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Autophagy is a stress-induced lysosomal degradation pathway regulated by evolutionarily
conserved autophagy-related (ATG) genes. Recent research has revealed that autophagy
plays an important role in the regulation of energy metabolism, development of metabolic
tissues, and pathogenesis of metabolic disorders. Bulk and selective degradation by
autophagy helps maintain protein homeostasis and physiological function of cells. Aside
from classical degradative roles, ATG proteins also carry out non-classical secretory
functions of metabolic tissues. In this review, we summarize recent progresses and
unanswered questions on the mechanisms of autophagy and ATG proteins in
metabolic regulation, with a focus on organelle and nutrient storage degradation, as
well as vesicular and hormonal secretion. Such knowledge broadens our understanding
on the cause, pathophysiology, and prevention of metabolic diseases including obesity
and diabetes.
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INTRODUCTION ON THE AUTOPHAGY PATHWAY

Autophagy is an evolutionally conserved intracellular degradation system, which degrades various
types of cellular components by delivering cargos into the lysosome that contains degradative
enzymes (Dikic and Elazar, 2018; Aman et al., 2021). Various cellular stress stimuli, including
nutrient depletion, exercise and oxidative stress, induce autophagy. Autophagy plays a critical role in
both supplying metabolites and eliminating damaged cellular compartments to maintain cellular
homeostasis. Dysregulated autophagy is associated with the pathogenesis of a variety of metabolic
disorders, such as obesity and diabetes (Rocchi and He, 2015). Based on differences in the
mechanism of lysosomal cargo delivery, autophagy is categorized into three major types,
macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy
involves the formation of double-membrane autophagosomes and requires the coordination and
execution of more than 40 autophagy-related (ATG) genes. Based on cargo selectivity,
macroautophagy can be non-selective bulk degradation of the cytosol (bulk autophagy), or
selective degradation of cargos via specific cargo receptors (selective autophagy). Depending on
cargo types, selective autophagy can be further classified into several subtypes, such as lipophagy
(autophagy of lipid droplets), mitophagy (autophagy of mitochondria), and ER-phagy (autophagy of
the endoplasmic reticulum/ER) (Figure 1). In comparison, microautophagy degrades target
components by directly engulfing cargos into the lysosome, through the invagination of the
lysosomal membrane in an ESCRT (endosomal sorting complexes required for transport)
machinery-dependent manner. CMA, on the other hand, is the transport of a specific subset of
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proteins via a lysosomal membrane receptor and transporter
LAMP2A (lysosomal associated membrane protein-2 type A).
The CMA substrates must possess a KFERQ-like pentapeptide
sequence, which binds to heat shock-cognate chaperon 70 KDa
(HSC70). The HSC70-substrate complex then interacts with
LAMP2A, through which the target proteins are translocated
into the lysosome. Based on existence of the predicted KFERQ-
like targeting motif, approximately 30% of total cellular proteins
are potentially degraded via CMA (Alfaro et al., 2018).

Macroautophagy is the main focus of this review. Various
types of stress stimuli induce autophagy via multiple signaling
cascades, including activation of AMP-activated protein kinase
(AMPK) and inhibition of mammalian target of rapamycin
(mTOR) signaling pathways. Both AMPK and mTOR can
phosphorylate the autophagy-initiating Unc-51-like kinase 1
(ULK1/ATG1) complex, which is composed of ULK1/ATG1,
ATG13, ATG101 and RB1-inducible coiled-coil protein 1
(RB1CC1/FIP200). While AMPK-mediated ULK1
phosphorylation activates ULK1 and autophagy, mTOR-
mediated ULK1 phosphorylation inhibits the ULK1 function.
Thus, the ULK1 kinase activity is activated under autophagy-
inducing conditions. ULK1 further phosphorylates and activates

the class III VPS34-BECN1 phosphatidylinositol 3-kinase
(PI3KC3) complex, which produces phosphatidylinositol 3-
phosphate (Ptdlns3P) on the isolation membrane, the nascent
forming autophagosomal membrane. BECN1 is the mammalian
homolog of yeast Atg6, and stabilizes and activates the VPS34
kinase complex. Ptdlns3P is important for isolation membrane
growth through recruiting WD repeat domain phosphoinositide-
interacting (WIPI/ATG18) proteins and ATG9-containing
vesicles. Among all ATG proteins, ATG9 is the only integral
membrane protein essential for autophagosome formation and
functions as a lipid scramblase (Matoba et al., 2020; Ghanbarpour
et al., 2021). At the steady state, ATG9 is localized at the trans-
Golgi network and recycling endosomes, and upon autophagy
induction, ATG9-containing vesicles are translocated to the
autophagosome assembly site to drive the expansion of the
isolation membrane. The transport of ATG9 is regulated by
the late endosome-associated small GTPase RAB7.

On the isolation membrane, yeast Atg8, and its mammalian
homologs including LC3 (microtubule-associated protein light
chain 3) and GABARAPs (GABA Type A receptor-associated
proteins), are conjugated to the lipid phosphatidylethanolamine
(PE) through a multi-step ubiquitination-like conjugation

FIGURE 1 | The role of autophagy in intracellular and systemic energy homeostasis. Bulk autophagy (center) and organelle-specific selective autophagy, such as
vesicophagy (top), ER-phagy (left), lipophagy (right) and mitophagy (bottom), play pivotal roles in maintaining intracellular energy homeostasis via supplying nutrients and
removing defective organelles. Autophagy also regulates systemic metabolic homeostasis via the cross-talk among metabolic organs in a non-cell autonomous manner.
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process regulated by ATG4, ATG7, ATG3 and the ATG12-
ATG5-ATG16L1 complex. Isolation membrane-localized LC3
is essential for autophagosome formation, as well as for cargo
recruitment via its binding to autophagy cargo receptors.
Completed autophagosomes fuse with the lysosome and form
autolysosomes, where autophagic substrates are degraded.
Multiple protein complexes involved in membrane fusion
participate in the autophagosome-lysosome fusion step,
including the HOPS (homotypic fusion and protein sorting)
complex, the SNARE complex, and RAB proteins.

REMOVAL OF DAMAGED OR EXCESS
CELLULAR STRUCTURES
Overall Roles of Autophagy in Metabolic
Regulation
Whole-body knockout (KO) of several essential ATG genes,
including Atg5, Becn1 and Atg7, leads to embryonic or
postnatal lethality, suggesting that autophagy is essential for
embryonic and postnatal development. Thus, studies on
energy metabolism using whole-body ATG gene KO mice are
rare and are based on KO mouse models with partial autophagy
reduction, such as Atg4b-null mice and Becn1 heterozygous mice.
ATG4 family proteins function in LC3/GABARAP processing
and delipidation, and are composed of four isoforms, ATG4A,
ATG4B, ATG4C and ATG4D, among which ATG4B possesses
the highest processing activity (Maruyama and Noda, 2018).
Atg4b-null mice show partial autophagy inhibition and do not
show embryonic lethality phenotypes. In response to high-fat diet
feeding, Atg4b-null mice have hepatic steatosis, decreased energy
expenditure, increased weight gain and disrupted blood glucose
clearance, compared to wild-type mice (Fernández et al., 2017).
Similarly, Becn1 heterozygous mice also show partially decreased
autophagy activity in metabolic organs, and systemic glucose
intolerance and insulin intolerance upon high-fat diet feeding,
even though their body weight is comparable to that of wild-type
mice (Yamamoto et al., 2018). These studies suggest that systemic
suppression of autophagy activity disrupts energy homeostasis
and exacerbates metabolic dysfunctions.

On the other hand, activating autophagy has different
metabolic effects among various metabolic organs, since the
demands of autophagy activity in each metabolic organ are
different. Ubiquitous Atg5-overexpressing transgenic mice
show improved systemic glucose clearance, decreased fat and
body mass upon aging, and extended lifespan compared to wild-
type mice (Pyo et al., 2013). These beneficial effects are attributed
to increased autophagy activity and antioxidant levels via Atg5
overexpression. In line with this, mutant mice defective in stress-
induced autophagy but not basal autophagy, BCL2AAA mice, fail
to show improvements in glucose metabolism induced by
exercise (He et al., 2012), suggesting that whole-body
autophagy activation during exercise is metabolically beneficial
and essential for exercise-induced metabolic improvements.
Furthermore, pharmacological activation of autophagy also
shows overall beneficial effects on energy metabolism
homeostasis. For example, spermidine and Rg2 activate bulk

autophagy through inhibition of the histone acetyltransferase
EP300, and activation of the AMPK-ULK1 signaling pathway,
respectively (Pietrocola et al., 2015; Fan et al., 2017). Short-term
in vivo administration of these autophagy inducers suppresses
lipid accumulation in the white adipose tissue and liver, and
limits body weight gain in response to high-fat diet treatment,
resulting in improved glucose tolerance and insulin sensitivity
(Fan et al., 2017; Fernández et al., 2017). These findings highlight
that autophagy activation is important to maintain whole-body
energy homeostasis. However, long-term genetic or
pharmacological activation of autophagy may also negatively
impact metabolism. Although hyperactivating autophagy by a
constitutively active BECN1 mutant (BECN1F121A) suppresses
ER stress and improves systemic insulin sensitivity in response to
high-fat diet feeding, it reduces insulin storage in pancreatic β
cells and causes systemic glucose intolerance by excessive
degradation of insulin granules, which can be reversed by
treatment of autophagy inhibitors (Yamamoto et al., 2018).
Consistently, in response to high-fat diet treatment, partial
suppression of the VPS34 kinase by systemic heterozygous
expression of a kinase-dead VPS34 mutant (Vps34D761A/+), as
well as VPS34 inhibitor treatment, suppresses hepatic steatosis
and enhances glucose tolerance and insulin sensitivity, via
suppression of metabolic substrate supplies to mitochondria,
activation of AMPK signaling pathway, and increase of fatty
acid β-oxidation (Bilanges et al., 2017). Thus, the roles of
autophagy in energy metabolism are complex, and further
investigations are necessary to discover tissue-specific
mechanisms of ATG proteins in metabolic regulation.

Lipophagy
Lipid droplets are ubiquitous lipid-storing organelles, composed
of a core of neutral lipids (such as triacylglycerol) surrounded by a
phospholipid monolayer. Lipid droplets play a pivotal role in lipid
energy metabolism, and also in gene expression by providing the
ligands for peroxisome proliferator-activated receptors (PPARs).
The canonical lipid droplet degradation pathway, lipolysis, occurs
in the cytosol and is controlled by cytosolic lipases, including
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase
(HSL). Lipolysis stimuli, such as norepinephrine stimulation,
induce phosphorylation of cytosolic lipases and lipid droplet-
associated proteins (such as PLINs) through the PKA signaling
pathway, resulting in increased lipolysis. In the past decade,
growing evidence has revealed that macroautophagy also
functions as a lipid droplet degradation pathway, known as
lipophagy (Kounakis et al., 2019) (Figure 1). Through
lipophagy, triacylglycerol and cholesterol esters stored in lipid
droplets are delivered to the lysosomes for degradation and lipids
are released for reuse. The direct evidence is the presence of
accumulated lipid droplets within double-membrane
autophagosomal structures. Pharmacological or genetic
(knockdown of Atg5) inhibition of autophagy in cultured
hepatocytes increases intracellular lipid contents. Consistently,
liver-specific KO of Atg7 in mice increases hepatic lipid levels
compared with those of control mice (Singh et al., 2009a),
whereas liver-specific KO of Rubicon, an autophagy-inhibiting
protein, ameliorates hepatic lipid accumulation in response to
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high-fat diet challenge (Tanaka et al., 2016). Moreover, RAB
proteins are also shown to participate in lipophagy (Schroeder
et al., 2015; Li et al., 2016). However, although many efforts have
been devoted to lipophagy research, the molecular mechanism of
lipophagy is still largely unclear. Notably, lipophagy-specific
receptors have not been identified until recently. Spartin, a
protein mutated in the Troyer syndrome characterized by the
degeneration of upper motor neurons (Patel et al., 2002), is
identified as a lipophagy receptor (Chung et al., 2021). Spartin
localizes to lipid droplets and mediates autophagy-dependent
lipid droplet delivery to lysosomes through interacting with LC3A
and LC3C, although a canonical LC3-interacting region (LIR)
motif has not been determined. KO of Spartin, or expression of
the Spartin dominant-negative mutant, leads to accumulation of
lipid droplets in breast cancer cells and mouse motor cortex
neurons. These findings support that the macroautophagy
machinery regulates cellular lipid turnover. Furthermore, a
positive interplay between lipophagy and lipolysis has been
discovered. In brown adipose tissue, autophagosomes and
autophagosome-associated LC3 act as scaffolds for cytosolic
lipases, such as ATGL, to localize on lipid droplets, where
lipophagy and cytosolic lipolysis complement each other in
lipid droplet degradation (Martinez-Lopez et al., 2016). Future
investigation is needed to further demonstrate the molecular
mechanisms and the physiological functions of lipophagy.

In addition, CMA also facilitates lipid droplet degradation.
Although it does not directly break down lipid droplets, CMA
degrades the lipid droplet-associated coating proteins, PLIN2 and
PLIN3, which contain the KFERQ targeting motif. CMA-
mediated PLIN degradation enhances the translocation of both
cytosolic lipases and macroautophagic proteins onto the lipid
droplets for degradation (Kaushik and Cuervo, 2015; 2016).

Mitophagy
Mitochondria are the main site of energy production and the
powerhouse of the cell, generating up to 95% of ATP in the cell.
Under nutrient-rich conditions, mitochondria generate reactive
oxygen species, which in turn induce mitochondria malfunction
and lead to systemic energy disruption. Mitophagy is an
important mitochondrial quality control pathway that
selectively eliminates dysfunctional mitochondria (Palikaras
et al., 2018) (Figure 1). Several mitophagy-mediated proteins
are identified, including PTEN-induced kinase 1 (PINK1) and the
cytosolic E3 ubiquitin ligase Parkin, and the mitochondrial outer-
membrane proteins BNIP3 and FUNDC1. PINK1 accumulates
specifically on the surface of damaged mitochondria by defective
proteolytic cleavage due to the loss of mitochondrial membrane
potential. Accumulated PINK1 recruits, phosphorylates and
activates Parkin on the mitochondrial membrane, and active
Parkin then polyubiquitinates outer mitochondrial membrane
proteins. Ubiquitinated damaged mitochondria are recognized
and bound by mitophagy receptors, such as optineurin and
NDP52 (Lazarou et al., 2015), through the interaction between
mitophagy receptors and LC3 via the LC3-binding LIR motif,
leading to mitophagy induction.

However, the metabolic role of mitophagy is not fully
understood. KO of either Bnip3 or Fundc1 specifically in the

liver or adipose tissue leads to damaged mitochondria
accumulation, excess lipid deposition, and systemic insulin
resistance and obesity (Glick et al., 2012; Wu et al., 2019).
However, by contrast, although skeletal muscle-specific Fundc1
KO mice also show accumulation of damaged mitochondria and
increased levels of reactive oxygen species in skeletal muscle as
whole-body and adipose tissue-specific Fundc1 KO mice (Fu
et al., 2018), they have ameliorated insulin resistance, hepatic
steatosis and obesity in response to high-fat diet challenge, due to
enhanced secretion of FGF21 from muscle, a stress-induced
metabolically beneficial myokine (muscle-secreted hormone).
In line with this, skeletal muscle-specific Atg7 deletion also
induces mitochondrial dysfunction and increases Atf4-
dependent FGF21 secretion, resulting in increased fatty acid β-
oxidation, browning of white adipose tissue, and systemic energy
metabolism improvement in response to high-fat diet treatment
(Kim et al., 2013). Thus, FUNDC1, or FUNDC1 and ATG7-
mediated mitophagy, may have different overall effects on
systemic metabolism in different metabolic tissues via both cell
autonomous and non-cell autonomous mechanisms.

Notably, physical exercise is a potent autophagy inducer in
skeletal muscle (Rocchi and He, 2017). During exercise,
mitochondrial oxidative stress in the contracting muscle is
significantly increased, leading to activation of mitophagy
(Laker et al., 2017). Exercise-induced mitophagy plays an
important role in both mitochondrial quality control in the
muscle and exercise training-induced metabolic adaptation. In
response to energetic stress induced by acute exercise, specific
isoforms of AMPKs (AMPKα1, α2, β2 and γ1) are found to be
localized and activated on the mitochondrial outer membrane
(Drake et al., 2021). Activated AMPK then phosphorylates and
activates ULK1, which activates the downstream autophagy
machinery and mitophagy. In line with this, KO of ULK1
specifically in the muscle abolishes the metabolic adaptations
to exercise (Laker et al., 2017).

ER-phagy
The endoplasmic reticulum (ER) plays pivotal roles in protein
synthesis and folding, calcium ion storage, and lipid synthesis and
lipid droplet formation. The ER is also known as the primary
membrane supplier for the isolationmembrane. Misfold proteins,
saturated fatty acids, and reactive oxygen spices induce ER stress,
which impairs ER function and cellular homeostasis and is
implicated in obesity and diabetes progression. There are two
major ways of ER quality control, one is the unfolded protein
response (UPR), and the other is ER-phagy (specific degradation
of the ER by macroautophagy) (Figure 1). UPR is triggered by ER
stress and activates several transcriptional factors including
ATF6, ATF4, CHOP and XBP1, which upregulate downstream
genes encoding chaperones and ER-associated degradation
proteins to eliminate causes of ER stress (Yang et al., 2021).
Notably, these transcriptional factors also upregulate the
expression of ATG genes, including BECN1 and ATG7, in
mouse embryonic fibroblasts (MEFs) (B’Chir et al., 2013). The
ATG proteins participate in ER-phagy to regulate ER
homeostasis. In vivo Atg7 knockdown by adenovirus results in
increased ER stress in the liver and disruption of systemic glucose
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metabolism (Yang et al., 2010). In the liver of obese mice, the
levels of key autophagy proteins, such as BECN1, ATG7 and
ATG5, are decreased. Conversely, autophagy activation by
overexpression of Atg7 or knock-in of the hyperactive mutant
BECN1F121A reduces ER stress and improves both liver energy
homeostasis and systemic insulin sensitivity (Yang et al., 2010;
Yamamoto et al., 2018). Consistent with these studies, systemic
administration of the autophagy activator rapamycin to Akita
mice, a type 1 diabetes model with misfolded proinsulin
accumulation, ameliorates diabetic phenotypes through
activating autophagy and reducing ER stress and β cell
apoptosis (Bachar-Wikstrom et al., 2013).

So far, eight ER-phagy receptors have been identified,
FAM134 A/B/C, SEC62, RTN3, CCPG1, TEX264 and ATL3
(Khaminets et al., 2015; Fumagalli et al., 2016; Grumati et al.,
2017; Smith et al., 2018; Chen et al., 2019; Chino et al., 2019). All
the identified ER-phagy receptors are ER membrane proteins and
are able to interact with LC3/GABARAP through the LIR motif.
Among them, FAM134B is the best characterized ER-phagy
receptor. ER stress induces FAM134B phosphorylation
through activated CAMK2B, which enhances FAM134B
oligomerization. Activation of FAM134B leads to enhanced
fragmentation of ER membranes, followed by subsequent
degradation via ER-phagy (Jiang et al., 2020). The other two
FAM134 family proteins, FAM134A and FAM134C, also
function as ER-phagy receptors, but there are a number of
differences among the three. FAM134B is functional under
both basal and stress conditions (Khaminets et al., 2015),
whereas FAM134A and FAM134C are inactive under basal
conditions and only activated by stress stimuli, and thus are
key for stress-induced ER fragmentation and autophagic
degradation (Kumar et al., 2021; Reggio et al., 2021).
Furthermore, although all three FAM134 proteins possess the
LIR domain, for pro-collagen I homeostasis, FAM134A functions
also in a LIR-independent manner and compensates for the loss
of FAM134B or FAM134C. In comparison, FAM134C is unable
to compensate for the loss of other FAM134 proteins and
functions coordinately with FAM134B (Reggio et al., 2021).

Specifically, ER-accumulated aggregates of prohormones, such
as Akita mutant proinsulin, are eliminated via RTN3-dependent
ER-phagy (Cunningham et al., 2019). In Akita mice, the C96Y
mutation in Insulin 2 (Ins2C96Y) blocks protein folding and
induces proinsulin aggregation in the ER, resulting in type 1
diabetes progression. These insoluble aggregates are unable to be
removed by the ER luminal chaperon glucose-regulated protein
170 (GRP170); instead, they are cleared by RTN3-mediated ER-
phagy. The RTN3-dependent ER-phagy pathway is also involved
in the elimination of other misfolded or aggregated prohormones,
including pro-opiomelanocortin (POMC) and pro-arginine-
vasopressin (Pro-AVP) (Cunningham et al., 2019).
Prohormone aggregates are captured by the transmembrane
ER protein progesterone receptor membrane component 1
(PGRMC1) via its luminal domain, and delivered to the
RTN3-mediated ER-phagy pathway for clearance (Chen et al.,
2021).

In addition, a genome-wide CRISPRi screening reveals that
mitochondrial oxidative phosphorylation proteins are important

for ER-phagy (Liang et al., 2020), suggesting that different from
bulk autophagy, ER-phagy requires normal mitochondrial
metabolism and function for execution. Despite the link
between ER stress and diabetes, how ER-phagy regulates
energy metabolism and metabolic disease progression is largely
unknown. Further studies are needed to demonstrate both the cell
autonomous and the non-cell autonomous roles of ER-phagy and
ER-phagy-related proteins in energy metabolism.

REGULATION OF TISSUE DEVELOPMENT
AND HOMEOSTASIS

Adipose Tissue Development and Function
White adipocytes are occupied by lipid droplets and are the main
storage of body neutral lipids, such as triacylglycerol. In addition
to functioning as a fat storage organ, adipose tissue has also been
recognized as an endocrine organ in the past 2 decades. Adipose
tissues regulate systemic energy metabolism through secreting
various adipokines (adipose-derived hormones), such as
adiponectin, leptin and resistin. Both in vitro and in vivo
evidence demonstrate that autophagy is required for
adipogenesis (Baerga et al., 2009; Singh et al., 2009b; Zhang
et al., 2009). In MEFs and 3T3-L1 fibroblast cells, genetic
(Atg7 or Atg5 knockdown) or pharmacological (3-
methyladenin or chloroquine treatment) inhibition of
autophagy blocks adipocyte differentiation, via either
promoting apoptosis, suppressing expression of the
adipogenesis master regulator PPARγ, or enhancing PPARγ
degradation via the ubiquitin-proteasome system (Baerga
et al., 2009; Singh et al., 2009b; Zhang et al., 2013). Atg7
deficiency at early development stages of white adipose tissue
increases the mitochondrial content, the fatty acid β-oxidation
rate and the number of multilocular lipid droplets, resulting in
browning of the white adipocytes. As a result, adipocyte-specific
Atg7 KO mice show decreased body weight and white adipose
tissue mass, and increased systemic insulin sensitivity (Singh
et al., 2009b; Zhang et al., 2009). Similarly, deletion of Atg7 in
brown adipose tissue also causes an increase in mitochondrial
contents and β-oxidation, leading to elevated brown adipose
tissue mass (Kim et al., 2019). Although the impact of Atg7
deletion in mature adipocytes remains to be determined, other
studies have shown that autophagy also plays an important role in
the regulation of post-developmental functions and homeostasis
of mature adipocytes. Different from KO of Atg7 during adipose
development stages, adipocyte-specific KO of Becn1 during
adulthood increases adipose tissue inflammation, ER stress and
apoptosis, and decreases insulin sensitivity (Jin et al., 2021).
Similarly, post-developmental adipose-specific deletion of Atg3
or Atg16L1 leads to dysfunctional mitochondria accumulation
followed by increased lipid peroxides in adipose tissue, although
fat mass and body weight appear to be unaffected. Increased lipid
peroxides enter the circulation and affect liver energy
homeostasis, resulting in systemic insulin resistance (Cai et al.,
2018).

In comparison to white adipose tissue, brown adipose tissue
functions as a thermogenic organ through non-shivering
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thermogenesis, and is characterized by high mitochondria
contents, UCP1 (uncoupling protein 1) expression levels and
fatty acid β-oxidation rates. There are also beige adipocytes,
which are brown adipocyte-like cells present in white adipose
tissue induced by browning of white adipocytes. Similar to brown
adipocytes, beige adipocytes have multilocular lipid droplets,
increased mitochondrial contents and upregulated β-oxidation.
Activation of adipocyte browning is beneficial for systemic
metabolism and potentially a therapeutic target in metabolic
disorders, while beige-to-white transition has opposite effects.
During beige-to-white adipocyte transition, autophagy is
activated and is involved in mitochondrial clearance
(Altshuler-Keylin et al., 2016). Accordingly, pharmacological
or genetic inhibition of autophagy by chloroquine treatment,
or Atg5-or Atg12-deletion, prevents beige-to-white adipocyte
transition and protects against diet-induced obesity and
systemic insulin resistance (Altshuler-Keylin et al., 2016).

β Cell Maintenance
Pancreatic β cells regulate systemic glucose metabolism by
sensing circulating glucose and secreting insulin into the
bloodstream. Under steady-state conditions, the autophagy
activity in β cells is low, and autophagosome formation is
upregulated in high-fat diet-induced and genetic mouse
models of obesity and diabetes (Ebato et al., 2008; Chu et al.,
2015; Sheng et al., 2017). Treatment of free fatty acids in cultured
β cells effectively induces autophagy via the JNK1 signaling
pathway (Komiya et al., 2010), indirectly explaining the in
vivo data. β cell-specific Atg7 deletion decreases β cell mass,
intracellular insulin contents and glucose-stimulated insulin
secretion, due to accumulated defective organelles, elevated
ubiquitinated protein aggregates and increased apoptosis
(Ebato et al., 2008; Jung et al., 2008). Atg7 deletion in β cells
results in hyperglycemia and impaired glucose tolerance in both
regular and high-fat diet-fed mice. Thus, the basal autophagy
activity in β cells plays a critical role in maintaining β cell function
and systemic glucose homeostasis.

Yet too much autophagy in β cells can be metabolically
detrimental. Although pharmacological activation of autophagy
by rapamycin injections in Akita mice improves glucose
metabolism, potentially via decreased β cell ER stress and
apoptosis (Bachar-Wikstrom et al., 2013), chronic autophagy
activation reduces insulin storage in β cells. Insulin granules
are an unusual autophagy cargo via autophagic degradation of
secretory vesicles (vesicophagy) (Figure 1). Chronic constitutive
activation of autophagy by BECN1F121A leads to excessive
degradation of insulin granules in β cells, resulting in
decreased insulin storage and secretion and impaired systemic
glucose tolerance in response to high-fat diet feeding, even
though systemic insulin sensitivity is better than wild-type
mice (Yamamoto et al., 2018). The vesicophagy degradation
process is different from crinophagy, with the latter
representing the direct fusion of secretory vesicles with
lysosomes. Although the key autophagy proteins ATG5,
BECN1 and ATG7 are potentially involved in vesicophagy, the
molecular mechanism is largely unknown and needs further
investigation. Furthermore, due to their insulin-secreting

function, pancreatic β cells are more sensitive to autophagy
level changes than other metabolic organs and cells;
accordingly, the autophagy activity needs to be tightly
regulated in β cells to maintain their homeostasis and function.

Liver Lipid Metabolism
The liver is an important metabolic organ regulating systemic
energy homeostasis through gluconeogenesis and lipogenesis. In
the liver, in addition to bulk autophagy, various selective
autophagy pathways, including mitophagy and lipophagy,
regulate liver energy homeostasis (Ueno and Komatsu, 2017).
Overnutrition causes excess ectopic lipid accumulation in the
liver, which has a causal link to the pathogenesis of non-alcoholic
fatty liver disease (NAFLD), steatohepatitis (NASH) and
hepatocellular cancer. In the liver of obese mice, the
expression of several key ATG proteins, including ATG5,
BECN1 and ATG7, is decreased, suppressing the autophagy
flux (Yang et al., 2010). Pharmacological and genetic
activation of autophagy by rapamycin treatment or Atg7
overexpression in the liver decreases lipid accumulation,
alleviates ER stress and improves insulin action, resulting in
enhanced systemic glucose homeostasis. Conversely, KO of
ATG genes, including Atg7, FIP200 and the PI3KC3 Vps34,
leads to accumulation of ubiquitin-positive aggregates and
deformed organelles in the liver. These KO mice show
hepatomegaly, hepatic steatosis, and exacerbated systemic
glucose intolerance and insulin resistance (Komatsu et al.,
2005; Yang et al., 2010; Jaber et al., 2012; Ma et al., 2013).
Notably, many of these ATG gene KO mice have reduced
glycogen contents but increased lipid storage levels in the
liver, raising the possibility that hepatic autophagy deficiency
may induce a shift of energy substrates from lipids to
carbohydrates through altering gene expression. Indeed,
autophagy is reported to regulate metabolic gene expression in
the liver by degrading CRY1, an inhibitor of master circadian
rhythm transcription factors CLOCK and BMAL1, via several
LC3-interacting LIR motifs in CRY1 (Toledo et al., 2018). The
expression of many energy metabolic genes is regulated by the
circadian rhythm. Autophagy deficiency leads to hepatic
accumulation of CRY1, but not other circadian rhythm-related
proteins such as PER1, BMAL1 and CLOCK, resulting in the
disruption of the circadian rhythm and nutrient metabolism.

CANCER METABOLISM IN METABOLIC
TISSUES

Metabolic organs, including liver and pancreas, develop a variety
of malignancies. Adipose tissues and muscles rarely develop
cancer likely due to their largely quiescent status. Depending
on tumor types, stages and genetic context, autophagy acts as a
double-edged sword and has both tumor-suppressing and
oncogenic roles in cancer development. Neoplasia has been
found in the liver and pancreas of various autophagy-deficient
mouse models, including Becn1 heterozygous mice (Qu et al.,
2003; Yue et al., 2003), systemic mosaic Atg5 deletion mice
(Takamura et al., 2011), and liver- or pancreas-specific Atg5 or
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Atg7 deletion mice (Inami et al., 2011; Takamura et al., 2011;
Rosenfeldt et al., 2013; Yang et al., 2014). Autophagy suppresses
tumor initiation by maintaining cellular homeostasis through
quality control of proteins, organelles and chromosomal stability
(Mathew et al., 2007). However, lesions in autophagy-deficient
mice are benign or premalignant, and do not progress to high-
grade malignancy (Qu et al., 2003; Takamura et al., 2011;
Rosenfeldt et al., 2013). Rather, in established tumors, genetic
or pharmacological inhibition of autophagy suppresses
pancreatic tumor growth (Yang et al., 2011; Yang et al., 2014;
Yang et al., 2018). The tumor-promoting role of autophagy can be
explained by two mechanisms. First, in established cancer cells,
inhibition of autophagy causes the accumulation of defective
mitochondria, which leads to a reduction in oxidative
phosphorylation and suppression in tumor growth (Guo et al.,
2011; Yang et al., 2011). Second, the autophagy-lysosomal
pathway, regulated by the MiT/TFE family of transcription
factors, plays an important role in maintaining cellular amino
acid pools, which is essential for pancreatic cancer cell growth and
proliferation under stress conditions (Perera et al., 2015). Thus,
autophagy plays opposing roles in the initiation versus
progression of tumors.

Tumors rely on nutrient supplies from the host. Autophagy is
also important for tumor growth by regulating host energy
metabolism and tumor environment (Kimmelman and White,
2017; Poillet-Perez and White, 2019). There are two main
nutrient supply routes for tumors: one is the local tumor
microenvironment, and the other is the host circulation. In
the pancreatic tumor microenvironment, stroma-associated

pancreatic stellate cells (PSCs) secrete alanine, a non-essential
amino acid, through the autophagic pathway activated by signals
released from cancer cells (Sousa et al., 2016). PSC-derived
alanine serves as an alternative carbon source of pancreatic
cancer cells. Host autophagy also maintains tumor growth by
sustaining the level of circulating arginine, a semi-essential amino
acid. In whole-body Atg7 or Atg5 KO mice, circulating arginine
levels are decreased, resulting in suppressed tumor growth
(Poillet-Perez et al., 2018). Mechanistically, liver damage and
steatosis caused by autophagy deficiency in these mice promotes
the release of arginase 1 (ARG1) into the bloodstream, which
catalyzes the degradation of arginine into ornithine and
subsequently decreases circulating arginine levels.

NON-DEGRADATIVE FUNCTIONS OF
AUTOPHAGY
Conventional and Unconventional
Secretion
Besides degradative functions, autophagy proteins promote
protein secretion from both conventional and unconventional
secretory pathways (Figure 2). The autophagy protein BECN1
facilitates the secretion of adiponectin, an insulin-sensitizing
adipokine, independent of the canonical degradation function.
In adipocytes, BECN1 interacts with several components of the
exocyst complex (including SEC5, SEC6 and SEC8), a conserved
octameric complex tethering secretory vesicles to the plasma
membrane. The hyperactive BECN1F121A mutant shows

FIGURE 2 |Non-canonical functions of the autophagy machinery in vesicle trafficking and secretion. ATG proteins regulate systemic metabolic and energy balance
via non-degradative functions in vesicle trafficking and secretory protein release, including adiponectin secretion through direct interaction between BECN1 and the
exocyst protein (left), retromer-driven GLUT1 recycling and ATG5- and LC3-dependent exosome secretion through the endosomal and MVB pathway (middle), and
secretory autophagy (right).
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stronger binding to the exocyst components, leading to increased
adiponectin secretion from adipocytes and improved systemic
insulin sensitivity and energy homeostasis, via activation of
AMPK signaling in metabolic organs by adiponectin
(Kuramoto et al., 2021). Notably, different from adiponectin
vesicles, vesicles containing several other adipokines, including
leptin and resistin, are not efficiently recruited to the BECN1-
exocyst complex, and their secretion is not regulated by BECN1.
Thus, various types of secretory vesicles may occupy different
subcellular locations and are sorted by distinct pathways from the
trans-Golgi network to the plasma membrane. Further
investigation is needed to reveal how BECN1 distinguishes
adiponectin vesicles from other types of secretory vesicles. In
addition, besides regulating hormonal secretion, the exocyst is
also involved in the plasma membrane translocation of cell
surface receptors such as the glucose transporter type 4
(GLUT4), which uptakes glucose in an insulin-responsive
manner (Wang et al., 2019). Thus, it is possible that the
autophagy machinery also plays a role in exocyst-dependent
protein trafficking to the cell surface.

Most secretory proteins possess a canonical N-terminal signal
peptide, which regulates secretory protein transport to the ER and
the Golgi apparatus, and protein secretion via exocytosis. This
pathway is known as the conventional secretory pathway. Over
the past decade, a growing body of evidence shows that certain
cytosolic proteins lacking the signal peptide, known as leaderless
cargos, are secreted through unconventional secretory pathways,
bypassing the ER-Golgi secretory pathway. There are four main
types of unconventional secretory pathways: Type I is pore-
mediated secretion; Type II is ABC transporter-mediated
secretion; Type III is endocytic compartment-mediated
secretion; and Type IV is Golgi-bypassed secretion (Rabouille,
2017; Padmanabhan and Manjithaya, 2020). Several ATG
proteins, such as ATG5, ATG16L1, BECN1 and LC3, are
involved in the Type III unconventional secretory pathway,
termed secretory autophagy (Figure 2). A number of
leaderless cargo proteins of secretory autophagy have been
identified, including IL-1β and FABP4 (fatty acid binding
protein 4). In response to lysosomal damage, IL-1β is reported
to translocate into the intermembrane space or inner lumen of
LC3-positive autophagosome-like vesicles (Dupont et al., 2011).
These LC3-positive vesicles escape from Syntaxin (Stx) 17-
dependent autophagosome-lysosome fusion, and fuse with the
plasma membrane through the Sec22b-SNAP23/29-Stx3/4
complex for IL-1β secretion (Kimura et al., 2017). In Atg5 KO
bone marrow-derived macrophages, IL-1β secretion is decreased
compared with wild-type macrophages (Dupont et al., 2011).

Recent studies show that FABP4 is also secreted by the
unconventional secretory autophagy. FABP4, also known as
adipocyte protein 2 (aP2), is highly expressed in adipocytes
and secreted as an adipokine. FABP4 functions as a lipid
chaperone protein, and plays a key role in intracellular fatty
acid metabolism, hepatic glucose production and insulin
secretion (Prentice et al., 2019). FABP4 secretion from white
adipocytes requires early components of the autophagy pathway
such as FIP200, ULK1 and BECN1, but not ATG5 (Josephrajan
et al., 2019). The molecular mechanism of FABP4 secretion

through the autophagic secretory pathway is not fully
elucidated, but it appears that it is different from ATG5-and
LC3-dependent IL-1β secretion.

Recently, leaderless cargos have also been reported to be
translocated into the ER-Golgi intermediate compartment
through TMED10, a protein channel, and are then secreted
along the secretory pathway (Zhang et al., 2020). TMED10
regulates the secretion of multiple leaderless cargos, including
IL-1β, HSPB5, galectin1/3 and Tau. After the chaperone HSP90A
unfolds the leaderless cargos in the cytosol, TMED10 binds and
trans-locates the cargos into the ER-Golgi intermediate
compartment for secretory vesicle packaging (Zhang et al.,
2015; Zhang et al., 2020). How TMED10-mediated secretion
crosstalks with the autophagy pathway remains unclear.

In addition, many studies have shown that autophagy proteins
can indirectly regulate the secretion of neurotransmitters,
neuropeptides, cytokines and secretory enzymes via
modulating cellular stress responses, receptor metabolism and
lipid metabolism (Saitoh et al., 2008; Kaushik et al., 2011; Bel
et al., 2017; Kim et al., 2021). Thus, autophagy plays versatile roles
in metabolism not only cell autonomously by degradation, but
also non-cell autonomously via protein secretion.

Cell-Surface Receptor Recycling
The stability of cell-surface proteins, such as receptors and
transporters, is important in maintaining cellular functions.
The endosome-Golgi retrieval pathway plays a critical role in
regulating the level of plasma membrane proteins, determining
whether they are recycled to the plasmamembrane or transported
to the lysosome for degradation. The retromer is the key
membrane protein sorting complex at the endosome,
composed of Vacuolar Protein Sorting (VPS) 26, VPS29 and
VPS35 (Chandra et al., 2021). The retromer sorts membrane
proteins to the plasma membrane or trans-Golgi network, and
prevents their degradation by lysosomes. The cell-surface level of
glucose transporter 1 (GLUT1), also known as Solute Carrier
Family 2 Member 1 (SLCA1) for glucose uptake, is regulated by
the autophagy machinery via TBC1D5, a retromer-associated
GTPase-activating protein specifically for RAB7 (Jimenez-Orgaz
et al., 2018) (Figure 2). Inhibition of TBC1D5 activates RAB7,
and promotes membrane association of the retromer and
retromer-mediated receptor recycling. Under metabolic
conditions relying on glycolysis, such as Ras transformation,
hypoxia or glucose starvation, TBC1D5 binds with LC3
through a canonical LIR motif and re-localizes to LC3-positive
autophagosomes from the retromer complex. This leads to
retromer activation, increased GLUT1 recycling to the plasma
membrane, and increased glucose uptake in autophagy-
competent cells, but not in Atg5 or Atg7 KO cells (Roy et al.,
2017). These findings suggest that GLUT1 recycling is dependent
on the autophagy pathway. Given GLUT1 is ubiquitously
expressed and its level is increased in many types of cancer
cells, targeting autophagy may limit glucose metabolism in cancer
cells and have therapeutic potential against tumors (Ancey et al.,
2018). Notably, even though TBC1D5 is incorporated inside
autophagosomes, the total TBC1D5 protein level is unchanged
under the glucose starvation condition. Further investigation is
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needed to reveal the mechanism by which TBC1D5 escapes from
autophagic degradation.

Exosome Secretion
The autophagy machinery has recently been reported to
regulate the secretion of extracellular vesicles and
exosomes (Figure 2). Exosomes are small extracellular
vesicles with a diameter of 50–150 nm, containing various
types of cargos including microRNAs, lipids, enzymes and
cytokines. Exosomes regulate a variety of physiological
processes, such as tumor metastasis and energy
metabolism, through cell-to-cell signaling (Guay and
Regazzi, 2017). Exosomes are derived from invaginated
vesicles inside multivesicular bodies (MVBs) in the
endosomal pathway. MVBs face two fates: one is
degradation via fusion with the lysosome, and the other is
secretion as exosomes by translocation to the plasma
membrane. Several key autophagy proteins, including
ATG5, ATG16L1 and LC3, regulate the fate determination
of MVBs. LC3 interacts with ATPase H+ Transporting V1
Subunit E1 (ATP6V1E1), a component of the vacuolar
ATPase (V-ATPase) involved in acidification of MVBs.
LC3 and ATP6V1E1 are internalized into MVBs through
an ATG5-dependent manner, resulting in increased MVB
pH and exosome secretion (Guo et al., 2017). Certain
exosomal cargos, such as RNA-binding proteins, can also
interact with LC3 for packaging into exosomes (Leidal et al.,
2020). This exosomal secretory mechanism is independent of
additional canonical autophagy proteins, besides those
required for LC3-PE conjugation. However, the role of the
ATG5-and LC3-dependent exosomal secretion in metabolic
regulation is unclear. In addition, whether the LC3
conjugation machinery is involved in the sorting of other
MVB cargos towards secretion, and how synergism is
achieved between classical MVB sorting proteins (such as
RAB proteins) and the LC3 conjugation system, also need
further investigation.

SUMMARY AND UNANSWERED
QUESTIONS

Autophagy-related proteins play complex roles in metabolism,
regulating not only the canonical autophagic degradation
pathway, but also vesicle trafficking and proteins secretion.
Compared to the degradative functions of ATG proteins, their
roles in the regulation of cross-talk between metabolic organs via
non-canonical, non-degradative, pathways are poorly understood.
Autophagy may play more critical roles in endocrine organs than
previously thought. For canonical autophagy, although various types
of selective autophagy have thus far been discovered, such as
mitophagy, lipophagy and ER-phagy, the molecular mechanisms
and cargo receptors, which determine the degradation specificity of
selective autophagy, remain to be fully elucidated. Furthermore,
many single nucleotide polymorphisms (SNPs) on ATG genes have
been identified to associate with the onset of metabolic diseases by
genome-wide association studies, for example, rs10512488 in Becn1
(Tamargo-Gómez et al., 2020), but their potential functions and
mechanisms in the regulation of autophagy activity and energy
metabolism are still unknown. Lastly, because autophagy plays an
essential role in organ development and homeostasis,
spatiotemporal-specific inhibition or activation of ATG proteins
is needed to better understand how autophagy and ATG proteins
regulate nutrient and energy homeostasis.

AUTHOR CONTRIBUTIONS

KK and CH wrote the manuscript.

FUNDING

CH is supported by NIH/NIDDK R01 DK113170, R01
DK123447, and BrightFocus Foundation Alzheimer’s Disease
Research Award.

REFERENCES

Alfaro, I. E., Albornoz, A., Molina, A., Moreno, J., Cordero, K., Criollo, A., et al.
(2018). Chaperone Mediated Autophagy in the Crosstalk of Neurodegenerative
Diseases and Metabolic Disorders. Front. Endocrinol. (Lausanne) 9, 778. doi:10.
3389/fendo.2018.00778

Altshuler-Keylin, S., Shinoda, K., Hasegawa, Y., Ikeda, K., Hong, H., Kang, Q., et al.
(2016). Beige Adipocyte Maintenance Is Regulated by Autophagy-Induced
Mitochondrial Clearance. Cel. Metab. 24 (3), 402–419. doi:10.1016/j.cmet.
2016.08.002

Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R. I., Simon, A. K.,
Bjedov, I., et al. (2021). Autophagy in Healthy Aging and Disease. Nat. Aging 1
(8), 634–650. doi:10.1038/s43587-021-00098-4

Ancey, P. B., Contat, C., and Meylan, E. (2018). Glucose Transporters in Cancer -
from Tumor Cells to the Tumor Microenvironment. Febs J. 285 (16),
2926–2943. doi:10.1111/febs.14577

Bachar-Wikstrom, E., Wikstrom, J. D., Ariav, Y., Tirosh, B., Kaiser, N., Cerasi,
E., et al. (2013). Stimulation of Autophagy Improves Endoplasmic
Reticulum Stress-Induced Diabetes. Diabetes 62 (4), 1227–1237. doi:10.
2337/db12-1474

Baerga, R., Zhang, Y., Chen, P.-H., Goldman, S., and Jin, S. V. (2009). Targeted
Deletion Ofautophagy-Related 5(atg5) Impairs Adipogenesis in a Cellular
Model and in Mice. Autophagy 5 (8), 1118–1130. doi:10.4161/auto.5.8.9991

B’Chir, W., Maurin, A. C., Carraro, V., Averous, J., Jousse, C., Muranishi, Y., et al.
(2013). The eIF2α/ATF4 Pathway Is Essential for Stress-Induced Autophagy
Gene Expression. Nucleic Acids Res. 41 (16), 7683–7699. doi:10.1093/nar/
gkt563

Bel, S., Pendse, M., Wang, Y., Li, Y., Ruhn, K. A., Hassell, B., et al. (2017). Paneth
Cells Secrete Lysozyme via Secretory Autophagy during Bacterial Infection of
the Intestine. Science 357 (6355), 1047–1052. doi:10.1126/science.aal4677

Bilanges, B., Alliouachene, S., Pearce, W., Morelli, D., Szabadkai, G., Chung, Y.-L.,
et al. (2017). Vps34 PI 3-kinase Inactivation Enhances Insulin Sensitivity
through Reprogramming of Mitochondrial Metabolism. Nat. Commun. 8
(1), 1804. doi:10.1038/s41467-017-01969-4

Cai, J., Pires, K. M., Ferhat, M., Chaurasia, B., Buffolo, M. A., Smalling, R., et al.
(2018). Autophagy Ablation in Adipocytes Induces Insulin Resistance and
Reveals Roles for Lipid Peroxide and Nrf2 Signaling in Adipose-Liver Crosstalk.
Cel Rep. 25 (7), 1708–1717.e5. doi:10.1016/j.celrep.2018.10.040

Chandra, M., Kendall, A. K., and Jackson, L. P. (2021). Toward Understanding the
Molecular Role of SNX27/Retromer in Human Health and Disease. Front. Cel.
Dev. Biol. 9, 642378. doi:10.3389/fcell.2021.642378

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 8444819

Kuramoto and He Autophagic Regulation of Metabolism

https://doi.org/10.3389/fendo.2018.00778
https://doi.org/10.3389/fendo.2018.00778
https://doi.org/10.1016/j.cmet.2016.08.002
https://doi.org/10.1016/j.cmet.2016.08.002
https://doi.org/10.1038/s43587-021-00098-4
https://doi.org/10.1111/febs.14577
https://doi.org/10.2337/db12-1474
https://doi.org/10.2337/db12-1474
https://doi.org/10.4161/auto.5.8.9991
https://doi.org/10.1093/nar/gkt563
https://doi.org/10.1093/nar/gkt563
https://doi.org/10.1126/science.aal4677
https://doi.org/10.1038/s41467-017-01969-4
https://doi.org/10.1016/j.celrep.2018.10.040
https://doi.org/10.3389/fcell.2021.642378
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Chen, Q., Xiao, Y., Chai, P., Zheng, P., Teng, J., and Chen, J. (2019). ATL3 Is a
Tubular ER-Phagy Receptor for GABARAP-Mediated Selective Autophagy.
Curr. Biol. 29 (5), 846–855.e6. doi:10.1016/j.cub.2019.01.041

Chen, Y.-J., Knupp, J., Arunagiri, A., Haataja, L., Arvan, P., and Tsai, B. (2021).
PGRMC1 Acts as a Size-Selective Cargo Receptor to Drive ER-Phagic Clearance
of Mutant Prohormones. Nat. Commun. 12 (1), 5991. doi:10.1038/s41467-021-
26225-8

Chino, H., Hatta, T., Natsume, T., and Mizushima, N. (2019). Intrinsically
Disordered Protein TEX264 Mediates ER-Phagy. Mol. Cel. 74 (5),
909–921.e6. doi:10.1016/j.molcel.2019.03.033

Chu, K. Y., O’Reilly, L., Ramm, G., and Biden, T. J. (2015). High-fat Diet Increases
Autophagic Flux in Pancreatic Beta Cells In Vivo and Ex Vivo in Mice.
Diabetologia 58 (9), 2074–2078. doi:10.1007/s00125-015-3665-x

Chung, J., Park, J., Lai, Z. W., Lambert, T. J., Richards, R. C., Farese, R. V., et al.
(2021). The Troyer Syndrome Protein Spartin Mediates Selective Autophagy of
Lipid Droplets. bioRxiv. Available at: https://www.biorxiv.org/content/10.1101/
2021.08.18.456894v1.

Cunningham, C. N., Williams, J. M., Knupp, J., Arunagiri, A., Arvan, P., and Tsai,
B. (2019). Cells Deploy a Two-Pronged Strategy to Rectify Misfolded Proinsulin
Aggregates. Mol. Cel. 75 (3), 442–456.e4. doi:10.1016/j.molcel.2019.05.011

Dikic, I., and Elazar, Z. (2018). Mechanism and Medical Implications of
Mammalian Autophagy. Nat. Rev. Mol. Cel. Biol. 19 (6), 349–364. doi:10.
1038/s41580-018-0003-4

Drake, J. C., Wilson, R. J., Laker, R. C., Guan, Y., Spaulding, H. R., Nichenko, A. S.,
et al. (2021). Mitochondria-localized AMPK Responds to Local Energetics and
Contributes to Exercise and Energetic Stress-Induced Mitophagy. Proc. Natl.
Acad. Sci. U S A. 118 (37), e2025932118. doi:10.1073/pnas.2025932118

Dupont, N., Jiang, S., Pilli, M., Ornatowski, W., Bhattacharya, D., and Deretic, V.
(2011). Autophagy-based Unconventional Secretory Pathway for Extracellular
Delivery of IL-1β. EMBO J. 30 (23), 4701–4711. doi:10.1038/emboj.2011.398

Ebato, C., Uchida, T., Arakawa, M., Komatsu, M., Ueno, T., Komiya, K., et al.
(2008). Autophagy Is Important in Islet Homeostasis and Compensatory
Increase of Beta Cell Mass in Response to High-Fat Diet. Cel. Metab. 8 (4),
325–332. doi:10.1016/j.cmet.2008.08.009

Fan, Y., Wang, N., Rocchi, A., Zhang, W., Vassar, R., Zhou, Y., et al. (2017).
Identification of Natural Products with Neuronal and Metabolic Benefits
through Autophagy Induction. Autophagy 13 (1), 41–56. doi:10.1080/
15548627.2016.1240855

Fernández, Á. F., Bárcena, C., Martínez-García, G. G., Tamargo-Gómez, I., Suárez,
M. F., Pietrocola, F., et al. (2017). Autophagy Couteracts Weight Gain,
Lipotoxicity and Pancreatic β-Cell Death upon Hypercaloric Pro-diabetic
Regimens. Cell Death Dis. 8 (8), e2970. doi:10.1038/cddis.2017.373

Fu, T., Xu, Z., Liu, L., Guo, Q., Wu, H., Liang, X., et al. (2018). Mitophagy Directs
Muscle-Adipose Crosstalk to Alleviate Dietary Obesity. Cel Rep. 23 (5),
1357–1372. doi:10.1016/j.celrep.2018.03.127

Fumagalli, F., Noack, J., Bergmann, T. J., Cebollero, E., Pisoni, G. B., Fasana, E.,
et al. (2016). Translocon Component Sec62 Acts in Endoplasmic Reticulum
Turnover during Stress Recovery. Nat. Cel Biol. 18 (11), 1173–1184. doi:10.
1038/ncb3423

Ghanbarpour, A., Valverde, D. P., Melia, T. J., and Reinisch, K. M. (2021). A Model
for a Partnership of Lipid Transfer Proteins and Scramblases in Membrane
Expansion and Organelle Biogenesis. Proc. Natl. Acad. Sci. U S A. 118 (16),
e2101562118. doi:10.1073/pnas.2101562118

Glick, D., Zhang, W., Beaton, M., Marsboom, G., Gruber, M., Simon, M. C., et al.
(2012). BNip3 Regulates Mitochondrial Function and Lipid Metabolism in the
Liver. Mol. Cel. Biol. 32 (13), 2570–2584. doi:10.1128/mcb.00167-12

Grumati, P., Morozzi, G., Holper, S., Mari, M., Harwardt, M. I., Yan, R., et al.
(2017). Full Length RTN3 Regulates Turnover of Tubular Endoplasmic
Reticulum via Selective Autophagy. Elife 6, e25555. doi:10.7554/eLife.25555

Guay, C., and Regazzi, R. (2017). Exosomes as New Players in Metabolic Organ
Cross-Talk. Diabetes Obes. Metab. 19, 137–146. doi:10.1111/dom.13027

Guo, J. Y., Chen, H.-Y., Mathew, R., Fan, J., Strohecker, A. M., Karsli-Uzunbas, G.,
et al. (2011). Activated Ras Requires Autophagy to Maintain Oxidative
Metabolism and Tumorigenesis. Genes Dev. 25 (5), 460–470. doi:10.1101/
gad.2016311

Guo, H., Chitiprolu, M., Roncevic, L., Javalet, C., Hemming, F. J., Trung, M. T.,
et al. (2017). Atg5 Disassociates the V1V0-ATPase to Promote Exosome

Production and Tumor Metastasis Independent of Canonical
Macroautophagy.Dev. Cel. 43 (6), 716–730.e7. doi:10.1016/j.devcel.2017.11.018

He, C., Bassik, M. C., Moresi, V., Sun, K., Wei, Y., Zou, Z., et al. (2012). Exercise-
induced BCL2-Regulated Autophagy Is Required for Muscle Glucose
Homeostasis. Nature 481 (7382), 511–515. doi:10.1038/nature10758

Inami, Y., Waguri, S., Sakamoto, A., Kouno, T., Nakada, K., Hino, O., et al. (2011).
Persistent Activation of Nrf2 through P62 in Hepatocellular Carcinoma Cells.
J. Cel. Biol. 193 (2), 275–284. doi:10.1083/jcb.201102031

Jaber, N., Dou, Z., Chen, J.-S., Catanzaro, J., Jiang, Y.-P., Ballou, L. M., et al. (2012).
Class III PI3K Vps34 Plays an Essential Role in Autophagy and in Heart and
Liver Function. Proc. Natl. Acad. Sci. 109 (6), 2003–2008. doi:10.1073/pnas.
1112848109

Jiang, X., Wang, X., Ding, X., Du, M., Li, B., Weng, X., et al. (2020). FAM134B
Oligomerization Drives Endoplasmic Reticulum Membrane Scission for ER-
Phagy. EMBO J. 39 (5), e102608. doi:10.15252/embj.2019102608

Jimenez-Orgaz, A., Kvainickas, A., Nägele, H., Denner, J., Eimer, S., Dengjel, J.,
et al. (2018). Control of RAB7 Activity and Localization through the Retromer-
TBC1D5 Complex Enables RAB7-dependent Mitophagy. EMBO J. 37 (2),
235–254. doi:10.15252/embj.201797128

Jin, Y., Ji, Y., Song, Y., Choe, S. S., Jeon, Y. G., Na, H., et al. (2021). Depletion of
Adipocyte Becn1 Leads to Lipodystrophy and Metabolic Dysregulation.
Diabetes 70 (1), 182–195. doi:10.2337/db19-1239

Josephrajan, A., Hertzel, A. V., Bohm, E. K., McBurney, M. W., Imai, S.-I., Mashek,
D. G., et al. (2019). Unconventional Secretion of Adipocyte Fatty Acid Binding
Protein 4 Is Mediated by Autophagic Proteins in a Sirtuin-1-Dependent
Manner. Diabetes 68 (9), 1767–1777. doi:10.2337/db18-1367

Jung, H. S., Chung, K. W., Won Kim, J., Kim, J., Komatsu, M., Tanaka, K., et al.
(2008). Loss of Autophagy Diminishes Pancreatic β Cell Mass and Function
with Resultant Hyperglycemia. Cel Metab. 8 (4), 318–324. doi:10.1016/j.cmet.
2008.08.013

Kaushik, S., and Cuervo, A. M. (2015). Degradation of Lipid Droplet-Associated
Proteins by Chaperone-Mediated Autophagy Facilitates Lipolysis. Nat. Cel.
Biol. 17 (6), 759–770. doi:10.1038/ncb3166

Kaushik, S., and Cuervo, A.M. (2016). AMPK-dependent Phosphorylation of Lipid
Droplet Protein PLIN2 Triggers its Degradation by CMA. Autophagy 12 (2),
432–438. doi:10.1080/15548627.2015.1124226

Kaushik, S., Rodriguez-Navarro, J. A., Arias, E., Kiffin, R., Sahu, S., Schwartz, G. J.,
et al. (2011). Autophagy in Hypothalamic AgRP Neurons Regulates Food
Intake and Energy Balance. Cel. Metab. 14 (2), 173–183. doi:10.1016/j.cmet.
2011.06.008

Khaminets, A., Heinrich, T., Mari, M., Grumati, P., Huebner, A. K., Akutsu, M.,
et al. (2015). Regulation of Endoplasmic Reticulum Turnover by Selective
Autophagy. Nature 522 (7556), 354–358. doi:10.1038/nature14498

Kim, K. H., Jeong, Y. T., Oh, H., Kim, S. H., Cho, J. M., Kim, Y.-N., et al. (2013).
Autophagy Deficiency Leads to protection from Obesity and Insulin Resistance
by Inducing Fgf21 as a Mitokine. Nat. Med. 19 (1), 83–92. doi:10.1038/nm.3014

Kim, D., Kim, J. H., Kang, Y. H., Kim, J. S., Yun, S. C., Kang, S. W., et al. (2019).
Suppression of Brown Adipocyte Autophagy Improves Energy Metabolism by
Regulating Mitochondrial Turnover. Int. J. Mol. Sci. 20 (14), 3520. doi:10.3390/
ijms20143520

Kim, Y. J., Kong, Q., Yamamoto, S., Kuramoto, K., Huang, M., Wang, N., et al.
(2021). An Autophagy-Related Protein Becn2 Regulates Cocaine Reward
Behaviors in the Dopaminergic System. Sci. Adv. 7 (8), eabc8310. doi:10.
1126/sciadv.abc8310

Kimmelman, A. C., and White, E. (2017). Autophagy and Tumor Metabolism. Cel
Metab. 25 (5), 1037–1043. doi:10.1016/j.cmet.2017.04.004

Kimura, T., Jia, J., Kumar, S., Choi, S. W., Gu, Y., Mudd, M., et al. (2017). Dedicated
SNARE S and Specialized TRIM Cargo Receptors Mediate Secretory
Autophagy. Embo J. 36 (1), 42–60. doi:10.15252/embj.201695081

Komatsu, M., Waguri, S., Ueno, T., Iwata, J., Murata, S., Tanida, I., et al.
(2005). Impairment of Starvation-Induced and Constitutive Autophagy in
Atg7-Deficient Mice. J. Cel. Biol. 169 (3), 425–434. doi:10.1083/jcb.
200412022

Komiya, K., Uchida, T., Ueno, T., Koike, M., Abe, H., Hirose, T., et al. (2010).
Free Fatty Acids Stimulate Autophagy in Pancreatic β-cells via JNK
Pathway. Biochem. Biophys. Res. Commun. 401 (4), 561–567. doi:10.
1016/j.bbrc.2010.09.101

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 84448110

Kuramoto and He Autophagic Regulation of Metabolism

https://doi.org/10.1016/j.cub.2019.01.041
https://doi.org/10.1038/s41467-021-26225-8
https://doi.org/10.1038/s41467-021-26225-8
https://doi.org/10.1016/j.molcel.2019.03.033
https://doi.org/10.1007/s00125-015-3665-x
https://www.biorxiv.org/content/10.1101/2021.08.18.456894v1
https://www.biorxiv.org/content/10.1101/2021.08.18.456894v1
https://doi.org/10.1016/j.molcel.2019.05.011
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1073/pnas.2025932118
https://doi.org/10.1038/emboj.2011.398
https://doi.org/10.1016/j.cmet.2008.08.009
https://doi.org/10.1080/15548627.2016.1240855
https://doi.org/10.1080/15548627.2016.1240855
https://doi.org/10.1038/cddis.2017.373
https://doi.org/10.1016/j.celrep.2018.03.127
https://doi.org/10.1038/ncb3423
https://doi.org/10.1038/ncb3423
https://doi.org/10.1073/pnas.2101562118
https://doi.org/10.1128/mcb.00167-12
https://doi.org/10.7554/eLife.25555
https://doi.org/10.1111/dom.13027
https://doi.org/10.1101/gad.2016311
https://doi.org/10.1101/gad.2016311
https://doi.org/10.1016/j.devcel.2017.11.018
https://doi.org/10.1038/nature10758
https://doi.org/10.1083/jcb.201102031
https://doi.org/10.1073/pnas.1112848109
https://doi.org/10.1073/pnas.1112848109
https://doi.org/10.15252/embj.2019102608
https://doi.org/10.15252/embj.201797128
https://doi.org/10.2337/db19-1239
https://doi.org/10.2337/db18-1367
https://doi.org/10.1016/j.cmet.2008.08.013
https://doi.org/10.1016/j.cmet.2008.08.013
https://doi.org/10.1038/ncb3166
https://doi.org/10.1080/15548627.2015.1124226
https://doi.org/10.1016/j.cmet.2011.06.008
https://doi.org/10.1016/j.cmet.2011.06.008
https://doi.org/10.1038/nature14498
https://doi.org/10.1038/nm.3014
https://doi.org/10.3390/ijms20143520
https://doi.org/10.3390/ijms20143520
https://doi.org/10.1126/sciadv.abc8310
https://doi.org/10.1126/sciadv.abc8310
https://doi.org/10.1016/j.cmet.2017.04.004
https://doi.org/10.15252/embj.201695081
https://doi.org/10.1083/jcb.200412022
https://doi.org/10.1083/jcb.200412022
https://doi.org/10.1016/j.bbrc.2010.09.101
https://doi.org/10.1016/j.bbrc.2010.09.101
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Kounakis, K., Chaniotakis, M., Markaki, M., and Tavernarakis, N. (2019).
Emerging Roles of Lipophagy in Health and Disease. Front. Cel. Dev. Biol.
7, 185. doi:10.3389/fcell.2019.00185

Kumar, D., Lak, B., Suntio, T., Vihinen, H., Belevich, I., Viita, T., et al. (2021).
RTN4B Interacting Protein FAM134C Promotes ER Membrane Curvature and
Has a Functional Role in Autophagy. MBoC 32 (12), 1158–1170. doi:10.1091/
mbc.e20-06-0409

Kuramoto, K., Kim, Y.-J., Hong, J. H., and He, C. (2021). The Autophagy Protein
Becn1 Improves Insulin Sensitivity by Promoting Adiponectin Secretion via
Exocyst Binding. Cel. Rep. 35 (8), 109184. doi:10.1016/j.celrep.2021.109184

Laker, R. C., Drake, J. C., Wilson, R. J., Lira, V. A., Lewellen, B. M., Ryall, K. A., et al.
(2017). Ampk Phosphorylation of Ulk1 Is Required for Targeting of
Mitochondria to Lysosomes in Exercise-Induced Mitophagy. Nat. Commun.
8 (1), 548. doi:10.1038/s41467-017-00520-9

Lazarou, M., Sliter, D. A., Kane, L. A., Sarraf, S. A., Wang, C., Burman, J. L., et al.
(2015). The Ubiquitin Kinase PINK1 Recruits Autophagy Receptors to Induce
Mitophagy. Nature 524 (7565), 309–314. doi:10.1038/nature14893

Leidal, A. M., Huang, H. H., Marsh, T., Solvik, T., Zhang, D., Ye, J., et al. (2020).
The LC3-Conjugation Machinery Specifies the Loading of RNA-Binding
Proteins into Extracellular Vesicles. Nat. Cel. Biol. 22 (2), 187–199. doi:10.
1038/s41556-019-0450-y

Li, Z., Schulze, R. J.,Weller, S. G., Krueger, E.W., Schott,M. B., Zhang, X., et al. (2016). A
Novel Rab10-EHBP1-EHD2 Complex Essential for the Autophagic Engulfment of
Lipid Droplets. Sci. Adv. 2 (12), e1601470. doi:10.1126/sciadv.1601470

Liang, J. R., Lingeman, E., Luong, T., Ahmed, S., Muhar, M., Nguyen, T., et al.
(2020). A Genome-wide ER-Phagy Screen Highlights Key Roles of
Mitochondrial Metabolism and ER-Resident UFMylation. Cell 180 (6),
1160–1177.e20. doi:10.1016/j.cell.2020.02.017

Ma, D., Molusky, M. M., Song, J., Hu, C.-R., Fang, F., Rui, C., et al. (2013).
Autophagy Deficiency by Hepatic FIP200 Deletion Uncouples Steatosis from
Liver Injury in NAFLD. Mol. Endocrinol. 27 (10), 1643–1654. doi:10.1210/me.
2013-1153

Martinez-Lopez, N., Garcia-Macia, M., Sahu, S., Athonvarangkul, D., Liebling, E.,
Merlo, P., et al. (2016). Autophagy in the CNS and Periphery Coordinate
Lipophagy and Lipolysis in the Brown Adipose Tissue and Liver. Cel Metab. 23
(1), 113–127. doi:10.1016/j.cmet.2015.10.008

Maruyama, T., and Noda, N. N. (2018). Autophagy-regulating Protease Atg4:
Structure, Function, Regulation and Inhibition. J. Antibiot. 71 (1), 72–78.
doi:10.1038/ja.2017.104

Mathew, R., Kongara, S., Beaudoin, B., Karp, C. M., Bray, K., Degenhardt, K., et al.
(2007). Autophagy Suppresses Tumor Progression by Limiting Chromosomal
Instability. Genes Dev. 21 (11), 1367–1381. doi:10.1101/gad.1545107

Matoba, K., Kotani, T., Tsutsumi, A., Tsuji, T., Mori, T., Noshiro, D., et al. (2020).
Atg9 Is a Lipid Scramblase that Mediates Autophagosomal Membrane
Expansion. Nat. Struct. Mol. Biol. 27 (12), 1185–1193. doi:10.1038/s41594-
020-00518-w

Padmanabhan, S., and Manjithaya, R. (2020). Facets of Autophagy Based
Unconventional Protein Secretion-The Road Less Traveled. Front. Mol.
Biosci. 7, 586483. doi:10.3389/fmolb.2020.586483

Palikaras, K., Lionaki, E., and Tavernarakis, N. (2018). Mechanisms of Mitophagy
in Cellular Homeostasis, Physiology and Pathology. Nat. Cel. Biol. 20 (9),
1013–1022. doi:10.1038/s41556-018-0176-2

Patel, H., Cross, H., Proukakis, C., Hershberger, R., Bork, P., Ciccarelli, F. D., et al.
(2002). SPG20 Is Mutated in Troyer Syndrome, an Hereditary Spastic
Paraplegia. Nat. Genet. 31 (4), 347–348. doi:10.1038/ng937

Perera, R. M., Stoykova, S., Nicolay, B. N., Ross, K. N., Fitamant, J., Boukhali, M.,
et al. (2015). Transcriptional Control of Autophagy-Lysosome Function Drives
Pancreatic Cancer Metabolism. Nature 524 (7565), 361–365. doi:10.1038/
nature14587

Pietrocola, F., Lachkar, S., Enot, D. P., Niso-Santano, M., Bravo-San Pedro, J. M., Sica,
V., et al. (2015). Spermidine Induces Autophagy by Inhibiting the Acetyltransferase
EP300. Cell Death Differ. 22 (3), 509–516. doi:10.1038/cdd.2014.215

Poillet-Perez, L., and White, E. (2019). Role of Tumor and Host Autophagy in
Cancer Metabolism. Genes Dev. 33 (11-12), 610–619. doi:10.1101/gad.
325514.119

Poillet-Perez, L., Xie, X., Zhan, L., Yang, Y., Sharp, D. W., Hu, Z. S., et al. (2018).
Autophagy Maintains Tumour Growth through Circulating Arginine. Nature
563 (7732), 569–573. doi:10.1038/s41586-018-0697-7

Prentice, K. J., Saksi, J., and Hotamisligil, G. S. (2019). Adipokine FABP4 Integrates
Energy Stores and Counterregulatory Metabolic Responses. J. Lipid Res. 60 (4),
734–740. doi:10.1194/jlr.s091793

Pyo, J.-O., Yoo, S.-M., Ahn, H.-H., Nah, J., Hong, S.-H., Kam, T.-I., et al. (2013).
Overexpression of Atg5 in Mice Activates Autophagy and Extends Lifespan.
Nat. Commun. 4 (1), 2300. doi:10.1038/ncomms3300

Qu, X., Yu, J., Bhagat, G., Furuya, N., Hibshoosh, H., Troxel, A., et al. (2003).
Promotion of Tumorigenesis by Heterozygous Disruption of the Beclin 1
Autophagy Gene. J. Clin. Invest. 112 (12), 1809–1820. doi:10.1172/jci20039

Rabouille, C. (2017). Pathways of Unconventional Protein Secretion. Trends Cel.
Biol. 27 (3), 230–240. doi:10.1016/j.tcb.2016.11.007

Reggio, A., Buonomo, V., Berkane, R., Bhaskara, R. M., Tellechea, M., Peluso, I.,
et al. (2021). Role of FAM134 Paralogues in Endoplasmic Reticulum
Remodeling, ER-Phagy, and Collagen Quality Control. EMBO Rep. 22 (9),
e52289. doi:10.15252/embr.202052289

Rocchi, A., and He, C. (2015). Emerging Roles of Autophagy in Metabolism and
Metabolic Disorders. Front. Biol. 10 (2), 154–164. doi:10.1007/s11515-015-
1354-2

Rocchi, A., and He, C. (2017). Regulation of Exercise-Induced Autophagy in
Skeletal Muscle. Curr. Pathobiol Rep. 5 (2), 177–186. doi:10.1007/s40139-017-
0135-9

Rosenfeldt, M. T., O’Prey, J., Morton, J. P., Nixon, C., Mackay, G., Mrowinska,
A., et al. (2013). p53 Status Determines the Role of Autophagy in Pancreatic
Tumour Development. Nature 504 (7479), 296–300. doi:10.1038/
nature12865

Roy, S., Leidal, A. M., Ye, J., Ronen, S. M., and Debnath, J. (2017). Autophagy-
Dependent Shuttling of TBC1D5 Controls Plasma Membrane Translocation of
GLUT1 and Glucose Uptake. Mol. Cel. 67 (1), 84–95.e5. doi:10.1016/j.molcel.
2017.05.020

Saitoh, T., Fujita, N., Jang, M. H., Uematsu, S., Yang, B.-G., Satoh, T., et al. (2008).
Loss of the Autophagy Protein Atg16L1 Enhances Endotoxin-Induced IL-1β
Production. Nature 456 (7219), 264–268. doi:10.1038/nature07383

Schroeder, B., Schulze, R. J., Weller, S. G., Sletten, A. C., Casey, C. A., and
McNiven, M. A. (2015). The Small GTPase Rab7 as a central Regulator of
Hepatocellular Lipophagy. Hepatology 61 (6), 1896–1907. doi:10.1002/hep.
27667

Sheng, Q., Xiao, X., Prasadan, K., Chen, C., Ming, Y., Fusco, J., et al. (2017).
Autophagy Protects Pancreatic Beta Cell Mass and Function in the Setting
of a High-Fat and High-Glucose Diet. Sci. Rep. 7 (1), 16348. doi:10.1038/
s41598-017-16485-0

Singh, R., Kaushik, S., Wang, Y., Xiang, Y., Novak, I., Komatsu, M., et al.
(2009a). Autophagy Regulates Lipid Metabolism. Nature 458 (7242),
1131–1135. doi:10.1038/nature07976

Singh, R., Xiang, Y., Wang, Y., Baikati, K., Cuervo, A. M., Luu, Y. K., et al.
(2009b). Autophagy Regulates Adipose Mass and Differentiation in Mice.
J. Clin. Invest. 119, 3329–3339. doi:10.1172/jci39228

Smith, M. D., Harley, M. E., Kemp, A. J., Wills, J., Lee, M., Arends, M., et al.
(2018). CCPG1 Is a Non-canonical Autophagy Cargo Receptor Essential
for ER-Phagy and Pancreatic ER Proteostasis. Dev. Cel. 44 (2), 217–232.e11.
doi:10.1016/j.devcel.2017.11.024

Sousa, C. M., Biancur, D. E., Wang, X., Halbrook, C. J., Sherman, M. H., Zhang,
L., et al. (2016). Pancreatic Stellate Cells Support Tumour Metabolism
through Autophagic Alanine Secretion. Nature 536 (7617), 479–483.
doi:10.1038/nature19084

Takamura, A., Komatsu, M., Hara, T., Sakamoto, A., Kishi, C., Waguri, S., et al.
(2011). Autophagy-deficient Mice Develop Multiple Liver Tumors. Genes
Dev. 25 (8), 795–800. doi:10.1101/gad.2016211

Tamargo-Gómez, I., Fernández, Á. F., and Mariño, G. (2020). Pathogenic
Single Nucleotide Polymorphisms on Autophagy-Related Genes. Ijms 21
(21), 8196. doi:10.3390/ijms21218196

Tanaka, S., Hikita, H., Tatsumi, T., Sakamori, R., Nozaki, Y., Sakane, S., et al.
(2016). Rubicon Inhibits Autophagy and Accelerates Hepatocyte Apoptosis
and Lipid Accumulation in Nonalcoholic Fatty Liver Disease in Mice.
Hepatology 64 (6), 1994–2014. doi:10.1002/hep.28820

Toledo, M., Batista-Gonzalez, A., Merheb, E., Aoun, M. L., Tarabra, E., Feng,
D., et al. (2018). Autophagy Regulates the Liver Clock and Glucose
Metabolism by Degrading CRY1. Cel Metab. 28 (2), 268–281.e4. doi:10.
1016/j.cmet.2018.05.023

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 84448111

Kuramoto and He Autophagic Regulation of Metabolism

https://doi.org/10.3389/fcell.2019.00185
https://doi.org/10.1091/mbc.e20-06-0409
https://doi.org/10.1091/mbc.e20-06-0409
https://doi.org/10.1016/j.celrep.2021.109184
https://doi.org/10.1038/s41467-017-00520-9
https://doi.org/10.1038/nature14893
https://doi.org/10.1038/s41556-019-0450-y
https://doi.org/10.1038/s41556-019-0450-y
https://doi.org/10.1126/sciadv.1601470
https://doi.org/10.1016/j.cell.2020.02.017
https://doi.org/10.1210/me.2013-1153
https://doi.org/10.1210/me.2013-1153
https://doi.org/10.1016/j.cmet.2015.10.008
https://doi.org/10.1038/ja.2017.104
https://doi.org/10.1101/gad.1545107
https://doi.org/10.1038/s41594-020-00518-w
https://doi.org/10.1038/s41594-020-00518-w
https://doi.org/10.3389/fmolb.2020.586483
https://doi.org/10.1038/s41556-018-0176-2
https://doi.org/10.1038/ng937
https://doi.org/10.1038/nature14587
https://doi.org/10.1038/nature14587
https://doi.org/10.1038/cdd.2014.215
https://doi.org/10.1101/gad.325514.119
https://doi.org/10.1101/gad.325514.119
https://doi.org/10.1038/s41586-018-0697-7
https://doi.org/10.1194/jlr.s091793
https://doi.org/10.1038/ncomms3300
https://doi.org/10.1172/jci20039
https://doi.org/10.1016/j.tcb.2016.11.007
https://doi.org/10.15252/embr.202052289
https://doi.org/10.1007/s11515-015-1354-2
https://doi.org/10.1007/s11515-015-1354-2
https://doi.org/10.1007/s40139-017-0135-9
https://doi.org/10.1007/s40139-017-0135-9
https://doi.org/10.1038/nature12865
https://doi.org/10.1038/nature12865
https://doi.org/10.1016/j.molcel.2017.05.020
https://doi.org/10.1016/j.molcel.2017.05.020
https://doi.org/10.1038/nature07383
https://doi.org/10.1002/hep.27667
https://doi.org/10.1002/hep.27667
https://doi.org/10.1038/s41598-017-16485-0
https://doi.org/10.1038/s41598-017-16485-0
https://doi.org/10.1038/nature07976
https://doi.org/10.1172/jci39228
https://doi.org/10.1016/j.devcel.2017.11.024
https://doi.org/10.1038/nature19084
https://doi.org/10.1101/gad.2016211
https://doi.org/10.3390/ijms21218196
https://doi.org/10.1002/hep.28820
https://doi.org/10.1016/j.cmet.2018.05.023
https://doi.org/10.1016/j.cmet.2018.05.023
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Ueno, T., and Komatsu, M. (2017). Autophagy in the Liver: Functions in Health
and Disease. Nat. Rev. Gastroenterol. Hepatol. 14 (3), 170–184. doi:10.1038/
nrgastro.2016.185

Wang, S., Crisman, L., Miller, J., Datta, I., Gulbranson, D. R., Tian, Y., et al. (2019).
Inducible Exoc7/Exo70 Knockout Reveals a Critical Role of the Exocyst in
Insulin-Regulated GLUT4 Exocytosis. J. Biol. Chem. 294 (52), 19988–19996.
doi:10.1074/jbc.RA119.010821

Wu, H., Wang, Y., Li, W., Chen, H., Du, L., Liu, D., et al. (2019). Deficiency of
Mitophagy Receptor FUNDC1 Impairs Mitochondrial Quality and Aggravates
Dietary-Induced Obesity and Metabolic Syndrome. Autophagy 15 (11),
1882–1898. doi:10.1080/15548627.2019.1596482

Yamamoto, S., Kuramoto, K., Wang, N., Situ, X., Priyadarshini, M., Zhang, W.,
et al. (2018). Autophagy Differentially Regulates Insulin Production and Insulin
Sensitivity. Cel Rep. 23 (11), 3286–3299. doi:10.1016/j.celrep.2018.05.032

Yang, L., Li, P., Fu, S., Calay, E. S., and Hotamisligil, G. S. (2010). Defective Hepatic
Autophagy in Obesity Promotes ER Stress and Causes Insulin Resistance. Cel
Metab. 11 (6), 467–478. doi:10.1016/j.cmet.2010.04.005

Yang, S., Wang, X., Contino, G., Liesa, M., Sahin, E., Ying, H., et al. (2011).
Pancreatic Cancers Require Autophagy for Tumor Growth. Genes Dev. 25 (7),
717–729. doi:10.1101/gad.2016111

Yang, A., Rajeshkumar, N. V.,Wang, X., Yabuuchi, S., Alexander, B. M., Chu, G. C.,
et al. (2014). Autophagy Is Critical for Pancreatic Tumor Growth and
Progression in Tumors with P53 Alterations. Cancer Discov. 4 (8), 905–913.
doi:10.1158/2159-8290.cd-14-0362

Yang, A., Herter-Sprie, G., Zhang, H., Lin, E. Y., Biancur, D.,Wang, X., et al. (2018).
Autophagy Sustains Pancreatic Cancer Growth through Both Cell-
Autonomous and Nonautonomous Mechanisms. Cancer Discov. 8 (3),
276–287. doi:10.1158/2159-8290.cd-17-0952

Yang, M., Luo, S., Wang, X., Li, C., Yang, J., Zhu, X., et al. (2021). ER-phagy: A New
Regulator of ER Homeostasis. Front. Cel. Dev. Biol. 9, 684526. doi:10.3389/fcell.
2021.684526

Yue, Z., Jin, S., Yang, C., Levine, A. J., and Heintz, N. (2003). Beclin 1, an
Autophagy Gene Essential for Early Embryonic Development, Is a

Haploinsufficient Tumor Suppressor. Proc. Natl. Acad. Sci. 100 (25),
15077–15082. doi:10.1073/pnas.2436255100

Zhang, Y., Goldman, S., Baerga, R., Zhao, Y., Komatsu, M., and Jin, S. (2009).
Adipose-specific Deletion of Autophagy-Related Gene 7 (Atg7) in Mice Reveals
a Role in Adipogenesis. Proc. Natl. Acad. Sci. 106 (47), 19860–19865. doi:10.
1073/pnas.0906048106

Zhang, C., He, Y., Okutsu, M., Ong, L. C., Jin, Y., Zheng, L., et al. (2013). Autophagy
Is Involved in Adipogenic Differentiation by Repressesing Proteasome-
dependent PPARγ2 Degradation. Am. J. Physiol. Endocrinol. Metab. 305 (4),
E530–E539. doi:10.1152/ajpendo.00640.2012

Zhang, M., Kenny, S. J., Ge, L., Xu, K., and Schekman, R. (2015). Translocation of
Interleukin-1beta into a Vesicle Intermediate in Autophagy-Mediated
Secretion. Elife 4, e11205. doi:10.7554/eLife.11205

Zhang, M., Liu, L., Lin, X., Wang, Y., Li, Y., Guo, Q., et al. (2020). A Translocation
Pathway for Vesicle-Mediated Unconventional Protein Secretion. Cell 181 (3),
637–652.e15. doi:10.1016/j.cell.2020.03.031

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kuramoto and He. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 84448112

Kuramoto and He Autophagic Regulation of Metabolism

https://doi.org/10.1038/nrgastro.2016.185
https://doi.org/10.1038/nrgastro.2016.185
https://doi.org/10.1074/jbc.RA119.010821
https://doi.org/10.1080/15548627.2019.1596482
https://doi.org/10.1016/j.celrep.2018.05.032
https://doi.org/10.1016/j.cmet.2010.04.005
https://doi.org/10.1101/gad.2016111
https://doi.org/10.1158/2159-8290.cd-14-0362
https://doi.org/10.1158/2159-8290.cd-17-0952
https://doi.org/10.3389/fcell.2021.684526
https://doi.org/10.3389/fcell.2021.684526
https://doi.org/10.1073/pnas.2436255100
https://doi.org/10.1073/pnas.0906048106
https://doi.org/10.1073/pnas.0906048106
https://doi.org/10.1152/ajpendo.00640.2012
https://doi.org/10.7554/eLife.11205
https://doi.org/10.1016/j.cell.2020.03.031
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Degradative and Non-Degradative Roles of Autophagy Proteins in Metabolism and Metabolic Diseases
	Introduction on the Autophagy Pathway
	Removal of Damaged or Excess Cellular Structures
	Overall Roles of Autophagy in Metabolic Regulation
	Lipophagy
	Mitophagy
	ER-phagy

	Regulation of Tissue Development and Homeostasis
	Adipose Tissue Development and Function
	β Cell Maintenance
	Liver Lipid Metabolism

	Cancer Metabolism in Metabolic Tissues
	Non-Degradative Functions of Autophagy
	Conventional and Unconventional Secretion
	Cell-Surface Receptor Recycling
	Exosome Secretion

	Summary and Unanswered Questions
	Author Contributions
	Funding
	References


