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Abstract

Autophagy is a conserved quality-control pathway that degrades cytoplasmic contents in
lysosomes. Autophagy degrades lipid droplets through a process termed lipophagy. Starvation and
an acute lipid stimulus increase autophagic sequestration of lipid droplets and their degradation in
lysosomes. Accordingly, liver-specific deletion of the autophagy gene Afg7 increases hepatic fat
content, mimicking the human condition termed nonalcoholic fatty liver disease. In this review, we
provide insights into the molecular regulation of lipophagy, discuss fundamental questions related
to the mechanisms by which autophagosomes recognize lipid droplets and how ATG proteins
regulate membrane curvature for lipid droplet sequestration, and comment on the possibility of
cross talk between lipophagy and cytosolic lipases in lipid mobilization. Finally, we discuss the
contribution of lipophagy to the pathophysiology of human fatty liver disease. Understanding how
lipophagy clears hepatocellular lipid droplets could provide new ways to prevent fatty liver
disease, a major epidemic in developed nations.
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AN INTRODUCTION TO AUTOPHAGY

Autophagy is a cellular recycling pathway that is conserved across systems as diverse as
yeast, flies, worms, and mammals (33). Autophagy, or “auto” and “phagos,” which translate
to “eating one’s own self,” is a mechanism that delivers cytoplasmic cargo into acidic

compartments of the cell known as lysosomes (19). The best-characterized functions of
autophagy include maintenance of cellular quality control and provision of an alternate
source of energy during starvation (33, 70, 107). Indeed, cells lacking autophagy are unable
to clear dysfunctional and/or aged organelles and sustain themselves during nutrient
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insufficiency, which results in loss of function and cell death. It is therefore reasonable to
conclude that cells have evolved multiple pathways to turn over their unwanted refuse in
lysosomes. To that end, autophagy is classified in three distinct categories on the basis of the
mechanism of lysosomal cargo delivery and the cargo type delivered to the lysosome:
macroautophagy, chaperone-mediated autophagy (CMA) (13), and microautophagy (95, 97).
Macroautophagy (33), a mechanism for in-bulk cargo degradation, requires a complex
interplay of greater than ~30 autophagy proteins that orchestrate cargo delivery to
lysosomes. In the basal state or under conditions of stress or starvation, macroautophagy
entails de novo formation of double-membrane autophagosomes that sequester and deliver
cargo to lysosomes. In contrast, CMA selectively degrades single soluble proteins with a
specific amino acid signature, the KFERQ motif (66), which is recognized by cytosolic heat
shock cognate protein 70 (Hsc70) and then delivered to lysosomes by the CMA receptor
lysosome-associated membrane protein (LAMP)-2A. Microautophagy, the least
characterized form of autophagy, involves direct sequestration of cytoplasmic cargo by
invaginations of lysosomal and late endosomal membranes (95, 97), which is followed by
the degradation of engulfed cargo. In this review, we focus on macroautophagy (hereafter
referred to as autophagy) and its recently elucidated function in cellular lipid utilization,
termed lipophagy (108).

REGULATION OF AUTOPHAGY

The Molecular Basis of Autophagosome Formation

Although the lysosome was identified as a distinct organelle in the 1950s through elegant
electron microscopic work by Christian de Duve and colleagues (75), it is only through quite
recent investigations that the molecular pathways regulating autophagy have begun to be
understood (78). In fact, the cellular sources of autophagosomes and mechanisms of
autophagosome biogenesis, how autophagy is regulated, and how cells identify and label
cytoplasmic cargo for degradation currently are active areas of research.

It was through yeast genetic screens that autophagy gene (ATG) proteins were identified as
molecular effectors of the macroautophagy pathway (31, 99, 122). Subsequent studies in
higher organisms identified that induction of macroautophagy requires the release of the
mammalian ortholog of ATG6, Beclin-1 (60, 129), from its binding partner Bcl-2, which
allows Beclin-1 to form a complex with vps34 (34), ATG14/Barkor (39), and vps15/p150
(35) that together constitute class 111 phosphatidylinositol 3-kinase (P13K) activity (Figure
1). Active class 111 PI3K generates phosphatidylinositol 3-phosphates (PI13Ps), which recruit
additional ATG proteins to sites of phagophore assembly for de novo-limiting membrane
formation (Figure 1) (33). Recruitment of a critical upstream regulator of autophagy,
UNCH51-like kinase 1 (Ulk1) (140), allows inclusion of additional ATGs, for instance ATGS9,
to the phagophore (62). ATG9 is the only transmembrane ATG protein that has been
considered as a membrane donor for the growing autophagosome (128). PI3Ps also attract
orthologs of ATG18, i.e., WD repeat domain phosphoinositide-interacting protein 1 (WIPI1)
and WIPI2, to the phagophore that allows maturation of the autophagosome (88, 123). In
recent years, great interest has been given to cellular sites of autophagosome biogenesis, and
the subject remains under investigation (64, 121). A number of studies have now shown that
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autophagosomes originate from precursors derived from the plasma membrane (91),
endoplasmic reticulum (32, 143), mitochondria-endoplasmic reticulum contact sites (28),
and the Golgi apparatus (142). The expansion of limiting membranes into autophagosomes
requires two ubiquitin-like conjugation cascades (33). ATG7 is a unique ubiquitin E1-like
ligase that catalyzes binding of ATG12 with ATG5 (Figure 1) (116). In subsequent steps, the
ATG12-ATG5 conjugate interacts with ATG16L1 to give rise to ATG12-ATG5-ATG16L1 in
a reaction requiring the E2-like conjugating activity of ATG10 (Figure 1) (87, 94, 116). In
the presence of ATG3, a protein with E2-like activity (139), and ATG7, ATG12-ATG5-
ATG16L1 catalyzes the binding of soluble/cytosolic microtubule-associated protein 1 light
chain 3 (LC3) to lipid moieties on the growing autophagic membranes (Figure 1) (29).
Lipidated LC3, also known as LC3-Il, is a molecular signature of the autophagosome (117)
and is structurally and functionally essential for autophagosome formation and cargo
recognition. LC3-11-positive autophagosomes recognize and capture cargo through the
interaction of LC3 with p62/sequestosome-1 (SQSTM-1) (83), a cargo adaptor protein that
is bound to polyubiquitinated cargo. Autophagosomes containing sequestered cargo traffic
along microtubules to fuse with lysosomes in a manner that is soluble A~ethylmaleimide-
sensitive factor—activating protein (SNARE) dependent, resulting in cargo degradation (40,
71). Although autophagy maintains a basal level of activity to fine-tune quality control and
basal energetic needs, a wide variety of stressors rapidly activate autophagy, which allows
the cell to survive through adverse conditions.

The Signaling Cascades Regulating Autophagy

In light of the fact that autophagy is activated in response to diverse environmental cues, it is
likely that multiple signaling cascades are engaged to tightly regulate the activity of this
pathway, and in fact, this has been shown to be the case. For instance, the cellular nutrient
sensor, mechanistic target of rapamycin (mTOR), is a critical inhibitor of autophagy (92).
Nutrient availability and growth factors activate mTOR, which blocks autophagy by
inhibiting upstream autophagy activator Ulk1 through its phosphorylation at Serine-757
(Figure 2) (49). Suppression of autophagy ensures that this pathway does not inadvertently
degrade cellular components while nutrients are abundant. By contrast, starvation-associated
increases in cellular adenosine monophosphate (AMP) activate adenosine monophosphate-
activated protein kinase (AMPK) (Figure 2) (30). Active AMPK induces autophagy by
phosphorylating UIK1 at several residues (22, 49), for instance, Serine-555 and Serine-777,
which are distinct from those phosphorylated by the nutrient-activated mTOR target
Serine-757 (49). As noted previously, the activation of UIk1 initiates membrane trafficking
events that include localization of transmembrane protein ATG9 to sites of de novo
autophagosome biogenesis and induction of autophagy (144). Elegant studies have identified
complex regulatory loops that sense changes in nutrient availability and modify autophagy
(22, 49, 73); for instance, interplay between mTOR and a recently described autophagy
regulator AMBRAL (25) and Ulk1 has recently been shown to regulate autophagy (73).

Although maintenance of active autophagy was not traditionally considered to require de
novo ATG protein synthesis because ATG proteins were not considered rate limiting, recent
studies have identified a gene regulatory network that activates autophagy by increasing
lysosomal biogenesis (104). Indeed, a basic HLH-leucine zipper transcription factor EB
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(TFEB) has been identified as a master regulator of the CLEAR (coordinated lysosomal
enhancement and regulation) network that directly regulates Afg and lysosomal gene
expression (82, 98, 104). TFEB is regulated by its nuclear exclusion, and studies exploring
the regulation of TFEB have identified two kinases—ERK2 and mTOR—that control
autophagy activity by modulating TFEB phosphorylation and its cellular localization (104,
105). It has been shown that nutrient and growth factors stimulate ERK2 and mTOR
activation that phosphorylates TFEB at Serine-142 and increases its cytoplasmic
accumulation (104). Work from the same group has shown that amino acids recruit mTOR to
the lysosomal surface by action of a protein complex that includes v-ATPase, Rag GTPases,
and Ragulator (96). At the lysosomal surface, active mTOR interacts and phosphorylates
TFEB and retains it in the cytosol, which effectively reduces macroautophagy activity. In
contrast, fasting decreases lysosomal v-ATPase activity, which in turn blocks Rags and thus
releases mTOR from the lysosomes. Consequently, in the absence of active mTOR, TFEB
remains in the dephosphorylated state, allowing it to traverse to the nucleus and turn on the
CLEAR network of genes and hence macroautophagy (Figure 2). Given the intricate control
of macroautophagy at several steps by a plethora of regulatory proteins, it is conceivable that
disruptions in any of the regulatory steps would contribute to an age-related decline in
macroautophagy and cell function. Indeed, a large body of work supports the concept of
reduced autophagy with age (11, 43, 86, 89, 100, 145) and forms the basis of much of the
ongoing work that is aimed at identifying ways to restore autophagy during aging.

LIPID DROPLET TURNOVER BY LIPOPHAGY

Introduction to Lipophagy

Lysosomes contain a battery of hydrolases, including proteases, lipases, nucleases, and
glycases, that allow rapid turnover of unwanted portions of the cell (9). In fact, autophagy
can be classified on the basis of the type of cargo it degrades; for instance, autophagy
degrades mitochondria via mitophagy (47), peroxisomes by pexophagy (48), endoplasmic
reticulum via reticulophagy (118), and ribosomes through ribophagy (55); in addition,
autophagy has been shown to degrade RNA (37, 130). Thus, the autophagic apparatus
eliminates cargo in bulk yet maintains remarkable selectivity in its ability to distinguish
damaged organelles marked for degradation from those that are healthy and functional.

In recent years, much attention has been focused on understanding the physiology behind
the regulation of cellular fat stores within lipid droplets (133). During nutrient sufficiency,
cells store their energy reserves as fat within lipid droplets—which are large stores of neutral
lipid esters, triglycerides, and cholesteryl esters (46)—surrounded by a phospholipid
monolayer and lipid droplet coat proteins that are classified into a family of perilipins
(PLINS) (50). Indeed, due to the dynamic cross talk of lipid droplets with additional
organelles, and due to the fact that lipid droplets have been shown to buffer misfolded
proteins (12) or infectious agents (24), these seemingly inert fat stores have often been
considered as distinct organelles (17).

The synthesis of lipid droplets occurs at the endoplasmic reticulum (27, 46), and most cells
generate lipid droplets in the size range of 0.1 to 10 um, although cells dedicated for fat
storage—adipocytes—contain much larger lipid droplets that grow up to 100 um in size.
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During starvation, lipid droplets undergo lipolysis, a process well studied in adipocytes,
wherein lipolytic stimuli activate protein kinase A, which phosphorylates lipid droplet coat
protein PLIN1 (112). This results in PLIN1 degradation via the proteasome and in turn
facilitates recruitment of cytosolic lipases to the lipid droplet surface (112). Given that
starvation activates autophagy and that starvation-induced autophagy generates nutrients
through lysosomal degradation of unwanted cytoplasmic contents, it was proposed that the
autophagolysosomal system played a role in breaking down lipid droplets to provide free
fatty acids to the starved cell.

To test the role of autophagy in the degradation of cellular lipid stores, hepatocytes were
exposed to the pharmacological autophagy inhibitor 3-methyladenine, which blocks class 111
PI3K activity, or were treated with small hairpin (sh) RNA against the autophagy gene Afg5.
Inhibition of autophagy remarkably increased lipid droplet content in hepatocytes cultured in
the basal state or when cells were exposed to free fatty acids (108). Mouse embryonic
fibroblasts knocked out for A#g5also displayed increased triglyceride levels (108). Increased
lipid droplet content in autophagy-deficient cells did not result from increased triglyceride
synthesis but occurred due to a decrease in lipid turnover as indicated by reduced rates of
triglyceride decay and mitochondrial p-oxidation (108). To determine whether
autophagosomes and lysosomes interact with lipid droplets, fed and serum-starved cells
were subjected to fractionation and imaging studies. To that end, immunogold electron
microscopy revealed sequestration of lipid droplets by LC3-labeled membranes, and
accordingly, isolated lipid droplets from fasted livers displayed enrichment of LC3 (108).
Conversely, autophagosomes and lysosomes isolated from fasted livers revealed enrichment
of lipid droplet markers PLIN1 and PLINZ2 (108). These studies indicated that dynamic
interactions occurred between these seemingly distinct cellular compartments. In a second
experimental approach, indirect immunofluorescence of cultured hepatocytes showed
colocalization of BODIPY 493/503, a lipid droplet marker, with markers of autophagosomes
and lysosomes, LC3 and LAMPL, respectively (108). The inclusion of a lipid stimulus
increased associations of lipid droplets with LAMP1-positive structures; blocking lysosomal
function further increased BODIPY 493/503/LAMP1 colocalization, indicating the
accumulation of lipids within lysosomes. By contrast, interfering with autophagosome-
lysosome fusion led to decreased BODIPY 493/503/LAMP1 colocalization, indicating the
failure of delivery of lipids to lysosomes (108). Although it remains undetermined whether
neutral cytosolic lipases contribute, in part, to this lysosomal consumption of lipid, a
ubiquitous effect of dissipating lysosomal pH, which suppresses lysosomal degradation but
leaves intact neutral lipase activity, was blocked lipolysis (44, 108). These findings
demonstrate a fundamental role of lysosomes in lipid droplet turnover. Validation of the role
for autophagy in lipid droplet mobilization in vivo came from mice that selectively lacked
the autophagy gene Atg7in livers. Consistent with findings of increased lipid accumulation
in autophagy-deficient hepatocytes and Azg5~'~ mouse embryonic fibroblasts, liver-specific
Atg7~ mice displayed remarkable lipid accumulation that histologically mimicked the
commonly observed human condition—nonalcoholic fatty liver disease (108).

Intriguingly, we find that providing a lipid stimulus acutely, for instance treating hepatocytes
with a physiological fatty acid such as oleic acid, activates lipophagy (108). This activation
occurs possibly as a mechanism to consume excessive lipid influx into the hepatocyte. Oleic
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acid-induced autophagy has also been reported in cultured hypothalamic neurons (44),
which suggests that this is perhaps a ubiquitous effect observed in diverse cell types. In
contrast, chronic lipid availability, such as prolonged high-fat-diet feeding, has been shown
to suppress lipophagy (108). Indeed, in models of obesity, such as high-fat-diet-fed mice and
the leptin-deficient o6/0b mice, it has been reported that chronic overnutrition decreases
hepatic ATG7 levels and decreased autophagy activity (141). Furthermore, overnutrition-
induced autophagy suppression has been associated with hepatic inflammation and
endoplasmic reticulum stress (141). In our electron microscopy studies, high-fat-diet feeding
led to decreased LC3 positivity in liver lipid droplets (108), indicating decreased autophagic
sequestration of lipid droplets. In an attempt to analyze whether restoring ATG7 levels can
reverse hepatic fat accumulation in obese mice, Yang and colleagues (141) utilized an
adenoviral approach to overexpress ATG7 in livers of genetic and diet-induced models of
obesity. Liver-specific overexpression of ATG7 was sufficient to prevent hepatic steatosis in
ob/ob mice, supporting the central role of autophagy in controlling hepatic fat content (141).
However, the question of why autophagy flux decreases in models of chronic overnutrition
remains. Although it is possible that multiple mechanisms contribute to decreased autophagy
during obesity, a study using an in vitro assay that measured rates of fusion between isolated
autophagosome and lysosomal compartments revealed that feeding mice a high-fat diet
decreased autophagosome-lysosome fusion by up to 70% (52). In this context, ethanol-
induced hepatotoxicity has also been associated with decreased autophagolysosomal fusion
(10). In addition to lysosomal pH and ATP availability, which are predominant factors
controlling autophagolysosomal fusion, it is likely that dietary factors alter lysosomal
membrane lipid composition (52, 53), which in turn determines autophagolysosomal fusion
events. As previously noted, in recent years SNARE proteins have been shown to regulate
autophagy by recruiting ATG proteins to sites of autophagosome formation (40, 71).
Detailed work from the Mizushima laboratory (40) has demonstrated a role for SNARE
protein syntaxin 17 in regulating the fusion of autophagosomes with acidic organelles;
however, whether changes in SNARE protein function are behind decreased
autophagolysosomal fusion and lipophagy during obesity states remains to be determined.

Since the original finding of autophagic lipid droplet turnover in hepatocytes, a plethora of
studies have now identified lipophagy as a means to mobilize cellular fat stores in diverse
cell types, including orexigenic hypothalamic neurons (44), primary striatal neurons (65),
glial cells (65), lymphocytes (38), macrophage foam cells (80, 81), adipose-resident
macrophages (137), cultured adipocytes (59), gastrointestinal epithelial cells (45), and
prostate cancer cells (41); in nonmammalian systems such as the yeast Saccharomyces
cerevisiae (124, 126), Caenorhabditis elegans (57, 76), and the fungus Fusarium
graminearum (74); in experimental plant systems such as rice (56); and in phyllosphere
microorganisms (79). Taken together, these studies are a testament to a conserved role for
autophagy in maintaining lipid homeostasis across multiple organisms, which supports the
use of the term macrolipophagy or lipophagy (108) as a ubiquitous pathway for in-bulk
mobilization of cellular lipid droplets.
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Transcriptional Regulators of Lipophagy

A growing interest in the field of lipid metabolism is the identification of the regulatory
networks linking the activation of autophagy to catabolism of cellular lipid droplets. To that
end, a study by Lettieri Barbato (59) and colleagues revealed that starvation-induced
activation of transcription factor forkhead box protein O1 (FoxO1) modulates adipose mass
through the transcriptional upregulation of lysosomal acid lipase-mediated autophagy. More
recent studies have revealed that activation of TFEB, a master regulator of autophagy and its
nuclear localization, has been linked to activation of autophagy-mediated lipid utilization.
Indeed, in a study performed in C. elegans, the nutrient status in a given state orchestrates
the coordinated regulation of transcription factors HLH-30 (the TFEB ortholog in worms)
andMXL-3 that, in turn, modulate lysosomal acidic lipase LIPL1- and LIPL3-dependent
lipid droplet breakdown through lipophagy (76). In addition to this study in worms, a study
conducted in mammals revealed that TFEB exerts a central role in hepatic lipid metabolism
by orchestrating a transcriptional program in response to starvation via the PGCla-PPARa-
lipophagy axis that mediates lipid catabolism (103). Related work by Seok and colleagues
(102) has provided evidence that the cAMP response element-binding protein (CREB)
promotes lipophagy in the fasted state via direct transcriptional activation of TFEB and
autophagy genes; in contrast, nutrient availability suppresses this effect by activation of the
nuclear receptor farnesoid X receptor (FXR). Thus, the CREB-FXR axis represents a major
nutrient-sensing network that tightly regulates lipophagy during periods of fasting and
refeeding. Lee and colleagues (58) have described a similar regulatory interplay between
FXR and peroxisome proliferator-activated receptor alpha (PPARa), wherein starvation-
induced PPARa activation suppresses feeding-induced FXR-driven inhibition of autophagy.
These findings indicate that, contrary to previous belief, lipid utilization via lipophagy
requires complex regulatory networks that entail transcriptional regulation of autophagy
genes.

INSIGHTS INTO THE MOLECULAR REGULATION OF LIPOPHAGY

Cytosolic lipases mobilize lipid droplets by breaking down one triglyceride molecule into
three molecules of fatty acids and a molecule of glycerol via tandem reactions catalyzed by
adipose triglyceride lipase (ATGL) (147), hormone-sensitive lipase (HSL), and
monoacylglycerol lipase (125). By contrast, autophagosomes sequester portions of larger
lipid droplets or possibly consume smaller lipid droplets in toto for their delivery to
lysosomes (108). Within lysosomes, the lysosomal acid lipase degrades triglycerides into
fatty acids and glycerol (14, 108). In this regard, the autophagy pathway can be viewed as an
attractive mechanism that rapidly eliminates cellular lipid stores in bulk.

How Does the Autophagy Machinery Consume Lipid Droplets?

Autophagosomes and lysosomes range from 0.5 to 1.5 pm and 50 to 100 nm in size,
respectively; lipid droplets are much larger in size and can be up to 10 um in size in
nonadipocytes. Given these differences in organelle size, it is likely that autophagosome
assembly occurs at the surface of the lipid droplet. Indeed, electron microscopy data suggest
that limiting membranes generate at the lipid droplet surface and expand into the core of the
lipid droplets (108). The limiting membrane then seals to generate an autophagosome, which
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pinches off portions of the lipid droplet for lysosomal targeting (108). In fact, electron
microscopic analyses revealed that lipid droplets were less often consumed in totality and
observed more often to be consumed piecemeal (108). In support of this notion, we detected
enrichment of soluble LC3-I and the upstream regulators of autophagy, ATG7, ATG5, and
Beclin 1, on the lipid droplet surface (unpublished data). In addition, mice lacking ATG7 in
the liver displayed accumulation of LC3-1 in lipid droplet fractions (108), which would
suggest that although the E1-like ligase ATG?7 is necessary for sequestration of lipid droplets
by LC3-11-positive autophagosomes, ATG7 was not required for the recruitment of cytosolic
LC3-I to the lipid droplet surface. These findings have opened up several new questions; for
instance, how might ATG proteins be recruited to the lipid droplet, and how might lipid
droplets be recognized as an autophagic cargo? How do autophagosomes attain the
appropriate curvature and dimensions to sequester a lipid droplet? Although these questions
currently remain unanswered, possible solutions are being considered.

How Does the Autophagy Machinery Recognize Lipid Droplets?

The mechanism of sequestration of cytoplasmic cargo by the autophagosomes is an exciting
area of research, and the current paradigm, as revealed through studies of sequestration of
intracellular protein aggregates, suggests that polyubiquitinated chains of specific lysine
linkages serve as biological labels that identify cargo destined for degradation and spare
those that are considered essential for the cell. To that end, protein polyubiquitination
patterns have served as biological tags that allow recognition of bacteria invading a host cell
as well as damaged organelles. Whereas organelles such as mitochondria display a dedicated
tagging system requiring Pink1, a serine/threonine kinase that localizes to the mitochondria
via its mitochondrial localization sequence, and Parkin, an E3 ubiquitin ligase, it remains
unknown whether such a dedicated tagging system exists for lipid droplet degradation by
autophagy. Whether ubiquitination of lipid-droplet-associated proteins per se targets lipid
droplets for consumption by autophagy also is not known. Quite interestingly, ancient
ubiquitous protein 1 (AUP1), a protein that contains a domain at the C-terminus that binds
E2 ubiquitin conjugases, is recruited to lipid droplets. It has been shown that the C-terminus
of AUP1 binds to an E2 ubiquitin-conjugating enzyme, Ube2g2 (113). These findings
suggest that recruitment of the AUP1-Ube2g2 molecular complex to the lipid droplet surface
could be a potential mechanism that initiates the labeling of the lipid droplet components.
However, in light of these considerations, a second set of questions comes to mind: If
ubiquitination is the signal that allows elimination of the PLIN coat protein layer of the lipid
droplet, then is the process coordinated by cross talk between multiple proteolytic systems?
Indeed, both the lysosomal and proteasomal proteolytic systems have been shown to turn
over lipid-droplet-associated coat proteins (54, 67, 77, 135, 136), although the precise
mechanism for their degradation via autophagy remains unclear. Furthermore, what might be
the biological tag that labels lipids for lysosomal degradation? Is it possible that the
autophagy apparatus identifies a distinct lipid tag and converges onto the exposed lipid
surface following the removal of the PLIN layer on lipid droplets?

A unified theme in the mechanisms described to mediate cargo recognition is the binding of
the biological tag, i.e., polyubiquitinated proteins, to cargo adaptors such as SQSTM1/p62
(8). SQSTM1/p62 is a unique protein that is able to bind to a wide variety of
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polyubiquitinated proteins through a UBA domain at its C-terminus (90). SQSTM1/p62 also
polymerizes via its Phox and Bem1 (PB1) domain at the N-terminus, and this ability to
polymerize with itself is considered to favor its binding to diverse polyubiquitinated
substrates (7). SQSTM1/p62 also binds to the autophagosome marker LC3-11, which allows
it to serve as a cargo adaptor for autophagy (115). Additional autophagy cargo adaptors have
been identified, for instance, NBR1, NDP52, and optineurin, each of which regulates the
recognition of diverse cytoplasmic material for autophagic degradation (18, 120, 132).
Whether any of these autophagy receptors serve as the candidate molecule that targets lipid
droplets for autophagic degradation remains to be investigated. Interestingly, recent work
has linked mutations in huntingtin to accumulation of cytoplasmic lipid droplets in multiple
cell types (65). Huntingtin is a widely expressed protein whose mutations result in
development of Huntington’s disease, a severely debilitating neurological condition.
Huntingtin has been found to associate with membranes of various organelles (4), and
mutations in huntingtin result in the accumulation of large autophagosomes that are unable
to sequester cargo and appear to be devoid of organelles (65). These “empty”
autophagosomes fail to sequester and target cargo for lysosomal degradation, and it has been
proposed that mutations in huntingtin lead to a defective association with SQSTM1/p62,
which impairs cargo recognition (65). Interestingly, as reported by the Cuervo group (65),
cells that express mutant huntingtin display remarkable lipid accumulation, demonstrating a
role of this protein in regulating lipid droplet breakdown via autophagy. These intriguing
findings beg a number of questions, including whether huntingtin associates with lipid
droplets and whether huntingtin could be the cargo recognition molecule that tethers lipid
droplets to the forming autophagosome. Needless to say, additional studies will be necessary
to dissect the potential roles for huntingtin—and for that matter, SQSTM1/p62, NBR1,
NDP52, and optineurin—in lipid droplet turnover through lipophagy.

Autophagy Genes, Membrane Curvature, and Lipid Droplets

This brings us to questions pertaining to the development of autophagic membrane
curvature, which is likely to be a critical determinant for efficient sequestration of lipid
droplets of diverging sizes. Elegant work from Fan and colleagues (23) has identified a
domain at the C-terminus of ATG14, which is termed Barkor/Atg14 autophagosome
targeting sequence (BATS). Mutational analyses indicate that the ATG14 BATS domain
binds directly to autophagic membranes via a hydrophobic region on its amphipathic alpha
helix (23). Furthermore, the BATS domain of ATG14 binds to areas of curvature in the early
autophagic structures. The authors also show that the BATS domain senses membrane
curvature by selectively binding to curved membranes containing phosphatidylinositol 3-
phosphate but not phosphatidylinositol 4,5-biphosphate (23). Given the ability of ATG14 to
sense and maintain curvature, it is possible that ATG14 is a critical molecule that governs
recruitment of ATGs to strategic sites on the lipid droplet surface for de novo
autophagosome formation. A more recent study has highlighted that the E2-like enzyme
ATG3, which serves to regulate lipidation of LC3, binds to regions of the autophagic
membrane that contain local lipid-packing defects. Similar to ATG14, the hydrophobicity of
the ATG3 N-terminal amphipathic helix determines the degree of binding of ATG3 to
membranes, which is followed by lipidation of LC3 (72). On the basis of these findings,
Nath and colleagues (72) suggest that the E2-like enzyme ATG3 is perhaps suitable to work
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at highly curved membranes, and it is possible that the unique hydrophobic domains of
ATG14 and ATG3 are critical determinants that allow recruitment and expansion of the
autophagic machinery at the lipid droplet surface. In keeping with these concepts, modifying
ATG14 has been shown to disrupt hepatocyte lipid metabolism (134). However, additional
studies will be required to determine the precise role of ATG14 and ATG3 in targeting to
regions of membrane curvature, which in turn could be important in understanding how
autophagic sequestration of lipid droplets occurs.

Autophagy and Cross Talk with Lipases

An important issue that needs to be considered is the possibility of cooperativity between
lipases and ATG proteins in the regulation of lipolysis. To the authors’ understanding, no
information is currently available on ATG protein—cytosolic lipase cross talk in the control
of lipolysis. White adipocytes have traditionally been the most optimal system to study
lipolysis, largely because their unique architecture and function are geared toward fat storage
and breakdown. White adipocytes are characterized by miniscule amounts of cytoplasm, a
single large lipid droplet that essentially flattens the nucleus; most importantly, adipocytes
exhibit abundant levels and activity of cytosolic lipases. Why then would autophagy be
required to mobilize fat in the adipose tissue?

To determine the contribution of autophagy in lipid metabolism in white adipose tissue, two
independent groups deleted Afg7 in adipocytes using aP2/fatty acid—binding protein 4 as the
promoter to drive Cre recombination and deletion of Afg7. Quite surprisingly, both studies
reported that selective loss of autophagy in white adipocytes resulted in mice exhibiting
decreased fat mass and heightened insulin sensitivity. Molecular analyses of Afg7-/~
adipocytes revealed a remarkable reduction in levels of markers of adipocyte differentiation,
indicating a failure of white fat differentiation, which likely contributed to decreased white
fat mass in these mice. It is possible that in the absence of white fat differentiation, a subset
of unique adipose progenitors is activated and repopulates the adipose tissue with brown
adipocyte-like cells, enhancing energy expenditure and insulin sensitivity in these mice. In
the context of the role of autophagy in lipid mobilization, it is important to note that the
failure to observe accumulation of lipid droplets in Afg7~/~ adipocytes suggests that
autophagy plays a predominant role in white fat development and is perhaps dispensable in
the steps regulating adipocyte lipid droplet turnover. It should also be noted that because the
loss of Atfg7from birth triggers developmental changes, it is likely that an accurate analysis
of lipophagy and its cross talk with lipases in white fat lipid metabolism would require in
vivo models wherein Afg7 can be deleted conditionally in the postdevelopmental state.

It is currently thought that stimulation of lipolysis in adipocytes activates protein Kinase A,
which phosphorylates the lipid droplet coat protein PLIN1 (formerly called perilipin).
Phosphorylation of PLIN1 results in its degradation, which allows neutral lipases to gain
access to the lipid core of lipid droplets (69). It has also been shown that persistent lipolytic
stimulation leads to fragmentation of larger perinuclear lipid droplets into much smaller
lipid droplets that are coated with PLIN1 (63). A likely effect of this fragmentation is an
increase in the available surface area upon which lipases can efficiently act to mobilize
triglycerides. Intriguingly, preliminary data from our laboratory indicate that activating
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autophagy in adipocytes contributes to the breakup of larger lipid droplets into smaller lipid
droplets, possibly through the ability of autophagy to degrade large-sized lipid droplets in
bulk. Conversely, we also examined the consequence of an acute loss of autophagy on lipid
droplet size, and our findings suggest that acutely inhibiting autophagy in adipocytes
depletes small-sized adipocytes and leaves behind abnormally large and dysmorphic lipid
droplets. Although we appreciate this to be an effect restricted to brown adipocytes, these
results allow us to consider a possible paradigm wherein activation of autophagy breaks
down larger lipid droplets into smaller droplets, which in turn increases the net lipid droplet
surface area upon which cytosolic lipases can act effectively. It is thus possible that
autophagy facilitates adipose lipolysis by increasing cytosolic lipase activity merely by
remodeling lipid droplet size. Whether these events occur in white adipocytes remains to be
seen. In addition, whether activation of autophagy translates to increased lipase activity also
needs detailed investigation.

Additional Autophagy Pathways and Lipid Metabolism

Finally, we consider the question of whether additional forms of autophagy participate in
lysosomal lipid turnover. To date no studies in mammalian systems have linked CMA or the
microautophagy pathway to lysosomal delivery and turnover of lipid droplets. However, in a
recent study in the yeast S. cerevisiae, lysosomal lipid droplet breakdown was shown to
occur via microautophagy. As briefly discussed in the introduction, microautophagy refers to
a form of autophagy wherein lysosomal or late endosomal membranes directly engulf
cytoplasmic cargo that is then degraded within these acidic compartments (95).

In the study performed in yeast, van Zutphen and colleagues (124) determined that the yeast
vacuole directly engulfs lipid droplets in a mechanism that resembles microautophagy in
mammals. When yeast cells were cultured in the basal state or exposed to fatty acids, the
authors observed lipid droplets within the vacuole, although providing fatty acids led to
further increases in vacuolar lipid droplet content. Electron microscopic analyses indicated
that lipid droplets associated closely with invaginations in the lysosomal membrane, and no
additional membranes were detected in the vicinity of lipid droplets, which suggested that
cargo delivery occurred via direct lysosomal engulfment. Intriguingly, using several strains
mutated for various ATG proteins, the authors revealed that much of the core autophagic
machinery, except ATG11 and ATG20 or Shpl, an ATG8 cofactor, is required for direct
vacuolar lipid consumption (124). In contrast, the authors revealed that this process requires
a unique set of proteins, in particular, ATG17 and ATG15. Using Afg15 mutants, the authors
demonstrated that loss of ATG15 results in marked increases in vacuolar lipid accumulation.
These findings suggest that ATG15 is the vacuolar triglyceride lipase and support the
previously proposed function of ATG15 as the triglyceride lipase in organisms such as £~
graminearum (74). These results also suggest that factors inherent to lysosomes and/or late
endosomes could affect rates of lysosomal lipid consumption. For instance, recent work
from the McNiven laboratory (101) has shown a new role for Dynamin 2 in the vesiculation
of lysosomal tubules and demonstrated the importance of these vesiculations in lipid droplet
turnover via lipophagy. The function of Dynamin 2 is to regulate vesicle budding from late
endosomes by binding to endocytic adaptors. In this work, Schulze and colleagues (101)
show that after lysosomal consumption of lipid droplets, nascent lysosomal tubules originate
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from autolysosomes in an attempt to generate new lysosomes. Dynamin 2 regulates the
scission events necessary for production of these nascent lysosomes. Accordingly, depleting
Dynamin 2 reduces production of nascent lysosomes and promotes accumulation of larger
incompetent lysosomes that in unison compromise lysosomal lipid degradation. These
important results suggest that factors independent of the mechanisms regulating
autophagosome formation could also impact lipophagy. It is thus tempting to speculate that
age-associated changes in lysosomal vesiculation and lysosomal regeneration could
contribute to the increased lipid accumulation observed in these conditions.

In contrast to roles of lipophagy in breaking down lipid droplets, Shibata and colleagues
(106) have previously shown that the LC3 lipidation system is required for the generation of
lipid droplets and that starvation-induced lipid accumulation fails to occur in autophagy-
deficient mice. Unlike the findings by Shibata et al. (106) and in keeping with the
degradative role of lipophagy, van Zutphen and colleagues have shown that mutants for
Atgl, Atg8, and Atgl5are comparable to wild-type strains in their abilities to generate
cytosolic lipid droplets when maintained in growth medium. Given the dynamic nature of
the interaction of autophagy with its substrates across diverging physiological conditions,
i.e., feeding or fasting, it is not surprising that although autophagosomes originate from
plasma membranes (6, 91), endoplasmic reticulum (118), and mitochondria,
autophagosomes also serve to devour the very cellular components and organelles
(endoplasmic reticulum and mitochondria) that generate them (5, 28, 32, 143). Furthermore,
although autophagy degrades lipid droplets via lipophagy, a recent study reveals that lipid-
droplet-localized neutral lipase, PNPLADS, and lipid utilization via PNPLADS are required for
the optimal activation of autophagy by providing the lipid fuel needed for the generation of
autophagosomes (21).

WHY IS LIPOPHAGY REQUIRED IN THE LIVER?
Lipophagy in the Pathophysiology of Liver Disease

So, why is lipophagy necessary in the liver? As discussed previously, in adipocytes a
significant proportion of cytosolic triglyceride hydrolysis occurs via lipases ATGL and HSL.
Although ATGL displays highest activity in fat tissue, several nonadipose tissues express
low amounts of ATGL. Accordingly, ATGL-deficient mice have shown lipid accumulation in
adipose tissue, heart, and liver. However, ATGL does not hydrolyze cholesteryl esters, and
furthermore, ATGL contributes to variable degrees of phospholipid hydrolysis, at least as
observed in different experimental conditions. In addition, under normal physiological
states, the liver expresses very low levels of HSL, and no studies have associated HSL
activity to lipolysis in the liver. In contrast, under experimental conditions, overexpression of
HSL has been shown to reverse hepatic steatosis (93). These results would allow one to
consider that lipophagy perhaps evolved as a mechanism for in-bulk removal of hepatic lipid
droplets generated in response to free fatty acids delivered to liver in the fasted state.
Because excessive lipid accumulation generates oxidant stress, and given the role of
autophagy as a prosurvival factor, it is not unreasonable to consider that the autophagic
system plays an important role in buffering fatty acid toxicity and maintaining hepatic
lipohomeostasis in the background of enhanced adipose lipolysis. Consistent with this
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notion, Wang and colleagues (127) have shown that autophagy-deficient hepatocytes are
more sensitive to menadione-induced oxidant stress when compared to those with intact
autophagy. Of particular note, blocking p-oxidation led to decreased viability in hepatocytes
exposed to oxidant stress; in contrast, simply providing free fatty acids was sufficient to
bypass oxidant stress—induced cell death in autophagy-deficient cells (127). These findings
suggest that lipophagy potentially supersedes hepatotoxicity by generating ATP that would
allow the cells to sustain an antioxidant response. Alternatively, lipophagy could facilitate
the clearance of toxic lipid species through their degradation in lysosomes. In accordance
with this possibility, Alexaki et al. (2) have linked defective autophagy to the accumulation
of diverse lipid species in the liver, for instance, sphingolipids and their bioactive derivative
ceramide, which have been shown to contribute to cellular toxicity. In keeping with this
notion, it is not surprising that diet-induced and genetic models of obesity reveal inhibition
of autophagy that occurs in parallel with tissue inflammation (108, 141) and cell death.

A time-tested model for the development and progression to nonalcoholic steatohepatitis
(NASH) is the “two-hit theory” (15, 16). In this theory, the first hit includes the development
of a fatty liver disease, and the second hit entails development of oxidative stress,
mitochondrial deficits, and hepatocellular inflammation that cumulatively lead to the
development of NASH. How autophagy might fit in with the two-hit theory in development
of NASH is unclear. First, it was proposed and conclusively shown that lipophagy plays a
protective role against the first hit by preventing excessive fat accumulation (108). Second,
in all likelihood, autophagy prevents the second hit through its ability to eliminate damaged
reactive oxygen species—generating mitochondria and to maintain hepatocellular ATP levels.
A common mediator of liver injury is the inflammatory molecule tumor necrosis factor
(TNF)-a, and Amir and colleagues (3) have shown that deleting Azg7in the liver led to
hepatocellular injury when mice were exposed to known liver toxins, i.e., galactosamine
combined with lipopolysaccharide or galactosamine administered with TNF-a. The authors
demonstrated that loss of autophagy increases liver cell death through the activation of the
mitochondrial death pathway and that hepatotoxicity is reversed upon overexpression of
Beclin-1 in mice (3). Autophagy/lipophagy has also been shown to contribute to hepatic
fibrosis through effects on hepatic stellate cell function. Indeed, autophagy induction was
detected in activated hepatic stellate cells, and autophagy inhibition suppressed hepatic
stellate cell activation (119). A second group has shown that autophagy is necessary for
stellate cell activation in vitro and in vivo, and that lipophagy-driven fatty acid p-oxidation is
necessary for stellate cell activation (36). Accordingly, replacing free fatty acids led to
stellate cell activation in autophagy-deficient cells (36). These findings indicate that
autophagy plays an important part in preventing steatosis and in the progression to
hepatocellular toxicity in the background of fatty liver disease; quite surprisingly, autophagy
also plays a regulatory role in the development of hepatic fibrosis.

In addition to protection against lipid-driven hepatotoxicity, the physiological function of
lipophagy is perhaps to regulate the availability of free fatty acids, which is required for
generation of very-low-density lipoproteins (VLDL) particles. It has been shown that in
hepatocytes cultured in the absence of free fatty acids, a significant proportion (~70%) of the
secreted VLDL is generated through the intracellular breakdown of triglycerides (131);
however, how free triglycerides were catabolized to generate VLDL was unclear. Studies in
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mice lacking Atg7in the liver displayed a reduction in the secretion of triglycerides that
were packaged in VLDL particles (108), which indicates that lipophagy plays an important
part in the turnover of cellular triglycerides to generate free fatty acids that are utilized for
VLDL production. In keeping with these findings, studies employing a pharmacological
inhibition of autophagy revealed decreased fatty acid oxidation and VLDL production,
whereas in contrast, activating autophagy resulted in increased VLDL production (84, 111).
In addition to modulating liver disease through control of hepatic fat content, lipophagy
could also modify the infectious pathology of hepatotropic agents. For instance, hepatitis B
and hepatitis C viruses activate autophagy, and this autophagy activation supports replication
of these viruses (1, 20, 110). It is also possible that breakdown of lipid droplets provides the
fuel required for their replication. In fact, hepatitis C virus particles have been shown to
dock to lipid droplets that, in turn, allow viral assembly (68). Consistent with this possibility,
blocking autophagy inhibited viral replication, and in contrast, providing free fatty acids
rescued viral replication in autophagy-deficient cells. Although it remains unknown how
viruses utilize cellular resources for their replication, these emerging studies build a clear
case for the involvement of lipophagy in fueling viral replication.

Lipophagy and Human NAFLD

Autophagy analysis in human subjects has remained a major limitation in terms of
understanding the degree to which loss of autophagy contributes to human NAFLD.
Moreover, analyzing autophagy activity relies exclusively on measuring autophagy flux,
which requires pretreatment of samples with lysosomal inhibitors (51, 138). In spite of these
limitations, correlative studies in human subjects have provided the proof of principle that
autophagy indeed plays a significant part in preventing the development of NAFLD in
humans. For instance, liver sections obtained from deceased subjects and liver biopsies from
adult subjects revealed accumulation of the autophagy cargo p62/SQSTML1 in individuals
with severe steatosis (26, 42). These findings support that autophagy activity, as one would
expect, correlates inversely with total liver fat content. Further links between lipophagy and
steatosis originate from studies wherein pharmaceutical agents commonly known to generate
steatosis have now been shown to suppress autophagy. For instance, thymidine analogs used
as antiretroviral agents, particularly stavudine and zidovudine, have now been shown to
inhibit autophagy activity, which in turn could be the reason for the increased hepatic lipid
content observed in individuals treated with these agents (114). Conversely, the
anticonvulsant carbamazepine has been shown to prevent development of steatosis through
its ability to activate autophagy (61). More recently, Park and colleagues (85) have shown
that obesity and lipotoxic states lead to autophagy blockage, and this inhibition of autophagy
occurs from increased cytosolic calcium levels. They further showed that increases in
hepatocellular calcium leads to impaired autophagosome-lysosome fusion (85). On the basis
of these findings, the authors administered the commonly used calcium channel blocker
verapamil to obese mice. Interestingly, verapamil therapy activated autophagy and
eliminated lipid accumulation in livers from obese mice, which in turn enhanced insulin
sensitivity (85). Given that calcium channel blockers have been used for treatment of
hypertension for decades, it is likely that verapamil will be rapidly available for use to
prevent metabolic complications stemming from decreased autophagy. Furthermore, two
commonly used beverages, green tea and coffee, have active biological ingredients,
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epigallocatechin-3-gallate (146) and caffeine (109), respectively, that have been shown to
prevent hepatic steatosis by activating lipophagy. In sum, these findings support a major role
for lipophagy in maintaining hepatic fat levels in mice models and in humans and form the
basis for understanding the molecular mechanisms regulating autophagy-mediated lipid
metabolism.

CONCLUSIONS AND FUTURE DIRECTIONS

Lipophagy degrades hepatocellular lipid droplets within lysosomes. Several studies have
now identified the functionality of lipophagy in diverse cell types as well as in organisms
such as yeast, worms, and fungal structures. Whereas blocking autophagy promotes
hepatocellular lipid accumulation, activating autophagy leads to the clearance of
hepatocellular lipid droplets. These findings suggest that activating lipophagy is an attractive
strategy to rapidly mobilize hepatocellular lipids and prevent human fatty liver disease.
However, several questions remain unanswered. For instance, it remains unknown how
autophagy proteins are recruited to lipid droplets. How does the autophagic machinery
recognize lipid droplets? How do autophagosomes sense the curvature and size of lipid
droplets? It also remains unknown whether lipophagy and cytosolic lipases act in concert to
eliminate lipid droplets. The answers to many of these questions would help better explain
how autophagy, an in-bulk degradative pathway, eliminates cellular lipid stores. Knowing
how lipophagy functions could be helpful in designing new strategies for the prevention of
hepatic steatosis, a major health condition in developed countries.
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SUMMARY POINTS

Lipophagy entails the sequestration of lipid droplets by autophagosomes and
their degradation within lysosomes.

Blocking lipophagy promotes hepatic lipid accumulation and mimics the
human condition termed nonalcoholic fatty liver disease.

Starvation and an acute lipid stimulus activate lipophagy; refeeding or
prolonged overnutrition suppresses autophagy.

More than 30 autophagy (Afg) genes orchestrate the formation of
autophagosomes.

Lipophagy requires complex regulatory networks that include transcriptional
control of autophagy genes.

In addition to the liver, lipophagy degrades lipid droplets in diverse cell types
as well as in yeast, worms, and fungal structures.

How the autophagic machinery recognizes lipid droplets remains unknown.

Activating hepatic lipophagy prevents excessive fat accumulation in the liver.
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FUTURE ISSUES
How are ATG proteins recruited to lipid droplets?
How might lipid droplets be recognized as an autophagic cargo?

Do recognition tags for lipophagy differ from those meant for recognition of
other organelles?

How does an autophagosome assess the curvature and dimension of a lipid
droplet?

Does lipophagy control lipid droplet fission events to generate smaller
droplets?

Is there cross talk between lipophagy and cytosolic lipases in regulating
lysosomal lipid turnover?

Are additional autophagy pathways involved in lysosomal lipid degradation?

Can activation of lipophagy prevent obesity-associated steatosis?
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Figurel.
The autophagy pathway. Stress or starvation activates the class 111 phosphatidylinositol 3-

kinases (PI3K) complex that generates phosphatidylinositol 3-phosphates (PI3Ps). PI3Ps
recruit autophagy genes (ATGS) to the nucleation complex including UNC51-like kinase 1
(ULK1), an upstream regulator of autophagy. Two conjugation cascades, i.e., the ATG12-
ATG5 and light chain 3 (LC3) conjugation cascades, are activated, which results in
lipidation of cytosolic LC3-I into membrane-bound LC3-11. LC3-11-positive
autophagosomes sequester cytoplasmic cargo that is delivered to the lysosomes, wherein a
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battery of acid hydrolases degrade engulfed cargo. Products of degradation—amino acids,
fatty acids, and nucleic acids—are utilized by the starved cell. Abbreviations: AMBRAL,
activating molecule in Beclinl-regulated autophagy; Beclinl, coiled-coil, myosin-like
BCL2-interacting protein; Dynein HC, dynein heavy chain; P-mTOR, phospho-mammalian
target of rapamycin; P-ULK1, phospho-UNC51-like kinase 1.
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Figure2.
The regulation of lipophagy. The availability of nutrients phosphorylates and activates the

mechanistic target of rapamycin (mTOR). It is likely that lysosomal efflux of amino acids
also activates mTOR. Active mTOR phosphorylates transcription factor EB (TFEB) and
retains it in the cytoplasm, and it decreases autophagy and lysosomal gene expression.
Active mTOR also suppresses UNC51-like kinase 1 (ULK1) activity by phosphorylating
ULKZ1 at SER 757. During nutrient depletion, mTOR is inactivated while adenosine
monophosphate-activated protein kinase (AMPK) is activated. These events allow ULK1
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phosphorylation at SER 555, which results in ULK1 activation. Suppression of mTOR
activity also allows TFEB to localize to the nucleus to drive autophagy and lysosomal gene
expression. Activation of autophagy begins to sequester and degrade lipid droplets (LDs) in
lysosomes. Lysosome-derived free fatty acids are oxidized in the mitochondria for
production of adenosine triphosphate (ATP).
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