International Journal of

K

Molecular Sciences

Review

Potential Role of Membrane Contact Sites in the Dysregulation
of the Crosstalk Between Mitochondria and Lysosomes in
Alzheimer’s Disease

Giulia Girolimetti **/, Matteo Calcagnile

check for
updates

Academic Editor: Eva Kiss

Received: 25 August 2025
Revised: 26 September 2025
Accepted: 6 October 2025
Published: 10 October 2025

Citation: Girolimetti, G.; Calcagnile,
M.; Bucci, C. Potential Role of
Membrane Contact Sites in the
Dysregulation of the Crosstalk

Between Mitochondria and Lysosomes

in Alzheimer’s Disease. Int. ]. Mol. Sci.

2025, 26,9858. https:/ /doi.org/
10.3390/1jms26209858

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Cecilia Bucci *

Department of Experimental Medicine (DiMeS), University of Salento, Via Provinciale Lecce-Monteroni 165,
73100 Lecce, Italy; matteo.calcagnile@unisalento.it
* Correspondence: giulia.girolimetti@unisalento.it (G.G.); cecilia.bucci@unisalento.it (C.B.)

Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by a gradual
decline in cognitive abilities and a progressive loss of the neuronal system resulting from
neuronal damage and death. The maintenance of neuronal homeostasis is intricately con-
nected to the crosstalk and balance among organelles. Indeed, intracellular organelles
are not just isolated compartments in the cell; instead, they are interdependent struc-
tures that can communicate through membrane contact sites (MCSs), forming physical
connection points represented by proteinaceous tethers. Mitochondria and lysosomes
have fundamental physiological functions within neurons, and accumulating evidence
highlights their dysfunctions as AD features, strongly associated with the neurodegener-
ative process underlying the development and progression of AD. This review explores
mitochondria-lysosome communication through MCSs, the tethering proteins and their
functions in the cell, discussing the methodological challenges in measuring the structure
and dynamics of contacts, and the potential role of altered mitochondria-lysosome com-
munication in the context of organelle dysfunction related to neuron impairment in AD
pathogenesis. The different abundance of the tethering proteins was considered in healthy
physiological and in AD-related conditions to assess the possible organelle communication
dysregulation and the subsequent cellular function alterations, and to evaluate the role of
mitochondria-lysosome MCSs in the pathogenesis of this disorder.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative pathology characterized by a progres-
sive loss of the neuronal system and dementia impacting various facets of an individual’s
life and personality, encompassing physical, psychological, social, and existential suffer-
ing [1]. As the world population continues to grow and age, the increasing incidence of
neurological diseases represents a major health issue. Despite the remarkable progress
achieved in modern medicine over the past years, the effective diagnosis and treatment of
AD continues to confront significant challenges [2].

Neuronal damage and death are the main biological characteristics of AD. Neuronal
integrity and health are strictly related to the homeostasis of intracellular organelles. In-
deed, maintenance of cellular functions, responses to changes, and dysregulation are closely
linked to the coordination and communication of intracellular organelles. In the last few
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decades, several findings have highlighted that the exchange of material and signals be-
tween organelles does not only occur through vesicular trafficking and diffusion across the
cytoplasm, but also through the establishment of direct communication between different
organelle types via the formation of functional contacts without organelle membrane fusion
to allow non-vesicular transfer of small molecules and ions [3]. The physical connection
points are represented by proteinaceous tethers and are referred to as membrane contact
sites (MCSs), through which organelles exchange materials such as metabolites, lipids, and
ions [4,5]. MCSs were described between almost every type of subcellular organelle, such
as mitochondria, endoplasmic reticulum (ER), peroxisomes, Golgi apparatus, endosomes,
and lysosomes. Also, they were discovered between organelles and lipid droplets (LDs) [6],
and within organelle membranes, such as the mitochondrial contact site and cristae orga-
nizing system (MICOS) in which inner and outer membranes of mitochondria form contact
sites contributing to the maintenance of mitochondrial and respiratory chain architecture,
cristae structure, import of protein and metabolism of lipids [7,8]. Among all, membrane
contacts between ER and mitochondria are the most studied and characterized [9,10]. Inter-
organelle interactions were also referred to as “organelle contactome” to define the entire
set of organelle contact sites within a cell at any specific time or under certain metabolic
and nutritional conditions, as well as their dynamics in both physiological and pathological
states. MCSs are distinguished by an intermembrane gap ranging from 5 to 50 nm and
the presence of tethering proteins or lipids that determine their specificity [11]. They are
increasingly viewed as critical points where nutrients, metabolites, ions, and lipids are
finely regulated to maintain cellular stability. Indeed, changes in the physiological tethering
of organelles result in variations in the exchange of materials and cellular dysfunctions,
which may represent a pathological condition. Hence, their molecular characterization has
recently gained major interest as a potential target for therapeutic intervention [12-15].

In this context, mitochondria and lysosomes are closely interconnected, both function-
ally and physically. Abnormalities in lysosomes and/or mitochondria have been reported
in several human pathologies, including neurodegenerative diseases. Contact sites between
these organelles have been described by Wong et al. in 2018 [16] and have become a focus of
research. In general, dysregulation of lysosomal and mitochondrial communication at MCS
is increasingly linked to aging and age-related disorders, in particular neurodegenerative
disease [17]. Indeed, impaired formation and function of mitochondria-lysosome contacts
have already been reported in experimental models of genetic mutations associated with
different neurodegenerative diseases [18], including Charcot-Marie-Tooth disease [19-21],
Parkinson’s disease [22-24], and lysosomal storage disorders [25,26]. The effect of the
alterations in the levels of tethering proteins that may be responsible for MCSs impairment,
compromising the organelle network and metabolite exchange, remains largely unexplored.
The lack of information is further hindered by the absence of techniques to easily evaluate
organelle proximity and contact site dynamics in living cells and in vivo, making research
in this field extremely challenging.

In AD, numerous studies reported the centrality of both lysosomal and mitochondrial
deficits. In this review, attention was paid to their contacts, raising the question of whether
and how disrupted crosstalk between these two organelles involves mitochondria-lysosome
contact sites as contributors to disease pathogenesis and how they could be used as a
therapeutic target. Hence, numerous questions are yet to be addressed in this field. For
example, how do organelle contacts become functionally compromised? Are there specific
roles of mitochondria-lysosome contacts in AD neuron damage and death? Is it possible to
target MCSs to restore a correct mitochondria-lysosome communication, and could this
partially reverse the progression of pathological conditions? The advances in understanding
in this field are rapid and exciting; however, further technological and methodological



Int. J. Mol. Sci. 2025, 26, 9858

30f25

advancements are necessary. Here, we focus on mitochondrial and lysosomal dysfunction
in AD, as well as their contact sites, tethers, regulation, functions, and current techniques
for their investigation, to understand their potential role in AD neuronal degeneration.

2. Mitochondria-Lysosome Contacts Formation and Dynamics

In eukaryotic cells, the concept of mitochondria as the “powerhouse of the cell” and
lysosomes as the “recycling center” is obsolete. The evolution of knowledge about these
pivotal organelles and their crosstalk has highlighted them as essential regulatory and
signaling centers, capable of generating adaptive responses in response to changes in the
cell’s metabolic and redox status, thereby helping to maintain cellular homeostasis [27-29].
To fulfill their roles within the cell, mitochondria and lysosomes communicate through
physical interactions mediated by specialized MCSs [16], enabling bidirectional crosstalk
and the establishment of a network. Mitochondria-lysosome contacts are notably different
from the pathways involved in mitochondrial degradation by lysosomes. Interestingly,
mitochondria but not mitochondrial-derived vesicles establish these contacts [30]. Further-
more, there is no bulk transfer of intermembrane space or matrix mitochondrial proteins
into lysosomes. Likewise, MCSs do not allow the transfer of lysosomal lumen contents into
mitochondria, indicating that the transfer of entire organelles does not take place through
this pathway [16,18].

The dynamic formation of mitochondria-lysosome contacts, described by Wong et al.,
in 2018 [16], has rapidly become a research focus due to their importance in maintaining
cellular homeostasis, metabolic signaling, and mitochondrial quality control. A role of
these contacts was reported in several cellular processes, in particular mitochondrial fission
and dynamics, and in the exchange of different metabolites and ions, like cholesterol,
amino acids, calcium, and iron [16,25,26,31-35]. In parallel, dysregulation of the interac-
tions between these organelles has been linked to diseases, particularly neurodegenerative
disorders [17]. The establishment and dynamics of contacts between mitochondria and
lysosomes are carefully controlled by several proteins located on the membranes of both
organelles. In particular, the interaction for the establishment of the contact sites is de-
pendent on the tethering proteins. RAB7A, a small GTPase that plays multiple roles in
the late endocytic pathway, regulates several processes such as the trafficking from early
endosomes to lysosomes, the maturation of early endosomes, lysosomal biogenesis, and
the clustering and fusion of late endosomes and lysosomes in the perinuclear region [36,37].
GTP-bound RAB7A localizes to lysosomes and regulates the dynamics of aggregation
and disaggregation by interacting with potential effector proteins on mitochondria [16,38].
Indeed, the formation of contacts is promoted by active GTP-bound RAB7A while subse-
quent hydrolysis from a GTP- to GDP-bound state enables the untethering of organelles
at contact sites. The hydrolysis at the mitochondria-lysosome contact site was driven by
the RAB7A GTPase-activating protein TBC1D15, which binds the outer mitochondrial
membrane protein mitochondrial fission 1 (FIS1) [39,40] (Figure 1).

This was demonstrated with the use of the constitutively active RAB7A(Q67L)-GTP
mutant (Figure 2), a non-natural variant showing inhibited intrinsic GTP hydrolysis activity,
leading to a higher percentage of lysosomes in contact with mitochondria and extended
tethering duration compared to wild-type RAB7A [16]. Concordantly, in the axons of
retinal ganglion cells of Xenopus, RAB7A(Q67L)-GTP mutant resulted in extended contact
durations between mitochondria and late endosomes/lysosomes [19]. Moreover, the use
of TBC1D15 GAP-domain mutants (D397A, R400K, Figure 2) or the mutant FIS1(LA),
which cannot bind TBC1D15 to mitochondria, to inhibit RAB7A GTP hydrolysis resulted
in inefficient untethering and extended durations of contact between mitochondria and
lysosomes [16].
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Figure 1. Regulation of contact site formation and tethering mediated by RAB7A. Active GTP-
bound RAB7A (RAB7A-GTP), located on the lysosomal membrane, promotes contact formation with
mitochondria to tether the lysosome to the mitochondria. Different RAB7A interactor proteins or
complexes (gray box with question mark) were reported, but it is not clear whether RAB7A can
directly bind mitochondria. FIS1, located on the outer mitochondrial membrane, recruited cytosolic
TBC1D15 (RAB7 GAP). The latter drives the hydrolysis of RAB7A-GTP from an active GTP-bound
state to an inactive GDP-bound state (1), making RAB7A-GDP not able to bind its effectors on the
mitochondrial membrane at MCSs and to stay located on the lysosomal membrane (2), leading to the
untethering of the contact. The gray box with a question mark represents the effector proteins, protein
complexes, or no protein that may tether the lysosome to the mitochondria via active GTP-bound
RAB7A. Image adapted from Servier Medical Art https://smart.servier.com/ (accessed on 25 July
2025), licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ (accessed on 25
July 2025).
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Figure 2. Domain organization and structural localization of mutations in TBC1D15 and RAB7A.
Schematic representation of the domain structure of TBC1D15, showing the PH_RBD superfamily
domain and the TBC superfamily domain. The AlphaFold [41,42] model of the TBC superfamily
domain highlights the positions of mutations D397 and R400 (red) within the TBC superfamily
domain. Schematic representation of the domain structure of RAB7A, with the P-loop_NTPase
superfamily domain highlighted in green. The AlphaFold [41,42] model of RAB7A highlights the
positions of Q67 mutation (red) within the protein structure.

RAB7A interactor proteins or complexes on the mitochondrial outer membrane were
reported, but it is not yet clear whether RAB7A can also bind directly to mitochondria.
In HelLa cells, the interaction between RAB7A and VPS13A, as well as the impairment
of the endolysosomal pathway in the absence of the latter, has been reported. Due to
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the subcellular localization of VPS13A to mitochondria, the authors suggested a role for
VPS13A in the mitochondria-lysosome communication [43]. Neurons with mutated Parkin
showed reduced mitochondria-lysosome MCSs due to the destabilization of active RAB7A,
an accumulation of aminoacids in lysosomes, and mitochondrial deficit, demonstrating a
role of Parkin in mitochondria-lysosome contacts and amino acid homeostasis [35].

More recently, other factors involved in regulating mitochondria-lysosome contact
sites have been proposed. The glutathione S-transferase GDAPI, located on the outer
mitochondrial membrane, is reported to be involved in the autophagic process and in
the maturation of lysosomes. Its depletion affects LC3, PI3P, and the autophagosome
biogenesis, causes giant lysosomes, a delay in the autophagic lysosome reformation, and
the activation of a regulator of lysosomal biogenesis, the transcription factor EB (TFEB).
Furthermore, GDAP1 interacts with LAMP1, a lysosomal membrane protein, forming MCS
between the two organelles (Figure 3). Based on co-immunoprecipitation and proximity
ligation assays conducted in human neuroblastoma SHSYS5Y cells and in soma and axons
of in vitro mouse embryonic motor neurons, when GDAP1 is knocked down, there is an
increase in the distance between mitochondria and lysosomes, a reduction in the number of
contact points between the two organelles, and a decrease in the duration of these contacts,
resulting in mitochondrial network alterations and a decrease in cellular glutathione (GSH)
levels. These findings suggest that GDAP1-LAMP1 may be involved in the tethering of
mitochondria and lysosomes [20].
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Figure 3. Interactions at mitochondria-lysosome membrane contact sites (MCSs). Structure of mito-
chondrial lysosome MCSs, comprising the mitochondrial outer membrane, the lysosomal membrane,
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the tethering proteins and connectors. Mitochondria-lysosome contact sites are responsible for
different cellular processes (colored boxes) fundamental to maintaining cellular homeostasis and the
exchange of metabolites in healthy cells. Each of these processes is mediated by different proteins
forming an MCS. In the context of AD, the dysfunction of mitochondria and lysosomes may alter
this balance and the processes regulated by MCSs. In the upper part of the figure, the principal
actors of MCSs and cellular processes in physiological healthy conditions are reported. In the lower
part, the dysregulation of the protein levels in AD was reported to evaluate a potential alteration
in mitochondria-lysosome MCSs. Grey boxes with a question mark indicate an unknown binding
interactor for Mfn2 at the lysosome membrane and for STARD3 at the mitochondrial membrane.
Black up arrows indicate an increase in the interactor level in AD, while black arrows pointing
down indicate reduced levels of the interactor in AD. The black up and down arrows indicate
contrasting information regarding the levels of LAMP1 protein in AD. The protein boxes without
any black arrow next to them (TBC1D15 and GDAP1) indicate that, to the best of our knowledge,
no information was available about the alteration of their levels in AD cells. Image adapted from
Servier Medical Art https:/ /smart.servier.com/, (accessed on 25 July 2025) licensed under CC BY 4.0
https:/ /creativecommons.org/licenses/by/4.0/ (accessed on 25 July 2025).

The interactions between mitochondria and lysosomes are influenced by various
other tethering proteins and pathways (Figure 3), which are only partially described and
characterized to date, depending on the specific context, which could involve a wider
array of inter-organelle contact sites. Further investigations are needed to determine the
existence of other protein complexes that also play a role in modulating the dynamics of
contact tethering, acting together or in addition to the regulation of mitochondria-lysosome
interactions by RAB7A GTP hydrolysis.

3. Functional Roles for Mitochondria-Lysosome Contacts in Regulating
Cell Homeostasis

Functionally, mitochondria-lysosome contacts are crucial for managing the dynamics
of both mitochondria and lysosomes and for maintaining metabolite homeostasis through
the two-way exchange of calcium, cholesterol, iron, and other metabolites [16,26,31,33,44—46].
Enhancing our understanding of the complex interactions between organelles will be
essential for developing new therapeutic strategies aimed at correcting defects in the
exchange of cell components, such as lipids and calcium, and at addressing imbalances
associated with various disease conditions.

3.1. Mitochondrial Fission and Network

Mitochondria-lysosome contacts were described as fundamental in mitochondrial
fission, where RAB7A GTPase contacts identify the point of mitochondrial fission, enabling
the regulation of mitochondrial networks through lysosomes (Figure 3). Alterations in
the formation and maintenance of these MCSs can influence mitochondrial dynamics,
fission and fusion, and increase mitochondrial autophagy, a characteristic of various human
diseases [16]. Furthermore, in monkey and mouse cells, mitochondria-lysosome MCSs
were associated with a specific type of fission mediated by DRP1 and involving division
at the periphery that allows damaged components to be released as smaller mitochondria
destined for mitophagy. In this model, peripheral fission is initiated by lysosomal contact
and is controlled by the mitochondrial protein FIS1, which recruits the tethering molecule
TBC1D15 to form a mitochondrial-lysosomal contact. This process was observed in 92% of
peripheral fissions [44]. FIS1 is also one of the receptors on the mitochondrial surface of
DRP1, the key protein in mitochondrial fission and apoptosis processes [47]. In addition,
GDAPI1 interaction with LAMP1 influences the mitochondrial network (Figure 3). Knock-
down of GDAP1 reduces the number and the duration of mitochondria-lysosome MCSs,
leading to alterations in the mitochondrial network and a decrease in cellular GSH [20].
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3.2. Calcium Exchange Between Mitochondria and Lysosomes

MCSs were reported to be involved in the direct exchange of Calcium (Ca?*) ions
from lysosomes to mitochondria, thereby regulating the intracellular concentration and
dynamics. The concentration of Ca?* directly influences cellular processes like apoptosis,
mitochondrial metabolism, and ATP production. Mitochondria are the key regulators of
calcium ion levels, and their functionality is linked to the uptake of intracellular Ca?*.
Transient receptor potential mucin channel 1 (TRPML1), localized on late endosomal and
lysosomal membranes, is recognized as a significant site for the interaction between lyso-
somes and mitochondria, facilitating the regulation of ion concentration between these
organelles and allowing the direct transfer of Ca?* from lysosomes into the mitochondria,
regulating their functions [26,48]. At the mitochondrial site, voltage-dependent anion
channel 1 (VDAC1) on the outer membrane and the mitochondrial calcium uniporter
(MCU) [49,50], located on the inner membrane, modulate the transfer of Ca%* from lyso-
somes to mitochondria at their contact sites (Figure 3). The use of agonist ML-SA1, which
activates TRPML1, causes an increase in Ca%* levels selectively in mitochondria that form
contact sites with lysosomes. On the other hand, the expression of a negative TRPML1 mu-
tant, which generates a defective pore, reduced the Ca?* influx in mitochondria [26]. Taken
together, the dynamics of mitochondria-lysosome tethering can significantly influence the
concentration of calcium in both mitochondria and lysosomes.

3.3. Iron Transfer

MCSs are essential for managing the labile iron pool, specifically for the transfer, as
the lysosome acts as a storage site for iron (Fe?"). The mechanism for iron exchange is
still debated; a “kiss-and-run” mechanism similar to the one that promotes Fe?* transfer
from early endosomes to mitochondria was proposed [51,52]. An actor in this exchange
via mitochondria-lysosome contacts may be TRPML1 due to its permeability [53]. An-
other protein involved may be the transferrin receptor-2 (TfR2), which is responsible for
delivering transferrin. A deficiency in TfR2 results in aberrant mitochondrial morphology,
characterized by smaller size and less heme content, in erythroid progenitors [46,54]. Ex-
pression of TfR2 was related to Mitofusin 2 (Mfn2), a transmembrane GTPase located on the
outer membrane of mitochondria and required in mitochondrial-lysosomal contacts and
regulation [46]. The knockdown of Mfn2 caused a decrease in the number of contacts and a
reduction in heme content in primary human erythroid progenitors [46,55], making Mfn2 a
mitochondria-lysosome MCS protein (Figure 3). Moreover, Mfn2 is a key player in multiple
biological processes in both normal and disease states. It is fundamental in the regulation
of mitochondrial-related activities such as fusion, trafficking, turnover, apoptosis, and
contacts with other organelles [56].

In a recent preprint 3-hydroxybutyrate dehydrogenase 2 (BDH2) protein, a dehydro-
genase/reductase family member, was suggested to be a key effector in organelles Fe?*
redistribution, localizing at the mitochondria-lysosome contacts, transferring iron that
endorses mitochondrial OXPHOS and ATP production which is then utilized by lyso-
somes to maintain a low pH through the activity of V-ATPase for lysosomal acidification
in melanoma cell lines. In particular, BDH2 was found to produce 2,5-dihydroxybenzoic
acid (2,5-DHBA), a compound that plays a crucial role in transporting iron from lysosomes
to mitochondria [57]. The acidic lysosomal pH is fundamental for the Fe?* transfer to
mitochondria. The impairment of pH-dependent mechanisms includes the functionality of
TfR and the lysosomal iron transporters [58,59], but it is not clear whether it also impacts
MCS formation.
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3.4. Cholesterol Homeostasis

Contact sites between mitochondria and lysosomes have also been shown to play a
crucial role in regulating cholesterol homeostasis, which is fundamental for membrane
integrity and acts as a precursor for several types of signaling molecules. Niemann Pick C2
(NPC2) protein, in lysosomes, was reported to regulate the movement of cholesterol from
lysosomes to mitochonderia, particularly at contact points between the two organelles [33].
In addition, the endoplasmic reticulum is the key organelle for cholesterol production
and calcium storage. Indeed, the crosstalk between organelles may involve more than
one MCS. For example, organelle communication between the ER and mitochondria is
essential for cholesterol and calcium homeostasis in the cell. The formation of a three-way
contact, ER-mitochondria-lysosome, highlights the intricate interactions among these
organelles, which play a crucial role in coordinating and integrating cellular responses to
various demands and stressors [32,60]. Hence, Niemann Pick C1 (NPC1) protein, located
on the lysosomal membrane, is suggested to facilitate the transfer of cholesterol between
lysosomes and the ER by interacting with the ER sterol-binding protein Gramd1b. It was
reported that the loss of NPC1 decreases the ER’s interactions with endocytic organelles,
leading to cholesterol accumulation in lysosomes and an increase in contacts between
mitochondria and lysosomes through the action of the sterol transfer protein StAR-related
lipid transfer domain-3 (STARD3) [25]. STARD3 (also known as metastatic lymph node
64 protein MLNG64), localized in late endosomes and lysosomes, has been linked to the
transport of LDL-cholesterol to mitochondria [61] (Figure 3), and its depletion leads to a
high reduction in mitochondria-lysosome contacts [25].

3.5. Homeostasis of Other Lipids

Moreover, lipid homeostasis may also be influenced by the mitochondria-lysosome
MCS. ORP1L, located on the endolysosomal membrane, plays a role in transporting lipid
PI(4)P from lysosomes to mitochondria at MCSs [32]. In yeast, the vacuole and mitochon-
dria patch (vCLAMP) has been demonstrated to facilitate the transfer of phospholipids such
as phosphatidylserine and phosphatidylcholine [62] involving other protein complexes,
such as mitochondrial Tom40/VPS39/vacuolar RAB GTPase Ypt7 [63], and mitochondrial
MCP1/Vpsl3 in conjunction with vacuolar Ypt35 [64]. Furthermore, dysregulation of the
ceramide pathway can lead to extended durations of MCSs in neurons, underscoring the
intricate link between this pathway and the regulation of various metabolites [24].

3.6. Localization of Protein Synthesis

Lastly, interactions between mitochondria and late endosomes/lysosomes were de-
scribed in the localization of axonal mRNAs to specific subcellular sites for translation.
Specifically, ribonucleoprotein particles (RNPs) were observed to associate with motile
RAB7A-positive late endosomes along retinal ganglion cell (RGC) axons of Xenopus. RNP-
bearing RAB7A-positive late endosomes frequently dock at mitochondria, creating hotspots
for de novo synthesis of proteins involved in maintaining mitochondrial integrity and
promoting axon survival. Disruption of RAB7A function using RAB7A mutants, including
those linked to Charcot-Marie-Tooth type 2B neuropathy, leads to significantly reduced
axonal local protein synthesis, mitochondrial dysfunction, and loss of axon integrity. There-
fore, the localized presence of RNPs and the synthesis of nascent proteins at specific
neuronal locations suggest that mitochondria-lysosome interactions might play additional
specialized functions in supporting neuronal homeostasis [19].
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3.7. Regulation of Autophagy Pathways

Mitochondria-lysosome contacts have distinct functions compared to mitochondria—
lysosome interaction associated with lysosomal degradation processes such as au-
tophagy/mitophagy or mitochondrial-derived vesicles [30,65]. GDAP1, which forms
a mitochondria lysosome contact with LAMP1, is an important actor in the autophagic pro-
cess. Although mitochondria-lysosome contacts are different from pathways involved in
mitochondrial degradation by lysosomes (see Section 2), a subtype of these contacts defined
by their short-range interaction (~4 nm) was suggested to be co-regulated by autophagy
pathways [34]. Still, their role remains to be fully elucidated.

A schematic summary of mitochondria-lysosome MCSs function is reported in Figure 4.

( MCSs FUNCTION )

MEtflbOIite Transfer: Organelle Dynamics: | Other Cellular functions:
- Calcium - Mitochondrial Fission | - Autophagy
- Iron - Mitochondrial - Localization of protein
- Cholesterol network synthesis
- Other Lipids

Figure 4. Main functions of mitochondria-lysosome MCSs. These contacts are important for Ca®*
dynamics, iron metabolism, cholesterol and other lipids exchange. They are involved in organelle
dynamics, especially in mitochondrial fission. A role for these contacts has been proposed in other
related cellular functions, such as autophagy and protein synthesis. MCS: membrane contact site.
Image adapted from Servier Medical Art https://smart.servier.com/ (accessed on 25 July 2025),
licensed under CC BY 4.0 https:/ /creativecommons.org/licenses/by/4.0/ (accessed on 25 July 2025).

4. Methodologies to Study Mitochondria-Lysosome Communication and
Techniques for Probing Interactions

The study of mitochondria-lysosome interaction is challenging because of the highly
dynamic and transient nature of contacts, which makes the detection very difficult. Two
critical parameters need to be taken into consideration: the distance between the organelles
(~10 nm) and the duration of their closeness (>10 s) [16,34]. Various methods have been
used for characterizing MCS; actually, the gold standards are considered advanced mi-
croscopy techniques. Most of these methodologies have been adapted to specifically
evaluate mitochondria-lysosome contact numbers, duration, structure, dynamics, and
function, yielding significant insights. However, each methodology comes with its own set
of limitations, so the use of several complementary techniques can enhance the reliability
of the findings [53,66].

To visualize the ultrastructure of MCSs and the surrounding cellular context, Electron
microscopy (EM) techniques are used. The most important limitation of these approaches
is the need to fix the sample, which makes it impossible to capture the dynamic nature of
organelle contact sites in living cells. To explore the ultrastructural architecture of MCSs
and pinpoint the proteins in the organelles’ interfaces, Transmission Electron Microscopy
(TEM) analysis, which requires cell fixation, was performed [67] together with biochemi-
cal staining methods including horseradish peroxidase (HRP), immunogold labeling, or
APEX2 tags [53]. The latter are broadly applicable genetic tags, mainly used in fusion
constructs that generate contrast on a specific labeled membrane protein to which they
are fused [68]. Correlative Light and Electron Microscopy (CLEM) approaches, a combi-
nation of fluorescence microscopy with EM in which the latter provides high-resolution
information, while the former highlights the regions of interest, offer especially effective
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means for investigating the MCSs [69,70]. Indeed, a recently developed protocol in which
cells were co-transfected with plasmids Mito-mEosEM and TMEM192-V5-APEX2 to label
mitochondria and lysosomes, respectively, was developed for fixed cells. The resulting
CLEM images highlighted the changes in organelle interactions under stress conditions.
Indeed, the treatment with bafilomycin to inhibit lysosomal function showed an increase in
contacts, while the use of U18666A to inhibit the exchange of cholesterol from lysosomes
led to the clustering of mitochondria around lysosomes, making this approach a powerful
tool for studying organelle contact in both healthy and pathological conditions [70]. In
recent years, Cryo-EM has analyzed samples in vitrified ice at cryogenic temperatures,
providing a tool to visualize the 3D structures of proteins assembled on membranes in vitro
and in their native cellular state in physiological solutions. Nevertheless, there is a notable
lack of cryo-EM published studies on MCSs, highlighting that its application in this field of
research remains relatively limited and hardly accessible [71,72].

On the other hand, Super-Resolution Fluorescent Microscopy techniques are exten-
sively utilized for the in-depth characterization of MCS. Due to the average distance
between mitochondria and lysosomes of around 10 nm, the light diffraction limits of con-
ventional fluorescence microscopy are not appropriate to obtain a structural image. These
techniques utilize various approaches to overcome the limitations imposed by light diffrac-
tion, such as alterations in the excitation and emission processes of fluorescent molecules.
Among the various techniques available, MCS has mainly been explored through four
key methodological approaches: Structured Illumination Microscopy (SIM), Total Inter-
nal Reflection Fluorescence Microscopy (TIRFM), Stimulated Emission Depletion (STED)
microscopy, Single Molecule Localization Microscopy (SMLM), the latter including Photo-
Activated Localization Microscopy (PALM), STochastic Optical Reconstruction Microscopy
(STORM) and Points Accumulation for Imaging in Nanoscale Topography (PAINT) [73-75].
Resolution of approximately 10-20 nm in living cells also permits the evaluation of contact
durations and dynamics. Mitochondria and lysosomes could be labeled with specific
dyes such as MitoTracker or tetramethylrhodamine methyl ester (TMRM) and LysoTracker,
respectively, or fluorescent constructs with lysosomal or mitochondrial membrane proteins
and a genetically encoded tag such as GFP to facilitate the live-cell imaging of contact
dynamics. The combination of fluorescent dyes and time-lapse microscopy enables the mea-
surement of frequency, duration, and movement of mitochondria-lysosome contacts [53].
Another method that was used is the Fluorescence Resonance Energy Transfer (FRET).
Using the right FRET pairs (donor and acceptor fluorophores), it was possible to identify
the close proximities (1-10 nm) between organelles in live cells. Outer mitochondrial
membranes and lysosomal membrane proteins were tagged with fluorophores, and FRET
allows for the detection of energy transfer between the tagged proteins associated with
the respective organelles, which indicates the formation of a contact site. Wong et col-
leagues used TOM20-Venus (outer mitochondrial membrane) and LAMP1-mTurquoise2
(lysosomal membrane) to confirm the formation of contact in living cells [16]. Moreover, a
split-GFP-based contact site sensor, which was designed to fluoresce when organelles are in
proximity [76], has been used and implemented by Giamogante et al. to investigate the teth-
ering between lysosomes and mitochondria in vitro and in vivo. With this system, named
SPLICSS/L-P2ALY-MT, two types of mitochondria-lysosome contact sites in human cells
were described, short-(~4 nm) and long-range interface (~10nm), each of which showed
a different response in the presence of specific stimuli given by changes in the levels of
proteins involved in tethering and untethering [34]. With these experiments, they highlight
that only the short-range MCSs were dependent on the RAB7A /TBC1D15 pathway and
that these contacts may be co-regulated by autophagy pathways [34].
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Taken together, MCSs between mitochondria and lysosomes were first observed by
STORM [52] and successively by EM, and FRET [16]. A summary of the most relevant
techniques used in previous studies on mitochondria-lysosome contacts, together with the

potential benefits and limitations of each method, is reported in Table 1.

Table 1. Benefits and disadvantages of the techniques reported in the literature for studying

mitochondria-lysosome MCSs.

Methods Benefits Disadvantages References
Electron Microscopy-based techniques
Requires chemical fixation that may
. .. . e induce artifacts
EM High-resolution imaging and magnification Inability to image live cells [16]
Creation of monochromatic images
High-resolution ultrastructure imaging Low-throughput technique
TEM Provides information on both the structure and  Potential for artifacts [46,67]
elemental composition Inability to image live cells
3D recor}structlon through se'quentlal imaging Slow data acquisition
for detailed structural analysis . . .
FIB-SEM . High-maintenance equipment [69]
Allows the study of contact dynamics . .
. . Technically demanding
High resolution
Visualization of the full, native 3D architecture of Limited tilting range of sample holder
ET complex samples like organelles Technically demanding [67]
Artifacts minimization Inability to observe live cells
Super Resolution Fluorescent Microscopy-based techniques
Live cell imaging and dynamics
Fast image acquisition speed
SIM Low phototo>h<1C1ty. Lowe.r lateral fesolutlon. . . [16,73,77]
3D structure imaging Creation of artifacts during image reconstruction
Compeatibility with conventional
fluorescent probes
Live-cell imaging and time-lapse
High spatial resolution (10-30 nm) Slow image acquisition
STORM Individual multicolor fluorophore localization Potential %or 310 tobleaching and phototoxici [52]
Compatibility with conventional fluorescent P & P ty
probes and organic dyes
Combination of fluorescence microscopy
(multicolor labels) and electron microscopy Low efficiency of available combinatorial probes [16,69,70]
CLEM (high resolution) Different requirements for sample preparation T
Localization of molecules with the for the two techniques
corresponding ultrastructural context
Proximity-based biotinylation and fluorescence techniques
Rapid reaction and high
APEX2 spatiotemporal resolution High oxidative stress and toxicity due to HO; [70]
High activity and specificity
Measures molecular distances in living cells in Efcqel;:cf the same expression of the donor and
FRET regl—tlme . . _ Possible photobleaching, cross-excitation, [16]
High spatial resolution and sensitivity
. autofluorescence from cellular components, and
Can be used to study the dynamics of MCS .
bleed-through emission
SPLICS In vitro and in vivo applications Irreversibility of the GFP reconstitution [34]

Abbreviation: EM Electron Microscopy; TEM Transmission Electron Microscopy; FIB-SEM Focused Ion Beam-
Scanning Electron Microscope; ET electron tomography; SIM Structured Illumination Microscopy; STORM
STochastic Optical Reconstruction Microscopy; CLEM Correlative Light and Electron Microscopy; FRET Fluores-

cence Resonance Energy Transfer.
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Mitochondria-lysosome contacts have an average distance between membranes of
~10 nm. Furthermore, using live confocal microscopy at high spatial and temporal reso-
lutions, it was possible to observe that, at any given time, ~15% of lysosomes contacted a
mitochondrion and that, although tethering could last as long as 13 min [73], the average
duration was ~60 s [16]. Furthermore, a single lysosome could simultaneously contact
multiple mitochondria, and the lysosome contacted by mitochondria could have different
sizes, small (diameter <0.5 um) and larger (diameter >1 pm) [16].

Despite recent advances, measuring the structure and dynamics of mitochondria—
lysosome contacts remains challenging. In the future, advances in technologies are neces-
sary, such as new dyes that elicit tolerable levels of phototoxicity to be used in long-term
imaging and super-resolution imaging, molecular tools or drugs for the manipulation of
organelle dynamics, computational methods for data processing, and large datasets of
image reconstruction and analysis.

5. The Role of Mitochondrial and Lysosomal Dysfunctions in
Alzheimer’s Disease

AD is a multifactorial neurodegenerative disorder pathologically characterized by
the extracellular progressive deposition of amyloid beta (Af) plaque, accumulation of
hyperphosphorylated tau protein, also known as neurofibrillary tangles (NFTs), within
neurons, and neuronal loss. Despite intensive efforts, the main trigger of AD pathology
and the mechanisms are still not fully understood [78]. A large plethora of studies have
associated AD with a decline in organelle and protein homeostasis, particularly affecting
mitochondria and the endosome-lysosome system [79-82].

The e4 allele of the APOE (Apolipoprotein) gene is the major genetic risk factor for
late-onset AD and, in neurons, has a deleterious impact on the expression and function of
mitochondrial proteins. In neuroblastoma cells, the presence of apoE4 led to a reduction in
the levels of mitochondrial respiratory complexes I, IV, and V. Additionally, the activity of
Complex IV was diminished, which contributed to a decrease in mitochondrial respiratory
capacity [83]. ApoE4 produces an imbalance in mitochondrial dynamics; it has been linked
to abnormal fusion and fission and reduced mitophagy in the hippocampus of ApoE4-
transgenic mice [84] and to decreased fission and impaired parkin-mediated mitophagy
in APOE4 astrocytes [85]. Additionally, mutations in mitochondrial DNA (mtDNA) are
found more frequently in the brains of AD patients compared to age-matched controls,
potentially contributing to the mitochondrial dysfunction observed in these patients [86,87].
Rarer point mutations in the MT-RNR1 and MT-TR genes in homoplasmy have been
identified in AD, and the mtDNA copy number was found to be lower in AD patients
than in controls [88]. Furthermore, point mutations in mtDNA that encode for subunits of
Complex IV have been linked to diminished cytochrome ¢ oxidase (COX) activity, which
may play a role in the progression of AD [89].

A considerable amount of evidence indicates that dysfunctional mitochondria may be
central to the development of AD. In the brain, where neurons require a significant amount
of energy to support synaptic activity and plasticity, mitochondrial alterations are among
the earliest noticeable changes. Indeed, to support neuronal activity, healthy functional
mitochondria are necessary to satisfy the energy demand to perform critical functions and
to protect neurons by reducing oxidative damage associated with mitochondrial dysfunc-
tion [90]. Longitudinal studies indicate that mitochondrial dysfunction occurs before the
A accumulation and tau deposit, suggesting its role as an early event in the development
of AD [91]. Mitochondrial dysfunction compromises neural homeostasis and survival,
leading to early neuronal death and the emergence of AD symptoms [90]. The impairment
is associated with different interrelated factors such as metabolic imbalances, elevated
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oxidative stress, disruption of calcium homeostasis, and compromised mitochondrial qual-
ity control [92,93]. Furthermore, mitochondrial dysfunction is closely connected to key
characteristics of AD, such as Af3 plaque accumulation and tau hyperphosphorylation [94].
Taken together, mitochondria are considered so important in AD development that, along-
side the initial Amyloid Cascade Theory, the Mitochondrial Cascade Hypothesis has been
formulated, proposing that they mediate, drive, or contribute to a variety of AD-caused
alterations [95-97]. Mitochondrial dysfunctions in AD were recently reviewed in [92,98,99].

On the other hand, the autophagy-lysosomal pathway is essential for the degrada-
tion and recycling of dysfunctional organelles and aggregate amyloid proteins associated
with AD for maintaining cellular homeostasis. Lysosomes are considered the primary site
of intracellular toxic A accumulation, making them a potential primary root for multi-
organellar dysfunctions. Alterations of the lysosomal system are considered a feature of
AD [100], and several studies have highlighted abnormal autophagic activity, impaired lyso-
somal acidification, and inefficient cellular degradation, which could impact the clearance
of amyloidogenic or aggregate-prone proteins involved in disease progression [101,102].
Moreover, an elevated number of autophagosomes was found in the brain tissues of AD
individuals, which may be due to reduced lysosomal function or impaired autophagosome-
lysosomal fusion [103,104]. Lysosomal dysfunction has been linked to early phases of
AD, in the process of accumulation of toxic protein aggregates, prior to amyloid plaque
formation and to the advanced stages of this disease characterized by neuronal death and
toxic protein deposition [105,106], indicating that such dysfunction could play a critical role
in the buildup of amyloid plaques and the overall development of AD. Furthermore, it was
observed that brain tissues from AD patients are notably characterized by the presence of
Ap plaques rich in lysosomal proteins [107,108], and genetic models for AD accumulating
Ap or tau aggregates, show endosome-lysosomal dysfunction [82,109,110]. The causal
link for the accumulation of amyloid and lysosomal damage remains unclear. It was hy-
pothesized that the endocytosis of extracellular protein oligomers increased in AD, leading
to lysosomal damage, which in turn promotes the seeding of aggregates and neuronal
death [111-113]. More recent studies have shown in AD neurons the presence of intrin-
sically perforated endosome-lysosomes, which may support the seeding of cytoplasmic
aggregates [114,115]. For an exhaustive recent literature review of lysosomal dysfunction
in AD, see [116,117].

Taken together, although the cause of their onset is not yet known, both mitochondrial
and lysosomal dysfunction are well-characterized in AD.

6. Potential Role of Mitochondria-Lysosome Contact Sites in
Alzheimer’s Disease

In the context of AD, the role and involvement of mitochondria-lysosome MCSs in
neuronal degeneration remain largely unexplored. Here, we have considered some aspects
and cellular functions associated with AD pathogenesis that were reported as relevant in
mitochondria-lysosome MCSs, as well as some proteins with a distinctive role observed in
both AD and MCSs, with a focus on tethering proteins reported in Section 3. Both mito-
chondrial and lysosomal dysfunctions were reported as early events in AD-affected brains.
Although the initial trigger remains unclear, the functional mutual dependence of the two
organelles, as reported by evidence obtained from cells with mitochondrial alterations or
defective lysosomes, may suggest a role for MCSs and a link between the impairments.
Therefore, it is possible to hypothesize that in the case of a mitochondrial deficit in neurons
due to aging, the communication between organelles becomes no longer functional, the
exchange of molecules is altered, with a consequent loss of cellular homeostasis. This may
contribute to lysosomal impairment. Hence, mitochondrial dysfunction has a harmful
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impact on lysosomes’ functionality, as observed in various cell types both in vitro and
in vivo [118-122]. Apparently, this is not directly due to reduced ATP availability. Indeed,
how the lysosomal compartment functions are dysregulated by mitochondrial dysfunction,
is still not fully understood. The bioenergetic deficit and the consequent decrease in ATP
concentration have been reported as an essential factor. Still, other actors may be involved
with a direct effect on lysosomal function, such as the mitochondria-lysosome tethering
proteins [118-122]. For instance, the impairment of mitochondrial function due to the
deletion of fundamental mitochondrial proteins such as AIF, OPA1, or PINK1 or the use of
inhibitors of the electron transport chain leads to lysosomal dysfunction, evidenced by large
LAMP1-positive lysosomal vacuoles, which become nonacidic and lose their hydrolytic
activity [118]. On the other hand, in yeast, the impaired vacuole acidification was reported
to limit mitochondrial function [123]. Functionally, the reduced ability of lysosomes to
degrade materials has significant implications for mitochondrial quality control (MQC), as
mitophagy, the process responsible for the degradation of damaged mitochondria, relies on
functioning lysosomes for its effectiveness [123]. Accordingly, studies in fibroblasts from
Down syndrome patients, predisposed to early-onset AD due to the extra chromosome
21, which carries the gene for amyloid precursor protein (APP), accumulate the 3-cleaved
carboxy-terminal fragment of APP that impairs lysosomal acidification and functionality by
inhibiting the V-ATPase, contributing to ineffective mitophagy [124]. Taken together, it is
possible to hypothesize that during the early onset of disease, one of the two organelles may
lose its normal function, affecting cellular homeostasis. In this context, the mitochondria—
lysosome contacts may be reduced or altered, causing an alteration in organelle balance, in
their functions, and a loss of communication. On the other hand, organelle communication
may also serve to amplify the dysfunction from one organelle to the others in the cell.

In AD, an imbalance between mitochondrial fission and fusion was reported, with
a significant shift toward fission. Hence, the affected neurons possess dysfunctional mi-
tochondria that fail to satisfy the cell’s metabolic requirements [125]. In particular, in-
creased expression of DRP1 and FIS1 and decreased expression of Mfn1l, Mfn2, Opal and
Tomm40 were reported in APP transgenic mice primary hippocampal neurons and in AD
brains [126,127]. Furthermore, it was found, using immunoprecipitation, immunofluores-
cence, and double-labeling analyses, that DRP1 interacts with intraneuronal monomeric
and oligomeric forms of Af in patients with AD. DRP1 was mainly expressed in neurons
of the frontal cortex, but it was also detected in the astrocytes and microglia of patients
with AD. Additionally, intraneuronal Af3 and A deposits were observed in the brains
of AD patients, and monomeric and oligomeric forms of A} were detected in primary
neurons derived from APP transgenic mice. In this context, their increased production
and interaction became fundamental factors in the excessive mitochondrial fragmenta-
tion, compromising mitochondrial transport along axons and dendrites and impairing
synaptic function [127]. In the context of excessive mitochondrial fission and elevated
levels of DRP1 and FIS1, RAB7A levels were reported as increased in different studies: in
the basal forebrain, frontal cortex and hippocampus of mild cognitive impairment and
AD patients, high levels of RAB7A were observed compared to controls [128-130]. More-
over, in nucleus basalis neurons of the basal forebrain, the upregulation of RAB7A gene
expression was shown during AD progression [131], and the cerebrospinal fluid (CSF) of
AD patients exhibits an increase in RAB7A protein levels [132]. Moreover, RAB7A was
reported to regulate tau secretion, and a partial co-localization of tau and RAB7A-positive
structures was shown in neurons and HeLa cells. In this context, the increased expression
of RAB7A observed in AD may play a role in the extracellular accumulation of pathological
tau species, potentially promoting the spread of tau pathology in the brains of affected
individuals [133]. The elevated mitochondrial fission observed in AD neurons and the
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increased levels of proteins involved in RAB7A GTPase-TBC1D15-FIS1 MCS formation
and dynamics (Figure 3), which was reported to regulate fission, may indicate a higher
frequency of mitochondria-lysosome MCSs as a consequence of a dysregulation in the
communication between organelles through these sites.

As reported above, the levels of Mfn2 protein and mRNA, involved in mitochondria—
lysosome MCSs for iron transfer, mitochondrial fusion, and other cellular processes,
were decreased in AD brains and primary hippocampal neurons from APP transgenic
mice [126,127]. Moreover, a decrease in phosphorylated Mfn2 levels was suggested to
contribute to mitochondrial fragmentation, which in turn causes abnormalities in mito-
chondrial morphology and distribution in AD cybrids [134]. Additionally, in adult neurons,
the deletion of Mfn2 and the consequent mitochondrial fragmentation was reported to
lead to neurodegeneration via oxidative stress and neuroinflammation in vivo [135]. Taken
together, these results indicate that Mfn2 could play a crucial role in mitochondrial dysfunc-
tion associated with AD. Decrease in Mfn?2 levels may also affect the number and duration
of mitochondria-lysosome MCS, leading to an imbalance in iron transfer and contributing
to altered mitochondrial fusion (Figure 3). In this context, it was reported that the increase
in Mfn2 expression via methylation modification in the AD model mice improved mito-
chondrial dysfunction and cognitive deficits, making this protein a promising therapeutic
target in AD [136].

Mitophagy depends significantly on the integrity of lysosomes, which is severely
compromised in AD, leading to further mitochondrial dysfunction [137]. Additionally,
autophagy was found to modulate A clearance and secretion and was reported as im-
paired in AD. In particular, in mouse models, where treatment with rapamycin or genetic
modifications causes enhanced autophagy, both intracellular and extracellular deposition of
AP in brains were reduced [138-140]. Af3 oligomers act as autophagic substrates and were
enclosed within autophagosomes in the brain of autophagy-hyperactive AD mice [139].
On the other hand, in autophagy-deficient AD mice, extracellular A3 plaque formation
was drastically decreased while intraneuronal A3 was markedly accumulated, indicating
a compromised Af secretion [141]. Hence, an impairment in autophagy contributes to
AD pathogenesis. In the early stages of the disease, an accumulation of autophagosomes
and autolysosomes in AD patients’ brains [104] and an up-regulation of the mRNA and
protein of autophagy-related and lysosomal genes in hippocampal CA1 neurons from AD
patients [142] were reported. These data indicate that increased autophagy during the early
stages of AD serves a protective role against stress. However, as AD progresses, autophagic
flux becomes impaired [143], and the downregulation of several autophagy-related proteins
was found in AD brains [144,145]. Overall, accumulating evidence points to a strong rela-
tionship between dysfunctional autophagy and the development of AD [140]. Furthermore,
the accumulation of autophagic vesicles that are not able to fuse with lysosomes may exacer-
bate mitochondrial dysfunction. Following the different expressions of autophagic proteins,
no consensus information is present in the literature regarding LAMP1 levels in AD. In
CSF, neurons, and glial cells of AD patients, as well as in AD mouse models, increased
levels of LAMP1 have been reported [132,146], which is associated with severely impaired
lysosomal function in neurons [146]. Furthermore, amyloid plaques were found massively
enriched with LAMP1, indicating an accumulation of lysosomes at these sites [147,148].
On the other hand, a reduction in the levels of LAMP1 was found in AD mice and cell
models [149]. This contrasting information may highlight the evolution of the lysosomal
dysfunction in the AD pathogenesis and progression, with an involvement in autophagy
impairment and different LAMP1 levels in the early and late phases of disease. The impair-
ment in the levels of LAMP1 may influence the formation of mitochondria-lysosome MCSs,
mediated by GDAP1 and LAMP1 (Figure 3), contributing to alterations in the autophagic
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process and mitochondrial network. Furthermore, to the best of our knowledge, alteration
of GDAP1 levels in AD has not been reported yet. Nonetheless, motor neurons lacking
GDAP1 showed some alterations similar to neuronal AD. Indeed, these cells were shown
to be prone to early degeneration, and are characterized by alterations in mitochondrial
structure and network, such as increased fragmentation, in autophagy and mitophagy, and
elevated levels of reactive oxygen [150].

Calcium signaling plays an essential role in regulating mitophagy, connecting mi-
tochondrial dysfunction with neuronal damage in the context of AD pathogenesis. The
interaction between tau protein and VDAC1 shows another connection between mitochon-
drial dysfunction and tau-related pathology [151]. VDAC1 is a crucial component of the
outer mitochondrial membrane and forms contact with MCU in the inner membrane for
calcium exchange and with TRPML1 on the lysosomal membrane. Functionally, VDAC1
plays a key role in regulating the transport of pyruvate and in controlling the passage of
calcium ions and reactive oxygen species (ROS) into the mitochondria [151]. High levels
of VDAC1 have been reported in affected regions of AD brains and cortical tissues from
AD mouse models [152]. Furthermore, when tau becomes hyperphosphorylated, in the
presence of A peptides, it disrupts the normal functioning of VDAC1, leading to impaired
mitochondrial transport processes and the promotion of apoptosis [151,153]. In this context,
the formation and tethering of MCSs mediated by VDAC1 may be compromised due to a
reciprocal relationship between mitochondrial dysfunction and tau hyperphosphorylation,
leading to impaired mitochondrial calcium influx via the MCU, and excessive calcium
accumulation, which prompts the opening of the mitochondrial permeability transition
pore mPTP, releases cytochrome ¢, and results in apoptotic cell death [154,155]. Addi-
tionally, intracellular calcium overload can interfere with mitophagy efficiency, blocking
the stabilization of PINK1 on the mitochondrial membrane and Parkin recruitment [156].
The involvement of tau pathology in MCU dysfunction further worsens mitochondrial
calcium imbalance, increasing mitophagy deficits and promoting neurodegeneration [157].
Importantly, studies have demonstrated that inhibition of MCU using drugs can restore
mitophagy function and alleviate AD pathology, underscoring the potential of targeting
mitochondrial calcium balance as a therapeutic approach to combat neurodegenerative
disorders [158]. On the other hand, TRPML1 has been identified in the cellular defects
associated with AD pathogenesis for its function in the exchange of ions, such as calcium,
between lysosomes and mitochondria, and for its related function as an autophagy regula-
tor [159]. In particular, downregulation of TRPML1 was reported in APP/PSEN1 transgenic
mice, a mouse model for AD research carrying mutated forms of APP and presenilin-1
(PSENT1) genes, both associated with early-onset familial disease, which is linked to a
disruption in the autophagy-related PPARy/AMPK/mTOR signaling pathway [160]. Im-
paired lysosomal calcium signaling, especially via TRPML1 channels, which is involved
in the formation of mitochondria-lysosome MCSs and was found downregulated in AD
(Figure 3), may further disrupt the autophagic flux, leading to a self-reinforcing cycle of
mitochondrial and lysosomal dysfunction.

Pharmacological approaches focused on restoring lysosomal function have shown
potential in restoring mitophagy in AD. For instance, supplementation with nicotinamide
riboside in APP/PS] transgenic mice has been found to enhance the expression of LC3 and
PINK1, which subsequently reduces A accumulation and boosts cognitive abilities [161].
Similarly, in preclinical models of AD, the mitigation of Af3 pathology and the restoration
of synaptic function caused by the activation of neuronal mitophagy through compounds
like nicotinamide mononucleotide (NMN) and urolithin A were observed [158].

Remarkably, the organellar interactome operates as a network to maintain cellular
homeostasis. Therefore, the identified organellar dysfunctions may be associated with addi-
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tional connections, especially the interactions with the endoplasmic reticulum. Concerning
ER-mitochondria communication, an increase in the number and duration of contacts was
observed in presenilin-mutant cells and in fibroblasts from familial and sporadic forms of
AD patients, due to the rise in the conversion of free cholesterol to cholesteryl esters and to
phospholipid synthesis [162]. Imbalances in cholesterol homeostasis have been observed
in AD and are believed to play a role in the progression of the disease by facilitating the
accumulation of Af. Notably, increased mitochondrial cholesterol levels have been found
to heighten susceptibility to neurotoxicity caused by Af3. High levels of STARD3 at all
ages analyzed were reported in APP/PS1 mice compared to wild-type mice, in which
the levels of this protein were maintained steadily during aging [163]. Increased STARD3
levels may indicate an increase in mitochondrial lysosome contact mediated by this carrier
for the cholesterol transfer (Figure 3), contributing to elevated mitochondrial cholesterol
levels. Indeed, this accumulation was linked to elevated levels of proteins that facilitate the
translocation of cholesterol to the mitochondria, starting from the ER [163]. In this context,
the cholesterol transfer from the lysosome mediated by high levels of STARD3 may be
involved in the accumulation process contributing to the AD progression in old APP/PS1
transgenic mice. Furthermore, as already discussed, three-way contacts are common for
organelle communication. In particular, lysosomes directly share contact sites with the ER
and mitochondria, possibly forming a tripartite complex [164]. Lysosomal dysfunction may
be due to pH acidification or Ca2+ metabolism, which could be regulated and maintained
through organelle contact sites [165].

In Table 2, alterations in mitochondria-lysosome tethering proteins levels and function
and the investigated models reported in the literature in the context of AD, were summarized.

Table 2. Alterations of tethering protein levels in the context of AD.

Tethering Proteins

at MCS Protein Alteration in AD Evidence for Dysfunction Investigated Models Reference
. . AD brains and APP
FIS1 Increased levels gbnorr'nal m1t9chondnal transgenic mice primary [126,127]
ynamics (fission) hi
ippocampal neurons
RAB7A-TBC1D15-FIS1 RAB7A Increased levels Excessn{e mltochondna'l fission Neuror}s and CSF of MCI and [129-133]
Regulation of tau secretion AD patients
TBC1D15 No information
Abnormal mitochondrial fusion ]{?iD b;?;ﬁ a;cilgilrr(r)lr??;rom
Mfn2 Reduced levels and fragmentation pp pal neur [126,127,134]
. . APP transgenic mice, AD
Impaired iron transfer .
cybrids
Impaired lysosomal functions CSE. neurons, lial cells of AD
LAMP1 Increased levels Accumulation of lysosomes in v neurons, ghal cel's o [132,146-148]
. patients; AD mouse models,
amyloid plaques
LAMPI-GDAP1 LAMP1 Reduced levels Lysosomal dysfunction AD mouse and cell models [149]
GDAP1 No information
Impaired calcium signaling AD brains and cortical tissues
VDACI Increased levels Mitochondrial dysfunction from AD mouse models [151,152]
VDAC1-TRPML1 L ired caldi ionalin
TRPML1 Reduced levels mpaired calcium signating AD mouse models [159,160]
Autophagy dysregulation
STAD3 Increased levels Increased mitochondrial AD mouse models [163]

cholesterol levels

Abbreviations: MCI Mild Cognitive Impairment; CSF Cerebrospinal Fluid.

The concept that lysosomal dysfunction could affect communication between or-
ganelles via contact sites, such as those located at the endoplasmic reticulum and mitochon-
dria, is intriguing. The alteration of MCSs may ultimately compromise the entire neuronal
network, resulting in neuron degeneration. Therefore, the link between intracellular dys-
functions and the onset of AD may originate from abnormalities in organelles, which can
interfere with their communication and impact cellular homeostasis.
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7. Conclusions

Although the exact role of mitochondria-lysosome MCSs in AD remains unclear, the
cellular processes they regulate in healthy cells are reported to be disrupted in neurons of
patients with AD. Indeed, alterations in mitochondrial fission, as well as in the exchange of
essential ions like calcium and iron, which are fundamental for many cellular processes, of
lipids, and other molecules, have been observed in AD, playing a significant role in the loss
of cellular homeostasis leading to neural impairment. Therefore, mitochondria-lysosome
MCSs may have a fundamental role in AD pathogenesis, and their alteration may contribute
to neuronal degeneration. More advanced and easy-to-use techniques are needed to gain a
deeper understanding of the regulation and functions of MCSs, which could provide a new
perspective into the disease and open promising avenues and new targets for AD therapies.
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