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A B S T R A C T

Mitochondria are central to cellular energy metabolism, redox balance, and signaling, and their integrity is 
maintained by a multilayered mitochondrial quality control (MQC) system. This system includes proteostasis, 
dynamics, biogenesis, and mitophagy, which together repair or remove damaged organelles. Mitochondria- 
derived vesicles (MDVs) have emerged as an additional MQC component. MDVs are small vesicles that bud 
from mitochondria and selectively transport damaged mitochondrial proteins, lipids, and nucleic acids to 
endolysosomal compartments or other intracellular destinations, enabling rapid and localized responses to 
mitochondrial stress. Acting upstream of or in parallel with mitophagy, MDVs can avoid or delay irreversible 
mitochondrial damage and help preserve cellular homeostasis. Aging and age-associated disorders are charac
terized by progressive mitochondrial dysfunction and chronic inflammation. Age-related changes in intracellular 
trafficking, lysosomal function, and vesicle dynamics may impair MDV formation, cargo selection, and targeting. 
Under conditions of defective degradation, mitochondrial components may also appear in extracellular vesicles, 
potentially contributing to altered intercellular signaling and inflammation. In the nervous system, where en
ergetic demands are high and mitochondrial turnover requires tight regulation, such alterations may be espe
cially harmful. This review summarizes MQC mechanisms in neurons, with a focus on MDVs, their dysregulation 
during aging and neurodegeneration, and implications for biomarkers and therapeutic strategies.

1. Introduction

Mitochondria maintain their fidelity through a multilayered quality 
control system that includes proteostasis, biogenesis, dynamics (fusion 
and fission), and mitophagy. The selective extrusion of damaged com
ponents within mitochondria-derived vesicles (MDVs) has also been 
described in conditions of mitochondrial stress (Ferrucci et al., 2024; 
König and McBride, 2024; Gagliardi et al., 2024). MDVs are small 
(70–150 nm) membrane-bound carriers that bud from the outer and/or 
inner mitochondrial membrane to deliver specific cargo, such as 
oxidized proteins, lipids, or mitochondrial DNA (mtDNA), to late 
endosomes, lysosomes, or peroxisomes for degradation (Ferrucci et al., 

2024; König and McBride, 2024). When these intracellular routes are 
overwhelmed or defective, MDVs can be released into the extracellular 
space within exosomes or other small extracellular vesicles (sEVs). 
Therefore, the process of MDV formation and release serves as an 
alternative pathway to wholesale mitophagy, acting as an early check
point in mitochondrial quality control (MQC) (Todkar et al., 2021).

The study of MDVs has increased enormously over the past decade as 
investigators have also recognized their potential role as mediators at 
the intersection of mitochondrial dysfunction and sterile inflammation 
in health and disease (Ferrucci et al., 2024). In aging-related conditions 
such as physical frailty and sarcopenia (PF&S) and neurodegenerative 
diseases such as Parkinson’s disease (PD), systemic inflammation 
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coexists with mitochondrial dysfunction and deranged MQC (Picca 
et al., 2020a, 2020b).

Data from recent studies provide a framework to understand how 
aging and altered intracellular trafficking differentially shape MDV 
biology. Herein, we discuss how MDV dynamics may change with age 
and/or specific conditions under perturbations of MQC machinery and 
vesicle trafficking.

2. Mitochondria and neuronal quality

2.1. Integration of mitochondrial quality control systems for cell quality

A hierarchically organized surveillance network integrates mito
chondrial proteostasis, genome integrity, and bioenergetic organelle 
competence to achieve mitochondrial homeostasis.

At the protein level, intra-mitochondrial proteases, including the 
ATP-dependent LonP1 and ClpXP proteases of the matrix, and the i-AAA 
and m-AAA proteases YME1L and AFG3L2 of the inner membrane, 
degrade oxidatively modified and/or misfolded organelle proteins. On 
the other hand, molecular chaperones such as mitochondrial heat shock 
protein 70 (mtHSP70), HSP60, and HSP10 assist in protein refolding and 
import across the translocase of the inner membrane/translocase of the 
outer membrane complexes (Song et al., 2021). When proteostatic stress 
exceeds local repair capacity, mitochondria activate the mitochondrial 
unfolded protein response (UPRmt), a retrograde signaling pathway 
mediated by a set of transcription factors including activating tran
scription factor 4 (ATF4), ATF5, and CCAAT-enhancer-binding protein 
homologous protein (CHOP) (Fiorese et al., 2016; Melber and Haynes, 
2018; Shpilka and Haynes, 2018; Song et al., 2021). Such factors coor
dinate nuclear upregulation of chaperones, proteases, and antioxidant 
enzymes to restore homeostasis (Fiorese et al., 2016; Melber and Hay
nes, 2018; Shpilka and Haynes, 2018; Song et al., 2021).

At the organelle level, mitochondrial dynamics balance fusion and 
fission to maintain a healthy mitochondrial network. Fusion is driven by 
the GTPases mitofusin-1 and -2 (MFN1/2) on the outer mitochondrial 
membrane and optic atrophy 1 (OPA1) on the inner membrane, enabling 
complementation of mtDNA copies and mixing of metabolites and pro
teins. Fission, regulated by dynamin-related protein 1 (DRP1) and its 
adaptors mitochondrial fission factor (MFF), fission protein 1 (FIS1), and 
mitochondrial dynamics protein (MID) 49/51, partitions damaged 
mitochondrial segments for subsequent clearance (Losón et al., 2013; 
Youle and Van Der Bliek, 2012). These events are also spatiotemporally 
coordinated by endoplasmic reticulum (ER) contact sites and actin 
cytoskeleton remodeling (Korobova et al., 2013). ER–mitochondria 
contacts spatially define mitochondrial division sites by promoting 
actin-dependent pre-constriction and recruitment of DRP1. Local Ca²⁺ 
signaling and lipid exchange at these interfaces further regulate mem
brane remodeling and coordinate fission with fusion processes to 
maintain mitochondrial network integrity.

When mitochondria face irreversible damage, mitophagy is activated 
to selectively remove entire organelles and/or portions. In the canonical 
PTEN-induced kinase 1 (PINK1)/Parkin pathway, mitochondrial mem
brane depolarization stabilizes PINK1 on the outer membrane, leading 
to phosphorylation and recruitment of the E3 ubiquitin ligase Parkin, 
which ubiquitinates voltage-dependent anion channel 1 (VDAC1) and 
MFN1/2 outer-membrane proteins. Ubiquitin-binding adaptor proteins 
such as optineurin, nuclear dot protein 52 kDa (NDP52), and p62/ 
sequestosome 1, recruit the autophagy machinery by binding light chain 
3 (LC3) protein on the phagophore, enabling autophagosome formation 
around damaged mitochondria (Kane et al., 2014; Koyano et al., 2014). 
In parallel, receptor-mediated mitophagy operates independently of 
PINK1/Parkin, where outer membrane proteins such as 
Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), NIX 
(BNIP3L), and FUN14 domain-containing protein 1 (FUNDC1) interact 
directly with LC3 via their LIR (LC3-interacting region) motifs, partic
ularly under hypoxia or during erythroid differentiation (Liu et al., 

2012; Novak et al., 2010; Sandoval et al., 2008; Zhu et al., 2013).
Beyond degradation, mitochondrial biogenesis replenishes the 

mitochondrial population through peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α)-dependent transcrip
tional programs that co-activate nuclear respiratory factor (NRF) 1/2 
and mitochondrial transcription factor A (TFAM) to promote mtDNA 
replication and expression of oxidative phosphorylation components 
(Lazarou et al., 2015; Scarpulla, 2008). mtDNA maintenance involves 
base-excision repair enzymes such as 8-oxoguanine DNA glycosylase 
(OGG1), DNA polymerase subunit gamma, and the mitochondrial ligase, 
while the mitochondrial antioxidant system, including superoxide dis
mutase 2 (SOD2), peroxiredoxins, and the glutathione (GSH–GSSG) 
cycle, limits reactive oxygen species (ROS) accumulation (Baker et al., 
2011; Youle and Van Der Bliek, 2012). Collectively, these intertwined 
mechanisms form an adaptive network that continuously remodels the 
mitochondrial network to preserve cellular energy homeostasis and 
viability (Fig. 1).

2.2. Mitochondrial quality control in neuronal metabolism and viability

Neurons are highly specialized and metabolically demanding cells 
that require a constant and finely regulated energy supply to sustain 
synaptic signaling, maintenance of the membrane potential, 
axon–dendrite transport, and ionic homeostasis. Neurites display com
plex and variable morphologies, characterized by long axons and den
dritic tree branched at different levels, which requires diversified energy 
supply and rapid local adaptation of mitochondrial function (Li et al., 
2004; MacAskill et al., 2010). To this aim, as in other cellular context, 
mitochondria play a central role not only as “powerhouses” responsible 
for ATP production through oxidative phosphorylation, but also as 
regulators of other processes such as calcium homeostasis, fatty acid and 
lipid metabolism, ROS production, and cell death signaling (Shen et al., 
2022). Under high neuronal metabolic demands and compromised an
tioxidants defence, oxidative stress can be installed and promote 
neuronal damage and ultimately degeneration. An efficient and inte
grated MQC system can, at least partly, help maintain mitochondrial 
integrity, distribution, and renewal to support neuronal and brain 
homeostasis.

2.2.1. Mitophagy in neurons
Mitophagy is essential for the proper functioning of neurites: it limits 

ROS production, prevents the accumulation of mtDNA mutations, pre
serves mitochondrial respiratory efficiency by removing dysfunctional 
organelles, thereby helping maintain ATP production, and suppresses 
both apoptotic signaling and inflammasome activation (Han et al., 
2021).

With the support of the cytoskeleton, mitochondria can be trafficked 
between the various neuronal compartments. Two main forms of 
transport can be distinguished: 1) anterograde, from the cell body to
ward the distal axons; and 2) retrograde, from the distal axons back to 
the soma (Mandal et al., 2021; Zhou et al., 2016). While mitochondria 
are predominantly distributed within neuronal processes, lysosomes 
tend to remain close to the nucleus. During mitophagy, a reduction in 
anterograde transport and an increase in retrograde transport are 
observed, directing damaged mitochondria toward the soma, rich in 
lysosomes (Mandal et al., 2021; Tseng et al., 2013; Zheng et al., 2019). 
Anterograde transport is mediated mainly by the motor protein 
kinesin-1 (Pilling et al., 2006) via trafficking kinesin proteins (Brickley 
and Stephenson, 2011) and Miro (Fransson et al., 2003), or syntabulin 
(Cai et al., 2005). Retrograde transport, instead, depends primarily on 
dynein and dynactin (Pilling et al., 2006; Schroer, 2004). Although 
dynein can bind directly to mitochondria (Schwarzer et al., 2002), Miro 
also contributes to this process (Russo et al., 2009). These movements 
stop in regions with high ATP demand (Li et al., 2020; Mironov, 2007) 
and intense Ca²⁺ regulation, such as synapses (Wang and Schwarz, 
2009).
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Fig. 1. Schematic representation of mitochondrial quality control (MQC) modules and their points of integration. MQC depends on multiple, coordinated surveil
lance systems, including proteostasis, fusion–fission dynamics, mitochondria-derived vesicles (MDVs), mitophagy, and biogenesis, that cooperate to maintain 
mitochondrial function under basal and stress conditions. Proteostasis: Misfolded or unstable proteins in the matrix and intermembrane space are refolded by 
chaperones (e.g., mtHSP70, HSP60, HSP10) or degraded by ATP-dependent proteases such as LONP1 and ClpXP. AAA⁺ proteases (m-AAA and i-AAA) further remove 
oxidized or misassembled proteins, fine-tuning activity during stress. Fusion–fission dynamics: Mitochondrial remodeling balances network connectivity and quality 
segregation. Fusion is mediated by MFN1/MFN2 and OPA1, whereas fission is driven by DRP1 recruited by FIS1, MFF, and MiD49/51. MDVs: These vesicles 
selectively transport mitochondrial cargo to endolysosomes or peroxisomes, providing a rapid, localized quality-control mechanism that complements mitophagy. 
Mitophagy: When repair fails, damaged mitochondria are eliminated via the PINK1–Parkin pathway or LC3-interacting receptor–mediated routes (e.g., BNIP3, 
FUNDC1), ensuring selective organelle turnover. Biogenesis: Recovery and renewal of mitochondrial mass are driven by PGC-1α–dependent transcriptional programs 
linking AMPK/SIRT1 signalling to NRF1/NRF2 and TFAM activation, thereby restoring mitochondrial number and function. Abbreviations: AMP, adenosine 
monophosphate; AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BNIP3, BCL2/adenovirus E1B 19-kDa protein-interacting protein 3; BNIP3L, 
BNIP3 like; CLPXP, ClpXP protease complex; DeAc, deacetylase; DRP1, dynamin-related protein-1; FIS1, mitochondrial fission 1 protein; FUNDC1, FUN14 domain- 
containing 1; HSP, heat shock protein; LONP1, LON peptidase 1; MDV, mitochondria-derived vesicle; MFF, mitochondrial fission factor; MFN1/2, mitofusin-1/2; 
MiD49/51, mitochondrial dynamics proteins 49 and 51 kDa; mtHSP70, mitochondrial heat shock protein 70; mtDNA, mitochondrial DNA; MVB, multivesicular 
body; NAD+ , nicotinamide adenine dinucleotide; NIX, Nip3-like protein X; NRF1/2, nuclear respiratory factor 1/2; OPA1, optic atrophy protein 1; OXA, oxidase 
assembly translocase; OXPHOS, oxidative phosphorylation; P, Phosphate residue; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator-1α; PINK1, PTEN- 
induced kinase-1; SIRT1, sirtuin-1; TFAM, mitochondrial transcription factor A; TIM, translocase of the inner membrane; TOM, translocase of the outer membrane; 
Ub, ubiquitin. Created with BioRender.com.
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Mitophagy can occur via three main mechanisms: non-receptor- 
mediated mitophagy, receptor-mediated mitophagy, and transcellular 
mitophagy (Fig. 2). The first and best characterized mechanism is the 
non-receptor-mediated mitophagy which follows the PINK1/Parkin 
signaling pathway. This pathway isolates damaged mitochondrial por
tions and initiates autophagy through adaptor proteins such as 

microtubule-associated protein 1 A/1B light chain 3 (LC3) and GABA 
type A receptor-associated protein (GABARAP) (Narendra et al., 2012).

Neurodegenerative diseases, like Parkinson’s (PD), Alzheimer’s 
(AD), and Huntington’s disease (HD), show profound alterations in 
mitophagy (Li et al., 2023). In early-onset PD, mutations in Park2, Pink1, 
and DJ-1 genes impair crucial mitochondrial proteins, disrupting energy 

Fig. 2. Schematic representation of the three main mechanisms regulating mitophagy in neurons. A) Non-receptor-mediated mitophagy. Damaged mitochondria 
accumulate PTEN-induced kinase 1 (PINK1) on the outer mitochondrial membrane (OMM), where it associates with and activates parkin (PARK2) through phos
phorylation of its serine 65 (S65) residue. This signaling cascade subsequently triggers the ubiquitination of several mitochondrial proteins located in the OMM. 
Through the ubiquitin-binding adaptor proteins, parkin-ubiquitinated mitochondrial substrates interact with microtubule-associated protein 1 A/1B-light chain 3 
(LC3) and GABAA receptor-associated protein type A (GABARAP) on the autophagosome, ultimately leading to autophagic degradation of mitochondrial compo
nents. Degradation products generated in autolysosomes are recycled and reused for cellular metabolism and mitochondrial biogenesis. B) Receptor-dependent 
mitophagy is activated through mitochondrial receptors containing LC3-interacting region (LIR) motifs. These include OMM proteins such as beclin-regulated 
autophagy activator molecule (AMBRA1), BCL2-interacting protein 3 (BNIP3), FUN14 domain containing 1 (FUNDC1), and Nip3-like X protein (NIX), as well as 
components of the inner mitochondrial membrane (IMM), including cardiolipin and PHB2 (prohibitin 2). These mitophagy receptors subsequently bind to the 
autophagosomal protein LC3 to promote mitochondrial clearance. C) Transcellular mitophagy. At the synapse, damaged mitochondria can be expelled via exocytosis, 
after which the extracellular organelles are eliminated by nearby glial cells via endocytosis or phagocytosis. A reverse transfer of mitochondria from glial cells to 
neurons has also been described. Created with BioRender.com.
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metabolism and increasing neuronal vulnerability to oxidative stress 
(Klein and Westenberger, 2012). Alpha-synuclein exacerbates defects in 
PINK1–Parkin mitophagy by promoting mitochondrial fragmentation 
through direct interactions with or increased DRP1 activity (Klein and 
Westenberger, 2012; Martinez et al., 2018; Nakamura et al., 2011). In 
mouse models of AD, even early increases in mitochondrial respiratory 
activity and associated ROS signaling, which can trigger MQC and 
turnover, do not compensate for energy deficits but instead exacerbate 
synaptic loss due to impaired mitophagy (Han et al., 2021). Conversely, 
enhanced lysosomal activity restores metabolic function by promoting 
the removal of damaged mitochondria and protecting synapses (Han 
et al., 2021). Reduced Parkin levels and abnormal accumulation of 
PINK1 in AD impair PINK1–Parkin complex formation and mitophagy 
initiation (Bellot et al., 2009; Martín-Maestro et al., 2019). Parkin 
overexpression restores the process (Martín-Maestro et al., 2019). As the 
disease progresses, cytosolic Parkin levels decrease and its recruitment 
to mitochondria becomes destabilized, likely via protein- or 
tau-mediated sequestration (Ye et al., 2015). Reduced sirtuin 3 in am
yloid precursor protein/presenilin transgenic mice models has also been 
shown to contribute to mitophagy defects (Yang et al., 2015), whereas 
alterations in Unc-51 like autophagy activating kinase 1 (ULK1) and 
TANK-binding kinase 1 interfere with the initiation of mitophagy (Fang 
et al., 2019). Sirtuin 3-mediated mitophagy is also a target of the pe
troleum ether extract active fraction of Polyrhachis vicina Roger (AFPR), 
that has been reported to reduce neurological damage and infarct vol
ume in cerebral ischemia–reperfusion in rat models by promoting 
angiogenesis in the damaged area (Pang et al., 2024). Recent studies in 
ischemia–reperfusion injury and chemotherapy-related tissue damage 
indicate that perturbation of complex I subunits (e.g., NDUFS4) and 
post‑translational regulators such as sirtuin 5 and dual-specificity 
phosphatase 1 can jointly remodel MQC, coordinating mtUPR 
signaling, mitochondrial dynamics, and downstream inflammatory 
outputs (Pu et al., 2025a, 2025b; Shi et al., 2012).

In HD, CAG expansion in the huntingtin gene leads to the formation 
of mutant poly(Q) huntingtin aggregates that hinder the recruitment of 
mitophagy receptors and the interaction between damaged mitochon
dria and autophagosomes (Franco-Iborra et al., 2021). Because hun
tingtin interacts with ULK1, its dysfunction results in the accumulation 
of defective mitochondria and oxidative stress, especially in striatal 
neurons (Franco-Iborra et al., 2021; Guedes-Dias et al., 2015).

Receptor-mediated mitophagy relies on mitochondrial proteins 
containing LIR motifs (Wong and Holzbaur, 2014). Via interactions with 
autophagy-related protein (ATG) 8 family members, these receptors 
enable the recognition and incorporation of damaged mitochondria into 
the expanding phagophore (Johansen and Lamark, 2020). Among the 
best-studied receptors are the activating molecules in Beclin-1-regulated 
autophagy (AMBRA1), BNIP3, FUNDC1, and NIX, along with inner 
mitochondrial membrane components such as cardiolipin and prohibitin 
2 (Liu et al., 2012; Novak et al., 2010; Sandoval et al., 2008; Wu et al., 
2014; Zhang and Ney, 2008). Activation of this form of mitophagy oc
curs in specific contexts. For example, chronic glucocorticoid exposure 
profoundly alters mitochondrial morphology, trafficking, and mitoph
agy, reducing biogenesis and causing energy deficits, especially at syn
apses (Choi and Han, 2021). Stress-related glucocorticoids reduce NIX, 
causing synaptic deficits as observed in mouse hippocampal neurons and 
SH-SY5Y cells; this occurs through interactions between the glucocor
ticoid receptor and PGC-1α, which limits its nuclear entry and sup
presses NIX-mediated mitophagy (Choi et al., 2021). Conversely, 
FUNDC1 activation exerts neuroprotective effects during ische
mia–reperfusion injury (Cai et al., 2021), participating in both mito
chondrial dynamics and mitophagy (Liu et al., 2022). The nuclear 
receptor subfamily 4 group A member 1 (NR4A1) has been shown to 
regulate mitochondrial dynamics in ischemia–reperfusion injury by 
promoting mitochondrial fission through mitochondrial fission factor 
(MFF) and modulating FUNDC1-mediated mitophagy (Wang et al., 
2024). NR4A1 expression increases following ischemia–reperfusion 

injury, driving MFF-dependent mitochondrial fragmentation and 
altering mitophagy responses. In contrast, NR4A1-knockout mice 
exhibit resistance to ischemia–reperfusion injury, reduced pathological 
mitochondrial fission, and enhanced mitophagy activation compared 
with wild-type littermates (Wang et al., 2024). AMBRA1 can act as an 
autonomous receptor in the absence of Parkin (Strappazzon et al., 
2015), while BNIP3L can promote mitophagy independent of the 
PINK1–Parkin system, offering a potential compensatory mechanism in 
PD (Gao et al., 2015; Koentjoro et al., 2017).

Transcellular mitophagy represents another mitophagy strategy 
based on the release of mitochondria from neurons and their subsequent 
phagocytosis by glial cells (Davis et al., 2014; Narendra et al., 2012). A 
reverse transfer from glia to neurons has also been observed as a form of 
cellular communication (Babenko et al., 2015; Davis et al., 2014). Under 
stress conditions, such as oxygen–glucose deprivation followed by 
reoxygenation, cells can exchange mitochondria through tunnelling 
nanotubes (Nasoni et al., 2021). In stroke models, glia-to-neuron 
transfer mediated by CD38⁺ cells have a protective effect, whereas its 
inhibition worsens outcomes (Hayakawa et al., 2016). Impaired astro
cytic mitochondrial transfer has been observed in hPSC models carrying 
glial fibrillary acidic protein mutations (Gao et al., 2019). However, 
several studies using mitochondria-specific fluorescent markers have 
detected no transfer between neurons (Misgeld et al., 2007; Plucińska 
et al., 2012), suggesting that this is a rare event limited to pathological 
conditions. Even when present, the number of mitochondria transferred 
is minimal and insufficient to meet neuronal energy demands.

Additional mechanisms contributing to mitophagy exist but are still 
only partially understood and include: 1) the role of the mitochondrial 
E3 ligase MUL1, which ubiquitinates MFN2 and SUMOylates DRP1, 
modulating morphology and ER–mitochondria contacts (Puri et al., 
2019); 2) involvement of Rab9 in a form of an “alternative mitophagy” 
pathway involving trans-Golgi membranes (Saito et al., 2019); 3) 
regulation of basal mitophagy by cyclin G-associated kinase and protein 
kinase C delta (Munson et al., 2021); and 4) the action of Spata18, which 
in response to mtDNA damage promotes MQC by inducing the formation 
of acidic, lysosome-like vacuoles that facilitate degradation of damaged 
mitochondrial components (Dan et al., 2020; Miyamoto et al., 2011).

Mitochondrial clearance can also occur through additional pathways 
such as MDV formation, which will be discussed later. Another fasci
nating mechanism is the production of “exospheres”, large vesicles 
containing mitochondria and protein aggregates targeted for elimina
tion via phagocytosis by surrounding cells (Melentijevic et al., 2017).

Although mitophagy is a degradative process, MQC is not always 
intended for degradation: it also includes the biogenesis of new mito
chondria and the regulation of mitochondrial dynamics through fusion 
and fission. Thanks to the balance between removal of damaged mito
chondria and production of new ones, the mitochondrial network pre
serves high membrane potential, robust respiratory capacity, efficient 
ATP production, and proper redox balance, all essential elements for 
neuronal metabolism.

2.2.2. Mitochondrial biogenesis in neurons
Neurons, highly specialized and extraordinarily long-living post

mitotic cells, tend to accumulate damage in their mitochondria. Signals 
from energetic stress, such as changes in AMP/ATP or NAD⁺/NADH 
ratios and increases in intracellular calcium, can activate transcriptional 
nuclear programs that promote the formation of new mitochondria. 
PGC-1α is the main coordinator of mitochondrial biogenesis and, in 
neurons, regulates mitochondrial density in axons through the activity 
of sirtuin 1 (Sirt1) (Wareski et al., 2009). In zebrafish, biogenesis is 
supported by retrograde transport of mitochondria from the axon to the 
soma, a process that activates mtDNA replication and transcription via 
estrogen-related receptors. These receptors link metabolic and tran
scriptional regulation via modulation of PGC-1α and Sirt1 (Lang et al., 
2025). PGC-1α is also activated by neuronal depolarization through 
AMPK, which increases the expression of NRF-1 and TFAM, thereby 
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enhancing mitochondrial content and ATP production (Yu and Yang, 
2010). This highlights the strong connection between mitochondrial 
biogenesis and synaptic activity. When PGC-1α is inhibited, dendritic 
mitochondria decrease, leading to a reduction in synapse number 
(Cheng et al., 2012) and a deficit in filopodia formation and axonal 
branch maturation (Spillane et al., 2013). Synaptic plasticity induced by 
the brain-derived neurotrophic factor (BDNF) also requires PGC-1α 
(Wrann et al., 2013). BDNF activates cAMP response element-binding 
protein (CREB), which in turn increases the expression of PGC-1α, 
NRF-1, and TFAM to enhance mitochondrial biogenesis and function. 
Consistently, protein levels of PGC-1α, NRF-1, and TFAM are reduced in 
HD, PD, and AD (Ferreira et al., 2020; Jang et al., 2018; Koo and Cho, 
2017; Sheng et al., 2012; Taherzadeh-Fard et al., 2011).

The location of mitochondrial biogenesis in neurons has long been 
debated. Since the mitochondrial proteome consists of over a thousand 
proteins, only 13 of which are encoded by mtDNA (Rath et al., 2021), 
and most originate from the nucleus, it has been proposed that 
biogenesis occurs primarily in the soma. However, mtDNA duplication 
has been shown to occur also in distal axonal regions (Amiri and Hol
lenbeck, 2008; Van Laar et al., 2018). Two hypotheses therefore coexist: 
1) mitochondria are produced in the soma and then transported to distal 
compartments; 2) mitochondrial replication occurs directly on-site in 
far-distal regions of the cell body (Fedorovich et al., 2017; Misgeld and 
Schwarz, 2017). In the first model, the soma generates new mitochon
dria intended for synapses, whereas damaged ones return to the cell 
body for degradation. This view aligns with the fact that mtDNA encodes 
exclusively OXPHOS proteins, while the factors required for replication 
reside in the nucleus and require activation of PGC-1α- and 
NRF-1/2–dependent programs. If biogenesis occurred far from the soma, 
a mechanism independent of PGC-1α would be needed, an unlikely 
scenario given the central role of this coactivator in synapse formation 
and in the pathogenesis of neurodegenerative diseases. In neurons, 
about 30% of mitochondria are in motion, although the mobile fraction 
fluctuates over time: stationary mitochondria can resume movement, 
whereas motile ones tend to anchor in areas rich in Ca²⁺ or with high 
energy demand (Chen and Sheng, 2013; Kang et al., 2008). This dy
namic suggests that mitochondria produced in the soma can “sense” 
their appropriate destination. However, this model has limitations: 
mitochondria move at approximately 0.5 µm/s (Bros et al., 2015), a 
speed like that observed in motoneurons (Miller et al., 2016). This im
plies that a newly formed mitochondrion would take days to reach the 
axon terminal, an interval incompatible with the immediate needs of 
regions with high energy demand, such as synaptic terminals, growth 
cones, and Ranvier nodes (Bristow et al., 2002; Fabricius et al., 1993; 
Kageyama and Wong-Riley, 1982; Rowland et al., 2000). Furthermore, 
during neuronal maturation the percentage of mobile mitochondria 
drops below 10% (Lewis et al., 2016), a finding confirmed also in vivo 
(Misgeld et al., 2007; Smit-Rigter et al., 2016). Considering the extreme 
length of human axons, which can reach one meter, it is unlikely that the 
soma is the sole site of renewal, suggesting that biogenesis may also 
occurs in distal regions. Indeed, mtDNA replication can occur far from 
the soma (Amiri and Hollenbeck, 2008; Van Laar et al., 2018). The 
problem remains: biogenesis requires nuclear transcription factors such 
as PGC-1α and NRF-1/2, which act exclusively in the nucleus. A plau
sible solution may be provided by mRNAs and ribosomes localized in 
axons (Aschrafi et al., 2016; Shigeoka et al., 2016), which allow local 
translation of both mtDNA- (Kuzniewska et al., 2020) and 
nuclear-encoded proteins (Cioni et al., 2019; Cosker et al., 2016; Yoon 
et al., 2012). This mechanism obviates the need of continuous mito
chondrial transport from the soma and enables rapid, efficient replen
ishment. In fact, inhibition of local protein synthesis compromises 
mitochondrial function in axons (Cioni et al., 2019; Hillefors et al., 
2007).

Neuronal activity enhances local RNA translation, essential for 
plasticity and memory, suggesting that synaptic stimuli may activate 
distal biogenesis (Kuzniewska et al., 2020; Yoon et al., 2012). At the 

molecular level, Ca²⁺ influx can activate calcium/calmodulin-stimulated 
protein kinase II (CaMKII), which phosphorylates cytoplasmic poly
adenylation element-binding protein (Atkins et al., 2004), promoting 
polyadenylation and mRNA translation. CaMKII can also activate 
eukaryotic translation initiation factor 4E (eIF4E) and stimulate syn
aptic protein synthesis (Mockett et al., 2011). A similar mechanism in
volves the mammalian target of rapamycin complex 1 (mTORC1), which 
activates eIF4E and promotes local translation (Takei et al., 2004), 
whereas AMPK can antagonize mTORC1 and thus inhibit distal 
biogenesis (Ishizuka et al., 2013).

Activation of N-methyl-D-aspartate receptors in mouse synapto
somes has also been shown to stimulate local production of mitochon
drial proteins and to enhance biogenesis (Kuzniewska et al., 2020) 
through Ca²⁺ influx that activates extracellular signal-regulated kinase 
(ERK) 1/2 kinase (Hardingham et al., 2001), a key node of the 
mitogen-activated protein kinase (MAPK) pathway (Iroegbu et al., 
2021). Alterations in ERK1/2 can damage mitochondria and promote 
apoptosis, although the mechanisms of this process remain unclear (de 
Oliveira et al., 2017). Studies on physically isolated axons from the soma 
show an autonomous increase in mitochondrial density and mtDNA 
replication (Van Laar et al., 2018). In spinal ganglia, both the translation 
of nuclear-encoded mitochondrial proteins and mtDNA synthesis occur 
directly in axons (Amiri and Hollenbeck, 2008). In motoneurons, nu
clear mRNA for cytochrome C oxidase subunit 7 C travels along axons in 
mitochondrial-associated ribonucleoprotein complexes (Cohen et al., 
2022). Once reached the neural distant site, this is translated locally, 
thus contributing to mtDNA replication and functional renewal of 
mitochondria (Qin et al., 2021). For neurons with very long axons, 
transporting mRNA is more efficient than transporting entire organelles, 
also because many mitochondrial proteins have half-lives too short to 
reach synapses solely via organelle transport (Kuzniewska et al., 2020). 
Local translation therefore enables not only repair of mitochondria 
on-site but also the generation of new organelles directly within axons 
(Kuzniewska et al., 2020).

Alterations in biogenesis can impair neurite survival and contribute 
to neurological diseases. In AD, altered mitochondrial function is 
observed (Zhu et al., 2006), and hyperphosphorylated tau seems to 
impair complex I activity, leading to high ROS and reduced ATP pro
duction in preclinical models (Stojakovic et al., 2021). AD models also 
show reduced protein levels of PGC-1α, NRF-1/2, and TFAM (Gong 
et al., 2013; Sheng et al., 2012). Aβ interferes with the SIRT1/PGC-1α 
interaction, altering the nuclear–cytoplasmic balance and disturbing 
mitochondrial dynamics (Panes et al., 2020).

The activation of the PGC-1α–NRF1/2–TFAM pathway in AD model 
mice has been shown to promote mitochondrial biogenesis and improve 
spatial learning and memory, reduce Aβ burden, enhance cell viability, 
and decrease ROS production, ultimately preserving mitochondrial 
structure and function (Liu et al., 2021; Pang et al., 2024). These find
ings underscore the importance of mitochondrial biogenesis not only in 
neurons but also in the whole neurovascular unit in AD. Indeed, mito
chondrial dysfunction in cerebrovascular endothelial cells has been 
indicated as a target for interventions (Pang et al., 2024). Oxidative 
stress can damage vascular endothelial cells, compromising blood–brain 
barrier integrity and vascular function (Aliev et al., 2009). ROS signaling 
reduces nitric oxide (NO) bioavailability, impairing vasodilation while 
promoting endothelin-1-mediated vasoconstriction, thereby contrib
uting to chronic cerebral hypoperfusion and disease progression. 
Moreover, oxidative stress and mitochondrial depletion in AD neurons 
can exacerbate vascular injury, a process further intensified by Aβ 
deposition around cerebral blood vessels (Aliev et al., 2009).

In PD, variations in the levels and mutations of mtDNA (Dölle et al., 
2016), PGC-1α, and its downstream targets have been described (Zheng 
et al., 2010; Guerra et al., 2019). Of note, such changes are interrelated. 
Indeed, α-Synuclein can modify Parkin, promoting the accumulation of 
PARIS (Wilkaniec et al., 2021), a repressor of PGC-1α that induces 
mitochondrial depolarization, ATP deficits, ROS increases, and 
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dopaminergic neurodegeneration (Pirooznia et al., 2022; Shin et al., 
2011; Stevens et al., 2015). Although PARIS is degraded by PINK1 and 
Parkin, its accumulation is evident also in sporadic PD (Lee et al., 2017; 
Shin et al., 2011). Reducing PARIS restores PGC-1α activity and allevi
ates damage (Lin et al., 2021). Activation of PGC-1α through resveratrol, 
instead, reduces α-synuclein and apoptosis (ur Rasheed et al., 2016). 
Loss of PGC-1α results in degeneration of dopaminergic neurons and 
dopamine deficits (Jiang et al., 2016), thus confirming its protective 
role. Similarly, loss of TFAM in dopaminergic neurons induces mtDNA 
reduction and respiratory defects, leading to neurodegeneration and 
motor symptoms (Ekstrand et al., 2007).

In HD, mutant huntingtin binds to the PGC-1α promoter and inhibits 
its transcription (Cui et al., 2006), inducing reduced expression in the 
striatum while its restoration prevents neuronal loss in mouse models 
(Cui et al., 2006). PGC-1α knockout mice also show striatal lesions and 
HD-like phenotypes (Ma et al., 2010). PGC-1α-mediated dysregulation 
of mitochondrial biogenesis at the neuromuscular junction has been 
reported (Arnold et al., 2014) and linked to morphological and func
tional remodelling occurring in pathological conditions like amyo
trophic lateral sclerosis (ALS). Experimental transgenic models of ALS 
show respiratory defects, biogenesis alterations, and abnormalities in 
muscle acetylcholine receptors (Eschbach et al., 2013; Mehta et al., 
2021). Overexpression of PGC-1α in superoxide dismutase 1 G93A 
models improves mitochondrial function, reduces dyskinesia, and delays 
motor neuron death (Zhao et al., 2011). More recently, 7,8-dihydroxy
flavone was shown to activate the AMPK/PGC-1α/NRF1/TFAM 
pathway, to improve biogenesis and to slow down symptom progression 
(Xia et al., 2021).

Understanding the molecular mechanisms regulating mitochondrial 
biogenesis in neurons in different settings may open new perspectives on 
how to preserve mitochondrial number and function at synapses.

2.2.3. Mitochondrial dynamics in neurons
The rapid morphological changes of mitochondria through dynamics 

shape their structure to support several cellular features, including 
bioenergetic activity and overall quality (Mishra and Chan, 2016). 
Mitochondrial dynamics is regulated by coordinated cycles of fission 
and fusion, processes that influence not only morphology and distribu
tion but also mitochondrial transport and selective degradation (Mishra 
and Chan, 2016). Fission can increase the number of organelles or 
selectively eliminate damaged portions, depending on the division site 
(Kleele et al., 2021), while fusion promotes the exchange of components, 
synchronizes the mitochondriome, and enhances energy production 
(Yao et al., 2019), generating elongated mitochondria (Picard et al., 
2013). These dynamic processes are essential for neuronal development 
and functionality (Reddy et al., 2012). Fission is orchestrated by the 
GTPase DRP1, which is recruited to the outer mitochondrial membrane 
through interactions with the endoplasmic reticulum and proteins such 
as MFF or FIS1 (Friedman et al., 2011; Lewis et al., 2018). In neurons, 
MFF-dependent fission is fundamental for maintaining mitochondria of 
appropriate size for axonal transport and synaptic transmission; its 
reduction alters presynaptic calcium levels and exocytosis without 
affecting ATP or membrane potential (Lewis et al., 2018), and com
promises axonal branching (Catalano and Shatz, 1998; Gomez et al., 
2001; Gu et al., 1994). Defects in fission prevent the elimination of 
damaged mitochondria, promoting apoptosis. Outer mitochondrial 
membrane fusion, mediated by MFN1 and MFN2, plays distinct roles in 
membrane fusion and the formation of MAM complexes (de Brito and 
Scorrano, 2008; Ishihara et al., 2004). Their activity is modulated by 
redox signals (Mattie et al., 2018) and shows tissue specificity, with 
higher expression of MFN2 in the brain (Eura et al., 2003; Ishihara et al., 
2004). Loss of MFN2 after placentation causes severe cerebellar defects 
(Chen et al., 2007). Inner membrane fusion is regulated by OPA1 via 
cooperation of the L-OPA1 and S-OPA1 isoforms, whose balance pre
vents uncontrolled fragmentation (Ban et al., 2017; Song et al., 2007). 
This process also allows protein exchange, DNA repair, and proper 

metabolite distribution (Chen et al., 2003; Twig et al., 2008). During 
periods of high energy demand, elongated mitochondria optimize 
oxidative phosphorylation, significantly increase ATP production, and 
facilitate movement toward cellular regions with greater energy needs 
(Gomes et al., 2011). Fusion deficits cause mitochondrial swelling and 
neuritic degeneration (Chen et al., 2007), and mutations in MFN2, 
OPA1, or DRP1 lead to severe defects in neuronal development (Chen 
et al., 2007; Fang et al., 2016). During neuronal development, mito
chondria adopt different morphologies: elongated in neural stem cells 
and fragmented in progenitor cells (Beckervordersandforth et al., 2017; 
Khacho et al., 2016). They accumulate in growth cones to sustain high 
metabolic demand (Morris and Hollenbeck, 1993) and regulate Ca²⁺ 
dynamics (Gomez and Zheng, 2006). Mitochondrial dynamics also 
contribute to mitochondrial genome stability and compensation of 
mutations (Ono et al., 2001).

In neurodegenerative diseases, the balance between fusion and 
fission is consistently impaired, leading to inefficient ATP distribution 
and inadequate mitophagy, contributing to neuronal degeneration and 
cognitive decline (Burté et al., 2015).

In AD, reduced mitochondrial energy production is a hallmark of the 
disease; decreases in electron transport chain complex activity have 
been reported in peripheral cells and post-mortem brain samples 
(Bosetti et al., 2002; Kish et al., 1992). The pro-apoptotic protein 
appoptosin, induced by amyloid-beta (Aβ), promotes mitochondrial 
fragmentation by interfering with MFN1 and MFN2 (Zhang et al., 2016b; 
Zhang et al., 2012), and together with MFN2 may have a pro-apoptotic 
role (Guo et al., 2007; Papanicolaou et al., 2011; Shen et al., 2007; 
Zhang et al., 2016a). DRP1 is also aberrantly expressed in AD brains 
(Manczak et al., 2018). Aβ accumulation increases DRP1 and reduces 
MFN1/2 and OPA1, along with a decrease in PGC-1α, indicating reduced 
biogenesis (Kandimalla et al., 2016; Manczak et al., 2018). In APOE4 
models, an early compensatory increase in MFN1 is observed as an 
adaptive response to synaptic pathology (Li et al., 2016; Simonovitch 
et al., 2019). Later, in advanced disease stages a shift toward fission with 
elevated DRP1 and reduced MFN2 protein levels, influenced by age, sex, 
and brain region is observed (Djordjevic et al., 2020). Interactions 
among DRP1, Aβ, and tau amplify fission and impair mitochondrial 
function (de la Fuente-Muñoz et al., 2020; Manczak et al., 2011; Man
czak and Reddy, 2012), while DRP1 inhibition reduces fragmentation, 
mitophagy, and synaptic dysfunction (Baek et al., 2017; Kandimalla 
et al., 2016; Wang et al., 2017). In advanced AD stages, giant mito
chondria appear, possibly resulting from incomplete fission and at
tempts to avoid mitophagy (Zhang et al., 2016a). Differential local brain 
responses of PGC-1α, MFN2, and DRP1 to amyloid have been observed 
in preclinical models of AD (Baranich et al., 2024; de la Cueva et al., 
2022), while collapsin response mediator protein 2 links neurite growth 
to mitochondrial alterations via DRP1 (Brustovetsky et al., 2021). An
alyses in human tissues confirm morphological abnormalities in syn
aptic and somatic mitochondria, associated with synaptic vesicle deficits 
and impaired neuronal transmission (Wang et al., 2023).

In familial PD, mutations in PINK1 and Parkin impair mitochondrial 
dynamics. PINK1-dependent phosphorylation of DRP1 enhances mito
chondrial fission, whereas Parkin-mediated ubiquitination promotes 
DRP1 degradation. A decline of Parkin-mediated ubiquitination is more 
commonly observed in the context of familial PD that leads to the 
accumulation of DRP1, excessive mitochondrial fragmentation, and 
impaired mitochondrial homeostasis (Han et al., 2020; Wang et al., 
2011). PGC-1α, instead, has a neuroprotective role, reducing oxidative 
damage and supporting mitochondrial function (Mudò et al., 2012). 
Other PD-associated genes, such as LRRK2 and DJ-1, influence fusion 
and fission, altering neurite growth and mitochondrial morphology 
(Ottolini et al., 2013; Stafa et al., 2014). Similar abnormalities have been 
found in idiopathic PD and synucleinopathy models (Portz and Lee, 
2021).

Early evidence in HD, indicate that CAG expansion in HTT is asso
ciated with bioenergetic deficits, reduced brain mitochondria, and 
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impaired OXPHOS (Brennan et al., 1985; Gu et al., 1996). Subsequent 
studies have confirmed such findings and highlighted the necessity of 
assessing mitochondrial bioenergetics and function in the context of 
cellular environment (Oliveira et al., 2007). Finally, mutant HTT 
interfere with mitochondrial network and quality and predisposed to 
mtDNA mutations (Neueder et al., 2024)

Several proteins associated with both familial and sporadic ALS, 
including FUS, TDP-43, SOD1, and C9ORF72, are linked to mitochon
drial dynamics (Kodavati et al., 2020). Mouse models of TDP-43 pa
thology display alterations in mitochondrial shape and aggregation 
(Hong et al., 2012). Overexpression of TDP-43, both wild-type and 
mutant, disrupts mitochondrial structure and movement while 
co-expression of MFN2, which interacts with TDP-43, can counteract 
these defects (Wang et al., 2013). At the same time, it was observed that 
TDP-43 determines a fission/fusion imbalance associated with mito
chondrial fragmentation and a decrease in the expression of mitochon
drial complex I and II subunits, mitochondrial membrane potential, 
cellular respiration, and cytochrome C oxidase activity (Petito et al., 
2025). TDP-43 expression in the cortex and hippocampus of 4-month-
old mice increases DRP1 phosphorylation at S637 while reducing 
fission, thus indicating a role in regulating mitochondrial dynamics 
(Davis et al., 2018). Overexpression of TDP-43 also affects 
ER–mitochondria contact sites and activates glycogen synthase kinase 3 
beta, which influences Ca²⁺ homeostasis and may trigger motor neuron 
death (Stoica et al., 2014). Multiple studies show that also FUS alters 
mitochondrial dynamics. Ultrastructural analysis of the spinal cord in 
ALS-FUS reveals disorganization of mitochondria and ER associated 
with the P525L mutation (Huang et al., 2010). Expression of FUS mu
tants R521G or R521H causes shortened mitochondria in motor neurons 
(Tradewell et al., 2012), while iPSC-derived motor neurons from pa
tients with mutant FUS show defects in axonal transport and reduced 
ER–mitochondria membranes, which can be rescued by inhibiting or 
silencing histone deacetylase 6 (Guo et al., 2017). Increased FUS within 
mitochondria leads to elevated FIS1, fragmentation, loss of membrane 
potential, increased ROS, and deficits in axonal transport (Deng et al., 
2018). Cortical and motor neurons from transgenic mice with ALS linked 
to SOD1 G93A mutation show reduced anterograde mitochondrial 
transport (De vos et al., 2007). Reductions in MFN1 and OPA1 protein 
levels have also been observed, while DRP1 and FIS1 are unchanged, 
disrupting the fusion–fission balance (Liu et al., 2013). Fibroblasts from 
patients with C9ORF72 mutations show fusion–fission imbalance, 
elevated MFN1, and morphological mitochondrial abnormalities 
(Onesto et al., 2016). These fibroblasts exhibit increased mitochondrial 
membrane potential and mtDNA content, along with fragmentation, 
deformities, and loss of cristae (Lopez-Gonzalez et al., 2016). Cristae 
abnormalities and stress granule formation have also been identified in 
iPSC-derived motor neurons from patients with C9ORF72 mutations 
(Dafinca et al., 2016; Onesto et al., 2016).

Altogether, these findings indicate that the balance between fusion 
and fission is crucial for neuronal health. Its disruption leads to energy 
deficits, cellular stress, and synaptic dysfunction and underly neuro
degeneration. Clarification of the molecular mechanisms underlying 
these processes are warranted and may open new perspectives for 
developing early therapeutic strategies aimed at restoring mitochondrial 
function.

3. MDV signaling in aging and neurodegeneration

Advancing age is characterized by progressive alterations across 
physiological, biological, and metabolic domains. Mitochondrial 
dysfunction and low-grade sterile inflammation are prominent features 
of aging and associated conditions. Among these are the declining 
muscle mass, strength, and power combined with reduced physiological 
reserve and vulnerability to stressors referred to PF&S.

MDVs have been proposed as key mediators in linking age-related 
mitochondrial dysfunction and inflammation because of their role in 

shuttling damaged mitochondrial components to degradative compart
ments that, if secreted, may act as damage-associated molecular patterns 
(DAMPs) that activate immune responses (Todkar et al., 2021).

Purification of circulating sEVs from sera of older adults with PF&S 
allowed quantification of canonical exosomal tetraspanins (CD9, CD63, 
and CD81) and mitochondrial proteins consisting in multiple subunits of 
respiratory chain complexes (i.e., nicotinamide adenine dinucleotide 
reduced form:ubiquinone oxidoreductase subunit S3 (NDUFS3) for 
complex I, succinate dehydrogenase subunit B (SDHB) for complex II, 
and ATP synthase F1 subunit alpha (ATP5A) for complex V) (Picca et al., 
2020a). This analysis revealed that individuals with PF&S had higher 
levels of circulating sEVs relative to controls, but mitochondrial markers 
ATP5A, NDUFS3, and SDHB were lower in sEVs from PF&S participants. 
Moreover, CD9 and CD63 were lower in PF&S, while CD81 was not 
different between groups (Picca et al., 2020a). Reduced levels of the 
exosomal tetraspanins CD9 and CD63 may reflect alterations in endo
somal–lysosomal trafficking and EV biogenesis, potentially affecting 
cargo sorting, vesicle targeting, and intercellular communication. 
Therefore, these results indicate that, despite an increased release of 
sEVs, the mitochondrial component of those vesicles is depleted in 
PF&S. Of note, subsequent analysis of EVs in larger multimarker study 
involving metabolic and inflammatory characterization of people with 
PF&S included MDV-derived NDUFS3 among the best predictors for 
discriminating older adults with and without PF&S (Marzetti et al., 
2020).

Altogether these results suggest that aging muscle may be shedding 
more vesicles but exporting fewer mitochondrial proteins per vesicle. 
This is in contrast with the expectation that increased mitochondrial 
damage would drive increased mitochondrial cargo in MDVs. Several 
mechanisms could explain this paradox. First, MDV biogenesis may 
decline with age. Moreover, PINK1/Parkin signaling and dynamin- 
related GTPases orchestrate MDV formation in response to mild mito
chondrial stress. Aging downregulates these pathways, reducing the 
efficiency of mitochondrial cargo sorting even as vesicle numbers rise. 
Second, MDV formation is energy-intensive and depends on lipid 
remodeling at mitochondrial–endosomal contact sites. Aging mito
chondria produce less ATP and likely have altered membrane compo
sition, thereby limiting the packaging of mitochondrial proteins. Third, 
lysosomes in aged cells exhibit reduced acidification and protease ac
tivity. A backlog of undegraded cargo may signal upstream to restraint 
on MDV biogenesis or cargo loading. Finally, cells may preferentially 
eliminate damaged mitochondria by mitophagy or apoptosis rather than 
by MDVs in late life. Taken together, PF&S represents an age-associated 
conditions in which quantitative upregulation EVs occurs but qualitative 
mitochondria recycling via MDV-related vesicles seems to be reduced.

AD, the most common cause of dementia in late life, also implicates 
mitochondrial dysfunction and MDV biology in its pathogenesis. 
Neuronal mitochondrial dysfunction is an early hallmark of AD, and 
recent studies have identified a distinct class of MDVs termed mitove
sicles, which carry respiratory chain proteins and other mitochondrial 
constituents and are altered in neurodegenerative conditions such as AD 
and Down syndrome models of dementia (D’Acunzo et al., 2021). The 
concept that MDV and mitovesicle pathways contribute to mitochon
drial quality control and intercellular signaling in neurodegeneration 
has been increasingly recognized. Mitovesicles isolated from brains with 
mitochondrial dysfunction were recently shown to impair hippocampal 
long-term potentiation through mechanisms involving altered mito
chondrial enzyme content and monoamine oxidases type B–dependent 
signaling, demonstrating that aberrant mitochondrial vesicle release can 
exert pathogenic effects on synaptic plasticity (D’Acunzo et al., 2024). 
Complementing these CNS findings, analyses of plasma-derived extra
cellular vesicles from individuals with AD reveal pronounced reductions 
and dysfunction of mitochondrial electron transport chain proteins, 
including complexes I, III, IV, and V, which correlate with clinical dis
ease severity and reflect systemic bioenergetic compromise (Yao et al., 
2021). Additional work indicates that circulating EVs in AD contain 
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elevated and qualitatively altered mitochondrial RNAs, suggesting dis
rupted mitochondrial turnover and export pathways, and raising the 
possibility that mitochondrial nucleic acids act as peripheral biomarkers 
or DAMP-like signals capable of amplifying neuroinflammatory pro
cesses (Kim et al., 2020). Beyond these mitochondrial alterations, 
neuron-derived EV (nEV) studies further support the diagnostic and 
pathogenic relevance of vesicle-based biomarkers in AD. nEV cargo, 
particularly phosphorylated tau, Aβ species, and insulin-signaling 
markers, has been shown to predict AD years before clinical onset in 
longitudinal cohorts (Kapogiannis et al., 2019), and to track ongoing 
cognitive decline through dynamic changes in synaptic proteins and 
amyloid-related cargo (Eren et al., 2022). Additional analyses demon
strate that nEVs and astrocyte-derived EVs capture mitochondrial and 
metabolic signatures relevant to neurodegeneration, providing a pe
ripheral window into CNS bioenergetics (Nogueras-Ortiz et al., 2020). 
Moreover, intervention studies show that EV-associated neuroprotective 
factors such as BDNF, proBDNF, and humanin respond to behavioral 
modulation, including exercise, in individuals with AD, indicating that 
vesicle cargo is not only reflective of pathology but also sensitive to 
physiological remodeling (Delgado-Peraza et al., 2023). Finally, a recent 
plasma profiling study showed that neuron-, astrocyte-, and 
oligodendrocyte-derived MDVs are significantly decreased in AD pa
tients compared with controls, pointing to compromised MDV release or 
trafficking in AD and highlighting their promise as noninvasive bio
markers of CNS mitochondrial dysfunction (Liu et al., 2025). Collec
tively, age-associated alterations in MDV/mitovesicle biology may 
underlie mitochondrial quality control failure, promote chronic 
inflammation via mitochondrial DAMPs, and contribute to AD 
pathophysiology.

PD, the second most common neurodegenerative disorder, shares 
pathophysiologic features with age-related conditions like PF&S, 
including mitochondrial dysfunction and systemic inflammation. In the 
EXosomes in PArkiNon Disease (EXPAND) study, circulating sEVs from 
older adults with PD and matched controls were analyzed. PD partici
pants had a greater amount of circulating sEVs than controls (Picca 
et al., 2020b). Levels of CD9 and CD63 proteins were lower, while CD81 
was unvaried. Protein analyses of MDVs indicated that ATP5A, NDUFS3, 
and SDHB were reduced in sEVs from PD participants (Picca et al., 
2020b). A combined model of sEV and serum inflammatory biomarkers 
correctly classified 94% of PD participants, identifying CD9, NDUFS3, 
C-reactive protein (CRP), fibroblast growth factor 21 (FGF21), inter
leukin (IL)-9, macrophage inflammatory protein (MIP)-1β, and tumor 
necrosis factor-α (TNF-α) as discriminant markers (Picca et al., 2020b). 
These data mirror findings in PF&S in which higher vesicle secretion and 
reduced mitochondrial cargo per vesicle were identified. They also 
reveal a distinct inflammatory signature, consistent with the idea that 
mitochondrial-derived components in EVs can act as DAMPs that may 
prime systemic inflammation.

Finally, CMT2B, a rare inherited neuropathy caused by missense 
mutations in Rab7A, a small GTPase that regulates late endo
some–lysosome trafficking, also shows EV disarrangements. Clinically, 
CMT2B features distal sensory loss, weakness, and ulcer-mutilating 
neuropathy. RAB7A also participates in mitophagy and MDV traf
ficking (Gagliardi et al., 2024). In a case–control study including five 
CMT2B patients (four with p.V162M, one with p.K126R) and four 
healthy controls, circulating cell-free mtDNA (ccf-mtDNA), mitochon
drial proteins from MDVs, and panels of inflammatory and metabolic 
markers were quantified (Girolimetti et al., 2025). No significant dif
ferences were observed in total ccf-mtDNA levels between groups but 
differences in MDV content between CMT2B and controls were found 
(Girolimetti et al., 2025). CMT2B participants showed elevated asym
metric dimethylarginine (ADMA) and increased IL-1β, IL-8, IL-9, IL-13, 
eotaxin, and most fatty acids; some amino acids were decreased 
(Girolimetti et al., 2025).

Mechanistically, RAB7 controls the fusion of MDVs with late endo
somes for degradation and contributes to antigen presentation from 

mitochondrial cargo in immune cells. Mutations in RAB7A impair this 
fusion, leading to accumulation of MDVs in the cytosol and extracellular 
release. This enhances exposure of mitochondrial DAMPs (e.g., oxidized 
mtDNA, cardiolipin) to immune receptors and drives chronic neuro
inflammation and metabolic alterations. Unlike aging, where MDV 
biogenesis itself may be blunted, CMT2B represents a state of mis
directed MDVs: the biogenesis may be intact or even upregulated, but 
trafficking is defective, leading to extracellular accumulation of MDVs 
enriched in mitochondrial components.

Trafficking and fate of MDVs also depend on cytoskeletal transport 
and membrane remodeling. Microtubule dynamics influence organelle 
positioning, vesicular transport and stress signaling; accordingly, 
microtubule dysregulation has been linked to cardiovascular pathology 
and is being explored therapeutically (Wu et al., 2024). Given that MDVs 
must be transported to endosomes/lysosomes or peroxisomes, micro
tubule‑dependent trafficking is likely a conserved determinant of MDV 
delivery efficiency and, therefore, of phenotype severity when mito
chondrial stress is chronic. Finally, multiple disease-relevant cell death 
and stress phenotypes are mechanistically coupled to mitochondrial 
quality pathways that may be upstream or downstream of MDV for
mation. Hyperglycemia-induced DNA damage signaling can drive YAP1 
activation and ferroptosis (Wang et al., 2025), while targeted mito
chondrial metabolic perturbation can induce mitophagy programs that 
suppress necroptosis (Chang et al., 2024). These examples support a 
model in which MDVs act as an early “triage” arm of MQC: when suc
cessful, selective MDV disposal may prevent propagation to ferroptosis, 
necroptosis, or inflammatory cascades; when overwhelmed, cells tran
sition to broader degradative or lethal pathways. Integrating these 
mitochondrial targets and phenotypic mechanisms also strengthens the 
translational rationale for therapeutically tuning MDV biogenesis/cargo 
selection through redox and MQC modulators, which is an active area 
across multiple disease contexts (Chang et al., 2025; Wu et al., 2024; 
Yang et al., 2024).

4. Conclusions

MQC is increasingly recognized as a dynamic and modular system in 
which mitochondrial repair operates alongside organelle elimination. 
Within this framework, MDVs have emerged as a potentially critical, yet 
still incompletely understood, layer of selective mitochondrial surveil
lance. By enabling the targeted removal of damaged mitochondrial 
components under conditions of mild or localized stress, MDVs may 
contribute to cellular homeostasis while delaying or modulating the 
engagement of mitophagy. However, many fundamental aspects of MDV 
biology remain unresolved, particularly in the context of aging and 
neurodegeneration. A major open question concerns the molecular logic 
governing MDV cargo selection and routing. While oxidative damage, 
protein misfolding, and mitochondrial dynamics have been implicated, 
it remains unclear how cells determine whether mitochondrial material 
is degraded locally via MDVs, incorporated into whole organelle 
mitophagy, or released through extracellular vesicle pathways. Age- 
associated alterations in endolysosomal function and vesicle traf
ficking are likely to shift this balance, but direct experimental evidence 
linking these changes to MDV fate is still limited. Another key challenge 
lies in defining the physiological versus pathological consequences of 
mitochondrial cargo appearing in EVs. Whether this process represents a 
protective overflow mechanism, a means of intercellular communica
tion, or a contributor to sterile inflammation may depend on cellular 
context, disease stage, and tissue environment. Disentangling these 
possibilities will require standardized approaches to vesicle isolation, 
specific markers that can distinguish MDVs from other mitochondrial 
vesicle populations, and in vivo models that allow temporal tracking of 
vesicle biogenesis and fate.

Advances in MDV research may hold important translational impli
cations. Because MDV cargo reflects early mitochondrial stress and 
trafficking defects, mitochondrial components in circulating vesicles 
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may serve as minimally invasive biomarkers of mitochondrial dysfunc
tion, biological aging, and neurodegenerative disease progression. Tar
geting MDV biogenesis, cargo selection, or vesicle trafficking may also 
represent a therapeutic strategy to preserve mitochondrial integrity, 
limit mitochondrial release of DAMPs, and mitigate chronic inflamma
tion, potentially complementing approaches that enhance mitophagy or 
mitochondrial biogenesis. However, evidence gaps limit clinical feasi
bility. No consensus has been reached on markers reliably distinguishing 
MDVs from other mitochondrial vesicle populations, and the molecular 
determinants of cargo selectivity remain poorly defined. Longitudinal 
human studies linking MDV signatures with disease onset, progression, 
and treatment response are scarce, and tools for in vivo tracking of MDV 
dynamics are limited. Variability in vesicle isolation methods and 
nomenclature further complicates cross-study comparisons, and the 
protective versus pro-inflammatory roles of MDVs appear context- 
dependent. Moreover, causal relationships between altered MDV 
signaling and neurodegeneration remain to be established. Addressing 
these challenges will require coordinated efforts across cell biology, 
systems neuroscience, biomarker discovery, and clinical research. 
Clarifying MDV biology may ultimately position these vesicles as both 
mechanistic links and translational tools connecting mitochondrial 
dysfunction, aging biology, and neurodegenerative disease.
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(D1.2024 and D1.2025), Next Generation EU PRIN (2022YNENP3), the 
nonprofit research foundation Centro Studi Achille e Linda Lorenzon (N/ 
A). This work was also partially funded by the Italian Ministry of Health 
(Ricerca Corrente 2025) and Next Generation EU, in the context of the 
National Recovery and Resilience Plan, Investment PE8-Project Age-It: 
“Ageing Well in an Ageing Society”. This resource was co-financed by 
the Next Generation EU (DM 1557 11.10.2022). The views and opinions 
expressed are only those of the authors and do not necessarily reflect 
those of the Euro-pean Union or the European Commission. Neither the 
European Union nor the European Commission can be held responsible 
for them.

Declaration of Competing Interest

None to declare.

Data availability

No data was used for the research described in the article.

References

Aliev, G., Palacios, H.H., Walrafen, B., Lipsitt, A.E., Obrenovich, M.E., Morales, L., 2009. 
Brain mitochondria as a primary target in the development of treatment strategies 
for Alzheimer disease. Int. J. Biochem. Cell Biol. 41, 1989–2004. https://doi.org/ 
10.1016/j.biocel.2009.03.015.

Amiri, M., Hollenbeck, P.J., 2008. Mitochondrial biogenesis in the axons of vertebrate 
peripheral neurons. Dev. Neurobiol. 68, 1348–1361. https://doi.org/10.1002/ 
DNEU.20668.

Arnold, A.S., Gill, J., Christe, M., Ruiz, R., McGuirk, S., St-Pierre, J., Tabares, L., 
Handschin, C., 2014. Morphological and functional remodelling of the 

neuromuscular junction by skeletal muscle PGC-1α. Nat. Commun. 5, 3569. https:// 
doi.org/10.1038/NCOMMS4569.

Aschrafi, A., Kar, A.N., Gale, J.R., Elkahloun, A.G., Vargas, J.N.S., Sales, N., Wilson, G., 
Tompkins, M., Gioio, A.E., Kaplan, B.B., 2016. A heterogeneous population of 
nuclear-encoded mitochondrial mRNAs is present in the axons of primary 
sympathetic neurons. Mitochondrion 30, 18–23. https://doi.org/10.1016/j. 
mito.2016.06.002.

Atkins, C.M., Nozaki, N., Shigeri, Y., Soderling, T.R., 2004. Cytoplasmic polyadenylation 
element binding protein-dependent protein synthesis is regulated by calcium/ 
calmodulin-dependent protein kinase II. J. Neurosci. 24, 5193–5201. https://doi. 
org/10.1523/JNEUROSCI.0854-04.2004.

Babenko, V.A., Silachev, D.N., Zorova, L.D., Pevzner, I.B., Khutornenko, A.A., 
Plotnikov, E.Y., Sukhikh, G.T., Zorov, D.B., 2015. Improving the post-stroke 
therapeutic potency of mesenchymal multipotent stromal cells by cocultivation with 
cortical neurons: The role of crosstalk between cells. Stem Cells Transl. Med. 4, 
1011–1020. https://doi.org/10.5966/SCTM.2015-0010.

Baek, S.H., Park, S.J., Jeong, J.I., Kim, S.H., Han, J., Kyung, J.W., Baik, S.H., Choi, Y., 
Choi, B.Y., Park, J.S., Bahn, G., Shin, J.H., Jo, D.S., Lee, J.Y., Jang, C.G., 
Arumugam, T.V., Kim, J., Han, J.W., Koh, J.Y., Cho, D.H., Jo, D.G., 2017. Inhibition 
of Drp1 ameliorates synaptic depression, Aβ deposition, and cognitive impairment in 
an Alzheimer’s disease model. J. Neurosci. 37, 5099–5110. https://doi.org/ 
10.1523/JNEUROSCI.2385-16.2017.

Baker, M.J., Tatsuta, T., Langer, T., 2011. Quality control of mitochondrial proteostasis. 
Cold Spring Harb. Perspect. Biol. 3, 1–19. https://doi.org/10.1101/CSHPERSPECT. 
A007559.

Ban, T., Ishihara, T., Kohno, H., Saita, S., Ichimura, A., Maenaka, K., Oka, T., Mihara, K., 
Ishihara, N., 2017. Molecular basis of selective mitochondrial fusion by heterotypic 
action between OPA1 and cardiolipin. Nat. Cell Biol. 19, 856–863. https://doi.org/ 
10.1038/NCB3560.

Baranich, T.I., Skvortsova, K.A., Voronkov, D.N., Egorova, A.V., Averchuk, A.S., 
Ryazanova, M.V., Stavrovskaya, A.V., Glinkina, V.V., Salmina, A.B., Sukhorukov, V. 
S., 2024. Immunohistochemical analysis of mitochondrial dynamics in different 
zones of the hippocampus during experimental modeling of Alzheimer’s disease. 
Bull. Exp. Biol. Med. 176, 523–527. https://doi.org/10.1007/S10517-024-06060-9.
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Popovic, D., Occhipinti, A., Reichert, A., Terzic, J., Dötsch, V., Ney, P., Dikic, I., 
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