REVIEW
f\
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Homeostasis of nutrient metabolism is critical for maintenance of the normal physiologic status of the cell and the integral health of humans and
mammals. In vivo, there is a highly efficient and precise process involved in nutrient recycling and organelle cleaning. This process is named au-
tophagy, and it can be induced in response to the dynamic change of nutrients. When cells face nutritional stress, such as stress caused by nutrient
deficiency or nutrient excess, the autophagy pathway will be activated. Generally, when nutrients are withdrawn, cells will sense the signs of star-
vation and respond. AMP-activated protein kinase and the mammalian target of rapamycin, two of the major metabolic kinases, are responsible
for monitoring cellular energy and the concentration of amino acids, respectively. Nutrient excess also induces autophagy, mainly via the reactive
oxygen species and endoplasmic reticulum stress pathway. When nutritional stress activates the autophagy pathway, the nutrients or damaged
organelles will be recycled for cell survival. However, if autophagy is overwhelmingly induced, autophagic cell death will possibly occur. The bal-
ance of the autophagy induction is the crucial factor for cell survival or death. Herein, we summarize the current knowledge on the induction of
autophagy, the autophagy response under nutritional stresses, and autophagic cell death and related diseases, which will highlight the process of
nutritional stress-induced autophagy and its important physiologic and/or pathologic roles in cell metabolism and diseases, and shed light on the

research into the mechanism and clinical applications of autophagy induced by nutritional stresses. Adv Nutr 2018,9:493-504.
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Introduction
Cells have developed a way to adapt to changes in the en-
vironment, especially under nutrient starvation and stress
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conditions (1). Autophagy is a degradation pathway which
can recycle nutrients and organelles to enable cells to adapt
to undesirable surroundings. It is also a highly conserved
cellular pathway. When cells sense nutritional stress, au-
tophagy will be induced very quickly. At the beginning of au-
tophagy initiation, an autophagic membrane will be isolated
to form a phagophore. The phagophore membrane will then
extend and curve to engulf the targeted cargo to form a closed
double-membrane organelle, called an autophagosome.
The autophagosome will eventually fuse with a lysosome
upon maturation (2). During autophagy induction, many
autophagy-related genes (ATGs) participate in the origina-
tion, extension, and fusion of autophagosomes. In general,
nutritional stress is primarily induced by a nutrient imbal-
ance. Autophagy can be induced by nutritional stresses, in-
cluding nutritional starvation and excess nutrient stress. Star-
vation of nutrients such as amino acids or energy starvation
will trigger autophagy activation through the mammalian
target of rapamycin (mTOR) complex 1 (mTORC1) (3) or
the AMP-activated protein kinase (AMPK) signaling path-
way (4), respectively. However, nutrient excess, especially
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high concentrations of glucose, will also induce autophagy.
This process is mainly activated through the reactive oxy-
gen species (ROS) pathway (5). When an animal is born, the
transplacental nutrient supply is disrupted. During this pe-
riod, the neonate needs to adapt to starvation by recycling
nutrients (6). In many instances, autophagy is the key regu-
lator that maintains the normal physiology of cells and ani-
mals. However, autophagy can also cause cell death as a result
of its overwhelming induction. The term “autosis” defines au-
tophagic cell death that is characterized by a large accumu-
lation of autophagosomes during cell death (Figure 1) (7).
This review aims to summarize the basic autophagy induc-
tion process, autophagy associated with nutrient starvation
and excess, the autophagic cell death and its related diseases.

Mechanisms of Autophagy Induction

Autophagy initiation

At the beginning of autophagy initiation, a double-
membrane phagophore forms and many ATGs are recruited
to help the membrane expand. However, the source of the
early double membrane is still unclear. A few studies indicate
that the autophagosome may contain some of the lipids
of Golgi and plasma membranes (8, 9). With the continu-
ous recruitment of ATGs to the phagophore platform, the
membrane expands to form a cup-shaped precursor of the
autophagosome, called an omegasome (10).

As the autophagosome continues to expand, ATGs are in-
creasingly recruited into the autophagic machinery. The au-
tophagic machinery consists of three major systems. The first
is the ATGI1, ATG2, ATGY, and ATGI18 system. The sec-
ond is the vacuolar protein sorting 34 (VPS34) complex. The
last is the system containing ATG8, ATG12, ATG7, ATG10,
ATG3, ATG4, and ATG16 (11). ATG9 is a membrane protein
in the autophagic machinery (12) which carries the mem-
brane to expand the phagophore (13). ATG 1 complex, ATG
2, and ATG 18 are required for the retrieval of ATG9 from
the pre-autophagosomal structure (PAS), which is important
for recycling ATG9 and the autophagosome membrane ex-
tension. The VPS34 complex, which is located on the PAS,
can recruit phosphatidylinositol-(3)-phosphate-binding pro-
teins, which in turn recruit lipids (14, 15). When autophagy is
induced, the ATG8-phosphatidylethanolamine complex will
be cut by ATG4 (16). ATG12 binds to ATG5 and forms a
complex with ATG16 (17). ATG12 coordinates with ATG8-
phosphatidylethanolamine to expand the membrane (18, 19).
Upon the PAS formation, the ATG11 recruits ATG proteins
to the PAS when the autophagosomes close and fuse with a
lysosome (20).

Autophagosome maturation

When the autophagosome double membrane enlarges and
engulfs its cargo to form a closed structure, the autophago-
some finishes its transformation to maturity. The process
of autophagosome maturation is defined as the fusion of
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FIGURE 1 Trade-off between autophagy and autosis induced by starvation and stress. When cells face starvation or stress, mTORC1 and
AMPK will sense the signals to induce the autophagy pathway from amino acid or growth factor withdrawal and energy deficiency,
respectively. Once autophagy is induced, ATGs will be recruited to assemble autophagosomes, which function to recycle nutrients and
organelles to maintain the normal function of the cell. However, when the tradeoff of the degradation process is out of balance,
overwhelming autophagic activity will kill the cells with overactivated Na*-K*-ATPase. AMPK, AMP-activated kinase; ATG,
autophagy-related gene; mTORCT, mammalian target of rapamycin complex 1.
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the autophagosome with a lysosome. During its matura-
tion, a large amount of proteins are recruited to promote
the contact and fusion of the autophagosome and the lyso-
some membrane. Many proteins play crucial roles in the
membrane-membrane fusion, anchoring the membrane of
the autophagosome to the lysosome. For example, soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE) proteins, including vesicle-associated mem-
brane proteins (VAMP7, VAMP3, and VAMPS), Qa-SNARE
syntaxin 17 (STX17), soluble NSF attachment protein 29
(SNAP-29), and vesicle transport interacting t-SNAREs ho-
mologue 1B, are all ligation proteins that mediate the
fusion of the autophagosome and lysosome membrane
(21-24). STX17 is a membrane protein which is localized at
the outer membrane of the closed autophagosome and in-
teracts with SNAP-29 and VAMPS. Depletion of STX17 dis-
rupts the membrane fusion process of the autophagosome
and lysosome, which leads to the accumulation of autophago-
some in cytosol when autophagy is induced (24). In addi-
tion, during the autophagosome maturation, ATG14 binds
to STX17-SNAP29 complex on the autophagosome and can
promote the fusion process. ATG14 also promotes the in-
teraction with VAMPS, which is located in the lysosome
membrane (25). The CoCrMo metal particles (26) and en-
dosomal complex required for the transport III complex are
also necessary for the fusion and degradation of mature au-
tophagosomes (27). The transport III complex is very impor-
tant in the process of multivesicular body sorting. The homo-
typic fusion and protein sorting complex is also involved in
the membrane-membrane fusion (28). Lysosome-associated
membrane protein 2, which anchors to the lysosome mem-
brane, seems to be involved in the fusion process. Mice de-
ficient in lysosome-associated membrane protein 2 are also
deficient in autophagosome maturation in neutrophils (29).
Rab7 GTPase belongs to the small GTPase Rab protein fam-
ily and also functions in the maturation process of both au-
tophagosomes and endosomes. Inhibition of Rab7 will block
autophagic vacuole fusion, and finally lead to the accumula-
tion of autophagic vacuoles (30).

The autophagic machinery also participates in the matu-
ration process of autophagosomes, even though its primary
function is in the autophagy initiation process. The com-
plexation of VPS34 with Beclin1/Atg6 and UV Radiation Re-
sistance Associated Gene (UVRAG) contributes to the fu-
sion of autophagosomes with late endosomes or lysosomes
via the elevation of Rab7 activity (31). Another VPS34 com-
plex contains Beclinl. Rubicon also contributes to the matu-
ration of autophagosome. Inhibition of the complex activity
owing to Rubicon deficiency results in a dramatic increase
in autophagosome accumulation in the cytoplasm because
of degradation failure (32). Tectonin beta-propeller repeat-
containing protein 1 (TECPR1), which interacts with ATG5,
may promote the maturation of autophagosomes (33).

Cellular Autophagy-Related Pathways
Under normal physiologic conditions, cellular autophagy ac-
tivity is retained at a very low level. However, nutritional

imbalance or stress, such as endoplasmic reticulum (ER)
stress or oxidative stress, will robustly induce autophagy
through various pathways.

mTORC1 and autophagy

The mTOR, as the nutrient master sensor, links amino acid
signals to autophagy. The mTOR mediates cell growth by
accelerating the synthesis pathway. Autophagy is a precise
process that is controlled by mTOR activity in response to
the concentration of amino acids and growth factors. The
mTOR has two different complexes in mammals: mTORC1
and mTORC2. However, only mTORC1 can be activated
by both amino acids and growth factors (34). In general,
mTORCI consists of mTOR, regulatory-associated protein
of mTOR (raptor), mammalian lethal with SEC13 protein 8
(mLSTS8), proline-rich Akt substrate of 40 kDa (PRAS40) and
DEP-domain-containing mTOR-interacting protein (Dep-
tor) subunits (35) (Figure 2A). PRAS40 and Deptor repress
mTORCI activity in the dephosphorylated state. When ac-
tivated, mTOR can phosphorylate both PRAS40 and Dep-
tor, causing their disassociation from the remaining part of
mTORCI to increase the kinase activity (36). mTORCI acti-
vation requires amino acid signals, which differ from those
for mMTORC2. The tuberous sclerosis (TSC)1/2 complex de-
livers the nutrient signal to mTORC1 by controlling the con-
centration of Ras homolog enriched in brain (Rheb) (Figure
2B). If Rheb binds to GTP, it will bind directly to mTORCI1
and activate it (37). The Rag GTPases can activate mTORCI1
by directly binding to and activating mTORCI (Figure 2C)
(38-40). RagA or RagB can bind to RagC or RagD to form
the Rag complex (41), which is located on the lysosome
membrane (42).

A high concentration of amino acids inhibits autophagy.
Amino acid deficiency also induces autophagy (43). Amino
acid withdrawal activates the autophagy pathway by inhibit-
ing mTORCI1 and integrating signals from various metabolic
stimuli (44). The relation between mT'ORC1 and autophagy
has been studied for decades. In yeast, ATG1/Unc-51 like
autophagy activating kinase (ULK1), which is a protein
essential for autophagy, has been reported to be located
downstream of TOR (45). However, when autophagy ini-
tiates, the ATG1 will form complexes with ATGI3 and
ATG17. The activity of this complex can be mediated
by TOR to take part in the initiation of phagophores
(46). In mammalian cells, ATG13and ULK1, which form
complexes with FIP200, can be inhibited by mTORCI
(Figure 2D) (47). In addition, the site of phosphorylation
of ULK1 by mTORCI1 has been identified (757 serine)
(48). Moreover, mTORC1 regulates autophagy initiation by
affecting both complexes of ULK1 and VPS34 [Beclinl-
VPS34-autophagy and beclin regulator 1 (AMBRA1)]. Once
autophagy has been initiated, the ULK1 and VPS34 com-
plexes are recruited to the isolated membranes (49). The
ULK1 will then activate the VPS34 complex to phosphory-
late the phosphatidylinositol to form phosphatidylinositol-
(3)-phosphate. AMBRA1, in a ULKI-dependent pattern,
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FIGURE 2 Autophagy induced by nutrient and nutrition stresses via the mTOR and AMPK signal pathways. In response to nutrient
deficiency or stress conditions, mTOR is activated following the suppression of the autophagy pathway, whereas energy withdrawal
stimulates AMPK activation. This then inhibits mTOR activity by phosphorylation, which promotes the induction of autophagy. ER stresses,
hypoxia, and ROS can induce autophagy by enhancing autophagy gene transcription or stimulating the AMPK pathway. (a) The highly
conserved Ser/Thr protein kinase TOR is a key sensor and integrator of the amino acid pool signaling. mTORC1 comprises mTOR, Raptor,
mLST8, PRAS40, and Deptor. (b) The growth factors regulate mTORC1 through the AKT-TSC1/TSC2 pathway. When growth factors exist,
AKT is activated to inhibit TSC1/TSC2 to activate mTORC1, which inhibits the autophagy pathway. (c) The Rag GTPases can activate
mTORC1 in response to amino acid signaling by directly binding and activating mTORC1. (d) ATG13 and ULK1, which form complexes with
FIP200, can be directly phosphorylated by mTOR to inhibit ULK1T complex activity. () AMBRAT, with its ULK1-dependent pattern, induces
autophagosome nucleation by promoting Beclin 1 interaction with VPS34. (f) The flux of .-glutamine has been found to be controlled by
2 transporters: SLCTA5 and SLC7A5/SLC3A2. (g) Environmental AMP, ADP, or ATP can directly bind AMPK via the adenine
nucleotide-binding sites of the y subunit. (h) Under glucose deficiency, activation of AMPK promotes autophagy induction by increased
ULKT autophosphorylation. (i) Upon glucose deficiency, the activity of different VPS34 complexes, which include VPS34, p150, ATG14, and
Beclin 1 or UVRAG, is regulated. (j) The ER is the site of cellular Ca’* storage, and continuous removal of Ca?* from the ER lumen to the
cytosol can induce ER stress. An increase in cytosolic Ca?* has been shown to lead to initiation of autophagy. The ROS-mediated
autophagy induction is P53 and P38 dependent. When ROS accumulate, P53 and P38 pathways activate to upregulate autophagic gene
expression, which initiates autophagy. AMBRAT1, autophagy and beclin regulator 1; AMPK, AMP-activated kinase; ATG, autophagy-related
gene; CaMMK@, calcium/calmodulin-dependent protein kinase kinase beta; Deptor, DEP-domain-containing mTOR-interacting protein;
ER, endoplasmic reticulum; FIP200, FAK-family interacting protein of 200 kDa; LKBT, liver kinase B-1; mLST8, mammalian lethal with Sec13
protein 8; mTOR, mammalian target of rapamycin; PRAS40, proline-rich AKT substrate 40 kDa; Raptor, regulatory-associated protein of
mTOR; Rheb, Ras homolog enriched in brain; ROS, reactive oxygen species; SLCTA5, solute carrier family T member 5; TAK1, transforming
growth factor beta-activated kinase 1; TSC, tuberous sclerosis complex; ULK1, Unc-51 like autophagy activating kinase 1; UVRAG, UV
radiation resistance associated gene; VPS34, vacuolar protein sorting 34.

induces autophagosome nucleation by promoting the inter-
action between Beclinl and VPS34 (Figure 2E) (50, 51).
In addition, mTORC1 phosphorylates AMBRALI at serine
52, which decreases the phosphorylation of AMBRAL1 by
mTORCI, thereby inhibiting the modification of ULK1 (52).

AMPK and autophagy

Cells have evolved a system to adapt to dynamic nutrient sta-
tus and quiescence by sensing the amino acid pool or energy
source; this process is regulated by mTOR and AMPK. Ex-
tensive studies have reported that AMPK functioning as a
major energy regulator is efficient at sensing and regulating
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cell physiology. AMPK is composed of three subunits: sub-
units o, 8, and y. Subunit « is a catalytic subunit, whereas
B and y are the regulatory units responding to AMPK ac-
tivity. AMP, ADP, or ATP can directly bind the y subunit
of AMPK (Figure 2G). When the AMP/ATP or ADP/ATP
ratio is elevated, AMPK will be activated by phosphory-
lation (53). When glucose deficiency occurs, AMPK pro-
motes autophagy induction by increasing ULK1 autophos-
phorylation (54) (Figure 2H). Overexpression of wild-type
AMPK-o induces a shift in ULKI mobility, even under
glucose-rich conditions. Moreover, ULK1 can be phospho-
rylated at serine 317 and serine 777 by AMPK, which is



dependent on ULKI1 phosphorylation under glucose defi-
ciency. The interaction between ULK1-AMPK and ULKI-
ATGI13-FIP200 does not seems to be affected by glucose
deficiency. Interactions between ULK1 and AMPK can be
mediated by mTORCI. The overexpression of Rheb, an
mTORCI activator, decreases ULK1-AMPK binding. The in-
teraction between endogenous ULK1 and AMPK will consis-
tently be increased when mTORCI is inhibited (48).

Recently, it was found that the autophagy induced by glu-
cose deficiency is associated with both ULK1 and VPS34.
When there is a deficiency of glucose, the activity of differ-
ent VPS34 complexes, which include VPS34, P150, ATG14,
and Beclin 1 or UVRAG, are regulated (Figure 2I) (55).
Glucose deficiency leads to energy exhaustion and AMPK
activation. Therefore, the activation of AMPK may be re-
lated to VPS34 complexes. AMPK can regulate the activity
of VPS34 complexes both in vivo and in vitro. Moreover,
AMPK can directly phosphorylate Beclinl and VPS34. By us-
ing mass spectrometry, two phosphorylation sites of Beclinl
and VPS34 have been identified. As reported, Beclinl with
the S91/94A mutant failed to be activated by AMPK. How-
ever, the VPS34 complex composed of Beclinl is also phos-
phorylated by AMPK. The Beclinl $91/94 phosphorylation
site is very important for autophagy initiation. The S$91/94A
mutant of Beclinl compromises the autophagy flux when it
replaces wild-type Beclinl (55).

After autophagy has been induced, the autophagy initi-
ation requires the activity of SIRT1 (56), which is activated
under the condition of nutrient deficiency and then forms
molecular complexes with ATG5, ATG7, and ATGS8 (57).
Glyceraldehyde-3-phosphate dehydrogenase directly regu-
lates AMPK to affect the SIRT1 activity. Under conditions of
energy deficiency, cytoplasmic glyceraldehyde-3-phosphate
dehydrogenase can be phosphorylated on serine 122 by the
activated AMPK to promote the initiation of autophagy (58).

ER stress and autophagy

ER stress induces numerous pathways that play important
roles in autophagy. Generally, ER stress will occur when un-
folded or misfolded proteins accumulate and the folding ca-
pacity of the ER chaperones exceeds the ER lumen (59).
When cells are exposed to an overload of nutrients such as
glucose, ER stress will be induced. The ER is the storage site
of cellular Ca**. The continuous removal of cellular Ca*"
from the ER lumen to the cytosol can also induce ER stress.
As reported (60), a robust increase in cytosolic Ca®* can di-
rectly induce autophagy (Figure 2J). The ER stress derived
from Ca’* signaling is mediated by calmodulin-dependent
kinase-B, which is activated by increased cytosolic Ca®*.
Ca”" can also activate AMPK, resulting in activation of the
autophagy pathway via the suppression of mTORCI and the
direct phosphorylation of ULK1, VPS34, and Beclinl (48).
The correct spatiotemporal availability of Ca?" is critical in
determining the role of Ca’" in autophagy and cell fate.
The balance between Ca?* and autophagy controls cellular
homeostasis and survival during several physiologic and
pathologic conditions (61, 62). The unfolded proteins in the

lumen of the ER can induce ER stress (63), which strongly in-
duces autophagy. The unfolded protein stress pathway is reg-
ulated by three kinds of ER membrane-associated proteins:
protein kinase R-like kinase (PERK), activating transcrip-
tion factor (ATF)-6, and inositol-requiring enzyme 1. Specif-
ically, PERK and ATF6 are identified as autophagy activators,
whereas inositol-requiring enzyme 1 is a negative regulator of
autophagy. PERK controls the mRNA level of microtubule-
associated protein 1A/1B-light chain 3 (LC3) and ATGS5 in
the hypoxic responses caused by ATF4 and CHOP (64).
The PERK/IkBo/NF-«B pathway can also contribute to au-
tophagy (65). PERK directly phosphorylates the eukaryotic
translation initiation factor 2« (eIF2«) on residue serine 51;
this process is affected by many stresses (66). The elF2« can
also be phosphorylated by ATF4 (67). This transcription su-
perfamily is responsible for the expression of many stress-
response genes (66-68). Recently, the connection between
ATF4 and autophagy induction was reported. When cells suf-
fer ER stress, LC3B will be cleaved to form LC3-II, which pro-
motes the elongation of the autophagic membrane (69). After
being induced by ER stress, mMT'ORC1 activity is repressed by
TSC1/2 (70).

ROS and autophagy

ROS are reative oxygen species (71), which are mainly gener-
ated from the oxidative respiratory chain. ROS include oxy-
gen anions, free radicals, and peroxides (72). ROS accumu-
lation can oxidize cell components, including proteins and
lipids, which can cause damage to the DNA and organelles,
and can even lead to cell death (73). ROS accumulation will
trigger oxidative stress involving many biological processes,
such as apoptosis, necrosis and autophagy (74). Thus, au-
tophagy will be induced by the accumulation of ROS and
lipid peroxidation. One study revealed that ROS accumula-
tion is an essential element of autophagy induced by nutrient
deficiency or rapamycin treatment (75). ROS derived from
mitochondria can oxidize lipids, then destroy the mitochon-
drial membrane structure, which will ultimately lead to cell
death (76). Studies have also reported that the induction of
autophagy in TNFa-treated cells via the NF-« B pathway re-
quires the accumulation of ROS. Furthermore, both TNF«
and ROS can promote Beclin 1 expression (77). ATGs up-
regulation is associated with P38 and P53 activation induced
by ROS (Figure 2L) (78). Conversely, p38 mitogen-activated
protein kinases are also involved in the generation of ROS
(79). Studies have shown that the ROS concentration can be
dramatically elevated by inhibited p53 targeted gene expres-
sion, and will then induce autophagy (78). ROS can also ini-
tiate autophagy by activating the GSK-38 pathway (80).

Autophagy in Lipid and Carbohydrate
Metabolism

Autophagy is initiated by starvation or other stress signals.
The autophagosome membrane engulfs proteins or other or-
ganelles, which are then degraded in a lysosome, to com-
plete the nutrient recycling. In addition to the metabolism of
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circulating proteins, autophagy is involved in the metabolism
of lipids and glycogen as substrates.

Lipophagy

Lipids are very important substrates for cellular biomem-
brane construction and are also used as energy fuel. The
homeostasis of lipids is regulated by complicated pathways,
including lipid synthesis and lipolysis. However, excessive re-
lease of FAs is toxic to cells. Cells can transform excess FAs
into triacylglycerol (TAG), which is stored in adipose tis-
sue in the form of lipid droplets (LDs). TAGs are primarily
stored in adipocytes, which can be degraded into glycerol and
FAs to supply energy in response to energy depletion. The
enzymatic hydrolysis process that TAGs undergo is called
lipolysis. Hormone-sensitive lipase and monoacylglycerol li-
pase are two important lipases involved in the triglyceride hy-
drolysis process (81). Mobilization of triglycerides in LDs is
a precisely regulated process. Lipolysis is regulated by many
nutrients and hormones such as fatty acids and epinephrine.
When the fatty acids and energy supply is deficient, cytoplas-
mic lipase will be recruited to the surface of LDs to start the
lipolysis (82). At the beginning of lipolysis, adipocyte triglyc-
eride lipase is recruited to LDs and its activity is regulated
by perilipins and comparative gene identification-58. Then
lipase will hydrolyze TAGs to diacylglycerols and FAs (83).
Next, hormone-sensitive lipase activates the degradation of
diacylglycerols to monoacylglycerols (MAGs) and FAs. Fi-
nally, MAGs are converted to glycerol and FAs by MAG li-
pase and then undergo S-oxidation to generate energy and
heat (83).

In addition to the lipolysis pathway, autophagy also oc-
curs in LD degradation in lysosomes by lysosomal acid li-
pase. The process of autophagic LD degradation is called
lipophagy. Notably, the cytoplasmic lipases are catalyzed at
pH 7, for neutral lipolysis. However, lysosomal acid lipase
works at pH 4.5, for acid lipolysis (81). Lipophagy has been
regarded as another important TAG utilization pathway for
rapid LD degradation. Lipophagy occurs when LDs are sur-
rounded and engulfed by double-membrane phagophores
and are fused with a lysosome. The lysosome lumen con-
tains hydrolases and lipases that help catalyze the degrada-
tion of LDs (84). The early phase of lipophagy has been ob-
served in mouse hepatocytes during starvation. By treating
with 3-methyladenine, an autophagy inhibitor or silence, the
autophagy gene ATG5 will restrain lipophagy by blocking
the TAG breakdown pathway. When autophagy is repressed,
the concentration of TAGs and the size of LDs in the hepa-
tocytes increase (85). When lipophagy induces, LC3 will sur-
round the LDs to recruit ATGs. As expansion of autophago-
some, LDs will be engulfed then degraded in autolysosome
(84, 85).

Glycophagy

Autophagy is a very effective and precisely controlled system
for nutrient recycling and metabolic homeostasis. Glyco-
gen can be recognized and engulfed by autophagosomes
and then transferred to lysosomes to be degraded. This
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process is called “glycophagy.” When glucose depletion
occurs in liver or muscle cells, both gluconeogenesis and
the autophagy pathway will be activated to maintain normal
energy recycling. In general, when newborns are delivered
from the uterus, nutrient starvation will occur. At this pe-
riod, stored glycogen will be broken down quickly to release
glucose into the blood stream for the body to use. In this
specific period, autophagy plays a vital role (86). Glycogen
exists in the cytosol and is stored in vacuolar form in cells
(87). When in an autophagosome, glycogen can be converted
by the glycogen-hydrolyzing acid glucan 1,4-«-glucosidase
to nonphosphorylated glucose (87). Many myopathies are
associated with glycophagy defects. However, the precise
relation between myopathies and glycophagy, as well as their
basic mechanism, remains unclear. Scientists specialized in
myopathy, use a Drosophila melanogaster model to study
glycogen autophagy in skeletal muscles. When exposed
to chloroquine, autophagic myopathy occurs because of
the repression of autophagy. Under starvation, glycogen
is engulfed by autophagosomes, and this process can be
suppressed via the TOR pathway (88). In the myopathy
model, glycogen has been identified as a major substrate
of autophagy in the larval muscle. The glycophagy can be
totally blocked in D. melanogaster muscle by blocking the
autophagy pathway, which proves the requirement for the
autophagy machinery in glycophagy (88).

Nutritional Stress in Autophagy

Amino acid starvation

Cells can adapt to excess or deficiency of nutrients through
many nutritional sensors and regulators. Amino acids, as the
resources for protein synthesis, affect cell growth and sur-
vival. When amino acids are deficient in the cell surround-
ings, cellular protein synthesis and mitosis will cease imme-
diately. More importantly, with a shortage in amino acids,
the autophagic signaling pathway will be activated to release
amino acids by degrading proteins in order to maintain the
availability of amino acids pool for vital protein synthesis.
Certain amino acids can regulate the activity of mTORCI.
Leucine, arginine and glutamine are the major amino acids,
all of which can directly activate mTORC1 (Figure 3). These
amino acids have intense effects on mTORCIL. Their with-
drawal will strongly inhibit mMTORCI, which will trigger the
induction of autophagy. Moreover, leucine belongs to the
BCAAs, and also play important role as nitrogen donor for
AAs, such as Glu, and Gln, which may function to regulate
PI3K-AKT-mTOR pathway (89).

Arginine controls mTORCI activity, which contributes
to the control of cell growth and autophagy activity. Argi-
nine has been reported to improve protein synthesis and cell
growth of brown adipocyte via the activation of the mTORCI
(90). However, until last year, the mechanism by which argi-
nine controls the mTORCI pathway had yet to be identified
(Figure 3). A cellular arginine sensor called cellular arginine
sensor for mTORC1 (CASTORI1), has been found that can
directly bind to arginine to activate the mTORCI1 pathway.
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Under normal conditions, CASTORI can form a homodimer
and a heterodimer with CASTOR?2, both of which interact
with the upstream activator of mMTORC1 [GTPase activating
proteins toward Rags 2 (GATOR2)] complex to inhibit the
function of mMTORCI. When arginine is enriched in the cell,
the arginine can directly bind the two CASTORI complexes,
which leads to the release of the CASTOR1 complexes from
the GATOR2 complex, which then activates the mTORCI1
(91). The crystal structure of an arginine-CASTORI binding
model has been dissected. This crystal structure illustrates
that the homodimer of CASTORI binds to arginine at the in-
terface of its two ACT domains, and allosterically controls the
adjacent GATOR2 binding site to trigger the dissociation
from GATOR?2 and activate the pathway of mTORCI (92).
In 2015, SLC38A9, a lysosomal transmembrane protein,
was identified as amino acid transporter, especially argi-
nine. The study revealed that SLC38A9 can transport argi-
nine with a high Michaelis constant. A deficiency of this
transporter inhibits the mTORCI activity that is activated
by arginine (93). These two arginine-activated mTORC1
models supply the arginine signaling network in autophagy
control.

Leucine, a brand-chain amino acid, can activate mTORCI.
Coincidently, the leucine binding protein Sestrin2 has also
been identified as a GATOR2 complex inhibitor (Figure 3).
Leucine can bind to Sestrin2 to dissociate the Sestrin2 from
GATOR?2, thereby activating GATOR2 and mTORCI. A
mutation at the sestrin2 leucine binding site prevents ses-
trin2 from binding to leucine, which persistently inhibits

mTORCI activity (94). To better understand the dynamic
structure of sestrin2-leucine, the authors dissected the crys-
tal structure of leucine-Sestrin2. The structure shows that
one Sestrin2 protein contains two structurally homologous
domains (termed N-terminal and C-terminal, respectively).
The leucine-binding pocket is localized in the C-terminal
domain. The two domains are necessary for the binding of
Sestrin2 to leucine and GATOR?2 (95). Besides the leucine-
GATOR2 model, another possible mechanism is Sestrin2
phosphorylation, which has been reported to be enhanced by
leucine depletion. In contrast, leucine exposure immediately
dephosphorylates Sestrin2, which activates mTORCI1. Three
Sestrin2 phosphorylation sites were identified by mass spec-
trometry (96). However, the mechanism of leucine mediated
Sestrin2 phosphorylation and the upstream kinase still needs
elucidating.

Glutamine is a nonessential amino acid that is able to ac-
tivate mTORCI1. Exposure to glutamine alone can activate
mTORCI after total amino acid withdrawal. mTORCI1 ac-
tivation is mediated by amino acids via the activated Rag
GTPases, the Ragulator complex, and vacuolar H - ATPase.
Unlike leucine, the activation of mTORCI by glutamine is in
a Rag-independent manner. Moreover, glutamine can pro-
mote mTORCI translocation to the lysosome membrane.
This process depends on vacuolar HT-ATPase other than
in the Ragulator complex. Furthermore, adenosine diphos-
phate ribosylation factor-1 GTPase is found to participate
in glutamine-mediated mTORCI translocation and activa-
tion (97) (Figure 3). Additionally, glutamine is required for
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extracellular leucine to activate mTORC1 (98). The bal-
ance of the transformation between glutamine and leucine
synthesis promotes mTORCI1 activation. Conversely, inhi-
bition of glutaminolysis can activate mTOR. Furthermore,
glutaminolysis has been demonstrated to regulate autophagy
and cell size through mTORCI (99).

Energy deficiency-induced autophagy

Glucose/glycogen. When cells suffer glucose starvation,
AMPK will be activated immediately to prevent ATP con-
sumption and increase glucose intake to maintain energy
homeostasis. At the same time, the autophagic pathway is
activated to recycle nutrients. When AMP/ATP or ADP/ATP
is elevated, AMPK is activated and directly binds AMP or
ADP molecules.

High concentrations of glycogen prevent the activation
of AMPK even under the stimulation of muscle contrac-
tion or treatment of 5-aminoimidazole-4-carboxyamide-1-
B-d-ribofuranoside (AICAR), an AMPK activator. Glyco-
gen can inhibit AMPK activity by binding to the 8 subunit
carbohydrate-binding module (CBM) directly. This finding
implies that AMPK can directly bind to ATP/ADP/AMP
and glycogen to regulate energy metabolism (89). Studies
have shown that oligosaccharides with single branch points
have more strongly inhibitory effects on AMPK than linear-
linked oligosaccharides. The branched oligosaccharides can
even inhibit the phosphorylation of AMPK by liver kinase B1
and calmodulin-dependent kinase- 8. Interestingly, the CBM
of the B2 subunit has a higher affinity for oligosaccharides
than the 81 subunit (87). A few years ago, the crystal struc-
ture of glycogen-AMPK was dissected. One study found that
AMPK is composed of an « subunit with an N-terminal ki-
nase domain (KD) and a regulatory C-terminus, a glycogen-
binding 8 subunit, and an AMP/ADP/ATP-binding y sub-
unit. Although ATP/ADP/AMP controls the kinase activity
by modulating the interaction of adjacent autoinhibitory do-
main with the region of the KD, glycogen binding and CBM
phosphorylation regulate the interaction between the CBM
and the KD to inhibit AMPK activity (100).

Lipids and autophagy. Lipids are essential substances for
cells. They not only supply energy as storage fat, but also
compose the biomembrane structure. Lipid oxidation occurs
with the participation of ROS, which contain carbon-carbon
double bonds, especially PUFAs (101). Cellular lipids, such
as glycolipids, phospholipids, and cholesterol, are vulnerable
to oxidation by ROS or oxidative enzymes. To maintain the
lipid oxidation status, cells can defend against these toxic sub-
strates via antioxidant enzyme systems or antioxidant sub-
stances. However, if the extent of lipid oxidation is too over-
whelming to correct, organelles will be damaged, and this can
strongly induce autophagy even cell death (102).
4-Hydroxy-2-nonenal (HNE), the main product of
omega-6 FA lipid peroxidation, has been revealed to acti-
vate the autophagy pathway. In rat aortic smooth muscle
cells, the exposure of HNE activates autophagy. HNE can in-
crease the modification of ER-associated proteins, activating
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ER stress through the PERK pathway. HNE can also promote
autophagy induction by increasing LC3-II formation in a
c-jun N-terminal kinase (JNK)-dependent manner. Inhibi-
tion of ER stress by JNK inhibitor can lead to cell death in
HNE-treated cells (103).

As a saturated FA, palmitate (PA) can give rise to steato-
sis. Recent studies have revealed that exposure to PA can
directly induce autophagy by increasing LC3 and P62 flux
as well as the number of autophagosomes (104, 105). Inhi-
bition of autophagy flux could convert hepatocytes treated
by PA to apoptosis. By contrast, induction of autophagy by
rapamycin can effectively inhibit apoptosis, which implies
that autophagy may be induced to prevent apoptotic cell
death. PA induces autophagy in hepatocytes without activat-
ing mTORCI and ER stress but enhancing the protein kinase
C pathway (106). Another study, treating H9¢2 rat embryonic
cardiac myoblasts with PA, revealed that autophagy was in-
duced in these cells by detecting the autophagy flux using an
electron microscope. However, ER stress is activated by the
activation of PERK (104).

Excess nutrients and autophagy. Autophagy as a nutrient
recycling system can be induced by amino acid and energy
starvation stress via mTORCI and AMPK, respectively. No-
tably, autophagy can also be induced in an excess nutrient
condition.

Glucose starvation can induce autophagy by activating
AMPK. However, a high concentration of glucose induces au-
tophagy via another pathway. One study showed that high
glucose (30 mM) can promote autophagy in podocytes,
where numerous autophagosomes are accumulated. High
glucose can also elevate ROS production in a time-dependent
manner (107). Another study reported that high glucose can
induce autophagy as well as ROS production in the reti-
nal pigment epithelium cells. Therefore, autophagy induced
by high glucose possibly occurs via the ROS pathway. In-
terestingly, high glucose treatment can activate mTORCI.
However, inhibition of mTORCI activity by rapamycin fails
to affect autophagy induced by high glucose, indicating
that autophagy mediated by high glucose is independent
of mTORCI. In addition, autophagy induction associated
with high glucose may be mediated via phosphorylated JNK
(108). Yao et al. also discovered that high glucose can ro-
bustly increase the amount of phosphorylation of e[F2« or
PERK, which serves as an ER stress marker. However, the
silence of eIF2« caused by small interfering RNA can elim-
inate autophagic flux, indicating that high glucose-induced
autophagy is mainly regulated through ER stress signaling.

Overwhelming Nutritional Stress and Autosis

When cells face various stresses, such as nutrient withdrawal
or oxidative stress, autophagy will be induced to protect
these cells against damage. Autophagy is a conservative
cellular mechanism and is regarded as a protective measure.
Studies have found that autophagy can also induce cell
death, which has been termed “autosis.” If cellular stresses
are beyond control, overwhelming induction of autophagy



will lead to autosis. Historically, programming cell death
has been classified into three kinds: apoptosis, autosis, and
necrosis (109). In 2013, a study authenticated the presence of
autophagic cell death and named it autosis. Cells with autosis
contain large numbers of autolysosomes in their cytoplasm.
This distinguishes autosis from both apoptosis and necrosis,
and can also be induced by starvation and autophagy-
inducing peptides (110). Generally, autosis has been
characterized as having three important features. The first
feature of autosis has been identified as cellular matrix
adherence and the presence of RE debris. The second is that
induction may be caused by Tat-Beclinl peptide, nutrient
withdrawal, or hypoxia-ischemia. The last feature is that the
abolition of Na*-K*-ATPase activity can inhibit the occur-
rence of autosis (111). Studies have revealed that the deple-
tion of ATG5 prevents cell death induced by interferon-y.
Consistently, the overexpression of ATG5 triggers cell death
(112). In addition, in cancer cell lines, the depletion of ATGs
can significantly block cell death induced by ROS (113).
Moreover, in apoptotic cell death induction, inhibiting the
activity of caspase can induce autophagic cell death without
the occurrence of apoptosis (114).

Autosis has been found to exist in a Drosophila model
faced the ischemia (115). Apoptosis occurs when cells is ex-
posed to apoptosis inducing drugs. However, treatment with
inhibitor of apoptosis after apoptosis induction will trigger
the autosis (116). Studies have found that autosis can be
blocked by the depletion of ATGs or the autophagy blocker
3-methyladenine. The cell death feature induced by Tat-
beclinl peptide differs from apoptosis and necrosis (110).
More importantly, a type of cell death caused by nutrient de-
ficiency has a similar phenotype to Tat-Beclinl treatment.
In clinical patients, cell death caused by permanent brain is-
chemia appears to show an autotic feature (117). In patients
with severe anorexia nersova and liver damage, their hepa-
tocyte morphology displays typical autosis. One study has
found apathology similar to autosis in the liver of a patient
(118). A high-output drug screen experiment has screened
out an autosis target gene-the gene coding for Na®t-K-
ATPase-which consumes a large amount of cellular ATP and
contributes to autosis (Figure 1). In addition, autosis can be
blocked by cardiac glycosides, which block Na™-K*-ATPase.
In clinical treatment, cardiac glycosides can cure the brain
damage caused by ischemia, as shown in a neonatal rat model
(119).

Autosis-Related Diseases

Autosis occurs when autophagy induction is too strong to be
controlled. Numerous autophagosomes accumulating in the
cytoplasm are characteristic of autosis, which results in cell
death. However, the symptom linking autosis to human dis-
ease has rarely been reported.

In 2008, a study found that four patients were suffer-
ing from acute liver insufficiency associated with severe
anorexia nersova. However, no significant necrosis or apop-
totic cells were found in their hepatocytes. In contrast, the ac-
cumulation of numerous autophagosomes was found in the

hepatocytes, which seems to be an autosis-related symptom.
In those patients, features of phase 1a and 1b autosis were
apparent. The characteristics of phase 1a autosis include con-
voluted nucleus, moderately condensed chromatin, electron-
dense mitochondria, dilated ER, and the presence numerous
autophagosomes, autolysosomes, and empty vacuoles. The
definition of Phase 1b is that the perinuclear space of hep-
atocytes is swollen in discrete regions surrounding the inner
nuclear membrane. These swollen areas contain membrane-
binding regions with a similar density and granularity to the
cytosol. However, the features of phase 2 autosis were not
observed. In addition, a significant increase of serum
transaminases was observed in these patients (118).

In neonatal ischemic brain damage, many types of cell
death occur. However, neurons in the CA3 region of the
hippocampus display an early autophagic feature in the ab-
sence of apoptosis or necrosis. Prevention of autophagy by a
pharmacologic inhibitor, or the knocking down of essential
genes involved in autophagy, can significantly protect against
ischemia-induced neuronal death. This result indicates that
autophagy mainly contributes to this kind of cell death. How-
ever, autosis has not yet been found in the CA3 region of the
hippocampus in humans (111).

Conclusions

The homeostasis of nutritional metabolism is vital for the
maintenance of cell survival and normal physiologic func-
tions. mMTORCI1 and AMPK have been well documented as
sensors of primary cellular amino acids and energy status,
respectively. When the amino acid pool is absent, autophagy
will be induced by mTORCI inactivation. AMPK serving as
an energy status sensor can directly discriminate the concen-
tration of AMP/ATP and ADP/ATP, resulting in its activa-
tion to initiate autophagy. By contrast, nutrient excess will
also induce autophagy, mainly via ROS or ER stress. In most
cases, autophagy protects cells against severe environmen-
tal stresses through recycling limited nutrients or degrad-
ing damaged organelles. This process is an efficient way to
maintain the homeostasis of cell physiology. However, when
nutritional stress is beyond control, the activation of over-
whelming autophagy will also induce cell death via autosis.
Retaining the proper nutrition level and autophagy status is
critical for cell survival under conditions of nutritional stress.
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