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Regulation of lipid stores and metabolism by lipophagy

K Liu' and MJ Czaja*"

Intracellular lipids are stored in lipid droplets (LDs) and metabolized by cytoplasmic neutral hydrolases to supply lipids for cell use.
Recently, an alternative pathway of lipid metabolism through the lysosomal degradative pathway of autophagy has been described and
termed lipophagy. In this form of lipid metabolism, LD triglycerides (TGs) and cholesterol are taken up by autophagosomes and delivered
to lysosomes for degradation by acidic hydrolases. Free fatty acids generated by lipophagy from the breakdown of TGs fuel cellular rates
of mitochondrial f-oxidation. Lipophagy therefore functions to regulate intracellular lipid stores, cellular levels of free lipids such as fatty
acids and energy homeostasis. The amount of lipid metabolized by lipophagy varies in response to the extracellular supply of nutrients.
The ability of the cell to alter the amount of lipid targeted for autophagic degradation depending on nutritional status demonstrates that
this process is selective. Intracellular lipids themselves regulate levels of autophagy by unclear mechanisms. Impaired lipophagy can
lead to excessive tissue lipid accumulation such as hepatic steatosis, alter hypothalamic neuropeptide release to affect body mass, block
cellular transdifferentiation and sensitize cells to death stimuli. Future studies will likely identify additional mechanisms by which

lipophagy regulates cellular physiology, making this pathway a potential therapeutic target in a variety of diseases.
Cell Death and Differentiation (2013) 20, 3-11; doi:10.1038/cdd.2012.63; published online 18 May 2012

Facts

e Cells break down triglycerides (TGs) and cholesterol stored
in lipid droplets (LDs) by a form of the lysosomal degrada-
tive pathway of macroautophagy termed lipophagy.

e The quantity of lipid undergoing autophagic degradation
relative to the amounts of other cellular constituents can
vary with nutritional status indicating that lipophagy is a
selective form of autophagy.

e Lipophagy regulates intracellular lipid content.

e TG breakdown by lipophagy supplies free fatty acids
(FFAs) needed to sustain cellular rates of mitochondrial
p-oxidation and levels of ATP.

e The intracellular content of FFAs and cholesterol regulates
levels of autophagy.

Open Questions

e How does the autophagic machinery selectively target
stored lipids for degradation in response to changes in
nutrient levels?

e What are the relative contributions of cytosolic lipolysis and
lipophagy to lipid metabolism in different cell types, and is
there cross-talk between the two pathways?

e What are the mechanisms by which intracellular lipids and
other factors regulate levels of lipophagy?

e Do defects in lipophagy underlie human disease and can
lipophagy be a therapeutic target?

Intracellular lipids are essential to cells as an energy source,
structural components for membranes, synthetic building
blocks for other molecules, such as hormones, and as
mediators of cell signaling. The ability to safely store
adequate, but not excessive, amounts of lipids and to
metabolize them when needed is critical for cell function and
survival. The recent finding that lipids can be selectively
degraded by the lysosomal pathway of macroautophagy
through a process termed Iipophagy1 has opened up a new
understanding of how lipid metabolism regulates cellular
physiology and pathophysiology. Many new functions for
autophagic lipid metabolism have now been defined in diverse
cellular processes ranging from transdifferentiation to resis-
tance to death.

Intracellular Lipids are Degraded by Lipophagy

TGs and cholesterol are safely stored as neutral lipids in
specialized cellular organelles called LDs.?2 Until recently,
the breakdown of LD-stored TG and cholesterol was
attributed exclusively to the actions of cytosolic hydrolytic
enzymes or lipases. The role of lysosomes in lipid metabolism
was previously thought to be confined to the breakdown of
extracellular lipoproteins after endocytosis. Now for the first
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Figure 1 Process of LD breakdown by lipophagy. Portions of large LDs or entire

small LDs are sequestered by a double-membrane autophagosome. Lipids may be
sequestered in autophagosomes in combination with other cellular constituents or
as the only cargo. Autophagosomes fuse with lysosomes to form autolysosomes in
which the substrates of the autophagosome and the hydrolytic enzymes of the
lysosome are mixed for cargo degradation. Lipid breakdown leads to release into
the cytoplasm of degradation products such as FFAs. FFAs serve to sustain rates of
mitochondrial S-oxidation for the generation of ATP to maintain cellular energy
homeostasis

time a function has been demonstrated for the lysosomal
degradative pathway of macroautophagy in the breakdown of
intracellular LD stores (Figure 1)." The recognition of this
process of lipophagy has significantly altered our view of lipid
metabolism by providing an alternative mechanism by which
cells mobilize fat in response to cellular needs and external
stimuli.*

Lipophagy was initially described in hepatocytes, which
become a major site of excessive lipid accumulation in obesity
and the metabolic syndrome.>® A pharmacological or genetic
inhibition of autophagy in cultured hepatocytes increased
cellular TG content and LD number and size in response to a
lipid challenge." As a consequence, mitochondrial f-oxidation
is impaired due to decreased FFA generation from LD
breakdown. Through the supply of FFAs to alter ATP
generation by f-oxidation, lipophagy has the potential to
regulate cellular energy homeostasis as well as lipid content.
Fluorescence and electron microscopy demonstrated that
intracellular lipids and LD proteins traffic through autophago-
somes and lysosomes, and this flow is increased with lipid
supplementation. These findings demonstrated for the first
time that autophagy-mediated lysosomal degradation partici-
pates in the cellular mobilization and metabolism of intracel-
lular lipids from LDs.
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These in vitro findings were confirmed in mice with a
hepatocyte-specific knockout of a gene essential for auto-
phagosome formation, atg7.” Deletion of atg7 led to a
dramatic increase in hepatic TG and cholesterol content,
demonstrating a function for autophagy in lipid metabolism
in vivo.! Biochemical and electron microscopic studies
showed increased association of the autophagosomal protein
microtubule-associated protein light chain 3 (LC3) with LDs in
response to starvation. In addition, a remarkable switch of
cargo selection occurred in response to nutritional status, as
the percentage of autophagosomes containing lipid increased
markedly with increasing time of starvation. These findings
indicate that lipophagy, like many other subtypes of autop-
hagy,® is selectively upregulated in response to specific
cellular needs. A switch in cargo selection to lipids enables the
cell to quickly adapt to nutrient deprivation by generating
energy from increased oxidation of FFAs.

Lipophagy is ubiquitous as it functions in other cells that do
not store lipids in as large quantities as hepatocytes including
fibroblasts,” neurons,®'® and stellate cells."” Questions
remain as to how autophagy targets LDs and how lipophagy
is selectively regulated in response to environmental stimuli.
Possible candidates to mediate LD targeting are the soluble
NSF attachment protein receptors (SNAREs). Long impli-
cated in LD fusion,' SNAREs have recently been described
to mediate autophagosome biogenesis.®'* Another possibi-
lity is LC3, which is a protein critical for autophagosome
membrane formation.” The finding that LC3 associates with
LDs in the apparent absence of an autophagosomal mem-
brane™'® suggests that this protein may function in LD
recognition. Another important remaining question is what
are the relative contributions of the cytosolic neutral lipase and
lipophagy pathways to total lipid breakdown, and is there
cross-talk between these two lipolytic mechanisms. Do they
work together, or function independently, and can each
pathway be upregulated to compensate for the loss of the
other? These questions must be addressed for different cell
types as cytosolic lipases differ markedly among the cells, and
the contributions of lipophagy to overall lipid metabolism may
vary as well."®

Autophagy Regulates Cellular Differentiation and
Phenotype

The finding that autophagy regulates lipid metabolism
suggested a role for lipophagy in modulating lipid stores in
the major fat-storing cell in the body, the adipocyte. Two types
of differentiated adipocytes comprise either white adipose
tissue (WAT) or brown adipose tissue (BAT).!” White adipo-
cytes function as a lipid storage depot to compartmentalize
FFAs into LDs to prevent lipotoxicity, and as a store of lipids
for release to other cells for energy generation in times of
nutrient deprivation.'®2° In contrast, brown adipocytes have a
reduced capacity for lipid storage but a high rate of lipid meta-
bolism through f-oxidation. Although various transcription
factors and signaling pathways have been shown to modulate
the differentiation of adipocytes into WAT and BAT,%'2° the
mechanism of this process remains poorly understood.
Recent investigations have demonstrated a critical func-
tion for autophagy in regulating lipid accumulation during



adipocyte differentiation. Studies in 3T3-L1 pre-adipocytes, a
widely used in vitro model of white adipocyte differentiation,*
have demonstrated that in contrast to hepatocytes and
fibroblasts, ablation of autophagy blocked the massive
accumulation of TGs that normally occurs during chemically
induced differentiation of 3T3-L1 cells into white adipocytes.?®
Inhibition of autophagy reduced expression of master regulators
of adipogenesis such as peroxisome proliferator-activated
receptor gamma (PPARy) and CCAAT-enhancer-binding
protein.?"® Protein markers of mature white adipocytes
were also decreased in cells lacking autophagy, indicating
that the failure to accumulate TGs was secondary to impaired
differentiation.?® Similarly, deletion of the autophagy genes
atg5 or atg7 blocked mouse embryonic fibroblast differentia-
tion into adipocytes.2%2”

Adipocyte-specific atg7 knockout mice are leaner than
control mice and resistant to high-fat diet (HFD)-induced
obesity.?>2 The knockouts have substantially diminished
WAT weight (~60%) in parallel with a significant gain in BAT
mass (~25%).2° Further investigations suggested that this
phenotype resulted from enhanced transdifferentiation of
WAT to BAT in the knockout mice, as fat depots that were
normally composed of white adipocytes had increased
morphological and molecular features of BAT.?® Conse-
quently, the rate of FFA f-oxidation was increased 30-fold in
WAT and 2-fold in BAT. Collectively, the transformation of
WAT from an energy-storing tissue into an energy-expending
tissue, together with increased BAT mass, resulted in a lean,
obesity-resistant mouse.

Despite of the clear evidence that autophagy regulates
adipocyte differentiation, the molecular mechanisms under-
lying autophagy-mediated adipogenesis remain to be defined.
In this instance, there does not seem to be a direct effect of
autophagy on lipid metabolism, but rather a primary effect on
differentiation likely unrelated to lipophagy that leads to
secondary alterations in cellular lipid storage and metabolism.
It is possible that autophagy directly regulates expression of
one or more of the transcriptional regulators of adipogenesis.
Alternatively, autophagy may promote adipogenesis through
cytoplasmic remodeling. With differentiation, the cytoplasm of
white adipocytes becomes almost completely occupied by a
unilocular LD, and autophagy may function by removing
cellular organelles and other cytosolic components to allow
sufficient space for the LD. WAT was previously thought to
experience minimal cell turnover, but recent findings indicate
that 10% of human adult adipocytes are replaced annually.?®
The recently reported increase in autophagy in the adipose
tissue of obese humans, particularly with insulin resistance,?®
suggests that increased autophagy might fuel WAT enlarge-
ment in obesity. However, studies to date have not deter-
mined the effects of altered levels of autophagy on
differentiated WAT or BAT. Specifically, does lipophagy
function in the conventional way in these cells to regulate
lipid storage? Investigations with an inducible adipocyte-
specific knockout of autophagy are needed to address this
question in differentiated adipose tissue.

A more definitive role for lipophagy in determining cellular
phenotype has been recently demonstrated in stellate cell
transdifferentiation or activation. Hepatic stellate cells are
normally in a quiescent state marked by their storage of lipid in
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the form of retinoid esters and TGs in LDs and their lack of
matrix gene expression.*® With a fibrogenic stimulus, these
cells lose their lipid stores and transdifferentiate into pro-
liferative myofibroblasts to produce the extracellular matrix
that leads to hepatic fibrosis.®° Although the loss of LDs is a
characteristic feature of this transdifferentiation, the role of
lipid degradation in the activation process has been unclear.
Studies have now established a critical function for lipid
removal by lipophagy during activation. Hepatic stellate cells
activated in vitro or isolated in the activated state from fibrotic
mouse livers had increased levels of autophagy as compared
with quiescent cells.""®" A pharmacological or genetic
inhibition of autophagy blocked this transdifferentiation into
myofibroblasts.*3! A stellate cell-specific mouse knockdown
of atg7 decreased hepatic fibrosis induced by two stimuli in
parallel with decreased stellate cell activation.” The specific
role of lipophagy in this effect was demonstrated by the fact
that autophagic inhibition increased stellate cell LD and
TG content and decreased ATP levels. This lipid break-
down promoted transdifferentiation as chemical inhibition of
f-oxidation blocked cell activation, and supplementation with
the FFA oleate partially reversed the inhibitory effect of the
loss of autophagy.'! These findings suggest that stellate cells
increase autophagy in order to break down lipids to meet
increased energy demands for activation. However, there
may be other mechanisms by which autophagy promotes
activation. How diverse fibrogenic stimuli increase stellate cell
autophagy has not been addressed. The activation of tissue-
specific stellate cells is a central mechanism of fibrosis in
many organs in addition to the liver, and fibroblasts from
fibrotic human lungs also have increased autophagy, which
when inhibited resulted in a reversal of their fibrotic
phenotype.'! Thus, the ability of lipophagy to promote stellate
cell/fibroblast transdifferentiation might be a central mechan-
ism for the development of fibrosis in many tissues.

Autophagy Functions in Hypothalamic Neurons to
Regulate Whole-body Energy Stores

The hypothalamus is an important regulator of whole-body
energy homeostasis and lipid stores through its integration
of various nutrient signals to determine food intake.3*%3
Hypothalamic lipid metabolism serves as a sensor of nutrient
levels by altering intracellular malonyl-CoA and long-chain
fatty-acid levels.®*® The importance of intracellular lipid
metabolism in hypothalamic nutrient sensing, together with
the ability of nutrient levels to regulate autophagy and of
autophagy to degrade lipids, suggested that lipophagy may
mediate hypothalamic regulation of food intake. Two recent
studies have confirmed an important function for autophagy in
hypothalamic neurons in the control of food intake,!®%”
however, opposing effects have been reported and the func-
tion of autophagy in these cells remains unclear (Figure 2).
The arcuate nucleus of the mediobasal hypothalamus
regulates food intake through the opposing actions of two
populations of neurons. The anabolic agouti-related peptide
(AgRP) neurons co-express AgRP and neuropeptide Y that
stimulate food intake and reduce energy expenditure.®® The
catabolic proopiomelanocortin (POMC) neurons express
POMC, which is processed to o-melanocyte-stimulating
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Figure 2 Opposing views of the effects of autophagy on hypothalamic food
sensing. (a) With acute starvation, the increased serum FFAs released from
adipocyte lipid stores result in increased FFA levels in AgRP neurons and FFA
incorporation into LDs. Starvation-stimulated autophagy breaks down LDs into
FFAs that induce AgRP production. AgRP increases food intake both directly and
indirectly through inhibitory effects on POMC neurons. An increase in autophagy in
hypothalamic AgRP neurons therefore translates into increased food intake and
body mass.'® (b) With chronic HFD feeding, the hypothalamic levels of autophagy
are decreased. Reduced autophagy leads to an inflammatory response, which
includes activation of the 1xB kinase f (IKKf)/NF-xB signaling pathway, that
increases food intake. In this proposed model, a decrease in hypothalamic neuron
autophagy increases food intake and body mass®

hormone to suppress feeding.®® Studies in serum-starved
AgRP-expressing GT1-7 cells and primary hypothalamic
neurons from fasted mice have shown that autophagy is
induced in these cells by nutrient deprivation.’® ATG77F-
AgRP-cre-knockout mice with an inhibition of autophagy in
AgRP neurons are leaner, more active and consume less food
after starvation.® These effects were attributed to decreased
AgRP expression and a concomitant increase in POMC
levels. AgRP decreased with the loss of autophagy because
the AgRP neurons relied on lipophagy-mediated lipid meta-
bolism to fuel production of this neuropeptide, although the
mechanism of this effect was not defined. One possibility is
through effects of autophagy on PPARy signaling. PPARy
activates AgRP and suppresses POMC neurons by down-
regulating intracellular levels of reactive oxygen species.®®
FFAs are a well-characterized ligand for PPARy,%° and their
generation by autophagy-mediated lipid metabolism may
activate hypothalamic PPARy to induce AgRP expression.
The findings also suggest a possible new mechanism for the
inhibition of food intake by the hormone leptin. Leptin activates
hypothalamic mTOR signaling,”® which is the primary
inhibitory pathway for autophagy,*' suggesting that leptin
may induce an mTOR-mediated decrease in autophagy in
AgRP neurons that reduces food intake. It would be
interesting to see whether a loss of autophagy in AgRP
neurons can prevent the effects of leptin deficiency by
crossing ATG77F-AgRP-cre mice with ob/ob mice and
examining the effects on food intake.

A second study employed an alternative experimental
design to examine autophagic function in the arcuate nucleus
of the hypothalamus. Based on the findings of decreased
mediobasal hypothalamic autophagy in obese mice,
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Meng et al.®” delivered a lentiviral atg7 shRNA into this region
in the brain in normal mice to inhibit autophagy in the arcuate
nucleus. In contrast to the previous study,'® this approach
presumably decreased autophagy in both AGRP and POMC
neurons, and these findings reflect the impact of a generalized
defect on hypothalamic autophagy. The knockdown mice had
increased food intake and body weights and reduced energy
expenditure, findings opposite to those in the AgRP cell-
specific knockouts.>” Based on the known ability of a loss of
autophagy to promote inflammation in non-neuronal cells,*?*3
the pro-inflammatory NF-xB pathway was examined and
found to be activated in the hypothalamus of the mice with
inhibited autophagy.®” Although evidence of inflammation
was not provided in this study, subsequent investigations by
others have confirmed that hypothalamic inflammation occurs
in obese mice.***> NF-xB activation presumably mediated
the effects of the loss of autophagy on body mass and food
intake as these effects were reversed in mice with a knockout
of the NF-«B-activating 1xB kinase .3 The opposing findings
in the two studies of hypothalamic autophagy may have
resulted from the different experimental designs of a selective
versus generalized inhibition of hypothalamic autophagy.
Which approach is more physiologically relevant needs to be
determined by technically difficult cell-specific studies of the
levels of autophagy in the different neuronal cell types in vivo
in an obese animal. An additional difference between the two
investigations that may have led to the divergent results is that
Kaushik et al.'® employed the rapid and transient lipid
stimulus of starvation, whereas Meng et al.*” examined the
chronic model by HFD feeding that might better reflect the
hypothalamic changes in obese humans.

Lipophagy Regulates Macrophage Cholesterol Efflux

Atherosclerosis leads to coronary artery and cerebral vascular
disease.*®*” Many factors promote atherosclerosis, but
prominent among them is dysregulated lipid metabolism in
macrophages leading to their conversion into lipid-laden foam
cells that contribute to the development of atherosclerotic
plaques.*® The predominant lipid in foam cells is cholesterol in
its free or esterified form. Pivotal to the mobilization of
cholesteryl esters (CEs) from macrophages is their break-
down from LDs by neutral CE hydrolases.*® Enhancing the
efflux of CE from macrophages is a potential approach to
preventing foam cell formation and attenuating atherosclerotic
lesions. 5%

The discovery of lipophagy suggested that autophagy may
contribute to macrophage cholesterol efflux. Ouimet et al.,??
examined this question in cultured macrophages preloaded
with acetylated low-density lipoproteins (AcLDLs) that were
rapidly hydrolyzed and reesterified into LDs.>® Cellular CE
levels increased with inhibitors of either neutral CE hydrolases
or lysosomal function. In parallel, efflux of free cholesterol to
ApoA-1, a major protein component of high-density lipopro-
tein, was impaired with either inhibitor. These findings indicate
that besides mobilization by neutral CE hydrolases, CEs in
LDs can be degraded in lysosomes for efflux. Lysosomal
inhibition only affected efflux from lipid-loaded, but not normal
cells, suggesting a specific role for lysosomal degradation in
foam cells. Lysosomal acid lipase (LAL) was identified as the



enzyme-hydrolyzing CEs in lysosomes. In lipid-loaded atg5,
knockout macrophage cholesterol efflux was decreased, but
LAL inhibition had no additional effect on cholesterol efflux in
these cells, indicating that autophagy trafficked CEs to
lysosomes for degradation by LAL. Studies in vivo demon-
strated that AcLDL-pretreated, autophagy-deficient macro-
phages injected into normal mice had decreased cholesterol
efflux.

Although these findings are intriguing, further studies are
needed to confirm the atheroprotective effects of autophagy
in vivo. The conclusions of this study were largely based on
investigations with AcLDL, which is not the most physiologi-
cally relevant lipid molecule.>* Other modified LDLs, such as
oxidized low-density lipoprotein (OxLDL) and LDL aggre-
gates, are more important in the development of athero-
sclerosis.®® OxLDL tends to be trapped in lysosomes,®®
suggesting that this lipoprotein does not enter LDs to be a
substrate for lipophagy. Important to the consideration of
autophagy as a therapeutic target is whether levels of
autophagy are altered in macrophages as they progress to
foam cells. Ouimet et al®® concluded that lipid loading
increased macrophage autophagy but a careful quantification
of autophagic function was not performed. In addition, this
process might not be ameliorable to drug therapy, as agents to
augment autophagy could trigger a macrophage inflammatory
response that would promote formation of atherosclerotic
lesions.®” Increased autophagic cholesterol breakdown would
raise free cholesterol levels, which also might have an
adverse cellular effect. For example, free cholesterol induces
the unfolded protein response in the endoplasmic reticulum
and triggers apoptosis in macrophages.>®

Viruses Utilize Lipophagy for Replication

The ability of autophagy to eliminate unwanted cellular
components suggests an important role for this degradative
pathway in the elimination of intracellular pathogens.%®
Conversely, infectious agents may subvert the autophagic
pathway to promote their own survival. The two major
hepatitis viruses, both of which are significant causes of
chronic human liver disease, alter host cell autophagic
function by unknown mechanisms. The RNA hepatitis C virus
(HCV)®%8" and the DNA hepatitis B virus®>®® upregulate
autophagy, which acts to promote rather than to block viral
replication. HCV has a well-established association with LDs
and the core protein of HCV attaches to LD for the apparent
purpose of promoting viral assembly through a mechanism
that is unknown.®* Studies with another RNA flavivirus family
member, dengue virus, have for the first time demonstrated
that lipophagy is one mechanism by which augmented
autophagy fuels viral replication.

The site of dengue virus assembly is less well-defined than
for HCV, but similar to HCV evidence for LD-associated
replication exists.?® A recent study indicates that this
upregulation of autophagy serves the specific purpose of
promoting lipid breakdown to supply energy for viral replica-
tion.®® In hepatoma cells, dengue virus infection promoted the
formation of autophagosomes that associated with LDs. As a
result, lipophagy was stimulated in infected cells as reflected
by a significant reduction in cellular TGs and LD volume in
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concert with an increase in FFA f-oxidation. This increase in
cellular p-oxidation was blocked by an inhibition of autophagy,
which also prevented viral replication. Supplementation with
FFAs prevented the block in replication induced by an
inhibition of autophagy, indicating that autophagy degrades
LDs into FFAs that are metabolized by f-oxidation to support
viral replication. Preliminary studies with HCV indicate that
this virus is also dependent on f-oxidation.®® The ability of
flaviviruses to induce lipophagy may therefore be a critical part
of the viral life cycle in hepatocytes and a potential target for
new therapeutic agents. The mechanism of viral induction is
unknown but has been linked to a specific viral gene, NS4A.%”
The function of virus-induced autophagy in other cell types
may differ, however, as autophagy has been reported to limit
dengue replication in monocytes.®® Whether other viruses
such as hepatitis B, which alter autophagic function, utilize
lipophagy to support replication also remains to be
determined.

Lipophagy Mediates Resistance to Cell Death

Cell death and autophagy have long been considered
interrelated, although the nature of their relationship has been
controversial.?® Although early evidence suggested that
autophagy is a form of cell death, more recent investigations
support a predominant if not exclusive function for autophagy
as a pro-survival pathway.”®”! The metabolism of lipids by
lipophagy suggests several new mechanisms by which
autophagy may act to prevent cell death. Potential cell-
protective effects of lipophagy include the breakdown of lipids
to supply energy to maintain cell function and prevent ATP
depletion that leads to necrosis or apoptosis from mitochon-
drial dysfunction and the ability to promote the metabolism of
potentially toxic lipid molecules (Figure 3).

Lipophagy has been demonstrated to mediate hepatocyte
resistance to death from oxidant stress. A genetic knockdown
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Figure 3 Two mechanisms for the alteration of cell death responses by
lipophagy. (a) Superoxide-induced oxidant stress decreases rates of mitochondrial
[f-oxidation, leading to decreased cellular ATP content. A profound decrease in ATP
leads to cell death from necrosis. A more modest decrease in ATP promotes
mitochondrial dysfunction and activation of the mitochondrial death pathway with
cytochrome-c release that triggers cell death from apoptosis. Lipophagy mediates
resistance to both of these forms of cell death by breaking down LDs into FFAs that
can be utilized to make ATP. (b) Lipotoxicity from the saturated FFA palmitate may
be mediated in part by its ability to inhibit lipophagy, resulting in decreased levels of
p-oxidation and palmitate metabolism, which increase cellular levels of palmitate to
trigger apoptosis
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of atg5 sensitized hepatocytes to death from nontoxic levels of
oxidative stress from the superoxide generator menadione
and increased cell death from toxic levels of oxidant stress.”?
In the absence of autophagy, menadione-induced decreases
in cellular rates of ;-oxidation and ATP content were amplified
and sustained rather than transient. These findings suggest
that lipophagy-generated FFAs are critical to sustain rates of
p-oxidation sufficient to maintain cellular energy homeostasis
under oxidant stress. This conclusion was further supported
by the fact that an inhibition of f-oxidation sensitized cells to
death from menadione-induced oxidant stress and that
supplementation with the FFA oleate blocked death from
menadione in cells lacking autophagy. How widespread this
function of lipophagy is in other cell types under oxidant
stress, orin cellular responses to other death stimuli, needs to
be established.

Cell death can result from excessive organ lipid accumula-
tion as occurs in obesity and the metabolic syndrome. One
mechanism of cellular injury from lipid overload can be
through the toxic effects of saturated FFAs or lipotoxicity.
Two of the most prevalent human liver diseases, nonalcoholic
fatty liver disease and alcoholic liver disease, are associated
with increased hepatic lipid accumulation or steatosis.”®
Excessive intracellular lipids can be a source of oxidative
stress or toxic FFAs that trigger hepatocyte injury and cell
death.”® Lipophagy has the potential to prevent liver injury by
limiting steatosis, metabolizing toxic FFAs or maintaining
energy homeostasis.”* Autophagy has been shown to protect
against ethanol-induced fatty liver injury.”® Autophagy was
found to be increased both in the livers of binge alcohol-fed
mice and cultured hepatocytes treated with ethanol. Auto-
phagic degradation of long-lived proteins was not increased,
but findings of increased numbers of autophagosomes
containing LDs and mitochondria suggested that selective
increases in lipophagy and mitophagy occurred in response to
alcohol. Autophagy protected against alcohol-induced injury
as a pharmacological or genetic inhibition of autophagy
increased cell death in ethanol-treated cultured hepatocytes
and mouse liver. Increasing autophagy with rapamycin
decreased alcohol-induced lipid accumulation in vivo, and
autophagic inhibition worsened steatosis. These studies
indicate that lipophagy functions to block the excessive lipid
accumulation induced by alcohol, but do not directly prove that
the protective effects of autophagy on liver injury are the result
of lipophagy. The mechanisms by which autophagy amelio-
rates alcoholic liver disease need to be further examined,
preferably in rodents with chronic alcohol ingestion that are a
better model of human alcoholic liver disease. Whether
lipophagy protects other tissues from injury from excessive
lipid accumulation must also be investigated.

Levels of Autophagy are Altered by Cellular Lipid Content

Several studies have suggested that in addition to the ability of
autophagy to mediate lipid metabolism, lipids regulate cellular
levels of autophagy. Initial evidence for this relationship was
provided from studies in which HFD feeding suppressed
autophagy in mouse liver."”® Mice fed a HFD have decreased
trafficking of lipids through the autophagic pathway.'
Decreased numbers of autophagosomes by electron
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microscopy and protein levels of autophagic factors have
been reported in genetically obese and HFD-fed mice,
although in the HFD-fed animals the protein changes occurred
only after prolonged feeding.”® Adenoviral expression of the
autophagy gene atg7 increased autophagic function in obese
mice suggesting that the decrease in autophagic proteins
reduced levels of autophagy by decreasing autophagosome
formation.”® In contrast, other investigations of obese ob/ob
mouse livers have demonstrated increased autophagosome
number, normal fusion of autophagosomes to lysosomes, but
decreased autophagic function due to a defect in lysosomal
acidification and reduction in cathepsin L that impaired
substrate degradation in autolysosomes.”” Other studies
using an in vitro assay to measure autophagosome-—
lysosome fusion have reported a fusion defect in the
organelles from the livers of HFD-fed mice.”® This defect
was attributed to HFD-induced changes in membrane lipid
composition. Thus, there is agreement among studies that
hepatic autophagy is impaired with increased body mass, but
defects at the levels of autophagosome formation, fusion and
substrate degradation have all been reported as mechanisms
of this effect (Figure 4). Further studies to clarify the effects of
a chronic lipid overload on autophagic function in the liver and
other organs are needed to resolve these differences as the
site of impairment may be an important therapeutic target for
diseases that complicate obesity.

A potential mediator of decreased hepatic autophagic
function with HFD feeding is increased FFA levels. Studies
have focused on the selective ability of toxic saturated FFAs
such as palmitate, but not nontoxic, unsaturated FFAs,
such as oleate, to inhibit autophagy. In hepatoma cells
and primary mouse hepatocytes, palmitate decreased and
oleate increased autophagy.”® Pharmacological inhibition of
autophagy sensitized these cells to death from palmitate or
oleate, indicating that autophagy was essential for resistance
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Figure 4 Potential mechanisms implicated in the decreased hepatic autophagy
that occurs with obesity or HFD feeding. (a) Obesity or HFD may reduce levels of
various autophagy factors (Atgs), causing decreased autophagosome formation
and levels of autophagy.” (b) The liver may form more autophagosomes and
autolysosomes, but levels of autophagy decrease nonetheless due to lysosomal
defects that preclude degradation.” (c) Impaired fusion of autophagosomes and
lysosomes may also decrease autophagy”®



to FFA toxicity. The differential effects of the two FFAs on
autophagy may in part explain the selective toxicity of
palmitate. Neither the mechanism of autophagic inhibition or
cell death was defined. Similarly autophagy was inhibited by
palmitate in a pancreatic f-cell line and primary f cells.®
Autophagic inhibition was secondary to decreased lysosomal
acidification that led to reduced hydrolase activity. Reversal of
the inhibition of autophagy by rapamycin decreased palmitate
toxicity in these cells. These findings suggest that autophagy
is a critical mechanism of resistance against FFA toxicity, and
lipotoxicity may be the mechanism by which an inhibition of
autophagy leads to spontaneous pancreatic § cell death
in vivo.8"®2 In contrast to hepatocytes,”® oleate also inhibited
S cell autophagy as measured by long-lived protein degrada-
tion, although some of this effect was mediated by effects on
proteasomal rather than lysosomal degradation.®° There may
therefore be cell-type specificity to the effects of FFAs on
autophagy, and these studies need to be extended to other
celltypes. Factors such as the concentration of FFAs and time
of exposure may also affect cellular responses and compli-
cate comparisons between studies.

Variable effects on autophagy have been reported for
cholesterol. An acute cholesterol stimulus such as AcLDL
loading in macrophages,®® or free cholesterol treatment of
smooth muscle cells,®® increased autophagy. Alternatively,
cholesterol®* and sterol®® depletion have also been reported
to increase autophagy. Potentially, autophagy functions to
both rid the cell of excessive cholesterol and break down LD-
stored cholesterol in times of deprivation. One mechanism for
the effects of cholesterol on autophagy was demonstrated by
a genome-wide DNA-binding study of sterol regulatory
element-binding protein 2 (SREBP-2),%° a transcription factor
that regulates cholesterol metabolism,® which showed that
autophagy genes were enriched as SREBP-2 targets. This
in silico result was confirmed in cell culture studies, which
demonstrated that inhibition of srebp-2 dramatically dimin-
ished autophagosome formation during sterol or nutrient
depletion, indicating that SREBP-2 can upregulate autophagy
under certain circumstances. A further delineation of the
mechanism by which cholesterol regulates autophagy may
facilitate an understanding of the pathogenesis of many
neurodegenerative diseases, as altered cholesterol home-
ostasis and autophagic function are commonly present in
these diseases.?”#®

In complex metabolic settings such as obesity and
diabetes, many factors likely regulate autophagic function.
Increased glucose amplified the inhibition of autophagy in
pancreatic f3 cells by palmitate, suggesting that hyperglycemia
from diabetes could worsen the effects of FFAs on auto-
phagy.®° Future investigations will likely determine that
autophagy in metabolically active cells, such as hepatocytes
and pancreatic f; cells, is regulated by multiple serum factors
that are altered with obesity and insulin resistance such as
glucagon-like peptide 1.8°

Conclusions

Studies have demonstrated a second fundamental mechan-
ism for the metabolism of LD-stored lipids through the
lysosomal pathway of autophagy. Lipophagy has now been
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demonstrated to function in a number of different cell types,
indicating that this form of autophagy is a common pathway of
cellular lipid metabolism. Lipophagy is a selective form of
autophagy, but the mechanism by which LDs are recognized
as substrate and how the relative amounts of lipids targeted
for degradation are regulated by nutritional status remain
unknown. Studies to date have begun to reveal a number of
disparate functions for lipophagy in cellular physiology and
pathophysiology. The most obvious function for lipophagy is
as a regulator of cellular lipid content. In the liver, it has been
clearly demonstrated that a defect in autophagy promotes
hepatic steatosis and lipophagy might have a similar role in
other organs. The second function is that breakdown products
from this pathway such as FFAs affect cell physiology. The
most important role of lipophagy in this regard is the
maintenance of adequate levels of f-oxidation to supply
ATP. This function of lipophagy has been implicated in the
regulation of cell resistance to death stimuli and in cellular
transdifferentiation. Likely, the ability of lipophagy to break
down lipids serves other as-yet undelineated functions such
as to supply lipids for structural elements of the cell or to
regulate lipid-dependent cell signaling.

Considerable interest exists in whether defects in auto-
phagy mediate human diseases. The existence of lipophagy
suggests that impaired autophagy may be a fundamental
mechanism of disorders of lipid metabolism such as obesity
and the metabolic syndrome. Individual variation in autopha-
gic function may determine the development or outcome from
these human diseases. Autophagy therefore has the potential
to serve as an important therapeutic target for the treatment of
these disorders.
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