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Abstract Metabolic homeostasis requires dynamic catabolic and anabolic processes. Autophagy, an

intracellular lysosomal degradative pathway, can rewire cellular metabolism linking catabolic to anabolic

processes and thus sustain homeostasis. This is especially relevant in the liver, a key metabolic organ that
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governs body energy metabolism. Autophagy’s role in hepatic energy regulation has just begun to emerge

and autophagy seems to have a much broader impact than what has been appreciated in the field. Though

classically known for selective or bulk degradation of cellular components or energy-dense macromole-

cules, emerging evidence indicates autophagy selectively regulates various signaling proteins to directly

impact the expression levels of metabolic enzymes or their upstream regulators. Hence, we review three

specific mechanisms by which autophagy can regulate metabolism: A) nutrient regeneration, B) quality

control of organelles, and C) signaling protein regulation. The plasticity of the autophagic function is un-

raveling a new therapeutic approach. Thus, we will also discuss the potential translation of promising pre-

clinical data on autophagy modulation into therapeutic strategies that can be used in the clinic to treat

common metabolic disorders.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Autophagic digestion of energy-dense substrates like glycogen,
Autophagydloosely translated “self-eating”dis the highly
conserved lysosome-mediated intracellular degradative pathway
which plays a pivotal role tomaintain hepatic metabolic homeostasis.
Autophagy comes in three main forms: macroautophagy, chaperone-
mediated autophagy (CMA), and microautophagy, which are differ-
entiated by the mechanism of cargo sequestration. In general, mac-
roautophagy hereinafter referred to as autophagy can be selective or
non-selective, where selective autophagy targets damaged or extra-
neous organelleswhereas non-selective autophagy are responsible for
the bulk recycling of cytoplasmic components under cellular stress
conditions. The detailed autophagic signaling pathway and cellular
events responsible for its execution and regulation arewell established
and out of the scope of this review. In this review, we discuss how
autophagy particularly contributes to hepatic metabolism. We will
discuss three different modalities by which autophagy directly
contribute to hepatic metabolism: 1) how autophagy degrades the
nutrient macromolecules (proteins, carbohydrates, lipids, and nucleic
acids) to maintain intracellular metabolites pools; 2) how autophagy
maintains quality control of metabolic powerhouse organelles; and 3)
how autophagy selectively modulates various crucial signaling pro-
teins to directly regulate the expression levels of metabolic enzymes.
We also discuss current therapeutic strategies, potential targets, their
limitations, and challenges related to autophagy modulation for the
treatment of common liver diseases. We begin with the current
knowledge about autophagic degradation and nutrient recycling.

2. Autophagic transport, lysosomal degradation, and
nutrient recycling

Fundamentally, autophagy is involved in the sequestration and
transport of cytosolic components into the lysosome for degradation
and nutrient recycling. In this section, we discuss autophagic degra-
dation, generation of molecular metabolites, and post-degradative
events and their contribution to hepatic metabolism, which has not
been well characterized and discussed in the field of autophagy and
liver metabolism.

2.1. Metabolic substrates and products of autophagic
degradation

Non-selective and selective autophagic degradation of cytosolic
macromolecules generally maintain intracellular metabolite pools
to support anabolic pathways during starvation or cellular stress.
proteins, lipids, and nucleic acids in lysosomes generates various
catabolites such as glucose, amino acids, fatty acids, and nucle-
osides that are liberated into the cytoplasm for reutilization
(Fig. 1A). The detailed process of selective degradation of nutrient
components such as glycogen, lipid droplets, and protein aggre-
gates will be discussed later in Sections 3.3e3.5. Though selective
autophagy can occur by different mechanisms, it generally in-
volves a receptor that either binds the substrate cargo or is an
integral part of the cargo and interacts with a scaffold protein to
link the cargo to complexes involved in autophagy1.

2.2. Lysosomal degradative enzymes, nutrient processing in
hepatic liver metabolism

Lysosomes are dynamic, membrane-bound organelles ubiqui-
tously found in hepatocytes. They are the degradative and
nutrient-sensing centers for autophagy induction and execution.
Lysosomes not only hydrolytically degrade the macromolecular
components received from autophagosomes, but also pinocytosis
or endocytosed extracellular macromolecules.

Lysosomal hydrolytic degradation is mediated by the concerted
action of approximately 60 different, mostly soluble, acid hydrolases
such as proteases, lipases, glycosidases, sulphatases, phosphatases,
and nucleases. The functions of most of these hydrolases require an
acidic lumen with a pH of around 4.5, which is established and
maintained by an ATP-driven proton pump, the vacuolar-ATPase(V-
ATPase) proton pump located on the perimeter limited membrane2,3.
To protect the perimeter membrane and its resident membrane pro-
teins fromdegradation, the inner leaflet of the lysosomalmembrane is
coated with a polysaccharide layer called the glycocalyx4 (Fig. 1B).
These hydrolases degrade multiple types of cytoplasmic components
simultaneously and release the resultant molecular building blocks,
such as amino acids, glucose, nucleotides, and fatty acids into cytosol
either for further degradation to provide energy or reutilization by
biosynthetic pathways to produce complex molecules, depending
upon cellular needs.

2.3. Efflux of lysosomal degradative biomolecules via lysosomal
membrane protein

Lysosomal membrane proteins are integral components of the
lysosomal membrane that maintain stability and integrity of the
lysosomal limiting membrane. Major lysosomal membrane pro-
teins include lysosome-associated membrane glycoprotein 1

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Autolysosomal degradation, transport, and nutrient recycling. (A) Various cellular nutrient dense macromolecules and lysosomal

hydrolases responsible for generation of small biomolecules. (B) Lysosomal transporters for efflux of cellular nutrients from lysosomal lumen into

cytosol for reuse by cells. Glycocalyx coats the inner leaflet of the lysosomal membrane. The activity of most lysosomal nutrient transporters

varies according to membrane voltage or intra-lysosomal protein levels generated by vacuolar-ATPase (V-ATPases).
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(LAMP1), lysosome-associated membrane glycoprotein 2
(LAMP2), lysosomal integral membrane protein-1 (LIMP1),
lysosomal integral membrane protein-3 (LIMP3). Other minor
integral components of lysosomal membranes include V-ATPase,
Niemann-Pick disease, type C (NPC)-1, cystinosin, sialin, lyso-
somal/endosomal transmembrane protein (CLN3), lysosomal
apyrase-like protein of 70 kDa (LALP70), etc.5. Besides the hy-
drolytic enzymes that reside within the lysosomal lumen, these
integral lysosomal proteins are believed to protect the membrane
from degradation by lysosomal hydrolases. Likely, the heavy
glycosylation of these integral proteins contributes to this pro-
tective function. Indeed, histological analysis showed a coat of
glycoconjugates on the inner surface of the lysosomal membrane4.

Besides these various lysosomal membrane proteins, lyso-
somes also contain specific nutrient transporters or permeases for
the export of low-molecular-weight basic metabolites from the
lysosomal lumen to the cytosol (Fig. 1B). New details on how
intra-lysosomal catabolites are exported to cytosol for reutilization
are slowly emerging. Amino acids generated from lysosomal
protein degradation efflux via amino acid transporters such as
sodium-coupled neutral amino acid transporter 9 (SLC38A9)6.
SLC38A9 mediates the transport of many essential amino acids
out of lysosomes, including leucine, in an arginine-regulated
fashion. Lysosomes have other amino acids transporters such as
lysosomal amino acid transporter 1 (LYAAT-1) (also known as
SLC36A1), lysosomal amino acid transporter 1 homolog (LAAT-
1; also known as PQLC2), and sodium-coupled neutral amino acid
transporter 7 (SNAT7, also known as SLC38A7) to efflux the
luminal amino acids.

Similarly, sugar channels including spindlin (SPIN) and ion
channels including mucolipin 1 (MCOLN1, also known as
TRPML1) maintain stores of sugars and ions, such as Cuþ, Feþ,
and Ca2þ, within the lysosomal lumen7.

Lipid, particularly cholesterol, egress occurs through NPC1,
NPC2, and LIMP2/SCARB28. Lipids can also egress from the
lysosomal membrane to other organellar membranes directly via
membrane contact sites9. Little is known about the transport of
other lipids such as FFA. Lysosomes also express polytopic
transmembrane/transporter proteins such as major facilitator su-
perfamily domain containing 1 (MFSD1) protein that belongs to
the major facilitator superfamily of transporters10. MFSD1 me-
diates secondary active or passive transport across the lysosomal
membrane.

No specific metabolite tracing of these effluxed catabolites
has been studied yet. Hence, the details of these catabolites’ fates
are poorly understood and have been speculative. However, it is
widely accepted in the field that these metabolites released by
autolysosomal degradation can be directly utilized to yield en-
ergy or for new macromolecule synthesis (Fig. 1). Nutrients
released from lysosomal degradation such as amino acids,
glucose or cholesterol, etc., can initiate the lysosomal nutrient-
sensing signaling pathway such as mammalian target of rapa-
mycin complex 1 (mTORC1)-transcription factor EB (TFEB/
TFE3) signaling that can feedback inhibit the autophagy proc-
ess11e13. The details about lysosomal nutrient sensing and the
signaling pathways involved are discussed in more detail in the
recent review14,15.

Lysosome-derived nutrient catabolites can also be transported
out of lysosomes extracellularly through vesicular membrane
trafficking (secretory lysosomes). The extracellular lysosomal
degradative products are released either into the bile or systemic
circulation through the apical region. Notably, in the liver, these
simpler biomolecules can be converted into glucose and ketone
bodies for distribution elsewhere in the body. On the other hand,
defective transport of these small molecules across the lysosomal
membrane results in the accumulation of undigested lipids or
glycogen inside the lysosome and toxicity, leading to the devel-
opment of various liver pathologies16,17.

We next discuss autophagy’s role in 1) nutrient regeneration by
degradation of cellular macromolecules, 2) quality control of
metabolically central organelles, and 3) regulation of signaling
molecules to support hepatic metabolism.
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3. Autophagy regulates energetic homeostasis by nutrient
regeneration

Hepatic autophagy is an essential cellular process responsible not
only for the degradation of cytoplasmic constituents but also for
the maintenance of metabolic and energy homeostasis. With the
considerable strides in the understanding of molecular mecha-
nisms of autophagy, there is growing interest to understand the
mechanisms of autophagy’s contributions to metabolic and ener-
getic homeostasis.

3.1. Autophagy and normal hepatic metabolism

Autophagy was initially thought to only be induced in response
to certain stressors such as starvation, but it has since been
demonstrated that autophagy exhibits constitutive activity in the
healthy liver18. Studies have demonstrated that dysregulation of
hepatic autophagy disrupts cellular homeostasis. For example, in
a murine autophagy-related gene 7 (Atg7), knockout model,
autophagy impairment has been shown to induce cellular ab-
normalities including mitochondria deformation, membrane
structural alteration, and ubiquitin-positive aggregate forma-
tion19. This suggests that autophagy serves a homeostatic role by
controlling the level of intracellular organelles and protein
aggregates.

Autophagy in the healthy liver serves three main functions
which are both inextricably linked to hepatic metabolism: support
of energy balance, quality control, and regulation of signaling
proteins. Autophagy also sustains hepatic energetic needs by
catabolism of glycogen, lipids, and proteins. The extent to which
autophagy degrades intracellular components depends on the
fastingefeeding cycle, which affects plasma levels of hormones
such as insulin and glucagon, as well as levels of amino acids20,21.
Additionally, ammonia derived from glutaminolysis supports
basal autophagy independently of mTORC1 and Unc-51 like
autophagy activating kinase 1 (ULK1)22,23.

3.2. Hepatic autophagy mobilizes nutrients during starvation

Autophagy is required to sustain circulating nutrients during fasting,
which has been demonstrated to be critical for the survival of adult
mice. Hepatic autophagy induces glycogenolysis, lipolysis, and
protein catabolism in that order to meet the body’s energetic needs
during severe nutrient deprivation20. The autophagosome membrane
engulfs glycogen, lipid droplets, or protein, which are then degraded
in a lysosome for nutrient recycling and sustaining the critical
metabolic pathways.

The liver serves essential metabolic functions for the body which
are strictly regulated by metabolic hormones such as insulin and
glucagon. Glucose is converted to pyruvate by glycolysis in the
cytoplasm, and pyruvate is then oxidized through the citric acid cycle
andoxidativephosphorylation in themitochondria to provideATPand
sustain cellular energy needs in the liver. In the fed state when car-
bohydrates are abundant, hepatocytes also convert glucose into fatty
acids through de novo lipogenesis which is then incorporated into
complex lipids and stored in lipid droplets andmembrane structures or
released into circulation as very low-density lipoprotein (VLDL)24.
During the fasted state, the liver utilizes glycogenolysis and gluco-
neogenesis to mobilize and secrete glucose to support the body’s
energetic needs24. In response to prolonged fasting, endogenous
glucose production is primarily performed via hepatic gluconeogen-
esis24. In the fasted state, lipolysis is promoted in adipocytes, resulting
in the release of non-esterified fatty acids which the liver uses to
generate ketone bodies bymitochondrial b-oxidation and ketogenesis
to sustainextrahepatic energyneeds24.Hepatocytes arehighly capable
of catabolizing proteins to release their amino acidswhich can be used
to provide energy after disposal of nitrogenous wastes, which can be
accomplished via the liver urea cycle25. The carbon skeletons of
glucogenic amino acids can be incorporated into the citric acid cycle
and diverted into gluconeogenesis, while ketogenic amino acids can
be used as substrates for ketogenesis; these amino acid sources include
the liver as well as other tissues such as skeletal muscle and intestinal
tissue25. Insulin induces glycolysis and lipogenesis while suppressing
gluconeogenesis and glucagon exerts the opposite effects on hepatic
metabolism. Additionally, activation of the sympathetic nervous
system stimulates hepatic gluconeogenesis whereas the para-
sympathetic nervous system suppresses this process24.

In the following section, we review autophagy-mediated se-
lective degradation of nutrient components such as glycogen, lipid
droplets, and protein aggregates, as well as note some relevant
regulators that have been identified (Fig. 2).

3.3. Glycophagy and hepatic glycogen metabolism for glucose
homeostasis

Hepatic autophagy has a major role in blood glucose homeo-
stasis. Glycogen breakdown has long been known to occur in the
liver to mobilize nutrients under fasted conditions by the classic
metabolic process of glycogenolysis. Glycogen can also be
selectively degraded into glucose in autophagosomes to sustain
energetic needs by “glycophagy”20 (Fig. 2A). Starch-binding
domain-containing protein 1 (STBD1) is highly expressed in
tissues that store glycogen such as the liver and are mainly
responsible for glycogen transport to lysosomes in the liver26.
STBD1 contains a C-terminal CBM20 glycan-binding domain
that can bind glycogen and an ATG8 interacting motif (AIM,
also referred to as an LC3 interacting region [LIR]), through
which it can bind GABA type A receptor associated protein like
1 (GABARAPL1), a member of the Atg8 family26e28. STBD1 is
thought to act as an adaptor protein for anchoring glycogen to
lysosomes during glycophagy and has been shown to colocalize
with GABARAPL1, glycogen, and late endosomal and lyso-
somal marker LAMP127,29.

The cyclic AMP (cAMP)/protein kinase A (PKA) signaling
pathway is an established activator of both cytosolic glycogenolysis
and glycophagy, which generally act in parallel. The binding of
glucagon to the glucagon receptor on hepatocytes activates adenyl
cyclase which increases the intracellular concentration of the sec-
ondary messenger cAMP, thus activating PKA which phosphory-
lates glycogen phosphorylase and glycogen synthase to promote
cytosolic glycogenolysis and inhibit glycogenesis, respectively20.
Although glycogen phosphorylase and cytosolic debranching en-
zymes are mainly responsible for the breakdown of hepatic
glycogen to glucose in adults and children, the degradation of
glycogen to glucose in animals during the neonatal period is pri-
marily facilitated by the lysosomal enzyme a-1,4-glucosidase (also
called acid glucosidase)30,31. Catabolism of glycogen is known to be
essential for survival in neonatal animals a few hours after birth
when the maternal nutrient supply is cut off, causing hypoglycemia
and glucagon release; in studies on newborn rat hepatocytes,
glucagon and cAMP increase the size and number of autophago-
somes containing glycogen granules and the activity of a-1,4-
glucosidase glycogenolysis20,32e35. Administration of cAMP
signaling inhibitors such as propranolol and parenteral glucose incur
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the opposite effects in newborn rat hepatocytes, inhibiting an in-
crease in the volume of autophagosomes and the activity of a-1,4-
glucosidase, further substantiating the role of cAMP/PKA
signaling in glycophagy36,37. The class I-PI3-kinase (PI3K)eAKT/
protein kinase B (PKB)-mTOR signaling pathway, through which
insulin indirectly activates mTOR and suppresses autophagy, is also
known to regulate glycophagy29. Furthermore, activation of mTOR
reduces glycophagy by inhibiting protein phosphatase 2a (PP2A),
which functions downstream of mTOR as a common target of
glucagon, insulin, and cAMP, and promotes the synthesis of a-1,4-
glucosidase when active29,38. Lysosomal calcium levels also regu-
late autophagy and glycophagy, with the administration of agents
such as phorbol myristate acetate, which increases lysosomal cal-
cium, increasing the total volume of autophagosomes and a-1,4-
glucosidase activity and decreasing the fractional volume of undi-
gested glycogen in autophagosomes and the activity of acid
mannose 6-phosphatase in newborn rat hepatocytes39. Ionophore
A23187, which reduces lysosomal calcium, accordingly elicited the
opposite influence on enzyme activity in newborn rat hepatocytes,
further illustrating the effects of lysosomal calcium levels on gly-
cophagy39. Glycophagy and autophagy of proteins (discussed later
in this section) fuel nutrientmobilization during early starvation, but
there is a gradual shift from these autophagy substrates to degra-
dation of lipid droplets (LD) after 8 h of starvation40. This sequence
of selective autophagic substrates degradation during starvation
somewhat aligns with the progression of conventional metabolic
degradative processes in the liver in response to prolonged nutrient
deprivation: glycogenolysis and gluconeogenesis at first, and
eventually mitochondrial b oxidation and ketogenesis, as well as
gluconeogenesis24.

3.4. Autophagy in amino acid and protein metabolism

The liver is the principal source of serum proteins and breaks
down internal proteins to supply the body with amino acids for
Figure 2 Autophagy regulates macromolecule degradation and maint

degradation of glycogen (A) by glycophagy, protein (B) and lipid droplets

(such as free fatty acids [FFA], glycerol and free cholesterol) respectively.

by red lines.
energy in response to prolonged fasting41 (Fig. 2B). Basal auto-
phagic function degrades ~1.5% of total hepatic protein per hour
under nutrient-rich conditions but in response to starvation this
rate increases to ~4.5%42. After 48 h of fasting, increased auto-
phagy can account for the catabolism of ~40% of the total liver
protein in wild-type mice43. In wild-type mouse livers, a surge of
amino acid levels in liver tissue and blood was observed as a result
of autophagy after 24 h of starvation and blood glucose levels
were maintained within the normal range after this surge, whereas
these levels continued to decrease in liver-specific autophagy-
deficient mice, which did not exhibit an amino acid surge or
decrease in liver protein44. Furthermore, when serine (a gluco-
genic amino acid) was administered to wild-type and liver-specific
autophagy-deficient mice that had been starved for 24 h, both
groups showed increased blood glucose concentrations, indicating
that the observed difference in blood glucose maintenance is not
due to differences in ability to use glucogenic amino acids for
gluconeogenesis44. Out of 18 amino acids that were analyzed with
respect to the amino acids released after 24 h of starvation in wild-
type mice, 11 showed definite surge responses: valine, leucine,
isoleucine, serine, threonine, methionine, asparagine, phenylala-
nine, tyrosine, lysine, and arginine (all of which are glucogenic
except leucine and lysine)44. Though alanine, which is also a
major glucogenic amino acid, only exhibited a slight increase, this
result could potentially be explained by more efficient conversion
to pyruvic acid compared to serine44. During 24 h of fasting,
amino acids released by liver autophagy were also excreted
directly into circulation and transported to skeletal muscle, in
addition to the portion of released glucogenic amino acids that
were converted to glucose in the liver by gluconeogenesis and
secreted into circulation44. The maintenance of blood glucose
levels during fasting by starvation-induced autophagy is a notable
liver-specific metabolic contribution to energy homeostasis.
Autophagy-derived amino acids are also used for the synthesis of
proteins and a 2008 study demonstrated that in early mice
ains intracellular metabolite pools to sustain metabolism. Selective

(LD) (C) generates glucose, amino acids (AA), and lipid metabolites

Negative regulator molecules or pharmacological agents are indicated
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embryos amino acids liberated by autophagy of maternal proteins
are utilized to produce essential preimplantation embryonic
proteins45.

Liver autophagy of proteins can be controlled by hormones
that act on other metabolic processes in the liver, such as insulin
and glucagon, and plasma amino acid levels. Experiments in
cultured hepatocytes and ex vivo rat livers have identified the
capability of amino acid concentrations alone to regulate auto-
phagy, with maximal suppression achieved at twice the normal
concentration and the amino acids leucine, phenylalanine/tyrosine,
glutamine, proline, methionine, tryptophan, and histidine acting as
major inhibitors42,43,46,47. However, animal studies have suggested
that insulin and glucagon may be more important in regulating
autophagy since plasma amino acid levels do not vary enough to
exert this observed regulatory effect in vivo44. Multiple studies
have established that insulin reduction is sufficient to induce liver
autophagy. Rats administered streptozotocin, which depresses
serum insulin, exhibit a 70% increase in degradation of endoge-
nous proteins by autophagy48. Insulin activates class I-PI3-kinase
and PKB (also known as AKT) signaling, eventually causing
activation of mTOR by phosphorylation to suppress auto-
phagy49,50. In mice starved for 24 h, insulin fell to its lowest level
while glucagon was maintained at a high, stable level; AKT, P70-
S6 kinase (S6K), and S6 ribosomal protein (RPS6), which are
phosphorylated in an insulin-dependent manner, were dephos-
phorylated, suggesting inactivation of the mTOR/S6 kinase
pathway by decreased plasma insulin-mediated induction of liver
autophagy whereas they were phosphorylated or activated in the
livers of fed mice44. In an additional experiment, mice were
administered glucose after both 18 and 21 h of starvation, which
substantially suppressed liver autophagy and the corresponding
amino acid surge that has been observed during starvation.
Glucagon remained constant under these experimental conditions,
but insulin transiently increased after the second glucose admin-
istration, surpassing normal levels of fed mice, lending support to
the major regulatory role of insulin in liver autophagy44. Glucagon
introduction has been shown to not only induce autophagosome
formation but also to upregulate acidic phosphatase and cathepsin
D in lysosomes and increase lysosome fragility in rat livers51.
Although the consensus has been that insulin-mediated activation
of the class I PI3KeAKTemTOR axis is the main regulator for
inhibition of autophagosome formation, a 2013 study indicated
that though insulin administration affected this pathway in muscle
tissue, it had a weak effect on the liver and amino acids had a
larger role in regulating this pathway in the liver52. Follow-up
research has demonstrated that plasma amino acid levels can
regulate liver autophagy independently from the action of
hormones20.

Besides bulk degradation of protein aggregates by hepatic
autophagy and their contribution to hepatic metabolism, CMA
also degrades metabolic enzymes involved in lipid, carbohydrate,
and amino acid metabolism. Studies on livers unable to perform
CMA have shown increased levels of glycolytic enzymes
including glyceraldehyde-3-phosphate dehydrogenase, pyruvate
kinase, aldolase A, and malate dehydrogenase 1 (enolase 1),
causing higher rates of glycolysis40. During nutrient deprivation,
CMA degrades glycolytic enzymes to reduce hepatic glucose use
so that it can be mobilized for use by other organs40. In addition to
autophagy, another main degradative process for proteins is the
ubiquitineproteasome system, which is considered the principal
proteolytic pathway in eukaryotic cells53. The proteasome
generally degrades proteins with shorter half-lives, while
autophagy primarily degrades long-lived proteins53. These pro-
cesses sometimes degrade the same proteins, such as protein ag-
gregates which can become less recognizable substrates resistant
to proteasomal degradation and more easily degraded by auto-
phagy53. With respect to energetic metabolism, both proteosome-
mediated protein degradation and autophagic degradation can help
maintain amino acid pools during nutrient deprivation, but hepatic
autophagy primarily supports energetic homeostasis during
chronic starvation54.

3.5. Lipophagy facilitates hepatic lipid metabolism

A major role of the liver is processing and storing fat. Hepatic
lipid homeostasis is supported by coordinated regulation of lipid
uptake, de novo synthesis, storage, and catabolism55. Hepatic
cytosolic lipolysis, a type of ‘neutral’ lipolysis, is the conven-
tionally known process of hepatic LD catabolism to release FAs
by lipases and is still being characterized in comparison to ca-
nonical adipose tissue lipolysis56,57. Lipophagy is an alternative
method for hepatic LD breakdown and refers to the catabolism
of LDs via autophagy, using ‘acid’ lipolysis in lysosomes56. It is
considered a central regulator of liver lipid metabolism and
presumably to contribute to lipid turnover as significantly as
conventional lipase-driven lipolysis57 (Fig. 2C). In this process,
an autophagosome forms and pinches off part of a LD then fuses
with a lysosome to supply the liver with free fatty acids that can
be catabolized by b-oxidation20. Singh et al.58 first substantiated
the claim that autophagy is critical for hepatic lipid homeostasis
from experiments in both cultured hepatocytes in vitro and
mouse liver in vivo. The group demonstrated that during nutrient
deprivation, LDs associated with autophagic pathway compo-
nents such as LC3 and that inhibition of autophagy heightened
the hepatic triglyceride and LD content58. Additionally, CMA
targets and degrades the LD-associated proteins perilipin 2
(PLIN2) and perilipin 3 (PLIN3); this process is enhanced dur-
ing starvation and concerted with increased cytosolic adipose
triglyceride lipase (ATGL) levels and association of macro-
autophagy proteins on LDs, suggesting that these processes work
cooperatively59. Moreover, blockage of this CMA-mediated
degradation of PLIN2 and PLIN3 was shown to reduce the as-
sociation of macrolipophagy proteins and ATGL with lipid
droplets, leading to decreased lipid oxidation and increased LDs
in both cultured hepatocytes in vitro and mouse livers in vivo,
indicating this CMA-mediated process removing the perilipin
coat that surrounds LDs is needed for either conventional
lipolysis or macrolipophagy to occur57,59.

In recent years, studies have demonstrated the interplay be-
tween lipophagy and conventional lipolysis. In 2016, Martinez-
Lopez et al.60 found that cold exposure in the hypothalamus of
mice complementarily activated lipophagy and cytosolic lipases in
the liver and brown adipose tissue, with ATGL requiring inter-
action with the autophagosome marker LC3 to catalyze LD
lipolysis effectively. Furthermore, the 2017 work of Sathyanar-
ayan et al.61 shows that hepatic ATGL signaling via sirtuin 1
(SIRT1) is both necessary and sufficient to induce autophagy and
lipophagy, thus majorly controlling LD catabolism and subsequent
fatty acid oxidation in the liver. Schott et al.’s recent findings62

have identified a synergistic interaction between conventional
lipolysis and lipophagy in hepatocytes as tandem pathways for LD
breakdown, in which lipolysis targets larger-sized LDs (too large
for direct lipophagic degradation) generating LDs smaller in size
which can be catabolized by lipophagy. Bile acids, which are the
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end products of hepatic lipid metabolism (cholesterol catabolism)
inhibit autophagy through farnesoid X receptor (FXR) sensing and
by altering Rab7 association with autophagosomes to decrease
autophagosome-lysosome fusion (see Section 5.1 below).
Although the mechanisms by which lipophagy are modulated have
not yet been fully elucidated, small Rab GTPase proteins, which
belong to the Ras superfamily and are involved in membrane
trafficking processes, are thought to directly regulate lipophagy;
Rab7 (as mentioned previously), Rab10, Rab18, and Rab32 have
been proposed to have major roles in lipophagy based on their
identification in LD proteomic screens57. In addition to nutrient
deprivation, lipophagy is also activated during the opposing con-
dition: to prevent hepatic lipotoxicity when high levels of dietary
lipids are delivered to the liver40. Additionally, an alternate
method of autophagic LD degradation in hepatocytes has been
newly discovered by Schulze et al.63 and termed “direct lysosome-
based autophagy”. In this process, stable contacts between LDs
and lysosomes in hepatocytes can allow the transfer of both lipids
and proteins from LDs directly into the lysosome under nutrient-
limited conditions, without the presence of an autophagosomal
intermediate. This was shown to occur even when core macro-
autophagy (ATG5) or CMA (LAMP2A) components were
knocked down by siRNA, indicating this as an additional mech-
anism for lysosome-mediated LD turnover which may have the
therapeutic potential63.

4. Autophagy-mediated quality control supports metabolism

The role of autophagy in hepatic quality control is mediated by
catabolism of intracellular substituents which are in excess, aging,
or damaged. The products of this degradation process subse-
quently are diverted into alternate metabolic pathways to be
recycled or to generate cellular energy. Catabolism of organelles
and other intracellular components such as specific proteins and
invading pathogens by selective autophagy maintains cellular
homeostasis and protects the cells from malfunctioning
substituents51.

4.1. Mitochondrial quality control via mitophagy maintains
metabolic homeostasis

Various metabolic pathways such as free fatty acid (FFA) oxida-
tion, the citric acid cycle, and oxidative phosphorylation occur in
mitochondria. Hepatocytes contain numerous mitochondria,
which essentially regulate the flux of various cellular metabolites
to accommodate energetic demand, to sustain hepatic metabolic
activities. Thus, maintaining healthy mitochondria is crucial for
metabolic homeostasis. Autophagy clears unhealthy mitochondria
through mitophagy to accommodate energetic demand and sup-
port liver metabolic pathways and function (Fig. 3A).

Mitophagy refers to the selective degradation of mitochondria
by autophagy. Quality control and support of energetic homeo-
stasis are inextricably linked in the process of mitophagy, which
not only regulates the population size of the organelle but also
selectively removes depolarized and damaged mitochondria, and
thus limiting free radical generation and preventing wasteful
consumption of ATP by mitochondrial ATP synthase40.

A well-characterized division of mitophagy is parkin-mediated
mitophagy which degrades depolarized mitochondria. Healthy
mitochondria normally cleave and degrade phosphatase and tensin
homolog (PTEN)-induced kinase 1 (PINK1), but in mitochondria
which are depolarized or contain misfolded protein aggregates,
this protein becomes stabilized on the outer mitochondrial mem-
brane and autophosphorylates its Ser228 and Ser408 residues,
recruiting parkin (a cytosolic E3 ubiquitin ligase)64. PINK1
phosphorylates parkin to activate its E3 ligase activity and phos-
phorylates ubiquitin attached to mitochondrial proteins, further
facilitating the labeling of the damaged mitochondria since parkin
exhibits a high affinity for phosphorylated ubiquitin20,64. This
phospho-ubiquitin signature generated by PINK1 and increased by
parkin, which generates more chains of ubiquitin on the mito-
chondria, recruits the adaptor proteins optineurin (OPTN) and
calcium-binding and coiled-coil domain-containing protein 2
(NDP52) to induce mitophagy65. Serine/threonine-protein kinase
TBK1 then phosphorylates OPTN and NDP52 which heightens
their binding affinity to LC3, a core autophagy protein20. OPTN
and NDP52 are also involved in the recruitment and assembly of
other core autophagy proteins such as ULK1, WD repeat domain
phosphoinositide-interacting protein 1 (WIPI1), and double
FYVE-containing protein 1 (DFCP1), which mediate autophago-
some maturation around the damaged mitochondria20,51,65.

Alternatively, mitophagy can also occur via a non-parkin-
mediated pathway (Fig. 3A). Various mitochondrial adaptor pro-
teins are also known as mitophagy receptors such as BCL2
interacting protein 3 (BNIP3), BCL2 interacting protein 3 like
(BNIP3L), BCL2 like 13 (BCL2L13), and FUN14 domain con-
taining 1 (FUNDC1) can recruit autophagic machinery to
damaged mitochondria for mitophagy66,67. Also, the translocation
of specific lipids such as cardiolipin from the inner mitochondrial
membrane to the outer mitochondrial membrane of damaged
mitochondria can interact with autophagosomes via lipidated LC3
for selective degradation68.

Taken together, the role of autophagy in selective degradation
of damaged mitochondria and control of the mitochondrial pop-
ulation size supports cellular quality control, maintains metabolic
homeostasis, and bolsters the liver’s resiliency to injury and dis-
ease. Pharmacological targeting of mitophagy may ameliorate
liver injury in hepatic pathologies which involve mitochondrial
impairment and/or oxidative stress.
4.2. Pexophagy manages peroxisomal catabolism and metabolic
pathway recurring in peroxisome

The selective autophagy of peroxisomes, termed pexophagy, is an
important pathway for the removal of peroxisomes and has
important implications for homeostasis of hepatic metabolism
(Fig. 3B). Peroxisomes are single-membrane-bound organelles
that contain enzymes involved in a variety of metabolic reactions
including purine catabolism, bile acid synthesis, ether phospho-
lipid synthesis, and b-oxidation of branched or very long fatty
acids which cannot be catabolized by mitochondria.

Although the mechanisms of pexophagy have not been fully
elucidated, it has been established that reactive oxygen species (ROS)
augment the interaction between peroxisomal targeting signal I re-
ceptor (PEX5) and extranuclear serine-protein kinase Ataxia Telan-
giectasia mutated protein kinase (ATM)20,69. This complex
translocates onto peroxisomes and ATM signaling activates ULK1
and inhibits mTORC1 to induce autophagy in response to ROS or
reactive nitrogen species (RNS) presence69,70. ATM kinase not only
suppresses the autophagy inhibitor mTORC1 but also induces



Figure 3 Autophagy maintains cellular organelle quality control to impact hepatic metabolism. (A) Two major pathways of mitochondrial

quality control occur, via parkin or non-parking pathway. (B) Peroxisome mediated increased ROS or RNS activate P62 mediated pexophagy.

NBR1 mediated P62 independent pexophagy can also occur for peroxisomal quality control. (C) ER-quality control maintenance by ER-phagy is

mediated by various adaptor proteins-RETREG1, RTN3, RTNL3, SEC62, CCPG1, TEX264, and ATL3.
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pexophagybycausingPEX5phosphorylation and thenubiquitylation
which induces P62 to bind and target the peroxisomes for degrada-
tion69. ATMkinase’s role in inactivatingmTORC1 viaATM-AMPK-
tuberous sclerosis (TSC) signaling in addition to activating ULK1
suggests that ATM can modulate pexophagy through both ATM-
AMPKeTSC signaling and P62-mediated autophagy20,69. Addi-
tionally, the next to BRCA1 gene 1 protein (NBR1) has been iden-
tified as a specific adaptor protein for pexophagy which can mediate
pexophagy when it is in excess without requiring P62, but which
increases the efficiency of pexophagy when bound by P6271.

Pexophagy not only maintains the number of peroxisomes in
the cell as a quality control process but also responds to the en-
ergetic state of the cell. Long-term restriction of protein in rats
causes peroxisome loss and disrupts metabolic function in the
liver, and a mouse model has identified increased PEX2 and
pexophagy levels during severe malnutrition, which may partially
elucidate the mechanism behind this observed phenotype72.
Though understanding of the mechanisms of pexophagy and its
contribution to hepatic metabolism necessitates further investiga-
tion, we now understand that inhibition of autophagy by phar-
macological or genetic targeting rescues peroxisome number and
function73. These findings, taken in conjunction with the liver’s
major role in fat metabolism and other catabolic processes, sug-
gest pexophagy significantly contributes to the support of not only
quality control, but also metabolic and energetic homeostasis.

4.3. ER-phagy supports hepatic metabolism

ER-phagy (reticulophagy) is the selective autophagic degradation
of the endoplasmic reticulum (ER) and also contributes to meta-
bolic homeostasis in the liver (Fig. 3C). ER-phagy is mediated by
direct interaction of multiple ER-phagy adaptor molecules such as
reticulophagy regulator 1 (RETREG1, also known as FAM134B),
reticulon 3 (RTN3), RTNL3 (a long isoform of RTN3), SEC62
homolog, preprotein translocation factor (SEC62) and cell cycle
progression 1 (CCPG1), testis expressed 264, ER-phagy receptor
(TEX264), and atlastin GTPase 3 (ATL3). These ER-phagy
adaptor molecules are ER-membrane resident proteins and
contain at least one LC3 or GABARAP-interacting region (LIR)
or Atg8 interacting motif, that can bind to autophagosomal LC3/
GABARAP family proteins. These adaptor proteins can also
interact with most-upstream autophagy initiation complex com-
ponents such as ULK1/2, Atg13, etc.

ER-phagy preserves the size and functionality of the ER.
However, the pathophysiological relevance of ER-phagy is under
investigation. One of the liver’s main functions is drug meta-
bolism, which often involves the proliferation of smooth ER
where catabolism of the administered drug takes place, in addition
to upregulation of cytochrome P-450 (Cyp450) genes involved in
the catabolism of the given drug74. After discontinuance of the
drug, the ER is reduced to its original size within several days.
Multiple studies have confirmed that selective autophagy removes
the extra ER membranes, though the mechanism for this process
has not been fully elucidated74e76. Additionally, selective auto-
phagy was also found to degrade the typical ER membrane pro-
teins phenobarbital (PB)-inducible CYP450 and NADPH-
cytochrome P-450 reductase (FP2) after cessation of phenobar-
bital treatment, further supporting the homeostatic relevance of
autophagy in the reestablishment of normal ER structure and
function after drug treatment77.

The ER of hepatocytes is also subject to continuous stress due
to the extensive production of secretory proteins. In addition to
activation of the unfolded protein response (UPR) which helps
alleviate ER proteotoxicity, proteotoxic stress in the ER has been
shown to trigger autophagy which may help degrade misfolded
proteins and selective portions of the ER membrane-mediated to
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some extent by transcription factors such as c-Jun, but also by
factors involved in the UPR such as eukaryotic translation initi-
ation factor 2 alpha (eIF2alpha)18,78e80. The liver degrades pro-
teins via autophagy at tremendous rates which also contributes to
quality control and proteostasis, as outlined in more detail in the
earlier section in the context of support of energetic homeostasis.

5. Autophagy-mediated regulation of signaling proteins
impact metabolism

Conventionally, autophagy is well known to contribute to hepatic
metabolism by the generation of the metabolite pool by simple
degradation of macromolecules such as LD, proteins, or glycogen.
Emerging evidence indicates that autophagy could also regulate
hepatic metabolism in a previously uncharacterized way. We
discuss this concept that autophagic selective modulation of
signaling molecules directly impacts the hepatic metabolism
below.

5.1. Autophagy regulates FXR signaling, and bile acid
metabolism

Bile acid (BA) metabolism is another important function of the
liver, relevant to both hepatic autophagy and metabolic homeo-
stasis. BAs are synthesized in the liver (exclusively in hepato-
cytes) from cholesterol, either by the classic bile acid synthesis
pathway (initiated by the rate-limiting enzyme cholesterol 7a-
hydroxylase, CYP7A1) or the alternative bile acid synthesis
pathway (initiated by mitochondrial sterol 27-hydroxylase,
CYP27A1)81. Because BAs are derived from cholesterol, BA
synthesis and secretion is the primary route of cholesterol excre-
tion81,82. Hence, modulation of BA level indirectly impacts
cholesterol metabolism.

BAs are non-energetic biomolecules but rather, detergent
molecules, which aid in intestinal nutrient digestion and absorp-
tion of fats, steroids, and lipid-soluble vitamins81. BAs also serve
as endogenous signaling molecules and regulate hepatic meta-
bolism. BA signaling activates both nuclear receptors and G
protein-coupled receptors. These nuclear receptors are FXR,
pregnane X receptor (PXR), vitamin D3 receptor (VDR), and
constitutive androstane receptor (CAR), while the G protein-
coupled receptors are Takeda G protein receptor 5 [TGR5, also
known as G protein bile acid receptor-1 (GPBAR-1)] and sphin-
gosine-1-phosphate receptor 2 (S1PR2)81. Since BA signaling in
its entirety is far beyond the scope of this review, we will further
discuss the only FXR in consideration of its relevance to hepatic
autophagy and metabolism.

Under normal physiology, BA homeostasis is mainly achieved
through bile-acid mediated feedback inhibition of intrahepatic BA
synthesis. Newly synthesized BAs are secreted by hepatocytes into
bile for subsequent release into the small intestine. The majority
of BAs are reabsorbed into enterocytes and transported back to the
liver via the portal circulation. Intrahepatic BAs activate FXR to
inhibit its biosynthesis and increase extrahepatic BA secretion.

Autophagy function has recently been shown to be necessary
to maintain bile acid (BA) homeostasis83 (Fig. 4A). Deficiency of
hepatic autophagy as seen in autophagy-related gene 7 (Atg7) or
autophagy-related gene 5 (Atg5) knocked-out livers showed
impaired FXR function, intrahepatic cholestasis with increased
levels of serum BA, a higher ratio of tauro-muricholic acid/taur-
ocholic acid, increased hepatic total bile acid load, and alteration
of intestinal bile acid compositions83. BA level alteration due to
autophagy impairment also significantly changes the composition
of gut microbiota84. These phenotypic observations suggest basal
autophagy is necessary for efficient BA handling via sustenance of
basal expression and activity of FXR. FXR expression is tran-
scriptionally repressed in these genetic models, suggesting auto-
phagy could contribute to BA metabolism via transcriptionally
regulating signaling proteins such as FXR to hepatic metabolism
(Fig. 4A). Notably, this event occurs independently of macro-
molecule recycling. Accordingly, hepatic autophagy does more
than just recycle macromolecules and cellular organelles.

BA metabolism is not only critical for hepatic metabolic
homeostasis in the direct manner briefly discussed above, but
also because of its influence on autophagy. BAs can regulate
autophagy via three major processes. A) Transcriptional inhibi-
tion: BA transcriptionally inhibits hepatic autophagy gene
expression via an FXR-mediated mechanism. Post-prandial
reabsorption of BA attenuates autophagy transcriptionally via
the activation of FXR. FXR activation suppresses the expression
of various autophagy-related proteins by antagonizing the func-
tion of their transcription factors such as cAMP response
element-binding protein (CREB) and peroxisomal proliferator-
activated receptor-alpha (PPARa)85,86. B) Autophagy flux
impairment: at a cellular level, elevated BAs can also directly
repress hepatic autophagy via inhibition of autophagosome to
lysosome fusion. The flux impairment depends on the BA-
mediated reduction of Rab GTPases such as Rab7, which asso-
ciates with autophagosomes to facilitate autophagosome-
lysosome fusion. FXR-dependent induction of Rubicon has also
been found to be responsible for the impairment of
autophagosome-lysosome maturation87,88. Interestingly, the inhi-
bition of Rubicon releases the BA-mediated autophagy inhibition
indicating that Rubicon could be a potential therapeutic target for
autophagy inhibited at the flux level. In quite a contrast, accel-
erated BA synthesis via Cyp7A1 induction attenuates AKT/
mTOR signaling leading to autophagy activation89. C) Hepatic
cholesterol accumulation: autophagy is sensitive to changes in
hepatic cholesterol metabolism and is impaired by hepatic
cholesterol accumulation82. Decreased cholesterol can activate
autophagy by a phosphatidylinositol 3-kinase-dependent mecha-
nism90 and further studies have demonstrated various cholesterol-
lowering agents decrease AKTemTOR signaling and increase
autophagy in hepatocytes82,89,91,92. On contrary, cholesterol
accumulation can impair autophagy via lysosomal dysfunction.
Excessive lysosomal cholesterol accumulation impairs autolyso-
some clearance and may also induce autophagy to compensate
for this impaired autophagic flux82,89,93,94.

In sum, BA homeostasis is crucial to protect tissues from
cholesterol and BA toxicity and maintain hepatic metabolic ho-
meostasis. Dysregulation of BA amount or BA pool composition
poses dramatic metabolic and pathologic implications. Thus,
pharmacological strategies targeting bile acid metabolism and
hepatic autophagy pose as promising therapeutic solutions for
diseases associated with impaired hepatic metabolism.

5.2. Autophagy regulates glucose metabolism by selective
turnover of clock protein cryptochrome 1 (CRY1) transcriptional
repressor level

It is well known that autophagy is necessary to maintain the
levels of glucose in blood and tissues and hence prevent sys-
temic hypoglycemia in neonates and adults95,96. Autophagy
contributes to glucose metabolism by glycogen breakdown (see



Figure 4 Autophagy regulates signal proteins’ level and their activity to directly contribute to hepatic metabolism. (A) Autophagy tran-

scriptionally modulates FXR levels and activity to impact bile acid (BA) metabolism. (B) Autophagy selectively degrades CRY1, a negative

regulator of glucogenesis. (C) Selective degradation of corepressor NCoR1 impact hepatic lipid metabolism.
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above Section 3.3). Recently, studies have shown autophagy can
directly regulate systemic glucose level by modulating the
CRY1 signaling protein (Fig. 4B). Autophagic digestion selec-
tively targets proteins controlling the circadian clock, most
notably CRY1. The autophagic degradation of CRY1 is in
agreement with previous observations where AMPK, a nutrient
sensor and a key inducer of autophagy promotes CRY1 degra-
dation97. CRY1 is a core clock repressor that maintains clock
periodicity and robustly suppresses hepatic gluconeogenesis by
regulating CREB/cAMP and glucocorticoid receptor signaling,
as well as by reducing levels of FOXO1, a transcription factor
that drives gluconeogenesis98e100. Hence, autophagic degrada-
tion of CRY1 releases its repression in gluconeogenesis and
increases blood glucose levels. Physiologically, autophagy
drives glucose production in the liver by timely degradation of
CRY1 in the postprandial situation.

CRY1 has several light chains 3 (LC3)-interacting region (LIR)
motifs to interact with LC3 for its selective degradation by auto-
phagy. Hence, CRY1 is accumulated to cause lowered blood
glucose levels in mice genetically deficient in autophagy. Inter-
estingly, high-fat diet feeding, which is well known to block
autophagic flux, decreases CRY1 protein levels in an autophagy-
dependent manner, and restoring hepatic CRY1 levels reverses
obesity-associated hyperglycemia.

5.3. Autophagy regulates lipid metabolism by regulating
nuclear receptor co-repressor 1 (NCoR1) degradation

It is well established that autophagy plays a central role in lipid
metabolism by selectively degrading lipid droplets via lipophagy.
Selective degradation of LD releases FFA and glycerol which are
then transported to mitochondria for their b-oxidation and hence
to fuel metabolic processes. FFA can also contribute to membrane
biosynthesis. Also, autophagy, or some element of the autophagic
machinery, participates in LD biogenesis, particularly in
hepatocytes101.
Apart from this, autophagy also regulates the synthesis of FFAs
and triglycerides at the transcriptional level by fine-tuning levels
of NCoR1 (Fig. 4C). NCoR1 is a transcriptional coregulatory
protein which is also known as thyroid hormone and retinoic acid-
receptor associated co-repressor 1 (TRAC-1) as it binds thyroid
hormone receptor (TR) and retinoic acid receptor (RAR) and in-
hibits their respective genes. Hence, NCoR1 can interact with
several nuclear receptors. Moreover, NCoR1 can recruit histone
deacetylases to DNA promoter regions and thus downregulate
gene expression.

NCoR1 inhibits transactivation of peroxisome proliferator-
activated receptor (PPARa) and liver X receptor an (LXRa), both
of which play gene regulatory role for b-oxidation and lipogenesis
respectively102.

The transcriptional corepressor role of NCoR1 is modulated
by autophagy. In autophagy-activated conditions such as star-
vation, both nuclear and cytosolic NCoR1 is markedly
decreased due to autophagic selective degradation. This
reduction is largely inhibited by genetic knockdown of Atg7 or
by lysosomal protease inhibitors E64d and pepstatin treatment.
Mechanistically, NCoR1 translocates to the cytoplasm where it
directly interacts with GABARAP but not with LC3B for se-
lective degradation by autophagic machinery. The N-terminal
region of NCoR1 contains a GABARAP-interacting motif
(GIM) that aids in its interaction with GABARAP for selective
degradation.

Selective degradation of NCoR1 by autophagy is indispensable
for the transactivation of various nuclear receptors, particularly
PPARa and LXRa in response to starvation. Indeed, suppression
of liver autophagy is accompanied by repression of multiple
downstream target genes of PPARa and LXRa (our unpublished
data). Since PPARa increases, FFA oxidation, and LXRa pro-
motes hepatic de novo lipogenesis, the regulation of NCoR1, and
hence the modulation of these two nuclear receptors may be a
tertiary autophagic means to modulate lipid anabolism and
catabolism.



Table 1 Potential pharmacological treatments to target autophagy in metabolic liver diseases.

Compound For treatment of Chemical properties Function Effect on

autophagy

Ref.

Carbamazepine � Alpha-1-antitrypsin

deficiency

� Cirrhosis

� Alcoholic liver disease

� Hepatic steatosis

Tricyclic compound,

anticonvulsant

mTOR independent

autophagy inducer

acting by reducing

inositol levels

Induce 103,107e109

Curcumin � Hepatic fibrosis

� Steatosis

� NAFLD

Natural phyto-

polylphenol

pigment

Activates PPARa, and

regulates upstream

signaling pathways

of AMPK and

mTOR

Induce 110,111

Ezetimibe � Alpha-1-antitrypsin

deficiency

� Hepatic steatosis

� NAFLD

Beta-lactam NPC1L1 inhibitor and

potent NRF2

activator

Induce 107,112,113

Fibrates � Cholestasis

� Primary biliary

cholangitis

� Primary sclerosing

cholangitis

Amphipathic

carboxylic acids

Ligands for the

nuclear receptor

PPARa

Induce 114

Fluphenazine � Alpha-1-antitrypsin

deficiency

Phenothiazine,

dopamine receptor

antagonist

mTORC1 inhibition Induce 107,115

Metformin � Hepatic steatosis

� NAFLD

� NASH

Biguanide Indirectly inhibits

mTOR, induces

SIRT1-mediated

autophagy

Induce 116,117

Norursodeoxycholic

acid (norUDCA)
� Primary biliary

cholangitis

� Primary sclerosing

cholangitis

� Cholestasis

� Alpha-1-antitrypsin

deficiency

Side chain shortened

UDCA derivative

Appears to induce

autophagy via

activation of

AMPK via mTOR/

ULK1

Induce 114,118,119

Pimozide � Alpha-1-antitrypsin

deficiency

Diphenylbutyl-

piperidine

derivative

mTOR-independent

autophagy

enhancer

Induce 107

Rapamycin

(sirolimus)
� Alpha-1-antitrypsin

deficiency

� Alcoholic liver disease

� Cholestasis

Organic

heterotricyclic

compound

Binds to mTOR and

activates autophagy

Induce 108,114

Resveratrol � NAFLD

� Hepatic steatosis

� Cholestasis

� Alcoholic liver disease

Natural phenol Sirtuin-1-dependent

induction of

autophagy

Induce 40,115,116,120

Suberoylanilide

hydroxamic acid

(vorinostat)

� Alpha-1-antitrypsin

deficiency

Histone deacetylase

inhibitor

Autophagy

upregulation via

AKT/mTOR

signaling

Induce 107

Tat-beclin-1 peptide � Alpha-1-antitrypsin

deficiency

� Hepatocellular injury

Peptide Binds negative

regulator of

autophagy, GAPR-

1

Induce 107,121,122

Trehalose � Hepatic steatosis

� NAFLD

Disaccharide mTOR-independent

autophagy

enhancer

Induce 51,115,123

Ursodeoxycholic acid

(UDCA)
� Cholestasis Hydrophilic bile acid FXR antagonist,

active autophagy

Induce 107,114,118,

124,125
(continued on next page)
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Table 1 (continued )

Compound For treatment of Chemical properties Function Effect on

autophagy

Ref.

� Primary biliary

cholangitis

� Alcoholic liver disease

� Alcoholic

steatohepatitis

� Alcoholic cirrhosis

� Primary biliary

cirrhosis

� Alpha-1-antitrypsin

deficiency

induction

Torin 1 � Alcoholic liver disease

� Hepatic steatosis

� Alpha-1-antitrypsin

deficiency

Organofluorine,

pyridoquinoline

mTORC1 and

mTORC2

inhibition,

increases liver

TFEB levels

Induce 126e128

PP242 � Alcoholic liver disease

� Hepatic steatosis

� Alpha-1-antitrypsin

deficiency

Pyrazolo-pyrimidine mTORC1 and

mTORC2

inhibition

Induce 128,129

BH3 mimetics (ABT-

737)
� Alcoholic liver disease

� Hepatic steatosis

� Alpha-1-antitrypsin

deficiency

Peptides and small

molecules

Stimulates Beclin 1-

dependent

activation of the

pro-autophagic

lipid kinase VPS34

Induce 130

Lithium and L-

690330
� Alcoholic liver disease

� Hepatic steatosis

� Alpha-1-antitrypsin

deficiency

Alkali metal and

phosphonic acid

(respectively)

Inositol

monophosphatase

inhibition, lowering

inositol and myo-

inositol-1,4,5-

triphosphate (IP3)

levels

Induce 109,131

Sodium valproate � Alcoholic liver disease

� Hepatic steatosis

� Alpha-1-antitrypsin

deficiency

Valproic acid Lowers inositol and

myo-inositol-1,4,5-

triphosphate (IP3)

levels

Induce 109

INT-767 � NASH

� Hepatitis

Semisynthetic bile

acid derivative

Dual FXR and TGR5

agonist

Presumed

suppression

81,124

Theonellasterol � Cholestasis 4-Methylene-24-

ethylsteroid

Selective FXR

antagonist

Presumed

suppression

132

Cilophexor � NASH

� Primary sclerosing

cholangitis

Non-steroidal FXR

agonist

FXR agonist Suppress 105,133

GW4064 � Cholestasis Synthetic isoxazole FXR agonist Suppress 83,124

Hydroxychloroquine � Hepatic steatosis Chloroquine

derivative

Regulates lipid

metabolism via

peroxisome

proliferator-

activated receptor

gamma pathway,

blocks

autophagosome-

lysosome fusion

Suppress 116,134

Obeticholic acid

(OCA)
� Cholestasis

� NASH

� Primary biliary

cholangitis

Semi-synthetic bile

acid analog

FXR agonist Suppress 114,118

Tropifexor � NASH

� Cholestasis

Non-bile acid FXR

agonist

FXR agonist Suppress 105,135
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6. Recent advances in translating autophagy research into
therapeutics for metabolic liver disease

Autophagy plays an important role not only in normal liver
physiology but also in the pathogenesis of many metabolic liver
diseases such as alcoholic liver disease (ALD) and nonalcoholic
fatty liver disease (NAFLD). Generally, autophagy balances the
metabolism and senses stress in the liver. Autophagy mediated
turnover of macromolecules, and selective degradation of organ-
elles in the liver maintains hepatic homeostasis. In the context of
ALD or NAFLD, this homeostasis is impaired and results in the
accumulation of hepatic lipids (steatosis) or cytotoxic proteins
(Mallory-Denk bodies) that could further stimulate hepatic injury,
recruitment of inflammatory cells resulting in alcoholic steatohe-
patitis, nonalcoholic steatohepatitis (NASH). Enhancement of
autophagy by pharmacological approaches has been already
proven to alleviate liver steatosis and injury in alcoholic and non-
alcoholic fatty liver in preclinical models103,104. Hence, thera-
peutic targeting of autophagy could be beneficial for treating
metabolic liver diseases.

Autophagy could be strategically modulated at four different
levels of the process: 1) Transcription factors or upstream
signaling pathway regulating autophagy induction, e.g., TFEB,
AMPK, or mTORC1 complex. 2) Autophagy initiation, phag-
ophore, and autophagosome formation, e.g., VPS34 or Beclin1 or
Atg4. 3) Autophagic flux level, i.e., autophagosome and lysosomal
fusion, e.g., lysosomal hydrolases. 4) Targeting autophagy tar-
geted signaling proteins (see Section 5 above). However, because
of the broad range of cellular functions regulated by autophagy in
physiological and pathological conditions, targeting autophagy
remains considerably challenging. Moreover, the drugs targeting
the individual components of the autophagic signaling pathway
such as VPS34 or the autophagic flux can cause autophagy-
independent effects. Yet, with increased specific understanding
of the role of autophagy in liver metabolisms such as regulation of
signaling proteins, targeting autophagy regulated substrates such
as CRY1, NCoR1 or FXR could be a novel strategy to alter
autophagic impact in liver metabolism and metabolic disease
pathogenesis. In a preclinical model of NAFLD where rodents are
fed a high-fat diet, accelerated autophagic degradation of CRY1
was observed. Interestingly, restoring the CRY1 level prevented
obesity-associated dysregulation of gluconeogenesis. Hence, drug
designs targeting the LIR motif and preventing autophagic CRY1
degradation should help stabilize CRY1 levels and lower blood
glucose levels in obese or NAFLD patients. Nevertheless, there
could be a limitation of these compounds as the signaling proteins
have a non-autophagy specific function, and hence targeting these
molecules could affect processes that are distinct from autophagy.

To date, several autophagy inducers and inhibitors have been
identified and successfully implemented in disease models, though
most are in preclinical stages. So far, the lysosomotropic auto-
phagy inhibitors chloroquine and its derivative hydroxy-
chloroquine and the rapamycin or rapalogs which stimulate
autophagy are the most widely used in clinical trials aiming at
modulating autophagy (https://clinicaltrials.gov).

Autophagy’s crucial role in support of quality control, ener-
getic homeostasis, and regulation of signaling molecules in he-
patic metabolism makes it an attractive therapeutic target for
metabolic liver diseases. The beneficial and negative effects of
autophagy in various liver diseases and cell types complicate this
goal, but research on this topic in the past decade has yielded
many encouraging findings. One target for pharmacological
therapy of various metabolic liver diseases, which is regulated by
the autophagy process is FXR. Agonism of FXR by GW4064 was
shown to significantly correct cholestasis and liver injury caused
by deficient autophagy in a murine model83, and several other
studies indicate FXR as a therapeutic target for hepatic chole-
stasis, with many FXR agonists undergoing preclinical and clin-
ical investigation105. Protecting effects of FXR agonists have been
demonstrated in several experiments and trials on cholestasis,
cirrhosis, and NAFLD81. Conversely, for conditions exhibiting
harmful effects of FXR activation, such as obstructive cholestatic
liver disorders, experiments indicate FXR antagonism is benefi-
cial105,106. Aside from the FXR modulation, other autophagy-
modulating compounds have shown therapeutic promise for the
treatment of metabolic liver diseases. Table 1 contains a
comprehensive list of potential pharmacological treatments to
target autophagy and combat metabolic liver disease
pathogenesis.

7. Concluding remarks, future directions, and open
questions

It is now well established that autophagy function is quintessential
for hepatic normal functioning and its impairment contributes
directly to liver disease pathogenesis. With a better understanding
of the mechanisms underlying autophagy induction and execution,
great interest is emerging to understand the pathophysiological
role of autophagy in liver function and therapeutically target
autophagy in metabolic disease conditions. Novel concepts about
how autophagy contributes to hepatic metabolism are unraveling.
Besides conventional macromolecular recycling and organellar
quality control, autophagy also selectively modulates various
signaling proteins. The selective targeting of these signaling
proteins that lie in the crux of regulating metabolic pathways is of
special interest and could be the basis for future autophagy-based
therapeutics. An open question that remains to be tested is whether
specific LIR motifs responsible for autophagic degradation of the
signaling protein could be developed or not. Further in-depth
studies will be required to identify more downstream selective
autophagy target proteins that act as signaling proteins to impact
liver metabolic homeostasis.
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