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Abstract

Autophagy is a lysosomal pathway by which intracellular organelles and proteins are degraded to
supply the cell with energy and maintain cellular homeostasis. Recently lipid droplets have been
identified as a substrate for macroautophagy. In addition to the classic pathway of lipid
metabolism by cytosolic lipases, lipid droplets are sequestered in autophagosomes that fuse with
lysosomes for the breakdown of lipid droplet components by lysosomal enzymes. The ability of
autophagy to respond to changes in nutrient supply allows the cell to alter lipid droplet metabolism
to meet cellular energy demands. Pathophysiological changes in autophagic function can alter
cellular lipid metabolism and promote disease states. Autophagy therefore represents a new
cellular target for abnormalities in lipid metabolism and accumulation.
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Lipases and lysosomes

Recent investigations have demonstrated that lipid droplets (LDs) are not simple cytosolic
structures that passively store triglycerides (TGs) and cholesterol, but rather complex
intracellular organelles that perform a variety of biological functions [1]. These findings
suggested that LDs may be regulated by standard pathways of lysosomal or proteasomal
degradation. An important LD function is to store potentially toxic intracellular free fatty
acids (FFAs) as TGs that can be broken down by lipolysis in times of limited nutrients.
Lipolysis liberates FFAs for mitochondrial p-oxidation to supply the cell with ATP [2,3]. In
times of adequate nutrient supply, lipolysis generates FFAs that are preferentially re-
esterified back into TGs [4]. The metabolism of LD-stored TGs is under the control of
cytosolic lipases [4], but the identity and sites of action of these lipases remain unclear,
particularly in cells other than adipocytes. In addition to lipases that reside in the cytosol,
lipases are present in lysosomes that are termed acid lipases. Acid lipases are known to
hydrolyze the remnants of TG-rich lipoproteins taken up by receptor-mediated endocytosis
[5]. Early attempts to study acid lipases through the use of nonspecific chemical lysosomal
inhibitors such as ammonium chloride or chloroquine also suggested that lysosomal
enzymes contribute to the lipolysis of intracellular lipids [6,7]. Recent investigations into the
lysosomal pathway of autophagy have now delineated a mechanism for the lysosomal
degradation of LD-stored TGs. This review will focus on new studies defining a critical
function for autophagy in LD breakdown that markedly alters our understanding of LD
metabolism in normal and pathological states.
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Pathway of autophagy

Autophagy, the literal meaning of which is self-eating, can be induced by starvation or other
forms of nutrient deprivation to generate a variety of substrates for cellular energy
generation [8]. Autophagy also serves as a catabolic pathway to recycle excessive or
damaged intracellular organelles such as mitochondria. Largely through these two general
functions, autophagy regulates a number of essential cellular processes including
development and differentiation, immunity, apoptosis and aging [9-12]. ENREF_13 Three
forms of autophagy have been defined: macroautophagy, chaperone-mediated autophagy
(CMA) and microautophagy (Figure 1). In macroautophagy, the most physiologically
important of the three in terms of the quantity of degradation, cytosolic organelles and
protein complexes are sequestered in a double-membrane vesicle — the autophagosome [13].
Autophagosomes fuse with lysosomes to form an autolysosome in which the cargo of the
autophagosome mixes with the hydrolytic enzymes of the lysosome for degradation and
release into the cytoplasm for reuse [14]. In the absence of any definitive method to
distinguish between an autophagosome and an autolysosome, the two structures are often
grouped together and referred to as autophagic vacuoles. Although once considered non-
selective, macroautophagy is now known to be specific in its targets [15-17], for example in
cytosolic organelles such as mitochondria (mitophagy) [18] and the endoplasmic reticulum
(reticulophagy) [19].

In microautophagy organelles or proteins are taken up within an invagination of the
lysosomal membrane for breakdown (Figure 1) [20]. Rather than targeting cellular
organelles, CMA instead removes individual proteins with a specific peptide motif
recognized by a chaperone protein Hsc70 (Figure 1). The chaperone-protein complex
translocates to the lysosome where it binds to lysosome-associated membrane protein
(LAMP) 2 for protein internalization and degradation [21]. Macroautophagy and CMA are
induced by a number of stimuli in addition to limited nutrients [8], but all three forms of
autophagy are constitutively active [22]. Studies to date have implicated only
macroautophagy in the regulation of LDs, and macroautophagy (hereafter referred to as
autophagy) will be the focus of this review.

Lipophagy degrades LDs

Lipolysis and autophagy share striking similarities. Both are essential catabolic pathways
activated in response to nutrient deprivation. They are under identical hormonal control, i.e.
inhibited by insulin or activated by glucagon [8]. Intracellular lipids were not previously
considered autophagic substrates, but the similarities between lipolysis and autophagy,
together with the existence of lysosomal lipases, suggested a possible link between the two
pathways [23]. Indeed, an interrelationship between the two processes has recently been
demonstrated by the finding that autophagy mobilizes lipids from LDs for metabolism
through a process termed lipophagy (Figure 2) [24].

Lipophagy was first described in hepatocytes which have the largest intracellular lipid stores
of any cell except for adipocytes. Pharmacological inhibition of autophagy by 3-
methyladenine or a genetic knockdown of the critical autophagy gene atg5 markedly
increased TG and cholesterol content in hepatocytes challenged with an exogenous (oleate
supplementation) or endogenous (culture in methionine/choline-deficient medium) lipid
stimulus [24]. The accumulated lipid colocalized with LDs which increased in number and
size with an inhibition of autophagy. LDs increased in the absence of a lipogenic stimulus as
well, implicating autophagy in the basal control of cellular lipid content. LDs were
visualized within autophagic vacuoles by electron microscopy (EM), and increased
colocalization by fluorescence microscopy of neutral lipid and autophagosomal or lysosomal
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proteins in response to a lipid stimulus confirmed lipid movement into the autophagic
pathway. Consistent with a function for autophagy in lipid degradation was that inhibition of
autophagy did not alter TG synthesis but decreased rates of lipolysis and FFA (-oxidation.
Administration of the chemical lipolysis inhibitor diethylumbelliferyl phosphate led to
greater TG accumulation than that induced by 3-methyladenine, consistent with partial
mediation of lipolysis by the lysosomal pathway. The precise extent of the contribution of
autophagy to cellular lipid breakdown remains unclear. However, it appears that the
involvement of autophagy is dictated by nutrient and lipid supplies, since a lipid stimulus led
to an increase in the number of lipid-containing autophagosomes while limiting the
sequestration of other substrates such as mitochondria. Thus, lipophagy is another form of
selective organelle removal by autophagy.

The hypothesis that autophagy is responsible for hepatocyte LD degradation has also been
confirmed in mice [24]. LDs alone, or mixed with other cytosolic cargo, were present in
autophagic vacuoles in mouse livers by EM. LD size often exceeds that of an
autophagosome suggesting that the lipid cargo represents portions of large LDs or small LDs
engulfed whole. Starved mice were examined to determine the effect of the increased
hepatic uptake of FFAs that results from elevated serum FFAs from starvation-induced
adipose tissue lipolysis. The numbers of lipid-containing autophagic vacuoles were low in
fed mice but increased with starvation as did the percentage of vacuoles containing lipid
without any other substrate. These findings again indicate a selective movement of lipid into
the autophagic pathway in response to a lipid challenge which was further demonstated by
findings of increased amounts of TG and cholesterol in autophagic vacuole and lysosome
cell fractions. These lipids were clearly derived from LDs as in addition to the increase in
neutral lipids, LD-associated proteins adipose differentiation-related protein (ADRP) and
tail-interacting protein of 47 kD (TIP-47) were detected by immunoblots of cell fractions of
autophagic vacuoles and lysosomes. The presence of these proteins clearly indicates that
LDs, or portions of LDs, are taken up into autophagosomes for lysosomal degradation.

Final evidence for the role of autophagy in hepatocyte lipid metabolism is that in vivo
genetic ablation of hepatocyte autophagy led to lipid accumulation identical to findings in
cultured hepatocytes [24]. Mice with a hepatocyte-specific knockout of the autophagy gene
atg7 developed massively enlarged livers. The enlargement was due in part to a marked
increase in TG and cholesterol content. These findings suggest that a general impairment in
autophagy or a specific defect in lipophagy may in part underlie the development of steatotic
liver diseases such as nonalcoholic fatty liver disease. Such an association remains to be
demonstrated, but it is interesting that the incidences of nonalcoholic fatty liver disease and
the metabolic syndrome increase with age [25], in parallel with a decrease in autophagic
function [26]. In addition, a bidirectional interrelationship exists between autophagy and
lipid stores as increased cellular lipid content decreases autophagic function [24,27].
Although the mechanisms of this effect remain unknown, the decrease could result from
lipid alterations in membrane structures involved in autophagy. Supporting this possibility is
that a defect in autophagosome/lysosome fusion has been described in high fat diet-fed
mouse livers [28]. Alterations in membrane lipids resulting from the high fat diet
presumably interfere with the normal fusion mechanism between the two membrane-bound
organelles. Other accompanying factors such as hyperinsulinemia may act in concert with
excessive lipids to decrease autophagy by downregulating the levels of autophagy genes
[29]. These findings suggest that excessive lipid stores may lead to a further increase in LDs
by inhibiting autophagic function which in turn leads to additional lipid retention in a self-
perpetuating cycle.

The selective removal and degradation of lipids by lipophagy indicates that mechanisms
exist to specifically target autophagosomes to LDs. Autophagy is known to increase in
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response to nutrient deprivation in part through mTOR signaling [30], so it is not surprising
that LD breakdown occurs in response to limited nutrients. It remains to be established how
increased cellular lipid content is sensed by the cell and converted into an increase in
lipophagy. The selectivity of this process implies that LDs are recognized by components of
the autophagic machinery that initiate formation of the autophagosome. Findings in other
forms of selective autophagy suggest that organelle-specific proteins are required for the
initiation of autophagosome membrane formation. Specific proteins mediating mitophagy
are just being identified. Several forms of mitophagy are mediated by the Bcl-2 family
member Nix [31-33]. Nix binds proteins required for autophagosome membrane formation
[33], presumably recruiting the components necessary to assemble an autophagosome
around mitochondria. It is likely that similar interactions between LD-associated proteins
and components of the autophagic pathway exist, although these components remain to be
identified. The autophagosome protein microtubule-associated protein light chain 3 (LC3)
associates with LDs in the absence of a double-membrane structure in both fed and starved
mice [24]. This finding suggests that LC3 conjugation may occur on the LD surface leading
to formation of the limiting membrane in situ to sequester a portion of the LD. Other
candidates for LD recognition are the LD-associated proteins. A number of LD-associated
proteins have been identified by different techniques [34-37], and some of these proteins
have been demonstrated to have roles in LD breakdown. For example, perilipin regulates
standard lipolysis by altering LD exposure to cytosolic lipases [38] and mediates LD
fragmentation [39]. An LD-associated protein likely serves as a recognition site for LD
removal by autophagy. This situation would be analogous to that in mitophagy in which the
mitochondrial protein Nix serves this function. Of the most prominent LD-associated
proteins TIP-47 is a constitutively expressed protein whose levels do not change
significantly with lipid accumulation, whereas ADRP levels increase markedly in proportion
to elevations in lipid stores [40,41]. In contrast, in the livers of Atg7 null mice with
excessive lipid accumulation ADRP levels rise only modestly but TIP-47 protein levels
increase markedly [24]. This uncharacteristic increase in TIP47 in these mice indicates that
autophagy normally functions to remove TIP-47 from LDs, suggesting that TIP-47 may be a
LD protein recognized by the autophagic machinery. Whether TIP-47 or other LD-
associated proteins mediate LD recognition and removal by autophagy is a critical area that
requires further investigation in order to fully understand the process of lipophagy.

Autophagy regulates adipocyte LD formation through an effect on
differentiation

Autophagy regulates many cellular functions suggesting that autophagy may affect LDs by
mechanisms other than through LD breakdown. Studies of the effects of autophagy on
adipocyte LDs have demonstrated a very different function for autophagy in these cells in
contrast to that found in hepatocytes. Inhibition of autophagy by an Atg5 or Atg7
knockdown in 3T3-L1 pre-adipocytes blocked the LD formation and resultant TG
accumulation that occurs with the chemically-induced differentiation of these cells into
white adipocytes [42]. A similar effect occurred in Atg5 null murine embryonic fibroblasts
induced to differentiate into adipocytes [43]. In 3T3-L1 cells the effect of a loss of
autophagy on LDs was secondary to a failure of the cells to differentiate into white
adipocytes [42]. Cells lacking autophagy failed to increase critical inducers of adipocyte
differentiation, such as CCAAT/enhancer-binding protein-o and peroxisome proliferator-
activated receptor-y [42]. As a result, the cells lacked terminal markers of white adipocyte
differentiation including fatty acid synthase, stearoyl-coenzyme A desaturase 1, aP2 and
GLUT4. Thus, LDs were decreased from a lack of LD biogenesis secondary to a primary
failure in adipocyte differentiation.
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Genetic ablation of autophagy in vivo also profoundly affects adipocyte mass and
differentiation [42,44]. In mice, an adipocyte-specific Atg7 knockout led to reduced body
weight and increased insulin sensitivity because of a marked reduction in white adipose
tissue mass. Fat depots typically composed of white adipocytes had increased morphological
and molecular features of brown adipocytes. The cells had increased levels of uncoupling
protein 1 and peroxisome proliferator-activated receptor-y coactivator 1 which are markers
of brown adipocytes. The cells also had multiple small LDs instead of the characteristic
white adipocyte large unilocular LD. These findings together with an increase in the mass of
brown adipocyte fat depots [42], indicated that the lack of autophagy favored formation of
brown rather than white adipocytes. The absence of any effect of a loss of autophagy on
white adipocyte stem cells suggests that the lack of autophagy may favor transdifferentiation
of white adipocytes into brown [42], but the mechanism of this effect remains to be
determined. The studies do demonstrate that autophagy is required for the formation of large
LDs characteristic of white adipocytes. In contrast to the previously discussed decrease in
autophagy that occurs in the liver with lipid accumulation [24,27], an increase in autophagy
has been reported in human adipose tissue from obese individuals [45]. If this finding is
confirmed, then augmented autophagy may be a mechanism of elevated LD fat storage and
white adipocyte mass in obesity.

Studies to date have demonstrated two very different functions for autophagy in LD
homeostasis. It is not surprising that adipocytes may differ from other cells in their
mechanisms of LD formation and breakdown as these cells are uniquely constructed to store
large amounts of lipid in a large single LD and have a number of lipases to supply FFAs for
other tissues. The current findings have not ruled out a lipolytic function for autophagy in
mature adipocytes as the loss of autophagy in differentiating adipocytes prevented LD
formation. Investigations of autophagic inhibition in differentiated white adipocytes must be
performed to address this possibility. Alternatively, the existence of a hepatocyte lipolytic
pathway not operative in adipocytes may explain the ability of hepatocytes to handle large
lipid stores similar to adipocytes despite the relative paucity of lipases in hepatocytes [46].
In the absence of robust lipolytic pathways such as that mediated by hormone-sensitive
lipase, the hepatocyte can metabolize large LD stores through lipophagy. Autophagy does
mediate LD breakdown in cells other than hepatocytes. Murine embryonic fibroblasts null
for atg5 accumulate excessive TGs with lipid supplementation [24]. Autophagy-dependent
LD regulation occurs in neurons as well. Increased neuronal lipid accumulation results from
the Huntington’s disease mutation which causes a defect in the ability of autophagosomes to
sequester cargo [47]. It is therefore likely that autophagy mediates LD breakdown in many if
not all cell types, and the significance of this lysosomal degradative pathway in the
metabolism of LDs will expand with studies of other cells.

Effects of autophagy on LDs in pathophysiological conditions

Autophagy regulates the development of fatty liver disease

The ability of autophagy to regulate LD accumulation in hepatocytes suggests that
autophagic function in the liver may regulate the development of steatotic liver diseases
such as nonalcoholic and alcoholic steatohepatitis [48]. These two highly prevalent liver
diseases are characterized by increased storage of lipids in LDs and can progress to chronic
liver injury and its complications such as fibrosis and hepatocellular cancer. Studies in an
acute binge alcohol model have shown that alcohol increases autophagy to limit alcohol-
induced accumulation of lipid in LDs and the development of a fatty liver [49]. Limiting LD
stores may also prevent hepatocyte injury in this disease and in nonalcoholic steatohepatitis,
as injury may result from steatosis by mechanisms such as the oxidation of excessive lipid
stores. The increase in autophagy did not lead to a change in long-lived protein degradation
suggesting that the hepatic autophagic response to alcohol was selective for lipophagy.
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Consistent with this conclusion is that increased numbers of autophagosomes in the livers of
alcohol-fed animals contained LDs, demonstrating the selective movement of lipid into the
autophagic compartment for degradation. Increased numbers of mitochondria were present
in autophagosomes as well probably reflecting another selective autophagic response to
remove mitochondria damaged by alcohol. Confirmatory of the function of autophagy in
regulating LD accumulation from alcohol was that in vivo augmentation of autophagy by
rapamycin decreased, and inhibition of autophagy increased, alcohol-induced steatosis [49].
These findings need to be confirmed in an animal model of chronic rather than acute alcohol
ingestion that better reflects human alcoholic liver disease, but the results suggest that LD
accumulation is regulated by autophagy in this liver disease. The findings also suggest that
the highly variable extent of liver disease found among individuals with similar amounts of
excessive alcohol intake may reflect differences in autophagic function. Future studies will
examine whether genetic variation in autophagic function regulates the development of
steatosis in human alcoholic and nonalcoholic steatohepatitis.

LD breakdown by autophagy is exploited for viral replication

The metabolic capabilities of autophagy may be usurped for purposes that are detrimental to
the cell. The ability of certain viruses to alter cellular autophagy to promote their own
replication may underlie a previously well known but poorly understood association
between RNA flaviviruses and LD. The most well-established relationship is in chronic
hepatitis C virus (HCV) infection in which the HCV core protein attaches to LD for
unknown reasons but presumably to promote viral assembly [50]. Recent studies have
demonstrated that up regulation of host cell autophagy by HCV is critical for the initiation of
replication [51,52]. One possible mechanism for this effect may be that autophagy is
essential for formation of the membranous web that is the site of viral replication. However,
the discovery of lipophagy suggests that another possible mechanism for the regulation of
HCYV replication by autophagy is through a metabolic effect on LDs.

Recent investigations in another RNA virus, dengue virus, have demonstrated a metabolic
effect of autophagy on viral replication. The site of dengue virus assembly is more
controversial than for HCV and may occur in membrane structures adjacent to the ER [53],
but evidence for LD-associated replication also exists [54]. Studies have demonstrated that
dengue virus up regulates autophagy for the breakdown of LD-stored TGs that fuel dengue
virus replication [55]. Dengue virus-infected hepatoma cells have increased numbers of
autophagosomes that associate with LDs soon after infection and deliver lipids to lysosomes.
As a result, autophagy mediated a 70% reduction in LD volume and a similar decrease in
cellular TG content in infected cells. In contrast to reports of lipophagy regulating
cholesterol [24], levels of cholesterol and cholesterol esters were unchanged, but their
breakdown may have been masked by increased synthesis that occurs with viral infection
[56]. Inhibition of autophagy blocked viral replication and a virus-induced increase in
cellular FFA B-oxidation. 3-oxidation was critical for viral replication and oleate
supplementation overcame the block in replication induced by an inhibition of autophagy.
The findings demonstrate that autophagy is critical for viral replication by degrading LDs to
FFAs that can be utilized by B-oxidation to support viral replication. Presumably this
process provides energy required for viral replication, but energy stores were not examined
in these studies.

Changes in lipid metabolism in dengue infection may be more complex as these findings
must be integrated with other studies demonstrating that dengue virus increases fatty acid
synthase activity [57] and cholesterol synthesis required for viral replication [56]. A
preliminary experiment with HCV indicated that this virus is also dependent on B-oxidation
[55]. These findings suggest that an induction of autophagy is fundamental to flavivirus
replication to mobilize LD stores. The ability of these viruses to associate with LD may
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serve to trigger lipophagy and the nature of this virus-LD interaction needs to be delineated.
This finding may extend beyond this class of viruses as the DNA virus hepatitis B also
exploits autophagy for its replication [58,59], ENREF_97 although this virus is not known to
associate with LDs. Efforts to modify LDs or lipophagy may provide a novel avenue of anti-
viral therapy.

Conclusions and future directions

Recent investigations have identified lipophagy as a new pathway for LD degradation. This
finding necessitates a reevaluation of much of the knowledge and assumptions about LD
metabolism in light of this new alternative pathway of lipolysis. Studies to date have only
implicated macroautophagy in this process, but it is possible that the other forms of
autophagy are involved as well. Microautophagy also removes organelles which potentially
could include LDs. CMA could degrade LD-associated proteins that regulate cytosolic or
lysosomal lipolysis. Suggestive of this possibility is that perilipin degradation in adipocytes
is lysosome dependent [60] and therefore possibly CMA mediated. Critical areas of
investigation for macroautophagy include how it is selective for LDs, what are the
interacting proteins between LD and the autophagic pathway and how LD removal is
increased in response to excess lipids. Although it seems that lipophagy is a pathway
common to most cells, this remains to be proven. Lipophagy is likely to be an important
metabolic pathway to supply energy for specific cellular functions. Other cell processes that
rely on autophagy for LD breakdown for metabolic needs still must be determined. Little is
known about genetic differences among individuals that lead to variations in autophagic
function, but their existence may underlie the heterogeneity in manifestations of diseases
marked by increased LD accumulation such as alcoholic and nonalcoholic steatohepatitis.
The findings to date indicate that further investigations of lipophagy are likely to increase
our understanding of the role of LD breakdown in cell physiology, and provide new avenues
to treat diseases that result from defects in lipid metabolism or storage.
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Glossary

Acute binge alcohol a rodent model of alcohol-induced liver injury in which the

model animal is given an excessive amount of alcohol over a one to
two day period to induce LD accumulation and hepatocyte
injury. These acute changes are reversible and may differ from
the pathophysiology of chronic alcoholic liver disease that
occurs in humans

Alcoholic a liver disease in humans resulting from the excessive ingestion

steatohepatitis of alcohol that is characterized by the accumulation of LDs
(steatosis) and the development of liver injury and
inflammation (hepatitis)

Autophagic vacuole term referring to structures that are either autophagosomes or
autolysosomes

Autophagolysosome cellular structure formed from the fusion of an autophagosome

and a lysosome. The cargo from the autophagosome mixes with
the hydrolytic enzymes of the lysosome and is degraded
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Figure 1.

The three types of autophagy. All three pathways result in the degradation of cytosolic
components by lysosomal hydrolytic enzymes. In (a) microautophagy, an invagination of the
lysosomal membrane allows for the internalization of cytosolic components such as
organelles and proteins for their degradation by hydrolases. (b) Macroautophagy begins with
the formation of a double membrane to form a structure termed a phagophore. The
membrane elongates to sequester cellular elements including organelles and proteins within
an autophagosome. The autophagosome traffics to a lysosome for fusion of the two into an
autolysosome. The cargo of the autophagosome mixes with the hydrolytic enzymes of the
lysosome for degradation. (c) Chaperone-mediated autophagy is specific for the removal of
cytosolic proteins with a pentapeptide motif recognized by the chaperone Hsc70. Binding of
this complex to the lysosomal LAMP-2A receptor leads to protein internalization and
degradation.
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Figure 2.

Lipid droplet breakdown by lipophagy. (a) In the normal state, during times of sufficient
nutrient supply, LDs are sequestered by autophagosomes and delivered to lysosomes for the
degradation of TGs to FFAs. FFAs might contribute in a minor way to energy generation
through mitochondrial B-oxidation to produce ATP or be re-esterified back into TGs for
continued storage. Under these conditions the minority of autophagosomes contain lipid
which is usually in combination with other cytosolic components. (b) When the cell is
stressed either by nutrient deprivation or an excess of lipids, LD breakdown by this
lysosomal pathway is increased. More autophagosomes contain lipid, frequently in the
absence of other cargo. The increase in autophagy generates more FFA which are utilized
preferentially to generate ATP.
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