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Abstract: Parkinson’s disease (PD) is a progressive neurodegenerative disorder that lacks effective
treatment strategies to halt or delay its progression. The homeostasis of Ca2+ ions is crucial for
ensuring optimal cellular functions and survival, especially for neuronal cells. In the context of
PD, the systems regulating cellular Ca2+ are compromised, leading to Ca2+-dependent synaptic
dysfunction, impaired neuronal plasticity, and ultimately, neuronal loss. Recent research efforts
directed toward understanding the pathology of PD have yielded significant insights, particularly
highlighting the close relationship between Ca2+ dysregulation, neuroinflammation, and neurode-
generation. However, the precise mechanisms driving the selective loss of dopaminergic neurons
in PD remain elusive. The disruption of Ca2+ homeostasis is a key factor, engaging various neu-
rodegenerative and neuroinflammatory pathways and affecting intracellular organelles that store
Ca2+. Specifically, impaired functioning of mitochondria, lysosomes, and the endoplasmic reticulum
(ER) in Ca2+ metabolism is believed to contribute to the disease’s pathophysiology. The Na+-Ca2+

exchanger (NCX) is considered an important key regulator of Ca2+ homeostasis in various cell
types, including neurons, astrocytes, and microglia. Alterations in NCX activity are associated with
neurodegenerative processes in different models of PD. In this review, we will explore the role of
Ca2+ dysregulation and neuroinflammation as primary drivers of PD-related neurodegeneration,
with an emphasis on the pivotal role of NCX in the pathology of PD. Consequently, NCXs and their
interplay with intracellular organelles may emerge as potentially pivotal players in the mechanisms
underlying PD neurodegeneration, providing a promising avenue for therapeutic intervention aimed
at halting neurodegeneration.

Keywords: neurodegeneration; neuroinflammation; calcium dysregulation; sodium–calcium exchanger

1. Introduction

Neurodegeneration encompasses a broad spectrum of disorders affecting the neural
system, each with distinctive etiologies and clinical manifestations. A common charac-
teristic observed across these diseases, including PD, is the gradual and progressive loss
of neurons and neuronal functions. Evidence has shown that neuroinflammation and
the dysregulation of Ca2+ are closely related to neurodegenerative diseases, significantly
contributing to the development and progression of neurodegeneration [1]. PD is an ex-
tremely heterogeneous disorder; approximately 1% of the population will develop the
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disease by age 65 and the prevalence rises to nearly 5% by age 85. PD is the second most
common neurodegenerative disorder after Alzheimer’s disease [2]. The neurodegeneration
observed in PD usually progresses slowly and chronically, with an average duration of
about 15 years from the time of diagnosis to death. However, many individuals with PD
can live for more than 20 years after being diagnosed [3]. The neuropathological features
of PD include the progressive degeneration of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) and the buildup of intracellular inclusions within neurons and
glial cells, predominantly made up of the presynaptic protein α-synuclein (α-syn). The
striatum, which consists of the caudate and putamen nuclei, primarily receives projections
from the dopaminergic neurons of the SNpc. Consequently, the accumulation of α-syn
and the death of nigral cells reduce striatal dopamine (DA) levels. Neuroinflammation
significantly contributes to the series of events that result in cell death in PD [4]. In this
context, it has been noted that PD brains exhibit a significant glial response and signs of
neuroinflammation, characterized by the activation of microglial cells and T lymphocytes.
The decrease in nigrostriatal input increases the inhibitory output from the globus pallidus
interna to the thalamus and, indirectly, to the cortex, thereby suppressing the initiation of
movements. The disease is marked by both motor symptoms, such as bradykinesia, rigidity,
resting tremor, and postural instability, as well as non-motor symptoms, including depres-
sion, anxiety, fatigue, sleep disturbances, and cognitive disorders [2,3]. Current evidence
indicates that 15% of PD patients have a family history of the condition, and 5–10% exhibit
a monogenic form of the disease with Mendelian inheritance. Nevertheless, the majority of
PD cases are sporadic and have an unknown cause, likely involving a mix of genetic and
environmental factors [5,6]. The HUGO Gene Nomenclature Committee (HGNC) identified
and named at least 23 loci and 19 genes associated with parkinsonism. Although many
forms of environmental exposure have been studied for their association with PD risk, the
epidemiological connections with these factors are not fully understood. However, it is well
established that individuals with occupational exposure to chemicals such as pesticides
have a higher risk of developing PD [7]. The hypothesis that exposure to pesticides and
other environmental chemicals is linked to an increased risk of PD arose from studies
on the neurotoxic effects of a metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) [3,8]. In particular, a connection has been established between the risk of develop-
ing PD and exposure to pesticides that affect mitochondrial complex I (such as rotenone) or
induce oxidative stress (such as paraquat). While the neurotoxic effects of heavy metals
like manganese and iron have been documented, their association with an increased risk
of PD remains controversial [3,8–10]. Other studies have shown that potential risk factors
relating to PD also encompass traumatic brain injury, cigarette smoking, ß-blocker use, and
caffeine [3,11–16]. However, Ross and coauthors found that high coffee and caffeine intake
was associated with a significantly lower incidence of PD [17]. To date, Levodopa (L-dopa)
is considered “the gold standard” treatment for motor symptoms; however, chronic use
is often associated with several motor complications. Other agents targeting dopamin-
ergic pathways (i.e., dopaminergic agonists, monoamine oxidase B (MAO-B), selegiline,
and rasagiline) can positively affect dopaminergic neurotransmission, thus ameliorating
PD-related symptoms [18].

At the cellular level, multiple neurodegenerative processes have been identified in
the death of dopaminergic neurons in PD. These include disrupted proteostasis, Ca2+

signaling abnormalities, mitochondrial dysfunction, impaired vesicle trafficking, lysosomal
dysfunction [19,20], endoplasmic reticulum (ER) stress, and abnormal protein degradation
by the ubiquitin–proteasome system [21]. Moreover, the activation of neuroinflammation
response results in the release of pro-inflammatory mediators, including increased cytokine
levels and the upregulation of inflammatory-associated factors like cyclooxygenase-2 and
inducible nitric oxide synthase [22].

Recently, mounting evidence has increasingly pointed towards the involvement of
Ca2+ dysregulation in the pathogenesis of PD [23,24]. This dysregulation involves different
mechanisms of neurodegeneration and neuroinflammation; in particular, one of the most
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important regulators of Ca2+ homeostasis is the Na+-Ca2+ exchanger (NCX), which is an
antiporter membrane protein that removes Ca2+ from cells.

Given the importance of Ca2+ homeostasis in neurodegenerative diseases, particularly
in PD, this review examines the literature regarding the role of NCX in DA neurons and
glia cells, as well as mitochondrial NCX, within PD models.

2. Ca2+ Deregulation in PD

Ca2+ serves as a crucial second messenger in all eukaryotic cells, orchestrating essential
cellular activities. It is especially crucial in neurons, where it is involved in transmitting
depolarizing signals and enhancing synaptic plasticity—an integral process for learning
and memory—as well as the regulation of specific gene expressions. Two major forms
of synaptic plasticity, long-term potentiation (LTP) and long-term depression (LTD), are
cellular mechanisms involved in learning and memory [25]. These processes are triggered by
the coupling between plasma membrane depolarization and the increase in intracellular Ca2+

[Ca2+]i. [25]. This elevation in [Ca2+]i involves various mechanisms, including the release of
Ca2+ from Ca2+-storing organelles, such as mitochondria, ER, and lysosomes [26–28]. A diverse
pattern of specialized Ca2+ pumps, channels, and Ca2+-binding proteins are involved in
the regulation of cellular Ca2+ signaling, ensuring the maintenance of cellular homeostasis
and the performance of specific cellular functions [26–28]. Ca2+ is also involved in the
regulation of metabolism through enzyme phosphorylation and dephosphorylation and
motility processes, such as those related to the cytoskeleton, the secretion of molecules
via exocytosis, the transcription of numerous genes, and the process of programmed cell
death [29]. The proper functioning of all these processes is essential for neuronal viability.
However, during the processes of neurodegenerative disease, the capacity of neurons
to maintain adequate energy levels can be compromised, thus impacting overall Ca2+

homeostasis and Ca2+-related signaling functions [29].
Two organelles predominantly involved in Ca2+ buffering are the ER and mitochondria;

in addition, in recent years, it has been demonstrated that interactions between lysosomes
and ER compartments could generate relevant global Ca2+ signals within the cell [28,30]. To
date, it has been shown that unbalanced mitochondrial Ca2+ homeostasis is pathogenically
linked to the neurodegeneration that occurs in PD [31,32]. Recent studies indicate that
elevated mitochondrial Ca2+ can trigger the opening of the permeability transition pore
and initiate apoptosis [33]. Interestingly, Ca2+ directly promotes α-syn aggregation [34,35],
thereby increasing its toxicity, and it also impairs lysosomal motility and the turnover of
misfolded proteins [36–38].

Neurons, as excitable cells, typically maintain a membrane potential of around −70 mV
(varying by neuronal type), which is regulated by the exchange of specific ions, such as
Na+, K+, Ca2+, and Cl−, between extracellular and intracellular environments. Neurons
respond to small changes in input currents by generating action potentials at various
frequencies [29,39–42]. The diversity in neuronal responses arises from the differential
expression of distinct voltage-dependent channels responsible for conducting Na+ and
voltage-dependent Ca2+ currents, as well as voltage-gated K+ currents and Ca2+-activated
K+ currents. These channels exhibit varying selectivity and sensitivity, which is influenced
by their specific subunit composition [43].

Nevertheless, neurons have traditionally been considered the sole excitable cells of the
nervous system due to their ability to generate action potentials that can be transmitted
to other neurons through synaptic transmission. Recent studies have clearly established
that the generation of specific rapid signals, which are transmitted to other cells, is not
an exclusive characteristic of neurons. Astrocytes, while not capable of generating action
potentials, exhibit fast, transient changes in their ionic content. Moreover, these ionic signals
can spread to neighboring cells, either passively or actively [44]. Extensive fluctuations in
Ca2+ levels within neurons can lead to the overstimulation of various ionic channels and
transporters. These include L-type voltage-gated Ca2+ channels (Cav1 family), specifically
Cav1.2 and Cav1.3. While Cav1.2 is predominantly found in juvenile SNpc, DA neurons,
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Cav1.3 becomes more prominent in aging SNpc DA neurons in terms of Ca2+ influx and
supporting rhythmic pacemaking activity [23,29,43,45–47]. Additionally, cyclic nucleotide-
sensitive channels, as well as plasma membrane transporters, such as Na+-Ca2+ exchangers
(NCXs) and mitochondrial Na+-Ca2+ exchangers (mitoNCXs), are also involved [48–50].

3. Neurodegeneration and NCX: Interplay in PD

The SLC8 gene family, which encodes NCX, includes several proteins [51–53]. In
mammals, three different SLC8 genes have been identified: SLC8A1, which encodes NCX1
protein [54]; SLC8A2, which encodes NCX2 [55]; and SLC8A3, which encodes NCX3 [56,57].
The three isoforms of NCX1-3 are expressed in a tissue-specific manner [51,52] across both
excitable and non-excitable tissues [58–60]. NCX1 and its various splicing isoforms have
been extensively studied and are found in nearly every mammalian cell [51,55,61–63].
NCX2 and NCX3 have been identified in the brain and skeletal muscle, with NCX2 being
cloned from rat brains in 1994 and NCX3 being cloned in 1996 [51,56,64].

NCX plays a crucial role in maintaining Ca2+ homeostasis within both plasma mem-
brane and mitochondrial compartments by facilitating the bidirectional flow of Na+ and
Ca2+. It operates in two modes: forward mode (Ca2+ efflux/Na+ influx) and reverse mode
(Ca2+ influx/Na+ efflux) [60,65]. It has a stoichiometry of three Na+ ions to one Ca2+ ion,
creating an electrogenic current [66]. Due to the importance of intracellular Ca2+ balance
and the significant role of NCX in Ca2+ regulation, the exchanger has been extensively
studied in various pathological contexts [49,65,67–75]. Specifically, different NCX isoforms
(NCX1, NCX2, NCX3) exhibit specific roles depending on the pathological conditions in
which they operate [67,76,77].

The distribution of NCX1, NCX2, and NCX3 in the CNS of rats has been extensively
examined by various research groups (Table 1) [65,78]. Studies have shown that NCX1
transcripts are highly expressed in the motor area of the cerebral cortex, particularly in the
pyramidal neurons of layers III and V, as well as in the thalamus, CA3 and dentate gyrus
regions of the hippocampus, certain hypothalamic nuclei, and the cerebellum [65]. NCX2
transcripts are predominantly found throughout all hippocampal subregions, the striatum,
and the paraventricular thalamic nucleus. NCX3 transcripts are mainly detected in the
hippocampus, thalamus, amygdala, and cerebellum.

Table 1. Distribution of NCX isoforms in the brain.

NCX Isoforms NCX Isoforms Expressed in Specific Brain Areas NCX Isoforms Expressed in
Specific Brain Cell Types References

NCX1

mRNA
Neocortex (pyramidal neurons of the III and V layers),

hippocampus (CA3 and the dentate gyrus),
hypothalamic nuclei, cerebellum Neurons, astrocytes,

oligodendrocytes

[55,57,59,60,65,78]

Protein
Striatum, cortex (supragranular layers), hippocampus,

hypothalamus, substantia nigra, ventral tegmental area,
cerebellum (granular layer)

NCX2
mRNA Hippocampus, striatum, paraventricular

thalamic nucleus Neurons, astrocytes,
oligodendrocytes

Protein Cortex (somatosensory area), hippocampus, striatum,
thalamus, hypothalamus

NCX3

mRNA Hippocampus, thalamus, amygdala, cerebellum
Neurons, astrocytes,

oligodendrocytesProtein
Hippocampus (CA3 subregion, oriens, radiatum,

lacunoso-moleculare layers), nucleus
accumbens, cerebellum

Regarding protein expression, immunohistochemical analysis has shown that NCX1 is
present in the striatum (the terminal projection field of dopaminergic nigrostriatal neurons),
the supragranular layers of the cerebral cortex, the hippocampus, the hypothalamus, the
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SNc and the ventral tegmental area, and the granular layer of the cerebellum. NCX2 is
primarily located in neurons of the somatosensory cortical area, the neurons of layers V
and VI of the sensory cortex, and the hippocampus, striatum, thalamus, and hypothalamus.
NCX3 protein expression is especially prominent in the CA3 subregion, the oriens, radiatum,
lacunosum–moleculare layers of the hippocampus, the nucleus accumbens (a brain area
involved in the motivational control of motor coordination), and the molecular layer of the
cerebellum [65].

Growing evidence suggests that the disruption of Ca2+ homeostasis, at both cytosolic
and mitochondrial levels, might contribute to the pathophysiology of neurodegenerative
diseases, including PD, and NCX has recently gained much attention.

NCX in Neurons

In a PD model induced by MPTP, which causes dopaminergic loss and behavioral
impairment similar to PD symptoms [79], the involvement of NCX was examined. The spe-
cific NCX inhibitor SEA0400 (Taisho Pharmaceutical Co., Ltd., Saitama, Japan) was found
to improve MPTP-induced motor coordination impairment and attenuate both reduced
DA levels and tyrosine hydroxylase (TH) immunoreactivity in the SNpc and striatum [80].
In a recent study involving transgenic mice bearing the α-syn A53T human mutation, it
was observed that the three NCX1-3 isoforms were modulated differently. Specifically,
the protein levels of NCX3 were reduced in the midbrain of A53T mice, whereas the level
of NCX1 and NCX2 remained unaltered as compared to wild-type (WT) mice. However,
in the striatum, this study showed increased NCX1 protein levels [81]. In particular, it is
interesting to point out that the reduction in NCX3 expression in dopaminergic neurons
in the SNpc of A53T mice was associated with elevated cytosolic and mitochondrial Ca2+

concentrations and increased neuronal death. These results support the hypothesis that
alterations in the expression and activity of NCX1 and NCX3 proteins in different regions
of the dopaminergic nigrostriatal circuit may disrupt intracellular Ca2+ levels, contributing
to neuronal loss in PD [23,81].

In our recent work, we found that in both ex vivo and in vitro models of PD, co-
exposure to α-syn and rotenone resulted in Ca2+ dysregulation and disruption in synaptic
transmission and cell function. Notably, while the selective pharmacological inhibitor SN-6,
which targets plasma membrane NCX1, did not prevent changes in striatal electrical activity
or Ca2+ dysregulation, the inhibition of mitochondrial NCX using CGP-37157 completely
reversed the neurotoxic effects of α-syn and rotenone exposure [71]. This topic will be
examined in more detail in “NCX in Mitochondria in PD”.

In the same in vitro PD-mimicking model, it was observed that co-exposure to α-
syn and rotenone has a detrimental impact on energy metabolism [72]. The provision of
an alternative metabolic substrate like glutamate exerts a protective role by enhancing
cell viability, increasing ATP levels, mitigating oxidative damage, and reducing Ca2+

overload [72]. Notably, the beneficial effects of glutamate were completely lost when the
expression of either Excitatory Amino Acid Transport 3 (EAAT3) or NCX1 was silenced,
highlighting the functional correlation between EAAT3 and NCX1 and the potential of
targeting EAAT3/NCX1 function to mitigate PD pathology, as it facilitates glutamate
uptake and metabolic utilization in dopaminergic neurons [72].

This evidence suggests a tight connection between the disruption of Ca2+ homeostasis
and the development of neurodegenerative diseases such as PD. The existing literature
indicates that prolonged intracellular Ca2+ elevation in brain cells could be a key early
event in PD. While many underlying mechanisms remain to be elucidated, targeting NCX
activity could offer a promising new strategy for preventing neuronal degeneration and
cell death.

4. Dysregulation of Ca2+-Storing Organelles in PD (Mitochondria, ER, and Lysosomes)

As mentioned previously, evidence indicates that elevated Ca2+ influx at the plasma
membrane level plays a significant role in PD pathogenesis, but Ca2+ deregulations at
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different intracellular levels are also implicated, with particular reference to the dysregu-
lation of Ca2+ from intracellular Ca2+ stores [26–28]. The major intracellular Ca2+ stores
are the ER and the mitochondria, and in recent years, important evidence has shown that
other organelles, such as the lysosomes, also act as relevant intracellular Ca2+ reservoirs
(Figure 1) [30].
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Figure 1. Regulation of Ca2+ homeostasis in physiological state and Parkinson’s disease (PD). In
the physiological state (left panel), Ca2+ homeostasis is maintained through the balanced activity of
various Ca2+ channels and exchangers. The endoplasmic reticulum (ER) functions as the primary
intracellular reservoir for Ca2+ ions actively managed by sarco/endoplasmic reticulum Ca2+ ATPases
(SERCAs) that pump Ca2+ into the ER. The controlled release of Ca2+ from the ER is mediated by
ryanodine receptors (RyRs) and inositol 1,4,5-triphosphate receptors (Ins(1,4,5)P3Rs). Mitochondria,
located in close proximity to the ER, capture the released Ca2+ through the mitochondrial Ca2+

uniporter (MCU) complex, thereby regulating cellular metabolism. Lysosomes are recognized as
the second-largest reservoir of intracellular Ca2+. The lysosomal release of Ca2+ is mediated by
TRPC mucolipin 1 (TRPML1), whose activity is critical for maintaining proper lysosomal membrane
trafficking. The sodium–calcium exchanger (NCX) in both the plasma membrane and mitochondria
functions normally, extruding Ca2+ in the forward mode and maintaining cellular Ca2+ balance; the
sodium–calcium–lithium exchanger (NCLX) in the mitochondria operates effectively, contributing
to the regulation of mitochondrial Ca2+ levels. Red arrows are related to Ca2+ influx, while black
arrows indicate Ca2+ efflux.

4.1. Ca2+ Storage in Mitochondria

Mitochondria are intracellular organelles involved in various metabolic pathways,
including the oxidation of carbohydrates and fatty acids, the Krebs cycle, and oxidative
phosphorylation. They serve as the primary source of ATP production within cells. The
intricate role of Ca2+ in regulating the bioenergetic functions facilitated by mitochondria has
received extensive research [82]. The mitochondrial respiratory chain where the oxidative
phosphorylation occurs is located within the inner membrane. The transport of electrons
through the electron transport chain (ETC) uses the energy released from the transport
of electrons to pump protons from the mitochondrial matrix into the intermembrane
space (IMS) through complex I, III, and IV. This process creates a proton gradient and
an electrochemical gradient across the mitochondrial inner membrane, resulting in a
negative charge inside the membrane [83]. Mitochondrial Ca2+ uptake plays a crucial
role in regulating cytosolic Ca2+ homeostasis, thereby modulating the activity of Ca2+

channels. Moreover, the mitochondria are one of the major cellular producers of reactive
oxygen species (ROS). In the ETC, electrons occasionally captured by oxygen produce
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superoxide anion radicals (O2−), with complexes I and III being the main sites of superoxide
production [84].

In neurons, Ca2+ transients play an important role in the generation of an action
potential, releasing neurotransmitters and facilitating intracellular signaling [25,68,85].
Under normal conditions, the increase in intracellular Ca2+ concentrations is transient.
The influx of extracellular Ca2+ through ion channels and transporters, or the release of
Ca2+ from intracellular stores, elevates Ca2+ transients, which plays a significant role in
neuronal activity [25,68,85]. Mitochondria located adjacent to the Ca2+ channels of the ER
and plasma membrane protect against excess cytosolic Ca2+ by rapidly sequestering Ca2+

and modulating specific neuronal functions [25,68,85]. Mitochondria also play a crucial
role in preventing disturbances in Ca2+ homeostasis through their buffering activity. Ca2+

accumulation in the mitochondrial matrix is mainly regulated by the mitochondrial Ca2+

uniporter (MCU) at the inner mitochondrial membrane (IMM). This process is driven ther-
modynamically by the negative membrane potential (∆ψm) established by the respiratory
chain. This accumulation is balanced by mechanisms that facilitate Ca2+ extrusion, includ-
ing a Na+-dependent exchange system that controls Ca2+ efflux from the mitochondria.
However, persistent intracellular Ca2+ concentrations can trigger downstream neurotoxic
effects and stress conditions, such as those seen under different pathological conditions or
in the case of aging. This can result in the uncoupling of mitochondrial electron transfer
from ATP synthesis and the excessive activation of enzymes, protein kinases, and nitric
oxide synthase, leading to increased oxidative stress and apoptosis [21,85–87].

Different studies have reported that specific mutations in genes, such as α-syn (SNCA),
leucine-rich repeat kinase 2 (LRRK2), PARKIN, DJ-1, ATP13A2, and PTEN-induced kinase
1 (PINK1)—along with exposure to environmental toxins—can inhibit complex I of the
mitochondrial respiratory chain. This inhibition results in the overproduction of ROS,
which is considered a significant risk factor for the development of idiopathic PD [3,31,88].
Previous studies observed that oligomeric structures of α-syn can dramatically affect
mitochondrial Ca2+ homeostasis, compromising neuronal function. In particular, α-syn
oligomers can interact with both ATP synthase and complex I, causing mitochondrial
Ca2+ overload, oxidative stress, and the disruption of organelles, including mitochondria,
ER, and lysosomes [89–93]. Mutations that alter the function of Parkin or PINK1, pivotal
regulators of mitochondrial balance, lead to the accumulation of damaged mitochondria.
This accumulation intensifies oxidative stress and triggers the release of damage-associated
molecular patterns (DAMPs) [94]. A recent study reported that Ca2+ homeostasis disrup-
tions could potentially lead to synaptic dysfunction by depleting Ca2+ levels and impairing
energy production due to mitochondrial alterations and bioenergetic impairments [95].
They observed early-stage physiological disruptions in DA neurons derived from induced
pluripotent stem cells (iPSCs) of patients carrying a mutation in the β-glucocerebrosidase
(GCase) enzyme encoded by the GBA gene (GBA-N370S mutation), a prominent genetic
risk factor for PD. These neurons exhibit persistent Ca2+ dysregulation, primarily in the
mitochondria, along with subsequent reductions in mitochondrial membrane potential and
oxygen consumption rate, all suggestive of mitochondrial dysfunction [95].

NCX in Mitochondria in PD

The mitochondrial Na+/Ca2+ exchanger (NCXmito) is the primary mechanism for
Ca2+ extrusion in neurons and other excitable cells [68,96]. In 1974, Carafoli and colleagues
discovered that incubating isolated heart mitochondria with 20–50 mM Na+ led to Ca2+

release, an effect specific to Ca2+ that was not observed with K+, Rb+, Cs+, or Mg2+ [97].
Subsequent investigations carried out by Crompton and his group in 1976 demonstrated
that Ca2+ efflux occurred when mitochondria were exposed to high Na+ concentrations
in the presence of ruthenium red, which inhibits the mitochondrial Ca2+ uniporter. They
also found that Na+ can be replaced by Li+ to promote Ca2+ efflux [98]. Later, NCLX
(Na+/Ca2+/Li+ exchange), a novel Na+/Ca2+ exchanger, was identified and character-
ized [52,99,100]. NCLX facilitates Na+- or Li+-dependent Ca2+ transport at similar rates, a
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characteristic shared exclusively with the unidentified mitochondrial exchanger [52,99,100].
Of note, evidence reported that an endogenous pool of plasma membrane NCX (NCX1-3)
is also expressed within the mitochondria in various cell types [71,101–106]. Different
studies investigating the cellular and subcellular distribution of NCX isoforms in the CNS
of rats demonstrated that NCX-positive mitochondria are located within neurons and
astrocytes [96,101,102]. Specifically, in astrocytes, NCX-positive mitochondria are mainly
located in thick proximal processes, whereas in neurons, these NCX-positive mitochondria
are predominantly found in dendrites and the neuronal soma rather than at the synaptic
terminals [96,101]. NCX1-positive mitochondria were mainly observed in distal dendrites,
while both NCX2- and NCX3-positive mitochondria were consistently distributed across all
neuronal compartments [96,101,102]. In PD, the role of NCXmito remains largely unclear;
however, several studies suggest that it could be a promising target for investigation. In this
regard, Visch and coauthors used human complex I-deficient fibroblast cell lines derived
from skin biopsies of 0–5-year-old patients with Leigh syndrome as a model for the oxida-
tive phosphorylation system disease. This model showed a reduction in mitochondrial
Ca2+ accumulation and decreased intracellular ATP levels. Using the inhibitor of NCXmito,
CGP37157, they found increased mitochondrial Ca2+ accumulation and restored ATP syn-
thesis [50]. Although these data are derived from children aged 0 to 5 years rather than PD
patients, they suggest that CGP-37157 could be a promising approach for addressing mito-
chondrial dysfunction in PD [50]. In agreement with this, our study showed that exposure
to α-syn plus rotenone on cortisol striatal slices of WT mice and SH-SY5Y cells promotes
mitochondrial Ca2+ accumulation, which is prevented by either CGP-37157 or the silencing
of NCX1 expression, thereby limiting mitochondrial Ca2+ uptake [71]. Other studies based
on genetic mutations of PD have shown interesting evidence to support the crucial role of
mitochondrial NCX and NCLX. It was demonstrated that, under physiological conditions,
PINK1 controls Ca2+ efflux from the mitochondria through the mitochondrial NCX, while
PINK1 deficiency leads to mitochondrial Ca2+ accumulation, ROS overproduction, and
impaired respiration [107,108]. Consistent with these studies, it has been observed that in a
PD model based on PINK1 knockout, the activity of NCLX is strongly compromised, lead-
ing to reduced mitochondrial Ca2+ efflux [109]. Interestingly, the activation of the protein
kinase A (PKA) pathway fully restores NCLX function by phosphorylating serine 258, a
potential regulatory site on NCLX. Of note, a constantly active phosphomimetic variant
of NCLX prevents mitochondrial Ca2+ overload and depolarization in PINK1-deficient
neurons, thereby promoting neuronal survival [109]. Accordingly, in another PD model
based on LRKK2 deficiency, it was found that the deletion, inhibition, and mutations of
LRRK2 impaired mitochondrial Ca2+ extrusion through NCLX, which, in turn, reduces
the threshold for mitochondrial permeability transition pore opening and increases cell
death. This effect can be mitigated by upregulating NCLX through either a direct or indirect
cAMP/PKA-dependent mechanism [110]. These findings underscore the essential role
of both NCX and NCLX, operating on the mitochondrial membrane, in regulating Ca2+

ion’s homeostasis in PD by extruding Ca2+ from mitochondria. Therefore, they represent
promising therapeutic targets and warrant further investigation.

4.2. Ca2+ Storage in the ER

The ER performs several crucial roles, including protein synthesis, ensuring protein
quality control, maintaining Ca2+ balance, and participating in lipid and carbohydrate
metabolism [111,112].

The ER network is extensively interconnected with many organelles, including mitochon-
dria, lysosomes, and other organelles, through Ca2+-dependent pathways [21,87,113–121].
Three types of proteins are highly expressed in the ER and play distinct roles in con-
trolling Ca2+ homeostasis: IP3R and RyR are Ca2+ release channels that transport Ca2+

from the ER lumen to the cytoplasm, contributing to cellular Ca2+ signaling; ER-resident
Ca2+-binding proteins determine the ER’s Ca2+ buffering capacity; and Ca2+-ATPase from
the Sarco(endo)plasmic Reticulum (SERCA) transports cytosolic Ca2+ into the ER lumen.



Cells 2024, 13, 1301 9 of 20

SERCA isoforms participate in various Ca2+ signaling mechanisms, including excitation–
contraction coupling, excitation–secretion coupling, gene transcription, and apoptosis
due to elevated cytosolic Ca2+ levels. Both Ca2+ release channels and SERCA pumps are
sensitive to changes in cytosolic and ER luminal Ca2+ levels, as well as ROS [122]. The
homeostasis of the ER can be disrupted by various conditions, such as Ca2+ depletion from
its lumen and oxidative stress. Increasing evidence suggests that alterations in the ER–
mitochondrial network may significantly contribute to the development of PD [123–125].
Indeed, alterations in ER–mitochondria communication, combined with abnormal protein
degradation, can contribute to the pathophysiology of PD [124–126].

Given the essential role of ER in cellular proteostasis—handling protein production,
delivery, and degradation [127]—disruptions in ER–mitochondria interactions have harm-
ful effects on dopaminergic neurons [128,129]. Indeed, changes in Ca2+ content within the
ER can disrupt protein folding processes that rely on Ca2+ as a cofactor. This leads to the
accumulation of unfolded proteins, causing ER stress and triggering an unfolded protein
response (UPR). Disturbances in protein folding, such as α-syn in PD, the disruption of
cytosolic Ca2+ homeostasis, issues in protein biosynthesis, alterations in Ca2+-mediated
signaling pathways, and the impairment of other organelle functions highly dependent on
ER interactions are major factors contributing to neurodegenerative diseases [127,130].

This is particularly evident in autosomal recessive or dominant familial PD involving
proteins encoded by specific genes, including SNCA, PARKN, DJ-1, PINK1, ubiquitin
carboxyl-terminal hydrolase-1 (UCHL-1), LRRK2, phospholipase A2G6 (PLA2G6), and
ATP13A2 [131–136]. Interestingly, a structural and functional defect of the ER–mitochondria
contact interface has been observed in iPSC-derived neurons from both patients with
PARK2 mutations and PARK2 KO mice [126]. Given the role of Parkin in regulating
communication between the ER and mitochondria, this could be particularly significant
for dopaminergic neurons in the SNpc, which are known to be highly susceptible to
disturbances in Ca2+ regulation.

4.3. Ca2+ Storage in the Lysosomes

Lysosomes are small acidic organelles within intracellular compartments that degrade
proteins, lipids, nucleic acids, and pathogens [137]. Traditionally recognized for their
catabolic functions, recent research has revealed that lysosomes also serve as important
Ca2+ storage compartments. They play a significant role in regulating global intracellular Ca2+

homeostasis, which is crucial for both physiological and pathological conditions [137–139].
Moreover, lysosomes continuously communicate and exchange ions with the main intracel-
lular Ca2+ stores, particularly the ER and mitochondria [28]. Defects in the management
and release of lysosomal Ca2+ have been recognized as primary causes of lysosomal stor-
age disorders (LSDs), which play a significant role in neurodegenerative diseases. These
disorders typically stem from malfunctions in essential components of lysosomal Ca2+

regulation, leading to Ca2+ imbalance. In particular, research indicates a vital role in PD for
genes such as GBA1, which encodes the lysosomal enzyme glucocerebrosidase, as well as
LRRK2 and ATP13A2, both of which are associated with disturbances in lysosomal Ca2+

homeostasis [140–142].
Moreover, in the neurodegenerative processes associated with PD, lysosomal Ca2+

dysfunction impairs autophagy. The mucolipin TRP channel 1 (TRPML1), also known
as mucolipin-1, is a cation-permeable channel on lysosomal membranes, and its activ-
ity is crucial for autophagy regulation [28,143]. This channel is extensively found in the
brain and various other tissues, where it significantly contributes to lysosomal storage,
signal transduction, membrane transport, and acidic balance [144]. Research has demon-
strated that enhancing lysosomal Ca2+ activity can clear α-syn buildup and safeguard
human dopaminergic neurons carrying a mutation in the ATP13A2 gene (also known as
PARK9) [142]. PARK9 encodes a lysosomal-type 5 P-type ATPase crucial for maintaining
cation homeostasis [145,146]. The dysfunction of PARK9 results in impaired lysosomal
function [147,148]. Interestingly, elevated TRPML1 levels have been shown to clear dam-
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aged mitochondria and eliminate excess ROS, thereby reducing neuronal toxicity [149,150].
Transcription factor EB (TFEB) controls the formation and exocytosis of lysosomes by
triggering the release of endolysosomal Ca2+ via TRPML1 channels [151,152]; it has also
been observed to be involved in preventing cell death in PD models [28,153–156]. Notably,
in rats expressing α-syn, the overexpression of TFEB has been observed to protect against
neurodegeneration by reducing α-syn oligomers and preserving lysosomal function [153].
Furthermore, boosting β-glucocerebrosidase activity—the lysosomal hydroxylase encoded
by the GBA1 gene, the mutated form of which causes Gaucher’s disease, a lysosomal
storage disorder [157]—has been demonstrated to reduce α-syn accumulation and mitigate
dysfunction in lysosomal, mitochondrial, and neuronal compartments [140,158]. Therefore,
impaired autophagy can worsen disease symptoms, indicating that targeting autophagy
might be a promising therapeutic strategy for preventing and treating neurodegeneration
associated with PD.

In the PD state (right panel), the regulation of Ca2+ homeostasis is strongly com-
promised, characterized by altered activity of these channels and exchangers, leading to
increased intracellular Ca2+ levels and contributing to neuronal dysfunction and degenera-
tion. NCX in the plasma membrane and in mitochondria becomes less efficient, impairing
Ca2+ export and leading to Ca2+ overload. NCLX and the MCU in the mitochondria are
dysregulated, resulting in impaired mitochondrial Ca2+ uptake and release, which com-
promises mitochondrial function. The SERCA shows reduced activity, decreasing Ca2+

reuptake into the ER and leading to the depletion of ER Ca2+ stores. Ins(1,4,5)P3R and RyR
in the ER exhibit abnormal activity, causing excessive Ca2+ release from the ER. TRPML1 in
the lysosomes is dysregulated, affecting lysosomal Ca2+ release and trafficking. All of these
dysfunctional components contribute to the disruption of Ca2+ homeostasis, exacerbating
neuronal damage.

5. Neuroinflammation and NCX: Interplay in PD

Microglia, the resident immune cells of the CNS, are part of the primary innate im-
mune cell population [159,160] and act as the first line of defense against various insults.
Under normal conditions, microglial cells actively monitor their surrounding environ-
ment, extending their branching processes and changing their morphology in response
to chemical signals [161]. This includes increasing the size of their soma and retracting
their thin cytoplasmic processes [162]. Microglial processes can also establish direct contact
with neuronal synapses [163], which plays a crucial role in the formation and disruption
of synapses, in the synchronization of neuronal networks in both adult and developing
brains [164–166], and in the removal of apoptotic cells. Additionally, microglia can release
neurotrophic factors and hormones into the extracellular space [167].

Given the essential role of microglial cells in brain function, pathological changes in
these cells are understandably linked to the accelerated progression of various neurological
diseases, including PD [168]. While microglial activation generally protects the brain,
persistent or chronic activation can lead to permanent brain injury [169] and is considered
a common cause of tissue damage in PD [170]. In most neurodegenerative disorders,
microglia have been observed to increase their proliferation rate, likely due to their ability
to secrete a variety of cytokines and chemokines. Notably, various Toll-like receptors (TLRs
1-9) are constitutively expressed in rodent and human microglial cells [171,172]. These
receptors detect pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) [173,174] and respond promptly to these insults. The activa-
tion of downstream TLR pathways leads to the production of pro-inflammatory cytokines
(such as TNF-α, IL-1β, IL-6) or type I interferons (IFN-I), which induces the release of
IFN-β and chemokines. Furthermore, chronically activated microglia release ROS and
excitotoxins, depending on the properties of the microenvironment [175].

The majority of PD research has primarily focused on understanding the pathological
processes occurring within neurons, often overlooking the crucial role of astrocyte interac-
tions with neurons and other CNS cells in neurodegeneration. Consequently, approaches



Cells 2024, 13, 1301 11 of 20

centered solely on neurons have not yielded successful neuroprotective treatments for
PD. It has been observed that, in PD, microglia become activated in response to various
stimuli, including the accumulation of misfolded proteins like α-syn and neuronal dam-
age. This activation triggers a neuroinflammatory response characterized by the release
of pro-inflammatory cytokines, chemokines, and ROS. The chronic activation of microglia
in PD is thought to contribute to the progressive degeneration of dopaminergic neurons
in the SNc [176,177]. However, this persistent activation triggers a complex cascade of
events wherein activated microglia exhibit a dual role. On the one hand, they engage
in phagocytosis, clearing damaged neurons and protein aggregates; on the other hand,
they release harmful substances that exacerbate neuronal damage [178–180]. Moreover,
the activated state of microglia can instigate the recruitment of peripheral immune cells,
including T lymphocytes, into the brain, thereby intensifying the inflammatory response
within the CNS. In a study conducted by Rogers et al., activated microglia surrounding
damaged or dead pigmented DA neurons were observed in the SNpc of PD patients [181].
Furthermore, postmortem analysis of PD samples revealed elevated levels of inflammatory
mediators in both the striatum and SNpc, underscoring the widespread inflammatory
processes associated with the disease. However, the role of glia in PD extends far beyond
inflammation. It has been recently demonstrated that astrocytes derived from PD patients
exhibit several characteristic features of the disease [182–184]. These changes have signifi-
cant consequences, including bioenergetic alterations, Ca2+ dysregulation, and heightened
cytokine release in response to inflammatory triggers [184]. In 2012, Barkholt and col-
leagues revealed that in monkeys expressing the A53T variant of α-syn, the degeneration of
dopaminergic neurons is linked to chronic microgliosis in the midbrain [185]. Considering
the essential role of astrocytes in regulating blood–brain barrier permeability, the secretion
of neurotrophic molecules, and synaptic transmission, it has been reported that α-syn can
induce the activation of microglia, which, in turn, convert resting astrocytes into neurotoxic-
reactive astrocytes. This conversion negatively affects the balance of cytokines, resulting in
DA neuron loss [186,187]. In agreement with these results, in an in vitro PD model based
on astrocytic-neuronal co-cultures, it was observed that astrocytes derived from iPSCs
of patients with LRRK2 mutations co-cultured with healthy DA neurons showed α-syn
accumulation along with a reduced number of DA neurons. These results suggest that astro-
cytes may influence α-syn pathology, playing a crucial role in the survival of dopaminergic
neurons in PD [188]. In a study conducted by Lev and colleagues [189], DJ-1 knockout mice
exhibited increased neuronal vulnerability to 6-hydroxydopamine toxicity. The researchers
found that astrocytes deficient in DJ-1 had compromised antioxidant mechanisms, which
impaired their ability to protect neurons from 6-hydroxydopamine-induced damage. This
finding highlights an altered interaction between astrocytes and neurons, underscoring the
crucial role of DJ-1 in maintaining neuronal viability through astrocytic support.

Dysfunctional mitochondria within microglia can promote a pro-inflammatory phe-
notype, thereby worsening neurodegeneration [190,191]. Supporting this notion, recent
research has highlighted that astrogliopathy significantly influences the development and
progression of PD [192,193]. Specifically, astrocytes derived from iPSCs obtained from
PD patients carrying a mutation in the LRRK2 gene exhibit fragmented mitochondrial
structures, diminished cell sizes, disrupted Ca2+ signaling, and metabolic dysfunction [192].

Considering the close morphological and functional interplay between microglia,
astrocytes, and neurons, alterations in Ca2+ signals within astrocytic processes could
disrupt neuronal function and potentially lead to the development of neurodegenerative
processes. Interestingly, different studies pointed out that abnormal dopamine-mediated
Ca2+ signals in astrocytic processes represent a potential mechanism by which EAAT2
downregulation occurs, leading to elevated extracellular glutamate levels and subsequent
neurodegeneration [194–199].

The involvement of neuroinflammation in PD has led to the exploration of potential
therapeutic targets, with NCX emerging as a significant candidate. Considering that this
exchanger has been implicated in the regulation of neuroinflammation and its modulation
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affects neuronal viability, NCX has gained considerable attention as a potential target in
terms of PD therapy. In MPTP-induced dopaminergic neurotoxicity in mice, the upregulation
of NCX activity has been observed to be stimulated by nitric oxide production and microglial
activation, resulting in intracellular Ca2+ elevation and ROS generation [80]. In agreement
with this, the co-expression of NCX1 with IBA-1 positive cells has been observed in the
striatum of A53T mice, supporting the hypothesis of a potential association between NCX and
microgliosis in PD [81]. Moreover, early-stage mitochondrial dysfunction in mesencephalic
neurons of A53T-α-syn mice contributes to neuronal degeneration and activates microglial
cells in the striatum. This microglial activation leads to the release of pro-inflammatory
factors in the striatum, resulting in further glial activation and the progressive impairment of
dopaminergic neuronal plasticity during the late stages of the disease [48].

Altogether, these findings emphasize the intricate role of glia cells in PD and how the
glia-neuronal interplay can affect the pathogenesis of PD. In particular, we highlighted
the contribution of NCX in this context, suggesting that targeting microglial activation
and associated inflammatory pathways could be a promising therapeutic approach for
mitigating neuronal degeneration and neuroinflammation in PD.

6. Conclusions

PD is a multifactorial neurodegenerative disorder that affects millions of individuals
worldwide, and, unfortunately, the exact mechanisms that regulate the onset of the disease
are still unclear. Ca2+ signaling plays an important role in many aspects of neuronal function,
and it is widely demonstrated that the dysregulation of Ca2+ homeostasis is a key feature
of PD pathogenesis, strongly affecting neuronal viability and making it an important thera-
peutic target to study in terms of counteracting the progression of the pathology. The data
reviewed here highlight the essential role of both plasma membrane and mitochondrial NCX
in controlling Ca2+ homeostasis, underscoring the link between NCX, neurodegenerative
processes, and neuroinflammation in PD. Due to the fact that neurons are highly vulnerable
to Ca2+ perturbation and astrocytes play a regulatory role in neuronal and synaptic phys-
iology, it is crucial to understand how Ca2+ signaling influences PD pathogenesis and the
role of NCX in the progression of PD. Although several Ca2+ channels, transporters, and
Ca2+-binding proteins are compromised in PD, the significant impact of NCX modulation
in PD pathology suggests that regulating its activity may provide a promising avenue for
in vivo experiments aimed at developing new therapeutic strategies. However, further de-
tailed studies are necessary to elucidate the intricate relationship between the cross-talk of
Ca2+ homeostasis, NCX, neuroinflammation, and Ca2+-storing organelles in PD (Figure 2).
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aggregation, and neuroinflammation represent the key neuropathological features. NCX plays a
crucial role as it becomes dysregulated and contributes to Ca2+ overload, exacerbating mitochon-
drial damage and neuronal cell death. Additionally, the accumulation of misfolded α-syn proteins
and heightened oxidative stress further amplify both neurodegenerative and neuroinflammatory
processes. DA = dopamine; BBB = blood–brain barrier; α-syn = α-synuclein; ROS = reactive oxygen
species; NCX = Na+/Ca2+ exchanger.
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