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Abstract 

Autophagy is a process which is responsible for the maintenance of cellular home
ostasis. This is achieved through the orchestration of both highly selective and non- 
selective degradation pathways, the purpose of which is the elimination of damaged 
structures. Recent findings have revealed that, in addition to its intracellular function, 
this organelle exhibits a remarkable “social life” and forms relationships with other 
cellular organelles. This has led to the discovery that mitochondrial quality is main
tained not only through mitophagy, but also through extracellular mechanisms 
between cells. This has significantly expanded our understanding of tissue integrity. In 
skeletal muscle, autophagy, or autophagy, is a finely tuned process that plays a crucial 
role in maintaining physiological performance and adaptation. Disruption of 
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autophagy has been linked to accelerated degeneration, metabolic dysfunction, and 
frailty. Although therapeutic manipulation of autophagy and mitophagy shows pro
mise in restoring muscle health, major translational barriers persist. A more profound 
and nuanced exploration of autophagy flux in human muscle is imperative, under
pinned by novel advanced cell biology technologies and predicated on satellite cells 
as the primary agents in muscle regeneration. The full therapeutic potential of 
autophagy could be harnessed to redefine interventions against muscle ageing and 
associated diseases. However, this would still require critical scrutiny of the long-term 
effects and systemic consequences.

1. Introduction

Cells are the essential functional units responsible for essential functions 
for cell viability including the execution of the processes of energy pro
duction, signal transduction, gene expression, and maintenance of structural 
integrity. To fulfil these functions effectively, cells must maintain home
ostasis, defined as a precise balance of biochemical mechanisms that ensure 
optimal performance and survival under changing environmental conditions 
(Valls & Esposito, 2022). This balance is facilitated by a complex network of 
regulatory systems, including the ubiquitin-proteasome system (UPS), which 
coordinates the maintaining of proteostasis and preventing cytotoxic stress 
(Ballabio & Bonifacino, 2020). UPS is a low-capacity degradation system 
that degrades protein to protein. In a similar manner, redox homeostasis plays 
a critical role in regulating reactive oxygen species (ROS), which are 
essential for signaling, but deleterious in excess (Ernst et al. 2018; Ray et al. 
2012), being crucial for preventing oxidative damage to DNA, proteins, and 
lipids (Holmström & Finkel, 2014). The plasma membrane is also involved 
in the maintenance of homeostasis through the preservation of ion gradients 
and the sensing of extracellular cues, which in turn trigger adaptive responses 
(Ernst et al. 2018).

The cellular interactome is defined as the complex network of inter
connected pathways that govern cell behavior and ensure proper function. 
This network integrates proteostasis, mitochondrial dynamics, signaling 
cascades, and autophagy, coordinating responses to internal and external 
stimuli to maintain homeostasis (Coto-Montes et al. 2021). The ability to 
regulate these mechanisms is critical for the adaptation of cells, their sur
vival, and the prevention of dysfunction, particularly in metabolically active 
tissues such as skeletal muscle. In the event of system failure or dysregu
lation, there is a corresponding deterioration in cellular function, giving rise 
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to pathological conditions including metabolic disorders, cancer, and age- 
related diseases, in addition to central nervous system (CNS)-related dis
eases such as mental disorders and neurodegeneration (Gómez-Virgilio 
et al., 2022; Höhn et al. 2020; Li et al. 2025; Menéndez-Valle et al., 2023). 
Therefore, it can be concluded that a comprehensive understanding and 
preservation of cellular homeostasis is of paramount importance for both 
the maintenance of basic biological processes and the development of 
therapeutic interventions.

It is evident that organelles such as the endoplasmic reticulum (ER) and 
lysosomes play a pivotal role in these homeostatic processes. For instance, the 
unfolded protein response (UPR) modulates ER activity to manage the stress 
associated with improper protein folding (Ron & Walter, 2007). In addition, 
lysosomes integrate nutrient signals and coordinate catabolic responses 
(Ballabio & Bonifacino, 2020; Settembre & Perera, 2024). The combined 
functionality of these systems is pivotal in ensuring the preservation of cel
lular functionality, adaptability, and survival capacity. This, in turn, is 
essential for maintaining the health of both tissue and organisms as a whole.

The text places particular emphasis on delineating the molecular and 
cellular pathways involved in the maintenance of proteostasis, organelle 
turnover and structural integrity of skeletal muscle tissue. The objective of 
this study is to integrate the most recent findings in the field to identify 
potential therapeutic targets that promote healthy muscle ageing and 
mitigate the pathological consequences associated with dysregulated cel
lular quality control systems in muscle-related diseases.

2. What is autophagy and quality control mechanisms?

Autophagy, a term derived from the Greek words “auto” (self) and 
“phagos” (to eat), refers to a conserved intracellular degradation process by 
which cells remove damaged organelles, misfolded proteins, and other 
cytoplasmic components through lysosomal degradation. This catabolic 
pathway plays a crucial role in maintaining cellular homeostasis, energy 
balance, and functional integrity under both physiological and pathological 
conditions (Lei & Klionsky, 2021). The maintenance of cellular home
ostasis is contingent upon a meticulously orchestrated network of reg
ulatory mechanisms that guarantee the optimal function, structure, and 
survival of the cell. These systems have been demonstrated to regulate 
protein folding, organelle integrity, and metabolic balance in response to 
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intracellular and environmental signals. Autophagy, the UPS and mito
chondrial quality control are of particular significance in this regard, 
working in synergy to prevent the accumulation of damaged or dysfunc
tional components (Mizushima & Levine, 2020; Paez et al. 2023). 
Autophagy is a highly regulated process that is typically activated in 
response to various stress signals, including nutrient deprivation, oxidative 
stress, hypoxia, and organelle dysfunction (Glick et al. 2010; Gómez- 
Virgilio et al., 2022; Parzych & Klionsky, 2014). Autophagy, therefore, as a 
cellular quality control mechanism, is vital for maintaining homeostasis, as 
well as for enabling adaptive responses to stress, preserving tissue function 
and organismal health (González-Blanco et al. 2022). Autophagy’s role in 
quality control ensures the viability and functionality of cells, thus con
tributing to tissue and organismal health and preventing related pathologies, 
including neurodegeneration, metabolic syndromes and muscle disorders 
(Chen et al. 2022; Klionsky et al. 2021; Mizushima, 2018). Moreover, 
autophagy is increasingly recognized not only as a survival mechanism but 
also as a critical modulator of cell fate and inter-organelle communication, 
thus highlighting its relevance as a target for therapeutic interventions in 
multiple diseases.

2.1 Autophagy: Cell viability must be ensured by recycling
Autophagy can be defined as the process of degradation and recycling of 
damaged or dysfunctional molecules within the cell, as previously outlined. 
Furthermore, it is a highly conserved mechanism in eukaryotes, based on 
their ATG proteins, which, although not constant, show strong homology 
between organisms and tissues (Levine & Kroemer, 2019). This cellular 
mechanism can be selective or non-selective in terms of the cellular 
material it degrades. In selective autophagy, the encapsulation of the cargo 
by the phagophore is achieved through the binding of the phagophore to 
specific surface markers. The formation of the phagophore is contingent on 
the presence of surface markers, which, when recognized, initiate the 
process of the autophagosome engulfing the cargo. This process occurs 
through a zipper-like mechanism, resulting in an object of a size and shape 
corresponding to that of the cellular structure, without the occurrence of 
cytoplasmic uptake (Norell et al. 2024). However, in non-selective 
autophagy, the formation of the phagophore is facilitated by a coordinated 
mechanism involving numerous molecules, which enable its elongation 
and encapsulation of damaged or dysfunctional molecules with part of the 
circulating cytoplasm (Vargas et al. 2023). Notwithstanding the selectivity 
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of the autophagy process, three well-defined types of autophagy are cur
rently distinguished according to the cellular components they degrade. 
These are macroautophagy, microautophagy and chaperone-mediated 
autophagy.

Macroautophagy is the most extensively studied and best-known 
autophagy mechanism at present. It is responsible for the selective or non- 
selective elimination of large molecules, such as organelles and protein 
aggregates, through the formation of autophagosomes, which engulf part of 
the cell cytoplasm in the process, and lead the cargos to the lysosomes, 
which are full of acid hydrolases (Gómez-Virgilio et al., 2022). The cellular 
stimuli that activate this autophagy pathway is energy deficiency due to 
nutrient deprivation and cellular stress. The ER plays a special role in the 
formation of autophagosomes, since it has specific domains, the omega
somes, which will establish contact with other molecules facilitating the 
synthesis of the phagophores that will give rise to autophagosomes after the 
elongation stage (Karanasios et al. 2013).

Microautophagy is defined as a non-selective mechanism of degradation of 
small molecules and small cytoplasmic portions. This process of degradation is 
facilitated by the internalization of small cytosolic cargoes into lysosomes 
(Yamamoto & Matsui, 2024). In contrast to macroautophagy, microautophagy 
does not necessitate the formation of autophagosomes. This type of autophagy 
is commonly performed by the cell under stress and starvation as in macro
autophagy, but it also has functions as a cell and organelle function and size 
regulator (Li et al. 2012; Wang, Klionsky, et al. 2023).

Chaperone-mediated autophagy (CMA) is a selective process that 
occurs in a context-dependent manner, whereby damaged, obsolete, or 
regulatory proteins are removed from the cellular interior. The selectivity 
of molecules for CMA is such that only molecules containing a KFERQ- 
like sequence can be degraded by this pathway, as this is the sequence 
recognized by the Hsp70 chaperone in the cytosol (Kaushik & Cuervo, 
2018). Of the total number of cytosolic soluble proteins, approximately 
30 % of them can be recognized for CMA (Massey et al. 2006). The 
complex of KFERQ-like motif substrate and Hsp70 subsequently binds to 
other co-chaperone proteins, such as Hsp40, Hsp90, HIP, HOP, and Bag- 
1, and, finally, binds to the lysosomal receptor LAMP2A for degradation 
(Kaushik & Cuervo, 2018; Wang et al. 2024). CMA, the selective lyso
somal degradation pathway, is imperative for cellular homeostasis, con
tributing to proteostasis, metabolic adaptation and stress responses (Cuervo 
& Wong, 2014) (Table 1).
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The mechanism of macroautophagy, more commonly referred to as 
autophagy in mammals, consists of different phases with different specific 
molecules in each stage. Firstly, the mechanism is induced by signals of 

Table 1 Summary of the main autophagy pathways in mammals. 
Macroautophagy Microautophagy Chaperone- 

Mediated 
Autophagy 
(CMA)

Selectivity Selective and 
Non-Selective

Non-Selective Selective

Cargo Damaged 
organelles, 
cytoplasm and 
molecular 
aggregates

Cytosolic small 
molecules

Specific 
KFERQ 
peptides-like 
proteins

Cellular 
Mechanism

Autophagosomes 
formation and its 
fusion with 
lysosomes

Lysosomal 
membrane to 
engulf 
cytoplasmic 
content

Selective 
translocation of 
KFERQ-motif 
proteins 
through 
binding and 
complex 
formation of 
Hsp70, 
cochaperones 
and LAMP−2A

Markers AMPK, ULK1, 
ATG5, ATG12, 
LC3I-II, p62/ 
SQSTM1

ESCRT 
components 
(TSG101, VPS4, 
CHMP4B), 
LAMPs

KFERQ 
sequence, 
Hsp70,  
LAMP−2A

Triggering 
factors

Cellular stress and 
nutrient 
deprivation

Cellular stress 
and basal 
turnover

Oxidative stress 
and prolonged 
starvation

Cellular 
function

‘‘Cell cleaning’’, 
bulk degradation 
and energy 
homeostasis

Organelle size 
regulation and 
membrane 
turnover

Cellular quality 
control and 
metabolic 
regulation
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nutrient deprivation or cellular stress. In such conditions, the mechanistic 
target of rapamycin complex 1 (mTORC1) is inhibited, thus allowing the 
activation of AMP-activated protein kinase (AMPK) and the subsequent 
phosphorylation and activation of a protein complex known as ULK1 
(Deretic & Kroemer, 2022; Kim et al. 2011). The complex under dis
cussion comprises the ULK1/2 kinases (homologue of ATG1 in yeast), 
ATG13, ATG101 and FIP200 (RB1CC1) (Hosokawa et al. 2009; Zachari 
& Ganley, 2017). In basal conditions, the Activating Molecule in Beclin-1- 
Regulated Autophagy (AMBRA1) has been observed to associate with 
BCL2 at the mitochondrial membrane, thereby inhibiting autophagy 
(Rubinstein & Kimchi, 2012; Strappazzon et al. 2011). Upon receiving a 
signal to initiate the process of autophagy, and in the absence of inhibition 
by mTORC1 (Nazio et al., 2013), AMBRA1 dissociates from BCL2 and 
translocates to the endoplasmic reticulum (ER). In this location, it ubi
quitinises Beclin-1 (a homologue of ATG6 in yeast), thereby activating it 
and facilitating its binding to the subsequent PI3KC3 complex, which is 
essential for the formation of the autophagosome (Sun, 2016).

The next step in the macroautophagy mechanism is the formation of 
the autophagosome by the omegasome in the ER. The activation of 
ULK1 and its binding to the ER (or to its cargo in the case of selective 
autophagy), allows the attraction of PI3KC3, a complex composed of 
Beclin-1, ATG14L, VSP15 and VSP34 (Sanchez-Martin et al. 2020). The 
PI3KC3 complex will be phosphorylated by ULK1 kinase complex to 
bind DFCP1 and recruit ATG9 and WIPI2 (ATG18 in yeast) to the ER 
membrane to synthesize the autophagosome (Nähse et al. 2023; Olivas 
et al. 2023).

Once the nucleation of the phagophore in the omegasome is generated, 
it will undergo a process of elongation and recruitment of the cytosolic 
cargo. To this end, the cytosolic form of LC3 (LC3-I, homologue of ATG8 
in yeast) undergoes a series of enzymatic modifications to become LC3-II, 
which associates with the phagophore membrane (Wild et al. 2014). This 
process begins with the cleavage of pro-LC3 by ATG4, generating LC3-I, 
which is activated by the E1-like enzyme ATG7 and transferred to the E2- 
like enzyme ATG3. Finally, with the assistance of the E3-like ligase complex 
ATG12–ATG5–ATG16L1, LC3-I is conjugated to phosphatidylethanola
mine (PE), forming LC3-II (Fang et al. 2021; Wang et al. 2024). This 
lipidation is crucial for the expansion and closure of the autophagosomal 
membrane. p62/SQSTM1 serves as an autophagic adaptor protein, recog
nizing and binding to ubiquitinated cargo through its ubiquitin-associated 
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domain and simultaneously interacting with LC3 via its LC3 interaction 
region (LIR) motif. This binding is essential for the correct functioning of 
the autophagic machinery (Gallagher & Holzbaur, 2023; Runwal et al. 
2019). LC3-II remains attached to the autophagosome until it fuses with a 
lysosome, where LC3-II is degraded along with the autophagic cargo. 
Additionally, recent studies have shown that during the formation and sta
bilization of the cup-like shape of phagophores, an intimate interplay is 
established between LC3-II, which is gradually attaching lipids contributing 
to the formation of the phagophore, and the ATG5-ATG12-ATG16L1 
complex (Campisi et al. 2025; Mohan et al. 2024; Yu & Klionsky, 2024).

Following the completion of the formation and loading of the autop
hagosome, the process of maturation is initiated. This process involves the 
dissociation of early autophagy-related proteins and the recruitment of 
factors necessary for the fusion of the autophagosome with lysosomes. Key 
players in this maturation include Rab7, a small GTPase that regulates late 
endosomal trafficking, and the HOPS complex, which acts as a tethering 
factor facilitating the docking of autophagosomes to lysosomes (McEwan 
et al. 2015; Nguyen & Yates, 2021). The process of fusion between 
autophagosomes and lysosomes is facilitated by SNARE complex proteins, 
which regulate the convergence of the two membranes. Syntaxin 17 
(STX17), located on the autophagosomal membrane, pairs with SNAP29 
and VAMP8 on the lysosomal membrane to form a trans-SNARE complex 
that drives membrane fusion (Jiang et al. 2014; Shen et al. 2021). More
over, research has indicated that ATG14L, an early-acting factor, may 
facilitate efficient SNARE complex assembly, thereby promoting the 
fusion of autophagosomes with lysosomes (Reggiori & Ungermann, 2017). 
The SNARE complex, located in the autophagosomal membrane, facil
itates the fusion of lysosomes with autophagosomes. Upon completion of 
the process of autophagy, the resultant fusion gives rise to the formation of 
an autolysosome. Within this autolysosome, the enclosed cargos are subject 
to degradation by lysosomal hydrolases, thus giving rise to fundamental 
biomolecules, including fatty acids, nucleotides and amino acids. These 
recycled building blocks can be reused for energy production, biosynthesis, 
and cellular repair, especially under cellular stress conditions such as star
vation or damage.

2.2 Selective mechanisms of organelle degradation
A preliminary review of autophagy has been conducted from a general 
perspective, with a focus on the processes of destruction and recycling of 
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damaged or dysfunctional macromolecules. However, cells are also capable 
of degrading organelles and structural components in a organelle-depen
dent form. This specific form of autophagy is imperative for sustaining 
cellular homeostasis, as it facilitates the precise elimination of dysfunctional 
organelles that could otherwise compromise cellular function (Anding & 
Baehrecke, 2017). Through a series of meticulously regulated processes, 
cells are able to identify and degrade specific organelles via dedicated 
molecular machinery, ensuring not only metabolic balance but also 
structural and functional integrity.

2.2.1 Reticulophagy
The ER plays a central role in protein folding, calcium storage, and lipid 
synthesis within the cell. To maintain ER proteostasis under both phy
siological and stress conditions, cells rely on several quality control 
mechanisms. Among the most studied are the UPR and ER-associated 
degradation (ERAD) pathways. Under homeostatic conditions, the coor
dinated function of UPR and autophagy ensures proper ER function. 
However, during ER stress, dysregulation of autophagy may occur, leading 
to cell death via apoptosis (Song, Tan, et al. 2017).

In these scenarios, the ERAD pathway is activated to recognize mis
folded proteins, targeting them for ubiquitination and subsequent protea
somal degradation. Nevertheless, when ERAD is overwhelmed, the cell 
initiates a broader strategy known as reticulophagy (also referred to as ER- 
phagy), a form of selective autophagy directed at dysfunctional regions of 
the ER. Unlike bulk autophagy, reticulophagy involves specialized 
receptors containing LIRs or GABARAP-interacting motifs (GIMs), 
which mediate the direct engagement of ER subdomains with the 
autophagosomal machinery (Liang et al. 2020).

In yeast, this selective process is mechanistically simpler, proceeding via 
microautophagy and not requiring the full autophagosome formation 
machinery (Schäfer et al. 2020; Schuck et al. 2014). The tight coordination 
among UPR, ERAD, and reticulophagy ensures that reticulophagy is only 
activated when canonical pathways are insufficient to restore ER homeostasis.

In mammals, reticulophagy is mediated by at least eleven identified 
receptors (Mochida & Nakatogawa 2022b), four of which are considered 
core components of this selective autophagy pathway: reticulophagy reg
ulator 1 (RETREG1/FAM134B), reticulon 3 (RTN3), SEC62 (a protein 
involved in translational regulation), and cell cycle progression 1 (CCPG1). 
Although each receptor operates within distinct ER-phagy pathways, they 

From autophagy to mitophagy                                                                                  9 



all share a functional LIR motif, which facilitates their recruitment to 
autophagosomes and engagement with the autophagic machinery (Yao 
et al. 2021) (Fig. 1).

RETREG1/FAM134B was the first ER-phagy receptor to be identi
fied and remains the most extensively characterized. It is predominantly 
localized to ER sheets, where it plays a pivotal role in initiating frag
mentation of the ER membrane into vesicles competent for autophago
some incorporation (Khaminets et al. 2015). RETREG1 contains a reti
culon homology domain (RHD) that induces membrane curvature, a 
critical step in vesicle formation. Importantly, its expression is regulated by 
ATF4, a downstream transcription factor of the PERK branch of the UPR, 
establishing a direct mechanistic link between ER stress and ER-phagy 
induction (Luhr et al. 2019; Mu et al. 2024).

Fig. 1 Overview of the reticulophagy process. Under endoplasmic reticulum (ER) 
stress, when the unfolded protein response (UPR) and endoplasmic reticulum asso
ciated degradation (ERAD) pathways are insufficient to restore homeostasis, reticu
lophagy is activated. This selective form of autophagy targets dysfunctional ER sub
domains through specific receptors (RETREG1/FAM134B, RTN3, SEC62, and CCPG1). 
Reticulophagy operates in coordination with UPR and ERAD as part of a hierarchical 
quality control system that preserves ER function and prevents apoptosis. 
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RTN3 serves a similar function to RETREG1 but is specialized in the 
remodeling of ER tubules, contributing to their fragmentation and turn
over (Grumati et al. 2017). RTN3-mediated ER-phagy is particularly 
critical for neuronal homeostasis, and its disruption has been associated with 
neurodegenerative disorders (Liang et al. 2020).

SEC62 is implicated in the recovery phase following acute ER stress, 
functioning in post-translational protein translocation, calcium home
ostasis, and the selective clearance of ER subdomains enriched in misfolded 
proteins through ER-phagy (Linxweiler & Müller 2022; Wilkinson, 2019).

Finally, CCPG1 plays a crucial role in secretory tissues such as the 
exocrine pancreas, where it maintains ER proteostasis under conditions of 
chronic stress. CCPG1 acts as a scaffold by interacting with both LC3 and 
FIP200, effectively integrating upstream stress signals with autophagosome 
biogenesis (Ishii et al. 2023; Smith et al. 2018; Zhou et al. 2021).

Altogether, the interplay between ERAD, the UPR, and ER-phagy 
receptors constitutes a hierarchical and tightly regulated defense system that 
safeguards cellular homeostasis under conditions of stress. While ER-phagy 
primarily serves a protective and adaptive function by selectively removing 
dysfunctional ER components, its dysregulation can disrupt this delicate 
balance, tipping the cellular response towards apoptosis. This dynamic 
offers promising therapeutic potential, as targeting ER-phagy pathways 
may provide novel strategies to restore proteostasis and mitigate disease 
progression in disorders associated with chronic ER stress.

2.2.2 Nucleophagy
The nucleus is a fundamental organelle essential for cell viability, serving 
as the repository of genetic material and orchestrating gene expression, 
thereby governing virtually all vital cellular functions. Nucleophagy refers 
to the selective autophagic degradation of superfluous or damaged nuclear 
components to preserve nuclear integrity and sustain cellular homeostasis 
(Mochida et al. 2015). Cells employ several surveillance mechanisms to 
detect genomic instability and maintain nuclear health, including key 
regulators such as p53 and p21, which play critical roles in the prevention 
of DNA damage and the facilitation of rapid DNA repair (Galluzzi et al. 
2014; Williams & Schumacher, 2016).

In yeast, nucleophagy occurs through two distinct pathways: macro
nucleophagy and micronucleophagy. In Saccharomyces cerevisiae, two forms of 
micronucleophagy have been characterized: piecemeal nucleophagy (PMN) 
and late nucleophagy (LN), both of which mediate the degradation of 
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nuclear material under stress conditions (Papandreou & Tavernarakis, 2019)  
(Fig. 2). PMN involves the direct sequestration of non-essential regions of 
the nucleus into the vacuole via nuclear-vacuole junctions. This process is 
dependent on the interaction of two key proteins, Nvj1 and Vac8, which are 
required for the formation and maintenance of these junctions (Bo Otto & 
Thumm, 2020; Dawaliby & Mayer, 2010). Additionally, the autophagy 
receptor ATG39, localized to the perinuclear endoplasmic reticulum, con
tributes to this process by inducing curvature and deformation of the nuclear 
envelope to facilitate autophagic sequestration (Mochida & Nakatogawa 
2022a; Mochida et al. 2022). These mechanisms are particularly important 
for survival during the early stages of nutrient deprivation (Bo Otto & 
Thumm, 2020; Dawaliby & Mayer, 2010).

Late nucleophagy, by contrast, is mediated exclusively by ATG39 and is 
associated with significant morphological alterations of the nucleus. LN is 
activated under conditions of prolonged nitrogen starvation or pharma
cological inhibition of the mechanistic target of rapamycin (mTOR) 
pathway (Otto & Thumm, 2021). Together, these nucleophagic pathways 

Fig. 2 Overview of the nucleophagy process in yeast and in mammals. Nucleophagy 
is a selective form of autophagy that degrades damaged or excess nuclear compo
nents to maintain nuclear integrity. In yeast, it occurs via piecemeal or late nucleo
phagy, involving ATG39. In mammals, nucleophagy is less defined but involves 
autophagic machinery contributing to senescence, genome stability, and stress 
responses. 
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provide a multilayered strategy for maintaining nuclear quality control and 
promoting cell survival during stress.

In mammals, the molecular mechanisms underlying nucleophagy 
remain less well characterized compared to yeast; however, several parallels 
between the two systems have been proposed. Autophagy-related proteins 
such as LC3B and p62 have been shown to interact with nuclear lamina 
components, particularly lamin B1, as well as with chromatin, thereby 
promoting their selective degradation during cellular senescence (Luo et al. 
2016) (Fig. 2). When properly activated, nucleophagy has the capacity to 
eliminate excess DNA content in polyploid tumor cells (cells with more 
than two complete copies of the same chromosome), thus favoring 
homeostasis. In these cellular contexts, selective activation can play a 
protective role against tumor development by contributing to the main
tenance of cellular and tissue integrity. However, as it involves the selective 
degradation of an essential organelle such as the nucleus, nucleophagy can 
also act as a mechanism of cell death. Therefore, when this pathway is 
deregulated or excessively activated, it can compromise the viability of 
healthy cells, generating unexpected and potentially harmful cytotoxicity 
(Fu et al. 2018). This targeted degradation contributes to the remodeling of 
nuclear architecture and supports the clearance of damaged or redundant 
nuclear materia. Notably, age-related pathologies and senescence are fre
quently associated with profound alterations in nuclear structure, which 
may impair nucleophagic activity and contribute to nuclear dysfunction 
(Pathak et al. 2021).

Although a direct mammalian homologue of the yeast-specific 
nucleophagy receptor ATG39 has yet to be identified, the existence of 
functionally analogous mechanisms is strongly suggested by emerging 
evidence (Boyle & Wilfling, 2023; Papandreou & Tavernarakis, 2019), 
such as the translocon subunit SEC62 (Kucińska et al. 2023). This 
knowledge gap presents a valuable opportunity for further investigation 
into the regulation of nucleophagy in mammals and its broader implications 
for nuclear quality control, ageing, and age-associated diseases.

2.2.3 Pexophagy
Peroxisomes are multifunctional organelles involved in diverse metabolic 
processes, including lipid metabolism, detoxification of ROS, and plas
malogen biosynthesis. Preserving peroxisomal homeostasis is essential for 
cellular viability and function (Wanders et al. 2023). Pexophagy, a selective 
form of autophagy, facilitates the targeted degradation of dysfunctional or 
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surplus peroxisomes, thereby mitigating cellular damage and preventing the 
onset of ROS-associated pathologies (Cho et al. 2018). This process can be 
triggered by a range of cellular stressors, such as nutrient deprivation, 
hypoxia, and oxidative stress. However, tight regulation of pexophagy is 
crucial, as recent findings suggest that its excessive activation may interfere 
with other selective autophagy pathways (Germain et al. 2024).

Pexophagy displays notable mechanistic differences between yeast and 
mammalian systems (Fig. 3). In yeast, two distinct modalities have been 
described. In macropexophagy, the peroxisome is recognized and enclosed 
by a phagophore that matures into an autophagosome before fusing with 
the lysosome. In contrast, micropexophagy involves the direct engulfment 
of the peroxisome by the lysosomal membrane through invagination 
(Manjithaya et al. 2010). In Pichia pastoris, pexophagy is mediated by Atg30, 
whereas in Saccharomyces cerevisiae, the functional homologue is Atg36. 

Fig. 3 Overview of the pexophagy process in yeast and in mammals. Pexophagy in 
yeast involves receptors like Atg30 or Atg36; a mechanism initiated by a sequence of 
protein interactions that result in the degradation of the damaged peroxisomes. In 
mammals the selective degradation of peroxisomes occurs via ubiquitin-dependent or 
ubiquitin-independent pathways, engaging receptors such as p62, NBR1, or direct 
LC3–PEX14 interactions. Both systems converge on autophagosome formation and 
lysosomal degradation of peroxisomes. 
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These receptors interact with peroxisomal membrane proteins PEX3 and 
PEX14, initiating the recruitment of autophagic machinery (Burnett et al. 
2015; Motley et al. 2012). Phosphorylation of Atg30 is required for its 
interaction with scaffold proteins Atg11 and Atg17, both of which are key 
components of the pre-autophagosomal structure (PAS) (Mao et al. 2014). 
This complex promotes the assembly of the core autophagy machinery, 
including Atg1, Atg8, Atg9, and the PI3KC3 complex (Farré & Subramani, 
2016). Furthermore, Atg26 contributes to phagophore membrane elon
gation through its binding to phosphatidylinositol-4-phosphate (Nazarko 
et al. 2007).

In mammals, pexophagy proceeds through both ubiquitin-dependent 
and ubiquitin-independent mechanisms. In the ubiquitin-dependent route, 
the peroxisomal import receptor PEX5 can undergo monoubiquitination 
at specific residues such as Cys11 or Lys209 in response to oxidative stress 
(Demers et al. 2023). This post-translational modification is recognized by 
autophagy receptors p62/SQSTM1 and NBR1, which contain ubiquitin- 
binding domains and LIRs, thereby facilitating the recruitment of per
oxisomes to autophagosomes. Although PEX3 does not directly mediate 
ubiquitination, it plays a structural role in anchoring components of the E3 
ligase complex, which comprises PEX2, PEX10, and PEX12, and is 
responsible for catalyzing PEX5 ubiquitination (Okumoto et al. 2014; 
Yamashita et al. 2014). The deubiquitinase USP30 counteracts this process, 
thereby modulating the rate of pexophagy (Riccio et al. 2019).

In the ubiquitin-independent pathway, LC3 can directly bind to 
PEX14, competing with PEX5 and enabling peroxisome sequestration into 
autophagosomes without the need for ubiquitin tagging (Jiang et al. 2015). 
Additionally, the tankyrase enzymes TNKS1 and TNKS2 have been 
shown to associate with PEX14 and ATG9A, particularly under conditions 
of amino acid starvation, further promoting this non-canonical mode of 
pexophagy (Zamudio-Martinez et al. 2021).

2.2.4 Lysophagy
Lysosomes are pivotal organelles for cellular degradation and recycling, 
orchestrating the breakdown of damaged proteins, lipids, and organelles 
through the process of autophagy. Lysosomes, which are replete with 
hydrolytic enzymes, function optimally under acidic conditions (internal 
pH ∼5.0) and are fundamental for sustaining cellular homeostasis 
(Settembre et al. 2013). Nevertheless, given their potent enzymatic content 
and role in autophagy by processing cytotoxic macromolecules, lysosomal 
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damage or membrane permeabilization represents a significant threat to cell 
viability. To mitigate the deleterious effects associated with lysosomal 
dysfunction, cells have evolved lysophagy, a selective, ubiquitin-dependent 
form of autophagy that targets compromised lysosomes for degradation, 
thereby preventing the release of harmful components and preserving 
organellar integrity (Bi et al. 2025; Li et al. 2015).

Lysophagy is initiated upon lysosomal membrane permeabilization 
(LMP), an event that may arise from oxidative stress or pathogenic 
infection (Papadopoulos et al. 2020). Following LMP, intraluminal gly
coproteins, including LAMP1 and LAMP2, become exposed to the 
cytosol, where they are recognized by galectin family members, most 
notably Galectin-3 (LGALS3) and Galectin-8 (LGALS8), which function 
as molecular sensors of lysosomal damage (Jia et al. 2020; Kuma & 
Yoshimori, 2025). These galectins bind to β-galactosidase residues exposed 
to the cytoplasmic side of damaged lysosomes, effectively labelling them for 
selective removal via autophagy. Galectin-3 has been demonstrated to 
promote lysophagy by recruiting the E3 ubiquitin ligase tripartite motif 
containing 16 (TRIM16), facilitating the ubiquitination of lysosomal 
membrane proteins (Chauhan et al. 2016; Jia et al. 2020) and the sub
sequent engagement of the autophagy receptor p62/SQSTM1 (Gallagher 
& Holzbaur, 2023), thereby initiating the autophagic clearance cascade 
(Chauhan et al. 2016; Jia et al. 2020). In a similar manner, Galectin-8 has 
been shown to directly interact with the autophagy cargo receptor NDP52, 
which links damaged lysosomes to LC3 by LIR, thereby coordinating the 
formation of autophagosomes, particularly during antibacterial autophagy 
(Li et al. 2013). Following the ubiquitination of lysosomal membrane 
proteins such as LAMP1 or SCAV-3, receptors including p62, NBR1, and 
the AAA-ATPase valosin-containing protein p97 (VCP/p97) recognize 
and target the compromised organelles for sequestration by the ubiquitin- 
LC3 autophagic machinery (Eapen et al. 2021; Papadopoulos et al. 2017). 
The process of lysophagy is subject to fine-tuning by deubiquitinating 
enzymes, such as USP9X, in conjunction with modulators, including 
MAP3K7, which have the capacity to remove ubiquitin chains and adjust 
the threshold for lysophagy initiation (Shariq et al. 2024) (Fig. 4). In 
summary, lysophagy represents a highly coordinated quality control 
pathway integrating damage sensing via galectins, ubiquitination of lyso
somal proteins, recruitment of selective autophagy receptors, and autop
hagy receptor-mediated biogenesis of the autophagy vacuoles to ensure the 
efficient clearance of defective lysosomes. Dysfunctional lysophagy has 
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been implicated in the process of aging and a range of pathological con
ditions, thereby underscoring its essential role in maintaining organellar and 
cellular homeostasis.

2.2.5 Mitophagy
Mitochondria are essential, pleiotropic organelles that play a central role 
in sustaining cell viability and function. They are primarily responsible for 
the production of adenosine triphosphate (ATP) and the oxidation of 
fatty acids.

In mitochondria, ATP is generated by the mitochondrial respiratory 
chain and oxidative phosphorylation (OXPHOS) complexes. The electron 
transport chain is the process by which electrons are transferred from protein 
donors, such as FADH2 and NADH, to the final acceptor, which is typically 
O2, through protein complexes (complexes I-IV). These electrons generate a 
proton gradient in the intermembrane space of the mitochondria, which is 
utilized by complex V (ATP synthase) to produce ATP by pumping protons 
into the mitochondrial matrix. During the event of OXPHOS inefficacy, 
whether due to mitochondrial impairment or stress, there is an attendant 

Fig. 4 Overview of the lysophagy process. Lysophagy is a selective autophagy 
pathway that removes damaged lysosomes to prevent cellular toxicity. Upon lyso
somal membrane permeabilization, galectins detect exposed glycoproteins, triggering 
ubiquitination and recruitment of autophagy receptors (p62, NDP52). This process 
ensures lysosomal quality control and removes the damaged lysosomes. 
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decline in ATP levels, an increase in ROS, and the activation of dysfunc
tional mitochondria removal (Ebanks & Chakrabarti, 2022; Zong et al. 
2024). Consequently, ATP generation is not merely an energetic outcome, 
but rather a pivotal factor in determining mitochondrial fate through the 
process of autophagy surveillance pathways (Yun et al. 2020).

Additionally, mitochondria regulate key processes such as apoptosis, 
calcium homeostasis via their interaction with the ER at membrane- 
associated membranes (MAMs), and the generation of ROS, which serve as 
signaling molecules in pathways controlling cell proliferation and death. 
The selective degradation of mitochondria via autophagy, known as 
mitophagy, is fundamental for maintaining mitochondrial quality control 
and, by extension, overall cellular homeostasis (D’Arcy, 2024; Wang, 
Long, et al. 2023).

Mitophagy is typically initiated by receptors located on the outer 
mitochondrial membrane (OMM) and can proceed via two functionally 
distinct pathways: the Parkin-dependent and Parkin-independent 
mechanisms. In the classical, Parkin-dependent pathway, mitophagy is 
triggered by the loss of mitochondrial membrane potential (Narendra et al. 
2008), while the Parkin-independent pathway responds to broader cues 
such as mitochondrial dysfunction, hypoxia, iron depletion, or activation of 
AMP-activated protein kinase (AMPK) (Seabright et al. 2020; Terešak 
et al. 2022). These stimuli lead to the recruitment of pathway-specific 
receptors to damaged mitochondria (Palikaras et al. 2018), though the 
downstream engagement of autophagic effectors, including autophago
somal markers such as LC3, remains consistent across both pathways  
(Fig. 5).

In the Parkin-dependent mitophagy pathway, the core components 
include PTEN-induced putative kinase 1 (PINK1) and the E3 ubiquitin 
ligase Parkin. Under physiological conditions, PINK1 is imported into 
healthy mitochondria and rapidly degraded. However, in depolarized 
mitochondria, PINK1 accumulates on the OMM due to impaired import 
and proteolytic processing, thereby acting as a sensor of mitochondrial 
damage. Once stabilized, PINK1 phosphorylates pre-existing ubiquitin 
molecules and initiates the recruitment of MARCH5/MITOL, another 
mitochondrial E3 ubiquitin ligase that facilitates polyubiquitination of 
various OMM proteins (Koyano et al. 2019; Yoo et al. 2019). Parkin is 
then recruited to the mitochondria, where it amplifies the ubiquitin sig
naling cascade by further ubiquitinating OMM proteins and phosphor
ylating ubiquitin itself, forming phosphorylated ubiquitin chains (p-Ub). 
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These serve as docking platforms for mitophagy receptors such as opti
neurin (OPTN), NDP52, and p62/SQSTM1 (Ordureau et al. 2015). 
These adaptors, in turn, bind to autophagic effectors including LC3, 
ATG9A, ULK1, and the PI3KC3 complex, thereby initiating the de novo 
formation of autophagosomes around the damaged mitochondrion, which 
ultimately fuses with lysosomes to enable degradation.

In contrast, the Parkin-independent mitophagy pathway is activated 
when Parkin is absent or functionally impaired (Villa et al. 2018; Wang, 
Long, et al. 2023). In this pathway, mitochondrial degradation relies on a 
distinct set of OMM-localized receptors, including BNIP3 (BCL2/ade
novirus E1B 19kDa-interacting protein 3), NIX/BNIP3L, FUNDC1, 
BCL2L13 (a mammalian homologue of yeast ATG32) and FKBP8. 
Additional regulatory factors include AMBRA1, which can serve as a 
mitophagy receptor and interact with the E3 ubiquitin ligase HUWE1, 
thereby facilitating mitophagy in a ubiquitin-dependent manner even in 
the absence of Parkin (Di Rita et al. 2018; Michel et al. 2017).

Upon cellular stress such as hypoxia or energy deprivation, transcrip
tional upregulation of BNIP3 and NIX occurs, and these proteins are 

Fig. 5 Overview of the mitophagy process. Mitophagy is a selective autophagy 
pathway that eliminates damaged mitochondria to preserve cellular homeostasis. It 
proceeds via Parkin-dependent and Parkin-independent mechanisms, involving key 
sensors like PINK1, Parkin, and receptors such as BNIP3, NIX, and FUNDC1. Both 
pathways converge on LC3-mediated autophagosome formation and lysosomal 
degradation of dysfunctional mitochondria. 
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inserted into the OMM. BCL2L13 has been shown to recruit ULK1 to 
mitochondria, where it stabilizes BNIP3 by protecting it from proteasomal 
degradation mediated by the SKP1–CUL1–FBXL4 ubiquitin ligase com
plex (Murakawa et al. 2019; Poole et al. 2021). Once localized, ULK1 
phosphorylates BNIP3, NIX, and FUNDC1 at residues near their LIR 
motifs (Poole et al. 2021; Wu et al. 2014), enhancing their affinity for LC3 
and facilitating their incorporation into forming autophagosomes (Liu et al. 
2012). This phosphorylation step is critical for the efficient sequestration 
and degradation of damaged mitochondria.

3. Cellular security area: Additional quality control 
mechanisms

Cell viability is sustained by an intricate network of surveillance and 
repair systems that collectively ensure the structural and functional integrity 
of the cell under various physiological and pathological conditions. Each 
organelle and cellular process is supported by its own set of quality control 
mechanisms, operating not in isolation but as components of an inter
dependent network that preserves homeostasis and promotes cell survival. 
As highlighted throughout this review, autophagy plays a central role in 
maintaining cellular function, though it operates in close coordination with 
other adaptive systems.

The cellular microenvironment is subject to constant stressors, many of 
which threaten protein homeostasis. In response, cells activate protective 
pathways such as the heat shock response, mediated by heat shock proteins 
(HSPs). These molecular chaperones assist in protein folding, prevent 
aggregation, and promote the degradation of misfolded proteins, thereby 
limiting proteotoxic stress (Alagar Boopathy et al. 2022). HSPs are grouped 
by molecular weight into distinct families, including HSP100, HSP90, 
HSP70, HSP60, and small HSPs. Their expression is largely governed by 
heat shock factor 1 (HSF1), a transcription factor maintained in an inactive 
state under homeostatic conditions through association with HSP70 and 
HSP90. Upon cellular stress, HSF1 dissociates from these complexes, tri
merizes, and translocates to the nucleus, where it initiates the transcription 
of HSP genes (Gomez-Pastor et al. 2018; Masser et al. 2020). Beyond 
protein folding, chaperones such as HSP70, HSP90, and HSP60 also 
participate in regulating apoptosis and modulating immune responses (Gu 
et al. 2025).
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The UPR is another key adaptive mechanism that counteracts pro
teostatic disruption. It is activated when misfolded proteins accumulate in 
the ER, triggering a coordinated transcriptional and translational program 
to restore homeostasis or, in cases of unresolved stress, to induce apoptosis. 
Notably, recent evidence suggests that UPR activation in one cell can 
influence neighboring cells through intercellular signaling, highlighting its 
role in tissue-level coordination of stress responses (Imanikia et al. 2018). 
The UPR comprises three principal branches, each controlled by a distinct 
ER transmembrane sensor: activating transcription factor 6 alpha (ATF6α), 
inositol-requiring enzyme 1 alpha (IRE1α), and PKR-like ER kinase 
(PERK). Under non-stress conditions, these sensors remain inactive 
through their association with the ER-resident chaperone BiP (HSPA5), a 
member of the HSP70 family. Upon ER stress, BiP dissociates to assist in 
protein folding, leading to the activation of the three UPR sensors (Kopp 
et al. 2019). These branches differ in both activation kinetics and functional 
outcomes. ATF6α is typically the earliest responder, followed by IRE1α, 
which is activated only under more severe stress and acts in synergy with 
ATF6α. Both are considered adaptive responses aimed at promoting cel
lular tolerance to chronic ER stress. PERK, by contrast, is activated later 
and, depending on stress intensity, may induce apoptotic signaling when 
damage is irreparable (Coto-Montes et al. 2021; Senft & Ronai, 2015). In 
parallel, the ERAD pathway eliminates misfolded proteins via proteasomal 
degradation, and its integration with the UPR is critical for sustaining ER 
proteostasis (Hwang & Qi, 2018).

The integrated stress response (ISR) is a broader, evolutionarily conserved 
pathway that orchestrates cellular adaptation to diverse stressors, including 
nutrient scarcity, hypoxia, oxidative imbalance, and viral infection (Costa- 
Mattioli & Walter, 2020). Activation of the ISR is mediated by phosphorylation 
of eukaryotic initiation factor 2 alpha (eIF2α) at Ser51, catalyzed by one of four 
specialized kinases: PERK (ER stress), GCN2 (amino acid deprivation) (Jin et al. 
2021), PKR (viral double-stranded RNA sensing) (Dabo & Meurs, 2012), and 
HRI (heme deficiency, oxidative stress, and hypoxia) (Chen, 2025). This 
phosphorylation event globally suppresses protein synthesis but selectively 
enhances the translation of transcription factors such as ATF3, ATF4, ATF5, and 
CHOP (Münch & Harper, 2016; Palam et al. 2011; Slavin et al. 2022; Vattem 
& Wek, 2004), which in turn regulate genes involved in survival, mitochondrial 
metabolism, redox balance, and cellular repair. In mammals, the ISR is func
tionally linked to the mitochondrial UPR (mtUPR), forming a shared quality 
control axis that safeguards mitochondrial function and integrates with broader 
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stress responses (Arnould et al. 2015). Nonetheless, persistent ISR activation and 
dysregulated proteostasis have been associated with pathological processes and 
chronic disease (Costa-Mattioli & Walter, 2020; Hipp et al. 2014).

Mitochondria, owing to their central role in energy metabolism and 
apoptotic regulation, are frequent targets of these stress response systems. 
Beyond mitophagy and the mtUPR, mitochondria employ a spectrum of 
quality control mechanisms that adapt dynamically to the cellular context. 
One such mechanism is mitochondrial dynamics, which encompasses fis
sion, fusion, and intracellular trafficking. These processes are essential not 
only for organelle maintenance but also for the selective removal and 
functional redistribution of mitochondrial components (Tábara et al. 2025).

Mitochondrial fission is regulated primarily by dynamin-related protein 1 
(DRP1) and mitochondrial fission 1 protein (FIS1). Upon phosphorylation 
at Ser616, DRP1 becomes activated and is recruited to the OMM via 
receptors such as FIS1, mitochondrial fission factor (MFF), and mitochon
drial dynamics proteins MID49 and MID51 (Forte et al., 2021). Once 
localized, DRP1 oligomerizes in a GTP-dependent manner, constricting the 
mitochondrial membrane and facilitating division (Tilokani et al. 2018). 
Fission is essential not only for mitochondrial biogenesis but also for the 
removal of damaged mitochondrial segments via mitophagy. In contrast, 
mitochondrial fusion is mediated by the mitofusins MFN1 and MFN2 on 
the OMM and optic atrophy 1 (OPA1) on the inner mitochondrial mem
brane (IMM). MFN1 and MFN2 tether adjacent mitochondria and catalyze 
outer membrane fusion through GTP hydrolysis. Subsequent inner mem
brane fusion is regulated by OPA1 in a cardiolipin-dependent manner (Ban 
et al. 2017; Noone et al. 2022; Tábara et al. 2025). Fusion events contribute 
to the dilution of damaged mitochondrial content and support the pre
servation of mitochondrial membrane potential under metabolic stress.

Mitochondrial fission dynamics encompass two spatially distinct pathways, 
according to the mitochondrial region to be fractionated and with unique 
biological outcomes: midzone fission and peripheral fission. Mitochondrial 
midzone fission has been observed to target the central region of the mito
chondrion and is associated with mitochondrial biogenesis and proliferation 
processes (Colpman et al. 2023; Kleele et al. 2021). These processes supply the 
energy needs of healthy cells. Midzone fission has been described as orchestrated 
by DRP1 together with MFF, and ER and actin-mediated pre-constriction to 
the mitochondria (Kleele et al. 2021).

Conversely, peripheral fission, which occurs at the mitochondrial via
bility ends, is associated with mitophagy and degradation. As with midzone 
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fission, this mechanism is mediated by DRP1, but regulated by FIS1, often 
preceded by lysosomal tethering, and serves to isolate dysfunctional 
mitochondrial units (with loss of membrane potential and a reduction in 
structural proteins (e.g., OPA1)), or damaged mitochondria (Kleele et al. 
2021; Twig et al. 2008). Moreover, recent studies have identified a crucial 
regulator, MTFP1, which further elucidates the degradation dynamics of 
defective mitochondrial fragments. This regulator facilitates the fission of 
MTFP1-enriched mitochondrial zones at the periphery, resulting in the 
formation of smaller mitochondria that are more amenable to removal via 
autophagy. This process maintains the number of copies of mitochondrial 
DNA (mtDNA) and serves to minimize imbalances in cellular homeostasis 
(Tábara et al. 2024).

While traditionally confined to intracellular processes, mitochondrial 
quality control also involves intercellular mechanisms. When intrinsic 
pathways such as mitophagy or mitochondrial biogenesis are insufficient, 
cells may engage alternative routes such as mitochondrial transfer. This 
process entails the transfer of whole or fragmented mitochondria between 
donor and recipient cells and has been observed in settings including 
pulmonary injury, ischemia, neurodegeneration, and cancer (Wen et al. 
2025). Among the most studied donors are mesenchymal stem cells 
(MSCs), likely due to their regenerative and immunomodulatory proper
ties (Gopalarethinam et al. 2023; Han et al. 2022). Mitochondrial traf
ficking during transfer is mediated by Miro1, a Rho-GTPase that anchors 
mitochondria to the microtubule cytoskeleton, guiding them toward 
tunnelling nanotubes (TNTs) (Li et al. 2024). TNTs are narrow, actin-rich 
cytoplasmic extensions (approximately 50–200 nm in diameter) that con
nect adjacent cells and enable direct exchange of organelles, proteins, and 
even ionic signals (Ahmad et al. 2014; Rustom et al. 2004; Zurzolo, 2021). 
This intercellular transport mechanism allows metabolically active cells to 
support compromised neighbors under stress (Han et al. 2016; Wang & 
Gerdes, 2015). Conflicting studies have proposed both unidirectional dis
posal of dysfunctional mitochondria (Liu et al. 2023) and bidirectional 
exchange models whereby organelle elimination and functional rescue 
occur concurrently (Chakraborty et al. 2023).

A more recently described mitochondrial clearance mechanism is 
mitochondrial extrusion, also referred to as mitocytosis. Unlike 
transfer, this process involves the expulsion of damaged mitochondria 
from the cytoplasm into the extracellular space, often without enga
ging a recipient cell or traditional vesicular trafficking. This 
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phenomenon has been particularly observed in migratory cells during 
regeneration or tumor invasion (Lyamzaev et al. 2022; Unuma et al. 
2015). One key structure involved in extrusion is the migrasome, a 
vesicular body deposited along the migration path of cells, which acts 
as a reservoir for damaged mitochondria (Ma et al. 2015). These 
migrasomes enable spatial segregation and clearance of dysfunctional 
organelles outside the cell (Tang et al. 2024). This pathway may act as 
a compensatory mechanism in conditions where mitophagy is insuf
ficient or impaired, highlighting the growing complexity and adapt
ability of mitochondrial quality control systems.

4. Skeletal muscle: An organ adjustable to suit the 
situation

Skeletal muscle comprises approximately 40 % of total body mass, 
although this proportion is dynamically modulated in response to physio
logical stimuli such as exercise or pathological conditions (Mukund & 
Subramaniam, 2020; Sartori et al. 2021). Its highly specialized structure 
reflects functional demands related to mechanical force generation, meta
bolic capacity, and spatial organization. Skeletal muscle is composed pre
dominantly of elongated, multinucleated fibers formed through the 
developmental fusion of mononucleated, postmitotic myoblasts 
(Yamakawa et al. 2020; Zhou et al. 2022). These fibers are embedded 
within a complex and well-organized network of connective tissue, 
extracellular matrix (ECM), and vascular structures that support both 
mechanical function and metabolic exchange (Loreti & Sacco, 2022).

Two main fiber types are recognized: type I fibers, characterized by 
oxidative, slow-twitch metabolism, and type II fibers, which are glycolytic 
and fast-twitch. Both types favor catabolic over anabolic metabolism for 
energy production, contributing to the metabolic versatility of skeletal 
muscle (Anderson, 2022). The muscle’s structural framework consists of a 
hierarchical organization of three concentric connective tissue layers. The 
outermost epimysium is composed of dense irregular connective tissue that 
encloses the entire muscle, transmitting contractile force to tendons and 
bones. The perimysium, located beneath the epimysium, subdivides the 
muscle into fascicles (bundles of muscle fibers that coordinate contraction 
across functional units). The innermost layer, the endomysium, comprises 
areolar connective tissue enriched with capillaries and nerves, and plays a 
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critical role in maintaining ionic balance for excitation–contraction cou
pling, as well as contributing to the viscoelastic properties of muscle tissue 
(Mukund & Subramaniam, 2020) (Fig. 6). Together, these layers enable 
precise alignment of myofibers, facilitate mechanotransduction, and sup
port compartmentalized force transmission, all of which are essential for 
optimal skeletal muscle performance (Frontera & Ochala, 2015).

The identification of satellite cells in 1961, following the advent of 
electron microscopy, marked a milestone in skeletal muscle biology. These 
adult muscle stem cells reside in a quiescent state between the sarcolemma 
and the basal lamina of mature fibers. Although generally inactive in 
homeostasis, satellite cells are rapidly activated in response to muscle injury 
or mechanical stress. Upon activation, they proliferate and differentiate into 
myogenic precursors, thereby playing a pivotal role in muscle regeneration 
and repair (Anderson, 2022; Cai et al. 2022; Chen et al. 2022; Englund 
et al. 2021; Loreti & Sacco, 2022; Zhou et al. 2022).

Functionally, skeletal muscle is specialized for voluntary contraction, a 
process mediated by sarcomeres, the fundamental contractile units com
posed of interdigitating actin and myosin filaments. Sarcomere contraction 
is regulated by excitation–contraction coupling, a calcium-dependent sig
naling mechanism that ensures precise temporal control of muscle fiber 
shortening (Calderón et al. 2014). However, beyond its biomechanical 
functions, skeletal muscle is now recognized as a major regulator of 

Fig. 6 Skeletal muscle morphology: from anatomy to histology. The diagram shows 
the main histological structures of skeletal muscle. 
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systemic metabolism. It represents the largest reservoir of amino acids in the 
body, supporting protein turnover and providing substrates during cata
bolic states such as fasting, infection, or trauma (Wolfe, 2006). Moreover, 
skeletal muscle is the primary site of insulin-stimulated glucose uptake and 
glycogen storage, placing it at the center of glycemic regulation and whole- 
body metabolic homeostasis (Argilés et al. 2016; Fu et al. 2024).

Recent findings have redefined skeletal muscle as a pleiotropic endo
crine organ, capable of secreting bioactive peptides termed myokines. 
Notable examples include interleukin-6 (IL-6), irisin, and myostatin, 
which exert autocrine, paracrine, and endocrine effects. These myokines 
influence multiple distant tissues, including adipose tissue, liver, brain, 
pancreas, and bone, modulating energy expenditure, insulin sensitivity, 
inflammation, and even neuroplasticity (Rai & Demontis, 2016; Severinsen 
& Pedersen, 2020). Muscle-derived signals are now recognized as essential 
components of systemic communication networks, regulating physiological 
processes such as immunity, ageing, and adaptive responses to physical and 
metabolic stress (Antuña et al. 2022; Chow et al. 2022; Tokizane & Imai, 
2024). Thus, the maintenance of skeletal muscle integrity is not only 
essential for locomotion but also for the prevention of chronic diseases 
including sarcopenia, obesity, type 2 diabetes, and cardiovascular disorders.

4.1 Prime muscle years
As previously discussed, skeletal muscle is a highly plastic tissue that con
tinuously adapts to mechanical, metabolic, and environmental stimuli under 
physiological conditions. The preservation of muscle integrity and function 
critically depends on the precise regulation of intracellular quality control 
mechanisms, particularly those governing organelle maintenance. Due to its 
dynamic functional demands, skeletal muscle experiences substantial fluc
tuations in energy requirements between contraction and rest. Remarkably, 
during active contraction, pre-existing ATP stores are sufficient to sustain 
activity for only approximately two seconds, thereby necessitating rapid and 
sustained ATP regeneration to maintain contractile function (Gaitanos et al. 
1993). In addition to mechanical work, a consistent energy supply is required 
to support vital cellular maintenance and quality control processes; when 
energy availability becomes limited, these processes are compromised, 
leading to disruption of cellular homeostasis.

Mitochondria are central to skeletal muscle physiology, acting both as 
principal ATP producers and as significant sources and targets of ROS. 
Mitochondria-derived ROS play a dual role in skeletal muscle biology: at 
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physiological concentrations, they act as signaling molecules that facilitate 
adaptive responses such as hypertrophy and regeneration (Powers et al. 
2010). However, excessive ROS production (typically observed during 
strenuous exercise, inflammation, or injury) can result in oxidative damage 
to proteins, lipids, and nucleic acids, ultimately impairing muscle function. 
Emerging data highlights the essential role of regulated ROS signaling in 
satellite cell activation and proliferation, processes critical to effective 
muscle regeneration (Lian et al. 2022; Potes et al. 2024).

Autophagy represents a fundamental component of skeletal muscle 
homeostasis. While the field has primarily focused on macroautophagy, the 
roles of microautophagy and CMA remain poorly understood in this tissue 
(Franco-Romero et al. 2024). Basal autophagy is required to prevent the 
accumulation of dysfunctional organelles and protein aggregates, whereas 
stress-induced autophagy facilitates repair and remodeling following 
damage (Franco-Romero et al. 2024; Paré et al. 2017). Even under 
homeostatic conditions, skeletal muscle undergoes continuous structural 
renewal; during hypertrophic growth, transient activation of autophagy 
contributes to fiber adaptation by removing organelles and proteins 
damaged by mechanical stress (de Gonzalo-Calvo et al., 2012; Sartori et al. 
2021; Xia et al. 2021). Notably, ROS can activate redox-sensitive kinases 
such as AMPK and p38 MAPK, which regulate autophagic flux during 
adaptation and remodeling (Rodney et al. 2016).

Autophagy in skeletal muscle is also finely tuned by nutritional signals. 
Following nutrient intake, elevated levels of amino acids (AAs) and bran
ched-chain amino acids (BCAAs) activate mTORC1, which suppresses 
autophagy while promoting protein synthesis and muscle growth (Zhang 
et al. 2014). Similarly, increased glucose availability inhibits autophagy 
through a reduction in the AMP/ATP ratio, further activating mTORC1 
and reinforcing anabolic pathways (Efeyan et al. 2013; Sebastián & Zorzano, 
2020). In contrast, the regulation of autophagy by lipid levels remains 
ambiguous; current evidence provides no consensus on whether high or low 
lipid concentrations stimulate or suppress autophagy in skeletal muscle 
(Sebastián & Zorzano, 2020). During nutrient deprivation, particularly under 
conditions of low glucose or AAs, autophagy is activated via inhibition of 
AKT and mTORC1, along with the phosphorylation of Beclin-1, AMPK, 
and the ULK1 complex, initiating autophagosome formation.

Mitophagy has emerged as a critical regulator of metabolic repro
gramming and cell fate decisions within skeletal muscle (Esteban-Martínez 
et al. 2017). During regenerative phases, enhanced mitophagy is required 
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for satellite cell activation and progression through the myogenic program 
(Hong et al. 2022a; Picca et al. 2023). Mitochondrial dynamics, specifically 
the balance between fission and fusion, are tightly coupled with metabolic 
status and coordinate the redistribution of mitochondria following satellite 
cell division to ensure proper energy supply (Youle & van der Bliek, 2012). 
Proper regulation of these dynamics is essential for maintaining mito
chondrial function and promoting efficient myofiber recovery following 
injury (Yasuda et al. 2023). Conversely, disruption of mitochondrial fission, 
for instance, through DRP1 inhibition, impairs regenerative efficiency and 
exacerbates atrophy in injured muscle (Hong et al. 2022b).

Collectively, these interconnected mechanisms (autophagy, mitophagy, 
and mitochondrial dynamics) constitute an integrated quality control 
system that enables young and healthy skeletal muscle to maintain home
ostasis, respond to physiological challenges, and recover effectively fol
lowing injury or hypertrophic stimulation.

4.2 Power turns to frailty
Although skeletal muscle possesses robust mechanisms to maintain cellular 
homeostasis and support regeneration under physiological conditions, the 
disruption of these quality control systems is increasingly recognized as a 
central contributor to muscle pathology. In muscle-related disorders, such 
as muscular dystrophies and age-associated muscle loss, dysregulation of 
essential cellular processes leads to the accumulation of molecular damage, a 
decline in regenerative capacity, and ultimately, tissue degeneration and 
functional impairment.

One of the earliest and most prominent perturbations in diseased 
muscle is the imbalance between ROS production and antioxidant defense 
mechanisms (González-Blanco et al. 2022; Potes et al. 2017). Excessive 
ROS accumulation damages cellular components, including DNA, pro
teins, and lipids, while simultaneously interfering with key regulatory 
signaling pathways. Overproduction of ROS can suppress the activity of 
autophagy-promoting kinases such as AMPK and sirtuin 1 (SIRT1), 
thereby impairing cellular repair and metabolic flexibility (Hong et al. 
2024). Moreover, mitochondria damaged by oxidative stress can release 
mitochondrial damage-associated molecular patterns (mtDAMPs) into the 
cytosol, where they are detected by pattern recognition receptors of the 
innate immune system. This recognition triggers pro-inflammatory cas
cades, notably the activation of the NLRP3 inflammasome, further pro
pagating inflammation and muscle fiber atrophy (Antuña et al. 2022). 
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These maladaptive responses establish a self-perpetuating cycle of injury, 
inflammation, and degeneration.

A consistent hallmark across a broad spectrum of myopathies is the dys
function of the autophagy–lysosome system. Impaired autophagic flux results in 
the accumulation of defective mitochondria and toxic protein aggregates, 
intensifying ROS generation and metabolic stress. Defective mitophagy has 
been identified as a key pathological feature in degenerating muscle fibers (Kubat 
et al. 2023) and is implicated in diverse models of muscular dystrophies and 
metabolic myopathies (Di Leo et al. 2023; Mito et al. 2022; Mucha et al. 2021). 
These observations underscore the indispensable role of mitochondrial quality 
control in the maintenance of muscle tissue integrity.

Mitochondrial dynamics are similarly disrupted in degenerative muscle 
states. Abnormal mitochondrial fragmentation and impaired fusion, often 
linked to decreased expression or functional deficiency of key regulatory 
proteins such as DRP1, mitofusins (MFN1/2), and OPA1, compromise 
mitochondrial morphology, connectivity, and function (Potes et al. 2019; 
2019). As a result, affected mitochondria exhibit reduced oxidative phos
phorylation capacity, exacerbated oxidative stress, and impaired bioener
getic output. Dysfunctional mitochondrial networks are particularly det
rimental in regenerating muscle, where metabolic support is essential for 
satellite cell activation and differentiation.

The regenerative potential of skeletal muscle, which depends largely on 
the function of satellite cells, is also markedly impaired when cellular 
quality control mechanisms are compromised. In pathological settings, 
satellite cells display heightened sensitivity to oxidative damage and 
mitochondrial dysfunction, coupled with impaired autophagic clearance. 
These insults lead to a reduction in their proliferative and differentiation 
potential, and are frequently associated with premature senescence (Gao 
et al. 2024; González-Blanco et al. 2022). Such dysfunction in the satellite 
cell compartment is a major contributor to progressive muscle wasting and 
the decline in tissue functionality observed in both muscular disorders and 
physiological ageing.

4.2.1 Cancer-cachexia
Cancer cachexia is a multifactorial and debilitating syndrome characterized 
by involuntary weight loss, profound skeletal muscle wasting, and systemic 
inflammation. These alterations contribute to a significantly worsened 
prognosis and elevated mortality in patients with cancer (Peixoto da Silva 
et al., 2020). Although the clinical presentation of cachexia is well 
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established, the underlying molecular mechanisms remain incompletely 
elucidated. At the cellular level, skeletal muscle catabolism in cachexia is 
closely associated with severe mitochondrial dysfunction. Increased ROS 
generation, altered mitochondrial dynamics, and impaired autophagic 
clearance converge to drive progressive muscle degradation and energy 
failure (Beltrà et al., 2021; Carson et al. 2016).

A fundamental mitochondrial perturbation linked to cancer is the 
metabolic reprogramming of tumor cells themselves. By reducing mito
chondrial oxidative phosphorylation and favoring aerobic glycolysis, a 
phenomenon known as the Warburg effect, tumor cells disrupt systemic 
metabolic homeostasis (Lu et al. 2015). This reconfiguration of cellular 
energy metabolism profoundly affects peripheral tissues, particularly skeletal 
muscle, inducing a state of energetic stress and redox imbalance that pro
motes catabolic activity and muscle breakdown.

Muscle wasting in cancer cachexia results primarily from an imbalance 
between protein synthesis and degradation, with proteolytic activity sig
nificantly outweighing anabolic processes. While the ubiquitin–proteasome 
and autophagy–lysosome systems are hyperactivated in cachexia, pharma
cological interventions targeting these individual proteolytic pathways have 
shown only limited efficacy in preserving muscle mass and function (Penna 
et al. 2016; Pin et al. 2017). This limited therapeutic impact suggests that 
cancer cachexia is not solely a disorder of proteostasis, but rather involves a 
broader collapse of cellular homeostasis.

Recent studies have identified impaired mitophagy as a key pathological 
feature in the progression of muscle wasting. Inefficient clearance of 
damaged mitochondria leads to sustained mitochondrial dysfunction, 
which, in turn, exacerbates oxidative stress, impairs bioenergetic output, 
and activates stress-responsive catabolic pathways. These events culminate 
in the degeneration and loss of muscle fibers (Brown et al. 2017). Given the 
essential role of mitochondrial quality control in muscle maintenance, 
therapeutic strategies aimed at restoring autophagic and mitophagic flux 
have emerged as particularly promising. Preclinical models of cancer 
cachexia have demonstrated that enhancing autophagy or promoting 
mitochondrial turnover can significantly attenuate muscle atrophy and 
improve functional performance (Hardee et al. 2020).

Collectively, these findings mark a conceptual shift in our understanding of 
cancer cachexia, moving beyond a traditional focus on proteolysis to encompass 
the critical contributions of mitochondrial dysfunction, defective autophagy, 
and systemic metabolic derangement. Addressing this interconnected network 

30                                                                                            Eduardo Antuña et al. 



of pathological mechanisms offers a more comprehensive framework for 
therapeutic development and may yield novel approaches to preserve muscle 
mass, enhance physical performance, and ultimately improve quality of life and 
survival in cancer patients.

4.2.2 Muscle dystrophies
Muscular dystrophies (MD) constitute a heterogeneous group of 
approximately 30 inherited disorders caused by mutations in over 40 genes, 
all of which result in progressive skeletal muscle weakness and degenera
tion. The clinical presentation of MD varies markedly depending on the 
subtype, with differences in age of onset, rate of progression, and dis
tribution of affected muscle groups (Mercuri et al. 2019). Nonetheless, all 
forms share a common endpoint: significant loss of mobility, indepen
dence, and quality of life.

Among the various subtypes, calpainopathies represent a clinically and 
genetically defined subgroup of limb-girdle muscular dystrophies 
(LGMDs), characterized by progressive, symmetrical weakness that pre
dominantly affects proximal muscles of the pelvic and shoulder girdles. 
These disorders result from mutations in the CAPN3 gene, which encodes 
calpain-3, a muscle-specific, calcium-dependent protease. Although its full 
physiological function remains incompletely elucidated, accumulating 
evidence supports its key role in maintaining sarcomere integrity and 
regulating mitochondrial homeostasis (Gallardo et al. 2011; Jahnke et al. 
2020; Sáenz et al. 2008).

The pathological consequences of CAPN3 deficiency extend beyond 
sarcomeric disruption. In murine models of LGMDR1 (Limb-Girdle 
Muscular Dystrophy Recessive 1), loss of CAPN3 function impairs muscle 
cell proliferation and differentiation, both of which are essential for 
effective regeneration (Casas-Fraile et al. 2020). A hallmark of CAPN3- 
deficient muscle is dysregulated mitogenesis, which leads to the accumu
lation of dysfunctional mitochondria. This mitochondrial impairment 
compromises bioenergetic capacity and exacerbates the muscle’s inability to 
regenerate following damage (Jahnke et al. 2020). Moreover, studies in 
patient-derived muscle biopsies have revealed broader organelle dis
organization, including aberrant centrosome positioning and nuclear 
architectural defects (Valls et al. 2025), suggesting that CAPN3 deficiency 
perturbs global cellular architecture and organization. These structural 
abnormalities correlate with impaired autophagic flux, a feature shared 
across multiple forms of muscular atrophy and cellular senescence 
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(Dziewulska et al. 2018; Park et al. 2009; Taranum et al. 2012). The 
convergence of mitochondrial dysfunction, altered organelle architecture, 
and autophagy impairment underscores the fundamental role of quality 
control mechanisms in skeletal muscle maintenance.

Duchenne muscular dystrophy (DMD) is a severe X-linked disorder 
caused by mutations in the dystrophin gene. It typically manifests in early 
childhood and leads to progressive muscle weakness, severe disability, and 
premature death. Under physiological conditions, dystrophin anchors the 
intracellular cytoskeleton to the extracellular matrix, thereby stabilizing the 
sarcolemma during mechanical stress associated with contraction (Duan 
et al. 2021; Keefe & Kardon, 2015). In its absence, the sarcolemmal 
membrane becomes increasingly fragile, leading to recurrent damage, 
inflammation, and necrosis. Chronic oxidative stress, mitochondrial dys
function, and impaired autophagy are key pathological features in DMD 
(Bellissimo et al. 2022; Casati et al. 2024). Recent data show a significant 
disruption of mitophagy in DMD muscle tissue, including defective Parkin 
translocation to damaged mitochondria and impaired lysosomal degrada
tion, leading to the accumulation of dysfunctional organelles and exacer
bation of fiber necrosis (Chassagne et al., 2024; Kang et al. 2018). In 
parallel, DMD satellite cells exhibit reduced regenerative potential, further 
accelerating disease progression (Granet et al. 2025). These findings are 
consistent with data from mdx mouse models, which demonstrate muscle 
degeneration associated with the dysregulation of autophagy and inflam
matory pathways, mitochondrial bioenergetic failure, and excessive ROS 
production (van Westering et al. 2020). Additionally, proteomic studies 
reveal an upregulation of the ubiquitin–proteasome system in DMD 
(Bonuccelli et al. 2003; Carmignac et al. 2011), reinforcing the critical role 
of autophagy–lysosome and proteasomal systems in muscle proteostasis and 
degeneration.

Considering the shared pathogenic mechanisms across these muscle 
dystrophies, the preservation or restoration of autophagic flux and cellular 
quality control emerges as a compelling therapeutic strategy. Targeting 
defective autophagy and mitochondrial dysfunction may not only halt or 
delay the progression of muscle degeneration but also improve regenerative 
potential, offering hope for more effective treatment approaches.

4.2.3 Sarcopenia and aging
In recent decades, human lifespan has markedly increased, driven by 
advances in medicine, public health, and socioeconomic conditions. 
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However, this extension of lifespan is not always accompanied by a pro
portional improvement in healthspan, the period of life spent in good 
health. As a result, there is growing scientific interest in the mechanisms 
underlying healthy aging and how to preserve physiological function over 
time. As discussed throughout this review, skeletal muscle acts not only as 
an effector of movement but also as a sensor organ, responding dynamically 
to systemic and intracellular signals. During aging, this adaptability is 
progressively lost as cellular homeostasis becomes deregulated and quality 
control mechanisms decline in efficiency, ultimately promoting cellular 
senescence and death (López-Otín et al. 2023).

Aging is characteristically associated with a progressive decline in 
muscle mass and function, a condition known as sarcopenia. Sarcopenia is 
one of the most disabling geriatric syndromes, as the deterioration of 
muscle integrity severely compromises mobility, autonomy, and overall 
quality of life (Sayer & Cruz-Jentoft, 2022). Central to the pathogenesis of 
sarcopenia is the gradual breakdown of intracellular quality control systems, 
including those governing mitochondrial function, proteostasis, autophagy, 
and inflammation. This breakdown results in increased catabolic activity, 
mitochondrial dysfunction, elevated apoptosis, maladaptive immune 
responses, and impaired regenerative potential. These intrinsic alterations 
are further exacerbated by extrinsic factors such as reduced physical activity 
and increased sedentary behavior, which commonly accompany aging 
(Antuña et al. 2022; Liu et al. 2021; Luo et al. 2025; Raffin et al. 2023; 
Spendiff et al. 2016).

A hallmark of aging skeletal muscle is the decline in autophagic effi
ciency, leading to the accumulation of dysfunctional proteins and organelles, 
which intensifies cellular stress and activates compensatory pathways such as 
the unfolded protein response (UPR) (González-Blanco et al. 2022). 
Impairments in mitophagy, particularly via defective PINK1–Parkin sig
naling and disrupted mitochondrial dynamics, further accelerate muscle 
degeneration and loss of function in sarcopenia (Peker et al. 2018) (Antuña 
et al. under peer review). Compounding this decline is the well-documented 
reduction in both the number and functionality of satellite cells, muscle- 
resident stem cells essential for tissue regeneration. This decline is largely 
attributable to chronic oxidative stress, low-grade inflammation, and 
defective autophagic clearance (Antuña et al. 2024; Chinvattanachot et al. 
2024; Englund et al. 2021; González-Blanco et al. 2022). In sarcopenic 
muscle, dysregulation of the autophagy–lysosome axis is closely associated 
with organelle dysfunction, aberrant myofiber morphology, and the 

From autophagy to mitophagy                                                                                33 



progressive decline in muscle strength and mass (González-Blanco et al. 
2022; Pathak et al. 2021; Wiedmer et al. 2021). Consequently, interventions 
aimed at restoring autophagic flux and preserving mitochondrial quality have 
emerged as promising strategies for mitigating the effects of sarcopenia.

The maintenance of skeletal muscle homeostasis depends on highly 
coordinated quality control systems that regulate ROS balance, mito
chondrial dynamics, and autophagic–mitophagic processes. In inherited 
disorders such as Duchenne muscular dystrophy (DMD) and Limb-Girdle 
Muscular Dystrophy Recessive 1 (LGMDR1), mutations directly impair 
mitophagy and exacerbate muscle degeneration. Similarly, in cancer 
cachexia, mitochondrial fragmentation and impaired autophagic flux drive 
severe muscle wasting. Age-related sarcopenia further exemplifies how 
cumulative decline in quality control capacity leads to mitochondrial 
dysfunction, regenerative failure, and tissue loss.

Altogether, these findings underscore the centrality of mitochondrial 
quality control, autophagic regulation, and oxidative stress management in 
the preservation of muscle health. A deeper understanding of how failures 
in these systems contribute to muscle pathology may inform the devel
opment of novel therapeutic strategies. Targeting these core mechanisms 
could not only help maintain muscle mass and function in aging and disease 
but also improve systemic health, mobility, and overall quality of life.

5. Science to prevent muscle dysfunction

Maintaining muscle mass and function throughout life constitutes 
one of the most relevant biomedical challenges in the promotion of healthy 
aging. Although the mechanisms of muscle dysfunction, such as altered cell 
quality control and progressive loss of mitophagy, have been widely 
described, new therapeutic strategies with promising results are also 
emerging. Although we have described molecular alterations of autophagy 
during muscle dysfunction due to pathologies and aging, there is scientific 
evidence of novel preventive therapies to obtain a correct maintenance of 
muscle function and structure, delaying physiological aging. Among the 
scientific community, studies that postulate physical activity and exercise as 
possible non-invasive impact therapies in favor of healthy aging. Physical 
exercise, nutritional interventions and bioactive molecules such as mela
tonin have been shown to improve muscle homeostasis through the sti
mulation of controlled regeneration and degradation pathways.
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5.1 Exercise and physical training
Physical exercise represents a critical window for optimizing skeletal muscle 
growth, functionality, and resilience. Resistance training (RT) induces 
muscle hypertrophy through mechanical and metabolic stimuli that activate 
satellite cells, essential for myonuclear accretion and fiber growth 
(Wackerhage et al. 2019). Satellite cell activation is tightly coordinated with 
the local and systemic inflammatory milieu, mechanical loading, and nutrient 
availability, integrating signals that culminate in enhanced regenerative 
capacity and muscle expansion. Importantly, exercise-induced hypertrophy 
in youth is not solely the result of protein accretion but is paralleled by 
profound remodeling of mitochondrial networks. Long-term training 
increases mitochondrial content as well as enhances OXPHOS activity by an 
increase of the density cristae shape for mitochondrial respiration, reducing 
ROS release (Jacobs & Lundby, 2013; Schytz et al. 2024).

Moreover, regular exercise promotes efficient turnover of cellular 
components via activation of autophagy and mitophagy pathways. During 
resistance training exercises, AMP/ATP ratio increases, activating AMPK 
and downstream ULK1, while mTORC1 is inhibited (Memme et al. 2021; 
Song, Moore, et al. 2017). Additionally, mitochondrial turnover is not a 
passive consequence, but a regulated response intricately connected with 
anabolic signaling pathways such as mTORC1, which orchestrate the bal
ance between growth and quality control. However, when people only pure 
resistance training is performed, changes in mitophagy are not as robust as 
when a combination of resistance training and endurance exercises is per
formed (Picca et al. 2023). Enhanced mitochondrial biogenesis, driven by 
upregulation of PGC-1α and related transcriptional coactivators, ensures 
sufficient energy supply to sustain anabolic demands and preserve redox 
homeostasis during and after training stimuli (Summermatter et al. 2013).

This dynamic renewal process prevents the accumulation of dysfunc
tional organelles and proteotoxic aggregates, sustaining muscle quality and 
function. Emerging evidence suggests that exercise-induced mitophagy is 
not merely a housekeeping mechanism but an essential contributor to 
hypertrophic adaptation, ensuring that expanding muscle fibers maintain 
metabolic flexibility and oxidative capacity (Roberts & Markby, 2021). 
The coordinated activation of satellite cells, enhancement of mitochondrial 
content, and fine-tuning of autophagy highlight exercise as a multifaceted 
intervention that shapes muscle health at a cellular and molecular level.
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In the face of aging, there is research that sees the promotion of physical 
exercise in elderly populations as essential, demonstrating its beneficial 
effect on balance performance (Thomas et al. 2019). In sarcopenia, as the 
most pronounced aging mechanism in skeletal muscle decline, RT has 
been described in numerous studies as one of the most effective strategies, 
preserving its physical function and preventing frailty. During this type of 
training, older adults gain strength and muscle mass (Mcleod et al. 2024), as 
well as enhanced their aerobic capacity, mobility and independence and 
quality of life (Phu et al. 2015) in a comparable way to younger individuals 
(Landi et al. 2014). However, more studies related to physical exercise are 
needed because of the difficulty of this population in adhering to frequent 
training and, as in young people, the variety of types of training.

5.2 Nutritional ergogenic aid supplementation
Skeletal muscle is an energetically demanding tissue, a characteristic that 
directly intersects with the regulation of autophagy and cellular quality 
control mechanisms. As previously discussed, under conditions of nutrient 
scarcity, particularly reduced glucose and amino acid availability, skeletal 
muscle activates autophagic pathways as a compensatory energy source. 
While nutritional supplementation has traditionally been associated with 
high-performance athletes, it is now increasingly recognized as a viable 
strategy to support muscle health across broader populations (Beck et al. 
2015). Numerous studies support the utility of nutritional interventions, 
particularly protein and creatine monohydrate supplementation, for 
enhancing muscle function and recovery in aging and disease contexts.

To appreciate the relevance of protein supplementation in older adults, it is 
essential to recognize that aging is frequently accompanied by malnutrition, 
which leads to the depletion of energy reserves and muscle mass loss 
(Calcaterra et al. 2024; Roberts et al. 2021). Several clinical studies have 
demonstrated that protein-based nutritional strategies improve muscle strength 
and function in elderly and sarcopenic individuals, particularly when combined 
with RT (Kemmler et al. 2018; Liao et al. 2019; Shen et al. 2023; Zhou et al. 
2024). For instance, muscle-strengthening exercise (MSE) in combination 
with protein supplementation has been shown to enhance lean body mass, 
mobility, and muscular strength in frail older populations. However, the results 
across trials remain heterogeneous, with some reporting only modest or 
inconsistent improvements in parameters such as gait speed and handgrip 
strength, particularly when exercise is absent (Anton et al. 2018; Bauer & 
Diekmann, 2015; Deutz et al. 2014; Tieland et al. 2017).
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In addition to anabolic benefits, whey and soy proteins have demon
strated anti-inflammatory effects by reducing circulating pro-inflammatory 
cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha 
(TNF-α). These effects are particularly relevant in the context of 
“inflammaging”, the chronic low-grade inflammation observed during 
aging and in functionally dependent individuals (Antuña et al. 2022; 
Antuña et al. 2024; Prokopidis, Mazidi, et al. 2023). This systemic impact 
suggests that protein supplementation may improve not only muscular 
outcomes but also broader inflammatory and metabolic health. None
theless, critical questions remain regarding optimal dosing, timing, and 
population-specific responses, particularly in frail or critically ill patients 
(Bels et al. 2023).

Amino acids (AAs), as essential biomolecules, play central roles in 
protein synthesis, redox regulation, immune modulation, and intracellular 
signaling (Ling et al. 2023). Among them, essential amino acids (EAAs) 
(especially BCAAs such as leucine, isoleucine, and valine) have been 
extensively studied for their pivotal role in promoting muscle protein 
synthesis and cellular homeostasis (Nie et al. 2018; Wolfe, 2017). Experi
mental and clinical research has consistently shown that amino acid sup
plementation stimulates anabolic pathways, counters muscle atrophy, and 
inhibits proteolysis. Notably, leucine is a direct activator of the mTORC1 
pathway, a key regulator of muscle hypertrophy and recovery (Suryawan 
et al. 2020). Supplementation with leucine-enriched EAAs has been shown 
to enhance muscle protein synthesis post-exercise and during periods of 
immobilization, particularly in older adults with anabolic resistance (Azhar 
et al. 2021; Glover et al. 2008; Pasiakos et al. 2011; Wall et al. 2016; 
Waskiw-Ford et al. 2020).

In parallel, several trials link amino acid intake to reductions in 
inflammatory biomarkers such as C-reactive protein (CRP) and IL-6, 
offering additional pathways through which muscle function and systemic 
health may be improved in aging populations (Aquilani et al. 2021). 
Beyond their anabolic properties, BCAAs have also been implicated in 
enhancing insulin sensitivity and glucose uptake through PI3K-AKT 
pathway activation, although chronic elevation of BCAAs has paradoxically 
been associated with insulin resistance in certain metabolic contexts (Lynch 
& Adams, 2014), warranting a personalized approach to supplementation.

Emerging evidence also suggests a role for amino acids in regulating 
stem cell function. Experimental models show that leucine and arginine 
promote satellite cell proliferation and differentiation via mTORC1 and 
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nitric oxide pathways, enhancing muscle regeneration following injury 
(Dai et al. 2015; Gong et al. 2021; Wang et al. 2022). Moreover, in vitro 
studies have demonstrated that amino acid supplementation supports the 
maintenance and expansion of human mesenchymal stem cells, reinforcing 
their utility in regenerative therapies (Higuera et al. 2012). These findings 
point toward a dual role for amino acids in both preserving existing muscle 
and augmenting intrinsic regenerative potential. Additionally, certain 
amino acids such as arginine and citrulline have been shown to support 
mitochondrial function and oxidative metabolism, likely through enhanced 
nitric oxide production and PGC-1α-mediated mitochondrial biogenesis, 
improving endurance and reducing fatigue (Villareal et al. 2018).

Creatine (Cr) is a nitrogen-containing organic compound synthesized 
endogenously in the kidneys and liver from arginine, glycine, and methio
nine. It is primarily transported to energy-demanding tissues such as skeletal 
muscle and brain via the SLC6A8 creatine transporter, where it is stored in 
high concentrations (Brosnan & Brosnan, 2007; Guzun et al. 2011). Creatine 
enters cells through a sodium-chloride symport, independent of ATP con
sumption (Bonilla et al. 2021). Within mitochondria, mitochondrial creatine 
kinase (mtCK) uses ATP from oxidative phosphorylation to generate 
phosphocreatine (PCr), which is then shuttled to the cytosol to rapidly 
regenerate ATP via cytosolic creatine kinase (CK), particularly during high- 
intensity, short-duration activity (Burke et al. 2023). Because skeletal muscle 
stores 3–4 times more PCr than ATP, this system provides a fast but short- 
lived energy buffer, sustaining maximal effort for ∼10 s (Baker et al. 2010; 
Kreider et al. 2017). Thus, the Cr–PCr system is critical for energy home
ostasis, especially in skeletal and cardiac muscle, supporting muscular per
formance, recovery, and neuromuscular resilience.

In addition to its energetic role, creatine exerts antioxidant, anti- 
apoptotic, and mitochondrial stabilizing effects, suggesting broader appli
cations in muscle-wasting and neurodegenerative disorders (Adhihetty & 
Beal, 2008; Marshall et al. 2022). Clinically, creatine monohydrate sup
plementation has demonstrated benefits for muscle hypertrophy, mito
chondrial function, and cognitive performance, including in aging-related 
disorders such as sarcopenia, heart failure, multiple sclerosis, and others 
marked by creatine deficiency (Burke et al. 2023; Candow & Moriarty, 
2024; Del Franco et al. 2022; Hall et al. 2021; Ostojic, 2022; Prokopidis, 
Giannos, et al. 2023).

Nevertheless, not all evidence is favorable. Some studies suggest that 
creatine supplementation may promote metastasis in specific cancer 
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models, urging caution in oncological settings (Zhang & Bu, 2022). 
Conversely, research with cyclocreatine, a synthetic creatine analogue, has 
shown potential anti-proliferative effects in prostate cancer, indicating that 
the relationship between creatine and cancer is complex and context- 
dependent (Patel et al. 2022). Moreover, creatine has shown anti-inflam
matory and anti-catabolic effects, including reductions in muscle protein 
breakdown and bone resorption, supporting its potential role in the 
treatment of frailty and cachexia (Cordingley et al. 2022). In summary, 
creatine represents a promising adjunct therapy for age-related muscu
loskeletal decline and cognitive dysfunction, but its application must be 
carefully tailored to individual health conditions and clinical settings (Hall 
et al. 2021).

5.3 Drugs: Melatonin treatment
Targeting molecular regulators of autophagy, as previously discussed in the 
context of nutritional supplementation, can exert beneficial effects on 
skeletal muscle homeostasis and cellular quality control. In line with these 
strategies, increasing attention has been directed toward therapies that 
specifically target mitochondrial function and integrity, with melatonin 
emerging as a particularly promising candidate.

Melatonin is an endogenously produced indoleamine classically asso
ciated with the regulation of circadian rhythms and predominantly secreted 
by the pineal gland. However, it is now widely recognized as a ubiquitous 
molecule synthesized by virtually all cells, including skeletal muscle 
(Manchester et al. 2015). Beyond its chronobiological roles, melatonin 
functions as a potent antioxidant, acting both directly by scavenging 
reactive oxygen and nitrogen species, and indirectly, by upregulating 
endogenous antioxidant enzymes. Its amphiphilic structure enables rapid 
diffusion across biological membranes and preferential accumulation within 
mitochondria, where it limits oxidative damage and preserves mitochon
drial function (Boga et al. 2019). These properties are particularly relevant 
for skeletal muscle, which is not only highly metabolically active but also 
particularly susceptible to mitochondrial dysfunction during aging and in 
pathological states (Pahal et al. 2025).

Melatonin plays a crucial role in maintaining mitochondrial membrane 
stability, preserving membrane potential, and supporting ATP synthesis, 
thereby contributing to muscle homeostasis across the lifespan (Coto-Montes 
et al. 2016). Importantly, melatonin biosynthesis is closely tied to amino acid 
metabolism, as it derives from tryptophan via a multi-step enzymatic 
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pathway that includes serotonin as an intermediate (Tan et al. 2015). Con
sequently, the availability of tryptophan represents a limiting factor in mel
atonin production, highlighting a nutritional–neuroendocrine interface that 
influences both circadian biology and skeletal muscle physiology.

A growing body of experimental and clinical evidence supports the 
therapeutic potential of melatonin for maintaining skeletal muscle health in 
both young and aged organisms. Melatonin supplementation has been 
shown to enhance mitochondrial efficiency, reduce oxidative stress, and 
accelerate muscle regeneration following injury (Yao et al. 2025). In aged 
muscle, where mitochondrial fragmentation, increased ROS, and impaired 
regeneration are hallmarks of sarcopenia, melatonin administration miti
gates muscle atrophy, improves mitochondrial architecture, and restores 
contractile capacity (Ramírez-Casas et al. 2025). These effects appear to be 
mediated, at least in part, through modulation of autophagy and mito
phagy, both of which are essential for mitochondrial quality control and 
proteostasis (Coto-Montes et al. 2012; Vega-Naredo et al. 2012).

Recent findings from our group further support these observations, 
demonstrating that melatonin supplementation in obese murine models not 
only reduces oxidative burden but also enhances mitochondrial biogenesis 
and dynamics, improves glucose and mitochondrial metabolism, and par
tially restores cellular proteostasis in skeletal muscle (Potes et al., 2023). 
Moreover, melatonin facilitates satellite cell proliferation and differentia
tion, processes essential for effective muscle regeneration (Su et al. 2023; 
Zhu et al. 2024) (Bermejo-Millo et al. under peer review).

Given its favorable safety profile, antioxidant capacity, and broad 
spectrum of biological actions, melatonin emerges as a compelling ther
apeutic agent for preserving skeletal muscle integrity and optimizing 
regenerative processes across the lifespan (Andersen et al. 2016; Coto- 
Montes et al. 2016). Its mitochondrial-protective effects, ability to regulate 
autophagy and oxidative stress, and capacity to stimulate muscle repair 
mechanisms position it as a valuable intervention for mitigating muscle 
decline in aging and disease. Moreover, its biosynthetic dependence on 
tryptophan links its efficacy to nutritional status, further highlighting the 
integrative nature of metabolic and regenerative muscle health. In con
clusion, melatonin supplementation, whether through direct administra
tion or enhanced endogenous synthesis via dietary precursors, holds sig
nificant promise as a multifactorial strategy to promote healthy skeletal 
muscle aging (Fig. 7).
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6. Future perspectives and conclusions

Recent advances in our understanding of autophagy and cellular 
quality control mechanisms have significantly reshaped current perspectives 
on the pathogenesis of metabolic, muscular, and degenerative diseases. 
While preclinical studies have provided encouraging evidence for the 
therapeutic modulation of autophagy, substantial barriers remain before these 
findings can be translated into clinical practice. Among the most promising 
avenues is the exploration of autophagy-targeted interventions to preserve or 
restore skeletal muscle function. Existing evidence supports that autophagic 
modulation and stimulation of muscle growth are attainable objectives 
through strategic approaches. However, there remains considerable uncer
tainty regarding the long-term effects of sustained autophagy activation or 
suppression in skeletal muscle. Although autophagy is indispensable for 
cellular homeostasis, chronic modulation, either upregulation or inhibition, 
may carry adverse consequences, potentially impairing muscle regeneration 
and function (Sebastián & Zorzano, 2020). Excessive activation may induce 
the degradation of vital cellular constituents, while prolonged inhibition 
promotes the accumulation of dysfunctional organelles and exacerbates 
muscle degeneration (Wang et al. 2024).

Fig. 7 Overview of cellular alterations identified in skeletal muscle, from health to 
disease, and how science can improve cellular control mechanisms. 
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Controlled activation of mitophagy has been proposed as a dual 
mechanism: facilitating the selective clearance of damaged mitochondria while 
promoting mitochondrial renewal, ultimately preserving both metabolic and 
contractile functions (Wang, Long, et al. 2023). Furthermore, the assessment 
of autophagy, especially mitophagy, as a diagnostic and prognostic biomarker 
in muscular disorders represents an innovative direction that may refine patient 
stratification, disease monitoring, and therapeutic responsiveness.

Traditionally, mitochondrial quality control was believed to be 
orchestrated exclusively by intracellular processes such as mitophagy. 
However, emerging evidence has revealed a more complex reality invol
ving extracellular mitochondrial quality control mechanisms. These include 
intercellular mitochondrial transfer, the formation of TNTs, the release of 
mitochondria-containing extracellular vesicles, and even the physical 
extrusion of damaged mitochondria. These non-canonical mechanisms 
allow cells to share or eliminate mitochondria in response to physiological 
or pathological stress, thereby maintaining tissue energy homeostasis and 
integrity through intercellular cooperation. This conceptual shift, the so- 
called “social life” of mitochondria, challenges the traditional view of 
cellular autonomy and underscores the importance of intercellular mito
chondrial dynamics in maintaining musculoskeletal and systemic health. 
Understanding these mechanisms opens novel therapeutic windows in 
diseases such as neurodegeneration, cardiovascular pathologies, and cancer, 
where mitochondrial dysfunction plays a central role.

Despite these insights, a critical bottleneck in clinical translation 
remains: the discrepancy between in vitro models and the complex in vivo 
physiology of human skeletal muscle. A lack of animal or cellular models 
that fully recapitulate human muscle architecture, fiber-type composition, 
and metabolic heterogeneity limits the direct applicability of preclinical 
findings. Thus, in-depth characterization of selective autophagy in human 
muscle is urgently required. To date, inconsistent and highly hetero
geneous results from human studies represent a major barrier to the 
development of clinical therapies for muscle damage and atrophy.

In this context, combined strategies involving exercise and targeted 
nutritional supplementation represent the most effective and well-sup
ported interventions currently available. Nonetheless, long-term safety 
remains insufficiently studied. Moreover, the heterogeneity in study 
design, population characteristics, and supplementation protocols highlights 
the need for personalized interventions to maximize efficacy while 
avoiding adverse outcomes. Interventions that combine nutritional 
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strategies (e.g., AAs, creatine, melatonin) with physical training appear 
particularly promising in restoring mitochondrial quality, redox balance, 
and promoting muscle regeneration, especially in conditions of age-related 
or disease-induced degeneration. Tailored nutritional supplementation 
further enhances anabolic and energetic capacity, particularly in settings of 
age-associated malnutrition.

To bridge the translational gap, future research must adopt cutting-edge 
methodologies. Advanced molecular tools, such as single-cell tran
scriptomics, imaging-based autophagy flux assays, and mitochondrial 
functional profiling, offer new opportunities to assess muscle biology in 
vivo. However, key questions remain unanswered. Furthermore, the 
integration of longitudinal, high-quality clinical studies that account for 
individual variability, including age, sex, genetics, metabolic status, and 
lifestyle, will be essential to inform personalized therapies.

In summary, although targeting autophagy and quality control pathways 
offers transformative potential for the treatment of muscle-related diseases, 
several scientific and translational challenges must still be overcome. Future 
research must not only delineate the fundamental mechanisms involved but 
also validate these findings in physiologically relevant human systems and 
rigorously evaluate the safety and efficacy of proposed interventions. The 
successful clinical translation of these concepts will require an inter
disciplinary, technology-driven approach. Only through such coordinated 
efforts can we fully harness the regenerative potential of autophagy biology 
to promote muscle health, resilience, and quality of life across the lifespan.
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