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The word autophagy was introduced in late 1963 by the biochemist Christian de Duve [18 (https://www.mdpi.com/2227-

9059/9/2/149/htm#B18-biomedicines-09-00149)] and defines a self-degradative cellular pathway whose intent is to

degrade and recycle cellular contents. Autophagy exists in three forms that are classified according to their mechanisms

and cellular functions: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). During

microautophagy, the cytosolic material is wrapped and transported directly into the lumen of lysosomes. The main function

of microautophagy (mA) is to control cell survival and organellar turnover upon nitrogen restriction. CMA has an important

role in protein quality control (QC) and is responsible for degrading a specific subset of oxidized and damaged proteins.

The selectivity of CMA is conferred by the existence of a specific pentapeptide motif (KFERQ), which is present in the

amino acid sequences of all CMA substrates. Undoubtedly, the best-characterized and most prevalent form of autophagy

in mammalian cells is macroautophagy (hereafter referred to as autophagy). Autophagy is responsible to capture a wide

group of intracellular components, ranging from low-dimensional biological macromolecules to whole organelles, and

bring them to the lysosomal compartment. Its physiological value rests on two main activities. On the one hand,

autophagy acts as a QC mechanism that reshapes the cell, ensuring the removal of damaged proteins and organelles

[27]. Selective forms of autophagy can specifically target mitochondria (mitophagy), the endoplasmic reticulum (ER;

reticulophagy), peroxisomes (pexophagy), and lipid droplets (lipophagy).
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1. A General Overview of Autophagy

The word autophagy was introduced in late 1963 by the biochemist Christian de Duve  and defines a self-degradative

cellular pathway whose intent is to degrade and recycle cellular contents. Autophagy exists in three forms that are

classified according to their mechanisms and cellular functions: macroautophagy, microautophagy, and chaperone-

mediated autophagy (CMA). During microautophagy, the cytosolic material is wrapped and transported directly into the

lumen of lysosomes. The main function of microautophagy (mA) is to control cell survival and organellar turnover upon

nitrogen restriction. Unfortunately, due to the lack of specific methods for measuring mA (apart from electron microscopy),

the effective contributions of mA in mammalian cells remain little studied, and most studies about mA molecular processes

are carried out in yeast . Despite this, different investigations suggest that the molecular dynamics of mA existing in

yeast may be conserved in mammalian mA. Consistently with this, it has been demonstrated that the endosomal sorting

complex required for transport (ESCRT) system is involved in mammalian  and yeast mA . Furthermore, a prolonged

starvation condition  as well as cellular treatments with the macrolide compound rapamycin activates mA in both

mammalian and yeast cells .

CMA has an important role in protein quality control (QC) and is responsible for degrading a specific subset of oxidized

and damaged proteins. The selectivity of CMA is conferred by the existence of a specific pentapeptide motif (KFERQ),

which is present in the amino acid sequences of all CMA substrates. This motif is identified by the cytosolic chaperone

heat shock-cognate protein of 70 kDa (hSC70), which brings the protein target directly to the lysosome surface . In the

last decade, several advances have been made in understanding the molecular mechanisms of CMA. These findings

suggest an important contribution of CMA to diverse human diseases, including neurodegeneration . Undoubtedly, the

best-characterized and most prevalent form of autophagy in mammalian cells is macroautophagy (hereafter referred to as

autophagy), whose multistep process and contribution to the pathophysiology of diverse neurodegenerative conditions will

be discussed throughout this review.

Autophagy, a complex intracellular process that is very ancient and has been strongly conserved during evolution, exists

to identify and capture a wide group of intracellular components, ranging from low-dimensional biological macromolecules

to whole organelles, and bring them to the lysosomal compartment. Its physiological value rests on two main activities. On

the one hand, autophagy acts as a QC mechanism that reshapes the cell, ensuring the removal of damaged proteins and
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organelles . Selective forms of autophagy can specifically target mitochondria (mitophagy), the endoplasmic reticulum

(ER; reticulophagy), peroxisomes (pexophagy), and lipid droplets (lipophagy). In addition, autophagy participates in the

struggle against invading pathogens (xenophagy), inducing cell defense .

On the other hand, lysosomal degradation represents an important source of amino acids and lipids for the de novo

synthesis of proteins and lipids. This is of particular importance during starvation, which limits amino acid availability. The

limited availability of amino acids affects protein synthesis, which can be performed only in the presence of all the

necessary building blocks, in particular, essential amino acids. Under shortage conditions, amino acid pool completeness

can be fulfilled only through the degradation of cellular proteins. In such a way, autophagy represents a fundamental

survival mechanism, particularly during stress conditions originating from hypoxia or pathogen invasion .

Thus, it is not surprising that energy availability can regulate or trigger autophagy and, in particular, that a large number of

stimuli converge on metabolic energy sensors, such as mammalian target of rapamycin (mTOR) and 5′ adenosine

monophosphate-activated protein kinase (AMPK), which, in turn, regulate autophagy .

In cells, mTOR exists in two complexes, mTORC1 and mTORC2, which not only are composed of different protein-binding

partners but also regulate different pathways. The primary role of mTORC2 is to regulate cell survival and cytoskeletal

organization, while its role in autophagy remains poorly understood. Recent work has shed light on this obscure point.

Indeed, the transforming growth factor beta (TGFB)/INHB/activin signaling pathway has been recently identified as an

upstream regulator of mTORC2. TGFB-INHB/activin mediates mTORC2 inhibition and regulates the autophagic flux and

the cardiac functions in a Drosophila cardiac-specific knockdown of TGFB-INHB/activin model . Another investigation

recently confirmed the importance of mTORC2 for autophagy. In this case, it has been demonstrated that mTORC2 exists

on a molecular axis with the serum- and glucocorticoid-inducible kinase 1 (SGK-1) and, in this state, controls autophagy

and mitophagy induction. Consistently, mTORC2- or SGK-1 deficient C. elegans models present a perturbed

mitochondrial homeostasis and aberrant ROS production, which trigger autophagy and mitophagy. Excessive autophagic

and mitophagic fluxes, in turn, result in developmental and reproductive deficits in mTORC2- or SGK-1-deficient animals

. Oppositely, the primary role of mTORC1 is to play a pivotal role in cellular catabolic pathways, particularly autophagy

. To exert its function, mTORC1 integrates different stimuli, including hormonal stimulation, nutrient availability, and the

oxygen level. In the presence of normal levels of energy and amino acids, mTOR inhibits autophagy through specific unc-

51-like autophagy-activating kinase 1 (ULK1) serine phosphorylation at the phosphorylation site Ser 757. By contrast, in

response to nutritional deprivation, oxygen unavailability, and mitochondrial dysfunction, AMPK activates autophagy

through the phosphorylation of ULK1 at Ser 317 and Ser 777 . Interestingly, another research group demonstrated that

AMPK may phosphorylate ULK in additional sites. Indeed, by employing a bioinformatic approach, it has been found that

ULK1 contains a further four potential AMPK sites . Three of them (Ser 555, Ser 637, and Thr 574) were also identified

by mass spectrometry in cells pretreated with an AMPK activator, while the site Ser 467 was confirmed by immunoblotting

with phosphospecific antibodies . Unfortunately, this work lacks an analysis of the effect of the different

phosphorylations on autophagy. By using SILAC (stable isotope labeling with amino acids) technology, other work

mapped 13 new phosphorylation sites of ULK1 . All of them were dependent on nutrient availability, but only Ser 638

and Ser 758 displayed the most significant changes. In addition, time course experiments investigating the response to

nutrient availability demonstrated that these phosphorylations were differentially regulated and that mTOR mediated both

phosphorylations. Intriguingly, the authors also demonstrated that the phosphorylation at Ser 638 was also mediated by

AMPK . Altogether, these findings demonstrate that ULK1 is the key regulator of autophagy, and the occurrence of

different protein phosphorylation events is crucial for regulating its activity. Furthermore, the concurrent existence of at

least two opposite regulatory pathways that converge on ULK1 signaling (mediated by MTOR and AMPK) allows the cell

to better adapt to extracellular and intracellular variations but also affects several pathological conditions.

In the cells, ULK1 forms a complex with autophagy-related (ATG) 13/200-kDa focal adhesion kinase family-interacting

protein (FIP200) and ATG101. As reported above, ULK1 activity is mainly regulated by

phosphorylation/desphosphorylation events mediated by AMPK and mTOR. In addition, it has been demonstrated that

ULK1 is able to phosphorylate itself at Thr 180  and FIP200, ATG13, and ATG101  and that the phosphorylation

events are regulated by protein phosphatase. Protein phosphatase 2A (PP2A) and protein phosphatase 1D magnesium-

dependent delta isoform (PPM1D) regulate the ULK1 phosphorylation . PP2C phosphatases (Ptc2 and Ptc3)

mediate the dephosphorylation of ATG13 30655342. The ULK1/ATG13/FIP200/ATG101 molecular axis represents the

most upstream regulatory complex related to double-membrane vacuole (autophagosome) formation .

Autophagosomes symbolize the starting moment of the whole autophagic process, which begins with the formation of

double-membrane lined vesicles that fuse together to engulf portions of the cytoplasm. The resulting double-membrane

vacuoles are autophagosomes, which can fuse with vesicles of the endocytic pathway at different stages of maturation or

directly with lysosomes, becoming autolysosomes. In autolysosomes, acidic hydrolases break down macromolecules into
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smaller constituents that are released back to the cytosol by lysosomal transporters and permeases. Once activated, the

ULK1/ATG13/FIP200/ATG101 molecular axis also phosphorylates and activates coiled-coil, moesin-like BCL2 interacting

protein (BECN1) . BECN1 can be part of a complex including class III phosphatidylinositol 3-kinase (PI3K) and its

regulatory proteins vacuolar protein sorting 34 (Vsp34), p150, and ATG14L. Upon activation, this complex is involved in

the nucleation and elongation of autophagosomes. The first step occurs on the surface of the membranes of the ER,

mitochondria, Golgi complex, endosomes, or plasma membrane  and consists of the phosphorylation of

phosphatidylinositol to form phosphatidylinositol-3-phosphate (PI3P). This phosphoinositide behaves as a positive

regulator of autophagy. In fact, the presence of PI3P at the source membrane triggers the docking of several adaptor

proteins, which, in turn, induce and sustain the elongation of the sack-like, omega-shaped structure, which grows, binds,

and surrounds the material intended to be digested.

Another interaction of BECN1 can exert an inhibitory effect on autophagy . BECN1 has been reported to bind B-cell

lymphoma (BCL)-2, BCL-XL, and other members of the BCL-2 family through the BCL-2-homology-3 (BH3) domain. The

consequence of this interaction is a diminution of the interaction between BECN1 and the class III PI3K complex, which

prevents the formation of phagophores . Accordingly, BCL-2 phosphorylation can reverse BECN1 sequestration and

restore autophagy stimulation .

The other two systems, ATG12–ATG5–ATG16L1 and microtubule-associated protein 1A/1B-light chain 3 (LC3)–

phosphatidylethanolamine (PE) complexes, seem to play an important role in the elongation and closure of

autophagosomes, although the underlying mechanism has not yet been clarified. A key process during autophagosome

elongation and closure is the lipidation of the LC3 protein, which is joined to the membrane PE. Once inserted into the

autophagosomal membrane, the lipidated complex can further recruit other adaptor proteins. This allows

autophagosomes to recognize cargo material, and elongate and close the vesicle. The fusion of the autophagosomes with

the lysosome is the subsequent step, which, in a normally operating lysosome, is followed by lysosomal compartment

acidification, the degradation of macromolecules by hydrolases and lipases, and the recycling of the base constituents

(Figure 1).

Figure 1. Molecular mechanisms of autophagy and mitophagy. The mammalian target of rapamycin (mTOR) and the 5′

adenosine monophosphate-activated protein kinase (AMPK) are the main negative and positive regulators of autophagy,

respectively. One of the primary targets of the action of mTOR and AMPK is the unc-51-like autophagy-activating kinase 1

(ULK1)/autophagy-related (ATG) 13/FIP200 (200-kDa focal adhesion kinase family-interacting protein) complex, which is

the main regulator of autophagosomal formation. Other important proteins that participate in this molecular process are

the coiled-coil, moesin-like BCL-2 interacting protein (BECN1), class III phosphatidylinositol 3-kinase (PI3K), vacuolar

protein sorting 34 (Vsp34), ATG14L, p150, and IMPase. The activity of BECN1 in regulating the autophagy process is also

mediated by the interaction with BCL-2. During the elongation of the autophagosome, a series of autophagy-related (ATG)

proteins are involved. In particular, two specific complexes were found to be essential for completing autophagosomal

formation: (ATG)12–ATG5–ATG16L1 and microtubule-associated protein 1A/1B-light chain 3 (LC3)–

phosphatidylethanolamine (PE) complexes. Mitochondria are particularly vulnerable to stress signals, such as ROS,

which, in turn, can cause severe mitochondrial dysfunction and activate the mitophagic process. PINK1 senses this

mitochondrial damage and phosphorylates and recruits Parkin to the outer mitochondrial membrane of the mitochondria.

Phosphorylation converts Parkin to an active ubiquitin (Ub)-dependent enzyme and mediates the phosphorylation of

different mitochondrial proteins. During this process intervene different Ub-binding autophagy receptors such as p6,
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NBR1, NDP52, and optineurin (OPTN), which connect the damaged mitochondria to the forming autophagosomes.

Mitophagy may also be executed in a Parkin-independent manner. In this case, different proteins (FUNDC1, AMBRA1,

NIX, and BNIP3) intervene to signal the mitochondria that should be degraded.

2. Mitophagy: The Master Regulator of the Mitochondrial Population

Mitochondria are essential intracellular organelles that supply substrates and energy to execute numerous cell functions,

such as metabolism, differentiation, apoptosis, cell movement, and differentiation. In contrast to other intracellular

components, mitochondria are constituted by two membranes, the outer mitochondrial membrane (OMM) and the inner

mitochondrial membrane (IMM), which fully surround the mitochondrial matrix. Between the OMM and IMM, another

mitochondrial subcompartment exists, the intermembrane space (IMS) . Another unique feature of mitochondria is that

they have their own genome (mitochondrial DNA, mtDNA), which encodes 13 proteins that are essential components of

the oxidative phosphorylation (OXPHOS) system, the process by which ATP is formed . A series of members

(complexes I-V, C-I-V) of the mitochondrial electron chain (mETC) found in the IMM permit the transfer of electrons from

NADH or FADH  to O  . The energy produced during this movement creates a proton gradient that is used by the last

component of the mETC (C-V, ATP synthase) to synthesize ATP . The impairment of electron transfer or stress

conditions affect the production of reactive oxygen species (ROS), of which C-I and C-III are the main producers .

Mitochondria are also central hubs for calcium (Ca ) signaling . At rest, mitochondria have low Ca  concentrations

[Ca ] (~100 nM range or lower). However, upon stimulation, mitochondrial [Ca ] can increase to the range of hundreds

in micromolar concentration . This happens due to the highly specialized contact sites (mitochondria-associated

membranes, MAMs) that exist between mitochondria and the main intracellular Ca  store of cells, the ER . These

interaction sites represent critical hubs for the regulation of diverse cellular processes (such as energy metabolism,

inflammation, redox regulation, and lipid and protein transfer), and recently, MAMs have been described to play an

important role in the onset and progression of several human diseases by regulating Ca  transmission between the ER

and mitochondria . Once released from the ER, Ca  can enter mitochondria owing to the close proximity of the ER to

mitochondria, the electrochemical driving force (mitochondrial membrane potential) that is created by electron transfer,

and the activity of the components of the mitochondrial Ca  uniporter (MCU) . Mitochondria are normally present in

cells in the form of a dynamic network, where the mitochondrial mass increases as a consequence of mitochondrial

biogenesis. The control and reshaping of the mitochondrial population can occur through different mechanisms . These

mechanisms include (i) the control of protein quality through mitochondrial proteases, the mitochondrial unfolded protein

response, or proteasome-dependent degradation; (ii) the budding of mitochondrion-derived vesicles; and (iii) the targeting

of some or all mitochondria to lysosomes through mitophagy.

Mitophagy regulation is not yet a completely understood process. During short-term starvation, the mitochondrial pool is

not depleted, so as to not further reduce the cellular production of energy, while oxidative metabolism is mainly sustained

by general autophagy . This fact necessarily implies a difference in regulation between autophagy and mitophagy that

allows the cautious sparing of mitochondria, which are among the principal end-users of the material provided by

autophagy. A role in this sense seems to be played by fission restriction. In fact, fragmented mitochondria appear to be a

preferred target for mitophagy: when their number is reduced, mitophagy itself is restricted.

When the ultimate goal is to eliminate mitochondria, there are different physiological mechanisms that can be activated.

The first example is programmed mitophagy. There are several situations in the cell that can require the activation of

programmed mitophagy, independent of the wellness of mitochondria. An example is the mitochondrial depletion that

occurs in reticulocytes during differentiation through the activity of NIP3-like protein X (NIX/BNIP3L). Other examples

include the elimination of male-derived mitochondria after egg fertilization  and the reshaping of the mitochondrial

population during cardiomyocyte  or muscle cell differentiation, which induces a change from carbohydrate- to fatty

acid-driven OXPHOS . Stimulations that can normally trigger mitophagy can be affected by mitochondrial defects, such

as a decline in transmembrane potential and excessive ROS production.

Mitophagy involves some fundamental steps. First, as stated above, mitochondria must assume the dimensions

necessary to easily enter autophagosome vesicles. Therefore, they are normally resized through fission processes. In

addition, they need to be properly displayed on the surface to trigger the formation of vesicles, which will engulf them.

Typically, “eat-me signals” can be ubiquitin-dependent or not. The best-known example of a ubiquitin-dependent

mechanism is the PTEN-induced kinase 1 (PINK1)/Parkin axis. PINK1 and Parkin belong to a series of genes referred to

as PARK genes, which include α-syn (PARK1/4), Parkin (PARK2), PINK1 (PARK6), protein deglycase-1 (DJ-1, PARK7),

leucine-rich repeat kinase 2 (LRRK2, PARK8), and ATP13A2 (PARK9). The name of this group of genes (Parkin genes)

comes from the finding that mutations in these genes have been linked to familiar forms of PD. In particular, approximately

100 mutations in the Parkin gene have been identified as causing autosomal recessive Parkinsonism .
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PINK1 is a mitochondrial serine/threonine-protein kinase, and Parkin is an E3 ubiquitin ligase; these proteins induce

different functions at the cellular level but act in a common pathway to regulate mitophagy.

PINK1 is a ubiquitous protein characterized by a mitochondrial targeting sequence (MTS), a transmembrane domain, and

a highly conserved serine/threonine kinase domain. At present, approximately 30 pathogenic PINK1 mutations that impair

its kinase activity and provoke loss of function have been identified .

Normally, PINK1 is imported into mitochondria via the activity of the translocase of the inner membrane (TIM)–translocase

of the outer membrane (TOM) complex. Once PINK1 arrives in the IMM, it is subjected to a series of proteolytic cleavages

that reduce the full-length form of PINK1 into fragments, which are then degraded by the proteasome . In the

presence of alterations in mitochondrial membrane potential, the activity of the TIM/TOM complex is reduced, and PINK1

begins to accumulate on the OMM. Here, after being stabilized by a molecular complex including TOM proteins ,

PINK1 phosphorylates Parkin. The phosphorylation converts Parkin from an autoinhibited enzyme to an active ubiquitin

(Ub)-dependent enzyme . In this state, Parkin actively ubiquitinates several mitochondrial proteins at the OMM. The

ubiquitination events promote the recruitment of the Ub-binding autophagy receptors p62/Sequestome, NBR1, NDP52,

optineurin (OPTN), and TAX1BP1 (TBK1), which connect damaged mitochondria to phagosomes for clearance in

lysosomes . In recent years, different studies have identified pathways regulating mitophagy that are PINK1–

Parkin-independent. These mechanisms may act in parallel or in addition to PINK1–Parkin-dependent mitophagy and

involve a series of OMM mitophagy receptors that bind LC3 and recruit mitochondria to autophagic vesicles. Among them,

the most studied are the proapoptotic members of the BCL2 family, NIX and BNIP3  and FUNDC1 , which

regulate the mitophagy process during ischemic/hypoxic conditions, and the BECN1 regulator AMBRA1. Interestingly, it

has been proven that AMBRA1 regulates both Parkin-dependent and Parkin-independent mitophagy  (Figure 2).

3. Relationship between Autophagy and Mitophagy in MS

Multiple sclerosis (MS) is a progressive and chronic disease that affects approximately 3 million persons worldwide. MS is

an inflammatory condition in which activated immune cells enter the central nervous system (CNS) and cause progressive

demyelination, gliosis, and neuronal loss. The symptoms vary from individual to individual . The most common

symptoms are walking difficulties, sensory disturbances, vision problems, and cognitive and emotional impairments.

Typically, MS starts with an unexpected onset of neurological impairments, and the majority of individuals display a

relapsing–remitting (RR) course of the disease in which recurrent periods alternate with relapse phases. This course may

be followed by a secondary progressive phase in which inflammatory attacks are more frequent and cause irreversible

neurological impairments. A small percentage of individuals may present with the primary progressive form of the disease,

which is characterized by the absence of remission periods and a progressive worsening of symptoms . Currently, the

pathogenesis and etiology of MS are unclear. MS is considered a multifactorial disease, and genetic predisposition and

environmental factors may play important roles in disease progression. Furthermore, mitochondrial dysfunction as well as

the impairment of the QC systems of mitochondria have been identified in different MS samples and represent evidence

that the mitochondrial compartment has a major role in MS . In addition, recent investigations have described an

important contribution of autophagic processes. The first evidence that autophagy could be involved in MS was reported

in 2009, when a strong correlation was found between the expression of the autophagic marker ATG5 and the clinical

disability observed in the experimental autoimmune encephalomyelitis (EAE) MS animal model. Moreover, in this work,

the authors found increased expression of ATG5 in T cells obtained from RR-MS patients and in postmortem brain tissue

from individuals with secondary progressive MS . Unfortunately, the authors did not address the role of autophagy in T

cells and MS. They only speculated that autophagy may help to increase the survival of T cells and help to propagate the

immune response. Similarly, other work detected ATG5 increases in terms of both mRNA levels and protein amounts in T

cells obtained from MS patients who were treatment naïve . Increases in ATG5 also correlated with the presence of

proinflammatory cytokines, thus displaying a possible relationship between the inflammatory status and ATG5 expression

in MS. However, they did not perform a detailed analysis of the clinical activity state . T cells present different

subpopulations. Among them, T regulatory cells (Treg) are particularly relevant in autoimmune disease because they

prevent inflammation and preserve the tolerance to self-antigens. Recently, it has been demonstrated that the autophagic

mediator AMBRA1 associates with the protein phosphatase PP2A to sustain Treg differentiation by increasing the

expression of Forkhead box P 3 (FOXP3), an essential transcription factor for the differentiation of Treg cells . In

addition, the AMBRA1–PP2A–FOXP3 molecular axis was found to be essential for regulating the optimal autophagic

levels necessary for T-cell stimulation and differentiation. Consistently, AMBRA1 conditional KO mice display reductions in

FOXP3 levels with consequent impairments in Treg differentiation and activity. Most importantly, AMBRA1 deficiency

worsens the disease pathogenesis in an EAE MS animal model . Finally, work of Akatsuka et al. not only demonstrates
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the important role of AMBRA1 in the regulation of T cells, but also highlights decreased mitochondrial functioning and

metabolism in these cells . All these findings demonstrate that AMBRA1 is an essential factor that regulates both

autophagic and mitochondrial behaviors and, probably, also the mitophagic process in T cells.

In MS, T-cell activities may be modulated by the complement-regulating molecule CD46 . This factor is also described

as an autophagic inducer , and its levels are documented to be increased in the serum and cerebrospinal fluid (CSF) of

MS patients . The increased T-cell autoreactivity in MS may also be promoted by IRGM1, a GTPase that regulates the

survival of immune cells through autophagy. Consistent with this finding, IRGM1 deletion increases the apoptosis of T

cells, reduces their proliferative capacity, and ameliorates the clinical score of the EAE mouse model . Considering that

subsequent studies have demonstrated that IRGM1 is localized to the mitochondrial compartment and regulates the

mitochondrial metabolism and mitochondrial fission induced by mitophagy , the increased T-cell autoreactivity

observed in MS may be due to an impairment in the mitophagic process. In addition to its effects on T cells, autophagy

plays a role in dendritic cells (DCs), the most potent antigen-presenting cells (APCs) in the immune system. In particular,

autophagy starts in response to bacterial and viral infection. By generating transgenic mice with silencing of ATG7 in DCs,

Bhattacharya and colleagues demonstrated the importance of DCs and autophagy in MS. Indeed, they showed that the

specific loss of autophagy in DCs significantly delayed disease progression and reduced disease severity in EAE mice

. As reported above, AMPK is the main positive regulator of autophagy. This kinase works by sensing the AMP/ATP

ratio and activates autophagy to combat energetic imbalance. It has been demonstrated that following exposure to

proinflammatory cytokines, AMPK activates and triggers autophagy in oligodendrocyte precursor cells (OPCs) . This

change is due to a metabolic switch from OXPHOS to glycolysis and impairment of mitochondrial dynamics, leading to

increased oxidative stress and reduced mitochondrial Ca  uptake and ATP production. As a consequence, OPCs fail to

differentiate into mature and myelinating oligodendrocytes . In support of these in vitro findings, recent work

demonstrated that metabolic stress-induced autophagy is a key element in an in vivo MS model. Indeed, MCU-deficient

(MCU-def) mice subjected to EAE displayed elevated clinical scores, excessive inflammation, and demyelination .

Morphological and functional analyses performed with the spinal cords of MCU-def mice revealed important mitochondrial

damage, accompanied by an elevated presence of autophagosomal markers and a decrease in ATP synthesis and

mitochondrial gene expression. Overall, these data confirm that the presence of mitochondrial dysfunction provokes the

inhibition of Ca  buffering, ATP synthesis, and mitochondrial gene expression, causing a metabolic collapse that prompts

autophagy and worsens MS-like conditions. Furthermore, since autophagic activation accompanied by the downregulation

of PGC1α (a master regulator of mitochondrial biogenesis) has been observed, it is possible to speculate that the

mitochondrial QC system is also affected. However, studies have not verified whether autophagy activities lead to

autophagic mitochondrial removal.

Markers of autophagic processes may represent reliable potential biomarkers for monitoring the progression of disease.

Increased amounts of Parkin, ATG5, and inflammatory cytokines are present in both the serum and CSF obtained from

MS patients. Analyses comparing MS patients to healthy individuals and patients affected by other neurodegenerative

conditions have been conducted . Moreover, subsequent work demonstrated that increases in both autophagic and

mitophagic markers correlated with the active phases of the disease and with circulating lactate levels, demonstrating the

presence of an impaired metabolic status in MS patients . Notably, several studies have associated lactate levels with

MS progression . Other independent research groups have confirmed that circulating autophagy and mitophagy

markers are increased in MS biofluids . In addition, the circulating levels of mitochondrial adenine nucleotide

translocase 1 (ANT1) and oxidative stress markers have also been investigated. Interestingly, MS patients display

increased oxidative stress, accompanied by reduced levels of the mitochondrial marker ANT1, suggesting that the

mitochondrial QC systems are activated to promote the removal of nonfunctioning mitochondria. Consistent with this,

reduced circulating levels of the OMM protein translocator protein 18 kDa (TSPO) and increased amounts of the

mitochondrial disease marker growth/differentiation factor 15 (GDF-15) have been found in MS individuals and correlate

with the severity of the disease  (Table 1).

Table 1. Summary of autophagy- and mitophagy-related markers in biofluids of MS-, AD-, and PD-affected persons.
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Neurodegenerative
Condition Marker Role Type of Human

Biofluid

MS

Parkin Mitophagy regulator Serum, CSF

ATG5 Autophagy regulator Serum, CSF

Mitochondrial adenine nucleotide
translocase 1 (ANT1)

Mitochondrial ADP/ATP
translocase Serum, CSF

Translocator protein 18 kDa (TSPO) Regulator of mPTP opening Blood PBMCs

Growth/differentiation factor 15 (GDF-15) Mitochondrial disease
marker Serum

TNFα Proinflammatory cytokine Serum, CSF

Lactate Mitochondrial dysfunction
marker Serum, CSF

AD

BECN1 Autophagy regulator Blood PBMCs,
serum

p62 Autophagy regulator Blood PBMCs

LC3 Autophagy regulator Blood PBMCs

ATG5 Autophagy regulator Plasma, serum

Parkin Mitophagy regulator Serum

EEA1, LAMP1, LAMP2, RAB3, and RAB7 Lysosomal regulators CSF

PD

LC3B Autophagy regulator CSF

BECN1 Autophagy regulator CSF, blood
PBMCs

ATG5 Autophagy regulator CSF

LAMP2 Lysosomal regulator CSF

ULK1 Autophagy regulator Blood PBMCs

ATG5 Autophagy regulator Blood PBMCs

ATG4B Autophagy regulator Blood PBMCs

ATG16L1 Autophagy regulator Blood PBMCs

It is clear that autophagy and mitophagy as well as the mitochondrial quality control system are important contributors in

MS. In the last few years, an increasing number of studies have correlated the activities of such molecular mechanisms

with the progression of the disease. Furthermore, circulating elements of autophagy and mitophagy may be detected in

human samples from MS individuals, thus suggesting the possibility of using them as novel biomarkers. However, MS

shows a great heterogeneity with regard to the clinical symptoms as well as therapy response. In addition, MS manifests

in different forms (clinically isolated syndrome, RR MS, secondary progressive MS, and primary progressive MS), where

the relapse rate and disability progression differentiate one from the other. Only when the dynamics and response of

autophagy and mitophagy are well characterized in regard to all these conditions will we be able to claim to have identified

the real contributions of them in MS, and we could use autophagic and mitophagic elements as innovative markers for MS

disease progression.

4. Involvement of Autophagy Mechanisms in AD Progression

AD was first described in the early 20th century and is characterized by a progressive deterioration of cognitive function.

Memory loss and dementia represent the most common symptoms. The cardinal pathological hallmarks of AD are

extracellular (amyloid) plaques and intracellular and extracellular neurofibrillary tangles (NFTs). Amyloid plaques are

composed of deposits of Aβ, α-syn, Ub, and apolipoprotein E. NFTs are characterized by hyperphosphorylated tau protein

and apolipoprotein E. These aggregates induce neuronal toxicity by impeding neural communication and provoking cell

death either directly or by preventing the delivery of an optimal nutrient supply to brain cells .[84]



At present, the origin of AD and the mechanisms occurring in the pathogenesis of AD are not well defined. Inflammation

seems to play an important role: mediators of inflammation, such as cytokines, adhesion molecules, and prostaglandins,

drive degeneration in different neural AD models . Consistent with this finding, aggregated peptides increase

proinflammatory agent production, and inflammatory molecules are detected in the CSF, serum, and plaques obtained

from AD patients. Oxidative and nitrosylative damage provoked by ROS and reactive nitrogen species (RNS) are

determinants of the initiation and progression of AD . Oxidatively damaged membrane phospholipids and increased

oxidative stress in neurons are frequently present in neurons exposed to Aβ . Furthermore, AD brains extracted at

autopsy have decreased amounts of vitamins A and E and β-carotene  and display a higher production of free radicals

and increased expression of neuronal nitric oxide synthase (nNOS) . This increased nNOS correlates with an increased

apoptosis of hippocampal neurons. In the last 10 years, an increasing number of studies have demonstrated the critical

contributions of autophagy and mitophagy to AD pathogenesis . Several studies have reported an increased presence

of Aβ in autophagosomes . Interestingly, autophagosomes also contain amyloid precursor protein (APP) and its

processing enzymes, in particular, a component of the γ-secretase complex, suggesting an additional source of Aβ.

Consistent with this finding, the induction of autophagy correlates with Aβ production, and autophagy-deficient animals

(with ATG7 knockdown) display reduced Aβ secretion . Additionally, the hyperphosphorylation of tau correlates with

increased autophagic levels. Indeed, postmortem AD brain samples are characterized by LC3- and p62-positive

autophagosomes, and the hyperphosphorylation of tau has been recognized in autophagy-deficient mice . Although

these observations highlight a dangerous correlation between autophagy and AD, other studies suggest that autophagy

and mitophagy may exert beneficial effects against AD . The abnormal accumulation of autophagosome vesicles is

present in AD neurons . This accumulation is related to compromised lysosomal function, which results in lysosomes

that are no longer able to degrade autophagosomes. The overexpression of Parkin and PINK activates mitophagy,

restores mitochondrial function, and reduces Aβ production . Similar results have been obtained from another

independent experiments that demonstrated that mitophagy is essential for reducing Aβ levels, abolishing tau

hyperphosphorylation, preventing cognitive impairments in an AD mouse model, and suppressing neuroinflammation .

To confirm the crucial role of autophagic and mitophagic dynamics in AD, different studies have evaluated the presence of

elements belonging to these processes in biofluids from persons with AD. The first investigation was performed in 1995, in

which ventricular CSF from postmortem AD patients was analyzed. In this study, the authors detected increased levels of

the lysosomal protein cathepsin D . However, a subsequent report performed with lumbar CSF samples from living AD

patients found no change in the levels of cathepsin B . This finding was confirmed in other work that investigated a

broad range of lysosomal proteins in CSF samples from living AD patients and found no variations in diverse cathepsin

forms (A, B, D, and L); however, the study did find altered expression for five other lysosomal proteins in the AD samples:

early endosomal antigen 1 (EEA1), LAMP1, LAMP2, RAB3, and RAB7 . By contrast, a recent study analyzed the

levels of proteins associated with lysosomal function in the CSF of AD persons by conducting solid-phase extraction and

parallel reaction monitoring mass spectrometry and found only minor or absent changes in their levels . Unfortunately,

the levels of proteins directly related to autophagy and mitophagy processes were not investigated in that study. A follow-

up study at 12 and 24 months identified autophagic elements (BECN1, p62, and LC3) in peripheral blood mononuclear

cells (PBMCs) obtained from the blood of AD patients and demonstrated that their levels varied during the course of the

disease and correlated with the inflammatory environment . Recently, autophagic elements have also been assessed

directly in AD blood samples. Indeed, increased levels of the autophagic marker ATG5 are present in the plasma of

patients with dementia who meet the criteria for probable AD. Unfortunately, the authors did not identify the subtype of

dementia or confirm the AD status. These limitations were overcome in a recent investigation assessing the circulation of

autophagic and mitophagic markers in the serum of patients affected by mild–moderate late-onset AD, mild cognitive

impairment (MCI), vascular dementia (VAD), and mixed dementia (MD). In this work, the authors found decreased levels

of ATG5 and Parkin in patients affected by AD, MCI, and MD. By contrast, they detected increased levels of these markers

in VAD patients . This investigation suggests that autophagy and mitophagy markers are possible biomarkers for AD

and that they are differentially affected in different dementia types, which may help to discriminate AD-type dementias

from VAD. Additionally, the fact that AD samples have decreased levels of autophagy and mitophagy markers confirms the

presence of an impaired degradative system in AD persons (Table 1).

Summing up, autophagy and mitophagy represent well-established mechanisms in AD and may exert a protective role.

Accordingly, most research highlights the reduced recruitment of both autophagy and mitophagic factors in cell cultures, in

vivo AD models, and human samples obtained from AD-affected patients, including in the body fluids of the CSF and

blood. Here, autophagic and mitophagic partners also correlate with the inflammatory status and change during the

course of the disease, thus opening up the possibility of using autophagic and mitophagic elements as markers for the

progression of AD. However, before ascribing merit to these molecules as potential screening, prognostic, diagnostic, or

disease-monitoring markers for AD, it is important to consider different aspects. The diagnosis of AD cannot be achieved

until the patient displays dementia symptoms. In addition, different dementia types exist and vary between individuals.
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Very few studies have monitored the variation of circulating markers of autophagy and mitophagy during the different

dementia types. Furthermore, these studies lack validation of the investigated markers with accepted methods for

diagnosing AD, such as amyloid PET imaging. Again, all the investigations performed did not provide follow-up studies

and did not analyze the effects of the disease-modifying drugs commonly used for AD therapy on autophagy and

mitophagy circulating markers. Undoubtedly, more detailed analyses and larger cohort studies are necessary to verify

whether autophagic and mitophagic circulating elements may represent promising biomarkers for AD.
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