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Abstract

The global prevalence of metabolic disorders is an immediate threat to human health. Genetic
features, environmental aspects and lifestyle changes are the major risk factors determining
metabolic dysfunction in the body. Autophagy is a housekeeping stress-induced lysosomal
degradation pathway, which recycles macromolecules and metabolites for new protein synthesis
and energy production and regulates cellular homeostasis by clearance of damaged protein or
organelles. Recently, a dramatically increasing number of literatures has shown that defects of the
autophagic machinery is associated with dysfunction of multiple metabolic tissues including
pancreatic B cells, liver, adipose tissue and muscle, and is implicated in metabolic disorders such
as obesity and insulin resistance. Here in this review, we summarize the representative works on
these topics and discuss the versatile roles of autophagy in the regulation of cellular metabolism
and its possible implication in metabolic diseases.
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Introduction

Literally defined as cellular “self-eating,” autophagy is an evolutionarily conserved catabolic
process that targets long-lived cytoplasmic proteins or damaged organelles for lysosomal
degradation (De Duve and Wattiaux, 1966). Autophagy occurs constitutively at a low level,
which is important for intracellular quality control through constitutive turnover of
cytoplasmic component (Kuma and Mizushima, 2010). The autophagic pathway can be
potently induced by stress, such as deprivation of nutrients or growth factors, hypoxia,
oxidative stress, pathogen infection and physical exercise. The resulting degraded small- and
macro-molecules can be released and recycled back to the cytosol for new biosynthesis
processes and energy production to maintain cellular function and survival under
unfavorable conditions (Levine and Klionsky, 2004; Kroemer et al., 2010; Rabinowitz and
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White, 2010). Different from the ubiquitin-proteasome system (UPS), which recognizes and
degrades primarily short-lived proteins, autophagy is more than a self-destruction pathway
and plays key roles in a broader spectrum of physiological processes including
differentiation, development, cellular metabolism and energy homeostasis (Qu et al., 2007;
Cecconi and Leving, 2008).

Three major types of autophagy have been characterized, which differ in the manner of
cargo transportation to the lysosome for degradation (Mizushima and Komatsu, 2011):
Macroautophagy is the main autophagy pathway (herein referred to as autophagy). It is
characterized by the formation of a double-membrane vesicle, known as autophagosome,
surrounding the targeted cargos. Autophagosome completion is followed by its fusion with
the lysosome (Levine and Kroemer, 2008; Kim and Lee, 2014) (Fig. 1). Chaperonemediated
autophagy is a mechanism for degradation of specific proteins that carry a recognition
sequence (KFERQ). This motif is recognized by the Hsc70 chaperones, which transport
these proteins into the lysosome via the lysosomal membrane receptor LAMP 2A
(lysosome-associated membrane protein type 2A) (Kaushik and Cuervo, 2012).
Microautophagy refers to the sequestration of cargo elements in proximity to the lysosomal
membrane and subsequent invagination into the lysosomal lumen (Santambrogio and
Cuervo, 2011).

Regulation of the autophagy machinery

Formation of an autophagosome is the first step of the autophagy process. Induced by
starvation or other stress, the construction of the autophagosome is orchestrated by the Atg
(autophagy-related) proteins (Fig. 2). These proteins have been first discovered in yeast, and
are found highly conserved in higher eukaryotes, ranging from drosophila to mammals
(Mizushima et al., 2011). Autophagosome nucleation and elongation is initiated by the
serine-threonine protein kinase ULK1 complex (the Atgl homolog), which consists of
several autophagy proteins including ULK1, Atg13, FIP200 and Atg101 (Hara et al., 2008;
Mizushima, 2010). Under nutrient-rich conditions, ULK1 is suppressed by mTORC1, a
major negative regulator of autophagy. Upon autophagy induction, mMTORCL1 is inhibited,;
meanwhile, AMPK (AMP-activated protein kinase) can be activated. Either condition,
dephosphorylation of ULK1 by mTORC1 inhibition or ULK1 phosphorylation by AMPK,
activates ULK1 (Jung et al., 2010; Shang and Wang, 2011). Once activated, the ULK1
complex is able to upregulate the class 111 phosphatidylinositol (PtdIns) 3-kinase (PtdIns3K)
complex, comprising Beclin 1/Atg6, Atgl4, Vps15, Vps34 and Ambral. Induction of the
kinase complex generates the lipid phosphatidylinositol 3-phospate (PI13P),which recruits
more PI3P binding proteins essential for vesicle formation, including WIPI and DFCP1
(Proikas-Cezanne et al., 2004; Axe et al., 2008; Jung et al., 2009; Burman and Ktistakis,
2010).

In addition, two ubiquitin-like conjugation systems, Atg12-Atg5-Atg16 and Atg8/LC3-PE
(phosphatidylethanolamine), are required for membrane elongation (Hanada et al., 2007;
Suzuki et al., 2007; Geng and Klionsky, 2008). The former complex serves as an ubiquitin
E3-like ligase for the latter LC3-PE system. In brief, Atg12 is conjugated to Atg5 by an E1-
like activating enzyme Atg7 and an E2-like conjugating enzyme Atg10. Atgl6 then interacts
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with the Atg12-Atg5 conjugates to facilitate LC3-PE formation. Similarly, in the LC3-PE
system, cytosolic LC3 is processed by the Atg4 protease, and conjugated to PE by Atg7
(E1), Atg3 (an E2-like enzyme) and the Atg12-Atg5-Atgl6 complex. PE-conjugated LC3 is
then incorporated into autophagosomal membrane, and thus can be used as a marker protein
for autophagosomes.

In addition to mTORCL inhibition and AMPK activation, the PtdIns3K activity is also
regulated by direct sequestration of Beclin 1 by the anti-apoptosis and anti-autophagy
protein Bcl-2. When nutrients are abundant, Beclin 1 forms a complex with ER-associated
Bcl-2 protein, which inhibits the recruitment and function of Beclin 1 in the PtdIns3K
complex; in response to starvation, Beclin 1 is released from the inhibitory binding of Bcl-2
for functioning in autophago-some formation (Pattingre et al., 2005; Matsunaga et al., 2009;
Zhong et al., 2009). Disassociation of Beclin 1-Bcl-2 binding is mediated through
phosphorylation of Bcl-2 on three sites (T69, S70 and S84) by JNKSs (c-Jun N-terminal
kinases) upon starvation (Wei et al., 2008), and further investigation is needed to determine
whether other upstream kinases are involved in autophagy induction under other stress
conditions.

Recent works have also revealed the roles of many metabolic factors in the transcriptional
regulation of autophagy, including PPARa (peroxisome proliferator-activated receptor-a),
CREB (cAMP response element binding protein), TFEB (basic helix-loop-helix
transcription factor EB), FoxO1/3 (Forkhead box O1 and O3) and FXR (farnesoid X
receptor) (Zhao et al., 2007; Mammucari et al., 2007; Sengupta et al., 2009; Settembre et al.,
2011; Warr et al., 2013; Seok et al., 2014; Lee et al., 2014). Among them, PPARa, CREB,
TFEB and FoxO3 are positive regulators of autophagy genes under fasting or stress
conditions, and FXR is a nuclear receptor that senses and is activated by the nutrient-rich
state and represses expression of autophagy genes. However, transcriptional regulation of
the autophagy machinery in many organs is still unclear, and the roles of numerous other
transcription factors and co-factors in autophagy are waiting to be discovered.

Selective autophagy in metabolism

Although autophagy is usually considered a non-selective process for bulk degradation of
cytoplasmic components, several types of selective autophagy have been described in the
past decade (Bjgrkay et al., 2005; Pankiv et al., 2007; Geisler et al., 2010). Ubiquitination is
found to be the key signal for the cargo proteins to be recognized by the receptors of
selective autophagy, such as the LC3 binding protein p62/SQSTML1. This protein contains a
ubiquitin binding domain (UBA) that specifically interacts with ubiquitinated proteins and
drives their sequestration into autophagosomes via LC3 binding (Johansen and Lamark,
2011; Shaid et al., 2013). This is the main mechanism of clearing toxic aggregated-prone
proteins in cells (Ravikumar et al., 2002; Jeong et al., 2009; Knaevelsrud and Simonsen,
2010). In addition to p62, several other receptors of selective autophagy, including NBR1,
Alfy, NDP52 and optineurin (Simonsen et al., 2004; Kirkin et al., 2009; Boyle and Randow,
2013; Korac et al., 2013), have been identified. Specific targeting of different cargo proteins,
such as mitochondria or pathogenic proteins, has also been described (Levine and Kroemer,
2008; Zheng et al., 2009; Ogawa et al., 2011; Wong et al., 2012).
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Autophagy is essential for the maintenance of cellular metabolism during nutrient
deprivation. Autophagic degradation of molecules and organelles generates an important
reservoir of metabolites that can be reused for de novo synthesis or energy production. In
cells, glycogen, protein, ribosomes and lipid droplets (LDs) are the major nutrient storage of
carbohydrates, amino acids, nucleic acids and fatty acids, respectively. In response to
starvation, the autophagy machinery gets access to these storages for lysosomal degradation,
and the resulting molecules serve as building blocks or fuels for ATP production through
aerobic or anaerobic processes (Rabinowitz and White, 2010; Ryter et al., 2013; Kim and
Lee, 2014) (Fig. 1).

Lipophagy and glycophagy

As a mechanism to mobilize lipid contents in LDs, autophagy is involved in lipid
metabolism, termed as “lipophagy.” In addition to cytosolic lipases, autophagic components
associate with LDs and autophagy can mediate LD breakdown by hydrolysis within the
lysosomal lumen in various cell types, including hepatocytes, macrophages and
hypothalamic neurons (Singh et al., 2009a; Ouimet et al., 2011). Upon nutrient deprivation
in hepatocytes and mouse liver, activated lipophagy of triglyceride and cholesterol contents
in LDs generates free fatty acids (FFAs) for mitochondrial 5 oxidation; on the other hand,
inhibition of autophagy increases triglyceride storage in LDs, results in lipid accumulation
and consequently impairs cellular energy homeostasis due to reduced FFA availability,
which becomes a risk factor for insulin resistance, obesity and diabetes. Furthermore,
autophagy also plays a role in cholesterol efflux from macrophage foam cells, a key
component responsible for atherosclerotic lesions. This specific autophagy-dependent
cholesterol mobilization from LDs seems to be mediated by the ATP binding cassette (ABC)
transporter ABCA1 (Ouimet et al., 2011). A following study demonstrated that this process
also involves the Wipl phosphatase (Le Guezennec et al., 2012). Through an indirect
deactivating effect on the upstream mTOR pathway, Wip1 deficiency increases autophagy-
mediated cholesterol efflux, and results in attenuated early foam cell formation and a delay
of atherosclerotic plaque accumulation. Thus, these findings support the hypothesis that
impairment of macrophage autophagy promotes accumulation of atherosclerotic lipids.

In the hypothalamus, which controls many metabolic features in the central nervous system
including appetite and energy expenditure, autophagy is essential for neuronal function and
thus exerts opposite effects on metabolic regulation in functionally antagonizing neuronal
cell types, such as appetite-promoting AgRP (agouti-related peptide) neurons versus anti-
obesity POMC (pro-opiomelanocortin) neurons. Lipid mobilization by lipophagy in AgRP
neurons promotes AgRP expression and increases food intake and bodyweight (Kaushik et
al., 2011); whereas in POMC neurons, autophagy activity prevents animals from glucose
intolerance and adiposity induced by high-fat diet (HFD) (Coupéet al., 2012; Kaushik et al.,
2012; Quan et al., 2012a).

In addition to LDs, glycogen can also be degraded by selective autophagy (termed as
“glycophagy™), through the Starch binding domain-containing protein 1 (Stbd1) (Jiang et al.,
2010; Jiang et al., 2011). Stbd1 Interacts with the Atg8/LC3 homolog GABARAP and may
function as a receptor linking glycogen to the autophagic machinery. Stbd1 has been shown
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to express in skeletal muscle, liver and spleen, suggesting that glycophagy may occur in
multiple tissues, although the in vivo importance of glycophagy in these tissues still needs to
be further investigated.

Aerobic respiration is dependent on mitochondria. Dysfunction or depolarization of
mitochondria causes cell damage via excessive release of reactive oxygen species (ROS).
Thus, removal of the defective mitochondria by selective autophagy (defined as
“mitophagy”) plays an essential role in the organelle quality control and the prevention of
cells from oxidative damages. The PINK1-Parkin pathway is the major mechanism that
mediates depolarization-induced mitophagy (Campello et al., 2014). PINK1 is a serine-
threonine kinase that is recruited to mitochondrial outer membrane upon loss of
mitochondrial membrane potential, for example, after treatment of the uncoupling agent
CCCP. PINK1 phosphorylates and activates the E3 ubiquitin ligase Parkin; in addition,
recent findings from three independent groups showed that PINK1-mediated
phosphorylation of ubiquitin at Ser65 is also required to recruit and activate Parkin
responsible for mitochondrial ubiquitination (Kane et al., 2014; Kazlauskaite et al., 2014;
Koyano et al., 2014). Ubiquitinated mitochondria are subsequently recognized by the
ubiquitin binding adaptor protein p62 in the autophagy machinery and degraded by selective
autophagy (Narendra et al., 2008; Geisler et al., 2010).

Ribosomes are another example of intracellular organelles degraded by selective autophagy,
referred to as “ribophagy.” Although ribosomes can be eliminated through non-selective
autophagic degradation of bulk cytoplasm, the ribosomal proteins showed a higher turnover
kinetic compared to cytoplasmic proteins after a prolonged period of starvation, suggesting
that starvation-induced ribophagy is a selective process (Kraft et al., 2008). Ribophagy
targets both large and small ribosomal subunits for degradation, and the mechanism is most
clearly studied in yeast. In contrast to other types of selective autophagy, where the ubiquitin
signaling promotes cargo recognition and degradation by the autophagy pathway,
ubiquitination of the large subunit 60S ribosomes by the Ltn1 E3 ubiquitin ligase prevents
their degradation by ribophagy in yeast (Ossareh-Nazari et al., 2014). Meanwhile, the
Ubp3ubiquitin protease and its activator Bre5 are required for ribophagy of the 60S subunit
(Kraft et al., 2008). It still needs to be investigated what specific cargo receptors mediate
this process.

Regarding the metabolic roles of ribophagy, since the ribosomes represent a huge portion of
cellular mass, they may serve as an important source of metabolites for the cell during
nutrient limitation. Furthermore, degradation of ribosomes upon environmental challenges
may be essential to adjust the level of protein translation in order to preserve energy and
nutrient for cell homeostasis (Cebollero et al., 2012). However, further studies are needed to
test this hypothesis in higher organisms, especially in mammals.

Front Biol (Beijing). Author manuscript; available in PMC 2016 March 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rocchi and He

Page 6

Metabolic functions of autophagy in tissues

Pancreas

Metabolic disorders, such as type 2 diabetes and its major risk factor obesity, affect the
population worldwide and are the combined effects of several factors such as genetics,
environment and life style. The most recent estimation reveals that in 2013 382 million
people have diabetes, and this number is expected to increase within years (Guariguata et al.,
2014). In these circumstances, it is important to understand how stress-induced autophagy
exerts its diverse impacts in the pathogenesis of metabolic disorders. Here, we will discuss
the specific metabolic roles of autophagy in different tissues as follows (Fig. 3).

The high blood glucose level in diabetes is a result of impaired insulin-producing p cells that
are unable to compensate for peripheral insulin insensitivity (Kahn et al., 2006); thus,
pancreatic f cell failure is a key point in the progression of diabetes. Autophagy has been
found to be important for the maintenance of the structure, cell mass and function of 3 cells.
For example, p cell-specific deletion of Atg7 leads to defective basal autophagy,
morphological abnormalities of islets and decreased insulin secretion, which are symptoms
typical of both type 1 and type 2 diabetes (Ebato et al., 2008; Jung et al., 2008). In response
to stress such as HFD treatment, these mice develop more severe diabetic phenotypes such
as hyperglycemia and impaired glucose tolerance. Similarly, 3 cell-ablation of Atg7 in obese
mice (ob/ob background) also results in decreased function and mass of 3 cells and glucose
intolerance, possibly due to a combination of mitochondrial dysfunction, ER stress,
accumulation of misfolded proteins and altered unfolded protein response (UPR) (Jung and
Lee, 2010; Quan et al., 2012b). On the other hand, an elevation of autophagy activity in
islets hasbeen observed in response to HFD treatment, indicating that upregulated autophagy
may be an adaptive response of (3 cells to combat diet-induced insulin insufficiency and
insulin resistance (Ebato et al., 2008).

Adipose tissue

In the adipose tissue, autophagy plays an important role in the regulation of adipocyte
development and differentiation. Genetic ablation of Atg7 or Atg5 specifically in adipose
tissue causes abnormal lipid accumulation and adipose tissue composition (Baerga et al.,
2009; Singh et al., 2009b; Zhang et al., 2009; Zhang et al., 2013). In brief, inhibition of
autophagy leads to a decrease of adipocyte differentiation into the white adipose tissue
(WAT). Concurrent with a mass loss of WAT, the WAT assumes a phenotype similar to the
brown adipose tissue (BAT), characterized by more mitochondria and a higher rate of lipid
oxidation, due to a failure in mitochondrial removal by mitophagy (Singh et al., 2009b;
Goldman et al., 2010). Autophagy repression is also accompanied by upregulation of the
compensatory UPS system, leading to increased degradation of PPARY2, a transcriptional
factor required for adipogenesis (Zhang et al., 2013; Lee et al., 2014). Accordingly,
inhibition of autophagy in adipose tissue results in a lean and obesity-resistant phenotype.
These studies highlighted the tissue specificity and functional diversity of autophagy in
metabolic regulation, and revealed an interesting link connecting autophagy and obesity
rooting from tissue development.
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Basal autophagy in skeletal muscle plays a role in supporting muscle mass and morphology,
and stimulated autophagy by exercise has systematic beneficial effects on glucose
homeostasis and metabolic profile. There is strong in vivo evidence that suppression of basal
autophagy is associated with accumulation of toxic aggregated proteins and muscle atrophy,
based on studies on skeletal muscle-specific deletion of Atg7 by Cre recombinase driven by
the Mlc1f (myosin light chain 1 fast) promoter, or deletion of Atg5 by Cre driven by the
HAS (human skeletal actin) promoter (Raben et al., 2008; Masiero et al., 2009).
Interestingly, a recent study using the same skeletal muscle-specific Atg7 knockout (KO)
mice (Atg7 flox/flox; MIc1f-Cre) showed that they are protected from HFD-induced obesity
and insulin resistance. This study demonstrated that these mice lose not only muscle mass,
but are also subject to a reduction in fat mass, mitochondrial dysfunction and an induction of
Fgf21 (fibroblast growth factor 21), a myokine that leads to increased fat usage, higher 3
oxidation and consequent browning of WAT (Kim et al., 2013). However, it is not yet clear
whether the increased expression of Fgf21 is caused by a compensatory response due to
developmental or structural defects of skeletal muscle; it will be interesting to study whether
Atg7 ablation under the control of an inducible promoter leads to the same phenotypes.

In addition to starvation as the most known physiological inducer of autophagy, a number of
studies have shown that physical exercise potently stimulates autophagy in skeletal muscle,
by disrupting the inhibitory Beclin 1-Bcl-2 complex (Grumati et al., 2011; He et al., 2012;
Liraetal., 2013). Of note, using two different mouse models deficient in exercise-induced
autophagy (BCL2 AAA knock-in mice and beclin1*/~ KO mice), researchers have
demonstrated that these mice fail to show muscle adaptation, endurance improvement and
protection from HFD-induced diabetic symptoms after chronic exercise training. These lines
of evidences strongly suggest that autophagy activation in muscle may have a systematic
metabolic effect and may underlie the benefits of exercise against metabolic diseases.
Further studies are required to sort out the mechanisms of autophagy induction during
exercise.

Liver is one of the most metabolically active organs, controlling both carbohydrate and lipid
metabolism; therefore, the importance of hepatic autophagy have been broadly explored.
The first line of evidence came from a conditional Atg7 KO mouse model, in which the loss
of Atg7 in hepatocyte causes accumulation of swollen and deformed mitochondria and an
increased number of ubiquitinated protein aggregates and lipids droplets (Komatsu et al.,
2005). Another study using poly (1:C)-inducible Atg7 KO mice suggest that these
pathogenic effects in the liver may be due to impaired turnover of p62 (Komatsu et al.,
2010). The researchers found that p62 competes with the stress-responsive transcription
factor Nrf2 in binding Keapl, an ubiquitin ligase of Nrf2, leading to stabilization and
persistent activation of Nrf2 and overproduction of its target antioxidant proteins (Komatsu
et al., 2010; Ichimura et al., 2013; Kageyama et al., 2014). Other studies based on liver-
specific ablation of autophagy genes demonstrated an increase in hepatic lipid content (Jaber
et al., 2012; Settembre et al., 2013), which may be caused by defects in lipophagy regulated
by the transcription factor TFEB (Singh et al., 2009a; Settembre et al., 2013). In summary, it
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becomes evident that hepatic autophagy plays a crucial role in the regulation of lipid
metabolism, nutritional status and energy balance in the whole body.

Systematic autophagy in metabolic diseases

There has been increasing studies suggesting that the global autophagy activity is important
in the maintenance of whole body metabolism. The potential relationship between
systematic autophagy and obesity-associated type 2 diabetes arises from several concepts as
described below.

Recent studies on a number of different genetic models of global autophagy deficiency have
demonstrated the diverse roles of autophagy in systemic regulation of metabolism. The first
line of evidence came from a study on the p62 global KO mouse model, which develops
severe insulin resistance together with increased body fat. The authors revealed that p62 is
able to inhibit adipogenesis by blocking the ERK activity (Rodriguez et al., 2006). Since p62
is a fundamental modulator/receptor of selective autophagy, it would be interesting to
investigate how loss of p62 influences the degradation of specific cargos involved in
adipocyte differentiation and insulin resistance in mice. Additional genetic models include
heterozygous KO mouse models of Atg7 or Beclin 2, as homozygous deletion of either gene
causes embryonic lethality (He et al., 2013; Lim et al., 2014). Specifically, Atg7*/~
heterozygous KO mice do not show metabolic abnormalities until crossed with the ob/ob
mice or under the treatment of HFD. Atg7*/~ ob/ob mice, or HFD-treated Atg7+~ mice,
have exacerbated insulin resistance, elevated lipid storage and inflammation. Application of
imatinib or trehalose, both with autophagy-inducing activities, rescues the diabetic
phenotypes in these mice (Lim et al., 2014). However, it is not clear whether the effects of
either drug are directly through autophagy upregulation or through autophagy-independent
functions. In addition, monoallelic loss of Beclin 2, a newly identified member in the beclin
family, also leads to metabolic dysregulation (including elevated food intake, increased
bodyweight and insulin resistance). Different from the models mentioned above that are
specifically impaired in autophagy, the metabolic abnormalities seen in beclin2*/~ KO mice
are at least partially due to increased levels of a brain GPCR (G protein-coupled receptor)
cannabinoid 1 receptor, which directly upregulates food intake and energy storage upon
activation. Strong experimental evidence has shown that Beclin 2 regulates both autophagy
via binding to components of the PtdIns3K complex, and agonist-induced lysosomal
degradation of GPCRs via binding to an adaptor protein GASP1 (GPCR-associated sorting
protein 1). Because the genetic locus of beclin 2 is also linked to obesity and diabetes related
traits in multiple ethnic groups in human, Beclin 2 likely represents an important genetic
determinant of human obesity and diabetes. Future investigations are needed to evaluate
how defects in Beclin 2-regulated autophagy contribute to the pathogenesis of metabolic
diseases.

Interestingly, recent studies have shown that autophagy is suppressed in genetic or dietary-
induced mouse models of obesity in various tissues, including liver, skeletal muscle and
cardiac muscle (Liu et al., 2009; Yang et al., 2010; He et al., 2012). This is likely caused by
constantly high levels of circulating insulin (an autophagy-inhibitory hormone) due to
insulin resistance and hyperinsulinemia induced by HFD (Liu et al., 2009). These studies
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also revealed that the expression of several key autophagy genes, including Vps34, Atgl12,
Atg8, Atg5, Atg7 and Beclin 1, is downregulated in hepatic cells from HFD-treated mice or
ob/ob mice, which may involve FoxO1-mediated gene transcription and thus provides
another layer of regulatory mechanism of autophagy inhibition during hyperinsulinemia. On
the other hand, adenoviral restoration of Atg7 in ob/ob mice increases autophagy activity
and protects the animals from insulin resistance (Yang L. et al., 2010).

Accordingly, these findings revealed a promising direction to pursue the therapeutic
potential of autophagy induction in metabolic diseases. Studies have shown that the FDA-
approved anti-diabetic drug metformin can induce autophagy activity (Kalender et al., 2010;
Jiang et al., 2014). In addition, several autophagy-inducing compounds, such as rapamycin,
trehalose or imatinib, have been tested on animal models of diabetes and have shown
beneficial effects on insulin sensitivity and 8 cells protection (Newgard et al., 2009; Zhou et
al., 2009; Gonzalez et al., 2011; Elzinga et al., 2013; Marselli et al., 2013;). However, future
investigations will be necessary to analyze whether the beneficial effects of these drugs are
directly through autophagy.

Conclusions

In the past decade, there has been increasing evidence on the important roles of autophagy in
metabolic homeostasis. Despite the numerous evidences that autophagy exerts a protective
role in obesity and insulin resistance in general, there are many answered questions for
further study. For example, tissue-specific roles of autophagy at different developmental or
aging stages are not completely understood, and transcriptional regulation of autophagy in
many metabolic tissues under various stress conditions is largely unclear. On the other hand,
autophagy itself is regulated by the levels of metabolic hormones and nutrients; thus, the
reciprocal relationship between autophagy and metabolic disorders seems more complicated
and needs to be better elucidated. In addition, more studies are required to evaluate the
therapeutic potential and safety of autophagy modulation and to discover new
pharmacological inducers of autophagy in the prevention of metabolic diseases. It will also
be interesting to explore the autophagy-mediated beneficial mechanisms of existing
clinically used drugs.

Given the critical functions of autophagy in the prevention of many metabolic-related
disorders other than obesity and diabetes, including cancer, cardiovascular diseases, bone
disorders and aging (Levine and Kroemer, 2008), the understanding of the mechanisms
underlying the protective roles of autophagy in metabolism will help develop or improve
therapies of a variety of widespread human diseases. Various cell-based and animal models
generated in recent studies have provided useful genetic tools for the future research in these
areas.
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Figure 1.
Autophagy in organelle turnover and nutrient recycling. Autophagy is initiated by the

formation of an isolation membrane (or phagophore) under stress conditions, such as
nutrient deprivation, hypoxia and oxidative stress. The isolation membrane enwraps bulk
cytosol or specific cargos (misfolded proteins, mitochondria, glycogen, ribosomes, lipid
droplets, etc.), and elongates and forms a double-membrane autophagosome. It then fuses
with the lysosome into an autolysosome, where the resident hydrolytic enzymes digest
cargos and various resulting metabolites and macromolecules (including amino acids,
glucose, nucleic acids and free fatty acids) are released back to the cytosol as new building
blocks or energy sources. LD, lipid droplets; FFA, free fatty acids.
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Figure 2.
Regulation of autophagosome formation. Under nutrient-rich conditions, active mTORC1

inhibits the ULK1 kinase complex; whereas starvation activates AMPK, suppresses
mTORC1 and induces ULK1, which upregulates another kinase complex, the PtdIns3K
complex. Recruitment of Beclin 1 to the PtdIns3K complex is essential for the kinase
activity, and is negatively regulated by sequestration of Beclin 1 by Bcl-2 and positively
regulated by release of Beclin 1 upon JNK-mediated phosphorylation of Bcl-2. The
PtdIns3K complex generates PI3P, which recruits additional PI3P-binding proteins
(including WIPI and DFCP1) to promote autophagosome formation. Elongation of
autophagosome membrane requires two ubiquitin-like conjugation systems, Atg12-Atg5-
Atg16 and LC3-PE; the former acts as an E3 ligase to assist the conjugation of LC3 to PE.
All the above molecules and pathways cooperate on the induction and formation of
autophagosomes under stress conditions.
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Figure 3.
Functions of autophagy in multiple metabolic tissues. The roles of autophagy in selective

tissues are summarized, based on the results from both in vitro and in vivo studies. Impaired
autophagy imposes opposite effects in specific organs, leading to diverse metabolic
abnormalities and susceptibility to diseases. TG, triglycerides; UPR, unfolded protein
response; WAT, white adipose tissue; BAT, brown adipose tissue.
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