
Citation: Górska, A.;

Markiewicz-Gospodarek, A.;

Markiewicz, R.; Chilimoniuk, Z.;

Borowski, B.; Trubalski, M.; Czarnek,

K. Distribution of Iron, Copper, Zinc

and Cadmium in Glia, Their

Influence on Glial Cells and

Relationship with

Neurodegenerative Diseases. Brain

Sci. 2023, 13, 911. https://doi.org/

10.3390/brainsci13060911

Academic Editor: Wayne Carter

Received: 9 May 2023

Revised: 30 May 2023

Accepted: 3 June 2023

Published: 5 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

brain
sciences

Review

Distribution of Iron, Copper, Zinc and Cadmium in Glia,
Their Influence on Glial Cells and Relationship with
Neurodegenerative Diseases
Aleksandra Górska 1,* , Agnieszka Markiewicz-Gospodarek 1 , Renata Markiewicz 2, Zuzanna Chilimoniuk 3 ,
Bartosz Borowski 4, Mateusz Trubalski 4 and Katarzyna Czarnek 5

1 Department of Human Anatomy, Medical University of Lublin, 4 Jaczewskiego St., 20-090 Lublin, Poland;
agnieszkamarkiewiczgospodarek@umlub.pl

2 Department of Psychiatric Nursing, Medical University of Lublin, 18 Szkolna St., 20-124 Lublin, Poland;
renatamarkiewicz@umlub.pl

3 Student Scientific Group at the Department of Family Medicine, 6a (SPSK1) Langiewicza St.,
20-032 Lublin, Poland; zuzia.chil@gmail.com

4 Students Scientific Association at the Department of Human Anatomy, Medical University of Lublin,
20-090 Lublin, Poland; bartosz.borowski@interia.pl (B.B.); mateusztrub@gmail.com (M.T.)

5 Institute of Health Sciences, The John Paul II Catholic University of Lublin, Konstantynów 1 H,
20-708 Lublin, Poland; katarzyna.czarnek@kul.pl

* Correspondence: aleksandragorska@umlub.pl

Abstract: Recent data on the distribution and influence of copper, zinc and cadmium in glial cells
are summarized. This review also examines the relationship between those metals and their role
in neurodegenerative diseases like Alzheimer disease, multiple sclerosis, Parkinson disease and
Amyotrophic lateral sclerosis, which have become a great challenge for today’s physicians. The
studies suggest that among glial cells, iron has the highest concentration in oligodendrocytes, copper
in astrocytes and zinc in the glia of hippocampus and cortex. Previous studies have shown neurotoxic
effects of copper, iron and manganese, while zinc can have a bidirectional effect, i.e., neurotoxic
but also neuroprotective effects depending on the dose and disease state. Recent data point to
the association of metals with neurodegeneration through their role in the modulation of protein
aggregation. Metals can accumulate in the brain with aging and may be associated with age-
related diseases.

Keywords: Zn; Cu; Fe; Cd; neurodegenerative diseases; Alzheimer disease; multiple sclerosis;
Parkinson disease; amyotrophic lateral sclerosis

1. Introduction

The human body consists of many chemical elements, which can be divided into trace-
and macroelements. Iron, copper and zinc are some of the trace elements that are present in
every human body, as they play a role in some important mechanisms [1–7]. Amongst the
many functions, these trace elements are also significant in the neural system functioning.
Iron is important in the neurotransmitter metabolism and takes part in myelin synthesis [8].
Copper is crucial for many enzymes to work properly, and some of these enzymes play
important roles in the central nervous system. The abnormalities in these enzymes, caused
by copper deficiency, may lead to some diseases [9,10]. Zinc is also a cofactor for some
enzymes, for example DNA-polymerase, which are also needed for the nervous system to
develop properly, as they are required for neurogenesis [11]. Low zinc levels can lead to
such neurological abnormalities as cognitive disorders or mental health issues [12].

On the other hand, some trace elements are not normally present in the human body,
and their presence may lead to some disfunctions. For example, cadmium is an element
that should not be part of a healthy organism as it can cause some adverse effects [13]. This

Brain Sci. 2023, 13, 911. https://doi.org/10.3390/brainsci13060911 https://www.mdpi.com/journal/brainsci

https://doi.org/10.3390/brainsci13060911
https://doi.org/10.3390/brainsci13060911
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0001-7773-7439
https://orcid.org/0000-0002-6266-0261
https://orcid.org/0000-0001-8261-0192
https://orcid.org/0000-0002-2656-5398
https://doi.org/10.3390/brainsci13060911
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci13060911?type=check_update&version=1


Brain Sci. 2023, 13, 911 2 of 22

heavy metal is a common pollutant, and due to the possibility of it accumulating in brain
tissue, it may cause cognitive function disorders and abnormalities in the physiological
enzymes’ functioning [14].

It has been proven that the concentration of the elements varies in different brain
regions. Oligodendrocytes, which are involved in myelin synthesis, were shown to have
the highest concentration of iron among all the glial cell types [15,16]. There have been
similar observations regarding other metals such as zinc and copper [17–19]. Glial cells,
including oligodendrocytes and astrocytes, play a crucial role in the regulation, distribution
and storage of metals such as iron, copper and zinc in the brain [19–21]. Imbalances in
metal levels within glial cells may result in significant implications for brain function
and contribute to neurodegenerative diseases [22,23]. In addition, many papers have
stated that there is a connection between trace elements, composition dysfunctions and
neurodegenerative diseases [24–30]. Research regarding whether the regulation of the
metals’ level might help with these diseases’ treatment is ongoing [26,31–33].

Importantly, neurodegenerative diseases, such as Parkinson’s disease (PD), Alzheimer’s
disease (AD), multiple sclerosis (SM) and amyotrophic lateral sclerosis (ALS), are a common
problem in society. In the United States of America, there are an estimated 6.7 million people
aged 65 or older who are affected by AD, and this number is still growing [34]. The total
cost generated by AD itself is estimated to reach more than USD 1 trillion in 2050 [35].
These are some of the reasons for the growing interest in neurodegenerative diseases, their
pathogenesis, diagnostics, and treatment. It is important to find new methods that could
help in the neurodegenerative diseases’ treatment, which remains a serious challenge for
the physicians.

The aim of this study was to describe the distribution and influence of iron, copper,
zinc and cadmium on glial cells. Moreover, we wanted to focus on the influence of those
metals on neurodegenerative diseases like Alzheimer disease, multiple sclerosis, Parkinson
disease and Amyotrophic lateral sclerosis. We hope that this review might broaden current
knowledge about the role of metals in the pathophysiology of the brain and may be helpful
for future studies on neurodegenerative diseases.

2. Distribution and Influence of Iron, Copper, Zinc and Cadmium on Glial Cells
2.1. Iron

Iron is present in abundant amounts in the brain, fulfilling pleiotropic functions
including neuronal myelination and synthesis of neurotransmitters, DNA, RNA and pro-
teins [36–38]. Thereby, iron is essential as a cofactor of numerous enzymes, especially for
adenosine triphosphate (ATP) production [17]. A balanced iron level ensures that iron is
kept in adequate concentration to fulfill its crucial functions in the brain while its harmful
effects remain under control. The brain constantly needs available amounts of iron in a
regional, cellular and age-sensitive mode [37]. Failure to meet this demand for iron can
result in persistent neurological dysfunction. On the other hand, increased iron levels
and iron accumulations in specific brain regions and cells are hallmarks for numerous
neurodegenerative diseases [36–42]. The prominent neurodegenerative diseases with an
iron-associated pathology are Alzheimer’s and Parkinson’s diseases. Iron also plays a role
in the etiology of Huntington’s disease, multiple sclerosis and progressive supranuclear
palsy. There is even a group of diseases referred to as NBIA (neurodegeneration with brain
iron accumulation) [43].

Iron metabolism varies across different cell types such as neurons, astrocytes, oligo-
dendrocytes and microglia due to their distinct structural and metabolic characteristics.
Consequently, the presence of iron in affected brain regions may not indicate a general
increase but rather the accumulation and redistribution of iron specific to certain cell types.
Reinert et al. (2019) [44] published findings that demonstrated oligodendrocytes possess
the highest iron concentration among glial cells, aligning with previous studies [15,16]. It is
believed that the synthesis of myelin, which is a primary function of oligodendrocytes [45],
necessitates elevated iron levels to fulfill their enzymatic and metabolic requirements.
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Additionally, oligodendrocytes likely play a role in iron regulation as they are equipped
with iron storage and transport proteins [46]. Oligodendrocytes play a neuroprotective
and supportive role or, in case of dysfunction, might initiate or progress the degenera-
tion process [47]. For instance, in mice lacking the iron-responsive element, a model of
neurodegeneration resulting from abnormal iron regulation, oligodendrocytes exhibit a
significant increase in ferritin levels, while neighboring degenerating neurons experience
a substantial decrease [48]. Regarding astrocytes, Hoepken et al. (2004) [49] employed
atomic absorption spectroscopy (AAS) to measure iron content in cultured rat astrocyte
lysates. Normalized to protein content, they obtained a value of (9.3 ± 5) nmol iron/mg
protein. This aligns well with the in situ conducted by Reiner et al. (2019) and the results
of (5.9 ± 8) nmoliron/mg protein. Another study by Bishop et al. (2011) investigated iron
content in astrocytes derived from newborn mice using a ferrozine-based colorimetric
assay [50]. Using a ferrozine-based colorimetric assay, they calculated, based on protein
content, and estimated cytosolic volume, an intracellular iron concentration of (1.2 ± 6)
mM (mean ± SD; n ≥ 3 cultures). Within the margin of errors, the iron concentration of
mice primary astrocytes published by Bishop and coworkers is the same as Reinert et al.,
measured for rat astrocytes in situ ((1.29 ± 14) mM). However, due to the lack of knowledge
on the cytosolic volume of neurons and microglia, it was not possible to calculate the iron
concentration for these cell types. Nevertheless, Bisop et al. (2011) discovered that microglia
and astrocytes accumulate more iron than neurons, with microglia exhibiting the highest
efficiency. These findings align with other studies indicating that microglia tend to contain
more iron than astrocytes (with a slight statistical significance of p < 0.07) and that neurons
have the lowest iron content, thus highlighting similar patterns.

Reiner et al. (2019) [44] demonstrated that neurons in the neocortex, substantia nigra,
subiculum and deep cerebellar nuclei exhibit similar iron concentrations. However, the
iron content differs between glial cells and neurons with glial cells generally containing
more iron. Moreover, the iron concentration within glial cells varies depending on the
specific type of glial cells. These findings suggest that the iron levels are influenced more
by the type of neural cell and the metabolic characteristics and functions of the cell rather
than the brain region in which the cell is situated.

Neural cell types can individually regulate the distribution and storage of iron accord-
ing to their needs and functions [51]. For example, oligodendrocytes secrete transferrin to
other cells, microglia provide iron to oligodendrocytes to obviously ensure their demand
of iron [52], and astrocytes are known to regulate the transport of iron to other cells [53].
Consequently, maintaining a proper balance of cellular iron requires a regulated process of
iron uptake, storage, distribution, and release, both within individual cells and between
different cells. The intricate and precise functioning of iron metabolism in the brain is
crucial, given its specialized nature. However, it is also a delicate process. Additionally, as
individuals age, iron undergoes redistribution among different molecular forms, such as
ferritin, neuromelanin, transferrin, and hemosiderin, resulting in changes in the distribution
of iron between neurons and glial cells [40].

Tarohda et al. (2004) [54] studied age-related changes in metal concentrations in
several brain regions of Wistar rats. They report increasing iron concentrations during
postnatal development from P1 to P42, reaching adult levels before P72. These findings
suggest that iron-related specializations and regulatory circuits have essentially developed
within the first two months of age. The augmented iron levels can be attributed to the
constant delivery of iron into the brain and decreased release of iron into the blood via
the BBB and BCSFB [55]. It is tempting to postulate that iron may be drained from the
cerebrospinal fluid (CSF) via the lymphatic system [17].

The accumulation of iron is a characteristic feature of aging, and it is linked to numer-
ous age-related diseases. Iron plays a catalytic role in the formation of harmful cellular
waste molecules and hinders their elimination. Conversely, reducing iron levels in the
bloodstream could potentially have rejuvenating effects. Iron is intricately intertwined with
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the aging process, and maintaining control over the body’s iron stores may emerge as a
significant approach to prolonging human lifespan [56].

Under the assumption that glial cells exhibit similar functions and physiology across
different brain regions, it can be inferred that glial cells, particularly oligodendrocytes, are
the brain’s most iron-rich cells. Therefore, when conducting studies that measure iron
content in the brain at a resolution lower than the cellular level, it is crucial not only to
focus on neurons but also to consider the contribution of glial cells to the overall iron
levels. Moreover, imbalances in iron homeostasis that lead to neurodegeneration may not
solely be localized in neurons but could also, or primarily, occur in glial cells. Recognizing
the significance of glial cells in iron-related processes is essential for a comprehensive
understanding of iron dynamics in the brain.

2.2. Copper

The brain contains the highest copper (Cu) content in the body after the liver [57]. Cu
is required for modulation of synaptic activity and neuronal plasticity [58] Cu is a cofactor
of proteins involved in neurotransmitter biosynthesis, mitochondrial activity, oxidative
stress defense and other fundamental brain processes. Cu is crucial for physiological
brain function [59]. On the other hand, an abnormal Cu level has been implicated in
the pathogenesis of various neurodegenerative disorders, including Alzheimer’s disease,
Menkes disease, Parkinson’s disease, familial amyotrophic lateral sclerosis, and prion
disorders [22,23]. Despite its fundamental role in brain physiology, knowledge of Cu
transport into the brain, its distribution and regulation are still limited. It was proved that
Cu content is increased with aging [60]; however, no experimental procedure has been
performed to show whether the observed increase is uniform among different brain areas
and cells or whether some brain areas accumulate Cu to a much greater level. It has been
hypothesized that among the parenchymal cells, astrocytes have the greatest influence
on Cu homeostasis in the brain [19]. It was demonstrated that rat astrocytes in cultures
efficiently take up Cu from medium [61]. Cell culture studies also indicate that neurons
are more susceptible to Cu-induced cytotoxicity than astrocytes [62]. These studies were
carried out in cell cultures because techniques for tracking Cu ions in particular brain cells
were not accessible.

For the first time, implementation of X-ray fluorescence microscopy allowed analyzing
the Cu distribution in rodent brains, to visualize intracellular Cu accumulations in glial
cells, and to follow development of these accumulations with aging [20]. It was proved
that live astrocytes have mechanism to detoxify accumulated Cu; however, if Cu-loaded
astrocytes would die because of brain injury or aging, toxic Cu might be released into the
environment and affect brain cells.

Ashraf et al. (2019) [17] proved that copper was remarkably enriched in the ventri-
cles with aging, consistent with previous observations of increased copper at the choroid
plexus [43]. It has been suggested that the blood cerebrospinal fluid barrier is the pre-
dominant barrier for regulated copper uptake in the brain [63]. Astrocytes in the locality
of ventricles are in a prime location to balance brain copper content and carry out the
detoxification, having access to cerebrospinal fluid (CSF) [20]. Like any mammalian cells,
astrocytes uptake Cu into the cytoplasm by the copper transporter 1 (Ctr1). Ctr1 passes Cu
to Cu chaperones, which mediate the intracellular transport of Cu to Cu proteins via mech-
anisms utilizing direct protein–protein interaction blood. Astrocytes have perivascular end
feet or footplates, expanses of their cytoplasmic processes that surround the abluminal
surfaces of the capillary endothelial cells that form the blood–brain barrier (BBB) of the
brain and are opposed to the endothelial basal lamina [64]. The BBB is partially lost on
the surface of blood capillaries in the subventricular zone (SVZ) [65], which can explain
the highest Cu accumulations detected in astrocytes positioned close to the ventricle wall.
The choroid plexus, a tissue in brain ventricles adjunct to the SVZ, transports Cu and other
metals between the blood and the CSF [66]. The CSF is separated from the cells of the SVZ
by only one layer of ependymal cells, which, to the best of our knowledge, do not form
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tight junctions. Thus, astrocytes have preferential (as compared with neurons) access to
the interstitial fluids as well as the CSF. Observation of the extensive Cu accumulations in
the astrocytes of the SVZ might lead to the idea that cells in this part of the brain function
as an additional barrier between systemic fluids and brain tissues (at least in terms of Cu
transport). In such a case, accumulation of Cu can be envisioned because of Cu retention
at this barrier. However, we think that this is an unlikely function and that the astrocytes
are instead balancing the Cu content in the brain to meet the brain’s Cu needs more than
simply achieving Cu detoxification. Furthermore, the concentrations of other metals did
not reach the levels revealed by copper with aging, suggesting that astrocytes are involved
in regulating brain copper levels. Those findings of increased ventricular copper deposition
are further extended by literature showing augmented genetic and protein expression levels
of copper transporters at the choroid plexus compared to the brain parenchyma [67]. In-
creased copper levels have been linked to reduced neurogenesis [20], which may be another
contributory factor to the vulnerability of the aged brain to neurodegenerative diseases.

Understanding the Cu binding in astrocytes is crucial for understanding the biological
function and potential toxicity of increased Cu levels. Astrocytes play the important role
of ‘Cu-buffering’ cells maintaining Cu homeostasis in the brain, and interruption of their
functions might result in the release of toxic Cu. There is a need to conduct experiments that
will explain how the Cu handling by the astrocytes is changing under various pathological
conditions. Quantitative imaging techniques with subcellular resolution may be helpful
for studies of the role of copper in brain functionality as well as in various pathological
conditions such as brain tumors and neurodegenerative diseases.

2.3. Zinc

Zinc is an essential trace element with important roles in the physiology and pathology
of the central nervous system (CNS). It is crucial for a wide range of cellular processes,
including neurotransmission and metabolism, as it catalyses reactions of all the major
classes of enzymes [68,69]. One of the primary zinc functions in the brain is its ability to
modulate synaptic transmission. Zinc is found in high concentrations in synaptic vesicles of
specific types of neurons, such as glutamatergic neurons in the neocortex, the amygdala and
hippocampus and GABAergic neurons [70,71]. Moreover, its role in cognition and synaptic
plasticity was suggested since some synaptic membrane proteins contain binding sites for
extracellular Zn2+ [72]. Upon neuronal activity, zinc is released into the synaptic cleft, where
it can modulate the activity of ion channels, neurotransmitter receptors and other signalling
molecules [70]. In addition to its physiological functions, zinc has been implicated in several
neurological disorders. For example, alterations in zinc homeostasis have been observed in
Alzheimer’s disease, Parkinson’s disease, and other neurodegenerative disorders [73–75].
Zinc dysregulation has also been linked to neuronal and glial death in ischemia, epilepsy
and traumatic brain injury [76–78].

The dynamic regulation of zinc levels in the brain is critical for maintaining proper
brain function. Three families of proteins regulate its homeostasis, which include met-
allothioneins (MTs), zinc- and ironlike regulatory proteins (ZIPs) and zinc transporters
(ZnTs) [79–81]. As the metallothionein have a high affinity for zinc, they are believed to be
responsible for its distribution and to act as its intracellular reservoir [79,82]. Interestingly,
ZnT and ZIP proteins seem to have different functions in maintaining cellular zinc home-
ostasis. ZnT proteins facilitate the removal of excess zinc ions from cells or transport them
into intracellular vesicles, resulting in a decrease in intracellular cytoplasmic zinc levels.
On the other hand, ZIP proteins promote the influx of zinc ions into cells, possibly through
vesicular transport, resulting in an increase in intracellular cytoplasmic zinc levels [80].

Zinc reaches its highest concentration in the brain when compared to other organs of
the human body. Interestingly, its estimated concentration is 150 µmol/L, which is 10 times
higher than the concentration of zinc found in serum. Zinc plays a structural role in around
70% of proteins present in the brain, and only a small percentage (10–15%) of brain zinc
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exists in a “free” or cheatable form [83]. In addition, it is highly concentrated in the synaptic
vesicles of a subset of glutamatergic neurons, which are also called “zinc-containing” [84].

The study by Ashraf et al. (2019) used synchrotron-based X-ray fluorescence mi-
croscopy to investigate the regional distribution of zinc in glia in a normal aging mouse
model. It was found that zinc was concentrated in specific regions of the brain, with the
highest concentration in the hippocampus, followed by the cortex and striatum, with the
lowest concentration in the cerebellum. In addition, it was proven that the density of glia
in the hippocampus and cortex was positively correlated with the concentration of zinc in
glia. This observation suggested that glia may play a role in regulating zinc distribution in
mentioned regions [17]. Previous studies have also shown that glial cells may be involved
in regulating zinc levels in the brain and thus maintain the normal synapse function [21].
Moreover, MT-1 and MT-2, which act as intracellular zinc reservoirs, are primary expressed
in glial cells [85,86].

Several studies showed that astrocytes can accumulate zinc and other toxic met-
als [87–89]. Bishop et al. (2010) has proven that rat astrocyte cultures were able to express
mRNA of ZIP14, which was indicated to act as a zinc transporter across the plasma
membrane of astrocytes. Thus, ZIP14 may contribute to the accumulation of zinc in
these cells [90].

As mentioned before, ZnTs such as ZnT 1-4, play a crucial role in regulating the
intracellular levels of free or loosely bound zinc [80,81,91]. Moreover, ZnT-1 which is
located on the plasma membrane of neurons and glial cells, was shown to be capable
of protecting the neuronal cell lines from zinc-induced toxicity [92–94]. Interestingly,
astrocytes have been proven to have high levels of zinc-binding proteins, suggesting that
these cells may be involved in regulating zinc levels in the brain [17]. Similar results were
presented in the Nolte et al. study, which indicated the increased expression of ZnT-1 levels
in astrocytes. This mechanism provided protection against zinc toxicity and slowed down
the accumulation of intracellular zinc [18].

Several studies also confirmed the role of microglia in immune surveillance and host
defence. Interestingly, neuronal injury or exposure to pathogen-derived molecules evoked
microglia activation, which was associated with augmented cell proliferation and the
secretion of proinflammatory mediators [95–97]. Extracellular zinc was indicated as one of
the factors that trigger microglia activation [98]. In addition, Higashi et al. demonstrated
that mouse primary cultured microglia were able to take up zinc due to metal cation
transporters such as ZIP1 [99]. In CNS there is another major regulator of zinc uptake that
belongs to the ZIP superfamily, called ZIP3. However, due to ZIP1’s higher abundance
in brain, it is currently considered the key facilitator of neuronal zinc uptake [100,101].
Moreover, microglia may be responsible for significant physiological functions such as
synaptic plasticity and neurogenesis [102]. This impact is likely due to their ability to
influence MT expression and, therefore, Zn concentration [103].

2.4. Cadmium

Cadmium belongs to the group of heavy metals with a high potential for toxicity,
which is related to its half-life. Most studies put it around 15–20 years in the human
body [104,105]. It was also included in the Substance Priority List 2022 (SPL), which
identified the substances that could cause the most severe harm to human health due
to their confirmed or suspected toxicity and the likelihood of human exposure [106].
Sources of cadmium in the human body include factories that manufacture batteries
or paints, and inhalation of polluted air, cigarette smoke, or ingestion of contaminated
food or water [107–109]. Cd is also known to be carcinogenic, and it is classified as a
Group I carcinogen by the International Agency for Research on Cancer (IARC). Cadmium
disrupts the DNA repair system and stimulates proto-oncogenes while inhibiting tumour-
suppressor genes [108].

Prolonged exposure of the body to even small doses of cadmium lead to multiorgan
toxicity. The human nervous system, both peripheral and central, is the most sensitive to its
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effects [110]. The impact of cadmium on the clinical condition of the body is broad spectrum.
It includes general neurological disorders, peripheral neuropathy, olfactory dysfunction,
mental retardation, learning disabilities and even behavioral changes [111]. Cadmium is also
considered a factor associated with the occurrence of neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis and as a substance
playing an important role in the development of peripheral polyneuropathy [110,112].

The main pathological conditions in the tissues because of the action of cadmium
are primarily cell apoptosis, caused by the production of reactive oxygen species, Ca2+

accumulation, upregulation of caspase-3 and downregulation of bcl-2, as well as p-53
deficiency [108,113]. Oxidative stress causes disruption of the microvessels in the choroid
plexus in the brain tissue by wearing down the defense system against antioxidants, re-
sulting in an increase in lipid peroxidation (LPO) and induction of the metallothionein
(MT) defense mechanism. These reactions caused by cadmium may also result in the pro-
duction of reactive oxygen species by mitochondria, which through the MAPKs (mitogen-
activated proteinkinases) and mTOR (mammalian target of rapamycin) pathways, cause
apoptosis [105,114]. Cadmium also acts on Ca2+ mitochondria, causing apoptosis of cortico–
cerebral neurons, which has been shown in studies conducted on rats and mice. There is
also a relationship between the concentration and duration of cadmium exposure and the
induction of apoptosis [105,115].

3. The Influence of Metals (Fe, Cu, Zn and Cd) on Neurodegenerative Diseases

Neurodegenerative disorders are characterized by the progressive loss of selectively
sensitive neuronal populations (nerve cell loss) [116]. Successive, slow and progressive
dysfunction and loss of neurons and axons in the central nervous system are the main
pathological features of neurodegenerative conditions—both acute and chronic—such as
Parkinson’s disease and Alzheimer’s disease [117]. Neurodegenerative disease can be
divided according to basic clinical symptoms (e.g., dementia), anatomical changes—the
distribution of neurodegeneration (e.g., frontotemporal degeneration) or molecular abnor-
malities (e.g., protein abnormalities—amyloidosis, tauopathies).

Nowadays, there is growing interest in the involvement of metal ions in neurodegen-
erative processes, mainly in synaptic transmission. Neurodegenerative diseases (Figure 1)
e.g., Alzheimer’s and Parkinson’s, are characterized by elevated iron content in tissues and
abnormal distribution of copper and zinc accumulation in amyloid [22].
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3.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder that leads to cognitive
impairment and dementia in the elderly. The main cause of the disease is mutations in the
genes associated with β-amyloid (Aβ), psen1 and psen2. Many publications also empha-
size the influence of various changes in lipid metabolism, endocytosis and inflammatory
responses (genes: apoe, trem2, and CD33), which are inductive factors in the disease, as
well as abnormal dietary habits and environmental hazards [119,120]. Changes in iron
levels in AD can be diagnosed as early as mild cognitive impairment [121] using, among
other things, iron contrast MRI [122–125]. Scientific evidence suggests that reduced levels
of ferritin in the cerebrospinal fluid cause brain hypometabolism in people with AD [126].
Studies confirm that changes in iron metabolism trigger the disease in prodromal stages,
which can be used in AD diagnosis (AD biomarker), mainly analyzing microglia. Studies
confirm the apparent accumulation of iron in the plaques of activated microglia, and in
some cases, even in the middle cortical layers along myelin fibers. The study shows that
the degree of altered iron accumulation is clearly correlated with the amount of amyloid β

plaques and tau protein pathology in the frontal cortex [127]. Interesting changes have also
been observed in the brain’s immune system. Brain microglia dystrophy in the elderly and
AD patients is influenced by ferritin immunoreactivity [128], which results in impaired iron
homeostasis. The cause of dyshomeostasis in brain function may be, for example, brain
hemorrhage due to trauma, which exacerbates astrogliosis and increases proinflammatory
cytokines tumor necrosis factor- α (TNF-α) and interleukin-1β [129]. This is of particular
interest because traumatic brain injury is a potential risk factor for AD [120].

Like iron, copper is a desirable chemical element essential for cell function, mainly
due to its ability to exchange electrons. During Cu distribution in the body, copper ions
undergo different states: oxidation (Cu2+) and reduction (Cu+). They bind to copper en-
zymes, which control a wide range of biochemical functions occurring in the body [130].
Cu is a metal ion with redox activity that is essential for aerobic organisms. As a catalytic
and structural cofactor, it participates in energy production, oxygen and iron transport,
cellular metabolism, peptide hormone maturation, blood coagulation, signal transduction
and many other processes. The inability to control Cu balance is associated with genetic
diseases (Menkes and Wilson) [131] and neurodegenerative disorders (amyotrophic lateral
sclerosis, Parkinson’s disease, Huntington’s disease, encephalopathy) for which prions are
responsible [132,133]. Individuals with a diagnosis of AD have been shown to have higher
levels of labile serum copper than healthy individuals, with these levels correlating with
poor cognitive abilities [134,135], as confirmed by postmortem analyses [136]. It is notewor-
thy that despite a lower total copper content, the brains of people with AD have a higher
proportion of redox-active exchangeable copper, which positively correlates with increased
oxidative damage and AD neuropathology [137]. With respect to neuroinflammation, cop-
per appears to play an important role in modulating microglia activation, although there is
limited evidence that it directly initiates the inflammatory process. Copper has been shown
to enhance the effects of the Aβ on microglia activation and affect neurotoxicity [138].

Seventy percent of the proteins present in the brain contain Zn. As a structural
and catalytic component, it contributes to transcription and enzymatic factors [139]. Zn
homeostasis in the brain is regulated by three families of proteins: metallothioneis, which
are involved in maintaining intracellular homeostasis; zinc- and ironlike regulatory proteins,
which are responsible for Zn uptake from extracellular fluids into neurons and glial cells;
and Zn transporters, which are associated with cellular Zn efflux [81]. In the brain, Zn is
present in its free ionic form in synaptic vesicles at glutamatergic nerve terminals, from
where it is released during neuronal activity [140,141]. Zn affects the expression and
activity of N-methyl-3-hydroxy-5-methyl-4-isoxazolopropionate (AMPA) glutamatergic
receptors, glycine ionotropic receptors and γ-aminobutyric acid (GABA) receptors [142].
Zn is intimately involved in the balance of excitatory and inhibitory signaling in the brain
and is essential for memory and behavioral functions [143]. Zn homeostasis is impaired
in a wide range of neurological diseases [144,145]. Although zinc does not have redox
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properties, excess zinc in extracellular fluid has been shown to have neurotoxic effects and
affect Aβ protein aggregation [71,146].

Cadmium (Cd) is a carcinogenic heavy metal found in the environment. Unlike many
other heavy metals, it is soluble in water and can therefore be transported from the soil
to plants [147]. Once it enters the body, it accumulates in the kidneys and lower and has
a half-life of 20–40 years [148,149]. Chronic exposure to Cd results in several disorders,
such as hypertension, kidney dysfunction, bone demineralization and neurological dis-
eases [150,151]. Scientific studies confirm that Cd penetrates the blood–brain barrier and
accumulates in the brain, causing disorders with neurotoxicity [152]. In the brain, Cd
induces activation of various signaling pathways associated with inflammation, oxidative
stress, and neuronal apoptosis [153,154], leading to aggregation of Aβ plaques [155,156],
blockade of M1 muscarinic receptors and phosphorylation of tau protein [157,158]. Hyper-
phosphorylation of tau protein destabilizes and disintegrates microtubules, disrupts axonal
transport, and makes tau protein much more susceptible to aggregation in NTFs. NFT
burden causes cognitive impairment and neurodegeneration, leading to the suggestion that
reducing tau protein hyperphosphorylation is the key to preventing AD [159–161].

3.2. Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system
that causes different symptoms depending on the location: motor, sensory, visual and
autonomic. The etiology of the disease is ambiguous. It is believed that it is based on ge-
netic susceptibility and environmental factors (infection—Epstein–Barr virus, herpes virus,
chickenpox virus—occupational hazards, vitamin D deficiency, obesity, smoking). Due to
the different duration of disease episodes, diagnosis and leading symptoms of the disease,
we distinguish different subtypes of MS: clinically isolated, relapsing–remitting, secondary
progressive and primary progressive. The diagnostic parameter of the disease diagnosis is
the presence of mismatched oligoclonal IgG immunoglobulins in the cerebral fluid (pres-
ence in 90% of patients) [162–164], which is the result of migration through the blood–brain
barrier (BBB) of autoreactive T and B lymphocytes. This migration triggers several pro-
cesses, including the inflammatory cascade leading to changes in microglial activation,
oxidative damage and mitochondrial damage [165]. The result of these transformations
are negative modifications in the myelin sheaths. A few changes are also conditioned
by factors related to fluid dynamics and molecular interactions between leukocytes and
vascular endothelium. Moreover, the BBB is often described as a monolithic unit, and more
and more publications emphasize its heterogeneity, both in vascular and anatomical terms
(location of blood vessels) [166]. Therefore, it seems highly probable that this individual
vascular condition is an important element in the neuropathogenesis of MS (possibility of
penetration of harmful substances causing inflammation and inducing the disease).

Metals are indispensable cofactors of enzymes and structural elements for stabilizing
static biomolecules. They participate in major metabolic pathways of the brain i.e., neu-
rotransmitter synthesis, neural metabolism and oxygen transport [167]. In recent years,
scientific attention has focused on redox active metals (Fe, Cu) due to their undeniable
ability to neurodegenerate [168]. Iron and copper are of interest because of their involve-
ment in the production of toxic reactive oxygen species (ROS). This occurs via the Fenton
reaction. During this reaction, reduced iron and copper are involved in the production
of hydroxyl radicals, which damage DNA, but also protein and lipids through oxidative
modifications [169]. In addition, dysregulation in homeostasis of above metals contributes
to several neurodegenerative diseases, including MS [170]. Numerous studies have shown
that metal ions such as zinc, iron and copper enhance the aggregation of Aβ-amyloid,
α-synuclein, prion protein and ataxin-3, thereby inducing neurodegeneration [171].

3.3. Parkinson’s Disease

Parkinson’s disease (PD) is a self-limiting, progressive degenerative disease of the
central nervous system (CNS) [172]. During PD, degenerative changes occur within nerve
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cells in the substantia nigra and other pigment-bearing aeras of the brain. Substantia nigra
neurons are responsible for the production of dopamine, a neurotransmitter, hence they
are also called dopaminergic neurons [173]. The dysfunction of dopaminergic neurons is
associated with a deficiency of dopamine in the substantia nigra and striatum, resulting in a
preponderance of activity of glutamatergic neurons, which inhibit the thalamic nuclei [174].
The association with aging of dopaminergic neurons leads to motor complications such as
tremor, rigidity, motor slowing and postural abnormalities [175].

As mentioned earlier, in Parkinson’s disease there is a loss of dopaminergic neurons
in the substantia nigra pars compact (SNpc). During PD, zinc and iron levels are increased,
while copper levels in the substantia nigra are reduced [22]. An excess of the above elements
destroys neurons, because of which the function of lysosomes i.e., cellular structures
responsible for digesting and repairing damaged proteins, is impaired. It is normal that
as we age, the function of lysosomes is weakened, which translates into a slowing down
of their work and thus the process of renewal of organic material is impaired. Damaged,
undigested protein can consequently overbuild in cells and allow iron to reach nerve cells
and cause oxidative stress [176].

Previous studies have shown neurotoxic effects of copper, iron and manganese, while
zinc can have a bidirectional effect, i.e., neurotoxic but also neuroprotective depending on
the dose and disease state. It was suggested that increased copper levels can contribute
to oxidative stress and neuroinflammation, which are implicated in neurodegeneration.
It was due to the activation of redox-sensitive transcription factors. In addition, reduced
ceruloplasmin levels may lead to increased accumulation of iron in the brain. As a result,
elevated iron levels and accumulation of redox-active Fe2+ may cause metal-induced
oxidative stress [177]. Thus, conclusions have been drawn suggesting that metals are
involved in neurodegeneration through modulation of protein aggregation. Exposure to
heavy metals significantly increases α-synuclein synthesis and aggregate formation, which
is through to be one of many etiopathological factors in PD. Another report states that a
major factor in disease progression (PD) is inflammation correlated with dysfunction of
metal iron (Fe) homeostasis accompanied by oxidative stress [178]. In addition, it was also
shown that the Fe accumulation reduced the activity of Fe-dependent hypoxia-inducible
factor (HIF-1α), resulting in decreased levels of tyrosine hydroxylase (TH) and dopamine.
The decline in these biomarkers ultimately leads to the degeneration of dopaminergic
neurons [179]. The role of Fe as a risk factor in PD progression was suggested when
total Fe levels increased by 176% and iron ion levels by 225% in SNpc compared to age-
matched controls. Animal models of PD have demonstrated neuroprotection by genetic or
pharmacological chelation of Fe [180]. Spectrophotometric and Pearl staining inductively
coupled plasma spectroscopy, MRI, laser microprobe mass analysis, sensitivity-weighted
imaging (SWI) and enhanced T2-star angiography (ESWAN) showed elevated Fe levels in
brain SNpc [181].

As mentioned before, previous biochemical investigations of brain samples from
individuals with PD have shown reduced levels of Cu in the substantia nigra and promotion
of α-synuclein aggregation. The expression of Cu transporter 1 (Ctr1), responsible for
Cu uptake, was also significantly decreased in PD, suggesting its association with the
disease [182]. Interestingly, Cruces-Sande et al. showed that the nigrostriatal administration
of copper alone did not induce degeneration of dopaminergic neurons. However, when
combined with 6-hydroxydopamine (6-OHDA) in a rat model of Parkinson’s disease (PD),
copper potentiated the neurodegenerative effects caused by 6-OHDA. This enhanced
degeneration was also associated with increased oxidative stress [183].

The exposure to Cd also resulted in oxidative stress. The increase in ROS and free
radicals was shown to result in aggregation of α-synuclein and the release of proinflam-
matory molecules including IL-6 and TNF-α. However, the levels of IL-10 were decreased.
As a result of neuroinflammation, the activity of the CREB pathway was inhibited which
was associated with neurodegeneration and neurogenesis decline [184]. In addition, per-
sistent activation of signaling pathways such as MAPK and mTOR is associated with cell
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death and neuronal apoptosis in response to Cd exposure [185]. Cd influence on neuronal
death causing the neurodegenerative diseases was particularly observed in cortical and
hippocampal regions [186].

In addition, Arsenic (As) is also believed to contribute to the development and progres-
sion of PD through various mechanisms. This includes oxidative stress induction, which is
characterized by elevated levels of reactive oxygen species (ROS) and lipid peroxides [187].
The neurotoxic effects of As involve the impairment and degeneration of dopaminergic
neurons due to oxidative DNA impairment [188]. Exposure to As leads to the release of
αSyn, potentially connecting with disruptions in the ubiquitin–proteasome system, oxida-
tive damage or impaired mitochondrial function, ultimately promoting the degeneration of
neurons and triggering cell death [189].

Considering the above issues, oxidative stress plays an important role during PD—both
chronic and spontaneous. It is suspected that free radicals are associated with dopamine,
and this is since enzymes, such as monoamine oxidase, are involved in the dopamine
metabolic pathway. Hence, dopamine and its metabolites are involved in the production of
free radicals [190]. According to Hassanzadeh et al. (2018), there are several phenomena
observed during Parkinson’s disease, i.e., an increase in iron levels, impaired function of
the mitochondrial complex I, a decrease in glutathione levels and a decrease in 26S proteo-
some activity [191].

Experimental studies have proven that heavy metal exposure at a young age may
have long-term neurological and epigenetic effects, suggesting that heavy metal-exposed
children are at higher risk of developing neurodegenerative diseases in the future. It was
shown that metals play an important role in regulating epigenetics during PD [192–194],
but studies have revealed that the environmental factors play a greater role than genetic
factors [195,196]. Metal-induced neurotoxicity in PD is still under research. A summary of
the effects of selected metals during Parkinson’s disease is shown below in Table 1.

Table 1. Effects on Parkinson’s disease of selected heavy metals.

Type of Element Impact on Parkinson’s Disease Ref.

Iron (Fe)

During Parkinson’s disease, iron metabolism in the extrapyramidal system is
abnormal. The increase in iron levels may be related to age or disease-causing loss
of proteins that could store iron. Another possibility could be increased import

(increased expression of transferrin receptor 1 and divalent metal transporter 1) or
decreased export (decreased expression of ferroportin-1) during Parkinson’s

disease and activation of microglia in response to neurodegeneration. Available
research results indicate that every patient with PD has a disruption in

homeostasis between the iron in the blood and in the brain.

[197,198]

Copper (Cu)

The epidemiological correlation between chronic copper exposure and a higher
risk of developing PD is well known. However, copper dyshomeostasis in PD, as a

cofactor in the active sites of several enzymes and thus a participant in many
enzymatic intracellular reactions, is relatively new. Cu is a cofactor of superoxide
dismutase 1 (SOD-1), an essential component of ceruloplasmin, a ferroxidase that
oxidizes reactive iron Fe2+ to the nontoxic Fr3+ form. Reduced Cu levels can thus
lead to less efficient removal and increased production of reactive oxygen species,
resulting in increased oxidative stress during PD. In addition, Cu is a component

of cytochrome c oxidase which is responsible for electron transfer of the
mitochondrial pathway. Therefore, reduced Cu levels may impair the function of

cytochrome c oxidase, thereby impairing mitochondrial function.

[199–201]

Zinc (Zn)

Synaptic Zn2+ mediates its effects mainly by altering synaptic transmission in the
striatum. Available findings suggest that synoptically released Zn2+ from

corticospinal striatal terminals may play a deleterious role by promoting the
expression of motor and cognitive deficits associated with Parkinson’s disease.

[202]

Cadmium (Cd)
Cadmium has an extremely long biological half-file. Cd-dependent neurotoxicity

has been linked to Parkinson’s disease. At the cellular level, Cd affects cell
differentiation, proliferation, and apoptosis.

[111,203]
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3.4. Amyotrophic Lateral Sclerosis (ALS)

ALS is a neurodegenerative, progressive disease, which affects mainly motor neu-
rons [204]. The typical disease course begins with weakness of the distal limbs’ muscles,
which eventually leads to paralysis, but there can also occur a bulbar type of ALS, where the
dominating symptoms are dysarthria and dysphagia [205]. ALS is one of the most rapidly
progressive neurodegenerative diseases, as the patients on average live up to 3 years after
the first symptoms occur [205]. Most of the cases are sporadic, but there is also a familial
type of ALS, which is associated with genes’ mutations [206]. One of the changes that could
appear in the familial ALS type is the SOD1 gene mutation. It encodes an enzyme called
Cu/Zn superoxide dismutase, which acts as an antioxidant and requires copper and zinc
to work properly [207]. There is still much to learn about this gene and its mutation, but
some research conducted on animal models gives hope that this area might be helpful in
ALS treatment [207].

Besides familial ALS, the etiopathogenesis of the sporadic types of the disease remains
unknown. Currently, there are no discovered biomarkers that could indicate the possibility
of the disease occurring within people [208]. The possible connection between trace
elements abnormalities and ALS is under consideration. For example, some research
showed increased iron accumulation in the neurons of the ALS-affected patients, especially
in microglia, which, due to the Fenton reaction, may induce an oxidative stress in the cells,
causing damage to these neurons [17,27,28,209]. Oxidative stress can also be induced by
high cadmium [29] and copper levels [12,17], or by low and high zinc levels [12,17].

Currently, clinical trials are being held to develop a new, successful ALS treatment,
involving pharmaceutical and gene therapy [210]. Some therapies consider trace-elements
disorders and their possible outcomes as an anchor point. For example, edaravone treat-
ment aims to reduce the oxidative stress in the neurons, as well as regulating-activated
microglia [211]. There have been attempts to use chelators as a therapy, but this kind
of treatment still needs more research to show its usefulness in ALS patients [209]. De-
feriprone is an iron chelator, which is currently being tested as a possible neuroprotective
drug in ALS [210,212].

Both etiopathogenesis and the treatment of ALS remain an aim for many researchers.
Many facts are yet to be discovered. There is a space for new clinical trials, which would help
in developing a successful treatment for this rapidly progressive neurodegenerative disease.

4. Discussion

In recent years, prominent improvements have been made in understanding metal
metabolism in glial cells. In this review, we have summarized the data on the role of iron,
copper, zinc and cadmium metabolism and distribution in glia and discussed their possible
involvement in some neurodegenerative diseases. Metal dyshomeostasis in glial cells are
pervasive features of normal aging, rendering the brain responsive to neurodegenerative
diseases. Most noticeably, differential distributions of the metals in glia of the various brain
regions were apparent. Meanwhile, copper seemed to show modest increments in their
concentration confined to the astrocytes of globus pallidus and zinc was enriched in the glia
of hippocampus and cortex. Taken together, we summarize that changes in glial dystrophy
with aging may induce differential regional content of various metals and are a sign of the
aging brain, which can also take part in neurodegenerative diseases.

Previous studies have shown that higher concentrations of iron are present in the
substantia nigra and globus pallidus [213]. Furthermore, the levels of iron increase with
age, particularly in the basal ganglia, indicating that iron is an age-dependent metal in the
brain [37]. The elevated iron levels can be attributed to continuous iron delivery to the
brain and reduced iron release into the bloodstream through the blood–brain barrier (BBB)
and blood–cerebrospinal fluid barrier (BCSFB) [16]. Oligodendrocytes, a type of brain
cell, contain the highest amount of iron [44]. Iron plays a crucial role in fueling microglia,
another type of brain cell, to prevent inflammation, but excessive iron accumulation in
microglia can accelerate the aging process and increase susceptibility to neurodegenerative
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diseases. Interestingly, Ashraf et al. (2019) [17] discovered that the ratio of iron to microglia
increased in the basal ganglia with age, while the iron to astroglia ratio was elevated in
the substantia nigra and globus pallidus but decreased in the striatum. These findings
suggest that glial cells may experience abnormal signaling, leading to age-related metal
imbalances in metal levels and contributing to neurodegenerative processes. Studies have
confirmed that changes in iron metabolism can trigger disease progression in prodromal
stages and can be utilized as a biomarker for Alzheimer’s disease (AD), particularly by
analyzing microglia. Notably, iron accumulation has been observed in activated microglia
within plaques, and in some cases, even in the middle cortical layers along myelin fibers.

According to research, ref. [17] copper levels were higher in the striatum, cingulate
cortex and ventral hippocampus compared to the globus pallidus in 6-month-old mice.
Moreover, the level of copper was higher in the ventricles with aging [22,63]. It was
insinuated that the BCSFB is the predominant barrier for copper uptake in the brain [64].
Astrocytes that are close to ventricles are in a prime location to balance brain copper content
and achieve detoxification, having access to CSF [20]. Therefore, the concentrations of
other metals did not reach as high levels demonstrated by copper with aging, suggesting
that astrocytes are mostly involved in regulating brain copper levels. As increased copper
levels have been linked to reduced neurogenesis [20] which may be another conducive
factor to the sensitivity of the aged brain to neurodegenerative diseases. Individuals with
a diagnosis of AD have been shown to have higher levels of labile serum copper than
healthy individuals, with these levels correlating with poor cognitive abilities [134,135], as
confirmed by postmortem analyses [136].

Studies have revealed that zinc accumulation is higher in the hippocampus compared
to other brain regions [78,143], indicating its significance in learning and memory consoli-
dation. At two months of age, zinc levels were found to be higher in the globus pallidus
than in the substantia nigra, although comparable to those in the hippocampus [17]. Zinc
has been shown to modulate GABAergic transmission in the globus pallidus [143] and is
believed to play an important role during neurodevelopment in this brain region. Brain
zinc levels have been reported to increase with aging in both rats [214] and humans [215].
Interestingly, zinc accumulation has been observed in the globus pallidus in a rat model
of Parkinson’s disease (PD) induced b 6-hydroxydopamine [54], as well as in the substan-
tia nigra and stratium of individuals with PD [168]. Thus, the higher zinc level in the
globus pallidus of aged mice suggests that zinc dysregulation may contribute to aging as a
major risk factor for neurodegenerative diseases. Glial cells, specifically astrocytes, play
a crucial role in maintaining zinc homeostasis to ensure optimal synaptic signaling [21].
Ashraf et al. (2019) [17] found an association between zinc and glial cells in the globus
pallidus, demonstrating that astrocytes accumulate zinc [18]. Microglia can uptake zinc
through the zinc transporter ZIP1, which triggers sequential microglial activation [99]. The
ratio of zinc to astroglia was reduced in the basal ganglia during older ages. In Parkin-
son’s disease, zinc and iron levels are increased, while copper levels in the substantia
nigra are reduced [22]. Previous studies have indicated neurotoxic effects of copper, iron,
and manganese, while the effects of zinc can be bidirectional, with both neurotoxic and
neuroprotective properties, depending on the dosage and disease state [177].

Due to cadmium neurotoxicity, even small doses of this metal could damage the
brain parenchyma. Cadmium is known to accumulate in the brain of young and adult
animals [152]. In addition, Cd also increases the exposure of the brain to other potentially
dangerous substances [152]. Several published in vivo studies have shown a range of
possible effects of Cd on glial cells, depending on dosage, time of exposure and experimental
model used [216,217]. In mammals, cadmium impairs GFAP expression in the astroglia.
The process of reactive astrogliosis is well known and is characterized by overexpression
of GFAP, hypertropia and proliferation of astroglia with subsequent formation of glial
scar [218]. These studies were also reported in the lizard and zebrafish brains, in which
histological alterations, reduction of GFAP expression and bioaccumulation were observed
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after the exposition on Cd [217,219]. Moreover, this metal has chemical similarity to zinc
and calcium, and it can disrupt the metabolism of those elements [220].

However, the current research on metal metabolism relies mainly on experimental ani-
mals. These models cannot fully imitate changes of iron, copper, zinc, cadmium metabolism
in the brain of patients with neurodegenerative diseases. Therefore, it is crucial for studies
using human glia, human stem cells or postmortem brain tissue of patients with Alzheimer
disease, multiple sclerosis, Parkinson disease and Amyotrophic lateral sclerosis to clarify
metal metabolism of glia and their role in neurodegenerative diseases.

The nervous system does not regenerate as well as other systems do. Neurodegen-
eration usually become progressive with age, as typically seen in AD and PD. With the
increase of lifespan among the general population, there is a longer duration of exposure to
metals for individuals and potential increase in incidence of neurological diseases. Future
experimental studies need to focus on the synergic effect of metal mixture exposition.
Humans are exposed to multiple metals at the same time and neurotoxicity is commonly
accompanied with metal over exposition. Further studies are needed to explore the health
impact of metal mixture for better understanding of their synergetic and antagonistic effect.
It is also important to identify metal-specific transporters as well as design therapeutics to
treat metal-induced toxicity.

Author Contributions: Conceptualization, A.G., A.M.-G., R.M. and K.C.; investigation, A.G., A.M.-G.,
R.M., Z.C., B.B., M.T. and K.C.; writing—original draft preparation, A.G., A.M.-G., R.M., Z.C., B.B.,
M.T. and K.C.; writing—review and editing, A.G., A.M.-G., R.M., Z.C., B.B., M.T. and K.C.; visualiza-
tion, A.G. and A.M.-G.; supervision, A.M.-G., R.M. and K.C.; project administration, R.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AAS—atomic absorption spectroscopy; AD—Alzheimer’s disease; ALS—amyotrophic
lateral sclerosis; ATP—adenosine triphosphate; BBB—blood–brain barrier; CNS—central
nervous system; CSF—cerebrospinal fluid; IRE—iron-responsive elements; IRP—iron regu-
latory proteins; NFT—neurofibrillary tangle; NBIA—neurodegeneration with brain iron
accumulation; PD—Parkinson’s disease; ROS—reactive oxygen species; SM—multiple
sclerosis; SVZ—subventricular zone.

References
1. Ni, S.; Yuan, Y.; Kuang, Y.; Li, X. Iron metabolism and immune regulation. Front. Immunol. 2022, 13, 816282. [CrossRef] [PubMed]
2. Dutt, S.; Hamza, I.; Bartnikas, T.B. Molecular mechanisms of iron and heme metabolism. Annu. Rev. Nutr. 2022, 42, 311–335.

[CrossRef] [PubMed]
3. Blades, B.; Ayton, S.; Hung, Y.H.; Bush, A.I.; La Fontaine, S. Copper, and lipid metabolism: A reciprocal relationship. Biochim.

Biophys. Acta (BBA) Gen. Subj. 2021, 1865, 129979. [CrossRef]
4. Arredondo, M.; Núñez, M.T. Iron and copper metabolism. Mol. Asp. Med. 2005, 26, 313–327. [CrossRef] [PubMed]
5. Skrajnowska, D.; Bobrowska-Korczak, B. Role of zinc in immune system and anti-cancer defense mechanisms. Nutrients 2019,

11, 2273. [CrossRef] [PubMed]
6. Allouche-Fitoussi, D.; Breitbart, H. The role of zinc in male fertility. Int. J. Mol. Sci. 2020, 21, 7796. [CrossRef]
7. Tamura, Y. The role of zinc homeostasis in the prevention of diabetes mellitus and cardiovascular diseases. J. Atheroscler. Thromb.

2021, 28, 1109–1122. [CrossRef]
8. Thirupathi, A.; Chang, Y.Z. Brain iron metabolism and CNS diseases. Adv. Exp. Med. Biol. 2019, 1173, 1–19. [CrossRef]
9. Horn, N.; Wittung-Stafshede, P. ATP7A-regulated enzyme metalation and trafficking in the menkes disease puzzle. Biomedicines

2021, 9, 391. [CrossRef]

https://doi.org/10.3389/fimmu.2022.816282
https://www.ncbi.nlm.nih.gov/pubmed/35401569
https://doi.org/10.1146/annurev-nutr-062320-112625
https://www.ncbi.nlm.nih.gov/pubmed/35508203
https://doi.org/10.1016/j.bbagen.2021.129979
https://doi.org/10.1016/j.mam.2005.07.010
https://www.ncbi.nlm.nih.gov/pubmed/16112186
https://doi.org/10.3390/nu11102273
https://www.ncbi.nlm.nih.gov/pubmed/31546724
https://doi.org/10.3390/ijms21207796
https://doi.org/10.5551/jat.RV17057
https://doi.org/10.1007/978-981-13-9589-5_1
https://doi.org/10.3390/biomedicines9040391


Brain Sci. 2023, 13, 911 15 of 22

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

11. Li, Z.; Liu, Y.; Wei, R.; Yong, V.W.; Xue, M. The important role of zinc in neurological diseases. Biomolecules 2022, 13, 28. [CrossRef]
[PubMed]

12. 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] [PubMed]

13. Wang, R.; Sang, P.; Guo, Y.; Jin, P.; Cheng, Y.; Yu, H.; Xie, Y.; Yao, W.; Qian, H. Cadmium in food: Source, distribution, and removal.
Food Chem. 2023, 405 Pt A, 134666. [CrossRef]

14. Oboh, G.; Adebayo, A.A.; Ademosun, A.O.; Olowokere, O.G. Rutin restores neurobehavioral deficits via alterations in cadmium
bioavailability in the brain of rats exposed to cadmium. Neurotoxicology 2020, 77, 12–19. [CrossRef] [PubMed]

15. Hill, J.M.; Switzer, R.C. The regional distribution and cellular localization of iron in the rat brain. Neuroscience 1984, 11, 595–603.
[CrossRef] [PubMed]

16. Connor, J.R.; Menzies, S.L. Relationship of iron to oligondendrocytes and myelination. Glia 1996, 17, 83–93. [CrossRef]
17. Ashraf, A.; Michaelides, C.; Walker, T.A.; Ekonomou, A.; Suessmilch, M.; Sriskanthanathan, A.; Abraha, S.; Parkes, A.; Parkes,

H.G.; Geraki, K.; et al. Regional distributions of iron, copper and zinc and their relationships with glia in a normal aging mouse
model. Front. Aging Neurosci. 2019, 11, 351. [CrossRef]

18. Nolte, C.; Gore, A.; Sekler, I.; Kresse, W.; Hershfinkel, M.; Hoffmann, A.; Kettenmann, H.; Moran, A. ZnT-1 expression in astroglial
cells protects against zinc toxicity and slows the accumulation of intracellular zinc. Glia 2004, 48, 145–155. [CrossRef]

19. Tiffany-Castiglioni, E.; Hong, S.; Qian, Y. Copper handling by astrocytes: Insights into neurodegenerative diseases. Int. J. Dev.
Neurosci. 2011, 29, 811–818. [CrossRef]

20. Pushkar, Y.; Robison, G.; Sullivan, B.; Fu, S.X.; Kohne, M.; Jiang, W.; Rohr, S.; Lai, B.; Marcus, M.A.; Zakharova, T.; et al.
Aging results in copper accumulations in glial fibrillary acidic protein-positive cells in the subventricular zone. Aging Cell 2013,
12, 823–832. [CrossRef]

21. Hancock, S.M.; Finkelstein, D.I.; Adlard, P.A. Glia and zinc in ageing and Alzheimer’s disease: A mechanism for cognitive
decline? Front. Aging Neurosci. 2014, 6, 37. [CrossRef]

22. Barnham, K.J.; Bush, A.I. Metals in Alzheimer’s, and Parkinson’s diseases. Curr. Opin. Chem. Biol. 2008, 12, 222–228. [CrossRef]
[PubMed]

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

24. Gromadzka, G.; Tarnacka, B.; Flaga, A.; Adamczyk, A. Copper dyshomeostasis in neurodegenerative diseases-therapeutic
implications. Int. J. Mol. Sci. 2020, 21, 9259. [CrossRef] [PubMed]

25. Chen, L.; Min, J.; Wang, F. Copper homeostasis and cuproptosis in health and disease. Signal Transduct. Target. Ther. 2022, 7, 378.
[CrossRef]

26. Ward, R.J.; Dexter, D.T.; Crichton, R.R. Iron, neuroinflammation and neurodegeneration. Int. J. Mol. Sci. 2022, 23, 7267. [CrossRef]
27. Dusek, P.; Hofer, T.; Alexander, J.; Roos, P.M.; Aaseth, J.O. Cerebral iron deposition in neurodegeneration. Biomolecules 2022,

12, 714. [CrossRef]
28. Ndayisaba, A.; Kaindlstorfer, C.; Wenning, G.K. Iron in neurodegeneration—Cause or consequence? Front. Neurosci. 2019, 13, 180.

[CrossRef]
29. Ma, Y.; Su, Q.; Yue, C.; Zou, H.; Zhu, J.; Zhao, H.; Song, R.; Liu, Z. The effect of oxidative stress-induced autophagy by cadmium

exposure in kidney, liver, and bone damage, and neurotoxicity. Int. J. Mol. Sci. 2022, 23, 13491. [CrossRef]
30. Ryan, S.K.; Zelic, M.; Han, Y.; Teeple, E.; Chen, L.; Sadeghi, M.; Shankara, S.; Guo, L.; Li, C.; Pontarelli, F.; et al. Microglia

ferroptosis is regulated by SEC24B and contributes to neurodegeneration. Nat. Neurosci. 2023, 26, 12–26. [CrossRef]
31. Huat, T.J.; Camats-Perna, J.; Newcombe, E.A.; Valmas, N.; Kitazawa, M.; Medeiros, R. Metal toxicity links to Alzheimer’s disease

and neuroinflammation. J. Mol. Biol. 2019, 431, 1843–1868. [CrossRef] [PubMed]
32. Plascencia-Villa, G.; Perry, G. Preventive, and therapeutic strategies in Alzheimer’s disease: Focus on oxidative stress, redox

metals, and ferroptosis. Antioxid. Redox Signal. 2021, 34, 591–610. [CrossRef] [PubMed]
33. Xu, S.F.; Zhang, Y.H.; Wang, S.; Pang, Z.Q.; Fan, Y.G.; Li, J.Y.; Wang, Z.Y.; Guo, C. Lactoferrin ameliorates dopaminergic

neurodegeneration and motor deficits in MPTP-treated mice. Redox Biol. 2019, 21, 101090. [CrossRef] [PubMed]
34. Alzheimer’s Association. 2023 Alzheimer’s disease facts and figures. Alzheimer’s Dement. 2023, 19, 1598–1695. [CrossRef]
35. Wong, W. Economic burden of Alzheimer disease and managed care considerations. Am. J. Manag. Care 2020, 26 (Suppl. S8),

S177–S183. [CrossRef]
36. Gerlach, M.; Ben-Shachar, D.; Riederer, P.; Youdim, M.B.H. Altered brain metabolism of iron as a cause of neurodegenerative

diseases? J. Neurochem. 1994, 63, 793–807. [CrossRef]
37. Thompson, K.J.; Shoham, S.; Connor, J.R. Iron and neurodegenerative disorders. Brain Res. Bull. 2001, 55, 155–164. [CrossRef]
38. Hare, D.J.; Ayton, S.; Bush, A.I.; Lei, P. A delicate balance: Iron metabolism and diseases of the brain. Front. Aging Neurosci. 2013,

5, 34. [CrossRef]
39. Jomova, K.; Vondrakova, D.; Lawson, M.; Valko, M. Metals, oxidative stress, and neurodegenerative disorders. Mol. Cell. Biochem.

2010, 345, 91–104. [CrossRef]

https://doi.org/10.1038/s41572-018-0018-3
https://doi.org/10.3390/biom13010028
https://www.ncbi.nlm.nih.gov/pubmed/36671413
https://doi.org/10.1016/j.cbi.2022.110173
https://www.ncbi.nlm.nih.gov/pubmed/36152810
https://doi.org/10.1016/j.foodchem.2022.134666
https://doi.org/10.1016/j.neuro.2019.12.008
https://www.ncbi.nlm.nih.gov/pubmed/31836556
https://doi.org/10.1016/0306-4522(84)90046-0
https://www.ncbi.nlm.nih.gov/pubmed/6717804
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2&lt;83::AID-GLIA1&gt;3.0.CO;2-7
https://doi.org/10.3389/fnagi.2019.00351
https://doi.org/10.1002/glia.20065
https://doi.org/10.1016/j.ijdevneu.2011.09.004
https://doi.org/10.1111/acel.12112
https://doi.org/10.3389/fnagi.2014.00137
https://doi.org/10.1016/j.cbpa.2008.02.019
https://www.ncbi.nlm.nih.gov/pubmed/18342639
https://doi.org/10.3390/ijms232213850
https://www.ncbi.nlm.nih.gov/pubmed/36430330
https://doi.org/10.3390/ijms21239259
https://www.ncbi.nlm.nih.gov/pubmed/33291628
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.3390/ijms23137267
https://doi.org/10.3390/biom12050714
https://doi.org/10.3389/fnins.2019.00180
https://doi.org/10.3390/ijms232113491
https://doi.org/10.1038/s41593-022-01221-3
https://doi.org/10.1016/j.jmb.2019.01.018
https://www.ncbi.nlm.nih.gov/pubmed/30664867
https://doi.org/10.1089/ars.2020.8134
https://www.ncbi.nlm.nih.gov/pubmed/32486897
https://doi.org/10.1016/j.redox.2018.101090
https://www.ncbi.nlm.nih.gov/pubmed/30593976
https://doi.org/10.1002/alz.13016
https://doi.org/10.37765/ajmc.2020.88482
https://doi.org/10.1046/j.1471-4159.1994.63030793.x
https://doi.org/10.1016/S0361-9230(01)00510-X
https://doi.org/10.3389/fnagi.2013.00034
https://doi.org/10.1007/s11010-010-0563-x


Brain Sci. 2023, 13, 911 16 of 22

40. Ward, R.J.; Zucca, F.A.; Duyn, J.H.; Crichton, R.R.; Zecca, L. The role of iron in brain ageing and neurodegenerative disorders.
Lancet Neurol. 2014, 13, 1045–1060. [CrossRef]

41. Chen, J.-H.; Singh, N.; Tay, H.; Walczyk, T. Imbalance of iron influx and efflux causes brain iron accumulation over time in the
healthy adult rat. Metallomics 2014, 6, 1417–1426. [CrossRef] [PubMed]

42. Genoud, S.; Roberts, B.R.; Gunn, A.P.; Halliday, G.M.; Lewis, S.J.G.; Ball, H.J.; Hare, D.J.; Double, K.L. Subcellular compart-
mentalisation of copper, iron, manganese, and zinc in the Parkinson’s disease brain. Metallomics 2017, 9, 1447–1455. [CrossRef]
[PubMed]

43. Dusek, P.; Jankovic, J.; Le, W. Iron dysregulation in movement disorders. Neurobiol. Dis. 2012, 46, 1–18. [CrossRef] [PubMed]
44. Reinert, A.; Morawski, M.; Seeger, J.; Arendt, T.; Reinert, T. Iron concentrations in neurons and glial cells with estimates on ferritin

concentrations. BMC Neurosci. 2019, 20, 25. [CrossRef]
45. Todorich, B.; Pasquini, J.M.; Garcia, C.I.; Paez, P.M.; Connor, J.R. Oligodendrocytes, and myelination: The role of iron. Glia 2009,

57, 467–478. [CrossRef] [PubMed]
46. Gerber, M.R.; Connor, J.R. Do oligodendrocytes mediate iron regulation in the human brain? Ann. Neurol. 1989, 26, 95–98.

[CrossRef] [PubMed]
47. Liu, Y.; Zhou, J. Oligodendrocytes in neurodegenerative diseases. Front. Biol. 2013, 8, 127–133. [CrossRef]
48. Zhang, P.; Land, W.; Lee, S.; Juliani, J.; Lefman, J.; Smith, S.R.; Germain, D.; Kessel, M.; Leapman, R.; Rouault, T.A.; et al. Electron

tomography of degenerating neurons in mice with abnormal regulation of iron metabolism. J. Struct. Biol. 2005, 150, 144–153.
[CrossRef]

49. Hoepken, H.H.; Korten, T.; Robinson, S.R.; Dringen, R. Iron accumulation, iron-mediated toxicity and altered levels of ferritin and
transferrin receptor in cultured astrocytes during incubation with ferric ammonium citrate. J. Neurochem. 2004, 88, 1194–1202.
[CrossRef]

50. Bishop, G.; Dang, T.; Dringen, R.; Robinson, S. Accumulation of non-transferrin-bound iron by neurons, astrocytes, and microglia.
Neurotox. Res. 2011, 19, 443–451. [CrossRef]

51. Rouault, T.A.; Cooperman, S. Brain iron metabolism. Semin. Pediatr. Neurol. 2006, 13, 142–148. [CrossRef] [PubMed]
52. Zhang, X.; Surguladze, N.; Slagle-Webb, B.; Cozzi, A.; Connor, J.R. Cellular iron status influences the functional relationship

between microglia and oligodendrocytes. Glia 2006, 54, 795–804. [CrossRef] [PubMed]
53. Dringen, R.; Bishop, G.; Koeppe, M.; Dang, T.; Robinson, S. The pivotal role of astrocytes in the metabolism of iron in the brain.

Neurochem. Res. 2007, 32, 188490. [CrossRef] [PubMed]
54. 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]
55. Burdo, J.R.; Connor, J.R. Brain iron uptake and homeostatic mechanisms: An overview. Biometals 2003, 16, 63–75. [CrossRef]

[PubMed]
56. Mangan, D. Iron: An underrated factor in aging. Aging 2021, 19, 23407–23415. [CrossRef]
57. Bush, A.I. Metals, and neuroscience. Curr. Opin. Chem. Biol. 2000, 4, 184–191. [CrossRef]
58. Gaier, E.D.; Eipper, B.A.; Mains, R.E. Copper signaling in the mammalian nervous system: Synaptic effects. J. Neurosci. Res. 2013,

91, 2–19. [CrossRef]
59. Schlief, M.L.; Gitlin, J.D. Copper homeostasis in the CNS: A novel link between the NMDA receptor anc copper homeostasis in

the hippocampus. Mol. Neurobiol. 2006, 33, 81–90. [CrossRef]
60. Palm, R.; Wahlström, G.; Hallmans, G. Age related changes in weight and the concentrations of zinc and copper in the brain of

the adult rat. Lab. Anim. 1990, 24, 240–245. [CrossRef]
61. Scheiber, I.F.; Mercer, J.F.B.; Dringen, R. Copper accumulation by cultured astrocytes. Neurochem. Int. 2010, 56, 451–460. [CrossRef]

[PubMed]
62. Reddy, P.V.B.; Rao, K.V.R.; Norenberg, M.D. The mitochondrial permeability transition, and oxidative and nitrosative stress in the

mechanism of copper toxicity in cultured neurons and astrocytes. Lab. Investig. 2008, 88, 816–830. [CrossRef] [PubMed]
63. Fu, S.; Jiang, W.; Zheng, W. Age-dependent increase of brain copper levels and expressions of copper regulatory proteins in the

subventricular zone and choroid plexus. Front. Mol. Neurosci. 2015, 8, 22. [CrossRef] [PubMed]
64. 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] [PubMed]
65. Abbott, N.J.; Ronnback, L.; Hansson, E. Astrocyte–endothelial interactions at the blood–brain barrier. Nat. Rev. Neurosci. 2006,

7, 41–53. [CrossRef]
66. Tavazoie, M.; der Beken, L.V.; Silva-Vargas, V.; Louissaint, M.; Colonna, L.; Zaidi, B.; Garcia-Verdugo, J.M.; Doetsch, F. A

specialized vascular niche for adult neural stem cells. Cell Stem Cell 2008, 3, 279–288. [CrossRef]
67. Zheng, W.; Aschner, M.; Ghersi-Egea, J.F. Brain barrier systems: A new frontier in metal neurotoxicological research. Toxicol. Appl.

Pharmacol. 2003, 192, 1–11. [CrossRef]
68. Takeda, A. Zinc homeostasis and functions of zinc in the brain. Biometals 2001, 14, 343–351. [CrossRef]
69. Laitaoja, M.; Valjakka, J.; Jänis, J. Zinc coordination spheres in protein structures. Inorg. Chem. 2013, 52, 10983–10991. [CrossRef]
70. Smart, T.G.; Hosie, A.M.; Miller, P.S. Zn2+ ions: Modulators of excitatory and inhibitory synaptic activity. Neuroscientist 2004,

10, 432–442. [CrossRef]

https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.1039/C4MT00054D
https://www.ncbi.nlm.nih.gov/pubmed/24752826
https://doi.org/10.1039/C7MT00244K
https://www.ncbi.nlm.nih.gov/pubmed/28944802
https://doi.org/10.1016/j.nbd.2011.12.054
https://www.ncbi.nlm.nih.gov/pubmed/22266337
https://doi.org/10.1186/s12868-019-0507-7
https://doi.org/10.1002/glia.20784
https://www.ncbi.nlm.nih.gov/pubmed/18837051
https://doi.org/10.1002/ana.410260115
https://www.ncbi.nlm.nih.gov/pubmed/2774505
https://doi.org/10.1007/s11515-013-1260-4
https://doi.org/10.1016/j.jsb.2005.01.007
https://doi.org/10.1046/j.1471-4159.2003.02236.x
https://doi.org/10.1007/s12640-010-9195-x
https://doi.org/10.1016/j.spen.2006.08.002
https://www.ncbi.nlm.nih.gov/pubmed/17101452
https://doi.org/10.1002/glia.20416
https://www.ncbi.nlm.nih.gov/pubmed/16958088
https://doi.org/10.1007/s11064-007-9375-0
https://www.ncbi.nlm.nih.gov/pubmed/17551833
https://doi.org/10.1007/s00216-004-2697-8
https://doi.org/10.1023/A:1020718718550
https://www.ncbi.nlm.nih.gov/pubmed/12572665
https://doi.org/10.18632/aging.203612
https://doi.org/10.1016/S1367-5931(99)00073-3
https://doi.org/10.1002/jnr.23143
https://doi.org/10.1385/MN:33:2:81
https://doi.org/10.1258/002367790780866128
https://doi.org/10.1016/j.neuint.2009.12.002
https://www.ncbi.nlm.nih.gov/pubmed/20004225
https://doi.org/10.1038/labinvest.2008.49
https://www.ncbi.nlm.nih.gov/pubmed/18591939
https://doi.org/10.3389/fnmol.2015.00022
https://www.ncbi.nlm.nih.gov/pubmed/26106293
https://doi.org/10.1016/j.brainres.2008.10.056
https://www.ncbi.nlm.nih.gov/pubmed/19014916
https://doi.org/10.1038/nrn1824
https://doi.org/10.1016/j.stem.2008.07.025
https://doi.org/10.1016/s0041-008x(03)00251-5
https://doi.org/10.1023/A:1012982123386
https://doi.org/10.1021/ic401072d
https://doi.org/10.1177/1073858404263463


Brain Sci. 2023, 13, 911 17 of 22

71. Sensi, S.L.; Paoletti, P.; Bush, A.I.; Sekler, I. Zinc in the physiology and pathology of the CNS. Nat. Rev. Neurosci. 2009, 10, 780–791.
[CrossRef] [PubMed]

72. Paoletti, P.; Vergnano, A.M.; Barbour, B.; Casado, M. Zinc at glutamatergic synapses. Neuroscience 2009, 158, 126–136. [CrossRef]
[PubMed]

73. Lovell, M.A. A potential role for alterations of zinc and zinc transport proteins in the progression of Alzheimer’s disease. J.
Alzheimer’s Dis. 2009, 16, 471–483. [CrossRef] [PubMed]

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

75. Bjorklund, G.; Stejskal, V.; Urbina, M.A.; Dadar, M.; Chirumbolo, S.; Mutter, J. Metals and Parkinson’s disease: Mechanisms and
biochemical processes. Curr. Med. Chem. 2018, 25, 2198–2214. [CrossRef]

76. Frederickson, C.J.; Koh, J.Y.; Bush, A.I. The neurobiology of zinc in health and disease. Nat. Rev. Neurosci. 2005, 6, 449–462.
[CrossRef]

77. Zhang, Y.; Aizenman, E.; DeFranco, D.B.; Rosenberg, P.A. Intracellular zinc release, 12-lipoxygenase activation, and MAPK
dependent neuronal and oligodendroglial death. Mol. Med. 2007, 13, 350–355. [CrossRef]

78. Lee, J.Y.; Kim, J.H.; Palmiter, R.D.; Koh, J.Y. Zinc released from metallothionein-iii may contribute to hippocampal CA1 and
thalamic neuronal death following acute brain injury. Exp. Neurol. 2003, 184, 337–347. [CrossRef]

79. Mocchegiani, E.; Giacconi, R.; Cipriano, C.; Muzzioli, M.; Fattoretti, P.; Bertoni-Freddari, C.; Isani, G.; Zambenedetti, P.; Zatta, P.
Zinc-bound metallothioneins as potential biological markers of ageing. Brain Res. Bull. 2001, 55, 147–153. [CrossRef]

80. Liuzzi, J.P.; Cousins, R.J. Mammalian zinc transporters. Annu. Rev. Nutr. 2004, 24, 151–172. [CrossRef]
81. Kambe, T.; Tsuji, T.; Hashimoto, A.; Itsumura, N. The physiological, biochemical, and molecular roles of zinc transporters in zinc

homeostasis and metabolism. Physiol. Rev. 2015, 95, 749–784. [CrossRef] [PubMed]
82. Kelly, E.J.; Quaife, C.J.; Froelick, G.J.; Palmiter, R.D. Metallothionein I and II protect against zinc deficiency and zinc toxicity in

mice. J. Nutr. 1996, 126, 1782–1790. [PubMed]
83. Mocchegiani, E.; Bertoni-Freddari, C.; Marcellini, F.; Malavolta, M. Brain, aging and neurodegeneration: Role of zinc ion

availability. Prog. Neurobiol. 2005, 75, 367–390. [CrossRef] [PubMed]
84. Frederickson, C.J.; Suh, S.W.; Silva, D.; Frederickson, C.J.; Thompson, R.B. Importance of zinc in the central nervous system: The

zinc-containing neuron. J. Nutr. 2000, 130 (Suppl. 5S), 1471S–1483S. [CrossRef]
85. Baltaci, A.K.; Yuce, K.; Mogulkoc, R. Zinc metabolism and metallothioneins. Biol. Trace Elem Res. 2018, 183, 22–31. [CrossRef]
86. Masters, B.; Quaife, C.; Erickson, J.; Kelly, E.; Froelick, G.; Zambrowicz, B.; Brinster, R.; Palmiter, R. Metallothionein III is expressed

in neurons that sequester zinc in synaptic vesicles. J. Neurosci. 1994, 14, 5844–5857. [CrossRef]
87. Sheline, C.T.; Takata, T.; Ying, H.; Canzoniero, L.M.; Yang, A.; Yu, S.P.; Choi, D.W. Potassium attenuates zinc-induced death of

cultured cortical astrocytes. Glia 2004, 46, 18–27. [CrossRef]
88. Varea, E.; Alonso-Llosà, G.; Molowny, A.; Lopez-Garcia, C.; Ponsoda, X. Capture of extracellular zinc ions by astrocytes. Glia 2006,

54, 304–315. [CrossRef]
89. Tiffany-Castiglion, E.; Qian, Y. Astroglia as metal depots: Molecular mechanisms for metal accumulation, storage, and release.

Neurotoxicology 2001, 22, 577–592. [CrossRef]
90. Bishop, G.M.; Scheiber, I.F.; Dringen, R.; Robinson, S.R. Synergistic accumulation of iron and zinc by cultured astrocytes. J. Neural

Transm. 2010, 117, 809–817. [CrossRef]
91. Cole, T.B.; Wenzel, H.J.; Kafer, K.E.; Schwartzkroin, P.A.; Palmiter, R.D. Elimination of zinc from synaptic vesicles in the intact

mouse brain by disruption of the ZnT3 gene. Proc. Natl. Acad. Sci. USA 1999, 96, 1716–1721. [CrossRef] [PubMed]
92. TTsuda, M.; Imaizumi, K.; Katayama, T.; Kitagawa, K.; Wanaka, A.; Tohyama, M.; Takagi, T. Expression of zinc transporter gene,

ZnT-1, is induced after transient forebrain ischemia in the gerbil. J. Neurosci. 1997, 17, 6678–6684. [CrossRef] [PubMed]
93. Kim, A.H.; Sheline, C.T.; Tian, M.; Higashi, T.; McMahon, R.J.; Cousins, R.J.; Choi, D.W. L-type Ca2+ channel-mediated Zn2+

toxicity and modulation by ZnT-1 in PC12 cells. Brain Res. 2000, 886, 99–107. [CrossRef] [PubMed]
94. Morris, G.P.; Clark, I.A.; Zinn, R.; Vissel, B. Microglia: A new frontier for synaptic plasticity, learning and memory, and

neurodegenerative disease research. Neurobiol. Learn. Mem. 2013, 105, 40–53. [CrossRef] [PubMed]
95. Loddick, S.A.; Rothwell, N.J. Neuroprotective effects of human recombinant interleukin-1 receptor antagonist in focal cerebral

ischaemia in the rat. J. Cereb. Blood Flow Metab. 1996, 16, 932–940. [CrossRef]
96. Lu, K.T.; Wang, Y.W.; Yang, J.T.; Yang, Y.L.; Chen, H.I. Effect of interleukin-1 on traumatic brain injury-induced damage to

hippocampal neurons. J. Neurotrauma 2005, 22, 885–895. [CrossRef]
97. Yamasaki, Y.; Matsuura, N.; Shozuhara, H.; Onodera, H.; Itoyama, Y.; Kogure, K. Interleukin-1 as a pathogenetic mediator of

ischemic brain damage in rats. Stroke 1995, 26, 676–681. [CrossRef]
98. Kauppinen, T.M.; Higashi, Y.; Suh, S.W.; Escartin, C.; Nagasawa, K.; Swanson, R.A. Zinc triggers microglial activation. J. Neurosci.

2008, 28, 5827–5835. [CrossRef]
99. Higashi, Y.; Segawa, S.; Matsuo, T.; Nakamura, S.; Kikkawa, Y.; Nishida, K.; Nagasawa, K. Microglial zinc uptake via zinc

transporters induces ATP release and the activation of microglia. Glia 2011, 59, 1933–1945. [CrossRef]
100. Levenson, C.W.; Tassabehji, N.M. Role and regulation of copper and zinc transport proteins in the Central Nervous System.

In Handbook of Neurochemistry and Molecular Neurobiology; Abel, L., Reith, M.E.A., Eds.; Springer: New York, NY, USA, 2007;
pp. 257–284.

https://doi.org/10.1038/nrn2734
https://www.ncbi.nlm.nih.gov/pubmed/19826435
https://doi.org/10.1016/j.neuroscience.2008.01.061
https://www.ncbi.nlm.nih.gov/pubmed/18353558
https://doi.org/10.3233/JAD-2009-0992
https://www.ncbi.nlm.nih.gov/pubmed/19276540
https://doi.org/10.1016/j.neuro.2019.07.007
https://doi.org/10.2174/0929867325666171129124616
https://doi.org/10.1038/nrn1671
https://doi.org/10.2119/2007-00042.Zhang
https://doi.org/10.1016/s0014-4886(03)00382-0
https://doi.org/10.1016/S0361-9230(01)00468-3
https://doi.org/10.1146/annurev.nutr.24.012003.132402
https://doi.org/10.1152/physrev.00035.2014
https://www.ncbi.nlm.nih.gov/pubmed/26084690
https://www.ncbi.nlm.nih.gov/pubmed/8683339
https://doi.org/10.1016/j.pneurobio.2005.04.005
https://www.ncbi.nlm.nih.gov/pubmed/15927345
https://doi.org/10.1093/jn/130.5.1471S
https://doi.org/10.1007/s12011-017-1119-7
https://doi.org/10.1523/JNEUROSCI.14-10-05844.1994
https://doi.org/10.1002/glia.10313
https://doi.org/10.1002/glia.20382
https://doi.org/10.1016/S0161-813X(01)00050-X
https://doi.org/10.1007/s00702-010-0420-9
https://doi.org/10.1073/pnas.96.4.1716
https://www.ncbi.nlm.nih.gov/pubmed/9990090
https://doi.org/10.1523/JNEUROSCI.17-17-06678.1997
https://www.ncbi.nlm.nih.gov/pubmed/9254680
https://doi.org/10.1016/S0006-8993(00)02944-9
https://www.ncbi.nlm.nih.gov/pubmed/11119691
https://doi.org/10.1016/j.nlm.2013.07.002
https://www.ncbi.nlm.nih.gov/pubmed/23850597
https://doi.org/10.1097/00004647-199609000-00017
https://doi.org/10.1089/neu.2005.22.885
https://doi.org/10.1161/01.STR.26.4.676
https://doi.org/10.1523/JNEUROSCI.1236-08.2008
https://doi.org/10.1002/glia.21235


Brain Sci. 2023, 13, 911 18 of 22

101. Portbury, S.D.; Adlard, P.A. Zinc signal in brain diseases. Int. J. Mol. Sci. 2017, 18, 2506. [CrossRef]
102. Vasto, S.; Candore, G.; Listì, F.; Balistreri, C.R.; Colonna-Romano, G.; Malavolta, M.; Lio, D.; Nuzzo, D.; Mocchegiani, E.; Di Bona,

D.; et al. Inflammation, genes, and zinc in Alzheimer’s disease. Brain Res. Rev. 2008, 58, 96–105. [CrossRef] [PubMed]
103. Sekler, I.; Sensi, S.L.; Hershfinkel, M.; Silverman, W.F. Mechanism, and regulation of cellular zinc transport. Mol. Med. 2007,

13, 337–343. [CrossRef] [PubMed]
104. Gerspacher, C.; Scheuber, U.; Schiera, G.; Proia, P.; Gygax, D.; Di Liegro, I. The effect of cadmium on brain cells in culture. Int. J.

Mol. Med. 2009, 24, 311–318. [CrossRef] [PubMed]
105. Wang, B.; Du, Y. Cadmium, and its neurotoxic effects. Oxidative Med. Cell. Longev. 2013, 2013, 898034. [CrossRef]
106. Agency for Toxic Substance and Disease Registry USA. ATSDR’s Substance Priority List 2022. Available online: https://www.

atsdr.cdc.gov/spl/index.html#2022spl (accessed on 2 June 2023).
107. Waalkes, M.P.; Coogan, T.P.; Barter, R.A. Toxicological principles of metal carcinogenesis with special emphasis on cadmium. Crit.

Rev. Toxicol. 1992, 22, 175–201. [CrossRef] [PubMed]
108. Johns, C.E.; Gattu, M.; Camilli, S.; Desaraju, A.; Kolliputi, N.; Galam, L. The Cd/Zn Axis: Emerging concepts in cellular fate and

cytotoxicity. Biomolecules 2023, 13, 316. [CrossRef]
109. Satarug, S.; Garrett, S.H.; Sens, M.A.; Sens, D.A. Cadmium, environmental exposure, and health outcomes. Environ. Heal. Perspect.

2010, 118, 182–190. [CrossRef]
110. Tsentsevitsky, A.N.; Petrov, A.M. Synaptic mechanisms of cadmium neurotoxicity. Neural Regen. Res. 2021, 16, 1762–1763.

[CrossRef]
111. Branca, J.J.V.; Morucci, G.; Pacini, A. Cadmium-induced neurotoxicity: Still much ado. Neural Regen. Res. 2018, 13, 1879–1882.

[CrossRef]
112. Branca, J.J.V.; Fiorillo, C.; Carrino, D.; Paternostro, F.; Taddei, N.; Gulisano, M.; Pacini, A.; Becatti, M. Cadmium-induced oxidative

stress: Focus on the central nervous system. Antioxidants 2020, 9, 492. [CrossRef]
113. Genchi, G.; Sinicropi, M.S.; Lauria, G.; Carocci, A.; Catalano, A. The effects of cadmium toxicity. Int. J. Environ. Res. Public Health

2020, 17, 3782. [CrossRef]
114. Rani, A.; Kumar, A.; Lal, A.; Pant, M. Cellular mechanisms of cadmium-induced toxicity: A review. Int. J. Environ. Health Res.

2014, 24, 378–399. [CrossRef] [PubMed]
115. Liu, F.; Li, Z.F.; Wang, Z.Y.; Wang, L. Role of subcellular calcium redistribution in regulating apoptosis and autophagy in

cadmium-exposed primary rat proximal tubular cells. J. Inorg. Biochem. 2016, 164, 99–109. [CrossRef] [PubMed]
116. Dugger, B.N.; Dickson, D.W. Pathology of neurodegenerative diseases. Cold Spring Harb. Perspect. Biol. 2017, 9, a028035.

[CrossRef]
117. Amor, S.; Puentes, F.; Baker, D.; van der Valk, P. Inflammation in neurodegenerative diseases. Immunology 2010, 129, 154–169.

[CrossRef]
118. Gitler, A.D.; Dhillon, P.; Shroter, J. Neurodegenerative disease: Models, mechanisms, and a new hope. Dis. Model. Mech. 2017,

10, 499–502. [CrossRef]
119. Livingston, G.; Sommerlad, A.; Orgeta, V.; Costafreda, S.G.; Huntley, J.; Ames, D.; Ballard, C.; Banerjee, S.; Burns, A.; Cohen-

Mansfield, J.; et al. Dementia prevention, intervention, and care. Lancet 2017, 390, 2673–2734. [CrossRef]
120. Newcombe, E.A.; Camats-Perna, J.; Silva, M.L.; Valmas, N.; Huat, T.J.; Medeiros, R. Inflammation: The link between comorbidities,

genetics, and Alzheimer’s disease. J. Neuroinflamm. 2018, 15, 276. [CrossRef]
121. Smith, M.A.; Zhu, X.; Tabaton, M.; Liu, G.; Mckeel, D.W.; Cohen, M.L.; Wang, X.; Siedlak, S.L.; Dwyer, B.E.; Hayashi, T.; et al.

Increased iron and free radical generation in preclinical Alzheimer disease and mild cognitive impairment. J. Alzheimer’s Dis.
2010, 19, 363–372. [CrossRef]

122. Wearn, A.R.; Nurdal, V.; Saunders-Jennings, E.; Knight, M.J.; Isotalus, H.K.; Dillon, S.; Tsivos, D.; Kauppinen, R.A.; Coulthard, E.
T2 heterogeneity: A novel marker of microstructural integrity associated with cognitive decline in people with mild cognitive
impairment. Alzheimers Res. Ther. 2020, 12, 105. [CrossRef]

123. Langkammer, C.; Ropele, S.; Pirpamer, L.; Fazekas, F.; Schmidt, R. MRI for iron mapping in Alzheimer’s disease. Neurodegener.
Dis. 2014, 13, 189–191. [CrossRef] [PubMed]

124. Van Rooden, S.; Versluis, M.J.; Liem, M.K.; Milles, J.; Maier, A.B.; Oleksik, A.M.; Webb, A.G.; Van Buchem, M.A.; Van Der Grond, J.
Cortical phase changes in Alzheimer’s disease at 7t MRI: A novel imaging marker. Alzheimer’s Dement. 2014, 10, 19–26. [CrossRef]
[PubMed]

125. Rooden, S.; Doan, N.T.; Versluis, M.J.; Goos, J.D.; Webb, A.G.; Oleksik, A.M.; van der Flier, W.M.; Scheltens, P.; Barkhof, F.;
Weverling-Rynsburger, A.W.; et al. 7T T2*-weighted magnetic resonance imaging reveals cortical phase differences between
early—and late-onset Alzheimer’s disease. J. Neurobiol. Aging 2015, 36, 20–26. [CrossRef] [PubMed]

126. Diouf, I.; Fazlollahi, A.; Bush, A.I.; Ayton, S. Cerebrospinal fluid ferritin levels predict brain hypometabolism in people with
underlying beta-amyloid pathology. Neurobiol. Dis. 2018, 124, 335–339. [CrossRef] [PubMed]

127. Van Duijn, S.; Bulk, M.; Van Duinen, S.G.; Nabuurs, R.J.A.; Van Buchem, M.A.; Van Der Weerd, L.; Natte, R. Cortical iron reflects
severity of Alzheimer’s disease. J. Alzheimer’s Dis. 2017, 60, 1533–1545. [CrossRef]

128. Lopes, K.O.; Sparks, D.L.; Streit, W.J. Microglial dystrophy in the aged and Alzheimer’s disease brain is associated with ferritin
immunoreactivity. Glia 2008, 56, 1048–1060. [CrossRef]

https://doi.org/10.3390/ijms18122506
https://doi.org/10.1016/j.brainresrev.2007.12.001
https://www.ncbi.nlm.nih.gov/pubmed/18190968
https://doi.org/10.2119/2007-00037.Sekler
https://www.ncbi.nlm.nih.gov/pubmed/17622322
https://doi.org/10.3892/ijmm_00000234
https://www.ncbi.nlm.nih.gov/pubmed/19639222
https://doi.org/10.1155/2013/898034
https://www.atsdr.cdc.gov/spl/index.html#2022spl
https://www.atsdr.cdc.gov/spl/index.html#2022spl
https://doi.org/10.3109/10408449209145323
https://www.ncbi.nlm.nih.gov/pubmed/1388705
https://doi.org/10.3390/biom13020316
https://doi.org/10.1289/ehp.0901234
https://doi.org/10.4103/1673-5374.306067
https://doi.org/10.4103/1673-5374.239434
https://doi.org/10.3390/antiox9060492
https://doi.org/10.3390/ijerph17113782
https://doi.org/10.1080/09603123.2013.835032
https://www.ncbi.nlm.nih.gov/pubmed/24117228
https://doi.org/10.1016/j.jinorgbio.2016.09.005
https://www.ncbi.nlm.nih.gov/pubmed/27665314
https://doi.org/10.1101/cshperspect.a028035
https://doi.org/10.1111/j.1365-2567.2009.03225.x
https://doi.org/10.1242/dmm.030205
https://doi.org/10.1016/S0140-6736(17)31363-6
https://doi.org/10.1186/s12974-018-1313-3
https://doi.org/10.3233/JAD-2010-1239
https://doi.org/10.1186/s13195-020-00672-9
https://doi.org/10.1159/000353756
https://www.ncbi.nlm.nih.gov/pubmed/23942230
https://doi.org/10.1016/j.jalz.2013.02.002
https://www.ncbi.nlm.nih.gov/pubmed/23712002
https://doi.org/10.1016/j.neurobiolaging.2014.07.006
https://www.ncbi.nlm.nih.gov/pubmed/25113794
https://doi.org/10.1016/j.nbd.2018.12.010
https://www.ncbi.nlm.nih.gov/pubmed/30557658
https://doi.org/10.3233/JAD-161143
https://doi.org/10.1002/glia.20678


Brain Sci. 2023, 13, 911 19 of 22

129. Jiang, C.; Zou, X.; Zhu, R.; Shi, Y.; Wu, Z.; Zhao, F.; Chen, L. The correlation between accumulation of amyloid beta with enhanced
neuroinflammation and cognitive impairment after intraventricular hemorrhage. J. Neurosurg. 2019, 131, 54–63. [CrossRef]

130. Kim, B.E.; Nevitt, T.; Thiele, D.J. Mechanisms for copper acquisition, distribution, and regulation. Nat. Chem. Biol. 2008, 4, 176–185.
[CrossRef]

131. Madsen, E.; Gitlin, J.D. Copper and iron disorders of the brain. Annu. Rev. Neurosci. 2007, 30, 317–337. [CrossRef]
132. Siggs, O.M.; Cruite, J.T.; Du, X.; Rutschmann, S.; Masliah, E.; Beutler, B.; Oldstone, M.B. Disruption of copper homeostasis due to

a mutation of atp7a delays the onset of prion disease. Proc. Natl. Acad. Sci. USA 2012, 109, 13733–13738. [CrossRef]
133. Xiao, G.; Fan, Q.; Wang, X.; Zhou, B. Huntington disease arises from a combinatory toxicity of polyglutamine and copper binding.

Proc. Natl. Acad. Sci. USA 2013, 110, 14995–15000. [CrossRef] [PubMed]
134. Squitti, R.; Ghidoni, R.; Siotto, M.; Ventriglia, M.; Benussi, L.; Paterlini, A.; Magri, M.; Binetti, G.; Cassetta, E.; Caprara, D.; et al.

Value of serum nonceruloplasmin copper for prediction of mild cognitive impairment conversion to Alzheimer disease. Ann.
Neurol. 2014, 75, 574–580. [CrossRef] [PubMed]

135. Wang, Z.X.; Tan, L.; Wang, H.F.; Ma, J.; Liu, J.; Tan, M.S.; Sun, J.H.; Zhu, X.C.; Jiang, T.; Yu, J.T. Serum iron, zinc, and copper levels
in patients with Alzheimer’s disease: A replication study and meta-analyses. J. Alzheimer’s Dis. 2015, 47, 565–581. [CrossRef]
[PubMed]

136. Rembach, A.; Hare, D.J.; Lind, M.; Fowler, C.J.; Cherny, R.A.; Mclean, C.; Bush, A.I.; Masters, C.L.; Roberts, B.R. Decreased
copper in Alzheimer’s disease brain is predominantly in the soluble extractable fraction. Int. J. Alzheimer’s Dis. 2013, 2013, 623241.
[CrossRef]

137. James, S.A.; Volitakis, I.; Adlard, P.A.; Duce, J.A.; Masters, C.L.; Cherny, R.A.; Bush, A.I. Elevated labile cu is associated with
oxidative pathology in Alzheimer disease. Free. Radic. Biol. Med. 2012, 52, 298–302. [CrossRef]

138. Yu, F.; Gong, P.; Hu, Z.; Qiu, Y.; Cui, Y.; Gao, X.; Chen, H.; Li, J. Cuiienhances the effect of Alzheimer’s amyloid-beta peptide on
microglial activation. J. Neuroinflamm. 2015, 12, 122. [CrossRef]

139. Takeda, A.; Tamano, H. Significance of the degree of synaptic Zn2+ signaling in cognition. Biometals 2016, 29, 177–185. [CrossRef]
140. Sensi, S.L.; Paoletti, P.; Koh, J.Y.; Aizenman, E.; Bush, A.I.; Hershfinkel, M. The neurophysiology and pathology of brain zinc. J.

Neurosci. 2011, 31, 16076–16085. [CrossRef]
141. Choi, S.; Hong, D.K.; Choi, B.Y.; Suh, S.W. Zinc in the Brain: Friend or Foe? Int. J. Mol. Sci. 2020, 21, 8941. [CrossRef]
142. Prakash, A.; Bharti, K.; Majeed, A.B. Zinc: Indications in brain disorders. Fundam. Clin. Pharmacol. 2015, 29, 131–149. [CrossRef]
143. Tamano, H.; Koike, Y.; Nakada, H.; Shakushi, Y.; Takeda, A. Significance of synaptic Zn2+ signaling in zincergic and non-zincergic

synapses in the hippocampus in cognition. J. Trace Elements Med. Biol. 2016, 38, 93–98. [CrossRef] [PubMed]
144. Deshpande, A.; Kawai, H.; Metherate, R.; Glabe, C.G.; Busciglio, J. A role for synaptic zinc in activity-dependent abeta oligomer

formation and accumulation at excitatory synapses. J. Neurosci. 2009, 29, 4004–4015. [CrossRef] [PubMed]
145. Bertoni-Freddari, C.; Mocchegiani, E.; Malavolta, M.; Casoli, T.; Di Stefano, G.; Fattoretti, P. Synaptic and mitochondrial

physiopathologic changes in the aging nervous system and the role of zinc ion homeostasis. Mech. Ageing Dev. 2006, 127, 590–596.
[CrossRef] [PubMed]

146. Lee, M.C.; Yu, W.C.; Shih, Y.H.; Chen, C.Y.; Guo, Z.H.; Huang, S.J.; Chan, J.C.C.; Chen, Y.R. Zinc ion rapidly induces toxic,
off-pathway amyloid-beta oligomers distinct from amyloid-beta derived diffusible ligands in Alzheimer’s disease. Sci. Rep. 2018,
8, 4772. [CrossRef] [PubMed]

147. Qadir, S.; Jamshieed, S.; Rasool, S.; Ashraf, M.; Akram, N.A.; Ahmad, P. Modulation of plant growth and metabolism in
cadmium-enriched environments. Rev. Environ. Contam. Toxicol. 2014, 229, 51–88. [CrossRef] [PubMed]

148. Fransson, M.N.; Barregard, L.; Sallsten, G.; Akerstrom, M.; Johanson, G. Physiologically based toxicokinetic model for cadmium
using markov-chain monte carlo analysis of concentrations in blood, urine, and kidney cortex from living kidney donors. Toxicol.
Sci. 2014, 141, 365–376. [CrossRef]

149. Satarug, S. Dietary cadmium intake and its effects on kidneys. Toxics 2018, 6, 15. [CrossRef]
150. Del Pino, J.; Zeballos, G.; Anadon, M.J.; Capo, M.A.; Diaz, M.J.; Garcia, J.; Frejo, M.T. Higher sensitivity to cadmium induced cell

death of basal forebrain cholinergic neurons: A cholinesterase dependent mechanism. Toxicology 2014, 325, 151–159. [CrossRef]
151. Yuan, Y.; Zhang, Y.; Zhao, S.; Chen, J.; Yang, J.; Wang, T.; Zou, H.; Wang, Y.; Gu, J.; Liu, X.; et al. Cadmium-induced apoptosis in

neuronal cells is mediated by fas/fasl-mediated mitochondrial apoptotic signaling pathway. Sci. Rep. 2018, 8, 8837. [CrossRef]
152. Mendez-Armenta, M.; Rios, C. Cadmium neurotoxicity. Environ. Toxicol. Pharmacol. 2007, 23, 350–358. [CrossRef]
153. Chen, L.; Liu, L.; Huang, S. Cadmium activates the mitogen-activated protein kinase (mapk) pathway via induction of reactive

oxygen species and inhibition of protein phosphatases 2a and 5. Free. Radic. Biol. Med. 2008, 45, 1035–1044. [CrossRef]
154. Xu, B.; Chen, S.; Luo, Y.; Chen, Z.; Liu, L.; Zhou, H.; Chen, W.; Shen, T.; Han, X.; Chen, L.; et al. Calcium signaling is involved in

cadmium-induced neuronal apoptosis via induction of reactive oxygen species and activation of mapk/mtor network. PLoS ONE
2011, 6, 19052. [CrossRef]

155. Li, X.; Lv, Y.; Yu, S.; Zhao, H.; Yao, L. The effect of cadmium on abeta levels in app/ps1 transgenic mice. Exp. Ther. Med. 2012,
4, 125–130. [CrossRef] [PubMed]

156. Syme, C.D.; Viles, J.H. Solution 1h nmr investigation of zn2+ and cd2+ binding to amyloid-beta peptide (abeta) of Alzheimer’s
disease. Biochim. Biophys. Acta (BBA)—Proteins Proteom. 2006, 1764, 246–256. [CrossRef] [PubMed]

https://doi.org/10.3171/2018.1.JNS172938
https://doi.org/10.1038/nchembio.72
https://doi.org/10.1146/annurev.neuro.30.051606.094232
https://doi.org/10.1073/pnas.1211499109
https://doi.org/10.1073/pnas.1308535110
https://www.ncbi.nlm.nih.gov/pubmed/23980182
https://doi.org/10.1002/ana.24136
https://www.ncbi.nlm.nih.gov/pubmed/24623259
https://doi.org/10.3233/JAD-143108
https://www.ncbi.nlm.nih.gov/pubmed/26401693
https://doi.org/10.1155/2013/623241
https://doi.org/10.1016/j.freeradbiomed.2011.10.446
https://doi.org/10.1186/s12974-015-0343-3
https://doi.org/10.1007/s10534-015-9907-z
https://doi.org/10.1523/JNEUROSCI.3454-11.2011
https://doi.org/10.3390/ijms21238941
https://doi.org/10.1111/fcp.12110
https://doi.org/10.1016/j.jtemb.2016.03.003
https://www.ncbi.nlm.nih.gov/pubmed/26995290
https://doi.org/10.1523/JNEUROSCI.5980-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19339596
https://doi.org/10.1016/j.mad.2006.01.019
https://www.ncbi.nlm.nih.gov/pubmed/16522327
https://doi.org/10.1038/s41598-018-23122-x
https://www.ncbi.nlm.nih.gov/pubmed/29555950
https://doi.org/10.1007/978-3-319-03777-6_4
https://www.ncbi.nlm.nih.gov/pubmed/24515810
https://doi.org/10.1093/toxsci/kfu129
https://doi.org/10.3390/toxics6010015
https://doi.org/10.1016/j.tox.2014.09.004
https://doi.org/10.1038/s41598-018-27106-9
https://doi.org/10.1016/j.etap.2006.11.009
https://doi.org/10.1016/j.freeradbiomed.2008.07.011
https://doi.org/10.1371/journal.pone.0019052
https://doi.org/10.3892/etm.2012.562
https://www.ncbi.nlm.nih.gov/pubmed/23060935
https://doi.org/10.1016/j.bbapap.2005.09.012
https://www.ncbi.nlm.nih.gov/pubmed/16266835


Brain Sci. 2023, 13, 911 20 of 22

157. Del Pino, J.; Zeballos, G.; Anadon, M.J.; Diaz, M.J.; Moyano, P.; Diaz, G.G.; Garcia, J.; Lobo, M.; Frejo, M.T. Muscarinic m1
receptor partially modulates higher sensitivity to cadmium-induced cell death in primary basal forebrain cholinergic neurons: A
cholinesterase variants dependent mechanism. Toxicology 2016, 361, 1–11. [CrossRef]

158. Medeiros, R.; Kitazawa, M.; Caccamo, A.; Baglietto-Vargas, D.; Estrada-Hernandez, T.; Cribbs, D.H.; Fisher, A.; Laferla, F.M. Loss
of muscarinic m1 receptor exacerbates Alzheimer’s disease-like pathology and cognitive decline. Am. J. Pathol. 2011, 179, 980–991.
[CrossRef] [PubMed]

159. Sibille, N.; Huvent, I.; Fauquant, C.; Verdegem, D.; Amniai, L.; Leroy, A.; Wieruszeski, J.M.; Lippens, G.; Landrieu, I. Structural
characterization by nuclear magnetic resonace of the impact of phosphorylation in the proline-rich region of the disordered Tau
protein. Proteins 2012, 80, 454–462. [CrossRef] [PubMed]

160. Despres, C.; Byrne, C.; Qi, H.; Smet-Nocca, C. Identification of the Tau phosphorylation pattern that drives its aggregation. Proc.
Natl. Acad. Sci. USA 2017, 114, 9080–9085. [CrossRef]

161. Flores-Rodrã guez, P.; Ontiveros-Torres, M.A.; Cã¡Rdenas-Aguayo, M.C.; Luna-Arias, J.P.; Meraz-Rã os, M.A.; Viramontes-Pintos,
A.; Harrington, C.R.; Wischik, C.M.; Mena, R.; Florán-Garduño, B.; et al. The relationship between truncation and phosphorylation
at the C-terminus of tau protein in the paired helical filaments of Alzheimer’s disease. Front. Neurosci. 2015, 9, 2015. [CrossRef]

162. Compston, A.; Coles, A. Multiple sclerosis. Lancet 2008, 372, 1502–1517. [CrossRef]
163. Deangelis, T.M.; Miller, A. Diagnosis of multiple sclerosis. In Handbook of Clinical Neurology; Tselis, A.C., Booss, J., Eds.; Elsevier:

Amsterdam, The Netherlands, 2014; pp. 307–312.
164. Scolding, N.; Barnes, D.; Cader, S.; Chataway, J.; Chaudhuri, A.; Coles, A.; Giovannoni, G.; Miller, D.; Rashid, W.; Schmierer, K.;

et al. Association of British neurologists: Revised guidelines for prescribing disease-modifying treatments in multiple sclerosis.
Pract. Neurol. 2015, 15, 273–279. [CrossRef] [PubMed]

165. Lassmann, H.; vaun Horssen, J.; Mahad, D. Progressive multiple sclerosis: Pathology and pathogenesis. Nat. Rev. Neurol. 2012,
8, 647–656. [CrossRef] [PubMed]

166. Holman, D.; Klein, R.; Ransohoff, R. The blood-brain barrier, chemokines, and multiple sclerosis. Biochim. Biophys. Acta
(BBA)—Mol. Basis Dis. 2011, 1812, 220–230. [CrossRef] [PubMed]

167. Crichton, R.R.; Dexter, D.T.; Ward, R.J. Metal based neurogenerative diseases—From molecular mechanisms to therapeutic
strategies. Coord. Chem. Rev. 2008, 252, 1189–1199. [CrossRef]

168. Sheykhansari, S.; Kozielski, K.; Bill, J.; Sitti, M.; Gemmati, D.; Zamboni, P.; Singh, A.V. Redox metals homeostasis in multiple
sclerosis and amyotrophic lateral sclerosis: A review. Cell Death Dis. 2018, 9, 348. [CrossRef]

169. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals, and antioxidants in oxidative stress-induced
cancer. Chemio-Biol. Interact. 2006, 160, 1–40. [CrossRef]

170. Dales, J.P.; Desplat-Jego, S. Metal imbalance in neurodegenerative diseases with a specific concern to the brain of multiple sclerosis
patients. Int. J. Mol. Sci. 2020, 21, 9105. [CrossRef]

171. Molina-Holgado, F.; Hider, R.C.; Gaeta, A.; Williams, R.; Francis, P. Metal ions and neurodegeneration. BioMetals 2007, 20, 639–654.
[CrossRef]

172. Shao, Y.; Xu, X.; Wang, N.; Xu, G.; Le, W. Biomarkers in Parkinson’s disease. Chapter in a book. In Neurodegenerative Diseases
Biomarkers: Towards Translating Research to Clinical Practice; Peplow, P.V., Ed.; Humana: New York, NY, USA, 2022; Volume 173,
pp. 155–180.

173. Trist, B.G.; Hare, D.J.; Double, K.L. Oxidative stress in the aging substantia nigra and the etiology of Parkinson’s disease. Aging
Cell 2019, 18, e13031. [CrossRef]

174. Belvisi, D.; Pellicciari, R.; Fabbrini, A.; Costanzo, M.; Pietracupa, S.; De Lucia, M.; Modugno, N.; Magrinelli, F.; Dallocchio, C.;
Ercoli, T.; et al. Risk factors of Parkinson disease: Simultaneous assessment, interactions, and etiologic subtypes. Neurology 2020,
95, e2500–e2508. [CrossRef]

175. Vellingiri, B.; Suriyanarayanan, A.; Abraham, K.S.; Venkatesan, D.; Iyer, M.; Raj, N.; Gopalakrishnan, A.V. Influence of heavy
metals in Parkinson’s disease: An overview. J. Neurol. 2022, 269, 5798–5811. [CrossRef] [PubMed]

176. Navarro-Romero, A.; Montpeyo, M.; Martinex-Vincente, M. The emerging role of the lysosome in Parkinson’s disease. Cells 2020,
9, 2399. [CrossRef] [PubMed]

177. Ajsuvakova, O.P.; Tinkov, A.A.; Willkommen, D.; Skalnaya, A.A.; Danilov, A.B.; Pilipovich, A.A.; Skalny, A.V.; Michalke, B.;
Skalanaya, M.G. Assessment of copper, iron, zinc, and manganese status and speciation in patients with Parkinson’s disease: A
pilot study. J. Trace Elem. Med. Biol. 2020, 59, 126423. [CrossRef]

178. Liu, Z.; Shen, H.-C.; Lian, T.-H.; Mao, L.; Tang, S.-X.; Sun, L.; Huang, X.-Y.; Guo, P.; Cao, C.-J.; Yu, S.-Y.; et al. Iron deposition in
substantia nigra: Abnormal iron metabolism, neuroinflammatory mechanism and clinical relevance. Sci. Rep. 2017, 7, 14973.
[CrossRef] [PubMed]

179. Vellingiri, B.; Suriyanarayanan, A.; Selvaraj, P.; Abraham, K.S.; Pasha, M.Y.; Winster, H.; Gopalakrishnan, A.V.G.S.; Reddy, J.K.;
Ayyadurai, N.; Kumar, N.; et al. Role of heavy metals (copper (Cu), arsenic (As), cadmium (Cd), iron (Fe) and lithium (Li))
induced neurotoxicity. Chemosphere 2022, 301, 134625. [CrossRef] [PubMed]

180. 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] [PubMed]

https://doi.org/10.1016/j.tox.2016.06.019
https://doi.org/10.1016/j.ajpath.2011.04.041
https://www.ncbi.nlm.nih.gov/pubmed/21704011
https://doi.org/10.1002/prot.23210
https://www.ncbi.nlm.nih.gov/pubmed/22072628
https://doi.org/10.1073/pnas.1708448114
https://doi.org/10.3389/fnins.2015.00033
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.1136/practneurol-2015-001139
https://www.ncbi.nlm.nih.gov/pubmed/26101071
https://doi.org/10.1038/nrneurol.2012.168
https://www.ncbi.nlm.nih.gov/pubmed/23007702
https://doi.org/10.1016/j.bbadis.2010.07.019
https://www.ncbi.nlm.nih.gov/pubmed/20692338
https://doi.org/10.1016/j.ccr.2007.10.019
https://doi.org/10.1038/s41419-018-0379-2
https://doi.org/10.1016/j.cbi.2005.12.009
https://doi.org/10.3390/ijms21239105
https://doi.org/10.1007/s10534-006-9033-z
https://doi.org/10.1111/acel.13031
https://doi.org/10.1212/WNL.0000000000010813
https://doi.org/10.1007/s00415-022-11282-w
https://www.ncbi.nlm.nih.gov/pubmed/35900586
https://doi.org/10.3390/cells9112399
https://www.ncbi.nlm.nih.gov/pubmed/33147750
https://doi.org/10.1016/j.jtemb.2019.126423
https://doi.org/10.1038/s41598-017-14721-1
https://www.ncbi.nlm.nih.gov/pubmed/29097764
https://doi.org/10.1016/j.chemosphere.2022.134625
https://www.ncbi.nlm.nih.gov/pubmed/35439490
https://doi.org/10.1016/j.toxrep.2021.03.009
https://www.ncbi.nlm.nih.gov/pubmed/33816123


Brain Sci. 2023, 13, 911 21 of 22

181. Zucca, F.A.; Segura-Aguilar, J.; Ferrari, E.; Munoz, P.; Paris, I.; Sulzer, D.; Sarna, T.; Casella, L.; Zecca, L. Interactions of iron,
dopamine and neuromelanin pathways in brain aging and Parkinson’s disease. Prog. Neurobiol. 2017, 155, 96–119. [CrossRef]
[PubMed]

182. Davies, K.M.; Bohic, S.; Carmona, A.; Ortega, R.; Cottam, V.; Hare, D.J.; Finberg, J.P.; Reyes, S.; Halliday, G.M.; Mercer, J.F. Copper
pathology in vulnerable brain regions in Parkinson’s disease. Neurobiol. Aging 2014, 35, 858–866. [CrossRef]

183. Cruces-Sande, A.; Rodríguez-Pérez, A.I.; Herbello-Hermelo, P.; Bermejo-Barrera, P.; Méndez-Álvarez, E.; Labandeira-García, J.L.;
Soto-Otero, R. Copper Increases Brain Oxidative Stress and Enhances the Ability of 6-Hydroxydopamine to Cause Dopaminergic
Degeneration in a Rat Model of Parkinson’s Disease. Mol. Neurobiol. 2019, 56, 2845–2854. [CrossRef]

184. Namgyal, D.; Ali, S.; Hussain, M.D.; Kazi, M.; Ahmad, A.; Sarwat, M. Curcumin Ameliorates the Cd-Induced Anxiety-like
Behavior in Mice by Regulating Oxidative Stress and Neuro-Inflammatory Proteins in the Prefrontal Cortex Region of the Brain.
Antioxidants 2021, 10, 1710. [CrossRef]

185. Kyriakis, J.M.; Avruch, J. Mammalian mitogen-activated protein kinase signal transduction pathways activated by stress and
inflammation. Physiol. Rev. 2001, 81, 807–869. [CrossRef] [PubMed]

186. Yan, Y.; Bian, J.C.; Zhong, L.X.; Zhang, Y.; Sun, Y.; Liu, Z.P. Oxidative stress and apoptotic changes of rat cerebral cortical neurons
exposed to cadmium in vitro. Biomed. Environ. Sci. 2012, 25, 172–181. [CrossRef] [PubMed]

187. Piao, F.; Ma, N.; Hiraku, Y.; Murata, M.; Oikawa, S.; Cheng, F.; Zhong, L.; Yamauchi, T.; Kawanishi, S.; Yokoyama, K. Oxidative
DNA damage in relation to neurotoxicity in the brain of mice exposed to arsenic at environmentally relevant levels. J. Occup.
Health 2005, 47, 445–449. [CrossRef] [PubMed]

188. Singh, A.P.; Goel, R.K.; Kaur, T. Mechanisms pertaining to arsenic toxicity. Toxicol. Int. 2011, 18, 87–93. [CrossRef]
189. Cholanians, A.B.; Phan, A.V.; Ditzel, E.J.; Camenisch, T.D.; Lau, S.S.; Monks, T.J. From the Cover: Arsenic Induces Accumulation

of α-Synuclein: Implications for Synucleinopathies and Neurodegeneration. Toxicol. Sci. 2016, 153, 271–281. [CrossRef] [PubMed]
190. Wojtunik-Kulesza, K.; Oniszczuk, A.; Waksmundzka-Hajnos, M. An attempt to elucidate the role of iron and zinc ions in

development of Alzheimer’s and Parkinson’s diseases. Biomed. Pharmacother. 2019, 111, 1277–1289. [CrossRef] [PubMed]
191. Hassanazadeh, K.; Rahimmi, A. Oxidative stress and neuroinflammation in the story of Parkinson’s disease: Could targeting

these pathways write a good ending? J. Cell. Physiol. 2018, 234, 23–32. [CrossRef]
192. Wei, X.; Cai, M.; Jin, L. The Function of the Metals in Regulating Epigenetics During Parkinson’s Disease. Front. Genet. 2021,

11, 616083. [CrossRef]
193. Hassan Aubais Aljelehawy, Q. Effects of the lead, cadmium, manganese heavy metals, and magnesium oxide nanoparticles on

nerve cell function in Alzheimer’s and Parkinson’s diseases. Cent. Asian J. Med. Pharm. Sci. Innov. 2022, 2, 25–36.
194. Chen, P.; Miah, M.R.; Aschner, M. Metals and Neurodegeneration. F1000Research 2016, 5, F1000. [CrossRef]
195. Venkatesan, D.; Iyer, M.; Narayanasamy, A.; Siva, K.; Vellingiri, B. Kynurenine pathway in Parkinson’s disease-An update.

Eneurologicalsci 2020, 21, 100270. [CrossRef] [PubMed]
196. Mahalaxmi, I.; Subramaniam, M.D.; Gopalakrishnan, A.V.; Vellingiri, B. Dysfunction in Mitochondrial Electron Transport Chain

Complex I, Pyruvate Dehydrogenase Activity, and Mutations in ND1 and ND4 Gene in Autism Spectrum Disorder Subjects from
Tamil Nadu Population, India. Mol. Neurobiol. 2021, 58, 5303–5311. [CrossRef] [PubMed]

197. Foley, P.B.; Hare, D.J.; Double, K.L. A brief history of brain iron accumulation in Parkinson disease and related disorders. J. Neural
Transm. 2022, 129, 505–520. [CrossRef] [PubMed]

198. Costa-Mallen, P.; Gatenby, C.; Friend, S.; Maravilla, K.R.; Hu, S.-C.; Cain, K.C.; Agarwal, P.; Anzai, Y. Brain iron concentrations in
regions of interest and relation with serum iron levels in Parkinson disease. J. Neurol. Sci. 2017, 378, 38–44. [CrossRef] [PubMed]

199. Genoud, S.; Senior, A.M.; Hare, D.J.; Double, K.L. Meta-Analysis of copper and Iron in Parkinson’s disease brain and biofluids.
Mov. Disord. 2020, 35, 662–671. [CrossRef] [PubMed]

200. Scholefield, M.; Church, S.J.; Xu, J.; Patassini, S.; Roncaroli, F.; Hooper, N.M.; Unwin, R.D.; Cooper, G.J.S. Widespread decreases in
cerebral copper are common to Parkinson’s disease dementia and Alzheimer’s disease dementia. Front. Aging Neurosci. 2021,
13, 641222. [CrossRef]

201. Martínez, A.; Vargas, R.; Pérez-Figueroa, S.E.; Ramos, E. Copper, and neurodegenerative disorders: Potential drugs for possible
successful treatment. Theor. Chem. Acc. 2021, 140, 71. [CrossRef]

202. Sikora, J.; Abdel-Mouttalib, O. Synaptic zinc: An emerging player in Parkinson’s disease. Int. J. Mol. Sci. 2021, 22, 4724. [CrossRef]
203. 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]
204. Masrori, P.; Van Damme, P. Amyotrophic lateral sclerosis: A clinical review. Eur. J. Neurol. 2020, 27, 1918–1929. [CrossRef]
205. Kiernan, M.C.; Vucic, S.; Talbot, K.; McDermott, C.J.; Hardiman, O.; Shefner, J.M.; Al-Chalabi, A.; Huynh, W.; Cudkowicz, M.;

Talman, P.; et al. Improving clinical trial outcomes in amyotrophic lateral sclerosis. Nat. Rev. Neurol. 2021, 17, 104–118. [CrossRef]
[PubMed]

206. Fang, T.; Je, G.; Pacut, P.; Keyhanian, K.; Gao, J.; Ghasemi, M. Gene therapy in amyotrophic lateral sclerosis. Cells 2022, 11, 2066.
[CrossRef]

207. Abati, E.; Bresolin, N.; Comi, G.; Corti, S. Silence superoxide dismutase 1 (SOD1): A promising therapeutic target for amyotrophic
lateral sclerosis (ALS). Expert Opin. Ther. Targets 2020, 24, 295–310. [CrossRef] [PubMed]

https://doi.org/10.1016/j.pneurobio.2015.09.012
https://www.ncbi.nlm.nih.gov/pubmed/26455458
https://doi.org/10.1016/j.neurobiolaging.2013.09.034
https://doi.org/10.1007/s12035-018-1274-7
https://doi.org/10.3390/antiox10111710
https://doi.org/10.1152/physrev.2001.81.2.807
https://www.ncbi.nlm.nih.gov/pubmed/11274345
https://doi.org/10.3967/0895-3988.2012.02.008
https://www.ncbi.nlm.nih.gov/pubmed/22998824
https://doi.org/10.1539/joh.47.445
https://www.ncbi.nlm.nih.gov/pubmed/16230839
https://doi.org/10.4103/0971-6580.84258
https://doi.org/10.1093/toxsci/kfw117
https://www.ncbi.nlm.nih.gov/pubmed/27413109
https://doi.org/10.1016/j.biopha.2018.12.140
https://www.ncbi.nlm.nih.gov/pubmed/30841441
https://doi.org/10.1002/jcp.26865
https://doi.org/10.3389/fgene.2020.616083
https://doi.org/10.12688/f1000research.7431.1
https://doi.org/10.1016/j.ensci.2020.100270
https://www.ncbi.nlm.nih.gov/pubmed/33134567
https://doi.org/10.1007/s12035-021-02492-w
https://www.ncbi.nlm.nih.gov/pubmed/34279772
https://doi.org/10.1007/s00702-022-02505-5
https://www.ncbi.nlm.nih.gov/pubmed/35534717
https://doi.org/10.1016/j.jns.2017.04.035
https://www.ncbi.nlm.nih.gov/pubmed/28566175
https://doi.org/10.1002/mds.27947
https://www.ncbi.nlm.nih.gov/pubmed/31889341
https://doi.org/10.3389/fnagi.2021.641222
https://doi.org/10.1007/s00214-021-02776-3
https://doi.org/10.3390/ijms22094724
https://doi.org/10.1016/j.neulet.2021.135873
https://doi.org/10.1111/ene.14393
https://doi.org/10.1038/s41582-020-00434-z
https://www.ncbi.nlm.nih.gov/pubmed/33340024
https://doi.org/10.3390/cells11132066
https://doi.org/10.1080/14728222.2020.1738390
https://www.ncbi.nlm.nih.gov/pubmed/32125907


Brain Sci. 2023, 13, 911 22 of 22

208. Benatar, M.; Wuu, J.; McHutchison, C.; Postuma, R.B.; Boeve, B.F.; Petersen, R.; A Ross, C.; Rosen, H.; Arias, J.J.; Fradette, S.; et al.
First International Pre-Symptomatic ALS Workshop. Preventing amyotrophic lateral sclerosis: Insights from pre-symptomatic
neurodegenerative diseases. Brain 2022, 145, 27–44. [CrossRef] [PubMed]

209. Yoshida, S. Therapeutic strategies, and metal-induced oxidative stress: Application of synchrotron radiation Microbeam to
amyotrophic lateral sclerosis in the Kii Peninsula of Japan. Front. Neurol. 2022, 13, 884439. [CrossRef] [PubMed]

210. Khamaysa, M.; Pradat, P.F. Status of ALS treatment, insights into therapeutic challenges and dilemmas. J. Pers. Med. 2022, 12, 1601.
[CrossRef]

211. Devos, D.; Studygroups, T.F.-I.A.F.-I.; Cabantchik, Z.I.; Moreau, C.; Danel, V.; Mahoney-Sanchez, L.; Bouchaoui, H.; Gouel, F.;
Rolland, A.-S.; Duce, J.A.; et al. FAIRPARK-II and FAIRALS-II study groups. Conservative iron chelation for neurodegenerative
diseases such as Parkinson’s disease and amyotrophic lateral sclerosis. J. Neural Transm. 2020, 127, 189–203. [CrossRef]

212. Sever, B.; Ciftci, H.; DeMirci, H.; Sever, H.; Ocak, F.; Yulug, B.; Tateishi, H.; Tateishi, T.; Otsuka, M.; Fujita, M.; et al. Comprehensive
research on past and future therapeutic strategies devoted to treatment of amyotrophic lateral sclerosis. Int. J. Mol. Sci. 2022,
23, 2400. [CrossRef]

213. Hallgren, B.; Sourander, P. The effect of age on the non-haemin iron in the human brain. J. Neurochem. 1958, 3, 41–51. [CrossRef]
214. Sawashita, J.; Takeda, A.; Okada, S. Change of zinc distribution in rat brain with increasing age. Dev. Brain Res. 1997, 102, 295–298.

[CrossRef]
215. Markesbery, W.R.; Ehmann, W.D.; Alauddin, M.; Hossain, T.I. Brain trace element concentrations in aging. Neurobiol. Aging 1984,

5, 19–28. [CrossRef] [PubMed]
216. Mori, H.; Sasaki, G.; Nishikawa, M.; Hara, M. Effects of subcytotoxic cadmium on morphology of glial fibrillary acidic protein

network in astrocytes derived from murine neural stem/progenitor cells. Environ. Toxicol. Pharmacol. 2015, 40, 639–644. [CrossRef]
[PubMed]

217. Monaco, A.; Grimaldi, M.C.; Ferrandino, I. Neuroglial alterations in the zebrafish brain exposed to cadmium chloride. J. Appl.
Toxicol. 2016, 36, 1629–1638. [CrossRef] [PubMed]

218. Sofroniew, M.V. Molecular dissection of reactive astrogliosis and glial scar formation. Trends Neurosci. 2009, 32, 638–647. [CrossRef]
[PubMed]

219. Favorito, R.; Monaco, A.; Grimaldi, M.C.; Ferrandino, I. Effects of cadmium on the glial architecture in lizard brain. Eur. J.
Histochem. 2017, 61, 2734. [CrossRef]

220. Jiang, J.H.; Ge, G.; Gao, K.; Pang, Y.; Chai, R.C.; Jia, X.H. Calcium signaling involvement in cadmium-induced astrocyte
cytotoxicity and cell death through activation of MAPK and PI3K/Akt signaling pathways. Neurochem. Res. 2015, 40, 1929–1944.
[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/10.1093/brain/awab404
https://www.ncbi.nlm.nih.gov/pubmed/34677606
https://doi.org/10.3389/fneur.2022.884439
https://www.ncbi.nlm.nih.gov/pubmed/35837234
https://doi.org/10.3390/jpm12101601
https://doi.org/10.1007/s00702-019-02138-1
https://doi.org/10.3390/ijms23052400
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1016/S0165-3806(97)00107-7
https://doi.org/10.1016/0197-4580(84)90081-2
https://www.ncbi.nlm.nih.gov/pubmed/6738782
https://doi.org/10.1016/j.etap.2015.08.018
https://www.ncbi.nlm.nih.gov/pubmed/26363133
https://doi.org/10.1002/jat.3328
https://www.ncbi.nlm.nih.gov/pubmed/27080906
https://doi.org/10.1016/j.tins.2009.08.002
https://www.ncbi.nlm.nih.gov/pubmed/19782411
https://doi.org/10.4081/ejh.2017.2734
https://doi.org/10.1007/s11064-015-1686-y

	Introduction 
	Distribution and Influence of Iron, Copper, Zinc and Cadmium on Glial Cells 
	Iron 
	Copper 
	Zinc 
	Cadmium 

	The Influence of Metals (Fe, Cu, Zn and Cd) on Neurodegenerative Diseases 
	Alzheimer’s Disease 
	Multiple Sclerosis 
	Parkinson’s Disease 
	Amyotrophic Lateral Sclerosis (ALS) 

	Discussion 
	References

