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Abstract
Copper (Cu) and iron (Fe) are redox active metals essential for the regulation of cellular pathways that are fundamental for 
brain function, including neurotransmitter synthesis and release, neurotransmission, and protein turnover. Cu and Fe are 
tightly regulated by sophisticated homeostatic systems that tune the levels and localization of these redox active metals. The 
regulation of Cu and Fe necessitates their coordination to small organic molecules and metal chaperone proteins that restrict 
their reactions to specific protein centres, where Cu and Fe cycle between reduced  (Fe2+,  Cu+) and oxidised states  (Fe3+, 
 Cu2+). Perturbation of this regulation is evident in the brain affected by neurodegeneration. Here we review the evidence 
that links Cu and Fe dyshomeostasis to neurodegeneration as well as the promising preclinical and clinical studies reporting 
pharmacological intervention to remedy Cu and Fe abnormalities in the treatment of Alzheimer’s disease (AD), Parkinson’s 
disease (PD) and Amyotrophic lateral sclerosis (ALS).
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Abbreviations
AD  Alzheimer’s disease
APP  Amyloid precursor protein
ALS  Amyotrophic lateral sclerosis
ATOX-1  Antioxidant 1 copper chaperone 1
BBB  Blood–brain-barrier
BCB  Blood–cerebrospinal fluid barrier
BCECs  Brain capillary endothelial cells
CNS  Central nervous system
CSF  Cerebrospinal fluid
CP  Ceruloplasmin
CQ  Clioquinol
CTR1  Copper-transporter 1
CCS  Copper chaperone for SOD1
COX17  Cytochrome c oxidase copper chaperone
DMT1  Divalent metal transporter 1
DFP  Deferiprone
GSH  Glutathione
6-OHDA  6-Hydroxydopamine

IRE  Iron-responsive element
IRPs  Iron regulatory proteins
LB  Lewy bodies
L-DOPA  l-3,4-Dihydroxyphenylalanine
MRI  Magnetic resonance image
NFTs  Neurofibrillary tangles
PD  Parkinson’s disease
ROS  Reactive oxygen species
SNc  Substantia nigra pars compacta
SOD1  Superoxide dismutase 1
Tf  Transferrin
TfR1  Transferrin receptor 1
UTR   Untranslated region

Introduction

The brain has a high oxidative metabolic activity and rela-
tively modest antioxidant defence and hence it is particu-
larly susceptible to oxidative stress that can be exacerbated 
by the presence of redox active metals, copper (Cu) and 
iron (Fe), that are broadly distributed in the brain [1–3]. 
Cu and Fe control essential processes of the central nerv-
ous system (CNS), including neurotransmitter synthesis, 
myelin production, oxygen transportation and synaptic sig-
nalling [4, 5]. This is achieved through structural and cata-
lytic regulation of enzymes, receptors and protein channels 
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[4–6]. The redox properties of Cu and Fe are required for 
most of these cellular functions, yet are a source for the 
formation of reactive oxygen species (ROS). ROS pro-
motes neurodegeneration through the oxidation, misfold-
ing, and aggregation of essential proteins. Further, ROS 
can damage other macromolecules, including lipids that 
are converted to lipid peroxides, which are key players of 
ferroptosis, a new type of cell death that can affect neurons 
[7]. To prevent oxidative stress, and subsequent cell death, 
cells have several mechanisms to control/repair oxidative 
damage and ‘scavenge’ free radicals. To prevent Cu- and 
Fe-mediated ROS formation, the CNS has an array of pro-
teins and small molecules that store, transport and deliver 
Cu and Fe safely to where they are required. During age-
ing the human and mouse brain display an accumulation 
of both metals, which indicates that their regulation is 
affected by age-dependent factors [8]. This imbalance is 
pronounced in neurogenerative diseases including Alzhei-
mer’s disease (AD), Parkinson’s disease (PD), and Amyo-
trophic lateral sclerosis (ALS). In this review we discuss 
the current understanding of brain homeostasis of Cu and 
Fe, their impact on cell death pathways, the implications 
for neurodegenerative diseases and therapeutic approaches 

that aim to regulate these essential biologically active met-
als to mitigate/prevent neurodegeneration.

Cu metabolism in CNS

Cu in plasma is mainly bound to ceruloplasmin (CP) 
(Fig. 1), with a small proportion associated with albumin, 
transcuprein and amino acids [9, 10]. Cu is transported to 
the brain through the blood–brain-barrier (BBB), and to a 
lesser extent through the blood–cerebrospinal fluid barrier 
(BCB) mostly as free ion [9]. Cu uptake in neurons is medi-
ated by copper-transporter 1 (CTR1) and once in the cytosol, 
copper binds to chaperones ATOX-1 (antioxidant 1 copper 
chaperone 1), CCS (copper chaperone for SOD1) or COX17 
(cytochrome c oxidase copper chaperone) that deliver copper 
to specific enzymes. Excess Cu is chelated by metallothio-
neins and glutathione (GSH; millimolar concentration) to 
prevent redox activity and ROS production [11, 12]. The 
P-Type ATPases, ATP7A and ATP7b are localized pre-
dominantly in the membrane of the Golgi apparatus where 
they load Cu to cuproenzymes including ceruloplasmin and 
dopamine β-hydroxylase [13, 14]. In response to increases in 
intracellular Cu, ATP7A translocates Cu across the plasma 
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Fig. 1  Cu/Fe transport and metabolism. The majority of Cu and Fe in 
blood circulation is bound to ceruloplasmin and transferrin, respec-
tively. Brain Cu uptake occurs via the copper transporter-1 (CTR-
1) expressed in the cell surface of blood capillary endothelial cells 
(BCEC). The P-type ATPases, ATP7A and ATP7B, are efflux pumps 
that traffic to the membrane in response to increases in intracellular 
Cu and mediate Cu export. Once in the cytosol Cu binds to chaper-
ones (ATOX1, CCS and COX17) that aid delivery of Cu to cupro-
biomolecules including ATP7A/B, Superoxide dismutase-1 (SOD1) 
and Cytochrome C oxidase, respectively. Fe is transported to brain 
in association with transferrin that binds to transferrin receptor-1 on 

the surface of BCECs. This complex is endocytosed. In endosomes, 
Fe dissociates and converted to its ferrous form  (Fe3+ ⇒ Fe2+) by the 
reductase STEAP3. Fe is transported from the endosomes into the 
cytosol by the divalent metal transporter-1 (DMT1) where it again 
associates with transferrin. Fe is taken up by the mitochondria, where 
it is essential for the respiratory chain and biosynthesis of heme and 
iron–sulfur clusters, by transferrin receptor 2. The main exporter of 
intracellular Fe is ferroportin-1. Upon export, Fe is oxidised by the 
ferroxidases ceruloplasmin and hephaestin. APP facilitates Fe export 
via binding to ferroportin-1
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membrane [15, 16]. Transfer of Cu from ATOX-1 to ATP7A/
ATP7B increases its ATPase activity while in its Cu free 
form, ATOX1 is able to retrieve Cu from these ATPases and 
reduce their activity.

Fe metabolism in CNS

Fe uptake by neurons occurs following binding of Tf to 
transferrin receptor 1 (TfR1) located on the surface of brain 
capillary endothelial cells (BCECs) (Fig. 1). The Tf-TfR1 
complex is internalised by endocytosis into endosomes 
where low pH leads to dissociation of Fe from Tf. In 
endosomes, ferric iron is reduced to ferrous iron via the 
reductase STEAP3 [17] and is transported across the endo-
somal membrane to the cytosol via DMT1 [18]. Once in 
the cytoplasm Fe can be utilised for neuronal function and 
metabolism while excess iron can be complexed to ferritin 
and stored or expelled from the neuron by ferroportin 1 and 
oxidased by circulating or astrocyte-bound CP, prior to load-
ing onto extracellular Tf [19].

Non-transferrin bound iron (NTBI) can be directly trans-
ported across the cell membrane by ZIP8 and ZIP14, which 
are members of the ZRT/IRT-like (ZIP) solute carrier family 
[20–22]. Similar to DMT1, ZIP14 is capable of transporting 
Tf bound Fe from the endosome to the cytoplasm [22]. ZIP8 
and ZIP14 are newly identified iron transporters which may 
have distinct biological roles. For instance, ZIP8/ZIP14 iron 
transporting activity is maximal at above pH 7, while DMT1 
functions efficiently at pH 5.5 [20, 21, 23]. Indeed, in rat 
hippocampal neurons ZIP8 is the major NTBI transporter 
in contrast to DMT1 which primarily transports Tf bound 
Fe [24].

Poly (rC)-binding proteins (PCBP) deliver Fe to ferritin 
for storage and to proteins that require non-heme iron as a 
cofactor, including hypoxia-inducible factor (HIF) prolyl and 
asparaginyl hydroxylases and deoxyhypusine hydroxylase 
[25–27].

Iron regulatory proteins (IRPs) are responsive to intracel-
lular iron levels and bind to iron-responsive element (IRE) 
on mRNA transcripts corresponding to proteins involved 
in homeostatic regulation of iron. For instance, IRP1 and 
IRP2 are RNA-binding proteins that alter translation of 
ferritin, ferroportin and TfR mRNA [28, 29]. Cytosolic Fe 
can bind to IRPs and induce a conformational change that 
would prevent interaction with IRE motifs in mRNA. Con-
versely, a decrease in Fe enables IRPs to freely bind IRE 
and modify translation. Transcripts of proteins involved in 
storage or export of iron, such as ferritin and ferroportin, 
harbour IRE on the stem-loop structures of 5′-untranslated 
region (UTR) and IRP binding prevents their translation and 
promotes their degradation. Conversely, transcripts of iron 
import proteins, such as TfR1 and DMT1, harbor IRE on 

their 3′-UTR and are thus stabilised and translated during 
iron-depleted conditions.

Storage and buffering of Fe is essential to prevent ROS 
production and oxidative damage. Ferritin is the major iron 
storage protein in glia and neurons, whilst neuromelanin 
captures large amounts of iron in certain neuronal popu-
lations (i.e. dopaminergic neurons of substantia nigra) for 
long-term iron storage [30]. Fe can be released and re-used 
from ferritin through its autophagic-lysosomal degradation 
(ferritinophagy) [31]. In addition, heme-oxygenase 1 can 
catalyse the degradation of heme to ferrous Fe in order to 
maintain Fe homeostasis [32].

Alzheimer’s disease (AD)

AD is the most common type of dementia in the elderly 
affecting nearly 50 million people globally with this number 
predicted to double every 20 years, making it a major health 
concern for the ageing population [33–35]. The pathology 
of AD includes the aggregation of extracellular amyloid-β 
(Aβ) peptide and intracellular neurofibrillary tangles (NFTs) 
composed of hyperphosphorylated tau [36, 37]. In AD, syn-
aptic and neuronal loss are observed in the hippocampus, 
frontal cortex, temporal lobe, parietal lobe and cingulate 
gyrus, leading to impaired memory, language, problem-
solving ability and thus decline in cognition [38–40]. The 
accumulation of Cu and Fe is consistently observed in the 
amyloid plaques of AD patient brains [41, 42]. Magnetic 
resonance image (MRI) studies revealed elevated Fe in the 
hippocampus of AD patients correlated to decreased integ-
rity of the hippocampus, which is most likely due to loss 
of myelination [43]. The mechanisms by which these met-
als impact on disease have been intensively studied in the 
past decade. Although it has yet to be determined whether 
accumulation of these metals precedes or is a consequence 
of pathology, it is clear that they impact on multiple factors 
that contribute to disease.

Cu and Fe in AD

Amyloid plaques accumulate Cu and Fe [41, 44–48]. Cu 
and Fe deposit at the core and rims of senile plaques and 
co-localise with Aβ [41, 45, 49]. Moreover, these metals are 
elevated in the neuropil of AD patients [41, 50]. At senile 
plaques, Cu and Fe contribute to pathology by promoting 
ROS production and protein misfolding/aggregation, which 
will be discussed below. In contrast, there is evidence of an 
overall brain metal deficiency in AD [51]. Meta-analysis 
indicates that Cu is significantly reduced in the AD brain 
[52]. These changes may be associated with dysregulation 
of copper metabolism in blood [53]. An accumulation of Fe 
is observed in AD affected regions including parietal cortex, 
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motor cortex and hippocampus [43, 54–56]. Thus both Fe 
and Cu dyshomeostasis is observed in pathologically rel-
evant regions of AD brains.

Redox active metals, oxidative stress and protein 
aggregation

Both Cu and Fe are redox active metals. Fe is focally incor-
porated into the core and halo regions of senile plaques and 
NFTs where it can generate free radicals via Fenton reaction 
 (Fe2+ + H2O2 → Fe3+ + OH− + ·OH). In the Fenton reac-
tion  Fe2+ ions are stoichiometrically oxidised by  H2O2 to 
 Fe3+ and a hydroxyl radical (·OH), the most reactive ROS 
[47, 57, 58]. Histochemical studies have indicated that Fe 
can bind to Aβ; however, the formation of ROS following 
this interaction is not yet clear [47]. It is worth noting that 
 Fe3+ does not form a stable complex with Aβ, which quickly 
precipitates [59].

Cu cycles between its oxidative states  (Cu+ and  Cu2+) 
when bound to Aβ and this interaction catalysis the forma-
tion of superoxide (as an intermediate product),  H2O2 and 
·OH in vitro [60–64]. As a consequence of metal-catalysed 
ROS production, Aβ peptides are susceptible to oxidation 
damage. Relevant to pathology, studies have shown that 
oxidising Aβ increases its propensity to aggregate and form 
β-sheet rich fibrils of Aβ42 [65]. In addition, oxidation of 
Aβ alters the way it interacts with metals. For example, Cu 
binding to oxidised Aβ produces further ROS [66]. In the 
AD brain, ROS leads to oxidation damage that impacts the 
function of proteins, perturbs lipid membranes and damages 
DNA [67–69]. The evidence of oxidative stress includes 
increased levels of carbonylated proteins, increased 4-HNE 
(a by-product of lipid peroxidation) and oxidised DNA bases 
[1, 70–74].

Cu and Fe are required for the activity of antioxidant 
enzymes superoxide dismutase 1 (SOD1) and catalase, 
respectively. These enzymes catalyse the decomposition 
of ROS species, superoxide anion and  H2O2, respectively. 
Therefore, storage, transport and regulation of these metals 
are crucial for cell survival.

Together with promoting oxidative stress, Cu potentiates 
the aggregation and misfolding of Aβ.  Cu2+ ions bind with 
high affinity to Aβ peptides [75–79] [80]. This interaction 
increases the proportion of β-sheet and α-helix structures, 
which promotes Aβ aggregation [81]. In turn, Cu bound to 
amyloid has increased cell toxicity [81, 82].

The role of Fe in promoting Aβ aggregation and/or mis-
folding is still under debate. For instance, studies have 
shown that  Fe2+ and  Fe3+ ions promote Aβ aggregation 
and annular protofibrils whilst slowing the production of 
ordered cross-β fibrils [83–87]. In contrast, another study 
demonstrated that Fe promotes the formation of shorter 
and less ordered Aβ aggregates, which are more neurotoxic 

[87]. Other studies found that Fe binds to Aβ with low 
affinity and does not seem to co-localize with β-amyloid 
extracted from plaques [83–85]. Further studies are 
required to clarify Fe role in Aβ aggregation/misfolding.

As mentioned in “Alzheimer’s disease (AD)”, neurofi-
brillary tangles (NFTs) composed of hyperphosphorylated 
tau are another hallmark pathological marker of AD. Cu 
accumulates in NFTs and binds to tau protein increasing 
its aggregation in vitro [46, 88–91]. In vivo, Cu enhances 
tau phosphorylation in transgenic mice models of AD 
(APPswe, PS1, P301L tau) [92, 93].

APP and metal homeostasis

Amyloid precursor protein (APP) is central to AD pathol-
ogy as its processing by secretases (β- and γ-secretases) 
leads to production of the Aβ peptide (Fig. 2). Fe and 
Cu regulate the expression of the APP, which regulates 
the levels of Cu and Fe. APP has Cu binding sites, which 
probably enable APP to sense and control Cu levels and 
location [94–97]. Overexpression of APP in cells and in 
transgenic mice leads to a reduction in intracellular Cu 
[98, 99]. Conversely, the knockdown of APP increased 
Cu in primary cortical neurons [100]. APP and its product 
sAPPα have a role in Fe export by binding and stabilising 
ferroportin on the plasma membrane to facilitate Fe efflux 
from neurons [101, 102]. In addition, the mRNA APP tran-
script possesses an IRE in the 5′-UTR. In low cellular Fe 
conditions, IRP1 binds the IRE of APP mRNA inhibiting 
its translation and in-turn downregulating APP-mediated 
stabilisation of FPN, further inhibiting Fe efflux [103, 
104]. The role of APP in Fe export is further supported 
by a study that showed that APP knockout mice display 
accumulation of brain Fe at 12 months of age [101]. This 
indicates that in the healthy brain APP may play an impor-
tant role in Fe homeostasis.

Cu is linked to the processing, trafficking and regula-
tion of the APP. Whether Cu increases or decreases the 
production of Aβ is unclear. Cu promotes APP expression, 
increases its localization at the cell surface and reduces its 
endocytosis [105, 106]. Cu enhances APP dimerization 
and increases extracellular release of Aβ [107]. In con-
trast, in cell and cell-free assays Cu was shown to reduce 
the levels of Aβ interacting with the γ-secretase complex 
[108]. Borchardt et al. also reported that copper decreased 
Aβ with a concomitant increase in the secretion of the 
ectodomain (sAPP-α) [109]. In AD patients, Cu deficiency 
is linked to enhanced Aβ production following induction 
of the amyloidogenic processing of APP, although the 
molecular mechanism by which Cu mediates this effect 
is unclear [110].
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Therapeutic potentials of targeting brain Cu and Fe 
levels

Till date majority of AD therapeutic strategies focus on 
clearance of amyloid or limiting the production of Aβ spe-
cies [111] [112, 113]. However, none of these strategies, 
including those that have achieved a reduction in amyloid, 
have resulted in cognitive improvement [112, 113]. There-
fore, there is a need for alternative therapeutic approaches 
for AD. Modifying metal homeostasis pharmacologically in 
AD patients has been considered as a promising alternative.

Brain Cu deficiency is a feature of AD and small mol-
ecules that deliver Cu to neurons have been explored as a 

therapeutic. Clioquinol (CQ), a bioavailable anti-parasitic 
agent, has been trialled as a potential AD therapeutic as 
an ionophore as it is able to redistribute Cu (and Zn) from 
extracellular senile plaques to Cu-deficient neurons [114] 
(Table 1). In animal models of AD, oral administration 
of CQ for 9 weeks reduced amyloid burden and improved 
cognitive performance [115, 116]. Furthermore, in an 
Aβ-injection model, CQ inhibited Aβ aggregation, redox 
toxicity and reduced neuronal cell loss [117, 118]. In a 
small human phase II clinical trial, CQ was able to reduce 
Aβ deposition in patients with mild disease and prevented 
clinical deterioration [119].
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Fig. 2  APP trafficking and processing. APP is synthesized in the 
endoplasmic reticulum (ER) and trafficked through the trans-Golgi 
Network (TGN) to the cell membrane via secretory vesicles. Along 
route, APP is processed by α-, β- and γ-secretases via two distinct 
pathways. In the non-amyloidogenic pathway (A) α-secretase at the 
PM cleaves APP to release an N-terminal domain (sAPPα). The 
C-terminal fragment (CT83) can then be internalized and cleaved 

by γ-secretases to produce APP intracellular domain (AICD) or 
CTFγ and p3 peptide. In the amyloidogenic pathway APP is cleaved 
by β-secretase to release sAPPβ that can be further processed by 
the γ-secretase complex to produce CTFγ and Abeta peptides (Aβ). 
Secretases are present in various locations and thus APP processing 
occurs in various compartments. PM plasma membrane

Table 1  Pharmacological 
treatments of neurodegenerative 
diseases based on Cu and Fe 
targeting

Neurodegenerative disease Preclinical studies Clinical studies

Alzheimer’s disease Clioquinol, Cu(II)ATSM, Cu(II)
GTSM, DFO, DFP, PBT2

Clioquinol, DFO, DFP, PBT2

Parkinson disease Cu(II)ATSM, DFP Cu(II)ATSM, DFP
Amyotrophic lateral sclerosis Cu(II)ATSM, SIH, DFO Cu(II)ATSM
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Following these studies, PBT2 (8-hydroxyquinoline 
derivative) was generated (Table 1). Treatment of PBT2 to 
an AD mouse model showed greater efficacy compared to 
CQ as seen by improved cognitive function and decreased 
Aβ burden [120]. Promising results were also obtained in a 
phase 2a clinical trial (78 AD patients), 12 weeks of treat-
ment led to a dose-dependent lowering of Aβ in CSF and 
improved 2 measures of executive function at the high-
est dose (250 mg) [121, 122]. However, follow-up studies 
with increased trial period (12 months) failed to show an 
improvement in cognition and amyloid burden [123].

The copper-containing bis(thiosemicarbazone) compound 
 CuIIGTSM has neuroprotective properties in cell culture and 
in AD transgenic mouse models [124] (Table 1).  CuIIGTSM 
lowers Aβ levels, GSK3β activity and phosphorylated levels 
of tau, whilst in APP/PS1 transgenic mice it improves cogni-
tive performance (shown by Y-maze) [125, 126]. The related 
complex,  CuIIATSM, was not effective in AD mouse models, 
but has therapeutic benefits in four PD mouse models and 
ALS mouse models (discussed below).

Historically, the first intervention that tested iron chela-
tion in AD was using desferrioxamine (DFO) in a 2-year 
single-blind phase 2 clinical trial. In the trial 48 patients 
were randomised to receive intramuscular DFO (5 times/
week, 125 mg twice daily), an oral placebo or no treatment. 
This intervention is reported to slow cognitive decline by 
50% [127]. To improve delivery of DFO, which shows low 
BBB penetrance, an intranasal version was tested in an AD 
mouse model [128]. Similarly, intranasal desferrioxamine 
improved cognition, decreased GSK activity, oxidative stress 
and soluble Aβ species [128]. A further study demonstrated 
a lowering of tau hyperphosphorylation by inhibition of 
CDK5 and GSK3 [129]. Other iron chelators tested in ani-
mal models include Deferasirox [130] and M30 [131], both 
of which showed improvement in pathology, reduction in 
Aβ and tangles, as well as improved cognitive performance.

The chelator deferiprone (DFP) has been evaluated as 
a therapeutic agent for a number of neurogenerative dis-
ease: AD, PD and ALS (the latter two will be discussed 
below). In neurons DFP reduced Aβ toxicity in cell culture 
[132], whilst in a rabbit AD animal model, DFP reduced 
Aβ burden and tau phosphorylation [133]. Following these 
results, a Phase 2 study is currently being undertaken for 
AD (NCT03234686).

Parkinson’s disease

PD is a chronic motor neurodegenerative disease character-
ised by the accumulation of the α-synuclein protein in Lewy 
bodies and the loss of monoaminergic neurons. Although 
neurodegeneration is evident throughout the nigrostriatal 
tract, most neuronal loss occurs in the substantia nigra pars 

compacta (SNc), which is composed of dopaminergic neu-
rons. To a lesser extent, neurodegeneration occurs through-
out the basal ganglia extending to olfactory bulbs, sympa-
thetic ganglia and dopaminergic neurons in the gut [134]. 
Loss of dopaminergic neurons and the consequent reduction 
of the neurotransmitter dopamine leads to motor symptoms 
including dyskinesia, instability, tremors and rigidity with 
an age of onset around 55 years and disease progressing for 
about 20 years [135]. Neuronal death, has been attributed 
to mitochondrial dysfunction, dopamine toxicity, oxidative 
stress, and misfolding and oligomerization of α-synuclein 
[136]. To date the most effective treatment is l-3,4-dihy-
droxyphenylalanine (l-DOPA), the precursor of dopamine. 
l-DOPA treatment is able to alleviate some of the motor 
symptoms but fails to prevent the progression of the disease 
with degeneration continuing and clinical symptoms worsen-
ing. Numerous studies have reported perturbation of Fe and 
Cu in PD which plays a multi-factorial role in pathogenesis.

Cu and Fe dyshomeostasis in PD

PD patients have exhibited elevated Cu levels in the cerebral 
spinal fluid which has been associated with oxidative stress 
and protein conformational changes [137, 138]. In addition, 
there is a high Cu level in PD blood serum, with levels posi-
tively correlating with disease severity [139]. Conversely, 
Cu levels and Cu bound to neuromelanin in the SN and 
degenerating regions of the PD brain are diminished [140, 
141]. Lower Cu levels in SN could be due to impaired Cu 
transport in PD. Indeed, there is a reduction in expression of 
CTR1 in the SN of PD patients [140, 142, 143]. As a con-
sequence of reduced levels of Cu, SOD1 is hypometallated 
in PD [139]. This may affect the activity of SOD1 which is 
essential for removal of ROS. Metallothionein stores and 
sequesters Cu and by doing so prevents oxidative stress. The 
brain-specific isoform MT3 is reduced in PD, which may 
be associated with susceptibility to oxidative stress [144].

Fe levels are elevated in various regions of the PD brain, 
with marked loading occurring at SNc, as observed in post-
mortem brain tissue and in living patients [145–148]. In the 
early stages of PD, neuronal loss is restricted to the SNc 
[149]. Various factors most likely act together in the PD 
brain to bring about Fe accumulation. These factors include: 
increased permeability or dysfunction of the BBB; increased 
pro-inflammatory state; increased lactoferrin receptors 
in neurons and microvessels and increased expression of 
DMT1 in dopamine neurons; altered iron transport by Tf-
TfR type 2 and mutations in genes relevant to Fe transport 
and binding [72, 150–153]. Decreases in ferritin levels have 
been reported in the SN that could be due to sustained IRP1 
activity observed in post-mortem PD brain and may impact 
iron storage [154]. Moreover, ferroportin is downregulated 
in several neurotoxin-based mice models of PD including 
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MPTP and 6-Hydroxydopamine (6-OHDA) [141]. Low fer-
ritin levels and high Fe levels are indicative of Fe loading 
and provide an environment susceptible to oxidative damage.

Cu and Fe promote misfolding and aggregation 
of α‑synuclein

The physiological functions of α-synuclein are yet to be fully 
elucidated. Studies have linked its function to maintaining 
synaptic function, neurotransmitter storage and neurotrans-
mitter release within the synapse. However, its aggregation 
is a pathological hallmark of neurodegenerative diseases 
coined synucleinopathies. In PD, misfolded α-synuclein 
forms the major constituent of Lewy bodies (LB), which 
are intracellular inclusions found in the SNc, locus coer-
uleus, raphe nucleus and dorsal motor nucleus of the vagus 
[155, 156]. The propensity of α-synuclein to aggregate and 
oligomerize is highly dependent on post-translational modi-
fications including acetylation, phosphorylation, oxidation, 
nitration, ubiquitination and truncation. Relevant to pathol-
ogy, nitrated-α-synuclein is neurotoxic, prone to aggregation 
and highly enriched in LB [157]. Injection of nitrated-α-
synuclein directly into the SNc of rats recapitulated many 
of the pathological features of PD [158]. In addition, PD 
patients exhibit nitrosative stress as detected by increased 
levels of nitrotyrosine in blood and brain [159]. Nitrosa-
tive stress occurs when reactive nitrogen radicals, namely 
peroxynitrite  (ONOO−), modifies a wide range of cellular 
elements including tyrosine nitration. Peroxynitrite is pro-
duced via a non-enzymatic, pH dependent reaction of nitric 
oxide and superoxide, both of which are ROS present during 
oxidative stress.

α-Synuclein has multiple Cu binding specific sites, 
located on the N-terminal (residues 1, 5 and 50) and on the 
C-terminal (residues 107–140) [160]. These metal–protein 
interactions promote α-synuclein fibrillation and aggregation 
[161–163], which is modulated by post-translational modi-
fications, including acetylation [164] and phosphorylation 
[165]. In addition, Cu association with α-synuclein alters the 
redox properties of Cu which leads to oxidation of biomol-
ecules such as ascorbic acid, which produces  H2O2, and anti-
oxidants such as GSH [166]. This sets a chain reaction where 
 H2O2 catalyses the oxidation of dopamine. In normal physi-
ological conditions, most of α-synuclein is post-translation-
ally modified by N-terminus acetylation (α-synucleinNAc). 
Cu bound to α-synucleinNAc activates oxygen resulting in 
intermolecular (Y39–Y39) cross-linking within the fibrillar 
core and intramolecular cross-linking with the C-terminal 
region. These interactions induced by Cu binding suggest Cu 
plays a role in attenuating fibrillar elongation [167].

Elevated Fe load observed in the SNc also affects the 
aggregation of α-synuclein. Ferrous and ferric iron can both 
bind to α-synuclein, with the latter promoting its aggregation 

[168]. Phosphorylated α-synuclein at residue S129 has 
been identified within Lewy bodies and shown to have a 
stronger binding affinity to ferrous iron [165]. In vitro stud-
ies have shown that ferric iron can catalyse the conversion 
of α-synuclein from the α-helix to the β-sheet conformation 
present in Lewy bodies [162]. Interactions between iron and 
α-synuclein and its potential role in PD have been recently 
reviewed by Chen et al. [169].

Fe, dopamine and PD

The SNc is more vulnerable to oxidative stress due to its nat-
ural high Fe content and the production of dopamine [170]. 
One of the mechanisms by which Fe contributes to pathol-
ogy is by deleterious interactions with dopamine. Dopamine 
(DA) is the most important catecholamine neurotransmitter 
in the brain and its signalling through dopaminergic neurons 
governs reward, cognition and motor functions. However, 
despite its essential signalling function it is susceptible to 
oxidation that can potentially lead to neurotoxic species. In 
the presence of oxygen, both  Cu2+ and  Fe3+ can catalyse the 
oxidation of dopamine. Since labile Fe accumulates in the 
SNc, it is likely to contribute to dopamine oxidation. The 
by-products of these reactions include toxic semiquinone 
radical (DASQ) or quinone species (DAQ) of dopamine as 
well as  O2

−,  H2O2 and hydroxyl radicals that can be formed 
following intricate chain reactions [171]. These end products 
can promote oxidative stress and mitochondrial dysfunc-
tion as well as induce and stabilise oligomeric α-synuclein 
formation [172, 173]. In addition, Cu and Fe can promote 
the enzymatic deamination of DA by monoamine oxidase 
(MAO) that generates dihydroxyphenylacetic acid (DOPAC) 
and  H2O2 which can lead to further production of ROS 
[174]. Therefore, in a microenvironment which promotes 
oxidative stress (i.e. Fe and Cu accumulation) and dopamine 
oxidation can be neurotoxic causing damage to axon termi-
nals and their synaptic vesicles.

Therapeutic potential of metal complexes 
and chelators in PD

Neurotoxin mouse models have been used to study PD 
pathogenesis and validating potential therapeutic targets. 
The neurotoxins 1-methyl-4-phenylpyridinium (MPTP) 
and 6-hydroxydopamine (6-OHDA) specifically target and 
drive the death of dopaminergic neurons. Following admin-
istration of these neurotoxins there is an approximate 50% 
decrease in dopaminergic neurons in the SNc and mice 
develop motor deficits comparable to those observed in late 
stage of PD in humans. These models have been used to 
study copper complexed diacetyl-bis(4-methylthiosemicar-
bazonato)copperII  [CuIIatsm] and a range of iron chelators 
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(DFO, deferasirox and DFP) as potential therapeutics 
(Table 1) [157–160].

The copper complex  CuIIatsm has been tested as a ther-
apeutic for PD and ALS (discussed below).  CuIIatsm is a 
neutral, lipophilic and thermodynamically stable complex 
that has had a number of pharmacological uses including 
as an anti-tumour agent [175, 176]. In more recent years, 
 CuIIatsm has been used as a PET imaging agent for labelling 
hypoxic tissues in CNS and peripheral tissues [177–180]. 
 CuIIatsm is a small molecular weight (Mw = 321) complex, 
capable of crossing the BBB [176]. Moreover, it is a stable 
compound with low toxicity, and hence an ideal therapeutic 
candidate [175]. Administration of  CuIIatsm leads to reten-
tion in hypoxic tissue due to mitochondrial impairment in 
the respiratory transport chain, which has been reported in 
PD. Furthermore, Ikawa et al. reported that  CuIIatsm accu-
mulated in the striatum and the more the disease progressed 
the more accumulation was observed [180].

To date  CuIIatsm has been tested in various mouse models 
of PD, all of which showed promising results, specifically 
improved motor and cognitive function, improved dopamine 
metabolism and rescue of dopaminergic neuronal cell loss 
in SNc [181]. A major mode of action of  CuIIatsm is the 
scavenging of peroxynitrite, inhibiting related toxicity and 
preventing the nitration and oligomerization of α-synuclein 
[181]. In addition,  CuIIatsm treatment may elevate tyrosine 
hydroxylase (TH), the enzyme that catalyses the production 
of dopamine by hydroxylation of l-tyrosine to form its pre-
cursor L-DOPA. In this study the levels of dopamine dou-
bled in response to treatment but were not restored to the 
level of the control [181]. However, the increased dopamine 
levels were sufficient to significantly improve motor skills. 
 CuIIatsm was also able to increase the expression of vesicu-
lar monamine transporter 2 (VMAT2), which is a protein 
responsible for packaging dopamine into vesicles prior to 
its release from the synapse. Hence,  CuIIatsm is not only 
able to increase dopamine production, but also place it in 
the compartment required for signalling.

Another therapeutic strategy is to target Fe overload seen 
in the SNc of PD brain. Fe chelators including DFO, def-
erasirox and DFP, have shown benefits in attenuating PD 
clinical symptoms (e.g. reducing dopaminergic neuronal loss 
and hydroxyl radical formation) [182]. All three of these 
are FDA approved pharmaceuticals for the treatment of Fe 
overload in thalassemia major and are well tolerated [183, 
184]. DFP has been investigated for its therapeutic potential 
in cell culture and animal models as well as in pilot human 
clinical trials [132, 182, 185, 186]. Importantly, DFP crosses 
the BBB and has little impact on the systemic level of Fe and 
haematological indices partially due to its ability to deliver 
chelated metal to apotransferrin [187]. The ability of DFP 
to scavenge labile Fe limits ROS production [186, 187]. 
In the human neuroblastoma catecholaminergic cell line 

(SH-SY5Y), DFP showed neuroprotection against the neuro-
toxin MPTP [132], whilst in the 6-OHDA mouse PD model 
it attenuated dopaminergic neuronal loss and increased 
dopamine content in the SNc [182]. Most importantly, DFP 
has been tested in pilot human clinical trials with promising 
results [185]. DFP was able to reduce iron levels in specific 
brain regions, specifically the caudate nucleus and dentate 
nucleus (as assessed by MRI) with no generalized removal 
of Fe from the brain. Devos et al. [185] reported that PD 
patients have improved motor performance following DFP 
treatment [185]. However, Martin-Bastido reported a trend 
toward improvement in PD patients administered with DFP, 
which did not reach significance [185, 188]. These studies 
pave the way to larger clinical trials which further explore 
DFP dosage and longer treatment times.

Amyotrophic lateral sclerosis (ALS)

ALS is an aggressive neurodegenerative disease charac-
terised by a rapid neuromuscular deterioration caused by 
the death of motor neurons in the cerebral cortex, brain-
stem and spinal cord [189]. In addition, there is a loss of 
axons in the lateral columns of the spinal cord. With no 
efficient treatment available to stop muscle weakness, wast-
ing and paralysis and respiratory breakdown, ALS leads to 
death 3–5 years post-diagnosis [190]. Currently the only 
FDA approved pharmaceutical for ALS, Riluzole, is able 
to extend survival by 3 months and has no effect on muscle 
weakness [191]. The majority (90–95%) of cases of ALS are 
sporadic with a small proportion linked to familial linked 
genetic mutations; 25% of which are mutations of the super-
oxide dismutase (SOD1) gene. Mutations in SOD1, of which 
there are over 160 thus far, result in SOD1 misfolding and 
aggregation [192]. However, it is important to note that clini-
cal symptoms and pathology are indistinguishable between 
familiar and sporadic ALS, suggesting common aetiology. 
The aetiology of ALS, however, remains largely unclear. 
As per AD and PD, pathology can be attributed to multiple 
factors which can be occurring simultaneously and feedback 
on each other. ALS is linked to glutamate excitotoxicity, 
oxidative stress, mitochondrial dysfunction, endoplasmic 
reticulum (ER) stress and deposition of toxic ubiquitinated 
neuronal inclusions composed of both transactive response 
DNA binding protein 43 kDa (TDP-43) and fused in sar-
coma (FUS) [193–196].

Cu, SOD1 and ALS

Although other genes have been linked to ALS, SOD1 muta-
tions have been the most extensively studied. Moreover, 
transgenic mice models expressing ALS SOD1 mutations 
have proven to be robust animal models. SOD1 transgenic 
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mice develop similar disease progression to the human ALS 
disease and thus ideal to study pathology and to test candi-
date therapeutics. SOD1 is a metalloenzyme that plays an 
important role in preventing oxidative stress by scavenging 
reactive oxygen species. It is a homodimer which is active 
and highly stable following post-translational modifica-
tions, including coordination with Zn and Cu, disulphide 
bond formation and dimerization [197–199]. In contrast, the 
metal-free form (apoSOD1) is unstable and prone to aggre-
gation. In vitro, apoSOD1 is toxic to motor neurons due 
to production of peroxynitrite and oxidation damage [200]. 
SOD1 mutations linked to ALS increase misfolding and 
aggregation of the protein as well as alter the coordination 
to Zn and Cu. Thus, ALS mutations are not a loss of function 
(i.e. no effect on its anti-oxidant function) effect but rather 
a gain of toxic function. Studies in ALS mice models (e.g. 
SOD1G37R) demonstrate a high level of metal-deficient 
SOD1 in spinal cord tissue implicating the metals in patho-
genesis, specifically in protein misfolding and aggregation. 
Misfolding of SOD during biosynthesis has been shown to 
occur in vitro in the presence of high labile  Zn2+, which 
aberrantly binds to the protein in both the Zn and Cu binding 
sites forming a di-zinc SOD1. The di-Zinc SOD1 misfolding 
protein has a greater propensity to aggregate [201]. This is 
relevant as ALS mice models have elevated levels of labile 
Zn in the brain and spinal cord.

Copper homeostasis is also perturbed in ALS SOD1 mice 
models. Transgenic mice models carrying different SOD1 
mutations have elevated Cu levels in the spinal cord [202, 
203]. In the case of the G93A SOD1 mice model, Cu accu-
mulation precedes the presentation of clinical symptoms, 
implicating high Cu as a characteristic pathology [203]. 
Cu imbalance is attributed to disruption of Cu metabolism. 
SOD1 transgenic mice have shown an increase in the levels 
of CTR1 and a decrease in the copper efflux protein ATP7A 
in the spinal cord tissue. Moreover, high levels of metal-
lothioneins (MT), which have high affinity to Cu, are present 
in the spinal cord  SOD1G93A [204]. Paradoxically, SOD1 
extracted from ALS transgenic mice is in a copper-free form 
despite the high levels of intracellular Cu [205]. Given the 
importance of SOD1 metallation, therapeutics that increase 
the pool of holoSOD1 have been trialled.

Fe and ALS

In ALS, oxidative damage has been detected in neurons 
within organelle compartments (e.g. Golgi, ER and mito-
chondria) and by the presence of elevated oxidative stress 
biomarkers in bodily fluids including urine and CSF 
[206–210]. Much of this oxidative stress has been attrib-
uted to the breakdown of Fe metabolism in ALS. A number 
of MRI studies in ALS patients have shown an abnormal 
Fe accumulation in the motor cortex [211–215]. In the CSF 

of ALS patients, but not healthy aged-matched control, an 
elevation of inappropriate Fe ligands was detected, which 
increased iron redox activity and ·OH production [216].

Fe metabolism impairment and consequent dyshomeo-
stasis has been reported in ALS patients and SOD1 trans-
genic mice models (both SOD1G37R and SOD1G93A). In 
SODG37R mice, there is differential expression of Fe regu-
latory proteins (i.e. DMT1, TfR1, ferroportin, ferritin and 
CP) detected at an advanced stage of the disease (12 months 
of age). These proteins were highly expressed rostrally in 
comparison to the caudal (lumbar) region. The net effect is 
Fe loading and correlated with Fe deposition and neuronal 
loss in the spinal cord of these mice [217]. Jeong et al. also 
reported an increase in mitochondrial ferritin (mitFtn) in the 
ventral horn motor neurons and astrocytes in comparison to 
age-matched controls [217]. Mitochondria is the main site 
of ROS production and, therefore, Fe trapped in this orga-
nelle by mitFTn will lead to further oxidation damage and 
ROS. Similarly, SODG93A mice display Fe loading with 
180% increase in Fe in the spinal cord in mice at 120 days 
of age in comparison to controls [218]. These mice also 
have elevated expression of TfR1 protein, which is the main 
protein responsible for Fe uptake in neurons. Consequently, 
SOD1G93A mice have increased uptake of Fe as seen by Fe 
loading localised to spinal cord. In cell culture, SH-SY5Y 
neuroblastoma cells stably expressing human wildtype-
SOD1 or SOD1 containing the G93A mutation also pre-
sent increased TfR1, ferritin and DMT1 at the mRNA level. 
Similar to animal models, an increase in mitFtn1 and 2 was 
observed in stable cells. Although isolated mitochondria 
failed to show Fe loading, SOD1G93A expressing cells 
showed a significant increase in Fe comparison to WT cells 
[218].

Numerous studies have reported high serum ferritin in 
ALS patients compared to healthy controls [219–223]. This 
accords with other studies in ALS patients that report a low-
ering of serum Tf [223, 224]. Indeed, serum ferritin has been 
considered as a candidate for biomarker of disease aggrava-
tion [221], and high levels of serum ferritin (indicative of 
high body Fe levels) correlate to poor prognosis [222, 223]. 
Nadjar et al. conducted a study testing 694 ALS patients and 
297 healthy controls and found high ferritin and lower trans-
ferrin levels (although Tf had increased saturation) in serum 
[223]. Tf can exist in an iron-free form (apotransferrin) or 
bound to two ferric iron atoms (holo or diferric transferrin) 
and thus high levels of saturated transferrin would correlate 
with Fe loading. Remarkably, the levels of ferritin correlated 
to survival time in ALS patients with high expression lead-
ing to reduced lifespan by 300 days compared to patients 
with low serum ferritin [223]. Similar results were observed 
by MRI, which reported Fe accumulation in the motor cortex 
[224]. Electron paramagnetic resonance (EPR) spectrometry 
studies have shown high levels of “inappropriate liganded 
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Fe” in CNS. In other words, there are high levels of biden-
tate or tridentate ligands (i.e. labile Fe) that possess free Fe 
coordination sites that increase Fe solubility and promote Fe 
redox cycling and ROS production [216].

Fe dyshomeostasis may thus contribute significantly to 
the oxidative damage observed in ALS and is a consequence 
of changes in the levels of regulatory proteins in favour of 
Fe loading. Studies suggest that further accumulation of Fe 
can occur as a consequence of chronic neuroinflammation 
which occurs in ALS patients and SOD1 transgenic mice 
models of ALS [218, 225]. Microglia and astrocytes, which 
express high ferritin, scavenge excess Fe and are conse-
quently protected from oxidation damage. Inflammation 
modifies the expression of Fe-regulating hormone hepcidin 
and also ferritin that would in turn downregulate expression 
of Fe efflux protein Fpn, leading to Fe accumulation. The 
process of demyelination also promotes accumulation of Fe. 
In the brain the majority of Fe is stored as non-heme iron in 
oligodendrocytes and myelin. Fe plays an important role as 
a cofactor for enzymes important for myelin production. In 
ALS, oligodendrocytes start to degenerate in the ALS and 
this precedes the loss of neurons [226].

Therapeutic potentials of targeting brain Cu and Fe 
levels

Oral administration of  CuIIatsm to numerous SOD1 ALS 
mice models led to improved clinical symptoms and pro-
longed survival (Table 1). The mode of action of  CuIIatsm 
may be different from that observed in the context of 
PD, and may involve decreasing the pool of Cu-deficient 
SOD1 and increasing the pool of holoSOD1 by mediating 
the in vivo transfer of Cu to SOD1 [205]. Thus,  CuIIatsm 
administration may be associated with a range of therapeutic 
benefits in a range of neurodegenerative disorders. Specifi-
cally,  CuIIatsm reduces death of motor neurons, decreases 
the level of oxidatively modified proteins (including protein 
nitration and carbonylation), reduces cytosolic accumulation 
of TDP43 both in vitro and in vivo and attenuates astrocyte 
and microglial activation.  CuIIatsm acts as anti-oxidant by 
scavenging peroxynitrites [227]. Peroxynitrite (produced by 
superoxide and nitric oxide) is a highly toxic ROS reported 
to play a role in ALS pathology. Peroxynitrite can (1) nitrate 
tyrosine or nitrosate cysteine residues in proteins, (2) inacti-
vate cellular proteins including SOD2 and (3) induce apop-
tosis in motor neurons. Overall,  CuIIatsm is able to prolong 
survival and slow progression of motor deficits in a vari-
ety of transgenic mice models which include SODG93A, 
SOD1G37R and SODG93A × CCS double transgenic mice 
[228–231], the latter of which is a mouse model with pro-
nounced ALS pathology featuring enhanced mitochondrial 
dysfunction and a severely shortened lifespan (mice die 
with 30–50 days of birth) [231]. The expression of CCS and 

mutant SOD1 reduces copper import into mitochondrial and 
reduces the activity of cytochrome c, a key player of the res-
piratory chain [232, 233]. It is Cu complexed to ATSM that 
has therapeutic benefits, as the ATSM moiety alone did not 
show any efficacy in ALS transgenic mice, emphasizing the 
role of  CuIIatsm in metal delivery [230]. To date,  CuIIatsm 
has shown the most promising therapeutic outcome in ALS. 
Understanding the mode of action by which  CuIIatsm exerts 
its numerous therapeutic benefits would pave the way to 
designing new generation therapeutics.

Targeting Fe dyshomeostasis by the use of chelators has 
shown promising results. Structurally diverse Fe chelators 
have extended lifespan and reduced neuronal loss. Jeong 
et al. studied the clinical benefits of the lipholic Fe chelator 
SIH, which increase lifespan by 5 weeks and reduced the 
loss of motor neurons [217]. In a later study, SOD1G39A 
transgenic mice were treated with the Fe chelators VK-28 
and M30, which extended life span and reduced spinal cord 
motor neuron loss. These effects can be attributed to the 
reduction of elevated iron levels, transferrin receptor expres-
sion, decreased ROS and suppressed microglial and astro-
cytic activation in the spinal cord [218]. Subsequent stud-
ies report that M30 and other structurally similar chelators 
work in part by inducing expression of hypoxia-inducible 
factor-1α (HIF-α). HIF-α is a transcriptional activator that 
induces the expression of a variety of genes involved in 
neuroprotection including erythropoietin (EPO), vascular 
endothelial growth factor (VEGF), enolase I and induc-
ible nitric oxidase synthase (iNOS) in NSC-34 cells and rat 
embryonic cortical neurons [234, 235]. Of particular interest 
is the induction of VEGF at the spinal cord which has been 
shown to be neuroprotective. ALS mouse models treated 
with VEGF therapy showed lower motor neuron death and 
extending survival [236, 237]. Moreover, VEGF gene poly-
morphisms have been linked to the development of sporadic 
ALS [238, 239]. The clinical Fe chelator, DFO, also induces 
VEGF expression in non-ALS models [240].

DFP has undergone a 1-year pilot clinical trial in a small 
group of (23) ALS patients. Low dose of DFP (30 mg/kg/
day) showed a good safety, lowered ALS functioning rating 
scale and BMI (body mass index) after 3 months of treat-
ment in comparison to the previous 3-month treatment-free 
period. DFP reduced Fe concentration in cervical spinal 
cord, medulla oblongata and motor cortex but did not alter 
Fe levels in other regions outside the motor system [241]. In 
addition, oxidative markers and neurofilament light chains 
were reduced in the CSF following treatment [241]. This 
therapeutic strategy has been coined ‘conservative Fe chela-
tion’. DFP is an ideal conservative Fe chelator as at low 
doses it can cross membranes, decrease regional Fe accu-
mulation and re-deploy it to transferrin to be distributed 
throughout the body and by doing so avoiding anaemia 
[185]. The therapeutic benefits and efficacy of DFP are being 
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further investigated in a double-blind, placebo-controlled, 
multicentre French study with an estimated enrolment of 
210 participants and a 12 month period (NCT03293069).

Fe, ferroptosis and neurodegeneration

Ferroptosis is a newly identified cell death pathway triggered 
by the built up of lipid peroxides which is biochemically 
and morphologically distinct from other cell death processes 
such as apoptosis, necrosis and autophagy (Fig. 3) [242]. 
However, it has been associated with neurodegeneration and 
pathological cell death [243, 244]. Not surprisingly, there is 
evidence of ferroptosis in AD, PD and ALS, which will be 
discussed below [244].

Lethal levels of lipid peroxidation lead to ferroptosis 
which is iron-dependent. Ferroptosis can be prevented by 
inducing a lipid repair system involving glutathione and 
GPX4. GPX4 (glutathione peroxidase 4) converts lipid 
hydroperoxides (L-OOH) to lipid alcohols (L-OH) [245]. 
Ferroptosis can be suppressed by iron chelators, lipophilic 
antioxidants, inhibitors of lipid peroxidation and depletion of 
polyunsaturated fatty acids (PUFAs) which are the substrates 
of pro-ferroptotic lipid peroxidation products catalysed by 
ACSL4 (Acyl-CoA Synthetase Long-Chain Family Member 
4) [246]. Although the key players that orchestrate ferropto-
sis have been identified the role of Fe in this process remains 
to be fully elucidated. Due its redox activity, Fe may directly 
oxidise lipids via Fenton chemistry [247]. Alternatively, Fe 
could impact lipid peroxidation via its coordination to iron-
dependent oxidases such as lipoxygenase. Lipoxygenase is 
iron-containing enzyme catalysing dioxygenation of poly-
unsaturated fatty acids (PUFA) in lipids which can activate 
ferroptosis [248]. Ferroptosis relies on the bioavailability of 

intracellular iron via its uptake or through liberation from 
degradation of ferritin or catabolism of heme. Cells can be 
made resistant to ferroptosis by manipulating the expres-
sion of proteins involved in Fe metabolism including TfR1, 
ferritin and Tf. Fe chelators can also rescue cells from fer-
roptosis, emphasizing the role of Fe in ferroptosis [242, 249, 
250]. Ferritinophagy, which leads to the release of Fe and 
an increase in labile Fe, increases sensitivity to ferroptosis 
[251].

The lack of apoptotic cell death markers in the AD brain 
suggests that the loss of neurons is due to an alternate cell 
death process. There is, however, an elevation of Fe in the 
AD brain and high ferritin CSF is an indicator of cogni-
tive decline in patients. Lipid peroxidation is reported to 
be an early event in AD pathology [252, 253]. Depletion of 
glutathione, which is required for GPX4 activity, was evi-
dent in the frontal cortex and hippocampus and correlated 
with cognitive decline [254]. In the AD mouse APP/PS1, 
administration of deuterated PUFAs (D-PUFA) which can 
delay ferroptosis not only reduced lipid peroxidation but 
also reduced amyloid burden [246, 255]. Moreover, a condi-
tional neuronal GPX4 (in forebrain) knockout mouse model 
exhibited AD-like cognitive impairment, hippocampal neu-
rodegeneration, lipid peroxidation and neuroinflammation 
[256]. These studies emphasize the role of ferroptosis in 
AD neurodegeneration. Importantly, inhibitors of ferropto-
sis have shown protection from neurodegeneration in AD. 
Thus, preventing/delaying ferroptosis may be of therapeutic 
benefit in AD.

Ferroptosis markers including lipid peroxidation, elevated 
Fe and depleted glutathione have been reported as part of 
PD pathology. In mouse models of PD iron chelators have 
shown efficiency in alleviating motor symptoms [185, 257]. 
One mechanism by which iron chelators function is by 

Fig. 3  Ferroptosis is an iron-
dependent cell death resulting 
from a build-up of lipid perox-
ides. Glutathione peroxidase 4 
(GPX4) is considered a critical 
regulator of ferroptosis through 
its ability to mitigate lipid per-
oxidation. Iron is critical for the 
execution of ferroptotic death as 
iron chelation can rescue cells 
from ferroptosis
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enhancing GPX activity in the CSF [185]. In addition, the 
antioxidant and inhibitor of ferroptosis, N-acetylcysteine 
(NAC), enhances brain glutathione and partially protects 
from neurodegeneration in PD mouse models. NAC has also 
been in used in 3-month short-term phase II clinical trial 
(NCTO2445651) with promising results including a reduced 
loss of dopaminergic neurons in the caudate and putamen 
of PD patients, who also had significant improvement in 
clinical symptoms [258]. Do Van et al. recently reported that 
the ferroptosis inhibitor, ferrostatin 1, reduced cell loss and 
improved behavioural impairments in the MPTP-intoxicated 
mouse model [259].

In the case of ALS, patients demonstrate enhanced lipid 
peroxidation in serum and CSF as well as decreased glu-
tathione levels in the motor cortex, implicating ferroptosis 
in neuropathogenesis [260]. A recent study has shown that 
markers of ferroptosis in ALS are associated with clinical 
decline [261]. As discussed above, DFP (an Fe chelator and 
a ferroptosis inhibitor) enhanced the life span of SOD1G86R 
mouse ALS model and has shown clinical benefits in a small 
cohort of ALS patients [241].

The role of copper on ferroptosis has not been explored 
exhaustively. A possible link between copper and ferroptosis 
is at the level of glutathione regulation. Therefore, copper-
dependent glutathione regulation should affect GPX4 activ-
ity and thus ferroptosis. However, a recent report indicates 
that copper can promote cell death by an independent cell 
death pathway, named cuproptosis [262]. Further studies are 
required to confirm whether cuproptosis and ferroptosis are 
truly independent mechanisms of cell death and their role in 
neurodegenerative diseases.

Concluding remarks

Despite differences in the clinical presentation and the CNS 
regions affected, AD, PD and ALS have key features in com-
mon: oxidative stress and protein misfolding/oligomeriza-
tion linked to increased neurotoxicity. The normal ageing 
brain is characterised by changes in metal levels which are 
exacerbated in neurodegenerative diseases. Thus, it is not 
surprising that ageing is the main risk factor for AD and 
PD. Throughout the past decade a large body of research 
has focused on determining the role of biological metals 
in neurodegeneration which appears to be multi-factorial. 
Strong evidence from various research groups demonstrate 
the integral role that Cu and Fe have in various aspects of 
neurodegeneration. Most importantly, preclinical and clini-
cal studies have demonstrated the therapeutic potential of 
metal modifying complexes and chelators in their ability to 
reduce neurodegeneration and improve clinical symptoms 
(Table 1).
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