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An emerging body of evidence supports a role for autophagy
in the pathophysiology of type 1 and type 2 diabetes mellitus.
Persistent high concentrations of glucose lead to imbalances
in the antioxidant capacity within the cell resulting in oxidative
stress-mediated injury in both disorders. An anticipated
consequence of impaired autophagy is the accumulation of
dysfunctional organelles such as mitochondria within the cell.
Mitochondria are the primary site of the production of reactive
oxygen species (ROS), and an imbalance in ROS production
relative to the cytoprotective action of autophagy may lead
to the accumulation of ROS. Impaired mitochondrial function
associated with increased ROS levels have been proposed as
mechanisms contributing to insulin resistance. In this article
we review and interpret the literature that implicates a role
for autophagy in the pathophysiology of type 1 and type 2
diabetes mellitus as it applies to B-cell dysfunction, and more
broadly to organ systems involved in complications of diabetes
including the cardiovascular, renal and nervous systems.

Introduction

Macroautophagy (hereafter referred to as autophagy) is a cellular
process that sequesters senescent or damaged organelles/proteins
in autophagosomes for recycling of their products.! Autophagy is
also involved in the removal of cells that have undergone classical
type 1 programmed cell death or apoptosis. Hence, autophagy
can be generally considered as a protector of cells against vari-
ous stressors and a cellular response to routine wear-and-tear.
Paradoxically, autophagy may also lead to a form of non-apop-
totic cell death,?® which is called type 2 programmed cell death.
Thus, autophagy can either protect cells or promote cell death,
depending on the cellular and environmental context.
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The life cycle of the autophagosome is a complex pathway
which involves the coordinated activity of at least 18 gene prod-
ucts, characterized initially in yeast.®” The gene products are
named progressively autophagy-related (Atg)l, Atg2, etc., and
have mammalian functional orthologs which are the focus of an
active body of research. A number of additional gene products
identified in yeast are not required for autophagosome forma-
tion, such as Atgll, Atgl9, Atg20, etc. The detection and char-
acterization of several of these products have yielded valuable
information regarding a potential role of autophagy in a variety
of diseases including diabetes mellitus. For instance, Beclin 1,
an ortholog of yeast Atg6, interacts with the class III phospha-
tidylinositol (PtdIns) 3-kinase complex in the nucleation steps
of autophagosome formation, and also acts as a Bcl-2 binding
protein.® Another modulator of autophagy is Atg5, which plays
a critical role in the expansion steps of autophagosome develop-
ment, and also interacts with the Fas-activated death domain
(FADD) complex, a component of the extrinsic apoptosis cas-
cade. Additionally, the cleavage of Atg5 provokes apoptotic cell
death, suggesting a potential dual role for this gene product in
crosstalk between the autophagy and apoptosis pathways.” As
another example, Atg7, whose function involves the critical steps
of Atg8 and Atgl2 conjugation, plays a relevant role in animal
transgene models of diabetes.'™'! Microtubule-associated protein
1 light chain 3 (LC3), a mammalian ortholog of Atg8, is criti-
cal for the conjugation and expansion steps of autophagosomal
development, following its cleavage and lipidation into LC3-1I.2
As a component of the mature autophagosome, LC3-1I serves as
a valuable molecular biomarker for the detection and assessment
of autophagic activity.

A physiological role of autophagy in mammalian biology has
been demonstrated in several in vivo animal models. Disruption
of autophagy leads to failure of cavitation during embryogen-
esis, and accumulation of abnormal mitochondria in adult tis-
sues.” Dysfunctional autophagy probably plays a role in the
pathophysiology of a variety of diseases including neurodegenera-
15,16

tive disorders,”' cardiomyopathy' and cancer.”® This probably
involves the accumulation of damaged molecules and organelles.
Autophagy also appears to play a role in the cellular changes asso-

ciated with aging."”
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Is there a Connection between Autophagy
and Diabetes?

Diabetes mellitus is a metabolic disorder defined by persistent
hyperglycemia. Most cases of diabetes are classified as either type
1 or type 2, although other categories are recognized, such as ges-
tational diabetes. Abnormally elevated blood glucose levels may
arise from a lack of insulin production (type 1 diabetes mellitus,
T1D), or as a consequence of resistance to the cellular effects of
insulin, as well as declining insulin production (type 2 diabetes
mellitus, T2D).2%2! In both situations, it has become evident that
persistent high concentrations of glucose lead to imbalances in
the antioxidant capacity within the cell resulting in oxidative/
nitrosative-mediated stress and injury. This scenario forms a met-
abolic common denominator for both types of diabetes.

An anticipated consequence of impaired autophagy is the
accumulation of dysfunctional organelles, such as mitochon-
dria, within the cell.?? Mitochondria are the primary site of the
production of reactive oxygen species (ROS), and an imbalance
in ROS production relative to the cytoprotective action of auto-
phagy may lead to the accumulation of ROS.#* Impaired mito-
chondprial function associated with increased ROS levels has been
implicated as mechanisms contributing to insulin resistance.?**
Therefore, it is possible that impaired autophagy may contribute
to insulin resistance.

Insulin and intracellular molecules such as mammalian tar-
get of rapamycin (mTOR) are well-known inhibitors of autoph-
agy’26,27
insulin, induces autophagy.?® Cell organelles such as mitochon-
230 and endoplasmic reticulum (ER)?"%
role in B-cell survival/death, insulin secretion and insulin action/

whereas glucagon, a counter-regulatory hormone of

dria that play a crucial
sensitivity rely on autophagy to maintain normal cell function.
These observations support the possibility that autophagy is
involved in the natural history of diabetes via its role in influenc-
ing hormone action and organelle function. Other factors such as
dyslipidemia and lipotoxicity may also be relevant in the induc-
tion of cell stress and the stimulation of autophagy.”

Aside from the oxidative-stress environment, there are likely
significant differences in the modulation of autophagy in differ-
ent tissues in diabetes. For instance, the pathways that regulate
autophagy in the insulin-producing B-cells in type 1 diabetes
may be quite different from the pathways associated with insulin
resistance and promotion of autophagy in other known atrisk
tissues, such as the retina, nervous system, cardiovascular sys-
tem and kidney in type 2 diabetes. For example, the effects of
remaining insulin secretory capacity in type 2 diabetes may blunt
the autophagic response through the enhancement of nutrient
uptake and the stimulation of transducing pathways and media-
tors, such as typel PtdIns 3-kinase or mTOR.

In this review, we will examine current concepts regarding
a potential role for autophagy in the natural history of diabetes
mellitus. The core question to be addressed is: Does autophagy
contribute to the pathophysiology in pancreatic B-cells, as well as
other tissues known to be adversely affected during the natural
history of diabetes including the cardiovascular, kidney and ner-
vous systems?
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Induction of Autophagy in Pancreatic 3-cells

In this section we will review our current understanding regard-
ing two relevant issues: (1) What are the conditions and molec-
ular pathways that trigger autophagy in beta cells? (2) Does
autophagy participate in a continuum of cellular responses to
stress that ranges from an initial adaptive response to physiologi-
cal stess and culminates in cell injury and death in diabetes?

To investigate a physiological role of autophagy, investigators
have employed B cell-specific Atg7-deficient mice (Azg7”:RIP-
Cre mice) by crossing mice carrying an Azg/-conditional allele
(Atg7”) with transgenic mice expressing the Cre recombinase
under the control of the B-cell-specific rat insulin promoter
(RIP)." The Atg7”:RIP-Cre mice demonstrate progressive
degeneration of -cells, characterized by cellular hypertro-
phy followed by depletion of insulin immunoreactivity. These
B-cell degenerative changes are accompanied by accumulation
of polyubiquitinated proteins and LC3-binding protein p62,*
with increased formation of large intracellular aggregates. Thus,
autophagy appears to be involved in constitutive protein turnover
in B-cells and defective autophagy is associated with formation
of large inclusion bodies containing polyubiquitinated proteins,
p62 and insulin. Glucose tolerance tests revealed that impair-
ment of glucose homeostasis of Azg/”: RIP-Cre mice is caused by
reduced glucose-stimulated insulin secretion. The accumulation
of structurally and functionally defective mitochondria appeared
to contribute to the reduced capacity to secrete insulin, based
on the observation that glucose-stimulated ATP production is
significantly reduced in islets isolated from Atg7”:RIP-Cre mice,
compared to Atg7” mice.

Interestingly, lipopotoxicity may play an important role.
Degenerative changes in B-cells of Azg7": RIP-Cre mice become
more evident when these mice are fed a high-fat diet, suggesting
a higher susceptibility to lipotoxicity.® In addition, the number
of degradative vacuoles and p62 accumulation are enhanced.
These results suggest that in the presence of insulin resistance,
autophagy is increased and may play an essential role in elimi-
nating senescent or damaged proteins and organelles in B-cells,
thereby protecting these cells from death, and the animal from
onset of diabetes.

The potential importance of autophagy in pancreatic -cell
homeostasis is also suggested by the demonstration of upregula-
tion of autophagy in secretory-deficient Rab3"~ B-cells,”> wherein
intracellular insulin storage is maintained despite impaired insu-
lin release because of increased activities of microautophagy
and macroautophagy. Thus, autophagy may contribute to the
maintenance of intracellular insulin content through accelera-
tion of the insulin degradation rate in B-cells. Specifically, few
autophagosomes are identified in B-cells in control C57BL/6
mice and in nondiabetic db/misty mice. In contrast, analysis of
B-cells in diabetic db/db and in C57BL/6 mice fed a high-fat
diet reveals active formation of autophagosomes. In contrast to
what is observed in most other organs, starvation of C57BL/6
mice for 48 h does not result in any increase in autophagic vacu-
ole formation in B-cells. On the other hand, ex vivo incubation
of islets harvested from C57BL/6 mice in amino acid-starved
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Figure 1. Autophagosome formation in pancreatic 3-cells. Electron microscopy analysis reveals enhanced autophagosome formation in 3-cells of
20-week-old mice fed a high-fat diet for 12 weeks (from 8 to 20 weeks of age). (A) Graph: Enhanced formation of autophagosomes in B-cells of high-fat
diet-fed C57BL/6 mice (HF) compared with standard diet-fed group (STD). Density of autophagosomes was calculated, and data are presented as mean
+ SEM of three mice. *p < 0.01 versus controls. (B) FFA but not high glucose can induce autophagy in INS-1 cells. For control, cells were incubated in
RPMI 1640 supplemented with FCS and amino acids. For starvation, cells were incubated for 2 h in Hank’s buffer free of serum and amino acids. So that
accumulation of LC3-Il could be visualized, the lysosome inhibitors pepstatin A (10 ng/ml) and E-64-d (10 ug/ml) were added to the culture medium
for the last 2 h period unless otherwise indicated. Adapted from reference 33, with permission.

medium results in increased formation of autophagosomes. In
vitro studies indicate that exposure of INS-1f cells to low or
high glucose (from 2.8 to 30 mM) does not induce autophagy.
However, long-chain free fatty acids (FFA), such as oleate and
palmitate, stimulate autophagy in INS-18 cells, when assessed by
conversion of LC3-I to LC3-1I (Fig. 1). Increased LC3-II levels
in the presence of lysosomal inhibitors supports an increase in
autophagy in response to FFA stimulation. This interpretation
is supported by a recent report indicating enhanced formation of
autophagosomes and autolysosomes following exposure of INS-
1B-cells to palmitate for 12 h.%” This study also notes that FFA
induce a gradual decrease in the level of phospho-mTOR, a sig-
naling pathway that inhibits activation of autophagy. Since the
increase in serum FFA level is observed under conditions with
insulin resistance, stimulation of B-cell autophagy by FFA sug-
gests its potential role in the regulation of B-cell function in dia-
betes and obesity-associated conditions.

The increased presence of inclusion bodies in cells is a hall-
mark of degenerative conditions such as Parkinson, Alzheimer
and alcoholic liver disease.”” Inclusion bodies in autophagy-
deficient B-cells contain large ubiquitin aggregates (Fig. 2).3%
Accumulation of ubiquitin-containing inclusions is also observed
in pancreatic islet cells of Zucker diabetic fatty rats and in
insulinoma cells treated with high concentrations of glucose.’®
Intriguingly, autophagy-competent pancreatic B-cells of trans-
genic mice expressing amyloidogenic human-type islet amyloid
polypeptide contain ubiquitinated material as well.*” Both prote-
asomal and autophagy pathways play a role in the degradation of
ubiquitinated proteins, supporting a complementary interaction
between these pathways.?” Soluble or short-lived ubiquitinated
proteins are more likely to be degraded by the proteasomal path-
way, whereas long-lived or large ubiquitinated proteins appear to

be degraded by the autophagy pathway.*!
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Figure 2. Accumulation of ubiquitin aggregates in pancreatic 3-cells of
Atg7A B-cell mice. Pancreatic sections were subjected to immunohisto-
chemistry using anti-ubiquitin antibodies. Several islet cells show accu-
mulation of large protein aggregates containing ubiquitin (dark-brown
spots). Adapted from reference 34, with permission.
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Figure 3. Electron microscopy of a normal human B-cell (A), an apop-
totic type 2 diabetic B-cell with marked chromatin condensation (B),
and a dead type 2 diabetic B-cell with evidence of massive vacuoles
overload (C). N, nucleus; insulin granules. Magnification x10,000 (A and
C), 7,000 (B). Adapted from reference 116, with permission.

In a recent study, pancreatic samples from individuals with
type 2 diabetes were examined using electron microscopy. The
authors observed an increase in the number of dead B-cells in dia-
betic islets compared to nondiabetic cases.”> Many of the B-cells
showed signs of apoprotic cell death (marked chromatin conden-
sation and/or blebs). However, several others were characterized
by massive vacuole overload without nuclear alterations, suggest-
ing autophagy-associated cell death (Fig. 3). When transcription
of molecules involved in the autophagic machinery was studied
in isolated islets, unchanged expression of beclin I and Atgl/
UlkI (involved in early steps of autophagy) and reduced tran-
scription of lysosome-associated membrane protein (LAMP)-2
and cathepsin B and D (involved in later steps) were observed
in the type 2 diabetic samples. In the same study, the authors
exposed isolated nondiabetic islets to increased non-esterified
fatty acids and observed a marked increase of vacuole accumu-
lation, together with enhanced beta-cell death and decreased
LAMP-2 expression. It was also noted that the alterations of
autophagy in type 2 diabetic B-cells and those in nondiabetic
islets pre-exposed to fatty acids could be corrected pharmaco-
logically. Specifically, the anti-diabetic drug metformin is able
to reduce the amount of autophagy-associated beta-cell death
in isolated type 2 diabetic islets as well as in nondiabetic islets
cultured with high levels of free fatty acids.”” Our current per-

spective regarding pathways involved in
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phagy and lipid-induced cell injury could
be tissue-dependent, and the relationship
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and activation of autophagy requires
further study. A reduced level of B-cell

autophagy could be a predisposing factor
for type 2 diabetes. If confirmed, does a

Figure 4. Schematic diagram of the effects of insulin resistance on B-cell autophagy. Various

reduced level of B-cell autophagy play

stresses caused by peripheral insulin resistance can induce polyubiquitination of proteins and ac-
cumulation of damaged organelles as cytoplasmic aggregates in pancreatic 3-cells. Ubiquitinated
proteins and damaged organelles, which otherwise form toxic aggregates, are effectively cleared
by autophagy. Thus, autophagy can be viewed as a defense mechanism against cellular damage
in B-cells. Elevated free-fatty acids also stimulate B-cell autophagy by gradual decrease in the
level of phospho-mTOR under the state of insulin resistance. Interestingly, lipotoxicity induces
impaired autophagy in human B-cells with reduction of LAMP-2 and lysosomal hydrolases lead-
ing to vacuole accumulation and cell death.
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a pathogenic role in type 2 diabetic sub-
jects? To address this question, a suitable
method for monitoring the level of intra-
cellular autophagy in prediabetic patients
needs to be established.



Autoimmune Mechanisms in Type 1 Diabetes
Mellitus and the Role of Autophagy

In contrast to T2D that develops as a consequence of insulin
resistance and progressive pancreatic [3-cell failure, type 1 diabe-
tes involves the autoimmune-mediated destruction of pancreatic
B-cells. Since pancreatic B-cell death is an integral part of the
pathogenesis of T1D,” and autophagy may be involved in the

regulation of apoptosis and necrosis,*

it is possible that auto-
phagy could contribute to the development of T1D at multiple
stages of the disease. It is relevant that autophagy participates in
antigen-presenting cell function by modulating macrophage sur-
vival/death,® cytokine release from macrophages’ and antigen
presentation by dendritic cells.”? Recent papers demonstrate an
important role of autophagy in both class I MHC- and class 11
MHC-restricted pathways.”*** Because both CD4* T cells and
CD8* T cells are important effector cells in B-cell death,”>°
autophagy may affect the function of T cells and thereby, the
development of T1D.

Interaction of Autophagy
with Intracellular Signaling Pathways in Diabetes

There are diverging upstream pro-apoptotic signals in both
T1D and T2D, for example, the transcription factors NFkB
and STAT-1 in T1D and on other signaling molecules, still to
be identified, in T2D. Activation of these upstream transcription
factors may converge downstream into common apoptotic path-
ways, such as ER stress, activation of JNK and AMP-activated
protein kinase (AMPK), mitochondrial dysfunction and produc-
tion of reactive oxygen species (ROS).”’

Elevation in ROS is essential for autophagy to proceed because
their presence may control the activity of Atg4, a family of cyste-
ine proteases that are necessary for autophagosome formation.’®
ROS also induce the activation of poly(ADPribose) polymerase
(PARP-1). PARP-1 plays an important role in repairing damaged
DNA through an energetically expensive process, causing rapid
depletion of cellular nicotinamide adenine dinucleotide (NAD*)
and failure in ATP production.”” As mentioned previously, auto-
phagy is inhibited by mTOR. One of the major upstream regula-
tors of mTOR is AMPK, a critical energy sensor. A recent report
demonstrates that ROS-induced PARP-1 activation promotes
autophagy through AMPK activation, probably by suppression
of mMTOR.%

Production of ROS in beta cells is also induced by strepto-
zotocin (STZ) treatment.® STZ is an agent used widely to cause
experimental diabetes because of its ability to selectively target
and destroy insulin-producing pancreatic islet beta cells.”” The
glucose moiety of STZ allows preferential uptake of the toxin
into beta cells via the glucose transporter, GLUT-2. STZ-induced
blocking of a-mannosidase activity and nitric oxide deficiency
can cause accumulation of unfolded proteins, ER stress and acti-
vation of cellular signals leading to cell death.®® STZ is an alkyl-
ating agent that causes breakage of DNA strands. This leads to
the activation of PARP-1 and a rapid energy depletion resulting
in beta cell death.”” A recent report suggests that STZ is able to
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induce autophagy in beta cells and also activate the expression
of the vacuole membrane protein 1 (VMP1).* VMP1 is a trans-
membrane protein whose expression triggers autophagosome
formation through interacting with Beclin 1. VMP1 is not
constitutively expressed in the pancreas but is highly activated
in beta cells in response to experimental diabetes. These observa-
tions suggest that VMP1 expression is an early molecular event
that switches on in beta cells in response to diabetic conditions.
Therefore, VMP1 may participate in molecular pathways that
activate autophagy in stressed beta cells.

A key factor related to beta cell function is its highly devel-
oped endoplasmic reticulum (ER) structure. Cytokines and
gluco-lipotoxicity induce ER stress. Early changes in gene expres-
sion in beta cells have been described in response to ER stress
in diabetes.® ER stress decreases insulin gene expression, and
this process is mediated by ATF6 (activating transcription factor
6).¢ The molecular mechanism linking ER stress and autophagy
remains to be clarified, but polyglutamine-induced LC3 conver-
sion is reported to be mediated by ER stress-induced PERK/
elF2a phosphorylation. Therefore, under diabetic conditions
beta cells may activate phenotypic changes associated with acti-
vation of autophagy.

There is a growing body of evidence that the hyperglycemic,
dyslipidemic conditions observed in T1D is associated with
enhanced production of proinflammatory cytokines and oxida-
tive stress that has important consequences for 8 cell function.®®
Several studies implicate a role for IL-1f in the activation of cell
stress responses such as ER stress.”” The focus on the {3 cell is rel-
evant because of its unique role in insulin production. The {3 cell
also demonstrates a high rate of protein synthesis, which makes
it susceptible to derangements such as the unfolded protein
response.”’ Hyperglycemia induces IL-1f production by the B
cell, which is auto-stimulatory.”! This pathway may be an impor-
tant transducer in the hyperglycemic environment in islets, aside
from the known production of IL-1p by infiltrating immune cells
in the pancreas. For example, a recent report indicates that the
induction of IL-13 production by elevated glucose in 8 cells is
observed only when basal levels of IL-13 mRNA are low.”* This
supports a potentially important role for IL-1B acting as a meta-
bolic sensor, as well as an inflammatory mediator. An interesting
recent study suggests that loss of the autophagy protein Atgl6L1
enhances endotoxin-induced IL-18 production.”

There is a need for further studies to contrast and compare
the tissue-specific regulation of autophagy by cytokines in pan-
creatic 3 cells and extra-pancreatic tissues. For instance, a recent
report with EW7 cells indicates that the activation of autophagy
by TNFa is inhibited by activation of NFkB.” This potentially
interesting observation needs to be studied in diabetic pancreatic
tissue because of the relevant roles of both TNFa and NFkB
in inducing apoptosis, as well as the modulation of cytoprotec-
tive cell responses. Since pancreatic B-cell death is an integral
part of the pathogenesis of T1D”° and autophagy is an important

regulator of apoptosis and necrosis,”®

77 it is possible that auto-
phagy could contribute to the development of diabetes at mul-
tiple stages of the disease. In studies related to Crohn disease,

the deletion of the autophagy gene Azgl/6L1 leads to enhanced
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endotoxin-stimulated production of IL-13, suggesting a role for
autophagy in preventing the adverse effects of proinflammatory
cytokines.’! It is also possible that Azg/6L] may have a non-
autophagy-related role in Crohn disease.

Taken together, these observations suggest a potentially rel-
evant role for autophagy in the pathophysiology of diabetes if
the following criteria are met: (1) Diabetes is associated with an
abnormal level of autophagy in pancreatic 3 cells that can be
linked as part of a continuum to 3 cell death; (2) Autophagy is
stimulated in resident macrophages by the presence of increased
levels of proinflammatory cytokines; and (3) These events occur
with concomitant stimulation of MHC II antigen presentation.
If these criteria are confirmed in the laboratory and clinical set-
ting, this framework could provide a critical link between pro-
inflammatory oxidative stress, innate immunity and adaptive
immunity. This would help shed light on a fundamental ques-
tion in autoimmunity, namely, the process or processes through
which the immune system in an organism loses tolerance to its
own proteins and tissues.

Autophagy in Cardiovascular Complications
in Diabetes

Coronary artery disease is a major health concern and the lead-
ing cause of death in individuals with diabetes. Endothelial
dysfunction and alterations at the coronary vessel wall resulting
in the formation of atherosclerotic plaques are at the founda-
tion of this cardiovascular disease. Hyperlipidaemia, hyperten-
sion, hyperglycemia, obesity and other factors interact to induce
the development and instability of atherosclerotic plaques.”®
Enhanced oxidative stress appears to be a key factor in promot-
ing high risk of atherosclerosis in diabetes.”” In nondiabetic
models of atherosclerosis, mild oxidative stress seems to activate
autophagy, which in turn facilitates the removal of damaged
organelles. Under these conditions, autophagy appears to play a
protective role against atherogenesis, in part due to a reduction
in the number of macrophages in the atherosclerotic plaque.®*8!
This process involves mTOR signaling pathways and probably
other non-mTOR-related mechanisms, such as those medi-
ated by TLR7 (JNK-p38-Erk).®>% Autophagy in macrophages
results in a more stable plaque, with a lower tendency to rup-
ture.’ When autophagy is an insufficient response to pro-ath-
erogenesis conditions (e.g., very high concentrations of ROS),
leakage of mitochondrial proteins, such as cytochrome ¢, may
promote apoptosis.® Elevated levels of ROS also damage lyso-
somal membranes by interacting with lipids and proteins. As a
consequence, leakage of lysosomal hydrolases into the cytoplasm
may also induce apoptosis.

In atherosclerosis, autophagy is activated by several mecha-
nisms: (1) Oxidized lipids (as 4-hydroxynonenal, malonyldi-
aldehyde, oxidized LDL); (2) Endoplasmic reticulum stress
(probably through chaperone proteins, such as glucose-regu-
lated peptide GRP78/BiP); (3) Inflammation (at least in part
through cytokine production); (4) Hypoxia and metabolic
stress.®*” All of these mechanisms are exacerbated in diabetes.
Inflammatory cytokines such as TNFa increase the expression
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of LC3 and Beclin 1, promoting autophagy in plaque cells.
Conversely, other chemokines, such as IL-4 and IL-13, appear
to suppress autophagy through stimulation of type I PtdIns
3-kinase and the consequent activation of mTOR.”" Autophagy
also may play a role in downregulating ApoB-rich apolipopro-
tein particles.”>” Trapping of ApoB-containing lipoproteins
at the arterial wall is an early event in atherosclerotic plaque
development. The addition of polyunsaturated fatty acids to
hepatocyte cultures increases the post-endoplasmic reticu-
lum presecretory proteolysis of ApoB.”** That could result in
a reduced circulation of ApoB-rich particles, possibly by an
autophagic process.

Diabetic cardiomyopathy is another relevant chronic cardio-
vascular complication in diabetic patients. Cardiac-specific loss
of Atg5 is associated with cardiac hypertrophy, left ventricular
dilation and contractile dysfunction.”” In cardiac muscle, as in
other tissues, insulin antagonizes AMPK, activating mTOR
signaling pathways.”®
gest that constitutive autophagy represents a physiological cel-

Taken together, these observations sug-

lular respose to damaged organelles, leading to cell survival and
protecting myocardium from oxidative injury. Insufficient or
impaired autophagy, as well as excessive autophagy, could result
in cell death (by apoptosis or necrosis) with potential clinical rel-
evance. The proportional contribution of autophagy and apop-
tosis to myocardial wall alterations in diabetic cardiomiopathy
requires further research.

Autophagy in Diabetic Nephropathy

The streptozotocin (STZ)-induced diabetic rodent models dem-
onstrate nephropathy affecting both proximal and distal tubu-
lar segments, and are characterized by the early inhibition of
autophagy.”” The inhibition of autophagy in this model of early
diabetic kidney injury can be reversed by insulin. Paradoxically,
insulin seems to inhibit tubular cell autophagy in nondiabetic
kidneys.””?® This differential effect of insulin may be related to
a dysfunction in the molecular mechanisms regulating autoph-
agy in the presence of STZ and/or hyperglycemia. The effect
of insulin in controlling renal autophagy in humans remains
unclear.

In ischemia/reperfusion (I/R) models, overexpression of the
anti-apoptotic protein Bcl-2 results in suppression of autopha-
gosomal degradation, protecting tubular cells from I/R-induced
death. Autophagy may be triggered by renal ischemia or reper-
fusion injury to eliminate damaged mitochondria and abort
apoptosis.”” Moreover, mitochondrial disappearance is partially
prevented by bafilomycin Al, an inhibitor of autophagosomal
fusion with lysosomes, suggesting that autophagy is involved in
this process. An increase of oxidative stress could be involved in
ER damage. In diabetes, oxidative stress is clearly exacerbated
and it has been considered a central factor for hyperglycemia-
mediated damage.’®® In addition, inhibition of poly(ADP-
ribose) polymerase-1 (PARP-1) activity protects proximal
tubular cells against ischemia-induced necrosis by preserving
ATP levels.®® Thus, PARP-1 may participate in the mecha-
nisms that regulate autophagy during diabetes-related renal
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damage (putatively through the LKBI-AMPK-mTor pathway).
Therefore, it is possible that at early phases of nephropathy, a
reduction of constitutive autophagy leads to the pathological
changes described at this stage of disease. Further amplifica-
tion of these pathological changes may be due to impaired or
insufficient autophagic response. The actual involvement of
impaired autophagy at end stages of the human disease requires
further research. Similarly, establishment of a linkage between
autophagy and apoptosis in diabetic nephropathy remains to be
elucidated.

Autophagy in Diabetic Neuropathy

Numerous alterations have been described as part of the meta-
bolic and cellular milieu in neural tissue in diabetes, including
hyperglycemia, dyslipidemias and excess generation of reactive
oxygen species and reactive nitrogen species (RNS).!1% These
conditions result in cytosolic and mitochondrial oxidative stress,
generation of abnormally glycated proteins and dysfunctional
mitochondria.!® These alterations have been the focus of a
growing body of research that suggests enhanced autophagy is
a cytoprotective response.’ In neural tissue, autophagy has been
described as a cleansing mechanism that eliminates or amelio-
rates the damage of cellular stressors.'”® Other studies indicate
that deletion of Azg7 in Drosophila leads to accumulation of
ubiquitin-positive aggregates in degenerating neurons,'"” further
substantiating the role of autophagy in the maintenance of health
in neural tissues. Additionally, lack of insulin induces autophagic
cell death in adult hippocampal neural cells.'®® Numerous ques-
tions remain to be answered regarding the relative contribution
of different stressors to autophagy and the interactions of the
autophagy cascade with other cellular signals. For instance, insu-
linopenic, STZ-diabetic rats exhibit increased levels of autophagy
in dorsal root ganglia (DRG) (Fig. 5) and interestingly, there is
colocalization of LC3 with both mitochondria and also with the
FAS (CD 95)-cascade mediator FADD.!” While the interaction
of FADD with Atg5 has been previously described as necessary
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for autophagy,'? it is thought-provoking that there is crosstalk
between the autophagic and the extrinsic apoptotic pathways in
a model of diabetic neuropathy, suggesting the possibility that
the stimulation of autophagy may lead to a reduction in the
pool of FADD available to integrate the Fas-FADD-caspase-8
death-inducing signaling complex (DISC) necessary for surface
membrane death-receptor stimulation of the extrinsic apoptosis
cascade. The stimulation of autophagy in neural tissue may also
be modulated by serum and autoimmune factors through mem-
brane receptors. For instance, the presence of naturally occur-
ring anti-Fas autoantibodies in humans has been reported in
sera of normal donors.!"! Studies with the human neuroblastoma
SH-SY5Y cell line show that incubation of the cells with sera from
subpopulations of patients with diabetes and neuropathy, leads to
the activation of autophagy based on increased levels of LC3-11
and colocalization with FADD, via a Fas-dependent mecha-
nism."? This observation leads to the provocative possibility that
the humoral immune system can modulate autophagy, and that
the metabolic and intracellular milieu present in diabetes elicits
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Figure 5. Diabetic rats demonstrate increased levels of anti-LC3 and
anti-mitochondria (AMA) immunoreactivity that colocalize in dorsal
root ganglion (DRG) neurons. (A) IHC detection of LC3 and colocaliza-
tion with the mitochondrial AMA signal in DRG neurons from control
and diabetic rats. (B) IHC detection of Beclin 1, LC3 and their colocaliza-
tion in DRG neurons of normal, control and diabetic rats. (C) Represen-
tative immunoblot of mitochondrial (AMA) in DRG homogenates from
normal (control) and diabetic rats. (D) Histogram of densitometric scan-
nings of immunoblots of mitochondria (AMA) in DRG homogenates
from control and diabetic rat DRG neurons. The normal control was set
to 100%. Scale bar, 50 pum. *p < 0.05. Adapted from reference 109, with
permission.

an autophagy response through membrane-based and intracel-
lular pathways. Thus, there is mounting evidence indicating that
autophagy plays a potentially significant role in the pathophysi-
ology of diabetic neuropathy. Additional research is required to
fully understand the induction of autophagy in diabetic nerve
and its relationship to neuronal injury during the natural history
of diabetic neuropathy, which typically requires years to become
clinically evident.
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Therapeutic Implications

Rapamycin is a well-known agent that induces autophagy, and
has been employed to suppress allograft rejection after islet trans-
plantation in patients with T1D."? However, rapamycin affects
other aspects of cellular function besides autophagy, and it is
premature to predict the potential of rapamycin or related com-
pounds as therapeutic agents in diabetes. A recent paper reports
that rapamycin ameliorates glucose intolerance in experimental
animals fed a high-fat diet supplemented with branched chain
amino acids but not those fed a high-fat diet alone,""* suggest-
ing a potential role for rapamycin or related compounds in T2D.
Several new modulators of autophagy are being developed and
tested,' which will hopefully lead to novel therapeutic oppor-
tunities involving diabetes, as well as other medical conditions.
Drugs already in clinical use could affect autophagy in dia-
betes. Metformin is a widely prescribed oral antidiabetic agent
that reduces hepatic glucose output and enhances peripheral
insulin sensitivity. Metformin seems to reduce autophagic vesicle
accumulation and beta cell death in both beta cells from T2D
patients and beta cells from nondiabetic controls exposed to non-
esterified fatty acids (NEFA). These effects can be associated with
restored LAMP2 expression."® LAMP2 expression is reduced in
cells from patients with diabetes and under high concentrations
of NEFA. Metformin potentiates AMPK activity'”” which inhib-
its mTOR."® In addition, metformin may inhibit mTOR inde-
pendent of AMPK.'? Since mTOR inhibition leads to increased
removal of autophagic material, it is conceivable that metformin
promotes the generation and subsequent elimination of autopha-
gic vesicles by the inhibition of mMTOR. Therefore, a link between
LAMP2 and AMPK activity has been suggested, but it requires
confirmation. It has been suggested that metformin may have
some effect on preserving islet structure and beta cell mass in

prediabetes and at early stages of the disease. This matter is still
pending clarification, and could be an indirect result of the met-
formin action on insulin sensitivity.'?® If this effect exists, the
contribution of autophagy to this “islet protective effect” of met-
formin is unknown. New tissue-selective activators of AMPK
hold potential as novel therapeutic agents in the metabolic field
and several candidates are in the pipeline of several pharmaceu-
tical companies.'” Further exploration of the effects of these
agents on autophagy is justified. Long-acting fatty acid analogues
also can increase AMPK activity and, by this mechanism, act
to modify autophagy in diabetes.'*> Hypothetically, nutritional
interventions may also have some impact on autophagy rates in
dysglycemic patients.

Summary

There is ample evidence supporting an active role for autophagy
in the pathophysiology of diabetes mellitus. Elucidation of the
specific extracellualar and intracellular conditions that stimu-
late autophagy and the linkage of these conditions to either cell
survival or cell injury and death in different cell types is a rap-
idly evolving and fruitful field of research. The development of
therapies to take advantage of the potential cytoprotective effect
of autophagy in diabetes is a potentially promising avenue of
investigation.
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