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Abstract: In the last 15 years, among the many reasons given for the development of idiopathic forms
of Parkinson’s disease (PD), copper imbalance has been identified as a factor, and PD is often referred
to as a copper-mediated disorder. More than 640 papers have been devoted to the relationship
between PD and copper status in the blood, which include the following markers: total copper
concentration, enzymatic ceruloplasmin (Cp) concentration, Cp protein level, and non-ceruloplasmin
copper level. Most studies measure only one of these markers. Therefore, the existence of a correlation
between copper status and the development of PD is still debated. Based on data from the published
literature, meta-analysis, and our own research, it is clear that there is a connection between the
development of PD symptoms and the number of copper atoms, which are weakly associated with
the ceruloplasmin molecule. In this work, the link between the risk of developing PD and various
inborn errors related to copper metabolism, leading to decreased levels of oxidase ceruloplasmin in
the circulation and cerebrospinal fluid, is discussed.

Keywords: Parkinson’s disease; serum copper level; serum ceruloplasmin; cerebrospinal fluid;
meta-analysis

1. Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative illness that affects older peo-
ple. Currently, PD affects approximately 0.3% of the global population and affects up to 5%
of people aged over 80 [1]. PD is ranked second in occurrence among neurodegenerative
diseases (following Alzheimer’s disease) and contributes to the majority (almost 80%) of
cases that are collectively referred to as parkinsonism or parkinsonian syndrome. Apart
from diagnosed PD, this group also includes other motion-related illnesses, including pro-
gressive supranuclear palsy, multiple system atrophy, dementia with Lewy bodies, etc. [2,3].
The major clinical symptoms of this group of diseases are motor symptoms (bradykinesia,
muscular rigidity, resting tremors, and postural instability), which are usually preceded by
non-motor symptoms (behavioral /neuropsychiatric changes, autonomic nervous system
failure, hyposmia, and sleep disturbances) that reflect the ongoing changes in the central
and peripheral nervous systems [4,5]. Both motor and non-motor symptoms invariably
progress over time, with the subsequent accession of cognitive and mental disorders.
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The death of dopamine-producing neurons in the pars compacta region of the substan-
tia nigra (SN) is invariably observed in PD patients, irrespective of the external symptoms.
This process is manifested by the discoloration of brain tissue, due to the loss of neurome-
lanin [6]. Another specific trait of PD is the oligomerization of x-synuclein in (3-sheet-rich
amyloid fibrils, which form “Lewy bodies”—dense, spherical intracellular protein aggre-
gates with a characteristic peripheral halo [2,7].

Almost 90% of cases of PD are considered idiopathic, caused by various adverse
behavioral and environmental factors (including, but not limited to, lifestyle, obesity,
exposure to pesticides, medications, compounds of transition metal ions that can catalyze
Fenton-type reactions, viral and bacterial infections, and oxidative stress) [8-16]. Age,
gender, race, ethnicity, low levels of physical activity, and various metabolic disorders can
worsen the effects of environmental factors [13-21].

About 3-10% of PD cases are family cases exhibiting Mendelian inheritance. Both
dominant and recessive PD-related alleles are known, but all the studied genes display
incomplete penetrance. Extensive data on the correlation between mutations in these
genes and the PD phenotype have been widely analyzed in modern reviews published
in high-impact journals [18,22-28]. The genes under investigation, in which mutations
are definitely linked to the development of family PD cases, are not very numerous; these
genes are listed in Table 1.

Table 1 draws attention to the fact that the products of the listed genes are involved
in the control of various types cellular fundamental processes: nonselective vesicular
transport, the endo/autolysosomal system, and proteasomal degradation, along with
quality control and the disposal of mitochondria. Not surprisingly, mutations in these
genes globally disrupt the transmission and elimination of denatured proteins and damaged
organelles, which have lost their physiological functions; this behavior is characteristic of
both family and sporadic PD cases. There are reports on the less pronounced association
between the development of the PD phenotype and mutations in other genes. These include
the genes responsible for control of the assembly of the respiratory electron transport chain
complexes I, III, and 1V, the neutralization of xenobiotics, etc. [29-32].

Conversely, genome-wide association studies of sporadic PD cases have revealed
more than 200 genes in which mutations can potentially lead to the development of the PD
phenotype [18]. As a result, an argument is gaining ground that many idiopathic PD cases
are actually caused by mutations in genes that have not yet been identified as PD-associated
mutations/genes [29].

The importance of environmental factors in the pathogenesis of PD is supported by
large-scale population studies that were carried out on 19,842 twins. These studies have
shown that the probandwise concordance rate comprised 0.20 and 0.13 in homozygous
and dizygous pairs, respectively. The high concordance rate in dizygous twins favors the
concept that environmental factors in early childhood are more important for PD develop-
ment than the presence of genetic factors [33,34]. Environmental factors, the significance of
which in PD development has been supported by experimental and population studies,
include exposure to various metal ions: mercury, lead, manganese, copper, iron, aluminum,
bismuth, thallium, and zinc [35]. It is easy to see that this list contains both abiogenic
elements and essential micronutrients. Abiogenic ions, which can mimic the essential
metal ions and intervene in normal biochemical processes, are especially toxic [36—40].
For example, mercury, lead, bismuth, and thallium are well known as xenobiotics. They
disrupt the body’s intermolecular interactions and catalytic activities, displace essential
metal ions, facilitate protein aggregation, and ultimately provoke oxidative stress and
reactive oxygen species (ROS) formation. Oxidative stress impairs the normal functioning
of the proteasome system, leading to the accumulation of improperly folded proteins in
the cytosol [41]. High levels of protein aggregation, augmented by direct and indirect
DNA damage from toxic metals, are fatal to cellular and mitochondrial metabolism and
eventually lead to apoptosis. In particular, the death of dopaminergic neurons in the brain
results in various neurodegenerative disorders characteristic of PD.
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Table 1. Genes with mutations that are strongly associated with the risk of PD-like phenotype
development.

Protein Product and

No Gene Its Function Functions Phenotype at PD Ref.
Oligomerization of
) . Neuron synaptic vesicle trafficking a-synuclein in -sheet-rich
L. SNCA a-synuclein and neurotransmitter release amyloid fibrils; the [42,43]
formation of Lewy bodies
PTEN-induced
putative kinase 1
5 PINKI (mitochondrial Marks mitochonderia for their Impaired quality control of [31]
' serine/threonine- elimination through mitophagy mitochondria :
protein kinase
1)
Takes part in mitophagy and . .
3. PARK2 E3 ubiquitin ligase ubiquitin-dependent proteasomal Impalred. quality cgntrol of [26]
. mitochondria
degradation
Controls the Ca?* influx to the
mitochondria and supports High cytosolic levels of
4. PARK7 deglycase DJ-1 a-synuclein structure due to catecholamines and Ca?* [44]
chaperone activity; possesses ions
antioxidant properties
Leucine-rich repeat Takes part in chaperone-mediated Impaired quality control of
5. LRRK?2 e P aufo e anlfi e, cytosolic proteins and [31,45,46]
phagy phagy mitochondria
vacuolar protein Plays a role in Impaired endosomal
6. VPS35 uolarp endosomal—trans-Golgi transport P o [47,48]
sorting-35 . recycling
and membrane recycling
Lysosomal dysfunction,
lysosome reduced contacts between
7 GBAI glycosylceramidase Cleaves the B-glucosmh'c linkage of mltoc}}ondpa and [49,50]
glycosylceramide endoplasmic reticulum, and
beta .
induced stress of
endoplasmic reticulum
.. Impaired structure and
g PLA2GE enzyme (iPLA2) i}e]f;g;yzﬁfeglgﬁp}iﬁsﬂi{d function of the lipid bilayer 5,
' (PARK14) y & & Y in the membranes of

lysophospholipids astrocytes

Iron, copper, and manganese are essential trace elements; they are ubiquitous mi-
cronutrients that must be absorbed by the organism along with food or water [52]. In all
phyla of living organisms, the deficiency of these elements is incompatible with normal
vital activity [53]. Ions of these elements can catalyze Fenton-type reactions and ROS
formation in a similar way to many abiogenic transition metals. Therefore, all organisms
possess evolutionarily conserved systems of transport for proteins that enable the safe
trafficking of metal ions. The main principle of these systems is the constant retention
of the ions in the coordination spheres of the proteins. The systems include membrane
and soluble transporters that control the amount of trace elements absorbed from food;
they also provide safe ion trafficking to the formation sites of metal-containing enzymes or
metal-dependent regulatory proteins. The cellular and organismal balance of each trace
element is maintained by a specific homeostatic system [54-58].

In a natural environment, an excess of micronutrients is a relatively rare occurrence;
however, there are geochemical niches and areas in which life quality is limited because of
trace element deficiency [59]. However, in one study, a correlation between the consumption
of copper, manganese, iron, and magnesium with food and the risk of PD development was
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not observed [60]. At the same time, toxic excesses or deficiencies of such microelements
inevitably result from genetic defects in the transporter proteins, which maintain ion
homeostasis [61-64]. This is especially true in the case of copper homeostasis systems and
PD development. It has also been pointed out that iron accumulation in the SN is one
of the major pathognomonic traits of PD [65,66]. Iron accumulation is usually associated
with a deficiency of the copper-containing ferroxidases that provide bidirectional copper
transport through biological membranes [67-69]. The aim of this article is to discuss the
association of abnormalities in copper metabolism with the risk of PD development.

2. Copper’s Physiological Function and Its Safe Turnover in the Body
2.1. Biological Role of Copper

Copper belongs to the group of essential trace elements and typically ranks third in
terms of its specific content in living organisms (after iron and zinc). In mammals, copper
is present in the active sites of enzymes, which take part in respiration, ROS detoxification,
connective tissue formation, transmembrane iron transport, erythropoiesis, neurotransmit-
ters synthesis and degradation, post-translational maturation of neuropeptides, hormones,
sulfated sugars, etc. [70-72]. In addition, copper demonstrates the properties of a secondary
messenger. Thus, it takes part in signaling [73-76], regulates gene activity through its
binding to copper-dependent transcription factors [77-83], and modulates enzyme activity
as an allosteric effector [84]. It also serves as a cofactor of some receptors [85,86], controls
mitophagy [74,87], and causes cuproptosis, copper-dependent mitochondria-mediated
programmed cell death [88]. In the nervous system, copper ions function as signaling
agents [89]. They are released from the synaptic terminals of the neurons, affecting the
postsynaptic receptors, and regulate neuronal excitability [75,90]. At the same time, as
discussed above, copper can be a highly toxic agent [72].

2.2. Mechanisms for the Safe Use of Copper lons as Enzymatic Cofactors and Their Delivery to
Cell Compartments

Enzymes that utilize copper as a cofactor bind to it with high affinity. In such binding
sites, the polypeptide chain provides 4-5 donor groups to the ion, preventing the loss of
the metal during the redox cycling of copper [91]. Conversely, metal ions transporting
proteins act to transfer metal, either by having low-affinity binding sites with a moderate
coordination number of ~4, or by having lower coordinate binding sites of 2-3 ligands
that bind with high affinity. Both strategies retain the metal but allow its transfer under
the appropriate conditions [91,92]. Cu-chaperones use the second strategy. They bind
copper ions with low coordination numbers and pass the copper ions to each other via
direct protein—protein interactions, forming a group of dedicated proteins related to copper
metabolic systems (CMS) (Figure 1). As a result, there are no “free” copper ions in the
cell [93]. However, any defects in the CMS protein structure or in the cuproenzymes’
active sites can result in the leakage of copper ions and the subsequent disturbance of cell
metabolism [94]. The operation of intracellular CMS is neatly integrated with extracellular
copper-trafficking pathways. In mammals, the interaction of intracellular CMS and body
copper-transport systems enables safe copper transition in the organism.

2.3. Machinery for the Conversion of Dietary Copper to Catalytic and Regulatory Copper

In adult mammals, when ingested with solid food or drink, copper dissociates from
the proteins in acidic gastric conditions and associates in the copper(lI) state with either
amino acids (Cys, His, Asp, Met, Tyr, Gly, and Thr) or organic acids (gluconic, lactic, citric,
and acetic acids) [95]. Two copper importers are located in the apical membrane of the
enterocytes: divalent metal ion transporter 1 (DMT1) and channel-like high-affinity copper
transporter 1 (CTR1) (Figure 2) [96].
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Figure 1. Scheme of copper distribution in a mammalian cell. Copper is taken up via copper
transporter 1 (CTR1), divalent metal transporter 1 (DMT1), or a putative transporter (all depicted as
red circles). After being imported into the cell, copper is transferred to the chaperones, antioxidant
protein 1 (ATOX1), copper chaperone (CCS), and cytochrome-c-oxidase copper chaperone (COX17),
which ferry the copper (indicated by black arrows) to copper-transporting ATPase (ATP7A /B, shown
in blue) in the Golgi complex, to Cu,Zn-superoxide dismutase (SOD1, shown in magenta) in the
cytosol, and to cytochrome-c-oxidase (COX, shown in green) in the mitochondria. The mitochondrial
phosphate carrier protein (SLC25A3) transfers the copper into the matrix. In the Golgi complex, the
ATP7A /B loads the copper onto newly synthesized cuproenzymes, such as ceruloplasmin (Cp, shown
in orange circle), which transport it along the biosynthetic pathway (indicated by orange arrow).
A significant increase in intracellular Cu induces the export of ATP7A /B (indicated by blue arrow)
toward the post-Golgi compartments (TGN) and plasma membrane, where it drives the excretion
of excessive copper from the cell. The copper metabolism MURR1 domain protein 1 (COMMD1) is
involved in copper transport and protein trafficking/degradation. Excessive copper could bind to
cysteine-rich proteins, known as metallothioneins (MTs, shown in pink). The scheme is modified
from our article [38].

Copper(Il) ions that were imported into the cell via the DMT1 transporter can be con-
verted to copper(I) in many reactions, most probably in reactions with major cellular thiols,
such as glutathione or metallothioneins. Alternatively, they can be used in a copper(Il) state
via copper-dependent regulatory proteins [99]. CTR1 transfers copper ions through the
membrane in the copper(l) state; therefore, extracellular copper(ll) ions have to be reduced
by reductases at the cell surface (Figure 2A) [100]. Inside the cell, copper(I) ions are bound
by the apo-Cu-chaperone ATOX1, which carries copper(I) ions to the copper(I)-binding sites
of ATP7A, a copper-transporting P-type ATPase that is mutated in Menkes disease [71,101].
ATP7A pumps the copper to exocytic vesicles, which excrete it to the extracellular space of
the organism in a copper(Il) state [102].

Once copper enters the bloodstream, it is rapidly bound to serum albumin (serum
albumins in many species contain an N-terminal ATCUN motif, which has a high affinity
to copper) [103] and to a2-macroglobulin («2MG) [104]. The amounts of copper bound to
serum albumin (serum protein concentration of ~70 mg/mL) and «2MG (serum protein
concentration of 1.2 mg/mL [105]) are comparable (Figure 2B). Radioactively labeled
copper is detected in both proteins almost immediately after the label injection [106]; these
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proteins carry all the absorbed copper ions to the liver (Figure 2C). The liver is the central
organ of copper metabolism and enables the strict regulation of copper homeostasis in the
whole body.
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Figure 2. Simplified scheme for the conversion of food-derived copper into biovaluable copper.
(A) Absorption of copper from the intestine. Copper is absorbed via enterocytes through CTR1.
Transfer through CTR1 is coupled to a reduction to the copper(I) state. Copper(I) is bound by the
ATOX1 chaperone, which passes it to ATP7A for excretion to the interstitial space and subsequent
transfer in the bloodstream. (B) In extracellular fluid and the bloodstream, copper is oxidized to a
copper(ll) state and bound by serum albumin (SA) and a2-macroglobulin («2MG). Copper(Il), now
bound to SA and a2MG, is carried to the liver via the portal vein and is then captured by CTR1 at the
hepatocyte surface. Supposedly, it is reduced at the surface, but the reductase is not yet identified;
presumably, copper(Il) may be reduced by SA [97]. For simplicity, the DMT1 pathway and local
copper distribution in the enterocyte are not shown. (C) In the hepatocyte, copper(I) is trafficked to
the Golgi complex by ATOX1 and ATP7B, where it is inserted into newly synthesized Cp, which is
secreted into the bloodstream. Local copper distribution in the hepatocyte is not shown. (D) The
holo-Cp delivers copper to CTR1 on non-hepatocyte cells, which imports copper into the cells [98].

The albumin copper fraction enters the hepatocytes through CTR1 interaction with
albumin, and the entry is coupled to its reduction to a copper(l) state [97,107]. CTR1 delivers
copper(I) directly to the cytosol, while x2MG enters the endolysosomal compartment via
endocytosis [108]. There, at low pH values, copper(1l) is released and reduced to copper(I)
by the metalloreductases of the STEAP (six-transmembrane epithelial antigen protein)
family [109]; then, copper(]) is transferred from the endolysosomal compartment to cytosol
via the low-affinity copper transporter, CTR2, which is homologous to CTR1 [110]. Thus,
serum albumin and x2MG are components of the copper exchange pool for extracellular
fluid, blood plasma, hepatocytes, and various organs (Figure 2C,D).

2.4. Copper Forms into Several Pools in the Hepatocytes, Which Interact with One Another

In the hepatocytes, absorbed copper is bound by the specialized cytosolic Cu(I)-
chaperones, COX17, CCS, and ATOX1 (Figure 2C). COX17 delivers copper to the mitochon-
dria for loading into cytochrome-c-oxidase (COX or complex IV), as well as to SOD1 in the
intermembrane space. Several dedicated Cu(I)-chaperones (COX1, COX2, COX11, Scol,
and Sco2) insert copper ions into the active site of the assembling COX [74,111]. In addition
to catalytic copper, there is a deposit of copper in the mitochondrial matrix. Copper is
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brought to the mitochondrial matrix via a phosphate carrier protein (the product of the
SLC25A3 gene) and is stored in the complex with the copper ligand (CuL). CuL can store
copper or mobilize it for the formation of cytosolic and mitochondrial cuproenzymes [112].
Therefore, mitochondria possess their own autonomous copper pool, which consists of
both catalytic and deposited fractions.

CCS, another copper(I) chaperone, delivers copper to Cu,Zn-SOD1 and facilitates its
insertion into the active site of the enzyme. The copper in SOD1 comprises the catalytic
pool of the cytosol. A fraction of the copper in the cytosol is bound to metallothioneins 1
and 2; together with glutathione, these proteins provide a redox system for cuproenzyme-
independent copper(l)«+copper(Il) conversion. The metallothionein fraction can deposit
copper in the cytosol; after deposition, this copper can be recruited for apo-SOD1 and other
cell needs.

The third cytosolic Cu(I)-chaperone, ATOX1 (antioxidant 1), performs several func-
tions. It delivers copper to the copper-transporting ATPases, carries copper to the cell
nucleus, serves as a transcription factor, and can also function as an antioxidant against
superoxide and hydrogen peroxide [77,113,114]. The delivery of copper by ATOXI1 to
the cytosolic metal-binding sizes of ATP7B, a P1-type ATPase, is its most widely studied
function [115,116].

Mutations in the ATP7B gene are responsible for the development of Wilson's disease
(WD) [117], an inherited autosomal recessive monogenic inheritance disorder [118]. ATP7B
is highly homologous to ATP7A, but it is mostly expressed in the cells of organs that
synthesize and secrete Cp, a multicopper blue oxidase that is also the major blood serum
cuproenzyme [119]. The liver, the lactating mammary gland, and certain brain regions (see
more details below) are known examples of its expression [120-122]. ATP7B carries out
two major functions [123]. First, it actively translocates copper to the lumen of the Golgi
complex and delivers it to the active centers of maturing Cp, which is then secreted to the
bloodstream [124].

Radiolabeled Cp appears in the bloodstream about 90 min after the delivery of radioac-
tive copper via serum albumin or a2MG [106]. In humans, about 95% of serum copper
is bound to Cp and is, thus, not dialyzable [125]. Cp transfers copper to the CTR1 of
non-hepatocyte cells [98,126]. Thus, the CTR1— ATOX1— ATP7B— Cp axis is a system
that processes nutrient copper into Cp-associated copper; the latter is used by the cells of
various organs. Consequently, Cp is a key participant in copper exchange and is the key
marker of copper status [127]. The second function of ATP7B is the excretion of excess
copper to bile. This portion of copper is then removed from the organism.

3. Proofs for the Existence of the Link between Copper Dyshomeostasis and the Risk
of Parkinson’s Disease Development

Several facts exist that point to the link between inherited disorders related to copper
metabolism and the risk of PD development. First, the neurological symptoms of PD
patients overlap with the clinical symptoms of WD. The human ATP7B gene is located in
chromosome 13 q14.3; it spans about 80 kb of genomic DNA and contains 21 exons. The
mature transcript contains about 7.5 kb of genomic DNA and codes a 1411 aa protein [128].
As noted above, WD is caused by mutations in the ATP7B gene that impair the activity of
this copper pump, blocking the hepatic copper routes to apo-Cp in the Golgi complex and
to bile via excretion (Table S1 in the Supplementary Materials) [129]. Currently, more than
600 ATP7B pathogenic variants have been identified that are associated with WD. These
include single-nucleotide missense mutations, nonsense mutations, insertions/deletions,
and splice site mutations (OMIM# 606882; https:/ /www.omim.org/entry /606882 access
on 21 August 2023).

WD is typically caused by the compound heterozygosity of mutated ATP7B alleles. The
alteration of the ATP7B product blocks the excretion of excess copper into bile. As a result,
the excess copper is accumulated in the liver, brain, and other tissues. Conversely, copper
deficiency in the Golgi complex of hepatocytes causes a decrease in holo-Cp levels, the
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copper/protein ratio in Cp, and the total copper content in blood serum (<20 mg Cp /100 mL
and ~500 ug of copper/L in WD patients, versus about 35-38 mg of Cp/100 mL and
~1000 pg of copper/L in healthy individuals). Consequently, the availability of biovaluable
copper for the various tissues and organs decreases. In approximately one-third of PD
patients, the Cp content and copper concentration in blood serum correspond to those
found in heterozygous carriers of mutations in the ATP7B gene (WD carriers) [130-132]. The
similarity of neurological symptoms in WD and PD patients (Table S1 in the Supplementary
Materials) as well as the high frequency of lowered copper status indexes in PD patients
(meta-analysis; Figure S2 in the Supplementary Materials) allow us to suggest that many
PD cases are heterozygote forms of WD [133].

This assumption is supported by several reported cases in which patients with a
clinical presentation of typical PD had one mutant ATP7B allele. In one study, three out of
five sisters from a family in Sardinia who were diagnosed with PD at the age of 70 (identified
as very-late-onset major depression (DSM-1V, 4th ed) and parkinsonism) possessed a 15 bp
deletion at the 5’-UTR region of a single allele in the ATP7B gene [134]. PCR analysis of
the mutations in “classical” PD-related genes («-synuclein, parkin, and LRRK?2) yielded a
negative result. Oxidase activity and the copper concentration in their blood serum, as well
as urinary copper excretion or the hepatic markers, were within normal ranges in these
patients. In the other two sisters of the family, no traits related to PD or deletions in the
5'-UTR region of ATP7B were observed.

Conversely, a female patient from Spain was diagnosed with young-onset Parkinson’s
disease at the age of 38 [135]. Her serum copper concentration and ceruloplasmin level
were low, and her urinary copper levels showed fluctuations. The genetic test for Wilson’s
disease showed a compound heterozygosity at exon 6 and exon 8 of the ATP7B gene (both
mutations were characteristic of the Spanish population). No mutations were found in
Parkin or LRRK2. However, her sister showed the same ATP7B genotype but did not
display any signs of PD. In a cohort of 103 patients from Germany with early-onset PD
(aged 41 + 6.8 years), a single patient was identified who had an ATP7B allele with a
mutated exon 14, which resulted in a change to H1096Q) in the nucleotide-binding domain
(this mutation is detected in almost half of all Caucasian WD patients) [136].

A similar case exhibiting the early onset of clinical PD symptoms in a heterozygous
H1096Q mutation carrier was described in a cohort from Poland [137]. In Russia, another
study reported a patient with early-onset PD and a novel mutation that led to the C1079G
substitution of a conserved cysteine residue in the ATP7B nucleotide-binding domain [138].
In the latter case, the holo-Cp concentration level was at first within a normal range;
however, during 8 years of observation, the holo-Cp concentration significantly decreased,
while the non-ceruloplasmin copper level increased. Conformation studies of the mutated
domain via molecular dynamics indicated that the substitution resulted in a decreased
affinity of the domain to ATP.

The PD phenotype can also develop in association with the post-transcriptional sup-
pression of ATP7B gene expression. For example, serum miR-133b contains a 7 nt sequence
that is complementary to a sequence found in the 3’-UTR region of ATP7B-mRNA, which
might modulate ATP7B gene expression, according to TargetScan [139]. A low level of
miR-133b expression was correlated with the ceruloplasmin levels found in patients with
PD. Moreover, the downregulation of miR-133b in the midbrain of PD patients and in mice
models of PD has been identified in previous studies [140,141].

Thus, low levels or the reduced activity of ATP7B, manifesting in a decrease in holo-Cp
content in the circulation, may be considered a justified risk marker of PD development.
However, not all PD patients have lowered holo-Cp concentrations, and only a small num-
ber of PD patients are heterozygous carriers of ATP7B mutations. Not all WD heterozygote
patients develop PD symptoms, and there are no common clinical and biochemical pheno-
types recorded in PD patients with the ATP7B gene mutation. While most heterozygous
carriers of WD copper status indexes are correlated with gene dose and the Cp level com-
prises about 20 mg%, the concentration of copper in urine remains low, Kayser-Fleischer
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rings do not form, and no neurological symptoms are observed. In many PD patients, the
co-segregation of the identified variants with the disease phenotype in the family has not
been established because of a lack of family members/medical history.

However, the arguments offered above become less significant if the substantial
heterogeneity and variability seen in WD clinical presentation are taken into account.
Consequently, the diagnosis of Wilson’s disease remains challenging for physicians. WD
has hepatic and/or neurological forms; WD patients range from mild to severe cases, and
the age of onset varies from 2 to 60 years. Even if the WD genotype is identified, the major
clinical and biochemical markers may be absent. On the contrary, ATP7B mutations may
not be readily revealed, even if distinct WD symptoms are present. The latter situation
may be explained by the limited range of genetic analysis: often, only the exon with the
most frequent mutations is tested; in more accurate studies, the exons and exon/intron
junctions are sequenced. The distant part of the ATP7B gene promoter, as well as the intron
sequences, are still almost unexplored. The role of the 5- and 3/-UTR of ATP7B-mRNA,
along with the other participants of post-transcriptional regulation of this gene, are also
poorly understood.

The second argument supporting the link between the risk of PD development and
abnormalities in copper metabolism is the similarity between the neurological symptoms
of PD and aceruloplasminemia (aCp) [142,143]. aCp is a rare monogenic autosomal re-
cessive disease that develops due to mutations in the Cp gene. It is characterized by a
triad of symptoms: retinal degeneration and blepharospasm, diabetes mellitus, and mild
neurodegeneration [144]. Biochemically speaking, aCp manifests itself in the absence of Cp
in the circulation (in aCp heterozygotes, the Cp content comprises 0.2-0.6 g/L, versus about
350 g/L in healthy individuals) [145]. The causes of holo-Cp deficiency in WD and aCp are
different. In WD patients, the Cp gene is intact, and the Cp-mRNA directs the synthesis
of a full-length Cp polypeptide to the endoplasmic reticulum; apo-Cp is delivered to the
Golgi complex, where it normally accepts copper ions from ATP7B. The insertion of copper
ions is cooperative and is coupled to the correct folding of the holo-Cp molecule [146].
In WD patients, there is a deficiency of biovaluable copper in the Golgi lumen; therefore,
the holo-Cp content lowers and its concentration in the blood drops to 3-10 mg%, versus
~35 mg% in healthy individuals. Conversely, in aCp patients, there is no deficiency of
copper in the Golgi lumen; however, the apo-Cp protein is missing or defective and cannot
bind copper, so holo-Cp is absent from the circulation. As a result, both WD and aCp,
which was initially described as a WD variant, are similar in terms of the presence of
holo-Cp deficiency. Both disorders promote the development of PD-like symptoms and
phenotypes. Thus, it has been shown that single-nucleotide polymorphism in the Cp gene,
which results in lowered Cp production, is associated with the risk of development of the
PD phenotype [139].

In addition to mutations and polymorphisms in the Cp gene, Cp gene activity can be
suppressed post-transcriptionally. The binding of specific protein complexes, which are
induced by ROS or interferon gamma, with cis-elements in the 3-UTR of Cp mRNA can
modulate its translation [147-149]. A similar phenotype may be caused by a disturbance in
Cp-mRNA translation that is critical for holo-Cp level in the circulation [150]. Additionally,
several mictoRNAs can reduce the rate of Cp-mRNA translation [151-153]. Thus, the
decrease in holo-Cp caused by post-transcriptional gene silencing may be responsible for
the onset of the PD phenotype.

In their analytical paper, Roy et al. reviewed the approaches that are used to explain
apparent WD cases with no mutations in the ATP7B gene [154]. They considered mutations
in the genes CTR1 (SLC31A1), ATOX1, and COMMDI1 (formerly MURR1, associated with
copper toxicosis in Bedlington terriers [155]) as potential modifiers of copper metabolism,
which may result in the initiation of a WD- or PD-like phenotype. Therefore, an identified
mutation in the ATOX1 gene, leading to G14S substitution, can disrupt protein—protein
interactions between ATOX1 and the copper-binding domain 4 of ATP7B, according to
the in silico data. This can disturb the transfer of copper to the Golgi lumen and may be
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responsible for the phenotypic variations seen in WD [156]. Recently, it has been shown
that two mutations in the CTR1 gene in a homozygous state cause fatal copper deficiency,
which also manifests as a low concentration of holo-Cp [157,158]. Hypothetically, the
heterozygous state of these mutations can result in altered copper metabolism and may
present a risk for PD development. Apparently, the COMMDI1 gene should be excluded
from the list: while mutations in COMMDI1 cause the toxic accumulation of copper in the
liver, kidneys, and brain (which resembles the WD phenotype), the level of holo-Cp in
serum matches normal ranges or is even slightly elevated [159].

The listed examples support the hypothesis that a portion of idiopathic PD cases are
provoked by copper dyshomeostasis, which develops due to mutations in those proteins
that implement the delivery of nutrient copper to cuproenzymes and copper-dependent
regulatory proteins. It suggests that a decrease in the level of holo-Cp is a critical factor in
the risk of developing PD associated with copper dyshomeostasis. This is determined by
the molecular functions of Cp and their role in the development of phenotypically similar
neurodegenerative diseases.

4. Ceruloplasmin Is a Moonlighting Multicopper Blue Oxidase

Ceruloplasmin (Cp) is an oxidase cuproenzyme and a copper-binding protein found
in vertebrates. In humans, the unique Cp gene maps to the chromosome region 3q23—
q24 [160,161]. The Cp gene spans approximately 65 kbp and contains 20 exons; exon
20 codes the C-terminal transmembrane domain, which contains the site for the addition
of a glycosyl phosphatidylinositol anchor (GPI anchor). The primary Cp transcript is
processed into two isoforms of Cp-mRNA via alternative splicing, which code for secretory
Cp and the membrane-anchored GPI-Cp [162-164]. There is also a Cp pseudogene, a
3’-terminal region of the processed Cp gene, which maps to chromosome 8 and was shown
to be expressed in cultured human cells. The N-terminus of the putative pseudo-Cp is
predicted to have a signal sequence for delivery to the mitochondria [165-167].

The regulation of the alternative splicing of the Cp primary transcript is tissue-specific;
it depends on the physiological status of the cell and the period of ontogenetic develop-
ment [122,168]. Therefore, the major fraction of secretory Cp is synthesized by the liver; it
is also synthesized in lactating mammary glands and in the developing brains of newborns,
the choroid plexus, and the spleen. GPI-Cp is synthesized in Sertoli cells, mature astrocytes,
and neurons, as well as in the cells of the kidneys, lungs, adrenal glands, spleen, retina,
the differentiating cells of mammary glands, white adipose tissue, and fetal tissue, but it
is not synthesized in hepatocytes. In the liver, two molecular isoforms of mRNA-coding
secretory Cp were revealed (3.7 kb and 4.2 kb), which are formed by the alternative cleavage
and polyadenylation of 3’-UTR [160,162]. The different lengths of 3’-UTR suggest that
the two mRNA forms differ in terms of the essential cis-elements for transcript-specific
translational control.

Cp is synthesized on the polyribosomes associated with the membranes of the rough
endoplasmic reticulum; it is directed there by the 19-residue signal peptide, which is
removed co-translationally [169]. The mature translation products of Cp-mRNA and
GPI-Cp-mRNA have an approximate molecular mass of 132 kDa. Four N-glycosylation
sites have been identified experimentally, in which the glycoside chains are sialylated
di- and triantennary [170]. Upon maturation, the protein binds six copper ions in three
non-equivalent catalytic sites, along with two labile copper ions [120,171,172]. Both the
soluble and membrane-anchored Cp isoforms belong to the vast family of blue multicopper
oxidases. This family comprises multidomain proteins of diverse species, from bacteria
to vertebrates, which use copper ions to catalyze various redox reactions [119,172,173]. In
mammals, this family is represented by four members [119]: the two Cp isoforms and
two single-span transmembrane proteins, hephaestin [174] and zyklopen [175]. They are
very similar, both structurally and functionally. At the primary structure level, hephaestin
and zyklopen demonstrated 50% and 46% identity to Cp, respectively, and hephaestin
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and zyklopen are 49% identical. Single-gene knockout studies in mice have shown that
hephaestin and Cp play mutually compensatory roles in facilitating iron efflux [176].

These proteins have a similar arrangement of coordination spheres in the copper-
binding site and also possess a high-affinity iron(Il)-binding size, which is used to convert
iron(Il) to Fe(Ill); hence, they belong to the ferroxidase group. Dioxygen serves as an
electron acceptor; it is bound in the multicopper site and is reduced completely to two
water molecules [177]. The ferroxidase activity of Cp, GPI-Cp, hephaestin, and zyklopen
is critical for the control of iron metabolism. These oxidases can also oxidize abiogenic
aromatic amines (e.g., p-phenylenediamine and o-dianisidine). The loss of ferroxidase
activity in any of these proteins results in abnormal iron accumulation, which leads to
iron-related metabolic disorders, including neurodegenerative diseases [178,179].

In addition, Cp was shown to have other functions: it can defend against oxidative
stress and possesses oxidase activity toward NO and the biogenic amines (serotonin,
dopamine, adrenaline, and noradrenaline). Cp is an acute phase protein; its concentration
in blood plasma rises several times in the event of inflammation, various infections, tumor
growth (due to its role in neovascularization), pregnancy, etc. [119,180,181]. One of the key
functions of blood serum Cp is its copper transportation function [98,126,182].

Cp can be attributed to moonlighting proteins by four criteria: a change in protein
localization; a change in where or when a protein is expressed; post-translational modifica-
tion; and a change in binding partners [183]. Therefore, there are two protein products of
the unique Cp gene resulting from alternative splicing: a soluble extracellular form and a
GPI-anchored form in the cell membrane. Secretory Cp is synthesized by mammary gland
cells only during lactation [168]. It is also synthesized by the cells of neuronal tissue in
the early stages of postnatal development (Table S6 in the Supplementary Materials) and
it probably modulates the organization of neuronal tissue in ontogenesis [184]. In adult
mammals, the GPI-Cp splice isoform is selectively expressed in astrocytes [185].

In newborns, the serum Cp expression level in the liver is low; however, after the
switch of the copper metabolism to the adult type (see below), the liver becomes the main
serum-Cp-producing organ [186]. Cp controls the trafficking of iron, both into and out
of the cells. Apo-transferrin is the molecular partner of Cp in terms of iron importing:
iron(IIl) is transferred after iron(Il) uptake and oxidation by ceruloplasmin to the C-lobe
of transferrin, in a protein—protein adduct [187]. In iron export, GPI-Cp works in tandem
with ferroportin [188]. The copper transport function of Cp is mediated by its interaction
with the extracellular domain of CTR1 [98,189]. As with most of the extracellular proteins,
Cp is not subject to reversible covalent modifications. Its membership of the moonlighting
proteins group makes Cp a strong candidate for involvement in the development of a group
of diseases [190]. The data from the following meta-analysis support this assertion.

5. Updated Meta-Analysis on the Significance of the Link between Copper Status
Indexes and the Risk of PD Development

In the first step of this study, the author M.N.K. searched the MEDLINE database (https:
//www.nlm.nih.gov/medline, NIH, USA) for the terms “copper”/“Cu” AND “Parkinson
disease” on 17 July 2023. All articles written in English that were published before the
search date were initially included in the analysis. No search restrictions regarding analytic
methods or experimental approaches (i.e., in vitro or in vivo methods) were applied. In
total, 654 unique articles were prescreened manually by two authors (M.N.K. and E.Y.L),
according to predefined inclusion criteria (quantitative measurements of copper in human
blood from PD patients); 622 records were excluded, and 32 articles were further assessed
for their eligibility. Fourteen articles were selected for meta-analysis (Figure S2 in the
Supplementary Materials).

In the second step, the author M.N.K. searched MEDLINE for the terms “ceruloplas-
min”/“Cp” AND “Parkinson disease” in July 2023, in the same way. In total, 134 unique
articles were prescreened by two authors (M.N.K. and E.Y.1.) according to the predefined
inclusion criteria (quantitative measurements of ceruloplasmin in human blood from PD
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patients); a total of 112 records were excluded, and 22 articles were further assessed for their
eligibility. Eleven articles were selected for meta-analysis (Figure S2 in the Supplementary
Materials). The characteristics of each study (the number of samples and mean copper or
ceruloplasmin levels, with standard deviations) were extracted for analysis. The primary
outcome was the differences in copper/ceruloplasmin concentrations between PD and
control tissues.

Of the 14 studies that assessed serum copper levels, 11 found that the levels were
lower in PD, while 3 found that they were similar in the PD and control samples. Overall,
serum copper levels were lower in PD patients (14 studies: PD, 1377 samples; control,
1283 samples); study heterogeneity was high (I? = 98.3%; Q, 419; p < 0.001) (Figure 3).

Author(s) an r Weights Effect Size [95% CI]
EY llyechova et al., 2018 - —_— 7.09% —56.0 [—65.19; —46.81]
MK Gangania et al., 2017 —_—e————— 6.52% —35.0 [—46.77; —23.23]
J Sanyal et al., 2020 - - 8.10% —34.0 [—37.10; —30.90]
CB Tripathi et al., 2021 _ 7.49% —30.0[—37.23; —22.77]
S Younes-Mhenni et al., 2013 - — 6.97% —26.0 [—35.77; —16.23]
KJ Bharucha et al., 2008 - 5.40% —23.0[—39.51; —6.49]
G Forte et al., 2004 - 5.55% —22.0[—38.12; —5.88]
g A Fattah et al., 2020 ® 8.26% —15.5[—15.86; —15.14]
? T Fukushima et al., 2013 —— 7.45% —12.0 [-19.43; —4.57]
T Schirinzi et al., 2016 —_———— 6.38% —8.0 [—20.25; 4.25]
Mi-Jung Kim et al., 2018 | e 8.16% —3.0[—5.5; —0.5]
S Mariani et al., 2016 | —e— 7.94% —0.64 [—5.16; 3.88]
GA Qureshi et al., 2006 | —_— 7.39% 0.0[—7.82; 7.82]
FJ Jiménez-Jiménez et al., 1992 —1——— 7.31% 5.0[—3.17; 13.17]
Average - —— Average
-80 -6‘0 -4;0 -2‘0 0 2‘0

Mean Difference

@ |Individual < Average

Figure 3. Forest plots of the analysis of copper in human serum. Circular marker indicates the effect
size and statistical weight of the study; horizontal lines indicate 95% CI values. The diamond-shaped
data marker represents the overall effect size and 95% CI. The vertical line shows the line of no effect
(d=0).

Of the 12 studies that assessed serum ceruloplasmin, 7 reported that levels were lower
in PD, and 5 reported that the levels were similar in the PD and control samples. Overall,
serum ceruloplasmin levels were lower in PD patients (12 studies: PD, 1004 samples; control,
708 samples); study heterogeneity was high (I? = 98.9%; Q, 847; p < 0.001) (Figure 4).
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Study

Author(s) and year Weights Effect Size [95% CI]
KJ Bharucha et al., 2008 - —e———— 8.30% —6.00 [-7.77; —4.23]
MN Karpenko et al., 2018 8.92% —5.00 [—5.40; —4.60]
N Zhao et al., 2014 - 8.94% —5.00 [—5.23; —4.77]
Llinetal., 2011 —e— 8.70% —3.90 [-4.97; —2.83]
H Ling and R Bhidayasiri, 2011 4 7.74% —3.90 [-6.43; —1.37]
CB Triplathi et al., 2021 4 —— 7.83% —2.00[—4.38; 0.38]
YS Song et al., 2017 —_— 8.49% —1.60 [—3.06; —0.14]
S Mariani et al., 2016 | — & 8.27% —0.50 [-2.31;1.31]
W Xu et al., 2018 — 8.45% 0.00 [—1.54; 1.54]
S Marianiet al., 2013 — 8.51% 0.20 [—1.24; 1.64]
MK Gangania et al., 2017 6.96% 1.00 [—2.41; 4.41]
FJ Jiménez-Jiménez et al., 1992 - 8.91% 1.80[1.35; 2.25]
Average - —_—— Average
-10 -I5 0 fl')

Mean Difference

@ |Individual < Average

Figure 4. Forest plots for the analysis of ceruloplasmin in human serum. Circular marker indicates the
effect size and statistical weight of the study; horizontal lines indicate 95% Cls. The diamond-shaped
data marker represents the overall effect size and 95% CI. The vertical line shows the line of no effect
(d=0).

A list of the references included in the meta-analysis is given in Figure S2 of the
Supplementary Materials.

Therefore, the meta-analysis emphasized that the concerted measurement of all in-
dexes of copper status is required to establish a connection between PD and disorders in
copper homeostasis, including measuring the concentrations of copper weakly associated
with the Cp molecule [138].

6. Non-Ceruloplasmin Copper as a Perspective Marker for Neurodegeneration

Recently, an increasing number of papers have been demonstrating a positive correla-
tion between the risk of neurodegenerative disease development and the level of copper
fraction in blood plasma, which is alternately denoted as “free” copper [191,192], “ex-
tractable copper” [193], “exchangeable copper” (ExCu) [194,195], or “non-ceruloplasmin
copper” (NCC) [192,196-203].

Conventionally, Cp copper is the fraction associated with immunoreactive Cp; in
healthy humans, it comprises about 90-95% of total serum copper [125]. Transit cop-
per, which is associated with serum albumin and «2MG, comprises a major part of the
remaining fraction (about 10% of total copper). The residual minor fraction of copper
that is not associated with serum proteins is measured via ultrafiltration, titration with
luminescent chelators, or specific carriers. It can be also measured via the subtraction of
protein-associated copper concentration from the total plasma serum copper concentration.
Greatly increased NCC concentrations were reported in the late stages of WD and in some
forms of Alzheimer’s disease (AD) [204]. It has been shown that the NCC level corre-
lates positively with the C-reactive protein level, i.e., it is connected to the inflammation
processes. However, an increased NCC fraction was not observed in PD patients [205].

In ATP7B— / — mice, which represent an experimental phenocopy of WD, a small cop-
per carrier (SCC) has been identified in the urine. It is a ~1 kDa non-proteinaceous molecule,
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the concentration of which is correlated with the development of the WD phenotype. In
mice lacking a functional CTR1 (SLC31A1) gene, it was observed that SCC not only provides
copper excretion from the liver but can also perform copper importing into the cells [206].
However, while an increase in SCC level was observed in ATP7B—/— mice and dogs, as
well as in WD patients, it was shown later that SCC is secreted by cultured cells of different
origins, and that [67Cu]-SCC is the copper donor for these cells [207]. In the cytosol of the
liver of rats that chronically received silver ions with food, a low-molecular-weight agent
appeared that could facilitate copper(I)«+copper(Il) transition [208]. Although these studies
are currently fragmented and not ordered, we think that NCC may become a valuable
diagnostic marker of copper dyshomeostasis, with an increased risk of neurodegeneration.

7. Disorders in the Brain’s Copper Metabolism Associated with Parkinson’s Disease

The data that definitely show the existence of a link between low Cp and Cp-associated
copper levels, and the risk of PD development and the risk of severe PD in such patients,
refer to copper indexes in the peripheral blood (Figure 52, meta-analysis in the Supplemen-
tary Materials). At the same time, in PD patients, indexes of copper metabolism in the brain
may differ from those of the blood. Unfortunately, there is very little coherent information
on copper homeostasis in the brain, let alone its changes in the context of PD.

It has been shown that nutrient-based or genetically determined copper deficiency
caused a decrease in the brain-specific and ubiquitous cuproenzymes in the brain. As a
result, severe dysfunctions of the central nervous system may develop, including those with
the PD phenotype [6,209-214]. The manifestation of this deficiency is seen in the alteration
of copper content in brain regions, including the SN. Therefore, in healthy people, copper
concentration in this brain region is higher than that in the adjacent regions. Conversely, in
PD patients, it is lowered by almost one-third [215]. At the same time, copper redistribution
in the cell is observed; it concentrates in the insoluble fraction including the Lewy bodies,
in SOD1 and «-synuclein aggregates, and in a minor (by mass) fraction of small insoluble
proteinaceous deposits [216]. Generally, copper contents in the brains of PD patients are
lower than normal physiological ranges, unlike WD patients [217].

Investigation of the cerebrospinal fluid (CSF) is valuable for understanding the mecha-
nism of PD development. Changes in the structure of Cp from CSF, which were not present
in serum Cp, were described in PD patients [218,219]. These changes include the oxidation
and deamidation of the Cp molecule. Cp oxidation ultimately leads to the loss of its ferroxi-
dase activity and iron accumulation in the cells [218,220,221]. The deamidation results in
the Cp’s ability to bind to integrin, an important component of CNS signaling [222,223]. The
binding of modified Cp triggers intracellular signaling on the choroid plexus epithelial cells,
changing cell functioning, which might contribute to the pathological mechanism [224,225].
These data attract attention to the choroid plexus as the main CSF-producing organ and the
major copper homeostatic site in the brain; the malfunctioning of the copper metabolism
may be responsible for the development of the PD phenotype.

In mammals, the liver and the brain are the leading organs according to copper
content in the body. Together, these organs account for about 30% of total body copper,
while comprising less than 1/50 of the total body mass. Average copper concentrations in
the brain and in the liver are similar [226]. In brain cells, as well as analogous to hepatic
cells, copper is mostly contained in the nuclei, mitochondria, and cytosol [227-229]. Both
organs display a high level of expression of the ubiquitous cuproenzymes, COX and SOD1.
Specific cuproenzymes are also expressed in the brain; they are mostly responsible for the
synthesis, activation, and catabolism of neuromediators (Table 2).
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Table 2. Function of ubiquitous and tissue-specific cuproenzymes in the brain.

Relation between
Abnormal

Cuproenzyme Localization in Brain Biological Function Expression/Function Ref.
and PD
in cases of copper
ubiquitous, cytosol, protection from oxidative stress via mlzzzlfirllcclg’asnc()i[)l
SOD1 mitochondrial the conversion of O,*~ to O, and [230]
intermembrane space H, 0O, by disproportionation aggregates that result
in the PD-phenotype
developing
defects in ATP
production and
ubiquitous, complex IV in ETC catalyzes the OXPHOS-independent
COX mitochondrial inner transfer of electrons from functions of ETC [231]
membrane cytochrome c to O; proteins play an
important role in PD
pathogenesis
ubiquitous, controls vascular tone and reactivity .
A . . polymorphism of the
extracellular space, in the brain through the regulation -
SOD3 . . . e . SOD3 gene is [232-235]
associated with matrix of equilibrium between O,*~ and . . .
associated with PD risk
components NO
PAM anterior pituitary cata%yzes the conversion of glycine [236,237]
secretory granules amides to amides and glyoxylate
mutations in the DBH
secretory vesicles of catalyzes the conversion of gene are associated
DBH central and peripheral ~ dopamine to norepinephrine and to with human [238,239]
nervous system [10,11] epinephrine norepinephrine
deficiency
Tyrosinase barely detectable, levels  catalyzes the production of melanin reduced level of 6]
y are not exactly defined from tyrosine via oxidation neuromelanin in SN
catalyzes the oxidation of primary .
AOC3, or CAO3 not clearly established amines to aldehydes, with the notpis:gggf;ed [240]

release of NH3 and H,O»

Remarks: SOD1: cytosolic Cu/Zn-superoxide dismutase; SOD3: extracellular Cu/Zn-superoxide dismu-
tase; COX: cytochrome-c-oxidase; PAM: peptidyl glycine alpha-amidating monooxygenase; DBH: dopamine-
beta-hydroxylase; O,°": superoxide radical; ETC: electron transport chain; AOC3—Amine oxidase (copper-
containing)/vascular adhesion protein 1 (AOC3/VAP1).

However, unlike the almost uniform distribution of copper in the liver [241], copper is
unevenly distributed across the regions of the brain; its distribution is not even uniform
within the regions [242,243]. If liver copper may be viewed as a transitional dynamic
pool, copper in the brain is more stationary. Copper metabolism in both organs changes
in ontogenesis; it is then classified into embryonal-type copper metabolism (ETCM) and
adult-type copper metabolism (ATCM), which have organ-specific traits (Table S2 in the
Supplementary Materials).

In the liver of newborns, expression of the Cp gene is low; Cp and copper concentra-
tions in blood serum comprise about 25-33% of the normal adult levels. The copper-to-Cp
ratio is about 7 ions per single molecule; 1-2 ions can be extracted by Chelex-100, a Cu(Il)-
specific chelating resin (for loosely bound copper atoms, see Table S3 in the Supplementary
Materials). ATP7B is not expressed in the liver in ETCM. The sole source of copper at this
stage is milk Cp. The synthesis of milk Cp by lactating mammary glands is tightly regu-
lated at the transcription level, so that the newborn receives a constant quantity of copper
per body mass [168,244]. As the pH values in the stomach and duodenum of newborns
are close to neutral, milk Cp is not degraded or stripped of its copper ions; instead, it is
transferred via transcytosis to the bloodstream, together with its copper load [182].
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The mechanism of copper delivery to the brain in ontogenesis is not sufficiently
studied. In early studies, the distribution of radiolabeled copper from intraperitoneal
[67Cu]Cl, injection in adult rats was assessed. It was shown that in the early stages of the
experiment, radioactive copper did not enter the brain. The label was rapidly detected
in the liver, while in the bloodstream, [¢/Cu] appeared 1.5 h after the injection, as part of
newly synthesized [Cu]Cp. It was only after the level of labeled Cp started to decline that
the label could be detected in the brain (3 h post-injection). The level of [ Cu] that entered
the brain then persisted and did not decline [245]. In an alternative approach, radiolabeled
[*H]Cp was injected intravenously into rats and the distribution of the [*'H]Cp peptide part
was monitored. Labeled Cp molecules were not detected in the brain [246]. These data
suggest that serum Cp takes part in copper delivery to brain tissues, but its polypeptide
does not cross the blood-brain barrier. Later, it was shown that “free” [**Cu] copper ions
injected into the brain via perfusion were more effectively absorbed by the choroid plexus
cells than copper from [**Culalbumin or [**Cu]Cp; however, copper delivered via [**Cu]Cp
was transported to the brain parenchyma cells [247,248]. It should be noted that in these
reconstruction experiments, liver copper metabolism was excluded; therefore, the amount
of copper absorbed from [6*Cu]Cl, could have been overestimated.

In newborns, copper is actively transported to the brain; its concentration in the brain
increases progressively up to 15-20 days after birth [249] (Table 54 in the Supplementary
Materials). The polypeptide part of milk Cp does not cross the blood-brain barrier, al-
though the latter has relatively high permeability at this stage of development [250]. Then,
the copper transport rate decreases, while the copper concentration remains relatively con-
stant [249] (Table S4). Ontogenetic variations of copper concentration in the choroid plexus
are remarkable, and are very similar to those in the liver (Table S2 in the Supplementary
Materials). In the cells of the choroid plexus, copper is accumulated during the first days
after birth, and then its concentration decreases abruptly. Here, the expression level of
both Cp-mRNA splice isoforms is the highest among other brain regions (Table S5 in the
Supplementary Materials), and both ATP7A and ATP7B are expressed (they are typically
co-expressed with GPI-Cp and secretory Cp, respectively) [247,251].

The gene of the CTR1 transporter, which is responsible for copper import and provides
copper for Cp synthesis, displays the highest expression level in the choroid plexus (Figure
56 in the Supplementary Materials). Throughout life, the Cp level in CSF remains very
low and does not correlate to Cp concentration in the circulation (Tables S3 and S6 in the
Supplementary Materials). All copper in the CSF is precipitated by antibodies with Cp,
i.e., the non-ceruloplasmin copper content is negligible. According to estimations, nine
to ten copper ions are bound to the Cp molecule, and up to four can be removed with
Chelex resin (Tables S3 and S6). These are evidence for the remarkably high content of
labile non-dialysable copper in CSF Cp. It is highly likely that CSF Cp plays an important
role in the delivery and excretion of copper to and from the cells of the nervous tissue
and provides copper homeostasis in the brain. Possibly, Cp also takes part in neuronal
differentiation and the formation of brain structures [252-254].

This consideration is supported by the data obtained from ATP7B—/— mice with
the systemic deletion of the ATP7B gene. The loss of ATP7B caused a disturbance in the
copper metabolism in the choroid plexus and copper and iron imbalance in the neurons
(in particular, it caused copper deficiency in the neurons), which was aggravated with
age [255]. Information about copper metabolism in the brain remains scarce; it does not
allow us to picture a map of copper transfer in the brain between neuronal cells, CSF,
and extracellular space. However, it allows us to outline a draft and to speculate that Cp,
originating from the cells of the choroid plexus and circulating in the CSF, plays a central
role in these events. Due to this finding, CMS Cp could possibly be the most valuable
marker of copper-associated PD.
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8. Conclusions

The cloning of the genes that are responsible for the development of Menkes disease
and WD, achieved in 1993, may be considered as the starting point for systematic intensive
research of copper metabolism [256-260]. The main achievement in this area is the identifi-
cation of a special group of “copper-associated diseases”, which comprise oncological [261],
cardiovascular [262], and metabolic disorders [263], as well as neurodegenerative diseases
caused by inherited abnormalities in copper metabolism [217,264-266] and /or acquired
copper homeostasis misbalance. PD is also attributed to this group [41,267].

In the final part of the presented article, which focuses on the role of copper imbalance
in the risk of developing PD, we highlight its major points.

First, although copper is a transition metal and can catalyze the formation of ROS,
neither increased environmental concentrations nor high dietary levels are associated with
a risk of developing PD. This is explained by the fact that mammals have several levels
of mechanisms for maintaining the homeostasis of essential and simultaneously toxic
copper ions.

Second, the risk of developing a copper imbalance is associated with inborn errors in
copper metabolism. These can have diverse manifestations: a decrease in holo-Cp level, a
lowered copper load of the Cp molecules, or a decrease in the labile copper ion count per
Cp molecule. This disrupts the functions of both molecular forms of Cp: ferroxidase and
the copper transporter. As a result, copper deficiency develops in the cells, along with a
simultaneous increase in iron concentration. Iron accumulation is an intrinsic feature of the
degenerating brain regions in Parkinson’s disease. Therefore, cells with a function that is
associated with cuproenzymes, such as SN cells, will die. In addition, neurodegeneration
in the SN may be the result of a strong redox pair, formed by iron itself and dopamine.

Third, we explain the dissonance between the small number of identified genetic cases
of PD, which are associated with copper imbalance and the change in copper status in about
one-third of patients with PD (Tables S7 and S8 in the Supplementary Materials; [131]) via
the insufficient study of the expression of the corresponding genes in patients with PD.
Progress can be made with the obligatory measurement of the markers of copper status in
terms of making a PD diagnosis.

Fourth, multiple pathways leading to the disruption of copper homeostasis may be
responsible for cases in which serum copper status indexes are not impaired; however, an
imbalance in copper in the CSF is observed. Unfortunately, very little research has been
devoted to this issue.

Fifth, if the multiple pathways of genes responsible for holo-Cp formation and their
multilevel regulation are considered, it may be supposed that holo-Cp and copper ions,
which are associated with it, may be valuable markers for PD. Therefore, they can perhaps
be used as prognostic markers for various subtypes of PD, similarly to the use of the
non-ceruloplasmin copper level in the discrimination of clinical subtypes of AD [204].

Mammalian models are mainly used to study the molecular genetic mechanisms of
PD development. However, their genetic complexity significantly complicates our under-
standing of primary disorders. Perhaps, progress in studying the role of copper imbalance
in the PD phenotype development will be facilitated by studies on the C. elegans model,
which is convenient for studying the role of copper dyshomeostasis because, like mammals,
they express the CTR1—+ATP7B/A— ATOX1—Cp axis from worm’s orthologues [268-270].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12091654/s1, Table S1. Features of neurological symptoms
in WD and PD patients. Figure S1. Flow chart of the review process for analysis of human serum
copper. Figure S2. Flow chart of the review process for analysis of human serum ceruloplasmin.
Table S2. The peculiarities of the copper metabolism during development in the rat liver and
brain. Table S3. The changes in copper and ceruloplasmin concentration in serum blood and
CSF during development. Table S4. Redistribution of copper in the brain regions of rats during
postnatal development. Table S5. Relative content (mRNA /actin mRNA) of mature transcription
products of the Cp and CTR1 genes in the brain regions of 10- and 120-day-old rats. Table Sé.
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Copper concentration in the CSF bound with ceruloplasmin. Table S7. Demographic and clinical
characteristics of the PD patients and healthy volunteers. Table S8. Copper status indexes in PD
patients (n = 50) and healthy volunteers (n = 50). Refs. [271-290] are cited in the Supplementary
Materials file.

Author Contributions: Conceptualization, L.V.P. and M.N K,; methodology, M.N.K., ZM.M., E.Y.L,
P.S.B. and L.V.P; software, M.N.K. and E.Y.I.; validation, M.N.K., ZM.M., E.Y.I., PS.B. and L.VP;
formal analysis, M.N.K. and E.Y.I; investigation, M.N.K., ZM.M.,, E.Y.I, PS.B. and L.V.P; resources,
MNK., ZMM., E.YI, PS.B. and L.V.P; data curation, M.N.K.,, ZM.M., E.YI., PS.B. and L.VP;
writing—original draft preparation, M.N.K. and L.V.P; writing—review and editing, M.N.K., ZM.M.,
E.YI, PS.B. and L.V.P; visualization, M.N.K., ZM.M., E.Y.I, PS.B. and L.V.P; supervision, L.V.P;
project administration, E.Y.I. and L.V.P;; funding acquisition, E.Y.I,, P.5.B. and L.V.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation (grant number 22-24-00762)
(L.V.P.), Russian Foundation for Basic Research (grant number 20-515-7813) (E.Y.I.), and the grant of
Ministry of Education of RF (VRFY-2023-0009) (P.S.B.).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Ethics Committee the Institute of
Experimental Medicine (protocols 1/20 of 27 February 2020 and 3/16 of 27 October 2016).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Simon, D.K,; Tanner, C.M.; Brundin, P. Parkinson disease epidemiology, pathology, genetics, and pathophysiology. Clin. Geriatr.
Med. 2020, 36, 1-12. [CrossRef] [PubMed]

2. Dickson, D.W. Parkinson’s disease and parkinsonism: Neuropathology. Cold Spring Harb. Perspect. Med. 2012, 2, a009258.
[CrossRef]

3. Zhang, PL.; Chen, Y.; Zhang, C.H.; Wang, Y.X,; Fernandez-Funez, P. Genetics of Parkinson’s disease and related disorders. J. Med.
Genet. 2018, 55, 73-80. [CrossRef] [PubMed]

4.  Schapira, A.H.V,; Chaudhuri, K.R.; Jenner, P. Non-motor features of Parkinson disease. Nat. Rev. Neurosci. 2017, 18, 435-450.
[CrossRef] [PubMed]

5. Kumaresan, M.; Khan, S. Spectrum of non-motor symptoms in Parkinson’s disease. Cureus 2021, 13, e13275. [CrossRef]

6. Nagatsu, T.; Nakashima, A.; Watanabe, H.; Ito, S.; Wakamatsu, K. Neuromelanin in Parkinson’s disease: Tyrosine hydroxylase
and tyrosinase. Int. J. Mol. Sci. 2022, 23, 4176. [CrossRef]

7. Dickson, D.W. Neuropathology of Parkinson disease. Parkinsonism Relat. Disord. 2018, 46, S30-S33. [CrossRef]

8. Ascherio, A.; Schwarzschild, M.A. The epidemiology of Parkinson’s disease: Risk factors and prevention. Lancet Neurol. 2016, 15,
1257-1272. [CrossRef]

9. Gonzalez-Alvarez, M.A.; Hernandez-Bonilla, D.; Plascencia-Alvarez, N.I; Riojas-Rodriguez, H.; Rosselli, D. Environmental and
occupational exposure to metals (manganese, mercury, iron) and Parkinson’s disease in low and middle-income countries: A
narrative review. Rev. Environ. Health 2021, 37, 1-11. [CrossRef]

10. Ullah, I; Zhao, L.; Hai, Y.; Fahim, M.; Alwayli, D.; Wang, X.; Li, H. Metal elements and pesticides as risk factors for Parkinson’s
disease—A review. Toxicol. Rep. 2021, 8, 607-616. [CrossRef]

11. Bougea, A. New markers in Parkinson’s disease. Adv. Clin. Chem. 2020, 96, 137-178. [CrossRef] [PubMed]

12.  Nandipati, S.; Litvan, I. Environmental exposures and Parkinson’s disease. Int. . Environ. Res. Public Health 2016, 13, 881.
[CrossRef]

13.  Martin-Jiménez, C.A.; Gaitan-Vaca, D.M.; Echeverria, V.; Gonzélez, J.; Barreto, G.E. Relationship between obesity, Alzheimer’s
disease, and Parkinson’s disease: An astrocentric View. Mol. Neurobiol. 2017, 54, 7096-7115. [CrossRef] [PubMed]

14. Bloem, B.R.; Okun, M.S.; Klein, C. Parkinson’s disease. Lancet 2021, 397, 2284-2303. [CrossRef]

15. Nikam, S.; Nikam, P.; Ahaley, S.K.; Sontakke, A.V. Oxidative stress in Parkinson’s disease. Indian J. Clin. Biochem. 2009, 24, 98-101.
[CrossRef]

16. De Iuliis, A.; Montinaro, E.; Fatati, G.; Plebani, M.; Colosimo, C. Diabetes mellitus and Parkinson’s disease: Dangerous liaisons
between insulin and dopamine. Neural Regen. Res. 2022, 17, 523-533. [CrossRef]

17. Cerri, S.; Mus, L.; Blandini, F. Parkinson’s Disease in women and men: What's the difference? J. Park. Dis. 2019, 9, 501-515.
[CrossRef]

18.  Funayama, M.; Nishioka, K.; Li, Y.; Hattori, N. Molecular genetics of Parkinson’s disease: Contributions and global trends. J.

Hum. Genet. 2023, 68, 125-130. [CrossRef]


https://doi.org/10.1016/j.cger.2019.08.002
https://www.ncbi.nlm.nih.gov/pubmed/31733690
https://doi.org/10.1101/cshperspect.a009258
https://doi.org/10.1136/jmedgenet-2017-105047
https://www.ncbi.nlm.nih.gov/pubmed/29151060
https://doi.org/10.1038/nrn.2017.62
https://www.ncbi.nlm.nih.gov/pubmed/28592904
https://doi.org/10.7759/cureus.13275
https://doi.org/10.3390/ijms23084176
https://doi.org/10.1016/j.parkreldis.2017.07.033
https://doi.org/10.1016/S1474-4422(16)30230-7
https://doi.org/10.1515/reveh-2020-0140
https://doi.org/10.1016/j.toxrep.2021.03.009
https://doi.org/10.1016/bs.acc.2019.12.001
https://www.ncbi.nlm.nih.gov/pubmed/32362317
https://doi.org/10.3390/ijerph13090881
https://doi.org/10.1007/s12035-016-0193-8
https://www.ncbi.nlm.nih.gov/pubmed/27796748
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.1007/s12291-009-0017-y
https://doi.org/10.4103/1673-5374.320965
https://doi.org/10.3233/JPD-191683
https://doi.org/10.1038/s10038-022-01058-5

Antioxidants 2023, 12, 1654 19 of 28

19.

20.

21.

22.
23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Fan, B.; Jabeen, R; Bo, B.; Guo, C.; Han, M.; Zhang, H.; Cen, J; Ji, X.; Wei, J. What and how can physical activity prevention
function on Parkinson’s disease? Oxid. Med. Cell. Longev. 2020, 2020, 4293071. [CrossRef] [PubMed]

Kobylecki, J.; Nordestgaard, B.G.; Afzal, S. Plasma urate and risk of Parkinson’s disease: A mendelian randomization study. Ann.
Neurol. 2018, 84, 178-190. [CrossRef]

Abbas, M.M.; Xu, Z.; Tan, L.C.S. Epidemiology of Parkinson’s disease-east versus west. Mov. Disord. Clin. Pract. 2017, 5, 14-28.
[CrossRef] [PubMed]

Lubbe, S.; Morris, H.R. Recent advances in Parkinson’s disease genetics. . Neurol. 2014, 261, 259-266. [CrossRef] [PubMed]
Nuytemans, K.; Theuns, J.; Cruts, M.; Van Broeckhoven, C. Genetic etiology of Parkinson disease associated with mutations in the
SNCA, PARK?2, PINK1, PARK?7, and LRRK2 genes: A mutation update. Hum. Mutat. 2010, 31, 763-780. [CrossRef] [PubMed]
Puschmann, A. new genes causing hereditary Parkinson’s disease or parkinsonism. Curr. Neurol. Neurosci. Rep. 2017, 17, 66.
[CrossRef]

Cherian, A.; Divya, K.P. Genetics of Parkinson’s disease. Acta Neurol. Belg. 2020, 120, 1297-1305. [CrossRef]

Shimura, H.; Hattori, N.; Kubo, S.; Mizuno, Y.; Asakawa, S.; Minoshima, S. Familial Parkinson disease gene product, parkin, is a
ubiquitin-protein ligase. Nat. Genet. 2000, 25, 302-305. [CrossRef]

Li, W,; Fu, Y,; Halliday, G.M.; Sue, C.M. PARK Genes link mitochondrial dysfunction and alpha-synuclein pathology in sporadic
Parkinson’s disease. Front. Cell. Dev. Biol. 2021, 9, 612476. [CrossRef]

Panicker, N.; Ge, P; Dawson, V.L.; Dawson, T.M. The cell biology of Parkinson’s disease. J. Cell Biol. 2021, 220, €202012095.
[CrossRef]

Day, ].O.; Mullin, S. The Genetics of Parkinson’s Disease and Implications for Clinical Practice. Genes 2021, 12, 1006. [CrossRef]
Fan, HH.; Li, B.Q.; Wu, K.Y;; Yan, H.D.; Gu, M.].; Yao, X.H.; Dong, H.J.; Zhang, X.; Zhu, ].H. Polymorphisms of Cytochromes P450
and Glutathione S-Transferases Synergistically Modulate Risk for Parkinson’s Disease. Front. Aging Neurosci. 2022, 14, 888942.
[CrossRef]

Lu, J.; Wu, M.; Yue, Z. Autophagy and Parkinson’s Disease. Adv. Exp. Med. Biol. 2020, 1207, 21-51. [CrossRef]

Singh, N.K.; Banerjee, B.D.; Bala, K.; Chhillar, M.; Chhillar, N. Gene-gene and gene-environment interaction on the risk of
Parkinson’s disease. Curr. Aging Sci. 2014, 7, 101-109. [CrossRef] [PubMed]

Tanner, C.M.; Ottman, R.; Goldman, S.M.; Ellenberg, J.; Chan, P.; Mayeux, R.; Langston, ].W. Parkinson disease in twins: 476 an
etiologic study. JAMA 1999, 281, 341-346. [CrossRef]

Goldman, M.; Marek, K.; Ottman, R.; Meng, C.; Comyns, K.; Chan, P; Ma, J.; Marras, C.; Langston, ].W.; Ross, G.W.; et al.
Concordance for Parkinson’s disease in twins: A 20-year update. Ann. Neurol. 2019, 85, 600-605. [CrossRef]

Bjorklund, G.; Stejskal, V.; Urbina, M.A.; Dadar, M.; Chirumbolo, S.; Mutter, ]. Metals and Parkinson’s Disease: Mechanisms and
Biochemical Processes. Curr. Med. Chem. 2018, 25, 2198-2214. [CrossRef]

Valko, M.; Morris, H.; Cronin, M.T. Metals, toxicity and oxidative stress. Curr. Med. Chem. 2005, 12, 1161-1208. [CrossRef]
[PubMed]

Zhang, D.; Gopalakrishnan, S.M.; Freiberg, G.; Surowy, C.S. A thallium transport FLIPR-based assay for the identification of
KCC2-positive modulators. J. Biomol. Screen. 2010, 15, 177-184. [CrossRef]

Skvortsov, A.N.; Ilyechova, E.Y.; Puchkova, L.V. Chemical background of silver nanoparticles interfering with mammalian copper
metabolism. J. Hazard. Mater. 2023, 451, 131093. [CrossRef]

Dudev, T.; Cheshmedzhieva, D.; Doudeva, L. Competition between abiogenic AIP* and native Mg2+, Fe?* and Zn?* ions in
protein binding sites: Implications for aluminum toxicity. J. Mol. Model. 2018, 24, 55. [CrossRef] [PubMed]

Alam, M.S.; Azam, S.; Pham, K,; Leyva, D.; Fouque, K.J.D.; Fernandez-Lima, F; Miksovska, J. Nanomolar affinity of EF-hands in
neuronal calcium sensor 1 for bivalent cations Pb,*, Mn,*, and Hgy. Metallomics 2022, 14, mfac039. [CrossRef]

Raj, K.; Kaur, P; Gupta, G.D.; Singh, S. Metals associated neurodegeneration in Parkinson’s disease: Insight to physiological,
pathological mechanisms and management. Neurosci. Lett. 2021, 753, 135873. [CrossRef]

Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R.; et al.
Mutation in the alpha-synuclein gene identified in families with Parkinson’s disease. Science 1997, 276, 2045-2047. [CrossRef]
[PubMed]

Burre, J.; Sharma, M.; Tsetsenis, T.; Buchman, V.; Etherton, M.R.; Stidhof, T.C. Alpha-synuclein promotes SNARE-complex
assembly in vivo and in vitro. Science 2010, 329, 1663-1667. [CrossRef]

van der Vlag, M.; Havekes, R.; Heckman, PR.A. The contribution of Parkin, PINK1 and DJ-1 genes to selective neuronal
degeneration in Parkinson’s disease. Eur. J. Neurosci. 2020, 52, 325. [CrossRef]

Orenstein, S.J.; Kuo, S.H.; Tasset, I.; Arias, E.; Koga, H.; Fernandez-Carasa, I.; Cortes, E.; Honig, L.S.; Dauer, W.; Consiglio, A.; et al.
Interplay of LRRK2 with chaperone-mediated autophagy. Nat. Neurosci. 2013, 16, 394—406. [CrossRef] [PubMed]

Wang, X.L.; Feng, S.T.; Wang, Y.T,; Yuan, Y.H.; Li, Z.P.; Chen, N.H.; Wang, Z.Z.; Zhang, Y. Mitophagy, a Form of Selective
Autophagy, Plays an Essential Role in Mitochondrial Dynamics of Parkinson’s Disease. Cell. Mol. Neurobiol. 2022, 42, 1321-1339.
[CrossRef] [PubMed]

Rahman, A.A.; Morrison, B.E. Contributions of VPS35 Mutations to Parkinson’s Disease. Neuroscience 2019, 401, 1-10. [CrossRef]
Sassone, J.; Reale, C.; Dati, D.; Regoni, M.; Pellecchia, M.T.; Garavaglia, B. The Role of VPS35 in the Pathobiology of Parkinson’s
Disease. Cell. Mol. Neurobiol. 2021, 41, 199-227. [CrossRef]


https://doi.org/10.1155/2020/4293071
https://www.ncbi.nlm.nih.gov/pubmed/32215173
https://doi.org/10.1002/ana.25292
https://doi.org/10.1002/mdc3.12568
https://www.ncbi.nlm.nih.gov/pubmed/30363342
https://doi.org/10.1007/s00415-013-7003-2
https://www.ncbi.nlm.nih.gov/pubmed/23798000
https://doi.org/10.1002/humu.21277
https://www.ncbi.nlm.nih.gov/pubmed/20506312
https://doi.org/10.1007/s11910-017-0780-8
https://doi.org/10.1007/s13760-020-01473-5
https://doi.org/10.1038/77060
https://doi.org/10.3389/fcell.2021.612476
https://doi.org/10.1083/jcb.202012095
https://doi.org/10.3390/genes12071006
https://doi.org/10.3389/fnagi.2022.888942
https://doi.org/10.1007/978-981-15-4272-5_2
https://doi.org/10.2174/1874609807666140805123621
https://www.ncbi.nlm.nih.gov/pubmed/25101650
https://doi.org/10.1001/jama.281.4.341
https://doi.org/10.1002/ana.25441
https://doi.org/10.2174/0929867325666171129124616
https://doi.org/10.2174/0929867053764635
https://www.ncbi.nlm.nih.gov/pubmed/15892631
https://doi.org/10.1177/1087057109355708
https://doi.org/10.1016/j.jhazmat.2023.131093
https://doi.org/10.1007/s00894-018-3592-0
https://www.ncbi.nlm.nih.gov/pubmed/29445953
https://doi.org/10.1093/mtomcs/mfac039
https://doi.org/10.1016/j.neulet.2021.135873
https://doi.org/10.1126/science.276.5321.2045
https://www.ncbi.nlm.nih.gov/pubmed/9197268
https://doi.org/10.1126/science.1195227
https://doi.org/10.1111/ejn.14689
https://doi.org/10.1038/nn.3350
https://www.ncbi.nlm.nih.gov/pubmed/23455607
https://doi.org/10.1007/s10571-021-01039-w
https://www.ncbi.nlm.nih.gov/pubmed/33528716
https://doi.org/10.1016/j.neuroscience.2019.01.006
https://doi.org/10.1007/s10571-020-00849-8

Antioxidants 2023, 12, 1654 20 of 28

49.

50.

51.

52.

53.

54.

55.
56.

57.
58.
59.
60.

61.
62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Do, J.; McKinney, C.; Sharma, P.; Sidransky, E. Glucocerebrosidase and its relevance to Parkinson disease. Mol. Neurodegeer. 2019,
14, 36. [CrossRef]

Dandana, A.; Ben Khelifa, S.; Chahed, H.; Miled, A.; Ferchichi, S. Gaucher Disease: Clinical, Biological and Therapeutic Aspects.
Pathobiology 2016, 83, 13-23. [CrossRef]

Mori, A.; Hatano, T.; Inoshita, T.; Shiba-Fukushima, K.; Koinuma, T.; Meng, H.; Kubo, S.I; Spratt, S.; Cui, C.; Yamashita, C.; et al.
Parkinson’s disease-associated iPLA2-VIA/PLA2G6 regulates neuronal functions and a-synuclein stability through membrane
remodeling. Proc. Natl. Acad. Sci. USA 2019, 116, 20689-20699. [CrossRef] [PubMed]

Zhang, Y. Trace elements and healthcare: A bioinformatics perspective. Adv. Exp. Med. Biol. 2017, 1005, 63-98. [CrossRef]
Wada, U. What are trace elements? Their deficiency and excess states. JMA]J 2004, 47, 351-358.

Mezzaroba, L.; Alfieri, D.F.; Colado Simao, A.N.; Vissoci Reiche, E.M. The role of zinc, copper, manganese and iron in neurode-
generative diseases. Neurotoxicology 2019, 74, 230-241. [CrossRef] [PubMed]

Baltaci, A.K.; Yuce, K. Zinc Transporter Proteins. Neurochem. Res. 2018, 43, 517-530. [CrossRef]

Vogt, A.S.; Arsiwala, T.; Mohsen, M.; Vogel, M.; Manolova, V.; Bachmann, M.F. On Iron Metabolism and Its Regulation. Int. ]. Mol.
Sci. 2021, 22, 4591. [CrossRef] [PubMed]

Lutsenko, S. Dynamic and cell-specific transport networks for intracellular copper ions. J. Cell Sci. 2021, 134, jcs240523. [CrossRef]
Chen, P;; Bornhorst, J.; Aschner, M. Manganese metabolism in humans. Front. Biosci. 2018, 23, 1655-1679. [CrossRef]

Merry, R.H.; Reuter, D.J.; Tiller, K.G.; Young, G.J. Possible contributions of nutritional interactions to copper deficiency in
ruminants in South Australia. Aust. J. Exp. Agric. Anim. Husb. 1983, 23, 24-29. [CrossRef]

Miyake, Y.; Tanaka, K.; Fukushima, W.; Sasaki, S.; Kiyohara, C.; Tsuboi, Y.; Yamada, T.; Oeda, T.; Miki, T.; Kawamura, N.; et al.
Dietary intake of metals and risk of Parkinson’s disease: A case-control study in Japan. J. Neurol. Sci. 2011, 306, 98-102. [CrossRef]
Kaler, S.G. Inborn errors of copper metabolism. Handb. Clin. Neurol. 2013, 113, 1745-1754. [CrossRef] [PubMed]

Roembhild, K.; von Maltzahn, F.; Weiskirchen, R.; Kntichel, R.; von Stillfried, S.; Lammers, T. Iron metabolism: Pathophysiology
and pharmacology. Trends Pharmacol. Sci. 2021, 42, 640-656. [CrossRef]

Prasad, A.S. Discovery of human zinc deficiency: Its impact on human health and disease. Adv. Nutr. 2013, 4, 176-190. [CrossRef]
Zogzas, C.E.; Mukhopadhyay, S. Inherited Disorders of Manganese Metabolism. Adv. Neurobiol. 2017, 18, 35-49. [CrossRef]
[PubMed]

Guan, X,; Bai, X.; Zhou, C,; Guo, T.; Wu, J.; Gu, L.; Gao, T.; Wang, X.; Wei, H.; Zhang, Y.; et al. Serum ceruloplasmin depletion is
associated with magnetic resonance evidence of widespread accumulation of brain iron in Parkinson’s disease. ]. Magn. Reson.
Imaging 2021, 54, 1098-1106. [CrossRef] [PubMed]

Mahoney-Sanchez, L.; Bouchaoui, H.; Ayton, S.; Devos, D.; Duce, J.A.; Devedjian, ].C. Ferroptosis and its potential role in the
physiopathology of Parkinson’s Disease. Prog. Neurobiol. 2021, 196, 101890. [CrossRef]

Montes, S.; Rivera-Mancia, S.; Diaz-Ruiz, A.; Tristan-Lopez, L.; Rios, C. Copper and copper proteins in Parkinson’s disease. Oxid.
Med. Cell. Longev. 2014, 2014, 147251. [CrossRef]

Doguer, C.; Ha, ].H.; Collins, J.F. Intersection of Iron and Copper Metabolism in the Mammalian Intestine and Liver. Compr.
Physiol. 2018, 8, 1433-1461. [CrossRef] [PubMed]

Gromadzka, G.; Tarnacka, B.; Flaga, A.; Adamczyk, A. Copper Dyshomeostasis in Neurodegenerative Diseases-Therapeutic
Implications. Int. J. Mol. Sci. 2020, 21, 9259. [CrossRef] [PubMed]

Tishchenko, K.I.; Beloglazkina, E.K.; Mazhuga, A.G.; Zyk, N.V. Copper containing enzymes: Site types and low-molecular-weight
model compounds. Rev. . Chem. 2016, 6, 49-82. [CrossRef]

Horn, N.; Wittung-Stafshede, P. ATP7A-Regulated Enzyme Metalation and Trafficking in the Menkes Disease Puzzle. Biomedicines
2021, 9, 391. [CrossRef]

Jomova, K.; Makova, M.; Alomar, S.Y.; Alwasel, S.H.; Nepovimova, E.; Kuca, K.; Rhodes, C.J.; Valko, M. Essential metals in health
and disease. Chem. Biol. Interact. 2022, 367, 110173. [CrossRef]

Rigiracciolo, D.C.; Scarpelli, A.; Lappano, R.; Pisano, A.; Santolla, M.E; De Marco, P,; Cirillo, F.; Cappello, A.R.; Dolce, V.; Belfiore,
A.; et al. Copper activates HIF-1oc/ GPER/VEGEF signalling in cancer cells. Oncotarget 2015, 6, 34158-34177. [CrossRef] [PubMed]
Ruiz, L.M.; Libedinsky, A.; Elorza, A.A. Role of Copper on Mitochondrial Function and Metabolism. Front. Mol. Biosci. 2021,
8,711227. [CrossRef]

Ackerman, C.M.; Chang, C.]J. Copper signaling in the brain and beyond. J. Biol. Chem. 2018, 293, 4628-4635. [CrossRef] [PubMed]
Tsang, T.; Davis, C.I; Brady, D.C. Copper biology. Curr. Biol. 2021, 31, R421-R427. [CrossRef]

Muller, P.A.; Klomp, L.W. ATOX1: A novel copper-responsive transcription factor in mammals? Int. J. Biochem. Cell Biol. 2009, 41,
1233-1236. [CrossRef]

Wu, Z.; Zhang, W.; Kang, Y.J. Copper affects the binding of HIF-1« to the critical motifs of its target genes. Metallomics 2019, 11,
429-438. [CrossRef] [PubMed]

Formigari, A.; Gregianin, E.; Irato, P. The effect of zinc and the role of p53 in copper-induced cellular stress responses. J. Appl.
Toxicol. 2013, 33, 527-536. [CrossRef]

Chen, C.H.; Chou, Y.T.; Yang, YW.; Lo, K.Y. High-dose copper activates p53-independent apoptosis through the induction of
nucleolar stress in human cell lines. Apoptosis 2021, 26, 612-627. [CrossRef]

Yuan, S.; Chen, S.; Xi, Z.; Liu, Y. Copper-finger protein of Sp1: The molecular basis of copper sensing. Metallomics 2017, 9,
1169-1175. [CrossRef] [PubMed]


https://doi.org/10.1186/s13024-019-0336-2
https://doi.org/10.1159/000440865
https://doi.org/10.1073/pnas.1902958116
https://www.ncbi.nlm.nih.gov/pubmed/31548400
https://doi.org/10.1007/978-981-10-5717-5_4
https://doi.org/10.1016/j.neuro.2019.07.007
https://www.ncbi.nlm.nih.gov/pubmed/31377220
https://doi.org/10.1007/s11064-017-2454-y
https://doi.org/10.3390/ijms22094591
https://www.ncbi.nlm.nih.gov/pubmed/33925597
https://doi.org/10.1242/jcs.240523
https://doi.org/10.2741/4665
https://doi.org/10.1071/EA9830024
https://doi.org/10.1016/j.jns.2011.03.035
https://doi.org/10.1016/B978-0-444-59565-2.00045-9
https://www.ncbi.nlm.nih.gov/pubmed/23622398
https://doi.org/10.1016/j.tips.2021.05.001
https://doi.org/10.3945/an.112.003210
https://doi.org/10.1007/978-3-319-60189-2_3
https://www.ncbi.nlm.nih.gov/pubmed/28889262
https://doi.org/10.1002/jmri.27680
https://www.ncbi.nlm.nih.gov/pubmed/33949744
https://doi.org/10.1016/j.pneurobio.2020.101890
https://doi.org/10.1155/2014/147251
https://doi.org/10.1002/cphy.c170045
https://www.ncbi.nlm.nih.gov/pubmed/30215866
https://doi.org/10.3390/ijms21239259
https://www.ncbi.nlm.nih.gov/pubmed/33291628
https://doi.org/10.1134/S2079978016010027
https://doi.org/10.3390/biomedicines9040391
https://doi.org/10.1016/j.cbi.2022.110173
https://doi.org/10.18632/oncotarget.5779
https://www.ncbi.nlm.nih.gov/pubmed/26415222
https://doi.org/10.3389/fmolb.2021.711227
https://doi.org/10.1074/jbc.R117.000176
https://www.ncbi.nlm.nih.gov/pubmed/29084848
https://doi.org/10.1016/j.cub.2021.03.054
https://doi.org/10.1016/j.biocel.2008.08.001
https://doi.org/10.1039/C8MT00280K
https://www.ncbi.nlm.nih.gov/pubmed/30566157
https://doi.org/10.1002/jat.2854
https://doi.org/10.1007/s10495-021-01692-y
https://doi.org/10.1039/C7MT00184C
https://www.ncbi.nlm.nih.gov/pubmed/28759062

Antioxidants 2023, 12, 1654 21 of 28

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

James Theoga Raj, C.; Croft, T.; Venkatakrishnan, P.; Growth, B.; Dhugga, G.; Cater, T; Lin, S.]. The copper-sensing transcription
factor Macl, the histone deacetylase Hst1, and nicotinic acid regulate de novo NAD+ biosynthesis in budding yeast. ]. Biol. Chem.
2019, 294, 5562-5575. [CrossRef] [PubMed]

Bharathi Devi, S.R.; Dhivya, M.A.; Sulochana, K.N. Copper transporters and chaperones: Their function on angiogenesis and
cellular signalling. J. Biosci. 2016, 41, 487-496. [CrossRef] [PubMed]

Krishnamoorthy, L.; Cotruvo, J.A., Jr.; Chan, J.; Kaluarachchi, H.; Muchenditsi, A.; Pendyala, V.S;; Jia, S.; Aron, A.T.; Ackerman,
C.M.; Wal, M.N,; et al. Copper regulates cyclic-:AMP-dependent lipolysis. Nat. Chem. Biol. 2016, 12, 586-592. [CrossRef] [PubMed]
Haag, F.; Ahmed, L.; Reiss, K.; Block, E.; Batista, V.S.; Krautwurst, D. Copper-mediated thiol potentiation and mutagenesis-guided
modeling suggest a highly conserved copper-binding motif in human OR2M3. Cell. Mol. Life Sci. 2020, 77, 2157-2179. [CrossRef]
Qin, X.Y,; Wang, Y.N.; Yang, X.P; Liang, J.].; Liu, J.L.; Luo, Z.H. Synthesis, characterization, and anticancer activity of two mixed
ligand copper(ii) complexes by regulating the VEGF/VEGFR?2 signaling pathway. Dalton Trans. 2017, 46, 16446-16454. [CrossRef]
Polishchuk, E.V.; Merolla, A.; Lichtmannegger, J.; Romano, A.; Indrieri, A.; Ilyechova, E.Y.; Concilli, M.; De Cegli, R.; Crispino,
R.; Mariniello, M.; et al. Activation of autophagy, observed in liver tissues from patients with Wilson disease and from ATP7B-
deficient animals, protects hepatocytes from copper-induced apoptosis. Gastroenterology 2019, 156, 1173-1189.e5. [CrossRef]
Tsvetkov, P.; Coy, S.; Petrova, B.; Dreishpoon, M.; Verma, A.; Abdusamad, M.; Rossen, J.; Joesch-Cohen, L.; Humeidi, R.; Spang]er,
R.D.; et al. Copper induces cell death by targeting lipoylated TCA cycle proteins. Science 2022, 375, 1254-1261. [CrossRef]
Mathie, A.; Sutton, G.L.; Clarke, C.E.; Veale, E.L. Zinc and copper: Pharmacological probes and endogenous modulators of
neuronal excitability. Pharmacol. Ther. 2006, 111, 567-583. [CrossRef]

An, Y; Li, S; Huang, X.; Chen, X,; Shan, H.; Zhang, M. The role of copper homeostasis in brain disease. Int. ]. Mol. Sci. 2022,
23, 13850. [CrossRef]

Rubino, ].T.; Franz, K.J. Coordination chemistry of copper proteins: How nature handles a toxic cargo for essential function. J.
Inorg. Biochem. 2012, 107, 129-143. [CrossRef] [PubMed]

Boal, A.K.; Rosenzweig, A.C. Structural biology of copper trafficking. Chem. Rev. 2009, 109, 4760-4779. [CrossRef] [PubMed]
Rae, T.D.; Schmidt, PJ.; Pufahl, R.A.; Culotta, V.C.; O’'Halloran, T.V. Undetectable intracellular free copper: The requirement of a
copper chaperone for superoxide dismutase. Science 1999, 284, 805-808. [CrossRef] [PubMed]

Chen, J; Jiang, Y.; Shi, H.; Peng, Y.; Fan, X.; Li, C. The molecular mechanisms of copper metabolism and its roles in human
diseases. Pflugers Arch. 2020, 472, 1415-1429. [CrossRef]

Prashanth, L.; Kattapagari, K.K.; Chitturi, R.T.; Baddam, V.R.; Prasad, L.K. A review on role of essential trace elements in health
and disease. J. Dr. NTR Univ. Health Sci. 2015, 4, 75-85.

Zimnicka, AM.; Ivy, K; Kaplan, J.H. Acquisition of dietary copper: A role for anion transporters in intestinal apical copper
uptake. Am. J. Physiol. Cell Physiol. 2011, 300, C588—C599. [CrossRef]

Schulte, N.B.; Pushie, M.].; Martinez, A.; Sendzik, M.; Escobedo, M.; Kuter, K.; Haas, K.L. Exploration of the potential role of
serum albumin in the delivery of Cu(l) to Ctrl. Inorg. Chem. 2023, 62, 4021-4034. [CrossRef]

Besold, A.N.; Shanbhag, V.; Petris, M.].; Culotta, V.C. Ceruloplasmin as a source of Cu for a fungal pathogen. J. Inorg. Biochem.
2021, 219, 111424. [CrossRef]

Kang, Y.J. Metallothionein redox cycle and function. Exp. Biol. Med. 2006, 231, 1459-1467. [CrossRef]

Knopfel, M.; Solioz, M. Characterization of a cytochrome b(558) ferric/cupric reductase from rabbit duodenal brush border
membranes. Biochem. Biophys. Res. Commun. 2002, 291, 220-225. [CrossRef]

Ttumer, Z.; Mgller, L.B. Menkes disease. Eur. |. Hum. Genet. 2010, 18, 511-518. [CrossRef] [PubMed]

Lutsenko, S.; Gupta, A.; Burkhead, J.L.; Zuzel, V. Cellular multitasking: The dual role of human Cu-ATPases in cofactor delivery
and intracellular copper balance. Arch. Biochem. Biophys. 2008, 476, 22-32. [CrossRef] [PubMed]

Kotuniak, R.; Bal, W. Kinetics of Cu(Il) complexation by ATCUN/NTS and related peptides: A gold mine of novel ideas for
copper biology. Dalton Trans. 2021, 51, 14-26. [CrossRef] [PubMed]

Liu, N; Lo, L.S.; Askary, S.H.; Jones, L.; Kidane, T.Z.; Trang, T.; Nguyen, M.; Goforth, J.; Chu, Y.H,; Vivas, E.; et al. Transcuprein is
a macroglobulin regulated by copper and iron availability. J. Nutr. Biochem. 2007, 18, 597-608. [CrossRef]

Coan, M.H.; Roberts, R.C. A redetermination of the concentration of alpha 2-macroglobulin in human plasma. Biol. Chem. Hoppe
Seyler 1989, 370, 673-676. [CrossRef]

Linder, M.C. Ceruloplasmin and other copper binding components of blood plasma and their functions: An update. Metallomics
2016, 8, 887-905. [CrossRef]

Stefaniak, E.; Ptonka, D.; Drew, S.C.; Bossak-Ahmad, K.; Haas, K.L.; Pushie, M.].; Faller, P.; Wezynfeld, N.E.; Bal, W. The
N-terminal 14-mer model peptide of human Ctrl can collect Cu(ii) from albumin. Implications for copper uptake by Ctrl.
Metallomics 2018, 10, 1723-1727. [CrossRef]

Narita, M.; Holtzman, D.M.; Schwartz, A.L.; Bu, G. Alpha2-macroglobulin complexes with and mediates the endocytosis
of beta-amyloid peptide via cell surface low-density lipoprotein receptor-related protein. J. Neurochem. 1997, 69, 1904-1911.
[CrossRef]

Xu, M.; Evans, L.; Bizzaro, C.L.; Quaglia, E; Verrillo, C.E.; Li, L.; Stieglmaier, J.; Schiewer, M.]J.; Languino, L.R.; Kelly, WK.
STEAP1-4 (Six-Transmembrane Epithelial Antigen of the Prostate 1-4) and Their Clinical Implications for Prostate Cancer. Cancers
2022, 14, 4034. [CrossRef]


https://doi.org/10.1074/jbc.RA118.006987
https://www.ncbi.nlm.nih.gov/pubmed/30760525
https://doi.org/10.1007/s12038-016-9629-6
https://www.ncbi.nlm.nih.gov/pubmed/27581939
https://doi.org/10.1038/nchembio.2098
https://www.ncbi.nlm.nih.gov/pubmed/27272565
https://doi.org/10.1007/s00018-019-03279-y
https://doi.org/10.1039/C7DT03242K
https://doi.org/10.1053/j.gastro.2018.11.032
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1016/j.pharmthera.2005.11.004
https://doi.org/10.3390/ijms232213850
https://doi.org/10.1016/j.jinorgbio.2011.11.024
https://www.ncbi.nlm.nih.gov/pubmed/22204943
https://doi.org/10.1021/cr900104z
https://www.ncbi.nlm.nih.gov/pubmed/19824702
https://doi.org/10.1126/science.284.5415.805
https://www.ncbi.nlm.nih.gov/pubmed/10221913
https://doi.org/10.1007/s00424-020-02412-2
https://doi.org/10.1152/ajpcell.00054.2010
https://doi.org/10.1021/acs.inorgchem.2c03753
https://doi.org/10.1016/j.jinorgbio.2021.111424
https://doi.org/10.1177/153537020623100903
https://doi.org/10.1006/bbrc.2002.6423
https://doi.org/10.1038/ejhg.2009.187
https://www.ncbi.nlm.nih.gov/pubmed/19888294
https://doi.org/10.1016/j.abb.2008.05.005
https://www.ncbi.nlm.nih.gov/pubmed/18534184
https://doi.org/10.1039/D1DT02878B
https://www.ncbi.nlm.nih.gov/pubmed/34816848
https://doi.org/10.1016/j.jnutbio.2006.11.005
https://doi.org/10.1515/bchm3.1989.370.2.673
https://doi.org/10.1039/C6MT00103C
https://doi.org/10.1039/C8MT00274F
https://doi.org/10.1046/j.1471-4159.1997.69051904.x
https://doi.org/10.3390/cancers14164034

Antioxidants 2023, 12, 1654 22 of 28

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

Ohrvik, H.; Thiele, D.J. The role of Ctrl and Ctr2 in mammalian copper homeostasis and platinum-based chemotherapy. J. Trace
Elem. Med. Biol. 2015, 31, 178-182. [CrossRef]

Barros, M.H.; McStay, G.P. Modular biogenesis of mitochondrial respiratory complexes. Mitochondrion 2020, 50, 94-114. [CrossRef]
[PubMed]

Cobine, P.A.; Moore, S.A.; Leary, S.C. Getting out what you put in: Copper in mitochondria and its impacts on human disease.
Biochim. Biophys. Acta Mol. Cell Res. 2021, 1868, 118867. [CrossRef] [PubMed]

Hatori, Y.; Lutsenko, S. The Role of copper chaperone Atox1 in coupling redox homeostasis to intracellular copper distribution.
Antioxidants 2016, 5, 25. [CrossRef]

Chen, L.; Li, N.; Zhang, M.; Sun, M,; Bian, J.; Yang, B.; Li, Z.; Wang, ]J.; Li, F.; Shi, X.; et al. APEX2-based proximity labeling of
Atox1 identifies CRIP2 as a nuclear copper-binding protein that regulates autophagy activation. Angew. Chem. Int. Ed. Engl. 2021,
60, 25346-25355. [CrossRef] [PubMed]

Arioz, C.; Li, Y.; Wittung-Stafshede, P. The six metal binding domains in human copper transporter, ATP7B: Molecular biophysics
and disease-causing mutations. Biometals 2017, 30, 823-840. [CrossRef]

Zaccak, M.; Qasem, Z.; Gevorkyan-Airapetov, L.; Ruthstein, S. An EPR Study on the Interaction between the Cu(I) Metal Binding
Domains of ATP7B and the Atox1 Metallochaperone. Int. J. Mol. Sci. 2020, 21, 5536. [CrossRef]

Czlonkowska, A.; Litwin, T.; Dusek, P.; Ferenci, P.; Lutsenko, S.; Medici, V.; Rybakowski, ].K.; Weiss, K.H.; Schilsky, M.L. Wilson
disease. Nat. Rev. Dis. Primers 2018, 4, 21. [CrossRef]

Kelly, C.; Pericleous, M. Wilson disease: More than meets the eye. Postgrad. Med. J. 2018, 94, 335-347. [CrossRef]

Helman, S.L.; Zhou, J.; Fuqua, B.K; Lu, Y.; Collins, J.E; Chen, H.; Vulpe, C.D.; Anderson, G.J.; Frazer, D.M. The biology of
mammalian multi-copper ferroxidases. Biometals 2023, 36, 263-281. [CrossRef]

Hellman, N.E,; Gitlin, ].D. Ceruloplasmin metabolism and function. Annu. Rev. Nutr. 2002, 22, 439-458. [CrossRef]

Puchkova, L.V,; Aleinikova, T.D.; Tsymbalenko, N.V.; Zakharova, E.T.; Konopistseva, L.A.; Chebotar’, N.A.; Gaitskhoki, V.S.
Biosynthesis and secretion of ceruloplasmin by rat mammary cells during lactation. Biokhimiia 1994, 59, 296-303. [PubMed]
Platonova, N.A.; Barabanova, S.V.; Povalikhin, R.G.; Tsymbalenko, N.V.; Danilovskii, M.A.; Voronina, O.V.; Dorokhova, LL;
Puchkova, L.V. [In vivo expression of copper transporting proteins in rat brain sections]. Izv. Akad. Nauk. Ser. Biol. 2005, 2,
141-154.

Bartee, M.Y.; Lutsenko, S. Hepatic copper-transporting ATPase ATP7B: Function and inactivation at the molecular and cellular
level. Biometals 2007, 20, 627-637. [CrossRef] [PubMed]

Braiterman, L.; Nyasae, L.; Guo, Y.; Bustos, R.; Lutsenko, S.; Hubbard, A. Apical targeting and Golgi retention signals reside
within a 9-amino acid sequence in the copper-ATPase, ATP7B. Am. |. Physiol. Gastrointest. Liver Physiol. 2009, 296, G433-G444.
[CrossRef]

Bernevic, B.; El-Khatib, A.H.; Jakubowski, N.; Weller, M.G. Online immunocapture ICP-MS for the determination of the
metalloprotein ceruloplasmin in human serum. BMC Res. Notes 2018, 11, 213. [CrossRef]

Ramos, D.; Mar, D.; Ishida, M.; Vargas, R.; Gaite, M.; Montgomery, A.; Linder, M.C. Mechanism of copper uptake from blood
plasma ceruloplasmin by mammalian cells. PLoS ONE 2016, 11, e0149516. [CrossRef]

Harvey, L.].; Ashton, K.; Hooper, L.; Casgrain, A.; Fairweather-Tait, S.J. Methods of assessment of copper status in humans: A
systematic review. Am. J. Clin. Nutr. 2009, 89, 20095-2024S. [CrossRef]

Fatemi, N.; Sarkar, B. Structural and functional insights of Wilson disease copper-transporting ATPase. ]. Bioenerg. Biomembr.
2002, 34, 339-349. [CrossRef]

Terada, K.; Schilsky, M.L.; Miura, N.; Sugiyama, T. ATP7B (WND) protein. Int. J. Biochem. Cell Biol. 1998, 30, 1063-1067. [CrossRef]
Kristinsson, J.; Snaedal, J.; Térsdottir, G.; Johannesson, T. Ceruloplasmin and iron in Alzheimer’s disease and Parkinson’s disease:
A synopsis of recent studies. Neuropsychiatr. Dis. Treat. 2012, 8, 515-521. [CrossRef]

Ilyechova, E.Y.; Miliukhina, I.V,; Orlov, L. A.; Muruzheva, Z.M.; Puchkova, L.V,; Karpenko, M.N. A low blood copper concentration
is a co-morbidity burden factor in Parkinson’s disease development. Neurosci. Res. 2018, 135, 54-62. [CrossRef]

Karpenko, M.N; Ilyicheva, E.Y.; Muruzheva, Z.M.; Milyukhina, I.V.; Orlov, Y.A.; Puchkova, L.V. Role of copper dyshomeostasis
in the pathogenesis of Parkinson’s disease. Bull. Exp. Biol. Med. 2018, 164, 596-600. [CrossRef] [PubMed]

Johnson, S. Is Parkinson’s disease the heterozygote form of Wilson’s disease: PD =1/2 WD? Med. Hypotheses 2001, 56, 171-173.
[CrossRef] [PubMed]

Sechi, G.; Antonio Cocco, G.; Errigo, A.; Deiana, L.; Rosati, G.; Agnetti, V.; Stephen Paulus, K.; Mario Pes, G. Three sisters with
very-late-onset major depression and parkinsonism. Park. Relat. Disord. 2007, 13, 122-125. [CrossRef] [PubMed]

Gasca-Salas, C.; Alonso, A.; Gonzalez-Redondo, R.; Obeso, ]J.A. Coexisting Parkinson’s and Wilson’s disease: Chance or
connection? Can. . Neurol. Sci. 2017, 44, 215-218. [CrossRef]

Moller, J.C.; Leinweber, B.; Rissling, I.; Oertel, W.H.; Bandmann, O.; Schmidt, H.H. Prevalence of the H1069Q mutation in ATP7B
in discordant pairs with early-onset Parkinson’s disease. Mov. Disord. 2006, 21, 1789-1790. [CrossRef] [PubMed]
Gaweda-Walerych, K;; Sitek, E.J.; Borczyk, M.; Narozariska, E.; Brockhuis, B.; Korostyniski, M.; Schinwelski, M.; Sieminiski, M.;
Stawek, J.; Zekanowski, C. A Patient with Corticobasal Syndrome and progressive non-fluent aphasia (CBS-PNFA), with variants
in ATP7B, SETX, SORL1, and FOXP1 genes. Genes 2022, 13, 2361. [CrossRef]

Ilyechova, E.Y.; Miliukhina, I.V.; Karpenko, M.N.; Orlov, L. A_; Puchkova, L.V.; Samsonov, S.A. Case of early-onset Parkinson’s
disease in a heterozygous mutation carrier of the ATP7B gene. |. Pers. Med. 2019, 9, 41. [CrossRef]


https://doi.org/10.1016/j.jtemb.2014.03.006
https://doi.org/10.1016/j.mito.2019.10.008
https://www.ncbi.nlm.nih.gov/pubmed/31669617
https://doi.org/10.1016/j.bbamcr.2020.118867
https://www.ncbi.nlm.nih.gov/pubmed/32979421
https://doi.org/10.3390/antiox5030025
https://doi.org/10.1002/anie.202108961
https://www.ncbi.nlm.nih.gov/pubmed/34550632
https://doi.org/10.1007/s10534-017-0058-2
https://doi.org/10.3390/ijms21155536
https://doi.org/10.1038/s41572-018-0018-3
https://doi.org/10.1136/postgradmedj-2017-135381
https://doi.org/10.1007/s10534-022-00370-z
https://doi.org/10.1146/annurev.nutr.22.012502.114457
https://www.ncbi.nlm.nih.gov/pubmed/8155789
https://doi.org/10.1007/s10534-006-9074-3
https://www.ncbi.nlm.nih.gov/pubmed/17268820
https://doi.org/10.1152/ajpgi.90489.2008
https://doi.org/10.1186/s13104-018-3324-7
https://doi.org/10.1371/journal.pone.0149516
https://doi.org/10.3945/ajcn.2009.27230E
https://doi.org/10.1023/A:1021245902195
https://doi.org/10.1016/S1357-2725(98)00073-9
https://doi.org/10.2147/NDT.S34729
https://doi.org/10.1016/j.neures.2017.11.011
https://doi.org/10.1007/s10517-018-4039-4
https://www.ncbi.nlm.nih.gov/pubmed/29577200
https://doi.org/10.1054/mehy.2000.1134
https://www.ncbi.nlm.nih.gov/pubmed/11425282
https://doi.org/10.1016/j.parkreldis.2006.03.009
https://www.ncbi.nlm.nih.gov/pubmed/16737839
https://doi.org/10.1017/cjn.2016.327
https://doi.org/10.1002/mds.21066
https://www.ncbi.nlm.nih.gov/pubmed/16941464
https://doi.org/10.3390/genes13122361
https://doi.org/10.3390/jpm9030041

Antioxidants 2023, 12, 1654 23 of 28

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Zhao, N.; Jin, L,; Fei, G.; Zheng, Z.; Zhong, C. Serum microRNA-133b is associated with low ceruloplasmin levels in Parkinson’s
disease. Park. Relat. Disord. 2014, 20, 1177-1180. [CrossRef]

Kim, J.; Inoue, K.; Ishii, J.; Vanti, W.B.; Voronov, S.V.; Murchison, E.; Hannon, G.; Abeliovich, A. A microRNA feedback circuit in
midbrain dopamine neurons. Science 2007, 317, 1220-1224. [CrossRef]

Mouradian, M.M. MicroRNAs in Parkinson’s disease. Neurobiol. Dis. 2012, 46, 279-284. [CrossRef] [PubMed]

Vroegindeweij, L.H.P.,; Langendonk, J.G.; Langeveld, M.; Hoogendoorn, M.; Kievit, A.J.A.; Di Raimondo, D.; Wilson, ].H.P.; Boon,
A.J.W. New insights in the neurological phenotype of aceruloplasminemia in Caucasian patients. Park. Relat. Disord. 2017, 36,
33-40. [CrossRef] [PubMed]

Dusek, P; Hofer, T.; Alexander, J.; Roos, PM.; Aaseth, J.O. Cerebral iron deposition in neurodegeneration. Biomolecules 2022,
12, 714. [CrossRef]

Xu, X.; Pin, S.; Gathinji, M.; Fuchs, R.; Harris, Z.L. Aceruloplasminemia: An inherited neurodegenerative disease with impairment
of iron homeostasis. Ann. N. Y. Acad. Sci. 2004, 1012, 299-305. [CrossRef]

Borges, M.D.; de Albuquerque, D.M.; Lanaro, C.; Costa, EF,; Fertrin, K.Y. Clinical relevance of heterozygosis for aceruloplasmine-
mia. Am. |. Med. Genet. B Neuropsychiatr. Genet. 2019, 180, 266-271. [CrossRef] [PubMed]

Palm-Espling, M.E.; Niemiec, M.S.; Wittung-Stafshede, P. Role of metal in folding and stability of copper proteins in vitro. Biochim.
Biophys. Acta 2012, 1823, 1594-1603. [CrossRef] [PubMed]

Sampath, P.; Mazumder, B.; Seshadri, V.; Fox, P.L. Transcript-selective translational silencing by gamma interferon is directed by
a novel structural element in the ceruloplasmin mRNA 3’ untranslated region. Mol. Cell. Biol. 2003, 23, 1509-1519. [CrossRef]
[PubMed]

Tapryal, N.; Mukhopadhyay, C.; Das, D.; Fox, P.L.; Mukhopadhyay, C.K. Reactive oxygen species regulate ceruloplasmin by a
novel mRNA decay mechanism involving its 3'-untranslated region: Implications in neurodegenerative diseases. J. Biol. Chem.
2009, 284, 1873-1883. [CrossRef]

Mazumder, B.; Sampath, P.; Fox, P.L. Translational control of ceruloplasmin gene expression: Beyond the IRE. Biol. Res. 2006, 39,
59-66. [CrossRef]

Mazumder, B.; Seshadri, V.; Imataka, H.; Sonenberg, N.; Fox, P.L. Translational silencing of ceruloplasmin requires the essential
elements of mRNA circularization: Poly(A) tail, poly(A)-binding protein, and eukaryotic translation initiation factor 4G. Mol. Cell.
Biol. 2001, 21, 6440-6449. [CrossRef]

Faxuan, W.; Qin, Z.; Dinglun, Z.; Tao, Z.; Xiaohui, R; Ligiang, Z.; Yajia, L. Altered microRNAs expression profiling in experimental
silicosis rats. J. Toxicol. Sci. 2012, 37, 1207-1215. [CrossRef] [PubMed]

Jin, L.; Wan, W.; Wang, L.; Wang, C.; Xiao, ].; Zhang, F.; Zhao, J.; Wang, J.; Zhan, C.; Zhong, C. Elevated microRNA-520d-5p in the
serum of patients with Parkinson’s disease, possibly through regulation of ceruloplasmin expression. Neurosci. Lett. 2018, 687,
88-93. [CrossRef] [PubMed]

Yang, H.; Bao, Y;; Jin, F; Jiang, C.; Wei, Z.; Liu, Z.; Xu, Y. Ceruloplasmin inhibits the proliferation, migration and invasion of
nasopharyngeal carcinoma cells and is negatively regulated by miR-543. Nucleosides Nucleotides Nucleic Acids 2022, 41, 474-488.
[CrossRef]

Roy, S.; Ghosh, S.; Ray, ].; Ray, K.; Sengupta, M. Missing heritability of Wilson disease: A search for the uncharacterized mutations.
Mamm. Genome 2023, 34, 1-11. [CrossRef]

van De Sluis, B.; Rothuizen, J.; Pearson, P.L.; van Oost, B.A.; Wijmenga, C. Identification of a new copper metabolism gene by
positional cloning in a purebred dog population. Hum. Mol. Genet. 2002, 11, 165-173. [CrossRef] [PubMed]

Kumari, N.; Kumar, A.; Pal, A.; Thapa, B.R.; Modi, M.; Prasad, R. In-silico analysis of novel p.(Gly14Ser) variant of ATOX1 gene:
Plausible role in modulating ATOX1-ATP7B interaction. Mol. Biol. Rep. 2019, 46, 3307-3313. [CrossRef]

Batzios, S.; Tal, G.; DiStasio, A.T.; Peng, Y.; Charalambous, C.; Nicolaides, P.; Kamsteeg, E.-].; Korman, S.H.; Mandel, H.; Steinbach,
PJ.; et al. Newly identified disorder of copper metabolism caused by variants in CTR1, a high-affinity copper transporter. Hum.
Mol. Genet. 2022, 31, 4121-4130. [CrossRef]

Dame, C.; Horn, D.; Schomburg, L.; Griinhagen, J.; Chillon, T.S.; Tietze, A.; Vogt, A.; Biihrer, C. Fatal congenital copper transport
defect caused by a homozygous likely pathogenic variant of SLC31A1. Clin. Genet. 2023, 103, 585-589. [CrossRef]

Su, L.C,; Ravanshad, S.; Owen, C.A,, Jr.; McCall, ].T.; Zollman, P.E.; Hardy, R.M. A comparison of copper-loading disease in
Bedlington terriers and Wilson’s disease in humans. Am. J. Physiol. 1982, 243, G226-G230. [CrossRef]

Yang, F.; Naylor, S.L.; Lum, ].B.; Cutshaw, S.; McCombs, J.L.; Naberhaus, K.H.; McGill, J.R.; Adrian, G.S.; Moore, C.M.; Barnett,
D.R;; et al. Characterization, mapping, and expression of the human ceruloplasmin gene. Proc. Natl. Acad. Sci. USA 1986, 83,
3257-3261. [CrossRef]

Daimon, M.; Yamatani, K.; Igarashi, M.; Fukase, N.; Kawanami, T.; Kato, T.; Tominaga, M.; Sasaki, H. Fine structure of the human
ceruloplasmin gene. Biochem. Biophys. Res. Commun. 1995, 208, 1028-1035. [CrossRef]

Patel, B.N.; Dunn, R.J.; David, S. Alternative RNA splicing generates a glycosylphosphatidylinositol-anchored form of ceruloplas-
min in mammalian brain. J. Biol. Chem. 2000, 275, 4305-4310. [CrossRef] [PubMed]

Fortna, R.R.; Watson, H.A.; Nyquist, S.E. Glycosyl phosphatidylinositol-anchored ceruloplasmin is expressed by rat Sertoli cells
and is concentrated in detergent-insoluble membrane fractions. Biol. Reprod. 1999, 61, 1042-1049. [CrossRef]

Salzer, ].L.; Lovejoy, L.; Linder, M.C.; Rosen, C. Ran-2, a glial lineage marker, is a GPI-anchored form of ceruloplasmin. J. Neurosci.
Res. 1998, 54, 147-157. [CrossRef]


https://doi.org/10.1016/j.parkreldis.2014.08.016
https://doi.org/10.1126/science.1140481
https://doi.org/10.1016/j.nbd.2011.12.046
https://www.ncbi.nlm.nih.gov/pubmed/22245218
https://doi.org/10.1016/j.parkreldis.2016.12.010
https://www.ncbi.nlm.nih.gov/pubmed/28012953
https://doi.org/10.3390/biom12050714
https://doi.org/10.1196/annals.1306.024
https://doi.org/10.1002/ajmg.b.32723
https://www.ncbi.nlm.nih.gov/pubmed/30901137
https://doi.org/10.1016/j.bbamcr.2012.01.013
https://www.ncbi.nlm.nih.gov/pubmed/22306006
https://doi.org/10.1128/MCB.23.5.1509-1519.2003
https://www.ncbi.nlm.nih.gov/pubmed/12588972
https://doi.org/10.1074/jbc.M804079200
https://doi.org/10.4067/S0716-97602006000100007
https://doi.org/10.1128/MCB.21.19.6440-6449.2001
https://doi.org/10.2131/jts.37.1207
https://www.ncbi.nlm.nih.gov/pubmed/23208435
https://doi.org/10.1016/j.neulet.2018.09.034
https://www.ncbi.nlm.nih.gov/pubmed/30243884
https://doi.org/10.1080/15257770.2022.2052314
https://doi.org/10.1007/s00335-022-09971-y
https://doi.org/10.1093/hmg/11.2.165
https://www.ncbi.nlm.nih.gov/pubmed/11809725
https://doi.org/10.1007/s11033-019-04791-x
https://doi.org/10.1093/hmg/ddac156
https://doi.org/10.1111/cge.14289
https://doi.org/10.1152/ajpgi.1982.243.3.G226
https://doi.org/10.1073/pnas.83.10.3257
https://doi.org/10.1006/bbrc.1995.1437
https://doi.org/10.1074/jbc.275.6.4305
https://www.ncbi.nlm.nih.gov/pubmed/10660599
https://doi.org/10.1095/biolreprod61.4.1042
https://doi.org/10.1002/(SICI)1097-4547(19981015)54:2&lt;147::AID-JNR3&gt;3.0.CO;2-E

Antioxidants 2023, 12, 1654 24 of 28

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Koschinsky, M.L.; Chow, B.K.; Schwartz, ].; Hamerton, J.L.; MacGillivray, R.T. Isolation and characterization of a processed gene
for human ceruloplasmin. Biochemistry 1987, 26, 7760-7767. [CrossRef]

Vasin, A.V,; Platonova, N.A.; Klotchenko, S.A.; Tsymbalenko, N.V.; Puchkova, L.V. Expression of ceruloplasmin pseudogene in
cultured human cells. Dokl. Biochem. Biophys. 2004, 397, 254-257. [CrossRef] [PubMed]

Platonova, N.A.; Vasin, A.V,; Klotchenko, S.A.; Tsymbalenko, N.V.; Puchkova, L.V. The revelation of expressing region in the
processed ceruloplasmin gene in human genome by biocomputational and biochemical methods. Biophys. Chem. 2005, 115,
247-250. [CrossRef]

Platonova, N.A.; Orlov, I.A.; Klotchenko, S.A.; Babich, V.S; Ilyechova, E.Y.; Babich, P.S.; Garmai, Y.P,; Vasin, A.V.; Tsymbalenko,
N.V,; Puchkova, L.V. Ceruloplasmin gene expression profile changes in the rat mammary gland during pregnancy, lactation and
involution. J. Trace Elem. Med. Biol. 2017, 43, 126-134. [CrossRef]

Gaitskhoki, V.S.; L'vov, VM.; Monakhov, N.K.; Puchkova, L.V.,; Schwartzman, A.L.; Frolova, L.J.; Skobeleva, N.A.; Zagorski, W.;
Neifakh, S.A. Intracellular distribution of rat-liver polyribosomes synthesizing coeruloplasmin. Eur. ]. Biochem. 1981, 115, 39-44.
[CrossRef]

Clerc, F; Reiding, K.R.; Jansen, B.C.; Kammeijer, G.S.; Bondt, A.; Wuhrer, M. Human plasma protein N-glycosylation. Glycoconj. .
2016, 33, 309-343. [CrossRef]

Zaitsev, V.N,; Zaitseva, I.; Papiz, M.; Lindley, PF. An X-ray crystallographic study of the binding sites of the azide inhibitor and
organic substrates to ceruloplasmin, a multi-copper oxidase in the plasma. J. Biol. Inorg. Chem. 1999, 4, 579-587. [CrossRef]
Vasin, A.; Klotchenko, S.; Puchkova, L. Phylogenetic analysis of six-domain multi-copper blue proteins. PLoS Curr. 2013, 5,
ecurrents.tol.574bcb0f133fe52835911abc4e296141. [CrossRef]

Nakamura, K.; Go, N. Function and molecular evolution of multicopper blue proteins. Cell. Mol. Life Sci. 2005, 62, 2050-2066.
[CrossRef]

Vulpe, C.D.; Kuo, YM.; Murphy, T.L.; Cowley, L.; Askwith, C.; Libina, N.; Gitschier, J.; Anderson, G.J. Hephaestin, a ceruloplasmin
homologue implicated in intestinal iron transport, is defective in the sla mouse. Nat. Genet. 1999, 21, 195-199. [CrossRef]

Chen, H.; Attieh, ZK,; Syed, B.A.; Kuo, YM,; Stevens, V.; Fuqua, B.K.; Andersen, H.S.; Naylor, C.E.; Evans, RW.; Gambling, L.;
et al. Identification of zyklopen, a new member of the vertebrate multicopper ferroxidase family, and characterization in rodents
and human cells. J. Nutr. 2010, 140, 1728-1735. [CrossRef] [PubMed]

Chen, M.; Zheng, ].; Liu, G.; Xu, E.; Wang, J.; Fuqua, B.K.; Vulpe, C.D.; Anderson, G.J.; Chen, H. Ceruloplasmin and hephaestin
jointly protect the exocrine pancreas against oxidative damage by facilitating iron efflux. Redox Biol. 2018, 17, 432-439. [CrossRef]
[PubMed]

Vashchenko, G.; Macgillivray, R.T. Functional role of the putative iron ligands in the ferroxidase activity of recombinant human
hephaestin. J. Biol. Inorg. Chem. 2012, 17, 1187-1195. [CrossRef] [PubMed]

Brissot, P.; Troadec, M.B.; Loréal, O.; Brissot, E. Pathophysiology and classification of iron overload diseases; update 2018. Transfus.
Clin. Biol. 2019, 26, 80-88. [CrossRef] [PubMed]

Belaidi, A.A.; Bush, A.IL Iron neurochemistry in Alzheimer’s disease and Parkinson’s disease: Targets for therapeutics. ].
Neurochem. 2016, 139 (Suppl. 1), 179-197. [CrossRef]

Cucci, L.M,; Satriano, C.; Marzo, T.; La Mendola, D. Angiogenin and copper crossing in wound healing. Int. J. Mol. Sci. 2021,
22,10704. [CrossRef]

Liu, Z.; Wang, M.; Zhang, C.; Zhou, S.; Ji, G. Molecular functions of ceruloplasmin in metabolic disease pathology. Diabetes Metab.
Syndr. Obes. 2022, 15, 695-711. [CrossRef] [PubMed]

Puchkova, L.V.; Babich, P.S.; Zatulovskaia, Y.A.; Ilyechova, E.Y.; Di Sole, F. Copper metabolism of newborns is adapted to milk
ceruloplasmin as a nutritive source of copper: Overview of the current data. Nutrients 2018, 10, 1591. [CrossRef]

Singh, N.; Bhalla, N. Moonlighting Proteins. Annu. Rev. Genet. 2020, 54, 265-285. [CrossRef] [PubMed]

Maltais, D.; Desroches, D.; Aouffen, M.; Mateescu, M.A.; Wang, R.; Paquin, ]. The blue copper ceruloplasmin induces aggregation
of newly differentiated neurons: A potential modulator of nervous system organization. Neuroscience 2003, 121, 73-82. [CrossRef]
[PubMed]

Schulz, K.; Vulpe, C.D.; Harris, L.Z.; David, S. Iron efflux from oligodendrocytes is differentially regulated in gray and white
matter. J. Neurosci. 2011, 31, 13301-13311. [CrossRef]

Zatulovskaia, Y.A.; Ilyechova, E.Y.; Puchkova, L.V. The Features of copper metabolism in the rat liver during development. PLoS
ONE 2015, 10, €0140797. [CrossRef]

Eid, C.; Hémadi, M.; Ha-Duong, N.T.; El Hage Chahine, J.M. Iron uptake and transfer from ceruloplasmin to transferrin. Biochim.
Biophys. Acta 2014, 1840, 1771-1781. [CrossRef]

Musci, G.; Polticelli, F.; Bonaccorsi di Patti, M.C. Ceruloplasmin-ferroportin system of iron traffic in vertebrates. World J. Biol.
Chem. 2014, 5, 204-215. [CrossRef]

Zatulovskiy, E.; Samsonov, S.; Skvortsov, A. Docking study on mammalian CTR1 copper importer motifs. BMIC Syst. Biol. 2007, 1
(Suppl. 1), 54. [CrossRef]

Gupta, M.N.; Uversky, V.N. Moonlighting enzymes: When cellular context defines specificity. Cell. Mol. Life Sci. 2023, 80, 130.
[CrossRef]

McMillin, G.A.; Travis, J.J.; Hunt, ].W. Direct measurement of free copper in serum or plasma ultrafiltrate. Am. J. Clin. Pathol.
2009, 131, 160-165. [CrossRef] [PubMed]


https://doi.org/10.1021/bi00398a034
https://doi.org/10.1023/B:DOBI.0000039476.31868.bc
https://www.ncbi.nlm.nih.gov/pubmed/15523838
https://doi.org/10.1016/j.bpc.2004.12.014
https://doi.org/10.1016/j.jtemb.2016.12.013
https://doi.org/10.1111/j.1432-1033.1981.tb06194.x
https://doi.org/10.1007/s10719-015-9626-2
https://doi.org/10.1007/s007750050380
https://doi.org/10.1371/currents.tol.574bcb0f133fe52835911abc4e296141
https://doi.org/10.1007/s00018-004-5076-x
https://doi.org/10.1038/5979
https://doi.org/10.3945/jn.109.117531
https://www.ncbi.nlm.nih.gov/pubmed/20685892
https://doi.org/10.1016/j.redox.2018.05.013
https://www.ncbi.nlm.nih.gov/pubmed/29883959
https://doi.org/10.1007/s00775-012-0932-x
https://www.ncbi.nlm.nih.gov/pubmed/22961397
https://doi.org/10.1016/j.tracli.2018.08.006
https://www.ncbi.nlm.nih.gov/pubmed/30173950
https://doi.org/10.1111/jnc.13425
https://doi.org/10.3390/ijms221910704
https://doi.org/10.2147/DMSO.S346648
https://www.ncbi.nlm.nih.gov/pubmed/35264864
https://doi.org/10.3390/nu10111591
https://doi.org/10.1146/annurev-genet-030620-102906
https://www.ncbi.nlm.nih.gov/pubmed/32870732
https://doi.org/10.1016/S0306-4522(03)00325-7
https://www.ncbi.nlm.nih.gov/pubmed/12946701
https://doi.org/10.1523/JNEUROSCI.2838-11.2011
https://doi.org/10.1371/journal.pone.0140797
https://doi.org/10.1016/j.bbagen.2014.01.011
https://doi.org/10.4331/wjbc.v5.i2.204
https://doi.org/10.1186/1752-0509-1-S1-P54
https://doi.org/10.1007/s00018-023-04781-0
https://doi.org/10.1309/AJCP7Z9KBFINVGYF
https://www.ncbi.nlm.nih.gov/pubmed/19141375

Antioxidants 2023, 12, 1654 25 of 28

192.
193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Walshe, ].M. Serum ‘free” copper in Wilson disease. QJM 2012, 105, 419-423. [CrossRef] [PubMed]

Quarles, C.D,, Jr.; Macke, M.; Michalke, B.; Zischka, H.; Karst, U.; Sullivan, P.; Field, M.P. LC-ICP-MS method for the determination
of “extractable copper” in serum. Metallomics 2020, 12, 1348-1355. [CrossRef]

Woimant, E.; Djebrani-Oussedik, N.; Poujois, A. New tools for Wilson’s disease diagnosis: Exchangeable copper fraction. Ann.
Transl. Med. 2019, 7 (Suppl. 2), S70. [CrossRef]

Daymond, R.; Curtis, S.L.; Mishra, V.; Roberts, N.B. Assay in serum of exchangeable copper and total copper using inductively
coupled plasma mass spectrometry (ICP-MS): Development, optimisation and evaluation of a routine procedure. Scand. ]. Clin.
Lab. Investig. 2020, 80, 630-639. [CrossRef] [PubMed]

Walshe, ]. M. Clinical Investigations Standing Committee of the Association of Clinical Biochemists. Wilson’s disease: The
importance of measuring serum caeruloplasmin non-immunologically. Ann. Clin. Biochem. 2003, 40, 430. [CrossRef]

Twoney, PJ.; Wierzbicki, A.S.; Hose, LM.; Viljoen, A.; Reynolds, T.M. Percentage non-ceruloplasmin bound copper. Clin. Biochem.
2007, 40, 749-750. [CrossRef] [PubMed]

Arredondo, M.; Gonzalez, M.; Olivares, M.; Pizarro, F.; Araya, M. Ceruloplasmin, an indicator of copper status. Biol. Trace Elem.
Res. 2008, 123, 261-269. [CrossRef]

Squitti, R.; Ventriglia, M.; Granzotto, A.; Sensi, S.L.; Rongioletti, M.C.A. Non-ceruloplasmin copper as a stratification biomarker
of Alzheimer’s disease patients: How to measure and use it. Curr. Alzheimer Res. 2021, 18, 533-545. [CrossRef]

Squitti, R.; Ghidoni, R.; Simonelli, I; Ivanova, L.D.; Colabufo, N.A.; Zuin, M.; Benussi, L.; Binetti, G.; Cassetta, E.; Rongioletti, M.;
et al. Copper dyshomeostasis in Wilson disease and Alzheimer’s disease as shown by serum and urine copper indicators. J. Trace
Elem. Med. Biol. 2018, 45, 181-188. [CrossRef]

Squitti, R.; Fostinelli, S.; Siotto, M.; Ferrari, C.; Binetti, G.; Benussi, L.; Rongioletti, M.; Ghidoni, R. Serum copper is not altered in
frontotemporal lobar degeneration. J. Alzheimers Dis. 2018, 63, 1427-1432. [CrossRef] [PubMed]

Squitti, R.; Ventriglia, M.; Simonelli, I.; Bonvicini, C.; Costa, A.; Perini, G.; Binetti, G.; Benussi, L.; Ghidoni, R.; Koch, G.; et al.
Copper imbalance in Alzheimer’s disease: Meta-analysis of serum, plasma, and brain specimens, and replication study evaluating
ATP7B gene variants. Biomolecules 2021, 11, 960. [CrossRef] [PubMed]

Falcone, E.; Vileno, B.; Hoang, M.; Raibaut, L.; Faller, P. A luminescent ATCUN peptide variant with enhanced properties for
copper(Il) sensing in biological media. J. Inorg. Biochem. 2021, 221, 111478. [CrossRef] [PubMed]

Squitti, R.; Catalli, C.; Gigante, L.; Marianetti, M.; Rosari, M.; Mariani, S.; Bucossi, S.; Mastromoro, G.; Ventriglia, M.; Simonelli, L;
et al. Non-ceruloplasmin copper identifies a subtype of Alzheimer’s disease (CuAD): Characterization of the cognitive profile
and case of a CuAD patient carrying an RGS7 stop-loss variant. Int. |. Mol. Sci. 2023, 24, 6377. [CrossRef]

Arnal, N,; Cristalli, D.O.; de Alaniz, M.]J.; Marra, C.A. Clinical utility of copper, ceruloplasmin, and metallothionein plasma
determinations in human neurodegenerative patients and their first-degree relatives. Brain Res. 2010, 1319, 118-130. [CrossRef]
Gray, L.W,; Peng, F.; Molloy, S.A.; Pendyala, V.S.; Muchenditsi, A.; Muzik, O.; Lee, J.; Kaplan, ].H.; Lutsenko, S. Urinary copper
elevation in a mouse model of Wilson's disease is a regulated process to specifically decrease the hepatic copper load. PLoS ONE
2012, 7, e38327. [CrossRef]

Gioilli, B.D.; Kidane, T.Z.; Fieten, H.; Tellez, M.; Dalphin, M.; Nguyen, A.; Nguyen, K.; Linder, M.C. Secretion and uptake of
copper via a small copper carrier in blood fluid. Metallomics 2022, 14, mfac006. [CrossRef]

Ilyechova, E.Y.; Saveliev, A.N.; Skvortsov, A.N.; Babich, P.S.; Zatulovskaia, Y.A.; Pliss, M.G.; Korzhevskii, D.E.; Tsymbalenko, N.V,;
Puchkova, L.V. The effects of silver ions on copper metabolism in rats. Metallomics 2014, 6, 1970-1987. [CrossRef]

Prohaska, J.R.; Bailey, W.R. Regional specificity in alterations of rat brain copper and catecholamines following perinatal copper
deficiency. J. Neurochem. 1994, 63, 1551-1557. [CrossRef]

Prohaska, J.R.; Gybina, A.A.; Broderius, M.; Brokate, B. Peptidylglycine-alpha-amidating monooxygenase activity and protein are
lower in copper-deficient rats and suckling copper-deficient mice. Arch. Biochem. Biophys. 2005, 434, 212-220. [CrossRef]
Prohaska, J.R.; Bailey, W.R. Alterations of rat brain peptidylglycine alpha-amidating monooxygenase and other cuproenzyme
activities following perinatal copper deficiency. Proc. Soc. Exp. Biol. Med. 1995, 210, 107-116. [CrossRef] [PubMed]

Prohaska, J.R.; Broderius, M. Plasma peptidylglycine alpha-amidating monooxygenase (PAM) and ceruloplasmin are affected by
age and copper status in rats and mice. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2006, 143, 360-366. [CrossRef] [PubMed]
Bousquet-Moore, D.; Mains, R.E.; Eipper, B.A. Peptidylgycine a-amidating monooxygenase and copper: A gene-nutrient
interaction critical to nervous system function. J. Neurosci. Res. 2010, 88, 2535-2545. [CrossRef] [PubMed]

Carballo-Carbajal, I.; Laguna, A.; Romero-Giménez, J.; Cuadros, T.; Bové, J.; Martinez-Vicente, M.; Parent, A.; Gonzalez-
Sepulveda, M.; Penuelas, N.; Torra, A.; et al. Brain tyrosinase overexpression implicates age-dependent neuromelanin production
in Parkinson’s disease pathogenesis. Nat. Commun. 2019, 10, 973. [CrossRef] [PubMed]

Loeffler, D.A.; LeWitt, P.A.; Juneau, P.L.; Sima, A.A.; Nguyen, H.U.; DeMaggio, A.].; Brickman, C.M.; Brewer, G.J.; Dick, R.D;
Troyer, M.D.; et al. Increased regional brain concentrations of ceruloplasmin in neurodegenerative disorders. Brain Res. 1996, 738,
265-274. [CrossRef] [PubMed]

Genoud, S.; Roberts, B.R.; Gunn, A.P.; Halliday, G.M.; Lewis, S.].G.; Ball, H.J.; Hare, D.].; Double, K.L. Subcellular compartmental-
isation of copper, iron, manganese, and zinc in the Parkinson’s disease brain. Metallomics 2017, 9, 1447-1455. [CrossRef]
Bandmann, O.; Weiss, K.H.; Kaler, S.G. Wilson’s disease and other neurological copper disorders. Lancet Neurol. 2015, 14, 103-113.
[CrossRef]


https://doi.org/10.1093/qjmed/hcr229
https://www.ncbi.nlm.nih.gov/pubmed/22139498
https://doi.org/10.1039/d0mt00132e
https://doi.org/10.21037/atm.2019.03.02
https://doi.org/10.1080/00365513.2020.1821397
https://www.ncbi.nlm.nih.gov/pubmed/32955383
https://doi.org/10.1258/000456303763046021
https://doi.org/10.1016/j.clinbiochem.2007.04.002
https://www.ncbi.nlm.nih.gov/pubmed/17498678
https://doi.org/10.1007/s12011-008-8110-2
https://doi.org/10.2174/1567205018666211022085755
https://doi.org/10.1016/j.jtemb.2017.11.005
https://doi.org/10.3233/JAD-171074
https://www.ncbi.nlm.nih.gov/pubmed/29843237
https://doi.org/10.3390/biom11070960
https://www.ncbi.nlm.nih.gov/pubmed/34209820
https://doi.org/10.1016/j.jinorgbio.2021.111478
https://www.ncbi.nlm.nih.gov/pubmed/33975250
https://doi.org/10.3390/ijms24076377
https://doi.org/10.1016/j.brainres.2009.11.085
https://doi.org/10.1371/journal.pone.0038327
https://doi.org/10.1093/mtomcs/mfac006
https://doi.org/10.1039/C4MT00107A
https://doi.org/10.1046/j.1471-4159.1994.63041551.x
https://doi.org/10.1016/j.abb.2004.10.030
https://doi.org/10.3181/00379727-210-43929
https://www.ncbi.nlm.nih.gov/pubmed/7568280
https://doi.org/10.1016/j.cbpb.2005.12.010
https://www.ncbi.nlm.nih.gov/pubmed/16448835
https://doi.org/10.1002/jnr.22404
https://www.ncbi.nlm.nih.gov/pubmed/20648645
https://doi.org/10.1038/s41467-019-08858-y
https://www.ncbi.nlm.nih.gov/pubmed/30846695
https://doi.org/10.1016/S0006-8993(96)00782-2
https://www.ncbi.nlm.nih.gov/pubmed/8955522
https://doi.org/10.1039/C7MT00244K
https://doi.org/10.1016/S1474-4422(14)70190-5

Antioxidants 2023, 12, 1654 26 of 28

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Barbariga, M.; Curnis, F; Andolfo, A.; Zanardi, A.; Lazzaro, M.; Conti, A.; Magnani, G.; Volonte, M.A.; Ferrari, L.; Comi, G.; et al.
Ceruloplasmin functional changes in Parkinson’s disease-cerebrospinal fluid. Mol. Neurodegener. 2015, 10, 59. [CrossRef]
Barbariga, M.; Zanardi, A.; Curnis, F; Conti, A.; Boselli, D.; Di Terlizzi, S.; Alessio, M. Ceruloplasmin oxidized and deamidated
by Parkinson’s disease cerebrospinal fluid induces epithelial cells proliferation arrest and apoptosis. Sci. Rep. 2020, 10, 15507.
[CrossRef]

Ayton, S.; Lei, P; Duce, J.A.; Wong, B.X; Sedjahtera, A.; Adlard, P.A.; Bush, A.L; Finkelstein, D.I. Ceruloplasmin dysfunction and
therapeutic potential for Parkinson disease. Ann. Neurol. 2013, 73, 554-559. [CrossRef]

Olivieri, S.; Conti, A.; lannaccone, S.; Cannistraci, C.V.; Campanella, A.; Barbariga, M.; Codazzi, F,; Pelizzoni, I.; Magnani, G.;
Pesca, M.; et al. Ceruloplasmin oxidation, a feature of Parkinson’s disease CSF, inhibits ferroxidase activity and promotes cellular
iron retention. J. Neurosci. 2011, 31, 18568-18577. [CrossRef] [PubMed]

Park, Y.K.; Goda, Y. Integrins in synapse regulation. Nat. Rev. Neurosci. 2016, 17, 745-756. [CrossRef] [PubMed]
Ikeshima-Kataoka, H.; Sugimoto, C.; Tsubokawa, T. Integrin Signaling in the Central Nervous System in Animals and Human
Brain Diseases. Int. ]. Mol. Sci. 2022, 23, 1435. [CrossRef]

Zanardi, A.; Barbariga, M.; Conti, A.; Vegliani, F.; Curnis, F; Alessio, M. Oxidized /deamidated-ceruloplasmin dysregulates
choroid plexus epithelial cells functionality and barrier properties via RGD-recognizing integrin binding. Neurobiol. Dis. 2021,
158, 105474. [CrossRef] [PubMed]

Zanardi, A.; Alessio, M. Ceruloplasmin Deamidation in Neurodegeneration: From Loss to Gain of Function. Int. ]. Mol. Sci. 2021,
22, 663. [CrossRef] [PubMed]

Mason, K.E. A conspectus of research on copper metabolism and requirements of man. J. Nutr. 1979, 109, 1979-2066. [CrossRef]
[PubMed]

Waggoner, D.].; Drisaldi, B.; Bartnikas, T.B.; Casareno, R.L.; Prohaska, J.R.; Gitlin, J.D.; Harris, D.A. Brain copper content and
cuproenzyme activity do not vary with prion protein expression level. J. Biol. Chem. 2000, 275, 7455-7458. [CrossRef]
Zatulovskiy, E.A.; Skvortsov, A.N.; Rusconi, P; Ilyechova, E.Y.; Babich, P.S.; Tsymbalenko, N.V.; Broggini, M.; Puchkova, L.V.
Serum depletion of holo-ceruloplasmin induced by silver ions in vivo reduces uptake of cisplatin. J. Inorg. Biochem. 2012, 116,
88-96. [CrossRef]

Ilyechova, E.Y.; Bonaldi, E.; Orlov, .A.; Skomorokhova, E.A.; Puchkova, L.V.; Broggini, M. CRISP-R/Cas9 mediated deletion of
copper transport genes CTR1 and DMT1 in NSCLC cell line H1299. Biological and pharmacological consequences. Cells 2019,
8,322. [CrossRef]

Cavaleri, F. Review of Amyotrophic Lateral Sclerosis, Parkinson’s and Alzheimer’s diseases helps further define pathology of the
novel paradigm for Alzheimer’s with heavy metals as primary disease cause. Med. Hypotheses 2015, 85, 779-790. [CrossRef]

Li, J.L.; Lin, T.Y.; Chen, PL.; Guo, T.N.; Huang, S.Y.; Chen, C.H.; Lin, C.H.; Chan, C.C. Mitochondrial function and Parkinson’s
disease: From the perspective of the electron transport chain. Front. Mol. Neurosci. 2021, 14, 797833. [CrossRef]

Oury, T.D.; Crapo, ].D.; Valnickova, Z.; Enghild, J.J. Human extracellular superoxide dismutase is a tetramer composed of two
disulphide-linked dimers: A simplified, high-yield purification of extracellular superoxide dismutase. Biochem. . 1996, 317, 51-57.
[CrossRef] [PubMed]

Laukkanen, M.O. Extracellular superoxide dismutase: Growth promoter or tumor suppressor? Oxid. Med. Cell. Longev. 2016,
2016, 3612589. [CrossRef] [PubMed]

Demchenko, I.T.; Oury, T.D.; Crapo, J.D.; Piantadosi, C.A. Regulation of the brain’s vascular responses to oxygen. Circ. Res. 2002,
91, 1031-1037. [CrossRef] [PubMed]

Liu, C.; Fang, J.; Liu, W. Superoxide dismutase coding of gene polymorphisms associated with susceptibility to Parkinson’s
disease. J. Integr. Neurosci. 2019, 18, 299-303. [CrossRef]

Abad, E.; Rommel, ].B.; Késtner, J. Reaction mechanism of the bicopper enzyme peptidylglycine a-hydroxylating monooxygenase.
J. Biol. Chem. 2014, 289, 13726-13738. [CrossRef]

Bonnemaison, M.L.; Duffy, M.E.; Mains, R.E.; Vogt, S.; Eipper, B.A.; Ralle, M. Copper, zinc and calcium: Imaging and quantification
in anterior pituitary secretory granules. Metallomics 2016, 8, 1012-1022. [CrossRef]

Ghosh, A.; Sadhukhan, T.; Giri, S.; Biswas, A.; Das, S.K,; Ray, K.; Ray, ]. Dopamine 3 Hydroxylase (DBH) is a potential modifier
gene associated with Parkinson’s disease in Eastern India. Neurosci. Lett. 2019, 706, 75-80. [CrossRef]

Kim, C.H.; Zabetian, C.P,; Cubells, ].E; Cho, S.; Biaggioni, I.; Cohen, B.M.; Robertson, D.; Kim, K.S. Mutations in the dopamine
beta-hydroxylase gene are associated with human norepinephrine deficiency. Am. J. Med. Genet. 2002, 108, 140-147. [CrossRef]
Lopes de Carvalho, L.; Bligt-Lindén, E.; Ramaiah, A.; Johnson, M.S.; Salminen, T.A. Evolution and functional classification of
mammalian copper amine oxidases. Mol. Phylogenet. Evol. 2019, 139, 106571. [CrossRef]

Miranda, M.; Benedito, J.L.; Gutiérrez, B.; Garcia-Vaquero, M.; Blanco-Penedo, I.; Lépez-Alonso, M. The interlobular distribution
of copper in the liver of beef calves on a high-copper diet. J. Vet. Diagn. Investig. 2010, 22, 277-281. [CrossRef] [PubMed]
Jackson, B.; Harper, S.; Smith, L.; Flinn, J. Elemental mapping and quantitative analysis of Cu, Zn, and Fe in rat brain sections by
laser ablation ICP-MS. Anal. Bioanal. Chem. 2006, 384, 951-957. [CrossRef]

Becker, ].S.; Zoriy, M.V,; Pickhardt, C.; Palomero-Gallagher, N.; Zilles, K. Imaging of copper, zinc, and other elements in thin
section of human brain samples (hippocampus) by laser ablation inductively coupled plasma mass spectrometry. Anal. Chem.
2005, 77, 3208-3216. [CrossRef] [PubMed]


https://doi.org/10.1186/s13024-015-0055-2
https://doi.org/10.1038/s41598-020-72447-z
https://doi.org/10.1002/ana.23817
https://doi.org/10.1523/JNEUROSCI.3768-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/22171055
https://doi.org/10.1038/nrn.2016.138
https://www.ncbi.nlm.nih.gov/pubmed/27811927
https://doi.org/10.3390/ijms23031435
https://doi.org/10.1016/j.nbd.2021.105474
https://www.ncbi.nlm.nih.gov/pubmed/34384868
https://doi.org/10.3390/ijms22020663
https://www.ncbi.nlm.nih.gov/pubmed/33440850
https://doi.org/10.1093/jn/109.11.1979
https://www.ncbi.nlm.nih.gov/pubmed/387922
https://doi.org/10.1074/jbc.275.11.7455
https://doi.org/10.1016/j.jinorgbio.2012.07.003
https://doi.org/10.3390/cells8040322
https://doi.org/10.1016/j.mehy.2015.10.009
https://doi.org/10.3389/fnmol.2021.797833
https://doi.org/10.1042/bj3170051
https://www.ncbi.nlm.nih.gov/pubmed/8694786
https://doi.org/10.1155/2016/3612589
https://www.ncbi.nlm.nih.gov/pubmed/27293512
https://doi.org/10.1161/01.RES.0000043500.03647.81
https://www.ncbi.nlm.nih.gov/pubmed/12456489
https://doi.org/10.31083/j.jin.2019.03.127
https://doi.org/10.1074/jbc.M114.558494
https://doi.org/10.1039/C6MT00079G
https://doi.org/10.1016/j.neulet.2019.05.015
https://doi.org/10.1002/ajmg.10196
https://doi.org/10.1016/j.ympev.2019.106571
https://doi.org/10.1177/104063871002200221
https://www.ncbi.nlm.nih.gov/pubmed/20224093
https://doi.org/10.1007/s00216-005-0264-6
https://doi.org/10.1021/ac040184q
https://www.ncbi.nlm.nih.gov/pubmed/15889910

Antioxidants 2023, 12, 1654 27 of 28

244.

245.

246.

247.

248.
249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.
265.

266.
267.

268.

269.

270.

Platonova, N.; Guolikhandanova, N.; Tsymbalenko, N.; Zhiguleva, E.; Zhivulko, T.; Vasin, A.; Evsukova, L; Puchkova, L. Milk
ceruloplasmin is a valuable source of nutrient copper ions for mammalian newborns. J. Trace Elem. Med. Biol. 2007, 21, 184-193.
[CrossRef] [PubMed]

Weiss, K.C.; Linder, M.C. Copper transport in rats involving a new plasma protein. Am. J. Physiol. 1985, 249, E77-E88. [CrossRef]
Linder, M.C.; Moor, J.R. Plasma ceruloplasmin. Evidence for its presence in and uptake by heart and other organs of the rat.
Biochim. Biophys. Acta 1977, 499, 329-336. [CrossRef]

Choi, B.S.; Zheng, W. Copper transport to the brain by the blood-brain barrier and blood-CSF barrier. Brain Res. 2009, 1248, 14-21.
[CrossRef]

Scheiber, L.E.; Mercer, ].F.,; Dringen, R. Metabolism and functions of copper in brain. Prog. Neurobiol. 2014, 116, 33-57. [CrossRef]
Tarohda, T.; Yamamoto, M.; Amamo, R. Regional distribution of manganese, iron, copper, and zinc in the rat brain during
development. Anal. Bioanal. Chem. 2004, 380, 240-246. [CrossRef]

Puchkova, L.V.; Aleinikova, T.D.; Bichevaia, N.K.; Mokshina, S.A.; Platonova, N.A; Sasina, L.K.; Skvortsova, N.N.; Tsymbalenko,
N.V.; Chebotar’, N.A.; Gaitskhoki, V.S. A comparative study of the transport dynamics of the peptide moiety of the milk
ceruloplasmin molecule in the body of rats with embryonic and adult types of copper metabolism. Ontogenez 1999, 30, 31-39.
Barnes, N.; Tsivkovskii, R.; Tsivkovskaia, N.; Lutsenko, S. The copper-transporting ATPases, Menkes and Wilson disease proteins,
have distinct roles in adult and developing cerebellum. J. Biol. Chem. 2005, 280, 9640-9645. [CrossRef] [PubMed]

Lutsenko, S.; Washington-Hughes, C.; Ralle, M.; Schmidt, K. Copper and the brain noradrenergic system. J. Biol. Inorg. Chem.
2019, 24, 1179-1188. [CrossRef] [PubMed]

Lutsenko, S.; Bhattacharjee, A.; Hubbard, A.L. Copper handling machinery of the brain. Metallomics 2010, 2, 596—-608. [CrossRef]
[PubMed]

Hatori, Y.; Yan, Y.; Schmidt, K.; Furukawa, E.; Hasan, N.M.; Yang, N.; Liu, C.N.; Sockanathan, S.; Lutsenko, S. Neuronal
differentiation is associated with a redox-regulated increase of copper flow to the secretory pathway. Nat. Commun. 2016, 7, 10640.
[CrossRef]

Washington-Hughes, C.L.; Roy, S.; Seneviratne, H K.; Karuppagounder, S.S.; Morel, Y.; Jones, ] W.; Zak, A.; Xiao, T.; Boronina,
T.N.; Cole, R.N,; et al. Atp7b-dependent choroid plexus dysfunction causes transient copper deficit and metabolic changes in the
developing mouse brain. PloS Genet. 2023, 19, €1010558. [CrossRef]

Chelly, J.; Tumer, Z.; Tennesen, T.; Petterson, A.; Ishikawa-Brush, Y.; Tommerup, N.; Horn, N.; Monaco, A.P. Isolation of a
candidate gene for Menkes disease that encodes a potential heavy metal binding protein. Nat. Genet. 1993, 3, 14-19. [CrossRef]
Vulpe, C.; Levinson, B.; Whitney, S.; Packman, S.; Gitschier, J. Isolation of a candidate gene for Menkes disease and evidence that
it encodes a copper-transporting ATPase. Nat. Genet. 1993, 3, 7-13. [CrossRef]

Mercer, J.EB.; Livingston, ]J.; Hall, B.; Paynter, J.A.; Begy, C.; Chandrasekharappa, S.; Lockhart, P.; Grimes, A.; Bhave, M;
Siemieniak, D.; et al. Isolation of a partial candidate gene for Menkes disease by positional cloning. Nat. Genet. 1993, 3, 20-25.
[CrossRef]

Bull, P,; Thomas, G.; Rommens, ].M.; Forbes, ].R.; Cox, D.W. The Wilson disease gene is a putative copper transporting P-type
ATPase similar to the Menkes gene. Nat. Genet. 1993, 5, 327-337. [CrossRef]

Petrukhin, K.; Lutsenko, S.; Chernov, L.; Ross, B.M.; Kaplan, ]J.H.; Gilliam, T.C. Characterization of the Wilson disease gene
encoding a P-type copper transporting ATPase: Genomic organization, alternative splicing, and structure/function predictions.
Hum. Mol. Genet. 1994, 3, 1647-1656. [CrossRef]

Ge, EJ.; Bush, A.L; Casini, A.; Cobine, P.A.; Cross, ].R.; DeNicola, G.M.; Dou, Q.P;; Franz, K.J.; Gohil, VM.; Gupta, S.; et al.
Connecting copper and cancer: From transition metal signalling to metalloplasia. Nat. Rev. Cancer 2022, 22, 102-113. [CrossRef]
[PubMed]

Chen, X,; Cai, Q,; Liang, R.; Zhang, D.; Liu, X.; Zhang, M.; Xiong, Y.; Xu, M.; Liu, Q.; Li, P;; et al. Copper homeostasis and
copper-induced cell death in the pathogenesis of cardiovascular disease and therapeutic strategies. Cell Death Dis. 2023, 14, 105.
[CrossRef] [PubMed]

Shi, Y.; Zou, Y.; Shen, Z.; Xiong, Y.; Zhang, W.; Liu, C.; Chen, S. Trace elements, PPARs, and metabolic syndrome. Int. J. Mol. Sci.
2020, 21, 2612. [CrossRef]

Chang, 1.].; Hahn, S.H. The genetics of Wilson disease. Handb. Clin. Neurol. 2017, 142, 19-34. [CrossRef] [PubMed]

Ojha, R; Prasad, A.N. Menkes disease: What a multidisciplinary approach can do. J. Multidiscip. Healthc. 2016, 9, 371-385.
[CrossRef] [PubMed]

Lei, P; Ayton, S.; Bush, A.I. The essential elements of Alzheimer’s disease. J. Biol. Chem. 2021, 96, 100105. [CrossRef]

Bisaglia, M.; Bubacco, L. Copper ions and Parkinson’s disease: Why is homeostasis so relevant? Biomolecules 2020, 10, 195.
[CrossRef]

Chege, PM.; McColl, G. Caenorhabditis elegans: A model to investigate oxidative stress and metal dyshomeostasis in Parkinson’s
disease. Front. Aging Neurosci. 2014, 6, 89. [CrossRef]

Mubarak, S.5.M.; Malcolm, T.R.; Brown, H.G.; Hanssen, E.; Maher, M.].; McColl, G.; Jameson, G.N.L. Biochemical characterization
of Caenorhabditis elegans ferritins. Biochemistry 2023, 62, 1484-1496. [CrossRef]

Patel, D.; Xu, C.; Nagarajan, S.; Liu, Z.; Hemphill, W.O.; Shi, R.; Uversky, V.N.; Caldwell, G.A.; Caldwell, K.A.; Witt, S.N.
Alpha-synuclein inhibits Snx3-retromer-mediated retrograde recycling of iron transporters in S. cerevisiae and C. elegans models
of Parkinson’s disease. Hum. Mol. Genet. 2018, 27, 1514-1532. [CrossRef]


https://doi.org/10.1016/j.jtemb.2007.04.003
https://www.ncbi.nlm.nih.gov/pubmed/17697957
https://doi.org/10.1152/ajpendo.1985.249.1.E77
https://doi.org/10.1016/0304-4165(77)90064-2
https://doi.org/10.1016/j.brainres.2008.10.056
https://doi.org/10.1016/j.pneurobio.2014.01.002
https://doi.org/10.1007/s00216-004-2697-8
https://doi.org/10.1074/jbc.M413840200
https://www.ncbi.nlm.nih.gov/pubmed/15634671
https://doi.org/10.1007/s00775-019-01737-3
https://www.ncbi.nlm.nih.gov/pubmed/31691104
https://doi.org/10.1039/c0mt00006j
https://www.ncbi.nlm.nih.gov/pubmed/21072351
https://doi.org/10.1038/ncomms10640
https://doi.org/10.1371/journal.pgen.1010558
https://doi.org/10.1038/ng0193-14
https://doi.org/10.1038/ng0193-7
https://doi.org/10.1038/ng0193-20
https://doi.org/10.1038/ng1293-327
https://doi.org/10.1093/hmg/3.9.1647
https://doi.org/10.1038/s41568-021-00417-2
https://www.ncbi.nlm.nih.gov/pubmed/34764459
https://doi.org/10.1038/s41419-023-05639-w
https://www.ncbi.nlm.nih.gov/pubmed/36774340
https://doi.org/10.3390/ijms21072612
https://doi.org/10.1016/B978-0-444-63625-6.00003-3
https://www.ncbi.nlm.nih.gov/pubmed/28433102
https://doi.org/10.2147/JMDH.S93454
https://www.ncbi.nlm.nih.gov/pubmed/27574440
https://doi.org/10.1074/jbc.REV120.008207
https://doi.org/10.3390/biom10020195
https://doi.org/10.3389/fnagi.2014.00089
https://doi.org/10.1021/acs.biochem.3c00005
https://doi.org/10.1093/hmg/ddy059

Antioxidants 2023, 12, 1654 28 of 28

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.
290.

Gangania, M.K; Batra, J.; Kushwaha, S.; Agarwal, R. Role of Iron and Copper in the Pathogenesis of Parkinson’s Disease. Indian J.
Clin. Biochem. 2017, 32, 353-356. [CrossRef] [PubMed]

Sanyal, J.; Anirudhan, A.; Banerjee, TK.; Guha, G.; Veerabathiran, R.; Murugesan, R.; Rao, V.R. PARK2 and PARK?7 Gene
Polymorphisms as Risk Factors Associated with Serum Element Concentrations and Clinical Symptoms of Parkinson’s Disease.
Cell. Mol. Neurobiol. 2020, 40, 357-367. [CrossRef] [PubMed]

Younes-Mhenni, S.; Aissi, M.; Mokni, N.; Boughammoura-Bouatay, A.; Chebel, S.; Frih-Ayed, M.; Kerkeni, A.; Bost, M.; Chazot,
G.; Sfar, M.T,; et al. Serum copper, zinc and selenium levels in Tunisian patients with Parkinson’s disease. Tunis Med. 2013, 91,
402-405. [PubMed]

Bharucha, K.J.; Friedman, ] K.; Vincent, A.S.; Ross, E.D. Lower serum ceruloplasmin levels correlate with younger age of onset in
Parkinson’s disease. J. Neurol. 2008, 255, 1957-1962. [CrossRef]

Forte, G.; Bocca, B.; Senofonte, O.; Petrucci, F; Brusa, L.; Stanzione, P.; Sancesario, G. Trace and major elements in whole blood,
serum, cerebrospinal fluid and urine of patients with Parkinson’s disease. J. Neural Transm. 2004, 111, 1031-1040. [CrossRef]
[PubMed]

Fattah, A.; Amiri, F.; Mohammadian, M.; Alipourfard, I.; Valilo, M.; Taheraghdam, A.; Hemmati-Dinarvand, M. Dysregulation
of body antioxidant content is related to initiation and progression of Parkinson’s disease. Neurosci. Lett. 2020, 736, 135297.
[CrossRef] [PubMed]

Fukushima, T.; Tan, X.; Luo, Y.; Wang, P.; Song, J.; Kanda, H.; Mori, Y. Heavy metals in blood and urine and its relation to
depressive symptoms in Parkinson’s disease patients. Fukushima J. Med. Sci. 2013, 59, 76-80. [CrossRef]

Schirinzi, T.; Martella, G.; D’Elia, A.; Di Lazzaro, G.; Imbriani, P.; Madeo, G.; Pisani, A. Outlining a population “at risk” of
Parkinson’s disease: Evidence from a case-control study. Parkinson’s Disease 2016, 2016, 9646057. [CrossRef]

Kim, M.J.; Oh, S.B.; Kim, J.; Kim, K,; Ryu, H.S; Kim, M.S.; Chung, S.J. Association of metals with the risk and clinical characteristics
of Parkinson’s disease. Park. Relat. Disord. 2018, 55, 117-121. [CrossRef]

Mariani, S.; Ventriglia, M.; Simonelli, I.; Bucossi, S.; Siotto, M.; Donno, S.; Squitti, R. Association between sex, systemic iron
variation and probability of Parkinson’s disease. Int. J. Neurosci. 2016, 126, 354-360. [CrossRef]

Qureshi, G.A.; Qureshi, A.A.; Memon, S.A.; Parvez, S.H. Impact of selenium, iron, copper and zinc in on/off Parkinson’s patients
on L-dopa therapy. Oxidative Stress Neuroprotection 2006, 229-236. [CrossRef]

Jiménez-Jiménez, E].; Fernandez-Calle, P.; Martinez-Vanaclocha, M.; Herrero, E.; Molina, J.A.; Vazquez, A.; Codoceo, R. Serum
levels of zinc and copper in patients with Parkinson’s disease. ]. Neurol. Sci. 1992, 112, 30-33. [CrossRef] [PubMed]

Song, Y.S.; Kim, ].M.; Kim, K.J.; Yun, ].Y.; Kim, S.E. Serum ceruloplasmin and striatal dopamine transporter density in Parkinson
disease: Comparison with 123I-FP-CIT spect. Clin. Nucl. Med. 2017, 42, 675-679. [CrossRef] [PubMed]

Jin, L.; Wang, J.; Zhao, L.; Jin, H.; Fei, G.; Zhang, Y.; Zhong, C. Decreased serum ceruloplasmin levels characteristically aggravate
nigral iron deposition in Parkinson’s disease. Brain 2011, 134, 50-58. [CrossRef]

Xu, W;; Zhi, Y;; Yuan, Y.; Zhang, B.; Shen, Y.; Zhang, H.; Xu, Y. Correlations between abnormal iron metabolism and non-motor
symptoms in Parkinson’s disease. J. Neural Transm. 2018, 125, 1027-1032. [CrossRef] [PubMed]

Ling, H.; Bhidayasiri, R. Reduced serum caeruloplasmin levels in non-wilsonian movement disorders. Eur. Neurol. 2011, 66,
123-127. [CrossRef]

Mariani, S.; Ventriglia, M.; Simonelli, I; Spalletta, G.; Bucossi, S.; Siotto, M.; Squitti, R. Effects of hemochromatosis and transferrin
gene mutations on peripheral iron dyshomeostasis in mild cognitive impairment and Alzheimer’s and Parkinson’s diseases.
Front. Aging Neurosci. 2013, 5, 37. [CrossRef]

Choudhuri, S.; Liu, W.L.; Berman, N.E.; Klaassen, C.D. Cadmium accumulation and metallothionein expression in brain of mice
at different stages of development. Toxicol. Lett. 1996, 84, 127-133. [CrossRef]

Calvo, J.; Jung, H.; Meloni, G. Copper metallothioneins. Iubmb Life 2017, 69, 236-245. [CrossRef]

Tripathi, C.; Gangania, M.; Kushwaha, S.; Agarwal, R. Evidence-Based Discriminant Analysis: A New Insight into Iron Profile for
the Diagnosis of Parkinson’s Disease. Ann.Indian Acad. Neurol. 2021, 24, 234-238. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12291-016-0614-5
https://www.ncbi.nlm.nih.gov/pubmed/28811697
https://doi.org/10.1007/s10571-019-00734-z
https://www.ncbi.nlm.nih.gov/pubmed/31512170
https://www.ncbi.nlm.nih.gov/pubmed/23868039
https://doi.org/10.1007/s00415-009-0063-7
https://doi.org/10.1007/s00702-004-0124-0
https://www.ncbi.nlm.nih.gov/pubmed/15254791
https://doi.org/10.1016/j.neulet.2020.135297
https://www.ncbi.nlm.nih.gov/pubmed/32771603
https://doi.org/10.5387/fms.59.76
https://doi.org/10.1155/2016/9646057
https://doi.org/10.1016/j.parkreldis.2018.05.022
https://doi.org/10.3109/00207454.2015.1020113
https://doi.org/10.1007/978-3-211-33328-0_24
https://doi.org/10.1016/0022-510X(92)90127-7
https://www.ncbi.nlm.nih.gov/pubmed/1469436
https://doi.org/10.1097/RLU.0000000000001734
https://www.ncbi.nlm.nih.gov/pubmed/28632695
https://doi.org/10.1093/brain/awq319
https://doi.org/10.1007/s00702-018-1889-x
https://www.ncbi.nlm.nih.gov/pubmed/29748849
https://doi.org/10.1159/000330538
https://doi.org/10.3389/fnagi.2013.00037
https://doi.org/10.1016/0378-4274(95)03444-7
https://doi.org/10.1002/iub.1618
https://doi.org/10.4103/aian.AIAN_419_20

	Introduction 
	Copper’s Physiological Function and Its Safe Turnover in the Body 
	Biological Role of Copper 
	Mechanisms for the Safe Use of Copper Ions as Enzymatic Cofactors and Their Delivery to Cell Compartments 
	Machinery for the Conversion of Dietary Copper to Catalytic and Regulatory Copper 
	Copper Forms into Several Pools in the Hepatocytes, Which Interact with One Another 

	Proofs for the Existence of the Link between Copper Dyshomeostasis and the Risk of Parkinson’s Disease Development 
	Ceruloplasmin Is a Moonlighting Multicopper Blue Oxidase 
	Updated Meta-Analysis on the Significance of the Link between Copper Status Indexes and the Risk of PD Development 
	Non-Ceruloplasmin Copper as a Perspective Marker for Neurodegeneration 
	Disorders in the Brain’s Copper Metabolism Associated with Parkinson’s Disease 
	Conclusions 
	References

