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Abstract

Several lines of evidence suggest that targeting dysfunctional calcium (Ca*)-storing organelles and their defective
connections may represent a promising therapeutic strategy counteracting neurodegeneration. Dysfunction

in these compartments converges to promote oxidative and endoplasmic reticulum stress, energy failure,
autophagy blockade or hyperactivation, and progressive neurodegeneration. Within the intracellular scenario,
several dysfunctional organelles have been characterized in terms of their capability to hijack Ca’ signaling during
neurodegeneration to deadly impact on neuronal tasks in amyotrophic lateral sclerosis, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, brain ischemia, and neonatal hypoxic injury. This review has focused

on the endoplasmic reticulum, mitochondria, and lysosomes, as well as their functional interconnection able

to maintain the physiological processes such as lysosomal-dependent autophagy and function, lipid trafficking,
and protein quality control. Clinically, looking ahead from the already existing therapies, drugs that enhance
mitochondrial Ca®* efflux or modulate mitochondrial Ca** uniporter regulation at mitochondria-associated
membranes-endoplasmic reticulum sites represent innovative opportunities for next-generation strategies aimed
at restoring mitochondrial homeostasis and protecting dopaminergic neurons in Parkinson’s disease. Furthermore,
functional stabilization of the lysosomal channel transient receptor potential mucolipin 1 by the lipid-based
formulation of PI(3,5)P, may extend the lifespan of amyotrophic lateral sclerosis mice by stimulating the nuclear
translocation of the master regulator of autophagy activated by lysosomal Ca** release, namely transcription
factor EB. Moreover, dysfunction of lysosomal-dependent autophagy can cause mutant huntingtin accumulation
in Huntington'’s disease through the repression of transcription factor EB and lysophagy induction. Collectively, this
growing focus may highlight a shift toward recognizing mitochondria, lysosomes, and endoplasmic reticulum, as
well as their ionic machinery and interconnections, as a unifying strategy to maintain neuronal viability and mitigate

the neurodegeneration progression in amyotrophic lateral sclerosis, Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, lysosomal storage diseases, brain ischemia, and neonatal hypoxic insult.
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Introduction

Intracellular organelles including endoplasmic reticulum
(ER), mitochondria, lysosomes and nucleus represent
the most important calcium (Ca”) stores within the cells.
These various and tiny components are equipped with a
proper ionic machinery comprising channels, pumps and
transporters handling Ca’*, one of the main regulators
of cell proliferation, migration, muscle contraction
and relaxation, endocrine regulation of metabolism,
learning and memory, neuronal activity and plasticity
and, finally, cell death. This machinery is expressed both
in excitatory and non-excitatory cells (Tedeschi et al.,
2021). It is increasingly evident that those cell functions
regulated by Ca’ respond either to the specific origin
of this ion or to its concentration. This is to say that cell
functions are controlled by the route of Ca’* released
and not only by the local level raised. The impact of the
original site of Ca™* influx or release is especially known
for those processes regulated by the store-operated Ca”*
entry (SOCE) mediated by the interaction between the
ER Ca’* sensor stromal interaction molecule (STIM) and
the plasma membrane channel ORAI culminating in ER
Ca™ refilling (Korshunov and Prakriya, 2025). Of interest,
modifications of SOCE have been associated with several
forms of neurodegeneration, such as Alzheimer’s disease
(AD), Huntington’s disease (HD) and other dysfunction of
the nervous system including chronic pain (Popugaeva et
al., 2015; Secondo et al., 2018; Wegierski and Kuznicki,
2018; Zhang and Hu, 2020) as well as focal brain ischemia
(Secondo et al., 2019; La Russa et al., 2020). Furthermore,
lysosomal Ca’* flowing through transient receptor

potential mucolipin 1 (TRPML1) lysosomal channel by
activating the phosphatase calcineurin may induce the
nuclear translocation of the transcription factor EB (TFEB),
the master regulator of lysosomal function and autophagy
(Sardiello et al., 2009; Settembre et al., 2011; Medina
et al., 2015; Di Paola et al., 2018). Of interest, defective
autophagy is now considered the causative mechanism
of several forms of neurodegeneration (Kyseliov et al.,
2007; Settembre et al., 2008a; Nixon and Rubinsztein,
2024; Tedeschi et al., 2025a), thus definitively establishing
that aberrant lysosomal Ca®* homeostasis/TFEB signaling
may trigger the neurodegenerative process via autophagy
dysfunction.

From the functional point of view, organelles respond
dynamically to various physiological stimuli in an
orchestrated manner, being strictly interconnected
(Figure 1). Accordingly, these events require a proper
crosstalk among organelles through the close interactions
termed “organelle contact sites.” Such contacts are
mediated by “tethering proteins” working as scaffolds
to exchange Ca”, cholesterol, and amino acids, without
the occurrence of membrane fusion events (Cohen et al.,
2018). For instance, the contact sites between the ER and
mitochondria called mitochondria-associated membranes
(MAMs) have attracted considerable attention since
1990 for their ability to allow a constant interaction
ensuring cell viability (Vance, 1990; Sassano et al., 2022).
A tripartite complex formed by the mitochondrial voltage-
dependent anion channel 1 (VDAC1), the ER channel
inositol trisphosphate receptor (IP,R), and glucose-
regulated protein 75 (GRP75) chaperone was described

(Szabadkai et al., 2006). This complex controls lipid
trafficking and Ca”* flux in physiology and disease (Vance,
2020; Loncke et al., 2021; Wilson and Metzakopian, 2021;
Markovinovic et al., 2022; Sassano et al., 2022; de Ridder
et al., 2023; Diokmetzidou and Scorrano, 2025; Liu et
al., 2025). Of note, ER-mitochondrial communication is
“bidirectional,” and, therefore, altered mitochondrial
functions, including oxidative phosphorylation, may affect
MAMs and, vice versa, altered MAMs affect oxidative
phosphorylation (Morcillo et al., 2024).

Mitochondria and lysosomes interactions through
mitochondria-lysosomes contact sites are also implicated
in several key processes such as mitochondrial fission
and vesicular transfer via mitochondria-derived vesicles
enriched in PINK1 and Parkin (Sugiura et al., 2014;
McLelland et al., 2016; Rizzollo and Agostinis, 2025).

A number of studies demonstrated that ER-mitochondria
signaling is perturbed during the neurodegenerative
process; this event can be considered as a driving
mechanism in the onset and progression of most diseases,
as occurs in AD, Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), and frontotemporal dementia (Blair
et al., 2025).

Despite the plasticity of mitochondria/ER contacts sites in
response to several stimuli (Honscher et al., 2014; Sood
et al.,, 2014; Theurey et al., 2016; Boutant et al., 2017;
Benador et al., 2018; Young et al., 2018) and in response
to Ca”* dynamics (Yi et al., 2004), the interaction among
their tethering proteins- such as the ER protein VAPB and
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the outer mitochondrial membrane protein PTPIP51- can
be disrupted by the neurodegenerative process (Figure
2). Furthermore, neurodegenerative diseases display
signs of mitochondrial and lysosomal defects (Wilson
and Metzakopian, 2021; Cisneros et al., 2022; Fan and
Tan, 2024; Makio and Simmen, 2024; Morcillo et al.,
2024; Blair et al., 2025; Rizzollo and Agostinis, 2025). In
this context, the impairment in mitochondria-lysosomes
contact sites function has been associated not exclusively
with neurodegenerative disorders but also with lysosomal
storage diseases (LSDs), characterized by lysosomal
dysfunction. Of note, most LSDs, including Gaucher
disease, display mitochondrial dysfunction (Osellame et
al., 2013). Therefore, the mitochondria—lysosomes axis
has been considered as a promising target to develop
new pharmacological treatments in those pathologies,
showing defects in organellar Ca”* homeostasis.

Of course, it is plausible to have some concerns on the
putative pharmacological modulation of organellar Ca™
homeostasis. Risks include off-target Ca* perturbations
linked to cardiac and central nervous system (CNS)
effects, such as arrhythmias, excitotoxicity, immune
effects of lysosomal modulation, and systemic metabolic
consequences. Therefore, a comprehensive understanding
of how these organelle-specific pathways interact and
converge in each neurodegenerative disease is, therefore,
crucial, as future strategies may need to target the entire
cellular stress network rather than isolated molecular
defects to effectively halt or slow neurodegeneration.

Search Strategy

In this study, a validated electronic literature with high
transparent key words (e.g., calcium organelles, calcium
homeostasis and neurodegeneration) and inclusion
criteria (new evidence published on international journals
with high impact) have been used. All years were included
in the search.

Endoplasmic Reticulum,
Mitochondria, and
Mitochondria-Associated
Membranes

ER, the most efficient Ca’*-storing organelle, is involved in
the quality control of proteins and lipids as well as ionic
homeostasis modulation. In neuronal cells, ER is divided
into somatic and axodendritic compartments, by which
it controls several relevant functions. As a Ca** store ER
contains, in its lumen, a high level of Ca’ that can be
5000 times greater than in the cytosol. Physiologically, it
is necessary for synaptic signaling, Ca’" waves promoting
gene transcription, and correct folding of proteins.
Efficient control of ER Ca’ level is due to the coordinated
action of a very complex machinery composed of one
Ca’*-ATPase named sarco/endoplasmic reticulum Ca’*-
ATPase (SERCA) pump-deputed to continuous refilling of
the ion- two types of ER membrane Ca’* channels named
IP3R and ryanodine receptors both involved in ER Ca®
release and a transmembrane protein called stromal
interaction molecule 1 (STIM1) sensing luminal Ca*
concentrations and, therefore, presiding the occurrence
of Ca’ movements inside and outside the organelle. In
this respect, STIM1 directly interacts with several ionic
proteins located in different compartments: at the plasma
membrane, lysosomal, and mitochondrial levels (Tedeschi
et al., 2021). For instance, STIM1 plays a pivotal role in
SOCE through the physical and functional interaction with
the plasma membrane channel ORAL. It is noteworthy that
STIM1-rich regions of the ER may preferentially interact
with domains of the plasma membrane that are rich in
sphingolipids and cholesterol, the so-called lipid rafts (Pani
etal.,, 2008).

Besides SOCE regulating ER Ca” influx, ER Ca’* fluxes are
also due to the Ca*'-induced Ca’ release phenomenon
(Verkhratsky and Shmigol, 1996; Majewski and Kuznicki,
2015). Several forms of Ca’*-induced Ca’' release
have been described as a consequence of a functional
interaction among organelles. Accordingly, Ca**-induced
Ca’* release could be due not only to the functional
interplay between mitochondria and ER (Ichas et al.,
1997), but also to the interaction between ER and
lysosomes (Kinnear et al., 2004).

It is noteworthy that ER stress represents one of the most
important detrimental mechanisms shared by several
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Figure 1 | Schematic representation of inter-organelle contact sites in neurons and the relative effects on cell fate.
Schematic representation of different interacting proteins involved in multiple contact sites among organelles in
neurons. Effect on cell fate due to a Ca** transfer process among organelles during neurodegeneration. ER: Endoplasmic
reticulum; GRP75: glucose regulatory protein 75; IPsR: inositol trisphosphate receptor; SIGMAR1: sigma-1 receptor;
STIM1: stromal interaction molecule 1; TRPML1: transient receptor potential mucolipin subfamily 1; VDAC: voltage-
dependent anion-selective channel.
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under physiological conditions and in neurodegenerative diseases.

Under physiological conditions, the endoplasmic reticulum (ER), mitochondria, and lysosomes establish multiple contact
sites, involving different interacting proteins (i.e., IP;R/SIGMA1-R/GRP75/VDAC at mitochondria-associated membranes
[MAMs]; STIM1/TRPML1 at ER/lysosomes contact sites; VDAC/TRPML1 at mitochondria/lysosomes contact sites). These
interactions are aimed at maintaining a proper intracellular Ca’ homeostasis (left). In neurodegenerative diseases,
disruption of the interactions among intracellular organelles leads to an impairment in intracellular Ca®* regulation,
resulting in a general cell dysfunction (right). ER: Endoplasmic reticulum; GRP75: glucose regulatory protein 75; IP;R:
inositol trisphosphate receptor; SIGMAR1: sigma-1 receptor; STIM1: stromal interaction molecule 1; TRPML1: transient
receptor potential mucolipin subfamily 1; VDAC: voltage-dependent anion-selective channel.

neurodegenerative diseases. ER stress is activated when
proteostasis is broken with an organellar accumulation
of misfolded and unfolded proteins. Afterward, ER stress

activates an adaptive unfolded protein response (UPR) to
restore proteostasis with epigenetic and transcriptional
events that can culminate in a detrimental process

NEURAL REGENERATION RESEARCH | Vol 21 | No. 11 | November 2026 | 5143



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

@

leading to cell death (Chen et al., 2023a). Conversely,
mitochondrial dysfunction (e.g., imbalance of energy
metabolism, mitochondrial dynamics, or abnormal
mitophagy) can lead to several pathological reactions
participating in the development of neurodegenerative
diseases.

Of note, in virtue of MAMs, ER stress coordinates several
other detrimental processes, including oxidative stress
and autophagy dysfunction (Han et al., 2013; Rashid et al.,
2015; Pereira et al., 2022). In the following paragraphs,
the most recent evidence on the involvement of ER,
mitochondria, and MAMs in specific neurodegenerative
diseases has been summarized, as well as the newest
therapeutic approaches. Of note, MAM dysfunction may
involve a plethora of altered mechanisms, including IP,R/
VDAC/mitochondrial Ca”* uniporter (MCU) malfunctional
gating, dysfunctional Ay, and local Ca™* buffering.

Amyotrophic lateral sclerosis

ER dysfunction characterized by Ca’* dysregulation and
persistent UPR activation has been recognized as a central
event in ALS pathogenesis (Saxena et al., 2009; Walker et
al., 2010; Petrozziello et al., 2017).

Very recently, a comprehensive bioinformatic study
explored the mechanisms associated with ER stress thus
identifying new potential ER-related biomarkers in ALS.
Using machine learning algorithms, at least 6 hub genes
involved in multiple ER stress-related pathways have
been identified. Once again, the prominent role of ER
dysfunction has been highlighted as a pathomechanism
of the disease, opening new routes for therapeutic
intervention (Wang et al., 2025a).

Conversely, modulating mitochondrial Ca®* homeostasis
through key channels such as the MCU, VDAC, and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (mPTP)
may offer a compelling strategy to preserve neuronal
viability and counteract the progressive mitochondrial
dysfunction in ALS (Israelson et al., 2010; Vi et al., 2011;
Yu et al., 2020). In this regard, MCU modulators are under
exploration as regulators of mitochondrial Ca®* influx.
Although not selective but useful as proof of concept,
compounds such as Ruthenium Red derivative Ru265
(Woods et al., 2019; Novorolsky et al., 2020), a cell-
permeable MCU inhibitor, and MCU-i11 (Di Marco et al.,
2020; Marta et al., 2021), a MICU1-dependent regulator,
have been demonstrated to stabilize mitochondria and
to provide neuroprotection in cellular and animal models
of ALS. Parallel approaches targeting mPTP have also
yielded encouraging results. The mPTP and cyclophilin D
inhibitors, such as cyclosporine A (Klivenyi et al., 1999;
Nguyen et al., 2011) and GNX-4728 (Martin et al., 2014),
have shown neuroprotective and survival-prolonging
effects in ALS mouse models. Beyond MCU and mPTP
regulation, VDAC-targeting approaches have also gained
attention due to their crucial role in metabolic regulation,
apoptotic Ca’ signaling, and interaction with mutant
SOD1 aggregates (Shteinfer-Kuzmine et al., 2022). Recent
data reported that structural alterations in VDAC are
linked to mitochondrial dysfunction in ALS motor neurons
(Pittala et al., 2022). Additionally, VDAC1 overexpression
has been observed to exert protective effects by
stabilizing the Complex I-Sirtuin3 axis (Magri et al., 2024).
Although no mitochondrial-specific therapeutics have yet
entered clinical trials, mitochondria represent a promising
area for drug development.

Moreover, in consideration of the aberrant organellar
signaling involving ER-mitochondria connections, an
innovative strategy in ALS therapy is directed against
MAMs disruption, a crucial mechanism regulating
the supply of Ca’* from the ER to mitochondria and
deteriorating along with the disease progression (Sakai
et al., 2021). For instance, the involvement of intrinsic
mitochondrial deficits as well as chronic ER stress in the
development of C9ORF72-linked pathology, accounting
for over 40% of all known familial and 10% of known
sporadic forms of ALS, has been well established (Pilotto
et al., 2025). Alleviating ER and mitochondrial defects
may rescue ALS motor neurons. Accordingly, the use of
the dietary flavanol Kaempferol, lacking evident toxicity,
enhances IP;R-VDAC1 interactions via the ER protein
GRP75, thus normalizing also mitochondrial functions
in ALS mice carrying C90RF72 pathology (Pilotto et al.,
2025). In the light of this approach and considering MAM-
localized and functioning proteins such as VAPB and
sigma-1 receptor (Sig-1R) whose mutations have been
involved in familial ALS pathogenesis, stimulation of Sig-
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1R may reduce aberrant ER Ca* release to the cytoplasm,
thus promoting mitochondrial function (Watanabe et al.,
2016; Gaja-Capdevila et al., 2021). This seems to occur
through an improvement of mitochondrial/intracellular
Ca”" signaling (Tagashira et al., 2023).

Alzheimer’s disease

AD is a major age-related form of dementia with signature
symptoms (e.g., gradual decline in memory, thinking,
reasoning, and behavior) that result from a progressive
deterioration of the brain (Wu and Fuh, 2025).

According to the mechanistic framework known as
the “calcium hypothesis”, the deposition of amyloid-B
(AB), hyperphosphorylation of tau protein, abnormal
synaptic plasticity, and apoptosis can be linked to
spatio-temporal disharmonies in the choreography of
intracellular Ca’ signals (Wang et al., 2025b). In AD, Ca™
signaling regulation is compromised at both the plasma
membrane and intracellular Ca® stores. In particular, at
least three major mechanisms have been characterized
in neurons. Toxic AP oligomers can insert themselves into
the plasma membrane and form Ca’* permeable channels
or disrupt membrane integrity (Huang et al., 2022).
AR and hyperphosphorylated tau can also upregulate
or overactivate voltage-gated calcium channels and
receptor-operated channels, including N-methyl-D-
aspartate receptors (NMDARs) and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (Schampel
and Kuerten, 2017; Fani et al., 2021; Huang et al., 2022),
thereby altering ER morphology and aggravating neuronal
vulnerability (Chami and Checler, 2020).

Furthermore, altered Ca” fluxes across the surface of
AD neurons, determined either by the loss of the plasma
membrane Ca’*-ATPase or by the reduced activity of
the sodium-calcium exchanger (NCX), contribute to
cytoplasmic Ca”* overload and/or to defective distribution
of Ca” to intracellular stores (Zaidi et al., 2018;
Pannaccione et al., 2020).

Finally, misfolded AR and tau induce ER stress, chronically
activating the UPR through Protein kinase RNA-like
endoplasmic reticulum kinase (PERK), inositol-requiring
enzyme-1 (IRE1), and transcription factor-6 (ATF6)
pathways (Hetz and Saxena, 2017). This leads to a pro-
apoptotic signaling via C/EBP homologous protein (CHOP)
and caspase-12 (Cornejo and Hetz, 2013).

Mitochondrial dysfunction is one of the earliest
pathological events in AD, detectable even before
extracellular AR deposition (Wang et al., 2020). AR
peptides accumulate within mitochondrial membranes,
interacting with AB-binding alcohol dehydrogenase
and cytochrome C oxidase, thereby impairing electron
transport chain function and increasing reactive oxygen
species (ROS) production (Lustbader et al., 2004; Manczak
et al., 2006).

Conversely, tau pathology also contributes to
mitochondrial impairment by disrupting axonal transport
and altering mitochondrial dynamics, leading to excessive
fission and impaired fusion (Manczak and Reddy, 2012;
Rai et al., 2020). The ROS overproduction damages
lipids, proteins, and nucleic acids, thereby amplifying
mitochondrial dysfunction. Moreover, oxidative stress
enhances B-secretase/BACE1 expression and tau
hyperphosphorylation through the activation of stress
kinases such as c-Jun N-terminal kinase and p38 mitogen-
activated protein kinase (Leuner et al., 2012; Onyango et
al., 2016). These processes establish a self-perpetuating
cycle in which mitochondrial dysfunction and oxidative
stress mutually exacerbate AR and tau pathology,
ultimately leading to neuronal loss.

Very recently, it has been proposed that altered ER
Ca’* signaling due to the MAM architecture may drive
mitochondria-mediated Ca®* dyshomeostasis and cellular
pathophysiology. Accordingly, increased ryanodine
receptor-dependent Ca’ release may cause mitochondrial
dysfunction through mitochondrial Ca** overload, thus
leading to a depolarized mitochondrial membrane
potential, increased oxidative stress, caspase-3-mediated
apoptosis, and dysfunctional mitophagy in induced
pluripotent stem cells (iPSC)-derived human neurons from
AD patients as well as in sporadic AD neurons (Mustaly-
Kalimi et al., 2025). Of interest, normalizing ryanodine
receptor-dependent Ca® signaling may rescue neurons
by restoring mitochondrial activity and delaying AD
progression (Mustaly-Kalimi et al., 2025).
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In this context, AB oligomers also disturb ER-mitochondria
contact sites, enhancing Ca’* transfer to mitochondria
and triggering permeability transition pore opening and
oxidative stress (Area-Gomez et al., 2012; Paillusson et al.,
2016). This pathological ER-mitochondria coupling acts as
a central hub linking protein misfolding to energy failure
and oxidative damage.

Parkinson’s disease

PD is a common neurodegenerative disorder characterized
by the progressive loss of dopaminergic neurons in
the substantia nigra pars compacta of the midbrain. A
specific pathological hallmark of PD is the intracellular
accumulation of misfolded a-synuclein protein, the
main component of the Lewy bodies. These pathological
alterations underlie not only motor symptoms, including
rigidity, bradykinesia, and postural instability, but also
non-motor manifestations, such as cognitive impairment
and neurofunctional decline (Choong and Mochizuki,
2022). Impaired Ca”* homeostasis has been suggested
as one of the main contributing factors to the onset and
the progression of the disease (Bastioli et al., 2024). In
healthy neurons, Ca”* ion fluxes between the extracellular
environment and the intracellular compartments,
including ER and mitochondria, are tightly regulated
(Dieterich et al., 2008; Mikhaylova et al., 2009; Bastioli
et al., 2024). In the context of PD, Ca’* homeostasis can
be altered by a-synuclein aggregation and mutations in
PD-associated genes (e.g., leucine-rich repeat kinase 2
[LRRK2], DJ-1, Parkin, and PINK1), impairing the crosstalk
between mitochondria and ER (Gémez-Suaga et al., 2018;
van der Vlag et al., 2020).

Among ER Ca’* machinery components, SERCA pump
has emerged as a potential target for the modulation
of Ca” homeostasis. The pharmacological activation of
SERCA may offer a safer and potentially more effective
strategy to promote cytosolic Ca’ clearance and mitigate
Ca” dysregulation in PD. The relationship between PD
pathophysiology and SERCA has been studied in PD
models based on DJ-1 deficiency (Solana-Manrique et al.,
2021), namely DJ-1B mutants flies and DJ-1-deficient SH-
SYS5Y neuron-like human cells. DJ mutations have been
related to PD though an increased oxidative stress, leading
to protein modification and altered Ca* handling involving
the ER, and a reduction of SERCA activity. In these models,
the quinoline-amide CDN1163 — acting as an allosteric
activator of SERCA through a direct binding to this protein-
rescued PD-related phenotypes, suggesting the relevant
role exerted by SERCA dysfunction in PD pathophysiology.
Conversely, in C. elegans models of PD, the inhibition of
SERCA pump activity with sca-1 RNA interference can
lead to beneficial effects. Although these findings are
conflicting, they underscore the importance of the SERCA
pump as a target that warrants further investigation
(Romero-Sanz et al., 2023). It has been shown that the
glucagon-like peptide-1 (GLP-1) analog liraglutide and the
dual GLP-1/glucose-dependent insulinotropic polypeptide
incretin analog exert a restorative effect in post-mitotic
dopaminergic-like neurons where UPR was induced
through the irreversible SERCA inhibitor thapsigargin
(Panagaki et al., 2023). The mechanisms proposed
include the restoration of glycolysis and oxidative
phosphorylation processes, induction of mitochondria
biogenesis, mitigation of the ectopic GRP78/binding
immunoglobulin protein (BiP) and CHOP expression, and
restoration of the protein levels of beclin-1, Atg3, Atg7,
and microtubule-associated protein 1 light chain 3 (LC3).
In this line, recent research has provided encouraging,
although not conclusive, evidence supporting the efficacy
of drugs targeting the incretin system, particularly GLP-
1 receptor agonists and their analogues, in ameliorating
motor symptoms of PD (Meissner et al., 2024). Preclinical
and clinical investigations have explored the impact
of the GLP-1 receptor agonist exenatide on addiction
disorders, indicating that this pharmacological agent may
enhance synaptic dopamine levels, which could provide
symptomatic relief in PD (Klausen et al., 2022; Zhu et
al., 2022a). Moreover, mitochondrial dysfunction has
emerged as a central feature in the pathophysiology of
PD (Park et al., 2018). Recent genetic models, including
selective loss of the NDUFS2 subunit of complex I,
provide causal evidence linking complex | deficiency to
dopaminergic neurodegeneration (Mizuno et al., 1989;
Schapira et al., 1990; Keeney et al., 2006; Gonzélez-
Rodriguez et al., 2021). Additionally, mutations in PD-
associated genes (e.g., SNCA, LRRK2, Parkin, PINK1, DJ-
1, and ATP13A2) converge on mitochondrial failure. In
PD, particularly in the presence of PINK1 deficiency or
GBA mutations, NCLX dysfunction compromises Ca**
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efflux, precipitating early mitochondrial failure (Kostic
et al., 2015; Beccano-Kelly et al., 2023). In parallel,
NCX1 and NCX3 activity at the plasma membrane and
mitochondrial level may regulate ionic Ca’* balance,
attenuating a-synuclein- and rotenone-induced toxicity
in striatal brain slices and differentiated SH-SYSY cells, as
well as mitochondrial dysfunction and neuronal death
in a-synA53T neurons from midbrain (Sirabella et al.,
2018; Bastioli et al., 2019). Moreover, endogenous PINK1
and beclin-1 were both found to relocalize at MAMs,
where they promoted the formation of ER-mitochondria
contact sites and autophagosome precursors. This event
regulates mitochondrial Ca’* and dynamics, exerting
neuroprotection (Gelmetti et al., 2017). Recently,
the relevance of MAMs dysfunction has been further
demonstrated since the distance between ER and
mitochondria has been found significantly reduced in
human iPSC-derived astrocytes from PD patients, thus
decreasing, detrimentally, mitochondrial Ca’" uptake
(Dematteis et al., 2024).

Cerebral ischemia

Cerebral ischemia becomes manifest when cerebral
blood flow declines below the critical threshold required
to sustain neuronal energy metabolism, precipitating in
a rapid adenosine triphosphate (ATP) depletion, ionic
dyshomeostasis, glutamate-mediated excitotoxicity,
mitochondrial dysfunction, and overproduction of
ROS, and ultimately engaging regulated cell death
pathways such as necrosis, apoptosis, ferroptosis, and
autophagy-dependent cell death (Belov Kirdajova et al.,
2020). Restoration of the blood flow, while essential for
tissue salvage, paradoxically exacerbates cellular injury
through ischemia/reperfusion mechanisms involving
excessive ROS and reactive nitrogen species, blood—brain
barrier disruption, microvascular obstruction, sterile
neuroinflammation and excessive autophagy (Liu and
Levine, 2015; Liu et al., 2024; Yang et al., 2025).

Ca” dyshomeostasis is a critical driver of ischemic brain
injury. Excessive glutamate release promotes Ca”" influx
through NMDA receptors, P2X7 channels, and voltage-
gated calcium channels (Zong et al., 2022). At the same
time, ATP depletion compromises Ca’* extrusion and
sequestration systems such as the plasma membrane Ca®'-
ATPase, NCX, and SERCA, further amplifying cytosolic and
organellar Ca?* dysfunction (Boscia et al., 2013; Rahi and
Kaundal, 2025). In this scenario, Ca’* leak from ER plays
an essential role in determining neuron demise in stroke
(Sirabella et al., 2009; Sisalli et al., 2014). Accordingly,
CDN1163, a SERCA activator, has been shown to have
promising effects in preclinical studies restoring ER Ca**
levels (Rahi and Kaundal, 2025). In parallel, dysregulation
of SOCE signaling via STIM1 and ORAI1 interaction
worsens ischemic neuronal damage, promoting ER Ca”*
leak and maladaptive autophagy (Secondo et al., 2019;
La Russa et al., 2020; Zhang et al., 2023b). Of course, this
imbalance destabilizes not only ER inducing ER stress
and ER—-mitochondria uncoupling, but also mitochondria
determining mPTP opening and ROS generation. As a
proof of concept, stating the relevance of ER stress, the
pharmacological stimulation of ATF6, the transcription
factor initiating protective UPR pathway able to restore
ER function, may induce neuroprotection in cardiac
arrest—induced ischemia/reperfusion (Yuan et al., 2022).
Likewise, selective neuronal ATF6 activation in knock-
in mice subjected to permanent middle cerebral artery
occlusion yielded long-term neuroprotection, smaller
infarcts, and reduced neuroinflammation (Li et al., 2022).
Of interest, ischemia/reperfusion studies revealed that
microglial activation is tightly controlled by the ER stress—
autophagy axis; inhibition of protein tyrosine phosphatase
1B (PTP1B) suppressed PERK-dependent ER stress and
maladaptive autophagy in microglia, thereby limiting pro-
inflammatory cytokines release and neuronal damage (Zhu
et al., 2021). Overall, ER stress pathways represent central
modulators in ischemic injury, with STIM1/ORAI1, ATF6,
and PERK signaling as promising therapeutic targets.

Mitochondria are central effectors of neuronal death
in cerebral ischemia, functioning as both sensors and
amplifiers of excitotoxic and oxidative signals. Excessive
Ca”* uptake through the MCU triggers ROS overproduction
and ferroptosis, whereas pharmacological MCU inhibition
using Ru265 may preserve respiration, reduces calpain
activation, and attenuates ischemic injury (Marmolejo-
Garza et al., 2023; Zong et al.,, 2024). It is relevant that
ischemic stroke compromises mitochondrial membrane
integrity and allows mitochondrial components to

escape through permeabilization pathways (Bonora
et al., 2022). Consequently, realizing dysfunctional
mitochondrial fragments by injured neurons may lead
to neuroinflammatory cascades via tunneling nanotubes
formed between neurons and astrocytes (Gao et al.,
2022). With this strategy, astrocytes search to help
injured neurons transferring functional mitochondria by
extracellular vesicles-mediated passage (Hayakawa et al.,
2016; Borcherding and Brestoff, 2023).

Neonatal hypoxic—ischemic brain injury

Neonatal hypoxic-ischemic brain injury (NBHI) is a leading
cause of acute brain injury in newborns and is associated
with long-term neurological sequelae, including motor
deficits, epilepsy, and cognitive impairment (Johnson et
al., 2022). The hypoxic—ischemic insult initiates a
pathological cascade beginning with primary energy
failure, rapid ATP depletion, ionic disequilibrium,
lactate accumulation, followed by glutamate-mediated
excitotoxicity, oxidative stress, neuroinflammation, and
activation of multiple regulated cell death pathways (Wu
et al., 2024). Several studies demonstrate that a pivotal
role in this process is played by the disruption of Ca’*
homeostasis. In fact, in neonatal mice exposed to NBHI,
the inhibition of the Ca**-sensitive kinase Pyk2 attenuates
NMDA receptor—dependent signaling and significantly
reduces infarct burden (Zhu et al., 2022b). Moreover, the
ischemic preconditioning paradigm that fine-tunes early
Ca’ signaling has been shown to enhance Ca’*-dependent
neurogenesis and increase resilience to subsequent NBHI
insults, underscoring the developmental plasticity of Ca**
pathways in the neonatal brain (Brancaccio et al., 2022).

Experimental data from neonatal rat hypoxic-ischemic
models demonstrate that the pharmacological attenuation
of ER stress with 4-phenylbutyrate reduces neuronal
apoptosis and improves neurobehavioral outcomes,
highlighting the therapeutic potential of modulating ER
function in the immature brain (Mimori et al., 2012).
Accordingly, the PERK-CHOP pathway has been shown to
mediate neuronal and glial vulnerability following hypoxia
and ischemia, linking ER dysfunction to both inflammatory
and metabolic injury responses (Shi et al., 2022).

Conversely, mitochondria are central effectors of
neuronal injury in neonatal hypoxia—ischemia. Preserving
mitochondrial Ca®* buffering capacity and preventing
premature mPTP opening significantly contribute to
the neuroprotective effects of therapeutic hypothermia
during reperfusion (Sosunov et al., 2022). Mechanistically,
modulation of MCU reduces Ca**-induced ROS production
and ferroptosis signaling, highlighting mitochondrial Ca**
handling (Marmolejo-Garza et al., 2023).

Despite extensive preclinical research demonstrating
the contribution of organelle dysfunction, particularly at
mitochondrial and ER level, to neuronal death in neonatal
hypoxia and ischemia, clinical translation remains limited.
Most ongoing or completed trials continue to focus
on therapeutic hypothermia, while organelle-targeted
interventions remain largely at the experimental stage.
Recent translational efforts have explored mitochondrial
protection, such as modulation of complex | activity or
use of mitochondrial-targeted peptides, as potential
adjuncts to hypothermia, but these approaches have
not yet advanced beyond early-phase investigations
(NIH Project: “Targeting Mitochondrial Complex | for
Neuroprotection in Neonatal Hypoxic-Ischemic Brain
Injury,” Project ID 11017725). Stem cell-based therapies,
although not organelle-specific, have shown indirect
effects on mitochondrial integrity and ER stress, offering a
broader cytoprotective profile (Ranjan and Gulati, 2023).
Overall, there are no registered clinical trials directly
targeting organellar channels or pumps (e.g., MCU,
SERCA, and plasma membrane Ca**-ATPase), underscoring
a significant translational gap between mechanistic
understanding and therapeutic application in NBHI.

Huntington’s disease

HD is a genetic neurodegenerative disease characterized
by motor, psychiatric, and cognitive symptoms (Gusella
et al., 2021). HD is caused by a dominantly inherited CAG
trinucleotide repeat expansion in the huntingtin gene
on chromosome 4 (McColgan and Tabrizi, 2018). Mutant
huntingtin (mHTT) causes defective striatal neuron
function, reduction of synaptic contacts, and disruption of
immune cell function, culminating in neurodegeneration
through several mechanisms (Kim and Fung, 2014; Andre
etal., 2016).
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For instance, mHTT tends to spontaneously aggregate,
forming structures with increasing complexity. The
process starts with a conformational change in the
N-terminus of mHTT, which misfolds in a structure rich in
B-sheets, thus promoting self-aggregation. This abnormal
aggregation of mHTT disrupts normal protein-protein
interaction and protein-DNA contacts, leading to organelle
dysfunction and compromising cellular activities (Tong et
al., 2024).

Dysregulation of intracellular neuronal Ca’ signaling by
mHTT seems to play an important role in HD progression
(Raymond, 2017; Pchitskaya et al., 2018). In fact, mHTT
determines a reduction of ER Ca’ levels through the
defective modulation of the interaction between IP,
and IP,R1. This event, in turn, causes an increase in
synaptotoxic SOCE at the level of specific spines of the
medium spiny neurons of transgenic HD mice (Tang et al.,
2005, 2009; Wu et al., 2016).

In this context, STIM1/2 expression and function
become dysfunctional, causing an increase of SOCE
in different in vitro models of the disease (Vigont et
al., 2014; Secondo et al., 2018). Accordingly, in mouse
neuroblastoma cells and in primary culture of mouse
medium spiny neurons, lentiviral expression of Htt138Q-
lexon determines a potentiation of SOCE via STIM1 and
ORAI1 modulation (Vigont et al., 2015). Therapeutically,
the pharmacological inhibition or the stabilization of SOCE
may rescue striatal spine loss in transgenic HD models
(Vigont et al., 2015; Wu et al., 2016; Czeredys et al.,
2017).

Another mechanism relevant for ER dysregulation during
HD progression involves Sig-1R, whose activation by
pridopidine may prevent medium spiny neuron spine loss
in aging YAC128 co-cultures through the suppression of
excessive ER Ca’ release (Ryskamp et al., 2017).

Approximately one-third of all synthesized cellular proteins
are produced by ER resident ribosomes and translocate
to the ER lumen, where they undergo proper folding and
adopt their three-dimensional structures before being
packaged and shuttled to the Golgi (Ajoolabady et al.,
2022; Wiseman et al., 2022). Improperly folded proteins
are destined to the ER-associated degradation pathway
for destruction by the proteasome or to the ER-phagy in
order to be digested by the lysosome (Wiseman et al.,
2022).

In this framework, ER stress is defined as a condition in
which the folding capacity of the ER is exceeded, resulting
in the accumulation of partially folded, unfolded, or
misfolded proteins (Ajoolabady et al., 2022; Wiseman et
al., 2022), while UPR promotes the reorganization of the
ER quality control pathway to restore ER function (Espina
etal., 2023).

GRP78/BiP levels are significantly increased in the
hippocampus and, at later stages, in the striatum
and cortex of HD mice (Espina et al., 2023). In the
same model, the reduction of GRP78/BiP expression
prevented the loss of dendritic spines and ameliorated
HD hippocampal pathology and memory deficits, likely
through the reduction of mHTT accumulation (Espina et
al., 2023).

Much like PERK, IRE1a is bound to GRP78/BiP under
unstressed conditions, but in the presence of ER
stress, GRP78/BiP detaches from IREla, allowing its
homodimerization or oligomerization and subsequent
autophosphorylation (Kim et al., 2022). Indeed, Das et al.
(2023) found that the inhibition of IRE1-and therefore the
inhibition of the UPR pathway- leads to a lower protein
accumulation, especially in conditions of prolonged
ER stress, through the activation of the proteasomal
machinery and the autophagy program. Moreover,
Hassab et al. (2023) proved that dimethyl fumarate, an
approved therapy for relapsing multiple sclerosis, blocks
both the IRE1la and PERK arms of UPR, which leads to
a potent prevention of apoptosis. This, in turn, proved
beneficial in restoring dopamine content in the striatum
and enhancing locomotor functions in HD.

Ultimately, it appears that the modulation of PERK
and IRE1 with the aim of fine tuning the UPR and the
complementary degradation machineries might be the
winning strategy in HD.

Mitochondrial dysfunction in HD is multifactorial, involving
direct and indirect effects of the mHTT on mitochondrial

NEURAL REGENERATION RESEARCH | Vol 21 | No. 11 | November 2026 | 5145



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

@

bioenergetics, Ca’* handling, oxidative stress responses,
organelle dynamics, and degradation pathways. These
alterations form a pathogenic cascade that exacerbates
neuronal degeneration. Indeed, mHTT has been shown
to interfere with some mitochondrial functions like
impairing electron transport chain efficiency, reducing ATP
synthesis, elevating production of ROS, and disrupting Ca*
buffering (Quintanilla and Johnson, 2009). These changes
contribute to oxidative damage to nucleic acids, proteins,
and lipids, ultimately disrupting mitochondrial dynamics
and compromising neuronal viability. Some studies have
reported an impairment of complex I, complex Ill, and
complex IV activity that contribute to a dysregulation of
Ca”" levels in muscles of HD patients (Browne et al., 1997;
Tabrizi et al., 2000; Gizatullina et al., 2006). Moreover, in
striatal cells expressing endogenous levels of mHTT, Ca**
overload leads to impaired respiration and subsequently
contributes to neuronal death. This impairment is linked
to increased mitochondrial membrane permeability,
although it occurs independently of substantial
cytochrome C release (Milakovic et al., 2006). Elevated
levels of nuclear p53 have been detected in HD patient-
derived lymphoblasts, and its inhibition has been shown
to rescue mitochondrial membrane potential and reduce
cytotoxicity (Bae et al., 2005). Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-
1la), a master regulator of mitochondrial biogenesis and
oxidative metabolism, coactivates transcription factors
such as nuclear factor erythroid 2-like 1 and nuclear factor
erythroid 2-like 2, orchestrating the expression of nuclear-
encoded mitochondrial genes (Wu et al., 1999). In HD,
PGC-1a expression is markedly repressed, in part due to
mHTT-mediated disruption of the TAF4/cyclic adenosine
monophosphate (CAMP)-responsive element binding
protein (CREB) signaling pathway. Furthermore, decreased
cAMP levels and reduced CREB phosphorylation in
mHTT-expressing cells further impair PGC-1a activation,
contributing to defective mitochondrial gene expression
(Cui et al., 2006).

Lysosomes and Lysosome
Contact Sites

Lysosomes, intracellular acidic organelles with a
luminal pH of approximately 4.5, are involved in a
plethora of cellular functions, including macromolecule
degradation, lysosomal exocytosis and phagocytosis,
plasma membrane repair, autophagy regulation, energy
metabolism, maintenance of cellular homeostasis, etc.
(de Duve, 2005; Medina et al., 2011; Settembre et al.,
2013; Samie et al., 2013; Medina et al., 2015; Zhang et al.,
2016). In the last decades, these tiny organelles have also
emerged as important Ca’'-storing compartments (Patel
and Docampo, 2010; Morgan et al., 2011). Indeed, they
contain a luminal free Ca® concentration comparable to
that of the ER (approximately 200-600 uM) (Christensen
et al., 2002; Lloyd-Evans et al., 2008). Lysosomal Ca”"
levels are tightly regulated by the concerted activity
of different channels and transporters localized on the
lysosomal membrane. Several Ca”-releasing channels
have been identified as mediators of lysosomal Ca**
efflux. Among them, the best characterized are the non-
selective Ca” channels TRPML1 and the two-pore channel
2 (TPC2), which selectively release Ca** from lysosomes
upon stimulation by the lysosomal endogenous second
messengers PI(3,5)P, and NAADP, respectively (Dong et al.,
2010; Gerndt et al., 2020; Saito et al., 2023). Additionally,
other Ca’* channels, including the ATP-gated cation
channel P2X4 (Huang et al., 2014), the Transient receptor
potential melastatin 2 (Lange et al., 2009), the P/Q-type
voltage-gated Ca’* channels (Tian et al., 2015) and the
transient receptor potential ankyrin 1 (Shang et al., 2016),
participate in lysosomal Ca®* release into the cytosol. In
contrast, at the moment, the mechanism responsible
for lysosomal Ca’* uptake is still not fully elucidated. A
putative Ca’*/H" exchanger was proposed to mediate
Ca”" influx within the lysosomal lumen, but its molecular
identity remained elusive for years. Very recently, Chen et
al. (2025) demonstrated that the transmembrane protein
165 (TMEM165), a putative divalent cation/H" exchanger
implicated in manganese homeostasis and glycosylation
of proteins and lipids in the Golgi network, mediates Ca*
import into the lysosomal lumen and Ca**-induced proton
efflux from these acidic organelles, thereby acting as a
lysosomal Ca*/H" exchanger in different cell types.

It is now widely recognized that lysosomal Ca’* release
via TRPML1 and TPC2, by promoting the nuclear
translocation of TFEB, the master regulator of lysosomal
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function, induces the activation of autophagy (Medina et
al., 2015; Venkatachalam, 2022; Nixon and Rubinsztein,
2024; Tedeschi et al., 2025b; Figure 3), an evolutionarily
conserved lysosome-dependent process responsible for
the clearance of long-lived proteins, protein aggregates
and damaged organelles. Physiologically, autophagy is
activated by conditions of nutrient deprivation and other
stimuli. However, its dysfunctional activation has been
associated with pathological processes such as brain
ischemia, traumatic brain injury, neurodegenerative
diseases, infections, and cancer (Schneider and Cuervo,
2014; Figure 4). Specifically, lysosomal homeostasis and
autophagy are deficient in several neurodegenerative
diseases, including ALS, AD, PD, and HD (Wang et al.,
2016; Tedeschi et al., 2019, 2024; Yang and Zhang, 2023;
Mangano et al., 2024; Beckers and Van Damme, 2025),
while it becomes hyperactivated in ischemic stroke (Zhu
etal., 2021; Tedeschi et al., 2023; Figure 4). Of note, there
are still many questions regarding the use of targeted
autophagy and TFEB as a disease treatment strategy. For
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instance, the hyperactivation of TFEB and/or prolonged
inhibition of autophagy may promote tumorigenesis
(Calio et al., 2019). Furthermore, the application of TFEB
activators as a therapeutic strategy in neurodegenerative
diseases has not been evaluated for long-term application
and the safety profile of the putative future drugs.
Recently, the Food and Drug Administration approved the
first direct TFEB inhibitor, eltrombopag, for the treatment
of thrombocytopenia.

Lysosomal dysfunction has also been observed in
lysosomal storage diseases, resulting in the progressive
accumulation of undigested materials within the
lysosomes (Platt et al., 2018), often presenting with CNS
neuropathology.

Amyotrophic lateral sclerosis

Impairment in the autophagic flux and lysosomal Ca*
dyshomeostasis play a crucial role in ALS pathogenesis
(Figure 4). For instance, mutations in p62/SQSTM1, a
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Figure 3 | Schematic representation of autophagy induction after the stimulation of lysosomal Ca** channels with

specific agonists.

Stimulation of the lysosomal Ca”* channels TRPML1 and TPC2 with endogenous modulators or specific pharmacological
agonists leads to the dephosphorylation and the subsequent nuclear translocation of the master regulator of lysosomal
function TFEB. This event, by promoting the transcription of lysosomal and autophagic genes, leads to the activation
of autophagy, an evolutionarily conserved process responsible for the clearance of long-lived proteins, aggregated
proteins, and damaged organelles. The autophagic process begins with the formation of a membrane structure called a
phagophore, which elongates and incorporates cytoplasmic cargoes, forming the autophagosome. The autophagosome
then fuses with the lysosome to form the autolysosome, where the enclosed materials are degraded by lysosomal acidic

hydrolases.
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Figure 4 | Schematic representation of autophagy dysfunction occurring during neurodegenerative diseases.
Appropriate autophagosome-lysosomal formation is vital for maintenance of neuronal function. During
neurodegeneration, autophagy impairment can lead to defective or excessive clearance of autophagosomal cargoes
within suffering neurons. In neurodegenerative diseases such as AD, PD, and ALS, the blockade of the autophagic flux
leads to a reduction in the clearance of autophagosomal cargoes by autolysosome limitation (top). In acute neurological
diseases, such as brain ischemia, the hyperactivation of the autophagy flux leads to hyperfunctional autolysosomes,
resulting in an excessive degradative autophagic clearance (bottom). AD: Alzheimer’s disease; ALS: amyotrophic lateral
sclerosis; LC3-II: microtubule-associated protein 1 light chain 3 II; PD: Parkinson’s disease.
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linker protein between the ubiquitin-proteasome system
and autophagy, have been found in both familial and
sporadic ALS patients (Fecto et al., 2011; Teyssou et
al., 2013; Wang et al., 2024). Among them, the L341V
substitution in the LIR motif of p62/SQSTM1 significantly
reduces its interaction with LC3-Il, thereby impairing
its ability to deliver ubiquitinated cargoes to forming
phagophores (Goode et al., 2016). Additionally, loss-of-
function mutations in the autophagy regulator TBK-1,
identified in ALS/frontotemporal dementia patients, lead
to autophagolysosomal dysfunction in neurons, resulting
in the accumulation of damaged lysosomes (Brenner
et al., 2024). Moreover, ALS-associated mutations in
optineurin (OPTN), a selective autophagy receptor, have
been reported to reduce the rate of autophagy and
the degradation of damaged mitochondria (Wong and
Holzbaur, 2014). Interestingly, in SOD1G93A mice and cell
models, OPTN gene therapy may induce autophagy and
protect mitochondria from damage (Wen et al., 2024).

Mutations in the FIG4 gene encoding a phosphatase
regulating the levels of phosphatidylinositol-3,5-
bisphosphate (PI(3,5)P,), originally described in Charcot-
Marie-Tooth disease Type 4J, have also been found in a
subset of ALS patients (Chow et al., 2009; Osmanovic et
al., 2017). In FIG4™" cells, PI(3,5)P, deficiency has been
shown to suppress lysosomal Ca” efflux as a result of a
reduced stimulation of TRPML1 lysosomal channel, the
main target of PI(3,5)P,. Once TRPML1 function is restored
in FIG4™" cells by the stimulation with the synthetic
TRPML1 agonist ML-SA1, abnormal lysosomal storage
is counteracted (Zou et al., 2015). The same occurs in a
neurotoxic model of ALS/Parkinson-dementia complex in
which the pharmacological activation of TRPML1 by ML-
SA1 counteracts autophagic flux blockade, thus reducing
ER stress and preventing motor neuronal death (Tedeschi
et al., 2019). Similarly, a recently developed lipid-based
formulation of PI(3,5)P,-able to stabilize TRPML1 channel
in the active conformation and to stimulate TFEB nuclear
translocation- may extend the lifespan of ALS mice,
boosting autophagy and preventing motor neuronal
loss (Tedeschi et al., 2024). Furthermore, the early
pharmacological stimulation of the lysosomal Ca’* channel
TPC2 by the antidepressant drug clomipramine and the
antipsychotic drug chlorpromazine reverts autophagy
dysfunction with the same mechanism (e.g., TFEB nuclear
translocation) and prevents mitochondrial damage in a
neurotoxic model of ALS/Parkinson-dementia complex
(Tedeschi et al., 2025b).

In ALS, autophagy can also be affected by mutations
in proteins essential for maintaining the homeostasis
of other Ca’*-storing organelles, such as the ER, which
functionally cooperate with lysosomes. For instance,
the E102Q mutation in the ER chaperone Sig-1R
gene, reported to cause juvenile ALS, by disrupting
Ca’ homeostasis and promoting the accumulation
of aggregated proteins leads to the impairment of
autophagy, along with the accumulation of stress granules
and cytoplasmic aggregation of ALS-linked RNA-binding
proteins, such as matrin-3, FUS, and TDP-43 (Dreser et
al., 2017). Notably, the pharmacological stimulation of
Sig-1R with the selective serotonin reuptake inhibitor
fluvoxamine can enhance autophagy by inducing the
nuclear translocation of TFEB in C9orf72 ALS cells (Lin et
al., 2024).

Alzheimer’s disease

Lysosome-dependent autophagy is markedly impaired
in neurons of AD patients and in AD preclinical models
characterized by significantly enlarged autolysosomes,
modified cathepsin activity, and impaired protein
degradation (Yang et al., 2011). Since 1997, AD-associated
endosomal abnormalities have been described by Cataldo
et al. in postmortem AD brain. More recently, additional
evidence on the defective “CLEAR Network” has been
reported in AD pathogenesis. Mutations or deletions
of the presenilin 1 may disrupt v-ATPase assembly and
lysosome acidification, which in turn favor defective
release of lysosomal Ca”* through TRPML1 (Nixon, 2024).
Abnormal cytosolic Ca® levels also favor the extrusion of
H" from the lysosomal lumen via the Ca*/H" exchanger.
In both cases, the resulting lysosomal alkalization may
inactivate the acid-dependent lysosomal enzymes, limit
autophagy, and lead to the accumulation of pathogenic
proteins (Nixon, 2024).

Several therapeutic strategies have been drawn to
stimulate lysosomal activity and autophagic clearance: in
this respect, the genetic/pharmacological modulation of

lysosomal channels has been taken over. For instance, the
overexpression of TRPML1 produces protective effects
in AD mice through brain-derived neurotrophic factor
restoration (Zhang et al., 2022). In accordance with this
evidence, the pharmacological activation of TRPML1
rescues from the AD-like phenotype in iPSC-derived
human cortical neurons expressing APOE €4 (Somogyi et
al., 2023).

Notably, loss of function variants in SORL1, encoding the
sortilin-related receptor protein SORLA that regulates
endo-lysosomal trafficking, are causative for AD, and
decreased expression of SORLA has been repeatedly
observed in human AD brains (Pottier et al., 2012). Very
recently, loss of SORLA at the microglial level has revealed
the capacity to induce enlarged lysosomes in hiPSC-
derived microglia-like cells, thus indicating a new putative
therapeutic lysosome-related target in AD (Mishra et al.,
2025).

Lysosomal storage diseases

The impairment in lysosomal function is a key feature
of LSDs, a heterogeneous group of more than 70
inherited metabolic disorders caused by mutations in
genes encoding lysosomal enzymes, transporters, or
accessory proteins. These defects lead to the progressive
accumulation of undegraded macromolecules within
lysosomes, resulting in cellular dysfunction and
progressive tissue damage (Platt et al., 2018). In these
disorders, the disruption of lysosomal function also
affects critical cellular processes such as autophagy,
mitochondrial quality control, and ER homeostasis,
highlighting the central role of lysosomes as key regulators
of cellular homeostasis (Settembre et al., 2013). LSDs
commonly affect multiple organs and systems, but the
CNS is frequently involved, as occurs in mucolipidosis type
IV (MLIV), mucopolysaccharidosis type | (MPS | or Hurler
syndrome), mucopolysaccharidosis type IlIIA (MPS IlIA or
Sanfilippo syndrome type A), Gaucher disease (GD), and
Niemann—Pick type C (NPC).

Mucolipidosis type IV

In MLIV, loss-of-function mutations in the MCOLN1 gene,
encoding the lysosomal Ca’*-permeable channel TRPML1
(Bargal et al., 2000; Bassi et al., 2000; Sun et al., 2000),
lead to an abnormal accumulation of enlarged vacuolar
structures containing phospholipids, sphingolipids,
mucopolysaccharides, and gangliosides within the cells
(Bach et al., 1975; Bargal et al., 1988). The disease is
characterized by defective autophagy, as evidenced by
the accumulation of autophagy-related proteins (Curcio-
Morelli et al., 2010). Additionally, the impaired fusion of
autophagosomes with lysosomes is responsible for the
accumulation of autophagosomes and protein aggregates
(Vergarajauregui and Puertollano, 2008). Interestingly,
targeting lysosomal Ca’* channels or enhancing lysosomal
exocytosis could be a useful strategy to ameliorate
storage and vacuole accumulation in MLIV. For instance,
it has been reported that the pharmacological activation
of TRPML1 by ML-SA1 restores lysosomal trafficking and
autophagic flux in MLIV (Somogyi et al., 2023). Moreover,
AAV-mediated MCOLN1 gene delivery can rescue both
neuronal and renal phenotypes in animal models of the
disease (Venkatachalam et al., 2015).

MPS | (Hurler syndrome) and MPS IlIA (Sanfilippo
syndrome type A)

In MPS | (Hurler syndrome), caused by mutations in
the IDUA gene encoding a-L-iduronidase, both the
glycosaminoglycans heparan sulfate and dermatan
sulfate accumulate, leading to severe somatic and
neurological symptoms. Neurodegeneration in Hurler
patients is associated with lysosomal enlargement,
altered autophagic flux, and accumulation of secondary
substrates, including gangliosides and cholesterol (Scott et
al., 1995; de la Mata et al., 2016; Ballabio and Bonifacino,
2020). On the other hand, MPS IlIA (Sanfilippo syndrome
type A) presents with severe CNS degeneration, caused
by sulfamidase deficiency. The disease is characterized
by an accumulation of autophagosomes resulting from
defective autophagosome-lysosome fusion (Settembre
et al., 2008b). This leads to mitochondrial fragmentation,
oxidative stress, and early activation of microglia and
astrocytes, even before neuronal loss (Pierzynowska et
al., 2021; Giaccio et al., 2024). For MPS | treatment, the
early hematopoietic stem cell transplantation is the gold
standard, whereas the enzyme replacement therapy has
a limited efficacy in treating CNS symptoms, since the
required supplemental enzyme is too large to cross the
blood—brain barrier (Concolino et al., 2018). For MPS IlIA,
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no approved therapy currently exists, although a number

of therapeutic approaches have been proposed, including
AAV-based gene therapies (Sorrentino et al., 2019).

Gaucher disease

GD, the most common lysosomal disorder, is caused
by mutations in the glucocerebrosidase (GBA1) gene,
leading to deficient activity of the lysosomal enzyme
B-glucocerebrosidase (GCase) and subsequent
accumulation of glucosylceramide in lysosomes, especially
in macrophages and, in the neuronopathic forms
(type 2 or acute neuronopathic, and type 3 or chronic
neuronopathic), in the CNS cells (Grabowski, 2012; Aflaki
et al., 2016). Impaired GCase activity in this disease
leads to a primary lysosomal defect associated with an
impairment in the autophagic and proteasomal machinery
(Osellame et al., 2013). These organellar dysfunctions,
exacerbated by an altered mTORC1-TFEB signaling,
converge to amplify neurodegeneration (Palmieri et al.,
2017). Enzyme replacement therapy with recombinant
GCase is the current standard of care for GD type 1 (non-
neuronopathic form) (Grabowski, 2012). However, this
strategy offers minimal benefits for neuronopathic forms
of GD, due to the limited passage through the blood—
brain barrier.

Niemann—Pick type C

NPC is caused by mutations in the NPC1 (95% of cases)
or in NPC2 (5% of cases) genes, both encoding proteins
essential for intracellular cholesterol trafficking. Ca”*
dyshomeostasis is a key feature of NPC pathology. Indeed,
mutations in NPC1 disrupt lysosomal Ca”* storage and ER
Ca”" signaling, leading to altered SOCE and contributing
to synaptic dysfunction and neurodegeneration (Lloyd-
Evans, 2008; van Gool et al., 2024). The resulting defect
leads to the accumulation of unesterified cholesterol
and other lipids within late endosomes and lysosomes,
causing widespread cellular dysfunction (Vanier, 2010).
Currently, treatment options remain limited and primarily
supportive. The only approved disease-specific treatment
is the substrate reduction therapy with miglustat, which
slows glycosphingolipid synthesis with the aim to reduce
lipid accumulation and delay neurological progression
(Patterson et al., 2012).

Parkinson’s disease

The lysosomal-dependent autophagy plays a vital
role in the control of protein quality by disrupting
toxic aggregates of a-synuclein associated with PD
pathogenesis. Quite a few lysosomal proteins are
deregulated in PD (Navarro-Romero et al., 2020), most of
which are specific or aspecific cationic channels involved
in autophagy control.

Under physiological conditions, transmembrane protein
175 (TMEM175), a highly regulated lysosomal proton
channel ubiquitously expressed, regulates lysosomal
membrane potential and contributes to lysosomal
pH stability. Notably, several GWAS studies point to
TMEM175 as a genetic risk factor for PD (Chang et al.,
2017; Hu et al., 2022). Accordingly, TMEM175 knockout
mice exhibit Parkinson-like motor dysfunctions and a
pathological aggregation of a-synuclein in the mouse
brain. Furthermore, TMEM175 deficiency leads to a faster
fusion of autophagosomes with lysosomes but causes an
impairment of lysosomal degradation, leading to a faulty
clearance of autophagosomes (Hu et al., 2022; Tang et al.,
2023).

GCase is a lysosomal enzyme exhibiting lower activity in
PD that leads to a reduced clearance of a-synuclein. In
the context of drug repurposing, quetiapine, an atypical
antipsychotic commonly utilized for the treatment of
bipolar disorder, depression, and schizophrenia, has
been shown to be capable of activating wild-type GCase
in mice, leading to a reduction in a-synuclein levels in
the mouse brain (Burbulla et al., 2021). Additionally,
ambroxol, frequently used to facilitate mucociliary
clearance, seems to play a neuroprotective role in PD
through Ca* release from lysosome (Fois et al., 2015).

Furthermore, amino acid storage and metabolism are
key cellular functions, heavily reliant on lysosomes,
mitochondria, and their connections. Indeed, Peng et
al. (2023) demonstrated significant changes in various
amino acid levels in iPSC—derived dopaminergic neurons,
in which mutant parkin may provoke the impairment
of mitochondria/lysosomes contact sites compared to
isogenic controls. However, the elimination of Rab7 seems
to counteract this effect (Peng et al., 2023).
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Another element required for a healthy autophagic
flux is an organized lysosomal distribution, specifically
the clustering of lysosomes around the MicroTubule
Organizing Center, since it facilitates the fusion with
autophagosomes. Indeed, mutations in genes involved
in the shuttle of lysosomes and autophagosomes are
implicated in different forms of neurodegeneration.
Notably, LRRK2 is considered a putative target in PD
therapy. Moreover, the LRRK2 function is essential in
regulating the trafficking of lysosomes. Furthermore,
the clustering of lysosomes is essential to an efficient
degradation of a-synuclein aggregates, as shown by Date
et al. (2024), who also demonstrated how albendazole,
an approved broad-spectrum anthelmintic, can enhance
autophagy through the clustering of lysosomes, thereby
promoting the clearance of a-synuclein aggregates.

Moreover, lysosomal ionic dyshomeostasis is involved
in PD pathogenesis, guiding all mentioned lysosomal
functions. A recent study by Patel’s group shows the
relevance of TPC2 lysosomal channel defects in PD
pathophysiology. In fact, excessive Ca’* entry through
voltage-dependent channels in dopaminergic PD neurons,
mainly due to Cav1.3 (Caulfield et al., 2023), has been
related to a TPC2 dysfunction, thus highlighting a
disruptive lysosome—plasma membrane crosstalk in PD.
Therefore, pharmacological and molecular strategies able
to revert defective lysosomal Ca’* homeostasis caused
by pathogenic LRRK2 may be useful to slow the disease
progression (Gregori et al., 2025).

Finally, the activation of the other cationic channel
TRPML1 through a high-throughput chemical screening
has been used to identify new drugs able to promote the
autophagosome-lysosome fusion process, autophagic flux,
clearance of a-synuclein aggregates, and neuroprotection
(Date et al., 2024).

Cerebral ischemia

Lysosome, with the main roles of master regulator of
autophagy and important player of intracellular Ca’*
dynamics, exerts dual effects in ischemic stroke, being
protective or dangerous in neuronal, vascular, or glial
cells depending on the level, duration, and intensity. For
instance, in neurons, excessive glutamate stimulation
activates the lysosomal TPC2 channel and induces the
hyperactivation of detrimental autophagy. While basal
autophagy is neuroprotective by clearing damaged
organelles, uncontrolled autophagic flux may disrupt
jonic homeostasis and accelerate cell death (Uchiyama
et al., 2008). This is particularly evident in focal ischemia.
Accordingly, the inhibition of TPC2 by Ned-19 may
preserve Ca’* homeostasis, alleviate ER stress, block
maladaptive autophagy, and provide neuroprotection
in both in vitro hypoxia/reoxygenation models and in
vivo middle cerebral artery occlusion, reducing infarct
volume and neurological deficits (Tedeschi et al., 2023).
Moreover, Ischemia/Reperfusion injury induces microglial
autophagy that promotes inflammation; inhibition of
autophagy may attenuate ER stress via PERK signaling,
shifting microglia toward an anti-inflammatory state, thus
reducing neuronal injury (Zhu et al., 2021).

Neonatal hypoxic—ischemic brain injury

It has been recently demonstrated that the lysosomal
compartment is critically involved in the regulation of
autophagy and cell survival during NBHI. Deficiency
in cathepsin H, a lysosomal cysteine protease with
aminopeptidase activity, may impair TLR3/interferon-f
signaling in NBHI, thereby determining a reduction of
interferon-p secretion from dendritic cells and, therefore,
an exacerbation of the injury (Ni et al., 2021).

In neonatal mice, the loss of the lysosomal channel
TMEM175 impairs lysosomal acidification and disrupts
the autophagic flux, thereby exacerbating neuronal
death after hypoxic—ischemic injury (Zhang et al., 2023a).
Very recently, in support of the role of lysosomal ionic
homeostasis in NBHI pathophysiology, it has been
demonstrated that the inhibition of lysosomal iron
accumulation by the competitive inhibitor of succinate
dehydrogenase, dimethyl malonate, improves cognitive
and motor functions and reduces the infarct volume in
neonatal mice subjected to hypoxia and ischemia (Jin et
al., 2025).

Huntington’s disease

Lysosome density is reduced in HD neuronal dendrites.
This event impacts hippocampal synaptic plasticity and
spatial learning in HD models. Notably, LTP changes are
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dependent on the alteration of the defective interplay
between ER and lysosomes in exchanging Ca” in
hippocampal spines (Chen et al., 2023b). Moreover,
autophagy dysfunction can cause mutant HTT (mHTT)
accumulation in HD through the expression of ZKSCAN3, a
repressor of the master regulator of autophagy activated
by lysosomal Ca’* release, namely TFEB. CRISPR-Cas9-
based gene ablation of ZKSCAN3 in HD animal models
and iPSC from HD patients leads to improvements in
behavioral symptoms (Park et al., 2025). Accordingly,
overexpressing TFEB leads to the elimination of HTT
aggregates, thereby reducing HD neuropathological
signs (Tsunemi et al., 2012). Conversely, mHTT can
sequester TFEB, thus reducing its bioavailability and
preventing lysophagy, an event contributing to the
accumulation of defective lysosomes (Rusmini et al.,
2025). Moreover, in respect to the defective autophagy
in HD, overexpressing beclin-1 in the early stages of the
disease leads to a significant reduction in the number of
mHTT aggregates and in the levels of PPP1R1B/DARPP-32
(protein phosphatase 1 regulatory inhibitor subunit 1B),
which is involved in dopamine signaling and can define
HD progression (Brattas et al., 2021). Mitophagy is also
impaired in HD. Although autophagosomes form and
fuse with lysosomes efficiently, there is a dysfunction
in the sequestration of cellular components that could
enhance the levels of damaged protein and organelles
in HD cells (Martinez-Vicente et al., 2010). Accordingly,
mHTT disrupts the mitophagy process at multiple stages:
it interferes with ULK1 and beclin-1, hindering autophagy
initiation, and impairs the normal role of HTT in recruiting
autophagy receptors (e.g., OPTN, CALCOCO2, and p62/
SQSTM1) to damaged mitochondria. Consequently,
LC3-Il recruitment is diminished, leading to inefficient
mitophagy, accumulation of dysfunctional mitochondria,
impaired respiration, and increased ROS production in HD
(Franco-lborra et al., 2021).

Therapeutic Opportunities
for Intervention against
Neurodegeneration

The first “proof of concept” on the clinical relevance
and applicability of organelle-targeted drugs has been
their proposed use in oncology. Given that ER function
is crucial for cell fate by virtue of its peculiar interplay
with mitochondria, delivery of specific drugs into the ER
has been proposed for cancer therapy. In fact, during
the leakage of ER Ca”" flux, this ion accumulates in the
mitochondria determining mPTP opening with the
consequent release of mitochondrial pro-apoptotic factors
triggering cell death. Furthermore, ER plays a key role in
most mitochondrial fission events at ER—mitochondria
contact sites level.

However, due to the structural complexity of ER, to avoid
excessive dilution, therapeutic agents directed to this
organelle have been targeted against specific proteins,
such as sulfonylurea receptors that are K™ channels highly
expressed on ER membranes.

Accordingly, sulfonamide ligands such as glibenclamide
and prodrugs linked to an ER targeting group
(toluenesulfonyl) have been developed due to their low
toxicity, high efficiency, and selectivity. Once into the ER,
these small molecules may trigger ER stress-mediated
cell death (Ghosh et al., 2019). Another pharmacological
strategy is that of prodrugs activated by high levels of ROS
in the ER and lysosomes. Given these strategies, several
drugs targeting the ER and lysosome are under clinical
investigation in oncology.

However, for the therapy of neurodegeneration, it could
be useful to modulate the same above mechanisms,
but in the opposite way. To this aim, the development
of advanced imaging techniques using traditional
confocal and electron microscopy has been used to
discriminate the contribution of each organelle in the
development of neurodegenerative diseases. Several
new druggable targets toward organelles’ dysfunction in
neurodegeneration have been identified, including Drp1,
PINK1, the ER-resident Mfn2, VDAC, and Sig-1R (Zheng et
al., 2023).

In this context, several drugs targeting the above
proteins have successfully entered into later-phase
clinical studies for the treatment of neurodegenerative
disorders, depression, and stroke. Among the strategies,
pharmacological modulation of Sig-1R has been
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investigated with particular emphasis. Despite the
important role played by Sig-1R in regulating several
mitochondrial and ER functions, most of the trials failed,
as drugs modulating Sig-1R showed no clinical efficacy.

However, the phase 3, randomized, double-blind,
placebo-controlled, parallel arm, multicenter clinical
trial on the Sig-1R agonist pridopidine in HD showed a
small but clinically relevant group of HD patients in which
significant treatment benefit was observed (Reilmann et
al., 2025). Of interest, pridopidine was well-tolerated with
an excellent safety profile. Therefore, further investigation
would be desirable with refined patient selection (Zheng
etal.,, 2023).

Other clinical trials with Sig-1R agonists (blarcamesine,
cutamesine, and edonerpic maleate) or antagonist (S1RA)
are ongoing in AD, PD, ALS, and stroke patients (Zheng et
al., 2023).

Moreover, a large randomized, double-blind, multi-center,
parallel group, placebo-controlled clinical trial of ambroxol
hydrochloride in patients with PD is now ongoing in phase
3, since ambroxol appeared to slow PD progression in
preclinical studies and shows a good safety profile in
a small randomized clinical trial (Silveira et al., 2025).
Furthermore, although larger sample sizes are needed,
a systematic meta-analysis showed that GLP-1 agonists
could improve the motor function of PD patients (Messak
etal., 2025).
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