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Role of Autophagy in the Control of Body Metabolism
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Autophagy plays a crucial role in the maintenance of cellular nutrient balance and the function of organelles such as mitochondria
or the endoplasmic reticulum, which are important in intracellular metabolism, insulin release, and insulin sensitivity. In the insu-
lin-producing pancreatic 3-cells, autophagy is important in the maintenance of B-cell mass, structure, and function. Mice with de-
ficiencies in B-cell-specific autophagy show reduced B-cell mass and defects in insulin secretion that lead to hypoinsulinemia and
hyperglycemia but not diabetes. However, these mice developed diabetes when bred with ob/0b mice, suggesting that autophagy-
deficient B-cells have defects in dealing with the increased metabolic stress imposed by obesity. These results also imply that au-
tophagy deficiency in B-cells could be a factor in the progression from obesity to diabetes. Another important function of autoph-
agy is in hypothalamic neurons for the central control of energy expenditure, appetite, and body weight. In addition, mice with
autophagy deficiencies in the target tissues of insulin have yielded diverse phenotypes. Taken together, these results suggest that
autophagy is important in the control of whole body energy and nutrient homeostasis, and its dysregulation could play a role in
the development of metabolic disorders and diabetes.
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INTRODUCTION

Autophagy, literally ‘self-eating,” is a catabolic process char-
acterized by the lysosomal degradation of a cell’s own materi-
al or organelles for the maintenance of cellular energy balance
and organelle function. Among the diverse types of autophagy,
macroautophagy (hereafter referred to as autophagy) involves
the rearrangement of subcellular membranes to form autopha-
gosomes, which are then delivered to lysosomes and form au-
tophagolysosomes where the sequestered material is degraded
and recycled [1].

While autophagy plays a critical role in the clearance of de-
generated proteins and senescent organelles as well as in the
maintenance of cellular homeostasis during energy starvation

or stress, dysregulated autophagy has been implicated in the
pathogenesis of neurodegenerative diseases, cancer, aging,
and infection [2].

Here, we summarize current understandings of the molecular
mechanism of autophagy, focusing on recent results that have
examined the role of autophagy in diverse tissues involved in
the control of body metabolism and energy homeostasis.

MOLECULAR AND CELLULAR
MECHANISM OF AUTOPHAGY

The UNC51-like kinase 1 (ULK1) complex is crucial in au-
tophagy. In nutrient-rich conditions, mammalian target of ra-
pamycin complex 1 (mTORC1) kinase is incorporated into the
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Fig. 1. Steps of autophagy induction and autophagosome forma-
tion. Mammalian target of rapamycin complex 1 (mTORC1) inhi-
bition by nutrient deprivation or rapamycin treatment induces the
dephosphorylation of UNC51-like kinase 1 (ULK1), which phos-
phorylates autophagy-related gene 13 (Atgl3) and FIP200. When
autophagy is activated, Beclin 1 is liberated from Bcl-2 and in-
duces autophagosome formation with Vps34, Vpsl5, and Atgl4L
or autophagosome maturation with Vps34, Vps15, and ultraviolet
radiation resistance-associated gene (UVRAG). Phosphatidylino-
sitol-3-phosphate (PI3P) produced by Vps34 is important in the
recruitment of Atg proteins to initiate autophagosome formation.
The Atg system is similar to the ubiquitination system. Atg12 and
light chain 3 (LC3) are ubiquitin-like proteins. Atg7 is similar to
El. Atgl0 and Atg 3 are E2-like enzymes. The Atgl2-Atg5-At-
gl6L1 complex behaves like E3 ligase. LC3-II, formed by LC3
conjugation to its lipid target (phosphatidylethanolamine, PE), is
a receptor for p62 which binds to ubiquitinated proteins for pro-
teolytic degradation.

ULK -autophagy-related gene (Atg) 13-FIP200 complex and
phosphorylates ULK1. Inhibition of mTORCI1 by nutrient de-
privation or rapamycin induces its dissociation from the ULK
complex. Dephosphorylated ULK1 is enzymatically active
and phosphorylates mAtg13 and FIP200 to initiate the autoph-
agic process (Fig. 1) [3].

Bcl-2-interacting myosin-like coiled-coil protein (Beclin 1),
which was initially identified as a Bcl-2 binding protein, is
also critically involved in the initiation of autophagy. Beclin 1
forms complexes with Vps34, Vpsl15, and Atgl4L to induce
autophagosome formation or with Vps34, Vps15, and ultravi-
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olet radiation resistance-associated gene (UVRAG) to induce
autophagosome maturation [4]. After the dissociation of the
Beclin-1 complex from Bcl-2 in autophagy-inducing condi-
tions such as nutrient deprivation, Vps34, a class 11l phospha-
tidylinositol 3-kinase within the complex, is activated and
produces phosphatidylinositol-3-phosphate (PI3P). PI3P then
recruits double FY VE-containing protein 1 (DFCP1) and Atg
proteins, which play crucial roles in the formation of the au-
tophagosome cradle (Fig. 1) [5].

The Atg system is critical for autophagosome completion
and is similar to the ubiquitination system. Atgl2 as a ubiqui-
tin-like protein that is conjugated to Atg5 and then to Atg16L1
through the concerted action of Atg7, an El-like enzyme, and
Atgl0, an E2-like enzyme. Atg8, also called microtubule-as-
sociated protein 1 light chain 3 (LC3), is another ubiquitin-like
protein that is converted to LC3-I immediately after synthesis
by Atg4. LC3-I is conjugated to its lipid target, phosphatidyl-
ethanolamine (PE), through Atg7, Atg3 acting as another E2-
like enzyme and Atgl2-Atg5-Atgl6L1 complex [6,7]. After
processing, lipidated LC3 (LC3-1I) is localized to the mem-
branes of autophagosomes. Autophagolysosomes are then
conjugated to lysosomes to form autophagolysosomes, where
the proteolysis of enclosed cytoplasmic contents or organelles
occurs. LC3 is a receptor for p62. Hence, unwanted ubiquiti-
nated proteins can be selectively eliminated by binding to p62
and becoming conjugated to LC3-II of autophagosomes [8].
p62, a substrate of specific autophagy, accumulates in autoph-
agy-deficient conditions. Thus, p62 can be employed as an in-
dex of autophagic flux (Fig. 1).

ROLE OF AUTOPHAGY IN PANCREATIC
B-CELL PHYSIOLOGY

In an attempt to study the role of autophagy in endocrine tis-
sues, mice with B-cell-specific deletion of autophagy-related 7
(Atg7) have been produced (A4tg7*"<"). Atg7*"" mice showed
hyperglycemia and glucose intolerance but not diabetes [9,10].
The insulinogenic index was significantly lower in Azg7*F!
mice compared to control mice, suggesting impaired B-cell
function in vivo. Morphologically, B-cell mass was decreased,
which was attributed to increased B-cell death and reduced
B-cell proliferation. Insulin release and transient glucose-in-
duced cytosolic Ca*" were significantly attenuated in autopha-
gy-deficient B-cells compared to wild-type B-cells, suggesting
functional defects in addition to compromised viability [10].
Confocal microscopy showed inclusion bodies in autopha-
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Fig. 2. Expression of unfolded protein response (UPR)-related genes in autophagy-deficient islets. Pancreatic islets were isolated from
Atg7*<" and Atg7"" mice. (A) Real-time reverse transcription polymerase chain reaction was performed using primer sets specific for
diverse genes of UPR. (B) Susceptibility of autophagy-deficient islet cells to endoplasmic reticulum (ER) stressors. Primary pancreatic
islets were treated with thapsigargin (Tg; left) or palmitic acid (PA; right), and cell death was determined by measuring released oligonu-
cleosomes in the culture supernatant. Autophagy-deficient B-cells were more susceptible to ER stress-induced cell death, probably due to
insufficient UPR gene expression. Atg, autophagy-related gene. *P<0.05; °P<0.01; °P<0.001. Adapted from Quan W, et al. Diabetologia
2012;55:392-403, with permission from Springer Science+Business Media [15].

gy-deficient B-cells which contained ubiquitin material and
p62 [10], a polyubiquitin-binding adaptor protein [11], attest-
ing to the importance of autophagy in the removal of insoluble
or large long-lived ubiquitinated proteins [12]. Electron mi-
croscopy showed vacuolar degeneration along with mitochon-
drial swelling and endoplasmic reticulum (ER) distension
[10]. These results suggest that autophagy is crucial in the
maintenance of B-cell structure, mass and function, although
the role of autophagy in the development of diabetes is not
clear from this study.

ROLE OF B-CELL AUTOPHAGY IN
OBESITY-INDUCED DIABETES

To study the role of B-cell autophagy in diabetes, we studied

8 www.e-enm.org

the ER because ER distention was observed in autophagy-de-
ficient B-cells [10] and ER stress is important in the develop-
ment of diabetes [13,14]. When we examined the expression
of genes involved in the ER stress response or the unfolded
protein response (UPR), we found that their expression was
significantly reduced in autophagy-deficient f-cells despite
ER distention suggesting the presence of ER stress (Fig. 2A)
[15]. While these results were contrary to expectations, a defi-
cient UPR in the face of ER stress could be a sign of cellular
decompensation or maladaptation [16]. Indeed, autophagy-de-
ficient B-cells were more susceptible to treatment with ER
stressors such as thapsigargin or lipids in vitro (Fig. 2B) [15].
Autophagy-deficient f-cells were also more susceptible to the
in vivo ER stress imposed by obesity compared to autophagy-
competent B-cells. Thus, when Atg7***" mice were bred to 0b/
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w mice, B-cell apoptosis was more pronounced in Azg74F<!-
ob/ob mice compared to control Atg7***"-ob/w or Atg7"*-ob/
ob mice. In addition, there was evidence of the increased ac-
cumulation of reactive oxygen species and decreased B-cell
mass in the pancreatic islets of Atg7***-0b/ob mice (Fig. 3A,
B) [15]. Accordingly, Atg7***-0b/ob mice developed severe
diabetes and markedly deteriorated glucose intolerance, while
littermate Atg7***"-0b/w mice or Atg7""-0b/ob mice showed
only mild hyperglycemia (Fig. 3C, D) [15]. These results sug-
gest that compromised B-cell autophagy due to genetic causes,
environmental insults, or aging could be a factor in the transi-
tion from obesity to diabetes. While closely related, obesity
and diabetes are not the same disease process and B-cell au-
tophagy status may help determine the progression from obe-
sity to diabetes.

ROLE OF HYPOTHALAMIC AUTOPHAGY
IN THE CONTROL OF WHOLE BODY
ENERGY BALANCE AND APPETITE

The role of hypothalamic autophagy in the control of whole
body energy balance has also been studied. Mice with deleted
Atg7 specifically in their orexigenic agouti-related peptide
(AgRP) neurons (Atg7***** mice) were lean, which could be
attributed to an increase of proopiomelanocortin (POMC) ex-
pression and anorexigenic a-melanocyte stimulating hormone

Copyright © 2013 Korean Endocrine Society
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production, or to impaired AgRP augmentation in response to
fatty acids during starvation in autophagy-deficient AgRP neu-
rons [17]. In contrast, mice with anorexigenic POMC neuron-
7APOMC

specific Atg7 deletions (Atg mice) were obese [18-20],
which was attributed to increased food intake and reduced en-
ergy expenditure. Atg7*"°™¢ mice were also resistant to intra-
cerebroventricular administration of leptin [18,20]. Interest-
ingly, the number of POMC neurons was not diminished in the
hypothalamus of A¢g7*"®¢ mice compared to control mice
[18,20], which is in contrast to the diminished pancreatic
B-cell mass in Atg7*F*" mice [9,10]. Instead, signal transducer
and activator of transcription 3 (STAT3) activation in the

7APOMC mice,

POMC neurons by leptin was diminished in 4tg
although the mechanism of deficient STAT3 activation is not
clear [20]. Thus, the role of hypothalamic autophagy on whole
body metabolism, appetite, and energy expenditure depends

on the types of neurons affected.

METABOLIC IMPACT OF AUTOPHAGY IN
THE INSULIN TARGET TISSUES

Mice with autophagy deficiencies in insulin target tissues such
as skeletal muscle, liver, or adipose tissues have been generat-
ed and studied. Animals with targeted disruption of A7g7 in the
liver have been reported to show accumulation of lipids due to
defects in the lipid-disposal process known as ‘lipophagy’

www.e-enm.org 9
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[21]. In addition, the conditional knockout of autophagy genes
in adipose tissues results in defects in adipocyte differentiation
[22,23]. We have demonstrated that autophagy deficiencies in
the skeletal muscle or liver lead to leanness and resistance to
diet-induced obesity and diabetes. Such phenotypes were at-
tributed to mitochondrial dysfunction due to autophagy defi-
ciencies in insulin target tissues and the subsequent mitochon-
drial stress response inducing the release of FGF21 as a ‘mito-
kine’ [24]. These results are in contrast to a previous paper
which suggested that autophagy deficiency is an element in
the pathogenesis of insulin resistance and diabetes [25]. Such
discrepancies could be due to differences in the methods, se-
verity, or duration of gene targeting, the age of the experimen-
tal animals, and the mode of autophagy affected.

The concept of ‘mitokines’ has been suggested by a Cae-
norhabditis elegans model that shows increased longevity and
has a disruption in the mitochondrial electron transport chain
[26]. In addition, a recent paper reported a significant prolon-
gation of lifespan in transgenic mice overexpressing FGF21
[27]. The relationship between autophagy, mitochondria, and
‘mitokines’ could be a hot topic not only in the field of metab-
olism and diabetes, but also in aging and longevity studies.

CONCLUSIONS

The roles of autophagy in whole body metabolism and the de-
velopment of metabolic syndrome or diabetes have been ex-
plored by many investigators. The majority of previous studies
investigating the role of autophagy in body metabolism and
diabetes employed site-specific knockout mouse models.
While such models have provided important data regarding
the impact of dysregulated autophagy in metabolic disorders,
they may not reflect natural physiological or disease condi-
tions. Further studies employing more physiological models
are likely to provide valuable information on the role of au-
tophagy in the control of body metabolism and the pathogene-
sis of metabolic disorders.

Because autophagy plays a crucial role in other body sys-
tems besides the control of metabolism, the information ob-
tained by studying the relationship between autophagy and
body metabolism could lead to the development of a novel
class of drugs that can be employed not only against diabetes
or metabolic syndrome, but also cancer, neurodegeneration,
and aging.
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