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Abstract Diabetes is an age-related disease, most of which is type 2 diabetes, and islet b cell
dysfunction and insulin resistance are the main mechanisms of type 2 diabetes. Recent studies
have revealed that autophagy plays an important role in maintaining the structure and func-
tion of islet beta cells and inhibiting insulin resistance and apoptosis induced by oxidative
stress. In this review, we discussed the positive and negative effects of autophagy and its
dysfunction on type 2 diabetes mellitus, which is the so-called double-edged sword, analysed
its possible mechanism, and identified possible research hot spots.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Diabetic mellitus (DM) is the most common chronic disease
worldwide.1 China ranked first in the world for the inci-
dence of diabetes, and many studies have demonstrated
that the prevalence of diabetes in the Chinese population
has increased dramatically from 0.67% in 1980 to 11.6% in
2010, which continues to increase.1e4 In addition, the
prevalence of prediabetes in 2010 was 50.1%, suggesting
that approximately 500 million Chinese adults may have
prediabetes.4 This rapid growth in diabetic prevalence may
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be due to life-time dilation, high caloric diet and reduction
of physical activity as economic growth and changes in
lifestyle.1,5 Changes in these factors can cause diabetes in
people with a gene that predisposes to the disease. Dia-
betes and its complications have become the most popular
public health issue, which may impose a heavy social and
economic burden due to its high morbidity and mortality.6

Therefore, elucidation of the mechanism involved in the
pathogenesis of diabetes and the development of in-
terventions based on its pathogenesis are urgently needed
for the prevention of diabetes. As the most common dia-
betes in adults, type 2 diabetes (T2DM) is characterized by
insulin resistance and islet b cell dysfunction.7 Although
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many risk factors have been reported to be related to
T2DM, the pathogenesis remains unclear.

Autophagy is a cell-protective process that can maintain
cellular homeostasis through the degradation and recycling
of organelles andproteins.8 This process can respond tomany
conditions, such as starvation, growth factor deprivation,
and endoplasmic reticulum (ER) stress.9 Autophagy can
eliminate defective proteins and organelles, prevent the
accumulation of abnormal proteins, and remove intracel-
lular pathogens. Therefore, this important procedure helps
maintain cellular homeostasis9 and affects the function and
survival of cells. Extensive evidence has revealed the asso-
ciation between autophagic dysfunction and many diseases,
such as tumours,10 inflammatory diseases,11 and neurode-
generative diseases.12 Autophagy can reallocate nutrients
fromunnecessary processes to pivotal processes required for
survival,13 and it may play an important role in the patho-
genesis of metabolic disorders, such as diabetes. Loss of
function in autophagy has been observed under diabetic
conditions according to several studies.14,15 Autophagy is a
protective mechanism to eliminate toxic proteins or remove
damaged organelles for survival. However, autophagy also
leads to nonapoptotic cell death, which is the so-called type
2 programmed cell death that results in cell loss. Therefore,
autophagy may have positive effects or negative effects on
cellular survival and function. Whether autophagy results in
positive or negative effects is unclear. In this article, we
focused on the positive and negative effects of autophagic
dysfunction on T2DM, analysed its possible mechanism, and
suggested possible research hot spots for the future.
Autophagy signalling pathway

Autophagy, a term with a Greek origin, refers to a degra-
dative pathway of proteins and organelles, by which cyto-
plasmic cargo can be delivered to the lysosomes.16 This
process can be divided into three categories: macro-
autophagy, microautophagy, and chaperone-mediated
autophagy. Macroautophagy is the major process of
cellular metabolic regulation by which long-lived proteins
and damaged organelles can be degraded. Herein, auto-
phagy refers to macroautophagy if not noted otherwise.
This process is initiated by forming phagophores via vesicle
nucleation and vesicle elongation, followed by fusion of the
edges of the phagophore to form double-membrane vesi-
cles, the so-called autophagosomes. Autophagosomes can
separate their cargos from the cytoplasm, and the captured
material and inner membranes can be degraded and recy-
cled when fused with lysosomes to form autolysosomes.17,18

Approximately 30 autophagy-related (Atg) genes encode
proteins that are involved in the autophagic process.19 For
example, the complex of Beclin 1/Atg6, Atg14L, UVRAG,
Ambra1, vacuolar protein sorting 15, and Bif-1, the class III
phosphatidylinositol 3-kinase (PI3K or Vps34), is important
for the initiation of autophagy. Microtubule-associated
protein 1 light chain 3 (LC3-I/Atg8) can combine with
phosphatidylethanolamine to form LC3-II, which can be
incorporated into the outer membrane of autophagosomes
to maintain membrane-bound homeostasis.20 The Atg12-
Atg5-Atg16 complex is essential for the formation of LC3-
II and autophagosomes.21
A low level of autophagy has been suggested to maintain
the normal metabolism of organelles and proteins in phys-
iological environments, and this process is enhanced under
some environments, such as starvation, infection, oxidative
stress, ER stress, and overaccumulation of proteins in cells.
In addition, many cellular signalling pathways have been
reported to regulate the autophagic process. Mammalian
target of rapamycin complex 1 (mTORC1) is one of the most
important autophagic inhibitors. After activation by insulin,
growth factors and other metabolic signals, mTORC1 can
suppress autophagy by phosphorylating Atg1.22 AMPK,
another energetic key protein, is known to activate auto-
phagy by many mechanisms. For example, AMPK can
compete directly with mTORC1 to activate unc-51 like
autophagy activating kinase 1 and then induce autophagy.22

AMPK was reported to inhibit mTORC1 through phosphory-
lating tuberous sclerosis complex 2 and have an effect on
regulatory associated protein of mTOR (Raptor) to activate
autophagy. JNK123 and Beclin 124 can also be targeted to
AMPK to activate the Vps34 complex and induce autophagy.
In addition, some signalling pathways, such as PI3K/Akt and
SIRT, have important effects on the autophagic process.
Many studies have revealed that autophagy can be stimu-
lated or inhibited pharmacologically in vivo or in vitro. For
instance, inhibiting TOR kinase by rapamycin leads to the
induction of autophagy.25 Furthermore, 3-methyladenine
(3-MA) can suppress the formation of autophagosomes
through PI3K, whereas bafilomycin A1 or chloroquine,
which target lysosomal function, can inhibit autophagy by
influencing the fusion of autophagosomes with lysosomes.25

As the regulation of these agents mentioned above is
nonspecific for the autophagic pathway, inducing or inhib-
iting autophagy can be used to detect the role of autophagy
in diseases, and these signalling factors may be favourable
targets to prevent diabetes.
Role of autophagy in maintaining the normal
structure and function of islets

A low level of autophagy is important for maintaining the
physiological structure and function of islet b cells. Ebato
et al found that autophagosomes were barely observed in
the b cells of C57BL/6 mice fed a standard diet, and those
identified as autophagosomes were small in size.14 To
determine the physiological role of autophagy in islet b
cells, the researchers constructed a mouse deficient in
Atg7, an essential gene for autophagosome formation,
specifically in islet b cells. In these Atg7-deficient mice, the
LC3-I to LC3-II transition was suppressed, and p62 and
polyubiquitin accumulated. In addition, the islets of Atg7-
deficient mice contained multiple cyst-like structures
measuring 15-20 mm in diameter. These cyst-like struc-
tures, occasionally associated with caspase-3-positive
apoptotic cells, were not fat-laden adipocytes and could
not be stained by oil red O. These results indicated that
autophagy plays an important role in the maintenance of
normal islet b cell structure.

Normal function of autophagy is important for the
maintenance of islet function. However, the results focus
on the relationship between autophagy and insulin secre-
tion is still controversial. To further elucidate the role of
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autophagy in islet b cell function, Ebato et al conducted
intraperitoneal glucose tolerance tests and insulin toler-
ance tests. Impaired insulin secretion was observed in Atg7-
deficient mice, which confirmed the reduced glucose
tolerance and insulin sensitivity in these mice compared
with the control mice.14 However, another research sug-
gested that inhibiting autophagy by Atg5/Atg7 knockdown
in b cell increase the GSIS of mice,26 indicating that pro-
insulin accumulation is increased after autophagy inhibi-
tion, which may enhance insulin secretion after
stimulation. The different results between these re-
searches may be related to difference in cell states,
viability and plasma glucose. Besides, the alternation of
autophagy may also influence the insulin secretion of
starved b cell. Goginashvili et al demonstrated that nutri-
tional deprivation induce degradation of nascent secretory
insulin granules by lysosomal recruitment in b cell, and
inhibit autophagy by activating mTORC1 pathway, thus
reducing the secretion of insulin.27 This phenomenon can
provide the body against hypoglycemia caused by inappro-
priate insulin secretion. Recently, in vivo studies showed
that LC3-I and LC3-II were obviously increased when INS-
1 cells were treated with insulin at 100 nmol/L for 24 h
compared with the control, which indicated that high levels
of insulin upregulate autophagy.8 After treatment with 3-
MA, an autophagy inhibitor, apoptosis was significantly
increased compared to that in the INS-1 cells that were only
treated with insulin. These results indicated that autophagy
plays an important role in the maintenance of b cell func-
tion and survival.

Autophagy maintains the mass, structure and function of
islet b cells; eliminates waste in the process of metabolism;
and participates in the pathophysiological process of many
diseases. The role of autophagic dysfunction in the aeti-
ology of diabetes is not fully understood. Methods to
improve the function of islet b cells through the regulation
of autophagy may be a potential strategy for the treatment
of diabetes.
Autophagy in b cells under diabetic conditions

As autophagy plays a role in maintaining the survival and
function of islet b cells, an increasing number of studies
have focused on its role in the pathogenesis of diabetes.
One study of autophagy in type 2 diabetic patients
demonstrated extensive accumulation of autophagic vacu-
oles in the islet b cells.28 Other studies of autophagy
showed increased staining of p62-positive islet b cells in
type 2 diabetic patients.29,30 Researchers also found that
diabetic mice fed a high-fat (HF) diet have increased
numbers of autophagosomes in islet b cells.14 There were
more autophagosomes in many diabetic animal models,
such as ob/ob mice,31 db/db mice14 and Zucker diabetic
fatty rats, than the controls.32 These models are charac-
terized as obesity due to leptin deficiency/resistance,
causing diabetes by insulin resistance. Recently researches
demonstrated that serum leptin is associated with the
expression levels of autophagy genes,33 indicating the
relationship between autophagy and leptin. It is note-
worthy that regulation of autophagy by leptin seems to be
highly cell/tissue specific.34 Even in same cell/tissue,
effect of leptin on autophagy described in different studies
are controversial. Gan et al suggested that leptin decreased
the expression of autophagy genes in murine adipose and
adipocytes34; However, another study indicated that leptin
stimulate autophagy murine adipocyte cell-line in vitro.35

This may due to the differences between in vivo and
in vitro experiments. Thus further study are needed to
explore whether the autophagy dysfunction is associated
with the leptin deficiency/resistance.

The increased number of autophagosomes in b cell of
diabetes may be attributed to either the enhanced or
inhibited autophagic flux. However, the accumulation of
p62/SQSTM1, which is an adaptor protein interacting with
LC3-II, was also observed in ob/ob mice and db/db
mice.29,31 These results suggested that autophagic flux may
not be sufficiently activated to address the increased de-
mand for proteolysis in T2DM. Whether this process is a
pathogenic or protective factor or even a consequence of
diabetes is still unclear. A study indicated that HF diet-fed
b cell-specific Atg7 knockout (Atg7f/f:RIP-Cre) mice had
significantly higher nonfasting glucose levels and severely
impaired glucose tolerance compared to the HF diet-fed
Atg7f/f mice.16 b cell mass was reduced and apoptosis
was significantly higher in the Atg7f/f:Cre mice than the
HF-fed Atg7f/f mice. Similar results were observed in other
diabetic models, such as ob/ob mice31 and Akita mice.36

This result indicated that inductive and smooth autophagy
flux of b cells is truly an adaptive response and plays a
protective role in T2DM.

The protection of islet b cells plays an important role in
the progression of T2DM, and this process is a target in drug
development for T2DM. Autophagy, as a defence mecha-
nism of cells, has been recommended by an increasing
number of studies. However, strategies to regulate auto-
phagic flux at an appropriate time for protection of islet b
cells require further exploration.
The effect of altered autophagy in islet b cells
on T2DM

As mentioned above, there is a relationship between
changes in autophagy and islet b cell function in diabetes,
and several studies have attempted to investigate
whether alterations in autophagy induce b cell injury or
promote survival. Glucotoxicity, which means long-term
exposure to hyperglycemia, may induce apoptosis and
dysfunction of islet b cells. It is more obvious and more
serious in hyperosmolar hyperglycemic syndrome, the
most serious acute hyperglycemia emergency in T2DM.
Chronic hyperglycemia may result in the defective insulin
gene expression, diminished insulin content, and defec-
tive insulin secretion in b cell.37 Given the difficulty that
studying human b cell in vivo, most of the knowledge was
acquired from the postmortem islet from patients with
T2DM or animal experiments. It is well accepted that
patients with T2DM have failed insulin response to intra-
venous glucose.37 A recent publication reported that both
expression of insulin gene and islet volume density of in-
sulin were decreased in islet from T2DM patients.2 Besides
this study also found that apoptosis in b cell was obviously
increased in T2DM.38 Chen et al demonstrated that after
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incubation with high glucose (25 mmol/L) for 24 h, the
viability of islet b cells was decreased compared with that
of the control group.15 High glucose can induce auto-
phagy, and MDC-labelled autophagosomes and LC3-II
expression were increased compared with those of the
control group. After inhibition of autophagy by 3-MA, the
viability of islet b cells was decreased compared with that
of the group treated only with high glucose. These results
suggested that the induction of autophagy under high
glucose conditions may protect islet b cells from death.
High glucose increases the demand for insulin and then
stimulates the synthesis of proinsulin by islet b cells. In
this study, autophagy was induced to facilitate the de-
livery of protein. If autophagy is inhibited, misfolded
proteins may accumulate in islet b cells to induce ER
stress, which finally leads to cell death.

Ebato et al attempted to demonstrate whether changes
in autophagy are a protective or pathogenic factor in islet b
cells under insulin resistance conditions.14 They found that
HF-fed Atg7f/f:Cre mice had significantly higher nonfasting
glucose levels and severely impaired glucose tolerance
compared to the HF-fed Atg7f/f mice. Morphometric anal-
ysis found that after 12 weeks of HF diet feeding, the islet b
cell mass was increased by 2-fold in the Atg7f/f mice but
not in the Atg7f/f:Cre mice, which indicated the failure of
compensatory hyperplasia and the increased apoptosis of
islet b cells in the latter group. The degeneration of islets in
the Atg7f/f:Cre mice was enhanced when these mice were
fed a HF diet. The results revealed that inductive auto-
phagy is an adaptive response of islet b cells in insulin
resistance induced by HF diet feeding.

There are many studies on diabetic animal models, but
the pathogenesis in human diabetes may not be similar to
that in animals. For example, islet amyloid polypeptide
(IAPP) accumulates in islet b cells in T2DM patients and is
not found in diabetic animal models. Autophagy plays an
important role in human diabetes because human IAPP is
degraded by the autophagic system. Therefore, autopha-
gic dysfunction may lead to human IAPP accumulation in
islet b cells, which induces apoptosis of islet b cells for
cytotoxicity. Transgenic mice expressing hIAPP are
commonly used to mimic human diabetes. Only mice with
mild hyperglycaemia were found to be positive for hIAPP,
but they tended to develop diabetes when hybridized with
RIP-Cre mice; Atg7F/F mice were used to generate hIA-
PPþAtg7Dbcell mice, in which autophagy is impaired in islet b
cells.39,40 Apoptosis was increased in the hIAPPþAtg7Db cell

mice compared with the hIAPPþAtg7 F/F or hIAPP�Atg7Db cell

mice. Similar results were found in research using bafilo-
mycin to inhibit autophagy in the hIAPP-expressing islets
of monkeys.41 This result indicated that autophagy may
play a protective role in hIAPP-induced diabetes. As
mentioned above, autophagic dysfunction leads to a
decrease in hIAPP degradation; therefore, oligomers of
hIAPP accumulate and lead to apoptosis of islet b cells.
Some researchers have attempted to determine whether
inducing autophagy improves or aggregates islet b cell
function in hIAPP-induced diabetes. Trehalose, an auto-
phagy inducer, can improve the insulin secretion ability of
islet b cells, decrease apoptosis, and ameliorate the
accumulation of hIAPP in HF-fed hIAPPþ mice.41 This study
revealed the similarity between T2DM and Alzheimer’s
disease, as well as other neurodegenerative diseases
characterized by the accumulation of toxic amyloid pro-
tein. Autophagic dysfunction may play an important role in
these diseases (see Fig. 1). Based on this study, we believe
that preventing autophagic dysfunction may be an effec-
tive strategy for the treatment of b cell dysfunction, and
this discovery may help to develop a new generation of
treatment methods for T2DM.
Oxidative stress and autophagy in b cells

As insulin secretion relies on ATP generation during the
process of oxidative metabolism, the normal function of
mitochondria is essential for maintaining islet b cell func-
tion.42 Islet b cells are sensitive to oxidative injury, and
excessive oxidative stress may lead to b cell dysfunction
and diabetes. Mizukami et al found that the density of islet
b cells was reduced in diabetic subjects compared with
nondiabetic subjects,30 and the decrease in the density of
islet b cells was associated with the increased expression of
gH2AX, which is a marker of oxidative DNA injury. Another
study indicated that mitochondrial oxidative stress was
progressively increased in healthy subjects, prediabetic
subjects, newly diagnosed diabetic patients and advanced
diabetic patients.43 In prediabetic subjects, the increased
expression of mitochondria-related markers was positively
correlated with HOMA-b (the insulin secretion index), while
the HOMA-b was decreased in the newly diagnosed diabetic
group and the advanced diabetic group, especially the
advanced diabetic group. These results revealed that
oxidative stress increased with the elevation of glucose and
may influence the function of b cells.

Mitophagy is a special kind of autophagy in which
dysfunctional mitochondria can be selectively degraded.
Thus, mitophagy is important for maintaining the normal
function of b cells by maintaining the normal quality and
quantity of mitochondria.44 The process of mitophagy is
regulated by several genes, such as PTEN-induced putative
kinase 1 (PINK1), PARKIN, LC3 and lysosome-associated
membrane protein-2 (LAMP-2), as well as the mitophagic
receptors NIP3 like protein X (NIX) and mitofusin2.45 Injured
mitochondria can be identified by NIX and PINK1, followed
by induction of the formation of autophagosomes. Then,
these bodies are fused with lysosomes mediated by LAMP-2
and degraded. Under physiological conditions, low levels of
ROS can activate many defensive mechanisms to protect b
cells against oxidative injury.46 Chronic elevated glucose,
also known as glucotoxicity, may lead to the production of
excessive ROS and abnormal mitochondria in b cells.47 In
this condition, the inhibition of PARKIN translocation leads
to disruption of the mitophagic pathway.48 Therefore, glu-
cotoxicity may result in oxidative imbalance. Researchers
have reported that patients with T2DM exhibit inhibition of
the mitophagic pathway.43 In addition, the mutation of
several mitophagy-related genes, such as PINK1, PARKIN,
CLEC16A, and PDX1, was shown to be correlated with both
T1DM and T2DM.49e51 In animal models, pancreas-specific
knockout of clec16a or PDX1 resulted in a deficiency in in-
sulin secretion52 (see Fig. 2). Above all, these findings
suggested that disruption of mitophagy may aggravate the
function of b cells, accelerating the progression of



Figure 1 b cell dysfunction and autophagy. Islet b cell regulates insulin secretion according to blood glucose level. Mitochondria
metabolizes glucose and produces adenosine triphosphate (ATP) and reactive oxygen species (ROS), which are important signals for
glucose to stimulate insulin secretion. Oxidative stress, endoplasmic reticulum (ER) stress, increased human islet amyloid poly-
peptide (hIAPP) and proinsulin degradation triggers the cell stress, which can be alleviated by autophagy. Hyperglycemia induces
excessive ROS and leads to oxidative stress. Long term elevated insulin secretion leads to ER stress. Autophagy was up regulated by
oxidative stress and ER stress to protect b cells from apoptosis.
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diabetes. The normal function of mitophagy may be a
target for the prevention and treatment of diabetes in the
future.
Crinophagy and autophagy in b cells

Insulin is produced and secreted by islet b cells. Insulin is
stored in b cells as large dense-core secretory granules,
Figure 2 Macroautophagy and b cell dysfunction. Macro-
autophagy is involved in the removal of damaged organelles,
including mitochondria, and promotes the degradation of
misfolded proteins and protein aggregates, which is the heavy
burden of special secretion machines found in b cells.
which are called b-granules. Normally, the insulin content
in b cells is kept in an appropriate range to maintain glucose
homeostasis. After stimulation, insulin can be released by
exocytosis, and proinsulin is upregulated to replenish the
insulin content in b cells, while b-granules that do not un-
dergo exocytosis may be degraded by autophagy or crin-
ophagy exocytosis.52,53 In crinophagy, the membrane of b-
granules can be directly fused with secretary vesicles in b
cells and then delivered to lysosomes for degradation.54

Recently, some Atgs have been shown to participate in
this process.55e58

Both the decrease in b cell mass an insulin resistance in
T2DM lead to the dysfunction of insulin secretion in b
cells,59,60 resulting in an imbalance of insulin production
and secretion. Rab3A is an essential molecule for trans-
porting insulin granules to the cell surface for exocytosis in
b cells. The defects in b-granule transfer in Rab3A (�/�)
mice have been suggested to result in dysfunctional insulin
secretion.61 Another study used electron microscopy to-
mography for 3D analysis of b cell organelles62 and found
reduced insulin secretion without affecting insulin produc-
tion,63 suggesting a relatively increased number of insulin-
containing granules in b cells. However, Marsh et al indi-
cated that in Rab3A (�/�) mice, the number of insulin
granules is maintained in the normal range by increasing
crinophagy and insulin degradation.62 In addition, in Rab3A
(�/�) mice, crinophagy was further activated by treatment
with diazoxide, an agent that inhibits insulin secretion.64

These results suggested that crinophagy maintains the
quantity and quality of insulin-containing granules in b
cells. However, the molecular mechanism of crinophagy has



Figure 3 Macroautophagy independent lysosomal degradation of insulin granules and Golgi. The fate of secretory granules is
controlled by the accumulation induced starvation-induced nascent granule degradation (SINGD) in the megaphagocytic active cells
and the Golgi membrane associated degradation (GOMED) in the macroautophagy dysfunctional cells. SINGD pathway promotes
autophagic lysosomal degradation of newborn granules, which leads to lysosomal recruitment and mTORC1 activation, thus
inhibiting macroautophagy.
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not been fully elucidated. Considering that crinophagy in-
volves the direct fusion of lysosomes with hormone-
containing granules, the mechanism regulating crinophagy
is likely different from that of macroautophagy. In addition,
because of the lack of methods to activate or inhibit crin-
ophagy, the physiological role of crinophagy in islet b cells
is still unknown (see Fig. 3).

Themechanism of crinophagy as well as its role in diabetes
needs further exploration. The role of microautophagy-
mediated autophagy remains to be explored in islet b cells.
Identification of the molecular mechanisms controlling these
processes may provide new opportunities for drug develop-
ment in diabetes.

Treatment targeting autophagy in T2DM

T2DM is caused by insulin resistance and deficiency of the
secretion function of islet b cells. Mitochondrial damage
plays an important role in insulin resistance and islet b cell
damage. Research has suggested that autophagy, as a cell
self-protective mechanism, plays an important role in
maintaining the structure and function of mitochondria and
improving insulin resistance. As mentioned above, auto-
phagic dysfunction is closely related to the pathogenesis of
T2DM; thus, targeting autophagic function has become a
hot topic for the prevention and treatment of diabetes.
Calorie restriction effectively reduces the level of blood
glucose in patients with T2DM in the clinic. Cheng et al
discovered that a fasting-mimicking diet can promote b cell
regeneration in a T2DM model.65 This effect can be
mimicked by suppression of autophagic inhibitors such as
mTORC1 or PKA, suggesting that normal autophagy is
important to maintain the function of islet b cells and in-
sulin production. Researchers have demonstrated that
intermittent fasting can promote b cell neogenesis,
accompanied by inducing autophagy.65e67 However this
phenomenon was abrogated when autophagy is sup-
pressed,66 indicating autophagy may play an important role
in intermittent fasting induced-b cell neogenesis. It is
revealed that autophagy induced by in intermittent fasting
can inhibit the Notch1 pathway, thus boosting the expres-
sion of neurogenin-3 to increase the b-cell mass.66 The liver
is an important organ for glucose and lipid metabolism in
the body. Autophagy can maintain cell metabolism and
normal function of the liver, and these effects can help to
maintain healthy metabolism and T2DM.

Several antidiabetic drugs used in the clinic, such as
metformin, rosiglitazone, GLP-1 agonist, SGLT2 inhibitor
and others, were investigated to determine their effects on
autophagic dysfunction in b cells. The results suggested
that metformin and rosiglitazone can prevent lipotoxicity
induced-apoptosis of b cells by inducing autophagy in vitro
via the AMPK pathway.68,69 Similar effects were found with
GLP-1 agonists, including GLP-1 receptor agonists and DPP-
IV inhibitors.70 AMPK has been known as a central regulator
of glucose metabolism. It is revealed that it is closely
related to glucose uptake and glycogen synthesis. AMPK can
be activated by nutritious stress. As is mentioned above,
AMPK is an autophagy activator by inhibiting mTORC1
pathway or activate the Vps34 complex by regulating JNK1
and Beclin 1.68 Therefore, many antidiabetic drugs may
protect islet b cells at least partially through mediating the
function of autophagy. The results also indicated that the
pathogenesis of diabetes is related to autophagic



Figure 4 Par-4 -TERT/ Akt and autophagy dysfunction of islet b cells.
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dysfunction. SGLT2 inhibition reduced the risk and severity
of kidney and cardiac injury in T2DM patients and animal
models.71 Whether SGLT2 inhibitors directly or indirectly
acted by improving glycolipid metabolic repair in auto-
phagic dysfunction to reduce apoptosis of islet b cells re-
quires further study. AMPK is also a central signal molecule
associated with various diseases, such as tumours, cardio-
vascular disease, and others. Whether regulation of auto-
phagic dysfunction can affect the occurrence and
development of diabetic cardiovascular complications or
tumours needs further exploration.

Par-4 induces autophagic dysfunction and
leads to apoptosis in tumour cells, but few
studies have been conducted on the islet b
cells

Prostate apoptosis response protein 4 (Par-4) was recently
identified as a proapoptotic factor located on human
chromosome 12q21, and it may participate in the regulation
of cell apoptosis at the transcriptional level. Par-4 is widely
expressed in many kinds of cells. Telomeres are DNA-
protein structures, and the human telomere sequence is a
repeat of 50-TTAGGG-3’. This sequence cannot encode
proteins but has the following biological functions: main-
taining the stability of chromosomes, preventing the end
fusion of chromosomes, protecting chromosome structure,
and determining the lifespan of cells. Zhou Ping and his
colleagues found that Par-4 interacts with TERT, and
further study showed that the inhibition of TERT reduces
the tumour size in nude mice and increases the nuclear
expression of Par-4. Our study also found that Par-4 binds
and interacts with TERT and participates in the regulation
of islet b cell apoptosis. Diabetes increases the expression
of Par-4 in the nucleus, induces Par-4 binding to TERT in the
cytoplasm, decreases the expression of TERT, increases the
expression of Par-4 in the nucleus and activates NF-kB.

In recent studies, Par-4 was shown to induce cell death
through autophagic dysfunction: 1) various stresses in-
crease Par-4 expression, autophagic marker accumulation,
autophagic obstruction and autophagic dysfunction, lead-
ing to cell death72e74; 2) upregulation of Par-4 inhibits the
binding of Bcl-2 with the autophagic gene Becn1, resulting
in autophagic obstruction, autophagic dysfunction and cell
death.75 This finding indicates that Par-4 may induce cell
death and dysfunction through autophagic dysfunction.76

Previous studies suggested that Par-4 expression can
induce the death of islet b cells. Some studies have shown
that the transcription factors FOXO3a and NF-kB, which are
regulated by Par-4, are involved in the development of islet
b cell autophagy.30,77 Therefore, Par-4 may participate in
the death of islet b cells through autophagy. Our study
found that Par-4 interacts with TERT and participates in the
regulation of apoptosis.78 Recent studies have shown that
TERT is also a key factor in the development of autophagic
disorders. Overexpression of TERT inhibited the mTOR
pathway, increased the expression of LC-3II, upregulated
the level of autophagy, and reduced apoptosis.79,80 The
autophagic inducer rapamycin upregulated the expression
of TERT in the mTOR pathway.81 However, after knockout
of TERT in mouse renal tubular epithelial cells, autophagy
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was impaired and the p62 protein accumulated, and rapa-
mycin only partially restored the autophagy and ischaemia/
reperfusion injury. These findings suggested that TERT may
be an important factor in mTOR-mediated autophagy. In
addition, the activity of TERT is closely related to the Akt
pathway. After inhibition of Akt phosphorylation, the
expression of TERT was also decreased.82 One of the
important effects of Par-4 activation is the inhibition of Akt
expression. Therefore, the inhibition of Akt by Par-4 acti-
vation may also be an important factor in autophagic
dysfunction.83,84 Akt is a key signalling pathway regulating
autophagy (see Fig. 4). Whether the cells undergo apoptosis
or continue to survive after autophagy depends predomi-
nantly on the activation of the Akt signalling pathway.85

Whether autophagic dysfunction results in positive or
negative effects is still unclear.

Conclusion

Autophagy, a special process for clearing abnormal proteins
and organelles in cells, is essential for maintaining the
normal structure and function of cells. Researchers have
reported that autophagy plays a vital role in the regulation
of b cell mass and function. In diabetes, autophagosomes in
b cells are increased, with an increase in P62 and SQTSM1
both in vitro and in vivo. Inhibition of autophagy by a ge-
netic approach or chemical methods in diabetic animals
may lead to aggravated loss of b cell mass and function.
Insulin secretion relies on the normal function of mito-
chondria. Mitophagy inhibition in diabetic conditions leads
to an imbalance of oxidative stress and accelerates cellular
injury. Hence, regulating the autophagic pathway has
recently become a hot spot in research. Some autophagic
activators, such as resveratrol and rapamycin, can improve
islet b cell function in diabetic animals. However, these
activators are nonspecific, and until now, there has been a
lack of evidence to demonstrate whether these drugs can
be used in clinical practice. In addition, some antidiabetic
drugs, such as metformin, rosiglitazone, GLP-1 agonists,
and SGLT2 inhibitors, have also been found to improve
autophagy and the function of b cells in diabetic models,
but the exact mechanism remains unknown. Further studies
are needed to reveal the role of autophagic dysfunction in
diabetes. In addition, autophagy is related to tumours,
ageing and cardiovascular diseases. Although new mecha-
nisms are constantly being reported, there are still many
issues to be clarified regarding the function and mechanism
of autophagy-related genes. Further research on autopha-
gic mechanisms is not only of profound theoretical signifi-
cance but also of great practical value.
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