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ABSTRACT

The sensu stricto autophagy, macroautophagy, is considered to be both a metabolic process as well
as a bona fide quality control process. The question as to how these two aspects of autophagy are
coordinated and whether and why they overlap has implications for fundamental aspects, patho-
physiological effects, and pharmacological manipulation of autophagy. At the top of the regulatory
cascade controlling autophagy are master regulators of cellular metabolism, such as MTOR and
AMPK, which render the system responsive to amino acid and glucose starvation. At the other end
exists a variety of specific autophagy receptors, engaged in the selective removal of a diverse array of
intracellular targets, from protein aggregates/condensates to whole organelles such as mitochondria,
ER, peroxisomes, lysosomes and lipid droplets. Are the roles of autophagy in metabolism and quality
control mutually exclusive, independent or interlocked? How are priorities established? What are the
molecular links between both phenomena? This article will provide a starting point to formulate
these questions, the responses to which should be taken into consideration in future autophagy-
based interventions.
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Introduction vs. quality control (QC) autophagy that keeps the cytoplasm free of
damaged or surplus organelles, aggregates and invading microbes.
Here, we will discuss the differences and similarities of both types

of autophagy.

The present day view of the sensu stricto autophagy (often referred
to as macroautophagy) is primarily based on the genetic analyses
initially conducted in yeast strains that were deficient in a series of
ATG (autophagy related) genes and that were found to be largely
conserved in mammals [1]. However, despite similarities, includ-
ing a the level of regulation of autophagy by the principal regula-
tors of cellular metabolism, MTOR and AMPK [2,3], there are
notable differences between mammalian and yeast systems regard-
ing regulatory inputs and effector functions [4,5]. With respect to
the mammalian system, which is the exclusive focus of this review,
three sets of conclusions have transpired with important ramifica-
tions for the future of autophagy studies as they relate to pathway
fundamentals, normative physiology and human diseases [4,5]: (i)
the core autophagy orthologs (ATG) or paralogs engage in addi-
tional activities in mammalian cells; (ii) some of the principal
findings regarding the mammalian ATG paralogs are difficult to
reconcile with the linear pathway discovered in yeast; and (iii) the
sensu stricto autophagy in mammalian cells engages a plethora of
additional proteins outside of the core autophagy apparatus
defined per the yeast paradigm. This brings us to the question of
the evolutionarily conserved integration of the metabolic and
quality control functions of autophagy as manifested in mamma-
lian systems. We refer to metabolic autophagy as autophagy that
primarily generates nutrients and supports general cellular growth

Brief description of mammalian autophagy

There are numerous reviews summarizing the core autophagy
pathway, and the reader is referred to schematics in such
articles [1,6]. The ignition of autophagy involves phagophores
sequestering cytoplasmic cargo, which in some cases is cap-
tured in a selective fashion via receptors that collect protein
aggregates/condensates, damaged/surplus organelles or invad-
ing microbes (Figure 1). The resulting autophagosomes then
fuse with lysosomes to digest or eliminate the captured mate-
rial [4]. Of note, autophagy can be activated by metabolic cues
[7-11] (Figure 1A) or triggered by cargo recognition via
autophagic receptors [4,12,13] that actively stimulate autopha-
gy [13-16] (Figure 1B), with one of the binding surfaces of
mammalian Atg8 orthologs (mAtg8s), resulting in pairings
such as LC3-interacting region:LIR-docking site (LIR:LDS;
the most common) [12], ubiquitin-interacting motif:UIM-
docking site (UIM:UDS) [17], or potentially other non-LDS
surfaces, thus linking the cargo to autophagic membranes.
Nevertheless, the ability to bind LC3 or its paralogs is not
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Figure 1. Metabolic autophagy vs QC autophagy. (A) Metabolic autophagy is a response to diminishing sources of indicated nutrients and energy. AMPK and MTOR
are at the center of responses and both along with their regulatory circuitry are located on lysosomes. Note: canonical activation of AMPK in response to AMP occurs
in the cytosol (dashed arrow), whereas its noncanonical activation occurs on lysosomes in response to glucose starvation via ALDO (aldolase)-V-ATPase-AXIN-STK11
/LKB1 or in response to lysosomal damage via MAP3K7/TAK1. Regulatory circuitry is indicated. TFEB is phosphorylated by MTOR and retained in the cytosol, but when
nutrients are sparse and MTOR inactive, TFEB translocates to the nucleus stimulating lysosomal biogenesis. The autophagy systems (see text for definition of different
protein complexes) are under control of AMPK, EP300, SIRT1 and MTOR, thought to be responsible for conducting metabolic (“bulk”) autophagy that digests
macromolecules upon fusion with lysosomes to recycle/supply nutrients during starvation. Dashed box and arrow in (A) indicate engagement of components of the
basal autophagy apparatus with QC autophagy in (B). (B) Quality control (QC) autophagy removes a variety of specific cytoplasmic targets, with individual cargos
depicted along with their “selective autophagy” names as well as the cargo receptors implicated in each case. Both metabolic and QC autophagy contribute to

cellular health and fitness.

essential for initiation of autophagy [18] and this can be
experimentally uncoupled [16].

Autophagosome formation is controlled through assem-
bly and interactions of a number of modules [1] (Figure
1A). The first autophagy-dedicated module is the ULK1-
ULK2 kinase complex with RB1CC1/FIP200, ATG13 and
ATG101 [19-21]. A second system is an ATG14-endowed
class III phosphatidylinositol 3-kinase (PtdIns3K) complex
that includes PIK3C3/VPS34 and BECNI1 (beclin 1) [22].
There are additional modules including ATG9, WIPII-
WIPI2 and WDR45B/WIPI3-WDR45/WIPI4 proteins and
ATG2 complexes [23-25]. ATG2 plays a role in lipid trans-
fer between the donor membrane and the growing phago-
phore [26], whereas ATG9A appears to cause membrane
bending and lipid scrambling [27,28]. Other proteins with
lipid scramblase properties, VMP1 and TMEM41, may
assist during generation of autophagic membranes [29].
The above modules interconnect during autophagy, e.g.
RB1CC1 bridges the ULK1-ULK2 complex with the
mAtg8 conjugation system by binding ATGI16L1 [30-32],
ATGI16L1 and WIPI1-WIPI2 interact [33], and ATGI13

likely connects the ULK1-ULK2 complex with ATG14-
PIK3C3/VPS34 [34]. A special place in the autophagy sys-
tem is reserved for the family of six principal mAtg8s
(depending on the organism, 5-7): LC3A, LC3B, LC3C
and GABARAP, GABARAPL1 and GABARAPL2. LC3B,
one of the most commonly used autophagosomal mem-
brane markers [35], however, is also found in a variety of
other non-autophagic membranes [5,36,37]. The special,
almost iconic, status of LC3 is reinforced by the ATG12-
ATG5-ATGI16L1 E3 ligase conjugation system [38], which
lipidates LC3B and other mAtg8s. Whereas lipidation of
proteins (e.g., myristylation, palmitoylation) per se is not
a unique process, in the case of mAtg8s and autophagy,
lipidation (in this case, covalent attachment of phosphati-
dylethanolamine) of mAtg8s has been proposed (but not
proven) to be central to the nucleation and expansion of
nascent autophagosomal membranes. Of note, lipidated
mAtg8s bind to membranes other than autophagosomes
[5,36,37,39], and mAtg8s play important regulatory roles
[40] including the control of MTOR [41] and TFEB (tran-
scription factor EB) [37,41], suggesting that mAtg8s have



multiple functions beyond their proposed role in building
autophagosomes.

Metabolic autophagy

Early in phylogeny, autophagy is employed by unicellular
eukaryotes to mobilize energy reserves in conditions of nutri-
ent deprivation and to catabolize macromolecules (RNA, pro-
teins, complex lipids and carbohydrates) into small
metabolites (nucleotides, amino acids, fatty acids and glycerol,
simple sugars) that either can be used for energy metabolism
or constitute building blocks for adaptive anabolic reactions
[42]. This latter possibility comes into play when the adapta-
tion to nutrient scarcity goes beyond the maintenance of vital
bioenergetics and involves differentiation of cells (e.g., to
generate spores by fungi or dauer forms by nematodes)
[43,44], allowing them to resist harsh environmental condi-
tions. Moreover, in evolutionary terms, it appears plausible
that the ignition of the autophagic program has been coupled
to other non-nutritional forms of cellular stress (such as
hyperthermia, exposure to toxins, oxidative stress, or DNA
damage) to rapidly mount rapid adaptive response requiring
a combination of catabolic and anabolic reactions.

In mammalians, nutrient scarcity induced by absent or
hypocaloric feeding causes a reduction of extracellular nutri-
ents (such as glucose and amino acids) that is compensated
by the generation of ketone bodies and a surge in free fatty
acids generated by lipolysis [45]. However, the depletion of
glucose and branched chain amino acids (isoleucine, leucine,
valine) and the accompanying reduction of trophic hor-
mones (such as insulin and IGFI1; insulin like growth fac-
tor 1], which regulate the transport of glucose and amino
acids on cell membranes) results in the activation of nutrient
sensors such as AMPK, EP300, SIRT1 (sirtuin 1) and inacti-
vation of MTOR (Figure 1A) with the consequent activation
of “metabolic” autophagy in all major cell types of the body
[46]. Adult mice that have undergone an inducible whole-
body knockout of the perinatally essential autophagy gene
Atg7 develop fatal hypoglycemia upon starvation [47], illus-
trating the importance of autophagy for adaptation to nutri-
ent stress. In fed conditions, such a whole-body inactivation
of autophagy results in the reduction of specific metabolites
(such as arginine, cholesteryl sulfate, malate/fumarate,
cystathionine, S-adenosyl-L-methionine and carnitine), sup-
porting the role of autophagy in basal metabolism [48].

Experiments in a variety of model organisms including
mice suggest that caloric restriction, intermittent fasting
and endurance training mediate their positive effects on
aging and age-associated diseases (such as diabetes)
through the induction of metabolic autophagy [49,50].
Conversely, it appears plausible that obesity with its accom-
panying excess of nutrients (glucose, amino acids, fatty
acids, cholesterol), and autophagy-inhibitory hormones
(insulin, IGF1, DBI/ACBP [diazepam binding inhibitor,
acyl CoA binding protein]) causes chronic suppression of
autophagy [51,52]. Chronic autophagy inhibition may be
(one of) the mechanism(s) through which obesity acceler-
ates the manifestation of major time-dependent ailments
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including cardiovascular disease, cancer and neurodegen-
eration [53].

Quality control autophagy

QC autophagy removes specific targets in the cell whereas meta-
bolic autophagy, i.e., autophagy activated by nutrient scarcity,
leads to the degradation of a vast array of cytoplasmic targets,
apparently without a true specificity for a particular type of
cargo, meaning that any kind of cargo including portions of
the cytosol, endoplasmic reticulum (ER) and mitochondria can
be detected in autophagosomes (Figure 1B). This “nonselective”
(or “bulk”) autophagy contrasts with “selective” autophagy or
“QC” autophagy, where the same or a largely overlapping mole-
cular machinery detects specific cargo. Such a selective autopha-
gy is designated by a term comprising a prefix derived from the
cargo (e.g., aggre-, reticulo-, ferritino-, glyco-]lipo-, mito-,
nucleo-, ribo-, pexo-, viro-, xeno-) and the suffix “phagy” [4].
The latest addition to this repertoire is Golgi-phagy [54]. Such
a specific cargo is often recognized by receptors containing LIR
motifs (W/F/Yx,x3L/1/V,) that directly bridge the cargo to
mAtg8s present on nascent phagophores [12]. Recent in-depth
advances have increased our understanding of the global cargo
repertoire for soluble selective autophagy receptors [55], includ-
ing how they physically act during autophagic capture of cargo
such as aggregates/liquid droplets (condesates) [56]. One exam-
ple of integral membrane selective autophagy receptors is the
mitochondrial protein PHB2 (prohibitin 2) that is usually hid-
den within mitochondria, yet becomes accessible with its LIR
when the outer mitochondrial membrane ruptures, resulting in
mitophagy [57]. Other LIR-containing autophagy receptors pos-
sess a ubiquitin-binding domain empowering them to recognize
cargo that has been “marked up” for autophagic destruction by
ubiquitination. A prominent example for this mechanism is
mitophagy that is initiated upon loss of the mitochondrial trans-
membrane potential, leading to the accumulation of the kinase
PINKI1, the consequent recruitment/activation of the cytosolic
E3 ubiquitin ligase PRKN/Parkin, and the final ubiquitination of
proteins at the mitochondrial surface recognized by selective
autophagy receptors [58] (Figure 2A). Alternatively, specific
targets (including proteins involved in interferon and inflamma-
some signaling, e.g. IRF3, NLRP3, and pro-CASP1 (caspase 1)
[59]) can bind to TRIM (tripartite motif) family members
(Figure 2A), which serve as adaptors that interact with
GABARAPs to target such proteins for “precision autophagy”
[13,59,60].

Selective autophagy is designed to ensure quality control of
aged or damaged organelles, to remove potentially toxic pro-
tein aggregates, to mobilize specific nutrient sources (such as
glycogen or lipid vesicles), to destroy intracellular pathogens
or to avoid excessive inflammatory reactions. Thus, mutations
affecting genes/proteins involved in selective autophagy,
upstream of the common core machinery of autophagy are
involved in a series of neurodegenerative and autoinflamma-
tory diseases [4,61]. For example, genetic defects in mitophagy
can lead to Parkinson disease because the accumulation of
dysfunctional mitochondria elicits elements of inflammation
and ultimately compromises the function and survival of
vulnerable neurons [58].
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A. Metabolic and QC autophagy intersect
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Figure 2. Crosstalk between QC and metabolic autophagy. (A) Subpanel 1. Mitophagy sponsored by CALCOCO2 can be experimentally rendered independent of
upstream metabolic regulators AMPK and MTOR. Note the key contribution of the ULK1 complex, which here can be independent of its upstream regulators AMPK
and MTOR, Note that CALCOCO2 remains linked to TBK1. Subpanel 2, left top. AMPK and MTOR normally control the ULK1 complex (ULK1, RB1CC1, ATG13, ATG101).
Subpanel 2, left bottom. TBK1 may provide additional regulatory loops with AMPK and MTOR under physiological conditions. Subpanel 2, right. TRIMs are receptor-
regulators of precision autophagy (a highly focused selective autophagy) remaining connected to the metabolic regulator AMPK. (B) Overnutrition inhibits metabolic
autophagy and may compromise QC autophagy. (C) Proposed combinatorial relationships between metabolic and QC autophagy: (I) metabolic autophagy is
activated by nutrient sensors acting on the autophagic core machinery and is nonselective; (i) QC autophagy only concerns organelles (exemplified), proteins or
other structures that have been marked for destruction with appropriate tags, following the detection of deficient quality (“marked”). (iii) Nutrient sensors may affect
specific organelles to contribute to their marking (“marked”). (iv) When the core machinery of autophagy is activated downstream of nutrient sensors, the primary
autophagic cargo may be constituted by partially deficient organelles that bear a few marking tags that usually would not lead to their destruction.

Regulation of the core autophagy machinery by
nutrient sensors

Two key regulators of cellular metabolism, MTOR, which is
inhibited upon depletion of amino acids or growth factors [3]
and AMPK, which is canonically activated when AMP levels
increase at the expense of ATP in addition to other stimuli [2],
directly regulate autophagy. In general, MTOR favors anabolic and
biosynthetic processes, whereas AMPK favors catabolic, degrada-
tive pathways. To close and coordinate this metabolic regulatory
loop, AMPK negatively controls MTOR via phosphorylation of its
key regulator TSC2 and the MTOR complex 1 (MTORC1) com-
ponent RPTOR/Raptor [2,3]. In principle, several key autophagy
factors are subject to activating phosphorylation by AMPK and
inhibitory phosphorylation by MTOR [2,3]. The ULK1-ULK2
kinase complex with RB1CC1, ATG13 and ATG101 is a conduit
for both inhibitory phosphorylation by MTOR [19-21] and acti-
vating phosphorylation by AMPK [62]. A second key system
activated by AMPK is the ATG14-endowed class III PtdIns3K

complex that includes PIK3C3/VPS34 and BECNI1 [22]. Within
this complex, PIK3C3/VPS34 is directly phosphorylated by
AMPK [63] and BECNI1 is phosphorylated by ULK1 upon its
activation by AMPK [64]. Thus, the key complexes setting auto-
phagy in motion are under direct control by MTOR and AMPK,
jumpstarting autophagy under starvation conditions [65]
(Figure 1A).

Nonetheless, MTOR and AMPK are not the sole nutrient-
sensing kinases, and other types of enzymes are involved. For
example, the acetyl transferase EP300 senses the drop of cyto-
solic acetyl CoA concentrations secondary to the reduction of
glycolysis, fatty acid oxidation or amino acid depletion [9],
whereas deacetylases from the sirtuin family become activated
when the NAD" levels increase [66]. Inhibition of EP300 and/
or activation of SIRTI result in the deacetylation of multiple
ATG proteins including but not limited to ATG5, ATG7,
BECNI1, LC3B and PIK3C3/VPS34, thus activating autophagy
through a multipronged effect [9,67]. Moreover, there is
a crosstalk between the two metabolism sensing autophagy



inhibitors, MTORC1 and EP300, in the sense that MTOR
phosphorylates EP300 to activate its acetyltransferase activity
[68], whereas EP300 acetylates and activates the MTORCI1
component RPTOR [69]. This intersection (Figure 1A) allows
for the coordination among distinct types of biosensors that
regulate the core pathway of autophagy by affecting the phos-
phorylation and acetylation of ATG proteins.

Regulation of autophagy by macro- and
micronutrients

Autophagy has an important role in mobilizing latent macro-
or micronutrients, for instance by facilitating the digestion of
lipid vesicles, a process referred to as “lipophagy”, that ulti-
mately allows for the mobilization of free fatty acids from
complex lipids [70], glycogen through “glycophagy”, which
generates free glucose from this storage molecule, and that of
the iron-binding protein ferritin in a process logically denoted
as “ferritinophagy” leading to the liberation of free iron [71].
Conversely, a number of macro- and micronutrients suppress
autophagy.

As a general rule, energy-rich metabolites (including glucose,
fatty acids and amino acids) enhance the cytosolic levels of acetyl
coenzyme A (AcCoA). AcCoA is a central metabolite that is
generated as a side product of glycolysis from pyruvate intro-
duced into the tricarboxylic acid cycle in mitochondria, yielding
citrate that is exported to the cytosol and then converted to
AcCoA by ACLY [ATP citrate lyase], the catabolism of branched
chain amino acids (through the intermediate branched chain a-
keto acids), glutaminolysis (through the conversion of glutamine
into glutamate and then the anaplerotic substrate a-
ketoglutarate), or fatty acid oxidation (which directly yields
AcCoA) [9]. Excessive cytosolic AcCoA then inhibits autophagy
through the activation of acetyl transferases including EP300
(which can also be activated by phosphorylation mediated by
AKT/protein kinase B downstream of receptors receiving
trophic signals), inducing acetylation of key regulators of auto-
phagy including several ATG gene products [72] as well as the
MTORCI component RPTOR [69]. More specifically, methio-
nine can suppress autophagy through its metabolite S-adenosyl
methionine (SAM), which then acts via BMT2/SAMTOR lead-
ing to activation of MTORCI [73]. Furthermore, specific amino
acids (such as arginine, glutamine and leucine) affect MTORC1
signaling through additional amino acid sensory systems (such
as those involving SESN2, Leucyl-tRNA synthetase/LRS,
CASTORI, and SLC38A9) or complex pathways involving
G protein coupled receptors and calcium signals [74].

Glucose reportedly favors HK2 (hexokinase 2) binding to
MTORCI, thereby mediating autophagy suppression [75].
Moreover, the decrease of the intracellular glucose metabolite
fructose-1,6-bisphosphate is sensed by ALDO (aldolase) to acti-
vate AMPK (independently of AMP) during glucose starvation
[76], presumably through the inhibition of the endoplasmic
reticulum (ER)-localized TRPV (transient receptor potential
cation channel subfamily V) [77], the pharmacological inhibi-
tion of which also elevates NAD" levels in aged muscles [77].
High NADH levels (or NADH:NAD" ratios) reflecting plethoric
bioenergetics may suppress SIRTs, favoring autophagy inhibi-
tion [78]. In contrast, hunger-associated metabolites such as
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ketone bodies and free fatty acids stimulate autophagy. Thus,
the ketone body B-hydroxybutyric acid (BHB), which is over-
produced in the context of hunger and ketogenic diet, induces
autophagy through the transcriptional activation of FOXO1
[79]. Similarly, free fatty acids trigger autophagy [80]. In sharp
contrast, trans-unsaturated fatty acids, which are contained in
ultra-processed food items, repress autophagy induced by nat-
ural saturated fatty acids, perhaps explaining some aspects of
their broad toxicity [81]. In sum, multiple metabolites regulate
autophagy and regulators of autophagy to ensure that starva-
tion-induced diminution of specific metabolites (such as glucose
and amino acids) as well as starvation-elicited increases in other
metabolites (ketone bodies and free fatty acids) stimulate
autophagy.

Whereas overnutrition inhibits autophagy, there are several
possibilities to manipulate metabolism or metabolite sensors to
stimulate autophagy beyond the well-established strategy to inhi-
bit receptor tyrosine kinases and their downstream signal follow-
ing the phosphoinositide 3-kinase/PI3K—AKT—MTORCI
pathway. Thus, agents that inhibit the generation of AcCoA
(such as inhibitors of ACLY; e.g., hydroxycitrate), activate
AcCoA activating enzymes (such as triethylenetetramine, which
activates SAT1 [spermidine/spermine N1-acetyltransferase 1]),
inhibit autophagy-inhibitory acetyl transferases (such as EP300,
which is inhibited by spermidine as well as by anti-inflammatory
agents such as aspirin and nordihydroguaiaretic acid) or activate
autophagy-activating deacetylases (such as SIRT1, which is acti-
vated by resveratrol and NAD™ precursors such as nicotinamide)
act as “caloric restriction mimetics” to induce autophagy and to
mediate broad effects against obesity, metabolic syndrome and
age-associated diseases [81-83].

Whether and how these aspects affect selective autophagy has
not been investigated, but given the above considerations of the
crosstalk between metabolic and QC autophagy this may open
a window of opportunity to intervene in specific diseases. In
theory, the homeostasis of one or a subset of selective autophagy
targets could be ameliorated by nutriceuticals and pharmaceuticals
targeting metabolic autophagy. This parallels the recognition of
the utility and translational potential of intermediary metabolites
in other processes, such as control of inflammation and immune
activation [84-86], to which autophagy is connected [87].

Regulation of quality control autophagy by nutrient
sensors

While there is no doubt that bulk autophagy can be jump-
started by nutrient sensors, the question arises as to whether
selective autophagy also falls under the “supervision” by
MTOR, AMPK and (de-)acetylation reactions, or whether it
can be triggered without these upstream cues. Recent studies
support the notion that autophagy receptors have the author-
ity to initiate autophagy as they recognize the cargo ear-
marked for removal [13-16]. But do they have the autonomy?

An elegant set of experiments has recently uncoupled
ULKI1 function in mitophagy from AMPK and MTOR inputs,
by artificially localizing the RB1CC1-ULK1 complex to mito-
chondria and initiating autophagy independently of AMPK
activation or MTOR inhibition [16]. This finding suggests
that the ATG machinery may autonomously initiate
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autophagy (Figure 2A, situation 1). Nonetheless, in the afore-
mentioned case, another kinase, TBK1, takes over the role of
the AMPK-MTOR axis, by promoting autophagy initiation
through formation of RBICCI-ULK1 complexes [16,88].
TBK1, a kinase that has been associated with autophagy
[89], is primarily known for mediating critical inflammatory
processes (including in the context of COVID-19) [90].
Nevertheless, TBK1 is interlinked with metabolic regulators:
TBK1 inhibits AMPK, whereas ULK1 downstream of AMPK
activates TBKI, creating a loop between metabolic, inflamma-
tory, and autophagy processes [91]. Thus, TBK1 [88], as well
as related IKK kinases [92], contribute to metabolic (starva-
tion-induced) autophagy and interconnect with AMPK. In
conclusion, despite the demonstration of experimentally
forced autonomy of mitophagy, it appears likely that under
physiological circumstances the process is coupled to MTOR
and/or AMPK inputs as well as to inflammatory inputs
(Figure 2A, situation 2). A similar argument can be made
for precision autophagy conducted by TRIMs [13,59]
(Figure 2A, situation 2).

Lysophagy constitutes another example in which nutrient-
sensitive kinases play a major role. When endosomal/lysoso-
mal membranes are damaged, a form of QC autophagy
termed lysophagy comes into action to isolate and remove
damaged lysosomes that are tagged by ubiquitin [32]. Of
special importance for the discussion here, lysosomes are the
organelles where MTOR and the MTORCI regulatory
machinery (Ragulator and RRAG GTPases) reside [10].
Furthermore, lysosomes are the organelles where AMPK is
noncanonically activated in response to inputs other than the
canonical activation in the cytosol by AMP [93]. Two differ-
ent systems on lysosomes activate AMPK in immediate
response to glucose starvation [76,93] or upon lysosomal
membrane permeabilizaton/damage [94,95] (Figure 1A). The
former system also contributes to MTOR inactivation [96]
under glucose-starvation conditions, critically important for
perinatal/neonatal induction of autophagy to free gluconeo-
genic amino acids and stave off hypoglycemia at birth [97].
The latter system, acting in response to lysosomal damage, is
a part of a larger protective response called membrane repair,
removal and replacement (MERIT) which is coordinated by
cytosolic lectins called LGALS/galectins that recognize mem-
brane tears [94,95,98,99] . Ubiquitination [100] ESCRT
machinery [101,102], and LGALS proteins [99] are required
for repair and other processes. If damage persists, this leads to
LGALS-sponsored inactivation of MTOR [94] and activation
of AMPK [95], which then stimulate lysophagy [99,103].
Finally, the TFEB-directed lysosomal biogenesis program is
turned on to replenish lysosomes [99,103]. TFEB is under
negative control by MTOR ([37], and the same process of
MTOR inactivation and AMPK activation that leads to the
assembly of ULK1 complexes and induction of lysophagy
[103] triggers the translocation of TFEB from the cytoplasm
to the nucleus, ultimately facilitating the transactivation of
lysosome-relevant genes [99]. TFEB repositioning to the
nucleus is reinforced by autophagy-independent functions of
mAtg8s on MTOR and TFEB [41], by noncanonical lipidation
of mAtg8’s elicited by lysosomal damage [37], and by mAtg8-
dependent activation of TFEB phosphatases [37,41].

Metformin, a widely used anti-diabetic drug that reportedly
activates AMPK [104], elicits lysosomal damage and induces
MERIT processes that include autophagy [95], perhaps
explaining its broad antiaging effects [105]. Thus, lysophagy
exemplifies another type of QC autophagy that is inextricably
linked to metabolic inputs and outputs and is under direct
control by MTOR and AMPK.

There is also evidence that (de-)acetylation reactions can
affect QC (organelle-specific) autophagy. Thus, BLOC1S1/
GCNS5L1-mediated acetylation and SIRT3-mediated deacety-
lation of mitochondrial proteins inhibit and induce mito-
phagy, respectively [106,107]. Moreover, the membrane
transporter SLC33A1/AT-1, which translocates cytosolic
acetyl-CoA in the ER (and hence is required for the acetyla-
tion of ER-resident proteins by NAT8/ATase2-NAT8B
/ATasel acetyltransferase) negatively regulates reticulophagy,
and its transgenic overexpression in mice is pathogenic, caus-
ing a progerial-like syndrome [108]. Although there is no
formal proof for this conjecture, it appears possible that
a scarcity of cytosolic CoA, as is observed in conditions of
nutrient depletion [9], may favor deacetylation reactions at
mitochondria and within the ER to stimulate mitophagy and
reticulophagy, respectively.

Transcriptional regulation of lysosomal biogenesis
and autophagy in metabolism and quality control

Although autophagy can be turned on in a transcription-
independent fashion, it requires the transactivation of multi-
ple genes for its maintenance, through the action of a series of
transcription factors [109]. However, transcriptional regula-
tion of metabolic vs. QC autophagy has not been system-
atically addressed.

A well-defined system links the master transcriptional reg-
ulator of oxidative stress response, NFE2L2/NRF2, with auto-
phagy via one of the key selective autophagy receptors,
SQSTM1/p62 and its bidning partner KEAP1 [110]. The
class O forkhead box transcription factors (FOXO) including
FOXO1, FOXO03 and FOX04 become dephosphorylated upon
inhibition of AKT and then translocate into the nucleus to
transactivate autophagy-relevant genes [111]. A key regulator
of lysosomal gene transcription, TFEB [112], a member of the
MiT-TEF family of transcription factors, transduces inhibi-
tory MTOR signaling to lysosomal biogenesis [113]] (Figure
1A) essential for both metabolic and QC autophagy. As intro-
duced earlier, TFEB is phosphorylated by MTOR thus retain-
ing TFEB in the cytoplasm, whereas the PPP3/calcineurin
phosphatase PPP3CB dephosphorylates TFEB and promotes
its translocation to the nucleus [114]. TFEB and other MiT-
TEF factors close this regulatory loop by controlling expres-
sion of RRAGD (one of the 4 small GTPases RRAGA-RRAGB
and RRAGC-RRAGD) [115]. RRAGC-RRAGD in a GTP
bound state restriccs MTOR suppression of TFEB [116].
When MTOR is inhibited, TFEB transactivates lysosomal
and a small subset of pro-autophagic genes [112], but also
activates multiple autophagy-independent metabolic functions
such as cellular glucose uptake and the anabolism in exercis-
ing muscles, a function that apparently does not involve
PPARGCI1A/PGCla [117]. Nevertheless, the lipid catabolism-



stimulatory action of TFEB relies on PPARGCIA and syner-
gizes with autophagy to protect against obesity and metabolic
syndrome [118]. Similar considerations apply to the autopha-
gy-modulatory action of several other transcription factors
and epigenetic modulators, some of which may functionally
interact with TFEB: FOXO1 and FOXO3, NFKB, E2F1, TP53/
p53, NR1H4/FXR, CREB, ZKSCAN3, BRD4, CARM1, KATS,
etc. (for a recent comprehensive review, see Ref [119].).

Recent studies suggest that TFEB may play a direct role in QC
autophagy through effects on the expression of at least one selec-
tive autophagy receptor [112]. It is also intriguing that MiT-TFE3
factors specifically induce RETREG1/FAM134B, a receptor for
reticulophagy [120], and that TFEB is activated during mitophagy
[121] and upon lysosomal damage [37,99,103].

Metabolic autophagy versus quality control
autophagy and metabolism - answered and
unanswered questions

Metabolic autophagy and QC autophagy exhibit a significant
overlap in their regulation by nutrients and energy sensors,
meaning that scarcity of nutrients can favor both phenomena.
As discussed above, metabolic autophagy is triggered by the
demand to retrieve energy and building blocks from intracellu-
lar macromolecules. Selective autophagy involves earmarking
specific substrates to supply them for autophagic destruction,
and this could be metabolic or QC. Thus, there is no funda-
mental opposition between both types of autophagy. For exam-
ple, QC autophagy may be imperfect in its selectivity in thus far
that “accidental” degradation of bystander cargo has been
reported [122], albeit this remains to be fully explored.
Moreover, it is conceivable that, in analogy to supply and
demand that together regulate the market, both processes, i.e.,
metabolic and selective autophagy, crosstalk (Figure 2B,C). For
example, when energy sensors are activated to induce metabolic
autophagy, the sequestration of cargo may preferentially con-
cern those cellular structures that exhibit signs of partial dys-
function (such as depolarized mitochondria that are surface-
ubiquitinated due to the action of PRKN) [58] as well as protein
aggregates rather than functional units (Figure 2C). Indeed,
there is evidence that mitochondria that are eliminated during
bulk autophagy are those with the lowest transmembrane
potential and hence the poorest function [123]. Thus, even
organelles with residual functions that are usually not subjected
to specific autophagy may be preferentially eliminated by bulk
autophagy activated in response to nutrient deprivation. This
may explain why chronic or intermittent induction of autopha-
gy by caloric restriction, caloric restriction mimetics or periodic
fasting improves organismal fitness, delays aging, mediates cyto-
protective effects and reduces the pace of neuro- or myodegen-
erative diseases [4].

Bulk autophagy, which may be particularly efficient in mobi-
lizing nutrients, has been thought to be largely nonspecific.
Nonetheless, from a teleological perspective, there should be
mechanisms through which autophagy would mobilize specific
nutrients when they are scarce, for instance fatty acids through
lipophagy, glucose by autophagic digestion of glycogen granules,
or amino acids by digestion of protein-rich organelles. Indeed,
recent in-depth analyses suggest that nutritional turnover of
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cytoplasmic constituents may be guided by mechanisms that
involve some degree of specificity and selectivity [65]. Thus,
basic amino acids and nucleosides may be mobilized in
a particularly efficient fashion via the degradation of ribosomes,
potentially including ribophagy, which may be initiated by specific
receptors including NUFIP1 [65]. However, other work indicates
that adjustments in ribosomal content under acute nutrient stress,
including their degradation, could be dominated by processes
other than autophagy [124]. Whether cells may activate some
sort of substrate-specific autophagy in response to metabolic
signals, hormones and neurotransmitters remains to be deter-
mined. Moreover, specific neuroendocrine circuits might activate
autophagy in an organ-specific fashion (e.g., in the liver for
glycogenolysis, in white adipose tissue for lipolysis and in skeletal
muscle for the digestion of protein and the provision of amino
acids) to mobilize different metabolites, thus maintaining meta-
bolic homeostasis. The comprehension of such - still hypotheti-
cal - cell-intrinsic or supracellular pathways might be extremely
useful for designing specific interventions in metabolism, for
instance in the context of diabetes, dyslipidemia or cachexia.

The subtle crosstalk between metabolic and QC autophagy may
have a major impact on the evolution of human health [125]. For
example, when extrapolating preclinical work obtained in mice, it
appears obvious, yet remains to be confirmed, that the obesity-
associated suppression of autophagy compromises cellular quality
control, thereby reducing healthspan and lifespan [126]. This may
have far-reaching consequences because obesity is not only the
most prevalent pathological state in the world but also (one of)
the most important risk factor(s) for developing nonalcoholic
hepatosteatosis (NASH), cardiovascular disease, neurodegenera-
tion and cancer [127]. It remains to be determined whether ther-
apeutic stimulation of autophagy would be sufficient to reduce
systemic inflammation, since the two are extensively linked [87],
and to improve metabolic health or, more specifically, to prevent
NASH, arteriosclerosis, cardiac failure, and Alzheimer disease. In
cancer, autophagy plays complex and sometimes opposing, stage-
dependent roles in carcinogenesis, progression and metastasis, and
is complicated by cancer cell-autonomus, stromal, and immune
contributions. In this context, it will be important to understand
whether specific induction of metabolic autophagy (including for
example glycophagy and lipophagy) or therapeutic stimulation of
QC autophagy (including aggrephagy and mitophagy) will provide
superior results against each of these age- and obesity-associated
diseases.
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