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Autophagy is a conserved system for the degradation of cytoplasmic proteins and organelles.
During insulin resistance, in which insulin secretion is enhanced and �-cell mass is increased owing
to changes in the expression and function of various proteins in pancreatic �-cells, autophagic
activity appears to also be enhanced to adapt to the dynamic changes occurring in �-cells. Indeed,
defective autophagy in �-cells recapitulates several features that are observed in islets during the
development of type 2 diabetes mellitus. In addition, the dyregulation of autophagic activity
appears to occur in the �-cells of type 2 diabetic model mice and type 2 diabetes mellitus patients.
These lines of evidence suggest that autophagic failure may be implicated in the pathophysiology
of type 2 diabetes mellitus. In this review, we summarized the recent findings regarding how
autophagy in �-cells is regulated and how dysfunction of the autophagic machinery may lead to
the dysfunction of �-cells. (Molecular Endocrinology 29: 338–348, 2015)

Autophagy is an evolutionarily conserved catabolic
process involving the degradation of cellular compo-

nents by the lysosomal machinery. At least 3 kinds of
autophagy have been defined to date: macroautophagy
(1), chaperone-mediated autophagy (2), and microau-
tophagy (3). In macroautophagy, a small part of the cy-
toplasm is sequestered by a membrane sac, which even-
tually form a double membrane structure, the
autophagosome. The autophagosome fuses with lyso-
somes to form the autolysosome, in which the sequestered
cytoplasm is degraded by lysosomal enzymes. In chap-
eron mediated autophagy, cytoplasmic substrates are rec-
ognized by a chaperon protein, Heat shock cognate
(Hsc)70, and directly translocate to lysosome for degra-
dation. In microautophagy, lysosomal membrane directly
engulfs small parts of the cytoplasm. Thus, the formation
of autophagosome is not required for chaperon-mediated
autophagy and microautophagy. Among these, macroau-

tophagy has been most extensively studied (4–6). In this
review, we focused on the role of macroautophagy in
pancreatic �-cells, and hereafter, we used the term “au-
tophagy” to indicate macroautophagy.

A low level of autophagy is constitutively active in cells
to remove misfolded proteins and damaged and senescent
organelles (7). In various kinds of cells, such as hepato-
cytes (8), neurons (9, 10), and cardiac muscle cells (11),
autophagy has been shown to be essential for proper cell
function. In this regard, autophagy is a fundamental pro-
cess for cellular homeostasis. On the other hand, enhance-
ment of this process is important for the active realloca-
tion of nutrients from unnecessary processes to more
pivotal processes required for survival. Typically, during
the shortage of nutrients, cells activate autophagy to sup-
ply nutrients from endogenous energy sources to pro-
cesses required for cell survival. In addition, several stress
response signals are known to activate autophagy and

ISSN Print 0888-8809 ISSN Online 1944-9917
Printed in U.S.A.
Copyright © 2015 by the Endocrine Society
Received November 21, 2014. Accepted January 21, 2015.
First Published Online January 29, 2015

Abbreviations: Ambra1, activating molecule in beclin-1-regulated autophagy; ATG, au-
tophagy related; Clec16a, C-type lectin domain family 16 member A; ER, endoplasmic
reticulum; FFA, free fatty acid; FIP200, focal adhesion kinase family interacting protein of
200 kDa; IAPP, islet amyloid polypeptide; IRE1, inositol-requiring 1; JNK, c-Jun-NH2-
terminal kinase; LC3, microtubule-associated protein 1A/1B-light chain 3; mTOR, mam-
malian target of rapamycin; mTORC, mTOR complex; Pdx1, Pancreatic and duodenal
homeobox 1; PERK, dsRNA-activated protein kinase-like ER kinase; PI(3)K, phosphatidyl-
inositol 3-kinase; PINK1, PTEN-induced putative kinase 1; PKR, protein kinase RNA acti-
vated; ULK1, Unc-51-like kinase 1; Vps34, Vacuolar Protein Sorting.

M I N I R E V I E W

338 mend.endojournals.org Mol Endocrinol, March 2015, 29(3):338–348 doi: 10.1210/me.2014-1367

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/29/3/338/2556194 by guest on 24 April 2024



play an important role in the homeostasis of cell function
under stressful conditions (5).

Insulin resistance, which is the state of an increased
demand of insulin secretion, and pancreatic �-cell dys-
function are among the major defects observed in type 2
diabetes mellitus. In the natural history of type 2 diabetes,
insulin resistance caused by obesity and/or reduced phys-
ical activity appears earlier than the onset of disease. At
this stage, pancreatic �-cells adapt to the insulin resis-
tance by increasing glucose responsive insulin secretion
from individual islets and probably �-cell mass to prevent
a rise in blood glucose (12, 13). After this stage, the grad-
ual failure of �-cells to adaptation occurs and plays an
important role in the progression to impaired glucose tol-
erance and eventually to diabetes (14, 15).

Pancreatic �-cells are specialized cells dedicated to in-
sulin secretion in response to glucose and other various
secretagogues. The main mechanism of glucose-stimu-
lated insulin secretion is through an increase in cytosolic
ATP levels. Pancreatic �-cells catabolize glucose to in-
crease ATP to levels much higher than that required for
cell survival, to induce the secretion of insulin. In addi-
tion, owing to unknown reasons, �-cells synthesize more
than enough insulin for secretion under normal condi-
tions (16). Indeed, the cytosol of normal �-cells is largely
occupied by numerous insulin granules even after the
stimulation of insulin secretion. Under these conditions,
�-cells appear to be vulnerable to various forms of cellular
stress, such as oxidative stress caused by damaged mito-
chondria and Endoplasmic reticulum (ER) stress caused
by misfolded proteins. Insulin resistance enhances the ac-
cumulation of these various types of stresses in �-cells
(14). Given that autophagy protects cells against oxida-
tive stress and ER stress (5), failure of the autophagic
system in �-cells is a potential factor that aggravates �-cell
function, particularly under insulin-resistant conditions,
and thus could be a cause of hyperglycemia. On the other
hand, in certain conditions, activation of autophagy ap-
pears to enhance cell death in several cell types (17, 18), as
well as in �-cells (19). The aim of this review is therefore
to summarize the recent findings regarding the role of
autophagy in �-cells in the pathophysiology of diabetes.

Molecular Mechanisms of the Induction
and Regulation of Autophagy

Autophagy is a tightly regulated cellular process. To date,
more than 30 autophagy-related (ATG) proteins have
been discovered. Most of these proteins are conserved
from yeast to mammals (4, 20). These proteins work to-
gether to accomplish the elaborate process composed of

vesicle nucleation (formation of the isolation membrane),
vesicle elongation, formation of the double-membrane
vesicle, fusion with the lysosome, and degradation of the
vesicle content. The detailed process is beyond the scope
of this review, and for more information, the reader is
advised to refer to previous reviews (4, 5, 20). However,
in this review, we briefly summarize the molecular mech-
anism of autophagy that is essential for understanding its
role in �-cells.

Accumulating evidence suggest that the complex con-
sisting of Uncoordinated (Unc)-51-like kinase 1 (ULK1)
and Vacuolar Protein Sorting (Vps34) are key regulators
for the initiation and progression of autophagy. ULK1 is
the mammalian ortholog of Atg1 and is a serine-threonine
kinase. The ULK1 complex is composed of ULK1, Atg13,
Atg101, and focal adhesion kinase family interacting pro-
tein of 200 kDa (FIP200) (21). Under normal conditions,
mammalian target of rapamycin (mTOR) complex
(mTORC)1 interacts with the ULK1 complex and inacti-
vates it. Signal of insulin or other growth factors activates
class I phosphatidylinositol 3-kinase (PI[3]K) proteins,
which in turn signal via the Akt pathway to activate
mTOR. Thus, these signaling pathways inactivate ULK1.
In the presence of autophagy inducers, such as starvation,
rapamycin, and the absence of insulin or growth factors,
mTORC1 dissociates from the complex. This dissocia-
tion results in the enhancement of ULK1 kinase activity
and phosphorylation of Atg13 and FIP200 (Figure 1)
(22–24).

Another key regulator of autophagy is Vps34, a class
III PI(3)K. The Vps34 complex is composed of Vps34,
Beclin-1, Vps15, Atg14L, and activating molecule in be-
clin-1-regulated autophagy (Ambra1). Phosphatidylino-
sitol 3-phosphate, the product of Vps34 recruits double
FYVE domain-containing protein 1 (DFCP1) and WD-
repeated protein interacting with phosphoinositides fam-
ily proteins (WIPIs) that are essential for double-mem-
brane vesicle nucleation (25, 26). Indeed, wortmannin
and 3-methyladenine, which strongly inhibit Vps34, in-
hibit autophagy. After typical autophagy induction, acti-
vated ULK1 phosphorylates Ambra1 and recruits the
Vps34 complex to the site of autophagosome formation
(27). In addition, phosphorylated Ambra1 stabilizes
ULK1 kinase activity by its Lys-63-linked ubiquitination
(28). In the Vps34 complex, Beclin-1 regulates Vps34
activity through its phosphorylation states and binding
partners. Indeed, ULK1 phosphorylates Beclin-1 at Ser14
and enhances the PI(3)K activity of the Vps34 complex
(29). This phosphorylation is essential for the full induc-
tion of autophagy. In addition, AMP-activated protein
kinase, a target of metformin, phosphorylates Beclin-1 at
Ser91 and Ser94 and activates Vps34 lipid kinase (30). On
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the other hand, Akt phosphorylates Beclin-1 at Ser234
and Ser295 and suppresses its kinase activity (31). Re-
garding binding partners of Beclin-1, Atg14L, UV irradi-
ation resistance-associated gene, BAX-interacting fac-
tor-1 (Bif-1), and Ambra1 interact with Beclin-1 and
positively regulate Vps34 activity. On the other hand,
rubicon and antiapoptotic family members such as B cell
lymphoma 2 (BCL-2), B cell lymphoma-extralarge (Bcl-
xL), and myeloid cell leukemia-1 (MCL-1) negatively reg-
ulate Vps34 activity (Figure 1) (5).

Vesicle elongation and formation of double-membrane
vesicles are mediated by 2 ubiquitin-like conjugation sys-
tems of ATG proteins. The first system is the ATG12-
ATG5 conjugation reaction. The ATG12-ATG5 conju-
gates form a multimeric complex with ATG16L1 through

ATG7, an E1-like ubiquitin-activating enzyme, and
ATG10, an E2-like ubiquitin-activating enzyme. The sec-
ond system is the conjugation reaction of microtubule-
associated protein 1A/1B-light chain 3 (LC3), a mamma-
lian homologue of ATG8. LC3-I is generated from pro-
LC3 by the Atg4 protease. Then, through ATG7, ATG3
(an E2-like enzyme), and the ATG12-ATG5-ATG16L
complex that possesses E3-like activity, LC3 conjugates
to the phospholipid phosphatidylethanolamine to form
LC3-II. During the formation of the autophagosome from
the preautophagosome, ATG12-ATG5 complexes are re-
leased from the membranes, and LC3-II becomes local-
ized on them. Usually, LC3-I is distributed throughout the
cytosol and can only localize to the autophagosome mem-
brane when it is lipidated to form LC3-II (Figure 1) (32).

Figure 1. Signaling pathway regulating the initiation of autophagy and the formation of autophagosomes. Macroautophagy consists of distinct
stages: phagophore formation, vesicle elongation and completion, and fusion of the double-membrane autophagosome with the lysosome to
form an autolysosome. The ULK1 complex and Vps34 complex are key regulators for the initiation of autophagy. The ULK1 complex is composed
of ULK1, Atg13, Atg101, and FIP200. Under normal conditions, mTORC1 interacts with the ULK1 complex and inactivates it. In the presence of
autophagy inducers, mTORC1 dissociates from the complex. This results in increased ULK1 kinase activity and the phosphorylation of Atg13 and
FIP200. The Vps34 complex is composed of Vps34, Beclin-1, Vps15, Atg14L, and Ambra1. Phosphatidylinositol 3-phosphate, the product of ULK1,
recruits the double FYVE domain-containing protein 1 (DFCP1) and WD-repeated protein interacting with phosphoinositides (WIPI) family proteins.
Wortmannin and 3-methyladenine inhibit ULK1. ULK1 phosphorylates Beclin-1 at Ser14 and enhances PI(3)K activity of the Vps34 complex. This
phosphorylation is essential for the full induction of autophagy. In addition, AMP-activated protein kinase (AMPK) phosphorylates Beclin-1 and
activates Vps34 lipid kinase. On the other hand, Akt phosphorylates Beclin-1 and suppresses its kinase activity. Vesicle elongation and the
formation of double-membrane vesicles are mediated by 2 ubiquitin-like conjugation systems involving ATG proteins. The first system is the
ATG12-ATG5 conjugation reaction. The ATG12-ATG5 conjugates form a multimeric complex with ATG16L1 through ATG7 and ATG10. The
second system is the conjugation reaction of LC3, the mammalian homologue of ATG8. LC3-I is generated from pro-LC3 by the Atg4 protease.
Then, through ATG7, ATG3, and the ATG12-ATG5-ATG16L complex, LC3 conjugates to the phospholipid phosphatidylethanolamine to form LC3-
II. During the formation of the autophagosome from the preautophagosome, ATG12-ATG5 complexes are released from the membranes, and
LC3-II localizes on them.
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The proteins and organelles destined for degradation
are engulfed by the autophagosome. Some such proteins
are selectively bound with adaptor proteins such as p62,
which is also known as sequestosome/SQSTM1 (33),
neighbor of BRCA1 gene 1 (NBR-1) (34), and optineurin
(35), which binds with LC3-II. Then, the autophagosome
membrane closes and then fuses with the lysosome to
form the autolysosome. Fusion of autophagosomes with
lysosomes is regulated by soluble NSF attachment protein
receptors (SNARE) proteins, such as syntaxin 17, synap-
tosomal-associated protein (SNAP)-29, and vesicle-asso-
ciated membrane protein (VAMP) 8. Intriguingly, syn-
taxin 17 is only localized to the outer membrane of closed
autophagosomes, not the unclosed membrane; thus, only
closed membranes can fuse with lysosomes (36). Then,
the contents of the autolysosome are digested by lyso-
somal enzymes.

Assays for Monitoring Autophagy

Based on the morphology of the components and molec-
ular mechanism of autophagy, several assays have been
developed to monitor autophagy. For the detailed inter-
pretation of the assays, the reader is advised to refer to its
guidelines (37). Here, we briefly introduce the frequently
used assays to monitor autophagy in �-cells.

When autophagy is activated, the number of autopha-
gosome increases in cytosol. This accumulation of au-
tophagosome can be directly observed by electron micros-
copy. In addition, when autophagy is activated, LC3 is
lipidated and localized in autophagosome membrane,
thus monitoring of Green fluorescent protein (GFP)-LC3
dots in cells and quantification of LC3-II by Western blot-
ting are helpful to estimate the state of autophagy. How-
ever, accumulation of autophagosome can be observed,
not only when autophagy is activated but also when au-
tophagosome turnover is reduced. Thus, the evaluation of
autophagic flux is more important to evaluate autophagic
state in cells. One of the frequently used method to eval-
uate autophagic flux is to evaluate the further accumula-
tion of LC3-II after the addition of lysosomal inhibitors.
Accumulation of p62 frequently reflects relative decrease
of degradation of autophagy; however, recent data re-
vealed that the expression level of p62 in starved cells is
determined not only by autophagic degradation, but also
by transcriptional up-regulation, suggesting that the ex-
pression level of p62 does not always inversely correlate
with autophagic activity (38). More reliable approach to
evaluate autophagic state is to measure the degradation
rate of long lived protein that is degraded by autophagy.

Autophagy in �-Cells Under Diabetic
Conditions

Any structure in the cytosol can be a substrate of au-
tophagy. In �-cells, various types of cellular structures,
including insulin granules, mitochondria, and endoplas-
mic reticulum membranes, are observed in autophagic
vacuoles (39, 40), although the formation of autophago-
somes is rarely detected under steady-state conditions. In
most other organs, such as liver and muscle (41), over-
night starvation increases autophagic vacuole formation;
however, in �-cells, there is no prominent increase in au-
tophagic vacuoles after starvation (39). This is similar to
the lack of autophagic up-regulation in neuronal tissues
under starvation conditions. However, a previous study
reported that starvation increases LC3-positive dots that
represent the formation of autophagosomes in �-cells
(19). Taken together, starvation-induced autophagy is
present also in �-cells but may be less prominent than in
other tissues.

Mice in an insulin-resistant state induced by a high-fat
diet have more autophagosomes in their �-cells (39). In-
creased numbers of autophagosomes are also observed in
several diabetic model rodents, such as ob/ob mice (42),
db/db mice (39), Akita mice (43), and Zucker diabetic
fatty rats (44). Although more autophagosomes may be
caused by either enhanced autophagic flux or the inhibi-
tion of autophagic degradation, in ob/ob mice (42) and
Akita mice (43), enhanced autophagic flux was reported.
However, the accumulation of p62/SQSTM1, which is an
adaptor protein interacting with LC3-II, is also observed
in ob/ob mice (42) and in db/db mice (45). These results
suggest that autophagic flux may not be activated suffi-
ciently to deal with the increased demand of proteolysis in
these type 2 diabetic model mice.

Regarding human type 2 diabetes mellitus, a study us-
ing islets from organ donors showed that �-cells in type 2
diabetic patients have extensive accumulation of au-
tophagic vacuoles (46). Other studies using autopsy sam-
ples showed increased numbers of p62-positive �-cells in
patients with type 2 diabetes (45, 47). Although further
assessment of autophagic flux in �-cells is required, these
data suggest that autophagic dysfunction occurs in the
�-cells of patients with type 2 diabetes.

Consequences of Autophagic Dysfunction
in �-Cells

The �-cell-specific Atg7 knockout (Atg7f/f:RIP-Cre)
mouse is a model that is useful for assessing the conse-
quences of autophagic dysfunction in �-cells. Two groups
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independently reported the phenotype of these mutant
mice (39, 40). Decreased LC3-II levels and marked accu-
mulation of p62 observed in the �-cells of these mice
showed the efficient inhibition of autophagy in these
mice. �-cells of Atg7f/f:RIP-Cre mice developed progres-
sive degeneration characterized by cellular hypertrophy
and the accumulation of polyubiquitinated proteins in
�-cells. These features are similarly observed in the liver,
central nervous system, and heart of each tissue-specific
Atg5 or Atg7 knockout mice (8–11). Intriguingly, this
phenotype was also observed in human patients with
steatohepatitis (48) and neurodegenerative diseases
such as Parkinson’s disease and Alzheimer’s disease
(49). In �-cells of Zucker diabetic fatty rats, age-depen-
dent polyubiquitinated protein aggregates are formed
and this aggregate formation is accelerated by hyper-
glycemia-induced oxidative stress (50). However, evi-
dent accumulation of polyubiquitinated protein aggre-
gates was not found in �-cells of autopsy samples from
patients with type 2 diabetes mellitus (H. Mizukami
and H.W. unpublished data).

Atg7f/f:RIP-Cre mice showed increased blood glucose
levels and reduced glucose tolerance with reduced glucose
responsive insulin secretion. Experiments using isolated
islets showed reduced glucose responsive insulin secretion
with preserved KCl-induced insulin secretion. In addi-
tion, a reduction in glucose-stimulated ATP production
and Ca2� influx in �-cells was also observed (39, 40).
Furthermore, accumulation of distended mitochondria
with distorted cristae was observed in the �-cells of Atg7f/

f:RIP-Cre mice. These results suggest that mitochondrial
dysfunction may be a cause of reduced glucose responsive
insulin secretion in �-cells of Atg7f/f:RIP-Cre mice.

In insulin-resistant states, �-cells increase their number
to secrete more insulin. This is one of the most important
mechanisms of �-cells to compensate for insulin resis-
tance. In fact, a 12-week high-fat diet increased �-cell
mass by approximately 2-fold in wild-type mice (39). Al-
though �-cell mass of Atg7f/f:RIP-Cre mice was compa-
rable with that of wild-type mice on a normal diet, the
increase in �-cell mass upon a high-fat diet was severely
inhibited. The islets of Atg7f/f:RIP-Cre mice fed a high-fat
diet are characterized by a reduced number of Ki67-pos-
itive replicating cells and more caspase-3-positive apopto-
tic cells (39). These results showed that autophagy in
�-cells affects cell proliferation and apoptosis, particu-
larly in insulin-resistant states (51, 52).

Mitophagy in �-Cells

Mitophagy is an important mitochondrial quality control
mechanism that eliminates damaged mitochondria (53).

Depolarized, dysfunctional mitochondria are selectively
recognized by PTEN-induced putative kinase 1 (PINK1)
and Parkin, which are responsible for familial Parkinson’s
disease (54, 55). These molecules are important for a cer-
tain type of mitophagy, and are not responsible for all
types of mitophagy (53, 56–59). PINK1 is a serine/thereo-
nine kinase that localizes to mitochondria with reduced
membrane potential (60, 61). Accumulation of PINK1 on
the mitochondrial surface activates the translocation of
Parkin, an E3 ubiquitin ligase, from the cytosol to dam-
aged mitochondria (57). Although the kinase activity of
PINK1 is essential for the recruitment of Parkin to dam-
aged mitochondria, the mechanism involved has not yet
been clarified. After its localization on mitochondria, Par-
kin mediates the formation of polyubiquitin chains on
specific mitochondrial outer membrane proteins. Previ-
ous data demonstrated that ubiquitination of the voltage-
dependent anion channel-1, a component of the permea-
bility transition pore, is essential for mitophagy (58),
although another study showed that mitophagy can occur
in the absence of voltage-dependent anion channel-1 (62).
Accordingly, it has not been determined whether specific
ubiquitinated proteins are required for mitophagy. After
the formation of polyubiquitin chains on mitochondrial
outer membrane proteins, the ubiquitin-binding adaptor
protein p62/SQSTRM1 accumulates on depolarized mi-
tochondria and is considered to facilitate the recruitment
of damaged mitochondria to autophagosomes by binding
to LC3-II (53, 60). In addition, a recent data showed that
optineurin plays an indispensable role as an autophagy
receptor in Parkin-mediated mitophagy (35).

The cooccurrence of decreased glucose responsive in-
sulin secretion with the accumulation of distended mito-
chondria in Atg7f/f:RIP-Cre mice suggests that a dysfunc-
tion of mitophagy may be a cause of reduced glucose
responsive insulin secretion. In another model of �-cell-
specific autophagic dysfunction (Atg7f/f:RIP2-Cre), the
administration of an antioxidant ameliorated the impair-
ment in glucose-stimulated insulin secretion without im-
provement of autophagic flux (63). Increased oxidative
stress from accumulated depolarized mitochondria may
decrease the function of healthy mitochondria and may
aggravate glucose responsive insulin secretion in the au-
tophagy-deficient �-cells.

Recently, Hoshino et al (64) compared �-cell ATP con-
tent and insulin secretion in global Parkin-deficient mice
and wild-type mice. They first found that p53 deficiency
in �-cells protects against the development of diabetes by
multiple low doses injection of streptozotocin. In this
study, to avoid the antiinflammatory effect by p53 defi-
ciency, they performed bone marrow transplantation be-
fore injection of streptozotocin. Then, to investigate its
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mechanism, they crossed p53-deficient mice and Parkin-
deficient mice and found that the protective effect of p53
was not observed when Parkin is deleted. As a control
experiment of this study, they investigated �-cell function
with multiple low doses injection of streptozotocin after
bone marrow transplantation. Although this is unusual
condition, Parkin-deficient mice showed lower glucose-
responsive increases in ATP levels as well as lower insulin
secretion than wild-type mice with same treatment (64).
More recently, the phenotype of C-type lectin domain
family 16 member A (Clec16a) knockout mice was re-
ported (65). Clec16a is a gene associated with type 1
diabetes, multiple sclerosis, and adrenal dysfunction. It
encodes an endosomal protein that interacts with the E3
ubiquitin ligase Nrdp1. Loss of Clec16a induces an in-
crease in the level of Parkin, an Nrdp1 target. Intrigu-
ingly, islets from Clec16a-deficient mice showed en-
hanced expression of Parkin; however, they also showed
accumulation of abnormal mitochondria with reduced
ATP concentration as well as reduced glucose responsive
insulin secretion (65). These result support the possibility
that the dysfunction of mitophagy in �-cells accompanied
with the decreased or increased expression of Parkin
could be the cause of �-cell failure in a certain type of
diabetes.

Free Fatty Acids (FFAs) and Autophagy

Increased LC3-II levels and autophagosomes in the �-cells
of mice on a high-fat diet suggest that autophagy in �-cells
is enhanced by insulin resistance (45). Candidate media-
tors for sensing systemic insulin resistance in �-cells to
enhance autophagy are long-chain FFAs. Previous studies
showed that palmitate stimulates autophagic flux and en-
hances the formation of autophagosomes and autolyso-
somes in �-cells (66–68).

Regarding the mechanism of FFA-induced autophagy,
Komiya et al (69) demonstrated that FFAs activate pro-
tein kinase RNA-activated (PKR) and that FFA-induced
autophagy is partially blocked by a c-Jun-NH2-terminal
kinase (JNK) inhibitor, suggesting the involvement of the
PKR-JNK pathway in �-cells. Recent data showed that
palmitate disrupts inhibitory Signal tranducer and activa-
tor of transcription (STAT)3-PKR interactions and
induces PKR-dependent eukaryotic Initiation Factor
(eIF)2� phosphorylation, which facilitates the induction
of autophagy, although this was not tested in �-cells (70).
Another study reported that FFA-induced autophagy in
�-cells is regulated by Protein kinase C (PKC)-� (71).
Taken together, multiple mechanisms may be involved in
FFA-induced autophagy in �-cells. On the other hand,

long-term exposure to FFAs suppresses autophagy in
�-cells, suggesting the involvement of lipotoxicity in the
regulation of autophagy (72).

Autophagy, ER Stress, and �-Cell Death

Pancreatic �-cells undergo extensive proinsulin biosyn-
thesis, and therefore face a high protein-folding burden.
An increased demand of insulin biosynthesis in insulin-
resistant states readily increases the accumulation of mis-
folded proteins in the ER of �-cells (73). This stimulates
the unfolded protein response by releasing Binding immu-
noglobulin protein (Bip)/glucose-regulated protein 78
from protein kinase R-like endoplasmic reticulum kinase
(PERK), inositol-requiring 1 (IRE1), and activating tran-
scription factor 6. Indeed, the enhanced expression of ER
stress markers was observed in �-cells in autopsy samples
of the patients with type 2 diabetes (74).

An increase of ER stress induces autophagy. PERK was
shown to activate the transcription of LC3 and Atg5
through the action of the transcription factors activating
transcription factor (ATF) 4 and CCAAT-enhancer-bind-
ing protein (C/EBP)-homologous protein (CHOP) in a
tumor hypoxia cell model (75). In addition, although the
mechanism has not yet been clarified, phosphorylation of
eIF2� on Ser51 by PERK plays a major role in the activa-
tion of autophagy (76). Furthermore, previous data
showed that the autophagy system is activated by the
IRE1-JNK pathway in response to ER stress in neuroblas-
toma cells (77). On the other hand, the IRE1-X-box-bind-
ing protein 1 (XBP1) signal inhibits autophagy, probably
to decrease the excessive autophagy activated by other ER
stress signaling pathways in neuronal cells (78). Thus,
multiple systems may be involved in the activation and
regulation of autophagy by ER stress. The underlying
mechanism of ER stress induced autophagy in �-cells
could be different from that in other cells.

Activation of autophagy by increased ER stress plays a
protective role in �-cell damage. Indeed, stimulation of
autophagy using mTOR inhibitors improved �-cell func-
tion in the Akita mouse, which is a diabetic mouse model
resulting from increased ER stress (43). In addition,
�-cell-specific deletion of tuberous sclerosis complex 2
(TSC2) that induces mTORC1 hyperactivation eventu-
ally caused �-cell failure with accumulation of p62/
SQSTM1 and an impaired autophagic response (79).
Conversely, Atg7f/f:RIP-Cre mice showed a compromised
unfolded protein response and increased cell death by ER
stressors (42, 45). Accordingly, increased �-cell death
caused by autophagic failure especially under insulin-re-
sistant state could be at least in part due to increased
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vulnerability of �-cells to ER stress. On the other hand,
there appears to be a mechanism to compensate for cell
death by autophagic failure. Indeed, expression of
ERp57/GRP58 is enhanced in islets isolated from Atg7f/

f:RIP-Cre mice. ERp57 is a member of the protein disul-
fide isomerase family that supports the proper folding of
glycoproteins. Knock-down of ERp57 in �-cells with au-
tophagic failure enhances apoptotic cell death, suggesting
the role of ERp57 in protecting cells from apoptosis in-
duced by autophagic failure (80).

On the other hand, a study reported that reduced �-cell
mass in Pancreatic and duodenal homeobox (Pdx)1
hetero knockout mice was associated with increased au-
tophagy in pancreatic islets. Crossing with Beclin-1
hetero knockout mice, which are a model of decreased
autophagy, restored �-cell function and preserved �-cell
mass in Pdx1 hetero knockout mice (19). Given that Be-
clin-1 is considered to also have functions in processes
other than autophagy, such as in membrane trafficking
(81), the reduced expression of Beclin-1 may preserve
�-cell function through a mechanism independent of au-
tophagy. However, it is still possible that accelerated au-
tophagy may contribute to �-cell death under particular
conditions, such as in Pdx1 hetero knockout mice.

Human Islet Amyloid Polypeptide (IAPP)
and Autophagy

The presence of extracellular amyloid plaques is a mor-
phological change that is observed in the islets of patients
with type 2 diabetes. Amyloid plaques consist of IAPP,
which is specifically expressed in �-cells. In normal
�-cells, IAPP is present in insulin-containing granules and
are cosecreted with insulin, and an increase in the demand
of insulin enhances IAPP secretion. IAPP is a 37-amino
acid peptide, and amino acids 20–29 are responsible for
its amyloidogenic property. Recent data suggest that in-
tracellular IAPP oligomer formation rather than the ex-
tracellular deposition of amyloid plaques is toxic to
�-cells (82). Amino acids 25, 28, and 29 of rodent IAPPs
are different from human IAPP (substituted to prolines),
and thus, rodent IAPPs do not have amyloidogenicity and
do not form toxic oligomers (82). Although the mecha-
nism of toxic oligomer formation has not been clarified,
the increased proteolysis of IAPP oligomers may prevent
its toxicity. Intriguingly, autophagic flux in �-cells is en-
hanced by the forced expression of human IAPP, but not
rat IAPP (83, 84). These data suggest the presence of a
mechanism to eliminate the toxicity of human IAPP by the
induction of autophagy. In addition, recent data revealed
that IAPP is ubiquitinated and digested by autophagy

through its interaction with p62 (85). The importance of
this system is supported by the fact that a deficiency of
ubiquitin carboxyl-terminal esterase L1, which results in
dysfunction of the ubiquitin/proteasome system exacer-
bates human IAPP toxicity in �-cells with increased accu-
mulation of p62 (86). Butler’s group found that mice re-
sulting from crossing transgenic mice expressing human
IAPP with Atg7f/f:RIP-Cre show decreased glucose toler-
ance, accumulation of toxic human IAPP oligomers, in-
creased oxidative damage, and decreased �-cell mass
(85). Lee’s group also reported a similar phenotype in the
same model mice. In addition, they demonstrated that
trehalose, an autophagy enhancer ameliorates the glucose
intolerance of human IAPP transgenic mice (87). Consid-
ering that human IAPP transgenic mice express much
larger amounts of IAPP than physiological levels, our
group crossed human IAPP knock-in mice that carry hu-
man IAPP in the endogenous mouse IAPP locus with
Atg7f/f:RIP-Cre mice and found that the resultant mice
had a modest but similar phenotype to Butler’s group and
Lee’s group (84). These results suggest that autophagy in
�-cells is essential for the protection from toxic oligomer
formation of human IAPP. Therefore, reduced autophagy
in �-cells may elicit more damage in humans than in
rodents.

�-synuclein, which is a protein involved in the patho-
genesis of Parkinson’s disease, also forms oligomers. �-sy-
nuclein is a component of the Lewy bodies observed in the
neurons of Parkinson’s disease patients and was reported
to impair autophagy (88). Interestingly, this protein is
expressed also in �-cells. A recent study revealed that loss
of the Ide gene, which is located in a locus that is associ-
ated with the onset of type 2 diabetes, enhanced the �-cell
expression of �-synuclein oligomers, because Ide some-
how by interacting with �-synuclein reduce the formation
of �-synuclein oligomers (89). Indeed, in islets from the
patients with type 2 diabetes, Ide expression is decreased
and expression of �-synuclein oligomers is increased. In
addition, overexpression of �-synuclein in �-cells caused
reduced glucose tolerance with decreased insulin secre-
tion with increased autophagic flux in the islets. These
results suggest that the increased autophagy may be a
protective mechanism against toxicity of �-synuclein oli-
gomers; however, the increased autophagic activity in
�-cells is not enough to prevent the toxicity of �-synuclein
oligomers in this model. It is interesting to note that �-sy-
nuclein knockout mice also showed reduced glucose tol-
erance with reduced insulin secretion. These data show
that the role of �-synuclein in �-cells is more complex
than predicted.
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�-Cell Inflammation and Autophagy

�-Cell inflammation has now been proposed as a mech-
anism of the deterioration of �-cell function not only in
type 1 diabetes, but also in type 2 diabetes. Previous stud-
ies showed increased immune-cell infiltration in the islets
of patients with type 2 diabetes (90, 91). In addition,
up-regulation of proinflammatory cytokines and chemo-
kines was observed in the islets from patients with type 2
diabetes (92, 93). In this regard, disruption of Atg16L1,
an essential molecule for the formation of autophago-
somes in macrophages, enhances the lipopolysaccharide-
induced production of the inflammatory cytokines IL-1�

and IL-18 through activation of the inflammasome in
macrophage (94). In addition, depletion of LC3B and
Beclin-1 enhances the activation of caspase-1 and the se-
cretion of IL-1� and IL-18 in macrophage (95). Further-
more, reduced autophagy in the hypothalamus by site-
specific delivery of a lentiviral small hairpin RNA
(shRNA) against Atg7 impairs hypothalamic control of
energy balance by activation of the Nuclear factor-kappa
B (NF�B) signaling pathway (96). Therefore, a large
amount of evidence has accumulated regarding the tight
link between autophagy and immunity (97).

Regarding the inflammation of islets in type 2 diabetic
models, the source of the inflammatory mediators in islets
has not been determined. However, �-cells are regarded
as candidate cells for the production of inflammatory cy-
tokines in islets as well as in macrophages. Accordingly,
autophagic failure in �-cells may enhance the inflamma-
tory reaction and the secretion of inflammatory cyto-
kines. Conversely, recent data showed that overexpres-
sion of Atg7 induces the activation of autophagy and
NACHT, LRR, and PYD domains-containing protein 3
(NLRP3)-dependent IL-1� secretion, suggesting the
harmful effect of autophagic activation in �-cells (98).
Thus, further studies are required to clarify the associa-
tion between autophagy and immunity in �-cells.

Crinophagy in pancreatic �-Cells

“Crinophagy,” the process of direct fusion of secretory
vesicles with lysosomes has been known for years as an
ATG protein degradation mechanism in endocrine cells
(99). Classically, Orci et al described that insulin granules
are degraded by this process (100). Given that a more
than sufficient number of insulin-containing granules are
present in �-cells (16) and that the half-life of insulin-
containing granules are estimated as 3–5 days (101), the
degradation of insulin is an important process to maintain
a constant number of insulin-containing granules in

�-cells. Crinophagy seems to play an important role in the
homeostasis of insulin-containing granules.

Rab3A is an essential molecule for transporting insulin
granules to the cell surface for exocytosis in �-cells.
Rab3�/� islets show reduced insulin secretion without
affecting insulin production (102), suggesting a relatively
increased number of insulin-containing granules in
�-cells. However, Marsh et al reported that in this mouse,
normal number of insulin granules is maintained by
marked increase of insulin degradation by crinophagy
(103). In addition, in these mice, crinophagy is further
activated by treatment with diazoxide, an agent that in-
hibits insulin secretion (103). These results suggest that
crinophagy is a process to maintain a constant number of
insulin-containing granules in �-cells. However, the mo-
lecular mechanism of crinophagy has not been clarified at
all. Considering that crinophagy is the process of direct
fusion of lysosomes with hormone-containing granules,
the mechanism regulating crinophagy is likely to be com-
pletely different from that of macroautophagy. In addi-
tion, because there are no established methods to date to
specifically activate or inhibit crinophagy, the physiolog-
ical role of crinophagy remains a matter of speculation.

Concluding Remarks

Insulin resistance triggers an increase in �-cell mass and
an enhancement of insulin secretion to preserve nor-
moglycemia. Failure of this compensation is regarded as
the fundamental cause of hyperglycemia observed in type
2 diabetes mellitus. In insulin-resistant states caused by a
high-fat diet, physiological inactivity, pregnancy, and the
exposure of �-cells to harmful factors such as FFAs, glu-
cose, inflammatory cytokines, and IAPP is increased.
These factors induce oxidative stress, ER stress, and in-
flammatory stress and result in the dysfunction of and
enhanced death of �-cells.

Most data suggest that enhanced autophagy induced
by insulin resistance may be a protective mechanism
against the dysfunction of and enhanced death of pancre-
atic �-cells. However, the precise mechanism of au-
tophagic regulation and its protective mechanism against
cell death have not yet been elucidated. Identifying the
role of autophagy in cell survival or cell death during the
progression to diabetes is an important task for research-
ers in this field. Furthermore, the development of tech-
niques that allow manipulation of autophagy should have
a significant impact on the future development of thera-
peutic approaches to diabetes.
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