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Abstract: Cadmium is a heavy metal that increasingly contaminates food and drink products. Once
ingested, cadmium exerts toxic effects that pose a significant threat to human health. The nervous
system is particularly vulnerable to prolonged, low-dose cadmium exposure. This review article
provides an overview of cadmium’s primary mechanisms of neurotoxicity. Cadmium gains entry
into the nervous system via zinc and calcium transporters, altering the homeostasis for these metal
ions. Once within the nervous system, cadmium disrupts mitochondrial respiration by decreasing
ATP synthesis and increasing the production of reactive oxygen species. Cadmium also impairs
normal neurotransmission by increasing neurotransmitter release asynchronicity and disrupting
neurotransmitter signaling proteins. Cadmium furthermore impairs the blood-brain barrier and
alters the regulation of glycogen metabolism. Together, these mechanisms represent multiple sites of
biochemical perturbation that result in cumulative nervous system damage which can increase the
risk for neurological and neurodegenerative disorders. Understanding the way by which cadmium
exerts its effects is critical for developing effective treatment and prevention strategies against
cadmium-induced neurotoxic insult.
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1. Introduction

Cadmium is a highly toxic pollutant that permeates environmental, industrial, and
agricultural spaces. The Agency for Toxic Substances and Disease Registry ranked cad-
mium as the seventh most hazardous substance to human health [1], and the Department
of Health and Human Services listed cadmium as a known human carcinogen in 2021 [2].
Recent anthropogenic activities have increased human exposure to cadmium. Most com-
mercial cadmium is a byproduct of zinc ore mining that is used in electroplating, battery
production, paint pigments, and plastics [3,4]. These activities introduce cadmium to the
agricultural sphere, where plants readily absorb cadmium from contaminated soil and
water. Additionally, cadmium contamination of ethanol is common, with variable levels
detected in wine, beer, whiskey, gin, and other alcoholic products [5]. As a result, the most
common source of exposure for the general population is contaminated food and drink
products [3].

Cadmium enters the human body by various routes. Uptake is facilitated by the
ingestion of contaminated food and beverage products, the inhalation of aerosolized
cadmium particles in cigarette smoke, and particle accumulation in the olfactory bulb
following industrial fume exposure [6,7]. Due to its abiogenic nature, cadmium has no
endogenous mechanism of clearance and thus exhibits a low urinary excretion rate. It
accumulates in the human body with an estimated half-life of up to 23.5 years [8]. As a
result of this accumulation, the estimated mass of cadmium within adults in the U.S. and
Europe who have not been occupationally exposed to cadmium is between 9.5 mg and
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40 mg [9]. Moreover, blood concentrations of cadmium were found to be ~0.4 ug/L [10]
and cerebrospinal fluid (CSF) concentrations of cadmium were found to be 72 ng/L in
humans [10,11]. Thus, CSF concentrations of cadmium in humans are only roughly five-fold
lower than in blood.

Chronic accumulation of cadmium results in multiorgan toxicity, primarily target-
ing the kidney, skeleton, liver, and nervous system [12], reviewed in [9]. Among these,
the nervous system is a particularly vulnerable target for cadmium toxicity. Cadmium
can increase risk of peripheral neuropathy, altered equilibrium, and poor performance
on visuomotor tasks [13]. Exposure to cadmium is correlated with reduced concentra-
tion, poorer cognitive function in older adults, and adverse learning outcomes in chil-
dren [13-16]. Cadmium exposure has also been associated with neurodegenerative disease
pathologies observed in Alzheimer’s disease (AD), Parkinson’s disease (PD), and amy-
otrophic lateral sclerosis (ALS) [17-19]. Cadmium exerts its neurotoxic outcomes via
diverse means [12,20,21] (Figure 1). Here, we review the current knowledge concerning
the sites of exogenous cadmium insult that result in nervous system dysfunction.
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Figure 1. The diverse major pathways by which cadmium can increase risk for neurodegenerative
disease. Cadmium accumulates in the olfactory bulb following inhalation. When either inhaled or
ingested, cadmium passes into the bloodstream, which can decrease the integrity of the blood—-brain
barrier (BBB) via weakening of tight junctions. This allows cadmium to enter into nervous system: tis-
sue. Once within the nervous tissue, cadmium can efficiently pass the cellular membrane by co-opting
transporters for other divalent cations. The primary mechanisms of neurotoxicity are disruption of
glycogen metabolism, changes to neurotransmitter signaling, and mitochondrial disruption leading
to oxidative stress. These perturbations together increase the risk for neurodegenerative disease.

2. Cadmium Entry to the Nervous System

Cadmium gains entry to the nervous system primarily by oral ingestion, at which
point it is absorbed into the bloodstream and can damage the blood-brain barrier (BBB)
to accumulate within nervous system tissue. Cadmium inhalation provides an even more
direct route to the nervous system, since the olfactory epithelium lacks protection offered by
the BBB and permits cadmium uptake directly into nervous tissue [22]. Cadmium is similar
to bioessential metal cations implicated in neuronal transmission, particularly calcium
and zinc. Cadmium, calcium, and zinc are primarily divalent cations that possess similar
chemical properties and favor the oxidation state of +2. Calcium and cadmium share simi-
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lar ionic radii (0.97 A and 0.99 A, respectively) and charge/radius ratios (Ca2r =2.02¢e/A,
Cd?* =2.06 e/A), granting each the ability to exert similarly strong electrostatic forces on
biogenic macromolecules (reviewed in [23]). Cadmium and zinc are elements in Group 1IB
of the periodic table with the same electron configuration, allowing similar chemical behav-
ior within ion-protein interaction. In this way, cadmium can permeate nervous system cells
and organelles by taking advantage of endogenous zinc- and calcium-specific transporters.

Several studies have implicated cadmium as a competitive voltage-gated calcium
channel (VGCC) inhibitor [24-26]. Cadmium enters the rat cerebellar granular neuron
primarily through dihydropyridine-sensitive (L-type) VGCCs as it competes with Ca?* for
within the channel pore. Exposure to 100 tM cadmium prevented an increase in cytosolic
calcium concentration after neuronal depolarization, and cadmium was able to permeate
the neuron. The N-type VGCC is also implicated in cadmium-induced blockage of Ca**
current in frog sympathetic neurons [27]. Cadmium completely and rapidly blocked Ca?*
current at voltages when Ca?* channels are primarily open (0 to +30 mV), indicating that the
N-type VGCC is a route of cadmium entry into sympathetic neurons. Because VGCCs are
densely concentrated at the presynaptic site, the presynaptic terminal is a notable location
of cadmium uptake in neuronal cells (reviewed in [28]).

Cadmium also enters neuronal cells through zinc transporters, the most significant
of which are the ZIP6 and ZnT3 transporters [28,29]. ZIP6, an importer, is localized to the
plasma membrane of hippocampal pyramidal neurons while ZnT3 is an exporter plentiful
on the presynaptic neuronal membrane that regulates the brain’s vesicular pool [30,31],
reviewed in [22]. Mimouna et al. found that early-life cadmium exposure increased cad-
mium accumulation in the brain, increased ZIP6 gene expression, and decreased ZnT3
expression [29]. The simultaneous upregulation of the ZIP6 importer and downregulation
of the ZnT3 exporter may lead to cadmium accumulation in these neurons. In a later study,
Mimouna et al. investigated interactions between cadmium and ZnT3 in hippocampal
neurons. Treatment of rat hippocampal neurons with cadmium chloride (0, 0.5, 5, 10, 25, or
50 uM) and zinc chloride (0, 10, 30, 50, 70, or 90 uM) for either 24 or 48 h downregulated
ZnT3 mRNA expression, an effect attenuated by the application of zinc. Zinc supplemen-
tation at 30 uM significantly ameliorated cadmium-induced neurotoxicity in cells treated
with 10 and 25 uM cadmium [32]. Presumably, the physicochemical similarities between
cadmium and zinc allow cadmium to enter synaptic vesicles through ZnT3 and accumulate,
ultimately resulting in cell death and disruption of neuronal plasticity.

3. Cadmium Effects on Mitochondrial Respiration

Mitochondria in the nervous system perform critical roles not only in energy pro-
duction [33] but also in neuronal development, function, and survival [34]. Neurons, the
functional unit of the nervous system, are particularly high consumers of ATP due to their
constant need to maintain the neuronal concentration gradient necessary for action poten-
tial propagation, operate the cellular machinery associated with the vesicle cycle, facilitate
axonal transport, and provide energy for synaptic plasticity [33-35]. Thus, any disruption
in mitochondrial function can result in energy deficits, significantly compromising neural
activity and health.

Oxidative phosphorylation relies on a strong mitochondrial membrane potential
(A¥m) in order to produce ATP via ATP synthase [35]. The electron transport chain (ETC),
embedded within the inner mitochondrial matrix uses the potential energy from electron-
carrying molecules in order to produce a robust AYm. The four protein complexes that
comprise the ETC must deftly handle redox molecules in order to appropriately produce
a proton gradient, the basis of the AYm. Furthermore, reactive oxygen species (ROS)
are produced at low concentrations as a byproduct of the ETC. Low levels of ROS can be
mitigated by antioxidant molecules within the mitochondria, such as glutathione. However,
if ROS are allowed to proliferate, either via external influence or inappropriate regulation
of the ETC, the resultant oxidative stress results in cellular damage.
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This A¥Ym gradient can be regulated via mitochondrial uncoupling proteins, which
can serve to respond to cellular energetic needs, maintain consistent temperature, or control
osmotic swelling. However, various pathological conditions can disrupt A¥m, leading to
impaired mitochondrial respiration. For instance, mitochondrial permeability transition
pore (PTP) opening can be triggered by factors like oxidative stress that can result in A¥m
depolarization [36]. Such depolarization can inhibit ATP synthesis and compromise overall
mitochondrial function.

The significance of mitochondria becomes most apparent in the context of neurode-
generative diseases, including AD, PD, and ALS. These conditions are characterized by
mitochondrial dysfunction [35]. Abnormalities encompass impaired energy production,
heightened ROS production, and compromised calcium handling, collectively contributing
to neuronal degeneration and the clinical manifestations of these diseases [36].

3.1. Cadmium Interference with the Electron Transport Chain

The mitochondria have emerged as primary targets in cadmium toxicity (for an excel-
lent review focusing exclusively on this topic, see [37]). This is supported by experimental
evidence in a rodent model, where cadmium exposure on isolated mitochondria from
mouse livers led to extensive organelle damage [38]. One mechanism by which cadmium
disrupts mitochondrial function is by interfering with specific protein complexes within
the ETC such that A¥m is reduced and the proton-motive force that drives ATP synthesis
is subsequently weakened. Cadmium interacts with Complex I of the ETC at both the
Q-binding site and the NADH-binding site, decreasing the ability of Complex I to shuttle
electrons and transport protons to create and maintain AYm. Cadmium’s interaction with
the Q, site of Complex III redirects ROS production toward the intermembrane space, effec-
tively bypassing the matrix antioxidant defenses [39,40]. By disrupting the normal function
in Complexes I and III, the resultant decrease in AYm ultimately leads to a decreased ability
to efficiently synthesize ATP and increase in damaging cytosolic ROS.

3.2. Cadmium Opens the Permeability Transition Pore

Furthermore, cadmium induces the opening of the permeability transition pore (PTP),
a dynamic protein complex residing at the interface between the inner and outer mitochon-
drial compartments [41]. The PTP allows for the diffusion of small molecules through the
inner mitochondrial membrane, dissipating the AYm and thereby halting ATP synthesis.
Opening of the PTP also acts as a signal for apoptosis via release of stores of cytochrome C.
The weakening of the inner mitochondrial gradient itself can trigger opening of the PTP in
a feedforward mechanism that results in eventual cell death. It is not clear to what extent
cadmium opens the PTP via weakening of the AYm in mechanisms described above, or
whether cadmium directly interacts with the PTP itself to increase the likelihood of opening,
or both.

There is some evidence to suggest that cadmium directly interacts with the PTP
to increase opening, independent of cadmium’s effects on A¥Ym. Cadmium interacts
with a constituent of the PTP complex, the adenine nucleotide translocator (ANT), at
the thiol groups present on the cysteine residues, potentially leading to modifications of
ANT function [39]. ANT exchanges cytosolic ADP and matrix ATP, enabling cytosolic
ATP export out of the mitochondria while delivering ADP to the mitochondria [39,40].
Structural studies have shown that ADP/ATP exchange of ANT proteins occurs via an
“induced transition fit” model. This process begins with ADP binding at the “c-state”,
where the protein is exclusively open to the intermembrane space. This binding triggers
a conformational shift to “m-state”, where the protein becomes exclusively open to the
mitochondrial matrix, facilitating the exchange of ADP for ATP [42]. Inhibiting ANT blocks
this cadmium-induced PTP opening [43]. This cadmium-induced PTP opening can also be
blocked via addition of an inhibitor of the mitochondrial calcium importer, indicating that
cadmium is gaining access to the inner mitochondria via this transporter [39].
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Furthermore, while calcium can induce PTP opening via a cyclosporin A (CsA)-
dependent mechanism [43], cadmium opens the PTP independent from this calcium-CsA
pathway. Because increased calcium is a potent intracellular signal within neurons for
apoptosis, cadmium’s ability to bypass calcium-induced mechanisms of apoptosis represent
an alternative pathway for unregulated neuronal death. The regulatory mechanisms of this
CsA-independent apoptotic pathway are as yet unclear.

3.3. Recent Focuses of Mitochondrial Apoptosis/Dysfunction: ER Stress and SIRT1

It is increasingly clear that the relationship between mitochondrial stress and endoplas-
mic reticulum (ER) stress both contribute to cadmium’s toxic effects. According to multiple
studies, cadmium exposure may induce crosstalk between the stress responses of the ER
and mitochondria, which culminates in cell apoptosis [44,45]. One important aspect of this
crosstalk is the involvement of proapoptotic proteins Bim and Bax, which are upregulated
following acute cadmium exposure. Bax, in particular, translocates from the cytosol to the
mitochondria causing the apoptosis of the mitochondria. Furthermore, cadmium exposure
leads to the release of cytochrome c from the mitochondria to the cytoplasm. This release
triggers apoptotic signaling and activates caspases, leading to cell apoptosis [44,46,47].

Furthermore, exposure of cadmium to human cell lines led to an increase of intra-
cellular ROS levels in a dose dependent manner. This generation of ROS occurred in
a feed-forward fashion that ultimately induces GADD153, a marker that initiates cell
death [45]. A protective measure against this process is the antioxidant resveratrol, which
inhibits ER stress and GADD153 and activates sirtuinl (SIRT1) [48].

More recent research has also pointed towards SIRT1 as a critical regulator of the
biochemical response to oxidative stress [45]. SIRT1 is a nicotinamide dinucleotide (NAD™)-
dependent deacylases known for its ability to regulate cellular processes such as DNA repair,
inflammation, fatty acid oxidation, fat differentiation, and more [48]. This suppression of
SIRT1 by cadmium leads to a marked increase in oxidative stress within neuronal cells. The
ensuing oxidative stress disrupts mitochondrial function, which, in turn, culminates in the
death of neural cells. This phenomenon has been observed in both PC12 cells, a neuron-like
cell line, and primary rat cerebral cortical neurons [45]. Activating SIRT1 prevented the
buildup of ROS and cellular loss and expounds on a potential mechanism by which SIRT
activators affect SIRT1 activity, particularly by deacetylating PGC-1a. This deacetylation
is believed to contribute to the enhancement of oxidative metabolism, playing a crucial
role in the cellular response to oxidative stress [49]. SIRT1 is structurally important for
the nervous system as it promotes axonal elongation, neurite outgrowth, and dendritic
branching. Furthermore, it has been found to be crucial for memory formation and its
protective measures against neurodegenerative diseases such as Alzheimer’s, Parkinson’s,
and motor neuron diseases [50-53].

The precise molecular mechanism underlying cadmium-induced neurotoxicity in
the context of mitochondria-associated ER membranes (MAMs) remains unclear. MAMs
consist of a diverse array of proteins, including mitofusin 2 (Mfn2), voltage-dependent
anion channel (VDAC), and glucose-regulated protein 75 (Grp75). These proteins facilitate
the transport of calcium ions from the ER to the mitochondria through the inositol 1,4,5-
triphosphate receptors (IP3R) on the ER and the voltage-dependent anion-selective channel
protein (VDAC) on the mitochondria [49]. Exposure to cadmium increased expression
of Mfn2, Grp75, and VDACI [52]. Additionally, both PC12 cells and primary neurons
exhibited a significant reduction in mitochondrial calcium uptake when Mfn2 was knocked
out in response to cadmium treatment. Notably, this unveiled that the principal driver of
cadmium-induced autophagy in neuronal cells may be the uptake of mitochondrial calcium
facilitated by MAMs, specifically that the IP3R-Grp75-VDAC1 complex is regulated by
Mifn2. The interplay between Mfn2 and the operation of the IP3R-Grp75-VDAC1 complex
represents a breakthrough in the understanding of mitochondrial dysfunction following
cadmium exposure [50].
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3.4. Cadmium-Induced Autophagy

Autophagy, a regulated form of cell death, involves a series of steps directing targeted
materials to the lysosome for recycling (for an extensive review focusing on autophagy
in neurodegenerative diseases, see [51]). Cadmium-induced autophagy is associated
with neurodegenerative disease, though the nature of the relationship remains somewhat
controversial [52-54]. Hence, this section focuses on recently published papers on the topic
of cadmium-induced autophagy.

Since autophagy is a key process for eliminating excess protein, it is thought that dis-
ruption in autophagy process via cadmium can result in excess misfolded protein leading to
neurodegenerative disease [12]. Cadmium triggers neuronal apoptosis through an increase
in autophagosome formation, marked by elevated LC3-II and p62 in neuronal cells, result-
ing in neuronal apoptosis [55]. The drug rapamycin prevents cadmium-induced increase
in LC3-II and p62. Cadmium-induced apoptosis is dependent on the overproduction of
autophagosomes by preventing autophagosome-lysosome fusion [55-57]. However, other
recent studies have shown that cadmium inhibits autophagy through calcium-dependent
activation of the JNK signaling pathway in a cell culture model [58].

Recent research has advanced the study of ameliorative strategies for preventing
cadmium-induced changes to autophagic flux. Potentilla anserine, an herb native to the
Qinghai-Tibet Plateau of China, is renowned for its nutrient richness and application in
Chinese medicine. Emerging research highlights Potentilla anserine polysaccharide (PAP), a
major bioactive component of this herb, as a candidate to prevent oxidative stress, mito-
chondrial cell death, and apoptosis [59-62]. PAP potentially mitigates cadmium-induced
neuronal death via autophagy by suppressing the PI3K class I1I/Beclin-1 signaling path-
way [63]. Interestingly, drugs that increase autophagy also seem to have some promise
in preventing cadmium-induced neurotoxic damage. Linagliptin, an FDA-approved an-
tidiabetic drug used to treat type 2 diabetes, also shows neuroprotective effects against
cognitive decline [64,65]. Studies of linagliptin’s neuroprotective effects against cadmium
exposure in rats have shown that linagliptin prevented the cognitive deficit induced by cad-
mium. However, linagliptin stimulated the hippocampal AMPK/mTOR pathway, which
positively impacts autophagy progression. It is thought that this increase in autophagy
stimulated clearance of neuronal misfolded proteins, resulting in improvement in cognitive
impairment in this context [66]. Together, these results point toward the need for the further
exploration of cadmium’s role in autophagic processes.

4. The Role of Cadmium in Synaptic Transmission

The synapse itself is a vulnerable target for cadmium toxicity. For the efficient trans-
mission of a neuronal signal, biological metal cations must act in conjunction with a series
of voltage-gated and ligand-gated channels. Cadmium’s physicochemical similarities to
these ions, particularly calcium and zinc, permit its neurotoxicity at the synaptic level
as cadmium permeates the presynaptic neuron, induces oxidative stress, and ultimately
aggravates neuronal degeneration.

4.1. Cadmium-Induced Asynchronous Neurotransmitter Release

Synchrony of neurotransmitter release is a marker of efficacious neural communication.
The release of a neurotransmitter occurs within hundreds of milliseconds following the
action potential to ensure precise communication between neurons [28]. Indeed, several
studies have linked asynchronous release to neurodegenerative disease pathologies in AD,
spinal muscular atrophy (SMA), and ALS [67-70]. Cadmium may augment asynchronous
neurotransmitter release, further aggravating these neurodegenerative disease pathologies.

Cadmium application of 0.1 uM desynchronized neurotransmitter release in the dis-
tal compartment of the frog nerve terminal. This asynchrony was accompanied by a
sharp increase in mitochondrial ROS production and lipid peroxidation, suggesting that
cadmium-induced oxidative stress co-occurs with this desynchronization. Desynchroniza-
tion was completely blocked by the administration of antioxidants and NADPH-oxidase
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inhibitors [55]. One possible mechanism of this asynchrony relies on cadmium’s action
as a VGCC antagonist in addition to its role as initiator of oxidative stress. Extracellular
cadmium likely replaced native calcium as the metal ion flowing through L-type VGCCs.
This decrease of calcium inward current in the presence of cadmium leads to a blunted
presynaptic spike of cytosolic calcium, which is integral for the coordination of vesicular
machinery. Therefore, in the presence of cadmium, VGCCs must remain open for a longer
period of time to allow sufficient calcium influx for the initiation of calcium-dependent
presynaptic processes. The prolonged period in which VGCCs are open may lengthen the
delay observed between the arrival of the depolarizing action potential and neurotransmit-
ter release, accounting for the observed asynchrony.

4.2. Cadmium Disruption of Neurotransmission

In addition to delaying neurotransmitter release, cadmium disrupts neurotransmitter
packaging within synaptic vesicles, decreasing the amount of neurotransmitter available
for each release event. There is particular evidence for this in glutamatergic neurons.
Vesicular transporters rely on the proton electrochemical gradient generated by V-ATPase
to package neurotransmitters into vesicles [71,72]. A volume of 50 M of cadmium in
isolated Wistar rat synaptosomes caused the dissipation of the proton gradient necessary to
package glutamate into its synaptic vesicles, resulting in decreased depolarization-evoked
exocytosis of glutamate and reduced extracellular glutamate concentration [73]. Although
the mechanism by which the V-ATPase is disrupted was not directly observed, interaction
with the thiol groups in the cysteine residues of the V-ATPase is a likely culprit.

Additionally, cadmium exposure has been observed to induce changes in cholinergic
muscarinic receptors and acetylcholinesterase (AChE) variants [74]. Specifically, Cd*
exposure documented an elevation of the gene expression of AChE-S (the synaptic variant)
while reducing the gene expression of AChE-R (the readthrough variant). This modification
in AChE variants has been linked to cell death in these neurons. Moreover, cadmium
treatment disrupts muscarinic receptors, particularly the M1 and M3 receptors, which play
crucial roles in the regulation of memory and learning processes. This interference with
the receptors may contribute to the cognitive impairments observed following exposure
to cadmium. Although the precise mechanisms by which cadmium alters muscarinic
receptors and AChE variants remain incompletely elucidated, oxidative stress has been
posited as a potential intermediary factor in this process.

5. Cadmium and Other Metals
5.1. Cadmium Disruption of Zinc Signaling and Homeostasis

Zinc, which itself can protect against cadmium-induced hippocampal neurotoxic-
ity [25], decreased quantal release and markedly desynchronized neurotransmitter release
at a concentration of 25 uM. Zinc can function as either a prooxidant or antioxidant in
cellular systems, with both excesses and deficiencies resulting in oxidative stress (reviewed
in [75]). Zinc-induced oxidative stress has been connected to neurodegeneration and cell
death in cultured cortical neurons [44,47] and AD [45]. The influx of cadmium through
zinc transporters may disrupt this zinc allostasis, resulting in exacerbated oxidative stress.
Therefore, zinc and cadmium may act synergistically to induce oxidative stress in presy-
naptic terminals, ultimately resulting in decreased quantal release and asynchrony that
advance neurodegeneration.

The downregulation of the zinc transporter ZnT3 resulting from cadmium exposure
results in downstream effects that affect critical signaling pathways in the brain. This
downregulation initiates a cascade that decreases hippocampal brain-derived neurotrophic
factor-tropomyosin receptor kinase B (BDNF-TrkB) and Erk1/2 signaling, intracellular
messengers that play integral roles in neuronal plasticity and growth [50]. The TrkB neu-
rotrophin receptor and subsequent BDNF activation are essential for advancing neuronal
plasticity, and antidepressant binding to neurotrophin receptors, particularly TrkB, has
been previously evidenced to facilitate BDNF activation and initiate neuronal plasticity [51].
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While antidepressants bound to the TrkB neurotrophin receptor aid neuronal plasticity via
BDNF activation, other xenobiotics like cadmium may inhibit it via indirect mechanisms
such as ZnT3 downregulation. Further research is necessary to elucidate the mechanisms
by which cadmium impedes neuronal plasticity.

Neuronal senescence is a hallmark of cumulative cellular damage. However, the
mechanisms of neuronal senescence are varied and complex. Oxidative stress and neuronal
senescence have been closely linked in several studies [48,58,59]. The presence of excess
ROS results in proteolysis that impacts cell function and manifests as aging. Garfinkel
introduced the “zinc hypothesis of aging” [76]. According to this hypothesis, dietary zinc
deficiency results in less zinc availability for its metalloenzymes, leading to metalloenzyme
dysregulation. This dysregulation, which varies by cell type, precipitates protein malforma-
tion and accumulation, which ultimately manifests as aging. He later predicted that zinc
deficiency was secondary to cadmium toxicity [77]. According to this hypothesis, cadmium
may drive zinc dysfunction and ultimately catalyze neuronal senescence in both control
and neurodegenerative models.

In 2020, Xie et al. reviewed zinc’s role in the development of Alzheimer’s, explaining
that the disruption of zinc homeostasis may have implications for AD. In the CNS, ZnT3
packages zinc into presynaptic vesicles of zincergic neurons concentrated in the hippocam-
pus, amygdala, and cerebral cortex. Presynaptic release of zinc from zincergic neurons
has been postulated to modulate neuronal plasticity and learning and memory [78]. How-
ever, post-mortem brain tissue analysis of AD patients revealed decreases in the mRNA
and protein levels of ZnT3 [79,80]. ZnT3 downregulation prevents packaging of zinc into
vesicles, resulting in an excess of intracellular zinc within the neuron that readily binds
to amyloid-beta (Af3) oligomers associated with AD pathogenesis. The binding of zinc to
Ap alters the secondary structure of A3 such that it promotes the formation of neurotoxic
spherical species [60] while also limiting the bioavailability of zinc for its role as plasticity
modulator. AD patients exhibit zinc deficiency in serum, which may be explained by this
continual interaction between zinc and Af3 that promotes neurotoxic oligomer and fibril
formation, effectively sequestering zinc from fulfilling its natural biological roles.

5.2. Cadmium Contributions to Metal Imbalance in Alzheimer’s Disease

Several trace metals have been implicated in AD pathogenesis and progression in
addition to cadmium (reviewed in [81]). Zinc dysregulation induced by cadmium may be a
risk factor for aggravating and advancing Alzheimer’s disease. Although research exists to
probe the link between zinc and Alzheimer’s [82-84], little is known about the relationship
between cadmium, zinc, and neuronal senescence. The imbalance of bioessential metal ions,
particularly zinc, copper, and iron, has been observed in AD patients [85]. In a 2023 meta-
analysis of 73 studies measuring levels of trace elements in AD patients, Li et al. reported
alterations in the levels of copper in serum, iron in plasma, and zinc in hair [86]. Although
Li et al. did not address cadmium levels, a 2017 meta-analysis of toxic metals in the
circulation of AD patients reported increased cadmium levels as compared to controls [87].
Each aforementioned metal ion imbalance has consequences for neurodegeneration, and
their complex, unique interplay may manifest as AD pathology.

Imbalances of copper, iron, and zinc coupled with exogenous cadmium exposure
appear to induce a cycle of exacerbated oxidative stress and promote toxic A} formation.
As previously discussed, cadmium influx through zinc transports disrupts zinc homeostasis,
intensifies oxidative stress, and downregulates the ZnT3 transporter [88]. A downregulation
in ZnT3 is also observed in AD patients, indicating that zinc imbalance is closely linked
to exogenous cadmium exposure [64,65]. Excess intracellular zinc not sequestered into
vesicles by ZnT3 may then readily bind to A3 monomers, promoting the production of
toxic oligomers [60]. Recent research exploring the relationship between copper levels
and AD has yielded mixed results. Some analyses report increases in copper levels of
AD patients as compared to controls while other studies report no significant alterations
in copper levels [86]. However, copper, specifically Cu(Il), has been observed to bind to



Int. J. Mol. Sci. 2023, 24, 16558

9o0f23

Ap and contribute to plaques in the brain, which ultimately advances oxidative stress
and neuroinflammation just as exogenous cadmium and zinc imbalances contribute to
oxidative stress [89]. Iron also binds to A3 monomers, establishing a structural change
in these monomers that promotes toxic Af oligomer formation. Iron binds to Ap via
three histidine residues and one tyrosine residue in the N-terminal region of the Af3
monomer, which reduces the helical structure of A and increases beta sheet content [90].
This structural alteration encourages the formation of toxic Af oligomers and aggravates
neuroinflammation, which may then exacerbate iron imbalance and oxidative stress just
as observed with respect to cadmium, zinc, and copper [91]. Cadmium, zinc, copper, and
iron are all implicated in the progression of AD. The imbalance of each contributes to
a perpetual cycle of oxidative stress and neuroinflammation that remains to be further
researched and ultimately contributes to the production of toxic A} oligomers, a hallmark
of AD pathology.

6. Cadmium and the Blood-Brain Barrier

The BBB possesses a highly specific, tightly regulated architecture of polar epithelial
cells that primarily rely on tight junction (T]) formation for permeability control between
cerebral vasculature and extracellular fluid of the nervous system. A collection of trans-
membrane and membrane-associated cytoplasmic proteins comprise TJs and act to control
passive diffusion, restricting the entry of polar solutes into the CNS and anatomically
separating CNS tissues from the bloodstream [20,92,93]. TJs are also regulated by pericytes,
perivascular microglial cells, astrocytes, and neurons. The collective structural and modula-
tory elements of the BBB are known as the “neurovascular unit” (NVU), a term introduced
in 2001 [94]. However, studies have reported that cadmium has caused disruptive alter-
ations to the BBB that may underlie pathophysiologies in neurodegenerative disorders like
AD, PD, and chronic traumatic encephalopathy, though the precise molecular mechanisms
are not well understood [20,95].

Although cadmium easily crosses the immature BBB of young animals, it is typically
restricted from crossing the adult BBB by strict T] regulation [96]. However, accumulation
in the adult brain does occur, particularly when cadmium is coupled with a vehicle that
allows passage across the BBB such as ethanol [97,98], which commonly contains trace
amounts of cadmium as an adulterant [5]. Interestingly, ethanol initiates a biochemical
cascade to alter the permeability of the BBB in a similar fashion as cadmium, both beginning
with an indirect upregulation of ROS that leads to a cellular stress response and culminates
in a decrease of NVU protein expression [97,99,100].

Branca et al. reported that induction of oxidative stress occurred rapidly after treatment
of a rat brain endothelial cell line (RBE4) with 10 pM cadmium chloride (CdCl,), with
ROS production mediating an endoplasmic reticulum (ER) signaling pathway ultimately
responsible for structural breakdown of tight junction and cytoskeletal BBB proteins [100].
Following exposure, ROS overproduction peaked at 5 min before returning to normal levels
at 10 min and increasing again after two hours, indicating there may be dual short- and
long-term oxidative stress responses following acute cadmium administration. Oxidative
stress also activated an ER stress response, as evidenced by the authors’” investigation of
GRP78, a well-studied chaperone protein indicative of ER stress, and found that CdCl,
exposure increased GRP78 expression three-fold as compared to controls. The stress
response was followed by a significant upregulation of the apoptotic protein caspase-3
measured at 8 h post-exposure and abnormal immunocytochemical staining for three
proteins that constitute tight junction and cytoskeletal architecture of the BBB: the zonula
occludens-1 (ZO-1) protein, filamentous actin microfilament (F-actin), and vimentin. ZO-1
exhibited a loss of immunocytochemical staining, and stress fiber formation was visible
for F-actin. Rupture and stretching of vimentin proteins were also observed. Disruption
of these proteins via an oxidative stress-dependent ER stress response characterizes T]
disruption that ultimately results in secondary injury to the CNS similar to those observed
in neurodegenerative diseases.
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In 2021, Zhang et al. postulated an expanded mechanism by which cadmium disrupts
BBB architecture [99]. Exposure of transgenic zebrafish embryos to CdCl, (0, 10, 50, 100, or
500 pM) altered BBB morphology by disrupting endothelial cell-cell adhesion and inducing
cerebral hemorrhage in a dose-dependent manner. Altered localization and function of
BBB proteins ZO-1, vascular endothelial cadherin (VE-cadherin), and F-actin were due
to a cadmium-induced oxidative stress cascade. However, this oxidative stress mediated
the inhibition of protein tyrosine phosphatase (PTPase), an enzyme which regulates BBB
integrity [101]. Oxidative stress has been observed to mediate tight junction damage caused
by excessive protein tyrosine phosphorylation due to PTPase inhibition in human nasal
epithelial cells [102]. In the zebrafish model, inhibition of PTPase also generated a rapid
increase in the phosphorylation of VE-cadherin and ZO-1, initiating their displacement
from typical BBB architecture. Inhibition of PTPase results in severe disruption of the
BBB and proteolysis of occludin, explaining the increased BBB permeability exhibited by
the embryos for 48 h post treatment and subsequent cerebral hemorrhage. Cadmium-
induced destruction of the BBB architecture is a result of oxidant-induced cascades, and
multiple downstream molecular mechanisms have been implicated in TJ and cytoskeletal
disruption. Further research is needed to elucidate possible interactions between these
mechanisms that contribute to the comprehensive BBB destruction observed after exoge-
nous cadmium exposure.

We would be remiss not to acknowledge that both BBB perturbations and oxidative
stress itself can exacerbate neuroinflammation, which is increasingly seen as a causal
factor in myriad nervous system disorders, particularly as it relates to neurodegeneration.
Though space prevents a full discussion of neuroinflammation and its deleterious effects
across the lifespan, this topic has been excellently reviewed elsewhere [103-107]. However,
one critical aspect of cadmium-associated neuroinflammation that warrants discussion
is the activation of microglia by cadmium. Microglia exhibit macrophage-like functions
in the brain, which include antigen presentation to T cells, general immune surveillance,
and the secretion of pro-inflammatory cytokines such as TNF-«, IFN-y, and IL-6 [108].
Cadmium can activate the excessively-damaging, pro-inflammatory functions of microglia
by generating ROS and increasing the expression of NF-«B (a transcription factor involved
in inflammatory responses) and upregulating caspase-3 (a protein involved in neuronal
cell apoptosis) [109-111].

7. Cadmium’s Effects on Glycogen Metabolism

Glycogen metabolism in the brain is essential for significant central nervous system
functions. Energy consumption in the brain is very high, with one study claiming that it
accounts for 20-25% of the total body’s resting glucose consumption in adults. Developing
brains likely requires an even greater percentage of this energy [112]. While glycogen is
necessary as a source of readily available glucose to meet a neuron’s high energy demands,
an overabundance of glycogen can lead to neurodegeneration, most commonly observed in
glycogen storage diseases [113-115]. Thus, impairment of glycogen metabolism and storage
is particularly harmful to the neurological function of an organism. Due to cadmium’s
interference with cellular glycogen pathways, glycogen dysregulation represents a major
avenue of its neurotoxicity.

Historically, hypotheses of cadmium’s neurotoxicity in regard to glycogen were based
upon cadmium functionally impairing the glycogen phosphorylase (GP) enzyme, which
catalyzes the first step of glycogen’s breakdown by facilitating the cleavage of glucose-
1-phosphate (G1P) monosaccharides from the glycogen polysaccharide in glycogenoly-
sis [116] (Figure 2). Glycogen phosphorylase exists as three isozymes in humans, of which
brain glycogen phosphorylase (bGP) is the main glycogenolysis-facilitating GP isozyme
of the central nervous system. Neurons express this bGP enzyme, and astrocytes express
both bGP and the muscle GP isozyme [117]. Neurons contain measurable amounts of
glycogen, but neighboring glial astrocytes are the primary glycogen-containing cells of the
central nervous system [115]. Glycogen accumulation in neurons may actually be a marker
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of neurodegeneration [118]. Early research has suggested that cadmium’s neurotoxicity
arose from inappropriately high accumulation of glycogen. While there is some merit and
evidence supporting this original hypothesis, this idea may be inaccurate or present only a
piece of the complete picture regarding cadmium’s glycogen-associated neurotoxicity. Re-
cent evidence suggests that the depletion of glycogen reserves, not glycogen accumulation,
is the main mechanism of cadmium’s glycogen-associated neurotoxicity.

GLYCOGENESIS
glycogen uridyl _
synthase transferase = phosphoglucomutase Masa
glycogen UDPG G1P G6P glucose
glycogen phosphoglucomutase phosphatase
phosphorylase
GLYCOGENOLYSIS

Figure 2. Glycogenolysis is the metabolic process by which cellular stores of glycogen are broken
down into glucose. Glycogenesis is the opposite process, by which glucose is polymerized into
glycogen. Both glycogenolysis and glycogenesis are mediated by critical enzymes, as shown.

7.1. Cadmium and Glycogen Phosphorylase Impairment: The Original Hypothesis

Cadmium has been hypothesized to impair the functionality of bGP, leading to the
accumulation of glycogen in nervous system cells [116]. The basis for this hypothesis is
derived from research demonstrating that thiol groups of cysteine residues in bGP are
sensitive to metal ions such as cadmium [116,119]. As a result of glycogenolysis inhibition,
an accumulation of glycogen in astrocytes may be a significant mechanism of neurological
symptoms resulting from cadmium exposure.

Other inhibitors of glycogen phosphorylase such as CP-91149, CP-320626, and flavopiri-
dol have been studied in the context of killing cancerous cells [120]. As a result of this
enzymatic impairment, glycogenolysis was expectedly blocked, meaning that cells were
unable to recycle glucose into the pentose phosphate pathways and were ultimately elimi-
nated by apoptosis. Thus, the original hypothesis of cadmium-induced glycogen-mediated
neurotoxicity is that cadmium interferes with the bGP structure at cysteine residues, de-
creasing enzymatic function, and blocking glycogenolysis, leading to inappropriately high
glycogen storage, and eventually leading to neural cell death.

This hypothesis is supported by some experimental evidence. For example, in rats,
cadmium acetate (CdAcy) intoxication at a concentration of 0.3 mg/kg of body weight
has been found to disrupt the function of glycolytic enzymes, resulting in a 20% increase
in glycogen accumulation when CdAc; was subcutaneously injected twice weekly for
three months [121]. Strikingly, the concentration of 0.3 mg/kg used in this study is well
within the estimated range of the amount of cadmium in the typical adult human body
(0.12 mg/kg to 0.5 mg/kg) [9]. Furthermore, cadmium exposure at a CdCl, concentration
of 0.49 mg/kg of pregnant Wistar rat body weight has been found to increase glycogen
accumulation in rat placentae following daily injections until gestational age [122].

Information about the bGP enzyme itself also lends credence to the idea that cad-
mium could interfere with critical cysteine residues, ultimately disrupting enzyme function.
Heavy metals such as cadmium have the ability to disrupt the function of enzymes re-
liant on cysteine due to heavy metal’s high affinity for sulfhydryl/thiol groups [17,90]
(Figure 3(top)). The primary structure of human bGP reveals that there are 14 important
cysteine residues of this enzyme, which is notable since 8% of human proteins do not have
a single cysteine residue [92,123]. Moreover, the crystal structure of bGP had been solved
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with high resolution (2.5 A and 3.4 A) in 2016, which may help shine more light on this
idea [113]. The structure highlights the diffuse nature of bGP’s cysteine residues and the
relevance of the thiol group in multiple motifs of the native structure (Figure 3(bottom)).
Thus, as a result of bGP’s multiple thiol groups from cysteines and cadmium’s ability to
enter into the nervous system, bGP’s impairment is plausibly a result of cadmium interfer-
ing with its susceptible cysteine residues. Notably, these cysteine residues are not in the
catalytic site nor the allosteric binding site of modulator AMP, though it is feasible that
cadmium-induced modification of cysteine residues elsewhere in the protein negatively af-
fects enzymatic activity. The likely mechanism by which this interference occurs is depicted
in Figure 3, in which unoxidized cysteines important for the three-dimensional structure of
bGP are instead coordinated to a cadmium cation.

Figure 3. (top) Cadmium can interact at the sulfthydryl groups of cysteine residues, resulting in a
change in enzyme structure. (bottom) bGP protein structure with cysteine residues highlighted (PDB
entry: 5IKP).

Human clinical data also supports the theory regarding glycogen accumulation-
mediated neurotoxicity. For instance, in the case of glycogen storage disease type IX,
glycogen accumulation results from the inactivity of glycogen phosphorylase and has
been observed to result in neurological symptoms such as ataxia and spasticity [124,125].
This rare genetic disease is characterized by a mutation affecting a phosphorylase enzyme
responsible for activating GP. Though this disease does not show evidence of cadmium’s
involvement in this process, it does show that GP downregulation is sufficient for neuro-
toxic effects. Other neurodegenerative conditions, such as Pompe disease, are associated
with glycogen accumulation as well [126,127].

7.2. Evidence Contradicting the Original Theory Regarding Cadmium’s Functional Impairment
of bGP

While evidence does exist that supports the original hypothesis of cadmium’s glycogen-
associated neurotoxicity, there also exists evidence in opposition to this theory. The
Roelfzema study, which showed an increase in glycogen accumulation following cad-
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mium exposure, paradoxically demonstrated a cadmium-induced increase in GP activity,
indicating that while cadmium may lead to an increase in glycogen accumulation, it may do
so in a mechanism not involving GP glycogen phosphorylase inhibition [122]. Furthermore,
animal studies explored the effects of cadmium exposure on glycogen, and these studies
have largely found that glycogen depletion, not accumulation, is likely the leading cause
of cadmium’s glycogen-associated toxicity. For example, in climbing perch, cadmium
exposure resulted in a significant reduction in glycogen levels in muscle and liver tissue,
demonstrating that cadmium may affect the ability to store glycogen by inhibiting glycogen
synthesis [128]. In freshwater bivalve mussel, exposure to CdCl, (7.0 ppm and 12.0 ppm in
water) increased glycogen degradation in its gastropod organs, thus increasing the rate of
energy storage depletion in this species [87]. Furthermore, in rats, CdCl; at a concentration
of 2.6 and 5.2 mg/kg of body weight was found to reduce glycogen reserves in the liver,
revealing that glycogen storage is impacted in mammalian species as well [129].

There is a notable lack of hypotheses regarding the mechanism by which cadmium
induces glycogen depletion. The two general reasons by which cadmium would likely
reduce glycogen reserves include (1) the impairment of glycogenesis by interfering with an
enzyme involved in glycogen synthesis or (2) the excessive activation of glycogenolysis,
which may be achieved by reducing the concentration of an inhibitor of glycogenolysis
such as insulin. Interestingly, cadmium has been found to decrease insulin release, which
may help explain the data that report reduced glycogen reserves as a result of excessive
glycogenolysis in the absence of its insulin inhibitor [130]. Furthermore, glycogenolysis may
be excessively activated as a result of cadmium interfering with PI3-kinase/Akt/mTOR
signaling, which downregulates FOXO1, a transcription factor that stimulates glycogenol-
ysis, and glycogen synthase kinase-33, an enzyme that promotes glycogenolysis by in-
hibiting /phosphorylating glycogen synthase [131,132]. Akt/glycogen synthase kinase-3[3
signaling impacted by cadmium has also been linked to neuronal cell apoptosis [102].
Another theory simply states that cells in stressed conditions tend to need more energy to
address the source of stress, thus increasing glycogenolysis to facilitate ATP-production
from glucose stores [76,133]. The true mechanism is likely quite complex, encompassing
the involvement of multiple enzymes and cellular processes.

7.3. Human Data Pointing towards Cadmium as a Glycogen-Disruptor

Human epidemiological data point towards cadmium exposure as a contributing
factor to glycogen metabolism dysregulation. When glycogen metabolism is compromised
by heavy metals exposure, including cadmium, there is a higher observed incidence of
metabolic syndrome [134]. Furthermore, cadmium exposure also increases the risk of
diabetes by affecting the glycogen/insulin pathways, which can lead to symptoms such as
diabetic neuropathy [130,135,136].

Neurodegeneration can result from a prolonged period of glycogen metabolism dys-
regulation. This has been particularly observed in AD [137,138] and genetic diseases such
as Lafora disease [139]. In AD pathology, glycogen synthase kinase-3f3, which is upregu-
lated as a result of cadmium toxicity, is considered to be a tau kinase, which contributes to
the progression of the neurodegenerative disease [140]. Moreover, glycogen metabolism
dysfunctions have been linked to schizophrenia, suggesting that cadmium could also
lead to neuropsychiatric conditions such as schizophrenia as a result of its own metabolic
dysfunction-inducing properties [141].

7.4. Next Steps for Resolving Cadmium’s Effects on Neuronal Glycogen

Overall, considering the evidence both for and against the original hypothesis that
functional impairment of bGP leads to glycogen accumulation, it appears that cadmium
may interfere with both glycogen synthesis and breakdown. The precise outcome on
glycogen reserves, namely whether they are increased or decreased, is dependent on the
particular species investigated and the tissue of interest. It is as yet unclear to what extent
each of these mechanisms—glycogen depletion or glycogen overabundance—is most clini-
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cally and biologically relevant in the context of human cadmium neurotoxicity. However,
it is clear from human clinical data that cadmium exposure can profoundly affect human
health and disease in a manner that often involves aberrant glycogen metabolism. Future
studies that must be performed to settle these discrepancies include neural tissue experi-
ments that directly investigate glycogen reserves in glial cells following cadmium exposure,
assays of the biological activity of all enzymes in both the glycogenesis and glycogenolysis
pathways in response to cadmium exposure (i.e., not just glycogen phosphorylase), and
examination of human histological samples following cadmium poisoning, when available.

8. Possible Protective Measures against Cadmium Neurotoxicity

Cadmium has long been recognized as a potent inducer of oxidative stress, disrupting
the balance between ROS and antioxidants within the nervous system, thereby posing a
significant threat to neural health. The preceding sections of this review have illuminated
the intricate web of mechanisms through which cadmium exerts its neurotoxic effects, from
mitochondrial dysfunction to cholinergic neuronal loss. However, a promising avenue of
research has emerged, shedding light on the potential protective measures that antioxidants
offer against cadmium-induced neurotoxicity.

Thiol-containing proteins, including glutathione (GSH), bovine serum albumin (BSA),
and selenoprotein P, have also emerged as key players in mitigating cadmium-induced
neurotoxicity. These proteins, known for their capacity to scavenge free radicals and bind
to cadmium, may act as a protective shield against the harmful effects of cadmium on
neural tissues [36]. By decreasing the availability of free cadmium to bind to critical thiol
groups on mitochondrial proteins, these antioxidants help maintain mitochondrial function
and prevent cadmium-induced permeability transition pore (PTP) opening, ultimately
preserving neuronal integrity.

There is experimental evidence regarding specific antioxidants’ utility for mitigating
cadmium-induced neurotoxicity. Branca et al. demonstrated that antioxidants have some
combative power against cadmium, as application of the antioxidant x-tocopheryl acetate to
rat brain endothelial cells exposed to cadmium prevented upregulation of GRP78, a marker
of ER stress responsible for downstream damage to BBB architecture. The prevention of
GRP78 upregulation by x-tocopheryl acetate supports that antioxidants have protective
power against the oxidant-dependent ER stress response that ultimately disrupts BBB
architecture and contributes to cadmium-induced neurotoxicity [100].

In a study utilizing Sprague-Dawley rats, cadmium exposure led to oxidative stress
and autophagy within the testes. However, supplementation with the antioxidant quercetin
demonstrated a protective ability to counteract Cd-induced testicular injury [142]. This
finding highlights the potential of antioxidants to mitigate the adverse effects of cadmium
on neural tissues. Furthermore, the neuroprotective potential of quercetin in the context of
CdCly-induced hippocampal neurotoxicity in male rats revealed that quercetin exerted a
beneficial impact by enhancing memory function and mitigating hippocampal damage in
CdCl,-treated rats. Quercetin increased the levels of antioxidants like glutathione (GSH)
and manganese superoxide dismutase (MnSOD). Moreover, quercetin upregulated activity
of SIRT1, a protein involved in cellular stress response, suppressed the activity of AChE,
inhibited generation of ROS, and increased levels of brain-derived neurotrophic factor
(BDNF), a protein crucial for neuronal survival and function [143].

Another noteworthy antioxidant, beta carotene, has shown promise in safeguarding
neuronal health against the onslaught of cadmium-induced toxicity. In a comprehensive
study on rats, cadmium exposure led to a significant increase in lipid peroxidation (LPO), in-
dicative of oxidative damage within neural tissues. Cadmium exposure was also associated
with elevated serum urea and blood urea nitrogen levels, indicative of renal dysfunction.
Pre-treatment with beta carotene ameliorated the cadmium-induced increase in both LPO
levels, serum urea, and blood urea nitrogen levels, underscoring its role in countering
cadmium-induced oxidative stress and renal health [144].
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In terms of cadmium clearance, Ethylenediaminetetraacetic acid (EDTA) has shown
promising results. EDTA serves as a chelating agent extensively employed for the purpose
of sequestering divalent and trivalent metal ions. EDTA binds to the metals through
four carboxylates and two amine groups and forms especially strong bonds with Mn (II),
Cu (II), Fe (III), and Co (III) [145]. Due to this property, EDTA is utilized as a medical
treatment for the removal of lead and cadmium to mitigate metal toxicity [146]. Studies
such as Waters et al., 2001, have shown beneficial results in EDTA chelation therapy where
significantly higher urinary losses of cadmium were observed [147]. Whereas these studies
were focused on the loss of cadmium from the body, recent studies by Fulgenzi et al., 2020
have dived into the neurotoxicity aspect of such. EDTA in the use of toxic metal chelation
therapy were shown to have beneficial effects on neurodegenerative diseases, showing
promising results for the future on protective measures against cadmium [148].

With recent evidence of Cd-induced neurotoxicity associated with increased ROS and
mitochondrial-dependent ER stress, Mostafa et al., 2019 investigates the effect of rutin
hydrate (RH), an antioxidant flavonoid well known as a neuroprotective substance [149].
Results showed that RH inhibits the mitochondrial permeability transition pore, enhances
mitochondrial coupling, and inhibits mitochondrial cytochrome c release in the brain.
Furthermore, RH inhibits mitochondrial Bax translocation, and, as previously discussed,
Kim et al., 2013 demonstrated that Bax expression induces cell apoptosis, supporting that
RH may be a potential protective measure against cadmium-induced neurotoxicity [47].

Cysteine has also been observed to reverse cadmium-induced blockade of skeletal
neuromuscular neurotransmission [25]. Chick biventer cervicis nerve-muscle preparations
exposed to 100 pM cadmium exhibited an 75% reduction in twitch heights within about
20 min of exposure, and application of 1 mM cysteine was able to fully reverse this blockade
at the neuromuscular junction. The authors also conducted extracellular recordings of
perineural waveforms at the motor nerve terminals of mouse diaphragm nerve-muscle
preparations exposed to different concentrations of cadmium (10-100 M) and reported that
cadmium blocked the long-lasting positive deflection associated with calcium current. This
cadmium-induced blockade was partially reversed by 300 uM cysteine and fully reversed
by 1 mM cysteine. Cysteine may reverse the cadmium-induced block of calcium current by
chelating cadmium, as cadmium has been reported to bind the thiol groups on cysteine
residues of metallothioneins and the crucial antioxidant glutathione [150]. In a later review,
Braga and Rowan stated that cysteine blocks all extracellular effects of cadmium, stressing
the importance of developing cysteine therapies to mitigate cadmium neurotoxicity [25].
Combination therapies comprising exogenous chelating agents and antioxidants have
been used to treat cadmium toxicity, but much remains to be explored in terms of best
practices for the treatment and prevention of cadmium neurotoxicity [151]. Further studies
should focus on the interactions between cadmium, cysteine, and other chelating agents
in the nervous system to develop efficacious therapies that combat cadmium-induced
neurotoxicity for both acute and chronic toxic exposures.

Zinc has also been suggested as a protective agent to counter cadmium neurotoxicity.
Oral zinc supplementation is thought to prevent free radicals associated with cadmium-
induced oxidative stress and alleviate cadmium-induced renal toxicity [151]. Oral supple-
mentation has also been evidenced to slow the progression of neuronal senescence associ-
ated with cadmium toxicity and Alzheimer’s disease by reducing A3 plaque formation in
mouse models [152]. However, zinc’s protective functions with respect to neurotoxicity are
much more complex and seem to be dose-dependent. Zinc supplementation at low doses
protected rat hippocampal neurons from cadmium-induced disruption of neurotransmis-
sion but enhanced cadmium neurotoxicity at high doses [32]. More research is necessary
to elucidate the intricate relationships between cadmium, zinc, Alzheimer’s disease, and
oxidative stress in efforts to develop zinc-based therapies for cadmium neurotoxicity.
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9. Conclusions

Cadmium has several major routes of toxic insult to the nervous system (Figure 4).
Cadmium first enters the body either via inhalation, whereby it can accumulate in the olfac-
tory bulb, or, more commonly, via ingestion, eventually making its way to the bloodstream
and the central nervous system via the BBB. Cadmium weakens the BBB, thereby increasing
the opportunity for further cadmium entry. Cadmium can then enter cells and cellular
compartments via calcium and zinc transporters. Intracellular cadmium can profoundly
disrupt glycogen metabolism, alter neurotransmitter signaling, and disrupt mitochondrial
function, which in turn increases the risk of neurodegenerative outcomes.

entry into brain via
systemic circulation
and accumulation in
olfactory bulb

>
ingestion
inhalation

Blood vessel

Astrocyte

Figure 4. Cadmium’s entry to the nervous system (left). Cadmium gains entry to the nervous
system through either inhalation or ingestion. Common sources are food products grown in soil with
cadmium contamination. To a lesser extent, inhalation of cadmium fumes from industrial sources or
cigarette smoke can enter through the lungs and olfactory bulb. Cadmium’s site of actions within
the brain (right). Once in circulation, cadmium decreases the integrity of the blood-brain barrier,
allowing further permeance into neural tissue. Cadmium gains entry into cells via cation-permeant
integral membrane proteins, such as the voltage-gated calcium channel (VGCC). Once in the cytosol of
astrocytes, cadmium disrupts glycogen utilization. Inside neurons, cadmium perturbs mitochondrial
function and exocytosis of neurotransmitters via the vesicle cycle.

There are several areas of cadmium neurotoxicity that merit further research. In all
cases, more attention must be paid to the cadmium concentrations of these studies, as the
current research represents a wide array of concentrations, some of which are orders of mag-
nitude greater than the average human cadmium burden. First, more research is necessary
to delineate the molecular relationship between cadmium, the PTP, and weakened A¥Ym.
Further research must be conducted to elucidate cadmium’s complex interactions with
both glycogenesis and glycogenolysis. Although current research suggests a tentative link
between cadmium and neurodegenerative disease pathologies, particularly Alzheimer’s
disease, future research should strive to extricate this link. In particular, further work
regarding the role of cadmium in the development of neuronal senescence via its disrup-
tion of zinc homeostasis is directly relevant to neurodegenerative disease etiology. The
identification of biomarkers common to both cadmium exposure and neurodegenerative
disease may prove useful in development of targeted therapies for neurodegenerative
disease amelioration and prevention. Research may also contribute to development of
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protective measures and therapies that alleviate neurotoxicity such as antioxidant and
chelator combination therapy and oral zinc supplementation.

As global industrialization continues to trend upward, the incidence of cadmium
exposure is expected to increase. Physicians and public health officials must be aware of
the neurotoxic effects of cadmium, which prove cumulative and potently toxic.

Progress in understanding cadmium neurotoxicity will engender an understanding of
and therapy development for both neurotoxicity itself and that of closely related, increas-
ingly common neurodegenerative diseases.

Author Contributions: Conceptualization, R.C.B.; Writing—Original Draft, M.A.A., YM.L. and
C.T.H.; Writing—Review and Editing, M.A.A., YM.L., C.T.H. and R.C.B.; Visualization, C.T.H. and
R.C.B.; Supervision, R.C.B.; Project Administration, R.C.B. 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.

Acknowledgments: The authors would like to thank the undergraduates in the Environmental
Exposures and the Nervous System course at University of Notre Dame for their support of this
manuscript. The authors thank Perry Harlan Cliburn for his valuable commentary on this review.
The authors thank Notre Dame College of Science for the use of BioRender 2023, the figure-making
software used for all figures in this manuscript.

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

References

1. Substance Priority List | ATSDR. Available online: https://www.atsdr.cdc.gov/spl/index.html (accessed on 10 October 2023).

2. Public Health Statement Cadmium. Agency for Toxic Substances and Disease Registry. 2012. Available online: https://www.
atsdr.cdc.gov/ToxProfiles /tp5-c1-b.pdf (accessed on 10 October 2023).

3.  Klaassen, C.; Watkins, ].B., IIl. Casarett and Doull’s Essentials of Toxicology, 1st ed.; McGraw-Hill Professional: New York, NY,
USA, 2003.

4. The Facts on Cadmium. Available online: https:/ /sites.dartmouth.edu/toxmetal /more-metals/cadmium-an-illusive-presence /
the-facts-on-cadmium/ (accessed on 1 October 2023).

5. Mena, C,; Cabrera, C.; Lorenzo, M.L.; Lépez, M.C. Cadmium levels in wine, beer and other alcoholic beverages: Possible sources
of contamination. Sci. Total Environ. 1996, 181, 201. [CrossRef] [PubMed]

6. Satarug, S.; Moore, M.R. Adverse Health Effects of Chronic Exposure to Low-Level Cadmium in Foodstuffs and Cigarette Smoke.
Environ. Health Perspect. 2004, 112, 1099-1103. [CrossRef] [PubMed]

7. Sunderman, EW. Nasal toxicity, carcinogenicity, and olfactory uptake of metals. Ann. Clin. Lab. Sci. 2001, 31, 3-24.

8.  Suwazono, Y.; Kido, T.; Nakagawa, H.; Nishijo, M.; Honda, R.; Kobayashi, E.; Dochi, M.; Nogawa, K. Biological half-life of
cadmium in the urine of inhabitants after cessation of cadmium exposure. Biomarkers 2009, 14, 77-81. [CrossRef]

9. International Agency for Research on Cancer. Beryllium, Cadmium, Mercury, and Exposures in the Glass Manufacturing Industry;
International Agency for Research on Cancer: Lyon, France, 1993; Volume 58, pp. 1-415.

10. What Is the Biological Fate of Cadmium in the Body? Available online: https://www.atsdr.cdc.gov/csem/cadmium/Biological-
Fate.html#:~:text=Cadmium %20is%20transported %20in%20the, the%20major%20mechanism%200f%20elimination (accessed on
12 October 2023).

11.  Vinceti, M.; Filippini, T.; Mandrioli, J.; Violi, F.; Bargellini, A.; Weuve, ].; Fini, N.; Grill, P.; Michalke, B. Lead, cadmium and
mercury in cerebrospinal fluid and risk of amyotrophic lateral sclerosis: A case-control study. J. Trace Elem. Med. Biol. 2017,
43,121-125. [CrossRef]

12. 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. ]. Mol. Sci. 2022, 23, 13491. [CrossRef]

13. Viaene, M.K.; Masschelein, R.; Leenders, J.; De Groof, M.; Swerts, L.].V.C.; Roels, H.A. Neurobehavioural effects of occupational
exposure to cadmium: A cross sectional epidemiological study. Occup. Environ. Med. 2000, 57, 19-27. [CrossRef]

14. Li, H.; Wang, Z.; Fu, Z.; Yan, M.; Wu, N.; Wu, H.; Yin, P. Associations between blood cadmium levels and cognitive function in a
cross-sectional study of US adults aged 60 years or older. BM] Open 2018, 8, €020533. [CrossRef]

15. Ciesielski, T.; Weuve, J.; Bellinger, D.C.; Schwartz, J.; Lanphear, B.; Wright, R.O. Cadmium Exposure and Neurodevelopmental

Outcomes in U.S. Children. Environ. Health Perspect. 2012, 120, 758-763. [CrossRef]


https://www.atsdr.cdc.gov/spl/index.html
https://www.atsdr.cdc.gov/ToxProfiles/tp5-c1-b.pdf
https://www.atsdr.cdc.gov/ToxProfiles/tp5-c1-b.pdf
https://sites.dartmouth.edu/toxmetal/more-metals/cadmium-an-illusive-presence/the-facts-on-cadmium/
https://sites.dartmouth.edu/toxmetal/more-metals/cadmium-an-illusive-presence/the-facts-on-cadmium/
https://doi.org/10.1016/0048-9697(95)05010-8
https://www.ncbi.nlm.nih.gov/pubmed/8820435
https://doi.org/10.1289/ehp.6751
https://www.ncbi.nlm.nih.gov/pubmed/15238284
https://doi.org/10.1080/13547500902730698
https://www.atsdr.cdc.gov/csem/cadmium/Biological-Fate.html#:~:text=Cadmium%20is%20transported%20in%20the,the%20major%20mechanism%20of%20elimination
https://www.atsdr.cdc.gov/csem/cadmium/Biological-Fate.html#:~:text=Cadmium%20is%20transported%20in%20the,the%20major%20mechanism%20of%20elimination
https://doi.org/10.1016/j.jtemb.2016.12.012
https://doi.org/10.3390/ijms232113491
https://doi.org/10.1136/oem.57.1.19
https://doi.org/10.1136/bmjopen-2017-020533
https://doi.org/10.1289/ehp.1104152

Int. . Mol. Sci. 2023, 24, 16558 18 of 23

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kippler, M.; Tofail, F.; Hamadani, ].D.; Gardner, R.M.; Grantham-McGregor, S.M.; Bottai, M.; Vahter, M. Early-life cadmium
exposure and child development in 5-year-old girls and boys: A cohort study in rural bangladesh. Environ. Health Perspect. 2012,
120, 1462-1468. [CrossRef]

Forcella, M.; Lau, P,; Oldani, M.; Melchioretto, P.; Bogni, A.; Gribaldo, L.; Fusi, P.; Urani, C. Neuronal specific and non-specific
responses to cadmium possibly involved in neurodegeneration: A toxicogenomics study in a human neuronal cell model.
Neurotoxicology 2020, 76, 162-173. [CrossRef] [PubMed]

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] [PubMed]

Min, J.; Min, K. Blood cadmium levels and Alzheimer’s disease mortality risk in older US adults. Environ. Health 2016, 15, 69.
[CrossRef]

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

Witkowska, D.; Stowik, J.; Chilicka, K. Heavy Metals and Human Health: Possible Exposure Pathways and the Competition for
Protein Binding Sites. Molecules 2021, 26, 6060. [CrossRef]

Tjélve, H.; Henriksson, J.; Tallkvist, J.; Larsson, B.S.; Lindquist, N.G. Uptake of Manganese and Cadmium from the Nasal Mucosa
into the Central Nervous System via Olfactory Pathways in Rats. Pharmacol. Toxicol. 1996, 79, 347-356. [CrossRef]

Choong, G.; Liu, Y.; Templeton, D.M. Interplay of calcium and cadmium in mediating cadmium toxicity. Chem.-Biol. Interact. 2014,
211, 54-65. [CrossRef]

Usai, C.; Barberis, A.; Moccagatta, L.; Marchetti, C. Pathways of Cadmium Influx in Mammalian Neurons. J. Neurochem. 1999,
72,2154-2161. [CrossRef]

Braga, M.FM.; Rowan, E.G. Reversal by cysteine of the cadmium-induced block of skeletal neuromuscular transmission in vitro.
Br. J. Pharmacol. 1992, 107, 95-100. [CrossRef]

Minami, A.; Takeda, A.; Nishibaba, D.; Takefuta, S.; Oku, N. Cadmium toxicity in synaptic neurotransmission in the brain. Brain
Res. 2001, 894, 336. [CrossRef]

Thévenod, F; Schulz, 1. H"-dependent calcium uptake into an IP3-sensitive calcium pool from rat parotid gland. Am. J.
Physiol.-Gastrointest. Liver Physiol. 1988, 255, 429-440. [CrossRef] [PubMed]

Tsentsevitsky, A.; Petrov, A. Synaptic mechanisms of cadmium neurotoxicity. Neural Regen. Res. 2021, 16, 1762-1763. [PubMed]
Mimouna, S.B.; Chemek, M.; Boughammoura, S.; Banni, M.; Messaoudi, I. Early-Life Exposure to Cadmium Triggers Distinct
Zn-Dependent Protein Expression Patterns and Impairs Brain Development. Biol. Trace Elem. Res. 2018, 184, 409-421. [CrossRef]
McAllister, B.B.; Dyck, R.H. Zinc transporter 3 (ZnT3) and vesicular zinc in central nervous system function. Neurosci. Biobehav.
Rev. 2017, 80, 329-350. [CrossRef] [PubMed]

Xu, Y,; Xiao, G.; Liu, L.; Lang, M. Zinc transporters in Alzheimer’s disease. Mol. Brain 2019, 12, 106. [CrossRef]

Ben Mimouna, S.; Le Charpentier, T.; Lebon, S.; Van Steenwinckel, J.; Messaoudi, LI.; Gressens, P. Involvement of the synapse-
specific zinc transporter ZnT3 in cadmium-induced hippocampal neurotoxicity. J. Cell. Physiol. 2019, 234, 15872. [CrossRef]
Rolfe, D.F,; Brown, G.C. Cellular energy utilization and molecular origin of standard metabolic rate in mammals. Physiol. Rev.
1997, 77, 731-758. [CrossRef]

Brand, M.D; Orr, A.L.; Perevoshchikova, I.V.; Quinlan, C.L. The role of mitochondrial function and cellular bioenergetics in
ageing and disease. Br. |. Dermatol. 2013, 169 (Suppl. 52), 1-8. [CrossRef]

Zorova, L.D.; Popkov, V.A; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.; Balakireva,
A.V,; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50-59. [CrossRef]

Belyaeva, E.; Glazunov, V.; Korotkov, S. Cd2-promoted mitochondrial permeability transition: A comparison with other heavy
metals. Acta Biochim. Pol. 2004, 51, 545-551. [CrossRef]

Branca, J.J.V.; Pacini, A.; Gulisano, M.; Taddei, N.; Fiorillo, C.; Becatti, M. Cadmium-Induced Cytotoxicity: Effects on Mitochondrial
Electron Transport Chain. Front. Cell Dev. Biol. 2020, 8, 604377. [CrossRef] [PubMed]

Xu, S.; Pi, H.; Chen, Y,; Zhang, N.; Guo, P; Lu, Y.; He, M,; Xie, ].; Zhong, M.; Zhang, Y.; et al. Cadmium induced Drp1-dependent
mitochondrial fragmentation by disturbing calcium homeostasis in its hepatotoxicity. Cell Death Dis. 2013, 4, e540. [CrossRef]
[PubMed]

Weidemann, M.].; Erdelt, H.; Klingenberg, M. Adenine Nucleotide Translocation of Mitochondria. Eur. |. Biochem. 1970,
16, 313-335. [CrossRef] [PubMed]

Appleby, R.D.; Porteous, WK.; Hughes, G.; James, A.M.; Shannon, D.; Wei, Y.; Murphy, M.P. Quantitation and origin of the
mitochondrial membrane potential in human cells lacking mitochondrial DNA. Eur. J. Biochem. 1999, 262, 108-116. [CrossRef]
Li, M,; Xia, T.; Jiang, C.; Li, L.; Fu, J.; Zhou, Z. Cadmium directly induced the opening of membrane permeability pore of
mitochondria which possibly involved in cadmium-triggered apoptosis. Toxicology 2003, 194, 19-33. [CrossRef]

Bround, M.J.; Bers, D.M.; Molkentin, ].D. A 20/20 view of ANT function in mitochondrial biology and necrotic cell death. J. Mol.
Cell Cardiol. 2020, 144, A3-A13. [CrossRef]

Loeffler, M.; Kroemer, G. The mitochondrion in cell death control: Certainties and incognita. Exp. Cell Res. 2000, 256, 19-26.
[CrossRef]

Morishima, N.; Nakanishi, K.; Takenouchi, H.; Shibata, T.; Yasuhiko, Y. An endoplasmic reticulum stress-specific caspase cascade
in apoptosis: Cytochrome c-independent activation of caspase-9 by caspase-12. J. Biol. Chem. 2002, 277, 34287-34294. [CrossRef]


https://doi.org/10.1289/ehp.1104431
https://doi.org/10.1016/j.neuro.2019.11.002
https://www.ncbi.nlm.nih.gov/pubmed/31738976
https://doi.org/10.1016/j.neulet.2021.135873
https://www.ncbi.nlm.nih.gov/pubmed/33812934
https://doi.org/10.1186/s12940-016-0155-7
https://www.ncbi.nlm.nih.gov/pubmed/30233056
https://doi.org/10.3390/molecules26196060
https://doi.org/10.1111/j.1600-0773.1996.tb00021.x
https://doi.org/10.1016/j.cbi.2014.01.007
https://doi.org/10.1046/j.1471-4159.1999.0722154.x
https://doi.org/10.1111/j.1476-5381.1992.tb14468.x
https://doi.org/10.1016/S0006-8993(01)02022-4
https://doi.org/10.1152/ajpgi.1988.255.4.G429
https://www.ncbi.nlm.nih.gov/pubmed/3263053
https://www.ncbi.nlm.nih.gov/pubmed/33510066
https://doi.org/10.1007/s12011-017-1201-1
https://doi.org/10.1016/j.neubiorev.2017.06.006
https://www.ncbi.nlm.nih.gov/pubmed/28624432
https://doi.org/10.1186/s13041-019-0528-2
https://doi.org/10.1002/jcp.28245
https://doi.org/10.1152/physrev.1997.77.3.731
https://doi.org/10.1111/bjd.12208
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.18388/abp.2004_3590
https://doi.org/10.3389/fcell.2020.604377
https://www.ncbi.nlm.nih.gov/pubmed/33330504
https://doi.org/10.1038/cddis.2013.7
https://www.ncbi.nlm.nih.gov/pubmed/23492771
https://doi.org/10.1111/j.1432-1033.1970.tb01086.x
https://www.ncbi.nlm.nih.gov/pubmed/4248602
https://doi.org/10.1046/j.1432-1327.1999.00350.x
https://doi.org/10.1016/S0300-483X(03)00327-5
https://doi.org/10.1016/j.yjmcc.2020.05.012
https://doi.org/10.1006/excr.2000.4833
https://doi.org/10.1074/jbc.M204973200

Int. . Mol. Sci. 2023, 24, 16558 19 of 23

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kim, S.; Cheon, H; Kim, S.; Juhnn, Y.; Kim, Y. Cadmium induces neuronal cell death through reactive oxygen species activated by
GADD153. BMC Cell Biol. 2013, 14, 4. [CrossRef]

Ji, Y.; Wang, H.; Zhao, X.; Wang, Q.; Zhang, C.; Zhang, Y.; Zhao, M.; Chen, Y.; Meng, X.; Xu, D. Crosstalk between endoplasmic
reticulum stress and mitochondrial pathway mediates cadmium-induced germ cell apoptosis in testes. Toxicol. Sci. 2011,
124, 446-459. [CrossRef]

Nakagawa, T.; Zhu, H.; Morishima, N.; Li, E.; Xu, J.; Yankner, B.A.; Yuan, ]. Caspase-12 mediates endoplasmic-reticulum-specific
apoptosis and cytotoxicity by amyloid-f3. Nature 2000, 403, 98-103. [CrossRef] [PubMed]

Shati, A.A. Resveratrol protects against cadmium chloride-induced hippocampal neurotoxicity by inhibiting ER stress and GAAD
153 and activating sirtuin 1/ AMPK/Akt. Environ. Toxicol. 2019, 34, 1340-1353. [CrossRef] [PubMed]

Rapizzi, E.; Pinton, P.; Szabadkai, G.; Wieckowski, M.R.; Vandecasteele, G.; Baird, G.; Tuft, R.A.; Fogarty, K.E.; Rizzuto, R.
Recombinant expression of the voltage-dependent anion channel enhances the transfer of Ca?* microdomains to mitochondria.
J. Cell Biol. 2002, 159, 613-624. [CrossRef] [PubMed]

Wang, T.; Zhu, Q.; Cao, B.; Cai, Y.; Wen, S.; Bian, J.; Zou, H.; Song, R.; Gu, J.; Liu, X. Ca?* transfer via the ER-mitochondria
tethering complex in neuronal cells contribute to cadmium-induced autophagy. Cell Biol. Toxicol. 2021, 38, 469-485. [CrossRef]
Ghavami, S.; Shojaei, S.; Yeganeh, B.; Ande, S.R.; Jangamreddy, ].R.; Mehrpour, M.; Christoffersson, J.; Chaabane, W.; Moghadam,
A.R.; Kashani, H.H.; et al. Autophagy and apoptosis dysfunction in neurodegenerative disorders. Prog. Neurobiol. 2014,
112, 24-49. [CrossRef]

Chatterjee, S.; Sarkar, S.; Bhattacharya, S. Toxic metals and autophagy. Chem. Res. Toxicol. 2014, 27, 1887-1900. [CrossRef]

Wang, T.; Wang, Q.; Song, R.; Zhang, Y.; Zhang, K.; Yuan, Y;; Bian, J.; Liu, X,; Gu, J.; Liu, Z. Autophagy plays a cytoprotective role
during cadmium-induced oxidative damage in primary neuronal cultures. Biol. Trace Elem. Res. 2015, 168, 481-489. [CrossRef]
Chen, Y.; McMillan-Ward, E.; Kong, J.; Israels, S.J.; Gibson, S.B. Oxidative stress induces autophagic cell death independent of
apoptosis in transformed and cancer cells. Cell Death Differ. 2008, 15, 171-182. [CrossRef]

Zhang, H.; Dong, X.; Zhao, R.; Zhang, R.; Xu, C.; Wang, X.; Liu, C.; Hu, X,; Huang, S.; Chen, L. Cadmium results in accumulation
of autophagosomes-dependent apoptosis through activating Akt-impaired autophagic flux in neuronal cells. Cell Signal 2019,
55,26-39. [CrossRef]

Zhang, L.; Xia, Q.; Zhou, Y.; Li, ]. Endoplasmic reticulum stress and autophagy contribute to cadmium-induced cytotoxicity in
retinal pigment epithelial cells. Toxicol. Lett. 2019, 311, 105-113. [CrossRef]

Xu, C; Liu, C,; Liu, L.; Zhang, R.; Zhang, H.; Chen, S.; Luo, Y.; Chen, L.; Huang, S. Rapamycin prevents cadmium-induced
neuronal cell death via targeting both mTORC1 and mTORC2 pathways. Neuropharmacology 2015, 97, 35-45. [CrossRef] [PubMed]
Xu, C.; Chen, S.; Xu, M.; Chen, X.; Wang, X.; Zhang, H.; Dong, X.; Zhang, R.; Chen, X.; Gao, W.; et al. Cadmium Impairs
Autophagy Leading to Apoptosis by Ca?*-Dependent Activation of JNK Signaling Pathway in Neuronal Cells. Neurocher. Res.
2021, 46, 2033-2045. [CrossRef] [PubMed]

Hu, T.; Wei, X.; Zhang, X.; Cheng, F,; Shuai, X.; Zhang, L.; Kang, L. Protective effect of Potentilla anserine polysaccharide (PAP) on
hydrogen peroxide induced apoptosis in murine splenic lymphocytes. Carbohydr. Polym. 2010, 79, 356-361. [CrossRef]

QIN, X.; LI, L.; Qi, L.V,; YU, B.; YANG, S.; Tao, H.E.; ZHANG, Y. Neuroprotection of n-butanol extract from roots of Potentilla
anserina on hypoxic injury in primary hippocampal neurons. Chin. Herb. Med. 2012, 4, 195-200.

Shuai, X.; Hu, T.; Zhang, X.; Cheng, F; Chen, J. Inhibitory action of Potentilla anserine polysaccharide fraction on H202-induced
apoptosis of murine splenic lymphocytes. Yao Xue Xue Bao = Acta Pharm. Sin. 2009, 44, 987-993.

Shen, R; Liu, D.; Hou, C.; Liu, D.; Zhao, L.; Cheng, J.; Wang, D.; Bai, D. Protective effect of Potentilla anserina polysaccharide on
cadmium-induced nephrotoxicity in vitro and in vivo. Food Funct. 2017, 8, 3636-3646. [CrossRef]

Cheng, J.; Liu, D.; Zhao, L.; Zhao, Q.; Zhang, X.; Wang, B.; Bai, D. Potentilla anserine L. polysaccharide inhibits cadmium-induced
neurotoxicity by attenuating autophagy. Neurochem. Int. 2021, 147, 105045. [CrossRef]

Ide, M.; Sonoda, N.; Inoue, T.; Kimura, S.; Minami, Y.; Makimura, H.; Hayashida, E.; Hyodo, F.; Yamato, M.; Takayanagi, R.
The dipeptidyl peptidase-4 inhibitor, linagliptin, improves cognitive impairment in streptozotocin-induced diabetic mice by
inhibiting oxidative stress and microglial activation. PLoS ONE 2020, 15, €0228750. [CrossRef]

Siddiqui, N.; Ali, J.; Parvez, S.; Zameer, S.; Najmi, A K.; Akhtar, M. Linagliptin, a DPP-4 inhibitor, ameliorates A3 (1— 42) peptides
induced neurodegeneration and brain insulin resistance (BIR) via insulin receptor substrate-1 (IRS-1) in rat model of Alzheimer’s
disease. Neuropharmacology 2021, 195, 108662. [CrossRef]

Arab, H.H.; Eid, A.H.; Alsufyani, S.E.; Ashour, A.M.; El-Sheikh, A.A K,; Darwish, H.W.; Georgy, G.S. Neuroprotective Impact of
Linagliptin against Cadmium-Induced Cognitive Impairment and Neuropathological Aberrations: Targeting SIRT1/Nrf2 Axis,
Apoptosis, and Autophagy. Pharmaceuticals 2023, 16, 1065. [CrossRef]

Pagani, M.R; Reisin, R.C.; Uchitel, O.D. Calcium Signaling Pathways Mediating Synaptic Potentiation Triggered by Amyotrophic
Lateral Sclerosis IgG in Motor Nerve Terminals. J. Neurosci. 2006, 26, 2661-2672. [CrossRef] [PubMed]

Adeoye, T.; Shah, S.I; Demuro, A.; Rabson, D.A.; Ullah, G. Upregulated Ca?* Release from the Endoplasmic Reticulum Leads to
Impaired Presynaptic Function in Familial Alzheimer’s Disease. Cells 2022, 11, 2167. [CrossRef] [PubMed]

Tsentsevitsky, A.N.; Zakyrjanova, G.E; Petrov, A. M. Cadmium desynchronizes neurotransmitter release in the neuromuscular
junction: Key role of ROS. Free Radic. Biol. Med. 2020, 155, 19-28. [CrossRef] [PubMed]

Kaeser, P.S.; Regehr, W.G. Molecular Mechanisms for Synchronous, Asynchronous, and Spontaneous Neurotransmitter Release.
Annu. Rev. Physiol. 2014, 76, 333. [CrossRef]


https://doi.org/10.1186/1471-2121-14-4
https://doi.org/10.1093/toxsci/kfr232
https://doi.org/10.1038/47513
https://www.ncbi.nlm.nih.gov/pubmed/10638761
https://doi.org/10.1002/tox.22835
https://www.ncbi.nlm.nih.gov/pubmed/31433112
https://doi.org/10.1083/jcb.200205091
https://www.ncbi.nlm.nih.gov/pubmed/12438411
https://doi.org/10.1007/s10565-021-09623-y
https://doi.org/10.1016/j.pneurobio.2013.10.004
https://doi.org/10.1021/tx500264s
https://doi.org/10.1007/s12011-015-0390-8
https://doi.org/10.1038/sj.cdd.4402233
https://doi.org/10.1016/j.cellsig.2018.12.008
https://doi.org/10.1016/j.toxlet.2019.05.001
https://doi.org/10.1016/j.neuropharm.2015.05.008
https://www.ncbi.nlm.nih.gov/pubmed/26002629
https://doi.org/10.1007/s11064-021-03341-x
https://www.ncbi.nlm.nih.gov/pubmed/34021889
https://doi.org/10.1016/j.carbpol.2009.08.018
https://doi.org/10.1039/C7FO00495H
https://doi.org/10.1016/j.neuint.2021.105045
https://doi.org/10.1371/journal.pone.0228750
https://doi.org/10.1016/j.neuropharm.2021.108662
https://doi.org/10.3390/ph16081065
https://doi.org/10.1523/JNEUROSCI.4394-05.2006
https://www.ncbi.nlm.nih.gov/pubmed/16525045
https://doi.org/10.3390/cells11142167
https://www.ncbi.nlm.nih.gov/pubmed/35883609
https://doi.org/10.1016/j.freeradbiomed.2020.05.017
https://www.ncbi.nlm.nih.gov/pubmed/32445865
https://doi.org/10.1146/annurev-physiol-021113-170338

Int. . Mol. Sci. 2023, 24, 16558 20 of 23

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

Moriyama, Y.; Maeda, M.; Futai, M. The role of V-ATPase in neuronal and endocrine systems. J. Exp. Biol. 1992, 172, 171-178.
[CrossRef]

Kosmidis, E.; Shuttle, C.G.; Preobraschenski, J.; Ganzella, M.; Johnson, PJ.; Veshaguri, S.; Holmkvist, ].; Meller, M.P.; Marantos,
O.; Marcoline, F; et al. Regulation of the mammalian-brain V-ATPase through ultraslow mode-switching. Nature 2022, 611, 827.
[CrossRef]

Borisova, T.; Krisanova, N.; Sivko, R.; Kasatkina, L.; Borysov, A.; Griffin, S.; Wireman, M. Presynaptic malfunction: The
neurotoxic effects of cadmium and lead on the proton gradient of synaptic vesicles and glutamate transport. Neurochem. Int. 2011,
59, 272-279. [CrossRef]

Moyano, P; de Frias, M.; Lobo, M.; Anadon, M.].; Sola, E.; Pelayo, A.; Diaz, M.].; Frejo, M.T.; Del Pino, J. Cadmium induced
ROS alters M1 and M3 receptors, leading to SN56 cholinergic neuronal loss, through AChE variants disruption. Toxicology 2018,
394, 54-62. [CrossRef]

Lee, S.R. Critical Role of Zinc as Either an Antioxidant or a Prooxidant in Cellular Systems. Oxidative Med. Cell. Longev. 2018,
2018, 9156285-11. [CrossRef]

Garfinkel, D. Is aging inevitable?: The intracellular zinc deficiency hypothesis of aging. Med. Hypotheses 1986, 19, 117-137.
[CrossRef]

Hong Bin, Q.; Garfinkel, D. The cadmium toxicity hypothesis of aging: A possible explanation for the zinc deficiency hypothesis
of aging. Med. Hypotheses 1994, 42, 380-384.

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

Beyer, N.; Coulson, D.T.R.; Heggarty, S.; Ravid, R; Brent Irvine, G.; Hellemans, J.; Johnston, ].A. ZnT3 mRNA levels are reduced
in Alzheimer’s disease post-mortem brain | Molecular Neurodegeneration | Full Text. Mol. Neurodegener. 2009, 4, 53. [CrossRef]
[PubMed]

Adlard, P.A.; Parncutt, ].M.; Finkelstein, D.I.; Bush, A.I. Cognitive loss in zinc transporter-3 knock-out mice: A phenocopy for the
synaptic and memory deficits of Alzheimer’s disease? J. Neurosci. 2010, 30, 1631-1636. [CrossRef] [PubMed]

Haijji, N.; Calvert, C.; Ritchie, C.W.; Sastre, M. The Role of Metals in Alzheimer’s Disease. Mech. Met. Involv. Neurodegener. Dis.
2013, 80. [CrossRef]

Cuajungco, M.P; Lees, G.J. Zinc and Alzheimer’s disease: Is there a direct link? Brain Res. Rev. 1997, 23, 219. [CrossRef]
Atrian-Blasco, E.; Conte-Daban, A.; Hureau, C. Mutual interference of Cu and Zn ions in Alzheimer’s disease: Perspectives at the
molecular level. Dalton Trans. 2017, 46, 1275-12759. [CrossRef]

Yuan, Y.; Niu, F,; Liu, Y.; Lu, N. Zinc and its effects on oxidative stress in Alzheimer’s disease. Neurol. Sci. 2014, 35, 923-928.
[CrossRef]

Lavanya, R.D.; Reddy, B.S.; Abdul Sattar, S.; Rao, A.D.P. Trace element imbalances in blood serum of Alzheimer’s disease patients.
Spectrosc. Lett. 2021, 54, 458-471. [CrossRef]

Li, K,; Li, A.; Mei, Y.; Zhao, ]J.; Zhou, Q.; Li, Y.; Yang, M.; Xu, Q. Trace elements and Alzheimer dementia in population-based
studies: A bibliometric and meta-analysis. Environ. Pollut. 2023, 318, 120782. [CrossRef]

Xu, L.; Zhang, W,; Liu, X.; Zhang, C.; Wang, P.; Zhao, X. Circulatory Levels of Toxic Metals (Aluminum, Cadmium, Mercury,
Lead) in Patients with Alzheimer’s Disease: A Quantitative Meta-Analysis and Systematic Review. ]. Alzheimer’s Dis. 2018,
62,361-372. [CrossRef] [PubMed]

Jin, W. Regulation of BDNF-TrkB Signaling and Potential Therapeutic Strategies for Parkinson’s Disease. ]. Clin. Med. 2020, 9, 257.
[CrossRef] [PubMed]

Syme, C.D.; Nadal, R.C.; Rigby, S.EJ.; John, H. Viles Copper Binding to the Amyloid-beta (abeta) Peptide Associated with
Alzheimer’s Disease. J. Biol. Chem. 2004, 279, 18169. [CrossRef] [PubMed]

Boopathi, S.; Kolandaivel, P. Fe?* binding on amyloid [beta]-peptide promotes aggregation. Proteins Struct. Funct. Bioinform. 2016,
84,1257. [CrossRef]

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

Bauer, H.; Krizbai, I.A.; Bauer, H.; Traweger, A. “You Shall Not Pass”—tight junctions of the blood brain barrier. Front. Neurosci.
2014, 8, 392. [CrossRef]

Luissint, A.; Artus, C.; Glacial, F.; Ganeshamoorthy, K.; Couraud, P. Tight junctions at the blood brain barrier: Physiological
architecture and disease-associated dysregulation | Fluids and Barriers of the CNS | Full Text. Fluids Barriers CNS 2012, 9, 23.
[CrossRef]

Wang, L.; Xiong, X.; Zhang, L.; Shen, J. Neurovascular Unit: A critical role in ischemic stroke. CNS Neurosci. Ther. 2021, 27, 7-16.
[CrossRef]

Mendez-Armenta, M.; Rios, C. Cadmium neurotoxicity. Environ. Toxicol. Pharmacol. 2007, 23, 350-358. [CrossRef]

Rai, A.; Maurya, S.K.; Khare, P.; Srivastava, A.; Bandyopadhyay, S. Characterization of Developmental Neurotoxicity of As, Cd,
and Pb Mixture: Synergistic Action of Metal Mixture in Glial and Neuronal Functions. Toxicol. Sci. 2010, 118, 586-601. [CrossRef]
Carrino, D.; Branca, ].J.V.; Becatti, M.; Paternostro, F.; Morucci, G.; Gulisano, M.; Di Cesare Mannelli, L.; Pacini, A. Alcohol-Induced
Blood-Brain Barrier Impairment: An In Vitro Study. Int. |. Environ. Res. Public Health 2021, 18, 2683. [CrossRef] [PubMed]


https://doi.org/10.1242/jeb.172.1.171
https://doi.org/10.1038/s41586-022-05472-9
https://doi.org/10.1016/j.neuint.2011.05.014
https://doi.org/10.1016/j.tox.2017.12.006
https://doi.org/10.1155/2018/9156285
https://doi.org/10.1016/0306-9877(86)90053-8
https://doi.org/10.1016/j.neuroscience.2008.01.061
https://www.ncbi.nlm.nih.gov/pubmed/18353558
https://doi.org/10.1186/1750-1326-4-53
https://www.ncbi.nlm.nih.gov/pubmed/20030848
https://doi.org/10.1523/JNEUROSCI.5255-09.2010
https://www.ncbi.nlm.nih.gov/pubmed/20130173
https://doi.org/10.1039/9781849735896-00080
https://doi.org/10.1016/S0165-0173(97)00002-7
https://doi.org/10.1039/C7DT01344B
https://doi.org/10.1007/s10072-014-1668-x
https://doi.org/10.1080/00387010.2021.1941124
https://doi.org/10.1016/j.envpol.2022.120782
https://doi.org/10.3233/JAD-170811
https://www.ncbi.nlm.nih.gov/pubmed/29439342
https://doi.org/10.3390/jcm9010257
https://www.ncbi.nlm.nih.gov/pubmed/31963575
https://doi.org/10.1074/jbc.M313572200
https://www.ncbi.nlm.nih.gov/pubmed/14978032
https://doi.org/10.1002/prot.25075
https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.3389/fnins.2014.00392
https://doi.org/10.1186/2045-8118-9-23
https://doi.org/10.1111/cns.13561
https://doi.org/10.1016/j.etap.2006.11.009
https://doi.org/10.1093/toxsci/kfq266
https://doi.org/10.3390/ijerph18052683
https://www.ncbi.nlm.nih.gov/pubmed/33799986

Int. . Mol. Sci. 2023, 24, 16558 21 0f 23

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Pal, R.; Nath, R.; Dipgill, K. Influence of ethanol on cadmium accumulation and its impact on lipid peroxidation and membrane
bound functional enzymes (Na*, K*-ATPASE and acetylcholinesterase) in various regions of adult rat brain. Neurochem. Int. 1993,
23, 451. [CrossRef] [PubMed]

Zhang, T.; Xu, Z.; Wen, L; Lei, D.; Li, S.; Wang, ].; Huang, J.; Wang, N.; Durkan, C.; Liao, X.; et al. Cadmium-induced dysfunction
of the blood-brain barrier depends on ROS-mediated inhibition of PTPase activity in zebrafish. . Hazard. Mater. 2021, 412, 125198.
[CrossRef] [PubMed]

Branca, J.J.V.; Maresca, M.; Morucci, G.; Mello, T.; Becatti, M.; Pazzagli, L.; Colzi, I.; Gonnelli, C.; Carrino, D.; Paternostro, F.; et al.
Effects of Cadmium on ZO-1 Tight Junction Integrity of the Blood Brain Barrier. Int. J. Mol. Sci. 2019, 20, 6010. [CrossRef]
[PubMed]

Lohmann, C.; Krischke, M.; Wegener, ].; Galla, H. Tyrosine phosphatase inhibition induces loss of blood-brain barrier integrity by
matrix metalloproteinase-dependent and -independent pathways. Brain Res. 2004, 995, 184-196. [CrossRef]

Kim, S.; Cheon, H.; Kim, S.; Kim, Y. GSK-3$3-mediated regulation of cadmium-induced cell death and survival. Cell Mol. Biol. Lett.
2018, 23, 9. [CrossRef]

Maier, J.; Locatelli, L.; Fedele, G.; Cazzaniga, A.; Mazur, A. Magnesium and the Brain: A Focus on Neuroinflammation and
Neurodegeneration. Int. J. Mol. Sci. 2022, 24, 223. [CrossRef]

Streit, W.J.; Mrak, R.E.; Griffin, W.S.T. Microglia and neuroinflammation: A pathological perspective | Journal of Neuroinflamma-
tion | Full Text. J. Neuroinflamm. 2004, 1, 14. [CrossRef]

DiSabato, D.; Quan, N.; Godbout, J.P. Neuroinflammation: The Devil Is in the Details. J. Neurochem. 2016, 139, 136-153. [CrossRef]
Gilhus, N.E.; Deuschl, G. Neuroinflammation—A common thread in neurological disorders. Nat. Rev. Neurol. 2019, 15, 429-430.
[CrossRef]

Wells, E.; Hacohen, Y.; Waldman, A.; Tillema, J.M.; Soldatos, A.; Ances, B.; Benseler, S.; Bielekova, B.; Dale, R.C.; Dalmau, J.; et al.
Neuroimmune disorders of the central nervous system in children in the molecular era. Nat. Rev. Neurol. 2018, 14, 433-445.
[CrossRef] [PubMed]

Martinez-Hernandez, M.L,; Acosta-Saavedra, L.C.; Hernandez-Kelly, L.C.; Loaeza-Loaeza, J.; Ortega, A. Microglial Activation in
Metal Neurotoxicity: Impact in Neurodegenerative Diseases. Biomed. Res. Int. 2023, 2023, 7389508. [CrossRef] [PubMed]

Yang, Z.; Yang, S.; Qian, S.Y.; Hong, J.; Kadiiska, M.B.; Tennant, R.W.; Waalkes, M.P,; Liu, ]. Cadmium-Induced Toxicity in Rat
Primary Mid-brain Neuroglia Cultures: Role of Oxidative Stress from Microglia. Toxicol. Sci. 2007, 98, 488-494. [CrossRef]
Khan, A.; Ikram, M.; Muhammad, T.; Park, J.; Kim, M.O. Caffeine Modulates Cadmium-Induced Oxidative Stress, Neuroinflam-
mation, and Cognitive Impairments by Regulating Nrf-2/HO-1 In Vivo and In Vitro. . Clin. Med. 2019, 8, 680. [CrossRef]
Gorska, 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. [CrossRef] [PubMed]

Raichle, M.E ; Posner, ].B.; Plum, F. Cerebral Blood Flow During. Arch. Neurol. 1970, 23, 394—403. [CrossRef]

Mathieu, C.; de la Sierra-Gallay, I.L.; Duval, R.; Xu, X.; Cocaign, A.; Léger, T.; Woffendin, G.; Camadro, J.; Etchebest, C.; Haouz,
A.; et al. Insights into Brain Glycogen Metabolism: The Structure of Human Brain Glycogen Phosphorylase. |. Biol. Chem. 2016,
291, 18072-18083. [CrossRef]

Wang, Y.; Ma, K.;; Wang, P.; Baba, O.; Zhang, H.; Parent, ] M.; Zheng, P,; Liu, Y.; Minassian, B.A.; Liu, Y. Laforin Prevents
Stress-Induced Polyglucosan Body Formation and Lafora Disease Progression in Neurons. Mol. Neurobiol. 2013, 48, 49-61.
[CrossRef]

Saez, I.; Duran, J.; Sinadinos, C.; Beltran, A.; Yanes, O.; Maria, ET.; Carlos, M.-P.; Marco, M.; Joan, J].G. Neurons Have an Active
Glycogen Metabolism that Contributes to Tolerance to Hypoxia. J. Cereb. Blood Flow Metab. 2014, 34, 945-955. [CrossRef]
Tischner, K. Cadmium. In Experimental and Clinical Neurotoxicology, 1st ed.; Oxford Univeristy Press: Oxford, UK, 1980;
pp. 345-355.

Mathieu, C.; Dupret, J.; Rodrigues-Lima, F. The Structure and the Regulation of Glycogen Phosphorylases in Brain. In Brain
Glycogen Metabolism; DiNuzzo, M., Schousboe, A., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 125-145.
Rai, A; Singh, PK.; Singh, V.; Kumar, V.; Mishra, R.; Thakur, A K.; Mahadevan, A.; Shankar, S.K.; Jana, N.R.; Ganesh, S. Glycogen
synthase protects neurons from cytotoxicity of mutant huntingtin by enhancing the autophagy flux. Cell Death Dis. 2018, 9, 201.
[CrossRef]

Smith, E.E.; Taylor, PM.; Whelan, W.J. Enzymic Processes in Glycogen Metabolism. In Carbohydrate Metabolism and Its Disorders;
Dickens, F.,, Whelan, W.]., Randale, PJ., Eds.; Academic Press: London, UK; New York, NY, USA, 1968; Volume I, pp. 89-133.
Lew, C.R.; Guin, S.; Theodorescu, D. Targeting glycogen metabolism in bladder cancer. Nat. Rev. Urol. 2015, 12, 383-391.
[CrossRef] [PubMed]

Kielan, Z.; Zitkowska, B.; Falkus, B.; Jethon, Z. Effect of cadmium intoxication on glucose utilization in energy metabolism of
muscles. Acta Physiol. Pol. 1989, 40, 535-543. [PubMed]

Hazelhoff Roelfzema, W.; Hacker, H.J.; Van Noorden, C.J.E. Effects of Cadmium Exposure on Glycogen Phosphorylase Activity in
Rat Placenta as Demonstrated by Histochemical Means. Histochemistry 1989, 91, 305-308. [CrossRef]

Miseta, A.; Csutora, P. Relationship Between the Occurrence of Cysteine in Proteins and the Complexity of Organisms. Mol. Biol.
Evol. 2000, 17, 1232-1239. [CrossRef] [PubMed]


https://doi.org/10.1016/0197-0186(93)90129-S
https://www.ncbi.nlm.nih.gov/pubmed/8251927
https://doi.org/10.1016/j.jhazmat.2021.125198
https://www.ncbi.nlm.nih.gov/pubmed/33550130
https://doi.org/10.3390/ijms20236010
https://www.ncbi.nlm.nih.gov/pubmed/31795317
https://doi.org/10.1016/j.brainres.2003.10.002
https://doi.org/10.1186/s11658-018-0076-2
https://doi.org/10.3390/ijms24010223
https://doi.org/10.1186/1742-2094-1-14
https://doi.org/10.1111/jnc.13607
https://doi.org/10.1038/s41582-019-0227-8
https://doi.org/10.1038/s41582-018-0024-9
https://www.ncbi.nlm.nih.gov/pubmed/29925924
https://doi.org/10.1155/2023/7389508
https://www.ncbi.nlm.nih.gov/pubmed/36760476
https://doi.org/10.1093/toxsci/kfm106
https://doi.org/10.3390/jcm8050680
https://doi.org/10.3390/brainsci13060911
https://www.ncbi.nlm.nih.gov/pubmed/37371389
https://doi.org/10.1001/archneur.1970.00480290014002
https://doi.org/10.1074/jbc.M116.738898
https://doi.org/10.1007/s12035-013-8438-2
https://doi.org/10.1038/jcbfm.2014.33
https://doi.org/10.1038/s41419-017-0190-5
https://doi.org/10.1038/nrurol.2015.111
https://www.ncbi.nlm.nih.gov/pubmed/26032551
https://www.ncbi.nlm.nih.gov/pubmed/2488751
https://doi.org/10.1007/BF00493005
https://doi.org/10.1093/oxfordjournals.molbev.a026406
https://www.ncbi.nlm.nih.gov/pubmed/10908643

Int. . Mol. Sci. 2023, 24, 16558 22 0f 23

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.
146.

147.

148.

149.

150.

Smith, C.; Dicaire, M.; Brais, B.; La Piana, R. Neurological Involvement in Glycogen Storage Disease Type IXa due to PHKA2
Mutation. Can. J. Neurol. Sci. 2020, 47, 400—403. [CrossRef]

Mugzetti, ] H.; do Valle, D.A.; Santos, M.L.S.F,; Telles, B.A.; Cordeiro, M.L. Neurological Characteristics of Pediatric Glycogen
Storage Disease. Front. Endocrinol. 2021, 12, 685272. [CrossRef]

Canibano-Fraile, R.; Harlaar, L.; dos Santos, C.A.; Hoogeveen-Westerveld, M.; Demmers, J.A.A.; Snijders, T.; Lijnzaad, P; Verdijk,
R.M.; van der Beek Nadine, AM.E.; van Doorn, P.A.; et al. Lysosomal glycogen accumulation in Pompe disease results in
disturbed cytoplasmic glycogen metabolism. J. Inherit. Metab. Dis. 2023, 46, 101-115. [CrossRef] [PubMed]

Taylor, K.M.; Meyers, E.; Phipps, M.; Kishnani, P.S.; Cheng, S.H.; Scheule, R.K.; Moreland, R.J. Dysregulation of Multiple Facets of
Glycogen Metabolism in a Murine Model of Pompe Disease. PLoS ONE 2013, 8, e56181. [CrossRef] [PubMed]

Khanh, D.N.N.; Vy, N.T.T.; Phuong, T.H.; Nhi, P.T.; Thang, N.Q.; Sy, D.T.; Phuong, N.T.K. Effects of Cadmium and Lead on Muscle
and Liver Glycogen Levels of Climbing Perch (Anabas testudineus). Bull. Environ. Contam. Toxicol. 2022, 108, 854-860. [CrossRef]
Dwivedi, K. International Journal of Advanced Research in Biological Sciences Effect of Cadmium on Liver Glycogen Reserve
and its Size in Albino Rats. Int. J. Adv. Res. Biol. Sci. 2021, 8, 150-154.

Buha, A.; Bukié-Cosié, D.; Curéi¢, M.; Bulat, Z.; Antonijevi¢, B.; Moulis, J.; Goumenou, M.; Wallace, D. Emerging Links between
Cadmium Exposure and Insulin Resistance: Human, Animal, and Cell Study Data. Toxics 2020, 8, 63. [CrossRef] [PubMed]
Fang, X.; Yu, S.X;; Lu, Y,; Bast, R.C.; Woodgett, ].R.; Mills, G.B. Phosphorylation and inactivation of glycogen synthase kinase 3 by
protein kinase A. Proc. Natl. Acad. Sci. USA 2000, 97, 11960-11965. [CrossRef] [PubMed]

Shati, A.A.; Alfaifi, M.Y. Trans-resveratrol Inhibits Tau Phosphorylation in the Brains of Control and Cadmium Chloride-Treated
Rats by Activating PP2A and PI3K/ Akt Induced-Inhibition of GSK3[3. Neurochem. Res. 2019, 44, 357-373. [CrossRef] [PubMed]
De Zwaan, A.; Zandee, D.I. The utilization of glycogen and accumulation of some intermediates during anaerobiosis in Mytilus
edulis L. Comp. Biochem. Physiol. Part B Comp. Biochem. 1972, 43, 47-54. [CrossRef]

Lee, B.; Kim, Y. Association of Blood Cadmium Level with Metabolic Syndrome After Adjustment for Confounding by Serum
Ferritin and Other Factors: 2008-2012 Korean National Health and Nutrition Examination Survey. Biol. Trace Elem. Res. 2016,
171, 6-16. [CrossRef]

Filippini, T.; Wise, L.A.; Vinceti, M. Cadmium exposure and risk of diabetes and prediabetes: A systematic review and dose-
response meta-analysis. Environ. Int. 2022, 158, 106920. [CrossRef]

Gong, P; Chang, X.; Chen, X,; Bai, X.; Wen, H.; Pi, S.; Yang, W.; Wang, L.; Chen, F. Metabolomics study of cadmium-induced
diabetic nephropathy and protective effect of caffeic acid phenethyl ester using UPLC-Q-TOF-MS combined with pattern
recognition. Environ. Toxicol. Pharmacol. 2017, 54, 80-92. [CrossRef]

Bak, L.K.; Walls, A.B.; Schousboe, A.; Waagepetersen, H.S. Astrocytic glycogen metabolism in the healthy and diseased brain.
J. Biol. Chem. 2018, 293, 7108-7116. [CrossRef]

Islam, F; Shohag, S.; Akhter, S.; Islam, M.R.; Sultana, S.; Mitra, S.; Chandran, D.; Khandaker, M.U.; Ashraf, G.M.; Idris, A.M.; et al.
Exposure of metal toxicity in Alzheimer’s disease: An extensive review. Front. Pharmacol. 2022, 13, 903099. [CrossRef]

Duran, J.; Gruart, A.; Garcia-Rocha, M.; Delgado-Garcia, ].M.; Guinovart, ].J. Glycogen accumulation underlies neurodegeneration
and autophagy impairment in Lafora disease. Hum. Mol. Genet. 2014, 23, 3147-3156. [CrossRef]

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]

Lavoie, S.; Allaman, L; Petit, J.; Do, K.Q.; Magistretti, P.J. Altered Glycogen Metabolism in Cultured Astrocytes from Mice with
Chronic Glutathione Deficit; Relevance for Neuroenergetics in Schizophrenia. PLoS ONE 2011, 6, e22875. [CrossRef] [PubMed]
Wang, J.; Zhu, H.; Wang, K.; Yang, Z.; Liu, Z. Protective effect of quercetin on rat testes against cadmium toxicity by alleviating
oxidative stress and autophagy. Environ. Sci. Pollut. Res. 2020, 27, 25278-25286. [CrossRef] [PubMed]

Alshammari, G.M.; Al-Qahtani, W.H.; Alshuniaber, M.A; Yagoub, A.E.A.; Al-Khalifah, A.S.; Al-Harbi, L.N.; Alhussain, M.H.;
AlSedairy, S.A.; Yahya, M.A. Quercetin improves the impairment in memory function and attenuates hippocampal damage
in cadmium chloride-intoxicated male rats by suppressing acetylcholinesterase and concomitant activation of SIRT1 signaling.
J. Funct. Foods 2021, 86, 104675. [CrossRef]

Kini, R.D.; Arunkumar, N.; Gokul, M. Potential Protective Role of Beta Carotene on Cadmium Induced Brain and Kidney Damage.
Indian . Public Health Res. Dev. 2019, 10, 532-535. [CrossRef]

Wiberg, E.; Wiberg, N. Inorganic Chemistry; Academic Press: Cambridge, MA, USA, 2001.

Cranton, EM.; Zheng, X.L.; Smith, LM. Urinary trace and toxic elements and minerals in untimed urine specimens relative to
urine creatinine. J. Adv. Med. 1989, 1, 331-397.

Waters, R.S.; Bryden, N.A; Patterson, K.Y.; Veillon, C.; Anderson, R.A. EDTA chelation effects on urinary losses of cadmium,
calcium, chromium, cobalt, copper, lead, magnesium, and zinc. Biol. Trace Elem. Res. 2001, 83, 207-221. [CrossRef]

Fulgenzi, A.; Vietti, D.; Ferrero, M.E. EDTA Chelation Therapy in the Treatment of Neurodegenerative Diseases: An Update.
Biomedicines 2020, 8, 269. [CrossRef]

Mostafa, D.G.; Khaleel, E.F,; Badi, RM.; Abdel-Aleem, G.; Abdeen, H.M. Rutin hydrate inhibits apoptosis in the brains of
cadmium chloride-treated rats via preserving the mitochondrial integrity and inhibiting endoplasmic reticulum stress. Neurol.
Res. 2019, 41, 594-608. [CrossRef]

Bjorklund, G.; Crisponi, G.; Nurchi, V.M.; Cappai, R.; Buha Djordjevic, A.; Aaseth, J. A Review on Coordination Properties of
Thiol-Containing Chelating Agents Towards Mercury, Cadmium, and Lead. Molecules 2019, 24, 3247. [CrossRef]


https://doi.org/10.1017/cjn.2020.18
https://doi.org/10.3389/fendo.2021.685272
https://doi.org/10.1002/jimd.12560
https://www.ncbi.nlm.nih.gov/pubmed/36111639
https://doi.org/10.1371/journal.pone.0056181
https://www.ncbi.nlm.nih.gov/pubmed/23457523
https://doi.org/10.1007/s00128-021-03384-4
https://doi.org/10.3390/toxics8030063
https://www.ncbi.nlm.nih.gov/pubmed/32867022
https://doi.org/10.1073/pnas.220413597
https://www.ncbi.nlm.nih.gov/pubmed/11035810
https://doi.org/10.1007/s11064-018-2683-8
https://www.ncbi.nlm.nih.gov/pubmed/30478674
https://doi.org/10.1016/0305-0491(72)90200-3
https://doi.org/10.1007/s12011-015-0499-9
https://doi.org/10.1016/j.envint.2021.106920
https://doi.org/10.1016/j.etap.2017.06.021
https://doi.org/10.1074/jbc.R117.803239
https://doi.org/10.3389/fphar.2022.903099
https://doi.org/10.1093/hmg/ddu024
https://doi.org/10.1016/j.jmb.2019.01.018
https://www.ncbi.nlm.nih.gov/pubmed/30664867
https://doi.org/10.1371/journal.pone.0022875
https://www.ncbi.nlm.nih.gov/pubmed/21829542
https://doi.org/10.1007/s11356-020-08947-2
https://www.ncbi.nlm.nih.gov/pubmed/32347499
https://doi.org/10.1016/j.jff.2021.104675
https://doi.org/10.5958/0976-5506.2019.02484.7
https://doi.org/10.1385/BTER:83:3:207
https://doi.org/10.3390/biomedicines8080269
https://doi.org/10.1080/01616412.2019.1596206
https://doi.org/10.3390/molecules24183247

Int. . Mol. Sci. 2023, 24, 16558 23 0f 23

151. Rahimzadeh, M.R; Rahimzadeh, M.R.; Kazemi, S.; Moghadamnia, A.A. Review Article Cadmium toxicity and treatment: An
update. Casp. |. Intern. Med. 2017, 8, 135.

152. Harris, C.].; Voss, K.; Murchison, C.; Ralle, M.; Frahler, K.; Carter, R.; Rhoads, A.; Lind, B.; Robinson, E.; Quinn, J.F. Oral Zinc
Reduces Amyloid Burden in Tg2576 Mice. |. Alzheimer’s Dis. 2014, 41, 179-192. [CrossRef] [PubMed]

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/10.3233/JAD-131703
https://www.ncbi.nlm.nih.gov/pubmed/24595193

	Introduction 
	Cadmium Entry to the Nervous System 
	Cadmium Effects on Mitochondrial Respiration 
	Cadmium Interference with the Electron Transport Chain 
	Cadmium Opens the Permeability Transition Pore 
	Recent Focuses of Mitochondrial Apoptosis/Dysfunction: ER Stress and SIRT1 
	Cadmium-Induced Autophagy 

	The Role of Cadmium in Synaptic Transmission 
	Cadmium-Induced Asynchronous Neurotransmitter Release 
	Cadmium Disruption of Neurotransmission 

	Cadmium and Other Metals 
	Cadmium Disruption of Zinc Signaling and Homeostasis 
	Cadmium Contributions to Metal Imbalance in Alzheimer’s Disease 

	Cadmium and the Blood–Brain Barrier 
	Cadmium’s Effects on Glycogen Metabolism 
	Cadmium and Glycogen Phosphorylase Impairment: The Original Hypothesis 
	Evidence Contradicting the Original Theory Regarding Cadmium’s Functional Impairment of bGP 
	Human Data Pointing towards Cadmium as a Glycogen-Disruptor 
	Next Steps for Resolving Cadmium’s Effects on Neuronal Glycogen 

	Possible Protective Measures against Cadmium Neurotoxicity 
	Conclusions 
	References

