Copper and Alzheimer’s Disease
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Abstract Alzheimer’s disease (AD) is the most common form of adult neurode-
generation and is characterised by progressive loss of cognitive function leading to
death. The neuropathological hallmarks include extracellular amyloid plaque accu-
mulation in affected regions of the brain, formation of intraneuronal neurofibrillary
tangles, chronic neuroinflammation, oxidative stress, and abnormal biometal
homeostasis. Of the latter, major changes in copper (Cu) levels and localisation
have been identified in AD brain, with accumulation of Cu in amyloid deposits,
together with deficiency of Cu in some brain regions. The amyloid precursor protein
(APP) and the amyloid beta (Ap) peptide both have Cu binding sites, and interaction
with Cu can lead to potentially neurotoxic outcomes through generation of reactive
oxygen species. In addition, AD patients have systemic changes to Cu metabolism,
and altered Cu may also affect neuroinflammatory outcomes in AD. Although we
still have much to learn about Cu homeostasis in AD patients and its role in disease
aetiopathology, therapeutic approaches for regulating Cu levels and interactions
with Cu-binding proteins in the brain are currently being developed. This review
will examine how Cu is associated with pathological changes in the AD brain and
how these may be targeted for therapeutic intervention.
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Background

Alzheimer’s disease (AD) is a neurodegenerative disorder that is the most common
form of dementia, affecting approximately 47 million people worldwide (Prince
et al. 2015). Advanced ageing is a notable risk factor for AD, whereby almost 50%
of cases are found in individuals older than 85 years. Fewer than 5% of cases are
due to genetic mutations with the remaining 95% resulting from occurrence without
known familial genetic mutation (Ceccom et al. 2012). With advancements in the
medical industry and prolonged life expectancy, the prevalence of AD is predicted
to increase immensely (Ballard et al. 2011). AD patients typically display symp-
toms of early memory loss, personality and behavioural changes and deficits in
sensory and motor functions. Macroscopically, the brain of AD patients presents
synaptic and neuronal loss resulting in brain atrophy, affecting regions including the
entorhinal cortex, hippocampus, basal forebrain and amygdala.

The complex aetiology of AD has been widely studied but is yet to be fully under-
stood. It is associated with the key hallmarks of extracellular amyloid peptide accu-
mulation, intracellular tau hyperphosphorylation, neuroinflammation and oxidative
stress. In recent years there has been a substantial focus on the role of transition
metals, particularly iron (Fe), zinc (Zn) and copper (Cu) in AD aetiology. These met-
als bind to amyloid-f peptide (Ap), accelerate AP aggregation and consequently pro-
mote neurotoxic plaque formation. Fe and Cu are also likely to be involved in
promotion of oxidative stress and neuroinflammatory changes in the AD brain (Choo
et al. 2013; Pratico 2008; Sayre et al. 2008). In addition, cognitive decline in AD has
been associated with the interference of the processing and function of the amyloid-f§
precursor protein (APP) and the phosphorylation and aggregation of the microtu-
bule-associated protein (MAP), tau, both of which are associated with altered metal
homeostasis (Crouch et al. 2009).

Copper Homeostasis

Although there are key roles for a number of metals in AD, this review will focus on
Cu. This metal is a key trace element, necessary for all oxygen-requiring processes. Cu
is concentrated at high levels in the brain for metabolic needs and additional functions.
Specifically, Cu is an essential cofactor that readily binds to enzymes, shifting between
the Cu(Il) and Cu(I) oxidative states (Hung et al. 2010). The redox capacity of Cu is
biochemically important for biological energy metabolism (cytochrome ¢ oxidase),
iron metabolism (ceruloplasmin), antioxidative activity (copper zinc superoxide dis-
mutase, SOD1), neurotransmitter synthesis (dopamine-f-monooxygenase), neuropep-
tide synthesis (peptidylglycine-a-amdinating enzyme) and neuronal myelination
(Davies et al. 2013; Scheiber et al. 2014). As a consequence of its redox activity, Cu
can also induce oxidative stress through the production of reactive oxygen species
(ROS) and its ability to bind with molecular oxygen (McCord and Fridovich 1969).
Tight regulation of Cu therefore exists through the duodenal absorption, uptake and
excretion from cells and sequestration within cells in order to prevent both excess Cu
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accumulation and Cu deficiency. This process further prevents abnormal Cu-oxygen
interactions (Kaden et al. 2011). The trafficking and transportation of Cu is highly
important for the maintenance of Cu homeostasis. In plasma, ceruloplasmin (Cp),
albumin and transcuprein are major Cu-binding proteins (Choo et al. 2013). Subcellular
Cu transportation involves the Ctrl protein for the transit into cells across the cell
membrane and the Cu ATP7a/b transporters for Cu exportation. In addition, cytosolic
Cu chaperones aid delivery and include the Cox17 system in the mitochondria
(Amaravadi et al. 1997), copper chaperone for SOD (CCS) (Culotta et al. 1997) and
the ATOX1 system in trans-Golgi network (Klomp et al. 1997). These critical cellular
mechanisms are essential for maintaining normal neuronal health and function.

Copper in the Brain

The brain contains approximately 7.3% of total body Cu content (Hung et al. 2010).
The brain possesses disproportionately low levels of antioxidants, thereby making it
highly susceptible to oxidative stress induced by the redox nature of Cu (Hung et al.
2013). Cu homeostasis and transport must therefore be tightly regulated in the brain
in order to maintain neuronal health. In the cortex and hippocampus, Cu is released
into the synaptic cleft of glutamatergic synapses as an essential component of neu-
ronal transmission (Bush and Tanzi 2008; Zheng et al. 2010). Upon synaptic depo-
larisation, Cu and Zn are released into the synaptic cleft at micromolar concentrations
estimated at approximately 15 pM (Hung et al. 2010; Kardos et al. 1989), whereby
excitatory and inhibitory neurotransmission can be modulated. Free ionic Cu is
released at NMDA-responsive synapses, and Cu efflux is thought to be associated
with the activation of NMDA receptors. This release of Cu may act as a post-
translational mechanism to modulate the extracellular s-nitrosylation of NMDA
receptors (Bush and Tanzi 2008). Impaired Cu regulation could promote the gluta-
matergic dysfunction that is present in the AD brain (Ayton et al. 2015). Cu also has
the ability to block GABAergic and AMPAergic neurotransmission on rat olfactory
bulb neurons (Trombley and Shepherd 1996) and AMPAergic neurotransmission on
rat cortical neurons (Weiser and Wienrich 1996). However, more recently it has been
established that Cu acts as more than just a negative modulator of neurotransmis-
sion. Following 3 hours of Cu exposure, AMPAergic neurotransmission has been
seen to increase. Cu therefore demonstrates a unique biphasic mechanism in neuro-
transmission. Furthermore, it has been demonstrated that Cu has acute inhibitory
effects on long-term potentiation (Opazo et al. 2014).

Copper Levels in the Brain in AD

Dyshomeostasis of Cu levels in the brain is a common characteristic in neurodegen-
erative diseases, including AD. Studies have indicated that mis-localisation of Cu can
be observed in the brain of AD patients, and some regions may be in excess while
others Cu deficient. This Cu imbalance has extensive effects on neuronal function
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and is significantly linked to cognitive deficits and AD pathology (Mao et al. 2012;
Rembach et al. 2013; Squitti 2014). It has been widely demonstrated that Cu accu-
mulates within Ap plaques, where Cu levels have been observed at ~390 uM. This is
a substantial increase when compared to the brain of normal age-matched control
patients, where Cu is found at a concentration of ~79 pM (Mot et al. 2011). Moreover,
tissue surrounding the A plaque (high in Cu) has been demonstrated to present with
substantially lower levels of Cu, engendering local Cu deficiency (Zheng et al. 2010;
Motetal. 2011). Rembach et al. (2013) established that Cu levels in the frontal cortex
are significantly lower than age-matched healthy controls, specifically confined to
the soluble fraction. Post-mortem examination is required to measure Cu concentra-
tion in the brain and detect AP plaques (Hung et al. 2013; Rembach et al. 2013).
In order to determine Cu levels in living patients, an ancillary method must be used
(e.g. serum Cu) that may in the future be a diagnostic tool for AD (Wang et al. 2015).

A large proportion of the literature has focussed on measuring Cu levels in the
serum and cerebrospinal fluid (CSF) of living AD patients. Cu transport in the serum
can be found in the form of non-ceruloplasmin-bound Cu (non-Cp-Cu) or bound to
Cp or albumin. It is the uptake of the free Cu ion that passes the brain barriers (the
blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier) and is distrib-
uted to the CSF and brain parenchyma. The choroid plexus tightly regulates the
transportation of Cu into the CSF, whereas movement into the parenchyma may
appear more readily in the cerebral capillaries (Choi and Zheng 2009). Meta-
analysis of Cu serum levels has indicated that AD patients display higher Cu serum
levels (particularly non-Cp-Cu) compared to healthy non-diseased controls (Wang
et al. 2015; Squitti 2012; Ventriglia et al. 2012). Interestingly, analysis revealed that
Cu levels in the CSF showed no discrepancy between AD patients and controls
(Bucossi et al. 2011). The reason for differential plasma Cu but not CSF Cu in AD
patients compared to healthy controls is not yet understood.

Copper and Amyloid Aggregation

The aggregation of AP is thought to be a major contributor in AD pathology, which
may be explained by the amyloid cascade hypothesis (Henry et al. 2010). The amy-
loid hypothesis suggests that aggregated and oligomerised AP is the major contrib-
uting factor to synaptic and neuronal degeneration in AD. Amyloid deposition and
subsequent senile plaque formation can occur through age-related changes in amy-
loid generation and clearance and are also induced by mutations in genes such as
amyloid precursor protein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2).
Originally it was believed that plaque formation led to neuronal cell death and AD
(Reitz 2012). However, over recent years this hypothesis has been modified to sug-
gest that it is the soluble aggregated forms of AP and not the endpoint plaques per
se that drive neuronal death. With many clinical trials currently focussed on inhibi-
tion or removal of amyloid, the veracity of the amyloid hypothesis will soon be
established.
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AP peptides are metabolic products, generated by the proteolysis of APP (Henry
et al. 2010). APP is a ubiquitously expressed, transmembrane glycoprotein that accu-
mulates at nerve terminals (Buxbaum et al. 1998) and is thought to be involved in
axonal transport, vesicular trafficking, cell adhesion, neuronal survival, apoptosis and
perhaps protein folding and degradation (Hung et al. 2010; Cottrell et al. 2005). APP
is approximately 110-140 kDa in size, and heterogeneity emerges due to alternative
exon splicing and post-translational modifications (Selkoe 2001). Two Cu-binding
domains exist within APP, one localised in the Af region (Fig. 1) and the other in the
N-terminus (Fig. 2) (Hung et al. 2010). The ligands His147, His151, Tyr168 and
Met170 are required for high-affinity Cu binding to the N-terminal domain (Barnham
et al. 2003; Kong et al. 2007) (Fig. 2). Cu(Il) reductase activity is present within the
Cu-binding domain of APP, which may further contribute to free radical formation
and is sufficient to promote copper-mediated neurotoxicity (Hung et al. 2010).

The enzymatic cleavage of APP occurs via either the amyloidogenic or non-
amyloidogenic pathways. The non-amyloidogenic pathway requires a-secretase and
y-secretase, whereas amyloidogenic processing of APP occurs by p-secretase and
y-secretase (Hung et al. 2010; Ayton et al. 2015). The activity of P-secretase-
BACEI! in the amyloidogenic pathway is regulated by Cu. Cu binds to BACEI in the
Cu(I) binding site present in the C-terminal domain of BACE1, whereby BACE1
mRNA expression is upregulated and hence decreases P-cleavage of APP. This
upregulation and increased activity of BACEI has been observed in copper-deficient
fibroblasts (Cater et al. 2008). Therefore, altered levels of intracellular Cu may influ-
ence APP metabolism. Increased intracellular Cu elevated the secretion of the

Copper Binding Site
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Beta-secretase Alpha-secretase Gamma-secretase

Fig. 1 Schematic of amyloid beta peptide showing amino acid residues involved in binding of
copper. Secretase cleavage sites are also shown
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Extracellular N-terminal Copper Binding Site

Amyloid beta peptide

Fig. 2 Schematic of amyloid precursor protein (APP) showing different domains including the
N-terminal copper-binding domain. GFLD growth factor-like domain, CuBD copper-binding
domain, RERMS amino acid sequence associated with growth-promoting activity, CAPPD central
APP domain, AICD APP intracellular domain, PM plasma membrane
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a-cleaved APP, whereas the B-cleaved APP production and subsequent secretion
were increased in Cu-deficient cells (Cater et al. 2008). Copper has therefore been
shown to modulate APP not only via the Cu-binding domain but also through its
processing and hence control of Af production. Regulation of A subsequently
effects Ap-induced neurotoxicity (Barnham et al. 2003).

In both healthy and AD patients, heterogeneous forms of AP have been identi-
fied. Extensive research has focussed on the 40-amino acid form of Ap (Af,_4) and
the AP species ending with a C-terminal residue of 42 (Af,_4). AP,_4 accounts for
~90% of secreted AP, and the remaining 10% of total AP secreted from cells is
mostly AP, which aggregates more readily to form plaque deposits (Citron et al.
1996; Small and McLean 1999; White et al. 2006a). Extracellular plaque forma-
tion is primarily composed of aggregated AP peptides, both insoluble fibrillar A
and soluble AP oligomers. AB;_4 is the predominant soluble isoform of AP (Ahuja
etal. 2015) with increasing evidence suggesting a close relationship with cognitive
impairment (Lue et al. 1999). Alternatively, AP,4, has a higher propensity to
aggregate, which could enhance toxic outcomes. Lue et al. (1999) interestingly
espouse that soluble AP (or 1-40, 1-42) has the ability to impact a wider area of
neurons and synapses in comparison to insoluble A and, thus, may have a greater
role in neurotoxicity.

Metals such as Cu, Fe and Zn play a significant role in the formation of solu-
ble AP oligomers, and in particular Cu(II)-Ap interactions are a major driver of
peptide aggregation. The oligomer species of AP generated is dependent on the
molar ratio of Cu(Il) to AP. At sub-equimolar ratios, amyloid-like aggregates
form that are highly stable and resistant to sodium dodecyl sulphate (SDS).
Conversely, at supra-equimolar ratios of Cu(II) to A, soluble, less stable, neuro-
toxic oligomers are formed. Cu(Il)-induced aggregates may be spontaneously
formed at Cu(II)/peptide ratios of 0.25:1; however, amyloid formation is not sub-
sequently accelerated as compared to AP,_4, in the absence of Cu(II) (Smith et al.
2007). The formation of a His bridge between Cu(II) ions leads to the generation
of His-bridged AP oligomers that are highly toxic (Smith et al. 2006; Huang
et al. 2004). His modification has been demonstrated to reduce the amount of
Cu-mediated AP,_4 aggregation, but aggregation is not entirely abolished. These
data suggest that the interaction with non-His residues on the peptide is partially
responsible for the aggregation of this particular form of Af (Atwood et al.
1998). The tendency of A peptides to self-aggregate is dependent on the specific
oligomer of A, as analysis has proposed that peptide precipitation may be medi-
ated by the high-affinity Cu(II) binding site present in AP,_4, oligomers. In com-
parison, A4 is less self-aggregating and may be explained by the presence of
a lower-affinity Cu(Il) binding site (Atwood et al. 2000). Conclusively, it is well
established that nucleated aggregation, where aggregation follows from a pre-
aggregated seed, is considerably accelerated in the presence of Cu(Il) (Huang
et al. 2004) and heightened by mild acidic conditions similar to that in AD brains
(Atwood et al. 1998).
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Cu and Tau

Tau is a microtubule-associated protein (MAP) expressed abundantly in the CNS,
predominantly in neurons, and at lower levels in astrocytes and oligodendrocytes
(LoPresti et al. 1995). Normal tau plays a significant role in axonal microtubule
(MT) organisation, specifically axonal growth and development of neuronal polar-
ity. This is achieved through axonal stabilising of MTs by promoting MT assembly.
In addition, recent findings established a multifunctional role of tau, recognising its
interaction with synaptic vesicles as a key factor in neurotransmission (Hung et al.
2013; de Calignon et al. 2012; Liu et al. 2012; Pooler et al. 2013). The regulation of
tau is controlled by specific protein kinases and phosphatases, which mediate post-
translational phosphorylation (Higuchi et al. 2002). Highly phosphorylated tau
aggregates, sequestering normal tau and disrupting MTs. This characteristic of tau
links directly to the aetiology and pathogenesis of neurodegenerative diseases such
as AD (Khlistunova et al. 2006).

A relationship between Cu and tau has been established to suggest that the pro-
moter of the tau gene (MAPT) may be regulated by the Cu-responsive transcription
factor, Sp1 (Heicklen-Klein and Ginzburg 2000; Song et al. 2008). Sp1 is also a key
regulator of BACE1 processing of APP to produce AP (Christensen et al. 2004).
Overexpression of tau inhibits kinesin-dependent transport of peroxisomes, increas-
ing the vulnerability of cells to oxidative stress and hence degeneration. Additionally,
inhibiting APP transport into axons and dendrites induces cell body accumulation of
APP (Stamer et al. 2002). Therefore, a clear link between Cu-responsive overregu-
lation of tau and APP may be important. However, critical evidence in the literature
demonstrates that despite the role of tau in APP and Af-induced cognitive decline,
AP accumulation most likely precedes and drives the accumulation of tau neurofi-
brillary tangles (NFT) (Gotz et al. 2001; Hu et al. 2008; Lewis et al. 2001).

Structural analysis of tau protein postulates that the microtubule-binding domain
(MBD) comprises of four highly conserved 18-amino-acid repeats, R1, R2, R3 and
R4. The MBD is well recognised for its role in the formation of paired helical fila-
ments (PHFs), promoting tau aggregation and formation of NFTs in vitro.
Neurotoxicity to neurons may be induced by abnormal tau aggregation; hence, sev-
eral studies have been conducted to determine the aggregation process. More spe-
cifically, the relationship between these repeat regions and Cu(Il) has been
investigated (Ma et al. 2005, 2006; Zhou et al. 2007). Cu(Il) binding to repeat
regions is a pH-dependent and stoichiometrically determined process. The R2 and
R3 peptides adopt a monomeric a-helical structure in the presence of Cu(Il). The
helical structure induces PHF formation that aggregates to form NFTs (Ma et al.
2005, 2006). Furthermore, R3 peptide may additionally form a f-sheet structure in
1 mol eq. of Cu(Il). Interestingly, Cu(Il) binding to R1 peptide has been shown to
delay the onset and level of R1 aggregation. It is suggested that Cu(II) coordination
affects the electrostatic surface of R1 peptide, hence regulating in vivo aggregation
of tau protein (Zhou et al. 2007). The present literature therefore suggests that Cu(II)
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binding to repeat of the MBD influences peptide aggregation, hence encapsulating
an important feature of AD, the presence of NFTs. Moreover, tau demonstrates
redox activity when bound to Cu inappropriately, which further contributes to oxi-
dative stress (Hung et al. 2010; Su et al. 2007). R2 peptides have the capacity to
reduce Cu(Il) to Cu(I), favouring the generation of hydrogen peroxide (H,0O,) and
hence subsequent ROS (Su et al. 2007).

Cu and Oxidative Stress in AD

Oxidative stress is a predominant feature in AD and ageing brains, whereby condi-
tions of dyshomeostasis lead to the generation of ROS. ROS production can be
facilitated by the high redox nature of Cu. Oxidative stress may therefore be induced
through participation in Fenton and Haber-Weiss reactions, Ap-Cu(Il) binding,
diminished glutathione (GSH) levels and reduced expression of Cu-dependent
enzymes (Hung et al. 2010; Mot et al. 2011; Halliwell and Gutteridge 1984). ROS
may interact with biomolecules and engender irreversible oxidative modification
such as lipid peroxidation, protein oxidation and nucleic acid cleavage leading to
cellular impairment (Hung et al. 2010; Halliwell and Gutteridge 1984).

Cu is thought to play a key causative role in oxidative stress-induced neurode-
generation by Fenton and Haber-Weiss reactions, where it directly catalyses the
formation of ROS (Hung et al. 2010; Ahuja et al. 2015). This is a two-step process
involving the reaction between cupric ion (Cu(Il)) and superoxide anion radical
(O,™) or biological reductants such as ascorbic acid or glutathione (GSH) to produce
the reduced cuprous ion (Cu(I)). Cu(l) in the presence of H,O, can catalyse the
formation of highly unstable hydroxyl ("OH) radicals (Ahuja et al. 2015; Halliwell
and Gutteridge 1984; Barbusinski 2009). Reactive "OH radicals may react with bio-
molecules close to the site of formation, exacerbating oxidative stress in this region
(Jomova and Valko 2011). In addition, the capacity of Cu to induce DNA damage
and oxidation of bases is induced by ROS production via the Fenton reaction
(Moriwaki et al. 2008):

Cu(II)+0,” - Cu(I1)+0, (1)
Cu(I)+H,0, — Cu(Il)+ OH+OH" ( Fenton reaction) (2)

Amyloid deposits present in AD patients exhibit high levels of copper and oxida-
tive stress markers. Cu(Il) noticeably potentiates AP neurotoxicity, promoting the
greatest toxic effect for A, compared to AP,y (Jomova and Valko 2011;
Cuajungco et al. 2000). This is based on the peptide’s ability to reduce Cu(Il) to
Cu(I) and therefore mediate O,-dependent H,O, production. The redox potential of
Cu hence plays a significant role in exacerbating and facilitating AB-induced oxida-
tive stress and subsequent neuronal death in AD (Huang et al. 1999). Interestingly,
further oxidative damage may be mediated by dityrosine cross-linking between A
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peptides. Cross-linking can be induced through direct attack of *OH radicals on Ap
peptides (Barnham et al. 2004; Galeazzi et al. 1999; White et al. 2006b), and the
oxidative environment causes the accumulation of multi-protein aggregates that
have a greater resistance to clearance (White et al. 2006b; Perry et al. 2002).

Elevated levels of Cu diminish GSH, an antioxidant present in cells. GSH is a
substrate for enzymes that remove ROS. Dyshomeostasis of Cu and hence reduced
levels of GSH may induce an oxidative environment that enhances the production
and cytotoxic effects of ROS (Ahuja et al. 2015).

In AD patients, brain tissue can present with elevated Cu levels as well as
Cu-deficient regions. The expression of Cu-dependent enzymes (SOD1 and ATOX1)
was considerably reduced in multiple microarray studies, reinforcing that neurons
may be Cu deficient (Myhre et al. 2013). In addition to its antioxidant role, SOD1
also has anti-inflammatory functions through ROS detoxification. Therefore, reduced
expression and hence activity of SOD1 would heighten toxic ROS accumulation and
exacerbate both oxidative stress and chronic inflammation (Choo et al. 2013).

Cu and Inflammation

Inflammation is a significant pathological factor present in neurodegenerative dis-
eases such as AD. Inflammation is normally a protective response in the brain
involving interactions between cells and mediators to prevent cell injury. The resi-
dent macrophages of the brain parenchyma, microglia, exhibit protective effects
such as monitoring the local microenvironment and responding to disturbances.
Slight disruptions in the microenvironment cause morphological and functional
changes in microglia, which may further contribute to neuroinflammation present in
the brain (Bamberger et al. 2003; Minghetti 2005). During such periods of dysho-
meostasis in AD, inflammation may be triggered by the accumulation of abnormal
protein aggregates or by pro- and anti-inflammatory cytokine imbalances (Minghetti
2005; Wyss-Coray and Mucke 2002). Copper can play a central role in toxic and
protective inflammatory reactions (Choo et al. 2013).

The binding of Cu with AP induces AP deposition and neurotoxicity through ROS
generation (Barnham et al. 2004). The production of ROS alone contributes to the
neurotoxic inflammatory environment. Additionally, the presence of activated inflam-
matory cells, such as microglia, surrounding A plaques contributes significantly to
the chronic inflammatory response (Choo et al. 2013; Dickson et al. 1988; McGeer
et al. 1989; Rozemuller et al. 1989). Microglia participate in the clearance of senile
plaques through phagocytosis or Af plaque degradation (DeWitt et al. 1998; Shaffer
etal. 1995). The ultimate outcome of this ‘beneficial’ microglial response is unknown.
Paradoxically, phagocytosis of AR may stimulate immune activation and release of
pro-inflammatory mediators (Choo et al. 2013). Interestingly, astrocytes are closely
associated with microglial phagocytosis and prevent clearance and slow degradation
of amyloid plaque materials. These materials can therefore persist and further contrib-
ute to AD (DeWitt et al. 1998; Shaffer et al. 1995). Additionally, within close vicinity
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of the amyloid plaques, increased levels of complement, cytokines, chemokines and
free radicals have been observed, promoting a self-propagating toxic cycle leading to
neurodegeneration in AD (Minghetti 2005).

Cu displays both pro- and anti-inflammatory characteristics. It is well established
that Cu induces peripheral secretion of IL-6 (Schmalz et al. 1998) and IL-8, the lat-
ter specifically through NF-kB activation (Kennedy et al. 1998). However, little evi-
dence exists depicting the direct relationship of Cu to neuroinflammation. Current
literature has reported that cholesterol and Cu may synergistically interact to gener-
ate Cu-induced neurotoxicity through oxidative stress-mediated apoptosis in AD
(Choo et al. 2013; Lu et al. 2006). Conversely, it has been suggested that Cu can
contribute to the development of an anti-inflammatory microglial phenotype (M2).
A specific study indicated that the BV2 microglial cell line exposed to LPS induced
an inflammatory phenotype (M1); however, the combination of both Cu(I) and LPS
may lead to a shift towards an M2-like phenotype. Cu alone, in the absence of LPS,
has not shown any effect on either M1 or M2 phenotypes. The studies propose that
the shift from M1 to M2 is due to the redox state of NO, which may be due to Cu(I).
Furthermore, the absence of NO is proposed to be a factor in the adoption of the M2
microglial state (Choo et al. 2013; Bamberger et al. 2003).

Non-ceruloplasmin Cu in Plasma

Non-ceruloplasmin Cu (non-Cp-Cu) may also be referred to as “free Cu” and is
simply defined as serum Cu not bound to ceruloplasmin (Cp). It is well established
that AD patients display elevated levels of non-Cp-Cu (Squitti et al. 2005).
Furthermore, this increase may be representative of total serum copper (Squitti
2014). Free Cu levels correlate with cognitive function (measured by Mini-Mental
State Examination (MMSE)), and higher level of free Cu is a predictor of severe
cognitive decline, worsening MMSE outcomes, in patients with AD (Salustri et al.
2010; Squitti et al. 2009). Findings suggest that non-Cp-Cu may be a predictor for
the progression of mild cognitive impairment to AD (Squitti etal. 2014). Additionally,
alterations in electroencephalographic (EEG) rhythms have been observed in
patients with elevated non-Cp-Cu, more specifically the slowing of cortical EEG
rhythms (Zappasodi et al. 2008).

The liver plays a central role in Cu storage, Cu movement and Cu coordination
into Cp. It has been hypothesised that free Cu may arise from impaired transfer of
Cu into the secretory pathway of hepatocytes. Moreover, research has been under-
taken to determine whether there is a correlation between free Cu and liver function
in AD. A negative correlation was found between free copper and markers of liver
function. This study had multiple limitations and hence further investigation is
required (Squitti et al. 2007). In addition, genetic defects associated with the Cu
efflux pump, ATP7b, may cause altered loading of Cu into Cp. The transmembrane
domain of the ATP7b ionic pump is associated with AD and increases the amount of
non-Cp-Cu released into the circulation (Squitti 2012; Squitti et al. 2008).
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A substantial number of meta-analyses have been conducted on Cu levels and
specifically non-Cp-Cu levels. These meta-analyses in fact have demonstrated that the
fraction of non-Cp-Cu in circulation is increased and as a whole Cu dyshomeostasis
consists of decreased Cu in the brain (Schrag et al. 2011) and an increase in the blood
(Wang et al. 2015). These studies undoubtedly support the correlation between altered
Cu levels and AD pathogenesis. However, limited research has been conducted on the
direct mechanisms in which elevated non-Cp-Cu levels effects AD patients.

Therapeutic Considerations

As eluded to in this review, metal ion dyshomeostasis is central to AD pathogenesis
and hence has been a target for therapeutic interventions. Currently there is no clini-
cal cure for AD. However, the development and investigation of therapeutics such
as dietary Cu supplementation, Cu chelation and Cu complexes have been consid-
ered in AD.

Dietary supplementation of Cu has been studied as a therapeutic approach for
AD. The brains of APP transgenic mice have lower levels of Cu and display reduced
activity of Cu/Zn-SOD1 in comparison to wild-type mice. Following oral treatment
of Cu, APP transgenic mice exhibited restored SOD1 activity to normal levels and an
increase in bioavailable brain Cu levels and decreased A4 and AP;_p. These mice
did not present a premature death phenotype (Bayer et al. 2003). It was suspected that
in AD patients Cu intake may stabilise cognition. A randomised, double-blinded,
placebo-controlled phase II clinical trial in patients with mild AD was conducted to
evaluate the efficacy of oral Cu supplementation for 12 months. AD patients were
treated with either Cu-(II)-orotate-dihydrate (8 mg Cu daily) or the placebo, and no
significant differences were observed in primary outcome measures. The results
demonstrated that although long-term oral intake of 8 mg Cu is well tolerated by AD
patients, it is not therapeutic and has no effect on AD progression (Kessler et al.
2008). However, it should be noted that if Cu regulation is abnormal in AD (as sup-
ported by the evidence discussed here), then supplementation with dietary Cu is
unlikely to have any impact. To overcome this, therapeutics are needed that bypass
faulty Cu-handling processes.

Clioquinol (CQ; 5-chloro-7-iodo-8-hydroxyquinoline) (Fig. 3) is a small lipo-
philic, metal-protein attenuating compound (MPAC) that has demonstrated thera-
peutic potential in neurodegenerative diseases such as AD (Di Vaira et al. 2004).
Conflicting hypotheses exist with regard to the approach CQ undertakes to interfere
with metal homeostasis. Initially CQ was regarded as a metal chelator, suggesting
that it may lead to alteration of Cu or Zn levels in specific diseased brains regions
(Hegde et al. 2009; Treiber et al. 2004). CQ was later considered a metal-protein
attenuating compound (MPAC), a substance that may influence and restore metal
ion homeostasis without greatly effecting overall Cu regulation (Grossi et al. 2009).
However, it is now termed an ionophore, acting as a Cu carrier facilitating Cu trans-
port across membranes (White et al. 2006b; Grossi et al. 2009; Filiz et al. 2008;
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Fig. 3 Schematic structure of the metal ionophores clioquinol (CQ) and PBT-2

Caragounis et al. 2007). The beneficial effects of CQ were reported in a nine-week
study of oral CQ administration in AD mice. Results depicted reduced A deposi-
tion and improved cognitive performance (Cherny et al. 2001). In a phase II clinical
trial of CQ, 32 patients were recruited in this double-blind, placebo-controlled,
parallel-group randomised study. The CQ group demonstrated improved cognitive
performance and a decline in plasma Af,_, concentration. However, in this study
the cognitive benefit of CQ was only illustrated in the more severely affected sub-
jects (Ritchie et al. 2003). Following some controversial published data on CQ, it
has recently been withdrawn from human clinical studies (Hegde et al. 2009).
Furthermore, a derivative of CQ, another hydroxyquinoline ligand (PBT-2) (Fig. 3)
has been clinically tested in a human phase Ila double-blinded trial that demon-
strated lowered CSF AP, 4, levels and improvement in two areas of a neuropsycho-
logical test battery (Lannfelt et al. 2008). PBT-2 and CQ have the ability to block
H,0, generation through the ApB-Cu complex. PBT-2 can also decrease interstitial
brain AP and improve cognitive performance to a greater degree than CQ. In addi-
tion, PBT-2 has outperformed CQ as an ionophore and shows increased BBB per-
meability (Adlard et al. 2008). Additional large and longer studies are required to
further determine the beneficial effects of PBT-2 on AD patients.

Cu complexes of bis(thiosemicarbazone) (BTSC) are able to bind Cu(Il) and
Zn(I) to form stable, lipophilic complexes that cross membranes and specifically the
BBB (Duncan and White 2012; Green et al. 1988). In addition, Cu complexes of
BTSCs (Cu(I)(btsc)s) have been investigated as a potential therapeutic of
AD. Treatment of APP-CHO cells with Cu(II)(btsc)s specifically, glyoxalbis(N
(4)-methyl-3-thiosemicarbazonato)copper(Il) (Cu(Il)(gtsm)) demonstrated increased
intracellular Cu levels and a reduction in secreted Af levels (Donnelly et al. 2008).
Furthermore, neurotoxic pathways are regulated by glycogen synthase kinase 33
(GSK3p) and have been targeted as a therapeutic in AD. Treatment with Cu(Il)(gtsm)
in APP/PSI1 transgenic AD mice resulted in reduced active GSK3p, lower abundance
of AP trimers and phosphorylated tau and conclusively reversed cognitive deficits in
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the APP/PS1 transgenic mice (Crouch et al. 2009). Additionally, despite pyrrolidine
dithiocarbamate (PDTC) being classified as a Cu-chelating compound, it has also
demonstrated in APP/PS1 mice to down regulate the GSK3fp pathway and thus
improve spatial learning. This study also presented that Cu levels in the brain increased
with PDTC treatment and moreover reduced tau phosphorylation. It remains unknown
whether PDTC binds and prevents metal binding of Ap (Malm et al. 2007).

Future Directions and Conclusions

The present review gives an insight into the role of Cu in the complex neurodegen-
erative disorder, AD. Considerable evidence exists to demonstrate that altered Cu
homeostasis in the brain is a key factor in AD. This is likely to involve mis-
localisation of Cu rather than excess or deficiency per se. Increased Cu may exacer-
bate some subtypes, but mostly Cu changes are part of the disease, leading to loss
of Cu function in key cell types and Cu-mediated toxicity in other cells or locations
including amyloid aggregation. Copper-based therapeutics may be developed for
Cu chelation and need to progress to address Ap-Cu interactions, control tau-Cu and
decrease oxidative stress and neuroinflammation in the brain. Ultimately, further
research should contribute to ameliorating the deleterious effects of Cu dyshomeo-
stasis in AD patients.
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