the presentation of APP at the
cell surface (Lei et al., 2012), where it can act to stabilize the presen-
tation of ferroprotein and promote iron export from the cell (Duce
et al., 2010; McCarthy, Park, & Kosman, 2014; Wong et al., 2014).
Loss of APP in mice similarly results in iron elevation and neurodegen-
eration associated with age and other co-morbidities, which can be
rescued by iron chelators (Ayton et al., 2014; Ayton, Lei, et al., 2015;
Belaidi et al., 2018).

APOE has also recently been linked to brain iron homeostasis.
APOE is a lipoprotein that exists in three variants within the commu-
nity: €2, €3, and €4. APOE €4 carriers are at increased risk for AD and
these subjects were also shown to have elevated ferritin (major iron-
binding protein and reporter of brain iron load) in their CSF (Ayton,
Faux, et al., 2015). CSF APOE levels were also shown to be highly cor-
related with CSF ferritin levels, but the fact that ferritin levels varied
according to APOE genotype suggests that APOE was driving changes
iniron, and not the reverse. In agreement with these data, the €4 allele
was shown in people with mild cognitive impairment (MCI) to predict
elevated iron as measured by MRI (van Bergen et al., 2016)

6.4 | Iron and cognitive decline in AD

Collectively, the above findings describe how iron might be elevated in
AD, but just because something is changed in the disease, it does not
mean that this is a contributing factor to the disease. The establish-
ment of fluid and imaging reporters of brain iron has opened a new
window into the role of iron in disease pathogenesis and has also
introduced new biomarkers into the diagnostic toolbox for AD. Bio-
markers for amyloid, either using PET or CSF, represent the most
advanced diagnostics for AD. Amyloid biomarkers have been used to
demonstrate preclinical disease activity occurring in ~30% of people
aged over 65 (Villemagne et al., 2013). So, although the role of AB in
contributing to disease pathogenesis is unclear, the utility of Ap-based
biomarkers is not disputed. It is clear that AR pathology defines the
disease, but it is unclear whether the protein deposition contributes
to the disease. People who are cognitively normal, yet positive for
AB pathology, are at increased risk of cognitive decline and progres-
sion towards AD, but variability in rates of decline between people
precludes biomarkers for AB being used in clinical settings to predict
cognitive decline in the near term (Lim et al., 2014). The field therefore
requires prognostic biomarkers that predict decline upon pathology,
and there has been recent progress to achieve this using a biomarker
of iron.

As previously described, the development of MRI sequences sen-
sitive to iron levels, and in particular quantitative susceptibility map-
ping (QSM), has afforded the opportunity to investigate whether
iron is associated with disease progression and whether iron bio-
markers might have utility in prognostication for AD. Higher QSM

values, particularly in the hippocampus, are associated with

accelerated cognitive decline over 6 years in people with PET-
confirmed AR pathology, and along the clinical severity spectrum of
AD (Ayton, Fazlollahi, et al., 2017). In cross-sectional analysis, the
severity of cognitive impairment in people with a clinical diagnosis of
AD was associated with QSM (Du et al., 2018), and T,* cortical phase
shifts (also sensitive to tissue iron) was associated with cognitive per-
formance in people with subjective memory complaints (van Rooden
et al., 2016) and people with AD (Luo et al., 2013).

Similar to the imaging biomarkers for iron, CSF ferritin is a fluid
biomarker for brain iron that also demonstrated prognostic utility for
AD. Ferritin is the major iron-binding protein of the body, and serum
ferritin has been used routinely as biomarker of body iron stores for
decades. CSF is poorly correlated with serum ferritin, revealing a dis-
connect between brain and body stores of iron (Ayton, Faux, et al.,
2015). Unlike the affected cortical brain regions in AD, CSF ferritin is
not elevated in AD (Ayton, Faux, et al., 2015). This is likely because
CSF ferritin represents iron values in the whole brain, not just the cor-
tical regions affected by AD. But those people who have generally
high brain iron load reflected by CSF ferritin have worse cognitive per-
formance throughout the clinical spectrum of AD (Ayton, Faux, et al.,
2015). Intriguingly, CSF ferritin levels were shown to be elevated in
people carrying the €4 risk allele of APOE, and CSF ferritin levels were
strongly associated with future cognitive loss over 7 years in people
carrying the €4 allele but who were cognitively normal at the begin-
ning of the study (Ayton, Faux, & Bush, 2017).

The fact that brain iron level predicts risk of decline possibly sug-
gests that iron is a mediating factor in the pathogenesis of AD. The
reverse could also be true—iron could be elevated as an epiphenome-
non in people who are at risk of cognitive decline. This
correlation/causation question may be resolved by a clinical trial of
an iron lowering drug, to see if lowering iron impacts on disease pro-
gression. However, preclinical and clinical findings, reviewed below,
have also demonstrated potential mechanisms for how iron could con-
tribute to neurodegeneration in AD that may position iron is a delete-
rious agent in the AD brain.

7 | MECHANISMS OF IRON IN THE
PATHOGENESIS OF AD

As previously described, iron deposition within plaques hints at a role of
iron in plaque genesis and/or propagation. These ex vivo data are sup-
ported by in vitro findings demonstrating that iron can accelerate the
aggregation of the AB peptide (Huang et al., 1999; Liu et al., 2011;
Mantyh et al., 1993; Ott, Dziadulewicz, & Crowther, 2015), which is
prevented by iron chelation (Huang et al., 2004). Iron therefore has
the ability to cause AB aggregation, and the fact that iron is enriched
in plagues provides the “smoking gun” evidence that iron is involved
in plaque genesis. In vivo evidence that iron might be contributing to
plague deposition is obtained from biomarker studies. Elevated plasma
ferritin is associated with PET amyloid load (Goozee et al., 2017), and

CSF ferritin has been shown to predict longitudinal loss of AB4, levels
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in CSF (which report elevated amyloid plaque due to sequestration of
free AB into the protopathic deposit; Ayton, Diouf, & Bush, 2018).

Ferric iron (Fe®*)-stimulated aggregation of AB causes the reduc-
tion of the iron to the ferrous species Fe?* (redox-active form), thus
propagating a continued source of ROS (Everett et al., 2014), which
may contribute to the neurotoxicity of AB. Iron binding to Hisé,
His13, and His14 of AB is suggested to mediate the redox activity of
the iron-A interaction (Nakamura et al., 2007). Iron aggregated AB
is toxic to cultured neurons (Liu et al., 2011; Schubert & Chevion,
1995) possibly by inducing oxidative stress (Rival et al., 2009).

Iron may also increase the production of AB by stimulating
expression of its parent protein, APP, and altering its processing.
APP has a 5°"UTR iron responsive element that suppresses translation
of the protein in low iron conditions (Rogers et al., 2002). High iron
conditions has been shown to accelerate degeneration in a mouse
model of AD (Becerril-Ortega, Bordji, Freret, Rush, & Buisson, 2014).

Iron also colocalizes with tau-containing neurofibrillary tangles in
post-mortem cases with AD and NBIA (Smith et al., 1997; Tofaris,
Revesz, Jacques, Papacostas, & Chataway, 2007), possibly suggesting
that iron may bind to tau and affect its toxic potential. Iron has been
shown to induce the aggregation of tau (Yamamoto et al., 2002), and
neurofibrillary tangles enriched with iron may act as a source of oxida-
tive stress (Sayre et al., 2000; Smith et al., 1997).

Iron has also been shown to enhance hyperphosphorylation of tau
by stimulating the cyclin dependent kinase 5 (CDK5) complex and
glycogen synthase kinase (GSK)-3B kinase activity and diminish the
activity of protein phosphatase 2A, the major tau phosphatase in the
cells (Jin Jung et al., 2013; Xie et al., 2012). Indeed, deferoxamine
treatment in an AD mouse model supressed iron-induced tau
hyperphosphorylation through inhibition of CDK5 and GSK3 activity
(Guo et al., 2013).

Iron could also contribute to AD pathogenesis by directly causing
oxidative stress. Iron is able to cycle between ferrous (Fe?*) and ferric
(Fe®*) states within biology. The cell makes use of this chemistry for
many redox reactions; however, this same chemistry can allow for del-
eterious oxidative stress. Ferrous iron catalyses the formation of
hydroxyl radicals (OH*®), an especially potent ROS, from physiologically
available hydrogen peroxide. Neurodegeneration in AD may also be
the cause of the newly described cell death process, ferroptosis.

8 | FERROPTOSIS

Ferroptosis is a type of regulated necrosis that was first described in
2012 as an iron-dependent cell death that is genetically, biochemically,
and morphologically distinguishable from other types of programmed
cell death (Dixon et al., 2012). Iron-induced lipid peroxidation causes
catastrophic membrane rupture resulting in ferroptotic cell death
unless this is controlled by glutathione peroxidase 4 (GPx4)—the mas-
ter regulator of ferroptosis. GPx4 is a lipid repair enzyme that is
uniqgue among the glutathione peroxidase family because it is the only
enzyme that is able to detoxify lipid hydroperoxides directly in mem-

branes. GPx4 uses GSH as a cofactor, and therefore, GSH availability
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is required for the activity of the protein. The rate liming factor of
GSH synthesis is cysteine levels within the cell. Cysteine is an amino
acid that may be taken up by the cell in an oxidized form called cystine
by the glutamate/cystine antiporter, system xCT. Within the cell, cys-
tine is reduced to cysteine by cystathionine B-synthase, and cysteine
is available for GSH synthesis. Inhibition of system xCT and cystine
uptake using the small molecule erastin was the first induction mech-
anism of ferroptosis to be demonstrated, which results in GSH deple-
tion and GPx4 inactivation, and accumulating lipid peroxidation (Dixon
et al., 2012).

Particular membrane lipids are oxidized during ferroptosis. Poly-
unsaturated fatty acids (PUFA) specifically containing arachidonic
acid or adrenic acid undergo esterification with CoA by acyl-CoA
synthase 4 (ACSL4) to form phosphatidylethanolamine (Doll et al.,
2017). Membrane phosphatidylethanolamines are vulnerable to per-
oxidation by specific iron-dependent lipoxygenases (Yang et al,
2016): 5-LOX (ALOX5), 125-LOX (ALOX12), 12R-LOX (ALOX12B),
15-LOX1 (ALOX15), 15-LOX-2 (ALOX15B), and E-LOX (ALOXES3).
This vulnerability is by design, to allow for regulated cell death by
ferroptosis.

Iron is a rate-limiting substrate for lipid peroxidation by
lipoxygenases, but labile iron within the cell also causes lipid peroxida-
tion. Iron chelation can completely inhibit ferroptotic cell death,
whereas elevation of iron increases vulnerability to ferroptosis (Dixon
et al., 2012). During ferroptosis, the activation of “ferritinophagy,” the
cellular process that degrades iron-containing cytosolic ferritin in lyso-
somes to release “labile” iron into the cell, provides the fuel for
ferroptosis. Ferritinophagy is the normal process by which the cell
releases iron from ferritin when iron is required to be used for various
cell functions. However, ferritinophagy is activated during cysteine
deficiency induced ferroptosis despite iron levels being in the normal
range. The release of iron from ferritin propergates the ferroptosis
signal. Inhibition of autophagy protects against ferroptosis by lowering
the amount of iron release by ferritin that can oxidize lipids (Gao et al.,
2016; Hou et al., 2016). Therefore, and importantly, ferroptosis is
inducible by the iron that resides within the cell—ferroptosis does
not require the toxic application of iron. In other words, ferroptosis
does not describe the cell death process that occurs when iron is in
poisonous excess; rather, it describes the process by which the cell
recruits its iron to kill itself. A cell with more iron will have increased
susceptibility to ferroptosis, but a cell need not have iron in excess
to die by ferroptosis.

Therefore, if ferroptosis were occurring in AD, we may not
expect to see every person exhibiting iron elevation; however, we
should expect to see that people with elevated iron have a faster
disease trajectory. Indeed, this is what is observed with the iron-
related biomarkers (Ayton, Faux, et al.,, 2015; Ayton, Faux, & Bush,
2017; Ayton, Fazlollahi, et al., 2017). Iron biomarkers thus are not
suitable to determine whether ferroptosis is occurring, even if they
do predict susceptibility towards ferroptosis. As yet, there are no
biomarkers that can detect ferroptosis in humans, but there a num-
ber of lines of evidence to support a role for ferroptosis in AD

neurodegeneration.
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Brain GSH levels can be measured in living patients using mag-
netic resonance spectroscopy, which may represent one biomarker
of ferroptotic stress. Magnetic resonance spectroscopy has been used
to demonstrate decreased GSH levels in AD patients (Mandal,
Saharan, Tripathi, & Murari, 2015). GSH has also been shown to be
associated with amyloid load in cognitively normal older adults (Chiang
et al,, 2017).

Lipid peroxides, the toxic species of ferroptosis, has been shown
to be elevated in AD brain (Bradley, Markesbery, & Lovell, 2010;
Hajimohammadreza & Brammer, 1990; Markesbery, Kryscio, Lovell,
& Morrow, 2005; Montine et al., 2001; Reed et al., 2008; Williams,
Lynn, Markesbery, & Lovell, 2006), and increased levels of serum oxi-
dative stress markers and shortfalls in serum antioxidants are also
observed in the blood of MCI and AD subjects (Schrag et al., 2013).
In a longitudinal study examining lipid peroxidation levels and cogni-
tive performance in MCI patients, decreased lipid antioxidants were
shown to be associated with accelerated cognitive decline (Baldeiras
et al., 2010). AD mouse models, supplemented with arachidonic acid
(the major lipid substrate for ferroptosis), have been shown to be more
prone to oxidation in the hippocampus compared with wild type mice
(Furman et al., 2016). Additionally, elevated levels of acrolein-
conjugated protein in AD patients' plasma is negatively correlated with
their cognitive performance in Mini-Mental State Examination and

clinical dementia rating (Tsou et al., 2018).

9 | THERAPEUTICALLY TARGETING IRON
AND FERROPTOSIS IN AD

The ferroptosis pathway can be targeted at multiple levels. Increasing
cystine or GSH levels will promote GPx4 activity; this can be achieved
using n-acetylcysteine (NAC), a cystine precursor. The expression of
GPx4 can also be increased by elevating selenium levels. This will be
discussed in more detailed below, but briefly, GPx4 is a selenoprotein
that is dependent on selenium within the cell in the form of
selenocysteine for its production. Increasing selenium levels with com-
pounds such as selenate or selenomethionine promotes the protein
expression of GPx4. Ferroptosis can also be inhibited by interfering
with the biochemistry of PUFA. For example, ferroptosis can be
prevented by inhibitors of ACSL4 an enzyme that esterifies PUFA,
such as arachidonic acid, into phosphatidylethanolamines (the major
substrate of ferroptosis). Preventing the oxidation of lipids, by using
compounds such as iron chelators or lipoxygenase inhibitors, including
vitamin E, also prevents ferroptosis. Here, we review the evidence for
agents that impact on the ferroptosis that have been tested in an AD
context (Figure 2). Unlike the clinical trials targeting AB, many of the
aforementioned trials are early, exploratory studies that require dose
optimization and replication with larger numbers of subjects. Also,
none of these trials were enacted with the view of targeting

ferroptosis, a concept that emerged only recently. So, although the
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FIGURE 2 Approaches to pharmacological ferroptosis inhibition in AD. Iron-induced peroxidation of phosphatidylethanolamines within
membranes causes ferroptotic cell death unless this is inhibited by antiferroptotic defences within the cell. There have been several drugs
tested in the AD context that bolster the antiferroptotic defences. GPx4 is the master regulator of ferroptosis, and its expression can be increased
by selenium supplementation (e.g., sodium selenate and selenomethionine), and its activity can be enhanced by elevating levels of GSH cofactor,
which can be achieved using NAC to increase the cystine precursor. Phosphatidylethanolamines are derived from PUFA that undergo
esterification by ACSL4, and the diabetes drug, pioglitazone, has recently been identified as an ACSL4 inhibitor. Peroxidation of lipids can be
prevented using iron chelators, or lipoxygenase inhibitors such as vitamin E (and related metabolites). Liproxstatin is the most specific and potent
antiferroptosis drug currently available, and although drugs that act like liproxstatin may provide the most benefit, they have not yet been

investigated in clinical trials
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following compounds may hinder the ferroptotic cascade, the trialling
of specific and potent antiferroptotic compounds would more formally
test whether ferroptosis contributes to neurodegeneration in AD.

9.1 | lIron

Among the ferroptosis-related targets, iron chelation has been most
pursued for AD. In 1991, a single blind Phase 2 clinical trial reported
that desferrioxamine slowed cognitive decline in subjects with AD
by 50% over a 24-month period, an effect attributed to binding brain
aluminium, even though desferrioxamine was designed as an iron che-
lator (Crapper McLachlan et al., 1991). The evidence for environmental
exposure to aluminium playing a role in AD subsequently weakened
(Flaten, 2001), and given that the amount of iron in the brain is sub-
stantially higher than the concentration of aluminium, it is reasonable
to suspect that the actions of the drug were on iron. Despite this trial
showing a positive outcome, this desferrioxamine treatment for AD
was not followed up in subsequent clinical trials.

One of the limitations of desferrioxamine is that it has limited
BBB penetrance. An internasal formulation of desferrioxamine was
developed to overcome this, and it was shown to improve cognition
in an animal model of AD (Hanson et al.,, 2012), while decreasing
GSK activity, oxidative stress, and soluble AR species (Fine et al.,
2015). Similarly, intranasal deferoxamine treatment lowered tau
hyperphosphorylation by inhibition of CDK5 and GSK3 (Guo et al.,
2013). Another iron chelator, deferasirox, was shown to lower age-
dependent iron accumulation and AR levels in the ageing rat brain
(Banerjee, Sahoo, Anand, Bir, & Chakrabarti, 2016). An orally bioavail-
able iron chelator, M30, has also been shown to improve memory per-
formance and lower amyloid and tangle pathology in a mouse model
of AD (Kupershmidt, Amit, Bar-Am, Youdim, & Weinreb, 2012), but
has not been tested clinically.

Deferiprone is an orally available iron chelator that is currently in
clinical use and has been shown to cross the BBB. In animal models of
Parkinson's disease, it has been shown to improve motor performance
(Aguirre et al., 2015; Ayton, Lei, Duce, et al., 2013; Ayton, Lei, et al.,
2015; Devos et al., 2014; Dexter et al., 2011; Workman et al,
2015). Deferiprone is neuroprotective in neuronal culture models of
AR toxicity (Molina-Holgado, Gaeta, Francis, Williams, & Hider, 2008;
Part et al., 2015), and it has been shown to reduce AB burden and
tau phosphorylation in a rabbit model of AD (Prasanthi et al., 2012).
Deferiprone was shown to lower brain iron levels (as assessed by
MRI and CSF ferritin) and improve motor performance in a Phase 2
study of Parkinson's disease (Devos et al., 2014), and there is now a
Phase 2 study underway for AD (clinicaltrials.gov identifier:
NCT03234686).

9.2 | Selenium

Selenium, in the form of selenocysteine, is an essential amino acid that
is required for the synthesis of GPx4, and dietary selenium and sele-

nium supplementation has been explored for its potential antioxidant
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role in AD. Selenium can be administered as one of several organic
(e.g., selenocysteine and selenomethionine) or inorganic (e.g., selenate
and selenite) species. Dietary supplementation of selenium (mainly as
selenomethionine) was shown to improve cognitive performance in a
clinical trial of a cohort of selenium deficient patients with mild cogni-
tive impairment (MCI; Cardoso et al., 2016). Dietary selenium is most
bioavailable in the organic selenomethionine form; however, a clinical
trial of selenomethionine (200 pg-day™?) did not reduce dementia inci-
dence in a cohort of healthy, nonselenium-deficient men over 60
(Kryscio et al., 2017). Inorganic selenate has been shown to improve
cognitive performance in mouse models of tauopathies (Corcoran
et al, 2010; Shultz et al., 2015; van Eersel et al, 2010), which
prompted a Phase 2, 24-week double-blind, placebo controlled, clinical
trial of sodium selenate in Alzheimer's patients (Malpas et al., 2016).
Selenate lessened deterioration in brain structures as measured by dif-
fusion tensor MRI, but overall did not impact on cognition in this 24-
week period. However, in secondary analysis, the elevation of sele-
nium in CSF was variable in patients treated with 30 mg of selenate
daily, and it was found that there was a relationship between
increased CSF selenium and improved cognitive performance
(Cardoso et al., 2019).

9.3 | Lipid oxidation

Pioglitazone is a drug that has been used for type 2 diabetes and
shown to lower blood sugar. It has also recently been characterized
as an inhibitor of ACSL4, and long-term use of pioglitazone has been
shown to reduce the risk of dementia in type 2 diabetes patients
(Heneka, Fink, & Doblhammer, 2015). Inhibition of the oxidation of
PUFA by the 12/15 lipoxygenase inhibitor, PD146176, was shown
to protect against cognitive decline in a mouse model of AD (Di
Meco et al, 2017). Metabolites of vitamin E and vitamin E itself
(more weakly) also inhibit lipoxygenase and protect against
ferroptosis (Hinman et al., 2018), and there has been some evidence
of a beneficial effect of vitamin E in clinical trials. Vitamin E was
shown to slow disease progression in patients with moderately
severe AD over a 2-year period (Sano et al., 1997), which was sup-
ported in a more recent clinical trial, which also demonstrated that
patients with mild to moderate AD taking vitamin E had slowing of
disease progression (Dysken et al., 2014). However, a prior study
showed no effect of vitamin E treatment in preventing conversion
from mild cognitive imparment to AD over a 3-year period (Petersen
et al., 2005).

NAC is a compound used to treat paracetamol intoxication and
can also improve lipid antioxidant defences by elevating cysteine,
the rate limiting substrate for GSH, which in turn acts as a necessary
cofactor for GPx4. NAC was shown to restore memory function in a
mouse model of AD (Hsiao, Kuo, Chen, & Gean, 2012). A small clin-
ical trial of NAC showed no significant effect on the primary out-
come cognitive measures, but an improvement on some
subanalysis over 6 months of treatment (Adair, Knoefel, & Morgan,
2001).
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10 | CONCLUSION

It is unclear what causes neurodegeneration in AD. The field has
focused on the AB peptide, but therapeutically targeting this has not
led to improved patient outcomes. The mechanism of toxicity of AB
is also not established, nor if and how it recruits the tau protein.
Ferroptosis is one potential mechanism that could contribute to neu-
rodegeneration in AD. This concept is supported by pathological
changes in iron occurring in affected cortical brain region in AD and
that these changes correlate with disease outcomes. Importantly, early
clinical trial data hint that targeting this pathway may slow disease
progression. The cumulative evidence supports the establishment of
larger clinical trials with novel and specific ferroptosis inhibitors to
determine whether disease modification can be achieved by targeting

this pathway.

10.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b).
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