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Abstract. The cause of Alzheimer’s disease (AD) is incompletely defined. To date, no mono-causal treatment has so far
reached its primary clinical endpoints, probably due to the complexity and diverse neuropathology contributing to the neu-
rodegenerative process. In the present paper, we describe the plausible etiological role of copper (Cu) imbalance in the disease.
Cu imbalance is strongly associated with neurodegeneration in dementia, but a complete biochemical etiology consistent
with the clinical, chemical, and genetic data is required to support a causative association, rather than just correlation with
disease. We hypothesize that a Cu imbalance in the aging human brain evolves as a gradual shift from bound metal ion pools,
associated with both loss of energy production and antioxidant function, to pools of loosely bound metal ions, involved in
gain-of-function oxidative stress, a shift that may be aggravated by chemical aging. We explain how this may cause mito-
chondrial deficits, energy depletion of high-energy demanding neurons, and aggravated protein misfolding/oligomerization
to produce different clinical consequences shaped by the severity of risk factors, additional comorbidities, and combinations
with other types of pathology. Cu imbalance should be viewed and integrated with concomitant genetic risk factors, aging,
metabolic abnormalities, energetic deficits; neuroinflammation, and the relation to tau, prion proteins, a-synuclein, TAR DNA
binding protein-43 (TDP-43) as well as:systemic comorbidity. Specifically, the Amyloid Hypothesis is strongly intertwined
with Cu imbalance because amyloid-3 protein precursor (ABPP)/A are probable Cu/Zn binding proteins with a potential
role as natural Cu/Zn buffering proteins (loss of function), and via the plausible pathogenic role of Cu-Af.

Keywords: Alzheimer’s disease, amyloid-3, amyloid-3 protein precursor, ATP7B, copper, dementia, meta-analysis,
Wilson’s disease

*Correspondence to: Rosanna Squitti, Molecular Markers Lab-
oratory, IRCCS Istituto Centro San Giovanni di Dio- Fatebene-
fratelli, 25125 Brescia, Italy. Tel.: +39 030 3501725; Fax: +39 030
3501592; E-mail: rosanna.squitti @afar.it.

ISSN 1387-2877/$35.00 © 2021 — IOS Press. All rights reserved.


mailto:rosanna.squitti@afar.it

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

7

72

73

74

75

76

7

78

79

80

81

82

83

84

85

2 R. Squitti et al. / CuAD Hypothesis

INTRODUCTION

In Alzheimer’s disease (AD) and dementia in gen-
eral, a change is needed to overcome the current
dogmatic view of the disease and achieve a better
understanding of its etiology to develop effective
treatments [1]. AD is a multifactorial condition in
which amyloid-3 (AB) accumulation and misfolding
of other proteins converge with many other genetic,
environmental, vascular, metabolic, and inflamma-
tory factors promoting the disease state [2]. In this
complex interplay, aging constitutes the leading risk
factor and the orchestrator of the neurodegenerative
process [1].

The objective of this hypothesis article is to pro-
vide a focused overview of the role of copper (Cu) as
supported by preclinical, genetic, biochemical, clini-
cal, epidemiological, and meta-analytic data, and its
relation to aging, and to discuss a consistent biochem-
ical etiology of the disease. Our hypothesis posits
that age-aggravated Cu imbalance involves a gradual
shift from protein-bound metal ion pools, associated
with both loss of energy production and antioxidant
function [3], to pools of loosely bound metal ions
that produce gain-of-function oxidative toxicity con-
tributing to dementia risk. The proposed mechanism
is particularly relevant in a subset of individuals,
defined as CuAD, in which Cu dysregulation is mod-
ulated by ATP7B genetic risk variants [4-7].

While the dysregulation of calcium (Ca*), zinc
(Zn%1), iron (Fe2*/31), and Cut/2t has been known
for decades to associate with the (onset and) pro-
gression of AD [8], we propose an updated model
centered on processes deriving from the shift of
Cu from strongly protein-bound pools with essential
function, to loosely-bound toxic pools [9]. We will
also discuss cellular mechanisms of metal-related
brain damage occurring at different sites (glia, neu-
rons, synapses) as well as metal-related alteration of
A metabolism.

BRIEF HISTORY OF ALZHEIMER’S
DISEASE ETIOLOGY

Recent studies have shown that many neurodegen-
erative determinants act synergistically to produce
neuronal loss, whichin AD ends with severe cognitive
and behavioral impairment [10]. A brief description
of AD, its histopathological and biochemical man-
ifestations, the history of the disease etiology, and
the emerging role of metal ion imbalance, is reported
herein.

AD affects approximately 30-35 million people
worldwide (50 million dementia cases, with 60-70%
being AD cases) [11]. The disease produces a gradual
deficit of episodic memory; deficits are then extended
to all the cognitive domains, and behavioral disorders
eventually ensue, thereby deeply impacting on activi-
ties of daily living. The detrimental effects of AD span
beyond the diagnosed individual and pose challenges
also to caregivers and healthcare providers.

The histopathological hallmarks of AD include
neurofibrillary tangles of hyperphosphorylated tau
protein common to many diseases, and extracellu-
lar insoluble deposits of senile plaques consisting
of metal-enriched, oxidized, and various isoforms of
AB. There is broad consensus that age is the primary
risk factor for AD onset, making developed countries
with a high life expectancy particularly vulnerable
to a dementia outbreak [12], while the pathology is
emerging in developing countries with a dramatic
incidence.

Although the disease has a multifactorial etiology
there are causal genetic risk factors of AD. Af is
generated by the proteolytic cleavage of the amyloid-
B protein precursor (ABPP), a protein involved in
important physiological functions like synapse mat-
uration, neural plasticity, and metal-export activity
[13]. Fully penetrant mutations on the APP and on the
PSENI and PSEN2 genes, which encode for the cat-
alytic subunit of the y-secretase enzyme that produces
A from ABPP, strongly contribute to the early-onset,
familial form of AD (< 65 years) (see [14] for arecent
review of the topic). Genetics also play a role in
the late-onset, sporadic forms of dementia. In that
regard, harboring the APOE4 allele, encoding the
Apolipoprotein E4 isoform involved in cholesterol
and A metabolism, is a common high genetic risk
factor in individuals > 65 years [15].

Growing evidence supports the notion that many
patients present with neuropathological heterogene-
ity and that mixed neuropathology is typical of
the cognitive decline [10]. Thus, dementia results
from person-specific combinations of many molec-
ular determinants that work in synergy to produce
different clinical entities, modulated by additional
comorbidities including, but not limited to, cardiovas-
cular disorders, Type 2 diabetes, and dyslipidemia.
Accordingly, more effort is required to explore the
molecular granularity of dementia subtypes. For
instance, besides the different array of neurotoxic
proteins [A, tau, prion proteins (PrP), a-synuclein,
TAR DNA binding protein-43 (TDP-43)], the
AD brain is also characterized by bioenergetic
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abnormalities, oxidative stress, inflammation, Ca
dyshomeostasis, and heterogeneously disturbed Zn,
Fe, and Cu levels [2, 16, 17].

Drugs have been mainly developed within the
Amyloid Hypothesis. The construct posits that the
aberrant accumulation of A3 assemblies is the critical
initial step of the AD process [18]. The hypothe-
sis is supported by genetic risk factors of familial
AD (PSENI/2 and APP genes) as well as preclini-
cal studies [19]. Therapeutic efforts have focused on
either limiting the A accumulation and/or forma-
tion of toxic oligomers by antibodies or the peptide
production by enzyme inhibitors or modulators, but it
appears clear that addressing a single molecular deter-
minant is not a sufficient approach [20]. Indeed, no
mono-causal treatment has so far reached its primary
clinical endpoints, and only one has just been granted
food and drug administration (FDA) approval in 2021
(aducanumab, based on the early version of the Amy-
loid Cascade Hypothesis assuming that senile plaques
are pathogenic); critics claim that this lack of success
is because the Amyloid Hypothesis is too simplistic
[21, 22].

The scenario is further complicated by several
studies arguing for a protective role played by AP
deposits. Amyloid enriched plaques can be, in fact,
envisioned as net traps in which toxic oligomeric
species [23], infectious agents [24], or dysregulated,
and thus cytotoxic metals are entrapped [25-28]. It
is well-established that plaques contain substantial
amounts of essential trace metals such as Zn, Fe, and
Cu and that metal transport and storage protein [i.e.,
metallothioneins (MTs), ferritin, Zn transporters] are
consistently affected in AD [2, 29]. In addition, chem-
ical and biochemical studies have demonstrated that
AR is a metallopeptide and that Cu* (as well as other
biologically relevant metal ions, like Zn and Fe> /3 1)
binding dramatically changes the peptide aggregation
propensity, structure, and toxicity [29-31]. There is
broad consensus that AP has a well-defined medium-
affinity Cu-binding site (Kgq ~0.1 nM) [29, 30]. Taken
together, metal ion imbalance seems to be a cen-
tral player of AD etiology and in a close but not
completely understood relationship with the Amyloid
Hypothesis.

THE CUAD HYPOTHESIS

The brain is particularly sensitive to aging; our
Hypothesis stems from the assumption that aging pro-
duces, among other disrupting processes, oxidative

stress [32], which is enhanced by the dysregulation
of metal ions and particularly to Cu imbalance [2,
29]. We also explore the concept that some AD indi-
viduals are particularly susceptible to disturbances
in Cu ion balance, a phenomenon that accelerates
neuronal aging, increases the cost of neuronal main-
tenance, exhausts neurons and thereby reduce the
energy available for their primary function as 50%
of the neuronal energy budget is spent on cognitive
processing [9].

The Metal Ion Hypothesis [8] stresses that the
homeostasis of d-transition metals like Zn, Fe, and Cu
is perturbed in AD, and the process plays a contribut-
ing causative role, rather than being a side pheno-
menon [2, 8]. Here, we sharpen this hypothesis into
a specific etiology for Cu. The primary role played
by the metal is in line with the Amyloid Hypoth-
esis, since ABPP/AB are well-established Cu (and
Zn) binding proteins (in vitro) [29, 30] (Fig. 1).
The importance of Cu dysregulation is supported by
recent studies showing the different activity played by
the diverse species (bound and non-bound to proteins)
of peripheral Cu [2] as well as by growing genetic evi-
dence [33]: About 75-95% of total serum Cu binds
strongly and inertly to ceruloplasmin, while about
5-10% circulates in a weaker and more labile form,
being exchanged among various protein compounds
[34]. On this basis, these Cu complexes have been
defined as non-ceruloplasmin Cu (non-Cp Cu), a clin-
ical biomarker applied to Wilson’s disease (WD), a
paradigmatic disorder of Cu toxicosis and accumula-
tion [35]. Non-Cp Cu has been historically defined as
“free’ Cu, yetreally ‘free’ Cu does not exist (it is prob-
ably at the attomolar levels at best). This non-Cp Cu
pool is likely superimposable with the exchangeable
Cu-pool, i.e., the pool that exchanges with added Cu
(radioactive tracer or stable isotope) or can be with-
drawn with a chelator such as EDTA in minutes/hours
time frame [36]. The main constituent of this non-Cp
pool is serum albumin [36]. It has a N-terminal Cu-
binding site with a Kgq of 0.1 pM [37] and Cu can
be removed with a stronger chelator in minutes to
hours [38]. Thus Cu(II)-binding is moderately strong
and kinetically labile compared to Cp [39]. The ter-
minology of non-Cp Cu is tissue specific and refers
to serum/plasma. It represents the primary species
responsible for Cu transport from blood into the brain,
crossing the blood-brain barrier (BBB) [40]. To main-
tain the link with its historical and clinical application
in WD, we will use the term non-Cp Cu referring to
serum/plasma and ‘labile’ Cu for the same biological
entity in the brain.
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Fig. 1. Examples of structurally established Cu- and Zn-binding sites in ABPP and AB. A)Zn>* sitein E2 domain of ABPP (3UMI) and
zoom on the Zn?* binding site (made of three His residues and one water molecule). B) Cu-Binding Domain (CuBD) of ABPP (2FK1) and
zoom on the Cu?* binding site (made of two His, one Tyr residues, and two water molecules). C) Zn?* binding site in A (made of two
His residues, and two carboxylate-containing residues). D) Cu?*t binding site in AR (made of two His residues, the N-terminal amine and
the adjacent CO form the peptide bond). Green dot: Zn>*, purple dot: Cu>* (models proposed based on spectroscopic studies as recently

reviewed in [102]).

Cu IN PHYSIOLOGY: FOCUS ON THE
BRAIN

Cu is an essential metal necessary for brain devel-
opment and physiology. Severe Cu deficiencies are
associated with immune, cardiac, bone, and cen-
tral nervous system conditions, whereas Cu chronic
excess is primarily associated with liver damage. Like
Fe, Cu is a transition metal, that can transfer electrons
and, as aredox catalyst, is necessary for the activity of
many enzymes. Cells make use of Cu for mitochon-
dria respiration, blood cell line maturation, immune
responses, wound healing, myelin sheath formation,
and it is an important mediator for neurotrans-
mitter synthesis and synaptic activity - modulation
[41].

Cu balance is determined by the rates of dietary
absorption from food, supplements, drinking water
and other beverages, and excretion through bile and
stools [2]. Cu absorption, distribution, and home-
ostasis in the brain are tightly controlled, with the
neurovascular unit and the BBB playing an essential
role in the process (Fig. 2). Human Cu trans-
porter 1 (hCTR1), Cu-transporting P-type ATPase 7A
(ATPase7A), and ATPase7B Cu-transporting P-type
(ATPase 7B) regulate brain Cu levels. The choroid

plexus harvests and releases Cu in the cerebrospinal
fluid (CSF), the fluid that surrounds the brain (range
between 0.5 and 2.5 wmol/L). In rat choroid plexus,
Cu isup-taken from the non-Cp Cu(Il)-pool in the
blood into the brain in its ionic Cu(I) form. Hence
a reduction step from Cu(Il) to Cu(l) is needed
[40]. hCTRI1 transports Cu(I) from the bloodstream
to endothelial cells and astrocytes. On the con-
trary, ATPase7A and ATPase7B extrude Cu from
endothelial cells to the interstitial fluid or the blood-
stream, respectively. ATPase7B also contributes to
Cu loading into glycosylphosphatidylinositol-linked
ceruloplasmin (GPI-Cp), thereby keeping intra-
cellular Cu concentrations under control [2, 42]
(Fig. 2).

Cu DYSHOMEOSTASIS: HUMAN
GENETIC DISORDERS AND COMPLEX
DISEASES

Mutations in the genes encoding for proteins
involved in the Cu pathway results in several
hereditary diseases (Table 1). Menkes disease, typ-
ified by Cu deficiency, and WD, featured by Cu
excess, are caused by mutations in ATP7A and gene
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Brain
metabolism

Liver
absorption

Small intestine
absorption

@
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Qo

ATP7B

Cp-Cu

GPI-Cp  ATP7B

Fig. 2. Mechanisms of Cu absorption and distribution in physiology. The pictogram illustrates a concise overview of Cu metabolism in
humans. Small intestine absorption (left box). Cu ingested through the diet is absorbed by small intestine enterocyte. The integral membrane
protein hCTR1 imports Cu. The metal is then loaded onto Cu-dependent enzymes via several chaperone proteins (not shown). ATPase7A
(ATP7A) pumps Cu out of the enterocyte basolateral membrane. Cu, bound to albumin, a2 macroglobulin, or amino acids, is then transported
to the liver through the portal vein. Liver absorption (middle box). The liver plays an essential role in Cu storage, metabolism, and distribution.
hCTR1 promotes hepatocytes Cu uptake. In the liver, ATPase7B (ATP7B), the homologue of enterocyte ATPase7A, incorporates Cu into
ceruloplasmin (Cp). Under physiological conditions 85-95% of total Cu is bound to Cp. Cp-Cu is then released into the bloodstream for
systemic distribution. 10-15% of Cu is released in bloodstream as non-Cp Cu. Brain metabolism (right box). The intersection between
the blood-brain barrier (BBB) and the neurovascular unit (NU) is critical for brain Cu regulation. In close analogy with the small intestine
and the liver, hCTR1 controls Cu absorption into endothelial cells and astrocytes. Conversely, ATPase7A and ATPase7B regulate metal
efflux from endothelial cells to the interstitial fluid or the blood flow, respectively. Within the astrocytic feet, ATPase7B loads Cu into
glycosylphosphatidylinositol-linked ceruloplasmin (GPI-Cp), a process that is instrumental for controlling intracellular Cu concentrations.
The pump is also involved in Cu extrusion from astrocytes for metal distribution to neurons.

ATP7B, respectively. These human genetic disorders
of Cu transport reveal the importance of main-
taining an appropriate Cu homeostasis and provide

Ap DYSREGULATION, AND Cu
TARGETING TREATMENTS IN AD

insight into abnormalities in the Cu pathway in AD
(Fig. 3).

Abnormalities in Cu, ceruloplasmin, and non-Cp
Cu levels are also associated to several complex dis-
eases, spanning from myocardial infarction, stroke,
cardiovascular death [43], heart failure [44], ischemic
heart disease [45], acute aortic dissection [46], and
diabetes mellitus type 2 [47].

Many findings indicate that Cu dyshomeostasis
plays a critical part in AD [2, 48]. The metal has
a direct role in amyloid pathology by promoting A3
aggregation. On the other hand, Cu sequestration by
plaques may render the cation unavailable for key
biological functions [27]. This scenario is further
complicated by Cu-related loss and gain of function
mechanisms.
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Table 1

Hereditary diseases associated to genes encoding for proteins involved in Cu pathway

Copper disease

Gene (inheritance)

Protein function

Cu status Symptoms

Wilson’s disease ATP7B (autosomal Cu transporter/
[129] recessive metallochaperone
inheritance)
MENDIK APIS1 (autosomal Trafficking of
Syndrome [130] recessive ATP7aseA or
inheritance) ATPase7B

Menkes disease

ATP7A (X-linked

Cu transporter/

[131] recessive metallochaperone
inheritance)

Occipital Horn ATP7A (X-linked Cu transporter/
Syndrome [132] recessive metallochaperone

inheritance)

Huppke-Brendel SLC33A1 Acetyl CoA transporter
Syndrome [133] (autosomal protein

recessive
inheritance)

X-Linked Distal ATP7A (X-linked ATPase7A
Hereditary Motor recessive
Neuropathy [134] inheritance)

Infantile Cardioen- SCO2 (SCO1) Metallochaperones
cephalomyopathy (autosomal involved in the
with severe recessive assembly and Cu
deficiency of inheritance) delivery to the

cytochrome C
oxidase in heart,
brain, and muscle
[135]

catalytic core (CuA
site) of cytochrome C
oxidase, complex IV
of the mitochondrial
respiratory chain and
result in cytochrome
C oxidase deficiency

Low levels of
ceruloplasmin,
low level serum
Cu, high levels of

Jaundice, dystonic rigidity dysarthria,
dysphagia, fatigue, tremor

non-Cp Cu

Low levels of serum  Brain atrophy, mental retardation
Cu and enteropathy, deafness, keratoderma,
ceruloplasmin peripheral neuropathy, ichthyosis,

and cholestatic hepatopathy

Low levels of serum  Intellectual disability and

Cu and developmental delay, seizures, lack

ceruloplasmin of muscle tone, floppiness, kinky hair
Low levels of serum  Cutis laxa, coarse hair, cerebral

Cu and calcification exostoses,

ceruloplasmin hyperextensible skin, mild cognitive

deficits, global developmental delay,
and loose joints

Cataracts, developmental delay,
cerebral atrophy, hypacusis, hearing
loss, and nystagmus

Very low serum Cu
and ceruloplasmin
levels

Low levels of serum  Weakness of distal muscles, motor

Cu and neuron syndrome, muscle atrophy,
ceruloplasmin and abnormal sensory examination
affected peripheral nerves
Severe Cu Abnormalities in the nervous system,
deficiency heart, and skeletal muscle (including

Leigh syndrome), hypertrophic
cardiomyopathy, lactic acidosis,
stridor with ventilator insufficiency,
and a spinal muscular atrophy

An early and seminal discovery was that Cu can
enhance A-driven oxidative stress [49], and pro-
mote AP aggregation under conditions of acidic pH
(i.e.,<pH 6) [49]. At physiological pH, Cu can also
inhibit the Zn-mediated aggregation of A3 by com-
peting with Zn for the peptide histidine residues
[50]. Furthermore, A3 can trigger neurotoxic effects
by promoting deficits of intracellular Cu ([Cul;).
Very importantly, it has been found that ARPP,
from which A is produced, can bind Cu(I) and
Cu(Il) with picomolar affinity in vitro [51]. ABPP-
KO mice exhibit increased Cu levels in the cerebral
cortex, whereas the over-expression of ABPP leads
to significantly reduced brain levels of Cu in a pre-
clinical model of AD [52]. Moreover, Cu levels can
also significantly affect the neuronal redox state,
thereby indicating a pathogenic link between A3 dys-
metabolism, oxidative stress, and Cu dyshomeostasis
[53].

In line with the Amyloid Hypothesis, 3-site ABPP-
cleaving enzyme (BACE1), the enzyme that catalyzes
the rate-limiting step in the amyloidogenic process-
ing of ABPP, binds strongly to the Cu Chaperone
for Superoxide Dismutase (CCS) [54]. CCS is the
chaperone that delivers Cu to superoxide dismutase-
1 (SOD-1) a Cu-dependent cytosolic scavenging
enzyme; therefore, high levels of BACE1, by binding
to CCS, can decrease the amount of CCS available for
SOD1 activation [55], thereby reducing the antioxi-
dant capability of neurons.

A Cu-enriched diet was initially reported to
increase the brain metal levels and counteract the
decreased SOD-1 activity observed in ABPP trans-
genic mice [56]. In the same transgenic animals,
Cu treatment lowers brain AP production long
before the induction of detectable reductions in
AR plaques, implying that ABPP functions/assists
in Cu export [56]. However, a phase II clinical
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Wilson's disease:
Cu accumulation

no secretion

Menkes disease:
Cu deficiency

no secretion

Alzheimer's disease:
Cu imbalance?

secretion

‘ secretion

function" Cu

target ;“]\\5\':];
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"

Cu from "gain of

function" to target protein

Fig. 3. Model of differences in Cu (red dots) pathway among normal, Wilson’s, Menkes, and Alzheimer’s disease. Under healthy conditions,
a biological system (black rectangle, e.g., a cell, an organism or organ) needs Cu bound to proteins (target protein, purple) for essential
functions. An uptake and secretion system assures the correct Cu concentration in the system and correct Cu trafficking (plain arrows). In
Wilson’s disease, the secretion is reduced. An accumulation of Cu in the system occurs and Cu ions bind to non-target proteins (hollow green
square), where it gains function, e,g., Cu catalyzed production of reactive oxygen species (ROS). In Menkes disease, Cu deficiency occurs
due to impaired Cu-uptake. No Cu arrives on the target proteins and a loss of essential function is observed. In AD, Cu uptake and secretion
seem to be less affected and keep a certain control over total bulk Cu-content of the system. But a Cu-imbalance occurs in the system, by
moving Cu from target proteins (loss of essential function) to pools of loosely bound Cu ions (gain of toxic function, e.g., ROS production).
The therapeutic approach would be to re-equilibrate by transferring Cu back to the essential Cu-target proteins.

trial supplying AD patients with Cu (Cu(II)-orotate-
dihydrate; 8 mg Cu daily) failed to meet its primary
outcomes [57]. Treatment with the Cu/Zn ionophore
clioquinol inhibited amyloid plaque formation [58].
PBT?2, a second generation Cu/Zn binding molecule
intended to prevent Cu-facilitated A3 aggregation
has been tested in a phase II clinical trial that met
its primary endpoints of safety and tolerability and
showed a reduction of AR in the CSF and bene-
ficial effect in a subset of cognitive tests [59, 60].
A recent phase II molecular imaging study evaluat-
ing A levels in PBT2-treated patients did not show
beneficial effects on amyloid deposition [61]. The
study was underpowered, and the smaller placebo
group showed large variability, and unexpectedly
remain stable over the 12-month observation period.
This precluded evaluation towards the efficacy of
the drug.

Together, these studies suggest that ABPP is in-
volved in Cu transport [62], and that Cu promotes
amyloid aggregation, but that exogenic Cu control
has little effect on Cu balance, likely because the
Cu homeostatic machinery is quite robust. Still, Cu

levelsin the brain can be altered long-term as implied
by a study taking into account the different species
of peripheral Cu [63]. Preclinical models suggest
that chronic exposure affects balance and cognitive
decline [64]. This dynamic implies a causal connec-
tion first demonstrated by seminal studies employing
dietary based experimental models [63, 65, 66], then
confirmed in more recent similar studies [64, 67-69]
and further confirmed by AD transgenic models
employing the same paradigm (review in [70]). The
paradigm consists of 9—12 months exposure to 1.3
ppm Cu in drinking water that raises non-Cp Cu
in bloodstream [63, 64, 67, 69] and in brain cap-
illary, thus mimicking the non-Cp Cu excess noted
in AD patients (Fig. 3), and resulting in cognitive
deterioration [63—69] (recently review in [71]). The
parallel with preclinical models is particularly evi-
dent for a subset of AD patients [61], typified by
non-Cp Cu levels higher than 1.6 pmol/L and with
an increased frequency of ATP7B rs1061472 and
1s732774 (reviewed in [48]) that affect ATPase7B
protein amount and reduce its trafficking in response
to high Cu levels [5].
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Previous results on the toxic effect of Cu on A3
plaques and learning deficits [66, 72] reinforced
the association between the production of cognitive
impairments and the presence of excess non-Cp Cu
as shown by previous clinical studies in AD patients
(reviewed in [2]). The discovery that genetic vari-
ants of ATP7B, the gene encoding for ATPase7B,
a Cu pump located in hepatocytes and endothelial
cells of the BBB, are involved in AD, unraveled a
more complex scenario [33]. The ATPase7B pump
is essential for proper Cu homeostasis (reviewed in
[48]) and defects in the process can lead to a buildup
of non-Cp Cu in the blood and its transport across the
BBB [28, 63], and activate cell-damaging oxidative
events in the brain [73]. This mechanism is centered
on the shift towards a prevalent fraction of Cu that
is not firmly bound to proteins, and in this form,
promotes cytotoxic effects [48]. We believe that the
clinical, biochemical, and genetic data cited above
are consistent with this etiology.

CHEMICAL FORMALIZATION OF THE
CuAD HYPOTHESIS

The data indicate that Cu-related dysregulation in
a subset of AD patients manifests as a shift towards
a labile (and weaker bound) Cu pool that is made
available outside neurons and non-neuronal cells.
Reduced total Cu levels in the brain are associ-
ated with the soluble fraction (bound strongly and
inertly to proteins), while its content within insoluble
plaques is increased [27, 74, 75], as well as that of
labile Cu [73]. The Hypothesis has been chemically
formalized by using a location-dependent Cu dissoci-
ation constant (Kg.) that identifies the shift from the
pool of functional Cu that is strongly bound to pro-
teins to pools of loosely bound, toxic Cu (e.g., non-Cp
Cu and labile Cu) [48]. This shift has strong causal
implications as discussed below. We also note that
partial pathways, e.g., Cu deficiency resembling only
the loss of function pathway, or Cu toxicity represent-
ing mainly the gain of function pathway, is consistent
with our hypothesis under some conditions (Fig. 3).
In this sense, the Cu-Hypothesis by G.J Brewer may
represent a source of some of the gain of function
etiology via exogenous oxidized Cu(Il) excess [76,
77], as supported by some studies linking Cu excess
to cholesterol and amyloid pathology in rabbit and
mice [63, 66].

Cu brain deficiency may involve deposition of Cu
outside the neuron together with amyloid sorting

and segregation within the lipid rafts [78], or excess
Zn as illustrated by some studies [2]. Further-
more, ischemic episodes in the brain might trigger
mechanisms of exporting Cu from the brain to the
blood mediated by COMMDI] as recently depicted
in myocardial infarction [45]. However, the main
hypothesis explaining Cu imbalance as it emerges
from the meta-analysis data (Fig. 3) is consistent
with WD. AD and WD have diverse etiologies with
WD being a monogenic, Cu-dependent disease [79].
Complex diseases, however, such as AD, have a
global susceptibility that is influenced by genetic het-
erogeneity. The heterogeneity can explain ‘portions’
of susceptibility. The evidence that genetic variants
identified on ATP7B gene are statistically associated
with an increased AD risk [4] in a subset of patients
[4, 7], is consistent with a genetic heterogeneity in
AD that might explain.Cu susceptibility.

IMPLICATIONS OF NON-CP Cu EXCESS

The Hypothesis posits that an age-driven Cu imbal-
ance resulting in a gradual shift from protein-bound
metal ion pools to pools of loosely bound metal ions
drives a bloodstream non-Cp Cu excess in AD [48].
Non-Cp Cuis bound with moderate affinity (Kgq ~ 0.1
pM) and relatively labile mainly to albumin, but also
a2-macroglobulin, peptides (45 kDa proteins with
unknown identity referred as small Cu carriers), and
amino acids and exchanged among them [2]. This Cu
can be redox-active, and if expanded (> 1.6 pmol/L)
becomes toxic, crossing the BBB, as exemplified in
WD (Fig. 3) [2, 35]. In AD patients, levels of non-Cp
Cu reach values that are commonly found in WD [80]
(Table 2), and the amount of Cu in the CSF appears
modulated by the non-Cp Cu concentrations (1 uM
non-Cp Cu accounted for 0.03 uM increase of Cu
content in the CSF [28]). We can then hypothesize
a blood-to-brain inward flux of Cu, fueled by non-
Cp Cu that can diffuse [40, 81] or be transported
across the BBB by Cu transporter hCTR1, and by
ATPase7A (labile Cu) and an opposite brain-to-blood
outward flux driven by ATP7aseB or by ABPP, based
on ABPP properties as a regulator of neuronal Cu
homeostasis [62]. The Cu efflux associated to ABPP
function could in principle contribute to the reduc-
tion of A3 concentrations in the CSF [62], and to the
decreased levels of Cu observed in the brain (Fig. 4).
AP buffering for Cu labile excess—binding and pre-
cipitating the metal in amyloid plaques—removing
it from the CSF [25-28], and decreasing AP levels
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Table 2

A subset of Alzheimer’s disease patients shares biochemical features/clinical traits with Wilson’s disease

Biochemical features/clinical traits

WD

Cu AD subset of patients

Non-Cp Cu in serum; normal reference
range: 0.1-1.6 uM

ATP7B gene variants

Ceruloplasmin; normal reference
range: 23-50 mg/dL

Apo-ceruloplasmin® fragmentation

Liver disease

Cu excretion in the urine; normal
reference range: <40 ng/24h

D-penicillamine test?; Cut-off
200 ng/24h

Kayser-Fleischer rings®

Paradoxical effect under
D-penicillamine treatmentd
Copper in the brain

> 1.6 wmol/L; a cut-off of 2.3 wmol/L is
diagnostic of probable WD; a cut-off of
3.9 wmol/L is diagnostic of WD [136]

more than 700 ATP7B variations are
disease-causing mutations; additional
800 SNPs have been described [136]

<20 mg/dL is suggestive of probable WD
[136]

Increased values

Highly variable, ranging from
asymptomatic, with only biochemical
abnormalities, to hepatic cirrhosis [136]

>40 ng/24h (ULN) [136]

87% [80]

Present in 44-62% [136]

Present in 10-20% WD [136]

Preclinical model of WD Long Evans
Cinnamon rat, and toxic milk show
decreased or normal levels of Cu in the
brain coexisting with Non-Cp Cu excess
in the bloodstream and excess labile Cu
in the brain [2]

> 1.6 pmol/L; a cut-off of 1.61-2.4 uM is
supportive of MCI and AD patients with
CuAD subtype [2, 80]

Increased frequencies of the functional SNPs
1s732774 and rs1061472 and of rs1801243,
1s2147363, rs7334118 associated with an
increased risk of AD [5]

Decreased values of ceruloplasmin specific
activity associated with an increased risk of
AD [83]

Increased values in CSF [137] and in serum
[138]

Biochemical abnormalities: decreased values
of albumin, longer prothrombin time
associated with Non-Cp Cu [139]

AD patients have 24 h urinary excretion higher
than healthy control [80]

78% [80]

Present in an AD patient positive to
!1C_labeled Pittsburgh Compound-B PET
and ['8F) fluorodeoxyglucose PET [140]

Present in<50% [2]

AD have 20% increase in brain labile Cu,
coexisting with an overall decreased level of
Cu in the AD brain [73], and Non-Cp Cu
excess (Fig. 4)

2 Apo-ceruloplasmin: The incorrect loading of Cu into nascent hepatic ceruloplasmin because of ATP7B mutations causing a defective
ATPase7B protein generates the inactive serum apo-form of ceruloplasmin that is rapidly fragmented. ®D-penicillamine challenge test is
a screening test for asymptomatic WD patients (generally in pediatric age); cut-off of 200 wg/24 h (5x ULN). “Kayser-Fleischer rings: Cu
deposition in the Descemet’s membrane of the cornea pathognomonic of WD. 9Paradoxical effect upon D-penicillamine treatment: serious
“jatrogenic” deterioration with increase of the neurological symptoms, thought to be caused by a frantic mobilization and redistribution
of Cu which results in high Cu level in the brain and in the blood. AD, Alzheimer’s disease; CSF, cerebrospinal fluid; Cu, copper; MCI,
mild cognitive impairment; Non-Cp, non-ceruloplasmin; PET, positron emission tomography; ULN, upper limit of normal; WD, Wilson’s

disease.

in the CSF can be envisaged as an additional process
that might restrain the increase in labile Cu if the
inward Cu flux in the AD brain would be considered
an enduring condition, mirroring WD, resulting in a
continuous supply of the Cu brain reservoir.

Of note, Cu dysregulation also affects Fe meta-
bolism via crosstalk with ceruloplasmin as the protein
manages both metal ions [2].

In contrast to WD, there is no evidence of a general
drop of ceruloplasmin serum levels in AD [80]. How-
ever, reduced activity [82] has been reported, also in
association with non-Cp Cu excess [83]. This phe-
nomenon might be explained by loss of functional
Cu sites required for iron oxidation, or by oxidation-
induced changes such as asparagine deamination of
ceruloplasmin occurring with aging [84]. In support
of this view, variant alleles in the functional single

nucleotide polymorphisms (SNPs) ATP7B rs732774
and rs1061472 [5], and still unknown ATP7B vari-
ants might contribute to the global susceptibility to
AD [85], also altering the Fe/Cu balance and trig-
gering cell death. According to these new findings, a
shift from bound to labile Cu may be pathogenic in
several ways:

1) By its participation in uncontrolled redox-
cycling reactions, Cu-Af3 complex promotes
oxidative stress: Cu-A has the ability to pro-
duce reactive oxygen species (ROS) on its own,
[86] due to an ill-controlled environment, while
Cu in enzymes, such as Cu,Zn SOD, have a
tightly controlled coordination sphere and thus
participate in ROS detoxification. Hence, Cu-
A complex participates in oxidative stress via
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A Cu Studies in brain specimens B: Cu Studies in plasma/serum samples
Study (Authors, Brain Reglor Alzheimer's disease Healtny controts SMD Weight gy (Authors, year) Alzheimer's disease Healthy controls SMO Weight
gty e liben] Region N Mean SD N Mean SD with 96% CI %) - N Mean SD N Mean SO with 95% C1_ (%)
Corrigan ot al.. 1993 Hippocampus 12 45 22 12 8 1.1 - “0.33[-1.11, 045] 648 Shore etal 1984 10 183 42 10 186 16 - -0.09[-0.97.0.79) 2.38
Akatsu of al, 2015 Hippocampus 5 378 89 2 T4 24 —— 0.52(-1.26, 023) 667 Kapaki etal 1989 S 142 38 28 162 22 - 0.78(1.76.0.18) 229
Akatsu ot 812015 Amygdala 18 43 91 18 83 39 0.55(-1.22, 0.12) 7.19 Jeandel etal 1989 s 220 61 24 212 a1 n 0.14 [-0.34,0.62) 267
Szabo et al. 2016 Frontal cortex “ 21 T 15 24 7 0.42(-1.13, 0.30) 6.68 Basun etel 1991 24 170 39 28 167 30 H 0.09 [-0.46, 0.63] 263
Deibel ot al., 1996 Amygdala 10 27 9 1 41 1 1.41(-2.33,-048] 560 Mattielo etal 1993 21 188 02 10 188 02 - 0.00[-0.75,0.75] 2.48
Deibel ol al 1996 Hippocampus 1 23 8 m 32 7 1.32[-2.23,-041] 567 Molaschietol 1996 31 189 34 421 193 38 0.11 [-0.47,0.26) 2.73
Deibal ot al..1996 Inferior parietal 0 38 9N 41 8 038121, 0.45) 618 Snoedel elel 1998 4 19139 4 194 22 -0.09 [-0.51,0.32) 270
Deibel ol al., 1996 Cerobalium I T T U S 0.79(-1.65, 0,07) 600 Molina etal 1998 26 151 35 28 145 41 0.15 [-0.38,0.69) 264
Graham et al. 2014 Brodman area 7 4z 193 20 26 25 43 e 0.90(-1.41,-040] 830 Gonzalez etal 1599 51 166 05 40 154 04 & 0,86 [ 0.43, 1.30] 270
Religa ot al. 2006 Neocorticaltissue 10 23 1 14 28 9 ——— 051131, 0.28) 637 Ozcakaya and Deibas 2002 27 120 02 25 121 02 =l -0.49 [1.08,0.08] 262
Magaki et al. 2007 Frontal cortax 8 39 3 8 69 12 —=— 348(:6.10,-1.85] 285 Smowonelal 2004 8 22939 11 167 13 .- 220(1.00.340) 209
Pilantin ot al 1987 Hippocampus 5 18 7 6 33 8 — 1.84[-3.17,.081) 37s Doccaetal 2005 60 152 39 44 143 31 0.25[-0.14,0.84] 2.72
Squitti ot al, 2007 Contical tissue 9 $1 18 10 68 15 — 1.08-1.97,-0.13] 5862 s"‘""“:z":‘f 50 217 31 50 208 25 & 0.28 (0.11,068) 272
Loeffer ot al. 1996 Frontal corex 12 18 & T 68 1 —w— 125027, 222) 533 Soome otal, 2008 98 167 29 76 154 21 |y 050(0.20.081) 276
Xu etal. 2017 Hippocampus. 9 218 126 13 400 150 — -1.23(:2.13.-0.34] 6.77 G"""“’:‘: i 173 22164 54 284302 4 -0.31 (0.62:0.00] 276
Scholefield ol a1, 2020 Frontal cortax % 272 95 @ 358 2w —w- 049138, 041) s78 AR tALE 50 246 48 50 212 50 [ 069028, 1.09] 274
Scholefiold ot 01,2020 Frontal cortex ® 200 133 9 464 2n —— 090182, 003) 550 e oh oy 10 157 06 79 126 03 8 447(3.93,501) 263
Vural et al. 2010 50 207 29 50 225 28 = 063 }1.03:0.22) 271
Cruesl . @ IV 8,040 Baum et al 2010 4 16235 a4 153 27 028 (0.14,0.71) 270
Heterogeneity: I' = 58.97%, p<0.001 Brewer et al. 2010 2% 170 24 29 184 31 -~ 0,50 11,02, 0,03) 264
Testof @ = 0: z = -4.67, p < 0.001 ;ssduweld ?:2 % 172319 25 123 2 252(1.77,3.28) 247
—— embach et al. 201 152 139 27 716 146 29 = -0.24 [0.42:0.07] 2.80
C: Non-Cp Cu Studies in plasmalserum samples 4 4 2 o 2 Lopez et al 20.:3“ s 3% 158 29 31 138 37 & 0.60(0.11, 1.08] 267
Alzheimer's disease Healthy controls SMD Woight Azhdarzadeh 30 15815 220 151 19 p 0.48 (0.08.0.88) 2.71
Study (Authors, year) Moan SD N Mean SD with 85% I (%) Ashdarzadeh etal 2013 S0 169 31 S0 156 22 M 0.41(0.16,0.98) 261
1 Park etal. 2014 89 180 30 18 170 32 o 0.32(0.04,060) 2.77
Molaschi etal, 1996 31 5 27 4 1 36 f— 0.11[-0.25 048] 9.96 Gonzalez-Dominguez etal 2014 35 17735 30 167 35 = 028 10.23,0.79) 265
Snaedel etal, 1998 4 11 29 4 13 3 + -0.07(-0.48, 0.35] 9.30 i""l"""w?“;“ 100 183 05 100 149 03 |l -~ 821(7.35.9.07] 239
oc ¢ 45 142 105 33 159 17 ! -0.15 [0.60.0.30) 269
odietal, 2008 54 21 25 20 2 25 . 075[ 023, 1.27] 794 : g s
Zappase 2 [ 02 7 Pagha et al, 2016 34 128 32 40 111 38 |4 0.48(0.01.0.94) 268
Amal et al., 2010 110 38 45 79 2 28 —@—  092( 062, 123) 1077 Puetal 2017 125 193 116 40 163 65 - 028 10.06,0.64) 273
Lopez et al., 2013 3% 36 21 33 16 3 ®—— 077 029, 1.25] 840 ;MG‘Z: 520" 108 221 96 159 187 7.0 0.42(0.17,0.66) 2.78
u et al. 201 42 4414 43 13515 s 066 114
Siotto et al., 2016 84 21 18 58 15 15 S 0.35[ 0.02. 069] 1034 .66 [0.22, 1.10] 269
: [z ! d Rozzini et al. 2018 4 18335 28 160 33 |+ 0.66 [0.18, 1.15] 267
Squitti et al., 2017 89 231 164 147 168 246 029[ 0.02, 0.55] 1125  Sners etal. 2018 @ 16137 52 244 4 081 10.92,010) 271
Tabwar etal, 2017 108 5 52 159 14 191 —®—  099[ 073, 1.25] 11.33 Ashafetal 2019 4 16169 44 17 66 013 {0.55,0.28) 2.70
Rozzini et al., 2018 44 57 34 22 3 .1 —— 097[ 048, 1.47] 827 ‘F;:'““:.:.m" — 6995 172 ojm :;7 137,;95]0) - 332(286.377) 268
by 1 160 34 1 04 -
Squitti et al, 2018 385 22 212 336 .4 208 —e- 086[ 0.70, 101] 1244 guey s :;":i::;';:::“’
Overall = 0.60 [ 0.38, 0.83] Heterogensity: 17= 95.96%, p<0.001 i
Heterogeneity: I’ = 81.5%, p<0.001 Testol@=0.2=366.p <0001
Testof® = 0:z = 5.00, p<0.001 e a— ~
e Py 5 [] 5 10

Fig. 4. Meta-analyses of Cuin AD. The table depicts standardized mean difference (SMD) computed from studies performed in AD patients
and healthy controls on Cu brain specimens (ug/g; A); Cu serum/plasma levels (pmol/L; B); and serum non-Cp Cu (wmol/L; C). SMDs
between patients and controls are represented by squares, whose sizes are proportional to the sample size of the relative study. The whiskers
represent the 95% confidence interval (CI). The diamond represents the pooled estimate based on the random-effects model, with the center
representing the point estimate and the width the associated 95% CI. A) Results indicate that AD subjects had lower levels of Cu in the
brain than healthy controls [SMD =-0.77 (95% CI -1.09, -0.44); p <0.001]; there was substantial heterogeneity among the included studies
(I =58.97%; p <0.001). B) AD subjects had higher levels of Cu in serum than healthy controls [SMD =0.64 (95% C10.30, 0.98); p <0.001];
there was considerable heterogeneity among the included studies (I> = 95.96%; p <0.001). Studies from the Fatebenefratelli research group
[83, 106, 141, 142] were pooled together and considered as a single study. C) Results indicate that AD subjects had higher levels of non-Cp
Cu than healthy controls (SMD=0.60 (95% CI 0.36, 0.83; p <0.001); there was considerable heterogeneity among the included studies
(12 =81.5%; p <0.001).

Fenton-type chemistry, driving the generation and may have a dual role at the glutamater-
of ROS formation, including the highly toxic gic synapse: labile Cu can inhibit the activity
hydroxyl radical (HOe), a hallmark of both AD of the glutamate receptor NMDA (N-methyl-
[86], and aging of the human brain [32]; D-aspartate), thereby protecting neurons from
2) By reducing energy production in mitochon- glutamatergic excitotoxicity (extreme stimula-
dria. Cu loss may impair the electron transport tion of glutamatergic signaling that leads to
chain function (cytochrome C oxidase requires neuronal cell death [89]), or catalyze Fenton-
Cu) and deplete neuronal energy. Loss of Cu type reaction thus producing ROS. Furthermore
from SOD-1 impairs oxidative stress defenses ABPP, a-synuclein and PrP have been proposed
with an impact on aging and mitochondrial effi- to modulate neurotransmission as buffering
ciency. Conversely, abnormal accumulation of proteins that control Cu(Il) within the synaptic
labile Cu can increase ROS generation and dam- space [48];
age mitochondria [16, 48]; 5) By affecting neuroinflammation: excess Cu can
3) By affecting the aggregation of amyloid pep- drive abnormal pro-inflammatory microglial
tides [29] with possible stabilization of oligo- activation; alternately, limiting Cu can lead to
meric species [87], as well as increasing impaired early (beneficial) responses of micro-
intracellular accumulation of phosphorylated glia and astrocytes [90];
tau [88], even though only in vitro evidence 6) By accelerating advanced glycation end-
have been collected so far; products (AGEs) formation. AGE formation is
4) By altering synaptic function: labile Cu is a known feature of AD. Fe and Cu acceler-

released in the synaptic cleft (up to 100 wmol/L) ate AGEs formation that also promotes protein
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glycoxidation. AGEs damage the arterial walls
in diabetes and facilitate progressive Cu-
trapping. In AD, most of the A in plaques is
found in the form of AGEs [91, 92].

7) By affecting the immune system: Cu, both di-
rectly and via its relationship with Zn>*, plays
a role also in the immune response [93-95].
Infection history of bacterial and viral patho-
gens is increasingly considered involved in
AD pathogenesis [24, 95-97]: steady surge in
the evidence linking AD with Porphyromonas
gingivalis infection is largely attributed to
many preclinical studies—also associated with
the formation of extracellular A4, in young
adult wild type mice [96]—seminal systematic
reviews and some epidemiological studies [98].
There is also growing evidence that Cu toxic-
ity, among the chemical mechanisms, is used
as a weapon by the immune system [99, 100].
Although not fully understood, these roles rein-
force and complement the pathways previously
described.

OBSERVATIONAL DATA SUPPORTING
THE CuAD HYPOTHESIS

The extent of Cu imbalance in AD can be appre-
ciated through meta-analysis of the multiple AD
studies performed on Cu in serum/plasma and brain
specimens from 1984 till July 2020 (Fig. 4). The
meta-analysis showed decreased values of Cu in the
brain (pooled total of 182 AD and 166 healthy con-
trols, Fig. 4A), coexisting with increased values of
non-Cp Cu in the blood (pooled total of 985 AD and
1325 healthy controls, Fig. 4C), a phenomenon that
can explain the reported increased serum values of
total Cu (pooled total of 2,749 AD and 3,394 healthy
controls, Fig. 4B). On average, data extrapolated from
the literature indicate a decrease of Cu in the brain by
about 24% and an increase of Cu in the blood by
about 7%, while non-Cp Cu doubles, consistent with
an overall Cu imbalance that supports our Hypothesis
of a shift away from functional protein-bound Cu to
pools of loosely bound metal ions (i.e., non-Cp Cu)
that is toxic and should almost certainly have a biolog-
ical effect. Interestingly, these alterations resemble
those occurring in WD (Table 2) [2]. Some WD-like
Cu-related alterations are present in a subset of AD
patients who can be set apart from the general pool of
AD subjects by taking into account non-Cp Cu levels
that are higher than 1.6 wmol/L, the designed cut-off

(Table 2) [2]. CuAD patients, when compared to AD
individuals, show distinct electroencephalographic
(EEG)-derived cortical brain rhythms, further sup-
porting the idea of an AD subtype characterized by Cu
abnormalities. Moreover, CuAD individuals display
less severe burden of global atrophy, and increased
frequency of ATP7B rs732774 and rs1061472 [2].

MAIN CHALLENGES FOR THE CuAD
HYPOTHESIS

In recent years, we have acquired new experimen-
tal and theoretical tools to address several of the
challenges of the Hypothesis, even though a lot of
questions remain open.

Addressing current knowledge gaps in metal
imbalance: future experiments and validation
studies

Meta-analysis is a quantitative, formal, epidemio-
logical study design tool employed to systematically
assess the results of previous research and infer
conclusions.about that body of research. Future meta-
analysis studies focused on Zn and Fe in human
serum/plasma and brain specimens may expand fur-
ther the imbalance of these two metals that act in
close synergy with Cu, i.e., via ceruloplasmin and
MTs [29].

Another gap relies in the exact role played by
the genes encoding for enzymes/transporters that
control Cu balance. The metal gene scouting of
patients exhibiting Cu imbalance, using a sequenc-
ing hypothesis-driven approach can be a valid tool
to disentangle their real prevalence in the disease,
weighing for the relative frequencies of more and less
pathogenic (and penetrant) variants. Our Hypothesis
posits that variants in ATP7B and other gene per-
taining to the Cu pathway may infer a percentage
of the risk of sporadic AD [85]. Previous genome-
wide association studies [101], failed to identify a
significant association between AD and the above-
mentioned SNPs in the ATP7B chromosomal region.
This can be at least partly explained by the ten-
dency of genome-wide association studies to be less
effective in detecting these types of multiple rare vari-
ants, yet these are variants plausibly exist as they
are required to account for the missing hereditabil-
ity of complex diseases, as discussed elsewhere for
the ATP7B gene [85].

We also expect that chemical and biochemical
studies focused on the interplay between Cu and A3
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will continue to expand our knowledge of the link
between these two molecular AD drivers. We expect
Cu to bind to many peptides with moderate affinity as
those reported for AP (in the nM range) due to flexible
environment provided by peptides. However, A3 is
a known Cu-binding peptide in amyloid plaques and
tends to localize in the synapses where the pathol-
ogy primarily occur, thereby supporting a possible
(although still hypothetical) Cu-AR relationship in
vivo [29, 102]. Developing Cu-targeting molecules
can also document, although indirectly, the relation
between A3 and Cu.

Disease progression and biomarkers

A key, and still unmet challenge in AD is the
identification of biomarkers for early diagnosis or
for patient stratification as a personalized medicine
approach aimed to stratify individuals for tailoring
the right therapeutic strategy for the right person at
the right time [103]. Metabolic defects are among the
first events in AD, according to current biomarker
models [104], with early glucose utilization and
positron emission tomography anomalies, followed
later by tau dysfunction. We propose that metal imbal-
ance may be part of this sequence of events. However,
the temporal dynamics remain largely unexplored. It
is still unclear if metal ion dyshomeostasis precedes
amyloid pathology as well as other AD-related abnor-
malities. To monitor metal imbalance, we assume a
continuous disease progression from a state in which
almost all Cu is bound as functional pools to a state
in which more Cu becomes “free” and toxic (e.g.,
non-Cp Cu and labile Cu). Longitudinal studies eval-
uating AP pathology together with metal biomarkers
such as non-Cp Cu, Cu/Cp ratio, Cu/SOD-1, and MTs
levels are warranted. Along this line, alterations of
ceruloplasmin levels in the CSF have been shown to
predict cognitive decline and brain atrophy in people
with underlying AP pathology [105]. Furthermore,
previous studies reported that non-Cp Cu is a strati-
fication biomarker [106], and can be employed as a
prognostic biomarker for conversion from mild cog-
nitive impairment (MCI) to symptomatic AD [2]. On
this basis non-Cp Cu can serve as an inclusion crite-
rion for eligibility assessment in early clinical trials
testing anti-Cu based therapy.

Treatment

The ultimate challenge in AD is to treat causally.
Mirroring WD, a Zn-based therapy could be used

to correct the Cu imbalance: a proof-of-concept
phase II clinical in MCI trial using non-Cp Cu > than
1.6 pmol/L as an inclusion criterion for eligibility
is started in April 2021 (ZINCAIiD, EudraCT 2019-
000604-15, funded by the Alzheimer’s Association).
An additional benefit associated with the administra-
tion of Zn is that the metal is a powerful driver for
neurotrophic signaling and neuronal plasticity as it
promoted the maturation of the brain-derived neu-
rotrophic factor (BDNF) from pro-BDNF through
the activation of Zn-dependent Matrix metallopep-
tidases [107, 108]. It has also become clear that it is
important to leave the Zn in place and hence in chela-
tion therapy targeting weakly and AP-bound Cu,
selective Cu chelators are required [109, 110]. Other
approaches envisage the normalization of brain cell
Cu homeostasis through the development of targeted
Cu delivery drugs. High-affinity, cell-permeable Cu
chelators have the potential to enter brain cells and
interfere with normal metal homeostasis [111]. The
major challenge of any such therapeutics is to con-
trol and fine-tune the localization of effects like, for
instance, avoiding unwanted stripping of Cu from
essential proteins or mitochondria or the delivery of
Cu to amyloid.

Despite plausible answers to these critical ques-
tions, the new Hypothesis is not able to provide
a definitive answer for the selective vulnerability
that implies an anatomical brain region specificity
associated with the syndrome, although we note
that the hippocampus is one of the most vulnerable
brain regions, particularly fragile to ischemia insults
[112] and tends to be enriched in metal ions and in
cytochrome C oxidase that is located in the two thirds
of molecular layer dental gyrus. The same holds for
the pattern of progression of the disease and for how
and when the clinical manifestations become related
to the pathophysiology; these questions remain hypo-
thetical at this point and substantial work is required
to explore them.

LINKAGE TO OTHER MAJOR THEORIES

We have argued that metal ion and amyloid dys-
homeostasis are manifestations of the same underly-
ing etiology. As we discussed above, they are, in fact,
strongly intertwined because of the key interaction
between ABPP/AB and Cu and Zn. As metal ions
need to be tightly controlled, it is not surprising that
the delicate ABPP/A[ balance is a connecting link
between the Amyloid and the Metal Ion Hypotheses.
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The Metal Hypothesis

As previously reported, AP has the ability to bind
Cu and in vivo Cu is bound to AP in the amy-
loid-plaques (Fig. 1) [30], and mutations in the
genes involved in its buildup and processing, ABPP,
PSEN1/PSEN2 coalesce with other molecular deter-
minants to favor the disease development. We
propose that mutations in these risk genes would
disturb the metal-buffering ABPP/A system, which
implies both loss and gain of function risks [29, 113].

The Amyloid Hypothesis

The self-assembly of AP has been regarded as
an important process in AD etiology and the ori-
gin of the toxicity has shifted from the amyloid
plaques to intermediate-size aggregates via a vari-
ety of mechanisms [114]: Cu might stabilize such
oligomeric species [87, 115]. This might provide such
an explanation of the failure of clinical trials aiming
at eliminating the peptide since the disappearance of
amyloid plaques could drive the equilibrium between
deposits and the soluble state towards the oligomeric
species regarded as more toxic.

Relation to tau, prions, a-synuclein, and TDP-43

Tau dysfunction severely affects many key aspects
of neuronal functioning like axonal transport, mito-
chondria respiration, synapse integrity and protein
turnover [116]. Cu can also contribute to Tau
pathology. In that regard, Cu dysfunction alters tau
phosphorylation through several mechanisms and
primarily by chronic Cu exposure that accelerates
tau phosphorylation by inducing hydrogen peroxide
production [117].

Cu is also involved in prion-like mechanisms of
disease progression. The PrP is a glycoproteinlocated
at synapses. PrPS is the aggregated form and consid-
ered the agent of prion disease [118]. PrP can bind
up to five Cu(Il) atoms, and the Cu(Il)-PrP complex
facilitates PrP internalization within the cell as well as
PrP conversion to PrPS¢. At glutamatergic synapses,
the Cu-PrP complex modulates neurotransmission
and also binds to AR [48]. Furthermore, Cu can affect
a—synuclein functioning, the protein is localized at
the synapse, and Cu?t, via oxidative stress, can con-
tribute to its oligomerization and fibrillation as well
as the formation of Lewy’s bodies [119].

Finally, TDP-43 is a pathological protein asso-
ciated with sporadic amyotrophic lateral sclerosis,

frontotemporal lobar degeneration with ubiquitinated
inclusions (FLTD-U), and the Limbic-predominant
Age-related TDP-43 Encephalopathy, or LATE, a
newly discovered form of dementia [120]. The
abnormal C-terminal fragments of TDP-43 are ubiq-
uitinated, hyperphosphorylated, and accumulate as
cellular inclusions in neurons and' glia, thereby
helping the production of neurodegenerative pro-
cesses. Changes in metal homeostasis of Zn, Cu, and
Mn (manganese) have been described in the TDP-
43A315T mouse model that exhibits increased metal
levels, specifically in the spinal.cord [121].

The aging factor

Accumulation of Cu, as well as Zn and Fe, upon
aging, can affect a variety of concurring pathogenic
pathways, including the antioxidant stress defense,
synaptic plasticity, vesicular transport, and mitochon-
drial function [32]. Age driven loss of function is
implied in the Hypothesis from improper recruit-
ment of Cu and Zn into the key protein SOD-1, the
scavenging enzyme protecting cells from oxidative
metabolism: byproduct generated by mitochondria
and one of the few proteins known to enhance rodent
life span [122—-124]. Impaired anti-aging defenses,
exemplified by direct loss of SOD-1 function, is an
appealing, simple etiology that immediately includes
the age risk factor [9, 29].

Our hypothesis may also help to find a causative
link between disease progression and oxidative stress:
In addition to the loss of SOD-1 function, labile Cu
can also directly trigger oxidative stress by Fenton-
type reactions, and thus the proposed shift from
functional protein-bound Cu to labile Cu is a two-
edged sword against oxidative stress balance, a key
feature of aging. The axonal terminals and secre-
tory granules, as well as the synaptic cleft, is highly
enriched with Cu (up to 100 wmol/L) upon gluta-
matergic neurotransmission and is a primary and
early target of AD-related pathogenic mechanisms
[125]. These processes have been linked to non-Cp
Cu excess associated neurophysiological abnormali-
ties [2, 126].

Systemic commonalities to other diseases

As mentioned above, most sporadic cases of AD
are probably driven by a combination of neuro-
pathological, vascular, metabolic, and neuroinflam-
matory pathogenic pathways, which may have an
age-aggravated systemic feature in common: energy
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deficits. Neurons are among the most energy-
demanding cells in the body. Thus, if Cu and Fe
are lost from cytochrome C oxidase and SOD-1,
mitochondrial energy production can be severely
impaired, thereby leaving less energy available for
protein turnover, which could explain both the pres-
ence of various protein lesions as well as the
accumulation of lysosomal proteins in AD and related
diseases, but also provide a causal relationship to the
ultimate culprit of AD which may be the extremely
energy-demanding neuronal execution [127, 128].

The main “zero hypothesis” against our hypothe-
sis would be that the Amyloid Hypothesis is correct
and that Cu imbalance is not causative but rather a
downstream consequence of a global neurodegener-
ative cascade. We note that there are many theories
(oxidative stress, tau, amyloid, different metal ions,
metabolism, inflammation) and our view is that none
of them is entirely wrong or right, but reflect a
complex pathology with multifaceted clinical man-
ifestations; we expect the underlying biochemical
pathways to overlap and be aggravated by aging. Cu
plays a role in at least a subset of these cases but
not necessarily all. A direct counterargument could
be that no Cu transporters are direct genetic risk fac-
tors of AD. We argue that this is not ruling out the
hypothesis because ATP7B variants do confer risk in
a subset of patients and ABPP/PS1 variants relate to
the processing of a peptide that could be a Cu binding
peptide if the hypothesis is right—indeed the work by
Multhaup and coworkers suggests that ABPP func-
tions as a Cu transporter so that would counter the
“lack of genetic support argument” as ABPP variants
are a main cause of familial AD [49].

In summary, the accumulated body of evidence
supports the idea that metal dysregulation is a cru-
cial player in the neurodegeneration associated with
dementia, not just a consequence, although much
remains to be done to explore this hypothesis further.
Metal ion imbalances, energy depletion of high-
energy demand neurons, oxidative stress; and protein
misfolding work in concert to produce disease phe-
notypes (Fig. 5). Cu imbalance has a very strong and
appealing explanatory power both in terms of loss
of physiological function and gain of pathological
function etiologies. We expect substantial individ-
ual variations in clinical presentation and etiology,
depending on the pathology that first occurs and con-
founding risk modifiers, but the already observed
strong evidence for Cu imbalance cannot reasonably
be assumed to have zero effect on the already vul-
nerable patient, regardless of the exact contribution
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Fig. 5. Model of AP, glutamate, oxidative stress, and ionic
dyshomeostasis in AD pathogenesis. The figure depicts AR, oxida-
tive stress, excitotoxicity, and Cu™/?* dyshomeostasis acting
synergistically to promote synaptic dysfunction and neuronal loss.
Excessive glutamate builds up in the synaptic cleft (1) leads
to prolonged ‘activation of NMDA receptor, aberrant neuronal
Ca2t accumulation (2), and induces Cu-ATPase7A/B (ATP7A/B)
translocation (3) at synapses where vesicular Cu is released. The
released Cu?* (in concentrations up to 100 wmol/L) may inhibit
NMDA receptors, thereby protecting neurons from glutamatergic
excitotoxicity (4), or catalyze Fenton-type reaction, thereby pro-
moting reactive oxygen species (ROS) generation (5). Enhanced
ROS production damages proteins, lipids, nucleic acids, and even-
tually leads to cell death (5). Ca®t overload increases superoxide
anion (O,*™) production from mitochondria (6), and nitric oxide
(NO) generation via Ca®>*-dependent activation of NO synthase
(NOS) (7). Reactive oxygen and nitrosative (RNS) species, as
well as ROS, mobilize Cu from Cu-proteins [such as Atoxl1,
metallothionein 3 (MT3)] increasing intracellular toxic Cu con-
centrations (8), and promoting mitochondrial dysfunction and the
release of pro-apoptotic factors from the organelles (9). ROS-
driven Cu mobilization from Cu-proteins and metal release from
mitochondria can further aggravate oxidative stress and initiate Ab
oligomerization (10). Altered trafficking of ABPP and/or elevated
AP oligomer secretion can generate intracellular Cu™ deficiency,
thereby causing oxidative stress by loss of SOD-1 function (11).
AR, a-synuclein, and PrP can modulate neurotransmission as
[Cu? * ] buffers within the synaptic cleft or amplify the vicious
cycle by further promoting ROS generation (12). Excess Non-Cp
Cu in the bloodstream is a source for the buildup of labile Cu* in
the interstitial space promoting ATPase7A/B translocation of Cu>*+
into vesicles of the trans-Golgi network and endoplasmic reticu-
lum (ER) (13). These processes critically occurring at the level of
dendritic spines, within the synaptic cleft, and in the neurovascular
unit, can be the primum movens of synaptic dysfunction, neuronal
deafferentation, and eventually cell death.

to overall pathogenesis. It is our hope that future
research will define this contribution much more pre-
cisely, as outlined above.

903

904



905

906

907

908

909

910

911

912

913

914

915

916

917

918

919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963

R. Squitti et al. / CuAD Hypothesis 15

ACKNOWLEDGMENTS

The Italian Ministry of Health funded this study
(Ricerca Corrente; RS). The study is also funded by
the Alzheimer’s Association Part the Cloud: Trans-
lational Research Funding for Alzheimer’s Disease
(PTC) PTC-19-602325 (RS, SLS). The authors thank
Ilaria Simonelli and for figure preparation. AG is
supported by the European Union’s Horizon 2020
Research and Innovation Program under the Marie
Sktodowska-Curie grant agreement iMIND—No.
841665.

Authors’ disclosures available online (https:/
www.j-alz.com/manuscript-disclosures/20-1556r3).

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(91

[10]

[11]

[12]

Lahiri DK (2020) There is no failure, only discovery-the
year ahead for CARving new paths. Curr Alzheimer Res
17, 1-2.

Sensi SL, Granzotto A, Siotto M, Squitti R (2018) Cop-
per and zinc dysregulation in Alzheimer’s disease. Trends
Pharmacol Sci 39, 1049-1063.

Solomon EI, Heppner DE, Johnston EM, Ginsbach JW,
Cirera J, Qayyum M, Kieber-Emmons MT, Kjaergaard
CH, HadtRG, Tian L (2014) Copper active sites in biology.
Chem Rev 114, 3659-3853.

Squitti R, Polimanti R, Bucossi S, Ventriglia M, Mariani
S, Manfellotto D, Vernieri F, Cassetta E, Ursini F, Rossini
PM (2013) Linkage disequilibrium and haplotype analysis
of the ATP7B gene in Alzheimer’s disease. Rejuvenation
Res 16, 3-10.

McCann CJ, Jayakanthan S, Siotto M, Yang N, Osipova M,
Squitti R, Lutsenko S (2019) Single nucleotide polymor-
phisms in the human ATP7B gene modify the properties
of the ATP7B protein. Metallomics 11, 1128-1139.
Mercer SW, Wang J, Burke R (2017) In vivo modeling of
the pathogenic effect of copper transporter mutations that
cause Menkes and Wilson diseases, motor neuropathy, and
susceptibility to Alzheimer’s disease. J Biol Chem 292,
4113-4122.

Squitti R, Ventriglia M, Gennarelli M, Colabufo NA, El
Idrissi IG, Bucossi S, Mariani S, Rongioletti M, Zanetti
O, Congiu C, Rossini PM, Bonvicini C (2017) Non-
ceruloplasmin copper distincts subtypes in Alzheimer’s
disease: A genetic study of ATP7B frequency. Mol Neu-
robiol 54, 671-681.

Bush Al Tanzi RE (2008) Therapeutics for Alzheimer’s
disease based on the metal hypothesis. Neurotherapeutics
5,421-432.

Kepp KP (2019) A quantitative model of human neu-
rodegenerative diseases involving ‘protein aggregation.
Neurobiol Aging 80, 46-55.

Boyle PA, Yu L, Wilson RS, Leurgans SE, Schneider JA,
Bennett DA (2018) Person-specific contribution of neu-
ropathologies to cognitive loss in old age. Ann Neurol 83,
74-83.

WHO (2019) Dementia. Key facts. https://www.who.int/
news-room/fact-sheets/detail/dementia.

Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau
DL, Bohr VA (2019) Ageing as a risk factor for neurode-
generative disease. Nat Rev Neurol 15, 565-581.

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Muller UC, Deller T, Korte M (2017) Not just amyloid:
Physiological functions of the amyloid precursor protein
family. Nat Rev Neurosci 18, 281-298.

Sierksma A, Escott-Price V, De Strooper B (2020) Trans-
lating genetic risk of Alzheimer’s disease into mechanistic
insight and drug targets. Science 370, 61-66.

Bekris LM, Yu CE, Bird TD, Tsuang DW (2010) Genet-
ics of Alzheimer disease. J Geriatr Psychiatry Neurol 23,
213-227.

Kepp KP (2016) Alzheimer’s disease due to loss of func-
tion: A new synthesis of the available data. Prog Neurobiol
143, 36-60.

Corona C, Frazzini V, Silvestri E, Lattanzio R, La Sorda
R, Piantelli M, Canzoniero LM, Ciavardelli D, Rizzarelli
E, Sensi SL (2011) Effects of dietary supplementation of
carnosine on mitochondrial dysfunction, amyloid pathol-
ogy, and cognitive deficits in 3xTg-AD mice. PLoS One
6,e17971.

Hardy JA, Higgins GA (1992) Alzheimer’s disease: The
amyloid cascade hypothesis. Science 256, 184-185.
Selkoe DJ, Hardy J (2016) The amyloid hypothesis of Alz-
heimer’s disease at 25 years. EMBO Mol Med 8, 595-608.
Panza F, Lozupone M, Logroscino G, Imbimbo BP (2019)
A critical appraisal of amyloid-beta-targeting therapies for
Alzheimer disease. Nat Rev Neurol 15, 73-88.

Kepp KP(2017) Ten challenges of the amyloid hypothesis
of Alzheimer’s disease. J Alzheimers Dis 55, 447-457.
Herrup K (2015) The case for rejecting the amyloid cas-
cade hypothesis. Nat Neurosci 18, 794-799.

Makin S (2018) The amyloid hypothesis on trial. Nature
559, S4-S7.

Moir RD, Lathe R, Tanzi RE (2018) The antimicrobial
protection hypothesis of Alzheimer’s disease. Alzheimers
Dement 14, 1602-1614.

Bishop GM, Dang TN, Dringen R, Robinson SR (2011)
Accumulation of non-transferrin-bound iron by neurons,
astrocytes, and microglia. Neurotox Res 19, 443-451.
Bishop GM, Robinson SR (2002) The amyloid hypothesis:
Let sleeping dogmas lie? Neurobiol Aging 23, 1101-1105.
Lovell MA, Robertson JD, Teesdale WJ, Campbell JL,
Markesbery WR (1998) Copper, iron and zinc in Alzhei-
mer’s disease senile plaques. J Neurol Sci 158, 47-52.
Squitti R, Barbati G, Rossi L, Ventriglia M, Dal Forno
G, Cesaretti S, Moffa F, Caridi I, Cassetta E, Pasqualetti
P, Calabrese L, Lupoi D, Rossini PM (2006) Excess of
nonceruloplasmin serum copper in AD correlates with
MMSE, CSF [beta]-amyloid, and h-tau. Neurology 67,
76-82.

Kepp KP (2017) Alzheimer’s disease: How metal ions
define B-amyloid function. Coord Chem Rev 351,
127-159.

Faller P, Hureau C, La Penna G (2014) Metal ions and
intrinsically disordered proteins and peptides: From Cu/Zn
amyloid-beta to general principles. Acc Chem Res 47,
2252-2259.

Ayton S, Faux NG, Bush Al, Alzheimer’s Disease Neuro-
imaging Initiative (2015) Ferritin levels in the cerebros-
pinal fluid predict Alzheimer’s disease outcomes and are
regulated by APOE. Nat Commun 6, 6760.

LuT, Pan Y, Kao SY, Li C, Kohane I, Chan J, Yankner BA
(2004) Gene regulation and DNA damage in the ageing
human brain. Nature 429, 883-891.

Squitti R, Siotto M, Arciello M, Rossi L (2016) Non-
ceruloplasmin bound copper and ATP7B gene variants in
Alzheimer’s disease. Metallomics 8, 863-873.

964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028


https://www.j-alz.com/manuscript-disclosures/20-1556r3
https://www.who.int/news-room/fact-sheets/detail/dementia

1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093

16

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

(511

R. Squitti et al. / CuAD Hypothesis

Siotto M, Squitti R (2018) Copper imbalance in Alz-
heimer’s disease: Overview of the exchangeable copper
component in plasma and the intriguing role albumin
plays. Coord Chem Rev 371, 86-95.

Hoogenraad T (2001) Wilson disease. Intermed Medical
Publishers, Amsterdam-Rotterdam.

Linder MC (2016) Ceruloplasmin and other copper bind-
ing components of blood plasma and their functions: An
update. Metallomics 8, 887-905.

Bossak-Ahmad K, Fraczyk T, Bal W, Drew SC (2020)
The sub-picomolar Cu(2+) dissociation constant of human
serum albumin. Chembiochem 21, 331-334.

Gao LM, Li RC, Wang K (1989) Kinetic studies of mobi-
lization of copper(Il) from human serum albumin with
chelating agents. J Inorg Biochem 36, 83-92.

Falcone E, Okafor M, Vitale N, Raibaut L, Sour A, Faller P
(2021) Extracellular Cu2+pools and their detection: From
current knowledge to next-generation probes. Coord Chem
Rev 433, 213727.

Choi BS, Zheng W (2009) Copper transport to the brain
by the blood-brain barrier and blood-CSF barrier. Brain
Res 1248, 14-21.

Gaggelli E, Kozlowski H, Valensin D, Valensin G
(2006) Copper homeostasis and neurodegenerative dis-
orders (Alzheimer’s, prion, and Parkinson’s diseases and
amyotrophic lateral sclerosis). Chem Rev 106, 1995-
2044.

Zheng W, Monnot AD (2012) Regulation of brain iron
and copper homeostasis by brain barrier systems: Implica-
tion in neurodegenerative diseases. Pharmacol Ther 133,
177-188.

Arenas de Larriva AP, Limia-Perez L, Alcala-Diaz JF,
Alonso A, Lopez-Miranda J, Delgado-Lista J (2020) Ceru-
loplasmin and coronary heart disease-a systematic review.
Nutrients 12, 3219.

Huang L, Shen R, Huang L, Yu J, Rong H (2019)
Association between serum copper and heart failure: A
meta-analysis. Asia Pac J Clin Nutr 28, 761-769.

Li K, Li C, Xiao Y, Wang T, James Kang Y (2018) The
loss of copper is associated with the increase in copper
metabolism MURR domain 1 in ischemic hearts of mice.
Exp Biol Med (Maywood) 243, 780-785.

Ma C, Zhao H, Shi F, Li M, Liu X, Ji C, Han Y
(2021) Serum ceruloplasmin is the candidate predictive
biomarker for acute aortic dissection and is related to
thrombosed false lumen: A propensity score-matched
observational case-control study. Biol Trace Elem Res 199,
895-911.

Squitti R, Mendez AJ, Simonelli I, Ricordi C (2017) Dia-
betes and Alzheimer’s disease: Can elevated free copper
predict the risk of the disease? J Alzheimers Dis 56, 1055-
1064.

Kepp KP, Squitti R (2019) Copper imbalance in
Alzheimer’s disease: Convergence of the chemistry and
the clinic. Coord Chem Rev 397, 168-187.

Multhaup G, Schlicksupp A, Hesse L, Beher D, Ruppert
T, Masters CL, Beyreuther K (1996) The amyloid pre-
cursor protein of Alzheimer’s disease in the reduction of
copper(Il) to copper(l). Science 271, 1406-1409.

Miura T, Suzuki K, Kohata N, Takeuchi H (2000) Metal
binding modes of Alzheimer’s amyloid beta-peptide in
insoluble aggregates and soluble complexes. Biochemistry
39, 7024-7031.

Young TR, Pukala TL, Cappai R, Wedd AG, Xiao Z (2018)
The human amyloid precursor protein binds copper ions

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

dominated by a picomolar-affinity site in the helix-rich E2
domain. Biochemistry 57, 4165-4176.

White AR, Reyes R, Mercer JF, Camakaris J, Zheng H,
Bush AI, Multhaup G, Beyreuther K, Masters CL, Cappai
R (1999) Copper levels are increased in the cerebral cortex
and liver of APP and APLP2 knockout mice. Brain Res
842, 439-444.

White AR, Bush AI, Beyreuther K, Masters CL, Cap-
pai R (1999) Exacerbation of copper toxicity in primary
neuronal cultures depleted of cellular glutathione. J Neu-
rochem 72, 2092-2098.

Angeletti B, Waldron KJ, Freeman KB, Bawagan H, Hus-
sain I, Miller CC, Lau KF, Tennant ME, Dennison C,
Robinson NJ, Dingwall C (2005) BACEI cytoplasmic
domain interacts with the copper chaperone for super-
oxide dismutase-1 and binds copper. J Biol Chem 280,
17930-17937.

Dingwall C (2007) A copper-binding site in the cytoplas-
mic domain of BACEI identifies a possible link to metal
homoeostasis and oxidative stress in Alzheimer’s disease.
Biochem Soc Trans 35, 571-573.

Bayer TA, Schafer S, Simons A, Kemmling A, Kamer T,
Tepest R, Eckert A, Schussel K, Eikenberg O, Sturchler-
Pierrat C, Abramowski D, Staufenbiel M, Multhaup G
(2003) Dietary Cu stabilizes brain superoxide dismutase 1
activity and reduces amyloid Abeta production in APP23
transgenic mice. Proc Natl Acad Sci U S A 100, 14187-
14192.

Kessler H, Bayer TA, Bach D, Schneider-Axmann T, Sup-
prian‘T, Herrmann W, Haber M, Multhaup G, Falkai P,
Pajonk FG (2008) Intake of copper has no effect on cog-
nition in patients with mild Alzheimer’s disease: A pilot
phase 2 clinical trial. J Neural Transm (Vienna) 115, 1181-
1187.

Cherny RA, Atwood CS, Xilinas ME, Gray DN, Jones
WD, McLean CA, Barnham KJ, Volitakis I, Fraser
FW, Kim Y, Huang X, Goldstein LE, Moir RD, Lim
JT, Beyreuther K, Zheng H, Tanzi RE, Masters CL,
Bush AI (2001) Treatment with a copper-zinc chelator
markedly and rapidly inhibits beta-amyloid accumula-
tion in Alzheimer’s disease transgenic mice. Neuron 30,
665-676.

Lannfelt L, Blennow K, Zetterberg H, Batsman S, Ames
D, Harrison J, Masters CL, Targum S, Bush AI, Murdoch
R, Wilson J, Ritchie CW, PBT2-201-EURO study group
(2008) Safety, efficacy, and biomarker findings of PBT2
in targeting Abeta as a modifying therapy for Alzheimer’s
disease: A phase Ila, double-blind, randomised, placebo-
controlled trial. Lancet Neurol 7, 779-786.

Faux NG, Ritchie CW, Gunn A, Rembach A, Tsatsanis A,
Bedo J, Harrison J, Lannfelt L, Blennow K, Zetterberg H,
Ingelsson M, Masters CL, Tanzi RE, Cummings JL, Herd
CM, Bush AI (2010) PBT2 rapidly improves cognition
in Alzheimer’s disease: Additional phase II analyses. J
Alzheimers Dis 20, 509-516.

Villemagne VL, Rowe CC, Barnham KJ, Cherny R, Wood-
ward M, Bozinosvski S, Salvado O, Bourgeat P, Perez
K, Fowler C, Rembach A, Maruff P, Ritchie C, Tanzi R,
Masters CL (2017) A randomized, exploratory molecu-
lar imaging study targeting amyloid beta with a novel
8-OH quinoline in Alzheimer’s disease: The PBT2-204
IMAGINE study. Alzheimers Dement (N Y) 3, 622-635.
Barnham KJ, McKinstry WJ, Multhaup G, Galatis D, Mor-
ton CJ, Curtain CC, Williamson NA, White AR, Hinds
MG, Norton RS, Beyreuther K, Masters CL, Parker MW,

1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158



1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

[72]

[73]

[74]

[75]

R. Squitti et al. / CuAD Hypothesis 17

Cappai R (2003) Structure of the Alzheimer’s disease amy-
loid precursor protein copper binding domain. A regulator
of neuronal copper homeostasis. J Biol Chem 278, 17401-
17407.

Singh I, Sagare AP, Coma M, Perlmutter D, Gelein R,
Bell RD, Deane RJ, Zhong E, Parisi M, Ciszewski J,
Kasper RT, Deane R (2013) Low levels of copper disrupt
brain amyloid-beta homeostasis by altering its production
and clearance. Proc Natl Acad Sci U S A 110, 14771-
14776.

Hsu HW, Rodriguez-Ortiz CJ, Lim SL, Zumkehr J, Kilian
JG, Vidal J, Kitazawa M (2019) Copper-induced upregula-
tion of microRNAs directs the suppression of endothelial
LRP1 in Alzheimer’s disease model. Toxicol Sci 170,
144-156.

Sparks DL, Friedland R, Petanceska S, Schreurs BG, Shi
J, Perry G, Smith MA, Sharma A, Derosa S, Ziolkowski
C, Stankovic G (2006) Trace copper levels in the drinking
water, but not zinc or aluminum influence CNS Alzheimer-
like pathology. J Nutr Health Aging 10, 247-254.

Sparks DL, Schreurs BG (2003) Trace amounts of copper
in water induce beta-amyloid plaques and learning deficits
in a rabbit model of Alzheimer’s disease. Proc Natl Acad
Sci U S A 100, 11065-11069.

Wu M, Han F, Gong W, Feng L, Han J (2016) The effect of
copper from water and food: Changes of serum nonceru-
loplasmin copper and brain’s amyloid-beta in mice. Food
Funct 7, 3740-3747.

Ma Q, Ying M, Sui X, Zhang H, Huang H, Yang L,
Huang X, Zhuang Z, Liu J, Yang X (2015) Chronic cop-
per exposure causes spatial memory impairment, selective
loss of hippocampal synaptic proteins, and activation of
PKR/eIF2alpha pathway in mice. J Alzheimers Dis 43,
1413-1427.

Yu J, Luo X, Xu H, Ma Q, Yuan J, Li X, Chang RC, Qu
Z, Huang X, Zhuang Z, Liu J, Yang X (2015) Identifi-
cation of the key molecules involved in chronic copper
exposure-aggravated memory impairment in transgenic
mice of Alzheimer’s disease using proteomic analysis. J
Alzheimers Dis 44, 455-469.

Pal A, Prasad R (2015) An overview of various mammalian
models to study chronic copper intoxication associated
Alzheimer’s disease like pathology. Biometals 28, 1-9.
Coelho FC, Squitti R, Ventriglia M, Cerchiaro G, Daher
JP, Rocha JG, Rongioletti MCA, Moonen AC (2020) Agri-
cultural use of copper and its link to Alzheimer’s disease.
Biomolecules 10, 897.

Arnal N, Morel GR, de Alaniz MJ, Castillo O, Marra
CA (2013) Role of copper and cholesterol association in
the neurodegenerative process. Int J Alzheimers Dis 2013,
414817.

James SA, Volitakis I, Adlard PA, Duce JA, Masters CL,
Cherny RA, Bush AI (2012) Elevated labile Cu is associ-
ated with oxidative pathology in Alzheimer disease. Free
Radic Biol Med 52, 298-302.

Miller LM, Wang Q, Telivala TP, Smith RJ, Lanzirotti
A, Miklossy J (2006) Synchrotron-based infrared and X-
ray imaging shows focalized accumulation of Cu and Zn
co-localized with beta-amyloid deposits in Alzheimer’s
disease. J Struct Biol 155, 30-37.

Rembach A, Hare DJ, Lind M, Fowler CJ, Cherny RA,
McLean C, Bush Al, Masters CL, Roberts BR (2013)
Decreased copper in Alzheimer’s disease brain is predom-
inantly in the soluble extractable fraction. Int J Alzheimers
Dis 2013, 623241.

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]
[90]

[91]

[92]

Brewer GJ (2017) Copper-2 hypothesis for causation of
the current Alzheimer’s disease epidemic together with
dietary changes that enhance the epidemic. Chem Res
Toxicol 30, 763-768.

Brewer GJ (2011) Issues raised involving the copper
hypotheses in the causation of Alzheimer’s disease. Int
J Alzheimers Dis 2011, 537528.

Bagheri S, Squitti R, Haertle T, Siotto M, Saboury AA
(2017) Role of copper in the onset of Alzheimer’s disease
compared to other metals. Front Aging Neurosci 9, 446.
Ala A, Walker AP, Ashkan K, Dooley JS, Schilsky ML
(2007) Wilson’s disease. Lancet 369, 397-408.

Squitti R, Ghidoni R, Simonelli I, Ivanova ID, Colabufo
NA, Zuin M, Benussi L, Binetti G, Cassetta E, Rongioletti
M, Siotto M (2018) Copper dyshomeostasis in Wilson dis-
ease and Alzheimer’s disease as shown by serum and urine
copper indicators. J Trace Elem Med Biol 45, 181-188.
Hartter DE, Barnea A (1988) Evidence for release of cop-
per in the brain: Depolarization-induced release of newly
taken-up 67copper. Synapse 2, 412-415.

Snaedal J, Kristinsson J, Gunnarsdottir S, Olafsdottir,
Baldvinsson M, Johannesson T (1998) Copper, ceru-
loplasmin and superoxide dismutase in patients with
Alzheimer’s disease. A case-control study. Dement Geri-
atr Cogn Disord 9, 239-242.

Siotto M; Simonelli I, Pasqualetti P, Mariani S, Caprara
D, Bucossi S, Ventriglia M, Molinario R, Antenucci M,
Rongioletti M, Rossini PM, Squitti R (2016) Association
between serum ceruloplasmin specific activity and risk of
Alzheimer’s disease. J Alzheimers Dis 50, 1181-1189.
Barbariga M, Curnis F, Spitaleri A, Andolfo A, Zucchelli
C, Lazzaro M, Magnani G, Musco G, Corti A, Alessio
M (2014) Oxidation-induced structural changes of ceru-
loplasmin foster NGR motif deamidation that promotes
integrin binding and signaling. J Biol Chem 289, 3736-
3748.

Squitti R, Polimanti R (2012) Copper hypothesis in
the missing hereditability of sporadic Alzheimer’s dis-
ease: ATP7B gene as potential harbor of rare variants. J
Alzheimers Dis 29, 493-501.

Cheignon C, Tomas M, Bonnefont-Rousselot D, Faller P,
Hureau C, Collin F (2018) Oxidative stress and the amy-
loid beta peptide in Alzheimer’s disease. Redox Biol 14,
450-464.

Rana M, Sharma AK (2019) Cu and Zn interactions with
Abeta peptides: Consequence of coordination on aggrega-
tion and formation of neurotoxic soluble Abeta oligomers.
Metallomics 11, 64-84.

Voss K, Harris C, Ralle M, Duffy M, Murchison C, Quinn
JF (2014) Modulation of tau phosphorylation by environ-
mental copper. Transl Neurodegener 3, 24.

Choi DW (1988) Glutamate neurotoxicity and diseases of
the nervous system. Neuron 1, 623-634.

Scheiber IF, Mercer JF, Dringen R (2014) Metabolism and
functions of copper in brain. Prog Neurobiol 116, 33-57.
Munch G, Thome J, Foley P, Schinzel R, Riederer P
(1997) Advanced glycation endproducts in ageing and
Alzheimer’s disease. Brain Res Brain Res Rev 23, 134-143.
Fica-Contreras SM, Shuster SO, Durfee ND, Bowe GJK,
Henning NJ, Hill SA, Vrla GD, Stillman DR, Suralik
KM, Sandwick RK, Choi S (2017) Glycation of Lys-16
and Arg-5 in amyloid-beta and the presence of Cu(2+)
play a major role in the oxidative stress mechanism
of Alzheimer’s disease. J Biol Inorg Chem 22, 1211-
1222.

1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1287
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288



1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353

18

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

R. Squitti et al. / CuAD Hypothesis

Percival SS (1998) Copper and immunity. Am J Clin Nutr
67, 1064S-1068S.

Besold AN, Culbertson EM, Culotta VC (2016) The Yin
and Yang of copper during infection. J Biol Inorg Chem
21, 137-144.

Patrick KL, Bell SL, Weindel CG, Watson RO (2019)
Exploring the “multiple-hit hypothesis” of neurodegen-
erative disease: Bacterial infection comes up to bat. Front
Cell Infect Microbiol 9, 138.

Tlievski V, Zuchowska PK, Green SJ, Toth PT, Ragozzino
ME, Le K, Aljewari HW, O’Brien-Simpson NM, Reynolds
EC, Watanabe K (2018) Chronic oral application of a
periodontal pathogen results in brain inflammation, neu-
rodegeneration and amyloid beta production in wild type
mice. PLoS One 13, €0204941.

Dominy SS, Lynch C, Ermini F, Benedyk M, Marczyk A,
Konradi A, Nguyen M, Haditsch U, Raha D, Griffin C,
Holsinger LJ, Arastu-Kapur S, Kaba S, Lee A, Ryder MI,
Potempa B, Mydel P, Hellvard A, Adamowicz K, Hasturk
H, Walker GD, Reynolds EC, Faull RLM, Curtis MA, Dra-
gunow M, Potempa J (2019) Porphyromonas gingivalis in
Alzheimer’s disease brains: Evidence for disease causa-
tion and treatment with small-molecule inhibitors. Sci Adv
5, eaau3333.

Costa MJF, de Araujo IDT, da Rocha Alves L, da SilvaRL,
Dos Santos Calderon P, Borges BCD, de Aquino Martins
ARL, de Vasconcelos Gurgel BC, Lins R (2021) Rela-
tionship of Porphyromonas gingivalis and Alzheimer’s
disease: A systematic review of pre-clinical studies. Clin
Oral Investig 25, 797-806.

Festa RA, Thiele DJ (2012) Copper at the front line of the
host-pathogen battle. PLoS Pathog 8, e1002887.
Chaturvedi KS, Henderson JP (2014) Pathogenic adapta-
tions to host-derived antibacterial copper. Front Cell Infect
Microbiol 4, 3.

Evans DM, Zhu G, Dy V, Heath AC, Madden PA, Kemp
JP, McMahon G, St Pourcain B, Timpson NJ, Golding J,
Lawlor DA, Steer C, Montgomery GW, Martin NG, Smith
GD, Whitfield JB (2013) Genome-wide association study
identifies loci affecting blood copper, selenium and zinc.
Hum Mol Genet 22, 3998-4006.

Atrian-Blasco E, Gonzalez P, Santoro A, Alies A, Faller P,
Hureau C (2018) Cu and Zn coordination to amyloid pep-
tides: From fascinating chemistry to debated pathological
relevance. Coord Chem Rev 371, 38-55.

Jain KK (2015) Role of biomarkers in personalized
medicine. In Textbook of Personalized Medicine. Humana
Press, New York, NY.

Jack CR, Jr., Knopman DS, Jagust WJ, Petersen RC,
Weiner MW, Aisen PS, Shaw LM, Vemuri P, Wiste HJ,
Weigand SD, Lesnick TG, Pankratz VS, Donohue MC,
Trojanowski JQ (2013) Tracking pathophysiological pro-
cesses in Alzheimer’s disease: An updated hypothetical
model of dynamic biomarkers. Lancet Neurol 12,207-216.
Diouf I, Bush AI, Ayton S, Alzheimer’s disease
Neuroimaging Initiative (2020) Cerebrospinal fluid ceru-
loplasmin levels predict cognitive decline and brain
atrophy in people with underlying beta-amyloid pathol-
ogy. Neurobiol Dis 139, 104810.

Squitti R, Siotto M, Cassetta E, Idrissi IG, Colabufo NA
(2017) Measurements of serum non-ceruloplasmin cop-
per by a direct fluorescent method specific to Cu(Il). Clin
Chem Lab Med 55, 1360 -1367.

Corona C, Masciopinto F, Silvestri E, Viscovo AD, Lat-
tanzio R, Sorda RL, Ciavardelli D, Goglia F, Piantelli

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

M, Canzoniero LM, Sensi SL (2010) Dietary zinc sup-
plementation of 3xTg-AD mice increases BDNF levels
and prevents cognitive deficits as well as mitochondrial
dysfunction. Cell Death Dis 1, €91.

Frazzini V, Granzotto A, Bomba M, Massetti N, Castelli
V, d’ Aurora M, Punzi M, Torio M, Mosca A, Delli Pizzi S,
Gatta V, Cimini A, Sensi SL (2018) The pharmacological
perturbation of brain zinc impairs BDNF-related signaling
and the cognitive performances of young mice. Sci Rep 8,
9768.

Atrian-Blasco E, Conte-Daban A, Hureau C (2017)
Mutual interference of Cu and Zn ions in Alzheimer’s dis-
ease: Perspectives at the molecular level. Dalton Trans 46,
12750-12759.

Robert A, Liu Y, Nguyen M, Meunier B (2015) Regula-
tion of copper and iron homeostasis by metal chelators: A
possible chemotherapy for Alzheimer’s disease. Acc Chem
Res 48, 1332-1339.

Crouch PJ, Barnham KJ (2012) Therapeutic redistribution
of metal ions to treat Alzheimer’s disease. Acc Chem Res
45, 1604-1611.

Zola-Morgan S, Squire LR, Amaral DG (1986) Human
amnesia and the medial temporal region: Enduring mem-
ory impairment following a bilateral lesion limited to field
CAL1 of the hippocampus. J Neurosci 6, 2950-2967.
Smith DG, Cappai R, Barnham KJ (2007) The redox chem-
istry of the Alzheimer’s disease amyloid beta peptide.
Biochim Biophys Acta 1768, 1976-1990.

Lee SJ, Nam E, Lee HJ, Savelieff MG, Lim MH (2017)
Towards an understanding of amyloid-beta oligomers:
Characterization, toxicity mechanisms, and inhibitors.
Chem Soc Rev 46, 310-323.

Weibull MGM, Simonsen S, Oksbjerg CR, Tiwari MK,
Hemmingsen L (2019) Effects of Cu(II) on the aggregation
of amyloid-beta. J Biol Inorg Chem 24, 1197-1215.

Guo T, Noble W, Hanger DP (2017) Roles of tau protein
in health and disease. Acta Neuropathol 133, 665-704.
Ma QF, Li YM, Du JT, Kanazawa K, Nemoto T, Nakan-
ishi H, Zhao YF (2005) Binding of copper (II) ion to an
Alzheimer’s tau peptide as revealed by MALDI-TOF MS,
CD, and NMR. Biopolymers 79, 74-85.

Prusiner SB (1982) Novel proteinaceous infectious parti-
cles cause scrapie. Science 216, 136-144.

Miotto MC, Valiente-Gabioud AA, Rossetti G, Zweck-
stetter M, Carloni P, Selenko P, Griesinger C, Binolfi A,
Fernandez CO (2015) Copper binding to the N-terminally
acetylated, naturally occurring form of alpha-synuclein
induces local helical folding. J Am Chem Soc 137, 6444-
6447.

Nelson PT, Dickson DW, Trojanowski JQ, Jack CR,
Boyle PA, Arfanakis K, Rademakers R, Alafuzoff I,
Attems J, Brayne C, Coyle-Gilchrist ITS, Chui HC,
Fardo DW, Flanagan ME, Halliday G, Hokkanen SRK,
Hunter S, Jicha GA, Katsumata Y, Kawas CH, Keene
CD, Kovacs GG, Kukull WA, Levey Al, Makkinejad N,
Montine TJ, Murayama S, Murray ME, Nag S, Riss-
man RA, Seeley WW, Sperling RA, White Iii CL, Yu
L, Schneider JA (2019) Limbic-predominant age-related
TDP-43 encephalopathy (LATE): Consensus working
group report. Brain 142, 1503-1527.

Dang TN, Lim NK, Grubman A, Li QX, Volitakis I, White
AR, Crouch PJ (2014) Increased metal content in the
TDP-43(A315T) transgenic mouse model of frontotempo-
ral lobar degeneration and amyotrophic lateral sclerosis.
Front Aging Neurosci 6, 15.

1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418



1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

R. Squitti et al. / CuAD Hypothesis 19

Landis GN, Tower J (2005) Superoxide dismutase evo-
lution and life span regulation. Mech Ageing Dev 126,
365-379.

Melov S, Ravenscroft J, Malik S, Gill MS, Walker DW,
Clayton PE, Wallace DC, Malfroy B, Doctrow SR, Lith-
gow GJ (2000) Extension of life-span with superoxide
dismutase/catalase mimetics. Science 289, 1567-1569.
Tolmasoff JM, Ono T, Cutler RG (1980) Superoxide dis-
mutase: Correlation with life-span and specific metabolic
rate in primate species. Proc Natl Acad Sci U § A 717,
2777-2781.

Gaier ED, Eipper BA, Mains RE (2013) Copper signal-
ing in the mammalian nervous system: Synaptic effects. J
Neurosci Res 91, 2-19.

Tecchio F, Vecchio F, Ventriglia M, Porcaro C, Miraglia F,
Siotto M, Rossini PM, Rongioletti M, Squitti R (2016)
Non-ceruloplasmin copper distinguishes a distinct sub-
type of Alzheimer’s disease: A study of EEG-derived brain
activity. Curr Alzheimer Res 13, 1374-1384

Attwell D, Laughlin SB (2001) An energy budget for sig-
naling in the grey matter of the brain. J Cereb Blood Flow
Metab 21, 1133-1145.

Raichle ME, Gusnard DA (2002) Appraising the brain’s
energy budget. Proc Natl Acad Sci U SA'99, 10237-10239.
Weiss KH (1993) Wilson disease. In GeneReviews((R)),
Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean
LJH, Mirzaa G, Amemiya A, eds., Seattle (WA).
Martinelli D, Travaglini L, Drouin CA, Ceballos-Picot I,
Rizza T, Bertini E, Carrozzo R, Petrini S, de Lonlay P, El
Hachem M, Hubert L, Montpetit A, Torre G, Dionisi-Vici
C (2013) MEDNIK syndrome: A novel defect of copper
metabolism treatable by zinc acetate therapy. Brain 136,
872-881.

Menkes JH, Alter M, Steigleder GK, Weakley DR, Sung
JH (1962) A sex-linked recessive disorder with retardation
of growth, peculiar hair, and focal cerebral and cerebellar
degeneration. Pediatrics 29, 764-779.

Ronce N, Moizard MP, Robb L, Toutain A, Villard L,
Moraine C (1997) A C2055T transition in exon 8 of the
ATP7A gene is associated with exon skipping in an occip-
ital horn syndrome family. Am J Hum Genet 61, 233-238.
Chiplunkar S, Bindu PS, Nagappa M, Bineesh C,
Govindaraj P, Gayathri N, Bharath MM, Arvinda HR,
Mathuranath PS, Sinha S, Taly AB (2016) Huppke-
Brendel syndrome in a seven months old boy with a novel
2-bp deletion in SLC33A1. Metab Brain Dis 31, 1195-
1198.

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

Kennerson ML, Nicholson GA, Kaler SG, Kowalski
B, Mercer JF, Tang J, Llanos RM, Chu S, Takata RI,
Speck-Martins CE, Baets J, Almeida-Souza L, Fischer D,
Timmerman V, Taylor PE, Scherer SS, Ferguson TA, Bird
TD, De Jonghe P, Feely SM, Shy ME, Garbern JY (2010)
Missense mutations in the copper transporter gene ATP7A
cause X-linked distal hereditary motor neuropathy. Am J
Hum Genet 86, 343-352.

Sue CM, Karadimas C, Checcarelli N, Tanji K, Papa-
dopoulou LC, Pallotti F, Guo FL, Shanske S, Hirano M,
De Vivo DC, Van Coster R, Kaplan P, Bonilla E, DiMauro
S (2000) Differential features of patients with mutations in
two COX assembly genes, SURF-1and SCO2. Ann Neurol
47, 589-595.

European Association for Study of Liver (2012) Clini-
cal practice guidelines: Wilson’s disease. J Hepatol 56,
671-685.

Capo CR, Arciello M, Squitti R, Cassetta E, Rossini PM,
Calabrese L, Rossi L (2008) Features of ceruloplasmin
in the cerebrospinal fluid of Alzheimer’s disease patients.
Biometals 21, 367-372.

Hye A, Lynham S, Thambisetty M, Causevic M, Campbell
J, Byers HL, Hooper C, Rijsdijk F, Tabrizi SJ, Banner S,
Shaw CE, Foy C, Poppe M, Archer N, Hamilton G, Pow-
ell J, Brown RG, Sham P, Ward M, Lovestone S (2006)
Proteome-based plasma biomarkers for Alzheimer’s dis-
ease. Brain 129, 3042-3050.

Squitti R, Ventriglia M, Barbati G, Cassetta E, Ferreri F,
Dal Forno G, Ramires S, Zappasodi F, Rossini PM (2007)
‘Free’ copper in serum of Alzheimer’s disease patients
correlates with markers of liver function. J Neural Transm
(Vienna) 114, 1589-1594.

Amtage F, Birnbaum D, Reinhard T, Niesen WD, Weiller
C, Mader I, Meyer PT, Rijntjes M (2014) Estrogen intake
and copper depositions: Implications for Alzheimer’s dis-
ease? Case Rep Neurol 6, 181-187.

Squitti R, Lupoi D, Pasqualetti P, Dal Forno G, Vernieri F,
Chiovenda P, Rossi L, Cortesi M, Cassetta E, Rossini PM
(2002) Elevation of serum copper levels in Alzheimer’s
disease. Neurology 59, 1153-1161.

Zappasodi F, Salustri C, Babiloni C, Cassetta E, Del Percio
C, Ercolani M, Rossini PM, Squitti R (2008) An obser-
vational study on the influence of the APOE-epsilon4
allele on the correlation between ‘free’ copper toxicosis
and EEG activity in Alzheimer disease. Brain Res 1215,
183-189.

1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511



