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Abstract
It has been established that the key metabolic pathways of glycolysis and oxidative
phosphorylation are intimately related to redox biology through control of cell signaling. Under
physiological conditions glucose metabolism is linked to control of the NADH/NAD redox
couple, as well as providing the major reductant, NADPH, for thiol-dependent antioxidant
defenses. Retrograde signaling from the mitochondrion to the nucleus or cytosol controls cell
growth and differentiation. Under pathological conditions mitochondria are targets for reactive
oxygen and nitrogen species and are critical in controlling apoptotic cell death. At the interface of
these metabolic pathways, the autophagy-lysosomal pathway functions to maintain mitochondrial
quality, and generally serves an important cytoprotective function. In this review we will discuss
the autophagic response to reactive oxygen and nitrogen species that are generated from
perturbations of cellular glucose metabolism and bioenergetic function.

Introduction
Energy generation and conservation are essential for cell survival and normal function, and
involve the integration of multiple metabolic pathways. Among the most important, are
those involving glucose metabolism and mitochondria, which are essential for normal
physiological processes such as cell growth and differentiation. These pathways are
intimately linked to redox dependent-regulation in the cell, which if dysfunctional,
contribute to a variety of pathologies, including cancer, cardiovascular diseases, diabetes,
stroke and neurodegeneration [1–6]. Interestingly, it is now becoming clear that the
surveillance of these pathways is at the interface between pathology and physiology. The
proteasomal pathway plays a part in both controlling redox signaling, through the Keap1/
Nrf2 pathway and its regulation of inflammation, as well as through controlled
ubiquitinylation and degradation of targeted proteins [7]. In addition, the proteasome can
also remove oxidatively damaged proteins; however, the capacity for this pathway is limited
and can become overwhelmed [8]. The other major process for maintaining normal
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metabolic and redox signaling, through degradation of damaged proteins and organelles, is
the autophagy-lysosomal pathway, which is the focus of this review.

The mitochondrial and glucose metabolic pathways are remarkably responsive to changing
biological conditions, as metabolic adaptations to exercise, diet, and environmental
exposures are well established. For example, in aging, glucose utilization decreases in
specific regions of the brain [9], and is most severe in brain regions where disease initiates
in a number of neurodegenerative disorders, including Parkinson’s [10] and Alzheimer’s
diseases [11]. At the molecular level, these changes are associated with oxidative
modifications to key glycolytic enzymes, and oxidative damage to α-enolase,
phosphoglycerate kinase, and pyruvate kinase are prevalent in Alzheimer’s disease brains
[12]. While the brain uses ~20–25% of the available glucose in the body, other tissues, such
as heart and skeletal muscle, also have a high energy demand, and exhibit altered glucose
metabolism during disease pathogenesis. For example, disturbances in glucose metabolism
have been implicated in coronary heart disease, and dysfunctional skeletal muscle
metabolism, particularly in patients with Type II diabetes [13–16]. Drug therapies designed
to increase cardiomyocyte glucose metabolism have also been shown to decrease risk factors
associated with myocardial ischemia [17]. Alterations in glucose utilization in cancer cells,
as evidenced by metabolic reprogramming, are thought to provide rapid energy for cell
proliferation and tumor growth in a variety of different tissues [18, 19]. This growth
advantage can be decreased by blocking glycolysis with a number of different glycolytic
inhibitors, many of which have advanced to clinical trials, with, however, mixed results
[20]. Clearly, changes in glucose metabolism closely correlate with disease progression and
are intimately linked to redox signaling.

Both glucose metabolism and mitochondrial function are integrated with redox signaling,
and dysfunction of these pathways has been linked to disease pathogenesis. Increased
cellular peroxides are formed as a consequence of either decreased glucose metabolism or
mitochondrial dysfunction. For example, NADPH is made by G-6-P dehydrogenase, the first
enzyme of the pentose phosphate pathway (PPP) and can convert oxidized glutathione
(GSSG) to its reduced form (GSH). Decreased levels of NADPH and GSH have been
implicated in increased susceptibility to reactive species during neurodegeneration [21].
Hyperglycemia, a common feature of both diabetes and obesity, has been shown to increase
mitochondrial production of radical species in leukocytes, endothelial cells, and adipocytes
[22–24]. In diabetes, these reactive species are integral in stimulating secretion of insulin
from β-islet cells in the pancreas [25], however, acute oxidative stress has also been
demonstrated to impair β-cell insulin secretion [26]. Increased expression of glucose-6-
phosphate dehydrogenase, the enzyme in the PPP that regenerates NAPDH, also confers
protection against oxidative stress in HeLa cells [27].

Mitochondria were among the first established sources of superoxide and hydrogen peroxide
in the cell [28, 29]. Since mitochondrial superoxide could be increased by either hyperoxia
or exposure to mitochondrial inhibitors, the initial concept was that mitochondrial oxidant
production was pathological. However, it is now clear that under physiological conditions
mitochondrial oxidant production is a controlled redox signaling pathway [29]. How this
signaling from the mitochondria to the cytosol works is still not clear, but could involve the
transduction of the hydrogen peroxide formed in the mitochondrion to a thiol reactive
species such as an electrophile [30]. Under pathological conditions, mitochondria are a
target for ROS-RNS, with the resulting damage to mitochondrial electron transfer proteins
leading to uncontrolled superoxide and hydrogen peroxide production. Indeed, decreased
mitochondrial respiratory function has been reported in diseases involving all of the major
energy utilizing tissues of the body including brain, heart, and muscle. For example, in
neurodegenerative diseases, complex I activity is decreased in post mortem brain tissue from
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patients with Parkinson’s disease, whereas complex IV activity in Alzheimer’s, and the
activity of complexes II, III, and IV are decreased in Huntington’s disease [31, 32]. In the
heart, cardiovascular disease progression is associated with increased mitochondrial DNA
mutations and deletions, increased sensitivity to respiratory chain inhibition, and decreased
activity of mitochondrial complexes I, III and IV [33]. Decreased mitochondrial respiratory
chain function has also been implicated in the progression of obesity and type II diabetes
[34, 35]. The effective removal of oxidatively damaged proteins in either glycolysis or
oxidative phosphorylation is then essential to the maintenance of a clear distinction between
controlled ROS-RNS for cell signaling and uncontrolled redox-dependent pathogenesis.

A major pathway responsible for the removal of these damaged macromolecules and
organelles is the autophagy-lysosomal pathway. The autophagy pathway, originally
described by Christian de Duve in the 1960s, is a degradative pathway that sequesters
damaged “cargo” in a double membrane bound vesicle termed the autophagosome, which it
then delivers to the lysosome for degradation [36]. To date, more than 32 autophagy genes
have been described, and the autophagic machinery has proven to be highly conserved from
yeast to plants and animals [37]. Autophagy has been shown to be regulated by numerous
aspects of glucose metabolism, and can also be activated by mitochondrial dysfunction and
oxidative stress [38, 39]. Whether autophagy is beneficial or detrimental, or is merely
present in the dying cell is still a matter of debate [40], and may depend on the specific
conditions and cellular context. Clearly, if autophagy is not balanced with an appropriate
biogenesis program, then depletion of metabolic proteins may occur, ending with cell death.
Autophagic dysfunction has been implicated in the pathogenesis of neurodegenerative
disease, cardiovascular disease, and diabetes [41–43]. In this review, we will discuss the
autophagic response to metabolic dysfunction and oxidative stress, with special emphasis on
the autophagy response to altered glucose metabolism and mitochondrial dysfunction during
disease progression.

Autophagy machinery and redox sensing
Major Autophagy Pathways

There are three major autophagic pathways that have been described, microautophagy,
chaperone-mediated autophagy, and macroautophagy. Autophagy can be stimulated by a
number of events including nutrient deprivation, exposure to pathogens and oxidative stress
(Figure 1). Microautophagy involves the direct engulfment of cytoplasmic constituents, and
subsequent degradation of the constituents in the lysosomal lumen. The second major type
of autophagy is chaperone-mediated autophagy (CMA). CMA involves the delivery of
proteins directly to the lysosome via chaperones such as Hsc70, which unfold proteins with
consensus KFERQ sequences, and recognize the lysosomal membrane receptor LAMP2A,
which mediates protein translocation into the lumen of the lysosome [45]. The third and the
best-characterized autophagic pathway is macroautophagy (hereafter referred to as
autophagy). Autophagy follows a specific series of events, starting with initiation of
formation of the phagophore. The phagophore elongates, engulfing a portion of cytoplasm
containing the cargo to be degraded, and closes off to form the autophagosome. The final
stage of autophagy involves the fusion of the autophagosome with the lysosome to form the
autophagolysosome, where the gathered cargo is then degraded by lysosomal hydrolases.
The molecules responsible for autophagy signaling will be discussed in greater detail below.

Autophagy Initiation/Nucleation of the Phagophore
In response to a stimulus such as nutrient deprivation, the class III PI3K complex produces
phosphatidylinositol-3-phosphate (PI3P), and recruits a number of Atg proteins involved in
phagophore formation (Figure 2) [46]. Among these Atg proteins, two key ubiquitin like
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conjugation systems participate in the formation of two complexes, the Atg12-Atg5-Atg-16
complex and the LC3 (Atg8)-phosphatidylethanolamine complex. Atg12 is conjugated to
Atg5, then with Atg10 acting in an E2-like manner, conjugates the complex to Atg16. LC3
is cleaved to LC3-I by Atg4, undergoing ubiquitin-like conjugation by Atg7, which acts like
an E1 ubiquitin activating enzyme, and ligation by Atg3, which acts like an E2 ubiquitin
ligase, to be conjugated to phosphatidylethanolamine to form LC3-II (Figure 2) [46]. The
activation of these two pathways is integral to nucleation of the phagophore, as Atg3, Atg5,
and Atg7 knockout mice are all deficient in autophagy and neonatal lethal [47–51].

Formation of the phagophore can be induced via a Beclin-dependent or a Beclin-
independent mechanism. Beclin-1, the mammalian homolog of Atg6 in yeast, is a key
member of the PI3K initiation complex responsible for initiating formation of the
phagophore. As shown in Figure 2, Beclin-1 binds Vps34, a class III PI3 kinase, and Vps15
to form the core of the initiation complex [52]. This core can interact with other positive
regulators of autophagy, such as Atg14, Ambra or UVRAG, or can be disrupted by
interaction with Rubicon or Bcl-2 to inhibit autophagy [53]. Initiation of autophagy can also
occur independently of the Beclin PI3K initiation complex. It has been demonstrated that
mitochondrial activation of extracellular regulatory kinase (ERK), as well as the c-Jun N-
terminal kinase (JNK), can stimulate autophagic removal of mitochondria during oxidative
stress in neuronal cell types [54], a process termed mitophagy.

Autophagy Elongation/Maturation
While the initiation of autophagy is well described, the exact mechanisms that contribute to
elongation and closure of the phagosomal membrane are less understood. The source of the
autophagosomal membrane is still a matter of debate. The two most popular theories are that
1) the membrane forms de novo, or 2) the membrane forms from a pre-existing organelle
such as the golgi apparatus, mitochondria or the endoplasmic reticulum [46]. The theory of
de novo synthesis of the phagophore membrane stems from the observation that the vesicle
continues to elongate until finally sealing off from the surrounding cytoplasm, suggesting a
continual addition of lipids to the bilayer [55]. Other studies have shown that the site of
phagophore assembly in yeast is largely devoid of ribosomes, which could infer higher lipid
content suitable to phagophore formation [56]. The other theory suggests that the
phagosomal membrane originates from organelles, namely the golgi, endoplasmic reticulum
or mitochondria [46]. It has been suggested that these organelles are rich in PI3P, making
them a likely recruitment point for the Atg proteins and formation of the phagophore [57].
While the origin of the membrane remains unclear, it is clear that the combined effort of the
PI3K initiation complex and the Atg proteins play an integral role in driving nucleation and
elongation of the autophagosome.

Autophagy Fusion/Completion
Ultimately, the two ends of the phagophore membrane meet and fuse to completely
encapsulate their cargo. While little is known about how this process occurs in mammalian
autophagy, it is hypothesized to involve SNARE proteins, and members of the endosomal
trafficking pathway such as ESCRT3, which if deleted, prevent the maturation of the
autophagosome, and its fusion with the lysosome [58]. It has been clearly demonstrated,
however, that Atg4 also comes into play during autophagosome maturation, as is responsible
for cleaving and delipidating any LC3-II from the autophagosome outer membrane [59].
This allows recycling of LC3-II back to LC3-I, creating a cytoplasmic pool available for
future autophagosome formation. Once the autophagosome is sealed, it is delivered to the
lysosome to form the autolysosome. Fusion is known to depend on the small G protein
Rab7-GTP, the lysosomal associated membrane protein 2 (LAMP2), as well as the
cytoskeleton, as disruption of microtubules with nocodazole prevents fusion [53, 60]. While
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much is still unknown about the exact mechanics of autophagosome maturation and fusion
in mammalian systems, there appears to be clear overlap with the endosomal pathway, and a
requirement for normal cytoskeletal dynamics for vesicle trafficking. Once the autophagic
cargo is delivered to the lysosome, it is degraded by a battery of lysosomal hydrolases,
including proteases, glycosidases, nucleotidases, and lipases, and recycled back into the
cytoplasm [61].

Regulation of autophagy
As mentioned previously, there are a number of stimuli capable of inducing or suppressing
autophagy based on the needs of, or stresses on, the cell. The original observation that amino
acids inhibited autophagy, was one of the first pieces of evidence that autophagy serves as a
nutrient recycling pathway when resources are scarce [62]. It has since been demonstrated
that amino acid levels regulate the activity of the mammalian target of rapamycin (mTOR)
or simply TOR in yeast, controlling the activation state of autophagy (Figure 2). There are
two classes of mTOR signaling complexes, mTORC1 and mTORC2. mTORC1 activates
two downstream proteins involved in the initiation of protein translation, the ribosomal
protein S6 kinase (S6K) and eukaryotic translation initiation factor 4E (EIF4E), whereas
mTORC2 activates Akt kinase [63]. Activity of mTORC1 can be inhibited by rapamycin,
and amino acid-dependent activation of mTORC1 requires the Rag GTPase, and subsequent
translocation of mTORC1 to the lysosomal surface [64, 65]. Additional mediators of amino
acid signaling of mTOR activation include Vps34, MAP4K3, Rab5 and Rac1 [66]. During
nutrient deprivation mTORC1 is inhibited, preventing protein translation, and activating
phosphorylation of the ULK1/ULK2 complex (Atg1 in yeast). This allows for the assembly
of the Atg13/ULK1/ULK2/FIP2000 complex and the activation of autophagosome
formation [63].

There are a number of other metabolic and redox signals that regulate the initiation of
autophagy. Insulin growth factor-1 (IGF-1) binds to the insulin receptor, which activates Akt
kinase via phosphoinositide-3-kinase class I (PI3KI). Akt can then activate mTOR by
phosphorylating, and thereby inhibiting, the tuberous sclerosis complex 1/2 (TSC1/TSC2),
allowing Rheb to bind to and activate mTOR [67]. AMP kinase (AMPK), another energy
sensing enzyme that is activated by depletion of ATP, ER stress and oxidative stress,
inhibits mTOR, and activates autophagy through the phosphorylation of ULK1, which as
mentioned earlier, initiates autophagosome formation [68]. The tumor suppressor protein
p53 has also been shown to activate AMPK and suppress mTOR, but can also act as a
transcription factor, translocating to the nucleus and increasing transcription of TSC1 to
inhibit autophagy [69]. Some of the key metabolic and oxidative initiators of autophagy will
be discussed in the following sections, as well as their role in the causation and progression
of common pathologies.

Glucose metabolism and autophagy
Overview of glucose metabolism and autophagy

This section will provide a brief overview of how dysfunctional glucose metabolism alters
autophagy and the potential contribution to disease progression. The autophagy pathway is
sensitive to alterations in glucose metabolism (Figure 3). In the brain, young patients with
poorly controlled Type I diabetes exhibit increased autophagy protein LC3 and Atg4,
increased ER-associated glucose-regulated protein78/binding immunoglobulin protein
(GRP78/BiP) [70]. In stroke and cerebral ischemia, oxygen and glucose deprivation occurs.
In animal models of cerebral ischemia or cell culture models of oxygen-glucose deprivation,
autophagy activation has been observed. The activation of the autophagic response to
oxygen-glucose deprivation is essential for protection against neuronal cell death [71, 72]. In
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Alzheimer’s disease, glucose uptake is decreased [11], and together with AMPK signaling,
may be responsible for a compensatory activation of autophagy as the disease progresses
[73]. Autophagy is also important for neuronal remodeling and function. For example, the
loss of autophagy in hypothalamic pro-opiomelanocortin neurons perturbs normal function
of these neurons and increases glucose intolerance [74]. Activation of autophagy may also
help sustain glycolytic activities, as it has been demonstrated that apoptosome-deficient
proneural cells can activate Beclin-dependent autophagy to sustain the glycolytic production
of ATP [75].

Similar interactions of autophagy with metabolism have been observed in the cardiovascular
system. In aortic endothelial cells, inhibition of glucose metabolism with 2-deoxyglucose,
which blocks hexokinase activity, increases the production of reactive oxygen species,
activating AMPK and triggering autophagy [76] (Figure 3). During myocardial ischemia-
reperfusion, the activation of AMPK mediates cardiac protection by increasing glucose
uptake and glycolysis, activating autophagy in a cytoprotective manner; however, continued
activation of AMPK results in the uncoupling of glycolysis and glucose oxidation,
increasing cytosolic protein levels and acidosis, and possibly increasing autophagy to
harmful levels [77]. Under hypoglycemic conditions, particularly in neonatal hepatocytes,
cells can activate glycogen autophagy, in which cellular glycogen stores are sequestered into
autophagic vacuoles and degraded to produce glucose [78] (Figure 3). These findings show
that upregulation of autophagy during glucose deprivation may compensate for the loss of
key metabolites, while loss of autophagy or excessive autophagy may be detrimental to the
cell.

Glycolysis and autophagy
Alterations in glycolytic enzyme activities can send signals to regulate autophagy, as has
been shown with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). This enzyme
converts glucose-3-phosphate to 1,3-bisphosphoglycerate, and it has been shown in HEK293
cells that lower levels of glucose increased the interaction of GAPDH with mTOR. This
allows for the activation of autophagy, whereas higher levels of glucose increased GAPDH
interaction with its substrate glyceraldehyde-3-phosphate, and enhanced glycolysis [79]. In
HeLa cells transfected with GAPDH and treated with staurosporine, an initiator of
apoptosis, GAPDH translocates to the nucleus and upregulates Atg12, a key enzyme that
initiates formation of the autophagosome, protecting against cell death [80] (Figure 3). This
protective effect was coupled to an increase in glycolytic flux, and was only seen when
caspase activation was inhibited using the pan caspase inhibitor zVAD [80]. In mouse
embryonic fibroblasts (MEFs), H-Rasv12 expression increased glucose uptake and glycolytic
flux, whereas Atg5 knockout MEFs expressing H-RasV12 exhibited decreased glucose
uptake and glycolytic flux, compared to Atg5 wildtype MEFs [81] . Furthermore, the growth
and transformation of H-Ras Atg5−/− MEFs are more sensitive to diminished glucose
availability than H-RasV12Atg5 wildtype MEFs [81].

Another interesting link between glycolysis and autophagy is through the p53 inducible
protein TIGAR, which is a fructose-2,6-bisphosphatase that decreases fructose-2,6-
bisphosphate levels, thereby decreasing glycolysis. TIGAR promotes IL-3-withdrawal-
induced cell death in FL5.12 cells, but protects U2O2 cells from p53 induced apoptosis [82].
In lung tissue obtained from patients with idiopathic pulmonary fibrosis, TIGAR levels are
increased, correlating with a decrease in levels of LC3 and p62, decreased autophagosomal
number, and an overall decrease in autophagic flux [83]. During nutrient starvation in HeLa
cells, TIGAR is activated, decreasing the levels of reactive species, and inhibiting the
induction of autophagy [84]. Regulation of TIGAR has thus been proposed as a target for
anti-cancer therapy, as blocking TIGAR activity upregulates autophagy and enhances
survival of cancer cells [85] (Figure 3).
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The pentose phosphate pathway and autophagy
The pentose phosphate pathway (PPP), or hexose monophosphate shunt, is closely related to
redox regulation. The first enzyme of the PPP, G-6-P dehydrogenase, generates NADPH,
which is the reductant utilized to maintain GSH in its antioxidant reduced form [86]. It is
also essential for the controlled production of superoxide and hydrogen peroxide for cell
signaling and pathogen killing mediated by the NADPH oxidases [87]. It is not surprising
then that human patients with mutations of the enzyme glucose-6-phosphate dehydrogenase
(G6PD), the first enzyme in the PPP, exhibited various degrees of neonatal jaundice, and
increased likelihood of drug, fava beans, or infection-mediated hemolysis [88]. Impairment
of PPP function has been shown to be associated with sickle cell anemia, leading to
increased lipid peroxidation and oxidative damage to red blood cells [89]. Mouse embryonic
stem cells with G6PD gene disruption are sensitive to oxidative stress, and mice with G6PD
gene knockout are embryonic lethal [90–92]. Mice with decreased G6PD activity exhibit
increased myocardial impairment after ischemia-reperfusion, and had smaller islets and
impaired glucose tolerance compared to wildtype mice [93, 94]. The PPP has also been
shown to play a key role in protecting against increased nitrosative stress during aging and
the progression of neurodegenerative disorders [95].

Appropriate PPP function and GSH levels are essential for normal autophagy. TIGAR,
while decreasing glycolysis, also increases the GSH/GSSG ratio presumably by increasing
the PPP flux [82]. Recent findings also indicate that one of the mechanisms of TIGAR
action is by translocation to the mitochondria, forming a complex with hexokinase 2 and
increasing hexokinase 2 activity [96] (Figure 3). Changes in cellular GSH levels have an
impact on autophagic activities in in a context dependent manner. Cells have an innate
oxidative stress response system, involving the upregulation of the Nrf2-Keap1 pathway,
which activates genes involved in GSH synthesis and redox status [97]. On the other hand,
higher levels of GSH may result in lower oxidative stress in the cell. Thus the balance of
ROS produced, and the existing levels of GSH, may be important in modulating the
autophagic response based on the level of ROS and oxidative damage.

For example, fibroblasts that lack the lysosomal enzyme gamma-interferon inducible
lysosomal thiol reductase, exhibit decreased GSH levels, increased GSSG, and autophagy
activation [98]. In HeLa, HepG2 and H1299 cells, starvation increased efflux of GSH and
decreased levels of intracellular GSH. The efflux of GSH regulates autophagy, as blockade
of efflux attenuates the increase of LC3-II and activation of autophagy [99]. Furthermore,
buthionine sulfoximine (BSO), a specific inhibitor of gama-glutamylcysteine synthetase, the
rate limiting enzyme in GSH synthesis, increases, whereas GSH-ethyl ester decreases,
starvation induced formation of LC3-II, suggesting a role of intracellular GSH levels in
regulating starvation-induced autophagy in these cells [99] (Figure 3). These observations
indicate that the integration of glycolysis with the PPP is important in regulating both the
cellular redox status and autophagy.

ER stress and autophagy
Glucose is also essential for protein glycosylation, which modulates the activity of numerous
proteins. The carbohydrate chain that is frequently used to glycosylate proteins contains
three glucose residues, nine mannose residues, and two N-acetyl glucosamine residues
[104]. If intracellular glucose levels decrease, then this chain can no longer be assembled
leading to improper protein glycosylation, protein misfolding, activation of the unfolded
protein response, and increased ER stress [105]. Improper glycosylation activates the
unfolded protein response via the ATF6, PERK, or IRE1 pathways to decrease global
protein translation and increase proper protein folding, as well as the degradation of
misfolded proteins [106]. Increased ER stress is prevalent in neurological diseases: in
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Alzheimer’s disease and Parkinson’s disease, proteins implicated in the central pathology of
the disease, amyloid-P and α-synuclein respectively, are involved in ER stress [106].
Prolonged ER stress in cardiomyocytes caused apoptosis [107]. Failing human hearts exhibit
increased mRNA of ER chaperone proteins, and mouse models with transverse aortic
constriction-induced heart hypertrophy and heart failure exhibited increased ER chaperone
proteins [107].

ER stress is also increased in the adipocytes of obese patients, possibly as a result of insulin
resistance, inflammation, and increased oxidative stress [108]. There are a number of studies
that have shown the link between ER stress and the induction of autophagy. SK-N-SH
neuroblastoma cells initiate autophagy to cope with increased ER stress following treatment
with either thapsigargin, an inhibitor of the sarcoplasmic calcium ATPase, or tunicamycin,
an inhibitor of N-linked glycosylation, a response that can be inhibited by the knockdown of
IRE1 gene or inhibition of c-Jun N-terminal kinase (JNK) [109]. In Presenilin-1 null mouse
neurons, a model for Alzheimer’s disease, decreased glycosylation of the V0a1 subunit of
the vacuolar ATPase has been suggested to be responsible for decreased acidification of the
lysosome and lysosomal protease activation, corresponding to decreased autophagy [110]. In
the liver of obese mice, knockdown of Atg7, a key enzyme in the initiation of autophagy,
increased ER stress and decreased insulin sensitivity. Adenoviral delivery of Atg7 decreased
ER stress, increased systemic glucose tolerance and restored insulin sensitivity [111]. In
pancreatic, melanoma and breast cancer cells, 2-deoxyglucose inhibits N-linked
glycosylation, increases ER stress, activates the unfolded protein response, and upregulates
autophagy, all of which can be reversed by the addition of mannose to restore protein
folding [112]. Taken together these studies indicate that while the primary pathways of
glucose metabolism are important, loss of glucose can also lead to improper protein
glycosylation, increased ER stress, and complications associated with disease progression
(Figure 3).

Mitochondria and autophagy
A number of recent findings have demonstrated that the specific inhibition of mitochondrial
complexes can have differential effects on autophagy. Decreased complex I activity is a
prevalent feature of neurodegenerative diseases, particularly Parkinson’s disease, and a
number of toxins that target complex I are used as experimental models of this disease [113–
115]. Rotenone is an environmental pesticide, which is a potent inhibitor of complex I, and
causes mitochondrial dysfunction at nM concentrations [116]. A number of studies have
shown that rotenone can initiate autophagy in a variety of ways, including increased
oxidative stress and increased expression of HIF1-α, and that rotenone induced autophagy
and cell viability can be enhanced by treatment with autophagy inducers such as rapamycin
(a mTOR inhibitor), as well as compounds identified from drug screening studies including
desferoxamine (a chelator of free iron), lithium (an inhibitor of inositol monophosphatase),
valproic acid (a histone deacetylase inhibitor), and carbamazepine (which stabilizes the
inactivated voltage-gated sodium channels, as well as induces CYP3A4 in the liver) [117–
119]. Another toxic complex I inhibitor is 1- methyl-4-phenylpyridinium (MPP+ );, which
can inhibit mitochondrial respiration, and can induce removal of mitochondria by either
initiating bulk autophagy, or possibly specific removal by mitophagy, both of which may
depend on upstream extracellular signal-regulated kinase (ERK) signaling [54, 120, 121].
Inhibition of complex III with antimycin A, which blocks electron transfer from coenzyme
Q to complex III, blocks autophagy in HeLa cells, but is unable to block autophagy in H4
and HeLa cells depleted of mitochondrial DNA [122]. Similarly, inhibition of complex I
with rotenone, or inhibition of complex II with 2-thenoyltrifluoroacetone, activate
autophagy and cell death in HEK293 cells, HeLa cells, and U87 cancer cells [123]. The
activation of autophagy and cell death could be decreased by pharmacological inhibition of
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autophagy by 3-methyladenine (a class III PI3K inhibitor, Figure 2), or siRNA knockdown
of Beclin-1 or Atg5 [123]. These studies support the concept that the surveillance of the
mitochondrial population in response to environmental or metabolic stressors is an essential
function of the autophagy pathway.

Mitophagy
While many studies focus on the bulk removal of damaged cargo via macroautophagy, there
are a number of examples of the specific removal of organelles that are damaged or targeted
for removal. Of those, mitophagy, or the specific removal of mitochondria, has been shown
to both regulate, and be activated by, the production of reactive species [124–126]. Yeast
has two major pathways that induce mitophagy, nitrogen starvation and post-log phase
culture in the presence of non-utilizable carbon, both of which produce oxidative stress that
activate mitochondrial removal, as treatment with N-acetyl cysteine, which restores normal
thiol signaling, or cell permeable GSH, suppresses mitophagy [127]. Specific removal of
mitochondria by mitophagy in yeast was further demonstrated by the discovery of the Atg32
protein, which localizes to the mitochondria and binds to Atg11, which then interacts with
Atg8 to signal mitochondrial removal by mitophagy [128] (Figure 4A).

Mitophagy in mammalian cell types can involve at least three distinct pathways, some of
which are cell type specific. In red blood cells, two pro-apoptotic BH3 family members,
BNIP3 and NIX, are thought to be involved in the controlled and essential removal of
mitochondria during red blood cell maturation. NIX expression is greatly increased during
erythroid development, localizes to the mitochondria, and if knocked out, results in
immature red blood cells that are unable to remove mitochondria [130]. BNIP3, a protein
analogous in function to NIX, plays a similar role in initiating HIF-1α dependent mitophagy
during hypoxic conditions in a number of tissue types [131] (Figure 4A).

In both yeast and mammalian systems, mitophagy is preceded by mitochondrial fission
events, often triggered by mitochondrial damage from reactive species and a loss of
membrane potential, that break the mitochondria into smaller segments to allow for
engulfment and removal [129]. In a number of mammalian cell types, including neurons,
cardiomyocytes, and HeLa cells, is the recruitment of Parkin, an E3 ubiquitin ligase, to
damaged mitochondria by PINK1. PINK1 is a mitochondrial kinase that is normally rapidly
degraded via proteolysis, but becomes stabilized and accumulates in damaged mitochondria
[132]. Increased PINK1 recruits Parkin to the mitochondria where Parkin ubiquitinates
mitochondrial proteins, signaling removal of the mitochondria by mitophagy [132]. Parkin
expression has been shown to increase in neuroblastoma cells during nutrient deprivation,
possibly in response to increased mitochondrial damage [133]. The PINK1/Parkin mediated
removal of mitochondria may be mediated in some cases by p62, a scaffold protein that
binds ubiquitinated proteins, and binds to LC3, recruiting the damaged mitochondria into the
autophagosome, as well as stabilizing co-proteins such as Ambra1 [134, 135]. This process
can also involve the outer mitochondrial membrane voltage-dependent anion channel
(VDAC), which is also ubiquitinated by Parkin to signal removal of the mitochondria [136].
Interestingly, cells respond differently to the knockdown of PINK1 or Parkin. PINK1
deficient neuronal cells are still capable of removing damaged mitochondria through
enhanced oxidative stress and mitochondrial fission events [137, 138]. Cardiomyocytes
lacking Parkin are more susceptible to cardiac injury following myocardial infarction,
whereas neurons and glia lacking parkin are more resistant to cell stress induced by
proteasome inhibition [101, 139]. These studies show the importance of PINK1 and Parkin
in initiating mitophagy, and that loss of either of these proteins can have differential effects
on mitochondrial removal based on the tissue (Figure 4B).
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There are two other, more recently proposed mechanisms of mitophagy that act
independently of the pathways already discussed. The first involves the protein DJ-1
(PARK7), which can act as a protein chaperone during oxidative stress, and regulates
mitophagy in a pathway that acts in parallel with PINK1 and Parkin [140]. The second
involves mitochondrial localization of ERK2 to the mitochondria upon treatment of
neuroblastoma cells with 6-hydroxydopamine, a toxic dopamine analog [141]. This pathway
could be of particular importance in the progression of Parkinson’s disease, as ERK2 has
been shown to localize to both the mitochondria and autophagosomes of Lewy bodies of
substantia nigra neurons from patients with both Parkinson’s disease and Lewy body
dementia [142]. Mitophagy plays a key role in the removal of mitochondria damaged by
oxidative stress, which if they remain in the cytosol, could produce further reactive species,
damaging surrounding organelles and proteins. In a recent study it was shown that exposure
to the pro-oxidant hemin, which is released during the uncontrolled degradation of heme
proteins, results in increased toxicity to endothelial cells [143]. The hemin initiates lipid
peroxidation and bioenergetic dysfunction in the mitochondria which are then programmed
for mitophagy. Inhibition of autophagy in the presence of hemin decreases mitochondrial
quality leading to apoptotic cell death [143].

Mitophagy defects due to Atg5, Beclin, Atg7 or p62 knockout in Ras-expressing cells has
been shown to lead to accumulation of abnormal and swollen mitochondria, decreased key
tricarboxylic acid (TCA) cycle intermediates such as citrate, aconitate and isocitrate,
decreased mitochondrial oxygen consumption, and decreased cell survival in response to
starvation [144]. In IL-3 dependent cell lines that were generated from Bax−/− Bak −/− mice,
it has been shown that replenishing TCA-substrate methylpyruvate can attenuate cell death
induced by inhibition of autophagic activities [145].

Oxidative and nitrative signals regulate autophagy
Both glucose metabolic pathways and mitochondrial function regulate the cellular redox
status and are targets of redox signaling and damage (Figure 5). In parallel, autophagic
activities are important in controlling redox damage, and are also sensitive to redox
regulation. The regulation of autophagy by oxidative stress has been demonstrated across
tissue types, and plays an important role in aging and the progression of a multitude of
diseases including neurodegeneration, cardiovascular diseases, and cancer [125]. For
example, in the brain, autophagy is important in removing oxidized proteins during normal
aging, as well as in age-related neurodegenerative disorders such as Alzheimer’s disease and
Parkinson’s disease [146, 147]. In the heart, both baseline and oxidative stress induced
autophagy may be critical in maintaining proper cardiac structure and function, preventing
cardiac abnormalities related to aging, and removing oxidized proteins during ischemic
injury [148–152].

Superoxide, hydrogen peroxide, and autophagy
Superoxide is formed in biological systems through a number of pathways, which under
physiological conditions are controlled, but as a consequence of pathology, become
dysregulated. The levels of superoxide in the cell are controlled by the superoxide
dismutases, and this function has been shown to modulate autophagy (Figure 5). There are
three main isoforms of superoxide dismutase, an intracellular cytosolic copper/zinc isoforms
(SOD1), a mitochondrial manganese isoform (SOD2), and an extracellular copper/zinc
isoform (SOD3) [153]. The cytosolic superoxide dismutase, SOD1, is mutated in ~20% of
all familial cases of amyotrophic lateral sclerosis, and mice with SOD1 mutations
accumulate autophagosomes in motor neurons [154]. In HeLa cells, starvation-induced
production of superoxide induces autophagy and cell death, which could be attenuated by
the over-expression of MnSOD, or by autophagy inhibitors 3-methyladenine and
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wortmannin, both act as PI3K inhibitors [155]. 2-methoxyestradiol inhibits superoxide
dismutases, induces autophagy and cell death in transformed cell line HEK293 and cancer
U87 and HeLa cell lines, but not in astrocytes [155].

Hydrogen peroxide has been shown to regulate autophagy at a number of different levels. It
has been shown that starved cells increase mitochondrial generation of hydrogen peroxide,
which is partially dependent on class III PI3K activation, as evidenced by the fact that
treatment with the class III PI3K inhibitors wortmannin and 3-methyladenine, but not
knockout of autophagy gene Atg5, significantly decreased hydrogen peroxide formation
during starvation [156]. Treatment with the thiol nucleophile N-acetyl cysteine, or catalase,
decreased LC3-I conversion to LC3-II, decreasing the formation of LC3-II positive
autophagosomes, and decreasing starvation-induced protein degradation suggesting that
hydrogen peroxide signaling is mediated by thiol modification [156]. The activity of Atg4,
the enzyme that both cleaves LC3 to form LC3-I, and delipidates extra-autophagosomal
LC3-II back to LC3-I, has also been shown to be sensitive to hydrogen peroxide levels
[156].

The interaction between hydrogen peroxide and autophagy is further supported by the
finding that the levels of catalase, the enzyme responsible for dismutation of hydrogen
peroxide to oxygen and water, can be regulated by autophagy in response to caspase
inhibition, leading to reactive species accumulation and cell death [157]. This inhibition is
stimulus specific, as starvation induced autophagy did not lead to degradation of catalase;
and only catalase, not superoxide dismutase is degraded by autophagy [157].
Dihydrocapsaicin (DHC), which induces apoptosis in several types of cancer cells, has been
shown to induce autophagy in a catalase dependent manner [158]. Overexpression of
catalase increased LC3-II levels in both in HCT116 cells and in H460 cells that have low
levels of endogenous catalase [158, 159]. Inhibition or knockdown of catalase attenuated
LC3-II accumulation in HCT116, H1299 as well as WI38 cells [158, 159]. Nox4-mediated
production of hydrogen peroxide in HUVEC cells, in response to ER stress induced by
tunicamycin or HIV-1 Tat, but not thapsigargin, leads to cytoprotective autophagy [160].
ER-targeted catalase attenuated the autophagic response. Excessive peroxisomes, induced by
2-week treatment with phthalate esters, are degraded by autophagy in the livers of wildtype
mice, but not in liver specific polyinosinic acid-polycytidylic acid (pIpC)-induced
conditional Atg7 knockout Atg7f/f :Mx1 mice [161]. Impaired pexophagy, in mice or in cell
lines, also led to preservation of peroxisomes that are capable of hydrogen-peroxide-
generating β-oxidation, but inactivation of catalase leads to an imbalance between hydrogen
peroxide and detoxifying catalase, contributing to renal damage [162].

Another interesting link between the autophagy pathway and hydrogen peroxide occurs at
the level of the lysosome. Lysosomes are integral to the completion of autophagy, as the
autophagosome fuses with the lysosome to degrade its cargo as the final step of the
autophagy pathway (Figure 1). Hydrogen peroxide can diffuse into the lysosome, which
contains high levels of iron, particularly in neuronal cells, possibly undergoing Fenton like
reactions to generate reactive species, including the highly reactive hydroxyl radical [163].
Hydroxyl radicals are capable of reacting with the multitude of hydrolases in the lysosome,
decreasing their ability to degrade molecules delivered to the lysosome [164]. The iron
catalyzed oxidation or polymerization of protein and lipids leads to the formation of
lipofuscin, an age related pigment that accumulates in post-mitotic cell types [165]. The
accumulation of lipofuscin is associated with an inability to degrade it, possibly by inducing
lysosomal dysfunction, and is commonly found in age-related neurodegenerative disorders
such as Alzheimer’s disease, and lysosomal storage disorders, including Batten’s disease
and neuronal ceroid lipofuscinosis, as well as playing a possible role in the progression of
cardiovascular diseases [166, 167].
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Nitric oxide, peroxynitrite and autophagy
Nitric oxide is formed by controlled pathways in the cell, and is reactive with oxygen-based
radicals, resulting in a complex network of biological signaling pathways [168] (Figure 5).
The reaction of nitric oxide with superoxide results in the formation of peroxynitrite, which
is capable of oxidative and nitrative post-translational protein modification. Peroxynitrite-
dependent protein modification and damage of cellular constituents has been implicated in a
number of diseases [169]. In Alzheimer’s disease, peroxynitrite has been shown to alter both
the nitration and oxidation of amino acid residues on the tau protein, altering the ability of
tau to polymerize into neurofibrillary tangles [170]. Peroxynitrite can also cause DNA
damage and cell death by activating poly (ADP-Ribose) polymerase (PARP), which can
deplete NAD+, slowing the rates of glycolysis and oxidative phosphorylation, which has
been shown in a number of diseases including ischemia/reperfusion injury, heart failure,
diabetes, atherosclerosis and neurodegenerative diseases [171]. A number of studies have
shown that the reduction of peroxynitrite using 2-phenyl-1, 2-benzisoselenazol-3(2H)-one
(ebselen), which scavenges hydrogen peroxide and hydroperoxides, can attenuate damage in
chronic obstructive pulmonary disease and ischemia/reperfusion injury, providing a
therapeutic treatment to prevent peroxynitrite induced damage [172, 173].

As with oxidative stress scenarios, the effects of nitric oxide are complex and context
dependent. One of the earliest studies demonstrated that in neurons, S-nitrosocysteine,
induces bioenergetic deficits, reactive oxygen species production, fission, and autophagy,
but prolonged exposure led to accumulation of fragmented mitochondria, and eventual cell
death; although whether autophagy is playing a detrimental or protective role was unclear
[174, 175]. Although intriguing, whether the effect of S-nitrosocysteine is mediated through
nitric oxide generation or modification of protein thiol residues (S-nitrosation) was not clear.
One recent study on the mechanism of effects of nitric oxide on autophagy used rat primary
cortical neurons, as well as non-neuronal cells such as mouse embryonic fibroblasts,
HEK293 and HeLa cells. In this study, treatment with nitric oxide donors, such as DEA
NONOate or DETA NONOate, or overexpression of the three NOS isoforms, resulted in
decreased autophagic flux [176]. These effects were independent of cGMP signaling, the
canonical pathway through which nitric oxide exerts many of its biological effects. The
mechanisms involved nitric oxide-dependent inhibition of autophagy either by blocking
JNK phosphorylation of Bcl-2, increasing its interaction with Beclin-1, or by activating
mTOR to negatively regulate autophagy [176]. These two pathways acted independently of
one another, indicating a dual regulation of autophagy by nitric oxide.

Effects of nitric oxide and other RNS on autophagy in the heart have also been investigated
in recent years. Bacterial endotoxin lipopolysaccharides (LPS), lipoglycans that induce a
robust immune response, upregulates nitric oxide synthase and induces autophagy in murine
cardiac HL-1 cells and in cardiomyocytes in vivo [177]. The effect on autophagy is
dependent on endogenous nitric oxide, as its effect on autophagy is attenuated by NG

monomethyl-L-arginine (L-NMMA), an inhibitor of nitric oxide synthase and N-acetyl-
cysteine, which changes cellular thiol redox status [177]. Further activation of autophagy by
rapamycin mitigates, and inhibition of autophagy by wortmannin increased LPS-induced
cell death [177]. In aging humans and mice, decreased nitric oxide bioavailability mediates
impairments of arterial endothelium-dependent dilatation [178]. This impairment is
associated with decreased Beclin-1, a protein involved in autophagy initiation, and increased
p62, a substrate of autophagy. Aged mice with supplemented trehalose, a natural alpha-
linked disaccharide which has a strong stimulatory effect on autophagy, exhibited enhanced
nitric oxide production, and isolated aorta treated with trehalose exhibited increased
autophagy and decreased p62.
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In HUVEC cells, 3-MA or Atg12 siRNA inhibited autophagy, increasing superoxide and
abolishing the protective effects of trehalose on eNOS, nitric oxide bioavailability,
autophagy and control of superoxide level [178]. Endothelial cells exhibit autophagic
response to peroxynitrite with increased LC3-II protein and LC3 puncta [179]. Tyrosine
nitration and LC3-II accumulation also occur in response to microsphere embolism, leading
to tight junction disruption, which can be reversed by scavenging of peroxynitrite [179].
Bovine aortic endothelial cells also exhibit autophagic degradation of VEGFR2 via a
peroxynitrite-mediated mechanism, which is reversible by peroxynitrite scavengers [180]. In
contrast, peroxynitrite scavengers reverse the accumulation of autophagy substrate p62 in
mouse embryonic endothelial progenitor cells treated with cardiovascular risk factors
including hydrogen peroxide, and asymmetric dimethylarginine [181]. In addition to heart
function, the link between nitrosative stress and autophagy in endothelial cells could prove
integral in furthering our understanding of the progression of diseases associated with
changes in the vasculature including cancer, neurodegeneration, diabetes, and cardiovascular
disease.

Lipid peroxidation and autophagy
Lipid peroxidation has frequently been shown to be a downstream mediator of oxidative
stress, and reactive lipid species have been shown to disrupt the integrity of plasma
membranes, modify low density lipoprotein (LDL) to a proatherosclerotic form, and modify
nucleic acids, proteins, and other lipids [182–188]. Of the reactive lipid species produced by
lipid peroxidation the aldehydes are reactive with proteins and due to the development of
sensitive analytical techniques have been shown to be prevalent in a number of disease
states, including obesity, diabetes, liver disease, cardiovascular disease, and
neurodegeneration [143, 189–191].

One of the best understood, is 4-hydroxy-2-nonenal (HNE), which is formed by the
oxidation of reactive allylic carbons in polyunsaturated fatty acids, such as linoleic acid and
arachidonic acid, and is highly electrophilic, reacting with proteins to form HNE-protein
adducts, or damaging nucleic acids to form HNE-DNA adducts [178, 179]. The lipid
peroxidation products are intimately linked to glucose metabolism. For example, one of the
main defenses against increased HNE is conjugation to GSH to form GS-HNE [180]. GS-
HNE is subsequently removed by the enzyme aldose reductase, which, in an NADPH
dependent fashion, reduces GS-HNE to form GS-hydroxy-2-nonenoic acid (DHN),
preventing further interaction of HNE with potential targets [192]. Conjugation to GSH is
considered the main pathway for the metabolic control of the levels of HNE, although
reliance on this system differs depending on the tissue type and local concentration of HNE.
At low concentrations lipid electrophiles are, however, protective through the activation of
the Keap1/Nrf2 pathway leading to the synthesis of intracellular antioxidants [7, 193]. Lipid
peroxides are also metabolized through a GSH-dependent pathway. If the detoxification
pathways are overwhelmed, the mitochondria appear to be a major target for lipid peroxides,
resulting in bioenergetic dysfunction. Interestingly, if a reactive lipid electrophile is targeted
to the mitochondrion, the cytoprotective signaling is lost, and bioenergetic dysfunction and
apoptotic cell death is promoted [194] (Figure 5).

This association of lipids and autophagy during stress has also been demonstrated during
increased oxidative stress. The process of “macrolipophagy”, which mainly occurs in liver
hepatocytes, involves the hydrolysis of triglycerides concentrated in lipid droplets into fatty
acids as a source of energy during starvation [182]. In yeast, it has been shown that
rapamycin-induced autophagy involves an increased production of ROS, which oxidize
mitochondrial lipids, targeting their removal. As discussed in the earlier section, one
prevalent lipid peroxidation product that increases with both aging and disease progression
is HNE. The clearest link between HNE and autophagy has been demonstrated in vascular
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smooth muscle cells. HNE protein adducts are removed via autophagy, a process that is
increased by treatment with an autophagy stimulator, rapamycin, and if autophagy is
blocked with PI3K inhibitor, 3-methyladenine, apoptotic cell death occurs [195]. In retinal
pigment epithelium, lipofuscinogenesis has been linked to autophagy of mitochondrial
proteins modified by oxidative stressors, including HNE and malondialdehyde [196].

The removal of HNE modified proteins in the liver may, in part, be regulated by chaperone-
mediated autophagy, as HNE protein adducts in the liver increase with age. This
corresponds to a decrease in oxidized proteins in the lysosomal lumen of aged mice with
transgenically increased LAMP2a, which is a receptor for chaperone-mediated autophagy,
compared to age matched wild type controls [197]. It has also been shown that lipophagy
plays a key role in protection against ethanol induced liver damage in hepatic steatosis, as
removal of lipid droplets containing high levels of triglycerides reduces free fatty acids that
might be modified by oxidative stress, decreasing formation of reactive species like HNE
[198]. These studies indicate that HNE modified proteins, a prevalent feature of
neurodegeneration, liver and cardiovascular diseases, can be removed by autophagy, and
that loss of autophagy could play an integral role in disease progression.

Antioxidant defenses and autophagy
As mentioned above the regulation of antioxidant defenses and metabolism are linked to
maintaining mitochondrial quality and normal physiology. The maintenance of dietary
antioxidants may also be important, particularly in cases of poor diet or nutritional
deficiencies. In the case of neurodegenerative diseases, vitamin C has been shown to
accelerate the autophagic removal of proteins in human astrocytes [199]. Vitamin E, a lipid
radical scavenger, has been shown to enhance autophagy in rat hepatocytes and rat
hepatoma cells, as well as improving antigen presentation by immune T-cells [200, 201]. In
addition to antioxidant vitamins, there are a number of other non-enzymatic antioxidants that
can enhance autophagy. N-acetyl cysteine is particularly interesting, since its mechanism of
action is not through the scavenging of superoxide or hydrogen peroxide as widely thought,
but by changing the thiol redox status. Interestingly, many of the proteins in the autophagy
and cell death pathways contain cysteine residues essential for normal function, and can be
modified by aldehydes or other reactive electrophiles, inhibiting their function. N-acetyl
cysteine has been shown to reverse the activation of autophagy by neuregulin in prostate
cancer cells, and also prevents the hypoxia induced autophagic cell death of retinal ganglion
cells [202, 203]. In a methamphetamine-induced model of Parkinson’s disease in N27 cells,
N-acetyl cysteine can prevent dopaminergic cell death by preventing the depletion of GSH
and activating autophagy [204].

There are also examples of targeted antioxidants altering autophagy. Mitoquinone (MitoQ)
is a mitochondrially-targeted ubiquinone that can act as an antioxidant and change
mitochondrial signaling. It has been shown to improve pathologies associated with
Alzheimer’s disease, Parkinson’s disease, sepsis, diabetic nephropathy, hepatic steatosis and
cardiac dysfunction [205–211]. In breast cancer cells, MitoQ administration inhibited cell
cycle progression, and activated autophagy in an Nrf2 dependent manner, as knockdown of
Nrf2 increased autophagy two-fold compared to normal mammary cells [212]. MnTBAP, a
superoxide dismutase mimetic that can localize to the mitochondria, was able to inhibit the
mitochondrial fragmentation and autophagy induced by the knockdown of PINK1 in SH-
SY5Y neuroblastoma cells [138] (Figure 5).

Conclusions and Future Directions
In summary we have shown how our understanding of the role of autophagy during
bioenergetic crisis, and in response to oxidative stress, is continually increasing, both in
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terms of molecular and cellular mechanisms, as well as with regards to aging and disease
progression. In terms of the effects of specific reactive oxygen and nitrogen species on
autophagy, future work is still much desired regarding their levels, locations, targets, and
whether they activate or inhibit autophagy, which appears to be highly dependent on
concentration, and cell type and context. However, it is clear that lower levels and specific
controlled domains for redox signaling are essential for normal autophagy. The problem
arises when the levels of oxidative stress disrupt the signaling necessary to control the
autophagy pathway, resulting in the accumulation of damaged proteins, and a collapse of the
normal control of the trafficking between biogenesis and protein turnover.
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Abbreviations

Ambra Activating molecule in Beclin 1-regulated autophagy

AMPK AMP kinase

Atg AuTophaGy related gene

Bcl2 B-cell lymphoma 2

BH3 Bcl-2 homology domain 3

BNIP Bcl-2/adenovirus E18 19-kDa-interacting protein

BiP Binding immunoglobulin protein

CMA Chaperone-mediated autophagy

eNOS endothelial nitric oxide synthase

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

ESCRT3 Endosomal sorting complexes required for transport 3

G6PD glucose-6-phosphate dehydrogenase

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GRP glucose-regulated protein

GSH Glutathione

GSSG Oxidized glutathione

HIF Hypoxia-inducible factor

HNE 4-hydroxy-2-nonenal

Hsc70 Heat shock cognate 70

IGF Insulin growth factor-1

IRE Inositol requiring enzyme

JNK c-Jun N-terminal kinases

LC3 Microtubule associated protein 1 light chain subunit 3

Dodson et al. Page 15

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MEFs mouse embryonic fibroblasts

mTOR mammalian target of rapamycin

MPP+ 1-methyl-4-phenylpyridinium

NIX NIP3-like X

NOX NADPH oxidases

PI3K Phosphoinositide-3-kinase

PI3P Phosphatidylinositol 3-phosphate

PPP Pentose phosphate pathway

PINK1 PTEN-induced kinase 1

pIpC Polyinosinic acid-polycytidylic acid

Rab5 Ras-associated protein

Rac1 Ras-related C3 botulinum toxin substrate 1

RNS Reactive Nitrogen Species

ROS Reactive oxygen species

SNARE Soluble NSF [N-ethylmaleimide sensitive factor] attachment protein
receptor

TIGAR TP53-induced glycolysis and apoptosis regulator

TSC Tuberous sclerosis complex

ULK1 and ULK2 Uncoordinated family member (unc)-51-Like Kinase 1 and 2

UVRAG UV radiation resistance-associated gene protein

VDAC Voltage-dependent anion channel

Vps Vacuolar protein sorting
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Highlights

• Nutrient conditions regulate activities of the mTOR and Beclin/Vps34
complexes and autophagy.

• Glucose metabolism controls cellular ATP, redox status and signaling, thus
regulates autophagy.

• Mitochondrial and cytosolic production of reactive species influence autophagic
activities.

Dodson et al. Page 28

Free Radic Biol Med. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. The three main autophagic pathways
There are three main pathways of autophagy: 1) microautophagy, 2) chaperone-mediated
autophagy, and 3) macroautophagy. Microautophagy involves direct engulfment of cargo by
the lysosome. Chaperone-mediated autophagy involves targeting of specific proteins that
have a consensus sequence (KFERQ) by heat shock cognate protein 70 (Hsc70) to the
lysosome membrane associated protein 2A (LAMP2A), which delivers the unfolded protein
into the lysosome. Macroautophagy involves the bulk sequestration of cargo in the
cytoplasm into a double membrane bound autophagosome, which delivers its contents to the
lysosome. Once in the lysosome, all cargo is degraded by lysosomal hydrolases. Each type
of autophagy can be activated by a number of stimuli including oxidative stress, nutrient
deprivation, protein aggregates, pathogen invasion, or damage to organelles.
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Figure 2. Regulation of autophagy through the nutrient sensing mTOR pathway, the Beclin
complex, and the LC3 lipidation processes
Nutrient deprivation can activate autophagy through mTOR mediated signaling
mechanisms. There are two mTOR complexes, mTORC1 and mTORC2. mTORC1 is
activated by amino acid deprivation or by AMPK sensing intracellular AMP. Insulin
receptor activation, on the other hand, suppresses autophagy by activating Akt, which
subsequently phosphorylates and inhibits the TSC1/2 complex, removing its inhibition of
Rheb, which can interact with and activate mTORC1, and thereby inhibiting autophagy.
Activation of autophagy in response to nutrient deprivation inhibits mTORC1 and activates
ULK1, resulting in the initiation of autophagy via the Vps34, Vps15, Beclin-1 initiation
complex, which then associates with the phagophore, and extends the double membrane
structure which is rich in PI3P, a product of the class III PI3K, Vps34. ULK1 can also be
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activated directly by AMP kinase. Microtubule associated protein light chain 3/LC3
lipidation is a hallmark of autophagy and require a multi-step conjugation process. Atg4
cleaves pro-LC3 to LC3-I. Ubiquitin-like step-wise conjugation of LC3 with Atg7, Atg3,
followed by lipidation by phosphatidylethanolamine (PE); formation of Atg5-Atg12-Atg16
and Beclin-1/Vps34/Vps15 complexes are involved in initiation and expansion of the
phagophore, which is a double membrane structure with LC3-II insertion and rich in PI3P, a
product of Vps34. Rapamycin has been found to inhibit mTORC1 activity and thereby
activate autophagy. This autophagy activating property of rapamycin has enabled research
into effects of autophagy in cell function and survival with and without rapamycin. 3-
methyladenine, which is a class III PI3K inhibitor, has been used as a pharmacological
agent, to inhibit autophagy in various pathological studies, as a complementary approach to
molecular interventions of siRNA of Beclin, Vps34, LC3, Atg5 or Atg7. Mouse knockouts
of many of these genes involved in autophagy have been used in elucidating autophagy
signaling and execution in vivo.
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Figure 3. Integration of glucose metabolism and autophagy
Glucose metabolism is integrated with autophagy regulation on multiple levels, through
modulating glycolysis, ER stress, cellular glutathione and reactive oxygen species levels. On
the one hand, in response to glucose deprivation, autophagy can use glycogen stores to
generate glucose. On the other hand, glucose levels influence glycosylation, glycolysis and
redox status, all have complex relationships to the regulation of autophagy. Decreased
glucose increases ER stress and thereby induces autophagy, which can be attenuated by
addition of mannose, and exacerbated by thapsigargin or tunicamycin. Depletion of glucose
may lead to depletion of glucose-6-phosphate, which decreases metabolites produced by the
pentose phosphate pathway (PPP), resulting in increased production of reactive oxygen
species (ROS), and increased autophagy. Increase of intracellular reduced glutathione, while
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can decrease ROS and inhibit autophagy, in certain cell types and conditions is also
associated with an increase in autophagy. Low glucose-6-phosphate levels also allow
GAPDH to interact with mTOR, activating autophagy. Increased glycolysis enzyme
GAPDH also increases Atg12, and thereby increases autophagy. The enzyme TIGAR can be
activated by p53, activates hexokinase, and shifts cells away from glycolysis to the PPP,
resulting in decreased ROS production and decreased autophagy.
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Figure 4. Mitophagy
A. Mitophagy can be mediated by specific factors, Atg32 in yeast, Nix and BNIP in
mammals, proteins that target to mitochondria and bind to LC3. B. Mitophagy can also be
stimulated by mitochondrial fission through Drp1 activation, or decrease of mitochondrial
membrane potential. Decreased mitochondrial membrane potential can lead to stabilization
of PINK1 that is targeted to the mitochondria, recruitment of Parkin, ubiquitination of Mfn,
VDAC or other mitochondrial proteins. The modified mitochondria may be recognized by
p62 or other factors and brought to the autophagosomes to be degraded. C. In addition to
Nix, BNIP, PINK1 and Parkin-mediated mitophagy, DJ-1 and ERK1/2 also play a role in
mitophagy signaling.
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Figure 5. Oxidative and nitrative signals regulate autophagy
Oxidative and nitrative signals are derived from oxidative reactions with oxygen or nitrogen
species, resulting in the generation of both radical and non-radical molecules. The radicals
consist of superoxide (O2), hydroxyl radicals (OH), peroxyl (ROO), alkoxyl radicals (RO),
and nitric oxide (NO); whereas, the non-radicals consist of hydrogen peroxide (H2O2),
hypochlorous acid (HOCl), ozone (O3), aldehydes (HCOR), peroxynitrite (ONOOH), and
singlet oxygen (1O2). Superoxide (O2) is the main reactive oxygen species produced by
xanthine oxidase, the mitochondrial respiratory chain, and nitric oxide enzymes. Superoxide
can interact directly with nitric oxide (NO) to form peroxynitrite (ONOO) or with membrane
fatty acids to form lipid peroxidation products (LOOH). Superoxide can also be reduced to
hydrogen peroxide (H2O2) by superoxide dismutases 1–3 (SOD1-3) or by the SOD mimetic
Mn(III)-tetrakis(4-benzoic acid) porphyrin chloride (MnTBAP). Hydrogen peroxide, which
is also produced by peroxisomes, or NADPH oxidases, can interact with ferric iron (Fe2+) to
form the highly reactive hydroxyl radical (OH). The hydroxyl radical and peroxynitrite can
both interact with membrane polyunsaturated fatty acids to form lipid peroxidation products.
Hydrogen peroxide can activate autophagy through a PI3K-mediated pathway, which is
inhibited by catalase. The relationship between hydrogen peroxide and autophagy can be
complex, in that hydrogen peroxide can also inhibit Atg4 activity, and catalase can be
degraded by autophagy. Hydroxyl radicals can induce lysosomal dysfunction and inhibit
autophagy. Peroxynitrite, as well as lipid peroxidation products, such as HNE, can activate
autophagy, which can be inhibited by Ebselen (a glutathione peroxidase mimetic), reduced
glutathione (GSH), or N-acetyl cysteine (NAC). Peroxynitrite-induced autophagy is
implicated in disruption of tight junction and decreasing VEGFR2 in endothelial cells. The
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effects of nitric oxide and reactive nitrogen species on autophagy are also complex. Nitric
oxide can inhibit autophagy by decreasing phosphorylation of Bcl-2, decreasing Beclin
initiation of autophagy, and activating of mTOR. S-nitrosocysteine has also been shown to
induce fission and mitochondrial depletion. Nitric oxide also activates autophagy
independent of formation of peroxynitrite.
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