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neurodegenerative disorders

Roberta Giampietro,” Francesco Spinelli,"’ Marialessandra Contino,"* Nicola Antonio Colabufo™

"Dipartimento di Farmacia-Scienze del Farmaco, Universita degli Studi di Bari Aldo Moro, Via
Orabona 4, 70125, Bari, Italy
°Biofordrug srl, Dipartimento di Farmacia-Scienze del Farmaco, Universita degli Studi di Bari Aldo

Moro, Via Orabona 4, 70125, Bari, Italy

ABSTRACT

Copper is an essential trace element for human body since it is a cofactor of several enzymes and
proteins and plays a pivotal role in several biological functions (e.g., respiration, protection from
oxidative damage, iron metabolism, etc.), also including the central nervous system development
and functioning (e.g. synthesis of neurotransmitters, myelination, activation of neuropeptides, etc.).
Therefore, copper dysmetabolism is associated with different toxic effects, mainly represented by
oxidative stress, and it has been reported in many neurodegenerative disorders, such as Wilson’s
disease, Menkes disease, Alzheimer’s disease, Parkinson’s disease, and Amyotrophic Lateral
Sclerosis. This paper shows a detailed report of how copper is involved in the pathophysiology of
these diseases. Moreover, a hint on novel therapeutic approaches based on restoring copper

homeostasis through metal chelators will be pointed out.

KEYWORDS: copper, oxidative stress, neurodegenerative diseases, metal chelators, natural

compounds.
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Molecular Pharmaceutics

INTRODUCTION

Copper is an essential element responsible for different biological functions in human body."' In the
human brain and in the liver copper tissue levels are 5 pg/g, while the cerebrospinal fluid (CSF)
shows copper concentration 0.3-0.5 pM.>> Copper is present throughout the brain, in particular it
has high concentration in basal ganglia, hippocampus, cerebellum, numerous synaptic membranes,
cell bodies of cortical pyramidal neurons, and cerebellar granular neurons.* This metal exerts an
important role for the development and functioning of the central nervous system (CNS), indeed,
CNS neurons possess the machinery to uptake copper and subsequently release it at the synaptic
cleft.’ For instance, advanced researches highlighted a role for copper in synaptic transmission
(modulation of neurotransmitters biosynthesis, neurotransmitters receptors, synaptic vesicles
trafficking, etc.), axonal targeting, neurite outgrowth, and modulation of signalling cascades
induced by neurotrophic factors.®’ In detail, it has been observed that copper may modulate
excitatory and inhibitory neurotransmission by blocking GABAergic and AMPAergic
neurotransmission; and an important role in the production and maintenance of myelin has been
also reported.’

At subcellular level, copper is required for many activities, such as respiration, erythrocyte
formation, iron absorption and transport into the body, peptide amidation, pigment formation, and
development and maintenance of connective tissues.® Copper is also an electron donor or acceptor,
oscillating between the reduced (Cu’, cuprous ion) and the oxidized (Cu*", cupric ion) states, and
behaves as cofactor of several enzymes involved in diverse metabolic functions and redox
reactions: superoxide dismutase 1 and 3 (SOD1 and SOD3) for the antioxidant activity,
cytochrome-C oxidase for ATP production in mitochondria, lysyl oxidase for collagen maturation,
tyrosinase for melanin synthesis, ceruloplasmin (CP) for iron metabolism, etc.’

As depicted in Figure 1, copper introduced with the diet, after its reduction to Cu’, is taken up in the

small intestine by the copper transporter receptor 1 (CTR1), a high affinity copper protein localised
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on the apical site of enterocytes, and is subsequently delivered to the blood by the copper
transporting ATPase (Cu-ATPase) ATP7A. Once in the blood, Cu’ is mainly bound to serum
albumin and reaches the liver, where it is absorbed in the hepatocytes via CTR1 transport. In the
hepatocytes, copper is mainly bound to CP, a ferroxidase protein involved in the regulation of the
iron oxidative state, and the corresponding complex is then delivered in the bloodstream. The
formation of the copper-CP complex takes place in the trans-Golgi network (TGN), where copper is
supplied to nascent CP thanks to the active transport mediated by another Cu-ATPase, the ATP7B.
When copper exceeds the needs of the cell, ATP7B moves toward the cell membrane, and, via
hepatic lysosomes, copper is released in the bile canaliculus together with the degradation products
of CP.""!" The absorption of copper from the bloodstream into the CNS is mediated by CTR1 and
ATP7A, respectively localised on the apical and basolateral sites of the blood-brain barrier (BBB)
endothelial cells. Then, copper is absorbed by brain cells through a transport mediated by CTR1 and
by the prion protein (PrP), a membrane protein involved in copper homeostasis. "’

Depending on tissues demand, copper is mobilized from hepatic stores, it enters the cells, and, to
preserve a physiological concentration of free copper within the cell at around 10" M, it is
immediately bound by different proteins, such as metallothioneins (MTs), glutathione (GSH), and a
group of chaperons shuttle copper, specialized protein for delivering copper to copper-dependent
enzymes. For instance, the copper chaperon for superoxide dismutase (CCS) delivers copper to
SODI1, Cox17 catalyses the incorporation of copper into cytochrome ¢ oxidase, the antioxidant
protein 1 (ATOX1) mediates the delivery of copper to the copper-transporting ATPases ATP7A and
ATP7B.*

Based on the above mentioned several physiological roles of copper, copper dyshomeostasis has
been associated with diverse pathological conditions. For example, an excess of free copper could
translate in an excessive production of reactive oxygen species (ROS) through a Fenton-like

reaction, leading to oxidative damages of protein, lipids, and nucleic acids. Besides, free copper can
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directly bind to these latter causing additional noxious transformations lethal to cells, such as
enzymes’ inactivation, disruption of mitochondrial protein complexes, modification of low-density

lipoprotein, or DNA damage.” On the other hand, deficit of copper translates in the impairment of

all copper-dependent enzymes and functions, causing toxicological manifestations.

In the following sections, we review the pathological involvement of copper in several
neurodegenerative diseases, such as Wilson’s disease (WD), Menkes disease (MD), Alzheimer’s
disease (AD), Parkinson’s disease (PD), and Amyotrophic Lateral Sclerosis (ALS). Moreover, a

hint on novel therapeutic approaches based on restoring copper homeostasis will be also pointed

out.
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Figure 1. Schematic representation of copper homeostasis in physiological conditions and copper

dyshomeostasis in Wilson’s and Menkes diseases.
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COPPER ROLE IN NEURODEGENERATIVE DISEASES

Wilson’s disease (WD). WD is an autosomal-recessive disorder caused by mutations in the gene
ATP7B encoding for the Cu-ATPase ATP7B (Figure 1), the transporter mainly responsible for
copper incorporation into CP and for its biliary excretion. More than 500 homozygous or
heterozygous mutations have been identified so far, including missense mutations, small
deletions/insertions in the coding region, and splice junction mutations.'” This loss-of-function of
ATP7B causes an impaired incorporation of copper into CP and a defective bile excretion with
consequent copper overload in the liver."? In fact, copper concentration in the liver of WD patients
is 4.5-16.5-fold higher than in healthy individuals. This copper excess leads to an increased
oxidative stress responsible for lipids, proteins, DNA, and RNA damages, which in turn causes
apoptosis of hepatocytes and liver steatosis. Furthermore, when the liver is no longer able to store
copper, free copper, nonceruloplasmin-bound, overflows into the bloodstream reaching other organs
and causing extrahepatic copper toxicity. For instance, free copper could exert toxic effects on
erythrocytes, leading to haemolysis and anaemia, or it could accumulate in skeletal muscle cells, in
cardiomyocytes, in renal parenchyma, and in CNS, causing respectively rhabdomyolysis,
cardiomyopathy, renal tubular dysfunction, and a wide variety of neurological and psychiatric
symptoms (tremor, movement disorder and ataxia, which typically begin in the second or third
decade).'>!*1?

With the aim of reducing free copper in the blood to prevent its accumulation in tissues, three drugs
(Figure 2), able to regulate copper bioavailability, have been approved by FDA for WD treatment:
D-penicillamine, trientine, and zinc salts. The first two are chelating agents which bind copper and
other metals in blood and tissues, facilitating their excretion in the urine; instead, zinc salts (e.g.,

zinc acetate) reduce copper blood levels interfering with its intestinal uptake. The general use of
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these drugs depends on the disease progression: the chelating agents are recommended for patients
with advanced symptomatology, whereas zinc salts are preferred for asymptomatic patients or
patients in maintenance therapy.'> Another chelating agent, the tetrathiomolybdate (TTM), has been
extensively clinically tested and clinical trials are still ongoing for its use in WD.'*'® TTM reduces
free copper level in the serum through two different mechanism depending on whether it is
administrated with meals or away from meals. In the former case, it reduces copper intestinal
uptake making a tripartite complex with copper and food protein; in the latter case, it is well
adsorbed in the blood flow where it forms a tripartite complex with copper and albumin.'® The
efficacy and safety of oral TTM (Coprexa' ™) in reducing serum free copper compared to trientine
and zinc salts have been demonstrated in several clinical trials, but the FDA refused to evaluate its
application.'® A clinical trial involving a different TTM preparation (bis-choline tetrathiomolybdate,
WTX101) is currently ongoing and the first report showed how the primary endpoints have been
achieved (control of copper, reduction of serum free copper, significant improvements in

neurological status.'”'®
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Figure 2. Copper chelators and copper delivery agents approved or (pre)clinically tested for the
treatment of neurodegenerative diseases.

Menkes disease (MD). MD is a X-linked recessive disorder caused by mutations in the gene
ATP74 encoding for the Cu-ATPase ATP7A (Figure 1), the transporter typically localised on the
basolateral surface of the plasmatic membrane and responsible for the transfer of Cu'" from the
enterocytes to the circulation.'” ATP7A is also localised on the TGN where it supplies Cu” to newly
produced copper dependent enzymes.'” To date, about 200 mutations on gene ATP7A causing loss
of protein activity have been reported.”” Inactivation of ATP7A results in alteration of copper
homeostasis: Menkes patients have a very low copper plasma concentration, due to poor absorption
of dietary copper, and an impaired tissues distribution with reduced copper level in brain, serum,
and liver, but elevated one in kidney and intestine.”' In brain of MD patients, copper deficiency
impairs the physiological activity of copper-dependent enzymes and consequently leads to altered
However, it is

myelination, energy metabolism, catecholamine balance, and mRNA translation.**

not yet clear whether and how ATP7A inactivation and copper dyshomeostasis act at subcellular
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level. In vitro studies have shown that inactivation of this ATPase alters copper transport from the
cytosol into the secretory pathway, and copper concentration results altered in nuclei, cytosol, and
mitochondria, leading to different effects on the redox environment of these intracellular
compartments. For instance, excess of copper in mitochondria causes high glutathione oxidation
and thus an increase in the amount of peroxide. Therefore, it has been observed a damaged
mitochondrial redox balance.”’ This impaired copper metabolism in MD patients causes
neurodegenerative symptoms and connective tissue manifestation with early growth retardation,
peculiar hair, vascular complications, and death in early childhood."

A possible treatment for MD, aiming to restore the reduced copper concentration in blood and
several tissues, has been object of clinical trial.”** The trials consist of subcutaneous injection of
copper-histidine (Figure 2), which provides copper directly through the blood stream to tissues,
bypassing the malfunctioning mechanism of physiological copper absorption through the
gastrointestinal tract. The studies so far performed have demonstrated that the treatment with
copper-histidine is strictly related to the severity and the stage of the disease. Patients with
mutations, which allow to retain some capacity for copper transport, generally have a favorable
prospect to benefit from the treatment. Moreover, the treatment generally leads to better

neurological outcomes in asymptomatic patients rather than in symptomatic ones.”*

Alzheimer’s Disease (AD). AD is one of the most common progressive neurodegenerative disease
characterized by profound dementia, aphasia, disorientation, depression, and irreversible memory
loss. The cause and progression of AD are not yet well understood. However, the main pathological
hallmarks of AD are senile plaques deposits around neurons and neurofibrillary tangles inside
neurons, respectively due to extracellular aggregation of amyloid-f (AP) peptides and intracellular
aggregates of tau protein.”> AP is generated by cleavage of amyloid precursor protein (APP), a

neuronal receptor involved in neurite growth, neuronal adhesion, axon genesis, axonal transport,
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and oxidative stress through copper reduction. APP can be cut through three proteases: o-
secretase, -secretase, and y-secretase. o-Secretase and y-secretase cleavage APP to obtain an
harmless product, called P3; otherwise -secretase, also named beta-site APP-cleaving enzyme
(BACE), and y-secretase realize a different cut producing AB40 and AB42, the main components of
the plaques found in brain of AD patients (Figure 3).2° These plaques, accumulated around cerebral
blood vessels and in brain parenchyma, interrupt synaptic transmissions between neurons and lead
to progressive damages, as neuroinflammation, neuronal dysfunction, neurotransmitter deficits, and
neuronal death.

Copper plays a pivotal role in AD pathogenesis, since it interacts with key components, such as A,
APP, tau and, as a result, it enhances AP aggregation and neurotoxicity.”” In detail, studies have
shown that copper in excess can compromise the physiological brain ability to remove AP through
the Low-density Lipoprotein Receptor-Related Protein 1 (LRP1), a protein expressed in brain
endothelium.”’” Indeed, an excess of copper in brain capillaries causes the nitrotyrosination of LRP1
and induces its proteasomal-dependent degradation, thus interrupting AP} excretion and leading to
an increase of brain Af deposits.”’ Furthermore, copper turned out to be even more damaging
because, not only it downregulates LRP1, but it also binds directly to AP peptide (affinity constant
in the range 10%-10'© M), enhancing further AR aggregation and stimulating a strong oxidative
stress damage.”’*** The effects of copper interaction with the A peptide and the redox properties
of the corresponding Cu-Ap complex have been recently reviewed by Cheignon and colleagues.”
Cu" and Cu®" coordination spheres are very different in term of both amino acids involved and
geometries (linear and square planar respectively). In addition, a further modification of this
binding mode and the existence of a catalytic in-between state have been suggested to describe the
ability of copper to cycle between the two oxidative states when bound to AP, leading to a strong

ROS overproduction.”’
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In order to reduce free copper concentration and to minimize its role in AD pathogenesis, diverse
copper chelators have been synthetized and studied in vitro and in vivo showing important
beneficial effects in AD mouse models, such as inhibition of AP aggregation, antioxidant effects,
and amelioration of the symptomatology. For instance, preclinical studies demonstrated that
clioquinol (5-chloro-8-hydroxy-7-iodoquinoline, Figure 2), a non-specific copper-zinc chelator, is
able to decrease AP deposits and to improve memory and learning capacities in an APP transgenic
mouse model of AD.*® PBT2 (5,7-dichloro-2-(dimethylaminomethyl)quinolin-8-ol, Figure 2), a
clioquinol derivative, showed good tolerability and efficacy in a phase Ila clinical trial.>' Despite
these encouraging results, clioquinol showed severe neurotoxic side effects,”> while PBT2 did not
hit the prefixed end points and the clinical trial was stopped.*® In addition, pharmacokinetics issues
are also frequent, given that copper chelators for the treatment of AD must act in the CNS and the
ability to cross the BBB is strictly required. D-Penicillamine, for example, could not be used in AD

cause to its incapacity to cross the BBB and to reach therapeutic concentrations in the CNS.*

BRAIN PARENCHYMA
AB | AB | AB | AB

* Progressive damages
Cu*2 + Aﬁ:OItli?:Z — AR | AB | AB —— + Neuronal dysfunction
pep » Neurotransmission deficit
AB | AB | AB | AB l
PLAQUES NEURONAL CELL
l DEATH
BBB LRP1

BRAIN CAPILLARY
1 Ap Amyloid-
Ap DISPOSAL LRP1 Low-density
Lipoprotein

Receptor-Related
Protein 1

+ Protein oxidation
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+2
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* M NO - NO-LRP1 - degradation Species

Figure 3. Schematic representation of copper-Af peptides interaction in Alzheimer’s disease.
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Parkinson’s disease (PD). PD is the second most common neurodegenerative disorder
characterized by tremor at rest, muscle rigidity, bradykinesia, postural instability, and movement
impairments. PD pathogenesis is not clearly understood, although studies define PD as a multifactor
disease caused by environmental and genetic factors. The main pathological hallmarks of PD are
the loss of dopaminergic neurons and the presence of intracellular proteinaceous inclusions, named
Lewy bodies, consisting mostly of aggregation of misfolded form of a-synuclein (aSyn)
accumulated in brainstem, spinal cord, and cortex. Indeed, some PD cases have been associated

with autosomal dominant mutations of aSyn gene, SNCA (e.g., A53T, H50Q, E46K, AS3E, G51D,

A30P), which lead to aSyn overexpression, accumulation, and aggregation.36'38

aSyn is a highly
soluble and “intrinsically unfolded” protein localised in the cytosol, in the presynaptic terminals
close to synaptic vesicles, or associated with the mitochondrial membrane. Its specific role is not
yet completely known; however, it has shown the ability of interaction with lipid membranes,
synaptic vesicle recycling, dopamine metabolism, and it also has a high affinity toward metals, such
as Cu”".>>* As shown in Figure 4, copper-aSyn interaction have been associated with an increase
of the oxidative stress and with the production of toxic oligomers which, in vitro, form pore-like
structures in the membrane bilayer changing conductance activity and, in vivo, break the
membranes leading to cell death.*' In addition, the specific combination of H50Q aSyn mutation
and the presence of Cu”" has been associated with a further enhancement of aSyn fibrillation,
leading to stronger neuronal damages.*' Finally, copper can perform a cooperative binding with
dopamine (DA) to aSyn, enhancing to a greater extent the fibrillation of aSyn and the production
of ROS.*

PD patients reveal a dysregulation of copper homeostasis and recent studies showed a decreased
CTRI expression and a reduced total tissue copper in the substantia nigra (SN).*' Contrariwise, high
levels of unbound copper have been found in the CSF, probably responsible of motor impairments.

Finally, copper dyshomeostasis in PD patients has been also associated with genetic mutations of
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ATP7B.*' On these bases, the treatment aimed to regulate copper dyshomeostasis in PD has been
widely assessed. Preclinical studies in a PD animal model investigated clioquinol (Figure 2), the
previously described copper chelator, for its potential use in therapy and showed a SN neuron
survival.*? Furthermore, the in vivo assessment of the copper complex Cu’’-diacetylbis(4-
methylthiosemicarbazone) (Cu2+(atsm)) in four different PD animal models showed
neuroprotection, improvement of cognitive performance, and restoration of motor function. The
proposed mechanism of action of Cu®'(atsm) derives from the in vitro ability to inhibit
peroxynitrite-mediated formation of a-synuclein oligomers; however, this does not exclude a

43,44

neuroprotective mechanism linked to copper release from the complex. Based on these findings,

a clinical trial of Cu*'(atsm) is currently recruiting patients with early idiopathic PD.*

Dysregulation of
copper
homeostasis / + Cu + DA

\ + ROS
@ I Pore-like NEURONAL
ecu + @ _— w& — oligomers — CELL DEATH
Cu*2 2 Cu*! - oty Serhea S = lei
\ « Site-specific oxidation o RSN
Sy + Protein truncation [ J Copper
/ DA Dopamine
ROS Cell d g
ROS Reactive Oxygen
Species

Figure 4. Schematic representation of copper-a-Syn interaction in Parkinson’s disease.

Amyotrophic Lateral Sclerosis (ALS). ALS is a progressive neurodegenerative disease
characterized by loss of motor neurons in motor cortex, brainstem, and spinal cord. Patients affected
by this disease undergo muscle weakness, atrophy, spasticity, paralysis, and consequently death
within 3-5 years after diagnosis. Compared to healthy individuals, misfolded SOD1 aggregates

contained a lower level of copper has been found in spinal cord motor neurons of ALS patients.*°
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One of the first described cause of ALS has a genetic origin: 5-10% of patients have a family
history of ALS associated with point mutations to the gene SodI, encoding for the enzyme SODI.
SODI1 is an antioxidant protein, expressed in all cell types, which reduces superoxide ion (O;") to
molecular oxygen (O,) and hydrogen peroxide (H,O;) in a two steps reaction. The mechanism by
which mutant SOD1 cause the ALS is still far to be completely understood, but it is widely accepted
that a pro-oxidant gain of function plays a more crucial role than the loss of the SOD1 physiological
function.

SOD1 is a metalloenzymatic homodimer in which each monomer binds one copper ion and one zinc
ion important respectively for protein activity and stability.*’” The physiological activation pathway
of SOD1 is depicted in Figure 5: SOD1 monomer in a metal-deficient state (apo-SOD1), after zinc
binding and dimerization through a disulphide bond, receives copper ions from CCSs, one for each
monomer, and reaches the fully metalated state (Holo-SOD1), which is the active enzymatic form.'°
Nowadays 170 mutations have been found and classified into two classes: 1) “wild type-like”
mutations (A4V, G37R, G39A, etc.), which lead to a protein with similar properties to wild type
SODI1, and 2) “metal binding region” mutations (G85R, H46R, H80R, D125H, etc.), which lead to
a protein characterized by an altered metal binding ability and a reduced enzymatic activity.*® For
instance, it has been observed that HSOR mutation, found in the zinc-binding region, leads to a
reduction of zinc binding and consequently of copper binding.48 Instead, other mutations can
prevent the mutant SOD1 monomer from interacting with CCS and thus to achieve two copper ions
and to reach the fully metalated state.'® In general, the mutant SODI, in a copper-deficient state,
accumulates and forms aggregates of misfolded protein, which induce the toxic gain of function
through which SOD1-induced motor neurons death occurs.'® Furthermore, in this situation, copper
remains bound to CCS and it is not delivered to other copper-dependent enzymes, impairing their

function and leading to additional toxic effects (e.g., decrease of mitochondrial respiration).'’
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Interestingly, Weihl and Lopate in 2006 reported about three patients out of seven in which the
clinical symptoms associated with copper deficiency were similar to those of amyotrophic lateral
sclerosis (ALS).* This might suggest a direct role of copper deficiency in the actiology of the ALS
independent from SOD1 mutations (sporadic ALS). Indeed, several studies have shown how wild-
type SOD1 may become unstable and misfold in certain condition, including perhaps a copper-
deficient state, to form aggregates that are selectively toxic to motor neurons.’*>!

Although copper role in the ALS pathophysiology is various, interestingly both copper chelators
and copper delivery agents have shown beneficial effects in different mouse model of the disease.
Backman et al. demonstrated the clinical efficacy of the Cu®" delivery agent before mentioned,
Cu*"(atsm) (Figure 2). Its oral administration in the SOD1G37R mouse model of ALS, indeed,
showed improved locomotor function and prolonged survival compared to untreated mice. The
underlying proposed mechanism of action consists in the delivery of copper from Cu®*(atsm) to the
metal-deficient mutant apo-SOD1 form, allowing its conversion in the more stable and less toxic
fully metalated holo-SOD1 form.>> Two clinical trials of Cu2+(atsm) are currently recruiting ALS
patients.”>* On the other hand, many studies showed the neuroprotective effects of copper
chelators, such as D-penicillamine and TTM, in the SODG93A mouse model of ALS. The
mechanism proposed for these therapeutic benefits consists in the mitigation of the copper-

dependent strong peroxidase activity associated with the mutant SOD1 536

14

ACS Paragon Plus Environment

Page 14 of 40



Page 15 of 40

oNOYTULT D WN =

289

290

291

292

293

294

295

296

Molecular Pharmaceutics

WT SOD1
Yy N
el NE!
o
Apo - SOD1 CCS -SOD1 Holo — SOD1
+ 2 Cu-CCs
MUTANT SOD1
] —"Dl.—
Apo - SOD1 CCS -<S0D1
l Aggregation of misfolded

copper-deficient SOD1

CCS Copper Chaperon
for SOD
C
® il Accumulation
Mohomer.SODA CCS-Cu Pro-ox gain of
(Superoxide function
Dismutase 1)
A Zinc l
Decreased Cu
delivery Motor neuron
/ \ cell DEATH
rd W
Mitochondrial Cu accumulation
dysfunction in spinal cord

Figure 5. Schematic representation of copper-SODI1 interaction trough CCSs in wild-type or

mutant cases associated with amyotrophic lateral sclerosis.

COPPER CHELATORS

The key role played by copper and other metals in the pathogenesis of several diseases has
prompted many researchers to develop copper chelators as new potential therapeutic approach and
some comprehensive reviews having appeared in the literature. >’ Firstly, once chelated, copper is
no longer available for the Fenton reaction and a decrease of ROS production could be observed.
Furthermore, copper chelation could decrease all the toxic effects associated with, for example, Cu-

AP interaction in AD and Cu-aSyn interaction in PD, leading to additional therapeutic effects.
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As for the structural requirements of copper chelators, important features that must be taken into
account are the chelate denticity, the donor binding groups, and the cavity size. Cu" is a soft metal
ion, it prefers soft donors, mainly S-atoms (thioethers, thiolates, tiocarbonyls) but also N-atoms
(nitriles, cyanide), and it adopts tetrahedral, trigonal, or linear geometries. Cu”" is a borderline hard-
soft metal ion, it binds to borderline donors such as N- and O-atoms (amines, imines, carbonyls, and
alchols), and it usually acquires square-planar, distorted square-planar, trigonal-pyramidal, or
square-pyramidal geometric conformations.” In general, Cu®'-chelators are the most developed so
far, given that Cu”" is more stable than Cu” in aqueous solution, and N,N-donor groups confer the
highest stability to Cu*"-complexes, followed by N,0- and O,0-donor atoms.”

In the following sections, we report about natural and synthetic compounds that showed copper
chelating ability and that have been recently used as starting point to design and develop new

compounds with potential therapeutic outcomes based on the copper-chelation.

Natural compounds and their corresponding synthetic derivatives

Several dietary factors have been suggested as modifying agents in different neurodegenerative
diseases because of the ameliorating effects on the onset of these pathologies due to their ability to
chelate metal ions, such as copper, iron, and zinc. Among them, the antioxidant agents L-ascorbic
acid and oa-tocopherol, some flavonoids (e.g., (-)-epigallocatechin gallate), gallic acid, propyl
gallate, resveratrol, curcumin, caffeine, and caffeic acid were investigated for their metal chelating
and neuroprotective activities (Figure 6).°® (-)-Epigallocatechin gallate, gallic acid, and curcumin
showed multifunctional neuroprotective activities, such as: i) good chelating ability toward metal
ions (Cu2+, Fe*', and Zn2+); ii) free radicals scavenger properties; iii) inhibition of A fibrils
deposition. However, the poor brain uptake limited their therapeutic actions. On the other hand, the
potent antioxidants L-ascorbic acid and a-tocopherol, displaying a better brain uptake profile, were
poor metal chelators and did not inhibit AB fibrillation.”®
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In the following part of this review we summarize the best synthetic derivatives of some natural
compounds highlighting their metal chelating ability, antioxidant properties, and Af fibrillation

inhibitory activity.

HO
Ho  OH
Lo A
o ®

OH
OH
L-Ascorbic Acid o-Tocopherol
OH
)
Curcumin
O O O
/
SN N 0 XN % (ONg
PP
O HO OH
I
Caffeine Resveratrol

Figure 6. Some natural compounds that showed beneficial effects on the onset of some

neurodegenerative diseases.

Curcumin and derivatives. Curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-
diene-3,5-dione, Figure 6) is a bright yellow compound produced by some plants (mainly turmeric)
and characterized by various beneficial properties, such as antioxidant and anti-inflammatory
effects, inhibition of AP} aggregation (43.1 % inhibition of self-induced AP aggregation and 64.0 %
inhibition of Cu®"-induced AP aggregation at 25 uM),” and metal chelation.®®" In vivo assessment
of curcumin showed inhibition of AP oligomerization, Af deposition, and tau phosphorylation in
the brain of AD animal models, and also improvements in behavioural impairment.®' In addition,

Cu”" chelation was proposed as one of the mechanism through which curcumin might exert the
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aforementioned neuroprotective effects against AB-toxicity in AD animal models.®® Furthermore, in
vitro experiments showed that curcumin binds to reduced wild-type SODI1, allowing the formation
of less toxic SOD1 aggregates and leading to a decreased cytotoxicity.*”

Given all these findings, curcumin has been extensively clinically tested and many clinical trials are
still ongoing.”> Among the completed trials performed in AD patients, only one, which recruited
only three single cases, showed improvement in behavioural symptoms and quality of life, on the
contrary, no significative differences between curcumin and placebo groups were found in the other
two. As for the clinical trials currently ongoing, two of them involve patients with mild cognitive
impairments and aim respectively at studying the effects of the dietary supplement curcumin on
age-related cognitive impairment® and at evaluating the clinical benefits of curcumin alone or in
combination with physical exercise.®

From a structure-activity relationship point of view, it has been shown that curcumin phenolic
groups (aromatic rings and polar substituents) are responsible for the binding to the AP peptide
through m-stacking and hydrogen bond interaction, while the B-diketone function, which can also
exist in the tautomeric enolic form, is involved in the formation of stable complexes with copper.®®
Considering this, Chen et al. designed different curcumin analogues aiming to the development of a
new class of metal chelators and AP aggregation inhibitors.®® In order to define the structural
requirements for the AP aggregation inhibitory activity, the phenolic hydroxy groups of the lead
compound curcumin were substituted with N-methylpiperazine moieties, and the flexibility of the
linker between the two aromatic rings was differently modified. However, aiming at preserving the
metal chelating ability, a carbonyl group in the linker was kept in all the derivatives designed.
Among all tested compounds, compound 1, depicted in Figure 6, emerged as the most valuable in
term of AP aggregation inhibitory activities (assessed through the thioflavin T — ThT — fluorescence
assay) and antioxidant properties (assessed through the oxygen radical absorbance capacity —

ORAC - assay). Compared to curcumin, it showed a ~5-fold higher self-induced AP aggregation
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inhibition (ICso = 2.5 uM), a strong inhibition of the Cu*"-induced AP aggregation, and a 2-fold

increase of the antioxidant activity. In addition, UV/Vis spectrometry was used to demonstrate the

metal chelating ability of 1 toward Cu*" and Fe**, but not Zn*".%

Figure 6. Structures of curcumin and compound 1.

Resveratrol and derivatives. Resveratrol (trans-3,4’,5-trihydroxylstilbene, Figure 7) is a
polyphenol present in different plants (e.g., grapes, berries, peanuts) and red wine. It is a well-
described antioxidant and beneficial effects have been reported in diverse diseases, such as cancer,
cerebrovascular illnesses, diabetes, arthritis, aging-related disorders, depression, and
neurodegenerative diseases (e.g., AD, PD, ALS).67'70 As reviewed by Tellone et al., resveratrol is a
multitarget compound which exerts its neuroprotective effects not only through the strong and
efficient antioxidant activity, but also improving mitochondrial function and efficacy, mediating an
anti-apoptotic effect, and reducing AB and SOD1 aggregation.”

As for the curcumin, the important therapeutic outcomes of resveratrol found in preclinical studies
prompted many clinical trials. In three of these clinical trials were recruited patients with AD’'"

but, to the best of our knowledge, the results are available only for one, which showed no

19

ACS Paragon Plus Environment



oNOYTULT D WN =

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

Molecular Pharmaceutics

significative improvement of the cognitive score.”' Furthermore, one of the clinical trial is currently
recruiting patients with mild cognitive impairment and aims at demonstrating safety and efficacy of
the resveratrol preparation object of study.”*

Considering the antioxidant properties and the ability to inhibit AP aggregation, conferred by its

stilbene structure,75’76

resveratrol has been also used as lead compound in the design and synthesis
of a series of imine resveratrol derivatives, aiming to a bifunctional compound able to
simultaneously chelate copper and inhibit AP aggregation.”” The metal chelation ability has been

introduced in resveratrol scaffold changing the position of the phenolic hydroxyl groups and adding

a Schiff base, as shown in clioquinol structure, a classical metal chelator (Figure 7).””

Cl

+ < I
"~~~ OH' \etal chelation
Resveratrol l Clioquinol

Figure 7. Compound 2 obtained from resveratrol and clioquinol.

Among all synthetized compounds, compound 2 (Figure 7) gave the best results in terms of
antioxidant activity, inhibition of A} aggregation, and metal chelating ability. First of all, the ability
of 2 to chelate Cu®" was confirmed through UV/Vis spectrometry. In addition, DPPH (diphenyl-1-
picryhydrazyl) free radical-scavenging assay demonstrated that 2 has a 7.7-fold higher antioxidant

activity (ICsp = 14.1 uM) than the lead compound resveratrol (ICso = 108.6 uM). Finally, the
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fluorometric ThT binding assay showed only a slight increase of the inhibitory activity on self-
induced (64.6 %) and Cu*"-induced (68.1 %) AP aggregation than the lead compound resveratrol

(64.2 % and 63.4 % respectively).”’

Flavonoids and derivatives. Flavonoids are natural compounds belonging to the family of
polyphenols present in fruits and vegetables. They are structurally characterized by a common
phenylchromanone nucleus as reported in Figure 9 and, on the base of the different substitutions
and oxidation status of the C-ring, they can be classified into flavones, isoflavones, flavanones,
flavonols, flavanols and chalcones.”® They have different beneficial effects such as: 1) antioxidant
activity; 2) anti-cancer activity; 3) anti-inflammatory and neuroprotective capacities; and 4) metal
chelating properties. For example, among the flavonoids, myricetin (Figure 9) was found able to

strongly decrease the metal-induced AP deposition.”*

A0

Phenylchromanone nucleus Myricetin

Figure 9. Phenylchromanone nucleus and the flavonoid myricetin.

Structure-activity relationships assessment allowed to define the structure requirements for the
antioxidant and the metal chelating activities. The antioxidant and radical scavenger activities have
been linked to: 1) the catechol group in the B-ring and the 2,3-double bond conjugated with the 4-
oxo group in the C-ring; 2) the hydroxyl groups in the 3-position of C-ring and in the 5,7-positions

of A-ring.”> Whereas the binding sites for metal ions have been identified in: 1) the catechol moiety
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in the B-ring; 2) the 3-hydroxy and the 4-oxo groups in the C-ring; 3) the 4-oxo and the 5-hydroxyl
groups between the C- and A-rings.”

Based on these findings, several synthetic flavonoid derivatives have been designed and, aiming to
the development of a compound suitable for AD therapy, flavonoids have been also structurally
combined with a pharmacophore able to affect at least another process or pathway involved in AD
pathogenesis, such as the loss of cholinergic neurons, the production and the aggregation of Af, the
ROS overproduction, etc. This strategy leads to the development of hybrid ligands, specifically
named multitarget-directed ligands (MTDLs), analyzed through the spectrophotometric Ellman’s
method, ORAC assay, UV-vis spectrometry, and ThT fluorescence method in order to highlight
AChE inhibitory activity, antioxidant properties, metal chelating ability, and inhibition of
AP fibrillation activity, respectively. For example, FLV1 (Figure 10) represents a series of genistein
(4°,5,7-trihydroxyisoflavone) derivatives functionalized in 4’ and/or in 7 with O-alkylbenzylamine
moieties, which is a structural requirement for adequate AChE inhibition.”>***"* In detail,
compound 3 (Figure 10) emerged as a Cu®" chelator and showed high AChE inhibitory activity
(ICso nache = 0.35 uM), weaker antioxidant activity than genistein, and significative inhibition of

Cu”*-induced AP aggregation (77.8 % at 25 uM).”’
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29 433 Another important example of MTDLs based on flavonoids is FL.V2 series (Figure 11), where the
31 434  ACHhE inhibitory activity was introduced by the combination with tacrine (TAC, Figure 11), a well-
435  known AChE inhibitor (AChEi). In FLV2 derivatives, the TAC moiety was introduced in the 7-
36 436  position of flavonoid scaffold through a N,N-dialkylpiperazine linker.*® In this series, the best
38 437  pharmacological properties were detected for compound 5, which showed copper chelating
40 438  properties and the best balance between AChE inhibitory activity (ICsp = 133 nM, 2-fold more
42 439  potent than TAC toward AChE) and inhibition of self-induced AP aggregation (79.1 % at 20 uM).*
44 440

OH O OH O

gg ﬁNﬁOR ﬁNQo @ .

51 TACMN\) TACMNJ ° O

m 3

441 FLV2 4
56 442  Figure 11. FLV2 series and compounds 4.

58 23

60 ACS Paragon Plus Environment



oNOYTULT D WN =

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

Molecular Pharmaceutics

Synthetic Copper(II) Chelators

Among the copper(Il) chelators developed in the past, clioquinol (Figure 2) has been broadly
studied both in vitro and in vivo but, as mentioned in the previous sections, its neurotoxic side
effects strongly limited its applicability in terapy.’**® Clioquinol is a bidentate ligand that forms 2:1
(ligand/metal ratio) complexes with Ccu* (logK for Cu'L, = 10,3 pCu = 15.5 at pH = 7.425) and
Zn*" (logK for Zn"L, ~ 8.8,* pZn ~ 8.5 at pH = 7.4%) ions and structure-activity relationship
assessment showed that the hydroxyl group and the nitrogen atom are essential for the metal
binding.32 Hence, several other copper chelators have been developed based on the 8-
hydroxyquinoline scaffold of clioquinol. Among the changes performed, the dimerization of and the
isosteric replacement of the 8-hydroxyl group with an amino group led to a general improvement of
the copper chelating ability. The dimerization of two 8-hydroxyquinoline moieties by different
linking unit (e.g., methyl, ethyl, carbonyl, etc.) led to tetradentate chelators (5, Figure 12, 1:1
ligand/metal ratio) displaying an affinity for Cu®" 10%-10°-fold higher than the one for Zn*" (logK
for Cu'L ~ 16; logK, for Zn"L =~ 13) and 10°-fold higher than the one displayed by the mono-8-
hydroxyquinoline derivative (logKagr for Cu''L = 11).% The replacement of the hydroxyl groups in
the 8-position of these bis-8-hydroxyquinoline derivatives with amino groups and the insertion of a
N-substituted-atom as linkage between the two monomers led to bis-8-aminoquinoline derivatives
(6, logK¢ for LCu" = 18, Figure 12) with high affinity for Cu*" and negligible affinity toward Zn*
and Fe’". This modification confirmed the aformentioned reported higher stability of Cu?'-
complexes with N,N-donors rather than N,O-donors.

The preclinical evaluation of one of these bis-8-aminoquinolines (PA1637, structure not disclosed)
in an AD mouse model obtained by a single intracerebroventricular injection of short oligomers of

AP42 showed better therapeutic effects and much less toxicity than clioquinol.86
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11 468  Figure 12. Bis-8-hydroxyquinoline and bis-8-aminoquinoline derivatives.
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13 469
14
12 470  The innovative drug design strategy already described for the flavonoids which aimed at the
17 . . .
18 471  development of MTDLs has been extensively carried out also for synthetic metal chelators. One of
19
20 472  the most assessed combination of metal chelators involves AChE inhibitors and leads to MTDLs
21
22 473  that hit two of the main hallmarks of AD: the dysregulation of biometal ions and the loss of
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24 474  cholinergic neurons. Some examples of such MTDLs are depicted in Figure 13.*” Worth noting is
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49 479  Figure 13. Representative MTDLs bearing AChE and metal-chelating properties. Red: the
55 480  pharmacophores of AChE inhibition; blue: the pharmacophores of metal chelator; green: the
54 481  pharmacophores of MAO inhibition. Adapted from ref. 87. Copyright © 2016 American Chemical

56 482  Society.
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Quintanova and co-workers recently developed a series of TAC hybrids bearing S-allyl-cysteine or
S-propargyl-cysteine moieties which showed different pharmacological activities useful for the
treatment of AD (e.g., inhibition of AChE, inhibition of Af aggregation, and anti-oxidant
activity).*® In order to assess whether these pharmacological effects could be also related to the
metals chelation, the derivatives 7 and 8 depicted in Figure 14 were synthesized and evaluated in
terms of their Cu®" chelating capacity. Both compounds showed only a moderate chelating ability
toward Cu®" (pCu = 7.1-7.5 at pH = 7.4), as expected from the presence in the chelator of N,S-
donors, which should prefer complex with Cu' rather than Cu”’. Despite this weak copper-chelation,
these two compounds showed an higher inhibitory activity of the Cu*"-induced AP aggregation

(44.4-50.3 %) rather than the self-induced AP aggregation (10.9-13.0 %).*

Figure 14. TAC hybrids bearing S-allyl-cysteine (7) or S-propargyl-cysteine (8) moieties

A different series of MTDLs was recently developed by Li and colleagues.87 Starting from the
screening of 630 small molecules (MW < 300 Da) in an AChE inhibition assay, a N-ethyl-6-(1H-
pyrazol-1-yl)pyrimidin-4-amine derivative (9, Figure 15) was selected as hit structure. Structure-
activity relationship modifications performed on 9 led to the development of strong AChE
inhibitors with a 1-(6-(1H-imidazol-1-yl)pyrimidin-4-yl)-3-ethylthiourea general structure where
the thiourea moiety resulted pivotal for both the AChE inhibitory activity and the metal chelating
capacity. Compounds 10 and 11 (Figure 15) bearing a pyrimidinylthiourea scaffold were selected

and were further assessed for their ability to chelate metals, inhibit AB aggregation and ROS
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production, have either cytotoxic or neuroprotective effects.”” Both the derivatives showed good
Cu”" chelating ability and good selectivity against Fe*", Fe’" and Zn**. Furthermore, they did not
show any effects on the self-induced AP aggregation, but they were able to significantly reduce the
Cu”*-induced AP aggregation. They also showed a complete inhibition of the Cu®-induced ROS
production. As for the cytotoxic and neuroprotective properties, these two pyrimidinylthiourea
derivatives showed very low cytotoxicity and a significant ability to increase the cell viability in

presence of both AB and Cu*".*’

N N~ N N~

NN R G Yy T
S NN S NN
9 10 11

Figure 15. N-Ethyl-6-(1 H-pyrazol-1-yl)pyrimidin-4-amine (9) and pyrimidylthiourea derivatives

(10, 11) as MTDLs for the treatment of AD.

CONCLUSIONS

Currently, the therapeutic approaches for the treatment of neurodegenerative diseases show many
limitations, in fact, they usually provide short-term amelioration of the symptoms, without exerting
any effect on the causes of the neurodegeneration. For example, after the FDA-approval of
memantine (NMDA receptor antagonist) in 2003,% many promising drugs have been developed, but
none of them have reached the final approval for clinical use.* As reviewed in this paper, in the last
years copper dyshomeostasis emerged as one of the main factor involved in the pathogenesis of

some neurodegenerative diseases and the restoration of the physiological tissue concentrations by
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the use of copper chelating agents have been proposed as new potential therapeutic strategy. Indeed,
these chelators make ion copper no longer available preventing or decreasing the toxic effects

associated with its excess.
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synuclein;, BACE, Beta-Site APP-Cleaving Enzyme; BBB, blood-brain barrier; CCS, copper
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DA, dopamine; DPPH, diphenyl-1-picryhydrazyl; GSH, glutathione; H,O,, hydrogen peroxide;
LRP1, low-density lipoprotein receptor-related protein 1; FDA, Food and Drug Administration;
MD, Menkes disease; MTs, metallothioneins; MTDLs, multitarget-direct ligands; NMDA, N-
methyl-D-aspartate; O,, molecular oxygen; O;’, superoxide ion; ORAC, oxygen radical absorbance
capacity; PD, Parkinson’s disease; PrP, prion protein; ROS, reactive oxygen species; SN, substantia
nigra; SOD1/3, superoxide dismutase 1/3; TAC, tacrine; TGN, trans-Golgi network; ThT,

Thioflavin T; TTM, tetrathiomolybdate; WD, Wilson’s disease.

REFERENCES

28

ACS Paragon Plus Environment



Page 29 of 40

1

2

3 547
4

5 548
6

7 549
8

9 550
10

11

- 551
13

1 552
15

16 553
17

18 554
19

20 555
21

22 556
23

24

. 557
26

. 558
28

29 559
30

31 560
32

33 561
34

35 562
36

37 563
38

39

20 564
41

45 565
43

44 566
45

46 567
47

48 568
49

50 569
51

52

p 570
54

55 571
56

57

58

59

[10]

Molecular Pharmaceutics

Angelova, M.; Asenova, S.; Nedkova, V.; Koleva, K. R. Copper in the human organism.
Trakia J. Sci. 2011, 9, 88-98.

Capo, C. R.; Arciello, M.; Squitti, R.; Cassetta, E.; Rossini, P. M.; Calabrese, L.; Rossi, L.
Features of ceruloplasmin in the cerebrospinal fluid of Alzheimer’s disease patients.
BioMetals 2008, 21, 367-372.

Nischwitz, V.; Bethele, A.; Michalke, B. Speciation analysis of selected metals and
determination of their total contents in paired serum and cerebrospinal fluid samples: an
approach to investigate the permeability of the human blood-cerebrospinal fluid-barrier.
Anal. Chim. Acta 2008, 627, 258-269.

Madsen, E.; Gitlin, J. D. Copper and iron disorders of the brain. Annu. Rev. Neurosci. 2007,
30,317-337.

Opazo, C. M.; Greenough, M. A.; Bush, A. I. Copper: from neurotransmission to
neuroproteostasis. Front. Aging Neurosci. 2014, 6, 1-7.

Gaier, E. D.; Eipper, B. A.; Mains, R. E. Copper signalling in the mammalian nervous
system: synaptic effects. J. Neurosci. Res. 2013, 91, 2—19.

Scheiber, I. F.; Mercer, J. F. B.; Dringen, R. Metabolism and functions of copper in brain.
Prog. Neurobiol. 2014, 116, 33-57.

Ahuja, A.; Dev, K.; Tanwar, R. S.; Selwal, K. K.; Tyagi, P. K. Copper mediated
neurological disorder: visions into amyotrophic lateral sclerosis, Alzheimer and Menkes
disease. J. Trace. Elem. Med. Biol. 2015, 29, 11-23.

D’Ambrosi, N.; Rossi, L. Copper at synapse: release, binding and modulation of
neurotransmission. Neurochem. Int. 2015, 90, 36-45.

Gil-Bea, F. J.; Aldanondo, G.; Lasa-Fernandez, H.; Lopez De Munain, A.; Vallejo-
[llarramendi, A. Insights into the mechanisms of copper dyshomeostasis in amyotrophic

lateral sclerosis. Expert Rev. Mol. Med. 2017, 19, 1-14.

29

ACS Paragon Plus Environment



oNOYTULT D WN =

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

[12]

[16]

[17]

[19]

Molecular Pharmaceutics

Scheiber, I. F.; Bruha, R.; Dusek, P. Pathogenesis of Wilson disease. Handb. Clin. Neurol.
2017, 142, 43-50.

Bandmann, O.; Weiss, K. H.; Kaler, S. G. Wilson’s disease and other neurological copper
disorders. Lancet Neurol. 2015, 14, 103—113.

Helman, N. E.; Gitilin, J. D. Ceruloplasmin metabolism and function. Annu. Rev. Nutr.
2002, 22, 439-458.

Lorinez, M. T. Neurologic Wilson’s disease. Ann. N. Y. Acad. Sci. 2010, 1184, 173-187.
Bandmann, O.; Weiss, K. H.; Kaler, S. G. Wilson’s disease and other neurological copper
disorders. Lancet. Neurol. 2015, 13, 103-113.

Brewer, G. J. The promise of copper lowering therapy with tetrathiomolybdate in the cure of
cancer and in the treatment of inflammatory disease. J. Trace Elem. Med. Biol. 2014, 28,
372-378.

A phase 2, multi-centre, open-label, study to evaluate the efficacy and safety of WTX101
administered for 24 weeks in newly diagnosed Wilson disease patients aged 18 and older
with an extension phase of 12 months; https://clinicaltrials.gov/ct2/show/NCT02273596.
Weiss, K. H.; Askari, F. K.; Czlonkowska, A.; Ferenci, P.; Bronstein, J. M.; Bega, D.; Ala,
A.; Nicholl, D.; Flint, S.; Olsson, L.; Plitz, T.; Bjartmar, C.; Schilsky, M. L. Bis-choline
tetrathiomolybdate in patients with Wilson’s disease: an open-label, multicentre, phase 2
study. Lancet. Gastroenterol. Hepatol. 2017, 2, 869—876

Kaler, S. G. ATP7A-related copper transport diseases-Emerging concepts and future trends.
Nat. Rev. Neurol. 2011, 7, 15-29.

Tilimer, Z.; Mgller, L. B.; Horn, N. Mutation Spectrum of ATP7A, the Gene Defective in
Menkes Disease. In Copper Transport and Its Disorders: Molecular and Cellular Aspects;

Leone, A., Mercer, J. F. B., Eds.; Springer US: Boston, MA, 1999; pp 83-95.

30

ACS Paragon Plus Environment

Page 30 of 40



Page 31 of 40

1

2

3 596
4

5 597
6

7 598
8

9 599
10

1

" 600
13

14 601
15

16 602
17

18 603
19

20 604
21

22 605
23

24

- 606
26

- 607
28

29 608
30

31 609
32

33 610
34

35 611
36

37

38 612
39

40 613
41

42 614
43

44 615
45

46 616
47

48

P 617
50

=1 618
52

53

54

55

56

57

58

59

[23]

[26]

Molecular Pharmaceutics

Bhattacharjee, A.; Yang, H.; Duffy, M.; Robinson, E.; Conrad-Antoville, A.; Lu, Y. W.;
Capps, T.; Braiterman, L.; Wolfgang, M.; Murphy, M. P.; Yi, L.; Kaler, S. G.; Lutsenko, S.;
Ralle, M. The activity of Menkes disease protein ATP7A is essential for redox balance in
mitochondria. J. Biol. Chem. 2016, 291, 16644—-16658.

Early copper histidine therapy in Menkes disease;
http://clinicaltrials.gov/ct2/show/NCT00001262.

Liu, P. C; Chen, Y. W.; Centeno, J. A.; Quezado, M.; Lem, K.; Kaler, S. G.
Downregulation of myelination, energy and translational genes in Menkes disease brain.
Mol. Genet. Metab. 2005, 85, 291-300.

Molecular bases of response to copper treatment in Menkes disease, related phenotypes, and
unexplained copper deficiency; https://clinicaltrials.gov/ct2/show/NCT00811785.

Kaler, S. G. Neurodevelopment and brain growth in classic Menkes disease is influenced by
age and symptomatology at initiation of copper treatment. J. Trace Elem. Med. Biol. 2014,
28, 427430

Santos, M. A.; Chand, K.; Chaves, S. Recent progress in multifunctional metal chelators as
potential drugs for Alzheimer’s disease. Coord. Chem. Rev. 2016, 327, 287-303.

Gu, L.; Tran, J.; Jiang, L.; Guo, Z. A new structural model of Alzheimer’s APB42 fibrils
based on electron paramagnetic resonance data and Rosetta modelling. J. Struct. Biol. 2016,
197, 61-67.

Singh, [.; Sagare, A. P.; Coma, M.; Perlmutter, D.; Gelein, R.; Bell, R. D.; Deane, R. J;
Zhong, E.; Parisi, M.; Ciszewski, J.; Kasper, R. T.; Deane, R. Low levels of copper disrupt
brain amyloid-f3 homeostasis by altering its production and clearance. Proc. Natl. Acad. Sci.

U S A 2013, 110, 14771-14776.

31

ACS Paragon Plus Environment



oNOYTULT D WN =

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

Molecular Pharmaceutics Page 32 of 40

Atwood, C. S.; Perry, G.; Zeng, H.; Kato, J.; Jones, W. D.; Ling, K. Q.; Huang, X.; Moir, R.
D.; Wang, D.; Sayre, L. M.; Smith, M. A.; Chen, S. G.; Bush, A.l. Copper mediates
dityrosine cross-linking of Alzheimer’s amyloid beta. Biochemistry 2004, 43, 560—568.
Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F.
Oxidative stress and the amyloid beta peptide in Alzheimer’s disease. Redox Biol. 2017, 14,
450-464.

Cherny, R. A.; Atwood, C. S.; Xilinas, M. E.; Gray, D. N.; Jones, W. D.; McLean, C. A,;
Barnham, K. J.; Volitakis, I.; Fraser, F.W.; Kim, Y.; Huang, X.; Goldstein, L. E.; Moir, R.
D.; Lim, J. T.; Beyreuther, K.; Zheng, H.; Tanzi, R. E.; Masters, C. L.; Bush, A. L
Treatment with a copper-zinc chelator markedly and rapidly inhibits B-amyloid
accumulation in Alzheimer’s disease transgenic mice. Neuron 2001, 30, 665—-676.

Faux, N. G.; Ritchie, C. W.; Gunn, A.; Rembach, A.; Tsatsanis, A.; Bedo, J.; Harrison, J.;
Lannfelt, L.; Blennow, K.; Zetterberg, H.; Ingelsson, M.; Masters, C. L.; Tanzi, R. E;
Cummings, J. L.; Herd, C. M.; Bush, A. I. PBT2 rapidly improves cognition in Alzheimer’s
disease: additional phase II analyses J. Alzheimer’s Dis. 2010, 20, 509—-516.

Arbiser, J. L.; Kraeft, S. K.; van Leeuwen, R.; Hurwitz, S. J.; Selig, M.; Dickersin, G. R.;
Flint, A.; Byers, H. R.; Chen, L. B. Clioquinol-zinc chelate: a candidate causative agent of
subacute myelo-optic neuropathy. Mol. Med. 1998, 4, 665—670.

Takeda, A.; Takada, S.; Ando, M.; Itagaki, K.; Tamano, H.; Suzuki, M.; Iwaki, H.; Oku, N.
Impairment of recognition memory and hippocampal long term potentiation after acute
exposure to chloroquinol. Neuroscience 2010, 171, 443—450.

http://www.prnewswire.com/news-releases/pranabiotechnology-announces-preliminary-

results-of-phase-2-imagine-trialof-pbt2-in-alzheimers-disease-25317358 1 .html.

32

ACS Paragon Plus Environment



Page 33 of 40

1

2

3 642
4

5 643
6

7 644
8

9 645
10

1

L, 646
13

n 647
15

16 648
17

18 649
19

20 650
21

22 651
23

24

S 652
26

27 653
28

29 654
30

31 655
32

3 656
34

35

% 657
37

35 658
39

40 659
41

2 660
43

44 661
45

4 662
47

48

29 663
50

=1 664
52

53 665
54

55

56

57

58

59

[39]

[42]

Molecular Pharmaceutics

Cui, Z.; Lockman, P. R.; Atwood, C. S.; Hsu, C.-H.; Gupte, A.; Allen, D. D.; Mumper, R. J.
Novel D-penicillamine carrying nanoparticles for metal chelation therapy in Alzheimer’s
and other CNS diseases. Eur. J. Pharm. Biopharm. 2005, 59, 263-272.

Okita, Y.; Rcom-H’cheo-Gauthier, A. N.; Goulding, M.; Chung, R. S.; Faller, P.; Pountney,
D. L. Metallothionein, copper and alpha-synuclein in alpha-synucleoinopathies. Front.
Neurosci. 2017, 114, 1-9.

Nussbaum, R. L. Genetics of synucleinophaties. Cold Spring Harb. Perspect. Med. 2017.
Wirdefeldt, K.; Adami, H.; Cole, P.; Trichopoulos, D.; Mandel J. Epidemiology and etiology
of Parkinson’s disease: a review of the evidence. Eur. J. Epidemiol. 2011, 26, 1.

Dell’Acqua, S.; Pirota, V.; Anzani, C.; Rocco, M. M.; Nicolis, S.; Valensin, D.; Monzani,
E.; Casella, L. Reactivity of copper-a-synuclein peptide complexes relevant to Parkinson’s
disease. Metallomics 2015, 7, 1091-1102.

Carboni, E.; Longor, P. Insights on the interaction of alpha-synuclein and metals in the
pathophysiology of Parkinson’s disease. Metallomics 20185, 7, 395-404.

Villar-Piqué, A.; Rossetti, G.; Venutra, S.; Carloni, P.; Fernandezm C. O.; Outiero, T. F.
Copper(Il) and the pathological H50Q a-synuclein mutant: environment meets genetics.
Commun. Integr. Biol. 2017, 10.

Wilkins, S.; Masters, C. L.; Bush, A. L.; Cherny, R. A.; Finkelstein, D. 1. Clioquinol protects
against cell death in Parkinson’s disease models in vivo and in vitro. In The Basal Ganglia
1X; Groenewegen, H. J., Voorn, P., Berendse, H. W., Mulder, A. B., Cools, A. R., Eds.;
Springer New York: New York, NY, 2009; pp 431-442.

Davies, K. M.; Mercer, J. F. B.; Chen N.; Double K. J. Copper dyshomeostasis in
Parkinson’s disease: implication for pathogenesis and indications for novel therapeutics.

Clin. Sci. 2016, 130, 565-574.

33

ACS Paragon Plus Environment



oNOYTULT D WN =

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

[46]

[47]

[51]

Molecular Pharmaceutics

Hung, L. W.; Villemagne, V. L.; Cheng, L.; Sherratt, N. A.; Ayton, S.; White, A. R
Crouch, P. J.; Lim, S.; Leong, S. L.; Wilkins, S.; George, J.; Roberts, B. R.; Pham, C. L. L.;
Liu, X.; Chiu, F. C. K.; Shackleford, D. M.; Powell, A. K.; Masters, C. L.; Bush, A. L;
O’Keefe, G.; Culvenor, J. G.; Cappai, R.; Cherny, R. A.; Donnelly, P. S.; Hill, A. F.;
Finkelstein, D. I.; Barnham, K. J. The hypoxia imaging agent Cu"/(atsm) is neuroprotective
and improves motor and cognitive functions in multiple animal models of Parkinson’s
disease. J. Exp. Med. 2012, 209, 837-854.

A phase 1 dose escalation study of Cu(II)ATSM administered orally to patients with early
idiopathic Parkinson’s disease; https://clinicaltrials.gov/ct2/show/NCT03204929.

Bourassa, M. W.; Brown, H. H.; Borchelt, D. R.; Vogt, S.; Miller, L. M. Metal-deficient
aggregates and diminished copper found in cells expressing SOD1 mutations that cause
ALS. Front. Aging Neurosci. 2014, 6, 1-6.

Ellerby, L. M.; Cabelli, D. E.; Graden, J. A.; Valentine, J. S. Copper-zinc superoxide
dismutase: why not pH-dependent? J. Am. Chem. Soc. 1996, 118, 6556—6561.

Seetharaman, S. V.; Winkler, D. D.; Taylor, A. B.; Cao, X.; Whitson, L. J.; Doucette, P. A.;
Valentine, J. S.; Schirf, V.; Demeler, B.; Carroll, M. C.; Culotta, V. C.; Hart, P. J. Disrupted
zinc-binding sites in structures of pathogenic SODI variants D124V and HSOR.
Biochemistry 2010, 49, 5714-5725.

Weihl, C. C.; Lopate, G. Motor neuron disease associated with copper deficiency. Muscle
Nerve 2006, 34, 789-793.

Chattopadhyay, M.; Valentine, J. S. Aggregation of copper-zinc superoxide dismutase in
familial and sporadic ALS. Antioxid. Redox Signal. 2009, 11, 1603—1614.

Sirangelo, I.; lannuzzi, C. The role of metal binding in the amyotrophic lateral sclerosis-

related aggregation of copper-zinc superoxide dismutase. Molecules 2017, 22.

34

ACS Paragon Plus Environment

Page 34 of 40



Page 35 of 40

1

2

3 690
4

5 691
6

7 692
8

9 693
10

1

L, 694
13

12 695
15

16 696
17

18 697
19

20 698
21

22 699
23

24
700
26

> 701
28

29 702
30

31 703
32

33 704
34

35 705
36

37 706
38

39

o 707
41

4 708
43

44 709
45

46 710
47

48 711
49
X712
51

52

53

54

55

56

57

58

59

Molecular Pharmaceutics

Roberts, B. R., Lim; N. K. J., McAllum, E. J.; Donnelly, P. S.; Hare, D. J.; Doble, P. A_;
Turner, B. J.; Price, K. A.; Lim, S. C.; Paterson, B. M.; Hickey, J. L.; Rhoads, T. W.;
Williams, J. R.; Kanninen, K. M.; Hung, L. W.; Liddell, J. R.; Grubman, A.; Monty, J-F.;
Llanos, R. M.; Kramer, D. R.; Mercer, J. F. B.; Bush, A. I.; Masters, C. L.; Duce, J. A.; Li,
Q.X.; Beckman, J. S.; Barnham, K. J.; White, A. R.; Crouch, P. J. Oral treatment with
Cu'(atsm) increases mutant SOD1 in vivo but protect motor neurons and improves the
phenotype of a transgenic mouse model of amyotrophic lateral sclerosis. J. Neurosci. 2014,
34,8021-8031.

A phase 1 single and multiple dose escalation and pharmacokinetic study of Cu(I)ATSM
administered orally to patients with amyotrophic lateral sclerosis/motor neuron disease;
https://clinicaltrials.gov/ct2/show/NCT02870634.

A treatment continuation study for patients with amyotrophic lateral sclerosis/motor neuron
disease who have successfully completed study CMD-2016-001;
https://clinicaltrials.gov/ct2/show/NCT03136809.

Hottinger, A. F.; Fine, E. G.; Gurney, M. E.; Zurn, A. D.; Aebischer, P. The copper chelator
D-penicillamine delays onset of disease and extends survival in a transgenic mouse model of
familial amyotrophic lateral sclerosis. Fur. J. Neurosci. 1997, 9, 1548—1551.

Tokuda, E.; Ono, S.; Ishige, K.; Watanabe, S.; Okawa, E.; Ito, Y.; Suzuki, T. Ammonium
tetrathiomolybdate delays onset, prolongs survival, and slows progression of disease in a
mouse model for amyotrophic lateral sclerosis. Exp. Neurol. 2008, 213, 122—128.

Robert, A.; Liu, Y.; Nguyen, M.; Meunier, B. Regulation of copper and iron homeostasis by
metal chelators: a possible chemotherapy for Alzheimer’s disease. Acc. Chem. Res. 2015,

48, 1332-1339.

35

ACS Paragon Plus Environment



oNOYTULT D WN =

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

[59]

[63]

Molecular Pharmaceutics Page 36 of 40

Chan, S.; Kantham, S.; Rao, V. M.; Palanivelu, M. K.; Pham, H. J.; Shaw, P. N.; McGeary,
R. P.; Ross, B. P. Metal chelation, radical scavenging and inhibition of APB42 fibrillation by
food constituents in relation to Alzheimer’s disease. Food Chem. 2016, 199, 185-194.
Qiang, X.; Sang, Z.; Yuan, W.; Li, Y.; Liu, Q.; Bai, P.; Shi, Y.; Ang, W.; Tan, Z.; Deng, Y.
Design, synthesis and evaluation of genistein-O-alkylbenzylamines as potential
multifunctional agents for the treatment of Alzheimer’s disease. Eur. J. Med.
Chem. 2014, 76, 314-331.

Baum, L.; Ng, A. Curcumin interaction with copper and iron suggests one possible
mechanism of action in Alzheimer’s disease animal models. J. Alzheimer’s Dis. 2004, 6,
367-3609.

Hamaguchi, T.; Ono, K.; Yamada, M. REVIEW: Curcumin and Alzheimer’s disease. CNS
Neurosci. Ther. 2010, 16, 285-297.

Bhatia, N. K.; Srivastava, A.; Katyal, N.; Jain, N.; Khan, M. A. 1.; Kundu, B.; Deep, S.
Curcumin binds to the pre-fibrillar aggregates of Cu/Zn superoxide dismutase (SOD1) and
alters its amyloidogenic pathway resulting in reduced cytotoxicity. Biochim. Biophys. Acta
2015, 1854, 426-436.

Mazzanti, G.; Di Giacomo, S. Curcumin and resveratrol in the management of cognitive
Disorders: what is the clinical evidence? Molecules 2016, 21.

18-Month double-blind, placebo-controlled study of curcumin;
https://clinicaltrials.gov/ct2/show/NCT01383161.

Curcumin and yoga exercise effects in veterans at risk for Alzheimer’s disease;
https://clinicaltrials.gov/ct2/show/NCTO01811381.

Chen, S. Y.; Chen, Y.; Li, Y. P.; Chen, S. H.; Tan, J. H.; Ou, T. M.; Gu, L. Q.; Huang, Z. S.
Design, synthesis, and biological evaluation of curcumin analogues as multifunctional

agents for the treatment of Alzheimer’s disease. Bioorg. Med. Chem. 2011, 19, 5596-5604.

36

ACS Paragon Plus Environment



Page 37 of 40

1

2

3 738
4

5 739
6

7 740
8

? 741
10

11

. 742
13

1 743
15

16 744
17

18 745
19

20 746
21

22 747
23

24

. 748
26

. 749
28

29 750
30

31 751
32

33 752
34

35 753
36

37 754
38

39

20 755
41

45 756
43

44 757
45

46 758
47

48 759
49

30 760
51

52

p 761
54

55 762
56

57

58

59

[71]

[76]

Molecular Pharmaceutics

Saiko, P.; Szakmary, A.; Jaeger, W.; Szekeres, T. Resveratrol and its analogs: defense
against cancer, coronary disease and neurodegenerative maladies or just a fad? Mutat. Res.
2008, 658, 68-94.

Harikumar, K. B.; Aggarwal, B. B. Resveratrol: a multitargeted agent for age-associated
chronic diseases. Cell Cycle 2008, 7, 1020-1035.

Baur, J. A.; Sinclair, D. A. Therapeutic potential of resveratrol: the in vivo evidence. Nat.
Rev. Drug Discov. 2006, 5, 493-506.

Tellone, E.; Galtieri, A.; Russo, A.; Giardina, B.; Ficarra, S. Resveratrol: a Focus on several
neurodegenerative diseases. Oxid. Med. Cell. Longev. 2015, 2015, 392169.

Turner, R. S.; Thomas, R. G.; Craft, S.; van Dyck, C. H.; Mintzer, J.; Reynolds, B. A
Brewer, J. B.; Rissman, R. A.; Raman, R.; Aisen, P. S. A Randomized, double-blind,
placebo-controlled trial of resveratrol for Alzheimer disease. Neurology 2015, 85, 1383—
1391.

Randomized, placebo-controlled clinical trial of resveratrol supplement effects on cognition,
function and behavior in patients with mild-to-moderate Alzheimer’s disease;
https://clinicaltrials.gov/ct2/show/NCT00743743.

A pilot study of resveratrol supplementation for memory and physical performance;
https://clinicaltrials.gov/ct2/show/NCT01126229.

BDPP treatment for mild cognitive impairment (MCI) and prediabetes or type 2 diabetes
mellitus (T2DM); https://clinicaltrials.gov/ct2/show/NCT02502253.

Jang, J. H.; Surh, Y. J. Protective effect of resveratrol on beta-amyloid-induced oxidative
PC12 cell death. Free Radical Biol. Med. 2003, 34, 1100-1110.

Narasimhulu, M.; Srikanth Reddy, K.; Chinni Mahesh, A.; Sai Krishna, J.; Venkateswara
Rao, J.; Venkateswarlu, Y. Synthesis of yashanushidiol and its analogues and their cytotoxic

activity against cancer cell lines. Bioorg. Med. Chem. Lett. 2009, 19, 3125-3127.

37

ACS Paragon Plus Environment



oNOYTULT D WN =

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

Molecular Pharmaceutics

Li, S. Y.; Wang, X. B.; Kong, L.Y. Design, synthesis and biological evaluation of imine
resveratrol derivatives as multi-targeted agents against Alzheimer’s disease. Eur. J. Med.
Chem. 2014, 71, 36-45.

Colabufo, N. A.; Perrone, R.; Berardi, F.; Paradiso, A. Multidrug resistance: biological and
pharmaceutical advances in antitumour treatment. Research Signpost ISBN: 978-81-308-
0258-9 2008 (4b), 171-201.

DeToma, A. S.; Choi, J. S.; Braymer, J. J.; Lim, M. H. Myricetin: a naturally occurring
regulator of metal-induced amyloid-f aggregation and neurotoxicity. Chem. Bio. Chem.
2011, 72, 1198-1201.

Hyung, S. J.; DeToma, A. S.; Brender, J. R.; Lee, S.; Vivekanandan, S.; Kochi, A.; Choi, J.
S.; Ramamoorthy, A.; Ruotolo, B. T.; Lim M. H. Insights into antiamyloidogenic properties
of the green tea extract (-)-epigallocatechin-3-gallate towards metal-associated amyloid-3
species. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 3743-3748.

Riifer, C. E.; Kulling, S. E.; Agric, J. Antioxidant activity of isoflavones and their major
metabolites using different in vitro assays. Food Chem. 2006, 54, 2926-2931.

Bang, O. Y.; Hong, H. S.; Kim, D. H.; Kim, H.; Boo, J. Y.; Huh, K., Mook-Jung, I.
Neuroprotective effect of genistein against beta amyloid-induced neurotoxicity. Neurobiol.
Dis. 2004, 16, 21-28.

Li, S. Y.; Wang, X. B.; Xie, S. S.; Jiang, N.; Wang, K. D.; Yao, H. Q.; Sun, H. B.; Kong, L.
Y. Multifunctional tacrine-flavonoid hybrids with cholinergic, B-amyloid-reducing, and
metal chelating properties for the treatment of Alzheimer’s disease. Eur. J. Med.
Chem. 2013, 69, 632—-646.

Ferrada, E.; Arancibia, V.; Loeb, B.; Norambuena, E.; Olea-Azar, C.; Huidobro-Toro, J. P.

Stoichiometry and conditional stability constants of Cu(Il) or Zn(II) clioquinol complexes;

38

ACS Paragon Plus Environment

Page 38 of 40



Page 39 of 40

787
788

789

oNOYTULT D WN =

9 790
791
14 792
16 793
18 794
20 795
22 796
797
798
29 799
31 800

33 801

[85]

Molecular Pharmaceutics

implications for Alzheimer’s and Huntington’s disease therapy. Neurotoxicology 2007, 28,
445-449.

Deraeve, C.; Boldron, C.; Maraval, A.; Mazarguil, H.; Gornitzka, H.; Vendier, L.; Pitié, M.;
Meunier, B. Preparation and study of new poly-8-hydroxyquinoline chelators for anti-
Alzheimer strategy. Chemistry 2008, 14, 682—696.

Ceccom, J.; Coslédan, F.; Halley, H.; Francés, B.; Lassalle, J.M.; Meunier, B. Copper
chelator induced efficient episodic memory recovery in a non-transgenic Alzheimer’s mouse
model. PLoS One 2012, 7, e43105.

Li, X.; Wang, H.; Lu, Z.; Zheng, X.; Ni, W.; Zhu, J.; Fu, Y.; Lian, F.; Zhang, N.; Li, J.;
Zhang, H.; Mao, F. Development of multifunctional pyrimidinylthiourea derivatives as
potential anti-Alzheimer agents. J. Med. Chem. 2016, 59, 8326-8344.

Quintanova, C.; Keri, R. S.; Chaves, S.; Santos, M. A. Copper(Il) complexation of tacrine
hybrids with potential anti-neurodegenerative roles. J. Inorg. Biochem. 2015, 151, 58—66.
Cummings, J. L.; Morstorf, T.; Zhong, K. Alzheimer’s disease drug-development pipeline:

few candidates, frequent failures. Alzheimer’s Res. Ther. 2014, 6, 37.

39

ACS Paragon Plus Environment



oNOYTULT D WN =

Molecular Pharmaceutics

COPPER DYSHOMEOSTASIS

High copper

concentration a
7]
Cullll Cullll ;)

Cul ROS o wp
w

cut cu E MD
CELL <

LAl R

potl = PP

l Cu¥t deperdent 8 ALS
Zym 8
Low copper &
concentration a
=

88x35mm (300 x 300 DPI)

ACS Paragon Plus Environment

OSSN e s

Page 40 of 40

COPPER CHELATOR
as
NOVEL THERAPEUTIC
STRATEGY

Curcumin

o o
NO’LJJ Tl\:;[‘on
Resveratrol
OH O cl
PN o
mo”g/\’[’o”\[" l I,»(\[L/;EN;]
N S0R, OH




